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Abstract
To ensure the sustainable management of tropical cropping systems, tracking changes in soil fertility and distinguishing 
long-term crop yield trends from season-to-season fluctuations are essential. However, a scarcity of long-term datasets for 
tropical systems has left a gap in understanding how soil organic carbon (SOC, used as a proxy for soil fertility) and yield 
co-evolve in these systems. Here, we present a unique analysis of maize yield and SOC trends in four long-term experiments 
in Kenya, conducted under contrasting pedo-climatic conditions. Experimental treatments consisted of yearly applications 
of organic resources with different C:N ratios (12 to 200) at two quantities (1.2 and 4 t C ha-1 yr-1), with and without mineral 
nitrogen fertilizer (240 kg ha-1 yr-1). At sites with adequate rainfall (475-600 mm in-season rainfall), long-term maintenance 
of maize yields and SOC were strongly correlated. Specifically, 74% of the variation in long-term yield trends across sites 
was explained by the interaction between site and the trend in SOC, increasing to 84% when adding the interaction with 
the mineral nitrogen fertilizer treatment. In contrast, no significant correlation between yield and SOC trends existed at the 
driest site (300 mm in-season rainfall). Differences in the strength of the SOC-yield relationships between treatments with 
and without mineral N fertilizer were significant at only one of the four sites. In addition, seasonal maize yield variability 
at three of the four sites was strongly influenced by seasonal mean temperature and total rainfall, overriding the effect of 
site fertility and SOC in any given season. However, the strength of climate effects varied between sites. We conclude that 
maintaining SOC is important for sustaining maize yields, but this potential can only be fully realized under favorable cli-
matic conditions, particularly sufficient rainfall.
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1  Introduction

Sub-Saharan Africa has a high per capita maize consump-
tion, yet it has the lowest maize crop yields and food self-
sufficiency (Sanchez 2015; Erenstein et al. 2022) as well 
as the strongest population growth of all continents (Lutz 
et al. 2018). Most agricultural soils in sub-Saharan Africa 
are highly weathered (von Fromm et al. 2021; Reichen-
bach et al. 2023) and are characterized by low nutrient 
levels and organic matter status (Kihara et al. 2020). This 
severely limits crop productivity under current manage-
ment and has led to stagnating crop yields (FAO 2023). 
As a potential solution to these challenges, integrated soil 
fertility management (ISFM; Vanlauwe et al. 2010) has 
been postulated to simultaneously increase crop yields and 
soil fertility by enhancing soil organic matter and nutrient 
supply. Since soil organic carbon (SOC) constitutes about 
half of soil organic matter (Berryman et al. 2020), it serves 
as a reliable proxy for assessing the overall status of soil 
organic matter.

While several field experiments have demonstrated the 
crop yield benefits of ISFM or similar practices (Chivenge 
et al. 2009; Mutuku et al. 2020; Cardinael et al. 2022; 
MacLaren et  al. 2022; Laub et  al. 2023b), long-term 
experiments in sub-Saharan Africa have also revealed 
instances where these practices led to a decline in SOC 
over time (Sommer et al. 2018; Cardinael et al. 2022; Laub 
et al. 2023a), even when yields were increasing (Laub 
et al. 2023b). This prompts the question of whether SOC is 
indeed a driving factor of long-term crop yield increases. 
Studies that show evidence of the long-term yield benefits 
of sustainable intensification practices are scarce, with 
even fewer assessing the underlying mechanisms of 
crop yield benefits. However, such research is essential 
to corroborate or refute the frameworks of sustainable 
intensification, as well as the hypothesized long-term 
relationships between SOC and yields (Vanlauwe et al. 
2010).

Sustainable intensification of crop production in a 
changing climate can only be achieved if we understand 
the factors that determine the long-term productivity of 
crops, identify those controllable by humans, and adjust 
crop management practices accordingly. While many 
studies have indicated the importance of changes in both 
SOC (Tully et al. 2015; Ndung’u et al. 2021; Cardinael 
et al. 2022; Thierfelder et al. 2022; Ma et al. 2023) and 
weather patterns (Block et al. 2021; Jägermeyr et al. 2021) 
for maize productivity, there are few studies with datasets 
of sufficient duration to determine the effect of gradual 
changes in SOC on crop yield, especially in sub-Saharan 
Africa. Usually, relationships between yield and SOC 
are established through large-scale correlations (Oldfield 

et al. 2019; Ma et al. 2023), which may be confounded 
by factors such as net primary productivity, influencing 
both SOC levels and crop yields. Therefore, such studies 
cannot inform about the influence that SOC-altering 
management practices have on yields. Similarly, studies 
examining the effects of weather patterns on crop yield 
usually have limited information on soil fertility, relying 
either on aggregated county-level data (Schlenker and 
Roberts 2009) or on short-term field trials, often taking 
soil fertility as a given (Lobell et  al. 2011). There is 
therefore a need for comprehensive analyses of the relative 
importance of weather patterns versus soil-quality-
improving management practices on crop yield.

This study first examined the relationship between 
management induced changes in SOC and changes in maize 
crop yield. Our experimental approach, which controls for 
variations in soil and climatic properties, provides more 
robust insights into the SOC-yield relationship compared 
to global large-scale correlation studies. We focused on 
continuous maize cropping systems because demand for 
maize is high across sub-Saharan Africa (Erenstein et al. 
2022), and it is the main staple food in eastern Africa 
(Ngeno 2024); consequently, cultivation of maize on the 
same land year after year is widespread (Badu-Apraku 
and Fakorede 2017). Second, we assessed the relative 
importance of controllable (i.e., management practices) 
versus uncontrollable (i.e., weather variability) factors that 
determine maize yield in any given season. We analyzed a 
dataset comprising maize yield records and SOC data from 
four experiments in Kenya, conducted over 16 to 19 years, 
covering a range of soil types (sandy to clayey) and climates 
(semi-arid to humid). These experiments investigated 
ISFM practices involving different combinations of organic 
amendments and mineral N fertilizer. Two recent studies 
(Laub et  al. 2023a, b) reported the long-term trends in 
maize yields and SOC in these experiments. Interestingly, 
the treatments that best maintained or increased SOC across 
all sites were also associated with higher maize yields. Yet, 
the magnitude of treatment effects was site specific, and 
these studies did not analyze the relationship between maize 
yield and SOC changes, nor the relationship between yield 
and weather variability. Therefore, in the current study, we 
specifically wanted to explore: (1) to what extent do ISFM-
induced SOC trends affect long-term maize yield trends, 
and how consistent are effects across different sites, and 
(2) what is the relative contribution of ISFM management 
practices compared to season-to-season weather variability 
in explaining maize yield variation?

