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Intercropping with legumes in the Congo
Basin increases maize yields but not
greenhouse gas emissions
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Agricultural intensification on existing arable lands has been proposed to reduce deforestation in the
Congo Basin, although the effects of intensification on soil greenhouse gas (GHG) emissions have not
yet beeninvestigated. Here, we present the first field study to quantify the trade-offs between yield and
GHG emissions across different intensification options in this region. We show that intercropping with
nitrogen-fixing beans not only provided additional protein-rich food but also increased maize yields by
1.4-fold while leaving N,O emissions and the soil CH, sink unchanged compared to unfertilized maize.
In contrast, a moderate mineral fertilizer application of 66 kg N ha~' yr~' doubled yields, but reduced
the soil CH, sink strength, and increased N,O emissions fivefold to about 4 kg N,O-N ha ' yr~'. These
N>O emissions also exceeded those of natural forests by more than a factor of three, highlighting the
GHG cost of mineral fertilizer use in addition to CO, emissions from soil organic carbon loss following
land conversion. In sum, intercropping with nitrogen-fixing beans had the lowest yield-scaled GHG
emissions and can help to address protein malnutrition in regions with limited access to mineral

fertilizers or particularly high N,O emissions.

The forests of the Congo Basin, covering some 200 million hectares,
represent one of the world’s most important ecological zones, providing
habitat for many species and a source of livelihoods for over 75 million
people'”. These forests play an essential role in global climate change
mitigation by storing 40 Gt of carbon (C) in tree biomass and in soils’.
However, they are threatened by deforestation and land-use change, which
occurred at a rate of 0.09% per year between 1990 and 2000, 0.1% between
2000 and 2010*°, and 0.21% between 2015 and 2020. For the same period
(2015-2020), the deforestation rates were 2.1% in the Central African
Republic, 0.71% in Congo, 1.46% in the Democratic Republic of Congo, and
0.21% in Gabon®. In Cameroon, for example, annual forest cover loss was
estimated at 0.18% per year from 2000 to 2010™. In contrast to Latin

America, where deforestation is primarily driven by large-scale agricultural
expansion’, deforestation and land-use change in the Congo Basin are
mostly a consequence of small-scale subsistence agriculture, mainly using
slash-and-burn techniques'*". This type of agriculture, characterized by
very low productivity on poor soils (due to continuous cultivation without
nutrient replenishment) and poor agricultural practices, accounts for more
than 80% of the rate of deforestation in the region'*".

The Congo Basin is experiencing significant human population
growth, with an average annual growth rate of 3.6% between 2000 and 2010
and a projected growth rate of 2.2% between 2020 and 2030. This rapid
growth is expected to double the region’s population between 2000 and
2030, reaching approximately 170 million people”. Furthermore, the
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population is projected to increase fivefold by 2100". Increasing demand for
food to feed the rapidly growing population is expected to put additional
pressure on the forests of the Congo Basin. The critical challenge is therefore:
How to meet future food demand while halting deforestation?

Agricultural intensification, which focuses on increasing crop yields on
land already converted from native ecosystems, offers a promising strategy
for increasing food production while reducing pressure on forests'**’. This
approach, which is central to the African Green Revolution, involves a range
of techniques and practices such as the development and adoption of high-
yielding and pest-resistant crop varieties, increased use of fertilizers,
mechanization, irrigation technology, and intercropping. In the Congo
Basin, where agriculture is predominantly small-scale and often agroeco-
logical “by default™"*, the strategic use of mineral fertilizers and inter-
cropping with nitrogen-fixing legumes are seen as promising ways to
increase yields and diversify crop production. Studies have shown that the
application of mineral fertilizer significantly increases crop yield. For
instance, Guo et al.”* found that mineral N fertilization increased maize
yields by approximately 80% in different climatic regions due to increased
soil N availability in the form of ammonium NH," and nitrate NO5 . In
contrast, intercropping, the practice of growing two or more crop species
together in the same field*, can improve soil fertility and nutrient cycling.
N-fixing legumes, when intercropped, can improve soil N availability,
thereby supporting the growth of the primary crop and increasing overall
productivity through complementarity or facilitation™”’. For example,
Agbor et al.”” showed that maize intercropping with N-fixing legumes tri-
pled maize yields in field trials in southern Cameroon.

While agricultural intensification holds promise for addressing
food security challenges in the Congo Basin, its impact on greenhouse
gas (GHG) emissions, particularly non-CO, gases such as nitrous oxide
(N,0O) and methane (CH,), remains to be assessed. Recent measure-
ments from intact forests in the region reveal comparably low N,O
emissions and significant CH, sinks, underscoring the importance of
preserving forest carbon and nitrogen dynamics™”. Agriculture was
responsible for 13-21% of total global anthropogenic GHG emissions
during the period 2010-2019, with N,O, CH,, and CO, contributing
46%, 45%, and 9%, respectively’™'. N,O emissions from agriculture are
estimated to be about 3.8 Tg N,O-N yr ™" of total anthropogenic N,O
emissions (7.3 TgN,O-Nyr')”. Given that the 100-year global
warming potential of N,O and CH, are 273 and 27.2 times higher,
respectively, than those of CO,”, understanding the impact of agri-
cultural intensification on GHG emissions is critical. With the com-
mitment of Congo Basin countries to reduce emissions from
deforestation and forest degradation (REDD+), such research is
essential to develop sustainable intensification practices that balance

the need for increased agricultural productivity with the imperative to
mitigate climate change.

Maize (Zea mays L.) is a staple crop grown throughout Africa, serving
as a source of carbohydrates and an essential input for local agro-
industries™ . The African Development Bank (AfDB) has identified maize
as a priority crop for increasing agricultural productivity in sub-Saharan
Africa”. With the region’s projected population growth, the demand for
maize is expected to increase accordingly. In response to this anticipated
demand surge, we investigated two maize intensification strategies: inter-
cropping with nitrogen-fixing beans and the application of mineral N fer-
tilizer to typically low-productivity forest margin fields in Cameroon. Our
study aimed to assess the impact of these intensification practices on (1)
maize grain yield and (2) soil-atmosphere exchange of GHGs (N,O, CH,,
and CO,), using an adjacent secondary forest (SF) as a baseline for GHG
fluxes. Finally, we aimed to provide yield-scaled non-CO, GHG fluxes
associated with maize intensification options, thereby providing scientific
evidence for sustainable maize cultivation on the Congo forest margins.

Results

Here we report results from a field experiment conducted over two con-
secutive maize growing seasons in 2015 to evaluate three maize cultivation
practices: (1) unfertilized maize control (MC), (2) maize fertilized with
mineral nitrogen at 66kg Nha™'yr™' (MF), and (3) maize intercropped
with N-fixing beans (MB). Additionally, a nearby secondary forest (SF) was
monitored throughout the study period to serve as a baseline for GHG
fluxes. The first maize season spanned from sowing on May 1 to harvest on
August 26, while the second season ran from sowing on September 5 to
harvest on December 29 (Fig. 1).

Total plant biomass and maize grain yield

Total plant biomass (maize grains, beans, stems, cobs, and residues)
increased significantly with both the incorporation of beans and with
mineral N fertilization (p <0.001). The average biomass for MC was the
lowest at 7.2 + 0.6 metric tons (t) ha™ (Fig. 2A). Intercropping with beans
significantly increased biomass to 10 +0.9 tha™'. The mineral fertilizer
(MF) treatment resulted in the highest increase in productivity by more than
doubling biomass to 15.5 + 0.6 t ha™". This significant increase underscores
the benefits of mineral nitrogen for plant growth. Maize grain yield followed
a similar trend, with the MC treatment showing the lowest yield at
3.6+ 0.3tha ' (Fig. 2B). Intercropping with beans significantly increased
yield to 4.9 + 0.5 t ha™'. Mineral N application resulted in the highest grain
yield of 7.7 + 0.3 t ha™". During the two maize trials, protein yield increased
by approximately 50% in the MB (0.51 + 0.05 t ha™') and doubled in the MF
(0.73 £ 0.003 tha™) compared to the MC treatment (0.34 + 0.03 tha™).

