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ABSTRACT 

 
Crop diversification can reduce weed-crop competition and contribute to ecological 

weed management, but the mechanisms by which crop diversity reduces weed-crop 

competition and the persistence of those effects are poorly understood. The legacy 

effects of crop diversity on weed-crop competition were tested after a multi-year field 

experiment that compared conspecific and heterospecific crop diversity in 

intercropped annual and perennial systems. In a greenhouse experiment, soil from the 

field experiment was collected and manipulated to elucidate the effects of soil 

microbes in determining weed-crop competition. After the final harvest in the field 

experiment a uniformity trial was conducted to evaluate the effects of crop diversity 

on weed community structure and compare weed-crop competition. In both cases, crop 

diversity had minimal effects on weed-crop competition. However, the annual and 

perennial cropping systems that contextualized the diversity treatments consistently 

influenced microbial plant-soil feedbacks, crop nutrient uptake, weed communities, 

and weed-crop competition.
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PROLOGUE 

 

Agricultural landscapes have become increasingly homogeneous with 60% of 

global cropland dominated by just five crops (Leff, Ramankutty and Foley, 2004). The 

expansion of monocultures has come at environmental and social costs as crops 

require increased off-farm inputs. In the United States, crop fertilization in the 

Mississippi River watershed has contributed to the second largest zone of coastal 

hypoxia in the world, known as the Gulf of Mexico ‘dead zone’ (Rabalais, Turner and 

Wiseman, 2002). Herbicide applications have also been linked to human health issues 

(Gilliom et al., 2006; Fernandes et al., 2019) and environmental contamination 

(García-Rodríguez et al., 1996; Garry et al., 1996; Tanner et al., 2011). Furthermore, 

with 512 unique cases of herbicide resistance in 2020 (Heap, 2020), the efficacy of 

herbicide-based weed control is declining. Incorporation of crop diversity into 

agroecosystems may help reduce farmer reliance on synthetic fertilizer and herbicides 

through improved crop nutrient use and reduced weed competitiveness.  

Theory on the effects of biodiversity on resource use and plant competition 

dates back to Darwin (1859) who wrote: 

 

“The more diversified in habitats and structures the descendants…, the more places 

they will be enabled to occupy... it has been experimentally proven, if a plot of ground 

be sown with one species of grass, and a similar plot be sown with several distant 

genera of grasses, a greater number of plants and greater weight of dry herbage can 

be raised in the latter than the former case.” 
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Darwin’s comments on diversity underpin modern niche partitioning theory, which 

postulates that diverse plant communities will have more partitioned niches, less 

resource demand overlap, and consequently, less intense exploitative competition 

(Trenbath, 1974; Harper, 1977; Vandermeer, 1992).  

There are several interpretations of niche partitioning theory, however, Tilman 

and Lehman (2002) identify three models that are relevant to agroecosystems. The 

first model asserts that heterospecific trade-offs are necessary for the coexistence of 

species competing for two resources (Tilman, Lehman and Thomson, 1997). In this 

model, each species is better at acquiring one of the two limiting resources and 

dominates areas where its resource is more abundant. Therefore, in environments with 

heterogeneous resources, the first niche partitioning model predicts more complete 

exploitation of the resource pool when community diversity increases. The second 

niche partitioning model assumes that no species in a competitive interaction is better 

at exploiting a particular resource but that optimal species competitiveness occurs at 

particular combinations of resources (Tilman, Lehman and Thomson, 1997). Like the 

first model, this interpretation of niche partitioning theory predicts that total resource 

use is greater when community diversity increases in a heterogeneous system. 

Tilman’s (1999) final niche partitioning model assumes that all species in a 

community are limited by a single resource and at least one abiotic factor. This 

perspective postulates that each species has a competitive optimum at a particular 

level of the limiting resource. Consequently, the higher a communities’ diversity, the 

greater its ability to exploit the limiting resource along a gradient of its availability as 
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multiple species reach their competitive optimum in the heterogeneous environment. 

Thus, under all three models of niche partitioning theory, plant community diversity 

should stimulate more complete use of the resource pool (but see Grime, 1973; Rees, 

2013). In an agricultural context, niche partitioning theory infers that diverse 

intercrops could make better use of on-farm resources than monocultures and leave 

fewer niches for weeds to exploit.  

When applying niche partitioning theory to agricultural systems, it is important 

to note that it predicts the "long-term coexistence of many species” (Tilman and 

Lehman, 2002). In contrast, agricultural systems tend to be frequently disturbed, with 

practices like tillage and fertilization in most cropping systems. Periodic disturbance 

of communities changes competition dynamics in favor of faster growing species 

(Huston, 1979). Thus, weed-crop competition severity is defined by the interaction 

between intercrop diversity and crop system management. 

The resource pool diversity hypothesis (RPDH) adapted niche partitioning 

theory to account for agricultural management practices. Like niche partitioning 

theory, the RPDH also predicts that crop diversification will increase the number of 

niches that crops exploit. However, RPDH expands upon niche partitioning theory by 

acknowledging that crop management practices influence the available niches in an 

agroecosystem. According to the RPDH, the more diverse crop management practices 

are used, the greater the number of potential niches and the less intense weed-crop 

competition. Comparisons of weed-crop competition across farm systems have 

corroborated the RPDH, finding reduced weed-crop competition in the more 
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diversified cropping systems (Ryan et al., 2010; Smith, Mortensen and Ryan, 2010; 

Davis et al., 2012). 

While soil microbe effects on weed-crop competition are incompletely 

understood, there is indication that crop system diversity can also influence the 

interactions between microbes and crops. Plant-soil feedbacks (PSFs) describe the 

reciprocal interactions between plants and their associated microbial communities. In 

an analysis of soils from organic and conventional crop systems, Johnson et al. (2017) 

found that soils from organic cropping systems had more beneficial PSFs for crops 

than soils from conventional cropping systems. The organic cropping systems that 

Johnson et al. (2017) sampled had greater crop rotation diversity than the conventional 

systems. When crop rotation diversity was controlled, PSFs also varied as a function 

of crop identity and crop management, with the most beneficial PSFs in the system 

with the greatest management diversity (Menalled, Seipel and Menalled, 2020). Thus, 

there is preliminary evidence that the lower soil pathogen loads of diverse cropping 

systems may also promote crop yields. 

 My research seeks to describe the legacy effects of intercrop diversity and 

cropping system management on weed-crop competition. It builds upon the RPDH by 

hypothesizing that soils from more diverse cropping system legacies will harbor less 

intense weed-crop competition. In chapter one, I describe the results of a greenhouse 

study that investigated the link between crop diversity, soil microbe communities, 

nutrient availability, and weed-crop competition. This study sought to test the legacy 

effects of crop diversity in a controlled setting. It elaborates on weed-crop competition 

literature by testing the relative importance of soil microbe communities compared to 
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both soil microbes and nutrients in defining weed-crop competition. In chapter two, I 

describe the results of a field study, where soils from four levels of conditioning 

diversity in annual and perennial systems were subjected to a uniform corn 

monoculture and differing weed-densities. This work used soils from the same 

conditioning phase as the greenhouse study. However, it tested the effects of crop 

diversity legacies on weed-crop competition in a field setting and included crop tissue 

and weed community analyses. Together, both chapters describe the legacy effect of 

crop diversity and cropping system management on weed-crop competition. 

 

Darwin, C. (1859) On the Origin of Species by Means of Natural Selection. New 

York: The Modern Library, Random House. 

Davis, A. S. et al. (2012) ‘Increasing Cropping System Diversity Balances 

Productivity, Profitability and Environmental Health’, PLOS ONE. Public 

Library of Science, 7(10), p. e47149. Available at: 

https://doi.org/10.1371/journal.pone.0047149. 

Fernandes, G. et al. (2019) ‘Indiscriminate use of glyphosate impregnates river 

epilithic biofilms in southern Brazil’, Science of the Total Environment. 

Elsevier B.V., 651, pp. 1377–1387. doi: 10.1016/j.scitotenv.2018.09.292. 

García-Rodríguez, J. et al. (1996) ‘Exposure to pesticides and cryptorchidism: 

Geographical evidence of a possible association.’, Environmental Health 

Perspectives. Environmental Health Perspectives, 104(10), pp. 1090–1095. 

doi: 10.1289/ehp.104-1469503. 

Garry, V. F. et al. (1996) ‘Pesticide appliers, biocides, and birth defects in rural 



6 

Minnesota’, Environmental health perspectives, 104(4), pp. 394–399. doi: 

10.1289/ehp.96104394. 

Gilliom, R. J. et al. (2006) Pesticides in the nation’s streams and ground water, 1992–

2001, USGS Circular 1291. Reston, VA. doi: 10.3133/cir1291. 

Grime, J. P. (1973) ‘Competitive exclusion in herbaceous vegetation’, Nature, 

242(5396), pp. 344–347. doi: 10.1038/242344a0. 

Harper, J. L. (1977) The population biology of plants. London: Academic Press. 

Heap, I. (2020) The international survey of herbicide resistant weeds. Available at: 

http://www.weedscience.org/Home.aspx (Accessed: 30 March 2020). 

Huston, M. (1979) ‘A general hypothesis of species diversity’, The American 

Naturalist. [University of Chicago Press, American Society of Naturalists], 

113(1), pp. 81–101. Available at: http://www.jstor.org/stable/2459944. 

Johnson, S. P. et al. (2017) ‘Cropping systems modify soil biota effects on wheat 

(Triticum aestivum) growth and competitive ability’, Weed Research. 

Wiley/Blackwell (10.1111), 57(1), pp. 6–15. doi: 10.1111/wre.12231. 

Leff, B., Ramankutty, N. and Foley, J. A. (2004) ‘Geographic distribution of major 

crops across the world’, Global Biogeochemical Cycles. John Wiley & Sons, 

Ltd, 18(1). doi: 10.1029/2003GB002108. 

Menalled, U. D., Seipel, T. and Menalled, F. D. (2020) ‘Farming system effects on 

biologically mediated plant–soil feedbacks’, Renewable Agriculture and Food 

Systems. 2020/01/31. Cambridge University Press, pp. 1–7. doi: DOI: 

10.1017/S1742170519000528. 

Northeast Regional Climate Center (2020) Climod2. 



7 

Rabalais, N. N., Turner, R. E. and Wiseman, W. J. (2002) ‘Gulf of Mexico hypoxia, 

A.K.A. “The Dead Zone”’, Annual Review of Ecology and Systematics. Annual 

Reviews, 33(1), pp. 235–263. doi: 

10.1146/annurev.ecolsys.33.010802.150513. 

