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Deadwood is an important component of many ecosystems and plays a major role for biodiversity, soil pro-
tection and carbon sequestration. Despite its high ecological value, deadwood is not included in the main
focus of traditional forest inventories. The sampling designs of these inventories are therefore not optimal for
deadwood sampling. However, in recent years, interest in non-timber aspects of forest structure and demand
for multipurpose forest inventories has increased. Drawing on the example of a German state forest district
inventory, we suggest an efficient integration of point transect and line intersect sampling of deadwood into
an existing forest inventory, carried out as two-phase sampling for stratification. Compared with fixed area
sampling, efficiency is tremendously increased using point transect sampling for standing deadwood and line
intersect sampling for coarse woody debris.

Introduction
According to the Food and Agriculture Organization of the United
Nations’ (FAO, 2006, p. 172) definition, the term deadwood refers
to ‘all non-living woody biomass not contained in the litter, either
standing, lying on the ground or in the soil’. However, in this
paper we use the termdeadwood as a synonym for above ground
deadwood. We differentiate between standing deadwood (SDW)
(complete or broken snags) and coarse woody debris (CWD) (logs
lying on the ground).
Deadwood is an important component of many ecosys-

tems and forms major structural features with many cru-
cial ecological functions (Harmon et al., 1986). The amount of
deadwood is often considered an important indicator for the
biodiversity of forest ecosystems (Larsson, 2001; Schuck et al.,
2004). In Central Europe ∼20–50 per cent of all forest-
dwelling species depend on different types of deadwood
(Schaber-Schoor, 2008). A sufficient amount of deadwood is con-
sidered crucial for soil protection (Kappes et al., 2007) and car-
bon sequestration (Huston and Marland, 2003; Kopra and Fyles,
2005; Harmon et al., 2011).
The emphasis of traditional forest inventories is on timber pro-

duction (Lund, 1998). Despite its high ecological value, deadwood
is therefore not included in the main focus of traditional for-
est inventories. However, with increasing interest in non-timber
aspects of forest structure the demand for assessing these
aspects has increased (Kenning et al., 2005).
A well known and very efficient sampling design for for-

est inventories is two-phase sampling for stratification (2SS)

(Cochran, 1977; de Vries, 1986; Gregoire and Valentine, 2008;
Mandallaz, 2008). It is widely used, for example, in the national
forest inventories of Canada (Gillis et al., 2010) and Switzerland
(Lanz et al., 2010) and in different regional scale forest invento-
ries, for example, in Italy (Gasparini et al., 2010), Southern Ger-
many (Nothdurft et al., 2009) and the Interior West of the USA
(Chojnacky, 1998).
In this work we use the state forest district inventory of the

German state Lower Saxony (Betriebsinventur, BI) as an example.
Since 1999, the BI has been carried out as 2SS (Böckmann et al.,
1998; Dahm and Saborowski, 1998; Saborowski et al., 2010).
In the first phase of the 2SS procedure all sampling units

are stratified according to specific rules with the help of qual-
itative variables. Usually, this is based on aerial images as a
source of auxiliary variables. In the second phase, within-strata
sub-samples of the first-phase units are measured, usually by
terrestrial sampling. The idea behind this stratification is to find
qualitative variables for stratification which are closely related to
the target variable, so that the variance of the target variable
within a single stratum is small, and the corresponding variance
between the strata is large.
Fixed area sampling is still the most common method for

terrestrial deadwood inventories (Woodall et al., 2009a,b). How-
ever, as the occurrence of deadwood may be regarded a
rare event, with a high local variability and strong clumping
(Raphael and Morrison, 1987; Meyer, 1999) it may be ineffi-
cient and cost intensive. Alternative sampling techniques exist,
for example, line intersect sampling (Warren and Olsen, 1964;
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van Wagner, 1968) or point transect sampling (Buckland et al.,
2001; Thomas et al., 2012). The latter one has recently been
adapted for deadwood sampling (Ritter and Saborowski, 2012).
A forest inventory is considered efficient if the costs for achiev-

ing a predefined sampling error of the target variable areminimal
or if the sampling error of the target variable is minimal for prede-
fined costs. If the forest inventory is carried out as 2SS, efficiency
is achievable by (1) an optimal stratification, (2) an optimal alloca-
tion of phase-twopoints to the strata and (3) an optimal sampling
technique for the terrestrial measurements.
In contrast to traditional forest inventories, which focus on

timber production and therefore often use the volume of the
growing stock per hectare as the target variable, multipurpose
forest inventories have to fulfil several demands (Lund, 1998).
Therefore, in these inventories, a large number of different target
variables are usually considered. Obviously, a certain combina-
tion of stratification, sample size allocation and sampling scheme
for the terrestrial measurements will not be optimal for all target
variables.
It is impractical to use different stratifications and/or sam-

ple size allocations to the strata for the different target variables
in a single inventory. Instead, a compromise between different
optimal solutions has to be found. When integrating new target
variables into an existing forest inventory, the existing stratifica-
tion and sample size allocation will usually not be changed, so
that estimates of the new target variables may therefore suffer
from non-optimal stratification and sample size allocation.
Currently, only a very rough estimate of the deadwood vol-

