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ABSTRACT
Soil humic substances are important components of soil organic matter and

contain a significant portion of total soil organic carbon (C) and nitrogen (N). Solid-
state 13C nuclear magnetic resonance (NMR) with cross-polarisation and magic
angle spinning (CPMAS) was applied to humic acids extracted from 0–10 cm soils
collected from areas under windrows of harvest residues and those areas between the
windrows, 3 years after implementation of residue management in a second-rotation
plantation of Araucaria cunninghamii Ait. ex D.Don (hoop pine). In addition,
nitrogen availability of under-windrow and between-windrow soils was also assayed
by anaerobic incubation with either water or 15N-labelled ammonium sulphate
solution in the laboratory. The NMR spectra of the humic acids showed that the
carbon composition of the under-windrow humic acids was different to that of the
between-windrow humic acids. Potentially mineralisable nitrogen of the
under-windrow soils was greater than that of the between-windrow soils, as was gross
nitrogen mineralisation (ammonification, mg). Soil potentially mineralisable nitrogen
was also positively correlated with humic acid-alkyl and humic acid-O-alkyl carbon
(p<0.05), while gross nitrogen mineralisation was positively correlated with humc
acid-aromatic carbon (p<0.01). The gross nitrogen mineralisation was 33–45 mg N/
kg dry soil as determined by isotope dilution with 15N-labelled ammonium sulphate
(100 mg N/kg and 99 atom% 15N excess) and was greater in under-windrow than
between-windrow soil after the 7-day anaerobic incubation. In addition, gross 15N
immobilised (NH4

+ consumption, mi) was positively correlated with humic acid-
aromatic carbon (p<0.05). Humic acid-iron content was positively correlated with
humic acid-alkyl and O-alkyl carbon (p<0.05).

Keywords: humic acid; 13C cross-polarisation and magic angle spinning; nuclear
magnetic resonance; forest soil; harvest residues; soil nitrogen availability;
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INTRODUCTION
Mineralisation of soil nitrogen is recognised as one of the main pools of “available”

nitrogen in many forest systems and is an important part of soil nitrogen cycling (Keeney
1980). An improved understanding of soil nitrogen availability and carbon pools under
different harvest residue management regimes is necessary for sustainable management of
forest plantations, especially in the context of growing global demand for forest-based
products and increasing expectations that forests may act as potential sinks for carbon
dioxide, with managed forests having a particularly high potential to sequester large
amounts of carbon (Sanchez et al. 2003). Soil organic matter (OM) is the principal source
and sink of plant nutrients in both natural and managed forests, with 95% of nitrogen in
surface soils found in the organic matter (Fisher & Binkley 2000), while plant residues
contribute the largest fraction of organic carbon to organic matter (Paul & Clark 1996). The
organic matter, or humus, consists of two major types of compounds: non-humic substances
and humic substances. Humic substances represent the most active fraction of humus and
consist of complex, high-molecular weight, polymeric mixtures referred to as humic acid,
fulvic acid, and humin (Stevenson & Cole 1999). The non-humic materials consist of
organic compounds including carbohydrates, fats, waxes, and proteins (Stevenson 1994)
and may be covalently bonded to humic substances. In situ organic matter is therefore a
complicated, intertwined network of humic and non-humic materials adsorbed on to
mineral components and containing complexed metal ions (Davies et al. 2001; Jansen et
al. 1996). The low solubility and complex chemical structure of humic substances make
them difficult to study in situ (Schnitzer 1991); however, nuclear magnetic resonance
spectroscopy is non-destructive and can show differences in the carbon composition of soil
humic substances without necessarily displaying an overall difference in total soil organic
carbon content (Almendros et al. 1992).

