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Abstract

:

Intercropping legumes with cereals for forage production is a practical multi-cropping technique to increase yield and improve land use efficiency. In a 3-year cropping sequence, alfalfa (Medicago sativa L.) intercropped with corn (Zea mays L.) may increase overall economic yield and land sustainability over either crop alone. The objective of this study was to assess overall productivity of a corn-alfalfa intercropping system and its effect on weed community. The study was conducted near Boone, IA, USA, from 2016 to 2018 and repeated from 2017 to 2019 to assess the effect of five treatments: alfalfa only, corn only, corn intercropped with alfalfa, corn intercropped with alfalfa with prohexadione (PHX) applied to alfalfa at the V8 corn stage, and spring-seeded alfalfa (corn in the seeding year followed by planting alfalfa the following year) on system productivity. Corn grain yield decreased by 23 to 26% when intercropped with alfalfa; PHX application did not affect corn or alfalfa yield. Alfalfa stand density under corn was reduced by 36 to 68% compared with alfalfa alone in the seeding year. Alfalfa forage yield in the first production year was the same among intercropped treatments and sole alfalfa. However, spring-seeded alfalfa had two to three times less yield than other treatments. Alfalfa stem density was greater in sole alfalfa than the intercropped studies in the seeding year, with fewer stems in successive production years. Alfalfa forage yield strongly correlated with stem density, stem height, and stage at harvest in the seeding year and first harvest of the first production year. Weed density inconsistently correlated with alfalfa biomass. In conclusion, establishing alfalfa in intercropping with corn can skip alfalfa low-yielding seeding year. Based on the findings of our experiment, future research on corn-alfalfa intercropping should focus on screening drought tolerant corn hybrids with vigorous root systems. Using an early-maturing corn hybrid, coupled with management practices such as appropriate N fertilization, may improve corn yield and the chances of success for this intercropping system.
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1. Introduction


Multi-cropping techniques, such as legume and cereal intercropping for forage production, can improve resource utilization efficiency and increase overall crop system yield [1,2]. Growing crops in mixed stands can be more productive than monocultures [3] mainly because of better nutrient use efficiency, improved light use, enhanced weed control, pest suppression, and reduced water run-off [4,5]. Previous studies have shown that cumulative yield of legume-cereal intercropping systems is consistently greater than either crop when grown individually in a monoculture [3,4,5,6]. Intercropping alfalfa with corn can increase corn grain production and alfalfa forage biomass production, as well as greater natural resources conservation than either crop alone [6]. In a corn-alfalfa intercrop, alfalfa fixes atmospheric N2 and improves the N economy of the cropping system by N credit contributions [7], reducing corn N requirements following the termination of the alfalfa crop [8,9]. Alfalfa N credits to the following silage corn crop can increase silage corn yield [10].



Growing alfalfa in rotation with silage corn as a source of high protein feed was once a common practice among dairy farmers in the Upper Midwest; however, alfalfa production following silage corn acreage has significantly decreased due to the low productivity in the alfalfa seeding year. To reintroduce alfalfa within a silage corn rotation, an increase in alfalfa production during the alfalfa-seeding year is needed. However, intercropping alfalfa in the corn year may be a viable alternative to increasing alfalfa productivity in the alfalfa-seeding year [11,12,13]. In a conventional corn-alfalfa rotation system, a lack of vegetation or groundcover between the corn harvest and alfalfa establishment after alfalfa seeding, the following spring, can increase soil erosion and nutrient losses from run-off [14]. In addition to forage production, integrating alfalfa into the cropping system at an earlier point in the rotation can achieve cover crop benefits to improve infiltration, reducing surface run-off and soil nutrient loss [15,16] following corn harvest.



Establishing adequate alfalfa stands in a corn-alfalfa intercrop is critical for the success of the intercropping system. The timing of alfalfa seeding can affect alfalfa seedling establishment under the corn canopy. Several studies have shown that intercropping alfalfa as early as corn planting have resulted in excellent alfalfa stands [17,18,19]; however, these studies included corn hybrids with lower growth and yield potential than modern hybrids and may not be directly comparable. Alfalfa establishment under the corn canopy can be affected by the amount of photosynthetically active radiation (PAR) reaching the actively growing alfalfa. Corn canopy at tasseling can intercept 80–90% of the incident PAR, thus allowing only 10% of PAR to reach the alfalfa [20]. Reduced PAR availability can decrease the development of the extensive root system in alfalfa and affect aboveground biomass accumulation of the plant [21]. Conversely, intercropped alfalfa can strongly compete with corn for nutrients, moisture, and other resources in a resource-limited environment and decrease corn yield [22,23,24]. Corn in an alfalfa intercrop may therefore require greater N fertilization than a corn monocrop to achieve similar yield because of nutrient competition with the alfalfa roots [25].



Growth regulators such as prohexadione calcium (Apogee, BASF Corp., Research Triangle Park, NC, USA) have been evaluated to improve alfalfa survival under the row crop canopy as well as alleviating competition between alfalfa and corn by suppressing alfalfa growth [11,26,27]. Prohexadione (PHX) is an inhibitor of gibberellic acid biosynthesis, which reduces internode elongation [28], resulting in increased alfalfa leaf:stem and improved stand density under the silage corn canopy [11,27,29]. The use of PHX improved the alfalfa fall stem density in the alfalfa seeding year compared with intercropped alfalfa without PHX application [11]. Application of PHX was also reported to increase the first-year yield of alfalfa established as an intercrop with corn the previous year, compared with alfalfa seeded in spring [11].



Considerable losses in crop production occur from weed pressure and the resulting competion with the crop for nutrients, water, and light [30]. While previous reports document inconsistent responses specifically in alfalfa forage yield to weed pressure [31], alfalfa establishment stand density, stand longevity, and particularly forage quality [32] may be negatively affected by weed pressure. To maximize alfalfa forage production and alfalfa quality, an effective, selective weed control program should target the observed weed community, especially prior to alfalfa seeding, so that stand establishment is not compromised.



