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Resumen: La produccion de estiércol de pollo y su uso como
fertilizante en la agricultura han aumentado a nivel mundial, sin
embargo, los costos asociados a su compostaje con frecuencia
conducen a su utilizacién directa como fertilizante, con
potenciales consecuencias para la calidad del suelo y el agua. En
las zonas agricolas de los Andes bolivianos, el estiércol de pollo
en distintos estados de compostaje es utilizado como una
alternativa para mejorar la fertilidad del suelo. Sin embargo, para
formular recomendaciones de manejo adecuadas, es
fundamental evaluar sus efectos sobre el suelo y el crecimiento
vegetal en diferentes etapas de su descomposicidon. En este
estudio se evaluaron los efectos de diferentes frecuencias de
volteo de las pilas de estiércol de pollo (sin volteo y con volteo
cada cuatro y dos semanas) sobre su madurez y estabilidad
durante 150 dias, asi como los efectos de su utilizacion sobre las
propiedades del suelo (pH, conductividad eléctrica, fracciones
solubles y extraibles de carbono y nitrégeno, biomasa
microbiana y respiracion potencial) y el desarrollo vegetal
(germinacion, longitud de raices y brotes, produccion de
biomasa). Se observé una estabilizacion mas rapida del estiércol
en las pilas sometidas a eventos de volteo. La fertilizaciéon del
suelo con estiércol de pollo aumenté el Cy nitrégeno extraibles,
la respiracion potencial, el pH, la germinacion y el desarrollo de
Avena sativa L. como especie indicadora. El estiércol en etapas
tempranas de descomposicidon provocd daios aparentes en las
raices de plantulas de A. sativa, efecto que disminuyd con los
eventos de volteo y la maduracion del estiércol. Los resultados
indican que compostar el estiércol de pollo durante un minimo
de 100 dias y con al menos un volteo cada cuatro semanas,
asegura una adecuada estabilizacién y maduracion para su
aplicacidon como fertilizante.

Palabras clave: Compostaje de gallinaza, frecuencia de volteo,
calidad de suelo, germinacién y crecimiento vegetal, agricultura
andina.

Effects of chicken manure management
practices on soil quality and plant
development

Efectos de las prdcticas de manejo del estiércol de pollo en la
calidad del suelo y el desarrollo de las plantas
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Abstract: While chicken manure generation and its use as
fertilizer have increased worldwide, the cost of composting has
frequently led to the direct application with potential negative
consequences for soil and water quality. In the agricultural
highlands of the Bolivian Andes, chicken manure at varying
stages of composting is applied as an alternative for improving
soil  fertility. However, to formulate management
recommendations for its proper use, it is essential to assess its
effects on soils and plant growth at different stages of
composting. In this study, we evaluated the effects of compost
pile turning frequencies (no turning, every four and two weeks)
on chicken compost maturity and stability during 150 days, and
the effects of the compost produced on soil properties (pH,
electrical conductivity, soluble and extractable carbon and
nitrogen fractions, microbial biomass and potential respiration),
seed germination, root and shoot length, and plant biomass
production. Faster manure stabilization was observed in piles
subjected to turning events. Soil fertilization with chicken
manure increased hot water-extractable C and N, respiration
potential, pH, seed germination and growth of a plant species
indicator Avena sativa L. (shoot length and plant biomass
production). The use of manure extracts at early stages of
decomposition resulted in apparent root damage to A. sativa
seedlings, which declined with turning events and compost age.
Composting manure piles a minimum of 100 days with one
turning event every four weeks before its application to the field
ensures proper manure stabilization and maturation.

Key words: Chicken manure composting, turning frequency, soil
quality, plant germination and growth, Andean agriculture.
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1. Introduction

Over the past decades, world food production has
increased steadily in order to meet the growing food
demand of the population (Tilman et al., 2002). Much of
the increase in food production has been due to higher
inputs of chemical fertilizers (Motesharezadeh et al., 2017;
Tilman et al., 2002). However, long-term chemical
fertilization may cause soil degradation, greenhouse gas
emissions, water contamination (Chai et al., 2019; Savci,
2012; Tilman et al., 2001), and affect agricultural
production and sustainability in the long run. The
alternative to chemical fertilization is the use of organic
fertilizers, which improves soil quality for agricultural
production by neutralizing soil acidity, increasing carbon
and labile nutrient contents, promoting microbial activity
and ultimately stimulating healthy root development and
plant growth (Duong, 2013). Since the availability of
organic fertilizers, such as animal manures, has increased
worldwide (Drézdz et al.,, 2020; Godfray et al., 2010;
Kollnig, 2020), their use in agricultural production is
considered a solution to reduce the environmental effects
of animal wastes (Drézdz et al., 2020) and to face the
disruption of chemical fertilizer production and
distribution chains, such as those caused by the economic
crisis of 2008, the COVID-19 pandemic, or current conflicts
in Europe (Berkhout et al., 2022; Hanyabui et al., 2021;
Headey and Fan, 2008; Khabarov and Obersteiner, 2017).

