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Abstract: Nitrogen (N) is abundant in the atmosphere as N which is converted into reactive forms
(Nr) for plant assimilation. In pre-industrial times, atmospheric N; conversion to Nr balanced Nr re-
conversion to Ny, but 20th-century human activity intensified this conversion via synthetic fertilizers,
biological N, fixation, and fossil fuel burning. The surplus of Nr detrimentally impacts ecosystems
and human well-being. This study aimed to assess the N use efficiency in the soil-plant system
of the soybean-corn succession (SPSg ) in Mato Grosso and Mato Grosso do Sul, Brazil’s midwest.
We estimated N macrofluxes in SPSg ¢ and identified key agro-environmental indicators. Between
2008 and 2020, the yearly sowed area for the SPSg ¢ increased by 3.3-fold (currently 7.3 million ha).
The average annual input of net anthropogenic Nr, average annual N balance, and N loss in SPSg ¢
was estimated to be ~204 kg [N] ha‘l, 57 kg [N] ha—1, and 30 kg [N] ha?, respectively, indicating
persistent N accumulation and loss. The average results of the agronomic efficiency and N retention
indicator in the SPSg ¢ was 0.71 and 0.90, respectively. Modest N use efficiency results reflect N loss
effects. Despite these limitations, there are opportunities in SPSg ¢ for management strategies to
reduce N loss and enhance efficiency.

Keywords: nitrogen use efficiency; soil-plant system; soybean-corn succession; nitrogen balance;

anthropogenic reactive nitrogen

1. Introduction

Nitrogen (N) is a key element for the life of all terrestrial organisms, being used by
them in the production of complex biological molecules essential for their development,
such as amino acids, proteins, enzymes, and nucleic acids [1].

Although it exists in great abundance in the atmosphere, with about 78% by volume
in the N, molecular form (non-reactive), N is not assimilated in this form by most living
organisms [2]. For example, plants uptake N in the forms NH; (ammonia), NHs* (ammo-
nium), NO3 ™ (nitrate), and (NH;),CO (urea) but assimilate N only in the reactive form of
NH;3 (ammonia) into glutamine [2], which makes N a scarce resource and a limiting factor
for plant growth in many ecosystems [3].

Throughout its biogeochemical cycle, N assumes different reactive molecular forms
called Nr (collective of N compounds, except N»). In a simplified way, the N cycle con-
templates the following macroprocesses: (a) fixation of Ny in the forms HNOj (nitric acid)
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and NO;~ via atmospheric lightning discharge; (b) biological fixation of N in the forms
NH3/NHy* as carried out by associative and symbiotic bacteria; (c) industrial fixation of
Ny, in the form of synthetic nitrogen fertilizers; (d) nitrification (conversion of ammonium
into nitrate) carried out by soil bacteria; (e) assimilation of mineralized N by plants in the
reactive forms NHj, NH;*, and NO3~; (f) mineralization of soil organic N to the NH,*
form carried out by decomposing bacteria; and (g) denitrification or reduction of nitrates
and nitrites to N, O (nitrous oxide) and N, forms [4].

In the pre-industrial historical period, the N cycle remained in a relative state of
dynamic equilibrium, with the balancing of N fluxes between terrestrial ecosystems and
the atmosphere, that is, with the equivalence of global rates of N, fixation with global
denitrification rates [5].

With the advent of the Industrial Revolution, this balance began to be gradually
broken. Between 1860 and 2000, the annual rate of anthropogenic Nr emissions increased
from 15 Tg [N] (1 Tg = 1012 g) to 165 Tg [N] [6]. But it was from the second half of
the twentieth century onwards that anthropogenic Nr emissions intensified, producing
profound transformations in the N cycle. The determining factor for these transformations
was the acceleration of the atmospheric N, fixation rate because of three human activities
on a global scale: (a) industrial N; fixation via the production and use of synthetic nitrogen
fertilizers; (b) biological N fixation (BNF) via the large-scale cultivation of plants of the
Fabaceae family; and (c) fossil fuel burning [1].

In 2010, these three activities jointly produced around 210 Tg [N], of which 120 Tg [N]
came from synthetic fertilizers, 60 Tg [N] from BNF, and 30 Tg [N] from burning fossil
fuels [7]. The Nr emitted in 2010 by these three anthropogenic sources surpassed the Nr
emitted by strictly natural sources in the same year, estimated at 203 Tg [N] [7].

Global agricultural activity accounted for about 80% of global anthropogenic Nr, and
of all N applied in agriculture via synthetic fertilizer, only about 50% on average were
incorporated into crop biomass [8-10]. The other half (not assimilated by crops) goes into
the environment in the form of Nr [11].

The scarcity of N constitutes a limiting factor for the primary productivity of ecosys-
tems, whereas its excessive presence constitutes a risk factor for the sustainability of
ecosystems. For some decades, the global academic literature has been warning about the
effects of the growth of anthropogenic Nr emissions: (a) There has been a 20% increase in
the atmospheric concentration of N,O gas in relation to the pre-industrial level [12], which
is currently responsible for about 5% of the atmospheric greenhouse effect [13]. N,O is also
identified as the main cause of stratospheric ozone depletion [14], responsible for adverse
effects on human health [12]; (b) There has been an increase in atmospheric emissions of
nitrogen oxides N, O and NO,, polluting gases responsible for increasing the concentration
of ozone in the troposphere and which are harmful to human health [6,12,13]; (c) There
has been a reduction in biodiversity in terrestrial ecosystems and an acidification of soils,
lakes, and water bodies in different parts of the world [15]; (d) There is eutrophication of
coastal areas (rivers, lakes, and estuaries), caused by excess of nutrients, generally nitrogen
and phosphorus, responsible for the proliferation of algae, cyanobacteria, and aquatic
plants. Between 1960 and 2000, human activity increased the N flux in the Mississippi
River basin 4-fold and in the rivers of the American Northeast 8-fold, with most of these
fluxes of nitrates coming from the use of synthetic nitrogenous fertilizers [16]; and (e) Other
studies [12,17,18] warn of the risks of the increasing imbalance in the N biogeochemical
cycle, as well as the need for global actions to reduce anthropogenic Nr emissions.

Modern agriculture represents the main factor for transgressing the tolerable limits
of human interference in the global N cycle, especially due to the growth in the use of
synthetic nitrogen fertilizer [17]. In this sense, more efficient use of N in agro-systems is a
global need of great relevance [19-21].

Among the crops that consume the most synthetic nitrogen fertilizers, corn ranks
first in the world [22]. Brazil produced 109 million tons of corn in 2022 (9% of global
production) [23] and is currently the third largest corn producer in the world [24]. Around
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27% of all synthetic N fertilizer consumed in 2018 in Brazil was utilized for corn crops [25].
However, studies on the agri-environmental efficiency of N use in this crop at a regional
level are scarce. Brazil produced 121 million tons of soybeans in 2022 (35% of world
production) and is currently the largest soybean producer in the world [23]. Unlike corn,
the soybean production system relies only on biological N fixation as a N source. One
study on macronutrients applied to sixteen main Brazilian crops [24] estimated negative
results in the N balance in agricultural soils in all five regions of the country, including the
midwest region, the largest producer states of soybeans and corn in Brazil.

The objective of this study was to carry out an exploratory analysis on the efficiency of
N use in the soil-plant system of the soybean-corn succession (here designated by SPSg )
in the Brazilian states of Mato Grosso (MT) and Mato Grosso do Sul (MS). For the most part,
these crops are large scale, with soybeans and corn being cultivated under direct seeding
(no tillage). In recent decades, there has been a significant expansion of this agricultural
modality in these states, where soybean represents the main summer crop and corn the
secondary crop in succession (locally called “second season corn” or “off season corn”).
The efficiency in the use of N was analyzed based on the results of N fluxes in the SPSg ¢ as
well as the results of the agro-environmental indicators.

