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Abstract

We studied C and N mineralisation patterns from a large number of plant materials (76 samples, cover-
ing 37 species and several plant parts), and quantified how these patterns related to biological origin and
selected indicators of chemical composition. We determined C and N contents of whole plant material,
in water soluble material and in fractions (neutral detergent soluble material, cellulose, hemicellulose
and lignin) obtained by stepwise chemical digestion (modified van Soest method). Plant materials were
incubated in a sandy soil under standardised conditions (15 °C, optimal water content, no N limitation)
for 217 days, and CO, evolution and soil mineral N contents were monitored regularly. The chemical
composition of the plant materials was very diverse, as indicated by total N ranging from 2 to
59 mg N g7', (i.e. C/N-ratios between 7 and 227). Few materials were lignified (median lignin = 4% of
total C). A large proportion of plant N was found in the neutral detergent soluble (NDS) fraction (aver-
age 84%) but less of the plant C (average 46%). Over the entire incubation period, holocellulose C con-
tent was the single factor that best explained the variability of C mineralisation (r = —0.73 to —0.82).
Overall, lignin C explained only a small proportion of the variability in C mineralisation (r = —0.44 to
—0.51), but the higher the lignin content, the narrower the range of cumulative C mineralisation. Initial
net N mineralisation rate was most closely correlated (r = 0.76) to water soluble N content of the plant
materials, but from Day 22, net N mineralisation was most closely correlated to total plant N and
NDS-N contents (r varied between 0.90 and 0.94). The NDS-N content could thus be used to roughly
categorise the net N mineralisation patterns into (i) sustained net N immobilisation for several months;
(i1) initial net N immobilisation, followed by some re-mineralisation; and (iii) initially rapid and substan-
tial net N mineralisation. Contrary to other studies, we did not find plant residue C/N or lignin/N-ratio
to be closely correlated to decomposition and N mineralisation.
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Introduction

Return of organic materials such as crop resi-
dues, catch crops and green manures has a deci-
sive influence on carbon (C) and nitrogen (N)
turnover in agricultural soils. The synchronisa-
tion of N supply with plant demand is important
for both environmental and agronomic reasons.
This applies particularly to cropping systems
where mineral fertilisers are completely excluded,
i.e. organic farming (Pang and Letey, 2000), or
of limited availability, as in the developing coun-
tries (Palm et al., 2001b). Consequently, good
knowledge of factors affecting decomposition
dynamics and the resulting plant-available N in
agricultural systems is required.

Over the past decade this issue has attracted
much attention (Cadisch and Giller, 1997), and a
range of studies have been published on the
major factors influencing plant litter decomposi-
tion in both natural (e.g., Aerts, 1997; Cornelis-
sen and Thompson, 1997) and agricultural
ecosystems (e.g., Palm et al., 2001a). Initial litter
quality, in particular the biochemical composi-
tion (soluble materials, hemicellulose, cellulose
and lignin) as determined by stepwise chemical
digestion of plant materials, has been shown to
have a major bearing on decomposition and N
release patterns and hence may constitute an ade-
quate basis for calibration and initialisation of
dynamic models of soil C and N turnover (Hen-
riksen and Breland, 1999a; Thuriés et al., 2002;
Trinsoutrot et al., 2000). However, simpler indi-
ces of degradability, such as the total N concen-
tration or the C/N-ratio, are commonly found to
correlate with mineralised C and N at some stage
of decomposition (e.g. Nicolardot et al., 2001).
These simple indices are often misinterpreted as
causal factors, whilst the gross biochemical com-
position and the spatial arrangement of constitu-
ents in the plant tissue are more likely to be the
determining factors (Magid et al., 2004).

The stepwise chemical digestion (SCD)
method; (Goering and van Soest, 1970) com-
monly used for proximate analysis of biochemical
composition of organic materials is quite labori-
ous, however. Near-infrared reflectance (NIR)
spectroscopy has been proposed as an alterna-
tive, indirect method, which is quick and cost-
effective and has been successfully used for
various quality characterisations, including

plant litter composition and decomposability
(Foley et al., 1998; Gillon and David, 2001;
Shepherd et al., 2003).

Most decomposition studies in agricultural
ecosystems have been restricted to a limited num-
ber of plant materials or other organic residues.
In some studies based on larger sample sets, the
decomposition data included have been obtained
under highly variable experimental conditions,
e.g. the large amounts of data gathered in
the “Organic Resource Database” (Palm et al.,
2001a). In order to obtain a very broad dataset
on quality, decomposition and N release of a
range of plant materials from agricultural crops
measured under standardised conditions, a joint
Nordic project was initiated with the objective of
developing NIR calibrations as a cost-effective
and reliable tool for characterising degradability
of crop residues in a dynamic model of C and N
turnover in soil (Jensen et al., 2004; Stenberg
et al., 2004). The major objectives of the present
work were to investigate the C and N mineralisa-
tion patterns when plant materials from this
broad quality range were incubated in soil under
standardised conditions, and to study how these
patterns related to biological origin and selected
indices of chemical composition, including distri-
bution of C and N among fractions obtained by
SCD. We placed the emphasis on simple, static
relationships, whereas subsequent work (Bru-
un et al.,, 2005; Jensen et al., 2004) has been
focused on empirical and mechanistic modelling
approaches, respectively.