Composting is an aerobic process during which organic
matter is decomposed and complexed through microbial
activity into a nutrient-rich and more stable compounds
than the original material. It is divided into four
overlapping stages (mesophilic, thermophilic, cooling
down and maturation), during which compost properties
change, depending on the characteristics of the raw
material (e.g. humidity, carbon and nitrogen contents) and
the composting practices, such as turning of manure
(Bernal et al., 2009). During composting, complexation of
labile organic compounds (compost stabilization) and
degradation of phytotoxic organic compounds (compost
maturation) take place (Khalil and Hassouna, 2013; Raut et
al., 2008). Compost management practices such as turning
of manure may accelerate these processes by maintaining
aerobic conditions, promoting microbial activity (Diaz et
al., 1993), while the absence of turning events could slow
down the composting process (Khalil and Hassouna,
2013). Despite extensive research conducted on the
effects on fully composted manure on soils and plant
growth, information on the effects of manure at different
stages of decomposition on plant growth and soil quality
is limited. However, due to the intense labor required for
composting and the increasing demand of organic
fertilizers, farmers often apply fresh manure without
following recommended management practices (Drézdz

et al., 2020; Kyakuwaire et al., 2019; Ndambi et al., 2019;
Yang et al., 2014). The use of fresh manure may lead to
potential phytotoxic effects (Bernal et al., 2009; Britto and
Kronzucker, 2002; Gajbhiye, 2013), soil contamination
with pathogens, antibiotics and trace elements (Deng et
al., 2020; Kyakuwaire et al., 2019; Yang et al., 2014), but
its high nutrient content (Augstburger, 1983) may improve
plant development and increased crop vyields.
Understanding the effects of manure at different stages of
the composting process (from fresh to fully composted) on
soils and plant growth are of central importance for
contributing to an efficient and optimal use of organic
fertilizers.

In the Andean region of Bolivia, potato production has
been historically based on three to four cultivation cycles
followed by long fallow periods of 10 to 50 years. This was
considered a sustainable strategy for managing fertility of
soils with low nutrient contents and for achieving high
potato vyields (Pestalozzi, 2000; Zimmerer, 1993).
However, agricultural intensification led to progressive
shortening of fallow periods to 2-6 years, and the necessity
to incorporate alternative management practices. Soil
fertilization has been adopted for managing fertility, but
due to the restrictive prize of industrial chemical
fertilizers, organic alternatives, such as chicken manure,
gained attention due to its low cost, high nutrient content
and increasing availability (Augstburger, 1989, 1983;
Kollnig, 2020). Currently, chicken manure is the most
important fertilizer for potato production in the high
mountainous areas and valleys of the country
(approximately 165000 ha; INE, 2015). Despite
governmental efforts to provided technical support for
fertilization, soil fertilization practices rely on communal
decisions or farmers’ personal judgement (Eguivar and
Garcia, 2006) that commonly lead to excessive fertilizer
application (FAO, 1999). For example, Augstburger (1989)
reported that manure applications should be performed
once during a cultivation cycle of three-four years, due to
its residual effect. But nowadays farmers report annual
fertilizer applications, and additional fertilization events
may even take place. Chicken manure management by
local farmers is highly variable: from direct use upon
delivery to roadside storage in piles during several
months. These practices result in fertilization events with
manure at different stages of decomposition. As farmers
report variable potato yields, root damage and seed
germination problems, we hypothesized that these
different field observations might be due to the varying
composting procedures used for the chicken manure
applied to the fields. In particular, we hypothesized that
fresh manure might cause phytotoxic effects associated to
improper manure stabilization and maturation, impairing
seed germination and plant development. We also
hypothesized that the application of mature compost
would lead to improvement of soil quality for agricultural
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production associated with increased labile (soluble,
extractable and microbial) C and N, and microbial activity.
The aims of this study were to evaluate: (1) the effects of
turning frequency on chicken manure compost
maturation; (2) the effects of chicken manure compost in
different maturity stages produced with or without
turning on seed germination and plant growth, and on soil
quality for agricultural production.

2. Materials and Methods

2.1 Chicken manure composting

Chicken manure was collected two weeks after the
removal of animals from a single broiler house of a typical
chicken farm of “Asociacién de Avicultores Cochabamba
ADA” (poultry farmers association of Cochabamba). The
manure originated from broiler chickens raised on floor
bedding consisting of wood shavings. Manure composting
was performed in the field at Mayor de San Simon
University (Bolivia), simulating composting practices of
local farmers. Manure was homogenized and used to
establish nine piles (length, width and height= 1.5x1x0.7
m, 0.7 m3 each), randomly assighed to three different
turning frequency treatments: no turning of the piles (0T),
turning every 4 weeks (4W), and turning every 2 weeks
(2W). Water holding capacity (WHC) was estimated by the
Shaw’s method (Jenkinson and Powlson, 1976), and
manure was adjusted to 60% WHC. The composting
experiment was considered to start when manure
humidity was adjusted. An initial stabilization period of
two days was applied to allow moisture redistribution and
to ensure uniform initial conditions across piles; therefore,
the first sampling at day 2 represents manure with no
substantial decomposition but with standardized moisture
content. The piles were placed on plastic sheets and
covered with plastic film to avoid desiccation. The
composting process was followed during 150 days.
Manure samples were taken every week during the first
three months and then every two weeks until the end of
the experiment, resulting in a total of sixteen sampling
dates.

At each sampling date, the temperature of the piles was
recorded, and six samples (3 kg each) were collected from
each pile (two from the top, two from the middle, and two
in the lower part of the pile). Samples were homogenized
and sieved (4 mm mesh), resulting in one composite
sample per compost pile. A sub-sample was stored at 4°C
and used for physico-chemical and respiration analyses.
The remaining sample was air dried in the dark and stored
for the seed germination and plant growth experiments.

