Regional Environmental Change (2021) 21:109
https://doi.org/10.1007/510113-021-01816-9

REVIEW q

Check for
updates

Nitrogen-fixing trees increase organic carbon sequestration in forest
and agroforestry ecosystems in the Congo basin

Lydie-Stella Koutika'© - Kalulu Taba?3 - Martin Ndongo?3 - Martin Kaonga*

Received: 25 April 2020 / Accepted: 14 July 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Experimental evidence on the effects of introducing nitrogen-fixing trees (NFTs) in forests and agroforestry systems on soil
properties, crop yields, carbon (C) sequestration, and other ecosystem services in the Congo basin is scarce. A systematic
literature review was conducted to study the effects of integrating NFTs in forests and agroforestry systems on tree biomass
carbon stocks, soil properties (i.e., soil organic C (SOC), N, P, CEC, C:N ratio), crop yields and other ecosystem services;
and examine their contribution to the objectives of 4 per 1000 Initiative. Electronic search engines (Google, Google Scholar)
were searched focusing on Acacia auriculiformis—based agroforestry in the Democratic Republic of Congo (DRC) and Acacia
mangium-based forestry in Republic of the Congo (RoC). This study suggests that integrating NFTs in both agricultural and
forest landscapes in the Congo basin (DRC and RoC) improves the soil health through C sequestration and nutrient restoration
relative to tropical savannas. This practice also generates other ecosystem services (i.e., pulp and fuelwood energy supply,
poles for electricity network, food availability, land restoration). Integrating NFTs in forest and agroforestry ecosystems
could therefore improve soil health and food security, mitigate climate change, and hence promote the objectives of 4 per
1000 Initiative.
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Introduction

Communicated by Cornelia Rumpel and accepted by Topical

Collection Chief Editor Christopher Reyer In December 2015, France launched the 4 per 1000 Initia-

tive “Soils for Food Security and Climate Change” at the
COP 21 (www.4p1000.org). This Initiative promotes organic
C sequestration to simultaneously improve or sustain soil
health and enhance food security and climate change adapta-
tion and resilience not only in agricultural, but also in forest
ecosystems (Rumpel et al. 2018). The initiative encourages
implementation of soil management practices that take into
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account the soil, climatic, biophysical, and socioeconomic
characteristics of the targeted region (Rumpel et al. 2019).
Two-thirds of world’s forests are found in ten countries, with
Democratic Republic of Congo (DRC) ranked in the 7th
position (FAO, UNEP 2020). The Congo basin is the second
largest rainforest ecosystem after Amazon, extending from
DRC (with 60% of overall area) to eight other countries,
including the Republic of the Congo (RoC) (FAO, ITTO
2011; http://www.rainforests.mongabay.com/congo/). Net
deforestation rate has increased in Africa since 1990 (FAO,
UNEP 2020) with an average annual deforestation rate of
3.94 million ha from 2010 to 2020. This pressure on forest
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ecosystems is also reported in the Congo basin; both in DRC
and in RoC, around 94% of population rely on fuelwood
for energy (Shure et al. 2012). Land management practices
with trees, especially nitrogen-fixing tree (NFT)-based for-
est and agroforestry systems, are widely promoted to meet
the 4 per 1000 objectives in the Congo basin (Rumpel et al.
2019), preserve natural forests and biodiversity, and provide
fuelwood energy and other ecosystem services (Bisiaux et al.
2009; Lescuyer et al. 2009; Shure et al. 2012).

Trees are an integral part of planted forests and agrofor-
estry systems in many landscapes, where they provide sev-
eral ecosystem services that support livelihoods and enhance
ecological stability (Sinclair 1999). They are introduced or
selectively retained in agricultural and forest ecosystems to
enhance ecological processes and functions that undergird
ecosystem productivity and resilience. Introducing NFTs in
both forest and agricultural ecosystems improves soil fertil-
ity, which in turn increases crop yields and tree productivity,
reduces atmospheric CO, by sequestering carbon (C) in the
soil and aboveground biomass (Bernhard-Reversat 1993;
Binkley 2005; Kimaro et al. 2007; Kasongo et al. 2009;
Tassin et al. 2012; Epron et al. 2013; Nsombo 2016) with
the potential for climate change mitigation and adaptation,
and increases ecosystem resilience to climate change (www.
4per1000.org; Rumpel et al. 2018, 2019). These practices
also provide other ecosystem services such as land resto-
ration, pulp and fuelwood supply, preservation of natural
forests and ecosystem biodiversity, and non-timber forest
products, such as honey, insects, and wild fruits (Bisiaux
et al. 2009; Shure et al. 2012; Sebukyu and Mosango 2012).
Benefits from these practices, especially in tropical and sub-
tropical areas (Sanginga et al. 1986; Binkley 1992; Resh
et al. 2002; Chen et al. 2011; Tassin et al. 2012; Bouillet
et al. 2013; Forrester et al. 2013; Bauters et al. 2015; Pereira
et al. 2018), have been well-documented.

Besides C sequestration, one major benefit of introducing
NFTs in agricultural and planted forest ecosystems is their
ability to improve soil nitrogen (N) status and availability to
crops or trees growing in close proximity. Non-NFTs benefit
from the biological N fixation by NFTs in mixed-species
forest plantations (Epron et al. 2013; Paula et al. 2015). This
ecosystem service meets the requirements for crop produc-
tion and tree productivity on degraded and N-deficient soils
(Kasongo et al. 2009; Kuyah et al. 2016; Nsombo 2016;
Tchichelle et al. 2017). Through a symbiotic relationship
between arbuscular mycorrhizal fungi (AMF) and N-fixing
bacteria (NFB), NFTs enhance biological N, fixation thereby
improving soil fertility (C storage, nutrient cycling, etc.),
land restoration, crop yields, and tree productivity (Franco
and Faria 1997, Chaer et al. 2011; Bini et al. 2013, 2018).

Effective nutrient cycling and C storage in NFT mono-
cultures or in its mixed stands with non-NFTs lead to avail-
ability of soil N and P (Bini et al. 2013; Santos et al. 2017a)
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and greatly stimulate both microbial activities and nutrient
dynamics in the litter (Bini et al. 2012; Pereira et al. 2018).
Intercropping NFTs and non-NFTs also supports distinct
microbial communities with specific roles for each species;
it increases nitrate amounts in the pure NFT stands (Rachid
et al. 2013). Microbiological and chemical changes also
occur through maximized AMF root colonization of non-
NFT species and phosphatase activity leading to enhanced
P cycling in soil and litter, favoring plant growth too (Bini
et al. 2013; Koutika et al. 2020a; Pereira et al. 2020).
Improved tree and crop growth (i.e., increased below- and
aboveground biomass) was reported following the introduc-
tion of NFTs in agricultural and forest ecosystems (Kimaro
et al. 2007; Epron et al. 2013; Nsombo et al. 2016). This is a
response to higher N availability due to the symbiotic fixa-
tion of atmospheric N,, which in turn enhances C accretion
and reduces C loss, contributing to climate change mitiga-
tion, and land restoration and conservation (Binkley 1992;
Lal 2012, 2015; Fornara et al. 2013; Tchichelle et al. 2017,
Voigtlaender et al. 2019; Mayer et al. 2020). Enhanced
microbial activity in litter and soil in agricultural and for-
est ecosystems containing NFTs favors SOC mineralization
(Bini et al. 2012; Santos et al. 2017a, b) and improves carbon
cycling and storage efficiency (Bini et al. 2012, 2013; Pereira
et al. 2017, 2018). Paustian et al. (1990) also highlights the
beneficial effects of NFTs in strengthening the link between
the sequestered SOC and other nutrients, such as N and P,
and simultaneously improving both the quality of seques-
tered C and the efficiency of its storage in a longer term.
The effects of integrating NFTs in forest and agroforestry
ecosystems on soil fertility (increase in C, N stocks, micro-
bial activity, nutrient cycling, etc..), plant growth and pro-
ductivity, and environment have been reported worldwide
(Forrester et al. 2013; Kaonga et al. 2005, 2008; Kimaro
et al. 2007; Pereira et al. 2018; Mayer et al. 2020). While
introducing NFTs, such as Acacia mangium and Acacia
auriculiformis, in agricultural and forest ecosystems has
improved soil fertility through C sequestration and enhanced
other ecosystem services, data on their performance in Cen-
tral African countries (i.e., DRC and RoC) are scarce.
Tropical native savannas on inherently poor and coarse-
textured soils cover approximately 6 million hectares in
Central African countries, including DRC, Gabon, and RoC
(Schwartz and Namri 2002). In DRC, savannas in the Batéké
Plateau have been used mainly for development of agrofor-
estry. The majority (60%) of the country’s population, esti-
mated at nearly 80 million, lives in rural areas where unsus-
tainable and low productivity slash-and-burn agriculture is
practiced, leading to land degradation including deforesta-
tion, forest degradation, and desertification. To address this
problem, agroforestry practices using the leguminous trees
were adopted to improve soil health, increase crop yields,
provide wood energy, and mitigate climate change through
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sequestration of carbon, leading to a sedentary sustainable
agricultural practice which could alleviate poverty (Bisiaux
et al. 2009; Kasongo et al. 2009; Tassin et al. 2012; Dubiez
et al. 2019). To promote sustainable agricultural systems and
provide wood energy and other ecosystem services, the Con-
golese government introduced Acacia auriculiformis—based
agroforestry on low fertile Arenosols of Batéké plateau near
Kinshasa (Kasongo et al. 2009; Proces et al. 2017).

In RoC, savannas of the Congolese coastal plains were
afforested using eucalypt in the 1950s (Makany 1964 (cited
in Koutika et al. 2020a); Delwaulle et al. 1981) to preserve
natural forests and halt the deforestation, use unsuitable soils
for agriculture, and provide both pulp wood for the industry
and fuel energy for the local population (Shure et al. 2012).
These plantations are contributing greatly to climate change
mitigation by fixing C in the soil and plants, and providing
other ecosystem services. Eucalypt productivity often declines
after successive rotations and harvests (Corbeels et al. 2005;
Laclau et al. 2005). In addition, Acacia mangium was
introduced in the 1990s to restore soil fertility and improve
and sustain forest productivity (Bernhard-Reversat 1993;
Bouillet et al. 2013; Epron et al. 2013).

Kuyah et al. (2016) assert that the recent surge of inter-
est in ecosystem services within agricultural landscapes
requires formal assessment of the roles that trees play across
the spectrum of ecosystem services provision, now consid-
ered important in Sub-Saharan Africa (SSA). They argue
that the importance of trees in provision of individual eco-
system services is widely studied, but studies of ecosystem
services that increase or decrease when trees are incorpo-
rated in SSA agricultural landscapes are scarce. The ser-
vices which trees provide may show both trade-offs (where
some ecosystem services increase while others decrease) and
synergies (when the services are enhanced simultaneously)
(Rodriguez et al. 2006; Raudsepp-Hearne et al. 2010). The
lack of data on certain ecosystem services provided by trees
in agroecosystems makes it difficult to establish all the syn-
ergies and trade-offs associated with trees in the landscape
(Kuyah et. al. 2016). This review addresses three questions:
what is the scientific evidence base that integration of NFTs
in agricultural and forest landscapes improves soil health
and enhances other ecosystem services in DRC and RoC?
Are there quantitative studies that demonstrate the effects
of introducing NTFs in forest and agroforest ecosystems?
How do these tree-based land-use systems contribute to the
objectives of the 4 per 1000 initiatives?

