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Abstract The objective of this study was to understand the
degradation of the organic matter of olive mill wastewater
(OMW) and its phytotoxic and water repellent effects in de-
pendence on four different climatic conditions. We hypothe-
sized that warm conditions with sufficient soil moisture ensure
optimal biological activity and thus minimize negative effects
of the OMW treatment. Therefore, OMW-treated soil was
incubated for 60 days under four climatic conditions. During
incubation, we monitored pH, contents of nitrate, manganese
and phenolic compounds, soil respiration, soil water repellen-
cy, and δ13C. Additionally, calorific value and thermal stabil-
ity of the soil organic matter at the beginning and end of
incubation were determined. Soil samples of the wet-cold
and moist-warm incubation were tested for phytotoxicity
using a seed germination bioassay with Lepidium sativum.
As a function of climatic conditions, positive and negative
effects, e.g., addition of nutrients, phytotoxicity, and soil water
repellency, were observed. Under dry-hot conditions, the soil
was still water repellent after 60 days of incubation whereas
the wet-hot, moist-warm, and wet-cold incubation show that
soil would stay wettable if soil moisture before OMW treat-
ment would be sufficient. Thus, the impact of OMW treatment
on soil quality strongly depends on the environmental condi-
tions which should favor an enhancement of microbial activity
to minimize negative effects.
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Application

Introduction

Five million tons of oil mill wastewater (OMW) are being
generated annually using the 3-phase extraction for the pro-
duction of olive oil (Niaounakis and Halvadakis 2006). Due to
the higher cost, a switch to the 2-phase extraction, which pro-
duces significantly less OMW, has not taken place in a number
of countries (e.g., Israel and Palestine) (Azbar et al. 2004; Laor
et al. 2011). OMW has a low pH as well as a high concentra-
tion of salts and organic substances (Cabrera et al. 1996; Sierra
et al. 2001). Furthermore, the chemical and biological oxygen
demand is 200–400 times that of household wastewater (El
Hajouji et al. 2008). On the one hand, the application of OMW
can enhance soil fertility (Chaari et al. 2014; Kapellakis et al.
2015) but it contains phenolic compounds, which are known
to have phytotoxic and bacteriostatic effects (Barbera et al.
2014). For example, germination rates of cress seeds in
OMW-treated soil are reduced (Greco et al. 2006) and bacte-
rial walls are damaged (Carraro et al. 2014). Furthermore,
OMW-polluted soils showed increased water repellency
(Aranda et al. 2016), decreased hydraulic conductivity
(Mohawesh et al. 2014), and decreased sorption capacity
(Keren et al. 2015). In addition, OMW treatment increased
biological activity as shown by bait-lamina test (Steinmetz
et al. 2015), suppressed sensitive species by toxic compounds
(Kurtz et al. 2015), and changed the microbiological compo-
sition (Di Serio et al. 2008). In a field trial, Karpouzas et al.
(2010) treated loamy sand soil weekly with 4% OMW and
observed alterations in the composition of the microbial com-
munity. Some ammonia-oxidizing bacteria were favored (e.g.,
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Nitrosospira sp.) while the abundance of others was negative-
ly affected (Karpouzas et al. 2010). The authors concluded
that the differences in actinobacteria and ammonia-oxidizing
bacteria were caused by decreased oxygen availability, strong
competition for mineral-N, and selective inhibition by pheno-
lic compounds. Further field experiments showed that OMW
treatment increased the absolute number of soil bacteria and
fungi as well as the ratio of fungi to bacteria (Laor et al. 2011;
Siles et al. 2014), and the nitrifying population was sensitive
to OMW (Gargouri et al. 2014). On the basis of results from
soil respiration, extractable total phenolic content and C
isotope ratio, Buchmann et al. (2015) showed that the degra-
dation of the organic compounds in OMW can be divided into
four phases: (i) transformation of phenolic compounds and
degradation of organic matter (OM), (ii) decrease of phytotox-
icity, (iii) degradation of phytotoxic phenolic compounds, and
(iv) immobilization of phytotoxic compounds. The authors
concluded that the climatic conditions for the application of
OMW need to be optimized to ensure a rapid degradation of
OMW as well as minimize the effects of immobilization and
phytotoxicity (Buchmann et al. 2015). A study of Chiesura
et al. (2005) showed that the porosity of soil increases when
OMW was applied in spring whereas it remained unchanged
in winter, which has been attributed to variation in biological
activity due to changes in soil temperature and moisture
(Barbera et al. 2013). Furthermore, negative effects (e.g., acid-
ification, soil water repellency) of OMW application were
reduced when the OMW was applied under moist-warm con-
ditions favoring biological activity in the field (Tamimi et al.
2016). Tamimi et al. (2016) investigated the effect of the sea-
son in which OMW was applied to soil, on the transport,
persistence, and fate of OMW constituents. The results
showed that the duration of the hot and dry periods following
the application increased persistence of OMW effects, which
was attributed to accumulation and abiotic polymerization of
OMW. Furthermore, the time under conditions favoring bio-
logical activity favored degradation over increase in persis-
tence (Tamimi et al. 2016). Thus, the changes in OM quality
directly depended on the climatic conditions. A more detailed
understanding on the process controlling the fate of the
OMW-derived OM in the soil, however, requires studies un-
der controlled conditions and a more detailed analysis of the
OM quality.

Therefore, we combined in this study for the first time
simultaneous thermal analysis (thermogravimetry and differ-
ential scanning calorimetry) and isotope ratio mass spectrom-
etry with the analysis of hydrophobicity and phytotoxicity of
soil as well as common soil parameters to characterize chang-
es of the quality of soil organic matter in dependence of cli-
matic conditions. Experiments under controlled conditions are
important to understand how temperature, soil moisture and
respiration, hydrophobicity, phytotoxicity, and the organic
substances in soil are influenced by OMWapplication and to

draw conclusions applicable to field OMW application.
Despite the contribution of biological activity and abiotic
CO2 release, soil respiration is commonly used to determine
microbial activity (Sparling 1997). In addition to common soil
chemical properties (i.e., pH, conductivity, cation and anion
content, organic C and UVabsorption) soil samples were char-
acterized by determining thermostability (TS), calorific value
(CVs), and C isotope ratio which allows an estimation of the
degree of degradation of OM added by OMW pollution
(Peikert et al. 2015).

