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The relationship between site characteristics and understorey vegetation composition
was analysed with quantitative methods, especially from the viewpoint of site quality
estimation. Theoretical modeis were applied to an empirical data set collected from the
upland forests of southern Finland comprising 104 sites dominated by Scots pine (Pinus
sylvestris L.), and 165 sites dominated by Norway spruce (Picea abies (L.) Karsten).
Site index H;,, was used as an independent measure of site quality.

A new model for the estimation of site quality at sites with a known understorey
vegetation composition was introduced. It is based on the application of Bayes’ theorem
to the density function of site quality within the study area combined with the species-
specific presence-absence response curves. The resulting posterior probability density
function may be used for calculating an estimate for the site variable.

Using this method, a jackknife estimate of site index H,o was calculated separately
for pine- and spruce-dominated sites. The results indicated that the cross-validation root
mean squared error (RMSE,,) of the estimates improved from 2.98 m down to 2.34 m
relative to the “null” model (standard deviation of the sample distribution) in pine-
dominated forests. In spruce-dominated forests RMSE_, decreased from 3.94 m down to
3.16 m.

In order to assess these results, four other estimation methods based on understorey
vegetation composition were applied to the same data set. The results showed that none
of the methods was clearly superior to the others. In pine-dominated forests, RMSE,,
varied between 2.34 and 2.47 m, and the corresponding range for spruce-dominated
forests was from 3.13 to 3.57 m.
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1 Introduction

1.1 Goals and Methods of Site Characteri-
zation

One of the principal goals of forest site classifi-
cation has been to develop a reliable procedure
for identifying and describing those characteris-
tics of the site that are important to the produc-
tion of harvestable biomass. In Finland, this re-
quirement originated from the agricultural sec-
tor, in the need to recognize forest stands suita-
ble for slash-and-burn cultivation (see Heikin-
heimo 1915), and resulted in the practical classi-
fication system of forest lands already in the
18th century (Lehto and Leikola 1987). Classifi-
cation of forest sites for purely silvicultural pur-
poses was the goal of Blomqvist (1872) in his
growth and yield tables for pine, spruce and
birch. It was succeeded by the introduction of
the forest site type concept by Cajander (1909).
In the present study, the concept of “forest site
quality” is used to mean “the timber production
potential of a site for a particular species or forest
type” (Clutter et al. 1983). In the evaluation of
site quality, a number of different methods can be
applied. Usually these methods are based on var-
ious stand parameters, composition of understo-
rey vegetation, or soil characteristics. Since there
is no absolute measure of site quality, the com-
parison of alternative indirect estimation meth-
ods can only be done with respect to each other.
However, tree stand parameters may be consid-
ered more “direct” in the sense that they refer to
the harvestable timber volume available at the site.
In addition to site quality estimation, there are
also a number of other goals for the operational
typification of different forest sites. Forest man-
agement practices are selected according to the
expected responses of the tree stand to the treat-
ment, which may be very characteristic for cer-
tain types of forest sites. Biological research, on
the other hand, attempts to relate the distribution
and abundance of organisms to measurable site
variables. Therefore, characterization of forest

sites is always goal-oriented. It is unlikely that
there will be a single universal classification
scheme that could satisfactorily serve all the di-
verse needs of forest research.

1.2 Understorey Vegetation and Site
Characteristics

Understorey vegetation has played an important
role in the site classification systems of Finnish
forests (Mikola 1982, Oksanen 1990). Paucity of
tree species in the boreal forests of Northern
Europe implies that site classification on the ba-
sis of the floristic composition of arboreal vege-
tation alone is crude. The number of plant spe-
cies occurring in the understorey vegetation of
Finnish forests is not very high either but does
offer a more suitable basis for site characteriza-
tion.

There are two principal approaches in the utili-
zation of understorey vegetation as an indicator
of site characteristics. One of these is the analysis
of vegetation composition as a whole (“commu-
nity”) by constructing a species-by-sites matrix
where each matrix cell [i,s] indicates the “impor-
tance” value (e.g. biomass) of species i at site s.
Patterns in the species-by-sites matrix are then
analysed, usually with multivariate ordination
methods. The relationship between observed pat-
tern in the vegetation and various site factors can
also be studied with a number of methods (e.g.
Gauch 1982, Jongman et al. 1987).

An alternative approach is to draw attention to
a number of indicator species that are assumed to
be of primary importance for revealing interest-
ing site characteristics. The procedure for study-
ing species-environment interactions comprises
two separate steps. First, the responses of species
to environmental gradients are modelled using
statistical techniques (e.g. ter Braak and Looman
1986, Austin 1987). This phase of the analysis is
called “regression” (ter Braak and Prentice 1988).

Lahti, T.
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There are two frequently used concepts for de-
scribing the functional response of indicator spe-
cies to ecological factors. “Optimum” refers to
that portion of the ecological gradient where the
species reaches its maximum importance, where-
as “tolerance” indicates the steepness of species
decline when moving away from the optimal re-
gion along the gradient (ter Braak and Looman
1986). For several indicator species occurring at
a given site, some kind of averaging of their indi-
cator values is used for estimating the site-specif-
ic parameter value. This process is known as “cal-
ibration” (ter Braak and Prentice 1988).

1.3 Classification vs. Estimation

When studying the relationship between site char-
acteristics and the composition of understorey
vegetation within a formal statistical framework,
it becomes necessary to draw attention to the
nature of variation in the variable of interest.
Traditionally, classification of forest sites into a
practical number of site types has been performed
by grouping together all those sites that are simi-
lar enough to each othér. More recently, a number
of statistical classification systems and cluster-
ing algorithms have been applied in order to find
a more solid theoretical basis for this procedure
(e.g. Gordon 1981, Birks 1987, Hill 1989).

However, there are both theoretical and empir-
ical reasons to assume that variation in site char-
acteristics from one site to another is at least in
some (maybe most) cases continuous without dis-
tinct classes (for a review of historical ideas and
opinions, see Crawley 1986). This hypothesis
implies that any classification scheme, irrespec-
tive of the number of site classes used, is based on
more or less arbitrary criteria for determining class
boundaries in relation to site quality. The Cajan-
derian forest site type system that is widely used
in Finland is a typical classification scheme. In
Cajander’s system, understorey vegetation is used
as an indicator of the biological value of the site,
in pursuit of determining the “natural quality class-
es of the sites” (Cajander 1926).

So far there have not been very many alterna-
tive methods for forest site characterization on
the basis of understorey vegetation in Finland.
Kuusipalo’s (1985) classification scheme is based

on a hierarchical approach that enables a more
objective and finer tuning of the class boundaries
and the number of site type classes than Cajander’s
system. The flexibility of the hierarchical classi-
fication scheme remained largely unused in his
attempt to find correspondence between the es-
tablished Cajanderian forest site types and the new
system.

Recent studies by Nieppola (1992, 1993a,
1993b, Nieppola and Carleton 1991) have also
addressed the problem of describing the relation-
ship between site characteristics (especially site
quality) and understorey vegetation composition
in the pine-dominated forests of southern Finland.
Although largely based on statistical methods that
utilize quantitative data (such as multivariate re-
gression), his approach seems to follow the clas-
sification paradigm. This is somewhat surprising,
especially when Nieppola and Carleton (1991)
explicitly mention that “the notion of discrete types
is not supported [by the data]”.

1.4 Purpose of the Present Study

The purpose of the present study is to apply
modern quantitative methods to the analysis of
Finnish forest vegetation, especially from the
viewpoint of elucidating the indicator value of
understorey vegetation. The structure of the study
follows the distinction between “regression” and
“calibration” sensu ter Braak and Prentice (1988).
I shall first describe and evaluate methods for
the analysis of species responses to ecological
gradients. The concept of “indicator species”, as
well as quantitative measures of the “indicative
power” of individual species, are analysed.

In the second (“calibration”) part of the study I
shall define and apply a probabilistic estimation
method that utilizes the quantitative description
of species responses to environmental gradients
obtained in the “regression” phase. The theoreti-
cal model, referred to as “posterior probability
estimation” (PPE), is then applied to an empirical
data set collected from the upland forests of south-
ern Finland.

In the third part of the study I shall compare this
method with four alternatives that can be applied
for the estimation of site characteristics. Of these,
Cajander’s (1909) forest site type system (FST)
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and Kuusipalo’s (1985) hierarchical clustering
method (HC) are based on the classification
scheme. For them, class averages are used as es-
timates of site parameters among the members of
the class. Third, an estimation method based on
multivariate ordination and subsequent regression
(MO) offers a quantitative, “community”-type
analysis of covariation between vegetation com-
position and site characteristics. The fourth meth-
od, known as weighted averaging (WA), is a sim-
ple method for obtaining estimates of site varia-
bles from a list of species with previously deter-
mined indicator values (e.g. ter Braak and Looman
1986, Birks et al. 1990). Nieppola (1993a) has
recently used this method (referred to as “Ellen-
berg’s calibration method”) for the analysis of
Finnish forest vegetation.

The variable used for comparing these methods
is “site quality” described by an independent
measure of site index based on the height-to-age

relationship of dominant trees at each sample site
(referred to as H, ¢, with an index age of 100 years).
Site index itself has a number of theoretical and
methodological problems, but for the purposes of
the present study it offers a satisfactory reference
variable. However, due to these problems the
empirical results shown in the present study should
be interpreted with caution.

Throughout the text, the concept of “site varia-
ble” is used as a more comprehensive and general
term than “site quality”. Theoretically, any of the
methods discussed in the present study could be
used for the estimation of several different site
variables by utilizing the empirical regression-
calibration scheme with a suitable data set (known
as a “training set”). Site quality is only one of the
site variables that in this study is used for the com-
parison of different estimation methods with an
empirical data set.

2 Material and Methods

2.1 Field Material

The empirical field data used in the present study
were collected by Dr. Jussi Kuusipalo and Dr.
Pekka Tamminen from the upland forests of
southern Finland in 1982-84. Of the 410 sample
plots in the original data set, only the 269 ones
with tree stand data available were used here. Of
these, 104 sample plots were dominated by Scots
pine (Pinus sylvestris L.) and 165 plots by Nor-
way spruce (Picea abies (L.) Karsten). All the
sites were located within the southern boreal
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Fig. 1. Geographical locations of the study sites in
southern Finland. Thick line shows the northern
border of the southern boreal vegetation zone of
Abhti et al. (1968).

vegetation zone (Ahti et al. 1968; see Fig. 1).
This is the same data set as used by Kuusipalo
(1985), who has also given a more detailed de-
scription of the sampling methods used in the
field.

Only the sample plots located on mineral soil
having a pine- or spruce-dominated stand at least
20 years of age were included in the data. Addi-
tionally, sites classified as low-yielding were
omitted (for a definition, see Kuusela and Salmi-
nen 1969, p. 16). Age distibutions of the data sets
for pine- and spruce-dominated forests are given
in Fig. 2. Basic statistics for the age distribution
of the stands are given in Table 1.

Within each sample plot of 16 X 16 m?, six veg-
etation sample quadrats, each 2 x 2 m? in size,
were located subjectively in order to represent the

30

Number of sites

Number of sites

Age (years)

Fig. 2. Age distributions of the study sites dominated
by Scots pine and Norway spruce in the data set.
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Table 1. Characteristics of the age and site index (H,) distribution of the data set.

Tree n Age (yrs) Hiop (m)

species Mean s.d. Min Max Mean s.d. Min Max
Pine 104 93.0 269 34 157 220 296 12.7 279
Spruce 165 787 21.8 40 161 269 393 148 347

compositional variation of vegetation within the
sample plot. The abundance of all species of vas-
cular plants, mosses and lichens were recorded
by estimating their percentage cover within the
quadrat. The vegetation occurring on larger stones,
stumps, partially decayed logs, etc. was disregard-
ed. In the present study, the vegetation descrip-
tions of the six quadrats within each sample plot
have been combined to obtain a collective vege-
tation description of the sample plot. For compat-
ibility, species nomenclature in the present study
is the same as in Kuusipalo (1985).

Each site was assigned into one of the estab-
lished Cajanderian forest site types already in the
field. This site type classification was used in the
present study to represent the FST model in the
comparison of different estimation methods.

Tree stand measurements were made by a field
group of Finnish Forest Research Institute fol-
lowing standard procedures (Kuusela and Salmi-
nen 1969). Dominant height of the stand, refer-
ring to the average height of the 100 thickest trees
per hectare, was calculated on the basis of 3-10
stems per sample plot. Dominant age of the stand
was computed as the average of the ages of the
dominant trees.

2.2 Methods of data analysis
2.2.1 Site index H,,,

Site index H,, referring to the dominant height
(in meters) of the tree stand at a reference age of
100 years, was used in this study as an independ-
ent measure of site quality whose values were
estimated by a number of methods based on the
composition of understorey vegetation. Empiri-
cal results have indicated that there is a rather
strong correlation between H,y and a number of
stand parameters referring to the productivity of

10

the site (Vuokila and Viliaho 1980, Oikarinen
1983). These observations have made it possible
to use H,y as an alternative to the Cajanderian
forest site type system in the estimation of site
quality for forest management.

However, there are also some methodological
problems in the application of site index as an
estimate of site quality. For example, Kilkki and
Ojansuu (1981) have drawn attention to the fact
that the stem form of trees varies in different parts
of Finland, and therefore growth curves may be
significantly biased when applied outside the ge-
ographical regions where the original stand data
were collected. In the data set used in this study,
these problems are alleviated by the fact that all
the data have been collected from the same (south-
ern boreal) vegetation zone (see Fig. 1), where
variations in the developmental patterns of the
stand are presumably small.

From the viewpoint of the present study, meth-
odological problems associated with the applica-
tion of site index as a measure of true site quality
are not very serious in the sense that all estima-
tion methods were applied to the same data set.
Therefore, they all respond to identical biases in
the data. The principal criterion of performance
in the present study is predictive accuracy rela-
tive to the other methods that can thus be reliably
assessed.

Scatter plots of the dominant height vs. age
values of the sample plots are shown in Fig. 3.
Using the height-over-age curves of Gustavsen
(1981), site index H,y, was calculated from these
values (Fig. 4 and Table 1).

2.2.2 Estimation of Probability Density
Functions

For the estimation of a density function, p(q), of
site quality q, I utilized kernel estimators (Sil-
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Fig. 3. Dominant height vs. stand age in the study
sites.

verman 1986, Izenman 1991) defined as fol-
lows. Let G be a symmetric, non-negative kernel
function, which satisfies the condition

jG(x)dx =1 1)
With a sample of n observations X; from the
unknown distribution f(x), the kernel estimator
f(x) with kernel G is defined by

e Lyl 2=X >
f(x) "WZ}G[ - } (2

where w is the window width (smoothing pa-
rameter) of the kernel function G.

Silverman (1986) examined the properties of
most commonly used kernel functions and con-
cluded that, in terms of efficiency (measured as
the mean integrated square error (MISE) of f (x)
relative to f(x)), all frequently used functions are
close to each other and the choice of the kernel
function G can be based on other criteria, such as
the degree of differentiability required. In the
present study, I have used the triangular kernel
defined as

Fig. 4. Distribution of site index H,y in the empirical
data set.

G(x) = 1 = x| for x| < 1, = 0 otherwise 3)

Considerably more important for density estima-
tion is the choice of window width w, which is a
compromise between the risks of oversmoothing
and undersmoothing. Silverman (1986) and Izen-
man (1991) discussed the various principles that
can be applied to the choice of the value of w. In
the case of a Gaussian kernel function G, Silver-
man (1986) concluded that, in terms of MISE, a
good choice of w is

w = 0.9 min [G,R/1.34] n°'# “4)

where n is the number of observations, G is the
standard deviation, and R is the interquartile range
of the sample. Taylor (1989) and Hall (1990)
showed that a bootstrap procedure can also be
used for selecting the value of w in large sam-
ples.

11
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2.2.3 Estimation of Presence-Absence
Response Curves

Kernel estimators defined in the previous chap-
ter were used for estimating the density func-
tions of site quality. With slight modifications
they were also used for the estimation of pres-
ence-absence response curves of each species of
understorey vegetation. The starting point was a
data set where the quantitative value of the target
variable H,o, was shown together with the pres-
ence-absence data of each (pseudo)species (for a
definition of pseudospecies, see Chapter 3.2.2.).
Along the axis of H,y, each sample plot was
replaced by a symmetric, non-negative kernel
function, centered at the value of the H,, at the
site (Fig. 5). The value of the presence-absence
response curve as a function of H;y was ob-
tained as a proportion of the “weights” (from the
kernel function) of sites with the species present
divided by the sum of the “weights” of all sites.

Estimation of the presence-absence response
curve is also sensitive to the overall frequency of
occurrence of each species. A general rule of
thumb is that if the species is very common or
very rare, its presence-absence response curve is
difficult to estimate satisfactorily. Apart from
some exceptions (e.g. Fryer 1976), research em-
phasis in nonparametric density estimators has

Presence

Absence

Fig. 5. A schematic view of the estimation of species-
specific presence-absence response curves. De-
pending on the presence or absence of the species
at each site, a symmetric kernel function, centered
at the value of H, at the site, was located along
the site quality axis. The presence-absence re-
sponse curve was then calculated as a mean of the
“weights” of presences and absences for each val-
ue of H,y. See text for details.
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been in developing large-sample properties (Izen-
man 1991). Therefore, the methods of nonpara-
metric density estimation should be used with
caution in such cases.

