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Abstract

Biological invasions are usually examined in the context of their impacts on

native species. However, few studies have examined the dynamics between

invaders when multiple exotic species successfully coexist in a novel environ-

ment. Yet, long-term coexistence of now established exotic species has been

observed in North American lady beetle communities. Exotic lady beetles

Harmonia axyridis and Coccinella septempunctata were introduced for biologi-

cal control in agricultural systems and have since become dominant species

within these communities. In this study, we investigated coexistence via spa-

tial and temporal niche partitioning among H. axyridis and C. septempunctata

using a 31-year data set from southwestern Michigan, USA. We found evi-

dence of long-term coexistence through a combination of small-scale environ-

mental, habitat, and seasonal mechanisms. Across years, H. axyridis and

C. septempunctata experienced patterns of cyclical dominance likely related to

yearly variation in temperature and precipitation. Within years, populations of

C. septempunctata peaked early in the growing season at 550 degree days,

while H. axyridis populations grew in the season until 1250 degree days and

continued to have high activity after this point. C. septempunctata was gener-

ally most abundant in herbaceous crops, whereas H. axyridis did not display

strong habitat preferences. These findings suggest that within this region

H. axyridis has broader habitat and abiotic environmental preferences,

whereas C. septempunctata thrives under more specific ecological conditions.

These ecological differences have contributed to the continued coexistence of

these two invaders. Understanding the mechanisms that allow for the coexis-

tence of dominant exotic species contributes to native biodiversity conserva-

tion management of invaded ecosystems.
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INTRODUCTION

The establishment and spread of exotic species is a major
driver of global environmental change, threatening
native biodiversity, ecosystem services and function, and
human well-being (Ricciardi, 2007; Vitousek et al., 1996).
Invasions of insect species have occurred on a global
scale through intentional or unintentional introductions,
resulting in substantial economic and ecological impacts
(Bradshaw et al., 2016; Kenis et al., 2009). The ecological
impacts of exotic insects affect native species directly and
indirectly (Kenis et al., 2009; Pyšek et al., 2020; Vilà
et al., 2011). For example, when exotic insects can suc-
cessfully establish and spread outside their historical
ranges, novel communities are formed where native and
exotic species may interact directly through herbivory,
predation, and parasitism (Boettner et al., 2000; Holway
et al., 2002; Liebhold et al., 1995). Additionally, exotic
species may cause indirect and/or cascading ecological
impacts via various mechanisms such as exploitative and
apparent competition, disease transmission, and alter-
ation of habitat or food resources (Gandhi &
Herms, 2010; Klooster et al., 2018; Louda et al., 1997;
Morin et al., 2007). As the frequency of invasions con-
tinues to increase globally (Lockwood et al., 2013;
Seebens et al., 2017), research investigating novel interac-
tions among native and exotic species is essential for
assessing the impacts of invaders as well as developing
management strategies to conserve biodiversity.

Successful invasion of native communities by exotic
species is context dependent and influenced by multiple
factors such as abiotic environmental conditions, proper-
ties of the native community, and characteristics of the
invading species (Blackburn et al., 2011; Lockwood
et al., 2013). Because establishment success is influenced
by local niche processes and interactions among species,
hypotheses to explain the outcome of this stage in the
invasion process draw on concepts within niche and
coexistence theory (Godoy, 2019; Shea & Chesson, 2002).
For example, the diversity–invasibility hypothesis
(i.e., the biotic resistance hypothesis) predicts that more
diverse native communities are more stable and thus
more resistant to the establishment of exotic species than
less diverse communities (Jeschke, 2014). This prediction
is based on the premise that less diverse communities
have more vacant niches available to invaders and a
lower probability of occurrence of strong competitors or

predators that could limit coexistence (Levine &
D’Antonio, 1999; Ricciardi et al., 2013). Long-term coexis-
tence of exotic species within native communities is
determined through stabilizing (niche differences) and
equalizing (fitness differences) mechanisms wherein
species vary in their environmental responses, resource
acquisition, and/or competitive ability (Chesson, 2000a;
HilleRisLambers et al., 2012). Research has primarily
focused on understanding interactions among native and
exotic species to discern ecological impacts (e.g., Ricciardi
et al., 2013). However, invasions have become widespread
such that native communities are more commonly
invaded by multiple exotic species, which then directly or
indirectly interact with each other to promote or inhibit
coexistence.

Lady beetles (Coleoptera: Coccinellidae) are predatory
insects that have been intentionally introduced for biologi-
cal control in agricultural systems (Koch, 2003; Obrycki &
Kring, 1998; Rondoni et al., 2021). This has led to the
successful establishment and spread of several exotic
lady beetles, including the Asian species Harmonia
axyridis (Pallas) and the European species Coccinella
septempunctata (Linnaeus) in North America. Both species
are found in diverse habitats and primarily aphidophagous
(Hodek & Michaud, 2008; Koch, 2003) but will feed
on other arthropod prey and pollen if aphid resources are
scarce (Berkvens et al., 2008; Berkvens, Landuyt,
et al., 2010; Evans, 2009). The establishment and spread of
H. axyridis and C. septempunctata have coincided with
declines in native lady beetle species, while both invaders
have been found to coexist (Alyokhin & Sewell, 2004;
Harmon et al., 2007; Roy et al., 2016). For example,
H. axyridis and C. septempunctata were highly abundant
within native lady beetle communities that were sampled
over 24 years in southwestern Michigan, USA (Bahlai,
Colunga-Garcia, et al., 2015). Because these invaders have
become dominant species within many native communi-
ties (Bahlai, Colunga-Garcia, et al., 2015; Gardiner
et al., 2021; Harmon et al., 2007), direct and indirect forms
of competition are hypothesized as drivers of declines in
native species (Pell et al., 2008).