Fig. 1 | Timeline of agronomic events during the
two maize growing seasons. Schematic showing the
sequence and dates of key agronomic events (sow-
ing, nitrogen fertilization, and harvest) for the two
consecutive maize growing seasons in this study.
Created in BioRender. Kwatcho Kengdo, S. (2026)
https://BioRender.com/m5t7b7f.
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biomass includes plant stems, cobs, and grains. Significance levels are given as
*ERED < 0.0001; ¥¥*p < 0.001; **p < 0.01; *p < 0.05.

Soil atmosphere GHG fluxes across land uses

N,O fluxes showed a large temporal variation, especially with pronounced
peaks in response to N fertilization events (Fig. 3¢c). The MF treatment had
the highest N,O emissions (mean 76.5 +15.4pugNm >h™"), with sharp
peaks exceeding 500 pg N m~>h™* following nitrogen fertilizer applications
in the second maize trial. The peaks in the second maize trial with higher
precipitation were significantly larger than in the first trial, resulting in a
cumulative flux of 401 kg N ha™ y™'; in the maize + mineral N treatment
(1720.29 £ 12.87 kg CO,-eqha™'y™*), notably higher than in the other
treatments. The MC (mean 124+22pugNm *h™") and MB (mean
9.8+ 1.4ugNm>h™") treatments showed similar but more subdued N,O
flux patterns, with cumulative fluxes of 0.83+0.004kgNha *'yr™*
(356.07 +1.72kg CO2-eqha™'yr™') and 0.62+0.002kgN ha'yr!
(265.98 + 0.85 kg CO2-eqha™" yr"), respectively. In comparison, the SF
showed consistently high N,O emissions (21.2+22ugNm™>h™"), with
cumulative fluxes of 1.35+0.004 kg Nha™yr™' (579.15 + 1.72 kg CO,-
eqha™yr™).

Net CH, fluxes at the soil-atmosphere interface were persistently
negative, particularly in the MC and SF treatments, where the flux averaged
—375+25pgCm >h™" and —39.6 £ 3.6 ugCm >h}, respectively (Fig.
3E). Occasional CH, emissions in the MC, MB, and MF treatments (range:
7.55-24.77 ug Cm > h™") were related to wet soil conditions after rainfall
events. Cumulative fluxes in all treatments were relatively similar, with the
lowest mean net CH, sink strength of about 2 kg CH,-Cha™' yr " being
observed for soils of the fertilized treatment, and significantly higher CH,
sink strength of about 2.5 kg Cha™" yr™" for soils of the unfertilized control
and intercropped treatments. This corresponded to a CO, equivalent of
—87.04 £ 0.18 kg CO2-eq ha ' yr ' and -89.94 + 0.22 kg CO,-eqha " yr™,
respectively. Thus, the soil CH4 sink strength was 3-23.1 times lower than
the source strength of N,O emissions when expressed as CO, equivalents.

Soil respiration varied considerably among the different land use sys-
tems (Fig. 3D and Table S2). The SF consistently exhibited the highest CO,
fluxes, peaking at approximately 266.12-318 mg C m~ > h™’, especially during
the rainy season. In contrast, the CO, fluxes in the MC, MB, and MF treat-
ments were significantly lower, ranging between 44.70-209.81 mg Cm >h ™"
Among these, the SF showed the highest cumulative CO, flux
(11.84+0.014t Cha " yr?), followed by MB (6.59+0.013tCha™'yr'"),
MC (6.48 +£0.009 t Cha™' yr '), and MF (6.09 +0.008 t Cha ' yr 7).

Yield-scaled N,O emissions

Due to the low importance of CH, in the non-CO, greenhouse gas balance
and the marginal variation of the CH, sink among treatments (Table 1), we
only scaled N,O emissions to yields. Yield-scaled N,O emissions were
significantly different between treatments. Yield-scaled N,O emissions for

the MF treatment averaged about 0.52 + 0.02 kg N,O-N per ton of maize
grain yield, which was significantly higher than the MC treatment alone
(0.24 + 0.02 kg N,O-N per ton of maize grain yield) and the MB treatment
(0.13 +0.01 kg N,O-N per ton of maize grain yield) (Fig. 4A). To provide an
alternative perspective that accounts for the nutritional value of the harvest,
we also calculated protein-scaled N,O emissions. These were again highest
for the MF treatment (5.53 + 0.22 kg N,O-N per ton of protein yield), fol-
lowed by the MC treatment (2.51 + 0.16 kg N,O-N per ton of protein yield),
and lowest for the MB treatment (1.26 + 0.12 kg N,O-N per ton of protein
yield) (Fig. 4B).

Soil and environmental parameters

Mineral soil characterization showed a decrease in SOC concentrations
compared to the SF, and slightly increased bulk density values in the crop
field in 0-10 cm, while the C:N ratio did not change (Table 2). Still, this
resulted in decreased SOC stocks in the crop fields compared to the
forest, even though we did not use an equal soil mass approach (a
method that corrects for changes in soil bulk density due to
compaction™) (Table 2). Specifically, SOC stocks decreased from
26.5tha™'to24.3 tha 'at0-10 cmand from 37.4 tha ' t0 29.1 tha ' at
10-30 cm. Thus, the land-use change induced SOC loss in the upper
30 cm of the mineral topsoil was 10.5t Cha™". Soil Ca concentrations
were lower in the SF, while P was higher in the maize control (MC)
treatment. K Concentrations were elevated in both the MC and maize
plus beans (MB) treatment.

Soil temperature remained stable throughout, while soil moisture
fluctuated significantly with rainfall, being higher during the rainy seasons
(April-June and September-November) and lower during the dry season
(July—August) (Fig. 3A, B).

Soil mineral nitrogen concentrations

Considering the large differences in N inputs among the maize treatments
(0kgNha ' in MC vs. ~66 kg N ha™! in MF), we found surprisingly small
differences in NH,*-N and NO; -N concentrations among the different
maize treatments, and also relatively low temporal variability (Fig. S1). Only,
the MF treatment occasionally had higher NH,"-N and NO; -N con-
centrations, especially after the fertilizer applications (Fig. S1). Overall, we
found average NH,"-N and NO; N stocks of only about 10-15 kg each
across treatments (Fig. S2).

Relationship between GHG fluxes and environmental variables

Nitrous oxide emissions were generally positively correlated with volu-
metric water content, especially in the MF treatment (r = 0.55, p < 0.001),
which had the highest total N,O emissions (Fig. 5E and Table 1). The
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Fig. 3 | Land use effects on soil-atmosphere exchange of greenhouse gases.
Monthly air temperature and precipitation (A); daily soil temperature and soil water
content measured in an adjacent mix crop field and representative of the field

conditions across all maize treatments (B); flux of N,O (C) CO, (D) and CH, (E) in
the secondary forest, maize control, maize + beans, and maize + mineral N. Sym-
bols are mean + standard error.

relationship between N,O emissions and soil temperature was weak and not
significant in most treatments, except for a weak positive correlation in the
MEF treatment (R = 0.29, p = 0.056, Fig. 5F). The net CH, uptake increased
with decreasing volumetric water content (R = 0.77, 0.69, and 0.58 for MC,
MB, and MF, respectively and Fig. 5C). The relationship between CH, flux

and soil temperature was weaker but positively correlated within the MF
treatment (R = 0.42, p =0.0039, Fig. 5D).

