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Abstract
• Assessment of forest sustainability requires reliable soil quality indicators. The present study evalu-
ated the use of several potential such indicators in forests in the Basque Country under different types
of management, involving: (i) species change and (ii) heavily mechanised forest operations.
• Five adjacent forest stands were selected for study: (i) two unmanaged forests (Quercus robur,
Fagus sylvatica) and one (40-year-old) Pinus radiata plantation, to investigate the effect of species
change; and (ii) a chronosequence of mechanised radiata pine plantations (3 and 16 years old), to
investigate heavy mechanisation.
• Several physical, chemical and biological parameters were analysed in the mineral soil. Species
change could not be assessed with chemical parameters, but parameters related to organic matter in-
dicated the disturbance caused by heavy mechanisation. The Least Limiting Water Range was a good
indicator of soil physical degradation induced by heavy mechanisation. Biological parameters proved
sensitive indicators: (i) the fungal phospholipid fatty acid biomarker 18:2ω6 for species change; and
(ii) the ratio of Gram-positive/Gram-negative bacteria for heavy mechanisation. Nevertheless, these
parameters are complementary, and monitoring programmes should include physical, chemical and
biological parameters.
• Further studies are required to assess natural boundaries of variation in soil quality indicators, and
their resistance and resilience.
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Résumé – Indicateurs potentiels de la qualité des sols dans les écosystèmes forestiers tempérés :
une étude de cas dans le Pays Basque.
• L’évaluation de la durabilité des forêts nécessite des indicateurs fiables de la qualité des sols. La
présente étude a évalué l’utilisation de plusieurs de ces indicateurs potentiels dans les forêts du Pays
Basque sous différents types de gestion, comprenant : (i) le changement des espèces et (ii) les opéra-
tions forestières fortement mécanisées.
• Cinq peuplements forestiers voisins ont été sélectionnés pour l’étude : (i) deux forêts non gérées
(Quercus robur, Fagus sylvatica) et une plantation (âgée de 40 ans) de Pinus radiata, pour examiner
l’effet des changements d’espèces, (ii) une chronoséquence de plantations mécanisées de Pinus ra-
diata (âgées de 3 et 16 ans), pour enquêter sur la mécanisation lourde.
• Plusieurs caractéristiques physiques, chimiques et biologiques ont été analysées dans le sol miné-
ral. Le changement d’espèce ne peut être évaluée avec des paramètres chimiques, mais les paramètres
liés à la matière organique ont indiqué des perturbations causées par la forte mécanisation. Le Least
Limiting Water Range est un bon indicateur de la dégradation des sols induite par la forte méca-
nisation. Paramètres biologiques qui se sont révélés des indicateurs sensibles : (i) le biomarqueur
acide gras phospholipide fongique 18:2ω6 pour le changement d’espèces, (ii) le rapport bactérien
Gram-positive/Gram-negative pour la mécanisation lourde. Néanmoins, ces paramètres sont com-
plémentaires, et des programmes de suivi devraient inclure des paramètres physiques, chimiques et
biologiques.
• D’autres études sont nécessaires pour évaluer les limites naturelles de la variation des indicateurs
de la qualité des sols, de leur résistance et de leur résilience.
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1. INTRODUCTION

Most European countries agreed to the Pan-European prin-
ciples for sustainable forest management (MCPFE, 1993)
because of the widespread conversion of native forests and
afforestation of agricultural or abandoned land to provide
cultivated forests of rapidly growing exotic species. Further-
more, the increasing demands by global markets and the in-
tensification of logging operations (timber harvesting and site
preparation) were placing greater pressure on forest ecosys-
tems. In northern Spain, cultivated radiata pine (Pinus radiata
D. Don) forests cover an area of more than 150 000 ha, and
semi-natural forests of European beech and pedunculate oak
have been maintained in small patches (20 000 ha). The cur-
rent types of forest management in these cultivated planta-
tions involve clearcutting with rotations of between 30 and
40 y, harvesting with chainsaws, skidding, and mechanical site
preparation -prior to planting- by processes such as scarifica-
tion and ripping. Such logging operations are usually consid-
ered to be critical for forest soil sustainability (Ranger et al.,
2008).

Forests play a key role in global sustainability, for pro-
viding raw materials and also ecosystem functions related to
biodiversity, carbon sequestration and protection of soil and
water. Maintenance of these functions should be the goal of
sustainable forest management (Doran, 2002). Assessment of
the sustainability of forest management requires indicators,
and as forestry has a large impact on soil systems, there is
a need to develop indicators of soil-based sustainability; this
need has become increasingly important since forest policies
have shifted to more balanced ecological approaches. The
main challenge in selecting indicators of soil quality lies in
determining which variables characterise the system and yet
are simple enough to be monitored effectively and efficiently
(Dale et al., 2008).

Several authors have proposed minimum datasets of soil
parameters to be used as soil quality indicators (Doran and
Parking 1994, Tscherko and Kandeler 1999, Shukla et al.,
2006). These datasets should define ecosystem processes that
integrate physical, chemical and biological properties. Soil or-
ganic matter (SOM) has frequently been suggested as a key
attribute of soil quality and sustainability (Nambiar, 1996).
However, results of prior studies in cultivated forests were in-
conclusive in terms of the response of total SOM as an indica-
tor of sustainable forest management (Bauhus et al., 2002).
Therefore, different pools of SOM with different functional
roles in soil should be evaluated. Particulate organic matter
(POM) may respond more rapidly to management than SOM
(Cambardella and Elliot, 1992) and the soil microbial com-
munity -a small but very active part of the SOM- has been
proposed as a sensitive indicator of change in grassland and
boreal ecosystems (Mariani et al., 2006; Tscherko et al. 2007).

The composition and function of microbial communities
may be altered by changes in the quantity and biochemical
composition of plant litter (Hassett and Zak, 2005) and by the
effect of logging operations on soil microenvironments.

