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Abstract. Intensive agriculture has led to a reduction of overall biodiversity and ecosystem services such
as pollination and biological control. To offset these economic losses, many farmers are planting native
wildflowers to enhance flowering plant diversity and augment pollinator and other beneficial arthropod
populations on their farms. In this study, we examined arthropod communities in Florida (USA) within
wildflower plots and fallow control plots, which were primarily composed of grasses. Significantly more
herbivorous insects, predatory arthropods, and pollinators were found within wildflower plots than in fal-
low control plots. We also implemented pollinator surveys at flowering plants. These surveys highlighted
numerous plant–pollinator interactions within wildflower plots, supporting the idea that some native
wildflower species are more attractive to pollinators than are others. Nevertheless, utilizing diverse flower-
ing plants for wildflower plots may support a wide diversity of beneficial arthropod species, including
native bees. Our results suggest that wildflower plantings in Florida can be a successful management tool
to harbor increased overall plant and arthropod diversity (including native pollinators and other beneficial
arthropods) within intensive agricultural areas.
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INTRODUCTION

In the United States, native bee abundance has
significantly declined within the last decade, and
this decline is primarily attributed to conversion
of natural habitat to land used for agricultural
purposes, especially to grow various row crop
monocultures (Koh et al. 2016). However,

numerous other culprits (e.g., livestock grazing,
pesticides, invasive species, and habitat fragmen-
tation) also have been documented to cause
declines in pollinator populations (Kearns et al.
1998). Along with native pollinators, managed
honey bee populations have experienced high
yearly gross loss rates since 2007 (vanEngelsdorp
et al. 2017). Not only have pollinator abundances
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declined, but overall ranges of bees and other
pollinators have also contracted in response to
land-use changes, including intensified agricul-
tural production (Cameron et al. 2011).

One major factor influencing pollinator decli-
nes in agroecosystems is the lack of floral
resource availability throughout the entire grow-
ing season (Kremen et al. 2007, Winfree et al.
2011). Most of the staple crops (e.g., corn, wheat,
rice) grown around the world are wind polli-
nated and provide little-to-no resources for
native pollinators. However, many crops (e.g.,
blueberry, watermelon, apple) depend wholly or
partially on pollination services provided by
insect pollinators (Losey and Vaughan 2006,
Klein et al. 2007). These crops can provide some
forage for bees (Westphal et al. 2003); however,
they do not provide long-term forage and only
support a small portion of the pollinator commu-
nity, since they are usually grown as large mono-
cultures (Diek€otter et al. 2010). Given that these
monocultures may only support a portion of the
pollinator community, it has become paramount
to consider how agricultural land-use changes
affect pollinator communities. Some land-use
changes can enhance floral abundance and diver-
sity, resulting in higher richness and abundance
of pollinators (Campbell et al. 2007). In contrast,
other land-use changes, such as converting natu-
ral habitat to row crops, can be deleterious for
bees and other pollinators (Koh et al. 2016).

In agroecosystems, some landowners use wild-
flower plantings to support native pollinator
abundance and diversity throughout the grow-
ing season. While such habitat enhancements are
a common practice in Europe (Haaland et al.
2011), they are infrequently utilized in the United
States (Williams et al. 2015). As a result, most
studies addressing potential impacts of wild-
flower plantings on arthropod communities have
been conducted in Europe. These studies docu-
mented benefits (e.g., increased pollen and nectar
resources) of wildflower plantings to pollinating
insects (Carreck and Williams 2002, Haaland and
Bersier 2011, Korpela et al. 2013, Balzan et al.
2014, Feltham et al. 2015). In contrast, few stud-
ies have been conducted in the United States,
and a limited number of these have documented
potential benefits of wildflower plantings to pol-
linators (Morandin and Kremen 2013, Blaauw
and Isaacs 2014, Williams et al. 2015). Although

some studies support the benefit of wildflower
plantings to pollinators, other studies have found
no or only limited benefits of wildflower plant-
ings to pollinators (Wood et al. 2015, Campbell
et al. 2017a). The level of benefit one could expect
from wildflower plantings likely hinges on the
richness and abundance of wildflowers used.
However, other studies have shown that certain
wildflower species (e.g., key plants) can attract
the majority of bees and other flower visitors
(Warzecha et al. 2018). Additionally, some insect
species abundance can be influenced by flower
functional traits (e.g., corolla morphology, flower
color, bloom time; Hatt et al. 2017a, 2019).
Despite these findings, others have found that
increasing plant functional diversity can actually
reduce resources for pollinators and, thus, cannot
increase pollinator richness (Uyttenbroeck et al.
2017).
Appropriate wildflower mixes often vary

