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Modifications to continuous corn production systems can reduce environmental impacts and soil degradation, yet the social viability of these modifications is linked to the degree to which they also influence yields and crop quality. In this study, we focus on forage production systems and evaluate how yields, crop quality, soil health indicators, and associated ecosystem services are influenced by corn-hay rotation treatments, cover cropping, and tillage reduction in silage production using a unique 10-year dataset from Borderview Research Farm in Vermont, United States. Physical, chemical, and biological soil health indicators were monitored annually alongside yields and crop quality in a randomized complete block design experiment. We use a mixed model analysis of variance approach to demonstrate significant influences of time and treatments on yields, crop quality and soil health parameters (at p < 0.05). The winter rye cover crop treatment had no significant influence in this study. No-till significantly increased aggregate stability and had no significant effect on other metrics. When cover crop and no-till were combined, they significantly increased soil organic matter content, respiration and aggregate stability. The cover crop, no-till, and no-till cover crop combination treatments had no significant effect on yields or forage quality, suggesting these conservation practices can be adopted without sacrificing yields. Our study also found that corn-hay rotations can significantly increase soil organic matter, respiration, aggregate stability, and crude protein content compared to continuous corn, but they can negatively influence active carbon, total dry matter yield and digestibility. The length of rotation influences the degree to which corn-hay rotations maintain or reduce yields when compared to continuous corn. Shorter rotations of perennial forages (4 years of hay, 6 years of corn) can sustain dry matter yields that are not significantly different from continuous corn, but longer perennial forage rotations (8 years of hay, 2 years of corn) will significantly reduce overall dry matter yields. Among the treatments, no-till in combination with cover cropping in corn silage fields, and a rotation of 4 years of hay to 6 years of corn are likely to achieve the greatest overall benefits in forage production systems.
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1 INTRODUCTION
Human resource use currently exceeds planetary boundaries (O’Neill et al., 2018) and the sustainable intensification of agriculture is one of the most important pathways to ensure a livable future for humankind. Sustainable intensification broadly refers to increasing or sustaining the production of food while reducing inputs and sustaining the natural resource base (FA0, 2004) and while there are debates about the nuances of this definition, there is consensus that attempts to meet goals of sustainable intensification are rife with tradeoffs (Struik and Kuyper, 2017). Each production type, climate and food system context present different challenges and opportunities to meet goals of sustainability.
In recent years there has been renewed interest in the reintegration of crop and livestock systems as an alternative to continuous annual crop production. This diversification is hoped to sustainably intensify food production while benefiting producer income, crop production, soil properties, and increase environmental and socioeconomic resilience (Kumar et al., 2019). Benefits include closing the loop in nutrient cycles through the provision of manure, improving soil structure and water retention, and decreasing biocide requirements (Garrett et al., 2017). Integrating crops and livestock has been the norm in agricultural history, however, shifts in agricultural research and policy since the industrial revolution have resulted in more specialized and segregated approaches (Garrett et al., 2017). For example, United States farms were substantially more diversified and integrated in the 1970s than they are today. In 1974, 52% of the agricultural area and 19% of the farms utilized a crop-grazing rotation (USDA, 2007), but by 2012, this applied to only 7% of the farms and <2% of the area. Remote sensing studies confirm this trend toward homogenization, with mixed use areas being rapidly converted to continuous annual crops (Lark et al., 2015; Garrett et al., 2017).
The Intergovernmental Panel on Climate Change (IPCC) has identified crop-livestock integration as a resource-efficient and cost-effective agricultural adaptation strategy to sustainably maintain or increase food production (IPCC, 2018). Integrated crop-livestock systems have been shown to increase soil quality, crop yield, and economic returns compared to monoculture crop production in the Unites States (Sekaran et al., 2021). The majority of research to date has focused on the impacts of rotating annual crop production with grazing of forage crops, cover crops, crop residues, and winter grazing with summer crop production (Kumar et al., 2019). However, region-specific issues have a major impact on how crop-livestock systems can be implemented. For example, in colder climates with a short grazing season, livestock performance is strongly related to winter feed management, which can be a significant cost. Stored forage production (such as hay, haylage, and corn silage) is therefore an integral aspect of crop-livestock integration in these climates (Kumar et al., 2019). Yet, the practice of rotating annual crops such as corn with perennial forage has been limited in the United States, and the costs and benefits of these systems are presently understudied.
Aligning production goals with environmental sustainability is critical to achieving sustainable intensification, and environmental stewardship is one of many factors considered by farmers when making agricultural management decisions, alongside financial limitations which constrain their options (White A. et al., 2021; White et al., 2022a). Agricultural sustainability goals can be achieved alongside environmental sustainability goals through improvements in soil health (Neher et al., 2022). Soil health is defined as the continued capacity of a soil to function as a vital living ecosystem that sustains plants, animals, and humans (USDA-NRCS, 2022). This definition acknowledges the role that biological processes play in influencing dynamic soil properties and soil functions that are foundational to sustainability (Neher et al., 2022). Measures of biological, physical and chemical soil health parameters are now widely used as indicators of ecosystem functions and ecosystem services from changes in farming practices and can help assess the effectiveness of conservation practices in meeting multiple goals (Wall et al., 2012; Abbott and Manning, 2015; Adhikari and Hartemink, 2016; White A. et al., 2021; White A. C. et al., 2021; Neher et al., 2022).
The integration of conservation practices, crop diversification, or crop rotation may help farmers protect against weather-related crop stress and increase crop yield while improving soil health and underlying ecosystem services (Nunes et al., 2018; Page et al., 2020; Yang et al., 2020). For example, practices that increase organic matter can mitigate flood damage through increased water holding capacity (Bhadha et al., 2017), increased aggregate stability can decrease erosion (Barthès and Roose, 2017), soil organic carbon increases can contribute to mitigating climate change (Lal et al., 1999) and cover crops can reduce erosion by providing physical cover (De Baets, et al., 2011). However, the nuances of site conditions, soil texture, and the way conservation practices are implemented influence these outcomes, meaning that both synergies and tradeoffs are possible (Palm et al., 2014; Nunes et al., 2018; Page et al., 2020). Context-specific and usable information tailored to realistic production methods, and relevant information on cropping system modifications and subsequent influence on yield and ecosystem services, are needed in every region of the world to support farmers’ decisions.
