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Cumulative and residual effects of two-phase olive mill waste on olive

grove production and soil properties

ABSTRACT

Modern olive mill extraction techniques generate a large amount of
two-phase olive mill waste (OMW) containing up to 90% organic matter.
Recycling OMW as a soil amendment may represent a solution for its
disposal, especially in Mediterranean areas, where many soils are
characterized by very low organic matter levels. A ten-year field study was
conducted to evaluate the long-term sustainability of raw OMW disposal as a
soil amendment on an olive grove in Elvas, Portugal. The soil was amended
with OMW at rates of 0, 30, and 60 Mg ha™', dry weight equivalent, for eight
years, with cumulative and residual effects being assessed in the last year and
two years after the last application. Long-term applications of OMW to soil
led to cumulative and residual effects on soil physical (aggregate stability and
bulk density), chemical (total organic carbon and its humified fractions, total
N, available P, and K), and biochemical (dehydrogenase, urease, 3-
glucosidase, alkaline phosphatase, and arylsulfatase activities) properties, and
contributed to an increase in olive yields compared to the control (> 17%;
> 1.47 Mg ha"). However, electrical conductivity rose significantly with
OMW application, especially in the residual year, ranging from 0.513 dS m™'
for the unamended soil to 2.29 dS m™ at the 60 Mg ha™ application rate.
Repeated addition of OMW to olive grove soils may be a useful strategy for

recycling this organic amendment to improve soil fertility and increase yields.
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However, long-term use of OMW increases the risk of soil salinity, especially

if application rates are greater than 30 Mg ha™".

Abbreviations: ARS, arylsulfatase; CHA; total organic carbon associated
with FA; CHA, total organic carbon associated with HA; DH, dehydrogenase;
EC, electrical conductivity; FA, fulvic acids; GLU, B-glucosidase; HA,
humic acids; PG, polymerization grade; PHO, phosphatase; TOC, total organic
carbon content; OMW, two-phase olive mill waste; UR, urease; WSOC,

water-soluble organic carbon; WSPH, water soluble phenol.
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INTRODUCTION

In most Mediterranean countries olive oil extraction is one of the
foremost agricultural industries, with estimated economic impacts of more
than € 6102 million yr' (FAO, 2008). However, disposal of olive mill waste
represents a major environmental problem in those countries. In Spain, the
largest olive oil producer in the world, more than 4,000,000 Mg of organic
slurry is generated annually from continuous centrifuge two-phase processing
(two-phase olive mill waste, OMW), which has to be properly managed to
avoid negative environmental impacts. The utilization of most proposed OMW
treatments remains uncertain for economic and technical reasons (Hanifi and
Hadrami, 2009). Therefore, with the continued generation of OMW, both the
proper disposal and the OMW viable management strategies are imperative.

Soils in many Mediterranean areas are generally characterized by low
organic matter content, which contributes to their limited fertility and
productivity (Albaladejo et al., 1994). Therefore, agricultural practices based
on periodic inputs of organic amendments are strongly recommended for
Mediterranean agro-ecosystems. Since traditional organic soil amendments
(i.e., manures) are often scarce, a wide variety of organic wastes from different
sources have become useful inputs for the potential improvement and
restoration of soil organic matter and nutrients (Fernandez et al., 2009). As
OMW contains a large amount of organic matter, it might be useful as an
amendment for agricultural soils, thereby potentially lowering inputs of N, P,

and K fertilizer (Lopez-Pifieiro et al., 2008). Moreover, the slow degradation
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rate of OMW after application to soil can make the use of this waste an
attractive strategy for soil C sequestration (Sanchez-Monedero et al., 2008).

Several studies have focused on the use of composted OMW as a soil
amendment, although most were carried out under short-term and/or
greenhouse conditions (e.g., Madejon et al., 2001; Altieri and Exposito, 2008;
Fornes et al., 2009). Direct application of OMW has been found to increase
organic C content, improve both nutrient levels (N, P and K) and aggregate
stability, and increase wheat yield up to 198% relative to controls (Lopez
Pifieiro et al., 2006). In a short-term field experiment, also conducted with a
wheat crop, soil amended with raw OMW improved physico-chemical
characteristics and increased wheat yield (Brunetti et al., 2005). Nevertheless,
other studies have reported that application of OMW may lead to
immobilization of the soil's mineral N and P, thereby creating nutrient
deficiencies and reducing crop yield (Thompson and Nogales, 1999; Tejada
and Gonzalez, 2004; Lopez-Pifieiro et al., 2006).

