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Abstract

Background: Coarse woody debris (CWD) is very important for forest ecosystems, particularly for biodiversity and
carbon storage. Its relevance as a possible reservoir and source of nutrients is less clear, especially in central Europe.

Methods: Based on a chronosequence of known ages of logs, we analyzed the nutrients stored in CWD of Fagus
sylvatica, Picea abies, and Pinus sylvestris at different sites in Germany. To quantify nutrient concentrations, we
assessed the use of Near Infrared Reflectance Spectroscopy (NIRS) to determine the chemical properties of CWD.

Results: NIRS models were suitable to predict concentrations of C, N, P, lignin and extractives. Concentrations of
most nutrients increased with mass loss, with the exception of potassium, which decreased for beech and pine and
remained relatively constant for spruce. The highest nutrient concentrations (N, P, S, Ca and Mn, except Mg and K)
were generally observed in highly decomposed spruce logs. The net effect of decreasing CWD mass and increasing
nutrient concentrations was either a decreasing (N, P and Kin beech; P, Mg, K.and Mn in pine), constant (S, Ca and Mg
in beech; N, S and Ca in pine) or increasing amount of nutrients (N, P, S and Ca in spruce; Mn in beech) in the logs
over the course of decomposition. The C/N ratio decreased for all tree species, most markedly for spruce from ca. 1000
at the beginning of the decomposition process to 180 at 36 years. The N/P ratio converged to a value of about 30 for
all three species. Lignin concentrations increased for spruce and beech and remained constant for pine.

Conclusions: Our results indicate that most nutrients remain in CWD for long periods. Nutrients may be used and
cycled by microorganisms within CWD, but with the exception of P (in beech), Mg (in pine) and K (in beech and pine),
there appears to be little net nutrient export until two thirds of the mass is lost. Instead, N, P, S and Ca were
accumulated in spruce logs, indicating that CWD became a net sink rather than a net source of some nutrients for
several decades.
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Background
Coarse woody debris (CWD) is structurally and func-
tionally very important for forest ecosystems, in particu-
lar in relation to biodiversity (Siitonen 2001; Grove et al.
2002; Miiller and Biitler 2010) and carbon sequestration
(Harmon et al. 1986; Turner et al. 1995; Pregitzer and
Euskirchen 2004). It can clearly play a key role in the
carbon and nutrient cycle, i.e. as a temporary reservoir,
but its importance varies with context. Most research on
nutrient dynamics associated with CWD has been con-
ducted in boreal forests of North America and Russia
(Bauhus et al. 2018). Some studies have found that the
store of nutrients in dead wood is significant when com-
pared to other biomass pools in boreal forest ecosystems
of northwestern Russia (consisting of Scots pine, Norway
spruce and birch; Krankina et al. 1999), whereas others
have found no substantial contribution of CWD to the
nutrient cycle for North-American coniferous forests
(Laiho and Prescott 2004). Very little information is
available for central European forests and the economic-
ally most important tree species Fagus sylvatica, Picea
abies and Pinus sylvestris. In fact, only six studies con-
sidered, at least to some extent, nutrient dynamics in
CWD for F. sylvatica (Christensen and Vesterdal 2003;
Kraigher et al. 2003; Odor and Standovdr, 2003; Miiller-
Using and Bartsch 2007; Kuehne et al. 2008; Kahl 2008),
there are two relevant studies for P. abies (Kahl 2003;
Biitler et al. 2007), and none for P. sylvestris. In addition,
all of these studies were case studies carried out at single
sites. These studies found that concentrations of P and
the base cations Ca and Mg increased significantly over
the course of decomposition, which may be particularly
important in forest ecosystems with highly acidified soils.
In these systems, the quantity of calcium in CWD can
reach dimensions similar to those of the forest floor com-
partment (Miiller-Using and Bartsch 2007). Accumulation
of CWD on the forest floor can improve soil quality lo-
cally and provide hotspots for certain nutrients and the
organisms that depend on them, such as the gastropod
community that depend on Ca in CWD in forests on
highly acidic soils (Kappes 2005; Kappes et al. 2006, 2007).
To reduce efforts and costs for wet chemical analyses
of wood, near infrared reflectance spectroscopy (NIRS)
may be used as an indirect method to determine the
chemical composition (e.g. lignin and cellulose content)
of wood based on its spectral properties (Kelley et al.
2004; Poke et al. 2004; Poke and Raymond 2006; Via
et al. 2014). NIRS has been used successfully for the as-
sessment of chemical properties of forest floors organic
material and heterogeneous plant material (Gillon et al.
1999; Chodak et al. 2002; Gruselle and Bauhus 2010).
However, to our knowledge NIRS has never been used
for the rapid assessment of the chemical properties of
decomposing wood. Here we assessed changes in
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nutrients and organic constituents in CWD of Fagus syl-

vatica, Picea abies and Pinus sylvestris across different

decay stages. Further, we assessed the use of NIRS to de-

termine the chemical properties of CWD, which can

then be used to predict nutrient concentrations for

additional samples without wet chemical analysis.
Specifically, we hypothesized that:

1) Nutrient concentrations increase with advancing
decomposition, whereas the quantities of nutrients
in decomposing logs remain constant or decrease
with increasing mass loss.

2) The quantity of nutrients stored in decomposing
logs is higher in Fagus sylvatica (angiosperm) than
in Picea abies and Pinus sylvestris (gymnosperms).
In addition, we aimed to determine whether
nutrient concentrations in dead wood can be
accurately predicted with NIRS.

Methods

Study sites

For the chronosequence approach that relates mass (i.e.
wood density x volume) to the age of CWD, logs were
sampled at sites where the previous stand had been
wind-thrown and where no or only little salvage logging
had taken place. Thus, we could be certain about the
period that logs had undergone decomposition. The
study sites were mainly located in southern Germany,
except for the oldest site that was situated in northern
Germany (Lower Saxony, near the city of Hannover) and
Forét de Haguenau, in the Alsace, France. All selected
sites were hit by severe winter storms in 1999, 1990 and
1972 (Table 1).