Rees, M. (2013) ‘Competition on productivity gradients-what do we expect?’, Ecology 

Letters. doi: 10.1111/ele.12037. 

Ryan, M. R. et al. (2010) ‘Elucidating the apparent maize tolerance to weed 

competition in long-term organically managed systems’, Weed Research, 

50(1), pp. 25–36. doi: 10.1111/j.1365-3180.2009.00750.x. 

Smith, R. G., Mortensen, D. A. and Ryan, M. R. (2010) ‘A new hypothesis for the 

functional role of diversity in mediating resource pools and weed-crop 

competition in agroecosystems’, Weed Research. Wiley/Blackwell (10.1111), 

50(1), pp. 37–48. doi: 10.1111/j.1365-3180.2009.00745.x. 

Tanner, C. M. et al. (2011) ‘Rotenone, paraquat, and Parkinson’s disease’, 

Environmental Health Perspectives, 119(6), pp. 866–872. doi: 

10.1289/ehp.1002839. 

Tilman, D. (1999) ‘The ecological consequences of changes in biodiversity: A search 

for general principles’, Ecology. John Wiley & Sons, Ltd, 80(5), pp. 1455–

1474. doi: 10.1890/0012-9658(1999)080[1455:TECOCI]2.0.CO;2. 

Tilman, D. and Lehman, C. (2002) ‘Biodiversity, composition, and ecosystem 

processes: Theory and concepts’, in Kinzig, A. P., Pacala, S. W., and Tilman, 

D. (eds) The Functional Consequences of Biodiversity. Princeton University 

Press (Empirical Progress and Theoretical Extensions (MPB-33)), pp. 9–41. 



8 

Available at: https://www.jstor.org/stable/j.ctt24hqmf.8. 

Tilman, D., Lehman, C. L. and Thomson, K. T. (1997) ‘Plant diversity and 

ecosystem productivity: Theoretical considerations’, Proceedings of the 

National Academy of Sciences, 94(5), pp. 1857 LP – 1861. doi: 

10.1073/pnas.94.5.1857. 

Trenbath, B. R. (1974) ‘Biomass productivity of mixtures’, Advances in agronomy, 

26(1), pp. 177–210. 

Vandermeer, J. (1992) The ecology of intercropping. 1st edn. Cambridge: Cambridge 

Univ. Press. 

 

  



9 

 CHAPTER 1 
 

SOIL-MEDIATED EFFECTS ON WEED-CROP COMPETITION: ELUCIDATING 
THE ROLE OF CROP DIVERSITY AND CROPPING SYSTEM LEGACIES. 
 

ABSTRACT 
 

Crop diversity may promote ecological weed management through reduced weed-crop 

competition. A greenhouse experiment was conducted to analyze weed-crop 

competition in soils with varying crop diversity legacies. Soil treatments included field 

soils (field soil treatment), a sterile greenhouse potting mix that was inoculated with 

microorganisms of the field soils (inoculated soil treatment), and a sterile greenhouse 

potting mix (inert soil treatment). Soils for the greenhouse experiment were collected 

after a two-year conditioning phase in which crops were grown in low (one variety of 

one species), conspecific (four varieties of one species), heterospecific (one variety of 

four different species), and high (four varieties of four different species) diversity 

treatments in annual and perennial cropping systems. 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 by cropping system (i.e. annual 

and perennial) treatment. Soil physical and chemical characteristics differed between 

cropping systems but not diversity treatments. When weed crop competition differed 

as a function of crop diversity conditioning, competition intensity was driven by 

differences in yield potential due to the lack of crop tolerance to increased weed 

biomass. In turn, yield potential was affected by crop management decisions at the 
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cropping system level and differed in the field and inoculated soil treatments. Low 

functional diversity in the annual cropping system caused yield potential to be the 

same across diversity treatments. Conversely, differing establishment of grass and 

legume crops across the diversity treatments of the perennial cropping system affected 

crop yield potential. However, yield potential trends were different in the field and 

inoculated soil treatments of the perennial cropping system, suggesting that cropping 

system legacies influence weed-crop competition through their combined effect on 

soil nutrients and microbes.  
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INTRODUCTION 

 

Ecological weed management can be enhanced by understanding the drivers of 

weed-crop competition. In agricultural systems, weed-crop competition is a major 

constraint to yields (Renton and Chauhan, 2017). Pimentel et al. (2001), 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. Despite decades of 

research on plant competition, there is a limited understanding of farm management 

effects on weed-crop competition. However, research on mechanisms that affect 

belowground competition in agroecological systems is important for ecological weed 

management because it may help farmers mitigate weeds through on-farm biological 

processes, reducing their need for tillage and herbicides. 

Ecological theory asserts that a plant community with more partitioned niches 

will have reduced competition (Trenbath, 1974; Harper, 1977; Vandermeer, 1992). 

Ecological niches are the range of environmental conditions in which a species can 

maintain itself (Gurevitch, Scheiner and Gordon, 2006), and the extent to which niches 

overlap determines interference competition (Vandermeer, 1992). Physiological 

variation among species mediates niche partitioning because it increases total resource 

use potential (Tilman and Lehman, 2002). In agricultural systems, niche partitioning 

theory implies that intercrops capture a greater proportion of resources compared to 

monocultures, reducing weed-crop competition by leaving less resources for weeds 

(Liebman and Davis, 2000).  
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Fertilization and crop rotation decisions can also influence weed-crop 

competition. For instance, Ryan et al. (2010) found 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, corn 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, improved crop tolerance to weeds. This work supports the resource pool 

diversity hypothesis (RPDH) proposed by Smith et al. (2010). The RPDH extends the 

assumptions of niche partitioning theory to farm management systems, stating that 

both the diversity of crops and farm management practices (e.g. fertility types, tillage 

events, and machinery used) influence weed-crop competition. Correspondingly, in 

their comparison of nine organic and conventional cropping systems, Smith et al. 

(2010) found that the organic systems typically had more crop diversity and fertility 

sources and that the intensity of weed-crop competition decreased with crop diversity.  

 The interactive effect of soil microbes and plant diversity on weed-crop 

competition is poorly understood. However, soil microbes can mediate species-

specific resource acquisition and influence belowground niche partitioning. The 

microbial-mediated resource hypothesis postulates that microbial niche partitioning 

occurs because (1) the presence of a crop species affects soil microbe activity and 

consequently (2) diverse microbe-plant associations allow for the exploitation of more 

soil-resources (Reynolds et al., 2003). This theory is supported by work suggesting 

that plant-microbial interactions affect plant community composition (Johnson et al., 
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1991; Bever, 1994; Bever, Westover and Antonovics, 1997; Klironomos, 2002; 

Reynolds et al., 2003; Ehrenfeld, Ravit and Elgersma, 2005), and competition 

dynamics (Miller and Menalled, 2015). 

The reciprocal interaction between plants and their rhizosphere microbes is 

referred to as plant-soil feedback (PSF). Positive PSFs can be symbiotic plant-microbe 

relationships like rhizobacteria-mediated nitrogen fixation (Brinkman et al., 2010), 

whereas, negative PSFs may arise from plant pathogens (van der Putten et al., 2016). 

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 (Miller and 

Menalled, 2015), and more diverse rotations can reduce crop-pathogen densities and 

promote positive PSFs (Johnson et al., 2017). Furthermore, farm system management 

decisions like tillage intensity and the incorporation of livestock grazing can influence 

PSF magnitude and direction (Menalled, Seipel and Menalled, 2020). Understanding 

how farm practices influence PSFs is important because soils with positive crop PSFs 

may reduce the intensity of weed-crop competition (Johnson et al., 2017). Thus, 

managing farms to enhance beneficial PSFs for crops may improve weed management 

and overall farm sustainability.   

We assessed the legacy effects of soil nutrients and PSFs on weed-crop 

competition using soils conditioned by differing levels of crop diversity in annual and 

perennial cropping systems. Soils were collected after a two-year conditioning phase 

during which annual and perennial crops were grown under four crop diversity 

treatments: low (one variety of one species), conspecific (four varieties of one 

species), heterospecific (one variety of four different species), and high (four varieties 
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of four different species). Conditioned soils were used for a greenhouse weed-crop 

competition experiment. In the greenhouse, a competition gradient was created in field 

soils (field soil treatment), a sterile greenhouse potting mix that was inoculated with 

microorganisms of the field soils (inoculated soil treatment), and a sterile greenhouse 

potting mix control (inert soil treatment). We hypothesized that: 1) 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.) 

competition trends across diversity treatments would be similar in field soil and 

inoculated soil treatments; and 3) while competition intensity would be lower in high 

diversity treatments, weed-crop competition would differ between cropping system 

legacies (annual vs. perennial crop conditioning).  
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MATERIALS AND METHODS 

 

Soil conditioning treatments 

The conditioning phase was four levels of annual and perennial crop diversity 

grown as part of a field experiment 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 in USDA plant 

hardiness zone 5b. Diversity treatment plots measured 9.1 by 15.2 m and were 

replicated four times in a randomized complete block design. The diversity treatments 

were established following a replacement design with seeding rates proportional to the 

recommended monoculture rate (Bybee-Finley and Ryan, 2018). In the annual system, 

the ‘low’ diversity treatments were monocultures of sorghum sudangrass [Sorghum 

bicolor (L.) Moench × S. sudanese Piper] planted in the spring and triticale (× 

Triticosecale Wittm. ex A. Camus) in the fall; one variety of alfalfa (Medicago sativa 

L.) was grown in the perennial ‘low’ diversity treatment (Table 1.1). 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 
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each of the different species in the ‘heterospecific’ treatment. Throughout the 

conditioning phase, USDA certified organic practices were used.  

An intercrop of pearl millet and sorghum sudangrass was growing prior to the 

conditioning phase. To establish the conditioning phase, the field was moldboard 

plowed and 65,478 L ha-1 of liquid dairy manure was applied on August 18, 2016. 

Perennial crops were seeded on August 20, 2016 at a depth of 1.27 cm using the grass 

box of a grain drill (1590 John Deere, Moline, IL, USA) and rows were 19.5 cm wide. 

The regular box of the grain drill was used to seed annual crops to the same depth and 

row spacing on September 8, 2016.  