To address these questions, we conducted two types of 
analyses. First, we investigated whether long-term trends in 
maize yields were correlated with treatment-related long-
term trends in SOC within each site. We further explored 
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how this relationship differed in response to mineral N 
fertilizer application and how it was affected by the long-
term trends in rainfall, temperature, and soil pH. Second, 
we evaluated the extent to which fluctuations in maize 
yields between the seasons at each site could be attributed 
to ISFM treatment factors, in comparison to seasonal 
weather variability. In this analysis we used the ISFM 
treatment factors as covariates instead of SOC, because 
SOC measurements were only available every few years. 
Furthermore, we examined significant interactions between 
treatment factors and primary weather patterns (rainfall, 
temperature, and season length).

The four experimental sites had identical treatments, with 
organic amendments of low to high C:N ratios, i.e., farmyard 
manure, two types of green manures (Tithonia diversifolia 
and Calliandra calothyrsus), maize stover and sawdust, at 
application rates of 1.2 and 4 t C ha1 yr1. Using a split plot 
design, half of each plot received 120 kg N ha1 of mineral 
fertilizer per growing season (+N and -N treatments; see 
Methods for further details). Two sites, Aludeka and Sidada, 
were situated in humid western Kenya, comprising 16 years 
of data. Two other sites, Embu and Machanga, were in the 
sub-humid and semi-arid areas of the central region of 
Kenya, respectively, comprising 19 years of data. All four 
sites were characterized by two maize growing seasons per 
year, corresponding to the long and the short rainy season.

2 � Materials and methods

2.1 � Study sites

The four experimental sites, located in central and western 
Kenya, were under continuous maize monocropping with 
two growing seasons per year. The long rainy season lasts 
from March until August/September and the short rainy 
season from September/October until January/February. The 
two experiments at Embu and Machanga (central Kenya) 
were initiated in 2002, while those at Sidada and Aludeka 
(western Kenya) started in 2005. The four sites were selected 
to represent different temperatures, levels of rainfall, and 
soil conditions. With a higher amount of annual rainfall, the 
sites at Sidada (1730 mm, 675 mm in season; 22.6°C) and 
Aludeka (1660 mm, 600 mm in season; 24.4°C) represent 
a more favorable climate for maize than the sites in central 
Kenya, Embu (1175 mm, 475 mm in season; 20.1°C) and 
Machanga (795 mm, 290 mm in season; 23.7°C). The soils 
at all four sites are heavily weathered, with the Aludeka and 
Machanga sites having coarse-textured soils with low SOC 
contents (both had < 15% clay, and 7 and 8 g SOC kg1 soil, 
respectively, at the start of the experiment), while the soils at 
Sidada and Embu are fine-textured with relatively high clay 
and SOC contents (both had > 55% clay, with 26 and 31 g 

SOC kg1 soil, respectively, at the start of the experiment). 
Initial soil pH in water was 5.3 at Machanga, 5.5 at Aludeka 
and 5.4 at the other two sites. The soils were classified 
according to the World Reference Base for Soil Resources 
(IUSS Working Group 2015) as a Humic Nitisol at Embu, 
a Humic Ferralsol at Sidada, a Haplic Acrisol at Aludeka 
and a Ferric Alisol at Machanga. All sites have an almost 
flat surface, but at the Embu site this has been achieved by 
terracing the field (5% slope). More details on the sites have 
recently been published (Laub et al. 2023a).

2.2 � Experimental setup

All four experiments were set up with an identical experi-
mental design. This was a split plot design with three rep-
licates. The main treatments (i.e., main plots) consisted of 
the addition of five different types of organic resources, 
each applied at two different rates: 1.2 t C ha1 yr1 and 4 t C 
ha1 yr1. Besides, a control treatment without any input of 
organic resources was established, leading to 11 main plots. 
The plots had a size of 12 × 6 m (12 × 5 m at Embu). The 
subplots consisted of the application of 120 kg of mineral 
fertilizer N ha1 per season in the +N treatment (calcium 
ammonium nitrate) compared to the absence of mineral N 
input in the -N treatment, leading to 22 treatments (i.e., split 
plots) tested over three replicates per site. The mineral N 
application was split; 40 kg N ha1 was applied at planting 
and the rest as top dressing about 1.5 months later. All plots 
received a blanket application of 60 kg P ha1 as triple super-
phosphate and 60 kg K ha1 as muriate of potash at planting 
in each growing season. Organic resources were applied 
only once a year, specifically at planting in the long rainy 
season. They were incorporated to about 15 cm soil depth 
with a hand hoe. Maize residues were removed at harvest, 
so the roots of maize were the only source of C input apart 
from external C inputs related to the treatments. The applied 
organic resources were chosen in a way to include all four 
quality classes of organic resources as defined by Palm et al. 
(2001). They represented a gradient of C:N ratios, lignin 
and polyphenol contents: pruned leaves including stems of 
<2 cm thickness from Tithonia diversifolia- (C:N of 12, 
9% lignin, 2% polyphenols), pruned leaves including small 
stems from Calliandra calothyrsus (C:N of 14, 11% lignin, 
11% polyphenols), stover of Zea mays (C:N of 59, 5% lignin, 
1% polyphenols), sawdust from Grevillea robusta trees (C:N 
of 199, 17% lignin, 1% polyphenols), and locally available 
farmyard manure (C:N of 12, 20% lignin, 1% polyphenols; 
Figure 1). The initial assumption behind the organic resource 
selection was that organic resources with a low C:N ratio 
would be best for supplying plant nutrients, while those 
rich in lignin and polyphenols would be better for maintain-
ing SOC (Woomer and Swift 1994). However, this proved 
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incorrect, because low C:N resources were most effective 
at maintaining both maize yield and SOC, while high C:N, 
lignin- and polyphenol-rich organic resources neither main-
tained yield nor SOC (Laub et al. 2023a).

