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Abstract

Climate change, land degradation and inadequate soil nutrients pose significant
threats to food security and agricultural sustainability. This study aims to exam-
ine the effects of planting basins with farmyard manure on soil total carbon (C),
nitrogen (N), isotopic C (85C) and N (8°N) compositions within smallholder-
managed farms in Makueni County, Kenya. The study involved two management
practices: planting basins with manure (PM) and conventional farming practices
(FP) in 12 experimental sites. Soil samples were taken at three depths (0-10,
10-20 and 20-40cm), with three replicates for each treatment. Significant inter-
actions were observed between land management practices and sites as well as
land management practices and soil depth on soil total C and N. At each of the 12
sites, soil total C was higher under PM (ranging from 0.44% to 1.86%, p <.05) than
FP management (ranging from 0.35% to 1.37%), across all soil depths. Soil total
N concentrations ranged from 0.027% to 0.100% under FP and (0.060% to 0.190%,
p<.05) under PM management. Across soil depths, higher (less negative) soil
83C values were observed under conventional farmer practice (range — 22.5%o to
—17.1%0) compared with PM management range (—24.3%o to —18.1%o). Soil 5°N
was significantly enriched under PM management (range: 7.4%o to 12.6%o, p <.05)
compared with the conventional farmer practices (range: 6.1%o to 9.8%o, p <.05).
The findings show that planting basins with farmyard manure offers both climate
mitigation and adaptation benefits by increasing soil C contents and improving
soil fertility. The study provides insights into the real-world implications of these
practices, emphasizing the potential of planting basins with manure in enhanc-
ing soil quality and climate resilience.
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1 | INTRODUCTION

Climate change, land degradation, and inadequate soil nu-
trients are significant threats to food security and the sus-
tainability of the agriculture sector (DeLong et al., 2015;
Lal, 2015). Soils store around 80% of carbon (C) in terres-
trial ecosystems in the form of soil organic C (Ng'ang'a
et al., 2019; Powlson et al., 2011). Soil organic C plays a
crucial role in climate change mitigation as it regulates
carbon dioxide concentration in the atmosphere and is an
indicator of soil fertility (Smith et al., 2020). Soil organic C
is influenced by agricultural management practices such
as tillage, organic amendment, fertilizer addition and in-
herent soil properties, including texture, mineralogy and
biological activity (Kichamu-Wachira et al., 2021; Liu
et al., 2020; Mikha et al., 2017). Soil nitrogen (N) availabil-
ity is critical for plant growth and productivity (Omidvar
et al., 2021, 2023). N is a vital component of the proteins
required for photosynthesis; thus, soil N limitation can
negatively influence the photosynthetic capacity of a plant
(Du et al., 2020; Quemada & Gabriel, 2016). Therefore,
sustainable management practices that increase N avail-
ability in the soil must be applied to ensure optimal plant
growth and yield.

Soil C and N isotope compositions (8'°C and &"°N, re-
spectively) are useful indicators for C and N cycling in
terrestrial ecosystems under long-term climate change
and local management/disturbance (Fu et al., 2020; Rui
et al., 2011; Sun et al., 2010; Xu et al., 2008, 2009). Soil
5"3C and 8"°N are also used to understand the pathways in
which C and N leave the ecosystem (Ibell et al., 2010, 2013;
Reverchon et al., 2012; Wang, Wang, et al., 2015; Wang,
Xu, et al., 2015; McCorkle et al., 2016; Jeong et al., 2022).
The N of N sources such as manure or fertilizer applied
to the soil, N loss, and N cycling processes affects soil 5'°N
(Asadyar et al., 2021; Choi et al., 2017, 2020; Succarie
et al., 2022; Zhang et al., 2018). The soil 8'°N best indicates
N availability or losses since it is enriched with increasing
soil N losses because of leaching and denitrification (Ibell
et al., 2013; Hosseini-Bai et al., 2015; Wang et al., 2014,
Wang, Wang, et al., 2015; Wang, Xu, et al., 2015; Nessa
et al., 2021). The discrimination against the heavier 5N
isotope by microbial N transformations in the soil predom-
inantly affects soil 8N (Asadyar et al., 2021; Hosseini-Bai
et al., 2015; Nessa et al., 2021; Succarie et al., 2022; Xu
et al., 2008). Thus, higher §"°N in terrestrial ecosystems
indicates active N cycling or N availability because of in-
creased microbial activity (Asadyar et al., 2021; Hosseini-
Bai et al., 2015; Succarie et al., 2022; Wang et al., 2020).
On the other hand, soil §'3C is a biological indicator of C
cycling and could be used to interpret soil organic mat-
ter (SOM) mineralization processes and land uses (Wang
et al., 2013; Saiz et al., 2016; Succarie et al., 2020; Sun

et al., 2021; Liu et al., 2021; Fu et al., 2023). The C cycle is
vital because it affects soil respiration and the process of
plant photosynthesis (Farooq et al., 2021; Liu et al., 2021;
Succarie et al., 2020; Fu et al., 2023). Soil 813C reflects the
source of organic matter (C; or C, vegetation), C turnover
and C loss rates from an ecosystem (Han et al., 2020; Jeong
et al., 2022). Thus, 813C and 8N are insightful indicators
of land management practices' effect on soil C and N avail-
ability and its dynamics.

The agricultural sector should prioritize enhancing
SOC for climate mitigation and improved soil fertility
(Gura et al., 2022). This calls for adopting and imple-
menting sustainable farming practices that enhance soil
C and N and improve C and N cycling. Climate-smart
agriculture (CSA) practices are widely promoted sustain-
able farming practices to mitigate climate change risks.
CSA may offer climate change mitigation and adaptation
benefits as it improves productivity and enhances food
security while sustaining the environment (Martinsen
et al., 2017; Palombi & Sessa, 2013). CSA practices, such as
soil nutrient management, tillage management and water-
harvesting techniques, enhance C and N pools and agri-
cultural productivity (Hati et al., 2006; Kichamu-Wachira
et al., 2021; Kushwa et al., 2016). One such practice is the
adoption of planting basins, a technical innovation origi-
nating from Burkina Faso in West Africa (Danso-Abbeam
et al., 2019). Planting basins - also known as ‘Zai pits’ or
‘Tumbukiza’ in Kenya - is a tillage management practice
where holes measuring 60 cm wide by 60 cm long by 60 cm
deep are dug into the soil, with or without the addition
of organic matter, used for growing crops (Danso-Abbeam
et al.,, 2019; Kathuli & Itabari, 2015; Kimaru-Muchai
et al., 2020). This CSA technology has proven effective in
semi-arid regions with moisture stress and low soil fertil-
ity (Kathuli & Itabari, 2015; Danso-Abbeam et al., 2019).
Planting basins have contributed to the restoration of de-
graded lands and improved soil fertility while cushioning
agriculture from the adverse effects of climate change
(Marongwe et al., 2012; Marumbi et al., 2020). The plant-
ing basins are permanent and can be reused for up to
Syears before major repairs are required. Most farmers
add farmyard manure or crop residues in the planting ba-
sins before planting crops to enhance productivity. Adding
farmyard manure to soil stimulates microbial processes,
enhances C and N cycling, and improves soil physical and
chemical properties (Du et al., 2020; Li et al., 2019; Ma
et al., 2020; Sarker et al., 2018). It has also been reported
that planting basins can increase SOC because of mini-
mal soil disturbance (Marumbi et al., 2020; Nyamangara
et al., 2014). Therefore, adopting this tillage management
practice is promoted as a significant step towards improv-
ing soil quality, moisture retention, climate resilience and
C sequestration.
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Despite a growing body of research on the effects of
planting basins with or without amendments on soil C
levels (Martinsen et al., 2017; Mupangwa et al., 2013;
Nyamangara et al., 2014; Thierfelder & Wall, 2012), a sig-
nificant gap remains. The majority of these studies have
been confined to controlled experimental environments.
While invaluable, such controlled conditions could miss
capturing smallholder farmers' real-world complexities
and challenges. It is particularly noteworthy that there
is a dearth of studies investigating the impact of plant-
ing basins with manure on soil C and N under genuine
on-farm conditions. Baudron et al. (2011) pointed out
the inherent limitations of relying solely on controlled
tests carried out on research stations. While these tests
form the crux of scientific evidence underpinning best
practices in agricultural production compared with tra-
ditional farming approaches, they frequently do not rep-
licate the exact challenges and limitations of smallholder
farmers. In essence, outcomes derived from such con-
trolled environments often assume access to resources
or conditions that might be unrealistic or infeasible for
smallholder farmers (Baudron et al., 2011). Given these
considerations, there is a pressing and unmet need for
rigorous studies that assess the impacts of Climate-
Smart Agriculture (CSA) and other innovations on soil
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C and N under real on-farm scenarios. Addressing this
gap not only provides more representative findings but
could also guide agricultural policy and practice in a
direction that is more attuned to the realities of small-
holder farming. This study, therefore, aimed to contrib-
ute to this underexplored area by examining the effects
of planting basins with farmyard manure on soil total
C, N, 83C and 8"N compositions within smallholder-
managed farms in Makueni county, Kenya. Our guiding
hypotheses for this investigation were: (i) the planting
basins with manure (PM) practice has no significant in-
fluence on soil total C, N, §'3C and §'°N and (ii) there is
no observed effect on the levels of C, N, §'3C, and §'°N
across varying soil depths.

