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A B S T R A C T   

In the Amazonian periphery, there are sources of numerous disservices, including deforestation, loss of wildlife 
habitat and biodiversity erosion. However, there are great opportunities to adopt appropriate agricultural 
management practices to take advantage of the benefits of ecosystem services for sustainable agricultural 
intensification. Thus, the aim of this work was to evaluate the effects of certain ecosystem services provided by 
combined use of legumes with residue of low- and high-quality on soil quality indicators, nitrogen use efficiency 
and sustainability of maize grain yield in infertile tropical soil. The overarching objective is to determine how 
ecosystem services can contribute to the improvement of land-use policy to ensure the sustainability of cultivated 
lands, in such a way that forest can be preserved by avoiding deforestation of other new areas through shifting 
cultivation systems. Four leguminous tree species were used, two with high-quality residues Leucaena leucoce-
phala (leucaena) and Gliricidia sepium (gliricidia) and two with low-quality residues Clitoria fairchildiana (clitoria) 
and Acacia mangium (acacia). Maize grain yield was evaluated between 2011 and 2017 in these treatments. In 
2018, to assess how ecosystem services affect crop performance, the treatments were divided into ten treatments 
with and without urea. We conclude that increased uptake of inorganic and organic N by maize resulting from 
improvement of the soil quality indicators may allow agricultural intensification. This improvement can help 
meet the challenges of sustainability and feasibility of agroecosystems of the Amazonian periphery by making the 
agroecosystem more productive year by year. Therefore, our results confirm that the utilization of an ecosystem 
services style approach can help meet the challenges of sustainability and feasibility in agrosystems of the 
Amazonian periphery. In addition, these results can contribute to the development of land-use policy in the 
Amazonian periphery, aiming for the intensification of agriculture in cropped areas to avoid deforestation of new 
areas from shifting cultivation systems.   

1. Introduction 

Agriculture in the Amazonian periphery can cause numerous dis-
services, including deforestation and loss of wildlife habitat, soil 
nutrient depletion, greenhouse gas emissions, and loss of biodiversity 
(Power, 2010). In contrast, there are excellent opportunities to adopt 
appropriate agricultural management practices to realize the benefits 
that ecosystem services can provide to improve soil quality indicators 
such as carbon sequestration, maintenance of soil organic matter, 

nutrient cycling and increased soil fertility (Prado et al., 2016; Aguiar 
et al., 2013). Drawing largely on Fisher et al. (2009) ecosystem services 
is considered here as ecological process of ecosystems utilized to pro-
duce human well-being. Specific opportunities relate to use of high 
biodiversity, combining long growing seasons with adequate soil mois-
ture and consistent year-round warm weather. These conditions allow 
farmers to take advantage of fast tree growth, nitrogen-fixing legumes 
and high biomass production, which may be converted into soil organic 
matter and recycled nutrients (Berenguer et al., 2018). Although land 
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use change for food production has, in some cases, led to improved 
livelihood and poverty alleviation, the extensive change in forest cover 
in the Brazilian Amazon has not had such an effect (Pinho et al., 2014). 
In contrast, inappropriate use of natural resources has often led to a 
vicious cycle in which poverty increases pressure on natural resources, 
and, in turn, the degradation of natural resources increases poverty 
(Moura et al., 2013). Therefore, agriculture in this region faces huge 
challenges to reverse this process regarding environmental sustainabil-
ity and social-economic feasibility, which may be aggravated by global 
warming (FAO et al., 2018). 

Fortunately, a wide range of statistical analyses have shown that 
agricultural research on increased food production may be beneficial for 
impoverished areas such as the Amazonian periphery, where 75% of 
poor people work and live in rural environments 

(Mendola, 2007; Anríquez and Stamoulis, 2007). In this region, as in 
many parts of the world, while the growth of agricultural production 
will depend more and more on yield-increasing technological changes, 
the poor are often highly dependent on the available ecosystems for 
their livelihood (Huq et al., 2020). Compared to other approaches for 
addressing compatibility between environmental policy and agricultural 
development, ecosystem services approaching have the advantage of 
facilitating interaction among sectors of society involved in the ma-
nagement of ecosystems and can influence public and private decisions, 
reconciling conservation and development goals (Weyland et al., 2019). 

