2 Springer

Microbial Activity and Organic Matter Dynamics During 4 Years of Irrigation with

Treated Wastewater

Author(s): Hila Elifantz, Larisa Kautsky, Maya Mor-Yosef, Jorge Tarchitzky, Asher Bar-
Tal, Yona Chen and Dror Minz

Source: Microbial Ecology, Vol. 62, No. 4 (November 2011), pp. 973-981

Published by: Springer

Stable URL: http://www.jstor.org/stable/41489211

Accessed: 10-09-2016 12:31 UTC

JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon awide range of content in atrusted
digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about

JSTOR, please contact support@jstor.org.

Y our use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at

http://about.jstor.org/terms

Springer is collaborating with JSTOR to digitize, preserve and extend accessto Microbial Ecology

This content downloaded from 128.252.67.66 on Sat, 10 Sep 2016 12:31:20 UTC
All use subject to http://about.jstor.org/terms



Microb Ecol (2011) 62:973-981
DOI 10.1007/s00248-011-9867-y

SOIL MICROBIOLOGY

Microbial Activity and Organic Matter Dynamics
During 4 Years of Irrigation with Treated Wastewater

Hila Elifantz - Larisa Kautsky - Maya Mor-Yosef -
Jorge Tarchitzky - Asher Bar-Tal - Yona Chen -
Dror Minz

Received: 18 November 2010 /Accepted: 27 April 2011 /Published online: 17 May 2011

© Springer Science+Business Media, LLC 2011

Abstract The global changes in rainfall frequency and
quantity have subjected arid and semi-arid regions to long
periods of drought. As this phenomenon corresponds to
increasing trend of water shortage, the use of treated
wastewater (TWW) has been suggested as an alternative
for irrigation of agricultural crops in these areas. The aim of
the study was to investigate the short- and middle-term
effects of TWW irrigation on the soil microbial activities
and organic carbon content. The microbial community
activity was measured every 1-3 months for 4 years in a
persimmon (Diospyros kaki) orchard. These activities were
used here as an indicator for the soil health. The hydrolysis
activity (detected by fluorescein diacetate hydrolysis (FDA)
assay) increased during the irrigation season and was
significantly higher in soils irrigated with TWW compared
to those irrigated with freshwater (FW). This activity was
also negatively correlated with dissolved organic carbon
(DOC) concentrations during the irrigation season, suggest-
ing that the community degraded the DOC in the soils
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regardless of its origin. The irrigation season was also
characterized by an increase in nitrification potential in both
TWW- and FW-irrigated soils, which coincided with high
concentrations of nitrate (50 mg kg™’ soil). Overall, there
was an increase in all measured activities during the
irrigation season, and they were higher in the TWW soils.
However, it appears that after each irrigation season, the
potential activity of the community returned to levels
similar to or even slightly lower than those of FW-
irrigated soil during the wet season, suggesting that the
periodic irrigation did not significantly change the soil
microbial activity.

Introduction

Irrigation of agricultural land with treated or untreated
wastewater (WW) has been a widespread practice used for
either WW disposal [1, 2] or as a renewal water source in
response to global change in rainfall quantities and
distribution [3-5]. However, this practice may introduce
various potential risks that could hamper soil health and
quality and as a consequence its fertility and suitability for
food production [6, 7]. These risks include addition of high
levels of minerals [8], dissolved organic carbon (DOC) [9,
10], detergents, and pharmaceuticals [11, 12]. This practice
may also introduce pollutants such as heavy metals [10, 13]
and xenobiotic compounds [2].