Materials and methods
Plant materials

A total of 249 crop plant materials were collected
in the Nordic countries during the growing sea-
son of 2000 (Stenberg et al., 2004). The materials
were selected to encompass as wide a quality
range as possible with respect to C/N-ratio and
distribution of C and N in biochemical fractions.
More than 50 temperate crop species within sev-
eral crop types (e.g. cereals, pasture grasses,
legumes, vegetables, fibre and energy crops and
catch crops) and six plant fractions (green leaves,
stems, mature straw, pods and spikes, and whole
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above-ground plants) were represented (see
Table 1 for details). The materials were dried at
40 °C for 48 h immediately after sampling and
stored. The bulk sample of plant material (500—
1000 g DM) was not cut or ground more than
necessary at this stage, but a representative sub-
sample (100 g DM) was kept separate and prior
to further NIR or chemical analyses gathered in
one laboratory for milling of all samples to a
particle size less than 1 mm, but not completely
powdered (Palm and Rowland, 1997).

In order to achieve a manageable number of
samples for use in the incubation studies reported
here, a representative sub-set was selected from
the 249 sample archive, based on information in
NIR spectra of the materials (Stenberg et al.,
2004). Briefly, NIR spectra were measured on all
249 samples with a NIRSystem 6500 (Foss Teca-
tor) scanning monochromator. Each spectrum
constituted of every second nanometre wavelength
between 1100 and 2500 nm. In order to achieve
the most representative sub-set possible based on
the entire information in the NIR-spectra, stan-
dardised Mahalanobis distances between samples
(Shenk and Westerhaus, 1991) were used to select
76 samples for the incubation study. SCD was also
carried out for this sub-set according to Goering
and van Soest (1970). In addition, hot water solu-
ble material was determined according to TAPPI
(1978), producing a water non-soluble fibre frac-
tion. All extractions were carried out using a diges-
tion apparatus (ANKOM Technology, NY, USA)
and the extraction procedure was adopted from
Henriksen and Breland (1999a) to allow determi-
nation of element contents in each of the remain-
ing fibrous fractions. Contents of C and N were
measured in each of the fibrous fractions and in
whole plant material by an elemental analyser and
mass-spectrometer (ANCA-SL & 20-20, PDZ
Europa, UK). Carbon and nitrogen in water solu-
ble material (WS), neutral detergent soluble mate-
rial (NDS), hemicellulose, cellulose and lignin
were then derived by subtraction. The WS fraction
was then subtracted from the NDS fraction to give
neutral detergent but not water soluble (NDNWS)
material. Hemicellulose and cellulose were added
together to constitute the holocellulose fraction.
All values were calculated as mg C or N g™' plant
dry matter. For four samples WS was not analysed
and NDNWS could therefore not be calculated,
hence only NDS values are given.
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Sampling and preparation of incubation soil

A 350 kg portion of a sandy soil was collected in
June, 2000, from a field (recent cropping history
of the field included oats, grass-clover and bar-
ley; the latter being the last crop) at Hiame
experimental station (61° 20" N, 24°13” E, 103 m
a.s.l) in southern Finland. Briefly, the top layer
(07 cm) of the soil was sampled and gently
sieved through 4 mm mesh on the same day. The
soil contained 4.7% clay, 7.3% silt, 88.0% sand,
1.8% organic C and 0.14% total N. In order to
boost a rich and potent decomposer community
and thus alleviate possible limitations due to
poor colonisation of fibrous material (Henriksen
and Breland, 1999a, 2002), the sampled soil was
pre-incubated at 15 °C with easily degradable
plant material consisting of red clover (3.5% N)
and timothy (2.2% N). Both materials were
added at a rate of 5 g dry matter kg”' dry soil,
and soil moisture was adjusted to a gravimetric
water content of 16% (equivalent to 40% of
water holding capacity) which was monitored
every week and replenished if necessary. After
53 days of pre-incubation, when the plant
material-derived CO, evolution had levelled off,
soil was portioned into 18 kg plastic bags and
frozen at —18 °C. In November 2000, the frozen
soil was distributed as frozen cargo among the
participating groups, and kept at —18 °C until
the start of the incubations. Before starting each
incubation, the soil was thawed at room temper-
ature for 24 h, and was further pre-incubated for
14-16 days at 15°C in order to diminish the
effect of freeze-thaw on C and N turnover. The
soil was then gently mixed in the laboratory and
if necessary moistened to slightly less than field
capacity (—10 kPa).