Throughout the conditioning phase, fertilization and tillage were consistent 

within the annual and perennial systems. Annual crops were fertilized with more 

nitrogen and perennial crops with more potassium (Table 1.1A). 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 perennials 

were not tilled after the experiment started in 2016. Crops were planted and harvested 

based on the maturity of the low diversity crop. The winter annuals were harvested 

when the triticale was in Zadok’s growth stage 47 (Ketterings et al., 2015); summer 

annuals were cut when the sudangrass was 0.91 m tall (Darby et al., 2010); and 

perennials were cut when the alfalfa had one to two buds per node and no flowers 

(Undersander et al., 2011). When perennial crops were harvested, herbage was 

removed after each cut. For more information on management of the conditioning 

phase field experiment, see Bybee-Finley et al. (in preparation). 
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Conditioning phase sampling 

Data from the last harvest of the conditioning phase were used to contextualize 

results from the greenhouse experiment. Annual crops were harvested on August 8, 

2018 and perennial crops were harvested on October 3, 2018. During both harvests, 

two 0.25 m2 quadrats 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). Samples 

were dried at 60 °C for one week and weighed. 

 

Soil sampling and testing 

Soil was sampled at the end of the conditioning phase on October 26, 2018. 

During soil sampling, four samples were collected from randomly selected areas in 

each plot (n = 32) with a 10.8-cm-diameter soil probe at 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 to be used for microbial analysis and the 

greenhouse experiment were taken on November 6, 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 
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mailed in a cooler with dry ice for microbial enzyme analysis, which occurred no later 

than 48 h after sampling. 

 Microbial enzyme activity was determined following the procedures of Saiya-

Cork et al. (2002) and Neher et al. (2019). Briefly, 200 μL of 4-methylumbelliferyl-b-

D-glucoside (bG), 4-methylumbelliferyl-N-acetyl-b-D-glucosaminide (NAG), or L-

Leucine-7-amino-4-methylcoumarin (LAP) 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. (2002) and Neher 

et al. (2019) 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 2 mm. Soil organic matter 

was calculated through a loss on ignition test at 500 °C. Phosphorous, potassium, 

magnesium, and calcium were calculated using a Morgan extraction with sodium 

acetate at pH 4.8. Morgan extraction test results 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, 
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aggregate stability, and respiration were quantified at the Cornell Soil Health 

Laboratory following protocols in the Comprehensive Assessment of Soil Health 

(Moebius-Clune et al., 2017). 

 

Table 1.1: Diversity treatments across the annual and perennial cropping systems 
during the conditioning phase. 

  Diversity treatments 

    Low Conspecific Heterospecific High 

C
ro

pp
in

g 
sy

st
em

 tr
ea

tm
en

ts
 

Summer 
annuals 

Sorghum 
sudangrass  

Sorghum 
sudangrasses 

Sorghum 
sudangrass, 
Pearl millet, 

Annual 
ryegrass, 

Sudangrass 

Sorghum 
sudangrasses, 
Pearl millets, 

Annual 
ryegrasses, 

Sudangrasses 

Winter 
annuals Triticale Triticales 

Triticale, 
Cereal rye, 
Red clover, 
Winter pea 

Triticales, 
Cereal ryes, 
Red clovers, 
Winter peas 

Perennials Alfalfa Alfalfas 

Alfalfa, White 
clover, 

Orchardgrass, 
Timothy 

Alfalfas, White 
clovers, 

Orchardgrasses, 
Timothy 

 

Greenhouse experiment 

Weed-crop competition was quantified in two soil treatments: 1) a 50:50 mix 

of conditioned soil and sterile potting mix (henceforth referred to as the “field” soil 

treatment) and 2) a 3:97 mix of conditioned soil and sterile potting mix (henceforth 

referred to as the “inoculated” soil treatment). We chose the 50:50 mix of conditioned 

soil and sterile potting mix for the field soil treatment to ensure adequate water 

infiltration through the pots. The 3:97 mix of conditioned soil and sterile potting mix 

for the inoculated soil treatment was used to minimize nutrient differences between 
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samples while maintaining their unique microbial communities. While this inoculation 

technique may weaken the effects of soil microbes (Brinkman et al., 2010), various 

studies report measurable PSFs using this method (Hol et al., 2013; Miller and 

Menalled, 2015; Johnson et al., 2017; Menalled, Seipel and Menalled, 2020). A 

control was established with 100% sterile potting mix (henceforth 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 x 4 diversity treatments x 4 weed density treatments x 4 replications = 128 

field soil treatment pots) + (2 systems x 4 diversity levels x 4 weed density treatments 

x 4 replications = 128 inoculated soil treatment pots) + (4 weed density treatments x 4 

replications = 16 inert soil treatment pots)] (Fig. 1.1). All pots were 6.3 L and had 

been sterilized by autoclaving and a rinse 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). 
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Figure 1.1: 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 replicated four times for a 272-pot experiment. 

 

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 for use as the weed in the greenhouse experiment because it is a 

broadleaf agronomic weed, which like sorghum sudangrass is a summer annual (Uva, 

Neal and DiTomaso, 1997). Furthermore, while common lambquarters is 

nonmycorrhizal (Vatovec, Jordan and Huerd, 2005; Tester, Smith and Smith, 2011), 

its competitiveness is affected by soil pathogen density (Chen, Bird and Renner, 

1995). At plant emergence, one sorghum sudangrass plant and one, three, or six 
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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.   

 

Statistical analysis 

All statistical analyses were done in R version 3.6.1 (R Core Team, 2019). The 

‘lmerTest’ package (Kuznetsova, Brockhoff and Christensen, 2017) 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 (R Core Team, 

2019) and post-hoc FisherLSD least-squares means comparisons with the ‘emmeans’ 

package (Lenth et al., 2019). Assumptions of homoscedasticity and normality were 

confirmed before model analysis. All non-linear analyses were conducted with the 

‘nlme’ package (Pinheiro et al., 2019). 

Soil health and conditioning phase data were used to describe the results of the 

greenhouse competition study. Linear mixed-effects models were fit to the 2018 soil 

health data were system and diversity treatments and their interaction were fixed 

effects and field block was a random effect. Conditioning phase crop biomass data 

was 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.  
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In the greenhouse experiment, 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 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. (2010) and used by Miller and Menalled (2015), Johnson et al. (2017), 

and Menalled, Seipel, and Menalled (2020): 

𝑃𝑆𝐹!"#$ = 𝑙𝑛 '$%&'(!!!"#$(*+,)
$%&'(!!#$(*+.)

(  (Equation 1) 

where biomasssdw (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 inert soil treatment subjected to weed density level w 

in block b. 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  

(Spitters, 1983; Ryan et al., 2010):  

𝑌/ =
%
&'
0(

1,%#0#
  (Equation 2) 
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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). The 

yield-reducing effect of weeds (iw; plants g-1) describes competitive intensity. Curves 

were compared using an F-test (Ryan et al., 2010):  

𝐹 = (223)*+$,-.".223/.0&1&2.) ("4)*+$,-."."4/.0&1&2.)⁄

223/.0&1&2. "4/.0&1&2.⁄   (Equation 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. 
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RESULTS AND DISCUSSION 

 

Differences in conditioned soil 

After two years of conditioning by the continuous growth of crops differing in 

conspecific, heterospecific, and both conspecific and heterospecific diversity, soil 

properties only differed at the cropping systems (annual versus perennial) level (Table 

1.2). Of the twelve soil metrics quantified, bulk density, pH, gravimetric moisture, 

phosphorus, potassium, and calcium differed between systems. Distinct 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 (Bruce, 

Langdale and Dillard, 1990; Rhoton et al., 1993; Vyn and Raimbult, 1993; Khan, 

1996). 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 very small and 

likely of limited ecological relevance. 
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Table 1.2: Soil characteristics from 2018 field sampling. Soil samples were taken 
within eleven 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. 

  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/cm

3
)   (%) (%) (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 

  

Soil nutrient differences between systems may be due to contrasting 

fertilization practices used in the different cropping systems. Throughout the 

conditioning phase, more poultry manure was applied to the annuals compared to the 

perennials (Table 1.1A). The annual crops required more poultry manure because 

there were less legumes in the annual system, and consequently greater nitrogen 

requirements. Given the high proportion of phosphorous in poultry manure, it is likely 

that higher phosphorous in the annual soils (P < 0.001) was a product of fertilization. 

In the perennial soils, there was more potassium applied than nitrogen and 

phosphorous (Table 1.1A), 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) (Haynes and Judge, 

2008). 

In the final harvest of the conditioning phase, the total biomass of annual crops 

did not differ across diversity treatments (Fig. 1.2). In the perennial system, total 
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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). 

 

Figure 1.2: Crop yield as a function of diversity level and cropping system at the end 
of the conditioning phase in 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. 

 

Greenhouse experiment   

To account for differences in the soil medium resulting from our field and 

inoculation 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) (Fig. 
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1.3; also see Table 1.2A for parameter estimates and curve fits). In the field soil 

treatment of the annual cropping system, competition 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, the soil conditioned with 

the higher diversity treatment had greater competitive intensity (iw). However, all 

competition curves quickly declined to a similar level in the presence of weeds, 

suggesting that differences in competition were driven by the crop yield potential of 

the soil rather than differences in crop tolerance to weed biomass (Fig. 1.3).  
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Figure 1.3: Weed-crop competition curves across diversity treatments within cropping 
systems and soil treatments. The iw (plants g-1) term describes weed competitiveness. 
Letters in the figure describe results of F-test comparisons between curves across 
diversity levels within the same cropping system (annual or perennial) and soil 
treatment (field or inoculated treatments). Similar letters within a column indicate no 
significant differences between curves (P > 0.05). 

 

Crop yield potential, or the yield of sorghum sudangrass in the weed-free 

treatment, showed differing trends in soils from the annual and perennial cropping 

systems (Fig. 1.4). In annual soils, there were no trends in crop yield potential as a 

function of conditioning diversity in either field or inoculated soil treatments (Fig. 

1.4). Conversely, in soils conditioned with perennial crops, the field and inoculated 

soil treatments had inverse effects on yield potential (Fig. 1.4). In the field soil 

treatment, when the soil nutrient and microbial legacies of the conditioning phase were 
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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 that of the low 

diversity treatment (44% lower; P < 0.05).  

 

 
Figure 1.4: Greenhouse experiment crop yield potential across diversity treatments 
within cropping systems and soil treatments. 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. 

 

Conditioning phase crop biomass trends contextualize the yield potential 

results. The lack of a diversity effect on yield potential in the annual cropping system 

(Fig. 1.4) may be due to the lack of differences between diversity treatments in the 
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field experiment. Prior to soil sampling for the greenhouse experiment, the annual 

cropping system only produced grasses with similar biomass across diversity 

treatments (Fig. 1.2). Conversely, grass and legume biomass production varied across 

diversity treatments in the perennial cropping system. Differences in legume biomass 

within the perennial cropping system may have influenced soil nitrogen and crop yield 

potential. 