Solid-state 13C NMR spectroscopy, using cross-polarisation with magic angle spinning,
has been increasingly applied to the study of forest soil humic acids (Zech et al. 1997; Dai
et al. 2001). The limited solubility of humic substances in suitable NMR solvents and the
need for longer acquisition times for solution-state 13C NMR spectroscopy have led to the
widespread use of solid-state 13C cross-polarisation with magic angle spinning NMR
spectroscopy for the study of organic matter and humic substances (Monteil-Rivera et al.
2000). Carbon-13 cross-polarisation with magic angle spinning NMR differentiates the 13C
nuclei based on their chemical environments, giving an indication of the overall carbon
composition. Carbon atoms contained in different chemical environments within the
organic matter are differentiated based on chemical shift values, which characterise distinct
types of carbon. The signal intensity observed for a given chemical shift value, expressed
as a fraction of the total signal intensity acquired, represents the proportion of that type of
carbon present in a given sample (Baldock & Preston 1995). The 13C cross-polarisation
with magic angle spinning NMR spectra can be divided into chemical shift regions in which
the chemistry of the carbon atoms within each region is similar, and by integrating the signal
intensity contained within each chemical shift region, the proportion of a given type of
carbon can be calculated. However, this analytical approach is only semi-quantitative
(Mathers et al. 2000), but useful when comparing soils of similar origin analysed under
identical NMR operating conditions (Baldock & Preston 1995). More recently, Conte et al.
(2002) revealed that 13C cross-polarisation with magic angle spinning NMR spectroscopy
provided a quantitative representation of the whole carbon content in humic substances.
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The Queensland Department of Primary Industries-Forestry currently manages
approximately 45 000 ha of native hoop pine plantations in south-east Queensland,
Australia. Large areas of mature first-rotation hoop pine plantations are currently being
harvested and the traditional practice of burning harvest residues (slash materials) has been
responsible for a considerable loss in soil fertility between rotations (Holt & Spain 1986;
Bubb et al. 1999; Pu et al. 2001). Forest management practices now require that clearfall
harvest residues be retained on-site wherever possible during the inter-rotation period, and
the preferred practice is to windrow the harvest residues into heaps about 10–15 m apart (Pu
et al. 2001). Squire et al. (1991) stated that clearfall harvest residue retention, rather than
windrow burning, was more likely to maintain or improve soil organic matter quantity and
quality, minimise soil compaction, conserve nutrients, and prevent soil degradation due to
soil erosion on steep slopes. New hoop pine plantations are increasingly being established
on second-rotation sites because fewer new areas are being cleared for first-rotation
plantations. However, few studies have examined the effects of site management practices,
such as retention or removal of harvest residues, on soil organic matter composition and
quality, or nitrogen availability in second-rotation hoop pine plantations (Bubb et al. 1998;
Mathers et al. 2003; Blumfield 1998). The objective of this study was to examine the
impacts of harvest residue management regimes on soil nitrogen availability assayed by
anaerobic incubation methods, and the chemical composition of soil humic acids, using 13C
cross-polarisation with magic angle spinning NMR spectroscopy, in a hoop pine plantation
3 years after the adoption of harvest residue management practices in south-east Queensland,
Australia.

MATERIALS AND METHODS

Experimental Site and Soil Sampling
The experimental site for this study was located in the Imbil State Forest, south-east

Queensland, Australia (26°31'S, 152°38'E), and has been described previously by Prasolova
et al. (2000), Pu et al. (2001), and Mathers et al. (2003). Briefly, the site is situated about
100–300 m above sea level in the coastal highlands of the upper Mary River. The mean
annual rainfall is 1200 mm, and the region is characterised by a subtropical climate, having
a cool dry winter and a warm wet summer. The second-rotation site was planted with native
hoop pine seedlings between windrows (ca 2.5 m wide, spaced 10 m apart) of harvest
residues retained from the clearfall harvest of the first-rotation hoop pine plantation.
Windrows were created immediately after the clearfall harvest of the first-rotation, 3 years
prior to sample collection. The two areas used for this NMR study (under windrows and
between windrows) were chosen on the assumption that there might be differences in soil
humic acid composition because the large patches of bare ground between the windrows
would create different soil conditions from those under the windrows. These differences
might affect the amount of soil nitrogen available to the hoop pine seedlings during the early
years of plantation establishment.

Soil samples were collected from nine transects (1.2 m apart) by bulking four augured
cores (internal diameter = 7.5 cm) from the 0–10 cm soil layer in April 1998 as described
by Mathers et al. (2003). Transects were 10 m in length, beginning at one windrow and
ending at the next so as to include the inter-windrow space, and the transects were 1.2 m
apart. Therefore, two bulked samples (one directly beneath the windrow and one between
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the two windrows) were taken in each of the nine transects, creating nine replicates. The
soil is classified as a Ferrosol under the Australian Classification System (Isbell 1996) or
Oxisol (Soil Survey Staff 1999). The site was part of a larger experiment and plots included
two windrows (Blumfield 1998; Pu et al. 2001).

