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Wildflowers in Working Landscapes: Establishment Methods and Impacts on Pollinators
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Harrison Michael Stewart

ABSTRACT

Insect pollinator populations are in decline globally due to habitat loss and
degradation, climate change, pesticide use, and other stressors. These declines have
severe implications for the ecosystem services provided by pollinators. Prior research
has shown that creating wildflower plots in agricultural contexts is a promising avenue to
provide pollinators with habitat. However, several questions remain regarding how these
plots interact with grazing systems in particular, and how best to establish native
wildflowers in the first place. This thesis explores strategies to provide pollinator habitat
in agricultural landscapes, focusing on the establishment of native wildflower plots in
cattle pastures over two experiments. The first study investigates wildflower set-aside
plots established in pastures at a farm in western Virginia, finding that plots sown with
native wildflowers saw pollinator populations more than three times greater than in
control pastures (p<0.0001), and far higher floral abundance and diversity than
un-enhanced pastures (p=0.013). Cattle stocked in wildflower-enhanced pastures
performed similarly to those in control pastures across when all years were analyzed
together (p=0.211), though in 2024 when supplemental feeding was delayed, cattle in
wildflower paddocks gained less weight (p=0.04). The second experiment explored
repeated tillage as a chemical-free site preparation method to reduce weed pressure
and facilitate native wildflower establishment. Eight treatments were compared, ranging
from minimal tillage to three rounds of seasonal tillage across the growing season,
varying frequency and timing of tillage application. Following a year of site preparation,
plots were winter seeded with a native wildflower mix. All treatments showed moderate
wildflower establishment (>5 wildflowers/m?) though emergence rates were highly
variable, and there was no strong evidence for differences between treatments. There
were also no differences in the overall plant community attributable to the tillage
treatments. These results suggest that tillage frequency and timing alone do not

substantially influence wildflower establishment success, and site-specific factors like



weed seed bank composition and other management decisions may play a more key

role.
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GENERAL AUDIENCE ABSTRACT

Pollinating insects are globally threatened by several forces including pesticide
use, climate change, and the loss of good quality habitat. The decline of insect
pollinators is concerning because they support our food system and a thriving ecosystem
more broadly. One method to support pollinators is the creation of wildflower plots on
farms as habitats for pollinators, though some questions remain about their
establishment and impacts. This thesis focuses on wildflower plots in cattle pastures,
with two experiments that investigate the creation of and impacts from wildflower
set-aside plots. The first study used wildflower plots in pastures on a farm in western
Virginia, finding that plots of native wildflowers were home to more than three times as
many pollinators compared to the rest of a field, and that those pollinators were more
diverse. The wildflower plots themselves had many more flowers compared to the
untreated pastures, and those flowers provided blooms across the season as intended.
Cattle in wildflower-enhanced pastures gained similar amounts of weight in 2022 and
2023, but gained less weight than those in typical pastures in 2024 when supplemental
feeding was delayed. The second study investigated repeatedly tilling the soil as an
herbicide-free means to eliminate weeds and allow for the creation of a wildflower plot.
Various combinations of tillage were tested to see if tilling more often or in different
seasons affects wildflower establishment. After a year of tillage preparation, the plots
were sown with native wildflower seeds. All of the tillage schedules tested saw at least
moderate densities of wildflowers growing, though there were no clear differences due to
either timing or frequency of tillage. Similarly, the particular tillage schedule did not
appear to influence which other plants were growing in the wildflower plots. However,
tillage did create conditions for moderate wildflower growth in all cases, which suggests
that although tillage works for planting wildflowers, there are several other factors that

may be more influential on how effectively wildflower plots can be created.
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1. Introduction

Insect populations, and specifically insect pollinator populations, are in decline
globally. This trend is driven by a number of factors, including habitat loss and
degradation, climate change, and pesticide use (Goulson et al. 2015, LeBuhn and
Vargas Luna 2021, Cullen et al. 2019, Kluser and Peduzzi 2007). Habitat loss and
degradation in particular have been driven by agricultural intensification and expansion,
due to the removal of semi-natural “waste places” at field margins and hedgerows and
the fragmentation of what little habitat remains (Cane and Tepedino 2001, Habel et al.
2019). Increasing proportions of agricultural area in the landscape are linked to
decreases in pollinator richness and diversity, making an already threatened population
more vulnerable to disturbance (Grab et al. 2019).

This decline is particularly concerning because of the immense value provided by
pollinating insects. Although precise estimates vary, pollination services from insects
account for upwards of $50 billion of value in the United States by supporting food
production and healthy ecosystems more broadly (Losey and Vaughan 2006, Calderone
2012). It is therefore crucial that we conserve the pollinator populations still remaining
and shepherd the recovery of what has already been lost.

Fortunately, there are several methods available to support vulnerable pollinator
communities, and habitat creation and restoration can offset what has been lost
(Haaland et al. 2011, Sexton and Emery 2020, Williams et al. 2015). However, precisely
where and how such habitat creation should be conducted is still an open question.
Establishment methods vary greatly, and there are countless variables that influence
establishment success, including site selection and preparation, weed management,
seed selection and rate, timing and method of planting, and the goals of a particular
project (Angelella et al. 2019, Barr et al. 2017, Dunn et al. 2020, Glidden et al. 2023,
Bellangue et al. 2024).

One promising approach involves the establishment of native wildflower strips or
plots in agricultural contexts. Because their conditions are often similar to those
preferred by native wildflowers, hayfields and grazing systems may be especially suited
to the creation of pollinator habitat (Potts et al. 2009, Isaacs 2009, Korpela et al. 2013,

Ouvrard et al. 2018). These plots successfully provide nesting sites, pollen, and nectar



for a range of pollinating insects, though differences in establishment and management
often lead to different outcomes.

This research seeks to address two facets of the creation and management of
these wildflower plots. First, we analyze how pollinator plots established within cattle
pastures influence both local pollinator communities and the productivity of livestock in
such a system. Little research has been done on the direct impact on animal
performance from wildflower plantings, and we hope to demonstrate a realistic example
of such a system. Second, with increasing demand for herbicide-free alternatives to
prepare a site for wildflower establishment, we investigate how tillage performs as a
weed control and seedbed preparation method. In particular, the experiment uses
various timings and frequencies of tillage to provide recommendations for the most
effective and reliable approach to creating native wildflower plots that support vital

pollinator communities.

2. Chapter 1: Evaluating Wildflower Set-Aside

Plots in Cattle Pastures

2.1. Introduction

2.1.1 Scope of the Problem: Pollinator Decline

Pollinators contribute crucial ecosystem services to global agriculture, where
15-30% of food production depends on insect pollination (McGregor 1976). Wild pollinators
play a key role alongside managed honey bees (Apis mellifera) in providing these pollination
services (Losey and Vaughan 2006). However, wild pollinator conservation is increasingly
urgent, as the production of crops that require animal pollination outpaces the growth of
managed hives (Garibaldi et al. 2014), and many crops are reliant on specialist pollinators
rather than generalist honey bees (Klein et al. 2007, Garibaldi et al. 2013). Beyond crop
pollination, healthy pollinator populations support broader ecosystem services such as pest

control and nutrient cycling, valued at over $50 billion annually in the U.S. alone (Losey and



Vaughan 2006, Calderone 2012). However, insect populations, including many pollinator
species, are in sharp decline globally due to habitat loss and degradation, climate change,
and pesticide use (Cane and Tepedino 2001, Goulson et al. 2015, LeBuhn and Vargas Luna
2021).

