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Abstract

The objective of this experimental study was to determine the effect of agronomic practices usually

implemented in olive groves (addition of olive mill waste and herbicides) on soil microbial

communities and to test whether drought enhanced such effects. For that purpose, mesocosms

containing soil cores from olive groves were incubated for 5 months under either of the three

treatments: (i) addition of olive mill waste (OMW), (ii) addition of glyphosate-based herbicide (Gly

treatment) and (iii) both treatments. Half of the mesocosms were subjected or not (controls) to

drying–rewetting cycles (D/Rw) for 1 month (1 D/Rw) or 3 months (3 D/Rw). In the controls,

2 months after the Gly treatment, higher lipase activities were observed compared with no practice

treatment as well as a significant change in catabolic profiles of cultivable microbial communities.

Three months later, lipase activities significantly decreased under the Gly treatment. Addition of

OMW together with Gly treatment counteracted the negative effect of the herbicide on lipase

activities. After three D/Rw cycles, Gly treatment modified catabolic profiles and induced a decrease

in functional diversity. Overall, the combination of glyphosate-based herbicide with OMW was a

conservative practice that maintained soil functioning and led to a better response to D/Rw cycles.

Keywords: Olive mill wastes, herbicide, drying–rewetting cycles, soil quality, microbial activities,

Olea europaea

Introduction

The Mediterranean region is subject to natural constraints

such as low soil organic matter content, hot dry summers,

and both low fertility and productivity (Sofo et al., 2008).

Climate projections for the coming decades have predicted

an increase in mean annual temperatures (IPCC 2014) and

drought periods (hydric stress) in this region, which is

considered to be particularly sensitive to these expected

stressful conditions (Giorgi & Lionello, 2008). In this

respect, herbicide addition may help to decrease water

competition between olive trees and weeds.

Olive mill wastes are generated in huge quantities (more

than 30 million m3 per year) from the olive oil sector and

applied to olive grove soils as organic fertilizers (Doula

et al., 2017). These wastes are both solid, known as

pomace, and liquid, known as olive mill wastewater. The

solid pomace contains the skins, pulp, seeds and stems of

the fruit and is rich in nutrients especially carbon (C) and

potassium (K) but also nitrogen (N) and phosphorous (P)

(Peri & Proietti, 2014). There are two types derived from

three-phase and two-phase processes. Furthermore,

wastewaters are characterized by the presence of organic

compounds (especially polymeric phenolic compounds with

considerable antimicrobial and phytotoxic activity), high

content of salts, which can lead to a slight acidification of

soils and an imbalanced C/N ratio (Peri & Proietti, 2014).

However, the addition of this olive mill waste (OMW)

may also, due to its organic matter content, improve soil

aggregation, thus also improving soil porosity, water

retention capacity and nutrient contents (Regni et al.,

2017). Therefore, improving the current knowledge on the

consequences of such practices on soil physicochemical

properties and microbial activities is necessary to sustain

soil quality under exacerbated climatic stresses.
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Traditionally, olive grove management was mainly based

on tillage, which drastically alters the top layer of the

soil. In non-tillage agriculture, herbicides are commonly used

to control weeds and reduce both nutrient and water

competition, although they may cause harmful effects on the

environment by altering soil fauna (Gaupp-Berghausen

et al., 2015) and below-ground interactions between essential

soil organisms such as earthworms and arbuscular

mycorrhizal fungi (Zaller et al., 2014). The effect of

glyphosate (N-(phosphonomethyl)glycine) on soil microbial

communities has been extensively studied and contrasting

results have been reported depending on the dose of

glyphosate applied onto the soil and its frequency (Lane

et al., 2012; Nguyen et al., 2016). For instance, studies have

indicated that soil microorganisms could use glyphosate as a

source of C leading to an increase in soil microbial biomass,

basal respiration and N mineralization (Haney et al., 2002).

Other studies have reported a decrease in soil microbial

activities and biomass, and a shift in fungi/bacteria ratios

when glyphosate was applied in vitro (Lane et al., 2012).