2 | MATERIALS AND METHODS

2.1 | Studyarea

The study was conducted on smallholder farms in
Makueni County, Kenya (Figure 1). Makueni County is
a semi-arid region of Kenya and lies at an altitude of be-
tween 600 and 1280m above sea level (Saiz et al., 2016).
The area receives an annual rainfall of between 300 mm
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FIGURE 1 Map of Kenya showing the study.
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TABLE 1 Distribution and sites of farmers' plots across two sub-counties in Makueni County.

Other management in

treatment plots

Gps co-ordinates

Soil type

Average rainfall (mm)
Clay loam

Altitude

Longitude

Latitude

Site

Subcounty

Charcoal dust added

590.8
590.8
590.8
628.8

693.5

38.1862
38.1792
38.1802
38.0641

—2.5764
—2.5892
—2.5852
—2.5985
—2.5918
—2.5959
—1.6902
—1.6926
—1.6881
—1.6886
—1.6957
—1.6902

F1

Kibwezi East (Mtito Andei)

Clay loam
Clay

715.6

F2

SoilUse

and Management

595.6
833.6

Clay loam

Clay loam

628.8

860.0

844.7

38.0634
38.0642
37.8182

Sandy loam

628.8

300cm X 100cm X 45cm

Clay loam

765.3

939.5

F7

Mbooni East (Kalawa)

basins, irrigation

Clay

765.3

964.9
964.2
936.1

37.8176

F8

KICHAMU-WACHIRA ET AL.

oPson
SGENCE

Sandy loam

765.3

37.8287
37.8288
37.8145

F9

Sandy

765.3

F10
F11
F12

Clay loam

765.3

970.6
955.0

Sandy loam

765.3

37.8247

and 800mm with annual mean minimum temperatures
of 20.2 degrees Celsius and annual mean maximum tem-
peratures of 35.80 degrees Celsius. Makueni County cov-
ers 8034.7km? with a population of 922,183 (Muema
et al., 2018). The poverty index is ca. 64%, higher than the
national index, which is 47%. The major livelihood source
is agriculture, which employs ca. 78% of the rural popula-
tion directly and indirectly. The area is characterized by
smallholder mixed farming, with the farmers engaging
in livestock and crop farming. The major crops cultivated
include maize, pigeon peas, sorghum, cowpeas, millet,
beans, green grams (mung bean) and mangoes (Muema
et al., 2018).

Soil sampling was conducted in Makueni County,
across 12 farmer fields — six from Mbooni East and six
from Kibwezi East sub-county. These fields are hereafter
referred to as ‘sites’. These sites were farmer-managed,
and treatments were under on-farm conditions. The
sampled farms had implemented the CSA practices (i.e.
planting basins with annual addition of farmyard ma-
nure) from 2018-2021. Prior to adopting these CSA prac-
tices, land use on these farms primarily involved crop
farming, with maize as the principal crop grown in the
plots. Crop rotation was also a part of the farming sys-
tem, and the sequence included maize followed by pi-
geon peas or green grams in some of the plots.
Additionally, other crops grown in these plots included
cowpeas and green grams, further diversifying the agri-
cultural activities. On all sampled sites, farmers used
both planting basins with farmyard manure (treatment)
and conventional farmer practices (control); thus, we
sampled treatments and control sites from each farm.
Eleven of the sampled farms had permanent basins
measuring 60cm X 60cm x45cm, except for farm F10,
where planting basins were 300cm X 100cm x45cm.
The inter-basin spacing was 60cm. The farmyard ma-
nure used was composted on the farms or bought from
neighbours. Ca. 4-6kg of manure per planting basin is
added yearly. Conventional farmer practices comprised
the overall digging of flatlands using oxen or hand hoes.
No manure was added to the FP plots (all sites). Soils
were classified according to the USDA' soil textural tri-
angle with most sites being clay loam and sandy loam
except for site F10 which was sandy, and sites F3 and F8
were clay (Moreno-Maroto & Alonso-Azcarate, 2022;
Soil Survey Division, 2017). Details of the selected farms
are provided in Table 1. In the treatment plots, maize
was grown inside the planting basins, while legumes
(pigeon peas, sorghum, cowpeas, millet, beans and
green grams) were outside. The control plots had a mix-
ture of both maize and legumes.

!"United States Department of Agriculture
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The study employed a randomized complete block
design (RCBD) at each of the 12 sites. Within each site,
we established two treatments: (i) planting basins with
farmyard manure (PM) and (ii) conventional farmer
practice (FP). Each treatment was replicated three
times, resulting in a total of six plots per site. The plots,
5m x 5m each, were carefully selected to ensure that the
soil types in the control (FP) plots closely matched with
those in the treatment (PM) plots. For the PM treatment,
soil samples were collected explicitly from inside the
planting basins.

2.2 | Soil sample collection and analysis

Soil samples were collected mid-season during the
October-November-December 2020 rain season. The soil
samples were taken from adjacent treatment (planting
basins with farmyard manure) and control (conventional
farming) plots. Soil samples were collected at three depths:
0-10cm, 10-20cm and 20-40cm. This was done by col-
lecting 5 soil cores from each plot for each depth interval,
which were combined to form a single composite sample
for that specific depth. This process was repeated for each
of the depth intervals. Compositing samples within each
depth stratum ensures a representative sample by aver-
aging out small-scale spatial variability, a standard ap-
proach in soil science to capture average plot conditions
for the specified depth (Hofman & Brus, 2021). For the PM
plots, soil samples were collected inside the planting ba-
sins. The soil samples were kept in separate labelled bags
and transferred to the CIFOR-ICRAF Soil-Plant Spectral
Diagnostics Laboratory in Nairobi, Kenya. All the col-
lected soil samples (n =216) were air-dried at 60°C, passed
through a 2mm sieve, and shipped to Griffith University,
Australia, for further analysis. The samples were then
ground to a fine powder using a Rocklabs™ ring grinder,

and Management

then weighed and transferred into tin capsules for soil
total C, total N, & N and 8"3C analyses. These analyses
were conducted to offer insights into how different prac-
tices impact soil health and quality. All the analyses, soil
total C, total N, & 1°N and 8'3C, were conducted using
an Isotopic Ratio Mass Spectrometer connected to a CN
Eurovector Elemental Analyser at Griffith University's
Australia Isotopes Laboratory (Ibell et al., 2013; Xu
et al., 2008).

2.3 | Statistical analysis

The data were checked for normality using the Shapiro-
Wilk test in SPSSv. 27.0 and log-transformed where neces-
sary to satisfy the normality condition. Three-way analysis
of variance (ANOVA) tests were conducted to explore the
interactions between the treatments, sites and soil depths.
This was followed by a series of one-way ANOVAs for
each of the 12 sites. The Tukey HSD post hoc test was then
conducted at a 5% probability level (p <.05).

3 | RESULTS

3.1 | Soil total C and total N

Significant interactions were observed between land man-
agement practices and sites as well as land management
practices and soil depth (three-way ANOVA, p<.001) on
soil total C and N (Table 2). Generally, at each of the 12
sites, soil total C was higher under planting basins with
manure (PM) (range 0.44% to 1.86%) than conventional
farmer practice (FP) management (0.35% to 1.37%) across
all soil depth categories (Figure 2). The highest soil total
C concentrations were observed in soils collected at the
0-10cm depth and the lowest at the 20-40 cm depth. Soil

TABLE 2 Three-way analysis of variation (ANOVA) on the impacts of site, treatment (land management practice) and soil depth on TC,

TN, 83C and 8N in all 12 sites combined.

TC TN §°c N
Treatments Df F p Df D Df F D Df F D
Treatment 1 311.35 ok 1 359.76 ok 1 187.69 o 1 322.32 ok
Site 11 29.05 i 11 26.32 i 11 39.75 o 11 34.99 i
Soil depth 2 69.11 ok 2 54.26 ok 2 102.88 o 2 3.844 *
Treatment X Site 11 9.77 ok 11 8.77 ok 11 9.63 ok 11 6.50 o
Treatment X Soil depth 2 20.59 o 2 24.73 o 2 2.19 ns 2 4.53 *
Site x Soil depth 22 1.01 ns 22 1.13 ns 22 1.57 ns 22 1.15 ns
Treatment X Site X Soil depth 22 1.39 ns 22 1.16 ns 22 1.03 ns 22 1.01 ns

Note: Not significant (p>.05), *p <.05; **p <.001.