2. Materials and Methods

The choice of the soybean-corn succession in MT and MS as the object of interest
for the present study was based on the common attributes of these crops in both states:
(a) The regional amplitude of the total sown area, with more than seven million hectares
in 2020 [26]. Regional analyses of large agricultural areas make it possible to more clearly
identify the existence of surplus and deficit of nutrients in the soil-plant system than
analyses at the local level; (b) Taking into account that all corn harvested in MT and MS is
grown as second crop corn in succession to the soybean crop grown in the summer, we can
assume that the cultivated area of the soybean-corn succession is equivalent to the total area
of second corn crop cultivated in MT and MS; (c) The similarity between environmental
characteristics (“Cerrado” biome) and agricultural management of soybean-corn succession
crops in MT and MS [27]; (d) The rainy tropical climate between October and May with a
defined dry season, annual rainfall ranging between 1500 and 1900 mm, average annual
temperature between 22 °C and 26 °C, and latitudes between 10° S and 23° S) [28]; (e) Soils
with a predominance of red Oxisols with medium and clayey texture [29]; (f) Soybean
sowing typically performed between mid-October and mid-December, and corn between
January and mid-March, right after the soybean harvest [27]; and (g) Soybean harvest
between January and March and corn harvest between June and August.

In the soybean-corn succession analyzed here, cover crops such as Brachiaria spp.,
Crotalaria spp., and others eventually cultivated in intercropping with corn (second harvest)
were not considered due to the unavailability of quantitative data on their cultivation.
Figure 1 illustrates the SPSg - of the MT and MS states. The green and orange arrows indi-
cate, respectively, the inflow and outflow of N. The blue arrows indicate the internal flows.
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Figure 1. N macrofluxes in the soil-plant system of the soybean-corn succession (SPSg ). Qnrs refers
to N entries as synthetic fertilizers, Qnpa to N entries via atmospheric deposition in the molecular
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forms NO, (NO, NO, , and HNOj3) and NH, (NH3 and NHZ), QnEAa to N entries via animal excreta,
Onrp to N entries via biologic fixation of atmospheric Ny by the soybean crop, Syt to total N outcome,
SNEp to N outcomes via grain export of soybeans and corn, Sy to N outcomes via volatilization
in the forms NHjz, NO, and N,O, Sy to N outcomes via lixiviation /hydrologic runoff in the form
NO;3', and Syp to N outcomes via denitrification by eliminating N, and N>O. Njr represents the
annual average mineralized N from the organic root, stem, and leaf residues of the previous crops.
NE; represents the total N extracted from soil by crops.

2.1. Definition of N Entries and Outcomes in the SPSg ¢
The amount of N entries (Qnr, kg [N] ha—1) can be calculated as:

OnT = OnFs + Onpa + OnEa + ONFB (1)

where Qs refers to N (kg [N] ha~!) entries as synthetic fertilizers, Qnpa to N (kg [N]

ha~!) entries via atmospheric deposition in the molecular forms NO, (NO, NO;, and

HNOj3) and NH, (NH3 and NHI), Onea to N (kg [N] ha~!) entries via animal excreta, and

Onrp to N (kg [N] ha~1) entries via biologic fixation of atmospheric N, by the soybean crop.
The total N (Snt, kg [N] ha!) outcome can be calculated as:

SNT = SNV + SNL + SNEp + SND 2)

where Syy refers to N (kg [N] ha~!) outcomes via volatilization in the forms NH3, NO,
and N,O, Sy, to N (kg [N] ha~1) outcomes via lixiviation/ hydrologic runoff in the form
NO;j', Snep to N (kg [N] ha~1) outcomes via grain export of soybeans and corn, and Syp
to N (kg [N] ha—1) outcomes via denitrification by eliminating N, and N,O.

The N that leaves SPSg c via the export of soybeans and corn Sy, (kg [N] ha=1)is
calculated as:

SNEp = SNEp,s + SNEp.C ©)

where Sygp,s and Sygp,c refer to the N (kg [N] ha—1) outcome via the grain export of
soybeans and corn, respectively.

2.2. Definition of Internal Fluxes of the SPSg

The average annual amount of gross mineralized N from the organic waste of soybean
and corn crops (Npr, kg [N] ha~1) left in the soil after grain harvest is:

Nmr = Nmr,s + Nmr,c (4)

where Ny refers to the organic N mineralization of the residues of previous crops (soybean
and corn) after grain harvest. Nyir represents the annual average mineralized N from the
organic root, stem, and leaf residues of the previous crops.

Although considered as an internal flux of the soil-plant system, Ny represents an
extra N supply to the SPSg ¢ via mineralization of the organic residues of the previous
crops in addition to the entry fluxes Qnrs, Onpa, Onea, and Qnrp. Therefore, the total
quantity of N supplied to the SPSg ¢, here designated as Qys, turns out to be:

Ons = Onrs + Onpa + Onea + Onrs + Nur 5)

The average annual amount of organic N (Nog, kg [N] ha~1) accumulated in the roots,
stems, and leaves of the previous crops of soybean and corn crops until the grain harvest is
expressed by the following equation:

Nor = Nog,s + Nor,c (6)
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where Nop s refers to the organic N accumulated in the roots, stems, and leaves of the
predecessor crop of soybeans and Nop ¢ refers to the predecessor crop of corn cultivation.
Considering that Ng; represents the total N extracted from soil by the soybean and

corn crops, we have:
Ngt = NEi,s + Nt c @)

Considering that Nog s corresponds to the fraction of the total N extracted by soybean
(NEt ) relative to the N accumulated in soybean roots, stems, and leaves, and that N Ep,S
corresponds to the complementary fraction of Ng;s relative to the N accumulated in
soybean grain (Ng; s), we have that:

NEets = Nor,s + Nep,s (8)

In the same way for corn, we have:

NEgtc = Nor,c + Ngpc )
The total accumulated N in grains of soybean and corn (Ng) is:

Ngp =N, .+ Ng,c (10)

Ep,S

and equivalent to the total N that leaves SPSg ¢ via grains export is:
SNEp = SNEp,s + SNEp,C (11)

2.3. Criteria Assumed in Estimating the Amounts of N in the Soybean-Corn Succession

AllN fluxes were estimated on an annual basis within the period from 2008 to 2020
in kg [N] ha~! using data extracted from the following primary sources: IBGE (Brazilian
Institute of Geography and Statistics—statistical yearbooks) [26], CONAB (National Supply
Company—historical series of soybean and corn harvests) [30], FAOSTAT (Food and
Agriculture Organization Statistical Databases) [23], IPCC (Intergovernmental Panel on
Climate Change) [31], EMBRAPA (Brazilian Agricultural Research Corporation—third
Brazilian inventory of anthropogenic emissions and removals of GHG) [32], and IFA
(International Fertilizer Association) [22].

Due to the gaps and uncertainties observed in regional agricultural data relating to
soybean-corn succession crops in the states of MT and MS, some simplifying assumptions
were admitted, as described in the following sub-items. Whenever applicable, N fluxes in
SPSg ¢ were estimated using the equations and parameters recommended in the “Guide-
lines” of the Intergovernmental Panel on Climate Change [31]. Sections 2.3.1-2.3.9 detail
the assumed calculation criteria.

