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Abstract Microbial ecology is the key to understanding
the function of soil biota for organic matter cycling after a
single amendment of organic waste in semiarid soils.
Therefore, in this paper, the long-term effect (17 years) of
adding different doses of a solid municipal waste to an arid
soil on humus–enzyme complexes, a very stable and long-
lasting fraction of soil enzymes, as well as on microbial and
plant abundance, was studied. Humic substances were
extracted by 0.1 M pH 7 sodium pyrophosphate from soil
samples collected in experimental plots amended with
different doses of a solid municipal waste (0, 65, 130,
195, and 260 t/ha) 17 years before. The activity of different
hydrolases related with the C (β-glucosidase), N (urease),
and P (alkaline phosphatase) cycles and with the formation
of humic substances (o-diphenol oxidase) were determined
in this extract. The density and diversity of plant cover in
the plots, as well as the fungal and bacterial biomass (by
analyzing phopholipid fatty acids) were also determined. In
general, the amended plots showed greater humic sub-
stance-related enzymatic activity than the unamended plots.
This activity increased with the dose but only up to a
certain level, above which it leveled off or even diminished.
Plant diversity and cover density followed the same trend.
Fungal and bacterial biomass also benefited in a dose-
dependent manner. Different signature molecules represent-

ing gram+ and gram− bacteria, and those corresponding to
monounsaturated and saturated fatty acids showed a similar
behavior. The results demonstrate that organic amendment
had a noticeable long-term effect on the vegetal develop-
ment, humic substances-related enzyme activity and on the
development of bacteria and fungi in semiarid conditions.

Introduction

Measurements of enzymatic activity provide information
about soil microbial activity [30] and reflect the effect of
numerous factors, including climate, type of amendment,
management techniques, and type of crops. Enzymatic
activities also integrate information about edaphic proper-
ties [31] and have been considered as indicators of soil
quality due to their sensitivity to any changes that take
place therein [13].

In SE Spain, semiarid climatic conditions (where
average annual temperature and precipitation are 18°C
and 300 mm, respectively) mean that a stable plant cover
that would contribute organic matter to the soil is difficult
to establish [26]. In this scenario, the addition of organic
amendments to the soil is considered suitable because not
only does it increase the organic matter content of the soil
but it also improves its microbiological and biochemical
quality [20]. The application of organic amendments to the
soil such as of compost, sewage sludge, or municipal solid
waste (MSW) reactivates the soil’s biogeochemical cycles
[34], which involves greater enzymatic activity intervening
in these cycles. However, free enzymes normally have a
short-lived activity because they can be rapidly denatured,
degraded, or irreversibly inhibited. Extracellular enzymes
are usually associated with and protected by soil colloids,
such as clays or humic substances [11], and act as a stable
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nucleus of soil activity. These humus–enzymes exhibit a
great resistance against thermal denaturation, dehydration,
and proteolysis [30].

The addition of organic amendment is not only reflected
at the biochemical level but it also involves greater
microbial proliferation and greater vegetal development
[39] and even a change in the structure of the microbial
populations. The phospholipid fatty acid profile gives
quantitative information about community structure [14],
is used as a measure of soil microbial biomass, and is
sensitive to soil type and management [9], heavy metal
contamination [18], vegetal composition [7, 21], and
organic amendments [38]. For these reasons, the phopho-
lipid fatty acid (PLFA) profile could help to understand soil
ecology’s response to different actions or management
activities.

The aim of the present paper was to study the long-term
response of humus-associated enzymes and microbial
communities to a single application of municipal waste to
a semiarid soil. We have chosen activity measurements of
humus–enzyme complexes because these fractions repre-
sent the most important fractions of extracellular enzymes
that are stabilized and protected by organic matter [12, 30].
Activities of humus-associated enzymes involved in C-, N-,
and P-cycling should be linked to the presence or absence
of specific signature PLFAs providing information about
possible changes of microbial community composition of
this semiarid environment.

Methods

Study Area, Experimental Plot Design and Sampling

The experimental plots were located in Murcia (southeast
Spain, 38°11′53.84″ N, 1°02′33.34″ W) in an area greatly
affected by soil degradation processes such as erosion,
agricultural abandonment, scarce organic matter, etc. The
climate is Mediterranean semiarid. The mean annual rainfall
was 272.2 mm and mean annual temperature was 16.7°C.
Potential evapotranspiration reaches 1,000 mm year−1. Soil is
a Xeric Torriorthent [40]. In October 1988, 15 3×5-m plots
were established in the experimental area after a randomized
block design. This area was agricultural abandoned and the
soil was totally bare. The organic fraction of a fresh MSW
without composting or grinding was used as soil amendment,
after 15–20 days of natural stabilization. The inert and gross
components (plastics, glass) of the MSW were removed by
sieving before the remaining organic fraction was incorpo-
rated into the soil. The main characteristics of this material
are given in Table 1.