Sample Preparation, and Chemical and Statistical Analyses

After collection, soil samples were placed in airtight polyethylene bags and transported
back to the laboratory where they were air-dried immediately. The soil samples for each
harvest residue treatment were sieved (<2 mm) for anaerobic incubations. Sub-samples
were taken and ground to pass through a 0.14-mm sieve before soil chemical analysis.
Available soil phosphorus (extracted with 0.1 M sulphuric acid and then analysed by the
molybdate blue spectroscopic method), cation exchange capacity, pH (1:5 H2O), and total
phosphorus and potassium were analysed as described by Xu et al. (1995). Soil organic
carbon was determined by the Walkley-Black method (Rayment & Higginson 1992). Total
nitrogen content was determined by isotope ratio mass spectrometry on a Roboprep CN
(7001)/Tracermass System (9001) manufactured by Europa Scientific as reported by Bubb
et al. (1999). Soil particle size was analysed by the method of Gee & Bauder (1986).

Soil potential mineralisable nitrogen was determined by the 7-day anaerobic incubation
method as reported by Waring & Bremner (1964). Briefly, four portions (5 g) of soil were
weighed into 50-ml polypropylene Falcon centrifuge tubes, to which 25 ml of water were
added. Two tubes were mixed and the soil was extracted with 25 ml of 4 M KCl less than
0.5 h after the addition of water, shaken end-over-end for 1 h, centrifuged at 2000 rpm for
10 min, and filtered through Whatman 42 filter paper. The other two tubes were mixed,
sealed tightly, and incubated at 40°C for 7 days. After incubation, the soil-solution mix was
also extracted with 25 ml of 4 M KCl as described previously. Exchangeable NH4

+-N
(mineral nitrogen) in extracts was determined by flow injection analysis using a Lachat
QuikChem8000 automated ion analyser (QuikChem method 10-107-064-D for NH4

+).
This procedure was duplicated using 15N-labelled ammonium sulphate solution (100 mg
N/kg and 99 atom% 15N) instead of water. The potential mineralisable nitrogen was
determined as the difference in mineral nitrogen of the potassium chloride extracts before
and after incubation. Soil gross nitrogen mineralisation and immobilisation rates in the
0–10 cm soil were measured using 15N isotope dilution techniques (Hart et al. 1994) and
steam distillation (Keeney & Nelson 1982; Chen et al. 2002). The distillates were
transferred into 8 × 5-mm tin (Sn) capsules and dried at 60°C, before determination of
15NH4

+-N on an Isoprime isotope ratio mass spectrometer with a Eurovector elemental
analyser (Isoprime-EuroEA 3000). Duplicate samples of the incubated soils were extracted
for their humic acids.

Soil humic acid was extracted in duplicate with 0.5 M NaOH following the International
Humic Substances Society method (Swift 1996). Humic acids were de-ashed (purified)
during the extraction procedure with a hydrochloric acid/hydrofluoric acid solution, which
has been proven to successfully reduce ash in humic acids without significantly modifying
their chemical composition or structure (Sánchez-Monedero et al. 2002). The humic acid
total nitrogen, total carbon, and 15N analyses were determined before and after incubation
on an Isoprime isotope ratio mass spectrometer with a Eurovector elemental analyser
(Isoprime-EuroEA 3000), but only the incubated results are presented in this paper.
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Chemical analyses were performed on all replicates, but humic acids were bulked to
provide enough material for solid-state 13C cross-polarisation with magic angle spinning
NMR. In order to detect paramagnetic materials that might interfere with the cross-
polarisation process in the NMR experiment, hydrochloric acid-extractable aluminium and
iron (Schmidt et al. 1997) were determined on soil humic acids after extracting ca 0.5 mg
oven-dry humic acid overnight with 25 ml 1 M HCl, by flame atomic absorption
spectrophotometry on a Varian SpectrAA 10/20 spectrophotometer (Mathers et al. 2002).
All statistical analyses, including Pearson linear correlations, were performed using the
STATISTICA software package (StatSoft 1999).

NMR Spectroscopy

Solid-state 13C cross-polarisation with magic angle spinning NMR spectra of water-
incubated and ammonium sulphate-incubated soil humic acids were obtained on a Varian
Unity Inova400 spectrometer operating at a frequency of 100.6 MHz. Samples were packed
in a silicon nitride rotor (outside diameter = 7 mm) and spun at 5 kHz at the magic angle.
Single contact times of 2 ms were applied (as determined by variable contact time
experiments), with an acquisition time of 14 ms and a recycle delay of 2 s. Approximately
20 000 transients were collected for each humic acid and a line-broadening value of 50 Hz
was applied to all spectra. An attempt was made to remove spinning sidebands with the total
suppression of sidebands pulse sequence (Dixon 1985), but the spectra (not shown here)
were unreadable. Therefore, corrections were incorporated into the standard 13C cross-
polarisation with magic angle spinning NMR spectra for the appearance of spinning
sidebands from the carbonyl carbon spectral region after integration. Carbon-13 chemical
shift values were referenced externally to hexamethylbenzene at 132.1 ppm, which is
equivalent to tetramethylsilane at 0 ppm.

