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Abstract: This study aimed to evaluate the nitrogen (N) residual effects of winter cover crops (CCs)
on soil N availability and corn (Zea mays L.) performance over two growing seasons and at two sites
in Uruguay. Both conventional and isotopic methods were used to assess the N residual effects of
two legume monocultures, a legume—grass mixture, an oat monoculture, and a control without CCs.
The experimental design was a randomized block with split plots, where CCs were applied to main
plots and N rates (0 and 100 kg ha~?) to subplots. An isotopic trial with 1°N was included to measure
fertilizer N use efficiency (NUE). Results varied between sites: at Site 1, legume monocultures
enhanced soil N availability and, along with N rate, significantly increased corn yield and N uptake.
At Site 2, only the N rate affected these variables. Site 1 had a low crop °N recovery, averaging 9.5%
due to weeds and heavy rainfall, while Site 2 showed higher recovery, notably when corn succeeded
lupine (35%) and mixture CCs (40%). The soil’s top layer and corn grain showed the highest 1°N
concentration. The study suggests that specific CC combinations tailored to site conditions may
optimize corn yield and NUE.

Keywords: legume cover crops; nitrogen use efficiency; residue quality; N residuality; sustainable
agriculture

1. Introduction

Rainfed agricultural systems have experienced significant shifts in Uruguay since
the early 2000s [1,2]. At the time, introducing new actors in the sector led to a simplified
approach to system management, primarily marked by cropping sequences such as wheat—
soybean and a reduction in perennial pastures inclusion into agricultural rotations. This
shift extended the annual cropping phase and facilitated the expansion of farming activities
into soils less suited for agriculture [1,3]. However, these changes have gradually negatively
impacted soil nitrogen (N) balance and carbon (C) sequestration, affecting soil quality and
the system’s sustainability [3-5]. Simulation results for three agricultural production sys-
tems indicated that continuous cropping leads to low and negative partial N balances, with
values ranging from —40 to —30 kg N ha~! [5]. Since 2015, livestock and crop production
have increasingly been managed as part of a unified farming system, fostering greater
integration and interconnection [1]. Such current management has reintroduced pasture
phases and expanded the presence of double cropping to enhance crop diversity and uti-
lization efficiency of production factors while protecting natural resources [6-8]. This shift
has promoted an eco-sustainable approach, driven mainly by implementing Uruguay’s
legal framework (Law 19.355, Article 76) for regulating land use and soil management [9],
which has played a crucial role in this transformation. In this context, the sequence and
type of crops in rotation, along with the amount of remaining residue (both aboveground
and belowground), are critical factors in maintaining the balance of C [10], N [11], and
other soil nutrients. Including CCs, also known as “service crops,” in crop rotations is
essential for sustainable agriculture, as they enhance soil health and contribute to a more
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balanced and resilient agricultural system. Due to their role in erosion prevention, this
practice also aligns with Uruguay’s legal framework, which requires the submission of Soil
Use and Conservation Plans (Law 19.355, Article 76). Cover crops are essential for control-
ling water erosion, improving the soil’s physical properties, and conserving and recycling
nutrients [12,13]. Therefore, it is crucial to understand and assess different CC options
to select those most suitable for specific soil and climate conditions, offering advantages
within a given rotation scheme [14,15]. This technological measure requires knowledge of
the agronomic performance of various species across different soils, years, and production
systems to identify those that provide greater productive, economic, and environmental
benefits [16-18]. The benefits of using legumes as CCs include N inputs through biological
N fixation (BNF), improved soil quality and fertility, increased crop productivity, C seques-
tration, and protein-rich grain and forage for animal feed. The role of CCs in mitigating
N losses is particularly important in today’s agricultural systems, where intensification
demands more nutrients, increasing fertilizer use, and raising the risk of nitrate-N contami-
nation in surface and groundwater [19,20]. This agronomic practice can help mitigate N
losses, increase soil N reserves, and improve nutrient use efficiency [16,19-21].

The N recovery efficiency from crop residues depends on the synchronization between
N supply, fertilizer management, and the crop’s demand for the nutrient. According to
several studies [11,22-25], the recovery efficiencies of N fixed by legume cover crops were
relatively inconsistent, ranging from 3% to 56%. Nitrogen recovery efficiency (NRE) can be
estimated using conventional or isotopic trial data. In conventional trials, apparent NRE
(apNRE) is calculated. In isotopic trials, °’NRE is directly measured by the ratio of 1°N
absorbed by the crop to the amount of N applied. The term “apparent” is used because the
N recovery is indirectly estimated through plant analysis. This method assumes that the soil
supplies the same amount of N to both treatments, with and without residue, attributing
the difference in N absorption between the two to the N derived from the residue [11].

Several legume cover crop species and their subsequent use as green manure has been
evaluated in Uruguay under both tilled and no-till systems [11,26,27]. However, more
research on using CCs in Uruguayan agricultural production is needed, emphasizing the
importance of developing soil and nutrient management strategies that enhance sustain-
ability and reduce environmental pollution. In this context, CCs present a viable option
to minimize the degenerative effects caused by continuous no-till farming and soybean
monoculture [28]. Understanding and quantifying the effects of CCs is especially important
now, as fertilizer use significantly impacts production systems” profitability and poses
environmental risks, a growing concern for society.

Our study was driven by the practical implications of understanding how CCs can
influence soil fertility for the subsequent cash crop. The N provided by CC biomass can be a
valuable resource for the next crop in the short term and, in the long term, can contribute to
increasing soil N content and reducing fertilization costs. However, the soil N availability
is not straightforward, as it depends on residual N (mineral N already present in the soil)
and mineralized N (released from soil organic matter and previous crop residues). The
dynamics of CC decomposition, influenced by environmental and management factors,
make it challenging to consistently and accurately predict the amount of N available and
when it will be accessible to the following crop. The studied winter CCs included a grain
legume, blue lupine (Lupinus angustifolius L.), a forage legume, berseem clover (Trifolium
alexandrinum L.), a grass, black oats (Avena strigosa L.), and blue lupine grown in mixture
with black oats (L-O mixture). The objectives of this study were (i) to assess the effect of
those CCs on N availability derived from the mineralization of their residues by measuring
changes in soil mineral N; (ii) to evaluate the impact of CCs as predecessor crops on the
performance of a maize crop measuring grain yield, N uptake, and the relative response in
plant N uptake to N fertilization, and estimating N recovery in the crop using a conventional
method; and (iii) to analyze how the residue quality (C:N ratio, biochemical composition)
of the preceding crop affects N use efficiency (NUE) by measuring N recovery in the crop
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and soil from fertilizer applied at sowing and other stages (V6 and V10) of the corn crop
using isotopic methods.

2. Materials and Methods
2.1. Experimental Sites Description

The experiments for this study were conducted in farmers’ fields. The first site was
established in Libertad, San José Department, at 34°36'27.5"” S, 56°32'57.4"” W (Site 1)
during the 2018/2019 growing season. The second site was set up in Ombtes de Lavalle,
Colonia Department, at 33°58'56.9” S, 57°50'57.1"” W (Site 2) during the 2019/2020 season.
According to the local soil classification, soil in both sites was classified as Lil (Libertad) unit.
The parent material in Site 1 was silty clay sediments, while for Site 2, it was a combination
of silty clay sediments and crystalline rock. According to the USDA International Soil
Taxonomy, the soils at Site 1 were classified as Typic Argiaquolls and Site 2 as Typic
Argiudolls [29]. Both suborders belong to the Mollisol order and share characteristics such
as an argillic horizon (Bt horizon) with clay accumulation and a surface layer rich in organic
matter (OM). However, they differ in their moisture regimes, which influence their physical
and chemical properties: Argiudolls have a udic moisture regime, while Argiaquolls have
an aquic regime [29,30].

In the top 20 cm, Site 1 soil had lower total organic C (TOC) content, exchangeable
bases, and pH than Site 2 (Table 1). The soil texture in both studied layers (the top 7 cm
and from 7 to 15 cm) was heavier at Site 2, which also had a higher C content (Table 2) and
lower bulk density (1.2 vs. 1.4 Mg m?).

Table 1. Chemical characterization of the soils (at 0-20 cm soil depth) at each experimental site (Site
1—season 2018-2019 and Site 2—season 2019-2020).

P Bray N°1 Ca Mg K Na
Site pH
mg kg1 cmol kg1
1 18.0 59 1.9 0.5 0.4 4.7
2 9.2 16.0 4.7 1.0 0.2 5.6

Table 2. Total organic C and N content in the soil and texture in 0-7 and 7-15 cm soil depth layers at
each experimental site (Site 1—season 2018-2019 and Site 2—season 2019-2020).

Soil Depth TOC TN Sand Clay Silt
Site Texture
cm %
1 0-7 3.0 0.3 8.3 35.5 56.1 Silty clay loam
1 7-15 1.7 0.2 7.6 38.8 53.6 Silty clay loam
2 0-7 3.3 0.3 8.8 53.6 37.6 Clayey
2 7-15 2.2 0.2 8.0 55.0 37.0 Clayey

Meteorological data, including rainfall and air temperature, were collected on-site by
a Meter-Group weather station, which recorded hourly data. This station was installed
during Phase 2 of the experiment, during the growth period of the corn crop at both sites.