Incubation experiments

The 76 plant materials in the sample sub-set
described above were distributed among the
Nordic countries, where two incubation experi-
ments were conducted in each of the five differ-
ent laboratories. Each incubation experiment
consisted of 7-8 unique plant materials, one
reference material common to all incubations
(whole plant timothy: Phleum pratense L.) and
the soil without added plant material as a
control.
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For ecach replicate, 1.00 g plant material
(DM) was mixed as homogeneously as possible
with 50.0 g DM of the sandy soil in a small
plastic beaker, and the soil was compacted to
approximately 1.1 g cm™. In some cases (coarse
plant materials like straw) soil could only be
compacted to a slightly lower density. All plant
materials were cut by hand into pieces less than 1
cm in length just prior to mixing with the soil;
careful sampling of all particle sizes was made to
ensure a representative sub-sample.

Altogether 30 beakers were set up for each
plant material, in order to provide sufficient sam-
ples for three replicates in all subsequent CO,-C
and soil mineral N measurements.

Water content was adjusted in all beakers to
field capacity (=10 kPa corresponding to 48% of
water holding capacity and a gravimetric water
content of 18.8%) at the start of the incubations.
The moisture was checked weekly by weighing
and water added if necessary. Beakers were kept
covered with polyethylene in boxes.

Our objective was to investigate decomposi-
tion and N release pattern as affected solely by
the inherent quality attributes of the plant resi-
dues and not by external conditions, e.g. avail-
ability of soil mineral N. Decomposition of some
of the high C/N-ratio materials would be limited
by a sub-optimal N availability (Henriksen and
Breland, 1999b; Recous et al., 1995). The amount
of available N needed (in plant material and soil)
for unlimited decomposition was estimated to be
33.5 mg N ¢! plant material C added (Henriksen
and Breland, 1999b; Recous et al., 1995). The
mineral N contents of all soil samples after pre-
incubation, but prior to set-up of the experiment,
was approximately 100 mg N kg™'. Taking this
external soil mineral N and the plant-internal N
into account, we therefore added mineral N to
reach a minimum value of 33.5 mg N g™' plant
C. This implied that mineral N was added to
the soil as KNOj; solution during the initial
adjustment of the water content to plant
materials containing less than 8.5mgN g~
(C/N-ratios > 47).

Incubations were carried out either in small
growth chambers (Termaks 6000 or similar) or
in constant temperature rooms, all capable of
maintaining a temperature of 15 + 1°C. Temper-
ature was recorded using data-loggers during the
incubations.

For measurement of CO, evolution during
intervals of increasing length, three randomly
chosen replicate beakers from each treatment were
enclosed in individual incubation jars (2 or 3 L)
with alkali traps (5-10 mL of 3-3.5 M NaOH).
Three empty incubation jars were included to serve
as blanks for CO, determination. Soil beakers and
alkali traps were exchanged on approximately
Days 2, 4, 7, 10, 15, 22, 31, 42, 58, 79, 105, 133,
168 and 217.

NaOH was titrated with 0.1-1 M HCl either by
manual titration after addition of excess BaCl, to
precipitate carbonate and with phenolphthalein as
an indicator (Anderson, 1982) or by automatic
double infliction-point titration (pH 8.3 to pH 3.7).

For measurement of soil mineral-N content
on Day 0 and then approximately on Days 4, 10,
22, 42, 79 133 and 217 of the experiment, three
replicate beakers from each treatment were
sampled destructively and soil mineral N was
extracted with 1 M KCI (20 g soil DW to 100 ml
extractant). Ammonium-N and nitrate-N were
determined in the extracts by standard colorimet-
ric methods using standard autoanalyser or flow-
injection analysis (Keeney and Nelson, 1982).

Calculations and statistics

Carbon mineralisation from each of the plant
materials was calculated by subtraction of CO,
evolution measured for the control soil. Net N
mineralisation in each of the treatments (plant
materials and unamended control) was calculated
by subtracting the soil mineral N content of the
treatment at Day 0 from mineral N at all subse-
quent measurements. Net N mineralisation from
the plant materials was then calculated by subtract-
ing the net N mineralisation of the control soil.

We used correlations analyses (PROC CORR
of the SAS® software, Littell et al., 1996) for esti-
mating Pearson correlation coefficients between
initial plant material properties (C and N in total
plant material and in SCD fractions) and C and
N mineralisation.

Results
Plant residue quality

The 76 samples selected for the incubation study
represented 37 of the 52 species collected initially.



They represented the sampled crop classes and
plant parts reasonably well (Table 1). One quar-
ter of the materials incubated was whole-plant
material, mainly from younger plants, while the
other three quarters were plant fractions (green
leaves, stem, mature straw, pods and spikes).

