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ABSTRACT

The reduction of helminth eggs, fecal coliforms and somatic coliphages present in sewage sludge after treatments and
abatement by application to soil was determined. Traditional stabilization processes produced small changes in the con-
centrations of the parameters studied. In contrast, thermal treatments and liming produced dramatic reductions. Fecal
coliforms were the most affected by both types of treatments; somatic coliphages showed some persistence after 30
minutes at 60°C; and both somatic coliphages and helminth eggs showed some persistence to storage in quick lime.
However, both treatments supplied biosolid suitable for unrestricted application in agriculture. Abatement in soils in the
climatic conditions tested (mild to cold temperatures and high relative humidity) was slow and took several months to
reach the background levels. These results suggest that environmental conditions (temperature and humidity) play the
main role in inactivating the microorganisms, since abatement was similar in different soil types. The extended perma-
nence of pathogens and microbial indicators in soil after the application of treated sludges indicates that, in the normal
weather conditions of the areas where the study was performed and the amounts of sludges applied, contaminant mi-
crobes are not easily mobilized from the complex matrixes that constitute the treated sludges and that consequently in
normal conditions their release as diffuse pollution is of lesser importance.
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1. Introduction after land application of biosolids, embrace their poten-
tial contribution to diffuse pollution that afterwards can
reach both surface and subsurface water bodies. Regard-
ing diffuse pollution, increasing the knowledge about the
mobilization and fate of pollutants from fields where slu-
dges have been applied is a challenging aim. Some bio-
wastes such as raw and treated sewage sludge that are
frequently named as biosolids, septic tank sludge and
slurries and manure, may contain enteric pathogens haz-
ardous for humans, animals or both (zoonotic infections),
besides other hazards. Commonly, these biosolids need
some additional treatments to ensure certain abatement
level of pathogens. Different regulations set the microbi-
ological quality parameters of sludges to be applied to

Large amounts of biowastes are produced worldwide by
agriculture and forestry, municipalities and industries.
Traditionally biowastes have been landfilled, incinerated
or landspread. Recycling biodegradable waste in agricul-
ture is considered a way of maintaining or restoring the
quality of soils, because of the fertilizing capacity and
the improvement properties of the organic matter con-
tained in these materials. It is considered the most eco-
nomic, practical and environmentally beneficial manage-
ment option. But recycling wastes by land spreading is
not free of hazards because of their potential for soil and
water contamination [1]. These hazards, besides contami-

nation of food or directly of persons in contact with soil
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soil [2-4]. In these regulations, different kinds of biosol-
ids are considered regarding chemical and microbiologi-
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cal quality and authorized uses. As an example, class B
biosolids as defined by USEPA [4] require a microbi-
ological quality that can be achieved with little or no ad-
ditional treatment of biosolids produced in common sew-
age sludge plants, and can be used in agriculture with
some temporal restrictions regarding crop harvesting,
animal grazing and public contact. During these restric-
tion time periods, materials receive further indirect treat-
ment when exposed to the natural conditions of the envi-
ronment such as air humidity, UV radiation of the sun,
heat, wind, and soil microbes, which contribute to the
abatement of microbial contaminants. Because of envi-
ronmental variability, mostly due to differences in cli-
matic conditions, it is essential to know the abatement of
pathogens and indicators in various geographical areas
with very different environmental conditions and to de-
velop practices and regulations according to the charac-
teristics of each region. In contrast, no appropriate man-
agement practices or regulations exist yet to minimize
the risk of pathogen transmission by septic-tank sludge
and slurries and manure application to soil. Thus, more
broad information of abatement in soil of all types of
pathogens and indicators in different regions of the world
is needed.