The aim of this research was to find out whether the neg-
ative effects of OMW treatment (in particular hydrophobicity
and phytotoxicity) can be significantly reduced through
climate-dependent biological activity and how these effects
are related to changes in organic matter quality. In this context,
it was hypothesized that warm and wet conditions ensure op-
timal biological activity and there maximize the degradation
of organic components of the OMW and thus minimize its
negative effects. In order to test this hypothesis, soil was treat-
ed with OMW and incubated under controlled soil tempera-
ture and moisture conditions of the Palestinian winter (wet/
cold), spring (moist/warm), and summer (dry/hot). In addi-
tion, a summer variant simulating irrigation (wet/hot) was in-
cluded to allow comparison between different soil moisture
(dry/hot vs. wet/hot) and soil temperatures (wet/hot vs. wet/
cold). These results will contribute to a better understanding of
the changes of organic soil components through OMW treat-
ment as well as enable recommendations for optimal timing of
OMWapplication.

Material and methods

Soil and OMW

Soil samples were taken in Bait Reema, which is characterized
by the calcareous Rendzina soil (Singer 2007). Nine surface
(0-15 cm) soil samples were taken, air-dried, sieved (<2 mm),
and combined to form 5 kg of composite clay loam, contain-
ing 38 ± 0.6% and 39 ± 0.3% of clay and silt, respectively.
Prior to the experiments pH, electrical conductivity, cation
and anion concentrations, dissolved organic carbohydrates,
specific UVabsorption (SUVA), soluble phenolic compounds
(SPC), C isotope ratio (δ13C), water retention curve, water
drop penetration time, contact angle, and the grain size distri-
bution were determined.

Before incubation, the pF-values of soil were measured to
determine the correlation between suction and soil water con-
tent (Wedler and Boguslawski (1965). The eight soil samples
were placed in centrifuge filter tubes (Maxi-spin filter tubes,
PVDF, 0.45 μm, Chrom Tech, USA) and saturated with water.
Subsequently, the sample was centrifuged for 45 min at a
relative centrifugal force of 0, 0.3, 10, 17, 42, 158, 356, 861,
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and 2125g correlating to pF-values of 0, 1.6, 1.9, 2.0, 2.6, 3.0,
3.3, 3.7, and 3.8. By measuring the difference in weight, the
water content of the sample was determined (Wedler and
Boguslawski 1965).

The OMW sample was obtained from an olive mill in Bait
Reema (Palestine). After measurements of pH and conductiv-
ity (ISO 1997; ISO 2005), the sample was mixed well,
aliquoted in 200 mL batches and stored at −18°C. Then, sam-
ples were filtered (PTFE, 0.45 μm, Whatman) and concentra-
tions of dissolved organic C (DOC), total phenol content, and
SUVA were determined. Using an N/C analyzer (multi N/C
analyzer 2100/2100S, Analytik Jena, Germany), total C and
dissolved inorganic C contents were determined. SUVA was
determined by dividing the absorption at 254 nm by the DOC
content. Soluble phenolic compounds were measured using
Folin–Ciocalteu reagent (Sigma-Aldrich, Germany) and gallic
acid for the titration curve (Box 1983; Buchmann et al. 2015;
Li et al. 2007; Prior et al. 2005). Two hundred microliters of
OMWwere mixed with 10% (v/v) Folin–Ciocalteu reagent, after
4 min 800 μL of carbonic acid were added and an hour later the
extinction coefficient at 700 nm was measured. The results are
given in gallic acid units (GAU) per gram of dry soil.
Furthermore, the dry weight of the OMW was determined at
105°C and OMW droplets were snap frozen in liquid nitrogen.
The snap-frozen droplets were freeze-dried at −33°C and
0.28 mbar using a Christ Alpha 1-2 LD Freeze Dryer (Matrin
Christ, Germany). The freeze-dried samples were used for
isotope-ratio mass spectrometry and thermal gravimetric analysis.

Incubation experiments in the laboratory

Based on climate data (PCBS 2014), the condition of wet-cold
moist-warm, wet-hot, and dry-hot soil were simulated as
shown in Table 1. The soil moisture in wet-cold and wet-
warm conditions corresponded to the field capacity.

The samples were incubated in screw cap glass jars. All
samples were pre-incubated for 2 weeks under the respective
conditions. Assuming a porosity and penetration depth of 50
% and 3 cm accordingly, the OMW applied (0.31 mL/g) cor-
related to an application rate of 14 L/m2. In total, 6.2 ml of
OMW per sample were applied after the pre-incubation.
Distilled water was used as a control. To adjust for the final
water content, the samples were dried at 75 mbar in a vacuum

desiccator containing phosphorus pentoxide for 0–5 days. It is
possible that during this treatment volatile components of
OMW were lost. However, this was taken into account to
minimize the delay prior to treatment. After the addition of
OMW, water content was regularly measured gravimetrically
and sample was aerated every 3 days. Furthermore, the tem-
perature was measured every 300 s using a data logger
(Dostmann LOG 11). The samples were taken 0.5, 1, 2, 3, 4,
6, 9, 12, 15, 21, 39, and 60 days after OMW treatment. Three
replicates were used for OMW-treated samples while only one
sample for the control was obtained, in order to reduce the
total number of samples to 185. Each sample was air-dried
and pH, conductivity, anion and cation content, DOC, SUVA,
water drop penetration time (WDPT), contact angle, δ13C, and
thermal properties were analyzed.