Sampling design
Downed CWD of F. sylvatica, P. abies and P. sylvestris
from three different years since tree fall (1972 (except for
beech), 1990 and 1999) was sampled after 36, 18 and
8 years of decomposition in three different initial diameter
classes (>10 cm — <20 cm, >20 cm — <40 cm, >40 cm).
Samples originating from wind throws in 1999 were col-
lected along an altitudinal gradient from the Rhine valley
up to the top of the black forest (Table 5 in Appendix).
This represents a climatic gradient with regard to
temperature and precipitation (see Table 1). Unfortu-
nately, no pine CWD was found at the highest elevation.
In our design, site was not independent from year
since tree fall. Generally, we sampled at least 5 replicates
for each combination of species, site, and diameter.
Where clearly different diameter classes were present
along the length of a single log, we selected in some
cases several sample-points at a minimum distance of
2 m within a given log, where cross-sectional stem discs
were extracted. Discs were approximately 10 cm thick.
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Table 1 Description of the study sites

Page 3 of 15

Site Year of tree fall  Location Elevation®  Soil type® Average temperature®  Precipitation®
[lat (°N) long (°E)] (m asl) per year (°C) (mm per year)

Forét de Haguenau (FdH) 1999 48.859436, 7.854333 150-170 Gleyic Cambisol 10.98 645

Bienwald (Biw) 1999 49.039056, 8.187283 100-130 Cambisol 10.0 680-700

Rottlerwald (Roe) 1999 47659397, 7672778 510-590 Luvisol and Cambisol ~ 9-10 900-1080

Lotharpfad (Lot) 1999 48506033, 8222183 950 Podsolic Cambisol 7 1700

Hofstatt (Hof) 1990 49.312522, 9.555708 320-340 Luvisol 88 800

Silbersandgrube (Sig) 1990 48595608, 9.019817 550 Luvisol 78 665

Kiekenbruch (Kib) 1972 52672028 10648928 70 Podsolic Cambisol 85 657

@According to GPS
®FAO 2006
“According to forest office information

On average, we extracted 2.5 sample discs per log. These
samples were treated as separate samples, because the
variations in wood density within one log and within the
same decay class were comparable to the variations
within the same decay class when collected from a large
population of logs in the field (see also Miiller-Using
and Bartsch 2009). Separate samples from the same log
can also differ considerably in composition of the micro-
flora, as has been shown by others (Shigo 1986;
Schwarze et al. 1999). In addition, our preliminary ana-
lysis showed that samples of mass remaining from the
same log were not auto-correlated according to the Dur-
bin Watson-Test (DW = 1.7).

Decay class was assessed for each log and measurement
position according to a 4-stage classification system
(Albrecht 1991, for P. abies and P. sylvestris), modified for
F. sylvatica by Miiller-Using and Bartsch (2009). Based on
the decay class and the associated known wood densities,
log volumes assessed in field inventories can be converted
into CWD mass and C content (Grove et al. 2009). How-
ever, because the internal log condition may not be repre-
sented by a visual decay classification (Meyer 1999), large
errors can result when calculating C pools on this basis.
Therefore, we also assessed the internal density of logs with
the drill resistance method (Kahl et al. 2009; see also
Herrmann et al. 2015). At each point, where log diameter
was measured, two drill resistance measurements were
conducted, one horizontally and one vertically. In general,
at least one stem disc per tree, representing the dominating
decay class, was cut with a chainsaw at a drill resistance
measurement position for further calibration of the method
and wet chemical analysis. If more than one diameter or
decay class was analyzed per log, the number of extracted
discs increased accordingly. At one reserved site (‘Lot’) no
discs could be removed for most beech logs, as their pos-
ition was very close to a hiking trail. In this case, samples
were taken with a wood corer (according to the method
applied above).

Wood cores were taken from intact wood (1 sample
per diameter class per species and site, except for the

sites ‘Biw, ‘Lot’ and ‘FdH’) to estimate initial nutrient
concentrations. Where no wood cores could be ex-
tracted, we used initial nutrient concentrations from
other sites with similar soil conditions. In the case of
‘Biw’ (spruce and pine) the average of the initial nutrient
concentrations from the sites ‘Kib; ‘Roe’ and ‘Sig’ was
used. The same was done for the site ‘Lot’ in the case of
spruce. In the case of beech, we used the average from
‘Roe’ and ‘Hof’ for the site ‘Lot, as well as for the site
‘FdH’ (beech only).

Density assessment

Density was assessed gravimetrically and via drill
resistance measurements using the Resistograph 3450S
(RINNTECH, Heidelberg, Germany) with a resolution of
0.01 mm and a maximum drilling depth of 44 cm (for fur-
ther details see Herrmann et al., 2015).

Chemical analysis

Following density assessment, a subset of all samples with
a total of 3 replicates per species, decay stage and diameter
class was finely ground and analyzed for concentrations of
C, N, B S, Ca, K, Mg and Mn. The C and N concentra-
tions were determined by combustion at 950 °C with a
Leco Truspec™ CN analyser (St. Joseph, MI, USA). Con-
centrations of P, S, Ca, K, Mg, and Mn were analyzed with
Inductively Coupled Plasma-Optical Emission Spectros-
copy (ICP-OES) (Spectro, Kleve, Germany), following
HNO; digestion in pressure chambers. Extractives and lig-
nin concentrations were measured according to the
methods proposed by TAPPI (1976) and Effland (1977).

Near infrared reflectance spectroscopy (NIRS)
NIR-spectra for C, N, P, lignin and extractives were ob-
tained from the finely ground and dry samples for the
wave number range from 4000 to 11,000 cm™ ' using a
Tensor 37 spectrometer (Bruker Optics GmbH, Ettlingen,
Germany).

The detailed method for spectra acquisition as well as
development and validation of NIRS prediction models
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using the OPUS software (version 5.5, Bruker Optics
GmbH, Ettlingen, Germany) along with the QUANT op-
tion of the OPUS software (Conzen 2001) followed the
description in Gruselle and Bauhus (2010).

The total number of samples used for model develop-
ment is displayed in Table 2.

