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Abstract

The aim of this work was to assess the availability and uptake of phosphorus in the soils of
four forest ecosystems in Greece, i.e. a maquis, a deciduous oak, a beech and a fir forest. The
highest concentrations of total P were observed in FH (mixture of F and H) horizons (914 to
1269 mg-kg™). In the mineral layers (up to 80 cm depth), the range was 439 to 850 mg-kg™. The
percentages of the available P with regard to the total P were very low. In the FH horizons, they
ranged from 2.4 % in the fir plot to 6.5 % in the beech plot. In the mineral layers, all percentages
were less than 1.0 % in all forest types. The concentrations of available P were significantly and
positively affected by the contents of soil organic C, total nitrogen and the clay percentage. Neg-
ative and significant relations were observed for the ratios P/C, P/N and the percentage of sand,
whereas the content of total P did not affect the availability of P significantly. The P uptake by
trees was based on the calculation of the above ground litterfall. It was found that, at least for the
fir plot, the amounts of available P in soils up to the depth of 20 cm were not enough to cover the
tree needs. It is hypothesized that the extra P needed is acquired by the dissolution of secondary
minerals by root exudates.

Key words: extraction, litterfall, phosphorus, soil, tree uptake.

Introduction

For many forests of the world, growth
and nutrient cycling are limited by phos-
phorus. There is increasing evidence that
it is immobilized in the first stages of or-
ganic matter decomposition to a greater
extent than nitrogen (Attiwill and Adams
1993). Lang et al. (2016) hypothesized
that at sites rich in mineral-bound P, plant

and microbial communities use it from
primary minerals and hence there is not
a tight P cycle. In contrast, a tight cycle
is crucial at sites poor in mineral bound
P. A tight nutrient cycle exploits even the
minute concentrations. The concentration
of P in soil solution is very low. It ranges
from 0.001 mg-L" in very infertile soils to
1 mg-L" in heavily fertilized soils (Belyazid
and Belyazid 2012). The bulk of soil P is
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immobilized in the organic and inorganic
soil fractions. The distribution sinks and
their competiveness are topics of funda-
mental importance for the understanding
the cycling of P in a forest environment
(Attiwill and Adams 1993). Currently,
there is evidence that anthropogenic en-
vironmental changes affect P nutrition by
disrupting its cycling (Jonard et al. 2014).
The authors suggested that excessive N
deposition brought about reduced root
and mycorrhizae growth, which resulted
in reduced P uptake. In addition, higher
tree growth due to increased CO, in the
atmosphere require higher P uptake.

The total P content in forest soils is not
a good predictor of tree nutritional status.
Very often, a significant correlation with
the foliar P content, in different tree spe-
cies cannot be found (lig et al. 2009). It
is inferred that most soil P is unavailable
or not directly plant available. Other ap-
proaches employ the quantification of a
number of different P fractions in mineral
soils (Hedley et al. 1982). It is very often
that researchers use only one extractant
to assess available P. Different extractants
correlate with distinct pools of P in soils
and the extractability of a given pool is af-
fected by soil properties (Wuenscheret al.
2015).

It was decided to use the Olsen phos-
phorus (OP) to assess the available P in
soils. This method uses sodium bicarbo-
nate (NaHCO,) to extract plant available
P. Originally it was developed for calcar-
eous soils where P complexes with Ca.
In the OP extraction, calcium carbonate
(CaCOQ,) is formed and in this way, the ac-
tivity of Ca in the solution decreases as
CaCQO, precipitates. At the same time, the

dissolution of Ca phosphate is promoted.
Furthermore, the high pH (8.5) of the ex-
tractant enhances phosphate desorption
from Al and Fe oxides (Wuenscher et al.
2015). Later the OP was found to apply
with success to acid soils as well (Tchuen-
teu 1994, Bair and Davenport 2012). Do
et al. (2007) argued that when this method
is applied to acid soils the threshold for P
deficiency should increase.

The aim of this work was to assess the
total and available P in soils of four forest
ecosystems in Greece and identify the de-
pendence of the available P on soil physi-
cal and chemical parameters. In addition,
the uptake of P was assessed taking into
account parameters of the net primary
production such as the fluxes of above
ground litterfall of the forests. The calcu-
lated uptake needs for P was compared
with the amounts of available P in soils to
check the sufficiency of the soil P pools
for the tree nutrition with this element. As
mentioned above, the tree nutrition with
regard to P has deteriorated and in this
respect, this work will contribute to the un-
derstanding of P uptake.

