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Abstract Acid phosphatase activity (APA), labile P frac-
tions and fine root growth were studied in an oak (Quer-
cus pyrenaica Willd.) forest in the Sierra de Gata, in
western central Spain. Soils in the region are acid and
rich in organic matter, with low levels of extractable in-
organic P but with a high proportion of organic P. In
such soils, the activity of phosphatase enzymes is likely
to be important for the control of P mineralization and
P cycling and, consequently, can affect the availability of
P for plant uptake. The biomass of fine roots was about
25-fold that of leaf litter, demonstrating a high allocation
of C resources to the root system in order to compensate
for a low availability of soil nutrients. The study com-
pared plots fertilized with triple superphosphate (100 kg
P hal) to control (unfertilized) plots. Fertilizer applica-
tion had no significant effect on APA and fine root den-
sity; however, there were significant differencesin avail-
able and microbial P. Spatial and seasonal variations in
the APA were related to plant root density and biotic de-
mand. Seasonal differences in the APA may also be the
consequence of changes in the amount of hydrolysable
organic substrates at different times of the year.

Keywords Phosphatase - Forest soils - Phosphorus
mineralization - Available phosphorus - Microbial
phosphorus

Introduction

Phosphatase enzymes are assumed to have an essential
role for the cycling of P in forest ecosystems, particular-
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ly where availability of P may limit plant productivity
(Speir and Ross 1978). In studies of nutrient cycling in
an oak (Quercus pyrenaica Willd) forest in western
Spain, labile inorganic P (P,) in soil, and P contents of
plant tissue were low (Turridn et al. 1997). Yanai (1992)
found that more than 60% of the P taken up by northern
hardwood forests originated from mineralization of or-
ganic P (P,), whereas only a minor part could be traced
to weathering. P mineralization may be both biological,
where mineralization of soil organic matter (SOM) by
heterotrophic soil microorganisms releases P, together
with other nutrients bound to organic matter in an unspe-
cific way; and biochemical, where roots and microorgan-
isms selectively release P from SOM through the pro-
duction of phosphatase enzymes (Tate 1984). Phospha-
tases catalyse the hydrolysis of ester bonds between
phosphate and C compounds in organic substrates. In-
creased production of phosphatase enzymes by plant
roots and by microorganisms can be induced when P is
limiting. Consequently, an increase in phosphatase activ-
ity may reflect a high demand for P. However, phospha-
tase activity in the soil may aso be limited by the
amount of hydrolysable substrate (i.e. the forms of P,)
and by soil moisture and temperature effects.

The objective of the present study was to measure ac-
id phosphatase activity (APA) in an organic-matter-rich
forest soil and to assess the effects of additions of P fer-
tilizer on APA.

Materials and methods

Site description

The study site was at Navasfrias (NF), in the Sierra de Gata range
in the western part of the Central Iberian System (40°2'N, 30°'W).
The autochthonous vegetation of these mountains are forests of
deciduous oak (Quercus pyrenaica Willd.), but large tracts of
degraded oak forest and abandoned agricultural fields have been
replaced with plantations of Pinus pinaster L. The climate of the
area is characterized by rainy autumns and springs, with hot, dry
summers and occasional dry winters, and is classified as temperate
Mediterranean. Mean annual precipitation is 1.570 | m? year- and
the mean annual temperature is 11.3°C (Turrion et al. 2000).
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Table1 Chemical properties
of the Navasfrias soil. C, Or-

Depth (cm) pH (H0) C,(mgg?) N,(mgg?) C/N

P (mgkgh)?2 P, (mgkg™)2 Pret. (%)

ganic C, N, total N, P, total P,

P, organic P, P ret. phosphate 0-10 52 87.4
retention of the soil 10-20 5.1 69.7
2040 51 50.3

4.8 18.4 494 350 57
41 17.2 466 327 70
3.3 153 444 322 69

aDetermined according to Saunders and Williams (1955)

Experimental plots were established in a 60- to 80-year-old
forest of Q. pyrenaica. Tree density at the site was 820 trees ha'l,
with a mean diameter at breast high of 15.2 cm and a mean tree
height of 13 m. The total aboveground biomass is 64.5 Mg ha?
and the leaf area index approximately 1.8 m2 m—2 (Martin et al.
1995). The understorey vegetation is dominated by bracken
(Pteridium aquilinum), with scattered individuals of Cytisus sco-
parius, Erica arborea and E. australis, and a sparse cover of afew
herbaceous species. Soils are classified as Humic Cambisols (FAO
1989) that have developed on Precambric schists.

