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Field sample plots are the main data source for estimating forest structure. To optimize measurement, nested concentric
circular plots are used with plot size depending on diameter at breast height (dbh). Nested design increases efficiency
but complicates estimation of temporal change from repeated surveys on the same plots. Twenty-nine sample plots
with mapped tree positions at time (t,) were established in an uneven-aged Dinaric fir-beech stand. Two designs were
applied on the same plot centres: fixed 20 m radius plots (R20) and concentric plots with radii 7, 13 and 20 m for trees
above 10, 30 and 50 cm dbh, respectively (R7-13-20). Data for the second time point (t,) were derived from t, data by
modelling individual-tree increment and ingrowth (dbh threshold: 10 cm) over a 10-year period. Number of stems (N),
basal area (G), standing volume (V) and diameter distribution were calculated at both time points. The two methods were
compared using paired t-test for N, G, V and chi-square test for dbh distributions. The differences at t, were minimal:
R7-13-20 produced slightly lower estimates of N, G and V that were not proven different (p=0.216; p=0.364 and p=0.535,
respectively); the concentric plots at t, brought higher estimate of N (+88 stems-ha*, p=0.010), while G and V remained
close to R20 (basal area +0.59 m?-ha?, p=0.625; volume +1.2 m*ha?, p=0.934). Differences in dbh distributions were
negligible at t, (p=0.603), but considerable at t, (p<0.001). The main cause of discrepancy between methods in N and dbh
distributions at t, is the difference in estimated ingrowth (+126 stems-ha?). The effect of nongrowth trees in R7-13-20
(+24 stems-ha* entering the sample via dbh thresholds 30 and 50 cm) was partially offset by survivor trees transitioning
over time into larger plot circles (-17 stems-ha?) due to decreased tree expansion factor (TEF). Observed ingrowth
overestimation is a consequence of plot design (high TEF of ingrowth trees) with higher variance, combined with discrete
positively skewed distribution of ingrowth (no negative values). In a stand with uneven-sized selection structure with
constant regeneration this effect is expected. This type of concentric plot design provides reliable stand-level estimates
of N, G and V at a single time point, and stable G and V change estimates, but unstable change estimate of N (particularly
ingrowth) over a 10-year period. This inconsistency is expected to diminish over longer temporal scale and larger area
(i.e., greater sample size).
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INTRODUCTION

Reliable information on forest conditions and their
changes is essential for long-term forest management
planning and sustainable forest management. Forest
inventories provide the quantitative basis for assessing
stand characteristics and monitoring their development

over time (Husch et al. 2003). The quality of an inventory
is primarily determined by the accuracy of the estimates
and the cost of data acquisition, making inventory design
a balance between these two competing objectives. The
optimal balance depends on the inventory objectives and
the resources available (Schreuder et al. 1993, Makinen et
al. 2012).
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The two principal approaches for acquiring data on
forest condition and changes in forest structure are
field-based measurements and remote sensing, either
applied separately or in combination. Despite substantial
technological advances, remotely sensed data alone do not
yet fully meet the accuracy and reliability requirements for
widespread operational use in forest inventories (Papucci
et al. 2026). Therefore, field plot inventories remain the
fundamental source of reference data for estimating stand
structure for the purpose of forest management planning
and silviculture (Schreuder et al. 1993).

Field sample design from aspect of tree inclusion
probability can be with equal probability (fixed-area plots)
or variable probability sampling, where tree inclusion
probabilities increase with tree size (i.e., plot size depends
on tree dimensions). The latter comprises two main
variants: 1) Bitterlich angle count (or point) sampling
(ACS) and 2) nested plots (usually concentric circular
plots, CP) design (Kangas and Maltamo 2006). The CP is
based on discrete size classes and multiple plot radii (with
stepwise change of tree inclusion probability), and ACS has
continuous inclusion probability (usually) proportional to
tree basal area.

Regarding plot shape, circular plots are the most
commonly used in forest inventory for several reasons:
1) fewer borderline trees (due to smallest perimeter for
a given area) directly leading to fewer checks and also
fewer measurement errors; 2) simple plot establishment
(because of single control point — plot centre), 3) easier
determination of individual tree positions (very important
on permanent plots) (Shiver and Borders 1996, McRoberts
et al. 2015).

Concentric circular plots (CP) that can be tracked to
the first half of 20* century in USA (LaBau et al. 2007), and
became common in the second half (Austria, Switzerland,
France, Germany...) mostly in NFI (Gschwantner et al. 2016).
Their key advantage is efficiency attained by well balancing
inventory costs and results — allocating the measurement
efforton larger trees leads to better estimates of stand basal
area (and volume). CP design is especially suitable for stand
structures with wide range of tree sizes, such as selection
forests (Schreuder et al. 1993). On the other hand, like
ACS, they provide less reliable estimates of stand density
(Scott 1990), and, consequently, of diameter distribution
(Nanos and Sjostedt de Luna 2017). Concentric plots can
also be regarded as more complex than fixed ones for field
work, and in some situations leading to many checked
(measured) trees that are not included in the sample (thus
reducing the efficiency). Since fixed plots are reliable and
efficient for estimating stand density, and Bitterlich ACS
for basal area and volume, concentric plots are often
recommended as a good compromise between these two
(Henttonen and Kangas 2015). The applicability of the CP
design depends on the target variables and the purpose
of the inventory. Although its suitability for estimating
structural attributes is well established, concentric plots
appear to be less stable for estimating attributes related
to biodiversity (Komanek et al. 2024, Moreno-Fernandez
et al. 2024).
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Concentric plot design is known to produce higher
variance of estimates which is a result of variable inclusion
probabilities and which can lead to substantial differences
when compared to fixed plots in finite (especially small)
sample. However, it is theoretically not biased in expected
values if correct design-based probabilities (Horvitz—
Thompson estimators) are used for estimation in single
or periodic consecutive sampling (Gregoire and Valentine
2008).

