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ABSTRACT 

EFFECTS OF PERENNIAL FORAGE COMPOSITION AND HARVEST INTENSITY ON 
THE WEED SEEDBANK COMMUNITY 

by 

Lilly Hartman 

University of New Hampshire, September, 2023 

 

Most arable weeds arise from a resident soil seedbank and are typically controlled with 

tillage and herbicides, each of which pose sustainability challenges to growers and consumers. 

However, agronomic management practices that reduce weed seed input to the seedbank and that 

accelerate mortality of seeds already in the soil could reduce the need for more conventional 

weed control. Previous research and farmer practice has demonstrated that rotation of annual 

crops with several years of perennial forage can reduce weed abundance and the need for 

chemical weed control. In perennial forage systems, crop species and harvest intensity may have 

important effects on seedbank composition due to the multiple stress and mortality factors these 

systems impose on weeds, including facilitation of strong crop-weed competitive interactions, 

periodic defoliation of crop (and weed) canopies, and potentially crop species-specific 

associations with soil faunal and microbial communities that cause seed damage and mortality. 

Unfortunately, we know little about the influence of agronomic practices such as forage crop 

species selection or harvest frequency and harvest height on weed population dynamics or the 

specific mechanisms that regulate weed seed survival in the soil in perennial forage systems. We 
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used a three-year factorial field experiment established in 2018 that included four mixtures of 

perennial forage legumes, each grown with orchardgrass, Dactylis glomerata L., two harvest 

height treatments (5 and 10 cm residual forage height), and two harvest frequency treatments 

(three and five harvests per year) to investigate how perennial forage composition and 

management act as community assembly filters on the composition and abundance of the weed 

seedbank. The composition and abundance of the weed seedbank was quantified at the end of the 

third year of the study using the direct germination method in a heated greenhouse. While overall 

seedbank density did not differ across treatments, seedbank community composition was 

influenced by the interactive effects of both harvest height and harvest frequency. More intensely 

harvested plots (shorter stubble remaining) favored weed seed bank communities more heavily 

dominated by weed species with specific functional traits: mat-forming weeds that set seed close 

to the soil surface were favored in short stubble harvest regimes, possibly due to their ability to 

grow and reproduce while evading defoliation. Conversely, the harvest regime in less intensely 

harvested plots enabled a more generalist weed community. In order to determine whether weed 

seed decay mechanisms might vary across the treatments, we conducted a weed seed burial 

experiment with seeds of a common weed, velvetleaf (Abutilon theophrasti Medik.). Seeds were 

buried in each experimental unit to simulate seed shed and incorporation in the soil and were 

extracted in the following spring. Seed death over the burial period was not different in more 

intensely harvested plots compared to less intensely harvested plots. This suggests that when 

considering how forage canopy management practices mediate seed mortality, seed decay may 

be of lesser importance compared to other mechanisms of seedbank decline such as fatal 

germination and seed predation. An indicator plant material was buried to gain a secondary 

measurement of cellulose decay in the system without the complex effects of seed dormancy and 
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viability. In red clover and white clover biculture plots, cellulose decay was greater in more 

frequent harvest treatments when compared to less frequent. Lastly, both the decay of velvetleaf 

seeds and of indicator cellulose were significant predictors of seedbank community composition, 

demonstrating that microbial activity acts as a biological filter on weed seedbank community 

assembly. 
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CHAPTER ONE: 
Perennial forage and the weed seedbank 

 

Agricultural weeds pose a significant challenge to farmers by competing with crop plants 

for limited resources. Weed infestations arise from a resident seed and vegetative propagule 

bank. Weed seeds are deposited into the seed bank when mature weeds shed their seeds. Seeds 

exit the seedbank when they emerge successfully or when they die due to abiotic extremes, fatal 

germination, decay by cellulolytic microbes, seed predation by insects and small mammals, or 

other mortality processes (Dalling et al. 2011, Davis 2007, Fawcett and Slife 1978, Pakeman et 

al. 2012). 

Booth and Swanton (2002) and Smith and Mortensen (2017) apply ecological community 

assembly theory to agricultural weed communities and discuss a hierarcy of assembly filters. 

Like other ecological communities, weed communities assemble from the pool of geographically 

available species. A series of “environmental filters” determine what species can establish and 

persist in the habitat. Some weed species then pass through “management filters,” being the 

anthropogenic disturbances which are characteristic of agricultural systems, thereby evading 

weed control. Furthermore, species interactions that affect the establishment and persistence of 

weeds, or “biotic filters,” act on the realized weed community. What then persists is a realized 

weed community where some portion of the geographically available species are expressed, 
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based on their traits that enabled them to pass through environmental, management, and biotic 

filters, and persist in the ecological community. 

The majority of current weed control practices, or community assembly filters at the 

management level, target weeds at their seedling stage using tillage, herbicides, or both (Buhler 

et al. 1997). Each of these approaches comes with their own sustainability challenges. Frequent 

tillage, or the mechanical turning or mixing of the soil, has been demonstrated to adversely affect 

soil health, carbon storage, and water quality (Lehmann et al. 2020, Mohler et al. 2018, Ogle et 

al. 2019). Pesticides, including herbicides, pose threats to human health and the environment 

(Köhler and Triebskorn 2013, Lechinovski et al. 2022, Rani et al. 2021, Rohr and McCoy 2010, 

Rose et al. 2016, Tang et al. 2021), and their widespread and frequent use has led to the 

evolution of herbicide-resistant weeds (Baucom 2019, Harper 1957). Due to these challenges, the 

adoption of weed management strategies that reduce dependency on conventional approaches to 

weed control is critical (Liebman et al. 1997, Mortensen et al. 2012). Furthermore, the pursuit of 

nonchemical approaches to manage weeds in reduced-tillage production systems offers dual 

benefits: first, it can promote wider adoption of reduced tillage practices by providing effective 

weed management strategies that reduce reliance on herbicides, and second, it aids in reducing 

herbicide usage in production systems already employing reduced tillage, reducing the selection 

pressure for herbicide-resistant weeds (Brainard et al. 2013). 

Practices that reduce weed seed input and accelerate weed seed death in the soil have 

shown a greater effect on emerged weed density than practices that target only seedlings 

(Gonzalez-Andujar and Fernandez-Quintanilla 1991, Jordan et al. 1995). Further, targeting 

weeds at multiple life stages has been shown to bolster weed management outcomes compared to 
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management at one life stage only (Liebman et al. 1997, Westerman et al. 2005). The challenge 

of weed management can be reduced by incorporating seedbank-focused and multi-faceted 

approaches. 

Crop rotation is a millennia-old innovation by Indigenous agriculturists (Magcale-

Macandog and Ocampo 2005, Sands et al. 2023), wherein crops with different ecological niches 

are grown sequentially in the same field. Diversification via crop rotation has been shown to 

increase yield (Smith et al. 2008), increase profitability, reduce need for synthetic agrichemical 

inputs (Davis et al. 2012), and suppress weeds (Picasso et al. 2008, Wang et al. 2008). Integrated 

crop and livestock systems, a form of crop rotation, were historically common but lost popularity 

in the mid 20th century when novel synthetic fertilizers replaced on-farm nutrient recycling. 

Reintegrating crop and livestock systems has gained traction more recently as a means to 

minimize the use of fossil fuels, chemical fertilizers, and environmental contaminants (Naylor et 

al. 2005). Rotation to perennial forage, namely pastures and hayfields, has the potential to be 

used as a weed management tool in low-input and reduced tillage systems. When compared to 

annually tilled systems, integration of perennial forages can better suppress annual weeds 

(Teasdale et al. 2004), increase overall profitability, provide favorable habitat for beneficial 

arthropods (Schipanski et al. 2017) and seed predators (Meiss et al. 2010), increase beneficial 

microbial biomass and diversity (Schlautman et al. 2021), and shift the composition of weed 

communities (Entz et al. 2002) due to the diversification of the community assembly filters 

acting on the realized weed community. 

An improved ecological understanding of the environmental variables that regulate 

seedbank density and composition is paramount if we are to reduce the environmental footprint 
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of industrial agriculture (Forcella et al. 1993). The following chapters describe two field 

experiments in which we investigated how three years of perennial forage management 

influenced the composition and abundance of the soil weed seedbank (Chapter 2) and the fate of 

seeds of a common annual weed, velvetleaf, buried in the soil (Chapter 3).  
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CHAPTER TWO:  
Effects of perennial forage composition and harvest intensity on the 

germinable weed seedbank community 

 

INTRODUCTION 

 Previous theoretical and empirical research suggests that perennial forage cropping 

systems (pastures and hayfields) may enhance biologically-based mechanisms of weed 

suppression relative to conventional annual row cropping systems. For example, Davis et al. 

(2012) demonstrated that by integrating two years of a perennial forage into a corn-soybean 

rotation, herbicide inputs could be six to ten times lower without heightened weed abundance 

relative to a conventional corn-soy rotation. Schipanski et al. (2017) showed that systems rotated 

to perennial forage for two years maintained equal profitability to purely annual systems while 

displaying greater weed suppression. Rotation to perennial cover can be used as a weed 

management tool in low-input and reduced tillage systems because it enables the manager to 

drive the seedbank density of summer annual weeds down before rotating back to a summer 

annual crop, suppressing problematic populations of weeds by varying management filters on 

weed and weed seedbank community assembly. 

