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Abstract To evaluate the mass of coarse woody debris

(CWD), it is necessary to quantify its density. Drill resis-

tance measurements are introduced as a approach to esti-

mate the density of CWD in different stages of decay. Dead

logs of Norway spruce [Picea abies (L.) Karst.] from a

Central European mountainous site were used as a test

system to compare the new method with conventional

predictors of wood density such as fast quantitative field

estimates (e.g., knife probe) and classification of decay

classes based on a set of qualitative traits and quantitative

estimates. The model containing only drill resistance as a

predictor explained 65% of the variation in wood density

and was markedly better than models containing one or

more of several conventional predictors. However, we

show that the relationship between drill resistance and

gravimetric wood density relationship is sensitive to the

decay status. Therefore, the best model combines drill

resistance and decay class (adj. R2 = 0.732). An additional

experiment showed that drill resistance is also sensitive to

the moisture state (fresh vs. oven-dry) of the sample. The

major potential of the method lies in its non-destructive

nature which allows repeated sampling in long-term eco-

system studies or in protected areas where destructive

sampling is prohibited. The limitations of the method are

discussed and recommendations for applications are given.
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Introduction

Coarse woody debris (CWD) plays an important role in

forest ecosystems. It provides substrate and habitat for

numerous organisms and is thus essential for the mainte-

nance of biodiversity (Grove 2002; Jonsson et al. 2005;

Lonsdale et al. 2008). Furthermore, it may constitute a

significant fraction of carbon stocks in natural forest eco-

systems (Harmon et al. 1986; Jonsson 2000) and increasing

the CWD pool in managed forests can induce a strong

albeit transient carbon sink. To project the development of

CWD pools at a given input, it is necessary to know the

kinetics of CWD decomposition, which during the early

stages of decay manifests itself primarily as a reduction in

wood density. This reduction results from fragmentation by

xylophagous or wood-dwelling insects and from hetero-

trophic consumption by micro-organisms (Harmon et al.

1986; Speight 1989). A reduction in volume is observed

mainly during later stages, when the process of fragmen-

tation has progressed to destabilize the log’s integrity.

So far changes in density of CWD have been mainly

quantified with destructive methods (Harmon and Sexton

1996; Naesset 1999a; Yatskov et al. 2003). Usually wood

discs are taken at different positions along sample logs in

various stages of decay. The discs are dried in the labo-

ratory and the density is calculated as the ratio of dry

weight and fresh volume. These data are then used to
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establish a relationship between the ‘decay class’ assessed

in the field and the relative density loss (Naesset 1999b).

This method has several disadvantages. (1) Since it is

destructive, temporally repeated measurements on the same

log are not possible. Standing or hanging logs collapse

after sampling and get into contact with the forest floor

which usually accelerates the decomposition process.

(2) Destructive methods are prohibited in nature reserves,

which in Central Europe and many regions of the US

represent the only areas where sufficient deadwood can be

found. (3) The method is prone to error because it is dif-

ficult to cut and transport highly decomposed wood without

losing material. (4) The classification according to decay

class is only semi-quantitative and includes many

descriptive predictors and the relationship between decay

class and density is usually weak (Graham and Cromack

1982; Naesset 1999b).

Drill resistance has been used to measure density and

concentrations of carbon and nitrogen in CWD of red

spruce (Picea rubens Sarg.) and Fraser fir [Abies fraseri

(Pursh) Poir.] (Creed et al. 2004). Creed et al. (2004) could

show that drill-resistance measurements can be employed

within a certain range of CWD density, but nevertheless

that they are less precise than displacement or mensuration

density determination.