Materials and Methods

Sites description

All sites from which the material was col-
lected belong to the Intensive Monitoring
Survey of the ICP Forests network (UN-
ICP-Forests 2020). They represent im-
portant forest ecosystems in Greece and
this was the reason they were selected.
Information about the plots is given in Ta-
ble 1.
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Table 1. Characteristics of the areas.
Area Altitude,  Soil pal_'ent Soil type Vegetation
m material

Maquis species: Quercus
Amfilohia 360 Flysch Haplic Luvisol ilex L., Arbutus unedo L.,

Phillyrea latifolia L.

Ossa Mountain 740 Mica schist Dystric Cambisol Quercus frainetto Ten.

Ossa Mountain 890 Mica schist Haplic Alisol Fagus sylvatica L.

Karpenisi 1170 Flysch Humic Alisol Abies borisii-regis Mafft.

Note: Soil types are presented in accordance with FAO-UNESCO (1988); the term ‘maquis’
is defined as a scrubland vegetation of the Mediterranean region composed primarily of leathery,
broad-leaved evergreen shrubs or small trees (Encyclopedia Britannica 2020).

Soil samples collection and
pretreatment

It was carried out by means of systematic
sampling in the summer of 2007. Inside
the plots, along three lines having a dis-
tance of 25 m from each other, six soil pits
(5 m away from each other) were exca-
vated. From each pit, the organic horizons
litter (L) and the FH layers were collect-
ed with a metallic frame having an area
of 15%x15 cm. Actually the L and the FH
horizons together form the forest floor. In
other forests, especially in northern coun-
tries, the F and H horizons are distinguish-
able but not in the Mediterranean forests
where decomposition is fast. Mineral soil
layers were collected with a shovel from
the depths 0—10 cm, 10-20 cm, 20—40 cm
and 40-80 cm. Six samples (approximate-
ly 2 kg each) per horizon and soil depth
were mixed to have three pooled samples
per horizon and depth. The bulk density
of the mineral soils was measured with a
cylinder of known volume (129 cm?). The
value was converted to bulk density of fine
earth (<2 mm) after subtracting the vol-
ume of coarse material. The percentage
of large stones was estimated visually in
the field. All soil samples were transferred
to the laboratory and were air-dried. Apart
from the L layer, the other samples passed

through a 2 mm sieve. For the total anal-
ysis for P subsamples of all soil layers
were pulverized in a ball mill and stored
for analysis. All results were expressed in
105 °C dry weight of soil.

Litterfall collection and pretreatment

Ten littertraps (cylindrical plastic buck-
ets), each having a collecting area of
0.242 m?, were placed systematically
along a straight line in all plots, approxi-
mately 0.50 m above ground at a distance
of 10 m from each other. The litterfall sam-
pling for the fir and beech plots covers the
period 2009 to 2017, for the maquis plot
the years 2013 to 2017 and for the oak
plot the 2010 to 2019 period. Collection of
litterfall was done monthly or longer pe-
riods, depending on the accessibility of
the area due to snow and the sufficiency
of the material for chemical analysis. At
each collection, a composite sample was
formed by pooling the content of the ten
littertraps. Three fractions were formed:
foliar, woody (twigs, bark debris) and the
rest consisted of flowers, fruits, lichens,
mosses, insect frass, pollen and whatever
did not belong in the first two categories.
The fractions were dried at 80 °C for 48 h
and weighed. Each fraction was ground
in a blade mill, passed through a 1.0-mm
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screen (20 mesh) and stored for analysis.
All results were expressed in 105 °C dry
weight of litterfall material.

Physical and chemical analysis

Soil texture analysis

The texture analysis (in sieved soil) was
carried out with the pipette method (Miller
and Miller 1987).

Chemical analysis

The pH was measured electrometrically
(pH meter ORION 410-A) by a glass elec-
trode in water (1:5 soil weight per volume
of water). The concentrations of total N
and organic C in soils were measured with
a CN analyzer (Farina et al. 1991) (mod-
el Vario MAX, Elementar Company). For
the determination of total P in ground lit-
terfall and the L horizon subsamples were
digested in a 2:1 mixture of nitric and per-
chloric acids (HNO,/HCIO,) (Zasoski and
Burau 1977). Available P was extract-
ed with a NaHCO, solution (Olsen and
Sommers 1982). Total P in litterfall, soil L
horizon and available P were determined
with the ammonium molybdate method
in a UV spectrophotometer (Varian-Cary
model). Total P in soils (apart from the L
horizon) was measured by means of the
Energy Dispersive X-Ray Fluorescence
(ED-XRF) method (Vanhoof et al. 2004)
(XEROS model of the TURBOQUANT
Company).