One of the potential outcomes of using treated
wastewater (TWW) for irrigation is the long-term
addition of external organic carbon (C) and nitrogen
(N) to the soils. The increase in organic C and N due to
irrigation with TWW has been documented. Total C and
N were found to be higher in long-term (almost
100 years) WW-irrigated soils in Germany compared to
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soil that was irrigated with freshwater (FW) or not
irrigated at all [1]. Similarly, 90-year application of
untreated WW in cropland in Mexico caused an increase
of 1.4-fold and 3-fold in organic C and N, respectively
[10]. The organic C content of hazelnut orchards is higher
in those flooded periodically with urban and industrial
WW compared to fields that had never been flooded [14].
In Israel, organic C content in the topsoil of TWW-
irrigated soils was demonstrated to be, in general, higher
or comparable to that in FW-irrigated soils, but a priming
effect and a lower organic C content were found in the
subsoil of the TWW-irrigated soils [4]. In other studies, a
higher organic C content was observed in WW-irrigated
soils [6, 14]. This increase in soil organic C and N content
may affect the characteristic of the soil, and as a
consequence, its suitability for agricultural crops [15].

Enzyme activities and respiration of the total microbial
community are common indicators of soil quality [7, 14].
The general view is that if the level of microbial activities is
unchanged or higher than the baseline, the microbial
community is handling the change [15]. Friedel et al. [9]
showed that increased organic matter resulted in an increase
in respiration when total organic C is elevated in Eutric
Vertisols soil. A similar increase in respiration was
observed in orchard Vertic Xerocrept soils irrigated with
TWW [6]. In contrast, Eutric Histosol soils irrigated with
municipal WW varying in their chemical composition
exhibited lower respiration potential compared to FW-
irrigated soils [16]. Various enzymes are used routinely to
evaluate the potential activity of the microbial community
such as dehydrogenase, catalase, urease, phosphatase,
proteinase, and glucosidase. The activity of dehydrogenases
is usually higher in soils irrigated with TWW or untreated
WW compared to soils that are irrigated with FW [9, 14,
15, 17]. However, irrigation with different concentrations of
WW results in different dehydrogenase activity [16]. An
increase in the organic load in the soil is also accompanied
by an increase in the activity of 3-glucosidases [1, 14, 17,
18] and various enzymes involved in the phosphate cycle
[1, 15, 18].

While some studies evaluated the accumulative effects
on organic C content and microbial activity in soils
irrigated with wastewater for long periods of time [1, 9,
17], no information is available regarding the changes that
occur during the irrigation period and the following rainy
season on an annual basis. The aim of the current study was
to describe the short- and middle-term effects of TWW
irrigation on the soil microbial activities and organic C
content. In order to do so, an experimental plot was set up
in a persimmon (Diospyros kaki) orchard in the central
coastal region of Israel, irrigated with either FW or TWW,
and the organic carbon and microbial activities were
measured periodically for 4 years.
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Materials and Methods
Experimental Setup and Environmental Parameters

A field experiment was conducted in a persimmon (grafted
on Vergiana persimmon rootstock) orchard in Atlit located
in the central coastal region of Israel (a Mediterranean
climate with an average rainfall of 550 mm from mid-
November to mid-April) for six successive years (2002—
2008). Trees were 10 years old, planted 6 x4 m (420 trees
per hectare) on a fine clayey, thermic, smectitic, chromic
Haploxerert soil with a high stone content, which improves
soil aeration and water permeability. Soil texture was:
57.7% clay, 28.6% silt, 13.8% sand, with 3.1% CaCO;, and
38.6 available NO;-N mg kg™

The experiment consisted of two irrigation treatments
with two water types: FW and TWW. The TWW were
received from the nearby secondary treatment Nir-Etzion
WW facility treating rural-domestic WW. The main
chemical properties of the two water qualities are presented
in Table 1. Treatments were set up randomly in five blocks,
and each block consisted of one plot of each treatment
(total of 10 plots). In each plot, there were three rows of
trees (1618 trees), with two rows serving as border rows.
Soils samples were taken only from the central rows.
Irrigation was controlled by an irrigation computer, and
applied 2-3 times per week, from April to November. The
water dose was calculated according to the evaporation
from a class “A” pan and a crop coefficient varying during
the growth season. The annual rainfall and actual irrigation
amounts are presented in Table 2. Nutrient solution was
added to the FW treatment, at a concentration adjusted to
provide the same level of N found in the TWW, ie,
approximately 28 mg L™! in an ammonium fertilizer. The
ratio of N:P:K in the nutrient solution was: 1:0.3:1 (weight
basis). Fertigation was proportional for the whole period of
irrigation and was at the recommended concentrations for
this crop. The water quality in the TWW was monitored
monthly. In the beginning of 2007, the wastewater
treatment plant was upgraded, and as a result, the
composition of the TWW used for irrigation during the
dry season (April to November) was changed, and the
average N concentration declined to a level similar to that
in FW (Table 1). Following this change, a nutrient solution
similar to the FW treatment was also added to the TWW
treatment.