Abbreviation: ns, not significant.
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total C was significantly higher under PM than FP at nine
sites at the 0-10cm soil layer (Figure 2A). In the subsoil
layer (10-20cm), eight of the 12 sites showed signifi-
cantly higher mean soil TC under PM (Figure 2B). This
significant increase in total C concentrations could be at-
tributed to the addition of organic matter from manure in
the planting basins and the minimum tillage promoted by
these basins. However, there was no significant difference
in total C under PM at depths of 20-40cm (Figure 2C)
in 11 sites, with sites F4 the exception. F4 also had the
highest values of total C across the three depths under PM
compared with the other 11 sites. This relatively high total
C concentration in site F4 could be attributed to adding

EFP EPM

F10 F11 FI12

charcoal dust to the planting basins alongside farmyard
manure.

Similarly, soil total N was higher under PM than FP
at the three soil depths across the 12 sites (Figure 3). Soil
total N values ranged from 0.027% to 0.10% under FP and
(0.06% to 0.19%) under PM management across the 12
sites and the three soil depths. The highest total N under
PM was observed at site F4, possibly due again to the ad-
dition of charcoal dust in the planting basins. Soil total
C and total N across the sites decreased with increas-
ing soil depth (Figures 2 and 3). Soil total N was signifi-
cantly higher under PM than FP in the 0-10cm soil layer
(Figure 2A) at all the sites except F5. In the 10-20cm soil
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layer, there was no significant difference between PM and
FP at F5,11 and 12; however, the rest of the sites showed
a significant difference in total N under PM compared
with FP (Figure 2B). There was no significant difference
(Figure 3C) in total N between FP and PM at the deep soil
layer (20-40cm) for all 12 sites.

3.2 | Soil 83C and 6N

Generally, across the three soil depths, less negative soil
83C values were observed under the conventional farmer
practice compared with the PM management (Table 3).
Soil 8'°C was significantly higher (less negative) under

EFP EPM

F3 F4 F5 F6 F7 F8 F9 F10 F11 FI12

FP (range—22.5%0 to —17.1%0) across the three depths
(0-10, 10-20 and 20-40cm) at sites F1, F4, F7, F9 and F10
compared with PM (range —24.3%o to —18.1%o). The less
negative 5'°C values under conventional farmer practice
(FP) across several sites (F1, F4, F7, F9, and F10) hint at a
mixed history of C3 and C4 plant residues, or potentially
a more significant influence of C4 residues like maize.
This could imply that conventional farming practices at
these sites historically leaned towards the cultivation of
C4 crops or a mix of C3 and C4 crops. No significant dif-
ference was observed in soil 8'°C between PM and FP
at sites F5, F6, F8, F11 and F12 across the three depths.
The lack of significant differences in §'°C values between
PM and FP at sites F5, F6, F8, F11, and F12 may indicate
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TABLE 3 Effects of conventional

5*c 5N farmer practice (FP) and planting basins
Site Soil depth PM FP PM FP with farmyard manure (PM) on soil
F1 0-10cm ~23.4(0.3) —22.5(0.3) 11.9(0.7) 9.1(0.7) zzzri?j izhztif;i;;‘;ri‘?ss the three
10-20cm —23.7(0.4) —21.9(0.4) 12.1(0.5) 9.3(0.5)
20-40cm —22.9(0.9) —20.3(0.9) 12.6(0.6) 9.8(0.6)
F2 0-10cm —22.2(0.4) —22.1(0.4) 11.3(0.8) 7.9(0.8)
10-20cm —22.3(0.3) —21.1(0.3) 11.5(0.9) 7.6(0.9)
20-40cm —21.4(0.4) —19.4(0.4) 10.7(0.5) 7.9(0.5)
F3 0-10cm —23.7(0.5) —22.4(0.5) 10.4(1.8) 6.4(1.8)
10-20cm —23.2(0.2) —20.4(0.2) 10.5(0.6) 8.3(0.6)
20-40cm —21.7(0.6) —18.3(0.6) 10.0(0.4) 8.7(0.4)
F4 0-10cm —24.3(0.6) —21.4(0.6) 8.7(0.9) 7.7(0.9)
10-20cm —23.9(0.5) —20.3(0.5) 9.0(0.7) 8.0(0.7)
20-40cm —22.6(0.7) —19.3(0.7) 9.0(0.5) 8.3(0.5)
F5 0-10cm —19.2(0.9) —18.9(0.9) 8.1(0.5) 6.3(0.5)
10-20cm —18.8(0.6) —17.6(0.6) 7.9(0.5) 7.1(0.5)
20-40cm —18.1(0.7) —16.8(0.7) 7.7(0.4) 7.6(0.4)
F6 0-10cm —20.5(0.6) —21.6(0.6) 8.9(0.5) 7.3(0.5)
10-20cm —20.1(0.7) —21.1(0.7) 8.6(0.5) 7.2(0.5)
20-40cm —19.0(0.8) —21.0(0.8) 8.2(0.9) 6.9(0.9)
F7 0-10cm —21.7(0.6) —19.4(0.6) 7.4(0.5) 6.4(0.5)
10-20cm —21.2(0.6) —17.6(0.6) 7.6(0.5) 7.7(0.5)
20-40cm —18.2(0.8) —17.0(0.8) 8.2(0.4) 8.1(0.4)
F8 0-10cm —22.6(0.6) —21.2(0.6) 8.8(0.5) 7.0(0.5)
10-20cm —21.7(0.6) —19.1(0.6) 8.3(0.5) 7.1(0.5)
20-40cm —19.0(0.8) —17.9(0.8) 7.4(0.2) 7.3(0.2)
F9 0-10cm —22.5(0.3) —19.54(0.3) 9.0(0.6) 7.4(0.6)
10-20cm —21.8(0.3) —19.0(0.3) 9.3(0.6) 6.3(0.6)
20-40cm —20.8(0.5) —18.1(0.5) 9.2(0.7) 7.4(0.7)
F10 0-10cm —22.1(0.3) —19.5(0.3) 8.9(0.6) 6.9(0.6)
10-20cm —21.3(0.3) —19.1(0.3) 8.8(0.6) 6.7(0.6)
20-40cm —21.4(0.5) —18.5(0.3) 9.4(0.7) 7.2(0.7)
F11 0-10cm —21.1(0.3) —21.8(0.3) 8.5(0.6) 6.1(0.6)
10-20cm —20.6(0.3) —20.4(0.3) 8.3(0.6) 6.5(0.6)
20-40cm —19.0(0.5) —17.6(0.3) 8.1(0.7) 7.2(0.7)
F12 0-10cm —20.9(0.3) —18.2(0.3) 8.7(0.6) 6.5(0.6)
10-20cm —20.1(0.3) —18.0(0.3) 9.2(0.6) 6.5(0.6)
20-40cm —18.4(0.5) —17.1(0.7) 8.1(0.7) 6.9(0.7)

Note: Values in bold indicate significant differences among the different treatments at each depth

(p<.05). Values in brackets indicate +SE.

similar historical management practices or vegetation
cover across these sites, or the influence of other factors
that have homogenized the isotopic signatures, such as
similar residue return or mineralization rates.

Soil 8'°N was significantly higher under PM management
(range: 7.4%o to 12.6%0) compared with the conventional
farmer practices (range: 6.1%o to 9.8%0). The lowest values

in soil 8"°N were observed at the 0-10cm depth, with the
highest values recorded at the 20-40cm soil depth (Table 2).
The observed depth variations in §*°N values could be be-
cause of the stratification of nitrogen in the soil profile, as
organic matter, and consequently nitrogen, predominantly
accumulates on the surface, causing increased isotopic frac-
tionation in the upper layers. Over time, with the downward
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movement of nitrogen through the soil, such as through
leaching, deeper layers may exhibit elevated 5'°N values.
Soil 5"°N was significantly higher at sites F5, F7 and FS8 at
the 0-10cm soil layer only under PM (8.1%o, 7.4%o, 8.8%o,
respectively) than FP (6.3%o, 6.4%o, 7.0%o, respectively) man-
agement (Table 3). The significantly higher "°N values at
sites F5, F7 and F8 at the 0-10cm depth under PM could be
influenced by site-specific conditions, such as microclimate,
soil type, or historical management practices. For instance,
differences in soil type across sites might impact nitrogen
dynamics and the resultant isotopic composition. Sites with
clayey soils (e.g. F3, F8) might have different microbial activ-
ities and nitrogen transformations than those with loamy or
sandy soils. For the other nine sites (F1, F2, F3, F4, F6, F9,
F10, F11 and F12), mean soil 8"°N was significantly higher
under PM than FP across all three soil depths (0-10, 10-20
and 20-40cm).