according to region (Williams et al. 2015), and
floral display could be an important criterion for
promoting pollinating bee richness and abun-
dance (Tuell et al. 2008). Therefore, the actual
plant species utilized may not be extremely
important for attracting pollinators and choosing
appropriate seed mixtures may have some
plasticity (Williams et al. 2015). Despite this fact,
a plant still needs to offer rewards (i.e., pollen
and/or nectar) to attract pollinators. Landowners
and managers should consider plant life histories
such as bloom time (how long the overall bloom
period lasts), annuals vs. perennials, and time of
bloom (season of bloom) when trying to match
wildflowers to the crops for which they hope to
maximize pollination services provided by wild
bees and other pollinators. Additionally, flower-
visiting insect attractiveness to wildflowers can
depend on the seed mixture that is utilized
(Warzecha et al. 2018). Indeed, numerous plant
traits have been shown to be important for
various ecosystem services (e.g., pollination,
biological control; Gardarin et al. 2018).
Wildflower plantings may also increase biolog-

ical control of agricultural pests provided by
arthropod predators. Increased arthropod preda-
tor abundance has been found within blueberry
and strawberry fields that contained adjacent
wildflower plantings (Walton and Isaacs 2011,
Blaauw and Isaacs 2015, McCabe et al. 2017).
Wildflower plantings also can be used to
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promote biological control of pest lepidopterans
in cabbage fields (Pfiffner et al. 2009) and poten-
tially contain more beneficial predatory arthro-
pods than do turf grass plots (Braman et al.
2002). Additionally, decreased aphid abundance
correlated with increased aphid predators in
European crop fields that contained adjacent
wildflower strips (Tschumi et al. 2016, Hatt et al.
2017b, Toivonen et al. 2018). Conversely, some
researchers worry that wildflower plantings will
augment pest species that can invade crops (Bag-
gen and Gurr 1998, Frank 1998, Marshall and
Moonen 2002). However, overall arthropod
abundance and diversity within wildflower
plantings is poorly understood and has not been
thoroughly explored (Toivonen et al. 2018), espe-
cially in key agricultural areas like Florida
(USA). In this study, we examined eight wild-
flower plots paired with fallow plots to docu-
ment pollinating insect abundance and richness.
Additionally, we used multiple trap types in the
same treatments to examine the overall arthro-
pod community. Most studies that have explored
invertebrates within planted wildflower plots
utilized visual surveys (Williams et al. 2015) and
one trap type (Blaauw and Isaacs 2012, Campbell
et al. 2017a), obtained mixed results by analyzing
different traps separately (Blaauw and Isaacs
2015), and focused on certain invertebrate groups
(e.g., pollinators). Therefore, the effects of wild-
flower plantings on the overall invertebrate com-
munity lack holistic quantification. We
hypothesized that wildflower plots would con-
tain higher abundances and richness of all
arthropod groups due to the increased habitat
heterogeneity and floral resources available in
those plots compared to fallow control plots.

METHODS

Study sites
Eight sites located in areas dominated by berry

orchards and field vegetables (e.g., blueberry,
cucurbits) were selected within North Central
Florida, USA (Fig. 1A). All sites were a mini-
mum of 3 km from other sites. Each site con-
tained two treatment plots (0.1 ha each): one
planted with wildflowers and a second left as a
fallow control plot. The two treatment plots
within a site were located approximately 500 m
from one another and had similar surrounding

land use. Enhancement sites were planted to fit
the available land provided by the landowner
but were more or less rectangular in shape.
Given these constraints, the approximate dimen-
sions of the wildflower plantings were
58 9 19 m, with some sites having a minimum
width of 9 m. Each wildflower plot was pre-
pared for seeding by application of glyphosate
and mowing to minimize weed competition with
wildflowers (Bammer et al. 2017). In October/
November 2014, nine native annual and peren-
nial herbaceous flowering plant species that had
been shown to perform well in north Florida
agricultural systems were hand-broadcast within
wildflower plots (Table 1). The wildflower seed
mixture we used was based on successful plant-
ings used by Williams et al. (2015), in which we
found it very important to utilize seed mixtures
that will provide foraging blooms throughout
the growing season rather than simply have
mixes that provide high flower diversity. The
unenhanced fallow control plots consisted pri-
marily of grasses (Poaceae or Gramineae). The
fallow control plots were similar in plant compo-
sition to that of the wildflower plots prior to
preparing the plots for seeding. We documented
very few flowering forbs or other plants within
the fallow control sites during the course of this
research.

Flowering plant abundance
We determined flowering plant abundance

and coverage using a 1-m2 PVC quadrant that
we randomly placed 40 times within the wild-
flower and fallow treatment plots once per
month (i.e., each month, 40 m2 was sampled in
both wildflower and fallow plots). During these
random placements, we placed the 1-m2 quad-
rant 5 m apart from previous placements during
the survey. We counted and recorded individual
flowers or inflorescences within each quadrant.
We conducted flowering plant surveys once per
month (April–November 2015 and 2016).

