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Abstract The dehydrogenase activity (DHA) in the up-
per 10 cm of forest soils was measured in three experi-
mental plots (1 ha) in Los Alcornocales Natural Park
(southern Spain). In each plot, a sylviculture treatment of
thinning and shrub-clearing had been previously carried
out in one half, while the other half was left as a forest
control. Soil samples were taken during the dry season
(July 2000) and after the first autumn rains (October
2000). The DHA of forest soil in autumn [527+165 nmol
p-iodonitrotetrazolium formazan (INTF) g h1] was
amost double that in summer (289+95 nmol INTF g1
h-1), for one of the studied plots. During the dry season,
DHA of forest control soils (324+85 nmol INTF g1 h-1)
was higher than in the thinned and shrub-cleared forest
(253+93 nmol INTF g h1). During the autumn (wet
season), however, the effects of the sylvicultural practic-
es on the soil dehydrogenase were negligible. Significant
differences in DHA were found between the three sites.
Multiple regression analysis identified pH as the best
predictor of DHA of these soils. Other soil properties
(pH, K, Ca, Mg, and soil moisture) also showed signifi-
cant correlations with DHA.. In addition, clay content ap-
peared to enhance the enzyme activity. Our results sug-
gest that thinning and shrub-clearing in Mediterranean
forests seem to affect negatively the soil DHA, and their
impact is more marked during the dry season. However,
season and site effects are better determinants of DHA
than management practices.
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Introduction

Soil enzyme activities are very sensitive to both natural
and anthropogenic disturbances, and show a quick re-
sponse to the induced changes (Dick 1997). Therefore,
enzyme activities can be considered effective indicators
of soil quality changes resulting from environmental
stress or management practices. Enzyme activities have
been found to be very responsive to different agricultural
soil conservation practices such as non-tillage (Dick
1992; Bergstrom et al. 1998), organic amendments (Dick
1992; Perucci 1992; Miller and Dick 1995; Banerjee
et al. 1997), crop rotation (Dick 1992; Miller and Dick
1995), and organic cultivation (Beyer et al. 1992). Like-
wise, Garciaet a. (1998) found that restoration practices
of degraded arid soils in marginal areas strongly influ-
enced soil enzyme activities. On the other hand, little in-
formation exists about enzyme activity in Mediterranean
forest soils, with most studies being related to nutrient
cycling and soil fertility (Schneider 1998).

To explore the potentiality of biochemical properties
in the assessment of soil quality and sustainability, it is
desirable to have a database of these properties in native
soils with late-successional vegetation from different
ecosystems around the world. Native soils supporting
mature vegetation are used as the high-quality reference
soils, since a balance exists between their physical,
chemical, biological and biochemical properties that en-
sures the ecosystem sustainability (Dick 1997; Pankhurst
et al. 1997). Trasar-Cepeda et al. (1999) and Leiros et al.
(2000) thoroughly evaluated severa biological and bio-
chemical properties of an Atlantic forest ecosystem of
Quercus robur in north-west Spain. However, basic in-
formation about biochemical properties of Mediterra-
nean forest soils is still needed. Moreover, the effects of
forest management on soil biology and biochemistry in
Mediterranean ecosystems are not clearly understood.

The activity of dehydrogenase is considered an indi-
cator of the oxidative metabolism in soils and thus of the
microbiological activity (Skujins 1973), because, being
exclusively intracellular, it islinked to viable cells. How-
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Table1l Mean values (+SD)
of selected properties of soils

sampled in autumn.
DHA Dehydrogenase activity, pH
INTF p-iodonitrotetrazolium
formazan

Panera Buenas Noches Tiradero

6.22+0.2 5.15+0.2 5.59+0.33
Total soil C (%) 4.03+1.87 5.08+2.16 3.42+1.6
Total soil N (%) 0.36+0.13 0.36+0.13 0.37+0.09
Soil C:N ratio 11.32+3.83 14.06+3.4 9.22+3.38
Available P (mg kg) 4.33+3.22 6.00+3.64 4.52+1.32
Available K (mg kg1) 178.4+65.9 140.1+55.9 131.6+39.1
Available Ca (mg kg2 2401.5+959.9 1787.5+593.0 1407.7+481.6
Available Mg (mg kg) 309.6+62.5 258.3+87.3 208.5+52.1
Clay content (%)2 39.1+12.3 12.245.6 23.1+12.5
DHA (nmol INTF g1 h-1) 526.8+164.7 333.1£104.9 320.0£92.3

