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Abstract

Although the benefits of rational grazing by polygastric animals are well known, little is
understood about how chicken grazing affects soil biological health and its capacity to
store organic matter. This study aimed to assess the impact of long-term free-range chicken
grazing in an olive grove on the soil chemical and biochemical properties, including the
total organic carbon (TOC), total nitrogen (TN), microbial biomass (Cmic), basal respiration,
and microbial community structure, as well as the soil’s capability to stock organic carbon
and total nitrogen. A field experiment was conducted in an olive grove grazed by chickens
for over 20 years, with the animal load decreasing with distance from the poultry houses. At
20 m, where the chicken density was highest, the soils showed reduced OC and TN contents
and a decline in fungal biomass. This was mainly due to the loss of both aboveground
vegetation and root biomass from intensive grazing. At 50 m, where grazing pressure
was lower, the soil OC, TN, and microbial community size and activity were similar to
those in a control, ungrazed area. These findings suggest that high chicken density can
negatively affect soil health, while moderate grazing allows for the recovery of vegetation
and soil organic matter. Rational management of free-range chicken grazing, particularly
through the control of chicken density or managing grazing time and frequency, is therefore
recommended to preserve soil functions and fertility.

Keywords: chicken density; soil organic matter stock; soil microbial community structure;
grazing

1. Introduction

It is commonly known that rearing chickens (Gallus gallus domesticus) in free-range (FR)
and organic systems improves the health and welfare of the animals and the nutritional
characteristics of the products. In particular, kinetic activity enhances bone strength and
reduces body lesions (footpad dermatitis and sternal lesions) [1]. Simultaneously, foraging
behaviour increases the intake of bioactive compounds, which improves the welfare status
of birds and the quality of meat by providing tocols, carotenoids, and n-3 PUFA [2,3].

In view of the “one health” perspective, in addition to animal welfare and meat quality,
the environmental impact should also be evaluated. The body of literature agrees that
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because the environmental impact of poultry is mainly due to the production of feed
ingredients (e.g., corn, soy), FR chickens have a high global warming potential (GWP)
per kg of meat [4]. This is due to the increased need to support the higher energy demands
of their immune system, kinetic activity, and thermoregulation, as well as due to the land
used for pasture. Part of this GWP can be mitigated through agroforestry practices, which
integrate multiple types of production within a single land area (e.g., olive oil, chicken
meat) [5-7], or by modifying the diet using low-input ingredients [8].

However, this complex environmental evaluation also involves the effects of grazing
on the soil’s ability to act as a sink or source of atmospheric carbon. Indeed, grazing
duration and intensity can modify the structure and the organic carbon (OC) storage
potential of the soil [9-11]. A meta-analysis of 83 studies on extensive grazing showed
that, across all climatic zones and grazing intensities, grazing below the system’s carrying
capacity results in a decrease in soil organic carbon (SOC) storage. However, the impact
of grazing on SOC is climate-dependent [10]. In turn, soil OC has a great influence on
ecosystem services, such as nutrient retention, water storage, and pollutant mitigation, and
its reduction could lead to the loss of soil fertility and environmental degradation.

Alongside the physical and chemical properties of soil, through animal trampling and
manure deposition, grazing can affect the soil microbial community [12]. In particular, it
has been reported that animal trampling may compact soil, changing the aeration, redox
conditions, water-holding capacity, and water potential [13], which in turn affect the
size and activity of the soil microbial community. In addition, manure deposition from
small animals may affect the soil pH [6] and C and N cycling [14,15], influencing the
soil microbial community and plant-symbiotic microbes, such as arbuscular mycorrhizal
fungi [16]. Grazing herbivores can also indirectly affect the soil microbial community
by altering plant productivity and community composition [17,18]. Indeed, the removal
of aboveground vegetation due to grazing can increase root exudates, such as enzymes,
organic substances, and polysaccharides [19,20]. Although the impacts of livestock grazing
on soil organic carbon (SOC) dynamics attracted much attention [10,21], there is still no
consensus on how SOC varies after livestock grazing due to the different climatic conditions,
grassland types, animals, and grazing strategies [22,23].

