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ABSTRACT 

Cropping systems can impact crop productivity and functioning of biodiversity in 
the Northern Great Plains, a region heavily reliant on low diversity crop rotations and off-
farm inputs, and a region predicted to experience warmer and drier climate scenarios by 
mid-century. In three complementary studies, I compared the impacts of cover crop 
mixtures and termination methods on crop productivity and three forms of the associated 
biodiversity (weeds, soil fungi, and ground beetles), under varying temperature and soil 
moisture conditions.  

First, I assessed the impacts of the presence (cover crops and fallow) and 
composition (cover crop mixtures) of cover crops, termination methods (herbicide, cattle-
grazing, and haying), as a function of temperature and soil moisture conditions on crop 
yields, and weed communities. A 5-species, early-spring mixture generated cooler 
temperatures, produced more biomass, and suppressed weed biomass under warmer and 
drier conditions, compared to summer fallow and the 7-species, mid-spring mixture. 
However, lower soil moisture and subsequent reduced grain yields following the 
mixtures, especially under warmer and drier conditions, suggests that continuously 
rotating wheat with mixtures may not be the optimal method to diversify small-grain 
cropping systems. 

Second, I assessed the impacts of the presence and composition of cover crops, 
termination methods and temperature and soil moisture conditions on fungal 
communities. The early-season cover crop mixture reduced plant pathogen abundance 
and enhanced AM fungal richness in both the soil and subsequent wheat root crop. The 
enhancement of beneficial fungi and fewer plant pathogens may be a proxy to better 
support ecosystem services through the use of cover crop mixtures.  

Third, I compared ground beetle communities among cover crops treatments and 
termination methods. Ground beetle activity density was not impacted by termination 
methods and was greatest in the early-season mixture at the beginning of the growing 
season and in summer fallow at the end of the growing season, while the mid-season 
mixture peaked in the middle. Ground beetle diversity peaked in the middle and differed 
in community composition earlier in the growing season. These results indicate that cover 
crop mixtures can act as an ecological filter to ground beetle communities to better 
support pest regulation.  

Overall, these studies indicate that cover crop mixtures can support crop 
productivity and the associated biodiversity with changes to temperature and soil 
moisture, although, with agronomic and ecological trade-offs.  
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CHAPTER ONE 

INTRODUCTION  

 Today, the world faces projections of climate change and a 40% increase in the 

human population by mid-century (United Nations, 2015); a setting which requires the 

development of sustainable farming practices to continue and increase the production of 

food, fiber, fuel, and bioenergy. Past and current large-scale production systems that are 

highly dependent of external fossil-fuel based inputs contribute to air pollution, degraded 

soils, and declines in biodiversity (Aneja et al., 2009; Dainese et al., 2019; Oldeman, 

1994). Thus, methods of sustainable agriculture should be developed to stimulate 

ecological processes to support crop production. One forthcoming ecologically-based 

approach to sustainable agriculture is the use of integrated management strategies, such 

cover crops to reduce synthetic inputs such as pesticides, herbicides, and fertilizers.  

The Demand for Ecologically-Based Farming Practices in the Northern Great Plains  

 The Northern Great Plains is an important region for the production of small 

grain, pulse, and oilseed crops (Padbury et al., 2002). In this region, growers produce 

some of the highest quality and abundance of wheat (Triticum aestivum L.) that is often 

grown in rotation with summer fallow. The summer fallow period typically lasts 12 to 16 

months where no crops are grown to preserve soil moisture (O’Dea et al., 2013). This 

method has proven effective for wheat growers, however, fallow can intensify soil and 

wind erosion, lower soil organic matter, lower biological activity, and reduce overall 

ecosystem resiliency (Acosta-Martínez et al., 2007; Campbell et al., 1991; García-
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González et al., 2018; Peterson et al., 2018). Consequently, summer fallow has decreased 

from 17 M ha 1971 to 4 M ha today, as wheat growers in the Northern Great Plains have 

replaced summer fallow with no-till farming and the use of pulse and cover crops 

(Tanaka et al., 2010). 

The Northern Great Plains is a semi-arid agroecosystem which experiences long 

and cold winters, short and hot summers, and most precipitation falls during the winter 

and early spring, with high interannual variability (Padbury et al., 2002). Over the next 30 

years, mean temperature in the Northern Great Plains is predicted to increase by at least 

2-4 °C , while mean rainfall in the summer months is projected to decrease by 10-20% 

(Conant et al., 2018; Whitlock et al., 2017). Sustainability of crop production is further 

challenged in this region as projections of climate change can modify soil moisture and 

temperature, which can impact nutrient availability, pest abundance, and overall 

ecosystem resiliency (Elad and Pertot, 2014; Myers et al., 2014; Peterson et al., 2018). 

Hence, while summer fallow may reduce the risk of crop failure, cover crops may 

represent a proper alternative to mitigate both human and naturally induced disturbances 

that threaten long-term sustainability in this region.  

Cover Crops and Ecosystem Services  

Ecosystem services are combinations of ecological responses within any given 

ecosystem that benefit humanity (Montoya et al., 2012). Research to date has indicated 

the benefits of cover crops to provision ecosystem services and aid in crop production. 

For example, cover crops have shown to prevent erosion, increase soil organic matter, 

improve soil nutrient retention, and stimulate biological activity (Blanco-Canqui et al., 
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2013; Derksen et al., 2002; Snapp et al., 2005). However, the use of cover crops in the 

Northern Great Plains invokes another challenge: to preserve soil moisture for the 

subsequent crop. Legume green manures are the most common cover crop used in the 

Northern Great Plains (Tanaka et al., 2010) because of their ability supply additional 

nitrogen (N) while also – when timely terminated – effectively conserve soil moisture for 

the subsequent wheat crop  .  

A common approach to manage soil water content usage and reduce volunteer 

seed production by cover crops in the Northern Great Plains is by terminating them 

during anthesis (Miller et al., 2011; O’Dea et al., 2013). One common method of 

terminating cover crops is the use of herbicides, which can increase weeds resistance to 

herbicide (Baucom, 2019) and unintentionally impact beneficial biodiversity (Egan et al., 

2014). Integrative approaches for cover crop termination, like livestock-grazing and 

haying, may be more economically and ecologically sustainable by providing an 

alternative revenue source to farmers and enhance the provisioning of ecosystem services 

(McKenzie et al., 2016; Thiessen Martens and Entz, 2011).  

Diversifying cropping systems further by incorporating multiple species cover 

crops, also known as cover crop mixtures, has gained interest in the Northern Great 

Plains to provision ecosystem services such as increasing total biomass of cover crops, 

improve soil quality indicators, and further suppress weed populations (Housman et al., 

2015; Mesbah et al., 2019; Smith et al., 2015; USDA NRCS, 2020). However, little is 

known about the impacts of cover crop mixtures under the predicted climate scenarios 
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and on multi trophic levels of biodiversity; two major drivers of ecosystem services in 

agroecosystems (Barral et al., 2015; Schipanski et al., 2014). 

Biodiversity in Semi-Arid Agroecosystems 

 The link between biodiversity and ecosystem services is complex, however, 

multi-trophic interactions among organisms often results in positive ecosystem outcomes 

(de Bello et al., 2010; Harrison et al., 2014). Evidence of the importance of biodiversity 

in agroecosystems is not well understood, while strongly dependent upon crop rotations, 

crop characteristics, and management practices (McLaughlin and Mineau, 1995). For 

example, crop production that functions as a low-diversity system to optimize 

productivity, can threaten ecosystem services like pest control and nutrient cycling 

(Loreau et al., 2001). Thus, the enhancement of crop diversity in agroecosystems, 

especially one that is water-restricted, may augment biodiversity and potentially protect 

against negative perturbations, such as industrialized management practices and predicted 

climate scenarios (Kremen et al., 2012; Maestre et al., 2010). Thus, in a dryland cropping 

system, it is important to understand the impacts of crop diversity, including the use of 

cover crop mixtures, on biodiversity. Given predicted changes in temperature and 

moisture conditions in semi-arid cropping systems, it is also important to evaluate the 

impacts of biodiversity associated with changes to temperature and moisture. Several 

studies have assessed the impacts of cropping systems on these organisms in the Northern 

Great Plains (Adhikari and Menalled, 2020, 2018; Ishaq et al., 2020; McKenzie et al., 

2016; Smith et al., 2015). However, there is a lack of knowledge of how these organisms 

respond to changes in temperature and moisture. In this thesis, I assessed the effects of 
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some forms of biodiversity that are known to affect agricultural production and provision 

ecosystem services weeds, soil fungi, and ground beetles, with emphasis on the effects of 

temperature and moisture conditions on weeds and soil fungi. 

Research Objectives 

 As cover crop mixtures continue to gain interest as an alternative to summer 

fallow in the Northern Great Plains, my study aims to address the impacts of cover crop 

mixtures and termination methods, under current and predicted conditions of temperature 

and moisture, on crop productivity and the associated biodiversity. While the aim of this 

study was not to directly measure ecosystem services it allowed me to investigate 

changes to productivity and biodiversity; with implications to the provision of ecosystem 

services. This two year experiment occurred in 2018 and 2019 within an ongoing study 

which began in 2012 at the Montana State University Northern Agricultural Research 

Center in Havre, MT. I assessed how the presence (i.e., cover crop and fallow), 

composition (i.e., cover crop mixtures), and termination (i.e., herbicide, cattle-grazing, 

and haying) of cover crops impact both agronomical and ecological characteristics in an 

agroecosystem which is representative of cropping systems in the Northern Great Plains. 

In addition, I evaluated how crop yields (i.e., cover crops and wheat grain) and two forms 

of biodiversity (i.e., weeds and soil microbes) respond under induced warmer and drier 

conditions, similar to predicted climate scenarios in this region. Results can inform other 

dryland cropping regions on approaches to how increasing cover crop diversity can 

impact crop productivity and the associated biodiversity. 
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 Ecological theory suggests that plant richness and composition can alter 

productivity and more effectively suppress weeds than monocultures, and within 

agroecosystems, cover crop mixtures can gain the same advantage (Malézieux et al., 

2009; Tilman et al., 2001). However, the effectiveness of cover crop mixtures may be 

limited in this system, due to the variable and short growing season of the Northern Great 

Plains. Chapter Two assesses the impacts of the presence of cover crop mixtures, as well 

as planting date, composition, and termination of cover crops, on cover crop total and 

species biomass, wheat grain yield, and weed communities. In addition, this chapter 

focuses on the impacts of cropping system (cover crops, termination, and summer fallow) 

under induced warmer and drier conditions, which may implement a different response 

compared to ambient conditions.  

 Chapter Three evaluates the impacts of the presence and composition of cover 

crops, method of terminating cover crops, and induced warmer and drier conditions on 

soil and wheat root fungal communities. Cover crops, compared to summer fallow, in 

rotation with wheat can enhance total soil fungal abundance (Rosenzweig et al., 2018). In 

addition, fluctuations of temperature and moisture increase vulnerability of crops to 

fungal plant pathogens and some mutualist (i.e., arbuscular mycorrhizal fungi) aid crops 

under environmental stress (Coleman-Derr and Tringe, 2014; Sinha et al., 2019). Cover 

crop mixtures can introduce multi-functionality with a cropping system by incorporating 

an array of crop characteristics, root structures, root exudates, which are all known to 

impact fungal communities  (Ellouze et al., 2013; Garbeva et al., 2004; Rillig and 

Mummey, 2006). However, there is little knowledge addressing the impacts of cover crop 
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mixtures in a semi-arid cropping system on the fungal community and functionality of 

those fungi which may provision ecosystem services. 

 Chapter Four assesses how the presence and composition of cover crops and 

termination method impact ground beetle (Coleoptera: Carabidae) communities; these are 

important generalist predators in agroecosystems. The ecological role of such natural 

predators is strongly impacted by agricultural practices and landscape simplification 

(Duru et al., 2015); thus, it is important to diversify cropping systems to accommodate 

these organisms. In the Northern Great Plains, cover crop monocultures and methods of 

terminating cover crops can act as ecological filters in the inclusion of ground beetles 

(Adhikari and Menalled, 2020; McKenzie et al., 2017). However, there is little 

assessment on how multi-species cover crops impact ground beetle activity density and 

diversity in this region.   

 Finally, Chapter Five summarizes the results and outcomes of this thesis, 

providing several future directions. 
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CHAPTER TWO 

IMPACTS OF COVER CROP MIXTURES AND INDUCED WARMER AND DRIER 

CONDITIONS ON COVER CROP BIOMASS, WHEAT YIELDS, AND WEED 

COMMUNITIES IN A DRYLAND SMALL GRAIN CROPPING SYSTEM 

Introduction 

In the dryland cropping systems of the Northern Great Plains, winter wheat 

(Triticum aestivum L.) is the dominant crop, often grown in alternation with summer 

fallow. The fallow period typically lasts 12 to 16-months where no crops are grown and 

weeds are controlled to conserve soil moisture for the subsequent crop (Padbury et al., 

2002; Peterson et al., 1996; Tanaka et al., 2010). However, as unproductive areas, 

summer fallow can contribute to air pollution, soil degradation, and increases in 

ecosystem instability (Aneja et al., 2009; Oldeman, 1994). Projections of climate change 

further challenge the sustainability of cropping systems by modifying soil moisture and 

temperature, which can impact crop production, agricultural pests, and overall ecosystem 

resiliency (Myers et al., 2014; Peterson et al., 2018; Seipel et al., 2019). The Northern 

Great Plains experiences harsh climatic conditions characterized by long cold winters and 

short hot summers, including large ranges in temperature variability and unpredictable 

precipitation (Padbury et al., 2002). Mean temperature in this region is predicted to 

increase by at least 2-4 °C over the next 30 years, while mean rainfall in the summer 

months is projected to decrease by 10-20% (Conant et al., 2018; Whitlock et al., 2017). 

Environmental stress, including changes to temperature and moisture, impacts 

multitrophic interactions and an ecosystem’s ability to provide positive and negative soil 
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feedbacks (Beals et al., 2020; Brooker, 2006; Seipel et al., 2019); mechanisms which 

could largely contribute to productivity in agroecosystems (Scheelbeek et al., 2018). 

Hence, while summer fallow reduces the risks of crop failure in the short term, simplified 

cropping systems and projections of climate change have increased concerns for 

maintaining the sustainability of wheat production in the Northern Great Plains.  

Cover crops, which do not provide direct income to farmers,  can be used to 

prevent erosion, increase soil organic matter, improve soil nutrient retention, and 

suppress weed populations (Blanco-Canqui et al., 2013; Derksen et al., 2002; Snapp et 

al., 2005). In addition, cover crops can help regulate temperature and moisture under 

extreme weather events. For example, residues left by cover crops can increase 

infiltration and decrease evapotranspiration in the subsequent cash crop (Alonso-Ayuso et 

al., 2014; Kaye & Quemada, 2017). Cover crop mixtures, often containing several 

species, have recently gained interest as an ecologically-based method to increase 

cropping system diversity and provide additional forage to farmers in the Northern Great 

Plains. Previous research suggests that cover crop mixtures can increase total cover crop 

biomass and reduce total weed biomass (Mesbah et al., 2019; Smith et al., 2015). In the 

Northern Great Plains, cover crops require termination before seed set to minimize soil 

moisture depletions (Miller et al., 2011; O’Dea et al., 2013). One common method of 

terminating cover crops is the use of herbicides, and high levels of herbicide use can 

increase the selection of weed herbicide resistance (Baucom, 2019). Different approaches 

for cover crop termination, like livestock-grazing and haying, may be more economically 
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and ecologically sustainable by providing an alternative revenue source to farmers and 

enhance the provisioning of ecosystem services (Thiessen Martens and Entz, 2011).   

To our knowledge, no study has evaluated the impacts of growing cover crop 

mixtures under induced warmer and drier conditions on crop yields and weed 

communities, and little research has been conducted on the agronomic and ecological 

impacts of cover crop termination methods (but see McKenzie et al., 2017, 2016). Hence, 

we conducted a two-year experiment (2018 and 2019) in the Northern Great Plains, to 

assess impacts of the presence and composition of cover crops (i.e. fallow vs. cover crop 

mixtures species of differing composition), induced warmer and drier conditions, and 

cover crop termination methods (herbicide, cattle-grazing, and haying), and on crop 

yields and weed communities.  

Materials and Methods 

Study site and cropping system 

Our study was located at the Montana State University Northern Agricultural 

Research Center, located southwest of Havre, MT (48°29'48.8"N, 109°48'10.4"W). The 

study site receives an average annual precipitation of 285 mm and the average high and 

low temperatures are 13.4 °C and 0.0 °C, respectively (Western Regional Climate Center, 

2020). The experiment was established as two replicated plot trials, designed as a 

restricted-randomization strip plot design with three repetitions (Figure 2.1). The two plot 

trials followed alternate rotations with the fallow / cover crop and winter wheat phases 

present every year at the studied site. Our study focused on a subset of the fallow / cover 

crop phase, including a summer fallow treatment, an early-season cover crop mixture (5-
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species), which was planted in early spring, and a mid-season cover crop mixture (7-

species), which was planted approximately two weeks later. The location of each 

treatment was randomized in the first year of the study (2012-2013) to 8 x 44 m plots and 

maintained through time. Termination methods were assigned perpendicular to the fallow 

and cover crop treatments (herbicide, grazing, and haying and baling), which were 

applied as in a strip plot design. Within each subplot (8 x 13 m), we established two 0.56 

m2 frames per fallow and cover crop mixture plots that were randomly assigned to two 

different temperature and moisture conditions (ambient and warmer and drier; Figure 

2.1). 

Summer fallow and cover crop mixtures. The fallow / cover crop phase consisted 

of summer fallow, an early-season cover crop mixture, and a mid-season cover crop 

mixture. Summer fallow began after winter wheat harvest on July 12th of 2017 and July 

26th of 2018 and ended on September 21st of 2018 and September 13th of 2019. Before 

planting of cover crop mixtures, summer fallow and cover crop plots were sprayed with 

2240 g/ha of ai glyphosate. Summer fallow plots were also treated with 1120 g of ai 

glyphosate plus 340 g/ha of ai dicamba on an “as needed” basis throughout the growing 

season to manage for weed populations. Cover crop mixtures were selected to include a 

variety of functional groups and life history traits. The early-season mixture had five 

species: radish (Raphanus raphanistrum L.), field pea (Pisum sativum L.), oat (Avena 

sativa L.), turnip (Brassica rapa L.), and hairy vetch (Vicia villosa Roth). The mid-

season mixture had seven species: oat, radish, field pea, turnip, lentil (Lens culinaris 

Medikus), and sorghum Sudan grass (Sorghum x drummondii Nees ex. Steud.). In the 
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2019 season, a similar mid-season mixture was sowed in place of our original mid-season 

cover crop mixture containing oat, chickpea (Cicer arietinum L.), radish,  turnip, 

soybean, hairy vetch, and millet (Setaria italica L.) Each year, cover crop planting dates 

varied based on local weather conditions. The early-season mixture was planted on May 

4th, 2018, and April 29th, 2019. The mid-season mixture was planted on May 14th, 2018, 

and May 9th, 2019. All cover crop species were seeded at depth of 2.54 cm at different 

seeding rates (Table A1) using a 3.7-meter Conservapack no-till disk planter. At planting, 

cover crops were fertilized with a 20-20-20 dosage of N-P-K at 112 kg/ha.  