Competitive interactions have been primarily investi-
gated among native and exotic lady beetle species to assess
mechanisms of decline and the impact of invasion
(Pell et al., 2008; Rondoni et al., 2021; Roy et al., 2016).
These exotic species share similar preferences in habitat
and prey as some native lady beetles such that the degree
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of niche overlap with functionally similar invaders is
hypothesized to drive competitive interactions (Snyder,
2009). Apparent competition (Smith & Gardiner, 2013)
and intraguild predation (Gagnon et al., 2011; Thomas
et al., 2013) have been observed among native and exotic
species in the field, lending some support to this hypothe-
sis. Evidence of exploitative competition has also been
observed wherein competition from exotic species for
shared prey has reduced weight gain and reproduction
in some lady beetle species (Zaviezo et al., 2019) and
shifted the habitat-use patterns of native species from
agricultural to natural environments such as forests (Bahlai,
Colunga-Garcia, et al., 2015; Evans, 2004; Grez et al., 2013).

Less is known about competitive interactions among
the two invaders H. axyridis and C. septempunctata, both of
which are considered efficient competitors and capable of
exploiting diverse habitats (Hodek & Michaud, 2008;
Koch, 2003) but are known to coexist within similar envi-
ronments. High levels of intraguild predation among larvae
of H. axyridis and C. septempunctata have been observed in
the laboratory (Snyder et al., 2004) and in the field
(Gagnon et al., 2011). Outcomes of competitive interactions
are influenced by the relative body size, mobility, age,
and diet specificity of larvae as well as prey density
(Hironori & Katsuhiro, 1997; Yasuda et al., 2004). Larvae
of H. axyridis tend to be larger and more aggressive than
C. septempunctata (Ware & Majerus, 2008; Yasuda et al.,
2001), which may translate to an asymmetric competitive
advantage. For example, larvae of H. axyridis were more
successful at escaping attacks from C. septempunctata in
laboratory pairwise experiments than vice versa, thereby
reducing the survival of C. septempunctata larvae compared
to H. axyridis larvae (Yasuda et al., 2001). Moreover,
adults of H. axyridis found and consumed more aphids in
the laboratory than other lady beetle species including
C. septempunctata (Leppanen et al., 2012). Asymmetric
competition in favor of H. axyridis suggests other forms of
niche partitioning are likely facilitating coexistence of these
invaders over time such as differential use of habitats and
environmental preferences. For instance, colder minimum
winter temperatures affect populations of both species, but
effects are more strongly negative on C. septempunctata
(Cheng et al., 2020). Increased overwintering survival of
H. axyridis in very cold environments is often attributed to
their behavior of hibernating in more temperate locations
in buildings or under tree bark (Roy et al., 2016). High
overwintering survival of H. axyridis following cold winters
is predicted to lead to larger populations in spring and ear-
lier reproduction than C. septempunctata (Raak-van den
Berg et al., 2012), which could facilitate coexistence
through alternating species dominance across years.
Improved understanding of the mechanisms that allow
coexistence and success of these dominant exotic species

will inform biological control programs as well as biodiver-
sity conservation management of invaded ecosystems.

To understand how H. axyridis and C. septempunctata
have coexisted within native lady beetle communities
over time, this study investigated environmental, habitat,
and seasonal niche partitioning among these two domi-
nant exotic species using a 31-year data set from south-
western Michigan, USA. These long-term data allowed
for the spatiotemporal analyses of abundances of both
exotic species in nine plant habitats embedded within an
agricultural landscape. Our goals were to evaluate envi-
ronmental and ecological factors that may facilitate coex-
istence among these two species. We hypothesized that
the coexistence of these exotic species may occur via
(1) temporal niche partitioning with differing phenology
among species or (2) spatial niche partitioning with dif-
fering habitat preferences among species.

METHODS

Data for this study were collected at the Kellogg Biological
Station Long-Term Ecological Research (KBS LTER) site
located in southwestern Michigan, USA. Our study focuses
on data produced in the Main Cropping System
Experiment (MCSE) at KBS LTER, a long-term agronomic
experiment started in 1989, and the forest monitoring plots
initiated in 1993 to document reference conditions adjacent
to the MCSE site (Landis, 2020). The experiment consists
of an annual crop rotation (maize, soybean, wheat)
maintained under four levels of management intensity,
three perennial cropping systems (alfalfa/switchgrass,
poplar tree plantation, and early successional vegetation
maintained by yearly burnings), and three forest types
(successional forest on reclaimed cropland, old growth
deciduous fragments, and conifer plantations). In this
study, we pooled data across management regimes by dom-
inant plant community, totaling nine total habitats. Within
each research plot, data were collected at five subsampling
stations, with most measurements taken within the grow-
ing season (May to September of each year). Lady beetle
populations are the focus of the insect survey, although
several other taxa have also been recorded in more recent
years (Colunga-Garcia et al., 1997; Colunga-Garcia &
Gage, 1998; Hermann et al., 2016).

The KBS LTER insect survey was established in 1989,
soon after the arrival of C. septempunctata at the site
(Maredia et al., 1992). C. septempunctata is a large, pri-
marily aphidophagous lady beetle believed to have been
intentionally introduced to North America from Europe
(Schaefer et al., 1987) but is now Holarctic in distribution
(Hodek & Michaud, 2008). By 1994, another invading lady
beetle arrived at KBS LTER. Like C. septempunctata,
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H. axyridis is primarily aphidophagous and thrives in
many habitat types with a now near-global distribution
(Adriaens et al., 2008; Roy et al., 2016). Originally native to
the Asian continent from northeastern China to Siberia
(Roy et al., 2016), this species has been introduced as a bio-
logical control agent since the early 20th century to North
America and Europe (Cheng et al., 2020; Roy et al., 2016;
Sethuraman et al., 2018). Although C. septempunctata is
generally thought to be a European species, some sources
note that the natural, or at least naturalized, ranges of
H. axyridis and C. septempunctata have overlapped, and
thus the two species have co-occurred in parts of China for
quite some time (Cheng et al., 2020).

Insect surveys have been performed at the KBS LTER
since 1989 using yellow sticky traps, placed at permanent
sampling stations within the MCSE and forest sites.
Yellow sticky traps were placed on T-posts, held at 1.2 m
above the ground at each station during the growing
season. Sample collection periods varied from 8 to
15 weeks each year depending upon crop management,
environmental conditions, and labor availability (Bahlai
et al., 2013; Bahlai, Colunga-Garcia, et al., 2015). Traps
were inspected weekly, lady beetles captured were identi-
fied to species, and observations were recorded as the
number of adults, by species, by date.

