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ARTICLE INFO ABSTRACT

Keywords: Long-term experiments (LTEs) are critical for evaluating strategies that can maintain or increase crop yields, soil

Soil Organi.c matter fertility and soil organic carbon (SOC), and help adapt to climate change. Yet, scientific knowledge is advancing

imercmppmg and research questions are evolving. Therefore, it is important to review the objectives of LTEs over time. A
egumes

Maize change in their design may be necessary to keep the experimental treatments scientifically interesting, inno-

Regenerative agriculture vative, and relevant in the context of evolving agricultural challenges. Here, we describe the process of rede-

MBILI signing four LTEs in Kenya. These LTEs are unique in that they represent four different pedoclimatic conditions
but with identical experimental treatments across sites. Initially, they focused on investigating how to maintain
or increase SOC and maize yields over time by applying a combination of mineral nitrogen (N) and external
organic resources. Specifically, the experimental treatments consisted of maize monoculture with different rates
(1.2 and 4 t C ha™! yr1) and qualities of organic resources, either with or without mineral N fertilizer input.
After about 20 years, it became clear that SOC was lost in most treatments. Therefore, continuing with the
current experimental design was not an option. Taking advantage of the fact that the different former treatments
led to different levels of soil degradation, we redesigned the LTEs to study the effectiveness of regenerative
cropping strategies in rebuilding SOC and increasing crop yields starting from the different levels of soil
degradation. The focus shifted from external to in situ organic inputs by increasing the root biomass of the
cultivated crops. The newly established cropping system treatments are maize-legume rotation, maize-legume
intercropping (double row configuration) and relay intercropping of maize with forage grass. A key finding
from the previous phase of the experiments, namely, that external organic inputs with low C:N ratios are most
efficient in building SOC, has been incorporated into the redesign. The relative contribution of external versus in
situ organic resources is tested by splitting the cropping system treatments into those receiving either farmyard
manure or green manure in the form of Tithonia diversifolia prunings and those receiving no external inputs. Split-
plot treatments with and without mineral N were retained. The overall objective of studying mechanisms of
tropical soil fertility maintenance and, more specifically, SOC formation, remained unchanged. However, the
redesign aligned the LTEs with the current state of knowledge and pressing research questions, specifically
focusing on the relative effectiveness of in-situ versus external organic inputs in SOC formation.

1. Introduction farmers for sequestering carbon (C) in their soils (Popkin, 2023), have
recently brought attention to the prospect of increasing soil organic

Initiatives such as “4 per 1000” - Soils for Food Security and Climate carbon (SOC) stocks for climate change mitigation and adaptation. Soil
(Minasny et al., 2017; Rumpel et al., 2020), and attempts to compensate C sequestration, as a strategy to mitigate climate change, can be
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achieved through various practices such as conservation agriculture,
agroforestry (Corbeels et al., 2019), natural revegetation (Gvein et al.,
2023), or afforestation (Beillouin et al., 2023). However, measuring soil
C sequestration in the field is notoriously difficult, especially in the short
term. The reasons for this are the natural variability of soil properties
(Paul et al., 2023) and the typically gradual nature of changes in SOC,
which often span decades. Long-term experiments (LTEs) can help to
assess how much C can be sequestered by different crop management
practices and, more importantly, compare the potential of these prac-
tices against each other. Despite the recent focus on increasing SOC for
climate mitigation purposes, maintaining SOC and, more generally, soil
fertility, has long been at the core of sustainable management of arable
land (Bashir et al., 2021; Janzen et al., 2021; Lal, 2004). Long-term field
experiments, such as the Broadbalk experiment at Rothamsted, estab-
lished in 1843 in the UK (Watts et al., 2006), the Frame Trial in Ultuna,
established in 1956 in Sweden (Katterer et al., 2011), and the DOK
experiment in Therwil, established in 1978 in Switzerland (FlieBbach
et al., 2007), continue to provide valuable insights into the gradual soil
processes that affect crop yield. They further play a crucial role in
providing datasets to evaluate and further develop agroecosystem
models (e.g., Bruun and Jensen, 2002; Laub et al., 2020; Couédel et al.,
2024; Necpalova et al., 2018).

