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Abstract We examined effects of the invasive

species Lespedeza cuneata on native plants and foliar

arthropod communities in a tallgrass prairie. Through

observational and manipulative experiments, we

examined plant and arthropod responses to

L. cuneata over one growing season. The observa-

tional study found little impact of the invasive plant on

arthropods. By the end of the manipulative experi-

ment, the combined biomass of native grasses and

forbs was reduced by approximately 50% in Les-

pedeza-present plots, while total arthropod numbers

were only about 15% lower. Seasonal differences were

evident; L. cuneata-absent plots showed lower arthro-

pod numbers in May, but higher abundances in June.

Some feeding groups, notably carnivorous arthropods,

appeared unaffected by L. cuneata. We tested three

hypotheses (one bottom-up and two top-down pro-

cesses) to explain the relatively weak response of the

arthropod community to the invasive plant. Nitrogen

content of native plants adjacent to L. cuneata areas

was significantly higher compared to plants more

distant. Ground arthropod predators were higher

during mid-summer in L. cuneata areas, which may

partially explain seasonal variation in foliar arthro-

pods. Insectivorous birds were unaffected by

L. cuneata abundance, suggesting that arthropod

predation rates by birds are unchanged. We suggest

that while L. cuneata has strong effects on native

plants, its ability to increase neighboring plant quality

compensates for the lower biomass of native plants in

L. cuneata areas, moderating the arthropod response.

While management of this invasive species remains a

priority, tallgrass prairie food webs may be partly

resistant to L. cuneata invasion.
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Introduction

North American grasslands have been converted or

modified by human activity, mostly due to intensive

agriculture and other land-use changes (Sampson and

Knopf 1994; Samson et al. 2004; Homer et al. 2015),

and these threats continue to this day (Allred et al.

2015; Trainor et al. 2016; Moran et al. 2017; Wright

et al. 2017; Wimberly et al. 2018; Hendrickson et al.

2019). Because of their large proportional loss, North

American grasslands are of particular conservation
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interest and there have been numerous successful

attempts to protect remaining grassland fragments

from further degradation (Sampson and Knopf 1994;

Comer et al. 2018). However, the remaining native

grasslands of the North American plains have also

suffered numerous plant invasions (Christian and

Wilson 1999; Smith and Knapp 2001; Toledo et al.

2014). These invasions have caused declines in native

plants (Christian andWilson 1999; Toledo et al. 2014;

Ashton et al. 2016), altered ecosystem function

(Jordan et al. 2008; Toledo et al. 2014), and changed

animal abundance and behavior (Sheley et al. 1998).

Invasive species have therefore become an additional

obstacle to conservation, further imperiling native

species survival and requiring greater human and

monetary resource expenditures (Pimental et al.

2002). For example, cheatgrass (Bromus tectorum)

has invaded much of the sagebrush steppes of North

America (Bradley et al. 2018), causing large losses to

ranching interests, and costing taxpayers, businesses,

farmers, ranchers, and conservation organizations

billions each year in management costs (DiTomaso

2000).

Tallgrass prairies, now reduced more than 95% of

their previous coverage, are the most endangered

grassland systems in North America (Steinauer and

Collins 1996). The last large and mostly contiguous

region remaining is the Flint Hills of Kansas and

Oklahoma, covering about 1.2 million hectares

(Sampson and Knopf 1994). A major invasive species

for this system is Lespedeza cuneata, commonly

known as Chinese bush clover or sericea. It is a legume

introduced from Asia and originally planted as erosion

control in parts of the U.S. (Ohlenbush et al. 2001).

Lespedeza cuneata often invades tallgrass prairies

and, in that process, can dramatically alter the native

plant community (Ohlenbush et al. 2001) through a

combination of direct competition, allelopathy, and

altered soil characteristics (Dudley and Fick 2003;

Blocksome 2006; Allred et al. 2010; Yannarell et al.

2011; Coykendall and Houseman 2014). Brandon

et al. (2004) found that L. cuneata can dramatically

reduce native plant cover and richness. Currently,

ranchers and conservation groups spend large amounts

of resources and human capital on control of this

species. For instance, the Tallgrass Prairie Preserve

(Nature Conservancy) in Oklahoma spends about

$100,000 annually on L. cuneata control using herbi-

cides (B. Hamilton, personal communication).

However, these control attempts achieve only moder-

ate positive ecological results (Cummings et al. 2007),

and repeated herbicide use has negative effects on

native prairie plant richness (Koger et al. 2002).