3.3 | Impact of geographical location and
other environmental factors

Soil total C, N and 8"°N varied across the sites. These vari-
ations in observed soil C, N and 8N could be because of
various factors, including elevation, soil type or rainfall. The
two sub-counties, Kibwezi East (Mtito Andei) and Mbooni
East (Kalawa), have different average rainfalls, with Mbooni
East receiving more rainfall (Table 1; Table S2). Soil TC and
TN in site F4 were significantly different from all other sites
(Table S1). This could be attributed to the rainfall amount
and the addition of charcoal dust in the planting basins. Soil
total C and N in sites F6, F7, F9 and F12 were not signifi-
cantly different from each other but were different from the
rest of the sites. Soil total C values at Sites F2 and F3, which
are at relatively low altitudes and receive the lowest amount
of rainfall compared with other sites, had low total C values.
Site F10 observed the lowest total C and N values, which
could be attributed to the soil texture, as this is the only site
with sandy soils (Table S2; Table 1). High soil 5°N values
were observed in low rainfall sites F1, F2 and F3 (590 mm
mean annual rainfall) than in sites with higher rainfall
(765mm mean annual rainfall) such as sites F11 and F12
(Table 3; Table S2). The high 8'°N values observed in the
drier areas could be attributed to elevated N volatilization
during pronounced temperatures in these areas.

4 | DISCUSSION
4.1 | Soil total C and total N

This study indicates that planting basins with farmyard
manure significantly enhances soil total C and total N

and Management

concentrations, underscoring the potential climate miti-
gation and adaptation benefits of this practice. It is of
paramount importance to acknowledge that the legacy of
previous crops—particularly the C4 plant maize and as-
sociated crop residues—coupled with manure, could have
set a foundational stage for the soil's response to different
management practices. The role of mineralization, espe-
cially from the decomposition of C4 residues like maize,
has a profound impact on the soil C:N ratio, driving its
fertility and productivity (Kan et al., 2022; Wang, Wang,
et al., 2015; Wang, Xu, et al., 2015). The addition of ma-
nure, a rich source of organic matter, amplifies this effect
by introducing additional C and N into the soil, further
modifying its mineralization dynamics.

The variability in soil C, N and isotopic compositions
across sites, as highlighted in this study, underscores the
importance of real-world conditions where farmers may
not follow all the recommended guidelines. This implies
that results on planting basins with manure on farmer-
managed farms may differ for different sites, farmer
management, soil types and climatic conditions. Several
studies that have conducted controlled experiments have
reported significantly higher soil C under planting ba-
sins with manure management (Mupangwa et al., 2013;
Thierfelder & Wall, 2012). While some studies suggest
that planting basins under on-farm conditions may not
significantly increase soil C (Martinsen et al., 2017;
Nyamangara et al., 2014), this study presents divergent
findings. The key distinction between this study and
previous research is the choice of amendments; in the
study conducted by Martinsen et al. (2017), only fertiliz-
ers were incorporated into the planting basins, whereas
Nyamangara et al. (2014) solely incorporated crop resi-
dues. The findings from this study therefore suggest that
the addition of manure in planting basins has a more
profound influence on soil C and N than the use of fer-
tilizer or crop residues. Comparable to the observation
in our study, Marumbi et al. (2020) found that planting
basins with organic amendments significantly increase
soil C under on-farm conditions in Zimbabwe because
of the localized manure application and minimized soil
disturbance in the planting basins. Planting basins are
considered a no-tillage management practice; hence, the
minimal soil disturbance ensures minimal disruption
of soil C and protection from microbial mineralization
(Marumbi et al., 2020; Nyamangara et al., 2014). Tillage
in conventional farmer practices causes soil distur-
bance and exposes organic material to microbial min-
eralization leading to soil organic matter loss (Mikha &
Rice, 2004). Therefore, the differences in total soil C and
N between planting basins with farmyard manure and
conventional farmer practices likely resulted from mini-
mal soil disturbance, reduced microbial mineralization,
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reduced water loss and organic (manure) amendments.
Given this, our study indicates that farmers' adoption
and continuing use of PM can be expected to build up C
and N content in soils gradually.

Significant effects of planting basins with manure
on soil C were limited to the top and subsoil layers (i.e.
0-20cm depths). The decrease in soil total C and total
N with increasing soil depth could be attributed to the
reduced effect of organic (manure) inputs with increas-
ing soil depth (Marumbi et al., 2020). This could be as
a result of the increased organic matter in the topsoil
brought about by the localized manure application
and the poor mixing of the manure with soil in these
minimum-till systems. The significantly higher soil total
C and N at site F4, where charcoal dust was also used
in the planting basins, indicates that the combined use
of planting basins, farmyard manure and biochar could
result in even greater soil C content. This is supported by
controlled field experiments that have documented the
ability of biochar in combination with poultry manure to
improve soil chemical properties (Adekiya et al., 2019;
Farrar et al., 2019, 2021; Hosseini-Bai et al., 2015;
Sandhu et al., 2019). However, there is a need for further
research to investigate the effects of the combined use of
planting basins, biochar and manure on soil carbon and
nitrogen pools.

4.2 | Soil 83C and 6N

Soil 8"°N provides insights into differences in the contri-
bution of various land management practices to soil C and
N stocks. The 8'°N value is a measure of the ratio of sta-
ble isotopes of N (*°N and '*N) and can provide insights
into various processes, including microbial N transforma-
tions. Our results showed that soil §'°N was enriched by
planting basins with farmyard manure management. The
soil 8"°N enrichment may result from leaching, nitrifica-
tion, denitrification or volatilization (Busari et al., 2016;
Hosseini-Bai et al., 2015). The higher soil 8"°N in PM
management could be explained by the addition of ma-
nure, which has been found in previous studies (Busari
et al., 2016; Chalk et al., 2014) to lead to higher 8'°N than
the control (without manure). Increased N availability
and N mineralization processes from organic amend-
ments lead to the enriched 8"°N in the soils (Mani, 2021).
Improved 8"°N values in PM indicate that planting basins
with farmyard manure enhances N-cycling. The high §'°N
values observed under PM also indicate high N availabil-
ity for plant uptake, which means higher crop production
in PM than in FP practices. Studies have also observed
higher 85N values in water-limited soils, consistent with
our study, where sites with less rainfall exhibited higher

soil 8N values indicating a more open N cycling than
high rainfall areas (Shan et al., 2019; Wu et al., 2019).

Our study indicated that soil §"°C was significantly
lower (more negative) under PM management than in
conventional farmer practices. This implies that soil or-
ganic matter turnover and C-cycling vary with manage-
ment practice. The difference in §"3C values between
FP and PM could be attributed to organic matter inputs
and the different rates of C mineralization, as reported
by Bayer et al. (2001) and Fuentes et al. (2010). Previous
studies also show that adding organic amendments such
as manure leads to more negative 5°C values (Busari
et al., 2016; Li et al., 2010; Sainju et al., 2008). Our study
further showed that the deeper soil layers had higher §'*C
values (less negative) than the topsoil (0-10cm), which
could be explained by the long exposures to decomposi-
tion in the deeper soils (Fuentes et al., 2010). The most
pronounced &'°C values at the 20-40cm depth suggest
prolonged organic matter inputs, potentially indicating
historical shifts in crop types or land management prac-
tices (Kan et al., 2022). In essence, the observed &'C val-
ues, varying with soil depth and management practice,
underscore the intricate interplay of historical vegetation,
land-use decisions, and carbon cycling dynamics in these
soils.

5 | CONCLUSION

This study, conducted under on-farm conditions in
Makueni County, Kenya, reinforces the potential of
planting basins with farmyard manure (PM) in enhanc-
ing soil C and N levels, offering a promising pathway
for climate change mitigation and improved soil fertil-
ity. The study's findings resonate beyond the bounda-
ries of our experimental site, carrying implications for
global challenges related to climate change mitigation
and sustainable agriculture. Specifically, this real world
study confirms previously reported results from con-
trolled trials of significant enhancements in total soil C
and N concentrations, with the most pronounced effects
observed within the top 20 cm of soil. These findings sig-
nal a viable pathway towards climate change mitigation
and improved soil fertility on a global scale. Notably, the
study findings unveil a noteworthy increase in "°N lev-
els in soils under PM management, indicating height-
ened N-cycling. This dual benefit—carbon sequestration
and increased nutrient availability—carries significant
implications for global food security and agricultural
sustainability. These findings underscore the potential
of the study to inform and shape international strategies
for addressing the challenges posed by a changing cli-
mate. Furthermore, the observed variations in soil C, N,
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and isotopic values across different sites emphasize the
role of site-specific factors, such as rainfall, altitude, and
soil type. This understanding highlights the necessity
for context-specific agricultural practices, thereby en-
hancing the relevance of our findings for diverse global
agricultural landscapes. Interestingly, our study has also
highlighted the potential synergistic benefits of combin-
ing biochar with farmyard manure in planting basins, as
seen in site F4, suggesting avenues for further research.
In conclusion, this study not only extends the current
understanding of the efficacy of planting basins com-
bined with manure in real-world settings but also po-
sitions these findings within the broader historical and
scientific narrative of soil carbon and nitrogen dynam-
ics. Therefore, this research contributes to the global
discourse on sustainable agriculture and soil health,
providing practical solutions for a more sustainable and
resilient agricultural future worldwide.

