
REGULAR ARTICLE

Development of phytotoxicity and composition of a soil treated
with olive mill wastewater (OMW): an incubation study

C. Buchmann & A. Felten & B. Peikert & K. Muñoz &

N. Bandow & A. Dag & G. E. Schaumann

Received: 26 February 2014 /Accepted: 12 August 2014 /Published online: 30 August 2014
# Springer International Publishing Switzerland 2014

Abstract
Background and aims Olive mill wastewater (OMW)
generated in Mediterranean countries is partly disposed
of on soil. Its underlying fate mechanisms and influ-
ences on plant growth are still largely unknown. Our
goal was to understand OMW organic matter (OMW-
OM) degradation in soil and its phytotoxic effects. We
hypothesized that OMW phytotoxicity decreased with
degradation of its phenolic components.
Methods In a 60 day incubation study, we monitored
soil respiration, extractable total phenolic content (TPC)
and carbon isotope ratio (δ13C) of OMW treated Israeli
soil. The soil was extracted using accelerated solvent
extraction (ASE) and its extracts were exemplarily ana-
lyzed for four phenolic substances by LC/MS.

Phytotoxicity of soil and soil extracts were tested using
a Lepidium sativum seed germination bioassay.
Results Soil respiration was 2.5 times higher for OMW
treated soil with two respiration maxima and indicated a
degradation of up to 27% of the added OMW-OM. Four
phases of OMW-OM degradation were identified: (i)
degradation of easily degradable OMW-OM and trans-
formation of phenolic compounds, (ii) intermediate sup-
pression of phytotoxicity, (iii) degradation of phytotoxic
phenolic compounds and (iv) significant physical im-
mobilization of phytotoxic compounds.
Conclusion Environmental conditions during and after
OMWdisposal on soil ought to favor fast degradation of
OMW-OM, minimizing their physical immobilization
and phytotoxic effects.
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Introduction

Mediterranean countries such as Israel, Italy and Spain
generate large amounts of olive mill wastewater (OMW)
during the olive oil production process. This results in
1 – 1.2 m3 OMW per ton of processed olives for three-
phase systems (Saadi et al. 2007; Hanifi 2009). OMW
from three-phase systems is typically acidic, has high
biological and chemical oxygen demands, high organic
matter and mineral content and contains growth-
inhibiting substances such as lipids and phenols (Saadi
et al. 2007; Di Serio et al. 2008). As it is toxic for some
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microorganisms, OMW disposal by sewage treatment
plants is not accepted (Khatib et al. 2009). For that
reason, the direct application on soil is one of the most
favored treatment methods with up to 1.5 million tons of
disposed OMW in the Mediterranean area per year
(Arapoglou et al. 2010). To avoid its uncontrolled dis-
posal on soil, the OMWapplication is limited in several
Mediterranean regions. The existing legal framework
shows a lack of common policy and guidance for the
OMW management among the existing olive-oil pro-
ducing countries (Kapellakis et al. 2008). The applica-
tion amount of OMW to soils is limited in several
Mediterranean regions. For example, Italian laws permit
an annual spreading of 50 – 80m3 ha−1 a−1, the Ministry
of Environmental Protection in Israel recommends up to
100 m3 ha−1 a−1 (Saadi et al. 2007; Laor et al. 2011). In
both cases, the quantities of disposed OMWare consid-
ered as a low cost method with fertilizing properties and
no harmful effects to crops and soil (Chartzoulakis et al.
2010; Saadi et al. 2007). In spite of the restricted OMW
disposal on soil, an uncontrolled disposal at even higher
quantities than recommended must be assumed
(Kavvadias et al. 2014).

Several studies have addressed the effects of OMW
on several parameters such as physico-chemical soil
characteristics, seed germination and plant growth (see
Barbera et al. 2013 for a detailed overview). Most
studies concluded that OMW application on soil can
have positive effects on soil structure (e .g. increased
aggregate stability and reduced run-off). However, neg-
ative environmental impacts of OMW spreading have
also been reported, although the results of recent studies
are sometimes contradictory and depending on soil pa-
rameters, test organisms and application rate (Deeb et al.
2012). Negative effects on physico-chemical soil prop-
erties, e. g. accumulation of salts and reduced water
infiltration (Mahmoud et al. 2010), phytotoxic effects
on crops (Di Serio et al. 2008) and potential groundwa-
ter pollution (Boukhoubza et al. 2008), are limiting
constrains for the application of OMW on soil. OMW
is also characterized by a relatively slow degradation
and biological mineralization for some of its organic
substances (Saviozzi et al. 1991). Nevertheless, organic
substances from OMW (OMW organic matter ‘OMW-
OM’) can provide energy and act as carbon source for
the growth of soil microorganisms (Piotrowska et al.
2006). The increase of microbial activity, commonly
measured by soil respiration, is one of the most impor-
tant and characteristic indicators for soil microbiological

metabolism and soil health (Sparling 1997; Nielsen and
Winding 2002).