The soil respiration was determined according to DIN ISO
16072 (2005). The released CO2was trapped in 20mL 0.25M
sodium hydroxide. After 72 h, the sodium hydroxide was
replaced and 2 mL 0.5 M BaCl2 and 2–3 drops of phenol-
phthalein were added and the sample titrated with 0.5 M
HCl. The samples were corrected using 20 mL of sodium
hydroxide as a blank.

Determination of soil properties

General soil parameters

The soil grain size was determined using sedimentation (ISO
2002). Total N and C contents were measured using an ele-
men ta l ana lyze r (Var io mic ro cube , E lemen ta r
Analysensysteme GmbH, Germany). The electrical conduc-
tivity (ISO 1997) and pH (ISO 2005) were analyzed in a 1:5
(water/soil) suspension. Furthermore, DOC were extracted by
adding 25 mL of ultrapure water to 5 g of air-dried soil,
followed by shaking overnight. Subsequently, the samples
were centrifuged for 15 min at 3717g and membrane filtered
(PTFE, 0.45 μm, Whatman). DOC was measured using an
N/C analyzer (multi N/C analyzer 2100/2100S, Analytik
Jena, Germany). In addition, cation (Ca2+, K+, Mg2+, Mn2+,
and Na+), anion (F−, Cl−, NO2

−, NO3
−, PO4

3-, and SO4
2-)

concentrations, and soluble phenolic compounds were deter-
mined. The analysis of cations was done by inductively
coupled plasma MS (Agilent 7500 a); the soil extract was

Table 1 Following properties
before incubation: temperature,
soil moisture, duration and
applied amount of OMW

Wet-cold Moist-warm Wet-hot Dry-hot

Temperature 8°C 15°C 35°C 35°C

pF-value (water content) 1.8 (27 wt%) 2.8 (19 wt%) 1.8 (27 wt%) 3.8 (13 wt%)

Pre-incubation 16 days (without OMW)

Amount of OMW 0.31 mL/g

Main incubation 60 days (12 samplings)

Aeration Every 3 days

Biol Fertil Soils (2017) 53:89–102 91



diluted 1:10 and Y, Rh, and Ho were applied as internal stan-
dards. Anions were measure in 1:6 diluted samples using ion
chromatography (881 Compact IC pro, Metrohm,
Switzerland).

Carbon isotope ratio

The natural distribution of the stable C isotopes was deter-
mined using isotope-ratio mass spectrometry (Muccioa and
Jackson 2009). Soil samples were combusted using an
Automatic Elemental Analyzer (Flash HAT 2000, Thermo
Scientific). The released H2O was removed using a water trap.
The gaseous mixture containing CO2, N2, and SO2 was passed
through a Poropack QS column (50/80 mesh, 3 m × 5 mm).
Samples were subsequently diluted with helium using a con-
tinuous flow interface (Conflo IV, Thermo Scientific) to pro-
cessing using an Isotope Ratio Mass Spectrometer (Delta V
Advantage, Thermo Scientific). The δ13C values were nor-
malized using international references as shown in formula 1
(Weller et al. 2011). Therefore, larger δ13C values correlate to
higher 13C concentrations in the soil samples.

δ13C per mil½ � ¼
13C
12C

sampleð Þ
13C
12C

referenceð Þ
− 1 ð1Þ

Due to the fact that results of thermogravimetry showed no
significant decrease of carbonate content in the OMW-treated
soil samples, a significant effect on the C isotope ratio because
of the decomposition of carbonates was not expected.
Therefore, carbonates were not decomposed prior to analysis
of the C isotope ratio. This did not influence the process anal-
ysis of this study, but makes it difficult to compare the results
with literature data. Furthermore, trapped CO2 of some spring
and winter samples (days 1, 6, and 60) was precipitated with
BaCl2 and analyzed using C isotope mass spectrometry.

Simultaneous thermal analysis

Previous experiments showed that thermal analysis would on-
ly be sensitive enough to monitor differences between single
OMW-treated samples at the beginning and end of incubation.
Therefore, only soil samples 5 and 60 days post-OMW treat-
ment were analyzed as described by Peikert et al. (2015):

Using simultaneous thermal analysis thermogravimetry
(TG) as well as differential scanning calorimetry (DSC) can
be conducted at the same time. The analysis was carried out
using a STA 449 F3 Jupiter (Netzsch, Germany). Sn, Bi, Zn,
Al, Ag. and Au standards were used for the calibration of
temperature and enthalpy, while the mass change of calcium
carbonate was used to calibrate the TG scale.

Two alumina crucible were measured, one was loaded with
20mg air-dried soil sample (grain size <1 mm) while the other
was used as a reference. The measurement was conducted in a
temperature range of 30 to 1000°C increasing at 10°C/min.
Synthetic air (flow rate 50 mL/min) was used to aid combus-
tion. The capillary inlet was heated to 150°C in order to pre-
vent condensation of the sample between the STA and mass
spectrometer (MS 403 Aëolos II, Netzsch, Germany). Seventy
eV were used to ionize the sample and mass spectrum was
recorded between 0 and 150 amu in 1-min intervals.

The results were analyzed using the Netzsch Proteus
Software 5.2.1. Following the recommendation by the manu-
facturer, the TG signal was smoothened (eightfold) to simplify
the analysis of the start and end of the mass steps. In addition,
the mass spectrometric signal of 18 u (H2O) was analyzed to
determine the starting and endpoint of the combustion. Based
on previous observation (Dell’Abate et al. 2003; Lopez-Capel
et al. 2005; Manning et al. 2005; Plante et al. 2005), the ther-
mogram was subdivided into four temperature ranges. In the
first region (0-200°C), decarboxylation and dehydration reac-
tions occur while the regions above 200°C (regions II-IV) are
less well defined and are under current scientific debate. The
following sub-divisions have been previously used
(Dell’Abate et al. 2003; Lopez-Capel et al. 2005; Manning
et al. 2005; Plante et al. 2005): labile organic matter (region
II; 220-400°C), recalcitrant organic matter (region III; 400-
580°C), and carbonate-derived materials (region IV; 580-850
°C).