In recent studies, short (2 yr) and medium-term (5 yr) positive effects
of applying fresh OMW onto an olive grove soil have been observed (Lopez-
Pifieiro et al., 2008). However, successive long-term OMW applications to soil
could result in an accumulation of toxic compounds such as salts and phenolic
substances such that negative effects might be detectable in olive trees and/or
soil. Though olive groves are suitable for OMW application, there is little
information available on the agronomic and environmental sustainability of
this practice. Moreover, to the best of our knowledge, there are no published

studies comparing the cumulative and residual effects of repeated applications
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of raw OMW on soil properties, nutrient status, and olive yield under long-
term field conditions. Such information is needed to ensure sustainable use of
this abundant resource.

The objectives of this field study were to: (1) evaluate the cumulative
effects (8 yr) of repeated applications of OMW on olive tree nutritional status
and production; (2) assess the influence of repeated applications of OMW on
soil physical, chemical, and biochemical properties; and (3) determine residual
effects of OMW application on olive yield and soil properties. We
hypothesized long-term application of fresh OMW to olive groves would be
an attractive strategy both for its disposal and for the restoration of degraded

soils.

MATERIALS AND METHODS
Experimental Design

A field experiment was conducted in Elvas, Portugal (38°53' N; 7°9'
W; 290 m a.s.1.) on an olive grove (Olea europaea L.) amended or unamended
with OMW for eight successive years (from 1999 to 2006). The slope gradient
at the field site was < 1%. The sandy loam soil, classified as a Typic
Haploxeralf (USDA, 1999) or Cutanic Luvisol (ISSS-ISRIC-FAO, 1994), had
an alkaline pH, high K and medium P, low organic matter content, and 19.7%
clay, 19.7% silt, and 60.6% sand in the 25 cm depth. Climate at the site is
semiarid Mediterranean (Papadakis, 1966) with a mean annual precipitation of
500 mm occurring mostly in autumn and spring, and a mean annual

temperature of 16.7 °C. The grove was established in 1970 with 1-year old
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cuttings. Trees are clean cultivated and trained using the central leader system
(Fontanazza, 2004).

Fresh OMW was obtained from an oil industry located near the town
of Portalegre, Portugal which employs a two-phase decanter centrifugation
system. Characteristics of the soil and two-phase olive mill waste are given in
Table 1.

The experimental design consisted of nine contiguous plots established
in the olive grove, with amendments made in a complete randomized design.
Each plot consisted of 12 trees in a 4 x 3 orientation, from which only the
central two trees were used for sampling. The three amendment treatments
consisted of 30 (T30) and 60 (T60) Mg OMW ha™ (dry weight equivalent) and
a control (TO) (unamended soil). Each treatment was repeated in triplicate.
Amendments were applied annually in February (from 1999 to 2006) by
spreading the waste manually on the surface, and then incorporating to a depth
of about 15 cm with mouldboard plowing.

Every olive grove plot was divided into four quadrants. Soil samples
(0-25 cm depth) from each plot were obtained by mixing four randomly
collected subsamples (one per quadrant) from each plot in December 2006 and
December 2008. Soil samples were taken using a hand auger. Field-moist and
air-dried samples passed through a 2-mm sieve and were stored at 4 °C until
analysis. Since no OMW amendments were added after 2006, measurements
made in 2006 and 2008 represented the “cumulative” (TOC, T30C, and T60C

samples) and “residual” (TOR, T30R, and T60R samples) effects, respectively.
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Physical and Chemical Analyses of the Soil and OMW

Soil texture was determined by sedimentation using the pipette method
(Gee and Bauder, 1998). Aggregate stability of 1- to 2-mm soil aggregates was
determined according to Sun et al. (1995), a method which uses a single 0.250
mm sieve and an apparatus with a stroke length of 1.3 cm and a frequency of
35 cycles min™'. Soil bulk density was determined using undisturbed soil cores
(Blake and Hartge, 1998). The soil was sampled at four locations (one per
quadrant) in each plot and at 5 depths (5, 10, 15, 20, and 25 cm) in each
location, taking the average of these five depth cores. The pH was measured in
1:1 (w/v) soil/water and 1:5 (w/v) OMW/water suspensions using a pH-meter
with a combination electrode. Electrical conductivity (EC) was measured in
saturated soil samples (USDA, 1954). Total organic C content (TOC) was
determined by dichromate oxidation (Nelson and Sommers, 1996). Water-
soluble organic C (WSOC) was extracted with de-ionized water at 3:1 (water
to soil) and 100:1 (water to OMW) ratios. Humic and fulvic acids (HA and
FA) were extracted using a solution of 0.1 M NasP,0; + NaOH and a ratio of
extractant to soil sample of 10:1. The supernatant was acidified to pH 2 with
H,SOq4 to precipitate humic acids. The WSOC and the TOC associated with
each fraction of HA (CHA) and FA (CFA) were determined by dichromate
oxidation at an absorbance of 590 nm (Sims and Haby, 1971). The
polymerization grade (PG) was calculated as (CHA/CFA). Total N content
was determined by the Kjeldahl method (Bremner and Mulvaney 1982).