In contrast, addition of solid or liquid OMW onto soil is

used as an alternative soil management practice to improve

soil structure, increase soil fertility and control soil erosion

(Lozano-Garc�ıa et al., 2011; Regni et al., 2017). Due to their

high organic matter content, these wastes can increase soil

microbial respiration and some enzyme activities (Mekki

et al., 2006). As well as positive effects, they may also cause

harmful effects such as the decrease in microbial biomass

carbon (Di Bene et al., 2013), and bacterial phylogenetic

richness and diversity (Siles et al., 2014). Moreover, Proietti

et al. (2015) found few modifications in the amount of

different bacterial groups after 3 years of OMW amendment

in olive groves. In both the upper and lower soil layers, the

total counts of viable bacteria and bacterial spores were either

unchanged or slightly higher in the treated soil than in the

control. Interestingly, the culture-independent evaluation of

the relative variation in bacterial amount with respect to the

control soil, carried out by qPCR analysis of 16S rRNA genes,

indicated that treatment with OMW did not lead to significant

modifications. The applied dose of OMW has been regulated

in many European countries in order to maintain the positive

effects on soil function (Tsiknia et al., 2014).

In this study, we used a mesocosm-scale experiment to

evaluate (i) the effect of glyphosate-based herbicide addition,

OMW amendment and the combination of both on soil

microbial activities and (ii) the responses of microbial

communities to 1 or 3 drying–rewetting cycles applied to

these treatments. We hypothesized that addition of both

OMW and herbicide could have non-additive synergistic

effects on soil microbial activities and catabolic diversity. We

also expected that a shift in functional diversity of microbial

communities after OMW or herbicide addition may lead to

different functional responses to drying–rewetting cycles

mimicking climate stresses.

Material and methods

Experimental set-up

Four abandoned olive groves (1 ha each), at least 20 km

distant from each other, were selected in the regional natural

park of Alpilles, near the city of Marseille (southeastern

France). No agricultural practice had been applied for

approximately the last 20 years. The olive trees belonged to

the same variety (i.e. ‘aglandau’) and had a similar age range

(i.e. 40 � 5 years). In the centre of each grove, a sampling

site of 400 m2 was delimited and 17 soil cores (Calcaric

Cambisol) were sampled along with the plant cover in

November 2013 using PVC cylinders (10 cm diameter 9

10 cm deep). The cores were forced into the soil using a

hammer, and sampled at a distance of 1 m from the tree

trunk in order to avoid the sampling of olive roots. Cores

were left inside the PVC cylinders to maintain soil structure.

Four of the 68 soil cores (one from each site) were

immediately analysed to determine initial chemical properties

(Table 1).

The remaining 64 soil cores were maintained at 60% of

water-holding capacity [i.e. watered twice a week with

distilled water at pH 6 and weighed to keep a constant

water-holding capacity (WHC)] for 1 month at 18 � 2 °C to

ensure favourable initial conditions for microbial activity

and to avoid effects resulting from humidity variations

between sampling plots (Figure 1). After the pre-incubation

month, the four following treatments were applied to four

soil cores from each site (Figure 1). Sixteen cores were left

without treatment (‘no practice’), 16 cores (Gly treatment)

received 20 mL of a commercial glyphosate-based solution

ROUNDUP (7.2 g/L) diluted 20 times, which corresponded

to an application of approximately 2 mg of glyphosate per

kg of soil (Ara�ujo et al., 2003; Nguyen et al., 2016), and 16

Table 1 Main initial chemical properties (mean � standard

deviation, n = 4) of soils and of the applied OMW

Soil OMW

Organic C (%) 4.0 � 2.18 56.43

Total N (%) 0.32 � 0.21 1.38

C/N ratio 15.61 � 10.16 40.89

CaCO3 (%) 31.85 � 8.41 –

pH in water 7.44 � 0.34 6.94

Alkyl C (%) 29.60 � 10.22 17.13

O-Alkyl C (%) 43.34 � 11.96 61.94

Carboxyl C (%) 10.49 � 0.63 7.39

Aromatic C (%) 16.57 � 4.15 13.54

Aromatic ratio 0.19 � 0.045 0.15

HR1 0.77 � 0.43 0.28

HR2 2.85 � 1.09 2.31

HR1 and HR2 : Humification ratios (see Material and methods

section)
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other cores (OMW treatment) were amended with 46.8 g of

olive mill wastes mixed in 80 mL of distilled water

corresponding to an application of approximately 60 t/ha

(Tsiknia et al., 2014). The main chemical properties of the

applied OMW are given in Table 1. Finally, a last batch of

16 cores (‘Mix’ treatment) was used to test the effects of a

combination of glyphosate-based herbicide and OMW with

the same applied quantities as above.