Some of the most difficult problems in nonpar-
ametric smoothing of the presence-absence curves
occur at the tails of the response, where the number
of observations is very low. In order to obtain
smoother behaviour at these regions, adaptive
kernel estimators can be applied. Adaptive kernel
estimators are an extension of the fixed kernel
method defined as follows (see Silverman 1986).
First, a pilot estimate f(x) that satisfies f(X;)>0
is calculated for all j. Then, local bandwith fac-
tors |; are calculated as

. Th
T =|:f(Xf):| 5)
8

where g is the geometric mean of the f(X;):

log(s) =+ 3 log] Fx))| ©)
j=1

and P is the sensitivity parameter satisfying 0 <
B < 1. Silverman (1986) concluded that there are
good reasons for setting B = 1/2.

The adaptive kernel estimator is then defined
as

e L3 L =%,
jo=3g G[ a,.w'} ™)

The advantage of adaptive kernel estimator is
adjustment to the local density of data, which is
useful in smoothing the tails of the response. A
natural pilot estimate in the application of the
adaptive kernel method is a corresponding fixed
kernel estimate (Silverman 1986). Breiman et al.
(1977), Abramson (1982) and Silverman (1986)
have noticed that the adaptive kernel method is
insensitive to the fine detail of the pilot estimate.

It is evident that the value of the window width
in the kernel function is important for optimal
smoothing of the data. The formulas given for the
selection of window width in the case of density
estimation (cf. Eq. (4)) were not applicable here.
Therefore it was necessary to find an alternative
method for choosing optimal window width in
order to avoid both oversmoothing and under-
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smoothing. A feasible solution was to use some
computer-intensive technique based on simulat-
ed resampling, such as jackknife or bootstrap
methods (see, e.g., Efron 1979, Efron and Gong
1983, Taylor 1989, Hall 1990).

The presence-absence response curves were
estimated separately for each taxon with a jack-
knife method by seeking the window width that
minimized the cross-validation root mean squared
error (RMSE,,) between the curve and actual ob-

servations. The principle of the jackknife is to
remove from the data set one sample site at a time.
For each removed site, the parameter of interest is
estimated with the remaining sites. This proce-
dure is repeated for each site, and the cross-vali-
dation sum of squared residuals is calculated from
the differences between the observed values and
their jackknifed estimates. An example of this
process is shown in Fig. 6, where the estimated
response curve and its RMSE,, for a number of

e TR

Window width 2.0 m

Window width 10.0 m

Al

L.

Window width 3.1 m (optimum)

1.02031 5.0 10.0

Fig. 6. An example of the estimation of the presence-absence response curve for Calamagrostis arundinacea in
pine-dominated forests. The H,o range of the x-axis is 10-35 m. Between undersmoothing (window widths
1.0 and 2.0 m) and oversmoothing (window widths 5.0 and 10.0 m) there is an optimal window width (3.1
m) that minimizes the cross-validation RMSE. The behaviour of the RMSE is shown in the last figure.
Vertical lines above the curve show the location of sites with the species present, those below the curve sites

with the species absent.
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different values of window width are shown for
Calamagrostis arundinacea in pine-dominated
forests.

For most of the common or rare species, where
there were either very few absences or very few
occurrences, the cross-validation estimate of win-
dow width did not have a definite optimum, im-
plying that there were not enough observations
for the estimation of the presence-absence curve.
In some cases the few occurrences were so close
to each other along the H, axis that the jackknife
estimate of the optimal window width became very
small reflecting only random fluctuation in the
data. This problem was avoided by setting the
lower limit of acceptable window width to three
meters.

2.2.4 Estimation of Site Quality from Vegeta-
tion Data

For the estimation of site quality on the basis of
the vegetation composition of the sites, all the
methods examined in the present study require a
training set for the determination of model pa-
rameters. A jackknife method was used for as-
sessing the accuracy of the estimates. This pro-
cedure ensured that no sampling unit could af-
fect its own estimate. On the other hand, it may
be rather demanding in terms of computing power
needed. In the present study, however, the struc-
ture of the primary model (PPE), as well as its
alternatives, made it possible to obtain jackknifed
estimates of prediction error rather easily. Three
out of the four alternative methods (FST, HC
and MO) did not require knowledge of the actual
site quality values in the first phase of the analy-
sis. WA, on the other hand, related site quality
directly with the occurrence of plant species, but
it was computationally so simple that removal of
one site at a time for calculating the cross-vali-
dation estimates could be done without difficul-
ties.

In PPE, four different versions of the estima-
tion method were applied. First, species-specific
presence-absence response curves were estimat-
ed with a nonparametric method based on fixed
kernel estimates (see Silverman 1986, Izenman
1991). Optimal window width for the kernel func-
tion was estimated with a jackknife method sep-
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arately for each understorey plant species. A dis-
crete data vector with a resolution of 0.1 m and
covering the H,y range of 050 m was used in
calculations.

Next, an estimate of H,, for each site was cal-
culated using the species composition of the un-
derstorey vegetation together with the species-
specific presence-absence response curves. The-
oretical principles of the method are described in
Chapter 4.1. From the resulting posterior proba-
bility density function, mean and variance were
calculated using Eq. (10). Due to simplifying as-
sumptions (e.g. mutually independent species re-
sponses) in the estimation method, it is possible
that direct PPE estimates are biased. This bias was
corrected by calculating a jackknifed linear re-
gression equation between the estimated and
measured values of H,y in the training set. Sepa-
rate estimates were calculated for the partial (only
presence data included) and complete (also ab-
sence data included) versions of the model.

Next, the behaviour of the model with more
complex data-processing options were examined
by estimating the species-specific presence-ab-
sence response curves with an adaptive kernel
method. Also in this case, optimal window width
was selected with a jackknife method. These
curves were then applied to the abundance data
by utilizing the pseudospecies concept. Also here,
both a partial and a complete version of the esti-
mates were calculated separately.

In FST, classification of the sites into Cajande-
rian forest site types was done already in the field,
and calculation of site quality estimates was
straightforward. In HC, clustering of the sites was
taken directly from the appendix of Kuusipalo
(1985). In both of these cases, class averages were
used as estimates of site quality among the sites
within each class.

In the MO model, DCA ordination of the veg-
etation data was performed with the CANOCO
software (ter Braak 1988) with logarithmic trans-
formation (y = log.,(100x + 1)) of the abundance
(percentage cover) values and no downweighting
of rare species. Ordination of presence-absence
data was obtained by replacing each occurrence
in the data matrix with the value 1, and by per-
forming an ordinary DCA ordination with no trans-
formations. Linear regression for site index Hjg
was calculated separately for the first axis (DCAT1)

Lahti, T.

Understorey Vegetation as an Indicator of Forest Site Potential...

and a combination of the first four axes (DCA1-
4) by removing one of the sites at a time. Param-
eters of the regression equation were then used
for obtaining an estimate of site index for the re-
moved site. Thus, four different estimates based
on the DCA ordination were obtained for both
canopy tree species.

WA estimates of site quality were calculated
according to the same principles, so that the indi-
cator values and tolerances of the species were
calculated by removing one site at a time from the
data set. For the removed site, four estimates based
on WA were calculated (abundance data vs. pres-
ence-absence data, both with and without toler-
ance downweighting; see Birks et al. 1990 for
details). As with PPE, a linear regression equa-
tion was calculated to correct for the bias in the
direct WA estimates of site quality.

2.2.5 Evaluation and Comparison of the
Estimation Methods

Assessment of the predictive accuracy of the
methods was based on the cross-validation root
mean squared error (denoted by RMSE,,) that
was obtained from the same data set for all mod-
els. Therefore, RMSE_, could be used for rank-
ing the methods according to accuracy: the small-
er the RMSE,,, the better was the method. For
the classification methods FST and HC, as well
as the null model (sample mean), RMSE,, was
obtained from the standard deviation (o) of the
distribution using the equality

RMSE., = \fﬁc ®)
Pairwise tests of means (with adjustments of the
p values due to repeated tests) were performed
for each pair of methods in order to find out
which of the differences in RMSE_, were statisti-
cally significant. Due to deviations from normal-
ity in the sample distributions, a nonparametric
signed rank test was applied. The UNIVARI-
ATE routine of the SAS software package (SAS
1989) was used in the calculations.
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3 Analysis of Species Responses
to Site Characteristics

3.1 The Concept of “Site”

The number of different site variables is poten-
tially infinite. However, ecologists usually refer
to a rather limited number of site factors that are
considered relevant for the understanding of var-
ious patterns and processes in forest ecosystems.
The concept of “site” in these contexts is often
used quite implicitly without giving any unam-
biguous definition for it. For example, analysis
of site-specific variation in tree stand productivi-
ty is usually based on a number of fixed-sized
sample plots located according to a predefined
plan. From each sample plot, a number of varia-
bles is measured and subjected to statistical anal-
ysis in order to obtain results that are relevant to
the problem in question. Comparison of several
such studies often reveals that there is considera-
ble variation in the sizes of the sample plots, as
well as in the schemes for locating the plots.
There seem to be even national preferences to-
wards certain sample plot sizes and sampling
procedures, although these preferences may also
change over time.

In these studies, the concept of “site” usually
refers to a single sample plot. As such it can often
be used fairly consistently without any noticeable
ambiguity in its interpretation. Sometimes the
interpretation is not self-evident. For example, the
kind of empirical data most relevant for the pur-
poses of the present study would be sample sets
where both tree stand-specific data and data on
understorey vegetation composition have been
collected from the same locations.

It is worth noticing that Finnish data sets of this
kind are surprisingly rare. The reason for this may
be that reliable analysis of the tree stand on one
hand, and understorey vegetation on the other,
require fairly different technical skills that are not
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often fulfilled by one person. Sample plots for
measuring tree stand parameters tend to be two to
four degrees of magnitude bigger than those used
for vegetation analysis. Therefore, acommon pro-
cedure is to position — systematically, randomly,
or even subjectively — a reasonable number of
sampling quadrats for the analysis of understorey
vegetation within the larger sample plot used for
describing the tree stand. This sampling scheme
was also applied in the collection of the data set
analysed in the present study (Kuusipalo 1985).

This kind of sampling setup immediately raises
a number of questions. How well do the vegeta-
tion quadrats, covering only a few percent of the
total area of the sample plot, represent the actual
variation of understorey vegetation? What is the
degree of spatial heterogeneity in the structure of
the tree stand? Is the sample plot located on a
border between two or more sites of different “site
types”? These questions draw attention to the
possible spatial inhomogeneity within the sample
plots. Traditionally, difficulties resulting from
heterogeneity in the sample plots have been avoid-
ed by using subjective selection of sampling sites.

For the purposes of the present study, an exact
definition of the “site” is needed in order to make
the application of the analytic methods feasible. I
shall now define a conceptual framework that will
be used throughout the rest of the study. Let us
examine a spatially bounded forest area A in a
two-dimensional orthogonal coordinate system,
with axes labeled as x and y. The location of each
point (“site”) within this area is given by vector
[x,y] Let q(s) = q(x,y) denote a continuous vari-
able that is defined for each point s = [x,y], and
p(q) is a density function of q within area A, so
that

Tp(q)dq =1 ©)
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From these definitions it follows that the mean,
E(q), and variance, var(q), of q within area A are
given by

E(q)= Iq p(q) dq
- (10)

var(q)= [(g-E(9)}* p(q) dg

—oo

In the present study we are primarily interested
in the estimation of q(s), the value of site quality
q at a given site s. Some site characteristics, such
as the diurnal and annual variation in the amount
of solar radiation, may be calculated to a certain
level of accuracy from general theoretical prin-
ciples. However, the majority of site variables
are estimated empirically by using previously
collected sample sets and observed covariation
between different variables. For example, there
is no direct measure of the timber production
potential of a given site s. This implies that the
estimates of site quality can only be compared
with each other, not with the “true” value of site
quality. Therefore, the problem of site quality
estimation is tackled mainly by analysing the
coherence between different indirect measures
of site quality and their applicability in different
conditions.

Estimation of the density function (Eq. (9)) for
site quality q within area A from empirical data
requires that the sample of sites is unbiased with
respect to q. This assumption can be satisfied by
following established statistical sampling proce-
dures. If there are good reasons to assume that
p(q) belongs to some parametric family of distri-
butions (such as the normal distribution), then the
estimation of p(q) is reduced to the estimation of
the parameters of the underlying density function.
In the present study, however, I have applied non-
parametric kernel methods for the estimation of
density functions.

For the estimation of the density function of
site index H,q in the empirical data set used in the
present study, a fixed kernel method (Eq. (2)) was
used with a window width chosen according to
Eq. (4). The resulting density functions of site
index for pine- and spruce-dominated forests de-
viate significantly from normality, but they are
still clearly unimodal (Fig. 7, cf. Fig. 4). Accord-
ing to Kuusipalo (1985), the data set is virtually a
random sample of the forest sites within the sam-

pling region (see Fig. 1), and therefore the results
may be considered representative of the region in
general.

Unimodality in the distribution of site quality
(here represented by the site index H,) has also
been observed within the framework of the Ca-
janderian forest site type system. In southern Fin-
land, there are only three important forest site types
representing the average values of site quality (the
Vaccinium site type covers 27.8 %, the Myrtillus
site type 35.3 %, and the Oxalis-Myrtillus site type
13.5 %), whereas site types indicating either the
poor or productive end of the site quality gradient
are less common (Ilvessalo 1956).

From the viewpoint of site quality estimation,
the density function of site quality offers a natural
“null” model. Without additional site-specific in-
formation available, the best estimate of site qual-
ity q, in terms of RMSE, is E(q) obtained from
Eq. (10) for all sites within area A. In this case,
the square root of var(q) is an estimate of RMSE.
Any estimation method based on site-specific in-
formation must perform better than this (i.e. re-
sult in lower RMSE) in order to be useful.

Frequency

Frequency

Fig. 7. Density functions for site index H,y in the data
set, estimated with the fixed kernel method.
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3.2 What is an Indicator Species?
3.2.1 Analysis of Incidence Data

The concept of “indicator species” occurs fre-
quently in ecological literature (e.g. Hill et al.
1975, Persson 1981). Recent interest towards
environmental monitoring (e.g. Goldsmith 1991)
has further increased the need to find suitable
population and community parameters that can
be used as components in a monitoring scheme.
Ellenberg’s (1979, 1988) studies of the ecologi-
cal “indicator values” of species for various site
variables have also been the inspiration for a
number of studies (e.g. ter Braak and Gremmen
1987). For the purposes of the present study, the
theoretical background of the concepts of “indi-
cator species” and “indicator value” need to be
elucidated, because none of the previous studies
completely satisfies the requirements of the model
developed here.

Let us begin with the definition of “indicator
species”. In the present study I shall examine only
a simple case where the responses of species oc-
currence and abundance are described as a func-
tion of single quantitative environmental gradi-
ent. Graphically these kinds of relationships may
be shown on a scatterplot with the site variable on
an x-axis and the response of the species on a y-
axis. Traditionally, a distinction has been made
between qualitative data, referring to the presence
or absence of the species at a given site, and quan-
titative data, referring to the abundance (number
of individuals, percentage cover, biomass, etc.)
of the species (e.g. Gauch 1982).

An indicator species for site variable q is a spe-
cies whose occurrence and/or abundance within
the study region is dependent on the values of q.
If the theoretically possible extreme values of any
site variable q are examined, it is difficult to find
any species that would be totally indifferent to the
whole scale of variation. Therefore it is necessary
to emphasize the expression “within the study
region”: an indicator species within one study
region may not be an indicator within another
region. It is also evident that the “indicator spe-
cies” concept itself refers to a continuum rather
than to a clear dichotomy.

“Indicator value” as used by, e.g., Ellenberg
(1979, 1988) and ter Braak and Barendregt (1986)

18

refers to the location of species “optimum” along
the environmental gradient, not to the degree of
the differentiation itself. Therefore, an alternative
concept is needed for this purpose. In this study I
shall use the term “differentiation index” for re-
ferring to this relationship between species i and
site variable q.

How should the response of species i to the site
variable q be quantified? The methods of direct
gradient analysis that originated from the works
of Gause (1930), Ramensky (1930) and Whittak-
er (1956, 1967) (for a review, see Gauch 1982)
are clearly of special interest in this context. Close-
ly associated with the later evolution of direct
gradient analysis, as well as various ordination
methods, is the model of Gaussian species respons-
es (see Swan 1970, Gauch and Whittaker 1972,
Austin 1980, Gauch 1982, @kland 1990). It has
also been criticized, for example Austin (1987)
noticed that “bell-shaped response curves [of spe-
cies] to environmental gradients are not univer-
sal”.

Ter Braak and Looman (1986) studied the usa-
bility of weighted averaging and logistic regres-
sion for describing Gaussian-like species respons-
es to environmental gradients. They defined the
“presence-absence response curve” of a species
as the probability, p(k; = 1|q), that the species i
occurs in a quadrat of fixed size as a function of
an environmental variable q. I shall use this prob-
abilistic definition of species responses as a start-
ing point for the quantification of the differentia-
tion index discussed above. I shall first examine
the case of presence-absence, or incidence, data,
where only the occurrence of each species is used
in the analysis.

The probability of occurrence of species i with-
in the whole study region, p(k; = 1), is obtained by
combining the presence-absence response curve
with the probability density function of the site
variable q:

ptki=1)= [ p(k =1lq) p(q) dg (1)
Probability p(k; = 0|q) is defined in an analogous
way, and it integrates in Eq. (11) to p(k; = 0) =
1-pk;=1).