However, scientific understanding has advanced since the start of
these experiments. For example, the theory that SOC mainly consists of
humic substances, i.e., abiotic condensations of what remains after fresh
plant litter input is decomposed (Frimmel and Christman, 1988;
Woomer and Swift, 1994), has been replaced by a newer theory. This
theory states that most SOC originates from microbial necromass,
derived from several rounds of C and nutrient cycling in soil (Cotrufo
et al., 2013; Denef et al., 2009; Kallenbach et al., 2016). Consequently,
periodic review and adjustment of treatments in LTEs may be necessary
to ensure their continued relevance to the contemporary scientific
discourse. The process of redesigning and translating lessons from the
previous to the new design is valuable knowledge for the LTE commu-
nity and to LTE managers. However, because of the partially informal
nature of such information, it may often remain internal knowledge,
accessible only to those who are involved in the experiment. This article
describes the process of reviewing and redesigning four unique LTEs
with identical experimental treatments in contrasting pedoclimatic
conditions in Kenya, in order to share this knowledge. The most critical
points considered in the process are also highlighted.

2. The four long-term experiments in Kenya: setup and most
important results

The four experiments were initially established as double-season
maize monocropping experiments at four locations characterized by
different pedoclimatic conditions. The experimental sites in western
Kenya, Aludeka and Sidada, were established in 2005. They represent
soils with low (13 %) and high (56 %) clay content in a humid climate
with an annual rainfall of about 1700 mm and an average annual tem-
perature of about 24 °C. In central Kenya, the experimental site at Embu
is characterized by a drier climate with clayey soil (~ 1200 mm,
~ 20 °C, 60 % clay). Meanwhile, the experimental site at Machanga
represents a less suitable climate for maize production with a sandy soil
(~ 800 mm, ~ 24 °C, 13 % clay). Both experiments in central Kenya
were established in 2002. The experiments aimed to study the effect of
different quantities and qualities of organic inputs (C:N ratios, lignin and
polyphenol contents (L&PP)), in combination with and without mineral
nitrogen (N) fertilizer, on the evolution of SOC, soil fertility, and maize
yields. The organic resources included the full range of qualities that are
specified in the decision support tool of the organic resource database
(Palm et al., 2001a, 2001b). The different sites were selected to study
how climate and soil properties influenced the performance of organic
resource and mineral fertilizer additions.

