
ORIGINAL PAPER

Factors determining enzyme activities in soils under Pinus halepensis
and Pinus sylvestris plantations in Spain: a basis for establishing
sustainable forest management strategies
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Abstract
& Key message Water availability and soil pH seem to be major constraints for enzyme activities in calcareous soils under
Pinus halepensis and acidic soils under Pinus sylvestris plantations respectively. Proposals for improving enzyme activities
may include the promotion of broadleaf species to increase soil pH and the modulation of stand density or the imple-
mentation of soil preparation techniques to facilitate water infiltration.
& Context Soil enzymes play a key role in nutrient turnover in forest ecosystems, as they are responsible for the transformation of
organic matter into available nutrients for plants. Enzyme activities are commonly influenced by temperature, humidity, nutrient
availability, pH, and organic matter content.
& Aims To assess the differences between enzyme activities in calcareous soils below Pinus halepensis and acidic soils below
Pinus sylvestris plantations in Spain and to trace those differences back to edapho-climatic parameters to answer the questions:
Which environmental factors drive enzyme activities in these soils? How can forest management improve them?
& Methods The differences in climatic, soil physical, chemical, and biochemical parameters and the correlations between these
parameters and enzyme activities in soils were assessed.
& Results Low pH and high level of phenols in acidic soils underPinus sylvestris and water deficit in calcareous soils under Pinus
halepensis plantations appeared to be the most limiting factors for enzyme activities.
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& Conclusion Options such as the promotion of native broadleaf species in the Pinus sylvestris stands and the modulation of
Pinus halepensis stand density or the implementation of soil preparation techniques may improve enzyme activities and,
therefore, nutrient availability.

Keywords Dehydrogenase . Catalase . Phosphatase . Urease . FDA hydrolysis reaction

1 Introduction

Research on nutrient dynamics is vital to understanding forest
ecosystem dynamics (Muscolo et al. 2007). Soil enzyme ac-
tivities play a key role in the catalytic reactions involved in
organic matter decomposition and nutrient cycling by regulat-
ing carbon, nitrogen, and phosphorous turnover, which then
regulates the availability of these nutrients to plants. They are
also responsible for the humification of the organic matter in
soils. Enzymes in soils are mainly produced by bacteria and
fungi (Burns 1978; Sinsabaugh 1994), but also by plant roots
and animals (Bloem et al. 2006; Tabatabai 1994). Soil micro-
bial biomass is considered the “eye of the needle” through
which all organic material in soil must pass (Jenkinson
1977). Soil enzyme activities are positively related to soil
organic matter and responsible for soil quality, crop produc-
tivity, and energy transfer (Tabatabai 1994). Soil enzymes
have the potential to respond rapidly to environmental chang-
es and serve as indicators of health and quality in planted and
natural ecosystems (Bloem et al. 2006).

As an active component of soil organic matter, microbial
biomass participates in the transformations and accumulation
of nutrients in soil and serves as a goodmeasurement of organic
matter turnover and biological activity in forest and agricultural
ecosystems (Bueis et al. 2016; Gartzia-Bengoetxea et al. 2009).
Enzyme activities and soil microbial biomass have been pro-
posed as suitable indicators of nutrient availability (Yang et al.
2012) and soil quality (Muscolo et al. 2015) because of their
relation to soil biology and their quick reaction to changes
(Bandick and Dick 1999; Das and Varma 2011; Llorente and
Turrion 2010; Muscolo et al. 2007). Consequently, biochemical
parameters have been included in models to predict Pinus
halepensis and Pinus sylvestris productivity in Spanish planta-
tions (Bueis et al. 2017b; Bueis et al. 2016).

Decomposition of organic matter is an important process
through which nutrients are released into soil. It affects eco-
system productivity, particularly in forests and nutrient-poor
ecosystems (Muscolo et al. 2007), such as those of the
Mediterranean. Nutrient release from plant litter takes place
through the enzymatic activities of microorganisms in the soil
and depends on several complex and interacting mechanisms.
Besides, enzymatic activities are also responsible for the or-
ganic matter stabilization through the humification process.
Humus improves the soil water and nutrient retention, pre-
sents a hormonal role for plants, acts as a filter for contami-
nants, and also presents soil pH buffering capacity.

Soil enzymes catalyze the main reactions involved in nu-
trient cycles and then serve as sensitive indicators of soil fer-
tility (Burns 1978; Nannipieri et al. 2002) and provide inte-
grated information about soil function as they catalyze a wide
variety of reactions involved in biological processes, especial-
ly dehydrogenase, urease, and phosphatase (Nannipieri et al.
2002). The individual enzymes most often used in bibliogra-
phy as soil fertility indicators are dehydrogenase, fluorescein
diacetate hydrolysis reaction, urease, and phosphatase activi-
ties (Gil-Sotres et al. 2005). Therefore, these enzyme activities
have been included in this study. Additionally, catalase, an
intracellular enzyme with detoxifying activity, has been in-
cluded as a useful indicator of detoxifying needs in soils
(Garcia and Hernandez 1997).

Most enzymes catalyze reactions inside living cells (intracel-
lular enzymes), but many others function outside the cell (ex-
tracellular enzymes). Intracellular enzymes are also released
when cells die and, together with extracellular enzymes, can
be stabilized with organo-mineral complexes, enabling them
to remain active for long periods of time (Bloem et al. 2006).