As the focus of the analysis was on soil organic matter
quality, regions I and IV are not discussed in detail. The sum
of the mass loss of temperature regions II and III served for the
determination of loss on ignition (LOI). The thermostability
index (TS) according to Lopez-Capel et al. (2005) was calcu-
lated by dividing the mass loss of recalcitrant organic matter
(region III) by LOI. Additionally, the calorific value of the
labile (CVL) and recalcitrant organic matter fraction (CVs)
was calculated. Therefore, we determined the area under the
curve of the DSC signal, using the same interval as for the TG
analysis and assuming a linear starting slope. The amount of
heat released was divided by the mass loss over the same
interval to evaluate the calorific value. The calorific value is
given in kilojoule per gram mass loss of this organic matter
fraction.

Phytotoxicity and phenol concentration

Because not enough OMW was left to run phytotoxicity tests
for all incubation conditions, we needed to shorten the setup:
as OMWis predominantly produced during winter and spring,
only these two climatic conditions were investigated and the
number of sampling days (5, 7, 9, 15, 20, 26, and 31) was
reduced. After incubation, the soil samples were transferred to
a petri dish and phytotoxicity was determined using seed
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germination of water cress (Lepidium sarivum) (Komilis et al.
2005). In each sample, 10 water cress seeds were planted in
equal depth. After 96 h at 15° and daily ventilation, the root
length of the OMW-treated samples (RLx) and control sam-
ples (RLc) was determined to obtain the relative root growth
(RRG) (Hoekstra et al. 2002)

RRG %½ � ¼ RLx

.
RLcx 100 ð2Þ

where RLx is the root length of OMW-treated samples and RLc
is the root length of control samples. In addition, soil extracts
were obtained (see General soil parameters) and soluble phe-
nolic compounds were measured (see Soil and OMW).

Wettability

To determine the hydrophobicity of the soil, the contact angle
andwater drop penetration timewere determined. The dynam-
ic Wilhelmy Plate Method (WPM) (Diehl et al. 2010;
Wilhelmy 1863) was used for the contact angle measurement
whereas the water drop penetration time was determined as
described by Diehl and Schaumann (2007). Each analysis was
repeated five times.

Conditioning of samples in previous experiments resulted
in a small standard deviation and thus samples were incubated
for 24 h at 30°C in a drying cabinet. All samples were placed
in small plastic containers and the surface was carefully
leveled. Subsequently, 100 μL of deionized water were added
using a micropipette (Finnpipette F2, Thermo Scientific) and
the time until complete penetration was determined. When the
water drop penetration times were larger than a minute, auto-
matic pictures were taken in 12-s intervals up to 10min. Using
this method, the relative error of the WDPT test remained
<5%. The soil samples assigned to the following repellency
classes (Bisdom et al. 1993): wettable (<5 s), slight (6-60 s),
and moderate (61-600 s) water repellent.

The contact angle was determined using the variation of the
Wilhelmy Plate Method. The conditioned soil samples (grain
size <1 mm) were fixed onto microscope glass slides (76 ×
26 × 1 mm) using double-sided tape. Subsequently, the samples
were mounted in the dynamic contact angle meter (DCAT 21,
DataPhysics, Filderstadt, Germany) and immersed in distilled
water (20°C). The force generated when the sample is immersed
in water was used to calculate the advancing contact angle.

Statistical analysis

All results are presented as mean ± SD. Data was assessed using
Excel 2007 (MS Office) and the statistical analysis was done
with SPSS Statistics 21 (IBM). Significance was determined
using Kruskal-Wallis ANOVA; p < 0.05 and p < 0.01 were
regarded significant and highly significant, respectively.
Pearson’s correlation coefficient was used to assess dependency.

Results

Characteristics of untreated soil and OMW

The chemical and physical properties of soil and OMW
are shown in Table 2. The untreated soil had an organic C
content of 31 ± mg/g; a pH of 8.3 ± 0.1, due to the buff-
ering effect of carbonates; and its aqueous extract revealed
an electrical conductivity of 0.3 ± 0.01 mS/cm. The soil
was slightly hydrophobic with respect to its contact angle
(92°), but appeared readily wettable with respect to its
WDPT (1 s). In addition, the soil sample contained a delta
C value of -9.2 ± 0.4‰ both organic and inorganic C. The
thermal stability of the organic matter was 526 mg/g LOI
and the calorific value of the stable C fraction was 4.5 kJ/
g LOI.

The OMW was acidic (pH = 4.7) and showed a high
electrical conductivity (10.1 ± 0.1 mS/cm) as well as
high concentrations of dissolved organic C (20.7 ±
0.1 g/L) and soluble phenolic compounds (3.5 ± 0.1 g/
L). The calorific value of the labile C fraction (2.9 kJ/g)
was lower than of the stable C fraction (26 kJ/g). In
comparison to soil, OMW was characterized by a low
delta C value (-25.6‰) and a low thermal stability
(461 mg/g LOI).

Development of soil properties during the incubation

Over the whole incubation period, control samples were char-
acterized by the following average values: 73 ± 74 μg/kg of
water-soluble Mn2+, a δ13C-value of −8.7 ± 0.6‰, a loss on
ignition of 65 ± 2 mg/g, and a soil respiration rate of 4.5 ±

Table 2 Electrical conductivity, pH, DOC, organic C (OC), soluble
phenolic substances (SPC), specific UV absorption (SUVA), C isotope
ratio δ13C, thermal stability (TS), calorific value of the stable C fraction
(CVs), water drop penetration time (WDPT), and contact angle of the
analyzed soil, soil extract, and OMW

Soil Soil
extract

OMW Freeze-
dried
OMW

Electrical conductivity
(mS/cm)