ume is obtained by the BI of Lower Saxony. Only SDW with a
diameter at 1.3m height (DBH) of at least 30 cm, and CWD with
a length of at least 1.3m and a diameter at the larger end of
the piece of at least 30 cm is sampled. All sampled objects are
assigned to three length-classes (1.3–10.0m ; >10.0m; whole
tree). If two objects obviously belong to the same tree (e.g. stand-
ing stump and broken crown), they are treated as a single object.
The assignment to the position classes (SDWor CWD) depends on
the apparently larger volume fraction (NFP, 2001), so that there
is no reliable information about the true volume fractions of SDW
and CWD. Furthermore, there likely is a systematic error in volume
estimation, because the actual object-lengths are certainly not
homogenously distributedwithin the length-classes (Meyer et al.,
2009).
Integrating a deadwood inventory into a conventional forest

inventory, optimized for obtaining precise estimates of the grow-
ing stock is challenging. Drawing on the example of the BI, we will
show the potential for achieving a predefined accuracy at mini-
mal costs by selecting appropriate sampling techniques andusing
reduced sample sizes.

Data and methods
Two-phase sampling for stratification – forest district
inventory (BI)

Since 1999, the forest district inventory (Betriebsinventur, BI) of
Lower Saxony has been carried out in a cycle of 10 years as two-
phase sampling for stratification (Böckmann et al., 1998). In the
first phase, a 100×100m grid is selected and aerial images of
every grid point are interpreted. Every gridpoint is assigned to one

Table 1 The eight strata of the forest district inventory of Lower Saxony
depending on dominating species group and age class

Age classes
Dominating species
group 0a–40a 41a–80a 81a–120a >120a

Deciduous dec1 dec2 dec3 dec4
Coniferous con1 con2 con3 con4

Table 2 Sample size allocation for the eight strata in the forest sub-dis-
tricts Reinhausen and Sattenhausen for the Lower Saxony state forest
inventory (BI) and the two pilot sampling campaigns (summer and
winter)

Phase II

Stratum Phase I BI Summer Winter

dec1 289 61 28 28
dec2 549 72 35 38
dec3 353 64 29 27
dec4 502 126 28 27
con1 173 62 27 26
con2 229 120 35 33
con3 117 59 27 26
con4 72 36 26 26

Total 2284 600 235 228

of eight strata, according to its dominating species group and age
class (Table 1). The idea behind this stratification is that dominant
species groups and age classes are closely related to the volume
of the growing stock, and that the eight strata can easily be distin-
guished by interpretation of colour-infrared aerial images at low
costs (Saborowski et al., 2010).
In the second phase, in every stratum, a certain proportion

of phase-one points is systematically selected for the terrestrial
inventory. The total number of these phase-two points and their
allocation to different strata is optimized for obtaining species
specific estimates of growing stock with an estimated standard
error (SE) varying between 30 per cent for trees with a DBH
of <25 cm and 5 per cent for trees with a DBH of 50 cm and
more (Dahm and Saborowski, 1998). Therefore, the proportion
of phase-two points tends to be higher in the strata represent-
ing older age classes than in strata representing younger age
classes (Table 2). During the terrestrial inventory, two concen-
tric, circular sample plots (6 and 13m radius on the surface)
are permanently marked at every sample point. In the inner cir-
cle, all trees with a DBH of at least 7 cm are measured. In the
outer circle, all trees with a DBH of at least 30 cm are measured
(NFP, 2001).
According to Cochran (1977, p. 328), the mean volume within

the hth stratum, Ȳh, may be estimated by the sample mean of all
nh phase-two points within that stratum.

ˆ̄Yh = 1
nh

nh∑
i=1

yhi (1)
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The estimated mean volume over all strata is then given by

ˆ̄Y =
L∑

h=1

n′
h
n′

1
nh

nh∑
i=1

yhi =
L∑

h=1

n′
h
n′

ˆ̄Yh (2)

(Cochran, 1977, p. 328), where L is the number of strata, n′ is the
total number of phase-one points and n′

h is the number of phase-
one points within stratum h.
The variance of the estimated mean within a stratum is esti-

mated by

v̂ar( ˆ̄Yh) = s2h
nh

= 1
nh(nh − 1)

nh∑
i=1

(yhi − ˆ̄Yh)2 (3)

(Cochran, 1977, pp. 24–26) and the variance of the estimated
overall mean, according to the infinite population approach
(Saborowski et al., 2010), by:

v̂ar( ˆ̄Y) = 1
n′ − 1

⎛⎝ L∑
h=1

n′
h − 1
n′ n′

hv̂ar(
ˆ̄Yh) +

L∑
h=1

n′
h
n′ (

ˆ̄Yh − ˆ̄Y)2
⎞⎠ (4)