Agricultural intensification, particularly the removal of field margins and hedgerows,
has played a key role in habitat loss. Habitat degradation—including fragmentation and
invasion by nonnative species—similarly reduces pollinator richness and disrupts pollination
services (Cane and Tepedino 2001, Habel et al. 2019, Grab et al. 2019). Agricultural
intensification also reduces both floral and faunal diversity, further harming pollinators reliant
on native plants (Potts et al. 2009). Other stressors like climate change and widespread use
of insecticides compound these effects, driving pollinator diversity and abundance to decline
precipitously in recent years (Forister et al. 2019, Goulson et al. 2015). Declining insect
populations have also been implicated in declines in insectivorous bird populations, and the
greatest declines were in specialist populations and those associated with agricultural
intensification and loss of grassland habitats (Bowler et al. 2019, Tallamy and Shriver 2021)

Pollinator activity correlates strongly with floral diversity (Ghazoul 2006), and
grassland ecosystems that are rich in floral diversity provide critical pollinator habitats.
However, flower-rich native grasslands are rapidly disappearing, especially in the
southeastern U.S., and those that remain are typically relegated to marginal sites. Most
grasslands in the region—composed primarily of introduced (non-native) species and
managed intensively for livestock production—have low functional diversity (Samson and
Knopf 1994, Noss 2013). These landscapes tend to favor generalist species, like honey
bees, that can utilize mass-flowering crops and diverse floral resources (Requier et al. 2015,
Borschig et al. 2013). The loss of semi-natural habitats and weed removal—hallmarks of
intensive agriculture—are linked to declining pollinator populations and pollination services
(Bretagnolle and Gaba 2015).

2.1.2 Establishing Pollinator Habitat

Restoring or creating new pollinator habitat is essential to arrest the decline in these
species and their attendant ecosystem services, and numerous strategies can increase or
enhance their habitat across landscapes. Sown wildflower strips along agricultural field
margins enhance insect diversity and abundance (Haaland et al. 2011). Urban wildflower

meadows offer similar benefits and are relatively easy to establish (Bretzel et al. 2016).



Larger-scale grassland restoration can also rebuild pollinator populations, with restored sites
supporting nearly the same pollinator richness as remnants (Sexton and Emery 2020).
However, in one study, wildflower strips sown in hay meadows provided resources for
common pollinators but still lacked floral and pollinator diversity. The study suggested
incorporating flowers that bloom across the growing season can cater to specialist
pollinators and increase diversity (Ouvrard et al. 2018). A similar study within cattle pastures
found that reducing management intensity and sowing diverse species mixes boosted
pollinator abundance, although more overall management may be required to maintain
pasture diversity (Potts et al. 2009).

Key insect pollinators include bees, butterflies, moths, wasps, flies, and beetles.
Bees, especially honey bees, are prominent due to their pollen collection behaviors
(Williams et al. 2018), but all pollinators contribute to ecosystem services. However, many
pollination studies focus only on bees or other conspicuous individual groups like butterflies
(Leonhardt and Blithgen 2012, Nichols et al. 2019, Williams et al. 2015, Tuell et al. 2008,
Rollin et al. 2013, Ogilvie and Forrest 2017, Borschig et al. 2013), overlooking other
important groups. In one study in Germany, 75% of pollinators visiting agricultural wildflower
strips were not bees, highlighting the need for broader study (Grass et al. 2016). Non-bee
pollinators also play a substantial role in crop pollination, but respond differently to habitat
disturbances and therefore need further study (Rader et al. 2016).

Given the importance of wild and native pollinators besides honey bees,
understanding how these groups interact with native wildflowers selected for habitat creation
is critical. In U.S. studies, regionally-adapted flower mixes attract far more pollinators than
generic mixes (Williams et al. 2015). Prioritizing a smaller selection of highly attractive
species covering a range of traits is often more effective than maximizing total species
diversity (Warzecha et al. 2018). An ideal pollinator habitat includes diverse flowers that
bloom throughout the season, cater to both generalists and specialists, and are native to the
region (Barr et al. 2017, Vaughan et al. 2015, Aldrich 2002, Williams et al. 2015). Key
attributes include bloom timings that span the growing season, varied flower morphologies,
and regional climatic adaptability. Including annuals alongside slower-establishing
perennials can provide early-season resources and suppress weeds (Angelella et al. 2019,
Isaacs et al. 2009, Barr et al. 2017). Several eastern U.S. wildflowers—such as Ratibida
pinnata (gray-head coneflower), Solidago speciosa (showy goldenrod), and Silphium

perfoliatum (cup plant)—are particularly attractive to wild bees (Tuell et al. 2008).



2.1.3 Wildflowers in the Context of Temperate Cattle Pastures

Creating pollinator habitat in cattle pastures is a promising approach for supporting
pollinators, though it also requires careful planning and implementation. Tall fescue
(Schedonorus arundinaceus (Schreb.) Dumont., syn. Lolium arundinaceum (Schreb.)
Darbysh., formerly Festuca arundinacea (Schreb)), the dominant forage grass in the eastern
U.S. “Fescue Belt,” grows on more than 14 million ha (Stuedemann and Hoveland 1988). As
a wind-pollinated, non-native grass, it offers little benefit to pollinators. Floral resources in
these pastures primarily come from non-native forage legumes such as white and red
clovers (Trifolium repens and T. pratense) or native and exotic weeds (Woodcock et al.
2014, Bretagnolle and Gaba 2015). However, although fescue-dominated pastures often are
extensively managed and have the low-fertility, sunny conditions ideal for wildflower
establishment, they still present significant competition that can make establishing
wildflowers difficult. Given the difficulty of incorporating wildflowers throughout a pasture,
creating wildflower plots separately may be a more reliable method to support pollinators
(Coon et al. 2021, Bellangue et al. 2024, Kubesch et al. 2024).

Although forage legumes benefit both pollinators and cattle, they tend to favor
generalist pollinators over specialists, with the latter more often relying on native wildflowers
(Rollin et al. 2013, Scheper et al. 2021). Some native wildflowers are both pollinator-friendly
and suitable for grazing, while others like Carolina horsenettle (Solanum carolinense) and
common pokeweed (Phytolacca americana) are considered undesirable weeds and are
rarely grazed (Luginbuhl 2020, Axton and Durgan 1991). Selecting species that balance
palatability, pollinator value, and resilience to grazing is crucial. Recent work identified
several native forbs that provide high-quality forage, support pollinators, and withstand
repeated defoliation (Prigge et al. 2024). Similarly, diverse legume plantings improve forage

yield while increasing pollinator visitation (Caudillo et al. 2024).

2.1.4 Study Overview

This project investigated how native wildflower “set aside” plots in cattle pastures
develop, attract pollinators, and impact cattle performance. The hypotheses tested were: 1)
Planting a carefully selected seed mix will create wildflower plots that bloom from Spring to

Fall, 2) these plots will attract far more pollinators than conventional cattle pastures with low



floral diversity, and 3) the impact on cattle performance (measured by weight gain) of these

plots will be minimal.

2.2. Methods

2.2.1 Establishment

This research was conducted at the Shenandoah Valley Agricultural Research and
Extension Center (SVAREC) in Raphine, Virginia, USA, located at 37.9425° N, 79.221° W,
at an elevation of 560 m. Experimental plots were located within long-standing temperate
cattle pastures (established in 2002) and predominantly comprised of tall fescue,
orchardgrass (Dactylis glomerata), Kentucky bluegrass (Poa pratensis), and white clover.

The treatment consisted of setting aside a 0.2-hectare section of a cattle paddock
and planting native wildflowers to attract and benefit pollinators. Six paddocks of
approximately 1.9 hectares were used in this experiment, with three assigned to the
wildflower treatment and three left as controls. Treatments (with or without wildflowers) were
assigned to paddocks paired based on topography and shape. Each paddock was stocked
with six Angus-cross heifers (approximately nine months old, average wt 248.3 +/- 20.8 kg)
from May to October every year. Each group of heifers was fed 5.4 kg/day of a blended
pellet containing wheat (Triticum aestivum) middlings, corn (Zea mays) gluten feed, and
soybean (Glycine max) hulls throughout the first two years, but not until the end of the
season in 2024. Cattle were excluded from the wildflower plots using temporary electric
fencing for most of the duration of the season, until the wildflowers were done blooming, at

which point the fencing was removed to allow access for grazing.



Legend

i Control paddocks

WF-enhanced
paddocks

Fig 1: Map of experimental pasture at SVAREC. Wildflower (WF)-enhanced
paddocks in blue, with the WF set-aside plots in green. Control paddocks are red.
Area listed represents the total paddock area, including WF plots. Map generated
using Google Earth (Google LLC. 2023).