Termination of cover crops. Cover crop mixtures were terminated before the 

anthesis of oat to preserve soil moisture for the subsequent crop with either herbicide 

(glyphosate, applied at 2500 g ai per hectare), haying and baling, or cattle grazing. The 

herbicide application and haying treatments occurred on July 9th of 2018 and July 8th of 

2019. The cattle grazed treatment used 8-10 bulls fenced in the 12 x 360 m termination 

strip plots from July 11th to July 13th of 2018 and July 9th to July 11th of 2019. In addition, 

2000 g of ai glyphosate per hectare plus 340 g of ai dicamba per hectare were used to 

terminate any regrowth of cover crops and weeds in the grazed and hayed termination 

treatments approximately four weeks after the initial termination, because haying and 

grazing did not sufficiently kill cover crops.  

Winter wheat. Winter wheat (cv Judee) was planted on September 21, 2017 and 

September 13, 2018 at depth 2.5 cm and seeding rate 67.2 kg/ha using a 3.7-meter 

Conservapack no-till disk planter. Seeds were pretreated with the fungicides Vitavax 

(carboxin—2,3‐dihydro‐5‐carboxanilido‐6‐methyl‐1,4‐oxathiin) and Enhance (captan—
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N-trichloromethylthio-4-cyclohexene-1,2-dicarboximide). At planting, plots were 

fertilized with a N-P-K (100-40-20) at 112 kg/ha. On May 14th, 2018 and May 9th, 2019 

1120 g/ha of ai bromoxynil and 2-methyl-chlorophenoxyacetic acid (MCPA) was applied 

to the winter wheat crop to control for broad-leaf weed populations.  

Temperature and moisture manipulations. To create warmer and drier conditions 

in the fallow / cover crop and winter wheat phases of the rotations, open-top chambers 

and rain-out shelters were combined to increase the temperature and reduce soil moisture. 

Open-top chambers had a basal diameter of 1.5 m and a top diameter of 1 m and were 

built out of Sun-Lite HP (1 mm thick) (Solar Components Corporation, Manchester, New 

Hampshire) fiberglass material with high transmittance of visible wavelengths to increase 

the temperature by ~2 ºC (Marion et al., 1997). Rain-out shelters were constructed 

following Yahdjian and Sala (2002) with wooden frames that supported gutters made out 

of corrugated clear polycarbonate material (Suntuf) to reduce precipitation by 

approximately 55%. Rainout shelters were directed towards an aspect of 220-230 degrees 

to account for the prevailing southwest winds. 

Sampling methods 

Temperature and soil moisture. Soil and air temperatures were measured in 3-hour 

intervals using Maxim Integrated Thermochron iButton devices (DS1921) that were 

placed 20 cm above the soil surface and 10 cm below the soil surface. Temperature was 

measured from May 10th to July 1st, 2018, and May 9th to July 1st, 2019 in the fallow / 

cover crop phase; and May 10th to July 22nd, 2018 and May 9th to July 28th, 2019 in the 
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winter wheat phase. Soil moisture was measured under ambient and warmer and drier 

conditions using the Delmorst soil moisture measuring systems (model KS-D1). Soil 

moisture sensors were installed in the center of each treatment at a depth of 10 cm and 

were measured once weekly from May 15th to July 1st, 2018 and May 23rd to July 29th, 

2019. Soil moisture sensors in the winter wheat phase were installed from May 15th to 

July 23rd, 2018 and May 23rd to July 29th, 2019.  

Aboveground biomass collection. To assess changes to cover crop and weed 

biomass in response to cover crop composition, termination, and climate treatments, we 

collected aboveground biomass in all strip-plots. For cover crop biomass, we collected 

aboveground biomass from two 0.56 m crop rows located in a 0.56 m2 frame on July 1st, 

2018 and 2019 (n=36 per year). Also, on July 1st, 2018 and 2019, weed biomass was 

sampled throughout the 0.56 m2 frames in the fallow and cover crop treatments (n=54 per 

year). In the winter wheat phase, wheat biomass was sampled from two 0.56 m crop rows 

and weeds were sampled throughout the 0.56 m2 frame on July 24th, 2018 and July 29th, 

2019. Cover crop, winter wheat, and weed biomass were separated by species, dried at 

45°C for one week, and the biomass weight of each species was recorded. At 

physiological maturity, wheat was threshed, cleaned by hand, and the grain was weighed 

and recorded. There were several crop species classified as legumes  in our mixtures (P. 

sativum, V. villosa, G. max, L. culinaris, and C. arietinum) which were combined to 

represent ‘legumes’ as a functional group in our analysis, because different species were 

planted within our two-year study period.  
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Data analysis 

To assess the effects of the presence (i.e. fallow or cover crop) and composition 

(i.e. early season and mid-season) of a cover crop, temperature and moisture 

manipulations, and year on measurements of temperature and soil moisture, we fit linear 

mixed-effects models using the ‘lmer’ function in the ‘lme4’ package (Bates et al., 2020) 

implemented in R version 3.5.2 (R Core Team, 2014). Presence and composition of cover 

crops, temperature and moisture manipulations, year, and their interactions were treated 

as fixed effects, and the 0.56 m2 plots were treated as the random effect to account for the 

plot-to-plot variability. Within the two years of this study, temperature and moisture 

manipulations treatments were not placed in the same locations 2018 and 2019, so plots 

were treated independently. Similarly, we fit linear mixed-effects models to assess the 

effects of the presence and composition of cover crops, termination, temperature and 

moisture manipulation, and year on the cover crop biomass, subsequent wheat yield, and 

weed biomass. The experimental treatments were treated as fixed effects, and the 0.56 m2 

plots were fit as a random effect to account for plot-to-plot variability. Assumptions of 

normality and equal variance were assessed visually using diagnostic plots and only the 

weed biomass response was log-transformed. We used an F-test derived from Type III 

analysis of variance ANOVA(Langsrud, 2003)  and assessed post-hoc pairwise 

comparisons when factors accounted for variation in temperature and moisture variables, 

and crop and weed biomass. When ANOVA indicated significant variation in the fixed 

effects, we examined pairwise difference among treatments using Tukey tests 
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implemented through the ‘emmeans’ package (Lenth et al., 2020). We also produced 

graphics using the ‘ggplot2’ package (Wickham, 2016). 

To assess how weed species composition varied in the cover crop and wheat 

phases, we calculated dissimilarity among plots using weed biomass and the Bray-Curtis 

metric applying the ’vegdist’ function in the ‘vegan’ package (Oksanen et al., 2019). To 

assess whether a significant a proportion of the variation among weed species 

composition accounted for the presence and composition of cover crops, temperature and 

moisture conditions, and year we used the permutational multivariate ANOVA 

(perMANOVA, Anderson, 2017) and algorithm ‘adonis’ in the ‘vegan’ package. To 

visualize differences in weed species composition we used a Non Multi-Dimensional 

Scaling (NMDS) of each plot and used the ordination to calculate potential change in 

species composition. The analysis was conducted using the ‘metaMDS’ algorithm in the 

‘vegan’ package. 

Results 

Temperature and moisture (T/M).  Mean air temperature during the fallow / cover 

crop phase varied depending on the presence and composition of cover crops (F2, 14 

=10.75, p=0.002), temperature and moisture manipulations (F1, 2076 =91.33, p<0.001), and 

year (F1, 14 =998.41, p<0.001). Mean air temperature under ambient temperature and 

moisture condition was coolest in the early season cover crop mixture (18.9°C and 

15.5°C, 2018 and 2019 respectively), compared to the fallow (19.3°C and 15.9°C, 2018 

and 2019 respectively), and the mid-season cover crop mixture (19.5°C and 16.1°C, 2018 
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and 2019 respectively). Similarly, summer fallow and the mid-season mixture treatments 

were warmer (20.2°C and 20.4°C in 2018; 16.7°C and 16.9°C in 2019) than the early 

season cover crop mixture (19.8°C in 2018 and 16.3°C in 2019), under conditions 

manipulated to be warmer and drier. During the winter wheat phase, mean air 

temperature was warmest under warmer and drier conditions (F1, 5182 = 6.86, p=0.008), 

but varied between years (F1, 18 = 415.88, p<0.001). Mean air temperature in winter wheat 

under ambient climate conditions was 20.8°C in 2018 and 17.9°C in 2019, which was 

0.2°C cooler than mean air temperature under warmer and drier conditions in both years. 

Soil temperature in the fallow / cover crop phase also varied in response to the 

presence and composition of cover crops (F2, 14 =7.42, p=0.006), temperature and 

moisture manipulations (F1, 19681=25.07, p<0.001), and year (F1, 13 =322.33, p<0.001). 

However, the effect of temperature and moisture conditions was dependent on the 

presence and composition of cover crops (Cover crop x Climate; F2, 18506=22.6, 

p=<0.001). Mean soil temperature under ambient climate conditions was lowest in the 

early season cover crop mixture (18.9°C and 15.5°C, 2018 and 2019, respectively), 

compared to the fallow (19.3°C and 15.9°C, 2018 and 2019, respectively) and mid-

season cover crop mixture (19.5°C and 16.1°C, 2018 and 2019 respectively). Under 

warmer and drier conditions, the early season cover crop mixture (19.8°C and 16.3°C, 

2018 and 2019, respectively) was cooler than summer fallow (20.2°C and 16.7°C, 2018 

and 2019, respectively) and the mid-season mixture (20.4°and 16.9°C 2018 and 2019, 

respectively). Mean soil temperature in the winter wheat rotation phase also differed 

among temperature and moisture conditions (F1, 59084 = 8.54, p=0.003), and year (F1, 16 = 
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35.03, p=<0.001). Under ambient conditions, mean soil temperature in winter wheat was 

19.9°C in 2018 and 18.3°C in 2019, which was 0.2°C and 0.1°C cooler than mean soil 

temperature under warmer and drier conditions in 2018 and 2019, respectively. 

Soil moisture in the fallow / cover crop phase varied in response to the presence 

and composition of a cover crop (F2, 85.55=30.49, p=<0.001), temperature and moisture 

manipulations (F1, 166.91= 6.21, p=0.014), and year (F1, 87.17= 5.64, p=0.019). The lowest 

mean soil moisture was observed in the early season cover crop mixture under warmer 

and drier conditions (-6.9 and -4.8 bars, 2018 and 2019 respectively), while soil moisture 

under ambient conditions only differed slightly (-6.1 and -6.1 bars, 2018 and 2019 

respectively). In contrast, fallow treatments had the highest mean soil moisture under 

warmer and drier conditions (-2.9 and -2.4 bars, 2018 and 2019 respectively), compared 

to ambient conditions (0.8 and -1.9 bars, 2018 and 2019 respectively). Soil moisture in 

the winter wheat rotation phase varied in response to temperature and moisture 

manipulations (F1, 858= 3.81, p=0.051), but not by year (F1, 858= 1.13, p=0.287). Mean soil 

moisture was lowest under warmer and drier conditions in the winter wheat phase (-11.5 

and -11.1 bars, 2018 and 2019 respectively), compared to ambient conditions (-10.8 and -

10.3 bars, 2018 and 2019 respectively). 

Cover crop biomass  

Total biomass sampled in cover crops varied in response to the composition of 

cover crops (F 1, 57= 87.91, p <0.001) and year (F 1, 31= 44.15, p <0.001), but not across 

termination methods (F 2, 31= 0.93, p= 0.41) or temperature and moisture manipulations 

(F 1, 32= 0.76, p=0.39). However, there was an interaction between cover crop 
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composition and temperature and moisture (Cover crop X T/M; F 1, 56= 19.14, p=<0.001; 

Figure 2.2). Under ambient conditions, mean total cover crop biomass was greatest in the 

early-season cover crop mixture (3005 kg/ha and 2424 kg/ha, 2018 and 2019, 

respectively), compared to the mid-season cover crop mixture (1716 kg/ha and 1135 

kg/ha, 2018 and 2019, respectively). Under warmer and drier conditions, biomass 

differences among cover crop mixtures were less pronounced. For instance, biomass in 

the early season cover crop mixture was lower (2501 kg/ha and 1919 kg/ha, 2018 and 

2019, respectively) and greater in the mid-season cover crop mixture (2037 kg/ha and 

1456 kg/ha, 2018 and 2019, respectively), compared to ambient conditions.  

Temperature and moisture modifications resulted in shifts in biomass of the cover 

crop species (Table A2 and Table A3). For instance, mean oat biomass was greatest in 

the early season cover crop mixture under ambient conditions (1466 kg/ha and 1250 

kg/ha, 2018 and 2019 respectively), which was greater than the mean biomass observed 

under warmer and drier conditions (833 kg/ha and 835 kg/ha, 2018 and 2019; Table A2). 

Mean biomass of radish, turnip, and the legumes were not affected by changes to 

temperature and moisture in the early season cover crop mixture, however, mean biomass 

of radish and turnip in the mid-season cover crop mixture was larger under warmer and 

drier conditions than ambient conditions (Table A2 and Table A3). The two warm season 

C4 metabolism grass species planted each year – sorghum x Sudan grass (in 2018), and 

millet (in 2019) – contributed only 1% and 2%, respectively, of the total mid-season crop 

biomass, and mean biomass of these species was fewer under warmer and drier 

conditions.  
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Wheat grain yield  

Wheat grain yield was affected by the presence and composition of cover crops in 

the previous season (F 2, 65 = 19.27, p= <0.001), temperature and moisture manipulations 

(F 1, 48 = 17.36, p= <0.001), and year (F 1, 90 = 8.97, p= 0.003), but not by cover crop 

termination method (F 1, 51= 0.047, p= 0.954). However, the effect of the presence and 

composition of cover crops (F 2, 77 = 30.67, p= <0.001) and temperature and moisture 

manipulation (F 1, 90 = 8.93, p= 0.004) were both dependent on year (Figure 2.3). Under 

ambient conditions in 2018, mean winter wheat grain yield did not differ among 

treatments which followed fallow (1961 kg/ha), the early-season cover crop mixture 

(1843 kg/ha), or the mid-season cover crop mixture (1853 kg/ha) treatments. However, 

under warmer and drier conditions in 2018, mean winter wheat grain yield was lower 

than those under ambient conditions in the treatments which followed the fallow (1124 

kg/ha), early season (1027 kg/ha), and mid-season cover crop mixture (1271 kg/ha) 

treatments. Under ambient conditions in 2019, mean winter wheat grain yield was greater 

in the winter wheat which followed fallow (2180 kg/ha), compared to the early-season 

(704 kg/ha) and mid-season cover crop mixture (974 kg/ha) treatments. Under warmer 

and drier conditions in 2019, mean grain yield in plots which followed the fallow did not 

differ from ambient conditions (2255 kg/ha), however, was much lower in the early-

season (429 kg/ha) and mid-season cover crop mixture (459 kg/ha) treatments. 

Weed communities 

Weed community in the cover fallow / crop phase. Mean total weed biomass 

differed in response to the presence and composition of cover crops (F2, 88= 8.92, 
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p<0.001) and temperature and moisture manipulations (F1, 88= 12.7, p<0.001), but not 

among termination methods (F2, 97= 0.97, p=0.379) or year (F1, 88= 0.049, p=0.825). 

However, the effect of the presence and composition of cover crops was dependent on 

temperature and moisture manipulations (F2, 88= 3.29, p=0.041). In 2018, mean weed 

biomass was lowest in the early season cover crop mixture under warmer and drier 

conditions (7.6 kg/ha), compared to mean weed biomass in the mid-season cover crop 

mixture under ambient conditions (117.1 kg/ha). In 2019, mean weed biomass was also 

lowest in the early season cover crop mixture under warmer and drier conditions (7.7 

kg/ha), compared to the mid-season cover crop mixture (146.7 kg/ha) and fallow (112.6 

kg/ha) under ambient conditions (Figure 2.4).  

Within the two years of our study, we observed a total of eighteen weed species in 

the fallow / cover crop phases. Thirteen of those species occurred in the early-season 

cover crop mixture, thirteen occurred in the mid-season cover crop mixtures, and fourteen 

occurred in the fallow treatments (Table A4).The perMANOVA results indicated 

differences in weed species composition due to the presence and composition of cover 

crops (F2, 94= 2.69, R2=0.045, p=0.001), temperature and moisture manipulations (F1, 94 = 

3.73 R2=0.028, p=0.003), and year (F1, 94 = 14.51, R2=0.121, p=0.001), but not due to 

termination methods (F1, 99 = 1.13, R2=0.023, p=0.254). In addition, the effect of 

temperature and moisture manipulations was dependent on year (F1, 94 = 1.98, R2=0.016, 

p= 0.023; Figure 2.5A). For example, differences among the presence and composition of 

cover crops are likely due to greater biomass of Amaranthus blitoides and Salsola kali in 

the fallow treatments of both years, which tended to be less abundant under warmer and 
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drier conditions. Additionally, differences in weed species composition in the mid-season 

cover crop mixture treatment under ambient conditions was likely due to greater mean 

biomass of Malva neglecta (2018) and Lolium perenne (2019) and were also less 

abundant under warmer and drier conditions (Table A4). 

Weed community in the winter wheat phase. Mean weed biomass in the winter 

wheat phase varied in response to the preceding presence and composition of cover crops 

(F2, 37= 3.84, p= 0.034), and temperature and moisture manipulation (F1, 35= 3.03, p= 

0.091) but not by termination method (F2, 47= 0.29, p= 0.751) or year (F2, 2= 1.25, p= 

0.353). However, the effect of the presence and composition of cover crops (Cover crop 

X Year; F2, 37= 2.53, p= 0.092) and temperature and moisture manipulations (F1, 35= 3.87, 

p= 0.057) were dependent on year. We only observed differences in weed biomass in the 

2018 growing season where mean weed biomass was lowest in the early-season cover 

crop mixture under warmer and drier conditions (0.28 kg/ha), compared to summer 

fallow under ambient conditions (86.3 kg/ha; Figure 2.6). 

