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Lady (= ladybird) beetles (Coleoptera: Coccinellidage) provide agroecosystem services
as major predators of aphids and other pests of field crops. Several native
coccinellids in North America have declined in association with the introduction of
invasive species of lady beetles. In particular, populations of three native species
declined drastically (Coccinella transversoguttata richardsoni) or effectively disappeared
(Coccinella novemnotata, Adalia bipunctata) from agricultural landscapes in eastern
South Dakota, U.S.A., following establishment of an invasive coccinellid (Coccinella
septempunctata) in the 1980s. Since then, two other non-native coccinellids (Harmonia
axyridis and Hippodamia variegata) have established in eastern South Dakota, but
long-term analysis of their impact on the aphidophagous coccinellid guild is lacking.
This paper summarizes long-term results from 14 years (2007-2020) of sampling
coccinellids by sweepnet and timed searches in five field crops and restored prairie in
eastern South Dakota. In all, 17,338 aphidophagous coccinellids comprising 10 species
were sampled. Two invasive species (Coc. septempunctata, Har. axyridis) were the
third- and fourth-most abundant species, respectively. The seven most abundant species
constituted 99% of all coccinellids sampled and were recorded from all six habitats.
However, coccinellid species ranged considerably in their evenness of habitat use,
resulting in differences in rank abundance among habitats. Coccinellid assemblages were
similar for alfalfa and winter wheat, but not for other habitats, which possessed distinct
coccinellid assemblages based on rank abundance. Annual abundance of coccinellids
varied considerably within habitats, but declining trends were evident from significant
negative regressions in annual abundance for adult and immature coccinellids in corn and
adults in soybean. As a group, native adult coccinellids showed a significant declining
trend in corn but not in other habitats, whereas trends for non-native adult coccinellids
were non-significant in all habitats. Sample rates of coccinellids in alfalfa, spring grains,
and corn in this study were 74, 26, and 6%, respectively, compared to that of a previous
study from the region, further indicating substantial decreases in coccinellid abundance.
Possible explanations and implications for observed patterns in coccinellid diversity and
individual species abundances in field crops and restored prairie of eastern South Dakota
are discussed with respect to prey, agronomic trends, and landscape factors.
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INTRODUCTION

Eastern South Dakota, USA, was historically part of the tallgrass
prairie portion of the North American Great Plains before
conversion of a large majority of land to agriculture in the mid-
1800s (Maizel et al., 1998). Less than 14% of tallgrass prairie
remains in North America (Samson et al., 2004). In its place,
field crops—mainly corn, soybeans, alfalfa, and small grains
such as wheat and oats—have become a major component of
the landscape (Dumke and Dobbs, 1999; Rashford et al., 2011;
Wright and Wimberly, 2013).

Each of the field crops in eastern South Dakota is colonized
annually by its own complex of arthropod pests that includes
aphids, defoliators, and stem borers (Bing et al., 1999; Hesler
et al, 2000, 2005, 2018; Hutchinson et al, 2010; Lundgren
et al.,, 2013; Supplementary Table 1). In turn, these pests have
a complex of natural enemies, including a guild of predacious
lady (=ladybird) beetles, or coccinellids (Elliott and Kieckhefer,
1990a; Elliott et al, 1996; Lundgren et al, 2013; Hesler,
2014). Coccinellids contribute substantially to pest suppression,
with both adults and larvae preying upon pests (Obrycki
and Kring, 1998; Michaud, 2012). Thus, their conservation is
vital to sustainable agriculture, and long-term studies on their
effectiveness and preservation are important (Obrycki and Kring,
1998; Iperti, 1999; Honek et al., 2014).

Extensive surveys of coccinellids of east-central South Dakota
commenced in the 1970s in small grains, alfalfa, and corn
(Kieckhefer et al., 1992). Six species—Hippodamia convergens,
Hippodamia parenthesis, Hippodamia tredecimpunctata tibialis,
Coleomegilla  maculata lengi, Coccinella transversoguttata
richardsoni, and Cycloneda munda—were common to all three
crops, whereas Adalia bipunctata was only sampled from corn.
Coccinella novemnotata, a species of current conservation
concern (Harmon et al., 2007), was only sampled in low numbers
on adhesive traps adjacent to fields.

However, coccinellid assemblages of eastern South Dakota
cropland have been subjected to various changes since the
Kieckhefer et al. (1992) survey. These changes include
establishment of new coccinellid species, introduction of
an invasive pest, and changes in vegetational composition
of the landscape. For instance, three non-native coccinellids
have been detected in east-central South Dakota. The first
species, Coccinella septempunctata, established in the region
in 1987 and quickly became prevalent in alfalfa, spring grains,
and corn (Elliott et al., 1996). Moreover, its establishment
was associated with significant change in native coccinellid
community structure that related to reduced abundances of
A. bipunctata and Coc. transversoguttata richardsoni in those
crops (Elliott et al., 1996). Two other non-native coccinellids,
Harmonia axyridis and Hippodamia variegata, were detected
in eastern South Dakota in 1996 (Hesler et al,, 2001) and in
2010 (Hesler and Lundgren, 2011), respectively, but long-term
analysis of their impact on coccinellid assemblages is lacking.
Both species are generalists that compete with native coccinellids
in various habitats (Koch, 2003; Gardiner et al., 2011). Harmonia
axyridis is considered invasive and has often become dominant
in coccinellid assemblages in North America, whereas Hip.

variegata establishes relatively low abundance (Koch, 2003;
Lucas et al.,, 2007; Gardiner et al., 2009; Lamb et al., 2019).
Coccinella septempunctata has typically remained relatively
abundant in various North American habitats following the
addition of other invasive coccinellids (Brown, 2003; Alyohkin
and Sewell, 2004; Lucas et al., 2007; Gardiner et al., 2009).

