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after the winter period and before the new seasonal grazing, a lower number of viable cells
of both faecal indicators was detected only in some of the investigated soil profiles, and
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within the first 5 cm. Taking into consideration the results of specific investigations, we

Climate change

hypothesise that the non-uniform spatial distribution of grass roots within the studied soil

Cold shock

can play an important role in influencing this phenomenon, while several abiotic factors do

Faecal indicator

not play any significant role. Taking into account the local trend in the increase of air

Freeze/thaw cycle

temperature, a different distribution of microbial pollution over time is expected in spring
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waters, in future climate scenarios. The progressive increase in air temperature will cause a
progressive decrease in freeze/thaw cycles at higher altitudes, minimising cold shocks on
microbial cells, and causing spring water pollution also during winter.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Winter survival of microorganisms in soil can be negatively
influenced by cold shock, freezing, prolonged exposure to subzero
temperatures, and alternating freezing and thawing periods
(Mazur, 1966; Mackey, 1984).
Freeze/thaw tolerance of faecal microorganisms was investigated in a detailed manner in laboratory, through a cryocycler
(Walker et al., 2006), and a progressive decrease in viable cells
depending on the number of cycles was observed, in agreement
with the results of other studies (Packer et al., 1965; Kibbey et al.,
1978; Sleight et al., 2006). However, these studies were carried out
in physical analogue models or in microcosms. Therefore, specific

investigations at site scale are necessary to analyse the role of the
scale effect on relationships between winter stresses and the
survival of faecal microorganisms in soil. In fact, survival times
of microorganisms in the environment can be influenced by
different abiotic and biological factors (Franz et al., 2008), and
some of them can be non-uniformly distributed within a soil
medium (Young and Ritz, 1998).
In a broader context, the survival of faecal microorganisms in
soil, with emphasis on pathogens, can significantly influence the
risk of transmission of infections by different routes, such as water
and contaminated soil. For example, cases of enterohaemorrhagic
colitis were associated with people who camped on a field recently
grazed by sheep (Strachan et al., 2001; Howie et al., 2003). Cases of
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bloody diarrhoea were associated with the exposure to a farm
environment (Grif et al., 2005). Infection of a child has been
associated with the contact with manure-amended soil (Mukherjee
et al., 2006). Cases of gastroenteritis have been associated with
contaminated spring water recharged by precipitations that diffusely infiltrated through soil in a pasture area (Celico et al., 2004). Thus,
not only drinking contaminated water, but also hand-to-mouth
contact can result in clinical infections (Grif et al., 2005), therefore
emphasising the need of detailed knowledge of the effect of
environmental stresses on survival of microorganisms in soil.
In such a context, climate change, with emphasis on the
progressive increase in air temperature, can significantly influence winter survival of pathogens in soil, therefore causing a
progressive increase of the risk of transmission of the infections
mentioned above. This scenario is expected to be plausible in
wide portions of the world, such as the Italian Apennines, where
minimum winter temperatures occasionally fall below zero.
The present work has been carried out in a test site in the
Campania region, southern Italy, to evaluate at site scale the
influence of freezing and freeze/thaw cycles on the survival of
faecal coliforms and faecal enterococci in soil, analysing both
air and soil temperatures, the latter at different depths, and
enumerating viable cells at different depths along several soil
profiles, before and after winter stresses. This is a test study
which was carried out in order to understand how to analyse the
winter survival of faecal microorganisms in soil and its effect
on microbial groundwater quality within mountainous environments where freeze/thaw cycles are actually observed and
increasing air temperature is expected in the near future.

