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Summary

On the Usutu plantation the sustained production from successive
Pinus patula rotations has been a focus of active research for
nearly 50 y. On 13% of the plantation, underlain by gabbro rocks,
a 20% growth decline was reported between first (1R) and second
(2R) rotations as a result of developing phosphorus (P) and
potassium (K) deficiencies. The operational application of
fertiliser containing 75 kg P ha–1 and 75 kg K ha–1 corrected the
decline in yield. In 1989 P and K fertiliser was randomly applied,
at the above rate, to one half of each of a number of trial plots in
a 6-y-old, 3R crop. A 4R trial was re-established on the exact
location of the former 3R trial during 1999. In 2004 intensive
sampling was conducted to ascertain the influence of the residual
fertiliser on the nutrient content of the foliage, forest floor and
topsoil in the 4R crop. Fifteen years after the initial fertiliser
application, 0.5 M H2SO4 extracted Pinorganic + Porganic in the topsoil
was still 41 kg ha–1 higher in the fertilised plots than in the control
plots. The total forest floor mass was not affected by the residual
fertiliser, although the mass of the partially and fully decomposed
forest floor litter increased by 3.5 t ha–1 (10% level). The residual
fertiliser increased the P concentration in only the various needle
components and had no effect on any other components or
nutrients in the organic matter. We conclude that residual P
fertiliser had a greater effect on foliar, forest floor and soil nutrient
content than residual K fertiliser.
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Introduction

The 60 000 ha Usutu plantation is situated 25 km south-west of
Mbabane in the western Highveld of Swaziland. It grows pine
(mainly Pinus patula) as raw material for the production of
unbleached kraft pulp. Highly productive sites and the low cost
of pulpwood production confer a strategic competitive advantage
in the world commodity markets in which pulp is sold. Maintain-
ing wood production from the land in successive rotations is
critical to the sustainable supply of low-cost timber to the pulp
mill.

Biogeochemical cycling of nutrients is particularly critical for
the maintenance and growth of plantation forests on sites that
are characterised by a high level of leaching, low nutrient content,
low cation exchange capacity and moderate to strong acidity. It
is even more important when trees are harvested on short rotations
and the crop consists of pine, which is known to modify the soil
environment, mostly by decreasing pH, over time (Scholes 2002).
Given these circumstances, sustained production from successive
rotations has been an active research focus in the Usutu forest
for nearly 50 y. A comparison of growth over four rotations
showed that over the largest part of the forest the mean height
growth was significantly greater over successive rotations (Evans
2005). The data, however, did reveal that for a group of plots on
the eastern side of the forest (Block A) both height growth and
volume per hectare declined by 18% in the second rotation (Evans
1978, 1986, 1999a). Study of the associations between the
affected sample plots and a range of edaphic and lithological
parameters revealed that the second-rotation plots, showing a
growth decline, were mostly located on Usushwana complex soils,
derived from gabbro parent material (Morris 1983, 1986). It was
found that gabbro-derived soils had a lower ‘available’
phosphorus (P) pool, fixed P more strongly and supplied less
potassium (K) than granite-derived soils. This suggested that a
developing P and K deficiency was responsible for the growth
decline on 13% of the Usutu forest.

Elsewhere, the importance of nutrition to sustain forest production
has been widely documented. In south-eastern USA, a 10–35%
reduction in tree height of second-rotation P. taeda and P. elliottii
was associated with nutrient deficiency as a result of nutrient
removal, particularly phosphate, at timber harvest (Haywood and
Tiarks 1995, 2002; Tiarks 1999; Bekele et al. 1999; Rose and
Shiver 2000). Plantations of P. resinosa that displayed symptoms
of acute K deficiency on glacial outwash sands near Warrensburg,
New York, responded positively to the application of potassium
(White and Leaf 1964, 1965; Madgewick et al. 1970). This
significant growth increase, after a single application of K, was
still evident after 39 y (Shepard and Mitchell 1990). In Australia
and New Zealand, growth of P. radiata was also strongly
influenced by phosphorus availability (Gentle et al. 1965, 1986;
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Ballard 1978; Turner 1982; Will 1985) and to a much lesser extent
by potassium availability (Raupach and Hall 1974; Will 1985).
Significant responses to P fertiliser, with the length of the response
on some sites extending into subsequent rotations, were reported
on inherently P-deficient soils (Ballard 1978; Pritchett and
Comerford 1982; Gentle et al. 1986; Harding and Jokela 1994;
Ducey and Allen 2001; Comerford et al. 2002; Turner et al. 2002).