Pitfall traps and sweep netting
We used pitfall traps and sweep nets to pri-

marily assess phytophagous and predatory
arthropods in treatment plots (Fig. 1B). Within
each fallow control and wildflower plot, we set
three pitfall traps consisting of 118-mL cups con-
taining ~20–30 mL of with soapy water. We
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placed pitfall traps 10 m apart in both treatment
plots. Pitfall traps were active for 24 h once a
month (April–November 2015 and 2016). On the
same day we deployed pitfall traps, we gathered
four sweep net samples from each treatment
plot. To standardize sweep netting, a researcher
stood near a colored pan trap set (Fig. 1B), took
three large steps (~1 m/step), and swung the net
with each step. We followed the same procedure
on the opposite side of each pan trap set, estab-
lishing four sweep net samples for each treat-
ment plot. We performed sweep netting between
10:00 and 15:00 hours, during periods when the
weather was amicable (e.g., no rain or strong
winds). We deposited all arthropods we collected
in each sweep net sample into a plastic bag, and
frozen for future identification.

Colored pan trapping and insect–flower visitor
sampling
To primarily evaluate foraging insect pollinator

abundance and richness, we placed two sets of
colored pan traps (355 mL Festive Occasion;
Amscan International, Milton Keynes, UK). A
pan trap set consisted of a white, blue, and yellow
bowl, and each set was placed 20 m apart in each
wildflower and fallow treatment plot. Pan traps
remained active for 24 h each month (April–
November 2015 and 2016; Fig. 1B). We placed
colored pans at average vegetation height per plot
with the use of a rack system, which enabled
traps to be moved up as vegetation grew (Camp-
bell et al. 2016). We placed insects collected from
the colored pan traps into vials containing 70%
ethanol for future identification. Additionally, we

Fig. 1. Map indicating the locations of the eight sites that included the fallow controls plots and wildflower
enhancement plots (A). Schematic setup of colored pan traps, pitfall traps, and sweep net sampling locations
within the fallow control and wildflower sites (B).
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surveyed flower visitors during a 40-min transect
walk. During the transect walk, a researcher
walked along two, 50-m linear transects within
each wildflower and fallow treatment plots. Dur-
ing the transect walk, we collected all insect floral
visitors along a 2 m width with sweep nets, and
we documented the wildflower species from
which the insect was collected. Due to lack of
flowering plants in the fallow control plots, most
surveys documented no flowers, and similarly,
we collected no flower visitors in fallow control
plots. We placed collected insects into vials and
later pinned them for identification. We recorded
but did not collect honey bees, Apis mellifera
(Hymenoptera: Apidae), queen bumble bees
(Hymenoptera: Apidae), and identifiable butter-
flies based on visual detections. We conducted all
transect walks between 10:00 and 15:00 hours.
Although colored pan trapping and sweep net-
ting insects from flowers are primarily used to
collect pollinators, we used any bycatch to sup-
plement the pitfall and vegetation sweep netting
collections and vice versa.

Arthropod identification
Bees were identified to genus and/or species

using standard keys (Mitchell 1960, 1962)
and with the use of Discover Life bee identifica-
tion key (https://www.discoverlife.org/20/q?searc

h=Apoidea). Wasps were identified with a vari-
ety of keys including but not limited to Krom-
bein (1951, 1958, 1967), Stange (1994), and Goulet
and Huber (1993). Syrphidae were identified
with Miranda et al. (2013). We used Arnett et al.
(2002) for family-level identification of beetles.
Other insects were identified to family level with
the use of Borror and White (1970) and Borror
et al. (1989). Arthropods were also placed into
feeding guilds (e.g., herbivorous, predatory)
using these same keys.

Statistical analysis
We plotted number of captures of all captured

invertebrate taxa from all sampling techniques
(sweep netting, pitfalls, and pan traps) and visu-
ally binned them into one of the following three
abundance levels: (1) superabundant; (2) abun-
dant; and (3) rare (Grodsky et al. 2018a, b). We
pooled invertebrates among sampling techniques
because we were interested in the overall inverte-
brate community response to wildflower plant-
ings and not individual sampling technique
efficacy. Indeed, analyzing traps separately can
result in conflicting results (Blaauw and Isaacs
2015). We set the cutoff for inclusion of individ-
ual invertebrate taxon in analyses at the break
between abundant and rare invertebrate groups,
thereby excluding all rare bees and other inverte-
brates with relatively low relative abundances
from analyses (Grodsky et al. 2018a, b). For
example, the cutoff between abundant and rare
invertebrates in treatments was n = 107 because
counts of invertebrate captures dropped from
n = 107 to n ≤ 71 at that point on the plot.
We conducted Poisson generalized linear

mixed models (GLMMs) with number of cap-
tured individuals for each invertebrate taxon and
each functional group and total taxa richness
recorded in each trap array in each treatment
and each site as the dependent variable and trap
array as a random effect to test the response of
invertebrates to enhanced wildflower treatments
(function glmer in R package lme4; Bates
et al. 2014). For all models, we tested for correla-
tion among covariates. We first included a
year 9 treatment interaction term, treatment,
year, and site as explanatory variables and trap
array as a random effect in each model. If we
detected a significant year 9 treatment interac-
tion, we developed a model for each year

Table 1. List of native wildflowers and seed rates used
to establish the wildflower plots for this study.