The 13C cross-polarisation with magic angle spinning NMR spectra were divided into
the four common chemical shift regions: alkyl carbon (0–50 ppm), O-alkyl carbon (50–118
ppm), aromatic carbon (118–165 ppm), and carbonyl carbon (165–220 ppm), and relative
intensities for each region were determined by integration using the Varian NMR software
package (Version 6.1c, Varian Inc., CA). In some instances it was necessary to further
divide some chemical shift regions, these were: O-alkyl carbon into methoxyl carbon (50–
65 ppm), carbohydrate carbon (65–100 ppm), and di-O-alkyl carbon (100–118 ppm);
aromatic carbon into aryl carbon (118–144 ppm) and phenolic carbon (144–165 ppm); and
carbonyl carbon into carboxyl, amide, and ester carbon (165–185 ppm) and ketone/
aldehyde carbon (185–220 ppm). The carboxyl and ketone spectral regions both produced
spinning sidebands, which appear on the low-field side of the centreband at approximately
223 and 240 ppm respectively. Because spinning sidebands of equal intensity are known
to appear on either side of the originating centreband (i.e., also at 123 and 140 ppm), the
visible spinning sideband was integrated and the aromatic, carboxyl, and ketone/aldehyde
spectral regions were all corrected for the presence of spinning sidebands.

An index of the extent of decomposition, the alkyl carbon/O-alkyl carbon ratio (A/O-
A, Equation 1), has been recommended by Baldock & Preston (1995) after concluding that
the aromaticity index proposed by Hatcher et al. (1981) did not necessarily increase as the
extent of decomposition increased, but that the alkyl carbon spectral region increased
concomitantly with a decrease in the O-alkyl carbon spectral region. Webster et al. (2001)
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have also suggested that the overall resource quality of soil carbon as a substrate for
heterotrophic microbes may be inversely related to the A/O-A ratio.

   Alkyl C region intensity (0–50 ppm)
A/O-A = ––––––––––––––––––––––––––––––––– (1)

O-alkyl C region intensity (50–118 ppm)

Aromaticity (Equation 2) has been used to characterise the extent of humification of soil
organic matter, under the assumption that soil organic matter becomes aromatic during
decomposition (Dai et al. 2001). Carbons in carboxylic groups (-COOH) are omitted from
the aromaticity calculation because it is not known how many -COOH groups are bonded
to aromatic structures and how many to aliphatic structures (Schnitzer 1991).

                      Aromatic carbon (118–165 ppm) 
Aromaticity (%) =  –––––––––––––––––––––––––––––––––––––––––––––––––––  × 100 (2)

 Aromatic carbon + Alkyl carbon + O-alkyl carbon (0–165 ppm) 

However, recent solution 13C NMR studies have shown that humic acid, the most
important stable soil organic matter pool exists with a highly aliphatic nature as well as an
aromatic nature (Conte et al. 1997; Guggenberger & Zech 1999). Therefore, both of these
decomposition indices were used in this study.

RESULTS

Soil Chemical and Biological Properties

The initial soil chemical and physical properties before 15N-labelling, anaerobic
incubation, or humic acid extraction for soil organic matter from under-windrow and
between-windrow soils are given in Table 1. Organic carbon and the carbon/nitrogen ratio
were both greater in under-windrow soil as reported by Mathers et al. (2003), but other
chemical and physical properties were similar in the contrasting treatments. Biological and
chemical properties of the whole soil and the extracted soil humic acids are shown in
Table 2. Potential mineralisable nitrogen, as determined by anaerobic incubation, was

TABLE 1–Chemical and physical properties of surface soils (0–10 cm depth) under two harvest
residue management regimes in the 3-year-old hoop pine plantation.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Under windrows Between windrows

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Chemical properties

pH (1:5 H2O) 5.57 5.24
Organic C (g/kg) 39.5 34.6
Total N (g/kg) 2.50 2.64
C/N ratio 15.8 13.1
Total K (mg/kg) 4275 5188
Total P (mg/kg) 643 663
Available P (mg/kg) 52.5 52.2
Cation exchange capacity (cmol/kg) 30.7 26.7
HCl-extractable Fe (mg/kg) 5338 5775

Physical properties
Clay (%) 32 34
Silt (%) 28 28
Coarse sand (%) 20 21
Fine sand (%) 20 17