Corn silage and perennial grass/legume forage cropping systems are prevalent across most dairy producing agricultural areas such as Vermont, United States. For example, corn silage covers 65,560 ha in Vermont, accounting for 13.5% of the agricultural landscape (USDA, 2021). Hay and pasture cover 22.9% (111.290 ha) of the agricultural land (USDA, 2021). Dairy operations feed a mix of annual and perennial forages to meet the dietary requirements of cows, often including a hay, haylage, corn silage, pasture, and various grain concentrates. Conventional management of corn for silage in these systems is characterized as continuous corn planted at a high seeding density. Unlike corn grown for grain, the production of corn silage requires the entire aboveground biomass to be harvested and removed from the field, leaving no crop residue to protect the soil from weather elements through the fall, winter, and spring before the next crop is planted. This can lead to significant soil erosion and declining soil organic matter levels over time (Balík et al., 2020). The sustainable intensification of these annual forage systems has been challenging in Northern New England, primarily a result of a short growing season and difficult landscape. Heavy, cold, and wet soils in the spring encourage spring tillage, providing limited opportunity for adoption of no-till. Rocky and steep slopes limit the land-base available for corn and hay rotations, leading to the best soils being reserved for continuous corn. Silage corn varieties typically require 2,200–2,800 growing degree units (GDUs) to reach maturity and the 30-year average GDD (base 10 °C) in Burlington, Vermont is 2,549 (NOAA, 2022). This means that the time available after harvest to implement conservation practices and establish a cover crop before winter is very limited. In the coming years, variability in precipitation patterns associated with climate change may mean fewer field working days due to wet soil conditions (Tomasek et al., 2017), exacerbating challenges associated with an already short, cold and wet growing season.
In light of these challenges, greater adoption of forage crop rotation, no-till, and cover cropping, may help farmers simultaneously increase soil health, enhance resilience to climate change, and stabilize yields for forage management in integrated livestock systems. Rotation from annual to perennial production systems can increase soil health, and rotating from perennial to annual can give a boost in yields (Stanger and Lauer, 2008; Undersander and Barnett, 2008; Darby et al., 2019). Hay and pasture fields in Vermont have higher soil carbon socks and soil health than corn fields (White et al., 2022b). Extensive research has found that cover cropping increases the overall health of agricultural systems by scavenging excess nutrients (Clark, 2010), increasing water infiltration (Haruna et al., 2018), reducing surface runoff (De Baets, et al., 2011), alleviating compaction pressure (Chen and Weil, 2011), building soil tilth, increasing biodiversity, and building organic matter. Furthermore, cover cropping can help enhance the benefits of other farming practices, such as no-till planting, creating synergies that increase farm financial and environmental sustainability. For example, Sapkota et al. (2012) found that compared to conventional till, no-till systems had 1.12% higher soil organic matter content, 71% more soil microbial biomass, 44% higher soil respiration, greater arthropod abundance, and improved soil structure stability. Long-term no-till corn in the northeastern United States has demonstrated soil health benefits alongside yield increases or maintenance of yields (Nunes et al., 2018).
The goal of this study was therefore to evaluate forage crop yield and quality and soil health metrics in alternative cropping systems that incorporate annual and perennial forage crop rotation, cover crops, and no-tillage, compared to continuous corn silage. We present the results of long-term research on annual production systems in northern New England United States with a novel focus on forage production, which is a critical element of crop-livestock integration in this region. Using a unique 10-year dataset from Borderview Research Farm in Vermont, United States, we evaluate the degree to which these conservation practices and perennial-annual rotations influence dimensions of soil conservation, ecosystem service provisioning and forage production over time. We hypothesize that integrating perennial forage rotations, cover crops, and no till will improve soil health indicators, carbon sequestration, and crop quality and yield in continuous corn production systems, but that temporal tradeoffs and synergies are likely to exist when implementing these practices.
2 MATERIALS AND METHODS
2.1 Study design
Our research draws on data from a long-term replicated plot research trial on corn cropping systems which was established at Borderview Research Farm in Vermont, United States. The experiment was established in 2009. Soil health data was collected alongside yields starting in 2012 and monitored annually until 2021. Forage quality was analyzed starting in 2014 and evaluated annually until 2021.
The experimental design was a randomized complete block with replicated treatments of corn grown in various cropping systems (Table 1). In 2009, there were three treatments each in 6.10 × 15.2 m plots. Four plots were continuous corn (CC 2009) which reflects typical agronomic practices of that time with tillage and no-cover crops. Another four plots were continuous corn with over wintering cover crop (WCCC 2009) which reflects a rotation of continuous tilled corn planted with fall cover crop. There were 12 perennial forage (PF) plots that were planted with a mixture of alfalfa and meadow fescue in 2008. In 2011, a fourth treatment was added when four PF plots were transitioned to no-till corn plots (NT 2011) which reflects continuous corn with no-till practices. The two final treatments (fifth and sixth treatments) are corn-hay rotations with similar management patterns, but in staggered rotation years. In the first rotation (ROTC 2014) four PF plots were transitioned to new corn plots in 2014, and then seeded into PF again in 2020. The second rotation treatment (ROTC 2020) was in PF until it was rotated into corn in 2020. Additionally, in the fall of 2020 the NT plots were split (6.05 × 15.2 m) to maintain NT plots and introduce plots with combined no-till and cover crop practices which will benefit future research.
TABLE 1 | Corn cropping system treatments evaluated for yield, forage quality and soil health in this study.
[image: Table 1]2.1.1 Site description
This research takes place in Alburgh, VT (long. 45.009072, lat. −73.307,830) on Amenia silt loam soil (loam skective, mesic, Lithic Eutrudepts). According to the Köppen climate classification system, this region is “humid continental mild summer, wet all year” (Dfb) (PlantMaps, 2022). The 30-year average temperature is 8.22 °C with a 30-year average of 2,625 growing degree days (base 10.0 °C). The 30-year average precipitation amount is 95.0 cm with an additional 216 cm of snow (base 10.0 °C) (NOAA, 2022). The average 30-year winter temperature (December-February) is −4.94 °C (NOAA, 2022).