Conventional treatments of sewage sludge conceived
to reach the quality required for certain uses include sta-
bilization/digestion (meso and thermophilic, aerobic and
anaerobic), thermal treatments, liming and storage,
among other less common treatments. Fairly abundant
information on abatement of pathogens and indicators by
conventional treatments is available mostly for bacterial
pathogens [5-7]. Information about the abatement in soil
of bacterial pathogens of human and animal origin is also
available but to a lesser extent [8,9]. Taking into consid-
eration that viruses and parasites are more resistant than
bacteria to both natural and anthropogenic stressors [10-
12], obtaining information on the abatement in soil of
these more resistant faccal-bounded pathogens is viewed
as necessary. However, it has to be considered that there
is a large variety of pathogens that respond differently to
natural (irradiation, heat, desiccation, etc.) or anthropo-
genic (disinfecting procedures) stressors. Many different
groups of bacteria, viruses, protozoa and helminths are
present in different concentrations in human faeces, and
hence in domestic wastewater and sludges as well as in
slurries and manure. Consequently, the direct monitoring
and quantification of all pathogens associated to solids
are not feasible tasks. The surrogate indicator organisms
are those that are easier to measure than specific patho-
gens. Nowadays, the faecal coliform bacteria are stan-
dard indicators in biosolids in the USA [4] and E. coli in
the European Union standards (European Community,
2001). However, hygiene standards based on the removal
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of the fecal coliform bacteria or E. coli as indicators can
easily be achieved by treatments that do not remove other
pathogens and indicators as efficiently as those indicators.
In fact, faecal coliforms and E. coli have been described
to be more vulnerable to stressors than most viral, proto-
zoan and parasite pathogens [10,11,13]. Bacteriophages
[10] and the spores of sulphite-reducing clostridia (SSRC)
[11] are being studied as alternative surrogates for virus
and parasites. Due to the very great resistance and per-
sistence described for SSRC in sewage sludge treatments
[5,7,14] and their persistence in soil [9], they may be less
appropriate than bacteriophages as indicators of pathogen
abatement in sludge treatments and after their deposition
in soil. Different groups of bacteriophages have been
proposed as indicators of pathogen inactivation through
different sludge treatment processes [7,14,15]. Somatic
coliphages seem to excel the other phages for this pur-
pose because they are fairly resistant and persistent under
natural conditions and are easier to detect and more abun-
dant in sludge than the other phages. The limited infor-
mation available regarding the abatement in soil of fecal
contaminants provided by spraying sewage of liquid slur-
ries indicates that somatic coliphages present good con-
centrations and can be tracked long time after application
[16,17]. It also points out that somatic coliphages may be
a better indicator of the risk of enteric viruses in the envi-
ronment than traditional bacterial indicators like fecal co-
liforms. In contrast, no information on phages provided
to the soil by biosolids is available.

The investigation reported herein had two main pur-
poses. The first purpose was to provide information re-
garding the microbiological quality of sludges in Colom-
bia, in order to determine which sort of biosolid applica-
tion can be envisioned and what sustainable and feasible
treatments are required. According to WHO, Colombia is
a low medium income country, still with an intermediate
burden of diarrheic diseases [18] and where soil-trans-
mitted helminth infection are a public health problem
[19]. The second purpose was to study the abatement of
three parameters: fecal coliforms, somatic coliphages and
viable helminth eggs with low, intermediate, and high re-
sistance respectively, by conventional treatments of slu-
dges and in soil. Persistence in soil was expected to pro-
vide information not only about the persistence but also
about the mobilization, and hence the potential contri-
bution to diffuse pollution, of these contaminant microb-
es once applied to soil. The parameters were determined
by standard procedures in sludges before and after diffe-
rent treatments in a wastewater treatment plan. Their per-
sistence in soil was monitored after the land application
of the biosolid in the Andean altiplano of Colombia, a
zone with high rainfall, mild temperatures and high rela-
tive humidity located at 2200 - 2700 m above sea level.
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2. Material and Methods
2.1. Sampling

Samples were taken at the plot corners and at the center
by digging a small hole with a shovel to a depth of 10 cm.
The samples from each plot were placed in a plastic bag
with a hermetic seal and thoroughly mixed.

Sludge and soil samples were transported to the labo-
ratory, kept at 4°C and tested within the next 12 hours.

2.2. Samples and Experimental Settings

2.2.1. Sludge

Biosolids used in our study were obtained from two mu-
nicipal wastewater treatment plants, one in Bogota and
the other one in Medellin (Colombia). In the treatment
plant in Bogota organic matter and suspended solids are
removed by primary chemical treatment; the resulting
sludge enters a thickening process for 20 h; then the thic-
kened sludge (TS) undergoes anaerobic digestion in me-
sophilic conditions at 35°C for 20 to 22 days (MADs);
finally the sludge is dehydrated through band filters ren-
dering the biosolid (BS) with 30.9% - 32.5% dry matter
(DM). The plant in Medellin is a typical activated sludge
plant with the resulting sludge treated with the same sta-
bilization processes as described for the plant of Bogota.