If species i is not an indicator species, then p(k;
= 1|q) is independent of the value of q, and thus
equal to p(k; = 1). For testing this (null) hypothe-
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sis for each species i and site variable q it is easier
to turn the problem inside out. Instead of p(k; =
1]q), let us examine the density function p(qlk; =
1), i.e. the distribution of variable q at sites where
species i occurs. If species i is not an indicator
species and p(k; = 1]|q) is constant, then the null
hypothesis H, states that p(qlk; = 1) = p(q).

Since we are interested in all differences be-
tween p(q|k; = 1) and p(q) (not only differences in
their means and/or variances), the test statistic
should be chosen accordingly. The most impor-
tant tests for comparing continuous distributions
are based on the comparison of the distribution
functions

q
P(q)= | p(u) du (12)
of the two distributions (see Kendall and Stuart
1979, p. 467).

For detecting differences between p(qlk; = 1)
and p(q) in the present study, I utilized the Kol-
mogorov statistic D, which is defined as

D; = sup‘ﬁ(q|k, = 1)—}3((1)‘ (13)

where P(q|ki=1) and P(q) are the empirical
distribution functions of glk; = 1 and q, respec-
tively (see Kendall and Stuart 1979, p. 476485,
Sokal and Rohlf 1981, p. 440—445). In the dis-
crete case of a sample of size n, P(q) is calculat-
ed as the proportion of the sampling units with a
value less than q. Since P(q|k; =1) and P(q) lie
within the unit interval [0,1], so also does their
maximum difference; i.e. 0 < D;< 1.

There are two similar tests based on the D sta-
tistic: the Kolmogorov-Smirnov one-sample test
for testing the fit of a sample to a known theoret-
ical distribution, and the corresponding two-sam-
ple test for testing the hypothesis that two inde-
pendent samples have been derived from the same
theoretical distribution. When using the test sta-
tistic D; for analysing the response of species i, a
theoretically correct way to obtain two independ-
ent samples would be to divide the sample of n
sites into two groups on the basis of the occur-
rence of species i. These two subsets would then
be analysed with the Kolmogorov-Smirnov two-
sample test.

However, even though the cases k; = 1 and k; =
0 are symmetric in all formulations given above,

there is a fundamental difference in the biological
interpretation of them. In theory it is possible that
a given species is a noteworthy indicator of site
variable q when it is absent, but not when it oc-
curs. Performing a Kolmogorov-Smirnov two-
sample test does not tell us which of the cases (or
both) is the reason for a significant test statistic.
Therefore, there are biological reason for testing
the estimated probability density functions
p(ki =1|q) and p(k; = 0|q) against p(q), although
the two samples used for estimating the density
functions are not independent of each other. This
approach is warranted by the following arguments:

With large sample sizes, p(q) converges to-
wards p(q) and the differences between the one-
sample and two-sample tests become small. As
p(ki=1) > 1,p(qlki=1) > p(q) and D, 0. How-
ever, at the same time p(k;=0)=1-p(k;=1) ~
0 and the possible indicator value of species i is
based on the cases k; = 0, i.e. absence of species i
at sample sites. Thus, by testing two separate null
hypotheses, H,: p(qlk; = 1) = p(q) and H,: p(qlk; =
0) =p(q), we obtain two separate estimates for the
differentiation index of species i, one for cases k;
=1 (species presence) and the other for cases k; =
0 (species absence).

In order to obtain a useful measure for the mag-
nitude of differentiation of each species, I shall
develop this analysis a little further. In addition to
using the D statistic for testing p(H,) in different
cases, it is possible to calculate the confidence
interval for the values of P(g|k;=1) so that the
true distribution function P(glk; = 1) lies within
P(q|ki =1)£ D, with probability 1 — o.. With a
small number of the occurrences of species i, r;,
the confidence interval is very wide, but converg-
es in approximate proportion to the square root of
r, towards zero (Kendall and Stuart 1979, p. 482).

Olkin and Spiegelman (1987) introduced a semi-
parametric model for estimating density function
f(x,m) as a combination of a parametric density
function (with weight 1 — ) and a nonparametric
density function (with weight 1), where 7 is an
unknown parameter (0 < 7 < 1) to be estimated
from the data. In an analogous approach, let us
define probability density function p(q|k; =1,7;)
as

Plalki =1,m) = mip(glki =1)+(1- m)P(q) (14)
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s { DI, = 100,

Plalk:=1)+D,, " =
z / With this kind of analysis, we obtain an estimate
o for the DI; for cases k; = 1 (species presence). An
g P<q|ki =1)-D, analogous procedure can be used for estimating
= the DI; for cases k; = 0 (species absence) with
&= obvious modifications to the equations given

é ------------- 5 (q) above.
3 | P(gk: q Further information from the type of response
' of species i to the environmental gradient q can be
_ obtained by examining more closely the values of
= Lriohle "~ the Kolmogorov statistic (Eq. (13)). When only

Fig. 8. A schematic view of applying the Kolmogorov-
Smirnov test statistic together with confidence in-
tervals for estimating the differentiation index of
the indicator species. Parameter T, is calculated as
the minimum value, for which the compound func-
tion (thick line) of Eq. (14) lies completely within
the confidence interval of P(q|k; =1). See text for
details.

The purpose of applying Eq. (14) is somewhat
different from that of Olkin and Spiegelman
(1987). Incorporation of p(q) into the equation is
not done in order to obtain “better” estimates of
p(qlk; = 1), but rather to obtain “conservative” es-
timates (i.e. estimates where p(q|ki =1,7;) = p(q),
when r; is small. This is obtained by calculating
the minimum value of , for which the distribu-
tion function P(q|k; =1,7;) lies completely with-
in the 1 — o confidence interval P(q|k; =1)+Dq
for a given value of o (Fig. 8).

The estimate of T, thus obtained can be used as
a quantitative measure of the differentiation of
species i with respect to site variable q. It incorpo-
rates satisfactorily the empirical information on
the occurrence of species i at the study sites so
that both sample size and deviations from the null
model are taken into account. It can be seen that
with small values of r;, 7; is equal to 0 due to wide
confidence limits D,, for a given value of o.. On
the other hand, when r; = n, the two component
functions on the right side of Eq. (14) converge to
a common value, and 1; = 0. We expect to find
the most important indicator species with the high-
est values of m; when 0 << 1; << n. In order to
obtain a more convenient scale, differentiation
index DI, for species i is defined as
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the overall statistical significance of the differ-
ence is exa}mined, the absolute value of
P(qlki =1)—P(q) is needed. Whenever the result
is statistically significant, there are biological rea-
sons to analyse separately the magnitude of the
positive difference Dy defined as

Dy =sup(P(qlk = 1)~ P(4)) (16)
and the negative difference D; defined as
Dy =sup(P(q) - P(glki =1)) 7

If the value of D; is statistically significant (i.e.
DI; > 0) and D{ > Dy, it implies that species i is
primarily an indicator of the lower end of the
gradient when present. Conversely, indicators of
the higher end of the gradient appear with
Df <Dj. In the present study, this difference
between the indicators of the higher and lower
end of the gradient is incorporated into the val-
ues of DI; by showing the indicators of the lower
end of the gradient as negative values.

3.2.2 Analysis of Abundance Data

After examining species incidence data there is
still another interesting question left for analy-
sis: is there any additional information available
in the quantitative data on species abundance at
different sites? The probabilistic model defined
for the analysis of incidence data in the previous
chapters is not directly applicable to species abun-
dance data. Therefore it is necessary to examine
first some of the important issues associated with
the analysis of abundance data.

In studies of vegetation-environment relation-
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ships based on, e.g., Gaussian-type (parametric)
species response models both abundance and prob-
ability of occurrence are used as variables. It is
not easy to find any discussion referring to the
relative merits of one or another as a target of
modelling, although from a theoretical viewpoint
they are very different entities. Regional frequen-
cy of occurrence and local abundance are not nec-
essarily correlated (cf. Rabinowitz 1981), although
due to certain biological processes it is reasona-
ble to expect this correlation to occur (Hanski
1982, Brown 1984).

In line with this ambiguity between incidence
and abundance data, the concept of “species opti-
mum” may also refer to that portion of the envi-
ronmental gradient where either the species reach-
es its maximum frequency of occurrence or where
its abundance is at maximum. Examination of
scatterplots showing species abundance values as
a function of a certain environmental variable may
indicate that there are a number of sites with very
low species abundance values even in the optimal
region of the variable (e.g. Nieppola 1993a: Fig.
3). This phenomenon is easy to understand on the
basis of multidimensional niche theory (e.g. Craw-
ley 1986). If species responses are even approxi-
mately Gaussian in several ecological dimensions,
then the transect along any single axis contains
the whole range of variation below the upper lim-
it of abundance determined by the variable in
question. High abundance values are obtained only
when all significant environmental factors are si-
multaneously advantageous.

This phenomenon has important implications
for the use of individual species as indicators of
site variables. It is easy to see that whenever the
species occurs with a high abundance value, we
are close to its optimum region. However, the
opposite is not true: from a low abundance value
we often cannot deduce that the site is not suitable
for the species with respect to a certain site var-
iable q. There may be a number of other factors
limiting the abundance of the species even at the
optimal level of q. This asymmetry should be tak-
en into account when utilizing species abundance
data for the estimation of site characteristics.

The asymmetry between high and low values
of species abundance can be conveniently taken
into account within the probabilistic modelling
framework of the present study by using the con-

cept of “pseudospecies” introduced by Hill et al.
(1975). The main idea behind the method of pseu-
dospecies is to reduce quantitative data to pres-
ence-absence data without undue loss of infor-
mation. This is accomplished by converting the
frequency data into classes, each class being treat-
ed as though it were a species in its own right. For
each pseudospecies determined by the limit abun-
dance a (where, in the case of percentage cover,
0 < a <100), occurrence of a pseudospecies (de-
noted by k;, = 1) is recorded when the abundance
of the corresponding “real” species i is higher than
a. Correspondingly, the notation k;, = 0 is used to
indicate that the abundance of species i is less
than or equal to a.

The pseudospecies concept reduces the analy-
sis of abundance data into the framework defined
previously for the analysis of incidence data. The
presence-absence response curve p(k; = 1|q) is ex-
tended into p(k;, = 1|q) which describes the prob-
ability of occurrence of pseudospecies i, as a con-
tinuous function of q and a (notice that k;, = k;
when a = 0). A new dimension is also added into
the calculation of the differentiation index DI;. In
addition to calculating separate values for the pres-
ence and absence data, it is also possible to calcu-
late the index as a function of limit abundance a
(denoted by DI,). If any of the pseudospecies’
values is higher than that calculated for the pres-
ence or absence data, we may conclude that there
is additional information available in species abun-
dance data beyond mere incidence data. If neces-
sary, it is also possible to test the differences be-
tween the density functions p(q|ki, =1) and

p(g|ki =1) with the Kolmogorov statistic, as de-
scribed previously.

3.2.3 Empirical Results

The total numbers of taxa recorded in pine- and
spruce-dominated forests were 97 and 109, re-
spectively. Of these, 35 in pine-dominated for-
ests and 52 in spruce-dominated forests had non-
null index values in at least one type of category
(Table 2). There were considerably more taxa
indicating the productive end of the site index
gradient than those occurring primarily at poor
sites. This result is in agreement with the previ-
ously published data on the Finnish forest flora
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Table 2. Numbers of taxa in different categories of the differentiation index DI in the empirical data set.
Columns “low” and “high” show the numbers of taxa indicating the poor and productive end of the site
index gradient, respectively. Notice that the values in the “Total” columns are not obtained by summing up
the values in other columns, because some taxa occur in more than one category.

Incidence ; Abundance Absence Total
Low High Total Low High Total Low High Total
Pine 4 21 25 8 27 35 2 3 5 35
Spruce -+ 25 29 15 35 50 8 1 9 52
Total 6 36 42 20 48 64 9 4 13 65

(e.g. Kalliola 1973, Kujala 1979). When abun-
dance is taken into account via the application of
the pseudospecies concept, increase in the number
of useful taxa is most notable among the indica-
tors of sites with low values of site index H . In
pine-dominated forests the number of taxa dou-
bles (from four to eight), and in spruce-dominat-
ed forests the number almost quadruples (from
four to 15).

Species absence was interesting among very few
taxa (Table 2). This result is a natural outcome of
the uneven distribution of taxon frequency in the
data set: the majority of taxa are very rare. The
most notable exception are the eight common taxa
whose absence indicates poor productivity in
spruce-dominated forests.

Taxon-specific indices (Appendix 1) do not
reveal any surprising patterns in the types of re-
sponse. The taxa obtaining highest DI scores are
mostly indicator species also in the Cajanderian
forest site type system (cf. Kalliola 1973, Kujala
1979). In pine-dominated forests, the most relia-
ble indicators of high site index are (index value
given in parentheses) Rubus saxatilis (39), Solid-
agovirgaurea (35), Melampyrum sylvaticum (31),
Pteridium aquilinum (27), Brachythecium spp.
(27), Viola riviniana (26), Dryopteris carthusi-
ana (24) and Deschampsia cespitosa (20). The
poor end of the gradient is characterized by the
lichen species Cladonia arbuscula (-19), C. rang-
iferina (-16) and Cetraria islandica (-15), with
Calluna vulgaris (—13) as the only vascular plant
species.

Differentiation of pseudospecies based on abun-
dance data increases the number of indicator taxa
from 21 to 27 at the productive end, and from four
to eight at the poor end of the gradient. The taxa
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with the greatest increase in the index value in
abundance data were Calamagrostis arundina-
cea (from 10 to 36), Maianthemum bifolium (0
25), Luzula pilosa (0—19), Pteridium aquilinum
(27—40) and Oxalis acetosella (7—>20) at the pro-
ductive end of the gradient. At the poor end of the
gradient, the indicator taxa mentioned above do
also have additional information available in abun-
dance data: Cladonia rangiferina (-16—>-39), Cla-
donia arbuscula (—19——40) and Calluna vulgaris
(=13—>-34). Arctostaphylos uva-ursi (0>-22) is
the most important addition to the list.

The absence of taxa is naturally indicative of
the opposite end of the site index gradient in rela-
tion to their presence. Thus, absence of Calluna
vulgaris (37), Cladonia rangiferina (19) or C. ar-
buscula (2) indicates high site quality, whereas
absence of Calamagrostis arundinacea (-25) or
Trientalis europaea (—6) indicates low produc-
tivity.

In spruce-dominated forests the list of taxa is
somewhat different. The most reliable indicators
of high productivity are Rubus idaeus (43), Dry-
opteris carthusiana (43), Plagiothecium spp. (32),
Veronica officinalis (26), Carex digitata (26),
Melica nutans (26) and Poa nemoralis (26),
whereas Cladonia rangiferina (-29), Calluna
vulgaris (-27), Goodyera repens (—6) and Dipha-
siastrum complanatum (-2) indicate low produc-
tivity. The number of indicator pseudospecies
increases from 25 to 35 at the productive end of
the gradient. The highest increases in index val-
ues occur in Oxalis acetosella (5—47), Viola riv-
iniana (0—32), Brachythecium spp. (15-40),
Fragaria vesca (17—39), Pteridium aquilinum
(0—21), Luzula pilosa (0—>19) and Hepatica no-
bilis (21—>34). At the sites with low productivity,
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Fig. 9. Value of the differentiation index DI in pine-
dominated forests (x-axis) vs. the index value in
spruce-dominated forests (y-axis). Each dot rep-
resents one taxon.

the number of indicator pseudospecies increases
from four to 15, with Vaccinium vitis-idaea (0>
—54), Hylocomium splendens (0—-38), Pleurozi-
um schreberi (0—>=32), Melampyrum sylvaticum
(0—~>=25) and Vaccinium myrtillus (0—>—-23) show-
ing greatest increase in the index value.

In terms of species absence in the spruce-dom-
inated forests, Deschampsia flexuosa (18) is the
only indicator taxon at the productive end of the
gradient. At the less productive sites, the absence
of eight taxa provides interesting information:
Maianthemum bifolium (—36), Dryopteris carthu-
siana (-34), Brachythecium spp. (=27), Triental-
is europaea (—24), Luzula pilosa (-23), Oxalis
acetosella (-19), Plagiothecium spp. (—10) and
Carex digitata (-1).

Comparison of the taxon-specific index values
in pine-dominated forests vs. spruce-dominated
forests (Fig. 9) indicates that there are a few taxa
that are indicators in both types of forests, where-
as a considerable number of taxa are indicators in
association with only one of the canopy tree spe-
cies. The upper left and lower right quarters of the
scatterplot in Fig. 9 are empty, showing that no
taxa have opposite responses in pine- vs. spruce-
dominated forests.

Note that the index value of zero does not nec-

essarily imply that the occurrence of the taxon is
indifferent with respect to site quality. Because
the index value depends on the confidence limits
of the Kolmogorov-Smirnov index as well as its
absolute value (see Chapter 3.2.1.), it is possible
that the number of observations is too small to
make reliable conclusions of the ecological re-
sponse of the taxon in question.