For each treatment, half of the cores from a site were

subjected to control conditions of moisture and temperature,

while the other half were subjected to D/Rw cycles which

corresponded to stressed conditions (Figure 1). For control

conditions, cores were maintained at 60% of WHC and at a

temperature of 18 � 2 °C for 5 months. For the stressed

conditions, we firstly maintained cores in these optimal

conditions for 2 months, and then three D/Rw cycles were

applied. Each D/Rw cycle was composed of two steps: (i) a

drying period of 15 days at 30 °C to reach a final water

content of <5% WHC and (ii) a rewetting period of 15 days

with a fast recovery of moisture to 60% WHC at 18 °C.
The chemical and microbial properties described below

were measured 3 months (T1) and 5 months (T2) after the

treatments were applied (Figure 1).

Chemical properties of soils

Soil pH was assessed by a soil (2 mm mesh)–water
suspension (1/2.5) 2 h after shaking. Soil total organic

carbon (TOC) and total nitrogen (TN) content were

measured on air-dried samples using a C/N elemental

analyser (Flash EA 1112 series Thermo Scientific).

Determination of calcium carbonate (CaCO3) in soils was

based on the release of CO2 after addition of HCl 4 N. The

percentage of carbon in CaCO3 was calculated as follows:

C-CaCO3 = 11.991/100.1 9 CaCO3. Organic carbon was

calculated as the difference between TOC and carbonate C

content.

The quality of organic matter was determined by solid-

state nuclear magnetic resonance (NMR) of 13C and spectra

were obtained on a Bruker Avance 400-MHz NMR

spectrometer operating at a 13C resonance frequency of

106 MHz and using a Bruker double-bearing probe. The 13C

NMR spectra, obtained from samples of 400 mg of dry

ground soil spun at a magic angle spinning (MAS) rate of

10 kHz, were divided into four chemical shift regions: alkyl C

(0–45 ppm), O-alkyl C (45–112 ppm), aromatic C (112–
160 ppm) and carboxyl C (160–185 ppm) (Baldock et al.,

1992). Two ratios were calculated from the NMR 13C data:

the aromaticity ratio (the sum of aromatic C to the sum of all

regions except carboxyl C) and the humification ratios HR1

(Alkyl C to Carboxyl C) and HR2 (alkyl C to O-alkyl C).

Enzyme activities, basal respiration and microbial biomass

Five enzyme activities were quantified directly in fresh soils

and expressed as lmoles of the reaction product released per

h per g of soil equivalent dry weight (U/g). Lipase, protease,

urease, cellulase and tyrosinase activities were chosen

because they are the main activities involved in the turnover

of the C and N cycles. The applied treatments provide

nutrients, lipids, polyphenols and other components to soils

which may induce such activities.

Cellulases were assessed using carboxy methyl cellulose

(CMC) at 1% as substrate. The glucose released was

quantified using the Somogyi–Nelson method modified by

Farnet et al. (2010b). Tyrosinase activity, based on the

oxidation of tyrosine to L-Dopa (e = 3400 L/mol/cm), was

performed using a modified method of Saiya-Cork et al.
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Figure 1 A schematic diagram illustrating the experimental set-up (not to scale).
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(2002). Urease activity was measured as described by

Kandeler & Gerber (1988) based on the determination of

NH4
+ after urea hydrolysis. Protease activity was

determined using the method of Ladd & Butler (1972).

Lipase activity was measured according to Farnet et al.

(2010a) using p-nitrophenyl (pNP) laurate as a substrate.