The knowledge of time-dependent degradation dy-
namics in soil after carbon input can give detailed infor-
mation on the discrimination and decomposition of cer-
tain compound groups (Wlodarczyk et al. 2008). In this
context, the changes of δ13C-signatures with time can be
used to describe the degradation of organic substances
from certain external sources and throughout different
environmental compartments (Macko et al. 1987;
Staddon 2004). Different δ13C-signatures have also
been described for substance groups from olive trees
(Bianchi et al. 1993; Angerosa et al. 1999). Additional-
ly, the knowledge of time-dependent OMW (bio-) avail-
ability in soil can be useful to estimate effects on plant
growth and might give reasonable solutions regarding
the appropriate application of OMWon soil. To our best
knowledge, only little is known about the interplay
between physico-chemical immobilization processes
and the degradation of OMW constituents in soil. Soil
extractions using selective organic solvents such as eth-
yl acetate, hexane or methanol are used to mimic or
predict the bioavailable part of organic compounds in
soil (Kelsey et al. 1997; Tao et al. 2006; Bogolte et al.
2007), but have not been applied on OMW-polluted
soils yet. Among different extraction techniques, accel-
erated solvent extraction (ASE) is one of the most
promising tools due to reduced sample preparation time,
constant extraction conditions and a fully automated and
programmable extraction process (Fisher et al. 1997).

The objective of this incubation study was to ob-
tain first insights into the degradation processes of
OMW-OM in soil, their mechanisms and their time-
dependent relation with phytotoxic effects. The
amount of applied OMW was set higher than the
amount recommended by the Ministry of Environ-
mental Protection in Israel for one single application
on the field (up to 10 L m−2). With this, simulated a
maximum effect expected for controlled OMWappli-
cation under the consideration that the OMW com-
position varies between sites and years. We further-
more aimed to be able to account for the expected
higher amounts applied through uncontrolled OMW
application. We monitored the changes in soil respi-
ration activity, δ13C, extractable total phenolic con-
tent (TPC) and concentrations of selected target phe-
nolic compounds of OMW treated soil. Until now,
OMW-OM degradation and its phytotoxicity in soil
have not been monitored via these parameters.
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Effects on Lepidium sativum (English garden cress)
growth were investigated to assess the bioavailability
and phytotoxicity of OMW derived compounds in
OMW treated soil and its extracts. If OMW derived,
phenolic substances are the main reason for phyto-
toxic effects on plants, the TPC in OMW treated soil
and its extracts should be related with changes in the
phytotoxicity. Further assuming that phenolic sub-
stances are less easily degradable, they should remain
longer times in soil compared to other organic sub-
stances from OMW, resulting in a high toxicity level
at the beginning of the incubation experiment. If our
assumptions were right, the subsequent degradation
of those phenolic substances should come along with
a decrease of phytotoxicity and TPC in OMW treated
soil and its extracts over time.

Materials and methods

Soil and OMW

For the incubation experiment, soil from an olive or-
chard near Gilat, South Israel, and OMW from a three-
phase system near Revivim, Israel was used. After sam-
pling, the soil was dried, sieved to 2 mm and stored in
plastic boxes. OMW was stored at – 15 °C until used.

Physico-chemical properties of the soil and OMW
were determined in triplicate according to typical stan-
dard methods. Soil texture was determined by sieving
and pipette method according toDIN ISO 11277 (1998).
Soil dry density was measured according to DIN ISO
11272 (2001). Elemental analyses of the soil samples
were done using an elemental analyzer (Vario micro
cube, Elementar Analysensysteme GmbH, Germany).
Organic carbon was analyzed by elemental analyzer
after adding hydrochloric acid (4 mol L-1) to the sample
and drying it at 70 °C until constant weight (DIN ISO
10694 1996). Carbon isotope ratio of the soil and OMW
was determined as described in section 2.5. Soil and
OMW pH were determined according to DIN ISO
11265 (1997) and DIN ISO 38404–5 (2009), respective-
ly. TPC was determined using the Folin-Ciocalteu re-
agent (Sigma-Aldrich, Germany) as described in detail
below. Thermogravimetric Analysis (TGA) for both soil
and OMW were performed using a STA 449 F3 Jupiter
system (Netzsch, Germany). TG balances were verified
by mass losses of calcium carbonate. Soil and OMW
properties are presented in Table 1.

Incubation experiment

In total, 96 sub-samples (each 10 g) of Israeli soil were
transferred into jars with screw caps and spiked with
2.70 mL demineralized water to reach a matrix potential
of -60 hPa. The samples were pre-incubated at 15 °C for
14 days to simulate Israeli winter/ early spring condi-
tions during microorganism acclimatization. After pre-
incubation, the soil samples were air-dried overnight
and 0.31 mL OMW (14 L m−2) or demineralized water
per gram dry soil were applied to each soil sample.
Afterwards, the samples were incubated at 15 °C and
their soil moisture was measured every 72 h. Incubation
temperature was monitored every 300 s throughout the
whole incubation time using a Dostmann LOG 111 data
logger (Dostmann electronic, Wertheim-Reicholzheim,
Germany). At defined time steps, two control samples
and six OMW treated samples were used for the mea-
surements described below.

