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Abstract  Soil degradation is a major challenge 
in Sub-Saharan Africa, where integrated soil fertil-
ity management has been promoted to restore pro-
ductivity. A long-term experiment (1972–1992) 
run in Benin consisted of two phases: a depletion 
phase (1972–1980) with varying levels of mineral 
and organic fertilisation, and a regeneration phase 
(1981–1992) where all plots received full fertilisa-
tion and organic matter additions. Soils were sampled 
at 0–20 cm depth in 1973, 1974, 1982, and 1989 to 
assess fertility changes. Mineral fertilisation (N, P, K) 
and plant biomass management (crop residue reten-
tion and biomass additions) significantly influenced 

seed cotton and maize grain yields during the deple-
tion phase. Soil organic carbon declined consistently 
in all treatments during depletion but remained stable 
during regeneration. The long-term effect was evident 
only in seed cotton yield during depletion. In contrast, 
due to high variability, maize grain yield showed 
no consistent trend. The combined use of organic 
resources and mineral fertilisers helped maintain crop 
productivity but led to declining soil chemical prop-
erties in this Ferralsol. The analysis of this outdated 
yet unpublished dataset shed light on how long-term 
soil depletion effects persist over time, even when 
soil fertility management is restored, indicating a 
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sort of ‘soil memory’. The persistence of these effect 
suggests that regenerative interventions must begin 
before critical thresholds of degradation are crossed. 
Future research should focus on alternative measures 
to restore/maintain soil fertility not evaluated in this 
experiment, such as conservation tillage or legume 
integration, to provide long-term benefits for small-
holder farmers facing soil fertility challenges.

Keywords  Soil’s memory · Crop residues · Long-
term experiment · Cotton–maize yields · Soil organic 
carbon · Nutrient cycling

Introduction

In several countries of sub-Saharan Africa (SSA), 
crop yields declined due to nutrient limitations asso-
ciated with soil degradation (Tully et al. 2015). This 
occurs when crop residue recycling and using mineral 
and organic fertilisers are insufficient to compensate 
for harvested nutrients and soil organic matter (SOM) 
losses (Vanlauwe et  al. 2015). Mineral fertiliser is 
widely used globally to overcome nutrient deficien-
cies and increase crop yields (Martínez et al. 2017). 
It has been repeatedly claimed that soil organic matter 
and nutrient stocks can be built up by applying min-
eral fertilisers to crops and incorporating crop residue 
biomass into the soil (e.g., Huang et  al. 2020; Tang 
et al. 2023). This hypothesis has been controversial in 
sub-Saharan Africa since its emergence (e.g., Khan 
et al. 2007; Tittonell and Giller 2013). However, the 
debate has been hampered by insufficient long-term 
evidence, particularly in tropical soils. Here, we ana-
lyse a 20-year experiment that was run before the par-
adigm of conservation agriculture arrived in Africa. 
It consisted of depleting soil fertility (from 1972 
to 1980) and then regenerating it through mineral 
and organic soil amendments (from 1981 to 1992). 
Although outdated, this unpublished dataset offers a 
unique opportunity to assess the long-term impacts 
of alternative soil management practices and their 
regenerative potential in soils that are ploughed annu-
ally, as most smallholder farmers still do nowadays.

A recent meta-analysis that evaluated the contri-
bution of mineral nitrogen (N) applications to build-
ing soil organic carbon (SOC) did not confirm the 
proclaimed positive effects of mineral fertilisers on 
SOC. It concluded that SOC quantities could only 

be increased by adding organic resources (OR) such 
as compost, manure, and crop residues (Gram et  al. 
2020), commonly used as primary nutrient sources 
to increase crop yields. Animal manure was the 
best performing OR (Mtangadura et  al. 2017; Gram 
et  al. 2020; Laub et  al. 2023) as it allowed greater 
crop yields sustained over the long term, mineral-
ized more nitrogen and phosphorus and better-regu-
lated pH by providing nutrients such as Ca, Mg, and 
K. A long-term experiment in humid Central Kenya 
showed that maize yields increased with higher fer-
tiliser input, but only up to a threshold, after which 
the increase in mineral fertiliser inputs did not signifi-
cantly increase maize yields (Chivenge et  al. 2009). 
In the same experiment, low-quality OR, such as saw-
dust and maize straw, even at C rates of 4 t ha−1, did 
not increase yield compared to the control (without 
adding OR). In semiarid eastern Kenya, 5 t ha−1 of 
manure was needed to maintain yields and SOC in 
the long term (Micheni et al. 2004).

As animal manure is often scarce in small-
holder farming systems in the tropics, particularly in 
SSA (Tittonell et  al. 2010), crop residues are com-
monly used as organic resources to improve produc-
tivity and maintain soil fertility (Kintché et al. 2015; 
Yemadje et al. 2016; Mupangwa et al. 2020). Long-
term studies show divergent effects of the combined 
use of inorganic fertiliser with OR on crop yields and 
SOC (Kintché et  al. 2010; Detchinli and Sogbedji 
2015; Koulibaly et  al. 2015, 2017; Cardinael et  al. 
2022; Laub et  al. 2023). The effects depend on the 
pedoclimatic conditions and prevailing agricultural 
management practices, such as the sequencing of crop 
rotations, the rate of mineral fertiliser application, and 
the organic matter quality and quantity. While some 
studies reported positive effects on grain productiv-
ity and agronomic efficiency of N (Gram et al. 2020), 
a meta-analysis of studies in SSA revealed that the 
combined use of organic resources (OR) and N fer-
tilisers often results in negative interactive effects on 
yields (Chivenge et al. 2011).