Legumes in the perennial systems may have reduced crop yield potential in the 

field soil treatment because of harvest procedures during the conditioning phase. 

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. (2017) reports that two or three 

annual harvests of alfalfa biomass can reduce soil mineral nitrogen between 11.5 and 

12.6 % without increasing nitrogen availability. Conversely, cutting perennial grasses 

has been shown to stimulate nutrient turnover through increased root rhizodeposition 

(Paterson and Sim, 1999; Pugliese, Culman and Sprunger, 2019) with indication of 

greater soil nitrogen cycling after perennial grass defoliation (Pugliese, Culman and 

Sprunger, 2019). Increased soil nitrogen availability has also been reported after 

herbivory of a perennial-dominated grassland (Klumpp et al., 2009). Therefore, the 

increased perennial grass biomass production in the heterospecific and high perennial 

diversity treatments may have resulted in soils with more available nitrogen 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 crop 
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diversity (Fig. 1.4). Soil pathogens 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. Miller and Menalled (2015) reported that 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 which 

occurred when phylogenetically related plants were planted after one another. 

Therefore, the presence of a grass legacy in the heterospecific and high diversity 

treatments (Fig. 1.2; P < 0.001) may have resulted in more negative PSFs for the 

sorghum sudangrass due to increased plant-pathogen inoculum densities. 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 to the low diversity treatment, respectively (Fig. 1.5; 128% lower P < 0.05 

and 83% lower P = 0.39).  
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Figure 1.5: 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 standard error.  
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CONCLUSIONS 

 

This experiment sought to test the legacy effects of crop diversity on weed 

crop competition. The replication of a weed-crop competition gradient in field and 

inoculated soil treatments (Fig. 1.1) allowed for an analysis of microbial effects on 

weed-crop competition. When competition differed between diversity treatments, 

competition intensity was greater in the higher diversity treatments (Fig. 1.3), 

contesting our first hypothesis. However, the lack of crop tolerance to weed biomass 

across diversity treatments suggests that weed-crop competition intensity was not 

influenced by crop diversity legacy rather was a function of crop yield potential. Our 

second hypothesis stated that diversity treatments would have similar effects on 

competition in the field and inoculated soil treatments but commentary on this 

hypothesis is limited because of lack of diversity treatment effects on crop tolerance to 

weed biomass. Instead, this work shows that weed-crop competition intensity was 

driven by crop yield potential, which was influenced by crop establishment and 

management practices at the cropping systems level. Consequently, our third 

hypothesis, of differing competition in soils of the annual and perennial cropping 

systems, was supported, suggesting that farm management affects weed-crop 

competition through changes in crop yield potential.  

Crop yield potential results were contextualized by differing crop 

establishment during the conditioning phase. The lack of yield potential trends in the 

annual cropping system (Fig. 1.4) was likely due to homogeneous crop establishment 

across the diversity treatments (Fig. 1.2). However, in the perennial cropping system, 
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there was establishment of grass and legume crops during the conditioning phase and 

the soil treatments had inverse effects on yield potential (Fig. 1.4). In the field soil 

treatment, yield potential increased with crop diversity. Conversly, in the inoculated 

soil treatment, yield potential decreased with greater perennial crop diversity. The 

opposing yield potential trends in the two soil treatments indicate that soil nutrient 

availability and microbial communities may influence weed-crop competition 

independently. As such, for a better understanding of plant competition, future studies 

should investigate the combined and separate effects of soil resources and microbe 

communities on competition. To understand the legacy effects of plant diversity in 

agroecosystems, soils conditioned with varying crop diversity should also be used to 

conduct a weed-crop competition experiment in a field setting. 
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CHAPTER 2 

 
LEGACY EFFECTS OF ANNUAL AND PERENNIAL INTERCROPPING 

DIVERSITY ON CORN TISSUES, WEED COMMUNITIES, AND WEED-CROP 

COMPETITION 

 

ABSTRACT 

 

Agroecological theory postulates that plant diversity may alter the intensity of weed-

crop competition. An experiment was conducted to test the legacy effects of crop 

diversity on weed-crop competition. Four levels of crop diversity ranging from one 

variety of one crop species to four varieties of four crop species were established in 

annual and perennial systems from summer 2016 to spring 2019 in Aurora, New York 

(NY) and Alburgh, Vermont (VT). Immediately following the final harvest of the 

plant diversity experiment, a corn (Zea mays L.) monoculture was grown for a 

uniformity trial in 2019. During the ensuing growing season, each diversity treatment 

was partitioned into weed-free, ambient-weed, moderate-weed, and heavy-weed 

treatments. Weeds from the soil seedbank grew in the ambient-, moderate-, and heavy-

weed treatments. Sunflower (Helianthus annuus L.) was seeded as a surrogate weed to 

establish the moderate and heavy-weed treatments at 34,790 and 69,580 seeds ha-1, 

respectively. During the growing season, corn tissue samples were analyzed for 

nutrients, and weeds were sampled and identified by species. Corn tissue nutrient 

composition differed as a function of site, cropping system (annual vs. perennial) 
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treatment, and the presence or absence of weeds. Likewise, weed community structure 

differed between sites and was affected by the cropping system treatment. To describe 

weed-crop competition, corn and weed biomass was modeled through a rectangular 

hyperbolic yield model. The effect of diversity treatment on weed-crop competition 

was negligible and inconsistent across cropping systems and sites. Conversely, 

cropping system legacy influenced weed-crop competition, and corn was more tolerant 

to weed biomass in soils conditioned with perennial rather than annual crops at both 

sites.   
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INTRODUCTION 

 

Weeds are a major constraint to crop yields (Renton and Chauhan, 2017) with 

an annual cost of US$27.9 billion in the United States (Pimentel et al., 2001). 

Herbicides underpin most weed management programs, and in 2018, 90% of US corn, 

cotton, soybeans, sugar beets, and canola was planted with herbicide-resistant traits 

(Hellerstein et al., 2019). In the United States, the introduction of herbicide-resistant 

crop traits briefly lowered total herbicide use in the mid 1990s, but application rates 

increased 239 million kilograms between 1997 and 2011 (Benbrook, 2012) and there 

were 512 unique cases of herbicide resistance globally in 2020 (Heap, 2020). 

Furthermore, there is increasing recognition that herbicides can contaminate 

waterbodies (Gilliom et al., 2006; Fernandes et al., 2019), harm wildlife (Galloway 

and Depledge, 2001), and negatively affect human health (García-Rodríguez et al., 

1996; Garry et al., 1996; Tanner et al., 2011). Increasing herbicide resistance, and 

adverse environmental and human health effects associated to herbicides warrant 

analysis of alternative weed management. Agricultural diversification may alter weed-

crop competition by influencing nutrient availability. An analysis of the legacy effects 

of crop system diversity on weed-crop competition may elucidate possible long-term 

effects of diversification on weed-crop interactions. 

Intercropping, the planting of two species or cultivars over the same space and 

time, can suppress weeds by more thoroughly using resources relative to 

monocultures. In a review of 58 cereal-legume intercropping studies, Bedoussac et al. 

(2015) found that weed biomass in cereal-legume intercrops was lower than legume 
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monocultures. Furthermore, the intercrops used more soil mineral nitrogen and fixed 

atmospheric nitrogen faster than the legume monocultures. Similarly, Corre-Hellou et 

al. (2011) reported three times less weed biomass and higher nitrogen uptake in a 

cereal-legume intercrop compared with a legume monoculture in a three year 

experiment replicated in five sites across western Europe. The more complete use of 

available resources in intercropped systems is a result of diversification of crop 

resource acquisition traits (Bybee-Finley and Ryan, 2018). 

The resource pool diversity hypothesis (RPDH) links agricultural 

diversification, resource use, and weed-crop competition (Smith, Mortensen and Ryan, 

2010). The RPDH, predicts that intercrop diversity, as well as, more diverse crop 

management systems create more potential niches for which plants may compete. 

Thus, according to the RPDH, the effect of agricultural diversification on weed-crop 

competition is influenced by both intercrop and crop system diversity. While diverse 

intercrops and crop rotations have been found to suppress weeds (reviewed in 

Liebman and Dyck, 1993; reviewed in Weisberger, Nichols and Liebman, 2019), little 

work has been done to test the legacy effects of different cropping systems with a 

gradient of intercrop diversity on weed-crop competition.  

 The tissue composition, weed community structure, and weed-crop 

competition of a corn monoculture was assessed in soils conditioned with four 

intercropping diversity treatments in annual and perennial cropping systems. As such, 

this study comprises two phases, a conditioning phase during which the diversity 

treatments were established and maintained for three years and a subsequent 

uniformity phase. A uniformity phase is the rotation of an experiment with differing 
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cropping legacies into a monoculture and it allows for the evaluation of farm 

management legacy effects (Teasdale, Coffman and Mangum, 2007; Jernigan et al., 

2017; Schipanski et al., 2017). We focused on the uniformity phase and hypothesized 

that crop tissues, weed community structure, and weed-crop competition would be 

affected by crop diversity legacy. We expected soils conditioned with high levels of 

crop diversity to have more potential niches relative to soils conditioned with low crop 

diversity, resulting in different weed communities and crop tissues, and reduced weed-

crop competition. However, while crop diversity trends should be similar within the 

two cropping systems, we hypothesized differentiation of crop tissues, weed 

communities, and competition between annual and perennial systems. 
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MATERIALS AND METHODS 

 

Conditioning phase 

Conditioning phase management and sampling:  From summer 2016 to spring 2019, 

four levels of crop diversity were established and maintained in annual and perennial 

systems. The experiment was replicated in New York (NY; 42°44'10.1"N 

76°39'09.8"W) on a Honeoye (fine-loamy, mixed, semiactive, mesic Glossic 

Hapludalfs) and Lima (fine-loamy, mixed, semiactive, mesic Oxyaquic Hapludalfs) 

silt loam and in Vermont (VT; 45°00'28.1"N 73°18'28.4"W) on a Benson (Loamy-

skeletal, mixed, active, mesic Lithic Eutrudepts) silt loam (Soil Survey Staff, 2019). 

Before the conditioning phase, the NY soils had a pH 7.6 and 3 % organic matter and 

the VT soils had a pH 6.6 and 5 % organic matter between 0 to 20 cm (Bybee-Finley 

et al., in preparation). The NY site was in USDA plant hardiness zone 5b and the VT 

site was in zone 4a (USDA plant hardiness zone map, 2012). 