Sample Collection

Samples were collected during the years 2004-2008. For
microbial activity and organic matter content, five
individual soil samples of 200 g were collected from
the upper, most active, 5-cm layer under five individual
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Table 1 Chemical characteris-
tics of the freshwater, treated Parameter Units Freshwater Treated wastewater Upgraded treated wastewater
wastewater, and upgraded trea- -
ted wastewater used for irriga- BOD mg L - 25-80 5-10
tion in the current study COD mg L™ 0 173-300 52

pH 7.4-7.6 7.1-71.5 7.4

EC dSm™ 0.7-0.9 1.8-2.2 15

SAR (mEq L™")'2 3.2-3.9 46-5.4 33

P mg L™! 0 5.0-11.0 3.5
BOD biological demand, K mg L™ 0 40-60 31.7

iological oxygen deman 4

COD chemical oxygen demand, Cl mgL 165-300 300-365 308
EC electric conductivity, SAR Na mg L™ 126-150 207-252 184
sodium adsorption ratio Ca mg L' 120-160 106-212 144
For the treated wastewater, Mg mg L™ 36-48 42-85 53
a range is given as measurements : -1 _ _ _
were taken over the first 3 years, N-NO; mg L_1 5-10 0.1-1.7 0.1-1.0
For the upgxaded treated N-NH4 mg L 0 25.0-40.0 5.0-7.5
wastewater, most parameters were Total N mg L™! 5-10 3048 7.0-10.0
measured once, and therefore, B mg L™ 0.09 0.16 0.16

a single value is given

drippers from each plot, mixed, and transferred to the lab
at ambient temperature. For analysis of organic carbon,
samples were frozen and kept in —20°C until further
analysis was carried out. Microbial enzyme activity was
analyzed on the fresh samples shortly after collection.
During the first year (2004), only four sampling were
performed as a preliminary step to estimate feasibility of
the methodology. In the following years (2005-2007),
samples were collected every 1-3 months, and on some
occasions, twice a month. The mineral nitrogen concen-
tration of the top soil layer (0—5 cm depth) was measured
twice a year, in the spring (April-May) after the rainy
season and in the fall (October—November) at the end of
the irrigation season. Samples were collected from under
the drips in three locations in each plot, and were mixed
together to yield a composite sample.

Carbon and Nitrogen Species Content
Organic carbon fractions were determined according to

Tarchitzky et al. [19]. Humic substances were extracted
from the soil according to the procedure recommended by

Table 2 Amounts of rainfall and irrigation (in millimeter) during a
long-term experiment in a persimmon orchard

Year 2004 2005 2006 2007
Rainfall® 738 458 595 702
Irrigation with freshwater 894 838 769 641
Irrigation with TWW 906 812 590 610

The wet season in Israel is between November and March. Irrigation
was used between March—April and November

*Rainfall data were received from the Israeli Meteorological Service

the International Humic Substances Society [20]. For DOC,
water extracts were prepared by shaking dry soil with
deionized water in a 1:10 soil:water weight ratio for 2 h.
The suspension was then centrifuged at 10,000xg for
30 min, filtered through Whatman 42 paper and subse-
quently through a 0.45-um membrane filter (Supor-450,
Gelman Sciences, Ann Arbor, MI). The concentration of
DOC was determined, after acidification to pH S on a Carlo
Erba Total Carbon analyzer. In order to determine the
mineral N, soil samples were air-dried and extracted with
1 M KCl (1:5, wiw) for NH;" and NO5~ [21] following
[22]. The extracts were analyzed using an autoanalyzer
(Quickchem 8000, Lachat Instruments, Milwaukee, WI).

