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Two ncw indcx typcs, callcd structural indiccs, arc introduced for plant mctapopulation studics. Thc  first indcx cmploys 
minimum-cigcnvaluc cigcnvcctors of  thc covariance matrix of  In-transformed population parameters. The  sccond approxiniatcs 
constant 1 by a lincar combination of log-transformed paramctcrs. Indices are illustrated on biomass data of aboveground fractions 
in a Vaccitlium viris-idaecr L. mctapopulation from South Karclia. Maximum stable structural indiccs arc proportions of Icavcs and 
stcms. Thcsc indiccs have a lowcr variabiliry than thc biomass paramctcrs but may have a highcr sensitivity to thc ecological 
conditions in a habitat. 
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Introduction 

Among the characteristics of a plant population, a 
particular value is vested in those remaining ii,variant in 
different ecological conditions and random environmen- 
tal fluctuations. These features can be interpreted within 
the metapopulation concept (Hanski, 1989, H a n ~ k i  & Gil- 
pin, 199 l ,  1997). In this paper the metapopulation means 
a set of relatively isolated local populations. It forms a 
bridge between the local and regional levels of plant 
population studies (Gotelli, 199 1). 

Studying metapopulation morphology, the invariant 
characteristics can be topological and metrical. The first 
are, e.g. architectural parameters which describe plant 
branching patterns, the arrangement of shoot and root 
systems, etc. (Halle, 1974, Wilson & Archer, 1979, Rem- 
phrey et al., 1983, Room, 1983, Callaghan et al.. 1990). 
Architecture determines a general set of fe~ture:: deline- 
ating the shape, and geometrical and external slructure 
of a plant (Ross, 198 1, Anderssen, 1984). 

The second type of invariants includes, among 
others, various allometric indices that express the inter- 
relations of the morphometric parameters of a specimen, 
the change in the proportions of its various parts as a 
consequence of the growth or evolution (Hyxley & Teis- 
sier, 1936, Raup & Micl~elson, 1965). Allometry describ- 
es how the linear measurements and angles of a speci- 
men's b ~ d y  with a specific architecture can change. 
There is no clear distinction between topological and 
metrical characteristics. 

The present paper introduces, for the purposes of 
metapopulation study, a new class of indices called 
structural indices, solving by this the problem of finding 
out all the invariant generalized proportions between po- 
pulation parameters. We define a structural index (SI) as 
a non-trivial function of measurable variables, with an 
approximately constant value in a variety of environ- 
ments, or in the metapopulation. SI can be coxsidered 
either as a formula (expression) defining the value of the 
corresponding characteristics, or it can be the numeric 
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value of  this expression.  In the present paper, both 
meanings are used interchangeably. 

In practice SIs  can be used in many ways depend- 
i n s  o n  the objective of  the study. First, the coefficients 
of  the linear form o f  SI indicate a stable statistical re- 
lationship between the population parameters, thus re- 
flecting some basic process o r  equilibrium conditions in 
the population. Second, SI may be rather sensitive to  
ecological changes in the environment of  the population. 
We illustrate the use of  SIs  on a Vaccinium vitis-idaea 
L. metapopulation. As a result we establish all the stable 
proportions between the eight biomass parameters o f  
the aboveground fractions o f  cowberry and study their 
dependence on the habitat, the year, and shoot density. 

Construction of structural indices 

Construction o f  SI means forming, from measured 
parameters. a new numerical characteristics that express- 
es  a certain proportion that is constant  (invariant) in 
various environments within the metapopulation. Multi- 
plicative structural indices (MSI)  are constructed by ele- 
mentary algebraic operations - multiplication, division 
and exponentiation o f  the measured parameters. A 
simple example o f  an MSI  is the ratio 

Leaf mass 1 Stem mass. (1) 

This ratio depends on the architecture of  plants in 
the population but the total mass o f  shoots  does  not 
significantly influence it, assuming that the denominator 
and numerator depend approximately proportionally on 
the total mass. For  this reason, the SI (1 )  is in many 
cases considerably more stable than the measured vari- 
ables 'Leaf mass, and 'Stem mass'. 

By taking logarithms and  rearranging the terms 
thereafter, we can transform any positive MSI into loga- 
rithmic structural index (LSI) defined as a reiatively cons- 
tant linear combination of  In-transformed parameters 
In(x,): 

Cc,  In(x,) + c, (2) 

As in the case of  MSI, the measurement units of  the 
component variables d o  not influence LSIs except the 
arbitrary additive constant c,. This implies that the vari- 
ance o f  LSI does  not involve the units o f  component  
variables. Hence, one can legitimately compare different 

LSIs o n  the basis o f  their variance to  find the most con- 
stant one.  There is no restriction on combining various 
original parameters with different biological or physical 
meaning in a single LSI. 

Construction o f  logari thmic  structural  
indices by the eigenvalue method 

We propose two methods for  finding the theoreti- 
cally most stable LSIs. The  first method is based on the 
fact that if the variables are  strongly correlated, some 
eigenvalues o f  the data  covariance matrix are  close to 
zero (Rao,  1973).  This  implies that the data  scat ter  
ellipsoid can be approximated by a plane which defines 
a nearly constant lineai form. 

In terms o f  the algebraic eigenvalue analysis, sup- 
pose we have found eigenvector v = (v , ,  ..., vp) o f  the em- 
pirical covariance matrix o f  In-transformed population 
parameters In(xi) and vector v is normed as 

C (v,)' = 1. (3 

Then the linear combination 

is eigenvector-based LSI (shortly EVLSI) ,  assumed that 
eigenvalue 0' corresponding to eigenvector v is relatively 
small (minimal, for example). Since the variance of LSI (4) 
equals to 02, EVLSI has a small variance compared to all 
the possible normed linear combinations o f  logarithmic 
variables In(x,). 