an=24 except for clay (n=6)

ever, the relationship between an individual biochemical
property and the total microbial activity is not always
obvious, especialy in the case of complex systems like
soils, where the microorganisms and processes involved
in the degradation of the organic compounds are highly
diverse (Nannipieri et a. 1990). Nevertheless, dehydro-
genase activity (DHA) has been used as an indicator of
the microbiological activity in Mediterranean arid soils
(Garcia et al. 1994), and in agricultural soils of more
humid regions of north-west Germany (Beyer et al.
1992).

Mediterranean forests, in particular Quercus suber L.
(cork oak) forests, are usually subjected to shrub-clear-
ing practices (Montoya 1988). This sylvicultural practice
consists of the removal by slashing of the woody under-
storey vegetation with two main objectives: (1) to im-
prove cork productivity by decreasing the competition
by shrubs for soil nutrients, and (2) to reduce the risk of
summer fires by avoiding the accumulation of fuel bio-
mass. However, these sylvicultural practices may have
detrimental side-effects on the forest ecology, by simpli-
fying the ecosystem structure, decreasing the biodiver-
sity, favouring opportunistic plant species, and limiting
natural regeneration. Removal of the shrubs above-
ground biomass may also affect the forest soil properties,
especially the biological and biochemical ones, since
shrub-clearing modifies the microclimatic conditions at
ground level, and the amount and quality of the potential
organic inputs to soil.

The main objectives in this study were: (1) to mea-
sure DHA in Mediterranean forests soils, during condi-
tions of two contrasting seasons (dry summer and wet
autumn); (2) to study the relations between DHA and
various soil properties; and (3) to evaluate the potential
impact of the shrub-clearing management practice on
DHA in forest soils.

Materials and methods
Study area

The study was carried out in Los Alcornocales Natural Park
(provinces of Cédiz and Malaga, in southern Spain), where three
experimental forest plots were established: Panera (36°31'54"N,
5°34'29" W), Buenas Noches (36°22'56" N, 5°34'58" W), and Tira-
dero (36°9'46"N, 5°35'39"W). The dominant tree species are Q.
suber (cork oak) and Quercus canariensis Willd. (semi-deciduous

0ak). These forests have a dense and diverse woody understorey,
e.g. 22 different shrub species were found in a 0.1-ha plot of cork
oak forest (Ojeda et al. 2000). Dominant arborescent shrubs are
Arbutus unedo and Phillyrea latifolia; heaths (Erica spp.) and
leguminous shrubs (Genista spp.) are also abundant.

The soils are developed over Oligo-Miocene sandstone of the
El Aljibe geological unit. Consequently, most of them show a
sandy texture with good drainage, although soils with a consider-
able amount of clay can also be found scattered in the studied
area. In general, soil samples had low pH values and high organic
matter content (Table 1).

The climate is defined as mild Mediterranean type with
warm, dry summers, and humid, cool winters. The influence
of both the Atlantic Ocean and Mediterranean Sea acts as a tem-
perature buffer, preserving the ecosystem from extreme tempera-
ture values and providing some humidity during the summer
drought.

Soil sampling and soil analyses

Each forest plot (1 ha) was divided into two parts: one was sub-
jected to the shrub-clearing treatment (in March 2000) whereas the
other one was left untreated (control). Soil sampling was carried
out in two different seasons: firstly during the dry season (end of
July 2000; only in one plot), and secondly in autumn, just after the
first rains (October 2000; in all three plots). Soil samples were
taken from the upper 10-cm layer (once the litter had been re-
moved), following a regular pattern. Each soil sample was com-
posed by pooling three subsamples (3 cm in diameterx10 cm in
depth) collected in a 1x1-m area. Soil samples were collected
along each transect (established for vegetation studies, T. Marafion
et a., unpublished study) at regular intervals of 6 m. A total of
24 samples (12 in treated and 12 in control zones) were collected
from each forest plot. Samples were placed in plastic bags and
kept in ice-boxes. Once in the laboratory, soil samples were sieved
(<2 mm) and then stored at 4°C until the enzyme analysis was per-
formed.