The gross biochemical composition of the
materials was very diverse, as reflected by the con-
tents of C and N in the whole-plant material and in
the fractions obtained by SCD of the incubated
plant materials (Table 2). Total plant C ranged
only from 378 to 544 mg C g~ (mainly due to dif-
ferences in ash content), while total plant N ranged

313

from 2 to 59 mg N g~'. Consequently, total C/N
ranged from 7 to 227, with a somewhat right-
skewed distribution. The total soluble fraction
(WS + NDNWS = NDS, Table 2) was highly
variable, ranging from 43 to 396 mg C ¢! and
between 1 and 53 mg N g~ '. Overall, only a few of
the materials were lignified. The median lignin pro-
portion was 4% of total C, the 90% fractile 14%
of total C and the maximum lignin 23% of total C
(Figure 1). Compared with the C distribution,
much more of the total N was in the soluble frac-
tions, on average 40 and 44% of total N in the WS
and NDNWS fractions, respectively, compared to

Table 2. Selected descriptive statistics for the content of C and N in the whole plant materials and in the fractions obtained by SCD

Parameter Min Max Median Mean Std.dev. Skewness Kurtosis
Whole plant

(mg C g', mg N g”! or ratio)

Total C 378.1 543.8 449.4 449.1 28.0 0.42 2.31
Total N 2.18 59.12 13.35 17.14 13.94 1.26 0.81
Total C/N 7 227 32 52 47 1.65 2.48
In plant fractions (mg C g”', mg N g™! or ratio)

Water soluble® C 11.0 226.5 112.5 112.2 54.9 0.15 —-0.86
Water soluble N 0.41 33.92 5.13 7.02 7.28 2.14 4.68
Water solulble C/N 4 255 21 30 34 4.39 25.8
NDNWS*® C 4.0 256.0 79.4 91.7 50.5 0.77 0.43
NDNWS N 0.67 25.22 5.42 7.54 6.65 1.21 0.52
NDNWS C/N 3 63 15 18 11 1.62 4.04
Neutral detergent soluble C 42.6 395.6 187.2 205.8 90.4 0.24 -1.21
Neutral detergent soluble N 1.44 53.45 11.39 14.88 12.83 1.32 1.0
Neutral detergent soluble C/N 5 92 18 22 16 2.31 6.71
Hemicellulose C 9.3 205.0 67.0 79.5 47.0 0.54 -0.71
Hemicellulose N 0.04 7.93 0.86 1.30 1.49 2.31 6.12
Hemicellulose C/N 5 1760 86 234 381 2.64 6.63
Cellulose C 314 265.0 140.56 136.4 59.0 0.02 —-0.92
Cellulose N 0.07 4.75 0.46 0.62 0.62 4.25 26.52
Cellulose C/N 14 988 294 358 247 0.71 -0.28
Holocellulose® C 66.2 366.0 240.1 2159 87.4 -0.21 -1.22
Holocellulose N 0.30 9.76 1.33 1.93 1.79 2.49 6.88
Holocellulose C/N 9 825 159 207 177 1.33 1.76
Lignin C 0.3 103.8 18.52 27.5 24.1 1.06 0.48
Lignin N 0.01 1.35 0.32 0.40 0.29 0.83 0.48
Lignin C/N 15 294 67 75 53 1.98 5.36
Lignin (DM)-to-N ratio 0.01 72 3.42 8.33 12.0 2.73 9.88

in = 76, except for water soluble (WS) and NDWS, where n = 72.

"NDNWS = Neutral detergent, not water soluble. Derived by difference between NDS and WS.

“Holocellulose = hemicellulose + cellulose.
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C and N between water soluble (WS), neutral detergent but not water soluble (NDNWS), hemicellulose, cellulose and lignin frac-

tions (n = 76, except for WS and NDNWS where n = 72).

25 and 21% of total C, respectively (Figure 1). The
small quantity of N remaining was mainly found
in the hemicellulose fraction. Because of the
high proportion of total plant N in the soluble
fraction, the NDS C/N-ratios were much lower
than total C/N and ranged from 5 to 92 vs. 7 to
227, respectively (median 18 vs. 32, Table 2).
Correspondingly, the C/N-ratios of the structural
holocellulose (hemicellulose + cellulose) fractions
were much higher (median 159) than total C/N
(median 32).

The soluble and holocellulose (hemicellu-
lose + cellulose) C fractions represented most of
the total C; hence highly significant, negative cor-
relations existed between these (Figure 2a and
Table 3). A similarly strong correlation was not
found between soluble C and total plant N, but
more than half of the variability in soluble C could
be described by the log-transformed N content
(Figure 2b). Owing to the high proportion of the
total N in the soluble fractions, there was a very
high correlation between total N and either of the
soluble N fractions (Figure 2d), with an almost
absolute linear relationship between NDS-N and
total N (average slope 0.91). Although a much
smaller proportion of C than of N was soluble,
NDS-C and NDS-N were highly correlated
(r =0.74, Table 3).