Note that several multivariate statistical techniques, 
such as  principal component analysis and factor analysis, 
widely used in vegetation science for ordination purposes 
(e.g. Kent & Coker, 1992, Jongman et al., 1995), focus on 
the most  variable linear combinations of  the measured 
variables. Considering our objective, we  are on the cont- 
rary interested in the most stable linear combinations. 

In real data, several (say k )  small eigenvalues may 
exist.  This  means that k independent LSIs exist for the 
same set o f  data variables. Mathematically, the k LSIs 
define a k-dimensional subspace in the space o f  all vari- 
ables. In this subspace,  any n o r ~ n e d  vector defines an 
LSI. The  freedom in choosing this vector may be used to 
optimize LSI in some way. We have applied this approach 
to the two-dimensional subspace o f  two best EVLSIs.  
The corresponding EVLSI Eh  has a maximal sensitivity to 
the habitat factor. 
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As a rule, optimal EVLSIs and their MSI analogues about 145-155 days. Precipitation is 200-250 mm over the 
do not have a simple interpretation. Fortunately, in many summer period and 550-600 mm over the whole year. The 
cases, particularly in Vaccinizrn? vitis-idaea biomass duration of the snow cover is 165-175 days, and its mean 
data, a slight change in the LSI coefficients produces thickness is 30-45 cm (Agroclimatic handbook of Kare- 
rather good SIs that benefit from both clear interpretation lian A.S.S.R., 1959). Biogeographically the territory lies 
and almost optimal (minimal) variance. We have called in the middle taiga subzone in the Zaonezhsky region 
the SIs of this type modified SIs and denote them by M. (Cinzerling, 1934). 

Construction of logarithmic structural 
indices by the constant regression method 

The second construction of LSls is based on con- 
stant regression analysis (Mols, 1985, 1986). In this ana- 
lysis, a given numeric non-zero constant (usually l )  is 
approximated by a linear combination of In-transformed 
variables: 

Coefficients c, can be fitted by ordinary least squa- 
res routine. Note that in a standard regression-analysis 
setup, the left-side term in (5) is a random variable, while 
regressors In(x,) are fixed and do not have measurement 
errors (Seber, 1977). In the constant regression analysis, 
on the contrary, the regressors are considered as 
random variables, and the left-side term is a positive con- 
stant. We call the LSI (5) a constant-regression-based 
LSI (shortly CRLSI). 

In accordance with its definition, LSI must be as 
constant as possible. However, the variance of an LSI 
depends on the norming of coefficients c ,  and is there- 
fore not an inappropriate measure of constancy. This is 
especially important when comparing CRLSIs with 
EVLSIs. In general, a correct way to compare different 
LSIs is to compare their relative variances defined as 

Srrmpling methotls and data 

Vaccinium vitis-idaea is found in nearly all the ha- 
bitats of the nature reserve considered here as a meta- 
population. Study populations (called also sample plots) 
were situated in the south-eastern part of the territory, 
on a fluvioglacial undulating plain. The tree layer con- 
sists mainly of Pinus sylvestris L. or Pinus sylvestris 
mixed with Picea abies (L.) Karst. 

Sample plots Nos. 1-8 were all situated on an alluvial 
sandy podzol, plot No.9 lay on peaty soil and plot No. 10 
on a clayey loam podzol (Table 1). The configuration of 
sample plots corresponded to the natural boundaries of 

Table 1. Main characteristics of the sample plots. A - age 
(ycars), H - height (m), D - density, C% - Vaccinium vilis- 
idaea projective cover (%). 

Trec stand C Study 
Forest type and topography % yycarb 

A H D  

1. Cladinu-Culluna-Vuccirzilin1- 35 lll.0 0.5 27 1977 
typc pincwood on a flat plain 

2. I'leurozinm-C~tllunu-Vc~ccinium- 42 14.5 0.6 70 l 9 77 
type pincwood on a slopc of 
northerly exposition of 2-3" 

3. Cludinct-Ktccinizrm-CL~~~:LIZLI- 65 17.5 0.6 12 1977 
typc pincwood on a flat plain 

4. f'leurozium-Vuccinium-twc 130  23.0 0 . 6  35 1976- * .  
pincwood on a flat plain 1978 

relative variance of LSI = (variance of LSI)/ 2 c,'. (6) 
5. Plrrtrozi~r~~z-Wtcciniltm -type 130 23.0 0 .6  36 1976- 
pincwood on a flat plain LSIs with smaller relative variance are preferred. EVLSIs 

always have a minimum relative vsriance and, in particul- 6 .  Pleurozium-Myrlill'ts-Ktcciniunz- 132 27.0 0.6 29 1977 
typc pincwood on a flat plain 

ar, a smaller relative variance than the analogous CRLSIs. 
7 ,  f'lruroziunl-l.itcciniutn - t v ~ c  137 21.5 0.7 2 4  1977 

Material and methods 

, . 
pincwood on the gcntly undulating 
foot of an cskcr 

8. I'leurozium-Vc~ccinirrn~ -typc 142 24.0 0.8 4 1  1977 
Area pincwood on a slopc of southcrly 

cxposit~on of 3-4" 
The Vacciniztm vitis-idaea data were gleaned in the - 

~ i ~ ~ ~ h  ~~t~~~~ R~~~~~~ (330551 E, 620401 N), south K ~ ~ ~ -  9. Sph(ig~?llm-Le~l~m-typc pincwood 140 24.0 0.8 15 1976- 
on the cdgc of a raiscd pinc bog 1978 

lia, Russia. Long but relatively mild winters and short 
10.Polytrichum-typc mixcd 176 21.0 1.0 32 1976- 

cool summers are typical of the area. The period with pinc-sprucc forest on flat 1978 
daily mean temperatures of +so C and above lasts for bottom of a hollow 
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Vaccinizlm vitis-idaea populations; therefore their sizes 
were unequal, from 0.5 to 2.0 ha. Sample plots Nos. 4, 5, 
9 and 10 were studied during three consecutive years 
( 1976- 1978), while all others only in 1977. 