DHA was measured following the procedure described by
Camifia et al. (1998) developed for acid forest soils rich in organic
matter. Briefly, DHA was determined using 2-(p-iodophenyl)-3-
(p-nitrophenyl)-5-phenyltetrazolium chloride (INT) as the artifi-
cial electron acceptor (Benefield et a. 1977), which is reduced to
the red-coloured p-iodonitrotetrazolium formazan (INTF). Then,
the formazan was extracted with 1:1, ethanol:N,N-dimethylform-
amide and determined colorimetrically (at 490 nm). Each value of
DHA activity is the mean of two replicates, and is expressed as
nmol INTF g1 dry equivalent soil h-l. Data are expressed on an
oven-dry soil basis (105°C).

Total C, total N, pH, available Ca2*, Mg?*, K*, and P were de-
termined in all (n=72) soil samples [see methods in Allen (1989)].
Soil water content was measured gravimetrically in summer sam-
ples, and by means of a Hydrosense sensor (Campbell) during au-
tumn sampling. Soil water potential was determined (only in sum-
mer samples) as reported by Deka et al. (1995). Texture was mea-
sured (Gee and Bauder 1986) only in a limited number of samples
(n=18).
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Statistical analysis

Student’s t-test was used to compare the treated half plot and the
corresponding control plot to explore the possible impact of the
shrub-clearing practice on soil DHA. However, in the Buenas
Noches plot, where DHA values did not fit a normal distribution, a
Mann-Whitney U-test was used instead. To compare soil DHA be-
tween the three sites, a two-way ANOVA was performed (DHA
data was previously log-transformed). After asignificant ANOVA,
the post-hoc multiple comparisons were made with a Scheffé test.
Relationships between soil variables and DHA were studied by
means of correlation tests (Pearson’'s correlation coefficient). A
multivariate linear regression model (forward stepwise) was fitted
to test which soil properties could be used as predictors of DHA
(data of some variables were log-transformed to meet the multiple
linear regression assumptions). Statistical analyses were per-
formed with Statistica 5.1 for Windows (Statsoft 1997).

Results and discussion

In genera, the mean DHA measured (in autumn) in the
forest soils of Los Alcornocales Natural Park was
3934155 nmol INTF g1 h-1in the upper 10-cm soil layer
(range 192.6-976.4 nmol INTF g h-1). The literature
contains only a few reports (Camifia et a. 1998; Leiros et
al. 2000) of DHA in forest soils measured by using INT
as electron acceptor. The values of DHA obtained are
almost double those reported by Leirés et a. (2000) in an
Atlantic forest of Q. robur, exposed to a temperate
climate in north-west Spain, in soils containing a higher
amount of soil organic matter than those of the Los
Alcornocales forest. A reasonable hypothesis could be
that the lower soil pH values, together with a higher C:N
ratio, in northern forests leads to a slow decomposition
rate and hence less DHA than in the southern soils
studied.

Seasonal effects

DHA measured in autumn samples (527165 nmol INTF
gl h1) was amost double that measured in summer
samples (289+95 nmol INTF g h-1) at the same loca
tion (Panera site; Fig. 1); accordingly, significant differ-
ences were detected between the DHA values in the two
seasons (t=—6.52, P=0.000001, n=24).

The increase in soil water content in autumn would
favour the increase in microbiological activity (and
hence in DHA), especially considering the low water po-
tential values measured in summer (-12.6 MPa and
—10.1 MPa in the control and shrub-cleared zones, re-
spectively). Garcia et al. (1994) also found that the rainy
season enhanced the enzyme activity (DHA) of soils in
the south-east arid region of Spain. Other authors aso
attributed the increase in microbial activity in forest
(Gorres et a. 1998) and in grassland soils (Banerjee et
al. 2000) to higher soil moisture contents.

The higher inputs of organic residues during autumn
(leaf-shedding season) in this forest ecosystem could
also contribute to the observed seasonal increase in
DHA. The litterfall inputs favour the overall soil oxida-
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Fig. 1 Dehydrogenase activity (DHA) in forest soil (Panera site)
measured in summer and autumn. Control and shrub-cleared zones
are compared (n=12). Vertical bars represent +SE. INTF p-lodo-
nitrotetrazolium formazan

tive activity; as the litterfall undergoes decomposition,
smaller and simpler organic molecules are leached
down from the litter layer to the surface soil horizon, as
water-soluble organic matter, thus providing a labile or-
ganic substrate for soil microorganisms (McBrayer and
Cromack 1980; Gorres et a. 1998).