Water content of manure samples was determined by
weight difference after drying at 105°C for 48 h. pH was
determined in a manure-water solution (1:5 w/v) with a

pH-meter (Oaklon PC 700). Total organic carbon was
determined with the Walkley-Black wet combustion
method. Briefly, 6 g manure were mixed with a solution
containing 30 ml distilled water, 6 ml sulfuric acid (98%)
and 3 ml potassium dichromate, and titrated with ferroin
indicator solution (Caceres, 2012). The total nitrogen
content was determined with the Kjeldahl digestion
method. Briefly, 0.3 g manure were digested with 6 ml
sulfuric acid (98%), distilled with 25 ml sodium hydroxide
10N and NHs was collected on a boric acid solution (7%).
The ammonia present in the solution was determined
through titration with Tashiro methyl red/Methylen blue
indicator and sulfuric acid (0.05%) (Caceres, 2012). The
respiration potential was determined as CO2-C
accumulation during 3 h in the headspace of an amber
bottle (360 ml) from 5 g fresh manure at 20°C after
overnight pre-incubation (Robertson et al.,, 1999). Gas
samples (4 ml) were taken at 0, 120, 150, 180, and 210 min
with an airtight syringe (Hamilton Model 1005) and
analyzed with an infrared absorption gas analyzer (EGM-4
PPsystem, UK). The respiration potential was estimated by
linear regression of CO2-C against time.

2.2 Seed germination and plant growth
experiments

Manure collected from the nine piles was used for seed
germination and plant growth experiments. Six of the
sixteen sampling dates were selected to cover the whole
duration of the composting process and the three turning
frequencies 0T, 4W, and 2W. Selected sampling dates
corresponded to 2 (mesophilic phase), 23, 45
(thermophilic phase), 46, 107, and 150 (cooling down
phase) days of composting. The effect of chicken manure
at different stages of decomposition and with varying
turning frequencies on seed germination, plant growth
and soil quality indicators was thus evaluated through a
factorial design with the factors compost age (six levels: 2,
23, 45, 65, 107 and 150 days of decomposition) and
turning frequency (three levels: 0T, 4W, and 2W), their
combination resulting in a total of 18 treatments
(hereafter referred as “manure treatments”).

2.2.1 Effects of chicken manure on seed germination

The effects of manure extracts on seed germination were
assessed using certified Avena sativa L. seeds as plant
species indicator, following ISO 11269-2. Potato was not
used because its larger seed size and longer, more variable
emergence times do not comply with the validity criteria
and timeframes established by the ISO protocol. A. sativa
seeds were obtained from “Semillas Forrajeras Sociedad
Andnima Mixta” (SEFO-SAM) of Mayor de San Simdn
University. A pre-germination test to evaluate viability of
the seed batch indicated its suitability for the experiment
(94% germination rate).
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Manure extracts were prepared using 5 g dry manure
mixed with 50 ml distilled water (1:10 w/v, dry weight
basis) and agitated for 1 h at 200 rpm (Gao et al., 2010).
Extracts were centrifuged (12000 rpm) and 3 ml were
poured in sterile plastic Petri dishes (in triplicate)
containing one layer of sterile Whatman #2 filter paper.
Ten seeds were placed into each Petri dish and covered
with a layer of thin Whatman #2 filter paper to ensure that
the whole seed surface was in contact with the solution.
For each of the 18 manure treatments (3 turning
treatments, 6 sampling dates), three replicate Petri dishes
were established, resulting in a total of 54 Petri dishes that
were incubated at 23°C for three days. Three control Petri
dishes containing seeds and distilled water were included.
The number of germinated seeds, and the number of
germinated seeds showing apparent root damage in the
form of tissue oranging (Supplementary material S1) were
recorded.

2.2.2  Effects of chicken manure on plant growth

We tested the effect of soil fertilization with manure at
different stages of decomposition and with varying turning
frequencies on germination and growth of A. sativa as
plant species indicator, and on soil quality indicators
following ISO 11269-2 (2012).

Soil was collected from a 4-year fallow field located in
Chullchungani community, a traditional agricultural
community that produces potato as their main crop
located in the central Andean region of Bolivia (Pocona
municipality, Cochabamba). Fallow soil was chosen for the
experiment, as the use of soil from crop fields may lead to
potential residual effect of the last fertilization event,
which can last to up to two years (Condori et al., 1997).
The 0.4 ha field was divided into 10 m? quadrants and ten
quadrants were randomly selected. One soil sample was
collected (20 cm depth) in the middle of each quadrant,
and all samples were bulked, homogenized, air dried, and
sieved (4 mm).

For each of the 18 manure treatments (3 turning
treatments, 6 sampling dates), 2.4 g dry manure of each
pile was mixed with 450 g dry soil (0.6%) in triplicate (54
samples in total). The manure:soil ratio was determined
through a poll conducted with farmers of the Pocona
municipality (n=21) to determine the average quantity of
manure applied per hectare at a depth of 0.2 m. Surveyed
farmers responded specifically in the context of potato
fertilization, thus, the proportion applied in this study
reflects local potato fertilization practices. Soil-manure
mixtures were adjusted to 80% water holding capacity and
placed into plastic pots. Three control pots containing soil
without manure, and three technical controls containing
ultra-pure sand were also included in the experiment. In
each pot, ten A. sativa seeds were planted (10-15 mm
depth) spaced uniformly.