In each sample plot a random set of at least 80 
quadrates (subplots) of size 0.25x0.25 m was laid out. 
The aboveground parts of each separate ramet of Vacci- 
nizrrn vitis-idaea were cut at the soil surface at the end 
of September and weighed in their fresh condition. Four 
fractions were separated from the shoots: leaves and 
stems of the current year increment (cl and cs, respect- 
ively), leaves and stem parts of previous years (01 and 
os, respectively). The sum of the current year increments 
(c), the sum of the older parts of shoots (o), and also the 
total biomass of leaves (I) and stems (s) were calculated 
from these data for each subplot and thereafter In-trans- 
formed. Moreover, the number of shoots in each subplot 
was counted at the time of weighing. As a result, a ten- 
dimensional multivariate data set was formed (Table 2). 

Table 2. Variables measured in subplots of Vaccinizlnz vi f is-  
idaen populations. 

Variablc Dcno- Commcnts 
tation 

Biomass of currcnt-ycar lcavcs 
Biomass of current-ycar stcm parts 
Biomass of oldcr lcavcs 
Biomabs of oldcr stcm parts 
Biomass of all currcnt-year parts 
Biomass of all oldcr parts 
Leaf biomass 
Stcm biomass 
Total biomass of aboveground parts 
Numhcr of shoots in subplot 

Data processing 

c1 In of wcight 
cs In of wcight 
0 1  In of weight 
os In of wcight 
c from cl and cs 
o from 01 and ox 
1 from cl and 01 
s from c\. and os 
h from c and o 

countcd 

All the quadrates having some biomass fraction 
equal to zero, and also those with significantly outlying 
values having a Studentized residual for the constant 
regression model 1 = aU,cl+a,cs+a,ol+a,os greater than 
2.6, were filtered out from the data. After this revision 
records of 1416 subplots remain in the data. 

Data processing was mainly realized by the SAS 
procedures SASIPRINCOMP and SASIGLM (SAS Insti- 
tute Inc., 1996). Various LSIs for different sets of mathe- 
matically independent biomass variables were studied 
using both the eigenvalue method and the constant re- 
gression method. Additionally, the two best EVLSIs for 
the full set of independent variables {cl, cs, 01, 0s) were 
combined, with the help of GLMIMANOVAICANONIC- 
AL option, into a single 'combined' LSI En having the 

highest F-value in respect to the factor 'population' (or 
'habitat', or 'plot'). Modified LSIs were established 
where appropriate. 

The sensitivity of LSIs relatively to ecological fact- 
ors was evaluated by F-statistic, calculated from ANOVA 
with the LSI as the dependent variable and populations 
(sample plots) as the levels of a fixed-type factor 'Plot'. 

The EVLSIs were also calculated after the influence of 
shoot density on the biomass fractions had been eliminated 
(for the CRLSls this modification is not applicable). 

Results 

Optimal logaritlintic structirral inrlices for the 
Vaccinium vitis-irlrrea L. metnpopulntion 

The most ilsefiil and interesting LSIs fsr different 
sets of population parameters (variables) are given in 
Table 3. Here we argue that Table 3 exhausts all the opti- 
mal or suboptimal LSIs. We proceed with EVLSls only, 
the argumentation for CRLSIs is similar. 

Let us first look at EVLSls constructed from the vari- 
ables cl and cs. The relative variance of EL,,c, based solely 
on these variables is 0.0652 (Table 3). If we include addi- 
tional variables 01 and os, the variance of LSI will de- 
crease, as it should, but only to 0.0595 (cf. E cl,cA,~,o,, in Table 
3). Analogicaliy, inclusion of o will reduce the variance 
only from 0.0652 to 0.0622 (cf. Edc,,,). Those indices ex- 
haust all the possible refinements of Ecl,c,q since the si- 

Table 3. Optimal LSIs for the Vaccinizrrn vitis-idaea meta- 
population. E and R stand Sor EVLSI and CRLSI, respectively. 
M denotes modified versions of these indices (see text). E' is 
the F-maximizing ( i n  respcct to factor 'Plot') linear com- 
bination of the two best EVLSIs. Subscripts refer to biomass 
variables used in the LSI. Relative variance is calculated across 
all subplots and years using Formula (6). 

LSI Expression for calculation Rclativc 

variancc 

E l ,  ,  0.651~1 - 0 . 7 1 8 ~ ~  - 0.21101 + 0.1290s 0.0595 

E,, , , , , l ,o ,  0.375~1 - 0 . 4 4 2 ~ s  +0.549ol - 0.6020s 0.1119 
R , ,  , 0.551~1 - 0.737~s  + 0.11601 - 0.0740s 0.0681 
E l  0.675~1 - 0.73(lc.s - O.lOho 0.0622 

E,~,r5 0.623~1 - 0 . 7 8 3 ~ ~  0.0652 

Rri.c.> 0 .628~1 - 0 . 7 8 5 ~ s  0.0708 
M I  0.707~1 - 0.7C17cs 0.0827 

El.$ 0.6851 - 0.729s 0.0618 
R ~ ,  0.9121 - 0.774s 0.0808 

4, 0.7071 - 0.707s 0.0634 

rnultaneous inclusion of mathematically interdependent 
variables (e.g. the triplet 01, os and o) would not be cor- 
rect. Consequently, Ecl,c,v cannot be significantly improved 
by expanding its base set of variables. 