Soil respiration was determined according to DIN
ISO 16072 (2005). The released CO2 during the incu-
bation was continuously absorbed into 20 mL of 0.05M
NaOH solution. The latest every 72 h, the adsorbed CO2

within the NaOH solution was precipitated with 2 mL of
0.5 M BaCl2 solution and titrated with 0.1 M HCl using
2 – 3 drops of phenolphthalein indicator. All samples
were corrected against a blank in triplicate (20 mL
NaOH in an empty incubation vessel). The overall soil

Table 1 Soil and OMW properties (dry mass basis for both soil
and OMW if not indicated differently)

Parameter Soil OMW

Organic carbon / mg g−1 17.8 473

Nitrogen / mg g−1 b.d.a 13

Hydrogen / mg g−1 4 72

LOI (TGA) / mg g−1 23 n.d.b

Carbonate / mg g−1 110 –

/ mmolc kg
−1 66.8 –

Water content / mg g−1 17 (air dried)
270 (incubated)

91.8 (moist)

pH (CaCl2) 8.8 4.7

Bulk density / g cm−3 1.17 –

δ13C / ‰ −8.5 −27.4
TPC / mg GAU g−1 <0.001 49

/ mg GAU L−1 – 3930

a below limit of detection
b not determined
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respiration is given as total CO2-equivalents, the soil
respiration rate as daily CO2-equivalents in relation to
the mass of dry and untreated soil.

Soil extractions and soil phenolic content determination

For the extraction of organic substances from OMW-
OM in soil, organic solvent extractions were performed
using a Dionex ASE 350 accelerated solvent extraction
system (Thermo Fisher Scientific, Waltham, USA). At
each time step, sequential extractions were performed
with three OMW treated soil replicates and one control
sample using hexane (Hex) at 140 °C, followed by
methanol (MeOH) at 140 °C. For each extraction step,
a 7 min warm-up was conducted, followed by 5 min
static extraction. After the sequential extractions, each
extract was concentrated to a volume of 1.5 mL by a
slight nitrogen stream.

TPC of each concentrated soil extract was deter-
mined by Folin-Ciocalteu (FC) method according to
Box (1983) and Li et al. (2007) in a modified way.
200 μL of the concentrated extract were added to
1 mL of 1:10 dH2O-diluted Folin-Ciocalteu reagent.
After 4 min, 800 μL of saturated sodium carbonate
solution (75 g L−1) were added. Absorbance was mea-
sured after 1 h at 760 nm against a matrix blank using a
Specord 50 UV/VIS spectrometer (Analytik Jena, Jena,
Germany). To evaluate the photosensitivity of the FC
reagent towards different phenolic compounds, calibra-
tion curves with gallic acid, tyrosol, caffeic acid,
coumaric acid and protocatechuric acid were prepared.
Gallic acid (0 – 500 mg L−1) was used as standard
calibration curve for the TPC calculations. Results are
presented in mg gallic acid units (GAU) per gram dry
soil.

For semi-quantitative target analysis of phenolic
compounds, soil extracts were exemplarily analyzed
for four substances, typical representatives of phenolic
compounds in OMW: tyrosol, caffeic acid, coumaric
acid and protocatechuic acid (Colarieti et al. 2006;
Greco et al. 2006). Analysis were carried out in a LC-
HRMS (High resolution mass spectrometry detection)
Thermo Scientific® system conformed by a quaternary
Accela® pump and an Exactive® Orbitrap MS detector
(Thermo Fisher Scientific, Waltham, USA). Hypersil
Gold column 50 × 2.1 mm × 1.9 μm at room tempera-
ture was utilized for the chromatographic separation.
The mobile phase was constituted by acetonitrile (sol-
vent A) and milli-Q water (Solvent B) in the following

gradient: 0–2 min 10 % A, 2–4.5 min 10 – 100 % A,
4.5–6 min 100 % A, 6.5–9 min: 10 % A (re-equilibra-
tion). The flow rate was 0.2 mL min−1 and the injection
volume 20 μL of undiluted soil extract. ESI-MS was
executed in negative ion mode, the specific transition
mass (m/z) of precursor ions and retention times (rt)
were as follows: Tyrosol: 137.0608 (2.5 min); Caffeic
acid: 179.0350 (2.8min); Protocatechuic acid: 153.0193
(1.6 min); Coumaric acid: 163.0401 (4.5 min). Caffeic
acid, protocatechuic acid and coumaric acid showed a
linear calibration curve in a range from 50 –
750 ng mL−1, Tyrosol from 250 – 5000 ng mL−1. Matrix
effects were estimated by post-extraction spike method
at two concentrations: 100 and 1000 ng mL−1. Strong
ion enhance was observed for caffeic acid and
protocatechuic acid (>100 %), meanwhile a weak ion
suppression was determined for tyrosol and coumaric
acid. To compensate those matrix effects, the samples
were quantified using a matrix-matched calibration
method.