2.2.2. Thermal Treatment
The MADS and the BS, as indicated in Table 1 of results,
were exposed to different temperatures and times.

1) Liming

Biosolids were treated with quick lime (CaO) to reach a
final concentration of 25% and then they were exposed to
air but sheltered from the rain for up to 43 days in the full
scale treatments, and to 98 days in the pilot treatment.

2) Land-Spreading

The survival of enteric micro-organisms added to soil by
application of biosolids was monitored in five experi-
mental settings.

Experimental setting 1. The soil was characterized as
sandy inceptisol and the biosolid was from the plant of
Bogota. The following treatments were applied: plots type
1, 1 part of soil:1 part of biosolid; plots type 2, 3 parts of
soil:1 part of biosolid; plots type 3, biosolid alone; and
plots type 4, soil alone (control samples). Each applica-
tion was done by triplicate. All the plots, including the
control plot, were tested at days 0, 15 and 43. Nine sam-
ples were tested in the control and biosolid alone plots and
18 in the experimental plots.

Experimental setting 2. The soil was characterized as
clayey inceptisol and the biosolid was from the plant of
Bogota. The following treatments were applied: plots type
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Table 1. Log;o reductions after different thermal treatments
of sludge; n is the numbers of samples tested.

Thickened Thickened Biosolid Biosolid
raw sludge  raw sludge
60°C 30 min  80°C 30 min 80°C 10 min 80°C 30 min
n=12 n=12 n=12 n=12
Faecal >6.0 >6.0 >5.0 >5.0
coliforms
Somatic 24 >4.0 >4.5 >4.5
coliphages
Helminth ¢ >1.6 >1.6 1.6
eggs

1, 3 parts soil:1 part biosolid; plots type 2, 2 parts soil:1
part biosolid; plots type 3, 1 part soil:1 part biosolid,;
plots type 4, biosolid alone; and plots type 5:soil alone
(control samples). Each application was done by tripli-
cate. All the plots, including the control plot were tested
at days 0, 30, 60, 120 and 240. Fifteen samples were test-
ed in the control and biosolid alone plots and 45 in the
experimental plots.

Experimental setting 3. The soil was characterized as
andisol and the biosolid was from the plant of Medellin.
The following treatments were applied: plots type 1: bio-
solid diluted in water (3012 kg/ha) and sprayed on the
soil; plot type 2, soil alone (control samples). Each appli-
cation was done by quadruplicate and the experiment
was repeated three times. The control plots were tested at
days 0 and 60, and the experimental plot at days 0, 15, 30
and 60. Twenty-four samples were tested in the control
plots and 48 in the experimental plots.

Experimental setting 4. The experiment was carried out
using an arid quarry soil after the removal of all the topsoil
and organic layers. The following treatments were applied:
plots type 1, 8 parts of soil:1 part of biosolid; plots type 2,
4 parts of soil:1 part of biosolid; plots type 3, 2 parts of
soil:1 part of biosolid; plot type 4, soil alone (control
samples). Each application was done by triplicate. All the
plots, including the control plot, were tested at days 0, 15,
30 and 60. Fifteen samples were tested in the control plots
and 45 in the experimental plots.

Experimental setting 5. The experiment was carried out
using an arid quarry soil after the removal of all the topsoil
and organic layers. The following treatments were applied:
plots type 1, Ipart of soil: 1 part of biosolid; plots type 2, 1
part of soil: 2 parts of biosolid; plots type 3, 1 part of soil:
4 parts of biosolid; plots type 4, 1 part of soil:8 parts of
biosolid; plots type 5, biosolid alone; and plots type 5, soil
alone (control samples). Each application was done by
triplicate. All the plots, including the control plot, were
tested at days 0, 30 and 60. Nine samples were tested in
the control and biosolid alone plots and 36 in the experi-
mental plots. Environmental conditions in the different
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experimental settings during the monitoring periods were
relatively similar with average minimum and maximum
temperatures ranging from 12°C to 21°C, high relative
humidity ranging from 75% to 83%, and a monthly rain-
fall ranging from 70 to 110 mm.