Plant residue C mineralisation

Initial C mineralisation rate was highly corre-
lated to the contents of water soluble C, total

plant N and NDS-N (r=0.79, 0.73 and 0.75,
respectively at Day 4, Table 4). The importance
of these parameters in describing C mineralisa-
tion decreased later in the incubation period,
whereas NDS-C and holocellulose C became
increasingly important (Figure 3). Overall, lignin
C explained only a small proportion of the vari-
ability in C mineralisation (r = —0.44 to —0.51).
However, the higher the lignin content, the nar-
rower the range of C mineralisation at both
Day 42 and Day 217 (Figure 3, bottom row of
plots).

Over the entire incubation period, the holocel-
lulose C content was the single factor that best
explained the variability in C mineralisation at
all sampling days in the incubation (r = —0.73 to
—0.82, Table 4 and Figure 3), explaining more
than half the variability (~* > 0.5) at all sam-
pling days during the incubation. Consequently,
the C mineralisation patterns of the sample pop-
ulation were best categorised by the content of
holocellulose C (Figure 4). Almost all materials
with less than 150 mg holocellulose C g
(mostly green, fresh materials) showed relatively
rapid initial C mineralisation, most of them
releasing more than 50% of added C as CO,
within less than 2 months, and between 50 and
80% by 217 days. Materials with 150-250 mg
holocellulose C ¢! showed similarly rapid initial
C mineralisation, but less than 60% of added C
was mineralised within the incubation period.
Materials with more than 250 mg holocellulose
C ¢! generally had much lower initial minerali-
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(NDS)] vs. (a) holocellulose or (b) total plant N, (c) C/N-ratio of soluble materials and total plant vs. holocellulose C and (d) solu-
ble plant N (WS, NDNWS, NDS) vs. total plant N (n = 76). Lines in a, b and d indicate regressions for the NDS fractions.

sation rates, although the proportion of added C
mineralised after 217 days was in the same range
as for the group with intermediate holocellulose
content.

Plant residue net N mineralisation

Net N mineralisation was significantly correlated
to all the SCD-C fractions. However, the correla-
tion was high only for holocellulose C and NDS-
C in the last part of the incubation period
(r=-0.66 — —0.73, Table 4), and in such a way
that less than 150 mg NDS-C g”! was always
associated  with  sustained immobilisation,
whereas more NDS-C was associated with any-
thing from sustained N immobilisation to
marked net N mineralisation at Day 217 (Fig-

ure 5, top row of plots). The initial net N miner-
alisation rate (Day 4) was closely correlated to
total plant N, water soluble N and NDS-N
(r=0.72 — 0.76). From Day 22 and throughout
the remainder of the 217-day incubation period,
net N mineralisation was most closely correlated
to total plant N and NDS-N (r ranged from 0.90
to 0.94, Table 4). The net N mineralisation pat-
terns of the sample population therefore proved
to be best categorised by the content of NDS-N
(Figure 6). Materials with less than 10 mg NDS-
N ¢! all showed relatively rapid initial immobili-
sation within the first 22 days, and most of them
showed only slow re-mineralisation thereafter,
hardly reaching above initial N content within
the 217-days. This was due to a dominance of
high C/N-ratio samples (average C/N = 88) in
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Figure 3. Relationships between C mineralisation after 4, 42 and 217 days of incubation and total plant N, neutral detergent solu-
ble C (NDS), holocellulose C (hemicellulose + cellulose) and lignin C. Values given in figures (r) are Pearson correlation coeffi-

cients (n = 76).
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Figure 4. Carbon mineralisation during 217 days of incubation. Lines represent the average of replicates (n = 3) for each of the 76
plant materials incubated. Materials were grouped according to the content of holocellulose C. Labelled materials (bold lines) are

highlighted to represent extremes in each group.

this group, with an over-representation of materi-
als from cereals, grasses and alternative crops.
Materials with 10-30 mg NDS-N g~' showed a
much more diverse pattern, including both rapid
initial net immobilisation and mineralisation, but
the majority of materials showed net N minerali-
sation by the end of the incubation period. Mate-
rials with more than 30 mg NDS-N g~ generally
had very high initial net N mineralisation rates,
except a few with a short initial immobilisation
period, followed by net N mineralisation, which
after 217 days resulted in more variable mineral
N levels than for the two first groups. This was
caused by an over-representation of materials
from legumes, catch crops and horticultural
crops, which generally have low C/N-ratios
(average C/N = 10).

Although C and N mineralisation rates on
most sampling occasions were significantly corre-
lated to both total plant C/N-ratio and C/N-ratio
of the various SCD fractions, all of these correla-
tions were relatively low (#* > 0.5, Table 4). This
was mostly due to the asymptotic nature of the
relationship between net N mineralisation at Day
217 and total plant C/N, as evident in Figure 5
(bottom row of plots).

