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Abstract
Precise assessment of bark stripping damage is of high economic importance, since bark stripping makes wood unusable 
for saw timber and it is important for compensation payments for game damage. Bark stripping is clustered and decreases 
with increasing tree diameter, so that common forest inventories, optimized for assessing timber production variables such 
as standing timber volume, do not provide adequately precise estimates of bark stripping damage. In this study we analysed 
different sampling designs (random sampling, systematic sampling), tree selection methods (fixed radius plot, angle count 
sampling) and number of plots and plot sizes (plot radius: 2–20 m; basal area factor: 1–6m2/ha) for bark stripping assess-
ment. The analysis is based on simulation studies in 9 fully censused stands (9026 trees). Simulations were done for actually 
assessed damage and randomly distributed damage and each scenario was repeated 100 times with different random points 
or different random grid locations. Systematic sampling was considerably more precise than random sampling in both sce-
narios. Sampling intensities to attain a standard error of 10% ranged between 12 and 18% dependent on the plot size. For a 
given sampling intensity, precision increased with decreasing plot size or increasing basal area factor. This implies, however, 
a large number of plots to be measured, which is expensive, when travel costs are high. Differences between tree selection 
by fixed radius plots or angle count sampling were minor. For bark stripping damage, we recommend sampling with fixed 
radius plots with a radius of 4–6 m and the measurement of approximately 230 or 150 plots, respectively.

Keywords  Fixed radius plots · Angle count sample · Sampling intensity · Accuracy · Full census · Systematic sampling · 
Clustered occurrence

Introduction

Reliable statistical inference is central for forest manage-
ment. The Global Climate Observing System mandates 
the inferential uncertainty for essential variables must not 
exceed 20% (Sessa and Dolman 2008) a challenging but 
necessary requirement, because biased or imprecise esti-
mates would mislead analysis and hence may cause wrong 

conclusions and policy-making (Conn et al. 2017). Many 
forest inventories were designed with the primary idea that 
wood (volume and volume increment) was the characteristic 
of interest (Roesch 1993). Nowadays forest inventories often 
encompass many other variables, such as tree damages, dead 
wood or measures of biodiversity, which need to be simul-
taneously evaluated (Roesch 1993). Less emphasis has been 
dedicated to the precise assessment of these variables.

In Central Europe, populations of ungulates are overabun-
dant (Apollonio et al. 2010), which has detrimental effects 
on forest economy, biodiversity and ecosystem functioning. 
Stem damages, amounting to 9.1% of individual trees in 
Austria (BFW 2018), lead to subsequent infection with wood 
decaying fungi, which make the wood unusable for the saw-
timber industry causing high economic losses. Recently, the 
costs for bark stripping damage were estimated to be 53€/ha/
year and the reduction of the timber yield was estimated to 
be 19% (Ligot et al. 2023). Also, stand stability is negatively 

Communicated by Thomas Knoke.

 *	 Sonja Vospernik 
	 sonja.vospernik@boku.ac.at

1	 Department of Forest‑ and Soil Sciences, Institute of Forest 
Growth, University of Natural Resources and Life Sciences, 
Vienna (BOKU), Peter‑Jordan‑Str. 82, 1190 Vienna, Austria

2	 Forestry School Traunkirchen (Forstfachschule Des Bundes), 
Forstpark 1, 4801 Traunkirchen, Austria

http://crossmark.crossref.org/dialog/?doi=10.1007/s10342-024-01670-4&domain=pdf
http://orcid.org/0000-0003-1880-910X
http://orcid.org/0000-0002-4201-6444


	 European Journal of Forest Research

affected by infection of the single trees with fungi because of 
the loss of mechanical stability (Čermák et al. 2004).

The distribution of bark stripping damage is largely 
dependent on habitat selection by red deer, related to the 
availability of forage quality and water, disturbances due 
to human activities (Gill 1992) and shelter (Coppes et al. 
2017). Since red deer typically seek shelter in pole stands, 
damages are concentrated in younger stands, on trees with 
small breast height diameters and on species of which the 
bark can be easily removed (Norway spruce (Picea abies), 
European ash (Fraxinus excelsior), sweet chestnut (Castanea 
sativa) and Sorbus spp.) (Vospernik 2006). Bark stripping 
damage is spatially aggregated within stands (Gill 1992; 
Hahn and Vospernik 2022; Hahn et al. 2023), because suit-
able habitat is often restricted to patches and individual ani-
mals tend to aggregate (McGarvey et al. 2016). The habitat 
factors that are spatially aggregated may however vary from 
stand to stand and in addition to the above-mentioned fac-
tors may include areas visible from the counter slope, wind 
prone areas and areas in the vicinity of flight routes (Hahn 
and Vospernik 2022; Hahn et al. 2023).