Marginal alfalfa productivity in the seeding year, coupled with the risk of soil and nutrient losses associated with conventional silage-corn production, provides an opportunity for using corn as a companion crop for alfalfa establishment. Our hypothesis is that, in a corn-alfalfa intercropping system, corn would serve as a companion crop to alfalfa during alfalfa establishment; alfalfa would potentially reduce weeds as a cover crop after corn grain harvest, with the potential to enhance productivity from full forage production with alfalfa the following year. With the availability of glyphosate-tolerant corn and alfalfa and the use of growth regulators [29], corn-alfalfa intercropping has renewed potential for adoption in the Upper Midwest.



The objective of this study was to determine the overall productivity of a corn-alfalfa intercropping system and to assess the impact of the weed community during successive years of alfalfa production.




2. Materials and Methods


2.1. Site Description


A 3-year corn-alfalfa intercropping study was conducted from 2016 to 2018 at the Sorenson research farm in Boone, IA, USA (42°00′ N, 93°44′ W). The entire study was repeated at a second site from 2017 to 2019 in a different field on the same research farm. Experiments were located on soils dominated by Clarion loam (fine-loamy, mixed, superactive, mesic Typic Hapludolls) and Webster clay loam (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) [33]. Weather data including monthly precipitation and temperature along with long-term weather history were obtained from the Iowa Environmental Mesonet Network weather station (Ames-8-WSW) located closest to the research sites [34]. Soil pH and available P and K levels were maintained based on the baseline soil test results obtained at the beginning of each study (Table 1).




2.2. Plot Design and Management


The experiment design was a randomized complete block with four replicates. Each replicate included five treatments: (T1) alfalfa alone; (T2) corn alone; (T3) alfalfa intercropped into corn; (T4) alfalfa interseeded into corn with an application of prohexadione [calcium, 1-(4-carboxy-2,6-dioxocyclohexylidene)propan-1-olate]; and (T5) spring-seeded alfalfa check. Each plot was 7.6 m × 3.1 m with either corn only, alfalfa only, or four rows of corn and 16 rows of alfalfa both seeded on the same date, depending on the assigned treatment. Corn (DeKalb DKC57-75RIB, 107 RM) was planted at 80,000 plants ha−1 using a four-row planter (Kinze Manufacturing, Inc., Williamsburg, IA, USA). Glyphosate-tolerant alfalfa (Pioneer 54QR04 (RR) germination: 84%; hard seed: 3%; fall dormancy) was planted at 15 kg ha−1 PLS using a small seed grain drill with 15 cm row spacing (ALMACO, Nevada, IA, USA). Prohexadione calcium (Apogee, BASF Corp., Research Triangle Park, NC, USA), an anti-gibberellic hormone, was applied at a rate of 0.5 kg a.i. ha−1 over the alfalfa, but under the corn canopy at the V8 corn stage [35] and alfalfa at 20 cm height. The PHX solution was prepared using ammonium sulfate (1.12 kg ha−1), citric acid (0.94 kg ha−1), and crop oil concentrate (2.3 L ha–1) with water and was applied at 187 L ha−1. Dates of corn, alfalfa planting, and application of PHX are presented in Table 1.



The herbicide EPTC (S-ethyldipropylthiocarbamate) at 6.35 kg a.i. ha−1 (preplant) along with glyphosate (isopropylamine salt of N-(phosphonomethyl)glycine) at the rate of 0.84–0.91 kg a.e. ha−1 was applied for weed control. All the plots were fertilized before planting by broadcasting 168-112-100 kg ha−1 of N-P-K in the form of urea, diammonium phosphate, and muriate of potash.



Alfalfa plots were sprayed with dimethoate (0,0-dimethyl-S-[N-methylcarbamoyl)methyl] phosphorodithioate) at 585 mL a.i. ha−1 twice in the seeding year and three times in the full production year to control potato leafhoppers (Empoasca fabae Harris).




2.3. Data Collection and Analysis


2.3.1. Soil Sampling


Prior to the start of each experiment in 2016 and 2017, baseline soil samples (0–15 cm depth) were collected across each replicate (composite of six cores) and analyzed for pH, organic matter, and available P and K. Additional soil samples (each consisting of a three-core composite) were also collected from each plot from 0 to 15 and 15 to 60 cm depths in late fall of the seeding year of each experiment following corn harvest. The available soil P and K were determined using the Olsen method [36] and the Mehlich-3 tests [37], respectively. Soil NO3-N concentration was determined by the transnitration of salicylic acid method [38]. Baseline soil test results are shown in Table 2. All soil samples were analyzed by the North Dakota State University Soil testing lab.




2.3.2. Corn Early Growth, Density, and Harvest


At the time of PHX application, R1 corn developmental stage, and before corn harvest, corn leaf area index (LAI) measurements were collected using a Decagon AccuPAR leaf area meter (Decagon Devices Inc., Pullman, WA, USA). Four readings of LAI were collected from the middle two plot rows and averaged to calculate a mean LAI reading for each plot. Corn plant height at PHX application and before corn harvest was determined by measuring corn height (ground to extended top leaf tip) from five random plants in the middle-two rows of each plot. Corn plant density (plants ha−1) was also measured at PHX application and before corn harvest. In each plot, corn plants from 1-linear m were cut 6–8 cm from the ground and fresh weight was recorded. After weighing the corn plants, two corn plants were selected, weighed separately (fresh weight), and then placed in a forced-air dryer (50 °C) until a constant weight was achieved. Once dried, the whole plant was weighed, and the harvest index was calculated by weighing the grain separately according to the following equation:


HI = corn grain yield (kg DM ha−1)/corn biomass yield (kg DM ha−1)



(1)







Corn grain yield was determined by harvesting two center rows in each plot using a John Deere 9450 combine, and the yield was reported at 15.5% moisture.