Four rates of MSW (65, 130, 195 and 260 t ha−1) were
added in triplicate to the top 20-cm soil layer using a

rotovator. The control plots (Cs) (without MSW) were also
tilled by rotovator. The MSW amendment levels were
designed to raise the soil organic matter content by 0.5%
(low amendment, L), 1.0% (medium amendment, M), 1.5%
(high amendment, H), and 2.0% (very high amendment,
VH) with regard to the C. The MSW was added to the soil
only once (in 1988), at the beginning of the experiment
(17 years before the present). The plots were sampled in the
spring of 2005. For each sampling, eight subsamples per
plot were randomly collected with hand-driven probes to a
depth of 15 cm and then mixed to constitute a single sample
per plot. The samples were sieved to <2 mm and stored at
4°C until analysis. The main characteristics of amended soil
are shown in Table 2.

Chemical Analyses

Humic substances were extracted with a 0.1-M, pH 7.1
sodium pyrophosphate solution (w/v ratio=1:10) by me-
chanical shaking for 24 h. The centrifuged and filtered (0.2-
μm Millipore membrane, Billerica, MA, USA) extracts
were dialyzed against distilled water with a membrane of
12,000–14,000 molecular weigh cut off and 25-Å pore
diameter (Visking® dialysis tube, Serva GmbH, Heidelberg,
Germany) to obtain a purified humic extract. Humic
substance C was determined in this extract by a C analyzer
for liquid samples (Shimazdu 5050A), and water-soluble
proteins were determined by the Folin–Lowry method [27].

Soil electrical conductivity and pH were measured in a
1/5 (w/v) aqueous solution in a Crison mod.2001 con-
ductivimeter and pH meter. Total organic C (TOC) was
determined by oxidation with K2CrO7 in an acid medium

Table 1 Characteristics of the organic fraction of the MSW added to
the soil

Parameter Meana St. Dev.b

pH 6.5 0.12
Electrical conductivity (dS m−1) 4.0 0.27
TOC (g kg−1) 242.0 19.83
Humic substances C (g kg−1) 2.6 0.11
Total N (g kg−1) 13.0 1.09
Total P (g kg−1) 5.5 0.28
Available P (g kg−1) 0.6 0.014
Total K (g kg−1) 4.2 0.23
Available K (g kg−1) 3.0 0.051
Cu (mg kg−1) 237.21 19.28
Zn (mg kg−1) 650.17 37.54
Cr (mg kg−1) 365.29 18.01
Cd (mg kg−1) 2.0 0.11
Ni (mg kg−1) 328.21 19.20
Pb (mg kg−1) 235.87 17.82

a Values based on dry weight
b Standard deviation
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and evaluating the excess of dichromate with (NH4)2Fe
(SO4)2 [43]. Total carbonates were measured in a Bernard
calcimeter according to the method described by Guitian and
Carballas [22]. Total N was determined by the Kjeldahl
method modified by Bremmer and Mulvaney [10]. Available
P was determined as to the Olsen method [32] and available
K was analyzed by ammonium displacement of the change
cations [33]. Heavy metals were determined by atomic
absorption in the suitable dilutions of a nitric-perchloric 1:1
extract (concentration of nitric and perchloric acid was 70%).

Enzymatic Assays

Enzymatic activities were determined using 1 ml pyrophos-
phate extract obtained from the soil using the following
methods. Urease activity was determined by the buffered
method of Kandeler and Gerber [23], using urea as
substrate. Alkaline phosphatase and β-glucosidase activi-
ties were determined following the methods reported by
Tabatabai and Bremner [42] and Eivazi and Tabatabai [15],
respectively. Substrates of these activities were 0.025 M p-
nitrophenyl phosphate and 0.025 M p-nitrophenyl β-D-
glucopiranoside, respectively. o-Diphenol oxidase activity
was determined as reported by Perucci et al. [37] using
0.2 M cathecol as substrate.