The high economic losses due to bark stripping on the one 
hand and income from hunting on the other hand causes con-
flicts between forest managers and hunters: While hunters 
are often interested in large red deer populations, forest man-
agers favour smaller populations causing less damage. Also, 
hunters need to pay for the damage caused by wildlife (e.g. 
Austria, Germany); often such payments lack an objective 
basis (Ehrhart et al. 2022) and also an objective foundation 
for planning the number of hunted animals is lacking (Land 
Oberösterreich 2023; Simon and Petrak 1998).

An efficient procedure to assess bark stripping damages in 
large scale inventories and also at the stand level is therefore 
crucial.

Inventory design

When designing a forest inventory, selecting an appropriate 
sampling design, using an appropriate selection method for 
trees and defining the sample size for a given accuracy and 
using an appropriate estimation design are important (Ker-
shaw et al. 2016; Simon and Petrak 1998).

There are numerous basic forest inventory designs (e. g. 
simple random sampling, systematic sampling, stratified 
sampling, selective sampling, …) (Kershaw et al. 2016). 
While simple random sampling (SRS) is the fundamental 
selection method, systematic sampling (SS) has been more 
widely applied by national forest inventories and moni-
toring networks around the world. Systematic sampling 
(SS) is design-based and the corresponding estimators are 
design-unbiased when target variables are randomly dis-
tributed; it has a long history of serving as official report-
ing instruments at local, regional, ecosystem and national 

scales (Kangas and Maltamo 2006). Also, SS is convenient 
for logistics; specifically, it is often less costly to measure 
a collection of SS plots than to measure an equal number 
of plots selected at random (Heikkinen 2006).

A common selection method for trees in forest inven-
tories are fixed radius plots (FRP) or angle count samples 
(ACS) (Bitterlich 1952, 1984). While in fixed radius plots 
there is an equal selection probability for each tree, the 
selection probability in angle count sampling depends on 
the individual tree basal area. Thus, in angle count sam-
pling, the larger trees are preferentially selected, leading 
to more precise estimates of basal area and volume with 
the same measurement effort, but angle count sampling 
is known to estimate stem numbers very imprecisely 
(e.g. Henttonen and Kangas 2015). Fixed radius plots are 
therefore thought to be more precise for trees with smaller 
diameters and angle count samples for larger diameters 
(Schreuder et al. 1987).

Sampling intensity expresses the ratio of area included 
in the sample to the total area. The same sampling intensity 
can be achieved with different combinations of plot size and 
number of plots. If the sampling intensity of a given area is 
held constant, there is no appreciable effect of plot size on 
the standard error for randomly distributed variables of inter-
est (Kershaw et al. 2016). Considering only measurement 
time on the plot, smaller plots are however thought to be 
more efficient in the field because the decision which trees 
to include is easier and because it is easier to control trees 
near the borderline. Also, it is physically easier to move from 
tree to tree on a small plot (Kershaw et al. 2016). The prob-
ability not to detect trees increases with increasing plot size 
(Ritter et al. 2013), and non-detection bias may be excessive 
on very large plots. The chief draw-back of small plots is an 
increasing sampling variance as plot size declines and an 
increasing time required to travel between plots. While this 
may be a minor issue in stand-level inventories, travel times 
and costs are substantial on large scale inventories (Hent-
tonen & Kangas 2015).

When the variable of interest is not randomly distributed, 
smaller plots are recommended; for clustered variables, large 
but few inventory points are less precise with the same SI 
than many but small points (Kershaw et al. 2016). When 
near things are more related than distant things, sampling 
few but large plots in a single location becomes inefficient.

In Austria, angle count sampling with a basal area fac-
tor of 4m2ha−1 is common practice in both stand level and 
national forest inventories (BFW 2018). Given the distribu-
tion of bark stripping damage, this inventory method might 
not be optimal for assessing bark stripping damage. The aim 
of this paper is to analyse different sampling designs, tree 
selection methods and sampling intensities for the assess-
ment of bark stripping damage. In detail, we want to exam-
ine the following hypothesis:
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1.	 The clustered occurrence of bark stripping damage 
results in higher SE than would be expected for a ran-
domly distributed variable

2.	 Small plots are more efficient than larger plots with the 
same SI in inventories of bark stripping damage because 
of the clustered occurrence