2.3.1. Amount of N Added via Synthetic Fertilizer

Onrs represents the amount of applied synthetic N fertilizers. In Brazil, consumption
data on synthetic N fertilizer on a regional scale, by type of crop, are scarce. In the case of
soybean-corn succession, such data apply exclusively to corn, given that N fertilizer is not
typically required for soybean crops [33].

Technical guidelines on good practices for the efficient use of N in second season
(off-season) corn in succession to soybeans, recommend an application of between 8 and
10 kg [N] ha~! for each Mg ha~! of expected productivity of grains produced [34].

Assuming a constant average value of 9 kg [N] Mg~! [dry grains] (B¢), the annual
average values of the amount of N (Qnrs, kg [N] ha~!) applied to corn crops (second
harvest) are estimated for Brazil from 2008 to 2020 as shown in Table 1.

Qnrs = Bc-Puc.(1—uc) (12)
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where P, ¢ refers to the annual average corn productivity in the second harvest (off-season)
(kg [moist grain] ha~1) [26] and u refers to the grain moisture level, 13% [32].

Table 1. Average annual productivity of corn crops (P, c, kg ha™1), referring to the second harvest (off-
season) and corresponding to the estimated average annual quantity of fertilizer synthetic nitrogen
(Qnrs, kg ha~!) applied from 2008 to 2020.

Parameter 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
P, c 4076 4083 3878 5518 5576 5320 5959 3919 5989 5306 5916 6064
ONFEs 32 32 30 43 44 42 47 31 47 42 46 47

Productivity data obtained from the IBGE [26].
2.3.2. Amount of N Entering through Atmospheric Deposition

The amount of N entering through atmospheric deposition (Qxp4) represents the
amount of N (kg [N] ha~!) by atmospheric deposition in the forms NO, (NO, NO,, and
HNO3) and NH,, (NH3 and NHZ). We assume for the states of MT and MS the following
values NO, and NHy [6,35]: 175 mg [N] m 2 and 250 mg [N] m2, respectively.

Adding these two values and converting mg [N] m~2 to kg [N] ha~!, we have the
estimation of Qnpa equal to 4 kg [N] ha1, assumed as constant for the whole period from
2008 to 2020.
2.3.3. Amount of N Added via Animal Excreta

The amount of N added via animal excreta (QnE4) represents the average annual N
input flow into the SPSg ¢ (kg [N] ha~') via the addition of organic fertilizer from animal
excreta. As soybean-corn succession crops are not used for pasturing, we assume Qnra
as null.
2.3.4. Amount of Entry N via Biological N Fixation

The biological N fixation (Qnrp kg [N] ha™1) represents the average amount of fixed
N, by the soybean crop in symbiosis with bradyrhizobia [36] (Table 2).

Qnrp = Bs-Pus-(1 —us).Fn,s (13)
where B refers to the extraction of N by the soybean crop assuming 80 kg [N] Mg~! [dry
grain]), P, s to the average annual soybean productivity of moist grain (Mg ha1) of the
soybean crop [26], ug to the grain water content of 13% [32], and Fy s to the fraction of N
extracted from the BNF (assumed to be 0.8 Mg Mg 1) [37].

Table 2. Average annual productivity of soybean crops (P, 5, kg ha~!) and biological nitrogen fixation
(Qnrs, kg [N] ha~1) in Brazil in the period 2008 to 2020.
Parameter 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Py, s 2842 3037 3123 2946 2944 3031 3108 2942 3338 3436 3232 3510
ONFB 158 169 174 164 164 169 173 164 186 191 180 195

Productivity data obtained from the IBGE [26].

2.3.5. Mineralization of Organic N from Residues of Previous Crops
The average annual amount of gross mineralized N from organic residues from soy-
bean and corn crops (Nmr, kg [N] ha1) left in the soil after grain harvest is given by
Equation (4), where NpR s is:
Numr,s = Nor,s-Ys (14)
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and Yj is the annual fraction (Mg Mg~ !) of the soybeans organic N (No Rr,s) mineralized [38]:

93.819.¢0:0031xt
Yo=1—-—7"—F7—— 15
s 100 (15)
Taking t as the decomposition time in days as 365 results in Y = 0.31. From Equation (8),

we have:
Nor,s = Net.s — Nep,s (16)

Assuming that the soybeans extract is 80 kg [N] Mg’1 [dry grain] (Bs) [39], we can
estimate the average annual N extraction (Ng; s, kg [N] ha1):

Ngrs = Bs-Pys-(1 — ug) 17)

where P, s is in Mg ha=1 [26] and ug is 13% [32].
Assuming an average N concentration (Cs) in the soybean grain equal to 50 kg [N]
Mg~ ! [dry grain] [39], we can estimate the average annual N export (NEp,s, kg [N] ha=1):

Ngp,s = Cs.Pys.(1 — us) (18)

Substituting Ng; s and NE,s into Equation (8), we obtain Npg s, and substituting
Nors and Y into Equation (14), we obtain the average annual values of Nk s (kg [N]
ha~1!). Applying the same criteria for the corn crop, we have:

Numr,c = Nor,c-Yc (19)
where Y¢ is the annual fraction (Mg Mg~!) of corn organic N (Np r,c) mineralized [38]:

93.1 p—0.0029 ¢
Ye=1-— S TR (20)
Considering t (decomposition time in days) equal to 365 days, we have Y- = 0.33.
From Equation (9), we have:

Nor,c = Net,c — Ngpc (21)

Assuming that the corn extracts 25 kg [N] Mg~! [dry grain] (3¢) [40], we can estimate
average annual values of N extraction (Ng; ¢, kg [N] ha=1):

Ngt,c = Bc-Pyc-(1 —uc) (22)

where P, ¢ refers to the average annual productivity of humid grain (Mg ha~?) of the corn
crop [26], and u s is 13% [32].

Assuming an average N concentration Cc in corn grain equal to 17 kg [N] Mg’1 [dry
grain of second harvest] [40], we can estimate annual averages of N, c (kg [N] ha=1):

Ngp,c = Cc.Pyc.(1—uc) (23)

Substituting Ng; ¢ and Ng, c in Equation (9), we obtain Nog ¢, and substituting Nog c
and Y¢ in Equation (19), we have Njr c.Substituting the values of Nyg s and Nr ¢ in
Equation (4), we have the average annual estimation of Njr (Table 3). During the mineral-
ization of organic residues from soybean and corn crops, a portion of the mineralized N
is temporarily immobilized in the soil microbial biomass [41]. However, when estimating
Nyr, immobilized N was disregarded as it undergoes remineralization after the death of
microorganisms [42].
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Table 3. Average annual values (kg [N] ha1) of Ng; (total N extracted by soybeans and corn); Ng,
equal to Sy, (total N exported,); Nog (organic N); Nyr (mineralized N from Nog).

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Avg.
NE; 293 286 300 302 325 326 327 346 290 363 355 354 376 326
NEP 188 184 192 193 210 211 211 223 186 234 228 228 242 210
Nor 105 103 108 109 115 116 116 123 104 129 127 126 134 116
Nmr 73 71 75 75 80 80 80 85 72 89 88 87 92 80
2.3.6. Amount of N Released by Volatilization
Snv represents the N that leaves the system of the soybean-corn succession by
volatilization in the molecular forms NH3, NO,, and N>O. Syy is expressed in N units ac-
cording to Equation (20) [31,35], where: N,O; and (NH3 + NOy ), refer to direct emissions
of N>O and (NHj; + NOy ) and N,O; refers to indirect emissions of N,O.
Snv = N2O, + (NH;3 + NOy ) 4 + NoO; (24)
Direct Emission Estimates of N,O in N Units
Estimates are based on Equation (21)—(23) [31,35]:
N>O4 = (Fsnn + Fam + Fer ). EFq (25)
Fs, represents the annual amount of N applied on the soil in the form of synthetic
fertilizer (Qnrs, kg [N] ha™1) discounting the volatilized N in the forms NH3 and NO,,
expressed by:

Fon= Nu.<1 - Fracgfu) + (Qnps — Nu).<1 - Fracgfo) (26)
where N, refers to the fraction of Qnrs applied in the form of urea (equal to 0.5), Frac,
to the fraction of N, volatilized as NH3 or NO; (equal to 0.3), and Fracg, to the fraction of
Qnrs applied as other nitrogenous forms (equal to 0.1) [32].