Basal respiration (BR) and microbial biomass (MB) were

assessed after humidity standardization of all soil samples at

60% WHC. For BR, an aliquot of 10 g (dry weight

equivalent) of fresh soil was placed in glass jars (117 mL),

flushed with fresh air and closed by rubber septum before

incubation at 25 °C for 4 h. After incubation, 1 mL of air

was sampled in the head space with a syringe and injected

into a gas chromatograph (Chrompack CHROM3-CP 9001)

to analyse CO2 production. MB was estimated using

substrate-induced respiration (SIR) rates (Anderson &

Domsch, 1978). Induced respiration rates by glucose were

converted into microbial biomass using equations given by

Beare et al. (1990). The metabolic quotient qCO2 is the ratio

of BR to MB.

C-substrate utilization profiles and catabolic diversity

The community-level physiological profiles (CLPPs) and

catabolic diversity (CD) were determined with BIOLOG�

EcoPlates (BIOLOG Inc., Hayward, CA, USA) using a

procedure adapted from Garland & Mills (1991). We

purposely did not adjust the inoculum as we considered the

total microbial number as an inherent characteristic of

microbial communities of each plot. Microbial C-use

intensity was assessed as the rate of average well colour

development (AWCD) calculated as follows (equation 1):

AWCD ¼
P

ODi
31

; ð1Þ

where ODi is the optical density for each well in the

mid-exponential growth phase (i.e. after 72 h). The incubation

time resulting in an AWCD equal to 0.5 absorbance units

(T0.5) was calculated for each sample and used to standardize

the optical density of each C-containing well (Garland &

Mills, 1991). CD was calculated using Shannon’s diversity

index (equation 2):

H ¼ �
X

pi ðln piÞ; ð2Þ

where pi is the ratio of colour development of well i to the

sum of colour development of all positive wells.

Statistical analyses

Two-way repeated-measures ANOVAs were used to

determine the effects of treatments and of conditions

(control vs. stressed) across time (3 and 5 months) on soil

chemical and microbial properties. We used the HSD

Tukey’s test (P < 0.05) to analyse in detail the variations

between each treatment. Data were log10-transformed when

necessary to meet the assumption of normality. These

analyses were performed using Statistica 6.0.

A principal component analysis (PCA) was performed on

the covariance matrix obtained from BIOLOG� data using

Primer software v6 (Primer-E Ltd, UK). The PCA provided

an ordination of the microbial C-substrate utilization

profiles, which were plotted in one and two dimensions,

respectively, based on the scores of the first two principal

components (PC). Effects of treatments and conditions for

each time were tested by main and pairwise tests in

PERMANOVA using Primer software v6 (Primer-E Ltd).

We assessed the non-additive effect of the combination of

both Gly and OMW treatments by comparing microbial

activities to a null-model based on the average (predicted

values) of the Gly and OMW activities that made up the

combination (observed values). The relative combination

effect (RCE) can be calculated as follows (equation 3):

RCE ¼ ½ observed� predictedð Þ�
predicted

� 100 ð3Þ

If RCE differs from zero (one-sample Student’s t-tests

with 95% confidence intervals), it will indicate a

non-additive effect. Significant negative and positive

deviations from zero are referred to as antagonistic and

synergistic effects, respectively.

Results

Soil chemical properties

The quality of organic matter, assessed by all the studied 13C

NMR signals and ratios, was not affected by treatment or

by time. However, the quantity of organic matter determined

by TN content, TOC content and C/N ratio decreased with

time (P < 0.05, P < 0.01, P < 0.05, respectively) whatever

the treatment. Soil pH was controlled by a significant

interaction between both time and treatments (P < 0.05)

with a main effect of time (P < 0.01). At T1 (3 months after

the beginning of the treatment), soil pH was lower under the

Mix treatment compared with the other treatments

(Figure 2). Soil pH decreased between T1 and T2 for all

treatments except for the Mix treatment.