In order to correct the P and K deficiencies that have developed
in successive rotations of P. patula on the Usushwana complex,
Morris (1987, 1994) recommended the application of 20 kg ha–1

of elemental P and K, respectively, as a spot application at
planting, followed by a broadcast application of 75 kg ha–1 of
elemental P and K, respectively, at pruning. Continuing
measurements have shown that these operational fertiliser
applications corrected the decline in yield (Evans 1996, 1999b).
However, the studies by Morris (1986) indicated a need for
improved knowledge of the fundamental biogeochemical cycling
processes that are critical for the maintenance and growth of
plantation trees (Scholes 2002). A trial was specifically designed
to determine if the P and K fertiliser applied to a gabbro-derived
soil in the previous rotation would have any residual benefit.
The effect of the residual P and K fertiliser on nutrient content of
the current crop’s foliage, the forest floor and topsoil is reported
here.

Materials and methods

Site description

The trial site is located in the eastern portion of Usutu plantation
on gabbro-derived soil at an altitude of 1300 m above sea level.
A mean annual temperature of 16.3°C and rainfall of 1421 mm y–1

is reported for this land type (Pallett 1990). The soil on the site

consists of a humic A horizon over a yellow-brown apedal B
horizon (Soil Classification Working Group 1991). This soil
would be classified as an Oxisol according to the USDA soil
taxonomy system (Soil Survey Staff 2006). The clay content is
relatively high, while the base saturation is low. General soil
texture and chemical properties for a soil pit near the trial are
shown in Table 1.

Trial description

Third-rotation trial

In the spring of 1989, a third-rotation trial (3R) was established
in a 6-y-old P. patula compartment. The trial consisted of 52
plots each 12 × 10 rows in size (at 2.7 m × 2.7 m planting density).
Each plot was split into two (6 × 10 rows). A broadcast application
of P and K fertiliser was randomly allocated to one of each of
these pairs of split-plots. The rate1 was equivalent to 75 kg P and
75 kg K ha–1. Measurement plots were separated by an 8.3 m
buffer across the contour and 5.4 m along the contour. At clear
felling only tree stems and bark were removed from the site.
Because of the relatively small size of the plots and limited buffer
between measurement plots, harvest residue could not be
completely contained within the respective plots during
harvesting. The remaining harvest residue was not burnt, but left
in situ following usual silvicultural practice.

1Morris, A.R. (1999) Establishment prescription for planting of a residual
fertilizer trial on the old R128 trial site. Internal communication. Shaw Research
Centre. Sappi Forests Research.

Table 1. Selected soil properties of a soil pit located at the trial site in a fourth rotation Pinus patula compartment at 
Usutu, Swaziland 

Horizon 
Property Unit  

A B1 B2 C1 C2 

Depth mm  0–100 100–270 270–470 470–570 570–1500+ 
Bulk density Mg m–3  0.74 0.87 0.98 1.28 0.93 
Texture –  Clay Clay Clay Clay Clay 
pH (H2O) –  4.3 4.9 5.1 4.8 4.6 
Org. C (WB)a %  6.8 4.5 3.4 2.4 1.4 
P (Bray 2) mg kg–1  4.9 1.7 1.3 0.3 0.3 
P adsorptionb mg kg–1  264 225 220 196 553 
K cmol(+) kg–1  0.07 0.06 0.03 0.02 0.01 
Ca cmol(+) kg–1  0.01 0.03 0.01 0.03 0.02 
Mg cmol(+) kg–1  0.08 0.06 0.04 0.03 0.03 
Na cmol(+) kg–1  0.05 0.03 0.01 0.03 0.03 
CECc cmol(+) kg–1  0.20 0.18 0.09 0.11 0.09 
Ex. acidity cmol(+) kg–1  3.7 1.0 0.2 0.2 0.1 
Fe mg kg–1  36.7 23.9 15.7 6.0 4.9 
Mn mg kg–1  3.8 2.4 2.1 5.8 9.5 
Zn mg kg–1  0.8 1.3 0.6 0.8 0.9 
Cu mg kg–1  5.6 6.9 6.2 4.8 4.0 