The fluorescein diacetate hydrolysis reaction reflects all
hydrolytic activity in soil (Alef and Nannipieri 1995). It has
been used as an indicator of general microbial activity in soil
(Bandick and Dick 1999) and may provide detailed informa-
tion about changes in soil organic matter dynamics.

Dehydrogenases are the main oxidoreductase enzymes that
oxidize organic compounds in soils by transferring electrons
between substrates and acceptors (Das and Varma 2011). They
are used as indicators of microbial redox systems and consid-
ered a measure of microbial oxidative activities in soils (Burns
1978; Tabatabai 1994). Dehydrogenase activity is broadly
used as an indicator of biological activity in soils (Casida
et al. 1964). It reflects the activity of a group of enzymes that
are present inside cells and do not accumulate outside the cell
(Tabatabai 1994).

Phosphatases have an essential function in the P cycle
(Burns 1978), as they catalyze the hydrolysis of organic forms
of P into inorganic forms that are available to plants (Alef and
Nannipieri 1995). A negative correlation is usually found be-
tween P availability and phosphatase activity due to the neg-
ative feedback of phosphorus concentration on enzyme activ-
ity (Olander and Vitousek 2000). Phosphatase activity plays a
crucial role in the P cycle (Burns 1978) and is correlated to P
stress and plant growth. In P-deficient soils, acid phosphatase
secretion from plant roots increases to enhance phosphate
availability to plants (Nannipieri et al. 2011).
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Urease, an extracellular enzyme that catalyzes the hydroly-
sis of urea to NH3 and CO2 (Das and Varma 2011), accounts
for up to 63% of total enzyme activity in soil (Martínez-
Salgado et al. 2010) and is often used as a soil biological
indicator because of its high sensitivity to changes induced
by external factors.

The relationships between microbial activities and environ-
mental factors such as soil chemistry, climate, or vegetation
are crucial to understanding how ecosystems function. The
aims of this study were (1) to assess the differences in the
fluorescein diacetate hydrolysis reaction and dehydrogenase,
acid and alkaline phosphatase, urease (most often used as soil
fertility indicators), and catalase activities (indicative of detox-
ifying needs) between two contrasting soil types in Spain (cal-
careous soils under Pinus halepensis Mill. and acidic soils
under Pinus sylvestris L. plantations) and (2) to trace those
differences back to edapho-climatic parameters by means of
the study of the correlations of these enzyme activities and
environmental parameters on each of the contrasting soils
studied separately to answer the questions: Which environ-
mental factors drive enzyme activities in these soils? How
can forest management improve those limiting factors?

2 Material and methods

2.1 Study area

The study took place in the forests of the Castile and Leon
region of northern Spain. Specifically, the researchwas carried
out in 32 plots on Pinus halepensis plantations belonging to
the Spanish National Forest Inventory (located in the center of
Castilla y León; Table 1) and 35 plots on Pinus sylvestris
plantations belonging to the Sustainable Forest Management
Research Institute (located in the north of Castilla y León;
Table 2). Stand ages ranged from 28 to 54 years in Pinus
sylvestris plots and from 45 to 61 years in Pinus halepensis
plots. Stand density data (trees ha−1) was extracted from the
3rd Spanish National Forest Inventory for Pinus halepensis
and was determined in the field for Pinus sylvestris plots.
Pinus sylvestris plots are located at an average altitude of
1067 m above sea level and Pinus halepensis plots at
821 m.a.s.l.

Lithology in Pinus sylvestris plots is composed of
quarzitic gravels with a sandy-clay matrix while in Pinus
halepensis plots is composed of limestone and marl (IGME
1975). Soils in the areas studied are classified as
inceptisols but present contrasting characteristics. Under
the Pinus sylvestris plantations, soils are highly acidic
(pH ranging from 3.7 to 5.6) and P availability is very
low because it has been immobilized in insoluble Fe and
Al compounds (Bueis et al. 2016). Under Pinus halepensis
plantations, soils are calcareous (pH ranges from 8.0 to

8.9) and P availability is even lower because P forms in-
soluble calcium phosphates in these soils. These soils pres-
ent a high amount of organic matter as it is usual in forest
soils and total nitrogen contents are low. Texture of acidic
soils under Pinus sylvestris plots is mainly sandy-clay-
loam while calcareous soils under Pinus halepensis plots
mainly present a clay-loam textural class.

Both areas suffer from summer drought (mean hydric
deficit of 254 mm for Pinus halepensis stands and
133 mm for Pinus sylvestris stands); mean annual temper-
ature was 9.6 °C and mean annual precipitation 734 mm
in Pinus sylvestris stands, while Pinus halepensis stands
presented a mean annual temperature of 11.7 °C and mean
annual precipitation of 456 mm.