2.1.2 Field practices
The CC 2009, WCCC 2009, ROTC 2014, and ROTC2020 plots were tilled between 6-May and 16-May with Pottinger Terra Disc (Valparaiso, IN) at 20–25 cm depth for field bed preparation and weed control when in corn. Corn was planted between 7-May and 25-May at an average rate of 84,000 seeds hectare-1 in 76 cm rows with a John Deere 1750 corn planter (Moline, IL). In 2018, a planter malfunction resulted in a seeding rate of 42,000 seeds ha-1. Silage varieties varied over the years with an average relative maturity (RM) of 94, minimum of 86 and maximum of 105. Typical corn starter was applied 4, 8, 8 kg ha-1 of nitrogen N), phosphorus P), and potassium K), respectively. Corn was side-dressed according to the highest nitrate soil test result which was an average of 125 kg ha-1 N when corn was in the V4 stage (between 17-Jun and 5-Jul). Winter cover crop was typically planted in late September with cereal rye (Secale cereale) at a rate of 110 kg ha-1. Cover crops were terminated in NTCC2020 plots with herbicide before corn planting. For early season weed control, herbicide was applied between 14-May and 5-Jun. Later season weed control was achieved through spot spraying with systemic herbicides. Corn was typically harvested between 3-Sep and 18 September It should be noted that in 2020, corn in the ROTC2020 plots was planted after first cut of PF and thus with a later planting date, matured later and had a later harvest date (29-Sep) than any of the other corn plots which were harvested on 3-Sep).
The PF (perennial forage) plots were established with 16.0 kg ha-1 mixture of 30% alfalfa and 70% tall fescue. On 6-May 2020, PF in the ROTC2014 plots was established with 22.5 kg ha-1 mixture of 60% alfalfa and 40% tall fescue. Typically, forage plots were fertilized with an application of 4, 8, 8 kg ha-1 of N, P, and K, respectively after first cut and 60.5 kg ha-1 K after second cut. With the exception of a rotation year into corn where only first cut was taken (ROTC 2020) or rotation into perennial forage (ROTC 2014) when harvest occurred only twice during the first 2 years to encourage establishment of the new forage seeding. Perennial forage plots were harvested three times a year between late May and mid-September.
2.1.3 Sampling and analysis procedures
Indicators of soil health were measured annually. Numerous approaches to assessment of soil health have been developed that move beyond chemical analyses to include biological and physical indicators as well. Our study used the widely adopted Comprehensive Assessment of Soil Health developed by Cornell University’s Soil Health Lab to measure a suite of biological, chemical and physical indicators of soil health (Meobius-Clune et al., 2016). Soil samples were collected from each plot between 26-April and 15-May annually from 2012 to 2021 using the methods described in Moebius-Clune et al. (2016). Composite soil samples were then submitted to the Cornell Soil Health Laboratory for the Comprehensive Assessment of Soil Health (CASH) analysis (Ithaca, NY).
Percent aggregate stability was measured by Cornell Sprinkle Infiltrometer and indicates ability of soil to resist erosion. Predicted percent available water capacity and predicted soil protein (N mg/soil g) was calculated with a Random Forest model from a suite of measured parameters and soil texture (van Es et al., 2019). Percent organic matter was measured by loss on ignition when soils are dried at 105 °C to remove water then ashed for two hours at 500 °C (CASH adaptation from Broadbent, 1965). Total nitrogen is measured with DUMAS combustion methodology. It measured organic (living and non-living) and inorganic (mineral) forms of nitrogen. Active carbon (active C mg/soil kg) was measured with potassium permanganate and is used as an indicator of available carbon (i.e., food source) for the microbial community. Soil respiration (CO2 mg/soil g) is measured by amount of CO2 released over a four-day incubation period and is used to quantify metabolic activity of the soil microbial community (Zibilske, 1994).
Corn silage was harvested with a John Deere 2-row chopper (Moline, IL) and yields weighed in a wagon fitted with scales. Perennial forage was harvested and weighed with a Carter Forage Harvester (Brookston, IN) fitted with scales in one 0.914-m x 15.2-m strips. Dry matter yields were calculated with an approximate two-pound subsample of the harvested material from each strip was collected, weighed, dried and reweighed.
Forage quality was analyzed using the FOSS NIRS (near infrared reflectance spectroscopy) DS2500 Feed and Forage analyzer. Dried and coarsely-ground plot samples were brought to the UVM’s Cereal Grain Testing Laboratory where they were reground using a cyclone sample mill (1 mm screen) from the UDY Corporation. The samples were then analyzed using the FOSS NIRS DS2500 for crude protein (CP), neutral detergent fiber (NDF), and neutral detergent fiber digestibility in 30 h (NDFD30).
2.1.4 Weather data
Monthly total precipitation records for 2012 through 2021 from the weather station in Burlington Vermont, United States were obtained from the NOAA National Weather Service. Precipitation levels for months prior to sampling were summed and plotted to assess relationships with soil health measurements.
2.1.5 Interpretation as ecosystem services
Ecosystem services provide a framework for assessing sustainability of socially relevant ecological outcomes and processes. It is recommended that indicators of ecosystem services be easily measured, sensitive to changes in the system and capture the connection between biophysical changes and socially relevant outcomes (Dale and Polasky, 2007; Olander et al., 2018). In this study we drew from prior work by Neher et al. (2022), Dube et al., 2022, White A. et al. (2021) and White A. C. et al. (2021) to interpret benefit-relevant soil health parameters as ecosystem services. Supporting ecosystem services are defined as those that underpin other ecosystem functions and services (Dominati, 2013). Measures of respiration and active carbon directly reflect the microbial, metabolic, and nutrient cycling activity in the soil that underpin other soil functions and ecosystem services (Meobius-Clune et al., 2016), and are thus interpreted as indicators of soil health supporting ecosystem services. Regulating ecosystem services are the benefits obtained from regulation of ecosystem processes, including climate regulation, water regulation, erosion control, and more (Leemans and De Groot, 2003). In our study, aggregate stability was measured using a simulated rainfall-based test (Meobius-Clune et al., 2016), and is interpreted as a direct indicator of soil conservation and resilience to extreme precipitation (White A. et al., 2021). Soil organic matter content is a direct measure of the dynamic portion of soil carbon content, and net changes in organic carbon content over time is interpreted as an indicator of climate regulation services through carbon storage and sequestration (Dube et al., 2022). Available water capacity is a direct measure of plant available water in soil and was interpreted as an indicator of drought resilience (White A. et al., 2021). Finally, we interpret both yield and forage quality as indicators of impacts of food provisioning services. Identifying ecosystem services in this way is a useful lens to highlight the socially relevant aspects of natural resources and ecosystem functions. In the presentation of results, we bring focus to significant influences and directionality of impact on ecosystem services as in White A. et al. (2021).