This review was conducted to (i) study the effects
of integrating A. mangium in forests (RoC) and A.
Auriculiformis in agroforestry ecosystems (DRC) on soil
properties, aboveground tree biomass C, crop productivity,
and other ecosystems services; and (ii) assess how these
tree-based ecosystems are related to the 4 per 1000 objective
in this specific region of the Congo basin. This review

will enhance our understanding of the role of NFT-based
agricultural and forest ecosystems: (i) on soil properties
(C, N, and P dynamics), crop and tree productivity, food
availability and other ecosystem services, and climate
change mitigation and adaptation; and (ii) in addressing the
objectives of the 4 per 1000 Initiatives of improving soil
health, enhancing food security, and increasing the resilience
of ecosystems and livelihoods against climate change.

Methods
Systematic literature review

A systematic literature review was undertaken to study the
effects of introducing NFTs on soil properties (C sequestra-
tion, N and P availability), plant/tree, and other ecosystem
services in agroforestry ecosystems (DRC) and forest planta-
tions (RoC); and examine how these tree-based production
systems contribute to the promotion of the objectives of 4
per 1000.

This review process adopted the principles of systematic
review described by Jesson et al. (2011): (1) mapping the
field through a scoping review; (2) comprehensive search;
(3) quality assessment; (4) data extraction; (5) synthesis;
and (6) write up. The methodology accumulates evidence
through secondary studies, providing deep insights into
identified knowledge domains and/or bridging knowledge
gaps by reviewing primary studies.

A number of search terms were created by breaking down
the research questions into individual concepts to ensure the
search was exhaustive and representative of relevant studies
that have been conducted on integration of NFTs in agricul-
tural and forest landscapes and their effect on carbon seques-
tration, soil fertility, and crop yields. The search strategy
considered synonyms, singular and plural forms, different
spellings, broader terms, and classification terms used by
databases to sort contents into categories.

Inclusion and exclusion criteria

All retrieved publications and papers were pre-screened
for inclusion in the review using predetermined criteria for
inclusion and exclusion of primary studies comprising the
following:

e Research questions (scope, topic): what is the effect of
integrating NFTs in planted forests and agroforestry/
agricultural systems on soil and plant carbon stocks, soil
nutrients (N and P status), and other ecosystem services?
How does the introduction of A. mangium in forest in
RoC and A. Auriculiformis in agroforestry ecosystems
in DRC contribute to achievement of the objectives of
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4 per 1000 initiatives (soils, climate change, and food
security)?

e Definitions and conceptualisation (terms and concepts):
Agroforestry, in this study, is a collective name for land-
use systems and technologies where woody perennials
(trees, shrubs, palms, bamboos, etc.) are deliberately
used on the same land management units as agricultural
crops and/or animals, in some form of spatial arrange-
ment or temporal sequence. In agroforestry systems,
there are both ecological and economical interactions
between the different components (FAO 2015). Accord-
ing to FRA (2000), ““forest plantations” are defined as
those forest stands established by planting or/and seeding
in the process of afforestation or reforestation.” These
forests consist of either introduced or indigenous species
which meet a minimum area requirement of 0.5 ha; tree
crown cover of at least 10% of the land cover; and total
height of adult trees above 5 m.

e Qualitative and quantitative measurements and key varia-
bles: Primary studies that measured soil and tree biomass
carbon stocks, soil nutrients (N and P), crop productiv-
ity, and other ecosystem services in agroforestry, agricul-
tural and planted forest ecosystems in the Congo basin,
and geographically matched ecosystems. The study also
included qualitative and quantitative review of secondary
data on the ecosystems.

e Study design: Primary studies included randomized
experimental designs and generating data that are ana-
lyzed using the standard statistical software.

e Time frame: Literature published in the last 30 years
(1990-2020).

e Data sources: the study reviewed articles, books and
book chapters, theses and dissertations and bibliogra-
phies, and data available in English and French.

Based on these guidelines, data and studies were iden-
tified using the formal electronic database search; cross-
referencing to bibliographies of key papers; and expert peer
reviews. Electronic databases (Web of Science, Google
Scholar, Google) and completed thematic and matrix analy-
ses of quantitative and qualitative literature published to date
were searched. A manual search of key journals and of the
reference list by initial searchers was conducted to minimize
the risk of missing the relevant reviews.

Search for primary studies and reviews

After a general literature search and careful considera-
tion, the search focused on key phrases “nitrogen-fixing
trees/NFTs,” “agriculture/agricultural production sys-
tems,” “forests,” “Acacia mangium/A. mangium,” “Acacia
auriculiformis/A. auriculiformis,” “carbon stocks/concentra-
tion,” and “nitrogen/N/stocks/concentration,” as these terms
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are interdisciplinary and can be used in a very broad sense.
Several alternative phrases (i.e., “tree-based system” instead
of “agroforestry systems,” “carbon stocks,” or “carbon con-
tent,” or “food security,” or “food security and nutrition™)
were checked by conducting a text search. Key search strings
included author(s), year of publication, place of research,
research aim/objective, research method, and main findings.
After reading the titles, abstracts, and conclusions, articles
were included in the review if they met the search criteria.

Extraction of information and quality assessment

Although no specific tool for quality assessment was used,
the study ensured that information extracted from the full
texts or articles that met the inclusion criteria and were valid
(closeness to truth) and applicable (useful) by assessing
the research protocol, research questions, sources of data,
and scope of the review for coherence. Assessment of the
quality of studies included several variables: appropriate-
ness of study design for addressing the research objectives;
conditions of the study; measurement of study variables;
appropriate use of statistics; quality of reporting; quality of
intervention; generalizations; and author conflict of interest.
However, there was a need to balance the comprehensive-
ness of the search against the value of identifying all avail-
able studies and the time available.

Results and discussion

A systematic review of electronic databases resulted in the
identification of 11,681 unique citations (Supplementary
information). Several of the papers captured by the initial
search included documentaries, summaries, opinions, and
general comments on land-use systems. They were also
unrelated to the topic, the working definition, and this type
of study. After refining the search, 168 entries were identi-
fied. The studies were further screened based on the rel-
evance of their abstracts, full-text review, and hand search
process. After this review, 77 articles were included in the
review. Reasons for the full-text review exclusions include
failure to address the research questions, poorly structured
articles, and availability of more recent data. Large propor-
tions (circa 55%) of primary studies were from Africa, espe-
cially Central Africa. The second largest category (30%)
comprised articles which covered the science and principles
of ecosystem carbon and nutrient dynamics. The remaining
proportion consisted of entries from non-African continents.
There was a great diversity in methodologies used in meas-
uring ecosystem carbon and nutrients, which makes direct
comparison of values complex.
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Effects of nitrogen-fixing trees in agroforestry
and forest ecosystems on C and other ecosystem
services

C sequestration in both biomass and soil

Carbon was sequestered in tree biomass and the soil in
Acacia auriculiformis—based agroforestry systems in Batéké
Plateau (DRC) (Kasongo et al. 2009; Peltier et al. 2017;
Tassin et al. 2012; Proces et al. 2017; Dubiez et al. 2019).
Lejolly (2018) reported that a 7-year rotation sequestered
50.3 t C ha™! in aboveground biomass on the plateau.
This quantity of aboveground biomass C sequestered in A.
auriculiformis—based agroforestry systems was significantly
greater than that (6.05 t C ha™") reported for Pentaclethra
eetveldeana (Lubini et al. Personal com.), but similar to that
(50.11+7.14 t C ha™") found in Ouédo (southern Benin)
after 30 years (Kooke et al. 2019). Apart from climate and
species, C sequestration in both soil and biomass depends, to
a larger extent, on the age of plantation, quality, and quantity
of organic residues added to, or removed from, the soil and
soil type (Mayer et al. 2020).

Spatial and vertical distribution of SOC stocks depends
on composition and density of tree species. Significant dif-
ferences in SOC stocks have been observed across several
savanna ecosystems, including the Lésio-Louna and Léfini
reserves and Téké plateau in RoC (Kooke et al. 2019), and
across different densities of vegetation cover (including A.
auriculiformis and A. mangium) and depths in the Batéké
Plateau in DRC (Nsombo 2016). Nsombo (2016) also
reported a decrease in SOC concentration with increasing
depth, although a slight accumulation was noticed between
30 and 60 cm resulting probably from the impact of the root
systems and leaching dissolved organic C (DOC). Stocks
down to 120 cm ranged from 124.7 and 268.1 t C ha™!
(Nsombo 2016). In other studies, soil C concentration under
A. auriculiformis fallow in Batéké plateau (DRC) increased
in the 0-25 cm layer from 0.86 to 1.87% in 8 years and to
2.92% (17 years) (Kasongo et al. 2009), while SOC concen-
trations increased from 1.2 to 1.4% of C in the 23 years of
acacia-based agroforestry (Peltier et al. 2017). Apart from
increasing forest growth, copious N-rich organic inputs to
the soil improve microbial populations and increase decom-
position rate and carbon accretion in the A soil horizon.

Soil and aboveground biomass C stocks in A.
auriculiformis—based agroforestry ecosystems in DRC were
significantly higher than those of agricultural ecosystems
(Nsombo 2016). Kooke et al. (2019) showed that the
agroforestry ecosystems in south Benin had significantly
greater C stocks than agricultural ecosystems. Similarly,
SOC stocks in A. auriculiformis—based agroforestry in
DRC were greater than those found in mixed-species
forest plantations of eucalypt and acacia in Congolese

coastal plains (RoC), although only the 0-25-cm layer was
considered in the latter (Koutika et al. 2014; Tchichelle
2016; Tchichelle et al. 2017). Significantly higher SOC
stocks in forest and agroforest systems with NFTs could be
attributed to increased tree growth due to biological nitrogen
fixation, which in turn increases organic C inputs to the soil
through litter, and root shedding and exudates.

Eucalypt plantations are established on sandy soils
(>90% of sand) (Mareschal et al. 2011) with low soil organic
matter (SOM) content (< 1%) and CEC (< 0.5 cmolc kg_l)
(Nzila et al. 2002) in the Congolese coastal plains (RoC).
Introducing acacia species in these plantations increased
SOC stocks (Koutika et al. 2014; Tchichelle et al. 2017) and
stand wood biomass (Epron et al. 2013; Tchichelle 2016).
At the end of a 7-year rotation in RoC, increments in SOC
stocks to 25-cm depth in mixed-species (50% acacia and
50% eucalypt) stands (17.8+0.7 t. ha™!) were significantly
higher than those observed in pure acacia (16.7+0.4 t. ha™")
and eucalypt stands (15.9+0.4 t. ha™!) (Koutika et al. 2014).
Estimated stock increments in pure acacia and mixed-species
stands were 0.8 t. ha™' and 1.9 t. ha™!, respectively, greater
than baseline stocks in eucalypt stands (15.9 t. ha™! (Koutika
2021)). SOC storage in acacia stands is probably attribut-
able to the lower turnover of old C and a higher accretion
of new C (Resh et al. 2002; Mayer et al. 2020) because the
leguminous acacia tree has high aboveground biomass pro-
duction (Kimaro et al. 2007; Epron et al. 2013; Sang et al.
2013). In addition, mixed-species forests may deliver forest
functions and services more effectively than monocultures
and may show less temporal variation in growth and more
stable productivity in comparison with pure stands, due to
reduced tree species competition for resources (Russo et al.
2019). Thus, integration of NFTs in forest and agroforestry
systems may increase resource use efficiency.