Table 1 Location and main characteristics of the 32 plots in Pinus
halepensis plantations (UTM Projection in meters; Datum ETRS89)

Plot name UTM_X UTM_Y Altitude (m) Slope (%)

6 332,891 4,639,793 801 15

7 332,891 4,638,793 816 27

8 336,891 4,636,793 836 28

9 332,891 4,634,793 810 15

25 331,891 4,632,793 804 30

43 320,891 4,626,793 827 33

107 321,891 4,617,793 803 20

144 367,892 4,622,793 844 54

156 366,892 4,616,793 835 35

202 329,891 4,604,793 811 24

223 348,891 4,612,793 820 33

228 346,891 4,609,793 775 12

233 369,892 4,607,793 791 39

375 376,892 4,612,793 779 30

376 393,892 4,617,793 801 35

496 411,891 4,603,793 801 35

662 372,892 4,655,793 856 40

664 387,892 4,667,793 861 23

712 366,891 4,584,793 788 38

717 355,892 4,638,794 854 0

718 356,892 4,638,794 856 0

723 352,892 4,637,793 855 0

771 385,892 4,631,793 825 31

786 403,892 4,630,793 915 21

864 359,891 4,574,793 781 17

1237 389,892 4,638,793 860 55

1245 381,892 4,626,793 829 11

2057 356,892 4,628,793 779 20

2063 355,892 4,624,793 776 5

2070 370,892 4,621,793 846 40

2108 377,892 4,616,793 769 25

2136 402,892 4,620,793 881 25
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2.2 Climatic data

The Digital Climatic Atlas for the Iberian Peninsula pro-
vided precipitation and temperature data for each plot
(Ninyerola et al. 2005), which was used to calculate
annual total precipitation, mean annual temperature,
and hydric deficit for the plots. Hydric deficit was cal-
culated as the sum of the differences between monthly
potential evapotranspiration and precipitation for the
months when potential evapotranspiration was higher
than actual precipitation.

2.3 Sampling and soil analysis

Sampling points were established 5 m N, S, E, and W from the
center of each plot. A composite sample of about 1 kg of min-
eral soil until 10 cm depth was collected from the four sampling
points per plot after removing the organic horizon on top of it.

Soil samples were air-dried and sieved (2 mm mesh) to
determine physical, chemical, and biochemical parameters.
The preferred soil storage method prior to biochemical soil
analyses is the conservation at field moist condition for less
than 15 days at 4 °C (Alef and Nannipieri 1995). However,
this preference varies among different countries depending on
climate. Thus, Sweden and Finland usually freeze samples at
− 20 °C, the UK, Denmark, Germany, and Switzerland prefer
to store samples at 4 °C while in Italy, samples are air-dried
(Bloem et al. 2006). Air-drying of soil samples provokes the
death of soil organisms not adapted to hydric deficit (Mondini
et al. 2002) but may be a proper alternative in areas subjected
to summer drought, where microorganisms may be physiolog-
ically adapted to seasonal dryness (Zornoza et al. 2007).
Moreover, several studies have found that microbial biomass
content and enzyme activities determined on air-dried samples
were representative of those detected using field-moist soil
(Bandick and Dick 1999; Zornoza et al. 2007).

Total C and total Nwere ascertained through dry combustion
using a LECO CHN 2000 analyzer. In soils with carbonates,
total organic carbon was calculated as the difference between
total and carbonate carbon. Soil total carbonates were deter-
mined by using of 1 M HCl titrated with 0.5 M NaOH
(Bashour and Sayegh 2007). The Walkley and Black (1934)
method was applied to analyze easily oxidizable C.
Exchangeable cations (Ca, Mg, K, and Na) were analyzed by
extraction with 1 M ammonium acetate (pH 7) and an atomic
absorption/emission spectrometer. Water-soluble phenols were
identified using the method developed by Box (1983). Soil pH
was determined in a 1:2.5 (soil:water) suspension. Available P
was extracted with anion exchange membranes (Turrión et al.
1997) and P content in theHCl extracts was determined through
colorimetry, following the Murphy and Riley (1962) method.

The Isermeyer (1952) method was applied to determine the
mineralizable C which is a quantification of the soil microbial
metabolic activities (Nannipieri et al. 2002). It is estimated
through the incubation of soil in closed jars and themensuration
of the amount of CO2 produced during organic matter oxidation
at optimal conditions (Alef and Nannipieri 1995). Microbial
biomass constitutes the most active part of soil organic matter.
It is composed of living microorganisms that take part in nutri-
ent mineralization and nutrient immobilization and act as a
nutrient pool which are released and become available for
plants and other microorganisms after their death (Duchaufour
1984; Jenkinson and Ladd 1981). Microbial biomass C, N, and
P were determined using the fumigation-extraction method de-
scribed by Vance et al. (1987). Fumigation was followed by

Table 2 Location and main characteristics of the 35 plots in Pinus
sylvestris plantations (UTM Projection in meters; Datum ETRS89)

Plot name UTM_X UTM_Y Altitude (m) Slope (%)