ACKNOWLEDGEMENTS

We acknowledge the field staff from the World Agroforestry
(ICRAF), Nairobi, Kenya, who helped to collect the soil sam-
ples used in this study, including Mercy Mwea, Sylvester
Kilungya and Silas Muthuri. We also acknowledge the contri-
bution from ICRAF Laboratory staff in Nairobi in preparing
and shipping the soil samples to Australia for the analyses,
including Elvis Weullow, Dickens Alubaka Ateku and Bella
Kauma. We are also grateful to the farmers who participated
in the study. The first author acknowledges the financial sup-
port received through an Australian Government Research
Training Program Scholarship and the Griffith University
Postgraduate Research Scholarship in conducting this study.
Open access publishing facilitated by Griffith University,
as part of the Wiley - Griffith University agreement via the
Council of Australian University Librarians.

FUNDING INFORMATION

This study was funded by Griffith University PhD re-
search funds awarded to the first author. The study
was also partly supported by the International Fund for
Agricultural Development (IFAD) and the European
Commission through the project ‘Restoration of degraded
lands for food security and poverty reduction in East Africa
and the Sahel: taking successes to scale’ (grant numbers:
2000000520 and 2000000976) awarded to ICRAF.

CONFLICT OF INTEREST STATEMENT
The authors have no relevant financial interests to
disclose.

DATA AVAILABILITY STATEMENT
Data and materials used from this study are avail-
able by request to the corresponding author Edith

™ O WILEY-

Kichamu-Wachira through the email edith.kichamu@
griffithuni.edu.au/edith.kichamu@ug.net.au.

and Management

CONSENT TO PARTICIPATE
Not applicable.

CONSENT TO PUBLISH
All authors of this manuscript give consent for this manu-
script to be published.

ORCID
Edith Kichamu-Wachira
0rg/0000-0002-7534-3695

https://orcid.

REFERENCES

Adekiya, A., Agbede, T., Aboyeji, C., Dunsin, O., & Simeon, V. (2019).
Effects of biochar and poultry manure on soil characteristics
and the yield of radish. Scientia Horticulturae, 243, 457-463.
https://doi.org/10.1016/j.scienta.2018.08.048

Asadyar, L., Xu, C.-Y., Wallace, H. M., Xu, Z., Reverchon, F., & Bai, S.
H. (2021). Soil-plant nitrogen isotope composition and nitrogen
cycling after biochar applications. Environmental Science and
Pollution Research, 28(5), 6684-6690. https://doi.org/10.1007/
$11356-020-11016-3

Baudron, F., Tittonell, P., Corbeels, M., Letourmy, P., & Giller, K.
E. (2011). Comparative performance of conservation agricul-
ture and current smallholder farming practices in semi-arid
Zimbabwe. Field Crops Research, 132, 117-128. https://doi.org/
10.1016/j.fcr.2011.09.008

Bayer, C., Martin-Neto, L., Mielniczuk, J., Pillon, C., & Sangoi, L. (2001).
Changes in soil organic matter fractions under subtropical no-till
cropping systems. Soil Science Society of America Journal, 65(5),
1473-1478. https://doi.org/10.2136/sssaj2001.6551473x

Busari, M. A., Salako, F. K., & Tuniz, C. (2016). Stable isotope tech-
nique in the evaluation of tillage and fertiliser effects on soil
carbon and nitrogen sequestration and water use efficiency.
European Journal of Agronomy, 73, 98-106. https://doi.org/10.
1016/j.¢ja.2015.11.002

Chalk, P. M., Inicio, C. A., & Magalhdes, A. M. T. (2014). From
fertiliser to food: Tracing nitrogen dynamics in conventional
and organic farming systems using 15N natural abundance. In
International symposium on managing soils for food security
and climate.

Choi, W.-J., Kwak, J.-H., Lim, S. S., Park, H.-J., Chang, S. X., Lee, S.-M.,
Arshad, M. A, Yun, S. I, & Kim, H.-Y. (2017). Synthetic fertiliser
and livestock manure differently affect 5*°N in the agricultural
landscape: A review. Agriculture, Ecosystems, and Environment,
237,1-15. https://doi.org/10.1016/j.agee.2016.12.020

Choi, W. J., Kwak, J. H., Park, H. J, Yang, H. I, Park, S. I, Xu, Z.
H., Lee, S. M., Lim, S. S., & Chang, S. X. (2020). Land-use type,
and land management and disturbance affect 5'°N: A review.
Journal of Soils and Sediments, 20, 3283-3299.

Danso-Abbeam, G., Dagunga, G., & Ehiakpor, D. S. (2019).
Adoption of zai technology for soil fertility manage-
ment: Evidence from upper east region, Ghana. Journal of
Economic Structures, 8(1), 1-14. https://doi.org/10.1186/
s40008-019-0163-1

85UB01 SUOWIWOD SAIERID 3|01 idde au Aq peueAob afe Sepie O (88N JO S3|n Joj A%eig 1T 8UIIUO A3]IM UO (SUORIPUOD-PUR-SWLS}/W0"AB| 1M AReiq 1 Bu1JUO//SdIY) SUORIPUCD PUe SLe 1 8U} 885 *[¢202/50/80] U0 Aziqi@uIuO AB]IM ‘10UN0D Uo1easay eIIPSIN PUY U3ESH [EUOTIEN AQ 800ET WINS/TTTT OT/I0p/U0D" AB3] 1M AReiq 1/ou U0 S U0 ssq//Sdy woJy pepeoiumod ‘T Y20z ‘€7.26LYT


mailto:edith.kichamu@griffithuni.edu.au
mailto:edith.kichamu@griffithuni.edu.au
mailto:edith.kichamu@uq.net.au
https://orcid.org/0000-0002-7534-3695
https://orcid.org/0000-0002-7534-3695
https://orcid.org/0000-0002-7534-3695
https://doi.org/10.1016/j.scienta.2018.08.048
https://doi.org/10.1007/s11356-020-11016-3
https://doi.org/10.1007/s11356-020-11016-3
https://doi.org/10.1016/j.fcr.2011.09.008
https://doi.org/10.1016/j.fcr.2011.09.008
https://doi.org/10.2136/sssaj2001.6551473x
https://doi.org/10.1016/j.eja.2015.11.002
https://doi.org/10.1016/j.eja.2015.11.002
https://doi.org/10.1016/j.agee.2016.12.020
https://doi.org/10.1186/s40008-019-0163-1
https://doi.org/10.1186/s40008-019-0163-1

KICHAMU-WACHIRA ET AL.

12 of 14 <
SoilUse samss
Wl LEY—pee Management % e

DeLong, C., Cruse, R., & Wiener, J. (2015). The soil degradation par-
adox: Compromising our resources when we need them the
most. Sustainability, 7(7), 866-879. https://doi.org/10.3390/
su7010866

Du, Y., Cui, B.,, Wang, Z., Sun, J., & Niu, W. (2020). Effects of manure
fertiliser on crop yield and soil properties in China: A meta-
analysis. Catena, 193, 104617. https://doi.org/10.1016/j.catena.
2020.104617

Farooq, T. H., Chen, X., Shakoor, A., Li, Y., Wang, J., Rashid, M. H.
U., Kumar, U, & Yan, W. (2021). Unraveling the influence of
land-use change on 5'3C, 6"°N, and soil nutritional status in co-
niferous, broadleaved, and mixed forests in southern China: A
field investigation. Plants, 10(8), 1499. https://doi.org/10.3390/
plants10081499

Farrar, M. B., Wallace, H. M., Xu, C.-Y., Joseph, S., Dunn, P. K,
Nguyen, T. T. N., & Bai, S. H. (2021). Biochar co-applied with
organic amendments increased soil-plant potassium and root
biomass but not crop yield. Journal of Soils and Sediments,
21(2), 784-798. https://doi.org/10.1007/s11368-020-02846-2

Farrar, M. B., Wallace, H. M., Xu, C.-Y., Nguyen, T. T. N., Tavakkoli,
E., Joseph, S., & Bai, S. H. (2019). Short-term effects of organo-
mineral enriched biochar fertiliser on ginger yield and nutrient
cycling. Journal of Soils and Sediments, 19(2), 668-682. https://
doi.org/10.1007/s11368-018-2061-9

Fu, L., Xu, Y., Xu, Z. H., & Wu, B. F. (2020). Tree water use effi-
ciency and growth dynamics in response to climatic and en-
vironmental changes in a temperate forest in Beijing, China.
Environmental International, 134, 105209.