The wildflower plots were originally established in June of 2022. The plots were
prepared by spraying with glyphosate (N-(phosphonomethyl)glycine) at a rate of 5.6 L/ha +
0.5% non-ionic surfactant to kill the existing vegetation. The plots were then seeded the
same day with wildflowers using a Great Plains 605NT no-till seed drill. The seed mixture
(Table 1) was drilled directly into the killed fescue sod at a target rate of 6.73 kg/ha (6 Ib/ac)
along with a carrier of cracked corn at 8.96 kg/ha (8 Ib/ac). After sowing, management was
minimal; the plots were spot-sprayed using a backpack sprayer with 0.5% glyphosate to
manage thistles once in the spring of 2024 before the wildflowers emerged. Temporary

fencing was used to exclude cattle to allow wildflowers to emerge and establish unimpeded.

Table 1: Seed mixture used to establish wildflower plots.

Common Name Scientific Name Type Target PLS Bloom Timing
(kg/ha)

Calico Aster Symphyotrichum lateriflorum Wildflower  0.179 August-October

Wild Bergamot Monarda fistulosa Wildflower 0.112 July-September

Early Goldenrod Solidago juncea Wildflower 0.056 June-August

Flat-top Goldentop Euthamia graminifolia Wildflower 0.022 July-October



Common Milkweed Asclepias syriaca Wildflower 2.09 June-August
Narrowleaf Mountain Mint  Pycnanthemum tenuifolium Wildflower 0.022 June-September
Partridge Pea Chamaecrista fasciculata Legume 2.25 June-October
Ox Eye Sunflower Heliopsis helianthoides Wildflower 1.39 June-September
Black-eyed Susan Rudbeckia hirta Wildflower 0.090 May-October
Panicledleaf Trick Trefoil ~ Desmodium paniculatum Legume 0.73 July-September

2.2.2 Data Collection

To assess the impact of setting aside a portion of a paddock on animal performance,
the cattle were weighed at the beginning (spring) and end (fall) grazing season. Cattle were
weighed on two consecutive days to account for day-to-day variance. These weights were
averaged and used to determine an average daily weight gain over the grazing season.

Pollinator numbers and diversity were assessed four times over the summer of 2023
and seven times during the summer of 2024. Assessments were performed between 9AM
and 3PM on mostly clear, still days that favored pollinator activity. Pollinator counts were
obtained using a nondestructive approach, modified from the “snapshot method” described
by Garbuzov and Ratnieks (2014). Briefly, the observer walked a randomly-selected,
61-meter transect over the course of 15 minutes and visually counted insect pollinators
within a meter of the transect. This method is ideal for quick assessments of pollinators, and,
because it is non-lethal, does not remove valuable pollinators from the ecosystem. Because
counts were solely visual, species identification was difficult or impossible, so pollinators
were binned into eight categories: honey bees, bumble bees, small native bees, large native
bees, flies, butterflies and moths, wasps, and beetles, where “small” and “large” native bees
are defined as wild bees smaller or larger than a typical honey bee. In the WF-enhanced
paddocks, the 61-m transect was split into two 30.5-m transects, one of which was within the
wildflower set-aside plot and one in the remaining paddock adjacent to the wildflower plot. In
order to standardize the data for analysis, pollinator counts were adjusted to abundance per
10 m.

To determine the plant species present in both experimental and control plots, cover
assessments were performed once in June 2023 and once in June 2024. Points were
randomly selected within the paddock, and then a 0.25-m? square quadrat frame was placed
over the points. At each point, all plant species within the quadrat were identified

morphologically to the lowest taxon possible according to The Flora of Virginia (Weakley et



al. 2012). This procedure was repeated 16 times in each field to gather a representative
sample and the percent cover estimates were averaged. For the wildflower-enhanced
paddocks, eight quadrats were taken within the exclusion plots and eight from the rest of the
field.

Additionally, floral resources were assessed alongside pollinator counts across the
2024 season. In both WF-enhanced and control paddocks, floral units were counted within
eight, 0.25-m? quadrats placed along the same transect used for the pollinator assessments.
Flowers both from weeds (non-sown species) and sown wildflower species were counted.
For the purposes of this research, a “floral unit” was defined as “any amalgamation of flower
heads that a visiting pollinator can walk rather than fly between, such as an umbel in
Apiaceae” (Woodcock et al. 2014).

2.2.3 Analysis

For the cattle performance data and pollinator community data, linear mixed-effects
regressions were used to assess the effects of a WF-enhanced paddock on cattle weight
gain and pollinator abundance. The models were fitted using the Imer function within the
“lme4” package (Bates et al. 2025), p values were generated with the Satterthwaite
approximation method from the “Imertest” package (Kuznetsova et al. 2020), and model fit
was evaluated using the R2 function from the “performance” package (Ludecke et al. 2021)
in R Statistical Software (R Core Team 2024). Analysis for the cattle data used average daily
weight gain (ADG) as the response variable, with fixed effects for treatment and year, and
their interaction. To account for repeated measures within each plot, a random intercept for
the year was included for each plot. Pollinator data were analyzed with pollinator abundance
per 10 m as the response variable, and fixed effects for the type of pollinator and treatment.
Additionally, individual paddocks were included as a random effect.

The data were also evaluated using principal component analysis (PCA) to visualize
relationships between the plots and treatments in terms of pollinator community
composition, total vegetation species cover, and floral abundance. Because floral
abundance numbers varied greatly in magnitude, the data were log-transformed before
calculating a distance matrix.

The cover data were also evaluated with permutational multivariate analysis of
variance (PERMANOVA) using the adonis2 function from the “vegan” package in R

(Oksanen et al. 2025). A distance matrix using Hellinger distance was calculated using the



species cover data in each plot, and the effects of both treatment and sampling year were
tested. Following this analysis, pairwise comparisons were made to determine which factor
(treatment or sampling year, or their interaction) correlated with the distance calculated

between observations.

2.3 Results

2.3.1 Cattle Performance

The mean average daily weight gain (ADG) of the cattle in the control group was
0.45 kg (SD=0.134 kg), and the mean ADG of the WF cattle was 0.41 kg (SD=0.158 kg).
There was little evidence for a difference in ADG between cattle in the WF paddocks and
conventional tall fescue paddocks (Table 2). However, there was strong evidence for a
difference in ADG between treatment years, and 2024 had notably lower ADG compared to
previous years (0.238 kg/day less than 2022). There was no evidence of interaction effects
between year and treatment.

However, the supplemental feed provided to the heifers in 2022 and 2023 was given
mostly after weighing in 2024. Although the linear mixed models did not give strong
evidence for a difference in weight gain due to wildflower set-asides, comparing only the
results from 2024 using a T-test shows a different relationship: here was strong evidence for
a difference in ADG in 2024, with heifers in wildflower-enhanced paddocks gaining 22% less

weight than in conventional paddocks (p=0.04, Fig 2).

Table 2: Mean ADG for each group (treatment and year), and summary of the results of the
linear mixed effects regression on the average daily gain data, with estimates given for each
parameter. “Intercept (control)”’ represents control plots in 2022. ADG is average daily gain,

measured in kilograms per day.

Group Mean ADG % SD (kg) Parameters Estimates (ADG * SD) (kg)
WF-enhanced 0.410 £ 0.158 Treatment WF -0.046 + 0.0368
p=0.211
Control 0.450 £ 0.134 Year 2023 -0.105 + 0.0356
p =0.004™

10



2022

2023

2024

0.535 + 0.0952

0.454 + 0.120

0.297 + 0.109

Year 2024

WEF:Year 2023
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Intercept (Control)

Observations
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Note:
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Fig 2: Average daily weight gain (kg/day) of heifers across years. Control heifers grazed in

2022
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-0.226 + 0.0356
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0.047 + 0.0503
p = 0.352
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conventional paddocks, WF heifers grazed in paddocks with wildflower set-asides.
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2.3.2 Pollinators

The pollinator data reveals strong evidence for a positive effect on our measures of

pollinator abundance within the wildflower plots (p=1.64e-10), with more than three times as

many pollinators in the wildflower set-aside plots compared to control paddocks (Fig 3).