Yet, in the absence of animal manure, the com-
bined use of mineral fertiliser and crop residue incor-
poration has been touted as a sustainable practice 
that allows the replenishment of nutrients for better 
crop performance while having positive effects on 
soil biological (provision of substrate and nutrients 
for microbes- Zhong et  al. 2010), chemical (buffer-
ing and pH changes and nutrient additions Kaur et al. 
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2005) and physical (stabilization of soil structure—
Xin et al. 2016) properties. However, how lasting are 
these effects on soil quality? Is crop residue incor-
poration combined with mineral fertilisers enough 
to regenerate depleted soil productivity? To date, 
long-term studies investigating the effects of succes-
sive soil nutrient depletion and regeneration phases 
on SOC and crop performance in SSA are lacking. 
Few studies have focused on the long-term effect of 
combined mineral fertiliser and organic inputs on 
cotton–maize rotations in West Africa (e.g., Kintché 
et al. 2010; Ripoche et al. 2015). These studies, how-
ever, were characterized by small amounts of crop 
residues and high nutrient extraction rates associated 
with cotton cultivation, resulting in slow but continu-
ous soil fertility depletion.

We analysed grey literature data from a long-term 
cotton–maize experiment with contrasting levels of 
N fertiliser and crop residues ploughed into the soil, 
run between 1972 and 1992 in Benin. The dataset had 
to be reconstructed from old handwritten field notes 
and machine-typed data reports. Our overall objective 
was to evaluate whether cotton–maize productivity, 
soil organic matter, and soil nutrients can be main-
tained in the long-term with mineral fertilisers alone 
or combined with crop residue biomass retention and 
extra plant biomass addition along a succession of 
soil nutrient depletion and regeneration phases in a 
Ferralsol, a common soil type used for agriculture in 
Benin.

Material and methods

Study site

The study area is part of the Benin administrative 
department of Couffo, which belongs to the Plateau 
zone (Azontondé et  al. 2010). The long-term field 
experiment was conducted at the Aplahoue research 
station of the Benin National Research Institute 
(INRAB, Institut National des Recherches Agri-
coles du Benin), located in the agroecological zone 
I (i.e., the forest–savannah transition zone) of Benin 
(1° 40′ 25″ E, 6° 56′ 32″ N). The region has a sub-
humid Guinean climate (Aw, Köppen classifica-
tion). The rainfall pattern is bimodal, suitable for a 
first crop cycle between April and July and a second 
cycle from September to November. The long rainy 

season alternates with the long dry season (Decem-
ber-March) and the short dry season (July–August), 
rarely exceeding two months. The second cropping 
season has been characterized by erratic rainfall 
events (Boko 1992). The mean annual rainfall was 
1048 mm from 1972 to 1992. The mean air tempera-
ture was 27.7 °C. The mean minimum and maximum 
relative humidity were 52 and 95% respectively. 
Soils at the research station are defined as Ferralsol 
(Kidane et  al. 2006), locally called "Terre de barre" 
(Kouelo et al. 2020). Soils of Aplahoue are known as 
deep (> 5 m) and highly permeable, leading to good 
physical and hydrological properties. The average soil 
properties of the field experiment indicate suitability 
for agricultural production, apart from a low organic 
matter and exchangeable K concentration (Table 1).

Long‑term experiment

Experimental design

A continuous annual cotton–maize rotation experi-
ment was established in 1972. No slopes or visible 
termite mounds, bumps, erosion bands, or colour dif-
ferences were noticed in the experimental field. These 
fields have been cropped continuously with oil palm 
(Elaeis guineensis Jacq) in the previous years. The 
experiment was run until 1992 in two phases differing 
in soil management. The period from 1972 to 1980 
was the "depletion phase," a combination of low and 
high rates of mineral fertilisers and crop residues that 
were applied as treatments in a randomized complete 
block design. During the depletion phase, there were 

Table 1   Soil characteristics (horizon 0–20 cm) at the onset of 
the experiment in Aplahoue in 1972

Soil characteristics Values

Clay (%) 11
Silt (%) 4
Sand (%) 85
OM (g kg−1) 11.4
Av. P (ppm) 21
Exchangeable Ca (g kg−1) 2.12
Exchangeable Mg (g kg−1) 2.1
Exchangeable K (g kg−1) 0.31
CEC (cmol(+) kg−1) 4.02
pH 6.2
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two levels of mineral fertiliser application [yes/no] 
and aboveground (AGB) weed biomass management 
levels. The six treatments were applied on plots of 36 
m2 (6 m × 6 m) with eight replicates (48 plots):

F0a: no mineral fertiliser application and exporta-
tion of 100% of AGB crop residue biomass;

F0b: no mineral fertiliser application and mainte-
nance of 100% of AGB crop residue biomass;

F0c: no mineral fertiliser application, maintenance 
of 100% of AGB crop residue biomass, and incorpo-
ration (ploughing into the soil) of 10 t ha−1 year−1 of 
weed biomass;

F1a: F0a + application of mineral fertiliser (MF: 
125 N + 92 P + 56 K kg ha−1 yr−1);

F1b: F0b + application of MF; and.
F1c: F0c + application of MF.
For the treatments, F0c and F1c, the weed biomass 

was a mix of Imperata cylindrica and Cynodon dacty-
lon straw collected from a neighbouring field.

The period from 1981 to 1992 is called the "regen-
eration phase". The F1c treatment (mineral ferti-
liser + crop residue + weed biomass) was applied to 
all the experimental plots during this period to ana-
lyse the legacy effects of the depletion phase. All 

plots were tilled during the experiment duration. In 
1981, no yield data were recorded. However, starting 
that year, all plots began receiving the F1c treatment 
(i.e., mineral fertiliser + crop residue retention + 10 
t ha⁻1  year⁻1 of weed biomass incorporation). This 
marked the beginning of the regeneration period, 
designed to evaluate the legacy effects of prior soil 
nutrient depletion under a uniform rehabilitation 
regime.