Several biological mechanisms contribute to the high levels of weed suppression 

observed in perennial cropping systems (Nikolić et al. 2020, Ilnicki and Enache 1992). Perennial 

forage systems are characterized by periodic livestock grazing or mowing, wherein aboveground 

plant material is harvested (Gilmullina et al. 2020). Weed suppression occurs at multiple life 
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stages. Weeds experience season-long resource competition from crops (e.g. Bradshaw and 

Lanini 1995), and weed seed input is less likely because the periodic removal of biomass reduces 

weed fitness (Donald 2006). The lack of soil disturbance results in weed seeds remaining on the 

soil surface, susceptible to seed predators and allelochemicals (Liebman and Davis 2001), and 

seed predators tend to be more abundant in perennial cover (Meiss et al. 2010). Canopy cover 

can reduce weed seed germination cues (Sias et al. 2021). Further, seeds are more likely to 

decompose for multiple reasons: frequent defoliation results in root exudates which stimulate 

microbial activity (Hamilton et al. 2008), and reduced soil disturbance results in development of 

a more abundant decomposer community (Helgason et al. 2009, Schlautman et al. 2021). Lastly, 

legumes alter rates of soil C mineralization (Li et al. 2020), potentially increasing seed decay 

(Mohler et al. 2012, 2018), and some forage crops produce allelochemicals harmful to weeds and 

weed seeds (Farooq et al. 2020). 

The concept of “weed suppressive soils” has a long history in the weed management and 

especially the weed seed bank literature (Davis et al. 2006, Gallandt et al. 2004, Kennedy and 

Kremer 1996, Kremer 1993, Kremer and Li 2003). Under this framework, cropping systems can 

be managed to enhance populations of naturally occurring microbial and macrofaunal 

communities that decompose and predate weed seeds thereby reducing weed seed bank 

abundance (Gallandt et al. 2005, Kremer 1993, Mohler et al. 2018). Despite evidence that 

perennial forage crops can foster improved weed suppression through a variety of biological 

mechanisms, it remains unknown the degree to which forage management practices such as 

harvest intensity and species selection may act as management filters on the weed seedbank 

community and mediate these effects.  
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The objective of this study was to investigate how perennial crop community 

composition and harvest intensity affects weed seedbank community composition and 

abundance. We used a factorial experiment in a field of grass and legume mixtures which had 

been established three years prior. The experiment included four perennial mixtures of legumes 

and Dactylis glomerata L., two harvest stubble height treatments at 5 and 10 cm, and two harvest 

frequency treatments at three and five events per year. The seedbank was sampled after 3.75 

years of field treatments in 2022 and quantified and identified to species or genus using the direct 

emergence method (Thompson and Grime 1979). We hypothesized that treatments with more 

intense harvest and with lower proportions of legumes to grasses would have higher germinable 

weed seedbank abundance and lower richness and diversity because these plots would have the 

least favorable habitats for seed predators and decomposers. We also hypothesized that seedbank 

community composition would be influenced both by forage species identity and by harvest 

intensity. Lastly, we hypothesized that seedbank abundance would be correlated to aboveground 

weed biomass and crop biomass due to differences in seed input effects.  

 

MATERIALS AND METHODS 

Study site 

We conducted this research on ancestral Pennacook, Abenaki, and Wabanaki land. A 

three-year field experiment was conducted at the University of New Hampshire Kingman 

Research Farm in Madbury, New Hampshire (43.17°N, -70.94°W). Soils at the site are Charlton 

fine sandy loams with 3 to 8% slopes (Soil Survey Staff 2022). Prior to the establishment of the 
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experiment, the site was in mixed production of cover crops and strawberry for eight years, and 

cucurbits prior to 2010. 

Experimental field design 

The experiment was established on 8 August 2018 and included four perennial forage 

legume-grass mixtures harvested either three or five times per season and cut to either 5 or 10 cm 

residual forage height. Harvest frequency, harvest height, and mixture composition treatments 

were arranged in a 2 by 2 by 4 factorial in a randomized complete block design with a split plot. 

Whole-plot factors were each combination of harvest frequency and cutting height. Mixture 

treatments were applied to subplots. All mixtures included orchardgrass (Dactylis glomerata L.) 

and one or more perennial forage legume species. Plots were harvested by mowing and removal 

of biomass with an RCI 36A small plot research harvester (RCI Engineering LLC, Mayville, 

WI). Harvest height was either 5 or 10 cm residual forage height after cutting. Harvest frequency 

included either three or five harvest events per growing season. Plots harvested five times per 

season (hereafter ‘5x’) were harvested on an approximate 30-day interval, while plots harvested 

three times per season (hereafter ‘3x’) were timed to optimize stand quality and productivity: the 

first harvest occurred when orchardgrass was at the swollen boot stage, and the second and third 

harvests coincided with pre-to early-bloom legume stages. The plots were harvested together in 

late May or early June, after which the 3x harvests continued until September and the 5x harvests 

continued until October. Subplots were four levels of mixture composition (described below) and 

were 2.29 m by 6.10 m. (Fig. 2.1). Total seeding rate was 1,076 pure live seeds per square meter. 

Pure live seed proportions of the grass and legumes were: 

1. 30% orchard grass (or OG), 70% alfalfa (Medicago sativa L.);  
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2. 30% orchard grass, 70% red clover (Trifolium pratense L.);  

3. 30% orchard grass, 70% white clover (Trifolium repens L.);  

4. 30% orchard grass, 17.5% red clover, 17.5% bird’s foot trefoil (Lotus corniculatus 

L.), 17.5% alfalfa, 17.5% white clover. 

 

Figure 2.1. Illustration of experimental field design portraying a single block. 
Experiment was replicated in five blocks with one replication per block-treatment 
combination. Four harvest treatments were imposed on main plots. Subplots were 
seeded with one of four mixture treatments.  

Aboveground biomass and environmental variable data collection 

Before each harvest event, crop and weed biomass was sampled from one 0.25 

m!	quadrat placed in the center of each subplot. All harvested biomass was sorted to species, 

oven-dried, and weighed. Total weed biomass, total crop biomass, total legume biomass, total 

orchard grass biomass, and ratio of orchardgrass biomass to legume biomass were calculated 

across years as kg ha-1. Soil volumetric water content was measured 27 September 2022. 
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Seedbank emergence assay 

 The soil weed seed bank was sampled in each subplot in May 2022, 3.75 years after the 

treatments were established, and weed seed density and species composition were assessed using 

the emergence method (Gross and Renner 1989) where a soil sample is treated to break weed 

seed dormancy, and germinated seeds are identified and counted at their seedling stage so that 

seedling count is a surrogate for seedbank density (Fig. 2.2). Twelve 2.6 by 10 cm soil cores 

were collected per subplot and mixed into one composite sample per plot. Samples were spread 

on 25.4 cm by 50.8 cm greenhouse flats filled with a 2.5 cm deep weed seed free growing 

medium of peat moss, vermiculite, and perlite (PRO-MIX BX, Premier Tech Growers and 

Consumers, Quakertown, PA, USA). Flats were watered with tap water daily to encourage seed 

germination and seedling emergence. Weed seedlings were censused weekly at which time 

seedings were counted and identified to species or genus. Once identified, seedlings were 

removed. The census was conducted for 7 weeks. Soils in the trays were then allowed to dry 

completely for one week, then lightly disturbed and re-watered, and emerged seedlings were 

censused for an additional 6 weeks.  
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Figure 2.2. Workflow used to collect soil samples from the study site to evaluate 
treatment effects on seedbank emergence. Twelve samples per subplot were collected 
May 2022 (1) and homogenized. Composite samples were spread over media (2). 
Seedlings were allowed to emerge for 14 weeks total and were identified and removed 
weekly (3). Figure created in Biorender. 

Seedbank density was calculated as emerged weed seedlings m#!, considering two-

dimensional field surface area sampled as is standard in the literature (e.g., Sanderson et al. 2014, 

Smith and Gross 2006). Any crop species present in the seedbank were excluded from weed 

seedbank calculations when crop species aligned with mixture treatment. Weed seedbank 

community diversity was described with species or genus richness and Shannon’s Diversity 

Index (H) (Shannon 1948). Seedlings were further classified in the data into monocot or dicot, 

and into annual, biennial, or perennial based on descriptions from Haines et al. (2011), Rhoads et 

al. (2007), and Uva et al. (1997). Lastly, weed species that were present in the germinable 

1 

2 

3 
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seedbank but not in the aboveground weed community sampled during 2021 were considered 

“legacy seeds.” All legacy seeds were present in the aboveground weed community in 2019-

2020. Germinable legacy seed abundance was summed to create a total legacy seeds response 

variable. 

 Statistical analysis 

Weed seedbank density data were tested for normality with the Shapiro-Wilks test and 

for homogeneity of variance with Levene’s Test. We used a factorial analysis of variance 

(ANOVA) to test for differences in weed seedbank density, species richness, and H. The model 

included mixture composition, harvest frequency, and cutting height as fixed effects, with all 

possible two-way and three-way interactions considered, and with block as a random effect. The 

three-way interaction between block and the two main plot factors were specified as the error 

term in the model (Appendix C). Where a significant treatment effect was detected, means were 

separated using Tukey’s Honestly Significant Difference test at ɑ = 0.05. Linear regression was 

used to assess the effects of previous harvest crop and weed biomass on germinable weed 

seedbank density.  

Several multivariate analyses were used to identify and characterize differences in 

community composition attributable to our treatments. Prior to analyses, species absent in 95% 

of trays were removed from the dataset (McCune and Grace 2002), leaving 29 remaining species. 