Soil respiratory CO, fluxes were significantly positively correlated
with volumetric water content across all treatments (Fig. 5A). The
correlation coefficients were highest in the MB and MF treatments
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Table 1 | Mean (+SE), cumulative fluxes of soil respiration (CO,), CH,, and N,O, and CO, equivalent of nonCO, gases over the
measured period in secondary forest (n = 4), maize (n = 6), maize + beans (n = 7), and maize + mineral N (n=7)

GHG Land use Mean + SE Cumulative flux CO; equivalent
CO, (Rsoi) mgCm=2h’ tCha'yr! kg CO»-eq ha™"yr™'
Secondary forest 185.3+8.1° 11.84 +0.014° -
Maize 101.5+4.8% 6.48 £ 0.009% -
Maize + beans 101.7£7.3° 6.59+0.013°% =
Maize + mineral N 101.0£5.0° 6.09 +0.008° o
SOC stock change due to forest conversion (10.5tCha ' 5yr"): 7707
CH, pugCm2h"’ kgCha'yr’
Secondary forest —37.5+£2.5% —2.40 £ 0.005% —87.04+0.18°
Maize —39.6+3.6% —2.48 +0.006% —89.94 +0.22°
Maize + beans —34.6+2.8% —2.20 +0.005% —79.79+0.18"
Maize + mineral N -30.8+2.1° —2.05 +0.004* —74.35+0.15%
N20 pgNm 2h ' kgNha 'y
Secondary forest 21.2+2.2° 1.35+0.004* 579.15+£1.72%
Maize 12.4+2.2* 0.83 +0.004* 356.07 £ 1.72°
Maize + beans 9.8+1.4° 0.62 +0.002* 265.98 + 0.85%
Maize + mineral N 76.5+15.4° 4.01+0.03° 1720.29 + 12.87°

Numbers followed by different letters are significantly different. For comparison, we also provide the SOC stock change per year due to forest conversion to cropland as CO, equivalent.
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(R=0.79, p<0.001, and R=0.7, p <0.001, respectively). Conversely,
the correlation between CO, flux and soil temperature was less pro-
nounced and varied between treatments (Fig. 5B). While soils from the
MB treatment showed a moderate positive correlation (r=0.32), soils
from other treatments did not show significant temperature-driven
variations in CO, flux.

Discussion

Given the expected population growth in the Congo Basin in the coming
decades, increasing yields on existing arable lands is urgently needed in
order to prevent deforestation. Maize grain yield doubled under mineral N
application (7.7 tha™), significantly outperforming the maize + beans
intercrop (1.4-fold increase: 4.9tha™") and maize control (3.6tha™)
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Table 2 | Soil characteristics for the different land uses

Secondary forest Unfertilized maize control Maize + beans Maize + mineral N
Soil depth (cm) 0-10 10-30 0-10 10-30 0-10 10-30 0-10 10-30
Bulk density (g cm ) 1.1 1.28 1.25 1.21 - - - -
Porosity (%) 58 52 53 54 - - - -
CEC (cmol® kg™ 6.8 (0.3 5.6 (0.1)?* 6.5 (0.2 5.4 (0.07 - - - -
C (%) 2.4 (0.1)7 1.5(0.0) 1.9 (0.1)2 1.2 (0.0 - - - -
SOC stocks (tha™) 26.5 (1.0 37.4 (1.1 24.3 (1.5 29.1 (1.0)°
Total N (%) 0.2 (0.07 0.1(0.00 0.1 (0.0? 0.1 (0.0 - - - -
C/N 15.2 (0.4)* 17.8 (0.4) 16.4 (0.3 15.7 (0.8)* = = = =
Sand (%) 43.7 (5.5) - 39.6 (3.5) - - - - -
Silt (%) 6.5 (0.0) - 5.5(0.1) - - - - -
Clay (%) 49.8 (5.5) - 54.9 (3.6) - - - - -
Soil depth (cm) 0-20 0-20 0-20 0-20
pH (water) 3.8 (0.1 4.7 (0.3 4.0 (0.1)° 4.1 (0.1)°
pH (KCI) 3.5(0.1)° 4.2 (0.3 3.7(0.1° 3.7 (0.1
Ca (cmol® kg™ 0.5 (0.1)° 4.2 (0.97 2.1 (0.5 1.3 (0.4)°
Mg (cmol® kg™ 0.4 (0.1 0.9 (0.1)* 0.6 (0.1) 0.5 (0.1
K (cmol® kg™) 0.1 (0.0®° 0.2 (0.0? 0.2 (0.0 0.1(0.0°
Na (cmol™® kg™ 0.02 (0.0 0.01 (0.00)° 0.009 (0.0)° 0.01(0.0°
Pugg™) - 6.8 (2.2 4.0 (1.0y® 1.6 (0.3)°

Different superscript letters indicate a significant difference between treatments (o < 0.05).

treatments. Hence, both intensification options can in principle be con-
sidered successful in terms of yield increase, with clear advantages for fer-
tilization over BNF-supported yield increases. This substantial yield increase
under mineral N application is consistent with the broader literature on the
role of mineral N fertilization in increasing crop productivity, especially in
nutrient-limited tropical soils”. Maize yield increases due to intercropping
with N-fixing beans, relative to unfertilized maize monoculture, have been
reported in other studies conducted in Africa**. Nitrogen limitation was
indicated by persistently low soil mineral N concentrations, illustrating a
rapid consumption of applied mineral N fertilizers and N inputs from
biological nitrogen fixation. Furthermore, the relatively wide C:N ratio of
about 16 supports strong N limitation*, as such wide C:N ratios promote the
activity of heterotrophic soil microbes, such as denitrifiers, and also het-
erotrophic microbial N immobilization, so that competition for N between
plants and microbes is high*, exacerbating N limitation for plants. Thus, the
increased N availability due to fertilization has immediate effects on N
nutrition of fine roots and leaf growth, leading to higher photosynthetic
rates and greater plant biomass production and, ultimately, grain yields*.
This is also consistent with the increase in total plant biomass under mineral
N fertilization in both maize trials (Table S1).

The increase in maize grain yield in the maize 4+ N-fixing beans
treatment, although lower than that in the maize 4+ mineral N treatment,
emphasizes the importance of BNF in improving N availability, increasing
maize N uptake and grain yield”. This clearly reduces the need for mineral N
fertilizer application and thus has significant potential to help close yield
gaps. The amount of N fixed by Phaseolus vulgaris L. varied between studies,
ranging from 10 to 97 kg N ha™" *"***°, Although not specifically tested in
this study, the mechanisms of N transfer from beans to maize plants may
have included rhizodeposition, interspecific root interactions, and decom-
position of bean nodules releasing N***>. Such short-term interactions
between N-fixing plants and maize N nutrition seem very likely, given the
immediate strong response in maize growth observed in the first cycle of
intercropping with N-fixing beans. Beyond biological nitrogen fixation and
N-nursing, the intercropped beans may improve maize performance
through weed suppression, erosion and leaching control, and improved

ground cover, which helps conserve soil moisture in the surface layer. It also
diversifies farmers’ income by allowing them to harvest different crops on
the same land. Still, we demonstrate that mineral N fertilization provided a
larger, more immediately available N input, resulting in a greater maize yield
response. Furthermore, the addition of more mineral N fertilizers could
result in even significantly higher yields, as the potential maize yields under
the studied wet tropical soil conditions could be several times higher than
those obtained in our study in the MF treatment™’. However, intercropping
with N-fixing beans remains a viable alternative for smallholder farmers
seeking to increase productivity without relying on external mineral N
inputs and their associated cost™. This is very relevant for the Congo Basin,
where smallholder farmers may have limited access to chemical fertilizers
due to their high costs. While intercropping beans requires more complex
management and increased labor for tasks such as planting, weed control
(especially in the early growing season), and harvesting, it offers significant
benefits by providing an additional protein-rich food. Despite the absence of
site replication and the limitation to two growing seasons in this pioneering
study which requires careful generalization of findings, we demonstrate
significant maize grain yield benefits from mineral N fertilizer application
and intercropping with N-fixing beans, which are highly relevant to farmers
in the Congo basin and can increase food security.

Yield-scaled N,O emissions are an important indicator as they relate
agricultural productivity to GHG emissions™ ", It, therefore, allows the
identification of good management or agricultural practices that reduce
N,O emissions while maintaining or increasing crop yields”. The doubling
of yields in the maize 4+ mineral N fertilizer treatment was accompanied by a
fivefold increase in N,O emissions. The sharp peaks following fertilizer
application, especially during the second maize trial (Fig. 3C), clearly illu-
strated the role of fertilizer N in regulating N,O emissions™®. The cumu-
lative N,O emissions in this treatment (4.0kgNha™yr™") were
significantly higher than in the maize intercropped with N-fixing beans
(0.62 kg N ha ') and maize control (0.83 kg N ha™") treatments (Fig. 6).