Details on the setup of the field experiments can be found in two
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recent publications (Laub et al., 2023a, 2023b). In summary, the ex-
periments consisted of 22 split plots (11 main treatments +N) with three
replicates. The main treatment involved the addition of five types of
organic resources in quantities of either 1.2 or 4 t C ha ! yr™!. The
subplot treatment consisted of the application of 120 kg mineral N ha™!
season ! (+ N) compared to a treatment without mineral N input (-N).
The main plot size was either 12 x 5m (Embu) or 12 x 6 m (other sites),
with the split plot being half of that. Organic resources were applied
once a year during the long rainy season, just before maize sowing. They
were incorporated to a soil depth of about 15 cm using hand hoes. The
organic resources were selected to include the four quality classes that
had been defined based on differences in L&PP and C:N around the time
of the start of the experiments (Palm et al., 2001a). Pruned leaves from
Tithonia diversifolia, including stems less than 2 cm in thickness, were
classified as a high-quality organic material with a rapid decomposition
rate (low C:N, low in L&PP; class 1). Pruned leaves including small stems
from Calliandra calothyrsus were classified as high- quality material with
an intermediate decomposition rate (low C:N, medium L&PP; class 2).
Maize stover was classified as low-quality material with a slow decom-
position rate (high C:N, low in L&PP; class 3) and sawdust from Grevillea
robusta trees as low-quality material with a very slow decomposition
rate (high C:N, high in L&PP; class 4). Locally available farmyard
manure (low C:N, medium L&PP) has an intermediate to high quality
with an intermediate decomposition rate (Sileshi et al., 2019), but it
does not have a defined class. The control treatment did not receive any
organic resource additions. During harvest, all aboveground maize
biomass was removed from the experimental plots. Therefore, the plots
only received C inputs from the roots in addition to the external organic
inputs from the experimental treatments. The decision to combine
organic resource treatments with + N and -N treatments was based on
the decision support tool. The tool suggested that pruning material from
Tithonia with low C:N could be directly applied, while Calliandra, maize
stover, and sawdust would have to be mixed with mineral N fertilizer
(Palm et al., 2001a). The decision to use sawdust as a treatment, despite
its uncommon usage among farmers, was based on the prevailing theory
at the time of the experiments" establishment. This theory hypothesized
that SOC is primarily composed of aromatic compounds that remain
after the decomposition of added organic resources. Organic resources
rich in lignin and polyphenols were thus thought to be the most efficient
in forming SOC (Palm et al., 2001a; Woomer and Swift, 1994). Recent
results, including those from our (Laub et al., 2023b) and similar (Put-
taso et al., 2013) experiments, have since refuted this theory. Instead,
they support the theory that most SOC comes from microbial turnover
and is formed most efficiently from organic inputs with low C:N ratio,
which microbes can process efficiently (Cotrufo et al., 2013; Denef et al.,
2009). In fact, one of the main findings from our field experiments was
that inputs of farmyard manure (and to a lesser extent of Calliandra and
Tithonia prunings) were the most effective in maintaining SOC. This
indicates that external organic resources with a low C:N ratio were
converted into SOC most efficiently (Fig. 1). Furthermore, it was
observed that treatments with organic resources of low C:N, such as
Tithonia prunings and farmyard manure, were the most effective in
improving long-term maize yields at the two sites where yields were
sustained or increased (Sidada and Aludeka; Fig. 2).

Contrary to the initial research hypothesis of the experiment, the
addition of external organic resources did not maintain SOC levels at
three out of the four sites, even with the application of 4 t Cha! yr ! of
farmyard manure (Fig. 1). This was mainly due to the high turnover of
organic materials and SOC, as well as the fact that the sites had been
under cultivation for only a few decades (Laub et al., 2023b). Addi-
tionally, substantial soil erosion was observed in Machanga, although it
was not quantified. Also, despite significantly higher maize yields and
biomass productivity in the treatments that received mineral N fertilizer,
there was no overall significant positive effect of mineral N fertilizer on
SOC. In combination, these findings suggested that the contributions of
maize root biomass to SOC were limited, and that external organic
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Fig. 1. Mean annual SOC changes in the four long-term experiments. At the Embu and Machanga sites (central Kenya), these were based on soil sampling campaigns
conducted every two to three years; at the Sidada and Aludeka sites (western Kenya), sampling was only done in 2005, 2018, 2019, and 2021. The different
experimental treatments led to significantly different levels of annual SOC depletion at the four sites. Over the duration of the experiments (20 years in central Kenya,
16 years in western Kenya), all sites lost SOC, except Aludeka. The farmyard manure treatment was the most effective in reducing SOC losses. Same lowercase letters
indicate absence of a significant difference (p < 0.05) between treatments at the same site. Same uppercase letters indicate absence of a significant difference
(p < 0.05) within the same organic resource treatment across sites. Error bars indicate the 95 % confidence intervals. Figure adapted from Laub et al. (2023b) under

the Creative Common License 4 (https://creativecommons.org/licenses/by/4.0/).

resource inputs were mostly insufficient. In addition, the application of
4tCha ! yr ! of farmyard manure, which corresponds to about 16 t
dry matter ha—! yr~!, was deemed unrealistically high for local small-
holder farmers.