Abundance data were relativized by row totals to minimize the influence of extreme values. A 

Bray-Curtis distance matrix was calculated using the relativized abundance data. To visualize 

weed seedbank communities we performed an ordination with non-metric multidimensional 

scaling (NMDS) using 250 runs. We used permutational multivariate analysis of variance 
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(PERMANOVA; Anderson 2001) to test for treatment effects on the weed seedbank community. 

Indicator species analysis (ISA; Dufrêne and Pierre Legendre 1997) was used to identify species 

associated with treatments using data that were square-root transformed rather than relativized in 

order to normalize the skewed distribution but let differences in total abundance remain. All 

statistical analyses were carried out in R v. 4.1.2 (R Core Team 2022). 

 

RESULTS AND DISCUSSION 

Effects of harvest management and mixture composition on seedbank abundance 

and diversity 

A total of 5,547 seedlings representing 38 species or genera emerged from the seedbank 

samples over the course of the study. Mean weed seedbank density was 10,823 ± 712 seeds m-2, 

somewhat less abundant than the average seedbank sampled by Smith et al. (2018) in their study 

of 77 organic farms and their seedbanks in our region.  Seedbank communities were dominated 

by slender rush (Juncus tenuis Willd.), garden yellowrocket (Barbarea vulgaris W.T. Aiton), 

redroot pigweed (Amaranthus retroflexus L.), carpetweed (Mollugo verticillata L.), common 

purslane (Portulaca oleracea L.), common plantain (Plantago major L.), speedwell (Veronica 

spp. L.), and common lambsquarters (Chenopodium album L.). A complete list of weed species 

in the germinable seedbank can be found in Appendix B. Total weed seedbank density did not 

differ across any of the treatments (ANOVA: p > 0.05).  

Diversity (H) did not differ among harvest treatments or mixture treatments (ANOVA: p 

> 0.05). Mean richness across the experiment was 13.32 ± 0.32, and richness was significantly 



 
14 

higher (p=0.01) in alfalfa plots across harvest treatments (mean richness = 14.4) compared to red 

clover plots across harvest treatments (mean richness = 11.6; Fig. 2.3). 

 

Fig. 2.3. Richness of weed seedbank taxa (species or genus resolution) across mixture 
treatments. Mixture treatments are ALF, alfalfa-orchardgrass; RC, red clover-
orchardgrass; WC, white clover-orchardgrass; and MIX, alfalfa-red clover-white clover-
bird’s foot trefoil-orchardgrass. Bold lines are median and boxes are interquartile range. 
Boxes sharing the same letter are not significantly different (Tukey HSD test, p<0.05). 

Mixture treatments appeared to differentially influence taxa richness. The mechanism of 

treatment differences in richness is unresolved, but a major functional difference in alfalfa and 

red clover plots was relative legume abundance. Alfalfa plots had very little legume biomass 

compared to red clover plots and were much more dominated by orchardgrass. We hypothesize 

that this could have resulted in differential abundance of open niches for weeds to exploit. 

MIX
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Effects of harvest management and mixture composition on seedbank community 

composition 

 Seedbank community composition and abundance was not affected by mixture treatment 

(PERMANOVA: p>0.05) but did differ based on the harvest treatments. Specifically, there was 

an interaction between harvest height and harvest frequency (PERMANOVA: p=0.001). 

Pairwise comparisons indicated the 3x5cm harvest treatment was different from the three other 

harvest groups (Fig. 2.4). This agrees with previous findings that grazing and mowing 

management history affect the community composition of the weed seedbank (Sanderson et al. 

2014, Sanou et al. 2018). None of the three other treatment groups were different from one 

another. 
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Fig. 2.4. NMDS ordination of species response in the weed seedbank using relative 
abundance data. Points represent experimental plots and are color coded with harvest 
treatment. Minimum stress of the best solution was 0.134 with three dimensions included. 
Biplots are environmental variables (VWC, volumetric water content) and community 
summary variables (clockwise: monocot.percent, percent of the germinable seedbank that 
was monocots; perennial.percent, percent of the germinable seedbank that was 
perennials; seedlings, total seedbank abundance; tot.legacy, abundance of legacy seeds in 
the seedbank; comm.R, germinable seedbank richness; comm.H, seedbank diversity 
using Shannon’s Diversity Index) that were significantly correlated with ordination axes. 
Biplot vector lengths are scaled to correlation coefficient.  

Ordination axis 1 was correlated with variation in total abundance, total legacy seeds, and 

VWC, while axis 2 was associated with richness, H, percent monocots, and percent perennials 

represented in the weed seedbank. 

Five weeds were detected in the soil seedbank that were not detected in aboveground 

biomass in 2021 (most recent harvest year): A. retroflexus, C. album, Persicaria maculosa, P. 

oleracea, and Veronica spp. These were all considered “legacy species” under the assumption 

that their seeds are in the seedbank due to seed inputs prior to the experiment. P. oleracea and 
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Veronica spp. are included even though they are mat-forming species that could have evaded 

biomass sampling at 5 and 10 cm, because they were detected in aboveground weed biomass in 

previous years but not in 2021. 

Indicator species were detected in the seedbanks of the 5x5cm and 3x5cm treatments. M. 

verticillata (p=0.008, IV=59.3) and C. vulgatum (p=0.099, IV=63.6) were associated with the 

5x5cm treatments. P. oleracea (p=0.051, IV=58.6) and Silene alba (Mill.) E.H.L. Krause 

(p=0.047, IV=62.7) were both associated with the 3x5cm treatments. M. verticillata, C. 

vulgatum, and P. oleracea are mat-forming and set seed close to the soil surface, whereas S. alba 

at its maturity stands from 30-100cm tall (Uva et al. 1997). Viewed within a community 

assembly framework (e.g., Booth and Swanton 2002), these results suggest that harvest intensity 

may act as a relatively weak filter on species traits related to stature, favoring species in the 

community that set seed close to the ground, thereby evading harvest. Conversely, in less 

intensely harvested plots the defoliation regime enabled a more generalist (in terms of growth 

form and positioning of reproductive structures) weed community. No significant indicator 

species were detected for any mixture treatments (ISA: p>0.05), suggesting that despite 

significant differences in taxa richness among mixture treatments, legume species-specific 

factors may not be meaningful community filters under the time scales encompassed in this 

study. 

Relationships between weed seed bank density and weed biomass from previous 

harvests 

We assessed the relationship between germinable weed seed bank density and the weed 

biomass in the harvested plant community compiled over the three years of the study. Regression 
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analysis indicated that seedbank densities were positively related with the biomass of weeds in 

the harvested plant material. Seedbank density was higher where more weed biomass was 

harvested across years (R2= 0.09, p=0.006) (Fig. 2.6). We also assessed this relationship within 

each of the four harvest treatments. 

 

    

Fig. 2.5. Linear regression of germinable seedbank density by total weed biomass. Each 
of the four harvest treatments is shown in color. While the overall relationship (black) 
was significant (R2= 0.09, p=0.006), the relationship was driven by the 3x10cm (red) 
treatment group (R2= 0.25, p=0.01). 

The relationship was driven by the 3x10cm harvest treatment group (R2= 0.25, p=0.01), 

while the other three treatment groups with more intense harvest did not show a significant 

relationship between overall weed biomass and germinable seedbank density. This could be 

because weeds did not have the chance to shed seed as readily as they did in less intensely 

managed plots. Further work is needed to investigate the role of weedy plant height in seed input 
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in a harvested field. Of the ten most abundant species in the seedbank in this study, five shed 

seed at ~30 cm or lower (Uva et al. 1997). Short weeds could make seeds more readily than tall 

weeds when defoliation is occurring at 5 cm or 10 cm. This result provides further evidence that 

the aboveground plant community drives seedbank community assembly, and reiterates what 

farmers already know: a weedier field produces a weedier seedbank. 

Seedbank abundance relationship to orchard grass and legume crop biomass 

Weed seedbank abundance was higher where more orchard grass biomass was harvested 

across years (R2=0.065, p=0.02) and where less legume biomass was harvested in the year 2019 

(R2= 0.08, p=0.011), though it is worth highlighting that these correlations are relatively weak. 

Further, the above listed relationships likely are not causal but point toward other drivers of 

seedbank dynamics. The orchard grass biomass pattern follows the weed biomass by seedbank 

abundance trend (similar R2 across all four treatments), indicating that this relationship could 

have more to do with the productivity on a plot level than with a crop/seedbank relationship. The 

legume biomass relationship could be because in the establishment year, plots with less 

established and successful legume biomass would have been less weed suppressive. 

Density of the 2022 weed seedbank was unrelated to overall crop biomass harvested, 

which was unexpected based on previous evidence that dense perennial cover is more weed 

suppressive and provides more favorable habitat for decomposers and seed predators (Sias et al. 

2021). Density of the 2022 weed seedbank was unrelated to overall legume biomass harvested, 

or to the ratio of orchard grass to legume biomass harvested, a coarse proxy for crop C:N. 

Our study shows that perennial weeds are more associated with the seedbank of more 

intensely harvested treatments, while less intense harvest results in more legacy seeds. Previous 
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work has shown that reduced tillage systems often increase perennial weed presence (Blackshaw 

et al. 1994, Entz et al. 2002, Peigné et al. 2007), and our work is consistent with evidence that 

weed communities shift to grasses against broadleaves when in a perennial grass dominated 

system (Duchene et al. 2023). Our treatments may be differentially favoring a shift to a perennial 

weed dominated seedbank with repeated mowing because removal of aboveground biomass 

reduces annual weed fitness disproportionately.  