Potential Microbial Activity Assays

Respiration was measured by the titration technique
(Schinner et al., 1996). Soils were incubated at 30°C for
24 h with 1 N NaOH trap, followed by acid titration. Soil
oxidative potential was estimated by dehydrogenase (DEH)
activity with the substrate 2,3,5-triphenyltetrazolium chlo-
ride (TTC) [23]. Six grams of soil was added to 2.5 mL of
8% CaCO; and 1 mL of 3% TTC, and the samples were
incubated in the dark, for 24 h, at 37°C. The resulted
formazan was measured by a spectrophotometer at 485 nm.
Fluorescein diacetate hydrolysis (FDA) assay was used to
estimate the hydrolytic activity by adding 10 pg/ml FDA in
a 60-mM sodium phosphate buffer (pH 7.6) and incubating
at 27°C for 30 min. The amount of the hydrolyzed FDA
was measured by a spectrophotometer at 494 nm [24].
Nitrification potential was evaluated by potential NH4"
oxidation using the shaken slurry method [25]. Twenty
grams of soil was added to 90 mL of phosphate buffer
(pH 7.2). (NH4),SO,4 and KClO,4 were added to a final
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concentration of 0.25 and 1 M, respectively. The mixture
was shaken for 8 h and sampled every 2 h. Nitrate
concentrations were determined using an autoanalyzer
(details given above).

Data Analysis

Each of the activities was measured in five separate
subsamples for each treatment. For each activity, the results
were subjected to analysis of variance (ANOVA) with JMP
7.0 software (SAS Institute, 2005), to obtain an F value for
significance (p<0.005) in the two-way linear model, with
irrigation type, month, and season and their interactions as
main effects.

Results

Four years of TWW irrigation of persimmon orchard did
not affect tree development and fruit yield compared to
trees irrigated with FW (data not shown). However, some
influences on the organic C content and microbial activity
were recorded. Four microbial activity assays were used to
assess the level of activity of the total microbial community
throughout the experiment. The dehydrogenase (DEH)
assay and potential respiration provide an indication of the
oxidative potential and overall respiration, respectively.
Activity by FDA indicates the degree of degradation of

complex organic compounds, and nitrification potential
evaluates the oxidation of NH," which is common in
fertilized soils as well as in soils irrigated with TWW [10].
In each activity assay, the microbial community followed a
similar pattern in the two irrigation treatments (Figs. 1 and
2a). However, according to a two-way ANOVA test, the
levels of the activities were significantly different (p<0.005,
probability £<0.0001) from each other in the two water
qualities in relation to the date of sampling.

Several observations can be noted for each of the tested
microbial activities, regardless of the water type used for
irrigation. High DEH activity was detected in the fall of
2005, summer 2006, and winter 2007 (Fig. 1a). However,
there was no seasonal effect on DEH activity throughout
the entire 4 years of sampling. In addition, respiration rates
did not exhibit clear seasonal trend, although a spring peak
was observed in 2005, as well as peaks in the falls of 2006
and 2007 and winter of 2007 (Fig. 1b). In contrast, the
hydrolytic activity and nitrification potential exhibited more
distinctive seasonal patterns (Figs. 1c and 2a, respectively).
FDA activity was usually higher in the summer—fall and
lower during winter time (Fig. 1¢). In couple of cases, the
peak in FDA activity in the TWW-irrigated soil was
delayed compared to the FW-irrigated soil (in 2004 and
2006). From the second year of the experiment, a pattern
was observed for the nitrification potential as well. In 2005,
2006, and 2007, peaks were observed in both summer and
fall seasons (Fig. 2a).