1. Materials and methods
1.1. Site description

1.2. Soil characterisation
Some physical and index properties of soil were analysed
by means of standard laboratory tests, to verify whether or
not the analysed abiotic factors can influence the microbial
resistance to winter stresses. Soil samples were collected
along the same 10 profiles where soil cores were also collected
to carry out the microbiological investigations, at 10 and
50 cm below ground. In fact, it is known that, during freezing
and thawing, aggregates are broken and, shearing forces can
lyse cells and hyphae, resulting in the selection of tolerant
microbes (Lekberg and Koide, 2008). Organic matter, grain
size and specific weight of particles, total porosity, and
relative density were analysed in order to verify the distribution of such features at site scale. Organic matter tests were
performed through organic matter loss after muffle furnace
heating. According to the ASTM standard procedures, the
organic content of soil samples was measured by means of
loss-on-ignition technique, consisting in 72 hr heating at
450°C in a muffle furnace. Grain size tests were performed
by means of wet sieving with the ASTM standard sieves series
and sedimentation procedure based on density measurements
performed with hydrometer. Specific gravity tests were carried
out using a 50 cm3 pycnometer applied to the 0.075 mm passing
fraction through sieve n. 200 ASTM. Starting from these
physical and volumetric parameters it was possible to obtain
the total porosity (n) and the relative density (Dr). These are
adimensional parameters and they are expressed in percentages. These are indirectly estimated, starting from the existing
relationship between weights and volumes of the different
phases.
The vertical distribution of grass roots within the 10 soil
profiles was analysed through some numerical analysis techniques for image processing. These were applied to the digital
photos of the soil samples. In particular, images were cropped
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The experimental field site is the “Acqua della Madonna”
aquifer which has an extension of about 0.85 km2 (Fig. 1), and
consists predominantly of calcareous deposits (Cretaceous
in age). The rocks have very low primary permeability but
are extensively fissured. The unconfined aquifer is bounded
by normal faults that act as barrier and partially impede
groundwater flow (Allocca et al., 2008; Fig. 1). The hydraulic
head slopes southwards to different springs (Fig. 1).
Carbonate rocks are covered by soils of pyroclastic origin. In
pasture areas the carbonate slopes are covered by Molli-Eutrisilic
Andosols and Molli-Vitric Andosols, whereas Pachi-Eutrisilic
Andosols outcrops in small karstic plains (Di Gennaro et al.,
2002). Within the test area, cattle grazing is not allowed from

mid November to late April, and a former study showed the
existence of an anomalous distribution of microbial contamination of spring water over time, tentatively associated with winter
stresses on microbial contaminants (Allocca et al., 2008). In
fact, the absence of faecal coliforms and a slight decrease in
population of faecal enterococci were observed in spring waters
during major recharge periods characterised by freezing and/or
freeze–thaw intervals.
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Fig. 1 – Hydrogeological section of “Acqua della Madonna” aquifer. (1) Quaternary sediments, (2) carbonate rock, (3) fault,
(4) spring and its number, (5) piezometer, (6) groundwater level, (7) groundwater flow direction.
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to show from 0 to 15 cm below ground and their resolution was
homogenized, then they were converted from RGB (colour) to
grayscale and a sharpening filter (Sobel filter) was used to
enhance the edges of objects and adjust the contrast. Then,
a numerical filter for the edge detection based on a Gaussian
and on a gradient filter (Canny edge detector method) of the
function f(x,y) describing the image was applied (Gonzalez et al.,
2009). Fig. 2 shows the result of these steps applied to the
original image. The next step was to count the pixels showing
the grass roots, from black and white previous images.
This approach was used to analyse the vertical distribution
of roots along the upper layer of the investigated soil profiles.
In detail, we focused our attention on the first 10 cm, where
viable cells of faecal coliforms and faecal enterococci were
widely detected before winter, and where subzero temperatures were recorded during winter.

gramme of soil from each sample was added to 3 mL of eluent
buffer (0.1% Na4P2O7, 0.05% polyvinylpyrrolidone, pH 7.2) and
vortexed thoroughly for 5 min. Serial dilutions were made
from the resulting supernatant in phosphate-buffered saline
(0.1 mol/L NaCl, 0.02 mol/L sodium phosphate, pH 7). Enumeration of faecal coliforms and enterococci was performed
by direct plating on m-Faecal Coliform agar (Biolife) and
Slanetz Bartley agar (Biolife), respectively.
Previous studies in this test area and in other comparable
sites in southern Italy demonstrated that Escherichia coli is the
most representative species within faecal coliforms, while
Enterococcus faecalis is the most representative species of the
Enterococcus group (Celico et al., 2004; Allocca et al., 2008;
Naclerio et al., 2008, 2009).