2.3 � Datasets A and B

We used two different types of datasets in this study: dataset 
A to study the determinants of the seasonal maize yields, 
and dataset B to study the determinants of the long-term 
maize yield trends. Dataset A consists of the maize grain 
yields recorded in each season at the subplot (mineral N 
× organic resource treatment × block) level. Dataset B 
comprises the long-term trends in maize grain yields and 
SOC at the mineral N × organic resource treatment level, 
derived from linear mixed models applied to dataset A in 
earlier studies (Laub et al. 2023a, b). Dataset B also includes 
the long-term trends in soil pH, temperature, rainfall, and the 
number of dry days per season, while dataset A incorporates 
aggregated weather data per season as described in the 
following section. The dependent variable in dataset A is 
the maize yield recorded in each season in each subplot at 
each site, while in dataset B, it is the modelled long-term 
trend of maize yield of each treatment at each site.

2.4 � Seasonal covariate data in dataset A

The climate data used as explanatory covariates in this study 
were recorded with weather stations at each of the sites, but 
some data gaps had to be filled. At Embu and Machanga, 

daily minimum and Maximum temperature and rainfall 
were available from 2002 until the end of 2007 and after 
2017. From 2008 until 2017, only recorded rainfall was 
available. Embu had further gaps in rainfall data in 2008 
to 2012, 2014 and 2016. At Aludeka and Sidada, manual 
recordings of daily minimum and maximum temperature 
and rainfall were available for all years from 2005 to 2017, 
but Sidada had no temperature data in 2019 and 2020, and 
Aludeka had data gaps from July 2017 to April 2018 and 
after July 2019. The data gaps were filled using the NASA 
POWER product (https://​power.​larc.​nasa.​gov/​docs/​metho​
dology/) after bias correction. For this, a linear regression 
with measured data as dependent variable (y) and NASA 
POWER data as independent variable (x) was conducted. 
For temperature, the slopes were not different from 1, but 
intercepts for maximum temperature (−0.3°C, −0.4°C, 
+3°C, and +6°C for Embu, Machanga, Sidada and Aludeka, 
respectively) and minimum temperature (−0.25°C, −0.5°C, 
−3°C and +1°C for Embu, Machanga, Sidada, and Aludeka, 
respectively) were applied. The final covariate used was the 
daily mean temperature, calculated from minimum and 
maximum temperature. No bias correction for rainfall was 
done because of nonsignificant slopes and intercepts.

The daily primary covariates were then aggregated 
to the season-specific covariates, based on the recorded 
planting and harvesting dates of maize at each site. Those 
were seasonal mean temperature, cumulative rainfall, and 
season length. Secondary weather covariates were calculated 
from the primary ones. Those were maximum consecutive 
dry days in each season, the cumulative growing degree 

Figure 1   Illustration of the 
effect of soil fertility on maize 
growth. Pictures display the 
treatment receiving 4 t C 
organic resource inputs ha−1 
year−1 and 120 kg N ha−1 
season−1 (left) versus the con-
trol receiving no organic inputs 
and no mineral N fertilizer 
(right). Pictures were taken at 
the Machanga experimental 
site in July 2023, Marking the 
20th year since the start of the 
experiment (Photocredit: Moritz 
Laub).

https://power.larc.nasa.gov/docs/methodology/
https://power.larc.nasa.gov/docs/methodology/
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days, number of days without rainfall, and the standardized 
precipitation index (Svoboda and Fuchs 2017). Further, 
ratios of rainfall and growing degree days in the first month 
of the growing season (i.e., the first 30 days after planting) 
were calculated as proxies for abnormal rainfall and 
temperature distributions within the season. Finally, dataset 
A contained site, block, and treatment as covariates. They 
can be seen as covariates that represent the SOC state of 
each treatment, because SOC was only assessed once every 
few years and thus not available at seasonal resolution.

2.5 � Long‑term trend data in dataset B

Trends in soil pH, temperature, rainfall, and the number of 
dry days per season were determined by linear regression 
on the seasonal averages per site, with year as covariate. 
The long-term trends in SOC and maize yield per site and 
experimental treatment were from two recent publications 
(Laub et al. 2023a, b). In brief, mixed linear models were 
fitted to maize yield data of all seasons across all years or 
all available measurements for SOC. Maize grain yield 
data was available from every season across all years, and 
were standardized to 12% moisture content. SOC data was 
obtained from 2 mm-sieved soil samples taken with a gauge 
auger at 0-15 cm soil depth and analyzed by dry combustion 
using an elemental analyzer (CHN628; LECO Corporation, 
Michigan, USA). SOC measurements were done in the first 
experimental year, and in the years 2017, 2018, 2019, and 
2021. In Embu and Machanga, additional soil sampling was 
conducted every two to three years between 2002 and 2017, 
while in Sidada and Aludeka, budget constraints did not 
allow sampling from 2005 to 2017.

Mixed linear models were applied to account for 
autocorrelation in the data, with a random effect for the main 
plot nested in block, each growing season and site in the 
yield model, and a random effect for the main plot nested in 
block, sampling campaign, and site in the SOC model. The 
initial fixed effects were organic resource treatment, mineral 
fertilizer N treatment, site and time (years since the start 
of the experiment), all possible interactions (to four-way 
interactions) were initially included and then eliminated, 
until only significant effects and interactions remained 
(Zuur et al. 2009). From this model, the treatment- and site-
specific slopes of the time effect were extracted to derive the 
treatment-specific temporal trends in maize yield and SOC.

2.6 � Statistical analyses

We used the R software version 4.0.5 (R Core Team 
2021), standard linear regressions, and the nlme package 
(Pinheiro et  al. 2016) for mixed linear effects models 
to conduct the statistical analyses of the two dependent 

variables in this study. For both datasets, we explored 
the importance of individual covariates and groups of 
covariates in explaining the variability in the dependent 
variable, by assessing the reduction in explanatory power 
(R2 and Akaike Information Criterion) when removing 
them from the model.