aOrg. C (WB) = Organic carbon content (Walkley–Black method) 
bDerived from Langmuir one-surface regression (Olsen and Watanabe 1957, cited in Henry and Smith 2002) 
cCEC = Cation exchange capacity; Ex. acidity = Exchangeable acidity 
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Fourth-rotation trial

A fourth-rotation (4R) P. patula trial was re-established in
September 1999 at the exact location of the former 3R P and K
fertiliser trial. In the new 4R trial design, the residual P and K
effect was examined as a split-plot treatment within each main
plot, with four replications of the main plot treatments. The
3P × 3K factorial treatments (applied in the 4R) consisted of a
combination of 0, 25 and 50 kg ha–1 elemental P and K.
Superphosphate (10.5% P) and potassium chloride (50% K)
fertiliser were used. Three additional treatments were imposed
to determine the effects of late application and larger amounts of
fertiliser. At the age of 5 y, two of these additional treatments as
well as the control treatment had not received any fertiliser in
the current rotation. Because these three treatments were
replicated four times in the trial and each main plot consisted of
two split-plots, one where no fertiliser was applied previously
and one where P and K fertiliser was applied in 1989, a total of
24 split-plots were available to study the effect of the residual
fertiliser. In 2004 the foliage, forest floor and soil in these plots
were intensively sampled.

Sampling procedure and chemical analysis

Foliar samples

The sampling protocol was based on recommendations of Will
(1985), Linder (1995) and Louw and Scholes (2003). The foliage
samples were collected during the dormant season (July) from
the top third of the crown when the stand was 4.8 y old. Two
second-order branches were cut off and the previous season’s
foliage that had reached mature length was collected. The two
bulked foliage samples, each from five dominant or co-dominant
trees per split-plot, were dried in a ventilated oven for 72 h at
70°C. The dry mass of 100 randomly selected needle bundles
(fascicles) per split-plot sample was also determined. Following
fine grinding, total N was determined by the Kjeldahl method.
After fine grinding and dry ashing, P was determined by the
molybdenum blue method. Calcium (Ca) and magnesium (Mg)
concentrations were determined using atomic absorption

spectroscopy, while K and sodium (Na) were determined by flame
emission spectroscopy (Donkin et al. 1993).

Recently senesced needle samples

Needle litterfall was collected from mid-July to mid-October 2004
in two 1.2 m × 1.2 m shade cloth bags, suspended within metal
frames, on each split-plot. Samples were collected every 14 days
and oven dried. The senesced needle samples were pooled per
trap position for chemical analysis similar to the foliage sample
analysis.

Forest floor samples

Forest litter was sampled in July 2004 over two 0.5 m × 0.5 m
areas located systematically within each split-plot. The litter layer
(L), consisting of easily recognizable organic material, was
separated into needles and branches (Fig. 1). The fermentation
layer (F) consisted of partially decomposed organic material (Van
der Watt and Van Rooyen 1995). Moist weight of the samples
was determined in-field and the dry weight was determined after
oven drying. The amount of soil contamination in all the samples
was determined by means of loss-on-ignition analysis. Macro-
nutrient content of the three respective litter components was
analysed using the methods described earlier.

