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Abstract. In arable soils, a substantial portion of soil or-
ganic carbon (SOC) is stored below the plough layer. To
develop sustainable soil management strategies, it is impor-
tant to assess how they affect the quantity of SOC stored in
the subsoil. Therefore, we investigated the impact of organic
and inorganic nutrient inputs on SOC stocks down to 70 cm
depth in a long-term field trial in Embu, Kenya. There were
three organic input treatments (manure, Tithonia diversifolia
residues, and maize stover) and a control treatment, each with
and without the application of mineral nitrogen. These differ-
ent treatments were applied to a maize monoculture over 38
growing seasons (19 years). Our results show that manure ap-
plication had the largest positive impact on SOC stocks com-
pared to the control; this effect was observed down to 60 cm
depth. In contrast, Tithonia diversifolia and maize stover ap-
plication led to significantly larger SOC stocks compared to
the control, although this was only within the top 20 cm and
40 cm, respectively. Among the three organic residue treat-
ments, only the application of manure had a significant ef-
fect on the SOC stock of the subsoil (i.e. the 30—70 cm depth
layer). However, when considering the whole measured pro-
file (i.e. 0-70 cm), all treatments led to significantly higher
SOC stocks compared to the 91 + 12t Cha™! of the control:
manure had the highest stocks (120 £24t C ha™1), followed
by maize stover (11217t Cha™') and Tithonia diversi-
folia (1054 11t Cha~'). Mineral nitrogen application did
not have a significant impact on SOC stocks down to 70 cm
depth. Our findings demonstrate that SOC in the subsoil com-
prised 48.5 % £ 1.7 % of the total SOC stocks across the 0—
70 cm soil profile; however, only manure application affected
subsoil OC levels, whereas other organic amendments solely

increased SOC in the surface layer. Our results imply that
gathering knowledge on the soil below the typically stud-
ied 0-30 cm depth layer will improve the overall assessment
of agroecosystem properties, which is necessary to optimize
soil system resilience, limit organic matter losses, and im-
prove crop productivity.

1 Introduction

Globally, food production systems need to satisfy the food
demand of an increasingly taxing and growing population.
However, changing land use for food production and increas-
ing productivity leads to intense utilization of our limited
natural resources, which can have a negative impact on the
quality of groundwater and the atmosphere. In the long term,
intensifying agriculture also leads to soil quality degrada-
tion (e.g. through crusting, compaction, erosion, and the de-
pletion of organic matter) (Lal, 2008). Tropical regions are
currently experiencing the most significant land-use change
globally, largely due to the rapid conversion of natural habi-
tats to agricultural land (Hansen et al., 2013). Between 1988
and 2017, eastern Africa followed this trend, experiencing a
substantial land-use transformation, with cropland expanding
by 35 % and settlements by 43 %, primarily at the expense of
woody vegetation (Bullock et al., 2021). This swift alteration
of land use has had substantial effects on the amount of soil
organic carbon (SOC) stored in tropical ecosystems, which
contain approximately 44 % of the global SOC (Veldkamp et
al., 2020). The concentration of SOC is an important compo-
nent of soil fertility, as it serves as a vital nutrient source for
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plants and microbes (Chen and Aviad, 1990; Trevisan et al.,
2010). Thus, maintaining SOC levels over time is crucial for
sustaining soil productivity, especially in the highly weath-
ered soils of tropical regions, which are particularly prone to
organic carbon (OC) loss (Feller and Beare, 1997). The con-
version of tropical forests to agriculture typically results in
an average reduction in the OC concentration in the topsoil
(down to a depth of 30 cm) of around 50 % within 25 years
(Veldkamp et al., 2020).

The regular harvesting of crops in farming systems re-
sults in the removal of nutrients that the plants have taken
up. Thus, inadequate inputs of organic matter and nutrients
in the farming systems of sub-Saharan Africa (SSA) often
lead to the loss of SOC and nutrient depletion, contributing to
the lower yields observed in SSA compared to other regions
of the world (Vanlauwe and Giller, 2006). Therefore, agri-
cultural management should not only aim at increasing crop
yield in the short term but also at maintaining SOC at a level
that retains the key functions that it regulates (e.g. nutrient
cycling, water retention, improved cation exchange capacity
(CEC), soil structure stabilization, and promotion of biodi-
versity) in the long term (Wiesmeier et al., 2019). Ideally, the
management of cropping systems should respect the princi-
ples of sustainable intensification by maximizing production
while preserving the environment; different management ap-
proaches exist to reach this goal (Pretty, 2011). An example
of this is integrated soil fertility management (ISFM), which
is defined by Vanlauwe et al. (2010) as “a set of soil fertil-
ity management practices that necessarily include the use of
fertilizer, organic inputs, and improved germplasm combined
with the knowledge on how to adapt these practices to local
conditions, aiming at maximizing agronomic use efficiency
of the applied nutrients and improving crop productivity. All
inputs need to be managed following sound agronomic prin-
ciples”. This approach promotes various practices, including
the combined application of mineral fertilizer and organic
residues (ORs) such as plant residues, manure, and, com-
post. Such practices aim to enhance crop productivity while
preserving soil fertility, especially in a context where input
availability is often limited, as is the case for smallholder
farming in SSA.