While there are no empirical studies from the Congo Basin, relatively
few peer-reviewed studies and MSc and BSc theses have reported N,O
emissions from maize fields in the tropical and subtropical regions of Africa
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and other regions of the world™. The N,O emissions of 4 kg N ha™ yr" we
found in the fertilized treatment are at the very upper end of these reports. At
an N application rate of 66 kg N ha™", the N,O emission factor is as high as
6%, or 5% when considering background fluxes of 0.8 kg N'ha™" from the
MC treatment (emission factor calculated as [(N,O-N emission from the
fertilized treatment) — (N,O-N emission from the unfertilized control)] /
(Rate of N fertilizer applied) x 100). Leitner et al.” estimated that closing the
maize yield gap in sub-Saharan Africa by 75% would require the application
of >80-100 kg N ha™', thereby tripling yields but increasing N,O emissions
even by as much as seven times. In the Congo wet forest region, where water
availability is not necessarily a yield limiting factor, yield gaps could be even
larger, suggesting that additional fertilizer rates such as ca. 200 kg N ha™*
could further dramatically increase yields. However, given that the yield-
scaled N,O emission in the MF treatment is more than twice as high as the
average yield-scaled N,O emission of 0.21kg N,O-N ton™' for maize
globally and more than four times higher than the average yield-scale N,O

emission of 0.12 kg N,O-N ton™" for maize in Africa specifically”, our study
illustrates that closing maize yield gaps in the Congo Basin with mineral
fertilizers will come at the cost of particularly high N,O emissions. This
discrepancy likely arises from the distinct climatic conditions of the Congo
Basin compared to those in the broader continental dataset. The meta-
analysis by Yao et al.” is heavily weighted toward studies from semi-arid and
savanna regions of Africa (Kenya, Zimbabwe, Tanzania, Ethiopia), where
soil moisture is low, limiting microbial denitrification. In contrast, the high
rainfall and humidity of the Congo Basin maintain high water-filled pore
space (WEPS), promoting anaerobic conditions that favor rapid deni-
trification. Consequently, nitrogen fertilization in this humid equatorial
setting induces significantly higher N,O loss per unit of yield.

Soil moisture conditions regulate N,O emissions in these systems.
Compared to the first maize trial, N,O emissions were more pronounced in
the wetter second trial, with also fertilizer N,O peaks being significantly
higher. This was controlled by high soil moisture following N application,
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which was 0.21 m’ m™ in the first maize trial (average of 3 days following
fertilization) versus 0.31 m’ m™ in the second. Soil moisture, through its
regulation of anaerobic soil volume and consequently of denitrification®"®,
was a dominant driver not only for N,O but also for CH, and CO, fluxes, as
observed in all three maize treatments and the SF. This observation aligns
with previous findings in an adjacent unfertilized mixed crop field and an
agroforest™.

Both during the less wet first season and the more wet second season,
the forest exhibited higher N,O emissions than the MB and MC treatments
but lower emission than the MF treatment (Fig. 3). Thus, mineral fertilizers
persistently elevated N,O emissions to levels well above those of natural
ecosystems (Fig. 6). This is remarkable given that high N inputs via biolo-
gical N fixation as well as high soil moisture and microbial activity in tropical
forests lead to already high N,O background emissions®™. These natural N,O
emissions have been reported to strongly decrease after conversion to
agroforests and mixed crop fields in the Congo Basin in the absence of
mineral fertilizers”’. However, the very strong response of N,O emissions to
mineral fertilizer in this study highlights that the potential for high N,O
emissions is not generally lost after conversion of forests to crop fields.
Instead, N,O emissions can further increase global warming potential of
forest conversion to fertilized crop fields on top of CO, emissions from SOC
loss. In our study, these SOC losses amounted to 10.5t C ha'ata depth of
0-30 cm in 5 years due to the conversion of forest to cropland (Table 2 and
Fig. 6). The cumulative N,O emissions observed in the MF treatment were
more than three times higher than the mean global average of
12kgNha'yr' in tropical rainforest ecosystems”. Since the global
warming potential of 3kg additional N,O-N emissions ha™'yr ™' is
equivalent to a SOC loss of 350kgCha 'yr ™, these additional N,O

emissions cannot be neglected when assessing GHG emissions from land-
use change in the Congo Basin.

The SF and all three maize systems acted as overall net sinks of CH,,
with a more pronounced uptake in the MC treatment followed by the SF.
Quantitatively, the net CH, sink was of minor importance for the overall
GHG balance of the SF to maize conversion and the maize intensification.
The net CH, uptake can be attributed to the dominant methanotrophic
activity. Its persistence, except for a few measurement dates under very wet
soil conditions is somewhat surprising given the high precipitation and high
soil respiration rates, factors hampering gas diffusion but increasing O,
consumption in the soil air. This persistent net CH, uptake may be related to
the high sand content (Table 2), which resulted in well-aerated soils,
allowing for sufficient gas diffusion in soil for continuous net CH, oxidation.
Thelow CH, emissions observed in the second maize trials highlight the role
of higher soil moisture in promoting conditions favorable for soil metha-
nogenesis in soil*. The cumulative CH, uptake in this study is within the
range of values observed in tropical ecosystems worldwide®’. However, CH,
uptake in the three maize systems was slightly higher than in an adjacent
unfertilized mixed crop field”. We also found that the maize + mineral N
treatment had the lowest CH, uptake compared to the other maize treat-
ments and the SF. This finding may indicate that mineral N application may
reduce the capacity for CH, oxidation, possibly due to the inhibition of
methanotrophic bacteria in the soil due to the homology of the enzymes for
ammonia oxidation and CH, oxidation®*®".

With the projected increase in human population in the Congo Basin,
there is an urgent need to address key dual sustainable development goals:
increasing food production while mitigating climate change. This pio-
neering case study on trade-offs between yield increases and GHG emissions
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provides clear pointers for sustainable intensification of maize cultivation,
which need to be supplemented by further work in the vast Congo Basin
area. Our findings suggest that maize intensification based on mineral N
fertilization strongly increases grain yields but at the cost of very high N,O
emissions, and also slightly reduced the CH, sink strength. In contrast,
maize intercropping with N-fixing beans could offer a promising approach
for sustainable maize intensification in the Congo Basin, but it is far from
being able to close the yield gap in the short-term. Still, this approach saved
costs for mineral fertilizers, even tended to reduce N,O emissions compared
to an unfertilized maize control, and left the soil CH,4 sink capacity
unchanged, while providing additional protein-rich food as a co-benefit
(Fig. 6). This approach is therefore appropriate and recommended for
regions with limited access to mineral fertilizers, where protein malnutrition
and food security are pressing issues and where soils are prone to high N,O
emissions due to wet conditions.

Methods

Study site and site description

The study was carried out in the Ayos district located in the Centre region of
Cameroon. The site has a subequatorial climate with a bimodal rainfall
regime. The long dry season occurs between December and March, and the
short, between July and August. Rainy seasons occur from April to June and
September to November. Mean annual temperature and precipitation were
27 °C and 1700 mm, respectively (Fig. 3A). Experiments were conducted in
a 20-year-old secondary forest (SF) (705 m a.s.l; 3°58'21.1“N; 12°25'17.5“E)
and three maize crop fields (725 a.s.l; 3°58'01.3“N; 12°26'34.5“E). Irvingia
sp., Strombosia grandifolia, Musanga cercropiodes and Terminalia superba
mainly dominated the vegetation in the SF. Soils were characterized as
Ferralitic red soils (Oxisols)*® or Acric Ferralsols®.