There was little evidence that abundance of pollinators in the conventional section outside of

the wildflower set-aside plots differed from the control treatment, however (p=0.168).
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Fig 3: Mean pollinator abundance in each sampling group. “Treatment - Pasture”
points represent the conventional tall fescue portion of WF-enhanced paddocks, and
“Treatment - Wildflower” points represent samples from within the wildflower

set-aside plots.

The results of the PCA demonstrate that pollinator communities in the WF set-aside

plots were distinctly different compositionally from both the control paddocks and the

conventional pasture portion of the WF-enhanced paddocks (Fig 4). The tight clustering of

the control and treatment - pasture points indicates that these samples were quite similar to

one another, while the more diffuse spread of the wildflower points indicates a greater

degree of diversity in pollinators in those set-aside plots. Due to the lack of clustering of
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wildflower points relative to the loadings, the wildflower plots were not consistently
associated with a particular pollinator group. However, the wildflower plots had both more
pollinators overall and greater plot-to-plot variability compared to the rest of the treatment

paddock and the control paddock.
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Fig 4: Plot of pollinator community composition, averaged across the year (2023 and
2024) for each section of the paddocks. “Treatment - Pasture” points represent the
conventional tall fescue portion of WF-enhanced paddocks, and “Treatment -
Wildflower” points represent samples from within the wildflower set-aside plots. PC1

and PC2 are shown. Arrows represent loadings for each pollinator group.

2.3.3 Plant Community Composition

Community composition differed (p=0.003) between groups tested, with strong
evidence for a difference (p=0.013) by paddock treatment, and a weak effect (p=0.109) due
to sampling year. Year X treatment interaction was not observed.

The PCA plot of flower abundance (Fig 5) demonstrates how the WF paddocks
differed greatly from the control paddocks, and from each other, particularly over time. The
clustering of WF points from the same period of time indicates that at a given date, these

plots had similar floral communities present. Over the season, however, the floral community
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shifted as early blooming species senesced and later blooming flowers emerged. By
following the loadings indicated by the blue arrows, it is possible to track the pattern of
blooms throughout the season. For example, wild bergamot and black-eyed Susan were
observed early but then gave way to partridge pea, oxeye sunflower, and narrowleaf
mountain mint in mid-summer, and these species were followed by early goldenrod and
calico aster in September. Comparing floral resources between control and wildflower
paddocks revealed not only the relative scarcity of flowers in tall fescue paddocks, but also
the dominance of weedy flowers in these fields (Fig. 6). The two species with the highest
floral abundance in control paddocks were both weeds: bull thistle (Cirsium vulgare) and
Carolina horsenettle (Solanum carolinense).

Plant community composition differed substantially between conventional tall fescue
paddocks, and the WF-enhanced paddocks, which were much more diverse (Supp. Fig 1).
The three wildflower-enhanced paddocks are a great distance from each other on the PCA
plot, as well as far from the tight cluster representing the control paddocks. This
corroborates the results of the PERMANOVA, showing that not only does the plant
community differ between wildflower and control paddocks, but the wildflower paddocks are

more different from one another as compared to the control.
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same plot are connected by arrows showing community changes over time. PC1 and

PC2 shown, with blue arrows representing loadings for flower species
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2.4 Discussion
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2.4.1 Cattle Performance

This experiment demonstrated that planting native wildflowers in pastures can attract
pollinators while maintaining cattle productivity when used alongside supplemental feeding.
In 2022 and 2023, the two treatment groups performed similarly despite 10% of the paddock
within the WF treatment being allocated to the wildflower exclusion plots. We had
hypothesized that removing this area for wildflower establishment might reduce intake and
weight gain. Unfortunately, there may be some short term decrease in weight gain when
sacrificing a portion of a paddock, though supplemental feeding appears to compensate for
this difference.

There may be other factors influencing animal performance as well. Tall fescue was
the dominant species (average cover was 59.2%) and the fescue was 100% infected with
toxic endophyte (Epichloé coenophialum) based on prior (2020) sampling. Thus, weight gain
may have been limited more by the effects of fescue toxicosis than by forage availability
(Kallenbach 2015). Animals in all paddocks displayed symptoms associated with fescue
toxicosis, including rough coats, excessive salivation, and seeking shade on relatively mild
days. Dry conditions over the summers of 2023 and 2024 also likely contributed to the
overall low animal performance, although wildflowers adapted to local, dry conditions may
perform better.

In this particular study, the cattle were temporarily fenced out of the wildflower strips,
removing access to a portion of the available forage. Although a typical producer would
likely be unwilling to sacrifice such a large proportion of their productive pasture to support
pollinators, this may not be a limitation long term. Many of the species sown in this
experiment are not only palatable to cattle, but are also tolerant to grazing and yield
consistent forage biomass (Prigge et al. 2024). Partridge pea, black-eyed Susan, oxeye
sunflower, and a number of other native forbs perform well in a grazing context while also
providing floral resources throughout the growing season. After exclusion during the first
years of establishment, wildflower plots could be made fully accessible to cattle. Wildflowers
planted along with native warm-season grasses have been shown to improve animal
performance in tall fescue-dominated pastures (Kubesch 2023). Some caution in
interpretation is needed here, as wildflower outcomes and animal performance both may be
functions of grazing management, and neither was tested in response to factors such as

stocking rate or grazing intensity. However, there is growing evidence that such strategies
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can improve nutritional outcomes for livestock while enhancing the resilience of landscapes

in the face of environmental disturbances (Villalba, 2024).

2.4.2 Pollinators

The relative abundance of pollinators between treatments is encouraging: even at a
relatively small spatial scale, the wildflower plots attracted a great many pollinators as
intended. Pollinators were also present in the control fields, and often they were observed
visiting flowers of “weed” species in those paddocks. Thistles in particular appeared to
attract a large number of pollinators. The weeds present in agricultural contexts are often a
major food source for pollinators which have limited access to forb-rich meadows in which
they thrive (Bertagnolle and Gaba 2015). There also were no observed spillover effects;
pollinator abundance and diversity were quite similar between control paddocks and the
non-WF portion of the treatment paddocks. This demonstrates that the wildflower set-aside
plots were the key factor that influenced pollinator recruitment.

There did not appear to be any major differences in terms of which pollinators were
present in each treatment, and relative abundances of each pollinator group across
treatments were largely consistent (Fig 3). Additionally, non-bee species were
well-represented, making up 65% of all pollinators sampled. Given the importance of
non-bee pollinators and the attractiveness of wildflowers to diverse groups of pollinating
insects (Grass et al. 2016, Rader et al. 2016), the results indicate that the benefits of the
wildflower plots extended to all pollinator groups sampled. The sampling method may be
biased towards larger, more mobile species given that it relied on visual counts. Similarly,
there is potential for an individual pollinator to be mis-classified at a glance. However, even
accounting for the shortcomings of this method, the difference between treatments is quite
clear.

Our results should also be considered within the context of the study landscape. At
one end of the spectrum, a surrounding landscape dominated by intensive agriculture can
reduce pollinator diversity and pollination services (Grab et al. 2019). Conversely, an
increased presence of high quality and semi-natural habitat has been associated with an
increase in pollinator richness (Kennedy et al. 2013). As such, it has been suggested that
the effectiveness of on-farm wildflower plantings depends on the presence of semi-natural
habitat in the surrounding landscape, and plantings that attract the most pollinators having

intermediate levels of semi-natural habitat (McCullough et al. 2021). Our study location was
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surrounded by a moderate amount of natural or semi-natural landscapes, so the strong
effect we saw may be in part due to the landscape, and the applicability of this study may be
limited to similar environments. Understanding landscape-scale changes in pollinator
communities requires a landscape-scale sampling method, and as such we can only draw

conclusions at the field-level scale we studied (Schreber et al. 2019).

2.4.3 Plant Community

Plant community composition data clearly show that establishing the wildflower plots
had a strong effect on the botanical makeup of the pastures. Although some of this
difference comes from the sown wildflower species, the plant cover in the wildflower plots
also tended to be populated by weeds as well, which is likely a result of the establishment
method. Killing the existing fescue sod and eliminating competition allowed weeds to
emerge from the seed bank, and many of these weed species like bull thistle, daisy fleabane
(Erigeron annus) and crown vetch (Securigera varia) produce flowers that attract pollinators.
More work is needed to determine the best establishment methods for pollinator-supporting
species that minimize recruitment of less desirable weed species. Management decisions
should also consider trade-offs between increased costs and labor required for weed
suppression vs. the production penalty associated with allowing some less desirable species
to survive.