The best NIRS prediction model for each parameter
was identified according to the highest coefficient of de-
termination (R?) and the lowest root mean square error
of prediction (RMSEP; Table 2). To evaluate the
prediction quality of NIRS models, the statistical
parameters R and the ratio of performance to deviation
(RPD = ratio of standard error of prediction to standard
deviation) were used. The usefulness of these statistical
parameters to characterize the quality of NIRS models
has been discussed controversially (Chang et al. 2001;
Williams 2001; Malley et al. 2004; Zornoza et al. 2008).
Especially for soil analysis, high values for RPD and R*
are rarely achieved (Malley et al. 2004). To judge our
RPD and R*> values, we followed the classification
suggested by Malley et al. (2004), who provided an
overview and summary on this topic. We applied the
following 4 levels to classify model quality:

e Level A: R*>0.95 and RPD > 4, excellent
calibrations, usable for all applications

e Level B: R? between 0.90 and 0.95, RPD between 3
and 4, successful calibrations usable for most
applications with some caution, e.g. quality
assurance

e Level C: R? between 0.80 and 0.90, RPD between
2.25 and 3.00, moderately successful calibrations,
usable with caution, e.g. research

e Level D: R* between 0.70 and 0.80, RPD between
1.75 and 2.25, moderately useful calibrations, usable
for screening of samples

Data analysis

To calculate mass loss, mean dry density from gravimet-
ric density assessment was used if available. Otherwise
we used mean dry density based on drill resistance. For
each measurement position, the volume of the stem disc
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represented by this position was calculated based on
formula 1:

Vanx(%l)z (1)

Original dry mass of undecayed wood of the three tree
species was calculated based on the original diameter and
dry densities provided in the literature (Trendelenburg
and Mayer-Wegelin 1964). Reference values for dry dens-
ity (g-cm™?) were a) for F. sylvatica: Lot: 0.65, all other
sites: 0.68; b) for P. abies: Lot: 0.4, Kib: 0.46, all other sites:
0.43; c) for P. sylvestris: Kib >40 cm: 0.45, all other sites
and diameter classes: 0.49 (see also Herrmann et al. 2015
for further details).

If the original diameter was different from the current
diameter (i.e. bark and/or (sap) wood was already
decomposed), it was reconstructed based on the thick-
ness of intact parts on the same log.

Statistical analysis
Statistical analyses were conducted using SPSS Statistics
17.0 (SPSS Inc., Chicago, IL, USA) and R (R Develop-
ment Core Team). All significance testing was done with
p <0.05. The analysis for even distribution of the resid-
uals was conducted graphically via normal qq-plot and
scatter plot (residuals vs. predicted values; and vs. fitted
values (linear regression model)), as well as via
Kolmogorov-Smirnov tests (Dormann and Kithn 2009).
A transformation (usually In or log) was conducted, if
residuals were not evenly distributed. This was done for
all elements, except for amounts of C and lignin. We
used log10 for transformation in the case of C/N and N/
P ratios as well as for C concentration. Concentrations
of K, Mg and lignin as well as amounts of N (for com-
parison between species) S, K, Mg, Ca and Mn were In
transformed, while concentrations of P and Ca as well as
amounts of N (for comparison at the species level be-
tween the different decomposition times) and P were
square root transformed.

A one-way ANOVA followed by LSD or Dunnett T3
post-hoc test (if variances were not homogenous) was

Table 2 Validation and independent validation statistics as well as number of samples used for NIRS model development

Variable Validation set Independent validation set Number of samples
R RMSEP R RMSEP RPD E/?aqllggge ta;cig&% t fgad‘;% o/ iav‘ﬁfgia%“o/m
C 0.89 0.879 0.79 0.901 217 D 140/151/576
N 0.94 0.042 0.94 0.041 412 A/B* 135/146/585
p 0.87 0.0278 087 0.034 293 C 48/35/20
Lignin 0.99 1.14 0.98 1.55 6.79 A 48/36/22
Extractives 087 1.05 0.92 0.76 372 B 84%/22

*Crossvalidation; * Models were ranked “A” according to RPD value, but “B” in relation to R?
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conducted to test for differences in nutrient concentra-
tions and amounts between the three species and (at the
species level) between the different periods for which
logs had undergone decomposition. The influence of
substrate-specific (tree species, diameter class, decay
stage) and environmental variables (site) on nutrient
concentrations and amounts remaining after different
periods of decomposition in the field was analyzed based
on a linear mixed-effects model. To decide if a model
was better than a previous model, we used the explained
variation (R?) and the AIC as 1st and 2nd criteria. Eta
squared was used as an effect size measure.

Results

Prediction of chemical composition of CWD with NIRS
Strong correlations were found between predicted and
true values for C, N, P, lignin and extractives (Table 2). Ac-
cording to the classification system by Malley et al. (2004),
the model quality varied between level A for lignin and
level D for carbon concentration (Table 2). Importantly,
the models were of sufficient quality for lignin and extrac-
tives, which could be determined in the conventional,
wet-chemical way only for a small number of samples.

Element concentrations and amounts in CWD

Carbon concentrations (%) were significantly higher in
CWD of spruce and pine than in beech (p < 0.001; Fig. 1,
Table 3), whereas no significant difference between spruce
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and pine was observed. Carbon concentrations increased
significantly with advancing decomposition for all three
species (p <0.01; Fig. 1, Table 3) and were mainly influ-
enced by tree species (35%), decomposition time (11.8%)
and diameter (2.5%), which, together with a random factor
(consisting of site and log; 12.9%), explained 62.3% of the
total variation (Table 6 in Appendix). If we subtract the
random factor, which cannot be predicted, 49.4% of the
variation in C concentration may be predicted for the tree
species investigated here.

In contrast, the amount of C decreased in all tree spe-
cies relative to the initial value and parallel to mass loss
(Fig. 3) and was mainly influenced by decomposition
time (36.4%) and log diameter (21.1%). Together with
the interactive effect of decomposition time and tree
species (5.9%) and tree species as a single factor (2.4%)
about 74.3% of the total variation could be explained
(Table 7 in Appendix). Excluding the random factor of 8.
5% (Table 7 in Appendix), 65.8% of the variation in C
quantities in CWD logs may be predicted.