2.2 Statistical analysis
We used linear mixed models with repeated measures to evaluate the influence of time and treatment on soil health and yields. This analysis was followed by ANOVA and prediction of treatment means to support our interpretation, inference and conclusions (Gezan and Carvalho, 2018). In addition to evaluating a dependent variable of each metric as observed, we also detrended the data by calculating the ‘deviation from continuous corn’ for each observation, taking the difference between that observation and the mean value for the continuous corn plots in that year. This removed the effects of interannual variability and allowed our analysis to focus on the way the treatments differ from conventional practices (continuous corn). For example, when analyzing aggregate stability, we ran our statistical analysis methods on aggregate stability as measured, as well as the deviation in aggregate stability from continuous corn each year.
2.2.1 Model specifications
We fit linear mixed models in R (Rstudio Team, 2022) using the lme4 package (Bates et al., 2015) to identify the influence of time and treatment on soil health characteristics, yields and forage quality. Treatment, year and block were considered fixed effects. Plot was considered a random effect. Interaction terms between year and treatment, block and plot were considered. The model was refined to include only interactions between year and treatment, by stepwise removal of non-significant terms, to optimize Akaike’s Information Criterion (AIC), resulting in a best fit model as follows:
[image: image]
Where Yr is the year, Trt is the treatment, Trt xYr is the interaction between year and treatment, Blk is the block, and Pl is the plot as a random effect. ANOVA (Type II Wald F tests with Kenward-Roger df) was then conducted on model results using the car package in R (Fox and Weisberg, 2019). Effects were considered significant at a level of p = 0.05. Where significant impacts among treatments were identified, comparisons of means were conducted.
2.2.2 Post hoc tests
To support interpretation of the mixed model analysis, we conducted mean comparison tests where significant influences were identified. For variables with significant time:treatment interactions we ran Holm corrected pairwise t-test comparisons with the continuous corn treatment over time. A p-level of 0.05 was used to determine significant differences between treatments. These post hoc tests are considered secondary and supplemental to the model-based analysis.
3 RESULTS
3.1 Summary
Our observations identified significant temporal, treatment and time:treatment interactions that influenced soil and yield characteristics. Treatments evaluated in our study significantly influenced soil health characteristics, total dry matter yield, and CP and NDF in comparison to continuous corn, but did not significantly influence corn yields, NDF30 or soil available water capacity (Table 2; Table 3). In treatments which rotated corn with perennial forages, overall DM yield was less than in continuous corn, but only significantly less in the ROTC2020 treatment (Table 4). Significant time:treatment interactions indicate that the impact of corn cropping systems on soil health and yield are complex, dynamic, and can be variably affected by management practices. Details of the temporal influence on significant relationships among treatments is supported by secondary analysis in Tables 5 and Table 6.
TABLE 2 | Significant influences on soil health parameters; ANOVA p-values and Marginal R2 values of repeated measures linear mixed models of soil health parameters, and the deviance of soil health parameters from continuous corn (CC).
[image: Table 2]TABLE 3 | Significant influences on yields and forage quality; ANOVA p-values and Marginal R2 values of repeated measures linear mixed models of corn yield (35% DM), dry matter yield for corn and forage, and forage quality, as well as the deviance in those metrics from continuous corn (CC).
[image: Table 3]TABLE 4 | Significant influences on ecosystem service provisioning by treatment compared to continuous corn (CC). This is based on the repeated measure mixed model that incorporates that influences of treatments, time and time:treatment interactions from 2012 to 2021. The “−” symbol is a negative impact, the “+” symbol is a positive impact, the “∼” symbol indicates is is not significant, and “ −/+” indicates a variable impact depending on year.
[image: Table 4]TABLE 5 | Significance level of post hoc Holm corrected pairwise t-test comparisons with continuous corn treatment over time for soil variables with significant time:treatment interactions. NA is no data for that year, ns is not significant, * is significant to 0.05, ** is significant to 0.01, and *** is significant to 0.001 or less. Mean values over the entire timeframe are in the farm right column.
[image: Table 5]TABLE 6 | Significance level of post hoc Holm corrected pairwise t-test comparisons with continuous corn treatment over time for yield variables with significant time:treatment interactions. NA is no data for that year, ns is not significant, * is significant to 0.05, ** is significant to 0.01, and *** is significant to 0.001 or less. Mean values over the entire timeframe are in the farm right column.
[image: Table 6]3.2 Soil health
3.2.1 Aggregate stability
Aggregate stability was significantly influenced by time (p < 0.001), treatments (p < 0.001), and interactions between time and treatments (p < 0.001) (Table 2). Model outputs indicate deviation in aggregate stability from CC was significantly increased by NTCC (p < 0.001), NT (p = 0.034), ROTC 2014 (p < 0.001), and ROTC 2020 (p < 0.001), but not the WCCC treatment. Significant interactions between time and NT, ROTC 2014, and ROT2020 treatments is reflected in the model output (Supplementary Material S3). The difference in aggregate stability between the ROTC2014 and CC was 23% at the start of the study (2012), and the difference declined after the ROTC2014 rotated into corn in 2014, getting to 9.43% in 2020 (Figure 1, Supplementary Material S2). In the ROTC 2020, aggregate stability relative to CC increased over time, starting at 19.7% more aggregate stability in 2012, and ending at 45.7% more than continuous corn in 2014.
[image: Figure 1]FIGURE 1 | Loess plots (locally weighted smoothing) show deviation in soil physical characteristics from continuous corn by treatment from 2012 to 2021: (A) Surface hardness (B) Subsurface hardness (C) Available water capacity (D) Aggregate stability.
3.2.2 Available water capacity
Treatments had no effect on available water capacity. Available water capacity was significantly influenced only by year (p < 0.001) across the study, but the deviation in available water capacity from continuous corn was not significantly influenced by time. Block (p < 0.05) was the only significant influence on the way AWC deviated from continuous corn.
3.2.3 Surface and subsurface hardness
Subsurface hardness was significantly influenced by year (p < 0.001) only, yet the detrended data shows that the deviation in subsurface hardness from that of continuous corn was significantly influenced by treatment (p < 0.001), and block (p < 0.01). The deviation in surface hardness from that of continuous corn was significantly influenced by year (p < 0.001), treatment (p < 0.001), and an interaction between year and treatment (p < 0.001) (Table 2). Deviation in surface hardness from continuous corn was significantly influenced by the ROTC2014 treatment (p < 0.001) and the WCCC treatment (p = 0.045). Significant interactions between time and the ROTC2014 and WCCC treatments were also observed (Supplementary Material S3). In the ROTC2014 treatment, surface hardness was 69 psi greater than continuous corn treatment at the start of the data collection when the rotation was in perennial forages. Following the rotation into corn, surface hardness in the ROTC2014 treatment became more similar to surface hardness in the continuous corn plot. The average difference from continuous corn was 40.6 psi in 2014, 8.12 psi in 2015, and -36 psi in 2016 (Figure 1, Supplementary Material S2). The WCCC treatment experienced a similar trend (Figure 1), starting at 20.5 psi greater than continuous corn in 2012, dropping to 27.75 psi less than continuous corn in 2016, and ending at 12 psi less than continuous corn in 2021. These trends track with the antecedent moisture conditions during sampling time plotted, alongside surface hardness in Figure 2.
