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Introduction: Uruguayan agriculture’s transition to no-till farming and intensified practices, replacing crop-pasture (CP) systems with continuous cropping (CC) rotations, has disrupted biological nitrogen fixation (BNF). Despite this, diversified cropping sequences, including C4 species, have maintained the soil organic carbon (SOC) balance under no-till management, with limited overall impacts on productivity and sustainability. The effects of these changes on wheat productivity and nitrogen use efficiency (NUE) need to be further investigated.

Methods: This study, conducted within a long-term experiment (LTE) under rainfed conditions, compared wheat productivity in CP and CC rotations. Wheat following CP and CC were analyzed over three seasons. Variables measured included soil nitrogen (N) concentration, wheat grain yield (WGY), grain protein concentration (GPC), and NUE. Four N fertilizer levels were applied to each rotation system to assess their impact.

Results: CC rotation consistently outperformed CP in WGY, with 2425 and 1668 kg ha−1 averages, respectively. CP showed slightly higher GPC (10.92%) than CC (10.48%). Nitrate-N levels at tillering positively correlated with WGY and negatively with GPC, but the relationship differed by rotation. Soil NUE indices were higher in CC rotations.

Discussion: The study’s findings highlighted the potential of CC rotation, especially when including C4 species in the crop sequence, to achieve higher wheat productivity in the short term due to healthier soil conditions compared to wheat seeded after post-pasture in CP. Additionally, our study highlights that the effect of the previous crop on yield and NUE in wheat was more relevant than the expected residual effect of the pasture phase in CP, primarily due to the quality of residues and the temporary adverse effects of soil compaction caused by livestock trampling.
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1 Introduction

Since the beginning of the 21st century, Uruguay has embraced no-till farming and intensified its agricultural practices, increasing reliance on N-based fertilizers (Ernst et al., 2018; Ernst et al., 2020; Fassana et al., 2022). This intensification, coupled with a shift from crop-pasture (CP) systems to continuous cropping (CC) rotations, primarily soybean (Glycine max L. Merr.), has reduced or eliminated pastures, disrupting the biological nitrogen fixation (BNF) provided by perennial legumes in mixed sward pastures (Lussich Rachetti, 2020). Consequently, this has led to negative N (Quemada and Lassaletta, 2024) and carbon (C) balance compared to previous management practices (Rubio et al., 2021a). The increased use of fertilizers has also heightened the risk of N losses through soil erosion and leaching (Liu et al., 2023). Although this system produces more grain, gaps still exist between the potential and actual wheat yields, which cannot solely be attributed to nutrient deficiencies (Ernst et al., 2018; Hochman and Horan, 2018; Hatfield and Beres, 2019).

There is a growing consensus that crop production intensification should be approached from an ecosystem perspective (Duru et al., 2015; Cassman and Grassini, 2020; Dang et al., 2020). Sustainable intensification, which aims to boost yields from the same land area while reducing environmental impacts, enhancing natural resources, and providing ecosystem services, is increasingly embraced (FAO, 2011). Conservation agriculture, which can support sustainable farming practices, may preserve or enhance soil health by reducing soil disturbance through minimal mechanical tillage, such as no-till. Furthermore, this approach includes two other core crop management principles: implementing crop rotation with a variety of plant species (both annuals and perennials, C3 and C4 species) and maintaining soil cover by retaining residues or using cover crops (FAO, 2011; Griffiths et al., 2022). No-till farming has shown promising effects in specific contexts, such as rainfed agroecosystems in dry climates. However, yield benefits are only realized when combined with the other two conservation agriculture principles (Pittelkow et al., 2015a; Page et al., 2020). When implemented alone, no-till can increase the risk of yield loss for farmers (Pittelkow et al., 2015b; Page et al., 2020). For this reason, the current agricultural system urgently needs a shift toward more sustainable practices, in terms of environmental impact and productivity outcomes, as emphasized by the ecosystem-based approach (FAO, 2011). In this context, it is reassuring to know that pasture or perennial crops play a significant role in recovering lost functional properties and improving intrinsic soil qualities such as water infiltration, nutrient cycling, and biological diversity (Teague and Kreuter, 2020; Mosier et al., 2021; Rubio et al., 2021b). Long-term experiments in Uruguay, Brazil, Argentina, and the US have indicated that integrated crop-livestock systems based on perennial pastures can sustain crop productivity and climate resilience over the long haul while preserving or increasing soil C storage (Franzluebbers, 2013; Pravia et al., 2019). In Uruguay, incorporating pastures helps maintain soil quality and significantly boosts productivity (Grahmann et al., 2020; Rubio et al., 2021b). For example, CP systems resulted in 19% higher SOC and 14% higher total N levels than CC systems, with wheat yields averaging 1 Mg ha−1 higher in CP systems (Grahmann et al., 2020). In the second study, Rubio et al. (2021a) examined the effects of various long-term cropping systems on maize yield response to soil decompaction through deep tillage and different N fertilization rates (Rubio et al., 2021b). Both short-term remediation strategies failed to mitigate the adverse impacts of soil degradation by CC on corn growth. Nevertheless, the yield of maize grown after mixed pastures (grasses and legumes) failed to accurately represent the overall beneficial impact of CP on soil quality, implying that additional short-term issues related to crop rotation, such as the preceding crop, should be considered (Lollato et al., 2019a; Arnhold et al., 2023). These studies have also shown that pasture significantly helps maintain SOC and N content; however, not all rotation systems converge on improved soil productivity. The no response in some systems or crops aligns from several works (Franzluebbers and Stuedemann, 2014; Pittelkow et al., 2015a; Lollato et al., 2019a; Dang et al., 2020), asserting that the beneficial impact of no-till management, compared to the conventional tillage, was more pronounced in summer crops than in winter ones and in CC compared to CP rotations (Ernst et al., 2020). These findings suggest that no-till offered a clear advantage for summer crops within CC systems, with a minor influence on winter crop yields and a small positive impact in integrated crop-livestock systems (Dang et al., 2020). Experiments by Salvo et al. (2010) comparing five cropping systems in Uruguay indicated that integrating pastures into rotation did not modify SOC content and its fractions under the no-till system.

Ernst and coworkers also noted this phenomenon in the same LTE, attributing it to animals consuming pasture biomass, accounting for 84% of the pasture’s dry matter that would otherwise have covered the soil (Ernst et al., 2020). Additionally, annual crops in CC incorporating C4 species rotation under no-till produced more significant crop residues, closely related to C input and soil C sequestration under reduced tillage conditions (Pravia et al., 2019; Baethgen et al., 2021). These adjusted no-till systems that include C4 crops may require increased N inputs, their potential environmental benefits are significant, providing a promising outlook for sustainable farming practices.