 The conditioning phase was set up as a split-plot randomized complete block 

design with cropping system (i.e. annual or perennial) as the main plot treatment and 

diversity as the subplot treatment (Fig. 2.1). Four annual and perennial crop diversity 

treatments were replicated in four blocks at each site: low (one species, one variety), 

conspecific (one species, four varieties), heterospecific (four species, one variety per 

species), and high (four species, four varieties per species) (Table 2.1).  Seeding rates 

were based off of a replacement design of the low diversity treatment. For information 

on seeding rates see Bybee-Finley et al. (in preparation). 
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Table 2.1: Conditioning phase diversity treatments. Treatments were replicated in a 
split-plot randomized complete block design in NY and VT from summer 2016 to 
spring 2019. The four diversity treatments were nested within annual and perennial 
cropping systems. In the table, the species used for the low and conspecific diversity 
treatments are in bold, the varieties in bold were used for the low, conspecific and 
heterospecific diversity treatments, the remaining varieties were used for the high 
diversity treatment. 

 Species Variety 

W
in

te
r a

nn
ua

ls 

Triticale 
Triticosecale 
Wittm. ex 
A.Camus 

Trical 815 Fridge NE426GT Hy Octane 

Cereal rye Secale cereale L. Aroostook Spooner Wheeler Guardian 

Red clover Trifolium 
pratense L. Mammoth Freedom Starfire II Duration 

Winter pea Pisum sativum 
subsp. arvense L. Austrian Frostmaster Whistler Windham 

Su
m

m
er

 a
nn

ua
ls 

Sudangrass 

Sorghum 
sudanense 
(Piper) Stapf, 
var. Piper 

Hayking Piper SSG886 Promax 

Sorghum 
sudangrass 

Sorghum bicolor 
(L.) Moench × S. 
sudanese Piper 

Greengrazer 400 x 38 AS6401 
Sweet 6/ 
sugar 
pro55s 

Annual 
ryegrass 

Lolium 
multiflorum Lam. Enhancer Tetraprime Marshall/ 

mo-1 Kodiak 

Pearl millet 
Pennisetum 
glaucum (L.) R. 
Br. 

Wonderleaf FSG315 Exceed/ 
prime180 Tifleaf3 

Pe
re

nn
ia

ls 

Alfalfa Medicago sativa 
L. 

Viking370 
HD 

FSG420 
LH 

KF 
Secure 
BR 

Roadrunner 

Orchardgrass Dactylis 
glomerata L. Extend Benchmark 

Plus Niva Intensiv 

Timothy Pleum pratense L. Climax Summit Glacier Promesse 

White clover Trifolum repens 
L. Alice Liflex Ladino Kopu II 

 

Throughout the conditioning period, crops were managed using certified 

organic practices (USDA, 2020). Fertilization and tillage were consistent within the 

annual and perennial systems but varied between sites and years (Table 2.1A and 

Table 2.2A). In both systems, fertilization was based on the low diversity crop needs 
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and yearly soil tests recommendations. More nitrogen was used in the annual system, 

whereas the perennial system received more potassium. Fertilization was 

accomplished with poultry manure, (Kreher’s; Clarence, NY, USA), dairy manure 

(Aurora Ridge Dairy, Aurora, NY, USA), and potassium sulfate (NY site: North 

Country Organics; Bradford, VT, USA; VT site: Bourdeau Bros., Inc; Champlain, 

NY, USA). 

Conditioning phase crops were harvested based on the maturity of the low 

diversity crop. At the time of harvest, two 0.25 m2 quadrats were randomly placed 

within each plot, crop biomass was clipped at ground level, sorted by species, dried at 

60 °C, and weighed. To minimize sampling error, crops were not sorted by variety, 

limiting commentary on the establishment of conspecific diversity. Sorghum 

sudangrass and sudangrass, triticale and rye, and timothy and orchardgrass species 

were also not separated. To describe conditioning phase yields, data was used from the 

last summer annual cut in 2018, which was August 21 in NY and August 20 in VT; 

the following winter annual cut from 2019, May 16 in NY and May 28 in VT; and the 

last perennial cut in 2019 on May 23 in NY and June 3 in VT.  

 

Uniformity phase 

Weed competition gradient and field management: After the final harvest of the 

conditioning phase, the entire experiment was moldboard plowed to a depth of 10 to 

15 cm on May 24, 2019 in NY and June 5, 2019 in VT. A seedbed was prepared by 

tandem disking and roller harrowing on May 26, 2019 in NY and June 5, 2019 in VT. 

After locating the conditioning-phase subplot boundaries, the diversity treatment 
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subplots were divided into quadrants (6.9 by 4.6 m in NY and 5.3 by 3.0 m in VT), 

and each quadrant was assigned one of the following weed treatments: 1) weed-free, 

2) ambient-weed, 3) moderate-weed, or 4) heavy-weed (Fig. 2.1). The heavy- and 

moderate-weed treatments were established by broadcasting 69,580 and 34,790 seed 

ha-1 of organic cv. ‘Daytona sunflower 75M’ (surrogate “weed” plant) on May 28, 

2019 in NY and June 7, 2019 in VT. Organic cv ‘Viking 0.45-88P’ corn (“crop” plant) 

was planted 4.5 cm deep with 76 cm row spacing at 88,920 seeds ha-1 immediately 

after surrogate weed seeding with a JD 1750 in NY and VT (John Deere; Moline, IL, 

USA). Plots were not fertilized to allow for an assessment of the legacy effects of the 

conditioning phase on soil nutrient availability.  

The weed-free treatment was maintained by manually removing weed 

seedlings at emergence throughout the growing season. Conversely, the ambient-weed 

treatment was used to describe the soil weed seedbank from the conditioning phase 

and was not weeded. Likewise, ambient-weeds that emerged in the heavy- and 

moderate-weed treatments were not controlled to ensure high levels of weed 

competition. As such, the heavy- and moderate-weed treatments reflect the additional 

competition that the sunflower imposed upon the corn in addition to ambient-weeds. 
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Figure 2.1: Field experiment design. Soil was conditioned with four diversity 
treatments nested within annual or perennial cropping systems for three years (2.1a). 
Afterwards a uniform stand of corn was planted in 2019 where weed-crop competition 
was evaluated (2.1b). Each conditioning phase subplot was split into quadrants and 
corn in each of the quadrants was subjected to differing weed seeding rates. This 
experimental design was replicated at the two sites. In the figure, ‘A’ = annual, ‘P’ = 
perennial, and ‘Con’ and ‘Hetero’ denote the conspecific and heterospecific diversity 
treatments. 
 

Corn tissue sampling and testing: Corn leaves were sampled for tissue nutrient 

analysis in the weed-free and ambient-weed treatments to assess crop nutrient uptake. 

At both sites, sampling occurred no more than three days after corn began tasseling: 

July 31, 2019 in NY and August 2, 2019 in VT. Five corn plants were randomly 

selected within each weed-free and ambient-weed treatment. If a selected plant was 

tasseling, the leaf at the corn ear node, excluding its leaf collar, was sampled (Kelling, 

Combs and Peters, 2002; Self, 2013). Conversely, if the selected plant had not 

tasseled, the entire first fully developed leaf below the whorl was sampled to account 

for phenological differences in corn tissue nutrients. Samples were dried at 55 °C for 

one week and sent to Dairy One (Ithaca, NY, USA) for tissue nutrient testing. The 

tissue analysis protocol is described in Dairy One (2015). Briefly, samples were 

sequentially exposed to 8 ml nitric acid (HNO3), 2 ml hydrochloric acid (HCl), and 1 

ml of 30% hydrogen peroxide (H2O2). Then, they were digested with a CEM 

Example subplot: Summer 2019Conditioning phase: Summer 2016 - Spring 2019a b

Weed-free

Ambient

Moderate

Heavy

Sunflower ‘Ambient’ Weed
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Microwave Accelerated Reaction System MARS6 (CEM; Matthews, NC, USA) with 

MarsXpress Temperature Control using 50 ml calibrated Xpress Teflon PFA vessels 

with Kevlar/fiberglass insulating sleeves. Digested samples were analyzed with a 

Thermo iCAP 6300 spectrometer (Thermo Fisher Scientific; Waltham, MA, USA) for 

calcium, phosphorous, magnesium, potassium, iron, zinc, copper, manganese, and 

boron. Tissue nitrogen was calculated from 1 mm of sample matter, combusted with a 

CHN628 Carbon Nitrogen Determinator (Leco; St Joseph, MI, USA). 

 

Weed community sampling: Ambient-weed communities were assessed during peak 

summer annual weed biomass, on August 19, 2019 in NY and August 15, 2019 in VT. 

One 0.50 m2 quadrat was sampled in each ambient-weed treatment (n = 32 per site). 

All weeds above 5 cm tall or 5 cm wide were clipped at the soil surface and identified 

by species. The sampled biomass was dried at 55 °C and weighed. Only data from the 

ambient-weed treatment was used for weed community analyses because the other 

weed treatments artificially influenced weed communities through surrogote weed 

seeding or weed removal. 

 

Corn and weed biomass sampling: Corn was harvested as silage at 65 to 68% moisture 

on September 12 to 13, 2019 in NY and October 3, 2019 in VT. All corn and weed 

biomass for weeds more than 5 cm tall or 5 cm wide was sampled in two 0.50 m2 

quadrats. Corn fresh biomass was calculated immediately after harvest. Afterward, the 

corn samples were chipped with a LSC 1100 at the NY site (MacKissic; Parker Ford, 

PA, USA) and a CS 4325 (Troy-bilt; Valley City, Ohio, USA) chipper shredder at the 
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VT site. Immediately after chipping, a 500 to 800 g fresh subsample was weighed in 

the field. Subsample dry biomass was taken after oven-drying at 55 °C for at least two 

weeks. Total corn sample dry biomass was calculated as the product of the ratio of dry 

to fresh subsample biomass and fresh total biomass. Total weed biomass was 

determined after oven-drying at 55 °C for at least two weeks. The total dry corn and 

weed biomass data was used in the analysis of weed-crop competition. 

 

Statistical analysis 

Conditioning phase crop biomass: Crop biomass was assessed using linear mixed-

effects models. Fixed effects were cropping system treatment, diversity treatment, and 

the interaction of both treatments; field block was a random effect. Data from the two 

sites were modeled separately to improve data normality. After fitting the models, data 

normality was assessed using Q-Q plots and variance was tested using Levene's tests. 