[image: Figure 2]FIGURE 2 | Antecedent moisture condition during spring soil sample collection and surface hardness measurements by year. Antecedent moisture condition is total precipitation in April and May months for each year recorded at Burlington International Airport weather station in VT, United States.
3.2.4 Organic matter
Soil organic matter was significantly influenced by time (p < 0.01), treatment (p < 0.001), block (p < 0.001) and interactions between time and treatment (p < 0.001) (Table 2). Model outputs indicate that the deviation in organic matter content from CC was significantly increased by the NTCC treatment (p = 0.019) and the ROTC2014 treatment (p < 0.001). A significant interaction between time and the ROTC2014 treatment was observed (Supplementary Material S3). In 2021, the NTCC treatment had 0.26% more organic matter than the CC treatment (Supplementary Material S2). In 2013, the ROTC2014 treatment had 1.26% more soil organic matter than the CC treatment, and this difference declined annually after it was transitioned to corn in 2014, and 6 years later, in 2019, the ROTC2014 treatment had only 0.19% more organic matter. Following return to perennial forages, the organic matter levels increased slightly to 0.26% greater than the CC treatment (Figure 3, Supplementary Material S2). Organic matter levels were highest in ROTC2020 in all years, but not captured as significant in the model.
[image: Figure 3]FIGURE 3 | Loess plots (locally weighted smoothing) show deviation in soil biological parameters from continuous corn by treatment from 2012 to 2021: (A) Soil organic matter content (B) Respiration (C) Active carbon.
3.2.5 Active carbon
Active carbon was significantly influenced by year (p < 0.001), treatment (p < 0.001), and block (p < 0.001) (Table 2). The deviation in active carbon from that of CC was significantly influenced by treatment (p < 0.001) and the interaction of treatment and year (p < 0.001). Deviation in active carbon from CC was significantly influenced by the ROTC2014 treatment, and the interaction of time with the ROTC2014 treatment (Supplementary Material S3). Our results indicate that active carbon levels were both positively and negatively influenced by the rotation. Active carbon levels were 118 ppm greater in ROTC2014 than CC in 2013, and this difference was reduced over time when the rotation was planted with corn. In 2020, the ROTC2014 treatment had 5.36 ppm active carbon less than the CC treatment, and after it was rotated into perennial forage again the active carbon levels increased to 40 ppm greater than the CC treatment (Figure 3, Supplementary Material S2).
3.2.6 Respiration
Respiration was significantly influenced by year (p < 0.01), treatment (p < 0.001), and an interaction between treatment and time (p < 0.001). The difference in respiration between treatments and CC was influenced by treatment (p < 0.001) and an interaction between treatment and time (p < 0.001) (Table 2). The deviation from CC in respiration was significantly increased by the NTCC and ROTC2020 treatments, and the interaction of time with the ROTC2020 treatment (Supplementary Material S3).
3.3 Yields and forage quality
3.3.1 Corn yield
Corn yields were significantly influenced only by year (p < 0.01) (Table 3). The difference in yield from continuous corn was not significantly influenced by any treatment. This was not calculated for rotation treatments in years when they did not harvest corn, so overall dry matter yields (next section) are a more appropriate comparison.
3.3.2 Dry matter yields
The difference in dry matter (DM) yield from continuous corn was significantly influenced by treatment (p < 0.001) and the interaction of treatments over time (p < 0.001) (Table 3). The model results indicate that only the ROTC2020 treatment significantly influenced the difference in DM yields from continuous corn (Supplementary Material S3). While in perennial forage, the ROTC2020 treatment yielded between 1,793 kg ha-1 and 11,591 kg ha-1 less than the continuous corn treatment, and was significantly less in most years (Table 6). In 2020, the year that rotation returned to corn, it yielded 314 kg ha-1 of dry matter more than the CC treatment. The DM yield differentials were greatest in years when the rotation was planted with perennial forages (Figure 4). Cumulative DM yields over the 10 years of this study were greatest in the WCCC treatment, followed by CC, then NT, ROTC 2014, and then ROTC 2020 (Figure 5).
[image: Figure 4]FIGURE 4 | Loess plots (locally weighted smoothing) show deviation in (A) corn yield and (B) dry matter from continuous corn by treatment from 2012 to 2021.
[image: Figure 5]FIGURE 5 | Total dry matter yields over the duration of the study by treatment, including dry matter in perennial forage and corn yields.
3.3.3 Crude protein
Treatments and the interaction of treatments with time significantly influence the deviation of CP from CC (p < 0.001) (Table 3). Model results indicate that the ROTC2014 and ROTC2020 treatments significantly influenced differences in CP from continuous corn. In years when perennial forage was harvested from these treatments, CP levels were significantly greater, at levels between 63 and 122 g kg-1 more than CC treatment means (Figure 6; Table 6, Supplementary material S2).
[image: Figure 6]FIGURE 6 | Loess plots (locally weighted smoothing) show deviation in forage quality parameters from continuous corn by treatment from 2012 to 2021: (A) Crude protein (B) NDF (C) NDF30.
3.3.4 NDF
The deviation from continuous corn in NDF concentrations was significantly influenced by treatments and the interaction of treatments with time (p < 0.001) (Table 3). Model results indicate the ROTC2020 treatment significantly influenced differences in NDF. The ROTC2020 had higher NDF values indicating that it was lower quality and could potentially limit dry matter intake of livestock. Post hoc comparison of means show the ROTC2020 treatment was significantly higher in 2014, 2016 and 2017, years when it was in hay (Table 6). Similarly, the ROTC2014 was significantly higher in 2020, a year when it was planted in hay (Table 6).
3.3.5 NDF30
Significant influences on NDFD30were not observed in this study (Table 3).
