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Abstract

:

Crop diversity may mediate the intensity of weed-crop competition by altering soil nutrient availability and plant-soil microbe interactions. A greenhouse experiment was conducted to analyze weed-crop competition in soils with varying crop diversity legacies. Soil greenhouse treatments included field soils (i.e., soil nutrient and microbial legacies), a sterile greenhouse potting mix inoculated with microorganisms of the field soils (i.e., microbial legacies), and a sterile greenhouse potting mix. Soils for the greenhouse experiment were sampled and assessed after two-years of conditioning with annual and perennial cropping systems under four levels of intercrop diversity. The greenhouse experiment involved growing one sorghum sudangrass (Sorghum bicolor (L.) Moench × S. sudanese Piper) crop plant and zero to six common lambsquarters (Chenopodium album L.) weed plants in soil from each diversity and cropping system treatment. The weed density treatments created a weed-crop competition gradient, which was used to quantify legacy effects of crop diversity. Weed-crop competition increased with crop diversity in both the field soil and inoculated soil treatments in the annual system. In the perennial system, differences in weed-crop competition intensity were driven by crop yield potential. In the perennial field soil treatment, crop yield potential was greatest in the highest diversity treatment, whereas in the perennial inoculated soil treatment, crop yield potential was greatest in the lowest diversity treatment. Results show potential for negative effects from previous crop diversity on weed-crop competition, and the divergent impact of microbial and nutrient legacies on crop yield potential. Future research should aim to evaluate the consistency of legacy effects and identify principles that can guide soil and crop management, especially in conservation agriculture where soil tillage and its microbial legacy reducing effects are minimized.






Keywords:


agroecology; crop diversity; cropping systems; intercropping; legacy effects; niche; plant-soil feedbacks; resource partitioning; soil microbes; weed-crop competition












1. Introduction


Agricultural systems can be enhanced by understanding the drivers of weed-crop competition. Weed-crop competition is a major constraint to yield [1]. Pimentel et al. [2] estimated that cropland weeds in Australia, Brazil, India, South Africa, the United Kingdom, and the United States have a combined annual cost of US$87.4 billion. Yet, despite decades of research on plant competition, our understanding of how specific farm management practices affect weed-crop competition remains limited. Research on the mechanisms that drive belowground competition and how management practices contribute to these effects is important for developing ecological weed management strategies that reduce the need for tillage and herbicides.



Conservation agriculture focuses on (1) reducing soil disturbance, (2) maintaining vegetative soil cover, and (3) diversifying crop rotations [3]. Many farmers use herbicide-based weed control for conservation agriculture [4,5]. Such overreliance on herbicides is problematic because of the development of herbicide-resistant weeds, non-target impacts on biodiversity, and human health concerns associated with exposure to herbicides [6]. Ecological weed management will facilitate the sustainable intensification of conservation agriculture by reducing farmer reliance on herbicides. One approach to ecological weed management is to use cultural practices such as intercropping to reduce competition from weeds on the crop [7]. However, the effect of soil and crop management practices on the belowground biotic processes that influence weed-crop competition is understudied [8,9].



The resource pool diversity hypothesis (RPDH) states that both the diversity of crops and farm management practices (e.g., fertility types, tillage events, and machinery used) influence weed-crop competition, with reduced weed-crop competition in diversified systems [10]. Ryan et al. [11] found support for the RPDH’s postulation that farm management influences soil resources, reporting increased soil carbon and faster crop growth in organic cropping systems with legume or manure-based fertility compared to a conventional system with a less diverse crop rotation. Despite four- to seven-fold greater weed biomass in the organic systems, maize yields in the organic and conventional systems were similar. These results suggest that soils of the organic cropping systems, which had greater crop rotation diversity and organic fertility sources, reduced weed-crop competition. Correspondingly, in their comparison of nine organic and conventional cropping systems that varied in crop diversity and fertility sources, Smith et al. [10]. found that the intensity of weed-crop competition tended to decrease with increasing crop diversity.



The interactive effects of soil microbes and plant diversity on weed-crop competition is poorly understood. Soil microbes can mediate species-specific resource acquisition and influence belowground niche partitioning. The microbial-mediated resource hypothesis postulates that diverse microbe-plant associations allow for the exploitation of more soil-resources [12]. This theory is supported by work suggesting that plant-microbe interactions affect plant community composition [12,13,14,15,16,17], and competition dynamics [18].