Before 2000, soybeans in South Dakota and other parts of the
northern Great Plains were characterized by a set of arthropod
pests that caused only sporadic economic damage (Lambert and
Tyler, 1999; Ragsdale et al., 2011). Consequently, field studies
of coccinellids in eastern South Dakota deliberately omitted
soybean due to its lack of pests (Kieckhefer et al., 1992; Hesler
et al., 2000). However, in 2000, establishment of an invasive pest,
the soybean aphid (Aphis glycines), greatly increased the risk of
economic injury to soybean and led to enormous increases in
insecticide application in northern production areas (Ragsdale
et al,, 2011). Despite widespread insecticide use against soybean
aphid, a large complex of aphid natural enemies, including
both native and non-native coccinellids, became associated with
soybean (Schmidt et al., 2008; Gardiner et al., 2009; Lundgren
etal, 2013; Hesler, 2014).

Finally, regional cropping patterns changed substantially over
the last 40 years. Notably, plantings of corn and soybean continue
to steadily increase at the expense of spring grains and winter
wheat and by additional conversion of grassland and wetland
[Johnston, 2013; Wright and Wimberly, 2013; NASS (National
Agricultural Statistics Service), 2021]. Such changes in land use
may impact coccinellid assemblages and influence biological
control of insect pests in cropping systems (Bianchi et al., 2007;
Landis et al., 2008; Gardiner et al., 2009; Cox et al., 2014). In
particular, increasing dominance by a crop such as corn simplifies
agricultural landscape diversity, which reduces the supply of
natural enemies available in an area (Landis et al., 2008).

Consequently, only limited amounts of tallgrass prairie have
been restored (Samson et al., 2004). Some researchers have
hypothesized that tallgrass prairie and other natural areas may
serve as alternative, refuge habitats for coccinellids (Hesler
and Petersen, 2008; Diepenbrock and Finke, 2013). To date,
relatively modest numbers of coccinellids have been documented
in tallgrass prairie (Hesler et al., 2005; Hesler and Petersen, 2008;
Diepenbrock and Finke, 2013), but further comparison of their
utilization by coccinellids vs. field-crop habitats is warranted.

New studies on coccinellid assemblages in eastern South
Dakota are sorely needed in light of these major changes
in the agricultural landscape. Long-term sampling conducted
at the same location is necessary to reliably delineate trends
in fauna that may change relatively slowly but exhibit high
temporal variability (Elliott et al., 1996; Strayer et al., 2006;
Honek et al,, 2016). In particular, we would expect long-term
monitoring of coccinellids in eastern South Dakota to establish
the following outcomes, namely that (1) Coc. septempunctata
would maintain a relatively moderate to high abundance, (2)
Har. axyridis would become one of the dominant species in
coccinellid assemblages, (3) Hip. variegata would establish low
(i.e., 1-5%) relative abundance, (4) at least one native coccinellid
would show a significant decline in abundance over the course
of study, and (5) species in corn and soybean would be favored
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TABLE 1 | Mean number of sampling occasions per year in alfalfa, winter wheat,
spring grains and restored prairie (sweepnet samples) and minutes sampled in
corn and soybeans (timed visual searches) from 2007 to 2020.

Habitat Mean no. samples per year (range) Mean no. per year
Alfalfa 8.4 (3-12) 7092.9 sweeps
Winter wheat 5.7 (4-8) 4585.7 sweeps
Spring grains 5.5 (3-8) 4628.6 sweeps
Restored prairie 8.5 (0-12) 3942.9 sweeps
Corn 6.1 (4-8) 329.9 min
Soybean 6.9 (4-9) 376.9 min

by the expanding land use for these two crops. To this end, we
sampled five field crops and restored prairie over a 14-year period
to assess coccinellid assemblages amid the changing landscape in
eastern South Dakota. We also compared the sampling rate and
composition of coccinellids in our study with earlier, long term
studies from eastern South Dakota in order to assess our findings
within a recent historical context.

METHODS
Study Area

Coccinellids were sampled from mid-May through early
September during the years 2007 through 2020 within a roughly
8-km? area of Brookings Plat, Brookings County, in east-central
South Dakota, USA. This area was within a triangle bounded by
the three sampling sites in east-central South Dakota used by
Kieckhefer et al. (1992) and Elliott et al. (1996) for previous long-
term monitoring of coccinellid populations. Our study sampled
six habitats, i.e., five types of field crops and restored prairie.
Sample sites for field crops consisted of 0.5 to 2-ha plots that
were located at the north end of the 8-km? area and roughly
lkm N of the city of Brookings, South Dakota. The five field
crops included a perennial crop, i.e., alfalfa, and four annual row
crops: spring-seeded small grains (wheat in 2007, wheat and oats
in 2008, and oats in following years), winter wheat (fall-planted),
corn, and soybean. Alfalfa plots ranged from 2 to 6-years-
old. The crops were grown using standard agronomic practices
for the region (Pikul et al., 2008) that included fertilization of
annual crops and one or more herbicide applications in the
first half of each growing season. None of the plots received
foliar insecticide spray, but corn seed was typically treated
with a neonicotinoid insecticide, which had become routine
practice since 2004 [USGS (U.S. Geological Survey), 2014]. Three
replicate plots of each field crop were typically sampled, but in
2007-2009 only 1 or 2 plots of a particular crop were available
(Table 1, Supplementary Table 2).

Two restored prairie tracts that consisted of native grasses
and forbs were sampled over the course of the study.
A list of dominant plants at the prairies are listed in
Supplementary Table 3. The first, “Brookings Prairie,” was a
16-ha tract that was sampled from 2007 through 2013. It was
the nearest, suitable native prairie tract during that period and
located at the south end of the 8-km? area. However, by 2014, the

first prairie tract had accumulated excessive dry plant residue due
to lack of burning and grazing. In 2014, sampling was switched
to a 2-ha tract of restored prairie established in 2000 at the north
end of the 8-km? area (“North Prairie”) and that tract was spring
burned every 2-3 years.