S1 356,689 4,711,709 1005 0

S2 356,510 4,718,046 1017 12

S3 346,008 4,735,864 1180 0

S4 345,449 4,732,431 1149 0

S5 356,953 4,723,227 1075 0

S6 352,284 4,724,256 1080 5

S7 370,257 4,717,777 926 0

S8 371,299 4,717,225 938 0

S9 371,111 4,716,897 928 0

S10 372,303 4,715,356 931 0

S11 356,791 4,722,980 1069 0

S12 358,125 4,712,512 981 9

S14 356,874 4,723,451 1080 0

S16 353,086 4,733,717 1153 0

S17 353,515 4,736,657 1171 3

S18 347,849 4,728,273 1095 3

S19 374,732 4,715,297 958 5

S20 341,138 4,727,330 1080 10

S21 343,309 4,731,280 1135 2

S22 344,755 4,731,657 1139 3

S23 344,069 4,729,889 1118 5

S24 344,273 4,727,795 1103 2

S25 343,114 4,726,676 1086 0

S26 340,167 4,724,006 1068 2

S27 340,347 4,724,323 1062 0

S28 341,275 4,721,130 995 8

S29 344,662 4,728,832 1106 3

S30 345,725 4,733,054 1180 0

S32 343,620 4,729,463 1103 0

S35 341,554 4,727,760 1041 0

S36 344,540 4,729,354 1103 3

S37 345,010 4,728,213 1076 2

S38 344,987 4,728,181 1080 0

S40 345,075 4,728,213 1078 3

S45 345,080 4,728,126 1070 0
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extraction for P with 0.5 M NaHCO3 (pH 8.5) and P content
was determined in both fumigated and unfumigated samples
through colorimetry following the method described by
Murphy and Riley (1962). Both fumigated and unfumigated
samples also underwent extraction with 0.5 M K2SO4 for N
and C and a TOC SKALAR autoanalyzer was used to deter-
mine C and N concentrations. The calculation of microbial
biomass C, N, and P was done as the difference between the
contents of these elements in the fumigated sample minus the
content in the unfumigated sample. As some of the phospho-
rous released during fumigation is adsorbed by the soil colloid,
a correction was done basing on the addition of a known quan-
tity of phosphorous during the extraction and correcting for
recovery (Brookes et al. 1982). Metabolic quotient was also
calculated as the ratio between microbial activity and microbial
biomass (qCO2 = mineralizable C/microbial biomass C).
Metabolic quotient expresses the metabolic efficiency of soil
microorganisms (Anderson and Domsch 1993).

Soil enzyme activities involved in C, N, and P biogeo-
chemical cycles were also determined, including fluorescein
diacetate hydrolysis reaction (Alef and Nannipieri 1995), de-
hydrogenase activity (Casida et al. 1964), and alkaline phos-
phatase, acid phosphatase (Tabatabai and Bremner 1969), ure-
ase (Hofmann 1963), and catalase (Beck 1971) activities.

2.4 Statistics

Some variables were not normally distributed after the remov-
al of the outliers observed in the boxplots and even trans-
formed (see supporting information 1 and 2), and then, a
non-parametric test, the Wilcoxon-Mann-Whitney test, was
performed to all the variables studied (wilcox.test in R) to
assess whether they differed significantly in the soils under
the two species studied. The Wilcoxon-Mann-Whitney test
compares the medians of the studied groups. Median absolute
deviation (MAD)was also calculated (in R:mad) as a measure
of data dispersion:

MAD ¼ median xi−median xð Þj jð Þ

Correlations between variables were studied using
Spearman’s correlation coefficient (in R: cor.test,

method = “spearman”) and principal component analysis
(in R: princomp). Statistical analyses were performed with
R software.

3 Results

Table 3 shows climatic and stand density data for the forest
plots studied. Pinus halepensis plots had significantly higher
mean annual temperature and hydric deficit than Pinus
sylvestris plots, which presented significantly higher total pre-
cipitation and stand density.

No significant difference was detected between the two soil
types in cation exchange capacity and total nitrogen (see
Table 4). In the acidic soils, pH, K, Ca, and Mg were higher
than in the calcareous soils. In contrast, easily oxidizable C,
available P, total organic C to total N ratio, and water-soluble
phenols were significantly higher in the acidic soils than in the
calcareous soils.

Table 5 shows that no significant differences in fluorescein
diacetate hydrolysis reaction were found in the soils under the
two species. However, microbial biomass C and N and dehy-
drogenase, urease, and catalase activities were significantly
higher in the calcareous soils under Pinus halepensis. We
found no significant differences in alkaline phosphatase activ-
ity for the soils under each species, but acid phosphatase ac-
tivity, mineralizable C, microbial biomass P, and qCO2 were
significantly higher in the acidic soils under Pinus sylvestris.

The correlations between enzyme activities and microbial-
related parameters are reported in Table 6 for Pinus halepensis
plots and Table 8 for Pinus sylvestris plots.

In the calcareous soils under Pinus halepensis, microbial
biomass C and N and mineralizable C were significantly cor-
related to all the enzyme activities studied except acid phos-
phatase. Only catalase and dehydrogenase activities were sig-
nificantly correlated to microbial biomass P. No significant
correlation was found between enzyme activities and Mg, K,
pH, and mean annual temperature (Table 6) and acid phospha-
tase only correlated with easily oxidizable C, total precipita-
tion, and hydric deficit. Other enzyme activities (fluorescein
diacetate hydrolysis reaction and dehydrogenase, alkaline
phosphatase, urease, and catalase) were significantly

Table 3 Median values (and median absolute deviation in parenthesis) for climatic and stand density data of studied plots in Pinus sylvestris (n = 35)
and Pinus halepensis (n = 32) plantations and p values of the Wilcoxon-Mann-Whitney test

Pinus halepensis Pinus sylvestris p value

Mean annual temperature (°C) 12.0 (0.2) 9.4 (0.3) < 0.0001

Total precipitation (mm) 448 (20.0) 755 (44.5) < 0.0001

Hydric deficit (mm) 256 (17.5) 125 (4.6) < 0.0001

Stand density (trees ha−1) 766 (477) 1033 (371) 0.02
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correlated with organic matter and nutrient-related parameters
such as easily oxidizable C, total organic C to total N ratio,
available P, total N, cation exchange capacity, and Ca.
Significant correlations were also found between total precip-
itation and all enzyme activities except catalase. All enzyme
activities except urease were significantly correlated to hydric
deficit, but only alkaline phosphatase and catalase were sig-
nificantly correlated to water-soluble phenols.