2.2. Treatments and Experimental Design

The experiment was conducted on soybean crop stubble at both sites. The activities at
each site were carried out in two phases (Supplementary Materials, Table S1).

In Phase 1, CCs were established, and the biomass production and BNF rates of the
legume cover crops were estimated. The species sown at both sites included two legume
CCs—Lupinus angustifolius L. and Trifolium alexandrinum L.—a non-legume species as a
reference (Avena strigosa L.), and L-O mixture culture in a 60:40 ratio in Site 1 and 70:30
ratio in Site 2. The experimental design for this phase followed a randomized complete



Agriculture 2024, 14, 2123

4 of 26

block design with three replications. Each experimental unit covered an area of 380 m?
(10 m wide x 38 m long), resulting in a total area of 0.57 ha across 15 plots.

The CCs were sown using a seed-drill Semeato brand model SHM 17-13-Germany
(with 13 rows and 17 cm row spacing). The sowing density for each species is presented
in Supplementary Materials, Table S1. The legumes were inoculated with commercially
recommended inoculants specific to each species, following the manufacturer’s instructions
(NITRASEC, Lage y Cia S.A., Montevideo, Uruguay). Since no particular inoculant was
available for lupine, Bradyrhizobium sp. strains U-612 + U-620, typically recommended for
Ornithopus compressus, were used. After soil sampling simultaneously with sowing, base
fertilization was applied across the entire experimental area with non-limiting doses of
phosphorus (P) and potassium (K).

The CCs at Site 1 were sown earlier, within the optimal sowing window, compared
to Site 2. This difference in sowing dates resulted in a total growth cycle of 164 days at
Site 1, while Site 2 had a shorter cycle of 119 days, giving Site 1 an additional 45 days for
biomass production.

Phase 2 began with the corn sowing in the same experimental units where the winter
CCs had been grown 60 days after terminating them with herbicide at Site 1 and 58 days
after herbicide application at Site 2. Corn was sown using no-till planting with a mechanical
plate planter at a depth of 3.5 cm, with 0.7 m row spacing and 0.2 m between plants, aiming
for a density of 65,000-70,000 plants ha=! [31].

At this phase, the main plots were divided to introduce an additional study factor:
N rate. As a result, the experimental design for this phase followed a randomized com-
plete block design with a split-plot arrangement and three replications. The main plots
(33 m x 21 m) were randomly assigned one of five “preceding crop” treatments: (1) lupine,
(2) lupine grown in mixture with black oat, (3) black oat, (4) berseem clover, and (5) no
CC (control). The subplots (6.6 m x 10.5 m) were assigned the “N rate” factor for maize
cultivation with two levels: (1) 0 kg N ha—! and (2) 100 kg N ha~!. The N rate was applied
to the maize crop in two stages: one-third at the time of seeding and the remaining two-
thirds when the maize reached the phenological stage, equivalent to V6 at Site 1 and V10 at
Site 2, according to the Ritchie and Hanway growth scale (see Supplementary Materials,
Table S2) [32].

Alongside the conventional experiment, an isotopic trial was carried out to evaluate
the fertilizer’s NUE, measuring the recovery >N in both the plant and soil. Isotopic
microplots were carefully established within each subplot of the conventional trial, with
dimensions of 2.25 m? (1.5 m wide and 1.5 m long). Each microplot contained three rows,
each with seven plants. Urea enriched with N at 6% and 3% atom excess was applied
at the same phenological stages of maize and using the same N rate as in the fertilized
treatment of the conventional trial but split across two applications in the corn growth
cycle, with only one application using labeled urea (Supplementary Materials, Table S2).
The labeled urea was dissolved in distilled water (300 mL per microplot) and sprayed to
the soil to ensure uniform ®N distribution. This isotopic trial allowed us to independently
evaluate NUE from the fertilizer at each application time without interacting with the N
rate used [33]. The experimental design followed the same structure as the conventional
experiment, with three replications.

2.3. Soil and Plant Sampling

Soil sampling was conducted at both experimental sites at the start of the experiment
in Phase 1 to characterize the soils. Composite soil samples were obtained from each plot
at 0 to 20 cm depth to assess mineral N concentration. Additionally, samples were collected
from the 0-7 cm and 7-15 cm layers to evaluate physical properties such as texture and
bulk density.

In Phase 1, soil sampling was performed at three points in time: sowing, harvest, and
post-harvest of the CCs to evaluate soil N concentration. Additionally, three sampling times
were implemented for soil water content determination using the gravimetric method [34],
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recording the difference between the weight of soil at field moisture and the weight after
drying at 105 °C in an oven for 48 h until a constant weight (Equation (1)).

soil wet weight — soil dry weight

soil dry weight M

Soil water content (g water g dry soilfl) =

In Phase 2, soil sampling was conducted at two points in time: corn sowing at both
sites and at the V6 in Site 1 and V10 stages of the corn in Site 2, to assess nitrate (NO3-N)
and ammonium (NH4-N) concentrations. Fifteen subsamples were collected from each plot
using a sharpened stainless-steel probe with a diameter of 2 cm. In Phase 2, soil sampling
within the isotopic microplots, conducted after the corn harvest, was carefully carried out
to avoid cross-contamination of N between soil layers. The sampling was performed
in two steps: first, the top 15 cm of the soil profile was collected and divided into three
intervals (0-5, 5-10, and 10-15 cm) to quantify the remaining >N from fertilization (sowing
and V6 stage). Next, a second sampling was obtained from the same hole, collecting the
subsequent 15-30 cm soil depth layer. Each layer was processed and analyzed separately.

The first plant sampling was conducted during Phase 1, the day before the CC termi-
nation, defined by the lupine reaching the beginning of grain filling. The area harvested for
each CC’s aboveground biomass was 4.6 m? (1.15 m x 4 m), and the fresh weight of each
sample was recorded in the field. Simultaneously, subsamples were taken to the laboratory
to estimate the dry matter of each CC and to perform the relevant chemical analyses for
this study.

In Phase 2, at physiological maturity and during the harvest of the corn from the
conventional experiment, the corn grain yield was calculated based on the ears harvested
from the two central rows of 8 m long. Another plant sampling was conducted at physio-
logical maturity, cutting three rows of 1 m each at ground level. Each sample was separated
into different components: stems, leaves, cobs, and grain. The grain from the ears was
threshed using experimental equipment, and its moisture content was measured with a
Model MC2000 moisture meter (OHAUS Europe GmbH, Greifensee, Switzerland). The
grain yield was then corrected to a baseline moisture level of 14.5%. The total aboveground
biomass yield per hectare was calculated based on the number of plants harvested and the
planting spacing. Additionally, during Phase 2, corn plants were sampled at physiological
maturity from the isotopic plots. Three corn plants were harvested from the central row of
each microplot and separated into three components: stems—leaves, cobs, and grain, for
independent processing and analysis. The first two components were referred to as stubble
to distinguish them from the harvested product, which is the grain component.

2.4. Sample Processing and Analytical Determinations
2.4.1. Soil Samples from Conventional and Isotopic Experiments

Soil samples were dried in a forced-air oven at 40 °C for at least 48 h and were ground
through a 2 mm sieve after removing any visible plant residue. The following properties
were determined to characterize the soils of each experimental site: OM, pH, available
phosphorus (PBrayl), mineral N (nitrate and ammonium), exchangeable cations (Ca, Mg,
K, and Na), and granulometric composition. The OM content was determined by the
Walkley—-Black method [35], while exchangeable cations Ca and Mg were determined by
atomic absorption, and K and Na by flame spectrophotometry, after extraction with 1 M
ammonium acetate at pH 7 [36]. Soil pH was measured in water (1:2.5 soil/water ratio)
with Orion Research 701 pH electrode (Massachusetts, USA). Available P content was
measured by Bray extraction method No. 1 [37], the most used technique in Uruguay.
The Griess—Ilosvany method [38] was used to determine the concentration of NO3-N
after extraction with 2 M KCl, while the concentration of N-NH4 was determined in the
same extract using a colorimetric method based on the Berthelot reaction [39]. The soil
granulometric composition was analyzed by the hydrometer method according to Gee and
Bauder [40]. Each soil’s water retention curve was determined in the 0-15 cm layer, for
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which the water potential at different soil water contents was measured with a WP4-C Dew
Point Potentiometer (Decagon Brand, Pullman, WA, USA).

Soil samples collected from the isotopic microplots were processed differently in the
laboratory. For each sample, the recorded volume and fresh and dry weight at 105 °C
were used to estimate the bulk density at each sampling depth and the equivalent N mass,
allowing for the expression of N concentrations in each soil layer in kg N ha~!. Bulk
density data were obtained by dividing the total dry weight of each soil layer by the total
volume (the volume of each soil sample at the specified depth multiplied by the number of
subsamples in the composite sample). The soil grinding for isotopic analysis was carried
out in two steps: first, a coarse grinding using a blade mill, followed by finer grinding
in a rotary mill (SampleTek Model 200 Vial Rotator, Lincoln, NE, USA) to produce a fine
powder with a consistency similar to talcum powder, which is necessary for N analysis via
mass spectrometry. The concentrations of total C and N and the >N /!*N ratios of the soil
samples from each layer in the isotopic plots were determined using an elemental analyzer
(Flash EA 112) connected to an isotope ratio mass spectrometer (DeltaPLUS, Finnigan MAT,
Bremen, Germany).