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



28 New Zealand Journal of Forestry Science 34(1)

T
A

B
L

E
 2

–P
ot

en
tia

l m
in

er
al

is
ab

le
 n

itr
og

en
 (P

M
N

),
 g

ro
ss

 n
itr

og
en

 m
in

er
al

is
at

io
n 

(m
g)

 a
nd

 im
m

ob
ili

sa
tio

n 
(m

i) 
of

 0
–1

0 
cm

 so
il 

sa
m

pl
es

, a
nd

 15
N

 e
nr

ic
hm

en
t,

to
ta

l n
itr

og
en

, a
nd

 to
ta

l c
ar

bo
n 

of
 so

il 
hu

m
ic

 a
ci

ds
 u

nd
er

 tw
o 

co
nt

ra
st

in
g 

re
si

du
e 

m
an

ag
em

en
t r

eg
im

es
 in

 a
 3

-y
ea

r-
ol

d 
ho

op
 p

in
e 

pl
an

ta
tio

n.
 M

ea
n

± 
st

an
da

rd
 e

rr
or

s,
 n

=
2.

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
–

R
es

id
ue

PM
N

PM
N

m
g

m
i

H
A

-a
to

m
%

15
N

 e
xc

es
s

H
A

-
H

A
-

m
an

ag
em

en
t

(m
g 

N
/k

g)
(%

)
(m

g 
N

/k
g)

(m
g 

N
/k

g)
no

n-
in

cu
ba

te
d

T
ot

al
 N

T
ot

al
 C

tr
ea

tm
en

t*
in

cu
ba

te
d

(g
/k

g)
(g

/k
g)

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
–

In
cu

ba
ti

on
 w

it
h 

w
at

er
U

W
14

4.
8±

4.
6

5.
79

±0
.1

8
–

–
0

0
30

.5
±3

.5
45

0.
6±

49
.1

B
W

89
.4

±0
.9

3.
39

±0
.0

3
–

–
0

0
35

.5
±1

.8
49

8.
8±

7.
5

In
cu

ba
ti

on
 w

it
h 

15
N

-l
ab

el
le

d 
am

m
on

iu
m

 s
ul

ph
at

e 
so

lu
ti

on
U

W
13

0.
5±

15
.3

5.
22

±0
.6

1
45

.3
±1

.2
32

.4
±1

.2
1.

39
±0

.1
1

2.
32

±0
.1

2
28

.8
±0

.1
49

2.
2±

7.
6

B
W

10
4.

3±
10

.0
3.

95
±0

.3
8

33
.4

±6
.8

 3
8.

1±
11

.8
1.

06
±0

.4
0

1.
85

±0
.0

6
32

.6
±0

.8
49

7.
0±

25
.3

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
––

––
–

* 
U

W
: s

oi
l s

am
pl

es
 c

ol
le

ct
ed

 f
ro

m
 a

re
as

 u
nd

er
 th

e 
w

in
dr

ow
s 

of
 h

oo
p 

pi
ne

 h
ar

ve
st

 r
es

id
ue

s;
 B

W
: s

oi
l s

am
pl

es
 f

ro
m

 a
re

as
 b

et
w

ee
n 

th
e 

w
in

dr
ow

s.



Mathers et al. — Forest residue management 29

greater in under-windrow (131–145 mg N/kg) than between-windrow soil (89–104 mg
N/kg) for both incubation methods. Humic acids treated briefly (ca 0.5 h) with 15N-labelled
ammonium sulphate produced an excess of 15N, with the 15N enrichment greater in humic
acids from under-windrow (1.40 atom% 15N excess) than between-windrow humic acids
(1.06 atom% 15N excess). This trend repeated itself in the incubated humic acids (2.32
atom% 15N excess and 1.85 atom% 15N excess for under windrow and between windrow,
respectively), and the 15N enrichment of both samples was greater than the non-incubated
samples (Table 2).

The chemical properties of extracted humic acids after incubation with either water or
ammonium sulphate are given in Table 2. The total nitrogen content was consistently less
in the humic acids from under windrows than humic acids from between windrows, while
total carbon showed no trends with incubation treatment. Gross 15N mineralisation (mg) was
greater in under-windrow soil (45 mg N/kg) than between-windrow soil (33 mg N/kg); yet
gross 15N immobilisation (mi) was greater in between-windrow soil (38 mg N/kg) than
under-windrow soil (32 mg N/kg). Total hydrochloric acid-extractable aluminium and iron
contents are given in Table 3 for soil humic acid from both harvest residue management
treatments after incubation with either water or ammonium sulphate. Hydrochloric acid-
extractable iron and aluminiun contents were similar for both under windrow and between
windrow in the water-treated humic acids, even after de-ashing with hydrochloric acid/
hydrofluoric acid. In the ammonium sulphate-treated humic acids, hydrochloric acid-
extractable iron content was greater in the under windrow than in the between windrow. The
reverse was true for hydrochloric acid-extractable aluminium with between windrow
having a greater aluminium content than under windrow (Table 3).