Because we are not seeing overall differences in abundance, either differential input and 

seed death are occurring that offset eachother’s effects, or else seedbank processes among 

treatments are equivalent. Because legacy seed abundance and total seedbank abundance are 

both correlated with NMDS axis 1, we hypothesize that the weed seedbank in this system overall 

is being reduced over time. Further investigation is required to explore how specific seedbank 

processes relate to the observed treatment variations. Our current understanding of weed 

seedbank processes hampers the development of targeted seedbank management strategies, but 

investigating the role of field management on seedbank processes including specific mechanisms 

of seed death and seed input and their relative importance could aid in developing seedbank 

management strategies that consider optimal weed seed fates. 
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CONCLUSIONS 

This work provides further evidence that cropping system management acts as a filter on 

weed community assembly (Menalled et al. 2001, Smith and Mortensen 2017). We showed that 

in a perennial forage system, the frequency and height of harvest impact the composition of the 

germinable seed bank. However, these factors seem to be relatively weak filters on the 

community assembly of the weed seed bank.    

We showed that certain weed species are more likely to thrive under more frequent and 

shorter harvest, and these species share a similar characteristic of low stature. Managers 

grappling with problematic mat-forming weeds and rotating into perennial forage for weed 

suppression may be wise to opt for a less intense harvest height and schedule, whereas managers 

aiming to reduce abundance of problematic tall annuals such as C. album and A. retroflexus may 

wish to employ a more aggressive forage harvest approach. 

We sought to determine the degree to which we can manipulate harvest management and 

the composition of forage species to enhance belowground weed suppression in perennial forage 

systems, whether integrated into annual row crop rotations or otherwise. Based on the findings of 

this study, the potential for such manipulation to produce biologically meaningful outcomes may 

be somewhat limited. The treatments tested in this study did not differentially affect seedbank 

abundance in perennial forage systems. Further exploration in this area is needed to identify 

contexts where such an approach would be worthwhile to growers. 

 



 
22 

 

CHAPTER THREE: 
Harvest intensity and composition of a perennial forage affect decay of 

indicator plant material and the fates of viable velvetleaf (Abutilon 
theophrasti) seeds 

 

INTRODUCTION 

Perennial forage cropping systems, namely hayfields and pastures, may enhance 

biological mechanisms of weed suppression and reduce input needs relative to conventional 

annual cropping systems (Davis et al. 2012, Schipanski et al. 2017, Smith and Mortensen 2017). 

In perennial forage systems, plant material is regularly removed from the field by grazing 

animals or by mowing. Rotation from annual crops to perennial cover can be used as a weed 

management tool in low-input and reduced tillage systems. Despite evidence that perennial 

forage crops can foster improved weed suppression through various biological mechanisms, it is 

unknown the degree to which forage management practices such as harvest intensity and species 

selection may mediate these effects.  

Developing soils that promote microbial decay of weed seeds death could aid 

significantly in sustainable weed management (Chee-Sanford et al. 2006, Davis 2007, Gallandt 

et al. 2004, Müller-Stöver et al. 2016). Under this framework, cropping systems can be managed 

to enhance microbial and macrofaunal communities that decompose and predate weed seeds, 

reducing weed seed bank abundance (Gallandt et al. 2005, Kremer 1993, Mohler et al. 2018). 

Weed seed decay has been shown to be influenced by management history and subsequent 
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variation in the microbial decomposer community (Davis et al. 2006) and related parameters 

such as seed burial depth (Benvenuti et al. 2001), soil temperature (Davis et al. 2005), soil 

moisture (e.g. Mickelson and Grey 2006, Schafer and Kotanen 2003), and soil nutrient content 

for some species of weeds (Davis 2007). 

Recent literature has called for an improved understanding of the relative importance of 

weed seed fates (e.g., predation, fatal germination, and decay) and their underlying mechanisms 

(Geddes 2021). Much of the existing research on weed seed viability loss has not separated 

losses by mechanisms of seed death. The few studies that have attempted to quantify the relative 

importance of different seed fates have found variable results. For example, Gallandt et al. 

(2004) investigated fates of the problematic weed wild oat (Avena fatua L.) and found that minor 

field seedbank decline was due to microbial decay when compared to fatal germination. In 

contrast, Davis et al. (2006) found that seedbank decline of both giant foxtail (Setaria faberi 

Herrm.) and velvetleaf (Abutilon theophrasti Medik.) were linked to field management history 

and microbial community composition. Lastly, factors such as increased nitrate availability (such 

as after incorporation and decomposition of legume crop residue or after addition of nitrate 

fertilizer) can promote seed germination in some weed species (Fawcett and Slife 1978). Effects 

promoting germination can therefore increase fatal germination can make it difficult to 

distinguish fatal germination from other fates such as seed decay or predation that may also lead 

to reduced weed emergence.  Resolving the underlying mechanisms of seed mortality and 

quantifying their relative contribitions are crucial steps toward clarifying unknowns in the field 

of sustainable weed management. 
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While previous research has demonstrated that perennial forage crops can lead to 

substantial reductions in weed abundance and the need for chemical control practices when 

integrated into annual crop rotations (Davis et al. 2012), little is known about the mechanisms 

underpinning these responses or the degree to which forage crop management decisions may 

contribute to the relative weed suppressiveness of these systems. Especially unclear is whether 

forage crop management may influence the degree to which weed seeds decompose in the soil. 

Considering our findings that perennial crop harvest intensity affects seedbank community 

composition (Chapter 2), our objective was to explore the mechanisms underlying this difference 

by quantifying seedbank decay. We investigated how perennial forage crop mixture composition 

and harvest intensity treatments influenced the overwinter survival and viability of seeds of a 

common annual weed species, A. theophrasti. We also examined forage management treatment 

effects on soil organic matter decay more broadly with cellulose cards that were buried at the 

same time as the velvetleaf seeds.  

We expected greater seed and cellulose decay in less intensely harvested (more frequent 

harvests and shorter stubble) treatments because of the associations between more dense plant 

cover and soil temperature, moisture, and microbial decay. We also expected greater seed decay 

in mixture treatments with greater relative aboveground legume abundance because of the 

previously observed link between N availability and A. theophrasti decay (Davis 2007) and 

because of belowground differences in N and C:N previously observed within this field 

experiment (Teixeira et al. 2023). We hypothesized there would be a positive relationship 

between A. theophrasti seed viability loss and cellulose mass loss, due to previous literature 

demonstrating a strong relationship between decay of native plant material and experimentally 

buried cellulose  (e.g. Kurka 1999). By examining the effect of perennial forage management on 
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weed seed decay, we aimed to provide insight into the potential of managing perennial forages to 

create weed-suppressive soils. 

 

MATERIALS AND METHODS 

Study site 

We conducted this research on ancestral Pennacook, Abenaki, and Wabanaki land. A 

field experiment was conducted at the University of New Hampshire Kingman Research Farm in 

Madbury, New Hampshire (43.17°N, -70.94°W). Soils at the site are Charlton fine sandy loams 

with 3 to 8% slopes (Soil Survey Staff 2022). Prior to the establishment of the experiment, the 

site was in mixed production of cover crops and small fruit for eight years and conventional 

cucurbits prior to 2010. 

Experimental field design 

The experiment was established on 8 August 2018 and involved four perennial legume-

grass mixtures harvested either three or five times per year and cut to either 5 or 10 cm residual 

forage height. Harvest frequency, harvest height, and mixture composition treatments were 

arranged in a 2 by 2 by 4 factorial in a randomized complete block design with a split plot. 

Whole-plot factors were each combination of harvest frequency and cutting height. Mixture 

treatments were applied to subplots. All mixtures included orchardgrass (Dactylis glomerata L.) 

and one or more perennial forage legume species. Plots were harvested by mowing and removal 

of biomass with an RCI 36A small plot research harvester (RCI Engineering LLC, Mayville, 

WI). Plots harvested five times per season were harvested on an approximate 30-day interval, 
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while plots harvested three times per season were timed to optimize stand quality and 

productivity: the first harvest occurred when orchardgrass was at the swollen boot stage, and the 

second and third harvests occurred at pre-to early-bloom stages of legume species. The plots 

were initially harvested together each year in late May or early June, after which the 3x/year 

harvests continued until September and the 5x/year harvests continued until October. Subplots 

were four levels of mixture composition (described below) and were 2.29 m by 6.10 m. (Fig. 

2.1). Total seeding rate was 1,076 pure live seeds per square meter. Pure live seed proportions of 

the grass and legumes were: 

1. 30% orchard grass, 70% alfalfa (Medicago sativa L.);  

2. 30% orchard grass, 70% red clover (Trifolium pratense L.);  

3. 30% orchard grass, 70% white clover (Trifolium repens L.);  

4. 30% orchard grass, 17.5% red clover, 17.5% bird’s foot trefoil (Lotus corniculatus 

L.), 17.5% alfalfa, 17.5% white clover. 

Abutilon theophrasti seed burial 

Viable A. theophrasti seeds and cellulose cards were buried in experimental plots on 3 

and 4 November 2022. Abutilon theophrasti was chosen because it is an annual weed that is 

common in the region, it has been used in previous research investigating weed seed decay (e.g. 