2.3.3. Alfalfa Growth Measurements and Harvest


In each plot, a 1 m2 area was marked from which alfalfa was hand harvested for dry matter determination, after which the remainder of the plot was mowed and forage removed. In the seeding year, alfalfa was manually harvested once from a 1 m2 area in each plot before corn was harvested for grain with a combine. In the first and second full production year of alfalfa, four cuttings were manually harvested from 1 m2 area in each plot. However, spring-seeded alfalfa was only harvested twice in the year it was seeded, excepting 2017 due to dry conditions when only one harvest was obtained. Alfalfa biomass samples were placed in a paper bag and dried in a forced air drier at 50 °C for five days and then weighed. Targeted harvest stages for alfalfa cuttings were early bud for first cutting, 10% bloom for the second cutting, and 20–30% bloom for cuttings three and four [39]. Alfalfa was not harvested if stem height was shorter than 40.6 cm. Dates of alfalfa cutting are presented in Table 3.



At each alfalfa harvest, six measurements from random placements in each plot were taken to estimate the mean alfalfa stem height. Stem density of alfalfa was also measured at each alfalfa harvest by counting the total number of stems (>2.5 cm height) in a 1 m2 subsample within the same harvest area of each plot. Alfalfa growth stage was determined at the same time across treatments [39]. Due to dry summer conditions in 2017 (Figure 1), only three cuttings of alfalfa were harvested from all alfalfa treatments from the study started in 2016, and only one cutting was obtained from the 2017 spring-seeded alfalfa. In 2018, the first production year for the study started in 2017, four cuttings of alfalfa were obtained for sole and intercropped treatments while the spring-seeded alfalfa treatment was only harvested twice. Four cuttings of alfalfa from each treatment were harvested in the second production year of alfalfa in 2018 and 2019.




2.3.4. Weed Community and Density


Weed density and weed community composition was assessed in the seeding year at the time of corn harvest and in the first and second production year of alfalfa in the spring and fall. Each year, weed data were collected before the first in-season herbicide application or at first harvest of alfalfa as well as in fall before last harvest of alfalfa by counting the total number of weeds and classifying weeds per species from five randomly thrown 0.1 m2 circular quadrats. Total weed density and weed density for each species per 1 m2 were determined by multiplying with a factor of two for each plot.





2.4. Statistical Analysis


Analysis of variance and mean comparisons were conducted using the Mixed Procedure of SAS [40]. Site-years and treatments were considered fixed while blocks were considered random. Mean comparisons were performed at the p ≤ 0.05 probability level. Due to the observed variability in experimental years, data were analyzed separately for each site-year. Custom contrast statements were used to make specific pairwise comparisons. Alfalfa yield and total system yield were each linearly regressed against weed density at each cutting and across spring and fall cuttings. Alfalfa yield was regressed against alfalfa stem density and stem height at harvest within each cutting in each year and across years. The r-squared was derived as the coefficient of determination for each regression performed.





3. Results and Discussion


3.1. Weather Conditions


Mean temperature in 2017 and 2018 spring (March–May) was similar to the 30-year average, whereas the average spring temperature was slightly greater than the 30-year average in 2016 (Figure 1). April and May 2018 were considerably drier than the long-term average. Summer temperatures (June–August) were consistent with the long-term average; however, summer of 2017 and 2019 was very dry receiving 22 and 12 cm less rainfall than the long-term average, respectively. June and August in 2018 were very wet and received 15 and 9 cm, respectively, more precipitation than the long-term average. Fall temperatures (September–November) in 2016 and 2017 were slightly warmer than the long-term average. Fall precipitation was greater in all study years except 2017. Mean winter temperatures (December–February) were similar to the long-term trailing average except in 2017, which was 4 °C warmer. Overall, winter precipitation through snow and rainfall accumulation did not vary greatly.




3.2. Corn Leaf Area Index, Plant Height, and Plant Density


In the study started in 2016, the leaf area index (LAI) at the early vegetative stage of corn (V8) was less for corn intercropped with alfalfa (LAI = 1.1) than sole corn (LAI = 1.5) (Table 4), suggesting early season stress on corn growth from alfalfa. However, LAI for the intercropped treatments and corn-only treatment was the same at later stages of corn growth (R1 and pre-harvest). While there was no difference in corn plant height and plant density at the V8 corn stage, intercropped alfalfa reduced plant height at physiological maturity of corn by 16 cm compared with the control treatment.



In the study started in 2017, LAI was 24% less for the corn in the corn-alfalfa treatment at the R1 growth stage than the control. The LAI in intercropped corn-alfalfa with PHX was 31 and 20% less at R1 and before corn harvest, respectively, than the corn-only treatment; it is possible that the PHX growth regulator treatment enhanced alfalfa vigor and the resulting competition with corn. This is consistent with previous results, where corn LAI was reduced in a corn-legume intercropping system compared with a corn monocrop [41]. Corn plant height at the V8 corn growth stage and at harvest was less in 2017 in the intercropped treatments (with and without PHX) than corn only. The mean corn plant height in the intercropped system at the V8 corn stage was 29 cm shorter than the corn-only treatment, and corn plant height in the intercropped system with and without PHX was reduced by 22 and 29 cm at harvest, respectively (Table 5).



Intercropped alfalfa may reduce the red:far red light ratio in the early vegetative corn growth stages, resulting in increased corn plant height and low shoot:root ratio [42]. The reduction in plant height at early corn growth stage (V8) suggests soil nutrients and water competition from intercropped alfalfa, and not as a result of the phytochrome mediated red:far red competition typical response. However, nutrients and soil gravimetric water concentration were not measured; it is possible that a shade avoidance response and etiolation in corn-alfalfa treatments in earlier corn vegetative stages (prior to corn stage V8) occurred, affecting the early season corn crop growth rate, and was superseded by a competition for nutrients and water at the time the corn plant heights were recorded [43]. Although alfalfa has a much deeper root profile, alfalfa competes with corn for soil moisture in the shallow soil profile during periods of moisture stress [44]. Given the greater water requirements of alfalfa, competition for moisture from the alfalfa likely reduced water availability for corn and therefore corn biomass accumulation and crop growth rate.