3.3 Estimation of Presence-Absence
Response Curves

3.3.1 Theoretical Background

The methods described in the previous chapter
make it possible to identify potentially interest-
ing indicator species on the basis of a single
parameter (differentiation index DI). It can be
used in the preliminary selection of taxa for fur-
ther analysis from the available species pool.
When necessary, both species absence and abun-
dance data can be examined separately. The next
logical step is to analyse in greater detail the
actual presence-absence response curves of the
species that obtain nonzero DI values in at least
one of the categories.

Ter Braak and Looman (1986) used logistic
regression and Gaussian response models for de-
scribing species occurrence patterns along envi-
ronmental gradients. The key concepts in this
approach were “optimum” or indicator value (the
value of q with the highest probability of occur-
rence) and “tolerance” (a measure of ecological
amplitude). This method has also been used by
Nieppola (1993a) for describing the probability
of occurrence of understorey plant species as a
function of site quality in the forests of southern
Finland.

In this study I applied nonparametric methods
for the estimation of presence-absence response
curves. The advantage of nonparametric methods
over their parametric alternatives is that it is not
necessary to make any prior assumptions on the
shape of the response. It is possible to view non-
parametric methods as a generalization of para-
metric methods. If the response modelled by non-
parametric methods seems to be close to the cor-
responding parametric model, the selection be-
tween the two may be based on statistical criteria
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(Hastie and Tibshirani 1990, Yee and Mitchell
1991). The actual details of the estimation proce-
dure have been described already in Chapter 2.2.3.

3.3.2 Empirical Results

The presence-absence response curves were cal-
culated for all the taxa that had enough presenc-
es (rare taxa) or absences (common taxa) so that
the jackknife estimation of the optimal window
width was successful (Appendix 2). The most
suitable published data for comparing the results
are those of Nieppola (1993a: Fig. 2), who shows
presence-absence response curves estimated with
parametric methods for a number of understorey
species in pine-dominated forests. The general
patterns in Nieppola’s results are very similar to
those of the present study. Due to a larger data
set (222 sample plots), a number of rare species
could also be modelled better than in this study.

No taxa modelled in these studies show contra-
dictory responses. However, there are many dif-
ferences in the fine details of the responses. The
most notable general pattern is that Nieppola’s
results show response curves that run more clear-
ly from (near) zero probability to (near) unity prob-
ability of occurrence, whereas the curves in the
present study indicate less steep responses. Most
of the difference may be explained by differences
in the sizes of sample quadrats, but more data are
obviously needed in order to obtain a better view
of the actual response patterns.

As described in the previous chapters, analysis
of species abundance data with the PPE method is
possible by applying the concept of pseudospe-
cies originally defined by Hill et al. (1975). The
presence-absence response curve can be given as
a continuous function of site quality q and limit
abundance a. The definition of the pseudospecies
concept implies that as the limit value a increases,
the probability of occurrence decreases. A con-
tour plot with a number of limit values was calcu-
lated for those taxa whose differentiation indices
(Appendix 1) indicated that they contain signifi-
cant information in abundance data (Appendix 3).
Notice that for the estimation procedure described
in Chapter 4, the presence-absence response
curves of pseudospecies may be used instead of
the curves of the “real” species without any mod-
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ifications to the estimation procedure.

It is worth noticing that the differentiation indi-
ces and the presence-absence response curves are
empirical results obtained from the data set avail-
able for analysis. With the accumulation of new
data these values may change. Therefore, given
enough time it is possible to obtain a gradually
improving insight into the specific response of
each species, even those at the rarest and com-
monest end of the spectrum.

3.3.3 The Effect of Quadrat Size

Ter Braak and Looman (1986) defined the pres-
ence-absence response curve of a species as “the
probability p(q) that the species occurs in a quad-
rat of fixed size as a function of an environmen-
tal variable q”. What happens if quadrat size is
changed? This question has important implica-
tions for the present model, because the quadrat
size may vary among different data sets. If spe-
cies-specific presence-absence response curves
are also sensitive to the quadrat size used in the
collection of field data, there is one more factor
added to increase the complexity of the model.

It appears that there is no general theoretical
solution to the problem. In order to examine the
patterns to be expected in empirical data, we can
simplify the problem without losing generality.
Let us assume that, instead of continuously vary-
ing quadrat size, we have from each sample plot
a varying number, m, of quadrats of fixed size. If
p(ki=1|q,1) is the probability that species i occurs
within one quadrat, given q, what is the corre-
sponding probability p(k; = 1|q,m) that species i
occurs within a set of m quadrats?

If the m quadrats are independent of each other
in terms of the occurrence of species i, we can
apply the multiplication rule of independent prob-
abilities to obtain

p(ki = 1|g,m) = 1-[1 - p(k; = 1]g, 1)]" (18)

It is easy to see that p(k;= 1|q,m) > p(k; = 1|q,1)
forallm 2 1.

If there is spatial covariance between the quad-
rats, we can assume that species occurrence is
aggregated, as is usual when sampling biological
populations. This phenomenon can be described
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by dividing the variance of the occurrence of spe-
cies i into fine-scale (within one sample plot) and
broad-scale (between sample plots) components.
If the quadrats are totally independent of each
other, the broad-scale component of variance is
zero and Eq. (18) gives an accurate estimate for
p(k; = 1|g,m). At the other extreme, if the fine-
scale component of variance is equal to zero, then
all variation in the occurrence of species i is be-
tween different sample plots. This implies that
p(k; = 1|g,m) = p(k; = 1|q,1) for all values of m.
Given these assumptions, we see that the ex-
pected lower limit for p(k; = 1|g,m) is p(k; = 1|g,1)
and the expected upper limit is obtained from Eq.
(18). The actual value of p(k; = 1|g,m) within this
range must be determined empirically. Further-
more, it is probable that the value is species-spe-
cific and also dependent on the value of q. This
approach is easily generalized to analyse contin-
uous variation in quadrat size. It is worth men-
tioning that, in the estimation of presence-absence
response curves from empirical data, the aggre-

gation of vegetation quadrats (i.e. several quad-
rats within one sample plot) does not affect the
estimation procedure. For an alternative approach
for analysing the same problem, see Crawley
(1986).

In conclusion, the presence-absence response
curves estimated in the previous chapters are de-
pendent on the size of the sampling quadrat. For
example, part of the differences in the species-
specific responses obtained in this study and by
Nieppola (1993a) may result from different refer-
ence areas. The data used by Nieppola (1993a)
were collected from twenty 1 X 1 m? quadrats that
were located within a sample plot 50 x 50 m?
However, all species occurring outside the vege-
tation quadrats but inside the sample plot were
also recorded. Therefore it remains somewhat
ambiguous whether the proper quadrat size for
the presence-absence response curves shown in
his study was 20 m? or 2500 m>. From the view-
point of the theoretical analysis given above this
is not a trivial problem.
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4 Estimation of Site Characteristics from Under-
storey Vegetation Composition

4.1 Theoretical Background

The theoretical background for the estimation of
site characteristics from the composition of un-
derstorey vegetation is developed by expanding
the framework defined in Chapter 3.1. Estima-
tion of a given site variable q(s) at site s within
area A may be viewed as a problem of determin-
ing a posterior probability density function
p(q|K(s)), given p(q) and some additional site-
specific information K(s). If there is no addition-
al information available for the estimation pro-
cedure, we have p(q|K(s)) = p(q) for all q.

For the purposes of the present study, addition-
al information K(s) is defined to be a vector of n
random binary variables, [ki(s)], where i = 1,...,n.
For each site s within area A, each of the vector
elements ki(s) is either O or 1. Thus, in the analysis
of empirical vegetation data the vector [ki(s)] gives
the presence (value 1) or absence (value 0) of each
(pseudo)species at site s. For utilizing this addi-
tional information K(s) for the estimation of site
quality, we apply Bayes’ formula and write

palk(s)=—2END @) (19)
| PK(9)lq) p(a) dg

Notice that the integral in the denominator is
equal to p(K(s)).

A verbal description of this estimation proce-
dure is as follows: In order to calculate an esti-
mate for the value of variable q at site s, given the
observed species composition of understorey veg-
etation shown as the elements of the vector [ki(s)],
we shall first try to estimate, for all possible val-
ues of q, the probability of having such a species
composition. This probability is then weighted
by the relative frequency of the sites with the giv-
envalue of q. These probabilities are then summed
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together (integral in the denominator) in order to
obtain a scaling factor for individual probability
values.

Apart from unrealistically simple cases, esti-
mation of p(K(s)|q) is a demanding task. There-
fore, in reality it is necessary to make some sim-
plifying assumptions in order to make Eq. (19)
computationally feasible. Assuming that the vec-
tor elements k;(s) are independent of each other
for given q, probability p(K(s)|q) can be written,
by applying the multiplication rule of independ-
ent probabilities, as

p(K(s)a)=] Lotk = ki(s)la) (20)
i=1

where k(s) is the value (0 or 1) of the ith element
in vector [ki(s)] at site s. The values p(k; = ki(s)|q)
in the product on the right side of Eq. (19) can
now be obtained from the species-specific pres-
ence-absence response curves estimated in the
previous chapters.

With these assumptions we have now a model
that can be applied for solving Eq. (19) with em-
pirical data. The result of this estimation proce-
dure is a probability density function, showing
the so-called posterior probabilities of variable q,
given the prior distribution p(q) and additional
information K(s). When a single value is needed
as an estimate of q(s), a natural unbiased choice is
the mean, E(q|K(s)), of the distribution (Eq. (10)).
Correspondingly, variance of the posterior prob-
ability density function may be compared with
that of the prior distribution: the smaller is the
ratio var(q|K(s)) / var(q), the better is the species
composition available at the site as an indicator of
q.Itis worth noticing that this ratio should always
be less than one. If var(q|K(s)) is greater than
var(q), it implies that incorporation of additional
information K(s) does not improve the estimates.
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In nature, this kind of situation may occur when
indicator species of both ends of the gradient (of
variable q) occur simultaneously at the same site.
If this is the case, some kind of habitat heteroge-
neity within the sample plot is the most probable
explanation.

It is evident that some of the assumptions need-
ed to make the model operational (e.g. the inde-
pendence of species responses) are violated in
nature. However, the ultimate criterion for the
goodness of the model should be its performance
(in terms of its accuracy and consistency) in the
analysis of actual empirical data.

4.2 Empirical Results

The model described in the previous chapter was
applied to the empirical data set in order to ob-
tain estimates of site index H,, for each sample
plot. Four alternatives of the basic model were
applied. A simple version of the estimation pro-
cedure comprised species-specific presence-ab-
sence response curves estimated with a fixed-
kernel method, and only incidence data were
used in the estimation procedure. A partial mod-
el where only species presences were taken into
account, and a complete model where both pres-
ence and absence data were incorporated into
the estimation of the posterior probabilities, were
applied separately. A more sophisticated version
of the model used the adaptive kernel method for
the estimation of presence-absence response
curves and utilized quantitative abundance data
via the pseudospecies concept. Also in this case,
separate estimates were calculated for the com-
plete and partial model. In order to correct for
possible systematic biases in the estimates re-
sulting from unrealistic model assumptions, a
linear regression equation was calculated between
measured and predicted values of H,y before
computing the estimates of the error values. This
procedure may be criticized for theoretical rea-
sons, but in practical applications of the model it
is always possible to make corrections to esti-

mates if better results are to be expected. A
similar approach was adopted also in association
with the weighted averaging (WA) estimates (see
Chapter 6.5.).

The results (Table 3, Fig. 10) indicate that the
model produces satisfactory estimates of the site
quality in the sense that estimation error is re-
duced relative to the “null” model. For both tree
species, application of a more sophisticated ver-
sion of the model (with adaptive kernel estimates
and abundance data) did not improve the accura-
cy of the estimates over the simple version. In
pine-dominated forests, a complete model (with
absence data included) gave somewhat better re-
sults, whereas in spruce-dominated forests the
partial model was slightly better. Overall, the re-
duction in RMSE,, relative to the “null” model
(the background distribution, see Table 1) was
not very impressive: from 2.98 m down to 2.32 m
in pine-dominated forests, and from 3.94 m down
to 3.13 m in spruce-dominated forests.

Evaluation of these results in isolation is fairly
difficult. Therefore the next chapter describes four
different methods based on the analysis of under-
storey vegetation composition that can be used as
tools for the estimation of site quality. Each of
these methods is applied to the same data set in
order to obtain comparable assessment of their
relative accuracy.

Table 3. Accuracy of the PPE estimates applied to the
empirical data set. Values of RMSE,, (in meters)
are given for four different versions of the model:
incidence data with fixed kernel estimates of the
presence-absence response curves, and abundance
data (pseudospecies) with adaptive kernel esti-
mates of the response curves.

Abundance data
Complete  Partial

Incidence data
Complete  Partial

Pine 234 251 274 278
Spruce 330 3.16 325 344
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Fig. 10. Measured vs. estimated values of site index H,, in the version of the PPE model that
performed best in terms of RMSE,,. For pine-dominated forests, it was the fixed-kernel
version with incidence data and a complete model (absence data included). For spruce-
dominated forests, the partial model with incidence data is shown.
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5 Alternative Estimation Methods

5.1 Overview

In order to obtain a more realistic view of the
performance of the PPE model in the estimation
of site quality in the upland forests of southern
Finland, four alternative estimation methods were
chosen to be applied to the same empirical data
set as the PPE. The basic requirement for all the
methods that were selected for the comparison
was that their principles and computational algo-
rithms have been satisfactorily published in sci-
entific literature. Previous usage in practical for-
est management in Finland was not required; it
is well known that the Cajanderian forest site
type system has been by far the dominant scheme
applied in the forestry in Finland (e.g. Mikola
1982).

The alternative estimiation methods described
below may be grouped according to several dif-
ferent criteria. Two of the methods, Cajander’s
(1909) forest site type system and Kuusipalo’s
(1985) hierarchical clustering scheme are typical
classification methods, where the sample sites are
grouped into a reasonable number of site types or
classes. The main difference between these two
methods is that HC is based on more explicitly
defined criteria for assigning a site into a certain
class, whereas FST depends more on the exper-
tise of the field workers. Estimation of the site
quality with these methods is based on calculat-
ing average values within each class.

The other two methods, multivariate ordination
and regression and weighted averaging are quan-
titative methods that can be used for estimating
the values of site quality in a continuous scale.
The fundamental methodological difference be-
tween these methods is in their treatment of the
vegetation data. MO is a typical “community”-
type approach: its starting point is a species-by-
sites matrix, from which the principal gradients
of variation are extracted with multivariate meth-
ods. WA, on the other hand, is a typical indicator

species approach: the response of each species to
the environmental gradient is analysed independ-
ently of the other taxa.

In the following chapters, the basic theoretical
principles of each method are described and their
previous usage in Finnish forest research and man-
agement are shortly reviewed. Each method is then
used for obtaining cross-validation estimates of
H,y, and their RMSE in the same data set that was
used for testing the PPE method above. This ap-
proach enables a side-by-side comparison of the
relative performance of the alternative methods
as tools in practical site quality estimation.

5.2 Forest Site Types
5.2.1 Theoretical Background

The theory of forest site types was introduced by
Cajander (1909). Since then it was developed
further in a number of other publications, both
by Cajander and his colleagues and successors.
Among the more recent review articles published
in English, those by Frey (1973) and Mikola
(1982) are worth noticing. In the present study it
is possible to give only a very superficial treat-
ment to the diverse field of scientific and practi-
cal questions associated with the Cajanderian
theory of forest site types.

If the frequency distribution of site quality is a
natural “null” model in a situation where there are
no data on the understorey vegetation available,
Cajander’s classification of forest site types has a
similar status among the actual estimation meth-
ods. Since its publication, FST has been widely
used as a tool in silviculture and forest manage-
ment in Finland, and it has also had some influ-
ence on site quality estimation in other countries.

FST is a non-hierarchical classification system.
Each site is classified into one of the predefined
site types according to the principles summarized
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by Cajander (1949): “All those stands are to be
classed in the same forest type, the vegetation of
which, when the stand is exploitable or nearly
exploitable, and of normal density, is character-
ized both by mainly identical floristic composi-
tion and a similar ecologico-biological nature, as
well as all those stands the vegetation of which
differs from that defined above only in those re-
spects which — resulting from the difference in
age of the stand, fellings, change in species of
stand, etc. — have to be considered as merely ac-
cidental or ephemeral or at any rate not perma-
nent. Permanent differences call forth a new for-
est type where they are sufficiently well-marked,
or asub-type where the differences are less essen-
tial but nevertheless noticeable.” One of the key
concepts in Cajander’s description of the theory
of forest site types was interspecific competition
in undisturbed forest vegetation that was believed
to result in distinguishable community types.
Cajander derived the basic ideas for this view of
vegetation pattern as a result of competitive inter-
actions from his studies of the shore vegetation
along the Lenariver (e.g. Nieppola 1986, Oksanen
1991). However, in later studies Cajander noticed
that in the forest vegetation community borders
are more blurred than along the shores of rivers
(e.g. Cajander 1949).

Whether the site type classes thus formed are
natural or more or less artificial entities is not easy
to resolve. In vegetation science, the problem of
continuity has inspired a considerable amount of
both theoretical and empirical research (Austin
1985, Shipley and Keddy 1987, Austin and Smith
1989). As a proponent of the community view of
vegetation, Cajander himself proposed that the
goal of site classification should be to find “natu-
ral” quality classes which “combine sites biolog-
ically near together but keep apart those which
differ biologically” (Cajander 1949).