Data handling and statistical analysis

The amounts of P (available) in soils were
calculated taking into account the P con-
centrations, bulk density and the masses
of soil per layer after subtracting the esti-
mated volume of rocks. The litterfall flux-

es were calculated by multiplying the P
concentrations of each fraction by its dry
weight. The annual total litterfall fluxes of
P were found by summing up the annual
litterfall fluxes of all fractions.

For the soil properties the average
values of the three replicates were cal-
culated and the coefficients of variations
as the percentages of the standard devi-
ations over the means. The same proce-
dure was followed for the annual fluxes of
P in total litterfall but the replicates here
were the yearly fluxes. Table 4 contains
the amounts (kg-ha) of available P in the
various soil layers. This data was used to
assess the available P for the take up.

The statistical dependence of availa-
ble P was examined for a variety of sail
parameters in the mineral soil layers by
means of the Principal Component Anal-
ysis (PCA). The predictors chosen were
pH, clay and sand, total P, N, C and the
ratios C/N, P/C and P/N. The dependence
of P on pH and soil texture is well known
(Brady 1984). The other variables rep-
resent elements and ratios, which in the
authors’ opinion may affect available P.
Nutrient ratios, have often been used to
assess tree nutrition (Michopoulos 2013;
Tessier and Raynal 2003). The replicates
in space of the soils collected were also
included in the PCA calculations. PCA
technique is very useful when the number
of the initial correlated variables is large
(Zitko 1994).

Results

The percentages of available P, with re-
gard to total P, calculated from Table 2
ranged from 2.4 % in the fir plot to 6.48 %
in the beech plot with regard to the FH
layer. In the mineral layers, all percent-
ages were below one. It is worth noting



408 P. Michopoulos, A. Solomou, T. Grigoratos, and C. Samara
Table 2. Soil properties in the four forest sites.
Layer pH Clay,%  Sand, % C, % T;‘:;'f Ef‘k';; Q";';‘f‘l':‘;ﬁ
Maquis
L 494 (2.8) 112(85) 351(17)

FH 6.6 (3.7) 26.0(7.1) 13.6(8.2) 914(4.3) 356 (14)
0-10cm  6.26(2.0) 236(6.2) 20.3(8.9) 50(14) 3.03(13) 565(2.6) 3.17 (40)
10-20cm  6.18 (6.6) 24.2 (14) 21.6 (15) 2.73 (17) 1.89 (14) 481 (0.8) 1.04 (44)
20-40cm  6.12(2.3) 26.0(19) 212(22) 144(17) 115(14) 441 (54)  0.59 (65)

40-80cm  653(57) 293(15) 201(22) 086(14) 083 (1)  439(94) 073(70)
Oak
L 459(3.1) 12.6(5.8) 634 (4.3)

FH 6.19 (1.6) 20.1(9.5) 9.62(10) 924 (6.4) 45.8(7.7)
0-10cm  5.35(0.7) 16.2(3.8) 38.9(3.6) 3.46(14) 1.98(15) 680 (2.1) 4.43(0.39)
10-20cm  5.45(15) 16.6(2.3) 36.4(52) 209(16) 1.23(19) 624 (6.6) 1.21(1.1)
20-40cm  5.43(1.2) 16.1(25) 345(82) 1.18(3.7) 0.725(3.9) 643(3.6) 0.082(98)

40-80cm  542(07) 136(42) 466(32) 057(17) 0378(13) 632(28) 0.043(53)
Beech
L 47.3(0.6) 14.3(42) 685(7.0)

FH 5.75 (4.9) 26.9(3.5) 13.6(1.1) 956 (2.5) 62.0(0.03)
0-10cm  4.83(24) 20.0(55) 26.4(10) 4.32(45) 2.09(8.2) 633(27) 4.39(25)
10-20cm  5.08(2.1) 21.8(21) 22.8(0.8) 295(87) 1.54(11) 630(8.9) 1.32(17)
20—-40cm 524 (06) 215(0.3) 213(42) 209(12) 1.20(86) 661(4.8) 1.27(33)

_40-80cm  527(11)  15(41)  304(66) 0908(32) 0582(22) 585(11) 335(118)
Fir
L 50.8 (0.7) 12.3(9.3)  881(12)

FH 6.48 (0.2) 23.0(14)  122(13) 1269 (5.6) 30.5(6.0)
0-10cm  6.07(2.0) 27.2(20) 295(1.2) 5.12(20) 3.31(16) 850(3.1)  5.26 (28)
10-20cm 577 (3.1) 312(21) 247(81) 3.36(10) 245(9.4) 825(3.0) 2.68(14)
20-40cm 554 (1.2) 33.0(6.7) 21.0(6.0) 2.75(35) 212(4.4) 818(1.5)  2.90(38)
40-80cm 5.32(1.5) 349(14) 232(11) 153(19) 1.35(15) 731(4.9)  6.60 (37)

Note: in parentheses are the coefficients of variation.

that the fir plot had the lowest percentage
of available P in the FH horizon and the
highest percentages in the mineral soils in
all plots.