Regarding floral abundance in particular, there was also a substantial difference
between treatment and control paddocks. Both more floral units and a greater floral diversity
were observed in the WF paddocks. However, not all flowers are created equal (see
Woodcock et al., 2014); for example, a single milkweed plant may only have three or four
“floral units”, while a calico aster could have tens or hundreds. Even log-transforming the
data didn’t fully account for these differences, thus species-to-species comparisons are
difficult. Despite this, the evidence clearly shows that the wildflower-enhanced paddocks
were considerably more flower-rich than the control paddocks. Furthermore, the seasonal
trends in the floral community (Fig 5) provided diverse floral resources and sequential
blooming, which are both critical to support generalist and specialist pollinator species alike
(Williams et al., 2015).
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2.5 Conclusions

Cattle pastures in the Mid-Atlantic US provide potential opportunities for pollinator
habitat, as environmental conditions in pastures closely match the requirements of many
native wildflower species. Wildflowers (especially black-eyed Susan, wild bergamot, and
early goldenrod) in this study successfully provided continuous floral resources from spring
to fall. The wildflower-enhanced paddocks significantly increased pollinator abundance
compared to conventional tall fescue-dominated pastures, with more than three times as
many pollinators. Additionally, non-bee pollinators, such as flies, beetles, and butterflies,
accounted for 65% of observed pollinators, underscoring the importance of diverse pollinator
groups in agricultural landscapes. These findings align with previous research emphasizing
the value of non-bee pollinators in crop pollination and ecosystem health.

Although there may be short term losses in animal performance, this decrease was
only observed when supplemental feed was delayed in 2024. However, in 2022 and 2023
the establishment of wildflower set-aside plots did not impact cattle weight gain, suggesting
that allocating a small portion (10% in this case) of a pasture to pollinator habitat alongside
feed supplementation may not detrimentally affect cattle productivity. Furthermore, several
wildflower species such as partridge pea and oxeye sunflower are palatable to cattle and
tolerant of grazing, making them suitable for integration into grazing systems without
sacrificing forage. By temporarily excluding cattle from wildflower areas during critical
blooming periods, farmers can maximize floral resources for pollinators while still allowing
cattle to graze the plots periodically. This approach could mitigate any potential reduction in
forage mass or availability and make the integration of wildflower plots more appealing to
farmers.

Despite these encouraging results, the adoption of wildflower-enhanced pastures
may be limited by practical considerations, such as the initial cost of seed mixtures and the
time and management inputs required for establishment. Although the long-term benefits of
supporting pollinator populations—such as improved crop pollination, enhanced ecosystem
resilience, and potential production and economic gains—may outweigh these initial
investments for pollination-dependent crop systems, this is unclear for pasture-based
agriculture. Benefits for livestock may be more a function of diet diversity, and future
research should explore the long-term impacts of wildflower-enhanced pastures on both
pollinator populations and cattle performance. Further study could also identify methods that

simultaneously maximize pollinator support and forage productivity, such as flash grazing
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wildflower plots followed by long rest periods. Strategies to optimize establishment and
management practices for broader adoption in grassland agriculture systems is also
needed.

This study highlights a valuable opportunity to bridge the gap between animal
agriculture and biodiversity conservation. By showing how wildflower plots can enhance
pollinator abundance while minimally compromising animal performance, this research
demonstrates a practical approach for integrating pollinator habitat into working pastures. As
climate change, habitat degradation, and other environmental stressors threaten pollinator
populations, solutions that benefit both livestock producers and the broader environment at
scale are increasingly necessary. This work underscores the potential for such creative
solutions, and demonstrates one way to satisfy the need for systems that support both

productive agriculture and a biodiverse ecosystem.

3. Chapter 2: Repeated Tillage as Site Preparation

for Wildflower Plots

3.1 Introduction

3.1.1 Establishing Wildflowers in Grassland Agriculture Systems

Creating wildflower plots in agricultural systems can support declining pollinator
populations, but they are often challenging to establish cheaply, reliably, and quickly. Several
studies in different agricultural settings, but especially grassland systems, have found that
wildflower plots are an effective conservation tool for supporting pollinators (Korpela et al.
2013, Stroot et al. 2022, Woodcock et al. 2014). These plots provide nectar and pollen, as
well as vital habitat and nesting sites. However, the effectiveness of these wildflower plots
can vary greatly depending on establishment success (Scheper et al. 2021). Establishment

can be labor intensive, and there is no one-size-fits-all, “best method”. The conditions of a

21



site can help inform what methods are ideal, including previous use, soil characteristics,
climate, and existing vegetation cover (Neal 2019, Aldrich 2002). In most cases, removing
existing vegetation and suppressing weed growth are crucial first steps, with a wide array of
approaches (Bellangue 2023). These include: solarization (using plastic sheeting over the
soil surface to capture sunlight and heat, effectively sterilizing the soil underneath), burning,
topsoil removal, herbicide applications (often multiple treatments which can be
broad-spectrum or specific depending on existing vegetation), mulching, cover cropping, and
tillage.

Topsoil removal is an extreme approach that can almost completely eliminate weed
pressure by physically removing both soil and the dormant weed seeds it contains, while the
reduction in soil fertility can create conditions well-suited for wildflower establishment
(Aldrich 2002). One study compared topsoil removal to two herbicides as site preparation
methods for the establishment of Coreopsis lanceolata in a bahiagrass pasture, finding that
removing the upper 13 cm of topsoil was highly effective at eliminating weed pressure, but
had lower establishment of C. lanceolata than application of glyphosate (Frances et al.
2010). The researchers hypothesized this was possibly due to the presence of thatch left
behind from the herbicide, which promoted good conditions for germination, whereas seeds
sown onto the bare soil had less moisture retention and more extreme temperatures. At
greater depths (30-50 cm), topsoil removal significantly reduces or nearly eliminates the
presence of weed propagules in soil, creating conditions for sown native species to thrive
and facilitating restoration (H6lzel and Otte 2003). Topsoil inversion is a similar method that
buries the topsoil beneath the subsoil instead of totally removing it. One study found that
topsoil inversion to a depth of about 40 cm reduced soil fertility, and facilitated the
establishment of sown species for the restoration of semi-native grasslands (Glen et al.
2017).

Other methods, such as solarization and fire, are popular approaches that eliminate
weeds with minimal soil disturbance. Solarization typically consists of covering a field with
plastic sheeting and sealing the edges to trap heat and moisture, creating a greenhouse
effect. These conditions drive the germination of weed propagules in soil, but the intense
heat eventually kills any vegetation underneath, thus exhausting the soil seed bank.
Solarization can be highly effective if done properly, but it could be prohibitively difficult or
costly on a large scale and in sites without adequate, consistent sunshine. In some cases,
solarization outperforms other site preparation methods methods like herbicide, tillage, and

reverse fertilization, a method that uses soil carbon amendments to immobilize nitrogen and

22



thus reduce soil fertility and the ability for weeds to establish (Schultz 2001, Maurisha and
Allen 2011). However, successful solarization often requires long spans of sunny days, and
the duration of solarization is proportional to its success at controlling weeds (Orr et al.
2019).

Fire, on the other hand, inherently comes with safety concerns, requires more
expertise, and only works in certain environments, though it can be highly effective in some
circumstances (Aldrich 2002). A study comparing prescribed spring fires to solarization to
restore invaded grasslands found that both fire and solarization were similarly effective in
supporting native perennial establishment, with fire being a less labor-intensive option than
solarization (Moyes et al. 2005). The authors also noted that fire may be better suited for
larger plots where annual weeds dominate, while solarization may be preferable for smaller
plots and those with a deep or abundant seed bank. In another experiment comparing
various establishment methods, including herbicides, tillage, and prescribed burning,
herbicides (Imazapic in particular) best suppressed weeds and allowed for wildflower
establishment, but prescribed fire and tillage were considered potentially useful
non-herbicidal methods, with tillage outperforming fire in the first year (Ghajar et al. 2022).
This may depend on vegetation type, however, as fire did very little to reduce competition
from tall fescue, with herbicides performing far better (Madison et al. 2001).