PLFA and Ergosterol Content

Phospholipids (PLFA) were extracted from 4 g of soil using
a chloroform–methanol extraction, fractionated, and quan-

tified using the procedure described by Frostegard et al.
[19] and Bardgett et al. [4]. The fatty acid nomenclature is
that used by Frostegard et al. [19]. The fatty acids i15:0,
a15:0, 15:0, i16:0, 16:1ω7c, 17:0, i17:0, cy17:0, 18:1ω9c,
and cy19:0 were chosen to represent bacterial biomass
(bacPLFA) [4, 19], and 18:2ω6 (fungPLFA) was taken to
indicate fungal biomass [17]. The ratio of bacPLFA-to-
fungPLFA (bacPLFA/fungPLFA) represents the ratio be-
tween bacterial and fungal biomass. The Gram-positive (G+
PLFA) specific fatty acids i15:0, a15:0, i16:0, and i17:0 and
the Gram-negative (G− PLFA) specific fatty acids cy17:0,
18:1ω9c, and cy19:0 were taken as a measure of the ratio
between Gram-positive and Gram-negative bacterial bio-
mass (G+:G− ratio). The fatty acids 15:1, 16;1ω7,
16:1ωn5, 17:1, 18:1ω9c, and 18:1ω7 represent monoun-
saturated fatty acid, whereas the fatty acids 14:0, i15:0,
a15:0, 15:0, i16:0, 16:0, i17:0, cy17:0, 17:0, 18:0, 20:0,
22:0 and 24:0 represent saturated fatty acids. The monoun-
saturated PLFA to saturated PLFA ratio was expressed as
mono:sat. The diversity of the fatty acids was calculated
with the Shannon-index H (HPLFA):

HPLFA ¼ �
Xn

i¼1

pi ln pi;

where pi is the relative abundance of each fatty acid in the
total sum and n is the number of detected fatty acids.
Ergosterol was extracted with ethanol and measured by
high-performance liquid chromatography [24].

Table 2 Characteristics of control and amended soils, 17 years after the organic amendment

Parameter C L M H VH

Mean SD Mean SD Mean SD Mean SD Mean SD F ratio P value

pH (1:5) 7.82b (0.08) 7.67ab (0.03) 7.39a (0.09) 7.45a (0.01) 7.50a (0.10) 19.20 <0.001
EC (1:5) (dS m−1) 0.64a (0.04) 0.93b (0.08) 2.05c (0.10) 2.67c (0.14) 2.71c (0.09) 12.25 <0.001
TOC (g kg−1) 10.32 a (0.12) 11.61 ab (0.31) 12.24 b (0.22) 18.75 c (0.53) 15.97 bc (0.68) 45.24 <0.001
Total carbonates
(g 100g−1)

54.80d (2.70) 52.27cd (1.69) 49.03bc (2.94) 47.67ab (0.80) 43.93a (2.85) 9.57 0.002

Chlorides (mg kg−1) 8.50b (0.00) 15.3c (1.70) 11.91bc (0.28) 3.47a (0.53) 3.45a (0.00) 9.52 0.003
Sulfates (g kg−1) 0.13a (0.01) 0.21a (0.02) 1.19b (0.03) 1.25b (0.07) 1.37b (0.08) 87.55 <0.001
Total N (g kg−1) 1.60a (0.30) 1.80a (0.20) 2.10ab (0.31) 2.27ab (0.58) 2.58b (0.14) 1.78 0.086
Total P (mg kg−1) 637.50a (187.71) 715.61ab (118.00) 861.14ab (175.03) 1033.08ab (176.97) 1240.52b (266.30) 1.79 0.207
Available K (g kg−1) 0.90bc (0.00) 1.01c (0.06) 0.79b (0.02) 0.73b (0.03) 0.21a (0.04) 19.71 <0.001
Available P (g kg−1) 0.85a (0.02) 0.94a (0.04) 1.75b (0.05) 2.56c (0.03) 1.25ab (0.01) 12.51 <0.001
Total Cd (mg kg−1) <2.5 <2.5 <2.5 <2.5 <2.5
Total Ni (mg kg−1) 11.60a (2.19) 11.93a (0.55) 15.00ab (2.04) 16.47b (2.72) 16.20b (1.51) 4.28 0.028
Total Cr (mg kg−1) 11.83 (5.70) 7.00 (0.89) 9.20 (0.62) <5.00 <5.0
Total Zn (mg kg−1) 56.57a (6.77) 75.23a (11.45) 119.93b (14.12) 132.17b (12.54) 133.10b (11.87) 14.22 <0.001
Total Cu (mg kg−1) 23.10a (1.00) 24.01a (0.15) 32.53b (4.90) 33.09b (0.69) 31.80b (2.45) 1.02 0.444
Total Pb (mg kg−1) <5.0 <5.0 12.7 (1.61) 15.43 (4.27) 15.87 (0.31)

For each parameter, data followed by the same letter are not significantly different according to the least significant difference test (P≤0.05).
Degrees of freedom=4
SD = standard deviation
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Plant Cover and Biodiversity

The percentage of plant cover was estimated by a grid-line
intersect method. The diversity of vegetation species was
calculated with the Shannon-index (Hveg) using the equation:

Hveg ¼ �
Xn

i¼1

pi ln pi;

where pi is the relative abundance of each vegetal species in
the total sum and n is the number of detected vegetal
species.