The value of forest site types as a basis for the
estimation of growth and yield of tree stands was
empirically demonstrated by Ilvessalo (1920; see
also Ilvessalo and Ilvessalo 1975). He showed that
the site types can be arranged into a natural series
where average stand productivity differs from one
site to another. These results, originally published
in Finnish, were made accessible to a wider audi-
ence when reviewed in German by Cajander and
Ilvessalo (1921). Tamm and Petrini (1922a), in a
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review of the “Ueber Waldtypen II”, criticized
some of their conclusions. The discussion that fol-
lowed (Cajander and Ilvessalo 1922, Tamm and
Petrini 1922b) further elucidated the fundamen-
tal differences in the study approach between the
Finnish and Swedish schools of forest research.
The assertion of Cajander and Ilvessalo (1921),
based on the earlier work of Ilvessalo (1920), was
that forest site types form rather homogeneous
classes that differ from each other with respect to
all significant measures of site quality. Tamm and
Petrini (1922a) questioned this conclusion and
suggested that, given the empirical data availa-
ble, sample sites are distributed continuously over
the whole range of variation in site quality.

As can be seen from the results of later studies
(e.g. Kuusipalo 1985, Nieppola and Carleton
1991), the arguments of Tamm and Petrini have
strong support in empirical data. Unfortunately
the debate between Cajander and Ilvessalo vs.
Tamm and Petrini faded to become a frequently
cited curiosity in the historical evolution of the
Cajanderian system. However, the issue is still as
topical as before. Scientific interest into the prob-
lems of site classification in Finnish forests has
been revived recently (Hotanen and Kuusipalo
1988), but considerable effort is still directed to-
ward the problems of improving the classifica-
tion scheme (e.g. Kuusipalo 1985, Nieppola
1993b) or identifying different forest site types
under the influence of modern silvicultural prac-
tices (e.g. Vanha-Majamaa 1993).

Cajander’s preference for classification meth-
ods over quantitative estimation methods is ex-
pressed clearly in several of his papers. Even in
his last article on forest site types, Cajander (1943;
English translation in Cajander 1949) criticized
the method of deriving site quality classes from
the (at that time graphical) analysis of stand pa-
rameters as a function of stand age on the basis
that “the site quality classes obtained in this way
are but graphic constructions arbitrarily limited —
the number of quality classes distinguished may
be 3, 5, 10, or even more — and that as such they
have no equivalent in nature”. The critique con-
tinued elsewhere in the same article: “These aux-
iliary methods, each of them individually, and es-
pecially all of them together, naturally give a fair-
ly good guidance when drawing the normal curves,
and their direction can thus be drawn with consid-

Lahti, T.

Understorey Vegetation as an Indicator of Forest Site Potential...

erable accuracy. But the main thing, the quality
classification, remains unsettled. These methods
will, it is true, help us to draw the growth curves
with relative accuracy, but there will be an infi-
nite number of them [italics added]. All these aux-
iliary methods necessarily require that the quality
classes are already determined in advance in some
other way.”

These examples suggest that Cajander was per-
sistently reluctant to the adoption of the idea of
continuous variation in site characteristics and
understorey vegetation, and the implications of
this observation. Instead, his goal was to establish
the classification of forest sites on “natural qual-
ity classes which would not be based on graphic
or mathematical constructions of any kind” (Ca-
jander 1949).

With modern analytical methods, the question
of the existence of distinguishable community
types among the forest vegetation should be eas-
ier to approach empirically (cf. Shipley and Ked-
dy 1987). Empirical datd sets have often a meth-
odological bias that cannot be ignored: in many
studies, sample plots have been located at sites
with homogeneous vegetation patterns based on
subjective evaluation. This kind of sampling pat-
tern implies that gradual variation in natural veg-
etation becomes underrepresented in the sample,
and consequently the analysis of the data set is
expected to reveal community patterns that seem
to be more distinct than they actually are in na-
ture.

When taking into account the direction of this
bias, it is surprising to notice how consistent dif-
ferent studies based on multivariate ordination of
vegetation data are in their inability to support the
notion of distinct community types in empirical
datasets (e.g. Kuusipalo 1985, Lahti and Viisinen
1987, Tonteri et al. 1990a, 1990b, Nieppola and
Carleton 1991). The ability to identify distinct
forest site types on the basis of the understorey
vegetation alone seems to be in the eyes of the
beholder. The hypothesis of the continuity of the
vegetation gradient along the site type sequence
receives further support from the application of
the FST in the field. In addition to the actual for-
est site types, there are a number of established
intermediate types that are used to make the tran-
sition from one “true” site type into another more
gradual. For example, transition from the subdry

vegetation of the Vaccinium site type (VT) into
moister vegetation of the Myrtillus site type (MT)
is smoothed with site types denoted by VT + and
MT- (see also Keltikangas 1959).

From the viewpoint of applicability in the field,
FST is superior to the other methods. Identifica-
tion of the forest site type can be done directly on
location, and it is in fact more difficult to deter-
mine the “correct” site type on the basis of the
vegetation description alone. However, the price
of this straightforward applicability of the FST in
the field is considerable subjectivity in practice.
There are a number of field guides (e.g. Kujala
1979, Lehto and Leikola 1987) for helping the
determination of the site types on the basis of the
presence and absence of certain indicator species,
but there is no guarantee that two independent
observers obtain identical classification of the
same sites. This problem becomes more pro-
nounced when the same site is classified at differ-
ent times with changes in environmental condi-
tions and stand structure.

Determination of forest site types is based on
the overall pattern in vegetation. Particular atten-
tion is drawn to a number of indicator species
whose presence or absence and vitality are known
to differ from one site type to another (e.g. Kalli-
ola 1973, Kujala 1979, Mikola 1982, Lehto and
Leikola 1987). It is worth noticing that most of
the indicator species are indicators of either very
poor or productive sites, whereas the number of
species with an optimum at intermediate values
of site quality is quite low. Characteristic indica-
tors of poor sites are lichens, whereas a number of
herb species can be used for distinguishing differ-
ent site types at the most productive end of the
gradient.

There is always a certain degree of subjectivity
in the application of FST in the field. However,
later studies with multivariate ordination meth-
ods (e.g. Lahti and Viisdanen 1987, Tonteri et al.
1990a, 1990b) have indicated that the forest site
type sequence can also be detected with more
objective methods.

One of the empirical observations noticed in
several studies is that the frequency distribution
of Finnish forest sites into different site types is
very uneven (e.g. Ilvessalo 1956). The three most
common site types cover up to 70-80 % of the
land area, whereas the rarest site types occupy
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less than one percent. The most common site types
tend to be those with average site quality, and
sites with extremely low or high productivity are
less common.

Estimation of site quality according to the FST
system is straightforward. Each forest site is as-
signed into one of the site types. An unbiased es-
timate of site quality within each site type is the
average site quality among the sites assigned to
that type within the training set. Overall perform-
ance of FST depends on the accuracy of the esti-
mates within each site type and the relative pro-
portions of different site types within a given re-
gion.

When comparing the Cajanderian forest site type
system with the other estimation methods accord-
ing to the criteria defined above, it must be taken
into account that the basic principles of the FST
were defined more than 80 years ago. After its
introduction in 1909, the forest site type approach
was refined during the following decades (e.g.
Leikola 1984, Nieppola 1986). One of the signif-
icant extensions over the original model was the
introduction of climatic parallel types (Kujala
1936, 1938, Kalela 1961).

On the other hand, the fact that the FST is still
in widespread use in practical forestry and even
inbiological and forest research (see Mikola 1982,
Lehto and Leikola 1987) is a sufficient reason for
evaluating its basic approach and performance
according to modern standards. The only viable
alternative for the Cajanderian site classification
that is in general use in the forestry in Finland
today is the site index based on the height growth
of dominant trees, and it has also a somewhat lim-
ited scope of application (see Vuokila and Vilia-
ho 1980, Gustavsen 1981).

5.2.2 Empirical Results

An unbiased estimate of the quality of the site is
the average quality of the site type. Table 4
shows the parameters of the distributions of site
quality among different site types in the sample
data. The results indicate that, on the average,
the site types form a natural sequence of increas-
ing site quality, although the overlap of distribu-
tions between neighboring site types is consider-
able (Fig. 11; cf. Lahti and Viisédnen 1987). Due

32

Table 4. Statistics of the site index estimates for dif-
ferent site types in the Cajanderian system (FST).
All values are in meters.

Type n Mean s.d. Min Max

Pine OMaT 1 238 ; 23.8 2338
OMT 5 257 134 234 267
MT 40 234 194 198 278
vT 49 211 295 127 279
CT 9 185 187 157 215
Total 104 22.0 245 127 279

Spruce OMaT 5 304 126 293 324
OMT 59 28,6 328 172 347
MT 97 259 383 148 335
VT 4 208 244 194 244
Total 165 269 3.56 148 347

Table 5. Pairwise comparisons of the average site
index H,y among the site types classified accord-
ing to the Cajanderian forest site type system. The
p values of the Mann-Whitney U test are shown
for each pair of site types. Values smaller than the
critical p values obtained from the Bonferroni ad-
ditive inequality equation (for o = 0.05 and six
comparisons, 0.05/6 = 0.008) are show in bold-

face.
OMaT  OMT MT \%)

Pine OMT . .

MT . 0.011 .

VT . 0.002 0.000 "

CT . 0.003 0.000 0.008
Spruce  OMaT :

OMT  0.193

MT  0.005 0.000 .
VI 0014 0.002 0011

to differences in sample sizes and variances of
site quality, a nonparametric method (Mann-
Whitney U test) was used for comparing site
quality between different site types (Table 5). To
control the experimentwise error rate (EER) with
repeated tests, the critical p values for the com-
parisonwise error rate (CER) can be calculated,
for example, from the Bonferroni additive ine-
quality equation (see Miller 1981)

CER = o/c (21)
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Fig. 11. Frequency distributions of site index H,y among different forest site types.

where ¢ is the number of comparisons. For o =
0.05 and six comparisons, it gives 0.05/6 = 0.008.
Except for the OMaT vs. OMT pair in spruce
forests, average site quality differs among all
pairs of sites types. The low number of cases (n
= 5) in the OMaT site type probably accounts for
the only exception. Comparison of the OMaT
vs. VT pair in spruce forests is disturbed by low
sample sizes in both site type classes.

Hyoo (M)

The pattern of very uneven frequency distribu-
tion of sites among different site types is appar-
ent. The two most common site types represent
86 % of the sites in pine-dominated forests, and
95 % of the sites in spruce-dominated forests.
Variance in the values of H;y, seems to be highest
in the most common site types of intermediate
frequency, whereas the low and high end of the
site type sequence are less variable. On the aver-
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Fig. 12. Measured vs. estimated values of site index H,y in the FST model.

age, variance of H;y, on spruce-dominated sites is
higher than that of pine-dominated sites. Fig. 12
shows the scatterplots of measured values of H;y
and residuals as a function of estimated values.

5.3 Hierarchical Clustering
5.3.1 Theoretical Background

Kuusipalo (1985) used a method for the hierar-
chical clustering of upland forest sites in south-
ern Finland. Although it is a classification meth-
od, HC differs from FST in the sense that it is
less subjective. Determination of Cajanderian
forest site types depends on the examination of
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the general pattern of vegetation at a given site
without any strict rules to follow, whereas Kuusi-
palo (1985) offers rather unambiguous criteria
for assigning a given site into one of the pre-
determined clusters. A diagnostic key, based on
the occurrence and abundance of a number of
indicator species, gives HC a level of objectivity
far beyond that of FST.

The basic method of vegetation analysis in HC
is a two-way indicator species analysis (TWIN-
SPAN) developed by Hill (1979a), which results
in a dichotomous hierarchical clustering of both
samples and species. This clustering is based on
the ordination method known as reciprocal aver-
aging (Hill 1973). TWINSPAN classification in
its basic form uses qualitative data. The concept
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Table 6. The relationship of the clusters of Kuusipalo’s (1985) hierarchical classification
scheme (columns) to the Cajanderian forest site types (rows) in the data set.

Tree 1 2 3 4 5 6 Total

species

Pine OMaT 1 1
OMT 4 . 1 ; 1 g 5
MT 1 5 17 16 1 ; 40
VT " ; 2 10 21 16 49
CT y : : ; 1 8 9
Total 6 5 20 26 23 24 104

Spruce  OMaT 5 ] . 5
OMT 46 12 1 59
MT 9 29 57 2 ; 97
VT " ’ 2 . 2 4
Total 60 41 60 2 2 165

of “pseudospecies” (Hill et al. 1975), referring to
the occurrence of a certain “real” species with
abundance above a given threshold value, can be
used for entering quantitative information into the
analysis.

Due to the hierarchical nature of TWINSPAN
classifications, there is a choice of the level of
division that is considered practical. Kuusipalo
(1985) adopted a rather conservative approach by
choosing six site type classes for further analysis.
The clustering procedure was performed in two
steps. In the first step, those sites that differed
most from the rest of the material in the TWIN-
SPAN classification of the whole data set were
removed to form a separate cluster. In the second
step, the remaining data set was reclassified with
TWINSPAN, and the resulting hierarchical clas-
sification was taken as a basis for the identifica-
tion of clusters. The first two levels of division
were used to obtain four more clusters, and then
the cluster representing the most productive sites
in the truncated data set was divided into two clus-
ters at the third hierarchical level. Further analy-
sis of the results indicated that there was corre-
spondence between the clusters obtained with HC
and the site type classes of FST that have a more
heuristic basis. Table 6 shows the relationship of
Kuusipalo’s clusters to the Cajanderian forest site
types in the data set of the present study.

From a theoretical viewpoint, the hierarchical
clustering method of Kuusipalo (1985) is on a
more solid basis than Cajander’s forest site type

system. It is based on a formal classification meth-
od (TWINSPAN) that produces, given the same
data set, identical results independent of the user.
The choice of the six clusters in the final classifi-
cation system presented by Kuusipalo (1985) is
somewhat more subjective, but in the present con-
text it can be seen as an attempt to produce a clas-
sification system that is to some degree compara-
ble to the Cajanderian forest site type system. This
viewpoint gains support from Kuusipalo’s attempt
to find parallel classes between the site types of
FST and the clusters in his own system.

The ability of the two-way indicator species
analysis and reciprocal averaging, the ordination
method behind TWINSPAN (Hill 1973, Hill et
al. 1975), to describe the compositional variation
of forest vegetation is naturally a crucial require-
ment for the validity of the HC model. Studies
with simulated data sets have shown that in cer-
tain conditions the performance of TWINSPAN
is less than satisfactory. For example, van
Groenewoud (1992) criticized the robustness of
TWINSPAN, especially in conditions where there
are more than one principal axis of compositional
variation in the data set.

The failure of the two-way indicator species
method to recover compositional patterns in cer-
tain situations with simulated data sets implies
that it should be used with a reasonable level of
caution in the analysis of real data sets. In the
context of the forest vegetation of southern Fin-
land, several studies (e.g. Kuusipalo 1985, Lahti
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and Viisdnen 1987, Tonteri et al. 1990b) have
shown that there is one very strong compositional
gradient of understorey vegetation that is almost
parallel to the site quality gradient. This implies
that one of the main reasons for the failure of
TWINSPAN with simulated data sets, i.e. pres-
ence of several equally strong ecological gradi-
ents, is probably not a serious concern in the anal-
ysis of the upland forest vegetation of southern
Finland.

Empirical results presented by Kuusipalo (1985)
showed that TWINSPAN produced a satisfactory
and easily interpretable classification of the study
material. The need to perform the analysis in two
steps resulted mainly from the very high floristic
diversity in the lush deciduous forests with very
high site quality that represent only a very small
portion of the total forested land area. In the sec-
ond step, the more typical forest vegetation of the
truncated data set was reanalysed with TWIN-
SPAN to produce the hierarchical system for the
final identification of operational clusters.

Fig. 13 shows the diagnostic key of Kuusipalo
(1985) that can be used for assigning sample sites
with known vegetation composition into the pre-
defined clusters. It is no surprise that several of
the species that appear in the key are also listed as
the indicator species for the FST (cf. Kalliola 1973,
Mikola 1982). However, use of the diagnostic key
of Fig. 13 is less subjective than application of the
indicator species list of FST in the sense that with
an identical description of the species composi-
tion of the site, two independent observers should
result in the same cluster assignment. Within the
classification scheme of the FST, this result can-
not be guaranteed. For use in the field, the diag-
nostic key makes the HC model almost as opera-
tional as the FST. The extra work that results from
the need to use the key for finding the correct
cluster from the vegetation data is compensated
by the degree of accuracy and objectivity over the
FST approach. However, abundance data of the
vegetation needed to determine the presence of
the pseudospecies in the diagnostic key have a
subjective component due to the inaccuracy of
visual estimation of percentage cover of plant
species. There are also systematic biases in the
cover estimates among observers (Tonteri 1990).