3.3. Corn Harvest Index, Aboveground Biomass, and Grain Yield


The corn harvest index (HI) in both 2016 and 2017 was not affected by alfalfa intercropping. Corn harvest index was 66 and 64 in 2016 and 2017, respectively (Table 5). These HI values were within the range of values reported by previous studies [45,46]. Aboveground biomass and grain yield in 2016 were not different (p ≤ 0.05) across treatments in 2016 at 29 and 13.6 Mg ha−1, respectively. In contrast to 2016, for the study established in 2017, corn aboveground biomass and grain yield were 24% and 24.5% less, respectively, when intercropped with alfalfa (with or without PHX application). Corn grain yield did not correlate significantly with alfalfa stem density or alfalfa yield in either of the alfalfa seeding years of 2016 and 2017 (results not presented).



The application of PHX did not affect the aboveground biomass or grain yield between the intercropped treatments in 2017. Similar findings were reported in Wisconsin, where application of PHX on alfalfa had little or no effect on corn plant height and grain yield when alfalfa was intercropped with silage corn [29]. Reductions in corn biomass and grain yield in 2017 were likely the result of a drier summer and inadequate soil moisture availability (Figure 1). In an intercropping study with corn, alfalfa was 3–5 times more competitive than corn and could dramatically increase its root growth and nutrient uptake capacity to compete with corn for available moisture and nutrients [46], thus compounding the effects of an inadequate precipitation during the corn growing season in 2017.




3.4. Soil Profile NO3-N


Residual fall soil profile NO3-N in the top 60 cm was significantly less in solo alfalfa as compared with corn only or corn intercropped with alfalfa in the seeding year 2016 (Table 6). However, in the fall of 2017, the residual soil profile NO3-N with the solo alfalfa treatment was the same as that in the corn-only and intercropped treatments (Table 6). In a simulation study, intercropping alfalfa with corn reduced up to 74% of total NO3-N loss through runoff water [16]; however, in our study, intercropping corn with alfalfa had no effect on residual NO3-N in the seeding year. These results indicate that the solo alfalfa treatment overall had greater uptake of soil NO3-N and helped reduce the residual nitrate in the soil.




3.5. Alfalfa Stem Height, Growth Stage, Stem Density, and Biomass


In the seeding year, alfalfa stem height in solo alfalfa and intercropped alfalfa treatments were the same when measured at the V8 corn stage, at 12 and 20 cm of 2016 and 2017, respectively (Table 7). The alfalfa stem height in the fall before corn harvest was taller in solo alfalfa than alfalfa-corn treatments in 2016 but the same as that in intercropped alfalfa treatments in 2017. There was no difference in plant height, growth stage, stem density, and dry biomass yield at corn harvest in 2016 or 2017, between the intercropped alfalfa treatments with and without the application of PHX, indicating no discernable effect of the PHX application on alfalfa survival and growth under a corn canopy on these measured response variables. Similar responses were reported in a study conducted in 2014–2015 in North Dakota, in which PHX-treated alfalfa plant density was the same as alfalfa without PHX application [12]. Unlike the findings of our study, it was reported elsewhere that PHX successfully increased alfalfa plant density and biomass yield when intercropped in a silage corn system [11]. Differences in the corn hybrids and alfalfa cultivar may explain in part the differences in PHX performance between our study and the Wisconsin findings [11]. The corn hybrid in this study was a grain corn hybrid while the studies conducted in Wisconsin [11] included silage corn hybrids, which were also planted at a greater plant density than in this study. Grabber [11] did not report LAI or intercepted solar radiation by corn, but it is likely that the light reaching alfalfa under the corn canopy was much less than in this study, which may explain the lack of response of PHX. The PHX is a growth retardant, reducing internode length in alfalfa to improve its winter survivability. Grabber et al. [13] reported differences in shade tolerance among alfalfa cultivars, but the cultivar we used in this study was not included in the Grabber et al. [13] study.



The alfalfa stem density and dry biomass yield was greater in solo alfalfa than intercropped alfalfa in both seeding years of 2016 and 2017. Stem density in all alfalfa treatments in 2017 was less than the recommended density of 430 stems m−2 for optimum forage yield in the first production year of alfalfa [47,48]. Stem density of the alfalfa-only treatment was three times greater than the intercropped alfalfa in 2016 and 1.5 times greater in 2017. Dry biomass of solo alfalfa was 8 and 2 times greater than the intercropped alfalfa treatment in 2016 and 2017, respectively. The reduced yield and stem density of solo alfalfa in 2017 were likely caused by the dry summer conditions from June to September (Figure 1), which may have affected alfalfa establishment and growth. Less biomass yield and stem density of alfalfa in the intercropped system than the solo alfalfa indicates that interspecific species competition with corn likely led to stressed growing conditions for the alfalfa under the corn canopy, particularly with insufficient precipitation.



For the first production years in 2017 and 2018, stem height, density, growth stage, and dry biomass yield were the same (p ≤ 0.05) among intercropped treatments (Table 8). Significant differences in stem height, stem density, growth stage, and biomass yield between sole and intercropped alfalfa were observed at first harvest in 2017, while in 2018, only stem height and dry matter yield in sole alfalfa were higher at first harvest. Stem height and growth stage in 2017 were lower but the stem density of first harvest of spring-seeded alfalfa (third harvest for solo and intercropped treatments) was 1.5 times that of sole and intercropped alfalfa established the year before. Greater stem density in younger alfalfa stands, and particularly in the alfalfa seeding year, is well documented; less stem density is required to maximize forage production in established stands [47].



Dry matter yield of first harvest of spring-seeded alfalfa was the same (p ≤ 0.05) as that of sole and intercropped treatments in 2017. However, in 2018, intercropped and sole alfalfa treatments had 3.5 and 2 times greater biomass yield at first and second cuttings of spring-seeded alfalfa (Figure 2). Year differences can be due to weather or resource utilization. Despite some inconsistencies at different harvests within the same year, sole alfalfa produced the greatest total biomass yield in the first production year whereas intercropped alfalfa produced 6 and 5 times more seasonal dry biomass (total biomass from all harvests in a year) than spring-seeded alfalfa in 2017 and 2018, respectively. Seasonal forage yield in the first production year in our study was within the mean yield range reported elsewhere [47]. Greater yield from intercropped alfalfa than spring-seeded alfalfa helped to compensate for the low production of spring-seeded alfalfa and improve the overall productivity of the intercropping system. This also increases profitability of the two-year system with intercropped alfalfa compared with the spring-seeded alfalfa [12].