3.	 ACS is less efficient for the assessment of bark stripping 
damage because of the higher inclusion probability for 
larger trees, which is inefficient for assessing bark strip-
ping damage mainly occurring on smaller trees

Material and methods

Study area

The study area is located in Austria (Lat = 47.2°, 
Long = 15.1°) at an elevation of 1009–1622 m (Fig. 1). The 
mean annual temperature is 6.6 °C and mean annual precipi-
tation is 817 mm. The predominant soil types are Cambisols 
on quartz, granite and feldspar. A full census was done in 9 
stands with a stand size of 0.29–1.75 ha from 2019–2020. 
Stands were mainly composed of Norway spruce (Picea 
abies (L.) Karst.) with minor admixtures of European larch 
(Larix decidua Mill.). For each tree, tree coordinates, tree 
species, diameter at breast height (DBH), height and bark 
stripping damage were assessed using a combination of ter-
restrial laser scanning and subsequent field assessment. In 
total, 9026 trees were measured; the number of trees dif-
fered between 502 and 1524 stems per ha between the stands 
with a quadratic mean diameter range of 21.5–33.7 cm and a 
damage rate of 12.4–60.9% of the stem number (total dam-
age rate: 29.9% of the stem number). Details on the assess-
ment can be found in Hahn and Vospernik (2022).

Simulation scenarios

To quantify the effect of the clustered occurrence of bark 
stripping damages on the sampling intensity required to 
obtain a predefined precision all simulations were done for 
two sets of data: (i) a data set where damages were randomly 
assigned (uniform random numbers) to the 9026 measured 
trees based on the observed damage percentage in the stand 
(ii) and a data set with the actual distribution of damages. 
For both data sets a comprehensive set of simulation sce-
narios was calculated.

Sampling designs simulated were (1) systematic sampling 
with grid spaces varying from 10 to 70 m and (2) random 
sampling with an equal number of sampling plots per stand 
(varying from 2 to 20). At each sample point, trees were 
selected using fixed radius plot (FRP) and angle count sam-
pling (ACS) with different sampling intensities. For FRP, 
plot radii varied from 2 to 10 m and for the ACS (Bitterlich 

1952, 1984) basal area factors varied from 1 to 6 m2/ha. To 
compare the sampling intensity of the two methods, the plot 
size of the angle count sample was calculated according to 
Matérn (1969) (Eq. 1). From the plot area, the corresponding 
plot radius was also calculated (Eq. 2).

With: F Plot area [m2].
π Circular constant (3.1415 …).
BAF Basal area factor [m2/ha].
DBH Diameter at breast height [m].
z Number of sample trees in the ACS.
rMatérn Plot radius [m].
As given in Eqs. 1 and 2, the plot area estimated for the 

ACS and the corresponding plot radius depend on the basal 
area factor (BAF), the number of sample trees in the ACS 
(z) and their DBH. For sample points with no trees, the plot 
radius of the ACS, rMatérn, is undefined because of the divi-
sion by z = 0. For these cases rMatérn was set to the average 
rMatérn from all other plots of the respective simulation sce-
nario. The average rMatérn varied from 5 to 15 m (Fig. S1 
supplementary material) for the basal area factors of 1–6 m2/
ha and the ACS scenarios simulated therefore corresponded 
well to the range of radii simulated for the fixed radius plot, 
which was 2–20 m. The variation of rMatérn within a scenario 
was however substantial (Fig. S1 supplementary material), 
and individual values of rMatérn ranged from 5 to 20 m.

For both methods (FRP, ACS) the boundary slopover bias 
was taken into account (Beers 1969; Schmid-Haas 1969). 
This bias occurs, when sample trees are located in proxim-
ity to the stand boundary so that part of their inclusion zone 
falls outside the area where the point is located. As correc-
tive action, the “mirage method” was used: Thereby, the 
part of the sample plot falling outside the stand is reflected 
towards the interior of the plot. This is done by establishing 
a “mirage point” that is located by reflecting the original 
sample point through the stand boundary. The trees selected 
from the mirage point, which are inside the stand the original 
sample point is located in, are tallied twice (Beers 1969; 
Schmid-Haas 1969). Fig. S2 in the supplementary material 
illustrates the “mirage method”.

Each scenario, was simulated 100 times with different 
random sample points or different random starting locations 
for the systematic grid. For each sample point and scenario, 
stand volume of all trees and stand volume of the damaged 
trees was calculated by the formulas given in the annex using 
the Austrian form factor equation (Pollanschütz 1985) and 
for the ACS the formulas given by Bitterlich (1952, 1984). 
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Fig. 1   Location of the nine 
stands in the forest company 
Wasserberg/Austria
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Figures 2 and 3 gives a graphical overview of the simulation 
scenarios.