The variability, expressed by the co-
efficients of variation, of soil properties
are showed in Table 2. The available P
showed the highest one especially in
deeper soil horizons.

The results of Figure 1 depicting
the PCA axes and the vectors of the pa-
rameters are combined with Table 3. The
component 1 represents the horizontal

axis of Figure 1, whereas the compo-
nent 2 the vertical one. The first principal
component is the linear combination
of x-variables that has maximum vari-
ance (among all linear combinations).
It accounts for as much variation in the
data as possible. The second principal
component is the linear combination of
x-variables that accounts for as much of
the remaining variation as possible, with
the constraint that the correlation between
the first and second component is 0 (Zar
1999).
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Fig. 1. PCA ordination diagram for the relation of available P with the soil properties.

Table 3. Component matrix with the rela-
tions of the available P and soil parame-
ters derived from the PCA.

Indicator Component

1 2
Available P, mg-kg™ 0.632 0.295
Total P, mg-kg™ 0.325 0.452
pH 0.245 -0.742
C, % 0.846 0.403
N, g-kg™’ 0.909 0.184
CIN 0.065 0.866
Clay, % 0.607 -0.589
Sand, % -0.617 0.550
P/C -0.889 -0.110
P/N -0.920 0.096

As the available P had the highest val-
ue there (0.632 in the component 1), the
component 1 was chosen to check the
results of the PCA. Values around 0.600
or higher are considered satisfactory as
they explain at least 40 % of the variability
of the parameters (Comrey 1962). There-
fore, from Table 3 the parameters having
a satisfactory and positive relationship
with the available P are the organic C, to-
tal N and the clay percentage. Negative
relationships were observed for the sand

percentage, the ratios P/C and P/N.

In comparison with the three oth-
er plots, the maquis plot had the lowest
amounts of available P (Table 4) in the
deepest mineral layers due to the high
percentage of rocks. This fact shows the
importance of calculating the rock per-
centages even only visually when there is
need to express the nutrients in amounts
per area in soils. It must be also pointed
out that the amounts of available P are
based on the concentrations of the OP.
Other extractants (water, 0.01 M CaCl,,
Mechlich, etc.) would have given different
amounts of available P. In any case, it is
a reliable indication for P concentrations
and the same conclusion should be drawn
for the calculated amounts of P in soils.

Table 4. Amounts of available P in the

soils.
Layer Maquis Oak Beech Fir
kg-ha!

FH 1.05 0.08 027 243
0-10 cm 1.74 3.21 254 3.26
10-20 cm 1.12 1.15 117 2.28
20-40 cm 1.08 1.52 1.58 4.69
40-80cm  0.54 150 349 108
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In terms of absolute numbers, the con-
centrations of available P are considered
satisfactory for the FH layers but not for
the mineral when the thresholds for agri-
cultural soils (11 mg-kg™') (Bai et al. 2013)
are taken into account.

Table 5 shows the means and ranges
of the aboveground total litterfall meas-
ured in the field, whereas Table 6 contains
the means and ranges of the belowground
litterfall calculated from literature.

Table 5. Annual fluxes of P in the total aboveground litterfall and coefficients
of variation (CV).

Indicator Maquis Oak Beech Fir
Average, kg-ha'-yr" 2.82 3.55 2.67 5.74

Range, kg-ha'-yr' 1.88-4.25 2.36-4.81 1.60-4.04 3.67-8.71
CV, % 29 20 29 33

Table 6. Annual fluxes of P in the belowground litterfall (fine roots production)
calculated from Table 5 and literature.