Within the two years of our study, we observed a total of sixteen weed species in 

the winter wheat fields, including a volunteer crop (hairy vetch, V. villosa). Seven weed 

species occurred in the winter wheat phase which followed the fallow treatments, nine 

occurred in the plots which followed the early-season cover crop mixture, and eleven 

occurred in those which followed the mid-season treatments (Table A5). The 

perMANOVA indicated that the presence and composition of cover crops impacted weed 

species composition during the subsequent winter wheat phase (F2, 38 =2.19, R2 = 0.075, 

p= 0.001). Similarly, weed communities were modified by moisture and temperature 
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manipulations (F2, 38 =1.61, R2 = 0.027, p= 0.044), and year (F1, 49 =4.83, R2 = 0.082, p= 

0.001), but not by the termination method (F2, 49 =0.73, R2 = 0.03, p= 0.881). However, 

the effect of the presence and composition of cover crops in the previous year was 

dependent on year (F2, 49 = 1.97, R2 = 0.067, p = 0.002; Figure 2.5B). For example, in 

2018, mean biomass of S. kali was greatest in the winter wheat fields which followed the 

fallow and mid-season cover crop mixture treatments under both ambient and warmer 

and drier conditions. In addition, mean biomass of A. blitoides was greatest in plots that 

followed the fallow treatments under ambient conditions. In 2019, mean biomass of 

Bromus tectorum and Bromus japonicus was greatest in plots that followed the fallow 

and mid-season treatments under warmer and drier conditions (Table A5).  

Discussion 

Cover crops are becoming more readily used throughout the semi-arid sections of 

the Northern Great Plains as an ecologically-based approach to improve soil fertility, 

enhance microbial biomass, and facilitate weed management (Daryanto et al., 2018; 

Finney et al., 2016; Kim et al., 2020). Understanding how predicted temperature and 

moisture conditions as well as management practices impact the performance of cover 

crops, weed communities, and subsequent cash crops can facilitate their adoption in this 

region. Overall, this study indicated that while the presence and composition of crops, as 

well as temperature and soil moisture conditions impacted cover crop biomass, 

subsequent wheat grain yield, and weed communities, cover crop termination methods 

had no impact on these variables. Our results also revealed that while under warmer and 
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drier conditions the early-season cover crop mixture more efficiently suppressed weeds, it 

resulted in the highest losses of soil moisture and subsequent winter wheat yield.  

Cover crops effects on temperature and soil moisture  

Cover crop mixtures and fallow treatments differently influenced the temperature 

and soil moisture conditions throughout the growing season. In agreement with previous 

findings (Blanco-Canqui et al., 2015), the early-season cover crop mixture maintained the 

coolest temperatures under both ambient and warmer and drier conditions, a mechanism 

which may support beneficial soil microbes (Kim et al., 2020; See Chapter 3). In contrast 

to temperature patterns, we observed the largest reduction in soil moisture at 10 cm 

depths during a two-month growing period in the early season cover crop mixture plots, 

suggesting that their use could reduce moisture storage at lower depths for the subsequent 

crop (Krueger et al., 2011; McGuire et al., 1998). Overall, although the use of cover 

crops mixtures may mediate impacts of rises in temperature, moisture depletion by cover 

crops could result in a reduction of yields in the subsequent crop, potentially hindering 

their adoption across the region.  

Cover crop biomass and composition 

Semi-arid agroecosystems have a short growing season and the applicability of 

cover crops depends on their planting date and species composition (Liebig et al., 2004; 

Sanderson et al., 2018). Niche differentiation may allow cover crop mixtures to enhance 

resource use efficiency (Elhakeem et al., 2019), however the selection of species can be 

challenging as their success is heavily dependent on interspecific differences, 

environmental conditions, and management strategies (Lithourgidis et al., 2011). In 



31 
 
accordance with previous studies conducted in the Northern Great Plains (Housman et al., 

2015; Smith et al., 2015; Carr et al., 2004), cover crop species and planting date were 

important drivers of cover crop productivity. Our results indicated that a five species 

cover crop mixture planted in early spring gained more biomass compared to mixtures 

with seven cover crop species planted in mid-spring. Also, legume biomass was generally 

similar between the two mixtures and unaffected by planting date, denoting their ability 

to succeed when planted with other functional groups.  

There is little information about the impact of temperature and moisture on the 

performance of cover crop mixtures in the drylands of the Northern Great Plains. 

Previous research suggests that the combination of dry climate conditions and erratic 

rainfall events can result in lower forage quantities (Sanderson et al., 2018); however 

little is known to the extent of how functional groups of cover crops respond to induced 

warmer and drier conditions. In our study, we observed shifts in total cover crop biomass 

and species composition in response to induced warmer and drier conditions. Total cover 

crop biomass in the early season cover crop mixture under warmer and drier conditions 

was much lower than biomass under ambient conditions. In particular, oat was more 

sensitive to higher temperatures and drought compared to brassica and legume species in 

the early season cover crop mixture, which is in support of previous findings that cereal 

grain crops are more sensitive to drought than legumes (Daryanto et al., 2018). With 

fibrous roots, oats are known to be more efficient in water use and useful for erosion 

control (Carr et al., 2004), however, our results revealed that it may not be the 

appropriate crop species to incorporate in a cover crop mixture under the predicted 
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climate conditions of the Northern Great Plains. In the mid-season cover crop mixture, 

total cover crop biomass did not change in response to temperature and soil moisture, 

however, we observed greater brassica crop (turnip and radish) relative abundance. 

Brassicas, which have thick taproots, are considered less efficient for erosion control 

compared to grass species (De Baets et al., 2011), however produce wide leaf canopies 

and can enhance the weed suppressive ability of cover crops (Lawley et al., 2012). 

Overall, our results suggest that in the semi-arid sections of the Northern Great Plains, 

under predicted climate scenarios, richness, composition, and crop species within a cover 

crop mixture are crucial to success of crop species within the mixture. Hence, depending 

on the farmer’s management goals, the careful selection of cover crop species is 

suggested.  

Wheat yield response to previously seeded cover crops and temperature and moisture 

conditions 

 In 2018, we observed no impact of cover crop mixtures on subsequent wheat 

grain yield. However, in 2019 wheat yields were negatively impacted in plots previously 

seeded to a cover crop mixture in comparison with fallow plots. Early cover crop 

termination can be used as an approach to reduce the impacts of cover crops on the 

subsequent wheat yields (O’Dea et al., 2013) and previous studies suggest that 

termination method (i.e. mowing and/or grazing) does not impact soil quality or cash 

crop yields (Franzluebbers & Stuedemann, 2015; McKenzie et al., 2017). In our study, 

wheat grain yield was not impacted termination method; suggesting that the use cover 

crops may be both economically and ecologically feasible in the Northern Great Plains. 
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In addition, the reduction of grain yield in our study is in accordance with the Daryanto et 

al. (2018) observation that drought conditions can reduce cereal grain yields, 

underscoring the concern that predicted temperature and moisture trends could threaten 

winter wheat production in the Northern Great Plains (Hatfield et al., 2011; Wheeler et 

al., 1996, 2000).  

Weed biomass and community composition 

Ecological theory and previous research suggest that cover crop mixtures can 

enhance weed suppression by operating as ecological filters to weed communities and 

acting on functional traits such as plant phenology, emergence rate, growth habit, and 

fecundity (Booth & Swanton, 2002; Smith et al., 2015). In addition, temperature and 

moisture conditions can also act as ecological filters to weed communities (Pinke et al., 

2012; Tilman, 1999) and it has been predicted that increases in atmospheric temperature 

will increase the growth of agricultural weeds (Ziska & Dukes, 2011). Results from our 

study were consistent with Smith et al. (2020) who found that an increase in cover crop 

species richness does not result in enhanced weed suppression. In addition, and in 

contradiction with previous research specifying that cover crop mixtures can be a 

component of integrated weed management programs (Derksen et al., 2002; Ranaldo et 

al., 2020), our results indicated that in the studied semi-arid agroecosystems cover crop 

mixtures do not suppress weed biomass more effectively than summer fallow. However, 

during both fallow / cover crop and winter wheat phases of our study, weed species 

composition differed among the studied fallow and cover crop mixtures treatments under 

warmer and drier conditions, particularly in the early season cover crop mixture. 
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Two potential mechanisms could be responsible for the observed lack of weed 

suppression by the studied cover crops mixtures under ambient temperature and moisture 

conditions. First, poor establishment and low productivity of cover crop mixtures may 

have enabled weed competition (Sanderson et al., 2018). Second, the observed weed 

species in our study may be adapted to grow under certain moisture conditions. For 

example, Amaranthus blitoides, one of the most abundant weed species in our study, is 

known to germinate throughout summer months with adequate moisture (Weaver & 

Mcwilliams, 1980). In the growing season of both 2018 and 2019, the Northern 

Agricultural Research Center received above average rainfall 

(https://agresearch.montana.edu/narc/); which may explain the greater abundance of this 

species in the observed fallow and cover crop mixture treatments. In addition, and under 

warmer and drier conditions there were fewer amounts of Bromus tectorum and Bromus 

japonicus in the winter wheat phase which followed the early-season cover crop mixture, 

compared to summer fallow and the mid-season mixture. A previous study suggests that 

warmer and drier climate conditions will favor B. tectorum (Bradley, 2009), thus, the use 

of an early spring planted cover crop mixture has strong potential to control for weed 

species in wheat, under climate scenarios predicted to occur in the Northern Great Plains. 

Conclusion 

Our study demonstrated that in semi-arid agroecosystems a cover crop mixture 

designed to incorporate both early and mid-season crop species does not result in 

enhanced ecosystem services, compared to a cover crop mixture designed to only include 

early season crop species. Specifically, the use of a cover crop mixture planted in early 
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spring lowered air and soil temperature, enhanced weed suppression, and increased cover 

crop productivity, compared to a cover crop mixture planted mid-spring. Like other 

farming practices, the use of cover crop mixtures involves trade-offs (Blanco-Canqui et 

al., 2015; Snapp et al., 2005) and the enhancement of ecosystems services may result in a 

reduction of soil water availability and subsequent wheat yields.  Future research should 

aim to better understand these trade-offs, thereby amplifying the benefits that cover crop 

mixtures may provide. Developing further knowledge on cover crop species phenologies 

within a mixture, to sustain weed suppressive traits while also maintaining soil moisture 

content, may improve cover crop mixture assemblages. 
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Figure 2.1. Experimental design representing the fallow / cover crop phase (top) where a 
summer fallow, an early season cover crop mixture, or a mid-season cover crop mixture 
were established (top), and the  winter wheat phase (bottom).  Three alternative methods 
were used to terminate cover crops (top).  Climate monitoring and plant samples were all 
taken from the two 0.56 m2 frames within the fallow / cover crop and winter wheat phase 
which represented ambient (A) and warmer and drier (W/D) conditions (n=54 per 
phase/year).  
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Figure 2.2. Mean cover crop biomass (kg/ha) in the cover crop rotation fields of 2018 (A) 
and 2019 (B) across the two cover crop mixtures (early season, Early, or mid-season, 
Mid) and temperature and soil moisture (ambient or warmer and drier) conditions. Error 
bars indicate the standard errors of the mean, and letters above bars indicate significant 
differences among treatments at p < 0.05. 
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Figure 2.3. Mean winter wheat grain yield (kg/ha) in plots which followed different 
combinations of presence and composition (i.e., fallow; early season, Early; or mid-
season, Mid) of cover crops and temperature and soil moisture (i.e., ambient or warmer 
and drier) conditions in 2018 (A) and 2019 (B). Error bars indicate the standard errors of 
the mean, and letters above bars indicate significant differences among treatments at p < 
0.05. 
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Figure 2.4. Mean weed biomass (kg/ha) in 2018 (A) and 2019 (B) in the fallow / cover 
crop phase as a function of presence and composition of cover crops (i.e., fallow; early 
season, Early; or mid-season, Mid), and temperature and soil moisture (i.e., ambient or 
warmer and drier-W/D) conditions. Error bars indicate the standard errors of the mean, 
while letters above bars indicate significant differences among treatments at p < 0.05.   
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Figure 2.5. Variation of weed species composition in the fallow / cover crop (A) and 
winter wheat phase (B) in response to the presence and composition (i.e., fallow; early 
season, Early; or mid-season, Mid) of cover crops, temperature and moisture (i.e., 
ambient or warmer and drier, W/D) conditions, and year. Different shapes represent the 
centroids of the presence and composition of cover crops, shaded shapes represent plots 
with different temperature and moisture conditions. Different colors are used for each 
year. Error bars represent the standard errors of those centroids. 
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Figure 2.6. Mean weed biomass (kg/ha) in 2018 (A) and 2019 (B) in the winter wheat 
phase in in plots which followed different combinations of presence and composition  of 
cover crops (i.e., fallow; early season, Early; or mid-season, Mid) and temperature and 
soil moisture (i.e., ambient or warmer and drier) conditions. Error bars indicate the 
standard errors of the mean, while letters above bars indicate significant differences 
among treatments at p < 0.05. 
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CHAPTER THREE 

IMPACTS OF THE PRESENCE AND COMPOSITION OF COVER CROPS, 

TERMINATION METHODS, AND TEMPERATURE AND MOISTURE 

CONDTIONS ON FUNGAL COMMUNITIES IN DRYLANDS OF THE NORTHERN 

GREAT PLAINS 

Introduction 

Industrialized agriculture is commonly achieved through heavy reliance on 

energy-dependent practices such as the use of fertilizers, pesticides, and tillage; an 

approach that has been questioned for its lack of sustainability (Robertson, 2015). Such 

practices can contribute to air pollution, degraded soils, and declines in biodiversity 

(Aneja et al., 2009; McLaughlin and Mineau, 1995; Oldeman, 1994). In the Northern 

Great Plains, an important region for small-grain, oilseed, and pulse crop production, 

cropping systems are dominated by wheat (Triticum aestivum L.), often grown in rotation 

with summer fallow (Padbury et al., 2002). Summer fallow is a year-long period where 

no crops are grown to conserve soil moisture, however, can intensify soil and wind 

erosion, lower soil organic matter, and impact soil microbial communities (Blanco-

Canqui et al., 2013; García-González et al., 2018). 

Projections of climate change further challenge sustainability of agroecosystems 

across the Northern Great Plains, by modifying soil moisture and temperature, which can 

impact nutrient availability, pest abundance, and overall ecosystem resiliency (Elad & 

Pertot, 2014; Myers et al., 2014; Peterson et al., 2018). The Northern Great Plains 

experiences long and cold winters, short and hot summers, and most precipitation falls 
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during the winter and early spring, with high interannual variability (Padbury et al., 

2002). Mean temperature in the Northern Great Plains is predicted to increase by at least 

2-4 °C over the next 30 years, while mean rainfall in the summer months is projected to 

decrease by 10- 20% (Conant et al., 2018; Whitlock et al., 2017). While summer fallow 

may reduce the risk of crop failure, simplified cropping systems and predicted climate 

scenarios have increased concerns for maintaining the sustainability of the wheat 

production in this region (Daryanto et al., 2018; Maestre et al., 2012; Scheelbeek et al., 

2018).  

Fungi, which account for a high proportion of soil microbial biomass (Berendsen 

et al., 2012; Högberg and Högberg, 2002) can be largely impacted by the farming 

practices and environmental stress which occur in agroecosystems. Drought and heat 

stress in agroecosystems increase crop vulnerability to plant pathogens (Sinha et al., 

2019), while some mutualists increase water uptake and aid in the defense against plant 

pathogens (Coleman-Derr & Tringe, 2014). However, current farming practices which 

include energy-dependent management practices and include low-diversity can add 

additional environmental stress to soil- and root-associated microbes and threaten 

ecosystem stability (Vimal et al., 2017).  

Agricultural practices such as crop rotations and cover cropping are well-known 

strategies to incorporate ecologically-based management practices into agroecosystems as 

they can help prevent erosion, increase soil organic matter, improve soil nutrient 

retention, and suppress weed populations (Blanco-Canqui et al., 2013; Derksen et al., 

2002; Snapp et al., 2005). In addition, crop rotations and cover cropping can drive biotic 
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and abiotic soil properties (Ishaq et al., 2020; Lapsansky et al., 2016), which can affect 

soil microbes, like fungi (Detheridge et al., 2016). For example, a previous study 

conducted in a semi-arid cropping system found that continuously rotating a cover crop 

with wheat results in greater total fungal abundance, compared to wheat-fallow rotations 

(Rosenzweig et al., 2018). Another study, also conducted in the Northern Great Plains, 

indicated that rotating high frequencies of pulse crops with wheat can lead to greater 

abundance of fungal plant pathogens (Bainard et al., 2017). Although there is evidence 

suggesting that crop rotations and cover cropping impact the abundance of fungi in small 

grain dryland cropping systems, research is limited to the extent which addresses shifts in 

functional diversity within fungal communities. 

The integration of cover crop mixtures, which can include multiple species of 

cover crops, has recently gained interest in the Northern Great Plains to increase total 

cover crop biomass and suppress weed populations (Mesbah et al., 2019; Smith et al., 

2015; USDA, NRCS, 2020). In temperate regions, it has been suggested that cover crops 

planted in mixtures can affect fungal communities, such as the enhancement of 

arbuscular mycorrhizal (AM) fungal abundance (Lehman et al., 2012). Previous research 

conducted in this region assessed the effect of cover crop mixtures on soil enzymes, 

microbial biomass, potential mineralized nitrogen, and mycorrhizal colonization 

(Housman et al., 2015; Tallman, 2014). However, the effect of cover crop mixtures on 

soil- and root-associated fungal communities has not been assessed. In addition, in the 

Northern Great Plains cover crops require termination before seed set to minimize soil 

moisture depletions (Miller et al., 2011; O’Dea et al., 2013; USDA, NRCS, 2020), and 
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previous research suggests that cover crop termination methods may result in shifts in 

microbial communities. For example, one common method of terminating cover crops is 

the use of herbicides, which can inadvertently impact fungal communities (Schlatter et 

al., 2018). However, various approaches for cover crop termination, like livestock-

grazing and haying, may be more economically and ecologically sustainable by providing 

an alternative revenue source to farmers and enhance the provisioning of ecosystem 

services (Thiessen Martens & Entz, 2011; Xun et al., 2018). Furthermore, no previous 

study has evaluated the impact of temperature and moisture conditions on soil fungi 

communities.  

Hence, we compared soil fungal communities in two cover crop mixtures and 

summer fallow in 2018 and 2019 which were rotated with winter wheat for seven to eight 

years at the Montana State University Northern Agricultural Research Center in Havre, 

MT. Cover crop mixtures were terminated by herbicide, cattle grazing, or through haying 

and baling. Soil samples were taken from the cover crop phase under ambient 

temperature and moisture conditions and in locations where we induced warmer and drier 

conditions using rainout shelters and open-top chambers, designed to increase 

temperature by 2 ºC and reduce rainfall by ~55%. Our main objectives were to assess the 

impacts of the presence and composition of cover crop composition (i.e. fallow vs. cover 

crop mixtures species with differing  biomass and composition), cover crop termination 

methods (herbicide, cattle-grazing, and haying), and temperature and moisture conditions 

(ambient vs. warmer and drier) on soil fungal abundance, richness, and composition. We 

also assessed whether differences in the soil fungal community lead to differences in 
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fungal root colonization of the subsequent winter wheat crop. To do so, winter wheat 

roots were taken under ambient conditions from the winter wheat phase of 2019, the final 

year of our study. 