2.3. Quantification of Microorganisms

Fecal coliforms, somatic coliphages and helminth eggs
were recorded in experimental settings 1, 2 and 3. In ex-
perimental settings 4 and 5, only fecal coliforms and so-
matic coliphages were recorded.

2.3.1. Fecal Coliforms (FC)

To quantify fecal coliforms, 30 ml or g of sludges, bio-
solids and soil were mixed with 270 ml of sterile phos-
phate buffer and suspended by magnetic stirring at room
temperature for 15 min. This suspension was used to pre-
pare 10-fold dilutions as described in USEPA standard
procedures. Then fecal coliforms were quantified by the
membrane filter procedure, according to the USEPA
standard. Results are expressed as colony forming units
per 10 grams of dry matter (CFU/10 g DM).

2.3.2. Somatic Coliphages (SOMCPH)

Bacteriophages were first extracted from sludges, bio-
solid and soil as described previously by Lasobras et al.
[20] with minor modifications. Briefly, samples were
mixed with 10% beef extract pH 7.2 in a 1:10 (wA) ratio
and homogenized by magnetic stirring for 30 min at
room temperature. The suspension was then centrifuged
at 4000 g for 30 min at 4°C. The supernatant was sub-
sequently filtered through a 0.22 pm pore size polyeth-
ersulfone non-protein binding membrane filter (Millipore,
Bedford, MA, USA). The permeate was then tested for
the presence of bacteriophages. Plaque forming units
(PFU) of somatic coliphages were counted by the double
agar layer technique on Escherichia coli strain WGS5 fol-
lowing the ISO 10705-2 protocol [21]. Results are ex-
pressed as plaque-forming units per 10 grams of dry ma-
ter (PFU/10 g DM).

2.3.3. Helminth Eggs (HE)

Viable helminth eggs were detected and quantified ac-
cording to [22]. Briefly, this technique consisted of mix-
ing and shaking the equivalent of 10 g of sample of total
solids with Tween 80 solution (0.1%). Tween 80 is a de-
tergent that adheres to the eggs and thus separates them
from solid particles. The first sedimentation stage lasts 3
h, after which the supernatant is discarded and the sedi-
ment is filtered in a 160-um sieve to remove the larger
particles. The filtered and retained solids were washed
with 1 to 2 L of distilled water and pooled together. Af-
terwards the sample was subjected to a second sedimen-
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tation for 3 h, the supernatant was discarded and the sedi-
ment mixed with 10 volumes of ZnSO, solution (density
1.3) and centrifuged at 660 g for 5 min. The sediment
was discarded and 1 L of water was added to the super-
natant. Finally, a 3-h sedimentation was performed, in
which the supernatant was discarded and the sediment
mixed with 15 mL aceto-acetic buffer and 10 mL of di-
ethyl ether to remove the lipophilic ether-soluble material.
The resulting sediment was mixed with 5 mL of 0.1 N
H,SO, and then incubated at 26°C for 4 weeks with a
loose lid to allow air exchange. Finally, the sample was
examined under a light microscope, eggs were counted
and viability determined based on the formation of deve-
loped larvae. Results are expressed as the number of vi-
able helminth eggs per 10 grams of dry mater.

2.3.4. Salmonella

The Most Probable Number of Salmonella sp. was deter-
mined according to USEPA [4]. Briefly, a given volume
of sample was inoculated into the enrichment medium
tryptic soy broth (TSB), and incubated for 24 hours at
37°C. After incubation, an aliquot of the enrichment cul-
ture was inoculated onto modified semisolid Rappaport-
Vassiliadis (MSRV). The modified MSRV medium con-
tains novobiocin and malachite green to inhibit non-Sal-
monella species, while allowing most Salmonella species
to grow. Presumptive Salmonella colonies were isolated
on xylose-lysine desoxycholate agar (XLD), and confirm-
ed using lysine-iron agar (LIA), triple sugar iron agar
(TSI), and urea broth.