Thus, while some experimental treatments increased maize yields,
they were evidently not suitable crop management options for
increasing SOC and promoting sustainable intensification. Recent
studies have shown that plant roots can form SOC more efficiently than
external organic inputs (Prescott et al., 2021; Sokol and Bradford, 2019).
In line with our experimental results, we thus found that relying solely
on external organic resources may not be the most effective method for
increasing or maintaining SOC. As a result, we reevaluated and rede-
signed our experimental treatments.

3. Redesign process

After approximately two decades of conducting the experiments, it
became evident that varying levels of degradation and loss of SOC
occurred across the experimental treatments and sites (Fig. 1). This
outcome provided a unique opportunity to shift our research focus to-
wards studying whether new cropping strategies could regenerate SOC
and improve crop yields, particularly when starting from different initial
levels of soil degradation. The primary change was to decrease reliance
on external organic resources and instead prioritize the generation of in-
situ organic inputs by increasing root biomass through cultivated crops.
However, important lessons from the previous experimental phase, such
as the efficacy of the farmyard manure and Tithonia diversifolia treat-
ments in maintaining SOC, as well as their synergistic effects with
mineral N application for optimal maize yields, were used to determine
which aspects to retain in the redesign. It was also considered essential
to align the experimental treatments with the farming contexts of the
local farmers. Therefore, we used a co-design process to redesign the
experiments (Pohl et al., 2017). This process included obtaining exten-
sive feedback from key stakeholders, such as local farmers and extension

agents. The focus was on developing regenerative cropping strategies
that are ‘realistic’, meaning they reflect cropping systems and crop
management practices that are either already in use by farmers or that
farmers find feasible to adopt. The goal was to ensure that the cropping
strategies tested in the new experimental treatments are scalable and
can be adopted by farmers with limited resources once proven valuable
in the experiments. For the redesign, two workshops were held in
January and September 2022, involving local and international collab-
orators from the International Institute of Tropical Agriculture (IITA),
the “Centre de coopération Internationale en Recherche Agronomique
pour le Développement” (CIRAD), Kenyatta University, the University of
Embu, and ETH Zurich. In these workshops, we collectively evaluated
the results from the previous experimental phase, identified the main
critical issues, and then co-designed the new experimental treatments
with the goal of regenerating SOC, increasing crop yield, and enhancing
yield stability, particularly in the severely degraded treatments (see
below).

The process of redesigning consisted of the following steps: i)
grouping the previous experimental treatments to allow for the reran-
domization of the new treatments; ii) co-designing new treatment op-
tions that are both suitable to test new state-of-the-art hypotheses on
SOC formation and that are relevant for local smallholder farmers; iii)
pre-testing the new treatments in plots adjacent to the main LTEs to
verify their feasibility, and iv) implementing the new treatments.

In the first step, we grouped the previous treatments by their soil
degradation level in 2021. This was done by ordering them based on the
mean predicted SOC loss, which was calculated using the total time
series of SOC measurements. We then assessed for significant differences
in SOC losses between treatments (Laub et al., 2023b). Additionally, we
examined pH and soil nutrient data, where available, to ensure maximal
homogeneity in these parameters within each treatment group at each
site. This grouping was crucial for the rerandomization of the new
treatments among the previous ones. Rerandomization was necessary to
statistically disentangle the effect of the old and the new treatments
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Fig. 2. Least square means of seasonal maize grain yields over time for different types of organic resources applied at 4 t C ha~! yr~* and with or without 120 kg N
ha~! per season (+ N and -N) at four experimental sites in Kenya. Same lowercase letters within the same site indicate the absence of a significant difference between
treatments at that site in year 16. Where either + or — are displayed at the regression center, the temporal trend is significantly larger or smaller than zero (all
p < 0.05). The grey shaded areas constrained by the dashed lines indicate the 95 % confidence interval of the treatment mean for each site. Dots represent measured
data (n = 3 per season and treatment). Figure adapted from Laub et al. (2023a) under the Creative Common License 4 (https://creativecommons.org/lice

nses/by/4.0/).