Herbicide treatments are quite effective at killing existing vegetation and removing
competition prior to establishing pollinator habitat, and in many cases are the default
approach (Barnes 2004, Norcini and Aldrich 2004). In a study comparing glyphosate to
tillage for clearing existing vegetation prior to establishing wildflowers, glyphosate
application led to greater establishment success (Angelella et al. 2019). Other studies
comparing various establishment methods have also found that herbicides are highly
effective as part of a native wildflower plot establishment (Ghajar et al. 2022, Madison et al.
2001). Herbicides may also be useful as a post-plant treatment to limit weed competition if
the selected wildflowers tolerate herbicides or if the selected herbicides only target some
plant taxa (Beran et al. 1999, Marushia and Allen 2011). However, herbicides may be
undesirable for other reasons: a farm may be organic and not use herbicides, and there is
evidence that indirect exposure to herbicides can harm the pollinators we are trying to
support (Evans et al. 2010, Farina et al. 2019).

Tillage can be a viable chemical-free alternative to herbicide, but studies have found
mixed results at reducing weed pressure compared to other methods. Compared to other

non-chemical approaches like solarization and topsoil removal, tillage is easier to do at
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larger scales, and particularly for on-farm applications, the necessary equipment may
already be available (Aldrich 2002). Tillage has been shown to perform similarly to topsaoil
removal (Edwards et al. 2007) and as well as or better than fire, herbicide, and solarization
(Madison et al. 2001, Marushia and Allen 2011, Ghajar et al. 2022, Skousen and Venable
2008) when used to prepare a site for sowing native seeds. However, not all studies found
success with tillage: Angelella et al. (2019) compared herbicide application with repeated
tillage prior to planting native forbs, finding that herbicide applied before planting led to the
greatest forb establishment. Another study tested tillage on glyphosate-killed turf to control
weeds and facilitate planting, finding that tillage actually increased weed pressure, likely by
surfacing weed seeds from deeper in the soil (Watkinson and Pill 2007). However, there is
little consistency in methods across studies that use tillage for site preparation, making
comparisons between methods difficult. Studies have used a single round of rotary tillage
immediately prior to a spring planting (Angelella et al. 2019, Edwards et al. 2007, Ghajar et
al. 2022), single fall or spring disk tillage (Madison et al. 2001, Maurshia and Allen 2011),
tilled twice a week apart prior to a summer planting (Watkinson and Pill 2007), all at various
or unspecified depths. This creates difficulty in interpreting these studies and understanding
how best to use tillage for site preparation.

Other low-intensity establishment methods include mowing, cover cropping, and
mulching, although these are typically used as part of a larger strategy that includes some
treatment to kill the existing vegetation. These methods keep new weeds from emerging and
facilitate wildflower establishment, but results are mixed. Mulching has been shown to
substantially improve establishment, especially when paired with wildflower transplants
instead of sowing from seed (Watkinson and Pill 2007, Dunn et al. 2020). Mowing can also
keep weed pressure low during establishment, but might also open the canopy and facilitate
colonization by weeds (Torok et al. 2011, Glidden et al. 2023). Cover crops have similarly
mixed results, with some experiments showing that an annual cover-crop, especially one
that provides resources for pollinators, can suppress the growth of other weeds. However,
depending on the seeding rate and weed pressures, a cover crop can also compete with

other sown species (Fry et al. 2017, Dunn et al. 2020)

3.1.2 Planting Methods

Another factor in the establishment of a wildflower plot is, of course, the planting of

the wildflowers themselves. This can be accomplished by transplanting seedlings directly or
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by sowing seeds in the plot directly. Transplanting can lead to greater success than seeding,
but may be unfeasible or prohibitively expensive at larger scales. In particular, opting to use
transplants instead of sowing seeds led to much higher coverage of planted species;
Watkinson and Pill (2007) and Shelton et al. (2024) found that transplanting wildflower
seedlings resulted in high levels of establishment, although both studies also point out that
establishing larger wildflower plots via transplants may be prohibitively expensive and labor
intensive. These results agree with Dunn et al. (2020) who also found high establishment
success when using transplants of seedlings instead of seeding directly, but the trade-off in
cost and labor complicates the equation. Aldrich (2002) recommends seeding over
transplantings for larger projects or in situations where labor and monetary resources are
limited. Seeding is therefore likely to be the best approach in the case of large, on-farm
wildflower establishment projects.

As for the seeding method, broadcasting seeds by hand or mechanically along with
some inert carrier like vermiculite or sand is often recommended, as seeding depth needs to
be quite shallow for many wildflower species (Aldrich 2002 and Williams et al. 2018).
Seeding via a seed drill can also be a viable means to establish a wildflower plot, especially
if there is little bare soil and broadcasting would leave seeds on top of thatch (Neal 2019,
Aldrich 2002). Seed microsite availability and seeding rate are closely linked; poor microsite
availability can be compensated for with a higher seeding rate and vice versa (Frances et al.
2010). Higher diversity seed mixes and higher seeding rates can lead to greater
establishment, but there are diminishing returns at the highest levels (Barr et al. 2017).
Timing should also be considered, with evidence that planting in the fall or winter can help

break dormancy for some perennial species (Bratcher et al. 1993, Bellangue et al. 2024).

3.1.3 Study Overview

Clearly, there are a wide array of factors influencing native plant establishment. Here,
we focus on tilling — a practice for which several basic questions have yet to be answered.
Although tillage is a potential chemical-free means to prepare a site for wildflower planting,
there is little consistency in how tillage is performed across establishment studies, and it is
unclear how tillage timing and frequency influence establishment success. In order to
investigate these differences, this experiment sought to establish wildflower plots in western

Virginia using a variety of timings and frequencies of tillage. These differences were tested
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by analyzing weed community composition before and after tillage, and by comparing the

emergence of wildflowers between treatments.

3.2 Methods

3.2.1 Establishment

We conducted a wildflower tillage establishment trial at the Virginia Tech Urban
Horticulture Center in Blacksburg, VA (37.219° N, 80.464° W). Soils at the site mainly
consist of Duffield-Ernest complex, Groseclose, and Poplimento soil series, and the climate
is humid temperate. The area for the main tillage trial consisted of two blocks each
containing 24 individual plots, which were 1.8 m wide and 12.2 m long (6 x 40 feet). The
treatments consisted of either one, two, or three rounds of rotary tillage. Tillage was
conducted either in the spring, summer, or fall, and all combinations of timing were used, as
well as a control treatment that received no tillage beyond the initial disking that was applied
to all plots. This resulted in eight total treatments: one round of tillage—in spring, summer or
fall; two rounds of tillage— once in the spring and summer, once in the spring and fall, or
once in the summer and fall; three rounds of tillage—once in the spring, summer and fall; or
no tillage (Table 2). For each block, treatments were randomly assigned so that each block
contained three replicates, resulting in six total replicates.

These plots had been used previously in a hemp cultivation experiment, and at the
beginning of the study the plant community largely consisted of a mix of annual and
perennial weeds, as well as several introduced ground cover species like Trifolium repens
and Poa pratensis L. Prior to the tillage treatments, the plots were mowed and shallowly
tilled using a disk harrow in the early spring of 2023 to clear the existing vegetation and
break up the soil in the plots. The tillage treatments consisted of three passes of a
hand-pushed rotary tiller at a depth of approximately 10 cm conducted in the May, July,
September of 2023. Over the 2023 season, the plots were occasionally mowed to keep
emerging weeds from going to seed and to allow the tiller through the plots.

Following the site preparation in 2023, plots were seeded in the winter of 2024 as
there is evidence that the cold temperatures can help break wildflower seed dormancy and

increase emergence (Bratcher et al. 1993). The seed mix was prepared with a target of 86.1
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seeds/m? (8 seeds/ft?) of each species, with specific weights shown in Table 1. Seeds were
obtained from the Roundstone Native Seed Company. Plots were sown by
hand-broadcasting using damp sand as a carrier at a ratio of 2:1 sand to seed. Prior to
emergence in the spring and once more in early and late summer, plots were mowed to

suppress weed competition and allow for wildflower growth.