. Maquis Oak Beech Fir
Indicator
kg-ha'-yr
Average 2.07 2.61 1.96 4.22
Range 1.38-3.12 1.73-3.54 1.18-2.97 2.70-6.40
Discussion 1995) with the exception of the fir plot,

Magnitudes of total and available P in
soils

The concentrations of total P in the FH
horizons were found consistently higher
than those in L layer and mineral soils. In
comparison, Yanai (1992) found some-
what higher values for total P in the forest
floor of the Hubbard Brook experimental
forests (with the exception of fir, which
had similar values), 70 years of age in
USA. Schoenau et al. (1989) examined
the forms of P in prairie and boreal for-
est in Canada. In native Chermozen they
found similar concentrations of total P in
the FH horizons of Luvisol and Gleysol
but much lower concentrations in the FH
of Chermozens. In the mineral horizons,
the results were similar. In any case, the
concentrations of total P in our work were
within the range of 200-800 mg-kg™ found
in mineral soils (Cross and Schlesinger

which slightly exceeded the upper limit.
This high concentration of total P in the
soils of the fir plot should be ascribed to
the relatively high contents of organic C
and clay in comparison with the other
three plots (Table 2). Other authors found
considerably higher concentrations of to-
tal P in forest soils (37-1773 mg-kg™) in
the top soil (0—15 cm) (Achat et al. 2009).

As mentioned in the results section,
the percentages of available P with regard
to total P calculated from Table 2 ranged
from 2.4 % in the fir plot to 6.48 % in the
beech plot with regard to the FH layer.
In the mineral layers, all percentages
were below one. Schoenau et al. (1989)
found higher percentages of available
P (extracted also with sodium bicarbo-
nate) approximately 12 and 13 % in the
FH horizons, whereas in the mineral soils
the percentages values were above one.
These high percentages in those cold
climates should be attributed to slower de-
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composition rates in comparison with the
forest types in the Mediterranean zone.

The question that arises is about the
high difference between the magnitudes
of available, total P and the origin of the
latter in mineral soils, which is apprecia-
bly high even in soil depth. According to
Bowman and Cole (1978), NaHCO, solu-
tion can extract highly labile organics of
low molecular weight containing P but not
resistant organic P that is strongly associ-
ated with the mineral fraction. The resist-
ant P also comprises inorganic P bonded
to Al and Fe sesquioxides. As time pass-
es, some labile P forms (including OP)
can be included in soil minerals and thus
increase the residual P fraction. There-
fore, the high amounts of total P in the
20-40 cm and 40-80 cm of the plots can
be either resistant organic or inorganic P.
In future times, these fractions can replen-
ish the labile P pools when the latter are
exhausted by plant uptake (Smeck 1985).

The available P presents higher varia-
bility in deeper soil horizons than those of
the total P. This might be due to the differ-
ent mineralization rates of organic P in the
soil. McGill and Cole (1981) argued that
there is an independent mineralization
process of organic P (apart from the one
following the C mineralization) caused by
enzymes released by plant roots. One
might expect that this increased variability
should have occurred in the rhizosphere
zone and not so much in deeper soil lay-
ers. Maybe the hydrological path (which
becomes more complicated in depth) of
the root enzymes can affect the concen-
trations of available P in deeper horizons
as well.

Factors affecting available P in soils

The PCA analysis showed that both organ-
ic C and total N (Table 3) affect the avail-

able P in soils (positively). This means
that the release of P from organic matter
depends on the C necessary for energy
and N to cover the N needs of microor-
ganisms. The negative effects of P/N and
P/C emphasize the dependence of C and
N. The positive dependence of available P
on the clay percentage has to do with the
mineralization of organic P but also with
dissolution of secondary minerals con-
taining P through root exudates. The PCA
did not disclose a satisfactory relationship
with the total P. Similarly, Liu et al. (2014)
found a significant correlation of available
P with organic C and total N but not with
total P in a subtropical forest situated in
southern China. It is also logical that the
sand percentage had a significant nega-
tive effect. This soil fraction cannot with-
hold any P compound.

P uptake by forests

An indirect way to assess the P uptake by
plants is by estimating the litterfall input to
the forest floor. Trees have to take up all
the P they lose in litterfall (Cole and Rapp
1981). The averages and the ranges of
the above ground total litterfall fluxes for
P are showed in Table 5. The values are
close to those mentioned in literature. Ya-
nai (1992) found 4 kg-ha'-yr' in a hard-
wood forest (Hubbard Brook), whereas
Hansen et al. (2009) measured 2.1 to
3.3 kg-ha'-yr' of P in litterfall fluxes in five
even-aged stands of Norway spruce, Sit-
ka spruce, Douglas-fir, European beech
and common oak at three different loca-
tions in Denmark.