While the concentrations of most nutrients increased
significantly over the course of decomposition, in par-
ticular for spruce between 18 and 36 years (42% and
64% mass loss), concentration of K decreased signifi-
cantly in pine and beech logs (Figs. 1 and 2, Table 3).
The K concentrations in spruce logs remained more or
less constant and tended to increase with high variability
from 8 years (25% mass loss) onwards to about 30%
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Fig. 1 Concentrations of C, N, P and S (mean and corresponding standard deviation) in decaying log segments of Fagus sylvatica, Picea abies and
Pinus sylvestris in relation to mass loss; 2nd symbol at 8 years, 3rd symbol at 18 years, 4th symbol at 36 years
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Table 3 Concentrations of C, N, P, S, Ca, K, Mg, Mn and Lignin (% and mg-g~ ") as well as C/N and N/P ratio, mean + standard
deviation (SD), in log segments of Fagus sylvatica, Picea abies and Pinus sylvestris; mass loss at 8 years: 32%, 24.9% and 24.6%,
18 years: 60.2%, 41.9% and 42.9%, and 36 years: 63.8% and 53.6% for beech, spruce and pine respectively; small values indicate
significant difference (p < 0.05) between species as well as between periods of decomposition; n=number of samples

Element Species Decomposition time p value (anova)
0 8 18 36
Mean + SD n Mean £+ SD n Mean + SD n Mean + SD n time species
C (%) Beech? 463 +0.52 4 475°+062 47 474P+074 16 <001 <0001
Spruce®  468*+0.75 6 499°+148 47 492°+127 19 508°+248 16 <0001
Pine” 488 +1.13 5 491°+127 33 501P+15 21 508°+139 11 <001
N (%) Beech? 0.085 + 0015 4 012+0044 50  0.14%0.1 16 <001
Spruce®  0052°°+£0005 6  0.06°+0026 45 0091°+0063 18  046°+031 16 <0001
Pine” 0.048% + 0,014 5 0069%°+0024 31 0.1°°+0079 21 0089°+0017 11 <005
P (mgg) Beech? 0.089 + 0.025 4 0062+0023 49 0087 +0.082 16 <005
Spruce®™  0.042°+0.01 6  0035°+002 45 0059°+0042 19  019°+0.124 16 <0001
Pine® 0.035+0016 4 0045+0025 31 0063+0038 21 0039+0023 10
S(mgg™") Beech 0.11+0.028 4 013+0047 16 021+0.16 10
Spruce 0.081% £ 0.057 6  0063%+0039 13 0.13°+0085 4 067°+0304 10 <0001
Pine 0.057 + 0,023 5 009+0044 8 0.12+0.076 7 0.11+0076 6
Ca(mgg™)  Beech?® 0.83*+0.17 4 106°+139 16 169°+06 10 <001 <001
Spruce® 069°+0.14 6  09°+031 13 145%°+079 4 2440 +075 10 <0001
Pine” 0.65+0.18 5  063+0.1 8 0.81+0.27 7 109+ 061 6
K(mgg™") Beech? 126 +0.28 4 077°+041 16 082°°+043 10 <0001
Spruce®  04+006 6  031+0. 13 055+052 4 052+04 10
Pine® 0337+ 0.04 5 023+012 8 0.14° +0.06 7 0.11°+0.06 6 <001
Mg (mgg™)  Beech? 029°+0.11 4 028°+0.15 16 057°+025 10 <001 <0001
Spruce®  0.1°+003 6 0.13°+004 13 017°°+0.1 4 0.23°+008 10 <001
Pine” 0.15% +0.05 5  0.17°+006 8 0.09° +0.02 7 0.1%° +0.05 6 <005
Mn (mgg™)  Beech? 0.14+0.13 4 032+0.18 15 028+008 10 <0001
Spruce®  0.16°+0.14 6  025°+0.3 13 047°+0.26 4 0.13°+0.1 10 <001
Pine® 0.07 +0.03 5  0.18+0.1 8 0.11+0.04 7 0.06 + 0.05 6
Lignin (%) Beech? 215%+035 4 2447+412 49 265°+488 17 <005 <0001
Spruce® 27.6% + 044 6  335°+548 47 334°+6.15 19 528°+153 16 <0001
Pine® 27.2+094 5  278+288 33 287+681 21 2764256 11
N Beech? 561+987 4 489+263 47 4364195 16 <0001
Spruce® 9122 +97.2 6 10887+ 705 45 81374665 18 178°+135 16 <0001
Pine® 10572+ 218 5 858 +523 31 677+316 21 5865+ 101 11 <005
N/P Beech 103 +4.1 4 2027+212 49 3041461 16
Spruce 13.02+326 6 232+189 43 182121 18 272+154 16
Pine 144 +745 4 31+435 30 209+197 21 283+122 10

above the initial concentration at 36 years. Nutrient con-
centrations (N, P, S and Ca) were generally highest in
highly decomposed spruce CWD at 36 years corre-
sponding with 64% mass loss (Figs. 1 and 2, Table 3),
whereas the concentration of Mn was highest in spruce
CWD at 18 years and that of Mg in beech CWD at
18 years corresponding with 42% and 60% mass loss,

respectively. Concentrations of Mn were highest at early
and intermediate decomposition stages (Fig. 2, Table 3).
The total explained variation in statistical models for
nutrient concentrations varied between 42% (P) and 79%
(Mn; Table 7 in Appendix). The most important fixed
factors were tree species and decomposition time. Tree
species was the most important variable in models for N
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and K, while decomposition time was most important in
models for concentrations of S, Ca and Mn. The inter-
action between tree species and decomposition time was
the most important fixed factor in the case of P and Mg.
The random effect of site and log explained between 0
(S) and 46.7% (Mn) of the total variation. If we subtract
the random factor, between 32.1% (P) and 66.3% (Ca) of
the variation may be predicted (Table 6 in Appendix).