The present research aims to evaluate the impact of different loads of free-range chick-
ens reared in an olive grove for more than 20 years (about 70 rearing cycles) on the chemical
and microbiological properties of the soil and its ability to accumulate organic carbon and
total nitrogen. To achieve this objective, within a single olive grove with grass-covered soil
and where the soil, climatic conditions, and agronomic practices were homogeneous, we
modulated different loads of free-range chickens according to the fact that as the distance
from the animal house increased, the number of grazing animals decreased. Specifically,
the main objectives of the work were as follows: (i) to assess the impact of chicken load on
the soil chemical (TOC, TN, pH) and microbiological properties (Cmic, basal respiration,
ester-linked fatty acid methyl ester—EI-FAME) in the upper horizons (Ap1 and Ap2); (ii) to
quantify the C and N stocks of soil and grass root biomass; (iii) to clarify the relationship
between SOC stock and plant biomass under grazing conditions. We hypothesized that
(1) the density of grazing chickens would affect the soil properties, and (2) high chicken
loads, despite the input of animal faeces, would reduce the aboveground and belowground
grass biomass and, thereby, SOC storage.

2. Materials and Methods
2.1. Site Description

The study site was an olive (Olea europaea L., 1753) grove of about 110 ha, located in
the municipality of Viterbo (Central Italy), at about 320 m a.s.l. The climate of the area
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is continental; the mean annual air temperature is 14.5 °C, with January as the coldest
month (6.3 °C) and August as the warmest one (24.4 °C). The mean annual precipitation
is 750 mm, concentrated during the cold seasons, with summer drought. The soil was
developed from pyroclastic materials and is classified according to WRB classification as
Cambic Phaeozems [23].

The olive grove, made of plants of the cv Frantoio, was planted in 1960, with a density
of 278 plants ha~! and a distance between and along the rows of 6 m. The soil under the
olive grove was left to the spontaneous colonization of herbaceous species (Phleum sp.,
Avena fatua, Hordeum spp., Dactylis glomerata, Sanguisorba minor, Santolina sp., Linaria sp.,
Agropyron sp., Picris hieracioides, Calamintha nepeta, Reichardia picroides, Rubus sp., Daucus
carota, Chondrilla juncea, Cichorium intybus, Centaurea sp., Campanula rapunculus, Convolvulus
sp., Portulaca oleracea, Plantago lanceolata, Petrorhagia prolifera, Trifolium spp.). The olive trees
are pruned yearly, and all the pruning is chopped and spread on the soil. Because of the
organic nature of the farm, no chemical treatments are carried out, and only Cu spraying
[copper oxychloride, Cuy(OH)3Cl] is allowed for the control of fungal diseases.

2.2. Management of Chickens

Free-range chicken farming in the olive grove under study began in 2003. Within
the olive grove, nineteen chicken houses (with dimensions of 50 x 12 m) were installed
with a distance of approx. 200 m between them. Each chicken house hosted about 3500
animals per cycle, and the chickens chosen for rearing under the olive trees were of the
meat-type (Naked Neck) breed. The rearing cycle is schematically shown in Figure 1.
Initially, during the first 4 weeks of age, the chicks remain enclosed in the houses under a
controlled temperature. After this period, the popholes are left open, and the chickens have
free access to the outdoors until 12 weeks of age (slaughter age). Successively, before a new
cycle begins, there is a sanitary break of about 3 weeks (all-in-all-out procedure). At the
time of sampling (March 2023), the poultry/olive tree system had been managed similarly
for the last 20 years, corresponding to about 70 rearing cycles.

i Homss —

outdoors

sanitary stop
| 6 [ 7 | 8] 9 [10[11]12]13] 14 [ 15 | weeks |

]
N
N
N
LA

Figure 1. Rearing cycle of chickens, use, and rest of pasture.