Crop management

Each year, maize was cropped during the first sea-
son, followed by cotton during the second sea-
son (Table  2). The soil was ploughed once a year 
at the start of each cropping season before maize 
was sown. The local maize variety NOVARA (90-
day crop cycle) was used for the experiment. Maize 
was sown mid-March with three or four seeds 
per hole and then thinned at two plants per hole 
two weeks after sowing, leading to a density of 
62,500 plants per hectare (0.8  m × 0.4  m spacing). 
4  l  ha−1 of PRIMEXTRA (Atrazine) was applied 
from 1972 to 1983, and 4  l  ha−1 of PRIMAGRAM 

Table 2   A summary of crop management variables for both cotton and maize

Practice Cotton Maize

Seed varieties IRMA 96 + 97 (180-day cycle) NOVARA (90-day cycle)
Spacing (cm)
Expected population per ha

0.80 m × 0.30 m
41,666

0.80 m × 0.40 m
62,500 (two plants per spot)

Basal mineral fertiliser 200 kg ha−1 of N14P23K14 200 kg ha−1 of N14P23K14

Topdressing fertiliser 100 kg ha−1 of urea (46%N) 50 kg ha−1 of urea (46%N)
Weed management
Pest control

Clearing before planting:
Glyphosate (2 l ha−1)
Pre-emergent control:
4 l ha−1 of COTODON® G 560 SC herbicide (250 g l−1 

of Fluometuron, 250 g l−1 of Prometryn, and 60 g l−1 of 
Glyphosate)

Post-emergent control:
Two manuals weeding at 20 and 90 Days After Planting

Clearing before sowing
Glyphosate (2 l ha−1)
Pre-emergent control:
4 l ha−1 of PRIMEXTRA (Atrazine) from 

1972 to 1983 and 4 l ha−1 of PRIMA-
GRAM (S-Metolachlor and Atrazine) 
from 1984 to 1992

Post-emergent control:
Two manuals weeding at 20 and 45 Days 

After Sowing
Phyllophagous Insects:
500 ml ha−1 of Thalis 56/112 EC (24 g l−1 Emamectin 

benzoate, and 32 g l−1 Acetamiprid)
Mites control
500 ml ha−1 of PYRO FTE 672 EC (72 g l−1 Cyperme-

thrin, and 600 g l−1 Chlorpyrifos-ethyl)
Carp pests control:
100 ml/ha of Belt (Flubendiamide 240 g l−1, and Thiaclo-

prid 240 g l−1)

500 ml ha−1 of Thalis 56 / 112 EC (24 g l−1 
Emamectin benzoate, and 32 g l−1 Aceta-
miprid) for fall armyworm control
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(S-Metolachlor and Atrazine) from 1984. These 
herbicides were applied on the day of sowing of the 
maize. Two mechanical weeding operations (with a 
hoe) were done 20 and 45 days after sowing (DAS) 
of the maize. A fertiliser dose of 200  kg  ha−1 of 
NPK (14-23-14) (corresponding to 28  kg N ha−1, 
46 kg P ha−1, 28 kg K ha−1) and 50 kg ha−1 of urea 
(corresponding to 23 kg N ha−1) were spot-applied 
near the neck of the maize plants at 20 and 45 DAS, 
respectively. The maize cobs were harvested each 
year at the end of June.

Cotton was planted when the maize crop matured, 
which led to about two weeks of their cohabita-
tion. The recommended 180-day crop cycle, cot-
ton variety IRMA 96 + 97 was planted mid-June 
of each year at a density of 41,666 plants per ha 
(0.8 m × 0.3 m spacing) with two seeds per hole and 
then thinned to one plant per hole. A fertiliser dose 
of 200  kg of NPKSB (14-23-14) (corresponding 
to 28 kg N ha−1, 46 kg P ha−1, 28 kg K ha−1), and 
100  kg urea (corresponding to 46  kg N ha−1) was 
applied to all plots at 15 and 40  days after plant-
ing (DAP), respectively. Fertilisers were banded in 
a closed row near the plants. Application of 4 l ha−1 
of COTODON® G 560 SC herbicide (250 g  l−1 of 
Fluometuron, 250 g  l−1 of Prometryn, and 60 g  l−1 
of Glyphosate) was carried out on the day of cot-
ton planting. In addition, two mechanical weeding 
operations (with a hoe) were performed at 20 and 
90  days after planting (DAP) of cotton. The cot-
ton harvesting (seed + lint) was done at the end of 
December each year after the cotton bolls had been 
fully opened at 170 DAP. After each harvest, maize 
stalks and cotton plants were cut and left in the 
inter-rows only for some treatments (F0b, F0c, F1b, 
F1c).

Measured variables

Maize and cotton yields

Harvested maize grain and seed cotton were 
weighed, and annual average yields per treatment 
were calculated.

Soil sampling and analysis

Soils were sampled at 0–20  cm depth four times 
during the long-term experiment in 1973, 1974, 
1982, and 1989. Soil samples were taken in Feb-
ruary/March before establishing the first crop each 
year. Five soil samples were taken along the diag-
onals of each elementary plot using an auger and 
then mixed to obtain one composite sample per 
treatment per repetition. Each sample was analyzed 
for pH (soil/water ratio of 1:2.5), total organic C 
(Walkley and Black 1934) and total N, available P 
(Olsen), exchangeable K, Ca, and Mg (extraction in 
1N ammonium acetate). Soil samples were analyzed 
in the Cirad laboratory in Montpellier (France).

Calculated variables

Nutrient (NPK) factor productivity and agronomic 
use efficiency by treatment and phase

Factor productivity (FP), referring to the efficiency 
with which plants convert applied nutrients (like 
nitrogen, phosphorus, and potassium) into yield or 
biomass, has been determined according to Eq. 1.

where FP{N,P,K} refers to factor productivity for N, P, 
or K. YF1 refers to maize grain or seed cotton yields 
(kg ha−1) in mineral (N, P, K) fertiliser treatments. 
N,P,K(applied) is the amount of mineral (N, P, K) ferti-
liser applied (kgN ha−1, kgP ha−1, kgK ha−1).