In this paper, we explore drill resistance in combination

with fast quantitative field methods as a method for mea-

suring wood densities across a gradient of decay classes in

managed spruce forests. We use a resistograph that mea-

sures the drill resistance in wood. Drill-resistance mea-

surements are mainly used by arborists or by construction

engineers (Rinn 1996; Costello and Quarles 1999; Eckstein

and Saß 1994; Niemz et al. 2002) to detect defects either in

living trees or in construction timbers. Furthermore, the

method has been used to assess wood density in living trees

(Isik and Li 2003) and to evaluate annual tree ring char-

acteristics (Wang et al. 2003). The method is based on the

drill resistance of a thin drilling needle while it penetrates

the wood (Rinn 1996; Rinn et al. 1996).

In this paper, we demonstrate that drill resistance mea-

surements in combination with a coarse classification of

decay classes is a suitable method for detecting density loss

in CWD of Norway spruce (Picea abies Karst.) and rep-

resents an improvement over conventional methods. We

also discuss the limitations of this method.

Materials and methods

Within the study area ‘‘Wetzstein’’ CWD was collected in

zero-thinning areas, where no management activities had

taken place for a period of 30–50 years. With an elevation

of 792 m a.s.l. the Wetzstein plateau forms the highest

ridge in the south-eastern part of the Thuringian mountains

of central Germany. The geological substrate is carbona-

ceous quartzite and the dominating soil type is podzol or

podzolic brown soil with a sandy-loamy texture. Average

annual precipitation measured at the three nearest climate

stations varies between 880 and 1,015 mm. The mean

annual temperature averages 5.5�C (6.0�C). The study area

is dominated by monospecific (95%) even-aged plantations

of Norway spruce with single tree occurrence of mountain

ash (Sorbus aucuparia L.), European beech (Fagus sylv-

atica L.) and silver fir (Abies alba L.).

A total of 44 deadwood logs of Norway spruce were

randomly selected to represent the decay classes 1–4

(Table 1) and different positions (standing, hanging,

downed). For gravimetric density determination in the

laboratory, 10-cm-thick discs were cut with a handsaw

from the dead wood logs. From logs longer than 2 m, every

meter one sample was taken but at least three samples per

tree according to the following scheme: two discs 0.3 m

from the base and the top, respectively, and one from the

middle. Disc diameter ranged from 4.7 to 19 cm with a

mean of 11.3 cm. To avoid fragmentation of strongly

decayed wood during cutting and transportation, the discs

were either taken at temperatures below 0�C in a frozen

state or wrapped with 5-cm-wide Velcro� fastener. The

Table 1 Classification of decay classes (DC) based on qualitative variables

DC Decay Twigs and branches Wood Bark

1 No decay Fine twigs remaining Sapwood and heartwood are clear

or slightly blue stained

Present

2 Slightly decayed Most of fine twigs remaining Sapwood is rotted, but the

heartwood is mostly sound.

Present

3 Moderately decayed Most of the branches present Sapwood and heartwood show

strong signs of decay

Some present

4 Strong decay Some branches and branch stubs

are present

Sapwood is often absent, and the

deep red-brown heartwood

crumbles into chunks

Most is gone

Reference: http://www.fsl.orst.edu/lter/pubs/webdocs/reports/wood_decomp/spruce.htm
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discs were either processed immediately after thawing or

stored at -20�C until further processing. In the laboratory,

the thickness, circumference and weight of the fresh discs

were recorded and the drill-resistance measurements

obtained. Afterwards the discs were dried at 70�C (not at

103�C, to avoid changes in C/N ratios in later measure-

ments) to constant weight followed by a second drill-

resistance measurement. The gravimetric density (D

[gdw cm-3]) of the discs was computed as the ratio of dry

mass to fresh volume.

Drill resistance measurements

We used a RESISTOGRAPH� 3450S (RINNTECH, Frank

Rinn Engineering and Distribution, Bierhelder Weg 20,

69126 Heidelberg, Germany) to obtain a proxy measure-

ment of dead wood density. The resistograph uses a micro-

drilling device equipped with a needle of 3 mm diameter and

45 cm length and an automatically adapted protrusion speed

mechanism (Rinn 1996). The resistance to drilling is

recorded at a spatial position resolution of 0.01 mm. The

data are stored electronically and printed on paper for visual

inspection in the field (Fig. 1). One measurement usually

takes 2–3 min. The number of consecutive measurements is

limited by battery lifetime (30–80 measurements) rather

than by data storage capacity (*400 measurements). Every

80–100 measurements, this equals about 10 m of total dril-

ling length, the needle was replaced. The drill resistance was

measured for each disc along two perpendicular diameters.