Challenges for agricultural sustainability in the Amazonian region 
are mainly associated with depletion of soil chemical fertility and 
worsening of soil physical properties. Decline in chemical fertility results 
from reduced nutrient availability in soils dominated by low activity 
clays, which has low capacity to retain nutrients under high rainfall 
intensity, leading to a high rate of nutrient loss from leaching (Glaser 
et al., 2002). Worsening of physical properties is due to hardening, 
which occurs during drying cycles because of reduced soil organic 
matter, when continuous use is made to soil with low iron content 
(Daniells, 2012). Both increased nutrient loss and hardening are closely 
related to nutrient use efficiency and can be addressed by organic carbon 
sequestration and nutrient cycling provided by ecosystem services 
(Prado et al., 2016). 

Fortunately, there are certain advantages which researchers and 
farmers can use to meet the challenge of achieving a desirable scenario 
for tropical agriculture. First, fast tree growth and high biomass pro-
duction, which may be converted into soil organic matter, increase 
availability of recycled base cations for crops, improving the environ-
ment of the root zone (Malhi, 2012; Berenguer et al., 2018). Second, 
biomass applied to the soil surface can delay soil drying, increasing 
water availability (Muller et al., 2017). Together, remaining water and 
soil organic matter may enhance soil rootability and water-and nutrient- 
use efficiency (Moura et al., 2018). Last but not least, tropical legumi-
nous trees, when associated with high tropical biodiversity of bacteria 
with high nitrogen-fixing efficiency, can produce biomass with high 
nitrogen content, increasing soil nitrogen availability (Coelho et al., 
2018). 

Therefore, to ensure the economic feasibility of tropical agro-
ecosystems, provision of ecosystem services must be mainly directed 
towards improvement of the environment of the root zone for root 
growth and increasing nutrient availability and plant uptake. Mulching 
with surface residues has been recommended, as it provides soil cover 
and decreases the water evaporation rate, delays soil moisture loss, in-
creases soil organic matter, improves soil rootability, and releases nu-
trients after decomposition (Jun et al., 2014). However, the effect of 
mulching is closely related to the quality of residues used as soil cover 
(Finney et al., 2016). According to Tian et al. (1995) high-quality plant 
residues (low C/N ratio, low lignin and polyphenol contents), which 
decompose fast, can have a direct nutritional effect as green manure. 
Low-quality (high C/N ratio, high lignin and polyphenol contents) plant 
residues, which decompose slowly, may have greater effects on soil 
water evaporation, increased soil organic matter and, consequently, soil 

rootability (Mulumba and Lal, 2008). Thus, a strategy for efficient 
harnessing of ecosystem services, to ensure sustainability and feasibility 
of Amazonian agroecosystems, must include the use of both residues of 
high and low quality. 

In this work, we hypothesize that, if strategically used, the envi-
ronmental advantages of the humid tropics may provide ecosystems 
services capable of overcoming the challenge of developing sustainable 
and feasible agricultural systems in the Amazonian periphery. Thus, the 
aim of this work is to evaluate the effects of low- and high-quality 
leguminous residues on base cations and soil organic matter of the soil 
root zone, nitrogen uptake, nitrogen use efficiency and sustainability of 
maize grain yield in infertile tropical soil. The overarching objective is to 
determine how improvement in soil quality indicators provide by 
ecosystem services approaching can contribute to the improvement of 
land-use policy to ensure the sustainability of cultivated lands, in such a 
way that forest can be preserved by avoiding deforestation of other new 
areas through shifting cultivation systems. 

2. Materials and methods 

2.1. Experiment site 

This study was conducted between 2009 and 2018 at Maranhao 
Federal University in Chapadinha, Maranhao, Brazil (3◦44′30′′S and 
43◦21′37′′W). The region has a semi-humid equatorial climate, with 
average temperature of 29 ◦C and maximum of 37 ◦C at 110 m above sea 
level. The rainy season occurs between December and May. The soil in 
the experimental area is an Arenic Hapludult, with chemical and 
textural characteristics described in Table 1. 

2.2. History of the experimental area 

The area was fallow for five years after cultivation in a slash-and- 
burn system. To increase the percentage base saturation to 60%, the 
area was limed in January of 2009 using a surface application of 2 Mg 
ha− 1 limestone. In 2014, 6 Mg ha− 1 of agricultural gypsum was applied 
in the experimental area to increase the calcium content in the root zone. 
The experiment was established with four leguminous tree species, two 
with high-quality residues Leucaena leucocephala (leucaena) and Glir-
icidia sepium (gliricidia) and two with low-quality residues Clitoria fair-
childiana (clitoria) and Acacia mangium (acacia). The legume residue 
quality was determined based on C/N ratios, as described by Tian et al. 
(1995) and Aguiar et al., (2010). Analyses of these leguminous residues 
are presented in Table 2. 