The reciprocal interactions between plants and their rhizosphere microbes is referred to as plant-soil feedback (PSF). Positive PSFs can result from symbiotic plant-microbe relationships like rhizobacteria-mediated nitrogen fixation [19], whereas negative PSFs may arise from plant pathogens [20]. Agricultural management practices have notable effects on PSFs. The identity of species in a crop rotation can contribute up to 80% of variation in PSFs [18], and more diverse rotations can reduce plant pathogen densities and promote positive PSFs [21]. Furthermore, farm system management decisions like tillage intensity and the incorporation of livestock grazing can influence PSF magnitude and direction [22]. Understanding how farm practices influence PSFs is important because soils with positive crop PSFs may reduce the intensity of weed-crop competition [21]. Thus, managing farms to enhance beneficial PSFs for crops may improve weed management and farm sustainability by reducing the need for external inputs.



We sought to elucidate the role of intercrop diversity legacies on weed-crop competition in a greenhouse study using soils conditioned by differing levels of crop diversity in annual and perennial cropping systems. The analysis of soils from annual and perennial cropping systems is particularly relevant for conservation agriculture because the perennial system, which had no soil disturbance, closely aligns with the conservation agriculture principle of minimizing soil tillage. We hypothesized that following the RPDH and the microbial-mediated resource hypothesis, weed-crop competition intensity would be greater in soils from lower (i.e., low and conspecific) compared with higher (i.e., heterospecific and high) diversity treatments.




2. Materials and Methods


2.1. Soil Conditioning Treatments


The conditioning phase was conducted as part of a field experiment in which annual and perennial crops were grown under four levels of cropping system diversity from the summer of 2016 to the fall of 2018 on a Honeoye (fine-loamy, mixed, semiactive, mesic Glossic Hapludalfs) and Lima (fine-loamy, mixed, semiactive, mesic Oxyaquic Hapludalfs) silt loam. The field site (42°44′10.5″ 76°39′11.3″ W) has a mean monthly temperature range between −4 and 22 °C and an average of 92 cm of precipitation each year, with the majority of precipitation in the spring to early summer [23]. The diversity treatments in both the annual and perennial cropping system were established following a replacement design with seeding rates proportional to the recommended monoculture rate [24]. In the annual system, the ‘low’ diversity treatments were monocultures of sorghum sudangrass (Sorghum bicolor (L.) Moench × S. sudanese Piper) planted in spring and triticale (× Triticosecale Wittm. ex A. Camus) in fall; one variety of alfalfa (Medicago sativa L.) was grown in the perennial ‘low’ diversity treatment (Table 1). Four varieties of the aforementioned crops were planted in the ‘conspecific’ diversity treatments. The ‘heterospecific’ diversity treatment included four species: sudangrass (Sorghum bicolor (L.) Moench), pearl millet (Pennisetum glaucum (L.) R. Br.), sorghum sudangrass, and annual ryegrass (Lolium multiflorum Lam.) in the spring, and triticale, red clover (Trifolium pratense L.), winter pea (Pisum sativum L.), and cereal rye in the fall. In the perennial system, the ‘heterospecific’ treatment included intercropped alfalfa, orchardgrass (Dactylis glomerata L.), timothy (Phleum pratense L.), and white clover (Trifolium repens L.). The ‘high’ diversity treatment included four varieties of each of the different species in the ‘heterospecific’ treatment. Throughout the conditioning phase, USDA certified organic practices were used. Diversity treatment plots for both the annual and perennial cropping systems measured 9.1 × 15.2 m and were replicated four times in a randomized complete block design.



Fertilization and tillage were consistent within the annual and perennial systems throughout the conditioning phase. Annual crops were fertilized primarily based on nitrogen requirements while potassium requirements drove fertility decisions in the perennial crops (Table S1). Fertilization rates were dependent on yearly soil recommendations and were carried out with 5-4-3 and 8-2-2 poultry manure applications (Kreher’s, Clarence, NY, USA). The annual system was chisel plowed and roller harrowed before each seeding event, whereas in the perennial system, no additional tillage was used after crop establishment in 2016. In the annual system, crops were planted and harvested based on the maturity of the cultivar in the low diversity treatment. The winter annuals were harvested when the triticale was in Zadok’s growth stage 47 [25]; summer annuals were cut when the sudangrass was 0.91 m tall [26]. In the perennial system, herbage was cut when the alfalfa had one to two buds per node [27]. Herbage was removed from the entire plot at each harvest.