3.4 Ecosystem services
Here we interpret each treatment’s influence on ecosystem service provisioning through the indicators monitored in this study (Table 4). The NT treatment was associated with significant improvements in aggregate stability compared to continuous corn, and therefore enhanced soil conservation and resilience to extreme precipitation ecosystem services relative to continuous corn. The WCCC treatment was not significantly associated with any changes in ecosystem services provisioning in this experiment. The NTCC treatment enhanced climate regulation through carbon storage, soil health, soil conservation and resilience to extreme precipitation ecosystem services through increases in soil organic matter, respiration and aggregate stability relative to continuous corn.
The two rotation treatments also influenced indicators of food provisioning. The ROTC2014 treatment increased soil organic matter, aggregate stability and crude protein in comparison to continuous corn but reduced active carbon. This means that the ROTC2014 treatment enhanced climate regulation through carbon storage, soil conservation, resilience to extreme precipitation, and food provisioning ecosystem services, but reduced one aspect of soil health supporting ecosystem services. The ROTC2020 treatment enhanced respiration, aggregate stability, crude protein and NDF relative to continuous corn, but reduced DM yields. This means that the ROTC2020 treatment enhanced soil health, soil conservation, and resilience to extreme precipitation, but had mixed impacts on indicators of food provisioning, where protein content was enhanced but overall DM yields and digestibility was reduced.
4 DISCUSSION
We used a mixed model analysis of variance approach to evaluate the influence of conservation practices and perennial forage rotations on soil health indicators, yields and forage quality over 10 years. Our analysis method centers on the way alternative practices deviate from the performance of continuous corn, and our results indicate that conservation practices and rotations can be implemented to sustain yields while also enhancing aspects of soil health in temperate northern climates similar to Vermont, United States. This is evidence that corn cropping systems can enhance climate regulation, climate resilience, soil health, soil conservation, and food provisioning services through alternative management to continuous corn, however careful consideration of rotation timings and practices in combination is necessary to achieve this potential. The quantification of these benefits as ecosystem services is valuable to informing the effectiveness and impact of conservation programs. Importantly, in the absence of significant increases in yields over conventional management of continuous corn silage, the benefits of the management practices we evaluated accrue primarily to the environment and society, not the farm. Although farmers in Vermont have a strong stewardship ethic towards soil conservation and ecosystem services, their capability to prioritize and invest in these broader public benefits is limited by their financial capacity (White et al., 2022a). Thus, our research implies that conservation incentive and cost-share programs are critical to enabling farms to incur the additional expenses associated with adoption of these identified practices that provide ecosystem services to public beneficiaries. Foremost, our research suggests that no-till in combination with cover cropping in corn silage fields, and a rotation of 4 years of hay to 6 years of corn are likely to achieve the greatest overall benefits in forage production systems.
4.1 Influence of treatments on dimensions of soil health
In many ways, our results confirm that conservation practices and rotations can enhance some aspects of soil health (i.e., Bottinelli et al., 2017; Sharma et al., 2012; Sharma et al., 2018; VandenBygaart, et al., 2003; Wulanningtyas et al., 2021; Nunes et al., 2018). These soil health enhancements are often associated with sustaining corn yields (Kane, et al., 2021) and forage quality. However, various meta-studies examine research that indicates neutral or negative impacts of conservation practices on soil health, crop yield, or crop quality are possible, and that these outcomes may be influenced by weather, soil type, and other management practices (Marcillo and Miguez, 2017; Lu, 2020; Miner, et al., 2020). Our study joins the growing body of research detailing complexity and tradeoffs associated with the outcomes of conservation practices and the multifaceted reality of soil health. Within the physical soil health characteristics, aggregate stability was positively influenced by some of the conservation practices and lowest in the continuous corn treatment, whereas surface and subsurface hardness were best in the continuous corn treatment and no significant impact on available water capacity was observed.
Surface hardness was significantly influenced by year, treatment and a year:treatment interaction in our study. Mean surface hardness across the 10-year study was between 10 and 42 psi greater in the no-till, rotation and cover crop treatments than continuous corn (Table 5). Although we expected to see improvements in surface hardness from tillage reduction and surface cover, this pattern likely reflects the effect of annual tillage in the continuous corn plots, which loosens the top layer of soil. Our study evaluates corn silage forage systems, which removes all aboveground plant biomass during harvest, leaving little crop residue post-harvest. Although some treatments eliminate tillage, there is no added organic matter to help protect the top layer of soil. If there were manure additions or crop residues, those might provide protection to the top layer of soil minimizing compaction from rainfall and equipment. Precipitation patterns likely also play a role in this observed pattern. We used total precipitation in months of April and May at our study site to approximate antecedent soil moisture levels and rainfall impact on the soil surface prior to sampling (Figure 2) and in years that had more spring rainfall conditions conservation treatments showed greater surface hardness, and an opposite pattern in drier spring seasons.
Increases in tillage have been shown to reduce penetrometer resistance (Mochizuki et al., 2007) and although some research posits that compaction may be alleviated by earthworms and biological processes (Yvan et al., 2012), long term research has shown reduced tillage to increase compaction without evidence of plow pan recovery after 25 years (Schlüter et al., 2018) In our study, subsurface hardness was lowest in the continuous corn treatment. Subsurface hardness was measured with a penetrometer and was highest in plots with perennial or winter roots. It is likely that the dense perennial roots, and even winter cover crop roots, provided resistance to the tool. In future research, bulk density may be a more accurate measure to capture the changes in physical soil characteristics that reflect compaction. The mean winter cover crop treatment was 20.8 psi greater than the continuous corn treatment, and the corn-hay rotation treatments had mean value of 23.5 and 34.5 psi greater than continuous corn. Although the trends for this metric were weak in our study (Figure 1) the potential compaction trade-offs associated with reduced tillage are important to consider in this region, as compaction may restrict root growth and lower yields in the long term.
Cover cropping with winter rye alone had no significant influence on any soil health metrics over a 10-year period of time when compared to continuous corn. This differs from previous research that suggests that cover crops can increase aggregate stability (Ruiz-Comenero et al., 2010). Similarly, although cover crops can supply additions of organic matter, many studies do not correlate cover crops with an increase in soil organic matter (Clark, 2010). This suggests that winter rye cover alone is not sufficient to achieving the respiration or organic matter increases expected based on other research, and highlights that variations on cover crop implementation and management are important to achieving expected benefits of cover crops.
