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Abstract

Different fractions of soil organic matter (SOM) may contribute to varying degrees to phosphorus (P)
recycling and supply. This study investigated the potential for light fraction SOM to contribute to plant P
nutrition using a bioassay with Eucalyptus globulus (Labill.) seedlings. Light fraction SOM, which has been
subject to only limited decomposition, was isolated from bulk soil using a density floatation procedure.
Seedlings were grown in sand with a P-free nutrient solution and either light fraction SOM from five
different native eucalypt forest plots as a source of added P or in sand with no added light SOM (controls).
Growth (dry matter accumulation) and P acquisition by seedlings of four of the treatments grown with light
fraction organic matter was 2–3 times greater than that of control seedlings. Daily rates of P acquisition
ranged from 0.13 lg P day)1 (control) to 0.29–0.50 lg P day)1 for seedlings grown with added organic
matter. Whilst the study indicates that light fraction SOM can contribute to the P nutrition of eucalypt
seedlings, accordingly, further research into the nutritional role of light fraction SOM is warranted.

Introduction

In forests, soil organic matter (SOM) constitutes
a significant reservoir of carbon (C) and nutri-
ents. The recycling of nutrients such as phospho-
rus (P) via organic matter is potentially a
significant factor contributing to and regulating
P supply (Attiwill, 1980, Baker and Attiwill,
1985). However, soil organic matter is not
homogenous, but forms a continuum ranging
from freshly incorporated plant debris to highly
transformed and stable organic complexes (Mel-
illo et al., 1989). Consequently, different fractions
of SOM may contribute to different degrees to
nutrient supply (Ashton and Kelliher, 1996a;

Hallsby, 1994). The significance of different SOM
fractions for P-supply, in particular in forest
soils, is largely unknown.

One option to study the dynamics of SOM is
through soil physical fractionation approaches in
combination with other chemical or biological
techniques (e.g., Neff et al., 2002; Six et al.,
2002). Physical fractionation can be used to iso-
late discrete pools of SOM. Ideally, such pools of
SOM may relate better to specific functions or
processes (Christensen, 1992). Light SOM or
sand-sized fractions of SOM (macro-organic
matter) are generally regarded as being com-
posed of relatively fresh, uncomplexed organic
debris that has undergone only limited transfor-
mation (Christensen, 2001; Six et al., 2002). Very
few studies have been made of the bioavailability*E-mail: juergen.bauhus@waldbau.uni-freiburg.de
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or potential for P supply from light fraction
SOM (Bekunda et al., 1990; Maroko et al., 1999;
Phiri et al., 2001; Van Noordwijk et al., 1998).
These studies do suggest that P in light SOM, or
similar organic matter fractions, may contribute
to actively cycling or plant available P pools.
However, others (Curtin et al., 2003) have con-
cluded that the organic P in light fraction or-
ganic matter would not contribute significantly
to pasture nutrition.

The objective of the present study was to
determine if P in light fraction SOM recovered
from eucalypt forest soil by water floatation can
contribute to tree seedling P nutrition in the
short-term. A plant bioassay was preferred as it
provides an alternative and potentially more di-
rect indication of P availability than P minerali-
zation during incubation. Direct measurement of
seedling P content as a measure of P supply (e.g.,
Ashton and Kelliher, 1996a; Hallsby, 1994) may
circumvent technical or methodological difficul-
ties that can arise from the simultaneous, multi-
directional nature of transformations between
inorganic P, microbial P and organic P pools
during incubation (Saggar et al., 1998). Addition-
ally, extraction measures of P ‘availability’ do
not necessarily correlate well with P supply as
assessed by plant P content (Giardina and
Rhoades, 2001). Consequently, Ashton and
Kelliher (1996b) concluded that plant P uptake
was a ‘better arbiter’ of P availability.