Conversely, in Uruguay, no study has compared wheat performance under no-till conditions with equal intensification of the annual cropping phase between wheat seeded after pasture termination (CP rotation) and wheat seeded in continuous annual cropping (CC rotation). The benefits of rotating the annual cropping phase with intensively grazed management in the pasture phase under no-till can be weakened by soil compaction induced by animal trampling, reducing water infiltration, root exploration, and nutrient uptake (Colombi and Keller, 2019; Dang et al., 2020; Shaheb et al., 2021; Stanley et al., 2024). However, livestock treading damage, has been reported to have little influence on subsequent crop yields, as the negative impacts are usually limited to shallow depths (less than 0.15 m) and may only persist temporarily, being mitigated by subsequent natural soil processes like wetting/drying cycles or plant root activity (Bell et al., 2011; Stanley et al., 2024). Soil compaction from non-pugged grazing and its recovery follows a cyclical pattern based on earlier studies (Drewry et al., 2008). These studies measured soil compaction in spring and its natural recovery during summer and autumn on soil grazed by dairy cows. The results indicated significant recovery of soil physical properties (macroporosity) in summer and autumn, with less recovery observed in winter. Enhanced recovery of soil physical condition in summer and autumn in temperate environments may be due to the increased natural soil processes mentioned above.

In summary, no-till farming is a practice that has drawn interest for its potential to significantly enhance crop performance and soil health (Baethgen et al., 2021; Romano et al., 2023; Taylor et al., 2024), holding great benefits for the future of agriculture. There are reported contradictory findings between CC and CP under no-till management regarding crop yields and NUE (Baiyeri et al., 2019; Pravia et al., 2019; Dang et al., 2020; Peterson et al., 2020). When pasture rotation enhances soil structure, organic matter content, and microbial activity, wheat might access and utilize better N in CP systems; conversely, agricultural systems with continuous nutrient depletion and lack of crop diversity lead to soil degradation over time and, while easier to manage, may also have lower N efficiency (Hu et al., 2023). Therefore, the incorporation of pasture or cover crops into crop rotations while using no-till techniques presents an optimistic and practical way to maintain wheat output and improve N utilization (Habbib et al., 2017; Dang et al., 2020; Dong and Zeng, 2024; Yin et al., 2024).

In Uruguay, it is well established that crop-pasture rotation systems consistently enhance crop production. Moreover, most LTE conducted under no-till included grazing (García-Préchac et al., 2004; Salvo et al., 2010; Grahmann et al., 2020; Rovira et al., 2020; Baethgen et al., 2021; Rubio et al., 2025). Therefore, the possible adverse effects of grazing have already been considered within the system as a whole. We hypothesized that including pastures in crop rotation would have further beneficial effects on wheat yields (as the first crop post-pasture) due to improved soil quality and greater availability of soil N, despite potential adverse effects such as soil compaction or invasion of weeds caused by cattle trampling and grazing. Then, the novelty of our study lies in evaluating the wheat performance corresponding to the first crop post-pasture compared with a wheat crop in a CC rotation with the equal intensification of the annual cropping phase to CP in a rainfed environment. The study assessed WGY, GPC, and the NUE as affected by the N response trials in wheat seeded under no-till in CP and CC systems in the same year. This allowed us to infer consistencies or dissimilarities between the rotation systems.



2 Materials and methods


2.1 Experimental site

The study was conducted in a LTE established in 1993 at the EEMAC Experimental Station near Paysandú, Uruguay (32° 22′ 41” South latitude and 58° 02′ 50” West longitude). The site is under the influence of a humid subtropical climate (according to the Köppen climate classification), and it is relatively uniform nationwide since Uruguay is located entirely within the temperate zone. The average annual accumulated rainfall is 1,300 mm, and the average temperature in the winter and the summer are 12°C and 24°C, respectively. The soil of the experimental area is classified as Typic Argiudoll, according to the USDA Soil Taxonomy, with an A horizon of 18 cm with pH 5.7, clay 290 g kg−1, silt 437 g kg−1 and sand 273 g kg−1, located on a slope less than 1%. The soil organic carbon (SOC) and total N at 0 to 15 cm depth were 18.7 g kg−1 and 1.6 g kg−1, respectively. The LTE, initiated in 1994, compared four cropping systems under no-till and conventional tillage conditions: This study evaluated just two no-till cropping systems, CC (i) and CP (ii), because conventional tillage has almost completely disappeared as a tillage system in Uruguay (Table 1). The cropping systems were arranged in non-synchronized randomized replications to ensure the presence of all crop or pasture phases each year, with three replications for CC, and 7 for CP.



TABLE 1 Crop rotation systems evaluated during the period under study (2014–2017).
[image: Table1]

The CP is a 7-year rotation alternating between crop and pasture phases. Pasture yields in the spring, ranged from 1,000 to 3,500 kg ha−1, depending on the age of the pasture and the proportion of legumes and weeds. Glyphosate herbicide was applied in plots with 3.5-year pastures two months before wheat seeding. On average, the pasture provided 65 kg N ha−1 annually, with approximately 90% derived from BNF (data not shown). The grazing criteria were as follows: grazing began when pastures reached 2,500 kg of dry matter per hectare, especially in two-year-old pastures. Grazing was also carried out on older pastures (3rd and 4th year), even though their production would have been lower. Grazing ceased when the forage consumption was around 50%, averaging 5 to 7 annual grazing events, and halted if the soil was too wet to avoid animal footprints. The animals withdrew if it rained during grazing.

The grain crops in CP consisted of a succession of wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) as winter crops and fallow winter conditions if the previous crop was sorghum (Sorghum bicolor L.) and soybean (Glycine max L.) and sorghum as summer crops. In the CC system, an identical grain crop sequence was considered (Figure 1). The soybean crop was defined as a first (Soybean 1) or second (Soybean 2) crop depending on the previous crop’s purpose, i.e., if it was for grain harvest: Soybean 2, and if it was fallow or a cash crop: Soybean 1. As is displayed in Figure 1, while CC had a frequency of C4 crops (sorghum) of 0.14 (or 1 C4 crop every 3. 5 years, Figure 1), under CP rotation, this frequency was 0.07 (or 1 C4 crop every seven years).

[image: Figure 1]

FIGURE 1
 Schematic representation of the treatments: wheat-based rotations evaluated and sequence length for each phase.




2.2 Experimental design and treatments management

In this study, we evaluated wheat performance after 20 years (1994–2014) of two contrasting cropping systems under no-till: CP and CC. In the CP system, wheat is the first annual crop after the long perennial pasture phase, making it a reliable indicator for assessing the rotation’s carryover effects on such a system. The wheat crop under CP was seeded after 3.5 years of pasture, initially composed of a mix of fescues but dominated by Cynodon dactylon at the termination date, particularly in 2015. Under the CC system, where there is no pasture phase, wheat was seeded following the Soybean 1. The wheat cultivar used was Baguette 501, and the crop was sown at the recommended density on June 27th, May 29th, and May 26th in 2014, 2015, and 2016, respectively.