Fum represents the annual amount of N applied to the soil as animal organic fertilizer
(animal manure), discounting the volatilized N as NH3 and NOy, given by:
Fﬂm = QNEA X (1 — Franm) (27)
Considering that QnE 4 is null (see Section 2.3.3), we have F;;, =0,
where Fracg, is the fraction of Qnr4 volatized as NH3 or NOy, equal to 0.2 [31].
By substituting in Equation (26) the values of Ny, Fracgs,, Fracys,, and Qnps (Table 1),
we obtain the annual estimation of Fs;, in kg [N] ha1.
F. represents the amount of N that turns back to the soil as mineralized residues [31,35],
being equivalent to the annual flux Ny (Table 3).
EF; represents the direct emission factor of N, O applied to the amounts of N added
annually to the soil, equivalent to 0.01 [31,35]. Substituting in Equation (25) the values of
Fsu, Fam, Fer, and EFq, we have the estimation of N;Oy in kg [N] ha—!in the period of 2008
to 2020 (Table 4).
Table 4. SNV = {Nzod + (NH3+NOx)d =+ Nzoi } in kg[N] hafl and NZO ¢ in Gg[NzO]
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Mean
N,O, kg[NJha' 10 10 10 10 11 12 11 12 10 13 12 12 13 11
N,O; kg [N]ha™! 0.3 0.3 0.3 0.3 0.4 0.4 04 0.4 0.3 04 04 04 04 0.3
(NH;+NO,), kg[N] ha™! 6 6 6 6 9 9 8 9 6 9 8 9 9 8
SNV kg [N] ha~! 7 8 8 7 10 10 10 11 7 11 10 11 11 9
N,O, @ Gg [N;O] 5 4 5 5 9 11 11 13 10 17 15 17 19 11

M NO 4 (Gg [N20]) = {N2O4+ N,O;, kg [N] ha~'}-{44/28}-{harvested area, ha}-{107°} [26,31].
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Estimation of (NH3 4+ NO,),; Emissions in N Units
(NHj + NOy); = Ny, x Fracgs, + (Qnrs — Nu) X Fracgs, + Qnea X Fracem (28)

Substituting into Equation (28) the values of Ny, Fraces,, QOnrs (Table 1), Fracgy,,
QnEa, and Fracg,,, we obtain the estimation of (NH3 + NOy ), during the period 2008 to
2020 in N units (Table 4) [32].

Estimation of N>O; Emissions in N Units

N2O; = (N20) + (N20),, (29)

where (N,O); represents the N,O (in N units) stemming from the volatilized N of synthetic
fertilizers that is deposited later on the soil [31,35].

(N20)¢ = (Q yps-Fraces, + Qnea-Fracg, ) -EF, (30)

where Fracy s, refers to the fraction of Qnrg volatilized as NH3 or NOy in N units, equal to
0.10 [31], and EFj is the factor of direct emission of N,O, assumed as 0.01 [31,35].

Substituting into Equation (26) [31,35] the values of Qnrs (Table 1), Fracer,, OnNEA
(null), Fracg,,, and EF4, we obtain (NO); ~zero (null). (N2O); represents the N,O emmit-
ted from the lixiviated N of Qnps and QnEga [31,35].

(N2O); = (QOnrs + QnEa)-Fracy;,-EFs (31)

where Fracy;, (lixiviated fraction) is equal to 0.30 and EF5 (emission factor) is equal to 0.025.

Substituting the values of Qnrs, OnEa, Fracy;,, and EFs into Equation (31), we find
(N20); . Substituting (N,O); into Equation (29) and making (N,O) equal to zero, we
obtain N,O; in N units (Table 4). Substituting the values of N»O,, N>O;, and (NH;+NOy )4
into Equation (24), we obtain the annual estimation of Syy in kg [N] ha~! as well as the
annual averages of N,O; emitted by the soybean-corn succession (N,O4 + N»O;) in GgN,O
units (Table 4).

2.3.7. Amount of N Lost by Lixiviation/Runoff

Sni represents the N that leaves the SPSg ¢ by lixiviation/runoff in the form NO3~,
being expressed in kg [N] ha~! according to Equation (28) [31].

SNt = (Qngs + QnEea)-Fracy (32)

where Fracy;, is equal to 0.30 [32]. Substituting into Equation (32) Fracy;, (0.30), the annual
averages of Qnrs estimated in Table 1; and Qnga (null), we obtain the annual results of
Sy during the period from 2008 to 2020, expressed in Table 5.

Table 5. Emissions of NO3 ™ (N units) in the SPSg ¢ via lixiviation/runoff (Syr, kg [N] ha=1).

2008

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Avg.

SnL 9

9 13 13 12 14 9 14 12 14 14 12

2.3.8. Amount of N Output by the Export of Soybean and Corn Grain

The annual average values of N export by soybean and corn (Syg,) can be found in
Section 2.3.5 (Table 3).

2.3.9. Amount of N Output via the Denitrification Process

The amount of N output via the denitrification process (Syp) represents the average
annual volatilized N from SPSg  in the form Ny via denitrification in N units (kg [N] ha™1).
Denitrification is a microbial process that reduces nitrates (NO3 ™) and nitrites (NO, ™) to
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dinitrogen (N3), with nitrous oxide (N,O) being a byproduct [43,44]. N, emission rates
in agricultural soils are quite variable, and their quantification is difficult due to the high
concentration of this gas in the atmosphere [45]. Long-term data on N emissions from
agricultural soils are scarce [44]. Another study has shown results of the ratio between N,
and N,O volatilized from agricultural soils via denitrification varying between 5.6 and
7.4 [46]. Assuming that: (a) the ratio Ny /N, O in SPSg ¢ is constant and equal to 6.5 (average
value between 5.6 and 7.4); and (b) the average annual volatilized N;,O is also constant
and equal to 1.4 kg [N] ha!, the value estimated in Table 4 by adding (N,O, + N,Oi), we
obtain Syp (average annual Nj released from SPSg ¢ by denitrification in N units) equal to
9 kg [N] ha~!. This value was assumed to be constant throughout the period of 2008-2020.

2.4. Agro-Environmental Indexes of the SPSg ¢

The agro-environmental indexes of the SPSg - were defined as follows.