Applying ORs over multiple years in tropical croplands
can significantly increase the SOC content (Fujisaki et al.,
2018), despite faster SOC turnover rates in tropical climates
compared to temperate regions (Wang et al., 2018). However,
the contribution of ORs to the amount of SOC is, in part, con-
trolled by the type of added OR (Cérdova et al., 2018). The
residue quality has traditionally been defined by the nitro-
gen, lignin, and polyphenol content of organic inputs; over-
all, the lower the (lignin 4 polyphenol) / N ratio, the higher
the quality of the residue (Chivenge et al., 2011b; Vanlauwe
et al., 2005). According to Cérdova et al. (2018), applying
high-quality residues has the potential to lead to a higher
accumulation of stable C in the soil compared with low-
quality residues. However, an incubation experiment on trop-
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ical soil indicated that, while this might be true in the short
term, the initial OR quality does not affect SOC accumula-
tion in the long term (Gentile et al., 2011). Moreover, Laub
et al. (2023b) found that, for four tropical agroecosystems in
Kenya, it is mainly the application of animal manure that has
the potential to limit SOC losses from intensive arable soil
use. Most importantly, according to Vanlauwe et al. (2015),
the efficiency of strategies to increase the SOC content is de-
termined by variations in local soil conditions. This is sup-
ported by the variability in results obtained by different stud-
ies in tropical soils that either suggest that (1) increasing the
SOC content with adapted practices is possible (Adams et
al., 2020; Fujisaki et al., 2018; Laub et al., 2022) or (2) the
application of large amounts of organic residues is not suf-
ficient to increase or even maintain the SOC content (Ki-
hara et al., 2020; Cardinael et al., 2022; Laub et al., 2023b).
The contradictory findings across tropical regions highlight
the complexity of SOC dynamics in these agroecosystems,
where different factors, such as initially high SOC contents,
favourable conditions to decomposition, and the limited ca-
pacity of 1: 1 kaolinite clay minerals to stabilize OC, con-
tribute to consistent SOC losses despite the application of or-
ganic residues in tropical soils (Laub et al., 2023b; Six et al.,
2002; Sommer et al., 2018). This knowledge gap is particu-
larly evident in tropical agroecosystems, where the interac-
tions between organic amendments, soil properties, and SOC
stabilization mechanisms remain poorly understood, neces-
sitating further research.

In most studies on agroecosystems, soils are studied down
to 30 cm on average (Yost and Hartemink, 2020). Therefore,
we defined the threshold between the topsoil and subsoil as
30 cm. Additionally, while field studies on plant nutrient ac-
quisition from the subsoil are rare, it has been shown that
crop nutrient availability can be improved when ORs and
mineral fertilizer are placed in deeper soil layers (2040 cm
depth), suggesting that subsoil OC can play an active role in
nutrient use efficiency (Liu et al., 2021; Ma et al., 2022). This
seems rational, as most plant roots extend beyond a depth
of 30 cm, allowing them to benefit from nutrient availability
and cycling in the subsoil (Greenwood et al., 1982; Tardieu,
1988). Also, studying only topsoil OC is not sufficient to es-
timate the effect of management practices on the OC storage
capacity of soils, as it is estimated that 50 % of SOC stocks
are located below 30 cm (Balesdent et al., 2018; Lal, 2018;
Shumba et al., 2024; Yost and Hartemink, 2020). Moreover,
not only do plant roots and their associated exudates provide
direct OC inputs to the subsoil (Van de Broek et al., 2020),
but organic matter applied in the topsoil also undergoes cy-
cles of sorption and desorption through microbial processing,
gradually migrating down the soil profile (Kaiser and Kalb-
itz, 2012a). The average residence time of subsoil OC ranges
from decades to millennia (Balesdent et al., 2018; Mathieu
etal., 2015), making the subsoil a potential long-term carbon
sink (Rumpel and Kogel-Knabner, 2011). However, only a
small proportion of new OC inputs to the subsoil can poten-
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tially be stabilized in the long term or are able to affect the
subsoil environment in the short term (Sierra et al., 2024).
These new OC inputs in the subsoil can be detected through
their A'4C signature, which is used as a proxy for the age of
carbon-containing soil components (Ehleringer et al., 2000;
Trumbore et al., 1989). Furthermore, § 13C can be used to de-
tect the portion of C3 plant residues compared to C4 plant
residues in the subsoil, enabling, for example, the tracking
of maize-derived carbon inputs (Balesdent et al., 1987; Far-
quhar et al., 1989). Understanding the impact of the appli-
cation of ORs on SOC storage in the subsoil would aid the
investigation of the importance of the subsoil environment
for plant nutrient accessibility.

In a recent study conducted at the same long-term
field trial location studied in this paper (Embu), Laub et
al. (2023b) showed that all nutrient management treatments
resulted in significant topsoil SOC losses, while the use of
farmyard manure was the most effective strategy to min-
imize the loss of SOC. In their study on the Embu site,
they observed consistent decreases in the SOC concentra-
tion over time for all treatments (Fig. S8). The control treat-
ment showed the greatest decline, with a loss of about 0.6—
0.7 g Ckg~! yr~!. Despite differences in treatment effective-
ness with respect to maintaining OC, farmyard manure (at
4t Cha~!'yr™!) emerged as the most effective strategy to
limit SOC losses at Embu, with the lowest OC loss (i.e.
0.4g Ckg~!yr~"). However, the focus of the aforemen-
tioned work was on the effects of treatments above 15cm
depth. Therefore, in this study, we explore the effects on the
deeper soil layers, with a high vertical resolution (5 cm), at
the sites studied by Laub et al. (2023b).

Given the limited knowledge on how organic amendments
and fertilizer management affect subsoil OC dynamics in
tropical agroecosystems, this study aims to examine the im-
pact of different organic residue treatments on SOC stocks
down to 70 cm by answering the following research ques-
tion: “Down to which depth do the different organic residues
affect SOC stocks?”.

2 Methods
2.1 Study design
2.1.1 Study area

The field trial was initiated in Embu (0°30’S, 37°27'E;
1380 m above sea level), central Kenya, in 2002. At the site,
a continuous maize monoculture has been grown in two an-
nual growing seasons that coincide with the bimodal precip-
itation pattern. The long rainy season generally occurs from
March to September, with the precipitation amount gradually
decreasing toward the end of the season, leading into a dry
period. The short rainy season spans from October to Febru-
ary, also tapering off into a dry period. The average annual
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precipitation is 1175 mm, and the mean annual temperature
is 20.1 °C. The soil in this area is a highly weathered Humic
Nitisol. Originally, the site was covered by tropical evergreen
forest before conversion to a low-intensity agricultural area.
Before the experiment started, the site was terraced to ensure
that the plots were level. Additional details about the site can
be found in previously published studies (Chivenge et al.,
2009, 2011a; Gentile et al., 2008; Laub et al., 2023b).