Carbon isotope ratio

Incubated soil samples were characterized for their δ13C
before and after each sequential extraction step using a
Flash 2000 HT Elemental Analyzer (Thermo Fisher
Scientific, Waltham, USA). Soil samples were
combusted in an oxygen atmosphere at 1020 °C with
element separation using a packed column (Poropack
QS 50/80 mesh, 3 m×5 mm) at 40 °C. Results were
expressed as δ13C according to equation (1) as the
differences of 13C:12C ratio of the soil sample (RSample)
in relation to the defined reference standard (RStandard;
Vienna-PeeDee belemnite, ‘V-PDB’ with a 13C:12C ra-
tio of 1.1237×10−2) (Staddon 2004).

δ13C ¼ 1000� Rsample−Rstandard

� �

Rstandard
‰ ð1Þ

IRMS Reference material was IAEA-CH-3
(δ13C=-24.724 ‰ V-PDB) of the International Atomic
Agency (IAEA, Vienna, Austria).

Phytotoxicity tests

Phytotoxicity was tested for OMW treated soil, its se-
quential solvent extracts and the respective controls
using a L. sativum seed germination bioassay. Tests
were conducted in 60 mm petri dishes directly on
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OMW treated soil and control soil, the respective soil
extracts were tested on Whatman Grade 41 filter paper.
1 mL of the respective extract was added onto the filter
paper and the solvent was evaporated for 24 h under the
fume hood. Afterwards, the filter paper was rewetted
with 1 mL dH2O and 10 English cress seeds were placed
on it. Petri dishes were incubated at 15 °C for 96 h with
daily aeration. After 96 h, relative seed germination
(RSG), relative root growth (RRG) and germination
index (GI) were determined according to Hoekstra
et al. (2002) (Eqs. 2–4):

• RSG ð%Þ : Sx
Sc

� 100 ð2Þ

• RRG ð%Þ : RLx
RLc

� 100 ð3Þ

• GI ð%Þ : RSG� RRG

100
ð4Þ

SX and SC are the number of germinated seeds
(radicle protruding from seed), RLX and RLC the
mean root length of the cress plants for treated (X)
and control samples (C).

Data analysis

Results were statistically analyzed using One-way
analyses of variances (ANOVA) and Tukey’s mul-
tiple comparison test at p<0.05 to find significant
differences between OMW treated samples and
untreated control samples. If necessary, data were
y ¼ ffiffiffiffiffiffiffiffiffiffiffi

yþ 1
p

transformed to fulfill the assumptions
of ANOVA. Variability within the replicates was
presented as standard errors of the mean values.
Linear regression and correlation analyses (Pearson
correlation) were performed to determine relation-
ships between the different parameters.

Results

Table 1 summarizes the physico-chemical properties of
the Israeli orchard soil and the OMW used for the
incubation experiments. The soil texture was classified
as sandy clay loam (130 g Kg−1 silt, 560 g Kg−1 sand,
310 g Kg−1 clay). The soil has a low organic carbon

content of 17.8 mg g−1 dry soil and a low TPC<0.01mg
GAU g−1 dry soil. It is slightly alkaline, with a pH of
8.8. δ13C is -8.5 ‰. In contrast, the OMW has a much
higher organic carbon content of 473 mg g−1 dry OMW
and a high TPC of 393 mg GAU g−1 moist OMW. It has
an acidic character, with a pH of 4.7. Its δ13C of
−27.4 ‰ shows a strong contrast to the soil.

The soil respiration activity of OMW treated soil and
control soil is presented as cumulative soil respiration in
Fig. 1 and as daily soil respiration rate in Fig. 2a, re-
spectively. The OMW treated soil released 16 mg CO2

g−1 during incubation, the untreated control soil 6 mg
CO2 g−1. Thus, the cumulative respired CO2 of the
OMW treated soil was more than 2.5 times higher than
for the untreated control soil, resulting in clearly in-
creased daily respiration rates. Assuming that the release
of carbonate C can be neglected and the difference
between the respiration of OMW treated soil and un-
treated control soil indicates the mineralization of
OMW-OM, the higher release of 10 mg CO2 g−1 for
OMW treated soil can be attributed to the mineralization
of OMW-OM. This suggests a mineralization of up to
27 % of OMW derived carbon during the 60 days of
incubation.

Based on the development of the daily soil respira-
tion, the incubation period was subdivided into four
phases. In phase I (0–5 days), the respiration rate of both
OMW treated soil and untreated control soil reached its
respiration maximum of 0.8 (±0.1) mg d-1 g−1 and 0.43
(±0.01) mg g−1 d−1. In phase II (5–12 days), the respi-
ration decreased in both soils, but re-increased again
after day 12 in OMW treated soil to reach a second
respiration maximum (0.6 (±0.1) mg g−1 d−1) at the
beginning of phase III (day 13). The soil respiration rate
of OMW treated soil steeply declined during phase III
(13–22 days) and reached a constant, non-significant
level in phase IV (>22 days).