Soil microbial activity

While five of the tested microbial markers (basal respiration,

urease activity, protease activity, cellulase activity and

tyrosinase activity) were affected by time, lipase activity and

CD index remained unaffected (Table 2). Both basal

respiration and lipase activity were found to vary depending

© 2017 British Society of Soil Science, Soil Use and Management, 33, 499–510
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on significant interactions between time and treatment

(Table 2). Basal respiration decreased over time for both the

no practice and Mix treatments (Figure 3a). Lipase activity

was higher on the Gly treatment compared with no practice

at T1, while the reverse trend was observed at T2

(Figure 3b): under Gly treatment, lipase activity decreased

over time. Lipase activity was significantly higher on the Mix

treatment than in both Gly and OMW treatments at T2.

This could be related to the relative combination effect ratio

which showed a significant synergistic non-additive effect on

Mix treatment only for lipase activity at T2 (+ 885.7%;

P < 0.05).

The factorial map from PCA (Figure 4) showed a

significant discrimination on PC1 (32.4%) between T1 and

T2 for both no practice and Mix treatments. Projections of

Gly treatment were discriminated from the other projections

at T1, according to PC2 (16.8%) and at T2 according to

PC1 (32.4%) from projections of the no practice and Mix

treatments (positive part of PC1 axis).

A significant effect of D/Rw cycles was observed on

tyrosinase and protease activities depending on time

(Table 3). At T1, both activities were decreased after the first

D/Rw cycle but independently of the applied treatment

(Figure 5a and c). At T2, although two additional D/Rw

cycles had been applied, no difference was observed for these

enzyme activities between control and stressed conditions

6.6

6.8

7.0

7.2

7.4

7.6

7.8

8.0

8.2

8.4

No 

practice

OMW Gly Mix No 

practice

OMW Gly Mix

T1 T2

b
b

b

a

Figure 2 Mean soil pH (�standard deviation, n = 4) 3 months (T1) (black bars) and 5 months (T2) (white bars) after the addition of olive mill

waste (OMW), glyphosate-based herbicide (Gly), combination of both (Mix) and no practice. Different lowercase letters represent significant

differences (P < 0.05) between treatments at T1.

Table 2 Results of repeated-measures ANOVAs with treatments as

between-subject factor and time as within-subject factor on soil

microbial markers

Between

subjects

Within subjects

Treatment Time Time 9 Treatment

Degree of freedom

(Df)

3 1 3

Basal respiration

(lg C-CO2/g)

0.47 NS 72.40*** 4.57*

Microbial biomass

(lg Cmic/g)

0.58 NS 10.09* 0.86 NS

Metabolic quotient 0.65 NS 6.29* 0.86 NS

Tyrosinase activity

(U/g)

0.63 NS 985.40*** 0.63 NS

Cellulase activity

(U/g)

0.19 NS 33.47*** 0.11 NS

Protease activity

(U/g)

1.35 NS 45.24*** 1.04 NS

Lipase activity

(U/g)

5.84 * 1.17 NS 6.35*

Urease activity

(U/g)

0.76 NS 118.15*** 0.95 NS

Catabolic diversity

(Shannon) index

(bits)

2.61 NS 24 710.71 NS 0.06 NS

NS, nonsignificant. *P < 0.05; ***P < 0.001.
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(Figure 5b and d). Except for lipase activities, all enzyme

activities, microbial biomass and metabolic quotient varied

with time whatever the conditions (Table 3) and more

precisely these microbial markers decreased through time

(data not shown). Basal respiration (BR) was also affected

by D/Rw cycles depending on time and treatments (Table 3).

At T1, no significant effect of the first D/Rw cycle was

observed (Figure 5e) while a significant decrease of BR was

measured between T1 and T2 for OMW after three D/Rw

cycles. However, the combination of OMW and glyphosate-

based herbicide maintained the same BR under stressed

conditions between T1 and T2 (Figure 5e and f).

Community-level physiological profiles (CLPPs)

A significant difference in CD index was observed for the

Gly treatment between T1 and T2 under stressed conditions,

which was not the case under non-stressed conditions

(Figure 5g and h). This result revealed a decrease in CD

index after 3 D/Rw cycles on the Gly treatment.