2.1.2 Experimental design

The field experiment has a split-plot design with three
replications. Four nutrient management treatments were se-
lected for the present study, involving the application of
three organic residues with varying qualities (at a rate of
40t Cha™1 yr_l) and a control treatment (Control; no or-
ganic residues were added). These application rates are
higher than those typically used by local farmers, thereby al-
lowing for a more pronounced assessment of the potential
impacts on SOC. These organic residues were applied once
annually before the long rainy season and were incorporated
in the soil through manual tilling to a depth of approximately
15 cm. Each plot was further divided into two subplots, with
one subplot receiving an application of 120 kg of mineral ni-
trogen per hectare per growing season (+N treatment), while
the other others did not receive any mineral nitrogen input
(—N treatment). Mineral N (CaNH4NO3) was applied twice
during each growing season: an initial 40kg Nha~! at plant-
ing and the remaining 80 kg Nha~! approximately 6 weeks
later as a top dressing. In every growing season, all plots
were subjected to a uniform application of 60kg Pha~! in
the form of triple superphosphate and 60 kg Kha~! as muri-
ate of potash at planting. The organic resources utilized in
the present study exhibited variations in quality, character-
ized by differences in the nitrogen, lignin, and polyphenol
contents (Table 1). These included pruned leaves, compris-
ing stems with a thickness of less than 2cm, from Titho-
nia diversifolia (Tithonia; high quality with rapid turnover),
stover of Zea mays (Stover; low quality and fast turnover),
and locally available farmyard manure (Manure; intermedi-
ate to high quality with intermediate turnover). The relevant
properties of the different organic inputs are given in Table 1.
After harvest, any remaining parts of the maize plant were
removed from the plots. Therefore, the only OC inputs left
from the maize crop came from the roots and root exudates.
This study focuses on the effect of organic residues as
compared to the control. The treatments include both the
—N and +N alternatives combined and are referred to here
as Manure (i.e. farmyard manure), Tithonia (i.e. residues of
Tithonia diversifolia), Stover (i.e. residues of maize stover),
and Control (i.e. no organic residue added). Whenever we
refer to a treatment specifically with or without mineral N, a
“—N” or a “+N” symbol is added to the treatment name. For
example, Manure —N represents the application of manure
without mineral N, whereas Control +N means no that only
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Table 1. Mean dry-matter properties of the organic resources ap-
plied (source: Laub et al., 2023b).

Measured property Manure Stover Tithonia
C(gkg™H 234 397 345
N (gkg™ 1 18.1 72 332
C /N ratio 123 58.7 124
P(gkg™hH 3.1 0.4 2.3
K (gkg™h 19.4 9 372
Lignin (gkg™!) 198 48 90
Polyphenols (gkg™1) 7.8 11.3 19
Lignin / N ratio 6.9 6.2 2.6
kgNin4.0tCha~!, -N (+N) 324 (564) 68 (308) 323 (563)

mineral fertilizer was added; however, Tithonia includes both
the Tithonia +N and Tithonia —N treatments.

2.1.3 Sample collection

The field campaign took place in February 2021, 19 years af-
ter the establishment of the long-term field trial and following
38 maize growing seasons. Undisturbed soil samples were
collected down to 70 cm using a gauge auger: one core was
taken near the middle of each sampled plot. Given the auger’s
50 cm length, samples were obtained in two stages: (1) a first
sample down to 50 cm and (2) a second sample from 50 to
70 cm using an extension for the auger. Subsections of 5cm
were obtained and weighed, and a 5g subsample of each
sample was immediately placed in an air-tight recipient to
determine the water content and calculate the bulk density
(see Sect. 2.2.1). The samples were sieved through an 8 mm
sieve on the day of collection and air-dried in Kenya. In the
lab, ca. 1 week later, the samples were sieved through a 2 mm
sieve, and the large organic residues (> 2 mm) that passed
through the sieve were removed by hand. The samples were
dried at 45 °C. Using a soil splitter, samples were separated
homogeneously in two parts, with one part being ground and
the other part being stored without grinding. The stocks of
SOC were determined for the following depth layers: 0-5,
5-10, 15-20, 25-30, 35-40, 45-50, 55-60, and 65-70 cm.
Each treatment (including the control) had two variations
(with and without mineral nitrogen input), each variation was
replicated 3 times (i.e. 4 treatments x 2 variations x 3 repli-
cates = 24 plots), and 8 depth layers were selected, resulting
in 192 samples.

2.2 Laboratory analyses
2.2.1 Bulk density

The dry weight of each subsection and the inside volume
of the auger were used to calculate the bulk density. Be-
cause of disturbances to samples collected from the 45-50
and 50-55 cm sections during sampling, the 45-50 and 50-
55cm sections’ bulk density values were replaced by the
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mean value of the 40—45 and 55-60 cm layers from the same
profile.

2.2.2  Soil organic carbon stocks and §!3C values

Before the analysis of OC and nitrogen, large organic matter
particles were removed with tweezers after the sample was
spread on a smooth surface. Samples were not treated with
HCl before OC analysis, as the pH of all samples was < 6 and
none of 12 samples to which HCI was added showed any re-
action, indicating the absence of carbonates. Afterward, 11—
15 mg of dried and ground soil was weighed in a tin cup. The
samples were analysed using an elemental analyser—isotope
ratio mass spectrometer (Thermo Flash HT/EA or CE 1110
coupled to a DELTA V Advantage), to obtain the OC and
nitrogen concentrations and 8'3C values. The OC concen-
tration was subsequently converted to stocks using the mea-
sured bulk density. While bulk density was available for each
depth layer in 5cm increments, the OC concentration was
only measured on selected layers (i.e. 0-5, 5-10, 15-20, 25—
30, 35-40, 45-50, 55-60, and 65-70 cm). To calculate SOC
stocks over the whole profile, depth layers without OC con-
centration measurements were first interpolated using avail-
able data from adjacent layers within each profile. This in-
terpolation was performed using the “approxfun” function in
R.

2.2.3 AMC values

Homogenized soil samples were fumigated in silver capsules
(Elementar) with HC1 (37 %) for 72h to remove carbonate
(Komada et al., 2008). Fumigated samples were neutralized
for 24 h at 60 °C over solid NaOH to remove residual acid.
The samples were wrapped in an § mm x 8§ mm x 15 mm tin-
foil boat (Elementar) and pressed prior to analysis. Fumi-
gated samples were analysed for A'4C using a gas ion source
of the MICADAS system at ETH Zurich. Samples were nor-
malized using oxalic acid II (NIST SRM4990C). The mea-
sured A'#C / §!2C ratios are reported as radiocarbon (F1#C),
as established by Stuiver and Polach (1977) (Reimer et al.,
2004).