Finally, the standard error (SE) of the damaged volume 
in percent of the total volume was selected as target vari-
able. For each scenario the sampling intensity (SI) was 

calculated. For fixed radius plots the sampling intensity 
was obtained by dividing the plot area by the total area; 
likewise the sampling intensity for angle count sampling 
was obtained by dividing the plot area according to Matérn 
(1969) by the total area.

Fig. 2   Sample design simulted: 
Top: Different grid spaces. 
Centre: Fixed number of ran-
domly located sample points. 
Bottom: Different fixed radius 
plots and angle count samples 
were simulated at each sample 
point. Location of random start 
points resp. each random sam-
ple points differ between each 
simulation run
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Only scenarios with a SI of less than 20% were analysed 
in detail and displayed in the graphics. Also, the mean num-
ber of sample trees per plot that would need to be assessed 
was evaluated for each scenario, as a proxy for the measure-
ment effort at the plot. All calculations were done using R 
statistical software.

Results

In general, systematic sampling is more precise than ran-
dom sampling (Figs. 4, 5). Assuming inferential uncertainty 
should not exceed 20% as proposed by Sessa and Dolman 
(2008) then standard errors should not exceed 10%. Tar-
get standard errors of 10% can be achieved with systematic 
sampling and smaller plot sizes, but can’t be achieved with 
random sampling (Figs. 4, 5).

To quantify the effect of the clustered occurrence on 
the precision of bark stripping damage assessment, the 

Fig. 3   Schematic diagram of the 
simulation scenarios
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simulations were also done for randomly distributed dam-
ages. For scenarios with randomly distributed bark stripping 
damages, the SE of the damaged tree volume is always lower 
than for the real clustered damage distribution (Figs. 4, 5). 
Also, the difference between different methods resulting in 
the same SI is less for randomly distributed damages than for 
the real clustered damage distribution in all cases.

Generally, the SE decreases with sampling intensity (SI) 
(Figs. 4, 5). When selecting sampling units systematically 
(Fig. 4), the low SI’s (< 3%) have high SE’s of more than 
30% for the FRP and of more than 25% for the ACS. For 
high SI’s (> 10%), the gain in precision with increasing SI 
becomes very small. As stated above, the target precision 
of less than 10% SE can only be reached by simulation sce-
narios with small plot sizes (FRP with 2 and 4 m radius; 
ACS with BAF 5 and 6 m2/ha), which implies that a large 
number of plots, is necessary to achieve the predefined sam-
pling intensity.

For random sampling (Fig. 5), the difference between 
the methods (FRP, ACS) for the same SI is less pronounced 
than for the systematic sampling. The target precision of 
less than 10% SE can’t be reached for any scenario. In 
random sampling, there is a more pronounced difference 
between the real (clumped) damage distribution and the 
random distribution.

The mean number of sample trees to be included at each 
plot obviously depends on the plot size (Fig. 6); smaller plot 
sizes have a smaller number of sample trees than large plot 
sizes. A fixed radius plot with a radius of 2 m includes less 
than 5 trees/plot, a plot with a radius of 10 m includes approxi-
mately 30 trees/plot in the stands investigated. For ACS, the 
average number of trees included, varies from approximately 
45 trees/plot (BAF = 1 m2/ha) to 10 trees per plot (BAF = 6 m2/
ha). The mean values of trees included are independent of the 
sampling design, but the standard error (SE) is higher for ran-
dom sampling: The standard error ranges from approximately 
1 tree/plot (radius = 2 m) to 3 trees/plot (radius = 10 m) for 
FRP and from approximately 3 trees/plot (BAF = 1 m2/ha) to 

Fig. 4   Standard error [%] of the different inventory designs for sys-
tematic sample points depending on the sampling intensity [%] (top 
left: fixed radius plot for true damage values; top right: fixed radius 

plot for random distributed damages; bottom left: angle count sam-
ple for true damage values; bottom right: angle count sample for ran-
domly distributed damages)
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1 tree/plot (BAF = 6 m2/ha) for ACS with systematic sampling; 
in random sampling, the range varies from approximately 1–5 
trees/plot for the given radii (FRP) and from 1 and 7 trees/
plot for the given BAF (ACS) and is thus twice as high as for 
systematic sampling.