Pots were randomly placed in a greenhouse and
rearranged twice a week during the experiment. Soil
humidity was maintained daily by recording pots’ weight
and adding the required amount of deionized water. The
pots containing sand were watered with a nutrient
solution (Supplementary material S2) to avoid nutrient
deficiencies. The start of the experiment was determined
by the emergence of 50% of seedlings in the control pots
(containing not fertilized soil). At this moment, the
number of emerging seedlings was recorded, and five
seedlings were kept in each pot to reduce potential
competition between plants. Seedlings were allowed to
grow for 15 days and were then carefully removed from
the pots (the experiment lasted a total of 24 days). Root
and shoot length of each plant were recorded, all plants
were dried (70°C for 48 h) and weighed.

2.2.3 Effects of chicken manure on soil characteristics

The remaining soil from the plant growth experiment was
stored at 4 °C and analyzed for soil physico-chemical
characteristics. Soil pH was determined with a pH-meter
meter (HI2550 HANNA instruments) in 15 g fresh soil in a
KCl 1M solution (1:2 w/v; Allen, 1989). Water soluble and
hot water-extractable carbon and nitrogen were
determined using a sequential extraction. Water soluble
carbon and nitrogen were extracted from 7.5 g fresh soil
with 45 ml distilled water at room temperature (Ghani et
al., 2003). The soil solutions were agitated (120 rpm, 30
min) centrifuged (4000 rpm, 10 min), and the
supernatants were filtered and stored for chemical
analyses. The remaining soil was re-suspended in 45 ml
distilled water, and placed in an oven at 80 °C for 16 hours
to determine the hot water-extractable carbon and
nitrogen (Ghani et al., 2003). Solutions were agitated and
centrifuged as described above. Water soluble carbon
(WSC) and nitrogen (WSN), and hot water-extractable
carbon (HWC) and nitrogen (HWN) of the solutions were
determined with a total organic carbon analyzer (Analytik
Jena Multi N/C 3100 TOC/TN Analyzer).

Soil microbial biomass carbon (MBC) and nitrogen (MBN)
were determined through fumigation-extraction method
(Anderson and Domsch, 1978). Fumigation of soil
subsamples was carried out for 3 days in a vacuum
desiccator with alcohol-free chloroform. Ten grams of
fumigated and non-fumigated samples were extracted
with 50 ml 0.5 M K2SO4 (1 h shaking at 180 rpm and
filtration through Whatman filter #42). Organic carbon
and total nitrogen in the extracts were measured with a
total organic carbon analyzer (Analytik Jena Multi N/C
3100 TOC/TN Analyzer).The respiration potential was
determined as CO2-C accumulation during 3h in the
headspace of an amber bottle (125 ml) from 20 g fresh soil,
at 20 °C in the dark after an overnight pre-incubation
(Robertson et al., 1999), as described above.
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2.3 Statistical analysis

We evaluated initial manure characteristics (2 days of
decomposition) of the three turning frequencies 0T, 4W
and 2W with one-way ANOVA and Tukey tests on the
variables measured. The effect of turning frequency (0T,
4W and 2W) on manure composting was evaluated by
fitting linear models against composting time for each
replicate for pH, TOC, TN, and C:N, and non-linear
asymptotic convex models for respiration potential for
each manure pile during the composting period. General
additive models were used for temperature with
smoothing function and 4 knots for the explanatory
variable days (Zuur et al.,, 2009). One-way ANOVA and
Tukey post-hoc tests were conducted on the slopes for the
linear models, on the minimum attainable value for
respiration potential, and on the maximum average value
for temperature.

Changes in seed germination, plant growth and soil
characteristics compared to control soil (not fertilized)
were assessed through Dunnett’s test. Two-way ANOVAs
were used to assess the effects of compost age, turning
frequency and their interaction. Tukey post-hoc tests were
used for assessing the differences between manure
treatments.

All analyses were conducted in the R software (R Core
Team, 2018), using the packages “car” (Fox et al., 2018),
“dplyr” (Wickham et al., 2019), “Ismeans” (Lenth, 2016),
“mgcv” (Wood, 2017), “multcomp” (Hothorn et al., 2017),
“propagate” (Spiess, 2018), “userfriendlyscience” (Peters,
2018).

Table 1.

3. Results

3.1 Changes in manure characteristics during
composting

There were no significant differences in the initial
temperature, pH, TOC, TN, C:N ratio and respiration
potential between the compost piles assigned to the three
turning frequency treatments (Table 1). Temperature, TN,
C:N ratio and respiration potential changed over the
course of the composting process (Figure 1). The average
temperature of the manure piles at the beginning of the
experiment was 39-40°C. Maximum average temperatures
were reached after one month of decomposition, ranging
between 45.0 and 46.8 °C, followed by a decrease in
temperature until the end of the composting process,
when temperatures reached an average of 31.0 °C for the
three turning frequency treatments. Total nitrogen
content in the manure of piles turned every 4 and 2 weeks
decreased at constant rates of -0.07 and -0.08 g kg day?,
respectively, whereas the OT treatment showed a
significantly higher rate (-0.02 g kg day?, slope not
significantly different from 0, p-value > 0.05). The C:N ratio
of the manure piles of the 4W and 2W treatments
increased linearly at a rate of 0.04 and 0.06 units day™,
respectively, while OT had significantly lower rate change
of 0.01 units day™ (slope not significantly different from 0,
p-value > 0.05). The initial respiration potentials of 0T, 4W
and 2W were 216.9+38.8, 223.5+49.2 and 227.9+43.6 ug
C-CO: h'l g1, respectively, and decreased during the first
fifty days of decomposition until they reached the
minimum attainable respiration potentials according the
fitted models of 30.4+3.7 for TO, 21.3+2.7 for 2W and
14.3+2.2 pg C-CO: ht gt for 4w, with significantly higher
values for OT compared to 2W and 4W.