The legumes were planted in January of 2009 with a spacing of 0.05 
m in 10 × 4 m plots and in mixed rows so that each parcel received the 
two quality residues (Fig. 1), totalling four combinations as follows: CG 
= Clitoria + Gliricidia; AG = Acacia + Gliricidia; CL = Clitoria + Leu-
caena; AL = Acacia + Leucaena. 

The area remained fallow in 2010, and pruning of legume branches 
first occurred in January 2011, with annual cuttings in January of each 
year until 2018 at a height of approximately 50 cm. Quantities of 
biomass applied from 2010 to 2018 are shown in Table 3. 

From 2011 − 2017, maize was grown under a no-tillage system be-
tween the rows of the leguminous plants. The soil was fertilized in each 
of these years with 80 kg ha− 1 P2O5, 60 kg ha− 1 K2O and 5 kg ha− 1 Zn. In 
addition, 100 kg ha− 1 of nitrogen was applied, divided into two appli-
cations. At physiological maturity the maize gain yield was determined 
in a 12 m2 area, and all values were adjusted according to a moisture 
level of 145 g kg− 1. 

2.3. Description of the nitrogen and maize experiment in 2018 

In order to establish and assess the link between ecosystem services 
provide by leguminous trees and social-economic benefits, in January 
2018 an experiment was initiated in the same area to evaluate the effects 
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of leguminous biomass on nitrogen harnessing and maize yield. The 
leguminous trees were pruned, and the combinations of biomass were 
adjusted according to the N content to provide 150 kg N ha− 1 of organic 
N via vegetable residues. Just after the cutting and application of the 

biomass to soil, the maize (cultivar 30f35 Pioneer) was sown in a 
spacing of 0.90 m × 0.20 m. The treatments consisted of the combina-
tions of legumes without and with urea, totalling ten treatments: clitoria 
+ leucaena with urea (CLU), clitoria + leucaena (CL), acacia + leucaena 
with urea (ALU), acacia + leucaena (AL), clitoria + gliricidia with urea 
(CGU), clitoria + gliricidia (CG), acacia + gliricidia with urea (AGU), 
acacia + gliricidia (AG), bare soil with urea (BSU) and bare soil (BS). 
Fertilization consisted of application of 100 kg ha− 1 of P2O5 and 60 kg 
ha− 1 of K2O, using triple superphosphate and potassium chlor-
ide sources. At planting, only selected plots received 60 kg ha− 1 of N via 
urea. In both the four- and eight-leaf stages, fully developed, two ni-
trogen fertilizer applications were made as side-dressing, employing a 
total of 70 kg ha− 1 N via urea, only in plots that received N at planting. 

2.4. Samplings and soil analysis 

To undertake the analyses of soil chemistry and physical fraction-
ation of soil organic matter, in May 2018 soil samples were collected 
with a probe-type auger. A total of 9 simple samples per plot were 
collected to obtain a composite sample at depths of 10–30 cm. Samples 
from each plot were air-dried and passed through a 2 mm sieve before 
analysis. 

The soil organic matter was physically fractionated, according to the 
methods of Cambardella and Elliott (1992). Air-dried soil samples of 20 
g were sieved through 2 mm mesh and weighed in 250 ml polyethylene 
cups, to which 80 ml of 5 g L− 1 sodium hexametaphosphate was added. 
Each mixture was shaken for 15 h in a horizontal shaker, with 130 os-
cillations min− 1. After this process, the entire contents of each vial were 
placed into a 0.053 mm mesh sieve and washed with a weak jet of 
distilled water until the clay was completely removed. The material 
retained on the sieve was defined as total particulate organic matter 
(>53 µm) and was dried at 50 ◦C. After drying, each sample was ground 
in a porcelain mortar, after which an aliquot was collected, weighed and 
analysed for its C content, representing the soil particulate organic 
carbon (POC) in particulate organic matter, according to the Walkley- 
Black method. An aliquot of the 2-mm sieved subsample was ground 
in a porcelain mortar and weighed and analysed for the analysis of soil 
total organic carbon (TOC). Soil mineral-associated organic carbon 
(MOC) was calculated as the difference between TOC and POC. The total 
organic carbon stock (TOCS) of each of the 0 – 30 cm layers was 
calculated by the following expression (Veldkamp, 1994): TOCS = (TOC 
× ρs × E)/10, where TOCS = organic C stock at a given depth (Mg ha− 1), 
TOC = organic C content at the sampled depth (g kg− 1), ρs = soil bulk 
density (kg dm− 3), and E = thickness of the layer (30 cm). Soil organic 
matter (SOM) was calculated by multiplying TOC by 1.74, and accu-
mulated soil organic matter (ASOM) was calculated as the difference 
between ASOM of the treatment and ASOM of the control (BS). 