Soil samples

The humus layer (H), consisting of fully decomposed organic
material, could not be separated from the top 5 mm of mineral
soil (A1 horizon). Thus, these two layers (H&A1) in the litter-to-
soil transition zone were sampled together and treated as soil
with a high organic material content (40%). All soil samples were
collected from two 0.25 m × 0.25 m areas located systematically
within each split-plot. Soil samples of the A2 horizon were taken
at a depth of 5–100 mm. The amount of mineral soil in all the
samples was determined by loss-on-ignition analysis. The pH;
ammonium acetate extractable Ca, Mg, Na and K; as well as
total K (extracted with boiling nitric acid), was determined for

Live foliage from top third of live crown

Senesced needles collected in litter traps

Litter (L) Loose, easily  

recognised organic material

Needles 

Dead branches

Fermentation layer (F)
Partially decomposed  

organic matter

Humus layer mixed with  

mineral soil (H&A1)

Completely decomposed litter 

mixed with top 5 mm mineral soil

Topsoil (A2) Remaining mineral soil to 

a depth of 100 mmTopsoil

Forest floor

Figure 1. Schematic diagram of the different organic and soil components that were sampled in the fourth rotation (4R) of Pinus patula
at age 4.8 y, 15 y after the initial application of 75 kg ha–1 elemental P and K, respectively, to the 3R crop at Usutu, Swaziland
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each sample. The plant-available P was determined with Bray 2
extraction, as these P values have shown a good correlation with
pine growth in other studies (Ballard 1974; Payn and Clough
1988). Soil P in the form of calcium phosphates was extracted
with 0.5 M H2SO4 to determine the inorganic P fraction (Pi)
(before digestion) and total P (Pi+o) (after digestion of organic
material) respectively. The organic P fraction (Po) was calculated
as the difference between Pi+o and Pi (Kuo 1996). Organic carbon
was determined with the Walkley–Black method (Kalra and
Maynard 1991).

Statistical analysis

Data were statistically analysed with Genstat 8.1 software. The
paired t-test procedure, with a confidence level of 95%, was used
because the samples from each treatment were matched or paired
in the split-plots (Ott 1988).

Results and discussion

Live foliar samples

The residual P and K fertiliser from the application 15 y earlier
increased the P concentration of the live needles by only 50 mg
kg–1 (Table 2). The increase in foliar P concentration associated
with the application of P fertiliser corresponded with findings by
Flinn et al. (1982), Turner (1982), Maggs (1985, 1988) and
Turner et al. (2002). A comparison of tree growth data from the
12 intensively sampled plots indicated that only the mean diameter
at breast height (DBH) increased (P = 0.052) as a result of the
residual fertiliser. However, results from the complete trial
showed that the residual P and K fertiliser increased tree volume
per unit area significantly from the age of 5 y up to age 7 y. At
the age of 7 y residual P and K fertiliser increased total volume
by 8.9 m3 ha–1 above the 131.2 m3 ha–1 recorded in the control
plots (Crous et al. 2007). In other studies it was also found that
an increase in needle P was associated with a significant growth
response (Ballard 1978; Flinn et al. 1982; Pritchett and
Comerford 1982; Turner 1982; Gentle et al. 1986; Harding and
Jokela 1994; Turner et al. 2002). No evidence was found that
the concentration of the other nutrients, including K, differed as

a result of previous fertiliser. Nutrient ratios of N:P, N:K and
P:K were also not significantly affected. The residual fertiliser
also had no significant effect on the dry mass of 100 fascicles.

Recently senesced needle samples

The average weight of needles collected over a 14-day period in
the litter traps was not affected by residual fertiliser. The analysis
of litter trap needles indicated that the P concentration in the
needlefall from the trees was higher as a result of the P that was
applied in the previous rotation (Table 3). The N, K and Ca
concentrations also tended to be higher, but the variability of the
data was such that these differences could not be shown to be
statistically significant. A comparison of nutrients in the senesced
needles (Table 3) with those in the live foliage (Table 2) indicated
that in absolute terms more N, P and K was resorbed in the
unfertilised plots, but these differences were not statistically
significant. On the fertilised, plots 46% of the N and P was
translocated. The P resorption figure corresponded with that
reported by Dames et al. (2002) in a 42-y-old stand.