Dataset B was analyzed with a simple linear effects 
model, since autocorrelation in the data had already 
been accounted for by the mixed models that the 
trends originated from. Dataset A was analyzed by two 
approaches. First, we used a mixed linear model across 
sites with the established autocorrelation structure of 
the model from which the long-term trends were derived 
(see section above; details are in Laub, et  al. 2023b; 
for which the model was initially developed). To this 
model, all weather covariates were added to derive the 
fullest model, and then selected groups of covariates (i.e., 
temperature-related, rainfall-related, treatment-related) 
were removed to assess their explanatory power. The 
pseudo R2 for the mixed model was calculated based on 
the likelihood (Nagelkerke 1991). In the second approach, 
linear models without random effects were constructed for 
each site individually to evaluate the site specificity of 
weather- vs. treatment-related covariates on maize yield. 
For these, we added a fixed intercept effect to account 
for the effects of the experimental blocks. In the site-
specific models, the response variable was square root 
transformed to achieve normality and homoscedasticity 
of residuals. To delineate the individual effects of weather-
related covariates, site-specific linear models with only the 
mineral N fertilizer treatment, organic resource treatment, 
time, and all possible two-way interactions between these 
three covariates, as well as the additional block effect 
were built (base model). To this base model, single 
weather-related covariates were added to estimate their 
overall effect. Finally, all possible two-way interactions 
between mineral N fertilizer treatment, organic resource 
treatment, and the primary weather-related covariates 
(seasonal mean temperature, in-season rainfall, season 
length) were tested to understand how one covariate 
affected the maize grain yield depending on the level of 
another covariate. For each possible combination of these 
five covariates, the significance of their interaction was 
assessed by comparing a base model that included the 
pair of covariates without interaction to a base model that 
included the pair of covariates and their interaction. For 
those interactions that were found to be significant, post-
hoc estimates were conducted to understand the nature 
of their interactions. Specifically, the maize grain yields 
for the range of conditions of both factors were predicted 
and were displayed in plots, where maize grain yield was 
the y-axis, one covariate (e.g., rainfall) was the x-axis, 
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and the other covariate (e.g., seasonal mean temperature) 
was displayed at several levels as the color coding. These 
post-hoc predictions were only produced for the observed 
range of each covariate at each site. This was done to avoid 
extrapolation beyond the data.

3 � Results

3.1 � Long‑term trends in SOC and maize yield

A gain in SOC over time was only observed at one site 
(i.e., Aludeka) and only in the treatment with farmyard 
Manure at a rate of 4 t C ha−1 yr−1. At all other sites, SOC 
either declined by up to 0.6 g kg−1 yr−1 at the clayey sites 
(which started at 26 to 31 g SOC kg−1 soil) and up to 0.2 
g kg−1 yr−1 at the sandy sites (which started at only 7 to 8 
g SOC kg−1 soil) or was maintained at best, depending on 
the treatment. Although both sites started with similarly 
low SOC levels, SOC at Machanga could, in contrast to 
Aludeka, not be increased by any treatment. The range of 
trends in maize grain yields were between increases of 0.2 
t ha−1 yr−1 in the best treatment at Sidada and losses of 
0.15 ha−1 yr−1 at Machanga. Maize yields declined in most 
treatments at Embu and Machanga, in about half of the 
treatments at Aludeka, and in some treatments at Sidada. 
However, only Machanga experienced a maize yield 
decline in all treatments, while at the other sites yields 
remained stable or even increased in the best treatments. 
The treatment that was the most effective in maintaining 
or increasing SOC and maize yields across sites was the 
combination of farmyard manure at a rate of 4 t C ha−1 
yr−1 with mineral N fertilizer. On the other hand, the 
organic resources with high C:N ratio, i.e., maize stover 
and sawdust, hardly had any effect on both maize yield 
and SOC, whilst Tithonia and Calliandra residues had a 
limited positive effect on both.

3.2 � Determinants of long‑term trends in maize 
yields

At the humid sites in western Kenya, Aludeka and Sidada, 
treatment-specific long-term maize yield trends were sig-
nificantly (p < 0.01) and positively correlated with the 
trends in SOC content. Experimental treatments that expe-
rienced the strongest SOC loss also exhibited the strongest 
yield loss, whilst those increasing or maintaining SOC 
showed increased yield (Figure 2). At the sub-humid site 
of Embu, the correlation between SOC loss and yield loss 
was weaker (p < 0.05) and only observed in the +N but not 
in the -N treatments. At the semi-arid site of Machanga, 
no significant (p > 0.5) relationship was found between 

the long-term trends in yield and SOC, despite significant 
differences in SOC content and maize yields between treat-
ments (Laub et al. 2023a, b).

Overall, the strongest correlation between temporal 
trends in maize yield and SOC was observed at Aludeka, 
characterized by a humid climate and a coarse-textured 
soil. A mean loss of 0.1 g kg−1 SOC per year at Aludeka 
translated to a grain yield loss of 68 kg ha−1 per year 
in the +N treatment and 38 kg ha−1 per year in the -N 
treatment. In contrast, at Sidada, characterized by a humid 
climate and a clayey soil, the -N treatment experienced the 
strongest effect, and SOC losses of up to about 0.3 g kg−1 
per year did not lead to grain yield losses. A loss (or gain) 
of 0.1 g kg−1 SOC per year translated to a grain yield loss 
(or gain) of 56 kg ha−1 in the -N treatment and 28 kg ha−1 
in the +N treatment.

Overall, the interaction between site, trend in SOC, 
and mineral N fertilizer treatment explained 84% of the 
variability in maize yield trends across sites (Table 1). Trends 
in soil pH, while statistically significant (p < 0.05), added 
limited explanatory value (increase to 86% of variability 
explained). Temporal trends in seasonal rainfall were not 
significantly different from zero, while trends in temperature 
were significant at Embu and Aludeka (p < 0.05; Figure S1). 
Despite this, neither rainfall nor temperature trends were 
significant in explaining the maize yield trends. Notably, 
site alone explained 56% of the variability in the temporal 
maize yield trends, while the interaction between site and 
SOC trend explained 74% of variability (Table 1).