2.2. Conditioning Phase Crop Sampling


Data from the last harvest of the conditioning phase were used to contextualize results from the subsequent greenhouse experiment. Crop species abundance was sampled with two 0.25 m2 quadrats that were randomly placed within each plot (n = 32). While sampling, a 1 m margin was maintained to minimize edge effects. Biomass was clipped at the soil surface and sorted by species at the subplot level (n = 32). Annual crops were sampled on 8 August 2018 and perennial crops on 3 October 2018. Samples were dried at 60 °C for one week and weighed.




2.3. Soil Sampling and Testing


Soil was sampled in all treatment replicates in both the annual and perennial systems at the end of the conditioning phase on 26 October 2018. Four samples were collected from randomly selected areas in each plot (n = 32) with a 10.8-cm-diameter soil probe to a depth of 20 cm. Soil was homogenized and stored at approximately 5 °C in the shade during the sampling event. Immediately after sampling, soils were sent to Dairy One (Ithaca, NY, USA) and the Cornell Soil Health Testing Laboratory (Ithaca, NY, USA) for physiochemical characterization.



A second set of soil samples for microbial analysis and the greenhouse experiment were taken on 6 November 2018. During this sampling event, all equipment was sterilized with 70% ethanol between plots to avoid cross-contamination. Four samples were taken from each plot with a 10.8-cm-diameter soil probe at a depth of 20 cm. Immediately after collection, soil was homogenized and placed on ice. Once back in the laboratory, soils were stored in a −10 °C freezer or mailed in a cooler with dry ice for microbial enzyme analysis no later than 48 h after sampling.



Microbial enzyme activity was determined following the procedures of Saiya-Cork et al. [28] and Neher et al. [29]. Briefly, 200 μL of 4-methylumbelliferyl-b-D-glucoside (BG) and 4-methylumbelliferyl-N-acetyl-b-D-glucosaminide (NAG) substrates were fluorogenically labeled with methylumbelliferone (MUB) and methylcoumarin (MC). Quench standards were 50 μL of standard (10 mM MUB, or MC in the case of leucine) + 200 μL sample suspension. Each blank, negative control, and quench had eight 50 μL of standard + 200 μL acetate buffer replicate wells. Fluorescence was analyzed with a FLx800 microplate fluorometer (BioTek Instruments, Inc., Winooski, VT, USA) fit with 360 nm excitation and 460 nm emission filters. Enzyme activity calculations were corrected with the standards and buffers. Refer to Saiya-Cork et al. [28] and Neher et al. [29] for more details about enzyme testing.



Percent gravel was calculated after sieving soil to 2 mm. Gravimetric moisture was calculated by measuring soil weight before and after 24 h in a 100 °C oven. Soil organic matter, mineral fraction, and pH were measured at Dairy One (Ithaca, NY, USA). Briefly, all soils were dried at 50 °C and ground to pass through a 2 mm sieve. Soil organic matter was calculated based on loss on ignition at 500 °C. Phosphorous, potassium, magnesium, and calcium were calculated using a Morgan extraction with sodium acetate at pH 4.8. Morgan extractions were analyzed with a thermal iCAP 6000 (ThermoFisher Scientific, Waltham, MA USA). Soil pH was quantified with a lab fit AS3010D robotic pH meter (LabFit, Bayswater, Australia). Bulk density, aggregate stability, and respiration were quantified at the Cornell Soil Health Laboratory following protocols in the Comprehensive Assessment of Soil Health [30].




2.4. Greenhouse Experiment


Weed-crop competition was quantified in two soil treatments: (1) a 50:50 mix of conditioned soil and sterile potting mix (referred to as the “field” soil treatment) and (2) a 5:95 mix of conditioned soil and sterile potting mix (referred to as the “inoculated” soil treatment). A 50:50 mix of conditioned soil and sterile potting mix for the field soil treatment was chosen to ensure adequate water infiltration through the pots. The field soil treatment was intended to maintain the nutrient legacies and microbial communities from the conditioning phase. Conversely, the 5:95 mix of conditioned soil and sterile potting mix for the inoculated soil treatment was used to minimize nutrient differences between treatments while maintaining their unique microbial communities. While this inoculation technique may potentially weaken the effects of soil microbes [19], various studies report measurable PSFs using this method [18,21,22,31]. Furthermore, because the 50:50 ratio of conditioned soil and sterile potting mix is well above the accepted amount of conditioned soil used to isolate soil microbiota for PSF studies, the field soil treatment was assumed to have both nutrient and microbial legacies of the field experiment treatments. A control was established with 100% sterile potting mix (referred to as the “inert” soil treatment).