Discussion

Systematic sampling vs. random sampling 
and clustered occurrence

Simulation of samples, such as carried out here, is an 
excellent way to explore sample design. Our results show 
that inventories with randomly distributed sample points 
have a higher standard error of bark stripping damage than 
inventories with a systematic sampling design. This effect 
can be explained by the location of the points: If they are 
randomly located, some plots may lie close together and 
plots may have a clumped distribution, which represents 

only a part of the stand. In systematic sampling, plots are 
spread out over the entire population, leading to higher 
precision of bark stripping damage estimates (McGarvey 
et al. 2016; Kershaw et al. 2016). The advantage of the 
systematic design increases with increasing clustering 
(autocorrelation) (McGarvey et al. 2016). In our study, 
especially for low sampling intensities with very small plot 
sizes, there is a clear advantage of systematic sampling in 
terms of precision.

Another advantage of systematic sampling is the ease 
of planning travel time between the plots since the travel 
distance between successive samples is constant, and travel 
time is usually less than for random sampling (Kershaw et al. 
2016). Also, since fixed directional bearings are followed, 
locating plots is easier (Kershaw et al. 2016). With modern 
GPS technology this issue might, however, nowadays be a 
lesser disadvantage than in the past.

If the total population of sampling units in a forest were 
randomly distributed, exhibiting no pattern of variation, ran-
dom sampling and systematic sampling would be equivalent 

Fig. 5   Standard error [%] of the different inventory methods for ran-
dom sampling depending on the sampling intensity [%] (top left: 
fixed radius plot for true damage values; top right: fixed radius plot 

for random damages; bottom left: angle count sample for true damage 
values; bottom right: angle count sample for random damages)
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(Kershaw et al. 2016). For basal area and volume, the sam-
pling error of systematic and random sampling is often simi-
lar, and the errors obtained from systematic sampling are 
only slightly smaller (Kershaw et al. 2016). The clear differ-
ences between random and systematic sampling observed in 
our study, however, confirm that bark stripping damage is a 
highly clustered variable (Hahn and Vospernik 2022; Hahn 
et al. 2023). Taking the real spatial damage distribution into 
account is therefore key, when designing an inventory for 
bark stripping damage; the assumption of a random distribu-
tion of this target variable would lead to too optimistic and 
erroneous results.

In a forest, components are rarely, if ever, completely 
arranged independent of each other. The larger the for-
est area inventoried, the greater the variation that can be 
expected and the more clustered a variable is, the more 
likely a systematic sample will give a better estimate of the 
mean than a random sample. Another important issue when 
designing an inventory for a clustered variable may be avoid-
ing that sampling units coincide with the periodic pattern 
(Kershaw et al. 2016).

Many other studies of systematic sampling in compari-
son to random sampling confirm substantial differences 
between random and systematic sampling. For instance, 
Tokola and Shrestha (1999) assessed different inventory 

designs—line-sampling with 1, 2 and 3 plots/cluster, tri-
angle-sampling (3 plots/cluster), L-shaped (5 plots/cluster) 
and square-sampling (4 and 8 points/cluster)—by simulating 
the spatial variation of volume. In all cases, the systematic 
arrangement of the clusters was more precise than random 
sampling. Precision obtained was for instance: point-sam-
pling: 7.8 versus 8.8 m3/ha, line-cluster sampling (4 points/
cluster) 8.3 versus 11.7 m3/ha and square-cluster sampling 
(8 points/cluster) 10.5 versus 16.0 m3/ha. McGarvey et al. 
(2016) analysed the precision of systematic vs. random sam-
pling for six different spatial arrangements of trees (com-
plete spatial randomness, complete spatial randomness in 
two patches of equal density, complete spatial randomness in 
two patches of differing densities, Mátern clustered, Mátern 
clustered in two patches of equal density, Mátern clustered 
in two patches of differing density). Their results showed 
that (1) only random sampling is design unbiased while sys-
tematic sampling always had a bias and (2) that the system-
atic survey is much more precise than the random sampling 
(18–36%). Similarly, Perret et al. (2022) found that for spa-
tially aggregated plant species systematic sampling (SYS) 
(up to 80%) and spatially balanced sampling (SBS) (up to 
60%) were always more precise than simple random sam-
pling. In their study, the highest precision for the estimation 
of population size was given for an average distance between 