The average per disc was used in the statistical analysis.

To calculate the average drill resistance per disc, the

dead wood was computationally divided into concentri-

cally, 1/100-mm-wide rings (Fig. 2). The average was

calculated by weighting each measurement (e.g., R1;

Fig. 2) by its respective area (A1). The weighted average

was calculated as follows:

Fig. 1 Examples of

RESISTOGRAPH� outputs for

decay classes 1, 2, 3, and 4 as

denoted by DC 1, DC 2, DC 3,

and DC 4, respectively (top to
bottom; see Table 1 for decay

class details). The original

profile length of the four

measurements is to the same

scale (160 mm). Individual tree

rings are visible as jagged

pattern that results from the

difference in wood densities

between early and latewood.

Mean drill resistance (R) and

wood density (D) for the shown

examples: R = 824;

D = 0.44 gdw cm-3 for DC 1;

R = 456; D = 0.29 gdw cm-3

for DC 2; R = 346;

D = 0.26 gdw cm-3 for DC 3

and R = 191;

D = 0.18 gdw cm-3 for DC 4
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P4
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Pn
j¼1 R

0
ijA

0
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where R = mean drill resistance value, Rij
’ = drill resis-

tance value of the ith sector in the jth ring, Aj
’ = 1/4 the

area of the jth ring, Atot = total disc area of CWD sample

and n = number of rings with a threshold ring thickness of

1/100 mm. The software that was developed to perform the

calculation is available upon request.

Other predictors of wood density loss

Fast quantitative field methods

Three quantitative variables were measured in the field. A

pocket knife with a length, width and thickness of 100, 15

and 1.5 mm, respectively, was stabbed (following the fibre

direction) into the samples in the field and the depth of

penetration was recorded (knife probe = kp). Despite this

method being prone to errors, e.g., the force used to insert

the knife into the sample, it is easily applicable and widely

used to get an estimate of wood hardness (Norden and

Paltto 2001; Rouvinen and Kouki 2002; Heilmann-Clausen

and Christensen 2003). Further, the percentage branch (br)

and bark loss (ba) was estimated.

Classification of decay classes

Logs were assigned to four decay classes following the

schemes developed by Yatskov et al. (2003). The classifi-

cation is based on four qualitative categorical or ordinal

variables classification (Table 1).

Statistical methods

To compare the performance of the various predictors of

wood density D (including the drill resistance), we estab-

lished five classes of models representing the above men-

tioned methods and combinations of them. The first class of

models represented the fast quantitative field methods

where three different variables were available (kp, br and

ba). The second and third class were single-predictor

models containing the categorial variable ‘decay class’ DC

(ranging from 1–4; see above) and the drill resistance R

measured in the fresh state (continuous variable) as pre-

dictors. The fourth class represents combinations of DC

and R and the fifth class combinations of DC and predictors

of the first class (kp, br and ba). Depending on the tree size,

up to seven samples were taken from the same sample tree.

Since the residuals of several samples for a given tree

cannot be assumed to be independent, this violates a fun-

damental assumption of general linear models (Crawley

2002). We therefore use mixed linear models (lme-proce-

dure of S-Plus�, 2002 Insightful Corp.) with the identity of

the tree as a random grouping factor. The model selection

uses Akaike’s Information Criterion (AIC) (Burnham and

Anderson 1998) which reflects a trade-off between model

fit and parameter load where the best model has the lowest

value. In addition, the adjusted R2 according to Neter et al.

(1996) is reported.