Experimental design

The experiment was conducted over two consecutive growing seasons in
2015. Just before the beginning of the first rainy season, we established three
adjacent experimental maize fields, each measuring 0.1 ha (20 x 50 m?), on
land that local farmers had recently cleared (<5 years). The three treatments
included an unfertilized maize control (MC), maize intercropped with
N-fixing beans (MB), and maize fertilized with mineral N (MF). For all
fields, the vegetation was cleared by hand using machetes and subsequently
burned following common local practices. The soil was then ploughed
manually with hoes, and maize seeds (CMS 8501 variety, approved by the
Cameroonian Institute of Agricultural Research for Development, IRAD)
were sown by hand at a depth of 4-5 cm with three seeds per planting hole. A
planting density of 75x 50 cm’ (inter-row X intra-row spacing) was
maintained. Sowing for the first season took place on May 1, and for the
second season on September 5. In the MB treatment, beans were introduced
in an additive, within-row pattern, with two bean seeds sown at the mid-
point of each 50 cm intra-row maize interval.

After germination, maize plant density was adjusted to ca. five plants
per m > by carefully removing one plant, leaving two maize plants per hole
for the duration of the experiment. In the MB treatment, common beans
(Phaseolus vulgaris cv. ECA PAN 021) were intercropped with maize at the
same spacing. The MF treatment received nitrogen in split doses. In the first
season, an initial application of 50 kg NPK mixture ha™" (20-10-10%) and
25 kg urea ha ' (46% N) was performed on May 11 (2 weeks after sowing),
followed by a top-dressing of 25kg urea ha™' on June 25 (after the
appearance of the male maize flowers). Similarly, in the second season, the
initial fertilizer application occurred on September 22, with the top-dressing
applied on November 4. This equaled a total addition of 33 kg N ha™ for
each growing season and 66 kg N ha™" for the entire experiment. Weeding
was performed manually twice per season. The first maize crop was har-
vested on August 26 and the second on December 29, resulting in a growing
cycle of approximately 4 months per season. This annual double-cropping
system (Fig. 1) follows standard local agricultural practices in the Ayos
district, which experiences a bimodal rainfall regime. The SF control was

located approximately 3 km from the maize field and had the same topo-
graphy, bedrock geology, and climate.

At physiological maturity, biomass sampling was conducted over a
total area of 150 m” per treatment, subdivided into six 25 m* sampling plots
each. Within each sampling plot, the total number of plants and cobs was
counted. For detailed yield and biomass estimation, five representative
maize plants were randomly selected from each 25 m’ plot and uprooted.
The plants were partitioned into stems, roots, and cobs, and fresh weights
were recorded immediately. Sub-samples were then oven-dried at 65 °C for
48 h to determine dry matter content. After drying, grains were separated
from the cobs and weighed. Grain yield per hectare was estimated by
multiplying the average dry grain weight per plant (from the 30 sampled
plants) by the plant population per hectare (calculated from the counts in
the 150 m? area).

Soil chemical characterization

Soil pH, calcium (Ca), magnesium (Mg), potassium (K), and phosphorus
(P) concentrations were determined from soil samples collected at a depth of
0-20 cm in each treatment in December 2015 (with 12 replicates in the
secondary forest and 6 replicates in each maize treatment). Samples were
air-dried and sieved through a 2 mm sieve. Soil pH was measured in water
and 1 N KCl solutions using a combination electrode in a 1:2.5 5 (w/v) soil-
to-water suspension’’. Soil texture (in the unfertilized maize control and SF),
total nitrogen (N), and organic carbon (C) content (%) at 0-10 and
10-30 cm depths were determined from undisturbed soil cores collected
from a single pit per treatment (vertical sampling of using steel cores). Bulk
density was determined on oven-dried subsamples at 105 °C. Cation
exchange capacity (CEC) was measured using the ammonium acetate
method at pH 7’'. Finely ground and sieved (0.5 mm) subsamples were
analyzed for total N and organic C%. Organic C was determined by chromic
acid digestion’, and total N was measured using a two-step digestion with
hydrogen peroxide and sulfuric acid”.

Mineral N concentrations

Soil samples were collected at least weekly during each growing season, with
an increased frequency following mineral N application in the MF. On each
occasion, three soil samples were randomly taken from each maize field ata
depth of 0-5 cm. A pooled sample was extracted with 1 M KCl at a soil-to-
solution ratio of 1:4’*. Ammonium (NH,") and nitrate (NO;") con-
centrations were determined using the sodium salicylate reaction’ and the
Griess-lllosvay reaction’, respectively. Concentrations were expressed on a
dry mass basis (using gravimetric water content) and converted to stocks
using bulk density measurements determined from the soil pits. The con-
centrations of minerals N and C were transformed into stocks by multi-
plying them with bulk density and the relevant soil depth.

Soil-atmosphere exchange of greenhouse gases

Soil gas samples were collected at weekly intervals for all treatments during
both maize growing seasons using a manual static chamber method. The
sampling frequency was increased to three times per week for the 2 weeks
following each fertilizer application to better capture potential N,O emis-
sion pulses. All gas sampling was standardized to the midday period (11:00
AM-3:00 PM local time) to minimize bias due to diurnal variation. Manual
sampling of chambers with syringes was conducted according to Arias-
Navarro et al.”’. Permanent frames (or collars; 26.7 x 37.3 x 11.5 cm) were
inserted 5 cm into the soil at the beginning of the experiment. In the MC
treatment, six frames were established, and seven for each of the MB and MF
treatments. During each gas sampling event, an airtight chamber (equipped
with a fan and vent) was sealed onto each frame. The identical flux mea-
surement approach was used in the SF, as described by Verchot et al.”’. For
each flux measurement, five gas samples were collected from each chamber
headspace (equipped with a fan) at 0, 5, 10, 15, and 25 min using a 60 mL
syringe. Gas samples were transferred into 10 mL vials, with the first 40 mL
used to flush the headspace and the remaining 20 mL injected into the vial to
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create overpressure. Soil temperature and moisture at 5cm depth were
measured near each chamber using a Procheck handheld reader coupled to
a GS3 sensor (Decagon Devices, Inc., USA). The temperature within the
chamber was measured at the beginning and end of each flux measurement
using a handheld thermometer.

Gas samples were analyzed within a week using a gas chromatograph
(SRI 8610C, SRI Inc., USA) at the gas chromatography facilities of the
Center for International Forestry Research (CIFOR) located at the Institute
for Tropical Agriculture (IITA) laboratory in Yaoundé, Cameroon™. A
flame ionization detector (FID) and a methanizer were used to detect CO,
and CH,, while a ®Ni electron capture detector (ECD) was used to detect
N,O. Gas fluxes were calculated from the linear changes in gas concentra-
tion in the chamber headspace over the five time points using the ideal gas
law. The total cumulative flux over the two maize trials was calculated using
the linear interpolation method. For this, daily fluxes were calculated from
the measurements, and gap filling for other days was based on the
assumption of linear changes between measurement points. N,O emissions
were weighted as a function of maize grain yield (i.e., N,O emissions per unit
of maize grain yield: referred to as yield-scaled N,O emissions) by dividing
N,O emissions (in kg Nha™' yr™!) by maize grain yields (in kgha™")*".
N,O and CH, fluxes were converted into CO,-eq using their global
warming potential (273 and 27.2, respectively) over 100 years”. Protein
yield was estimated using an average protein content of 9.4% and 22.1% for
white maize grain and common beans, respectively, as reported by the FAO
food composition database’.

Statistical analysis

All statistical analyses and visualizations were performed using R software®.
Data normality was assessed using the Shapiro-Wilk test prior to analysis.
T-tests were conducted to compare plant biomass between the two maize
trials. Analysis of variance (ANOVA) was used to determine differences in
maize grain yield and soil chemical properties among land-use types.
Spearman correlation analysis examined the relationships between CO,,
N,0, and CHj fluxes and soil moisture and temperature within each maize
field. A linear mixed-effects model was used to evaluate the impact of land
use type (SF, MC, MB, MF) on GHG fluxes using the Iine4 package. Land use
type was treated as a fixed factor, while sampling dates were included as a
random effect. Post-hoc comparisons were conducted using the emmeans
package. Statistical significance was set at « = 0.05 for all tests.

Data availability
The data supporting the findings of this study are available in the Dryad
repository: https://doi.org/10.5061/dryad.flvhhmhb5.