A PERMANOVA test showed a significant difference

(P < 0.05) for the Gly treatment between control and

stressed conditions. To focus on this effect, we performed

a PCA on catabolic profiles only considering the no

practice and Gly treatments for both conditions at T1 and

T2 (Figure 6). This PCA provided an ordination of

microbial carbon utilization patterns plotted on the first

two PCs, which accounted for 46.5% of the total variance.

No difference between T1 and T2 was observed for the no

practice and Gly treatments (P < 0.05). The PCA mainly

showed a significant (P < 0.05) discrimination on PC2

between control and stressed conditions for Gly treatment.

This result revealed that 3 D/Rw cycles modified microbial

CLPPs only for the Gly treatment compared with control

conditions. Soils amended with glyphosate-based herbicide

and incubated under control conditions were highly and

0

0.01

0.02

0.03

0.04

0.05

No 
practice

OMW Gly Mix No 
practice

OMW Gly Mix

T1 T2

U
/g

A

B

AB

AB

a

c

bc

ab

0

0.5

1.0

1.5

2.0

2.5

No 
practice

OMW Gly Mix No 
practice

OMW Gly Mix

T1 T2

µg
C

-C
O

2/
g

(a)

(b)

**

**

**

Figure 3 Mean (�standard error, n = 4) basal respiration (a) and lipases (b) after treatments (no practice, OMW, Gly and Mix) for both T1

(black bars) and T2 (white bars). For basal respiration, ** indicates significant differences (P < 0.05) between T1 and T2 while for lipases

different uppercase or lowercase letters indicate significant differences between treatments at T1 and T2, respectively.
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positively correlated (r > 0.5) with Tween-40 and Tween-

80, two polymers, phenylethylamine and L-serin, while

those incubated under stressed conditions were

characterized by a high utilization of glucose-1-phosphate,

N-acetyl-D-glucosamine and D-cellobiose, three labile

components.

Discussion

Effect of olive mill waste and glyphosate-based herbicide on

soil microbial activities

Interestingly, the treatments applied did not induce strong

changes in the microbial markers tested. This may differ

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

0.2

0.2 0.7 1.2

0.4

0.6
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1.0

–0.8 –0.3

PC1 (32.4%)

P
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6.
8%

)

Figure 4 Factorial map (PC19PC2) obtained from principal component analysis on microbial C-substrate utilization profiles of no practice (circles),

olive mill waste (diamonds), glyphosate-based herbicide (squares) andMix (triangles) treatments at T1 (black symbols) and T2 (white symbols).

Table 3 Results of repeated-measures ANOVAs with treatments and stress as between-subject factors and time as the within-subject factor on

soil microbial markers

Source Df Tyrosinases Proteases Lipases Ureases Cellulases

Basal

respiration

Microbial

biomass

Metabolic

quotient

Diversity

index

Between subject

Treatment

(TR)

3 0.49 NS 1.68 NS 3.49* 1.09 NS 0.88 NS 0.81 NS 0.98 NS 0.78 NS 0.49 NS

Condition

(C)

1 11.50*** 14.78*** 2.02 NS 0.071 NS 0.68 NS 4.70* 0.0041 NS 1.83 NS 0.22 NS

TR*C 3 0.32 NS 0.72 NS 2.56 NS 0.76 NS 0.23 NS 2.94 NS 2.54 NS 0.38 NS 0.71 NS

Within subject

Time (t) 1 1306.65*** 39.08*** 0.88 NS 228.07*** 64.05*** 55.28*** 16.49*** 13.51*** 10.71**

t*Treatment 3 0.49 NS 1.45 NS 1.49 NS 0.51 NS 0.72 NS 2.96 NS 2.68 NS 1.09 NS 0.40 NS

t*Condition 1 11.46** 12.58** 0.15 NS 0.34 NS 0.62 NS 1.19 NS 0.24 NS 0.19 NS 3.01 NS

t*TR*C 3 0.32 NS 1.33 NS 4.24* 0.93 NS 0.24 NS 3.56* 0.80 NS 0.41 NS 4.12*

Error 24

NS, nonsignificant. *P < 0.05; **P < 0.01; ***P < 0.001.
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from the expected effects of the treatments under field

conditions and could be explained by the limited amount of

soil and the inadequate imitation of the field environment,

which may modify microorganism responses. In addition,

this study only represented the possible effects observed for

the 10-cm-depth soil, without considering the effects

obtained below this surface layer.