Each sample piece was probed twice, under field con-

ditions (Rmoist) and oven dry (70�C, Rdry). To analyse

whether moisture status affects the drill resistance a paired

t test was performed.

Results

Drill resistance R alone explained 65% of the variation in

dead wood density (Table 2, model 9). This model was

markedly better than any models containing any or several

of the conventional predictors. These were either models

containing the fast quantitative field methods (Table 2,

models 1–7), the subjective classification based on quali-

tative traits (Table 2, model 8) or combinations of the two

predictor classes (Table 2, models 12–18). Model 9 could

be further improved by adding the decay class DC as cat-

egorical variable (Table 2, model 10) indicating that the

relationship between drill resistance and gravimetric wood

density is influenced by changes in the wood structure as

the log decays. At a given value of drill resistance, the

range of predicted gravimetric wood density spans a range

of 0.14 gdw cm-3 and differences between consecutive

decay classes are about 0.045 gdw cm-3. Within a given

decay class the relationships are visibly linear down to

densities of 0.1 gdw cm-3 and the variances are
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Fig. 2 Schematic representation of the numerical scheme to calculate

the average drill resistance per sample disc weighted for the radial

position of the measurement
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homoscedastic (Fig. 3). Allowing the slopes of individual

decay classes to vary did not improve the model perfor-

mance (Table 2, model 11).

A paired t test revealed that moisture influences the drill

resistance. Oven-dry CWD has significantly lower drill

resistance than fresh material [t[129] = 13.19, P \ 0.001,

mean difference 108.6 (95% CI: 92.3–124.8) drill resis-

tance units]. The difference between the drill resistances in

fresh- and oven-dry state of CWD for the same sample

excludes the effect of wood density and should mainly

reveal the effect of moisture content on the drill resistance.

However, there was no significant linear relationship

between the moisture content (%) of fresh CWD and the

difference between drill resistance in fresh and oven-dry

state (y = -0.006x ? 109, R2 = 0, P = 0.927).

Discussion

With our analysis, we could show that drill resistance in

combination with decay classes provides a useful proxy of

the absolute wood density in decaying wood in situ. The

resulting predictive model explained approximately 75% of

the variance of wood density and was therefore superior to

our models relying on conventional predictors.

Next to its potential as proxy for density, the method has

several distinct advantages. First of all, it is a non-

destructive method. Its main application is in long-term

ecosystem studies where destructive sampling of logs

should be avoided to minimize the effect of the sampling

on the decay process itself and to allow repeated sampling

at multiple positions along an entire log. The method can

also be used in areas where destructive sampling is legally

prohibited. This is important because in many industria-

lised countries the highest stocks and the highest diversity

of coarse woody debris are found in protected nature

reserves (Korpel 1997; Jonsson 2000; Wirth et al. 2004;

Christensen et al. 2005; Mund and Schulze 2006). Another

advantage of the method lies in the additional information

provided by the measurement. Because in many tree spe-

cies early and late wood exhibit vastly different wood

densities, tree rings are visible on the 1/100-mm resolution

output from which information regarding the age and the

ring width pattern can be extracted (Rinn et al. 1996).

Furthermore, the method would be useful to study the

process of fragmentation and the spatial pattern of decay

Table 2 Model performance of candidate models for predicting

wood density based on different methods

No. Class Model nf AIC Ra
2

1 1 ba 6 -324.83 0.125

2 1 br 6 -328.03 0.094

3 1 kp 6 -363.11 0.364

4 1 ba ? br 7 -311.28 0.110

5 1 ba ? kp 7 -347.46 0.417

6 1 br ? kp 7 -347.83 0.391

7 1 ba ? br ? kp 8 -331.78 0.407

8 2 DC 6 -376.04 0.508

9 3 R 6 -430.02 0.653

10 4 R ? DC 9 -436.99* 0.732*

11 4 R 9 DC 12 -378.71 0.729

12–18 5a kp ? DC -366.50 0.554

Models contain the covariate drill resistance R and the categorial

predictor decay class DC

nf number of fixed effects parameters, AIC Akaike’s Information

Criterion (the asterisk indicates the best model), ba percentage bark

loss, br = percentage branch loss, kp = knife probe. Ra
2 adjusted

coefficient of multiple determination
a Model is the best of models 12–18 which corresponds to models