In order to get reliable estimates of stand structure, the
sample design must be unbiased. When estimating change
of stand attributes, compatibility between two consecutive
inventories is a key issue, with additive components
of change that sum to the difference between values
in t, and t, (Meyer 1953, Thompson 2006). Those two
aspects are well elaborated (Martin 1982, Eriksson 1995,
Gregoire 1995) and applied in forest inventory research
and operational inventory programmes (Roesch 2007).
Remeasurement on the same plots improves additivity of
change estimators and facilitates unbiased estimation of
change components (Schreuder et al. 1993).

Generally, the temporal change can be classified into
three main components: 1) natural increase (due to
tree growth); 2) decrease (mortality and harvest) and 3)
estimation issues due to sample design and measurement.
Basic concept of change components is expressed by Meyer
(1953) and Beers (1962), and has been further developed
and adapted for different sampling designs, mostly in the
context of ACS (Grosenbaugh 1958, Van Deusen et al.
1986, Roesch et al. 1989, Eriksson 1995)

Given that concentric plots can be regarded as a
simplified form of horizontal point sampling with a finite
number of plot circles (Gschwantner et al. 2024) they
present an intermediate design between fixed plots
and Bitterlich ACS. The change components of variable
probability designs are more complex than fixed plots due
to substantial change of tree inclusion probability over
time. In this sense, concentric plots are more similar to
ACS, where effects of variable tree inclusion probabilities
lead to change in tree expansion factor (TEF) over time
(Hébert et al. 2005). When compared to fixed area plots,
there are two additional change components: a) larger
trees entering the sample and b) decrease of TEF for
survivor trees (Kangas and Maltamo 2006). These two
effects are present for both variable probability designs
with a difference: in CP these changes are stepwise over
diameter at breast height (dbh)/distance thresholds while
ACS has continuous (large) tree inclusion and decrease of
TEF.

Larger trees that enter the sample over higher dbh
thresholds present a positive change component, while
existing (survivor) trees that shift to larger plot induce
negative component in per hectare estimates over
time. Although these components partially mitigate (or
obscure) each other, they cannot be ignored and should be
considered in each inventory.

The complexity of change components in variable plot
probability sampling was addressed by many researchers
from theoretical and practical view (Shiver and Borders
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1996, Kangas and Maltamo 2006, Gregoire and Valentine
2008, Eastaugh and Hasenauer 2013) and has largely
been overcome through use of appropriate change
estimators (Scott 1990, Roesch et al. 1991, Thompson
2006). Comprehensive research and development of
reliable estimators have been made, mostly deriving
from ACS methods (lles and Beers 1983, Van Deusen
et al. 1986, Roesch et al. 1989, Hradetzky 1995), while
studies concerning CP are rare (Roesch 2007). The effects
of changes in tree inclusion probability associated with
concentric plot designs are a consequence of diameter
thresholds and corresponding subplot radii that influence
the representation of individual diameter classes (Gregoire
and Valentine 2008). However, these effects have mostly
been considered at a conceptual level, while quantitative
assessments of their influence on repeated measurements
of the same plots remain scarce. In this study, these effects
were quantified using the same sample plots across two
inventory occasions, allowing changes related to tree
inclusion probabilities to be distinguished from actual
changes in stand attributes. Although the differences
betweenthe fixed and variable area plots have been studied,
and theoretical solutions and appropriate estimators have
been developed, the application and validation are always
needed to quantify the effect of sampling design for any
specific forest structure (e.g., Vedris et al. 2009).

The aim of this study is to compare the estimates of
stand structural attributes and their changes obtained
from repeated measurements using two types of circular
sample plots. Using data from sample plots established in
an uneven-aged silver fir—-beech stand, this study analyses
the estimates of stand structural attributes (N, G and V)
and diameter distribution, as well as their changes over
time, by comparing triple concentric circular plots with
single fixed-radius circular plots. Change between two
measurement occasions (for both methods) is additionally
analysed by components (increase and decrease):

a) increase due to growth of trees on plots and
ingrowth of new trees over the dbh thresholds,

b) decrease of per hectare N, G and V values due to
transition of individual trees to larger plot size (for
CP).

c) This approach quantifies components of change
based on real plot data that enable investigation of
the effect of plot design on ingrowth and changing
inclusion probabilities inherent to CP design.

MATERIALS AND METHODS

Study Area

The study was conducted in the Gorski Kotar region,
Croatia. The area is characterized by a pronounced
mountainous karst relief, with average elevation about 800
m a.s.l., which determines a moderately warm and humid
climate without a pronounced dry season. The mean annual
precipitation is approximately 2000 mm, with a relatively
uniform distribution throughout the year. The mean
annual temperature is slightly above 7°C, with pronounced
temperature extremes, frequent frost occurrence, and
very high air humidity. The region is dominated by
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Dinaric silver fir—European beech forests, characterized
by uneven-aged and mixed-species stand structures
with a wide range of tree diameters, resulting from the
interaction of topographic and climatic conditions and
selection forest management system (Boncina 2011). The
target structure of uneven-aged selection stands consists
of trees of different dimensions, with a characteristic
reverse J-shaped diameter distribution. Such a structure is
maintained through periodic selection interventions that
simultaneously regulate stand regeneration, tending, and
harvesting, thereby ensuring continuous forest cover and
sustainable yield (Cavlovi¢ et al. 2006, Bozi¢ et al. 2011).