Manure characteristics at the beginning of the composting period (2 days of composting) for three turning

frequencies: OT = no turning of the piles, 4W = turning every 4 weeks, 2W =turning every 2 weeks. Mean and standard
deviation are presented (n=3). There were no significant differences between the piles assigned to the different treatments
(ANOVA and Tukey tests, p-value<0.05). pHuz2o: pH measured in water; TOC: total organic carbon; TN: total nitrogen; C:N

ratio: carbon-to-nitrogen ratio.

Parameter oT 4w 2w
Temperature (°C) 40.0%1.0 39.9+1.9 39.240.76
Water content (%) 61.618.6 64.2+1.7 65.8+3.0
pHu20 8.8+0.1 8.0+0.6 8.3+0.9
TOC (g kg?) 460.2+9.5 419.9420.5 418.3+22.5
TN (g kg?) 40.7+4.6 37.5+2.6 39.1+2.2
C:N ratio 11.4+1.5 11.2+1.0 10.7+0.3
Respiration potential (ug C-CO2h1 g1) 216.9+38.9 223.5%+49.2 228.0+43.6
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There were no significant changes in pH and TOC of the
manure piles during the composting period (slopes of the

three treatments did not differ from 0, p-value > 0.05,
Figure 1).

Figure 1. Evolution of the manure characteristics (temperature, pH, TOC: total organic carbon, TN: total nitrogen, C:N ratio,
and Respiration: respiration potential) over 150 days of composting. For each sampling time we present the mean and standard
deviation of the turning frequency treatments: OT = no turning of the piles; 4W = turning every 4 weeks; 2W = turning every 2
weeks. Each fitted line represents the averaged model (n=3) for each of the turning frequency treatments. General additive
models were fit for the evolution of temperature where a smoothing function with 5 knots was applied for “days”. Linear models
were fit for pH, TOC, TN and C:N ratio, and negative asymptotic model were fit for respiration potential.
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3.2 Effects of chicken manure on seed
germination, root damage and plant growth

Water extracts of chicken manure of different composting
ages and prepared with different turning frequencies did
not have any effect on germination of A. sativa seeds
(Figure 2). The percentage of seeds germinated in manure
extracts did not differ from the percentage of seeds
germinated in water (p-value > 0.05). However, seeds
germinated in manure extracts had significantly higher

Composting time (d)

percentage of apparent root damage in comparison to
seeds germinated in water for the fifteen treatments
(combinations of turning frequency and compost time).
Only apparent root damage of seeds germinated in
extracts of manure sampled at 65 and 107 days of
composting turned every 4 weeks did not significantly
differ from seeds germinated in water, as well as extracts
of manure sampled at 150 days of composting turned
every 2 and 4 weeks (Figure 2).



118 Coca-Salazar A. & Carnol M.:

Effects of chicken manure management practices on soil quality and plant development

Compost age had a significant effect on the percentage of
germinated seeds that had apparent root damage (Figure
2). Seeds germinated with extracts of manure sampled at
2 and 23 days of composting had the highest percentage
of root damage, ranging between 47 and 53%. Seeds
germinated on extracts of manure sampled at 150 days of
composting had the lowest percentage of root damage,
ranging from 9 to 24%. Although the two-way ANOVA test
indicated a significant effect of turning frequency on
apparent root damage, the post hoc Tukey test did not
detect significant differences between turning frequency
treatments.

Fertilization of soil with chicken manure composted for 2
to 150 days and prepared with different turning
frequencies did not have any significant effect on seed
germination, shoot length, and biomass production of A.
sativa (two-way ANOVA, p-value>0.05, Figure 3). Although

two-way ANOVA indicated that compost age had a
significant effect on root length (p-value = 0.04), Tukey
post hoc comparison did not detect differences between
manures sampled at different stages of composting
(Figure 3). In comparison to the control (non-fertilized
soil), the addition of manure to the soil had a significant
effect on seed germination, shoot length and plant
biomass (dry matter). Seven treatments that received
manure showed higher number of germinated seeds in
comparison to control soils. A. sativa plants grown in soils
that received manure sampled along the composting
process (from 2 to 150 days of composting) had longer
shoots and produced significantly more biomass in
comparison to plants grown in non-fertilized soils. The
addition of manure did not affect the root length of plants
grown in fertilized soil in relation to those grown in control
soil.

Figure 2.Effects of extracts of chicken manure at different stages of decomposition (2, 23, 45, 65, 107 and 150 days of
composting) and with different turning frequencies (OT: no turning of manure piles, 4W: turning every 4 weeds, 2W: turning
every 2 weeks) on seed germination and apparent root damage. For each treatment the mean and standard deviation are
presented (n=3). Asterisks indicate significant difference in comparison to control seeds germinated in water (Dunnett’s test,
p-value<0.05). Different letters indicate significant differences between compost age (two-way ANOVA and Tukey tests, p-

value<0.05).
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Figure 3. Effect of chicken manure fertilization of soils on seed germination, shoot and root lengths and dry matter of A. sativa
root and shoots. Manures were at different stages of decomposition (2, 23, 45, 65, 107 and 150 days of composting) and
prepared with different turning frequencies (0T: no turning of manure piles, 4W: turning every 4 weeds, 2W: turning every 2
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weeks). For each treatment the mean and standard deviation are presented (n=3). Asterisks indicate significant difference in
comparison to non-fertilized control soil (Dunnett’s test, p-value<0.05). Different letters indicate a significant differences
between compost age (two-way ANOVA and Tukey tests, p-value<0.05).
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3.3 Effects of fertilization on water soluble and
extractable C and N, and respiration potential