Sampling Procedures

Sampling of coccinellids was conducted by sweepnetting spring
grains, winter wheat, alfalfa, and prairie and by timed searching
of corn and soybean. Searches and sweeps were conducted
between 09:00 and 16:00h when sunny to mostly sunny and
wind speed <32km h™! (Kieckhefer et al., 1992). Sampling
was conducted in a manner that avoided casting a shadow on
the sample area to avoid startling and dispersing coccinellids
(Hesler and Kieckhefer, 2008). Sweepnetting consisted of 180°-
sweeps with a 38-cm (diam.), mesh net along 50-m transects
within individual plots of spring grain, winter wheat, alfalfa, and
restored prairie. Three hundred sweeps were made per plot on
each sampling date in the field crops, whereas sampling consisted
of 300 (2007-2008) or 900 sweeps per date (other years) at
Brookings Prairie and 300 sweeps at North Prairie. We made 900
sweeps in the Brookings Prairie (16 ha) in later years to equate to
the 300 sweeps x 3 replicates in other habitats, but the smaller
size of the North Prairie (2 ha) constrained us to 300 sweeps per
date. Sweep samples from each plot were placed into a plastic bag
and stored in a freezer until coccinellids could be identified and
counted at a later date. Adults were identified to species based
on descriptions in Gordon (1985) and Gordon and Vandenberg
(1991). Immature coccinellids (larvae and pupae) were tallied
without species identification.

Timed sampling consisted of a 20-min search per plot while
walking between inner rows of corn or soybean plots and
tallying all coccinellids by species seen on plants. Our sampling
was biased toward searching for lady beetles in the mid- to
upper canopy of corn and soybean, where a majority of aphids
tends to be in these crops (Bing et al., 1999; McCornack et al.,
2008; Prescott and Andow, 2016). As the season progresses,
lady beetles can become increasingly difficult to see in the
uppermost canopy of corn (over 2.5m height) and the mid-
canopy of soybean (density of foliage), thereby reducing sampling
efficiency by an undetermined amount (Prescott and Andow,
2016). Identifications of adults were made in the field based on
familiarity with species commonly encountered in our area.

Sampling among the different habitats varied during the
season, similar to the timing of sampling in Kieckhefer et al.
(1992) and Elliott et al. (1996). Alfalfa and winter wheat were
the first habitats to be sampled each year, with first sample
dates ranging from mid-May to early June. These were followed
by availability of spring grains and prairie in early to mid-
June. Alfalfa was often available for sampling throughout the
summer, but its cutting and baling precluded sampling during
some weeks. Dry conditions that prevented adequate regrowth
of alfalfa occasionally delayed or prevented sampling it later in
summer. Winter wheat and spring grains were sampled until
their respective grain maturities in mid-summer. Corn and
soybean were sampled in basically the latter half of summer,
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ranging from late June to early September, when prey of
coccinellids were available in these crops.

Efforts were made to sample habitats weekly, and from one
to four habitats may have been sampled in any given week.
However, various abiotic conditions and logistical considerations
imposed limitations on sampling frequency. For example,
periods of excessive wind, extensive cloud cover, and rain,
herbicide application, and competing workload occasionally
precluded sampling within a week, resulting in different
numbers of sample dates among habitats each year (Table 1,
Supplementary Table 2).

Data Analyses
The numbers of adults with individual species and immature
coccinellids in aggregate were summed across habitats, replicates,
and years to determine their relative abundance. In addition,
annual abundances by habitat were summed across species for
adult and immature coccinellids and used to test whether annual
abundance was at equilibrium within each habitat (Lamb et al.,
2019). Trends in abundance over the 14-year sampling period
were tested by using the slopes of a linear regression model
relating annual abundance by time in years, with a significant
positive or negative relationship between abundance and years
indicating a lack of equilibrium in coccinellids within a particular
habitat (Lamb et al., 2019). Tests of multiple species from a
habitat were not considered independent, and therefore adjusted
a values were used in individual tests (Hochberg, 1988).
Abundance was also averaged across all sampling dates for
each habitat, and measurements were standardized by sampling
method to account for unevenness in sampling frequency among
habitats and years. The standardized measures of abundance
were used to determine the breadth of habitat use for each species
(Southwood and Henderson, 2000; Lamb et al., 2019). Breadth of
habitat use was calculated by using the reciprocal Simpson-Yule
index (Southwood and Henderson, 2000):

D=1/ p},
1

where p; is the proportion of species i in each of the m >
2 habitats. The value of D ranges from 1 when a species is
present in only one of the habitats sampled and reaches a
maximum of m when a species is distributed equally among the m
habitats. Breadth in habitat use among coccinellids was calculated
individually for adult species and for immatures across species
and reported separately for the four habitats sampled by sweeping
(alfalfa, winter wheat, spring small grains, and restored prairie)
and the two sampled by timed searching (corn and soybean). As
such, D could range from 1 to 4 for the group of habitats sampled
by sweeping and from 1 to 2 for corn and soybean.