The main greenhouse treatment was cropping system legacy (annual or perennial), the subplot treatment was diversity legacy (low, conspecific, heterospecific, or high), and the sub-subplot competition treatment was weed density (0, 1, 3, or 6 weeds). A total of 272 pots were used in the greenhouse experiment ((2 systems × 4 diversity treatments × 4 weed density treatments × 4 replications = 128 field soil treatment pots) + (2 systems × 4 diversity levels × 4 weed density treatments × 4 replications = 128 inoculated soil treatment pots) + (4 weed density treatments × 4 replications = 16 inert soil treatment pots)) (Figure 1). Pots were 6.3 L and had been sterilized by autoclaving and rinsing in 70% ethanol. The potting mix was 60% autoclaved vermiculite and 40% triple washed and kiln dried sand (Quikrete®, Atlanta, GA, USA). To ensure plant growth, 2.34 g (112 kg ha−1) of 15-9-12 Osmocote Plus 3–4 month was added to all pots (The Scotts Company, Marysville, OH, USA).



All pots were seeded with five sorghum sudangrass crop seeds. Except for pots in the weed-free treatment, all samples were seeded with approximately 100 common lambquarters (Chenopodium album L.) weed seeds. Common lambquarters was selected because it is a summer annual broadleaf agronomic weed [32]. Furthermore, depending on emergence timing, common lambsquarters can reduce summer annual grass crop yields up to 70% [33]. Considering the prevalence of common lambsquarters in sorghum sudangrass production and its yield reducing effect on related crops, it likely competes with sorghum sudangrass for similar resources and weed-crop competition could be affected by changes in soil conditioning. While common lambquarters is nonmycorrhizal [34,35], its competitiveness is affected by soilborne pathogen density [36]. At plant emergence, one sorghum sudangrass plant and one, three, or six common lambquarters per pot were allowed to grow. All other seedlings were removed prior to cotyledon development. The greenhouse was maintained at 25 °C and a 16 h photoperiod. Plants were watered to keep soil moist throughout the experiment. Eleven weeks after seeding, crop and weed plants were cut at the soil surface, dried at 60 °C for one week, and weighed.




2.5. Statistical Analysis


All statistical analyses were done in R version 3.6.1 [37]. The ‘lmerTest’ package [38] was used for linear mixed-effects models. All linear mixed-effects models were assessed with type III analysis of variance (ANOVA) tests from the R ‘stats’ package [37] and post-hoc FisherLSD least-squares means comparisons with the ‘emmeans’ package [39]. Assumptions of homoscedasticity and normality were confirmed before model analysis. All non-linear analyses were conducted with the ‘nlme’ package [40].



Soil nutrient, chemical, and physical characteristics and conditioning phase crop biomass data were used to interpret the results of the greenhouse competition study. Linear mixed-effects models were fit to the 2018 soil health data where system and diversity treatments and their interaction were fixed effects and field block was a random effect. To broadly describe the crop functional legacies of the conditioning phase, crop biomass data were pooled by the ability of crops to fix nitrogen (e.g., grass or legume). Separate linear mixed-effects models were fit to the grass, legume, and total crop biomass data. In each model, fixed effects were system and diversity treatments and their interaction; field block was a random effect.



Data from the field and inoculated soil treatments were analyzed separately to account for the effect of the different soil media on plant growth. Yield potential was assessed through linear mixed-effects models that projected crop biomass in the weed-free treatment as a function of system and diversity treatments and their interaction as fixed effects and greenhouse block as a random effect.