Soil physical quality is typically altered during timber har-
vesting by modification of the porosity and impedance of

the movement of gas, water, nutrients and roots in the pro-
file (Godefroid et al., 2007). The least limiting water range
(LLWR) has been suggested as a promising indicator of phys-
ical soil disturbance (da Silva and Kay, 1997b; McKenzie and
McBratney, 2001) as it incorporates the limiting factors for
growth of vegetation -such as mechanical impedance, oxygen
and water supply to plant roots- in a single parameter based on
water content.

The main characteristic of a good indicator of forest sus-
tainability is its ability to be compared with a benchmark
and/or target that defines a sustainable level. Natural forests
have been identified as representing such a sustainable level in
terms of forest management. However, species have different
effects on soil processes such as nutrient cycling, base content
and humus formation. These effects are mainly attributed to
the effect that differences in species -in terms of litter quality
and root exudates- have on soil microorganisms (Leckie et al.,
2004). It is therefore important to understand the differences
in soil properties with respect to native and exotic species in
order to establish reliable benchmarks for sustainable forestry.

In this context, the objectives of the present study were (i) to
investigate the behaviour of a large set of parameters proposed
as soil quality indicators, in adjacent stands that differ mainly
in land-use history and management, but not in soil parent ma-
terial, geomorphology or climate, and (ii) to obtain an insight
into the potential use of these parameters as indicators of soil
quality, for future planning of soil monitoring programmes in
temperate forest ecosystems.

2. MATERIALS AND METHODS

2.1. Site description

The study site (5 ha) (30T 534075 4783284), which comprised
five different forest stands, was selected as an example of the At-
lantic forest landscape in the Basque Country. The stands were in
close proximity, and all were developed on the same parent material
(sandstone). The soil was classified as a Dystric Regosol, and textu-
ral and soil mineralogical conditions were homogeneous within the
study site (Tab. I). Texture analysis was determined, after chemical
dispersion with hydrogen peroxide (H2O2), by laser diffractometry
(Mastersizer 2000 particle size analyser, Malvern Instruments Ltd.,
Worcestershire, U.K.), and mineralogical characterisation was per-
formed by X-ray diffraction (XRD), with a Philips PW-1710 X-ray
automated diffractometer with automatic divergence slit, and Ni-
filtered and monochromated Cu Kα radiation. The climate in the
study area is mesothermic with cool, moist summers and mild, wet
winters. The mean air temperature is 18.7 ◦C in summer and 9.6 ◦C
in winter. The mean annual precipitation ranges between 1 200 and
2 000 mm and the heaviest rainfall occurs between September and
May. The area is situated 600 m above sea level. Three represen-
tative stands of two mature semi-natural forests (Quercus robur L.
and Fagus sylvatica L., hereafter referred to as oak and beech) and a
nearby first-rotation and non-mechanised cultivated Pinus radiata D.
Don plantation (hereafter referred to as 40 y pine) were sampled for
evaluation of soil properties beneath different tree species. The den-
sity in the mature stands was approximately 300 trees per ha, although
the basal area was larger in the mature pine stand (90 m2 ha−1) than in
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Table I. Soil mineralogical and textural properties (all expressed in
%) at 0–5 cm and 5–15 cm in the soil profile of semi-natural oak and
beech stands, and cultivated 40-year-old, 16-year-old and 3-year-old
pine stands.

Oak Beech 40 y Pine 16 y Pine 3 y Pine
0–5 cm
Whole soil
mineralogy
Quartz 47 48 42 49 47
Phyllosillicates 52 51 56 51 53
Clay (< 2 μm)
fraction
mineralogy
Illite 30 29 34 44 33
Chlorite 4 2 5 5 4
Kaolinite 16 14 9 8 14
I/V 51 55 52 42 48
Whole soil
texture
Clay 33 29 38 28 32
Silt 39 40 40 37 30
Sand 27 32 22 35 38

Clay Clay Clay Clay Clay
loam loam loam loam loam

5–15 cm
Whole soil
mineralogy
Quartz 43 46 43 49 50
Phyllosillicates 55 51 54 48 49
Clay (< 2 μm)
fraction
mineralogy
Illite 20 28 21 28 25
Chlorite 2 t 1 2 t
Kaolinite 16 13 13 10 13
I/V 62 60 64 60 61
Whole soil
texture
Clay 43 37 43 30 34
Silt 36 36 38 33 30
Sand 20 27 20 36 36

Clay Clay Clay Clay Clay
loam loam loam

t = Trace, I/V = illite/vermiculite.

the oak and beech stands (64 and 63 m2 ha−1, respectively). In addi-
tion, a chronosequence was sampled from two adjacent clear-cut sites
(3 and 16 years old) (hereafter referred to as 3 y pine and 16 y pine)
to evaluate the effect of mechanised forest operations 3 and 16 y after
disturbance. The density of the 16 y pine stand was 1 010 trees ha−1

and the basal area 18 m2 ha−1. The 3 y pine stand was established by
use of a 3 × 2 m grid, and at the time of sampling the mean height
was 1.2 m. The logging operations in the two disturbed pine plan-
tations included forest harvesting with skidders and site preparation
by blading and down-slope ripping. In blading, the residues of the
previous plantation and the competing vegetation should be removed
without scraping the mineral soil surface. However, sometimes the
upper centimetres of soil are also excavated and slash and surface or-
ganic material are displaced to small piles down-slope. Down-slope

ripping consists of deep ploughing (≈ 50 cm) following the maxi-
mum slope of the stand. All the studied stands faced south and were
developed on similar slopes.

2.2. Sampling and measurements

Each stand covered an area of approximately 1 ha, and sampling
was carried out twice, the first time to obtain composite soil samples
and the second time to record data for developing soil strength mod-
els. In January 2005, three randomly selected plots (10 m × 10 m)
were established in each stand, and ten soil samples were systemat-
ically collected within each plot by the core method (core diameter
5 cm). The samples were divided into 0–5 cm and 5–15 cm layers
and combined to provide one composite sample per plot and layer.
The composite samples were then split into a field-moist portion and
a portion for drying. The field-moist portion was sieved to < 2 mm to
remove large woody debris and stones, separated into two replicate
samples and frozen at –20 ◦C. The other portion was dried at 30 ◦C
and also sieved to 2 < mm and separated into two replicate samples.