The selected stand for this research is compartment
10a of the Delnice management unit, managed by the
Delnice Forest Administration, and covers an area of 32.59
ha. The stand is situated at an elevation of 900-970 m
a.s.l. and represents a typical silver fir—European beech
forest association on a limestone substrate (Omphalodo-
Fagetum Tregubov 1957 corr. Marincek et al. 1993).
It is characterized by an uneven-aged stand structure,
a significant proportion of silver fir, and long-term
management under the selection system.

Data Collection and Analysis

Two plot designs (methods) are evaluated in this study.
The first is a fixed-radius circular plot with a radius of 20 m
(hereafter R20), which was used as the reference design.
The second is a three-radius concentric plot design with
radii of 7, 13, and 20 m (hereafter R7-13-20), designed
for Croatian national forest inventory (CRONFI; Cavlovi¢
and Bozi¢ 2008). Size and dbh thresholds in R7-13-20 are
defined as follows (Figure 1):

- plot radius 7 m (area 153.94 m?) for measuring trees
with dbh 210 cm,

- plot radius 13 m (area 530.93 m?) for measuring
trees with dbh >30 cm,

- plot radius 20 m (area 1256.64 m?) for measuring
trees with dbh 250 cm.

Data for first inventory (t,) were collected on 29 field
plots established on a systematic square grid with a
spacing of 100 m between adjacent plots. On circular plot
with radius 20 m trees were measured for dbh, distance,
azimuth and slope to the plot centre. At each sample plot,
tree heights were measured on a subsample of trees.

Tree diameters were measured for all trees with a
minimum dbh of 10 cm. Diameter measurements were
taken at 1.30 m above ground level using a Haglof Mantax
calliper with 1-mm graduations. The horizontal distance
and azimuth were measured from the plot centre to the
central vertical axis of each stump. Distances, slope, and
tree heights were measured using a Vertex IV ultrasonic
hypsometer/rangefinder with a transponder, while
azimuths were determined using a Suunto KB-14 compass.

The volume of each individual tree was calculated
using the back-transformed Schumacher—Hall equation
(Equation 1):

v=axdbh’x hexf

wherevistree volume; dbhis diameter at breast height; his
total tree height; a, b, and c are species-specific regression

parameters (Spiranec 1975, 1976); and f represents
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R=7m

dbh 10-30 cm

B\

R=13m
dbh 30-50 cm

Figure 1. Triple concentric plot design (R7-13-20), showing plot radii and corresponding tree dbh ranges (10-30, 30-50, and =50 cm).

Meyer’s correction factor (Schumacher and Hall 1933). The
measured tree heights were used to model the stand curve
using the Michailoff equation (Michailoff 1943) and height
of each tree was calculated as (Equation 2):

-b1
h=b,xe® +1.30 (2)

where h denotes modelled total tree height, b, and b, are
species-specific model parameters, and dbh represents
tree diameter at breast height.

The tree data for the R7-13-20 were derived from
the R20 plot data using the recorded tree diameters and
distances from the plot centre by applying the concentric
sample plot criteria (Figure 1).

In order to get per hectare values, TEF was applied,
depending on the plot size (TEF = 1/plot size). Such
calculation was performed for each tree and each attribute
(number of stems, basal area and volume) resulting in per-
hectare values of N, G, V. Plot estimates are sums of all
trees onindividual plot and stand level value was estimated
as an average of all plots.

The spatial pattern of trees on R20 plots was analysed
using the Clark—Evans index (Clark and Evans 1954) with
the edge-effect correction proposed by Donnelly (1978).

The second inventory plot data (t,) were derived from
the initial measurement (t)) after a 10-year projection
period for both sampling designs. Diameter increment of
the existing (survivor) trees was estimated using a linear
growth model developed from repeated measurements
of tree diameters within the FirGroDin project (Impact of
Forest Management and Climate Change on the Growth
Dynamics of Silver Fir Trees and Stands in the Dinaric Region
of Croatia; BoZi¢ et al. 2025). In addition to the growth of
survivor trees, tree recruitment (ingrowth) was simulated,
defined as trees exceeding the inventory threshold of 10
cm dbh during the 10-year interval. The number of trees
in the 5-10 cm dbh class at t, was estimated for each
sample plot using a simple regeneration model based on
the expected stand density for the corresponding forest
type (100 trees-ha™ at full stocking, adjusted by the stand
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relative volume-based stocking factor; Cavlovi¢ 2013),
the diameter distribution, and the predicted diameter
increment of individual trees.

Estimate of change for each structural attribute (N, G
and V) was made for each sampled tree (Equation 3):

AX = x, x TEF, - x, x TEF (3)

where AX is change in per hectare value of each stand
attribute (x meaning N, G, or V) as contribution of i-th tree,
TEF is tree expansion factor, and indices 1, 2 standing for
time points t, and t,.

The contribution of each tree was classified depending
on the change of its status in t, as follows (adapted from
Martin 1982, Hasenauer and Eastaugh 2012):

- survivor — trees that were sampled at t1 and remain
in sample at t2 without changing its status;

- ingrowth — (small) trees that enter the sample in t2
by reaching dbh threshold 10 cm;

- nongrowth — trees that were present in stand at
t1, but enter the sample only in t2 by reaching the
higher dbh threshold and distance from plot centre
(nongrowth 2 — dbh over 30 cm within 13 m radius,
nongrowth 3 — dbh over 50 cm within 20 m radius);
it is equivalent to the ingrowth for higher thresholds
(30 and 50 cm) and valid only for R7-13-20;

- transition — trees that were sampled at t1, remain in
sample at t2, and due to radial growth and crossing
the dbh threshold 30 or 50 cm are reassigned to the
larger circle (transition 2 — over 30 cm, transition 3 —
over 50 cm); only for R7-13-20.