Average abundance of coccinellids over the 14-year period
was also used to determine their overall rank in abundance by
habitat. Rank abundance of species may be used as a measure to
test for similarity, or concordance, in the structure of coccinellid
assemblages among habitats (Southwood and Henderson, 2000;
Legendre, 2005). Concordance was determined by calculating
Kendall’s coefficient (W, Kendall and Gibbons, 1990; Legendre,

2005; Zar, 2010) and accounted for zero abundance of a
species and ties in rank abundance within a particular habitat
(Legendre, 2005). The value of W may range from 0, when
there is no correlation in ranks among habitats, to 1, when
ranks completely agree. Calculation of Friedman’s x% = M(n -
1)W was used to determine if the concordance value differed
significantly from zero (Zar, 2010). W is related to the pairwise
Spearman correlations in rank abundance (Legendre, 2005).
Hence, following a significant outcome for W, a Spearman
correlation matrix was computed among the ranks for all habitat
pairs using an adjusted o (Hochberg, 1988; Legendre, 2005),
and the Spearman correlations were interpreted as similarity
indices of rank abundance of coccinellids among habitats
(Legendre, 2005). Spearman correlations were used as thresholds
for developing a dendrogram to delineate clusters of habitats
with concordant ranks of coccinellid assemblages (Southwood
and Henderson, 2000; Legendre, 2005; Honek et al., 2014).

Finally, to evaluate abundance of coccinellids in our study
against that reported from previous studies in the region, we
compared the rates at which adult coccinellids were sampled
between our study and that of Elliott et al. (1996). Rates at which
coccinellids were sampled by Elliott et al. (1996) were derived
by using the total number of adult coccinellids sampled in each
crop (their Table 2) and dividing that by the total amount of
sampling within each crop, which was calculated by multiplying
mean number of samples per year by mean number of sweeps per
year (alfalfa and spring grains) or minutes of searching per year
(corn) from their Table 1.

RESULTS

In all, 17,338 predacious coccinellids comprising 10 species
were sampled (Table 2). Hippodamia convergens, Col. maculata
lengi, Har. axyridis, Coc. septempunctata, Hip. parenthesis, Hip.
tredecimpunctata tibialis, and Cyc. munda collectively constituted
nearly all individuals sampled, and each of these species occurred
in all habitats. Two of the thee invasive species, Har. axyridis
and Coc. septempunctata, ranked third and fourth in abundance,
respectively. The non-native Hip. variegata accounted for only
nine of all coccinellids sampled, and it was found in alfalfa, winter
wheat, and soybean. Two Hippodamia glacialis were sampled
from alfalfa, and a single Anisosticta bitriangularis was sampled
from restored prairie.

Trends in Coccinellid Abundance

As a group, average abundance of coccinellids fluctuated
considerably from year to year in each of the six habitats.
All habitats were associated with declining trends in annual
abundance of total adult coccinellids (i.e., across species) over
the 14 years of sampling (Table 3), with significant negative
regressions in annual abundance among years for adult and
immature coccinellids in corn and adults in soybean (Figure 1).
As a group, native adult coccinellids showed a significant
declining trend in corn but not in other habitats, whereas
trends for non-native adult coccinellids were non-significant
in all habitats (Table 3). Individual species of either native or
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TABLE 2 | Number of predacious coccinellids sampled from 2007 to 2020 in field crops and restored prairie in east-central South Dakota, USA.

Species Abundance (Percent) Habitats?
Adults

Hippodamia convergens 4,817 (44.4) AW GPRC,S
Coleomegilla maculata lengi 1,964 (18.1) AW GPRC,S
Harmonia axyridis 1,447 (13.3) AW GPRC,S
Coccinella septempunctata 1,061 9.8) AW G PC,S
Hippodamia parenthesis 976 9.0) AW GPRC,S
Hippodamia tredecimpunctata tibialis 402 8.7) AW, G PC,S
Cycloneda munda 162 (1.5) AW, GPC,S
Hippodamia variegata 9 (<0.1) AW, S
Hippodamia glacialis glacialis 2 (<0.1) A
Anisosticta bitriangularis 1 (<0.1) R

All adults 10,841 (100.0) AW G PC,S
Immatures® 6,497 AW, G,PC,S
Total 17,338

aA, alfalfa; W, winter wheat; G, spring grains; P, restored prairie; C, corn, S, soybean.
b arvae and pupae.

non-native adult coccinellids showed no significant trends in
abundance over the years (Table 3).

Abundance and Evenness of Coccinellids
Among Habitats

In habitats sampled by sweepnetting, abundances of adult
coccinellids by individual species were generally highest in
alfalfa and winter wheat, the two earliest crops, and followed
in abundance by spring grains and then restored prairie, except
that Cyc. munda was more abundant in prairie than spring
grains (Table 4). This trend was reflected by evenness values that
ranged from moderately high for Cyc. munda (D = 2.91) to
moderately low for Har. axyridis (D = 2.09). Similarly, immature
coccinellids had moderately low evenness among habitats (D =
2.33), reflected by relatively high abundance in alfalfa and winter
wheat, moderate abundance in spring grains, and low abundance
in restored prairie.

Some adult coccinellids were particularly uneven (D =
1.03-1.48) between habitats sampled by timed searches, with
abundance of most species skewed toward soybean, except that
Col. maculata lengi had higher abundance in corn and Cyc.
munda (D = 1.86) was sampled roughly equally in both crops
(Table 4). Immature coccinellids reflected the general trend of
adults, with particularly high abundance in soybean and relatively
low abundance in corn (D = 1.25).

Concordance in Species Abundance
Among Habitats

The rank abundances of coccinellid species were significantly
though only moderately concordant among habitats (W = 0.541;
x2 = 19.5, df = 6, p = 0.003). Post-hoc Spearman correlation
tests (Supplementary Table 4) revealed that concordance was
derived mainly from significantly high similarity in rank
abundances of adult coccinellids between alfalfa and winter
wheat (Figure 2). Spring grains had a high but non-significant

similarity to the alfalfa-winter wheat group. Likewise, restored
prairie had relatively high but non-significant similarity in
species composition to the alfalfa-small grains group. Corn and
soybean showed a modest, non-significant similarity in rank
abundance that was distinct from that of alfalfa, winter wheat,
spring grains, and restored prairie.