The addition of chicken manure of different compost ages
and prepared with different turning frequencies showed a
significant interaction effect on WSC content and soil pHka
(two-way ANOVA, p-value<0.05, Figure 4). Comparison
between soil treatments fertilized with manure of
different composting time indicated that the lowest WSC
values were recorded at 2 days of composing and the
highest values were recorded after 65 days of composting,
whereas no differences were observed for soil pHka.
Compost age had a significant effect on MBC and MBN
(two-way ANOVA, p-value<0.05), however Tukey tests did

not detect differences between soils fertilized with
manure of different compost age (Figure 4). Turning
frequency was significant for MBC and MBN, with the
manure piles turned every 2 weeks showing the highest
MBC and MBN values (supplementary material S3). For
respiration potential, turning frequency was also
significant but the Tukey test did not detect differences
between turning frequency treatments (supplementary
material S3). Composting time did not have a significant
effect on respiration potential. Fertilization of soil with
chicken manure of different compost age and prepared
with different turning frequencies did not have an effect
on WSN, HWC and HWN (two-way ANOVA, p-value>0.05,
Figure 4).

Figure 4. Effect of fertilization with chicken manure on water soluble carbon (WSC), water soluble N (WSN), hot water-
extractable C (HWC), hot water-extractable N (HWN), microbial biomass C (MBC), microbial biomass N (MBN), pH and respiration

potential (Resp.).

Manures were at different stages of decomposition (2, 23, 45, 65, 107 and 150 days of composting) and

prepared with different turning frequencies (0T: no turning of manure piles, 4W: turning every 4 weeds, 2W: turning every 2
weeks). For each treatment the mean and standard deviation are presented (n=3). Asterisks indicate significant difference in
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comparison to non fertilized soil (Dunnett’s test, p-value<0.05). Different letters indicate a significant differences between
compost age (two-way ANOVA and Tukey tests, p-value<0.05)
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In comparison to control soil, the addition of chicken
manure led to a significant increase in HWC of eight
treatments (Figure 4). HWN also increased in comparison
to control soil, except for the soils receiving treatment 0T
at two and 45 days of decomposition, and the soil
receiving manure of treatment 2W at 150 days of
decomposition. The addition of manure sampled at 2 and
23 days of composting resulted in significantly higher MBC
and MBN in comparison to control soils. Similarly, the
addition of chicken manure had a significant effect on
respiration potential. For most of the incubation
treatments respiration potential increased in comparison
to control non-fertilized soils, except for OT and 2W
turning frequency treatments at 45 days of
decomposition, and the 2W turning frequency treatment
at 150 days of decomposition.
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4. Discussion

4.1 Effects of turning frequency on compost
stability

We observed the four phases of composting based on
changes in compost temperature: mesophilic,
thermophilic, cooling down, and maturation phase. The
highest average temperatures recorded ranged between
45 and 47 °C, which may not be high enough for proper
manure sanitation, since a temperature between 50 and
55 °C is required for elimination of pathogens (Rynk,
1992). Nevertheless, improper manure sanitation may not
necessarily lead to potato diseases, as the abundance of
soil-borne pathogens reported in this agricultural region
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(i.e. nematodes Nacobbus aberrans, and Globodera spp.;
Franco et al., 1999) may be restricted by chicken manure
applications (Cristobal-Alejo et al., 2006; Rodriguez-
Kabana, 1986). However, the presence of other potato
pathogens of bacterial and fungal origin should not be
ruled out, as their survival and transmission depend on
specific environmental and management conditions. The
temperature of piles turned every 4 or 2 weeks decreased
more rapidly than without turning, and stabilized already
after 100 days of composting, indicating faster manure
stabilization. This is in accordance with previous studies
showing that turning of compost piles accelerates
decomposition by improving aeration, and consequently
microbial activity (Khalil and Hassouna, 2013). After 150
days of composting, turned and non-turned compost piles
did not show any difference in the temperature. Its
stabilization in the turning frequency treatments indicated
that the end of the bio-oxidative decomposition had been
reached, and that the compost was stable (lglesias
Jiménez and Perez Garcia, 1989).

Despite the fact that temperature is a convenient
measurement for assessing the progression of the
composting process, it lacks of precision for assessing
manure stabilization, due to variability in heat loss
(Willson and Dalmat, 1986). In contrast, microbial
respiration provides a direct indication of the quantity of
easily degradable organic compounds in the manure, and
high respiration rates are associated with the lack of
compost stability (Gao et al., 2010; Willson and Dalmat,
1986). In our study, the respiration potential of the
manure piles decreased rapidly during the first month of
decomposition, indicating the degradation of most labile
organic matter. Manure piles then reached the minimum
attainable respiration potential, suggesting manure
stabilization (Gao et al., 2010). The lower minimum
attainable respiration potential rates reached in the
turned piles indicated that turning events led to a more
efficient composting process. Mechanical disruption of the
piles during turning events likely increased accessibility of
labile carbon to microorganisms and promoted aerobic
conditions that favored microbial activity and organic
matter decomposition. Similar results have been
previously reported, and compost aeration was suggested
to play a central role in manure stabilization and reduction
of compost phytotoxic effects (Carballo et al., 2009; Nada,
2015). Such phytotoxic effects are commonly associated
not only with poor aeration, but also with high
concentrations of ammonium/ammonia, accumulation of
organic acids and phenolic compounds, excessive salinity,
and pH imbalances in the compost, all of which tend to
decline as compost maturation progresses.
Concomitantly, we observed a significant reduction of root
damage of seeds germinated in turned piles compared to
non-turned piles (see below).