The great potential of NFTs for enhancing soil and bio-
mass C accretion leading to higher stocks when intercropped
with non-NFTs or crops in agroforestry and forest systems
is very well-documented worldwide (Binkley 1992; Resh
et al. 2002; Albrecht and Kandji 2003; Kaonga 2005; Nair
et al. 2009; Chen et al. 2011; Forrester et al. 2013; Pereira
et al. 2018; Voigtlaender et al. 2019; Koutika and Richardson
2019; Mayer et al. 2020; Table 1). This trend is more pro-
nounced in subtropical and tropical climates where the num-
ber of N-fixing species is greater than in other geographies
(Menge et al. 2017; Steidinger et al. 2019, cited in Mayer
et al. 2020). Such trends include increased C contents and/or
SOC stocks in mixed stands of acacia and eucalypt in Brazil
(Pereira et al. 2018; Voigtlaender et al. 2019), South China
(Chen et al. 2011), Vietnam (Sang et al. 2013), Malaysia (Lee
et al. 2015), and Australia (Forrester et al. 2013). Organic
C stocks in improved fallows in Sub-Saharan countries are
positively correlated with the quantity and quality biomass
produced (Albrecht and Kandji 2003; Kaonga 2005; Kimaro
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Table 1 Benefits of introducing nitrogen-fixing trees (NFTs) in forest and agroforestry ecosystems linked to 4 per 1000 objectives

Practices  Localiza- Soil attributes Climate change Food  Other ecosystem services References
tion — —  secu-
Cstor- N P Others Mlt.l— Ad.ap— Resﬂ— ity Lanq res- Fuel- Forest
age gation tation ience toration wood products
energy
supply
Agroforestry
Tropical + + + + + + + + + + Albrecht and Kandji
systems 2003
DR Congo + + + + + + + + + Bisiaux et al. 2009
DR Congo + + + + Dubiez et al. 2019
Zambia + + + + + + Kaonga 2005
DR Congo + + + + + + + + Kasongo et al. 2009
Tanzania + + + + Kimaro et al. 2007
DR Congo + + + + + + + + + + Nsombo 2016
DR Congo + + + + + + + + + Peltier et al. 2017
Uganda + + + + + + + + Sebukyu and
Mosango 2012
Agrofor- DR Congo, + + + + Shure et al. 2012
estry & RoC
forestry
Forestry RoC + + + + + + + Bernhard Reversat,
1993
Brazil + + + + + + + Bini et al. 2013
Brazil + + + + + + + Bini et al. 2018
Brazil + + + + + + + Chaer et al. 2011
Brazil & + + + + + + Bouillet et al. 2013
RoC
South + + + + + Chen et al. 2011
China
Brazil & + + + + + + Epron et al. 2013
RoC
Australia + + + + + Forrester et al. 2013
Brazil + + + + + + + Franco and Faria
1997
RoC + + + + + + Koutika et al. 2014
RoC + + + + + + + Koutika et al. 2016
RoC + + + + + + Koutika et al. 2017
DR Congo + + + + Lescuyer et al. 2009
Malaysia + + + + + Lee et al. 2015
Brazil + + + + + Paula et al. 2015
Brazil + + + + + + + Pereira et al. 2018
Vietnam + + + + + Sang et al. 2013
RoC + + + + + + Tchichelle et al. 2017
Brazil + + + + + + Voigtlaender et al.
2019

NFTs, nitrogen-fixing trees; ¢, carbon; N, nitrogen; P, phosphorus; DR, Congo Democratic Republic of the Congo; RoC, Republic of the Congo

et al. 2007). In eastern Zambia, SOC stocks in NFT-based
agricultural systems (32.2-37.8 t C ha™') were significantly
higher than those (22.2 and 26.2 t C ha™ ') measured in maize
monocultures (maize — fertilizer, maize + fertilizer (compound
D and urea), respectively), presumably because treatments
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with trees produced more total organic C inputs than those
without trees (Kaonga and Coleman 2008).

Increased C stocks in both soil and biomass in A.
auriculiformis—based agroforestry ecosystems (DRC)
(Kasongo et al. 2009; Nsombo 2016; Peltier et al. 2017)
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and forest plantation of acacia-eucalypt in RoC (Epron
et al. 2013; Koutika et al. 2014; Tchichelle 2016; Tchichelle
et al. 2017) demonstrate that integration of NFTs in forest
plantations and agroforestry ecosystems in the Congo basin
can achieve higher soil and tree C sequestration rates than
savanna ecosystems and could hence sustain these fragile
ecosystems.

Correlation between soil organic carbon and soil N status
and availability

As SOC concentration in Arenosols increased in an A.
auriculiformis fallow in Batéké plateau (DRC), soil N
concentration also increased from 0.045% (beginning)
to 0.28% (17 years) in one (Kasongo et al. 2009), and
from 0.05% (beginning) to 0.08% (23 years) in another
A. auriculiformis agroforestry systems on Batéké plateau
(Peltier et al. 2017). Introducing A. mangium in the eucalypt
plantations significantly improved N status of Arenosols in
the Congolese coastal plains (RoC) (Tchichelle 2016; Koutika
et al. 2017; Tchichelle et al. (2017) observed similar SOC
trends in Batéké plateau (DRC) though with a different tree
species (A. auriculiformis) (Kasongo et al. 2009; Peltier et al.
2017). N stocks to 25 cm depth were estimated at 1.25+0.02
t. ha™! in pure A. mangium plots compared with 1.19+0.02
t. ha™! in the pure eucalypt stands, while the highest value
(1.28 £0.03t. ha™!) was reported for the acacia-eucalyptus
stands in RoC (Koutika et al. 2014). The cumulative net N
stocks in soils under acacia (343 +21 kg ha™!) and acacia-
eucalyptus stands (287 + 17 kg ha™") were significantly higher
than those under eucalyptus (189 + 12 kg ha™!) within the first
2 years of the second 7-year rotation (Tchichelle et al. 2017).
Koutika et al. (2017) also reported that soil N concentration
at 0-5 cm depth was 30% higher in coarse particulate organic
matter (POM, 4000-250 pum) in A. mangium monoculture
than in pure eucalypt stands in year 2 of the second 7-year
rotation. An increase in the N:P ratio of eucalypt leaves from
9.440.5 at end of the first 7-year rotation to 13.1 +0.6 in year
2 of the second rotation (Koutika et al. 2016) showed that soil
N status of the mixed-species plantations established in the
Congolese coastal plains increased, suggesting a reduction
in the growth-limiting effect of N. As in other parts of world
(Forrester et al. 2013; Pereira et al. 2018; Voigtlaender et al.
2019) and SSA (Sanginga et al. 1986; Kaonga 2005; Kimaro
et al. 2007), studies involving NFTs, A. auriculiformis, or
A. mangium in agroforestry (Kasongo et al. 2009; Nsombo
2016) and forestry (Tchichelle 2016; Koutika et al. 2017)
reported an improved N status of inherently nutrient-poor
Arenosols that are common in the targeted areas of both
countries.

C sequestration is strongly linked to N (van Groningen
et al. 2017). Besides increased C storage, integrating NFTs
in agroforestry and forest ecosystems leads to improved soil

N availability and status which benefit the growth of non-
NFTs or crops (Sanginga et al. 1986; Kimaro et al. 2007;
Kasongo et al. 2009; Epron et al. 2013; Forrester et al. 2013;
Tchichelle et al. 2017; Pereira et al. 2018; Voigtlaender et al.
2019; Mayer et al. 2020). Inoculated Leucaena leucocephala
(Lam) de Wit provided more than 500 kg of N ha~! year™! for
the subsequent maize crop (Sanginga et al. 1986), whereas
the eucalypt, a non-NFT, benefitted from the atmospheric N,
fixed by a NFTs in mixed-species forest plantations (Paula
et al. 2015) resulting in higher stand wood biomass (Epron
et al. 2013). Paula et al. (2015) demonstrated the transfer of
a significant amount of N from NFTs in mixed plantations
to trees or crops close to them using '° N pulse-labelling in
evaluating belowground transfer of N from A. mangium to
Eucalyptus grandis trees in a Brazilian planted forest during
the first few days after labelling. The NFTs that mostly
create symbioses with arbuscular mycorrhizal fungi (AMF)
and nitrogen-fixing bacteria (NFB) accelerate soil fertility
improvement and/or land restoration with further increase in
crop yields and tree productivity because AMF can enhance
biological N, fixation, while NFB improves mycorrhizal
colonization (Bini et al. 2013, 2018). Integration of NFTs
in forest plantations and agroforestry systems in the Congo
basin can therefore sustain these fragile ecosystems.

Sequestered Cis linked to microbial communities
and nutrient cycling

Increased SOC stocks are probably due to the enhanced
decomposition of the litter accelerated by dynamics of the
soil microbial environment, i.e., microbial activity (Bini
et al. 2012, 2013; Pereira et al. 2018). This is strongly cor-
related to N, C, and P contents, revealing a more effective
nutrient cycling and greater stimulation of microbial activity
in both litter and soil (Bini et al. 2012, 2013; Pereira et al.
2017). These changes are further observed at the arbuscu-
lar mycorrhizal fungi level where fungi root colonization
and the activities of acid and alkaline phosphatase improve
P cycling and nutrition (Bini et al. 2018). Apart from the
N-rich materials directly returned by coppicing, trees also
return sizeable quantities of organic C and other nutrients
through root detritus, root exudates, and mycorrhizal hyphae
(Kaonga et al. 2008). Integrating NFTs in agroforestry and
forest systems enhanced soil C sequestration, microbial
activity, and nutrient cycling evidenced by an increase and
change in microbial and bacterial activity and communi-
ties (Bini et al. 2012, 2013, 2018; Pereira et al. 2017, 2018,
2020; Koutika et al. 2020b).

NFTs require P to sustain symbiotic N, fixation (Binkley 1992;
Binkley et al. 2005), which is linked to microbial communities
(Bini et al. 2012, 2013, 2018). This was demonstrated by a
decrease in available P in the topsoil of the mixed-species forest
(50% acacia and 50% eucalypt) relative to the pure eucalypt

@ Springer



109 Page 8 of 15

Reg Environ Change (2021) 21:109

stands at the end of the first 7-year rotation (6.94+045 mg kg™!
versus 8.46+0.79 mg kg™') in RoC (Koutika et al. 2014).
Furthermore, readily available soil inorganic P (Pi HCO;) also
decreased in pure acacia relative to quantities in pure eucalypt
stands in the 0-5 cm (i.e., 1.7 vs 2.17 mg kg™! at year 2 of the
second rotation) (Koutika et al. 2016). P availability and cycling
were positively linked to bacterial and fungal communities in
the mixed-species plantations of acacia and eucalypt in RoC
(Koutika et al. 2020b) in Brazil (Pereira et al. 2020), respectively.
However, its concentration increased in afforested stands of both
acacia and eucalypt compared to those found in the savanna
the third year of the second rotation (Koutika and Mareschal
2017), probably due to the ability of non-NFTs, and acacias in
particular, to access P from deeper soil layers (Sitters et al. 2013).
These findings show the effects of introducing NFTs on nutrient
cycling and fertility status of nutrient-poor Arenosols like those
found in the Congolese coastal plains (RoC) and Batéké plateau
(DRC). Integrating NFTs with non-leguminous tree species (i.e.,

eucalypt) or crops (such as cassava or maize) can contribute to
achieving the objective of the Initiative 4 per 1000 by enhancing
C and nutrient (N and P) stocks, improving overall soil health,
sustaining ecosystems, and improving food security (Fig. 1).