Soil strength regression models were developed for each stand
from a grid of 34 points. At each point, soil strength was measured
with a cone penetrometer (CP 40II, Rimik, Australia), readings were
recorded every 1 cm and the average value of the first 5 readings
represented the soil strength in the first 5 cm. In addition, a soil sam-
ple was collected for determination of the gravimetric water content.
Sampling was carried out twice, once when soils were close to field
capacity (May 2005) and the second time when they were close to
wilting point (August 2005). In addition, ten soil cores were extracted
with stainless steel (100 cm3) cylinders in each stand in order to de-
termine soil bulk density.

2.3. Laboratory procedures

Composite samples were analysed for total organic C and N in
a LECO CNS 2000 autoanalyser (LECO Corporation, MI, USA),
soil pH-H2O in a 1:2.5 soil:water suspension and cation exchange
capacity (CEC) with ammonium acetate (1 M, pH 7). Extractable alu-
minium was measured by titration with sodium hydroxide and phe-
nolphthalein, and available phosphorus was analysed by the Olsen
method. Water content at –0.01 MPa (defined as field capacity, θfc)
and water content at –1.5 MPa (defined as wilting point, θwp) were
also determined in composite samples by the standard tension plate
procedure.

Particulate organic matter (POM) was determined by the method
of Cambardella and Elliot (1992), as modified by Marriott and
Wander (2006).

The microbial community structure was determined by phospho-
lipid fatty acid (PLFA) analysis. Lipids were extracted, fraction-
ated and methylated following the procedure used by Bardgett et al.
(1996). Fatty acid methyl esters were analysed by gas chromatogra-
phy (see Gartzia-Bengoetxea (2008) for details). Bacterial biomass
was estimated from the summed concentration of 9 bacterial PLFA,
i15:0, a15:0, 15:0, i16:0, i17:0, 17:0, cy17:0, 18:1ω7 and cy19:0
(Frostegard and Bååth, 1996) and the fatty acid 18:2ω6 was used as
an indicator of fungal biomass (Federle, 1986). The Gram-positive
specific fatty acids i15:0, a15:0, i16:0 and i17:0 and the Gram-
negative specific fatty acids cy17:0, 18:1ω7 and cy19:0 were used
as biomarkers. Total phospholipid fatty acids were compared among
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different types of forest management as nmol g−1soil, while PLFAs
used as biomarkers were compared on a mole basis (%) in order to
standardise differences in the total amount of soil PLFAs. The diver-
sity of PLFAs was calculated with the Shannon index H.

The enzyme assay was performed as a microbial community func-
tion by the method of Marx et al. (2001). The enzyme activities as-
sayed were: α-1,4-glucosidase, β-1,4-glucosidase, cellobiohydrolase,
α-1,4-xylosidase, α-1,4-N-acetylglucosaminidase, acid phosphatase,
L-leucine aminopeptidase and L-tyrosine aminopeptidase. All en-
zyme activities were expressed in nmol g−1 h−1.

2.4. Calculations and statistical analysis

The least limiting water range (LLWR) was calculated on the ba-
sis of critical values for plant growth associated with water poten-
tial, soil resistance and air-filled porosity. The values selected for this
study were as follows: 0.10 cm3cm−3 air-filled porosity (Grable and
Siemer, 1968), field capacity at –0.01 MPa matric potential (Haise
et al., 1955), wilting point at –1.5 MPa matric potential (Richards
and Weaver, 1944), and the soil strength restriction limit at 3.0 MPa
(Sands et al., 1979).

Water content at field capacity (θfc) and wilting point (θwp) were
determined in the lab with standard pressure plates. The soil water
content identified by the air-filled porosity at 10% (θafp) was calcu-
lated as θsat − 0.1, where θsat= 1-(bulk density/soil particle density)
and water content at 3 MPa (θss) was determined with regression
strength models.

The upper limit of the LLWR is the water content of the driest soil,
of either θfc or θafp, whereas the lower limit is the water content of the
wettest soil, of either θwp or θσσ (Zou et al., 2000).

One-way analysis of variance (ANOVA) was conducted to com-
pare mean values for each soil depth, and a Student t test to compare
the two depths. Factor analyses were performed to reduce the num-
ber of variables in extracellular multienzyme activities and PLFA pat-
terns with a correlation matrix. Stepwise discriminant function anal-
ysis was used to determine the key soil properties that best predict
the forest categories and how good the prediction was. Once the dis-
criminant functions were calculated, a plot of the stretched attribute
vectors was calculated by rotating the discriminant functions to redis-
tribute the variance. Correlations between the canonical discriminant
functions and each discriminating variable were calculated and mul-
tiplied by the univariate F ratio to produce (x, y) coordinates for the
endpoint of a vector that has its other endpoint at the origin. Thus, the
F value indicates the extent to which each variable makes a signifi-
cant contribution to discriminating between groups.

These statistical analyses were performed to gain a deeper insight
into the data structure. Nevertheless, because of the inherent large
variability usually found in the parameters that characterise forest
ecosystems and also the lack of stand replicates, statistical analyses
were used to reveal trends in changes among the studied stands, rather
than to make specific conclusions about the effects of species change
or mechanical operations on soil properties.

3. RESULTS

3.1. Chemical soil properties

Soil organic C contents in the upper soil layer were similar
in all stands except the 3 y pine stand (Tab. II); concentrations

of nitrogen, available phosphorus and potassium, and cation
exchange capacity (CEC) were also significantly lower in the
latter stand. There was a significant decrease with depth in all
elements associated with soil organic matter, such as total soil
nitrogen, soil phosphorus and CEC. In contrast, soil pH in-
creased with depth and was significantly higher in oak stands,
but was almost always below 5 (Tab. II).