The agronomic N use efficiency (N_AE, kg N−1) 
was defined as the increase in maize grain or seed 
cotton yield per unit of mineral N fertiliser applied 
(Vanlauwe et al. 2011) according to Eq. 2.

where YF1 refers to maize grain or seed cotton yields 
(kg ha−1) in the treatment where N has been applied. 
YF0a refers to maize grain or seed cotton yields (kg 
ha−1) in the control treatments without mineral N 
fertiliser and 100% crop residue export, either YF0b 
for treatments with crop residue maintenance or YF0c 

(1)FP{N,P,K} =
YF1{N,P,K}

N,P,K(applied)

(2)N_ANAE{a,b,c} =
YF1{a,b,c} − YF0{a,b,c}

Napplied
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for treatments with incorporation and the addition of 
10 t ha−1 of weeds biomass ploughed into the soil. 
Napplied is the amount of mineral N fertiliser applied 
(kgN ha−1). The same equation was used to determine 
agronomic P and K use efficiency.

Estimated average yield per sub‑phase

Four sub-phases were considered according to the 
initial and final sub-period of each phase (initial 
depletion (1972 to 1975), final depletion (from 1976 
to 1980), initial regeneration (from 1982 to 1987), 
and final regeneration (from 1988 to 1992)) to esti-
mate the average seed cotton and maize yield per 
sub-phase.

Data analysis

Mixed models with interactions were used on seed 
cotton and maize yield data, with Treatment and 
Year as fixed factors, follow by pairwise compari-
son independently in the depletion and regenera-
tion phases. In the mixed-effects model, Block was 
included as a random effect, while Treatment, Year, 
and their interaction were considered fixed effects. 
This allowed us to account for spatial variability and 
repeated measurements across the experimental lay-
out. The mixed model was used for nutrient factor 
productivity, agronomic use efficiency, soil fertility 
data, and covariance analyses on cotton and maize 
yields, with treatment, phase, and year as fixed fac-
tors. To analyse treatment effects, we decomposed 
the full treatment structure into two crossed factors: 
(1) crop residue management (with/without) and (2) 
mineral fertiliser application (with/without), to evalu-
ate interaction effects. Temporal analysis was con-
ducted separately within each phase (depletion and 
regeneration) to avoid statistical collinearity between 
‘year’ and ‘phase.’ Mixed-effects models included 
‘year’ as a fixed effect when assessing trends within 
each phase, and ‘block’ as a random effect. Analyses 
of variance (ANOVA) and covariance (ANCOVA) 
were conducted using R, with separate models run for 
the depletion and regeneration phases to avoid con-
founding due to the temporal definition of phases. 
Within each phase, the sub-periods (initial vs. final) 
were used for descriptive comparison. Tukey’s HSD 
test (5% level) was applied for pairwise comparison 

of treatment means when significant effects were 
detected.

Results

Seed cotton and maize grain yield

Changes in cotton and maize yields during the deple-
tion phase from 1972 to 1980 and the regeneration 
phase from 1981 to 1992 are shown in Fig.  1. Dur-
ing the depletion and regeneration phases, treatment 
effects were consistently significant (p < 0.05) on both 
cotton and maize yields.

Depletion phase

Seed cotton yields were virtually nil, and maize 
yields decreased rapidly under the control treatments 
F0a (no fertiliser, no crop residue incorporation) dur-
ing the depletion phase (Fig. 1). Crop residue incor-
poration without fertiliser use (F0b) induced small 
improvement in seed cotton yields. However, it led 
to average maize yields similar to those attained by 
farmers in the region (1470 kg  ha−1) in the previous 
years. When mineral fertilisers were added without 
crop residue incorporation (F1a), cotton yields were 
still low (377 ± 144  kg  ha−1) and declining. At the 
same time, maize yields were higher than the regional 
average (2026  kg  ha−1) but declined too over time 
(from 1397 kg ha−1 in 1972 to 686 kg ha−1 in 1980) 
see Table 3. When fertiliser use was combined with 
crop residue incorporation (F1b), cotton yields gradu-
ally increased, but their average (985 kg ha−1) fluctu-
ated around the regional yields farmers obtained. In 
contrast, maize yields were similar to those receiv-
ing only mineral fertilisers (F1a), and declined over 
time. Cotton and maize yields were increased and 
maintained only in treatments that incorporated crop 
residues and added weed biomass (F0c and F1c), 
irrespective of fertiliser use in the case of cotton, and 
producing barely 300 kg ha−1 extra yield with fertilis-
ers in the case of maize.

Regeneration phase

Average seed cotton yields during the initial sub-
period (1982–1987) of the regeneration phase were 
2330 ± 675.7  kg  ha−1 and 2253 ± 754.9  kg  ha−1 in 
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fields subject to F0c and F1c treatments in the pre-
vious phase, respectively. The corresponding aver-
age maize yields were (F0c) 3666 ± 753 kg ha−1 and 
(F1c) 3705 ± 841.6  kg  ha−1. All other treatments 
during the regeneration phase failed to achieve the 
yields obtained with the initial F1c and F0c treat-
ments for both cotton and maize (Fig. 1). The treat-
ments that combined fertiliser use with crop residue 
incorporation from 1972 to 1980 produced yields 
similar to the final years of the regeneration phase 
(20  years later) compared to treatments in which 
no fertilisers were used and no crop residues were 
incorporated. Such a negative legacy effect was not 
overcome by adding fertiliser, crop residues, and 
weed biomass to the soil during the regeneration 
phase.