Materials and Methods 

Study site and experimental design  

We conducted a two-year experiment in 2018 and 2019 at the Montana State 

University Northern Agricultural Research Center, located southwest of Havre, MT 

(48°29'48.8"N, 109°48'10.4"W). The study site receives an average annual precipitation 

of 285 mm and the average high and low temperatures are 13.4 °C and 0.0 °C, 

respectively (Western Regional Climate Center, 2020). The soil at the study site is 

classified as a mix of Joplin and Telstad clay loam (Soil Survey Staff, 2018), with an 

average pH of 7.34, 1.27 % of organic matter, and 46.5 ppm of total N. 

The experiment was established as two replicated field trials, designed as a 

restricted-randomization strip plot design (Figure 3.1). The two plot trials followed 

alternate rotations with the winter wheat and fallow / cover crop phases present each year 

at the studied site. Our study focused on a subset of the fallow / cover crop phase, which 

included a summer fallow treatment, an early-season cover crop mixture (5-species), 

which was planted in early spring, and a mid-season cover crop mixture (7-species), 

which was planted approximately two weeks later. The location of each treatment was 

randomized in the first year of the study (2012-2013) to 8 x 44 m plots and maintained 

through time. Termination methods were assigned perpendicular to the fallow and cover 

crop treatments (herbicide, grazing, and haying and baling), which were applied as in a 
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strip plot design. Within each subplot (8 x 13 m), we established two 0.56 m2 frames per 

fallow and cover crop mixture plots that were randomly assigned to two different 

temperature and moisture conditions (ambient and warmer and drier; Figure 3.1). 

Summer fallow and cover crop mixtures. The cover crop phase consisted of 

summer fallow, an early-season cover crop mixture, and a mid-season cover crop 

mixture. Phases of summer fallow began after winter wheat harvest on July 12th of 2017 

and July 26th of 2018 and ended on September 21st of 2018 and September 13th of 2019. 

Before planting of cover crop mixtures, summer fallow and cover crop plots were 

sprayed with 2240 g/ha of ai RTIII glyphosate. Summer fallow plots were also treated 

with 1120 g of ai RTIII glyphosate plus 340 g/ha of ai dicamba on an “as needed” basis 

throughout the growing season to manage for weed populations. 

Cover crop mixtures were selected to include a variety of functional groups and 

life history traits. The early-season mixture had five species: radish (Raphanus 

raphanistrum L.), field pea (Pisum sativum L.), oat (Avena sativa L.), turnip (Brassica 

rapa L.), and hairy vetch (Vicia villosa Roth). The mid-season mixture had seven species: 

oat, radish, field pea, turnip, lentil (Lens culinaris Medikus), and sorghum- Sudan grass 

(Sorghum x drummondii Nees ex. Steud.). In the 2019 season, a similar mid-season 

mixture was sowed that contained oat, chickpea (Cicer arietinum L.), radish, turnip, 

soybean, and millet (Setaria italica L.). Cover crop planting dates varied each year based 

on local weather conditions; the early-season mixture was planted on May 4th, 2018, and 

April 29th, 2019. The mid-season mixture was planted on May 14th, 2018, and May 9th, 

2019. All cover crop species were seeded at depth of 2.5 cm at different seeding rates 
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(Table B1) using a 3.7-meter Conservapack no-till disk planter. At planting, cover crops 

were fertilized with 112 kg/ha N-P-K (20-20-20).  

Termination of cover crops. Cover crop mixtures were terminated before the 

anthesis of oat to preserve soil moisture for the subsequent crop (O’Dea et al., 2013).  

Three methods were used, including herbicide (ai glyphosate, applied at 2500 g/ha), 

haying and baling, and grazing. The herbicide application and haying treatments occurred 

on July 9th of 2018 and July 8th of 2019. The cattle grazed treatment used 8-10 bulls 

fenced in the 12 x 360 m termination strip around fallow and the two cover crop mixtures 

from July 11th to July 13th of 2018 and July 9th to July 11th of 2019. In addition, 2000 g/ha 

of ai RTIII glyphosate plus 340 g/ha of ai dicamba was used to terminate any regrowth of 

cover crops and weeds approximately four weeks after the initial termination, as haying 

and grazing did not sufficiently kill the cover crops.  

Winter wheat. Winter wheat (cv Judee) was planted on September 21, 2017 and 

September 13, 2018 at depth 2.5 cm and seeding rate 67.2 kg/ha using a 3.7-meter 

Conservapack no-till disk planter. Seeds were pretreated with the fungicides Vitavax 

(carboxin—2,3‐dihydro‐5‐carboxanilido‐6‐methyl‐1,4‐oxathiin) and Enhance (captan—

N-trichloromethylthio-4-cyclohexene-1,2-dicarboximide). At planting, plots were 

fertilized with a N-P-K (100-40-20) at 112 kg/ha. On May 14th, 2018 and May 9th, 2019 

1120 g/ha of ai bromoxynil and 2-methyl-chlorophenoxyacetic acid (MCPA) was applied 

to the winter wheat crop to control for broad-leaf weed populations.  
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Temperature and moisture manipulations. To create warmer and drier conditions, 

open-top chambers and rain-out shelters were combined. Open-top chambers had a basal 

diameter of 1.5 m and a top diameter of 1 m and were built out of Sun-Lite HP (1 mm 

thick; Solar Components Corporation, Manchester, New Hampshire) fiberglass material 

with high transmittance of visible wavelengths to increase the temperature by ~2 ºC 

(Marion et al. 1997). Rain-out shelters were constructed following of Yahdjian and Sala 

(2002) with wooden frames that supported gutters made out of corrugated clear 

polycarbonate material (Suntuf) to reduce precipitation by approximately 55%. Rainout 

shelters were directed towards an aspect of 220-230 degrees to account for the prevailing 

SW winds.  

Soil and root collection  

Soil was collected in the cover crop phase of 2018 and 2019 before termination of 

cover crops on July 1st of both years. Three 2.5-cm diameter x 10-cm depth soil cores 

were removed from the ambient and warmer and drier treatments (0.56 m2 frames) 

located within each 8 x 13 m strip-plot (Figure 3.1; n=54 per field), homogenized, and 

prepared for extraction. In 2018, soil samples were transported and frozen at -20 ºC and 

then freeze-dried using a Labconco Freezone benchtop freeze dry system (Labconco, 

Kansas City, MO, United States). In 2019, soil samples were immediately placed in 70% 

isopropanol, stored at room temperature, and dried prior to extraction. The reason for 

different storage methods is that soil samples from 2019 were also characterized for 

potential shifts in bacterial communities in another study. Storing samples in alcohol is an 

acceptable method to preserve microbial communities at long term ambient temperatures 
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(Song et al., 2016). To assess whether shifts in the fungal community observed under 

ambient conditions in the cover crop phase soil translate to subsequently grown wheat 

roots, we collected wheat root samples during the anthesis stage of winter wheat on June 

11th, 2019. Also using a 2.5-cm diameter corer, five 8-10 cm depth core samples were 

collected in a “W” pattern throughout the previous year’s 8 x 13 m strip-plot (n= 27; 

Figure 3.1). Root samples were homogenized, cleaned of soil, and freeze-dried.  

Molecular characterization of fungi 

DNA extraction and amplification. DNA was extracted from 250-260 mg of dried 

soil and 50mg of dried roots per sample using PowerSoil and PowerPlant DNA isolation 

kit (MoBio Laboratories, Inc., Solana Beach, CA, United States), following the 

manufacturer’s instructions. Each sample was then prepared for Illumina sequencing 

using a two-step polymerase chain reaction (PCR) following Lekberg et al. (2018). To 

target all fungi, the samples were amplified using general fungal ITS2 primers, and 

because AMF sometimes amplifies poorly using ITS primers (Lekberg et al., 2018), we 

used AMF-specific SSU primers in order to characterize the AMF communities. Portions 

of the ITS and SSU regions were amplified using the primer pairs flITS7:flITS7o/ITS4 

(Ihrmark et al., 2012; Kohout et al., 2014; White et al., 1990) and WANDA-AML2 

(Dumbrell et al., 2011; Lee et al., 2008). After the initial amplification, the second PCR 

amplification step attached unique sample-specific barcodes, following Bullington et al. 

(2018). The PCR 2 products were pooled based on band intensity following a 1.5% 

agarose gel electrophoresis. Sequencing was completed at the University of Montana, 

Murdock DNA Sequencing Facility in Missoula, MT (http://murdocklab.dbs.umt.edu/). 
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Amplicon libraries were sequenced using 2 x 300 paired-end reads on an Illumina MiSeq 

sequencing platform (Illumina Inc., San Diego, CA, United States) and demultiplexed 

using the assigned barcodes to sort into the unique samples.  

Bioinformatics. Analyses were conducted using Quantitative Insights Into 

Microbial Ecology 2 (QIIME2 version 2018.11; https://qiime2.org; Caporaso et al., 2010) 

to filter out chimeras and poor quality sequences. For the ITS region, sequence forward 

and reverse reads were trimmed at 220 and 180 base pairs and paired using the q2-dada2 

plugin. For SSU, reads were trimmed at 180-200 base pairs only in the forward reads, as 

the overlap between forward and reverse reads are frequently not long enough to be 

successfully merged (Lekberg et al., 2018). The resulting sequences were clustered at 

97% similarity using the q2-vsearch plugin. For the ITS sequences, we used the UNITE 

database (Nilsson et al., 2019) to assign taxonomy and generate a table of operational 

taxonomic units (OTUs) across cover crop composition, termination method, and 

temperature and moisture treatments. Using the QIIME2 q2-feature-classifier 

(https://github.com/qiime2/q2-feature-classifier), a classification threshold of 0.90 was 

used to assign taxonomy for both ITS and SSU regions. All non-fungal sequences were 

filtered out of the datasets before further analysis. A functional guild analysis of the ITS 

data was performed using FUNGuild (Nguyen et al., 2016). Some fungi did not fall into a 

specific guild, so we focused only on the OTUs classified as “plant pathogens” and also 

OTUs classified as “dung”, “plant”, “soil”, “wood”, “leaf”, and “undefined” saprotrophs 

in the “highly probable” and “probable” confidence categories. To taxonomically classify 

SSU amplified sequences, we used the BLAST algorithm in the MaarjAM database, 
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which aligns sequences against virtual taxa (VTs) and facilitates comparisons across 

other studies (M. Öpik et al., 2010). Many sequences within genus Glomus did not match 

with a VT, so we used the QIIME2 ‘phylogeny’ plugin to manually match VTs using 

phylogenetic tree annotations generated by Interactive Tree Of Life (ITOL) tool (Letunic 

& Bork, 2016). We used changes in sequence numbers in all treatments as a coarse 

measure of relative abundance. 

Statistical analysis 

ITS and SSU data were analyzed based on data rarified to the saturation of 

sequences in an alpha rarefaction curve produced by QIIME2. In the 2018 and 2019, soil 

ITS sequences were rarified to a depth of 1000 and 350, while wheat roots samples were 

rarified to a depth of 1200. SSU data were analyzed based on data rarified to sequencing 

depths of 300 and 250 in the 2018 and 2019 soil samples, and 100 sequences in the wheat 

roots samples. Not all samples were retained after rarefaction due to poor amplification 

and sample quality. In the 2018 soil samples, 3 samples were lost in the ITS dataset and 

16 in the SSU dataset. In the wheat root samples, one sample was lost in the ITS dataset, 

while 6 samples were lost in SSU due to poor amplification. Lastly, 12 samples were lost 

in the ITS dataset in the 2019 soil samples and 21 samples were lost in SSU due to poor 

amplification and few sequences.  

Data were analyzed using the statistical analysis program R (R Development Core 

Team). Metrics for fungal communities included guild sequence abundance (“plant 

pathogens” and “saprotrophs” assigned by the FUNGuild database), richness, and 

composition. To assess the effects of the presence of a cover crop (i.e. cover crop or 
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fallow) and cover crop composition (i.e. early season or mid-season), termination 

method, and temperature and moisture conditions on guild sequence abundance and 

richness, we fit linear mixed-effects models using the ‘lmer’ (relative abundance) and 

‘glmer’ (richness) functions in the ‘lme4’ package (Bates et al., 2020). Presence (cover 

crop or fallow) and composition (early season or mid-season) of a cover crop, 

termination, and temperature and moisture conditions were treated as fixed effects with 

interactions incorporated, and block was treated as the random effect to account for the 

grouping of plots. Assumptions of normality and constant variance were assessed visually 

using diagnostic plots. We used F-test derived from Type III analysis of variance 

(ANOVA; Langsrud, 2003) when treatments accounted for variations in guild sequence 

abundance and Chi-squared tests derived from Type II ANOVA for variations in OTU 

and VT richness using the lmerTest package (Kuznetsova et al. 2014), and the ‘emmeans’ 

package (Lenth et al., 2020) to assess post-hoc pairwise comparison. 

To assess how composition of fungal communities varied among treatments, we 

used OTU and VT sequence abundance to calculate dissimilarity among each plot using 

the Bray-Curtis index and the ‘vegdist’ function in the ‘vegan’ package (Oksanen et al., 

2019). We evaluated whether there were differences in OTU and VT composition among 

the presence (i.e. cover crop and fallow) and composition (i.e. early season and mid-

season) of cover crops, termination method, and temperature and moisture treatments 

using permutational multivariate ANOVA (perMANOVA; Anderson, 2017) and 

algorithm ‘adonis’ in the ‘vegan’ package. To visualize differences in OTU and VT 

composition, we used a Non-metric Multidimensional Scaling (NMDS) of each plot and 
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then used the ordination to observe potential change in OTU and VT composition using 

the ‘metaMDS’ algorithm in the ‘vegan’ package.  

Results 

2018 Soil fungal communities  

We recovered 443 OTUs and 52,000 sequences in the 2018 soil samples and 

observed no change in mean OTU richness in response to the presence and composition 

of cover crops, termination methods, or temperature and moisture treatments (Table 

3.1A). However, fungal community composition differed among the presence and 

composition of cover crops, and termination method (Figure 3.2A), but not temperature 

and moisture treatments (Table 3.1A). The largest difference in OTU abundance between 

treatments were OTUs in the family Nectriaceae (8% of all OTU sequences observed), 

genus Gibberella (4%), order Tremellomycetes (4%), genus Muriphaeosphaeria (3%), 

and species Alternaria subcucurbitae (3%). Nectricaceae, Muriphaeosphaeria, and 

Alternaria subcucurbitae were more abundant in the mid-season cover crop mixture, 

specifically, family Nectricaceae and Alternaria subcucurbitae were most abundant 

within the grazed termination treatment of the mid-season cover crop mixture, while, 

Gibberella was more abundant within fallow and the early-season cover crop mixture. 

Tremellomycetes was most abundant in the fallow and hayed/baled treatments (Table 

B2.A).  

Using the FUNGuild database, we observed marginal changes in the mean 

relative abundance of pathogens in response to the presence and composition of cover 

crops from the 35 OTUs which were identified as “highly probable” and “probable” plant 
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pathogens, but not by termination methods or temperature and moisture conditions (Table 

3.1A). Mean relative abundance of plant pathogens was highest in the fallow treatments 

at 138 sequences, which was 77 sequences more than those observed in the mid-season 

cover crop mixture (SE= 34.3, df= 46, t= 2.24, p= 0.075) and 44 sequences more than the 

early-season cover crop mixture (SE= 34.8, df= 46, t= 1.23, p= 0.439). As with total 

richness, mean pathogen richness did not differ among any of our treatments (Table 

3.1A). However, pathogen community composition differed among the presence and 

composition of cover crops (Table 3.1A Figure 3.2B). Similar to the whole fungal 

community, the largest difference in pathogen OTU abundance between fallow, the early 

season, and mid-season cover crop mixtures were Gibberella sp. (38% of all plant 

pathogen sequences observed), Muriphaeosphaeria sp., (26%), Leptosphaeria 

sclerotioides (4%), Parastagonospora avenae (3%), and Gibberella pulicaris (3%). 

Abundance of Gibberella was greatest in fallow and the early-season cover crop mixture, 

while Muriphaeosphaeria was greatest in the fallow and the mid-season mixture cover 

crop mixtures, and L. sclerotioides, P. avenae, and G. pulicaris were all greatest in fallow 

(Table B2.B).  

We also observed 142 OTUs identified as “highly probable” and “probable” 

saprotrophs. Mean richness and relative abundance of saprotrophs did not change in 

response to the presence and composition of cover crops, termination method, or 

temperature and moisture conditions. However, we did observe marginal differences in 

saprotroph composition in response to the presence and composition of cover crops 
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(Table 3.1A; Figure 2.2C). Differences in saprotroph composition were possibly due to 

changes in the five most abundant OTUs (Table B2.C).  

Seventeen AM fungal VTs were identified in the 2018 soil samples. Mean 

richness of VTs varied in response to the presence and composition of cover crops, but 

not termination or temperature and moisture conditions (Table 3.1A). Mean VT richness 

was greatest at 5 in the early season cover crop mixture, which was 1 more than fallow 

(SE= 0.121, z= -2.45, p= 0.037), and 3 more than the mid-season cover crop mixture 

(SE= 0.597, z= 3.64, p=<0.001). Community composition of VTs also varied in response 

to the presence and composition of cover crops, termination methods, and the interaction 

between cover crop composition and terminations method (Table 3.1A; Figure 3.2C). We 

observed no differences in VT composition among temperature and moisture treatments. 

The five most abundant VTs were VTX00279 (Claroideoglomus sp.; 23% of all VT 

sequences observed), VTX00234 (Glomus sp.; 22%), VTX00064 (Glomus MO-G18; 

22%), VTX00193 (Claroideoglomus lamellosum; 14%), VTX00354 (Diversispora 

Clade-3; 8%). Abundance of VTX00279 was greatest in the fallow and early-season 

cover crop treatments, particularly in the fallow and hayed termination treatments. 

Abundance of VTX00354 was greatest in the fallow and herbicide termination treatment, 

while abundance of VTX00064 was greatest in the fallow and grazed termination 

treatment (Table B2.D). 

2019 Soil fungal communities 

In the 2019 soil ITS data, 434 OTUs were recovered. We observed no change in 

mean OTU richness in response to the presence and composition of cover crops, but we 
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did observe change in response to termination and temperature and moisture treatments. 