Plant list Type
Seed rate
(kg/ha)

Partridge Pea
(Chamaecrista fasciculata)

Annual 1.12†

Goldenmane Tickseed
(Coreopsis basalis)

Annual 1.01

Lanceleaf Tickseed
(Coreopsis lanceolata)

Perennial 0.19

Leavenworth’s Coreopsis
(Coreopsis leavenworthii)

Perennial 0.19

Indian Blanket (Gaillardia pulchella) Annual 3.03
Swamp Sunflower
(Helianthus angustifolius)

Perennial 0.37

Spotted Beebalm (Monarda punctata) Perennial 0.15
Blackeyed Susan (Rudbeckia hirta) Annual 0.59
Tall Ironweed (Vernonia angustifolia) Perennial 0.69

Note: Seed was purchased from Wildflower Seed and
Plant Growers Association (Crescent City, Florida; Campbell
et al. 2017a).

† Partridge pea was planted separately, that is, in its own
strip that occupied ~15% of the wildflower plot.
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separately and included treatment and site as
explanatory variables and trap array as a random
effect. We performed likelihood ratio tests on all
GLMMs to determine significant treatment
effects. We conducted post hoc Tukey’s pairwise
comparisons of treatment means using general
linear hypothesis testing (glht function; single-
step method) in the R package multcomp
(Hothorn et al. 2013). We set a = 0.05.

We based plant–flower visitor networks on
visual observation of interactions. We could not
discern floral information from insects collected
in colored pan traps or pitfall traps and, thus,
these insects were not included in the
plant–flower visitor networks. We constructed
plant–flower visitor interactions networks using
R statistical software, using the bipartite package
(Dormann et al. 2008). We pooled the two years
of data and used the function plotweb to create
the network.

A more simplistic way was used to determine
if there were significant differences between the
mean number of interactions between insect and
plant (i.e., degree), mean number of visits (num-
ber of times or links/edges we observed an insect
visiting a flower), insect morphospecies richness
(number of different insect morphospecies we
observed visiting a flower), and plant species
richness (number of different plant species we
observed being visited by insects) between the
two treatments. For this, a GLM was used with
site and treatment treated as fixed effects; in this
model, all extra interactions were not accounted.
However, this was only a more parsimonious
way to model the analysis and the residual will
contain the extra variances. We used the func-
tions lsmeans and cld, both implemented in the
package lsmeans (Lenth 2016) to compute the
contrasts between treatments, considering results
of Tukey’s pairwise comparison test with an a of
0.05 as significant. We performed all statistical
analyses for this paper on the R platform (R Core
Team 2018).

RESULTS

Flowering plant abundance
Flowering plant abundance surveys yielded 78

flowering plant species among both the wild-
flower and fallow plots. Among the 68 species
found in the wildflower plots, we found 36 plant

species to have a bloom duration longer than one
month (Fig. 2). Among the nine planted species
within the wildflower plots, the mean number of
flowers observed for each species was signifi-
cantly different (F8, 238 = 5.5678, P = 0.0001).
Monarda punctate (Lamiaceae) had a significantly
higher mean number of flowers/inflorescences
per plot than those of any other planted species
except for Vernonia angustifolia (Asteraceae). The
mean number of flowers/inflorescences per plot
for V. angustifolia was not significantly different
from that of the other seven planted species.

Arthropod abundance
Overall, we collected 55,465 arthropods

between 2015 and 2016 in colored pan traps, pit-
fall traps, and sweep net samples. The most com-
mon families we collected were Formicidae
(29.4% of total captures; ants), Dolichopodidae
(20.2% of total captures; long-legged flies),
Cicadellidae (5.8% of total captures; leafhop-
pers), and Miridae (1.8% of total captures; mirid
bugs). About 4.4% of the total captures were
individuals from the order Araneae (spiders).
Among guilds, predators comprised 29.7% of
total captures, followed by phytophagous arthro-
pods (28.5%) and pollinators (1.9%). We did not
place the remainder of captures (just over 60% of
the arthropods) in the phytophagous, predatory,
or pollinator guilds because they could not be
placed into discrete guilds.
Our family-/taxon-level analyses determined

that multiple families and taxa differed in abun-
dance between the wildflower plots and fallow
plots (Table 2). Notable families and species that
were found in higher abundances in the wild-
flower plots were (1) Curculionidae; (2)
Chrysomelidae in 2016; (3) numerous hemi-
pteran families (e.g., Alydidae, Miridae); (4) Doli-
chopodidae in 2016; (5) Crabronidae; and (6)
Halictidae (Table 2). We found a few families in
higher abundances in the fallow plots compared
to the wildflower plots, such as (1) Cecidomyi-
idae, (2) Scarabaeidae, (3) Apidae, and (4) Del-
phacidae (Table 2); however, many of these
trends were not statistically different. Melissodes
(Hymenoptera: Apidae), Augochlorella (Hyme-
noptera: Halictidae), and Lasioglossum (Hyme-
noptera: Halictidae) were the dominant bee
genera collected within the fallow control plots.
Guild analyses revealed that wildflower plots
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Fig. 2. Flowering plant phenology indicating when each plant species was found blooming in the wildflower
plots. Violin plots are colored by plant family. The height of each violin plot indicates relative abundance of flow-
ers for each species.
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Table 2. Mean (� SE) number of captures per block (N = 8) of invertebrate families/taxa in wildflower and fallow
control plots.