1.3. Microbiological investigations

Both the air and the soil temperatures were measured from
February 2008 to June 2010 on an hourly basis, through a
meteorological station and two probes with data-logger, respectively. Soil temperature was measured at 8 and 50 cm below
ground. The deeper probe was used until May 2009 to analyse the
vertical distribution of soil temperature during a winter season.

1.5. Historical temperature of mountain zones
To analyse the historical temperatures of the ground-elevated
areas, the series of Montevergine station (1270 m above sea
level, a.s.l.) was considered, where data is available since 1884.
This station is located inside a monastery, far from any urban
area and, thus, data records are not affected by local thermal
pollution (Fiorillo et al., 2007); these characteristics appear
notable when comparing temperature over long period of
time and, in particular, temperature of recent decades to the
previous one.
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The enumeration of viable cells of both faecal indicators was
carried out (1) in early November 2009, before the freeze/thaw
period and during grazing, and (2) in April 2010, after the
freeze/thaw period and before the new seasonal grazing. For
the enumeration of soil bacteria, soil samples were collected
at different depths (2, 5, 10, 15, 20, 30, 40, 50, 100 cm below
ground) close to the temperature probes and along other 9 soil
profiles within the same pasture area. The 10 profiles were
randomly distributed over an 80 m × 60 m area.
After the collection of the samples, the soil profiles were
refilled. In the sampling campaign of April 2010, the samples
were collected along 10 profiles very close to the ones analysed
before the winter period.
According to a described method (Yang et al., 2004) soil
cores were sampled by ethanol-sterilized sleeves, capped, and
stored on ice before being transported to the laboratory. One

1.4. Local air and soil temperature measurements
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Fig. 2 – Example of results obtained through the analysis of vertical distribution of grass roots in soil profiles from 0 to 15 cm
below ground.
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2. Results and discussion
2.1. Soil characterisation
The soil medium is characterised by an overall homogeneity
with respect to all the analysed abiotic features, at both the
investigated depths, as shown in Table 1. As per their vertical
distribution, the t-test suggests that the mean values of all
the factors determined at 10 cm and at 50 cm below ground
are not significantly different using a 0.05 level, therefore
showing no significant vertical heterogeneity with respect to
organic matter content, specific weight, porosity, relative
density, and grain size. Specific weight values are compatible
with values of alkali-potassic volcanic minerals typical of
such soils of pyroclastic origin derived from eruptive centres
of the Campania region (Italy). Grain size analyses suggested a
higher content in coarse-grained pyroclastics, in agreement
with hydraulic conductivity values ranging from 4.9 × 10−5 to
6.0 × 10−5 m/sec (Naclerio et al., 2009).

2.2. Influence of temperature on microbial survival
During the observation period, the air temperature often fell
below zero in winter (Fig. 3). During the same period, subzero
temperatures were never recorded at 50 cm below ground.
Conversely, subzero temperatures were recorded at −8 cm,
but only when the air temperature persistently was below zero
for more than ~ 20 hr. During these phases, subzero periods
(up to 70 hr each) were usually longer in the atmosphere and
shorter in soil, with a linear function describing this relationship (Δt_soil = 0.8 Δt_air − 4.3; R2 = 0.83; n = 7; Δt is the subzero
time interval in hours). Just in 1 out of 9 subzero periods, the
freezing interval was longer in soil. In one prolonged case the
freezing period was 230 hr long in both the atmosphere and
the soil.
Between November 2009 and April 2010, 7 freeze/thaw
cycles were recorded in the upper soil horizon.
Before the winter period and during grazing (November 2009),
viable cells of faecal coliforms and faecal enterococci were
detected only in the first 10 cm below ground (Fig. 4). The
concentration ranged between 1.1 × 104 and 9.3 × 104 colony
forming units (CFU)/g dry soil, for coliforms, and between