0.30 ± 0.01 10.1 ± 0.1

pH 8.30 ± 0.08 4.73 ± 0.01
DOC (g/L) 0.008 ± 0.001 20.7 ± 0.1
SPC (g GAE/L) 0.3 ± 0.1 3.5 ± 0.1
SUVA (L/mg C/m) 1.65 ± 0.10 0.129 ± 0.002
Dry mass (mg/g) 936 ± 1 82.2 ± 0.3
OC (mg/g) 31 ± 3
δ13C (‰) −9.2 ± 0.4 −25.6 ± 0.1
TS (mg/g LOI) 526 ± 26 461 ± 4
CVS (kJ/g LOI) 4.5 ± 0.8 26 ± 4
WDPT (s) 1 ± 1
Contact angle (°) 92 ± 6
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4.1 μg CO2 g
−1 h−1. In addition, the nitrate concentration in the

control samples increased in wet-warm, dry-hot, and wet-cold
conditions continuously, while the nitrite content increased for
the first 3 days and then started to decrease. Only under wet-hot
conditions, the nitrite concentrations increased substantially be-
tween days 39 and 60. Nitrite and nitrate concentrations in the
wet-cold incubation were below the detection limit with the
exception of the period between days 39 and day 60. The addi-
tion of OMW resulted in an increase of the brown coloration
which remained visible until the end of the incubation (day 60).
In addition, 10-12 days after OMW treatment fungi growth
were detected in all soil samples throughout the incubation in-
dependently of the climatic conditions. After OMW treatment,
water-soluble Mn2+ increased, while the delta C value de-
creased. The nitrite and nitrate concentrations remained below
the detection limit of 15 mg/kg (Fig. 1a-d). During the incuba-
tion period, 27 ± 5 mg CO2 g

−1 (dry-hot), 35 ± 6 mg CO2 g
−1

(wet-hot), 13 ± 4 2 mg CO2/g (wet-cold), and 15 ± 2 mg CO2/g
(wet-warm) were released. The highest maximal soil respiration
rates were measured in moist-warm conditions followed by
wet-cold, dry-hot, and wet-hot (Fig. 1a). Under wet-hot condi-
tions, the maximal soil respiration was 122 μg CO2 g

−1 h−1 on

day four. Mn2+ concentration in soil was the highest in wet-hot,
followed by dry-hot, wet-cold, and moist-warm, thus inversely
correlated to the values for soil respiration (Fig. 1b). Following
an initial steep increase in Mn2+ and soil respiration, the values
for both declined with time showing a large fluctuation. In con-
trast to these values, the C isotope ratio increased with the du-
ration of the incubation. In addition, the nitrite and nitrate values
increased under hot incubation conditions moderately towards
the end of the incubation. The least negative delta C value was
measured under wet-hot (-9.0 ± 0.8‰) and dry-hot (-9.9 ±
0.4‰) conditions. The difference between wet-hot and moist-
warm (-11.5 ± 0.2‰) conditions was significant. At the same
time, the loss on ignition was lowest under hot conditions (wet-
hot 71.2 ± 2.3mg/g; dry-hot 65.8 ± 5.8mg/g), whereas a greater
loss on ignition of 80.7 ± 3.7 mg/g and 76.9 ± 2.9 mg/g was
determined under moist-warm and wet-cold conditions, respec-
tively. In relation to the loss on ignition, 6% for wet-hot and 9%
for dry-hot conditions of the organic matter added by the OMW
treatment remained in the soil. These values were 18 and 20 %
for the wet-cold and moist-warm incubation, respectively. The
C isotope ratio and cumulative soil respiration yielded similar
results.

Climatic conditions
Wet-cold Dry-hot

Moist-warm Wet-hot

(a) (b)

(c) (d)

S
o

il
 r

e
s
p

ir
a

ti
o

n
 [

μ
g

/h
/g

]

W
a

te
r
 s

o
lu

b
le

 M
n

2
+

 [
m

g
/k

g
]

δ
1

3
C

 [
‰

]

N
it

r
a

te
 [

m
g

/k
g

]

Incubation time [d] Incubation time [d]

Incubation time [d] Incubation time [d]

Fig. 1 Soil respiration (a),
concentration of Mn2+ (b), C
isotope ratio (c), and
concentration of NO3

− (d) ± SD
during incubation under wet-cold
(square), moist-warm (triangle),
dry-hot (white circle), and wet-
cold (circle) conditions
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The LOI is derived from the sum of the mass loss of the
labile and stable C fraction (Fig. 2a). Themass loss of the stable
C fraction in relation to loss on ignition reflects the thermal
stability (TS) of the organic compounds. TS of the control
samples hardly changed over the incubation period with an
average LOI of 532mg/g (Fig. 2b). In contrast to that, TS under
wet-hot conditions decreased to 489 mg/g LOI during the in-
cubation. In addition, under wet-cold conditions, the calorific
values of the labile (CVL) and stable C fraction (CVS) were
reduced after the incubation while no noticeable difference was
detected under the other conditions (Fig. 2c-d). Through the
OMW treatment, the concentrations of both C fractions in-
creased, in particular of the labile C fraction. Towards the
end, TS increased most substantially for the wet-hot incubation,
followed by wet-cold, moist-warm, and dry-hot, but these
changes were not significantly different. Mass loss of the stable
C fraction of the OMW-treated samples decreased under dry-hot
and wet-hot conditions. In contrast, under moist-warm and wet-
cold conditions, the mass loss of the stable C fraction remained
constant. CVL of OMWwas lower than that of the soil samples
(Table 2). Throughout the incubation, CVL decreased under all
conditions with the exception of the wet-hot samples. The most
pronounced decrease was observed under moist-warm condi-
tions. Similarly, CVS of the soil samples increased after OMW

treatment. The CVs in wet-hot and moist-warm conditions was
comparable before and after the incubation period while the CVs

for dry-hot and wet-cold increased and decreased, respectively.