Statistical Analyses

Data were submitted to one-way ANOVA. To determine
significant differences between the means of the treatments
a multiple range test at the 95% confidence level was
performed. The post-hoc test applied was Fisher’s least
significant difference method. Previously, normality of data
was tested by Kolmogorov–Smirnov test. The correlation
matrix at different significance levels was established to
study the possible correlation between the different param-
eters studied. A factor analysis was carried out for relative
quantity of specific PLFA to explore possible differences
between treatments. Software used was SPSS 13.0.

Results

Chemical Parameters and Enzymatic Activities

Organic amendment significantly influenced on several
chemical parameters (Tables 1 and 3). TOC increased
significantly with dose regarding the control in plots with
L, M, and H organic amendments. On the contrary, VH
treatment could not further increase TOC, which remained
at levels similar to H (Table 2). The total Zn and Cu
contents of M, H, and VH treatments were significantly
higher than those recorded for the control and L (Table 2),
but the amounts of heavy metal of all plots were below the
limits established by EU legislation for soil contamination
(European directive 86/278/EEC). The humic substances C,
protein, and polyphenol content in the extract of the humic
substances increased with amendment dose up to the H
treatment, which showed the highest values (Fig. 1).

Organic amendment significantly influenced extracted
proteins, extracted polyphenols, and enzyme activities
(Table 3). The enzymatic activities in the humic substances
extract (urease, β-glucosidase, alkaline phosphatase, and o-
diphenoloxidase) increased significantly in all the amended
plots in comparison to the control. H rates of municipal

waste favored humus-associated enzyme activities to a
greater extent than either low and medium or very high
application rates (Fig. 1). There was only one exception of
this trend: Low municipal waste amendment did not change
the activity of humus-associated o-diphenol oxidase
(Fig. 1).

PLFA Profile and Ergosterol Content

In general, a single application of different amounts of
municipal waste increased total contents of PLFAs, as well
as bacterial and fungal indicators (Table 4). M, H, and VH
treatments showed higher bacterial and fungal PLFA
contents than the two other treatments (C and L) (Table 4).
The bacterial-to-fungal ratio of PLFAs revealed no signif-
icant differences between treatments (Table 4). G− PLFA
biomarkers (16:1ω7, cyc17:0. 18:1ω9c, and 18:1ω7) and
G+ PLFA biomarkers (i15:0, a15:0, i16:0, and i17:0)
increased with increasing amounts of organic waste
(Table 4). However, the G+/G− ratio remained constant in
all the treatments (Table 4). Monounsaturated and saturated
fatty acids increased with municipal waste dose, H and VH
treatments showing significantly higher values than the
others (Table 4). There are no significant differences in the
monounsaturated/saturated PLFA ratio (Table 4). Fatty acid
17:1 only appeared in the H treatment. The diversity
Shannon Index (HPLFA) was higher in H and VH treatments
than in control, L, and M treatments (Table 4). Ergosterol
content increased significantly in all amended plots in
comparison to the control (Table 4).

Plant Cover and Diversity

The density of the plant cover was significantly lower in the
control, L, and M treatments than in the H and VH
treatments (Table 5). Plots with high doses of organic
amendment showed the highest density of plant cover. The
Shannon diversity index was significantly lower in the
control than in the other plots (Table 5). The abundance of

Table 3 F ratio and P values for different biochemical parameters
(degrees of freedom = 4)

Parameter F ratio P value

TOC 45.24 ≤0.001
Shannon index (Hveg) 8.99 0.002
Humic substances C 70.36 ≤0.001
Extracted proteins 45.22 ≤0.001
Extracted polyphenols 33.90 ≤0.001
Urease activity 134.01 ≤0.001
β-glucosidase activity 34.96 ≤0.001
Alkaline phosphatase activity 57.92 ≤0.001
o-diphenol oxidase activity 61.52 ≤0.001
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Stipa capensis Thunb. decreased with increasing rates of
municipal waste (Table 5) and Suaeda vera Forssk.
increased in H and VH treatments in comparison with the
other treatments. Chenopodium murale L. was only
observed in H and VH treatments (Table 5), whereas
Plantago albicans L. and Artemisia barrelieri Besser only
appeared in the control.