The N recovery at each soil depth layer and the total for the combined layers (Ndff
0-30 cm) were determined using isotopic data. To achieve this, estimating the fraction of N
derived from the fertilizer (Ndff) and the total N content in each soil layer was necessary.
For example, the calculation for the 0-5 cm layer was performed as follows [41]:

%at.exc!®Nsoil 1
Ndff(%) = e 0 SR E0-5em 40 @
%at. exc °Nfertilizer

(soil masso,5cm) X N075cm(%)

No-scm (kgha 1) = e ©)
-1 o
Ndff (kgha_l) _ NQ_5(kgha )1;0Ndffo_5cm( /0) (4)

2.4.2. Plant Samples from Conventional and Isotopic Experiments

All samples of maize plant components (grain, leaf + stem, and cobs) were dried in a
forced air oven at 65 °C until a constant weight. Then, the samples were ground in a mill
with fixed and mobile blades (Model MA-580, Marconi Equipments, Piracicaba, SP, Brazil)
until being passed through a 0.5 mm mesh. The samples analyzed by mass spectrometry
were newly ground in a rotary mill (SampleTek Model 200 Vial Rotator, Lincoln, NE, USA)
until achieving the granulometry required for the analyses of C and total N concentration
and °N/MN composition of the plant samples (at the natural abundance level and the
enriched level).

The Kjeldahl method determined the N content in all plant and grain samples from
the conventional experiment. The total amount of N absorbed was defined as the product
of the accumulated dry matter (DM) expressed in kg ha~! and the DM’s N concentration
expressed in percentage (%N), as shown in Equation (5) [41].

DM (kg ha 1) x N(%)

Total N Uptake (kgha™!) = 100

(5)

The relative response of N absorption to fertilization according to N supply (Rs) was
estimated as the difference between 1 minus the ratio between soil N supply and crop N
demand using the following equation [42]:

Re |1 ( Total N Uptakery) ©)
(Total N Uptaker;on)

Total N Uptakerqy is the N absorbed in the control treatment and constitutes a measure
of the soil N supply, and the total N uptakerigon is an estimate of the N demand of the
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crop in the treatment with N addition. The values close to 1 indicate a greater demand for
fertilizer N (sites with N response), while values close to 0 represent flat response curves,
that is, cases without response to N (when the soil N supply satisfies the crop’s demand).

The apparent N recovery efficiency derived from CC residues (apNREcc) was esti-
mated from the 0 N treatments as the difference in N uptake between corn sown on CC
residues and without CCs (control) [11].

N Uptake on CC — NUptake on Control o

apNRE(%) = N at CC termination

100 (7)

Furthermore, the apparent N recovery efficiency derived from fertilizer (apNREFpeyt)
was estimated from the 0 N and 100 N treatments as the difference in N uptake between
corn sown on fertilized CC and unfertilized CC [11].

_ NUptake on CCyoon — NUptake on CCoy

RE %) = 1
APNRE ey (%) Nrate fertilizer x 100 ®)

The estimation of apNREcc (Equation (7)) and apNREpge,+ (Equation (8)) assumes
that the rates of N mineralization in the soil are similar in plots with and without the
contribution of CC or fertilizer, respectively.

Using the natural abundance method, the >N isotopic composition of the CC was used
to estimate BNF for berseem clover and lupine in monoculture and L-O mixture culture [43].
Oats served as the reference crop. Another important parameter for estimating BNF is the
B value, which was determined using the same legume variety and rhizobium strain as in
the field experiment but grown in an N-free medium under greenhouse conditions. The
estimated B values were —0.8%o for lupine and —0.5%o for berseem clover.

15 <15
BNF(%) — 5N reference — 6-°N legume

5 x 100 )
5N reference — B value

From the data of kg DM ha—1, the sample’s N concentration, and the 15N enrichment(%
atom 1°N excess, the fraction of Ndff in each plant component (grain, stem + leaves,
and cob) at each fertilization time (Supplementary Materials, Table S2) with 1°N was
determined [41,44].

0 15 :
NdFF(%) — Joatom 11\51exc foliar éémple 100 (10)
%atom N exc fertilizer

The amount of Ndff in each plant component was estimated using Equations (5)
and (10) [41].

_ N uptake x Ndff(%)
B 100

Then, based on the kg ha~! of Ndff in the plant components, the crop’s N recovery
efficiency (""NREcrop) was calculated [41], expressed as a percentage of the °N fertilizer
added. On the other hand, N recycling was calculated as the sum of Nddf remaining in
the crop’s residue and the soil at harvest, and the unaccounted-for N was estimated as the
difference between the total N applied minus the N exported by the grain and recycled N
(N remaining in the soil plus N in wheat stubble).

Ndff (kg ha*l) 11)

NRE(%) Ndff(kghafl)

x 100 (12)
N rate (kgha_l)
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The weighted average '’ NRE of the crop was estimated based on the amount of N and
the 1N enrichment used at each N fertilization time (Supplementary Materials, Table S2).
The amount of Ndff in the crop fertilized at each fertilization time was estimated, and then
the sum of these amounts was divided by the total N rate applied (100 kg N ha—1).

The biochemical composition of CC (non-fibrous carbohydrates, cellulose, and lignin,
expressed as a percentage of total C) was determined at the Agricultural and Environmental
Service Laboratory of the University of Georgia, USA, using near-infrared reflectance
spectroscopy (NIRS) equipment.

2.5. Statistical Analysis

The results were analyzed using ANOVA with the MIXED procedure in the SAS
statistical program (SAS® Studio on Demand for Academics, Cary, NC, USA). The prede-
cessor crops (cover crops), N treatments, and their interactions were treated as fixed effects
in the statistical model, while the block x species interaction was considered a random
effect. To assess mineral N dynamics over time in the non-fertilized treatments, the model
included predecessors, sampling time, and their interaction as fixed effects, with the block
effect (plot) treated as random. A Tukey test with a 95% confidence level was employed
to determine the statistical significance of the fixed effects within each experimental site
(and year effect). The Shapiro-Wilk and Levene tests were conducted to check for data
normality and the homogeneity of variance assumptions. The variables analyzed from
the conventional experiments included mineral N concentration at sowing and the V6
stage, yield, nitrogen concentration, absorbed N in grain, and the relative response of
N absorption to fertilization. In the isotopic experiment, the study focused on variables
related to the recovery '°N in both plant and soil. Measurements from the WP4-C Dewpoint
Potentiometer were plotted, and nonlinear regression analysis of water potential (WP in
MPa) and gravimetric water content (GWC in g H,O g oven dry soil ') was performed
using SigmaPlot v. 14.0 (Systat Software).

3. Results
3.1. Weather Conditions During the Study Period

The total precipitation from sowing to physiological maturity of the corn was 517 mm
at Site 1 and 324 mm at Site 2. Meanwhile, the average temperatures for the same period
were 21.3 °C at Site 1 and 21.8 °C at Site 2. From chemical fallow to corn sowing, accu-
mulated rainfall was 85 mm at Site 1 and 60 mm at Site 2, with average temperatures of
17.8 °C and 21.7 °C, respectively. At the time of corn sowing, there were no differences in
soil water content between cover crop treatments (Supplementary Materials, Table S3).

Based on the weather data in Figure 1, the water supply for the summer crop at Site 2
was deficient, as the monthly rainfall throughout the corn cycle was consistently below the
30-year average. The most significant deviation from the historical rainfall pattern occurred
between December and March at Site 2. In contrast, at Site 1, rainfall was lower than the
historical average in December but exceeded the average during the rest of the crop cycle,
including the critical growth period.

Regarding temperature records, the monthly average temperature during the crop’s
critical period defined as the 15 days before and after female flowering [45] was 21.6 °C at
Site 1 and 21.9 °C at Site 2. These temperatures were similar to the historical averages for
the same growth period (Figure 1).
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Figure 1. Monthly average temperature and rainfall in 2018-2019 (Site 1) and 2019 /2020 (Site 2) and
the historical average (30 years including the experimental period) temperature and rainfall.

3.2. Phase 1: Aboveground Biomass Yield and Chemical and Biochemical Traits of CC

Regarding biochemical composition of CC, aerial biomass of legumes had a higher
concentration of non-fibrous carbohydrates and a lower concentration of cellulose than
grasses, whether grown in monoculture or mixture (Table 3). In this dataset, there was
a strong linear correlation between the soluble carbohydrates concentration and total N
concentration in the residues (r = 0.9, p < 0.0001), which was influenced by the species
and the maturity stage at which the crop residues were harvested. No clear association
was observed between lignin concentration and specific species; however, a trend showed
higher lignin levels in the CCs from Site 2.

At Site 1, the biomass yield was the highest for oats grown in monoculture, while at
Site 2, the L-O mixture yielded more (Table 3). Overall, CCs produced more at Site 1, except
for the mixture culture, where Site 2 produced a greater biomass. Regarding the legumes
evaluated, the yield of berseem clover was comparable at both sites. However, the yield
of lupine monoculture was significantly higher at Site 1, quadrupling the yield reached at
Site 2.