In the principal component analysis performed to the
variables studied in calcareous soils under Pinus
halepensis, the first two principal components accounted
for more than 50% cumulated variance of the data. Table 7
presents the loadings of the variables in relation to the first
two principal components. As can be seen in Table 7, the
first principal component is negatively correlated to most
biochemical parameters (enzyme activities such as fluores-
cein diacetate, dehydrogenase, urease, and catalase; micro-
bial biomass C and N; mineralizable C) and nutrient-
related parameters (cation exchange capacity, easily oxi-
dizable C, available P, total N, and Ca). According to
Fig. 1, which represents the biplot, biochemical parameters
(enzyme activities, microbial biomass, and mineralizable
C) and nutrient-related parameters are strongly correlated.

The first principal component is correlated as well to hy-
dric deficit and mean annual temperature and, therefore,
biochemical and nutrient-related parameters are negatively
correlated to mean annual temperature and hydric deficit,
as previously observed in Spearman’s correlations.

With the exception of fluorescein diacetate hydrolysis re-
action, a different trend was observed in the enzyme activities
in acidic soils under Pinus sylvestris (Table 8), where dehy-
drogenase, acid phosphatase, and catalase were not signifi-
cantly correlated to organic matter or nutrient-related param-
eters (easily oxidizable C, total organic C to total N ratio,
available P, total N, cation exchange capacity, Ca, and K).
Significant correlations between fluorescein diacetate hydro-
lysis reaction and microbial biomass C, N, and P and qCO2

were found, but catalase, urease, and dehydrogenase were
significantly correlated to mineralizable C. Significant corre-
lations were also found between alkaline phosphatase and
microbial biomass P. Urease was significantly correlated to
microbial biomass C and N and mineralizable C, and we
found significant correlations between water-soluble phenols
and fluorescein diacetate hydrolysis reaction and dehydroge-
nase and catalase activities. Catalase and urease activities were
also significantly correlated to pH.

Table 4 Median values (and
median absolute deviation in
parenthesis) for soil variables in
Pinus sylvestris (n = 35) and
Pinus halepensis (n = 32)
plantation plots and p values of
the Wilcoxon-Mann-Whitney test

Pinus halepensis Pinus sylvestris p value

Cation exchange capacity (cmol(+) kg
−1) 20.4 (3.3) 19.6 (2.8) 0.07

Easily oxidizable C (%) 1.54 (0.59) 2.26 (0.59) 0.0003

Available P (mg kg−1) 2.23 (1.09) 3.62 (1.93) < 0.0001

Total N (%) 0.13 (0.06) 0.13 (0.03) 0.39

Total organic C to total N ratio 14.5 (5.4) 30.4 (4.8) < 0.0001

pH 8.4 (0.2) 4.5 (0.4) < 0.0001

K (cmol(+) kg
−1) 0.70 (0.23) 0.17 (0.04) < 0.0001

Ca (cmol(+) kg
−1) 16.60 (2.90) 0.73 (0.58) < 0.0001

Mg (cmol(+) kg
−1) 2.82 (1.73) 0.09 (0.09) < 0.0001

Water-soluble phenols (μg TAE g−1) 25.0 (22.2) 70.0 (29.7) < 0.0001

Table 5 Median values (and
median absolute deviation in
parenthesis) for microbial and
enzymatic variables in Pinus
sylvestris (n = 35) and Pinus
halepensis (n = 32) plantation
plots and p values of Wilcoxon-
Mann-Whitney test

Pinus halepensis Pinus sylvestris p value

Fluorescein diacetate hydrolysis reaction (μg g−1 h−1) 20.3 (9.0) 17.7 (9.4) 0.50

Dehydrogenase activity (μg g−1 h−1) 8.2 (4.0) 0.6 (0.3) < 0.0001

Urease (μg N h−1 g−1) 71.3 (35.7) 38.2 (25.7) < 0.0001

Acid phosphatase activity (μg g−1 h−1) 4.0 (2.8) 7.6 (5.6) 0.001

Alkaline phosphatase activity (μg g−1 h−1) 5.4 (3.4) 5.0 (6.1) 0.92

Catalase (O2 3 min−1 g−1) 1.1 (0.3) 0.6 (0.3) < 0.0001

Mineralizable C (mg C-CO2 kg
−1 week−1) 31.2 (11.0) 51.4 (20.4) < 0.0001

Microbial biomass C (mg C kg−1) 184.0 (64.0) 112.9 (51.6) < 0.0001

Microbial biomass N (mg N kg−1) 25.4 (12.6) 12.9 (5.8) < 0.0001

Microbial biomass P (mg P kg−1) 7.1 (4.7) 10.6 (4.8) 0.01

Metabolic quotient (mg C-CO2 week
−1 mg C−1) 0.2 (0.0) 0.6 (0.3) < 0.0001
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In the principal component analysis of variables studied
in acidic soils under Pinus sylvestris plantations, the first
two principal components accounted for almost 60% of cu-
mulated variance. Table 9 presents the loadings of the var-
iables studied in relation to the first two principal compo-
nents. According to Table 9, the first principal component is
negatively correlated to some biochemical parameters relat-
ed to microbial biomass and activity (microbial biomass C,
N, P, and mineralizable C), to some nutrient-related param-
eters (total N, available P, K, Ca, Mg), and to pH. The sec-
ond principal component is positively correlated to the fluo-
rescein diacetate hydrolysis reaction and some nutrient-
related parameters (cation exchange capacity, easily oxidiz-
able C) and negatively correlated to water-soluble phenols
and hydric deficit. Figure 2 presents the biplot of the first
two principal components in acidic soils under Pinus
sylvestris plantations. According to Fig. 2, fluorescein
diacetate hydrolysis reaction, which represent the total mi-
crobial hydrolytic activity in soils, is positively correlated to
microbial biomass C, N, and P and negatively correlated to
the amount of water-soluble phenols and metabolic quo-
tient, as previously observed in Spearman’s correlations.