Comparison of Sampling Rates With

Earlier Reports

A comparison of the rates of at which coccinellids were sampled
between our study and that of Elliott et al. (1996) showed that
we sampled adult coccinellids at lower rates that varied by crop
(Table 5). Specifically, we sampled coccinellids at 73.7% of their
rate in alfalfa (adult coccinellids per 100 sweeps), roughly one-
quarter of their rate in small grains (adults per 100 sweeps), and
only 5.6% of that in corn (per 10 min. search).

DISCUSSION

Native and Non-native Species

Composition

The six habitats in our study shared seven coccinellid species
that accounted for >99% of all coccinellids sampled (Table 2).
Kieckhefer et al. (1992) also found that seven coccinellid
species were predominant in alfalfa, spring grains, and corn
in east-central South Dakota. Five species were common to
their study and ours (Col. maculata lengi, Cyc. munda, Hip.
convergens, Hip. parenthesis, and Hip. tredecimpunctata tibialis),
whereas A. bipunctata and Coc. transversoguttata richardsoni
were only found in their studies. Elliott et al. (1996) subsequently
reported establishment of Coc. septempunctata in alfalfa, spring
grains and corn in east-central South Dakota, and detected
significant decreases in abundance of A. bipunctata and Coc.
transversoguttata richardsoni following its establishment. There
have been no subsequent reports of A. bipunctata from eastern
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TABLE 3 | Slopes of linear regressions of annual abundance of adult coccinellids by species groups across years of sampling in six habitats.

Species group Statistic Alfalfa Winter wheat Spring grains Restored prairie Corn Soybean
All adults Slope —0.059 —0.271 —0.130 —-0.177 —0.097 —-1.116
P 0.76 0.43 0.19 0.12 0.013 0.04
Native Slope 0.002 —0.284 —0.081 —0.136 —0.083 —0.256
P 0.99 0.39 0.33 0.17 0.023 0.21
Hochberg o? 0.05 0.025 0.05 0.05 0.025 0.05
Non-native Slope —0.061 0.014 —0.049 0.013 -0.014 —0.859
P 0.06 0.56 0.10 0.15 0.11 0.051
Hochberg o 0.025 0.05 0.025 0.025 0.05 0.025
Coccinella Slope —0.056 0.015 —0.044 0.090 -b —0.021
septempunctata p 0.047 0.50 0.13 0.07 - 0.67
Hochberg o 0.007 0.017 0.017 0.01 - 0.05
Coleomegilla Slope —0.042 —0.142 0.014 —0.141 —0.079 —0.005
maculata P 0.40 0.36 0.66 0.09 0.031 0.40
lengi Hochberg a 0.013 0.013 0.05 0.013 0.013 0.025
Cycloneda Slope —0.003 0.007 - 0.006 —0.002 —0.025
munda P 0.67 0.29 - 0.12 0.49 0.039
Hochberg o 0.025 0.01 - 0.017 0.025 0.008
Harmonia Slope —0.005 - - - —-0.010 —0.840
axyridis P 0.47 - - - 0.19 0.055
Hochberg o 0.017 - - 0.017 0.01
Hippodamia Slope 0.048 0.0002 —0.040 0.001 —0.001 —0.220
convergens p 0.70 0.99 0.52 0.98 0.86 0.27
Hochberg o 0.05 0.05 0.025 0.05 0.05 0.017
Hippodamia Slope 0.034 —0.011 —-0.027 —0.007 - -
parenthesis P 0.35 0.69 0.031 0.48 - -
Hochberg o 0.010 0.025 0.01 0.025 - -
Hippodamia Slope —0.035 —0.125 —0.025 - - —0.005
tredecimpunctata p 0.08 0.054 0.13 - - 0.11
tibialis Hochberg o 0.008 0.008 0.017 - - 0.013
Immatures® Slope —0.080 —0.244 —0.024 —0.021 —0.155 —1.069
P 0.71 0.54 0.11 0.09 0.005 0.10

aHochberg (1988) correction applied for multiple testing of individual species within habitats.

bDash indicates too few beetles for analysis.
CLarvae and pupae across species.

South Dakota, and Coc. transversoguttata richardsoni has not
been reported there since 1993 (Hesler et al., 2005; Hesler and
Kieckhefer, 2008; Hesler and Petersen, 2008). Thus, it is likely
that A. bipunctata and Coc. transversoguttata richardsoni have
become locally extinct in east-central South Dakota.

Three non-native species (Coc. septempunctata, Har. axyridis,
and Hip. variegata) comprised 23.1% of all coccinellids that we
sampled. Coc. septempunctata, the first invasive to establish in
eastern South Dakota, remained relatively abundant during the
14 years of our study, consistent with our prediction. Harmonia
axyridis, first detected in east-central South Dakota in 1996, had
become third-most abundant coccinellid overall, which is similar
to that reported from earlier surveys following its establishment
in east-central South Dakota (Hesler and Petersen, 2008; Hesler,
2014). Thus, abundance of Har. axyridis was also in accord with
our predictions, but its abundance pattern depended on habitat

(see below). In contrast, only seven Hip. variegata, the latest non-
native to arrive in South Dakota (Hesler and Lundgren, 2011),
were sampled in our study, contrary to our prediction that it
would establish at least low abundance. Many non-native species,
such as Hip. variegata currently in eastern South Dakota, persist
indefinitely at very low population levels and may be classified
as “sleeper populations” due to undetermined biotic or abiotic
conditions that limit their populations (Spear et al., 2021).
Hippodamia variegata has been associated with a negative
impact on population levels of a native species, Cyc. munda
(Lamb et al., 2019). Cycloneda munda accounted for 1.5% of
coccinellids sampled in our study, comparable to its previous
1% abundance (Kieckhefer et al., 1992). Furthermore, it showed
no significant population trends in any of the six habitats
that we surveyed (Table 4). Nonetheless, additional research is
needed to monitor the abundance of Hip. variegata and for
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FIGURE 1 | Significant declining trends in annual coccinellid abundance (average no. of coccinellids per 10-min search) in corn and soybean in east-central South
Dakota, with slopes and p-values of linear regressions for the respective trend lines. (A) Corn, adults across species. (B) Adults of native species. (C) Corn, immatures
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TABLE 4 | Abundance of predacious coccinellids and evenness (D) in their habitat use among selected field crops and restored prairie in east-central South Dakota,

2007-2020.