The results concerning legumes’” BNF rates were similar across sites. At Site 2, a
notable increase in N fixation by lupine was observed in the mixed culture compared to
the monoculture, while no differences were found at Site 1 (Table 3). Coinciding with the
higher biomass yield, the highest AG N yield of legumes in monoculture was produced in
Site 1 because the CC was sown earlier than in Site 2, giving Site 1 further time for both
biomass production and N fixation.
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Table 3. Initial chemical composition of the predecessor crop from Site 1 (cropping season 2018-2019)
and Site 2 (cropping season 2019-2020). Values are replicate averages for each site—predecessor crop.

. Predecessor AG Biomass C N C:.N CARB CELL LIG BNF A.G N . AG N
Site Crop Yield Yield Fixed
kgha—1 % % of Total C % kgha1
Berseem clover 2444 4 422 3.0 14.2 54.5 38.9 6.6 82.8 729 64.1
1 Lupine 4674.5 42.0 24 17.9 59.6 34.2 6.2 80.8 110.0 60.1
L-O mixturey 10 3253.0 443 11 402 498 451 51 804 35.8 14
Oat 4849.9 40.4 1.0 40.6 314 61.7 6.9 n.c 48.3 n.c
Berseem clover 2183.8 40.5 2.7 15.2 55.8 37.5 6.7 79.3 59.8 474
” Lupine 1134.2 41.0 2.5 16.4 58.3 33.5 8.2 76.3 28.4 21.6
L-O mixturer .0 3619.7 412 18 282 444 489 67 938 65.1 135
Oat 2621.4 419 1.0 40.2 35.8 56.4 7.8 n.c 27.4 n.c
AG, aboveground; C, carbon; N, nitrogen; CARB, soluble carbohydrates; CELL, cellulose + hemicellulose;
LIG, lignin; BNE, biological nitrogen fixation. n.c: means not corresponding.
3.3. Phase 2: Conventional Experiment
3.3.1. Soil Mineral N Dynamics After CC Termination
Although the fallow period was similar at both sites (Table S2), the predecessor
crop effect on the soil N availability at corn sowing at Site 1 was statistically significant
(p = 0.0006). In contrast, Site 2 showed no differences among CCs (Table 4). At Site 1, soil
mineral N availability varied among CCs, with higher concentrations of NOj3 -N associated
with legume monocultures like lupine and berseem clover. The other treatments (oats in
monoculture and L-O mixture) had similar N concentrations to the control (with no CC).
At Site 2, while no statistically significant effect of the predecessor crops was observed, the
control treatment tended to have higher N availability than CCs. Ammonium (N-NHy)
largely accounted for a smaller proportion of the available mineral N in both sites.
Table 4. Soil nitrate, ammonium, and mineral N concentration in the soil (at 0-20 cm soil depth) at
corn sowing according to predecessor crop at Site 1 (cropping season 2018-2019) and Site 2 (cropping
season 2019-2020). Values are replicate averages for each site—predecessor crop =+ standard error.
Site Predecessor Crop NO3-N NH4-N Mineral N
mg kg~!
Berseem clover 142+152 51+04 193 £192b
Oat 63+1.0P 79+£03 142+10°€
1 Lupine 148 +092 74+12 222+192
L-O mixture 83+0.1Pb 5.8 £0.6 141+06€
No CC (Control) 79+06P 81+09 16.1 4 1.4 bc
Significance of treatment effect p-value
Predecessor crop 0.0006 n.s 0.0187
Berseem clover 85+1.2 6.9 +0.1 154+13
Oat 8.2+09 74+11 156 £1.8
2 Lupine 94+£05 76 £0.5 17.0 £0.7
L-O mixture 8.7+ 0.8 89+15 176 £ 2.3
No CC (Control) 11.6 £0.2 74 +0.0 19.0 £0.2
Significance of treatment effect p-value
Predecessor Crop n.s n.s n.s

Different letters within a column indicate differences between the predecessor crop within each site, being
significant at a p-level of 0.05; n.s: means no significant difference.
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Since the interaction between the predecessor crop and sampling time was not signifi-
cant (Figure 2), the average mineral N concentration across all points in time was analyzed.
For this variable, the ranking of the predecessor crops from highest to lowest concentration
for Site 1 was berseem clover, lupine, control, L-O mixture, and oats. In contrast, for Site 2,
the ranking was lupine, control, berseem clover, L-O mixture, and oats (Figure 2).

35
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Figure 2. Soil mineral nitrogen concentration (Ammonium-N + Nitrate-N) by preceding crop in 0 N
treatments at two soil depths and sites, during fallow and early corn growth stages (sowing to V6).
The vertical bars indicate the standard error.

The predecessor crop significantly affected N availability at V6 and V10 stages in
Site 2 but not in Site 1 (Table 5), dissimilar to what was observed at corn sowing (Table 4).
When comparing soil NO3z-N concentration at sowing and V6 or V10 in the non-fertilized
treatment and without a CC, it was found that the concentration remained stable at Site
1 but decreased at Site 2 (Tables 4 and 5). At Site 1, none of the evaluated effects on soil
mineral N were significant. However, at Site 2, there was a significant interaction between
the N rate and the predecessor crop.
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Table 5. Soil nitrate, ammonium, and mineral N concentration (at 0-20 cm soil depth) in the stages

between six leaves (Site 1) and ten leaves (Site 2) according to the N rate and predecessor crop at Site

1 (cropping season 2018-2019) and Site 2 (cropping season 2019-2020). Values are replicate averages

for each site-N rate—predecessor crop =+ standard error.

NO3-N NH;4-N Mineral N
Site N Rate Predecessor Crop
mg kg1
Berseem clover 103+ 0.7 9.1+14 195+ 2.0
Oat 8.6 £0.7 9.7+07 183+ 05
0 Lupine 85+3.0 9.7+07 183 £3.2
L-O mixture 9.0+20 9.7+23 18.6 +0.7
No CC (control) 73+£05 9.6 £14 169 £1.1
1
Berseem clover 12.6 £ 3.5 8.4+0.6 209 +£3.1
Oat 119+25 8.8 £0.6 20.8 £2.4
100 Lupine 126+ 19 83£0.6 209 £2.4
L-O mixture 79+13 8.6 £0.1 165+12
No CC (control) 102 +0.3 84403 18.6 £ 0.2
Significance of treatment effect p-value
Nrate n.s n.s n.s
Predecessor crop n.s n.s n.s
Nrate x Predecessor crop n.s n.s ns
Berseem clover 444098 8.8+ 1.0 132+168
Oat 26+06° 954+ 1.0 121+£1.04
0 Lupine 4.4 + 128 9.5+ 06 13.8+1.58
L-O mixture 32407b 81+1.0 11.2 £ 0.6
No CC (control) 6.5+202 87+1.0 153 +13
2
Berseem clover 11.6 +£2.12A 10.7 £ 15 223 +233A
Oat 19+05¢ 75£0.6 9.4+ 0.6
100 Lupine 11.0 £ 0.72A 103 £2.2 21.3 +1.834A
L-O mixture 3940.7b¢ 7.6+0.8 11.5+0.1P¢
No CC (control) 84+18P 6.8+02 152+20P
Significance of treatment effect p-value
Nrate <0.0001 n.s 0.0002
Predecessor crop 0.0036 n.s 0.0113
Nrate x Predecessor crop 0.0014 n.s <0.0011

Different lowercase letters within a column indicate differences between predecessor crops within each site and
each N rate, and different capital letters within a column indicate differences between N rates within each site and

predecessor crop, being significant at a p-level of 0.05; n.s: means no significant difference.

3.3.2. Grain Yield and Plant N Uptake by Maize Cropping

The ANOVA results for the variables measured in corn showed that the main effects

(N rate and predecessor crop) were significant for grain yield and grain N content at Site 1.
At Site 2, only the N rate significantly affected those variables and grain N concentration
(Table 6). At Site 1, the interaction between the N rate and predecessor crop was also
significant for grain yield and whole plant N content. Additionally, for the relative response
in whole plant N content (N absorbed in grain plus N absorbed in the remaining aerial

biomass), the predecessor crop effect was significant only at Site 1.
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Table 6. Grain yield, grain N concentration, grain N content, plant N content, and relative N response in plant N content by the maize crop, according to predecessor
crop, and N rate at Site 1 (cropping season 2018-2019) and Site 2 (cropping season 2019-2020) (Site 1—season 2018-2019 and Site 2—season 2019-2020). Values are
replicate averages for each site—predecessor crop + standard error.