Nitrogen-fixing trees, climate change adaptation
and resilience, and 4 per 1000 Initiative objectives

Contribution of biomass and soil C stocks to climate change
mitigation

For decades, SSA has been identified as the most vulnerable
geographic region to climate change (Kotir 2011; Mbow
et al. 2014), while agroforestry has been recommended
as a suitable ecosystem-based climate change adaptation
practice, mainly for smallholders in the tropics (Albrecht
and Kandji 2003; Verchot et al. 2007; Mbow et al. 2014;
Table 1). This is strengthened by IPCC’s recognition of

Fig.1 Conceptual scheme of
nitrogen-fixing tree benefits (1)
linked to 4 per 1000 Initiative

(1) Nitrogen-fixing tree
benefits

(2) 4 per 1000 Initiative
Objectives

objectives (2): (1) Soil carbon
sequestration and co-benefits
(nitrogen status, phosphorus
cycling, microbial communi-
ties and other soil attributes);
(2) climate change mitigation
(reduction in atmospheric CO,
through carbon sequestra-

tion, resilience and adapta-

tion to climate change); (3)
agroforestry and forestry (soil
health improvement leading

to food security (increased

crop yields)); and (4) other
ecosystem services (fuelwood,
non-timber forest products, land
restoration, increased biodiver-
sity and other environmental
services): how introducing
nitrogen-fixing trees in agrofor-
estry and forestry lead to carbon
sequestration and co-benefits
and other ecosystem services
and promote the Initiative 4 —
per 1000 in the Congo basin AN

(DR Congo and Republic of the
Congo) (Soil carbon sequestra-
tion and co-benefits (brown);
climate change (blue); soil
improvement and food security
(green); other ecosystem ser-
vices (violet); shapes used do
not mean anything)

Integrating
nitrogen-
fixing trees
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agroforestry as the land-use system with greatest potential
to sequester ca. 600 Mt C year™! by 2040 compared to 200
Mt C year™! for forest management (IPCC 2000). It offers
several pathways to assure food security and welfare for
small-scale farmers in Africa and contribute at the same
time to climate change mitigation and adaptation strategies
(Mbow et al. 2014). Although no direct studies have been
conducted in the two targeted countries, different agrofor-
estry projects implemented in DRC and forest plantations
in RoC may contribute to climate change adaptation and
resilience of ecosystems and human livelihoods.

Increased aboveground biomass and soil C stocks have the
potential to mitigate climate change (Mbow et al. 2014). A
comparison of A. mangium and eucalypt plantations at Itat-
inga in Brazil with those at Tchissoko in RoC showed that
eucalypt growth rate in mixed-species plantations was sig-
nificantly higher than that of pure stands in the latter (Bouillet
et al. 2013; Epron et al 2013). This suggests that mixed non-N
fixers in stands benefitted from the N, fixed by A. mangium at
the Congolese site, but no significant differences were found
within Brazilian plots. This may be attributed to differences
in soil types and forest management practices. Even though
soils in both locations contained more than 80% of sand, soils
in Brazil (Itatinga, Sao Paulo state) are Ferralsols with 13% of
clay and 3% of silt, while those in the Republic of the Congo
(Tchissoko) are Ferralic Arenosols with only 3% of clay
and 6% of silt. This shows the potential for these plantations to
mitigate climate change; increasing C fixation in aboveground
biomass and the soil may contribute to reduction of atmos-
pheric CO, concentrations and mitigation of climate change,
especially because these plantations span over 35,000 ha in
the Congolese coastal plains.

Studies of non-CO, greenhouse gas emissions such as
N,O in the area in the Congo basin are scarce. However, A.
mangium efficiently reduces N,O emissions when its bark
tannins are applied to water-saturated soils, contributing to
mitigating climate change (Matsubara and Ohta 2015). In
coffee and peach palm agroforestry systems with a leguminous
cover crops in Peru, Palm et al. (2002) showed a reduction in
N,O emissions compared with a neighboring second forest,
and emissions were much lower than in intensive and low-
input agriculture. Albrecht and Kandji (2003) and Verchot
et al. (2007) argue that agroforestry systems have great
potential for reduction of greenhouse gas emissions. However,
the cooling effect of CO, sequestration is partially offset by the
warming effect of soil N,O emissions, resulting in net cooling
of the CO,—N,O effect (Kou-Giesbrecht and Menge 2019).
The effects of NFTs in forests and agroforests depend on NFT
species, temperature, precipitation, N deposition, and CO,
fertilization. NFTs can either mitigate or exacerbate climate
change relative to non-fixing trees, contingent on their fixation
strategy and N deposition (Kou-Giesbrecht and Menge 2019).
Biological N fixation has the capacity to self-regulate, feeding

back to ecosystem-level N levels (Kou-Giesbrecht and Menge
2019). A deficiency in N levels can stimulate N fixation,
which can promote plant growth and CO, fixation. But, the
strength of feedback varies across N-fixing species: obligate
N fixers fix N at the same rate per unit of biomass regardless
of environmental conditions, while facultative N fixers adjust
N fixation to meet their needs (ibid). But Kou-Giesbrecht and
Menge (2019) assert that rhizobial N-fixing trees in tropical
forests downgrade N fixation either through facultative or
through incomplete regulator N fixation strategy. Considering
the current low levels of N deposits (Kou-Giesbrecht and
Menge 2019), observed soil and vegetal carbon sequestration
in NFT-based forests and agroforest systems in the DRC and
RoC demonstrates their net CO,-N,O cooling effect relative
to non-NFT-based land-use systems.

Several studies (Baah-Acheamfour et al. 2016; Ni and
Goffman 2018; Yu, 2017) Gutlein et al. 2018) show that
methanotrophs (methane-eating bacteria) absorb atmospheric
methane that diffuses into forest and agroforestry soils. Baah-
Acheamfour et al. (2016) showed that forest soils had 36%
higher CH, uptake than herblands without trees. Gutlein et al.
(2018) also found that protection of aboveground and below-
ground C and N stocks of agroforestry and arable systems
increases CH, uptake; CH, uptake is positively correlated
with SOC; and forest soils with well-aerated litter layers were
a significant sink for atmospheric CH, (uptake to 4 kg C
ha~! year™!) regardless of low annual temperatures at higher
elevation. These findings suggest that integration of NFTs in
forest and agroforestry systems, which increased N-rich litter
and SOC stocks, supported a biologically active top soil for
a thriving population of methanotrophs, thus increasing soil
uptake of CH4. Thus, NFT-based systems present opportuni-
ties for reducing GHG emissions.

Effects of nitrogen-fixing tree-based agroforestry
on crop yields and food security

Nitrogen-fixing tree-based agroforestry and soil fertility

Mean CEC values (2.8 to 3.8 cmol +/kg) of soils under
23-year-old agroforestry systems with NFT species were
significantly higher than those of savanna ecosystem
soils in DRC (Peltier et al. 2017). Acacia auriculiformis
fallows (> 10 years) increased soil nutrient content and
nutrient-holding capacity of Arenosols in the Batéké Pla-
teau (DRC) despite a significant drop in pH probably due
to humification and nitrification processes (Nsombo 2016).
In addition, harvesting both cassava and maize crops led
to removal of minerals from the soil-plant system, and a
decline in exchangeable bases in the soil, resulting in low
soil pH (Peltier et al. 2017). Although there may be a risk
of soil acidification evidenced by a drop in pH (5.5 to 4.6)
and depletion of exchangeable bases, the overall change in
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soil characteristics in agroforestry after NFT integration
improved both soil fertility and crop yields. Previous studies
in RoC have shown that Arenosols of the Congolese coastal
plains have low iron oxide contents despite their acidity
(Mareschal et al. 2011) and low ability to fix P (Laclau et al.
2010; Koutika 2019). In agroforestry ecosystems, enhanced
C and N dynamics improved nutrient-holding capacity and
cycling which increased in the long term (Kasongo et al.
2009; Nsombo 2016). However, absolute amounts of soil
nutrients at the beginning of a new 8-year cropping period of
the A. auriculiformis fallow were still low, and a quick nutri-
ent release from litter (leaves and twig biomass after logging
through slash-and-burn practices) was required to sustain the
ecosystem (Nsombo 2016). These studies suggest that tree-
mediated nutrient cycling through uptake of inorganic nutri-
ents (N, P, K) and their cycling contributed to improved soil
fertility, increased crop productivity, restoration of degraded
land, and replenishment of SOM. Agroforestry systems have
great potential to sequester C and improve soil fertility, espe-
cially when NFTs are integrated (Nair et al. 2009; Kimaro
et al. 2007; Kaonga et al. 2008; Biseaux et al. 2009; Kasongo
et al. 2009; Sebukyu and Mosango 2012; Peltier et al. 2017).
Soil fertility improvement in NFT-based agroforestry
may be attributed to decomposition of large quantities of
organic materials from trees, and increasing SOC content and
CEC, which are strongly linked to organic inputs to tropical
soils. Furthermore, decomposition of large quantities of
litter correspondingly increased quantities of organic acids
produced, which partly explains the drop in pH (Binkley
1992, 2005; Kasongo et al. 2009; Nsombo 2016; Peltier
et al. 2017). But A. auriculiformis increased N content
while simultaneously decreasing C/N ratio (ibid). All these
processes occurring in soil after introduction of NFTs in
agroforestry systems in the Batéké plateau (DRC) may result
from enhanced microbial activity and nutrient cycling (Bini
et al. 2012, 2013; Pereira et al. 2017, 2018, 2020). Changes
in bacterial communities were found in acacia-eucalypt
plantations in RoC. Stands containing acacia showed
differences in community composition (beta diversity) and
Firmicutes phylum prevalence compared to Proteobacteria in
the pure eucalypt (Koutika et al. 2020b). These changes may
also result from creation of more labile organic substances
and conditions favoring their decomposition, such as an
enhanced SOM mineralization due to the limited C saturation
potentiality of Arenosols, the effects of new organic residues
rich in N, edaphic/climate conditions, and the age of the
plantation (Marin-Spiotta et al. 2009; Derrien et al. 2014).

Healthy soils lead to increased crop yields
In 8 years, improved soil N status further resulted in four-

fold and twofold increase in yields of two major crops,
cassava and maize, respectively, compared to those in the
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savanna ecosystem (Lejolly 2018). The forestry (industrial
plantations) and agroforestry areas comprised 8000 ha of
A. auriculiformis established from 1987 to 1993 in Mampu
(Batéké plateau, DRC) (Bisiaux et al. 2009). Apart from
improving soil fertility and other ecosystem services,
the project produced 10,000 t ha™! year™! of cassava,
1200 ha~! year™! of maize, and 6 t year~! of honey. In the
same line, yields of both cassava and maize increased by 6 t
ha™! (9-15tha™!) and 1 t ha=! (0.5-1.5 t ha™!), respectively,
in DRC (Nsombo 2016). Several studies of NFT-based
agroforestry and forestry systems reported an enhanced N
availability (Albrecht and Kandji 2003; Kimaro et al. 2007,
Kasongo et al. 2009; Forrester et al. 2013; Peltier et al. 2017;
Tchichelle et al. 2017; Koutika and Richardson 2019).

Integration of A. auriculiformis in agroforestry in the
Batéké Plateau (DRC) improved soil fertility and ensured
the availability of the two staple crops in the area. This sys-
tem contributes to mitigation of climate change through
C sequestration in the soil and plant biomass leading to
improved soil health with enhanced nutrient cycling. The
practice therefore contributes to the realization of the objec-
tives of the 4 per 1000 Initiative (Fig. 1), i.e., C sequestration
and co-benefits to sustain agriculture systems and secure
food availability in the largest and more populated country
of the Congo basin.