A completely randomized design trial with three replications was conducted exclusively on the wheat seeded within two plots/year of 10 × 50 m size in 2014, 2015, and 2016, each representing a rotation-tillage combination (CP or CC), as shown in Figure 1. The N response was assessed within each plot, setting four fixed and equidistant N levels (0, 30, 60, and 90 kg N ha−1) as urea. The N factor was an essential aspect of our study, as this source of variation allowed us to infer differences between rotations. Each N rate was split into two equal amounts and applied to the wheat crop at the seeding date and when the wheat reached the tillering phenological stage corresponding to Z2.2 of the Zadoks growth scale. This experimental treatment design was conducted in 2015 and 2016, while in 2014, N was applied only during tillering at two N rates (0 and 30 N). Phosphorous was broadcasted without incorporation at 60 kg ha−1 of P2O5 as triple superphosphate at wheat seeding across the entire experimental area to avoid P limitation in crop growth. The topsoil (0–20 cm) had adequate potassium (0.6 cmol+ kg−1) and a cation exchange capacity (CEC) of 14 cmol+ kg−1, so for each experiment, potassium and CEC values were assumed to be non-limiting (Barbazán et al., 2011). The wheat crop was kept free from weeds, pests, insects, and diseases by applying herbicides, insecticides, and fungicides as needed.



2.3 Weather data during the study period (2014–2016)

This research utilized meteorological records from a nearby station at the EEMAC Experimental Station in Paysandú (Latitude: 32° 22′ 41” S Longitude: 58° 03′ 50” W). These records comprised monthly temperature readings (maximum, minimum, and mean) and monthly precipitation data (accumulated per month). On average, the cumulative precipitation for the wheat-growing season, which extends from May to November, was 542 mm. However, in 2014, 2015, and 2016, the cumulative rainfall recorded was 813 mm, 613 mm, and 512 mm, respectively. While the rainfall exceeded the average in 2014, it was typical in 2015 and 2016. Nonetheless, there were instances of soil water saturation, which were most severe from September to November in 2014 and in August of 2015 (Figure 2A).
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FIGURE 2
 Data on weather from 2014 to 2016 in Paysandú, Uruguay. (A) Monthly rainfall for these years and the 30-year rainfall average. (B) Monthly temperatures and the 30-year temperature average.


In 2014 and 2016, the total rainfall between April and May was significantly higher than the 30-year average, with 298 mm and 726 mm above the average, respectively. However, in 2015, it was 63 mm lower than the 30-year average. In 2016, heavy rainfall occurred 30 days before the wheat seeding, with abundant precipitation over 11 days, ranging from 20 to 188 mm per day. Although the temperature in 2014 was higher than the 30-year average monthly air temperature, and in 2016 was lower, in 2015, it was similar to deviations from the 30-year average, which were relatively small in all three years and thus were unlikely to have a significant impact on crop growth (Figure 2B). The weather throughout the wheat growing season in 2015 was the most similar to the 30-year average. In 2014, it was a rainy and warm spring, while in 2016, the winter was colder than the two previous wheat seasons, and the three months leading up to the crop harvest were dry.



2.4 Soil and plant sampling

During the three-year study, composite soil samples were collected from each plot at 0 to 20 cm depth to assess the N mineral concentration at two stages of the wheat cycle: seeding and tillering. Additionally, one more sampling was done before the seeding of the succeeding soybean crop in December 2015 and 2016. Fifteen subsamples were taken from each plot, using a sharpened stainless-steel probe with a diameter of 2 cm to obtain the samples at the specified times.

At the end of each wheat growing season (November), plants were sampled in a 1 m-row at physiological maturity to assess biomass yield. The plant samples were separated into grain and stover for individual analysis. Each plot was harvested separately, resulting in three yield replicates per system (CP and CC) and per year of study (2014–2016). The grain harvest area was 1.15 × 4.0 m. Threshing was performed using a stationary machine, and the reported grain yield was corrected to a baseline moisture level of 13.5% using a grain moisture meter to measure the grain moisture content (Model: OHAUS MC2000).



2.5 Sample processing and analytical determinations


2.5.1 Soil measurements

Prior to chemical analysis, each soil sample was air-dried and crushed to pass through a 2-mm sieve after removing any visible plant residues. For mineral N, soil extracts were prepared by shaking 10 g of soil with 100 mL of 2 M KCl (Rhine et al., 1998). The concentration of ammonium–N (NH4–N) and nitrate N (NO3–N) in soil samples was analyzed by colorimetric determination. The Griess–Ilosvany method (Mulvaney, 2018) was used to determine NO3–N concentration, while NH4–N concentration was determined using the colorimetric method based on the Berthelot reaction (Rhine et al., 1998). The N-NO3 concentration at 0–20 cm of soil depth is used as a parameter for N diagnostic for Uruguayan wheat crops (Rabuffetti, 2017). Other soil subsamples previously air-dried intended for total N and C determination were oven-dried at 40°C, finely ground (< 200 μm), and analyzed by dry combustion (Rayment and Lyons, 2011) using an elemental analyzer (Flash EA 112) coupled to an isotope ratio mass spectrometer (DeltaPLUS, Finnigan MAT, Bremen, Germany).



2.5.2 Plant measurements

The plant samples were oven-dried at 65°C until the mass remained constant. Finally, soil and dried plant materials were ground in a rotary mill (SampleTek Model 200 Vial Rotator, Lincoln, Nebraska). This step transformed the materials into a fine powder, akin to talcum powder, which was a prerequisite for their analysis by mass spectrometry.

Each plant sample was separated into grain and stover to analyze the dry matter and N content in grain and stover (henceforth Nstover) and grain protein concentration (GPC). The GPC values were estimated based on dry grain N concentration data multiplied by 5.7% (Giunta et al., 2021) and reported as a percentage at 13.5% moisture. The total N (TN) concentration (Dumas method; IAEA, 1990) for the soil and plant samples was determined using an elemental analyzer (Flash EA 112, DeltaPLUS, Finnigan MAT, Bremen, Germany).

Our study employed precise plant measurements to determine four Fertilizer-based N Use Efficiencies (NUEs). The first of these, agronomic efficiency (AE), was estimated from data gathered in three experiments. This estimation was done using the following equation.
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Grain yieldF and Grain yieldUF are grain yields of wheat cultivated in plots at a certain level of fertilizer N and in the non-N-fertilized plots, respectively.

Secondly, the RE is the total N amount (grain + stover) difference between crops growing in N-fertilized and non-N-fertilized plots per kg of applied N. This ecophysiological parameter was defined by the Equation (2):

[image: image]

N uptakeF and N uptakeUF are the total N taken up by plants grown in an N-fertilized plot and a control non-N-fertilized plot, respectively, and N applied is the amount of N fertilizer applied.

The IE is the total grain yield produced per unit of N absorbed. This physiological parameter, also named physiological efficiency (PEN), was estimated with the following equation:

[image: image]

The other two indices for assessing NUE in fertilizers were partial factor productivity (PFP) and partial N balance (PNB), neither of which take into account the N supply in the soil, while both fertilizer-based indices mentioned above, RE and AE, consider the background soil N levels by accounting for the N uptake or production in plots that did not receive fertilizer (Mălinaş et al., 2022). The PFP expresses grain yield for each N fertilizer unit used. In contrast, the PNB expresses the grain N uptake for each N fertilizer unit applied.