3.3 � Determinants of season‑to‑season variability 
in maize yields

The significance of weather-related covariates in explaining 
the season-to-season maize yield variability across sites 
was high (Table S1). A model with site, organic resource 
treatments and mineral N fertilizer treatments explained 
only 51% of the season-to-season maize yield variability, 
which increased to 60% when adding only temperature-
related covariates, to 69% when adding only rainfall-related 
covariates, and to 74% when adding both temperature- and 
rainfall-related covariates.

However, the degree to which season-to-season vari-
ability in maize yields was explained by each covariate 
depended strongly on the site (Table 2). Weather vari-
ability played a minor role at Aludeka, as indicated by 
the experimental treatments explaining 41% of the maize 
yield variability, a value close to that of the model with 
all covariates (49%). At Embu, in contrast, experimental 
treatments alone only explained 17% of the variability, 
while weather variability alone explained 47%, and all 
covariates combined 60%. Sidada was similar to Embu, 
with treatments alone explaining only 18%, weather alone 
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explaining 37% and all covariates combined explaining 
57% of the variability in maize yield. At Machanga, treat-
ments (32%) and weather alone (28%) held similar impor-
tance, while 59% of maize yield variability was explained 
by all covariates combined.

Individual assessment of weather-related covariates 
was conducted by adding each one to the model with only 
organic resource and mineral N fertilizer treatments and 
their interactions with time. In-season rainfall, standardized 
precipitation index, and growing degree days per season had 
significant positive effects (p < 0.01) on maize yield at all 
sites (Table 3), with the length of the growing season show-
ing significance (p < 0.001) at all sites, except Aludeka. As 
an indicator of unusually cold or hot mid- and/or late-season 

conditions, the ratio of growing degree days in the first 30 
days of the season to the total of the entire season had a 
significant (p < 0.01) negative effect at all sites. Interest-
ingly, some weather-related covariates had a positive or 
insignificant effect at the sites in western Kenya but a nega-
tive effect at the sites in central Kenya. Seasonal mean tem-
perature had a significant negative effect at the drier sites, 
Embu and Machanga, but a significant positive effect at the 
more humid site, Aludeka. Similarly, the ratio of rainfall in 
the first 30 days of the season to the total of the entire sea-
son had a significant negative effect at the drier sites, Embu 
and Machanga, but a significant positive effect at the more 
humid site, Sidada. The total number of days without rain 
had a significant positive effect at the drier sites, Embu and 

Figure 2   Relationship between the long-term changes in soil organic 
carbon (SOC) and long-term trends in maize yields at the four experi-
mental sites in Kenya, displayed as mean annual change estimated by 
a linear mixed model per site and N fertilizer treatment. The cropping 
system in the experiment is monoculture of maize with two crop-
ping cycles per year and different treatments of addition of organic 
resources and mineral nitrogen (N) fertilizer (see text for details). 
Further displayed are the regression of SOC changes on yield trends, 
its formula, correlation coefficient and significance level. The yellow 

dots represent treatments with the addition of 120 kg mineral N ha−1 
per season, the black dots represent treatments without N fertilizer. 
An asterisk behind the site of Sidada indicates a significant differ-
ence between the regression estimates for the +N and -N treatment 
of that site. Panels correspond to Aludeka in the -N (a), +N (b), and 
+/-N treatments combined (c), Embu in the -N (d), +N (e), and +/-N 
treatments combined (f), Machanga in the -N (g), +N (h), and +/-N 
treatments combined (i), and Sidada in the -N (j), +N (k), and +/-N 
treatments combined (l).
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Machanga, but a significant negative effect at Sidada. Addi-
tionally, the effect of in-season rainfall and the standardized 
precipitation index on maize yield was greater at the drier 
sites in central Kenya compared to the more humid sites 
in western Kenya, despite the fact that maize yields were 
generally higher in western Kenya. For example, the effect 

of in-season rainfall on maize grain yield at Embu (2.7 kg 
ha−1 mm−1) and Machanga (1.9 kg ha−1 mm−1) was higher 
than at Sidada (1.6 kg ha−1 mm−1) and much higher than 
at Aludeka (0.2 kg ha−1 mm−1; note that all values were 
back-transformed from their square root, applying the mean 
in-season rainfall level of each site).

Table 1   Explanatory strength 
of different linear models 
across all sites with the trend 
in maize yield as the dependent 
variable and with different 
covariates used. Displayed are 
the adjusted R2, the Akaike 
Information Criterion (AIC) and 
the reduction in R2 compared 
to the model with the highest 
R2. Abbreviations: SOC: soil 
organic carbon; N TRT: mineral 
nitrogen fertilizer treatment; dry 
days: number of dry days per 
season.

Model of yield trend Adjusted R2 AIC Reduction in adjusted R2 com-
pared to model with highest R2

Site only 0.56 −262 −0.3
SOC trend only 0.04 −194 −0.82
N TRT only 0.02 −193 −0.84
pH trend only 0.00 −183 −0.86
Temperature trend only 0.01 −191 −0.85
Rainfall trend only 0.07 −198 −0.79
Dry days trend only 0.00 −190 −0.86
Site × SOC trend 0.74 −304 −0.12
Site × SOC trend × N TRT​ 0.84 −341 −0.02
Site × SOC trend × N TRT + pH trend 0.86 −335 0
Site × SOC trend × N TRT + temperature trend 0.84 −341 −0.02
Site × SOC trend × N TRT + rainfall trend 0.84 −341 −0.02
Site × SOC trend × N TRT + dry days trend 0.84 −341 −0.02

Table 2   Explanatory strength 
of different linear models by 
experimental site, with maize 
yield per season, treatment and 
block as the dependent variable 
and with different covariates 
used. Displayed are the adjusted 
R2, the Akaike Information 
Criterion (AIC) and the 
reduction in R2 compared to the 
full model with all covariates 
(highest R2). Treatment 
covariates here refer to both the 
organic resource and mineral 
nitrogen fertilizer treatments.