Soil samples were analyse for exchangeable K, Ca, and Mg using an 
exchangeable ion resin (Van Raij et al., 1986). Ca, Mg, and K mea-
surements were obtained using a Varian 720-ES ICP Optical Emission 
Matter Analysis Spectrometer. The sum of bases cations (SBC) was 
calculated as: K + Ca + Mg. Accumulated sum of base (ASB) of Ca, Mg 
and K, in kg ha− 1, in the 0–30 cm layer of the soil profile, were calcu-
lated according to the equation of Ellert and Bettany (1995): ASB = SBC 
× ρs × 30, where SBC = sum of base cations (mg kg− 1), ρs = soil bulk 

Table 1 
Characteristics of soil of the experimental area before the beginning the experiment. Soil organic matter (SOM), sum of base (SB), percentage base saturation (PBS).  

Layer SOM pH P K Ca Mg SB PBS Clay Silt Sand 

cm g dm− 3 CaCl2 mg dm− 3 —————mmolc dm− 3—⋯%⋯—————g kg− 1—————— 

0–5 34 5 9 1 25 5 33 40 25 5 70 
5–10 32 5 11 1 19 4 25 28 27 5 68 
10–15 30 4 6 0.3 11 2 14 14 29 7 65 
15–20 26 4 4 0.2 6 2 8 9 32 5 63 
20–40 21 4 4 0.2 4 1 5 6 31 8 61  

Table 2 
Chemical analyzes of leguminous residues.  

Legumes C/N N P K Ca Mg   

g kg1 

Leucaena  11.48  43.53  2.71  6.72  3.8  3.69 
Gliricidia  13.51  37.01  1.48  4.62  3.26  2.33 
Clitoria  18.38  27.21  3.15  5.89  3.75  2.39 
Acacia  23.45  21.32  2.57  4.22  2.99  2.09  

Fig. 1. Diagram of an experimental plo, C + L = Clitoria + lLeucaena; A + G =
Acacia + Gliricidia. 

Table 3 
Dry biomass of the tree legume combinations applied to the soil from 2010 to 
2018.   

2011 2012 2013 2014 2015 2016 2017 2018  

Mg ha− 1 

CL  5.90  6.30  8.20  7.88  8.50  9.50  12.00  4.4 
AL  6.30  3.20  8.50  7.10  7.80  8.00  11.00  4.7 
CG  13.10  6.70  16.00  10.40  13.20  12.51  16.00  4.4 
AG  17.60  5.20  12.90  9.57  11.50  13.20  15.00  4.7 

CL = clitoria + leucaena; AL = acacia + leucaena; CG = clitoria + gliricídia and 
AG = acacia + gliricidia. 
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density (Mg m− 3). The accumulated sum of bases (ASB, in kg ha− 1) was 
calculated as the difference in means between ASB of treatments – ASB 
in the Bare Soil (BS). 

2.5. Plant analysis, efficiency indices and yield components 

Dry matter and N content were measured at tasselling and at phys-
iological maturity. At each sampling time, five maize plants from each 
plot were randomly selected and all of the plant materials were dried at 
60 ◦C for 3–4 days to obtain a constant weight when the stover yield was 
measured. Sub-samples were ground to pass through a 1-mm screen. The 
N concentration was determined following the H2SO4 –H2O2 digestion 
method, according to Temminghoff and Houba (2004). Total plant N 
accumulation was determined by adding the grain and whole plant N 
accumulation values, which were calculated by multiplying the maize 
dry biomass by the respective maize tissue N concentrations. Based on 
dry matter (DM) and N absorbed, these parameters were calculated: 

• Total N (TN) = nitrogen accumulation in the plant + nitrogen accumu-
lation in the grains;  

• Biological nitrogen use efficiency (BNUE) = ((N accumulation in the 
plot with vegetable residue - accumulation of N in the control) × 100)/ N 
applied via vegetable residue);  

• Inorganic nitrogen use efficiency (INUE) = ((N accumulation in plot 
with urea - N accumulation in plot without urea) × 100)/ N applied via 
urea);  

• Nitrogen agronomic efficiency (NAE) = (grain production in the plot 
with urea) / N applied via urea. 