Received: 11 December 2025; Accepted: 16 March 2026;
Published online: 04 May 2026

References

1. Vancutsem, C. et al. Long-term (1990-2019) monitoring of forest
cover changes in the humid tropics. Sci. Adv. 7, eabe1603 (2021).

2. Jung, M. et al. Areas of global importance for conserving terrestrial
biodiversity, carbon and water. Nat. Ecol. Evol. 5, 1499-1509 (2021).

3. Saatchi, S. S. et al. Benchmark map of forest carbon stocks in tropical
regions across three continents. Proc. Natl. Acad. Sci. USA 108,
9899-9904 (2011).

4. EDF. Les Foréts Du Bassin Du Congo: Etat Des Foréts 2010. https://
doi.org/10.2788/48830 (Publications Office, 2012).

5. Mayaux, P. et al. State and evolution of the African rainforests
between 1990 and 2010. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368,
20120300 (2013).

6. Eba’aAtyi,R., F., H.H.&G., L. Les Foréts Du Bassin Du Congo: Etat
Des Foréts 2021 (Center for International Forestry Research (CIFOR),
2022). https://doi.org/10.17528/cifor/008565.

7. Duuveiller, G., Defourny, P., Desclée, B. & Mayaux, P. Deforestation in
Central Africa: estimates at regional, national and landscape levels by

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

advanced processing of systematically-distributed Landsat extracts.
Remote Sens. Environ. 112, 1969-1981 (2008).

Tritsch, I. et al. Do forest-management plans and FSC certification
help avoid deforestation in the Congo Basin? Ecol. Econ. 175, 106660
(2020).

Verchot, L. V. et al. Fluxes of CH4, CO2, NO, and N20 in an improved
fallow agroforestry system in eastern Amazonia. Agric. Ecosyst.
Environ. 126, 113-121 (2008).

Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A. & Hansen, M. C.
Classifying drivers of global forest loss. Science 361, 1108-1111
(2018).

FAO. The State of Forests in the Amazon Basin, Congo Basin and
Southeast Asia: A Report Prepared for the Summit of the Three
Rainforest Basins; Brazzaville, Republic of Congo; 31 May - June,
2011 (Food and Agriculture Organization, 2011).

Kotto-Same, J. et al. Summary Report and Synthesis of Phase Il in
Cameroon (Alternatives to Slash-and-Burn Programme, ICRAF,
2000).

Tyukavina, A. et al. Congo Basin forest loss dominated by increasing
smallholder clearing. Sci. Adv. 4, 2993 (2018).

Weinbaum, K., Sonwa, D. J., S. F. Weisey, Brashares, J. & W. M. Getz.
Wildlife Diversity in Cocoa/Agricultural Mosaics at the Congo Basin
Forest Margin (2007).

Megevand, C. Dynamiques de Déforestation Dans Le Basin Du
Congo: Réconcilier La Croissance Economique et La Protection de La
Forét (The World Bank, 2013). https://doi.org/10.1596/978-0-8213-
9827-2.

Behrendt, H., Megevand, C. & Sander, K. Deforestation trends in the
congo basin. Research Papers in Economics https://www.
semanticscholar.org/paper/Deforestation-Trends-in-the-Congo-
Basin-Behrendt-Megevand/
67780591a2619dec0a3ab91f831f088a6658ad31 (2013).

Burney, J. A., Davis, S. J. &Lobell, D. B. Greenhouse gas mitigation by
agricultural intensification. Proc. Natl. Acad. Sci. USA 107,
12052-12057 (2010).

Godfray, H. C. J., Pretty, J., Thomas, S. M., Warham, E. J. &
Beddington, J. R. Linking policy on climate and food. Science 331,
1013-1014 (2011).

Palm, C., Neill, C., Lefebvre, P. & Tully, K. Targeting sustainable
intensification of maize-based agriculture in East Africa. Trop.
Conserv. Sci. 10, 194008291772067 (2017).

Mbow, C. et al. Food Security. in Climate Change and Land: An IPCC
Special Report on Climate Change, Desertification, Land Degradation,
Sustainable Land Management, Food Security, and Greenhouse Gas
Fluxes in Terrestrial Ecosystems (eds Benkeblia, N., Challino, A.,
Khan, A. & Porter, J. R.) 439-550 (Cambridge University Press, 2019).
https://doi.org/10.1017/9781009157988.007.

Falconnier, G. N. et al. The input reduction principle of agroecology is
wrong when it comes to mineral fertilizer use in sub-Saharan Africa.
Outlook Agric. 52, 311-326 (2023).

Gu, B. et al. Cost-effective mitigation of nitrogen pollution from global
croplands. Nature 613, 77-84 (2023).

Guo, C., Liu, X. & He, X. A global meta-analysis of crop yield and
agricultural greenhouse gas emissions under nitrogen fertilizer
application. Sci. Total Environ. 831, 154982 (2022).

Schwerdtner, U. & Spohn, M. Interspecific root interactions increase
maize yields in intercropping with different companion crops. J. Plant
Nutr. Soil Sci. 184, 596-606 (2021).

Duchene, O., Vian, J.-F. & Celette, F. Intercropping with legume for
agroecological cropping systems: Complementarity and facilitation
processes and the importance of soil microorganisms. A review.
Agric. Ecosyst. Environ. 240, 148-161 (2017).

Li, L., Tilman, D., Lambers, H. & Zhang, F.-S. Plant diversity and
overyielding: insights from belowground facilitation of intercropping in
agriculture. N. Phytol. 203, 63-69 (2014).

npj Sustainable Agriculture | (2026)4:38

10


https://doi.org/10.5061/dryad.f1vhhmhb5
https://doi.org/10.2788/48830
https://doi.org/10.2788/48830
https://doi.org/10.2788/48830
https://doi.org/10.17528/cifor/008565
https://doi.org/10.17528/cifor/008565
https://doi.org/10.1596/978-0-8213-9827-2
https://doi.org/10.1596/978-0-8213-9827-2
https://doi.org/10.1596/978-0-8213-9827-2
https://www.semanticscholar.org/paper/Deforestation-Trends-in-the-Congo-Basin-Behrendt-Megevand/67780591a2619dec0a3ab91f831f088a6658ad31
https://www.semanticscholar.org/paper/Deforestation-Trends-in-the-Congo-Basin-Behrendt-Megevand/67780591a2619dec0a3ab91f831f088a6658ad31
https://www.semanticscholar.org/paper/Deforestation-Trends-in-the-Congo-Basin-Behrendt-Megevand/67780591a2619dec0a3ab91f831f088a6658ad31
https://www.semanticscholar.org/paper/Deforestation-Trends-in-the-Congo-Basin-Behrendt-Megevand/67780591a2619dec0a3ab91f831f088a6658ad31
https://www.semanticscholar.org/paper/Deforestation-Trends-in-the-Congo-Basin-Behrendt-Megevand/67780591a2619dec0a3ab91f831f088a6658ad31
https://doi.org/10.1017/9781009157988.007
https://doi.org/10.1017/9781009157988.007
www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-026-00146-9

Article

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Agbor, D. T. et al. Maize-legume intercropping and botanical Piper
mitigating effect on pest populations while enhancing the yield of
maize. J. Nat. Pestic. Res. 6, 100060 (2023).

Barthel, M. et al. Low N20 and variable CH4 fluxes from tropical forest
soils of the Congo Basin. Nat. Commun. 13, 330 (2022).

Verchot, L. V. et al. Land-use change and Biogeochemical controls of
soil CO,, N,O and CHy, fluxes in Cameroonian forest landscapes. J.
Integr. Environ. Sci. 1-23 https://doi.org/10.1080/1943815X.2020.
1779092 (2020).

Hergoualc’H, K. Emissions de gaz a effet de serre par le sol et
stockage de carbone en caféiculture conduite sur des Andosols en
climat tropical. (2008).

IPCC). Global Warming of 1.5°C: IPCC Special Report on Impacts of
Global Warming of 1.5°C above Pre-Industrial Levels in Context of
Strengthening Response to Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty. (Cambridge University
Press, 2022). https://doi.org/10.1017/9781009157940.