Terrestrial measurements

We used the same dataset as described in Ritter and Saborowski
(2012) in more detail. The sampling sites (2416ha in total) cover
the Forest Sub-Districts Reinhausen and Sattenhausen of the
Lower Saxony state forest district Reinhausen (51◦30′N, 10◦00′E).
Terrestrial sampling was carried out in 2009 and 2010. During the
vegetative period (summer campaign) deadwood was sampled
on 235 randomly selected plots from the phase-two plots of the
BI using different sampling techniques. Two hundred and twenty-
eight of these plots were resampled in a defoliated state (winter
campaign) to judge the effect of foliage conditions and snow cov-
erage on the estimates. The difference between the sample sizes
of the two campaigns resulted from problems in recovering the
sample plot marks (four plots) and inaccessibility of areas after
windbreak by the storm ‘Xynthia’ (three plots). We differentiated
between SDWand CWD.We considered every snag or stumpwith
a diameter in 1.3m height (DBH) of 7 cm or more to be SDW. We
considered every piece of deadwood lying on the ground, with a
length of 1.3m ormore and a diameter at the larger end of 15 cm
or more to be CWD. During the summer campaign, we sampled
CWD with a diameter at the larger end of the piece of at least
7 cm.

Fixed area sampling
Fixed area sampling is by far the most commonmethod for sam-
pling SDW and CWD alike (Woodall et al., 2009a). Therefore, we
used it as a referencemethod. It was carried out in a design of cir-
cular sample plots with 13m radius on the surface, where all SDW
and CWD were measured. For judging, whether a piece of CWD
was selected or not, the stand-upmethod (Gove and van Deusen,
2011) was used. A log was selected in the case that the centre of
its larger end lies within the plot. The mean volume per area unit

within the hth stratum (Ȳh) was estimated as

ˆ̄Yh = 1
nh

nh∑
i=1

yhi =
1
nh

nh∑
i=1

∑mhi
j=1 Vhij
ahi

(5)

(de Vries, 1986, p. 216) wheremhi is the number of objects within
the ith sample plot of stratum h, Vhij is the volume of the jth object
within the ith sample plot of stratum h, and ahi is the horizontal
area of the ith sample plot of stratum h. The variance of ˆ̄Y was
estimated according to equation (4).

Line intersect sampling
We used line intersect sampling (Warren and Olsen, 1964;
van Wagner, 1968) for sampling CWD as it is one of the most
commonmethods (Woodall et al., 2009a,b) and (under the given
sampling conditions) is superior to fixed area sampling, achiev-
ing higher precision at given costs, or lower costs for a required
precision (Ritter and Saborowski, 2012).
The sampling design was largely oriented along the lines of

the third Swiss National Forest Inventory (Böhl and Brändli, 2007).
Beginning at the centre of a plot, three transects, each one with
a length of 15m on the surface, were laid out in a star-shaped
pattern (azimuth 0, 130, 270gon). The inclination angle of each
transect was measured for slope correction and the total hori-
zontal transect length per plot Lhi was calculated as the sum of
the horizontal (slope corrected) lengths of the three transects. At
the intersection point of every object hijwith one of the transects
at plot hi, two diameters dhij1 and dhij2 were obtained by cross-
callipering. Furthermore the inclination angle of that object αhij
wasmeasured for inclination correction. The volume per area unit
per stratum (Ȳh) was estimated by

ˆ̄Yh = 1
nh

nh∑
i=1

yhi =
1
nh

nh∑
i=1

π2

8Lhi
·
mhi∑
j=1

⎡⎣(dhij1 + dhij2
2

)2
· 1
cos(αhij)

⎤⎦
(6)

(Böhl and Brändli, 2007) the corresponding variance var( ˆ̄Yh) by
equation (3) with yhi as defined in equation (6).

Point transect sampling
For readers not familiar with the basic concept of point tran-
sect sampling, or distance sampling in general, we provide a
short introduction in the Appendix. Point transect sampling was
recently applied to deadwood sampling for the first time. Under
the given conditions, it proved to be superior to fixed area sam-
pling, achieving higher precision at given costs or lower costs for
a required precision (Ritter and Saborowski, 2012). We therefore
used the point transect sampling method for the estimation of
the volume of SDW.
Bear in mind that in order to keep in line with the other

methods, we used a slightly different notation than that of
Buckland et al. (2001): n instead of k for the number of sample
points, m instead of n for the number of observed objects, f ′
instead of h for the derivative of the probability density function
f , and Y instead of D for the density (i.e. volume per area unit).
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Figure 1 Detection functions g(r) of SDW for the different strata and sampling campaigns.

In the first step, the object density Ds was estimated
from the number of objects m, the number of point tran-
sects n and the probability P̂a = (2/ω2)