Other ecosystem services

Besides C and nutrient cycling, trees provide several other
strongly interconnected ecosystem services (Rodriguez
et al. 2006; Raudsepp-Hearne et al. 2010). In the two study
countries, other ecosystem services may be directly linked
to both rural and urban populations (i.e., pulp, fuelwood,
and non-timber products supply) (Lescuyer et al. 2009;
Bisiaux et al. 2009; Asaah et al. 2011; Shure et al. 2012;
Table 1; Fig. 1). They may also be indirectly linked to
environmental services, land restoration, reforestation,
and/or afforestation for industrial goods and services,
preservation of natural forests, preference of native NFT
species to exotic species to reduce the risk of introduc-
ing invasive species, and loss of biodiversity and tour-
ism (Lescuyer et al. 2009; Lal 2012, 2015; Koutika and
Richardson 2019).

Fuelwood supply and non-timber forest products

With a population of about 80 million and 60% of it living in
the rural areas, DRC has the higher production and consump-
tion of fuelwood energy in the Congo basin (Shure et al. 2012).
In 2009, fuelwood consumption was estimated at 94% against
79% in Cameroon, 35% in RoC, and only 24% in Gabon (Shure
et al. 2012). An A. auriculiformis plantation, which was part
of the agroforestry/forestry project (1987—1993) on 8000 ha
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in Mampu (DRC), produced 8000-12,000 t ha™! year™" of
charcoal (Bisiaux et al. 2009). Charcoal production is lower
in the less populated RoC (around 5 millions), and the pres-
sure on natural forests is lower than in DRC. Ten years ago,
charcoal derived from forest plantations and natural forests
represented 45% and 55% of total consumption, respectively,
compared with 75% of fuelwood from plantations and 25%
from natural forests in RoC (Nkoua et al. 2010; cited on Shure
et al. 2012). At that time, over 96% of households depended
on wood fuel (charcoal and fuelwood) as their energy source
(Marien 2006 cited in Shure et al. 2012). Therefore, forest
plantations, including those integrating NFTs, play a crucial
role in reducing the pressure from the local (rural and urban)
population on natural forests which may have declined by over
1000 ha year_1 (Nkoua 2010; cited in Shure et al. 2012). The
forest plantations established in the Congolese coastal area
(RoC) greatly contribute to the fuel energy supply (Nkoua
2010 cited in Shure et al. 2012), preserving natural forests and
biodiversity, and hence promote the objective of the Initiative
4 per 1000.

Land restoration

Lal (2015) distinguished between two main categories of
soil degradation, anthropogenic and natural degradation,
which are further categorized into four main types: physical,
chemical, biological, and ecological. Soil and biomass C
pools in degraded soils may be restored through sustainable
forest management, i.e., integration of trees in degraded
ecosystems (Lal 2012). Land restoration may be accelerated
using NFTs (Franco and Faria 1997; Chaer et al. 2011). NFTs
such as Acacia mangium were used to restore lands severely
degraded by soil erosion, construction, and mining activities
(Chaer et al. 2011); soil fertility by adding around 12 t of
dry litter and 190 kg of N ha™! year™ to the soil (Franco and
Faria 1997) in Brazil, and soil C and N cycling processes in
southern China (Wang et al. 2010). NFTs such as A. mangium
are also often used to rehabilitate degraded forest ecosystems
(Machado et al. 2018). The species was prioritized because
of its important role in cycling of N and P, the most limiting
soil nutrients in the Amazonian tropical forest ecosystems
(Machado et al. 2018). It also creates conditions that foster
a positive correlation between C sequestration, N and P
stocks, and the high aboveground biomass production in
Vietnam (Sang et al. 2013). In South China, increments in
soil N concentration (0.103 +0.02%) under A. mangium were
significantly higher than those (0.092 +0.01%) found in soils
under A. auriculiformis—based systems (Yang et al. 2009).
No reported studies on rehabilitated land were found in the
two countries, although both A. mangium and auriculiformis
have been widely used to improve soil fertility of nutrient-
poor Arenosols.

Contributions of nitrogen-fixing tree-based forest
plantation and agroforestry to food security

Integration of NFTs in forest plantations and agroforestry sys-
tems improve soil biological, chemical, and physical prop-
erties enhancing biogeochemical cycles (C and N cycles),
biodiversity, and ecosystem productivity. These ecosystems
increase household food security by improving availability,
accessibility, utilization, and stability of food supply, and
increasing dietary variety. Apart from timber, NTFPs (includ-
ing medicines, fruits, mushrooms, insects, and honey) are har-
vested for household consumption and commercial purposes.
Forest and agroforestry systems in the Congo basin contrib-
ute to reduced deforestation and forest degradation (REDD),
forest carbon enhancement, improved forest management,
restoration of degraded soils, and sustainable development.
NFT-based forest and agroforestry systems therefore contrib-
ute significantly to household food security.

Conclusions

Integration of NFTs in planted forests and agroforestry
systems enhances biogeochemical processes resulting in
substantial fixation of C in the soil and tree biomass, an
increase in quantities of major nutrients (i.e., N and P), and
their availability for tree and crop growth and production;
improves cation exchange capacity and C: N ratio enhancing
the availability and use of nutrients by plants; and increases
biological activities that favor plant growth and productivity
through increased microbial and bacterial communities and
activities, which result in substantial biomass increments
and high crop yields — narrowing crop yield gaps increases
food supply and reduces hunger.

Introduction of NFTs in planted forests and agroforestry
systems leads also to improved soil health enhancing soil bio-
logical, chemical, and physical properties and alleviating soil
degradation. Agricultural and forest ecosystems that include
leguminous tree species show enhanced biological N, fixation,
which increases available N for ecosystem primary production.
Increased available N enhances carbon fixation in plant biomass
and the soil. This translates into higher crop yields and tree bio-
mass production. Increased net primary production, especially
in trees, increases the size of the carbon sink and reservoir.
Increased crop production decouples the commodity value
chain from deforestation and forest degradation as it reduces
pressure on the forest while increasing food production and pre-
serving ecosystem biodiversity. Increased system productivity
could enhance timber and NTFPs, which could enhance food
security by increasing its availability, accessibility, stability,
and utilization. The combined climate change mitigation and
adaptation, improved soil health, and food security recommend
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these ecosystems for the promotion of the objectives of 4 per
1000 Initiative.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10113-021-01816-9.

Acknowledgements The authors warmly thank the anonymous review-
ers and editors for their valuable advices and suggestions to improve
this paper.

Author contribution All authors, i.e., LSK, MN, KT, and MK, col-
lected bibliographic material and wrote the manuscript. The final edit-
ing was made by MK and an anonymous colleague. All authors read
and approved the final manuscript.

References

Albrecht A, Kandji ST (2003) Carbon sequestration in tropical agro-
forestry systems. Agric Ecosyst Environ 99:15-27. https://doi.org/
10.1016/S0167-8809(03)00138-5

Asaah EK, Tchoundjeu Z, Leakey RRB, Takousting B, Njong J et al.
(2011) Trees, agroforestry and multifunctional agriculture in
Cameroon. Int J Agric Sustain 9(1):110-119. https://doi.org/10.
3763/ijas.2010.0553

Baah-Acheamfour M, Carlyle C, Lim S, Bork EW, Chang S (2016) For-
est and grassland cover types reduce net greenhouse gas emissions
from agricultural soils. Sci Total Environ 571:1115-1127. https://
doi.org/10.1016/j.scitotenv.2016.07.106

Bauters M, Ampoorter E, Huygens D, Kearsley E, De Haulleville T
et al. (2015) Functional identity explains carbon sequestration
in a 77-year-old experimental tropical plantation. Ecosphere
6(10):198. https://doi.org/10.1890/ES15-00342.1

Bernhard-Reversat F (1993) Dynamics of litter and organic matter at
the soil-litter interface of fast-growing tree plantations on sandy
ferrallitic soils (Congo). Acta Oecol 14(2):179-195

Bini D, dos Santos CA, Bouillet J-P, de Morais Goncalves JL, Car-
dosoa EJBN (2013) Eucalyptus grandis and Acacia mangium in
monoculture and intercropped plantations: evolution of soil and
litter microbial and chemical attributes during early stages of plant
development. Appl Soil Ecol 63:57-66. https://doi.org/10.1016/j.
apso0il.2012.09.012

Bini D, dos Santos CA, da Silva MCP, Bonfim JA, Cardoso EJBN
(2018) Intercropping Acacia mangium stimulates AMF coloniza-
tion and soil. Sci Agric 75(2):102-110. https://doi.org/10.1590/
1678-992X-2016-0337

Bini D, Figueiredo AF, da Silva MCP, de Figueiredo Vasconcellos RL,
Cardoso EJBN (2012) Microbial biomass and activity in litter
during the initial development of pure and mixed plantations of
Eucalyptus grandis and Acacia mangium. Rev Bras Cienc Solo
37:76-85. https://doi.org/10.1590/S0100-06832013000100008

Binkley, D (1992) Mixtures of N,-fixing and non-N,-fixing tree spe-
cies. In: Cannell MGR, Malcom DC, Robertson PA (eds) The
ecology of mixed-species stands of trees. Blackwell Scientific
Publications, Oxford. http://www.agris.fao.org/agris-search/
search.do?recordID=XF2016029053

Binkley D (2005) How nitrogen-fixing trees change soil carbon. In:
Binkley, D., Menyailo, O. (Eds.). Tree species effects on soils:
implications for global change. NATO Science Series, Kluwer
Academic Publishers, Dordrecht. pp. 155-164. https://doi.org/10.
1007/1-4020-3447-4

@ Springer

Bisiaux F, Peltier R, Muliele JC (2009) Plantations industrielles et
agroforesterie au service des populations des plateaux Batéké,
Mampu, en République démocratique du Congo. Bois For Trop
301(3):21-32. https://doi.org/10.19182/bft2009.301.a20404

Bouillet J-P, Laclau JP, Gongalves JLM, Voigtlaender M, Gava JL et al.
(2013) Eucalyptus and Acacia tree growth over entire rotation in
single- and mixed-species plantations across five sites in Brazil
and Congo. For Ecol Manage 301:89-101. https://doi.org/10.
1016/j.foreco.2012.09.019

Chaer GM, Resende AS, Campello EFC, de Faria SM, Boddey RM
(2011) Nitrogen-fixing legume tree species for the reclamation
of severely degraded lands in Brazil. Tree Physiol 31:139-149.
https://doi.org/10.1093/treephys/tpq1 16

Chen D, Zhang C, WuJ, Zhou L, Lin Y, Fu S (2011) Subtropical plan-
tations are large carbon sinks: evidence from two monoculture
plantations in South China. Agric for Meteorol 151:1214-1225.
https://doi.org/10.1016/j.agrformet.2011.04.011

Corbeels M, McMurtrie RE, Pepper DA, Mendham DS, Grove TS,
O’Connell AM (2005) Long-term changes in productivity of
eucalypt plantations under different harvest residue and nitrogen
management practices: a modelling analysis. For Ecol Manage
217:1-18. https://doi.org/10.1016/j.foreco.2005.05.057

Delwaulle JC, Garbaye J, Laplace Y (1981) Ligniculture en milieu
tropical: Les reboisements en eucalyptus hybrides de la savane
cotiere Congolaise. Rev For Francaise 3:248-255. https://doi.org/
10.4267/2042/21511

Derrien D, Plain C, Courty PE, Gelhaye L, Moerdijk T, Thomas F,
Versini A, Zeller B, Koutika L-S, Boschker E, Epron D (2014)
Does the addition of labile substrate destabilise old soil organic
matter? Soil Biol Biochem 76:149-160. https://doi.org/10.1016/j.
50i1bi0.2014.04.030