Yao, Z. et al. A global meta-analysis of yield-scaled N2 O emissions
and its mitigation efforts for maize, wheat, andrice. Glob. Change Biol.
30, 17177 (2024).

IPCC. Climate Change 2023: Synthesis Report. Contribution of
Working Groups 1, Il and Ill to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee
and J. Romero (Eds.)]. https://www.ipcc.ch/report/ar6/syr/ (2023).
Caimns, J. E. et al. Adapting maize production to climate change in
sub-Saharan Africa. Food Sec. 5, 345-360 (2013).

Chauvin, N., F. Mulangu & Guido Porto. Food Production and
Consumption Trends in Sub-Saharan Africa: Prospects for the
Transformation of the Agricultural Sector. https://www.
semanticscholar.org/paper/Food-Production-and-Consumption-
Trends-in-Africa%3A-Chauvin-Mulangu/
bf53bdc19ce7450555f71c79fe2fc669e9ef76ef (2012).

Smale, M., Byerlee, D. & Jayne, T. Maize Revolutions in Sub-Saharan
Africa (The World Bank, 2011). https://doi.org/10.1596/1813-9450-
5659.

ADF. Feed Africa: Strategy for Agricultural Transformation in Africa
2016-2025. (2016).

Fowler, A. F., Basso, B., Millar, N. & Brinton, W. F. A simple soil mass
correction for a more accurate determination of soil carbon stock
changes. Sci. Rep. 13, 2242 (2023).

Nduwimana, D. Optimizing nitrogen use efficiency and maize yield
under varying fertilizer rates in Kenya. Int. J. Bioresour. Sci. 7, 63-73
(2020).

Gidey, T., Berhe, D. H., Birhane, E., Gufi, Y. & Haileslassie, B.
Intercropping maize with faba bean improves yield, income, and soil
fertility in semiarid environment. Scientifica 2024, 2552695 (2024).
Kermah, M. et al. Maize-grain legume intercropping for enhanced
resource use efficiency and crop productivity in the Guinea savanna of
northern Ghana. Field Crops Res. 213, 38-50 (2017).

Nurgi, N., Tana, T., Dechassa, N., Alemayehu, Y. & Tesso, B. Effects of
planting density and variety on productivity of maize-faba bean
intercropping system. Heliyon 9, e12967 (2023).

Phiri, A., Njira, K. & Dixon, A. Comparative effects of legume-based
intercropping systems involving pigeon pea and cowpea under deep-
bed and conventional tillage systems in Malawi. Agrosyst. Geosci.
Environ. 7, 20503 (2024).

Cui, J. et al. Effect of high soil C/N ratio and nitrogen limitation caused
by the long-term combined organic-inorganic fertilization on the soil
microbial community structure and its dominated SOC
decomposition. J. Environ. Manag. 303, 114155 (2022).
Butterbach-Bahl, K. & Dannenmann, M. Soil carbon and nitrogen
interactions and biosphere-atmosphere exchange of nitrous oxide
and methane. in Recarbonization of the Biosphere: Ecosystems and
the Global Carbon Cycle (eds Lal, R., Lorenz, K., Huttl, R. F.,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Schneider, B. U. & von Braun, J.) 429-443 (Springer, 2012). https://
doi.org/10.1007/978-94-007-4159-1_19.

Habibi, N. et al. Nitrogen matters: assessing the effects of nitrogen
fertilization on maize growth and grain productivity. Nitrogen 6, 115
(2025).

Schwerdtner, U. & Spohn, M. Plant species interactions in the
rhizosphere increase maize N and P acquisition and maize yields in
intercropping. J. Soil Sci. Plant Nutr. 22, 3868-3884 (2022).

Akter, Z., Pageni, B. B., Lupwayi, N. Z. & Balasubramanian, P. M.
Biological nitrogen fixation by irrigated dry bean (Phaseolus vulgaris
L.) genotypes. Can. J. Plant Sci. 98, 1159-1167 (2018).

Larue, T. A. & Patterson, T. G. How much nitrogen do legumes fix? in
Advances in Agronomy (ed. Brady, N. C.) Vol. 34 15-38 (Academic
Press, 1981).

Bedoussac, L. et al. Ecological principles underlying the increase of
productivity achieved by cereal-grain legume intercrops in organic
farming. A review. Agron. Sustain. Dev. 35, 911-935 (2015).
Hauggaard-Nielsen, H. et al. Pea-barley intercropping for efficient
symbiotic N2-fixation, soil N acquisition and use of other nutrients in
European organic cropping systems. Field Crops Res. 113, 64-71
(2009).

Hupe, A. et al. Evidence of considerable C and N transfer from peas to
cereals via direct root contact but not via mycorrhiza. Sci. Rep. 11,
11424 (2021).

Leitner, S. et al. Closing maize yield gaps in sub-Saharan Africa will
boost soil N,O emissions. Curr. Opin. Environ. Sustain. 47, 95-105
(2020).

Ngwira, A. R., Aune, J. B. & Mkwinda, S. On-farm evaluation of yield
and economic benefit of short term maize legume intercropping
systems under conservation agriculture in Malawi. Field Crops Res.
132, 149-157 (2012).

Kim, D.-G., Giltrap, D. & Sapkota, T. B. Understanding response of
yield-scaled N20 emissions to nitrogen input: data synthesis and
introducing new concepts of background yield-scaled N,O emissions
and N,O emission-yield curve. Field Crops Res. 290, 108737 (2023).
Mosier, A. R., Halvorson, A. D., Reule, C. A. & Liu, X. J. Net global
warming potential and greenhouse gas intensity in irrigated cropping
systems in Northeastern Colorado. J. Environ. Qual. 35, 1584-1598
(2006).

Pittelkow, C. M., Adviento-Borbe, M. A., van Kessel, C., Hill, J. E. &
Linquist, B. A. Optimizing rice yields while minimizing yield-scaled
global warming potential. Glob. Change Biol. 20, 1382-1393 (2014).
Van Groenigen, J. W., Velthof, G. L., Oenema, O., Van Groenigen, K. J.
& Van Kessel, C. Towards an agronomic assessment of N20O
emissions: a case study for arable crops. Eur. J. Soil Sci. 61,903-913
(2010).

Alvarez, C., Alvarez, C., Alves, B. & Costantini, A. Soil nitrous oxide
emissions in a maize (Zea mays L.) crop in response to nitrogen
fertilisation. Soil Res. 60, 782-791 (2022).

Hou, D. et al. Nitrous oxide (N,O) emission characteristics of farmland
(rice, wheat, and maize) based on different fertilization strategies.
PLOS ONE 19, e0305385 (2024).

Butterbach-Bahl, K., Baggs, E. M., Dannenmann, M., Kiese, R. &
Zechmeister-Boltenstern, S. Nitrous oxide emissions from soils: how
well do we understand the processes and their controls? Philos.
Trans. R. Soc. B Biol. Sci. 368, 20130122 (2013).

Davidson, E. A. Fluxes of nitrous oxide and nitric oxide from terrestrial
ecosystems. in Microbial Production and Consumption of
Greenhouse Gases Methane, Nitrogen Oxide, and Halomethanes
219-235 (ASM Press, 1991).