FisherLSD tests were used to compare the least-squares means of the diversity 

treatments within each site by cropping system treatment combination. 

 

Uniformity phase corn tissue nutrient concentrations: Effects of the cropping system 

and diversity treatments on corn tissue nutrient concentrations were analyzed with a 

permutational multivariate analysis of variance (PERMANOVA) test. The 

PERMANOVA model was sequential and included site, system, diversity, and weed 

treatments and its distance measure was Euclidean. Before testing, corn tissue data 

were centered by subtracting tissue variable means and scaled by dividing each tissue 

variable by its standard deviation. The tissue data were visualized through principle 
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component analysis (PCA) plots. Application of a PCA to the tissue data was 

appropriate because the data had been relativized, did not express much skewness, and 

the underlying relationships between tissue nutrients were linear. The PCAs were 

analyzed by overlaying the site, system, and weed treatments and plotting the 

vectorized contribution of each tissue nutrient variable to the ordination spread.  

The multivariate analysis of corn tissue nutrients was complemented by 

univariate linear models of each tissue nutrient. Site, system, and diversity treatments 

were fixed effects in one set of models and site, weed, and diversity treatments were 

fixed effects in another set of models. In all univariate corn tissue models, field block 

was a random effect. The validity of these models was tested through residual plots. 

To improve data normality, values for zinc, copper, manganese, magnesium, calcium, 

and nitrogen were log transformed. Significance testing on the least-squares means 

elucidated differences between treatment levels in each model. Results from the 

univariate tests were used to elaborate upon tissue nutrients that drove multivariant 

spread.   

  

Uniformity phase weed communities: The effects of site, system, and diversity 

treatments were tested with a sequential PERMANOVA. The Bray-Curtis distance of 

the weed community was used for the PERMANOVA test. Bray-Curtis distance was 

used because it yields relatively accurate representations of plant communities 

compared to other distance measurements (McCune and Grace, 2002). 

 



56 

Uniformity phase weed-crop competition: Corn and weed biomass data were analyzed 

using the rectangular hyperbolic yield function proposed by Spitters (1983):  

𝑌/ =
%
&'
0(

1,%#0#
  (Equation 1) 

In this function, crop yield (Yc; g m-2) is the quotient of inverse crop yield potential 

(a0; m2 g-1)-1 per unit of crop density (Nc; plants m-2) and the yield-reducing effect of 

weeds (iw; plants g-1) per unit of weed density (Nw; plants m-2). The a0 parameter 

describes how much land area is required for each gram of crop yield. Thus, smaller a0 

parameters denote greater yield potential. The iw parameter affects the slope of the 

hyperbola and describes weed-crop competition intensity. Following Ryan et al. 

(2010), we used weed biomass (g m-2) instead of weed density (plants m-2) for Nw.  

The competition function (Equation 1) was used to model crop and weed 

biomass across the cropping system and diversity treatments. Weed-crop competition 

across diversity treatments was described by comparing the least-squares means of the 

competition intensity (iw) and yield potential (a0) parameters. Pairwise comparisons 

were separated by sites and systems and assessed with FisherLSD tests. Competition 

in the annual and perennial system treatments was also compared through an analysis 

of competition intensity (iw) and yield potential (a0) parameter least-squares means. 

All weed-crop competition analyses were done separately for each site.  

 

Software and packages: All statistical analyses were performed in R version 3.6.1 (R 

Core Team, 2019). Linear mixed-effects models were done with the ‘lmerTest’ 

package (Kuznetsova, Brockhoff and Christensen, 2017) and the non-linear models 
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were done with the ‘nlme’ package (Pinheiro et al., 2019). After confirming model 

assumptions, the least-squares means of factors were compared with a FisherLSD test 

using the ‘emmeans’ package (Lenth et al., 2019). All PCAs were carried out using 

the ‘factoextra’ package (Kassambara and Mundt, 2017) and PERMANOVAs using 

the ‘vegan’ package (Oksanen et al., 2019). 
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RESULTS AND DISCUSSION 

  

Weather: 

Weather at the NY site varied across years. Compared to the 30-year average, 

the spring and early summer of 2016 was relatively dry, while August and October 

were relatively wet (Table 2.2). The 2017 season was cooler than the 30-year average 

from May to September and was wet throughout spring but dry in late summer. In 

2018, the spring was relatively hot and dry and was followed by above average rainfall 

from July to October. In 2019, temperature was average and precipitation was elevated 

during all months except August and September. 

 Weather at the VT site also varied. Growing season temperatures were 

consistently higher and rainfall lower than the 30-year average in 2016 (Table 2.2). 

During 2017, precipitation was low after spring and temperatures were higher than 

average during the fall. In the 2018 season, the VT site had a relatively hot and dry 

mid-summer. In 2019, there was relatively high precipitation in the spring and fall but 

low rain in July through September. 
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Table 2.2: Monthly precipitation and temperature in the NY and VT sites from 2016 
to 2019, as well as the 30-year average (1985-2015). Data were collected from 
climod2 (Northeast Regional Climate Center, 2020). The NY weather station was 
located at the field site whereas the VT weather station was located 60 km south of the 
site. 

  Temperature (°C) Cumulative precipitation (mm) 

State Month 1985 - 2015 2016 2017 2018 2019 1985 - 2015 2016 2017 2018 2019 

NY 

May 15 14 13 17 13 83 63 133 52 117 

June 19 19 19 19 18 101 28 97 41 105 

July 22 22 21 22 22 91 48 186 141 134 

August 21 23 20 22 20 81 116 38 90 83 

Sept 17 18 17 18 17 104 96 66 93 48 

Oct 11 12 14 10 11 87 205 152 127 143 
            

VT 

May 14 15 14 17 13 94 62 125 50 131 

June 19 20 20 19 19 106 77 182 104 127 

July 22 23 21 24 24 108 77 88 64 49 

August 21 23 21 24 21 96 57 61 65 70 

Sept 16 19 19 19 17 96 35 71 107 94 

Oct 9 11 15 9 11 92 68 90 107 216 

 

Conditioning phase yields: 

During the last year of the conditioning phase, crop yields predominantly 

differed as a function of diversity treatments in the perennial system (Fig. 2.2). At both 

sites, the perennial heterospecific and high diversity treatments had greater total yields 

than the low and conspecific diversity treatments (P < 0.05 in the NY site and P < 

0.001 in the VT site). Conversely, annual crop biomass only differed across diversity 

treatments in the VT winter annuals, with greater crop biomass in the heterospecific 

diversity treatment than the low diversity treatment (P < 0.05). Legume crops had low 

establishment in the winter and summer annual treatments at the two sites. The 

summer annuals were dominated by sudangrass and sorghum sudangrass and winter 
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annual yields were primarily composed of triticale and rye. Low functional diversity in 

both phases of the annual rotation may have contributed to the relative lack of yield 

differences across diversity treatments in the annual compared to perennial system. 

Functional diversity is an important predictor for overyielding (Griffin et al., 2009) 

and, in alignment with our results, past research has found that grass-legume 

intercrops yield more than monocultures of their grass or legume components (Darch 

et al., 2018; Bi et al., 2019). 

 
Figure 2.2: Crop yields during the last conditioning phase rotation. Total crop yield 
was compared across diversity treatments within the annual and perennial systems at 
both sites. Error bars denote the standard error of the total yields and similar letters 
within a panel indicate no significant differences in total crop yield (P > 0.05). 
 

Corn tissue nutrient concentrations:  

Corn tissue nutrients from the weed-free and ambient-weed treatments served 

as a proxy for exploitative weed-crop competition. Tissue nutrient composition 

differed across site, system, and the two weed treatments (P < 0.001; Table 2.3). There 

were also interactions between site and system (P < 0.001) and site and weed (P < 
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0.001) treatments. These results were derived from a sequential PERMANOVA, 

where site, system, diversity, and weed treatments were assessed sequentially. Thus, 

the effects of system treatments on corn tissues were notable (P < 0.001) after 

accounting for experimental site.  

Analysis of the corn tissue PCA (Fig. 2.3a) suggests that the site-system 

interaction (P < 0.001) was driven by differences in potassium concentration (Fig. 

2.3c). Variation in corn tissue potassium was likely due to differences in fertilizer 

applications at the systems level during the conditioning phase. Perennial crops were 

fertilized with more potassium relative to annual crops to minimize alfalfa winter kill 

(Table 2.1A). Correspondingly, at both sites, mean corn tissue potassium was 

numerically greater in the perennial treatment (Table 2.3A).  

The interaction between experimental site and weed treatment primarily varied 

across the first principal component of the PCA (Fig. 2.3b). The first principal 

component of the ordination was most correlated to tissue copper, nitrogen, zinc, and 

calcium (Fig. 2.3c). At both sites, these nutrients were more abundant in tissues of 

corn grown in the weed-free treatment relative to the ambient-weed treatment (P < 

0.01; Table 2.3A), suggesting that weeds interfered with corn nutrient uptake. These 

results align with a previous study that found greater nitrogen, calcium, and 

phosphorous in the tissues of corn grown in the absence of weeds compared with corn 

grown in weedy plots (Lehoczky, Márton and Nagy, 2013). Broadly, exploitative 

weed-crop competition was demonstrated by the reduction of corn tissue nutrients 

when corn was grown in the presence of weeds.   
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Table 2.3: Permutational multivariate analysis of variance (PERMANOVA) table of 
corn tissue nutrients of samples from all weed-free and ambient-weed treatments at 
both sites (n = 128). The PERMANOVA was sequential and the order by which the 
model considered terms is reflected in the table from top to bottom. 

Variable Df R
2
 P-value 

Site 1 0.341 0.001 
System 1 0.041 0.001 
Diversity 3 0.010 0.31 
Treatment 1 0.231 0.001 
Site × System 1 0.023 0.001 
Site × Diversity 3 0.006 0.673 
System × Diversity 3 0.008 0.459 
Site × Treatment 1 0.055 0.001 
System × Treatment 1 0.004 0.216 
Diversity × Treatment 3 0.005 0.757 
Site × System × Diversity 3 0.006 0.66 
Site × System × Treatment 1 0.001 0.714 
Site × Diversity × Treatment 3 0.003 0.962 
System × Diversity × Treatment 3 0.003 0.954 
Site × System × Diversity × Treatment 3 0.003 0.97 
Residuals 94     
Total 125     

 

 

Figure 2.3: Corn tissue composition at the two sites in annual and perennial systems 
(2.3a) and the weed-free and ambient-weed treatments (2.3b). Each point in the 
ordination represents the composite value of 10 tissue nutrient levels (nitrogen, 
calcium, phosphorous, magnesium, potassium, iron, zinc, copper, manganese, and 
boron) in each sample. The further points are from each other, the greater the 
multivariate difference between samples. Plot 2.3c shows the correlation and relative 
contribution of each tissue nutrient to the principal components. 
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Weed communities: 

Site (P < 0.01) and system (P < 0.05) treatments affected weed communities 

(Table 2.4). The weed communities at both sites were predominantly composed of 

warm-season annual weeds (Table 2.5). At the NY site, the weed community was 

dominated by Ambrosia artemisiifolia L., Persicaria maculosa (Gray), Panicum 

capillare L., and Setaria faberi (Herrm.). In VT, Setaria pumila (Poir.) Roem. & 

Schult., Echinochloa crus-galli (L.) Beauv., Chenopodium album L., and Amaranthus 

spp. dominated the weed community.  