Davis 2007, Davis et al. 2008, Schutte et al. 2008, Schutte et al. 2010), and its seeds are easily 

identifiable. While A. theophrasti is not a problematic weed in perennial forages, it was chosen 

for its utility as a model weed seed rather than for its relevance to the system. Further, A. 

theophrasti relies on physical seed protection for persistence in the soil and is therefore 

vulnerable to physical damage to the seed coat (Davis et al. 2008). 
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Seeds from a single well-mixed and viable lot were sterilized with a solution of 1% 

NaClO and 1% Tween surfactant in DI water (Van Mourik et al. 2005), rinsed with DI water, 

and fan-dried before burial. Two subsamples of 50 seeds each were buried per subplot in nylon 

mesh bags to exclude seed input and macrofaunal seed predation while maintaining access by the 

soil microbial community. Bags were buried in each subplot between plants, laid flat at 5 cm 

depth with soil layers maintained. Germination was predominantly discouraged by burying seeds 

in the fall when soil temperatures had dropped below A. theophrasti’s preferred germination 

range and by burying at the maximum of A. theophrasti’s preferred germination depth. Burial at 

5 cm also maximizes relevance of this study to reduced tillage systems where the seedbank is 

closer to the soil surface. 

Three indicator bags intended to monitor potential late-season germination were buried 

outside of the experimental units at the same time seed bags were buried in the experimental 

plots. These bags were recovered on 16 November and indicated that 3, 4, and 3 seeds had 

germinated over the 12 to 13-day period since they were buried. Indicator bags were then 

reburied. Additionally, five control replications of 50 seeds each were stored in mesh bags at 4.2° 

C for the duration of the burial experiment. Indicator bags were monitored in April 2023 so as to 

ensure the experimental seed bags were recovered from the field prior to the onset of seed 

germination. Seed bags were recovered on 14 April 2023. Viability of seeds recovered from the 

bags was tested with medium forceps pressure (“crush test,” e.g. Davis 2007, Warnes and 

Andersen 1984). Crush tests and tetrazolium redox indicator tests are the primary viability 

measures for unimbibed seeds, each carrying potential for some nonviable seeds to be classified 

as viable. For velvetleaf seed lots with a “narrow range of viability” as defined by Sawma and 

Mohler (2002), the results of the two methods are not statistically different. Seeds that were 
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brittle, easily crushed, or not intact were classified as nonviable. Intact (unimbibed and firm) 

seeds were classified as viable and “firm.” Individuals with emerged radicals and imbibed 

individuals which presented a radical upon light pressure were classified as viable and 

“germinated.” Categorized seeds of the two subsample bags in each subplot were averaged and 

considered as one observation per category per subplot. Viability remaining was calculated as 

(firm seeds plus germinated seeds) divided by 50 intial viable seeds. 

Cellulose card burial 

Cellulose card decomposition is an indicator of decomposition activity; soils with greater 

microbial cellulolytic decomposer activity will also have greater decomposition of plant-based 

materials (e.g. Concheri et al. 2018). Previous work has shown a significant positive correlation 

between mass loss of cellulose strips or cards, local cellulose litter, and basal respiration of the 

local soil (e.g. Kurka 1999).  

Cellulose cards (2.6 cm2) were weighed, sterilized, rinsed, and dried before burial. Two 

cards were buried per subplot in the same nylon bags as the seeds mentioned above but separated 

by a seam in the bags to create independent compartments shared by experimental units. Cards 

were recovered on April 14, 2023, washed with water, oven-dried, and weighed. Proportion mass 

remaining was calculated as remaining mass divided by initial mass, averaged across 

subsamples. All remaining mass averages were nonzero values and the data were usable for 

analysis. 
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Soil moisture sampling 

 Volumetric water content of soil (%) in each experimental unit was measured 27 

September 2022 with a Field Scout TDR probe (Spectrum Technologies Inc., Aurora, IL) in 

order to provide supplementary snapshot data on an important environmental variable. This was 

immediately prior to the last 5x cut of the season and before seed and card burial, targeting a 

time in the growing season when greater aboveground biomass variations may enhance the 

likelihood of detecting a wide range of VWC representation. 

Statistical Analysis 

Seed viability and card mass data were tested for normality with Shapiro-Wilks test and 

for homogeneity of variance with Levene’s Test. We used a factorial analysis of variance 

(ANOVA) to test for differences in weed seedbank density, species richness, and H. The model 

included mixture composition, harvest frequency, and cutting height as fixed effects, with all 

possible two-way and three-way interactions considered, and with block as a random effect. The 

three-way interaction between block and the two main plot factors were specified as the error 

term in the model (Appendix C). Where a significant difference was detected, means separation 

was conducted using Tukey’s Honestly Significant Difference where ɑ = 0.05. Linear regression 

was used to assess the relationship between seed viability loss and card mass loss and between 

each of those measures and soil moisture. Proportion data were arcsine transformed when 

necessary to manage a right-skewed distribution. All statistical analyses were carried out in R v. 

4.1.2 (R Core Team 2022). 
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RESULTS AND DISCUSSION 

Effect of harvest intensity on velvetleaf seed decay, germination, and viability 

Across the experiment, 61.2% of seeds were still firm and 3.8% were germinated for a 

combined 65% of individuals still “viable,” leaving 35% of the buried seeds presumed dead (by 

difference). In the refrigerated control group, 99.6% of seeds were firm, 0.4% decayed, and none 

were germinated. Percent viable, percent dead, and percent firm were not different among 

harvest treatments or mixture treatments (ANOVA: p>0.05, arcsine transformation applied to 

manage a right-skewed distribution).   

However, there was a harvest height/harvest frequency interaction effect on germinated 

seeds (ANOVA: p=0.04). Germinated seeds were more common in 3x5cm plots than in the other 

3 treatment combinations by about 125% (Figure 3.1). 
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Fig. 3.1. Percent germinated seeds by harvest treatment. Bold lines are median and boxes 
are interquartile range. Bars with different letters are significantly different (Tukey HSD 
test p<0.05). 

These results suggest that forage harvest practices may influence the germination rates of 

some weed species; however, the mechanism driving these treatment differences is unclear. 

There could have been treatment differences in soil temperature, plant residue, and light 

penetration which were not measured in this work. Teixeira et al. (2023) investigated several soil 

chemical and biological parameters in these experimental plots, focusing on soil organic carbon, 

nitrogen, and extracellular enzymes, and found that harvest height did not affect any of these 

variables, but greater harvest frequency was associated with greater permanganate oxidizable 

carbon, particulate organic carbon, mineral- associated organic carbon, and greater activity of β-

glucosidase and cellobiohydrolase.  
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A possible limitation of our study was that buried A. theophrasti seeds included both 

germinable and dormant seeds. Seed mortality experiments allow for more precise measurement 

of decay when only persistent seeds (capable of remaining ungerminated in a dormant state) are 

buried. Nondestructive testing methods for viable seeds with physical seed dormancy, such as A. 

theophrasti, allow for exclusion of easily germinable seeds in burial (Schutte et al. 2010). Fatal 

germination may contribute to variability in our viability loss data because of buried seeds that 

were easily germinable (not dormant). While outcome of this study may have been marginally 

more precise had persistence testing been employed before burial, the very few seeds that could 

have germinated and died before bag recovery are not meaningfully affecting our results: we 

used linear regression to assess the relationship between germinated seeds and viability loss and 

found none, so our treatment differences in viability loss are not attributed to fatal germination.  

Harvest frequency and mixture influenced cellulose decay 

Cellulose decay was affected by the interaction of harvest frequency and mixture 

treatment (ANOVA: p=0.034, Fig. 3.2) but not by harvest height (ANOVA: p>0.05). In red 

clover and white clover subplots, cellulose card mass was 43% and 86% greater in plots cut 5x 

per year compared to those cut 3x.   
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Fig. 3.2. Percent of buried cellulose card mass remaining by harvest frequency and 
mixture treatment. Mixture treatments are ALF, alfalfa-orchardgrass; RC, red clover-
orchardgrass; WC, white clover-orchardgrass; and MIX, alfalfa-red clover-white clover-
bird’s foot trefoil-orchardgrass. Plots harvested more frequently had more card mass 
remaining at the end of the burial period when in RC and WC subplots (p=0.034). Bold 
lines are median and boxes are interquartile range. Bars with different letters are 
significantly different (Tukey HSD, p<0.05). 

Our hypothesis that cellulose decomposition would be greater in less frequent and higher 

harvest was partially supported. This could have been due to microenvironment differences 

resulting from more biomass cover. In this experimental system, soil organic C pools and C-

degrading enzyme activity were affected by defoliation frequency (Teixeira et al. 2023), where 

β-glucosidase and cellobiohydrolase activity, considered indicators of microbial activity, were 

higher in 5x/year soil. Teixeira et al. hypothesize that forages in 5x/year plots stimulated 

MIX
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microbial activity by exuding more C into the soil and resulting in a larger TOC pool. Hence, it 

is unexpected that cellulose card mass remaining would be greatest in 5x/year plots.  

Cellulose mass loss, as demonstrated in previous studies that link greater card decay with 

native plant material decay, is a coarse measurement of microbial activity, and its scope of 

inference has been criticized (Howard 1988), though it has continued to be used in peer reviewed 

publications over decades (Kurka 1999). However, this work brings the method further into 

question, as patterns in cellulose mass loss did not align with the more direct measurement, being 

cellobiohydrolase activity (Teixeira et al. 2023). 

Velvetleaf seed viability loss was unrelated to cellulose mass loss 

 The average burial bag had 63.2 ± 0.03% card mass loss. Our hypothesis that seed decay 

and card mass loss would be correlated was not supported by regression analysis. These findings 

suggest that the decay of cellulose cards and the loss of A. theophrasti seed viability are 

unrelated and are mediated by different environmental parameters. Cellulose card burial is often 

used as a proxy for cellulolytic decomposer activity. These findings suggest that cellulose decay 

may a less appropriate supporting variable when investigating decay of viable seeds, which have 

more complicated death and decay processes when compared to other cellulose-based detritus.  