In addition, OTU richness we impacted by the interaction between the presence and 

composition of cover crops and termination (Table 3.1B). The largest difference in mean 

OTU richness within termination method occurred within fallow treatments, where 

richness was greatest in the grazed treatment at 29 OTUs, which was 14 OTUs more than 

herbicide treatments (SE= 0.073, z= -4.53, p= <0.001), and 13 OTUs more than hayed 

treatments (SE= 0.231, z= 4.08, p= <0.001).  Mean OTU richness was greatest under 

warmer and drier conditions at 25 OTUs, which was 6 OTUs more than those under 

ambient conditions (SE= 0.048, z= -4.39, p= <0.001). Fungal OTU composition in the 

2019 soil varied among the presence and composition of cover crops, but not termination 

method and temperature and moisture treatments (Table 3.1B; Figure 3.3A). The five 

most abundant fungal OTUs closely matching to family Nectriaceae (6% of all OTU 

sequences observed), genus Gibberella (3%), order Agaricales (3%), order Hypocreales 

(2%), and species Alternaria oregonensis (2%). Abundance of Nectricaceae and 

Hypocreales was greatest in the early and mid-season cover crop mixture, while 

abundance of Gibberella, A. oregonensis, and Agaricales was greatest in the fallow and 

mid-season cover crop mixture (Table B3.A).  

Mean relative abundance of the 27 fungal OTUs which were identified as “highly 

probable” and “probable” plant pathogens differed among the presence and composition 

of cover crops and temperature and moisture conditions, but not by termination methods 

(Table 3.1B). Mean relative abundance of plant pathogens was greatest in the fallow 

treatments at 38 sequences, which was 22 sequences more than those in the early season 
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cover crop mixture (SE= 10.8 , df= 42, t= 2.13, p=0.096), and 5 sequences more than the 

mid-season cover crop mixture (SE= 10.4, df= 42, t=1.68, p=0.222). In the temperature 

and moisture treatments, mean relative abundance of plant pathogens was greatest under 

ambient conditions at 38 sequences, which was 16 sequences more than those under 

warmer and drier conditions (SE= 8.67, df= 44, t= 1.91, p=0.063). Mean plant pathogen 

OTU richness did not differ among the presence and composition of cover crops, 

termination method, or temperature and moisture treatments (Table 3.1B), nor did fungal 

community composition (Table 3.1B; Figure 3.3B). The five most abundant OTUs 

classified as plant pathogens were genus Gibberella (34% of all plant pathogen sequences 

observed), family Phaeosphaeriaceae (10%), a second OTU identified as family 

Phaeosphaeriaceae (10%), species Parastagonospora avenae (8%), and genus 

Pseudoseptoria (7%). Although there were no changes to plant pathogen composition 

increases in genus Gibberella, the genus was the most abundant in fallow and the mid-

season cover crop mixture treatments (Table B3.B).  

We identified 108 OTUs as “highly probable” and “probable” saprotrophs. Mean 

relative abundance of saprotrophs did not differ among the presence and composition of 

cover crops, termination method, or temperature and moisture treatments. However, 

mean saprotroph richness differed among temperature and moisture conditions and 

saprotroph composition differed among the presence and composition of cover crops 

(Table 3.1B; Figure 3.3C). Mean saprotroph richness was greatest under warmer and 

drier conditions at 6 OTUs , compared to 4 OTUs under ambient conditions (SE= 0.088, 
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z= -3.05, p= 0.002). Differences in saprotroph composition were possibly due to changes 

in the five most abundant OTUs (Table B3.C). 

Targeting the AM fungal community using SSU data, 22 VTs were identified, 

however, 3 OTUs identified as genus Glomus were not assigned a VT. Mean VT richness 

did not differ among the presence and composition of cover crops, termination method, 

or temperature and moisture treatments (Table 3.1B). However, community composition 

of VTs differed among the presence and composition of cover crops (Table 3.1B; Figure 

3.3C), but not due to termination method or temperature and moisture treatments. The 

five most abundant VTs were classified as VTX00234 (Glomus sp.; found in 30% of all 

VT sequences observed), VTX00296 (Glomus Whitfield type 18; 27%), VTX00175 

(Glomus Glo8; 9%), VTX00155 (Glomus acnaGlo2; 9%), and VTX00165 (Glomus sp.; 

5%). Abundance of VTX00296 was greatest in the early season cover crop mixture, 

while abundance of VTX00234 was greatest in the fallow and the mid-season mixture 

(Table B3.C). 

2019 Wheat root fungal communities 

We recovered 195 OTUs and 31,200 sequences from the 2019 wheat root samples 

targeting the whole fungal community. Mean OTU richness marginally differed among 

the presence and composition of cover crops, but not termination or temperature and 

moisture treatments (Table 3.1C). Mean OTU richness was greatest in the early-season 

cover crop mixture at 42 OTUs which was 1 OTU greater than the mid-season cover crop 

mixture (SE= 0.074, z= 0.022, p= 0.974), and 7 OTUs greater than the fallow treatments 

(SE= 0.066, z= -2.11, p= 0.087). In addition, whole fungal community composition in 
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wheat roots varied among those which followed fallow, early-season, and mid-season 

cover crop mixtures in previous years (Table 3.1C; Figure 3.4A). The five most abundant 

OTUs were genus Microdochium (16% of all root sequences observed), family 

Pleosporaceae (11%), order Xylariales (6%), genus Ophiosphaerella (6%), and order 

Diaporthales (5%). Abundance of Microdochium and Diaporthales was greatest in wheat 

root fungal communities following the mid-season cover crop mixture, while abundance 

of Pleosporaceae and order Xyariales increased in wheat roots following fallow and the 

early-season cover crop mixture, while abundance of Ophiosphaerella was similarly 

present in fallow, early-season, and mid-season cover crop mixtures (Table B4.A).  

Twenty-two fungal OTUs (22% of all sequences observed) were classified as 

plant pathogens of the wheat root ITS sequences. Mean relative abundance of plant 

pathogen OTUs did not differ among the presence and composition of cover crops or 

termination treatments (Table 3.1C), nor did mean plant pathogen OTU richness (Table 

3.1C). However, wheat root pathogen community composition, similar to the whole 

fungal community, differed as a function of the presence and composition of cover crops 

(Table 3.1C; Figure 3.4B). The five most abundant OTUs were family Pleosporaceae 

(60% of all pathogen sequences observed), genus Gibberella (17%), species 

Leptosphaeria sclerotioides (14%), genus Muriphaeosphaeria (4%), and family 

Phaeosphaeriaceae (3%). Abundance of Pleosporaceae was greatest within fallow and 

early season cover crop mixture treatments, while, the abundance of Gibberella and 

Leptosphaeria sclerotioides was greatest in wheat roots following the fallow. The 
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abundance of Muriphaeosphaeria and Phaeosphaeriaceae did not change among the 

presence and composition of cover crops (Table B4.B).  

Targeting the AM fungal community, 18 VTs were identified. Mean VT richness 

marginally differed among the presence and composition of a cover crop, but not 

termination method (Table 3.1C). Mean VT richness was greatest in the wheat roots 

which followed the early season cover crop mixture at 4 VTs, which was 1 VT more than 

richness in the fallow SE= 0.214, z= -0.97, p= 0.595), and 2 VTs more than in the mid-

season cover crop mixture (SE= 0.630, z= 2.31, p= 0.054). Termination treatments, 

however, had no effect on VT richness. VT composition varied across the presence and 

composition of cover crops (Figure 3.4C), but not termination method (Table 3.1C). The 

five most abundant VTs in the wheat roots closely corresponded to VTX00151 (Glomus 

ORVIN GLO1E; 27% of all VT sequences observed), VTX00155 (Glomus acnaGlo2; 

19%), VTX00193 (Claroideoglomus lamellosum; 16%), VTX00234 (Glomus sp.; 11%), 

and VTX00057 (Claroideoglomus sp.; 8%). Abundance of VTX00151 and VTX00193 

was greatest in wheat roots following the mid-season cover crop mixture, while 

abundance of VTX00155 was greatest in the early season cover crop mixture. Whereas, 

abundance of VTX00057 and VTX00234 was greatest in winter wheat roots which 

followed fallow (Table B4.C). 

Discussion 

To our knowledge, this is the first study to evaluate the impacts of the presence 

(i.e. cover crop and fallow) and composition (i.e. early-season and mid-season) of cover 

crops, methods of terminating cover crops, and temperature and moisture conditions on 
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soil fungal communities in the Northern Great Plains, an important region for small grain, 

pulse, and oilseed crop production (Padbury et al., 2002). Overall, this study highlights 

the use of cover crop mixtures as an ecologically-based management strategy and 

underscores the role of cover crop composition as a driver of soil and root fungal 

communities. Cover crop mixtures were associated with fewer plant pathogens, greater 

AM fungal richness, and fungal community composition differed compared to summer 

fallow. In addition, changes to the fungal community were observed between the 

composition of cover crop, probably a consequence of the early-season cover crop 

mixture being planted approximately two weeks before the mid-season cover crop 

mixture, which resulted in more total and crop species biomass (See Results in Chapter 

2). The influence of the composition of cover crops on the fungal community may be due 

to a number of factors such as variations in root exudates, root structure, and cover crop 

phenology, which are known to influence fungal colonization (Ellouze et al., 2013; 

Garbeva et al., 2004; Gavito et al., 2003; Rillig & Mummey, 2006). 

Our results also indicated marginal effects of termination method on soil fungal 

communities. In contrast, previous research suggests that the integration of livestock into 

diversified cropping systems can decrease certain types biodiversity (McLaughlin & 

Mineau, 1995), and that decreasing intensive agricultural practices, such as summer 

fallow, can favor AM fungal diversity (Plenchette et al., 2005). In addition, previous 

research suggests that fungal communities are negatively impacted by herbicides in 

agroecosystems (Schlatter et al., 2018). It is possible that the fungal communities in our 

study were impacted by multiple applications of herbicide, as well as other factors, such 
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as fertilizers and fungicides, known to affect soil fungal communities (Girvan et al., 

2004; Kuthubutheen & Pugh, 1979). However, effects of chemical inputs were not 

explicitly tested in our study. 

Changes in precipitation and temperature can positively and negatively impact  

soil fungal communities (Cregger et al., 2012; Pritchard, 2011). Particularly, soil 

moisture and temperature can be a strong driver of fungal abundance, diversity, and 

functionality (Bárcenas‐Moreno et al., 2009; Castro et al., 2010). In accordance with 

previous studies (Meisner et al., 2018), induced warmer and drier conditions resulted in 

higher total soil fungal richness and fewer plant pathogens compared to ambient 

conditions. However, differences in the fungal community were only observed in the 

2019 field trail. In the 2017-2018 crop year, there was 8.5 cm more precipitation than 

recorded in the 2016-2017 crop year (https://agresearch.montana.edu/narc/). Since the 

abundance, diversity, and functionality of soil fungi can be strongly associated with 

extreme rainfall events (Barnes et al., 2018), our results may reflect more complex 

interactions among plants, soil microbes, and soil conditions which occur during wetting 

and drying events.  

Soil pathogens can play a major role in determining characteristics of plant 

communities. For example, they can impair plant growth initiating detrimental effects on 

productivity (Bever, 1994), while density-dependent pathogen attack mediate plant-plant 

competition (Kardol et al., 2007; Maron et al., 2011). In both years of our study, we 

observed more plant pathogen sequences in the fallow treated soil samples, compared to 

the cover crop mixtures. This supports previous findings conducted in temperate regions 
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that the use of green-manure crops, cover crops, and crop rotations can enhance microbial 

activity to establish disease-suppressive soils (Baysal et al., 2008; Kinkel et al., 2011). In 

our study, Gibberella, the anamorph of genus Fusarium, was the most abundant pathogen 

and likely contributed to differences in fungal composition across our cropping systems. 

Species within the Fusarium complex contain the most common root rot pathogens in 

wheat, barley, oilseed, and pulse crops and may result in in severe economic losses to 

farmers in the Northern Great Plains (Krupinsky et al., 2002; Markell & Francl, 2003). In 

the 2019 winter wheat roots which followed the 2018 mid-season cover crop mixture, 

Gibberella was the most abundant plant pathogen, demonstrating a soil to wheat root 

legacy effect. Moreover, we observed that the mid-season cover crop mixture sustained 

the most unique plant pathogen community, which may be associated with the 

incorporation of both early and mid-season crop species and a later planting date. 

 Promoting AM fungal diversity results in an increase in plant productivity and 

ecosystem stability (van der Heijden et al., 1998; Wagg et al., 2011). For example, 

diversification of crops through crop rotations can result in more diverse soil AM fungal 

communities (Jansa et al., 2006) and the use of cover crops can enhance AM fungal 

colonization of subsequent cash crops (Higo et al., 2018; Isobe et al., 2014; Karasawa & 

Takebe, 2012). In our study, we observed a cover crop soil legacy effect on the 

subsequent wheat roots, where soil and wheat roots samples from treatments which were 

preceded with the early season cover crop mixture harbored greater richness of AM 

fungi, compared to fallow and the mid-season cover crop mixture. The genus Glomus 

was the most abundant of all detected genre in our study, which is likely due to its 
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tolerance to drought stress and other disturbances (Öpik et al., 2009). This may explain 

the genre’s ability to adapt and thrive under the extreme temperature and moisture 

conditions of the Northern Great Plains (Öpik et al., 2008; Zhao et al., 2017).  

Agricultural practices such as herbicide applications and grazing are often used to 

terminate cover crops in the Northern Great Plains, and are known to strongly affect AM 

fungi (Jansa et al., 2006). In our study, AM fungal composition differed among 

termination methods in the 2018 field trial and was dependent on the presence and 

composition of cover crops. In the fallow treatments which were exposed to the 

termination strip plots (See Figure 3.1), changes to the AM fungal community were the 

most prominent, while termination treatments within two cover crop mixtures tended to 

overlap. This demonstrates that AM fungal communities in the fallow soil can survive, 

however, may be less stable when exposed to herbicide, grazing, and haying. Hence, the 

use cover crop mixtures may mediate disturbances that cover crop agricultural practices 

generate (Schlatter et al., 2018). Overall, our observations within the AM fungal 

community emphasize the importance of understanding the effects of cropping systems to 

execute the optimal conditions and enhance AM fungal communities. 

Conclusion  

The use of cover crops in a small-grain dryland cropping system is an important 

management strategy which is becoming readily used throughout the Northern Great 

Plains. Our study demonstrates that the presence and composition of cover crops, 

termination method, and induced warmer and drier conditions can alter both soil- and 

wheat root fungal communities, however, many of these effects were only characteristic 
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of one year. Soil fungal communities are exposed to a wide variety of farming practices 

and extreme weather conditions (Barnes et al., 2018; Jansa et al., 2006; Schlatter et al., 

2019), thus, we speculate that interannual variability within our systems may have 

influenced the results of our study. However, we observed several consistencies within 

our study, where after 6 to 7 years of rotating cover crop mixtures with winter wheat, 

there were fewer plant pathogens and greater AM fungal richness than summer fallow. 

Overall, our study highlights the use of cover crop mixtures as an ecologically-based 

management strategy to support beneficial fungi and suppress disease in soils, while also 

maintaining potential to impact the subsequent crop. In addition to enhancing cover crop 

productivity and suppressing weed populations, researchers and farmers in dryland 

cropping systems should further address the impacts of cover crop mixtures and 

alternative termination methods on soil fungal communities and more importantly, the 

mechanisms they facilitate to provide ecosystem services.  
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Figure 3.1. Experimental design representing the fallow / cover crop phase (top) where a 
summer fallow, an early season cover crop mixture, or a mid-season cover crop mixture 
were established (top), and the winter wheat phase (bottom).  Three alternative methods 
were used to terminate cover crops (top). Soil samples were only taken from the two 0.56 
m2 frames within the cover crop phase which represented ambient (A) and warmer and 
drier (W/D) conditions (n=54 per field/year). In the winter wheat phase, only wheat roots 
under ambient conditions were sampled throughout the 8 x 13 m strip-plot in 2019. 
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Table 3.1. ANOVA tables for the 2018 soil (A), 2019 soil (B), and 2019 wheat root (C) 
samples for responses fungal richness, fungal community composition (perMANOVA), 
and respective fungal guild abundance in response to the presence and composition of 
cover crops (crop), termination method, temperature and moisture conditions (T/M), and 
their interactions, when applicable. 

(A) Soil 2018 

 

Richness Composition 
Relative  

abundance 

c2 p F p F p 

All fungi ~ crop 
95.6 0.384 2.2 0.005 - - 

All fungi ~ termination 
96.3 0.543 1.6 0.038 - - 

All fungi ~ T/M 
75.9 0.702 0.9 0.378 - - 

Pathogens ~ crop 
23.6 0.965 1.8 0.096 2.5 0.088 

Pathogens ~ termination 
22.5 0.562 0.7 0.626 1.2 0.323 

Pathogens ~ T/M 
22.2 0.489 0.38 0.926 0.4 0.961 

Saprotrophs ~ crop 
2.5 0.285 1.36 0.100 1.7 0.201 

Saprotrophs ~ termination 
1.07 0.589 0.86 0.612 1.1 0.354 

Saprotrophs ~ T/M 
4.28 0.118 1.27 0.191 0.1 0.907 

AMF ~ crop 
32.1 0.001 4.2 0.051 - - 

AMF ~ termination 
47.3 0.479 2.9 0.036 - - 

AMF ~ T/M 
48.5 0.418 0.5 0.563 - - 

AMF ~ crop * termination 
- - 2.9 0.021 - - 
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(B) Soil 2019 

 

Richness Composition 
Relative 

abundance 

c2 p F p F p 

All fungi ~ crop 
1.4 0.511 1.4 0.026 - - 

All fungi ~ termination 
9.5 0.006 0.9 0.598 - - 

All fungi ~ T/M 
18.9 0.001 0.9 0.723 - - 

All fungi ~ crop * termination 
19.9 0.001 - - - - 

Pathogens ~ crop 
22.5 0.128 1.2 0.291 2.5 0.096 

Pathogens ~ termination 
31.1 0.615 0.8 0.591 0.4 0.667 

Pathogens ~ T/M 
33.1 0.925 3.1 0.112 3.7 0.061 

Saprotrophs ~ crop 
3.3 0.189 1.4 0.032 1.2 0.322 

Saprotrophs ~ termination 
0.03 0.983 1.2 0.218 0.5 0.577 

Saprotrophs ~ T/M 
7.8 0.005 0.9 0.570 0.7 0.408 

AMF ~ crop 
62.1 0.749 2.2 0.054 - - 

AMF ~ termination 
62.2 0.776 1.3 0.223 - - 

AMF ~ T/M 
61.0 0.197 0.3 0.944 - - 
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(C) Wheat roots 

 

Richness Composition 
Relative 

abundance 

c2 p F p F p 

All fungi ~ crop 
4.9 0.087 5.5 0.007 - - 

All fungi ~ termination 
2.4 0.293 0.9 0.451 - - 

Pathogens ~ crop 
6.4 0.451 4.3 0.021 1.6 0.223 

Pathogens ~ termination 
7.7 0.871 0.8 0.461 1.3 0.291 

AMF ~ crop 
5.7 0.055 3.6 0.006 - - 

AMF ~ termination 
10.0 0.955 0.5 0.887 - - 
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Figure 3.2. Variation of OTU and VT composition in all fungi (A), plant pathogens (B), 
saprotrophs (C), and AM fungi (D) in the 2018 soil in response to the presence (i.e. cover 
crop or fallow) and composition (i.e. early season, Early or mid-season, Mid) of cover 
crops and termination method. Samples were pooled when the effect of termination was 
non-significant. Error bars represent the standard errors of centroids. 