Grain Yield Grain N Concentration Grain N Content Whole Plant N Content Relative N Response in
Site N Rate Predecessor Crop
kgha1 g kg1 Dry Weight kgha ! Whole Plant N Content (Rs)
Berseem clover 6439 + 5262 10.3 £ 0.9 653 +1.12 999 +8.22
Oat 2785 + 232 B 99+0.3 27542368 53.9 + 3.6 B
0 Lupine 2437 4 846 B 94+06 238 +£95B 62.2 +14.08
Mixture 3744 + 135 bc 94406 359 +2.1bc 66.9 + 3.8 bB
No CC (control) 5542 + 546 b 94+05 525+ 7.4 82.4 + 13.7 2B
1
Berseem clover 5582 +762 ab 10.5 + 0.2 58.3 + 7.6 93.6 + 11.4 —0.08 +0.0P
Oat 5870 +558 abA 104407 61.4 + 8.9 bA 96.9 +13.14 0434012
100 Lupine 4882 + 629 PA 104 +£1.2 49.9 +7.254 82.7 £ 854 0.26 +£0.12
Mixture 5124 4 374 2P 9.6 0.5 492 4+50b 80.4 + 1034 0254 0.02
No CC (control) 7148 + 1040 2 1024+ 0.5 738 +13.72 101.2 £ 14.04 0.19 £ 0.0
Significance of treatment effect p-value
Nrate 0.0017 n.s 0.0028 0.0004
Predecessor crop 0.0313 n.s 0.0399 n.s. 0.0197
Nrate x Predecessor crop 0.0457 n.s n.s 0.0197
Berseem clover 7267 £676 11.3+098B 81.3+42B 1493 + 1258
Oat 6574 + 405 B 103 +1.08B 68.04+99B 124.6 +11.7B
0 Lupine 7866 + 745 B 10.2+0.3B 80.1+ 688 131.1£7.18
Mixture 8056 + 977 104 +£028B 84241128 125.8 + 162 B
No CC (control) 7121 £ 570 11.7+ 058 827+ 388 136.7 +10.4 B
2
Berseem clover 8707 + 1275 163 £224 1369 + 8.6 4 2143 + 1244 0.30 4+ 0.1
Oat 8969 + 8154 13.8 £ 044 122.6 £ 824 181.9 £ 18.04 0.30 £0.1
100 Lupine 10,116 4 952 A 138 +134 140.7 £ 24.4 2 203.14+29.74 026 £0.1
Mixture 9583 + 663 13.6 £ 034 1298 +7.14 197.14+11.04 0.32£0.1
No CC (control) 7999 + 610 150+ 1.04 120.6 +10.0 & 186.1+ 644 0.37 £0.1
Significance of treatment effect p-value
Nrate 0.0022 <0.0001 <0.0001 <0.0001
Predecessor CI‘Op n.s n.s n.s n.s n.s
Nratex Predecessor crop n.s n.s n.s n.s

Different lowercase letters within a column indicate differences between predecessor crops within each site and each N rate, and different capital letters within a column indicate
differences between N rates within each site and predecessor crop, being significant at a p-level of 0.05; n.s: means no significant difference. * Whole plant N content: grain N content + N

content in the aboveground remanent biomass.
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In Site 1, the highest grain yield and N uptake were recorded in the fertilized corn
plots without CCs. In contrast, among the 0 N plots, the highest yield was observed in
the berseem clover treatment. At Site 2, the response was similar across CCs, making the
effect of the predecessor crop non-significant (Table 6). At both sites, the response to N
fertilization in grain yield was significant for oats and lupine as predecessor crops. In Site
1, the N absorbed in grain was high for those CCs, while in Site 2, it was significant for all
CCs treatments, as grain N concentration increased significantly in all fertilized treatments.
However, when whole plant N content was analyzed, the response to N fertilization was
significant across all treatments, except for berseem clover in Site 1. In contrast, in Site 2,
the response to applied N in this variable did not differ between CCs, like the response
observed for grain N content (Table 6).

Another noteworthy finding was that in the 0 N treatments, grain yield with no CC in
Site 1 was higher and statistically different from that of the lupine and oat monocultures.
However, it was not significantly different from the yields with berseem clover and the
mixture culture, although the difference with the mixture was nearly 2000 kg ha~! (Table 6).
In contrast, in Site 2, the grain yield without a CC did not show significant differences
compared to any evaluated CC.

3.3.3. Apparent Nitrogen Recovery Efficiency from CCs and Fertilizer

The average apNREcc was negative and similar at both sites, with values of —13%
at Site 1 and —11% at Site 2. However, excluding oats, which always had negative values,
the average apNREcc was 0 and 3% in Site 1 and 2, respectively. In contrast, apNREpet
was consistently positive and varied between sites, reaching an average of 20% at Site 1
and 66% at Site 2. As shown in Figure 3, apNREp exhibited more significant variability
among CCs at Site 1 than Site 2, which was also reflected in the Rs values, with a significant
effect from the predecessor crop (Table 6). At Site 1, a considerable negative correlation was
found between apNREcc and apNREg,, suggesting that when corn received an adequate
N supply from the CC (such as berseem clover), there was no significant response to N
fertilization. In contrast, a positive response to fertilization was observed when the CC
immobilized N, as seen with oats. Therefore, there was a positive correlation between
apNREFe and the C:N ratio of the CC.
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Figure 3. Relationship between the apparent N recovery efficiency derived from cover crops
(apNREc() and fertilizer (apNREgg,¢) at each experimental site.
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3.4. Isotopic Experiment
3.4.1. Plant °N Recovery in the Maize Cropping

The '®N recovery of the entire plant resulted from the >N recovery of each corn plant
component (Table 7), confirming the differences observed in the conventional experiment.
The crop’s 1’ NRE was significantly lower at Site 1, likely due to competition for N between
the crop and weeds (Table 7). At Site 2, only the estimator of 1>NRE of corn grown on
berseem clover stubble did not differ between the timing of 1°N labeling (at sowing and
V10 stages), whereas, in the other treatments, >NRE was significantly higher in V10 than
sowing time. At Site 1, the differences in '’ NRE between °N application timings were
significant, especially in the berseem clover and mixture CC treatments.

Table 7. Plant 5N recovery (en % y kg ha~!) from N fertilizer applied (100 kg ha~') at two °N
application timings (sowing and vegetative stages), and four predecessor crop and one control
treatment (No CC) at Site 1 (cropping season 2018-2019) and Site 2 (cropping season 2019-2020).
Values are replicate averages for each site-N rate-predecessor crop + standard error.

15 . .
15 P NRE Ndff Grain Ndff Grain Ndff Stubble t Nddf Stubble
Site N A‘pp.llcatlon Predecessor Crop roP
Timing (%) kg ha-1 % kg ha—1
Berseem clover 74+268 234048 14+058 12+028 04+018
Oat 39+1 0.8+£02 0.7+02 05+018 02+018
Sowing Lupine 72420 244058 1.1+£038 1.5+03 0.6+028
L-O mixture 31+018 114018 06+018 06+008 02+008
No CC (control) 73408 22402 15+038 09402 03400
1
Berseem clover 17.5 +2.024 123 +3.02A 6240724 67+184 20+£044
QOat 70+21°¢ 46+15¢ 284+ 1.0P 67+1.84 19+024
V6 stage Lupine 114 +2.4b¢ 9.2 +2.54bA 4241104 43+11 154+ 034
L-O mixture 12.6 4 2.2 2bA 9.9 + 2.62bA 45+ 0.83bA 50+134 15+054
No CC (control) 894+12¢ 54+12b 4040904 3.04+06 09401
Significance of treatment effect p-value
15N application timing 0.0016 0.0001 <0.0001 0.0001 <0.0001
Predecessor crop 0.0201 n.s n.s ns n.s
15N appl. timing x Predecessor crop n.s ns n.s ns n.s
Berseem clover 344+172 86+068 74+1328 88+1.0 40408
Oat 19.6 + 2.5 B 50+ 028 3.6+ 0.5PB 85+ 1.1 27404
Sowing Lupine 21.4+09bB 5140458 4.8 +0.2"bB 6.5+0.18 234018
L-O mixture 228 +3.7b8 624078 5.0+ 0.9°8 794088 2540458
No CC (control) 30.7 + 4.4 2B 76+1.68 6.0 4 1.1 2bB 105+ 0.6 41+05
2
Berseem clover 324+20°b 19.2 £35¢A 16.2 £ 1.3bA 11.6 £22°P 52+1.12
Oat 30.4 +2.5bA 21.5 4 4.1 bea 16.2 £ 1.8°4 117+ 1.6° 39+05P
V10 stage Lupine 50.9 + 3.0 2A 25.6 4+ 2.4 3bA 28.0+2.12A 14.5 4 1.7 2bA 5.6 4 0.7 abA
L-O mixture 48.0 £ 2324 30.9 + 0.824 25.4 4+ 0.82A 183 £ 1524 6.34+0.92A
No CC (control) 3724 14bA 24.3 4 (.1 bea 19.4 +0.3bA 143 +137% 524092
Significance of treatment effect p-value
I5N application timing <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Predecessor crop 0.0444 n.s 0.0009 n.s n.s
15N appl. timing x Predecessor crop <0.0001 0.0284 0.0002 0.0091 0.0214

Different lowercase letters within a column indicate differences between predecessor crops within each site
and each N application timing, and different capital letters within a column indicate differences between >N
application timing within each site and each predecessor crop being significant at a level p < 0.05. n.s: not
significant. T %Ndff stubble was estimated as the weighted sum of the N absorbed and the %at.exc. 1°N for each
plant component (stem + leaves + cob).