Materials and methods

Study sites

Soil for physical fractionation and light fraction
organic matter recovery was collected from with-
in five 0.1 ha)1 plots located in the Bago-Mara-
gle forest management area of southern New
South Wales (N.S.W.), located approximately
between 35�35¢–35�55¢ S, and 148�05¢–148�20¢ E.
The present day Bago-Maragle forest manage-
ment area includes about 48,000 ha of native
hardwood forest, dominated by E. delegatensis, a
species of principal commercial interest, and
E. dalrympleana and E. radiata, which are of sec-
ondary commercial interest (Ryan et al., 2000).
The area lies predominantly between 800 and
1300 m a.s.l., with E. delegatensis reaching prime
development between 1100 and 1300 m a.s.l.
(Turner, 1996). The five sites from which soil was
collected for the present study were each domi-
nated by E. delegatensis (selected characteristics
for each site are presented in Table 1.)

Generally, soils are loams and clay loams
over clay, frequently up to 2 m depth, derived
principally from sedimentary and igneous parent
materials (Ryan et al., 2000). For soil character-
ization, the fine earth (<2 mm) fraction was used
with values expressed on an oven dry (105 �C,
24 h) basis. Total C was determined by dry
combustion (Leco CHN 1000), total P and N by

Table 1. Selected stand and soil (0–2.5 cm) characteristics for 5 native forest plots

BM 4 BM 12 BM 22 CPT 9 ESM 22

Stand a

Stocking (stems ha)1) 250 310 360 420 1330

Age range (years) 49–72 37–42 31–58 51–54 20–24

Mean height (m) 39.1 32.4 29.4 39.3 23.8

Basal area (m2 ha)1) 61.0 48.6 43.3 84.6 44.0

Soil

Bulk density (g cm)3)b 0.69 0.74 0.83 0.44 0.51

pH (water) 4.5 5.2 4.7 4.7 4.4

Carbon (%) 8.8 7.8 9.1 14.0 6.3

Nitrogen (mg g)1) 3.4 3.2 3.8 5.8 2.3

Phosphorus (lg g)1) 452 508 882 690 257

C:N 26 24 24 24 27

C:P 194 153 103 206 245

aKhanna, personal communication.
bBulk density: 0–5 cm, <2 mm fine earth fraction.
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autoanalysis (TRAACS 800, Technicon) follow-
ing a modified Kjeldahl digest (Heffernan, 1985),
pH in water (1:5 soil:water) and bulk density was
determined on the fine earth fraction (<2 mm)
(Table 1).

Soil collection and physical fractionation

Soils were collected in Autumn, 2001, from three
small pits located within each plot. After remov-
ing overlying litter in order to expose the mineral
soil surface, each pit was carefully excavated
using small hand tools. Pit size was approxi-
mately 20 cm� 15 cm and there were three depth
increments, 0–2.5, 2.5–5 and 5–10 cm. Soil sam-
ples were bulked by depth to provide a single
sample for each depth from each plot. For the
present study, due to low quantities of light frac-
tion SOM in the lower depths, only soil from the
surface 0–2.5 cm was used.

Physical fractionation was undertaken using
field moist soil, which was sieved, firstly over a
4.75 mm sieve and subsequently over a 2 mm
sieve to remove coarse material and recover the
fine earth (<2 mm) fraction. In field moist condi-
tion the soil remained well aggregated and aggre-
gates were gently hand pressed through each
sieve. In order to recover sufficient quantities of
light fraction organic matter, approximately
1000 g dry weight equivalent of the fine earth
fraction was used for physical fractionation.

Water was preferred for the density fraction-
ation as it would recover lighter, and therefore
less decomposed SOM, and would minimize the
risk of artefacts that could occur with other den-
ser liquids (Magid et al., 1996; Sollins et al.,
1984). The soil was suspended in water (ratio
1:7) and the soil–water slurry was continuously
and moderately agitated by maintaining a con-
stant inflow of water. Soil material was washed
out through the outflow pipe of a bucket onto a
250 lm sieve, enabling the collection of coarse
material (>250 lm), whilst allowing for finer
material to be washed through the sieve. Soil
washing continued until it was visibly evident
that no more coarse material was being washed
out. Coarse organic matter collected on the
250 lm sieve was subsequently washed under
clean running water to remove any adhering fine
material. This approach facilitated the fast and
easy collection of coarse or macro-organic matter

from a relatively large quantity of soil, whilst
finer mineral and organic components were
washed through the sieve. Organic material
collected on the 250 lm sieve was suspended in
water to separate a floating light fraction of
organic matter. The light fraction material was
dried for 24 h at 65 �C and subsequently ground
to provide a more homogenous substrate.