Average no. per 100 sweeps? Average no. per 10 min of searching?®
Species Alfalfa Winter wheat Spring grains Restored prairie D Corn Soybean D
Adults
Coccinella septempunctata 0.534 0.312 0.130 0.050 2.62 0.006 0.415 1.03
Coleomegilla maculata lengi 0.650 1.131 0.449 0.067 2.77 0.491 0.074 1.29
Cycloneda munda 0.063 0.078 0.006 0.034 2.91 0.019 0.034 1.86
Harmonia axyridis 0.063 0.017 0.011 0.005 2.09 0.048 2.542 1.04
Hippodamia convergens 1.625 2.076 0.764 0.162 2.82 0.065 2.394 1.05
Hip. parenthesis 0.629 0.382 0.074 0.089 2.48 0.004 0.013 1.48
Hip. tredecimpunctata tibialis 0.122 0.316 0.088 0.005 2.30 0.006 0.028 1.43
Immatures® 1.945 3.042 0.5622 0.056 2.33 0.483 3.784 1.25
aAcross years.

b | arvae and pupae across all species.

potential adverse impacts it may have on Cyc. munda and other
coccinellids in eastern South Dakota.

Abundance Among Habitats

Although all six habitats shared the seven most abundant
coccinellids, different patterns of their abundance were evident
among habitats. Cycloneda munda was consistently sampled
at low but even rates among habitats, and four species (Col.
maculata lengi, Coc. septempunctata, Hip. convergens, and Hip.
parenthesis) were sampled at high to moderately high rates in four
of the six habitats, consistent with their generalist use patterns

in previous studies (Elliott et al., 1996; Turnock et al., 2003;
Hesler and Kieckhefer, 2008). In comparison, Har. axyridis was
sampled at high rates mainly in soybean, indicative of a high
degree of specialization among the six habitats in this study. This
high degree of habitat specialization by Har. axyridis contrasts
with other reports of its relatively even (Lamb et al., 2019) and
general habitat use (Koch, 2003; Hesler et al., 2004; Hesler and
Kieckhefer, 2008).

Alfalfa, winter wheat, and spring grains were similar in rank
abundance, but coccinellids were sampled at higher rates in
alfalfa and winter wheat. There was a lack of similarity in rank
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FIGURE 2 | Dendrogram depicting the relationships among coccinellid assemblages in six habitats in east-central South Dakota based on correlations of species

TABLE 5 | Sample rates of adult coccinellids among habitats in two studies from east-central South Dakota, USA.

Habitat Current study®

Elliott et al., 1996° Ratio between studies

Number per 100 sweeps

Alfalfa 3.69
Spring grains 1.52
Winter wheat 4.32
Restored prairie 0.39
Number per 10 min

Corn 0.64
Soybean 5.50

5.01 0.737

5.89 0.258
_C -
_c -

11.4 0.056

aSample period: 2007-2020.
bSample periods: 1974-1985, 1988-1992.
CHabitat not sampled.

abundance of coccinellids between alfalfa and winter wheat and
the other four habitats. Coccinellids were abundant in soybean,
but particularly low in abundance in corn and restored prairie.
Previous long-term studies of coccinellids in east-central South
Dakota found correlations in rank abundance of adult and
immature coccinellids were strongest between alfalfa and spring
grains, intermediate between spring grains and corn, and weakest
between alfalfa and corn (Kieckhefer et al., 1992). However,
short-term studies in such habitats within the region have failed
to find similarities in coccinellid abundance among crops (Hesler
and Kieckhefer, 2008; Prescott and Andow, 2016), which may
be indicative of the large year-to-year fluctuations in abundance
of coccinellid species and temporal sensitivity in the analysis
of coccinellid assemblages (Elliott and Kieckhefer, 1990b; Elliott
et al., 1996).

Our results showed declines in coccinellid abundance during
the tenure of our study and also decreased abundance when
compared to a previous long-term survey in east-central South

Dakota (Elliott et al., 1996). Declines in coccinellid abundance
during our study were significant for both adult and immature
coccinellids in corn and for adults in soybean. Decreased
abundance relative to earlier studies was most striking in corn,
substantial in spring grains, and notable, though less severe, in
alfalfa. Decreased prey availability in various crops might have
been responsible for declining trends in coccinellid abundance
during our study and for discrepancies in sample rates between
our study and Elliott et al. (1996). However, it should be noted
that neither study quantified prey, but nonetheless, discussion
about the prey within our crop plots and information from
recent studies in the various crops may help to explain trends in
coccinellid abundance between studies.

Two common pests of alfalfa between our study and Elliott
et al. (1996) have been the pea aphid (Acyrthosiphum pisum)
and the alfalfa weevil (Hypera postica), which occasionally reach
economic levels in eastern South Dakota (Catangui et al., 2002).
Both are prey for coccinellids, but aphids are preferred over
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weevil larvae (Kalaskar and Evans, 2001). We did not find
published data regarding recent long-term trends in alfalfa weevil
populations in South Dakota, but pea aphid abundance declined
from 1 to 30% between 2005 and 2019 as measured by a
suction trap network across the Midwestern U.S. that included
eastern South Dakota (Crossley et al., 2021). Day and Tatman
(2006) suggested that widespread establishment of Aphidius spp.
of parasitoid wasps in the U.S. may have reduced pea aphid
populations in alfalfa, with subsequent reductions in coccinellids,
although they acknowledged this has not been documented by
published studies.