Site Model of yields in all years by site Adjusted R2 AIC Reduction in adjusted R2 
compared to fullest model

Aludeka Model with only treatment and time 0.41 3346 −0.08
Full model with all covariates 0.49 3009
Model with treatment, time, and 

temperature
0.43 3235 −0.06

Model with treatment, time, and rainfall 0.44 3198 −0.05
Model with weather covariates only 0.04 4460 −0.45

Embu Model with only treatment and time 0.17 4882 −0.43
Full model with all covariates 0.60 3044
Model with treatment, time, and 

temperature
0.26 4526 −0.34

Model with treatment, time, and rainfall 0.54 3334 −0.06
Model with weather covariates only 0.47 3669 −0.13

Machanga Model with only treatment and time 0.32 4479 −0.27
Full model with all covariates 0.59 3160
Model with treatment, time and temperature 0.48 3742 −0.11
Model with treatment, time, and rainfall 0.53 3490 −0.06
Model with weather covariates only 0.28 4496 −0.31

Sidada Model with only treatment, and time 0.18 3316 −0.39
Full model with all covariates 0.57 1623
Model with treatment, time, and 

temperature
0.32 2786 −0.25

Model with treatment, time, and rainfall 0.49 2061 −0.08
Model with weather covariates only 0.37 2589 −0.2
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Several significant interactions were identified between 
the primary explanatory covariates, namely seasonal mean 
temperature, in-season rainfall, and season length. These 

interactions were observed both between individual covari-
ates and treatments, and between covariates. Interactions 
between in-season rainfall and seasonal mean temperature 

Table 3   Effect size of individual weather-related covariates by exper-
imental site, when added to a model that only contains the organic 
resource and mineral nitrogen fertilizer treatments, time and their 
two-way interactions as covariates. The effect sizes are the β coeffi-
cients of the respective numerical covariates from linear models built 

by site, with the square root of maize yield per season as the depend-
ent variable. Only covariates that were significant when adding them 
to the treatments-only model are displayed. Abbreviations: xresponse 
variable is the square root of yield (t ha−1 season−1)0.5, p <0.05; **, p 
<0.01; ***, p <0.001; nsnot significant.

Covariate Unitx Aludeka Embu Machanga Sidada

Seasonal mean temperature °C 0.080*** −0.082*** −0.339*** 0.008ns

Season length Days 0.001ns 0.012*** 0.014*** 0.020***
Cumulative rainfall mm 0.0004*** 0.002*** 0.002*** 0.001***
Maximum consecutive dry days Days −0.007*** 0.002ns −0.005*** −0.011***
Cumulative growing degree days °d 0.0001** 0.0013*** 0.0008*** 0.0004***
Ratio of rainfall in 1st 30 days - 0.093ns −2.100*** −0.536*** 1.041***
Ratio of GDD in 1st 30 days - −0.252** −7.106*** −4.325*** −3.008***
Days without rainfall Days −0.0001ns 0.0041*** 0.0084*** −0.0015***
Standardized precipitation index - 0.083*** 0.408*** 0.384*** 0.069***

- -

Figure  3   Interactive effects between in-season rainfall and organic 
resource input treatment on maize yield per season for the sites 
Aludeka (a), Embu (b), Machanga (c), and Sidada (d). Treatments 
were the additions of 4 t C ha−1 yr−1 of either farmyard manure, Cal-
liandra leaves, Tithonia leaves, maize stover, saw dust, compared to a 
control treatment with no inputs. Displayed are the post-hoc predic-
tions using a base linear models per site to which the in-season rain-
fall and its interaction with organic resource treatments were added. 

The base linear models consisted of the organic resource treatment, 
mineral N fertilizer treatment, time since experiment start and their 
interactions, as well as a block effect. Note that the response vari-
able in the linear model was root-transformed and post-hoc predic-
tions were transformed back. Ribbons indicate the 95% confidence 
interval. Abbreviations: **/***, interaction significant at that site (at 
p < 0.01/p < 0.001); n.s., interaction not significant at that site.
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were significant at all sites (p < 0.001; Figure S2). At 
Aludeka and Machanga, the effect of in-season rainfall on 
maize yield was negative at seasonal mean temperatures up 
to 22°C, turning positive at 23 °C and above. At Embu and 
Sidada, the effect of in-season rainfall on maize yield was 
consistently positive. However, the impact of in-season rain-
fall increased with higher seasonal mean temperatures at 
Embu while it weakened at Sidada. The effect of in-season 
rainfall also interacted significantly with organic resource 
treatment at Aludeka and Machanga (p < 0.01; Figure 3). 
It was pronounced in the farmyard manure, Calliandra, and 
Tithonia treatments (at 4 t C ha−1 yr−1), but much weaker in 
the maize stover, sawdust, and control treatments. A signifi-
cantly stronger effect of in-season rainfall in the +N treat-
ment than in the –N treatment (p < 0.001) was only observed 
at Embu and Machanga (Figure S3). Finally, site-specific 
significant interactions at all sites also existed between sea-
son length and seasonal mean temperature (p < 0.001; Fig-
ure S4) and between the season length and in-season rainfall 
(p < 0.001; Figure S5).

4 � Discussion

4.1 � Long‑term maize yield trends are strongly 
linked to SOC trends

With the interaction of site characteristics and temporal 
trends in SOC predominantly explaining the long-term 
trends in maize yield, our study provides clear evidence of 
the strong association between maintaining SOC and sus-
taining maize yields under tropical conditions, but only 
under conditions generally suitable for maize cultivation. 
This corroborates the validity of the principles behind 
ISFM (Vanlauwe et al. 2010), namely that SOC serves as 
an indicator of soil fertility (Lal 2004; Janzen et al. 2021) 
and is effective in sustaining crop yields (Tully et al. 2015; 
Mhlanga et al. 2022; Thierfelder et al. 2022). Higher levels 
of SOC imply higher amounts of mineralizable soil nutrients 
for plant uptake (Bashir et al. 2021). They further enhance 
the soil cation exchange capacity (Soares and Alleoni 2008), 
particularly in clay-poor soils (Bashir et al. 2021), which 
may explain the stronger relationship between long-term 
trends of SOC and yield in the +N compared to the -N 
treatment at the clay-poor Aludeka site. The lack of a sig-
nificant regression intercept at Aludeka for both the -N and 
+N treatments, unlike at the Sidada and Embu sites that are 
characterized by clayey soils (Figure 2), further underscores 
the site-specific nature of the effect of SOC on maize yields 
(Vanlauwe et al. 2015). It supports the notion that SOC plays 
a more critical role in coarse-textured soils that inherently 
have limited nutrient (and water) holding capacities (Bashir 
et al. 2021; Thierfelder et al. 2022).