2.27
2.73
2.46
2.48
2.53
2.39
2.67
2.52
2.37
2.63

18.9
21.7
24.8
13.7
16.2
17.2
13.3
16.0
17.0
17.2

84.0
85.2
82.0
89.4
90.8
78.0
77.0
74.7
84.5
77.5

16.0
14.8
18.0
10.6
9.2
22.0
23.0
25.3
15.5
22.5

At 50 cm below ground
S1
71.7
57.9
S2
67.3
52.0
S3
69.6
52.9
S4
64.1
48.6
S5
63.1
45.5
S6
67.5
48.4
S7
62.2
55.6
S8
65.7
52.1
S9
66.6
47.7
S10
61.1
49.9

2.68
2.52
2.47
2.47
2.42
2.59
2.69
2.59
2.38
2.48

16.9
16.7
23.3
20.8
14.9
16.4
13.2
16.3
16.9
15.1

88.0
82.0
74.3
88.0
90.6
88.0
81.4
76.0
93.5
87.0

12.0
18.0
25.7
12.0
9.4
12.0
18.6
24.0
6.5
13.0

n: porosity, Dr: relative density, Gs: specific weight, OM: organic
matter, CG: coarse-grained particles, FG: fine-grained particles.

2.3 × 103 and 4.2 × 104 CFU/g dry soil, for enterococci. This cell
density as well the dramatic decrease in density with depth are
in agreement with the results obtained in other soil media (Yang
et al., 2004).
After the winter period and before the new seasonal
grazing (April 2010), no viable cells of faecal coliforms were
detected in 8 out of 10 soil profiles (Fig. 4). Conversely, in the
other 2 investigated profiles viable cells of faecal coliforms
were detected with a density in the order of 103 CFU/g dry soil
at − 2 cm, and 104 CFU/g dry soil at − 5 cm (Fig. 4). During the
same sampling campaign, viable cells of faecal enterococci
were not detected in 6 out of 10 soil profiles (Fig. 4).
Conversely, in four other investigated profiles viable cells
of faecal enterococci were detected with a density in the order
of 103 CFU/g dry soil at −2 cm, and 102 CFU/g dry soil at − 5 cm
(Fig. 4). On the whole, in 2 out of 10 soil profiles viable cells of
both faecal coliforms and faecal enterococci were detected
in April 2010. When detected after winter, viable cells were
always detected within the first 5 cm of soil below ground.
After 6 months and 7 freeze/thaw cycles, the density of
viable cells significantly decreased (~4 orders of magnitude) in
several soil profiles, while a slighter decrease (< 2 orders of
magnitude) was observed in a few profiles.
The observed decrease in viable cells in the studied soil can
not be significantly influenced by cell removal during effective
infiltration of percolating water, because of the high retention
capacity of this type of soil with regard to faecal coliforms
and faecal enterococci (Naclerio et al., 2008, 2009). In fact, as
experimentally demonstrated in a similar carbonate aquifer
in southern Italy, diffuse infiltration and transport are observed within the soil cover and then through the unsaturated
carbonates (Petrella et al., 2009; Petrella and Celico, 2013).
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where, X k is the value of RAPS. μY is the sample mean, σY is the
standard deviation, n is the number of values in the time
series, and k is the counter limit of the current summation.
The plot of the RAPS versus time is the visualization of the
trends and fluctuations of Yt (Garbrecht and Fernandez, 1994).
Decreasing patterns in the RAPS are the result of mostly
below-average Yt values, whereas increasing patterns are the
result of periods of mostly above-average Yt values.