TABLE 3–Total chloroform-extractable aluminium and iron contents in soil humic acids from the
two harvest residue management treatments. Mean ± standard error, n=2.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Residue HCl-extractable HCl-extractable

management Fe Al
treatment* (mg/kg) (mg/kg)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Incubation with water

UW 1370±420 2985±1125
BW 1040±30 2635±25

Incubation with 15N-labelled ammonium sulphate solution
UW 1140±10 2190±30
BW   950±20 3280±60

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
* UW: soil samples collected from areas under the windrows of hoop pine harvest residues;

BW: soil samples from areas between the windrows.

Carbon-13 cross-polarisation magic angle spinning NMR spectroscopy
Water-treated humic acid

Integration data from the 13C cross-polarisation and magic angle spinning NMR spectra
of the water-treated hunic acids extracted from under-windrow and between-windrow soils
are displayed in Table 4 and the spectra in Fig. 1. The incubated humic acid from under-
windrow soil had a greater proportion of aliphatic (alkyl and O-alkyl carbon) structures than
that from between-windrow soil. This was supported by the reduced aromaticity (16%) of
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under-windrow humic acid compared with between-windrow humic acid (21%), although
there was little difference in aromatic carbon intensity (Table 4). The between-windrow
humic acid was dominated by the carbonyl carbon intensity, with 28% carbon attributed to
carboxyl, amide, and ester carbon and 16% to ketone and aldehyde carbon (Table 4). The
under-windrow humic acid had much less intensity in the carboxyl, amide, and ester region
(14%) than between-windrow humic acid and this region may be associated with the alkyl
carbon region.

TABLE 4–Influences of harvest residue management on the relative intensities (%) for 13C cross-
polarisation and magic angle spinning NMR spectral regions (after integration and
correction for spinning sidebands), A/O-A ratio*, and aromaticities† of soil humic acids.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
NMR chemical shift regions Incubation with Incubation with

water 15N-labelled
ammonium sulphate

---------------------------- -------------------------
Under Between Under Between

windrows windrows windrows windrows
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
   Main regions    Sub-regions

Alkyl C 38.2 28.6 33.9 30.1
O-alkyl C Methoxyl C 6.6 0.0 6.2 4.4

Carbohydrate 11.7 16.3 10.4 11.7
Di-O-alkyl C 1.3 -0.1 2.0 0.0

Aromatic C Aryl C 9.3 9.4 13.8 13.9
Phenolic C 1.4 2.5 3.8 2.6

Carbonyl C Carboxyl C 14.2 28.1 17.2 18.4
Ketone/aldehyde C 15.7 15.6 12.8 19.4

NMR indices of decomposition / humification
A/O-A ratio* 2.0 1.8 1.8 1.9
Aromaticity† 15.6 21.0 25.1 26.4

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
* A/O-A ratio is the alkyl C/O-alkyl carbon ratio (Baldock et al. 1997), where O-alkyl carbon

includes the methoxyl, carbohydrate, and di-O-alkyl carbon regions.
† Aromaticity (%) was determined following Hatcher et al. (1981) and Schnitzer (1991).

FIG. 1–Carbon-13 cross polarisation and magic angle spinning NMR spectra of soil humic
acid extracted from under the windrows (UW) and between the windrows (BW),
incubated with water (ssb = spinning sidebands).
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Ammonium sulphate-treated humic acid

Integration data from the 13C cross-polarisation and magic angle spinning NMR spectra
of the ammonium sulphate-treated humic acids extracted from under-windrow and between-
windrow soils are also displayed in Table 4 and the spectra in Fig. 2. The incubated under-
windrow humic acid had a greater proportion of aliphatic structures than between-windrow
humic acid (Table 4). The ketone/aldehyde spectral regions showed an increase in relative
intensity in between-windrow humic acid compared with under-windrow humic acid
(Table 4). The aromaticity and A/O-A ratio both showed little difference between humic
acid taken from either under-windrow or between-windrow soils (Table 4).