Kuusipalo (1985) analysed also the variation of
site index (obtained from the sample tree data)
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Fig. 13. The diagnostic key of Kuusipalo (1985) for
assigning a site with a known species composition
into one of the predetermined clusters. The number
after each indicator taxon refers to the limit abun-
dance as follows: 1 = present here and there occa-
sionally, 2 = present more than occasionally, but
with less than 1 % total coverage, 3 = total cover-
age 1-5 %, 4 = 5-10 %, 5 = 10-16 %, 6 = 16-25
%, T=25-50 %, 8 = over 50 %. Key to taxa: Bra
spp = Brachythecium spp., Cal aru = Calamagros-
tis arundinacea, Cal vul = Calluna vulgaris, Car
dig = Carex digitata, Cla arb = Cladonia arbuscu-
la, Claran = C. rangiferina, Cla ste = C. stellaris,
Des fle = Deschampsia flexuosa, Dic maj = Di-
cranum majus, Dry car = Dryopteris carthusiana,
Fra ves = Fragaria vesca, Hyl spl = Hylocomium
splendens, Mel nut = Melica nutans, Mel pra =
Melampyrum pratense, Oxa ace = Oxalis ace-
tosella, Ple sch = Pleurozium schreberi, Rub sax
= Rubus saxatilis, Tri eur = Trientalis europaea,
Vac vit = Vaccinium vitis-idaea, Vio riv = Viola
riviniana.

among the clusters, separately for pine- and
spruce-dominated sites. The results indicated that
some of the clusters were not significantly differ-
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ent from each other with respect to the average
site quality.

Although TWINSPAN classification, the basis
of HC, depends on reciprocal averaging, a quan-
titative ordination method, the resulting cluster-
ing of forest sites on the basis of vegetational sim-
ilarity is still clearly a classification method. In
fact, Kuusipalo (1985) suspected that attempts to
develop a continuous index of site quality on the
basis of vegetation characteristics are probably
bound to fail for several reasons.

HC is based on a hierarchical clustering proce-
dure, but the principles for using it as a method
for site quality estimation are very similar to those
of FST. The clusters selected for the operational
classification of sites may represent different lev-
elsof binary divisions in the original TWINSPAN
analysis. As mentioned above, this is also the case
in the diagnostic key presented by Kuusipalo
(1985). However, from the viewpoint of site qual-
ity estimation the average site quality within each
cluster in the training set is again an unbiased
estimator of q. Overall performance of the model
depends on the same factors as in the case of FST.

From the viewpoint of the present study it is
worth noticing that thé data set used for compar-
ing the different estimation methods is exactly
the same one that was used by Kuusipalo (1985)
for developing the hierarchical clustering meth-
od. This fact offered some convenient shortcuts
for the analysis of HC itself. For example, the
assignment of sample sites into different clusters
was obtained directly from the Appendix of Kuusi-
palo (1985), and some of the test statistics of in-
terest in the present context were also available
already in his study.

5.3.2 Empirical Results

Results from the application of the HC model for
the estimation of site quality in the empirical
data set are given in Table 7. The frequency
distribution of sample sites among the clusters is
more even than in the case of the FST model. As
with the FST, the clusters form a sequence of
increasing average site quality (Fig. 14). Statisti-
cal tests for the differences in average site quali-
ty between the clusters have been already pub-
lished by Kuusipalo (1985: Table 10). His re-

Table 7. Statistics of the site index estimates accord-
ing to Kuusipalo’s (1985) hierarchical clustering
method (HC). All values are in meters.

Tree. Cluster n Mean s.d. Min Max
species

Pine 1 6 256 113 238 26.7

2 5 235 187 206 254

3 20 234 193 19.8 265

- 26 231 279 168 279

5 23 20.5 256 157 26.2

6 24 199 264 127 239

Total 104 220 244 127 279

Spruce 1 60 289 332 172 347

2 41 275 312 209 328

3 60 248 3.83 148 317

4 2 242 099 235 249

5 2 19.5 0.07 194 195

Total 165 269 343 148 347

sults showed that all clusters among spruce-dom-
inated stands were different at the 5 % risk level,
whereas among pine-dominated stands the dis-
tributions of site index were more blurred. The
clusters formed two groups (14 vs. 5-6) that
differed from each other, but within each group
the site index between clusters was not signifi-
cantly different (except cluster 1 vs. cluster 4).
Scatterplots of measured vs. predicted values
(Fig. 15) and the estimates of standard deviation
(Table 7) indicate that the values of standard
deviation for the whole data set are approxi-
mately the same magnitude as in the case of the
FST model. Variance of the site quality has a
tendency to increase with the number of sample
sites in the cluster, with some deviations from
the general trend (e.g. between the pine-domi-
nated clusters 2 and 3).

5.4 Multivariate Ordination and Regres-
sion

5.4.1 Theoretical Background

In the hierarchical clustering (HC) model based

on TWINSPAN classification, the underlying
method is reciprocal averaging (RA), a quantita-
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Fig. 14. Frequency distributions of site index H,,, among different clusters in
Kuusipalo’s (1985) hierarchical clustering method.

tive ordination procedure. RA, like a number of
other ordination methods, is able to describe con-
tinuous variation in vegetation composition in a
multidimensional space, where the most impor-
tant ordination axes can be used for detecting
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ecological patterns (for a review of different
methods, see Orloci 1978, Gauch 1982, Pielou
1984). Since site quality q, according to the defi-
nitions given before, is also assumed to be a
continuous variable, it is possible to analyse the
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Fig. 15. Measured vs. estimated values of site index H,y in the HC model.

covariation between site quality and vegetation
composition with quantitative methods, such as
regression analysis.

There are a choice of different ordination meth-
ods available for this purpose. Some general-pur-
pose multivariate methods, such as principal com-
ponents analysis (PCA), are generally considered
to be problematic in the analysis of ecological
data with strong nonlinearities (Gauch 1982). The
methods developed for ecological purposes have
tried to overcome these problems with ingenious
computational procedures, but so far there has not
been any comprehensive solution to result in a
general consensus among the ecologists.

One of the difficult nonlinearities in ecological
data sets results from the unimodal, “bell-shaped”
responses of species to ecological gradients. In
theoretical models this response is often assumed
to be symmetrical, although there is empirical
evidence to refute this assumption as a universal

rule (e.g. Austin 1987). Recent developments in
the field of nonparametric methods (Yee and
Mitchell 1991) make it possible to use statistical
procedures for detecting also the form of species
responses to the gradients.

In the present study I have used detrended cor-
respondence analysis (DCA: Hill 1979b, Hill and
Gauch 1980), an ordination method that has be-
come very popular in the recent years, although it
has also received a fair amount of criticism. The
most problematic feature of DCA is known as
“detrending”, manipulation of the ordination axes
for the purpose of correcting distortions resulting
from nonlinearities in the data. The critics (e.g.
Minchin 1987, Wartenberg et al. 1987, Oksanen
1987, 1988, Jackson and Somers 1991, van
Groenewoud 1992) have often drawn attention to
simulated data sets that make DCA to fail in the
analysis, whereas proponents of the method put
more emphasis on good results obtained with real
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data sets (Peet et al. 1988). The original imple-
mentation of DCA in a computer program known
as DECORANA (Hill 1979b) has recently been
largely replaced by a more flexible and compre-
hensive implementation known as CANOCO (ter
Braak 1988).

Ordination of vegetation data is based on the
species-by-sites matrix, where each matrix cell
refers to the abundance of a given species at a
givensite. Before the ordination analysis, it is pos-
sible to use various transformations to the abun-
dance data (Maarel 1979). It is also possible to
perform an ordination analysis to mere presence-
absence data, where occurrences are denoted by
ones and absences by zeros in the data matrix. In
this case, no transformations are necessary.

Application of the resulting ordination space
for the estimation of site quality is based on a
training set, in which there are a number of sam-
ple sites with known site quality and composition
of understorey vegetation. Since the axes of the
ordination space are orthogonal, model parame-
ters can be estimated by calculating a regression
line for site quality as a function of one or more
ordination axes. In the present study I fitted only
aplanar regression surface into the data set, but in
principle it is also possible to fit more complex
response surfaces of site quality into the ordina-
tion space. This can be done, for example, with
generalized linear models (McCullagh and Nelder
1989) or generalized additive models (Hastie and
Tibshirani 1990).

The resulting regression equation can then be
used for estimating site quality at new sites with
known species composition of understorey vege-
tation. In order to find the estimate, we must first
find the location of the new sites in the ordination
space. There are methods for estimating the loca-
tion of a new site within a predetermined ordina-
tion space, but if there are several sites to be proc-
essed simultaneously, it is a straighforward solu-
tion to perform a new ordination of the study set
together with the training set. In this way both
sets are drawn together into a common ordination
space, and a regression line fitted for the sites of
the training set can be used for estimating the
unknown values of site quality in the study set.

For studying the relationship of vegetation com-
position to environmental variables, multivariate
ordination and linear regression together have been
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applied in several previous studies of Finnish for-
est vegetation (e.g. Kuusipalo 1985, Tonteri et al.
1990a, 1990b, Nieppola and Carleton 1991).
However, none of them has treated the material
from the viewpoint of accuracy in the estimation
of site quality. Theoretically, there are no reasons
to assume that the axes of the ordination space are
parallel with environmental gradients, but there
is plenty of evidence that the principal axis of
ordination in the forest vegetation of Finland is
usually almost parallel with the site quality gradi-
ent. Therefore it is possible to build a regression
model as a function of the first ordination axis
only without losing much information.

5.4.2 Empirical Results

DCA ordination was performed both for the quan-
titative data and the presence-absence data. For
both of these cases, two regression models were
fitted, one for the main axis (DCA1), and anoth-
er for the combination of the first four axes
(DCA1-4), in order to obtain four different esti-
mates of site quality. Since all these methods
require computerized processing of the data, there
is not very much difference between them in
terms of computational efficiency. Results of the
DCA ordinations with different options are giv-
en in Table 8. The resulting ordination spaces
with DCA axes 1 and 2 are shown in Fig. 16. As
expected, the first axis is considerably stronger

Table 8. Results of the DCA ordination of the sample
data. The upper value in each cell is the eigenvalue
of the axis, and the lower value is the length of the
compositional gradient.

Tree Model data DCA1 DCA2 DCA3 DCA4
species

Pine Abundance  0.385 0.136 0.103 0.077
3.188 2.022 1.876 1.343

Incidence 0.395 0.151 0.110 0.094

3.336 2.056 1.834 1.968

Spruce Abundance  0.235 0.101 0.077 0.056
2.720 1.677 1914 1.308

Incidence 0.229 0.108 0.092 0.068

2.825 1.717 1.764 1.335

Lahti, T. Understorey Vegetation as an Indicator of Forest Site Potential..
Pine Spruce
2'; Abundance : 2';Abundonce
o 1.9 o i ..\. ¥ *ge . o~ 191 o* : . '.- N o
P It =S IR L PR
L Y S0 RIS T LT
2 S BT -
705 U 4 T _05 T T -
-5 43 18 | 43 a4 -05 05 15 25 35
DCA1 DCA1
T 2.57—
)] InC|den<:(.e . )] Incidence
SR 15 S
<C 1_ : .'..' {‘:::.’....::... 5 14 | . o o
Sos] ™ Sl R 12 '.s'-‘i"
0- . 0- . )
_05 T T T _05 T T T

=00 03 | 13 43 | E0
DCA1

Fig. 16. The first two axes of the DCA ordination of the data set.

than the subsequent axes 2—4 (especially in pine-
dominated forests), indicating the strong unidi-
mensionality of the compositional variation in
vegetation (cf. Kuusipalo 1985).

Site index H,, as a function of the first DCA
axis is shown in Fig. 17. Notice that there may be
either positive or negative correlation between site
index and the ordination axes depending on the
final orientation of the compositional space. For
the purposes of site quality estimation this phe-
nomenon can be ignored, and only the linearity of
the relationship is interesting.

Parameters describing the goodness-of-fit be-
tween site index and the DCA axes are given in
Table 9. R? denotes the proportion of variance in
site index “explained” by the regression equation.
RMSE (without the subscript) denotes the square
root of MSE, the mean squared error calculated as

MSE = SSE/(n - p) (22)

where SSE is the error sum of squares, n is the
number of observations, and p is the number of
parameters including the intercept. A cross-vali-
dation estimate of the same parameter, RMSE,,
is also given in the table. Fig. 18 shows scatter-
plots of the observed vs. estimated values and
residuals for the versions that performed best
(DCA1 with abundance data for pine-dominated
forests, DCA1—4 with abundance data for spruce-
dominated forests).

As can be seen from the values of Table 9, all
alternatives of the method produce estimates that
are of the same magnitude in terms of RMSE,,.
There does not even seem to be any unambiguous
difference between abundance data and presence-
absence data, although the estimates based on
abundance data give slightly better estimates in
the majority of cases.
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Table 9. Statistics of the site index estimates in the multivariate ordination and
regression method (MO). Error values are given in meters.

Tree. Model Model data n R2 RMSE RMSE.,
species
Pine DCA1 Abundance 104 0.30 2.49 2.51
Incidence 104 0.28 2.53 2.55
DCA1-4  Abundance 104 0.31 2.50 2.56
Incidence 104 0.30 2.53 2.61
Spruce DCAl Abundance 165 0.29 3.33 3:35
Incidence 165 0.29 3.32 3.33
DCA14  Abundance 165 0.41 3.06 3.13
Incidence 165 0.37 3.15 3.20
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Fig. 17. Site index H,y, as a function of the first ordination axis.

5.5 Weighted Averaging
5.5.1 Theoretical Background
All the other alternative estimation methods de-

scribed so far, the classification methods FST
and HC, as well as the ordination method MO,
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process the vegetation data independently of the
values of the site variables. This implies that

none of them is optimized for the purpose of

estimating site quality on the basis of understo-
rey vegetation. The fourth model, known as
weighted averaging (WA), is a simple method
for calculating estimates of site variables on the
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performed best in terms of RMSE,,. For pine-dominated forests it was the regression based
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based on DCA axes 14 with abundance data was selected.

basis of the indicator values of species occurring
at the study site. The principles of WA have
been used in several studies (Goff and Cottam
1967, Hill 1973, Ellenberg 1979, 1982, 1988,
Gasse and Tekaia 1983), but especially the re-
cent studies by ter Braak have increased interest
towards the method (e.g. ter Braak and Looman
1986, ter Braak and Barendregt 1986, ter Braak
and Gremmen 1987, ter Braak and Prentice 1988,
ter Braak and van Dam 1989, Birks et al. 1990).

WA as an estimation method is based on the
calculation of species-specific indicator values and
ecological amplitudes (also known as tolerances)

from empirical data (the “training set”). For pres-
ence-absence data, the indicator value of a given
species i with respect to a certain environmental
variable is simply an average of the values of the
variable at those sites where species i occurs. If
quantitative data are available, the average can be
weighted by abundance at each site. Tolerance,
on the other hand, is analogous to standard devi-
ation of the values of the environmental variable
at the sites of the occurrence of species i (see ter
Braak and Looman 1986). The actual estimate of
an unknown variable is obtained by averaging the
indicator values of the species occurring at the
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site. Tolerance downweighting (see Birks et al.
1990) can be used for putting more emphasis on
the species with narrow ecological amplitudes.
The equations needed for the calculation of WA
estimates are as follows (cf. Birks et al. 1990). Let
qi and {; denote the estimated indicator value
and tolerance of species i, respectively. Further-
more, let a;(s) denote the abundance of speciesi at
site s. Then, the indicator value of species i is

3 ai(s) q(s)
Gi=sl (23)

Y ai(s)
s=1

and its tolerance is

Y ai(s) (q(s)—q:)?
P I (24)

where m is the number of sites. The estimate of
q(s), site quality at site s, is

g(s)==L—— 125)

with tolerance downweighting, and

Yai(s) G
o= — @)

Y ai(s)
i=1

without it.

The averaging procedure in WA, performed
once in calibration and once in regression, results
in shrinkage of the range of the estimates. A sim-
ple method to correct for this phenomenon is to
calculate a linear regression between the estimat-
ed and observed values in the training set (Birks
et al. 1990).

Weighted averaging is a heuristic method, and
it can be shown to produce seriously biased re-
sults in certain conditions (ter Braak and Looman
1986). Its performance has been compared with a
more formal statistical approach, based on the
description of species responses to ecological gra-
dients with Gaussian logistic regression (ter Braak
and Looman 1986, ter Braak and van Dam 1989)
and estimation of site variables with maximum

et

likelihood estimation (MLE). This approach has
been used for example in limnology for the re-
construction of water pH from the diatom assem-
blages (e.g. ter Braak and van Dam 1989, Oksanen
etal. 1988, 1990, Birks et al. 1990). Although it is
a more sophisticated method than WA from a
purely theoretical viewpoint, empirical results are
somewhat contradictory. For example, ter Braak
and Looman (1986) referred to empirical data sets
used for predicting soil moisture where WA was
unreliable for estimating indicator values of the
species. On the other hand, Birks et al. (1990)
compared WA and MLE as methods for recon-
structing water pH from the diatom assemblages.
Their conclusion was that WA gave better results
than MLE in terms of lowest root mean squared
error of prediction in cross-validation.

These results suggest that WA should be used
with caution. The advantages of WA are compu-
tational simplicity and good performance with
suitable data sets. The reasons for the failure of
WA are rather well understood, thanks to the sim-
plicity of the approach. If WA fails, a more for-
mal statistical approach can be adopted.

In comparison to the other alternative estima-
tion methods in the present study, WA has one
essential property that makes it, at least in theory,
superior to its competitors. It is the only method,
in addition to PPE, that directly utilizes the cov-
ariation between vegetation composition and site
quality for the calculation of the estimates. Where-
as the other methods can perform the first stage of
analysis without any information on site quality
at the sites in the training set, WA obtains its pre-
dictive power directly from the site quality esti-
mates. In this sense, WA is theoretically superior
to the other methods. Whether this theoretical
advantage has any practical significance must be
determined empirically.