2.4.1. Mass Balance of N

The mass balance of nitrogen (| By I) is the difference between Qx5 (average annual
N added to the SPSg ) (Equation (5)) and Syt (average annual N leaving the SPSg
(Equation (2)), expressed in kg [N] ha=1, according to Equation (33):

B = (Qnrs + Qnpa + Qnea + Ones + Nyr) — (Nep + Snz + Snv +Snp) - (33)

2.4.2. Gross Anthropogenic Reactive N

The gross anthropogenic reactive N (Nr,g) is equal to the average annual rate of the
conversion of atmospheric N to Nr in SPSg ¢, given by the sum of N fixed via synthetic
fertilizer (Qnrs) plus biologically fixed N (Qnrp), expressed in kg [N] ha™1, according to
Equation (34):

Nrag = Onrs + OnEB (34)

2.4.3. Net Anthropogenic Reactive N

Anthropogenic reactive net N (Nrap) is equal to the difference between Nrag (Qnrs +
Qnrp) and Syp (average annual rate of reconversion of Nr to atmospheric Nj by denitrifi-
cation), expressed in kg [N] ha™1, according to Equation (35):

Nran = Onrs + OnFB — SnD (35)

2.4.4. N Lost

N lost (N, kg [N] ha™1) represents the outlet flux of N from the SPS ¢ by volatilization
(Snv), lixiviation (Snp), and denitrification (Syp), defined by:

N; = Syy +SnL +Snp (36)

2.4.5. Agronomic Efficiency of N Use

The agronomic efficiency of N use (Eag) [47] represents the ratio between the ex-
ported N during grain harvest (soybean and corn) and the N added to the SPSg ¢ (Qns),
expressed by:

Eag = (Np,s + Nep,c) /Qns (37)

2.4.6. Efficiency of Retention of N Added

The Efficiency of retention of N added (E;e) represents the ratio between N retained in
the SPSg - and N added, expressed by:

Ere = (Qns — N;)/Qns (38)



Nitrogen 2024, 5

242

2.4.7. Average Annual Productivity of Soybeans

The average annual soybean (P, s) and corn (P, c) productivity in the SPSg (- is ex-
pressed as kg [grains] ha=?.

2.4.8. Amount of N,O Emitted

The Amount of N,O leaving the SPSg ¢ by denitrification is expressed in Gg [N].
The symbols of all equations presented in the manuscript are summarized in Appendix A.

3. Results and Discussion

The average annual results of the SPSg ¢ in the in- and outfluxes are consolidated in
Table 6. The average annual results of the agro-environmental indexes are consolidated in
Table 7.

Table 6. Average annual in- and outfluxes (Qns and SyT) of the SPSg : Qnrs (synthetic fertilizer),
OQnDa (atmospheric deposition), Qne4 (animal excreta), Qnrp (biological fixation), Nyr (mineral-
ized N from residues), Syv (volatilized N), Sy, (lixiviated /runoff N), SNgp or N, (exported N), and
Snp (denitrified). Results are expressed in kg [N] ha=1.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Avg.
ONFs 31 32 32 30 43 44 42 47 31 47 42 46 47 40
Onpa 4 4 4 4 4 4 4 4 4 4 4 4 4 4
2 OnNEA 0 0 0 0 0 0 0 0 0 0 0 0 0 0
o] Onrg 165 158 169 174 164 164 169 173 164 186 191 180 195 173
Nmr 73 71 75 75 80 80 80 85 72 89 88 87 92 80
Total 274 265 280 284 291 292 295 309 270 326 324 317 339 297
SNy 7 8 8 7 10 10 10 11 7 11 10 11 11 9
g SNL 9 10 10 9 13 13 12 14 9 14 12 14 14 12
Z SNEp 188 184 192 193 210 211 211 223 186 234 228 228 242 210
SND 9 9 9 9 9 9 9 9 9 9 9 9 9 9
Total 214 210 219 219 242 243 242 257 212 268 259 262 277 240
Table 7. Average annual values of agri-environmental indexes: By (N balance) = Qns — Sn1; N;
(lost N) = Sy +SNL+SND; Nrag (gross anthropogenic Nr) = Qnrs + Qnrp; Nran (net anthropogenic
Nr) = Onrs + OnrB — SnD 5 Pus and Py ¢ (productivities of soybean and corn); Eqg (agronomic
efficiency of N use) = SNgp/Qns; Ere (retention efficiency of added N) = (Qns — N;)/Qns; nitric
oxide (NO) left from the SPSg ¢ by denitrification.
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Avg.
g By @ 60 55 61 65 49 49 53 51 59 58 65 55 63 57
‘5 N; D 26 26 26 25 32 32 31 34 26 34 31 34 34 30
E Nraq ® 197 190 201 204 207 208 210 220 194 233 233 226 243 213
= Nrg, O 188 181 192 195 198 199 201 211 185 224 224 217 234 204
o
g p,s @M 2971 2842 3037 3123 2946 2944 3031 3108 2942 3338 3436 3248 3510 3112
§ P,c M) 3985 4076 4083 3878 5518 5576 5320 5959 3919 5989 5306 5916 6064 0045
z Eng 0.69 0.69 0.69 0.68 0.72 0.72 0.71 0.72 0.69 0.72 0.70 0.72 0.71 0.71
)
= Ere 091 0.90 091 091 0.89 0.89 0.89 0.89 091 0.90 0.90 0.89 0.90 0.90
50
< N,0®@ 5 4 5 5 9 11 11 13 10 17 15 17 19 11

M kg [N]ha~1. @ Gg [N,O].

The percentage contribution of N supply and output flows in relation to the total N
supplied (Qns) and to the total N output (SyT) is presented in Figure 2A and Figure 2B,
respectively.
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Figure 2. (A) Distribution of the input fluxes of N in the SPSg ¢; (B) distribution of the output
fluxes of N in the SPSg . Both data averaged between 2008 and 2020. Qnrs, N entries via synthetic
fertilizer; Qnpa, N entries via atmospheric deposition; Qngp, N entries via biological fixation; Nyg,
mineralized N from previous crops residues; SNy, N outputs via volatilization; Syy., N outputs via
leaching/hydrologic runoff; Snep, N outputs via export of soybean and corn grains; and Syp, N
output via denitrification.

In Sections 3.1-3.7, we discuss the estimated results of the agro-environmental in-
dexes. In Section 3.8, we propose several strategies of agricultural management taking into
perspective the minimization of N; and maximization of the efficiencies E;¢ and E.

3.1. | By | Indicator (N Mass Balance)

In the period of 2008 to 2020, the result of the N balance in the SPSg ¢ indicated an
average annual surplus of 57 kg [N] ha~! year~! (Table 7). This surplus conflicts with
the results shown in the FAO study [24], which pointed out deficits in the N balances of
sixteen main Brazilian crops. In the central-west region, where soybean-corn succession
crops predominate, the average balance indicated in the FAO study was —8.6 kg [N] ha~!
year~!. The conflict between the results is largely due to differences in the criteria for
calculating the N balance assumed in the present study, in which N flows not considered
in the FAO study [24] were included, along with mineralization of waste from previous
crops (Npig). Together, these two flows accounted for an average of around 92 kg [N] ha~!
year~! (Table 6).

In general, agricultural systems with persistent positive N balances (By > 0) signal a
condition of N accumulation, with a potential risk of excess N; emissions into the environ-
ment. Meanwhile, persistent negative N balances (By < 0) signal a condition of depletion
of soil N reserves, with a potential risk of reducing soil fertility. The balances of N with
persistent decays of | By | point to a limit condition of equilibrium between the N supplied
and the N released, here designated as | By | ~0.

The persistent accumulation of N in the annual N balances of the SPSg ¢ (around
+57 kg [N] ha~!) favors asynchronism between the N supplied and the N demanded in
the system, a phenomenon typically present whenever available N is greater than the N
demanded by crops [48,49]. Because asynchronism maintains a positive correlation with N
loss, as both grow in proportion to the amount of available N present in agricultural soil [50],
strategies of gradual and progressive minimization of the By indicator can contribute to
the reduction of asynchronism and N losses.