Fu, L., Xu, Y., Zhao, D., Wu, B. F.,, and Xu, Z. H. (2023). Analysis of
coniferous tree growth gradients in relation to regional pollu-
tion and climate change in the Miyun Reservoir Basin, China.
Environmental Science and Pollution Research. 30, no. (19):
55635-55648.https://doi.org/10.1007/s11356-023-26295-9

Fuentes, M., Govaerts, B., Hidalgo, C., Etchevers, J., Gonzélez-
Martin, I., Hernadndez-Hierro, J. M., Sayre, K. D., & Dendooven,
L. (2010). Organic carbon and stable *C isotope in conserva-
tion agriculture and conventional systems. Soil Biology and
Biochemistry, 42(4), 551-557. https://doi.org/10.1016/j.soilbio.
2009.11.020

Gura, I., Mnkeni, P., Du Preez, C., & Barnard, J. (2022). Short-term
effects of conservation agriculture strategies on the soil quality
of a haplic plinthosol in eastern cape, South Africa. Soil and
Tillage Research, 220, 105378. https://doi.org/10.1016/j.still.
2022.105378

Han, G., Tang, Y., Liu, M., Van Zwieten, L., Yang, X., Yu, C., Wang,
H., & Song, Z. (2020). Carbon-nitrogen isotope coupling of
soil organic matter in a karst region under land use change,
Southwest China. Agriculture, Ecosystems and Environment,
301, 107027. https://doi.org/10.1016/j.agee.2020.107027

Hati, K., Mandal, K., Misra, A., Ghosh, P., & Bandyopadhyay, K.
(2006). Effect of inorganic fertiliser and farmyard manure on soil
physical properties, root distribution, and water-use efficiency of
soybean in Vertisols of Central India. Bioresource Technology, 97,
2182-2188. https://doi.org/10.1016/j.biortech.2005.09.033

Hofman, S. C., & Brus, D. J. (2021). How many sampling points are
needed to estimate the mean nitrate-N content of agricultural
fields? A geostatistical simulation approach with uncertain var-
iograms. Geoderma, 385, 114816.

Hosseini-Bai, S., Xu, C.-Y., Xu, Z., Blumfield, T. J., Zhao, H., Wallace,
H., Reverchon, F., & Van Zwieten, L. (2015). Soil and foliar

nutrient and nitrogen isotope composition (5'°N) at 5years
after poultry litter and green waste biochar amendment in
a macadamia orchard. Environmental Science and Pollution
Research International, 22, 3803-3809. https://doi.org/10.1007/
s11356-014-3649-2

Ibell, P., Xu, Z. H., & Blumfield, T. J. (2010). Effects of weed control
and fertilization on soil carbon and nutrient pools in an exotic
pine plantation of subtropical Australia. Journal of Soils and
Sediments, 10, 1027-1038.

Ibell, P. T., Xu, Z., & Blumfield, T. J. (2013). The influence of weed
control on foliar 5'°N, §"°C and tree growth in an 8-year-old
exotic pine plantation of subtropical Australia. International
Journal of Plant and Soil Science, 369, 199-217. https://doi.org/
10.1007/s11104-012-1554-3

Jeong, Y.-J., Park, H.-J., Jeon, B.-J., Seo, B.-S., Baek, N., Yang, H. L,
Kwak, J.-H., Lee, S.-M., & Choi, W.-J. (2022). Land use types
with different fertilization management affected isotope ratios
of bulk and water-extractable C and N of soils in an intensive
agricultural area. Journal of Soils and Sediments, 22, 429-442.
https://doi.org/10.1007/s11368-021-03097-5

Kan, Z. R., Chen, Z., Wei, Y. X., Virk, A. L., Bohoussou, Y. N. D., Lal,
R., Zhao, X., & Zhang, H. L. (2022). Contribution of wheat and
maize to soil organic carbon in a wheat-maize cropping system:
A field and laboratory study. Journal of Applied Ecology, 59(11),
2716-2729.

Kathuli, P., & Itabari, J. (2015). In situ soil moisture conservation:
Utilization and management of rainwater for crop production.
In Adapting African agriculture to climate change (pp. 127-142).
Springer.

Kichamu-Wachira, E., Xu, Z., Reardon-Smith, K., Biggs, D., Wachira,
G., & Omidvar, N. (2021). Effects of climate-smart agricul-
tural practices on crop yields, soil carbon, and nitrogen pools
in Africa: A meta-analysis. Journal of Soils and Sediments, 21,
1587-1597. https://doi.org/10.1007/s11368-021-02885-3

Kimaru-Muchai, S. W., Ngetich, F. K., Baaru, M., & Mucheru-Muna,
M. W. (2020). Adoption and utilization of zai pits for improved
farm productivity in drier upper eastern Kenya. Journal of
Agriculture and Rural Development in the Tropics and Subtropics,
121, 13-22. https://doi.org/10.17170/kobra-202002281030

Kushwa, V., Hati, K., Sinha, N. K., Singh, R., Mohanty, M.,
Somasundaram, J.,, Jain, R., Chaudhary, R., Biswas, A., & Patra,
A. K. (2016). Long-term conservation tillage effect on soil or-
ganic carbon and available phosphorus content in vertisols of
Central India. Journal of Agricultural Research, 5, 353-361.
https://doi.org/10.1007/s40003-016-0223-9

Lal, R. (2015). Restoring soil quality to mitigate soil degradation.
Sustainability, 7, 5875-5895.

Li, M., Wang, J., Guo, D., Yang, R., & Fu, H. (2019). Effect of land
management practices on the concentration of dissolved or-
ganic matter in soil: A meta-analysis. Geoderma, 344, 74-81.
https://doi.org/10.1016/j.geoderma.2019.03.004

Li, Z., Liu, M., Wu, X., Han, F., & Zhang, T. (2010). Effects of long-
term chemical fertilization and organic amendments on dy-
namics of soil organic C and total N in paddy soil derived from
barren land in subtropical China. Soil and Tillage Research, 106,
268-274. https://doi.org/10.1016/j.still.2009.12.008

Liu, S., Wang, J., Pu, S., Blagodatskaya, E., Kuzyakov, Y., & Razavi, B.
S. (2020). Impact of manure on soil biochemical properties: A
global synthesis. Science of the Total Environment, 745, 141003.
https://doi.org/10.1016/j.scitotenv.2020.141003

85UB01 SUOWIWOD SAIERID 3|01 idde au Aq peueAob afe Sepie O (88N JO S3|n Joj A%eig 1T 8UIIUO A3]IM UO (SUORIPUOD-PUR-SWLS}/W0"AB| 1M AReiq 1 Bu1JUO//SdIY) SUORIPUCD PUe SLe 1 8U} 885 *[¢202/50/80] U0 Aziqi@uIuO AB]IM ‘10UN0D Uo1easay eIIPSIN PUY U3ESH [EUOTIEN AQ 800ET WINS/TTTT OT/I0p/U0D" AB3] 1M AReiq 1/ou U0 S U0 ssq//Sdy woJy pepeoiumod ‘T Y20z ‘€7.26LYT


https://doi.org/10.3390/su7010866
https://doi.org/10.3390/su7010866
https://doi.org/10.1016/j.catena.2020.104617
https://doi.org/10.1016/j.catena.2020.104617
https://doi.org/10.3390/plants10081499
https://doi.org/10.3390/plants10081499
https://doi.org/10.1007/s11368-020-02846-2
https://doi.org/10.1007/s11368-018-2061-9
https://doi.org/10.1007/s11368-018-2061-9
https://doi.org/10.1007/s11356-023-26295-9
https://doi.org/10.1016/j.soilbio.2009.11.020
https://doi.org/10.1016/j.soilbio.2009.11.020
https://doi.org/10.1016/j.still.2022.105378
https://doi.org/10.1016/j.still.2022.105378
https://doi.org/10.1016/j.agee.2020.107027
https://doi.org/10.1016/j.biortech.2005.09.033
https://doi.org/10.1007/s11356-014-3649-2
https://doi.org/10.1007/s11356-014-3649-2
https://doi.org/10.1007/s11104-012-1554-3
https://doi.org/10.1007/s11104-012-1554-3
https://doi.org/10.1007/s11368-021-03097-5
https://doi.org/10.1007/s11368-021-02885-3
https://doi.org/10.17170/kobra-202002281030
https://doi.org/10.1007/s40003-016-0223-9
https://doi.org/10.1016/j.geoderma.2019.03.004
https://doi.org/10.1016/j.still.2009.12.008
https://doi.org/10.1016/j.scitotenv.2020.141003

KICHAMU-WACHIRA ET AL.

Liu, T. J., Xu, Y., Xu, Z. H., & Deng, H. B. (2021). Effects of climate
change and local environmental factors on long-term tree
water-use efficiency and growth of Pseudolarix amabilis and
Cryptomeria japonica in subtropical China. Journal of Soils and
Sediments, 21, 869-880.

Ma, Q., Wen, Y., Wang, D., Sun, X., Hill, P. W.,, Macdonald, A,
Chadwick, D. R., Wu, L., & Jones, D. L. (2020). Farmyard ma-
nure applications stimulate soil carbon and nitrogen cycling by
boosting microbial biomass rather than changing its commu-
nity composition. Soil Biology and Biochemistry, 144, 107760.
https://doi.org/10.1016/j.s0ilbio.2020.107760

Mani, S. (2021). Effect of nutrient management on "N, §"C iso-
topes, and enzyme activities in higher altitude agricultural
soils, India. Geomicrobiology Journal, 38, 174-180. https://doi.
0rg/10.1080/01490451.2020.1822469

Marongwe, L. S., Nyagumbo, I., Kwazira, K., Kassam, A., & Friedrich,
T. (2012). Conservation agriculture and sustainable crop intensi-
fication: A Zimbabwe case study (Vol. 17). Food and agriculture
Organization of the United Nations (FAO).