For the second production year, stem height, stem density, growth stage, and dry matter yield were the same (p ≤ 0.05) among treatments in 2018 (Table 9). The mean dry matter yield in 2018 across treatments was greatest for first cutting (4.5 Mg ha−1) and least at the fourth cutting (0.9 Mg ha−1). Mean stem density across all the treatments and harvests in 2018 was 460 stems m−2. For the second production year in 2019, there were inconsistent effects of treatments on plant height and stem density. Spring-seeded alfalfa had lower plant height than sole and intercropped alfalfa at first harvest whereas it had greater stem density and lower stem height at second harvest. Dry matter yield of spring-seeded alfalfa at third harvest was slightly less than that in intercropped treatments. Despite some inconsistencies among harvests, the total seasonal biomass yield for the second production year of alfalfa in 2018 and 2019 was the same across treatments (Figure 3). Mean seasonal alfalfa dry matter yield across all the treatments was 9.1 and 6.0 Mg ha−1 in 2018 and 2019, respectively.



Alfalfa biomass yield increased as stem density and stem height increased in the seeding year for both studies (Figure 4), with a coefficient of determination of 0.724 and 748, respectively. There was no discernable relationship between total alfalfa biomass yield and alfalfa stem height at PHX application. Alfalfa biomass yield also increased with stem density and stem height, in the first harvest of the first production year (data not presented). Alfalfa biomass yield was inconsistently correlated with stem density and stem height after the first harvest in the first production year for subsequent years and cuttings for both studies, with the exception of alfalfa height, which maintained a stronger positive correlation with alfalfa biomass yield in all of the first production year cuttings for the 2016 study and first two cuttings for the 2017 study (data not presented). Grabber [11] also reported an increase in biomass yield with greater stem density.



Greater overall productivity and economic benefit of the intercropping system can be achieved when yields of both the crops are combined [12,49,50,51]. In our study, there was a reduction in corn grain yield due to intercropping with alfalfa in both experimental years (Figure 5). However, the combined yield of corn aboveground biomass and total seasonal yield of first-year alfalfa was either the same or greater when alfalfa was intercropped with corn compared with the conventional system where alfalfa was spring-seeded after corn harvest the prior fall (Figure 5).




3.6. Weed Density and Community


In the fall of the seeding year, the mean weed density (weeds m−2) at the time of corn harvest in solo alfalfa was not significantly different from alfalfa growing under a corn canopy. The average weed density across all treatments was 29 and 4 weeds m−2 in 2016 and 2017, respectively. Ample soil moisture in the 2016 growing season resulted in high weed pressure compared with dry summer conditions in 2017 (Figure 1). The weed community was comprised of 94% broadleaf weeds and 6% grasses. Major broadleaf weeds in seeding year were (41%) tall waterhemp (Amaranthus tuberculatus (Moq.) Sauer), (4%) little hogweed (Portulaca oleracea L.), (26%) West Indian nightshade (Solanum ptychanthum Dunal.), and (11%) lambsquarters (Chenopodium album L.). Grass species mainly consisted of giant foxtail (Setaria faberi Herrm.), crabgrass (Digitaria sanguinalis (L.) Scop.), and hairy cupgrass (Eriochloa villosa (Thunb.) Kunth).



In the first production year, the overall weed density was high in spring-seeded alfalfa, but still similar to solo and intercropped alfalfa. The overall weed density across treatments in spring before first harvest was 50 and 8.3 weeds m−2 in 2017 and 2018, respectively. Weed density in fall of 2017 and 2018 was 7 and 11 weeds m−2, respectively. Total weed community in the spring of the first production year across 2017 and 2018 was 79% of broadleaf weeds and 21% of grasses. Major broadleaf weeds in the spring were Canadian horseweed (Conyza canadensis (L.) Cronquist) (48%), tall water-hemp (28%), and dandelion (Taraxacum sp. L.) (13%). Other minor broadleaf weeds were field pennycress (Thlaspi arvense L.), lambsquarters, creeping wood sorrel (Oxalis corniculata L.), and speedwell (Veronica arvensis L). Some of the major grass weeds were crabgrass, yellow foxtail (Setaria pumila (Poir.) Roem. & Schult.), annual ryegrass (Lolium multiflorum Lam.), and hairy cupgrass. In the fall, before the last alfalfa harvest, overall weed density was low with 7 and 11 weeds m−2 in 2017 and 2018, respectively. In the fall, 74% of the total weeds were broadleaf species while 26% were grasses.



In the second production year of alfalfa, mean weed density in the spring did not differ among treatments and averaged 32 and 27 weeds m−2 in 2018 and 2019, respectively. Broadleaf weeds comprised 94% of the total weed community and were mainly represented by (40%) Canadian horseweed, (29%) tall waterhemp, (18%) shepherd’s purse (Capsella bursa-pastoris (L.) Medik.), and (5%) west Indian nightshade. Other minor broadleaf weeds were lambsquarters, dandelion, and western tansy mustard (Descurainia pinnata (Walter) Britton). Grass weeds were mostly giant foxtail and crabgrass.



Percent alfalfa yield loss was regressed as a function of weed density within and across cuttings for each experiment and year. Weed density did not consistently correlate with alfalfa biomass; the strongest positive correlation between yield loss and weed density was observed in 2019 in the third and fourth cuttings of the second alfalfa production year, with a coefficient of determination of 0.524 and 0.312, respectively. Previous results are inconsistent regarding the impact of weed control on alfalfa forage yield [32], but more consistently indicate reductions in nutritive value from weed pressure. Weed control programs were also found not to impact total biomass accumulation in a corn silage and alfalfa system [52].