2.2.4 Effective cation exchange capacity

Before the analysis of the effective cation exchange capac-
ity (CECeff), organic matter macroparticles were removed
from the soil sample. Subsequently, 2 g of dried and milled
soil was measured and placed in a centrifugation tube, and
25 mL of 0.01 M BaCl, was added. The sample was then ag-
itated on a reciprocal shaker at 150 rpm for 2h. Next, the
sample was centrifugated for 10 min at 2500 rpm. The super-
natant was then filtered through a Whatman 41 filter. After
filtration, 1 mL of the solution was diluted in 4 mL of wa-
ter (1/5 solution). The diluted solution was analysed using
inductively coupled plasma optical emission spectrometry
(ICP-OES; G8010A Agilent 5100 SVDV ICP-OES, Parent
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Asset SYS-10-5100). The concentrations of Al, Ca, K, Mg,
Mn, and Na in the solution were subsequently converted to
centimoles per kilogram of soil before calculating the CE-
Ceff by summing the concentrations of all of the aforemen-
tioned cations (Hendershot and Duquette, 1986). CECeff was
measured for the 0-5, 35—40, and 65-70 cm depth layers.

2.2.5 Soil texture

To analyse soil texture, 200-300 mg of soil sieved through
a 2mm sieve was weighed in a glass jar and treated four
times with 10mL H;O, in a warm water bath (ca. 50 °C)
to completely remove organic matter. The samples were then
transferred into a plastic tube, 7mL of 10 % (NaPO3)s was
added, and the mixture was shaken overnight to completely
disperse the soil minerals. The particle size was analysed
using a particle size analyser (LS13320, Beckman Coulter)
to obtain the fraction of clay (vol % < 2 um), silt (vol % 2—
53 um), and sand (vol % > 53 um). Texture was measured for
the 0-5, 45-50, and 65-70 cm depth layers.

2.2.6 Soil pH

The soil pH was determined using a pH meter (150 Series
waterproof handheld meter, Thermo Scientific™ Eutech™).
To prepare the soil samples, 10 g of dried soil was placed in
a tube, and 25 mL of deionized water was added. The tubes
were shaken on a reciprocal shaker at 150 rpm for 2h. Af-
terward, the slurry was allowed to settle for 24 h. Prior to
measurement, the pH electrode was calibrated using buffer
solutions with pH values of 7 and 4. Care was taken to en-
sure that the diaphragm of the electrode did not come into
contact with the soil particles. The pH was considered stable
when the measured pH value remained constant within 0.02
units over a period of 5s. The soil pH was measured for the
5-10, 15-20, 35-40, and 55-60 cm depth layers.

2.3 Statistical analysis

2.3.1 Linear mixed-effects models of the treatment
effects over the depth profile

To test which measured variables significantly affect SOC
stocks along the depth profile, a linear mixed-effects model
was constructed. Linear mixed-effects models are linear
models that allow one to separate an independent variable
into fixed effects and random effects. They are particularly
useful when more than one measurement is made on a given
statistical unit. Therefore, this type of model is suitable for
this work, as there was more than one sample for each site.
No outliers were detected, using the box plot method with
the “identify_outliers” R function (Kassambara, 2022). Nor-
mality of the data was confirmed visually (Fig. S1a), and ho-
mogeneity of variance was verified, showing no evident rela-
tionship between residuals and fitted values (Fig. S1b). The
linear mixed-effects model was built with the “Imer” function
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of the “ImerTest” package (Kuznetsova et al., 2017). To avoid
overfitting and ensure the robustness of the results, interac-
tions were excluded. This approach simplified the model,
focusing on the main effects and accounting for variability
through random effects, thereby reducing the risk of captur-
ing noise rather than true patterns. We evaluated the robust-
ness of the model by fitting six different linear mixed-effects
models using the Imer function. Each model included OC
stocks as the response variable, the sampling plot as a ran-
dom effect, and different combinations of fixed-effect predic-
tor variables: model 1 (depth, organic residues, mineral fertil-
izer, silt content, and sand content), model 2 (depth, silt con-
tent, and sand content), model 3 (depth and organic residues),
model 4 (depth and mineral fertilizer), model 5 (organic fer-
tilizer), and model 6 (mineral fertilizer). Other measured pa-
rameters, such as pH and CECeff, were not considered in
this model, as they correlated with the application of all
three types of organic residues (especially manure) (Fig. 1).
We then compared these models with an ANOVA to deter-
mine the best-fitting model based on the Akaike information
criterion (AIC), Bayesian information criterion (BIC), log-
likelihood, and deviance values (Table S1). To further test the
effect of organic residue treatment application in the deeper
soil layers, the same analysis was performed on a subset con-
taining only subsoil layers (Table S2).

2.3.2 Two-sample ¢ tests between treatments

To evaluate the impact of organic residue treatments on SOC
stocks along the soil profile, we examined SOC stocks at dif-
ferent depth intervals. This analysis involved conducting a
two-sample ¢ test for each organic residue treatment to assess
the difference in SOC stocks between the treatment and the
control across various depth layers. The depth layers exam-
ined included the OC stocks of the entire profile (0-70 cm),
the OC stocks of two combined topsoil or combined subsoil
depth layers (0-30 and 30-70 cm), and the OC stocks of each
individual 5 cm depth layer (0-5, 5-10, 15-20, 25-30, 35—
40, 45-50, 55-60, and 65-70 cm). To increase the statistical
power, statistical analyses were performed by combining the
+N and —N sub-treatments of the same treatment, thereby
focusing solely on the effect of organic residue application
on SOC stocks. This approach was justified by the results of
the linear mixed-effects model, which indicated that mineral
fertilizer did not significantly affect SOC over the depth pro-
file.