Correlation Analysis

The correlation matrix between the different parameters is
shown in Table 6. TOC and humic substance C were

positively and significantly correlated with all the enzy-
matic activities analyzed (urease, β-glucosidase, alkaline
phosphatase and o-diphenyloxidase), with bacPLFA,
fungPLFA, G+ PLFA, G− PLFA, and the ergosterol
content. FungPLFA was also positively and significantly
correlated with ergosterol. The Shannon biodiversity index
for vegetation (Hveg) was positively and significantly
correlated with the Shannon biodiversity index for PLFAs.
Positive correlation coefficients were observed for plant
cover density and all the parameters analyzed. Total
nitrogen was positively correlated with urease, β-glucosi-
dase, and o-diphenyloxidase activities.

Figure 1 Humic substances C,
proteins, polyphenols, and enzy-
matic activities (urease, β-gluco-
sidase, alkaline phosphatase, and
o-diphenol oxidase) in extracts of
0.1 M sodium pyrophosphate
pH=7 from the control and the
amended plots. Bars represent
standard deviation. For each
parameter, bars with the same
letter are not significantly dif-
ferent according to the least
significant difference test (P≤
0.05)
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Factor Analysis

The factor analysis made with the 26 PLFAs analyzed
provided three factors (Fig. 2), factor 1 explaining 27.52%
of the variance, factor 2 20.61%, and factor 3 15.92%.
Attending to factor 1, the ANOVA of coordinates estab-
lished that H and VH treatments are significantly different
in comparison to the control. Load factor of each fatty acid

is presented in Fig. 2. Weight of fungal PLFA biomarker
was lower than bacterial PLFA indicators.

Discussion

Hydrolase activities are related with the element cycles N
(urease), P (phosphatase), and C (β-glucosidase), and

Table 4 Individual, bacterial, fungal, gram+, gram−, saturated, and monounsaturated PLFA concentration, Shannon diversity index for PLFA
(HPLFA) and ergosterol content in control and amended soils