Forest floor samples

The total mass of forest floor was consistent with earlier
observations for stands of P. patula of similar age and altitude at
Usutu (Morris 1993, 1995). The total forest floor mass was not
statistically significantly affected by the residual fertiliser. There
was, however, a 3.5 t ha–1 increase (significant at the 10% level)
in the organic matter component of the H&A1 layer (Table 4).
The third-rotation fertiliser application increased stem volume
of the 3R crop (Crous et al. 2005) and therefore it can be assumed
that the amount of all aboveground biomass would have increased
as well. This in turn would also have increased the amount of
harvest residue from the 3R. After clear felling, the harvest residue
became humus that formed most of the H-layer at the time of the
study.

Turner et al. (2002) reported that although residual P fertiliser
did not affect the absolute values of the forest floor mass, it did
reduce the coefficient of variation. With the exception of the
variation in the F-layer, similar results were seen in our study.

Table 2. Nutrient concentration of live foliage collected during the dormant season from 4.8-y-old Pinus patula trees at Usutu 

Without residual fertiliser With residual fertiliser 
Nutrient  
or ratio 

Unit  
Mean SEa 

 
Mean SEa 

 
Paired t-test  
� = 0.05 
df = 23 

Probabilityb 
�1 = �2 

N %  01.565 0.040  01.614 0.024  –1.36 0.189 
P %  00.111 0.002  00.116 0.002  –2.04 0.053 
K %  00.380 0.010  00.379 0.010  –0.03 0.978 
Ca %  00.231 0.007  00.236 0.009  –0.44 0.663 
Mg %  00.085 0.007  00.078 0.006  –0.49 0.630 
Na %  00.007 0.000  00.008 0.001  –1.45 0.162 
N:P –  14.260 0.470  14.070 0.360  –0.47 0.644 
N:K –  04.174 0.130  04.324 0.131  –0.91 0.370 
P:K –  00.295 0.008  00.308 0.006  –1.28 0.213 

aSE = Standard error of the mean 
bBolding identifies the presence of significant differences between treatment means at P < 0.08 
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Our finding of an increase in H-layer mass, but no increase in the
L-layer mass, corresponded with the results from a study in
Georgia, USA, by Comerford et al. (2002). The reason why no
difference was observed between the total forest floor mass on
plots with residual fertiliser and those without might also be
related to enhanced litter decomposition associated with the
application of fertiliser. Both Gentle et al. (1986) and Harding
and Jokela (1994) suggested that the rate of decomposition can
accelerate due to increased nutrient content of forest floor litter
as a result of fertiliser. Maggs and Hewett (1986) showed that
superphosphate application to P. elliottii on the coastal lowlands
of south-eastern Queensland had an effect on forest floor
microbial activity as the P fertilizer increased rates of non-
symbiotic nitrogen fixation in the forest floor. Furthermore, an
increase in Ca from the gypsum component in superphosphate
could affect nutrient cycling by influencing micro-flora and fauna
succession and the base content of the litter. However, there was
no evidence in our study or that of Maggs (1985, 1988) that the
superphosphate had any effect on the Ca content of the forest
floor components.

The nutrient content of the needle portion of the forest floor also
reflected the same response as the live foliage and litter trap

samples (Table 5). The phosphorus concentration was slightly
higher (P = 0.051) in the plots where fertiliser was applied in
1989.

No nutrient differences could be detected in the dead branches
that formed part of the forest floor. The nutrient content of the
partially decomposed organic matter was the same in plots that
received fertiliser in 1989 and those that did not receive fertiliser.
Maggs (1985) also reported that only the needle component of
the litter under a P. elliottii compartment responded positively to
the application of P fertiliser.