Relative root growth and phenol concentration

Figure 3 shows the content of soluble phenolic compounds (a)
and root growth (b) during the incubation period under wet-
cold and moist-warm conditions. While the concentration of
soluble phenolic compounds in the control samples through-
out the incubationwas constant at around 0.2 ± 0.4 mgGAE/L
(not shown), soluble phenolic compounds values reached up
to 63 mg GAE/L after the OMW treatment. Immediately after
addition of OMW, no root growth was measured for the wet-
cold incubation whereas an increase of 14 ± 8%was measured
under moist-warm conditions. Soluble phenolic compounds
decreased after 7 days under both conditions, although more
rapidly for the moist-warm incubation. Despite the decrease of
soluble phenolic compounds, the relative root growth de-
creased (moist-warm) or remained low (wet-cold) until
15 days after OMW treatment. After day 15, the relative root
growth increased in both samples, although more pronounced
in the moist-warm treatment. This difference is reflected in the
lower concentration of soluble phenolic compounds under

Fig. 2 Loss on ignition (a) and thermal stability (b) ± SD as well as
calorific value of the labile (c) and stable (d) C fraction of control (left)
and OMW-treated (right) at beginning B and end E of the wet-cold

(checkered), moist-warm (hatched), dry-hot (black dotted), and wet-
cold (white dotted) incubation
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moist-warm conditions (10.3 ± 0.6 mg GAE/L) compared to
the wet-cold incubation (19.5 ± 0.1 mg GAE/L) as well as
increased relative root growth under moist-warm conditions
(86 ± 32%) compared to wet-cold (54 ± 20%).

Contact angle and water drop penetration time

The water drop penetration time was below 5 s for all
controls (Fig. 4a), whereas the contact angle varied

significantly between the different incubations. Contact an-
gles of the hot incubated control (84 ± 5°) and the pooled
sample prior to incubation (91 ± 6°) were comparable. In
contrast to that, contact angles of the moist-warm (6 ± 13°)
and wet-cold control (10 ± 8°) were significantly lower and
decreased throughout the incubation period. OMW-treated
samples of the dry-hot incubation between days 5 and 7
and days 38 and 155 could be classified as slightly and
moderately water repellent, respectively (Bisdom et al.
1993), whereas all other samples under dry-hot conditions
were hydrophilic. Looking at the other OMW-treated sam-
ples, the water drop penetration time was only twice
above 5 s namely under moist-wet conditions on day 44
(6 s) and wet-cold conditions on day 9 (7 s). Further, the
contact angle between day 10 and day 15 ranged between
50° and 100° (Fig. 4b). Subsequently, the contact angle
rose above 100° for the wet-cold and dry-hot samples. In
contrast to that, contact angles of the moist-warm and wet-
hot incubation remained below 100°. The water drop pen-
etration time decreased towards the end of the incubation
under dry-hot conditions but never reached values below
14 s and the contact angle was larger than 100°. At the
end of the incubation, the contact angle increased in the
following order wet-cold <moist-warm <wet-hot < dry-hot.

Discussion

Degradation and qualitative changes of the OMW OM

Overall, the results of soil and OMW were comparable to
earlier findings (Peikert et al. 2015) with the exception of
C content of the soil which was increased in this study.
The observed reduction of the pH and the increase of
water-soluble ions and electrical conductivity after the ad-
dition of OMW are furthermore comparable with previous
studies dealing with OMW-treated soils (Buchmann et al.
2015; Piotrowska et al. 2006). After OMW treatment soil
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respiration increased, which is related to bacterial process-
es (Di Serio et al. 2008; Piotrowska et al. 2006; Saadi
et al. 2007). The increase of water-soluble Mn2+, however,
can be explained both by biological or abiotic processes.

According to reaction 1, the balance between oxides and
bioavailable Mn2+ is largely dependent on the pH value and
the redox potential (Blume et al. 2002).

MnO2 þ 4Hþ þ 2e‐ ⇄ Mn2þ þ 2 H2O ðReaction1Þ

A decrease of the pH and the redox potential shifts
the balance towards the formation of Mn2+. However,
the decreased pH following the OMW treatment alone
does not account for the increase of Mn2+ under moist-
warm conditions as the pH was substantially lower un-
der wet-cold conditions. As depicted in reaction equa-
tion 1, more Mn2+ is formed when the redox potential
is lower. In addition, MnO2 is reduced by anaerobic
bacteria which in turn under aerobic conditions can be
oxidized to polyvalent manganese oxides (Blume et al.
2002).

In general, the wetness of the soil is not the only im-
portant factor for an increased reduction of Mn2+. A water
content as low as 60–70 % in nutrient-rich, small-pored
soil can be sufficient to deplete oxygen because the con-
sumption of microorganisms will be faster than the supply
by diffusion. These oxygen-lacking areas favor the activity
of denitrifying bacteria (Tsiknia et al. 2014). The increased
concentration of water-soluble Mn2+ after OMW treatment
together with the reduction of nitrate and nitrite may be
due to reducing conditions. By measuring the activity of
different enzymes following OMW treatment, Piotrowska
et al. (2006) concluded that the oxygen concentrations
were limited due to the oxidation of phenolic compounds.
In accordance with this, the highest Mn2+ concentrations
were expected under wet-cold and wet-hot conditions.
However, the Mn2+ concentrations were highest under
moist-warm conditions. A combination of abiotic and bi-
otic processes and their varying dependency on pH and
temperature could thus be responsible for the increased
formation of Mn2+ under moist-warm conditions. The
key factor could be the manganese-catalyzed polymeriza-
tion of monomeric phenols (Huang 1990; Piotrowska et al.
2006). Metal-phenol-complexes are formed during the po-
lymerization which in the presence of oxygen are broken-
up and release radicals. Through the combination of two
radicals, methanol and carbon dioxide can be released
(Gianfreda et al. 2006). In addition, carbon dioxide can
be released during the Mn-catalyzed decarboxylation of
phenolic compounds (Dec et al. 2003). Both a recombina-
tion of radicals and a decarboxylation would lead to a
deoxidation of the soil organic matter, which could explain
the increased CVL after the addition of OMW. The isotope

ratio of the precipitated CO2 in wet-cold and moist-warm
incubation conditions was more negative (mean −11.4 ±
0.6‰) than in the control samples (mean −9.2 ± 0.4‰),
but more positive than in the OMW (−25.6‰). Further,
a decomposition of carbonate and subsequent release of
carbon dioxide should also be considered, but the thermal
analysis did not show a significant mass loss in region IV
(carbonate) following OMW treatment. However, the or-
ganic components of the OMW were not the only sources
of the released CO2 but also the soil-borne organic sub-
stances (and carbonates) probably contributed.