In spring grains, various species of cereal aphids (Hemiptera:
Aphididae) have been the main pests, primarily as vectors of
viruses that are responsible for diseases generically known as
barley yellow dwarf (Hesler et al., 2018). However, these aphids
rarely build sufficient numbers to cause yield loss directly in east-
central South Dakota (Hesler et al., 2000, 2018). Abundance,
as measured by suction traps, showed a decline of 1-10% for
two common cereal aphids (Rhopalosiphim padi and Schizaphis
graminum) but increases ranging up to 29% for a third species
(Sitobion avenae) (Crossley et al., 2021).

Early-season colonization of alfalfa, spring grains and winter
wheat by coccinellids may be a trade-off between crop phenology
and crop extensiveness. In terms of phenology, winter wheat is
available for colonization by coccinellids and their prey earlier
than spring grains. However, spring grains have historically been
roughly six times more extensive than winter wheat in the
agricultural landscape of east-central South Dakota, although
both types of crops have steadily declined as a proportion of
farmland over the last four decades [NASS (National Agricultural
Statistics Service), 2021]. Thus, the much greater amount of
spring grains may have considerably offset the earlier availability
of winter wheat, such that in the study by Elliott et al. (1996),
fields of spring grains would have been a major early-season sink
for coccinellids and their prey. In contrast, spring grains and
winter wheat made up small but comparable land uses at our
research site, and thus favored coccinellid colonization of winter
wheat due to its earlier availability. Indeed, the combined rate of
adult coccinellid capture in spring grains and winter wheat (5.8%)
in our study was comparable to that by Elliott et al. (1996) in
spring grains alone (5.9%) (Table 5).

The corn leaf aphid (CLA, Rhopalosiphum maidis) and
European corn borer (ECB, Ostrinia nubilalis) have historically
been common pests of corn in the Midwestern U.S., including
South Dakota (Bing et al., 1999; Hutchinson et al., 2010). We
infrequently observed CLA and the ECB or its damage in eastern
South Dakota corn fields during the period of our study. Corn
hybrids with ECB resistance have become increasingly common
since 1996 in the Midwestern U.S., including eastern South
Dakota (Fernandez-Cornejo et al., 2014, Perry and Moschini,
2020), and the widespread planting of ECB-resistant corn has
decreased levels of this pest across the Midwest due to areawide
suppression (Hutchinson et al., 2010).

The near absence of CLA in our corn plots was first noticed in
2010, which corresponded temporally to lower annual abundance
of coccinellids since 2009 in corn (Figure 1). Concurrently, CLA
captures in suction traps declined 11 to 30% in the Midwest

between 2005 and 2019 (Crossley et al, 2021). It was not
clear why CLA populations decreased, but factors either within
or outside of our study area may have been responsible. For
instance, the development of corn hybrids highly resistant to
CLA could have suppressed populations of this pest, but unlike
ECB resistance, we have not found evidence that CLA resistance
had been intentionally bred into commercial corn hybrids used
in the USA.

Alternatively, factors outside of our study area may have
led to decreased CLA infestations of corn in our study. CLA
infestations in eastern South Dakota originate from immigrants
of populations on crops such as sorghum in the southern
United States (Irwin and Thresh, 1988). A recent upsurge in
insecticide applications against the invasive sugarcane aphid
(Melanaphis sacchari) on sorghum in Mexico and south-
central U.S.A. (Bowling et al., 2016) may have concomitantly
suppressed co-infestations by CLA and thus diminished migrant
populations. Additional research is needed to delineate factors
underlying the regional scarcity of CLA.

Soybean aphid had been a major pest of soybean in the
Midwestern United States since 2000 (Ragsdale et al., 2011)
and a major prey item of coccinellids in that crop (Fox et al.,
2004; Schmidt et al., 2008). However, populations of soybean
aphid have decreased substantially over the last 10-15 years in
the region (Bahlai et al., 2015; Crossley et al., 2021; Hesler and
Beckendorf, 2021), and this temporally corresponds to significant
declines of adult coccinellids in soybeans in our study (Figure 1).
Comparisons with earlier surveys of coccinellids in eastern South
Dakota are not available because historically the crop lacked
significant arthropod pests and robust predator populations
(Ragsdale et al., 2011; Hesler, 2014).

Beyond considerations of prey availability in various crops,
markedly lower sampling rates could have been due to factors
such as field size and various landscape characteristics. Whereas
our crop plots were generally between 0.5 to 2-ha, Elliott et al.
(1996) sampled coccinellids from commercial crop fields, which
were typically >10 ha in east-central South Dakota [NASS
(National Agricultural Statistics Service), 2021]. Literature on the
effect of field size on coccinellid abundance is sparse and often
confounded with larger landscape factors. Some studies suggest
that densities of coccinellids are lower near edges compared to the
interior of fields (Olson and Andow, 2008; Caballero-Lopez et al.,
2012). Thus, while we avoided sampling from edges of our plots,
their greater edge-to-area ratio could have lowered coccinellid
densities amid the interiors. Among many tradeoffs that may be
considered in designing experiments, plot size may need to be
accounted for in research on coccinellid assemblages.

Landscape factors may have influenced coccinellid abundance
in our study. For instance, over the last 40 years, winter wheat
and spring grains have been steadily replaced by corn and
soybeans, and these latter two crops now comprise a large
majority of the cropland in eastern South Dakota [Dumke
and Dobbs, 1999; Johnston, 2013; Wright and Wimberly,
2013; NASS (National Agricultural Statistics Service), 2021].
The intensified planting of corn and soybean decreases the
overall heterogeneity of the landscape, and studies have
generally shown that diminished landscape heterogeneity is

Frontiers in Conservation Science | www.frontiersin.org

September 2021 | Volume 2 | Article 742036


https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/conservation-science#articles

Hesler and Beckendorf

Declining Coccinellids in South Dakota

associated with decreased abundance of natural enemies, and
particularly (native) coccinellids (e.g., Elliott et al., 2002; Landis
et al, 2008; Grez et al, 2014, 2021; Woltz and Landis,
2014).