Discussion
Sample properties range

Compared to most previous litter decomposition
studies, the dataset produced in this Nordic

project is both extensive and represents a very
broad range of plant materials. Most studies of
litter decomposition include less than 10 different
litter materials investigated under similar condi-
tions (e.g. Bending et al., 1998; de Neergaard
et al., 2002; Henriksen and Breland, 1999a; Ku-
mar and Goh, 2003; Quemada and Cabrera,
1995) and only a few include more than 20 or 30
(Constantinides and Fownes, 1994; Gillon et al.,
1999; Joffre et al., 2001; Trinsoutrot et al., 2000),
not all under similar experimental conditions.
Although Seneviratne (2000) and Palm et al.
(2001a) included more samples (102 and 1929
samples, respectively), their data were compiled
from literature and other studies under variable
conditions (i.e. different soils, temperature, exper-
imental conditions, incubation period and sam-
pling frequency), and neither of them contain as
complete and detailed data on measured C and
N content in the various plant material fractions.
The materials included in the present study were
selected carefully from a larger (249 samples)
archive of plant samples (Stenberg et al., 2004),
in order to achieve as broad and representative a
range of plant qualities as possible. The correla-
tion matrix (Table 3) between properties of the
76-sample incubation sub-set closely resembles
the corresponding correlation matrix in Stenberg
et al. (2004) for the 113 sample sub-set selected
for SCD analyses from the full archive popula-
tion. This strongly suggests that the incubation
sub-set was representative with respect to all
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als (bold lines) are highlighted to represent extremes in each group.

selected biochemical properties and indicates that
the Mahalanobis distances technique for NIR-
spectra (Shenk and Westerhaus, 1991) was
appropriate for selecting the sample sub-set for
the incubation study.

Our comprehensive sample population of
plant materials covered a range in quality
parameters that largely seemed to encompass
most of the materials included in previous stud-
ies. In the Organic Resource Database, Palm
et al. (2001a) found above-ground plant N con-
tent to vary between about 2.5 and
60 mg N kg~' in the more than 1000 samples
covered, which is very similar to the range found
here (Table 2). Our range in plant N content is
also identical to that found in a compilation by
Seneviratne (2000) covering 102 plant samples.
Similarly, Trinsoutrot et al. (2000) found N con-
tents from 3 to 45 mg N kg™', a range compara-
ble with a number of literature values cited in
their study. Henriksen and Breland (1999a)
found water soluble C between 16 and 156 and
water soluble N between 0.5 and 9.5 mg g~ for
10 different plant residues, which are somewhat
lower values than in the present study. In our
study, soluble N was highly right-skewed, with
maximum values of water soluble N up to
34 mg N g~! (Table 2). Most other studies report
cellulose and lignin in percentage dry matter,
and the ranges we observed (data not shown) of
7 to 58% (DM) cellulose and 0.1 to 23% (DM)
lignin are similar to or slightly broader than

those in other studies (Bending et al., 1998; Hen-
riksen and Breland, 1999a; Quemada and Cabre-
ra, 1995; Trinsoutrot et al., 2000).

When designing the initial sampling strategy
for the full range of samples (249), an important
criterion was to minimise co-variation between the
amount of easily decomposable substances and the
C/N-ratio of the materials. These properties are
often inter-correlated and commonly the C/N-
ratio is misinterpreted as a causal factor for
decomposability. From Figure 2c it is clear that we
did not completely avoid such inter-correlation.
The non-structural samples (typically young, green
plant leaves) samples with less than 200 mg holo-
cellulose C g™" all showed low C/N-ratios (between
7 and 32) and the overall correlation between holo-
cellulose C and total C/N was significant (r = 0.67,
Table 3). However, the remaining samples with
more than 200 mg holocellulose C g~' showed
highly varying C/N-ratios (between 18 and 227).
Consequently, we believe that the inter-correlation
between these two properties was minimal for the
majority of our incubated samples.