Mineral N as N-NO; was extracted using 2M KCI solution (Keeney and
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Nelson 1982) and measured by steam distillation with MgO and Devarda's
alloy. Available P was determined according to the method of Olsen et al.
(1954) using the ammonium molybdate-ascorbic acid method described by
Murphy and Riley (1962). Available K was extracted by 1M NH4OAc at pH 7
and was assayed by atomic absorption spectrophotometry.

Water content of the OMW was calculated from weight loss after oven
drying to a constant weight at 105°C. Total P and K in OMW were extracted
by Na,S,05 fusion (Hossner, 1996). Water soluble phenolic substances were
determined by the Folin-Ciocalteu colorimetric method (Box, 1983).
Cellulose, hemicellulose, and lignin were determined using the acid and

neutral fiber detergent method (Goering and Van Shoest, 1970).

Enzyme Activities

Dehydrogenase (DH) activity was determined by the method of
Trevors (1984) modified by Garcia et al. (1993). One gram of soil was
incubated for 20 h at 20°C in the dark with 0.2 ml of 0.4% 2-p-iodophenyl-3
p-nitrophenyl-5 tetrazolium chloride (INT) as substrate. At the end of the
incubation iodonitrotetrazolium formazan was extracted with 10 ml of
methanol and the absorbance measured at 490 nm. The DH and other activities
were determined in triplicate.

To assay urease (UR) activity, 2 ml of 0.1 M pH 7.0 phosphate buffer
and 0.5 ml of 1.066 M urea were added to 0.5 g of soil and incubated for 1.5 h

at 30°C. The ammonium produced in the hydrolytic reaction was measured
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spectrophotometrically at 636 nm (Nanniperei et al., 1980; Kandeler and
Gerber, 1988).

The activity of B-glucosidase (GLU) was determined by incubating 1 g
of soil with 4 ml of 25 mM 4-nitrophenyl-B-d-glucanopyranoside in 0.1 M
modified universal buffer (MUB) pH 6.0 (Tabatabai, 1982). For the
determination of phosphatase (PHO) activity, 4 ml of 25 mM 4-nitrophenyl
phosphate MUB pH 11 was added to 1 g of soil (Tabatabai and Bremmer,
1969). For the determination of arylsulfatase (ARS) activity, 4 ml of 5 mM 4-
nitrophenyl sulfate in 0.5 M acetate buffer pH 5.8 was added to 1 g of soil
(Tabatabai and Bremmer, 1970). The soils were incubated for 1h at 37°C. The
samples were then cooled to 2 °C for 15 min to stop the reaction, and the p-
nitrophenol produced in the enzymatic reactions was determined at 400 nm,
398 nm, and 410 nm for GLU, PHO, and ARS, respectively. Blank assays
without soil and without substrate were performed at the same time as
controls.

Crop Measurements

Treatment effects on the nutritional status of olive trees was
determined by leaf analysis of a composite sample of 100 leaves per plot
(Beutel et al., 1983) collected in July of 2006 and 2008 during the
phenological stage of lignification of the stone (Sanz-Cortés et al., 2002). In
the laboratory, leaves were washed with 0.03% triton X-100 (Sigma—Aldrich),
rinsed with de-ionized water, and oven dried for 72 h at 65 °C. Dried leaf
samples were ground and wet-ashed in a block digester using an H,SO4-H,0,

mixture for N, P, and K determination (Lowther, 1980). Nitrogen content was

10
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determined by the Kjeldahl method, P was determined colorimetrically using
the method described by Murphy and Riley (1962), and K was determined by
atomic absorption spectrophotometry. Tree crops were harvested manually
(Ravetti, 2008), and olive production was evaluated by weighing the crop

(total fresh weight of fruits) from the central two trees for each replicate plot.

Statistical Analyses

Statistical analyses were carried out using SPSS 11.5 for Windows
(SPSS Inc., 2002). The experimental design was a completely randomized
design with three replicates. A repeated measure ANOVA was conducted for
selected soil and crop parameters to assess the effects of treatment. The data
were analyzed differently by separating out effects following eight yr of
OMW application from those observed two yr after the last application. All
pairwise multiple comparisons were performed using the Tukey test.
Differences between treatment means were considered statistically significant

at P<0.05.