However, although the quantity of soil organic matter did
not differ among mature stands, the quality of the soil organic
matter differed significantly with tree species. The contents of
labile C and particulate organic matter (POM) were higher in
oak and beech stands than in the 40 y pine stands. Conversely,
a reduction in labile C with depth was observed in all stands
except in the mature pine stand (Tab. III).

3.2. Biological soil properties

3.2.1. Microbial community structure

Microbial biomass, considered as total amounts of PLFA,
differed with intensive preparation of pine stands. The micro-
bial biomass was similar in mature stands of both native and
exotic species. In contrast, microbial biomass was highest in
the 16 y pine stand and lowest in the 3 y pine stand (Tab. III).

The soil microbial community was dominated by bacte-
rial biomass, which accounted for 52–56% of the total PLFA
and as in microbial biomass, the only significant differences
observed were between the 16 y and 3 y pine stands. In
contrast, there were differences among tree species in fun-
gal biomass; fungal biomass content was significantly higher
in the 40 y pine than in oak and beech stands. Furthermore,
fungal biomass was significantly lower in recently established
stands than in older pine stands (Tab. III).

A shift in bacterial community was detected on the basis of
PLFA biomarkers. Gram-positive bacteria (i15:0, a15:0, i16:0
and i17:0) made up a large component of the bacterial com-
munity in the upper horizon of the 3 y pine stand (P < 0.05),
while Gram-negative bacteria (16:1ω7, 18:1ω7, cy17:0 and
cy19:0) were less abundant (P < 0.05) (Tab. III). The ratio be-
tween Gram-positive bacteria and Gram-negative bacteria was
significantly higher in the 3 y pine stand (P < 0.0001) than in
the other stands.

Microbial biomass in 16 and 3 y pine stands was signifi-
cantly lower in the lower soil layer than in the surface layer, but
microbial biomass did not differ with depth in mature stands.
The soil microbial community was also dominated at depth by
18:1ω7, 18:1ω9c and 16:0. The ratio between Gram-positive
bacteria and Gram-negative bacteria increased with depth in
all stands except the 3 y pine stand (Tab. III). There was also a
clear reduction in the fungal to bacterial PLFA ratio from the
surface to the deeper soil horizon (P < 0.05) (data not shown).
The PLFA diversity and species richness, as estimated by the
Shannon diversity index, was lower in oak stand than in beech
and pine stands at 0–5 cm soil depth (P < 0.05) (Tab. III).
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Table II. Soil chemical properties at 0–5 cm and 5–15 cm in the soil profile of semi-natural oak and beech stands, and cultivated 40-year-old,
16-year-old and 3-year-old pine stands.

Oak Beech 40 y Pine 16 y Pine 3 y Pine
0–5 cm
pH 5.0 (0.2)a 4.0 (0.1)b 4.1 (0.1)b 4.3 (0)b 4.2 (0)b

Al Sat (%) 29.3 (19.5)a 81.7 (1)b 83 (3.9)b 71.7 (3.5)b 78.3 (1)b

C (mg kg−1) 54.5 (0.9)a 53 (9.4)a 53.8 (1.2)a 56.8 (6.2)a 26.8 (1.6)b

N (mg kg−1) 3.7 (0.2)a 3.1 (0.6)a 3.1 (0.2)a 2.9 (0.2)a 1.8 (0)b

C/N 14.9 (0.6)a 17 (0.3)ab 17.5 (1.4)ab 19.1 (0.8)b 15.1 (0.8)a

S (mg kg−1) 0.5 (0.1)a 0.6 (0.1)a 0.7 (0)a 0.5 (0)a 0.4 (0)a

P (mg kg−1) 3.1 (0.4)a 3.3 (0.7)a 0.9 (0.3)b 2.9 (0.6)a 0.3 (0.1)b

Ca (mg kg−1) 739 (393)a 71 (6)ab 171 (48)ab 179 (39)ab 44 (8)b

Mg (mg kg−1) 113 (33)a 18 (2)b 50 (10)b 34 (7)b 11 (3)b

Na (mg kg−1) 38 (2)a 31 (2)a 38 (2)a 37 (3)a 20 (2)b

K (mg kg−1) 208 (17)a 110 (8)b 104 (10)b 120 (16)b 52 (7)c

CEC (cmolc kg−1) 21.1 (1.2)a 19.2 (1.9)a 25.8 (1.3)b 18 (0.7)a 11.3 (0.2)c

5–15 cm
pH 4.9 (0.1)a 4.6 (0)ab 4.5 (0.1)b 4.5 (0.1)b 4.5 (0)b

Al Sat (%) 44.7 (17.1)a 91.7 (1.1)b 90.3 (1.4)b 87.3 (1.4)b 84.3 (2.3)b

C (mg kg−1) 22.1 (1.6)a 19 (1.7)a 25.7 (2)a 19.5 (2.5)a 20.3 (0.3)a

N (mg kg−1) 1.7 (0.1)a 1.2 (0.1)b 1.6 (0)a 1.2 (0.2)b 1.3 (0.1)b

C/N 13.3 (0.9)a 15.9 (0.6)a 16.2 (1.4)a 16.7 (1.1)a 15.6 (0.6)a

S (mg kg−1) 0.3 (0)a 0.3 (0)ab 0.3 (0)a 0.2 (0)b 0.3 (0)a

P (mg kg−1) 0.1 (0)a 0.6 (0.2)ab 0.4 (0.2)a 1.2 (0.3)b 0 (0)a

Ca (mg kg−1) 876 (361)a 27 (3)b 78 (17)b 69 (14)b 21 (1)b

Mg (mg kg−1) 83 (29)a 8 (0)b 26 (2)b 16 (3)b 6 (1)b

Na (mg kg−1) 28 (3)a 22 (1)b 31 (1)a 20 (1)b 17 (1)b

K (mg kg−1) 101 (3)a 61 (4)c 74 (10)abc 77 (14)ac 41 (4)bc

CEC (cmolc kg−1) 17.7 (1.1)a 12.5 (0.3)b 19.2 (1.2)a 11.6 (0.8)b 11.3 (0.5)b

Values are the means of three replicates, with standard errors in parentheses. Different letters in the same row indicate significant differences at P < 0.05.