1998, VOL. 4, NO.  2 ISSN 1392-1 355 - 
24 



BALTIC FORESTRY = STRUCTURAL INDICES FOR PLANT METAPOPUIATION STUDIES /.../ I T .  MOLS, J. PAAL 

Starting next with parameters of  and os, we get new 
EVLSIs E and E c,ol,05. Indices of this series have a rela- 
tive variance over 0.1 and are in that way inferior to E,>. 
For this reason they are not presented in Table 3. The 
same is true for the sets of variables {e l ,  o s } ,  ( 0 1 ,  c s } ,  
{e l ,  o l } ,  and ' {cs ,  o s } .  

The last pair of parameters appropriate for con- 
structing LSI is { I ,  s ) ,  a combination to which no other 

plot, and the resulting LSI values were subsequently 
analysed by ANOVA. The effect of year was eliminated 
by considering only the measurements made in 1977. 
The mean values of different LSIs for all the studied po- 
pulations are given in Table 4. Table 5 summarises results 
from one-way ANOVA with fixed-type factor 'Plot' for 
'Year' = 1977 data subarray. All indices, as well as the 
original variables, depend significantly on the habitat 

variables can be supplemented because of mutual ma- ('Plot') of the Vaccinizim vitis-idaea population. 
thematical dependence. The corresponding LSI El,? is at Here a question arises: how sensitive are LSls when 
least as good as E c,,c,s (Table 3). used for distinguishing habitats? Measuring the ecolo- 

From the preceding results we see that if LSI con- gical sensitivity of an LSI by F-statistic, it follows from 
tains variables cl and cs, or, alternatively, variables I and Table 5 that some LSIs are more sensitive to the habitat 
s, all other mathematically independent variables do not 
significantly contribute to the constancy of LSI. Less 
stable are LSIs based on 01 and os only. 

As seen from Table 3, the optimal non-logarithmic 

(or MSI) version of EL,,‘.,,,, I,o> based on old and new leaves 
and stems is 

This MSl can be modified as follov;~: 

Table 4. The mean valucs of some LSIs In 1977 N is the 
number of subplots in a sample plot. Standard error is k0.03 
for the plot mean values and k0.01 for the total mean values 

Sample N E<i ,<,,, l os  EN<! ,<,,> I<,> E,' Ri . M i ,  
plot 

where the exponents +0.7071 relate to the norming con- l 0  86 0.68 0.68 0.46 0.78 0.52 
All 884 0.76 0.80 0.51 0.82 0.56 

dition (3): 0.70712+ (-0.7071)2= I .  In Table 3, the loga- 
rithmic (LSI) version of this modified index is denoted by Table 5. Main statistics of In-transformed biomass variables 
M d C s ,  It expresses essentially the ratio of 'Mass of the and LSIs for the 1977 data: results of one-way ANOVA with 

leaves' to c ~ a s s  of the current-year factor 'Plot'. Residual variance has 874 degrees of freedom. 
F-statistic for the null hypothesis 'Plot has no  effect' 

stems'; serves also as a modiGed version for some measures the sensitivity of (he variable or LS[ to differences 
other LSIs, in particular for Edcr and E ,,-". in habitats. Number of shoots in sub~lot  is not eliminated. 

From the above results we can see that the theore- 
Variable Mcan Residual F 

tically most stable proportions in Vaccinium vitis-idaea LSI value variancc 

aboveground fractions are 'Mass of the current-year 
leaves' 1' Mass of the current-year stems' and 'Mass of 1.386 0.804 18.3 

01 0.895 0.891 18.1 
all leaves'/'Mass of all stems'. 0s 0.375 0.81 1 18.9 

c 0.886 0.642 17.0 
Dependence of logaritlzmic structirral indices on cl 0.632 0.748 . 17.0 

habitat cs 0.675 0.477 15.6 
I 1.507 0.696 17.9 

0.715 0.603 18.6 
The Vaccinizirn vitis-idaea metapopulation data i, 1.893 0.638 17.9 

have been partitioned by discrete factors 'Plot' (popula- E ~ ~ , ~ , , ~ ~ , ~ ,  0.756 0.052 5.5 
tion or habitat) with 10 levels, 'Year' with 3 levels, and E*a i ,~s .u~ .c ,x  0.801 0.077 35.7 

0.773 0.05 1 11.1 
the continuous factor 'Density of shoots'. A total of 18 E;:;" 0.923 0.1)53 13.6 

,,,< \ 

combinations of the two discrete factors are  resented E. 0.511 0.041 38.3 
,.s 

in the data. These factors describe the environmental Rci.r.d.c,. 0.922 

Rc~.r .  0.926 heterogeneity of subplots studied. R.  0.821 
I ,  

To evaluate the influence of habitat on population M, , ,  0.925 0.069 15.6 

parameters, LSIs in Table 3 were calculated for each sub- M l ~  0.560 0.043 37.2 
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factor 'Plot' than any o f  the observed biomass variables. The  angles for  indices Ed,_, and E ,  are  1.34, 0.25 
Indices and are  particularly sensitive. Combined and 0.16 degrees, respectively, the variances being prac- 
index E"c~,,,o~,os a lso has a high sensitivity but  this is tically equal. 
because it has  been especially designed for  detecting T h e  shoot  densi ty effect w a s  also evaluated by 
differences in habitats. ANOVA with explanatory variables 'Plot' (random fac- 

Consequently, the Vaccirzitln~ vit is-ihea leaves- tor), 'Year', and 'Number of  shoots in subplot'. This ana- 
and-stem data d o  not enable the LSIs which eliminate lysis has demonstrated that, in addition to other factors, 
the influence o f  the environment. LSIs also depend on  shoot  density but the dependence 

Dependence of logarirkrr~ic strrictural indices on year 

Dependence o f  LSIs  on  year was tested in plots 4, 
5 ,9 ,  and 10 where observations were carried out during 
all three years (Table 1). Results of  ANOVA for this data 
subarray with factors 'Year' and 'Plot' are given in Table 
6. A significant interaction between 'Year' and 'Plot '  
shows that yearly fluctuations in different habitats are  
not exactly synchronous. 