2.6 Statistical analysis

A segmented model by rotation system allowed for assessing the N response on WGY, GPC, soil mineral concentration, and N efficiency indices. This approach was selected due to the lack of degrees of freedom for the rotation factor in the experimental design, making a direct statistical comparison between rotation systems unfeasible. Nevertheless, inferences could be made from the independent N response trials within each rotation system. Additionally, the response of each system to the applied N, the effect of the year, and the interaction between the N rate and year were considered without restrictions. Replicates were nested within the year in the model. Data from trials conducted in 2015 and 2016 were used, as the experimental design in 2014 was different.
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Where:

Yijk = is the response variable in the ijk-th observation.

μ = overall mean.

[image: image] = is the relative effect of the i-th year effect.

[image: image] = is the relative effect of the j-th N fertilization effect.

[image: image] = is the N fertilization by year interaction.

[image: image] = is the k-th replication nested to the year.

[image: image] = experimental error.

The approach of the model segmented by rotation was represented as follows:

Model CC = Year + Nrate + Year*Nrate + Replicate (year).

Model CP = Year + Nrate + Year*Nrate + Replicate (year).

A Tukey test with a 95% confidence level was employed to compare treatment means within each rotation in the study. The Shapiro–Wilk and Levene tests checked data normality and homogeneity of variance assumptions. For data analysis, we used SAS ® Studio on Demand for Academics (Cary, NC) and R software (version 4.04). The orthogonal polynomial contrast or comparison analyses tested the response trends of the WGY, GPC, and soil nitrate-N concentration to N applied. To create a predictive model for WGY and GPC, we divided the dataset into two equal subsets for training and validation. We used a linear regression model and SMA regression (package smart in R). Two SMAs (for y against x) were fitted separately for each level of the factor rotation.




3 Results


3.1 Effects of year and N rate segregated by rotation on soil mineral N

Soil NO3–N concentration at the 0–20 cm depth at wheat seeding and before N application was not statistically different between years (2014–2016) in CC, averaging 11.5 mg kg−1, while in CP, it was significantly different (p = 0.0243), being lowest in 2015 (7.0 mg kg−1) and higher and without differences in 2014 and 2016, with 11.6 and 10.2 mg kg−1, respectively (Supplementary Table S1). At tillering (Zadocks 2.2), in 2015 and 2016 and with the four N doses, the effects of year and Nrate on NO3–N concentration were statistically significant (Table 2). The NO3–N increase with the Nrate was quadratic in CC and linear in CP. The NO3–N concentration range varied from 7.2 to 14.6 mg kg−1 in CC and 8.0 to 11.8 mg kg−1 in CP, yielding the lowest values in 0 N and the highest in 60 and 90 N treatments. However, the Year × Nrate interaction effect was not statistically significant in either rotation system.



TABLE 2 Means and standard errors for soil Nitrate–N and Ammonium–N concentration at tillering for wheat crops by experimental year, N rate, and rotation system.
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In 2015 and 2016, the N rate had a statistically significant effect on soil NH4–N at tillering in the CP rotation, while in CC, none of the factors tested showed differences in soil NH4–N (Table 2). At the seeding of the soybean crop, the succesor crop after wheat (Supplementary Table S2), both NH4+ and NO3-forms of N were higher in the CP system compared to the CC system. The former was the primary N-form in the soil in both systems but generally had a higher NH4 concentration in CP. Additionally, the year and interaction effects were not significant. In both systems, the NH4–N concentration in all N treatments at tillering was higher than NO3–N concentration in 2014 and 2016. The higher NH4–N to NO3 − N ratio in 2014 and 2016 coincided with the heaviest rainfall during the wheat tillering seasons. On average, NH4–N concentrations were 13.8 and 21.7 mg kg−1 across years in CC and CP, respectively (Table 2).



3.2 Effects of year and N rate segregated by rotation on physical productivity and quality of wheat


3.2.1 Wheat grain yield

Based on the segmented model by rotation system, the ANOVA analysis revealed that the year (2014–2016) effect did not significantly affect WGY in unfertilized plots (0 N). However, considering all N treatments, the ANOVA from 2015 and 2016 data showed that the year and Nrate in both rotations had a statistically significant effect on WGY (Table 3). The lowest yield was observed at 0 N, with 1,520, and 1,080 kg ha−1 in CC and CP, respectively, which statistically differed from the rest of the N treatments. The highest yield was registered at 90 N and 60 N with 3,461 and 2,630 kg ha−1 in CC and CP, respectively.



TABLE 3 Means and standard errors for wheat grain yield (WGY), grain protein concentration (GPC), and N content in the stover for wheat crops by experimental year, N rate, and rotation system: continuous cropping (CC) and crop-pasture (CP).
[image: Table3]

The highest WGY was consistently observed in the CC system in our three-year study. However, the N response tended to be linear with the N rate in CC and quadratic in CP. As there was no significant interaction effect between Year and Nrate, the yield response to N was similar between years at each rotation system. In 2015, the year of higher productive potential, the yield differences between systems increased, with wheat capitalizing better in CC rotations. In the treatments where no N was applied (0 N), WGYs were higher in 2014 and 2015 than in 2016; still, these differences were not statistically significant.



3.2.2 Grain protein concentration and N Stover content

The GPC measured in wheat cultivated in unfertilized plots was significantly affected by the year in both rotation systems; its average value was11.2% and ranged between 9.7 and 15.39% in CP, while in CC, it was lower on average at 10.4%, oscillating between 8.7 and 12.1%. The ANOVA, including the four N rate treatments from the experiments of 2015 and 2016, showed that year (p = <0.0001 in both rotations) and Nrate (p = 0.0383 and p < 0.0001 in CC and CP, respectively) had a statistically significant effect on GPC (Table 3). In these two years, the maximum values were registered in the treatments 90 N in CC and 0 N in CP, averaging 11.1 and 12.6%, respectively.

The GPC values significantly differed between N rates across years (p = 0.0213) only in CP. The analysis of the year × Nrate interaction effect revealed that in 2016, none of the N fertilized treatments enhanced the GPC compared with wheat crops with 0 N applied, while in 2015, wheat fertilized with the highest N rates (60 and 90 N) were able to reach the GPC achieved by crops non-fertilized. The Nrate effect in CC was consistent across years, showing no N response on GPC values. However, in 2016, the wheat fertilized with the highest dose (90 N) reached the maximum values; still, it did not statistically differ from 0 N.

Similar to the GPC, the N content in the biomass stover significantly differed between Nrate across years (p = 0.0405), but in this case, only in CC. The analysis of this interaction effect revealed that N response on N content in stover differed between years; in 2015, wheat fertilized with high doses of N (60 N and 90 N) reached higher N values in stover than the unfertilized ones, while in 2016, it was only possible with the maximum N rate (90 N). The Nrate effect in CP was consistent across years, showing no N response on Nstover values in 2016; however, in 2015, the wheat fertilized with the medium dose (60 N) reached the maximum values, differing from those treatments with 0 N applied. At this N rate, WGY was also at its highest (Table 3).