PLFA (ng g−1) C L M H VH F
ratio

P
value

Mean SD Mean SD Mean SD Mean SD Mean SD

14:0 0.62a (0.12) 0.63a (0.09) 1.02a (0.15) 2.09b (0.28) 1.99b (0.43) 25.10 <0.001
i15:0 2.25a (0.50) 2.62a (0.31) 4.38b (0.73) 8.17c (0.59) 8.25c (1.41) 39.66 <0.001
a15:0 2.21a (0.60) 2.06a (0.18) 3.23a (0.41) 5.47b (1.08) 6.00b (1.09) 17.28 <0.001
15:1 0.00a (0.00) 0.00a (0.01) 0.02b (0.00) 0.02b (0.01) 0.02b (0.02) 4.97 <0.001
15:0 0.59a (0.20) 0.56a (0.10) 0.79a (0.10) 1.42b (0.35) 1.54b (0.24) 13.74 <0.001
i16:0 1.97a (0.61) 2.19a (0.18) 3.76b (1.24) 4.96bc (0.91) 5.59c (0.75) 11.86 <0.001
16:1ω7 4.43a (1.19) 4.76a (0.48) 7.09b (0.88) 10.28c (0.75) 10.56c (1.35) 26.79 <0.001
16:1ω6c 0.16a (0.03) 0.13a (0.01) 0.30b (0.10) 0.43c (0.09) 0.48c (0.07) 15.35 <0.001
16:1ω 5 1.87a (0.35) 1.65a (0.26) 2.71a (0.33) 5.48c (0.68) 4.30b (1.05) 22.05 <0.001
16:0 6.34a (0.46) 6.74a (0.69) 11.44a (2.08) 18.68b (1.83) 18.27b (1.27) 54.15 <0.001
i17:0 0.71a (0.21) 0.88ab (0.13) 1.51bc (0.49) 1.98cd (0.42) 2.36d (0.40) 11.55 <0.001
17:1 0.00a (0.00) 0.00a (0.00) 0.00a (0.00) 0.98b (0.46) 0.00a (0.00) 13.55 <0.001
cy17:0 0.82a (0.12) 1.08ab (0.19) 1.52b (0.22) 2.27c (0.45) 2.90d (0.37) 25.36 <0.001
17:0 0.31a (0.10) 0.33ab (0.04) 0.57b (0.15) 0.87c (0.18) 1.05c (0.19) 15.75 <0.001
18:3ω3 0.00a (0.01) 0.04ab (0.04) 0.19b (0.08) 0.41c (0.13) 0.42c (0.11) 18.56 <0.001
18:2ω 6 1.81ab (0.31) 1.58b (0.11) 2.93b (0.56) 4.78c (1.00) 5.29c (0.97) 18.09 <0.001
18:1ω 9c 5.25a (1.92) 6.36a (0.96) 9.67b (1.55) 14.10c (2.28) 16.54c (1.84) 22.79 <0.001
18:1ω 7 4.46a (1.11) 4.28a (0.22) 7.12b (1.11) 11.12c (0.99) 10.85c (1.35) 30.96 <0.001
18:0 1.25a (0.23) 1.36a (0.10) 2.11a (0.35) 3.26b (0.72) 3.81b (0.64) 15.73 <0.001
cy19:0 0.14a (0.03) 0.21a (0.02) 0.35b (0.12) 0.49c (0.07) 0.55c (0.07) 17.41 <0.001
20:5ω 3 0.09a (0.03) 0.08a (0.01) 0.17b (0.05) 0.32c (0.05) 0.30c (0.04) 25.05 <0.001
20:4ω 6 0.05ab (0.01) 0.04a (0.00) 0.08bc (0.01) 0.10c (0.04) 0.10c (0.02) 7.98 <0.001
20:2 0.50a (0.06) 0.57a (0.04) 1.27b (0.24) 1.26b (0.16) 1.57c (0.16) 29.72 <0.001
20:0 0.19a (0.05) 0.34a (0.05) 0.65b (0.21) 0.74b (0.14) 0.86b (0.07) 16.11 <0.001
22:0 0.19a (0.05) 0.26a (0.04) 0.51b (0.13) 0.72c (0.14) 0.82c (0.15) 17.80 <0.001
24:0 0.24a (0.09) 0.27ab (0.04) 0.47bc (0.13) 0.66cd (0.10) 0.86d (0.15) 17.69 <0.001
Bacterial PLFA 18.51a (5.11) 21.71a (2.34) 33.00b (5.72) 48.68c (4.94) 57.49c (7.69) 27.83 <0.001
Fungal PLFA 1.79a (0.31) 1.60a (0.11) 2.99b (0.55) 4.55c (1.00) 5.57c (0.98) 18.09 <0.001
Bacterial/fungal PLFA
ratio

10.26a (1.17) 13.52ab (1.12) 11.07a (0.64) 10.85a (1.16) 10.39a (0.52) 23.00 <0.001

Gram+ PLFA 6.87a (1.10) 7.90a (0.56) 12.90b (2.78) 19.85c (2.70) 23.23c (3.65) 24.34 <0.001
Gram− PLFA 6.37a (2.07) 7.98a (1.17) 11.61b (1.83) 16.54c (2.70) 20.60c (2.27) 31.76 <0.001
G+/G− ratio 1.20a (0.33) 1.02a (0.08) 1.11a (0.07) 1.24a (0.23) 1.11a (0.06) 0.61 0.66
Monounsaturated PLFA 16.17a (4.17) 17.18a (1.84) 26.90b (3.94) 42.41c (3.49) 42.74c (5.61) 38.21 <0.001
Saturated PLFA 17.84a (3.20) 19.54a (1.86) 32.32b (6.25) 51.78c (6.32) 54.86c (5.16) 35.42 <0.001
Mono:sat ratio 0.99a (0.20) 0.88a (0.11) 0.84a (0.04) 0.83a (0.23) 0.77a (0.01) 1.49 0.27
Shannon index HPLFA 2.30a 0.00 2.31a (0.04) 2.33a (0.05) 2.62b (0.03) 2.50b (0.19) 32.59 <0.001
Ergosterol (μg g−1 soil) 0.24a 0.07 0.52b (0.02) 0.53b (0.07) 0.84c (0.12) 0.88c (0.14) 23.14 <0.001