Effect of mineral fertiliser use

Mineral fertilisation did not affect yields when crop 
residues were incorporated, and 10 t ha−1 year−1 of 
weeds biomass ploughed into the soil (cf. F0c vs. 
F1c) during the depletion and regeneration phases. 
Cotton yields initially increased with fertiliser use 
compared to non-fertilized controls but only sig-
nificantly when crop residues were incorporated 
(Fig.  1; Table  3). Fertiliser use without crop resi-
due retention led to a decline in cotton yield dur-
ing the depletion phase. Maize responded to ferti-
liser use during the depletion phase in treatments 
without crop residue retention but tended to decline 
over time. Generally, the seed cotton and grain 
maize yield increased from the initial to the final 

Fig. 1   Seed cotton (upper) and maize (lower) yield in Apla-
houe from 1972 to 1992. F0a without mineral fertiliser (MF) 
and crop residues removing, F0b: without MF and restitution 
of crop residues, F0c: without MF and restitution of crop resi-

dues with inputs of 10 t ha−1  year−1 F1a: F0a with MF, F1b: 
F0b with MF, F1c: F0c with MF. Vertical dotted lines in 1980 
indicate the end of the depletion phases
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sub-period of the depletion phase, while it tended 
to be constant during the entire regeneration phase.

Nutrient (N, P, K) factor productivity

The N, P, and K factor productivities of seed cot-
ton yield calculated for mineral fertiliser use were 
significantly affected by the treatments only during 
the initial sub-period (1972–1975) of the depletion 
phase and during the final sub-period (1988–1992) 
of the regeneration phase (Fig.  2, p < 0.05), while 
no significant effects were observed for maize. The 
N factor productivity (NFP) of cotton also showed 

significant (p < 0.05) differences between treat-
ments during the final sub-period of the depletion 
phase (1976–1980). The highest factor productivity 
was recorded for each nutrient (N, P, K) with F1c 
treatment at both phases. Applying mineral ferti-
liser, incorporating crop residue biomass, and add-
ing 10 t ha−1 year−1 of weed biomass induced cotton 
to produce a relatively large yield per unit of nutri-
ent applied. The general long-term effect indicated 
a significant increase in nutrient factor productiv-
ity during the depletion phase, while stability was 
observed during the regeneration phase.

Fig. 2   Nutrient (NPK) factor productivity by treatment and 
phase. F0a without mineral fertiliser (MF) and crop residues 
removing, F0b: without MF and restitution of crop residues, 
F0c: without MF and restitution of crop residues with inputs 
of 10 t ha−1 year−1 F1a: F0a with MF, F1b: F0b with MF, F1c: 
F0c with MF. The letters stand for Tukey’s mean separation 

test. The same capital letter upon the same treatment at differ-
ent sub-periods indicates no significance of that treatment over 
a phase or sub-period. The same lower character upon two dif-
ferent treatments at the same sub-period indicates no signifi-
cant effect between these treatments at that sub-period or phase
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Agronomic N, P, and K use efficiency

During the depletion phase, the different treatments 
significantly affected the agronomic use efficiency 
(AE) of N, P, and K fertiliser by cotton and maize 
(Fig. 3). Incorporating crop residues and adding 10 t 
ha−1  year−1 of weed biomass ploughed into the soil 
significantly reduced both crops’ response to mineral 
fertiliser additions. In other terms, when keeping crop 
residues and adding extra biomass, mineral fertiliser 
application became redundant, as was already shown 
by the average yields (cf. Table 3), leading to nega-
tive nutrient use efficiencies during the regeneration 

phase. In the final sub-period (1976–1980) of the 
depletion phase, the values of 0.2 ± 1.5  kg kg  N−1, 
0.4 ± 1.8  kg kg  P−1, and 0.7 ± 1.5  kg kg  K−1 were 
observed for cotton, while 3.9 ± 2.5  kg kgN−1, 
4.4 ± 2.3  kg kg  P−1, and 7.2 ± 1.9  kg kg  K−1 were 
observed for maize. During the regeneration phase, 
the treatment F1c negatively affected N, P, and K 
agronomic use efficiency (respectively, − 1.1 ± 1.3 kg 
kgN−1, −  1.6 ± 1.7  kg kg  P−1, and −  2.8 ± 1.4  kg 
kg  K−1 for initial sub-period, and respectively 
−  0.5 ± 0.9  kg kg  N−1, −  0.9 ± 1.2  kg kg  P−1, 
−  1.4 ± 1.9  kg kg  K−1) for cotton. The long-term 
effect indicated a general stability of agronomic use 

Fig. 3   Agronomic use efficiency of N, P, and K by treatment 
and phase. F0a without mineral fertiliser (MF) and crop resi-
dues removing, F0b: without MF and restitution of crop resi-
dues, F0c: without MF and restitution of crop residues with 
inputs of 10 t ha−1  year−1 F1a: F0a with MF, F1b: F0b with 
MF, F1c: F0c with MF. The letters stand for Tukey’s mean sep-

aration test. The same capital letter upon the same treatment 
at different sub-periods indicates that there is no significance 
of that treatment over a phase or sub-period. The same lower 
character upon two different treatments at the same sub-period 
indicates no significant effect between these treatments at that 
sub-period or phase
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without MF and restitution of crop residues with inputs of 10 
t ha−1 year−1 F1a: F0a with MF, F1b: F0b with MF, F1c: F0c 
with MF
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efficiency during the depletion phase across all treat-
ments while significant decreases were observed dur-
ing the regeneration phase.