∫ ω
0 rĝ(r)dr that a ran-

domly chosen object could be detected within a circle of
radius ω and area a Buckland et al. (2001, p. 55). Based on
the minimum Akaike Information Criterion (AIC), the so called
half-normal detection function g(r) = e−r2·0.5σ−2

h (Buckland et al.,
2001, p. 47) was chosen as the best model and fitted to
the frequency distribution of encountered objects at different
distances r.
Based on the minimum AIC, a model including the strata as a

covariate was selected over a null model without covariates. The
twomodels proved to be significantly different (P < 0.05) using a
log-likelihood ratio test (Buckland et al., 2001, pp. 70–71).
The strata were incorporated into the model as coefficients αh

in the estimator of the scale parameter σ̂h = α̂0 eα̂h .
Generally, the variation of the covariates, and therefore of the

detection probability, was higher in summer than in winter. It
was also higher among deciduous strata than among coniferous
strata (Figure 1).
As we were more interested in the volume per hectare Y than

in the number of objects per hectare Ds, we regarded every object
(snag or stump) as a cluster of ‘volume units’. The mean vol-
ume of a cluster E(s) may be estimated by the sample mean
of all detected clusters. However, the detection probability of
large clusters may be higher than that of small clusters, so that
the mean size of detected clusters may be systematically higher

than the mean size of all clusters. To avoid estimation bias,
we therefore modelled the expected size of detected clusters
Ed(s) as a function of the distance-dependent detection prob-
ability (Buckland et al., 2001, p. 122). Because the cluster size
was highly variable, we used a log-transformation zi = loge(si)
(Buckland et al., 2001, pp. 73–75), so that the expected (trans-
formed) size of detected clusters was estimated by Êd(z|r) = a+
b · ĝ(r). E(z) could then be estimated as

Êd(z|r = 0) = a+ b (7)

(Buckland et al., 2001, equation (3.62)) because the detection
probability at distance r = 0 is 1 for all cluster sizes. This yields

Ê(s) = ea+b+v̂ar(ẑ)/2 (8)

(Buckland et al., 2001, equation (3.64)) where

v̂ar(ẑ) =
(
1+ 1

m
+ (1− ḡ)2∑m

i=1(ĝ(ri) − ḡ)2

)
· σ̂2 (9)

(Buckland et al., 2001, equation (3.65)). σ̂2 is the residual mean
square of Êd(z|r), and ḡ = ∑m

i=1 ĝ(ri)/m (Buckland et al., 2001,
p. 74).

574

D
ow

nloaded from
 https://academ

ic.oup.com
/forestry/article/87/4/571/2756040 by guest on 20 M

arch 2024



Efficient integration of a deadwood inventory

Finally, the mean volume per area unit within the hth stratum
(Ȳh) was estimated as

ˆ̄Yh = Ê(s) ·mh ·
(
nh · 2π ·

∫ ω

0
rg(r)dr

)−1
(10)

The corresponding variance was estimated using the delta
method (Seber, 1982) as cited in Buckland et al. (2001, equation
(3.70)):

v̂ar( ˆ̄Yh) = Ŷ2h ·
(
v̂ar(mh)

m2
h

+ v̂ar(f̂ ′h(0))

(f̂ ′h(0))
2

+ v̂ar(Êh(s))
(Êh(s))2

)
(11)

where f̂ ′h(0) = 1/
∫ ω
0 r · ĝ(r)dr is the slope of the probability den-

sity function fh(r) evaluated at r = 0 (Buckland et al., 2001, p. 55),

v̂ar(mh) = 1
nh(nh − 1)

nh∑
i=1

(mhi − m̄h)
2 (12)

(Fewster et al., 2009),

v̂ar(f̂ ′h(0)) = 1
mhσ̂

4
h

= (f̂ ′h(0))
2

mh
(13)

(Buckland et al., 2001, equation (3.52)) and

v̂ar(Êh(s)) = e2(a+b)+v̂ar(ẑ) ·
(
1+ v̂ar(ẑ)

2

)
· v̂ar(ẑ)
mh

(14)

(Buckland et al., 2001, equation (3.66)) with v̂ar(ẑ) as defined in
equation (9).

Estimation of the volume of a single object
For CWD, the volume V of a single object was calculated as
the product of cross-sectional area in the middle of the object
(obtained by cross-callipering) and length of the object (Huber,
1839).
For SDW, V was calculated from diameter in breast height

d (obtained by cross-callipering) and height H (measured with
an ultrasonic hypsometer). We differentiated between complete
snags and broken snags or stumps. For complete snags, the vol-
ume was calculated as V = 0.5(d2π/4)H, where 0.5 is a constant
form factor, whereas for broken snags, it was calculated using the
formula for a truncated cone, assuming a taper of 1 cmm−1.

Time study
For all sampling techniques, working time of field measurements
t was recorded on 64 plots during the winter sampling campaign
and 93 plots during the summer sampling campaign. These sam-
ple sizes for the time studywere lower than the number of sample
plots in the study, because onlyworking times of trained sampling
teams (at least 2 weeks of practical experience) were collected.
Traveling time from plot-to-plot was not included, because the

plots had to be visited for measuring the growing stock anyway.

The basic idea of the time study was to differentiate between
a constant time (necessary for scanning the sample plot) and a
variable time (necessary for sampling the objects) that depended
on the number of objects per plot. A linear regression model
was used to estimate the working time t for each plot i in each
stratum h:

t̂hi = β0 + β1 ·mhi (15)

For all strata, the mean working time per plot t̄h was estimated
as the mean of all t̂hi. The total sampling effort T was estimated
from the mean working time per plot and the sample size within
all strata.