The calculation of changes between the two
measurement occasions (t, and t)) excluded natural
mortality and harvest, in order to better demonstrate
these effects of CP sampling design: nongrowth trees
and the artificial transition of trees due to changes in plot
inclusion status.

Paired t-test with significance level 0.05 was used
for comparing average values (N, G and V) between two
methods at each time point (t, and t,).
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Since greater differences between methods can be
expected for stem density (N-ha™), owing to differences
in the probability of tree inclusion and the inherent
characteristics of this variable (Shiver and Borders 1996),
diameter distributions derived from two methods were
compared att, and t,. Diameter distributions were made by
grouping trees in 5 cm diameter classes (multiplied by TEF
to obtain per hectare values). For testing the differences
between distributions chi-square test was applied (Sokal
and Rohlf 1995), with relative frequencies of R20 used as
reference for expected values of R7-13-20, and observed
frequencies rounded to whole number values.

RESULTS

Differences between Methods at Two Time Points

Estimates of stem density (N), basal area (G) and standing
volume (V) by the two methods at both measurement
occasions (t, and t,) are presented in Table 1.

The biggest difference between method averages is in
stand density (N) at both time points. Method R7-13-20
shows higher variability for all three variables at both time
points, with standard deviation of N being considerably

higher than R20. The more detailed comparison of methods
is shown in Figure 2.

Method R7-13-20 showed lower estimates of N, G, V in
t,, and higher in t,, when compared to R20 (Table 1, Figure
2). While G and V differences are minimal, number of
stems shows considerable discrepancy between methods,
especially in t, where the difference was statistically
significant (p = 0.010, Figure 2).

Variability of differencesis largerint,, as well as extreme
(positive) ones, as can be seen from Figure 2.

The observed plot CE values range from 0.7-1.07 (average
0.95) and indicate spatial patterns very close to random,
with only weak departures towards either aggregation
or regularity. Most plots show almost random pattern (CE
between 0.95 and 1.05), some are aggregated and only two
plots show slight regularity tendency (CE over 1.05).

Differences between Methods on Individual Plots
Although both methods use the same plot centres,
differences between their estimates arise from differences
intree inclusion probabilities associated with the respective
plot designs. This effect was observed at the stand level
and was even more pronounced at the individual plot
level. The most extreme differences between methods

Table 1. Descriptive statistics of stand attributes (N, G, V) at two time points for methods R20 and R7-13-20. Numbers are mean values

+ standard deviation.

First time point (t,)

Second time point (t,)

Method
N (ha?) G (m?-ha?) V (m3-ha?) N (ha?) G (m?-ha?) V (m3-ha?)
R20 496.4 + 85.2 354+7.6 475.6 +113.6 564.2 +90.6 45.1+9.0 616.7 +138.9
R7-13-20 458.4 +180.2 345+10.4 468.2 +139.4 652.2 +202.9 45.7+12.1 617.9 £170.5
400 16 200 o
o Mean a) @ Mean b) o Mean c)
[ | Mean+SD | Mean+SD [ Mean+SD
300 T Min-Max 12 T Min-Max 150 T Min-Max
200
8 100
100 88E.|01 _ _
© W 4 1 %& 50
2l Ob-mmemeel ool oo ~ n
£ D £ 0-59 £ 1.20
2z -38.04 q O N s N 3 O a [T B —
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-4 -50
-200 ‘
300 -8 l -100 l l
p=0216 p=0.010 p=0364 p=0625 p=0535  p=0934
-400 -12 -150
ANt ANt AGt,  AGt, AVt AV,

Figure 2. Differences (A) in estimates of stand variables between methods R7-13-20 and R20 in two consecutive time points (t, and
t,): a) number of stems, b) basal area and c) standing volume. Markers (and corresponding values) are means, boxes denote standard
deviations, whiskers stand for range (min-max) of differences, and p-values represent t-test probabilities.
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for all stand attributes at t, and t, were identified and are
presented in Figure 3 and 4

When looking on the individual plot level, differences
in estimate of N between methods are related to the
spatial distribution of trees, especially the smaller ones:
plot with small trees (10-30 cm dbh) grouped around plot
centre leads to large estimate on R7-13-20 (plot 16, Figure
4), and plot with no smaller trees within 7 m radius has
lower estimate than R20 (plot 28, Figure 3). Both plots
have slightly aggregated spatial pattern of trees (CE index
0.98 and 0.96, respectively). The biggest differences in
estimates of G and V between methods on plot-level are
consequence of (the same) middle sized trees (30-50 cm
dbh) within 13 m radius, that make higher per hectare
estimates by R7-13-20 due to greater TEF (18.83 vs. 7.96
for R20) on plot 13 and 14 (Figure 3 and 4). Plot 13 has
slightly aggregated pattern (CE = 0.93), while Plot 14 has
(highest) CE index (1.07) indicating regular pattern with
considerable share of medium sized trees.

Diameter Distributions

The diameter distributions obtained by the two
methods are very similar at t; across all dbh classes, with no
statistically significant overall difference (Figure 5, above).
At t,, both methods showed the expected increase across

most dbh classes; however, a pronounced divergence
was observed for trees in the 10-15 cm dbh class. In this
class, the R7-13—-20 method resulted in an almost twofold
higher estimate of N-ha? compared with R20, indicating
a discrepancy in estimated ingrowth and leading to the
statistically significant chi-square test result (Figure 5,
below).

Temporal Change between Two Time Points

To better analyse the methods, changes in each
structural attribute between t; and t, are presented by
their components of change (Figure 6).