RESULTS AND DISCUSSION
Olive Tree Yields and Leaf Nutrient Concentrations
In 2006, following eight yr of annual OMW application, olive
production was greater in the amended soils despite high concentrations of
potentially toxic organic compounds (e.g., phenolic substances) in soil (Table
2; Fig. 1). However, this increase (17% compared to the control) was

statistically significant only for the lower OMW rate (T30C) (Table 2). In the

11
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residual year (2008), yields were significantly greater (>23%) at both OMW
rates compared to the control, but were not different between the T30R and
T60R treatments. The present results are similar to those reported previously
regarding residual effects of OMW application in two Mediterranean soils,
although obtained in a greenhouse experiment using wheat as a response crop
(Lopez-Pifieiro et al., 2006). Similar results were also obtained by Brunetti et
al. (2005 and 2007) using residues from a three-phase decanter centrifugation
processing for oil extraction. Those authors concluded that the increased total
content of acidic functional groups in the amended soil's humic acids affected
wheat grain yield positively in a short—term (1 yr) field experiment. However,
in another field study (Altieri and Esposito, 2008), olive yield was not
significantly different between amended and unamended plots, though that
study was conducted over a shorter time frame (5 yr) with lower OMW
application rate (> 3 times less than in our experiment).

The sufficient range for N, P, and K concentration in olive trees leaves
of have been estimated at 15 g kg, 1 gkg™, and 8 g kg™, respectively (Marin
and Fernandez-Escobar, 1997). The nutritional olive tree status in the
unamended soil was characterized by leaf N and K contents below the
threshold values for the sufficiency range in both cumulative and residual
years (Table 2). This result was to be expected since these soils were
unfertilized for ten years. In contrast, the leaf N, P, and K concentration for the
amended soils were above the sufficiency threshold values in both the
cumulative and residual years, indicating OMW may have compensated for

the lack of mineral nutrition in soil. After eight years of repeated OMW

12



287  application, leaf N contents significantly increased (P<0.05) with increasing
288  rates of OMW, indicating that N immobilization did not occur at rates

289  impacting plant availability in our study. This positive effect was even more
290  evident in the residual year (Table 2), despite there not being a significant

291  difference in leaf N concentration between the T30R and T60R treatments
292  (Table 2).

293 A significant (P<0.05) positive effect on leaf P and K concentration
294  was also observed after repeated raw OMW applications. At the 60 Mg OMW
295  ha’ rate, relative increases in leaf P were 14% and 12% for the cumulative and
296  residual years, respectively, compared with the control. This suggests not all P
297  was immobilized during the experiment, despite OMW possessing a high C/P
298  ratio. Leaf K content also increased after repeated applications of OMW,

299  although this increase was significant (P<0.05) only for the residual year

300 (Table 2). A simple correlation analysis was used to identify relationships

301  between olive yields and leaf nutrient status. This relationship was only

302  significant for leaf N content (r=0.676, P<0.05), thereby confirming N as a
303  major nutritional factor affecting olive growth in our study.

304 Physical and Chemical Soil Properties

305 In comparison with the control, repeated 30 and 60 Mg ha OMW

306  application rates significantly increased soil TOC by factors of 2.3 and 3.3,
307  respectively (Table 3). Two years after the last OMW application, TOC

308 remained relatively constant in OMW-amended plots (T30R and T60R,

309 treatments), suggesting moderate to high amounts of OMW were capable of

310  building stable organic matter pools resistant to decomposition. Similarly,
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repeated raw OMW applications led to significant positive effects on HA, FA,
and WSOC (Table 3). Compared to the control, amended soils had greater
HA, FA, and WSOC, with higher percentages attained at the 60 Mg ha™
application rate (74%, 94%, and 244% greater for HA, FA, and WSOC,
respectively). Two years after the last OMW application HA content
significantly increased, while FA and WSOC contents decreased (Table 3).
Compared with the control, HA increased by factors of 1.7 and 3.2 for the
cumulative and residual years, respectively, at the higher rate of OMW
application. Conversely, FA content was much lower in the residual year at
both rates of OMW, and may have been attributed to its higher degradability
and/or to its transformation into more complex molecules such as HAs (De
Nobili and Petrussi, 1988; Fernandez et al., 2007). Moreover, the
polymerization grade (PG) of OMW-amended soils increased significantly in
the residual year. These results suggest repeated raw OMW amendments can
lead to an increase in the native soil organic matter stability by increasing the
humified organic matter fraction, which represents a positive outcome in the
context of beneficial recycling of OMW. For that reason, it is possible OMW
amendments would contribute to improving soil properties and controlling
degradation processes. Indeed, many authors argue that erosion is the principal
problem associated with olive production (Fleskens and Stroosnijder, 2007),
thereby emphasizing the importance of increasing organic matter and
improving soil properties.