Of all the microbial markers, only higher lipases were

measured after 3-month incubation under Gly treatment

compared with ‘no practice’, and the reverse trend was

observed after 5-month incubation. Addition onto soil of

glyphosate-based herbicides can provide a source of labile C,

P or N for heterotrophic microorganisms (Zabaloy et al.,

2008). However, we did not observe any significant change

in basal respiration or microbial biomass, indicating that the

quantity of herbicide applied onto soil was too low to be

considered as a significant C source. Higher lipase activities

measured at T1 may result from the addition of lipids as

substrates as Roundup� contains polyoxyethyleneamine

(POEA) as surfactant at a concentration of 150 g/L (Sawada

et al., 1988). POEA derives from tallow, a complex mixture

of fatty acids, such as oleic and palmitic acids, which can

induce the production of lipases (Meloni et al., 2014).

Similar results were obtained after glyphosate-based

herbicide addition for enzyme activities such as fluorescein

diacetate (FDA) hydrolases (Ara�ujo et al., 2003). Enzymes

involved in FDA hydrolysis include lipases and proteases

(Caldwell, 2005) and are used as indicators of soil biological

activity. On the other hand, glyphosate-based herbicides,

including Roundup�, are quite rapidly degraded in soil with

an estimated half-life of 7–60 days (Giesy et al., 2000). Thus,

the decrease in lipases under glyphosate-based herbicide

treatment after 5 months may be explained by the short

persistence of such herbicide in soils (Accinelli et al., 2005).

However, as lipases after 5 months reached a lower level

compared with ‘no practice’, glyphosate-based herbicide

addition may have induced a shift in the microbial

community as previously reported by Lane et al. (2012),

leading to a decrease in microbial activities. Our study

revealed differences in catabolic profiles between ‘no

practice’ and Gly treatment. In a similar agronomic context,

a similar shift in catabolic profiles was observed after

glyphosate-based herbicide addition by Zabaloy et al. (2012)

who related those differences to less efficient C-substrate

utilization probably due to the deleterious effect of

glyphosate on microbial communities.

In our study, OMW amendment did not induce any

modifications in soil chemical properties and this may

explain the neutral effect of OMW amendment on microbial

properties. However, Nasini et al. (2013) indicated that the

application of olive mill wastes onto soils of Mediterranean

agrosystems, especially in olive groves, could be considered
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as fertilizer as they contain high concentrations of organic

matter and nutrients. Many studies have shown a temporary

decrease in soil pH (Barbera et al., 2013; Di Bene et al.,

2013) and an increase in bulk density, phenol concentration

and C/N ratio (Di Bene et al., 2013) and consequently, an

increase in microbial basal respiration and biomass has been

reported (Magdich et al., 2012). We therefore expected to

measure a decrease in soil pH where OMW was applied. The

lack of pH change obtained after the application of OMW

treatment may suggest that less phenols and tannins were

applied with OMW in this study, as these substances have

been found to influence soil acidity (Sahraoui et al., 2013).

While the ‘Mix’ treatment had an additive effect on lipases

at T1, a non-additive synergic effect was observed at T2.

Lipases were significantly higher on the ‘Mix’ treatment

compared with both OMW and Gly treatments applied

alone. The higher activities suggest that the combination of

lipids from OMW (Dermeche et al., 2013) and Roundup�

surfactant could have induced an overproduction of lipases,

which counteracted the negative effect of the Gly treatment

observed at T2. This result may be associated with the shift

in catabolic profiles observed between the ‘Mix’ and Gly

treatments at T2. This suggests that the synergic effect

obtained for lipases on the ‘Mix’ treatments may result from

a change in microbial communities. Furthermore, our results

highlighted the decrease in soil chemical properties, such as

pH, at T1 on the ‘Mix’ treatment compared with either the

OMW or Gly treatment. The Gly treatment may have

brought N and P into soil, through glyphosate and

polyoxyethyleneamine, or enhanced soil inorganic N

availability in the short term (Snapp & Borden, 2005). An

increase in available nutrients would have stimulated

microbial biodegradation of soil organic matter and lipids,

phenols and tannins from the OMW and the production of

small organic acids derived from pyruvate, an end product

of glycolysis (Garrett & Grisham, 2013).