3.3 Relationships between nitrate-N at tillering and grain yield and quality segregated by rotation

Higher levels of nitrate-N at tillering were associated with higher WGY and lower GPC, as shown in Figures 3A,B, respectively, for each of the relationships segregated by rotation. Conversely, when considering a similar nitrate−N level, the increase in N rate did not lead to higher GPC levels because there was no association between N rate and GPC (Table 4). However, there was a high and significant negative correlation between NO3–N and GPC, suggesting that the soil mineral N available at tillering was a critical factor affecting GPC (Figure 3B). Grain PC variation was negatively associated with NO3–N measured at tillering; the opposite was the association between NO3–N concentration and WGY. The relationships between those variables resulted in a distinct relationship between GPC and WGY at each system, which was more robust and significant in CP (Figure 3C).
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FIGURE 3
 Data relationship between nitrate-N at tillering and wheat grain yield, (A) nitrate-N and grain protein concentration (B), and wheat grain yield and grain protein concentration (C). This was evaluated for the three experimental years (2014–2016) and the four N rates (0, 30, 60, and 90). The dotted line represents the reference value of grain protein concentration (11.5%), which defines the wheat marketing specification in Uruguay.




TABLE 4 Pearson correlation coefficients (r) within each rotation system: continuous cropping (CC) and crop-pasture (CP) across the three experimental years (2014–2016) and all N rates (0, 30, 60, and 90 kg N ha−1).
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The N effect on GPC was statistically significant in both systems. In 2016, GPC values in wheat growing in CC were similar between unfertilized and fertilized treatments (Table 3). In contrast, in CP, GPC diminished with increased N supply, similar to findings by Bedoussac and Justes (2010). The N response curves for GPC (represented by a positive quadratic response) demonstrate the dilution effect of GPC, which was clearly shown in CP in 2016 at a fertilization rate of 30 and 60 kg N ha−1, attributable to the increase in grain yield per kg of grain N (Table 3).

A multiple regression model incorporating N rate and NO3–N at tillering accounted for 68% (p < 0.0001, Figure 4) of the variation in wheat grain yield (WGY). The standardized major axis (SMA) regression test revealed that the best model segregated by rotation had an equal slope (0.59). However, different elevations for each rotation level improved prediction accuracy, explaining 82% of the variation in grain yield for CC and 65% for CP. Nevertheless, the model overestimated low yields in CP and underestimated high yields in CC, likely due to differing relationships between N rate and yield (linear in CC, quadratic in CP). For grain protein content (GPC), only NO3–N at tillering was significant, explaining 54% (p < 0.002) of the variation. The SMA regression test for GPC indicated no significant difference in slopes and elevation.
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FIGURE 4
 Scatterplot of grain yield observed against predicted and included SMAs: fitted separately for each level of the rotation factor (the red line represents CC, and the green line represents CP rotation). The 1:1 line is given.




3.4 Effects of year and N rate segregated by rotation on NUE indices

Based on 2015 and 2016 data and considering the three fertilized treatments, the ANOVA showed that neither year nor Nrate and its interaction in both rotations had a statistically significant effect on two fertilizer-based indices AE (Equation 1), and RE (Equation 2), and the plant-based index IE (Equation 3) (Table 5). Both indices were higher in CC (22.4 kg of grain kg−1 N added and 55.2%) than in CP (20.4 kg of grain kg−1 N added and 38.3%).



TABLE 5 Means and standard errors for fertilizer-based indices: agronomic efficiency (AE), recovery efficiency (RE), internal efficiency (IE), partial factor productivity (PFP), and partial nutrient balance (PNB) for wheat crops by year, N rate, and rotation system: continuous cropping (CC) and crop-pasture (CP).
[image: Table5]

The PFP analysis indicated that the main effects of year and Nrate were statistically significant in both rotation systems. However, the interaction effect of year × Nrate was statistically significant only in the CC rotation system. Regarding PNB, the year’s effect was not statistically significant; however, the Nrate effect was significant in both rotation systems. Similar to PFP, the interaction effect was only significant in CC.

The average AE achieved across years, and N rate was 24.4 and 19.4 kg ka−1 in CC and CP, respectively. Furthermore, the AE values were significantly associated with RE (r = 0.94, p < 0.0001 and r = 0.91, p < 0.0001, respectively) but not with IE in both rotations.




4 Discussion


4.1 Year and N rate effects segregated by rotation on soil mineral N

The presence of Cynodon dactylon was likely responsible for the lowest concentration of NO3–N observed in 2015 in CP at wheat seeding. Its residues probably reduced the soil’s mineral N content by absorbing it and competing with other pasture species, particularly legumes, thereby influencing their endurance toward the end of the pasture cycle. Consequently, the C: N ratio of the pasture residues might have increased, leading to either N immobilization in the soil or limited soil N availability to plants due to slow residue breakdown (Dang et al., 2020). In 2015, NO3–N concentrations at tillering were similar to those at seeding, whereas in 2014 and 2016, they were only a third of those at seeding. The 2015 results could be related to low rainfall during the early stages of crop growth, while those of 2014 and 2016 might be due to heavy Julyrain (135 and 163 mm, respectively), which were more than doubled the expected July rain based on the 30-year historical average. The N response on NO3–N in CP in 2016 was less than in CC, even though the values were similar in 0 N plots under both rotation systems. This finding suggests that a fraction of the N applied at wheat seeding was lost or immobilized in the soil in CP, leading to a lesser increase in soil N availability at tillering.

The noteworthy difference in the quantity and proportion of N forms (ammonium vs. nitrate) between systems observed after the wheat harvest can be attributed to the more favorable soil conditions for net mineralization at this point in the season in CP rotation (Supplementary Table S2). The decomposition process of the remaining pasture residues was in its final phase, likely resulting in a lower rate of N immobilization.

The increased NH4–N to NO3–N ratio in 2014 and 2016 aligned with the periods of heaviest rainfall during the wheat tillering seasons. These findings suggest that soil compaction may have influenced the N dynamics in the CP rotation, resulting in reduced nitrification rates but higher NH4–N accumulation in the soil (Longepierre et al., 2022). Furthermore, soil compaction might uphold higher moisture soil levels, particularly during slower drying periods like winter, leading to N loss through denitrification (Dang et al., 2020; Shaheb et al., 2021). Regarding these changes in soil N dynamics, Booth et al. (2005) showed that nitrification emerged as the primary process for NH4+ transformation at low mineralization rates, with only minor changes observed at higher rates. Conversely, the rate of NH4+ immobilization showed a steady increase across the entire spectrum of mineralization rates. They suggested that nitrifiers effectively outcompete heterotrophic microorganisms for NH4+ when soil C content is low. Based on this, we hypothesize that the competitive capacity of nitrifiers for NH4+ could be higher in CC under soil conditions with a low lability pool C and with a higher C: N ratio under this system (Supplementary Table S3). In contrast, heterotrophic microorganisms may have a higher competition capacity for NH4+ in soils with more fresh available C in the soil rhizosphere, such as CP soil, where the C source would drive N immobilization (Sun et al., 2019).