Martinsen, V., Shitumbanuma, V., Mulder, J., Ritz, C., & Cornelissen,
G. (2017). Effects of hand-hoe tilled conservation farming on
soil quality and carbon stocks under on-farm conditions in
Zambia. Agriculture, Ecosystems and Environment, 241, 168—
178. https://doi.org/10.1016/j.agee.2017.03.010

Marumbi, R., Nyamugafata, P., Wuta, M., Tittonell, P., & Torquebiau,
E. (2020). Influence of planting basins on selected soil quality
parameters and sorghum yield along an agro-ecological gradi-
ent in south eastern Zimbabwe. South African Journal of Plant
and Soil, 5, 26-52. https://doi.org/10.4314/sajest.v5i1.39821/
sajest.2020.001

McCorkle, E. P., Berhe, A. A., Hunsaker, C. T., Johnson, D. W.,
McFarlane, K. J., Fogel, M. L., & Hart, S. C. (2016). Tracing
the source of soil organic matter eroded from temperate for-
est catchments using carbon and nitrogen isotopes. Chemical
Geology, 445, 172-184. https://doi.org/10.1016/j.chemgeo.2016.
04.025

Mikha, M. M., Hergert, G. W., Benjamin, J. G., Jabro, J. D., & Nielsen,
R. A. (2017). Soil organic carbon and nitrogen in long-term
manure management system. Soil Science Society of America
Journal, 81(2), 153-165. https://doi.org/10.2136/sss2j2016.04.
0107

Mikha, M. M., & Rice, C. W. (2004). Tillage and manure effects on
soil and aggregate-associated carbon and nitrogen. Soil Science
Society of America Journal, 68(3), 809-816. https://doi.org/10.
2136/ss52j2004.8090

Moreno-Maroto, J. M., & Alonso-Azcarate, J. (2022). Evaluation of
the USDA soil texture triangle through Atterberg limits and
an alternative classification system. Applied Clay Science, 229,
106689. https://doi.org/10.1016/j.clay.2022.106689

Muema, E., Mburu, J., Coulibaly, J, & Mutune, J. (2018).
Determinants of access and utilisation of seasonal climate
information services among smallholder farmers in Makueni
County, Kenya. Heliyon, 4(11), e00889. https://doi.org/10.
1016/j.heliyon.2018.e00889

Mupangwa, W., Twomlow, S., & Walker, S. (2013). Cumulative ef-
fects of reduced tillage and mulching on soil properties under
semi-arid conditions. Journal of Arid Environments, 91, 45-52.
https://doi.org/10.1016/j.jaridenv.2012.11.007

Nessa, A., Bai, S. H., Wang, D. J., Karim, Z., Omidvar, N., Zhan, J., &
Xu, Z. H. (2021). Soil nitrification and nitrogen mineralization

SoilUse %g&w Wl LEY 13 of 14

and Management SGEnte

SGiEnce

responded non-linearly to the addition of wood biochar pro-
duced under different pyrolysis temperatures. Journal of Soils
and Sediments, 21, 3813-3824.

Ng'ang'a, S. K., Jalang'o, D. A., & Girvetz, E. H. (2019). Soil carbon
enhancing practices: A systematic review of barriers and en-
ablers of adoption. SN Applied Sciences, 1, 1-21. https://doi.
0rg/10.1007/s42452-019-1747-y

Nyamangara, J., Marondedze, A., Masvaya, E., Mawodza, T.,
Nyawasha, R., Nyengerai, K., Tirivavi, R., Nyamugafata, P., &
Wuta, M. (2014). Influence of basin-based conservation agri-
culture on selected soil quality parameters under smallholder
farming in Zimbabwe. Soil Use and Management, 30(4), 550-
559. https://doi.org/10.1111/sum.12149

Omidvar, N., Ogbourne, S. M., Xu, Z., Burton, J., Ford, R., Salehin,
B., Tahmasbian, I., Michael, R., Wilson, R., & Bai, S. H. (2023).
Effects of herbicides and mulch on the soil carbon, nitrogen,
and microbial composition of two revegetated riparian zones
over 3years. Journal of Soils and Sediments, 23(7), 2766-2782.

Omidvar, N., Xu, Z., Nguyen, T. T. N., Salehin, B., Ogbourne, S., Ford,
R., & Bai, S. H. (2021). A global meta-analysis shows soil nitro-
gen pool increases after revegetation of riparian zones. Journal
of Soils and Sediments, 21, 665-677.

Palombi, L., & Sessa, R. (2013). Climate-smart agriculture:
Sourcebook. Food and Agriculture Organization of the United
Nations (FAO).

Powlson, D. S., Whitmore, A. P., & Goulding, K. W. (2011). Soil
carbon sequestration to mitigate climate change: A critical
re-examination to identify the true and the false. European
Journal of Soil Science, 62, 42-55. https://doi.org/10.1111/j.
1365-2389.2010.01342.x

Quemada, M., & Gabriel, J. L. (2016). Approaches for increasing
nitrogen and water use efficiency simultaneously. Global Food
Security, 9, 29-35. https://doi.org/10.1016/].gf5.2016.05.004

Reverchon, F., Xu, Z. H., Blumfield, T. J., Chen, C. R., & Abdullah,
K. M. (2012). Impact of global climate change and fire on the
occurrence and function of understorey legumes in forest eco-
systems. Journal of Soils and Sediments, 12, 150-160.

Rui, Y. C.,, Wang, S. P, Xu, Z. H., Wang, Y. F., Chen, C. R., Zhou, X.
Q.,Lu, S. B, & Hu, Y. G. (2011). Warming and grazing affect soil
labile carbon and nitrogen pools in an alpine meadow ecosys-
tem of the Qinghai-Tibet plateau in China. Journal of Soils and
Sediments, 11, 903-914.

Sainju, U. M., Senwo, Z. N., Nyakatawa, E. Z., Tazisong, I. A., &
Reddy, K. C. (2008). Soil carbon and nitrogen sequestration as
affected by long-term tillage, cropping systems, and nitrogen
fertiliser sources. Agriculture, Ecosystems and Environment,
127, 234-240. https://doi.org/10.1016/j.agee.2008.04.006

Saiz, G., Wandera, F. M., Pelster, D. E., Ngetich, W., Okalebo, J. R.,
Rufino, M. C., & Butterbach-Bahl, K. (2016). Long-term assess-
ment of soil and water conservation measures (Fanya-juu ter-
races) on soil organic matter in south eastern Kenya. Geoderma,
274, 1-9. https://doi.org/10.1016/j.geoderma.2016.03.022

Sandhu, S., Sekaran, U., Ozlu, E., Hoilett, N. O., & Kumar, S. (2019).
Short-term impacts of biochar and manure application on soil
labile carbon fractions, enzyme activity, and microbial com-
munity structure. Biochar, 1, 271-282. https://doi.org/10.1007/
$42773-019-00025-2

Sarker, J. R., Singh, B. P., Dougherty, W. J., Fang, Y., Badgery, W.,,
Hoyle, F. C., Dalal, R. C., & Cowie, A. L. (2018). Impact of agri-
cultural management practices on the nutrient supply potential

85UB01 SUOWIWOD SAIERID 3|01 idde au Aq peueAob afe Sepie O (88N JO S3|n Joj A%eig 1T 8UIIUO A3]IM UO (SUORIPUOD-PUR-SWLS}/W0"AB| 1M AReiq 1 Bu1JUO//SdIY) SUORIPUCD PUe SLe 1 8U} 885 *[¢202/50/80] U0 Aziqi@uIuO AB]IM ‘10UN0D Uo1easay eIIPSIN PUY U3ESH [EUOTIEN AQ 800ET WINS/TTTT OT/I0p/U0D" AB3] 1M AReiq 1/ou U0 S U0 ssq//Sdy woJy pepeoiumod ‘T Y20z ‘€7.26LYT


https://doi.org/10.1016/j.soilbio.2020.107760
https://doi.org/10.1080/01490451.2020.1822469
https://doi.org/10.1080/01490451.2020.1822469
https://doi.org/10.1016/j.agee.2017.03.010
https://doi.org/10.4314/sajest.v5i1.39821/sajest.2020.001
https://doi.org/10.4314/sajest.v5i1.39821/sajest.2020.001
https://doi.org/10.1016/j.chemgeo.2016.04.025
https://doi.org/10.1016/j.chemgeo.2016.04.025
https://doi.org/10.2136/sssaj2016.04.0107
https://doi.org/10.2136/sssaj2016.04.0107
https://doi.org/10.2136/sssaj2004.8090
https://doi.org/10.2136/sssaj2004.8090
https://doi.org/10.1016/j.clay.2022.106689
https://doi.org/10.1016/j.heliyon.2018.e00889
https://doi.org/10.1016/j.heliyon.2018.e00889
https://doi.org/10.1016/j.jaridenv.2012.11.007
https://doi.org/10.1007/s42452-019-1747-y
https://doi.org/10.1007/s42452-019-1747-y
https://doi.org/10.1111/sum.12149
https://doi.org/10.1111/j.1365-2389.2010.01342.x
https://doi.org/10.1111/j.1365-2389.2010.01342.x
https://doi.org/10.1016/j.gfs.2016.05.004
https://doi.org/10.1016/j.agee.2008.04.006
https://doi.org/10.1016/j.geoderma.2016.03.022
https://doi.org/10.1007/s42773-019-00025-2
https://doi.org/10.1007/s42773-019-00025-2