Table 1: Wildflower seed mix planted in experimental plots at the Urban Horticulture Center
in Blacksburg, VA

Scientific name Common name PLS kg/ha
Coreopsis lanceolata Lanceleaf coreopsis 1.77
Linum perenne Perennial blue flax 1.89
Rudbeckia hirta Black-eyed susan 0.247
Echinacea purpurea Purple coneflower 3.37
Agastache foeniculum Anise hyssop 0.280
Ratibida pinnata Grey-headed coneflower 0.874
Helianthus maximiliani Maximilian sunflower 1.98
Solidago juncea Early goldenrod 0.157
Chamaecrista fasciculata _Partridge pea 6.01

3.2.2 Data Collection and Analysis

Prior to wildflower sowing in 2024, plots were assessed for overall plant community
composition three times in 2023 prior to each round tillage. This used repeated random
sampling with 0.25 m? quadrats, estimating coverage and identifying weed species to the
lowest identifiable taxonomic level, based on the Southern Weed Science Society’s Weed
Identification Guide. This resulted in a percentage of species cover in each plot across 3
seasons in 2023. Following the wildflower planting in 2024, the plots were assessed for
species composition and coverage using the same method monthly from May to October of
2024. Additionally, in July and October emergence of sown wildflower species was assessed
using the frequency grid sampling method described in Vogel and Masters (2001). A5 x5
wire mesh grid of 15 x 15 cm was overlaid on the plot, and each cell containing a sown
wildflower was counted, with separate counts of each species. This was repeated four times
per plot, so 100 total squares were counted with a total area of 2.25 m?2. Multiplying the final
count by 0.44 yields a conservative estimate of plants per square meter, and thus provides

an approximation for the emergence of sown wildflower species.
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Plant community composition was assessed using PCA based on total plant cover.
Over the 2023 and 2024 seasons, maximum coverage of each species in each plot was
calculated to best represent the full plant community across the growing season because
emergence and weed coverage are not uniform across the season. These yearly maximum
cover data were then used to create a distance matrix and perform the PCA. Next, plots
receiving the same treatments had their coordinates averaged to determine if overall plant
communities were different among treatments. To quantitatively test for plant community
treatment effects, PERMANOVA (permutational multivariate analysis of variance) was
applied to the distance matrix of plant cover data using the adonis2 function from the
“vegan” package in R (Oksanen et al. 2025). To ensure that the variability between
treatments was equal and that PERMANOVA is an appropriate test, beta dispersion was
also calculated for the community data between treatments. This was conducted using the
betadisper function in the “vegan” package, and dispersions were compared between
treatments using the permutest function within the same package.

Using the frequency grid data, wildflower emergence was assessed by fitting a linear
mixed-effects model. Using total sown species emergence as the response variable and plot
as a random effect, two models were created. One used all eight treatments to determine if
there was a significant difference between both frequency and timing of tillage, and the other
model grouped treatments by tillage frequency alone. In order to test the effects of tillage
frequency alone and the combination of frequency and timing, the two models were
compared using the Akaike Information Criterion (AIC), AICc which incorporates a correction
for small sample sizes, and the Bayesian Information Criterion (BIC). Both models were
fitted using the glmer function from the R package “Ime4” (Bates et al. 2025), and the p
values generated via the Satterthwaite approximation method from the “Imertest” package
(Kuznetsova et al. 2020). Model goodness-of-fit was tested using the R2 function from the

“performance” package (Lidecke et al. 2021) in R Statistical Software (R Core Team 2024).

3.3 Results

3.3.1 Wildflower Emergence

The emergence of sown wildflowers did not differ substantially between treatments

or treatment groups (Table 3). Control plots had an average of 7.39 + 4.75 wildflowers/m?,
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and plots tilled in the Summer and Fall (203) showed the highest emergence at 11.52 + 8.71
wildflowers/m?, while the lowest emergence rates came from plots tilled in the Spring and
Fall (202), with 5.06+4.62. However, standard deviations were high across all groups
whether treatments were treated individually or grouped by tillage frequency.

We modeled the effects of tillage timing and frequency on wildflower emergence as
well, using mixed effects regression models (Table 5). Models were compared using three
criteria: the simpler model (grouping by tillage frequency) had lower values across all three
criteria, and had weights close to 1 (Table 4), which suggests that accounting for seasonality
in this experiment did not make for a better model. However, none of the tillage treatments
showed even moderate evidence that tillage frequency has an effect on wildflower
emergence compared to not tilling at all (Group 1: p = 0.802, Group 2: p = 0.980, Group 3: p
= 0.417). Furthermore, there was also no evidence for an effect from any treatment using

the model that incorporates all treatments (Table 5).

Table 2: Treatment codes and associated tillage sequence. “Group” is used to cluster

treatments that received the same number of rounds of tillage.

Treatments Code Group
Spring tillage 101 1
Summer tillage 102 1
Fall tillage 103 1
Spring + Summer 201 2
Spring + Fall 202 2
Summer + Fall 203 2
Spring + Summer + Fall 301 3

Control (no tillage) 401 Control

Table 3. Wildflower emergence rates for each treatment and treatment group with (average
+ SD).

Wildflower density

Treatment (plants per m?)
Control 7.391+4.75
101 7.0415.15
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Table 4. Akaike Information Criterion (AIC), AIC with correction (AlCc), and Bayesian

Information Criterion (BIC) scores for models of wildflower establishment using all

102
103
201
202
203
301
Group 1
Group 2
Group 3

10.34+8.05
8.14+4.58
8.71£7.17
5.06+4.62
11.5+8.71
10.20+£5.98
8.49+5.90
8.44+7.13
10.2+5.98

treatments (full model) or only tillage frequency (simplified model).

Treatment Model

Simplified model*

Full model*

AIC (weights)
AICc (weights)
BIC (weights)
RMSE

393.6 (0.891)
395.1 (0.977)
403.0 (0.997)

1.154

397.8 (0.109)
402.6 (0.023)
414.7 (0.003)

1.210

*The simplified model considered only tillage frequency (n=4; 0 to three times in 2023). The full model

included frequency in combination with timing (spring, summer, or fall) tillage events (n=8).

Table 5. Model estimates for wildflower establishment based on two different linear

mixed-effects models using either all treatments (full model) or only tillage frequency

(simplified model).

Simplified model* Estimate Std. Error o]
Control (baseline) 2.616 0.312 3.215e-15
101 -0.148 0.473 0.754
102 0.267 0.466 0.566
103 0.171 0.466 0.713
201 0.0156 0.471 0.974
202 -0.453 0.476 0.341
203 0.379 0.465 0.415
301 0.389 0.464 0.401
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Full model*

Control (baseline) 2.616 0.347 5.886e-14
1 0.100 0.400 0.802
2 -0.0102 0.401 0.980
3 0.394 0.486 0.417

*The simplified model considered only tillage frequency (n=4; 0 to three
times in 2023). The full model included frequency in combination with
timing (spring, summer, or fall) tillage events (n=8).

3.3.2 Plant Cover

Across all 3 PCA plots (Figs 1-3), there is a clear separation between 2023 and
2024 along the first principal component. This trend is especially apparent when averaging
by tillage frequency (treatment group, Fig 3). Based on the loadings of the PCA (Fig 4), it
appears that all sown wildflowers fall on the same side of the plot as the 2024 data, which
may explain the separation between years. Because none of the sown species were present
in 2023, only data from 2024 has occurrences of the wildflowers. However, other than the
clustering by year, the PCA showed no strong clustering of the treatments, whether plotted
individually or grouped by treatment. The points from 2024 are more dispersed than those
from 2023, and there is a slight distinction between tillage frequency, with the thrice-tilled
plots (code 301) being somewhat separate from the other treatments. However, there is no
evidence that these visual differences in PC1 and PC2 correspond to meaningful differences
between treatments: beta dispersion between all treatments (p = 0.371) and treatment
groups (p = 0.618) were not different. Results of the PERMANOVA also showed no
compelling evidence for differences in community composition between treatments (p =
0.609) or between treatment groups (p = 0.689).