2.3. Evaluation of Animal Density and Feed Consumption

During the outdoor period, the chickens generally stayed close to the house, and
almost none of them moved further than 70-80 m from the poultry house. At 60 days
of age, we evaluated the number of chickens outside three poultry houses by installing
4 cameras at 20 m and 4 cameras at 50 m from each house and recording four hours of
activity (from 8 to 10 a.m. and from 3 to 5 p.m.) for five consecutive days. From the videos,
the number of animals was counted, and the average density (chicken/m?) was calculated
for each distance.

Feed consumption was recorded as an average value, calculated by dividing the daily
total consumption by the number of chickens. Using this data, along with chicken density,
the amount of organic matter and nitrogen released in faeces and urine over a 12-week
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production cycle was then estimated. In particular, the organic matter was estimated
starting from the chemical composition of the feed (95% organic matter and 2.88% N) and
feed consumption (150 g day '), corrected for organic matter and nitrogen digestibility
(0.85% and 0.75%, respectively; ref. [24]).

2.4. Soil Sampling

As we used the distance from the poultry houses as a proxy for the chicken load,
within the grazed olive grove, we selected two plots of about 400 m? at 20 and 50 m away
from the three chicken houses (2 plots x 3 chicken houses = 6 plots), corresponding to
high chicken density (0.63 animals m~2) and low chicken density (0.08 animals m~2),
respectively. An adjacent olive grove naturally covered with grasses and not subjected to
grazing by chickens was considered as a control (CTR). After assessing the low pedological
variability of grazed and ungrazed olive groves, three sampling sites were randomly
selected within each plot. At each site, a soil profile was manually dug up using a shovel,
and the Ap1 (0-10 cm depth) and Ap2 horizons (10-20 cm depth) were sampled from the
entire exposed width by collecting about 1 kg of soil. The soil samples were immediately
put in a portable refrigerator and carried to the laboratory, where they were air-dried and
sieved through a 2 mm mesh.

At the time of sampling, additional samples from the Apl and Ap2 horizons were
collected by steel cylinders (height: 51 mm; diameter: 50 mm) for the estimation of the
soil bulk density (BD). Once in the laboratory, the samples were dried at 105 °C until they
reached a constant weight. The bulk density was calculated from the ratio of the dried
mass and volume of the soil core and corrected for the rock fragment content.

2.5. Estimation of the Aboveground and Belowground Herbaceous Biomass and Soil Analyses

Since plant cover is a key factor affecting both soil physical properties and SOC
inputs in grassland ecosystems [25-27], the changes in the amount of aboveground and
belowground plant biomass after grazing were investigated. To assess the amount of
aboveground herbaceous biomass, the grass was collected (April 2023) in twelve random
1 m? areas at 20 m and 50 m away from the chicken houses by cutting it to a height of 1 cm
with scissors. The collected aboveground grass biomass was expressed as g dry matter m 2.

The belowground plant biomass was estimated by collecting the herbaceous roots
in 12 undisturbed soil cores (15 x 15 x 20 ¢m) (4 for each studied area). From each core,
which had been previously broken by hand, the largest roots were recovered by washing
off the soil over a 2 mm sieve. The mixture of soil and water that passed through the sieve
was gathered in a plastic container, stirred, and allowed to stand for about 1 h to collect the
finer roots floating on the water’s surface. The roots were then rinsed with distilled water,
dried in an oven at 60 °C, and weighed. The root biomass was expressed on a volume basis
as g dm 3. Soil pH was measured potentiometrically in a 1:2.5 (w/v) soil/deionized water
suspension [28]. The total organic C (TOC) and total nitrogen (TN) concentrations of the
soil samples and plant roots were determined using an elemental analyser vario-MACRO
cube (Elementar GmbH, Langenselbold, Germany).