Insect data were examined at two different temporal
resolutions. First, to match the typical sampling fre-
quency during the growing season, data were aggregated
into weeks (records taken within each Monday to Sunday
period to account for differences in sampling day). These
weekly data were also aggregated across subsamples, and
subsample numbers were tallied to account for any varia-
tion in sampling effort due to lost traps. A typical sample
represented all individuals of each target species captured
each week within a treatment by repetition combination,
with the total actual traps (usually five) reported for this
time recorded as a sampling effort covariate. When aggre-
gated this way, typical captures were zero-biased, with a
range of 0–70 (median = 0, mean = 1.46) beetles of a
species per trapping unit, per week. Yearly data were
compiled in a similar way, except data were aggregated
across sampling weeks and reported as total captures of a
given species, per treatment by repetition combination
within the year, with a covariate to account for sampling
effort (~50 traps per year). This temporal resolution
resulted in captures ranging from zero to 198 individuals
of a species per observation (median = 8, mean = 14.8).
Data were culled at the first week of September (week of
year = 35) as data collection usually ended by late
August, making records beyond this point sparse in most
years.

In addition to the species count data, we compiled
contextual data from the weather station records available

from the KBS site (https://lter.kbs.msu.edu/datatables/7).
Because some missing measurements occurred in these
data, we adapted a gap-filling algorithm that took the aver-
age of the preceding and immediately following measure-
ment, then substituted this value for any blank
observations (Hermann et al., 2016). This manipulation
allowed reasonable estimates of cumulative weather data
metrics to be calculated.

Weather data were aggregated at complementary res-
olutions to accompany each temporal resolution of lady
beetle data. For weekly data, we computed degree day
and precipitation accumulation (after Hermann et al.,
2016) within each week and then aggregated over the
growing season, using daily maximum and minimum
temperatures as inputs, a baseline development threshold
of 10�C, and a starting date of January 1. We also com-
puted several derived weather metrics appropriate to the
resolution of the insect data (number of rainy days within
an observation week, minimum and maximum tempera-
tures observed within that sampling week). For yearly
data, we computed several derived metrics to characterize
weather at a coarser level within a given year, through
the growing season. For this, we used four time points
(week of year 20, 25, 30, 35) and computed the degree
day and precipitation accumulation at each, allowing us
to examine how periods of weather of a given type
affected the overall number of each species observed in a
given year.

To examine patterns of habitat use across the nine
plant communities between the two species by time
period, we conducted 2D nonmetric multidimensional
scaling (NMDS) analyses on each data resolution using
the vegan package version 2.5-7 (Oksanen et al., 2013).
First, data were subjected to square-root transformation
and Wisconsin double standardization and then subjected
to a permutational ANOVA to determine whether statisti-
cal differences occurred between the two species in their
habitat use at either time period. Environmental variables
were then fitted to the NMDS for each temporal resolu-
tion (Oksanen et al., 2013). Parameters used in the final
model were selected from a global model that included
all computed weather parameters, subject to backward
selection to simplify a final model with parameters with
the strongest explanatory results.

To examine the within-season dynamics between the
two lady beetle species and the roles of multiple environ-
mental factors in driving abundances of each species, we
constructed a generalized additive model (GAM) for the
number of lady beetles observed, where each parameter
tested was allowed to interact with species, allowing us to
directly examine how each species response to a given
parameter differed. All model structures tested included
an offset for trapping effort, used a quasi-Poisson error
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structure, and smoothing parameters were fitted using
restricted maximum likelihood (REML) using the mgcv
version 1.8-36 (Marra & Wood, 2011; Wood, 2006).
Because of the strong autocorrelation between many
weather parameters (Appendix S1: Figure S1), we used a
substitution-based forward model selection approach by
substituting a single parameter of each type (tempera-
ture variables: mean temperature, maximum tempera-
ture, minimum temperature, degree day accumulation
within sampling week, total degree day accumulation;
precipitation variables: mean daily precipitation, number
of rainy days, precipitation accumulation over the year,
maximum daily precipitation within sample week) and
evaluating model performance for single variables, then
using the best single predictor model (as determined by
the lowest value of −REML). We then added terms with
a Pearson correlation <0.5 with existing terms to our
best single-environment variable model. Our final model
included parameters for degree day accumulation, maxi-
mum daily rainfall within the sampling week, maximum
temperature observed in the sampling week, and year, as
well as a categorical variable for habitat of capture.

Between-year dynamics of the two species were
modeled similarly to within-year dynamics, but to allow
different conditions to act as drivers for each species, we
constructed separate models and corresponding model
selections for each species. All models contained offset
terms to account for sampling effort and a categorical
variable for habitat of capture and used a quasi-Poisson
error structure. Smoothing was performed using REML.
Each of these models for the number of adults of a given
species also included a covariate for the number of
adults of the other species. Because an initial correlation
analysis suggested minimal autocorrelation between
environmental parameters at this scale (Pearson correla-
tions of all parameters <0.5, Appendix S1: Figure S2),
we completed a backward selection of all environmen-
tal variables, assessing model fit and concurvity at each
step, eliminating the parameter with the least apparent
contribution to explanatory power of the model, and
rerunning and repeating assessments. This procedure
was repeated until concurvity estimates for all parame-
ters were <0.8 and no parameters remained that could
be removed without losing the explanatory power of
the model. For all environmental parameters tested, the
smoothing parameter was set to sp = 1 to minimize the
impact of outlying data points on the overall trends
observed and to prevent overfitting (Hunsicker et al.,
2016).

All data manipulation and aggregation, as well as
all exploratory and analytical approaches, were com-
pleted in R 4.1.1 (R Development Core Team, 2017).

The analysis code and development history are available
in Bahlai et al. (2022).