Again, in 2018 the maize grain yield was determined at the final 
harvest or at physiological maturity, which was assessed in a 12 m2 area, 
and all the values were adjusted according to a moisture level of 145 g 
kg− 1. The data obtained through these evaluations were submitted to 
analysis of variance (ANOVA), with their means compared by the 
Duncan’s post-hoc test at a P = 0.05 significance level. Statistical ana-
lyses were carried out using InfoStat software (InfoStat Group, College 
of Agrarian Sciences, National University of Córdoba, Córdoba, 
Argentina). 

3. Results 

3.1. Impact of ecosystem services on environment of the soil root zone 

From the fifth year combined biomass application was capable of 
maintaining a higher sum of base cations (SBC) at the 30-cm layer such 
that, after eight years, SBC was more than 50% greater in all treatments 
with biomass compared to bare soil (BS), especially in the CG treatment, 
where it was 60% greater (Table 4). However, the accumulated sum of 
base (ASB) more clearly highlights the benefit provided by combination 
of leguminous biomass. More than 1.6 tons per hectare of ASB were 
recycled or maintained in the root zone by application of leguminous 
tree biomass, reaching up to 2.1 tons in the CG treatment. 

Biomass application also increased total organic carbon (TOC) in all 

treatments (P < 0.05); however, the increase was due to differences in 
particulate organic carbon (POC), which was 60% greater in CL than in 
the treatments with bare soil (Table 5). There was no difference among 
treatments in leaked-mineral organic carbon fraction (MOC), where all 
means are represented by letter “a”. Differences in TOC content between 
treatments with and without biomass were approximately 20%. There 
were also increases in total organic carbon stock (TOCS) and soil organic 
matter (SOM) in the soil root zone due to biomass application. Although 
accumulation was greater in the treatments with biomass, even in con-
trol conditions SOM did not decrease compared to the beginning of the 
experiment. However, accumulated soil organic matter due to biomass 
application was higher than 0.58% in all treatments, reaching up to 
0.85% in the CG treatment. 

3.2. Effects of ecosystems services on maize grain yield, in the seven years 
of the experiment 

Ecosystem services provided by legumes were capable of sustaining 
maize grain yield growth during the seven years of the experiment (2011 
to 2017), in such a way that grain yield increased and was higher in 
treatments with legumes (P < 0.05) from 2013 up to 2017 (Fig. 2). Thus, 
in the third year (2013), with lower rainfall index, maize grain yield was 
six times greater in the clitoria with leucaena (CL) treatment than in bare 
soil (BS). Treatment CL was superior to other treatments with biomass in 
2016. In 2015 and 2017 maize grain yield was higher in CL than in CG 
and AL. 

3.3. Ecosystem services effect on nitrogen uptake, dry matter, grain yield 
and nitrogen use efficiency of maize in 2018 

Total N accumulated by maize was increased by leguminous biomass 
application, in such a way that in the treatment with urea alone (BSU) it 
was more than 66% lower than in the other treatments with urea and 
biomass (AGU, CLU, CGU and ALU) (Fig. 3A). On the other hand, 
leguminous biomass alone increased N uptake more than 2.5 times 
compared with the BS treatment. However, when without urea, only in 
the treatments with gliricidia (AG and CG) was total N content not lower 
than in the treatment with urea alone (P < 0.05). The inorganic nitrogen 
use efficiency (INUE) was elevated by leguminous biomass, except in the 
CGU treatment where it was not different from BSU (Fig. 3B). In 
contrast, the combinations CL and AG increased INUE more than 37%. 

Maize dry matter production also increased in response to biomass 
with and without urea, but the differences were larger when urea was 
not used (P < 0.05). Biomass also increased maize grain yield in 2018 
(Fig. 4). Increase in grain yield due to biomass was 52% when CLU and 
BSU are compared and 170% when CL and BS are compared, indicating 
the impact of ecosystem services provided by legumes on maize 
productivity. 