Figure 1 Potential activity of
the microbial community in soil
irrigated with either freshwater
(FW) or treated wastewater
(TWW). a Dehydrogenase.

b Respiration by CO, emission.
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5 5

DEH activity
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N
8

. .. 100 1
¢ Hydrolytic activity by
fluorescein diacetate assay. 0
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Figure 2 Nitrification potential
(a) and nitrate and ammonium
concentration (b) in soil. The
nitrification potential activity
was measured continuously
throughout the 4-year experi-
ment. The nitrate and ammoni-
um were measured at the
beginning (April-May) and end
(November-December) of each

Nitrification potential
(mg kg™ soil)

irrigation season of each year.

| i |
T T T
. N-NO3 TWW
The error bars of five replicates o ; N-NO: W : } :
are indicated. Lines in a indicate _.3 601 & NNH,TWW | l |
the irrigation season o A NNHgFW : : :
20
£ 40 - { | § [
2 | [
2 | -
] | | |
g 20 g i I § a A
= 2 8 Al 2 ! A
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Month and year

The concentrations of NH, " and NO;~ were measured at
the beginning and at the end of each irrigation season.
While NH4" concentrations usually did not change during
the irrigation season, the NO; ™ concentration at the end of
irrigation season (of 35-50 mg N kg™ soil) was higher than
at the beginning (10-30 mg N kg™! soil) (Fig. 2b). As with
the microbial activities, the overall trends of NO3;~ concen-
trations were similar for soils irrigated with either TWW or
FW, but usually, the concentration of NO;~ was higher in
the TWW-irrigated soil. These general patterns of the NO;~
concentrations were in accordance with the nitrification
potential activity; the increase in nitrification activity during
the summer and fall, as indicated by the high levels of
NO;™ measured at the end of these periods, matched the
higher soil temperatures during this time of the year
(Fig. 2).

The respiration and hydrolytic activities of the microbial
community depend on the supply of organic material (OM).
Therefore, the concentrations of three OM fractions—(1)
dissolved organic carbon (DOC), (2) fulvic acids (FA), and
(3) humic acids (HA)—were determined in the soils
irrigated with either TWW or FW. These three fractions
represent the labile, semi-labile, and refractory parts of C in
the OM, respectively. Over the 4 years of the experiment,
DOC concentrations ranged from 50 to 480 mg C kg ™' soil
(Fig. 3a). An increase in the levels of DOC was observed
from April to August 2005, which corresponded to the
irrigation period. This was followed by a decrease until
October 2005, and then an overall increase in DOC until
the end of January 2006. In the following year (2006), the
winter season was characterized by an overall decrease in
DOC concentration, while the summer to fall period
showed an increase. Except for a few sampling dates in

This content downloaded from 128.252.67

2004 and 2005, the DOC content of the TWW was higher
than in the FW irrigation (Fig. 3a). During the irrigation
period in 2007, only a small fluctuation was observed in the
DOC concentration, probably due to the upgraded quality
of the TWW.

Unlike the DOC, fluctuations of FA and HA concen-
trations were smaller in amplitude. FA concentration
depended on season, while HA was less affected (Fig. 3b, c,
respectively), regardless of irrigation type. The fall season
was characterized by a peak of FA and HA in both
treatment regimes, with the exception of HA in 2006 and
2007. During these years, the peak in HA occurred
earlier, during the summer. Similar to the DOC fraction,
the first 2 years of the experiment were characterized by
higher FA and HA concentrations in the TWW-irrigated
soil than in the FW-irrigated soil (Fig. 3b, ¢). While DOC
was almost always higher in the soil irrigated with TWW;
from 2005 onward, the difference was less significant for
the FA and HA fractions.

DOC concentration in the soil had some correlation to the
hydrolysis activity (Fig. 4). As environmental conditions are
quite different between seasons, the trends for each season
were considered separately. During winter time (no irrigation),
the FDA activity was low regardless of the original irrigation
water quality, and the DOC concentration was in the range of
100-500 mg C kg™ soil (Fig. 4a). A weak positive correlation
was observed between DOC and FDA in both treatments
(r=0.40 and r=0.32; p<0.05; in FW and TWW, respectively).
During the irrigation period in the summer, a weak negative
correlation was observed between DOC and FDA in both
treatments (r=—0.41 and »=-0.53, in FW and TWW,
respectively; p<0.05). In both seasons, the DOC concentra-
tion was higher in the TWW-irrigated soils (Fig. 4).
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Figure 3 Organic carbon types
(DOC, FA, and HA) concentra-
tions (mg C kg™ soil) in soils
irrigated with either freshwater
(FW) or treated wastewater
(TWW). The error bars of three
replicates are indicated. Lines in
a indicate the irrigation season