The greatest difference between methods is in change
estimate of N (126 trees-ha?, Figure 6 left) as was also
indicated by average estimates in t and t, (Table 1, Figure
2). The ingrowth is the largest component of net change
for R7-13-20 (96%), followed by trees crossing thresholds
30 and 50 cm (nongrowth, 13%). The nongrowth effect
is partially offset by trees transitioning to larger plots
(transition 2 and 3, around -9%). For R20 the ingrowth is
the only effect of N change (since there was no mortality
nor harvest).

The main effect of basal area change for both
methods comes from survivor trees (around 69% and
92%, respectively). For method R7-13-20 ingrowth effect

R20 t, R20 t, R20t,
20 20 20
'15’:0.. QOls" .QQ
® e® F o, o ™ ® () @
e ©® . ° @® ©) (]
o’ B, o o0°° ®" © 009
® ® ° o Q .éz)
() o 0
25 -20 -15 10 ® 5 ° 0 5 10 15 20 25 25 20 15 L .5 SO 10 6 25 25 0 .1Q -10 - 0 5 9 15 0 25
[ d (] @ o d s @
o o o o ®© ® o @)
b : (LX) L/ q O -10 o @ .
e O Q : ® ® o ® o @)
. -15 % 15 . -15 O
nt ®
N =485.4 stems ha! 7 G=44.3m’ha? 7 V =439.6 m3 ha't
R7-13-20 t, R7-13-20 t, R7-13-20 t,
S ©
m ool Ny 2%
s o-o® v e
@) %
- ¢ & e ‘ .O% 25 -20 -15 VICQ—S 0 0 . § 10 15 0 25
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20 O O =20
N = 164.7 stems ha'l ” G =54.2 m2hat V=571.0m3 ha'l
Plot 28 * Plot 13 * Plot 14 *

Figure 3. Spatial distribution of measured trees on chosen plots for methods R20 (above) and R7-13-20 (below) in t,. (*Only the plots
with biggest differences of N, G and V between methods are shown). Tree size is enlarged for better display.
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Figure 4. Spatial distribution of measured trees on plots for methods R20 (above) and R7-13-20 (below) in t,. (*Only the plots with the
biggest differences of N, G and V between methods are shown). Tree size is enlarged for better display.

is substantially less for basal area than for number of
stems, but it contributes basal area change with 19%.
Trees crossing the 50 cm threshold (nongrowth 3) make
around 16% of basal area change. The main contribution
to volume change for R7-13-20 are survivor trees (79%),
followed by nongrowth 3 (17 %) and nongrowth 2 (11%),
while ingrowth makes only 7%. Transition trees in R7-13-20
make around -15% of change in G and V, compared to -9%
for N (due to their greater "weight" for G and V than for N).
The ingrowth component for R20 makes 8% of basal area
change, and only 2.5% of volume.

Temporal Change by Plots for Concentric Plot Design

Since method R7-13-20 is less consistent, has a higher
variability (especially for N-ha?, Table 1), and also has
more complex change components, changes of N-ha? are
analysed on individual plot level for CP design (Figure 7).

Plots with most extreme values of N change (5 and 28)
are further examined, in addition with plot 19 that showed
greatest change of G and V (Figure 8).

Only plot 5 showed a negative net change between t,
and t,, due to a combination of the following effects: two
trees transitioning from circle 2 to 3 (decrease of TEF from
18.83 to 7.96) and no ingrowth or nongrowth trees (Figure
8, left). Plot 28 has highest increase in stem density (584.6
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trees-ha?) due to as many as nine ingrowth trees located
close to plot centre (within 7 m radius, Figure 8, middle).
The highest increase in G and V, recorded on plot 19, is
resulting mainly from growth of (large) survivor trees and
enhanced by three nongrowth trees entering the sample
over thresholds 30 (1 tree) and 50 cm (2 trees) (Figure 8,
right).

Ingrowth Estimates

Since the estimated ingrowth is detected as the main
source of differences between methods for stem density
(N-ha?) at t, (Figure 5, below), the per plot ingrowth values
for both methods are presented in Figure 9. The average
ingrowth is almost triple on R7-13-20 compared to R20
(185.9 vs. 67.7 trees-ha™, Figure 9), with individual plot
values varying from 0 to 584.7 trees-ha? (R7-13-20) and
31.8 to 175.0 (R20).

Although R7-13-20 has two plots without ingrowth (and
no such plots for R20), its average is considerably higher
due to extreme positive values (584.7 trees-ha™ on plot 28,
Figure 9). The data from this figure also show considerably
higher variability of per plot ingrowth estimates in method
R7-13-20 compared to R20.

Since the ingrowth occurs on the whole plot area of
R20, and only on smallest circle (r = 7 m) in R7-13-20,
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there is evident effect of (large) TEF. Method R7-13-20 has  trees on R20. The opposite example is plot 28 with 22 trees
approximately eight times larger TEF than R20, leading to  on R20 and 9 on R7-13-20 that resulted in three times
equivalent ingrowth per ha by two methods estimated on  higher estimate per ha (Figure 9).

plot 17 with single ingrowth tree in R7-13-20 vs. 8 ingrowth
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DISCUSSION

In this study the two plot designs were compared
for estimation of stand structure, where R20 was used
as reliable design due to the large inclusion probability,
covering large area and including many measured trees,
with plot size being around the upper limit for practical
field plot establishment (Jazbec et al. 2011, Komanek et
al. 2024). The reliability of R20 was confirmed by Jazbec
et al. (2011) who showed that the precision of estimates
stabilizes up to plot radius 20 m in the same forest type.
Larger plots would not be practical due to large number
of trees, restricted visibility, more checking of borderline
trees. The other method (R7-13-20) was used as an
example of comparably large triple concentric plot design
common in large scale inventories (Gschwantner et al.
2016). It should be noted that none of these methods is
used as standard in a stand-wise inventory. Plots with 20 m
radius are not used in inventory practice in Croatia due to
practical reasons (average 62 and 71 measured trees per
plot at t and t,) and were considered the reference value
in the absence of a total census (Brooks and McGill 2004),
while R7-13-20 was originally developed for CRONFI as a
standardized sampling configuration applicable to all forest
types on the state level (Cavlovi¢ and Bozi¢ 2008).