Table 6. The least squares means' and P-values of some LSIs. 
Superscripts ' and "ark significant differences from years 
1977 and 1978, respectively. 

Lcast squares rncans P-values of effects 
LS I 

1996 1997 1998 'Ycar' 'Plot  year' 

* Tlle least squares means is a specific term in statistics. I t  refers to 
mean values calculated by using linear models in analysis of variance. 

Deperzderzce of Iogurith~rtic str~ictriral indices on 
shoot density 

The  influence o f  shoot density on  the proportions 
of different biomass fractions was evaluated in two ways. 
First, the coefficients o f  an LSI in Table 3 were compared 
with those calculated after the shoot  density was elimi- 

is extremely weak (the determination coefficient R2 is less 
than 0.03). Table 7 represents some details o f  the related 
analysis. Figure 1 graphically illustrates the dependence 
o f  EIL on  the number o f  shoots in subplot.  

Table 7. F-statistics related with the null hypothesis 'Density 
of shoots has no effect' (4 and 41 1 1  degrees of freedom, the 
effect of habitat and year.eliminated) for the basic parameters 
and for LSIs with a low F value. 

Variable F Variable F 

nated by  partialling out  the variable 'Number o f  shoots Number of shoots in subplot 
in the subplot '  in the SASiPRlNCOMP procedure. AS a Fig. 1. Scattcr plot and the second-order regression line ot. 
result, we can  conclude that the coefficients o f  EVLSIs index E,,> as depending on the shoot density 
for Vaccirlium vitis-idaea aboveground biomass frac- 
tions d o  not practically depend on  the density of  shoots. 

example? Ec~,,,o~,,, (Table 3) changes, after the elimi- Interpretation of logarithntic strrictural indices 
nation of  shoot  .-:nsity, to 

Tlze slenderness indices 
E 

cl,cs,"l,".~ 
= 0 .643~1-  0 . 7 2 6 ~ s  - 0.21501 + 0.1200s , (9) 

In accordance with its definition, index MI,,< (Table 
and its variance changes only from 0.0595 to 0.0592. The  3) characterizes the mass of  leaves integrated wit11 a unit 
angle between the vectors o f  coefficients is 0.86 degrees. mass o f  stems. Therefore this index will be  called ' the 
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slenderness index',  its low value meaning more slender 
ramets in the population. Besides M , , ,  the slenderness 
of  shoots can also be expressed by indices El,, and R , ?  
which were constructed from the same biomass variables 
1 and s. 

A comparison of  all the ten sample plots (Table 4 )  
has demonstrated that plots 4 and 5 have high val- 
ues (about 0.7), plots 1 , 3 , 6 , 7 ,  8 , 9 ,  and 10 have medium 
index values (about 0.5 - 0.6), and plot 2 has a very low 
index 0.25. The  Bonferroni-corrected comparison test 
has shown that plots 4 and 5 are  significantly (p < 0 .0  1)  
distinct from the other plots, and so  is plot 2 .  A similar 
pattern of  differences between plots has been demonst- 
rated by indices E cic,y, M and R ,c., expressing the pro- 
portion of  new leaves and new stems. 

Figure 2 visualizes the dependence o f  M,,$ on sam- 
ple plots even more dynamically. The  index distribution 
in plots I and 2 is clearly left-shifted whil t  in plots 4 and 
5 it is right-shifted. Sorting the plots by median (i.e. index 
value corresponding to the y-axis value of  0.5) groups 
the plots as  (2} ,  { I ) ,  { 3 , 6 ,  7, 8,  9,  101, and (4,  5 ) .  This 
ordering method is not influenced by suspect extreme 
index values in some subplots. Consequently, it is more 
'robust '  than the ordering achieved by using mean 
values. In the case o f  Mi,r ,  both orderings coincide. 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Index M,, 

Fig. 2. Cumulative distribution functions of slenderness index 
M,, for sample plots 

It can be conjectured that the slenderness indices 
discovered in Vaccinizrm vitis-idaea aboveground bio- 
mass data are related to light conditions in the habitat.  
On plot 2 ,  and also on plot 1, the tree stand was young 
and closed (Table l ) ,  with low light incidence on under- 
growth as  compared to other plots. A s  a result, the ratio 
of Vaccinium vitis-idaea leaf to  s tem biomass was re- 

latively low. O n  the other hand, plots 4 and 5,  where the 
field and bottom layers received more light, have the 
highest index values. The  same tendency can be follow- 
ed in Figure 1 where the subplots with a high shoot den- 
sity have, on average, a lower index value. 

The main invarianf 

The  most stable LSI, with respect to factors 'Year', 
'Plot', 'YearxPlot', and 'Shoot density', is index ECI,L 
which has a low F-statistic value (or  high P-value) for all 
these factors (cf. Tables 5, 6, and 7). Motivated by this, 

we ca l l  Ec~,,,o~,os 'The  main invariant'. 
To reveal the meaning o f  E l i , t s ,  we write its ex- 

pression (cf. Table 3 )  in the following form: 

A s  in the slenderness index, the dominating term 
here is 0.65 1 cl - 0.71 8cs which can be interpreted as a spe- 
cific proportion o f  new leaves and new stems. In some 
subplots however, a downfall of  leaves may essentially 
decrease this term and, hence, the whole index. Assuming 
that the downfall of  new leaves is correlated with the 
downfall of  older leaves, the variability of  the index can 
be reduced adding a compensation term, 0.1290s - 0.21 101. 
that increases in the case of  leaf downfall. From the above 
discussion we see that E ,cs,,l,,,,, can be interpreted as the 
slenderness index corrected against an increased downfall 
of  leaves. 