2.4. Data Analysis

Statgraphics Plus software version 5.1 (Statistical Graph-
ics Corporation, Herndon, VA, USA) was used for data
treatment and statistical analysis. A P-value < 0.5 was
considered statistically significant. Some data were plot-
ted as boxes and whiskers. This plotting provides sum-
mary statistics using five numbers: the minimum, the ma-
ximum, the median, the 25th and the 75th percentiles.
The outliers (=) and extreme outliers () values are also
plotted.

Logo reductions in treatments and soil have been cal-
culated as the differences between the average (geomet-
ric mean; or arithmetic mean of the logarithm) of the val-
ues before and after the treatments or the lapse of time
passed since deposition in soil.

3. Results and Discussion
3.1. Indicators and Pathogens in Sludges

The concentrations of fecal coliforms, somatic coliphag-
es and helminth eggs, expressed as log units per 10 g of
sludge, in thickened sludge (TS), sludge after their me-
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sophilic anaerobic digestion (MAD) and biosolid (BS),
are plotted in Figure 1. The average values of fecal coli-
forms (7.6 = 0.5 CFU per 10 g) and somatic coliphages
(6.2 £ 0.3 PFU per 10 g) in the thickened sludges are
within the range of values reported elsewhere [7,20]. Sig-
nificant (P < 0.5), although small decreases averaging 1.3
and 0.9 log, for fecal coliforms and somatic coliphages,
respectively, have been achieved with the mesophilic
anaerobic digestion. Reductions of similar extents have
been reported elsewhere for fecal coliforms, E. coli and
somatic coliphages [7,23] indicating that the hygienizing
effect of MAD has little effect. However, the numbers of
both indicators in biosolids after dewatering the MADs
showed significant increases in number of both fecal co-
liforms and somatic coliphages that reached average va-
lues of 6.7 £ 0.6 CFU and 6.4 = 0.4 PFU per 10 g respec-
tively. These values were midway and significantly dif-
ferent (P < 0.5) from those in TS and MADs. Increases
of similar range had been described for fecal coliforms
[24,25] in some dewatering processes, but no data are
available for somatic coliphages. Regrowth and reactiva-
tion have been pointed as potential causes for this in-
crease in numbers of fecal coliforms. However, know-
ing the unlikely replication of somatic coliphages under
the conditions occurring in sludges [26], differences in
the extraction efficiencies from the different matrixes,
which are quite different in texture, cannot be excluded
as the cause of these changes.
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Figure 1. Box and whisker plots of counts expressed as
Log;e concentrations per 10 g of dry mater (DM) of the
various microorganisms analyzed in the different matrixes.
Faecal coliforms (FC) in CFU, somatic coliphages (SOM) in
PFU, and helminth eggs (HE) in TS (A, 20 samples), MADS
(B, 13 samples) and BS (C, 52 samples); Salmonella (SAL)
in MPN was only determined in BS.
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The average values of helminth eggs (1.4 £ 0.4; 1.5 +
0.2; and 1.0 £ 0.2 log;o units of viable eggs per 10 g)
were not significantly different in the three matrixes. Va-
lues ranged from 10 to 97 eggs per 10 g of dry matter in
TS, 16 to 62 in MADs and 2.5 to 129 in BS. In contrast
with FC and SOMCPH, the differences in the numbers of
eggs in the three matrixes are not significantly different
(P > 0.5). These values averaged almost one order of
magnitude greater than those found in industrialized
countries, and are of the same order of magnitude as
those of medium income countries as Brazil or Mexico
[12].

Data about Salmonella sp. were only obtained for BS,
where they average 0.3 + 0.2 log;o CFU units per 10 g,
with values ranging from below the detection limit (0.6
CFU per 10 g of DM) to 3.9 CFU per 10 g of dry matter.
These values are of the same order of magnitude as those
described elsewhere [5,27,28].

As to the possibility of using BS in agriculture, it does
not fulfill the requirement for unrestricted use in agricul-
ture according to some legislations [2,4], but can be ex-
ploited for some applications to land, as those allowed
for class B biosolids according to USEPA [4].