The proposed approach for comparison was aimed
to present clear effect of plot design on stand level by
in-depth analysis of differences on plot- and tree-level
contributing to overall estimates of stand attributes
and their change. Although in real inventory conditions
temporal change includes also harvest and/or mortality,
it was not presented in this research in order to present
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more clearly the "negative growth" effect of CP method,
the similar approach used by Beers (1962). Observed
"negative growth" effect on single plots with CP method
due to transition would be mostly obscured if mortality and
harvest were included. Real inventory data are inevitably
burdened with measurement errors (Bozi¢ et al. 2025)
that would bring additional "noise" in results and were
therefore eliminated in this research.

The investigated uneven-aged stand structure very well
accents the difference between methods in estimating
stem density, that would be less prominent in even-
aged (especially older) stands with negligible ingrowth.
Furthermore, stand level used (29 sample units) presents a
sample small enough to be sensitive to plot-level extremes
(e.g., plot 28), which would even out on a large scale.

All observed effects (especially the discrepancies)
would be hard to detect and measure, and impossible to
analyse (or explain) without available reference value (20
m radius plots in this case).

Estimating change between two consecutive
inventories can be made on two levels: total change on a
stand or higher level and growth of individual (or average
trees) between two time points. Estimators for fixed plots
are simple since there is no change of TEF over time. For

variable probability design (ACS and consequently CP)
due to the TEF change more complex estimators have
been developed (Van Deusen et al. 1986). Our results
well represent the practical outcomes of these change
components.

When calculating temporal changes using permanent
CP (nested design), as well as ACS, there are two basic
approaches. Inthe firstapproach, TEF for each tree depends
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on the plot radius to which the tree belongs in the current
measurement. This approach is simpler and provides an
unbiased and more accurate estimate of stand status at
each measurement occasion. In the second approach, TEF
for each tree is calculated according to the plot radius to
which the tree belonged in the first measurement. This
approach is more appropriate for an exact estimation of
tree- and plot-level increment, but it is more complex
and may introduce bias when used for estimating the
overall stand status (Scott 1990). This study used the first
approach and the change estimator used in this study
follows the concept of Van Deusen et al. (1986) and Roesch
et al. (1989), where per-hectare estimates of tree number,
basal area and volume are calculated for individual trees
at each remeasurement occasion (using appropriate TEF),
aggregated at the plot level, and change is subsequently
expressed as the difference between plot-level estimates.
Therefore, our results show the expected inconsistency at
the individual plot level due to changes in TEF inherent to
CP for N-ha! (e.g., plot 5) as also demonstrated by BozZi¢ et
al. (2025) for basal area and volume.

Because the sample size was identical for both methods,
variability expressed as standard deviation was directly
proportional to the standard error. Therefore, standard
deviation was considered an appropriate measure for
comparing the relative precision of the two methods.

The average stand-level estimates of all G and V were
consistent for both methods at both time points, with CP
design resulting in slightly higher variability (consequently,
less precision, Table 1). The t, estimate of average N by CP
method corresponded to R20 at t,, with as much as twice
higher variability (and error of estimate). However, the
estimate of N at t, was proven different between methods,
and particularly the estimated change between t and t,,
revealed the instability of the CP method associated with
considerably higher variability (the standard deviation for
R7-13-20 was more than twice that of R20; Table 1). This
is in accordance with statement from Martin (1983) that
fixed plots are always more precise than ACS for attributes
not correlated with basal area. Our results are generally in
line with previous findings from different forest conditions
for ACS (Scott and Alegria 1990) that variable-radius
plots are better for stand attributes associated with large
diameter trees and less efficient (due to variability) for
estimating attributes concentrated in the small diameter
classes (Schreuder et al. 1993).

For the R7-13—-20 method, an apparent overestimation
of the change in N was observed, which was subsequently
identified as resulting from differences in the estimation of
ingrowth trees (Figure 5, 6, 9). Since the ingrowth model
(simulated recruitment of trees below the 10 cm diameter
threshold) was defined as a spatially random distribution
and the plot-level estimates were correctly weighted by
using TEF, this pattern cannot be attributed to systematic
error or bias in the estimation of ingrowth caused by tree
spatial distribution. Furthermore, this effect is not related
to measurement error (plot edge effect), as this potential
source of bias was excluded due to the nature of t, data in
our study. Although the R7-13-20 method has diameter
thresholds (dbh = 30 and 50 cm) for tree inclusion in the
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two larger concentric circles (r = 13 and r = 20 m), these
trees do not cause a substantial increase in estimate of
stem density due to the natural dynamics of uneven-aged
stand structure and the reverse-J diameter distribution,
where substantially more trees are crossing the 10 ¢cm
threshold than the 30 and 50 cm thresholds. The values of
these three categories (ingrowth, nongrowth 2 and 3) are
appropriately expressed per hectare with adequate tree
expansion factors, and the ingrowth considerably exceeds
nongrowth for N (Figure 6, left).

However, the effect of nongrowth becomes more
pronounced for G and V because it involves larger-diameter
trees with substantially higher individual contributions to
basal area and volume estimates (Figure 6, middle and
right). Unlike N, where all trees contribute equally to the
total or mean estimate regardless of their size, changes in
G and V are weighted by tree dimensions. Consequently,
ingrowth has only a minor effect on G and V, whereas
transition and nongrowth contribute more substantially
due to the greater size of the involved trees (Figure 6).