Dubiez E, Freycon V, Marien JM, Peltier R, Harmand JM (2019) Long
term impact of Acacia auriculiformis woodlots growing in rota-
tion with cassava and maize on the carbon and nutrient contents of
savannah sandy soils in the humid tropics (Democratic Republic
of Congo). Agrofor Syst 93:1167-1178. https://doi.org/10.1007/
$10457-018-0222-x

Epron D, Nouvellon Y, Mareschal L, Moreira RM, Koutika L-S, Gen-
este B, Delgado-Rojas JS, Laclau JP, Sola G, Gongalves JLM,
Bouillet JP (2013) Partitioning of net primary production in Euca-
lyptus and Acacia stands and in mixed-species plantations: two
case-studies in contrasting tropical environments. For Ecol Man-
age 301:102—111. https://doi.org/10.1016/j.foreco.2012.10.034

FAO, ITTO (2011) The state of forests in Amazon Basin, Congo Basin
and Southeast Asia. Summit of the three rainforest basins, Repub-
lic of the Congo, Brazzaville 31 May-3 June 2011, 80pp. http://
www.pfbc-cbfp.org/amazon-congo-asia.html

FAO, Unep (2020) The State of the World’s Forests 2020 Forests,
biodiversity and people Rome. https://doi.org/10.4060/ca8642en

FAO (2015) Agroforestry definition. http://www.fao.org/forestry/
agroforestry/80338/en/. Accessed 13 Dec 2020

Fornara D, Banin L, Crawley M (2013) Multi-nutrient versus nitro-
gen-only effects on carbon sequestration in grassland soils. Glob
Change Biol 19:3848-3857. https://doi.org/10.1111/gcb.12323

Forrester DI, Pares A, O’Hara C, Khanna PK, Bauhus J (2013) Soil
organic carbon is increased in mixed-species plantations of
Eucalyptus and nitrogen-fixing Acacia. Ecosystems 16:123—
132. https://doi.org/10.1007/s10021-012-9600-9

Global Forest Resources Assessment 2000 (FRA 2000) Forest plan-
tation. http://www.fao.org/3/y1997e/y1997¢08.htm. Accessed
12 Nov 2020

Franco AA, de Faria SM (1997) The contribution of N,-fixing tree
legumes to land reclamation and sustainability in the tropics.
Soil Biol Biochem 29:897-903. https://doi.org/10.1016/S0038-
0717(96)00229-5


https://doi.org/10.1007/s10113-021-01816-9
https://doi.org/10.1016/S0167-8809(03)00138-5
https://doi.org/10.1016/S0167-8809(03)00138-5
https://doi.org/10.3763/ijas.2010.0553
https://doi.org/10.3763/ijas.2010.0553
https://doi.org/10.1016/j.scitotenv.2016.07.106
https://doi.org/10.1016/j.scitotenv.2016.07.106
https://doi.org/10.1890/ES15-00342.1
https://doi.org/10.1016/j.apsoil.2012.09.012
https://doi.org/10.1016/j.apsoil.2012.09.012
https://doi.org/10.1590/1678-992X-2016-0337
https://doi.org/10.1590/1678-992X-2016-0337
https://doi.org/10.1590/S0100-06832013000100008
https://www.agris.fao.org/agris-search/search.do?recordID=XF2016029053
https://www.agris.fao.org/agris-search/search.do?recordID=XF2016029053
https://doi.org/10.1007/1-4020-3447-4
https://doi.org/10.1007/1-4020-3447-4
https://doi.org/10.19182/bft2009.301.a20404
https://doi.org/10.1016/j.foreco.2012.09.019
https://doi.org/10.1016/j.foreco.2012.09.019
https://doi.org/10.1093/treephys/tpq116
https://doi.org/10.1016/j.agrformet.2011.04.011
https://doi.org/10.1016/j.foreco.2005.05.057
https://doi.org/10.4267/2042/21511
https://doi.org/10.4267/2042/21511
https://doi.org/10.1016/j.soilbio.2014.04.030
https://doi.org/10.1016/j.soilbio.2014.04.030
https://doi.org/10.1007/s10457-018-0222-x
https://doi.org/10.1007/s10457-018-0222-x
https://doi.org/10.1016/j.foreco.2012.10.034
https://www.pfbc-cbfp.org/amazon-congo-asia.html
https://www.pfbc-cbfp.org/amazon-congo-asia.html
https://doi.org/10.4060/ca8642en
http://www.fao.org/forestry/agroforestry/80338/en/
http://www.fao.org/forestry/agroforestry/80338/en/
https://doi.org/10.1111/gcb.12323
https://doi.org/10.1007/s10021-012-9600-9
http://www.fao.org/3/y1997e/y1997e08.htm
https://doi.org/10.1016/S0038-0717(96)00229-5
https://doi.org/10.1016/S0038-0717(96)00229-5

Reg Environ Change (2021) 21:109

Page130of 15 109

Gutlein A, Gerschlauer F, Kikot I, Kiese R (2018) Impacts of climate
and land use on N,O and CH, fluxes from tropical ecosystems
in the Mt. Kilimanjaro region, Tanzania. Glob Chang Biol
24(3):1239-1255. https://doi.org/10.1111/gcb.13944

IPCC (2000) Land-use, land-use change and forestry. Special report
of the intergovernmental panel on climate change. Cambridge
University Press, UK, p 375. www.ipcc.ch/report/land-use-land-
use-change-and-forestry. Accessed 12 Nov 2020

Jesson J, Matheson L, Lacey FM (2011) Doing your literature review:
traditional and systematic techniques. Sage Publications Ltd,
London, UK. https://doi.org/10.1080/09500790.2011.581509

Kaonga ML (2005) Understanding carbon dynamics in agroforestry
systems in eastern Zambia. Ph.D. Dissertation. Fitzwilliam Col-
lege, University of Cambridge, UK, p 431

Kaonga ML, Coleman K (2008) Modelling soil organic carbon turno-
ver in improved fallows in eastern Zambia using RothC-26.3
Model. For Ecol Manage 256(5):1160-1166. https://doi.org/10.
1016/j.foreco.2008.06.017

Kasongo RK, Van Ranst E, Verdoodt A, Kanyankagote P, Baert G
(2009) Impact of Acacia auriculiformis on the chemical fertil-
ity of sandy soils on the Batéké plateau, D.R. Congo Soil Use
Manage 25:21-27. https://doi.org/10.1111/j.1475-2743.2008.
00188.x

Kimaro AA, VicR T, Mugasha AG, Chamshama SAO, Kimaro DA
(2007) Nutrient use efficiency and biomass production of tree
species for rotational woodlot systems in semi-arid Morogoro,
Tanzania. Agrofor Syst 71:175-184. https://doi.org/10.1007/
$10457-007-9061-x

Kooke G X, Foumilayo RK, Mandus A, Jossou JM, Toko Imorou
(2019) Estimation du stock de carbone organique dans les planta-
tions d’Acacia auriculiformis. A. Cunn. ex Benth. des foréts clas-
sées de Pahou et de Ouédo au Sud du Bénin, Int J Biol Chem Sci
13(1): 277-293. https://doi.org/10.4314/ijbcs.v13i1.23

Kotir JH (2011) Climate change and variability in Sub-Saharan Africa:
areview of current and future trends and impacts on agriculture
and food security. Environ Dev Sustain 13:587-605. http://hdl.
handle.net/https://doi.org/10.1007/s10668-010-9278-0

Kou-Giesbrecht S, Menge D (2019) Nitrogen-fixing trees could exac-
erbate climate change under elevated nitrogen deposition. Nat
Commun 10:1493. https://doi.org/10.1038/s41467-019-09424-2

Koutika L-S, Epron D, Bouillet JP, Mareschal L (2014) Changes in
N and C concentrations, soil acidity and P availability in tropi-
cal mixed acacia and eucalypt plantations on a nutrient-poor
sandy soil. Plant Soil 379:205-216. https://doi.org/10.1007/
s11104-014-2047-3

Koutika L-S, Mareschal L, Epron D (2016) Soil P availability under
eucalypt and acacia on Ferralic Arenosols, republic of the Congo.
Geoderma Reg 7:153-158. https://doi.org/10.1016/j.geodrs.2016.
03.001

Koutika L-S, Tchichelle SV, Mareschal L, Epron D (2017) Nitrogen
dynamics in a nutrient-poor soil under mixed-species plantations
of eucalypts and acacias. Soil Biol Biochem 108:84-90. https://
doi.org/10.1016/j.s0ilbi0.2017.01.023

Koutika LS, Mareschal L (2017) Acacia and eucalypt change P, N and
C concentrations in POM of Arenosols in the Congolese coastal
plains. Geoderma Reg 11:37-43. https://doi.org/10.1016/j.geodrs.
2017.07.009

Koutika LS (2019) Afforesting tropical savannas with Acacia mangium
and eucalyptus improves soil P availability in Arenosols of the
Congolese coastal plains. Geoderma Reg €00207. https://doi.org/
10.1016/j.geodrs.2019.00207

Koutika L-S, Richardson DM (2019) Acacia mangium Willd: ben-
efits and threats associated with its increasing use around the
world (Review). For Ecosyst 6(2):1-13. https://doi.org/10.1186/
s40663-019-0159-1

Koutika L-S, Cafiero L, Bevivino A, Merino A (2020a) Organic matter
quality of forest floor as a driver of C and P dynamics in acacia and
eucalypt plantations established on a Ferralic Arenosols. Congo
For Ecosyst 7:20. https://doi.org/10.1186/540663-020-00249-w

Koutika L-S, Fiore A, Tabacchioni S, Aprea G, Pereira APA, Bev-
ivino A (2020b) Influence of Acacia mangium on soil fertility and
bacterial community in Eucalyptus Plantations in the Congolese
Coastal Plains. Sustainability 12:8763. https://doi.org/10.3390/
sul2218763

Koutika L-S (2021) Soil fertility improvement of nutrient-poor and
sandy soils in the Congolese coastal plains. FAO & ITPS. 2021.
Recarbonizing global soils: A technical manual of recommended
management practices. Vol. 6: Forestry, wetlands, urban soils —
Case studies. Rome, pp 4-13. https://doi.org/10.4060/cb6605en

Kuyah S, Oborn I, Dahlin AS, Barrios E, Muthuri C (2016) Trees in
agricultural landscapes enhance provision of ecosystem services
in Sub-Saharan Africa. I J Biodivers Sci Ecosys Serv Manage
12(4):255-273. https://doi.org/10.1080/21513732.2016.1214178

Laclau JP, Ranger J, Deleporte Ph, Nouvellon Y, Saint André L, Marlet
S, Bouillet JP (2005) Nutrient cycling in a clonal stand of eucalyp-
tus and an adjacent savanna ecosystem in Congo. 3. Input-output
budget and consequences for the sustainability of the plantations.
For Ecol Manage 210:375-391. https://doi.org/10.1016/j.foreco.
2005.02.028

Laclau JP, Ranger J, Gongalves JLdeM, Maquere V, Krusche AV,

M’Bou AT, Nouvellon Y, Saint-André L, Bouillet JP, de Cas-

sia Piccolo M, Deleporte P (2010). Biogeochemical cycles

of nutrients in tropical eucalyptus plantations: main features
shown by intensive monitoring in Congo and Brazil. For Ecol

Manage 259:1771-1785. https://doi.org/10.1016/j.foreco.2009.