The P concentration of the light fraction
material was determined by digestion in 36 N
H2SO4 with H2O2 additions (Heffernan, 1985)
and automated colorimetric determination (TRA-
ACS 800 AutoAnalyzer, Technicon). The C con-
centration of the light fraction organic matter
used for the seedling bioassay was about 45%,
and P concentrations for the different sites ran-
ged from 313 lg P g)1 (ESM 22) to 698 lg P g)1

(BM 22) (Table 2). The C concentration of the
heavy organic matter was approximately 30–
35%. The C concentrations of the organic matter
fractions indicated the light fraction material was
substantially free of mineral contamination and
in a less decomposed state than the heavy
organic matter.

Plant growth

Seed material was obtained from the Australian
Tree Seed Centre, sourced from the Blue Gum
Saddle seedlot, Tasmania (43�12¢ S, 146�54¢ E;
250 m a.s.l.) from 15 parent trees of E. globulus
(subsp. globulus). Seeds were not sterilized or
pre-treated prior to germination. Germination
was in broad, shallow, free draining plastic trays
in a sand–perlite mixture (1:1 volume) under pre-
vailing glasshouse conditions. After 3 weeks,
seedlings were transferred to small, free draining
plastic pots, with one seedling per pot. As far as
possible, germinants of similar shoot and root
size were chosen for transplanting. Each pot was
filled with either a mixture of 110 g coarse sand

Table 2. Selected characteristics for light fraction organic
matter from 5 native forest plots

BM 4 BM 12 BM 22 CPT 9 ESM 22

Carbon (%) 44.3 46.6 45.4 44.8 45.9

Phosphorus

(lg g)1)

454 451 698 534 313

C:P 976 1033 650 839 1466
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and 0.5 g light fraction organic matter from the
five native forest reference sites (treatments: BM
4, BM 12, BM 22, CPT 9 and ESM 22) or 110 g
sand only (control) and watered to field capacity
with dilute P-free nutrient solution adjusted to
pH 5.2. Measures of extractable inorganic P
(Bray and Kurtz, 1945; Olsen et al., 1954) in the
sand were equal to or less than 1 lg P g)1, i.e.,
P-deficient for eucalypt seedling growth (Mend-
ham et al., 2002). There were 10 replicates of
each treatment.

A P-free nutrient solution was prepared by
modifying the complete nutrient solution de-
scribed by Brundrett et al. (1996) for the growth
of eucalypt seedlings. Stock (concentrated) macro-
nutrient solutions were prepared separately and
contained: 132 g L)1 NH4NO3, 58.9 g L)1

Ca(NO3)2 Æ 4H2O, 66.2 g L)1 KNO3, 60 g L)1

MgSO4 Æ 7H2O and 14.8 g L)1 K2SO4. Addition-
ally, an iron solution was prepared separately
containing 1.522 g L)1 FeSO4. For micronutri-
ents, a single combined stock solution was pre-
pared, containing: 0.629 g L)1 H3BO3, 0.573 g L)1

ZnSO4 Æ 7H2O, 0.482 g L)1 MnSO4 Æ 5H2O, 0.219 g
L)1 CuSO4 Æ4H2O and 0.019 g L)1 H2MoO4 Æ4H2O.
For dilution and preparation of the combined
working total nutrient solution, 1 mL of each
stock was added to water and made to 1 L.