The below ground litterfall has not
been calculated in this work but it must be
taken into account that the mycorrhizae
fungi can account for 50 % of the annu-
al throughput of biomass (Fogel 1980). In
this work, we have not calculated the fine
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root production and mortality. A rough es-
timate to apply could be that from An et
al. (2017) who worked in variety of decid-
uous and conifer forests. They assessed
the carbon flux of fine roots to be 25 %
of the Net Primary Production, where-
as that of the above ground litterfall was
34 %. Furthermore assuming that the P
fluxes in fine roots tissues are approxi-
mately the same with the aboveground
litterfall, then the numbers in Table 5, both
means and ranges, should be multiplied
by 25/34 to find the fluxes of fine roots.
So a new Table 6 can be made from Table
5 containing the fine root production and
mortality. Admittedly, that is an approxi-
mation, which helps nevertheless to make
a rough picture of the P uptake needs. If
we add the calculated P flux of the fine
roots (Table 6) to the respective values in
Table 5, the total litterfall above and be-
low ground in the four forest types can
be found. For example, for the fir forest
one has to add the averages fluxes 5.74
and 4.22 kg-ha'-yr' of tables 5 and 6, re-
spectively to find the average total flux of
P 9.96 kg-ha'-yr'. The same calculations
have to be made for the ranges. Of partic-
ular interest are the highest ranges of the
new litterfall. They become 7.4, 8.4, 7.0,
and 15.1 kg-ha'-yr' for the maquis, oak,
beech and fir forests, respectively. We
calculated the highest range because we
want to know the extreme situation needs.
The values represent the highest needs
for uptake. From these numbers the P
inputs to the ecosystems should be sub-
tracted. When considering them to a for-
est, one has to mention the deposition in-
put which is low (0.05-1.7 kg-ha'-yr') and
the weathering input from apatite, also
low (0.05 to 1 kg-ha'-yr') (Belyazid and
Belyazid 2012). If from the above-men-
tioned numbers the total input (let us say
3 kg-ha'-yr') is subtracted, we have 4.4,

5.4, 4.0, and 12.1 kg-ha'-yr' needs for
P uptake for the respective plots (for the
highest range of litterfall). To check that
the available P in soils suffices for these
needs, we have to see the amounts of
available P in soils in Table 4. Up to the
depth of 20 cm the sums of amounts are
3.9, 4.4, 4.0 and 8.0 kg-ha"'. This depth
was chosen because P uptake usually
takes place in the surface soil layers. This
was the case for the sugar maple stands
in the Quebec Appalachians (Pare and
Bernier 1989) and in stands for Banksia
spp. in Australia (Grierson and Attiwill
1989). It appears that the fir stand (more
than the others) cannot cover its needs for
P uptake only from the available P in sail
as determined by NaHCO,. These needs
are probably met by P dissolved from soil
minerals through the exudation of low mo-
lecular organic acids such as oxalic acids
(Plassard and Dell 2010). This happens
when the litterfall, both above and below
ground, or in other words, when the net
primary production is high and there is
need to replenish the nutrients invested
in it.

Conclusion

The release of P from the soil organic
matter depends on the C necessary for
energy and N to cover the N needs of mi-
croorganisms. It was also found that the
clay percentage also affected positively
the availability of P. The FH horizon is the
most important soil layer to supply P to
the forest trees as it contains the highest
percentage of available P with regard to
the total P amount. For the fir forest, the
dissolution of minerals in the soils through
roots exudates is also essential as the
needs for uptake can exceed the amounts
of available P in the surface soil layers
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from which the P uptake usually takes
place.

Acknowledgements

The authors express their appreciation to
the Ministry of Agriculture and Food, the
Ministry of Environment and the Europe-
an Commission, which financially sustain
the Programme of ‘Effects of Atmospheric
Pollutants on Forest Ecosystems’ on the
framework of which the current project was
based. They also thank Mr A. Bourletsikas
and Mr K. Kaoukis for their general help
with the program and Mrs. Ch. Mitropou-
lou for her help with sample pretreatment
and analysis. A special tribute should be
made to our colleague Mr P. Lolos who is
sadly missing. P. Lolos worked in the Insti-
tute of Soil Science in Lycovrisi in Athens.
He had the arduous task to prepare the
free of P charcoal necessary to eliminate
the color of the organic matter in soils to
determine the OP. We will all remember
him for his willingness to help and his
courage. Finally, the authors express their
gratitude to the Forest Services of all ar-
eas where the plots are situated for their
invaluable practical assistance with all the
problems encountered.

References

AcHaT D.L., Bakker M.R., AucusTo L., Saur E.,
DousseroN L., MoreL C. 2009. Evaluation
of the phosphorus status of P-deficient
podzols in temperate pine stands: combin-
ing isotopic dilution and extraction meth-
ods. Biogeochemistry 92: 183-200. DOI:
10.1007/s10533-008-9283-7.