(Zhou et al., 2018) and to determine when a new treatment becomes the
predominant factor affecting crop yield, biomass productivity, or SOC.
This exercise identified four distinct levels of soil degradation (Table 1).
The control, sawdust and maize stover treatments showed the most se-
vere degradation, while the farmyard manure treatments exhibited the

Table 1

lowest soil degradation levels (Fig. 3). To ensure continued monitoring
of soil degradation in the worst-case treatment with no inputs, the
control treatments were maintained. Additionally, the C input rates (1.2
and 4 t Cha~! yr!) from the previous farmyard manure treatments were
kept as a form of positive control. The effects of the new cropping

New experimental treatments for SOC regeneration, designed in the workshops, and the former treatments they are to be established in, grouped according to their soil

degradation level.

. TRT D dati M SOC I fter 16-20 95 % fid
Previous SOC treatments New treatments (from 2023 onwards) e.gra ation ean os.s 2.‘ . o years ( .D conticence
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1.2 & 4 t Cha™! of saw dust/mai
&4 tCha ~ of saw dust/maize Maize/Legume rotation + 3 C ha™! farmyard severe to -37 % (-44 % to — 29 %
stover (+ N) 2c
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Maize/Legume rotation — farmyard manure 2d
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Maize/Legume rotation + 3 t C ha™ Tithonia 3a
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5 d -27 % -35 % to — 20 %
(£ N) farmyard manure (+ N) medium ° ¢ oto %)
1 ; -1
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Fig. 3. Schematic illustration of the experimental treatments grouped together
according to similar SOC decline and soil degradation. The degradation state is
a function of time and the type and quantity of resource inputs. The conceptual
degradation framework was a basis for the redesign of the new experimental
treatments outlined in Table 1. The + N stands for the addition or absence of
mineral N fertilizer.

systems aimed at soil regeneration, were studied using treatments that
had resulted in medium to severe soil degradation levels. To achieve
higher SOC regeneration potential, these treatments were replaced with
new ones. It was acknowledged that as the severity of SOC degradation
increased, increasingly dense root systems would be necessary. The
modifications aim to study the effectiveness of increasing SOC through
inputs of root litter and rhizodeposition compared to inputs of external
organic resources. The perceived limitation of the experiments, having
different SOC contents after about 20 years of treatment implementa-
tion, was thereby turned into a strength. The different SOC contents
allowed testing a range of treatments for their potential to regenerate
SOC, starting from different levels of degradation, all while maintaining
the same types of soil texture and mineralogy across four different
experimental sites with a consistent design. Locating such a gradient on
new sites with unclear past management and ambiguous soil degrada-
tion levels would be challenging. Additionally, precise knowledge of
past management and weather is crucial for modeling studies. Finally,
erosion barriers were installed around individual plots at the Machanga
site in response to observed topsoil erosion in the previous design.

We redesigned the experiment based on the finding that external
organic resource inputs alone were insufficient to increase SOC. Our
hypothesis was that inputs from the cropping system itself, such as roots
and their exudates, play a dominant role in regenerating SOC (Prescott
et al., 2021). The reasons for this postulation are that rhizosphere mi-
crobes are more efficient in stabilizing SOC, mainly due to their prox-
imity to soil minerals. In contrast, surface-deposited organic materials
undergo more decomposition and recycling phases before they are sta-
bilized as SOC (Sokol et al., 2019; Sokol and Bradford, 2019). Therefore,
our focus shifted towards new cropping systems that can increase the
quantity and/or quality of root inputs while simultaneously increasing
crop yields. To improve the quality of root inputs, we included legume
species that are commonly planted by farmers to diversify their cropping
system (Oduor et al., 2022). These species have shown potential to
regenerate soils (Nezomba et al., 2015; Boddey et al., 2010; Yang et al.,
2023). We recognized the importance of comparing crop rotation and
intercropping of maize and legumes, to disentangle the possible benefits
of intercropping on SOC formation and maize yield through facilitation
mechanisms such as nutrient acquisition and pest control. The
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“Managing Beneficial Interactions in Legume intercrops” (MBILI) system
(Woomer et al., 2004; Oduor et al., 2022) was chosen, as a promising
intercropping method that alternates double rows of maize with double
rows of legumes. It has been shown to achieve higher crop yields
compared to single row intercropping (Mucheru-Muna et al., 2010;
Ngetich et al., 2014). The hypothesis is that the MBILI system also results
in greater root biomass inputs with a lower C:N ratio than the maize
monocrop. Another cropping system that is believed to increase the
quantity of root inputs involves using forage grasses with a permanent
root system, planted in relay with maize (February et al., 2020). Relay
intercropping of maize with fodder grasses has been shown to produce
significantly more root biomass without strongly reducing maize grain
yield (Canisares et al., 2021; Souza et al., 2024) and to enhance SOC
formation (da Silva Rodrigues Pinto et al., 2022). Given the prevalence
of mixed crop-livestock systems in Kenya, the implementation of a grass
is a suitable treatment option — it produces animal fodder for the
commonly practiced zero-grazing system of smallholder dairy produc-
tion, which is also a source of farmyard manure. The experiment tests
the significance of external versus in-situ C inputs in regenerating SOC in
severely degraded plots, with treatments including and excluding
farmyard manure addition.