In terms of applicability in the field, WA re-
quires more work than FST or HC but considera-
bly less than PPE or DCA. The simplest variants
of WA estimates can be calculated easily, but if
tolerance downweighting is required, computa-
tional requirements are somewhat more demand-
ing.

In the present study, only WA was used for
evaluating its performance in the estimation of
site quality in the forests. A total of four variants
of WA were applied: pure presence-absence data
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Fig. 19. Measured vs. estimated values of site index H,y using the version of the WA model
that performed best in terms of RMSE,,. For both tree species, it was the one with
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Table 10. Statistics of the site index estimates in the
weighted averaging method (WA). Error values
are given in meters.

Tree Model data

Toldw n 2 RMSE RMSE
species

Pine  Abundance No 104 039 233 248
Yes 104 041 229 247

Incidence No 104 0.31 247 285

Yes 104 0.43 226 2.82

Spruce Abundance No 165 0.33 3.24 3.46
Yes 165 0.32 3.25 343

Incidence No 165 032 325 4.04

Yes 165 0.37 3.13 345

with and without tolerance downweighting, and
abundance data with the same options.

5.5.2 Empirical Results

Performance of the different versions of WA in
the analysis of the empirical data set are shown
in Table 10. There seems to be a consistent trend
that estimates with abundance data and tolerance
downweighting are slightly better than those with
incidence data without tolerance downweight-
ing. Fig. 19 shows the scatterplots of measured
vs. predicted values and residuals for the WA
estimates with abundance data and tolerance
downweighting.
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5.6 Comparison of the Methods

In the previous chapters, each of the estimation
methods have been described and applied to the
empirical data set independently of the others.
Next I performed a side-by-side comparison of
the methods, in order to assess the relative mer-
its of each estimation procedure. In order to keep
the number of different methods at a reasonable
level, only one version of PPE, MO and WA
were included into this comparison.

It was observed that there were no significant,
order-of-magnitude differences between the var-
ious versions of these methods. Therefore, it was
considered reasonable to select the version that
performed best in the original comparison to be
put against the other estimation methods. For PPE,
acomplete model (both presence and absence data

included) with incidence data was chosen for pine- -

dominated forests, whereas for spruce-dominat-
ed forests the corresponding partial model was
selected. In the case of MO, the selected version
was the regression based on the first DCA axis
with abundance data for pine-dominated forests,
and a multiple regression based on DCA axes 1-
4 with abundance data for spruce-dominated for-
ests. For WA, the version that uses abundance
data and tolerance downweighting was the choice
for both tree species. For FST and HC, the value
of RMSE.,, used in the comparison was calculated
from the standard deviation according to Eq. (8).

In this way, only five estimation methods were
chosen for the final comparison. Against the ac-
tual estimation methods, a suitable null model for
the use of understorey vegetation as an indicator
of site quality was to use the sample mean as an
estimate of site quality. If there is any information
on site quality available in the composition of
understorey vegetation, the estimation methods
must give significantly better estimates than the
null model that ignores vegetation information.
Also in this case, Eq. (8) was applied to obtain a
comparable value for RMSE,,.

The theoretical basis of the separate estimation
methods has already been assessed. Although there
is no objective way to rank the methods on the
basis of theoretical pros and cons, some general
trends are apparent. As models for processing
vegetation data, PPE, HC and DCA utilize well-
defined statistical methods. WA operates at a con-
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siderably less advanced level of mathematics, but
on the other hand it is the only method, in addition
to PPE, that optimizes its estimates directly for
the target. FST, having its historical burden, is the
most subjective method; it does not even require
sample plot data to be used in the field.

It is not surprising that applicability of the dif-
ferent methods in the field is approximately in-
versely related to the consistency of the theoreti-
cal basis. The most notable exception to this pat-
tern is HC that is based on statistical multivariate
methods, but is nevertheless directly applicable
in the field due to the published diagnostic key for
the identification of the clusters (Kuusipalo 1985).

The most interesting feature in the comparison
of the methods is their accuracy for the estimation
of site quality on the basis of understorey vegeta-
tion composition. Statistics for this comparison
are given in Tables 11 and 12. Table 11 shows the
cross-validation RMSE of estimates of site qual-
ity for the five methods, as well as the null model
of sample mean. For comparing the significance
of the differences in the values of RMSE,,, pair-
wise tests were performed. Due to deviations from
normality in the sample distributions, a nonpara-
metric signed rank test was applied. Table 12
shows the p values for the differences in accuracy
between different methods. To control the EER
in this case, Eq. (21) gives CER =0.05/15 = 0.0033
for the 5 % risk level.

The first observation from the examination of
Tables 11 and 12 is that all methods gave better
estimates of site quality than the null model, i.e.

Table 11. Accuracy (measured by RMSE,, in meters)
of different estimation methods in comparison to
each other and the null model derived from the
sample mean. For PPE, MO and WA, only the
version that performed best is shown here. For
sample mean, FST and HC, the value of RMSE,,
was obtained from the standard deviation by using
Eq. (8). This table is a summary of the values in
Tables 1,3,4,7,9 and 10.

Sample  PPE FST HC MO WA

Pine 298 234 246 245 251 247
Spruce 3.94 3.16 357 344 313 343
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Table 12. Pairwise comparisons of the predictive accuracy of different estima-
tion methods. The p values for the signed rank test are given for pine-
dominated forests above the diagonal, and for spruce-dominated forests
below the diagonal. Values smaller than the corrected critical value for the 5
% risk level (0.0033) are shown in boldface.

Sample PPE FST HC MO WA
Sample 0.0042 0.0236 0.0138 0.0078 0.0138
PPE 0.0007 ] 0.2022 0.0039 0.0138 0.3776
FST 0.0614 0.1377 . 0.0371 0.7688 0.6241
HC 0.0018 0.3100 0.0865 : 0.3776 0.7688
MO 0.0018 0.4364 0.0013 0.0003 ; 0.4926
WA 0.0125 0.7556 0.0037 0.8763 0.0004

Table 13. Correlations of site-specific residuals be-
tween different estimation methods. The values
above the diagonal refer to pine-dominated for-
ests, those below the diagonal to spruce-domi-
nated forests.

Sample  PPE FST HC MO WA

Sample . 078 081 0.81 0.85 0.84
PPE 0.79 . 0.87 092 094 0.89
FST 090 086 . 0.8 091 0.87
HC 087 093 0.92 . 095 0.88
MO 0.80 090 0.87 0.90 . 0.91

WA 088 0.84 093 0.89 091

they can all be considered useful for the purpose
of estimating site quality. However, the differ-
ences were not great enough to be statistically
significant in all cases in a data set of this size.
Beyond this, the pattern was very homogeneous.

In pine-dominated forests, none of the estimation
methods performed significantly better than the
other ones. In spruce-dominated forests, the quan-
titative estimation methods PPE and MO per-
formed slightly better than FST, HC and WA,
although only for MO the differences were statis-
tically significant.

In terms of the RMSE_, of site index estimates,
improvement obtained by using understorey veg-
etation as an indicator was not very impressive
(Table 11). In pine-dominated forests, RMSE,,
dropped from 2.98 m down to 2.3-2.5 m, i.e. the
improvement was about 15-20 %. In spruce-dom-
inated forests, the best estimate (with MO) dropped
RMSE,, from 3.94 m down to 3.13 m, giving 21
% improvement. With FST, the improvement in
RMSE,, was about 9 % (from 3.94 m to 3.57 m).
Correlations of residuals between different esti-
mation methods (Table 13) show that accuracy in
the estimation of H,, was rather site-specific and
consistent among the methods.
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6.1 Evaluation of the results

There are several factors that must be taken into
account when assessing the general applicability
of the results obtained in the present study. “Site
quality”, defined by Clutter et al. (1983) as a
site-specific potential of biomass production,
implies that there is no “true” measure of site
quality. The actual biomass production of the
site is a result of the interaction between site
characteristics and properties of the actual tree
stand growing at the site.

Site index H,(, calculated from the height-to-
age relationships of dominant trees as an indica-
tor of site quality makes the situation even more
complicated. The problems of H,, mentioned by
Kilkki and Ojansuu (1981), as well as the geo-
graphical species turnover of the flora, imply that
the results of the present study cannot be general-
ized directly to other phytogeographical regions.

It is rather surprising to notice that so far the
accuracy of the Cajanderian forest site type sys-
tem as a tool for the estimation of site quality has
been analysed quite superficially. The results of
Ilvessalo (1920; see also Ilvessalo and Ilvessalo
1975) and Lonnroth (1925) drew attention to the
average differences in site quality between differ-
ent site types, but the problem of estimating site
quality at each individual site was largely ignored.
The hypothesis of the continuity of spatial varia-
tion in site quality implies that all clusters of site
types are more or less heterogeneous assemblag-
es, and therefore also the site-specific error in the
estimates may vary. The reasons and possible
improvements of the site-specific errors in the
estimates of site quality are quite difficult to ana-
lyse within the scheme of forest site types, where
both vegetation composition and stand structure
are described as examples of the “ideal” site type.

One of the essential results of the present study
was that none of the five estimation methods was
considerably better than the others as a tool for
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the estimation of site quality on the basis of the
understorey vegetation composition. If this obse-
vation has any general significance, it implies that
the system that is chosen as a basis for the charac-
terization of site quality variation can be deter-
mined by other criteria.

A conservative interpretation of the observa-
tion mentioned above is that there is no need to
find alternatives to the well-established Cajande-
rian forest site type system that has evolved over
several decades to become an integral part of for-
est research and management in Finland. Howev-
er, exactly the same result can be used as an argu-
ment for a more radical viewpoint: since there are
no essential differences between the Cajanderian
system and its alternatives in terms of accuracy in
site quality estimation, the choice of the most
suitable method can be based on other criteria,
such as consistency of the theoretical background
and the requirements of the field work. It is worth
noticing that, from a purely scientific viewpoint,
the long tradition of the Cajanderian forest site
type system is not a valid argument as such for its
use also in the future.

Beyond the goal of site quality estimation, the
methods developed in this study for describing
the ecological responses of individual plant spe-
cies to environmental gradients may have some
scientific value as such. The most significant dif-
ference in relation to previous studies (e.g. ter
Braak and Looman 1986) is the application of
nonparametric methods for the estimation proce-
dure. This approach has been enabled by recent
advancements in the field of nonparametric sta-
tistics (see, e.g., Silverman 1986, Hastie and Tib-
shirani 1990, Izenman 1991, Yee and Mitchell
1991). The concept of “indicator species” deserves
a more formal definition so that analytical meth-
ods can be applied to empirical data to elucidate
differences between species. The approach de-
scribed in the present study is a step in this direc-
tion.

6.2 Classification vs. Estimation

Classification of real world objects into distin-
guishable entities (classes) is one of the funda-
mental methods of organization applied by peo-
ple in their thinking. Classification of forest sites
may thus be viewed as a “natural” approach for
describing empirically observed variation in site
characteristics. Each site is assigned to one of
the site type classes on the basis of the corre-
spondence of local site features with the descrip-
tion of (ideal) class characteristics. Thus, although
no two sites are identical, there is a degree of
similarity between the members of the same class
that is assumed to be higher than the degree of
similarity between the members of different class-
es.

When using a classificatory scheme for the es-
timation of site quality, class means must be used
as site quality estimates for each class. This lim-
itation results from the fact that, according to the-
ory of classification, allmembers within each class
are, by definition, considered identical. For as-
sessment of the accuracy of estimates, the most
interesting parameter is within-class variance in
the variable of interest.

Quantitative estimation methods, on the other
hand, do not have this kind of limitation. A quan-
titative method produces estimates on a continu-
ous scale. Hence a measure of accuracy is the dif-
ference between the true value and its estimate
for the target variable. The principles that are used
for obtaining estimates may vary considerably,
but as soon as an estimate is available, we can
utilize a well-established set of statistical tools
for describing its behaviour.

The continuum view of vegetation forms the
theoretical basis of modern ordination methods.
Nowadays, classification and ordination methods
are usually considered to be complementary ap-
proaches to the analysis of vegetation data (cf.
Gauch 1982). Some modern classification meth-
ods, for example the two-way indicator species
analysis (TWINSPAN; Hill 1979a), are closely
associated with a corresponding ordination meth-
od.

During the last few years, a number of analyses
of the forest vegetation of Finland based on mul-
tivariate methods have been published (for a re-
view, see Oksanen 1990). Oksanen (1984), Kuusi-

palo (1985) and Sepponen (1985) analysed dif-
ferent approaches to ecological site classification
on the basis of vegetation and soil characteristics
and discussed also the principles of Cajander’s
forest site type system. A direct evaluation of the
Cajanderian forest site type system was performed
by Lahti and Viisdnen (1987), and further contri-
butions to this topic include the works of Tonteri
etal. (1990a, 1990b), Mékirinta (1990) and Niep-
pola and Carleton (1991).

The continuous nature of vegetation variation
is noted in several of these studies. However, the
proposed alternatives to the classical Cajanderian
site type system are various classification proce-
dures. For example, Kuusipalo (1985) concluded
that “it seems that many advantages are gained by
applying ordination-based hierarchical classifica-
tion instead of direct classification such as the
traditional Cajanderian one”. He also drew atten-
tion to the problems of classification: “One disad-
vantage of all classification methods is that they
can only be used to assign an individual forest
stand to one of the few rough categories of vege-
tation response to environmental gradients. It is
not possible to define the actual location of an
individual stand along a gradient”. However, one
of his concluding remarks was that “in forestry,
site types are primarily used for the estimation of
productive capacity. In this, a continuous index
would, of course, be highly desirable. However,
attempts to develop such an index on the basis of
vegetation characteristics are probably bound to
fail for several reasons”. What these reasons might
be remained rather obscure.

Nieppola and Carleton (1991) paid attention to
similar arguments: “Another approach is to cor-
relate tree growth directly with continuous vege-
tation data as expressed by ordination axes. An
advantage of this method is that no prior site type
classification is required. In addition to avoiding
the pitfalls of misclassification and differences in
the homogeneity of site classes, the continuous
approach offers greater accuracy in assessing the
predictive capabilities of understorey vegetation.”
Rather surprisingly, Nieppola and Carleton men-
tioned that their analysis of the relationship be-
tween site quality and vegetation composition
serves the purpose of forest site classification,
although they explicitly mention that “the notion
of discrete types is not supported”.
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6.3 General Principles for the Characteri-
zation of Forest Sites

Given the criticisms of the Cajanderian forest
site type system expressed in this and several
other studies, it is fair to assume that there are
some concrete alternatives to offer. The basic
tenet of the Cajanderian system, covariation be-
tween site quality and the composition of under-
storey vegetation, has been empirically corrobo-
rated beyond dispute. Therefore, alternative ap-
proaches to the characterization of forest sites
differ from each other above this level that has
gained mutual agreement.

As the results of this study indicated, PPE and
the other quantitative estimation methods (MO
and WA) seem to be at least as good as the clas-
sification methods for the description of spatial
variation of site quality in the upland forests of
southern Finland (the applicability of this conclu-
sion in other kinds of forests remains to be stud-
ied). The opposite side of the coin, however, was
that there did not seem to be any significant, or-
der-of-magnitude advantage to be obtained from
the application of quantitative estimation meth-
ods (see Table 11) that would make the adoption
of an alternative paradigm more attractive. This
result may have some general significance as a
measure of the maximum amount of covariation
between vegetation composition and site quality.

The key concept in all systems for the charac-
terization of different forest sites is similarity.
Classification methods, as well as estimation
methods, are attempts to describe similarity be-
tween different sites using techniques that have
been derived from the basic philosophy of the
method. Similarity as a concept, however, does
not have any semantic content in isolation. Two
sites may be more or less similar to each other
with respect to species composition of the vegeta-
tion, age and size of the tree stand, spatial and
temporal pattern of abiotic factors, as well as sev-
eral other characteristics of interest.

The fundamental problem of the Cajanderian
forest site type system is that it compresses this
multidimensional variation of site characteristics
into a unidimensional site type sequence (for fur-
ther discussions of the dimensionality of the Ca-
janderian system, see Kuusipalo 1985). The goal
of modern exploratory multivariate analysis meth-
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ods is to detect patterns of covariation in data sets
that can be used to reduce the dimensionality of
the description of the research object, but the
number of axes needed for a satisfactory descrip-
tion of the data is determined after the analysis,
not before it as happens by requiring unidimen-
sionality.

It is worth noticing that this multidimensional
view of variation in the site characteristics includes
as a special case the unidimensional site type se-
quence expressed in the Cajanderian system.
Kuusipalo’s (1985) hierarchical clustering scheme
is not very different from the Cajanderian system
in this sense: hierarchical classification based on
two-way indicator species analysis offers more
flexibility for the determination of class bounda-
ries, but otherwise the resulting system is still uni-
dimensional.

The observation that the Cajanderian unidimen-
sional site type system is a special case of the
description of multidimensional variation in site
characteristics offers some interesting insights. It
seems to be more than a coincidence that the for-
est site type system was first developed and ap-
plied to the upland forests of southern Finland.
Several studies (including this one) have indicat-
ed that the variation in site quality, as well as veg-
etation composition, within this region is rather
unidimensional in nature (cf. Kuusipalo 1985,
Lahti and Viisdnen 1987, Tonteri et al. 1990b).
However, the unidimensionality of ecological
variation, i.e. strong covariation between the prin-
cipal ecological factors, is not generally the case
in nature and breaks down when extended to oth-
er biotopes. Against this background, it is not
surprising to notice the problems met with the
application of the Cajanderian site type system to
the classification of forests in other parts of Fin-
land, as well as in other countries.