06.010

R (2012) Climate change and soil degradation mitiga-

tion by sustainable management of soils and other natural

resources. Agric Res 1(3):199-212. https://doi.org/10.1007/
$40003-012-0031-9

Lal R (2015) Restoring soil quality to mitigate soil degradation. Sus-
tainability 7:5875-5895. https://doi.org/10.3390/su7055875

Lescuyer G, Karsenty A, Eba’a Atyi R (2009) A new tool for sus-
tainable forest management in Central Africa: payments for envi-
ronmental services. In: de Wasseige C, Devers D, de Marcken P,
Eba’a Atyi R, Nasi R, Mayaux P (eds) The Forests of the Congo
Basin: state of the Forest 2008. Publications Office of the Euro-
pean Union, Luxembourg, pp 131-143

Lee KL, Ong KH, King PIH, Chubo JK, Su DSA (2015) Stand pro-
ductivity, carbon content, and soil nutrients in different stand
ages of Acacia mangium in Sarawak, Malaysia. Turk J Agric for
39:154-161. https://doi.org/10.3906/tar-1404-20

Lejolly J (2018) Modele agroforestier pour le développement a Ibi/
Plateau de Batéké, Université Libre de Bruxelles, Belgique p. 12.
www.cairn.info/revue-mondes-en-developpement-2019-3-page-
113.html. Accessed 27 Apr 2021

Machado MR, Camara R, Sampaio PTB, Ferraz JBS, Pereira MG
(2018) Silvicultural performance of five forest species in the cen-
tral Brazilian Amazon. Acta Amazon 48:10-17. https://doi.org/
10.1590/1809-4392201700602

Marin-Spiotta E, Silver WL, Swanston CW, Ostertag R (2009) Soil
organic matter dynamics during 80 years of reforestation of tropi-
cal pastures. Glob Change Biol 15:1584—1597. https://doi.org/10.
1111/j.1365-2486.2008.01805.x4

Mareschal L, Nzila JDD, Turpault MP, M’Bou AT, Mazoumbou
JC, Bouillet JP, Ranger J, Laclau JP (2011) Mineralogical and
physico-chemical properties of Ferralic Arenosols derived from
unconsolidated Plio-Pleistocenic deposits in the coastal plains of
Congo. Geoderma 162:159-170. https://doi.org/10.1016/j.geode
rma.2011.01.017

—

La

@ Springer


https://doi.org/10.1111/gcb.13944
http://www.ipcc.ch/report/land-use-land-use-change-and-forestry
http://www.ipcc.ch/report/land-use-land-use-change-and-forestry
https://doi.org/10.1080/09500790.2011.581509
https://doi.org/10.1016/j.foreco.2008.06.017
https://doi.org/10.1016/j.foreco.2008.06.017
https://doi.org/10.1111/j.1475-2743.2008.00188.x
https://doi.org/10.1111/j.1475-2743.2008.00188.x
https://doi.org/10.1007/s10457-007-9061-x
https://doi.org/10.1007/s10457-007-9061-x
https://doi.org/10.4314/ijbcs.v13i1.23
http://hdl.handle.net/
http://hdl.handle.net/
https://doi.org/10.1007/s10668-010-9278-0
https://doi.org/10.1038/s41467-019-09424-2
https://doi.org/10.1007/s11104-014-2047-3
https://doi.org/10.1007/s11104-014-2047-3
https://doi.org/10.1016/j.geodrs.2016.03.001
https://doi.org/10.1016/j.geodrs.2016.03.001
https://doi.org/10.1016/j.soilbio.2017.01.023
https://doi.org/10.1016/j.soilbio.2017.01.023
https://doi.org/10.1016/j.geodrs.2017.07.009
https://doi.org/10.1016/j.geodrs.2017.07.009
https://doi.org/10.1016/j.geodrs.2019.e00207
https://doi.org/10.1016/j.geodrs.2019.e00207
https://doi.org/10.1186/s40663-019-0159-1
https://doi.org/10.1186/s40663-019-0159-1
https://doi.org/10.1186/s40663-020-00249-w
https://doi.org/10.3390/su12218763
https://doi.org/10.3390/su12218763
https://doi.org/10.4060/cb6605en
https://doi.org/10.1080/21513732.2016.1214178
https://doi.org/10.1016/j.foreco.2005.02.028
https://doi.org/10.1016/j.foreco.2005.02.028
https://doi.org/10.1016/j.foreco.2009.06.010
https://doi.org/10.1016/j.foreco.2009.06.010
https://doi.org/10.1007/s40003-012-0031-9
https://doi.org/10.1007/s40003-012-0031-9
https://doi.org/10.3390/su7055875
https://doi.org/10.3906/tar-1404-20
http://www.cairn.info/revue-mondes-en-developpement-2019-3-page-113.html
http://www.cairn.info/revue-mondes-en-developpement-2019-3-page-113.html
https://doi.org/10.1590/1809-4392201700602
https://doi.org/10.1590/1809-4392201700602
https://doi.org/10.1111/j.1365-2486.2008.01805.x4
https://doi.org/10.1111/j.1365-2486.2008.01805.x4
https://doi.org/10.1016/j.geoderma.2011.01.017
https://doi.org/10.1016/j.geoderma.2011.01.017

109 Page 14 of 15

Reg Environ Change (2021) 21:109

Matsubara K, Ohta S (2015) The effects of tannins derived from Aca-
cia mangium bark on N,O emissions from water saturated acacia
plantation soil. Tropics 24(2):65-74. https://doi.org/10.3759/tropi
cs.24.65

Mayer M, Prescott CE, Abaker WEA, Augusto L, Cecillon L, Ferreira
GWD, James J, Jandl R, Katzensteiner K, Laclau J-P, Laganiere
J, Nouvellon Y, Pare D, Stanturf JA, Vanguelova EI, Vesterdal L
(2020) Tamm review: influence of forest management activities
on soil organic carbon stocks: a knowledge synthesis. For Ecol
Manage 466:11812. https://doi.org/10.1016/j.foreco.2020.118127

Mbow C, Smith P, Skole D, Duguma L, Bustamante M (2014) Achiev-
ing mitigation and adaptation to climate change through sustain-
able agroforestry practices in Africa. Curr Opin Environ Sustain
6:8—14. https://doi.org/10.1016/j.cosust.2013.09.002

Nair PKR, Kumar BM, Nair VD (2009) Agroforestry as a strategy for
carbon sequestration. J Plant Nutr Soil Sci 172:10-23. https://doi.
org/10.1002/jpIn.200800030

Ni X, Groffman PM (2018) Declines in methane uptake in forest soils.
Proc Natl Acad Sci U S A 115(34):8587-8590. https://doi.org/10.
1073/pnas.1807377115

Nsombo BM (2016) Evaluation des nutriments et du carbone organique
du sol dans le systéme agroforestier du plateau des Batéké en
République Démocratique du Congo. These de Doctorat 2016.
Ecole Régionale Post-Universitaire d’Aménagement et de Gestion
Intégrés des foréts et Territoires Tropicaux (ERAIFT), p 79-80

Nsombo BM, Lumbuenamo RS, Lejoly JK, Mafuka PMM (2016)
Caracteristiques des sols sous savane et sous forét naturelle sur
le plateau des Batéké en République Démocratique du Congo.
Tropicultura 34(1):87-97.urn:issn:0771-3312 info:https://www.
scp/85018609060

Nzila JD, Bouillet J-P, Laclau J-P, Ranger J (2002) The effects of slash
management on nutrient cycling and tree growth in Eucalyptus
plantations in the Congo. For Ecol Manage 171:209-221. https://
doi.org/10.1016/S0378-1127(02)00474-7

Palm CA, Alegre JC, Arevalo L, Mutuo PK, Mosier AR, Coe R (2002)
Nitrous oxide and methane fluxes in six different land use systems.
Glob Biogeochem Cycles 16:1073. https://doi.org/10.1029/2001G
B001855

Paula RR, Bouillet J-P, Trivelin PCO, Zeller B, Gongalves JLdM, Nou-
vellon Y, Bouvet J-M, Plassard C, Laclau J-P (2015) Evidence of
short-term belowground transfer of nitrogen from Acacia man-
gium to Eucalyptus grandis trees in a tropical planted forest. Soil
Biol Biochem 91:99-108. https://doi.org/10.1016/j.s0ilbio.2015.
08.017

Paustian K, Andren O, Clarholm M, Hansson L, Johansson G, Lager-
lof T, LindbergT PR, Sohlenius B (1990) Carbon and nitrogen
budgets of four agro-ecosystems with annual and perennial crops,
with and without N fertilization. J Appl Ecol 27:60-84. https://
doi.org/10.2307/2403568

Peltier R, Bisiaux F, Dubiez E, Marien JN, Freycon V (2017)
Agriculture sur brilis de jacheéres a acacias: est-ce durable
sur les sables du plateau Batéké, en République Démocra-
tique du Congo? In: Restauration de la productivité des sols
tropicaux et méditerranéens : contribution a 1’agroécologie.
Roose Eric (ed.). Marseille : IRD Editions, pp- 127-139. ISBN
978-2-7099-22-77-7

Pereira AP, de Andrade PA, Bini D, Durrer A, Robin A, Bouillet J-P,
Andreote FD, Cardoso EJBN (2017) Shifts in the bacterial commu-
nity composition along deep soil profiles in monospecific and mixed
stands of Eucalyptus grandis and Acacia mangium. PLoS ONE
12(7):e0180371. https://doi.org/10.1371/journal.pone.0180371

Pereira APA, Zagatto MRG, Brandani CB, Mescolotti DDL, Cotta SR,
Gongalves JLM et al (2018) Acacia changes microbial indicators
and increases C and N in soil organic fractions in intercropped
Eucalyptus plantations. Front Microbiol 9:655. https://doi.org/10.
3389/fmicb.2018.00655

@ Springer

Pereira APA, Santana MC, Zagatto MRG, Brandani CB, Wang J-T,
Verma JP, Singh BK, Cardoso EJBN (2020) Nitrogen-fixing trees
in mixed forest systems regulate the ecology of fungal commu-
nity and phosphorus cycling. Sci Total Environ. https://doi.org/
10.1016/j.scitotenv.2020.143711

Proces P, Dubiez E, Bisiaux F, Péroches A, Fayolle A. (2017) Pro-
duction d’Acacia auriculiformis dans le systeme agroforestier de
Mampu, Plateau Batéké, République Démocratique du Congo.
Bois For Trop 334. 35p.https://doi.org/10.19182/bft2017.334.
a31489

Rachid CTCC, Balieiro FC, Peixoto RS, Pinheiro YAS, Piccolo MC,
Chaer GM, Rosado AS (2013) Mixed plantations can promote
microbial integration and soil nitrate increases with changes in
the N cycling genes. Soil Biol Biochem 66:146-153. https://doi.
org/10.1016/j.s0ilbio.2013.07.005

Raudsepp-Hearne C, Peterson GD, Bennett EM (2010) Ecosystem ser-
vices bundles for analysing trade-offs in diverse landscapes. Proc
Natl Acad Sci U S A 107:5242-52-47. https://doi.org/10.1073/
pnas.0907284107

Rodriguez JP, Beard JDT, Bennett EM, Cumming GS, Cork SJ, Agard
J, Dobson AP, Peterson GD (2006) Trade-offs across space, time
and ecosystem services. Ecol Soc 11:28. http://www.ecologyand
society.org/voll 1/iss1/art28/. Accessed 27 Aug 2021

Resh SC, Binkley D, Parrotta JA (2002) Greater soil carbon seques-
tration under nitrogen-fixing trees compared with Eucalyp-
tus species. Ecosystems 5:217-231. https://doi.org/10.1007/
$10021-001-0067-3