T̂ =
L∑

h=1
nh · ˆ̄th (16)

Efficiency

In the first step, we estimated the total sampling effort T and the
corresponding SE of the mean volume per hectare, SE( ˆ̄Y), for the
different sampling techniques. We assumed that sampling was
performed at all 600 phase-two plots for all sampling techniques.
This yielded the minimal achievable SEs for all sampling tech-
niques, assuming that no additional sample points (beyond the
phase-two plots) were introduced.
The basic idea for comparing efficiencywas to reduce the sam-

ple size of the method with the lower SE such that it gave the
same SE as the competing method with non-reduced sample
size.
As the existing stratification of the BI was used, n′ was fixed

and excluded from optimization. Therefore, the formulae for opti-
mizing stratified one-phase sampling in a finite population of size
n′ and stratum sizes n′

h were applied. According to Cochran (1977,
p. 98), the optimal sample size nh in a stratum h is given in terms
of n by

nh = n (n′
hsh/

√
t̄h)

⎛⎝ L∑
h=1

n′
hsh/

√
t̄h

⎞⎠−1

(17)

Therefore, n has to be determined in advance depending on
whether the inventory is chosen tomeet a specified working time
T or to give a specified variance var( ˆ̄Y) (Cochran, 1977, p. 98).
Accordingly, the total sample size is chosen as

n =
⎛⎝T L∑

h=1
n′
hsh/

√
t̄h

⎞⎠⎛⎝ L∑
h=1

n′
hsh

√
t̄h

⎞⎠−1

(18)

if T is fixed (Cochran, 1977, p. 98), and Underlying LaTeX-Code:

n =

(∑L
h=1

n′
h
n′ sh

√
t̄h
)(∑L

h=1
n′
h
n′ sh/

√
t̄h
)

var( ˆ̄Y) + 1
n′
∑L
h=1

n′
h
n′ s2h

(19)

if var( ˆ̄Y) is fixed (Cochran, 1977, p. 98).
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We compared the SEs of the competing methods and used
the method with the highest value as a reference. We then
used equations (17) and (19) to find the optimal allocation
of the competing method, resulting in the same SE as the
reference.
We additionally computed an allocation proportional to the n′

h
phase-one plots, and an allocation proportional to the nh phase-
two plots both of which achieve the same SE as the reference
method.

Results
Deadwood volume

The estimates of the mean volume of deadwood per
hectare, using the different sampling techniques, are given in
Table 3.
The estimates of the mean volume of SDW varied between

2.54m3 ha−1 (fixed area sampling in summer) and 3.86m3 ha−1
(fixed area sampling in winter). In contrast, the estimates
obtained by point transect sampling were very stable (3.04m3

ha−1 in summer and 3.05m3 ha−1 in winter). The corresponding
SEs were much smaller for point transect sampling than for fixed
area sampling, especially the very high SE for fixed area sampling
in winter (1.15m3 ha−1).
The estimates of the mean volume of CWD (d ≥ 15 cm) varied

between 7.73m3 ha−1 (line intersect sampling in summer) and
8.54m3 ha−1 (fixed area sampling in summer). The correspond-
ing SEswere smaller for fixed area sampling than for line intersect
sampling.
The estimates of the mean volume of CWD (d ≥ 7 cm) were

roughly 65 per cent higher (13.1m3 ha−1 for fixed area sampling
and 13.9m3 ha−1 for line intersect sampling) than those for CWD
(d ≥ 15 cm). Again, the corresponding SE for fixed area sampling
was smaller than that for line intersect sampling.

Table 3 Estimated DW volume per area unit (
ˆ̄Y) and corresponding SE( ˆ̄Y),

for SDW and CWD, for the two sampling campaigns (summer and winter),
and for the different sampling techniques (fixed area sampling (FAS), point
transect sampling (PTS) and line intersect sampling (LIS))

Sampling Sampling ˆ̄Y SE( ˆ̄Y)
Type of DW campaign technique (m3 ha−1

) (m3 ha−1
)

SDW Summer FAS 2.54 0.56
PTS 3.04 0.39

Winter FAS 3.86 1.15
PTS 3.05 0.42

CWD (d ≥ 15 cm) Summer FAS 8.54 0.95
LIS 7.73 1.18

Winter FAS 7.97 0.99
LIS 7.96 1.18

CWD (d ≥ 7 cm) Summer FAS 13.10 1.10
LIS 13.90 1.37

Time study

Parameter estimates for the linear regression of the working time
per plot on the number of observations per plot and the corre-
sponding coefficients of determination for the different sampling
techniques are given in Table 4.
Fitting the regression lines to the data generally worked well

(R2 varying between 0.52 and 0.91); only for line intersect sam-
pling in summer the fit was poor (R2 = 0.28).
For SDW, the constant time for scanning the sample plot β0

was lower in winter than in summer, whereas the slope β1 of the
regression line (e.g. the time spent for sampling a single object)
was lower in summer. β0 and β1 are higher for point transect
sampling than for fixed area sampling.
For CWD, β0 was higher in winter than in summer. For β1 there

was no clear trend, it was higher in winter than in summer for
fixed area sampling, but lower in winter than in summer for line
intersect sampling.
The estimated mean working time per plot for the different

strata and sampling techniques is given in Table 5.
The mean working time per plot for sampling SDW was gen-

erally lower for fixed area sampling than for point transect sam-
pling. There was no clear trend regarding the mean working time
between the different strata, either for fixed area sampling or for
point transect sampling.
The mean working time per plot for sampling CWD (d ≥

15 cm), was generally much lower for line intersect sampling
than for fixed area sampling. Again, there was no clear trend
regarding the mean working time between the different strata.
The increase of working time when sampling CWD (d ≥ 7 cm)
was much higher for fixed area sampling than for line intersect
sampling.