When analysing the overestimated number of ingrowth
trees on CP, it can be attributed to the plot size and nature
of ingrowth variable. Plot size can play a significant role
in two ways. First, although any plot size can have plots
without ingrowth trees, it happens more often on smaller
plots (due to lower tree inclusion probability). In our
example "ingrowth plot" has radius 7 m in CP (compared
to 20 m in fixed), leading to 2 "zero ingrowth" plots in R7-
13-20 and none in R20 (Figure 9). However, this effect did
not have a substantial influence on the overall per hectare
values. Second, small plot has significantly higher TEF
(64.96 for R7-13-20 compared with 7.96 for R20), resulting
in greater weight of each tree recorded on the 7 m plot.
Finally, the discrete and non-negative nature of ingrowth
variable (values 0,1,2...) in combination with effect of large
TEF has led to extreme estimates on individual concentric
plots (with no possible negative balance) leading to higher
variance, and (in our case) overestimation of average
value for ingrowth (Figure 9) and total N change (Figure 6)
when compared to R20. Partial compensation of increase
from ingrowth on R7-13-20 is due to transition: some
trees "exit" from 7 m circle and shift to a larger plot (r =
13 m) with smaller TEF, thus reducing per hectare value.
However, they are fewer than ingrowth (due to stand
structure explained above) and consequently transition
effect is considerably less than ingrowth (Figure 6). From
the perspective of plot design, our results indicate that the
small plot radius was the main cause of the instability in
estimating the number of trees in the studied forest type.
It is important to note that this effect is not inherent to
the concentric-plot design and would equally occur with a
fixed-radius plot of the same size (Brooks and McGill 2004,
Jazbec et al. 2011). This interpretation is supported by the
findings of Moreno-Fernandez et al. (2024), where some
rare tree species were absent from the concentric-plot
sample because they were represented by small-diameter
trees that were not included in the smaller-radius plots
when located farther from the plot centre.

The higher variability on R7-13-20 in combination with
the relatively small number of simulated plots and the
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short simulation period (10 years), resulted in a higher
observed mean ingrowth N estimate in this study. This
apparent overestimation reflects sampling variability
rather than a systematic bias, as unbiased estimators may
produce estimates above or below the expected value in
individual samples (Cochran 1977). Therefore, with an
increasing number of plots and/or a longer observation
period, the mean estimates of ingrowth, and consequently
N, obtained by the R7-13—-20 and R20 methods are likely
to approach the same expected value. The practical
problem on the stand level however, exists, and R7-13-
20 should be taken with caution in estimates of ingrowth
or small diameter trees generally. It should be noted that
the observed instability (apparent overestimation) of the
estimated stem density is not inherent to CP alone (it is
even partially compensated by transition to larger circle,
Figure 6) but rather represents a general consequence of
small plot sizes. Consequently, small plots combined with
a small sample size may produce unreliable estimates
of ingrowth. Therefore, plots with radii larger than 7 m
are preferable for obtaining more reliable estimates of
ingrowth, particularly in uneven-aged stands, where
continuous recruitment of small-diameter trees is essential
for maintaining the uneven-aged stand structure (Cavlovi¢
et al. 2006), especially when regeneration is irregular or
insufficient (Teslak et al. 2016).

Compatibility (or additivity) of change estimates is
generally requested as a key issue in (permanent) inventory
design. It is required from theoretical point of view and
also from the users of inventory results — incompatible
estimates lead to lack of reliability (Van Deusen et al. 1986).
However, in real conditions additivity may be impossible
to achieve due to changes in (forest) land area and/or
sampling design. These two issues usually make greater
effect than changes in tree inclusion probabilities that were
covered by our research, especially in large area forest
inventories (Schreuder et al. 1993). In such cases increased
complexity of estimators to ensure additivity may not be
justifiable (ibid.). Insisting on additivity is reasonable when
tree-, plot- or stand-level estimates are important and
detailed calculations such as presented in this paper can
be performed. To ensure additivity of estimated change on
plot level, possible adjustment is to use only survivor trees
on the same plot size from consecutive inventories (e.g.,
Talarczyk 2014) for net increment.

Although the two-sample Kolmogorov—Smirnov test is
commonly usedto compare diameterdistributions (Boncina
et al. 2022), it was not applicable in the present study
because the compared samples were not independent
(Conover 1999). Since the concentric-plot data were
derived from the fixed-radius plot data, they represent
a subsample of the R20 plots, and such a comparison
would not be appropriate. Even if independence could
be achieved by comparing the R7-13-20 trees with the
excluded-tree sample, the resulting comparison would
not be meaningful because the sampled trees in the R7—
13-20 have, by plot design, larger dbh on average than
those included in the R20 sample. In contrast, the chi-
square test was appropriate because the comparison was
performed on diameter-class distributions scaled to a per-

12 SEEFOR 17(2): 26023

hectare basis. This standardisation enabled comparison
of the estimated dbh distributions derived from the two
methods, rather than direct comparison of the original tree
diameters. Comparison of dbh distributions did not reveal
a significant difference at t , while a statistically significant
difference at t, resulted solely from trees 10-15 cm dbh
(ingrowth, Figure 5) as was also reflected in the differences
in mean values (Figure 2).