The PCA failed to account for a meaningful amount of the variation in the weed
community data, with only 9.7% of the variance explained by the first principal component
and it takes 13 components to account for more than 50% of the variance in the data.
According to the scree plot (Supp. Fig 2) components one and two account for the most
variance, and the following components fall under 5%. Plots displaying principal components

other than the first two also lack any distinct clustering.
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Fig 1: Plot of plant community composition in establishment plots. All plots are shown as

individual points. PC1 and PC2 shown.
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Fig 2: Plot of plant community composition in establishment plots, with points showing the
average of each treatment within each year (2023 and 2024) and error bars showing the

standard error for each set of plots within the same treatment. PC1 and PC2 shown.
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Fig 3: Plot of plant community composition, averaged to the level of treatment group, i.e.,
tillage frequency alone, ignoring seasonality of treatments, and group number represents the

rounds of tillage applied to each plot. Error bars show the standard error for the set of plots

within the same treatment group. PC1 and PC2 shown.
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3.4 Discussion

This study sought to assess the impact of varying tillage timing and frequency on the
establishment of wildflower plots dominated by cool season grasses and weeds. Although
wildflower plots are an effective tool to support pollinators, establishment can be challenging
due to high competition from weeds that limit wildflower emergence. Despite various tillage
treatments, no significant effects were observed on rates of wildflower emergence, which
suggests that in this context timing and frequency of tillage do not have a meaningful impact
on the success of establishing a wildflower plot.

The PCA on plant community composition revealed very little clustering of points by
treatment despite a clear separation between the two years of data collection. The division

between years appears to be partially due to the presence of sown wildflowers that were
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entirely absent prior to planting in 2023. The year separation may also be due to differences
in the overall weed community. Although the weed community did change over time, this
change was likely not influenced by the tillage treatments. There was a wider spread in the
weed community of plots post-treatment in 2024 which indicates a greater heterogeneity
between plots, but this was not correlated with treatments. Although there may still be some
effect due to tillage, the variability in weed seed banks may mask what small effect tillage
would have at this scale. This is supported by the high standard deviations in wildflower
presence across treatments, and the low percentage of variability explained by the PCA.

The lack of consistent differences among treatments detected by the linear mixed
effects models and the PERMANOVA is likely due to the high variability in wildflower
emergence across all plots (Table 3). These findings are not entirely unexpected and are
consistent with other studies (Ghajar et al. 2022, Scheper et al. 2021) that have found high
variability in wildflower establishment success despite using site preparation methods that
other studies have shown to be successful. There may also be a lack of a clear treatment
effect due to the study implementation; before applying the tillage treatments, all plots were
mowed and shallowly disked to allow the rotary tiller through the plots. Although this
pretreatment was necessary to enable rotary tillage, its application across all plots may have
created sufficient disturbance that differences among treatments could not be detected.

The specific weed community present may also limit the ability to see a positive
response to tillage and may have been a factor in this study. One study found that different
methods to eliminate weed competition have varying effects depending on the traits of the
weed species, with tillage reducing the coverage of some weeds and increasing others For
example, Caldwell and Mohler (2001) suggested that tillage may be better suited to certain
annual weed species that spread via seeds, while perennial weeds and those that spread
via rhizome may actually be exacerbated by tillage. Our plots had considerable amounts of
Johnsongrass (Sorghum halepense), a nonnative perennial warm-season species that
readily spreads both by seeds and rhizomes. In this case tilling likely cut and spread the
rhizomes and viable rhizome pieces which then grew into new plants. Additionally, although
mowed regularly to reduce seed production and canopy cover of weeds, the experimental
plots were established after a number of weeds had already gone to seed, leading to a
seed bank full of freshly-dispersed propagules. As Ghajar et al. (2022) noted, “[c]onflicting
results across various experiments indicate that complex environment x species interactions

likely impact the effectiveness of establishment protocols.”
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Although we found no evidence that varying the timing and frequency of tillage
influenced wildflower establishment, all treatments had moderate establishment rates (Table
3), ranging from approximately 5 to 11 wildflowers m*, with most treatments having 7 to 10
wildflowers m2. What constitutes a “successful” establishment will vary greatly based on
specific project goals, although Morgan et al. (1995) stated that at least 5 wildflowers per m?
are required for a prairie restoration. While our goal was not prairie restoration specifically,
this provides an approximate measure of successful establishment. By this metric, all of the
treatments had an average establishment that meets their benchmark for success, albeit

with high variability.

3.5 Conclusions

Our findings suggest that while tillage treatments can be effective at preparing sites
for wildflower establishment, the frequency and timing of tillage alone do not influence
wildflower emergence or weed community in the context of this experiment. As noted above,
there are several avenues to establishing wildflower plots, and studies show an array of
viable methods. However, there is no clear “best” approach; there are often trade-offs in
cost, labor, scalability, and efficacy. Dunn et al. (2020) carried out a multi-year study
comparing the cost and success of a variety of methods of establishing wildflower plots for
pollinators, finding a wide range of costs and labor intensity, as well as a range of
establishment success. Although there was some variation among the different treatments,
the authors found that those with higher labor and cost tend to have better establishment
success and lower weed coverage. Tillage, in turn, may be best suited to contexts with low
to moderate weed pressure and circumstances where other establishment methods like
solarization or herbicide are infeasible or otherwise undesirable.

Despite the results of this study, tillage has been shown to work just as well as other
methods of wildflower plot establishment. Unfortunately, exactly what factors influence the
success of tillage remain unclear. It is likely that a complex array of environmental factors,
plant community traits, seed mixture, and other management decisions interact to determine
outcomes. In this particular experiment, an abundant weed seed bank and community
makeup may have reduced the effectiveness of tillage as well. Further research is needed to
isolate and determine which factors contribute the most and how they interact; in this study,

timing and frequency of tillage were clearly not the most influential on outcomes. Our study
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also only observed one year of establishment data, and it can take several years for
perennial wildflowers to flourish and for differences in treatments to emerge. The particular
conditions present in a given year have a substantial influence on the resulting community in
a restoration project (Groves et al. 2020), so replicating this experiment and continuing to
track progress over multiple years may reveal stronger trends.

This study highlights the extreme variability in wildflower establishment projects and
contributes to a growing body of literature that emphasizes the importance of understanding
the site-specific conditions and management techniques when designing pollinator habitat. It
is also crucial to assess the longer-term effects of different site preparation methods on plant

communities and the ecosystem services we seek to support.

4. Qverall Conclusions

Developing and refining techniques to support declining pollinator populations is a
key step in preserving ecosystem services and biodiversity more broadly. Native wildflower
plots are a promising tool in the fight against falling insect populations, and incorporating
these plots into grazing lands presents a prime opportunity that both supports a thriving
ecosystem and maintains the livelihood of producers alike. However, as with most
conservation methods, there is no “one size fits all” approach, and even a small-scale
project should consider costs, labor, goals, and site-specific conditions to ensure success.

In the on-farm wildflower-enhanced pasture experiment, we found that wildflower
set-aside plots can provide a habitat for a diverse community of insect pollinators while also
limiting trade-offs in animal performance. Although there may be short term losses in beef
productivity associated with the establishment of wildflower set-aside plots, this can be
compensated for with supplemental feed or grazing the wildflowers periodically. Planting a
mixture of just ten native forbs and legumes provides floral resources throughout the
growing season, and attracts an array of pollinators including native bees, wasps, beetles
and flies. This approach can be further refined by studying how grazing affects the longevity
and floral production of wildflower plots, with the possibility of using a grazing schedule that
allows wildflowers time to recover post-grazing. This research would provide better guidance
to farmers seeking practical ways to steward the ecosystem they reside in. In the tillage
experiment, we observed moderate levels of wildflower emergence across all treatments,

although there was no clear difference due to varying timing or frequency of tillage.
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Site-specific conditions clearly play a large role in the success or failure of a particular
establishment method, and it remains critically important to understand local conditions to
ensure that a wildflower plot will flourish.

Together, these experiments show that although they are a powerful tool of pollinator
conservation, creating native wildflower plots comes with an array of important
considerations, particularly in regard to site preparation. Further research is certainly needed
to understand the nuanced interactions between site conditions, chosen wildflower species,

and management practices, as well as how grazing pressure factors in.
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