Crop biomass data in the inoculated and inert soil treatments were compared to assess the effect of soil microbes on crop growth. Microbial effects on plant growth were calculated following the plant-soil feedback (PSF) equation proposed by Brinkman et al. [19] and used by Johnson et al. [21], Menalled, Seipel, and Menalled [22], and Miller and Menalled [18]:


  P S  F  s d w b   = l n  (    b i o m a s  s  s d w b    (  B A +  )    b i o m a s  s  w b    (  B A −  )     )  ,  



(1)




where biomasssdwb (BA+) denotes the biomass of sorghum sudangrass grown in the inoculated soil treatment from management system s, conditioned by diversity level d, and subjected to weed density level w of block b; biomasswb (BA−) denotes the biomass of sorghum sudangrass grown in the inert soil treatment subjected to weed density level w in block b. Positive PSF values indicate that soil microbial communities enhanced crop growth relative to a sterile soil medium while negative PSFs indicate that soil microbes suppressed crop growth relative to a sterile soil medium [19]. PSF values were modeled through linear mixed-effects models with system and diversity treatments and their interaction as fixed effects and greenhouse block as a random effect.



Weed-crop competition was assessed through an inverse hyperbolic function [11,41]:


   Y c  =    1   a 0     N c    1 +  i w   N w    ,  



(2)




where crop yield (Yc; g pot−1) is modeled as the reciprocal of a crop yield potential parameter (a0; pots g−1) per unit of crop density (Nc; plants pot−1) divided by the yield-reducing effect of weeds (iw; plants g−1) per unit of weed biomass (Nw; g pot−1). Weed biomass values were a product of the four common lambsquarters weed density treatments. The crop yield-reducing effect of weeds (iw; plants g−1) describes competitive intensity and a higher iw value denotes more intense weed-crop competition (i.e., the negative effect of weeds on the crop). Curves were compared using an F-test [11]:


  F =    (  S S  E  C o m b i n e d   − S S  E  S e p a r a t e    )  /  (  d  f  C o m b i n e d   − d  f  S e p a r a t e    )    S S  E  S e p a r a t e   / d  f  S e p a r a t e     ,  



(3)




where SSECombined is the sum of squares of a curve from a full model with data from two diversity treatments; SSESeparate is the sum of squares of two reduced models where curves were fit to each diversity treatment separately; dfCombined is the degrees of freedom of the full model and; dfSeparate is the sum of degrees of freedom of the reduced models. The resulting F-statistic was contrasted against an F-distribution to determine significance.





3. Results and Discussion


3.1. Conditioning Phase Soil Characteristics and Crop Biomass


After two years of conditioning by the continuous growth of crops differing in intercrop diversity, soil properties only differed at the cropping systems (annual versus perennial) level (Table 2). Of the 12 soil metrics quantified, only bulk density, pH, gravimetric moisture, phosphorus, potassium, and calcium differed between systems.



Differences in management at the cropping systems-level likely caused the observed differences between soil properties. The lower bulk density of the annual system (p < 0.01) was likely driven by greater tillage in the 20 cm soil sampling zone. Previous comparisons of topsoil in tilled and no-till systems report tillage-induced reduction of bulk density [42,43,44,45]. In turn, greater gravimetric moisture in the annual soil may have been a product of its reduced bulk density. However, despite statistical significance, the bulk density and gravimetric moisture differences between cropping systems were small and likely of limited ecological relevance.



Soil nutrient differences between systems may have been due to contrasting fertilization practices used in the two cropping systems. Throughout the conditioning phase, more poultry manure was applied to the annual cropping system compared to the perennial cropping system (Table S1). The annual crops required more poultry manure because there were less legumes, and consequently greater nitrogen requirements. Given the high proportion of phosphorous in poultry manure, it is likely that the higher phosphorous levels in the annual soils (p < 0.001) were a product of fertilization. In the perennial soils, there was more potassium applied than nitrogen and phosphorous (Table S1), likely causing higher soil potassium concentrations in the perennial soils (p < 0.001). Greater poultry manure application rates to the annual soils and greater potassium sulfate applications in the perennial soils may have contributed to differences in pH between systems (p < 0.001) [46].
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Table 2. Soil characteristics from 2018 field sampling. Soil samples were taken within 11 days of soil sampling for the greenhouse experiment. During both sampling events, soil was taken to a depth of 20 cm. In the table, SOM is soil organic matter, BG is β-1,4-glucosidase, and NAG is β-1,4-N-acetylglucosaminidase; P, K Mg, and Ca stand for phosphorus, potassium, magnesium, and calcium, respectively. BG influences cellulose decomposition and NAG affects the degradation of chitin [47]. Numbers following the diversity, system, and diversity × system effects are p-values obtained from linear mixed effects models; bold font indicates p < 0.05. Numbers following the annual and perennial system are cropping system mean values.
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SOM