Efficiency

For sampling SDW, the most precise estimate of Ȳ was obtained
by point transect sampling when sampling all phase-two points
(Table 6). However, at the same time, sampling effort T for point
transect sampling was more than twice as high as that for fixed
area sampling. Reducing the sample size for point transect sam-
pling to obtain the same SE as by fixed area sampling led to a
dramatic reduction of sampling effort: using the optimal alloca-
tion in winter led to a sampling effort that was 84 per cent lower
than that for fixed area sampling. All other allocations in winter
and in summer also lead to reductions of sampling effort of at
least 54 per cent (Summer campaign; allocation proportional to
phase-two).
For sampling CWD (d ≥ 15 cm), the most precise estimate of

Ȳ was obtained by fixed area sampling when sampling all phase-
two points (Table 6). However, at the same time, sampling effort
for fixed area sampling was higher than for line intersect sam-
pling. Reducing the sample size for fixed area sampling to obtain
the same precision as with line intersect sampling still resulted
in higher sampling effort for fixed area sampling. However, the
advantage of line intersect sampling may be reduced to as little
as 4 per cent (Winter campaign, optimal allocation).
When sampling CWD (d ≥ 7 cm), the advantage of line inter-

sect sampling became more pronounced. When sampling all
phase-two points, the most precise estimate of SE( ˆ̄Y) was
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Table 4 Parameter estimates (β0 and β1), corresponding SEs and coefficient of determination (R2), for the linear regression of the working time per
plot on the number of observations per plot, for SDW and CWD, for the two sampling campaigns (summer and winter), and for the different sampling
techniques (FAS, PTS and LIS)

Sampling Sampling
Type of DW campaign technique β0 (s) SE(β0) (s) β1 (s) SE(β1) (s) R2

SDW Summer FAS 48 6 57 4 0.79
PTS 61 9 66 4 0.79

Winter FAS 68 5 40 2 0.79
PTS 126 18 43 3 0.64

CWD Summer FAS 664 46 57 2 0.91
LIS 328 11 70 13 0.28

Winter FAS 349 25 98 7 0.69
LIS 273 17 63 8 0.52

Table 5 Mean working time per plot for the different strata, for SDW and CWD, for the two sampling campaigns (summer and winter), and for the
different sampling techniques (FAS, PTS and LIS)

ˆ̄th (s)
Sampling Sampling

Type of DW campaign technique dec1 dec2 dec3 dec4 con1 con2 con3 con4

SDW Summer FAS 118 114 77 74 148 127 110 87
PTS 155 294 161 191 215 255 254 140

Winter FAS 100 112 88 98 130 118 122 101
PTS 212 309 209 242 234 259 364 196

CWD (d ≥ 15 cm) Summer FAS 828 819 853 931 754 814 864 876
LIS 358 344 374 372 347 353 365 408

Winter FAS 604 503 581 642 484 553 664 702
LIS 302 289 307 322 294 294 308 333

CWD (d ≥ 7 cm) Summer FAS 1719 1835 1491 1643 1588 1382 1507 1451
LIS 387 390 401 419 375 375 380 396

obtained by fixed area sampling. However, the necessary sam-
pling effort was more than four times higher for fixed area sam-
pling than for line intersect sampling. Even after reducing the
sample size for fixed area sampling to obtain the same precision
aswith line intersect sampling, the necessary sampling effort was
still at least 93 per cent higher for fixed area sampling than for line
intersect sampling (optimal allocation).

Discussion
Foliage conditions

The detection probability Pa was obviously influenced by the
foliage conditions (especially of the understorey); with decreas-
ing Pa, the number of detected objects decreased. One major
concern was that this may have led to estimates of SE( ˆ̄Y) which
substantially differed between the two campaigns. Comparing
the results from the two sampling campaigns indicated that
this concern could be disregarded. The difference between the
estimates of SE( ˆ̄Y) obtained by point transect sampling dur-
ing the two campaigns was even smaller than the difference

between the corresponding estimates obtained by fixed area
sampling.
However, in a large inventory, which takes a long time, the

foliage conditions should be included as a covariate. This allows
the estimated detection probability to change over time.