Data availability The datasets generated during and/or ana-
lyzed during the current study are available in the Zenodo
repository, URL: http://zenodo.org/record/345791#.
WdymSDDtaUl (Bueis et al 2017c).

4 Discussion

4.1 Enzymatic and microbial activities

Our results indicate that soil enzymatic activities (dehydro-
genase, urease, and catalase) and microbial biomass C and
N tended to be higher in the calcareous soils under Pinus
halepensis than in the acidic soils under Pinus sylvestris.
Each forest species has different nutrient release and humi-
fication patterns that depend on litter quality and environ-
mental factors. In our case, litter quality is similar: both
forest ecosystems presented Pinus species with similar
chemical composition in leaves, similar strategies for nutri-
ent conservation in their tissues, and similar decomposition
rates when other conditions affecting the process remained
constant (Berg 2014; Bueis et al. 2017a; Carrasco et al.
2017; Cobertera 1993). Litter C/N ratio is very high in co-
niferous species and such is in these Pinus species
(Cobertera 1993). The litter half-life of the studied species
is about 24 months (Bueis et al. 2017a) and then, litter ac-
cumulates in the forest floor with an average thickness of
4 cm (unpublished results). Environmental factors must
therefore be responsible for the differences in nutrient re-
lease and humification processes between the two types of
soil. Our results indicated differences in climatic and edaph-
ic properties between the two soil types. Correlations be-
tween enzymatic activities, microbial parameters, and

Fluorescein diacetate
hydrolysis reaction

Dehydrogenase
activity

Acid
phosphatase

Alkaline
phosphatase

Urease Catalase

Mineralizable C 0.57 ** 0.68 *** – 0.51 ** 0.52 ** 0.61 ***

Microbial biomass C 0.80 *** 0.71 *** – 0.45 * 0.75 *** 0.71 ***

Microbial biomass N 0.83 *** 0.73 *** – 0.46 ** 0.76 *** 0.72 ***

Microbial biomass P – 0.36 * – – – 0.42 *

Metabolic quotient – – – – − 0.36* –

Easily oxidizable C 0.70 *** 0.73 *** 0.37 * 0.49 ** 0.69 *** 0.83 ***

Total organic C to total N ratio 0.37 * – – – – –

Available P 0.59 *** 0.68 *** – – 0.51 ** 0.74 ***

Total N 0.38 * 0.51 ** – 0.37 * 0.47 ** 0.67 ***

Cation exchange capacity 0.39 * 0.52 ** – 0.51 ** 0.68 *** 0.76 ***

Ca 0.53 ** 0.56 ** – 0.43 * 0.48 ** 0.72 ***

Mg – – – – – –

K – – – – – –

pH – – – – – –

Water-soluble phenols – – – 0.40 * – 0.44 *

Mean annual temperature – – – – – –

Total precipitation 0.36 * 0.49 ** 0.46 ** 0.44 * 0.36 * –

Hydric deficit − 0.45 * − 0.49 ** − 0.46 ** − 0.38 * – − 0.36 *
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environmental factors (soil and climatic characteristics) can
help us in understanding the behavior of these soils.

Dehydrogenase activity was almost fifteen times lower in
the acidic soils than in the calcareous soils. Since these en-
zymes intervene in soil processes that create metabolic path-
ways for soil microorganisms, they may give some idea of the
potential of the soil to harbor biochemical activities which are
crucial to soil fertility and health (Das and Varma 2011). The
dehydrogenase enzyme is also frequently used as a direct
measure of soil microbial activity in relation to mineralization
and the formation of humic substances.

Many factors affect enzymatic activities in soils (Tabatabai
1994). Our results showed significant positive correlations of
dehydrogenase, urease, and catalase activities with mineraliz-
able C for both soil types when studied separately (Tables 6
and 8). Several authors have found significant correlations
between enzyme activities and microbial biomass C and N
and mineralizable C (García et al. 1994; Muscolo et al.
2015). In laboratory conditions, mineralizable C values were
significantly higher in acidic soil than in calcareous soil which
may be due to the significantly higher easily oxidizable C in
these stands. Enzyme activities are also highly correlated to

soil organic matter, which constitutes the energy source for
microorganisms and can also contain stabilized enzymes
(Alef and Nannipieri 1995; Lucas-Borja et al. 2012). We
found significant positive correlations of dehydrogenase, ure-
ase, and catalase activities with easily oxidizable C in the
calcareous soils, but not in the acidic soils studied. As easily
oxidizable C increases in soil, so does microorganism activity
and the decomposition rate of organic matter. This is reflected
in soil respiration, indicating that dehydrogenase is positively
correlated with easily oxidizable C content. The quality of
organic matter, represented by total organic C to total N ratio,
correlated significantly with urease activity in the acidic soils
under Pinus sylvestris. Urease activity in this soil is therefore
determined by N availability, as indicated by total N and total
organic C to total N ratio, but not by the amount of organic
matter (Alef and Nannipieri 1995; McCarty et al. 1992).