The transplanted potted seedlings were grown
under glasshouse conditions, randomly arranged
in a large, shallow plastic tray in which 1–2 cm
of tap water was maintained to sustain moisture
supply. Additionally, seedlings were watered dai-
ly using tap water. Mean P concentration of tap
water was <10 ng mL)1 (Butterfield, personal
communication). Seedlings were supplemented by
the addition of 5 mL dilute nutrient solution
after 1 and 2 weeks, and thereafter at 4, 6, 8 and
10 weeks growth. Approximately every 2 weeks
the tray holding the seedlings was rotated 90�.

Seedlings were harvested after 90 days. Whilst
still in the pot, seedlings were gently immersed in
water and the root-sand matrix carefully re-
moved from the pot. Most sand fell readily away
under water and although the root system of
eucalypt seedlings is very fine, it was kept sub-
stantially intact. Each seedling was washed under
running water, over a 63 lm sieve, and final
adhering sand removed. Seedlings were then
dried at 70 �C for 72 h, after which root and
shoot were separated and dry weights recorded.

Shoot and root material was subjected to con-
centrated sulphuric acid and hydrogen peroxide
digestion and analyzed for P by automatic color-
imetric determination. Daily P acquisition by
seedlings of light fraction organic matter treat-
ments was estimated by dividing mean total seed-
ling P content, corrected for control seedling P
content, by the number of days following trans-
planting.

Statistics

Differences between treatment means for shoot
and root weights were tested by analysis of var-
iance and where a significant difference was
indicated, a post-hoc least significant difference
test (P = 0.05) applied. The smallest and larg-
est seedlings were excluded from analysis. The
relationship between seedling P content and
seedling dry weight was examined by regression
analysis following natural logarithmic transfor-
mation of both variables. All statistical analyses
were performed in JMP (SAS Institute, 1996).

Results

Seedling growth response

Shoot dry matter of seedlings grown on light
fraction material from 4 of the 5 sites (BM 12,
BM 22, CPT 9 and ESM 22) was significantly
higher than that of control seedlings grown with-
out light fraction organic matter (Table 3). A
similar pattern was evident in terms of root dry
matter weight. Generally, regardless of shoot and
root dry weight, shoot dry matter accumulation
was about three times that of root dry weight,
resulting in a similar root: shoot ratio in dry
weight for all treatments.

Root P concentrations were highest for seed-
lings grown on light fraction material from sites
BM 22 and CPT 9, and lowest for seedlings from
BM 4 and the control treatment, however, the
differences were not significant (Table 3). Root P
concentrations were about twice that of shoot P
concentrations. The latter were also not signifi-
cantly different between treatments.

Total seedling P content varied from about
25 lg for the control seedlings, to about 60–
70 lg for seedlings grown on light fraction mate-
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rial from BM 22, CPT 9 and ESM 22 (Figure 1).
The root and shoot P content of seedlings from 4
of the 5 sites (BM 12, BM 22, CPT 9 and ESM
22) treatments was significantly greater than that
of the control seedlings. Across the six treat-
ments there was a close relationship between
seedling P content and biomass.

Phosphorus supply

The daily rate of P supply, after correcting for
the control treatment as a measure of supply
from seed, sand and other background sources,
ranged from 0.14 to 0.50 lg P day)1 for seed-
lings grown on light fraction organic matter
(Table 4). This equated to an average daily rate
of P release from the light fraction ranging from
0.06% for BM 4 to 0.28% for ESM 22. The rate

of supply observed for the BM 4 treatment was
similar to that of the control treatment, whereas
the rate of supply on the other treatments was
about 2–4 times that of the control. After adjust-
ing for (i.e., subtracting) the P content of control
seedlings, seedlings grown on light fraction
organic matter treatments BM 12 and BM 22
acquired approximately 11–12% of the amount
of P added in organic matter, whilst seedlings
grown on light fraction material from CPT 9 and
ESM 22 acquired 17% and 26% of the amount
of P added in organic matter, respectively. On
the other hand, seedlings grown on material from
BM 4 only acquired 5% of the P added in the
light fraction organic matter. A positive correla-
tion (P < 0.10) between seedling total P content
and total seedling dry weight suggests that seed-
lings may have been P limited, whereas there was
no correlation between seedling N concentration
and dry weight (data not shown). However, seed-
lings did not exhibit visual foliage symptoms of P
deficiency (Dell et al., 2001).