Due to the density of the root system of fodder grasses, it is hy-
pothesized that this treatment will be the most effective in regenerating
SOC in the plots with severe degradation. Conversely, the treatments
with medium levels of soil degradation are hypothesized to require
lower rates of root inputs for recovery, allowing for a more intensive
cropping system. These treatments were thus used to test the effect of
maize-legume MBILI intercropping compared to maize-legume rotation,
with identical legume species in both systems. The previous farmyard
manure treatments were transitioned to the MBILI intercropping system
instead of maize monocropping to investigate whether a denser root
system can increase SOC beyond current levels. Other potential options,
such as installing a permanent grass vegetation in the plots for several
years or replacing maize with millet and sorghum, were considered but
ultimately discarded due to their low suitability for farmers. In central
and western Kenya, most farmers are smallholders who rely on farming
for their food security and livelihoods. They have small field plots,
averaging 0.5 ha (Muyanga and Jayne, 2019) and maize is their main
staple and cash crop (Marenya et al., 2022). Therefore, farmers are
hesitant to adopt cropping systems that do not involve maize or make
the land unproductive for extended periods.

While these new treatments/cropping systems add more complexity
to the experiments, they are appropriate to test the benefits of in situ
versus external organic resources (on the severely degraded treatments)
and of intercropping versus crop rotation (on the strongly to medium
degraded plots). In addition, they provide an opportunity to assess the
potential for increasing SOC beyond current levels through intercrop-
ping intensification (on the plots with medium to low degradation, i.e.,
the former farmyard manure treatments). The split-plot mineral N fer-
tilizer treatments (i.e., with versus without N fertilizer) are maintained
to continue testing the effects of N limitation on crop yield, root-derived
C inputs, and SOC. In addition, to increase N use efficiency, the N fer-
tilizer rate is reduced to 90 kg N ha ' season . The baseline phos-
phorus (P) fertilizer rate is also reduced, based on analyzes of available P
in 2022: 10 kg P ha™! season™" in Aludeka and Machanga, and 30 and
20 kg P ha™! in Embu and Sidada, respectively. Finally, for the most
efficient use of organic resources, they are now applied in two parts, i.e.,
half before planting in the long rainy season and the other half before
planting in the short rainy season.

Following the January 2022 workshop, pre-trials (Fig. 4) were con-
ducted on plots adjacent to the main LTEs to test different legume spe-
cies (soybean (Glycine max), groundnut (Arachis hypogaea), pigeonpea
(Cajanus cajan)) and forage species (Panicum maximum and Brachiaria
brizantha) in sole cropping and MBILI intercropping, prior to their
possible establishment in the experiments. These pre-trials were also an
opportunity to discuss the feasibility of the new cropping systems with
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Fig. 4. Preliminary tests of groundnut and soybean, both as sole legume crops and intercropped (MBILI) legumes have been conducted on plots adjacent to the main
experiment. From left to right: sole soybean, sole groundnut, soybean intercropped with maize, and groundnut intercropped with maize (pictures from June 2022 at

the Sidada experimental site in western Kenya).