Discussion 

SIs are metrical invariants but express a structural re- 
lationship more general than allometric relationships. Allo- 
metry mainly describes changes in specimens' shape and 
size during the growth or evolution, while Sls  describe 
constancy in the variability of  sample units, e.g. in sub- 
plots. Allometry, at least in its initial sense (Hyxley & Teis- 
sier, 1936), is purely morphometric, whereas SIs describe 
morphometric parameters together with variables such as 
the 'Number o f  shoots' o r  'Biomass o f  last-year leaves'. 
Allometry deals, as a rule, with a relatively small number 
of  variables while SIs tend to take into account as  many 
variables as  possible. Moreover, in allometry independent 
and dependent parameters should b e  fixed before data 
processing, while for SIs all parameters are considered as 
functionally equivalent. 

T h e  two statistical methods proposed in this paper 
for constructing optimal structural indices have perform- 
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ed well in the case o f  Vacciniz~m vitis-idaea data. They 
provide clear insight into the multivariate structure of  
the measured parameters. This  encourages us to recom- 
mend these methods for studying other populations and 
data sets as well. 

For a plant ecologist. it may be difficult t o  decide 
which method to prefer. One  might favour CRLSIs due  
to their easy construction by a simple multiple regres- 
sion analysis routine, and because o f  a better scale with 
a fixed standard value (equal  to  1). On the other  hand, 
EVLSIs may seem more natural for those experienced in 
principal component  analysis .  CRLSIs  have  a larger 
relative variance than EVLSIs but,  a t  least for Vacci- 
nizitn vitis-idaea aboveground  biomass da ta ,  both 
methods give s imilar  results.  Nevertheless ,  they a re  
not directly comparable since the coefficients of  CRLSI 
are not normed. 

In accordance with the general definition, every LSI 
characterizes some specific structural relationship 
between population parameters that is held approxima- 
tely constant throughout the whole metapopulation. In 
the case of  EVLSIs, the exact meaning o f  this is that LSI 
has a minimal variance over the whole metapopulation, 
and possibly over time. Analogously, CRLSI is closest 
to  the constant I across all populations. This  invariance 
is a mathematical formulation o f  a natural requirement 
that LSI must characterize a lnetapopulation 2s a whole. 
The existence o f  SIs  for a given set o f  variables in a 
given metapopulation, although established by mathe- 
matical means, should be regarded as a biological phe- 
nomenon. Table 3 shows that the studied Vaccinium vi- 
tis-idnea metapopi~lat ion enables rather good LSIs for 
aboveground biomass parameters. 

It is obvious and important that an SI of  a plant po- 
pulation can have (if ever)  a nearly constant value only 
within a given range of  living conditions. The aim of  con- 
ditioning the SI definition to  a certain ecological range 
is to link the variety o f  populations regarded as  a meta- 
population with the same SI. Outside this specific range, 
even the most stable SI may change significantly. 

On the other hand, SI having a low variability within 
the metapopi~lat ion may exhibit c lear  and statistically 
significant differences between populations. In particu- 
lar, Vaccinium vitis-idaea leaf-and-stem data  d o  not en- 
able LSIs that are  free from the influence o f  the habitat. 
On the contrary, LSIs  for the studied metapopulation 
have even a higher statistical sensitivity to  environment- 
al conditions than the original parameters. Low variabil- 
ity (residual variance) within ecologically homogeneous 
habitats but a clear response t o  differences in habitats 

play the key role here. It must be noted, however, that 
other  mathematical methods apply more directly for  
building indices with maximal ecological sensitivity (e.g. 
canonical analysis in S A S  GLM,  and the discriminant 
analysis). With some limitations, the first method men- 
tioned is realized in constructing E b  ,,,,,,,,,,,. 

Statisticai analysis o f  nine biomass parameters in 
the Vaccinitltn vitis-idaea metapopulation has demon- 
strated that, among all the possible two-parameter o r  
multi-parameter functions, the S l s  'Mass o f  all leaves'/ 
'Mass o f  all stems' and 'Mass o f  the last-year leaves7/ 
'Mass  o f  the last-year s tems'  are  close to  the theore- 
tically most stable indices for this metapopulation. In 
particular, these simple indices are  considerably more 
stable than the origitial aboveground biomass parame- 
ters (cf. Residual variance in Table 5). This  fact may be 
interpreted as  an evidence that a V'ccinizrtn vitis-iclaea 
ramet, independent of  its habitat, has on average a con- 
stant proportion o f  leaves attached to stems. 

Proportions between the biomass o f  old leaves' and 
s tems'  are  less s table  probably due to the damage to 
overwintering leaves. Although the snow cover during 
all the years of  the experjment was deep enough (24 - 4 9  
cm)  to prevent frost damages, on May 3, 1976 when the 
sample areas were almost free from snow, the temperature 
fell to -8.9". On May 6, 1978 the temperature was -7. I "  
C .  Such frost can damage  and cause  the downfall o f  
overwintered leaves, while stems are more resistant. The 
amount  o f  lost leaves can greatly differ not only in 
detached populations but a lso within the same 
population due to differences in the microenvironment 
(Raatikainen & Vanninen, 1988). The increased variability 
of  the proportion of  old leaves can also explain the signi- 
ficant effect of  factor 'Year'  on indices E,,, R , , ,  and Mi, 
(Table 6). 