Soil samples

In the H&A1 layer neither the soil P (Bray 2 and 0.5 M H2SO4-
extracted P), nor exchangeable soil K concentration expressed
per kilogram soil, was significantly different, although the
absolute values were higher on plots with residual P and K
fertiliser. However, when the actual nutrient amount (content)
per hectare was calculated, the differences as a result of residual
P and K fertiliser were 0.3 kg ha–1 for plant available P, 2.5 kg ha–1

for 0.5 M H2SO4-extracted Pi, 7.7 kg ha–1 for 0.5 M H2SO4-
extracted Pi+o and 1.4 kg ha–1 for exchangeable K (significant at

Table 3. Nutrient concentration of senesced Pinus patula needles collected in litter traps between July and October 2004 in 
the P and K residual study plots at Usutu 

Without residual fertiliser With residual fertiliser 
Nutrient Unit 

 

Mean SEa 

 

Mean SEa 

 Paired t-test  
� = 0.05 
df = 23 

Probabilityb 
�1 = �2 

N %  00.771 0.046  00.857 0.030  –1.65 0.112 
P %  00.054 0.002  00.062 0.003  –2.89 0.008 
K %  00.157 0.008  00.176 0.011  –1.66 0.111 
Ca %  00.336 0.020  00.360 0.208  –0.78 0.441 
Mg %  00.072 0.003  00.073 0.002  –0.19 0.850 
Na %  00.012 0.001  00.011 0.001  –0.40 0.696 
N:P –  14.400 0.800  14.060 0.410  –0.36 0.724 
N:K –  05.228 0.369  05.288 0.362  –0.11 0.912 
P:K –  00.365 0.022  00.379 0.025  –0.43 0.669 

aSE = Standard error of the mean 
bBolding identifies the presence of significant differences between treatment means at P < 0.08 

 

Table 4. Oven-dry mass (adjusted for soil contamination) of organic material on the forest floor of a 4.8-y-old fourth 
rotation Pinus patula crop at Usutu 

Without residual fertiliser With residual fertiliser 
Layera Unit 

 

Mean SEb 

 

Mean SEb 

 Paired t-test  
P = 0.05 
df = 23 

Probabilityc 
�1 = �2 

L layer (needles) t ha–1  09.8 0.60  09.4 0.56  –0.50 0.621 
L layer (branches) t ha–1  06.6 0.84  06.7 0.73  –0.08 0.933 
F layer t ha–1  06.6 0.58  06.0 0.63  –0.72 0.479 
H&A1 layer t ha–1  31.1 2.00  34.6 1.90  –1.86 0.076 
Total forest floor t ha–1  54.2 2.26  56.7 2.42  –1.08 0.290 

aL= Litter layer; F = Fermentation layer; H&A = Humus layer plus A1 horizon  
bSE = Standard error of the mean 
cBolding identifies the presence of significant differences between treatment means at P < 0.08 
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the 10% level) (Table 6). This increase was directly related to
the significant increase in the organic material mass of the H&A1
layer as a result of the residual P and K fertiliser. The 7.7 kg ha–1 P
and 1.4 kg ha–1 K represented 10.3% and 1.9% of the 75 kg ha–1 P
and K that was applied in 1989, respectively. The Bray 2 P-values
in the H&A1 layer were close to the ‘critical’ value of 12 as
reported by Ballard (1978).

The Po fraction comprised 76% of the 0.5 M H2SO4-extracted P
pool in the H&A1 layer. The reason for the very small difference
in Bray 2 P and 0.5 M H2SO4-extracted Po levels between the
plots with residual fertiliser and those without might be the result
of harvest residue from fertilised plots that ended up on
unfertilised plots after harvesting the third-rotation crop. Because
harvest residue could not be contained completely within the
individual plots, a small amount of foliage with higher P levels

from fertilised plots was probably mixed with foliage from plots
without fertiliser and vice versa. This could have had an effect,
as Turner et al. (2002) had observed lateral movement of
phosphate due to litter fall from fertilised plots into unfertilised
plots.

In absolute terms the amount of Ca and Mg also increased
(although not significantly) on the plots with residual fertiliser.
This observation corresponded with observations of an
accumulation of nutrients (even nutrients that were not applied
with the fertiliser) on fertilised plots by Forestry Commission
NSW (1986), Nowak et al. (1991) and Harding and Jokela (1994).
In these studies the accumulation was attributed to increased
nutrient cycling in the fertilised plots and redistribution of
nutrients from deeper in the soil profile because of enhanced
root exploitation.