local farmers. In the September 2022 workshop, we evaluated the results
of the pre-trials and identified the final experimental crops for the
redesigned experiments (Table 1): namely, soybean was chosen as the
legume and Brachiaria brizantha as the forage grass for the experiments
in western Kenya, and groundnut and Panicum maximum were selected
for central Kenya. These selections were based on discussions with local
farmers and on the yield potential of each species, including their land
equivalent ratios in the intercropping systems. The redesign of the ex-
periments was implemented in early 2023.

Finally, in July 2023, two workshops were held with the participa-
tion of local farmers, extension officers and government bodies — one in
western and one in central Kenya. During these workshops, we collec-
tively visited the redesigned field experiments, engaged in discussions
about both the old and new designs, and evaluated the feasibility of the
new cropping systems. The objectives were to strengthen the relation-
ship with local stakeholders for the upcoming experimental phase,
establish the experimental sites as local innovation hubs, and to ensure
the feasibility of the new treatments by incorporating insights from local
stakeholders. The workshops emphasized the importance of integrating
the experiments with local extension activities, such as using them as
field demonstration sites for farmers. Local stakeholders were also
impressed by the differences in standing biomass between the treat-
ments, which were mostly attributable to the old treatments (e.g.,
sawdust versus farmyard manure) at that time. During the field visits
with farmers and other stakeholders, the MBILI system, while not yet
widely known, was perceived as very interesting. Although local
stakeholders expressed skepticism about the forage grass relay system,
they indicated their willingness to learn more about it through the
experiments.

4. Key lessons learned

Several key lessons were learned from the previous design and
applied to the redesign. Firstly, only organic resources that were low in
C:N ratio, such as farmyard manure and Tithonia, were effective in
forming SOC. Secondly, external organic resources, even at unrealisti-
cally high rates compared to farmers" practices, were mostly insufficient
to build enough new SOC to transition a site from a loss to a gain tra-
jectory. Thirdly, although mineral N addition significantly increased
maize yields, particularly when combined with organic resources, its
impact on SOC was minimal, at least in maize monocultures. Fourthly,
the treatments that were the most effective in preserving SOC (namely,
farmyard manure and to some extent Tithonia and Calliandra) were also
the most effective in maintaining maize yields over time. Therefore, the
subsequent phase of the experiments required a focus on enhancing SOC
formation from within the system itself, while maintaining the most
effective organic resource treatments at more practical application rates.

Furthermore, practical lessons were learned regarding the frequency
and design of soil sampling. For instance, a statistical analysis was
conducted to determine the minimum number of years of data needed to
detect significant differences in SOC. Subsets of data with varying
numbers of years included were analyzed using a linear mixed-effects
model with random intercepts per replicate and a slope effect on

experimental time. The post-hoc analysis showed that it would take a
minimum of three to five years of SOC measurements to detect signifi-
cant differences in SOC contents between the treatments at the same site
(Fig. 5). This finding is consistent with earlier studies on plot-scale
variability of soils (Poeplau et al., 2022). Another lesson was that the
soil samples collected in 2021, i.e., from depths of the 50-70 cm layer,
exhibited a higher variability than previous samples taken from the top
15 cm. Due to the difficulty in sampling deep soil layers, the 2021
samples were obtained from a single insertion, unlike previous years
when samples were composite samples of five insertions. Therefore, all
future soil sampling will utilize composite sampling methods. In cases
where labor is a constraint, the number of sampled treatments will be
reduced. Finally, it is important to avoid gaps in SOC data in the current
redesigned LTE. For instance, there was a gap in soil sampling between
2005 and 2018 in Aludeka and Sidada due to the transfer of the man-
agement responsibility from the International Center for Tropical Agri-
culture (CIAT) to IITA, and due to budget limitations during several
years.