In contrast to nutrient concentrations, the amounts of
most nutrients remained constant or decreased over the
course of decomposition or, in the case of spruce, increased
in the latest decomposition stage (Figs. 3 and 4, Table 4).
This increase was significant only for N, P and S (Table 4).
In contrast, the quantities of K decreased significantly for
beech and pine, whereas an intermittent increase of about
25% relative to initial values was observed between 25%
and 42% mass loss in spruce (Fig. 4, Table 4). Similar to K,
amounts of N (although less pronounced) and P decreased
significantly in CWD of beech. Until 60% mass loss, 33%,
73% and 79% of the initial amounts of N, P and K in beech
CWD were lost. Average nutrient quantities (in % of initial
values) were generally highest in spruce CWD, where the
highest amounts of N, B, S and Ca were observed at 36 years
and the highest amounts of K and Mn at 18 years of de-
composition (Figs. 3 and 4, Table 4). Nutrient quantities

were mainly influenced by the interaction of decomposition
time and tree species, whereas tree species as a single factor
was most important in the case of Ca and decomposition
time as a single factor was most important in the case of K.
However, the interactive effect of diameter and tree species
was the most important fixed factor for Mg. Most of the
variation in nutrient quantities could be explained for Mg
(85.8%) and least for N (28.6%). Between 11.7% (Mg) and
62.8% (S) of the variation could be predicted excluding the
random factor in statistical models (Table 7 in Appendix).
The C/N ratio in CWD decreased significantly for
spruce and pine and tended to decrease for beech (Fig. 5,
Table 3). The strongest decrease was observed for spruce
from C/N ratios between 912 and 1088 at 0 and 8 years to
values of 813 and 178 at 18 and 36 years, when 42% and
64% of mass were lost, respectively. In contrast, the N/P
ratio was highly variable and tended to increase in all tree
species towards a similar level of about 30 (Fig. 5, Table 3).
Lignin concentrations increased significantly over the
course of dead wood decomposition in spruce and beech
logs and remained constant in pine (Fig. 6, Table 3). In
contrast, the amount of lignin decreased in all tree spe-
cies, but remained constant between 18 and 36 years of
decomposition for spruce (Fig. 6, Table 4). The highest
proportion of the variation in lignin concentrations
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Fig. 3 Amounts of C, N, P and S (mean and corresponding standard deviation) in decaying log segments of Fagus sylvatica, Picea abies and Pinus
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Table 4 Amounts of C, N, P, S, Ca, K, Mg, Mn and Lignin (% Initial amount), mean + standard deviation (SD) in log segments of

Fagus sylvatica, Picea abies and Pinus sylvestris; mass loss at 8 years: 32%, 24.9% and 24.6%, 18 years: 60.2%, 41.9% and 42.9%, and
36 years: 63.8% and 53.6% for beech, spruce and pine respectively; small values indicate significant difference (p < 0.05) between
species as well as between periods of decomposition. n = number of samples

Element Species Decomposition time p value (anova)
8 18 36
Mean + SD n Mean + SD n Mean + SD n Time Species
C Beech 706°+ 1238 47 409°+132 16 <0001
Spruce 79.9° +6.86 47 609°+114 19 403°+18 16 <0001
Pine 7632+ 102 33 59.2°+ 145 21 484° +17 11 <0001
N Beech? 804% + 36 50 67°+259 16 <005 <005
Spruce® 86.8% +37.1 45 101 +52 18 238°+95.7 16 <0001
Pine®® 87.3%+409 31 119°+4838 21 97% +327 11 <005
p Beech? 554%+229 49 273+ 184 16 <0001 <0001
Spruce® 69° +39.8 45 747 £505 19 1257+ 59 16 <001
Pine® 102+529 31 113+818 21 492 +256 10
S Beech 887+318 16 75.7 £69.6 10
Spruce 498 +25 13 5572 +165 4 317°+94 10 <0001
Pine 112+509 8 184+ 182 7 686+47.5 6
Ca Beech? 936+ 504 16 768+ 288 10 <001
Spruce® 94.6+28.2 13 92.8+368 4 118+714 10
Pine® 712+123 8 614233 7 58.1+27.9 6
K Beech® 49.8°+338 16 209°+116 10 <005 <005
Spruce® 569+ 157 13 82.1+739 4 437+519 10
PineP 544%+369 8 20.9° +10.1 7 11454555 6 <0001
Mg Beech® 76 +56.9 16 57.5+24 10 <001
Spruce® 992+ 256 13 959+ 66.9 4 75.1 +505 10
Pine® 97.7°+258 8 302°+115 7 231°+116 6 <0001
Mn Beech? 133°+536 15 247° £ 976 10 <001 <001
Spruce® 934 +468 13 313+£197 4 133+ 181 10
Pine® 1412+ 709 8 85.7% +23.1 7 36.1°+307 6 <0001
Lignin Beech? 75.9°+156 49 48.8°+149 17 <0001 <0001
Spruce® 90.2° +133 47 69.4° +14.5 19 72.2°° +386 16 <0001
Pine? 774°+113 33 56.1°+ 86 21 475%+148 11 <0001

and amounts could be explained by the variables de-
composition time and tree species as well as the
interactive effect between these two factors (Table 8
in Appendix). The model for lignin concentrations
was substantially better than that for lignin amount.

Discussion

NIRS

Our results demonstrate that concentrations of C, the
nutrients N and P and the organic constituents lignin
and extractives in dead wood can be predicted with
NIRS. However, the predictive quality varied according
to the specific range of each variable and the amount of

samples available for calibration and validation. High
predictive power, ie. level A-B, was achieved for N,
where a high number of samples was available for model
development. Whereas the amount of samples was also
high for C, the specific value range was very restricted
with 95% of the measured C concentrations between 48.
8% and 49.3% and a difference between the minimum
and maximum C concentration of only 9%. Owing to
this problem, the predictive quality was only level D.
Despite a low amount of samples excellent NIRS-models
could be developed for lignin (level A).

In other studies, R* values of NIRS models for lignin
varied between 0.67 (Poke and Raymond 2006) and 0.99
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Fig. 5 C/N and N/P ratio (mean and corresponding standard deviation) in decaying log segments of Fagus sylvatica, Picea abies and Pinus sylvestris in
relation to mass loss; 2nd symbol at 8 years, 3rd symbol at 18 years, 4th symbol at 36 years
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(Poke et al. 2004), while for extractives R* values between
0.85 (Kelley et al. 2004; Via et al. 2014) and 0.89 (Poke
et al. 2004) were found. Differences in results between
these studies can be mainly attributed to ground wood vs.
sound wood - with generally higher correlation
coefficients for ground wood. Further influencing factors
were tree species and type of wood (hardwood vs.
softwood; Poke and Raymond 2006). The lower R* values
for extractives relative to lignin observed in our study are
consistent with findings in the literature. Extractives
comprise of a range of non-structural compounds that are
soluble in organic solvents and water. Therefore, predic-
tion of extractives from the NIR spectra can be expected
to be more difficult (Poke and Raymond 2006). Our results
for the prediction of C, N and P concentrations were com-
parable to those found in other studies (Gillon et al. 1999;
Chodak et al. 2002; Gruselle 2010), except for C concentra-
tions. However, in other studies the difference between
minimum and maximum C concentration varied between
25% (Gillon et al. 1999) and 32% (Chodak et al. 2002) and
high R? values between 0.96 (Gruselle 2010) and 0.99

(Gillon et al. 1999) were achieved. In comparison to N, the
predictive quality was lower for P also in other studies
(Gillon et al. 1999; Chodak et al. 2002; Gruselle 2010);
probably because P, like other minerals, does not absorb
energy in the near-infrared region. Its prediction relies on
the secondary correlation with components that can be
measured by NIRS (Gillon et al. 1999).