Discussion

Seedling growth

A plant bioassay was undertaken to determine
whether the P in the light fraction organic matter
could contribute to the nutrition of eucalypt
seedlings in the short-term. The growth (dry mat-
ter) and P acquisition (seedling P content) of E.
globulus seedlings were strongly related. Four of
the five treatments supplied with light fraction

Table 3. Shoot and root dry weights and phosphorus concentrations for Eucalyptus globulus seedlings grown in sand with a P-free
nutrient solution and either soil light fraction organic matter as a P source or no added P source (control). Within rows, shoot and
root values followed by the same letter are not significantly different (P = 0.05). Standard error of the mean is in brackets. For
BM 4, BM 22, CPT 9 and ESM 22 n = 8, for BM 12 and control seedlings n = 7

BM 4 BM 12 BM 22 CPT 9 ESM 22 Control

Dry weight (g)

Shoot 0.062 ac 0.081 ab 0.093 ab 0.097 b 0.103 b 0.044 c

(0.005) (0.003) (0.008) (0.015) (0.005) (0.003)

Root 0.022 ac 0.030 ab 0.035 ab 0.039 b 0.034 ab 0.016 c

(0.003) (0.003) (0.003) (0.006) (0.010) (0.002)

Phosphorus concentration (lg P g)1)

Shoot 337 a 342 a 361 a 389 a 374 a 298 a

(34) (43) (35) (26) (15) (29)

Root 651 a 743 a 793 a 798 a 715 a 674 a

(107) (99) (42) (38) (39) (49)

y = 0.0757Ln(x) - 0.1824
R2 = 0.9871
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Figure 1. Relationship between seedling P content (lg) and
seedling biomass (g) across the six different treatments.
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organic matter accumulated more P than the
control seedlings. This indicates clearly that the
seedlings were able to acquire P in order to sup-
port growth. For comparison, total seedling P
content in our study was similar to that found
after about 2 months growth of E. grandis seed-
lings (Lacey et al., 1966) and 3 months growth of
E. pilularis seedlings under conditions of low P
supply with P added in inorganic nutrient solu-
tion (Mulligan and Sands, 1988). However, it is
uncertain to what extent E. globulus seedlings
would take up P from light fraction organic
matter when grown without P limitation.

Seedling biomass and P content were unre-
lated to total P concentration in the light fraction
organic matter and to the C:P ratios of the light
fraction organic matter. Phosphorus concentra-
tions for the light fraction organic matter used in
the plant bioassay ranged from 313 lg g)1 at
ESM 22 to 698 lg g)1 at BM 22, and similarly,
the C:P ratio was lowest for the light fraction
from BM 22, 650, and highest for that from ESM
22, 1466, yet seedling growth and P content was
the same. Prescott et al. (1992) also found that
the growth and P content of pine, spruce and fir
seedlings grown on forest floor (FH) material was
inconsistent with the C:P ratio of forest floor and
litterfall material. Critical C:P ratios indicating
net P mineralization have been estimated to be
between 200 to 550 (Blair, 1988, Saggar et al.,
1998). On the basis of this critical range, only
light fraction organic matter from BM 22 might
have been expected to supply P. However, Ribe-
iro et al. (2002) observed P release from eucalypt
litter during field decomposition trials, where the
C:P ratio of the litter ranged between 872 and
1234, which is comparable to that for the light
fraction organic matter used here.