In the residual year, a sharp decrease in WSOC was observed in the

OMW treated soils. The T60R treatment maintained WSOC values
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significantly higher than the control. Therefore, OMW could result in an
increased risk of aquifer contamination, even two years after the last
application. Consequently, safe OMW application should be restricted to areas
not directly connected to drinking water aquifers.

Eight years of continued application of OMW (Table 3) led to a
significant linear increase in total N (r=0.914, P<0.001). Similarly, inorganic
N concentrations increased with increasing OMW rates compared to the
control. This result is in agreement with that reported following OMW
addition to the same soil in a short-term greenhouse and field experiment
(Lopez-Pifieiro et al., 2006 and 2008). Indeed, similar trends were detected in
the residual year, supporting observations of increased N concentration in the
leaves following OMW treatment. Furthermore, the increase in inorganic N
suggests immobilization of mineral N did not occur during labile C
degradation of OMW compounds. Nevertheless, while increased inorganic N
can result in improved yields, it can negatively affect the quality of both olive
oil (Fernandez-Escobar et al., 2006) and groundwater (Fernandez-Escobar et
al., 2004).

Application of OMW led to a significant linear increase in available P
in the cumulative (r=0.925, P<0.001) and residual (r=0.939, P<0.001) years.
The available P content increased more in the residual year than in the
cumulative year. In particular, the increase for the 30 Mg ha™ treatment was
from 14.0 (TOC) to 37.6 mg kg™ in the cumulative year, but from 10.7 (TOR)
to 52.9 mg kg™ in the residual year. For the 60 Mg ha™ treatment, the increase

was from 14.0 (TOC) to 60.3 mg kg™ in the cumulative year, but from 10.7

15
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(TOR) to 75.8 mg kg™ in the residual year (Table 3). The trend in available P
was consistent with the increase in leaf P concentration following the OMW
application. The increase in soil available P content with OMW application
may not only provide agronomic benefits but also help resolve problems
related to the P fixation frequently observed on calcareous soils (Sharpley et
al., 1989). However, accumulation of labile P in soil may increase the
concentration of dissolved P in surface run-off (Ajiboye et al., 2004).

Compared to the control, increases of available K in the cumulative
year were 2.2 and 4.0 times greater at the 30 and 60 Mg ha”' OMW rates,
respectively (Table 3). The increases in available K are consistent with results
of short-term studies using treated and untreated residues from three-phase
(Madejon et al. 2003; Montemurro et al. 2004) and two-phase decanter
processes (Tejada and Gonzalez, 2004; Lopez-Pifieiro et al., 2006 and 2008).
Increased available K was also detectable two years after the last OMW
application, confirming that this residue could act as an alternative for K
fertilizer. Moreover, the observed increase in available K could improve the
tolerance of the olive trees to various stress situations, including drought
(Tisdale et al., 1999).

Soil pH was only significantly affected by OMW at the higher
application rate, decreasing from 8.0 to 7.5 after eight years of repeated
applications (Table 3). In the residual year, unamended and OMW-amended
soils showed similar pH values, reflecting the strong buffering capacity of the
soil under study (Tisdale et al., 1999). These results are consistent with those

obtained in previous short-term studies (Lopez-Pifieiro et al., 2006), where a
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significant (P<0.05) relationship between the application rate of OMW and pH
was only found in acidic soils.

Application of OMW significantly increased water soluble phenol
(WSPH) content (Fig. 1). In the cumulative year, WSPH was 1.8 and 3.5 times
greater for the T30C and T60C treatments, respectively, relative to the control.
Two years following the last OMW application, WSPH content decreased in
the amended soils, a result likely caused by microbial degradation and/or
organic matter incorporation (Sierra et al., 2007). This finding was consistent
with data reported by Mekki et al. (2007), where phenol compounds decreased
rapidly in soils amended with OMW. Despite the decrease in WSPH in the
residual year, WSPH content was greater in the T60R treatment compared to
the T30R or non-amended control.

Plots amended with the higher OMW rate possessed electrical
conductivity (EC) values significantly greater than control plots (Fig. 2).
However, differences in EC between the amended soils and the control
increased significantly in the residual year. The increase in the residual year
could be attributable to the release of soluble organic and inorganic species
during the humification of OMW (Table 3). The EC increases with OMW
application may affect yields of salt-sensitive crops, and therefore may be a
cause for concern.