Inorganic nitrogen increased biological nitrogen use efficiency 
(BNUE) in the combinations with leucaena (CL) and (AL), in such way 
that in CLU it was 66% higher than in CL (Fig. 5A). Furthermore, in CL 
and AL BNUE was also lower than in CGU and AGU (P < 0.05). Nitrogen 
agronomic efficiency (NAE) was positively affected by biomass except in 

Table 4 
Sum of base cations (SBC) and accumulated sum of base (ASB) at 0–30 cm layer, from 2010 to 2018.   

2010 2011 2012 2013 2014 2015 2016 2017 2018 ASB kg ha− 1  

SBC mmolc dm− 3  

CL 20.2 a 42.34 a 41.32 a 40.56 a 64.85 a 62.98 a 63.66 a 63.20 a 63.48 a 1.669 c 
AL 19.5 a 42.30 a 40.83 a 39.43 a 65.58 a 64.67 a 64.53 a 63.56 a 65.44 a 1.829 b 
CG 21.4 a 43.10 a 41.56 a 40.23 a 67.61 a 68.75 a 69.93 a 70.20 a 69.11 a 2.130 a 
AG 21.0 a 42.60 a 41.78 a 39.58 a 65.18 a 64.65 a 65.7 2 a 66.48 a 66.94 a 1.951 b 
BS 20.5 a 40.53 a 38.43 a 36.34 a 46.90 b 45.87 b 47.12 b 44.62 b 43.08 b – 

CL = clitoria + leucaena; AL = acacia + leucaena; CG = clitoria + gliricídia, AG = acacia + gliricidia; BS = Bare Soil. 
Different letters in the same column indicate differences at the 5% level by Duncan’s test. 
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the ALU treatment. Meanwhile, NAE was 52% greater in the CLU 
treatment than in the BSU treatment (Fig. 5B). 

4. Discussion 

4.1. Biomass and SBC interactions 

To discuss the elevated SBC and SOM promoted by biomass in this 
experiment, it is necessary to consider interactions between base cations 
and soil organic matter fractions as described by Ellerbrock and Gerke 
(2018). Thus, the positive effect of the leguminous biomass on SBC 
content can be explained not only by the quantity of nutrients recycled 
by legumes but also by the increased capacity of soil to retain base 
cations, caused by compounds derived from biomass decomposition 
(Lützow et al., 2006). Furthermore, these polyvalent cations interact 
with functional groups of SOM by forming cation bridges, leading to the 
relative stabilization of SOM (Moore and Turunen, 2004). The bonds 

between polyvalent cations and negatively charged organic matter 
functional groups are not easily reversible, and surfaces of organic ma-
terials will be least accessible for microbial activity (Whittinghill and 
Hobbie, 2012). In fact, even though rapid biomass decomposition (Hij-
beek et al., 2018) and high rates of base leaching (Glaser et al., 2002) 
occur in the humid tropics, these results suggest the possibility of 
making use of alternative ecosystem services to avoid land degradation, 
combining the maintenance of adequate levels of SOM and SBC. 

In addition, another important insight from this experiment is that 
calcium as an amendment may strengthened the effects of ecosystem 
services by increasing maize grain yield. Indeed, improved land quality 
as shown by Tables 4 and 5 was followed by increased maize grain yield, 
which was sustained by six years of continuous cropping, especially after 
gypsum application in 2014 when maize grain yield reached a higher 
level. It is worth highlighting the greater effect on maize grain yield after 
increasing time following biomass application indicated by the maize 
grain yield lines (Fig. 2). Larger differences between control and CL 
treatments in 2013 suggest greater effects of this biomass combination 

Table 5 
Particulate organic carbon (POC), mineral associated organic carbon (MOC) and total organic carbon (TOC) separated by physical fractionation, total organic carbon 
stock (TOCS), soil organic matter (SOM) and accumulated soil organic matter (ASOM) in the 0–30 cm depth.   