Changes in soil fertility

Soil properties significantly varied over the years and 
treatments (Fig. 4). Despite the differences in produc-
tivity created by the different treatments over time, 
the soil organic carbon and total nitrogen contents 
decreased consistently for all treatments during the 
depletion phase (from 5.7 to 1.8  g/kg and from 1.6 
to 0.71 g/kg, respectively) and remained almost con-
stant during the regeneration phase (from 0.6 to 0.3 g/
kg, and from 0.71 to 0.13 g/kg respectively) (Fig. 4). 
However, soil potassium, magnesium, and calcium 
content showed particularly an increase from the 
initial to the final sub-period of the depletion phase 
(from 0.29 to 0.87 g/kg, 0.89 to 1.94 g/kg, and 2.12 
to 2.4 g/kg, respectively), before declining during the 
regeneration phase (0.87 to 0.13 g/kg, 1.94 to 0.46 g/
kg, and from 2.02 to 0.18 g/kg respectively). No sig-
nificant differences in treatments were observed for 
phosphorus, pH, and CEC over the years. The large 
variability in soil organic carbon values in 1973 likely 
reflects heterogeneity in residue decomposition and 
soil conditions following the transition from oil palm 
cover.

Discussion

This study aimed to assess the long-term effect of 
organic resources and mineral fertiliser application on 
cotton–maize productivity and soil chemical proper-
ties. The results revealed that using organic resources 
could maintain crop productivity over the long term, 
even without mineral fertiliser application. It also 
revealed that none of the management practices 
evaluated, namely mineral fertiliser use, crop residue 
retention, and plant biomass addition, were enough 
to prevent the decline in key soil chemical properties 
after 10 years of cultivation of a Ferralsol. During the 
depletion phase, the treatments in which crop resi-
dues were retained and that received weed biomass 
amendments produced significantly higher seed cot-
ton and maize grain yields, with or without mineral 
fertiliser applications (cf. Figure  1, Table  3). Crop 
residue incorporation significantly affected cotton 

and maize yield with and without fertilisers during 
the depletion phase. Towards the end of the depletion 
phase (1976–1980), cotton and maize yields were 
very low without residue incorporation, irrespec-
tive of mineral fertiliser use. During the regeneration 
phase, treatments that had received 10 t ha−1  year−1 
of plant biomass during the depletion phase contin-
ued producing comparable cotton and maize yields 
without showing any significant difference due to 
mineral fertiliser use (cf. F0c vs. F1c in Table 3). In 
other words, yields could be maintained over 20 years 
with crop residue incorporation and weed biomass 
additions, without mineral fertiliser use, which led to 
low agronomic use efficiencies of the applied nutri-
ents (Fig.  2). In the following sections, we examine 
the main trends observed in our results in the light of 
the existing literature.

Limited effects of combined organic inputs and 
mineral fertilisers on yield

Our results showed a neutral and occasionally posi-
tive effect of combining mineral fertiliser and organic 
resources application on cotton and maize yields. 
During the depletion phase, cotton and maize yields 
were increased and maintained only in treatments that 
retained crop residues and added weed biomass (F0c 
and F1c), irrespective of fertiliser use in the case of 
cotton, and producing barely 300 kg ha−1 year−1 extra 
yield with fertilisers in the case of maize. The positive 
legacy effects of having retained crop residues and 
added weed biomass to the soil during the depletion 
phase, despite fertiliser use, still produced the highest 
yields during the regeneration phase. Similar results 
were reported in different environments (Koulibaly 
et al. 2015; Mtangadura et al. 2017; Cardinael et al. 
2022; Laub et  al. 2023). In a long-term experiment, 
Cardinael et  al. (2022) showed that combining min-
eral and organic fertilisers allowed them to maintain 
or even increase maize yields. The effect was greater 
than the sole application of one of the two inputs, 
and the differences in the effectiveness of the treat-
ments were seen in the long term (Laub et al. 2023). 
These authors explained the positive effects on yields 
by the increasing improvement in mineral nutrition 
of cotton and maize (notably N and P) with positive 
interactions between nutrient sources. This effect 
increased with the quality of the organic resource 
(Gram et  al. 2020). Laub et  al. (2023) reported that 



Nutr Cycl Agroecosyst	

Vol.: (0123456789)

manure additions (1.2 t C ha−1 year−1) with high rates 
of nitrogen addition (> 300 kg N ha−1 year−1) made it 
possible to maintain crop yields over the long term. 
Detchinli and Sogbedji (2015) suggested that crop 
yields could be sustained with 75% mineral and 25% 
organic sources under rhodic Ferralsol in western 
African coastal areas.

In our study, however, the highest cotton or maize 
yields were obtained in treatments that received plant 
biomass additions, irrespective of fertiliser use (cf. 
Fig. 3, compare F0c vs. F1c). Thus, the present long-
term study does not show positive interactions or syn-
ergies between organic and mineral fertilisers. In line 
with this, some studies reported even negative effects 
on yield when combining organic resources with min-
eral fertiliser. For example, Chivenge et  al. (2009) 
showed negative interactions with the combined use 
of organic and mineral fertilisers in the central region 
of Kenya due to the high fertiliser N content in the 
organic resources. High-nitrogen organic resources 
should not be used with nitrogen fertilisers, but the 
combination is still important for organic resources of 
low or medium quality. In our study, the similar yields 
between F0c and F1c can also be explained by suf-
ficient nitrogen supply through biomass application, 
suggesting a sub-utilization of the applied mineral 
fertiliser-N (Mtangadura et  al. 2017; Ndung’u et  al. 
2021). Although we lack information on the type of 
weeds that were present in the weed biomass that was 
added during the experiment, grasses such as Imper-
ata cylindrica (Beauv.) L. which are common in this 
region of Benin may contain substantial amounts of 
phosphorus (e.g. 0.14%—Heuzé et al. 2016).