Due to the violation of homogeneity of variance for
some depth layers, OC stock data were log-transformed. An
ANOVA was then performed on each depth layer, after nor-
mality and homogeneity assumptions of the log-transformed
data were confirmed (Table S5). Given the limited data from
the long-term field trial and the increasing variability with
depth, we opted for ¢ tests over Tukey’s test to identify which
OR treatment had significantly higher OC stocks than the
control treatment and at which depth layers. Compared to
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t tests, Tukey’s test following an ANOVA would be more
negatively affected by the limited statistical power in this
study. Our choice was supported by the fact that, when the
statistical significance of the ¢ test was not achieved, the
statistical power (see Sect. 2.3.3) was always below 80 %
(Fig. 4). Therefore, we argue that type-I error inflation due
to the number of ¢ tests performed does not apply in our con-
text, and we are more likely to encounter type-II errors.

We conducted a Welch two-sample ¢ test on log-
transformed OC stocks between the control and each or-
ganic residue treatment at every depth layer mentioned ear-
lier. This analysis was performed using the “t.test” function
in R, after normality and homogeneity assumptions of the
log-transformed data were confirmed (Table S4, Fig. S9).
Treatments were considered significantly different than the
control when their p value was < 0.05. In the analysis of each
5 cm depth layer, if one layer showed a p value greater than
0.05 while the two layers above and the two layers below
showed significant differences compared to the control, the
lack of significance in the layer above was attributed to sam-
pling variability. Consequently, the treatment was considered
to affect OC stocks down to the deepest layer where a signif-
icant deviation from the control was observed. This was only
the case for the Manure treatment at a depth of 25-30 cm.

The impact of organic residue treatments on soil pH and
CECeff was further assessed using a Welch two-sample
t test, similar to the approach used for the analysis of SOC
stocks. These tests compared organic residue treatments with
the control treatment, with all treatments including combined
+N and —N sub-treatments, at each individual depth layer
where these parameters were measured.

To validate the findings of the linear mixed-effects model
regarding the effect of mineral fertilizer, we compared the
difference between the +N and —N versions of each organic
residue treatment (as well as the control). This comparison
was performed using a Welch two-sample ¢ test across the
same depth layers utilized in the analysis of the effects of or-
ganic residues (i.e. 0-70, 0-30, 30-70, 0-5, 5-10, 15-20,
25-30, 35-40, 45-50, 55-60, and 65-70cm). The results
indicated no significant difference for any treatment at any
depth layer. This supports the methodology of combining
+N and —N treatments for the analysis of the effect of or-
ganic residues.

2.3.3 Power analysis of statistics on 5 cm depth layers

To determine whether the number of replicates was optimal
for testing the difference between OR application and con-
trol, a power analysis was performed using the “pwr.t.test”
R function (Champely, 2006). The analysis was performed
twice, and both times the Cohen d effect size measure (i.e.
standardized difference between two means) was used as an
input, along with a significance level of o = 0.05. The first
analysis determined the actual power, based on the num-
ber of samples used in each statistical analysis that we per-
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formed. The second analysis calculated the number of sam-
ples needed to reach a power of 80 % (i.e. the probability
that the test correctly rejects the null hypothesis when the
alternative hypothesis is true); therefore, power =0.8 was
used. This was performed for the analyses done at each in-
dividual 5 cm depth layer (0-5, 5-10, 15-20, 25-30, 35-40,
45-50, 55-60, and 65-70 cm) to assess if our study design
had sufficient statistical power to determine the exact depth
layer down to which the ORs were significantly affecting OC
stocks.

3 Results
3.1 Soil characteristics

The incorporation of organic residues, particularly manure,
resulted in overall higher pHy,o values, compared to the
other treatments, and led to a higher CECeff (Fig. 1). Al-
though the differences were not always significant between
the treatments at the same depth, the tendency was consis-
tent across all depth layers, suggesting that the effect of or-
ganic matter application on soil properties may not be lim-
ited to the topsoil. Variability in the soil pHy,o and CECeff
between treatments was greater in the topsoil, ranging from
4.2 to 6.6 for pH and from 5.3 to 19.0 (milliequivalents per
100 g) across all treatments. Mineral N fertilizer application
had a non-significant but consistently negative effect on pH
and CECeff in the control treatment (Fig. S3). Soil texture
was uniform across all treatments, with average clay, silt, and
sand proportions of 70 %, 26.6 %, and 1.6 %, respectively
(Fig. S4).

3.2 Effect of organic residues on SOC stocks

3.2.1 Effect of organic residue inputs on SOC stocks in
the top- and subsoil

When calculating the OC stocks for the topsoil and subsoil
separately, we found that, on average for all treatments, the
subsoil layer (30-70 cm depth) contained 48.5 % %+ 1.7 % of
the total stocks of the entire 0—70 cm soil profile (Fig. 2).
Considering the whole measured profile, every treatment re-
ceiving organic amendments (combined for +/—N) led to
OC stocks that were significantly higher than OC stocks of
the control treatment. It is noted that this difference was sig-
nificant mainly because of the high differences in the topsoil
layer. Only the Manure treatment was significantly different
from Control in the subsoil (i.e. the 30-70 cm depth layer).

3.2.2 Effect of organic residue inputs on SOC stocks
along the soil profile

The difference in SOC stocks between the organic residue
treatments and the control was most pronounced in the top-
soil and gradually decreased with depth (Fig. 3). Accord-
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Figure 1. Box plots of the (a) effective cation exchange capacity (CECeff) and (b) pHy, 0 for organic residue treatments at different depth
layers. Significant differences between treatments at a similar depth are highlighted using an asterisk (*).
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Figure 2. Total stocks of organic carbon for (a) the 0-70 cm soil layer, (b) the topsoil (0-30 cm), and (c) the subsoil (30-70 cm). Significant
differences between organic residue treatments and the control are highlighted using an asterisk (*).

ing to the ANOVA performed on all of the different statis-
tical models, the model including all depths and the OR (i.e.
model 1) had the lowest AIC (596.05) and BIC (618.56), the
highest log-likelihood (—291.03), and the lowest deviance
(582.05) values, suggesting it was the best-fitting model (Ta-
ble S1). The R? of this model was 0.76, representing the vari-
ation in OC levels that this model explained, with 0.65 at-
tributed to fixed effects and 0.11 to random effects. Accord-
ing to the model, depth and the application of manure and
maize stover significantly impacted OC stocks but the appli-
cation of Tithonia did not (Table 2). The same analysis per-
formed on a subset containing only subsoil data yielded sim-
ilar results, with the best-fitting model including only depth
and organic residues as fixed effects and having an R? value
of 0.64. According to the best-fitting model for subsoils, ma-
nure and depth were the only significant variables affecting
OC stocks (Table S2). The application of mineral fertilizer
was not found to significantly affect OC stocks by any model.