For each parameter, data followed by the same letter are not significantly different according to the least significant difference test (P≤0.05).
Degrees of freedom=4
SD = standard deviation
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catalyze the hydrolysis of complex molecules to simpler
molecules, permitting their assimilation by roots and
microorganisms [1, 25]. Other enzymes, such as o-
diphenol-oxidase, are directly involved in humus formation
[41]. In this work, we have found positive correlations
between total N and different humus–enzyme activities
(urease, alkaline phosphatase, and o-diphenol-oxidase)
(Table 6). The short-term increase in the enzymatic activity
of an amended soil, widely reported, may be due to the
biodegradation of the organic matter present, which gen-
erates compounds that may act as substrates for the
enzymatic activity [6], whereas some authors [36] even
suggested that the enzymatic load of the organic amend-
ments is responsible for these increases in the soil’s
enzymatic activity. In a larger time scale, the plant growth
resulting from amendment provides root exudates that may
act as substrates for enzymatic activities [35]. In addition,
vegetal rests could contribute, in long-term scale, into the
pool of humic substances that could be linked to enzymes.
Moreover, in our long-term field experiment, the increased
level of TOC and humic substance C 17 years after
amendment may have been the result of the consequent
vegetation growth [34]. Indeed, significant positive corre-
lations were observed between both organic C content and
the plant cover (Table 6).

Bastida et al. (2006) [5] has observed a relationship
between total extracellular enzymatic activity and the state
of the vegetation cover, a decrease in the one being
reflected in a degradation of the other. In this work, the
different enzymatic activities studied in the pyrophosphate
extract also increased in parallel with the plant cover, with a

positive and significant correlation between the two
(Table 6), each showing a similar tendency. Also, there
was a positive and significant correlation between o-
diphenoloxidase activity and the polyphenol content,
suggesting that this type of compound functions as
substrate for this enzyme.

The maximum immobilized enzyme activity observed in
the H treatment accompanied by the maximum plant cover
was one of the most noteworthy findings and suggests that
the long-term biochemical and biological response of the
soil to the addition of organic wastes is linear up to a given
threshold value, conditioned, possibly, by the vegetation
cover. An explanation about the lower plant cover observed
in the VH treatment compared with the H treatment remains
unclear. High amounts of some heavy metals (not mea-
sured) or recalcitrant phytotoxic compounds could be
responsible of this phenomenon. The threshold for enzy-
matic activities in the pyrophosphate extract and plant
cover above the H dose cannot be attributed to measured
heavy metals nor to increased salt and electrical conductiv-
ity concentrations because there were no significant differ-
ences for these parameters between H and VH treatments
(Table 2). There is a clear match between humic substance
C and the enzymes of the extract (note the positive and
significant correlation between both parameters) (Table 6).

Soil fungi and bacteria are the major organisms
responsible for nutrient cycling and for controlling the
amounts of available nutrients to plants. To carry out these
functions, they possess a potent enzymatic system. Plants,
in turn, add energy to the soil subsystem in the form of litter
and root exudates. The higher development of microbial

Table 5 Vegetal description: species abundance, vegetal cover and diversity index in control and amended plots

Vegetal species (%) C L M H V F ratio P value

P. albicans L. 14.29 0.00 0.00 0.00 0.00
S. capensis Thunb. 57.14 52.38 47.62 29.03 25.00
S. vera Forssk. 4.76 0.00 4.76 16.13 32.14
Lygeum spartum L. 9.52 14.29 14.29 9.68 0.00
A. barrelieri Besser 9.52 0.00 0.00 0.00 0.00
Salsola genistoides Juss. 4.76 4.76 14.29 22.58 10.71
Thymus zygis L. 0.00 4.76 0.00 0.00 0.00
Carrichtera annua L. 0.00 4.76 0.00 0.00 0.00
Asparagus horridus L. 0.00 4.76 0.00 0.00 0.00
Hordeum vulgare L. 0.00 4.76 0.00 0.00 0.00
Bromus fasciculatus Presl. 0.00 4.76 0.00 3.23 3.57
Moricandia arvensis L. 0.00 4.76 0.00 0.00 3.57
Sanguisorba minor Scop. 0.00 0.00 9.52 3.23 0.00
Euphorbia serrata L. 0.00 0.00 9.52 0.00 0.00
C. murale L. 0.00 0.00 0.00 16.13 25.00
Vegetal cover density (%) 43.00 (0.40) a 43.67 (0.31) a 43.33 (3.25) a 62.33 (5.87) c 56.00 (0.48) b 36.49 <0.001
Shannon index (Hveg) 1.34 (0.11) a 1.63 (0.17) bc 1.50 (0.09) b 1.73 (0.15) c 1.53 (0.07) b 8.99 0.024

For each parameter, data followed by the same letter are not significantly different according to the least significant difference test (P≤0.05).
Degrees of freedom=4. Numbers in parenthesis are 536 standard deviation
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population could support the higher production of enzymes.
Some of these extracellular enzymes could be associated to
humic compounds after their production. Indeed, there are
positive correlations coefficients between fungal and
bacterial PLFA and these enzymes activities. The highly
positive and significant correlation between fungal PLFA
and ergosterol suggests that, although some plants also
contribute fatty acid 18:2ω6, this acid is a good measure of
fungal biomass [2, 3].