1–7 plus DC

Table 3 Parameter estimates of fixed effects of the best candidate

model 10

Parameter

value ± SE

df t value P value

Intercept [g cm-3] 0.2314 ± 0.0243 88 9.513 \0.0001

R [g cm-3 dru-1] 0.00021 ± 0.00002 88 10.979 \0.0001

DC 2 [g cm-3] -0.0592 ± 0.0202 88 -2.920 0.0044

DC 3 [g cm-3] -0.0922 ± 0.0205 88 -4.494 \0.0001

DC 4 [g cm-3] -0.1347 ± 0.0251 88 -5.363 \0.0001

Residual standard error 0.04809

The intercept corresponds to decay class 1 (DC 1). Decay classes 2

through 4 are labeled as DC 2–4

R drill resistance, dru drill resistance unit

Drill resistance (fresh state) [dimensionless] 
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Fig. 3 Relationship between measured gravimetric wood density D
and drill resistance R according to separate decay classes DC 1 (open
circle, solid line), DC 2 (open triangle, dotted line), DC 3 (?, chain-
dotted line), and DC 4 (9, dashed line). The lines represent the

predictions of the best candidate model [model 10 (Table 3)]
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because the resistograph easily detects small cavities,

boreholes of insects, and cracks in the wood.

In this study, the mean resistance value was used,

despite the fact, that the same log can exhibit multiple

decay stages (Fig. 1, DC 2). The reason for the use of a

mean drill resistance lies first of all in the small diameter

(mean 11.3 cm) of the sampled logs. Secondly, this study

was aimed to provide a tool for estimating CWD mass at

the stand level and not to find different decay patterns

inside individual logs.

A limitation of the method is that drill resistance is

influenced by a range of wood features other than density.

The fact that the categorical variable decay class was

significant in the best candidate model illustrated that

changes in wood structure and chemical composition that

go along with the decay process influences the relationship

between drill resistance and density. For example, the

decay type, namely brown rot versus white rot fungi, may

influence the drill resistance. Brown rot fungi cause the

decay of cellulose and leave the brittle lignin, whereas the

white rot fungi preferably disintegrate the lignin in the

beginning and leave the more ductile cellulose which is

either decayed simultaneously with the lignin or later

(Weber and Mattheck 2001). Preliminary analyses of

studies in our laboratory with wood of various other tree

species revealed significant species-specific differences in

the relationship between drill resistance and wood density.

The lowest detectable drill resistance values with the

resistograph are between 100 and 200 which were in this

study sufficient to detect the lowest wood densities down

to about 0.1 g cm-3 (Fig. 3). In the case of lower wood

density, the resistograph would not be able to detect any

changes. This could cause problems when adapting this

method to highly decayed wood of other tree species

where no more drill resistance can be detected but still

woody material is left. As shown above, also the moisture

state of the wood influences the relationship between drill

resistance and density with moist wood (fresh state)

exhibiting a higher drill resistance than oven-dry CWD.

However, the offset between moist and oven-dry CWD is

itself not a function of the moisture content. This is evi-

denced by the lack of a significant linear relationship

between moisture content and the difference between drill

resistance in moist (fresh state) and oven-dry state.

Therefore, when estimating the wood density with drill

resistance measurements, the moisture content of CWD

should not to be taken into account. For the application, it

is therefore important to calibrate the resistograph for each

tree species and decay class separately and to conduct the

measurements in samples of comparable moisture status.

With these caveats in mind, the drill resistance measure-

ments represents a powerful method in the field of dead

wood ecology.
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