The stored TOC and TN stocks and those related to root biomass in the entire in-
vestigated depth (0-20 cm) were calculated by the Equations (1) and (2), respectively:

Soil C or N stock [Mg ha~'] = C or N concentration g kg_l] x BD [kg dm™3] x (1-Vrf) x thickness [m] x 10 (1)

where BD is the soil bulk density (mean value of 0.79 kg dm~3), and Vrf is the volume
proportion occupied by rock fragments in the considered horizon,
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Root C or N stock [Mg ha~!] = C or N concentration (g kg_l] x root amount [kg dm ™3] x thickness [m] x 10. (2)

Microbial basal respiration was measured by incubating 30 g of soil in airtight jars at a
controlled temperature (25 °C) and humidity (50% of the soil water holding capacity) for
28 days. During the incubation, basal respiration was measured weekly by alkaline reaction
(1 M NaOH solution) of the CO; emitted from the samples and titration of the residual
OH™ with a 0.1 M HClI solution [29]. The data were expressed as the whole CO,-C released
during the incubation period (XCO,—C). The mineralization quotient (QM), represented by
the ratio of (XCO,-C) to TOC content, was also calculated.

The structure of the soil microbial community was assessed by the ester-linked fatty
acid methyl ester (EI-FAME) profiling, which employed a mild alkaline methanolysis
method. Stazi et al. (2017) [30] reported the details of the extraction procedure. The mass
spectra were recorded by a QP-5050 (Shimadzu, Kyoto, Japan) spectrometer equipped
with an AT 20 capillary column (0.25 mm i.d., 25 m) (Alltech, Deerfield, IL, USA) [30].
Twenty-five methylated fatty acids were identified according to their mass spectra and
using BAME 24 and 37 FAME Mix (47080-U and 47885-U, respectively, Sigma-Aldrich,
Darmstadt, Germany) as chemical standards. The fatty acids were finally quantified and
converted into nmol lipid g~! dry soil using peak areas from the internal standard [methyl-
nonadecanoate (19:0)]. EL-FAME biomarkers were identified as follows: actinobacteria
(10Mel6:0, 10Me17:0, 10Me18:0), Gram-positive bacteria (G+) (114:0, 115:0, a15:0, i16:0, i17:0,
al7:0), Gram-negative bacteria (G—) (16:1w7c, cy17:0, cy19:0, 18:1w9t, 18:1w7c), general
bacteria (14:0, 15:0, 16:0, 17:0, 18:0, 25:00, 22:00), general fungi (18:3wéc, 18:1w9c), sapro-
phytic fungi (18:2w6,9) (SF), and arbuscular mycorrhizal fungi (AMF) (16:1w5c), according
to previous studies [31,32]. The sum of actinobacteria, G+, G—, and general bacteria was
considered total bacteria (TB), whereas the sum of general fungi, SF, and AMF was named
total fungi (TF). The G+/G— and TF/TB ratios were calculated as an index of soil microbial
community change, while SFA/MUFA (saturated to monounsaturated fatty acid), and
Cy/pre (cyclopropyl fatty acid to the monoenoic precursor) (cy17:0:16:1w?7) ratios were
used as indicators of physiological or nutritional stress in the bacterial community [33,34].

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was performed to compare the animal density
and herbal and root masses at different distances from the chicken houses (20 and 50 m).

Two-way ANOVA was performed to compare the biochemical soil variables as a
function of distance from the chicken houses and soil depth. The normality and homogene-
ity of variances were tested by graphical analysis of residuals. When the normality and
homoscedasticity were not satisfied, the logarithmic transformation was selected by the
maximum likelihood procedure devised by Box and Cox, as implemented in the Box—Cox
function of the package Modern Applied Statistics with S (MASS) [35] in the R statistical
environment (R Core Team, 2020) [36]. The multiple comparison tests were performed with
Tukey’s HSD with a significance level of 0.05.

3. Results and Discussion
3.1. Grazing Effect on C and N Soil Concentrations and Stocks

Although the presence of olive trees generally improved the chickens’ exploratory be-
haviour, exerted climate mitigation and a protective role against birds of prey, and increased
the use of pasture [37], the chicken density in the olive grove decreased progressively with
the increasing distance from the houses. In particular, the density of chickens at 20 m away
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from the houses was 0.63 animals m~2, whereas at 50 m away from the houses, the density
lowered to 0.08 animals m~2, about 87% less than that at 20 m (Table 1).