Table III. Particulate organic matter (mg C g−1 soil), microbial, bacterial and fungal biomass (nmol PLFA g−1 soil), Gram-negative (Gram–) and
Gram-positive (Gram+) biomarkers (%mole PLFA) and Shannon diversity index H at 0–5 cm and 5–15 cm in the soil profile of semi-natural
oak and beech stands, and cultivated 40-year-old, 16-year-old and 3-year-old pine stands.

Oak Beech 40 y Pine 16 y Pine 3 y Pine

0–5 cm

POM 6.52 (0.27)a 6.43 (1.58)a 3.25 (0.25)b 5.40 (0.01)ab 1.63 (0.15)b

Microbial biomass 210.59 (28.84)a 221.12 (10.64)a 239.21 (23.72)ac 304.06 (26.09)c 136.51 (4.0)b

Bacterial biomass 115.67 (16.12)ab 117.43 (3.83)ab 125.02 (14.11)ab 159.29 (13.43)a 80.64 (1.08)b

Gram+ 23.95 (0.37)a 25.47 (0.99)a 23.59 (0.74)a 23.00 (0.39)a 34.49 (1.3)b

Gram– 29.43 (0.93)a 25.79 (0.34)b 26.44 (1.58)ab 27.75 (0.58)ab 22.64 (0.35)bc

Gram+/Gram– 0.82 (0.04)a 0.99 (0.03)b 0.90 (0.04)ab 0.83 (0.03)ab 1.53 (0.08)c

fungal 6.63 (1.0)a∗ 7.97 (1.21)ac 12.85 (2.53)b 12.05 (1.13)bc 3.17 (0.84)a

Shannon diversity H 2.50 (0.03)a 2.58 (0.02)b 2.65 (0.02)b 2.65 (0.02)b 2.61 (0.01)b

5–15 cm

POM 1.64 (0.05)a 1.43 (0.13)a 3.24 (0.51)b 1.95 (0.48)a 1.54 (0.11)a

Microbial biomass 168.34 (6.81)ab 147.03 (20.08)ab 185.51 (20.56)a 203.71 (27.75)a 90.13 (4.52)b

Bacterial biomass 89.90 (3.36)a 82.11 (9.11)ab 99.86 (7.09)a 111.20 (14.47)a 50.62 (2.86)b

Gram+ 27.08 (0.16)ab 28.08 (0.76)ab 25.68 (1.8)a 24.41 (1.2)a 30.91 (0.83)b

Gram– 24.74 (0.67)a 26.16 (1.12)ab 26.71 (0.72)ab 28.65 (0.91)b 23.13 (0.44)ac

Gram+/Gram– 1.10 (0.02)a 1.08 (0.04)a 0.96 (0.04)ab 0.86 (0.06)b 1.34 (0.06)c

fungal 5.56 (0.84)a 4.57 (0.83)a 8.74 (3.47)a 5.41 (0.42)a 2.99 (0.44)ac

Shannon diversity H 2.55 (0.05)a 2.64 (0.02)ab 2.60 (0.01)ab 2.66 (0.02)ab 2.71 (0.04)b

* Significance level, P < 0.1. Values are the means of three replicates, with standard errors in parentheses. Different letters in the same row indicate
significant differences at P< 0.05.
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Table IV. Extracellular enzyme activities in nmol g soil−1 h−1 at 0–5 cm and 5–15 cm in the soil profile of semi-natural oak and beech stands,
and cultivated 40-year-old, 16-year-old and 3-year-old pine stands.

Oak Beech 40 y Pine 16 y Pine 3 y Pine
0–5 cm
ß-1,4-glucosidase 446.3 (17.6)a 271.6 (51.9)b 256.6 (30.4)b 264.1 (47.4)b 148.9 (25.5)b

α − 1, 4−glucosidase 363.1 (38.4)a 192.4 (24.7)b 236.1 (32.7)b 206.3 (28.5)b 129.2 (37.7)b

ß-1,4-xylosidase 176.1 (34.9)a 175.9 (32.6)a 205.2 (15)a 185 (36.8)a 105.7 (27.5)a

Cellobiohydrolase 49.3 (7.6)a∗ 30.3 (11.3)ac 23.3 (5.3)bc 23.1 (3.3)bc 11 (3.3)b

ß-1,4-N-acetylglucosaminidase 408.6 (76.8)a 281.5 (100.5)a 267.4 (49.6)a 299.3 (64.8)a 217.9 (60.9)a

L-leucine aminopeptidase 555.8 (27.5)a 323.1 (58.3)a 346.8 (118.1)a 333.7 (22.2)a 88.6 (14)a

L-tyrosine aminopeptidase 237.6 (5.6)a 142.7 (20.7)a 149.3 (43)a 159.5 (5)a 53.7 (6.8)a

Acid phosphatase 7 516.3 (1375)a∗ 7 072.1 (1121)a 8 071.5 (974)a 5 740.1 (467)ab 3 492.8 (258)b

5–15 cm
ß-1,4-glucosidase 93.7 (26.8)a∗ 37.8 (16.5)b 93.9 (10.3)ab 47 (7.8)ab 34.9 (8.1)b

α − 1, 4−glucosidase 74.9 (16.5)ab 45.4 (6.7)bc 96.3 (11.1)c 35.3 (7)c 33 (7)c

ß-1,4-xylosidase 51 (8.8)ab 49.7 (6.9)a 70.2 (1)ab 55 (11.2)ab 39.6 (8.2)ab

Cellobiohydrolase 13.5 (2.3)a 8.7 (2.4)a 6.1 (2.7)a 2.7 (1.4)a 8.2 (3.2)a

ß-1,4-N-acetylglucosaminidase 138.4 (42.5)a∗ 63.7 (13)ab 162.8 (43.9)b 88.3 (27.8)b 84.3 (14.1)ab

L-leucine aminopeptidase 173.7 (8.1)ab 383.4 (242)a 149.8 (16.7)a 135.2 (29.3)a 231.2 (154.1)a

L-tyrosine aminopeptidase 79.4 (5.4)a 240.7 (150.8)a 100.6 (5.2)a 88.7 (12.7)a 165.5 (105.1)a

Acid phosphatase 3 443.4 (274)a 2 401.4 (269)a 4 589 (362)a 2 482.7 (226)a 3 263.1 (685)a

* Significance level, P < 0.1. Values are the means of three replicates, with standard errors in parentheses. Different letters in the same row indicate
significant difference at P < 0.05.