At 10 cm below ground
C1
62.4
68.4
C2
69.4
52.1
C3
70.5
51.0
C4
58.2
41.4
C5
65.6
54.7
C6
64.1
61.5
C7
63.3
63.8
C8
65.0
59.0
C9
59.8
51.9
C10
61.9
65.9
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Y t −μ Y
σY
t¼1

Sample n (%) Dr (%) Gs (g/cm3) OM (%) CG (%) FG (%)

sc

RAPSk ¼ X k ¼

k≤n
X

Table 1 – Some properties of the soil medium at 10 and
50 cm below ground.
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To highlight the trend in the time series, the Rescaled
Adjusted Partial Sums (RAPS) methods have been used
(Garbrecht and Fernandez, 1994). The RAPS of each time
series {Yt}, is defined as follows:
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Temperature (°C)
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20.0
15.0
10.0
5.0
0.0
-5.0
-10.0

Fig. 3 – Variation of temperature vs. time in the atmosphere (black line), in the soil at 8 cm below ground (red line), and in the
soil at 50 cm below ground (blue line).

Moreover, when analysing the relation between the spatial
distribution of viable cells of both faecal indicators and the set
of variables defining the abiotic properties of the soil medium
through a Poisson log-linear regression model, it emerged that
the investigated soil features didn't affect the survival of cells.
In fact, as shown in Table 2, p-values of the statistical test
were always greater than 0.05 significance level for measurements carried out in April 2010 although, in November 2009,
all of the considered variables were correlated to the viable
counts of faecal coliforms while only three of them were
correlated to the viable counts of faecal enterococci.
The observations made within this study therefore suggested that (1) the survival time of faecal coliforms and faecal
enterococci in soil can be non-uniform at the decametric
scale, and (2) in some soil portions, the survival time in soil, of

both faecal indicators, can be longer than expected, despite
freezing and freeze/thaw cycles. In fact, previous studies
suggested a significantly faster decrease in viable cells of
faecal coliforms and faecal enterococci in soil, even without
freezing and freeze/thaw cycles (Van Donsel et al., 1967;
Semenov et al., 2009). Longer survival (more than a year) was
determined directly in manure, with regard for example to the
pathogen E. coli O157:H7 (Kudva et al., 1998).

2.3. Vertical distribution of grass roots
Taking into consideration the overall homogeneity of the
abiotic soil features which were analysed at the study site, the
observed non-uniform survival time of these faecal indicators, as well as their higher resistance to winter stresses in the

Faecal coliforms (CFU/g dry soil)
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November 2009 (before freezing)
9.3×104

8.5×104

4

4
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0
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3.1×10
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2.3×103

2.5×103
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0

0
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0
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0

0
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3

0
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Faecal enterococci (CFU/g dry soil)
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Fig. 4 – Examples of vertical distribution of faecal indicators in soil, before and after freezing. a and c are examples of soil
profiles characterised by higher content of grass roots. b and d are examples of soil profiles characterised by lower content of
grass roots.
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Table 2 – Data analysis with a Poisson log-linear regression model.
November 2009