RESULTS

For conciseness within the results, we have abbreviated
C. septempunctata as C7 and H. axyridis as HA. After
culling data in the first week of September in all years
and all data prior to 1994, after HA arrived, we observed
nearly equivalent total captures of the two species, with
19,637 individuals of C7 and 20,412 of HA. Overall,
mean abundance (±SD) per observation at the weekly
resolution was 1.4 ± 3.8 for C7 and 1.5 ± 2.9 for HA and
14.5 ± 22.3 and 15.1 ± 17.1 for C7 and HA at the yearly
resolution, respectively. Raw abundance and habitat-use
patterns varied by species but significantly overlapped
(Figure 1). At the start of the study, C7 dominated cap-
tures but HA increased until the mid-2000s, and then
the two species appeared to undergo a cyclical switching
off in dominance for the most recent 15 years of the
study (Figure 1A). Both species were present in all habi-
tats examined, although C7 was more commonly cap-
tured in wheat than HA, and HA was more common
than C7 in all forest treatments (Figure 1B).

Multivariate analysis

Habitat-use patterns varied between the two species at
both the yearly (F1,322 = 14.25, R2 = 0.04, p = 0.001) and
weekly (F1,630 = 21.93, R2 = 0.03, p = 0.001) resolution.
Nonmetric multidimensional scaling (Figure 2) suggested
a distinct clustering of spatiotemporal distribution
between the species at both resolutions. Measures of pre-
cipitation and degree day accumulation were included in
the best model for environmental drivers of the distribu-
tion of observations in both cases, suggesting these
drivers both impacted within-season and between-season
dynamics. At the yearly resolution, the final variables
included in the environmental model were degree day
accumulation at 35 weeks (R2 = 0.086, p = 0.001),
precipitation accumulation at 35 weeks (R2 = 0.064,
p = 0.001), and year (treated as a continuous variable;
R2 = 0.025, p = 0.017). At the weekly resolution, the
environmental model included within-season degree day
accumulation (R2 = 0.0328, p = 0.001), within-season
precipitation accumulation (R2 = 0.014, p = 0.001), and
year (R2 = 0.011, p = 0.045). In both cases, year and pre-
cipitation accumulation plotted as nearly perfectly collin-
ear but moving in opposite directions. The degree day
accumulation factor plotted with a larger orthogonal
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component, more closely corresponding to the axis of dif-
ferentiation between the distributions of the two species,
suggesting that while precipitation patterns are clearly

changing at our study site, it is likely that temperature
cues contribute more strongly to niche differentiation of
these two species.
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F I GURE 1 Raw trends in abundance of two adventive lady beetle species at Kellogg Biological Station in Southwestern Michigan,

1994–2020. (A) Abundance of adult lady beetles, captured per repetition treatment combination (ca. five traps per week). (B) The same data

given by plant community treatment, aggregated over time. Coccinella septempunctata (C7) captures are given in red, Harmonia axyridis

(HA) in orange. ES refers to the early successional vegetation treatment.
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F I GURE 2 Nonmetric multidimensional scaling of habitat-use patterns by two adventive lady beetle species at Kellogg Biological

Station in Southwestern Michigan, 1994–2020, at two temporal aggregations. (A) Yearly resolution, 2D stress = 0.211; (B) weekly resolution,

2D stress = 0.226. Coccinella septempunctata observations are given by red X, Harmonia axyridis observations are given by orange

O. Centroids for the plant community sites where insects were captured are plotted on both ordinations. ES refers to the early successional

vegetation treatment. Vectors for environmental variables explaining significant variation in the community are labeled on the plot:

dd refers to degree day accumulation over the year, dd35 is degree day accumulation at 35 weeks of the year; similarly, precip is the

precipitation accumulation over the year, and precip 35 is the accumulation at 35 weeks.
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Within-season GAM model

The final model for within-season captures of lady beetles
(−REML = 26,835, n = 27,432, deviance explained = 36.4%)
included terms for the categorical variables of habitat,
species, and the interaction between habitat and species
as well as smoothing terms for degree day accumulation,
maximum rainfall within the sampling week, maximum
temperature within the sampling week, and year, each
interacting with species (Figure 3; Appendix S1:
Tables S1 and S2). The majority of within-season varia-
tion in both species was attributable to habitat of capture
and degree day accumulation: The habitat and year
model explained 25% of deviance in the data, the model
with degree day accumulation added to these terms
accounted for 33.1% of the deviation, and habitat alone
without any covariates accounted for 14.9%. Both species
exhibited strong, differential within-season responses to
degree day accumulation (Figure 3A). Using the instanta-
neous rate of change of the line of best fit of our model
parameterized using “average” environmental conditions
in a single habitat (alfalfa), we predicted the approximate
degree day accumulations where activity peaks occurred
and magnitude of these peaks. The model predicted C7
captures ranging from 0 to 1.76 beetles per sample, with
a mean capture rate of 0.77 beetles per sample. C7 had a

large activity peak early in the season at approximately
550 degree days accumulated at an estimated 1.76 beetles
per sample and a slight peak later in the season at an
accumulation of 1210 degree days and approximately
0.41 beetles per sample. For HA, the model predicted a
range of 0 to 1.60 beetles per sample, with a mean of 0.85.
HA had a major late-season activity peak near 1250 degree
days accumulated, with an estimated 1.55 beetles per sam-
ple, and populations remained high and growing thereaf-
ter, and we observed two lesser early-season activity peaks
near 410 and 695 degree days, with predicted captures of
0.81 and 0.67 beetles per sample, respectively. Although
model selection favored the inclusion of terms describing
the maximum rainfall and temperature in the week obser-
vations were taken, these terms explained relatively little
variation: Their addition increased the total deviance
explained by the model to 36.4%. In both cases, the inclu-
sion of these terms explained very little new variation for
HA and suggested perhaps a slight increase in C7 activity
in weeks that were moderately rainy (Figure 3B) or had
warmer temperatures once the effect of degree day accu-
mulation was accounted for (Figure 3C). Once other fac-
tors were controlled for in the model, residual habitat-use
patterns between the two species became strikingly differ-
ential (Figure 3D): C7 was much more variable in
habitat-use patterns. For example, in the perennial
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cropland habitats (alfalfa, early successional vegetation,
and poplar plantations), the model predicted 1.76 captures
of C7 per sample in alfalfa, 1.31 captures in early succes-
sional vegetation, to essentially no capture of this species
in poplar plantations at its activity peak. Under these
same conditions, the model predicted 0.65, 0.49, and
0.24 captures of HA in alfalfa, early successional vege-
tation, and poplar plantations, respectively. For these
same habitats at the HA activity peak, the model
predicted 0.38 captures of C7 in alfalfa and essentially
none in the other habitats, while HA captures were
predicted to be 1.54, 1.38, and 1.13 for each habitat,
respectively. Finally, similarly, year-to-year dynamics
of both species still contributed considerable variation
to the captures (Figure 3E).