The arguments presented in this study for the
need to extend the traditional Cajanderian site
classification system into a statistically consist-
ent multivariate model of environmental varia-
tion in forests are parallel to those presented by
Kilkki (1987). Contrary to the conclusions of some
previous studies (e.g. Cajander 1949, Kuusipalo
1985), estimation of site conditions in a continu-
ous scale of variation seems to be not only possi-
ble, but also preferable when seeking a common
theoretical framework for the description of site-
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specific variation in Finnish forests. However, the
fact that the adoption of the new paradigm would
not offer any significant improvements over cur-
rent practices in forest management may be a suf-
ficient reason for continuing the Cajanderian tra-
dition.
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Appendix 1. Estimated values of differentiation index DI for the taxa occurring in the data set.
[ A B[ C D E [F]GTH A B[ C D E [FIG[H
L 108| Millum 10| 0,00 000 0| 0 0 163|Vaccinium myrfillus 1] _102| 0,00 002| 0 0 0
Key to columns: E. Value of the Kolmogorov statistic D; : - 2] 3] 004 047] 0| o0 o [164 2| 164 0,00 000 0 23| 0
ia 1 17| 0,05] o, \ figh
A. Taxon name F. Value of DI for presence data M1z 274 oo aoal o o[ 0| [ies B R
B. Tree species (1 = Scots pine, 2 = Norway spruce) G. Maximum value of DI for abundance data 113 Oxals 1] ol 002] o047 7] 20[ 0 [f67]v viis-idaea 1] 102] 0,01 0,01 o[ 47| 0
’ 14 2| 95/ 0,00 0,15] 5 47 49 168, 2| 155 0,02 0,00/ 0| 54| 0
C. Number of observations (pseudospecies) 118\ Parls quadrifola 1] 1] 029 o068 of o of  [168[Veron ys 1] 2] 0,03 069 0] 0] 0
I 116 2| 10| 0,04 048] 14| 14| 0 170| 2| 23] 0,01 033 16| 16 0|
D. Value of the Kolmogorov statistic D H. Value of DI for absence data 117|Picea abies 1] 58] 002] 0,08 0 0 0| [171|Veronica officinalis 15| 0,03 053 0] 0 0
118 2] 139] 0,02 001] 0 0| 0 172) 2| 27| 0,00 034 26| 30 0
11ﬁlasallaolﬁcinﬂmm 1 0/ 0,00/ 0,00 0 0 0 173| Viola mirabilis 1 0| 0,00( 0,00 0 0 0
120 2| 2| 028 032 0 0] 0 174 2| 2] 026] 032 0] 0 o0
121|Pinus sylvestris 1|45/ 0,13 0,02 0] o o 175| Viola canina 11 0,29] 069 0 0 0
122 2| 21] 022] 001 0 0 o0 176 2] 8 002 059 23] 23 0
123[F bifolia 1| o[ 000 000 0] o o 177| Viola rivinia 17| 0,03 065 26 26] 0
A BlcC | D | E[F[G[H A Bfc [ D | E [F[G[H 1124 2| 4] 032] 024 0 1 0 178 2] 48] 001 0,18] 0] 32| 0
v plants 55 | Epilobium angustifolium 14| 026 023 0 0 0 25|Poa angustifolia 1| 2/ 003 078 o] o of [179
56 2] 5 o021 052 0 0 o0 26 2| 2] 021] 043] 0 0 0 80|Mosses and liverworts
A im podagraria 1 0/ 000 000/ 0 0 O 57 |Equisetum arvense 1 o/ 0,00/ 000 o o o 27|Poa nemoralis 1 3/ 001 078/ 9 9 0 81
4 2] 4 006 068 8 8 0 58 2] 1 029 068 0 0 0 ﬁ{ 2] 16| 0,01 044] 26/ 26/ 0 82|A jum palustre 18| 012 024 0 0 0
Agrostic cap 1 4| 003| 044/ O O 0 59 ylvati 1 5/ 0,14] 049 o ol o 129|Populus tremula 1 10| 0,12| 028/ 0| 0 O 83 2| 13| 005 0,18 O o0 ©
2| 11| 007] 028 o] 8 0 2] 25/ 005 047] 0 0 0 130 2| 30[ 0412 007 0 0| 0 84|Brachythecium spp. 1] 13] 0,01] 050 27/ 30| o0
Alnus incana 1 5 0,14 038 0 0] 0 Festuca ovina 1]_10[ 0,18 017 o 9] 0© 131|Potentilla erecta 1 8/ 001] 036 0] 0 0 185 2] 95| 0,00/ 0,16 15/ 40| -27
8 2[ 16| 001 027 0| 0] 0| [ez] 2| 5] 056 002 0 8 0 32 2| 20/ 001] 028 0 1 0 186| Cirriphyllum piliferum 10| 0,00 000 0 0 0
9 |A nemorosa 1| 1] 005 092 o o 0 Filipendula ulmaria 10| 000/ 000 0] 0 o0 33| Prunella vuigaris 1] 1] 029 069 0] 0 0 187 2| 17/ 001] 028 0 12| 0
2] 11, 0,06] 050 21| 29 0 54 2 2 001 09| 6 6 0 134 2 0] 000/ 000 0 0 0 188| Climacium dendroides 12| 020 069 0 0 0
Angelica sylvestris 1 o] 000 000f 0O o0f © 5 |Fragaria vesca 1 8| 0,02/ 053] 14| 14| 0 135|P q 1 9/ 000/ 060 27| 40 O 189 2 0] 000 000 o o] o
2 9/ 008 022 0o o o0 6 2| 46| 0,00/ 024 17] 39] 0 136 2/ 41| 001/ 019] O] 21/ © 190| Dicranum majus 1] 57/ 0,01 010, O/ O/ ©
A ia dioica 1 3] 018/ 074 4| 4] 0 7 | Geranium sylvatici 1] 1] 029 069 o] 0] 0 7|Pyrola chiorantha 1, 2/ 036/ 023 0 0 0 191 2[ 160[ 0,00[ 002[ 0] 0f 0
14 2 2| 006 082 0 0 O 8 2| 22[ 000/ 024 © o o 1138 2| 1/ 002] 096 o/ ol o0 192| Di poly 1] 101] 0,01 000 of 0/ o0
15 | Arctostaphylos uva-ursi 16| 047 002 0] 22| 0 69 | Geum rivale 1 1| 0,29 069 0| 0] 0 39| Pyrola media 1] 3] 023 040 0] 0] 0 193 2] 150] 0,02 001 0] 8 0
16 2 0| 000 000 0 0 o0 70 2 1] 008 090 o o o0 40 2] 1] 050 048 o] 0 0 194| Dicranum scop 139 007] 0,09 0] 16 0
17 | Athyrium filix-femina 1 0 0,00 000 ©of o o0 71 |Goodyera repens 1] 33 0,01] 023 0 6/ © 141|Pyrola minor 1 6 020 029 0/ 0] 0 195 2] 117] 0,02] 003 0 0 ©
18 2] 4/ 008 063 1 1 0 72 2| 48 021 001] 6| 6 0 142| 2| 12| 001 026 0 0 0 196|F 1|77 0,01] 0,06 0 0 0
19 | Betula pendul 1] 7] 043 043 o] 0 0 73]G, ‘pium dryopteris 1 7/ 015 032 o o o 143|Pyrola rotundifolia 1] 7] 005 051 5 & o0 197 2| 154] 0,02] 001 o] 38] o0
2| 6| 022] 020 0 0 0 74 2| 45 000 018 0 0 0 144 2 6/ 027 018 0 0 o0 98| Plagiochila asp 10| 000 000 0 0 0
Betula pub 1]_11] 0,08] 021 0] 2[ 0 75 | Hepatica nobilis 1 3[ 002 074 4 4 0© 145|Rhamnus frangula 1 1] 029] 069 0 0] 0 9 2| 13| 0,00/ 043 15| 18 O
2| 29 003 0,18 0| 0| 0 76 2| 25/ 002| 034 21| 34| o0 148 2] 7| 002 056 13 13 o0 Plag spp. 10| 000 000 0 0 0
23 | Calamagrostis ar 1|61 0,00 0,19] 10| 36| -25 77 | Hieracium murorum 16| 003 051 0 0 0 147|Rubus idaeus 1 4] 005 058 0 0 o0 [20] 2] 8| 0,16 0,34 0] 1] 0
24 2| 120 0,04] 002 o 8 o0 7 2] 11| 004 018 0 0 0 143] 2| 23| 002 049 43 43 0 202| Plagiothecium spp. 17| 002] 051 5 8 0
25 | Calamagrostis 1 2| 014 069 0/ 0/ © 79 | Hieracium 1 7/ 005 024 0 0 0 148|Rubus saxatilis 1] 18] 0,00/ 050 39/ 44 © 203( 2] 61] 001 025] 32| 32[ -10
26 2| 2 034 046 0] 0 o0 2 4| 042 054 0 0 0 150 2] 74, 000 017 10 18] 0| [204]Pleurozium schreberi 1] 104 0,00 0,00] 0| 0| 0
27 | Calluna vulgaris 1] e8] 0,19 0,01] -13] -34] 37 Hyp 1 o/ 0,00 000 0 0] O 151| Salix caprea 1 6 001 045 0 0 © 205 2| 163 0,01] 0,00 0] -32[ 0O
28 2| 9 059 002] -27 -36] 0 2] 1] 002 098 0/ 0 0 2 2| o[ 000 000 0 0 o0 206| Pohiia nutans 1 1] 0,91 0,08 0] 0] 0
29 |C: fa p iia 10, 0,00 000 0 0| 0 83 | Hypochoeris 1| 3| 026 023 0 0/ 0 lidago virgaurea 1 13| 0,03] 056/ 35 35 0 207, 2] 9] 007 048] 0] o0 o0
30 2] 1, 013 084 0 0 0 84 2| 2/ 013 084 0 0 o0 [154 2| 63 001 014 0 0 0 208| Polytri 1] 38 003 017 0| 0| 0
31 | Carex digitata 18 002 036 0 0 0 85 |Juniperus Tis 1|31 0,01] 0,19] 0] 0] 0 55| Sorbus 1| 43] 003 011 0 0] 0 20 2| 75 0,08 003 0 0 0
32 2| 60, 001 024 26/ 30| - 86 2] 17| 022] 002] 0| 8] 0 56 2| 132] 0,00/ 004 0 0 0 210| Polytrichum juniperinum 1| 16| 020 000 0 0| 0
33 | Carex globulari 15| 014 058 2 2| 0 87 |Lathyrus pratensis 1|1/ 003 095 0] o] 0 157|S: pr 1 1] 029 069 0 0| 0 21 2| 3] 017 025 0] 0 0
3 2| 20| 0,23] 004 0 0| 0 88 2| 0] 000 000 0 o o0 158| 2] 0| 000 000 0 0 0 Polytrichum piliferum 1[4 048] 024 0 0 0
35 |Carex p 1 1] 039 058 0 0/ 0 89 |Lathyrus vemus 1| 2| 023 065 0| o 0 159| Thelypteris phegopteris 1] o] 000 000 0] o o [213] _ 2] 1] 053 047] 0 0 0
36 2| 2| 028 048] 0] 0 o0 90 2| 10 0,04 032 0] 1 0 160 2] 4 001 083 1] 1] 0| [214]Ptiidium ciliare 1|13 0,20 008] 0 0| 0
37 |Convallaria majalis 1 24| 0,05 015/ © 0 0 91 |Linnaea borealis 1 48| 0,03) 0,06) 0/ O 0 161| Trientalis europaea 1 45| 0,00/ 0,24/ 18 28 -6 1215] 2| 12| 0,17/ 0,18 0/ 0 O
38 2| 29| 008 042 0 0 © 92 2| 8 011 001] 0/ 47 o0 162 2 131] 0,00/ 008 o0 o0 -24 6| Pilium crista-castrensis 1 12| 027] 0,08 0 0 0
39 | Dactylorhiza 1] ol 000/ 000 0 0 0 93 | Lonicera xy 10| 000 000 of of o0
40 2] 1 078 022 0 0 0 94 2] 4] 042] 032 o] o] o©
41 |Daphne mezereum 1 0] 0,00f 000/ O 0 O 95 |Luzula pilosa 1] 57, 001] 013] 0| 19 ©
22 2| 2| 002] 09| 6 6 0 9% 2| 132] 0,00] 0,08 0| 19 -23|
43 | D P 16| 0.14) 0,65 20] 20] 0 97 |Lycopodium ar 1 5| 012 038 0 3| 0
44 2] 20 001 031 4 8 o0 98 2| 37| 003 013 0 0 0
45 |D psia flexuosa 1] 68 0,00 0,08 0 0| 0 99 | Lycopodium clavat 1] 3] 005 058 0 0 0 A Bpci Db lE]JFIGLH
45 2] 137] 0,06 0,01, 0| 0| 18| [100 2] 8] 001 042 0 0 0 |217] 2| 29] 020[ 010] 0] 0 0
47 |Dip um complanatum 1 3| 020 021] 0 0 o0 1 1] 34| 002 021] 0 25 0 218{Rhodobryum roseurm 11 3] 0.10] 0.59 12 ] g
43 2] 2] 087] 004 -2 -2 0 [toz 2| 145 0,00 008] 0| 2 -36 X 230 o4 o2m U Lo
49 | Dryopteris carth 1 6| 0,05 068 24 24| 0 03|Melampyrum pratense 1 8] 0,01 005 0 0 0 :igp iphus triquetrus ; s oot oo oo
50 2 71| 0,00/ 0,28 43| 48| -34 H‘ 2 85/ 0,12| 0,01 0| -15 0 22 1 16 0'13 0'07 0 0 0
51 | Dryopteris filix-mas 10| 0,00 000 0 0| 0 105 pyrum sylvati 1] 23] 0,00 040 31| 32[ 0 § phagnum spp. sl o0l 001 o o 0
52 2 8] 006 039 0 o0 o0 [i06 2] 123] 0,03 0,03 0 -25 0 zﬁ A9 0.
53 | Empetrum nigrum 19| 018 047] 0 0| 0 107|Melica nutans 1 7| 002] 055 12] 23] 0 Feetiiohens
54 2 0| 000 000 0 o0 © 108 2| 46 001 027, 26/ 34| 0 =
227| Cetraria islandica 1 26| 031] 002 -15/ -15] 0
228 2 0/ 0,00{ 0,00 0 0 0
229|Cladonia arbuscul 1] 42| 0,26 0,01 -19] 40| 2
230 2] 2| 057 004 0 0 0
231|Cladonia comuta 1| 19| 047 004] o 7| ©
232 Ll 2] 8 028 020 0| 0] 0
[233| Cladonia rangiferina 1| 54| 022 0,01 -16] 38| 19
234 ) 2| 10| 0,58 0,00/ -29] -29] ©
235| Cladonia stellaris 1] 12[ 037 000 0] 0 0
236, i 2] 1] 0,29 071 o[ o[ 0
[237|Peltigera aphthosa 1] 6| oa1] 006 o o 0
238 ~ [2[ 1] 074 025 0] 0 0
239|Peltigera canina /1] 0] 0,00/ 000 o 0 0
240 T2/ 4] 004 034 O] O] 0
356 57




Understorey Vegetation as an Indicator of Forest Site Potential...

Lahti, T.

eljojipunjo. ejofd

BJOB.IB EJlljusjod

]

BpuNo8s BlIYUO

wnyjojlq wnwayjuerey

, Jounw ejoifd

Sijejowsu eodq

suejnu ealep

T

wnjeAed wnipodooA]

s e

m.,SmE ejoJAd

2R

 sujseniAs snuid

wnoneAlfs EE\AQES@E

esoyd einzny

r

wnuiljinbe wnipls}d

B||8S0}828 SI[EXO

i |

Y.

esuajesd

iQEmBS

Al

siunwwos sniediunp

|

ST mc__a ,mu,\oow

59

1995

Acta Forestalia Fennica 246

Appendix 2. Presence-absence response curves for a selection of taxa in pine- and spruce-dominated forests,

estimated with an adaptive kernel method. Optimal window width was estimated separately for each taxon

with a jackknife method. Vertical lines above the response curve show the locations of sample plots with the

taxon present, those below the response curve show the locations with the taxon absent.The range of the Hjo
values on the x-axis is 10-35 meters. The y-axis shows the probability of occurrence (range from zero to one).
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Appendix 3. Presence-absence response curves of abundance data (pseudospecies) for a selection of taxa in
pine- and spruce-dominated forests, estimated with an adaptive kernel method. For each taxon, six limit
abundances (0 %, 0.5 %, 1 %, 2 %, 5 % and 10 %) were used for estimating the response curves. The range
of the H,, values on the x-axis is 10-35 meters. The y-axis shows the probability of occurrence (range from
Zero to one).

Scots pine forests

[710.0%
[7]0.5%
1.0%
B 2.0%
W 5.0%
Il 10.0%

Trientalis europaea

T ——

Calluna vulgaris Vaccinium vitis-idaea

Luzula pilosa Dicranum scoparium

Cladonia arbuscula

Maianthémum bifolium

65



Acta Forestalia Fennica 246 1995 Lahti, T.

Understorey Vegetation as an Indicator of Forest Site Potential...
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