Forestry management effects

In summer, the DHA activity was higher in the control
zone (324+85.1 nmol INTF g1 h-1) than in the managed
half-plot (253+93.2 nmol INTF g1 h-1), although this
difference was only marginaly significant (t=1.955,
P=0.06). Spatial variability in soil properties is high in
the studied experimental plots (T. Marafion et al., unpub-
lished data) and this soil heterogeneity could mask the
possible management effects on soil microbiological
activity. On the other hand, when we analysed the effect
of the shrub-clearing management practice on DHA,
considering the sampling transect as a nested factor,
we did find a significant management effect (F=9.2,
P=0.008, df=1, 16). These results showed that shrub-
clearing negatively affected the soil DHA during the dry
season.

However, no significant effect of the management
practice on soil dehydrogenase was found in autumn in
any of the three sites studied. Only in one site (Tiradero)
was a marginally significant trend (P=0.066) observed,
with higher DHA values in the control zone than in the
shrub-cleared zone (Fig. 2), as found in summer for dry
soils. A possible interpretation of the different quantita-
tive effects of the forest management practices on the
DHA activity is that the negative effect of shrub-clearing
on soil microbiological activity is produced under
drought conditions, but is amost negligible when soils
are moist. The microclimatic changes induced by the
practice of shrub-clearing, such as higher radiation and a
more dramatic oscillation in soil water content and soil
temperature, would be more influential on soil processes
during extreme conditions of drought. Besides, it may be
also possible that in the shrub-cleared zones the practice
of shrub-clearing provokes a shift in the composition of
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Fig. 2 DHA in forest soil measured in the three selected plots dur-
ing autumn. Control and shrub-cleared zones are compared
(n=12). Vertical bars represent +SE. B Noches Buenas Noches;
for other abbreviations, see Fig. 1

soil microorganisms with populations more sensitive to
drought. The non-significant effects of shrub-clearing on
soil DHA measured in autumn could also be due to the
recovery of enzyme activity to background levels. The
extent of soil recovery will depend on the degree of the
disturbance caused by the management practice, the
soil’s resilience, and the time elapsed from the last time
the practice was applied. Perucci (1992) found that the
effect of compost addition on soil DHA was only shown
1 month after the compost was applied, and thereafter,
no effect of this practice was observed. In this case, to
assess better the impact of shrub-clearing on soil DHA,
more frequent monitoring is needed.

Site effects

Significant differences were found between the soil
DHA measured in the three forest plots in autumn,
(Table 2). The Panera site showed the highest DHA
values (Fig. 2).

The three experimental plots, located in the same for-
ested area, were dominated by cork oak trees, but
showed differences in plant species composition and soil
properties (Table 1), and these differences could be re-
sponsible for the variations in DHA. Firstly, the species
composition of the forest canopy plays an important role
in determining the type of soil organic matter and its
associated decomposition processes. Thus, the semi-
deciduous oak Q. canariensis has a higher percentage
cover than Q. suber in the Panera plot (the ratio of
Q. canariensis to Q. suber is 1.29) whereas the opposite
occurs in the Tiradero site (the ratio of Q. canariensis
to Q. suber is 0.53), and in the Buenas Noches site
Q. canariensis is totally absent (M. Diaz-Villa, personal
communication). This varying proportion of semi-decid-
uous versus evergreen oaks in the forest canopy will be
reflected in soil biological and biochemical properties.
The leaf-shedding period of the semi-deciduous oak is
mainly in autumn, while the evergreen cork oak sheds
leaves throughout the year. Moreover, the decomposition
rate of semi-deciduous oak litter is higher than that of
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Table2 Two-way ANOVA for DHA of forest soils, measured in
autumn. F-values for main effects (management and site) and two-
way interactions are presented

df F P
Main effects
Management 1 0.51 0.47n.s.
Site 2 21.19 1.00x10-7***
Two-way interactions
Managementxsite 2 127 0.28n.s.