In the topsoil (i.e. within the 0-30cm depth layer), OC
stocks ranged from 5.5 to 13.1t OCha™! per 5cm depth
layer (Fig. 3). The effect of organic residues on OC stocks
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Table 2. Summary statistics of the linear mixed-effects model for
soil organic carbon stocks on all measured depth layers.

Estimate  Standard error p value
Intercept 8.98 041 <2x10716 =
Depth —0.07 000 <2x10716 =
Manure 2.04 0.53 0.001 *
Stover 1.59 0.53 0.007 *
Tithonia 0.92 0.53 0.095

An asterisk (*) in the right-hand column means that the dependent variable is
significantly affecting the independent variable with a p value < 0.05.

per 5cm layer revealed the depth to which the different or-
ganic residues had a significant effect on SOC stocks (Fig. 3).
The ANOVA and the comparison of each organic residue
treatment with the control treatment per 5 cm layer revealed
that the application of organic residues had a significant ef-
fect on SOC stocks down to 60cm (Fig. 3, Table 3). In
the top 0-5cm, Manure had the highest OC stocks, with
112+ 1.6tha™!, and Control had a significantly lower OC
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Table 3. Summary statistics of the ANOVA testing the effect of all
OR treatments on OC stocks across depth layers.

Depth layer ~ Sum of squares  p value  Significance
0-5cm 0.27 0.01 *
5-10cm 0.24 0.01 *
15-20cm 029 < 0.01 *
25-30cm 0.26 0.03 *
35-40cm 0.33 0.02 *
45-50cm 0.34 0.05 *
55-60cm 0.33 0.05 *
65-70 cm 0.15 0.52
Carbon stocks per 5cm layer (t ha™ )
3 6 9 12
§ = Control
=t Stover
= Tithonia
2 * Manure

Figure 3. Profile of SOC stocks for each measured 5 cm layer (not
cumulative). The vertical bars on the left side of the graph show the
depth layers over which the SOC stocks for the different treatments
are significantly different from the control treatment.

stock, with 8.3 +£0.4tha~!. Manure significantly impacted
OC stocks down to 60 cm. At this depth layer (i.e. 55-60 cm),
Manure had an OC stock of 7.2 + 1.8 tha~!, whereas Control
had an OC stock of 5.24 0.6 tha~!. Stover was significantly
different from Control down to 40cm. The OC stocks of
the Tithonia treatment were only significantly different from
Control in the top 5-20 cm.

The power analysis indicated a high risk of type-II errors
(i.e. incorrectly rejecting that there is a significant differ-
ence), particularly in soil layers below 20 cm. For each OR
treatment and at each depth layer, the power of the test fell
below 80 % when no significant difference was detected be-
tween the OR and the control (Fig. 4a). This suggests that,
for these statistical tests, there is a greater than 20 % chance
of failing to detect a true effect. This implies that the absence
of a significant difference between the Control and either the
Stover or Tithonia treatments in deeper soil layers should be
interpreted with care. This is possibly due to the increased
data variability with increasing depth. Thus, the deeper down
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the soil profile, the more samples are needed to detect a true
effect of the treatment (Fig. 4b).

3.2.3 Effect of treatment on SOC stocks considering
the +N and —N treatments separately

The SOC stock in the 0-30cm layer was highest for
Manure —N and lowest for Control +N, with values of
60.948.0 and 44.1 £2.6t OCha™", respectively (Fig. 5a).
Similarly, over the measured profile (0-70 cm depth), Ma-
nure —N showed the highest OC stocks, whereas Control +N
showed the lowest, with mean values of 124.4 +24.5 and
85.9415.7t OCha~!, respectively (Fig. 5a). Therefore, the
Manure —N treatment maintained 38.5 4 8.8 t OC ha~! more
SOC in the 0-70 cm depth layer compared to the Control+N
treatment. Adding mineral nitrogen resulted in consistently
lower OC stock across the soil profile for Control but not for
Manure, Stover, or Tithonia (Fig. 5b). However, the differ-
ence between the +N and —N variation in each treatment
was not statistically significant for any depth layer.

3.3 The C/ N ratio and stable isotopes of organic
carbon

The C/N ratio of organic matter had values of between 10
and 12 along the soil profile, and it decreased with depth be-
low 30 cm (Fig. 6a). The C/N ratio across the depth profiles
was not significantly different between treatments; however,
below 30 cm, it tended to be lower in the Control treatment
compared to all organic residue treatments. This difference
was primarily due to the consistently lower C/N ratio of the
Control +N treatment at intermediate depths (Fig. S5).

Depth profiles of the §'>C value of SOC show that the
largest differences between the treatments are in the top
20cm of the soil (Fig. 6b). The lowest values are for the
Manure treatment (—19.5 %o to —20 %0), whereas the Stover
and Control treatments have the highest values (ca. —18 %o).
The §'3C value for the Tithonia treatment is intermediate (ca.
—18.5%o0). Below this depth, all treatments have similar §'3C
values, in the range of —17.5 %o to —18.5 %o, with a tendency
toward lower values in the Manure treatment. The §'3C value
of SOC for the Stover treatment is within the range of the
Control along the whole profile. Additionally, the §'3C sig-
natures of all treatments at depths below 50 cm are similar,
suggesting no influence of organic amendments on SOC be-
low this depth.

As observed in the depth profile of radiocarbon (F'*C),
the OC becomes older with depth, i.e. lower F!4C values
(Fig. 6¢). However, below the surface layer (i.e. the 0-5cm
depth layer), the F'*C values are higher (i.e. the OC is
younger) for all three treatments receiving organic amend-
ments, compared to the control treatment, suggesting that the
organic residue input affected OC below the layers at which
it was applied. The higher F'*C values for the Manure treat-
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power threshold is indicated by the dashed line. (b) The number of sample samples required to reach a statistical power of 80 % for each
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Figure 5. (a) The cumulative stocks of organic carbon plotted against depth for the —N and +N treatments and (b) the difference in OC
stocks between the +N and —N treatments at each measured 5 cm depth layer (not cumulative); values below zero indicate a loss of OC
when mineral nitrogen was applied. The differences in SOC stocks between the —N and 4N treatments were never significant.

ment in the deepest layer suggest that this treatment had the
largest impact on subsoil OC.