Table 1. Estimated chicken density, aboveground and belowground herbaceous biomass and its
nitrogen content, amount of chicken excreta and nitrogen excreted with faeces and urine (per cycle) in
the control (CTR) and pastured olive grove soils at different distances from the chicken houses. Values
within brackets represent the standard errors (n = 3). Mean values with different letters significantly

differ for p < 0.05.
CTR 20 m 50 m
Chicken density (animals m~2) - 0.63 (0.33) 2 0.08 (0.05) P
Aboveground herbaceous biomass (g d.m. m~?) 231.0(33.1) ¢ 20.0(1.2)@ 53.0 (4.6) P
Belowground plant biomass (g d.m. dm3) 22(0.5)2 0.6 (0.3) P 1.9 (0.1) @b
N content of herbaceous biomass (g d.m. m~2) 4.7(0.4)°¢ 0.4 (0.0)2 1.1(0.9) b
Chicken excreta (g d.m. m~2 per cycle) - 889.6 (4.6) @ 154.8 2.1) b
N excreted with faeces and urine (g d.m. m—2 per cycle) - 24.8 (3.0) @ 8.1(1.0)P

The decreasing amount of chickens with the increasing distance from the houses had
a marked effect on the herbaceous soil cover. Indeed, the aboveground plant biomass, with
respect to the CTR area, was reduced by about 90% and 77% at 20 and 50 m away from the
chicken houses, respectively (Table 1). As reported by many studies, as grazing distance
decreases, the accumulation of manure increases [38]. Similarly, in our case, according to the
animal density, during each cycle the chicken droppings supplied 889.61 and 154.75 g m 2
of organic matter and 24.83 and 8.12 g m 2 of N to the soil, at 20 m and 50 m away from
the houses, respectively (Table 1). However, despite the high supply of C and N by chicken
droppings, at 20 m away from the chicken houses, the soil TOC and TN contents were lower
than that of the CTR, both in the Ap1 (0-10 cm) and Ap2 (10-20 cm) horizons (Figure 2).

30

25

20 A

15 A

10 A be

Total Organic C (g kg™
|

CTR 20 m 50 m
(a)

Figure 2. Cont.
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Figure 2. Amount of total organic C (TOC) (a), and total N (TN) (b) in the Ap1 and Ap2 horizons at
20 and 50 m away from the chicken houses and in the control soil (CTR). Error bars are the standard
errors (n = 3). Different letters indicate significant differences between the distances from the chicken
houses and soil depth (HSD test, p < 0.05).

This apparently ineffective impact of chicken manure on the TOC content can be at
least partly attributed to the fact that it is degraded on the soil surface, with a consequent
loss of C in the form of CO, emissions into the atmosphere [6]. At a distance of 50 m from
the poultry houses, where the animal load and, consequently, the chicken droppings were
lower than at 20 m, the TOC and TN contents of the soil were similar to those of the CTR in
the Ap1 horizon and to those measured at 20 m in the Ap2 horizon (Figure 2). Although
the present study did not identify overgrazing levels, which, as reported by Bilotta et al.
(2007) [39], would result in soil degradation and fertility loss, a reduction in organic carbon
and nitrogen was nevertheless observed at a distance of 20 m. Similarly to our results,
Gai et al. (2021) [40], who tested the impact of chicken grazing on the soil organic C and
fungal biomass in Chinese bamboo-chicken farming at 5, 15, 25, and 35 m from the chicken
houses, found that a significant amount of C was lost in the soil near the houses due to
enhanced C mineralization caused by excessive excretion of chicken manure [13]. The
increased soil C mineralization close to the hen houses could also be due to the abundance
of carbohydrates and other simple organic molecules derived from the degradation [41]
of a large amount of chicken manure, which in turn would trigger the activity of the soil
microbial community [42]. In addition to the reduction of the aboveground biomass, the
decrease in the soil C contents also appeared to be related to the root biomass in the entire
investigated depth (0-20 cm). Indeed, we observed reductions in the root C with respect
to the CTR soil of about 77% and 30%, at 20 and 50 m away from the chicken houses,
respectively (Figure 3).