4. Conclusions


Corn grain yield was not affected when intercropped with alfalfa in the presence of sufficient soil moisture at alfalfa seeding and initial growth stages. However, intercropped alfalfa reduced corn grain yield in a year with dry summer conditions. Total seasonal yield of intercropped alfalfa in the first production year was greater than spring-seeded alfalfa, suggesting an overall increase in the total productivity of the intercropped system despite some reduction in corn grain yield.



Alfalfa can be established in intercropping with corn increasing the alfalfa yield compared with a spring-seeded alfalfa. However, the system needs to be optimized, since, especially in dry years, corn yield penalty can be too high and alfalfa plant density might be less than optimum to make the system profitable. Based on the findings of our experiment, future research on corn-alfalfa intercropping should focus on screening drought-tolerant corn hybrids with vigorous root systems. Using an early-maturing corn hybrid, coupled with management practices such as appropriate N fertilization, may improve corn yield and the chances of success for this intercropping system.
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Figure 1. (A) Monthly mean air temperature for 2016, 2017, 2018, 2019, and long-term average for Ames, IA, USA, and (B) total precipitation for 2016, 2017, 2018, 2019, and long-term average for Ames, IA, USA. 
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Figure 2. Seasonal alfalfa dry biomass yield for first year of production in 2017 and 2018 at Boone, IA, USA for (A) alfalfa; (A + C) alfalfa + corn; (A + C + PHX) alfalfa + corn + prohexadione calcium; (A-sp) spring-planted alfalfa. Within the year, treatments with different letters indicate significant differences. 
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Figure 3. Seasonal alfalfa dry biomass yield for second year of production in 2018 and 2019 at Boone, IA, USA, for (A) alfalfa; (A + C) alfalfa + corn; (A + C + PHX) alfalfa + corn + prohexadione calcium; (A-sp) spring-planted alfalfa. Treatments were the same within the year at the p ≤ 0.05 probability level. 
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Figure 4. Second-order polynomial regression of alfalfa yield (Mg ha−1) against (A) alfalfa stem density (no. m−2) and (B) alfalfa stem height (cm), at each harvest in the seeding year of both experiments in studies started in 2016 and 2017 at Boone, IA, USA. 
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Figure 5. Total dry matter yield of aboveground corn biomass plus first-year alfalfa in studies started in 2016 and 2017 at Boone, IA, USA, for (A-sp + C) spring-planted alfalfa + corn; (A + C) alfalfa + corn; (A + PHX + corn) alfalfa + prohexadione calcium + corn. 
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Table 1. Corn planting and alfalfa seeding and proxehadione (PHX) application dates for corn-alfalfa intercropping experiment conducted from 2016–2018 at Boone, IA, USA.
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Field Activity

	
Year




	
2016

	
2017

	
2018






	
Dates of corn planting

	
17 May 2016

	
16 May 2017

	
-




	
Alfalfa seeding

	
17 May 2016

	
16 May 2017

	
-




	
PHX application

	
24 June 2016

	
5 July 2017

	
-




	
Spring-alfalfa seeding

	
-

	
16 May 2017

	
11 May 2018
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Table 2. Baseline soil test values (0–15 cm) and soil information for study site at Boone, IA, USA in 2016 and 2017 a.
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Site

	
P b

	
K c

	
SOM c

	
pH






	

	
mg kg−1

	
g kg−1

	




	
Boone 2016

	
9 (L)

	
80 (VL)

	
4.3

	
6.6




	
Boone 2017

	
2 (VL)

	
80 (VL)

	
4.5

	
6.5








a L, loam; Scl, silty clay loam. b P, soil test P. Letters indicate Olsen for P and Mehlich-3 for K soil test interpretation category for L, low; VL, very low (Mallarino et al., 2013). c K, soil test K. Letters indicate Olsen for P and Mehlich-3 for K soil test interpretation category for L, low; VL, very low (Mallarino et al., 2013). c SOM, soil organic matter.
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Table 3. Harvest dates of alfalfa and corn for studies conducted from 2016 to 2019 at Boone, IA, USA.
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Alfalfa

	
Corn




	

	
Alfalfa Seeding-Second Production Years

	
Spring-Seeded Alfalfa

	






	
Year

	
Harvest 1

	
Harvest 2

	
Harvest 3

	
Harvest 4

	
Harvest 1 a

	
Harvest 2 a

	




	
Study Started in 2016




	
2016

	
10 November

	
-

	
-

	
-

	
-

	
-

	
13 November




	
2017

	
31 May

	
20 July

	
13 September

	
-

	
-

	
13 September

	




	
2018

	
1 June

	
12 July

	
22 August

	
26 October

	

	

	




	
Study Started in 2017




	
2017

	
23 November

	
-

	
-

	
-

	
-

	
-

	
30 November




	
2018

	
1 June

	
12 July

	
22 August

	
26 October

	
12 July

	
8 September

	




	
2019

	
4 June

	
10 July

	
8 September

	
3 November

	

	

	








a Harvest dates of spring-seeded alfalfa.
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Table 4. Corn leaf area index (LAI), plant height (Ht), and plant density in response to alfalfa intercropping treatments at three corn growth stages (V8, R1, harvest (R6) for experiments started in 2016 and 2017 at Boone, IA, USA.
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LAI

	
Ht

	
Density




	

	
V8

	
R1

	
Harvest

	
V8

	
Harvest

	
V8

	
Harvest






	
Treatment a

	

	

	

	
cm

	
no. ha−1




	
2016




	
Check

	
1.5

	
4.3

	
3.2

	
92.3

	
226

	
80,380

	
75,655




	
Corn + alfalfa

	
1.1

	
4.3

	
2.9

	
93.6

	
210

	
75,459

	
73,810




	
Corn + alfalfa + PHX

	
1.4

	
4.2

	
3.3

	
89.5

	
215

	
86,942

	
78,115




	
SE

	
0.11 b

	
0.12

	
0.17

	
3.94

	
4.97

	
4366

	
2939




	
Significant p > F




	
Check vs. corn + alfalfa

	
*

	
NS

	
NS

	
NS

	
*

	
NS

	
NS




	
Check vs. corn + alfalfa + PHX

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Corn + alfalfa vs. corn + alfalfa + PHX