The NT treatment significantly enhanced aggregate stability in our study by an additional 24%. Increases in aggregation have been previously linked to increases in soil biological activity and organic matter gains (i.e., Bottinelli et al., 2017; Kumar et al., 2012), but the NT treatment in our study was not significantly linked to increases in respiration, active carbon or organic matter gains. It has been strongly established that reductions in tillage, or any kind of disturbance, protects the structure of soil, the production of root exudates and the associated microbial activity that lead to aggregation, and these changes are easily detected via increased percentage of water stable aggregates (Wright et al., 1999; Kumar et al., 2012; Nouwakpo et al., 2018).
Despite the limited performance of the WCCC and NT treatments in this study, our analysis identifies the added benefits of combining cover crops with reduced tillage. A single year of no-till with cover cropping introduced at the end of our study significantly enhanced soil respiration by 0.16 CO2 mg/g, aggregate stability by 24.8%, and organic matter by 0.26% in comparison to the continuous corn treatment, suggesting that combinations of conservation practices may have synergistic effects to enhance ecosystem service provisioning without compromising yields or crop quality, as has been identified by Kinoshita, et al. (2017) and Nunes et al. (2018). Specifically, the presence of plant roots, aboveground cover crop residues and no-till management have a synergistic effect on organic matter gains and aggregate stability through the production of glomalin by arbuscular mycorrhizal fungi associated with the roots of plants (Wright et al., 1999; Kumar et al., 2012). Tillage increases microbially mediated decomposition of organic matter and carbon losses by activating respiration with increased oxygen and release of CO2. Soil aggregation also influences SOM decomposition. Aggregation physically protects SOM from microbial decomposition, and controls plant-derived SOM by occluding it into aggregates (Lagomarsino et al., 2012). In our study the measurable soil health benefits of cover cropping alone may have been negated by tillage. Conversely, the treatment with no-till alone lacked organic matter inputs or living roots and only influenced one soil health indicator.
Although reductions in tillage and disturbance can slow organic matter degradation and loss (Six and Paustian, 2014) the limited return of crop residues, and lack of manure or other organic matter inputs is likely key to explaining some of our findings across treatments. Corn crop residues and organic matter additions have been previously linked to the improvement of aggregate stability and organic matter (Nouwakpo et al., 2018). Return of crop residues is also linked to increases in soil organic matter content in no-till systems (Wang et al., 2020). Meta-analysis has linked crop residues to a 5% increase in yields (Lu, 2020). Due to the limited crop residue return in corn silage systems, the incorporation of cover crops or organic matter inputs to no-till systems is crucial to achieving the soil organic matter, carbon storage, and yield enhancements associated with long term no-till in other studies.
In our study a corn-hay rotation, with 2 years hay-6 years corn −2 years in hay (ROTC 2014), had significantly higher organic matter, and aggregate stability compared to CC in all years of the study. Enhanced aggregate stability and organic matter observed in perennial hay and corn rotation treatments align with established mechanistic understandings of soil qualities. Perennial crops have deeper, longer and stronger root systems than annual crops, which improves aggregate stability and can address compaction (Franzluebbers et al., 2000). The continuous supply of root exudates and root biomass in perennial systems that feeds biological activity in the soil, provides added organic matter and improves aeration and enhances nutrient cycling (Kumar et al., 2017).
The overall trend in organic matter in our study suggests that the reduction of organic matter decomposition through reduced tillage has a primary influence on organic matter gains in our study. Our study observed the WCCC treatment had a 10-year average of 0.0% additional organic matter, followed by the single year of NTCC with 0.26% more, and NT with 0.30% more. The treatment with perennial hay in rotation had the highest levels of organic matter. ROTC2020 had a 10-year average of 0.88% more, and ROTC2014 had 0.42% more. Organic carbon additions via roots and aboveground biomass are important to make greater gains, and align with aforementioned mechanisms of the synergistic influence between reduced disturbance and carbon additions to feed soil biology while also slowing losses (Six and Paustian, 2014; Kumar et al., 2017; Wang et al., 2020; Nunes et al., 2018).
Active carbon measures in the final year and across the 10-year average reflect the same pattern (Supplementary Material S2), with ROTC2020 having the highest level, then ROTC 2014, NT, NTCC, and WCCC with the lowest, although active carbon was only significantly influenced by the ROTC2014 treatment and the interaction of time with the ROTC2014 treatment. The model outputs, figure and mean detrended data over time indicate the effect of the treatment was variable over time, reflecting the rotation (Figure 3, Supplementary Material S2, Supplementary Material S3). Active carbon levels were 118 ppm greater in ROTC2014 than CC in 2013, and this difference was reduced over time when the rotation was planted with corn. In 2020, the ROTC2014 treatment had 5.36 ppm active carbon less than the CC treatment, and after it was rotated into perennial forage again the active carbon levels increased to 40 ppm greater than the CC treatment (Figure 3, Supplementary Material S2). Active carbon is a measure of biologically active soil carbon which is more sensitive to management effects than total organic carbon and is closely related to other measures of biological activity and organic carbon (Weil et al., 2003). Here, it illustrates that perennial hay has higher levels of biologically active carbon than continuous corn. When perennial grasses are rotated into corn there is legacy active carbon from the perennial grass plot which lasts approximately 2 years before reaching a similar level to continuous corn (Figure 3, Supplementary Material S2).
Our study found that available water capacity was only influenced by year. No-till, cover cropping, and even rotations with perennial grasses in corn silage forage production systems over a period of 10 years had no influence on the soil’s capacity to infer drought resilience. This is likely due to the limited organic matter returns in these systems. Additions of manure, other organic matter sources, or higher biomass cover cropping could address this aspect of these annual forage productions systems and deserves more research.
4.2 Influence of treatments on yields and forage quality
The treatments NT, NTCC, WCCC, and ROTC2014 treatments evaluated in our study showed neither significant increase or decrease in overall dry matter yields. The long hay rotation, ROTC 2020, had significantly reduced yields compared to continuous corn. Perennial forages in rotation with corn may enhance ecosystem services and crop quality, but the length of time in rotation influences dry matter yields. Total dry matter yields were significantly reduced in the ROTC2020 treatment, with a 10-year average of 2.7 kg ha-1 less than continuous corn but were not significantly less over the 10-year time frame in the ROTC2014 treatment. Our evidence suggests that shorter rotations of perennial forages (4 years of hay, 6 years of corn) can sustain dry matter yields that are not significantly different from continuous corn over a 10-year time frame, but longer perennial forage rotations (8 years of hay, 2 years of corn) will significantly reduce overall dry matter yields over the 10-year time frame. Optimizing rotation durations for a balance of yields and ecosystem services is possible, and further research to optimize rotation length requires more inquiry and long-term research.