−0.10 −0.05 0.00 0.10 0.15 0.20

−0.10

−0.05

0.00

0.05

0.10

0.05

N
M

D
S 

 2

NMDS 1

Stress=0.035D

Fallow

Early

Mid

Glyphosate 

Grazed 

Hayed

−0.02 −0.01 0.00 0.01 0.02 0.03 0.04

−0.02

−0.01

0.00

0.01

0.02

NMDS 1

Fallow

Early

Mid

Glyphosate 

Grazed 

Hayed

Stress=0.121A

−0.15 −0.10 −0.05 0.05 0.10 0.15

−0.10

−0.05

0.00

0.05

0.10

0.00

N
M

D
S 

 2

NMDS 1

Fallow

Early

Mid

Stress=0.052B
0.02

0.01

0.00

-0.01

-0.02

N
M

D
S 

2
0.10

0.05

0.00

-0.05

-0.10

0.10

0.05

0.00

-0.05

-0.10

N
M

D
S 

2

-0.02 -0.01 0.0 0.02 0.03
NMDS 1

0.01 0.04

-0.10 -0.05 0.00 0.10 0.150.05 0.20
NMDS 1

NMDS 1

-0.15 -0.10 0.05 0.05 0.100.00 0.15

Herbicide

Herbicide

N
M

D
S 

2

Early

0.04

0.02

0.00

-0.02

-0.04

N
M

D
S 

2

-0.02 -0.01 0.00 0.02 0.030.01 0.04
NMDS 1

−0.02 −0.01 0.00 0.01 0.02 0.03 0.04 0.05

−0.04

−0.02

0.00

0.02

0.04

NMDS 1

N
M

D
S 

 2

C

Fallow

Early

Mid

r

0.05

(A) (B)

(C) (D)



89 
 

 
Figure 3.3. Variation of OTU and VT composition in all fungi (A), plant pathogens (B), 
and AM fungi (C) in the 2019 soil in response to the presence of a cover crop (i.e. cover 
crop or fallow) cover crop composition (i.e. early season, Early or mid-season, Mid). 
Error bars represent the standard errors of centroids.  
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Figure 3.4. Variation of OTU composition in all fungi (A), plant pathogens (B), and AM 
fungi (C) composition in the 2019 wheat roots in response to the presence of a cover crop 
(i.e. cover crop or fallow) and cover crop composition (i.e. early-season, Early or mid-
season, Mid) of cover crops. Error bars represent the standard errors of centroids. 
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CHAPTER FOUR 
 

IMPACTS OF DRYLAND CROPPING SYSTEM ON GROUND BEETLE 

COMMUNITIES (CARABIDAE) IN THE NORTHERN GREAT PLAINS 

Introduction 

Large scale intensive crop production is most often achieved through heavy 

reliance on energy-dependent practices to control for pest populations, maintain soil 

fertility, and prepare fields for a cash crop. While this approach may manage for optimal 

crop yield, it has been faulted for its lack of sustainability; including declines in 

biodiversity, soil erosion, accumulation of pest populations, greenhouse gas emissions, 

and eutrophication (Robertson, 2015; Scheelbeek et al., 2018; Tilman et al., 2011). 

Recently, the reduction of excessive off-farm inputs and the development of ecologically-

based cropping practices has gained interest to sustain agroecosystems ability to produce 

food, fiber, and bioenergy while addressing multiple socio-economic and environmental 

conflicts (Anderson et al., 2019). 

 Cover cropping is a well-known strategy to incorporate ecologically-based 

management practices into agroecosystems as it can help prevent erosion, increase soil 

organic matter, improve soil nutrient retention, and suppress weed populations (Blanco-

Canqui et al., 2013; Derksen et al., 2002; Snapp et al., 2005). In addition, cover cropping 

can enhance ecosystem services by providing food and habitat to beneficial organisms 

and fuel nutrient cycling (Jian et al., 2020; Sheaffer & Seguin, 2003). However, cover 

crops do not provide direct income to farmers and come with the added expenses of 
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establishment, termination, and pest management. For example, in areas with 

compromised moisture availability, cover crops require termination before they lower 

soil water content and produce potential volunteer seeds to reduce impacts on the 

subsequent cash crop (Miller et al., 2011; O’Dea et al., 2013;). One common method of 

terminating cover crops is the use of herbicides, however, high usage can increase the 

risk of the selection of weed herbicide resistance (Baucom, 2019) and unintentionally 

impact beneficial insect populations (Egan et al., 2014; Keren et al., 2015).  Integrative 

approaches for cover crop termination, like livestock-grazing and haying, may be more 

economically and ecologically sustainable by providing an alternative revenue source to 

farmers and enhance the provisioning of ecosystem services (McKenzie et al., 2016; 

Thiessen Martens & Entz, 2011).  

Cover crop characteristics and their termination methods act as community 

assembly factors that may select for some taxa of beneficial biodiversity, like ground 

beetles (Coleoptera: Carabidae) (McKenzie et al., 2017). Ground beetles are one of the 

most diverse, common, and abundant groups of insects. They help manage crop pests by 

preying on other insects such as aphids, fly maggots, grubs, slugs, and other beetles 

(Sunderland, 1975), while some tribes –Harplini and Zabrini – prey on small seeds which 

can help manage certain weed populations (Gaines & Gratton, 2010; Honek et al., 2003). 

Therefore, by impacting  the abundance and diversity of ground beetles, cover crops can 

improve the biological control of insect pests and weed populations (Kromp, 1999). 

Cropping systems in the semi-arid regions of Northern Great Plains are dominated 

by wheat (Triticum aestivum L.), often grown in rotation with summer fallow, a year-long 
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period where no crops are grown to conserve soil moisture (Peterson et al., 1996; Tanaka 

et al., 2010). The integration of multiple species cover crop mixtures, has recently gained 

interest in the Northern Great Plains as an approach to increase total cover crop biomass 

and suppress weed populations (Mesbah et al., 2019; Smith et al., 2015; USDA, NRCS, 

2020). Previous research conducted in the Northern Great Plains indicated that cover crop 

monocultures and termination methods act as ecological filters to ground beetle 

communities (Adhikari & Menalled, 2020). Yet, to our knowledge there are no 

assessments regarding the impacts of cover crop mixtures and termination methods on 

ground beetle communities. Hence, we conducted a two-year experiment (2018-2019) at 

the Montana State University Northern Agricultural Research Center in Havre, MT, to 

assess the impact of the presence and composition of cover crop composition (i.e. fallow 

vs. cover crop mixtures species with contrasting composition), and cover crop 

termination methods (herbicide, cattle-grazing, and haying) on ground beetle 

communities characteristics and dynamics.  

Materials and Methods 

Study site and experimental design 

We conducted a two-year experiment in 2018 and 2019 at the Montana State 

University Northern Agricultural Research Center, located southwest of Havre, MT 

(48°29'48.8"N, 109°48'10.4"W). The study site receives an average annual precipitation 

of 285 mm and the average high and low temperatures are 13.4 °C and 0.0 °C, 

respectively (Western Regional Climate Center, 2020). The soil at the study site is 

classified as a mix of Joplin and Telstad clay loam (Web Soil Survey 2018). 
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The experiment was established as two replicated plot trials, designed as a 

restricted-randomization strip plot design with three repetitions each (Figure 4.1). The 

two plot trials followed alternate rotations with the winter wheat and cover crop phases 

present each year at the studied site. In the cover crop phase, treatments comprised a 

summer fallow, an early-season cover crop mixture (5-species), which was planted in 

early spring, and a mid-season cover crop mixture (7-species) which was planted 

approximately two weeks later. The location of each treatment was randomized in the 

first year of the study (2012-2013) to 8 x 44 m plots and maintained through time. Cover 

crop mixture and fallow plots were assigned to three different termination and weed 

management methods (herbicide, grazing, and haying and baling), which were applied as 

in a strip plot design (Figure 4.1; 8 x 13 m). 

Summer fallow and cover crop mixtures. The cover crop phase consisted of 

summer fallow, an early-season cover crop mixture, and a mid-season cover crop 

mixture. Phases of summer fallow began after winter wheat harvest on July 12th of 2017 

and July 26th of 2018 and ended on September 21st of 2018 and September 13th of 2019. 

Before planting of cover crop mixtures, summer fallow and cover crop plots were 

sprayed with 2240 g/ha of ai glyphosate. Summer fallow plots were also treated with 

1120 g of ai glyphosate plus 340 g/ha of ai dicamba on an “as needed” basis throughout 

the growing season to manage for weed populations. Cover crop mixtures were selected 

to include a variety of functional groups and life history traits. The early-season mixture 

had five species: radish (Raphanus raphanistrum L.), field pea (Pisum sativum L.), oat 

(Avena sativa L.), turnip (Brassica rapa L.), and hairy vetch (Vicia villosa Roth). The 
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mid-season mixture had seven species: oat, radish, field pea, turnip, lentil (Lens culinaris 

Medikus), and sorghum Sudan grass (Sorghum x drummondii Nees ex. Steud.). In the 

2019 season, a similar mid-season mixture was sowed in place of our original mid-season 

cover crop mixture containing oat, chickpea (Cicer arietinum L.), radish,  turnip, 

soybean, hairy vetch, and millet (Setaria italica L.) Each year, cover crop planting dates 

varied based on local weather conditions. The early-season mixture was planted on May 

4th, 2018, and April 29th, 2019. The mid-season mixture was planted on May 14th, 2018, 

and May 9th, 2019. All cover crop species were seeded at depth of 2.54 cm at different 

seeding rates (Table C1) using a 3.7-meter Conservapack no-till disk planter. At planting, 

cover crops were fertilized with a 20-20-20 dosage of N-P-K at 112 kg/ha.  

Termination of cover crops. Cover crop mixtures were terminated before the 

anthesis of oat to preserve soil moisture for the subsequent crop with either herbicide 

(glyphosate, applied at 2500 g ai per hectare), haying and baling, or cattle grazing. The 

herbicide application and haying treatments occurred on July 9th of 2018 and July 8th of 

2019. The cattle grazed treatment used 8-10 bulls fenced in the 12 x 360 m termination 

strip plots from July 11th to July 13th of 2018 and July 9th to July 11th of 2019. In addition, 

2000 g of ai glyphosate per hectare plus 340 g of ai dicamba per hectare was used to 

terminate any regrowth of cover crops and weeds in the grazed and hayed termination 

treatments approximately four weeks after the initial termination, because haying and 

grazing did not sufficiently kill the cover crops.  
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Ground beetle community sampling 

To assess ground beetle activity density and diversity, three pitfall traps were set 

up within each strip-plot (8 x 13 m) in the cover crop phase. Three 10 x 12 cm holes were 

dug in a triangular pattern approximately 2-3 m apart using a post hole auger where a 

double stacked cup (Solo Cup Co., Lake Forest, IL, USA) was placed, arranged to be 

flushed to the ground surface, and filled with approximately one third full of propylene 

glycol-based antifreeze (Arctic Ban Antifreeze, Camco Manufacturing, Greensboro, 

NC, USA). To assess differences in ground beetle activity density and diversity through 

time, pitfall traps were opened for a 48-hour period for five different sample periods each 

year. Specifically, ground beetles sample periods started on May 22nd, June 12th, June 

30th, July 23rd, and August 14th of 2018 and on May 30th, June 13th, July 1st, July 15th, and 

August 13th of 2019 (n=27 traps/sample period). After each 48-hour period, the three 

pitfall traps were homogenized, transferred to plastic plot-specific bags (Whirl-Pak®, 

Nasco Inc., Fort Atkinson, WI, USA), and stored in the freezer until processing. Beetles 

were cleaned, sorted, and placed in 70% ethanol for preservation and later identified to 

species following Lindroth (1969). To better account for the impacts of cropping systems 

on ground beetle communities each year, we calculated growing degree days (GDD) 

from January 1st, 2018 and 2019 to the last sample period on August 14th, 2018 and 

August 13th, 2019. For this, we used 0°C base temperature for wheat (P. Miller et al., 

2001) where: 
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Statistical analysis 

Metrics for ground beetle communities included abundance (activity density), 

species richness, evenness, and composition. To assess the effects of the presence (i.e. 

fallow and cover crop) and composition (i.e. early-season and mid-season) of cover 

crops, termination (i.e. herbicide, grazed, hayed), sample period (GDD °C), and year on 

ground beetle activity density, richness, evenness, we fit a linear mixed-effects model 

using the ‘lmer’ function in the ‘lme4’ package (Bates et al., 2020). We calculated 

species richness as the total number of species present per 8 x 13 m strip plot per sample 

period, and species evenness was calculated using the Shannon-Wiener diversity index 

using the ‘diversity’ function in the ‘vegan’ package (Oksanen et al., 2019). The presence 

and composition of cover crops, termination, sample period, and year were treated as 

fixed effects and block, year, and sampling period were treated as random effects. 

Assumptions of normality and constant variance were assessed visually using diagnostic 

plots. We used F-test derived from Type III analysis of variance ANOVA (Langsrud, 

2003) and Chi-squared tests derived from Type II ANOVA using the lmerTest package 

(Kuznetsova et al. 2014) and the ‘emmeans’ package to assess post-hoc pairwise 

comparison when factors accounted for variation in ground beetle activity density and 

richness. We produced graphics for ground beetle activity density in the package ‘ggplot 

2’ (Wickham, 2016). 



98 
 

To assess changes in ground beetle assemblages based on activity density, we 

calculated dissimilarity among strip plots with the Bray-Curtis index in the ‘vegdist’ 

function in the ‘vegan’ package. We evaluated whether there were differences in ground 

beetle communities among treatments (presence and composition of a cover crop, and 

termination), sample period, and year using Permutational Multivariate Analysis of 

Variance (perMANOVA, Anderson, 2017) algorithm ‘adonis’ in the ‘vegan’ package. To 

visualize differences in ground beetle composition we used a non-metric 

multidimensional scaling (NMDS) analysis of each strip plot. The analysis was 

conducted using the ‘metaMDS’ algorithm also in the ‘vegan’ package. Data were 

analyzed in the statistical analysis program R (R Development Core Team).  

Results 

We collected 2063 specimens over the course of our 2-year study, representing 

28 species, 14 of which occurred in the fallow treatments, 24 of which occurred in the 

early-season mixture, and 18 of which occurred in the mid-season mixture (Table C2). 

Of the 28 species, three were not be confidently identified to species (Agonum spp., 

n=1; 0.7%, Amara spp., n=2; <0.1%., and Pterostichus spp., n=4; <0.1%), however, 

these were sampled with very low frequency. The five most abundant species in the 

fallow treatment were Harpalobrachys leiroides (n=192; 32% of beetles observed in 

fallow treatments in both years), Poecilus scitulus (n=138; 23%), Harpalus amputatus 

(n=77; 13%), Cratacanthus dubius (n=77; 13%), and Cicindela punctulata (n=41; 

7%), representing about 88% of total capture. In the early season cover crop mixture, 

the five most abundant species were P. scitulus (n=505; 59% of all beetles captured in 
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the early season mixture), H. amputatus (n=110; 13%), H. leiroides (n=75; 8%), 

Apristus pugetanus (n=27; 3%), and Amara littoralis (n=27; 3%), representing about 

86% of total capture. The five most abundant species in the mid-season cover crop 

mixture were P. scitulus (n=341; 55% of all beetles captured in the mid-season 

mixture), H. leiroides (n=108; 18%), H. amputates (n=87; 14%), C. dubius (n=13; 

2%), and A. littoralis (n=10; 2%), representing about 91% of total capture. 

Ground beetle activity density among sample periods, but not among the 

presence and composition of cover crop, termination method, or year. However, there 

was an interaction between the presence and composition of cover crops and sample 

period (Table 4.1). Mean activity density of ground beetles in the early-season cover 

crop mixture was negatively correlated with sampling period in both years, where 

activity density was greatest during the 480 - 515 GDD °C and 852 - 882 GDD °C 

sample periods of 2018, and the 646 - 678 GDD °C  and 870 - 909 GDD °C sample 

periods of 2019. Mean activity density in the fallow treatments was positively 

correlated with sampling period in both years, with activity density greatest in the 

2068 - 2101 GDD °C and 1993 - 2026 GDD °C sampling periods of 2018 and 2019. 

In the mid-season cover crop mixture, mean activity density in both years had no 

evident linear tendencies, however peaked in the middle of the growing season (Figure 

4.2). We did not detect any differences in mean ground beetle species richness or 

evenness among termination method or year, but we did observe marginal differences 

among the presence and composition of a cover crop and strong differences in sample 

periods, with a marginal interaction (Table 4.1). Sampling period presented the 
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strongest effect on richness and evenness, as mean species richness and evenness 

showed a non-linear tendency, peaking in the middle of the growing season (Figure 

4.3 and Figure 4.4). The effect of the presence and composition of a cover crop on 

ground beetle species richness and evenness was dependent on sample period. For 

instance, mean species richness in the early-season cover crop mixture tended to be 

higher than the mid-season, however, both peaked in the middle of the respective 

season. Yet, mean species richness in the fallow treatments remained greater later in 

the growing season. Specifically, mean species richness was one species greater in the 

fallow treatments compared to the mid-season cover crop mixture at sampling periods 

2068 - 2101 GDD °C and 1993 - 2026 GDD °C in 2018 and 2019 (Figure 4.3). 

Similarly, ground beetle communities showed marginal evidence of differences in 

species evenness among the presence and composition of a cover crop and sample 

periods. Species evenness peaked in the middle of the growing season for fallow and 

both cover crop mixtures, however, mean species evenness in fallow and the early-

season cover crop mixture tended to be greater than the mid-season cover crop 

mixture. Specifically, the Shannon’s evenness metric was 0.19 greater in the fallow 

compared to the mid-season cover crop mixture at sampling periods 2068 - 2101 GDD 

°C and 1993 - 2026 GDD °C in 2018 and 2019 (Figure 4.4).  