3.2. Effects of Hygienizing Treatments

3.2.1. Thermal Treatments
Log, reductions caused by different pasteurization treat-
ments on the numbers of FC, SOMCPH and HE are re-
ported in Table 1. All microbes tested were below the
detection limits in all the conditions assayed, with the
exception of somatic coliphages that were found in thick-
ened raw sludge at a still relatively high concentration,
averaging 4.8 log;o PFU per 10 g and ranging from 4.2 to
5.1, after 60°C during 30 minutes. The different vulner-
ability of the three parameters tested agrees with infor-
mation available. Thus, fecal coliforms or E. coli are
quite susceptible [14,29]. Moreover, the great suscepti-
bility to heat treatment of fecal coliforms is applicable to
most bacterial pathogens. Somatic coliphages, similarly
to some animal viruses, though not all [6,30], are rela-
tively resistant [14,29], and are good surrogates for
monitoring the disinfecting action of thermal treatments
because of their intermediate susceptibility. The viability
of HE is affected to such extent that they are not found
after treatments [5,13]. However, as it can be seen in the
log;o reduction figures reported in Table 1, as well as in
information reported elsewhere, HE do not seem to be
more susceptible than viruses to thermal treatments,
since because of the low numbers in sludge prior to treat-
ment, it is not possible to calculate log;, decreases as
they were calculated for bacteriophages.

All the treatments assayed provide biosolids of suffi-
cient microbiological quality for unrestricted use for ag-
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riculture [2,4].

3.2.2. Liming

Log, reductions achieved after treatments and storage in
quick lime (25%) of the biosolid (BS) are shown in Ta-
ble 2. As in the case of thermal treatments, fecal coli-
forms are quite weak to lime treatment, and no fecal coli-
forms were detected neither at day 1 in the assays per-
formed in the pilot treatment, nor after 7 days in the full
scale treatment. This high effect of liming biowastes on
fecal coliform bacteria and bacterial pathogens has been
reported elsewhere [5,31]. Somatic coliphages were still
found after seven days in the pilot treatment, but not in
the full scale treatment where log;y decrease exceeded
4.0; in the pilot plant the log;, decreases at days 1 and 7
were two units greater than those of HE, and at day 21
were still higher than 3.5 logs. The scarce existing in-
formation on the effect of liming on viruses and bacte-
riophages indicates, as data reported here do, that col-
iphages can be useful surrogates of viruses in monitoring
the disinfection in sludge treatments [31,32]. The slow
abatement of helminth eggs by storage of lime treated
sludges has been reported elsewhere [5,31].

The lime treatments assayed will provide biosolids
sufficient microbiological quality for unrestricted use for
agriculture [2,4] only after more than three weeks of stor-
age of lime-treated biosolid, because of the slow inacti-
vation of HE.

3.2.3. Abatement in Soil

Data on persistence of FC, SOMCPH and HE after ap-
plication of mixtures of biosolids and soil into soil are
shown in Figures 2-4. Figures 5 and 6 only show data
on FC and SOMCPH. Since no significant differences (P
> (.5) were observed in samples after mixing different
proportions of soil and biosolid (data of experimental
settings 1, 2 and 5 reported in (Figures 2, 3 and 6), all
the mixed samples have been treated as a single unit.
Figure 4 shows the data in which sludge diluted in water
was applied on the field by aspersion. In spite of the dif-
ferent types of soil studied and different environmental
conditions regarding temperature and rainfall during our
experiments the same trends can be observed in all the
cases. First of all, with the exception of HE in the ex-
periment reported in Figure 3, the addition of biosolids
to soil increases significantly (P < 0.5) the concentra-
tions of the three parameters studied. And secondly,
though with some differences, all persist for long periods
of time before returning to the levels found in soil before
application of the sludges. In fact long persistence of
bacterial indicators and pathogens [8,9] and HE [8] has
been reported elsewhere, and though with less extent also
viruses and bacteriophages [16,17]. All the values tended
to go down after application to land, and values at a
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Table 2. Storage in quick lime (25%) blended biosolid.
Logye reductions after different storage times (difference
between the average value before and after the treatment).