Werner, C., Butterbach, K. A., Haas, E., Hickler, T. & Kiese, R. global
inventory of N,O emissions from tropical rainforest soils using a
detailed biogeochemical model. Glob. Biogeochem. Cycles 21,
https://doi.org/10.1029/2006GB002909 (2007).

npj Sustainable Agriculture | (2026)4:38

11


https://doi.org/10.1080/1943815X.2020.1779092
https://doi.org/10.1080/1943815X.2020.1779092
https://doi.org/10.1080/1943815X.2020.1779092
https://doi.org/10.1017/9781009157940
https://doi.org/10.1017/9781009157940
https://www.ipcc.ch/report/ar6/syr/
https://www.ipcc.ch/report/ar6/syr/
https://www.semanticscholar.org/paper/Food-Production-and-Consumption-Trends-in-Africa%3A-Chauvin-Mulangu/bf53bdc19ce7450555f71c79fe2fc669e9ef76ef
https://www.semanticscholar.org/paper/Food-Production-and-Consumption-Trends-in-Africa%3A-Chauvin-Mulangu/bf53bdc19ce7450555f71c79fe2fc669e9ef76ef
https://www.semanticscholar.org/paper/Food-Production-and-Consumption-Trends-in-Africa%3A-Chauvin-Mulangu/bf53bdc19ce7450555f71c79fe2fc669e9ef76ef
https://www.semanticscholar.org/paper/Food-Production-and-Consumption-Trends-in-Africa%3A-Chauvin-Mulangu/bf53bdc19ce7450555f71c79fe2fc669e9ef76ef
https://www.semanticscholar.org/paper/Food-Production-and-Consumption-Trends-in-Africa%3A-Chauvin-Mulangu/bf53bdc19ce7450555f71c79fe2fc669e9ef76ef
https://doi.org/10.1596/1813-9450-5659
https://doi.org/10.1596/1813-9450-5659
https://doi.org/10.1596/1813-9450-5659
https://doi.org/10.1007/978-94-007-4159-1_19
https://doi.org/10.1007/978-94-007-4159-1_19
https://doi.org/10.1007/978-94-007-4159-1_19
https://doi.org/10.1029/2006GB002909
https://doi.org/10.1029/2006GB002909
www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-026-00146-9

Article

64. Verchot, L. V., Davidson, E. A., Cattanio, J. H. & Ackerman, I. L. Land-
use change and biogeochemical controls of methane fluxes in soils of
Eastern Amazonia. Ecosystems 3, 41-56 (2000).

65. Dutaur, L. &Verchot, L. V. A global inventory of the soil CH4 sink. Glob.
Biogeochem. Cycles 21, https://doi.org/10.1029/2006GB002734
(2007).

66. Hutsch, B. W. Methane oxidation in soils of two long-term fertilization
experiments in Germany. Soil Biol. Biochem. 28, 773-782 (1996).

67. Walkiewicz, A., Brzezinska, M. & Bieganowski, A. Methanotrophs are
favored under hypoxia in ammonium-fertilized soils. Biol. Fertil. Soils
54, 861-870 (2018).

68. Soil Survey Staff. Soil Taxonomy: A Basic System of Soil Classification
for Making and Interpreting Soil Surveys. (Natural Resources
Conservation Service. U.S. Department of Agriculture Handbook,
1999).

69. FAO. World Reference Base for Soil Resources 2014: International
Soil Classification System for Naming Soils and Creating Legends for
Soil Maps. Vol. 106 (FAO, Rome, 2014).

70. Thomas, G. W. Soil pH and soil acidity. in Methods of Soil Analysis (eds
Sparks, D. L. et al.) 475-490 (Soil Science Society of America,
American Society of Agronomy, 1996). https://doi.org/10.2136/
sssabookser5.3.¢16.

71. Sumner, M. E. & Miller, W. P. Cation exchange capacity and
exchange coefficients. in Methods of Soil Analysis (eds Sparks, D. L.
et al.) 1201-1229 (Soil Science Society of America, American
Society of Agronomy, 1996). https://doi.org/10.2136/sssabookser5.
3.c40.

72. Heanes, D. L. Determination of total organic-C in soils by an improved
chromic acid digestion and spectrophotometric procedure. Commun.
Soil Sci. Plant Anal. 15, 1191-1213 (1984).

73. Buondonno, A., Rashad, A. A. & Coppola, E. Comparing tests for soil
fertility. Il. The hydrogen peroxide/sulfuric acid treatment as an
alternative to the copper/selenium catalyzed digestion process for
routine determination of soil nitrogen-Kjeldahl. Commun. Soil Sci.
Plant Anal. 26, 1607-1619 (1995).

74. Dannenmann, M., Gasche, R., Ledebuhr, A. & Papen, H. Effects of
forest management on soil N cycling in beech forests stocking on
calcareous soils. Plant Soil 287, 279-300 (2006).

75. Kempers, A. J. & Zweers, A. Ammonium determination in soil extracts
by the salicylate method. Commun. Soil Sci. Plant Anal. 17, 715-723
(1986).

76. Bundy, L. G. &Meisinger, J. J. Nitrogen availability indices. in Methods
of Soil Analysis (eds Weaver, R. W. et al.) 951-984 (Soil Science
Society of America, 1994). https://doi.org/10.2136/sssabookser5.2.
c41.

77. Arias-Navarro, C. et al. Gas pooling: a sampling technique to
overcome spatial heterogeneity of soil carbon dioxide and nitrous
oxide fluxes. Soil Biol. Biochem. 67, 20-23 (2013).

78. Venterea, R.T.,Maharjan, B. & Dolan, M. S. Fertilizer source and tillage
effects on yield-scaled nitrous oxide emissions in a corn cropping
system. J. Environ. Qual. 40, 1521-1531 (2011).

79. Food and Agriculture Organization (FAO). FOOD BALANCE SHEETS -
A Handbook. https://www.fao.org/4/X9892E/X9892e01.htm#
TopOfPage (2001).

80. R Core Team. R: A language and Environment for Statistical
Computing (R Foundation for Statistical Computing, 2022).

Acknowledgements

This research is part of CIFOR’s Global Comparative Study on REDD-+
(www.cifor.org/gcs). The funding partners that have supported this research
include the Norwegian Agency for Development Cooperation (Norad), under
grant numbers “QZA-12/0882: Learning from REDD+ - An enhanced Global
Comparative Analysis” and “QZA-21/0124: Knowledge for action to protect
tropical forests and enhance rights”. We express our gratitude to Rose
Ndango, Pierre Steve Abomo, and Emmanuel Ndedi from the International
Institute of Tropical Agriculture for their assistance with sampling and
laboratory analyses. We also sincerely thank the farmers in the Ayos district,
especially Robert Essong, Emilienne Medomo Wong, and Ze Zomo, for
allowing us to conduct these experiments on their land.

Author contributions

M.D., LV.V,, M.C.R., D.J.S., and K.B. designed the study. S.K.K., L.D.D.,
C.B.N., J.T., and D.J.S. performed experiments and data analysis. S.K.K.,
C.B.N.,D.J.S.,and M.D. wrote the manuscript with input from all the authors.
Mariana C. Rufino passed away on September 14, 2025, shortly before the
submission of this paper. She conceptionally contributed to the study
design, and revised earlier and the pre-final version of this manuscript. Her
contribution to this research was invaluable, and she will be deeply missed.
All authors have read and approved the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s44264-026-00146-9.

Correspondence and requests for materials should be addressed to
Michael Dannenmann.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution
4.0 International License, which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

npj Sustainable Agriculture | (2026)4:38

12


https://doi.org/10.1029/2006GB002734
https://doi.org/10.1029/2006GB002734
https://doi.org/10.2136/sssabookser5.3.c16
https://doi.org/10.2136/sssabookser5.3.c16
https://doi.org/10.2136/sssabookser5.3.c16
https://doi.org/10.2136/sssabookser5.3.c40
https://doi.org/10.2136/sssabookser5.3.c40
https://doi.org/10.2136/sssabookser5.3.c40
https://doi.org/10.2136/sssabookser5.2.c41
https://doi.org/10.2136/sssabookser5.2.c41
https://doi.org/10.2136/sssabookser5.2.c41
https://www.fao.org/4/X9892E/X9892e01.htm#TopOfPage
https://www.fao.org/4/X9892E/X9892e01.htm#TopOfPage
https://www.fao.org/4/X9892E/X9892e01.htm#TopOfPage
http://www.cifor.org/gcs
https://doi.org/10.1038/s44264-026-00146-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjsustainagric

	Intercropping with legumes in the Congo Basin increases maize yields but not greenhouse gas emissions
	Results
	Total plant biomass and maize grain yield
	Soil atmosphere GHG fluxes across land uses
	Yield-scaled N2O emissions
	Soil and environmental parameters
	Soil mineral nitrogen concentrations
	Relationship between GHG fluxes and environmental variables

	Discussion
	Methods
	Study site and site description
	Experimental design
	Soil chemical characterization
	Mineral N concentrations
	Soil-atmosphere exchange of greenhouse gases
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