Figure 2b shows the concentration of extractable
TPC as a function of extraction solvent and incubation
time. The TPC of the untreated control soil was 0.18
(±0.02) mg GAU g−1 and remained constant over the
whole incubation time. The TPC of the OMW treated
soil was 5.0 (±0.1) mg GAU g−1 dry soil directly after
OMW addition. With time, the TPC of the soil extracts
declined to a final TPC of 1.5 (±0.1) mg GAU g−1 at the
end of phase IV. In phase I, the TPC decreased and re-
increased again to reach a flat maximum in phase II.
Although the TPC of the OMW treated soil declined
with incubation time, it remained significantly higher
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than the untreated control soil for the complete incuba-
tion period. The highest TPC was extracted using meth-
anol as extraction solvent. Its averaged share was 84.8
(±2.3) % of the overall extracted TPC. The TPC of the
hexane extracts decreased during phase I and increased
again from phase III to a final concentration of 0.3
(±0.1) mg GAU g−1. In total, 70 % of the OMW derived
TPC were degraded during the 60 days of incubation,
indicating certain persistence of phenolic compounds. In
this context, it is important to consider that the photo-
sensitivity of the Folin-Ciocalteu reaction differs for
different phenolic compounds as demonstrated for four
phenolic compounds in comparison to gallic acid
(Fig. 3). The sensitivity of the Folin reaction towards
the four compounds is 1.4-fold and 1.2-fold for
protocatecuic acid and caffeic acid, respectively, and
0.7-fold for both coumaric acid and tyrosol.

The target analysis of the methanol extracts of OMW
treated soil showed a high tyrosol concentration of 1.2
(±0.1) mg g−1 directly after OMW addition (Fig. 4). Its
concentration declined during phase I towards a con-
stant level of 0.049 (±0.005) mg g−1 until the end of
phase IV. The initial concentrations of caffeic acid (4.1±
0.2 μg g−1), protocatechuic acid (9±1 μg g−1) and
coumaric acid (6.9±0.6μg g-1) were several times lower
than for tyrosol. Secondly, the concentration of both
protocatechuic acid and caffeic acid increased to the
highest measured concentrations at the beginning of
phase II (0.66 (±0.2) mg g−1 and 0.15 (±0.02) mg g-1,
respectively). From this point on, their concentrations
declined to 2.0 (±0.3) μg g-1 for protocatechuic acid and
a non-detectable limit for caffeic acid at the end of phase

IV. The concentration of coumaric acid continuously
declined from the end of phase I to a final concentration
of 0.50 (±0.01) μg g-1. Considering the different sensi-
tivities towards the Folin reaction (Fig. 4) and the
extract:soil ratio, tyrosol could explain 20.3 % of the
TPC at the beginning of phase I and 3.5 % of the TPC
after 60 days; coumaric acid accounts for max. 0.1 % of
the TPC.

The development of δ13C is illustrated in Fig. 2c as
function of extraction solvent and incubation time before
and after each sequential extraction step. The untreated
control soil showed a stable δ13C of −8.5 (±0.1) ‰
during the whole incubation. OMW application resulted
in a significantly decreased δ13C=-14.0 (±0.6) ‰. δ13C
further decreased during the phases I and II towards a
minimum of -15.2 (±0.7) ‰. Afterwards, an increase of
δ13C until the end of phase III was observed. From phase
IVon, δ13C remained stable (-12.5 (±0.9) ‰).

For the untreated control soil, no performed solvent
extraction significantly changed δ13C (Table 1 in the SI).
Extractions of OMW treated soil with hexane did not
change its δ13C, whereby methanol extraction resulted
in a significantly increased δ13C (-11.3 (±0.2) ‰). De-
spite the solvent extraction, the δ13C of OMW treated
soils did not reach the original δ13C of the untreated
control soil, suggesting that a large part of the OMW-
OM was not extractable with the chosen solvents.

L. sativum growth parameters are shown in Fig. 5a
as a function of the methanol-extractable phenolic
content (MPC). Only GI and RRG changed with
time while RSG was 90 % throughout the incubation
for both the OMW treated soil and its extracts. The

Fig. 1 cumulative CO2-release
per g of dry control soil and
OMW treated soil during 60 d
incubation at 15 °C and 23 % soil
moisture
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Fig. 2 a daily soil respiration rate
per g of dry control soil and
OMW treated soil during 60d
incubation with OMWat 23 %
soil moisture and 15 °C. b TPC
per g of dry control soil, OMW
treated soil and its two organic
solvent fractions. c changes of
δ13C in control soils and OMW
treated soil, before and after
methanol (MeOH) extraction.
d germination index (GI) for
L. sativum exposed to OMW
treated soil and its methanol
extract in relation to untreated
control soil and extract. Asterisks:
significant at p<0.05 compared
to untreated control (One-way
ANOVAwith Tukey’s multiple
comparison test). Error bars
represent standard error of means.
The dotted connecting lines
between the figures are plotted in
order to visualize the different
phases of development I-IV for
the determined parameter
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only exception was the reduction of RSG by 30 %
for OMW treated soil directly after OMW addition
(day 0). GI and RRG correlated significantly
(p<0.001) with a clear dependence on the MPC
(p<0.001) (Table 2 in the SI). Thus, phytotoxicity
expresses mainly in the growth period. Neither the
solvent extracts of the control soil nor the hexane
extracts of the OMW treated soil showed significant
effects on L. sativum growth. Therefore, we will
only discuss the GI for the soil samples and its
methanol extracts (Tables 3 – 7 in the SI for the
other growth indices).