Table 5. Nutrient concentration of the needle component in the forest floor L layer, of a 4.8-y-old fourth-rotation Pinus 
patula crop at Usutu 

Without residual fertiliser With residual fertiliser 
Nutrient Unit 

 

Mean SEa 

 

Mean SEa 

 Paired t-test  
� = 0.05 
df = 23 

Probabilityb 
�1 = �2 

N %  1.081 0.018  1.080 0.016  –0.05 0.964 
P %  0.066 0.003  0.073 0.003  –2.06 0.051 
K %  0.103 0.008  0.104 0.006  –0.09 0.926 
Ca %  0.505 0.032  0.488 0.035  –0.62 0.541 
Mg %  0.079 0.002  0.075 0.003  –1.29 0.210 
Na %  0.006 0.001  0.006 0.000  –0.12 0.907 

aSE = Standard error of the mean 
bBolding identifies the presence of significant differences between treatment means at P < 0.08 

Table 6. Comparison of soil characteristics of the humus (H) layer mixed with the top 5 mm of soil (A1), 15 y after the initial 
application of P and K fertiliser to the previous rotation (3R) of Pinus patula at Usutu 

Without residual fertiliser With residual fertiliser 
Parametera Unit 

 

Mean SEb 

 

Mean SEb 

 t-test  
� = 0.05 
df = 23 

Probabilityc 
�1 = �2 

CEC cmol(+) kg–1  1.36 0.215  1.48 0.306  –0.59 0.564 
Org. C (WB) %  17.82 1.250  17.49 1.050  0.23 0.824 
pH (KCl) –  3.70 0.037  3.73 0.038  –0.42 0.681 
Exc. acidity cmol(+) kg–1  6.12 0.318  6.05 0.101  0.13 0.898 
P (Bray 2) mg kg–1  11.32 1.310  12.60 1.210  –0.81 0.427 

Exchangeable K kg ha–1  5.5 0.43  6.9 0.51  –2.27 0.033 
Total K kg ha–1  12.4 0.95  13.4 0.71  –0.09 0.400 

Ca kg ha–1  12.0 2.00  13.5 2.72  –0.75 0.458 

Mg kg ha–1  4.1 0.82  5.6 1.56  –0.92 0.366 

Na kg ha–1  0.2 0.02  0.2 0.02  –2.52 0.019 
P (Bray 2) kg ha–1  1.0 0.10  1.3 0.10  –1.93 0.066 

Pi (0.5 M H2SO4) kg ha–1  12.7 0.93  15.2 1.11  –1.84 0.079 
Po (0.5 M H2SO4) kg ha–1  41.7 2.27  46.8 2.90  –1.52 0.142 
Pi+o (0.5 M H2SO4) kg ha–1  54.4 2.73  62.1 3.50  –1.83 0.080 

aCEC = Cation exchange capacity; Org. C (WB) = Organic carbon content (Walkley–Black method); Exc. acidity = Exchangeable acidity; 
Pi = Inorganic P fraction; Po = Organic P fraction 
bStandard error of the mean 
cBolding identifies the presence of significant differences between treatment means at P < 0.08 
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Apart from P, none of the other topsoil (A2) chemical properties
were significantly affected by the residual fertiliser. In the first
5–100 mm of topsoil, the plant-available P, and 0.5 M H2SO4-
extracted Pi+o and Po, were significantly increased by the residual
fertiliser. The increase was a mere 1.3 mg kg–1 in the case of
plant-available P, but the increase in 0.5 M H2SO4-extracted Pi+o
was a substantial 44.7 mg kg–1 (Table 7).

This was mainly due to an increase in the organic P fraction. The
0.5 M H2SO4-extracted Po fraction contained 68% of the 0.5 M
H2SO4-extracted Pi+o in the A2 component and accounted for
75% of the difference in P between plots with and without
fertiliser when the fractions in the H, A1 and A2 layers were
combined. This corresponded with findings by Fransson and
Bergkvist (2000) that a large proportion of the inorganic P in the
fertiliser was converted into organic P forms. The P contained in
organic material, which is less prone to leaching and adsorption,
became a major source of available P for future growth — a
view supported by Polglase et al. (1992a,b).