Mixture treatment did not influence velvetleaf seed decay  

Velvetleaf seed decay and remaining viability were not different among mixture 

treatments. This was unexpected due to previous evidence that A. theophrasti decay is associated 

with lower soil C:N (Davis 2007), and the findings by Teixeira et al. (2023) that in the red 

clover/orchardgrass and the alfalfa/orchardgrass subplots studied here, mixture composition 



 
35 

affected hot water extractable C, N, and C:N. It is possible that the differences in soil chemistry 

and biology among mixture treatments were not great enough to see a difference in A. 

theophrasti decay. Because all aboveground forage biomass was removed at harvest in this 

system, the soil chemical effects of legume decomposition on or in the soil were dramatically 

reduced. Therefore, it is possible that the effects of different crop species production may have 

been minimized in this study. 

Soil volumetric water content was correlated to cellulose card mass loss 

Volumetric water content from fall 2022 was weakly correlated with cellulose card mass 

remaining (R2=0.06, p=0.02). This weak relationship suggests that while there was treatment 

variation in soil moisture, this correlation had minimal effects on the outcome of the study. VWC 

was significantly greater in 5x and 5 cm plots than 3x and 10 cm plots. VWC was not correlated 

with viability loss of velvetleaf seeds, which was unexpected due to moisture-limitation in 

microbial decomposers (Schafer and Kotanen 2003, Mickelson and Grey 2006).  A limitation of 

our study was that soil VWC was measured only on one day as a supporting environmental 

variable. Our findings could differ had VWC been routinely sampled, and/or soil water retention 

characteristics been measured (e.g. water holding capacity). Future work is needed to effectively 

pursue these relationships. 

 

CONCLUSIONS 

Our results suggest that management of a perennial forage system does not influence 

decomposition of A. theophrasti, at least not in the time scale studied here or to an extent that 
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may be biologically meaningful for agroecosystem managers. Manipulating harvest height, 

frequency, and mixture treatment did not affect seed death of A. theophrasti, though the percent 

of seeds that germinated was relatively greater in the 3x10cm treatment when compared to the 

other three harvest regimes. Further research is needed to understand the mechanisms of seed 

death in these systems and the potential impacts of a wider range of harvest regimes on weed 

seed fates. 

No differences were observed in seed viability loss among different forage crop mixture 

treatments. Choice of forage crop composition may not have a direct influence on seed viability 

loss, or the range of mixture treatments in this study may not have been sufficient to capture 

potential variations in decay processes. Findings could differ in systems where biomass is not 

removed from the field after harvest, or where animals are grazing and returning fertility. 

We observe that the decay of cellulose material in the soil was influenced by the 

interaction of forage harvest frequency and forage legume mixture. Greater harvest frequency 

(5x) was associated with more remaining card mass compared to less frequent harvest (3x) when 

in plots with red clover/orchardgrass and white clover/orchardgrass bicultures. Cellulose decay 

was also associated with greater soil volumetric water content. Card decay is a rough proxy for 

cellulolytic decomposer activity, but our hypothesis that card mass loss would be related to weed 

seed viability loss was not supported. Using cellulose decay as a proxy for overall decomposition 

activity has limitations and should be interpreted with caution.  This study demonstrates that the 

mass loss of cellulose cards may be an inappropriate supporting measurement for A. theophrasti 

seed decay in the field.  
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While promoting microbial decay of weed seeds could be a promising approach in 

sustainable weed management, focusing management decisions on decay may not be an effective 

primary strategy for seedbank remediation in perennial forage systems like the one studied here. 

Further investigation is needed to unravel the mechanisms underlying seed mortality and to 

target development of weed-suppressive soils in perennial forage and rotation systems.  
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CHAPTER FOUR: 
Conclusions 

 

Research that focuses on finding nonchemical methods to manage weeds in reduced-

tillage production systems has the potential to achieve two important goals: it can both increase 

the adoption of reduced tillage practices by providing effective weed management strategies that 

do not rely heavily on herbicides, and it can help minimize the use of herbicides in production 

systems that already employ reduced tillage, thus reducing the selection pressure for herbicide 

resistance in weeds (Brainard et al. 2013). 

A guiding hypothesis of this work was that perennial forage management could be 

manipulated to improve the weed suppression potential via seedbank processes. Rotation to 

perennial cover is used as a weed management tool in low-input and no-till systems, which tends 

to reduce weed pressure in the following crop and shift weed community composition (Entz et al. 

2002). Integrating both annual and perennial crops into organic systems has been shown to 

reduce annual weed pressure.  We saw effects of forage management on seedbank community 

composition and differences in experimentally buried seed germination and cellulose decay. 

Overall seedbank abundance did not differ among experimental treatments tested here. This 

leads us to believe that cultural intervention on the weed seedbank with targeted management 

(harvest or species selection) practices is not quite enough to meaningfully drive the weed 

seedbank situation. With our A. theophrasti burial study, we also found that producers may 

manage fields for greater harvest intensity without a tradeoff on seedbank decay.  
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Interestingly, the seed viability and cellulose card data from chapter 3 are significantly 

correlated with NMDS axis 1 from chapter 2 (Fig. 4.1), indicating that microbial decay could be 

a predictor of seedbank community composition.  

 

Figure 4.1. NMDS ordination of species response in the weed seedbank using relative 
abundance data (chapter 2) where chapter 3 results are included in environmental biplot. 
Points represent experimental plots and are color coded with harvest treatment. Minimum 
stress of the best solution was 0.134 with three dimensions included. Biplots are 
environmental variables (VWC, volumetric water content), community summary 
variables (clockwise: monocot.percent, percent of the germinable seedbank that was 
monocots; perennial.percent, percent of the germinable seedbank that was perennials; 
seedlings, total seedbank abundance; tot.legacy, abundance of legacy seeds in the 
seedbank; comm.R, germinable seedbank richness; comm.H, seedbank diversity using 
Shannon’s Diversity Index), and chapter 3 findings (viability.remaining, percent buried 
seeds that were still living after burial; card.remaining, percent card mass remaining after 
burial) that were significantly correlated with ordination axes. Biplot vector lengths are 
scaled to correlation coefficient.  

Our community composition findings could guide management decisions for those 

grappling with a very specific weed community. We found that some species sharing similar 

traits favored intense management practices. Mat-forming weed species seemed to be selected 
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for in more intensely harvested treatments. Were a grower rotating a field into perennial forage 

as a weed management strategy for a problematic weed community dominated by a mat-forming 

species, it may behoove them to harvest less frequently or leaving a shorter stubble.  

Interestingly, the factor with the greatest effect throughout our work was the block in our 

experimental field. In other words, the overriding effect for germinable weed seedbank 

abundance and community was the position in the field landscape. This agrees with previous 

work demonstrating that edaphic factors may drive seedbank community composition moreso 

than management (Lowry et al. 2021). If the strongest filter on the weed seedbank community is 

location in the field, that suggests that the legacy effect of the seedbank matters much more than 

management decisions. However, it is essential to recognize the impact of management decisions 

on the expressed aboveground weed community, a critical consideration for growers. To achieve 

effective weed suppression, our community composition findings can guide targeted 

management practices tailored to specific weed communities.  



 
41 

LIST OF REFERENCES 

Anderson MJ (2001) Permutation tests for univariate or multivariate analysis of variance and 
regression. Canadian Journal of Fisheries and Aquatic Sciences 58:626–639 

Baucom RS (2019) Evolutionary and ecological insights from herbicide‐resistant weeds: what 
have we learned about plant adaptation, and what is left to uncover? New Phytologist 
223:68–82 

Benvenuti S, Macchia M, Miele S (2001) Quantitative analysis of emergence of seedlings from 
buried weed seeds with increasing soil depth. Weed Sci 49:528–535 

Booth BD, Swanton CJ (2002) Assembly theory applied to weed communities. Weed Sci 50:2–
13 

Bradshaw L, Lanini WT (1995) Use of perennial cover crops to suppress weeds in Nicaraguan 
coffee orchards. Int J Pest Manag 41:185–194 

Brainard DC, Haramoto E, Williams MM, Mirsky S (2013) Towards a No-Till No-Spray Future? 
Introduction to a Symposium on Nonchemical Weed Management for Reduced-Tillage 
Cropping Systems. Weed Technology 27:190–192 

Chee-Sanford JC, Williams MM, Davis AS, Sims GK (2006) Do microorganisms influence 
seed-bank dynamics? Weed Sci 54:575–587 

Concheri G, Tiozzo S, Stevanato P, Morari F, Berti A, Polese R, Borin M, Squartini A (2018) 
Fertimetro, a Principle and Device to Measure Soil Nutrient Availability for Plants by 
Microbial Degradation Rates on Differently-Spiked Buried Threads. Soil Syst 3:3 

Dalling JW, Davis AS, Schutte BJ, Elizabeth Arnold A (2011) Seed survival in soil: interacting 
effects of predation, dormancy and the soil microbial community. Journal of Ecology 
99:89–95 

Davis AS (2007a) Nitrogen Fertilizer and Crop Residue Effects on Seed Mortality and 
Germination of Eight Annual Weed Species. Weed Sci 55:123–128 

Davis AS (2007b) Nitrogen Fertilizer and Crop Residue Effects on Seed Mortality and 
Germination of Eight Annual Weed Species. Weed Sci 55:123–128 