Similar reductions occurred also in the root N concentration at the two distances from
the chicken houses (75% and 35%). Despite the stronger reduction in root biomass in the soil
close to the houses (Table 1), the similar amount of TOC and TN lost (about 40%) from the
Ap2 horizon (10-20 cm depth) with respect to the CTR at both 50 and 20 m away from the
houses (Figure 2) suggests that the chicken grazing, regardless of the load, strongly affected
the organic matter content in the sub-superficial soil layer. Conversely, the greater C and N
losses recorded in the Ap1 horizon within proximity of the chicken houses indicates that
the animal load affected mostly the C and N contents in the upper soil horizon. The rather
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similar contents of C and N in the Ap2 horizon, regardless of the distance from the houses,
and the marked reduction in root biomass at 20 m might seem contradictory. However,
the reduction in the concentration of C and N in the deep soil horizon compared to the
CTR could be attributed to a smaller amount of rhizodeposition, due to the decrease in
aboveground and belowground biomass [43] and to the lower epigeic soil macrofauna [44],
which is responsible for the degradation of litter, the formation of stable organomineral
complexes [45], and their transport from the surface to deeper horizons [46]. However, it
is important to note that a recent review of the literature revealed gaps in our knowledge
regarding the impact of chicken grazing on soil organic matter.
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Figure 3. Amounts of organic C and total N in roots in the Ap1 and Ap2 horizons at 20 and 50 m
away from the chicken houses and in the control soil (CTR). Error bars are the standard errors (n = 3).
Different letters indicate significant differences between the distances from the chicken houses and
soil depth (HSD test, p < 0.05).

The lower organic C content may also be the reason for the lower pH, compared to the
CTR, of the Apl horizon at 20 m from the chicken houses (Figure 4).

7.2 7
7.0 4
6.8 -
6.6 4
T 6.4 4
6.2 4
6.0 4
5.8 -
5.6 4
5.4 -

a

CTR 20m 50 m
m Apl mAp2

Figure 4. Soil pH values in the Ap1 and Ap2 horizons at 20 and 50 m away from the chicken houses
and in the control soil (CTR). Error bars are the standard errors (n = 3). Different letters indicate
significant differences between the distances from the chicken houses and soil depth (HSD test,
p <0.05).

Indeed, although chicken droppings are known to be neutral or slightly alkaline [47],
the lower organic matter content reduces the cationic adsorption capacity of soil [48], thus
promoting a greater presence of H* in solution.

The TOC and TN stocks in the 0-20 cm soil depth at 20 m and 50 m away from the
chicken houses, according to the TOC and TN concentrations, were significantly lower than
those in the CTR (Figure 5a).
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Figure 5. Organic carbon and total nitrogen stocks in soil (a) and in roots (b) in the 0-20 cm soil
layer at 20 and 50 m away from the chicken houses and in the control soil (CTR). Error bars are the
standard errors (n = 3). Different letters indicate significant differences between the distances from
the chicken houses and soil depth (HSD test, p < 0.05).

It can be noted that, while in the ungrazed soil (CTR) the root C and N (Figure 5b)
greatly contributed to the TOC and N stocks (about 21% and 12%, respectively), in the
grazed olive grove soil the contribution of root C and N to the TOC and TN stocks decreased,
especially at 20 m from the poultry houses, where the chicken load was higher and root
C and N contributed only about 10% and 5% to the TOC and TN stocks. The TOC stock
data obtained in our case are in accordance with the meta-analysis of Ma et al. (2022) [27].
Considering 55 studies conducted in the grasslands of the Tibetan Plateau (China), they
reported that SOC content and stock decreased by 14.4% and 11.9%, respectively, after
livestock grazing (yak and Tibetan sheep), and that the SOC stocks decreased by 10.1%,
6.2%, and 20.1% under light, moderate, and heavy grazing.