The perMANOVA results indicated differences in ground beetle community 

composition among the presence and composition of cover crops, sample period, and 

year, but a marginal difference among termination methods. There was also a 

marginal interaction between both presence and composition of a cover crop and 
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sample period with year (Table 4.1; Figure 4.5). We observed the largest differences 

in ground beetle composition in the early-season and mid-season cover crop mixtures 

during the 480 - 515 GDD °C and 852 - 882 GDD °C sample periods of 2018, and the 

646 - 678 GDD °C  and 870 - 909 GDD °C sample periods of 2019, which is likely 

due to the greater activity density of P. scitulus (Table C2). Among the later sample 

periods, there was much overlap in ground beetle composition, however, we observed 

that many species were more abundant in specific cover crop phase treatments and 

sample periods. For example, H. amputates, A. pungenatus, and A. littoralis all had 

greater activity density in the early-season cover crop mixture at different sample 

periods between years (Table C2). In 2018, activity density of C. punculata was 

greatest in fallow treatments during the 2068 - 2101 GDD °C sample period of 2018 

but did not appear abundant in 2019. While, activity density of A. idahoana and C. 

dubis were greater in fallow treatments, particularly during the 1993 - 2026 GDD °C 

sample period of 2019.  

Discussion 

 To our knowledge, this is the first study to assess the impacts that the presence,  

composition, and termination methods associated with cover crops have on ground beetle 

communities in the dryland farming systems of the Northern Great Plains, an important 

small grain, pulse, and oilseed crop production region (Padbury et al., 2002). Our study 

indicated that the presence (i.e. fallow or cover crop) and composition (i.e. early-season 

or mid-season) characteristics of cover crops affected ground beetle communities. Results 
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also indicated that the termination method of cover crops (i.e., herbicide, cattle-grazing, 

and haying) does not differently impact ground beetle communities and that while beetle 

activity density was greatest in the early-season cover crop mixture, it peaked at the end 

of the summer in the fallow plots. Overall, this study highlights the potential of cover 

crop mixtures as an ecologically-based management strategy to enhance the stability of 

ambient ground beetle communities and underscores the role of cover crop composition 

has a driver of ground beetle communities.  

The studied cropping systems selected for a subset of common ground beetle 

species that occur in the Northern Hemisphere; including genera such as Harpalus, 

Amara, Pterostichus, and Agonum. However, we observed fewer genera than previous 

studies which occurred in organic farming systems (Adhikari & Menalled, 2018; 

McKenzie et al., 2016), suggesting that conventional farming practices are strong drivers 

for ground beetle communities in this region. In agreement, Adhikari and Menalled 

(2020) observed that cover cropping favored ground beetle communities, with stronger 

patterns observed in organically managed farms, whether tilled or grazed, in comparison 

with chemically managed no-tillage systems. In the studied systems, the divergence in 

ground beetle communities suggests that the presence and composition of cover crops can 

act as ecological filters to ground beetle communities, favoring some taxa over others 

(Funk et al., 2008). Specifically, we observed greater ground beetle activity density in the 

early-season cover crop mixture during sampling periods that occurred between 500 and 

1000 GDD°C. While, after termination of the cover crop mixtures, fallow substrates 

supported the greatest activity density. Previous research suggests that arthropod 



103 
 
communities are sensitive to herbicides in agroecosystems (Egan et al., 2014) and it is 

possible that the ground beetle communities sampled in the cover crop mixtures were 

impacted by the applications of herbicide that occurred before the last sample period to 

control the regrowth of cover crops and weeds.  

Interestingly, the mid-season cover crop mixture had consistently fewer activity 

density, species richness, and species evenness throughout all sample periods of both 

years, suggesting that the early season cover crop mixture provided more favorable 

conditions for ground beetle communities. This observation is in accordance with  

previous studies which indicate greater plant species richness does not guarantee greater 

arthropod abundance (Haddad et al., 2001; Siemann et al., 1998). 

In accordance with previous studies conducted in this region (Adhikari & 

Menalled, 2018, 2020; Goosey et al., 2015), cropping systems can favor some taxa of 

ground beetles while excluding others. However, the ecology of many of the ground 

beetle species sampled in this study is largely unknown. For example, while P. scitulus is 

associated with tall-grass prairies at the edges of sloughs and ponds (Lindroth, 1969), in 

our study, activity density was particularly high in the early spring sample periods (500 to 

1000 GDD °C), primarily in the early season cover crop mixture.  

Ground beetles have broad diets (Sunderland, 1975) and in addition to preying on 

insect pests, many species are known to consume small seeds of certain weedy species 

(Carbonne et al., 2020; Frei et al., 2019), which increases the potential to regulate weed 

populations. In our study, we observed distinct changes in ground beetle species 

composition in the early season cover crop mixture, which supported food and habitat for 
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a particular subset of ground beetles. For example, activity density of species within the 

genera Amara and Harpalus – ground beetle species which are known to prey on weed 

seeds – was greater in the early season cover crop mixture in the middle of the growing 

season, compared to summer fallow and the mid-season cover crop mixture. Because the 

mid-season cover crop mixture had greater cover crop species richness and was planted 

two weeks later than the early-season cover crop mixture, the early-season mixture 

accumulated more total cover crop biomass (See Chapter 2; Figure 2.2). Thus, greater 

richness of cover crop species per se may not be the most effective method to enhance 

ground beetle communities. However, the selection of cover crop species to 

accommodate an early-spring planting may enhance ground beetle communities, and 

therefore provide the potential to increase ecosystem services within conventional 

dryland cropping systems.   

Conclusions 

Cover crops can provide ecosystem services such as soil erosion control, 

accumulation of soil organic matter, improved soil nutrient retention, and suppression of 

weed populations (Blanco-Canqui et al., 2013; Derksen et al., 2002; Snapp et al., 2005). 

Still, additional research on effects of cover crops of natural enemies and biological 

controls is needed in the face of global climate change (Murrell, 2017). Cover crop 

mixtures have potential to enhance ground beetle communities, compared to cover crops 

planted in monocultures by incorporating multiple cover crop species characteristics 

(Cãrcamo and Spence, 1994). Overall, this is the first study to assess the impacts of the 

presence and composition of cover crop mixtures and termination methods on ground 
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beetle communities in the drylands of the Northern Great Plains. Our study revealed that 

the presence of cover crops, as well as planting date, composition, and the event of 

terminating cover crops can all act as subtle ecological filters determining ground beetle 

communities. Also, we found that ground beetle communities tend to shift throughout the 

cover crop growing season, which is likely due to cover crop phenology and the use of 

herbicide. Overall, our results show that the use of cover crop mixtures can play a 

beneficial role in supporting ground beetles in semi-arid agroecosystems, however, more 

research is needed to study the factors which mediate their attraction in cover crop 

mixtures and how the provision of ecosystem services may vary among cover crop 

composition and summer fallow.  
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Figure 4.1. Experimental design representing the fallow / cover crop phase (top) where a 
summer fallow, an early season cover crop mixture, or a mid-season cover crop mixture 
were established (top), and the winter wheat phase (bottom).  Three alternative methods 
were used to terminate cover crops (top). Three pitfall traps (circles) were placed within 
each 8 x 13 m strip plot of the fallow / cover crop phase of each year and were 
homogenized after each 48-hour sample period (n=27 traps/sample period). 
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Table 4.1. Type III ANOVA tables for ground beetle activity density (A), richness (B), 
and perMANOVA for community composition (C) in response to the presence and 
composition of a cover crop (Fallow / cover crop), sample interval (GDD °C), year, 
termination, and their interactions, when applicable. 

(A) Ground beetle activity density Df F p 

Fallow / cover crop 2, 5 3.31 0.125 

Sample interval 2, 82 4.48 0.011 
Year 1, 2 0.05 0.828 

Termination 2, 204 1.44 0.239 

Fallow / cover crop * Sample interval 4, 45 6.54 <0.001 
(B) Ground beetle species richness Df F p 

Fallow / cover crop 2, 37 2.46 0.099 

Sample interval 2, 42 15.01 <0.001 
Year 1, 2 1.61 0.376 

Termination 2, 37 0.55 0.578 

Fallow / cover crop * Sample interval 4, 133 2.03 0.094 
(C) Ground beetle species evenness Df F p 

Fallow / cover crop 2, 10 3.18 0.083 

Sample interval 2, 45 13.71 <0.001 
Year 1, 2 1.06 0.395 

Termination 2, 238 0.255 0.798 
(D) Ground beetle species composition Df F p 

Fallow / cover crop 2, 244 9.64 <0.001 
Sample interval 1, 244 15.46 <0.001 
Year 1, 244 4.56 <0.003 
Termination 2, 244 1.61 0.086 

Fallow / cover crop * Sample interval 2, 244 8.08 <0.001 
Fallow / cover crop * Year 2, 244 1.75 0.081 

Sample interval * Year 1, 244 2.12 0.074 
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Figure 4.2. Mean ground beetle activity density recorded in 2018 (A) and 2019 (B) 
among treatments with different presence and composition of cover crops (fallow, early-
season, and mid-season cover crop mixtures), and sample intervals (growing degree days, 
GDD °C). Error bars indicate the standard errors of the mean. 
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Figure 4.3. Mean ground beetle species richness recorded in 2018 (A) and 2019 (B) 
among treatments with different the presence and composition of a cover crop (fallow, 
early-season, and mid-season cover crop mixtures) and sample interval (growing degree 
days, GDD °C). Error bars indicate the standard errors of the mean. 
  



115 
 

 

Figure 4.5. Mean ground beetle species evenness recorded in 2018 (A) and 2019 (B) 
among treatments with different the presence and composition of a cover crop (fallow, 
early-season, and mid-season cover crop mixtures) and sample interval (growing degree 
days, GDD °C). Error bars indicate the standard errors of the mean. 
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Figure 4.6. Variation of ground beetle communities in 2018 (A) and 2019 (B) in response 
the presence and composition of a cover crop and sample intervals. Error bars represent 
the standard error of plots within the presence and composition of a cover crop using 
different shapes (fallow, early-season, and mid-season) and sample intervals using 
different colors (growing degree days, GDD °C). 
  



117 
 

CHAPTER FIVE 

SUMMARY OF FINDINGS AND FUTURE RESEARCH  

My research explored the consequences of introducing cover crop mixtures into 

rotation with winter wheat, compared to summer fallow under current and predicted 

warmer and drier climate scenarios. The primary goal of this study was to assess the 

impact of implementing an ecologically-based management strategy on the associated 

biodiversity. This knowledge, in turn, could help enhance ecosystem services which may 

aid crop production in the Northern Great Plains. The objectives were to 1) assess the 

impacts of the presence (cover crop or summer fallow), composition (two cover crop 

mixtures differing in richness and planting date), and cover crop termination method (i.e. 

herbicide, grazing by cattle, or haying) on temperature and soil moisture, crop 

productivity, and weed communities under two temperature and moisture conditions 

(ambient or warmer/drier); 2) to evaluate the effects of the presence and composition of 

cover crops, termination methods, and temperature and moisture conditions on soil and 

root fungal communities; and 3) to assess the impacts of the presence and composition of 

cover crops and termination method on ground beetle (Coleoptera: Carabidae) 

communities.  

Summary of findings 

I determined that the early-season cover crop mixture produced the greatest total 

cover crop biomass, compared to the mid-season cover crop mixture and resulted in the 

coolest air and soil temperatures under warmer and drier conditions. However, soil 
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moisture was lowest in the early-season cover crop mixture which was associated with a 

undesirable reduction in subsequent wheat grain yields. Under warmer and drier 

conditions, total cover crop biomass in the early-season mixture was lowered, possibly 

due to the sensitivity of oat to temperatures and drought stress. In contrast, the cover crop 

biomass response in the mid-season cover crop mixture was not impacted by warmer and 

drier conditions, however turnip and radish became more abundant. This observation 

suggests that the ability of cover crop mixtures to mediate temperature and moisture 

impacts is strongly dependent on crop species characteristics, planting date, and cover 

crop mixture richness, as the early season cover crop mixture was planted two weeks 

prior and had two fewer crop species than the mid-season cover crop mixture.  

I also determined subsequent winter wheat grain yield varied across cover crop 

mixtures, however this impact was inconsistent between years. In the first year of my 

study, winter wheat grain yield was unaffected by the characteristics of the preceding 

cover crop mixtures, but in the second year wheat yields declined in plots that followed 

both the early and mid-season cover crop mixtures. Also, winter wheat grain yield was 

consistently reduced under warmer and drier conditions, indicating that predicted climate 

scenarios will likely reduce wheat production. 

In this study, I assessed three forms of the associated biodiversity; weeds, fungi, 

and ground beetles. Overall, results indicated that cover crop mixtures can affect the 

associated biodiversity. Specifically, the early season cover crop mixture was most 

effective in reducing weed abundance, suppressing fungal plant pathogens, enhancing 

AM fungal richness, and strengthening ground beetle activity density and diversity, 
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compared to summer fallow. These results indicate that the greater crop species diversity 

associated with the mid-season cover crop mixture did not guarantee improvements to the 

associated biodiversity, likely due to crop species characteristics and composition. 

Additionally, the effects of cover crop termination method on the associated biodiversity 

were inconsistent. For example, total soil fungi and AM fungi community composition 

were impacted by termination methods, in only one of the two years when I conducted 

this study.  

Weeds and soil fungi were also impacted by changes in temperature and soil 

moisture. In response to warmer and drier conditions, results indicated that the relative 

abundance of weeds species differed, especially within the early-season cover crop 

mixture treatments. These results demonstrated that both biotic (cover crop mixtures) and 

abiotic (climate conditions) factors affect agricultural weed communities. The effect of 

temperature and soil moisture conditions on soil fungal communities was dependent on 

year, but not on the presence and composition of cover crops. I did not observe changes 

to the fungal community under warmer and drier conditions in 2018; however, in 2019 

total soil fungal richness was greater and plant pathogen abundance was fewer under 

warmer and drier conditions, compared to ambient climate conditions. It is possible that 

the lack of differences in 2018 were due to the dry season which occurred in 2017; which 

may have lessened the effect of warmer and drier conditions. Overall, these results 

indicated that predicted warmer and drier conditions, a surrogate for climate change in 

the study, has the potential to impact the associated biodiversity.  
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Future directions 

 Biodiversity in agroecosystems provides essential ecosystem services (Dainese et 

al., 2019; Duru et al., 2015; Landis, 2017). Before this research, there was little 

understanding on the impacts of predicted drier and warmer climates on cover cropping 

and the associated biodiversity in agroecosystems of the Northern Great Plains. Findings 

from this study have implications to how cover crop diversity should be implemented in 

the region. For example, the results suggest an increase in cover crop biomass could help 

mediate rises in temperature while suppressing weeds and enhancing fungal and ground 

beetle communities. However, this increase in cover crop biomass could result in a 

reductions in water availability for the subsequent crop and increase farmers’ reluctance 

to adopt this ecologically-based management strategy in the dryland sections of the 

Northern Great Plains (Lawrence et al., 2018; O’Dea et al., 2013). To address this trade-

off, future studies could assess different cover crop assemblages (different species) and 

composition (seeding rates). Also, decreasing cover crop rotation by intensity 

incorporating fewer cover crop years may reduce the impacts of cover crop mixtures on 

soil moisture, (Maaz et al., 2018), and thus, wheat grain yields. 

This study shows that increasing planned diversity can benefit other forms of 

diversity that can contribute to crop health and agricultural pest regulation (Garbeva et 

al., 2004; Jansa et al., 2002; Landis, 2017), consequently, reducing the need for off-farm 

inputs. Relying on ecological processes rather than on off-farm inputs may benefit the 

overall sustainability of the farming enterprise and reduce the risks associated with 

climate change (Borgy et al., 2016; Schipanski et al., 2014). Overall, despite the 
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challenges, the adoption of cover crop mixtures to diversify dryland agroecosystems is 

suggested to accommodate the future goals of sustainable agriculture in the Northern 

Great Plains.   
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Table A1. Seeding rates (kg/ha) of each cover crop species within each cover crop 
mixture. Different species were seeded in 2018 and 2019 in the mid-season mixture. 

 

 

 

 

 

 

 

 

  

Cover crop species Seeding rate (Kg/ha) 

 Early Mid (2018) Mid (2019) 

Oat (Avena sativa) 12.55 14.08 14.08 

Turnip (Brassica rapa) 1.72 1.71 1.71 

Chickpea (Cicer arietinum) - - 56.31 

Soybean (Glycine max) - 8.46 8.46 

Lentil (Lens culinaris) - 4.79 - 

Pea (Pisum sativum) 26.59 14.14 - 

Radish (Raphanus raphanistrum) 2.77 2.93 2.93 

Millet (Setaria italica) - - 3.01 

Sorghum x Sudan grass (Sorghum x drummondii) - 3.16 - 

Hairy Vetch (Vicia villosa) 13.58 - 6.86 

Total 57.21 49.27 93.36 
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Table A2. Mean (SE) cover crop species biomass sampled in 2018 (A) and 2019 (B) in 
the early-season mixture (Early) and mid-season mixture (Mid) under ambient and 
warmer and drier (W/D) conditions. 

 

  

A) Cover crop species biomass (Kg/ha) Early Mid 
 Ambient W/D Ambient W/D 

Oat (Avena sativa) 1523 
(103) 

833 (103) 1142 (103) 
961 

(103) 

Turnip (Brassica rapa) 479 
(82.9) 

532 (82.9) 29 (82.9) 334 
(82.9) 

Chickpea (Cicer arietinum) - - - - 

Soybean (Glycine max) - - 13.68 (2.6) 
9.83 
(2.6) 

Lentil (Lens culinaris) - - 65.13 (5.1) 
30.17 
(5.1) 

Field Pea (Pisum sativum) 420 
(61.5) 

324 (61.5) 342 (61.5) 
253 

(61.5) 

Radish (Raphanus raphanistrum) 521.38 
(86.5) 

700.54 (86.5) 12.47 (86.5) 
403.06 
(86.5) 

Millet (Setaria italica) - - - - 

Sorghum x Sudan grass (Sorghum x drummondii) - - 76.86 (11.6) 
43.78 
(11.6) 

Hairy Vetch (Vicia villosa) 
125 

(19.7) 
75 (19.7) - - 

B) Cover crop species biomass (Kg/ha) Early Mid 

 Ambient W/D Ambient W/D 

Oat (Avena sativa) 1194 
(103) 

835 (103) 851 (103) 713 
(103) 

Turnip (Brassica rapa) 80 (82.9) 45 (82.9) 20 (82.9) 263 
(82.9) 

Chickpea (Cicer arietinum) - - 91.16 (13.1) 61.58 
(13.1) 

Soybean (Glycine max) - - 2.15 (2.6) 5.14 
(2.6) 

Lentil (Lens culinaris) - - - - 

Field Pea (Pisum sativum) 956 
(61.5) 

960 (61.5) - - 

Radish (Raphanus raphanistrum) 70.37 
(86.5) 

39.70 (86.5) 69.133 (86.5) 384.61 
(86.5) 

Millet (Setaria italica) - - 35.85 (3.8) 20.15 
(3.8)  

Sorghum x Sudan grass (Sorghum x drummondii) - - - - 

Hairy Vetch (Vicia villosa) 
66 (19.7) 62 (19.7) 101 (19.7) 27 

(19.7) 
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Table A3. Contrasts of cover crop species biomass with legumes grouped into one 
functional group from the multilevel mixed models. 