In our study, under soil no-till conditions, we found no disparities in soil C and N concentration levels between cropping systems rotating with pastures and those focused on continuous annual cropping system (Supplementary Table S3). These findings align with studies indicating that reduced tillage practices are crucial for preserving SOC (Dang et al., 2020; Page et al., 2020; Rubio et al., 2022). Additionally, comparing our C data with that reported by Salvo et al. (2010), whose study was carried out in the same experimental site as this work, it becomes evident that merely combining no-till techniques with crop-pasture rotations may not result in higher SOC levels (Dang et al., 2020; Grant et al., 2020; Wang et al., 2023b). This limitation in C sequestration could be associated with the system’s N balance, which is generally negative and similar between CC and CP when their cropping phase includes C4 species (Pravia et al., 2019; Dang et al., 2020).



4.2 Effects of year and N rate segregated by rotation on physical productivity and quality of wheat


4.2.1 Wheat grain yield and grain protein concentration

The WGY response observed in CP aligned with expectations, as crops following legume pastures showed reduced response to applied N, consistent with previous studies (Peoples et al., 2015; Allen et al., 2021; Herridge et al., 2022; Nurbekov et al., 2024). The maximum yield was achieved with a dose of 60 N. In contrast, the response observed in CC indicates that the optimal N rate would have been above the maximum dose applied (> 90 N). However, the higher WGY under CC suggested that other growth factors, which were less favorable under CP rotation, contributed to better wheat growth under CC. Although in this study, we did not measure physical properties such as bulk density or soil macroporosity, the difference in performance between systems may have stemmed from increased soil compaction under CP rotation due to cattle trampling. Barreto et al. (2022) also found higher surface runoff under CP than CC, attributing this difference to the trampling effect. These authors noted that under the CP system, there would be higher risks of nutrient losses with runoff water. Additionally, there was no indication of the expected increase in soil residual N under CP through elevated soil NO3–N concentrations in this rotation. As mentioned, this higher soil N contribution may occur later in the crop cycle (post-Z22 growth stage). Alternatively, N losses due to denitrification could increase, potentially exacerbated by soil compaction (Dang et al., 2020; Shaheb et al., 2021).

For both systems, the highest WGY was obtained in 2015, a year with more favorable climate conditions, alongside the highest levels of NO3–N during tillering compared to the other evaluated seasons. Furthermore, in 2015, the wheat seeding occurred amidst dry soil conditions, along with a notable presence of Cynodon dactylon in the CP rotation, resulting in poor crop establishment (though not quantified) and uneven emergence, leading to a negative impact on WGY, compared to CC. This weed invades the N-enriched areas in pastures created by the death of legume plants during summer droughts, effectively competing with the most commonly used pasture species (Pañella et al., 2022). Additionally, its underground biomass binds soil aggregates into a dense structure, which, combined with surface compaction from grazing, would lead to poor soil quality (García-Préchac et al., 2004; Dang et al., 2020; Shaheb et al., 2021). In 2016, yields were lower than 2015, possibly due to low NO3–N levels during tillering caused by heavy rainfall in July (163 mm total, with a third falling two weeks after N application at tillering) or due to reduced water availability in the subsequent period, as precipitation from August to October was below the 30-year average. The effect of soil N availability on wheat yield was evident in 2015; even though the NO3–N concentration during tillering was close to the critical range (12–14 mg kg−1) (Fassana et al., 2022), there was a noticeable N response under CC system. As has noted by other works, N assimilation is generally more negatively affected than mineralization by soil drying (Compton and Boone, 2002). Furthermore, in drying soils, NO3-assimilation is impaired before nitrification, suggesting that the overall production rates of inorganic N may increase as soils become drier, which was observed in our study during wheat tillering stage in 2015.

Our results showed that wheat crops seeded after pasture termination yielded less than the wheat-followed a soybean crop under CC. This suggests that the effect of the previous crop (soybean) on wheat yield was more relevant than the expected residual effect of the pasture phase under CP (Lollato et al., 2019b; Griffiths et al., 2022; Arnhold et al., 2023). Grain yield of wheat under CC would have depended more on soil N availability at tillering. In contrast, following a degraded pasture under CP, other factors would limit the wheat yield (Figure 3A). Furthermore, under CP, higher standard errors were recorded in WGY and other measured variables among experimental units, potentially attributed to the trampling and nutrient distribution (Carvalho et al., 2018; Dubeux and Sollenberger, 2020).

The measured GPC values were within the range described by other authors (Ding et al., 2020), being higher under CP than CC, as expected. Additionally, WGY and GPC had a significant negative association in the CP system, confirming that they are usually negatively correlated (Ghimire et al., 2021; Giordano et al., 2023; Figure 3C).




4.3 Relationships between nitrate-N at tillering and grain yield and quality segregated by rotation

The relationship between WGY and GPC is closely linked to N availability. When N supply is low, adding N increases yield but does not change or decrease GPC, with medium N availability, both yield and protein can increase, whereas with high N availability, fertilization mainly affects grain protein concentration (Ma et al., 2019; Ghimire et al., 2021; Giordano et al., 2023; Wang et al., 2023a). This relationship suggests that the negative correlations between WGY and GPC occur when wheat growth is severely N-deficient or when the N supply is low or unsynchronized with the crop’s N demand for its potential yield. For instance, in high-production years like 2015 with favorable weather conditions, even small increases in N availability led to significant yield increases (Table 3). At this point, GPC either did not increase or sometimes decreases with higher N rates (Table 3; Figure 3C) because the increase in N uptake by the crop was small relative to the increase in WGY. Additionally, the negative correlations between WGY and GPC in CP (Figure 3C) could be attributed to other factors limiting wheat yield (Figure 3A). These include increased N immobilization by the pasture residue and the delayed release of this N beyond the critical uptake periods (heading and grain filling stages) of the following wheat crop. Poor soil physical conditions that hinder wheat performance, N uptake, and NUE might have also played a role. This latter factor is particularly plausible as it could reduced the plant’s growth rate and N uptake capacity. Soil N availability for plants depends on the soil’s ability to provide resources and the plant’s sink strength, which enhances crop N demand and, consequently, the efficiency to absorb these resource (Lemaire et al., 2021; Giordano et al., 2023). The higher N response on WGY in 2015 compared with 2016 explains the lower GPC values observed in that year (Table 2). This difference is likely due to differences in the amount and distribution of rainfall (Figure 2A). The wetter season in 2015, with rainfall 100 mm higher than in 2016, may have led to higher N dilution in the plant (Grahmann et al., 2013; Ghimire et al., 2021). Moreover, the differences in NO3-N availability at wheat tillering between years (Table 2) accounted for the year effect on GPC; the greater the NO3-Navailability, as seen in 2015, higher WGY and, consequently, the more significant dilution of grain protein (Ghimire et al., 2021).



4.4 Effects of year and N rate segregated by rotation on NUE indices

The two fertilizer-based indices, RE and AE, were higher under CC than CP (Table 5) and within the typical N range for cereal crops harvested for grain (Ma et al., 2019; Hausherr Lüder et al., 2020; Hu et al., 2023; Li et al., 2023). The AE data remained stable across different N doses in 2016, marked by unfavorable weather conditions and reduced soil N availability during wheat tillering. Comparing AE values across cropping systems, the CP rotation exhibited greater variability among N treatments and generally lower values than CC. This variability in CP is likely due to factors other than temporary N deficiency, as a more significant N deficiency would have led to a greater wheat yield response to applied N. The inherent variability of integrated crop-livestock systems could also explain this fluctuation.