	
Bulk Density

	
pH

	
Aggregate Stability

	
Gravimetric Moisture

	
Respiration

	
P

	
K

	
Mg

	
Ca

	
BG

	
NAG






	
Effect

	
p-value




	
Diversity (D)

	
0.74

	
0.08

	
0.45

	
0.40

	
0.52

	
0.92

	
0.32

	
0.40

	
0.63

	
0.76

	
0.33

	
0.30




	
System (S)

	
0.96

	
0.001

	
0.0002

	
0.40

	
0.01

	
0.45

	
>0.0001

	
>0.0001

	
0.30

	
0.04

	
0.95

	
0.72




	
D × S

	
0.94

	
0.50

	
0.47

	
0.52

	
0.91

	
0.96

	
0.26

	
0.16

	
0.70

	
0.38

	
0.23

	
0.24




	
System

	
(%)

	
(g/cm3)

	

	
(%)

	
(%)

	
(mgC/g)

	
(ppm)

	
(ppm)

	
(ppm)

	
(ppm)

	
(nmol/h/g)

	
(nmol/h/g)




	
Annual

	
3.81

	
1.32

	
7.92

	
27

	
0.20

	
0.75

	
7.04

	
43

	
322

	
3058

	
86

	
17




	
Perennial

	
3.80

	
1.33

	
7.85

	
29

	
0.19

	
0.73

	
5.06

	
61

	
309

	
2777

	
87

	
18









In the final harvest of the conditioning phase, the total biomass of annual crops did not differ across diversity treatments (Figure 2). In the perennial system, total biomass was greater in the low, heterospecific, and high diversity treatments than in the conspecific treatment (p < 0.05). Furthermore, in the perennial system, the low diversity treatment had the greatest legume biomass (p < 0.05) whereas the heterospecific and high diversity treatments had the greatest grass biomass (p < 0.001).




3.2. Crop Diversity Legacy Effects on Weed-Crop Competition


To account for differences in the soil medium resulting from our field and inoculated soil treatments, weed-crop competition was compared across diversity treatments (i.e., low, conspecific, heterospecific, and high) within each cropping system (i.e., annual and perennial) and soil treatment (i.e., field and inoculated) (Figure 3; also see Table S2 for standard error and p-values of parameter estimates). Competition curve F-test comparisons showed that in the field soil treatment of the annual cropping system, curves differed between the conspecific and heterospecific diversity treatments. In the inoculated soil of the annual system, both the conspecific and heterospecific diversity treatments differed from the high diversity treatment. In the perennial cropping system, the competition curves of the low and heterospecific diversity treatments differed from the competition curve of the high diversity treatment in the field soil. In all instances when F-tests showed differences between diversity treatments, the soil conditioned with the higher diversity treatment fostered greater weed-crop competition (Figure 3). The greater weed-crop competition that was observed in the annual system is a result of larger iw values in more diverse compared to less diverse treatments. However, greater weed-crop competition in the field soil of the perennial system is primarily a result of a smaller a0 value in the more diverse compared to less diverse treatments. Although the high diversity treatment in field soil of the perennial system had the largest iw value, it had the smallest a0 value (Figure 3) and produced a similar amount of crop biomass at the upper level of weed biomass (i.e., x = 15 g pot−1). This indicates that the apparent greater competition in high diversity treatment in field soil of the perennial system was due to an increased crop yield in the absence of weeds (i.e., at x = 0) in the high diversity treatment, rather than an enhanced tolerance to weed-crop competition in the heterospecific and low diversity treatments (Figure 3). No differences in the relationship between crop and weed biomass were observed in the inoculated soil of the perennial system.



Crop yield potential, understood as the yield of sorghum sudangrass in the weed-free treatment, provides insight into weed-crop competition. In annual soils, crop yield potential did not vary by diversity treatment in either field or inoculated soil treatments (Figure 4). However, in soils conditioned with perennial crops, the effect of crop diversity on yield potential had opposite effects in the field and inoculated soil treatments (Figure 4). In the field soil treatment, when the soil nutrient and microbial legacies of the conditioning phase were maintained, yield potential increased with greater perennial crop diversity. The average crop yield potential in soils from the high diversity treatment was nearly twice that of soils from the low diversity treatment in the perennial system (98% higher; p < 0.01). Conversely, in the inoculated treatment, where nutrient differences between soils were minimized but microbial communities were maintained, there was a reduction in crop yield with greater perennial crop diversity, and the average crop yield potential in the high diversity treatment was nearly two times less than the low diversity treatment (44% lower; p < 0.05).