14 of 14 =
Wl LEY SoilUse

KICHAMU-WACHIRA ET AL.

and Management

of soil organic matter under long-term farming systems. Soil
and Tillage Research, 175, 71-81. https://doi.org/10.1016/j.still.
2017.08.005

Shan, Y., Huang, M., Suo, L., Zhao, X., & Wu, L. (2019). Composition
and variation of soil §°N stable isotope in natural ecosystems.
Catena, 183, 104236. https://doi.org/10.1016/j.catena.2019.
104236

Smith, P., Soussana, J. F., Angers, D., Schipper, L., Chenu, C., Rasse,
D. P, Batjes, N. H., Van Egmond, F., McNeill, S., & Kuhnert, M.
(2020). How to measure, report and verify soil carbon change
to realise the potential of soil carbon sequestration for atmo-
spheric greenhouse gas removal. Global Change Biology, 26,
219-241. https://doi.org/10.1111/gcb.14815

Soil Survey Division. (2017). Soil survey manual. In Soil conservation
service handbook 18. U.S. Department of Agriculture.

Succarie, A., Xu, Z. H., & Wang, W. J. (2022). The variation and
trends of nitrogen cycling and nitrogen isotope composition
in tree rings: The potential for fingerprinting climate extremes
and bushfires. Journal of Soils and Sediments, 22, 2343-2353.

Succarie, A., Xu, Z. H., Wang, W.J,, Liu, T. J., Zhang, X. T., & Cao, X.
D. (2020). Effects of climate change on tree water use efficiency,
nitrogen availability and growth in boreal forest of northern
China. Journal of Soils and Sediments, 20, 3607-3614.

Sun, F. F.,, Kuang, Y. W., Wen, D. Z., Xu, Z. H., Li, J. L., Zuo, W. D,, Li,
J., & Hou, E. Q. (2010). Long-term tree growth rate, water use
efficiency and tree ring nitrogen isotope composition of Pinus
massoniana in response to global climate change and local
nitrogen deposition in southern China. Journal of Soils and
Sediments, 10, 1453-1465.

Sun, W. L., Xu, Z. H., Ibell, P, & Bally, I. (2021). Genetic and en-
vironmental influence on foliar carbon isotope composition,
nitrogen availability and fruit yield of 5-year-old mango plan-
tation in tropical Australia. Journal of Soils and Sediments, 21,
1609-1620.

Thierfelder, C., & Wall, P. (2012). Effects of conservation agriculture
on soil quality and productivity in contrasting agro-ecological
environments of Zimbabwe. Soil Use and Management, 28,
209-220. https://doi.org/10.1111/j.1475-2743.2012.00406.x

Wang, D., Xu, Z., Blumfield, T. J., & Zalucki, J. (2020). The potential
of using 15N natural abundance in changing ammonium-N
and nitrate-N pools for studying in situ soil N transformations.
Journal of Soils and Sediments, 20, 1323-1331. https://doi.org/
10.1007/511368-019-02478-1

Wang, J., Wang, X., Xu, M., Feng, G., Zhang, W., Yang, X., & Huang,
S. (2015). Contributions of wheat and maize residues to soil
organic carbon under long-term rotation in North China.
Scientific Reports, 5(1), 11409.

Wang, L., Okin, G. S., D'Odorico, P., Caylor, K. K., & Macko, S. A.
(2013). Ecosystem-scale spatial heterogeneity of stable isotopes
of soil nitrogen in African savannas. Landscape Ecology, 28,
685-698. https://doi.org/10.1007/s10980-012-9776-6

Wang, Y., Xu, Z., & Zhou, Q. (2014). Impact of fire on soil gross ni-
trogen transformations in forest ecosystems. Journal of Soils
and Sediments, 14, 1030-1040. https://doi.org/10.1007/s1136
8-014-0879-3

Wang, Y. Z., Xu, Z. H., Zheng, J. Q., Abdullah, K. M., & Zhou, Q. X.
(2015). 5N of soil nitrogen pools and their dynamics under
decomposing litters in a suburban native forest subject to pre-
scribed burning in Southeast Queensland, Australia. Journal of
Soils and Sediments, 15, 1063-1074.

Wu, J., Song, M., Ma, W,, Zhang, X., Shen, Z., Tarolli, P., Wurst, S.,
Shi, P.,, Ratzmann, G., & Feng, Y. (2019). Plant and soil's SN
are regulated by climate, soil nutrients, and species diversity in
alpine grasslands on the northern Tibetan plateau. Agriculture,
Ecosystems and Environment, 281, 111-123. https://doi.org/10.
1016/j.agee.2019.05.011

Xu, Z. H., Chen, C. R., He, J. Z., & Liu, J. X. (2009). Trends and chal-
lenges in soil research 2009: Linking global climate change
to local long-term forest productivity. Journal of Soils and
Sediments, 9, 83-88.

Xu, Z. H., Ward, S., Chen, C., Blumfield, T., Prasolova, N., & Liu,
J. (2008). Soil carbon and nutrient pools, microbial properties
and gross nitrogen transformations in adjacent natural forest
and hoop pine plantations of subtropical Australia. Journal of
Soils and Sediments, 8, 99-105. https://doi.org/10.1065/jss2008.
02.276

Zhang, Y. L., Zhang, M. Y., Tang, L., Chen, H., Hu, T., Blumfield,
T., Boyd, S., Nouansyvong, M., & Xu, Z. H. (2018). Long-term
harvesting residue retention could decrease soil bacterial
communities probably due to favouring oligotrophic lineages.
Microbial Ecology, 76, 771-781.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Kichamu-Wachira, E., Xu,
Z., Reardon-Smith, K., Winowiecki, L. A., Ayele, G.,
Biggs, D., Magaju, C., Taresh, S., Hosseini-Bali, S., &
Omidvar, N. (2024). Effects of planting basins and
farmyard manure addition on soil carbon and
nitrogen pools under on-farm conditions in Makueni
county of Kenya. Soil Use and Management, 40,
€13008. https://doi.org/10.1111/sum.13008

85UB01 SUOWIWOD SAIERID 3|01 idde au Aq peueAob afe Sepie O (88N JO S3|n Joj A%eig 1T 8UIIUO A3]IM UO (SUORIPUOD-PUR-SWLS}/W0"AB| 1M AReiq 1 Bu1JUO//SdIY) SUORIPUCD PUe SLe 1 8U} 885 *[¢202/50/80] U0 Aziqi@uIuO AB]IM ‘10UN0D Uo1easay eIIPSIN PUY U3ESH [EUOTIEN AQ 800ET WINS/TTTT OT/I0p/U0D" AB3] 1M AReiq 1/ou U0 S U0 ssq//Sdy woJy pepeoiumod ‘T Y20z ‘€7.26LYT


https://doi.org/10.1016/j.still.2017.08.005
https://doi.org/10.1016/j.still.2017.08.005
https://doi.org/10.1016/j.catena.2019.104236
https://doi.org/10.1016/j.catena.2019.104236
https://doi.org/10.1111/gcb.14815
https://doi.org/10.1111/j.1475-2743.2012.00406.x
https://doi.org/10.1007/s11368-019-02478-1
https://doi.org/10.1007/s11368-019-02478-1
https://doi.org/10.1007/s10980-012-9776-6
https://doi.org/10.1007/s11368-014-0879-3
https://doi.org/10.1007/s11368-014-0879-3
https://doi.org/10.1016/j.agee.2019.05.011
https://doi.org/10.1016/j.agee.2019.05.011
https://doi.org/10.1065/jss2008.02.276
https://doi.org/10.1065/jss2008.02.276
https://doi.org/10.1111/sum.13008

	Effects of planting basins and farmyard manure addition on soil carbon and nitrogen pools under on-­farm conditions in Makueni county of Kenya
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Soil sample collection and analysis
	2.3|Statistical analysis

	3|RESULTS
	3.1|Soil total C and total N
	3.2|Soil δ13C and δ15N
	3.3|Impact of geographical location and other environmental factors

	4|DISCUSSION
	4.1|Soil total C and total N
	4.2|Soil δ13C and δ15N

	5|CONCLUSION
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	CONSENT TO PARTICIPATE
	CONSENT TO PUBLISH
	REFERENCES