Vncciniutn vitis-idaea is a half-shadow species  
(Landolt,  1977, Frank et al., 1988) and adjusts itself to 
shading with the allocation o f  more resources to sterns 
and, consequently, with the elongation o f  the stem like 
shadow-intolerant species  (Picket t  & I<empf, 1980, 
Bloom et al., 1985). Changes of  the allocation pattern in 
the metapopulation subunits  a l so  cause changes in 
LSls. If the constant in (5) equals I,  coefficients c ,  will 
ensure that CRLSI has on average a value close to 1 .  
Those populations having a significantly lower or, on the 
contrary, a significantly higher index value must be con- 
s idered as  non-typical for  the given metapopulation, 
while in 'normal' populations CRLSI is slightly less than 
1. Close to normal are, for instance, populations 1 ,  3, and 
6 - 10 (Table 4).  Populations 4 and 5, growing in the best 
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conditions for Vaccinium vitis-idaea, have non-typically 
high index values, while plot 1 has a minimal index value. 

Significant dependence o f  LSIs  on time could be 
explained by weather conditions. T h e  current-year bio- 
mass values are influenced by the weather in the growth 
period of  Vacciniutn vitis-idaea shoots, while for the old 
parts of ranlets, winter and early spring are  crucial, as  
Havas (1966) and Raatikainen and Vanninen (1988) have 
demonstrated. The  vegetation periods during the study 
years were rather different. June 1977 was very poor  in 
precipitation compared to 1976. Intensive apical growth 
of  stems began one week earlier in 1977 (on June, 6 and 
June, 14, respectively) and lasted 2-3 weeks longer than 
in the previous year (up to July, 17-25). In 1978, May and 
the first half o f  July were very dry. Intensive growth 
started on June, 14-2 1 and lasted until August, 1-9 (Paal 
& Paal 1989). 

Acknowledgements 

We [hank Dr. Taimi Paal for the kindpermission to 
use her data, Mr. Kaido Kama for help during field 
work in 1977 and Prof.' Martin Zobelfor good advice 
in preparing the manuscript. The stz~dy vvas supported 
by Estonian Science Foundation granls 2216 and 2339. 

References 

Agroclimatic handbook of Karelian A.S.S.R. 1959. (ArpoK~lrr- 
hra~brqeclc14i.i cnpauoqHirrr I I O  Kapenicitoii A C S P ) .  Gidro- 
meteorologicheskoe izdatel 'stvo. Leningrad. 184 pp. ( in  
Russian). 

Anderssen I<. S. 1984. Linear functionals of the foliage anglc. 
Austr. J .  Bot. 32: 147-156. 

Bloom A. J., Chap in  F. S. I l l . ,  ,Mooney H. A. 1985. Resource 
limitation in plants - an economic analogy. Ann. Rev. 
Ecol. Syst. 16: 363-392. 

Cal laghan T. V., Svensson B. M., Bowman H., Lindley D. 
K., Carlsson B. A. 1990. Models o r  clonal plant gror\,tli 
based on population dynamics and architecture. Oikos 57:  
257-269 .  

Cinzcrling Y. D. 1934. Geographical distribution of vegetation 
in the North-Western European part of the S.S.R. [ r e o -  
rpa+b~n p a c ~ 1 4 ~ e n ~ ~ o r o  noitposa Ceeepo-3anana e~ ipor~e i i -  
c ~ o i i  qacT11 CCCP].  Trudy Geomorfologicheskogo Insti- 
tuta 4:  3-377 ( in  Russian). 

F r a n k  D., Klotz S., Westhus \\I. 1988. Biologisch-ilkologische 
Daten zur Flora der DDR. Wissenschaftliche Beitrage / Mar- 
tin-Luther-Univ., Halle-Wittenberg 60 (P 35): 1-103. 

Gotelli N.  J. 1991. Metapopulation models: the rescue effect, 
tlie propagule rain, and the core-satellite hypothesis. Ainer. 
Nat. 138: 768-776. 

Hall6 F. 1974. Architecture of trees in the rain forest of Morobe 
District, New Guinea. Biotropica 6:  43-50. 

I lanski  1. 1989. Metapopulation d>naniics: does it help to have 
more of tlie same? Trends in Ecol. & Evol. 4 :  113-1 14 

Hanski I., Gilpin M. 1991. Metapopulation dynamics: brief 
history and conceptual domain. Biol. J .  Linn. Soc. 42:  3-  
1 6 .  

I-lanski I. A., Gilpin kI. E. (Editors) 1997. Metapopulation 
biology. Ecology, genetics. and evolution. Academic Press. 
San Diego, 512 pp. 

I-Iavas P. 1966. PflanzenBkologische Untersuchungen im Wintcr. 
I .  Zur Bedeutung der Schneedecke fur  das Uberwintern von 
Heidel- und Preisselbeere. Aquilo; Ser. hot. 4: 1-36. 

Hyxley J. S., Teissicr G. 1936. Terminology of relative growth. 
Nature 137: 780-781. 

Jongman R. H., Ter  B r a a k  C. .I. F., Van Tongeren 0. F. R. 
1995. Data analysis in community and landscape ecology. 
University Press. Carnbridgc. 299 pp. 

Kent hl., Cokcr  P. 1992. Vegetativli description and analysis. 
A practical apprpacli. Bclhaven I'ress, London, 358 pp. 