***P<(0.001, n.s. non-significant

cork oak, as shown by Gallardo and Merino (1993) in a
litter bag experiment near the Panera site, because of the
lower cutin content and the lower toughness of the semi-
deciduous leaves. Indeed, in this particular Mediterra-
nean ecosystem, the rate of litter decomposition is more
affected by the leaf cutin content and leaf toughness
than by other chemical constituents or physical features
(Gallardo and Merino 1993).

Secondly, differences in soil DHA between sites
could also be due to the different soil texture (Table 1).
The Panera site showed both the highest clay content and
highest DHA. Sail texture has been reported as a key de-
terminant of microbial ecology (Stotzky 1986). Ladd
et al. (1996) found a positive relationship between clay
content and the soil microbial biomass content, and
Beyer et al. (1992) found a positive correlation between
clay content and enzyme activity (DHA). Soil texture
affects other soil properties, such as water availability,
nutrient supply (especialy cations) and, to some extent,
pH values, which in turn determine microbia growth
and activity (Stotzky 1986; Ladd et al. 1996; Gorres
et al. 1998; Leirds et al. 2000; Zeller et a. 2001). In
general, fine-textured soils have more micropores than
sandy soils. Soil micropores protect mineralising micro-
organisms against grazers (Killham 1994) and this can
be one of the reasons for the higher microbial biomass
and enzyme activity of fine-textured soils.

Relationships with soil variables

Soil DHA was positively and significantly correlated
with soil pH, Ca, Mg, K and water content (Table 3). On
the other hand, no correlation was found between dehy-
drogenase enzyme activity and total soil C and N. These
results agree with those reported by Beyer et al. (1992).
However, Leir6s et a. (2000) reported a clear positive
relationship between soil DHA and soil C. Probably in
these forest ecosystems soil microorganisms are nutrient
rather than C limited, since DHA did not respond to the
variation of C contents or to the C:N ratio. The observed
increase in DHA from dry (summer) to wet (autumn)
season, shows a positive relationship between DHA and
water content. The positive effect of increasing water
content and nutrient addition on soil DHA has been
already reported (Nannipieri et a. 1990).
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Table 3 Pearson correlation coefficients between some selected
soil properties and DHA

DHA pH K N
pH 0.55** 1.00 0.35** 0.04
Water content ~ 0.35+* 0.58** 0.14 -0.18
Total C -0.12 -0.26* 0.33** 0.68**
Total N -0.04 0.04 0.53** 1.00
CIN ratio -0.08 -036**  -0.03 0.02
AvailableCa  0.32+* 0.41%* 0.58** 0.46**
AvailableMg ~ 0.32** 0.40%* 0.65** 0.55**
Available K 0.32+* 0.35** 1.00 0.53**
Available P -0.06 -0.17 0.05 0.39**

*P<0.05, **P<0.01, n=72

Table4 Predictors of DHA in autumn based on multiple regres-
sion analysis

Multiple R R2 Adjusted F P(F)
Goodness-of-fit parameters

0.587 0.316 11.957 2.00x10-6***
Selected variables  t P (t) [ Coefficient
Significance of regression components

pH 431 0.00005***  0.461
Available K 2.09 0.04* 0.264

Total N -1.73 0.08 n.s. -0.204

*P<0.05, ***P<0.001

Multiple linear regression parameters for dehydroge-
nase are shown in Table 4. Several soil properties (pH,
water content, C, N, C/N, Ca, Mg, K and P) measured in
autumn samples (n=72) were considered to fit the multi-
variate linear regression model. The forward stepwise re-
gression analysis included in the model the following
variables: pH, K, and N. However, only pH and K vari-
ables were significant regression components, while N
(although included in the regression model) made no sig-
nificant contribution to R? (Table 4). According to these
results, soil pH is the best predictor of DHA, and ac-
counts for the highest proportion of the overal variance
explained.

In conclusion, the DHA in forest soils of Los
Alcornocales Natural Park (S. Spain) is high, compared
to the few reported data. In general, DHA was higher in
autumn (with a higher soil moisture content) than during
the dry summer. The shrub-clearing management prac-
tice induced a decrease in the soil DHA during summer
(dry season), but this effect was not apparent during
the autumn (wet season). However, site factors (forest
canopy species composition, soil texture, pH, and avail-
able nutrients) and seasonal sampling date were greater
determinants of the variation in DHA than management
factors. Nutrient supply and soil pH were better predic-
tors of DHA than the amount and quality (based on its
C:N ratio) of the soil organic matter.
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