Experimental conditions

Our overall objective was to develop NIR mod-
els on plant residues as a tool for characterising
their degradability and N release in soil, indepen-
dent of external constraints. Therefore, we
wanted to investigate decomposition and N min-
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eralisation patterns as affected solely by the
inherent quality attributes of the plant residues.
This may be difficult to achieve experimentally,
but we tried to remove or hold constant the vari-
able external constraints that influence decompo-
sition and nutrient turnover of organic materials
under natural, in situ conditions. We did not
want the decomposition of the high C/N-ratio
materials to be limited by lack of available N,
which may vary significantly in arable soils.
Therefore, as detailed in the Materials and Me-
thods section, we added inorganic N to reach a
minimum level of soil mineral and plant N
(33.5mg N g™ plant C), which was based on
studies with maize and wheat residues (Henrik-
sen and Breland, 1999b; Recous et al., 1995).
Substantial soil mineral was also present for low
C/N-ratio plant materials incubated without
inorganic N addition, initially the non-amended
soil contained approximately 100 mg N kg™
The net effect of mineral N availability on
decomposition depends to some extent on the
quality of the plant residues, though. Whereas
addition of mineral N may stimulate decomposi-
tion of materials rich in cellulose and hemicellu-
loses, increased recalcitrance may be the result
with material with high lignin concentration
(Fog, 1988; Henriksen and Breland, 1999b; Re-
cous et al.,, 1995). However, very few of our
materials had high lignin contents. Consequently,
we do not believe that the addition of mineral N
appreciably retarded decomposition in our study.
We rather have reasons to assume that N addi-
tion was needed for N-unlimited decomposition
of the materials showing sustained or temporary
net immobilisation (Figure 6, left), mainly owing
to high contents of cellulose and hemicellulose.
Under natural conditions, decomposition of
these materials would be limited to some extent
and the immobilisation and re-mineralisation
patterns different depending on the soil mineral
N content.

We chose not to grind the plant material in
our study, and the input rate (2 g DM 100 g~
soil) was relatively high. Both factors contribute
to reduced plant material-soil contact as com-
pared to adding finely ground material at lower
rates. Ambus and Jensen (1997) found that non-
ground plant residues produced less microbial
activity and N immobilisation during the ini-
tial decomposition phase than coarsely ground

material, presumably due to a less intimate plant
residue—soil contact, but they found no signifi-
cant effect on N dynamics in the long term. Hen-
riksen and Breland (2002) concluded that
reduced soil contact contributed to reduced
decomposition rates by decreasing the possibility
of decomposer organisms to invade the material,
an effect which appeared to be stronger with
fibrous than with herbaceous materials. However,
in another study this constraint was seemingly
alleviated if the decomposer community was
boosted by pre-incubating soil with readily
degradable plant material (Henriksen and Bre-
land, 1999a), as was done in the present study.
Reduced soil contact may also contribute to
increased net mineralisation, particularly of N
(Breland, 1994; Henriksen and Breland, 1999a,
2002). The major reason is reduced volume of de-
tritusphere soil, the 4-5 mm zone surrounding
the decomposing residue, which retains a signifi-
cant part of decomposing residue C and N (Gail-
lard et al., 2003; Ladd et al., 1996). For readily
degradable material in particular, various protec-
tive mechanisms may promote retention, such as
increasing clay content (Ladd et al., 1996). For
this reason, we chose a soil with very low clay
content for the present study.

Our incubation experiment was set up to min-
imise effects of external, soil-specific factors such
as N-availability, the decomposer community’s
capacity to colonise and degrade holocellulose,
and retention of C and N in the detritusphere.
Therefore, we believe that the experimental con-
ditions were reasonably representative for natural
conditions, where largely particulate plant resi-
dues are incorporated in a microbially active soil
and with little interaction between plant material
quality and soil-specific retention of C and N. A
factor obviously differing between our study and
field conditions was the onset of decomposition.
We added dried residues, which presumably were
susceptible to microbial invasion at the onset of
the experiment. In the field, plant parts may
retain their integrity for shorter or longer periods
after incorporation in soil, particularly roots and
belowground structures of perennial species.
However, this could only be mimicked in an
incubations study by adding fresh residues and
this was judged impossible in a comparative
study like this with a large number of different
plant materials.



Plant residue C and N mineralisation

The C and N mineralisation patterns observed in
this study are representative of most agricultural
materials, as is evident from a comparison with
patterns reported by others, e.g. Trinsoutrot
et al. (2000) who found C mineralisation to range
from 33 to 67% of applied C and N mineralisa-
tion of =28 to +50 mg N g™! residue C applied
over a 168-day incubation at 15 °C. They also
found that the initial phase with rapid minerali-
sation or immobilisation lasted for a maximum
of four weeks, which is very similar to our find-
ings. Similarly, others have found that the initial
rate and degree of net immobilisation may vary
greatly between samples (Bending et al., 1998;
Constantinides and Fownes, 1994; Hadas et al.,
2004; Henriksen and Breland, 1999a). Some of
our materials showed rapid immobilisation fol-
lowed by re-mineralisation shortly afterwards
(e.g. Phacelia green leaves, Figure 6, centre),
while others showed slower but more prolonged
net N immobilisation (e.g. barley pods, Figure 6,
centre). Compared to most other studies, how-
ever, our study included some samples with
extremely rapid and high net N mineralisation.
These samples were characterised by very low
C/N-ratios (less than 10) and were typically
leaves of young plants (e.g. of turnip rape,
Figure 6, right).