Landolt  E. 1977. Okologische Zcigcwerte zur Sch\veizer Flora. 
Verilff Geobot. lnst. ETH 64: 1-208. 

h161s T. 1985. The conccpt of D-rcgression. In: Abstracts of 
the conference 'Theorctical and Applied Problems in 
Mathematics' (Part 11) [ n o ~ i n ~ ~ l e  A-perpeccu~ .  B nlblre: 
Teope~wqcclr14e kr npl.rKnanlible B Q J I ~ O C L I  \iaTevaTuKu 
( Y ~ C T L  II)] .  Tartu. pp. 88-90 (in Russian). 

Mols T. 1986. Prool' of a theorem on D-regression. Acta et 
Comm. Univ. Tartuensis 733: 97-99. 

Paal  T. V., Paal J. L. 1989. Structure of Vaccinium vitis-idaea 
L. coenopopulations [ C ~ p y ~ ~ y p a  ue~rononynnuttii  6pyc- 
r lb1Kkt  Vaccinium vitis-idaea L.]. Valgus. Tallinn. 212 pp. 
(in Russian). 

Pickett S. T. 4., Kempf .I. S. 1980. Branching patterns in fo- 
rest shrubs and understory trces in relation to habitat. Netv 
Phytol. 86: 219-228. 

Raat ikainen PI., VBnnincn I. 1988. The effects of the 1984- 
1985 cold winter on the bilberry and lingonberry yield in 
Finland. Acta Dot. Fenn. 136: 43-47. 

I tao C. I?. 1973. Linear statistical infcrcnce and its applica- 
tions, 2nd ed.  Wile); Ncw York. 467 pp. 

Raup  D. %I., Michclson .4. 1965. ~l ' l~corctical morphology 01' 
the coiled shell. Science 147: 1294-1295. 

Reniphrey W. R., Steeves T. ;I.. 9 r a l  B. R. 1983. The mor- 
phology and growth of Arc~ostapliylos uva ursi (berberry). 
an architectural analysis. Carl. J. Dot. 61: 2430-2451. 

l l o o n ~  P. M. 1983. 'Falling apart' as a lifestyle: the rhizornc 
architecture and population growth of Salvinia niolcsta. 
JEco l .  71: 349-365. 

Ross J .  1981. The radiation regime and architecture of plant 
stands. Dr. W. Junk Publ., The Hague, 391 pp. 

SAS Institute Inc. 1996. SASISTAT software: changes and cn- 
hancements through Release 6.1 1. SAS Institute Inc., NC., 
1104 pp. 

Seber  G. A. F. 1977. Linear rcgressiori analysis. John Wiley & 
Sons, New York, 456 pp. 

Wilson B. F., Archer  11. 11. 1979. l'ree design: some biological 
solutions to mechanical problems. BioScience 29: 293-299. 

Received 18 September 1998 

1998, VOL. 4, NO. 2 



BALTIC FORESTRY 
STRUCTURAL INDICES FOR PLANT ME TlON STUDIES /.../ I T .  MOLS, J. PAAL = 

CTPYKTYPHbIE EIHAEKCbI AJ5I EICCJIEAOBAHHII METAIIOIIYJHIJM~~ HA 
IIPMMEPE METAIIOIIYJIH4klkl VACCINIUM VITIS-IDAEA L. 

f i n  M c c n e n o B a H M R  ~ e r a n o r l y n s u ~ R  p a c ~ e w ~ R  npeauaramca nna n H n e K c a  M o n o r o  T m a ,  H a s u a H H b l e  CTPYKTYPH~IMPI 

M H n e K C a M k i .  n e p ~ b l i i  M3 HMX 6 a 3 ~ p y e ~ c x  H a  M C n O n b 3 0 B a H M M  C O ~ C T B ~ H H ~ I X  B e K T O P O B  K O B B P M ; \ U M O E I H O ~ ~  M a T P M U b l  

J ~ O ~ ~ ~ M @ M U ~ ~ C K M  T ~ ~ H C @ O P M M P O B ~ H H ~ I X  n a p a M e T p O B  n O n y J l R U M M .  M H ~ ~ K C ~ I  B T O p O K l  T M n a  a n n p O K C M M M p y l O T ,  B CMblCJ le  

HaMMeHbLUMX KBaL!paTOU, KOI-ICTBHTY 1, MCnOJJb3YII n ~ i ~ e k i y m  K O M ~ U H ~ U M H )  ~ O K ~ P M @ M M Y ~ C K M  T ~ ~ H C @ O P M M P O B ~ H H ~ I X  

I l a p a M e T p O B .  ~ p ~ ~ e t l e l l l l e  C T p Y K T Y p H b l X  MHACKCOB n p O l l e M O H C T p M p O B a H 0  H a  A a H H b l X  ~ W O M ~ C C ~ ~  H a 4 3 e M H b I X  ( P P ~ K U M R  
~ 1 0 r l y n R ~ k i i i  ~ P Y C H M K ~ I ,  C O ~ P Z I H H ~ ~ X  M3 p a 3 H b I X  ~ M O T O ~ O B  B H ) X H O ~ ~  Kapenuu (POCCMR). C a ~ b l e  c T a 6 M n b l i b l e  C T p Y K T Y p H b I e  

klH,!leKCbl S a p a K T e p M 3 y l O T  n p O n O p U M M  6 w o ~ a c c b 1  X M C T b e B  U c~e6nek.  C 0 n H O f i  C T O p O H b l ,  3TW M t l n C K C b l  B a p b M p Y l O T  

3 t l a Y M T e n b H O  Mel - lbUle ,  Y e M  U C X O A H b l e  A a H H b l e  ~ I I O M ~ C C L I ,  C A p y r 0 f i  C T O p O H b l ,  OHM RBrlRIOTCR 6onee qyBCTBMTeJ lbHblMM 

OTHOCMTtTbHO 3 K O J l O ~ M V e C K M X  Y C J I O B C I ~  M ~ C T O O ~ L I T ~ H M R .  
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