Stratification and sample size allocation

An optimal stratification is achieved by minimizing within strata
variances andmaximizing between strata variances. As the strat-
ification of the BI was originally developed for precise esti-
mates of the growing stock, it was not surprising that the
within strata variances of deadwood volume were quite high in
our study.
The advantage of the optimal allocation over the allocation

proportional to phase-one was not very high. Furthermore, it is
doubtful that the optimal allocation obtained for the study area is
transferable to other regions. As it is rather impractical to perform
a pilot inventory for obtaining the optimal allocation for every
new inventory, we recommend using the allocation proportional
to phase-one, i.e. roughly proportional to the strata sizes, which is
nearly as efficient as the optimal allocation. In the case of equal
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Table 6 Total sample size (N), estimated sampling effort (T̂) and corresponding SE and CV for SDWand CWD, for the two sampling campaigns (summer
and winter), for the different sampling techniques (FAS, PTS and LIS), and for the different sample size allocations

Sampling SE( ˆ̄Y) CV(
ˆ̄Y)

Type of DW campaign Sampling technique N T̂ (min) (m3 ha−1
) (%)

SDW Summer FAS (all phase-two points) 600 1062 0.366 14.4
PTS (all phase-two points) 600 2148 0.175 8.0
PTS (optimal allocation) 79 301 0.365 16.6
PTS (allocation prop. to phase-one) 89 321 0.366 16.7
PTS (allocation prop. to phase-two) 135 484 0.366 16.7

Winter FAS (all phase-two points) 600 1085 0.599 15.5
PTS (all phase-two points) 600 2451 0.193 7.0
PTS (optimal allocation) 39 174 0.595 21.5
PTS (allocation prop. to phase-one) 44 187 0.599 21.6
PTS (allocation prop. to phase-two) 62 262 0.599 21.6

CWD (d ≥ 15 cm) Summer LIS (all phase-two points) 600 3626 0.682 8.8
FAS (all phase-two points) 600 8471 0.535 6.3
FAS (optimal allocation) 285 4086 0.682 8.0
FAS (allocation prop. to phase-one) 311 4398 0.682 8.0
FAS (allocation prop. to phase-two) 367 5176 0.682 8.0

Winter LIS (all phase-two points) 600 3053 0.681 8.6
FAS (all phase-two points) 600 5866 0.549 6.9
FAS (optimal allocation) 323 3176 0.681 8.6
FAS (allocation prop. to phase-one) 356 3420 0.681 8.6
FAS (allocation prop. to phase-two) 387 3788 0.681 8.6

CWD (d ≥ 7 cm) Summer LIS (all phase-two points) 600 3918 0.793 5.7
FAS (all phase-two points) 600 15747 0.622 4.8
FAS (optimal allocation) 277 7566 0.793 6.1
FAS (allocation prop. to phase-one) 302 8213 0.793 6.1
FAS (allocation prop. to phase-two) 368 9656 0.793 6.1

within strata variances and sampling efforts, this allocationwould
be optimal.

Model selection

We selected a stratum-dependent model based on minimum
AIC. However, that covariate model may even be appropriate
even in cases where its AIC is not minimal. When using only a
single parameter to correct for non-detection, stratum-specific
estimates of abundance will be positively correlated, so that a
variance estimator formedas aweightedmeanofwithin-stratum
variance estimatesmay therefore be biased (Fieberg and Giudice,
2008). Basically, we expect this problem to occur when using
equation (4) for variance estimation if amodel without covariates
is applied.

Efficiency

Standing deadwood
Under the given circumstances and in comparison with fixed area
sampling, point transect samplingwas by far the superiormethod
for sampling SDW, achieving higher precision at given costs or
lower costs for a required precision.

On the one hand, using point transect sampling at all phase-
two points, yielded estimates of Ȳ which weremuchmore precise
than those obtained by fixed area sampling. On the other hand,
reducing the sample size for point transect sampling yielded esti-
mates of Ȳ which were as exact as those obtained by fixed area
sampling at a much lower cost.
In comparison with the results of Ritter and Saborowski

(2012), the advantage of point transect sampling became even
greater in the current study. Point transect sampling benefits
strongly from the optimal allocation and the allocation propor-
tional to phase-one sample size, whereas sampling all phase-
two plots as applied with fixed area sampling is appropriate for
estimating volume of the growing stock but not for SDW volume.

Coarse woody debris
If there is a need to obtain the most precise estimates possi-
ble, fixed area sampling turns out to be superior to line intersect
sampling in the current study – at high costs.
However, if the accuracy of line intersect sampling is con-

sidered to be sufficient, it was more efficient than fixed area
sampling under the given circumstances. Only when using the
optimal allocation for fixed area sampling is this difference unre-
markable. The advantage of the better allocation of fixed area
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sampling reduces the advantage of line intersect sampling com-
pared with the results of Ritter and Saborowski (2012). However,
one should bear in mind that the optimal allocation is usually
not operational, as alreadymentioned in Stratification and sample
size allocation, because it may change in space and time.