Guild/order Family/group Year LRTTRT Pr(Chi)TRT Control Wildflower

Taxa Richness 30.10 <0.001 560.88 (208.78) 1218.63 (86.05)
Pollinators 10.16 0.001 57.63 (10.56) 75.25 (11.64)
Herbivores 1366.10 <0.001 447.25 (60.29) 943.88 (128.84)
Predators 2015 131.59 <0.001 588.25 (88.85) 765.63 (141.19)

2016 1402.00 <0.001 186.25 (34.02) 519.88 (129.41)
Araneae 17.14 <0.001 132.63 (45.06) 171 (24.77)
Coleoptera Scarabaeidae 0.71 0.79 23.13 (10.81) 10.25 (5.67)

Curculionidae 4.47 0.03 3.75 (1.39) 8.25 (2.51)
Elateridae† 2015 1.87 0.17 3.00 (1.20) 10.25 (4.44)

2016 0.75 0.39 3.63 (0.57) 5.88 (0.84)
Staphylinidae 0.57 0.45 7.13 (2.38) 4.63 (0.96)

Chrysomelidae† 2015 1.22 0.27 6.50 (2.71) 8.88 (3.10)
2016 3.42 0.06 3.38 (1.15) 24.13 (20.45)

Carabidae 2.77 0.10 8.63 (3.18) 11.00 (2.87)
Diptera Asilidae 2.17 0.14 8.63 (1.58) 6.38 (1.97)

Cecidomyiidae 6.87 0.01 27.75 (6.71) 14.63 (3.83)
Muscidae 25.88 <0.001 1.00 (0.33) 17.63 (9.57)

Ceratopogonidae† 2016 5.98 0.01 10.50 (2.88) 31.88 (9.64)
Chironomidae† 2015 4.40 0.04 2.50 (0.96) 1.00 (0.33)

2016 1.78 0.18 5.25 (2.23) 15.88 (6.58)
Dolichopodidae† 2015 1.44 0.28 437.75 (65.78) 559.00 (130.49)

2016 5.85 0.02 105.50 (28.15) 298.75 (92.73)
Drosophilidae† 2015 2.65 0.10 33.88 (9.17) 21.00 (7.87)

2016 2.06 0.15 8.38 (3.41) 21.75 (12.05)
Phoridae† 2015 0.09 0.77 4.13 (1.95) 3.25 (1.86)

2016 4.09 0.04 3.63 (1.05) 7.75 (2.34)
Sarcophagidae 4.20 0.04 4.88 (1.43) 8.50 (2.46)

Sciaridae 2.55 0.11 41.38 (8.10) 31.25 (3.84)
Tephritidae 53.84 <0.001 3.50 (1.15) 40.50 (15.54)

Unidentified Diptera 2015 13.82 <0.001 91.63 (13.79) 46.13 (11.54)
2016 2.48 0.12 69.00 (29.66) 153.38 (52.01)

Hemiptera Alydidae 21.74 <0.001 24.38 (4.94) 70.63 (12.21)
Geocoridae† 2015 23.37 <0.001 0.50 (0.33) 13.88 (6.03)
Lygaeidae 23.73 <0.001 10.63 (2.88) 41.75 (7.80)
Miridae 70.93 <0.001 16.00 (5.56) 109.38 (23.95)

Pentatomidae 10.14 0.01 6.38 (1.55) 13.88 (3.36)
Rhyparochromidae 6.80 0.01 9.13 (4.62) 20.50 (6.57)

Homoptera Delphacidae 4.57 0.03 27.75 (7.10) 20.25 (10.00)
Cercopidae† 2015 4.42 0.04 8.25 (4.78) 48.13 (33.94)

2016 3.71 0.05 13.75 (10.82) 12.75 (4.61)
Cicadellidae† 2015 0.22 0.64 88.13 (22.14) 88.63 (15.28)

2016 40.16 <0.001 42.25 (15.07) 184.75 (58.65)
Aphididae† 2015 7.92 0.01 10.00 (5.14) 22.13 (8.51)

2016 0.68 0.41 31.38 (24.47) 19.38 (4.80)
Orthoptera Gryllidae 1.69 0.19 14.63 (3.55) 19.88 (1.65)

Tettigoniidae 0.15 0.70 13.38 (4.68) 13.00 (3.20)
Acrididae 1.40 0.24 36.88 (12.04) 58.00 (10.15)