Between-year model

In the examination of between-year dynamics of the
two species, model selection favored GAMs with three
environmental parameters for both species (Appendix S1:
Table S3), with none of these factors overlapping
between models (Appendix S1: Table S4). The C7 model
explained more variation in the year-to-year abundance
of this species (−REML = 1905, n = 1353, deviance
explained = 79.0%) than the model for HA abundance
(−REML = 1855, n = 1353, deviance explained = 67.3%).
In general, relationships between HA and environmental
parameters were slight, and HA abundance peaked near
the mean values of each of the three environmental
parameters included in the model (Figure 4),
suggesting that, although HA is not affected strongly by
environmental conditions, it generally is most abun-
dant in years when conditions are near the mean.
C7 was observed to have both stronger responses to
environmental conditions but was also more negatively
associated with mean conditions, that is, having higher
numbers in years associated with cool early summer
conditions and warmer, drier conditions late in the
growing season. A spurious peak was observed for very
low degree day accumulations at 35 weeks in the
C7 model (Figure 4): This peak was driven by a single
observation at the extreme of the distribution for this
parameter (Appendix S1: Figure S2).

DISCUSSION

Following their establishment and spread within North
America, H. axyridis and C. septempunctata have been
commonly collected within similar environments, but
how these species are able to coexist is poorly

understood. In this study, we used a 31-year data set from
an agricultural landscape in southwestern Michigan,
USA, to understand the mechanisms of coexistence
among these dominant species. We found evidence of
long-term coexistence, as both species were collected in
similar abundance overall and found in all habitat types.
Our findings indicated that a combination of small-scale
niche partitioning via environmental, habitat, and sea-
sonal mechanisms contributed to coexistence among
these species. Although net populations of species
observed over the course of the study were nearly identi-
cal, populations of C. septempunctata were more variable.
Within the midwestern US, H. axyridis seems to have
broader habitat and abiotic environmental preferences,
while C. septempunctata tends to thrive under more spe-
cific ecological conditions that are not the average for this
region.

Following the arrival and establishment of H. axyridis
within the region, these two species experienced patterns
of cyclical dominance in abundance across years,
suggesting there is some degree of overlap in their niches.
This finding aligns with research documenting overlap in
preferences for aphid prey among the two species
(Hodek & Michaud, 2008; Koch, 2003; Roy et al., 2016) as
well as evidence of antagonistic competitive interactions
in some environments (Gagnon et al., 2011; Snyder, 2009).
These patterns of between-year partitioning may suggest
coexistence via the storage effect. The storage effect
hypothesis posits that competitors may coexist if
overlapping generations experience temporal fluctuations
in the recruitment of individuals due to species-specific
responses to the environment (Chesson, 2000b; Chesson &
Huntly, 1997). Yearly fluctuations in environmental condi-
tions may have differentially benefited one species over
the other, resulting in patterns of alternating dominance.
Environmental fluctuations may have directly impacted
these lady beetles through differential species’ preferences
or indirectly via changes in prey populations.

Although we were unable to distinguish between
direct and indirect mechanisms, populations of
H. axyridis and C. septempunctata responded differen-
tially to precipitation and temperature. Abundance of
C. septempunctata was negatively associated with means
of several environmental metrics since populations were
more successful in years characterized by cooler tempera-
tures early in the growing season as well as warmer tem-
peratures and drier conditions in late summer. In
contrast, H. axyridis was not strongly affected and was
generally most abundant in years when temperatures
and the amount of precipitation were near the mean.
H. axyridis has a broad global distribution and can be
found at a range of altitudes but is generally more abun-
dant in cool, mesic climates and less common in the
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tropics (Roy et al., 2016). However, this species typically
overwinters in aggregations in hibernacula such as build-
ings and under tree bark, which may buffer the effects of
cold temperatures to some extent (Roy et al., 2016). In con-
trast, C. septempunctata has been observed overwintering
in the soil and leaf litter layers of forests and tree margins
(Turnock & Wise, 2004), suggesting that cool-weather tol-
erance in this species may contribute to differential success
within a given year. Cooler conditions in early summer

may favor C. septempunctata via temperature dependence
in foraging rates. Although both species have similar prey
attack rates at 26�C (Xue et al., 2009), attack rates on
aphids were at their highest at lower temperatures (around
20�C) for C. septempunctata (Khan & Khan, 2010).
Meanwhile, predation rates by H. axyridis increased with
increasing temperature up to 35�C and were markedly
decreased below 25�C (Islam et al., 2021). Both species
had positive associations with warmer-than-average

Harmonia axyridis Coccinella septempunctata
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F I GURE 4 Partial effects of environmental parameters from a between-season generalized additive model for two adventive lady beetle

species at Kellogg Biological Station in Southwestern Michigan, 1994–2020. Each species was modeled and subjected to model selection

separately. Coccinella septempunctata model effects are given in red, Harmonia axyridis in orange. Models included term for between-habitat

variation.
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temperatures in mid or late summer, which could be asso-
ciated with temperature-modified activity of prey aphids
(Crossley et al., 2022). Within this region of the midwest-
ern US, direct and/or indirect responses of H. axyridis and
C. septempunctata to temperature and precipitation have
contributed to niche differences and cyclical patterns of
dominance over time.