Experimental design and soil sampling

In May 1992, triple superphosphate was applied by hand at a rate
of 100 kg P ha! to four replicate blocks (50 mx50 m). As the site
had a gentle slope, fertilized plots and adjacent control (unfertil-
ized) plots were arranged parallel to each other down the slope to
avoid contamination of the control plots by superficial transport of
fertilizer P. Soil samples were taken at each season during 1993
and 1994 from three depths (0-10 cm, 10-20 cm and 2040 cm).
For each replicate plot, samples were taken from several points
and bulked by depth.

Annual fine root production of the oaks was estimated by the
in-growth core method (Persson 1990). Soils cores were taken
with an 8-cm-diameter steel corer, and roots sieved from soil. The
sieved soil was then replaced in the original hole. Cores in the
field were covered with a plastic mesh that impeded the growth of
herbaceous vegetation, but permitted the exchange of water and
gases. After 14 months (1 year, plus 2 months to alow for equili-
bration of the cores after disturbance), fine roots were extracted
with a 3.8-cm steel corer driven into the centre of the refilled hole.
Soils were sieved and the extracted fine roots were dried and
weighed to give an estimate of the annual fine root production.

In addition to estimates of annual root production, the standing
fine root biomass in the control and fertilized plots was sampled
4 times a year, corresponding to the hot summer, dry autumn, and
wetter and cooler winter and spring seasons. Severa cores were
collected at four depths (0-10, 10-20, 20-30 and 3040 cm) using
an auger, and bulked for each depth by plot. Roots were separated
from soil using a combination of hand-sorting and wet-sieving.
Fine root length densities (FRLD) of subsamples were estimated
using the line-intersection method of Tennant (1975) and a 2-cm
grid. All roots were then dried and weighed.

Acid phosphatase activity

The APA was determined using p-nitrophenylphosphate (p-NPP)
as substrate at a temperature of 30°C (Schneider et a. 2000) in a
modification of the original method of Tabatabai and Bremner
(1969). The spatial and seasonal variation of APA was measured
and compared between control and P-fertilized plots. APA and
root length densities were estimated from the same cores in order
to determine if there was a correlation between the two parame-
ters.

Available and microbial Pin soil

Available P (P,,) was extracted with iron oxide-coated paper strips
(Menon et a. 1989). Microbia P (P,;.) from topsoil was deter-

mined according to the fumigation-extraction method of
McLaughlin et al. (1986). These measurements were made every
time APA was measured.

General soil analyses

Standard procedures were used for soil analyses. Soil pH was
measured in water at a soil:solution ratio of 1:2.5 using a glass
electrode. Organic C was determined by dry combustion with a
Carmhograph 12 Wosthoff analyser; total N was measured by
Kjeldahl digestion followed by steam distillation and final titration
of ammonium. P retention capacity of soils was determined
according to the method of Blakemore et a. (1981). Some physi-
cochemical and chemical features of the soils studied are summa-
rized in Table 1.

Statistical analysis

ANOVA was used to examine the main effects (fertilizer treatment
and soil depth) on APA, P,,, Py, and FRLD, and to test for differ-
ences among seasons with Student’s t-test for pair-wise compari-
son of the means. Relationships between APA, P fractions and fine
root growth were examined using linear regression analyses. The
Statgraphics package was used for al statistica analyses. Data
were log-transformed where necessary to improve the homoge-
neity of variances and the significance level was P<0.05 unless
otherwise stated.