Factors explaining mineralisation patterns

As pointed out by Ruffo and Bollero (2003),
multicolinearity between predictor variables, i.e.
plant residue quality parameters, may invalidate
multiple regression analysis on C or N minerali-
sation, as performed by Trinsoutrot et al. (2000)
and others. In our dataset, a strong correlation
exists between soluble (NDS) C and total or sol-
uble N (Table 3, Figure 2), an observation also
made by Ruffo and Bollero (2003). This multico-
linearity would thus invalidate their use as pre-
dictor variables in a multiple regression analyses
of the dataset, and hence we only present simple
correlations here. In a separate paper, we report
several multivariate analysis approaches for inter-
pretation of the data (Bruun et al., 2004).

Early C mineralisation was highly correlated
with both water soluble C and N, but the corre-
lation coefficient decreased as decomposition
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proceeded (Table 4), as also observed by Trin-
soutrot et al. (2000) However, compared to their
study, C mineralisation in our study was much
more closely related to cellulose-C and in partic-
ular holocellulose-C and less to lignin-C.

Early N mineralisation was best explained by
the content of water soluble N, but from the
third week onwards, contents of WS-N, NDS-N
and total N (co-linear parameters, Table 3) were
the most important parameters, explaining more
than 80% of the variation (Table 4). This is in
agreement with previous observations (Bending
et al., 1998; Constantinides and Fownes, 1994;
Trinsoutrot et al., 2000).

Neither C nor N mineralisation were at any
time very closely correlated to the plant material
C/N-ratio if evaluated on the correlation coeffi-
cients alone (Table 4). As is evident from Fig-
ure 5 (bottom plots) however, the relationship at
the later stages of decomposition was very close
and strongly hyperbolic, with a break-even point
around a C/N-ratio of 35. As discussed by Sten-
berg et al. (2004), high C/N-ratios may be associ-
ated with significant analytical error (even if
based on Dumas combustion in an elemental
analyser). C/N-ratios larger than 500 are usually
meaningless, a C/N-ratio of 200 is associated
with an analytical standard deviation of =+50,
and even a C/N-ratio of 45 (plant N ~10
mg g~') would have an analytical error of
approximately +3. However, most plant materi-
als with a C/N-ratio higher than 45 will cause
substantial and extended N immobilisation.
Therefore the analytical error associated with the
C/N-ratio is not very critical for prediction of net
N mineralisation.

Contrary to many other studies (e.g., Con-
stantinides and Fownes, 1994; Cornelissen, 1996;
Kumar and Goh, 2003; Tian et al., 1995; Van-
lauwe et al., 1996) we did not find the lignin
(DM) to plant N ratio to be well correlated with
the N mineralisation at any time. In our study
the correlation coefficient was at all times lower
(Table 4) than that for total residue C/N, as also
found by Trinsoutrot et al. (2000). This may be
due to the fact that our sample population was
relatively little lignified (median 4.1% DM lignin)
and that decomposition was carried out under
non-N-limiting conditions, which were meant to
eliminate the influence of plant N on decomposi-
tion rate.
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Both de Neergaard et al. (2002) and Muller
et al. (2003) tested whether the water soluble C
and N fractions can be used as an appropriate
index for the easily decomposable pool in a
mechanistic model of C and N mineralisation,
but found that the easily decomposable pool
appeared to be larger than just the water soluble
material. This is corroborated by our findings
that the neutral detergent soluble C and N were
among the best overall predictors for C and N
mineralisation, respectively, from this broad
range of materials (Table 4). The challenge when
attempting to simulate decomposition and N
release from organic materials is to derive the
best possible initialisation and parameterisation
from the simplest and most easily accessible
measurements. Nicolardot et al. (2001) success-
fully used the initial plant residue C/N-ratio to
parameterise several decomposition-related prop-
erties of each material. As indicated in our
study, the neutral detergent soluble C and in
particular N were relatively closely related to
the total plant N content (Figures 2b and d).
These fractions are often included in mechanistic
decomposition models. Utilising their correla-
tions with total plant N may consequently be a
fruitful approach in initialising such models
(Jensen et al., 2004).

Conclusions

Our study showed that the holocellulose and the
neutral detergent soluble N fractions of plant
materials exert a major influence on their C and
net N mineralisation, respectively, across a broad
range of plant species, types and parts. The vast
majority (>90%) of the plant N was in the frac-
tion extractable by neutral detergent (NDS). Fur-
thermore, it seems that the NDS-N content can
be used to roughly categorise the net N minerali-
sation patterns into (i) sustained net N immobili-
sation for several months; (ii) initial net N
immobilisation during the first 1-4 weeks, fol-
lowed by some re-mineralisation; and (iii) ini-
tially rapid and substantial net N mineralisation.
Contrary to other studies, neither plant residue
C/N nor lignin/N ratio were closely correlated to
decomposition and N mineralisation in the pres-
ent study.
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