 

Table 2.4: Permutational multivariate analysis of variance (PERMANOVA) results 
for weed community abundance data in ambient-weed treatments at both sites (n = 
64). The PERMANOVA was sequential and the order by which the model considered 
terms is reflected in the table from top to bottom. Only the data from the ambient-
weed treatment was used because the other weed treatments artificially influenced 
weed communities through surrogate weed seeding or weed removal. 

Variable Df R2 P-value 
Site 1 0.41 0.001 
System 1 0.03 0.032 
Diversity 3 0.02 0.570 
Site × System 1 0.02 0.108 
Site × Diversity 3 0.02 0.705 
System × Diversity 3 0.03 0.309 
Site × System × Diversity 3 0.03 0.465 
Residuals 48     
Total 63     
 

 The annual and perennial treatments were both dominated by annual weeds 

(Table 2.5). However, the identity and relative importance of the dominant weeds 

differed between cropping systems. In soils conditioned by annual crops, A. 

artemisiifolia, P. maculosa, S. pumila, C. album, P. capillare, Amaranthus spp., and 

E. crus-galli dominated the weed community. The most abundant weeds in soils 
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conditioned by perennials were, A. artemisiifolia, S. pumila, S. faberi, P. capillare, P. 

maculosa, and E. crus-galli. While there was a difference in the weed communities of 

the annual and perennial cropping system treatments (P < 0.001) this effect was weak 

(r2 = 0.04; Table 2.4). However, tillage reduction has been reported to shift weed 

communities towards increased abundance of perennial weeds (Triplett and Lytle, 

1972; Légère and Samson, 1999; Armengot et al., 2015), so the difference between 

weed communities likely reflects an actual shift in weed community composition. We 

expect that given a longer conditioning phase, the dissimilarity between the weed 

communities of the annual and perennial systems would increase.  

 The lack of weed community differentiation across diversity treatments (Table 

2.4) suggests that our crop diversity treatments were not strong enough filters to affect 

weed community composition. Past research has also reported no differentiation of 

weed communities after crop rotation (Benaragama, Leeson and Shirtliffe, 2019; but 

see Mahaut, Gaba and Fried, 2019) and intercropping (Gomez and Gurevitch, 1998; 

but see Sharma and Banik, 2013) across diversity gradients. Instead, tillage (Ryan et 

al., 2010) and crop identity (Gomez and Gurevitch, 1998; Smith and Gross, 2007) are 

often the primary drivers of weed community assembly in organic systems. Thus, it is 

likely that the differences in weed communities at the cropping system level were 

driven by different tillage and crop identity legacies in the annual and perennial 

treatments. 
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Table 2.5: Dominant weeds in the two experimental sites and systems. Weeds shown 
in this table compromise 85% of the average cumulative weed biomass in each site 
and 86% of the average cumulative weed biomass in each cropping system. 

Site Species 
Avg. weed 

biomass (g/m2) 
Cumulative 
percentage 

NY 

Ambrosia artemisiifolia 79 53 
Persicaria maculosa 18 65 
Panicum capillare 17 76 
Setaria faberi 13 85 

      

VT 

Setaria pumila 31 44 
Echinochloa crus-galli 12 61 
Chenopodium album 10 75 
Amaranthus spp. 7 85 

Cropping system      

Annual 

Ambrosia artemisiifolia 37 40 
Persicaria maculosa 10 50 
Setaria pumila 9 60 
Chenopodium album 9 69 
Panicum capillare 6 76 
Amaranthus spp.  5 82 
Echinochloa crus-galli 4 86 

      

Perennial 

Ambrosia artemisiifolia 42 34 
Setaria pumila 27 55 
Setaria faberi 11 64 
Panicum capillare 11 73 
Persicaria maculosa 9 80 
Echinochloa crus-galli 8 86 

 

Weed-crop competition: 

Weed-crop competition was modeled using a hyperbolic yield function, which 

estimated yield potential (a0; m2 g-1) and competition intensity (iw; plants g-1) 

parameters. Model parameters only differed as a function of diversity in two instances 

at the VT site, both of which opposed our hypotheses (Fig. 2.4a and 2.4b). Yield 

potential in the VT low diversity annual treatment was higher than the other three 

diversity levels (P < 0.05) and competition intensity was greatest in the VT perennial 

high diversity treatment (P < 0.05).  
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 In the annual treatment, minimal legume growth during the conditioning phase 

may have caused similar weed-crop competition across most diversity treatments (Fig. 

2.2). Dominated by grasses, the annual treatments had less functional diversity than 

the perennial treatments, which had alfalfa and orchardgrass. However, few weed-crop 

competition differences across perennial diversity treatments (Fig. 2.4) suggests that 

diversity legacy effects on weed-crop competition may not persist after a primary 

tillage event.  

To ensure proper establishment of the corn during the uniformity phase, the 

entire experimental area was moldboard plowed, disked, and harrowed before the 

uniformity phase. Tillage has been linked to homogenization of soil niches (Sengupta 

and Dick, 2015; Schmidt et al., 2018) and reduced soil microbe diversity (Sengupta 

and Dick, 2015; Wang et al., 2016). Correspondingly, plant and soil microbe 

interactions are affected by tillage intensity (Menalled, Seipel and Menalled, 2020). 

Thus, homogenization of soil niches and changes to plant-soil interactions due to 

primary tillage at the beginning of the uniformity phase may have weakened possible 

diversity treatment legacy effects in the perennial system. 
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Figure 2.4: Weed-crop competition as a function of soil conditioning diversity. Plots 
2.4a and 2.4b show the standard error of the yield potential (a0; m2 g-1) and 
competition intensity (iw; plants g-1) and parameters of the competition curves, 
respectively. FisherLSD tests were used for pairwise least-squares means comparisons 
and similar letters within a panel indicate no significant differences in competition 
parameters (P > 0.05). In the figure, ‘Con’ and ‘Hetero’ denote the conspecific and 
heterospecific diversity treatments. Note that the lower the a0 parameter, the higher 
crop yield potential. 
 

Cropping system treatments had differing competition trends. While 

competition intensity was lower in the perennial system than the annual system in NY 

(P < 0.01), it was greater in the VT perennial system relative to the annual system (P < 

0.05; Fig. 2.5b). Contrasting competition intensity at the two sites may have been a 

product of differences in total weed biomass (Fig. 2.5a). Greater weed biomass in NY 

caused the weed-crop competition curves to approach asymptotes in both cropping 

system treatments. Conversely, the weed-crop competition curves in VT did not 

approach their asymptote, and it is likely that competition intensity in VT was driven 

by differences in yield potential, not crop tolerance to weeds. Thus, the NY data 

reflects crop tolerance to weed competition whereas the VT data only accounts for 

differences in yield potential. When only the NY data are considered, soils from the 
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perennial system have reduced weed-crop competition intensity relative to soils from 

the annual system. 

In both sites, corn in the perennial system treatment had a higher yield 

potential (P < 0.01; Fig. 2.5b). Rotational benefits from greater legume legacies in 

perennial soils relative to annuals soils could have affected yield potential. Research 

indicates that corn receives nitrogen from decomposing alfalfa (Stanger and Lauer, 

2008; Yost et al., 2012). Correspondingly, in NY, corn grown in soils from the 

perennial system had higher tissue nitrogen than corn grown in soils from the annual 

system (P < 0.01; Table 2.3A). In the VT site, corn tissue nitrogen did not differ 

between the two cropping system treatments. However, the lack of corn tissue 

nitrogen differences may have arisen from drought prior to tissue sampling in the VT 

site (Table 2.2), which likely reduced corn nitrogen uptake (Bista et al., 2018). 

Furthermore, to address soil phosphorous deficiencies in the NY site, perennials were 

fertilized with poultry manure and potassium sulfate whereas perennials in the VT site 

were only fertilized with potassium sulfate (Table 2.2A). The poultry manure added to 

the NY site perennials likely exacerbated nitrogen differences between cropping 

system treatments.  

Higher yield potential in the perennial treatments may have also arisen from 

changes to soil biological characteristics. Miller and Menalled (2015) report that crops 

grown in soil conditioned with a taxonomically similar species are more susceptible to 

soil pathogens. A greater legume legacy in the perennial system may have reduced 

soilborne corn pathogens relative to the annual system, which was predominantly 

grasses.  
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It is important to note that weed communities differed as a function of 

cropping system treatment (P < 0.05). While the dominant weeds in the two cropping 

systems were similar at the two sites, competition comparisons between cropping 

systems are slightly confounded because of differences in rare weeds. However, this 

study provides preliminary evidence that corn may be more tolerant to weed 

communities when conditioned by perennial systems. 

 
Figure 2.5: Weed-crop competition as a function of annual and perennial crop system 
conditioning at both sites. Plot 2.5a illustrates the competition curves at the two sites. 
The P-value in each panel corresponds to the chi-square goodness of fit test of the two 
curves and broadly indicates whether curves differ from one another. Plot 2.5b shows 
the standard error of the yield potential (a0; m2 g-1) and competition intensity (iw; 
plants g-1) parameters of the competition curves. P-values in plot 2.5b were calculated 
from least-squares means comparisons of the two parameters. Note that the lower the 
a0 parameter, the higher crop yield potential. 
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CONCLUSIONS 
 

Ecological weed management can reduce the need for herbicide-based weed control 

and improve farm sustainability. In addition to reducing weed seedling recruitment 

from the soil seedbank and reducing seedbank density over time, increasing the 

relative competitive ability of crops is an important ecological weed management 

strategy (Bastiaans, Paolini and Baumann, 2008). We hypothesized that corn grown in 

soils conditioned with higher crop diversity would be more tolerant to weed 

competition. However, diversity treatment had minimal effects on weed-crop 

competition and in the one case where competition intensity differed (VT perennial 

system), there was greater competition in the high compared with the heterospecific 

diversity treatment. In the annual system, dominance of the same grass species across 

diversity treatments may have minimized the variation in corn tissue nutrients, weed 

communities, and weed-crop competition. Assessment of conspecific and 

heterospecific diversity establishment during the conditioning phase is limited in this 

study because crop varieties and some crop species were not separated while 

sampling. However, a gradient of grass and legume crops were observed across 

diversity treatments during the conditioning phase of the perennial system, yet no 

differences were found in corn tissue nutrients, weed communities, or weed-crop 

competition between low and high diversity treatments. Thus, greater plant functional 

diversity, such as would be created by including crop species from other plant 

families, might be required to establish notable legacy effects after primary tillage. 