The PFP and PNB indices were higher under CC than CP, suggesting that fertilized wheat in CC, especially at low N rates, likely absorbed more native soil N than unfertilized crops. Consequently, this native soil N might have been mistakenly quantified as coming from the fertilizer, possibly leading to an overestimation of RE (Liang et al., 2017, 2023; Chen et al., 2024). Additionally, both indices decreased with increasing N rates, a trend observed in many studies (Gastal et al., 2015; Sieling and Kage, 2021; Hu et al., 2023; Li et al., 2023). In both rotations, PNB values were higher than 1 for wheat fertilized with low N levels, indicating a potential threat to soil fertility or productivity degradation (Pravia et al., 2019; Congreves et al., 2021). The highest values were seen in CC, where nutrient availability is typically low. Fontaine et al. (2023) reported that soils with significant SOM accumulation, such as those in CP systems, often exhibit reduced N availability for plants. This is attributed to continuous C and nutrient sequestration, driven by high microbial N assimilation, which leads to a limited response to N fertilization because of the low nutrient demand from plants in this scenario (Cotrufo and Lavalle, 2022). Conversely, CC systems are expected to show lower microbial N immobilization in the soil and greater depletion of SOM, particularly in the MAOM-associated fraction (Cotrufo and Lavalle, 2022). This suggests that N immobilization would be higher in CP, which explains the lower AE in CP compared to CC.

The efficiency of the N recovered from the added fertilizer was significantly associated with the AE index, as was seen in another study (Hausherr Lüder et al., 2020). The higher AE in CC due to its higher RE can be explained by an expected lower soil N availability in this system. The results indicate that soil N availability was an important factor limiting wheat yield in both rotations, particularly in the CC. These findings align with Ernst et al. (2020), who, comparing systems at equivalent yield (using as target yield obtained in the system that yielded the least). They found that CC,-including C4 crops, required a slightly more N fertilizer than CP, both systems under no-till management, to achieve comparable grain yield because CC was more dependent on N fertilizer inputs. The lack of pasture legumes in CC led to a lower potentially mineralizable N, which could significantly reduce N uptake in unfertilized treatments by 20% on average (Ernst et al., 2020). In CP, however, the quadratic N response revealed that factors other than N could have limited the wheat performance of that system. The factor limiting the yield response in CP rotation likely disrupted the synchrony between the N demand of crop and the amounts of N provided by both N sources, fertilizer, and soil. In our study, these factors could be identified through data analysis.



4.5 Implications and limitations of the study

Based on the assumption that the total residue dry matter input and soil C were similar between rotations (Supplementary Table S3), a finding also reported by Ernst et al. (2020) comparing similar rotation systems that this study, we propose the following hypothesis. The growth-limiting factor, which could explain the disparities between systems, is likely to be associated with factors other than nutrients and the previous crop effect. These factors could include adverse effects on soil physical properties caused by animal trampling. The discordant result in the CP system, which consistently showed lower WGY, despite the expected higher soil quality and higher soil productivity potential (Ernst et al., 2018; Rubio et al., 2022) compared to CC, could be explained by considering two reasons:

1. Residues quality from tcrop sequences. We compared wheat performance seeded after a degraded pasture due to intensive grazing (invaded by Cynodon dactylon in 2015), which led to a low decomposition rate and potential N immobilization, versus wheat seeded after soybean, which provides a favorable environment for residue breakdown and N response. While incorporating perennial pastures into crop rotations may offer advantages in accumulating SOC, due to greater root and shoot allocation (Mazzilli et al., 2015; Pinto et al., 2021), the low-quality residue left in the soil at the final pasture phase negatively affected the wheat performance. This, in turn, affected the soil’s physical conditions for the subsequent wheat crop, limiting its performance and the efficiency of N recovery from added fertilizer. However, this effect is likely temporary, as soil quality improvement would become evident with the sequence of crops that constitute the agricultural phase (Ernst et al., 2018). When comparing the annual cropping phase only, CC and CP represent a diversified and intensive cropping system (5 crops in 3 years), a relevant variable for mitigating soil quality depletion (Novelli et al., 2017; Allen et al., 2021; Rubio et al., 2022; Alvarez and Ernst, 2024). Consequently, the differences between CP and CC are minimized when crop productivity is evaluated across the entire system (Ernst et al., 2020).

2. Temporary productivity limitation in CP. The limiting factor for productivity in CP might be temporary, affecting only the first crop after pasture termination since the negative impacts of animal trampling typically affect only shallow soil depths. Additionally, the soil’s physical properties, such as macroporosity, may recovered through natural processes (Bell et al., 2011; Dang et al., 2020). The response of wheat growing in compacted soil could be highly dependent on the season, with the influence of the limiting factor and dissimilarities between rotations being more noticeable in high-production years with favorable weather, as observed in 2015.

Our results highlight potential areas for improvement, such as increasing crop diversity by introducing alternative crops like intermediate wheatgrass (Thinopyrum intermedium L.). This perennial grain crop is promising for temperate regions with mild winters (Locatelli Fagúndez, 2023). Its dense and fibrous root system can enhance soil aggregate stability, as was reported with other perennial species following an agricultural phase (García-Préchac et al., 2004); thus, integrating this perennial species into the rotation could help mitigate or reduce soil compaction damage. Lupine cultivation is another promising option for diversifying crops within agricultural systems and reducing N and P fertilizer use (Griffiths et al., 2022; Mori Alvez et al., 2024). For lupines, the potential impact of its roots on improving soil structure alongside other crops and forage pastures has been evaluated (Bodner et al., 2021; Griffiths et al., 2022). Legumes were more effective in stabilizing soil structure than non-legumes, with lupine and lucerne being especially effective (Bodner et al., 2021). The researchers also observed that roots might stabilize some soil fractions for particular plant/soil combinations that influence soil physical properties, such as soil structure through biopore channels, with this impact being more pronounced in species with coarse roots, such as legumes (Boldrin et al., 2022; Wang et al., 2023b; Giuliani et al., 2024). The integration and diversification of functional groups—such as annual winter legumes like lupine—may be a pivotal strategy to reverse soil deterioration processes (Hallama et al., 2019; Fontaine et al., 2023; Nurbekov et al., 2024). An additional adjustment can be to shorten the pasture phase by changing the existing crop arrangement. This shortening in the pasture phase intends to reach the end of its cycle with better aboveground and belowground biomass, a higher legume proportion in mixed pasture swards, and roots in active growth (Hamza and Anderson, 2005; Huang et al., 2020; Zhou et al., 2021), increasing system sustainability and resilience derived from increasing non-provisioning ecosystem services with long pasture phases, such as improved soil physical conditions and the legume persistence at pasture termination.