Faecal coliforms SOMCPH Helminth eggs

Full scale  Pilot Full scale Pilot Fullscale Pilot
treatment treatment treatment treatment treatment treatment

n=16 n==6 n=16 n==6 n=16 n==6
1 day ND >5.2 ND 2.6 ND 0.7
7 days >5.4 >5.2 >4.0 32 0.7 1.1

21 days >54 >5.2 >4.0 >4.9 >1.7 1.5
43 days >54 ND >4.0 ND >1.7 ND

98 days ND >5.2 ND >6.0 ND >1.5

n = numbers of samples tested; ND = non determined.

given sampling day were lower than the values of the
precedent sampling day with a few exceptions. The first
exception was a non-significant increase (P > 0.5) ob-
served for SOMCPH and HE at day 15 in experimental
setting 1 (Figure 2); this can be due to some disaggrega-
tion of sludge particles occurring in the first days in soil
rather than replication, which is impossible for HE and
very unlikely for somatic coliphages [26]. The second
exception was at day 120 of experimental setting 2 (Fig-
ure 3) for HE; we have no explanation for this behavior,
because human helminths do not replicate in soil and re-
contamination does not seem to have occurred, since
neither FC nor SOMCPH show increase in numbers.

The third exception was the increase in the numbers of
FC at day 60 in experimental setting 5 (Figure 6); this
may be due to regrowth of fecal coliforms in soil, which
has been reported to occur under some environmental
conditions [33,34]. Regarding the rates of abatement,
they differed among experimental settings and among pa-
rameters. HEs were always the most persistent of all,
with abatements that exceeded 0.3 log;o units in any of
the three experiments performed. The log;, reductions of
FC and SOMCPH are reported in Table 3 and they var-
ied depending on both the extent of the reduction and the
reduction rate of the two indicators; thus in three of the
five experiments, FC disappeared faster than SOMCPH,
whereas in the other two the opposite occurred. However
the difference on the abatement of FC and SOMCPH are
not very big. Kinetics of SOMCP abatements seems more
regular than that of FC and differences among experi-
mental settings are also smaller than those of FC.

In three of the experimental settings, biosolid (BS)
alone was placed on the soil surface in the same condi-
tions than the mixture soil:biosolid. Results of abate-
ment of FC and SOMCPH in soil and BS reported in
Table 3 do not show differences greater than those at-
tributed to the uncertainty of the complete assay proce-
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Table 3. Comparison of decay in log;o units of FC and SOMCPH in the mixture soil-biosolid and in biosolid alone.

Faecal coliforms Somatic coliphages

15 D! 30D 43-45D 60D 120D 240D 15D 30D 43-45D 60D 120D 240D

1 M? 1.8 ND* 2.8 ND ND ND -0.4 ND 0.3 ND ND ND
1BS® 1.7 ND 2.1 ND ND ND -0.2 ND 0.5 ND ND ND
2M ND 0.9 ND 1.1 1.9 438 ND 0.3 ND 1.0 23 35
2BS ND 0.8 ND 0.5 22 >4.1 ND 0.5 ND 0.6 2.3 32
3M ND 1.1 1.5 ND ND ND ND 1.5 22 ND ND ND
4M 0.8 22 ND 2.9 ND ND 13 2.1 ND 2.5 ND ND
5M ND 0.6 ND 0.0 ND ND ND 0.6 ND 1.1 ND ND
5BS ND 1.0 ND 0.1 ND ND ND 0.8 ND 0.9 ND ND

'D = days elapsed since disposal in soil; “M = mixture of soil and biosolid; *BS = biosolid alone; “ND = non-determined.
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Figure 2. Log;, values of the concentrations (arithmetic means of log;, values and 95% confidence levels) of indicators (A,
fecal coliforms in CFU per 10 g; B, somatic coliphages in PFU per 10 g) and helminth eggs (C) concentrations (arithmetic
mean of the non-log transformed values and 95% confidence levels) in soil in experimental setting 1. In the x axis the control
refers to non-inoculated soil and D stands for the days after the beginning of the experiment. "Values significantly different (P
< 0.5) from the control value; “values significantly different (P < 0.5) from the DO value.