The effects of drying–rewetting cycles on soil microbial

activities

In our study, we applied drying–rewetting cycles mimicking

variations in soil moisture under a Mediterranean climate.

After a short incubation time (T1), of all enzymes tested,

only tyrosinases and proteases decreased after one D/Rw

cycle, whatever the applied treatment. Transformation of the

recalcitrant fraction of organic matter such as phenols is of

major importance in C recycling and here, we found that

tyrosinases decreased after one D/Rw cycle. As

phenoloxidase production is mainly by fungi (Sinsabaugh,

2010) and because others factors (e.g. N content, pH,

seasonal patterns) were controlled in the experiment, a

decrease in this specific activity suggested that fungal

communities may be particularly sensitive to such hydric

stresses. Garcia et al. (1994) showed that protease activities,

which are involved in the N cycle, can be dependent on

microbial biomass. Nevertheless, because neither microbial

biomass nor basal respiration was significantly affected by

one D/Rw cycle, the decrease in proteases reported in our

study cannot be correlated with the size of microbial

community. Variations in extracellular enzyme activities after

drying–rewetting events have been extensively studied and

contrasting results found. Alarc�on-Guti�errez et al. (2010)

showed that a drying–rewetting cycle can decrease soil

enzyme activities, which can be partially explained by

protein conformational changes and a decrease in substrate

diffusion.

Three D/Rw cycles also influenced catabolic profiles for

the Gly treatment compared with ‘no practice’. Here,

microbial CLPPs after Gly treatment under control

conditions (no stress) were characterized by a high utilization

of two polymers which are mainly degraded by fungi. After

the 3 D/Rw cycles, microbial CLPPs were characterized by a

high utilization of three labile components. These changes

were associated with a lower CD index, H, in response to

the 3 D/Rw cycles which showed a decrease in the potential

of utilization of carbon resources. This result suggested that

microbial communities were less resilient to the 3 D/Rw

cycles under glyphosate-based herbicide treatment. Few

studies have investigated the effect of water stress on soil

microbial community after glyphosate-based herbicide

addition. Means & Kremer (2007) reported that glyphosate-

based herbicide application under water stress conditions

resulted in lower number of Fusarium spp in soybean

cultures. Moreover, while one D/Rw event did not induce

significant change in basal respiration, two additional D/Rw

events decreased basal respiration of soils on the OMW

treatment. A similar decrease in basal respiration was also

observed by Mekki et al. (2009) under Mediterranean

climate conditions. This may be explained by a less efficient

potential of soil communities to degrade the polyphenols and

lipids found in OMW after multiple D/R cycles (Gu�enon &

Gros, 2015). Mekki et al. (2006) reported that an increase,

under favourable conditions, in the fungal-to-bacterial ratio

in soils amended with OMW was linked to the catabolism of

such compounds. Thus, here, under exacerbated matric

stress, fungal communities may have been strongly affected

and this may explain the observed decrease in basal

respiration after three D/Rw cycles.

Conclusion

Our experimental study suggested that the lack of positive

effects of OMW on soil quality reported in literature may

due to limitations of the mesocosm-scale method. OMW

inputs should be greater than those applied in the field, in

order to obtain measurable effects on soil properties. Mixing

both OMW and glyphosate-based herbicide treatments

counteracted the negative effects of glyphosate-based
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herbicide on lipases and microbial catabolic profiles. On the

other hand, after three drying–rewetting cycles, the

glyphosate-based herbicide treatment had modified the

functional diversity of soil microbial communities. Moreover,

OMW treatment decreased microbial respiration and caused

a decreased in capacity of microbial communities to degrade

the recalcitrant fraction of organic matter. Further studies

should investigate the effect of long-term application of these

treatments (more than one addition) on soil microbial

communities under climate stresses.
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