The persistent effect of phosphorus fertiliser was not unexpected,
as Schönau (1984) reported that residual superphosphate was
available to a certain extent for the new crop after 10 y. If the
difference in 0.5 M H2SO4-extracted Pi+o in the H, A1 and A2
layers is taken into account, the P in plots with residual P and K
fertiliser was 41 kg P ha–1 more than on plots that did not receive
fertiliser previously. This represented 55% of the 75 kg ha–1 P
applied 15 y earlier, and was more than the 42% accounted for
by Comerford et al. (2002) 29 y after the application of
70 kg ha–1 P or the 44% reported by Flinn et al. (1982) 3 y after
the application of 63 kg ha–1 P. This result indicates that the
amount of P applied to subsequent fertilised crops can possibly
be reduced, because some P from the initial application will
remain available to the next crop.

Potassium, on the other hand, is more easily leached in the soil
profile than phosphorus (Tisdale et al. 1993; Brady and Weil
1996). After a period of 15 y it was expected that the applied K
would have became distributed over a much larger depth in the
soil profile and is possibly the reason why the difference was
insignificant. It also might have moved laterally as Buxbaum et
al. (2001) have shown that K fertiliser moved 11–16 m from the
edge of fertilised plots over a 50-y period.

Conclusions

The results from our study showed that the residual P fertiliser
had a greater effect on the foliage, forest floor and soil nutrient
content than the residual K fertiliser. As in other studies, the P
fertiliser had a significant positive effect on the P concentration
of all needle components (live foliage, senesced needles and litter
layer needles), while it had no significant effect on any other
component or nutrient. Fifteen years after the application of the
P fertiliser, it still had a positive effect, although small, on the
plant-available P fraction in the first 100 mm of topsoil. However,
a significant proportion of the inorganic P fertiliser was converted
into Po forms. Po is less prone to leaching or adsorption and will
be a future source of available P for the crop. Thus, the conser-
vation of organic material will be extremely important to ensure
long-term P cycling.
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Table 7. Comparison of some topsoil characteristics (5–100 mm depth), 15 y after the initial application of P and K fertiliser to the 
previous rotation (3R) of Pinus patula at Usutu 

Without residual  
P and K fertiliser 

With residual  
P and K fertiliser Parametera Unit  

Mean SEb 

 

Mean SEb 

 
t-test  

� = 0.05 
Probabilityc 
�1 = �2 

CEC cmol(+) kg–1  000.48 00.078  000.36 00.039  –1.55 0.134 
Exc. acidity cmol(+) kg–1  002.86 00.148  002.77 00.111  –0.51 0.615 
Exchangeable K cmol(+) kg–1  000.07 00.003  000.07 00.004  –0.05 0.961 
Total K  cmol(+) kg–1  000.15 00.007  000.16 00.007  –0.29 0.776 
Ca cmol(+) kg–1  000.12 00.019  000.12 00.020  –0.63 0.535 
Mg cmol(+) kg–1  000.11 00.007  000.12 00.017  –0.84 0.412 

Na cmol(+) kg–1  000.05 00.003  000.05 00.003  –0.54 0.593 

Org. C (WB) %  006.71 00.317  006.55 00.247  –0.34 0.740 

pH (KCl) –  003.81 00.033  003.83 00.027  –0.37 0.717 

P (Bray 2) mg kg–1  003.06 00.348  004.34 00.613  –1.84 0.079 

Pi (0.5 M H2SO4) mg kg–1  135.20 04.600  144.10 05.400  –1.52 0.143 

Po (0.5 M H2SO4) mg kg–1  273.50 14.300  309.30 16.900  –2.72 0.012 
Pi+o (0.5 M H2SO4) mg kg–1  408.70 15.500  453.40 18.800  –2.76 0.011 

aCEC = Cation exchange capacity; Org. C (WB) = Organic carbon content (Walkley-Black method); Exc. acidity = Exchangeable acidity;  
Pi = Inorganic P fraction; Po = Organic P fraction 
bStandard error of the mean 
cBolding identifies the presence of significant differences between treatment means at P < 0.08 
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