Results

Root biomass and FRLD were very high at NF and
showed the typical decrease with soil depth (Fig. 1). The
FRLD exhibited a certain seasonal pattern with a maxi-
mum in winter and a minimum in spring (Fig. 2).

Annual leaf litter production during 3 years in control
and fertilized plots can be seen in Figure 3. Significant
differences in the leaf litter production between control
and P-fertilized plots were observed only in the first year
after fertilization (Fig. 3).
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Fig. 1 A Distribution of the fine root biomass (g dm-3) and B cor-
responding root length density (cm cm=3) in control and fertilized
plots (100 kg P hal) at the Navasfrias (NF) stand. Bars indicate
SEs
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Fig. 2 Seasonal variation of the root length density (cm cm=3) in
different soil depths in unfertilized plots at the NF stand. Bars in-
dicate SEs
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Fig. 3 Annual leaf litter production (g m—2 year-1) during 3 years
in control and fertilized plots (100 kg P ha?) at the NF stand. Dif-
ferent letters indicate significant difference at P<0.05, bars indi-
cate SEs

Table 2 shows the APA, P,,, and P, concentrations
of control and P-fertilized soils from 0-10 cm soil depth
at the NF site. The APAs were very high in both the con-
trol and the fertilized plots, and no significant differ-
ences between treatment means were detected by Stu-
dent’s t-test.
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Table 2 Acid phosphatase activity (APA), microbial P and avail-
able P concentrations with SEs for control and P-fertilized plots
(n=4)

APA Microbial P Available P
(mg g (mg g™ (mg g
Control 9.7+1 49+12 8+0.4
P fertilized 7.7+1 104+14 16+2
P NS * *

* P<0.05, NS not significant
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Fig. 5 Relationship between the fine root length density and the
APA. For abbreviations, see Fig. 4

APAs varied throughout the year and were signifi-
cantly higher in late winter and spring (February and
May) than in summer and autumn (Fig. 4). There was no
significant difference in APA between fertilized and con-
trol plots, which may be partially attributable to the high
spatial variability of APA within each treatment (Table 2,
Fig. 4). Further, much of the P applied as fertilizer had
been immobilized by the humic horizons and by the mi-
crobial biomass (Table 2).

When analysing the APA and the FRLD from the
same soil cores, a significant relationship was found be-
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tween them (Fig. 5). Therefore, the variation of the APA
can be explained by differences in the spatial distribution
of fine roots.

Discussion
Fine root growth

The biomass of fine roots (Fig. 1) was about 25-fold that
of leaf litter (Fig. 3), demonstrating a high proportional
alocation of C resources to the root system. A low avail-
ability of P and/or N in the soil favours the development
of the root system (Ericsson and Ingestad 1988; Haynes
and Gower 1995) in order to mitigate the low soil supply
of these nutrients by an increase in the absorbing root
surface. The high degree of ectomycorrhizal infection of
the fine roots of oak, where about 60% of the fine roots
in the upper soil horizon are infected (Schneider 1999),
is also characteristic of forest ecosystems with low nutri-
ent availability (particularly of N and P) and slow SOM
mineralization (Read 1991).

Forest nutrient cycles are commonly shown as pools
and fluxes indicating major inputs, storage pools and out
pools. The high amount of biomass of fine roots obtained
in the present study shows the need for accounting for
the requirements for fine-root production where these
forest nutrient cycles are studied.