Element concentrations and amounts in CWD

C concentration in CWD of spruce and pine was signifi-
cantly higher than in beech, reflecting the higher C con-
centration in undecomposed wood of gymnosperms when
compared to angiosperms (Thomas and Martin 2012).
With advancing decomposition, a slight increase in C con-
centration was observed for all three species. This result
was also found by Miiller-Using and Bartsch (2007) for
beech. This change is probably driven by an increase of
lignin and a decrease in cellulose, as lignin has a higher
proportion of C than cellulose (see also Miiller-Using
2005; Herrmann et al. 2015). Other studies that followed
C concentrations in beech CWD across different

—&— Fagus sylvatica

---A--- Picea abies

--©-~ Pinus sylvestris

Lignin (%)
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Fig. 6 Concentration (%) and amount (% initial amount) of Lignin (mean and corresponding standard deviation) in decaying log segments of
Fagus sylvatica, Picea abies and Pinus sylvestris in relation to mass loss; 2nd symbol at 8 years, 3rd symbol at 18 years, 4th symbol at 36 years
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decomposition stages observed no changes (Christensen
and Vesterdal 2003) or a decrease for the latest decom-
position stage (Kraigher et al. 2003; Odor and Standovar,
2003). For spruce, increasing C concentrations with on-
going decomposition were also observed in other studies
(Kahl 2003; Biitler et al. 2007). As a consequence of the
differences in density of sound wood among these species,
more C is stored per unit of CWD in beech than in spruce
and pine. For example, according to our study, 3.4 m*ha"
! beech CWD — the average volume of downed deciduous
CWD in Germany (BMEL 2014) — would be equivalent to
739 kg Cha ' (217 kg C:m ™). In contrast, in 5.9 m*ha™*
spruce CWD — the average volume of downed coniferous
CWD — 958 kg C-ha™ ! (162 kg C:m™?) would be stored.

We observed an increase in nutrient concentrations with
ongoing decomposition for most elements, except for K
which decreased in beech and pine and remained more or
less constant in spruce. K concentrations of all three spe-
cies seem to stabilise at different levels from about 40%
mass loss onwards. K has been found to be a very mobile
cation, which decreases (due to leaching) already early in
the decomposition process of dead wood (Lambert et al.
1980; Means et al. 1992; Holub et al. 2001) and leaf litter
(Gruselle 2010). In contrast, a significant increase in K con-
centration of spruce CWD was observed in a study that in-
vestigated nutrient dynamics in CWD in the boreal forests
of Russia (Krankina et al. 1999). The observed stabilisation
and increase in K concentration during later stages of de-
composition was also found in a meta-analysis of different
North-American studies (Laiho and Prescott 2004) and
might be explained by the fact that K (like Mg) is an im-
portant macronutrient for fungal growth, primarily needed
as an enzyme cofactor (Kavanagh 2011).

Generally, we observed the largest increase in nutrient
concentrations in CWD of spruce between 42% and 64%
mass loss, which might also be related to the more ad-
vanced decomposition in CWD of spruce, in particular
when compared to pine. In other studies, similar concen-
tration increases have been found also for highly decom-
posed pine (Krankina et al. 1999) and beech CWD
(Christensen and Vesterdal 2003; Kraigher et al. 2003;
Odor and Standovar, 2003; Miiller-Using and Bartsch
2007). In the study by Miiller-Using and Bartsch (2007), an
increase in nutrient concentrations, i.e. N and P occurred
between 61% and 80% mass loss (corresponding to 12 and
28 years of decomposition time; Miiller-Using and Bartsch
2009). For comparison, the maximum mass loss of beech
CWD in our study was 60% at 18 years of decomposition.
In contrast to our study and the one by Miiller-Using and
Bartsch (2007), nutrient concentrations (N, B, S and K) in
beech logs were at least twice as high at the study-sites of
the ‘Nat-Man-project’ (Christensen and Vesterdal 2003;
Odor and Standovar, 2003; Kraigher et al. 2003), pointing
to differences in site conditions. In contrast to our study-
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sites and the one by Miiller-Using and Bartsch (2007),
which were mainly on acidic soils, the study-sites of the
‘Nat-Man-project’ were on calcareous soils. According to
Laiho and Prescott (2004), the N and P storage in CWD
depends largely on the initial N and P concentrations in
the wood, which again depend on the tree species and the
nutrient status of the site. This is also reflected by our
linear mixed-effects model analysis, where most of the
variation in nutrient concentrations was explained by tree
species. The influence of site and log (ie. intraspecific
variation) was most important only for Mn and P.

The remarkable increase in the concentration of lignin in
the case of spruce and the stabilization in the amount of
lignin in CWD of spruce after 40% mass loss (18 years of
decomposition time), as well as the continuously decrease
in the case of beech are most likely the result of the differ-
ent wood decay types; i.e. brown rot in the case of spruce/
pine and white rot in the case of beech (Rayner and Boddy
1988). In the case of brown rot, cellulose and hemicellulose
are decomposed completely, while lignin is only partially
decomposed; whereas in the case of white rot, cellulose,
hemicellulose and lignin are decomposed completely
(Rayner and Boddy 1988). Corresponding to the largest in-
crease in the concentrations of C and lignin as well as the
most advanced decomposition (i.e. highest mass loss) in
spruce, the amounts of N, P, S and Ca increased markedly
after 40% respectively 25% (Ca) mass loss in CWD of
spruce, and the C to nutrient ratios (i.e. C:N) decreased as
has been found by others (e.g. Boddy and Watkinson 1995;
Prescott et al. 2017). Thus, in our study, CWD of spruce
clearly became a net sink for N, P, S and Ca in late decom-
position stages, whereas the amounts of N, P and K de-
creased in beech CWD until 60% mass loss and those of
Mg and K in pine CWD until 53% mass loss. Similar in-
creases in the amounts of N, P and S, as observed for
spruce in our study, were also found for highly decomposed
beech CWD in other studies (Christensen and Vesterdal
2003; Kraigher et al. 2003). An accumulation of N and P
was observed in a study that investigated decomposition
and nutrient dynamics over 40 years in stumps of Pinus syl-
vestris and Picea abies in southern Finland (Palviainen et al.
2010a and b). However, those increases were 23% to 58%
lower than in our study. The large variation in nutrient
concentrations and remaining amounts observed in our
study may be attributable to the low sample size, the differ-
ent soil types of the study sites, and the occurrence of dif-
ferent fungal species that may have different capacities to
translocate nutrients from the soil to the decomposing
wood (e.g. Wells et al. 1998). Nutrient accumulation and
fixation in microbial biomass occurs most likely through
nutrient import by fungi, which may occur through 1) con-
tact with soil, 2) mobilization through interstitial mycelium,
the translocation through mycelium growing from wood
through soil, and 3) N fixation by bacteria associated with