Figure 2d shows the GI for each methanol extract and
OMW treated soil as function of incubation time. The
growth of L. sativum on the methanol extracts of OMW
treated soil was reduced to 2.2 (±0.3) % during phase I and
II. In phase III, a steep increase of GI was observed,

followed by a continuous increase to 66 (±8) % in phase
IV. The GI on OMW treated soil was comparable to that on
the methanol extracts for phases I and III, but was signifi-
cantly higher in phase II. During phase II, GI decreased
from 36 (±6) to 17 (±8) %, and increased again during
phase IV to a final, non-significant level of 104 (±7) %.

To that point, OMW treated soil and its methanol ex-
tracts showed similar GI only in phases I and III. In phases
II and IV, the toxicity of the methanol extracts was higher
than for theOMWtreated soil as indicated by their positions
below the 1:1 line in Fig. 5b.

Discussion

Our objective was to obtain first insights into the deg-
radation of OMW-OM in soil and its time-dependent

Fig. 3 Calibration curves for
protocatechuic acid, caffeic acid,
gallic acid, coumaric acid and
tyrosol, determined after Folin-
Ciocalteu reaction at 760 nm

Fig. 4 Concentration of
protocatechuic acid, caffeic acid,
tyrosol and coumaric acid per g of
dry OMW treated soil as
measured by LC/MS. Error bars
represent standard error of means
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relation to phytotoxic effects under controlled, laborato-
ry conditions. The presented results showed character-
istic changes and responses of the soil on OMW addi-
tion. From phase I on, a stimulation of the soil respira-
tion activity in OMW treated soil took place due to the
addition of easily available carbon sources. These in-
clude especially proteins, amino acids and sugars which
are easily degradable and transformable by soil micro-
organisms (Brant et al. 2006; Hoorman and Rafiq 2010).
The decrease of δ13C during phase I and at the begin-
ning of phase II further supports a predominant degra-
dation of those easily degradable substances as they are
typically 13C-enriched compared to aromatic substances
such as phenolic compounds, lignins and sterols
(Bianchi et al. 1993; Santruckova et al. 2000; Werth
and Kuzyakov 2010). During the phases I and II, TPC
remained at a high level, further supporting the assump-
tion of variable decomposition rates for OMW-OM in
soil. Similar observations were already stated by

Saviozzi et al. (1990) for OMW-OM in soil. They
distinguished between a fast primary phase with a de-
composition of rapidly degradable substances such as
sugars and a slower secondary phase with a degradation
of more stable substances such as lignins. Martin and
Haider (1986) reported a mineralization of 73 % for
glucose in sandy soil after 1 week. In comparison, the
mineralization of catechol and caffeic acid, two well-
known phytotoxic phenols in OMW (Isidori et al. 2005),
were 11% and 40% after the same time span. Even after
28 weeks, 74 % of the catechol and 32 % of the caffeic
acid were still present as they accumulated during the
initial phase of plant litter decomposition (Sollins et al.
1996). Thus, the subsequent changes in degradation
processes as a result of altered carbon sources most
probably accounts for the transient decrease of the soil
respiration in phase II. It may also be linked to changes
in active microbial communities (Mekki et al. 2006;
Piotrowska et al. 2006).

Fig. 5 a correlation of L. sativum
growth parameter with methanol-
extractable phenolic content
(MPC) of OMW treated soil; b
correlation of growth indices from
methanol (MeOH) soil extracts of
OMW treated soil with the
respective growth indices from
OMW treated soil. Dotted line
represents 1:1 line where growth
index of OMW treated soil =
growth index of MeOH extract.
RSG: relative seed germination,
RRG: relative root growth, GI:
germination index
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The unexpected fluctuation of the TPC in OMW
treated soil during phase I can be attributed to the
transformation between phenolic compounds with dif-
ferent sensitivities towards the FC-reagent (Fig. 4). The-
se assumptions are further supported by the conducted
LC/MS measurements. In phase I, the concentration of
tyrosol, a dominant phenolic compound in OMW
(Shadabi et al. 2013), strongly decreased within the first
24 h and likely explains the initial decrease of the TPC
(Fig. 2b). The subsequent re-increase of the TPC coin-
cides with the intermediate formation of protocatechuic
acid and caffeic acid. Both phenolic compounds have a
higher sensitivity towards the FC-reagent than tyrosol
(Fig. 4). This exemplarily supports the assumption of
partly degraded, polymerized or transformed phenolic
compounds with an altered reactivity towards the FC-
reagent (Wang et al. 1986; Greco et al. 2006; Negi and
Dey 2009). Although the investigated phenolic com-
pounds for the LC/MS measurements are of great rele-
vance for OMW (Colarieti et al. 2006; Greco et al.
2006), more phenolic substances has to be expected in
the soil extracts which might have different reactivities
towards the FC-reagent and therefore an influence on
the measured TPC.