The results point to a degree of microbial development
parallel to the amendment dose added up to the high dose,
whereas no differences existed between high and very high
additions. This behavior was similar in fungi and bacteria,
and even within the different bacterial groups (gram+ and
gram−). Marschner et al. [29] showed that bacterial
development was parallel to organic C content in amended
soils. This behavior could be reflected in the positive
correlation between bacterial PLFA and TOC.

As in the case of enzymatic activities, several authors
have observed that not only the plant cover but also the
diversity of the cover affects the soil microbial communities
[21, 28] and their activity. From the greater plant diversity
(Shannon index) observed in high and very high doses, it
seems that the addition of organic amendment to a soil
could be related to a generation of niches for plants not
observed in the control treatment. In this sense, we have
observed a decrease in S. capensis Thumb. cover in plots
with high and very high organic amendment addition

(H and VH), whereas an increase in C. murale L. was
observed in the same plots comparing to control. The
positive correlation coefficients between plant cover or
diversity and the activity of some immobilized enzymes
indicate that vegetation is a key aspect in the soil
biochemical cycles. Moreover, the higher PLFA diversity
index observed in the treatments with high rates of organic
amendment (H and VH) with respect to the other treatments
suggests a change in the microbial diversity associated with
the change in the above-ground diversity in this long-term
experiment. The presence of a different grouping in PLFA
factor analysis could indicate a change in the structure of
soil microbial community even 17 years after amendment.
This fact means that the stabilization of soil microbial
community structure could take a longer amount of time
under semiarid climatic conditions. However, molecular
methods could increase the knowledge about these changes.

Several authors have investigated fungi/bacteria ratio of
disturbed ecosystems and fertilized ecosystems. Elfstrand et
al. (2007) [16] observed, also in long-term scale, that there
were no significant differences in bacterial/fungal and G+/
G− ratio of Eutric Cambisol when green manure is applied
to soil, comparing with unfertilized soils. However, they
found differences between green manure and other types of
amendments. Marschner et al. (2003) [29] found significant
differences between different types of fertilization in a
calcareous regosol in a long-term scale, manure sewage
sludge and straw showing the highest values on these
ratios, rather than mineral fertilization. Bossio and Scow
(1998) [8] observed that the monounsaturated/saturated
PLFA ratio increased with high straw inputs, indicating that
this ratio could act as an indicator of C availability in soil.
However, our results indicate that there are no significant
differences for this ratio between different treatments. In
this sense, we should keep in mind that this is a long-term
experiment and, maybe, this ratio would be more suitable in
a short-term one. In our work, the absence of any difference
in the fungi/bacteria or G+/G− ratios between treatments
and even the control (despite the substantial increase in
microbial biomass) suggests that, in the semiarid climatic
conditions of the study area, there was a parallel increase in
bacterial (G+ and G−) and fungal biomass related with the
increase in vegetal cover, humus formation, and creation of
enzyme–humus complexes.

In conclusion, humic substance-related enzymatic activ-
ities, abundance of soil microorganisms, and abundance
and diversity of plant cover have been changed even
17 years after a single addition of a MSW. The addition of
such a waste leads to the long-term increase in the organic
matter content and water-soluble carbon fractions, and of
the enzymatic activities of urease, β-glucosidase, alkaline
phosphatase, and o-diphenyloxidase associated with humic
substances, improving the biochemical quality of the soil.

Figure 2 Factor analysis with the relative concentration of PLFAs
(individual mass PLFA/total mass) in all treatments and load factor of
each PLFA. For each factor, treatments with the same letter are not
significantly different according to the least significant difference test
(P≤0.05)
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Also, an increase in microbial abundance of both fungi and
bacteria has occurred 17 years after organic amendment,
accompanied by a change in soil microbial community
structure under different treatments. However, such materi-
als should be used rationally because the response of the
enzymatic activity associated with the pyrophosphate
extract or of the plant cover was not parallel with the dose
of waste used; in the semiarid conditions in which the
experiment was conducted, a threshold value existed, above
which any increase in dose was not matched by an
improvement in the chemical and biochemical character-
istics of the soil.
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