DOC (mg C kg’ soil)

FA (mg C kg" soil)

.'—§

2

O

o0

E
0
January

2004

In order to simplify the evaluation of whether the
irrigation with TWW had an overall effect on the microbial
activities, the ratios between TWW and FW of each activity
were calculated (Fig. 5). During winter and early spring, the
potential activities were higher or the same in the FW-
irrigated plots (values below or equal to 1). During the
period of irrigation from May to November of each year,
the potential activities were higher in the TWWe-irrigated
plots (values above 1). A decrease in the ratio occurred
after the end of the irrigation season in the winter.

Discussion

The global shortage in freshwater has led to increased use
of TWW and untreated municipal wastewater for irrigation
of cropland [26]. One parameter to consider in this
application is the addition of organic carbon to the soil
via the TWW, which may have immediate and long-term
effects on soil characteristics and, as a consequence, its
productivity and fertility [9]. An increase in DOC, FA, and
HA with time was observed regardless of treatment. The
absolute increase in DOC concentration was the smallest
(from ca. 160 to ca. 270 mg C kg™ soil); the increase in
HA was the highest (from ca. 2,000 to ca. 3,000 mg C kg™
soil); and the increase in the FA fraction was intermediate
(ca. 700 to 1,300 mg C kg™ soil). This suggests that the

_@_ Springer
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more biologically labile organic compounds, represented by
DOC and to some extent also the FA, end up in a sink of
non-labile fractions, represented by HA.

The fact that TWW added more DOC to the soil, with no
apparent increase in FA and HA in TWWe-irrigated soils
after years of irrigation, may suggest that the TWW TOC is
highly bioavailable. This finding is in contrast with the
observed increase in humified materials when compost was
applied to a sandy soil, and it was suggested that the
conditions were favorable for the transformation between
labile organic carbon and the refractory fraction [27].
However, the organic material concentrations in compost
are much higher, and therefore, the transformations occur in
that media may not be comparable to TWW.

The slight increase in DOC concentrations in the soil
was observed in both irrigation regimes. However, the
DOC concentrations were almost always higher in the
TWWe-irrigated soils. The increase in DOC with time in
both treatments is probably due to natural processes, typical
in agricultural land, where the high activity of the soil flora,
fauna, and microorganisms (roots, micro-, and macrofauna)
produces readily available DOC [28], tree litter [29], and
the degradation products of these materials. The differences
in DOC between the two irrigation regimes were most
likely due to the additional organic C in the TWW. It is a
well-accepted phenomenon that addition of organic matter
leads to the buildup of soil organic C [6, 30].
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Figure 4 DOC concentration as a function of FDA activity during
winter (a) and summer, and irrigation season (b) in soils irrigated with
either TWW (closed symbols) or FW (opened symbols)

The addition of organic carbon from an external source
(i.e., TWW) may influence the overall soil organic carbon
quantity and quality and, as a result, its overall health. It
was therefore important to evaluate whether this addition
influences soil characteristics, especially microbial activity
[11]. Soil microbial activity is considered an indicator of
soil health, and therefore, when an application results in a
decrease in soil activity, it suggests that its health is
compromised [15]. Of all the parameters measured in the
current study, hydrolysis activity was the only one correlated

with DOC (Fig. 4). While there was very little FDA
activity and no evidence of DOC disappearance in the soil
sampled during the winter (Fig. 4a), there were high FDA
levels and a negative correlation between FDA and DOC
in the soils collected during the irrigation season (summer)
(Fig. 4b), in both water qualities. This suggests that
increased FDA activity, in part due to higher temperature
during summer, resulted in decreased DOC in both soils.
However, as this correlation was higher and significant in
the TWW-irrigated soils, it is possible that the DOC added
with the TWW is more available for microbial degrada-
tion. Similar increase in FDA hydrolysis was previously
described as a response to irrigation of a citrus orchard
with urban wastewater in Italy [6].