Crop biomass production during the conditioning phase contextualizes the yield potential results we observed during the greenhouse phase of the study. The lack of a diversity treatment effect on yield potential in the annual cropping system (Figure 4) may be due to the lack of crop functional diversity between diversity treatments in the field experiment. Prior to soil sampling for the greenhouse experiment, the annual cropping system produced only grasses with similar biomass across diversity treatments (Figure 2). In the perennial system, grass and legume biomass production varied across diversity treatments, with greatest legume biomass in the perennial low diversity treatment (Figure 4). Differences in legume biomass within the perennial cropping system may have influenced soil nitrogen and crop yield potential. Although legume crops like alfalfa and red clover can provide nitrogen to a subsequent crop [48], nitrogen availability is typically greatest when legume aboveground biomass is not removed from the field [49,50]. In this research, crop harvest procedures in the perennial systems during the conditioning phase may have reduced crop yield potential in the field soil treatment in the greenhouse experiment. Perennial crops were cut twice in 2017 and four times in 2018. During each cut, crop biomass was removed from the field. Fernandez et al. [51] reported that two or three annual removals of alfalfa biomass can reduce soil mineral nitrogen between 11.5 and 12.6% without increasing nitrogen availability. However, cutting perennial grasses has been shown to stimulate nutrient turnover through increased root rhizodeposition [52,53] with indication of greater soil nitrogen cycling after perennial grass defoliation [52]. Increased soil nitrogen availability has also been reported after herbivory of a perennial-dominated grassland [54]. Therefore, the increased perennial grass biomass production in the perennial heterospecific and high diversity treatments during the conditioning phase may have resulted in soils with more available nitrogen at the time of soil sampling than the low and conspecific treatments of the perennial cropping system, which only included alfalfa.



In contrast to the field soil treatment, sorghum sudangrass yield potential in the inoculated soil treatment from the perennial cropping system decreased with increasing crop diversity (Figure 4). Negative PSFs from the perennial grass crop legacies in the heterospecific and high diversity treatments were likely responsible for the reduction in yield potential in the inoculated soils (Figure 5). Miller and Menalled [18] reported the identity of previous and currently planted crops can cause over 80% of the variation in PSF direction and magnitude. In that research, the effect of plant species identity on PSFs was attributed to increased plant-pathogenic organisms in the soil that occurred when phylogenetically similar plants were planted after one another. In our research, the presence of a grass legacy in the heterospecific and high diversity treatments (Figure 2; p < 0.001) may have contributed to more negative PSFs for the sorghum sudangrass. Analysis of the PSFs in the inoculated treatment supports this inference, with 2.3 and 1.8 times more negative PSFs in the perennial high and heterospecific diversity treatments compared with the low diversity treatment, respectively (Figure 5; 128% lower p < 0.05 and 83% lower p = 0.39).





4. Conclusions


This experiment sought to test the legacy effects of crop diversity on weed-crop competition. A weed-crop competition gradient in the field and inoculated soil treatments (Figure 1) allowed us to isolate the effects of soil microbes (i.e., inoculated soil treatment) from soil microbes and soil nutrients (i.e., field soil treatment). Regardless of soil treatment, when weed-crop competition differed between diversity treatments, competition intensity was greater in the higher diversity treatments (Figure 3), which did not support our hypothesis.



In the annual cropping system, greater crop diversity had a negative effect on weed-crop competition (Figure 3). Greater crop diversity in the annual system could have increased resource depletion during the conditioning phase and affected soil microbe-plant interactions. However, yield potential (Figure 4), soil nutrients (Table 2), and PSFs (Figure 5) were not affected by diversity treatments in the annual system, indicating that diversity driven resource depletion and PSFs do not explain the observed differences in weed-crop competition. In the annual system of this experiment, crop diversity during the conditioning phase was limited to only grass species. Thus, our ability to evaluate the effects of crop diversity were constrained and results may not translate to systems with greater crop functional diversity.