AN J.Y., Park B.B., CHuN J.H., Osawa A. 2017.
Litterfall production and fine root dynam-
ics in cool-temperate forests. PLoS ONE
12(6): e0180126.

AttiwiLL P.M., Abams A. 1993. Nutrient cycling
in forests. New Phytologist 124: 561-582.

Bal Z.H., Li H.G., Yanc X.Y., Znou B.K., SHi
X.J., Wane B.R., LI D.C., SHeN J.B., CHEN
Q., QN W., Oenema O., ZHane F.S. 2013.
The critical soil P levels for crop yield, soil
fertility and environmental safety in differ-
ent soil types. Plant and Soil 372: 27-37.
DOI: 10.1007/s11104-013-1696-y.

Bair K.E., DavenporT J.R. 2012. Plant available
phosphorus analysis for recently acidified
soils of the Columbia Basin Washington
State. Soil Science Society American Jour-
nal 76: 515-521.

BeLvazio U.J., BeLvazio S. 2012. Phosphorus
cycling in boreal and temperate forest eco-
systems. A review of current knowledge
and the construction of a simple phospho-
rus model. Belyazid Consulting & Commu-
nication, Sweden. 37 p.

Bowwman R.A., CoLe C.V. 1978. Transformations
of organic phosphorus substances in soil
as evaluated by sodium-bicarbonate ex-
traction. Soil Science 125: 49-54.

Braby N.C. 1984. The Nature and Properties
of Soils. Macmillan Publishing Company,
New York. 750 p.

CoLe D.W., Rapp M. 1981. Elemental cycling
in forest ecosystems. In: Reichle D.E. (Ed.)
Dynamic properties of forest ecosystems.
Cambridge University Press, London: 341—
409.

Comrey A.L. 1962. The minimum residual
method of factor analysis. Psychological
Reports 11: 15-18.

Cross A.F., ScHLEsINGER W.H. 1995. A literature
review and evaluation of the Hedley frac-
tionation: Applications to the biogeochemi-
cal cycle of soil phosphorus in natural eco-
systems. Geoderma 64: 197-214

Do M., Horta C., TORRENT J., SUPERIOR E., RiA
A., SrA Q., RcuLes C.M., Branco P.J., Tor-
RENT J. 2007. The Olsen P method as an
agronomic and environmental test for pre-
dicting phosphate release from acid soil.
Nutrient Cycling in Agroecosystems 77(3):
283-292. DOI: 10.1007/s10705-006-9066-
2.

EncycLorpeDiA BriTannica 2020. Maquis, vege-
tation. Available at: https://www.britannica.



414

P. Michopoulos, A. Solomou, T. Grigoratos, and C. Samara

com/science/maquis-vegetation.

FAO-UNESCO 1988. Soil map of the world.
FAO, UNESCO, Rome. 119 p.

FarINA A., PiIERGALLINI R., DoLbo A., SALsANO
E.P., ABBaLLE F. 1991. The determination of
C-H-N by an automated elemental analyz-
er. Microchemical Journal 43: 181-190.

FoceL R. 1980. Mycorrhizae and nutrient cy-
cling in natural forest ecosystems. New
Phytologist 86: 199-212.

GRrIERSON P.F., ATriwiL P.M. 1989. Chemical
characteristics of the proteoid root mat oi
Banksia integrifolia L.f. Australian Jour-
nal of Botany 37: 137-143. DOI:10.1071/
BT9890137

Hansen K., VESTERDAL L., ScHmiDT |.K., GUNDER-
SeN P., SEVEL L., BASTRUP-BIRK A., PEDERSEN
L.B., BiLLe-Hansen J. 2009. Litterfall and
nutrient return in five tree species in a com-
mon garden experiment. Forest Ecology
and Management 257: 2133-2144. DOI:
10.1016/j.foreco.2009.02.021.

HepLey M.J., Stewart J.W.B., CHauHAN B.S.
1982. Changes in inorganic and organic
soil phosphorus fractions induced by culti-
vation practices and by laboratory incuba-
tions. Soil Science Society American Jour-
nal 46: 970-976.

e K., WELLBROCK N., Lux W. 2009. Phospho-
rus supply and cycling at long-term forest
monitoring sites in Germany. European
Journal of Forest Research 128: 483—492.

JoONARD M., FursT A., VERSTRAETEN A., THIMONIER
A., TiIMmeERMANN V., Potocic N., WALDNER P.,
BenHam S., Hansen K., MeRIiLLA P., PoNETTE
Q., De LA Cruz A.C., Roscams P., NicoLAs
M., INGersLEV M., MatTeucct G., DecinTi B.,
Bascietto M., Rautio P. 2014. Tree min-
eral nutrition is deteriorating in Europe.
Global Change Biology 21: 418—430. DOI:
10.1111/gcb.12657.