The observed slightly aggregated pattern (average CE
= 0.95) is expected in uneven-aged stand structure where
selection forest management is applied, with sporadic
(small) groups of young trees. Some differences (between
methods or change on R7-13-20) observed on individual
plots can be attributed to spatial arrangement of small
trees (and ingrowth trees), but the major differences
cannot be generally explained by spatial distribution of
trees, due to relative consistent CE index between plots
and not clear correlation of extreme differences with CE. It
can indirectly be related with the grouping of smaller trees
that make key difference in estimating N-ha? (small trees
close to plot centre on plot 16 or absence on plot 28, also
with large ingrowth in t,). The largest differences in G and
V between methods are observed on plot 14 that shows
most regular pattern (CE = 1.07) and has a significant share
of middle-sized trees (Figure 3 and 4). Under clustered
spatial patterns (CE < 1), different plot designs at the
same plot centres (and even more so at different points)
are more likely to include different tree groups because of
differences in their inclusion zones. Consequently, greater
discrepancies among plot designs are expected than under
random or regular spatial patterns (Gregoire and Valentine
2008).

The choice between fixed or variable (ACS or CP)
probability designs primarily depends on type of inventory,
regarding the spatial scale and inventory objectives. It is
further based on the importance of forest attributes, stand
structure, available funds and field personnel (survey
crews). The combinations of ACS and fixed plots provide
such unbiased and practical possibility (e.g., Berger et
al. 2020, Leiter and Hasenauer 2023). The CP design has
similar effect of balancing the field effort and quality
of estimates (Henttonen and Kangas 2015), where the
number and size of the circles should be adjusted to above-
mentioned real circumstances. Although plot design can be
theoretically adequate or optimal, actual field conditions
must be taken into account. For instance, the borderline
trees, whose influence has been minimised in our study,
represent a serious source of errors (missing trees). In that
sense, although larger plots are generally more adequate
for uneven-sized and uneven-aged stands, the number
of borderline trees increases with increasing plot radius.
Despite the error of each missing tree decreases with
larger radius due to larger TEF (Rodriguez-Ruiz et al. 2025),
the problem of less visibility (obscured trees) increases
(Husch et al. 2003). Missing distant trees can be mitigated
by applying a truncated plot radius, often combined with
ACS design (Poso and Waite 1995, Berger et al. 2020).

In this study we adopted CP design from CRONFI to
check its performance on a stand level. However, for stand-
level forest inventory, the radii of the concentric plots could
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be optimized according to stand structure. The observed
instability of estimated ingrowth suggests that the radius
of the innermost concentric plot should be increased. For
example, increasing the radius of the smallest concentric
plot from 7 to 9 m (254.5 m?) would increase the average
number of measured trees by approximately five per plot,
including about one additional ingrowth tree. At the same
time, the tree expansion factor (TEF) would be reduced
by nearly 40%, which would be expected to decrease
the variability of ingrowth estimates and improve the
precision and stability of the estimated number of trees.
When compared with the reliable fixed circular sample
plot well-established in operational forest inventories in
Croatia (radius 12.62 m; area 500 m?), the proposed plot
size (e.g., r = 9 m, Vedris 2010) would require substantially
fewer tree measurements per plot. The resulting reduction
in field effort could therefore be reallocated to increasing
the plot area for medium-sized (dbh 30-50 cm) and large
trees (dbh > 50 cm) by extending the radius of the outer
concentric plot to 14 m or more, depending on stand
conditions, as suggested by Vedris (2010). Such a two-
radius nested plot design (e.g., 9-14 m) would also be more
practical from an operational perspective, since it simplifies
field measurements and is easier to implement than three-
radius configuration (Dvorak 2000). Such a design may
provide a better balance between field efficiency and
estimation precision than triple circles while still being
more flexible than the single-radius plots currently used in
operational forest inventories in Croatia.

CONCLUSIONS

This study compared the estimation of stand attributes
from repeated measurements using concentric and fixed-
radius field plots. The applied concentric plot design
from the Croatian National Forest Inventory provided
similar estimates of basal area and volume (G and V)
to those obtained from 20 m radius plots at the stand
level at two individual time points. The results of two
opposing components of change in concentric plot design
— the entry of larger trees into the sample (nongrowth)
and the decrease of number of stems, basal area and
volume per hectare due to the larger plot area assigned
to individual trees in the second measurement (smaller
expansion factor) — partially compensated each other at
the stand level. Due to the minor differences in estimates
the applied concentric plot design could be also used for
estimating changes in basal area and volume, while being
more efficient due to the lower number of measured trees
compared with fixed-radius plots. In contrast, estimates
of stem number per hectare showed considerably higher
variability for concentric plots compared with fixed-radius
plots. Statistically significant differences in mean values and
distributions were observed in the second measurement,
mainly due to differences in ingrowth estimation associated
with the concentric plot design (the large expansion

https://www.seefor.eu

factor assigned to ingrowth trees and the high variance of
estimates) and the discrete positively skewed distribution
of ingrowth values (with no negative values). Therefore,
the applied concentric plot design showed limitations
in estimating changes in stem number, particularly for
small-diameter trees, at the uneven-aged stand level. This
inconsistency is expected to decrease over longer time
periods and larger areas (i.e., with larger sample sizes). The
applied analytical approach performed well for monitoring
and analysing the components of change in concentric plots
and may contribute to improving the design of field plots
in forest inventory. To obtain more comprehensive results,
future studies should include mortality and harvesting
effects, improve the ingrowth model, and extend similar
analyses to other forest types. Our results confirmed
previous research, with in-depth analysis of the differences
between methods. The nested plots provided reliable
estimates of basal area and volume, with a suggested
adaptation of concentric plot sizes for stand-level inventory
in given conditions. The results indicate that the smallest
(concentric) plot radius could be increased to improve the
precision and stability of ingrowth estimates in uneven-
aged selection stands. Based on these findings and related
research, a simplified two-radius concentric plot design
is suggested as a potential operational alternative that
may provide a better balance between field efficiency and
estimation precision. However, further validation across
different stand conditions is required before its broader
recommendation.
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