Acid phosphatase was significantly higher in the acidic
soils under Pinus sylvestris, but alkaline phosphatase did not
differ significantly between the two soil types. Acid phospha-
tase is usually higher in acidic soils, while alkaline phospha-
tase prevails in alkaline soil, but they can coexist (Burns
1978). Our results showed very low available P concentration
in both soils. Phosphorus availability limits microbial biomass
in some forest ecosystems (Scheu 1990) because P is
immobilized by Al and Fe sesquioxides at low pH and by
Ca at high pH (Gallardo and Schlesinger 1994). We found
microbial biomass P to be three times higher than available
P in both soils. Available P and microbial biomass P were also
significantly higher in the acidic soils under Pinus sylvestris
than in the calcareous soils studied. This suggests a high de-
gree of P immobilization by microorganisms, which limits
available P to plants but could be important for organic P
mineralization in these Mediterranean forest soils.

In the acidic soils under Pinus sylvestris, significant
correlations were found between urease and catalase activ-
ities and pH. Significant negative correlations were also
found between fluorescein diacetate hydrolysis reaction,
which is used as an indicator of general microbial activity
in soil (Bandick and Dick 1999), and the concentration of
water-soluble phenols. Low pH is known to limit bacterial
communities (Blagodatskaya and Anderson 1998) and
high water-soluble phenols can inhibit enzymatic activi-
ties. In the acidic soils under Pinus sylvestris, no signifi-
cant correlations were found between dehydrogenase ac-
tivity and microbial biomass, indicating that part of the soil
microbial biomass is inactive due to inhibitory factors such
as low pH (which limits bacterial forms) or high water-
soluble phenols, which affects the amount and activity of
soil microbial decomposers (Hattenschwiler and Vitousek
2000). It might also be related to the presence of enzymes
of plant rather than microbial origin; plant roots can also
exude enzymes and plant density was significantly higher
in Pinus sylvestris stands (see Table 3).

Table 7 Principal component analysis’ loadings for the two principal
components in Pinus halepensis plots (calcareous soils)

Component 1 Component 2

Fluorescein diacetate hydrolysis
reaction

− 0.254

Dehydrogenase activity − 0.242

Urease − 0.238

Acid phosphatase − 0.121 − 0.111

Alkaline phosphatase − 0.193

Catalase − 0.281 0.133

Cation exchange capacity − 0.274 0.211

Easily oxidizable C − 0.304

Available P − 0.243

Total N − 0.265 0.200

Total organic C to total N ratio − 0.467

Microbial biomass N − 0.275 − 0.115

Mineralizable C − 0.231 − 0.253

Microbial biomass P − 0.102

Metabolic quotient −0.292
Microbial biomass C − 0.292

Mean annual temperature 0.155

Total precipitation − 0.135 − 0.385

Hydric deficit 0.183 0.390

pH 0.111

K − 0.145 0.257

Ca − 0.255 0.199

Mg

Water-soluble phenols − 0.129 − 0.182
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Table 8 Spearman’s correlation coefficients for enzyme activities in acidic soils under Pinus sylvestris plantations and edaphic and climatic parameters
(–, not significant; *p < 0.05; **p < 0.01; ***p < 0.001)

Fluorescein diacetate
hydrolysis reaction

Dehydrogenase activity Acid phosphatase Alkaline phosphatase Urease Catalase

Mineralizable C – 0.38 * – – 0.43 * 0.52 **

Microbial biomass C 0.74 *** – – – 0.36 * –

Microbial biomass N 0.44 ** – – – – –

Microbial biomass P 0.71 *** – – 0.39 * 0.38 * –

Metabolic quotient − 0.61 *** – – – – –

Easily oxidizable C 0.73 *** – – – – –

Total organic C to total N ratio – – – – − 0.37 * –

Available P 0.64 *** – – – 0.40 * –

Total N 0.86 *** – – 0.40 * 0.37 * –

Cation exchange capacity 0.65 *** – – 0.41 * – –

Ca 0.52 ** – – – 0.58 *** –

Mg 0.44 ** – – – 0.62 *** 0.35 *

K 0.41 * – – – 0.41 * –

pH – – – – 0.64 *** 0.46 **

Water-soluble phenols − 0.37 * 0.35 * – – – 0.34 *

Mean annual temperature – – – – – –

Total precipitation – – – – – –

Hydric deficit – – – – – –

Fig. 1 Biplot of the principal
component analysis performed on
Pinus halepensis plots
(calcareous soils) [CEC, cation
exchange capacity; EOC, easily
oxidizable C; MAT, mean annual
temperature; qCO2, metabolic
quotient; Cmic, Nmic, Pmic,
microbial biomass C, N, and P;
AcPhos, AlkPhos, acid and
alkaline phosphatase; AP,
available P; FDA, fluorescein
diacetate hydrolysis reaction;
DHA, dehydrogenase activity;
C.N, total organic C to total N
ratio; Deficit, hydric deficit]
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Significant and negative correlations have also been found
between enzyme activities and hydric deficit in calcareous
soils, but not in acidic soils. Our results indicated that the
higher the hydric deficit, the lower the enzyme activity in
Mediterranean ecosystems under dry conditions such as those
of the calcareous soils studied. In the long term, decreased soil
enzyme activities will affect soil nutrient availability by reduc-
ing the nutrient supply to plants. Hydric deficit was not sig-
nificantly correlated with any enzyme activity in the acidic
soils under Pinus sylvestris, where the mean annual rainfall
was around 750mm, so hydric deficit was not a limiting factor
for enzyme activity there. Lucas-Borja et al. (2012) also found
higher microbial biomass and activities in areas with higher
precipitations in pine forests in central Spain. No significant
correlation was detected between enzyme activities and mean
annual temperature, indicating that temperature did not influ-
ence enzyme activities in the soils under either Pinus species.