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
2017




	
Check

	
4.0

	
4.2

	
3.0

	
170

	
233

	
73,425

	
68,428




	
Corn + alfalfa

	
3.1

	
3.2

	
2.6

	
141

	
211

	
70,350

	
66,890




	
Corn + alfalfa + PHX

	
3.1

	
2.9

	
2.4

	
142

	
204

	
68,812

	
68,428




	
SE

	
0.34

	
0.25

	
0.16

	
6.05

	
5.35

	
3768

	
3626




	
Significant p > F




	
Check vs. corn + alfalfa

	
NS †

	
*

	
NS

	
**

	
*

	
NS

	
NS




	
Check vs. corn + alfalfa + PHX

	
NS

	
**

	
*

	
**

	
**

	
NS

	
NS




	
Corn + alfalfa vs. corn + alfalfa + PHX

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS








a Treatments: check, corn planted alone; alfalfa + corn, corn intercropped with alfalfa; corn + alfalfa + PHX, corn intercropped with alfalfa with an application of prohexadione. b Indicates weighted SE for all variables. *, ** Significant at the 0.05 and 0.01 probability level, respectively. † NS, non-significant at the 0.05 probability level.













[image: Table] 





Table 5. Corn aboveground biomass, grain yield at 15.5% moisture and HI in response to alfalfa intercropping treatments for experiments started in 2016 and 2017 at Boone, IA, USA.
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2016

	
2017




	

	
Biomass

	
Grain Yield

	
HI

	
Biomass Yield

	
Grain

	
HI






	
Treatment a

	
Mg ha−1

	

	
Mg ha−1

	




	
Check

	
31.3

	
14.9

	
65

	
35.6

	
14.2

	
66




	
Corn + alfalfa

	
26.9

	
13.2

	
67

	
27.4

	
10.5

	
63




	
Corn + alfalfa + PHX

	
29.3

	
12.8

	
66

	
26.6

	
11.0

	
62




	
SE

	
2.8 b

	
1.1

	
0.9

	
2.0

	
0.8

	
1.4




	

	
Significant p > F

	




	
Check vs. corn + alfalfa

	
NS †

	
NS

	
NS

	
*

	
**

	
NS




	
Check vs. corn + alfalfa + PHX

	
NS

	
NS

	
NS

	
*

	
**

	
NS




	
Corn + alfalfa vs. corn + alfalfa + PHX

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS








a Treatments: check, corn planted alone; alfalfa + corn, corn intercropped with alfalfa; corn + alfalfa + PHX, corn intercropped with alfalfa with an application of prohexadione. b Indicates weighted SE for all variables. *, ** Significant at the 0.05 and 0.01 probability level, respectively. † NS, non-significant at the 0.05 probability level.
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Table 6. Residual soil NO3-N in late fall for seeding year of alfalfa in 2016 and 2017.






Table 6. Residual soil NO3-N in late fall for seeding year of alfalfa in 2016 and 2017.





	

	
Fall 2016

	
Fall 2017




	

	
NO3-N (0–60 cm)






	
Treatment a

	
kg ha−1




	
Alfalfa only

	
35b b

	
41




	
Corn only

	
59a

	
52




	
Corn + alfalfa

	
60a

	
60




	
p > F

	
*

	
NS †








a Treatments: alfalfa only, solo seeded alfalfa; corn only, solo planted corn; corn + alfalfa, corn intercropped with alfalfa. b Means with same letter in the column are not different from each other. * Significant at the 0.05 probability level. † NS, nonsignificant at the 0.05 probability level.
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Table 7. Alfalfa plant height at V8 stage of corn (Ht1) and at harvest (Ht2); alfalfa growth stage (Stage), stem density (Stem), and dry biomass yield (DM) in seeding year of alfalfa in 2016 and 2017.






Table 7. Alfalfa plant height at V8 stage of corn (Ht1) and at harvest (Ht2); alfalfa growth stage (Stage), stem density (Stem), and dry biomass yield (DM) in seeding year of alfalfa in 2016 and 2017.





	

	
2016




	

	
Ht1

	
Ht2

	
Stage

	
Stem

	
DM






	
Treatment a

	
cm

	

	
no. m−2

	
Mg ha−1




	
Alfalfa only

	
11.2

	
44.9a b

	
2a

	
590a

	
1.6a




	
Corn + alfalfa

	
12.2

	
13.7b

	
0b

	
173b

	
0.2b




	
Corn + alfalfa + PHX

	
11.6

	
13.8b

	
1b

	
203b

	
0.2b




	
p > F

	
NS †

	
***

	
**

	
***

	
***




	

	
2017




	
Alfalfa only

	
19.4

	
30.7

	
2

	
292a

	
1.1a




	
Corn + alfalfa

	
20.4

	
30.4

	
2

	
214ab

	
0.7b




	
Corn + alfalfa + PHX

	
20.6

	
27.3

	
1

	
160b

	
0.5b




	
p > F

	
NS

	
NS

	
NS

	
*

	
**








a Treatments: alfalfa only, solo seeded alfalfa; alfalfa + corn, corn intercropped with alfalfa; corn + alfalfa + PHX, corn intercropped with alfalfa with an application of prohexadione. b Means with same letter in the column are not different from each other. *, **, *** Significant at the 0.05, 0.01, and 0.00, probability level, respectively. † NS, non-significant at the 0.05 probability level.
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Table 8. Alfalfa stem height (Ht), growth stage (St), stem density (Stem) at each harvest, and total seasonal dry biomass (DM) for first production year of alfalfa in 2017 and 2018.






Table 8. Alfalfa stem height (Ht), growth stage (St), stem density (Stem) at each harvest, and total seasonal dry biomass (DM) for first production year of alfalfa in 2017 and 2018.