Hymenoptera Apidae 1.48 0.22 9.13 (2.94) 5.63 (2.02)
Halictidae 11.17 <0.001 37.00 (11.07) 52.38 (4.93)

Crabronidae† 2015 3.79 0.05 1.25 (0.59) 3.13 (1.20)
2016 11.76 <0.001 1.38 (0.98) 16.00 (7.19)

Mutillidae† 2016 2.48 0.12 1.50 (0.73) 10.25 (6.00)
Pompilidae 2.40 0.12 5.50 (2.68) 9.88 (1.79)
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harbored higher overall invertebrate taxa rich-
ness (Fig. 3A) and more herbivorous arthropods
(Fig. 3B), pollinators (Fig. 3C), and predatory
arthropods in 2016 but not in 2015 (Fig. 3E and
D, respectively).

Plant–flower visitor interactions
Among the 1084 different plant–flower visitor

interactions we surveyed, 25 flowering plant spe-
cies (including the nine species that were
planted) were visited by some combination of 52
arthropod groups (family, genus, or species;
Fig. 4A, B). Hymenopterans had a far higher
number of observations, 950 (87.6%), than did
coleopterans (35; 3.2%), dipterans (12; 1.1%), and
lepidopterans (87; 8.0%). Among non-formicid
hymenopterans, bees had 557 interactions, while
wasps had 393 interactions. The plant–flower vis-
itor network (wildflower and control combined)
shows that on average, each group of insects vis-
ited 3.4 different plant species, while each plant
species on average was visited by 7.2 different
groups of insects. Halictus poeyi (Hymenoptera:
Halictidae) was the most commonly observed
insect on flowers, with 330 individuals collected
visiting 12 different species of flowers. Monarda
punctata and Gaillardia pulchella (Asteraceae) were
the most visited flowers, with 30 and 26 different
interactions observed, respectively. We observed
a total of 975 different insect–flower visitor inter-
actions in the wildflower enhancement plot, as
compared to 109 in the fallow control plots
(Fig. 4A, B). Mean number of interactions (be-
tween insects and plants), number of times a par-
ticular insect group visited a flower, insect

morphospecies visiting flowers (richness), and
number of plant species being visited by insects
(plant species richness) were all significantly
higher (Pr(Chi)TRT < 0.0001 for each) within the
enhanced plots compared to unenhanced fallow
controls (Fig. 5).

DISCUSSION

Our study demonstrates that flowering plants
such as planted wildflowers have potential to
not only augment pollinator and natural enemy
diversity and abundance but also harbor
increased overall arthropod diversity within
agricultural landscapes. Additionally, numerous
flowering plant species that were not planted
inhabited the wildflower plots (Figs. 2, 4B), thus
adding to the attractiveness for pollinators, natu-
ral enemies, and other arthropods. Conservation
practices within agricultural landscapes have
been recommended to offset the loss of diversity
associated with intensive agriculture (Gurr et al.
2003, Tscharntke et al. 2005). Therefore, finding
ways to mitigate pollinator, natural enemy, and
overall arthropod biodiversity loss in intensive
agriculture should be a priority.

Pollinators
The wildflower species we used in this study

varied greatly in the pollinators they attracted,
thus illustrating the need for diverse plant species
when deciding seed mixtures for wildlife plant-
ings. Several of our flowering plant species (e.g.,
M. punctata) attracted a diverse group of flower
visitors, whereas other plants (e.g., Helianthus

(Table 2. Continued.)

Guild/order Family/group Year LRTTRT Pr(Chi)TRT Control Wildflower

Tiphiidae† 2015 0.47 0.49 2.88 (1.09) 2.38 (0.96)
2016 9.14 0.002 1.00 (0.27) 35.50 (14.05)

Parasitoid wasps† 2015 2.30 0.13 16.25 (2.76) 21.75 (3.42)
2016 13.38 <0.001 12.13 (2.19) 34.88 (7.77)

Formicidae: non-fire ants† 2015 0.90 0.34 207.88 (54.63) 151.50 (42.26)
2016 1.21 0.27 145.88 (32.94) 224.63 (94.05)

Formicidae: fire ants (Solenopsis invicta)† 2015 1.54 0.21 205.88 (45.24) 464.75 (253.88)
2016 3.25 0.07 111.13 (44.87) 528.25 (412.07)

Lepidoptera Caterpillars 2.86 0.09 12.50 (2.97) 6.63 (2.77)
Microleps† 2016 7.72 0.005 5.13 (1.25) 15.63 (4.05)

Notes: SE, standard error. Bold means (� SE) in either control or wildflower plots are significantly higher than means in the
other plot type (a ≤ 0.05 or a ≤ 0.1).