8 1 8f 1 45F
56 Py {56! - { ¥ I
g : I I *(k¥) = sk I I*(**) 1§ |
£ *er)y | 2 i | 82}
84 I( ) 8 41 H(x) g I
Q 19 I = f
g, [ § 5 i Sis
= 1 2 I 9§57
g2 3 oo 82 | 7 s pp |
1 B g
0 j 0t 5 > o i 5t
RO SIS NRISIRIRIR IR
PR D DR PP LD N PR QD
&L VI &V O %&09990\&
& & &

Figure 3. Log;, values of the concentrations (arithmetic means of log;, values and 95% confidence levels) of indicators (A,
fecal coliforms in CFU per 10 g; B, somatic coliphages in PFU per 10 g) and helminth eggs (C) concentrations (arithmetic
mean of the non-log transformed values and 95% confidence levels) in soil in experimental setting 2. In the X axis the control
refers to non-inoculated soil and D stands for the days after the beginning of the experiment. “Values significantly different (P
< 0.5) from the control value; ~“values significantly different (P < 0.5) from the DO value.
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Figure 4. Log,, values of the concentrations (arithmetic means of log;, values and 95% confidence levels) of indicators (A,
fecal coliforms in CFU per 10 g; B, somatic coliphages in PFU per 10 g) and helminth eggs (C) concentrations (arithmetic
mean of the non-log transformed values and 95% confidence levels) in soil in experimental setting 3. In the X axis the control
refers to non-inoculated soil and D stands for the days after the beginning of the experiment. "Values significantly different (P
< 0.5) from the control value; “values significantly different (P < 0.5) from the DO value.
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Figure 5. Log;o values of the concentrations (arithmetic
means of log,, values and 95% confidence levels) of indica-
tors (A, fecal coliforms in CFU per 10 g; B, somatic col-
iphages in PFU per 10 g) in soil in experimental setting 4. In
the X axis the control refers to non-inoculated soil and D
stands for the days after the beginning of the experiment.
*Values significantly different (P < 0.5) from the control
value; ““values significantly different (P < 0.5) from the DO
value.

dure. Therefore, it will appear that in the three settings
studied, the soil characteristics do not play a significant
role in the abatement, and suggest that environmental
conditions (temperature and relative humidity) played the
main role in inactivating the microorganisms.

Because of the lesser variations observed in abatement
kinetics from settings of somatic coliphages and because
of their most unlikely replication in soil [26], we suggest
somatic coliphages as a good surrogate for monitoring
bacterial and viral abatement in soil. In fact some authors
have reported that somatic coliphages have good concen-
trations in soil and can be tracked long time after appli-
cation by aspersion of sewage of liquid slurries [16,17].

In spite of some differences between the persistence of
the contaminant microbes studied, all of them remained
for long periods in soil after application of the biosolids
to land. This long persistence strongly indicates that the
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Figure 6. Log;, values of the concentrations (arithmetic
means of log,o values and 95% confidence levels) of indica-
tors (A, fecal coliforms in CFU per 10 g; B, somatic col-
iphages in PFU per 10 g) in soil in experimental setting 5. In
the X axis the control refers to non-inoculated soil and D
stands for the days after the beginning of the experiment.
“Values significantly different (P < 0.5) from the control
value; “values significantly different (P < 0.5) from the DO
value.

studied biosolids have the capability of sequestering the
contaminant microbes, both pathogens and indicators,
and consequently making improbable their release to the
surrounding surface and subsurface waters in areas with
rainfall regimes similar to the ones of the area during the
described experiments. In summary the contribution of
sludge to diffuse pollution reaching water bodies by mo-
bilization of contaminant microbes is unlikely under the
weather conditions similar to those in the study area and
with amounts and type of sludges applied to soil similar
to those described here.

4. Conclusions

Raw and stabilized sludges studied contain amounts of
bacterial and viral indicators, helminth eggs and Salmo-
nella comparable to those reported in developed coun-
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tries.

Hygienization accomplished by thermal treatment and
liming renders biosolids suitable for unrestricted use in
agriculture and other land spreading applications.

Abatement in soil took several months to reach back-
ground values of contaminant microbes, with environ-
mental conditions (temperature and relative humidity)
likely playing a more important role than soil character-
istics.

Under the predominant weather conditions in the area
studied, the mobilization and consequent contribution to
diffuse contamination, and hence to contamination of
water bodies, of the contaminant microbes do not seem
very important.

Because of the lesser variations observed in the abate-
ment kinetics of somatic coliphages among different set-
tings and because of their most unlikely replication in
soil, they can serve as good surrogates for monitoring
bacterial and viral abatement in soil.
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