Both OMW treated soil and its methanol extracts
showed high phytotoxic effects on L. sativum during
the phases I-III. The clear relation of phytotoxicity with
the MPC supports our hypothesis of a relationship be-
tween OMW derived phenolic compounds and phyto-
toxic effects on plants such as L. sativum. Methanol is a
well-known, typically used extraction solvent for phe-
nolic compounds (Casazza et al. 2010; Mussatto et al.
2011) as its high polarity and ability to penetrate into
smaller soil pores enhances the dissolution of polar
compounds (Jonker and Koelmans 2002). Methanol
extracts of several plants and soils have shown compa-
rable phytotoxic effects on different plants such as
wheat, sugarcane and soybean (Zhang and Fu 2010;
Khan et al. 2012).

The steep decline of tyrosol during phase I did not
reduce the phytotoxicity on L. sativum. This is in line
with the frequent observation that tyrosol has minor or
even no phytotoxic effects (Colarieti et al. 2006;
Reigosa and Pazos-Malvido 2007). Colarieti et al.
(2006) stated an effect of 10 % on the GI of L. sativum
at high tyrosol concentrations of 221 mg L−1. Further-
more, the authors showed much higher phytotoxic ef-
fects for coumaric acid and caffeic acid on L. sativum. In
our case, the low concentrations and the partially

degradation of both coumaric acid and caffeic acid
during phases I and II did not reduce the phytotoxicity
of the methanol extracts. This suggests either a concen-
tration level substantially higher than the toxicity thresh-
old or their subordinate role on L. sativum growth com-
pared to other phenolic compounds. The small selection
of target compounds in our study, accounting for max
6 % of the remaining TPC after 60 days, underlines that
large parts of the observed phytotoxic effects has to be
attributed to other phenolic compounds. Furthermore, it
is well-known that mixtures of phenolic compounds can
lead to an enhanced phytotoxicity compared to a single
compound exposure (Blum 1996). Although we cannot
give a final answer on the toxic effect of single phenolic
compounds on L. sativum in a complex mixture such as
the methanol extract or the soil solution of OMW treated
soil, our results indicate that the observed phytotoxic
effects are likely the result of a complex interplay be-
tween different phenolic substances from OMW in de-
pendence on their concentrations, mixture composition
and toxicity mechanisms.

Contrary to the methanol extracts, the phytotox-
icity of OMW treated soil decreased from phase I
to II. For both respiration maxima of the OMW
treated soil, the growth of L. sativum was strongly
reduced with a clearly lower phytotoxicity of the
soil before and after them. This effect was not
observed for the methanol extract which had a
constantly high phytotoxicity until the end of
phase II. This suggests additional processes in
OMW treated soil during the germination period
which could not take place in the absence of soil.
Greco et al. (2006) showed that the phytotoxicity
of OMW on L. sativum can be reduced due to the
oxidative polymerization of monophenolic com-
pound s . The synch ron i c i t y o f t h e h i gh
phytotoxicity and the transient minimum in soil
respiration during phase II suggests a significant
influence of microbial activity on plant growth. In
this context, the activity of microbial communities
may support germination and/or suppress parts of
the phytotoxicity, for example by processes pro-
moting germination or protecting seeds from the
toxic phenolic compounds. Gangwar et al. (2011)
showed that indole acetic acid (IAA) protected pea
seedlings during the early growth period against
Cr phytotoxicity by regulating Cr accumulation
and oxidative damage. IAA and other plant growth
promoting chemicals can be produced by soil and
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rhizobacteria (Ambardar and Vakhlu 2013). Thus,
the production of such compounds could be re-
sponsible for the protection of germinating seeds
against toxic phenolic compounds during phase II.

Phase III describes a new degradation step of OMW-
OM in soil. This is further underlined by the second
respiration maximum and the prospective decrease of
phenolic compounds in methanol soil extracts and the
increase of δ13C. After the predominant degradation of
easily degradable OMW-OM, shifts in the microbial
community structure might have led to the enhanced
degradation and mineralization of more persistent sub-
stances such as (poly-) phenols or lignin and thus an
enriched δ13C in soil. Plante and McGill (2002) ob-
served comparable changes in δ13C for respired CO2

after the second week of incubation. During this time
span, the δ13C of respired CO2 changed from depleted to
enriched. Santruckova et al. (2000) found a relationship
between changes in soil δ13C and microbial activity,
depending on the stage of incubation. At the beginning
of the incubation, they observed 13C-enriched microbial
biomass, suggesting a preference of 13C-rich com-
pounds for building up microbial structures. During
prolonged incubation, microbial biomass became 13C-
depleted compared to earlier measure points, most likely
due to changes in microbial community and degraded
substrate.

The higher TPC in hexane extracts from phase III on
might be the result of emerging, less polar transforma-
tion products or microbial exudates during OMW-OM
degradation. Several researchers have shown that soil
microorganisms can produce hydrophobic exudates and
by-products over time which can have water-repellent
effects in soil (Hallett and Young 1999; Tarchitzky et al.
2007). Water repellency was also observed for OMW
treated soils and could be related to original and partly
decomposed hydrophobic organic substances from
OMW in the top soil horizons (Travis et al. 2008;
Mahmoud et al. 2010). Hence, the occurrence of less
polar substances in hexane extracts from phase III on
might indicate an increasing potential of OMW treated
soil to become water repellent.