3.2. Grazing Effect on Microbial Community Amount, Activity, and Structure

The high chicken load in the soil close to the houses (20 m), differently affected the soil
microbial community in the upper and deeper soil horizons (Table 2). As indicated by the
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El-FAME analysis, with respect to the CTR, increases in the SFA/MUFA and G+/G— ratios,
and a reduction in the fungal community (as indicated by the TF and TF/TB ratio), which
was probably due to the low amount of plant roots [49,50], occurred in the Ap1 horizon.
In particular, the occurrence of a high SFA /MUFA ratio is recognized as an index of soil
disturbance and/or compaction [35] and indicates a low availability of soil nutrients [51].
Indeed, SFA/MUFA has been shown to increase under acidic conditions, low oxygen
supply, high temperature, and low nutrient availability [52] and has been associated with
nutrient stress, and physical and chemical disturbances [34,53]. At a greater distance from
the chicken houses, where a lower animal density occurred, the Ap1l horizon showed
higher TF, S, AMF, MUFA, and Pre contents than those of the plots close to the house and
higher G+/G— and TF/TB ratios than those of the CTR (Table 2). Hence, where the chicken
load was not excessive, the conditions of the soil microbial community were comparable
to those of the ungrazed soil. Furthermore, the highest microbial basal respiration and
mineralization quotient in the upper soil horizon at 50 m from the chicken houses (Figure 6),
given the same TOC concentration (Figure 2) and microbial biomass content (estimated
by the total EL-FAME, Table 2), suggests the presence of an even more active microbial
community than that in the unpastured CTR soil.

Table 2. EI-FAME analysis of the control soil (CTR) and soil samples at different distances (20 m
and 50 m) from the chicken houses and at 0-10 cm (Ap1) and 10-20 cm (Ap2) depths. Values within
brackets represent standard error (n = 3). For each line, mean values with different letters significantly

differ for p < 0.05.
CTR 20m 50 m
Ap1l Ap2 Ap1l Ap2 Ap1l Ap2
nmol g~!

Total

EL-FAME 525.99 (38.6)2 4347 +56.32 4952 (26.7)  451.0(32.2)®  588.45(75.0)®  258.1 (40.6) P
TB 404.7 (36.1) @ 4009 (63.1)@  403.47 (21.9)2  362.4(25.1)@  441.07 (57.6)®  282.9 (66.4)
G+ 99.96 (8.2) 2 90.4 (13.2) 2 94.85 (4.8) 2 85.3(5.2)2  100.65(17.2)2  60.7 (13.6) 2
G— 113.84 (12.6)@ 1104 (19.6)®  84.41(3.1)2 73.8 (5.1) 1114 (133)®  63.2(10.2) P
ACT 15.18 (1.9) @ 123 (2.4)2 16.16 (1.4) @ 15.4 (2.2)2 22.9 (5.0) 13.2(3.2)2
TF 121.28 (10.0)®  139.9 (202)®  91.73 (4.8)® 88.6 (7.3) P 147.38 (18.0)®  68.35(12.8)P
SF 30.14 (9.0) 20 21.3(3.1)2 155 (2.1)b 14.4 (0.8) P 36.28 (4.8) 2 10.6 2.2) b
AMF 32.38 (2.4) 2 30.0 (5.1)2 16.6 (0.7) P 19.6 (1.6) 2 27.25(3.7)2 21.5(3.5)2
SFA 190.35(20.4)@  188.3(28.1)@  208.05(21.2)@ 187.9(13.7)2  189.74(11.7)®  144.4 (38.0)°
MUFA 173.13 (20.5) 2  203.3(28.2)2  134.38 (2.4)P 1202 (9.9)P 19725 (27.7)2 1019 (17.9)P
Iso 49.79 (4.5)2 421 (7.4)2 4359 (2.6) 2 44.8 (3.3) 2 51.99 (9.4) 2 30.1 (6.2)
Anteiso 50.18 (4.1) 2 48.3 (5.9) 2 51.26 (2.6) 2 40.5 (4.4)2 48.81 (7.8) 2 30.8 (7.4) 2
Cy 32,5 (2.5)2 25.8 (5.6) P 26.27 (2.1)2 27.8(2.1)2 28.97 (3.7) 2 17.53.5)P
Pre 49.2 (3.8) 2 51.9 (7.6) @ 343 (1.6) P 27.1(1.8)P 52.81 (6.8) 2 25.9 (4.4)®
ratios