4 Discussion

Our results show that, at the studied tropical field trial site,
about 50 % of the SOC stock measured down to 70 cm was
located below 30cm, highlighting the importance of sub-
soil OC stocks. Moreover, the addition of farmyard manure,
Tithonia residue, and maize stover all had a positive impact
on SOC stocks, limiting the loss of organic matter compared
to the control treatment. Although this effect was greatest in
the top 20 cm, it could be observed down to 40 cm and 60 cm
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for the Stover and Manure treatments, respectively. The Ma-
nure treatment led to the highest OC stock values down to
70 cm. However, a power analysis indicated that more sam-
ples are required to accurately assess whether the effect of
organic residues on OC stocks in the subsoil is statistically
significant.

4.1 Application of manure affects OC in the subsoil

Our study shows that, although the calculated statistical
power indicated that more samples are needed to increase
confidence, the application of manure affected SOC stocks in
the subsoil at a tropical long-term field trial site. Among all of

Biogeosciences, 22, 2733-2747, 2025
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Figure 6. Soil profiles of the (a) C/N ratio, (b) § 3¢, and (c) F!4C for the different organic residue treatments. For Fl4c, only six plots were
measured, and there were two replicates for the Control and for Manure treatments.

the organic residues applied, only Manure had OC stocks that
were significantly larger than the Control in the 30-70 cm
depth layer (Fig. 2), and the application of manure signif-
icantly impacted OC stocks down to 60cm (Fig. 3). This
shows that organic residues can also influence SOC in the
subsoil. In addition, the A'*C values along the soil profile
suggest that the addition of manure led to the introduction of
fresh OC down to a depth of 65-70 cm. This was not mir-
rored in the 8'3C values for the deeper layers, suggesting
that only a small portion of the added organic amendments
made their way downward and that larger SOC stocks be-
cause of the Manure treatment are due to lower SOC losses
compared to the Control. However, the application of ma-
nure resulted in a significant increase in pH and CECeff
down to 40 cm compared to the Control. These results in-
dicate that this treatment can make the subsoil environment
more favourable to support plant growth.

Our findings are in line with those of Leuther et al. (2022),
who reported that high levels of manure application in a long-
term (36-year) field study in Germany increased OC stocks
at 35-45 cm depth, and Anandakumar et al. (2022), who ob-
served a significant increase in OC stocks between 25 and
50 cm depth after applying manure in a semi-arid tropical Al-
fisol in India. A known mechanism for OC transport across
the soil profile is in the form of dissolved organic carbon
(DOC), which moves downward through cycles of sorption
and desorption (Kaiser and Kalbitz, 2012b; Uselman et al.,
2007). In a long-term study in China, Liu et al. (2013) ob-
served that manure application increased the amount of DOC
down to 60cm, compared with straw residue application,
supporting the fact that manure may percolate further down
in the soil profile than plant residue. However, a study by
Sommer et al. (2018) revealed that manure was able to slow
steady losses of SOC from the topsoils of Kenyan Ferralsols
over time, although only when at least 4.0t Cha=! yr~! was
applied. While this is the same amount applied in our study, it
is the largest amount (compared to the common range of 0.9—
4t Cha~!yr~!) applied by Kenyan farmers who own cattle
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(Tittonell et al., 2008). Therefore, the impact of using manure
may not be as great in the deeper layers when considering a
scenario in which the common rates of manure application
are utilized. For instance, Laub et al. (2023b) did not observe
a significant effect on topsoil OC when the annual applica-
tion of manure was 1.2t Cha=! yr~!.

4.2 The effect of Tithonia diversifolia and maize stover
residues on OC could only be detected in the topsoil

In contrast to the Manure treatment, our results showed that
Tithonia and Stover did not significantly affect subsoil OC
stocks in the 30-70 cm layer (Fig. 2). Also, no significant
differences below 20 and 40 cm were observed in the indi-
vidual 5 cm depth layers (Fig. 3) for Tithonia and Stover, re-
spectively. However, for both treatments, the statistical power
was below 80 % at every depth layer where the treatments
were not significantly different from the control. This sug-
gests that the sample size was insufficient to prevent type-
II errors in the subsoil (Fig. 4a, b). Therefore, one must be
cautious when interpreting these non-significant differences.
Moreover, both the Tithonia and Stover treatments showed
signs of younger OC below 30cm depth compared to the
Control, as indicated by the higher F1*C values (Fig. 6¢).
Nevertheless, these effects in the 65—70 cm depth layer were
less pronounced compared to the Manure treatment. This
suggest that the effect of stover and Tithonia residues can be
traced below 30 cm but that this effect is not strong enough
to exert a significant impact on subsoil OC stocks. Thus, fur-
ther studies with more samples are needed to conclusively re-
ject the hypothesis that the application of Tithonia or stover
affects the subsoil environment. For instance, all OR treat-
ments had a significantly higher pH than the Control down
to 40 cm (Fig. 1). Our observations differ from the observa-
tions of Cérdova et al. (2018), who found that high-quality
residues led to a higher accumulation of OC in the soil com-
pared to low-quality residues, as stover had higher OC stocks
than Tithonia in the topsoil and in the subsoil. Nevertheless,
our results are in line with the meta-analysis results of Gross
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and Glaser (2021), who found manure to be more effective
with respect to stabilizing SOC than green manure. Their
meta-analysis was dominated by temperate soils, but their re-
sults are similar to those found here for a tropical soil.

The 8'3C signatures of OC in the topsoil under the Stover
and Control treatments were similar. However, as maize
is a C4 plant, it would be expected that, if more maize
stover residues were incorporated into the soil compared
to the Control treatment, the §13C signature of SOC would
be highest under the Stover treatment (Tieszen, 1991). As
the Stover treatment received 4t Cha~! yr—! more maize-
derived residues (i.e. stover) compared to the Control treat-
ment, the similar §'3C value in the topsoil suggests that the
additional organic matter inputs for the Stover treatment did
not result in additional SOC sequestration compared to the
Control. However, as topsoil OC stocks were significantly
larger for the Stover treatment compared to the Control treat-
ment, this indicates that the larger SOC stocks were due to
lower losses of initial SOC in the Stover treatment, not to
additional SOC sequestration.