Herrmann and Bauhus Forest Ecosystems (2018) 5:22

wood-decaying fungi (Rayner and Boddy 1988; Hoppe et al.
2014). Nutrients are released when animals invade, when
mycelia interact with other fungi and bacteria, or die
(Boddy and Watkinson 1995). Generally, the pattern of nu-
trient dynamics seems to be similar in CWD of pine and
spruce, while reflecting the slower decomposition of pine.

We are aware that decomposition time and site were
not independent in our study and that for each category,
in particular at 18 and 36 years of decomposition time,
site is represented by one single location only. However,
as the focus of this study was to assess nutrient dynam-
ics in CWD across different sites, we avoided any site
specific interpretation. In addition, climatic parameters
such as different temperatures and precipitation at indi-
vidual sites were found to have only a minor effect on
the decomposition process in this temperature and pre-
cipitation range (Herrmann et al. 2015).

CWD as a net sink or source of nutrients

The role of CWD as a possible nutrient reservoir depends
on the amount of CWD (m>ha ') and on tree species.
Based on a comprehensive study that quantified the
nutrient balance of forest ecosystems of the German federal
state Rhineland Palatinate (Wellbrock et al. 2014), the
amount of nutrients stored in CWD of our study was
evaluated. In relation to other ecosystem pools the highest
relevance was found for K in beech CWD. Assuming an
amount of 20 m> CWD-ha ! (the German and Rhineland
Palatinate average; BMEL 2014; Wellbrock et al. 2014) and
an average mass loss over 18 years of 37%, the proportion
of total forest floor K contained in beech CWD would be
9%. For Ca and Mg this proportion would be 4.9% and 3.
8%, respectively (median values; Table 9 in Appendix). In
contrast, the proportion of total ecosystem K, Ca and Mg
contained in dead wood of beech would be only about 0.9%
for K and Mg and 0.8% for Ca (Table 9 in Appendix).
Unfortunately, this comparison could not be conducted for
spruce and pine forests, because of the extensive liming at
such sites in Rhineland Palatinate. In contrast to base
cations, the amounts of N and P in CWD of beech are only
of minor importance in relation to other ecosystem pools.
The same applies to CWD of spruce and pine except for N
in CWD of spruce in advanced stages of decomposition
(Table 9 in Appendix). The low relevance of the amounts
of N and P in CWD of beech calculated in our study
becomes also apparent, when comparing these with
reported throughfall deposition rates in German (beech)
forests. For example, average throughfall deposition rates
for N and S of 17 and 8 kg-ha™*-a™ ! respectively, have been
measured between 2004 and 2006 at 75 nationwide
distributed monitoring sites (MLUR 2009). However, in
relation to the total deposition in forests, which can
amount to more than 32 kg N-ha *a~! and more than
11 kg Sha 'a™' (MLUR 2009), the throughfall deposition
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rates can be regarded as conservative. If we assume an
amount of 20 m>*ha™! of beech CWD (the German
average; BMEL 2014) and, according to our study, an
average content of 0.53 mg-cm > N and 0.067 mgcm™ > S
in dead wood, then the average CWD volume would store
an amount of 10.6 kg N and 1.34 kg S, which is less than
the quantity received in one year through deposition.

Higher N stores in coniferous CWD were measured in a
study in the boreal region of Russia (Krankina et al. 1999),
where dead wood comprised 9.6% of the total aboveground
N store in an old-growth spruce forest and 4.1% in a mature
pine forest. The amounts of N and P stored in CWD of
beech in our study were similar to those found at nutrient-
rich sites in Denmark (Christensen and Vesterdal 2003),
whereas the amount of K was about 50% higher in our study.

Similar to our results, the N/P ratio converged towards
a similar value across tree species also in the study by
Herrmann and Prescott (2008). In contrast to our study,
the N/P ratio tended to stabilize at about 19, instead of
30. According to Boddy and Watkinson (1995) the N/P
ratio of fungal mycelium is about 14. According to
Giisewell and Gessner (2009), the shift from N-limited
to P-limited decomposition occurs at litter N/P ratios of
30-50. If this applies also to CWD, the decomposition
process in our study would be mostly N limited and
approach P limitation, while the one in the study by
Herrmann and Prescott (2008) would have been N
limited. The increase in N/P ratios with ongoing decom-
position might indicate that either more N than P is
imported into logs, either through N in the canopy
through fall, through N fixation (e.g. Hoppe et al. 2014),
or through fungal mycelia, or that more P than N is
exported from logs.

The higher C/N ratio of coniferous CWD (spruce, pine)
relative to deciduous CWD (beech) observed in our study
is a result of the generally higher nutrient concentrations in
beech CWD. This observation is consistent with findings in
other studies and might be explained by the generally
higher nutrient concentration in decomposing deciduous
wood relative to coniferous wood (Cornwell et al. 2009) as
well as by a higher fungal biomass in decomposed
deciduous wood (Noll et al. 2016).