† Significant year 9 treatment interaction for number of captures per block for the respective family/group.
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angustifolius Asteraceae) only attracted a few spe-
cies (Fig. 4B). This is likely due to several vari-
ables such as quantity and quality of nectar and
pollen rewards, competition among flowering
plants, time of bloom, flower shape, and bee
activity during bloom (Pellmyr 2002, Garbuzov
and Ratnieks 2014, van Rijn and W€ackers 2016).
Based upon flower/inflorescence counts, mean
number of flowers/inflorescences was signifi-
cantly higher for M. punctata than seven of the
nine planted wildflowers. However, M. punctata
bloomed in late summer/early fall which would
not provide resources for early season pollinators,
thus exemplifying the need for diverse plantings
throughout the growing season. Despite some
plants attracting many insect species (Campbell
et al. 2018), some other plants have been shown

to attract bees that are pollen specialists (Minck-
ley and Roulston 2006). Thus, plants that attract
only a few insect pollinators may be ecologically
important and should not be marginalized from a
conservation stand point. Additionally, crop polli-
nation by wild (unmanaged) bees has been
shown to be dominated by commonly encoun-
tered species (Kleijn et al. 2015). Thus, it is likely
that these rarely encountered pollinator species
may not contribute greatly to crop pollination
and, therefore, may not be valuable to growers.
Some of the planted species (e.g., G. pulchella)
attracted diverse flower visitors along with some
of the commonly encountered bees (e.g., H. poeyi,
Bombus spp.; Fig. 4B) and, thus, could be consid-
ered more valuable from a crop pollination stand
point.

Fig. 3. Mean invertebrate taxa richness (A), abundance of herbivores (B), pollinators (C), predators 2015 (D),
and predators 2016 (E) (� standard error) from fallow control and wildflower plots in Florida. Columns within a
“�” and “��” are significantly different at a ≤ 0.05.
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Despite the lack of pollinator visitation to
some flowering plants, attracting a diversity of
bees and other pollinators into agricultural areas
is important. Fruit and seed set of some crops
has been shown to increase when higher diversi-
ties of bees and other pollinators are present
(Klein et al. 2003, Garibaldi et al. 2016).
Although honey bees are often solely utilized for
pollination services on many insect-dependent
crops, such dependence on a single species for
pollination services potentially puts a large por-
tion of the overall food supply at risk due to cur-
rent honey bee health issues (Neumann and
Carreck 2010, NASS 2018). Despite this risk,
honey bees will undoubtedly be utilized for
some crops (e.g., almonds) due to a lack of ade-
quate alternatives. However, native bees and
other pollinators can adequately provide pollina-
tion services for other crops (e.g., watermelon,
blueberry; Winfree et al. 2007, Campbell et al.
2017b). Our native wildflower plantings attracted
numerous native pollinators, but many species
did not attract many (or any) honey bees (e.g.,
Coreopsis basalis Asteraceae), further demonstrat-
ing the importance of the wildflower plantings to
sustaining native pollinator populations. It is
likely that the wildflowers may not have pro-
vided enough resources (pollen or nectar) to
attract honey bees or nearby crops or other flow-
ering plants outcompeted the wildflowers for
honey bee visits. Pollen and nectar quality and
quantity have been shown to alter honey bee for-
aging preferences (Seeley 1995, Cook et al. 2003).
Additionally, although we planted nine wild-
flower species, we documented an additional 69
flowering plants, illustrating the potential impor-
tance of uncropped/unmowed areas within agri-
cultural land for natural wildflower revegetation.
Although we found overall pollinator abundance
and most pollinating insect families in higher
abundances within the wildflower plots, surpris-
ingly, we collected more members of Apidae
within the fallow control plots. The fallow con-
trols could be providing suitable nesting struc-
ture (e.g., suitable soil and ground structure),
potentially explaining this unexpected trend.
Additionally, native bees have been known to
visit and gather wind-pollinated grass pollen,
such as those found in fallow control plots (Clif-
ford 1964, Leuck and Burton 1966, Saunders
2018).

Herbivorous and predatory arthropods
Wildflower seed mixtures have been shown to

attract varying abundances of beneficial para-
sitoids and predators (e.g., ground beetles, spi-
ders; Braman et al. 2002, Forehand et al. 2006).
Herbivorous insects have been found in lower
densities but increased diversities in wildflower
plantings (Blaauw and Isaacs 2012). Although
our wildflower plots harbored higher abun-
dances of herbivorous arthropods than fallow
control plots, the increase of predatory arthro-
pods in wildflower plots could possibly act as a
biological control for many of the herbivorous
insects over time in the same area. However,
how these predatory arthropods control specific
pest species remains unknown. Higher abun-
dances of predatory insects have been found in
crops with wildflower plantings planted adja-
cent to them (Woltz et al. 2012, Blaauw and
Isaacs 2015, McCabe et al. 2017) and in agricul-
tural fields with more surrounding landscape
diversity (Gardiner et al. 2009). Additionally,
many of the adult predatory wasps collected in
this study (e.g., Crabronidae, Tiphiidae) also
drink nectar from flowers and thus may have
been attracted to the wildflower plots for their
increased floral resources. Some of our planted
wildflower species (e.g., M. punctata, Rudbeckia
hirta Asteraceae) attracted a diverse suite and
numerous predatory wasps (Fig. 4B). For exam-
ple, the majority of Scolia nobilitata (Hymenop-
tera: Scoliidae) were collected off R. hirta
flowers. Thus, some species of wildflowers
could be more important if biological control of
certain pest species is desired.
Our methods only allowed us to observe snap-

shots of the arthropod communities throughout
the growing season for two years. Therefore, con-
tinuous monitoring of individual species (benefi-
cial or harmful) could have yielded different
results. Additionally, despite attempting to gar-
ner information on the entire arthropod commu-
nity, all trapping methods have biases and some
taxa abundance could be under- or overrepre-
sented (Roulston et al. 2007). However, our use
of multiple trap types should have minimized
these potential biases.