Yields decreased rapidly for treatment F0a during 
the depletion phase. During the regeneration phase, 
yields in the former treatments F0a, F0b, F1a, and 
F1b increased over 10 years but failed to achieve the 
yields obtained with the initial F1c and F0c treat-
ments. This gap is what we term the ’soil’s memory,’ 
the legacy effect that prevents a complete regenera-
tion of the productivity of soils that underwent severe 
degradation. Many authors have demonstrated the 
theoretical basics of the concept of soil memory as a 
soil capacity to record the environmental factors and 
soil-forming processes in a set of stable features in the 
solid phase of the soil body (Lapsansky et al. 2016; 
Targulian and Bronnikova 2019; Martínez-Fernández 
et al. 2021). The observed yield trends for cotton and 
maize across the depletion and regeneration phases 

highlight the complex interactions between soil fer-
tility management practices, nutrient availability, and 
soil memory effects. Incorporating organic amend-
ments (crop residues and weed biomass) played a 
crucial role in maintaining or even improving yield. 
However, long-term SOM trends do not show this (cf. 
Fig.  4a). In other long-term studies in West Africa, 
the combined use of organic inputs and mineral fer-
tilisers was shown to enhance crop productivity, and 
this has been ascribed to improvements in nutrient 
synchrony and soil structure (Cardinael et  al. 2022; 
Laub et  al. 2023). In our study, continuous tillage 
could have accelerated SOM mineralization and 
nutrient leaching, reducing the long-term benefits of 
organic amendments (Six et al. 2002).

High biomass inputs boosted nutrient productivity 
but reduced fertiliser use efficiency

Organic resources positively influenced the factor 
productivity of N, P, and K, particularly in cotton. 
During the depletion phase, the highest nutrient pro-
ductivity was recorded under treatment F1c, where 
mineral fertiliser application was coupled with incor-
porating crop residues and adding 10 t ha−1  year−1 
of weed biomass. This suggests that incorporat-
ing organic matter, alongside mineral fertilisation 
enhances nutrient availability and uptake. However, 
in treatments with high biomass application (10 t 
ha⁻1 weed biomass per year, F1c), the contribution of 
chemical fertiliser to yield was minimal, as reflected 
by the low agronomic nutrient use efficiency in these 
treatments. This indicates that the availability of 
nutrients from organic matter reduced the incremen-
tal yield response to mineral fertilisers. Therefore, 
large amounts of mineral inputs may lead to nutrient 
saturation and declining marginal returns in systems 
with large organic matter inputs. Also, in the studies 
by Cardinael et al. (2022) and Laub et al. (2023), the 
results indicate a diminishing influence of mineral 
fertiliser on nutrient factor productivity in treatments 
with high levels of organic inputs. The low agronomic 
nutrient use efficiency computed for treatment F1c 
in our study may also be explained by yields being 
limited by another factor, such as water availability, 
given the high variability in average yields between 
years.

The nutrient factor productivity (NFP) increased 
during the depletion phase, followed by stability in 
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the regeneration phase, suggests that the applied min-
eral fertilisers and organic residues were efficiently 
utilized in the earlier years. However, the lack of fur-
ther improvements in the regeneration phase raises 
critical concerns about nutrient factor productivity 
over time. The Ferralsols in the study area are highly 
weathered and prone to leaching. Over time, applied 
N, P, and K may have been lost due to high rainfall 
and poor cation exchange capacity (CEC), reduc-
ing their long-term availability. Given the observed 
decline in soil organic carbon, it is likely that reduced 
microbial activity, affecting nutrient availability to 
crops. The agronomic use efficiency (AE) of N, P, 
and K exhibited a significant treatment effect during 
the depletion and regeneration phases. While incor-
porating crop residues and weed biomass (Fb and 
Fc treatments) positively influenced nutrient avail-
ability, these treatments showed a decrease in AE 
compared to Fa. This reduction in AE is likely due 
to the higher nutrient supply from organic inputs in 
Fb and Fc, which diminished the marginal response 
to additional nutrient inputs, highlighting a trade-off 
between nutrient availability and use efficiency. One 
potential explanation for the decline in AE during 
the regeneration phase could be the increased miner-
alization of organic matter due to continuous tillage, 
which may lead to a faster release of nutrients and a 
reduction in their synchrony with crop uptake (Yan-
sheng et al. 2020; Cao et al. 2021). According to the 
evolution of SOC during the experiment, the mineral-
ization of soil organic matter decreased, being lower 
during the regeneration phase than the depletion 
phase in F1c treatments. In the other treatments, min-
eralization increased in the regeneration phase due 
to increased organic matter inputs. Additionally, the 
decrease in AE for Fa and Fb treatments was due to 
a huge increase in nutrient inputs from organic mat-
ter during the regeneration phase. The decrease in AE 
for Fc treatments associated with a decrease in crop 
yields during the regeneration phase is not explained 
by any variable measured or presented in this study.

These patterns suggest that while the initial deple-
tion phase facilitated high nutrient use efficiency, 
prolonged soil exploitation without sufficient organic 
matter replenishment led to reduced fertiliser effi-
ciency. The declining AE in the regeneration phase 
indicates that crops no longer responded efficiently 
to mineral inputs. This could be due to nutrient 
imbalances, soil structural degradation, microbial 

dysregulation, soil organic matter decomposition, 
and nutrient synchrony. The rapid mineralization 
of organic inputs in tropical climates can lead to a 
mismatch between nutrient release and crop uptake, 
reducing AE over time (Six et al. 2002). To address 
this challenge, integrating slow-release organic 
amendments (e.g., compost, biochar) and minimum 
tillage could enhance nutrient use efficiency and pro-
long soil fertility.