Independently of these (a)biotic processes, it should be
noted that the nitrate concentrations decreased following
the OMW treatment. It is likely that the lower pH, the
crust formation, bacteriostatic and phenolic compounds,
and increased salt concentrations in addition to increased
substrate availability reduced the activity of nitrifying mi-
croorganisms (Sindhu and Cornfield 1967). The low in-
crease in nitrate towards the end of the incubation showed
that this is only a temporary effect of the OMW treatment.
Similarly, nitrification was reduced in a field experiment a
few days after treatment with 30, 180, and 360 m3/ha
OMW (Sierra et al. 2007). After 40 days, the levels of
nitrate were comparable to the levels before OMW treat-
ment and continued to increase continuously until 80 days
post-OMW treatment. The authors emphasized in that
study that the reduced nitrate levels following OMW treat-
ment may negatively affect plant growth temporarily but
will increase fertility of the soil in the long term (Sierra
et al. 2007). Overall, soil respiration, C isotope ratio, and
thermal analysis showed degradation of organic substances
depended on the temperature and soil wetness as also
reported by Shi and Marschner (2015), who showed that
the number of moist days determines respiration in drying
and rewetting cycles. The added organic matter was al-
most completely converted during hot incubations and this
effect was further accelerated under wet-hot conditions. In
comparison, substantially less organic substances were de-
graded under wet-cold and moist-warm conditions. Thus,
it can be concluded that OMW treatment should be per-
formed under warm conditions with sufficient soil mois-
ture to ensure a quick degradation of the added organic
substances.

The different incubation conditions did not only affect
the quantity of the organic matter but also its quality be-
cause the degradation of the labile C fraction, which in
particular increased after the OMW treatment depended
on the incubation conditions. With the exception of the
wet-hot incubation, the soil samples contained more com-
pounds of the labile C fraction after the incubation. Thus,
TS of the samples decreased in comparison with the un-
treated soil. Under dry-hot conditions, the labile C fraction
was further increased by the predominant degradation of
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the stable C fraction. A part of this fraction is represented
by substances of high molecular weight (Foth 1990) with
mainly aromatic structure (Leinweber and Schulten 1992;
Leinweber et al. 1992; Lopez-Capel et al. 2005).
Interestingly, the calorific value of this C fraction increased
under dry-hot conditions which could be explained by the
growth of fungi. Laor et al. (2011) reported a higher num-
ber of spores and a lower bacterial count 3 months after the
OMW treatment compared to the samples taken 9 days
after application. The authors concluded that the bacteria
were responsible for the initial reduction of easily degrad-
able compounds and the fungi for the subsequent degrada-
tion of the stable C fraction (Borken et al. 2002; Scheu and
Parkinson 1994). Therefore, the formation of hyphae and
thereby formation of energy-rich chitin (21 kJ/g) could ac-
count for the increase in CVS (Groot et al. 1995). An
alternative explanation for the increase in CVS under dry-
hot conditions is the presence of long-chain fatty acids in
the OMW (Peikert et al. 2015). These are usually
accounted to the labile C fraction having a combustion
temperature of 200-300°C (Santos et al. 2007). However,
the temperature can be raised by modifications such as
esterification with starch and amylose (Aburto et al.
1999). Furthermore, potentially strong interactions between
long-chain fatty acids and, e.g., soil particles, could account
for the increase of CVS.

In contrast to the dry-hot incubation, the mass loss of the
stable C fraction remained stable under the wet-cold condition
while CVS was reduced. This indicates a conversion to com-
pounds with a low energy value rather than degradation of the
stable C fraction. This could be attributed to a temperature-
dependent incorporation of unsaturated (Russell et al. 1995) or
shortened fatty acids (McGibbon and Russell 1983) into the
cell wall as CVL decreased. This adaptation occurs to prevent
the crystallization of the membrane (Beales 2004) under cold
conditions.

Over the whole incubation period, soil respiration, C
isotope ratio, and Mn2+ concentration varied consider-
ably. Although it should be noted that the soil respira-
tion and the concentration of Mn2+ under all incubation
conditions correlated with a high significance, the cor-
relation between soil respiration and C isotope ratio was
only significant under wet-hot conditions. It seems like-
ly that the δ13C values under the different conditions
were influenced by other factors. For example,
Šantrůčková et al. (2000) showed a relationship between
the C isotope ratio of respired CO2 and microbial bio-
mass depended on the duration of incubation. They ob-
served a depletion of 13C in the microbiotic mass and
explained this by a change in the composition of the
microbial community and the isotope ratio of the sub-
strate. The correlation between soil respiration and C
isotope ratio (local maxima on days 3, 5, and 7) is in

accordance with the results (Buchmann et al. 2015),
who observed a temporary increase in soil respiration
on days 5 and 13 during the incubation of sandy clay
under moist-warm conditions. From these observations
and the analysis of phenolic compounds, C isotope ra-
tio, and phytotoxicity, the authors defined four phases
of OMW degradation that could be accompanied by
different microorganisms. A similar correlation was not
observed under wet-cold, moist-warm, and dry-hot con-
ditions. Thus, it can be concluded that the phases pro-
posed by Buchmann et al. (2015) can be applied to a
loamy clay soil under optimal conditions (wet-hot) but
not under the other.