Despite the intense labor required for composting, the
practice of turning the chicken manure piles should be
promoted among farmers to accelerate stabilization and
maturation. In fact, the organizational structure of the
agricultural communities in the Andean region of Bolivia
offers an opportunity to implement proper compost
management practices as these communities are
organized around collective decision-making of potato
production and natural resource management (Ellis-Jones
and Mason, 1999; Vargas, 2017). Concomitantly, the
current family-based manure management could
transition toward larger-scale communal management,
enabling the implementation of proper composting
practices and labor optimization to ensure the provision of
stabilized and mature manure.

We observed a decrease in total nitrogen concentrations
of turned compost, without a change in total carbon
concentrations, during the 150 days of composting,
leading to an increase of the C:N ratio. Commonly the C:N
ratio of composted material tends to decrease over time
(Khalil and Hassouna, 2013) but we observed the opposite
trend in the turned piles, which could be due to increased
evaporation of NHs in this alkaline environment (de
Guardia et al., 2008). In addition to alkalinity, excessive
moisture coupled with intense microbial activity could
have led to anoxic microsites, favoring gaseous N losses
through denitrification (Hao and Chang, 2001).
Accordingly, estimates indicate that up to 20% of the total
of N loss from chicken manure is released to the
environment in the form of ammonia (Drdzdz et al., 2020),
which could have been exacerbated by turning events.
Likewise, a relatively low initial C:N ratio of the manure
may predispose the system to an apparent increase during
composting, since nitrogen losses through volatilization or
denitrification can occur more rapidly than carbon losses,
thereby increasing the ratio despite ongoing
decomposition.

4.2 Effect of chicken manure on seed germination
and plant growth

Effects of chicken manure were tested with compost
sampled during the mesophilic, thermophilic, cooling
down, and maturation phases. The application of chicken
manure at different stages of composting to soils, at a rate
typically applied by the local farmers, did not lead to
differences in seed germination, root and shoot length.
Extracts of chicken manure at different stages of
composting also did not have any effect on seed
germination but caused apparent root damage in the form
of tissue oranging. Tissue oranging is generally attributed
to cation-anion imbalances and soil acidification in the
rhizosphere zone, and it has been widely reported in
plants exposed to high ammonium/ammonia
concentrations (above 0.1 to 0.5 mmol of NH4* per L; Britto
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and Kronzucker, 2002; Westwood and Foy, 1999). High
amount of salts in manure extracts could have also
contributed to the observed effects on roots, associated
to osmotic and ionic stress caused by high concentrations
of Na*, Mg?, CI', and SO4* (Baligar et al., 1998; Li-Xian et
al., 2007). Apparent root damage showed a decreasing
trend with increasing compost age, indicating compost
maturation, likely due to the decrease of NHs*/NH3 or to
the degradation of potential phytotoxic compounds, such
as organic acids and phenols (Riffaldi et al., 1986).
Moreover, turning of the piles reduced apparent root
damage to similar levels than those recorded in control
non-fertilized soils after 64 days of composting, indicating
faster compost maturation associated to this practice. This
beneficial effect on compost quality coexisted with the
observed nitrogen losses and increase of the C:N ratio in
turned piles, highlighting that turning accelerates
stabilization and reduces phytotoxicity, although at the
expense of higher N volatilization. These results are in
accordance with previous studies indicating faster
decrease of phytotoxicity for aerated composts (Carballo
et al.,, 2009; Riffaldi et al., 1986). Consequently, while
manure extracts at early stages of decomposition caused
apparent root damage, soil fertilization with chicken
manure had a positive effect on plant development (seed
germination, shoot length, biomass production).
Improved development of plants grown in fertilized soils
indicated that manure addition contributed to soil quality,
likely by increasing organic matter and micronutrient
contents, reducing soil acidity, and improving water
availability to plants (Mann et al., 2002; Mondo et al.,
2012).

Despite the apparent root damage on seeds germinated in
manure extracts, we did not observe a decrease in root
length when the compost at different stages of maturation
was applied to the soils. This could be due to a dilution
effect upon soil fertilization and to the adsorption of
phytotoxic compounds to soil organic matter or to their
degradation by soil microorganisms (Xiao et al., 2020).
While these findings reflect responses of an ISO-
recommended indicator species and soil-process
dynamics, direct extrapolation to effects on S. tuberosum
should be made with caution due to its distinct physiology
compared to A. sativa. Nevertheless, under field
conditions plant responses can differ substantially, as
manure applications are not homogeneous and furrow
fertilization (chicken manure applied to the furrow in
direct contact with potatoes at sowing time) is a common
practice that may lead to locally high manure
concentrations. Although furrow fertilization is considered
efficient method to increase nutrient availability to plants
(Beukema and van der Zaag, 1990), the high manure
concentration around potato seedlings may increase the
risk of phytotoxic effects from immature manure or high
ammonium/ammonia concentrations (Hoover et al.,