Soil fertility declined in the long term despite high 
organic inputs

The rapid mineralization of organic matter in a Fer-
ralsol, driven by the warm, humid climate of the 
study site and the large sand content of the soil, likely 
enhanced nutrient cycling and contributed to SOC 
depletion across treatments (Yemadje et  al. 2016). 
This high mineralization rate minimized the differ-
ences in SOC levels between treatments, indicating 
that maintaining SOC under such conditions remains 
challenging despite adding organic inputs. The 
observed consistent decrease in soil organic carbon 
(SOC) and nitrogen (N) during the depletion phase, 
followed by a stabilization during the regeneration 
phase, is a critical finding that was also observed in 
previous studies in the region (Kintché et  al. 2010, 
2015). The stabilization of SOC and N at very low 
levels during the regeneration phase indicates that the 
applied amendments were insufficient to rebuild soil 
organic matter stocks. This aligns with findings from 
long-term studies in SSA, where Ferralsols exhibit 
high carbon turnover rates, requiring continuous 
organic inputs for SOM maintenance (Tittonell and 
Giller 2013). Other soil chemical properties varied 
across treatments and phases. Higher exchangeable K, 
Mg, P, and CEC levels were observed in treatments 
that combined crop residue maintenance and weed 
biomass incorporation (F0c and F1c). Yet the final 
soil fertility status declined compared to the initial 
for all treatments. This suggests that the organic and 
mineral inputs applied were not sufficient to main-
tain soil fertility and nutrient status, probably due to 
continuous tillage (Dossouhoui et al. 2025). Conser-
vation agriculture (based on minimum or no tillage, 
permanent soil coverage, and crop diversification) 
was shown to improve soil chemical properties and 
organic carbon in the sub-Sahara context (Corbeels 
et al. 2019; Sithole and Magwaza 2019). Interestingly, 
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potassium (K), magnesium (Mg), and calcium (Ca) 
initially increased before declining in the regeneration 
phase. This trend could be explained by the fact that 
during the depletion phase, weathering and fertiliser 
applications may have increased the availability of 
exchangeable (Six et al. 2002). However, continuous 
cropping, leaching, and lack of organic matter replen-
ishment likely led to subsequent declines. The deple-
tion of SOC may have reduced soil CEC, limiting the 
soil’s ability to retain essential cations over time.

Study limitations and further research

Despite the various insights that can be derived from 
this long-term study, some limitations still need to 
be highlighted. The study focuses on the effect of 
organic and chemical nutrients on crop production 
without considering the potential or water-limited 
yield levels in each situation. In fact, nutrient uptake 
rates are high under high-yielding environments (high 
radiation, optimal temperature, and no water limita-
tions), and nutrient-limited growth is more likely to 
occur. The absence of seasonal water data matching 
the seasons of this study limits the full interpreta-
tion of the observed effects. Future studies should 
investigate the interaction between water availability 
and fertilisation strategies to better understand the 
factors driving yield responses in such systems over 
long periods, as such information is lacking in Benin. 
The study shows that plant biomass additions (crop 
residues and weed biomass) were sufficient to sustain 
crop productivity over time, even without mineral fer-
tilisers and under conventional tillage. However, the 
feasibility of treatments that plough 10 t ha−1  year−1 
of weed biomass into the soil seems unrealistic in 
smallholders’ farms, where biomass and labour are 
scarce, associated with limited land availability, low 
plant productivity, and adverse climatic conditions 
(Srivastava et al. 2017; Taveira et al. 2019).

The experiment was established on a former oil 
palm plantation field, and we have no information 
about the management and productivity of this previ-
ous crop. Oil palm plantations generally lead to high 
soil heterogeneity due to high input use and the resid-
ual root biomass that remains in the soil after plot 
clearance. Although we lack any soil or fertilisation 
data from the palm plantation, it is possible to specu-
late that nutrient additions were regular, and this may 
have had a legacy effect on subsequent cotton and 

maize during the depletion phase allowing, for exam-
ple, to maintain crop yields in treatments with rela-
tively low nutrient additions.

The value of the old study analysed here resides in 
the longitudinal combination of depletion and regen-
eration phases, with continuous annual ploughing as 
smallholder farmers do. However, nowadays, it is well 
known and documented that to mitigate the decline 
in nutrient use efficiency and soil fertility, strategies 
such as reduced or no tillage, incorporation of cover 
crops, animal manure, and agroforestry practices can 
be considered to improve crop yield, reduces variabil-
ity and economic risks in cotton–maize rotations, and 
enhance nutrient cycling and carbon sequestration 
(Lal 2015; Atakoun et  al. 2023; Akplo et  al. 2025; 
Yemadje et al. 2025a, b).

Despite the age of the experiment, the dataset 
offers critical longitudinal insights into soil fertility 
trends and legacy effects in a context that remains 
highly relevant. Many smallholder farming systems in 
West Africa continue to operate under similar condi-
tions of limited inputs, biomass scarcity, and annual 
tillage. Therefore, the findings contribute to under-
standing long-term soil responses to nutrient mining 
and rehabilitation-knowledge that can guide regenera-
tive practices even in modern conservation agricul-
ture frameworks.

Conclusions

This study illustrates that soils subject to prolonged 
fertility depletion develop long-lasting limitations 
to productivity, even when rehabilitation inputs are 
later applied. The persistence of these "soil mem-
ory" effects, particularly under conventional tillage, 
suggests that regenerative interventions must begin 
before critical thresholds of degradation are crossed.

Our findings challenge the prevailing assumption 
that combining organic and mineral fertilisers always 
results in synergistic benefits. In high-biomass treat-
ments, mineral inputs offered little added value, rais-
ing concerns about input redundancy and efficiency. 
This has implications for resource allocation in small-
holder systems where both biomass and fertiliser are 
scarce.

Given the limited recovery of soil organic carbon 
and nutrient stocks, even with substantial organic 
inputs, future research should explore conservation 
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practices that stabilise organic matter, such as mini-
mum tillage, cover cropping, and strategic legume 
integration. Additionally, long-term trials that include 
soil biological and physical indicators are essential 
to fully capture the multidimensional nature of soil 
restoration. Investments in archiving, digitising, and 
revisiting historical field trials can yield vital insights 
into long-term soil processes that remain invisible in 
short-term studies.
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