Alternatively, corn tissues, weed communities, and weed-crop competition differed 
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between soils conditioned with annual and perennial cropping system treatments. The 

consistent cropping system effects on weed-crop competition were likely driven by 

differing fertilization, tillage, and dominant crop identity during the conditioning 

phase. These findings suggest that cropping system management can have enduring 

effects on crop tissues, weed communities, and weed-crop competition.  

To elucidate the mechanisms by which intercrop diversity influences weed-

crop competition, future studies should establish a weed density gradient on soils 

conditioned by intercrops with greater variation in functional diversity. The 

divergence of functional traits in each conditioning diversity treatment could be 

regressed against crop biomass and yield loss in the response phase to understand the 

importance of specific functional traits in determining weed-crop competition legacies 

(Adeux et al., 2019). Furthermore, a better understanding of cropping system legacy 

effects could be accomplished by transitioning from the conditioning phase to the 

uniformity phase with differing tillage intensities. Microbial DNA sequencing could 

assess soil microbe communities in the conditioning and uniformity phases (Heinen et 

al., 2020). The community richness and functional diversity of soil microbe 

communities could be regressed against weed-crop competition to elucidate the 

importance of soil microbes in determining weed-crop competition.  
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APPENDIX 

 
Table 1.1A: Conditioning phase fertilization log. Annuals were fertilized with a 
nitrogen priority whereas perennials where fertilized with a potassium priority. Dairy 
manure was from Aurora Ridge Dairy (Aurora, NY, USA), poultry manure was from 
Kreher’s (Clarence, NY, USA) and potassium sulfate from North Country Organics 
(Bradford, VT, USA). 

Annual Perennial 
Year Month Day Source N kg. 

ha-1 
P kg 
ha-1 

K kg 
ha-1 Year Month Day Source N kg. 

ha-1 
P kg 
ha-1 

K kg 
ha-1 

2016 Aug. 18 Dairy 
manure 111 18 177 2016 Aug. 18 Dairy 

manure 111 18 177 

2017 June 15 Poultry 
manure 114 35 51 2018 June 2 K2SO4 0 0 25 

2017 Sept. 19 Poultry 
manure 143 44 63 2018 June 2 Poultry 

manure 24 7 11 

2018 May 25 Poultry 
manure 131 27 40 2018 July 3 K2SO4 0 0 25 

2018 July 16 Poultry 
manure 131 27 40 2018 July 3 Poultry 

manure 24 7 11 

2018 Sept. 5 Poultry 
manure 143 44 63 2018 Aug. 13 K2SO4 0 0 25 

              2018 Aug. 13 Poultry 
manure 24 7 11 

                        
                     

Total       773 195 434         183 40 284 
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Table 1.2A: Competition curve parameter estimates and curve fit. P-values are based 
on t-tests that compare each curve parameter to zero. 
Treatment a0 a0 Stnd. 

Err. a0 P-val iW iW Stnd. 
Err iw P-val Residual sum of 

squares 
Field               
  Annual Low 0.089 0.01 > 0.001 0.18 0.05 0.003 31.8 
  Annual Conspecific 0.101 0.01 > 0.001 0.13 0.04 0.004 45.4 
  Annual Heterospecific 0.095 0.01 > 0.001 0.26 0.1 0.022 22.6 
  Annual High 0.136 0.03 0.001 0.04 0.05 0.443 65.3 
  Perennial Low 0.170 0.02 > 0.001 0.03 0.04 0.394 30.3 
  Perennial Conspecific 0.124 0.01 > 0.001 0.11 0.05 0.035 50.5 
  Perennial Heterospecific 0.116 0.02 > 0.001 0.14 0.04 0.01 27.6 
  Perennial High 0.080 0.01 > 0.001 0.3 0.08 0.004 53.9 
Inoculated               
  Annual Low 0.107 0.01 > 0.001 0.16 0.05 0.013 53.3 
  Annual Conspecific 0.124 0.01 > 0.001 0.16 0.04 0.001 21.8 
  Annual Heterospecific 0.108 0.02 > 0.001 0.17 0.07 0.033 85 
  Annual High 0.097 0.01 > 0.001 0.21 0.04 >0.001 17.4 
  Perennial Low 0.090 0.01 > 0.001 0.19 0.06 0.006 59.5 
  Perennial Conspecific 0.092 0.02 > 0.001 0.26 0.09 0.014 85.3 
  Perennial Heterospecific 0.138 0.01 > 0.001 0.1 0.04 0.054 16.1 
  Perennial High 0.175 0.05 0.003 0.02 0.05 0.641 123.6 
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Table 2.1A: Conditioning phase fertilization rates. All fertilization rates were based 
on yearly soil tests. Annual crops were fertilized with more nitrogen while perennial 
crops were fertilized with more potassium. 
  Annual Perennial 

  Year Month Day Source N kg 
ha-1 

P kg 
ha-1 

K kg 
ha-1 Year Month Day Source N kg 

ha-1 
P kg 
ha-1 

K kg 
ha-1 

NY 

2016 Aug. 18 Dairy 
manure 111 18 177 2016 Aug. 18 Dairy 

manure 111 18 177 

2017 June 15 Poultry 
manure 114 35 51 2018 June 2 K2SO4 0 0 25 

2017 Sept. 19 Poultry 
manure 143 44 63 2018 June 2 Poultry 

manure 24 7 11 

2018 May 25 Poultry 
manure 131 27 40 2018 July 3 K2SO4 0 0 25 

2018 July 16 Poultry 
manure 131 27 40 2018 July 3 Poultry 

manure 24 7 11 

2018 Sept. 5 Poultry 
manure 143 44 63 2018 Aug. 13 K2SO4 0 0 25 

              2018 Aug. 13 Poultry 
manure 24 7 11 

                            

Total       773 195 434         183 40 284 

VT 

2016 Aug. 18 Poultry 
manure 586 75 118 2016 Aug. 18 Poultry 

manure 586 75 118 

2017 June 7 Poultry 
manure 98 13 20 2017 June 8 Poultry 

manure 0 0 134 

2017 June 7 K2SO4 0 0 29 2017 Aug. 3 Poultry 
manure 0 0 134 

2017 Aug. 7 Poultry 
manure 98 13 20 2018 June 6 Poultry 

manure 0 0 54 

2017 Aug. 7 K2SO4 0 0 29 2018 July 7 Poultry 
manure 0 0 72 

2017 Sept 8 Poultry 
manure 98 13 20               

2017 Sept 8 K2SO4 0 0 29               

2018 May 31 Poultry 
manure 122 16 25               

2018 May 31 K2SO4 0 0 43               

2018 July 16 Poultry 
manure 122 16 25               

2018 Aug. 31 Poultry 
manure 122 16 25               

2018 Aug. 31 K2SO4 0 0 84               
                            

Total       1247 160 466         586 75 512 
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Table 2.2A: Conditioning phase tillage frequency. The entire field was moldboard 
plowed at the start of the conditioning phase. At both sites, tillage was more frequent 
in the annual system than perennial system. 

  System Year Month Day Depth 
(cm)   System Year Month Day Depth 

(cm) 

NY 

Annual 2016 August 18 20 

VT 

Annual 2016 August 1 20 
Perennial 2016 August 18 20 Perennial 2016 August 24 20 
Annual 2017 June 15 18-23 Annual 2017 June 7 15 
Annual 2017 September 19 18-23 Annual 2017 Sept 8 15 
Annual 2018 May 25 18-23 Annual 2018 August 31 15 
Annual 2018 September 5 18-23 Annual 2018 May 31 15 

 

Table 2.3A: Pairwise comparisons of tissue nutrients between system and weed 
treatments. Zinc, copper, manganese, magnesium, chlorine, and nitrogen values were 
log transformed to improve data normality and compare means. However, 
untransformed means are presented. Significant pairwise differences are denoted with 
asterisks (* is P < 0.05, ** is P < 0.01, and *** is P < 0.001).  

    Cropping system comparison 

Treatment N 
(%DM) 

K 
(%DM) 

P  
(%DM) 

Ca 
(%DM) 

Mg 
(%DM) 

Mn 
(ppm) 

Fe 
(ppm) 

Cu 
(ppm) 

B 
(ppm) 

Zn 
(ppm) 

NY Annual 
Perennial 

1.69 
1.82** 

2.09 
2.15 

0.34 
0.277*** 

0.313 
0.295** 

0.24 
0.199*** 

21.4 
22.8 

83.1 
82 

6.76 
7.05 

5.48 
4.96 

20 
22.4*** 

VT Annual 
Perennial 

2.47 
 2.35 

1.26 
1.7*** 

0.312 
0.308 

0.635 
0.567*** 

0.317 
0.257*** 

32.4 
29.6* 

80.9 
79.6 

9.32 
9.22 

7.61 
7.95 

28.7 
28.7 

            

    Weed treatment comparison 

Treatment N 
(%DM) 

K 
(%DM) 

P 
(%DM) 

Ca 
(%DM) 

Mg 
(%DM) 

Mn 
(ppm) 

Fe 
(ppm) 

Cu 
(ppm) 

B 
(ppm) 

Zn 
(ppm) 

NY ambient 
no-weeds 

1.32 
2.2*** 

2.15 
2.09 

0.292 
0.327*** 

0.198 
0.415*** 

0.172 
0.269*** 

17.1 
27.3*** 

64.2 
102*** 

4.66 
9.21*** 

5.25 
5.2 

17.5 
25*** 

VT ambient 
no-weeds 

2.22 
2.59*** 

1.43 
1.53* 

0.296 
0.323** 

0.57 
0.63*** 

0.277 
0.295 

28.3 
33.6*** 

73.2 
87.1*** 

8.52 
10*** 

7.22 
8.32** 

27.5 
29.8** 

 