3.2.2. Microbial community function

Extracellular enzyme activities involved in C, N, P and S
cycles decreased within the soil profile in all sites (Tab. IV).
The oak ecosystem was characterised by higher β-glucosidase
and α-glucosidase activities in the upper soil layer (0–5 cm)
than in the other sites (P < 0.05). Although the differences
between most individual extracellular enzyme activities were
not statistically significant, there was a 32–74% reduction in
all enzyme activities in the 3 y pine plantation, relative to the
average activity across other ecosystems.

Phosphatase activity was extremely high in all ecosystems
in comparison with the values reported in previous studies
(Hasset and Zak, 2005; Sinsabaugh et al., 2003). Mean phos-
phatase activity was 7.5 μmol h−1 g−1 for the oak ecosys-
tem, 7.1 μmol h−1 g−1 for the beech forest, and 8.1, 5.7 and
3.5 μmol h−1 g−1, respectively, for the 40 y, 16 y and 3 y pine
stands. The acid phosphatase activity was significantly higher
(P < 0.1) in mature stands than in the other stands.

Data obtained from the upper soil by a multienzyme assay
with MUB substrates were used for principal component anal-
yses and the initial eight enzyme variables were reduced to
three factors. PCA1 explained 50% of the variance and was
associated with polysaccharide decomposition and strongly
correlated with the activities of three enzymes involved in
the production of glycosides and cellobiohydrolase. PCA2
explained 20% of the variance and was associated with the
N cycle (amino peptidases). PCA3 explained 18% of the
variance and was related to mineralisation of organic phospho-
rus. Xylosidase activity, which causes degradation of hemi-
cellulose, was correlated with PCA3. At the lower soil depth,
PCA1 and PCA2 explained 48% and 26% of the total vari-

Table V. Critical points for determination of least limiting water
range (LLWR) for root growth. ρb, bulk density (g/cm3), θfc, water
content at field capacity (–0.01 MPa), θwp, water content at wilting
point (–1.5 MPa), θss, water content at 3 MPa soil strength, θafp, water
content at 10% air-filled porosity and AWC, available water capacity.
Values in italics represent the upper and lower limits of LLWR.

Oak Beech 40 y Pine 16 y Pine 3 y Pine
ρb 1.20 1.29 1.09 1.15 1.35
θfc 0.40 0.36 0.39 0.31 0.24
θwp 0.18 0.15 0.20 0.15 0.10
θss 0.22 0.20 0.22 0.17 0.19
θafp 0.44 0.41 0.49 0.46 0.38
LLWR 0.19 0.16 0.18 0.14 0.05
AWC 0.28 0.21 0.19 0.16 0.14

ance, respectively. PCA1 was associated with C and P cycles
and PCA2 with the N cycle; however, it was not possible to
distinguish the different types of forest management.

3.3. Physical soil properties

Soil moisture content at sampling decreased significantly
from 0–5 cm to 5–15 cm depth in all stands except the 3 y
pine stand, in which there was no difference in moisture level
between the two horizons; the values were very close to those
observed in the deeper horizon in the other stands. Bulk den-
sities from 0–5 cm depth ranged from 1.09 g cm−3 in the 40 y
pine stand to 1.35 g cm−3 in the 3 y pine stand and soil water
content at field capacity decreased with increasing bulk den-
sity (Tab. V).
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Soil water content at field capacity ranged from
0.24 cm3 cm−3 in the pine stand (3-year-old) to 0.40 cm3 cm−3

in the oak stand, and water contents at field capacity were
higher in all mature stands than in younger stands (3 and
16 y). In addition, soil water content at wilting point ranged
from 0.10 cm3 cm−3 to 0.20 cm3 cm−3 and was also lowest in
the 3 y pine stand (Tab. V).

The relationship between soil strength and water content
was established in each plot over the range between close-to-
field capacity and wilting point. Soil strength increased as soil
water content decreased in all plots. Soil strength curves were
fitted to a logarithmic model (Zou et al., 2000) (Fig. 1). The
highest estimate of a corresponded to the oak stand, whereas
the estimates for the beech, and the 40 y and 16 y pine stands
were very similar, and the lowest estimate was again for the
3 y pine stand. However, water content at 3 MPas was higher
in all mature stands than in younger stands.

The upper limiting factor of LLWR was always defined by
water content at field capacity, while the lower limiting fac-
tor was characterised by water content at 3 MPa soil strength.
The least limiting water range followed the order: oak > pine
(40 y) > beech > pine (16 y) > pine (3 y) (Tab. V). In all cases,
LLWR was lower than the traditional available water capac-
ity (AWC, the difference between field capacity and wilting
point), indicating that less water was available for plant growth
than that determined by AWC. The LLWR was 22 and 34%
lower than AWC in the oak and beech stands, respectively, 10
and 16% lower in the 40 y and 16 y pine stands, respectively,
and 300% lower in the 3 y pine stand. The results showed that
a 15% increase in bulk density can lead to a 236% reduction
in LLWR.