Correlations Between the Variables Measured

Simple linear correlations were performed on all ammonium sulphate- and water-
treated humic acids, and a simplified matrix is shown in Table 5. Humic acid-aromatic
carbon was positively correlated to gross soil nitrogen mineralisation (p<0.01) and
immobilisation (p<0.05). Soil potentially mineralisable nitrogen was positively correlated
to humic acid-alkyl and humic acid-O-alkyl carbon (p<0.05), but negatively correlated to
humic acid-carbonyl carbon (p<0.05). The humic acid-O-alkyl carbon was positively
correlated with hydrochloride-extractable iron (p<0.05), as was the humic acid-alkyl
carbon spectral region (p<0.05).

DISCUSSION

Major cellulose and carbohydrate peaks that dominate the whole soil NMR spectra
(Mathers et al. 2003) were rarely visible in the humic acid spectra, because these are non-
humic materials and would not normally be extracted with the humic acid (Stevenson
1994). In both incubation methods (water and ammonium sulphate), the under-windrow

FIG. 2–Carbon-13 cross polarisation and magic angle spinning NMR spectra of soil humic
acid extracted from under the windrows (UW) and between the windrows (BW),
incubated with ammonium sulphate (ssb = spinning sidebands).
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humic acid displayed increased intensity in the alkyl carbon region (Table 4) compared to
that for between-windrow humic acid. This suggests that the under-windrow humic acid
alkyl carbon may be composed of plant biomacromolecules, such as cutin, suberin, and
waxes, from the retained harvest residues. It has been suggested previously that selective
preservation of resistant aliphatic biomacromolecules by soil microbes might be responsible
for the increase in alkyl carbon during decomposition and humification of soil organic
matter (Theng et al. 1992), but an increase in cross-linking of long-chained alkyl structures
during humification has also been reported for this increase (Zech et al. 1992). Jansen et
al. (1996) reported that chemical crosslinks can be formed in humic acid from oxidation and
condensation chemistry and may require metal co-ordination at certain chemically active
sites. More recently, Chen et al. (2003) observed a significant negative relationship
between alkyl carbon and chloroform-released carbon, indicating that increased microbial
biomass reduced the proportion of alkyl carbon in the NMR spectra; this is in contrast to
these previous studies. The reduced alkyl carbon intensity in between-windrow humic acid
is most likely the result of a lack of readily available plant residues accessible to the soil
microbial biomass for decomposition during the incubation period, because no added
residues were initially applied in the form of windrows.

The existence of metals such as iron, aluminium, manganese, and magnesium in humic
acids has been well documented (Schnitzer 1991; Schulten & Schnitzer 1998), but attempts
by Mao et al. (2002) to correlate hunic acid nitrate-nitrogen with any of these metal
elements failed. Humic acids have high metal-binding capacities and can selectively bind,
store, and release metals (Davies et al. 2001). The humic acid-alkyl carbon and humic acid-
O-alkyl carbon intensities of this study were both correlated with the hydrochloric
acid-extractable iron content of the humic acids (see also Mathers et al. 2002), but these
correlations could also be due to a decrease in the aromatic region if iron was preferentially
complexed to aromatic moieties. This relationship suggests that iron may be bound to
humic acids in carbohydrates and long or short branched-chain polymethylene structures
where crosslinks have formed, requiring metal co-ordination (Jansen et al. 1996). However,
because only 86% of iron could be removed from these soils (Mathers et al. 2002), it is
possible that the greater iron concentrations for both under-windrow humic acids could
result in a greater suppression of the aromatic region leading to proportionally greater alkyl
and O-alkyl carbon signals.

The carboxyl/carbonyl carbon region (165–220 ppm) was divided into two regions
corresponding to carboxylic, amide, and ester carbon (centred at about 174 ppm), and
ketone and aldehyde groups (centred at 190 ppm). The clear separation of these two regions
in the ammonium sulphate-treated humic acid may be a result of the applied 15N-labelled
fertiliser contributing to increased gross nitrogen mineralisation and increasing the
decarboxylation of aliphatic and aromatic components. The unclear separation of the
ketone and carboxylic peaks in the water-treated between-windrow humic acid could be
due to the occurrence of another peak in this humic acid, between the carboxylic and ketone
peaks, centred at 182 ppm. The appearance of this peak may be an indication of increased
decomposition and humification, but no general trends were clear.