The metabolic quotient (qCO2), which expresses the
amount of C released as CO2 by microbial respiration per unit
microbial biomass, was significantly higher in the soils under
Pinus sylvestris. Microorganisms use only part of the C

contained in the substrates for growth and the maintenance
of microbial structures; the rest is released into the atmosphere
as CO2. Thus, qCO2 reflects microbial efficiency and can be
interpreted as a measure of stress, because greater amounts of
CO2 are produced under stressed conditions (Gonzalez-
Quinones et al. 2011). The stressful soil conditions under
Pinus sylvestris are likely related to low pH (3.7 to 5.6), a
condition known to inhibit microbial activities.

Microbial biomass C was found to be significantly higher
in the calcareous soils under Pinus halepensis even when eas-
ily oxidizable C and available P were significantly higher in
the acidic soils under Pinus sylvestris. Correlations between
organic matter and nutrient-related parameters in soil indicate
microbial biomass dependence on an energy source and asso-
ciation with organic matter (Muscolo et al. 2015). Soil pH
strongly influences microbial biomass, activity, and composi-
tion. These results suggest that pH limits both P availability
and the bacterial community in the highly acidic soils under
the Pinus sylvestris plantations.

4.2 Forest management

Forest management for sustainability must assess measures to
improve ecosystem functioning, which crucially involves nu-
trient cycling and humification processes and the soil enzymes
responsible for them. This work provides knowledge that can
inform managerial alternatives which may improve soil nutri-
ent conditions by enhancing enzyme performance. Low pH
significantly limits enzyme activities in the acidic soils under
Pinus sylvestris plantations, but soil pH may be modified in
several ways. The most natural proposal consists of
transitioning to mixed stands by promoting the growth of na-
tive broadleaf species such as Quercus pyrenaica Willd., as
the litter inputs from this species may increase soil pH
(Marcos et al. 2010). However, further studies are needed to
confirm whether broadleaf species in these stands would ac-
tually or sufficiently increase soil pH and enzyme activities.

Enzyme activities in the calcareous soils under Pinus
halepensis plantations seem to be mainly limited by hydric
deficit. Forest management alternatives may involve modulat-
ing stand density to minimize tree competition for water
(Ameztegui et al. 2017). However, the idea should be weighed
carefully, as these stands primarily serve as protection against
erosion. Extremely low densities may threaten soil retention
and increase evaporation as more radiation reaches the soil.
Soil preparation in new afforestation projects may also im-
prove soil water availability (Querejeta et al. 2001). Creating
suitable micro-topography, especially on steep slopes, may
help water percolate into the soil where it is available for plant
roots. Again, additional studies are required to determine op-
timal stand densities and soil preparation techniques for max-
imizing water availability.

Table 9 Principal component analysis’ loadings for the two principal
components in Pinus sylvestris plots (acidic soils)

Component 1 Component 2

Fluorescein diacetate hydrolysis
reaction

− 0.185 0.306

Dehydrogenase activity − 0.136

Urease − 0.177

Acid phosphatase

Alkaline phosphatase 0.144

Catalase − 0.106

Cation exchange capacity 0.350

Easily oxidizable C 0.346

Available P − 0.265

Total N − 0.228 0.255

Total organic C to total N ratio 0.227

Microbial biomass N − 0.255

Mineralizable C − 0.203 − 0.210

Microbial biomass P − 0.224 0.217

Metabolic quotient 0.129 − 0.314

Microbial biomass C − 0.290 0.179

Mean annual temperature −0.119 − 0.243

Total precipitation 0.218 0.255

Hydric deficit − 0.200 − 0.292

pH − 0.305 − 0.132

K − 0.271

Ca − 0.320

Mg − 0.323 − 0.113

Water-soluble phenols − 0.271
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5 Conclusion

Significant differences in enzyme activities were found be-
tween the calcareous soils under Pinus halepensis plantations
and the acidic soils under Pinus sylvestris plantations. Soil
organic matter and nutrient-related parameters were signifi-
cantly correlated to most microbial parameters. The soils under
Pinus sylvestris presented low pH and high amounts of water-
soluble phenols, both of which limit the activity and composi-
tion of the microbial community. However, hydric deficit
seemed to be the most limiting factor for enzyme activities in
the calcareous soils under Pinus halepensis. Over time, de-
creased soil enzyme activity will affect mineralization and hu-
mification processes and, therefore, soil nutrient availability.

The findings from this research have informed the follow-
ing managerial proposals for improving enzyme activities in
these soils. For acidic soils under Pinus sylvestris plantations,
we suggest promoting the growth of native broadleaf species
such as Quercus pyrenaica in the stands, as litter from this
species trees may improve soil pH and thereby encourage
increased enzyme activities. For calcareous soils under Pinus
halepensis plantations, we propose taking enzyme activities
into account in decision-making for new afforestation pro-
jects, which may involve adjusting stand density and improv-
ing soil preparation to facilitate water filtration into the soil,
especially in areas with steep slopes.
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