Similarly, microbial community respiration and overall
oxidation were higher in the TWW-irrigated soil in the
majority of the samples taken over time with no correlation
to DOC. Even though there were no apparent seasonal
trends in these activities, the addition of DOC from the
TWW may maintain higher respiration and dehydrogenase
activities in the TWW-irrigated soil. The increased activi-
ties in TWW-irrigated soils, especially during the irrigation
season, are clearly seen in Fig. 5. This is in accordance with
other studies that measured respiration and dehydrogenase
activity in croplands where compost or TWW were applied
[15]; in hazelnut orchards that were flooded periodically
with urban and industrial wastewater [14]; and in barley
croplands to which pig slurry was applied for 5 years in
Spain [31]. However, the long-term (80 years) irrigation
with wastewater in Mexico affected respiration only
slightly [9].

Another major TWW component that may affect soil
quality and activity is organic N and NH,". Nitrification
potential may indicate how the microbial community is
coping with the addition of NH," via TWW (mostly as
ammonium but also as a result of mineralization of organic
nitrogen). While there was no change in soil NH,"
concentrations over time, the NO;~ concentrations were
higher at the end of the irrigation seasons of each year
compared to their level before the irrigation season. The

Figure 5 The ratio between the
activities in TWW- vs. FW-
irrigated soils and the average
weekly average rainfall

Potential activities ratio TWW / FW -

0

| —©- DEH |
—8- FDA

* —4— Respiration |
—%— Nitrification |

N |

Rainfall (mm/week)

January July
2004 2004

January

January July January July

January July
2005 2005 2006 2006 2007 2007 2008
Month and year
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high NO;~ concentrations corresponded to the high
nitrification potential during the irrigation season and to
absorption of NH," by plants [32, 33]. Both NO;3~
concentration and the nitrification potential did not differ
between the water qualities. This may suggest that the
irrigation with TWW may not affect this activity in the
soil. However, as the NH4" were equalized in both
treatments, the nitrification potential for soil irrigated with
unamended FW was not possible. It is highly likely that if
ammonium was not added to the FW, the nitrification
potential would have been higher in the TWW-irrigated
soils. For example, nitrification was the highest in comn
fields amended with dairy compost compared to
(NH4),SO4 [34, 35]. Nitrification was also higher in soils
irrigated with TWW compared to freshwater in a labora-
tory experiment [36].

One aspect that should be considered is the potential
activity of exogenous bacteria arriving with the TWW to
irrigated soils. The survival of WW bacteria in soil was
investigated worldwide and under different field con-
ditions and found to vary between days to 2—3 months
[37, 38]. BOD values (Table 1) suggested that there was
an active community present in the TWW. While it is clear
that some exogenous bacteria arrive with the TWW to the
fields, the function of this bacteria in the soil is largely
unknown, and it is only possible to assume that this
exogenous population may have some role in the total
community activity.

In conclusion, the microbial community activity
responded to the application of TWW in the soil. It also
seems that there was a re-bounce of the community
activity to a baseline after each irrigation season and
during the winter time. Thus, the microbial effects of
TWW irrigation, on the annual and longer scale, were
relatively minor. Similarly, long-term irrigation with
TWW did not affect soil enzyme activities in California
[15]. In Germany, the microbial activity in soil irrigated
with primary effluent for 100 years was significantly
higher than in soil that was never irrigated [18]. However,
when some plots were left un-irrigated for 20 years, the
microbial activity decreased and approached the soil
activity levels measured in non-irrigated plots. This,
combined with the results observed in the present study,
suggests that soil has the capability to recover even from
long-term irrigation with wastewater, and it is possible that
it may not have harmful long-term effects on soil
microbiological quality. However, in this case study,
irrigation was used only seasonally, and it would be
beneficial to evaluate the effects of constant irrigation on
soil and microbial community properties.
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