Regarding the predecessor crop effect, in Site 1, the ’NRE of N fertilizer applied at
sowing was similar across all predecessors. However, at the V6 stage, legume CCs or the
mixture of lupine and oats showed higher I5NRE. At Site 2, the interaction between 1°N
application timing and predecessor crop significantly affected >NRE. At sowing, '>NRE
was higher in the berseem clover treatment and the control, while at the V10 stage, lupine
monoculture and lupine-oat mixture treatments had the highest >NRE. Although no
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significant differences in mineral N availability were found between treatments at Site 1 at
the V6 stage, the soil N concentration was considerably lower at sowing with oats grown
in monoculture or mixture (Table 4).

3.4.2. Soil >N Recovery After Corn Harvest

At corn harvest, 1°’N recovery was measured across different soil layers (0-5, 5-10,
10-15, and 15-30 cm, Supplementary Materials, Figure S3) and evaluated as the total sum
of Ndff from all layers, as well as specifically the top soil layer (Table 8). The highest
proportion of >N in the soil profile at both sites was found in the top 0-5 cm soil layer.
Consequently, the association between these data and the Ndff (0-30 cm) was strong and
significant (Supplementary Materials, Table S4). However, the CC biomass or its quality
did not explain it but rather the soil C content and the increased rhizospheric and microbial
activity in that top soil layer. It was also observed that residual >N in the soil was highly
related to the fertilizer N rate (Table 8).

Table 8. Soil '°N recovery (en % y Kgha™!) at 0-30 cm and en 0-5 cm depth layer, and unaccounted-
for N from N fertilizer applied (100 kg ha=') at two >N application timings (sowing and vegetative
stages) and four predecessor crops and one control treatment (no CC) at Site 1 (cropping season
2018-2019) and Site 2 (cropping season 2019-2020). Values are replicate averages for each site-N
rate—predecessor crop =+ standard error.

15 s oot Nd{f-0-30 cm Ndff-0-5 cm Unaccounted-for N
Site N Application Predecessor Crop Soil Depth Soil Depth
Timing
kg ha—1
Berseem clover 294038 1.2+01 276+1.08
Oat 3.0£03 14+£02 28.7 £045B
Sowing Lupine 42+ 1.1 25409 264+ 048
L-O mixture 324028 1.5+028 288 +0.25
No CC (control) 294028 15+02 27.74+0.1B
1
Berseem clover 9.7 4284 53+18 448 +414
Oat 6.2 £0.5 24+02 552 +1.74
V6 stage Lupine 82+12 53+14 503 +1.74
L-O mixture 11.1+444 6.6 £374 46.6 £5.7 4
No CC (control) 974314 58+ 3.0 504 +294
Significance of treatment effect p-value
15N application timing 0.0008 0.0055 <0.0001
Predecessor crop n.s ns n.s
15N appl. timing x Predecessor crop ns ns ns
Berseem clover 1204258 56+18 9.7 £3.0
Oat 974098 49+11 16.8 £ 1.7
Sowing Lupine 114+118 52+12 145+14
L-O mixture 1204+ 328 6.8 £2.5 135+44
No CC (control) 85+1.18 36+098 144+19
2
Berseem clover 252 +4.74 8.7 +0.7 19.5+5.23%
Oat 227 +£224 9.7 +£20 232+31%2
V10 stage Lupine 257 £3.64 87+11 6.7 +5.0P
L-O mixture 237 +£1.84 93+1.1 10.7 £2.9®
No CC (control) 19.8 £344 89+£224 21.7 +3.12
Significance of treatment effect p-value
15N application timing <0.0001 0.0043 n.s
Predecessor crop n.s n.s n.s
I5N appl. timing x Predecessor crop n.s n.s n.s

Different lowercase letters within a column indicate differences between predecessor crops within each site
and each N application timing, and different capital letters within a column indicate differences between >N
application timing within each site and each predecessor crop being significant at a level p < 0.05. Ndff, nitrogen
derived from fertilizer; n.s, not significant.
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The aboveground CC biomass did not explain the 1°N recovery in the corn crop at
either site (Supplementary Materials, Table S4); however, the C:N ratio did, as previously
mentioned (Figure 4). Additionally, the amount of unaccounted-for N showed a significant
negative association with crop N recovery (Supplementary Materials, Table S4). In other
words, the higher the 1°NRE of the crop (Figure 3, Table 7), the lower the proportion of
unaccounted-for N (or N losses from the system) (Table 8).
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Figure 4. Relationship between the weighted N recovery efficiency of the corn crop (°’NREcrop) and
the C:N ratio of cover crops at each experimental site.

4. Discussion
4.1. Soil Mineral N Dynamic as Affected by Chemical and Biochemical Traits of CCs

The effectiveness of CCs in delivering various agronomical and environmental services
depends on the chemical and biochemical traits of CCs, which control N mineralization
and the duration of the stubble’s soil coverage. During decomposition, the rate at which
microorganisms assimilate C depends on both plant material quantity and quality and
soil microorganisms’ carbon use efficiency [46]. Carbon that is not assimilated is released
as CO,. The gross N mineralization process is linked to C assimilation and the microbial
community’s C:N ratio. When N is present over microbial requirements, net N mineral-
ization occurs, converting organic N into ammonium. However, if N is lacking, inorganic
N is immobilized to maintain the microbial biomass [47]. In our study, the aboveground
biomass of legume CCs exhibited higher levels of soluble carbohydrates and lower cellulose
content than oats, whether grown in monoculture or mixture with oats. These chemical
and biochemical traits of the CC legumes, together with high N content, may lead to net N
mineralization in the soil, whereas for CC grasses, net immobilization occurs, decreasing
soil N availability. These expected changes in soil N availability are in agreement with
the findings obtained in our study. The soil mineral N results in Table 4 indicate that the
predecessor crop effect was primarily driven by the amount of biomass produced; the
higher the biomass production at Site 1, the more pronounced the differences compared
to the no-CC treatment. In addition, the C:N ratio as an indicator of the residue quality
also played a role. Crops like oats and the mixture treatment supply less N, lowering soil
nitrate availability [48,49]. The significant difference in soil mineral N between these two
treatments in Site 1 (Table 4) may be attributed to the differing proportions of oats and
lupine seeded at each site. In Site 1, the mixture’s composition was similar to that of the
oat monoculture treatment, prompting a decision to increase the proportion of lupine in
the mix during the following cropping season, achieved in Site 2. This adjustment aimed
to perform a CC with a more significant presence of lupine, which resulted in a higher N
biomass concentration and a lower C:N ratio in Site 2, increasing the difference in AG N
yield between CC’s oat and mixture, and consequently, the N supply for the succeeding
crop (Table 3). We suggest this occurred because heterotrophic bacteria (microbial net im-
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mobilization of ammonium) out-compete nitrifiers for the available ammonium, meaning
that nitrification requires a low C:N ratio to proceed effectively, i.e., when C availability
is low [50]. In addition, the lupine yield and AG N yield were higher at Site 1, about
quadrupling them concerning Site 2. This difference can mainly be attributed to the crops’
growth period, which was 45 days longer at Site 1 because the sowing date was two months
earlier than at Site 2.

The more significant impact of the predecessor crop at Site 1 compared to Site 2
could not be attributed to climatic conditions during the fallow period because the minor
differences in rainfall (25 mm higher in Site 1) and temperature (3.9 °C lower in Site 1) were
unlikely to account for the higher mineral N levels at Site 1. Soil texture could also influence
N mineralization given the lower clay content and a reduced soil water capacity retention
of Site 1 (Supplementary Materials, Figure S1), which may have led to more favorable
conditions for the N mineralization from the CC stubble [15]. Since the interaction between
the predecessor crop and sampling time was not significant (Figure 2), the average mineral
N concentration across all points in time was analyzed. For this variable, the ranking of
the predecessor crops from highest to lowest concentration for Site 1 was berseem clover,
lupine, no CC, L-O mixture, and oats. In contrast, for Site 2, the ranking was lupine, no
CC, berseem clover, L-O mixture, and oats (Figure 2). These results suggest that the CC
effect on soil mineral N was similar between sites, with no significant differences between
the legume in monoculture (berseem clover and lupine) and the treatment without a CC,
except in Site 1, where the soil mineral N concentration with berseem clover was higher
than control. (Figure 2). Although oats in monoculture or mixture had the lowest soil
mineral N concentration. These CCs did not differ from the control treatment, except in
Site 2, where the soil mineral N concentration with oats was significantly lower than in the
treatment without a CC. This lower N availability with oats is expected, as it presented a
high C:N ratio, which generally leads to increased rates of N immobilization [48].