Phytotoxicity

Phenolic compounds added to the soil samples through the
OMW treatment were degraded during the incubation peri-
od. The highly significant correlation of the soil respiration
rate with the concentration of soluble phenolic compounds
could be explained either by a decreased microbiotic activ-
ity caused by a depletion of soluble phenolic compounds or
by a lower CO2 release due to a decrease in abiotic oxida-
tion of soluble phenolic compounds. While soluble pheno-
lic compounds were degraded/converted during the incuba-
tion, the root growth increased, which could be related to a
lower toxicity of polymeric phenol to plants and bacteria as
suggested by Iamarino et al. (2009) or a reduction of phy-
totoxic Mn2+ (Millaleo et al. 2010). In addition to the du-
ration of the incubation, the root growth also depended on
soil temperature and wetness. The minimum root growth on
day 15 was present under both conditions but stronger re-
duced under wet-cold conditions. The subsequent increase
in root growth and soil respiration was also observed by
Buchmann et al. (2015). The authors suggested a positive
effect of microorganisms on root growth either by the sup-
ply of growth-promoting substances or protection from
phytotoxic compounds. Overall, the OMW-treated samples
incubated under moist-warm conditions finally showed a
similar root growth as the control samples and a reduction
of soluble phenolic compounds by 83%. In contrast to this,
the concentration of soluble phenolic compounds under
wet-cold conditions was only decreased by 67% and the
soil was more phytotoxic.

Soil water repellency

Only under dry-hot conditions the OMW treatment re-
sulted in a water repellent soil. Interestingly, under these
conditions, the soil did not become directly hydropho-
bic, but after 12–15 days of incubation. This suggests
that not a single substance added by the OMW treat-
ment but processes within the first days of incubation
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account for the hydrophobicity. During this initial incu-
bation period, fungal growth was detected which has
been reported to form stable aggregates with soil parti-
cles (Ingham et al. 2000). A study from Unestam (1991)
found that water drops did not penetrate into the major-
ity of forest soil samples with fungal mycelium (20 out
of 24) 1 h after the incubation. Thereby, the mycelium
retained aerobic conditions that are essential for growth.
Another possibility for the reduced water uptake is pre-
sented in a study of petroleum induced hydrophobicity
from Todoruk et al. (2003). The authors concluded that
water was present between partially oxidized hydrocar-
bons. Through dehydration, this water layer was proba-
bly removed and the relevant compounds could directly
interact with the soil particles (Todoruk et al. 2003).
The already discussed deoxidation of the added organic
matter or the time the rearrangement of soil particles to
prevent penetration of water takes could explain the
delayed hydrophobicity (Doerr et al. 2000). The neces-
sity for the removal of the water layer would not only
explain the hydrophobicity under dry-hot condition but
also why the wet-cold and moist-warm samples were
hydrophilic despite the low degradation of organic sub-
stances. It cannot be excluded that the soil will become
water repellent as soon as the soil dries because the
water interlayer prevents the direct contact with the soil
surface. In contrast to the dry-hot incubation, the added
organic matter of the OMW was almost completely de-
graded under wet-hot conditions and thereby the soil
remained hydrophilic. Particularly well suited for the
degradation of hydrophobic substances are certain spe-
cies of actinobacteria (Muller and Deurer 2011), such as
S t r e p t om y c e s s s p . , Rh o d o c o c c u s s s p . , a n d
Mycobacterium ssp. (Roper 2004). At the incubation
end, the contact angle decreased with temperature, sug-
gesting that the temperature additionally influences the
penetration of water into the soil. Based on these find-
ings, the temperature and moisture of the soil should be
carefully considered to prevent the formation of water-
repellent soils.

Conclusions

The incubation experiments show that OMW treatment
can result in a temporary increase in organic and inor-
ganic nutrients in soil. From an agricultural standpoint,
this is a positive effect. Furthermore, the treatment with
OMW stimulated the soil respiration which promoted
the conversion of the organic substances. However, in
the experimental setup, it could not be determined
whether the carbon dioxide release originated from a
biotic or abiotic source but the increase in Mn2+ directly

after the OMW treatment suggests an abiotic process.
During the incubation (all treatments), the labile C frac-
tion was degraded. In addition, a degradation of the
stable C fraction was observed under dry-hot conditions,
which is likely to be caused by fungi. The C isotope
ratio analysis showed that under wet-cold and moist-
warm conditions, even after 60 days of incubation, ap-
proximately one fifth of the organic substances of the
OMW remained in the soil, while under wet-hot and
dry-hot conditions an almost complete degradation
occurred.

Negative consequences of the OMW treatment are
the decrease in pH, the reduction of nitrate, phytotoxic-
ity, and, under dry conditions, water repellency. Nitrate
content and pH increased and the phytotoxicity de-
creased towards the end of the incubation period but
after 60 days under dry-hot conditions the soil was still
water repellent. The hydrophobicity could either be
caused by mycelium growth or the interaction of long-
chain fatty acids with soil particles. Both are in accor-
dance with an increase of the calorific value of the
stable C fraction.

As expected, the effect of OMW treatment under
wet-hot conditions had the most positive effect on soil
quality. However, it is surprising that the effects of
OMW treatment under wet-cold and moist-warm condi-
tions are rather similar. The excess of substrate and the
start of the phenol oxidation under these conditions are
probably resulting in reducing conditions and thereby
delaying a quick conversion of organic matter.
However, it should be noted that in a laboratory setup
not all factors are accounted for such as root respiration
and faunal activity. In field experiments, these factors
can influence the results especially in the beginning of
spring when the biological activity increases. Despite
the poor degradation of the organic matter during the
wet-cold and moist-warm conditions, the soil remained
hydrophilic. Probably a fine water layer around the soil
particle prevented direct interactions of the OMW organ-
ic matter with the mineral soil surface. To avoid a poor
water penetration into the soil, OMW treatments should
only occur on wet soil. In addition, a high microbiolog-
ical activity enhanced through tillage (as commonly
practiced in Israel and Palestine) could have a positive
effect on the degradation of the added organic matter
after.
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