Fig. 6   Mean number and mean standard error of sample trees per 
fixed radius plot resp. angle count sample from 100 simulations. Top-
left: Mean number of sample trees (FRP–systematic sampling vs. 
random sampling); top-centre: Standard error (FRP–systematic sam-

pling); top-right: Standard error (FRP–random sampling); bottom-
left: Mean number of sample trees (ACS–systematic sampling vs. 
random sampling); bottom-centre: Standard error (ACS–systematic 
sampling); bottom-right: Standard error (ACS–random sampling)
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the sampling units that was equal to the cluster diameters. 
Further inventory efficiency improvements for bark strip-
ping might be attained by incorporating tree and stand 
information and by using stratified sampling. While gains 
in precision by stratification at the stand level are likely to be 
minor, at the inventory scale precision could be increased by 
increasing sample density in high-risk stands and decrease 
it in low-risk areas. Bark stripping is correlated with many 
variables commonly assessed by forest inventories including 
mean tree diameter (or age and height as proxies), stand den-
sity or elevation (see for example Vospernik (2006)). Some 
of these variables such as mean heights or elevation can also 
be easily obtained from auxiliary digital elevation models 
and digital surface models allowing an efficient stratifica-
tion without previous inventories. The goodness of fit of 
bark stripping models is often very good (e.g. Vospernik 
2006) so that model based inference could be a promising 
alternative. While these prospective gains in precision for 
bark stripping inventories still need to be explored, this study 
allows to quantify the gain in precision through selecting 
systematic sampling with an appropriate plot size and tree 
selection method.

Sampling intensity and plot size

Inventories for bark stripping damage are more precise, if the 
plot size is quite small and the number of plots in the stand 
is correspondingly higher. There are, however, restrictions 
which have to be considered: If the plot size is small, there 
are numerous plots with no trees included and the variation 
of individual plots becomes high. In general, larger plots 
have a lower standard error, but if viewed as a function of 
the sampling intensity, the relationship is reversed, and the 
larger plots have the higher standard error for a given sam-
pling intensity. E.g. Becker and Nichols (2011) simulated 
different inventory frameworks (ACS with different BAF and 
FRP with different radii) to assess stem number, basal area, 
volume and biomass. In their results, the confidence interval 
decreased with increasing radius resp. decreasing BAF, but 
they did not compare results for the same SI.

In theory, for the same sampling intensity there should 
be no difference, at least for a randomly distributed vari-
able (Kershaw et al. 2016). The clustered pattern, however, 
makes small and many plots more precise in our study. When 
designing a forest inventory, the most efficient design is a 
design with the desired precision at the lowest cost (Hent-
tonen and Kangas 2015; Kershaw et al. 2016). Inventory 
costs are composed of costs for travelling between plots and 
costs for the measurements to be taken at the plots. In gen-
eral, travel costs increase with the distance between plots 
and costs for plot measurement increase with plot size on a 
per unit basis. Also, the more units need to be measured the 
higher the costs. So, in general there will be a trade-off and 

the optimal design will depend on the type of inventory. If 
a constant measurement time per tree is assumed, costs on a 
per unit basis and number of trees per plot will result in the 
same total measurement time for a given sampling intensity. 
Using a grid space of 20 m and a plot radius of 4 m results in 
a sampling intensity of 12.6% and 232 plots to be measured 
in our stands. Assuming a measurement time of 5 min per 
tree, the measurement time per plot with an average of 5.14 
trees per plot is 25.7 min per plot, resulting in 5970 h for 
measuring all plots without travel time. Using a grid space 
of 30 and 6 m radius plots results in the same sampling 
intensity of 12.6% and 103 plots to be measured. 58 h per 
plot would be required, in total also 5970 h for measuring 
all plots. Thus, the optimal design will highly depend on the 
travel time and distances between plots. At the stand scale, 
measuring many small plots is likely to be efficient, since 
travel time between plots is minor, whereas in large-scale 
inventories larger plots might be more efficient, because of 
travel costs. Assuming a travel time of 5 min between plots 
for stand- level inventories would result in a travel time of 
1160 h for the 232 plots of the 20 m grid, and a travel time 
of 515 h for the 6 m grid in the above example. Assum-
ing a travel time of 20 min between plots for stand level 
inventories would result in a travel time of 4640 and 2060 h 
respectively. An excellent analysis of this trade off can be 
found in Henttonen and Kangas (2015): Taking all costs 
into account they recommend plot sizes of 6–7 m radius 
for volume assessment and a maximum plot radius of 7 m 
(for all BAFs) also for ACS. 20–25 plots per sampling unit 
and a maximum sampling intensity of 5% are recommended 
by Kramer and Akḉa (2008) for stand volume assessment. 
Becker and Nichols (2011) suggest plot sizes varying from 
405 to 808 m2 for fixed radius plots; or BAF 1.15–6.89 m2/
ha. Note that the decimal numbers result from a conversion 
from imperial units.