In this study, we assessed only changes in soil N availability, WGY, N uptake, GPC, and the NUE as affected by the N response trials, inferring from these experiments performed consistencies or dissimilarities between cropping systems. However, this approach may miss other system-wide benefits or tradeoffs.

Due to the limitations of our field experiment, we propose an effective and practical method for a fair comparison of the potential of CP and CC systems. Additionally, this approach allows for direct inferences about the rotation effect, as this experimental design would include three replicates with the rotation factor, minimizing the pre-crop effect observed on wheat crops and isolating the year effect from the rotation effect. This method involves using data from the same long-term experiment, involving more than one crop in the same year of the evaluation, and associating them with the same pre-crop under both systems. For instance, in this approach, we could use winter crops as pre-crops or the fallow period as pre-conditions for summer crops used as test crops (whose crops offer clear advantages under no-till conditions). This proposal must be replicated for more than two years. It is also necessary to consider soil C and N levels and the quantity and quality of residues and correlate this with soil health indicators. Equally important is using the best available knowledge and technologies to reduce the impact of nutrient stress, pests, and weeds affecting crop establishment (e.g., uneven emergence) in both CP and CC systems.




5 Conclusion

Our three-year research study on Uruguayn soils under a long-term experiment spanning over 20 years, revealed that wheat crops in the CC system achieved higher yields than those seeded as the first annual crop after the long perennial pasture phase in the CP system in a rainfed environment. Additionally, the greater N response in CC was likely due to reduced soil N availability, which, combined with healthier soil physical properties, supported improved productivity, This resulted in higher N uptake and better NUE indices compared to the CP system. In contrast, adverse soil conditions in the CP rotation may have impeded the effective utilization of applied N in wheat production. Our findings suggested that under continuous no-till systems, the performance of the first crop seeded after a long perennial pasture phase (3.5 years) was negatively affected by factors such as animal trampling and the quality of crop residues returned to the soil. While such a system would support greater soil fertility and GPC values, it had a detrimental effect on WGY due to temporarily restricted soil physicochemical and biological properties. These restrictions limited the N response, consequently reducing wheat yield and NUE indices. Our hypothesis that integrating pastures into crop rotations would improve wheat yields (as the first crop after the pasture phase) was not supported. The anticipated benefits of enhanced soil quality and N availability were insufficient to counteract the negative impacts of cattle trampling and grazing.

However, increased N immobilization could enhance C and N sequestration in SOM. This N process could be encouraged by temporary soil compaction, creating more conducive soil conditions typically characterized by moisture and relatively low temperatures. For future research, our findings underscore the need to directly assess soil properties linked to physical degradation that affect water dynamics, such as infiltration and retention. It is also crucial to evaluate highly sensitive C and N indicators in response to changes in their balance, including the distribution between POM and MAOM and the potentially mineralizable N from these SOM fractions and soil C respiration. This assessment is highly dependent on factors like soil type, environmental conditions, and the quantity and quality of residues left in the soil. Therefore, future research should focus on characterizing all these aspects within the evaluated system.
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Plus sign indicates wheat-pasture consociation. The slash symbol separates the cropping season (winter/summer). "The wheat crop evaluated in this study.
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Variables Rotation system

(ele; CP
Nrate Nitrate-N_722 0.45* 032
Nrate Grain yield 0.80%+% 0,697+
Nrate N uptake_stover 0667+ 046°
Nrate N uptake crop 0.89%+ 074+
Nrate Protein concentration 015 -0.15
Nitrate 722 Grain yield 071 054+
Nitrate 722 N uptake_stover 058+ 0487
Nnitrate 722 | N uptake crop 054 032
Nnitrate_722 | Protein concentration ~0.60%+* —071%%
Grain yield N uptake_stover 0707+ 0667+
Grain yield N uptake crop 0917+ 0925+
Grain yield Protein concentration -026 ~0.43*

Significant at *p < 0.05; **p < 0.01; ***p < 0.001.
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N Stover content

kg N ha™*
CE CP
2014 0 1769+ 191 1414:£ 356 101403 97402 80£14 99421
30 01173 1818 + 205 10601 100402 121510 145521
2015 0 1827 567° 1,204+ 358° 87401 99404 79435 57425
30 2945+ 185" 1822+ 378" 92403 8640.1° 133£33% 10822
0 3,134 206 3,157 £ 464" 88403 8801 201444 18832
90 389123710 2,442 307 91402 9001 188%49° 163£43°
2016 0 1214 % 68° 956+ 115° 12.1£02% 153£0.10 384110 77414
30 1845+ 96 1406+ 118" 15402 132407 91417 70410
60 2592+ 80° 2,103 249" 17403 123403 83416 103514
% 3,031 149" 2359+ 113" 131506 125506 190514 105510
Variation source prvalue
Year 0.0023 00191 <0.0001 <0.0001 0.0023 00246
Nrate 0.0001 <0.0001 00383 <0.0001 <0.0001 00122
Unfertilized vs. fertilized <0.0001 <0.0001 ns. <0.0001 <0.0001 00094
Lineal <0.0001 <0.0001 ns. 0.0002 <0.0001 00019
Quadratic ns. 0.0406. 00410 0.0007 ns. ns.
Year x Nrate ns. ns. ns. 00213 0.0405 ns.
Replication (Year) ns. ns. ns. ns. 0.0018 ns.

rent lowercase leters within a column indicate differences among N rates within each year at a 95% confidence level; ns means no significant difference. 'File data from 2014 were not
included in the ANOVA analysis.
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kg yield increase kg N uptake kg yield increase kg grain yieldkgN kg N removed
kg N applied* increase ha* kg N uptake applied kg N applied*
kg N applied ha™ increase ha™
CC CP CC CP CcC CP CcC CP
2014 30 8180 135148 032402  040£03 10044688 1097%57.8  670£24  606%68  L1:01  10%01
30 W3£157 206£167  075:03  038%02  460:57 | 3861163 982262 607126  14x00° 0802
60 28+68 326523 051401  064£00 400473 527493 | 522:34 52677 07401  07£01°
2015 90 229100 13823 047202 03001 420119 485%49 | 432:41° 270434 06201  04%01°
30 21+48 | 150474 051£02  030£02 | 43337 | 744£187 | 615£32 | 469%39 | LI£01 10201
60 250405 | 191433 047400  035£00  492%26 54873 | 432513 351442 08£00° 07x01°
2016 90 202%13 15604 06000  029+00 336428 551450 3B7£17 262£13 0.7£01"  0.5£00"
Variation source pvalue
Year ns. ns. ns. ns. ns. ns. 0.0009 00730 ns. ns.
Nrate ns ns ns. ns ns. ns. <0.0001 0.0085 <0.0001 0.0062
Year x Nrate ns. ns. ns. ns. ns. ns. 00207 ns. 00273 ns.
Replication (Year) 0.0076 ns. 0.0245 ns. 0.0042 ns. ns. ns. ns. ns.

Different leters within a colum indicate differences among N rates each year, which are significant at a 95% confidence level; ns means no significant difference. 'File data from 2014 were not
included in the ANOVA analysis.