Ecological benefits of wildflower plantings
The main purpose of most wildflower

plantings in agricultural areas is to enhance
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populations of beneficial arthropods (i.e., polli-
nators and biological control agents) within crop
fields. However, other positive attributes of wild-
flower plantings have been noted. For example,
wildflower plantings provided food (arthropods
and seeds) that supported many bird species
(Vickery et al. 2002), provided refuges for small
mammals (Aschwanden et al. 2007), and sup-
plied forage for rare and declining insect species
(Haaland and Bersier 2011). Utilizing wildflower
plantings can provide pollen and nectar

resources to the overall pollinator community
when nearby crop(s) are not blooming, thus pro-
viding sustenance in a temporally resource-poor
area. Additionally, wildflower plantings may
also provide suitable nesting habitat for many
ground-nesting bees and wasps (Cope et al.
2019) and act as overwintering sites for several
natural enemies (Ganser et al. 2019). Although
one common goal of wildflower plantings is to
attract pollinating bees and other beneficial
insects, Grass et al. (2016) found that the

Fig. 4. Graphical representation of the plant–pollinator network observed in both control (A) and wildflower
(B) sites from the 2015 and 2016 field seasons (May–November of 2015 and May–October 2016). Polygons illus-
trated on the left represent flower visitors by their lowest recognizable taxonomic unit and are colored by insect
order. Polygons depicted on the right symbolize the different plant species the flower visitors were observed vis-
iting. Plant polygons are colored by plant family. The width of each polygon is proportional to the number of
interactions observed per taxonomic unit. Lines represent links between insect group and plant species where
line width is proportional to the frequency of interactions. �Plants species that were seeded for this project.
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majority of flower visitors in wildflower plots
were not bees or beneficial syrphids, thus exem-
plifying the complex and diverse arthropods that
can be attracted. Once established, wildflower
plantings can be maintained by mowing and

appropriate herbicide use instead of tilling.
Ground-nesting bees can be negatively affected
by tilling, and any decrease in tilling of agricul-
tural land could enhance local ground-nesting
bee populations (Williams et al. 2010). Pollinator
populations can be initially hindered by remov-
ing established vegetation when first creating
wildflower plantings (Blaauw and Isaacs 2014).
However, despite this initial decrease in pollina-
tor populations, the addition and availability of
floral resources in following years will likely off-
set any temporary population declines and
increased pollination and biological control ser-
vices will exceed the monetary value needed to
establish and maintain wildflower plantings
(Blaauw and Isaacs 2014).

CONCLUSIONS

In this study, the overall increase of arthropod
richness and abundance within wildflower plots
compared to the fallow control plots illustrates
the positive attributes on wildflower plantings
can have on biodiversity. Increased plant rich-
ness creates a bottom-up cascade resulting in
higher richness of invertebrates (Murdoch et al.
1972, Knops et al. 1999). In an agricultural land-
scape, our wildflower plots could have acted as
island refugia, attracting numerous arthropod
species. Increasing the size of wildflower plots
should continue to increase invertebrate diver-
sity and/or reduce isolation from other wild-
flower patches (Meyer et al. 2007, Blaauw and
Isaacs 2012). Additionally, landscape heterogene-
ity could be an important criterion for increasing
and maintaining biodiversity (Fahrig et al. 2011).
Most crop fields have limited invertebrate rich-
ness, and habitat patches such as wildflower
plantings could supply crop fields with beneficial
arthropod colonizers (Tscharntke and Kruess
1999). Our growing region (Florida) is one of the
most important agricultural regions in the Uni-
ted States, supplying large quantities of many
fruits and vegetables that depend on the pollina-
tion services that insects provide. Thus, wild-
flower plantings could be one agricultural
instrument used in concert with other tools (Hatt
et al. 2018) to conserve native arthropod popula-
tions and boost crop yields simultaneously
through biological control and pollination
services.

Fig. 5. Boxplots indicating the mean number of
interactions (i.e., degree) between insects and plants,
mean number of visits/links (number of times an insect
group was observed visiting a flower), insect morphos-
pecies richness (number of different insect species
observed visiting a flower), and plant species richness
(number of different plant species observed being vis-
ited by insects) per site between the two treatments.
Letters represent significant differences with a ≤ 0.05.
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