3.4. Identifying key soil properties

In order to differentiate among stands and determine which
indicators gave rise to site discrimination patterns, discrimi-
nant function analysis was used. Discriminant analysis pre-
dicts group membership based on a linear combination of
potential variables. Discriminant analyses were performed on
the basis of physical, chemical and biological properties of
the topsoil. The analysis considered a total of 29 potential
indicators (13 chemical, 12 biological and 4 physical). Al-
though 94% of the total variance was explained by chemical
parameters alone (parameters shown in Tab. I + POM), only
53% of cross-validated grouped cases were classified correctly
(Fig. 2). Physical parameters alone (bulk density, water con-
tents at field capacity and wilting point, and water contents
at 10% air-filled porosity) grouped 73% of cross-validated
grouped cases correctly. Discriminant analysis for biologi-
cal parameters was based on microbial, bacterial and fungal
biomass, Gram-positive and Gram-negative bacteria and the
Gram-positive/Gram-negative ratio, and the reduced factors
from extracellular enzyme activities (3 PCA factors explaining
88% of the total variance) and PLFAs (3 PCA factors explain-
ing 80% of the total variance). Biological parameters grouped
53% of cross-validated grouped cases correctly and the dis-
crimination corresponded to PCA1 and PCA3 from multi-
variate analysis of enzyme activities, PCA3 from multivariate

Figure 1. Soil strength regression models developed for each stand
from data corresponding to a grid of 34 points in the range between
close-to-field capacity and wilting point in the 0-5 cm soil layer. (a)
oak, (b) beech, (c) pine (40-year-old), (d) pine (16-year-old) and (e)
pine (3-year-old).
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Figure 2. Discriminant analysis for the 0–5 cm soil layer, based on (a) soil chemical parameters, (b) physical parameters, (c) biological
parameters and (d) soil physical, chemical and biological parameters. Stands are represented as follows: oak (◦), beech (�), 40-year-old pine
(�), 16-year-old pine (�) and 3-year-old pine (Δ).
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Figure 3. Attribute vector plot calculated by rotating the discriminant functions of soil chemical, physical and biological parameters in the
0–5 cm soil layer.

analysis of PLFAs and the Gram-positive/Gram-negative ratio.
PCA1 and PCA3 from multivariate analysis of enzyme activ-
ities were related to enzymes involved in C and P cycles and
PCA3 from multivariate analysis of individual PLFAs was re-
lated to fungal biomarkers.

The model based on a total of 29 properties was highly ac-
curate, and correctly classified all stands, with 90% of stands
correctly classified in the cross-validation. A classification er-
ror in cross-validation occurred among oak and mature pine

stands, and a third of oak stands were classified as pine (40 y)
and vice versa. This may be because the 40 y pine stand shares
some characteristics with the oak stand.

The relationships between individual soil properties or
discriminating variables and forests were revealed by the
stretched attribute vectors (Fig. 3). Of the 29 variables consid-
ered, the 7 that represent most of the information correspond to
soil physical, chemical and biological properties, which sug-
gests that these properties may be useful in differentiating
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forests that differ in species and intensity of mechanisation.
Water contents at field capacity and 10% air-filled porosity, pa-
rameters related to soil organic matter and compaction, were
higher in mature stands than in younger mechanised stands.
Such differences may lead to differences in the structure of the
soil microbial community.

4. DISCUSSION

4.1. Effect of depth on soil properties

Differences among species may be caused by differences in
the amount and quality of litter and by differences in processes
taking place on the forest floor (Hagen-Thorn et al., 2004).
Moreover, differences between logged (harvest, site prepara-
tion and ripping) and unlogged pine forests may be caused by
changes in the quantity and quality of litter as well as by alter-
ations in the physical structure of the upper soil layer (Hassett
and Zak, 2005). In the present study, differences in all soil
properties were more pronounced in the upper layer of the
mineral soil.

The lack of differences in the lower layer of forest soils may
be due to similar soil organic matter contents in all stands and
very slight differences in soil organic matter quality, and con-
sequently, similar biological activity of the microbial commu-
nity. An increase in the abundance of Gram-positive bacterial
PLFA and lower extracellular enzymes activities with depth
may result from changes in water potential and a reduction in
organic matter within the soil profile (Hasett and Zak, 2005;
Waldrop et al., 2003). This pattern therefore has an important
functional role in nutrient cycling dynamics and implications
for nutrient management in forest plantations.

4.2. Effect of tree species on soil properties

The results revealed that organic matter dynamics in pine
forests and oak and beech forests may differ because of the
greater fungal biomass and lower POM in pine forests. Hackl
et al. (2005) also found higher concentrations of fungal fatty
acids in pine forests than in beech or oak forests and suggested
that was because fungi were presumably more efficient than
bacteria at decomposing pine litter. Pine litter contains large
amounts of tannins and lignins and it is well known that fungi
are the main degraders of lignin (Dix and Webster, 1995). Part
of the fungal biomass measured as fungal PLFA in pine for-
est soils may be derived from ectomycorrhizal fungi (Olsson,
1999), which are known to be dominant colonisers of the
Pinaceae family (Smith and Read, 1997). Furthermore, Salas
et al. (2003) found a correspondence between fungal coloni-
sation and POM-P, which indicated that the dynamics of this
macroorganic matter may significantly influence P cycling and
that the P contained in this OM pool may have a significant ef-
fect on P availability. It may be interesting to focus further
studies on the dynamics of POM-P and fungal biomass, while

considering that the availability of P is the main factor limiting
tree growth, because of the strongly acidic nature of the soils
in northern Spain (Sanchez-Rodríguez et al., 2002). Martínez
de Arano (2001) reported P-Olsen levels below 5 mg kg−1 and
P-HCl levels below 150 mg kg−1 for 70% of forests studied
in the Basque Country, probably because of (i) the low sol-
ubility of phosphate at the low pH values of the soils under
study, and (ii) phosphate sorption onto reactive surfaces of
variable charge compounds (e.g., Fe and Al oxyhydroxides)
(Lajtha and Schlesinger, 1988). Such deficiencies may explain
the very high phosphatase activities observed in the present
study, associated with the negative relationship between phos-
phatase activity and total P in different forests (Olander and
Vitousek, 2000, Waldrop et al. 2003). Since phosphatase activ-
ity is related to soil organic matter (Santruckova et al., 2004),
the soil microbial community appears to invest much energy in
the production of this enzyme and in acquisition of inorganic
P for microbial growth (Clarholm, 1993).