It is important to acknowledge in this context that 
correlation does not guarantee causation, and, therefore, 
it cannot be excluded that other factors besides SOC may 
have contributed to changes in maize yields in the long 
term. For example, additional micronutrients provided by 
organic inputs (Mucheru-Muna et al. 2014; Xiao et al. 2021), 
or organic N, P, K and other essential nutrients that are 
co-stabilized with SOC (Manzoni et al. 2012; Sinsabaugh 
et  al. 2016) may have also played an important role. 
Furthermore, positive feedback loops between increased 
SOC and increased crop biomass productivity may exist 
(Couëdel et al. 2024).

In general, our study aligns with two recent global stud-
ies, showing that higher levels of SOC are associated with 
higher maize yields, and vice versa. However, the SOC 
levels at which the highest yields were estimated differed 
considerably between these two studies, with estimates 
being 20 g C kg1 soil (Oldfield et al. 2019) and 43 g C kg1 
soil (Ma et al. 2023). This difference, together with the 
site-specific effects of SOC trends on yield trends observed 
in our study, as well as the interactions with mineral N 
fertilizer, suggests that the effect of SOC on yield should 
ideally be determined independently for contrasting site 
conditions, such as varying rainfall regimes or soil tex-
tures. For example, the decrease in average maize yield 
related to decreasing SOC was primarily observed at 
Aludeka and Sidada, sites with favorable climatic condi-
tions for maize production (an average of about 600 mm of 
in-season rainfall). This finding suggests a clear benefit of 
increasing or maintaining SOC under such conditions. In 
contrast, at the Machanga and Embu sites, characterized 
by in-season rainfall ranging from 300 to 450 mm and 
frequent dry spells, SOC changes had little to no associa-
tions with long-term maize yield trends. This indicates 
a limited benefit of additional SOC under such rainfall-
limited conditions, somewhat contradicting recent claims 
that SOC universally enhances climate change adaptation 
(Rumpel et al. 2020).

Although SOC can to some extent enhance soil water 
holding capacity (Ussiri and Lal 2019), the overall effect 
is limited and often negligible at realistic rates of SOC 
change (Minasny and McBratney 2018). Thus, changes 
in SOC likely have limited effects on long-term maize 
yield trends in regions with poor rainfall conditions where 
water, rather than nutrients, is the main limiting factor 
for crop growth. In that sense, our results provide one 
possible explanation for the strong spatial variability in 
the effectiveness of ISFM practices in sub-Saharan Africa 
(Mhlanga et al. 2021).

Nevertheless, this should not be interpreted as evidence 
that ISFM is only effective under high rainfall conditions, 
but rather as a crop-specific limitation related to maize. 
For example, a study on sorghum showed that even in 



Maize yield responses to soil organic carbon under integrated soil fertility management in… Page 11 of 15  63

arid conditions, an increase in yields over time is pos-
sible with ISFM applied to the right cropping system 
(Adams et al. 2020). Further, a meta-analysis showed that 
sites with arid conditions and sandy soils had among the 
strongest relative increase in maize yield from ISFM com-
pared to control treatments (Chivenge et al. 2011), most 
likely because of the water retention by the freshly added 
organic materials that allowed plant growth and fertilizer 
uptake. These points demonstrate that our results should 
not be generalized to crops other than maize, or to situa-
tions where complementary management strategies, such 
as water harvesting, are used. ISFM may, therefore, still 
be a valuable component for improving crop yields across 
diverse environmental conditions, including those with 
limited rainfall.

4.2 � Effects of weather on season‑to‑season maize 
yield variability are site specific

The importance of weather-related covariates in explaining 
seasonal maize yield across the sites in our study is 
consistent with findings from a recent global study (Ma 
et al. 2023) and several other studies suggesting in-season 
rainfall as a main limiting factor for maize yield in sub-
Saharan Africa (Lobell et al. 2008; Madembo et al. 2020; 
Mhlanga et al. 2021; Simanjuntak et al. 2023; Rezaei et al. 
2023). However, our site-specific analyses revealed a more 
nuanced picture. Because the crop growth-defining factors, 
i.e., solar radiation and genotypes, were near optimal at all 
four sites and all received best-practice pest management, 
the differences in the relative importance of treatments and 
weather covariates reflect the dominant growth-limiting 
factors for maize productivity at each site (van Ittersum and 
Rabbinge 1997). At Aludeka, which has favorable weather 
conditions but poor soil fertility, nutrients are the main 
growth-limiting factor (Mubanga and Steyn 2020). ISFM 
treatments therefore have the strongest effects on maize 
yields, fostering a strong relationship between long-term 
yield and SOC trends. The positive maize yield response 
to temperature and the low effect of rainfall at this site are 
likely due to generally sufficient soil moisture availability. 
Additionally, as Aludeka has low soil clay content, excessive 
rainfall may lead to nutrient leaching and thus yield losses 
(Weil and Brady 2016). These complex interactions could 
also be an explanation for the overall low importance of 
weather covariates in the linear models for this site. At 
Machanga, where both weather and soil fertility are growth-
limiting, ISFM treatments and weather covariates hold 
similar importance. However, because Machanga is at the 
rainfall margin for maize cultivation, long-term SOC trends 
are not significantly related to yield trends. The treatment 
effects may instead reflect the short-term benefits of added 
organic resources, which can improvewater holding capacity, 

especially from those with high C:N ratio and high lignin 
content (Zhang et al. 2022). At sites with clay-rich soils, 
such as Embu and Sidada, soil fertility is not the major 
limitation to plant growth if soil acidity is properly managed 
(Zhang et  al. 2023). Thus, weather becomes the main 
limiting factor. Nevertheless, the strong correlation between 
yield trends and SOC trends at Sidada suggests that SOC 
remains important for achieving maximum maize yields 
when weather conditions are favorable. This is especially 
the case when no mineral N is applied, as evidenced by the 
higher slope in the –N treatment (Figure 1).