The application of raw OMW significantly increased the percentage of
water stable aggregates (WSA) (Table 3). Similar improvements in WSA were
also observed after addition of fresh OMW in greenhouse and short-term field

experiments (Tejada and Gonzalez, 2004; Lopez-Pifieiro et al., 2006). This
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effect was maintained in the field as it was still evident two years after the last
OMW application. For both cumulative and residual treatments, WSA was
greater at the higher OMW application rate. Good soil structure is important
for sustaining long-term crop production because it influences water status,
nutrient availability, crop growth and development, and resistance to erosion
(Piccolo and Mbagwu, 1999). The increased aggregate stability may be
attributed to organic matter input from OMW application (Tejada and
Gonzalez, 2004; Garcia-Orenes et al. (2004).

The effectiveness of OMW in enhancing WSA was significantly
greater in the residual than the cumulative year. Average increases in WSA
over the unamended plots were 64% and 99%, for the T60C and T60R
treatments, respectively. Water stable aggregates were correlated positively
with HA (r=0.964, P<0.001) and TOC (r=0.873, P<0.01), suggesting humic
substances may be involved in soil structural stability. This finding was
consistent with previous reports indicating that humic acids play a significant
role in soil aggregate stability through the formation of clay-organic
complexes (Piccolo et al., 1997; Pikul et al., 2009; Tejada et al., 2009).

Compared with the control, soil bulk density (BD) decreased by 27%
and 31% at the higher OMW rate in the cumulative (T60C) and residual
(T60R) years, respectively (Table 3). A significant (P<0.001) negative
relationship was observed between BD and TOC (1=0.914) and WSA
(r=0.941), suggesting the observed decrease in BD was associated with higher

organic matter content and better aggregation due to OMW application.
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Several authors have also reported a decrease in BD with the addition of
organic amendments (e.g., Celik et al., 2004; Hati et al., 2007).
Enzyme Activities

Dehydrogenase (DH) is involved in redox soil reactions and is
considered to be a measure of the soil’s microbiological activity (Nannipieri et
al., 2003; Moreno et al., 2009). The DH activity increased significantly
following application of OMW (Fig. 3A). Compared to the control, DH
activity increased by about 70% and 115% in the cumulative year and by
about 29% and 49% in the residual year, at the 30 and 60 Mg ha'! OMW rates,
respectively. The addition of a readily-available C source from OMW could
promote the growth of indigenous microorganisms, and therefore result in
increased synthesis of DH. Similar responses in enzyme activities have been
observed upon addition of other organic amendments (Herrero et al., 1998;
Kotsou et al., 2004). Although DH activity was always greater in amended
than in unamended soils, it decreased significantly at the higher application
rate two years after the last OMW application. The decrease in DH activity
may have been due to a lack of labile organic matter, which had most likely
been decomposed by the residual year.

Beta-glucosidase (GLU) plays an important role in hydrolytic
processes during organic matter decomposition (Acosta-Martinez et al., 2008;
Stott et al., 2010). Beta-glucosidase activity increased with increasing OMW
application rate (Fig. 3B). Furthermore, as GLU is mainly produced by fungi
(Perucci, 1992), its increased activity suggests the presence of OMW caused a

shift in the relative proportions of fungi and bacteria. These results are in
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agreement with those reported by Mechri et al. (2007), who found a significant
increase in fungi after OMW water application.

Olive mill waste application significantly increased urease (UR)
activity compared with the control (Fig. 3C), although residual effects were
less pronounced than cumulative effects. In particular, UR activity was greater
than the unamended soil by factors of 4.8 and 3.4 at 60 Mg ha™ for the
cumulative and residual years, respectively. The high concentration of
available substrate coupled with the demand for nutrients by vegetation or
microorganisms could lead to a high activity of these enzymes during OMW
mineralization (Garcia-Gil et al., 2000; Fernandez et al., 2009). Indeed, UR
activity was significantly correlated with total N (r=0.943, P<0.001), TOC
(r=0.969, P<0.001), and leaf N content (r=0.908, P<0.001). The UR increases
were similar to those reported by Fernandez et al. (2009) in a short-term study
where a Mediterranean soil was amended with two types of sewage sludge.
However, in a laboratory study using OMW water amended soils (Piotrowska
et al., 2006), UR activity increased much less than in our study due to less
total N applied.

Similarly to UR, phosphatase (PHO) activity increased by factors of
2.7 and 2.8 at 60 Mg ha™ compared to the control for the cumulative and
residual years, respectively (Fig. 3D). Likewise, PHO activity was
significantly correlated with available P (r=0.886, P<0.001), and TOC
(r=0.977, P<0.001).