CLU AGU CGU ALU CL AG CG AL BSU BS 

POC (g kg− 1) 13.14 ab 12.74 ab 13.66 ab 14.27 ab 16.01 a 10.70 ab 12.32 ab 12.92 ab 9.91 b 9.91 b 
MOC (g kg− 1) 10.79 a 11.49 a 10.88 a 9.21 a 7.70 a 13.98 a 12.69 a 11.99 a 11.66 a 10.14 a 
TOC (g kg− 1) 23.93 a 24.24 a 24.54 a 23.48 a 23.71a 24.68 a 25.01 a 24.90 a 20.47 b 20.05 b 
TOCS (Mg ha− 1) 70.34 a 71.26 a 72.14 a 69.02 a 69.07 a 72.54 a 73.52 a 73.20 a 60.18 b 58.94 b 
SOM (g kg− 1) 41.15 a 41.71 a 42.20 a 40.38 a 40.78 a 42.44 a 43.01 a 42.82 a 35.20 b 34.48 b 
ASOM (g kg− 1) 6.67 7.23 7.72 5.90 6.30 7.96 8.53 8.34   

CLU = clitoria + leucaena with urea. AGU = acacia + gliricidia with urea. CGU = clitoria + gliricidia with urea. ALU = acacia + leucaena with urea. CL = clitoria +
leucaena. AG = acacia + gliricidia. CG = clitoria + gliricidia. AL = acacia + leucaena. BSU = bare soil with urea. BS = bare soil. 
Different letters in the same row indicate differences at the 5% level by Duncan’s test. 

Fig. 2. Maize grain yield in Mg ha− 1 from 2011 to 2017. Different letters 
indicate differences at the 5% level by Duncan’s test. 

Fig. 3. Total nitrogen accumulated (A); Inorganic nitrogen use efficiency (INUE) (B). Different letters indicate differences at the 5% level by Duncan’s test.  

Fig. 4. Dry matter and maize grain yield. Different letters indicate differences 
at the 5% level by Duncan’s test. 
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when lower values of rainfall index occur, which may be important to 
meet the challenge of cooling crops under global warming. According to 
Marques et al., (2017), the effects of residues of different quality on 
maize grain yield in the tropics vary from year to year due to differences 
in the potential of residues to maintain soil water availability in drier 
years. 

4.2. Biomass and fertilizer-N interactions 

In turn, the processes that lead to greater N uptake have increased 
relevance than other benefits of ecosystem services for the sustainable 
intensification of agriculture in the humid tropics. Indeed, the increase 
of >70% in N uptake in the AGU and CGU treatments compared to the 
SBU treatment can be attributed to positive interactions between legu-
minous biomass with fertilizer-N which may enhancement both soil 
rootability as well as N availability (Sena et al., 2020). 

Interactions between leguminous biomass and fertilizer-N has been 
reported as a key strategy to overcome the principal challenges of the 
tropical agriculture, increasing the N use efficiency and avoiding the N 
loss (Vanlauwe et al., 2001). Indeed, the isolated use of readily available 
fertilizer-N in humid tropic may create high levels of available N that 
exceed plant demand and can lead to potential N losses due to high 
temperature and rain intensity. While applied residue slowly releases N, 
often after the peak of plant N demand has occurred, leading to N de-
ficiencies (Chen et al., 2014). In fact, plant residues when applied in the 
soil cause soil inorganic nitrogen changes through process of immobi-
lisation–remineralisation. Soils with prevalent mineralisation process 
usually promote crop nitrogen uptake or greater risk of nitrogen loss 
(Gentile et al., 2009). The results depend on the synchronism between 
the soil inorganic nitrogen change and the crop nitrogen uptake. 
Therefore, combining fertilizer with residue may serve to match the rate 
of soil N supply with the rate of plant N uptake, according to hypothesis 
developed by Vanlauwe et al. (2001). 

Furthermore, aside from the nutrients released, interactive effects of 
combining the application of residues in addition to fertilizer-N may 
improve soil conditions like water holding capacity increased and soil 
penetration resistance decreased. These processes may result in higher 
demand by plants for the fertilizer nutrients and consequently enhance 
fertilizer nutrient use efficiency (Sena et al., 2020). N uptake is highly 
dependent on root size and architecture, which must be important 
variables for managing soil for N acquisition across the soil profile 
(Dechorgnat et al., 2018). In addition, leguminous biomass proved to be 
as or more capable of providing N than urea, when treatments with 
gliricidia (AG, CG) and bare soil with urea (BSU) are compared. In 
conclusion, differences in N uptake between biomass treatments and 
controls of approximately 140% suggest that the combined use of green 
manure and inorganic fertilizers may be a better strategy for taking 

advantage of ecosystem services in humid tropic by enhancing N uptake 
by crops, as was suggested by Espinal et al. (2016). 