Kershaw et al. (2016) also suggest medium-size plots for 
forest inventories. They argue, that small plots are costly, 
because of travel time, while large plots might be inefficient 
because of high measurement costs due to intensive field 
work at the plot; Large plots are also prone to bias, because 
of unobserved trees (Piqué, et al. 2010; Ritter, et al. 2013; 
Kershaw et al. 2016). Plots including more than 20 trees 
should therefore be avoided (Kershaw et al. 2016).

The non-detection bias is most pronounced in ACS, where 
the border line distance depends on the chosen BAF and the 
DBH for each tree (Bitterlich 1948,  1984), so that the plot 
size is potentially infinite. As a remedy truncated angle count 
sampling was suggested. The basic idea of trunked ACS is 
to limit the plot size of the angle count samples by introduc-
ing a maximum plot radius (Berger et al. 2020; Hauk et al. 
2020). The benefit of this is the reduced field work and the 
reduction of the non-detection bias (Tomppo and Toumainen 
2010). In NFI’s, they were often incorporated to improve the 
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precision of large area forest attribute estimators (Næsset 
et al. 2013). The combination of trunked ACS with ALS was 
also carried out in several studies (e.g. Hollaus et al. 2007, 
2009; Maltamo et al. 2007; Scrinzi et al. 2015). In our study, 
the influence of non-detection-bias was not simulated, but 
might be substantial for the larger plots.

Fountain et al. (1983) advocate large plots (BAF 1, 2, 
2.5 and 3 m2/ha at 40 points/16.14 ha and 1 m2/ha at 20 
points/16.14 ha). This is opposite to our results, but can be 
explained with the structure of the analysed forest: Their 
assessments were done in a 16.14 ha area in Arkansas con-
sisting of a natural hardwood-pine forest. The structure of 
the forest was a typical “reverse J-shaped curve” with a com-
paratively low basal area density (377.86 m2/16.14 ha = 23.4 
m2/ha; assessed by full-census). In these stands, the within 
stand variability is very high, with little between stand vari-
ability. In such circumstances, larger plots are advantageous. 
The pole stands examined in this study exhibit little local 
variation, but high variation between plots resulting in a bet-
ter precision of small plots, so that small plots were found to 
be more efficient for a given sampling intensity.

Selection of sample trees (FRP vs. ACS)

Sampling trees with a variable selection probability (ACS) 
and an equal selection probability (FRP) only had a minor 
effect on the precision of our target variable for a given sam-
pling intensity. In general, a variable selection probability 
selecting trees proportional to their basal area (ACS) would 
be more efficient, if the variable of interest is preferentially 
found on larger trees, and less efficient if the target vari-
able is rather found on smaller trees (Schreuder et al. 1987). 
Henttonen and Kangas (2015) confirmed that FRP are 
more precise for the assessment of stem numbers and that 
relascope measurements are more precise for stand volume 
and basal area assessment; they conclude that installing con-
centric plots is a good compromise. FRP plots are expected 
to be advantageous for the assessment of bark stripping dam-
age, since bark stripping damage is concentrated on small 
trees (Gheysen, et al. 2011). The simulated differences in 
our study between the two selection methods were, however, 
minor. Differences between the two methods (FRP, ACS) 
might be larger if a larger range of stands were considered. 
A small or no effect of the sampling method to select trees is 
also confirmed in other studies for different target variables 
(Piqué et al. 2010; Becker and Nichols 2011).

Inventory frameworks assessing bark stripping 
damage

For detailed planning of forest and hunting manage-
ment, inventories at the stand-level are often prescribed 
by law (Milner et  al. 2006). Different methods such as 

line-transect-sampling, 3-segment-sampling, cluster-sam-
pling to assess bark stripping damage were analysed with 
respect to workload and set-up times (Simon and Petrak 
1998). The precision of the assessment was however not 
reported in this study, nor did the authors consider the 
clustered occurrences of bark stripping damages in their 
recommendations.

Damage assessment is usually also part or large-scale for-
est inventories. These inventories focus on stand volume, 
basal area and stem number and information about dam-
ages is only additional (Roesch 1993). The precision of the 
information of bark stripping damage might however not 
be sufficient, because of the clustered occurrence of bark 
peeling damages (Hahn and Vospernik 2022; Hahn et al. 
2023). In particular, in some cases the target variable might 
be new bark stripping damage, which is even more difficult 
to assess because of its rare occurrence. In general, it is not 
possible to downscale forest inventory results to the level of 
forest stands, which is often the spatial unit for compensa-
tion payments.