A significant increase in arylsulfatase (ARS) activity was observed in

OMW amended soils in the cumulative and residual years, independent of
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application rate (Fig. 3E). The residual effect of OMW application on ARS
activity was more pronounced than the cumulative effect. Compared with the
control, ARS activity increased by about 120% and 254% in the cumulative
and the residual years, respectively. Arylsulfatase activity was positively
correlated with HA (r=0.891, P<0.001), PG (0.790, P<0.001), and TOC
(r=0.760, P<0.01). Significant correlations between enzyme activities and
humic substances have been previously reported (Nannipieri et al., 1996;
Cayuela et al., 2008), suggesting that the relationship between ARS activity
and humified organic matter could be attributed to the protection of enzymes
by humic-like substances.

According to Verstraete and Voest (1977), positive relationships
between soil enzyme activities and crop yields are to be expected. In our study
olive yields were significantly correlated with DH (r= 0.513, P<0.05), GLU
(r=0.587, P<0.05), PHO (r=0.712, P<0.01), and UR (r=0.753, P<0.01),
confirming that a measurable association existed between crop yield and soil
microbial activity (Antolin et al., 2005). These relationships may be
considered indicative of improved soil conditions for crop growth (Madejon et

al., 2003).

CONCLUSIONS
Long-term application of raw OMW to soil had positive effects on
olive yields and soil physical, chemical, and biochemical properties. In
particular, OMW led to an increase of total organic carbon and humic

fractions, which may contribute to improved soil quality and fertility.
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Therefore, use of OMW on olive groves as an organic amendment may be
considered a sound management strategy for its disposal and for restoration of
degraded olive grove soils. However, results from this study suggest OMW
application should not exceed 30 Mg ha™ in order to mitigate concerns

associated with soil salinity.
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Table 1. Initial characteristics of the soil and two-phase olive

mill waste (OMW)."

Properties Unit Soil OMW
Gravimetric water content (W/w) (gkg ™" 480.20
Water stable aggregates (1-2 mm) (%) 26.2
Organic carbon (gkg™) 13.3 535
pH 8.10 5.70
Total N (gkg) 149 16.0
Electrical conductivity (dSm?') 0.513 5.02
p (gkgh 0.013% 2757
K (gkg?) 0.200° 15.07
Water-soluble phenols (gkg’) 0016 7.3
Lignin (gkg™) 19.6
Hemicellulose (gkg™) 19.1
Cellulose (gkg™) 22.8

TAll concentrations are on an air-dried basis except gravimetric

water content which is on an oven-dried basis.

j:Available P.
SAvailable K.
Total P.
*Total K.
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847 Table 2. Cumulative and residual effects of repeated applications of two-phase olive mill waste (OMW) on
848 yield and leaf N, P, and K concentrations.

--------- Year 2006 Year 2008 -------  Analysis of variance
Units Toc” T30Ct T60CY TORY T30R* TeoR'™ TH 8% TxS
Yield (Mg ha') 8.55a 10.2b 9.1lab 7.13a 8.60b  8.83b sk s NS

(1.00)™ (0.69)  (0.15) (0.88) (0.40) (0.32)
N concentration (g kg™) 12.3a  15.2b 159¢ 12.0a 153b 16.2b oAk * NS
(0.41) (0.21)  (0.60) (1.12) (0.55) (0.87)
P concentration (g kg”) 1.24a 136ab 1.42b 1.75a 193b 1.97b R Rk ok
(0.27) (0.05) (0.02) (0.18) (0.07) (0.04)
K concentration (g kg™) 7.83a 8.2la 8.19a 7.58a 9.23b  9.54b * * NS
(0.35) (0.95) (1.04) (0.44) (0.64) (0.77)

849 "TOC= unamended soil, year 2006.

850 ?T3OC= amended soil at rate of 30 Mg (dry weight) ha™' yr ' for eight years.

851 T60C= amended soil at rate of 60 Mg (dry weight) ha ' yr' for eight years.

852 'TOR= unamended soil, year 2008.

853 *"T30R=amended soil at rate of 30 Mg (dry weight) ha ' yr ', two years after the last application.
854 fTT60R= amended soil at rate of 60 Mg (dry weight) ha™' yr ', two years after the last application.
855 “T= treatment.

856 YS= sampling time.

857 MValues with the same letter within a row, for a given sampling date, are not significantly different at
858 P<0.05 level of probability.

859 *Standard deviation of the mean.

860 *, ** *** gignificant at 0.05, 0.01, and 0.001 probability levels, respectively; NS is not significant.
861
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86T able 3. Cumulative and residual effects of repeated applications of two-phase olive mill waste (OMW) on
863elected soil properties (0-25 cm depth).