2019). This may explain the occasional occurrence of
“root burning” reported by local farmers, based on
testimonies gathered during fieldwork interviews.
Furthermore, additional fertilization events may take
place upon plant emergence or flowering, leading to
potential over fertilization (FAO, 1999). The farmers’
rationale is that increased manure application would lead
to higher potato yields, but increased manure additions
are not coupled with linear increases in crop yield (Liu et
al., 2021). Despite the fact that fertilization is essential for
potato production, over-fertilization during the vegetative
developmental stage may lead to excessive haulm growth
instead, which delays tubers formation, bulking and
maturation (Alva, 2004; Beukema and van der Zaag, 1990).
The risk of losses during storage and transportation
increases if immature potatoes are harvested because
they are easily damaged (Beukema and van der Zaag,
1990). Also, excess fertilization may promote secondary
tubers formation, affecting nutrient allocation and leading
to the production of several small tubers (Beukema and
van der Zaag, 1990) less valuable in the market.

Homogenized manure application is an alternative to
reduce the risk of locally high manure concentrations and
its associated effects (i.e. manure phytotoxicity,
NHas*toxicity, contamination of ground water with NO3s),
however, the cost of equipment required for manure
homogenous fertilization may be restrictive for most
farmers. Split fertilization may be a suitable and cheaper
alternative to reduce the risk of locally high manure
concentrations that can be combined with the traditional
furrow fertilization. Moreover, soil nutrient testing is
essential to determine optimal fertilization regimes based
on plant needs, and to reduce the risk of over-fertilization,
to improve nutrient use efficiency, and to reduce
economic production cost.

4.3 Effect of chicken manure on indicators of soil
quality

Fertilization of soil with chicken manure increased the
amounts of hot water-extractable C and N. These Cand N
fractions are considered to provide readily available
nutrients for microorganisms and plants (Chodak et al.,
2003; Curtin et al., 2021), and they likely contributed to
the higher microbial activity observed. These results are in
accordance with previous studies indicating that
fertilization increases labile carbon fractions (Darby et al.,
2006). Due to the close link between labile pools and soil
fertility, increases in the labile hot water-extractable C and
N are indicative of increased nutrient availability to plants
(Anderson and Domsch, 1980; Ghani et al., 2003), and
therefore improved soil quality for cultivation. Moreover,
soils with high levels of labile organic matter have complex
soil microbial communities that could promote plant
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growth and suppress the activity of soil-borne pathogens
(Aryantha et al., 2000).

Microbial biomass increased in soils fertilized with manure
at mesophilic and thermophilic phases of decomposition
(2 and 23 days of composting), which is likely explained by
the labile organic compounds present in not stabilized
manure that promoted microbial growth. Surprisingly, the
use of manure at mesophilic and thermophilic composting
stages did not lead to higher soil respiration potential
rates. This could be attributed to changes in the energy
maintenance demands and C allocation in structural
compounds rather than respiration, however, we did not
observe differences in the quantity of respired CO»-C per
unit of microbial biomass (an indicator of energy
maintenance demands; Anderson and Domsch, 1989, data
not shown).

As the decomposition process advances, labile organic
compounds present in chicken manure are degraded by
microorganisms, and the effect on microbial biomass
decreases. On the other hand, respiration potential
increased in response to manure fertilization independent
of compost age, suggesting that this measurement is more
sensitive to C additions than microbial biomass. Also, the
short-term response of soil microorganisms to labile
organic inputs (Poll et al., 2007) could have influenced the
detection of differences between treatments. It is thus
possible that microbial biomass could have increased right
after fertilization and gradually declined during the plant
growth experiment. Additional factors may have also
contributed to the observed response of soil
microorganisms to manure additions, such the microbial
community composition or ecological interactions with
plants and nematodes (Faissal et al., 2017; Liang et al.,
2020; Poll et al., 2007).

The decrease of soil acidity could be due to the high pH of
the manure added to the soil, but previous studies also
indicate that manure applications increase soil organic
matter, which acts as pH buffer and increases nutrient
content (Mann et al., 2002; Mondo et al., 2012; Soremi et
al., 2017). Less acidic conditions may favor plant growth,
particularly potato production, since drastic potato yield
reductions have been reported pH values below 4.6
(Lierop et al., 1982). Altogether these results suggest
improvement of soil quality for agricultural production
associated to chicken manure fertilization, but different
management practices of manure composting (turning
events and compost age) did not lead to significant
differences in the soluble and extractable C and N
fractions, microbial activity and soil pH.

5. Conclusions

Chicken manure piles subjected to turning events showed
an acceleration of the decomposition process, more

efficient stabilization and faster maturation. Chicken
manure fertilization had a positive effect on soil quality for
agricultural  production and plant development.
Fertilization increased hot water-extractable C and N,
respiration potential, and soil pH compared to non-
fertilized soil, but the use of manure with different turning
frequencies and with different composting time did not
lead to significant differences on soil properties.
Concomitantly, seed germination, shoot length, and
biomass of the indicator species A. sativa increased
compared to non-fertilized soils. Nevertheless, we
observed phytotoxic effects of immature manure extracts
on A. sativa roots, which showed a decreasing trend with
increasing compost age and more turning events.
Application of manure at earlier stages of decomposition
(not stabilized and immature manure) should be avoided,
a minimum of 100 days of decomposition and turning
manure piles every four weeks is suggested instead, to
ensure proper manure stabilization, maturation and to
reduce the risk of phytotoxic effects on plants.
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