The lower NO3-N concentration at Site 2 obtained at the V10 stage can be partially
explained by the more advanced corn physiological stage compared to Site 1. At the V6
stage, spike differentiation and stem elongation begin, while at V10, the spike determines
the number of rows and grains per row. At the V10 stage, the corn plant starts rapidly
accumulating nutrients and biomass, continuing into the reproductive stage [51]. At Site 1,
these changes coincided with a humid period, with rainfall close to the historical average
and no water excess. In contrast, Site 2 experienced an exceptionally dry cycle compared to
the historical average (Figure 1), explaining the lower NO3-N values due to unfavorable
conditions for nitrification. In treatments involving legumes, such as lupine monoculture
and berseem clover, soil NO3 ~-N concentrations at the V10 stage were higher in fertilized
plots than in unfertilized ones, suggesting that there was residuality of the N fertilizer
applied at sowing corn (Table 5), which remained available for plant uptake. In contrast,
in other treatments, mainly with oats, NO3 ~-N concentrations of the fertilized plots were
similar or even lower. Additionally, although no significant differences in mineral N
availability were found between unfertilized treatments at Site 2, the control treatment
tended to have higher N availability, implying that CC may help to retain N in the soil,
potentially reducing N losses.

While no distinct relationship between CC’s lignin concentration and particular species
was identified, there was a tendency for CCs at Site 2 to have higher lignin levels (Table 3).
This difference in lignin concentration between sites could be attributed to dissimilar cli-
matic conditions and soil nutrient availability, particularly potassium (K) and phosphorus
(P), which may have promoted more significant lignin biosynthesis. Liu et al. [52] high-
lighted that lignin metabolism is actively involved in responding to various environmental
stresses (both abiotic and biotic) and can be influenced by management factors such as
nutrient availability and plant density. Regarding the effect of climate, Site 1 experienced
higher accumulated rainfall and average temperatures during the CC growth cycle, with
548 mm compared to 383 mm and 13.1 °C versus 12.8 °C, respectively. Numerous studies
indicate that lignin biosynthesis tends to increase under drought stress. This enhanced ac-
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cumulation of lignin, which serves as an adaptation mechanism to drought or high salinity,
has also been observed in Leucaena, sweet potato (Ipomoea batatas), and soybeans [52].
Although scarce differences were found in SOM (5.2% at Site 1 and 5.7% at Site 2) and
nutrient availability (Tables 1 and 2), soil characterization revealed a lower concentration
of exchangeable bases, particularly K, at Site 1. Research has shown that low K levels
can lead to unregulated absorption of ammonium and inhibit K absorption, potentially
resulting in decreased lignin biosynthesis [53]. Thus, the drier climatic conditions and
greater K availability at Site 2 would account for the higher lignin content in the CCs. This
biochemical fraction of the total C was linked to the water potential (\p) of CC residues
on the soil surface [54]. The 1\ of cover crop residues is crucial for microbial survival and
activity and, consequently, has a strong influence over crop decomposition and subsequent
release of N in no-till systems [54]. That research demonstrated that the parameters “a”
and “b” in a model describing water potential (\p =a Gg_b) in CC residues are influenced
by lignin content. This study found that when lignin concentrations increase, the “a”
parameter tends to increase (becoming less negative), indicating a decrease in the water
retention capacity of the residue. Conversely, a decrease in the “b” parameter (becoming
more negative) suggests a reduction in the water retention rate, meaning the residue dries
out more quickly and loses moisture faster. Together, these changes imply that residues
with higher lignin content may have a diminished ability to retain water, which could
negatively impact microbial activity, decomposition rates, and nutrient cycling in the soil.
In our study, the higher lignin content of oats may have contributed to the observed lower
N release to the maize crop (Tables 4 and 5).

The results for legumes” BNF rates were consistent across sites. At Site 2, lupine
in mixture culture increased N fixation compared to monoculture. At the same time,
no differences were observed at Site 1 (Table 4). Previous studies have indicated that
the proportion of N derived from BNF increases when legumes are sown alongside non-
legumes like oats. This increment in N fixation occurs because grasses are generally more
efficient at competing for available soil N than legumes [55,56]. However, the ability of
legumes to absorb inorganic N during their growth cycle may also explain the variability in
their N fixation response to soil inorganic N levels [55,57,58]. In a field experiment, Guinet
et al. [40] classified ten legume species based on their efficiency in inorganic N uptake. They
found that species such as broad bean, lupine, fenugreek, and pea exhibited efficiencies
of less than 0.5. In contrast, chickpea, bean, vetch, lentil, pea, and soybean demonstrated
efficiencies equal to or greater than 0.5. These findings suggest that, for the lupine genus, N
fixation is minimally impacted by the availability of soil inorganic N compared to other
legume species.

4.2. Cover Crops Effects on Succeeding Maize Crop

The substantial differences in CC biomass production and N content (Table 3) within
each site suggest that the predecessor crop was an essential source of N for the succeeding
corn, particularly in the case of berseem clover, but this was not true for lupine or oats.
Moreover, the higher CC’s stubble biomass production at Site 1 likely promoted N immobi-
lization, explaining the lower corn N uptake in treatments with CC (except for berseem
clover) compared to those without CC. However, the ANOVA did not show significant
differences between oats, lupine, and mixtures (Table 6). Additionally, the pedoclimatic
conditions at Site 1, characterized by coarser-textured soils and a cropping season with
rainfall levels higher than the historical average, could have led to some N losses, mainly
through leaching and denitrification in areas prone to waterlogging within the experimental
site. Moreover, weed control at this site was ineffective, and probably, part of the available
N was absorbed by weeds. Although CCs generally suppress weeds, grasses like oats are
more effective in early-season weed control than legumes because they rapidly establish
roots and emerge [59,60]. In our study, the highest incidence of weeds was observed in
Site 1 plots with berseem clover, where weed biomass was 3 to 8 times higher than in the
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plots with oats. This result confirms the more remarkable ability of CC grasses to reduce
weed incidence.

Based on the model for corn N fertilization in Uruguay proposed by Perdomo and
Cardellino [61], which predicts response to N fertilization when N-NO3 ™~ concentrations
are below 20 mg kg~ ! in the top 20 cm of soil at sowing, all treatments at both sites
would meet the criteria for a positive N response of corn. This positive N response was
particularly evident for lupine and oats in monoculture and mixture culture at Site 1 and in
all treatments in Site 2. The significant response in N uptake in both grain and whole plant
in Site 2 may be attributed to the corn phenological stage when N was applied at the V10
stage, a period of high N demand. On the other hand, in Site 1, it was used earlier, at the
V6 stage. Applying N at that later stage allowed for better synchronization of N supply
with the crop’s peak demand, improving the rate of N uptake by the corn [62].

Interestingly, in the 0 N treatments, the grain yield without a CC at Site 1 was signifi-
cantly higher than that of lupine and oat monocultures but not substantially different from
that of berseem clover. At Site 2, grain yield without a CC showed no significant differences
compared to any evaluated CC. This suggests that a 100 kg N ha~! fertilizer application was
needed in the treatment without CC to match the grain yield of unfertilized CC treatments.
At Site 1, only berseem clover achieved this yield, while at Site 2, no significant predecessor
crop effect was observed, where the yield with 100 kg N ha~! and no CC matched that of
any unfertilized CC treatment. Maize grain yield and whole N plant content tend to be
higher on legumes CC than oats (Table 6), which could be attributed to increased soil N
supply, most likely due to the greater quantity of N-rich residues returned by these CC
(Table 3). These results agree with Alvarez et al. [63], in a meta-analysis of 67 experiments
across the Pampas region, reported that maize yield generally decreased by 8% following
non-legume CC; however, it increased by 7% after legume CCs compared to fallow. In
addition, they concluded that adopting legume CCs in the Pampas region is particularly
recommended for optimizing corn production.

4.3. Cover Crops Effects on Nitrogen Recovery Indices from Conventional and Isotopic Experiments

Except for oats, which consistently showed negative values, the average apNREcc
was roughly zero at both sites. This low value of apNREcc indicates that, in most cases,
N derived from the other predecessor crops has contributed minimally as an N source for
maize. Apparent NREcc was positively associated with N content of the CC biomass or low
C:N ratio, while the opposite association with apparent NREg.;+ was observed due to the
negative association between apNREcc and apNREg,, but this was only observed at Site
1 (Figure 3). This finding indicates that a higher residue biomass of CCs, and consequently
higher C contribution, was linked to more efficient use of fertilizer N, highlighting the
crucial role of soil C inputs in enhancing crop productivity, especially in cropping seasons
with a high risk of N losses, such as in Site 1, which experienced above-average rainfall and
presented low soil water retention capacity (Supplementary Materials, Figure S1). At Site
2, the variation in apNREcc did not account for the variation in apNREF, as the RS was
similar across predecessor crops (Table 6). The lack of a significant predecessor crop effect
may have been partly due to the drought during much of the corn growth cycle, which
hindered residue decomposition. Lower CC biomass production at Site 2 could have also
contributed to the reduced N input from CC residues.