3.2. Nr,g Indicator (Nr Antropogenic Gross)

As defined by Equation (34), annual average Nr,; was estimated at 213 kg [N] ha™!
by summing the average annual anthropogenic conversion rates of atmospheric N to
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N; in the SPSg c (Qnrs + QnFB)- Nrgag represents the gross annual mean anthropogenic
N; created in the SPSg ¢ without discounting the Nr reconverted to atmospheric N, form
by denitrification. In 2020, the global Nr creation rate from N synthetic fertilizer applied
plus biological fixation induced by cultivation was 149 Tg [N] year ! [51]. By taking from
Table 7 the value of Nryq for the year 2020 (243 kg [N] ha™!), multiplying by the planted
area of SPSg ¢ in 2020 (7,293,491 ha) [26], and converting the result to units of Gg [N], we
obtain Nr,¢ (2020) equal to 1772 Gg [N], a value that corresponds to around 1.2% of the
global anthropogenic N; creation rate estimated [51]. Once created, Nr,¢ remains active in
the biosphere until it is sequestered or reconverted to the N, form by denitrification [51].

3.3. Nty Indicator (Nr Net Anthropogenic)

The average annual value of Nr,;, in the period of 2008 to 2020 was estimated at
204 kg [N] ha~! by substituting in Equation (35) the results of the flows Qnrs, Onrp, and
Snp extracted from Table 6. Defined by the difference between the annual anthropogenic
conversion rate of atmospheric Nj to Nr, equal to (Qnrg + Qnrs), and the annual rate of
reconversion of Nr to Ny via denitrification (Syp), Nr,, represents the net annual mean
anthropogenic Nr created in the SPS; ¢ (called “new Nr”) and added to the global N cycle.
The Nr,, results shown in Table 7 (in kg [N] ha=1) and in Figure 3 (shown in Gg [N])
reinforce the persistent condition of Nr accumulation in the SPSg ¢ pointed out in the
analysis of the By balance (Section 3.1). The Nr,, values in Figure 3 were calculated by
multiplying the annual Nr,;,, data from Table 7 by the respective annual planted areas from
2008 to 2020 [26] (Table 8) and converting the result into Gg [N] units.

1800
Z 1500 +
)
g 1200 +
g
g
% 900 +
o
&
£ 600 ¢
c
©
s 300 T
0 : : : : : : : |

2006 2008 2010 2012 2014 2016 2018 2020 2022

Figure 3. Annual values of net anthropogenic reactive nitrogen (Nrg;) (Gg [N]) established in the
soil-plant system of soybean-corn (SPSg ) in the period from 2008 to 2020 in the Mato Grosso do Sul
and Mato Grosso states, Brazil.

Table 8. Succession soybean-corn areas planted in the period.

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Area (Million ha)

2.3 27 2.8 3.8 4.8 4.8 52 54 6.5 6.2 6.9 7.3

The increase in Nry;,; has adverse agronomic and environmental effects: (i) loss of
N supplied to the SPSg to the biosphere; (ii) limitation of efficiency in the use of N
in the SPSg ; and (iii) accumulation of Nr in the terrestrial biosphere. Such effects are
mainly caused by the intensification of the use of synthetic nitrogen fertilizers and the
large-scale cultivation of plants from the Fabaceae family [7]. Throughout the pre-industrial
Holocene period, the N cycle remained in a state of dynamic equilibrium, with the rates of
conversion of atmospheric Nj to N; balanced with the rates of reconversion of Nr to N, via
denitrification [5,52]. It was only from the second half of the 20th century that the effects of
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human activity began to dramatically affect the biogeochemical cycle of N. The average
annual value of the Nry;;, estimated here at around 204 kg [N] ha~ 1, poses important
challenges for the environmental sustainability of the SPSg ¢, given that: (1) the Nrg,
(created in the SSPg - and added to the global N cycle) produces the “cascade effect” [6]
as the sequential transfer of Nr through terrestrial environmental systems is capable of
producing changes in these systems as Nr moves or is stored in them; and (2) the agronomic
model practiced in SPSg ¢ is expanding, especially in Brazil and other countries in Latin
America [51], which implies an increase in this “cascade effect”.

Denitrification plays a key role in removing Nr accumulated in agricultural soils by
reconverting part of this Nr to its original N, form. However, following the intermediate
products of the nitrification and denitrification processes, there are several pathways of
N loss, starting with the nitrification of ammonia/ammonium (NHjz/ NHI) into nitrate
(NO;y'), which can be reduced to nitrite (NO, ), nitric oxide (NO), nitrous oxide (NO),
and finally dinitrogen (N;) by denitrification [44,45]. N losses occur mainly through
volatilization of NHj3, leaching of NO; , and emissions of NO, N,O, and N,. Nitrous oxide
as a byproduct of denitrification is particularly important because it is a greenhouse gas
with a global warming potential about 300 times greater than carbon dioxide (CO5), in
addition to being the main contributor to the depletion of stratospheric ozone [14].

3.4. Nj Indicator Related to N Losses in the SPSg ¢

The indicator (N;) represents the average annual N loss from SPSg ¢ in the period of
2008 to 2020 due to volatilization, leaching/runoff, and denitrification. It was estimated
at 30 kg [N] ha~! by the sum of the flows Sy, Sy, and Syp (Sections 2.3.6 and 2.3.7,
Tables 6 and 7). Of these 30 kg [N] ha~! lost to the environment, around 1.4 kg [N] ha~!
(~5%) corresponds to the annual average of N, O emissions in the SPSg ¢ in N units (Table 4).
Estimating the annual average of N,O emitted across the entire planted area of the SPSg
in N»O units by multiplying 1.4 kg [N]ha~! x 4,277,833 ha (annual planted areas in the
period of 2008-2020) [26] x 44/28 (atomic mass ratio NoO/N) [31] X 10~°], we have about
9 Gg [N,O] annually emitted.

Part of the N accumulated in SPSg ¢ (including N not assimilated by the soybean and
corn crops and the N immobilized in soil organic matter) is vulnerable to loss through
volatilization, leaching/runoff, and denitrification [50]. Considering that the accumulation
and loss of N in SPSg ¢ are positively correlated and both are factors limiting the efficiency
in the use of N, we can assume that the minimization of indicators IBy | and Nj is a
requirement to maximize the N use efficiency in SPSg .

3.5. P, s and P, ¢ Indicators (Productivities of Soybeans and Corn)

In the period from 2008 to 2020, the average annual productivity of soybeans (P, s)
in the soybean-corn succession system was 3112 kg ha~! [26], higher than the average
annual productivity of soybeans in the United States in the same period (3094 kg ha™!),
ranked first in the world [23]. This is largely due to the high rate of the biological fixation
of atmospheric N, by Brazilian soybeans, around 80% of the total N assimilated [37,53].
The average annual productivity P, ¢ of corn (second crop) in the soybean-corn succession
system was estimated at 5045 kg ha~! in the same period [26], a value considered low when
compared with the average annual corn productivity in the United States (10,223 kg ha™!)
in the same period [23]. Although the value of P, ¢ has increased from 3985 kg ha~! in
2008 to 6064 kg ha~! in 2020 [26], additional productivity gains are potentially possible by
reducing N losses in the SPSg .

3.6. Agronomic Efficiency Index in N Use

As established in Section 2.4.5, E;¢ (agronomic efficiency index of the N use) repre-
sents the fraction of Qg exported in soybeans and corn grains, expressed by the ratio
(NEp,s + Ngp,c)/ Qns- Typically, crops with an insufficient supply of N respond positively
to an increased supply of this nutrient. This occurs to the point where the incremental gains
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in N assimilation become small as crop productivity approaches its potential, [54] i.e., the
environment without limitations, edaphoclimatic and nutritional, free from the action of
pests and diseases, and with other stresses effectively controlled [55].