This ROTC2014 rotation did not significantly influence dry matter yields over the 10-year period when compared to CC treatments but had significantly higher CP concentrations. The ROTC2014 had a 10-year mean of 24.0% greater CP content than CC. At the annual level, significant differences were observed for both ROTC treatments in years which they were in hay (Table 6). In general, CP tends to be higher in cool-season grasses like meadow fescue than warm-season grasses like corn (Ball et al., 2001). The addition of legume in a perennial forage crop also increases CP and alfalfa is comparatively high in protein (Aponte et al., 2019). According to Capstaff and Miller (2018), “…alfalfa is the highest-yielding perennial forage legume and produces more protein per unit area than other forage legumes.” This suggests that dairy farms in northern temperate climates could transition from continuous corn to corn-hay rotations without compromising overall yield and would improve forage quality, and at the same time enhance the soil’s resilience to extreme precipitation events and storage of carbon. Species composition of hay plantings influences CP levels and should be researched in combination with hay-corn rotations to optimize forage system yields and quality. Rotations can help to diversify forage quality to meet the overall needs of livestock. Farmers seek to balance a feed ration that has significant energy and protein to maximize milk production and quality components. Protein and digestible fiber are produced by growing cool-season grass and legumes mixes (Ball et al., 2001; Aponte et al., 2019). Energy is produced by growing the starch found in corn silage. Additional grain is imported onto the farm to balance any nutritional shortfalls. As expected, rotations with perennial forage increased overall CP concentrations. Although perennial forage can be high in protein, an important component necessary for herd health, milk production, and quality milk, and has comparatively healthier soil and provisioning of associated ecosystem services, due to its lower yields and the need to grow energy, corn acres can take priority especially on prime agricultural land. This has implications for farm systems that move from continuous corn to perennial forage and expansion of land or conversion of land to agricultural production. Thus, optimizing rotations that sustain yields while increasing forage quality can reduce farm inputs and overall landscape footprint.
4.3 Future research needs
The results of our research provide rich fodder for future research on the sustainability of silage corn cropping management. Foremost, our study reflected typical management practice implementation for dairy farmers in the region of study, except that manure applications were not incorporated in the study. This allowed our research to focus on the impact of the practices of interest, but similar research that includes manure additions is needed, as manures are likely to influence soil health parameters though organic matter additions, as well as yields and crop quality through nutrient availability. Second, the limited impact of cover cropping identified in this study suggests that research on modifications to cover cropping implementation in these corn silage production systems is needed in order to establish practice standards among the farming community that will have both environmental and farm benefits. Alternative styles of cover cropping with greater species diversity, biomass, establishment dates or termination methods may enhance ecosystem services and yields in these systems, but carefully executed research is needed to identify which modifications provide the desired impacts. Third, our findings imply research on combinations of conservation practices (sometimes referred to as stacking) that quantify the benefits of management systems, rather than single practices, are needed to inform farmers, and conservation incentive program priorities.
Our research identified a corn-hay rotation that enhanced ecosystem services and sustained yields, but further research is needed to explore the optimization of rotation timings. This kind of research could explore optimization of rotations for yields while still enhancing ecosystem services, or optimization of rotations for ecosystem services that do not reduce yields. For example, there may be a “sweet spot” of a rotation with a longest possible interval of perennial forage yield which does not impact overall dry matter yields. Alternatively, there may be a low threshold for the interval of perennial forages in a rotation which prioritized yields but also sustains increases soil carbon storage over time.
Future research on corn cropping systems should also prioritize evaluation of how practices influence biological diversity, water quality, infiltration, and greenhouse gas emissions, preferably in long enough time frames to capture the temporal dynamics of rotations on outcomes of interest. As well, future research should replicate studies like ours to confirm these findings in different climates and soil types, as those factors often have a dominating influence on soil health characteristics and crop performance.
Our study identified a limited influence on yields from the cropping system adjustments in our study. If conservation practices do not result in increased yield or quality, farmers may have little incentive or financial capacity to adopt them. The costs incurred as labor, time, money, and stress to enhance ecosystem services provisioning are likely to limit adoption (White A. et al., 2021; White et al., 2022a). Incentivizing conservation practice implementation through market recognition, payment for ecosystem services program, land rental, or cost share programs is needed in light of our findings, and specific transdisciplinary research that identifies the economics costs of practices and the conservation inventive program preferences of farmers is needed to complement our findings.
5 CONCLUSION
Conservation practices and rotations can be implemented to sustain yields in corn silage production systems while also enhancing climate regulation, climate resilience, aspects of soil health, soil conservation and forage quality in temperate northern climates similar to Vermont, United States. However, in the absence of significant increases in yields over conventional management of continuous corn silage, conservation incentive programs are needed to enable farms to adopt these management changes that provide ecosystem services to society. Where farmers are limited in their land access and unable to accommodate perennial forage rotations on all fields, our research suggests that continuous corn silage production systems with low crop residue can be adjusted to enhance ecosystem services without compromising yields. Cover cropping with winter rye alone had no influence on ecosystem services, yields, or crop quality when compared to continuous corn. Despite the limited performance of the winter cover crop treatment in this study, our analysis identifies the added benefits of combining cover crops with reduced tillage. The inclusion of no-till management in corn production systems enhanced aggregate stability in our study, and therefore soil conservation and resilience to extreme precipitation, without compromising yields or crop quality. Thus, a combination of multiple conservation practices should be implemented together to achieve the greatest benefits, and more research that explores the long-term dynamics of practices in combination is needed. No-till in combination with cover cropping in corn silage fields, and a rotation of 4 years of hay to 6 years of corn are likely to achieve the greatest overall benefits in forage production systems. Dairy farms in northern temperate climates could transition from continuous corn to corn-hay rotations without compromising overall yield and would improve forage quality, and at the same time enhance the soil’s resilience to extreme precipitation events and storage of carbon.
Our study identifies modifications to silage corn cropping agroecosystem management which can enhance ecological benefits, without sacrificing yields and forage quality, however careful consideration of rotation timings and practices in combination is necessary to achieve this potential. Significant time:treatment interactions indicate that the impact of corn cropping systems on soil health and yield are complex, dynamic, and can be variably affected by management practices. The quantification of these benefits as ecosystem services is valuable to informing the effectiveness and impact of conservation programs, and understanding trade-offs in dimensions of soil health. This highlights the importance of long-term datasets such as this in advancing our understanding of the environmental and economic implications of alternative cropping practices.
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