The more pronounced positive effect of rainfall on maize 
yields at Embu and Machanga (e.g., effect sizes; Table 3) 
aligns with the fact that these sites are near or below the 
rainfall margin (about 450 mm of seasonal rainfall) for maize 
cultivation. Embu, with an average seasonal rainfall of 476 
mm, is close to the lower threshold required for viable maize 
yields, while Machanga, with just 290 mm, is well below it 
(Ngetich et al. 2014; Tayel et al. 2015). Low maize yields at 
these sites are thus primarily driven by moisture limitations. 
This interpretation is further corroborated by the significant 
interactions between ISFM inputs and rainfall at both sites. 
Specifically, in seasons with adequate rainfall, maize yields 
responded positively to the application of organic resources 
with a low C:N ratio (at Machanga; Figure 3) and mineral N 
fertilizer (at both sites; Figure S3).

Additional evidence for this response comes from the 
significant negative effect of a high ratio of rainfall in 
the first 30 days to the total in-season rainfall at Embu 
and Machanga. Field observations by the site manager, 
confirmed that early rainfall followed by dry spells led to 
premature germination and subsequent severe drought stress 
or even plant death.

Regarding the effect of temperature, we initially wanted 
to explore whether daily temperatures above 30 °C would 
negatively influence maize yields, as shown in the study by 
Lobell et al. (2011), conducted using over 20.000 historical 
maize trials in sub-Saharan Africa. However, such tempera-
tures occurred in only two seasons (both at Aludeka), mak-
ing it impractical to include this covariate in our analysis. 
Still, we found significant negative effects of seasonal mean 
temperatures on maize yield at Embu and Machanga, likely 
due to interactions with water stress. This is supported by the 
greater sensitivity of maize yields to in-season rainfall under 
higher temperatures (at all sites except Sidada; Figure S2). 
This finding is thus consistent with the finding of Lobell 
et al. (2011), that high temperatures have 1.7 times stronger 
negative effects on maize yields under drought conditions 
than under adequate moisture conditions. Given the pro-
jected increases in temperature in Kenya without increases 
in rainfall (Mumo et al. 2021; Ojara et al. 2021), coping 
strategies such as irrigation (Rezaei et al. 2023) may become 
necessary to sustain maize yields in the future.
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4.3 � Local adaptation and targeting of ISFM must 
address the site‑specific limitations

By combining the results of the long-term trends analysis 
and the season-to-season yield variations, our study 
demonstrates that addressing growth-limiting factors 
in maize production has both a long-term aspect, i.e., 
maintaining or improving soil fertility, and a short-term 
aspect, i.e., ensuring sufficient water availability, especially 
under high temperatures. Long-term SOC changes translated 
into maize yield changes only at Aludeka and Sidada, where 
rainfall is not a growth-limiting factor. In contrast, at the 
rainfall-constrained sites of Embu (in the -N treatment) and 
Machanga, there was no clear association between SOC 
and long-term yield changes, showing a more complex 
relationship under water-limited conditions. Consequently, 
we posit that the main benefit of maintaining or increasing 
SOC through sustainable intensification practices (e.g., 
ISFM) lies in relieving nutrient limitations. Importantly, in 
environments, where water is the main limiting factor, SOC 
improvements alone may not increase crop yields, making 
water management the priority. Effective local adaptation 
of ISFM (Vanlauwe et al. 2015) therefore requires targeting 
site-specific constraints. For example, applying low C:N 
ratio organic resources together with mineral nitrogen 
fertilizer under rainfed conditions appears beneficial only 
where in-season rainfall exceeds approximately 475 mm. 
In drier areas, several strategies could enable effective use 
of ISFM: implementing water harvesting (Kebenei et al. 
2021), or irrigation, which also significantly reduces the 
effect of temperature stress and increases the yield per 
amount of N applied (Lobell et al. 2011; Vanlauwe et al. 
2015), transitioning to more drought-tolerant crops such as 
sorghum (Adams et al. 2020), or applying lignin-rich organic 
resources with a high C:N ratio (Zhang et al. 2022), that 
enhance water retention. These approaches may allow ISFM 
to be effective even in moisture-constrained environments.

A practical challenge to ISFM is the limited availability 
of manure, the most effective external organic resource for 
maintaining SOC (Laub et al. 2023a). In many farming sys-
tems, crop and livestock production are not well integrated. 
As a result, pastoral areas often have surplus manure, while 
cropping areas may face shortages or lack proper manure 
collection due to free-roaming livestock (Sileshi et al. 2025). 
Therefore, promoting better integration of crop-livestock 
systems, either on the same farms, or through the develop-
ment of value chains for manure trade, could help address 
this imbalance. Together with further research on adapt-
ing ISFM to regions with rainfall-limited conditions, these 
efforts could unlock the potential of ISFM for a wider range 
of agroecological conditions.

5 � Conclusion

We presented a unique assessment of the relation between 
long-term trends in soil organic carbon and maize yield, 
along with season-to-season yield variability, in four long-
term experiments conducted in Kenya, with the goal of 
providing nuanced insights into the interacting factors that 
affect maize yield in tropical cropping systems. Significant 
positive correlations between temporal trends in maize yield 
and soil organic carbon showed the benefits of maintaining 
soil organic carbon for sustaining maize yields, but only at 
sites with adequate seasonal rainfall (475-600 mm in-season 
rainfall). In contrast, in regions, such as Machanga, with 
around 300 mm in-season rainfall, moisture is a major 
limiting factor (especially under rising temperatures), and 
maintaining soil organic carbon has less influence on maize 
yield outcomes. Next to the long-term trends, seasonal 
variability of maize yields was strongly influenced by mean 
seasonal temperature and total seasonal rainfall at three of 
the four sites, but the magnitude of these weather effects 
varied between sites. Therefore, sustainable intensification 
strategies should be tailored to local climate conditions, 
particularly rainfall, and prioritize interventions based on 
the most limiting crop-growth factor.
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