- Year 2006 -------  -----—- Year 2008 ------ Analysis of variance
Properties Units ToCc" T30C* T60C' TOR' T30R" T6OR™ TH S  TxS
Organic carbon (gkg’) 11.07a'" 26.16b 36.42c 10.26a 23.93b 33.83c ***  * NS
(0.55)™ (1.51) (2.45) (0.30) (3.46) (2.00)
Total N (gkg™) 1.53a  2.77b 333b 1.12a 2.57b 339  ** NS NS
(0.07) (0.10) (0.42) (0.20) (0.51) (0.36)
NOs3-N (mgkg') 6.79a 16.8b 21.2c 59la 173b 20.7c  *¥*  kx ok
(0.34) (0.57) (0.59) (0.32) (0.37) (0.60)
wsocTT (mgkg') 142a  224b  489c 122a 152a 189a  ®¥¥  kx Hok
(53) (31.5) (39.7) (12.6) (11.7) (22.8)
Humic acid (gkg’) 1352 1.89b 235¢c 1.27a 2.53b 4.03c  ®E¥ kEx kk
(0.14)  (0.15) (0.09) (0.10) (0.17) (0.20)
Polymerization grade 1.54b 1.24a 1.37a 1.52a 3.06b 3.71b * *x *
(0.12) (0.06) (0.04) (0.07) (0.19) (0.40)
pH 8.00a 7.80a 7.51b 8.03a 8.0la 79la ¥  ®kx *
(0.03) (0.08) (0.19) (0.10) (0.10) (0.11)
Available P (mgkg') 14.0a 37.6ab 60.3b 10.7a 52.9b 75.8¢c  ** * *
(1.1)  (1.6) (23) (1.5 (23) (2.5
Available K (mgkg') 35la  780b 1404c 376a 858b 1386c ** NS NS
(22.5)  (32.1) (156) 35.4) (82.5) (101.4)
Bulk density (Mgm™) 145¢c 125b 1.06° 1.47b 1.06a 1.0la *#*  ** *x
(0.05)  (0.05) (0.06) (0.10) (0.01) (0.02)
WSAH (%)  31.6a 454ab 519b 32.7a 50.1b 652b  * * *

(3.8) (6.9 (1.97) (5.70) (1.70) (3.20)

865 "TOC= unamended soil, year 2006.

866 *T30C=amended soil at rate of 30 Mg (dry weight) ha™' yr ' for eight years.

867 ‘T60C= amended soil at rate of 60 Mg (dry weight) ha™' yr ' for eight years.

868 'TOR= unamended soil, year 2008.

869 “T30R= amended soil at rate of 30 Mg (dry weight) ha ' yr ', two years after the last application.
870 T"T60R=amended soil at rate of 60 Mg (dry weight) ha ' yr ', two years after the last application.
871 T= treatment.

872 %9S= sampling time.
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873 MValues with the same letter within a row, for a given sampling date, are not significantly different
874 at P<0.05 level of probability.

875 ™ Standard deviation of the mean.

876 "T"TWSOC= water soluble organic carbon.

877 **WSA= water stable aggregates.

878 *, **x *#* gignificant at 0.05, 0.01, and 0.001 probability levels, respectively; NS is not significant.
879

880
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884
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List of Figures

Fig. 1. Cumulative and residual effects of repeated applications of two-phase olive mill waste
on water soluble phenols. (TOC) unamended soil year 2006; (T30C) and (T60C) amended
soils at rates of 30 and 60 Mg ha™' yr ' for eight years, respectively; (TOR) unamended soil,
year 2008; (T30R) and (T60C) amended soils at rates of 30 and 60 Mg ha ' yr ', respectively,
two years after the last application. Bars with the same letter are not significantly different at

P<0.05 level of probability. Error bars represent one standard error of the mean.

Fig. 2. Cumulative and residual effects of repeated applications of two-phase olive mill waste
on electrical conductivity. (TOC) unamended soil year 2006; (T30C) and (T60C) amended
soils at rates of 30 and 60 Mg ha™' yr ' for eight years, respectively; (TOR) unamended soil,
year 2008; (T30R) and (T60C) amended soils at rates of 30 and 60 Mg ha™' yr ', respectively,
two years after the last application. Bars with the same letter are not significantly different at

P<0.05 level of probability. Error bars represent one standard error of the mean.

Fig 3. Cumulative and residual effects of repeated applications of two-phase olive mill waste
on dehydrogenase (A), B-glucosidase (B), urease (C), alkaline phosphatase (D), and
arylsulfatase (E). (TOC) unamended soil year 2006; (T30C) and (T60C) amended soils at rates
of 30 and 60 Mg ha yr'' for eight years, respectively; (T30R) unamended soil, year 2008;
(T30R) and (T60R) amended soils at rates of 30 and 60 Mg ha™ yr’', respectively, two years
after the last application. Bars with the same letter are not significantly different at P<0.05

level of probability. Error bars represent one standard error of the mean.
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