The 13C cross-polarisation and magic angle spinning NMR spectra of water-incubated
humic acid from both under-windrow and between-windrow soils displayed resonances at
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approximately 124 and 142 ppm. These signals most probably correspond to by-products
of lignin decomposition, as lignin is recognised as a precursor to humic acid and coal
formation (Stevenson 1994). This suggests that some less-recalcitrant aromatic structures
may be utilised by soil microbes in the synthesis and preservation of alkyl carbon structures
in the water-treated humic acids, and is supported by a reduction in the aromaticities of the
water-treated humic acids compared with those for ammonium sulphate-treated humic acid
(Table 4). Preston et al. (1994) reported that “young” humic acid from a secondary-growth
Pseudotsuga menziesii (Mirb.) Franco (Douglas fir) forest showed a relatively sharp alkyl
carbon region and some of the original features of lignin. Considering that these were new
plantations established on second-rotation sites, the soil organic matter, particularly the
humic acid fraction, could begin to undergo influences more similar to those exhibited by
cultivated agricultural soils than by unmanaged old- or secondary-growth forests. Chen et
al. (2003) reported that the A/O-A ratio was negatively correlated to chloroform-released
carbon (p<0.01) indicating that higher microbial biomass produced less alkyl carbon,
leading to a reduced extent of decomposition. However, in this study of humic acid there
was no significant difference between the incubation treatments and the residue treatments
in the A/O-A ratios.

Nitrogen mineralisation is the release of ammonium-nitrogen during the decomposition
of organic matter by soil microbes (Powlson & Barraclough 1993). The gross nitrogen
mineralisation results (Table 2) indicated that nitrogen turnover was faster where added
harvest residues were formed into windrows, suggesting an increased microbial activity.
This was supported by the relationship between gross nitrogen mineralisation and humic
acid-aromatic carbon (p<0.01). With increased decomposition and humification,
accumulation of aromatic carbon is expected, and these results support this assumption.
This may be the result of a number of factors due to the incubation, including increased
stimulation of microbes with the addition of 15N in the anaerobic incubation and a different
microbial community structure in under-windrow soil compared to between-windrow soil
because of the differences in soil temperatures due to a lack of protection. The gross
nitrogen mineralisation rates in this study were lower, particularly in between-windrow
soil, than those reported by Chen et al. (2002) for a 13-year-old hoop pine plantation that
was also located in a different climatic region. The correlation matrix in Table 5 indicates
that gross nitrogen immobilisation was positively correlated to humic acid-aromatic carbon
and the aromaticity index (p<0.05) and this may also be an indication of increased
mineralisation and humification by the microbial community. The potentially mineralisable
nitrogen was always greater in under-windrow than between-windrow soil, but these values
were greater in both areas than those reported by Blumfield (1998). The potentially
mineralisable nitrogen was also significantly correlated to the humic acid-alkyl carbon and
humic acid-O-alkyl carbon, as was chloroform-extractable iron, indicating that potentially
mineralisable nitrogen may also play a role in binding metals to humic acid, although
potentially mineralisable nitrogen was not directly correlated to the chloroform-extractable
iron. Gross mineralisation and immobilisation rates formed a positive relationship (p<0.05,
Table 5), which has also been reported in a number of recent mineralisation studies
(Verchot et al. 2001; Compton & Boone 2002), but the rates of gross nitrogen immobilisation
may be over-estimated by this method because of substrate stimulation (Hart et al. 1994).
The humic acid-aromatic carbon region could also be directly related to gross nitrogen
mineralisation as suggested by Guinto et al. (1999).
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CONCLUSIONS
Incubation method and subsequent extraction of soil humic acid by the traditional

fractionation scheme indicated that carbon composition of soil humic acid was altered due
to the contrasting harvest residue management regimes imposed on the soil. In under-
windrow soil where harvest residues were retained, soil potentially mineralisable nitrogen
increased and decomposition processes, as determined by the A/O-A ratio, declined due to
the addition of labile organic matter, as compared with between-windrow soil. Solid-state
13C cross-polarisation and magic angle spinning NMR spectroscopy of the most stable soil
organic matter component, humic acid, revealed that differences existed in its chemical
composition under contrasting residue treatments, regardless of incubation method. Gross
nitrogen mineralisation was greater in under-windrow than between-windrow soil, but the
reverse was true for immobilisation. Both gross mineralisation and immobilisation were
positively related to humic acid-aromatic carbon, while potentially mineralisable nitrogen
was positively related to humic acid-alkyl carbon and humic acid-O-alkyl carbon, but
negatively correlated to humic acid-carbonyl carbon. Generally, the retention of harvest
residues in young hoop pine plantations is likely to increase soil fertility and nitrogen
availability in the next rotation.
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