Regarding the 1°N application timing, as expected, >NRE was higher when the N
supply coincided with the periods of highest N demand by the crop (V6 and V10), which
are stages of rapid growth and increased N uptake. The weighted 1"NREcqp was linked to
residue quality. At Site 1, the highest 15NRECrop was achieved with berseem clover, which
had the lowest C:N ratio. At Site 2, the highest 15NRECrop was obtained with lupine grown
in monoculture or mixture, which also had favorable C:N ratios for net N mineralization in
the soil (Supplementary Materials, Figure 52). However, at Site 1, weeds may have also
absorbed a significant portion of the N mineralized from berseem clover.
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An unexpected outcome was the low recovery of 1°N in both the crop and soil in the
oat treatments, observed at both sites and for both N application times. Additionally, at Site
1, even though this treatment resulted in the lowest weed invasion, it also had the lowest
15N recovery (Tables 7 and 8). These results may be linked to the biochemical characteristics
of the oat CC residue, such as its high lignin content, which slowed down decomposition
and affected N cycling. Despite no significant effect of the preceding crop (Table 8), maize
following oats had greater °N fertilizer losses (unaccounted-for N) than other CCs. The
15N losses ranged from 40 to 84 kg N ha~! at Sites 2 and 1, respectively, accounting for
40-80% of the applied N. We propose that this high proportion of unaccounted-for N could
be due to two factors: 1. the low water retention of oat residues results in increased N
losses (through leaching, denitrification, or volatilization), mainly because the labeled N
was applied in liquid form. Moreover, this effect would be more pronounced at Site 1 due
to edaphic factors such as the soil’s lower cation exchange capacity and clay content. 2. the
biochemical characteristics of oat stubble likely caused the added '°N urea fertilizer to be
diluted by native soil N more significantly than with other CCs [41,64]. The dilution effect
observed with oats aligns with the findings of Schmatz et al. [65], who, through measuring
soil N dynamic with labeled residues, reported a significant decrease in '°N enrichment
for wheat residue (which had a lower initial soluble C fraction). These authors suggested
that some of the N measured in the remaining residue came from unlabelled soil N, which
was assimilated by decomposers on the residue particles. In contrast, this effect was much
less pronounced or absent in legume residues (Vicia sativa L., and Pisum sativum L.), where
the labeled N was sufficiently available to meet microbial needs throughout the incubation
period. The low soil 1N recovery in oats treatments could also be attributed to the effects
of quality and quantity of oat stubble on the intensity and direction of the priming effect,
i.e., the change in the rate bulk SOC mineralization induced by the input of fresh organic
residues. In this regard, studies by Liang et al. [66,67] have shown that CC residues with
low soluble C fraction and high productivity, such as oat residues, are not associated with
positive priming, meaning that the residue’s decomposers microorganisms would be more
dependent on N fertilizer, which would lead to have higher soil 15N dilution.

Including CCs in both sites had significant practical implications: it improved maize’s
I>NUE from N fertilizer, but specifically with berseem clover and mixture in Site 1 and with
lupine in monoculture and mixture with oats in Site 2 (Table 7). The predecessor crop effect
on soil microbial activity may explain the higher plant >N recovery [66]. Although this
effect was statistically not significant on residual '°N remaining in the soil, this variable
had higher values in plots with CC compared with treatments without CCs (Table 8).

A negative correlation was observed between the C:N ratio of the CC residues and the
weighted 1°NRE crop (Figure 4), suggesting that NUE improves with higher residue quality.
This negative relationship arises because, with a high C:N ratio—such as in the case of
oats—microorganisms likely immobilize some of the °N from the fertilizer to decompose
the stubble, leading to lower recovery of the applied >N [68,69]. The strong negative
association between the C:N ratio of CC residues and the weighted 15NREcrop atSite 1is
intriguing, as one would expect a higher C:N ratio to increase reliance on fertilizer N due to
limited N release from the stubble, resulting in higher '>’NREop. The lower N availability
at Site 1 could explain the higher relative total N uptake by corn grown after oats, the
highest among the CCs (Table 7). Therefore, the weighted 15NRECrop reflects the impact
of CCs (especially its N biomass content) on the fate of 15N more than apNREFEe;t, which
showed a positive association with the C:N ratio of the CC. At Site 1, where the predecessor
crop had a significant effect, apNREpe: was higher in corn grown after oats and lower after
berseem clover, opposite to the 1’ NRE estimated by the isotopic method (Table 7). At Site 2,
although the predecessor crop effect was not significant (Table 6), the highest apNREFp,,+ was
found in corn grown on the mixture treatment, aligning with the >NRE results estimated
by the isotopic method (Table 7). This outcome at Site 2 highlights the potential benefits
of using a mixed CC; the more favorable C:N ratio in this mixed culture positioned it as
one of the best treatments, achieving the highest yield and NRE (Tables 6 and 7). This
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success resulted from a more balanced proportion of species in the mixture, maximizing
the advantages of each CC’s species growing in mixture cultures [49,70-72]. These results
agree with those obtained by Moreno-Cadena et al. [72], who assessed the performance
of cereal rye and crimson clover mixture under varying soil N levels and sampling times,
comparing it to monocultures. That study showed that the mixture offered advantages
in maximizing CC performance and ecosystem services under different soil N conditions
and termination times. In our study, the highest weighted 1SNRECK,p was observed with
berseem clover at Site 1 and with lupine grown in monoculture or in mixed culture at
Site 2 (Supplementary Materials, Figure S2), which coincides with the highest grain yields
achieved in the corresponding site under fertilized treatments (Table 6).

It is also important to note that both conventional and isotopic methods may have
evaluation errors, mainly due to the so-called “priming effect” or “interaction with added
N” [65,73,74]. This phenomenon is linked to changes in SOM mineralization and poten-
tial interactions between the N from the mineralization of native organic N in the soil
and the N added as fertilizer or from residues. In addition, this phenomenon could ex-
plain the discrepancies between findings derived from conventional and isotopic data,
such as the negative association between the C:N ratio of CC residues and the weighted
INREcrop at Site 1 or the low plant and soil 1°N recovery in plots with oats stubble as was
mentioned above.

Of the factors evaluated, only the timing of N application significantly affected soil
15N recovery. The findings suggest that weeds likely absorbed a substantial amount of the
N applied to maize at Site 1. On average, 84% and 75% of the applied N at sowing and V6
or V10 stages were unaccounted for at Site 1, compared to 42% and 25% at Site 2. The high
N losses at Site 1 may also be attributed to pedoclimatic conditions, such as higher rainfall
and poorer soil structure and natural fertility than at Site 2.

5. Conclusions

The study was set up in two distinct agroecological zones and conducted during
two cropping seasons, which allowed us to examine the CC residual effect on maize
production and NUE under different conditions. At Site 1, oats in monoculture produced
more biomass than at Site 2, while the oats grown in L-O mixture with lupine were more
productive at Site 2. The biomass yield and the biochemical composition of the CCs also
varied the soil mineral N dynamics, influencing the NRE and corn yield. At Site 1, the
highest apNREF,¢ value was associated with oats, while in Site 2, this was with lupine in
L-O mixture culture. Differences in residue quality, such as C:N ratio, also impacted the
fertilizer’s N use efficiency. Overall, corn yield was related to both the quantity and quality
of the CC biomass, with oats excelling in weed control, berseem clover in its N supply
capacity, and the mixed CCs performing well at Site 2. This CC mixture would provide
enhanced benefits by contributing C biomass to the formation of SOM and supplying N
comparable to berseem clover but with a more remarkable ability to mitigate potential N
losses due to the higher C:N ratio provided by oats in the L-O mixture culture.

The study concluded that at Site 1, which had medium- to low-fertility soils and above-
average rainfall, the best grain yield, N use efficiency, and lowest risk of N losses were
associated with maize cultivated on berseem clover without fertilization or oats fertilized,
providing this last one CC with superior weed control. Corn performed best at Site 2, where
soils were more fertile than at Site 1, and rainfall was below the historical average, having
greater N use efficiency when grown over CCs of lupine grown in monoculture or mixture
with oats, with the latter providing a more substantial contribution of C. Thus, the impact
of the predecessor crop on corn was linked to the quantity and quality of the CC residual
biomass, the inherent soil characteristics of each site, and environmental conditions during
each experimental period.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture14122123/s1, Figure S1: Each experimental site’s
soil moisture curves (0-15 cm depth) (Site 1 and 2). The filled circles (Site 1) and triangles (Site
2) correspond to the data used for model fitting (the nonlinear regression functions). At the same
time, the unfilled symbols indicate the data used for model validation represented by the equation
P=a Gg_b ; Figure S2: The weighted N recovery efficiency of the maize (>NREcrop) according to
site and predecessor cover crop. Different letters indicate significant differences between predecessor
crops within each site at a p-level of <0.05; Figure S3: Soil 1°N recovery at the four depth layers (0-5,
5-10, 10~15, and 15-30 cm) from N fertilizer applied (100 kg ha=!) at two ®N application timings
(sowing and vegetative stages), and four predecessor crops and one control treatment (no CC) at Site
1 (panels a—e) and Site 2 (panels f—); Table S1: Overview of activities in the experiments installed at
Sites 1 and 2, organized into two phases: 1—Cover crop establishment and 2—Maize establishment
(including conventional and isotopic experiments); Table S2: Treatments evaluated in the isotopic
experiment; Table S3: Soil gravimetric moisture at 0-15 cm depth layer according to each sampling
time and predecessor crop at Site 1 (2018-2019) and Site 2 (2019-2020). Values are replicate averages
for each site-time—predecessor crop + standard error; Table S4: Pearson correlation coefficients (r)
within each experimental site (1 and 2) and '®N application timing (sowing and vegetative stage)
between variables related to plant and soil >N recovery and AG CC biomass.
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