Acid phosphatase activity

APAs in soils at NF are higher than those reported from
other acid forest soils (Harrison 1983; Trasar Cepeda and
Gil Sotres 1987) and are a reflection of both the low lev-
els of extractable P, and relatively large amounts of la-
bile P, (Table 2; Speir and Ross 1978). The APA of soils
generally decreases in response to fertilizer application
(Haynes and Swift 1988; Clarholm 1993). However, in
this study there was no significant difference in APA be-
tween control and fertilized plots (Table 2). This may be
partly explained by the high P retention of the soils at
NF (Turrién et a. 2000), and the resulting low impact of
the fertilizer on the labile P fractions, which remained
quite low (Table 2). In addition to chemical immobiliza-
tion through adsorption and precipitation reactions, fer-
tilizer P was also immobilized by the microbial biomass
(Table 2). Theincrease in P, is atypical response after
applications of P to P-deficient soils (Haynes and Swift
1988; Grierson et al. 1998), where P in the microbial
biomass was several times greater than the fraction of
P, (Table 2). Microorganisms compete with plants for P,
and the annual P demand of microorganisms can exceed
that of plants (Tarafdar and Jungk 1987). In addition, the
effects of fertilizer on the P,;. in the soil were pro-
nounced while there was little impact on the P content of
oak foliage (Schneider 1999). This suggests that micro-
organisms in the soil acquire P more efficiently, are more
rapid in their response to an increased supply of P, or
have a greater demand for P, than the oak trees.

APA was highly variable between seasons (Fig. 4).
Fine root distribution and activity may partially explain
both the spatial and temporal variability observed in this
study. The excretion of phosphatases from roots or mi-
croorganisms can result in a localized concentration of
phosphatase enzymes in the rhizosphere (Tarafdar and
Jungk 1987; Grierson and Adams 2001). In this study,
there was a strong relationship (r2=0.84, P<0.05) be-
tween fine root length density and APA (Fig. 4).

Soil water availability has been assumed to be the
main factor regulating the seasonal variation of APA in
similar forest soils of northern Spain (Trasar Cepeda and
Gil Sotres 1987). However, APA in this study remained
low in November (Fig. 3), even though the soil water
content had increased considerably with respect to the
summer (Turrién et a. 1997). Differences in seasonal
APA can be partialy attributed to differences in the
availability of substrate and P demand throughout the
year. Litterfall occurs mainly from the end of October
until February (winter) with a peak at the end of Novem-
ber (Martin et al. 1995). Decomposition rates of litter are
approximately 0.33 year-! at this site, therefore about
24 months are necessary for the degradation and the sub-
sequent incorporation of organic matter into the upper
mineral horizon by leaching and the action of soil fauna
(Gallardo et al. 1998). Consequently peak amounts of
hydrolysable substrate would coincide with periods of
peak APA (in the late winter and spring) and are likely to
increase rates of P mineralization and P, available for up-
take. APA depends on a sufficient energy supply and is
limited by the availability of labile organic matter
(Spiers and McGill 1979). As root growth and nutrient
uptake generally precede the emergence of the leaves,
usually taking place in May at NF, a high demand for P
would be expected before the initiation of new growth
aboveground. FRLD peaked in the late winter, illustrat-
ing a divergence between below and aboveground
growth (Fig. 2). Other Mediterranean-type ecosystems
also exhihit this contrasting phenology of growth, partic-
ularly where nutrients may be limiting (Spetch and Mall
1983). The high activity of soil phosphatases in the win-
ter may also be due to the leaching of enzymes from de-
composing litter by rainfall (Harrison and Pearce 1979).

Given the high quantity of P present in organic forms
(Table 1), the high capacity of the soil to fix P, (Table 1),
and the limited biological mineralization of SOM asare-
sult of the formation of complexes of P, with active Al
and Fe (Turrién et a. 2000), phosphatases play a crucial
role in the P acquisition of plants and microorganisms,
and thus in the cycling of P within the forest ecosystem.

In conclusion, APA plays an essentia role in P cy-
cling at the NF site, where P, is the dominant P fraction
and the amount of P,, is low. The transformation of or-
ganic to inorganic P,, mediated by acid phosphatases in
the soil root intersphere is a crucial process for plants
P nutrition, and also for the cycling of P in the overall
ecosystem. A very high fine root production in the stud-
ied soil (contrasting with a low aboveground production
of the oaks) demonstrates a high alocation of carbohy-



drates to the development of the root system in order to
compensate for a low availability of soil nutrients. An
important proportion of P added by fertilization was im-
mobilized as microbial biomass.
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