Calliper thresholds

As we used two different calliper thresholds for CWD, it became
apparent that the smaller diameters (7 ≤ d ≤ 15 cm) repre-
sented roughly 40 per cent of the total CWD volume. Especially
with regard to carbon storage, it seems to be important to con-
sider also this diameter class in an inventory. However, smaller
calliper thresholds obviously lead to higher sampling effort.
An idea which might help to overcome this problem is the

use of so called bridging functions that convert CWD volume
estimates to estimates that would have been obtained with dif-
ferent thresholds (e.g. Christensen et al., 2005; Ligot et al., 2012;
Rondeux et al., 2012).
For beech dominated (at least 17 per cent to the live standing

volume) forest reserves with a CWD volume of at least 5m3 ha−1
Christensen et al. (2005) proposed vol5 cm = volx cm · (0.8301+
0.0279 · dx cm) as a bridging function for adjusting to a standard
minimum diameter of 5 cm. When applying this function to our
data (e.g. to line intersect sampling in summer), the adjusted vol-
umes were 14.3m3 ha−1 and 9.7m3 ha−1 for the initial calliper
thresholds 7 and 15 cm, respectively. Even though the sampled
stands were beech dominated and CWD volumewas>5m3 ha−1
the bridging function did not lead to satisfactory results. This
may be due to the fact that our stands were managed forests.
Therefore, a large fraction of the existing CWDwas logging waste,
which does not occur in forest reserves. Typical topping thresholds
varied between 7 and 15 cm, and so vol7 cm, therefore, wasmuch
higher in managed forests than in forest reserves, whereas the
difference for vol15 cm was certainly less pronounced. This possi-
bly strong influence of the management concept on the bridging
function shows the need for sampling smaller diameters as well.
The increase of sampling effort connected to smaller calliper

thresholds is much less remarkable for line intersect sampling
than for fixed area sampling. Therefore, we strongly recommend
line intersect sampling particulary when using small calliper
thresholds.

Deadwood volume

According to the second German National Forest Inventory (Bun-
deswaldinventur II, BWI2), the overall mean deadwood volume
in German forests is 11.5m3 ha−1, including 21 per cent of SDW
(Polley, 2006b). The calliper thresholds used in the BWI2 (Polley,
2006a) differ from those of our study, thus a direct compari-
son is problematic. However, with a total deadwood volume of
∼ 11m3 ha−1 using the larger calliper threshold for CWD and
∼ 16m3 ha−1 using the smaller one, including ∼ 3m3 ha−1 of
SDW, the deadwood stock in the stands of this study were quite
typical for German forests.
In comparison with the results of Ritter and Saborowski

(2012), estimates for the volume of SDW were lower, whereas
the estimates for the volume of CWD were higher in the current

study. At a first glance this may seem unusual because the same
dataset was used for both studies. However, one has to recall that
Ritter and Saborowski (2012) treated the sample plots as a com-
plete random sample from a virtual population. Therefore, these
results are not surprising.

Conclusions
Integrating new target variables into an existing forest inventory
carried out as 2SS is challenging because the existing stratifica-
tion and sample size allocation will usually not be optimal for
the new target variables. Therefore, special attention has to be
paid to the optimal sampling technique for the terrestrial mea-
surements, which may either be used on all phase-two plots for
maximum accuracy, or on a subset of the phase-two plots for
achieving a predefined accuracy at minimal costs. In the latter
case, the sample size allocation of this subset can (to a certain
degree) be optimized for the new target variables.
In our study, point transect sampling turned out to be by far

better suited for sampling SDW compared with fixed area sam-
pling. Depending on the purpose of the inventory, it was either
possible to produce more precise estimates using point tran-
sect sampling (at high costs), or to tremendously decrease the
necessary sampling effort to obtain the same accuracy as with
fixed area sampling. In the latter case, a sample size allocation
proportional to the phase-one plots is recommended, because
optimal allocation led to only slightly better results, but had some
practical limitations.
For sampling CWD, there was no clear trend under the given

conditions: If the inventory was intended to produce very accu-
rate estimates, fixed area sampling turned out to be the method
of choice. However, if the possible accuracy of line intersect
sampling was considered to be sufficient, it had a slight advan-
tage over fixed area sampling. This advantage became more
pronounced with a reduced calliper threshold.
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Appendix
The term distance sampling refers to a group of methods used
for estimating the density of all kinds of biological popula-
tions (Thomas et al., 2012). However, so far, distance sampling
has been rarely used in the context of forest inventory (e.g.
Bäuerle et al., 2009; Kissa and Sheil, 2012; Ritter et al., 2013). Dis-
tance sampling is based on the work of Anderson and Pospahala
(1970) and has been further developed over the years; the current
standard text books being by Buckland et al. (2001, 2004).
Distance sampling derives its name from the fact that the

information used for inference is the recorded distances to
detected objects of interest obtained by surveying lines or points
(Marques et al., 2011). The main distance sampling methods are
therefore called line transect sampling and point transect sam-
pling respectively.
Not all objects will be detected, but a fundamental assump-

tion of the methods is that objects located directly on the line
or point are detected with certainty and that the detection
probability decreases with increasing distance from the transect
(Thomas et al., 2012).
The key to distance sampling analyses is to fit a detection func-

tion to the distribution of the observed distances that describes
the decrease of detectability with increasing distance from the
transect. The fitted function is used to estimate the average prob-
ability of detecting an object. The inverse of this probability is used
to expand the count of detected objects to obtain point and inter-
val estimates for the density and abundance of objects in the
survey area (Thomas et al., 2012).
The most common software to analyze distance sam-

pling data is the Windows-based computer package DISTANCE
(Thomas et al., 2010).
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