As for the TPC, the original δ13C of the untreated
control soil was not reached by the OMW treated soil at
the end of phase IV, neither for non-extracted nor ex-
tracted soil. Even three out of the four phenolic sub-
stances measured by LC/MS did not completely disap-
pear at the end of phase IV (23 % protocatechuic acid,
7 % coumaric acid and 5 % tyrosol of the initial

concentrations were still detected). Although this im-
plies a larger degree of degradation than reported by
Isidori et al. (2005) and Sollins et al. (1996), our results
indicate an incomplete degradation of OMW-OM in
soil. The fact that phytotoxic effects were still observed
for methanol soil extracts but not for OMW treated soil
at the end of phase IV shows that phytotoxic phenolic
substances in OMW treated soil were still existing but
not available for the plant anymore. This supports the
assumption that at least parts of the OMW-OM and TPC
are immobilized and not fully bioavailable, most likely
due to soil-interaction processes such as adsorption to
soil particles or physical immobilization in SOM (Greco
et al. 2006; Sierra et al. 2007). Several authors stated
strong adsorptions of phenolic compounds on soil par-
ticles up to 100 % for some compounds. Vidal and
Bauman (1997) reported adsorption of 10–40 % of
phenolic compounds such as caffeic acid or catechol to
soil particles which led to a reduced phytotoxicity in soil
compared to petri-dish experiments. According to Dal-
ton et al. (1989), ferulic acid can be immobilized even
up to 100 % by a histosol.

To which extent this immobilization is irreversible
for contact times longer than 60 days cannot be decided
from the current data. Although no further phytotoxic
effects for OMW treated soil were observed at the end of
phase IV, Oleszczuk et al. (2012) showed that phytotox-
icity of applied wastewater can suddenly increase again
after several months due to the remobilization of toxic
compounds during organic matter breakdown or
weathering processes. In this context, the desorption of
adsorbed or sequestered toxic phenolic substances has
to be taken into account, potentially leading to a
reoccurring phytotoxicity with time.

Throughout all phases, RSG was the only growth
parameter that showed no negative effects of OMW
exposure, neither for OMW treated soil nor for its meth-
anol extracts. In both cases, the cress plants were able to
germinate but not to grow at higher TPC. Saadi et al.
(2007) showed that seed germination of L. sativum was
still 100 % for OMW concentrations up to 10 %. In the
opposite, Ben Sassi et al. (2006) showed an inhibition of
60 % for H. vulgare seed germination in 1:16 diluted
OMW. As stated by Montemurro et al. (2011), OMW
can have a variable sensitivity on living organisms,
depending on several parameters such as species, dose,
extraction process and soil properties. Our results are in
accordance with Hanifi (2009) who concluded that the
inhibition of plant development rather takes place
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during the first development stage than during the ger-
mination process.

Conclusion

Phytotoxicity of OMW was clearly attributed to pheno-
lic substances, affecting the growth but not the germi-
nation of L. sativum. During the 60 day incubation
period, only 27 % of the added OM and 68 % of the
TPC was degraded. Four phases in OMW degradation
were distinguished: Phase I (0–5 days) is characterized
by degradation of labile organic matter and transforma-
tion of polyphenolic compounds, while during phase II
(5–12 days) the microbial metabolism changes together
with the gradual change of carbon source towards more
stable compounds including phenolic substances. The
microbial community likely produces germination-
promoting substances or substances protecting the seed-
lings from phenolic compounds. Phase III (13–22 days)
is largely characterized by the degradation and poten-
tially immobilization of phenolic compounds, linked to
a decrease in phytotoxicity, while in phase IV
(>22 days), the physical immobilization of phenolic
compounds overbalances their degradation. Only the
initial reduction of phytotoxicity (phases I-III) is a result
of degradation processes, while the finally observed
phytotoxicity is mainly dominated by physical immobi-
lization. Our results show that phytotoxic effects may
rather be the result of a complex interplay between
different phenolic substances than a predominant effect
of a single compound. A further relevant finding of our
study is that the immobilization of phenolic compounds
represents a process proceeding slower or starting later
than their degradation. Phenolic compounds which are
not degraded within the first 2–3 weeks of OMW-soil
contact are preferentially immobilized with the risk of
remobilization under appropriate conditions. Therefore,
non-degraded phenolic compounds might represent a
risk of reoccurring phytotoxicity during further organic
matter breakdown. The interplay between degradation
and immobilization will be controlled by environmental
conditions. Environmental conditions favoring biologi-
cal activity during the first weeks of OMW-soil contact
are decisive for reaching a sufficient degree of sustain-
able completeness of detoxification. As the phytotoxic-
ity of OMW differs for different growth states, the
application of OMW under restricted and controlled
conditions (e.g. someweeks before or after germination)

might further reduce the potential of negative effects on
plant growth. The findings of this study will help to
understand mechanisms of OMW transformation and
effects of OMW application on soil and plant growth.
The mechanistic information gained in this study should
be evaluated in targeted field studies in order to verify
their relevance under field conditions.
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