Bulk densities were significantly higher in the oak and
beech stands than in the mature pine stand. This may be at-
tributed to a combination of higher grazing intensity in semi-
natural stands and higher compacting forces produced by the
roots themselves (Greacen and Sands, 1980); however, the dif-
ferences in bulk densities were not reflected in water contents
at field capacity, wilting point, 10% air-filled porosity or soil
strength at 3 Mpa. Furthermore, LLWR -defined as an index
of soil quality for plant growth- was very similar in all ma-
ture stands and higher than the values reported by Leao et al.
(2006) for native Cerrado forest in Brazil.

4.3. Logging effect on soil properties

The effects of removal of soil organic matter and alteration
of soil physical structure induced by logging were very pro-
nounced in the youngest Pinus radiata stand, at 3 y after es-
tablishment. Total C and some chemical parameters related
to SOM, such as CEC, were significantly lower in this stand
than in the other stands. The observed decrease in microbial
biomass was consistent with the removal of organic matter
(Hasset and Zak, 2005), and it is known that increased in-
tensity of physical disturbance causes a decrease in fungal
biomass (Gattinger et al., 2002). The bacterial community
also shifted in the recently logged stand and there was an in-
crease in abundance of Gram-positive bacterial PLFA with a
concomitant decrease in Gram-negative bacterial PLFA. The
present results are consistent with those of previous studies
carried out in different ecosystems (Margesin et al., 2003;
2007), and can be explained by differences in microbial popu-
lations in terms of patterns of growth and reproduction. Gram-
positive soil bacteria are able to use more complex carbon
sources, such as mature SOM, and survive in resource-limited
ecosystems (K strategist); however, Gram-negative bacteria
rely on recent, easily degradable carbon sources (plants) and
grow under substrate-rich conditions (r strategists). Dale et al.
(2008) also reported higher Gram-positive PLFA indices in
pine forests with moderate- and heavy-intensity military use
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in Georgia, USA, and Siira-Pietikainen et al. (2001) concluded
that the PLFA pattern was a sensitive indicator for identifying
stress conditions induced by harvesting and mechanical site
preparation in microbial communities, resulting from harvest-
ing of spruce forests in Finland.

Soil physical properties were significantly altered by log-
ging operations, even 16 y after plantation establishment.
Compaction produced by vehicles used in the forest opera-
tions was still evident in the 16 y pine stand in comparison
with the mature unlogged pine stand. Changes in soil structure
are reflected in water content and gas diffusion, and therefore
in plant growth (da Silva and Kay, 2004). As expected, wa-
ter content at 10% air-filled porosity decreased with increasing
bulk density, and water content at field capacity also decreased
with decreasing soil organic matter.

The results obtained show that LLWR was more effective
than AWC in terms of reflecting changes in soil strength, pore
size ditribution and water retention in a meaningful single pa-
rameter. Similar values of LLWR to those obtained for pine
(3 y) were reported for grazed pasture (Leao et al., 2006) and
even lower values in soils under wheel tracks (Chan et al.,
2006). Soils with a narrow LLWR are vulnerable to the effects
of both drought and heavy rainfall (da Silva and Kay, 1997b),
and Benjamin et al. (2003) found that narrow LLWR may re-
duce the potential of a soil to support plant growth. The least
limiting water range may therefore be a sensitive indicator of
soil quality for plant growth and protection of water.

4.4. Identifying key soil properties

The ocurrence of singularities and multi-colinearities when
all the indicators were used in the analysis were solved by use
of the stepwise discriminant method (Stevens, 2002). More-
over, when groups are defined a priori (as in this study), step-
wise discriminant analysis is better than another commonly
used method to describe multivariate data, namely Principal
Component Analysis (PCA) (Tabachnik and Fidell, 2001). The
seven soil properties selected by discriminant function analy-
sis represent the range of ecological indicator types that were
surveyed in the present study: soil physical, chemical and bi-
ological properties. Water content at field capacity was con-
sistently correlated with soil organic matter, and water content
at 10% air-filled porosity with bulk density. The stretched at-
tribute vector analysis revealed that these physical parameters
correspond to mature stands, which reflects the influence of
logging operations on both soil organic matter and soil physi-
cal structure. A shift in soil microbial community was apparent
in the recently logged pine stand, and thus the ratio of Gram-
positive/Gram-negative bacteria appears to be a promising mi-
crobial indicator for detecting changes caused by forest man-
agement. The presence of phosphorus in discriminant function
analysis reflects nutritional stress in the forest ecosystems. The
results suggest that an adequate minimum dataset for evaluat-
ing the sustainability of forest management should reflect this
diversity.

5. CONCLUSIONS

Development of sustainable forestry practices and credi-
ble certification systems relies on continuous monitoring of
indicators. The National Forest Inventory (NFI), which is
the only monitoring programme existing in Spain, provides
information on the development of aboveground forest re-
sources. However, assessment of the sustainability of forest
management requires soil-based sustainability indicators be-
cause forestry affects soil systems. The conclusions reached in
the present study could be used as a starting point for planning
soil monitoring programmes.

Since the values of many soil properties, especially soil bi-
ological properties, decreased within the soil profile, the upper
5 cm of the mineral horizon may be recommended as the most
appropriate for evaluating changes related to forest manage-
ment. Discriminant function analysis revealed that a diverse
set of ecological indicators may be needed to assess the sus-
tainability of forest management. Parameters such as the ra-
tio of Gram-positive/Gram-negative bacteria, water content at
field capacity and concentration of phosphorus may be respon-
sive to logging operations. LLWR may be effective for reflect-
ing changes in soil strength, pore size distribution and water
retention in a meaningful single parameter. PLFA fingerprints
(i.e. fungal biomarkers) were also able to detect more subtle
shifts in soil function, probably due to changes in litter quality
and quantity.

All of these properties may be valuable and complemen-
tary tools that provide insights into soil ecosystem processes.
However, good indicators of forest sustainability should relate
to a benchmark or target that defines a sustainable level, and
further studies are needed in temperate forest ecosystems to
assess natural boundaries of variation and the resilience of soil
properties.
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