Davis AS, Anderson KI, Hallett SG, Renner KA (2006) Weed seed mortality in soils with 
contrasting agricultural management histories. Weed Sci 54:291–297 

Davis AS, Cardina J, Forcella F, Johnson GA, Kegode G, Lindquist JL, Luschei EC, Renner KA, 
Sprague CL, Williams MM (2005) Environmental factors affecting seed persistence of 
annual weeds across the U.S. corn belt. Weed Sci 53:860–868 



 
42 

Davis AS, Hill JD, Chase CA, Johanns AM, Liebman M (2012) Increasing Cropping System 
Diversity Balances Productivity, Profitability and Environmental Health. PLoS One 
7:e47149 

Davis AS, Schutte BJ, Iannuzzi J, Renner KA (2008) Chemical and Physical Defense of Weed 
Seeds in Relation to Soil Seedbank Persistence. Weed Sci 56:676–684 

Donald WW (2006) Mowing for weed management. Pages 357–400 in Handbook of sustainable 
weed management. CRC Press 

Duchene O, Bathellier C, Dumont B, David C, Celette F (2023) Weed community shifts during 
the aging of perennial intermediate wheatgrass crops harvested for grain in arable fields. 
European Journal of Agronomy 143:126721 

Dufrêne M, Pierre Legendre (1997) Species assemblages and indicator species: the need for a 
flexible asymmetrical approach. Ecol Monogr 67:345–366 

Entz MH, Baron VS, Carr PM, Meyer DW, Smith SR, McCaughey WP (2002) Potential of 
Forages to Diversify Cropping Systems in the Northern Great Plains. Agron J 94:240–250 

Farooq N, Abbas T, Tanveer A, Jabran K (2020) Allelopathy for Weed Management. Pages 505–
519 in Co-evolution of Secondary Metabolites. Springer 

Fawcett RS, Slife FW (1978) Effects of Field Applications of Nitrate on Weed Seed Germination 
and Dormancy. Weed Sci 26:594–596 

Forcella F, Eradat-Oskoui K, Wagner SW (1993) Application of Weed Seedbank Ecology to 
Low-Input Crop Management. Ecological Applications 3:74–83 

Gallandt ER, Fuerst EP, Kennedy AC (2004) Effect of tillage, fungicide seed treatment, and soil 
fumigation on seed bank dynamics of wild oat (Avena fatua). Weed Sci 52:597–604 

Geddes CM (2021) Burial Environment Drives Seed Mortality of Kochia (Bassia scoparia), 
Wild Oat (Avena fatua), and Volunteer Canola (Brassica napus) Irrespective of Crop 
Species. Plants 10:1961 

Gilmullina A, Rumpel C, Blagodatskaya E, Chabbi A (2020) Management of grasslands by 
mowing versus grazing – impacts on soil organic matter quality and microbial functioning. 
Applied Soil Ecology 156:103701 

Gross KL, Renner KA (1989) A New Method for Estimating Seed Numbers in the Soil. Weed 
Sci 37:836–839 

Haines A, Farnsworth EJ, Morrison G (2011) New England Wild Flower Society’s Flora Novae 
Angliae. New England Botanical Club, Inc. 



 
43 

Hamilton EW, Frank DA, Hinchey PM, Murray TR (2008) Defoliation induces root exudation 
and triggers positive rhizospheric feedbacks in a temperate grassland. Soil Biol Biochem 
40:2865–2873 

Harper JL (1957) Ecological Aspects of Weed Control. Outlook Agric 1:197–205 

Helgason BL, Walley FL, Germida JJ (2009) Fungal and Bacterial Abundance in Long-Term 
No-Till and Intensive-Till Soils of the Northern Great Plains. Soil Science Society of 
America Journal 73:120–127 

Ilnicki RD, Enache AJ (1992) Subterranean clover living mulch: an alternative method of weed 
control. Agric Ecosyst Environ 40:249–264 

Kennedy AC, Kremer RJ (1996) Microorganisms in Weed Control Strategies. Journal of 
Production Agriculture 9:480–485 

Köhler H-R, Triebskorn R (2013) Wildlife Ecotoxicology of Pesticides: Can We Track Effects to 
the Population Level and Beyond? Science (1979) 341:759–765 

Kremer RJ (1993) Management of Weed Seed Banks with Microorganisms. Ecological 
Applications 3:42–52 

Kremer RJ, Li J (2003) Developing weed-suppressive soils through improved soil quality 
management. Soil Tillage Res 72:193–202 

Kurka A-M (1999) The use of cellulose strips to study organic matter decomposition in boreal 
forested soils. Boreal Environment Research 6:9-17 6:9–17 

Lechinovski L, Bados M, Rosa J, Moda DB, Bueno Krawczyk AC de D (2022) Ecotoxicological 
effects of conventional herbicides and a natural herbicide on freshwater fish (Danio rerio). 
Journal of Environmental Science and Health 57:812–820 

Lehmann J, Bossio DA, Kögel-Knabner I, Rillig MC (2020) The concept and future prospects of 
soil health. Nat Rev Earth Environ 1:544–553 

Li F, Sørensen P, Li X, Olesen JE (2020) Carbon and nitrogen mineralization differ between 
incorporated shoots and roots of legume versus non-legume based cover crops. Plant Soil 
446:243–257 

Liebman M, Gallandt ER, Jackson L (1997) Many little hammers: ecological management of 
crop-weed interactions. Ecology in Agriculture 291–343 

Lowry CJ, Brainard DC, Kumar V, Smith RG, Singh M, Kumar P, Kumar A, Kumar V, Joon 
RK, Jat RK, Poonia S, Malik RK, McDonald A (2021) Weed germinable seedbanks of rice–
wheat systems in the Eastern Indo‐Gangetic Plains: Do tillage and edaphic factors explain 
community variation? Weed Res 61:475–485 



 
44 

Magcale-Macandog D, Ocampo LJM (2005) Indigenous Strategies of Sustainable Farming 
Systems in the Highlands of Northern Philippines. Journal of Sustainable Agriculture 
26:117–138 

Meiss H, Le Lagadec L, Munier-Jolain N, Waldhardt R, Petit S (2010) Weed seed predation 
increases with vegetation cover in perennial forage crops. Agric Ecosyst Environ 138:10–16 

Menalled FD, Gross KL, Hammond M (2001) Weed Aboveground and Seedbank Community 
Responses to Agricultural Management Systems. Ecological Applications 11:1586–1601 

Mickelson JA, Grey WE (2006) Effect of soil water content on wild oat (Avena fatua) seed 
mortality and seedling emergence. Weed Sci 54:255–262 

Mohler CL, Dykeman C, Nelson EB, Ditomasso A (2012) Reduction in weed seedling 
emergence by pathogens following the incorporation of green crop residue. Weed Res 
52:467–477 

Mohler CL, Taylor AG, DiTommaso A, Hahn RR, Bellinder RR (2018) Effects of Incorporated 
Rye and Hairy Vetch Cover Crop Residue on the Persistence of Weed Seeds in the Soil. 
Weed Sci 66:379–385 

Mortensen DA, Egan JF, Maxwell BD, Ryan MR, Smith RG (2012) Navigating a Critical 
Juncture for Sustainable Weed Management. Bioscience 62:75–84 

Van Mourik TA, Stomph TJ, Murdoch AJ (2005) Why high seed densities within buried mesh 
bags may overestimate depletion rates of soil seed banks. Journal of Applied Ecology 
42:299–305 

Müller-Stöver D, Nybroe O, Baraibar B, Loddo D, Eizenberg H, French K, Sønderskov M, Neve 
P, Peltzer DA, Maczey N, Christensen S (2016) Contribution of the seed microbiome to 
weed management. Weed Res 56:335–339 

Murrell EG, Schipanski ME, Finney DM, Hunter MC, Burgess MH, Lachance JC, Baraibar B, 
White CM, Mortensen DA, Kaye JP (2017) Achieving diverse cover crop mixtures: Effects 
of planting date and seeding rate. Agron J 109 

Naylor R, Steinfeld H, Falcon W, Galloway J, Smil V, Bradford E, Alder J, Mooney H (2005) 
Losing the Links Between Livestock and Land. Science 310:1621–1622 

Nikolić N, Squartini A, Concheri G, Stevanato P, Zanin G, Masin R (2020) Weed Seed Decay in 
No-Till Field and Planted Riparian Buffer Zone. Plants 9:293 

Ogle SM, Alsaker C, Baldock J, Bernoux M, Breidt FJ, McConkey B, Regina K, Vazquez-
Amabile GG (2019) Climate and Soil Characteristics Determine Where No-Till 
Management Can Store Carbon in Soils and Mitigate Greenhouse Gas Emissions. Sci Rep 
9:11665 



 
45 

Pakeman RJ, Small JL, Torvell L (2012) Edaphic factors influence the longevity of seeds in the 
soil. Plant Ecol 213:57–65 

Picasso VD, Brummer EC, Liebman M, Dixon PM, Wilsey BJ (2008) Crop Species Diversity 
Affects Productivity and Weed Suppression in Perennial Polycultures under Two 
Management Strategies. Crop Sci 48:331–342 

R Core Team (2022) R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. https://www.R-project.org/ 

Rani L, Thapa K, Kanojia N, Sharma N, Singh S, Grewal AS, Srivastav AL, Kaushal J (2021) 
An extensive review on the consequences of chemical pesticides on human health and 
environment. J Clean Prod 283:124657 