	

	
2017




	

	
Harvest 1

	
Harvest 2

	
Harvest 3

	
Harvest 4




	

	
Ht

	
St

	
Stem

	
DM

	
Ht

	
St

	
Stem

	
DM

	
Ht

	
St

	
Stem

	
DM

	
Ht

	
St

	
Stem

	
DM






	
Treatment a

	
cm

	

	
no. m−2

	
Mg ha−1

	
cm

	

	
no. m−2

	
Mg ha−1

	
cm

	

	
no. m−2

	
Mg ha−1

	
cm

	

	
no. m−2

	
Mg ha−1




	
T1

	
70a b

	
4a

	
453a

	
5.4a

	
49a

	
7

	
528

	
2.6

	
65a

	
6a

	
368b

	
2.1

	
NA

	
NA

	
NA

	
NA




	
T3

	
41b

	
3b

	
265b

	
2.0b

	
39a

	
7

	
474

	
2.0

	
58a

	
6a

	
355b

	
1.7

	
NA

	
NA

	
NA

	
NA




	
T4

	
45b

	
3b

	
250b

	
1.6b

	
40b

	
7

	
409

	
1.8

	
62a

	
6a

	
321b

	
1.9

	
NA

	
NA

	
NA

	
NA




	
T5

	
NA c

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
46b

	
4b

	
527a

	
1.1

	
NA

	
NA

	
NA

	
NA




	
p > F

	
**

	
*

	
*

	
***

	
**

	
NS †

	
NS

	
NS

	
**

	
***

	
**

	
NS

	

	

	

	




	

	
2018




	
T1

	
77a

	
6

	
837

	
6.2a

	
51a

	
6a

	
538

	
2.5a

	
59

	
5a

	
457

	
2.0a

	
36

	
2

	
459

	
1.0




	
T3

	
66b

	
5

	
706

	
5.0ab

	
48a

	
6a

	
585

	
2.5a

	
56

	
5a

	
459

	
2.1a

	
37

	
2

	
522

	
1.0




	
T4

	
62b

	
5

	
711

	
4.3b

	
47a

	
6a

	
587

	
2.3a

	
58

	
5a

	
499

	
2.0a

	
34

	
2

	
557

	
0.9




	
T5

	
NA

	
NA

	
NA

	
NA

	
21b

	
1b

	
715

	
0.7b

	
49

	
4b

	
573

	
1.0b

	
NA

	
2

	
NA

	
NA




	
p > F

	
**

	
NS

	
NS

	
*

	
***

	
***

	
NS

	
***

	
NS

	
**

	
NS

	
*

	
NS

	
NS

	
NS

	
NS








a Treatments: T1, alfalfa only; T3 is corn intercropped with alfalfa; T4, corn intercropped with alfalfa with an application of prohexadione; T5, spring-seeded alfalfa. b Means with same letter in the column are not different from each other. c Alfalfa not harvested. *, **, *** Significant at the 0.05, 0.01, and 0.00 probability level, respectively. † NS, non-significant at the 0.05 probability level.
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Table 9. Alfalfa stem height (Ht), growth stage (St), stem density (Stem) at each harvest, and total seasonal dry biomass for second production year of alfalfa in 2018 and 2019. Alfalfa growth stage was measured as per Kalu and Fick (1983).






Table 9. Alfalfa stem height (Ht), growth stage (St), stem density (Stem) at each harvest, and total seasonal dry biomass for second production year of alfalfa in 2018 and 2019. Alfalfa growth stage was measured as per Kalu and Fick (1983).





	

	
2018




	

	
Harvest 1

	
Harvest 2

	
Harvest 3

	
Harvest 4




	

	
Ht

	
St

	
Stem

	
DM

	
Ht

	
St

	
Stem

	
DM

	
Ht

	
St

	
Stem

	
DM

	
Ht

	
St

	
Stem

	
DM






	
Treatment a

	
cm

	

	
no. m−2

	
Mg ha−1

	
cm

	

	
no. m−2

	
Mg ha−1

	
cm

	

	
no. m−2

	
Mg ha−1

	
cm

	

	
no. m−2

	
Mg ha−1




	
T1

	
73

	
5

	
502

	
5.1

	
48

	
7

	
493

	
1.7

	
47

	
6

	
468

	
1.7

	
30

	
2

	
462

	
0.8




	
T3

	
70

	
5

	
422

	
4.2

	
45

	
6

	
504

	
1.8

	
51

	
6

	
451

	
1.9

	
34

	
2

	
465

	
0.9




	
T4

	
69

	
5

	
448

	
3.8

	
48

	
6

	
534

	
2.0

	
47

	
5

	
440

	
1.8

	
33

	
2

	
437

	
0.9




	
T5

	
68

	
6

	
378

	
5.0

	
43

	
6

	
552

	
2.2

	
47

	
5

	
379

	
1.6

	
35

	
2

	
442

	
1.0




	
p > F

	
NS †

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	

	
2019




	
T1

	
60a b

	
5

	
397

	
2.7

	
41a

	
6

	
434b

	
1.7

	
39

	
2

	
331b

	
0.8bc

	
35

	
2

	
353

	
0.9




	
T3

	
61a

	
5

	
443

	
2.9

	
41a

	
6

	
454b

	
1.7

	
41

	
2

	
363ab

	
0.9ab

	
37

	
2

	
357

	
0.9




	
T4

	
58a

	
4

	
477

	
2.5

	
40a

	
6

	
510ab

	
1.8

	
41

	
2

	
398a

	
1.0a

	
38

	
3

	
404

	
1.1




	
T5

	
47b

	
4

	
497

	
2

	
36b

	
6

	
574a

	
1.7

	
41

	
2

	
305b

	
0.7c

	
35

	
2

	
403

	
0.9




	
p > F

	
*

	
NS

	
NS

	
NS

	
*

	
NS

	
*

	
NS

	
NS

	
NS

	
*

	
**

	
NS

	
NS

	
NS

	
NS








a Treatments: T1, alfalfa only; T3 is corn intercropped with alfalfa; T4, corn intercropped with alfalfa with an application of prohexadione; T5, spring seeded alfalfa. b Means with same letter in the column are not different from each other. *, ** Significant at the 0.05 and 0.01 probability level, respectively. † NS, non-significant at the 0.05 probability level.
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