Concerning the Tithonia treatment, the lower $13C values
of topsoil OC and the significantly larger topsoil SOC stocks
compared to the Control treatment suggest that the latter is
at least partly caused by the incorporation of OC originat-
ing from the Tithonia residues. The limited effect of both the
Stover and Tithonia treatments on topsoil 8'3C values sug-
gests that both residues are being quickly mineralized upon
application, which explains why they do not compensate for
the steady loss of OC in both treatments.

4.3 Mineral nitrogen does not significantly affect SOC
stocks

The linear mixed-effects model did not select mineral N as
a parameter with a significant impact on the SOC stocks.
This corroborates the meta-analysis conducted by Gram et
al. (2020) on integrated soil fertility management in sub-
Saharan Africa, which showed that mineral N fertilizer had
no significant impact on topsoil SOC concentrations. How-
ever, the interaction between SOC and mineral fertilizer
is complex, and two global meta-analyses on the effect of
mineral N on agricultural topsoil, conducted by Ladha et
al. (2011) and Liu et al. (2023), have suggested that the ad-
dition of mineral N fertilizer typically has a positive impact
on SOC content. One reason for this impact is that as mineral
fertilizer tends to enhance biomass production, it commonly
leads to an increase in the quantity of plant residues returned
to the soil, thereby positively impacting the soil organic mat-
ter content (Geisseler and Scow, 2014). This does not apply
at our study site in Embu, as the yield was not very respon-
sive to N fertilization and crop residues were removed from
the field after harvest (Laub et al., 2023a). Also, while Liu et
al. (2023) emphasize the significance of specific climatic and
environmental factors on the effects of mineral fertilizer ap-
plication on SOC, neither of the two meta-analyses included
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studies from eastern Africa (Ladha et al., 2011; Liu et al.,
2023). For instance, in a study conducted in Kenya, Ndung’u
et al. (2021) observed a decrease in the topsoil OC concen-
tration after the application of mineral nitrogen to Ferralsols,
while Laub et al. (2023b) did not observe a consistent effect
of mineral N on SOC stocks in four long-term agricultural
field trials in central and western Kenya.

The Control had the largest difference in OC stocks be-
tween the +N and the —N treatments when considering OC
stock over the whole 0-70 cm depth profile; i.e. Control +N
had a consistently lower OC stock than Control —N below
10cm (Fig. 5a). While this difference was not significant,
it suggests that the sole application of mineral nitrogen in-
creased the rate of OC loss at the study site. One possi-
ble explanation for this observation is that the application of
mineral fertilizer stimulates the activity of fast-growing mi-
croorganisms that can lead to a priming effect, accelerating
the decomposition of organic matter in the soil (Chen et al.,
2014). It is also possible that mineral nitrogen alone leads to
increased rates of OC loss, as it increases the degradation of
below-ground plant residues; for instance, mineral fertilizer
was shown to increase the degradation of young Cy4 lignin
(Hofmann et al., 2009).

4.4 The potential of organic inputs to reduce SOC loss
in tropical agroecosystems

There is a motivation to adopt agricultural practices to re-
duce the atmospheric CO; concentration by increasing SOC
storage (Bossio et al., 2020; Minasny et al., 2017). Accord-
ing to Corbeels et al. (2019), there is a potential to achieve
this in sub-Saharan Africa, not only as a measure to mitigate
climate change but also to improve crop productivity. How-
ever, the low F!*C values measured in each treatment, es-
pecially in the subsoil, indicate that very little of the freshly
added organic matter remains in the soil, suggesting that even
the application of significant amounts of OR would not con-
tribute substantially to climate change mitigation. This aligns
with the findings of Sierra et al. (2024), who demonstrated
that only a minimal amount of new OC input makes its way
through the profile and has the potential to remain stable
for periods extending beyond 50 years. Also, results from
Laub et al. (2023b) show that all treatments of the long-term
trial in Embu lost topsoil OC during the first ca. 20 years
of the field trials, despite the differences in magnitude be-
tween treatments. In accordance with the results of Laub et
al. (2023b) for topsoils (0—15cm), we show that, after 19
years, OC stocks down to 70 cm were largest for Manure —N
and lowest for Control +N, with values of 124 and 85tha~!,
respectively. This is a difference of 39t Cha~!, which rep-
resents about a 50 % higher OC stock in Manure —N than
in Control +N. Therefore, although the OC storage poten-
tial in soils that have been recently deforested, with mainly
low-activity clay minerals, is low, it is possible to optimize
agricultural nutrient management to minimize SOC losses.
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Furthermore, this could be combined with other appropri-
ate agricultural practices, such as increasing crop diversity
and rotating crops, which have the potential to improve OC
stocks and positively impact yields (Yang et al., 2024). Com-
bining these practices with the application of manure could
lead to the stabilization of SOC stocks over time.

5 Conclusions

Our study shows that organic amendments have an influence
on the SOC stocks throughout the soil profile in a tropical
arable soil. Using soil samples down to 70 cm from a long-
term field trial in central Kenya, we show that the applica-
tion of 4t Cha~!yr~! in the form of manure led to sig-
nificantly larger SOC stocks down to 60 cm compared to a
control treatment. In contrast, the application of residues of
Tithonia diversifolia and maize stover impacted SOC stocks
to a lower extent, and this effect was limited to the topsoil.
Due to insufficient statistical power for the subsoil for these
treatments, further research with larger sample sizes is nec-
essary to draw definitive conclusions on their effects. The
application of mineral nitrogen did not contribute positively
to the effect of organic residues on SOC stocks, while it had
a negative effect in the Control treatment. Our study indi-
cates that, for the studied tropical soils, the application of
manure is the most appropriate nutrient management strat-
egy to limit SOC losses in recently established croplands and
that agricultural practices affect soil layers deeper than the
0-30 cm layer usually studied. Therefore, we argue that (1)
appropriate agricultural management has the potential to par-
tially mitigate the effects of deforestation on SOC loss while
also improving the soil quality for food production and (2)
studying soil deeper than 30 cm can improve our understand-
ing of agroecosystems.
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