Crop 
species Year Contrast Estimate SE df t p 

Oat 

2018 
Early, Ambient – Early, W/D 690 145 64 4.76 <0.01 
Mid, Ambient – Mid, W/D 181 145 64 1.25 0.216 

2019 
Early, Ambient – Early, W/D 359 145 64 2.48 0.02 
Mid, Ambient – Mid, W/D 138 145 64 0.95 0.345 

Turnip 

2018 
Early, Ambient – Early, W/D -54 117 64 -0.45 0.649 

Mid, Ambient – Mid, W/D -305 117 64 -2.61 0.011 

2019 
Early, Ambient – Early, W/D 35 117 64 0.30 0.765 

Mid, Ambient – Mid, W/D -242 117 64 -2.07 0.042 

Radish 

2018 
Early, Ambient – Early, W/D -179 122 64 -1.46 0.148 

Mid, Ambient – Mid, W/D -391 122 64 -3.19 <0.01 

2019 
Early, Ambient – Early, W/D 31 122 64 0.252 0.803 

Mid, Ambient – Mid, W/D -315 122 64 -2.58 0.012 

Legumes 

2018 
Early, Ambient – Early, W/D 146 96 64 1.52 0.133 

Mid, Ambient – Mid, W/D 129 96 64 1.35 0.183 

2019 
Early, Ambient – Early, W/D -1 96 64 -0.01 0.991 

Mid, Ambient – Mid, W/D 100 96 64 1.05 0.299 

Sorghum x 
Sudangrass 

2018 Mid, Ambient – Mid, W/D 33 16 64 2.02 0.048 

Millet 2019 Mid, Ambient – Mid, W/D 14 5 64 2.64 0.01 
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Table A4: Mean (SE) biomass of weed species (kg/ha) sampled in the cover crop mixture 
and fallow phase in 2018 and 2019. Each year includes biomass in the fallow (F), early 
season cover crop mixture (E), and mid-season cover crop mixture (M) under both 
ambient (A) and warmer and drier (W/D) climate conditions. When a weed species only 
occurred in one plot, standard error is represented as (-).  

Weed taxa 

2018 

% F E M 

A W/D A W/D A W/D 

Amaranthus 
albus 12.6 (2.8) 14.2 (9.3) 31.4 (7.3) 

2.8 
(1.7) 

40.6 
(13.3) 

13.0 (3.7) 
3.7 

Amaranthus 
blitoides 125.5 (41.2) 68.2 (28.4) 49.9 (27.8) 

2.8 
(1.8) 

60.8 
(11.8) 

81.4 (33.1) 
12.7 

Amaranthus 
retroflexus 2.7 (0.6) 9.2 (7.5) 3.1 (2.2) 1.4 (-) 4.4 (-) 551.8 (-) 18.7 

Avena fatua - - 6.0 (-) - 3.9 (-) 9.1 (-) 0.6 

Bromus 
tectorum 1.3 (0.8) 4.1 (-) - - - 111.1 (-) 

3.8 

Chenopodium 
album 16.2 (-) - 38.8 (-) - 68.8 (-) 46.4 (-) 

5.6 

Descurainia 
sophia - 271.1 (-) 4.4 (-) - 98.0 (-) - 

9.0 

Malva 
neglecta 125.9 (-) - 113.8 (-) - 751.1 (-) 0.2 (-) 

36.5 

Polygonum 
aviculare - - 15.5 (-) - - - 

0.5 

Salsola kali 72.5 (35.2) 18 (-) 35.2 (26.2) 6.8 (-) 1.1 (-) 0.5 (-) 4.4 

Solanum 
triflorum 23.2 (5.8) 0.7 (-) - 2.0 (-) - -- 0.8 

Tragopogon 
dubius 3.7 (-) - - - - - 0.1 

Triticum 
aestivum 2.0 (1.1) 28.6 (10.7) 13.5 (5.5) 

33.9 
(15.8) 

30.9 
(28.4) 

- 3.6 

Weed taxa 

2019 

% F E M 

A W/D A W/D A W/D 
Amaranthus 
albus - - - - 

13.0 
(11.0) 

- 
0.5 

Amaranthus 
blitoides 75.3 (25.5) - 18.9 (5.4) 

1.2 
(0.1) 

4.1 (1.8) 7.1 (-) 
4.4 

Amaranthus 
retroflexus 1.8 (-) - 7.7 (3.3) 1.8 (-) 0.4 (-) - 

0.5 

Avena fatua - - 82.7 (56.0) 56.9 (-) - - 5.8 

Bromus 
tectorum 35.4 (9.1) 6.0 (4.5) 8.9 (-) 2.8 (-) 1.8 (-) 1.8 (-) 

2.3 

Chenopodium 
album - - - 1.1 - - 

<0.1 

Descurainia 
sophia 116.9 (84.7) 292.1 (96.4) - 

158.2 (-
) 

- - 
23.5 
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Echinochloa 
spp. - - - - 3.6 (-) - 

0.1 

Lactuca 
serriola 12.8 (2.) 107.1 (95.6) - - - - 

5.0 

Lolium 
perenne 71.1 (31.8) 30.8 (27.8) 65.8 (28.3) 

9.4 
(4.1) 

123.0 
(17.8) 

59.1 (20.2) 
14.9 

Monolepis 
nuttalliana 1.8 (-) - - - - - 

0.1 

Salsola kali 211.5(115.8) 100.8 (51.9) 28.9 (15.4) - 
43.4 

(20.3) 
- 

15.9 

Taraxacum 
officinale - - - - - 1.2 (-) <0.1 

Tragopogon 
dubius - 72.9 (-) - - - - 

3.0 

Triticum 
aestivum 165.3 (-) 19.6 (-) 32.8 (23.1) - 78.4 (5.7) 282.8 (-) 

24.0 
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Table A5: Mean (SE) biomass of weed species (kg/ha) sampled in the winter wheat phase 
in 2018 and 2019. Each year includes biomass in the fallow (F), early season cover crop 
mixture (E), and mid-season cover crop mixture (M) under both ambient (A) and warmer 
and drier (W/D) climate conditions. When a weed species only occurred in one plot, 
standard error is represented as (-). 

Weed taxa 

2018 

% F E M 

A W/D A W/D A W/D 

Amaranthus albus - - 19.8 (13.1) 1.4 (-) 
18.9 
(0.1) 

1.6 
(0.5) 

4.6 

Amaranthus 
blitoides 

142.1 
(39.9) 

 - - 
3.3 

(0.6) 
0.2 (-) 

17.0 

Bromus tectorum - 31.0 (10.0) - - - - 3.4 

Chenopodium 
album - - - 0.2 (-) - - 

<0.1 

Descurainia 
sophia - 11 (5.0) - - 98.0 (-) - 

11.9 

Hordeum jubatum - - 11.0 (-) - - - 1.2 

Kochia scoparia 
- - 0.9 (-) - 

109.3 (-
) - 

12.1 

Lactuca serriola - 6.6 (-) 5.7 (-) - 1.8 (-) - 1.5 

Malva neglecta 4.6 (-) - - - - - 0.5 

Salsola kali 113.1 (-
) 

86.4 (-) 1.8 (-) - 
103.2 
(64.0) 

127.6 
(90.4) 

47.3 

Vicia villosa - - 4.3 (-) - - - 0.5 

 

Weed taxa 

2019 

% F E M 

A W/D A W/D A W/D 
Amaranthus 
blitoides - - - - 14.2 (-) 0.2 (-) 

1.9 

Avena fatua - - - - - 1.8 (-) 0.2 

Bromus japonicus 8.4 
(2.7) 

206.8 (198.8) 40.0 (16.9) 13.5 (7.6) - - 
35.1 

Bromus tectorum - 171.5 (159.1) - 6.5 (3.1) 
22.9 

(14.9) 
210.7 

(203.5) 
53.8 

Descurainia 
sophia - - - - 12.4 (-) 9.6 (-) 

2.9 

Elymus elymoides - - - - 32.0 (-) - 4.2 

Lolium perenne - - - - - 1.8 (-) 0.2 

Malva neglecta - - - - 10.7 (-) - 1.4 

Salsola kali - - - - 1.8 (-) - 0.2. 
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Table B1. Seeding rates (kg/ha) of each cover crop species within each cover crop 
mixture including the two different years for the mid-season mixture.  

 
 
 
  

Cover crop species Seeding rate (Kg/ha) 

 Early Mid 
(2018) 

Mid 
(2019) 

Oat (Avena sativa) 12.55 14.08 14.08 

Turnip (Brassica rapa) 1.72 1.71 1.71 

Chickpea (Cicer arietinum) - - 56.31 

Soybean (Glycine max) - 8.46 8.46 

Lentil (Lens culinaris) - 4.79 - 

Pea (Pisum sativum) 26.59 14.14 - 

Radish (Raphanus raphanistrum) 2.77 2.93 2.93 

Millet (Setaria italica) - - 3.01 

Sorghum x Sudan grass (Sorghum x 
drummondii) 

- 3.16 - 

Hairy Vetch (Vicia villosa) 13.58 - 6.86 
Total 57.21 49.27 93.36 
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Table B2. Five most abundant OTUs within the 2018 soil whole fungal (A), plant 
pathogen (B), and AM fungal (C) community and their absolute sequence abundances 
observed in the presence and composition of cover crops and termination method 
(herbicide-Her, grazed-Gra, hayed/baled-Hay), when applicable. Taxa were assigned 
using the UNITE and Maarjam databases. 

Fungal taxa classification Total sequence abundance 

A) All fungi Fallow Early Mid 
Her Gra Hay Her Gra Hay Her Gra Hay 

Nectriaceae - 313 - 389 512 319 529 1357 213 
Gibberella 259 182 625 249 262 102 21 77 126 
Tremellomycetes - 45 884 194 58 112 40 46 238 
Muriphaeosphaeria 41 8 335 - 203 - 193 137 409 
Alternaria subcucurbitae 10 57 76 159 23 153 73 466 305 
 

B) Plant pathogens 
 

Fallow Early Mid 

Gibberella 1230 613 234 
Muriphaeosphaeria 384 203 739 
Leptosphaeria  sclerotioides 143 56 2 
Parastagonospora avenae 175 - 18 
Gibberella pulicaris 164 - 10 
 

C) Saprotrophs 
 

Fallow Early Mid 

Calycina 37 2 886 
Psathyrellaceae 761 - - 
Sclerostagonospora 84 237 423 
Cistella 51 78 575 
Ascobolus 655 - - 

D) AM fungi 
Fallow Early Mid 

Her Gra Hay Her Gra Hay Her Gra Hay 
VTX00354  (Diversispora Clade-3) 599 - - 210 167 - 7 - - 
VTX00279  (Claroideoglomus sp.) 524 - 1097 342 346 412 - - - 
VTX00064  (Glomus MO-G18) 7 570 7 322 161 30 10 211 300 
VTX00234  (Glomus sp.) 317 284 343 337 355 88 286 315 291 
VTX00193  (C. lamellosum) 12 28 5 110 276 298 289 - - 
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Table B3. Five most abundant OTUs and VTs within the 2019 soil whole fungal (A), 
plant pathogen (B), and AM fungal (C) community and their absolute sequence 
abundances observed in the presence and composition of cover crops. Taxa were 
assigned using the UNITE and Maarjam databases. 

Fungal taxa classification Total sequence abundance 
 

A) All fungi 
 

Fallow Early Mid 

Netricaceae 64 502 366 
Gibberella 211 55 213 
Agaricales 107 213 88 
Hypocreales 33 180 154 
Alternaria oregonensis 187 41 121 

 
B) Plant pathogens 

 
Fallow Early Mid 

Gibberella 211 55 213 
Phaeosphaeriaceae (1) 67 6 60 
Phaeosphaeriaceae (2) - 104 28 
Parastagonospora avenae 59 16 39 
Pseudoseptoria 98 - 1 

 
C) Saprotrophs 
 

Fallow Early Mid 

Atractiella 16 256 7 
Phaeosphaeria 22 23 226 
Clitopilus 0 4 243 
Subulicystidium 0 229 13 
Rhizophlyctis 0 228 4 

 
D) AM fungi 

 
Fallow Early Mid 

VTX00155  (Glomus acnaGlo2) 118 61 118 
VTX00175  (Glomus Glo8) 71 43 201 
VTX00165  (Glomus sp.) - 20 148 
VTX00234  (Glomus sp.) 468 162 377 
VTX00296  (Glomus Whitfield type 18) 135 479 302 
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Table B4. Five most abundant OTUs and VTs within the 2019 winter wheat roots whole 
fungal (A), plant pathogen (B), and AM fungal (C) community and their absolute 
sequence abundances observed in the presence and composition of cover crops. Taxa 
were assigned using the UNITE and Maarjam databases. 

Fungal taxa classification Total sequence abundance 
 

A) All fungi 
 

Fallow Early Mid 

Microdochium 1209 1253 2432 
Pleosporaceae 1647 1572 199 
Xylariales 958 982 - 
Ophiosphaerella 908 352 536 
Diaporthales 145 192 1251 

 
B) Plant pathogens 

 
Fallow Early Mid 

Pleosporaceae 1647 1572 199 
Gibberella 453 280 329 
Leptosphaeria sclerotioides 487 228 70 
Muriphaeosphaeria 18 107 111 
Phaeosphaeriaceae - 128 32 

 
C) AM fungi 

 
Fallow Early Mid 

VTX00151  (Glomus ORVIN GLO1E) 33 170 366 
VTX00155  (Glomus acnaGlo2) 98 293 - 
VTX00057  (Claroideoglomus sp.) 116 48 - 
VTX00193  (C. lamellosum) 92 - 250 
VTX00234  (Glomus sp.) 154 74 - 
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Table C1. Seeding rates (kg/ha) of each cover crop species within the early season and 
mid-season cover crop mixtures, including the two differing years for the mid-season 
cover crop mixture.  

 
Cover crop species Seeding rate (Kg/ha) 

 Early Mid 
(2018) 

Mid 
(2019) 

Oat (Avena sativa) 12.55 14.08 14.08 

Turnip (Brassica rapa) 1.72 1.71 1.71 

Chickpea (Cicer arietinum) - - 56.31 

Soybean (Glycine max) - 8.46 8.46 

Lentil (Lens culinaris) - 4.79 - 

Pea (Pisum sativum) 26.59 14.14 - 

Radish (Raphanus raphanistrum) 2.77 2.93 2.93 

Millet (Setaria italica) - - 3.01 

Sorghum x Sudan grass (Sorghum x 
drummondii) 

- 3.16 - 

Hairy Vetch (Vicia villosa) 13.58 - 6.86 
Total 57.21 49.27 93.36 
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Table C2: Activity density of ground beetle species sampled in fallow (F), early season cover crop mixture (E), and mid-season cover 
crop mixture (M) in 2018 (A) and 2019 (B). GDD represents growing degree days from January 1st, 2018 and 2019 to August 14th, 
2018 (a) and August 13th, 2019 (B) using 0°C base temperature for wheat. 

(A) Ground beetle species 
480-515 GDD 852 – 882 GDD 1157 – 1171 GDD 1637 – 1677 GDD 2068 -2101 GDD 

Total Percent 
E F M E F M E F M E F M E F M 

Poecilus scitulus 80 14 2 100 27 35 36 36 47 12 8 19 21 8 12 457 41.7 
Harpalobrachys leiroides 0 0 0 1 9 0 30 38 65 30 47 30 4 18 2 274 25.0 
Amara littoralis 0 0 0 0 0 0 21 0 2 3 0 2 0 0 0 28 2.6 
Harpalus amputatus 13 11 9 8 8 4 43 19 22 13 10 12 0 0 0 172 15.7 
Agonum spp. 0 0 0 0 1 0 12 0 2 0 0 0 0 0 0 15 1.4 
Harpalus fusipalpis 0 0 1 0 0 0 10 1 1 9 7 5 1 1 0 36 3.3 
Apristus pungetanus 1 0 0 13 1 4 1 2 0 0 0 0 0 0 0 22 2.0 
Pasimachus elongatus 0 1 0 1 0 0 1 0 0 0 0 1 0 0 1 5 0.5 
Amara idahoana 0 0 0 0 0 0 0 0 0 0 0 0 4 0 1 5 0.5 
Amara latior 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 2 0.2 
Amara spp. 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 2 0.2 
Amara thoracia 0 0 0 0 0 0 0 0 0 0 0 1 2 1 1 5 0.5 
Bembidion quadrimaculatum 0 0 0 0 0 0 0 6 0 1 0 0 0 0 0 7 0.6 
Cicindela punctulata 0 0 0 0 0 0 0 0 0 6 7 2 3 32 3 53 4.8 
Cratacanthus dubius 0 2 0 0 0 0 0 0 0 0 3 0 0 0 0 5 0.5 
Piosoma setosum 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0.1 
Poecilus corvus 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0.1 
Pterostichus spp. 0 0 0 0 0 0 0 0 0 0 1 1 1 0 1 4 0.4 
Pterostichus strenuus 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.1 

Total 95 28 13 123 46 43 154 102 139 76 83 73 39 60 21 1095 100 
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(B) Ground beetle species 
 656- 678 GDD 870 -909 GDD 1163 - 1190 GDD 1423 -1443 GDD 1993 – 2026 GDD 

Total Percent 
E F M E F M E F M E F M E F M 

Poecilus scitulus 153 15 78 140 7 51 24 7 33 39 23 39 25 19 31 684 55.9 
Harpalus amputatus 10 14 5 6 9 4 40 5 23 10 15 12 5 14 1 173 14.1 
Harpalobrachys leiroides 2 6 1 2 4 1 4 7 4 4 35 2 3 42 3 120 9.8 
Stenolophus comma 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.1 
Agonum spp 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0.1 
Amara apricaria 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0.1 
Amara idahoana 0 0 1 0 0 0 0 0 0 3 1 4 10 33 14 66 5.4 
Amara latior 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0.1 
Amara littoralis 0 0 2 1 0 0 0 0 0 2 \0 5 0 0 0 10 0.8 
Amara obsesa 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0.1 
Amara thoracica 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 3 0.2 
Apristus pungetanus 0 0 0 0 0 0 0 0 0 16 5 5 1 0 0 27 2.2 
Bembidion quadrimaculatum 0 0 0 1 0 0 0 0 0 2 2 3 0 0 0 8 0.7 
Bembidion transversale 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 2 0.2 
Cicindela punctulata 0 0 0 0 1 0 0 0 0 0 0 0 0 2 0 3 0.2 
Cratacanthus dubius 0 1 3 1 5 2 0 0 1 0 7 2 4 70 6 102 8.3 
Harpalus fusipalpis 0 0 0 0 0 1 3 1 0 5 1 1 0 0 0 12 1.0 
Pasimachus elongatus 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0.1 
Poecilus corvus 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0.1 
Total 166 36 91 153 26 60 73 21 61 89 90 74 49 180 55 1224 100 

 