G+/G— 0.79 (0.0) b 0.8 (0.0)P 1.13(0.1) 2 1.2 (0.1)2 0.96 (0.0) @ 1.0 (0.1) 2
TF/TB 0.28 (0.0) P 0.31(0.0) 2 0.23 (0.0) 0.24 (0.0) b 0.33 (0.0) 2 0.25 (0.0) @b
SFA/MUFA 1.14 (0.0) b 1.01 (0.05) b 1.54 (0.1) 2 1.57 (0.04) 2 1.12 (0.0) b 1.41 (0.10) 2
Iso/Anteiso 0.98 (0.0) @ 0.86 (0.03) 2 0.85 (0.0) b 1.16 (0.19) 2 1.08 (0.0) 2 0.99 (0.04) 2
Cy/Pre 0.62 (0.0) 2P 0.53 (0.05) 0.77 (0.1) 2 1.02 (0.01) 2 0.49 (0.0) P 0.82 (0.03) P

TB: total bacteria; G+: Gram-positive bacteria; G—: Gram-negative bacteria; ACT: Actinomycetes; TF: total fungi;
SF: saprophytic fungi; AMF: arbuscular mycorrhizal fungi; SFA: saturated fatty acid; MUFA = monounsaturated
fatty acid; Iso: iso-branched fatty acid; Anteiso: anteiso-branched fatty acid; Cy: cyclopropyl fatty acids; Pre:
monoenoic precursor.
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Figure 6. Cumulative microbial respiration (a) and mineralization quotient (b) in the Ap1 and Ap2
horizons at 20 and 50 m away from the chicken houses and in the control soil (CTR). Error bars are
the standard errors (n = 3). Different letters indicate significant differences between the distances
from the chicken houses and soil depth (HSD test, p < 0.05).

The occurrence of a high TF/TB ratio also indicates relatively good availability and
diversity of carbon sources for the microbial community [54], derived from both root
exudates and chicken droppings.

In the Ap2 horizon, at both 20 and 50 m away from the chicken houses, the greater
SFA /MUFA ratios and the lower concentration of MUFA and Pre indicated pronounced
general environmental stress [34]. In the soils located 50 m away from the chicken houses,
the significant decrease in the living microbial biomass assessed by total EL-FAME (Table 2)
was not expected, and we hypothesized that it might be related to the pronounced reduc-
tions in the TOC and TN contents recorded for the Ap2 horizon (54% and 52%, respectively).
In this regard, it cannot be ruled out that the lower amount of pedofauna, which is heavily
preyed on by chickens [55], may have played a role in the cycling of organic matter and
soil microbial activity. Finally, the larger G+/G— ratio occurring in both horizons of the
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soils pastured by the chickens, with respect to the CTR, may indicate a progressive change
from copiotrophic to more oligotrophic conditions [56].

4. Conclusions

The results of the present research suggest that in addition to polygastric animals, such
as cattle and sheep, nearly continuous grazing by FR chickens at a high animal density has
a negative impact on soil health. Moreover, our results show that, despite the input of C
and N supplied by chicken droppings, soil health and its CO, sink capacity mainly depend
on the amount of belowground and aboveground biomass present in the grazed area. The
highest animal density in the area close to the chicken houses, which resulted in a rather
significant absence of herbaceous cover and belowground root biomass, negatively affected
the soil organic C and total N contents and the size and activity of the microbial community.
At 50 m away from the poultry houses, moderate grazing due to a lower animal load was
found to have a relatively sustainable soil impact, showing organic C and N contents and
microbial community size and activity similar to those in the ungrazed area. In order
to achieve a more comprehensive evaluation of the short- and long-term implications of
free-range chicken farming on soil, future studies should also include analyses of soil
samples collected during the indoor phase.

The management of free-range poultry farming should therefore consider, in addition
to animal welfare, a rational pasture management strategy to ensure the maintenance of
herbaceous cover and the chemical and biological components that contribute to soil health
over time.
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