Rhoads AF, Block TA, Anisko A (2007) The Plants of Pennsylvania: an illustrated manual. 2nd 
ed. University of Pennsylvania Press 

Rohr JR, McCoy KA (2010) A Qualitative Meta-Analysis Reveals Consistent Effects of Atrazine 
on Freshwater Fish and Amphibians. Environ Health Perspect 118:20–32 

Rose MT, Cavagnaro TR, Scanlan CA, Rose TJ, Vancov T, Kimber S, Kennedy IR, Kookana 
RS, Van Zwieten L (2016) Impact of Herbicides on Soil Biology and Function. Advances in 
Agronomy 136:133–220 

Sanderson MA, Stout R, Goslee S, Gonet J, Smith RG (2014) Soil seed bank community 
structure of pastures and hayfields on an organic farm. Canadian Journal of Plant Science 
94:621–631 

Sands B, Machado MR, White A, Zent E, Gould R (2023) Moving towards an anti-colonial 
definition for regenerative agriculture. Agric Human Values 

Sanou L, Zida D, Savadogo P, Thiombiano A (2018) Comparison of aboveground vegetation and 
soil seed bank composition at sites of different grazing intensity around a savanna-
woodland watering point in West Africa. J Plant Res 131:773–788 

Sawma J, Mohler CL (2002) Evaluating Seed Viability by an Unimbibed Seed Crush Test in 
Comparison with the Tetrazolium Test. Weed Technology 16:781–786 

Schafer M, Kotanen PM (2003) The influence of soil moisture on losses of buried seeds to fungi. 
Acta Oecologica 24:255–263 

Schipanski ME, Barbercheck ME, Murrell EG, Harper J, Finney DM, Kaye JP, Mortensen DA, 
Smith RG (2017) Balancing multiple objectives in organic feed and forage cropping 
systems. Agric Ecosyst Environ 239:219–227 

Schlautman B, Bartel C, Diaz-Garcia L, Fei S, Flynn S, Haramoto E, Moore K, Raman DR 
(2021) Perennial groundcovers: an emerging technology for soil conservation and the 
sustainable intensification of agriculture. Emerg Top Life Sci 5:337–347 



 
46 

Schutte BJ, Davis AS, Renner KA, Cardina J (2008) Maternal and Burial Environment Effects 
on Seed Mortality of Velvetleaf (Abutilon theophrasti) and Giant Foxtail (Setaria faberi). 
Weed Sci 56:834–840 

Schutte BJ, Haramoto ER, Davis AS (2010) Methods for Optimizing Seed Mortality 
Experiments. Weed Technology 24:599–606 

Sias C, Wolters BR, Reiter MS, Flessner ML (2021) Cover crops as a weed seed bank 
management tool: A soil down review. Italian Journal of Agronomy 16 

Smith RG, Birthisel SK, Bosworth SC, Brown B, Davis TM, Gallandt ER, Hazelrigg A, 
Venturini E, Warren ND (2018) Environmental Correlates with Germinable Weed 
Seedbanks on Organic Farms across Northern New England. Weed Sci 66:78–93 

Smith RG, Gross KL (2006) Rapid change in the germinable fraction of the weed seed bank in 
crop rotations. Weed Sci 54:1094–1100 

Smith RG, Mortensen DA (2017) A Disturbance-based Framework for Understanding Weed 
Community Assembly in Agroecosystems: Challenges and Opportunities for 
Agroecological Weed Management. Pages 127–151 in A Wezel, ed. Agroecological 
practices for sustainable agriculture: principles, applications, and making the transition. 
World Scientific 

Soil Survey Staff (2022) Web Soil Survey https://websoilsurvey.nrcs.usda.gov/app/ 

Tang FHM, Lenzen M, McBratney A, Maggi F (2021) Risk of pesticide pollution at the global 
scale. Nat Geosci 14:206–210 

Teasdale JR, Mangum RW, Radhakrishnan J, Cavigelli MA (2004) Weed Seedbank Dynamics in 
Three Organic Farming Crop Rotations. Agron J 96:1429–1435 

Teixeira C dos S, Castillo BT, Bernhardt L, Warren ND, Petry C, Ernakovich JG, Smith RG, 
Frey SD (2023) Frequent defoliation of perennial legume-grass bicultures alters soil carbon 
dynamics. Plant Soil 1–12 

Uva RH, Neal JC, DiTomaso JM (1997) Weeds of the Northeast. Ithaca: Comstock Publishing 
Associates 

Wang G, Ngouajio M, Warncke DD (2008) Nutrient Cycling, Weed Suppression, and Onion 
Yield Following Brassica and Sorghum Sudangrass Cover Crops. HortTechnology 18:68–
74 

Warnes DD, Andersen RN (1984) Decline of Wild Mustard (Brassica kaber) Seeds in Soil under 
Various Cultural and Chemical Practices. Weed Sci 32:214–217 

Westerman PR, Liebman M, Menalled FD, Heggenstaller AH, Hartzler RG, Dixon PM (2005) 
Are many little hammers effective? Velvetleaf (Abutilon theophrasti) population dynamics 
in two- and four-year crop rotation systems. Weed Sci 53:382–392 



 
47 

 

APPENDIX A: 
Germinable seedbank abundance across treatments – Chapter TWO 

 

 

Germinable seedbank abundance was not significantly different among mixture 

treatments nor harvest treatments. Dashed lines indicate harvest group means. Bold lines 

are treatment combination median and boxes are interquartile range. 
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APPENDIX B: 
Weeds represented in the germinable seedbank—Chapter TWO 

 

Germinable seed ID Class Family Life Cycle Seedlings* 
Juncus tenuis (Slender rush) Monocot Juncaceae Perennial 947 
Barbarea vulgaris (Yellow rocket) Dicot Brassicaceae Biennial 815 
Amaranthus retroflexus (Red-root pigweed) Dicot Amaranthaceae Annual 795 
Mollugo verticillata (Carpetweed) Dicot Molluginaceae Annual 584 
Portulaca oleracea (Purslane) Dicot Portulaceae Annual 414 
Plantago major (Broadleaf plantain) Dicot Plantaginaceae Perennial 330 
Veronica spp. (Speedwells) Dicot Plantaginaceae Annual, perennial 305 
Chenopodium album (Common lambsquarters) Dicot Chenopodiaceae Annual 210 
Oxalis spp. (Woodsorrel) Dicot Oxalidaceae Perennial 191 
Lamium amplexicaule (Henbit deadnettle) Dicot Lamiaceae Annual 123 
Taraxacum officinale (Common dandelion) Dicot Asteraceae Perennial 121 
Capsella bursa-pastoris (Shepherd's purse) Dicot Brassicaceae Annual 83 
Erigeron spp. (Horseweeds and fleabanes) Dicot Asteraceae Annual 77 
Stellaria media (Common chickweed) Dicot Caryophyllaceae Annual 61 
Digitaria sanguinalis (Large crabgrass) Monocot Poaceae Annual 58 

Silene latifolia (White campion) Dicot Caryophyllaceae 
Annual or short-
lived perennial 51 

Persicaria maculosa (Lady's thumb) Dicot Polygonaceae Annual 50 
Sonchus spp. (Sowthistle spp.) Dicot Asteraceae Annual, perennial 46 
Eragrostis (Lovegrass) Monocot Poaceae Annual, perennial 39 
Acalypha (Virginia copperleaf) Dicot Euphorbiaceae Annual 39 
Poa spp. (Bluegrass) Monocot Poaceae Annual, perennial 35 
Digitaria ischaemum (Smooth crabgrass) Monocot Poaceae Annual 28 

Equisetum (Horsetail) 
Gymno-
sperm Equisetaceae Perennial 20 

Cerastium fontanum (Mouseear chickweed) Dicot Caryophyllaceae Perennial 20 
Senecio vulgaris (Common groundsel) Dicot Asteraceae Annual 16 
Lepidium campestre (Field pepperweed) Dicot Brassicaceae Annual 12 
Potentilla spp.  (Cinquefoil spp. ) Dicot Rosaceae Perennial 10 
Ambrosia artemisiifolia (Common ragweed) Dicot Asteraceae Annual 9 
Spergula arvensis (Corn spurry) Dicot Caryophyllaceae Annual 6 
Matricaria discoidea (Pineappleweed) Dicot Asteraceae Annual 5 
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Rumex acetosella (Red sorrel) Dicot Polygonaceae Perennial 4 
Bidens frondosa (Devils beggarticks) Dicot Asteraceae Annual 3 
Galinsoga quadriradiata (Hairy galinsoga) Dicot Asteraceae Annual 2 
Gnaphalium uliginosum (Low cudweed) Dicot Asteraceae Annual 2 
Chenopodium Glaucum (Oakleaf goosefoot) Dicot Chenopodiaceae Annual 2 
Cyperus esculentus (Yellow nutsedge) Monocot Cyperaceae Perennial 2 
Solidago spp.  (Goldenrod spp. ) Dicot Asteraceae Perennial 1 

Euphorbia maculata (Spotted spurge) Dicot Euphorbiaceae Annual 1 

 

*cumulative seedlings in study across treatments 
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APPENDIX C: 
Statistical model for factorial ANOVA with a split plot – Chapters TWO and 

THREE 

The statistical model for the factorial ANOVA with a split plot is demonstrated below 

with the response variable of seedling density as an example.  

The error term for the main plot is the Block:Height:Frequency interaction. The error 

term for Mixture (subplot) and the Height:Frequency:Mixture interaction is the residual error. 

 

The resulting R output includes an ANOVA table for the main plot (top) and the subplot 

(bottom).   
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