Within an average year, the population dynamics of
H. axyridis and C. septempunctata showed differing
responses to seasonal change, as abundances of each
species peaked at different times during the growing
season. Both species responded strongly to degree day
accumulation, with the abundance of C. septempunctata
peaking earlier, whereas H. axyridis became more
abundant later in the growing season. This finding con-
tradicts predictions that high overwintering survival of
H. axyridis would lead to larger populations in the
spring than C. septempunctata (Raak-van den Berg
et al., 2012). The differing phenological responses likely
allow these two competitors to locally coexist on short
time scales by creating temporal niche differences.
Differences in phenology influence when and at which
developmental stage species interactions occur and, thus,
patterns of coexistence (Blackford et al., 2020; Rudolf,
2019). Both H. axyridis and C. septempunctata require aphid
prey to some degree to successfully develop and reproduce
(Berkvens et al., 2008; Hodek & Michaud, 2008; Zaviezo
et al., 2019) such that their phenology may be strongly tied
to thresholds in prey resources. For example, at low aphid
densities, reproduction of H. axyridis did not occur or
was very low in the laboratory compared with at high
aphid densities (Zaviezo et al., 2019). In Europe, where
C. septempunctata is native, this species exploits immigrat-
ing aphid populations in cereals beginning in May until the
crop matures in July (Honek et al., 2019), suggesting a tight
association with this prey resource. In contrast, the
breeding period of H. axyridis is greatly extended, and
populations will continue to feed and grow into late sum-
mer, risking incomplete development of later generations
(Honek et al., 2018). Responses of H. axyridis to populations
of soybean aphid suggest that late-season abundance was
linked to prey availability early in the growing season
(Bahlai, vander Werf, et al., 2015).

Although phenological differences among species
may promote local coexistence through increased niche
differences (i.e., stabilizing mechanisms) (Albrecht &
Gotelli, 2001), it is also possible that greater phenological
differences can lead to increased fitness differences
(i.e., equalizing mechanisms) that promote competitive
exclusion (Blackford et al., 2020; Godoy & Levine, 2014).
For instance, in years where C. septempunctata activity is
favored early in the growing season, this species
may deplete local prey resources (Bianchi & Van der

Werf, 2004), negatively impacting early generations of
H. axyridis.

Patterns of abundance of H. axyridis and
C. septempunctata varied among plant communities, indi-
cating spatial niche partitioning among habitat types.
Abundance of C. septempunctata was highest in soybean,
wheat, and alfalfa, which suggests a habitat preference
for these crop types. Other studies reported apparent
associations between C. septempunctata and various her-
baceous crop environments, including cereals (Honek
et al., 2014, 2019), potato (Alyokhin & Sewell, 2004),
alfalfa, and maize (Elliott et al., 1996). Abundance of
H. axyridis was more consistent across all plant commu-
nities, which aligns with studies that identified this exotic
species as having a broad habitat range that includes agri-
cultural fields, orchards, vineyards, parks, and residential
yards and gardens (Adriaens et al., 2008; Koch, 2003; Roy
et al., 2016). Although H. axyridis did not show a prefer-
ence for a particular habitat type, the species was more
abundant than C. septempunctata in forests. Populations
of H. axyridis have been commonly reported in arboreal
habitats in Europe (Adriaens et al., 2008; Honek et al.,
2014; Panigaj et al., 2014; Vandereycken et al., 2012),
wherein their abundance was found to be 7.5 times
higher on trees than other herbaceous plants, including
crops (Honek et al., 2019). Larvae of H. axyridis are mor-
phologically adapted for exploiting canopy environments
compared to C. septempunctata due to their well-
developed anal disc for adhering to plant surfaces
(Eigenbrode et al., 2009).

Although C. septempunctata displayed clear prefer-
ences for crops, H. axyridis was also collected in these
habitats. There is some evidence that when these two
species overlap in habitat, they partition resources at
finer spatial scales. For example, C. septempunctata did
not change its habitat-use patterns on apple trees in the
presence of H. axyridis; instead, these species limited
niche overlap by vertically partitioning resources
(Lucas et al., 2002). Moreover, C. septempunctata has
been shown to remain in preferred habitats such as
alfalfa and soybean for extended periods, whereas
H. axyridis frequently disperses among habitats espe-
cially later in the growing season (Forbes & Gratton,
2011). Lady beetle activity and, thus, the interactions
between these two dominant species were strongly
related to temperatures via daily degree day accumula-
tion and, to a lesser extent, precipitation accumulation,
suggesting climate change may alter these coexistence
mechanisms. Phenological responses of species and the
seasonal timing of interactions are not static but vary
yearly with environmental conditions (Rudolf, 2019;
Singer & Parmesan, 2010). Climate change is causing
gradual increases in temperature on a global scale as well
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as altered patterns of precipitation (IPCC, 2014). Warmer
temperatures affect lady beetles directly by increasing
metabolism and rates of egg and larval development, but
they also require higher rates of prey consumption
(Banfield-Zanin & Leather, 2016; Speights & Barton, 2019).
Above a heat stress threshold, increased temperatures may
cause high mortality of eggs, larvae, and some adults (Acar
et al., 2001; Knapp & Nedvěd, 2013). Prey responses to cli-
mate change also are complex and can be affected by phys-
iological tolerances and host plant quality, which may
indirectly affect interactions with lady beetles (Honek
et al., 2017; Sloggett, 2021). Responses of aphids are often
species-specific, but warming temperatures and milder
winters generally shift aphid phenology such that
early-season flight activity occurs sooner in the season
(Bell et al., 2015; Wu et al., 2020). Under laboratory simu-
lated drought conditions, aphids tended to be less nutri-
tious and smaller in size, requiring higher consumption
rates by lady beetles to meet dietary requirements
(Banfield-Zanin & Leather, 2016). Therefore, climate
change may lead to directional shifts in phenology and
timing of trophic interactions such that synchrony of
predator–prey interactions may be disrupted, with implica-
tions for biological control. Adding complexity, continued
promotion of landscape simplification rather than diversifi-
cation may interact with climate change to influence coex-
istence outcomes among lady beetle species (Schulte et al.,
2021). Opportunistic generalist species such as H. axyridis
may be well adapted to respond to environmental shifts,
providing a competitive advantage.