For the same soil and crop conditions, agronomic efficiency in N use tends to decrease
with increasing N supply rate. In the soybean-corn succession, situations may occur in
which the N available in the soil (including the biological N fixation by soybeans) is not
sufficient to achieve the desired productivity and agronomic efficiency. This is the case, for
example, of high productivity crops where synthetic nitrogen fertilizer (Qnrs) is added to
meet the greater demand for N. However, due to the high rate of N loss in the flows Qnrs,
high fertilization rates generate undesirable agronomic and environmental impacts [8-10].
The average annual value of agronomic efficiency (E,g), estimated at 0.71 (Table 7), possibly
reflects the negative effect of N loss caused by accumulation and asynchrony between N
supply and demand.

The E,¢ indicator can be better interpreted when applied in experiments using control
plots (CPs) [47], in which it is possible to correlate the increase in E, efficiency with the
experimental treatments applied there.

3.7. Efficiency Indicator for Supplied N Retention

The E,, indicator (efficiency indicator for supplied N retention) represents the fraction
of QN retained in the SPSg ¢ (fraction not lost to the environment), expressed by the ratio
(Qns —Nj)/Qns. The average annual efficiency E,, was estimated at 0.90 (Table 7). As was
proposed for the E;¢ indicator (Section 3.6), carrying out experiments in control plots (CPs)
aiming to correlate the treatments applied there with the increase in E;, efficiency would
also be recommended.

3.8. Strategies to Minimize the Lost N (N}) and Maximize the Agronomic (E,g) and Efficiency of
N Retention

In the following subitems, we examine some of the key factors that influence the
efficiency in the use of N in the SPSg ¢ and point out some measures/management strategies
that are potentially capable of minimizing lost N and maximizing E,¢ and E. efficiencies.

3.8.1. Improvement of the Quality of N Flux Estimation

The quality of estimates of N fluxes in the soil-plant system is crucial for reducing
uncertainties in the results of agro-environmental indicators and for the success of strategies
aimed at increasing efficiency in the use of N. Whenever possible, flux estimates of N must
be performed based on data obtained from experimental field research. In the case of the
SPS; ¢, quantitative data on N extraction flows by soybeans, corn, and intercropped plants
(when applicable), as well as organic N mineralization flows from residues from these
crops, constitute important subsidies. Some methodologies and guidelines for estimating
N fluxes in agricultural soils are already established in the technical literature [31]. They
consolidate guidelines for implementing policies for monitoring and controlling N fluxes
in agricultural soils. Research and support organizations for agricultural activity, such
as universities, rural technical schools, and agriculture departments, can in many cases
provide basic information on indexes and coefficients necessary for estimating the main N
fluxes in soil-plant systems, mainly including average N extraction rates per hectare and
per crop, biological N fixation rates by type of Fabaceae, and grain productivity. Many of the
countries that are signatories to international conventions to reduce emissions of reactive N
already produce national data on these emissions that are available systematically.

The greater the accuracy of the measurement/estimation methods of N fluxes in the
SPS; ¢, the lower the uncertainties in the indicator results.

3.8.2. Minimization of | By | and Nj

According to Table 7, the average annual result of | By | (+57 kg [N] ha~! year!) and
N; (30 kg [N] ha~!year~!) point to a persistent condition of accumulation and loss of N in
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E}’e

the SPSg ¢, considered as the limiting agronomic efficiency (E,¢) and retention efficiency
of supplied N (Eye). In this scenario, strategies to favor E,¢ and E,, via minimization of
I By | and N; must be explored. Let us consider the use of small areas within the SPSg ¢ as
experimental fields or control plots (CPs), cultivated with soybeans and corn in succession
and direct planting, and under management conditions identical to those of SPSg ¢ except
for receiving decreasing doses of fertilizers. By comparison, it would be possible to evaluate
the effect of reducing the Qnrs inputs on the indicators By |, Nj, Egg, and Eye. At the
end of the soybean and corn harvests, the N harvested in the grains of the soybean-corn
succession system, respectively, N Ep,S and N Ep,C, aS well as the N harvested in grain from
the CPs, respectively, Ng; s e and N, Ep.Ccpr AT€ calculated. The efficiencies E;¢ and E;, of

the SPSg (-, as well as the efficiencies Eagpc and Erepc of the CPs, can be estimated as shown

below based on the definitions of Section 2.4.
Calculation of the Efficiencies E;¢ and Eye in the SPSg ¢

NEp
E,, = —C 39
% = Qs (39)
(NEp,s + Nipc)
Eag = (40)
(Qnrs + QNnEA + Qnpa + QOnEB + NrRM)
(Qns —Ni) /Qns = (Qnrs + OnEa + Qnpa + Onres + Nrm) — (Snv + Sni + Snp) 1)
(Qnrs + QOnEa +Qnpa + ONEB + Nrm)
Calculation of the Efficiencies Eag and E,, in the CPs
Ep
Fpe = —1 (42)
“Ser T Qns,,
Epe = (N Sop © Nepc,, ) (43)
“Scp " (Qnrs., + QNEA,, + Qnpa + OnFB + Nur)
(QNSC - Nlc )
Ertch =——r 7 (44)
Ons.,
(Qnrs,, + QNEA, + Qnpa + QN + NuMr) —(Syv,, + SNL,, + SND,,)
Erecp = (45)

(Qnrs,, + QNEA, + QNDa + QNFB + Nur)

Persistent positive results of the differences between (Eﬂgcp —Egg) e (Erecp — E;.) sig-
nalize gains in the efficiencies E”gcp and Erecp in the CPs in relation to the efficiencies E,¢
and E,, in the SPSg .

Alternatively, assuming that the productivity of soybean and corn grains per unit of
N supplied (Qns) has a positive correlation with the N assimilated by crops [50,56], gains
or losses in N use efficiency in the experiments applied to the CPs could be evaluated
by the difference between the productivity of the CPs [(P, s e+ Puc Cp) /QNs. p] and the
productivity of the SPSg ¢ [(P, s + Py,c) /Qns] per unit of supplied N.

Through the definition of the agronomic efficiency of N use given in Section 2.4.5,
we have:

(Pu,Scp + Pu,CCp) _ (Pu,SCp + Pu,Ccp) (46)
Qns,, (ONFs,, + QNEA,, + QNnDa + QNFB + NMR)
(PuS+PuC) (PuS+PuC)
. ) . = + Qnpa + Qnrs + N (47)
Ons (Onrs + OnEA) NpA NEB T MR

Persistent positive results of the difference [(Pu,Scp + Pu,Ccp) /Qns,,] = [(Pu,s + Pu,c)/Qnsl
indicate an increase in the total N assimilated by the grains per unit of Qyg, an increase in
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the agronomic efficiency of N, and an increase in the agronomic efficiency in the N use in
relation to the SPSg .

3.8.3. Reduction of the Asynchrony between N Supply and Demand

The asynchrony between N supply and demand is one of the main causes of N loss in
agricultural systems, and its minimization should be seen as a key point for maximizing
efficiency in the use of N [50]. The asynchronism associated with the risks of N loss and
environmental degradation can be reduced through strategies that can benefit increasing N
demand, manipulating N supply, and capturing surplus inorganic N before it is lost [48]. It
was reported that second-crop corn has low N absorption efficiency, but when intercropping
corn with ruzigrass (Urochloa ruziziensis), a neutral N balance was achieved at a dose of
130 kg [N] ha~! [57], which highlights the capacity of practicing management techniques
such as intercropping to mitigate N loss in the system.