Except for K (in the case of beech and pine), P (in the
case of beech) and Mg (in the case of pine) there is no
clear indication that CWD of the three tree species investi-
gated here has yet become a net source of nutrients. Thus,
in the initial and intermediate phases of CWD decompos-
ition, there has of yet been no significant net release for
most macro-nutrients. Instead, nutrients (N, P, S and Ca)
are still accumulating in spruce CWD after 36 years of de-
composition, resp. 64% mass loss. Similarly, log segments
of lodgepole pine, white spruce, and subalpine fir continued
to gain N and P even after 90% mass loss in three Rocky
Mountain coniferous forests (Prescott et al. 2017). Based
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on our analysis, CWD of the three studied tree species may
become a significant net source of nutrients only in late
stages of decomposition after two thirds of its mass are lost.

Conclusions

Our results demonstrated that NIRS can be used success-
fully also for the rapid assessment of some chemical prop-
erties of decomposing wood of beech, spruce and pine in
different stages of decomposition. Therefore, NIRS may be
useful in the assessment of large sample sets also in the
field of CWD research.

We found that more C is stored in CWD of beech
than in spruce and pine. The consideration of C con-
tents in different decay stages would improve the accur-
ate assessment of C stocks in dead wood, for example
for National Greenhouse Gas inventories.
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The question, if deadwood is a net source or sink of nu-
trients clearly depends on tree species and decomposition
stage. Whereas CWD of spruce was a net sink for nutrients
such as N, P, S and Ca even until two thirds of the original
mass were lost, nutrient amounts in CWD of beech and
pine remained constant (N (in pine), Mg (in beech), S and
Ca (in beech and pine)) or decreased (N (in beech), Mg and
Mn (in pine), P and K (in beech and pine); net source).
CWD of beech became a net sink of nutrients only
in the case of Mn. While the role of CWD as a net
source or sink of nutrients and its relevance in the
ecosystem is thus highly context dependent, it is clear
that the widely held assumption that CWD serves as
a net source of nutrients applies in its generality only
in the long-term. In the short to medium term, CWD
can also act as rather constant store or even a net
sink of nutrients.

Elevation (m as.l.)
600 900

Roe (beech, spruce, pine) Lot (beech, spruce)

Hof (beech), Sig (spruce, pine)

Appendix

Table 5 Year of storm event (i.e. decomposition time) and elevation for the 7 study sites
Year of

storm event 100

1999 Biw (spruce, pine), FdH (beech)

1990

1972 Kib (spruce, pine)

Biw Bienwald, FdH Forét de Haguenau, Roe Réttlerwald, Lot Lotharpfad, Hof Hofstatt, Sig Silbersandgrube, Kib Kiekenbruch

Table 6 Linear mixed-effect models to predict the nutrient concentrations (% (C) and mg-g™") of Fagus sylvatica, Picea abies and

Pinus sylvestris

c? InN sqrtP logS sqrtCa InK InMg INMn
Conditional R? 62.3 58 42 65.3 66.4 72 679 79.1
Marginal R? 494 52 321 65.3 66.3 61.8 576 324
Random factor 129 599 10 0 0.1 10.2 10.3 46.7
Decomptime s 47 7424 26 371 7803 +358 149
Spec T35 TTT162 TTT126 ~77803 T 324 TT7194 *481
Diam 254 TT77.02 “77149 7273 804 “257
Decomptime:Spec 140 152 108 264 214 7266 7102

Values are Eta squared with direction of effect (increase (+) or decrease (-)) according to significance level (0: ***; 0.001: **, 0.01: *" and 0.05: '.))

Table 7 Linear mixed-effect models to predict the nutrient amounts (% initial amount) of Fagus sylvatica, Picea abies and Pinus sylvestris

C InN sqrtP InS InCa InK InMg InMn
Conditional R 743 286 30.1 65.3 44.3 63 85.8 60.6
Marginal R? 65.8 23.7 26.7 62.8 228 471 1.7 374
Random factor 846 494 343 25 214 16 74.1 232
Decomptime T 7364 255 2.57 77216
Spec 7238 TT497 U647 VA 7158
Diam 21 ~73.08 *7.08 543 18 159
Decomptime:Spec 501 87 132 7 20 214
Spec:Diam T7442 T2 986

Values are Eta squared with direction of effect (increase (+) or decrease (-)) according to significance level (0: ***; 0.001: **, 0.01: * and 0.05: ")
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Table 8 Linear mixed-effect models (according to ANOVA table)
to explain lignin concentrations (%) and amounts (% Initial amount)
in logs of Fagus sylvatica, Picea abies and Pinus sylvestris

Lignin (%) Lignin (% Initial amount)

Conditional & 64.6 593

Marginal R? 586 399

Random factor 6 194

Decomptime 142 Mo

Spec 135

Diam ~74.05 527
Decomptime:Spec 77269 228

Values are Eta squared with direction of effect (increase (+) or decrease (-))
according to significance level (0: ***; 0.001: **; 0.01: *" and 0.05: “)

Table 9 Quantities of nutrients (kg-ha '; median values) in

20 m*ha™' CWD of a) Fagus sylvatica (37% average mass loss),
b) Picea abies and c) Pinus sylvestris (33% average mass l0ss) in
relation to other ecosystem pools in forests of Rhineland
Palatinate (Wellbrock et al. 2014)

a)
Nutrient CWD % in forest % in living % in Total
floor trees>8 m  Ecosystem
N 10.83 2.1 23 0.2
0.58 1.8 19 0.04
K 64 9.1 22 09
Mg 287 38 39 09
Ca 10.27 49 2.8 0.8
b)
Mass loss (%)  Nutrient CWD % in forest % in living % in Total
floor trees>8 m  Ecosystem
34 N 512 05 1.5 0.06
64 N 184 18 56 023
34 P 031 05 1.0 0.01
64 p 0.87 1.3 29 0.04
]
Nutrient CWD % in forest % in living % in Total
floor trees>8 m  Ecosystem
N 528 05 23 0.1
035 07 22 0.04

Abbreviations

‘Biw": ‘Bienwald’; ‘FdH": ‘Forét de Haguenau’; ‘Hof "Hofstatt’; ‘Kib". ‘Kiekenbruch’;
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information criterion; ANOVA: analysis of variance; C: carbon; C/N: carbon/
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P: phosphorous; P. abies: Picea abies; P. sylvestris: Pinus sylvestris; R*: coefficient of
determination; RMSEP: root mean squared error of prediction; RPD: ratio of
standard error of prediction to standard deviation; S: sulphur
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