Coexistence of these dominant exotic lady beetle species
may be further affected by other mechanisms that were not
investigated in this study such as differential predation and
parasitism. For example, the enemy release hypothesis
posits that exotic species will experience reduced top-down
control from natural enemies in their introduced range,
leading to successful establishment and spread (Colautti
et al., 2004; Keane & Crawley, 2002; Roy et al., 2011;
Shea & Chesson, 2002). For instance, there is evidence that
H. axyridis is less susceptible to the hymenopteran parasit-
oid Dinocampus coccinellae (Schrank) that commonly para-
sitizes C. septempunctata in Europe (Berkvens, Moens,
et al., 2010; Comont et al., 2014; Geoghegan et al., 1998).
These effects may manifest at the population level and,
furthermore, would likely interact with the habitat and
environmental partitioning observed in this study.

In this study, we used trap captures as a proximal
measure to represent the dynamics of the species under
examination. These traps more meaningfully capture the
activity density of lady beetles: insects moving through
the environment that are drawn to or collide with traps.
It is important to note that, although this trapping
method is advantageous in this context because it is

inexpensive and relatively easy to deploy in a consistent
way over years of sampling, sticky cards are also prone to
inherent biases. For instance, yellow sticky cards may
have differential attractiveness to different species of
ladybeetle (Musser et al., 2004) and, like many trapping
methods, may have differing capture efficiencies
depending on the habitats in which they are deployed
(Missa et al., 2009).

Successful establishment and spread of exotic species
are influenced by a variety of factors, including local niche
processes and interactions among species within the native
community. Although research has largely examined
biological invasions in the context of their impacts on
native species, communities are frequently invaded by
multiple exotic species that then interact with each other
to influence establishment success. Exotic lady beetles
H. axyridis and C. septempunctata were introduced into
North America for biological control in agricultural
systems (Evans, 2009; Obrycki & Kring, 1998; Rondoni
et al., 2021), and these species have since become domi-
nant within many native communities. Research has
documented asymmetric competitive interactions in favor
of H. axyridis, which suggests other forms of niche
partitioning contribute to coexistence among these domi-
nant invaders. Using a 31-year data set from southwestern
Michigan, USA, we documented evidence of long-term
coexistence of these exotic lady beetle species via temporal
and spatial niche partitioning occurring within and across
years. Our findings indicated that within this region,
H. axyridis has broader habitat and abiotic environmental
preferences, whereas C. septempunctata thrives under
more specific ecological conditions. Ecological differences
among these exotic species have promoted coexistence
through environmental, seasonal, and habitat niche
partitioning within agricultural landscapes in the midwest-
ern United States. Understanding mechanisms that allow
for the coexistence of dominant exotic species contributes
to native biodiversity conservation in the face of global
change.
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Appendix S1 

 

Figure S1. Pearson correlation results for environmental parameters used in within-season 

generalized additive model selection. Parameters are, from left to right, mean daily precipitation 

within a sampling week, number of rainy days within the sampling week, precipitation 

accumulation to date of sampling week, maximum daily rainfall observed within a sampling 

week, mean temperature during the sampling week, minimum temperature observed during the 

sampling week, maximum temperature observed during the sampling week, the degree day 

accumulation observed during the sampling week, and the degree day accumulation to date 

during that sampling week. Pearson correlation for each pair of parameters is given above the 

diagonal, a scatterplot of each combination of variables is given below the diagonal. The 

diagonal gives a frequency histogram of values for each different parameter. 

 
  



Table S1. Complete model selection results for within-year models explaining the spatio-

temporal distribution of two lady beetle species from relative capture counts. Model specification 

used the sum of adult captures in a given plot, in a given observation period as the response 

variable, and included smoothed terms for environmental variables and year, and habitat as a 

parametric term. All terms interacted with species identity. Because of a high degree of 

collinearity between many predictor variables, a forward-selection approach was used to ensure 

no terms with Pearson correlation >0.5 appeared together in  the model. An offset variable, the 

natural logarithm of the number of traps reporting for a given observation, was used to account 

for variation in sampling effort. All smoothing parameters were constrained to sp=1 to limit 

over-fitting. A quasi-Poisson error structure was used. 
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N
o
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No 

environmental 

X 
    

30520 0.07 14.9 
   

 
X X 

   
28897 0.13 25.0 

   

Single 

environmental 

parameter 

X X rainy days in 

week 

  
28836 0.14 25.4 

 
0.016 Precipitation 

term 

constrained to 

3 knots  

 
X X mean daily 

precipitation 

  
28622 0.17 26.8 

 
0.067 

 

 
X X max daily 

rainfall 

  
28627 0.16 26.8 

 
0.067 

 

 
X X precipitation 

accumulation 

(year to date) 

  
27848 0.21 31.1 

 
0.196 

 

 
X X 

 
minimum 

temperature 

 
28580 0.15 27.0 

 
0.074 

 

 
X X 

 
mean 

temperature 

 
28550 0.15 27.1 

 
0.077 

 

 
X X 

 
maximum 

temperature 

 
28466 0.16 27.6 

 
0.094 

 

 
X X 

 
weekly 

degree day 

accumulation 

 
28354 0.17 28.6 

 
0.126 

 

 
X X 

 
degree day 

accumulation 

(year to date) 

 
27426 0.22 33.1 

 
0.245 

 



Best 

temperature 

parameter + 

uncorrelated 

precip 

X X rainy days in 

week 

degree day 

accumulation 

(year to date) 

 
27394 0.226 33.3 0.212 0.249 Precipitation 

term 

constrained to 

3 knots  

 
X X mean daily 

precipitation 

degree day 

accumulation 

(year to date) 

 
27227 0.256 34.1 0.189 0.267 

 

 
X X max daily 

rainfall 

degree day 

accumulation 

(year to date) 

 
27152 0.256 34.7 0.197 0.230 Best model 

with two 

environmental 

terms 

Best 

precipitation 

parameter + 

uncorrelated 

temperature 

X X precipitation 

accumulation 

(year to date) 

minimum 

temperature 

 
27385 0.244 33.8 0.496 0.260 

 

 
X X precipitation 

accumulation 

(year to date) 

mean 

temperature 

 
27287 0.251 34.3 0.471 0.271 

 

 
X X precipitation 

accumulation 

(year to date) 

maximum 

temperature 

 
27300 0.253 34.1 0.435 0.267 

 