Lanc F., Baunus J., FrRossArD E., EckHaRD G.,
Kaiser K., KAuPENJOHANN M., KRUGER J.,
MaTzNER E., PoLLE A., PRIETZEL J., RENNEN-
BERG H., WELLBROCK N. 2016. Phosphorus
in forest ecosystems. New insights from an
ecosystem nutrition perspective. Journal of
Plant Nutrition and Soil Science 179: 129—
135. DOI: 10.1002/jpIn.201500541.

Liv X., Mene W., Liane G., Li K., Xu W., HuanG

L., Yan J. 2014. Available Phosphorus in
forest soil increases with soil nitrogen but
not total Phosphorus: evidence from sub-
tropical forests and a pot experiment. PLoS
ONE 9(2): e88070.

McGiLL W.B., CoLe C.V. 1981. Comparative as-
pects of cycling of organic matter C, N, S
and P through soil organic matter. Geoder-
ma 26(4): 267-286.

MicHopouLos P. 2013. Foliar nutrient status
of a natural fir forest in Greece. Jour-
nal of Forest Science 59: 191-195. DOI:
org/10.17221/11/2013-JFS.

MitLer W.P., MiLLer D.M. 1987. A micro-pi-
pette method for soil mechanical analysis.
Communications in Soil Science and Plant
Analysis 18: 1-15.

OLseN S.R., Sommers L.E. 1982. Phosphorus.
In: Page A.L., Miller R.H., Keeney D.R.
(Eds) Methods of Soil Analysis. Part 2.
Chemical and Microbiological Properties.
Agronomy, American Society of Agrono-
my. Inc., Soil Science Society of America,
Inc. Publishers, Madison, Wisconsin, USA:
403-427.

Pare D., BErnIER B. 1989. Origin of the phos-
phorus deficiency observed in declining
sugar maple stands in the Quebec Appa-
lachians. Canadian Journal of Forest Re-
search 19: 24-34.

PLassarp C., DeLL B. 2010. Phosphorus nutri-
tion of mycorrhizal trees. Tree Physiology
30: 1129-1139.

ScHoenNau J.J., STewarT J.W.B., BeETTAaNY J.R.
1989. Forms and cycling of phosphorus
in prairie and boreal forest soils. Biogeo-
chemistry 8: 223-237.

Smeck N.E. 1985. Phosphorus dynamics in
soils and landscapes. Geoderma 36: 185—
199.

Tessier J.K., RaynaL D.J. 2003. Use of nitrogen
to phosphorus ratios in plant tissue as an
indicator of nutrient limitation and nitro-
gen saturation. Journal of Applied Ecology
40: 523-534. DOI: o0rg/10.1046/j.1365-
2664.2003.00820.x.

TcHuenTeu F. 1994. Prediction of the availabili-
ty of phosphorus in acid soils of Cameroon
using five chemical extractants. Communi-
cations in Soil Science and Plant Analysis



Availability and Uptake of Phosphorus in Soils of Forest Ecosystems

415

25(9-10): 1537-1551.

UN-ICP-ForesTs 2020. International Co-opera-
tive Programme on Assessment and Mon-
itoring of Air Pollution Effects on Forests
operating under the UNECE Convention
on Long-range Transboundary Air Pollution
(CLRTAP). Available at: http://icp-forests.
net/.

VanHoorF C., CortHouTs V., KrisToF T. 2004.
Energy-dispersive X-ray fluorescence sys-
tems as analytical tool for assessment of
contaminated soils. Journal of Environ-
mental Monitoring 6: 344—350.

WuenscHER R., UNTERFRAUNER H., PeTiczka R.,
ZHETNER F. 2015. A comparison of 14 soil
phosphorus extraction methods applied to

50 agricultural soils from central Europe.
Plant Soil and Environment 61: 86—-96.
YaNal R.D. 1992. Phosphorus budget of a 70-
year old northern hardwood forest. Biogeo-

chemistry 17: 1-22.

ZAR J.H. 1999. Biostatistical Analysis. 4th Edi-
tion, Prentice Hall, Upper Saddle River.
663 p.

Zasoski R.J., Burau R.G. 1977. Rapid ni-
tric-perchloric acid digestion method for
multi-element tissue analysis. Communica-
tions in Soil Science and Plant Analysis: 8:
425-436.

Zitko V. 1994. Principal Component Analysis in
the evaluation of environmental data. Ma-
rine Pollution Bulletin 28: 718-722.