5. The way forward

The four SOC experiments in Kenya were redesigned to include
experimental treatments that are feasible for farmers and have the po-
tential to increase SOC. These treatments are also well-suited to
contribute data to the ongoing discourse on the most efficient mecha-
nisms for SOC formation (Angst et al., 2021; Cotrufo et al., 2013; Kleber
etal., 2021; Prescott et al., 2021). The redesign was guided by important
research hypotheses, which are summarized in Box 1.

With the redesign, we moved away from outdated concepts that
emphasized the importance of “recalcitrant” plant material and the
concept that C use efficiency is an exclusive property of organic re-
sources (Manzoni et al., 2012). Instead, a more holistic perspective has
been adopted, considering SOC storage and stabilization efficiency at
the agroecosystem level (Manzoni et al., 2018), while also taking into
account potential trade-offs with crop productivity and yield. In the
redesigned experiments, organic inputs will be measured via root
biomass and quality (Palm et al., 2001a), and SOC formation will be
measured using different operational fractions of SOC. Sensitive in-
dicators, such as SOC in the free silt and clay particle size fraction versus
water stable aggregates and particulate organic C (Cotrufo et al., 2022;
Six et al., 1999), as well as microbial biomass C and N (Amato and Ladd,
1988; Brookes et al., 1985; Vance et al., 1987), will serve as early in-
dicators of SOC formation. These measurements will be conducted for
the first time two to three years after the redesign of the experiment. By
utilizing these measurements to adjust the parameters of the most recent
SOC models (Abramoff et al., 2022; Della Chiesa et al., 2022; Laub et al.,
2023c), the revised experiments will enhance our fundamental
comprehension of how SOC is formed in situ and its relationship with
attainable crop yields. It is planned to continue assessing seasonal yields
and measuring bulk SOC every three to four years. Soil samples taken
just before the experiment redesign were archived for future compari-
sons of SOC and SOC fractions. By rerandomizing the new treatments
within groups of soil degradation levels, it should be possible to
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Fig. 5. Statistical analysis of SOC content data, showing the effect of the number of years of available SOC data on predicted SOC contents. The mixed statistical
model employed a treatment x time interaction per site with a random intercept per experimental replicate. The displayed post hoc predictions (bars and error bars)
for each year only made use of the SOC data that was available until that year. Same lowercase letters indicate the absence of significantly different SOC contents
between treatments at the same site and time point (p < 0.05). The error bars areas indicate the 95 % confidence intervals for the true mean of SOC post hoc

predictions. Blue crosses represent measured data.

Box 1
Main research hypotheses underlying the new experimental design:

inputs.

1) Root inputs are more efficient in forming SOC than external inputs.
2) Moderate N limitations result in more root C input into the soil compared to situations with no N limitations.
3) The efficiency of mineral-attached SOC stabilization is determined by the C:N ratio and aromatic compounds of root (and external organic)

4) With increasing soil degradation, external organic resources become increasingly important for the formation of SOC and root inputs.
5) SOC and crop yields are more difficult to regenerate in soils with more weathered clay types, such as kaolinite, or with lower amounts of clay.

distinguish between the legacy effects of the old treatments and the ef-
fects of the new treatments. The new treatments were designed with the
farmers’ perspectives in mind, including valuable crops for small-
holders. Planned analyses of yield, land equivalent ratios and
value-to-cost ratios (Njoroge et al., 2017) will provide further insights
into the agronomic feasibility of the new cropping systems for small-
holders. Finally, analyzing the relationship between crop yield and SOC
formation can provide new insights into potential trade-offs between
yield and SOC increase. This topic remains scientifically significant and
motivates us to engage in future collaborative efforts to conduct
research on a broader scale. These efforts would involve the integration
of data from both existing and upcoming long-term experiments in
modeling studies. Ideally, they should be conducted across various re-
gions, both within the African continent and globally. The ultimate
objective is to generate novel research inquiries on soil health restora-
tion strategies for sustainable intensification and climate change
adaptation.
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