Phosphorus supply from light fraction organic
matter

The average daily rate of P supply from light frac-
tion organic matter varied from 0.14 lg P day)1,

(BM 4), to 0.50 lg P day)1, (CPT 9). This is
similar to the P uptake rate observed for
several Eucalyptus species (E. pilularis, E. grandis,
E. regnans) grown on a range of substrates (e.g.,
P-deficient sand, burnt soil) for similar periods of
time (Launonen et al., 1999; Mulligan and Sands,
1988), but considerably less than that observed for
E. gummifera (2.08 lg P day)1), a species from
highly nutrient deficient environments (Mulligan
and Sands, 1988). Additionally, the absence of
ectomycorrhiza in the present experiment may
have limited the P acquisition capacity of E. globu-
lus seedlings. Ectomycorrhizal fungi are important
symbionts with Eucalyptus and are known to
increase P acquisition by E. globulus when grown
in sand with a low P supplement (Burgess et al.,
1993; Grove et al., 1996).

Very few studies have attempted to assess the
bioavailability of P in soil light fraction organic
matter. The rates from the present study, 0.14–
0.50 lg P g light fraction)1 day)1, are consider-
ably lower than those found by Van Noordwijk
et al. (1998) for an incubation-mineralization
study (2–3 lg P g light fraction)1 day)1). How-
ever, to recover light fraction material by density
floatation, Van Noordwijk et al. (1998) employed
Ludox colloidal silica, which has been reported
to enhance mineralization (Magid et al., 1996).
In the present study, water was employed for
recovery of light fraction material and may have
mitigated against such artefacts. In addition,
with the heavier Ludox a different density frac-
tion is being recovered.

To maintain rates of P supply in the field, the
rate of turnover of light fraction P must be fast
enough and the size of the pool of light fraction
P large enough. Hassink (1995) and Magid et al.
(1997) estimated turnover rates for light fraction
material in pasture and grassland soils to be
about 1 year. For the sites investigated, the size
of the light fraction pool of P in the top 2.5 cm
ranges from about 1 to 4.5 kg P ha)1, represent-
ing about 2–4% of total soil P (O’Hara, 2003). If
organic matter turnover in eucalypt forests is fast

Table 4. Rate of phosphorus supply from light fraction organic matter to E. globulus seedlings (lg P day)1, % P release)

Supply BM 4 BM 12 BM 22 CPT 9 ESM 22 Control

lg P day)1 0.14 0.29 0.42 0.50 0.45 0.13

% P release day)1 0.06 0.12 0.12 0.18 0.28 n.a.
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enough, P release from light fraction organic
matter could provide a significant contribution to
biological P cycling and supply. However, whilst
the turnover rate for some fractions of litter
material can be relatively rapid in eucalypt for-
ests (Woods and Raison, 1983), the rate of turn-
over for light fraction SOM in native eucalypt
forest soils is unknown. The origin or source of
light fraction material (different aboveground lit-
ter components such as leaves or bark, fine root
material) could influence its rate of turnover con-
siderably. Presently the origin of light fraction
organic matter in eucalypt forest soils remains
unknown.

Although the most readily apparent explana-
tion for higher seedling growth relative to control
seedlings is P acquisition by seedlings from the
light fraction organic matter, additional or alter-
native factors may also have contributed to the
observed response. The grinding of light fraction
material which increased the surface area of
SOM may have increased P solubility (Friesen
and Blair, 1988). In addition, microbial activity
may have been stimulated by the added organic
matter and in turn stimulated seedling growth
due to the production of microbial phytohor-
mones (e.g., Kucey et al., 1989). However, these
possible contributing factors are unlikely to
invalidate the conclusion that P in light fraction
SOM can play a significant role in tree nutrition
under P limited conditions.

Conclusion

In forests, the recycling of P through organic
matter is important for maintaining and regulat-
ing P supply. The present study indicated that
light fraction SOM served to increase P acquisi-
tion by eucalypt seedlings in the short-term with
higher seedling P contents and faster rates of P
uptake evident. Light fraction SOM thus repre-
sents a pool of biologically active organic matter
contributing to P nutrition. Future studies
should investigate the contribution of light frac-
tion SOM to P nutrition, the rate of decomposi-
tion of and P turnover through light fraction
SOM and the physical and chemical relationships
between litter material and light fraction SOM.
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