It is unclear whether adequate alternative habitat can be
exploited by coccinellids to compensate for the impact of
increased corn and soybean plantings with lower pest levels. All
of the coccinellids found in our study are considered generalists
(Elliott et al., 1996; Hesler and Kieckhefer, 2008), and thus may
adapt to alternative habitats, although the spillover of agrobiont
species into non-agricultural habitats can impact native non-
pest herbivores (Koch, 2003; Rand and Louda, 2006). Some
have suggested that alternative habitat such as restored tallgrass
prairie may serve as refuges for coccinellids (Hesler and Petersen,
2008; Diepenbrock and Finke, 2013), but we found relatively low
numbers of coccinellids in prairie in our study and no evidence
that they shifted to prairie as their populations declined in corn
and soybean. Thus, the types of alternative, late-season habitat
that may be colonized by coccinellids remains undetermined for
east-central South Dakota.

Although the six habitats sampled in our study largely shared
coccinellid species, stark distinctions in rank abundance of
coccinellids among corn and soybean and a group consisting
of alfalfa, winter wheat, spring grains and prairie suggest that
species may be, or already have been, impacted differentially
by the expansion of corn and soybean plantings in east-central
South Dakota. The impacts may differ among species. For
instance, Har. axyridis was a specialist in soybean and present
at relatively low numbers in early-season habitats and corn.
Thus, it likely has alternative, perhaps arboreal, early-season
habitat, but it will have to find additional late-season habitat.
Decreased abundance of Har. axyridis may have benefits in
terms of limiting its intra-guild predation within the coccinellid
assemblage (Gardiner et al., 2011; Koch and Costamagna, 2017)
and by reducing the nuisance of its mass overwintering in homes
(Koch, 2003).

Native species made up the majority of coccinellids in
corn and experienced significant declines in this crop, whereas
trends for non-native species were non-significant in corn.
A species such as Col. maculata lengi may be expected to
persist in corn irrespective of prey levels because of its
ability to complete development solely on corn pollen (Smith,
1960). Nevertheless, its population trend was also negative and
marginally significant (p = 0.03, adjusted o = 0.013), and this
raises questions about what factors contributed to declines that
have affected native coccinellids and whether they are prey-
dependent or not.

The significant declines of native species in corn may
be especially impactful on Hip. tredecimpunctata tibialis. It
was historically one of the three most abundant coccinellids
in alfalfa, spring grains, and corn (Olsen, 1971; Kieckhefer
et al, 1992; Elliott et al, 1996) but one of the least
abundant species across habitats in our study. Numbers of
Hip. tredecimpunctata tibialis were particularly low in late
season crops, with only three adults sampled from corn
(all in 2008) and 15 from soybean in six of the 14 years,
suggesting that its decline may have pre-dated our study. We

suggest that Hip. tredecimpunctata tibialis is a specific candidate
for further monitoring, particularly in late-season alternative
habitats, given its very low numbers in corn and soybean in
our study.

IMPLICATIONS FOR COCCINELLID
POPULATIONS

Long-term declines of native coccinellid populations have now
been documented in many regions (Harmon et al., 2007). Often,
the declines are associated with the establishment of invasive
coccinellids species (Elliott et al., 1996; Turnock et al., 2003;
Alyohkin and Sewell, 2004; Honek et al, 2016; Brown and
Roy, 2018), though not in all cases (Harmon et al, 2007;
Evans et al, 2011). In our study, declines were generally
observed for coccinellid assemblages over 14 years in corn and
soybean, with significant declines for native species as a group
in corn. In addition, sampling rates were lower compared to
an earlier study (Elliott et al., 1996). However, direct effects
of non-native coccinellids on the declines were not apparent.
Although it is unclear what factors may actually underlie the
lower coccinellid population trends observed in our study, the
trend of increased amounts of corn and soybean could have
compounding effects that result in major impacts on coccinellid
populations in east-central South Dakota and perhaps elsewhere.
First, planting corn and soybean at the expense of crops such
as alfalfa and small grains directly diminishes availability of
early-season habitat for coccinellids, where they have historically
built up populations while providing biocontrol services. Second,
while diminished pest levels in corn and soybean undoubtedly
benefit production of these crops, vast areas of cropland devoid
of suitable prey will decrease late summer populations of
coccinellids and subsequently reduce overwintering populations
that would emerge the following spring to colonize (early-season)
crops. Thus, the annual cycle of coccinellids in South Dakota
cropland could be severely disrupted both early and late in
the season.

Various measures may be implemented to counter the
decrease in landscape diversity due to widespread planting of
corn and soybean in east-central South Dakota. Such measures
include tailoring economic incentives for farmers to plant a
wider diversity of crops and promote preservation of natural
and semi-natural areas that may serve as refuges for coccinellids
and other beneficial insects (Maisashvili et al., 2020). Measures
that increase within-field diversity include leaving patches of
plants that provide alternative, non-pest prey and the planting
of cover crops that promote coccinellids and other beneficial
insects but do not support crop pests (Schellhorn et al., 2015;
Lundin et al,, 2019). However, much of the cover crop research
in northern Great Plains cropping systems has focused on
soil health parameters, and additional research is needed to
determine cover crops that may specifically provide resource
continuity for coccinellids in the latter half of the growing
season (Schellhorn et al,, 2015). In summary, additional long-
term research is needed to determine the factors underlying
declines in eastern South Dakota, the extent to which various
coccinellid species will adapt to changing conditions within crop
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fields and the general landscape of east-central South Dakota,
and ways to sustain coccinellid populations in and around
crop fields.
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