Rumpel C, Amiraslani F, Koutika L-S, Smith P, Whitehead D,
Wollenberg L (2018) Put more carbon in soils to meet Paris
climate pledges. Nature 564:32—34. https://doi.org/10.1038/
d41586-018-07587-4

Rumpel C, Amiraslani F, Chenu C, Garcia Cardenas M, Kaonga
M, Koutika L-S, Ladha J, Madari B, Shirato Y, Smith P, Soudi
B, Soussana J-F., Whitehead D, Wollenberg L (2019) The
4p1000 initiative: opportunities, limitations and challenges for
implementing soil organic carbon sequestrate on as a sustain-
able development strategy. Ambio. https://doi.org/10.1007/
$13280-019-01165-2

Russo D, Marziliano PA, Macri G, Zimbalatti G, Tognetti, R, Lom-
bardi, F (2019) Tree growth and wood quality in pure vs. mixed-
species stands of European beech and Calabrian pine in Mediter-
ranean mountain forests. Forests, 11(1), https://doi.org/10.3390/
£11010006

Sang PM, Lamb D, Bonner M, Schmidt S (2013) Carbon sequestration
and soil fertility of tropical tree plantations and secondary forest
established on degraded land. Plant Soil 362:187-200. https://doi.
org/10.1007/s11104-012-1281-9

Sanginga N, Mulungoy K, Ayanaba A (1986) Inoculation of Leucaena
leucocephala Lam de Witt with Rhizobium and its nitrogen con-
tribution to a subsequent maize crop. Biol Agric Hortic 3:341-352

Santos FM, Chaer GM, Diniz AR, Balieiro F deC (2017a) Nutrient
cycling over five years of mixed-species plantations of Eucalyptus
and Acacia on a sandy tropical soil. For Ecol Manage 384:110—
121. Dx.https://doi.org/10.1016/j.foreco.2016.10.041

Santos FM, Balieiro FC, Fontes MA, Chaer GM (2017b) Understand-
ing the enhanced litter decomposition of mixed-species planta-
tions of Eucalyptus and Acacia mangium. Plant Soil. https://doi.
org/10.1007/s11104-017-3491-7. Accessed 20 Sep 2018

Schwartz D, Namri M (2002) Mapping the total organic carbon in the
soils of the Congo. Global Planet Change 33:77-93. https://doi.
org/10.1016/S0921-8181(02)00063-2

Sebukyu VB, Mosango DM (2012) Adoption of agroforestry systems
by farmers in Masaka District of Uganda. Ethnobotany Res Applic
10:059-068. https://www.ethnobotanyjournal.org/vol10/i1547
—3465-10-059.pdf


https://doi.org/10.3759/tropics.24.65
https://doi.org/10.3759/tropics.24.65
https://doi.org/10.1016/j.foreco.2020.118127
https://doi.org/10.1016/j.cosust.2013.09.002
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1073/pnas.1807377115
https://doi.org/10.1073/pnas.1807377115
https://www.scp/85018609060
https://www.scp/85018609060
https://doi.org/10.1016/S0378-1127(02)00474-7
https://doi.org/10.1016/S0378-1127(02)00474-7
https://doi.org/10.1029/2001GB001855
https://doi.org/10.1029/2001GB001855
https://doi.org/10.1016/j.soilbio.2015.08.017
https://doi.org/10.1016/j.soilbio.2015.08.017
https://doi.org/10.2307/2403568
https://doi.org/10.2307/2403568
https://doi.org/10.1371/journal.pone.0180371
https://doi.org/10.3389/fmicb.2018.00655
https://doi.org/10.3389/fmicb.2018.00655
https://doi.org/10.1016/j.scitotenv.2020.143711
https://doi.org/10.1016/j.scitotenv.2020.143711
https://doi.org/10.19182/bft2017.334.a31489
https://doi.org/10.19182/bft2017.334.a31489
https://doi.org/10.1016/j.soilbio.2013.07.005
https://doi.org/10.1016/j.soilbio.2013.07.005
https://doi.org/10.1073/pnas.0907284107
https://doi.org/10.1073/pnas.0907284107
http://www.ecologyandsociety.org/vol11/iss1/art28/
http://www.ecologyandsociety.org/vol11/iss1/art28/
https://doi.org/10.1007/s10021-001-0067-3
https://doi.org/10.1007/s10021-001-0067-3
https://doi.org/10.1038/d41586-018-07587-4
https://doi.org/10.1038/d41586-018-07587-4
https://doi.org/10.1007/s13280-019-01165-2
https://doi.org/10.1007/s13280-019-01165-2
https://doi.org/10.3390/f11010006
https://doi.org/10.3390/f11010006
https://doi.org/10.1007/s11104-012-1281-9
https://doi.org/10.1007/s11104-012-1281-9
https://doi.org/10.1016/j.foreco.2016.10.041
https://doi.org/10.1007/s11104-017-3491-7
https://doi.org/10.1007/s11104-017-3491-7
https://doi.org/10.1016/S0921-8181(02)00063-2
https://doi.org/10.1016/S0921-8181(02)00063-2
https://www.ethnobotanyjournal.org/vol10/i1547–3465–10–059.pdf
https://www.ethnobotanyjournal.org/vol10/i1547–3465–10–059.pdf

Reg Environ Change (2021) 21:109

Page150f 15 109

Sinclair F (1999) A general classification of agroforestry practice.
Agrofor Syst 46:161-180. https://doi.org/10.1023/A:1006278928
088

Sitters J, Edwards PJ, Venterink HO (2013) Increases of soil C, N, and
P pools along an Acacia tree density gradient and their effects
on trees and grasses. Ecosystems 16:347-357. https://doi.org/10.
1007/s10021-012-9621-4

Shure J, Marien JN, de Wasseige C, Drigo R, Salbitano F, Dirou S,
Nkoua M (2012) Contribution du bois énergie a La Satisfaction
des besoins énergétiques des populations d’afrique centrale: Per-
spectives pour une gestion durable des ressources disponibles.
Les foréts du Bassin du Cong : Etat des foréts 2010 : 5: 109-122.
https://doi.org/10.2788/48830

Tiarks A, Ranger J (2008) Soil properties in tropical forest plantation:
evaluation and effects of site management. In: Nambiar EKS (ed)
Site management and productivity in tropical plantations forests:
workshop proceedings 22-26 November 2004 Piracicaba, Brazil
and 6-9 November 2006 CIFOR Bogor, Indonesia, pp. 191-204.
ISBN 978-979-1412-58-2

Tassin J, Rangan H, Kull CA (2012) Hybrid improved tree fallows:
harnessing invasive woody legumes for agroforestry. Agroforest
Syst 84:417-428. https://doi.org/10.1007/s10457-012-9493-9

Tchichelle SV, Epron D, Mialoundama F, Koutika LS, Harmand JM,
Bouillet JP, Mareschal L (2017) Differences in nitrogen cycling
and soil mineralization between a eucalypt plantation and a mixed
eucalypt and Acacia mangium plantation on a sandy tropical soil.
Sth Forests. https://doi.org/10.2989/20702620.2016.1221702

Tchichelle VS (2016) Production de biomasse et quantification des
flux d’azote dans une plantation mixte d’ Eucalyptus urophylla x
grandis et d’Acacia mangium au Congo. Theése de I’ Université de
Lorraine, France, p. 92. https://www.scanr.enseignementsup-reche
rche.gouv.fr/publication/these2016LORRO115

Yu L, Huang Y, Zhang W, Li T, Sun W (2017) Methane uptake in
global forests and grasslands form 1981 to 2010. Sci Total Env
607-608:1163—1172. https://doi.org/10.1016/j.scitotenv.2017.07.
082

Van Groningen W, van Kessel C, Hungate BA, Oenema O, Powlson
DS, van Groenigen KJ (2017) Sequestering soil organic carbon: a
nitrogen dilemma. Environ Sci Technol 51(9):4738-4739. https://
doi.org/10.1021/acs.est.7b01427

Verchot LV, Van Noordwijk M, Kandji S, Tomich T, Ong C, Albrecht
A, Mackensen J, Bantilan C, Anupama KV, Palm C (2007) Cli-
mate change: linking adaptation and mitigation through agrofor-
estry. Mitig Adapt Strat Glob Change 12:901-918. https://doi.org/
10.1007/s11027-007-9105-6

Voigtlaender M, Brandani C, Caldeira D, Tardy F, Bouillet J-P, Gon-
calves JLM, Moreira MZ, Leite FP, Brunet D, Paula RR (2019)
Nitrogen cycling in monospecific and mixed-species plantations
of Acacia mangium and Eucalyptus at 4 sites in Brazil. For Ecol
Manage 436:56-67. https://doi.org/10.1016/j.foreco.2018.12.055

Wang F, Li Z, Xia H, Zou B, Li N, Liu J, Zhu W (2010) Effects of nitro-
gen-fixing and non-nitrogen-fixing tree species on soil properties
and nitrogen transformation during forest restoration in southern
China. Soil Science Plant Nutr 56(2):297-306. https://doi.org/10.
1111/j.1747-0765.2010.00454.x

Yang L, Liu N, Ren H, Wanga J (2009) Facilitation by two exotic Aca-
cia: Acacia auriculiformis and Acacia mangium as nurse plants
in South China. Forest Ecol Manage 257:1786-2179. https://doi.
org/10.1016/j.foreco.2009.01.033

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

@ Springer


https://doi.org/10.1023/A:1006278928088
https://doi.org/10.1023/A:1006278928088
https://doi.org/10.1007/s10021-012-9621-4
https://doi.org/10.1007/s10021-012-9621-4
https://doi.org/10.2788/48830
https://doi.org/10.1007/s10457-012-9493-9
https://doi.org/10.2989/20702620.2016.1221702
https://www.scanr.enseignementsup-recherche.gouv.fr/publication/these2016LORR0115
https://www.scanr.enseignementsup-recherche.gouv.fr/publication/these2016LORR0115
https://doi.org/10.1016/j.scitotenv.2017.07.082
https://doi.org/10.1016/j.scitotenv.2017.07.082
https://doi.org/10.1021/acs.est.7b01427
https://doi.org/10.1021/acs.est.7b01427
https://doi.org/10.1007/s11027-007-9105-6
https://doi.org/10.1007/s11027-007-9105-6
https://doi.org/10.1016/j.foreco.2018.12.055
https://doi.org/10.1111/j.1747-0765.2010.00454.x
https://doi.org/10.1111/j.1747-0765.2010.00454.x
https://doi.org/10.1016/j.foreco.2009.01.033
https://doi.org/10.1016/j.foreco.2009.01.033

	Nitrogen-fixing trees increase organic carbon sequestration in forest and agroforestry ecosystems in the Congo basin
	Abstract
	Introduction
	Methods
	Systematic literature review
	Inclusion and exclusion criteria
	Search for primary studies and reviews
	Extraction of information and quality assessment

	Results and discussion
	Effects of nitrogen-fixing trees in agroforestry and forest ecosystems on C and other ecosystem services
	C sequestration in both biomass and soil
	Correlation between soil organic carbon and soil N status and availability
	Sequestered C is linked to microbial communities and nutrient cycling

	Nitrogen-fixing trees, climate change adaptation and resilience, and 4 per 1000 Initiative objectives
	Contribution of biomass and soil C stocks to climate change mitigation

	Effects of nitrogen-fixing tree-based agroforestry on crop yields and food security
	Nitrogen-fixing tree-based agroforestry and soil fertility
	Healthy soils lead to increased crop yields

	Other ecosystem services
	Fuelwood supply and non-timber forest products
	Land restoration
	Contributions of nitrogen-fixing tree-based forest plantation and agroforestry to food security


	Conclusions
	Acknowledgements 
	References