Experiments using control plots, differentiated from SPSg ¢ by the cultivation of off-
season corn intercropped with plants that have temporal N demands that are out of step
with corn, compete less with each other and thus contribute to the reduction of asynchro-
nism by increase in N demand. Experiments with a gradual reduction in N fertilization
proposed in Section 3.8.2 represent strategies for manipulating the N supply [10,58,59].
Another strategy that appears promising in capturing N susceptible to loss due to asyn-
chronism in the SPSg (- is the cultivation of sun hemp (Crotalaria spectabilis) in intercropping
with off-season corn [60]. It is a species that is resistant to climate variations, beneficial
to the soil-plant system due to the amount of biomass produced [61], and that does not
compromise corn harvest and productivity [60].

3.8.4. Estimation of Potentially Mineralizable N

The mineralization of soil organic matter (SOM) constitutes a source of N supply for
maintaining the fertility and sustainability of the soil-plant system. Of all NH, (ammo-
nium) released in SOM mineralization, commonly referred to as raw mineralized N in
the technical literature, part of it is temporarily immobilized in the soil microbial mass
(immobilized N). The difference between gross mineralized N and immobilized N is usu-
ally assumed as net mineralized N, that is, the N potentially available to be assimilated
by crops. This conceptualization is based on the premise that plant roots lose out to the
soil’s microbial fauna in the competition for NH;r and, therefore, the roots would be able
to assimilate only the NH, that exceeds what was demanded by the microbes (liquid
mineralized N). However, recent research has challenged this premise, demonstrating that
plants can effectively compete with microbes [41,62-64].

An experiment carried out in rotational soybean and corn crops [41] showed a gross
mineralization rate 3.4 to 4.5 times higher than the peak N assimilation rate by corn.
Direct measurements of the rate of mineralized NH; allow for estimates closer to the real
availability of soil N than tests to determine net mineralized N [41]. The availability of N in
agricultural soils, referred to as potentially mineralizable N (PMN), can be considered as
an indicator of soil health, fundamental for management strategies of soil-plant systems
aimed at maximizing N use efficiency [65]. PMN estimates allow for predictions of N
availability during the crop cycle. The effects of the most common management practices in
conservation agriculture on PMN, including direct planting in rotation/succession systems,
crop diversification, the use of Fabaceae as cover crops, and other practices, was reported
in a meta-analysis study [66]. Overall, conservation practices consistently increased PMN
and agricultural productivity. Some of these practices are already used successfully in the
soybean-corn succession system, such as the direct planting system (no till) of soybean and
off-season corn succession.

PMN is determined by the fraction of SOM mineralized in the form of inorganic N
assimilable by plants under controlled laboratory incubation conditions [66]. The most
widely applied standard method for its estimation is long-term aerobic incubation using
the exponential function Ny = Np(1 — e_kt), where N; is the mineralized N measured at
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time t, Ny is the maximum mineralizable N, and k is the mineralization rate [65]. More
simplified and short-term chemical methods for measuring N availability are gaining
importance. Among them, the Illinois Soil Nitrogen Test (ISNT) method [67] and the direct
steam distillation method [68] stand out.

4. Conclusions

The average annual results of the N balance (| By |) and N lost (N;) indicators, respec-
tively, +57 kg [N] ha~! and 30 kg [N] ha™1, point to a persistent condition of accumulation
and loss of N in SPSg ¢ by volatilization, leaching /runoff, and denitrification.

The average annual results of the agronomic efficiency (E;g) and N retention (Eye)
indicators, 0.71 and 0.90, respectively, reflect the negative effects of N accumulation and
loss in the SPSg .

Despite the results of By and N representing factors limiting efficiency in the use of
N, there are spaces of opportunity in the soybean-corn succession system for the implemen-
tation of management strategies aimed at reducing | By | and N; with increased efficiencies
By and Er.

The use of experiments in control plots in which it is possible to correlate the results of
the experiments with gains in efficiency in the use of N can be an effective strategy in the
medium and long term.

Two key questions about the environmental sustainability of SPSg ¢ must be consid-
ered in future research: The first concerns the “cascading effect” caused by anthropogenic
Nr created in the SPSg - and added to the global N cycle (Nran), around 204 kg [N] ha 1.
This effect tends to increase, given the expectation of expansion of the soybean-corn suc-
cession agricultural model, especially in Latin America and other similar tropical environ-
ments; The second question refers to the average annual emission of N, O, here estimated
at ~11 Gg [N, O] for the total area studied.
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Appendix A

Table Al. Symbols, descriptions, and units.

Symbol Description Unit Symbol Description Unit
Efficiency Eag in the control . .
Eag cp plot (CP) - Nr Reactive nitrogen -
Efficiency Ere in the control plot Anthropogenic reactive 1
Ere cp (CP) Nrag nitrogen (gross) kg iy ha
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Table Al. Cont.

Symbol Description Unit Symbol Description Unit
Agronomic N use efficiency in Anthropogenic reactive 1
Fag the SPSg ¢ Nran nitrogen (net) kg vy ha
Efficiency for supplied N . . .
Ere retention in the SPSg - - PMN Potentially mineralizable N -
Annual average corn
-1 g -1
Bn N mass balance kg [N] ha P,c productivity kg ha
. . . — Annual average soybean 1
BNF Biological nitrogen fixation - P,s productivity kg ha
N concentration in the corn N entries via atmospheric 1
Ce grain ) Qupa deposition kg [N] ha
N concentration in the soybean U . 1
Cs grain - QNEA N entries via animal excreta kg [N] ha
Brazilian Institute of Geography L . . 1
IBGE and Statistics - QnrB N entries via biological fixation kg [N] ha
MS g/tI:::) Grosso doSul (Brazilian N QnFs N entries via synthetic fertilizer kg [N] ha~!
MT Mato Grosso (Brazilian state) - Qns Total amount of N supplied to kg [N] ha~!
the SPS s,C
N Nitrogen - QnT Total amount of N entries kg [N] ha!
N, Ilil/lolecular form of atmospheric _ SnD N output via denitrification kg [N]ha~!
. . N outputs via export of soybean 1
N,O Nitrous oxide - SNEp and corn grains kg [N] ha
Total N extracted by crops 1 N outputs via export of corn 1
Net (soybean + corn) kg [N] ha SNEp, € grains kg [NJ ha
N, ¢ N extracted by scorn kg [N]ha=! SNEp, s ger?il;tsp uts via export of soybean kg [N]ha=!
N outputs via
-1 p -1
Nt s N extracted by soybean kg [N] ha SnL leaching /hydrologic runoff kg [N] ha
NH; Ammonia - SNT Total amount of N outputs kg [N] ha!
NH,* Ammonium - Snv N outputs via volatilization kg [N] ha~!
Mineralized N from previous 1 . .
Numr crops residues kg [N] ha SOM Soil organic matter -
Mineralized N from corn 1 Soil plant system
Nvr, ¢ residues kg [N ha SPSs.c (soybean-corn) )
Mineralized N from soybean 1 Annual fraction of corn organic
N, s residues kg [N] ha Ye N that is mineralized i
- . Annual fraction of soybeans
NOs Nitrate ) s organic N that is mineralized )
Total organic N accumulated in N fertilizer added to corn crop
Nor the predecessor crops (soybean kg [N] ha~1 BC for each Mg ha~! of expected kg [N] ha™1
+ corn) productivity of grains produced
Organic N accumulated in the
Nor, ¢ roots, stems and leaves of the kg [N]ha~! BS N uptake by soybean crop kg [N]ha~!
predecessor corn crop
Organic N accumulated in the
Nor, s roots, stems and leaves of the kg [N] ha~! uC Corn grain moisture Y%
predecessor soybean crop
NOy« Nitrogen oxides (NO and NO,) - uS Soybean grain moisture Y%
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