Conclusions–practical considerations

Assessing variables with a clumped occurrence with suffi-
cient accuracy is a difficult task. If the target variable is clus-
tered, there is a very clear advantage of systematic sampling 
and small plot sizes are more precise for a given sampling 
intensity. The result obtained for bark stripping damage are 
valid for any variable showing a clustered distribution and 
inventory design for bark stripping damages are also trans-
ferable to other types of damages or other variables which 
are spatially clustered. An example could be rockfall damage 
or harvesting damage, where the occurrence depends on the 
terrain or skid-trails.

When designing an efficient assessment method, recom-
mendations will differ between the stand level and large-
scale forest inventories. At the stand level, a systematic 
inventory with FRP plots could be used. Fixed radius plots 
are more precise than ACS, and the systematic inventory has 
the advantage that less preparation is necessary, since only 
stand boundaries, a random starting point for the grid and 
a grid space are needed. Also, simple measurement devices 
can be used and no expensive equipment is necessary. If 
a 10% standard error of bark stripping volume is desired, 
approximately 230 sample points (in our stands this cor-
responds to a sampling intensity of 12%) and FRP with a 
radius of 4 m could be used. For our assessment area, this 
would result in a grid space of 20 m and 25 sample points 
per ha. Alternatively, if a plot radius of 6 m were used, the 
SI should be 18% to obtain the desired precision. This is 
feasible with a grid space of 25 m and 16 sample points per 
ha in total 150 sample points. If for the same plot size, a 
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larger grid space and less sample points (30 m; 11.1 sample 
plots per ha; approximately 100 plots in total; SI of 12.57%) 
were used, the resulting standard error would be 15%, which 
in our opinion is still acceptable. The more important point 
is to assess bark stripping objectively and in an unbiased 
manner.

Bark stripping assessments are often done in the course of 
forest inventories at the large-scale level. In Austria, almost 
all forest inventories use ACS with a BAF 4 m2/ha. While 
measuring bark stripping damages with ACS is in principle 
possible, a high SI (approximately 17 to 18%) and large BAF 
of 5 or 6 m2/ha would be necessary to obtain the desired 
precision. This is problematic because the standard meas-
urement device, the relascope, only has the BAFs 1, 2 and 4 
m2/ha. Also, large BAFs result in a high number of sample 
points to be measured, which is too costly for the total inven-
tory. A possible way to improve the bark stripping assess-
ment during forest inventories is to preselect stands with a 
high damage vulnerability (e. g. age classes, tree species, 
elevation, supplementary feedings in the proximity, …) and 
to carry out an additional bark stripping inventory in these 
stands. Here, the same considerations as for the stand level 
inventory apply.

Based on the above considerations, we recommend the 
following procedure:

•	 Systematic sampling with a grid space between 20 and 
25 m.

•	 Fixed radius plots with a radius of 4 or 6 m.
•	 For implementing in large-scale inventories: Preselection 

of vulnerable stands and inserting of additional sample 
points (measure using FRP)

Appendix: Formulas

FRP: BF =
10000

�∗r2

ACS:Vtotal =
∑z

i=1

�

BAF ∗ Hi ∗ fi
�

With:Vtotal Total volume of all trees per ha.
Vdamaged Volume of all damaged trees per ha

Vtotal =

z
∑

i=1

[

BF ∗

DBH2

i
∗ �

4
∗ Hi ∗ fi

]

Vdamaged =

z
∑

i=1

[

BF ∗

DBH2

i
∗ �

4
∗ Hi ∗ fi ∗ Di

]

Vdamaged =

z
∑

i=1

[

BAF ∗ Hi ∗ fi ∗ Di

]

BF Blow-up-factor; is equivalent to representative stem 
number per ha

BAF Basal area factor [m2/ha] (differs between the simu-
lation scenarios)

z Number of sample trees included in FRP or ACS, 
respectively

π Circular constant
r Radius of the FRP [m] (differs between the simulation 

scenarios)
DBHi Diameter at breast height (1.3 m) of the ith sample 

tree [m]
Hi Height of the ith sample tree [m]
fi Form factor according to Pollanschütz (1985); 

fi = f(species; DBHi; Hi)
Di Damage indicator. Di = 1 for damaged trees and Di = 0 

for undamaged trees

With: SDStandard deviation [Vfm/ha]
SE Standard error [Vfm/ha]
n Number of sample units (FRP or ACS) in the simulation 

scenario
vi Volume of damaged trees in the ith sample unit [Vfm/ha]
vMean volume of the damaged trees in a scenario [Vfm/ha].
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