 
X X precipitation 

accumulation 

(year to date) 

weekly 

degree day 

accumulation 

 
27211 0.264 34.8 0.432 0.282 

 

Best 

temperature 

parameter +  

best 

uncorrelated 

precip + other 

uncorrelated 

params 

X X max daily 

rainfall 

degree day 

accumulation 

(year to date) 

minimum 

temperature 

26927 0.275 36 0.606 0.306 
 

 
X X max daily 

rainfall 

degree day 

accumulation 

(year to date) 

mean 

temperature 

26936 0.269 35.9 0.648 0.304 
 

 
X X max daily 

rainfall 

degree day 

accumulation 

(year to date) 

maximum 

temperature 

26835 0.281 36.4 0.376 0.313 Best overall 

model 

 

  



Table S2. Within-season multivariate model results explaining the spatio-temporal distribution 

of the two lady beetle species from relative capture counts (-REML=26835, n=27432, Deviance 

explained = 36.4%). Model specification used the sum of adult captures in a given plot, in a 

given observation period as the response variable, and included smoothed terms for degree day 

accumulation, maximum rainfall, maximum temperature, and year, and habitat as a parametric 

term. All terms interacted with species identity. An offset variable, the natural logarithm of the 

number of traps reporting for a given observation, was used to account for variation in sampling 

effort. All smoothing parameters were constrained to sp=1 to limit over-fitting. A quasi-Poisson 

error structure was used. 

 

Term 
Effective degrees of 

freedom 
F p-value 

Degree days : C7 6.26 169.96 <0.001 

Degree days : HA 6.76 92.74 <0.001 

Max rainfall : C7 6.52 34.77 <0.001 

Max rainfall : HA 6.96 10.94 <0.001 

Max temperature : C7 6.61 43.29 <0.001 

Max temperature : HA 6.71 15.01 <0.001 

Year : C7 7.17 136.59 <0.001 

Year : HA 7.06 134.64 <0.001 

Habitat (parametric term) 8 165.14 <0.001 

Species (parametric term) 1 10.12 <0.001 

Habitat x Species 8 90.41 <0.001 

 

  



 

Figure S2. Pearson correlation results for environmental parameters used in between-season 

generalized additive model selection. Parameters are, from left to right, degree day accumulation 

at 20 weeks, 25 weeks. 30 weeks and 35 weeks, and then precipitation at 20 weeks, 25 weeks, 30 

and 35 weeks of year. Pearson correlation for each pair of parameters is given above the 

diagonal, a scatterplot of each combination of variables is given below the diagonal. The 

diagonal gives a frequency histogram of values for each different parameter. 

 
  



Table S3. Complete model selection results for between-year models explaining the spatio-

temporal distribution of two lady beetle species from relative capture counts. Each species was 

modelled separately. Model specification used the sum of adult captures in a given plot, in a 

given observation period as the response variable, and environmental parameters were subjected 

to backward selection as described in the methods, with best model selected based on lowest -

REML with no parameters with concurvity >0.8 . An offset variable, the natural logarithm of the 

number of traps reporting for a given observation, was used to account for variation in sampling 

effort. All smoothing parameters were constrained to sp=1 to limit over-fitting. A quasi-Poisson 

error structure was used. Variables in table are defined in Figure S2 caption. 
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N
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HA X 
        

2370 0.22 22.8 
   

X X X X X X X X X 1844 0.67 68.2 1.000 0.666 
 

X X X X 
 

X X X X 1842 0.67 68.2 1.000 0.666 
 

X X X X 
 

X 
 

X X 1840 0.67 68.2 1.000 0.666 
 

X X X X 
 

X 
  

X 1838 0.67 68.2 1.000 0.666 Best HA model 

X X 
 

X 
 

X 
  

X 1841 0.67 68.0 1.000 0.665 
 

X 
  

X 
 

X 
  

X 1855 0.67 67.3 0.759 0.661 Best HA model 

without 

concurvity 

issues 

X 
    

X 
  

X 1967 0.59 59.9 0.489 0.619 
 

C7 X 
        

2552 0.20 36.6 
   

X X X X X X X X X 1837 0.75 80.7 1.000 0.546 
 

X X X X X X X X 
 

1836 0.75 80.7 1.000 0.546 
 

X 
 

X X X X X X 
 

1838 0.75 80.6 1.000 0.546 Best C7 model 

X 
 

X X X 
 

X X 
 

1846 0.75 80.3 1.000 0.544 
 

X 
 

X 
 

X 
 

X X 
 

1871 0.75 79.9 1.000 0.542 
 

X 
 

X 
 

X 
  

X 
 

1905 0.74 79.0 0.771 0.537 Best C7 model 

without 

concurvity 

issues 

X 
 

X 
 

X 
    

2029 0.69 74.1 0.383 0.506 
 

 

 

  



Table S4. Between-year multivariate model results explaining the spatio-temporal distribution of 

the two lady beetle species from relative capture counts. The C7 model: -REML=1905.3, 

n=1353, Deviance explained = 79.0%;  HA model: -REML=1855.1, n=1353, Deviance 

explained = 67.3%. Each species was modelled separately. Model specification used the sum of 

adult captures in a given plot, in a given observation period as the response variable, and 

environmental parameters were subjected to backward selection as described in the methods. An 

offset variable, the natural logarithm of the number of traps reporting for a given observation, 

was used to account for variation in sampling effort. All smoothing parameters were constrained 

to sp=1 to limit over-fitting. A quasi-Poisson error structure was used. 

 

Term 
Effective degrees of 

freedom 
F p-value 

C7 model    

    Degree days at 25 weeks 7.84 56.89 <0.001 

    Degree days at 35 weeks 7.05 84.68 <0.001 

    Precipitation at 30 weeks 5.14 43.08 <0.001 

    Habitat (parametric term) 8 122.1 <0.001 

HA model    

    Degree days at 30 weeks 6.02 26.06 <0.001 

    Precipitation at 20 weeks 7.86 28.37 <0.001 

    Precipitation at 35 weeks 6.56 41.59 <0.001 

   Habitat (parametric term) 8 72.13 <0.001 
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