April 2010

Coefficients

Estimate

Std. error

p-Value

Coefficients

Estimate

Std. error

p-Value

Faecal coliforms
Intercept
n
Dr
Gs
OM
CG

10.073
−0.012
−0.004
0.128
0.012
−0.001

0.116
0.001
0.000
0.027
0.001
0.000

0.000 ⁎
0.000 ⁎
0.000 ⁎
0.000 ⁎
0.000 ⁎
0.017 ⁎

Intercept
n
Dr
Gs
OM
CG

−1.487e+03
1.467e+01
7.595e+00
5.803e+00
−5.775e+00
1.849e+00

3.592e+06
3.738e+04
1.033e+04
1.754e+05
9.871e+03
2.502e+03

1
1
1
1
1
1

Faecal enterococci
Intercept
n
Dr
Gs
OM
CG

8.725
−0.006
−0.005
0.031
0.001
−0.003

0.256
0.003
0.001
0.061
0.003
0.001

0.000 ⁎
0.076
0.000 ⁎
0.606
0.694
0.031 ⁎

Intercept
n
Dr
Gs
OM
CG

−2.430e+01
9.366e−16
−2.138e−15
4.966e−14
−1.946e−15
−1.823e−15

1.466e+06
1.957e+04
6.045e+03
3.458e+05
2.045e+04
9.228e+03

1
1
1
1
1
1

⁎ p < 0.05. n: porosity, Dr: relative density, Gs: specific weight, OM: organic matter, CG: coarse-grained particles. The variable FG (%), fine-grained
particles, is not included into the Poisson regression model because it is linearly dependent with CG (%), in fact CG (%) + FG (%) = 100. Hence, in order
to evaluate its significance in the regression models, it is enough to control the significances concerning the variable CG (%) in this table, because
they have the same output.

upper 5 cm of soil, seemed to be more probably influenced
by soil structure and/or biotic factors. Concerning biological
factors, it was found that E. coli O157 can survive longer in soil
containing rooted grass (decline of less than 2 orders of
magnitude in 130 days; Maule, 2000). As a matter of fact, when
analysing the root density within the upper 10 cm within the
investigated soil profiles, that is to say where viable faecal
indicators were detected before winter stresses, a good agreement can be observed between the results of this study and
Maule's findings (Figs. 4 and 5). In detail:

2.4. Trends in temperature series
Winter, summer and annual mean temperature series of
Montevergine station are displayed in Fig. 6a, smoothed by an
11-year moving average. Since the 1980s the 11-year moving
average is above the mean for all three series. In particular,
winter 2001 and summer 2003 were the hottest of the respective
series.
RAPS of the temperature series (Fig. 6b) present a downward trend during 1936–1946 and 1952–1956. It must be noted
that a replacement of the instruments occurred many times
during the records as shown in Fig. 6a, and a shift occurred in
1938. However, the cold period during the years 1936–1946
was recorded over the entire Italian peninsula, and indicates
that the replacement of the instruments did not significantly
alter the series. The period 1987–2010 presents values generally higher than the mean, with some breaks especially during
1995–1997. This temperature increase coincides with recent

.ac

.cn

(1) A dramatic contrast in root density is observed between
the shallower and the deeper horizons, with root density
significantly higher in the shallower soil; therefore, the
higher decrease in viable cells at 10 cm below ground after
winter stresses can be significantly influenced by lower
content in grass roots;
(2) Important differences are observed in root coverage area
within the first 5 cm of soil below ground, with percentage
of soil containing roots varying between ~ 10% and ~ 70%;
therefore, the non-uniform distribution of viable cells after

winter stresses within this shallower soil portion can be
influenced by non-homogeneous content in grass roots.

je

sc

Fig. 5 – To the left is the original image of a soil sample from 0 to 15 cm, to the middle is the detected edge of the roots, and to
the right is the amount of roots in terms of pixels of the image (x-axis) versus 0–15 cm depth (y-axis).
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21
19
17
15
13
11
9
7
5
3
1
-1
-3

5

a

b

Annual

0

Winter
Summer

RAPS

-5
-10
Temprature above the mean

-15

Temprature below the mean

-20

Fig. 6 – Temperatures of Montevergine Station (1270 m a.s.l), period 1884–2010; several breaks occurred during 1931, 1961–1962,
1964–1969, 1992 and 2008–2009. (a) Winter (mean of December, January and February), summer (mean of June, July and August)
and annual mean (September–August), smoothed by 11-year moving average. Shift or replacements of the instrumentation are
also shown; (b) Rescaled Adjusted Partial Sums (RAPS) for the winter, summer and annual series.
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