In the perennial cropping system, differences in weed-crop competition in the field soil treatments (Figure 3) can be explained by the greater crop yield potential that was observed in the high diversity treatment (Figure 4). This positive effect of crop diversity may have been driven by increased nutrient availability at the time of soil sampling as a result of increased microbial activity and nitrogen cycling associated with perennial grass crop defoliation in the high diversity treatment. In the inoculated soil of the perennial system, crop diversity had a negative effect on crop yield potential, which was supported by PSF results (Figure 5). The opposing yield potential trends in the two soil treatments (i.e., greater yield potential with increasing diversity in field soil vs. lower yield potential with increasing diversity in inoculated soil) indicate that soil nutrient availability and microbial communities may influence weed-crop competition independently (Figure 4).



Future studies should investigate the combined and separate effects of soil resources and soil microbes on weed-crop competition. Furthermore, repeating this study with differing greenhouse crop and weed species would allow researchers to vary the degree of niche overlap between competitors and better asses the RPDH. Quantifying weed-crop competition in a field setting would allow researchers to assess competition under standard conditions from an entire weed community. Field research would also eliminate the soil disturbance and impact of soil sampling on microbes, better matching the low soil disturbance conditions of conservation agriculture. As conservation agriculture expands, it is important to explore management options that minimize tradeoffs. Understanding the legacy effects of crop diversity on crop yield potential and weed-crop competition is particularly valuable in conservation agriculture and will contribute to its sustainable intensification.
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Figure 1. Treatments included in the greenhouse experiment. Four weed-crop competition treatments were applied to soils conditioned by four crop diversity treatments in annual and perennial cropping system treatments. The illustrated design was randomized and replicated four times for a 272-pot greenhouse experiment. 
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Figure 2. Crop yield as a function of diversity level and cropping system at the end of the conditioning phase in 2018. Data from the harvest in the perennial system was separated in to grass and legume biomass to describe functional diversity. Only grasses were seeded in the annual system in summer 2018. Bars represent mean biomass and letters denote results from FisherLSD mean comparisons where similar letters within a panel indicate no significant differences between treatments (p > 0.05). In the perennial system, capital letters correspond to comparisons of legume biomass, lowercase letters correspond to comparisons of grass biomass, and letters in red font correspond to comparisons of total biomass. Error bars show standard error. 
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Figure 3. Weed-crop competition curves across diversity treatments within cropping systems and soil treatments. The a0 (pots g−1) term is the inverse of crop yield potential, lower a0 values indicate higher crop yield potential. The iw (plants g−1) term describes weed competitiveness and higher iw values indicate more intense weed-crop competition. Letters in the figure describe results of F-test comparisons between curves across diversity levels within the same cropping system and soil treatment and should be read vertically within each column. Similar letters within a column indicate no significant differences between curves (p > 0.05). The field soil treatment had both soil nutrient and microbial legacies while the inoculated soil treatment had microbial legacies. 
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Figure 4. Greenhouse experiment crop yield potential across diversity treatments within cropping systems and soil treatments. Yield potential is the yield of sorghum sudangrass in the weed-free treatment. FisherLSD least-squares means comparisons are restricted to soils from the same cropping system (annual or perennial) and soil treatment (field or inoculated). Similar letters within a panel indicate no significant differences (p > 0.05) and error bars show standard error. The field soil treatment had both soil nutrient and microbial legacies while the inoculated soil treatment had microbial legacies. 
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Figure 5. Yield potential plant-soil feedbacks (PSFs). PSFs were calculated using soils from the inoculated and inert soil treatments (Equation (1)) and compared within cropping system treatments. Similar letters within a panel indicate no significant differences between mean PSF values (p > 0.05) and error bars show the standard error. 
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Table 1. Diversity treatments across the annual and perennial cropping systems during the conditioning phase.
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Diversity Treatments






	

	

	

	
Low

	
Conspecific

	
Heterospecific

	
High




	
Cropping system treatments

	
Annuals

	
Summer annuals

	
One cultivar of sorghum sudangrass

	
Four cultivars of sorghum sudangrass

	
One cultivar each of sorghum sudangrass, pearl millet, annual ryegrass, and sudangrass

	
Four cultivars each of sorghum sudangrass, pearl millet, annual ryegrass, and sudangrass




	
Winter annuals

	
One cultivar of triticale

	
Four cultivars of triticale

	
One cultivar each of triticale, cereal rye, red clover, and winter pea

	
Four cultivars each of triticale, cereal rye, red clover, and winter pea




	
Perennials

	
One cultivar of alfalfa

	
Four cultivars of alfalfa

	
One cultivar each of alfalfa, white clover, orchardgrass, and timothy

	
Four cultivars each of alfalfa, white clover, orchardgrass, and timothy
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