The impact of leguminous biomass on maize performance was also 
remarkable for both dry matter and grain yield in 2018. Greater dry 
matter production reflects the greater capacity of an agroecosystem for 
carbon gains from plant growth and sequestration of decomposed plant 
residues in soils. In particular, practices such as no-till cultivation 
(Power, 2010) and gypsum application (Moura et al., 2018) can 
conserve soil carbon and can reduce the degradation of subsurface 
carbon. In turn, the increased grain yield permits evaluation of eco-
nomic benefits of ecosystem services, which would lead to win–win 
situations, by positive effects of ecosystem services on agricultural 
production (Villarino et al., 2019). The differences in grain yield among 
the treatments with both biomass and N (CLU > AGU, CGU, ALU) 
indicate that factors other than those linked to soil fertility, such as 
antagonistic interactions between species, may also be involved. Ac-
cording to Thevathasan and Gordon (2004), a number of negative or 
antagonistic interactions, both competitive and allelopathic, may in-
fluence crops in agroforestry systems. Thus, the superiority of the CLU 
treatments, in terms of N-use efficiency and grain yield, may be 
explained by the soil cover that is provided by the extended durability of 
clitoria (a native leguminous tree with lower allelopathic effect on 
maize) and the high contribution of N by leucaena (Aguiar et al., 2019). 

Inorganic nitrogen use efficiency (INUE) can provide information 
about how ecosystem services may facilitate utilization of applied fer-
tilizer in covered soil, increasing N uptake and decreasing loss, with the 
purpose of agricultural intensification. Use of perennial legumes in 
agroecosystems modifies internal cycling processes and increases N-use 
efficiency within agroecosystems (Power, 2010). Surplus additions of 
inorganic N, which are currently commonplace, can be reduced under 
these circumstances, leading to reductions in NOx and N2O emissions. 
The improvement of the environment for root growth, increasing N 
uptake in the CLU and AGU treatments, can account for the increase in 
INUE of 37% compared to the BS treatment. The absorption of N is 
highly dependent on root development, while root system growth results 
in greater uptake and lower N leaching and therefore in greater NUE 
(Garnett et al., 2009). However, the lower INUE in CG treatments sug-
gests that high rate of N release may have decreased INUE of this 
biomass combination. In turn, inorganic N increased biological nitrogen 
use efficiency only in treatments with leucaena, due to the positive effect 
of inorganic N application on release of biological N for easily degrad-
able organic material with low C/N ratio (FOG, 1988). Again, the syn-
ergy between organic and inorganic fertilizer seems to be more effective 
for agricultural intensification in these circumstances. In turn, nitrogen 
agronomic efficiency can allow clear assessment of feasibility of use of 
fertilizer in an agricultural intensification context. Therefore, the result 
of the combination of clitoria and leucaena (52% > than BSU) presents 

Fig. 5. Biological nitrogen use efficiency (BNUE) (A); Nitrogen agronomic efficiency (NAE) (B) in the experimental treatments (%). Different letters indicate dif-
ference at the 5% level by Duncan’s test. 
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an opportunity to convince farmers to replace conventional systems 
with sustainable intensification systems using leguminous trees with 
inorganic fertilizer. 

5. Conclusions 

The link between ecosystem services provide by leguminous trees 
and social economic benefits has been established in this work. Our 
results confirm that the utilization of an ecosystem services style 
approach can improve soil quality indicators to help meet the challenges 
of sustainability and feasibility in agrosystems of the Amazonian pe-
riphery. Countering the forces of organic matter decomposition and base 
cation leaching in the humid tropics, perennial legumes are able to 
improve the root zone environment, increasing soil organic matter and 
maintaining the sum of base cations. In addition, and even for this 
reason, increased uptake of inorganic and organic N by crops resulting 
from biomass application may have several positive environmental and 
economic effects, such as: i) continuous intensified production in the 
same land, which prevents the deforestation of new areas under a 
shifting cultivation system; ii) avoidance of surplus addition of inorganic 
N, leading to reductions in NOx and N2O emissions; iii) increased eco-
nomic return from nitrogen applied by greater nitrogen use efficiency; 
iv) and delayed calcium reapplication due to increased recycling of base 
cations, which may make agriculture more feasible. These findings can 
contribute to the development of land-use policy in the Amazonian pe-
riphery, aiming for the intensification of agriculture in cropped areas to 
avoid deforestation from shifting cultivation systems. 
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