While the effects of invasive plants on native plant

communities are well-studied, impacts on consumers

are less explored; especially rare are studies that

simultaneously study plants and higher trophic levels

(Vilà et al. 2011). Invasive plants have highly variable

effects on consumers (Sunny et al. 2015), with over

40% of studies showing non-significant effects (for

review, see Schirmel et al. 2016). Lespedeza cuneata

is known to alter the behavior of pollinators (Woods

et al. 2012), which could affect reproduction of other

plants (Traveset and Richardson 2006). This invasive

species also interacts with large mammal grazers by

affecting grazing patterns (Cummings et al. 2007);

grazing mammals will sometimes feed on it during the

spring but avoid it as it becomes less palatable later in

the growing season. This species can also cause

adverse effects on grazing animals because, as it

matures, it contains high levels of condensed tannins

(Clarke et al. 1939; Ohlenbush et al. 2001).

The arthropod communities in North American

tallgrass prairies are diverse and exhibit high con-

sumer biomass; subsequently, they have important

ecological effects throughout the food web (Warren

et al. 1987; Gibson et al. 1990; Whiles and Charlton

2006; Moran 2014; Nickell et al. 2018). In a non-

experimental study, Eddy and Moore (1998) observed

lower arthropod richness in L. cuneata areas, but there

is little additional information on how L. cuneata can

cause effects that cascade through the variety of

consumers in this system.

There are strong correlations between plant com-

munity structure and arthropod community structure.

For instance, high plant diversity tends to support high

arthropod diversity (Southwood 1961; Siemann et al.

1998; Knops et al. 1999). Since arthropod herbivores

tend to specialize, the diversity of plants and their

relative abundances can affect these animals greatly

(Jaenike 1990). Therefore, the changes in tallgrass

plant communities resulting from L. cuneata invasion

presumably have a strong effect on the arthropod

community. There is also strong experimental evi-

dence that L. cuneata is not a preferred food source for

native herbivorous insects, often having rates of

herbivory many times lower compared to related

species (Brandon et al. 2004; Han et al. 2008). While
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we could find no studies directly comparing arthropod

numbers in areas with this invasive species, pure

stands of L. cuneata have been shown to support low

densities of arthropods (a maximum of 12 arthropods/

m2, Menhinick 1967), dramatically lower than typi-

cally found at the field site in this study (between 40

and 200 arthropods/m2 depending on season and year

of samples, Moran 2014; Nickell et al. 2018; Varriano

et al. 2020). Considering that arthropods are important

food sources for a variety of animals higher on the

food chain (e.g., birds, Vickery et al. 2001), changes in

this community could have profound implications for

conservation of tallgrass habitats.

In 2017, we performed both observational and

manipulative field studies investigating the effect of

L. cuneata on the foliar arthropod community struc-

ture. Following the results of that field study, in 2018

and 2019, we developed and tested three hypotheses

that would explain our 2017 results. These hypotheses

included a bottom-up effect (changes in nitrogen

levels), and two top down effects: insectivorous bird

predation and interactions from larger carnivores

within the arthropod community (ground predators).

Therefore, our study attempted to address the effects

of a major invasive plant on the ecologically important

arthropod community and investigate possible mech-

anisms for our observational and experimental results.

Materials and methods

Field site

Our study was performed at the Tallgrass Prairie

Preserve (TPP) located in Osage County, Oklahoma,

USA (36.8461 N, 96.4229 W). The TPP is a 16,000-

ha Nature Conservancy-owned protected area in the

southern section of the Flint Hills ecoregion. Tallgrass

prairies in this region are dominated by four species of

grasses: big bluestem (Andropogon gerardi), little

bluestem (Schizachyrium scoparium), switchgrass

(Panicum virgatum), and Indiangrass (Sorghastrum

nutans) together with more than 300 species of forbs

and a few woody species (Knapp et al. 1999, see

Palmer 2007 for TPP checklist). The Preserve is

managed using prescribed burning and grazing to

simulate the pre-settlement disturbance regime. About

2/3 of the preserve is grazed all year by bison and

almost 1/3 is grazed seasonally (growing season only)

by cattle, while a small area is left ungrazed. The TPP

is divided into numerous management units that are

periodically subjected to prescribed fire, typically in a

2–7 year interval (Allen et al. 2009). All experiments

described below were performed within bison-grazed

units of the TPP.

Observational and experimental L. cuneata effects

In 2017, we sampled arthropods in areas with varying

levels of L. cuneata infestation. Plots were 1 m 9 1 m

(N = 16 for each sample period) and arbitrarily

selected amongst areas with the invasive plant and

areas without it. The goal was to sample plots with

L. cuneata cover rates from zero to as high as found in

the area (typically maximized at about 90% cover).

We did not perform a spatial analysis of L. cuneata

dispersion, but qualitatively, L. cuneata distribution

was ‘‘patchy’’ with some large areas (up to about

100 m2) with dense coverage and smaller patches of

plants scattered elsewhere. All plots were within a

single ‘‘burn unit’’ that had last received a fire

treatment about 14 months previous and all samples

were taken within a two hectare area. To sample foliar

arthropods, we sampled each entire 1 m2 area plot by

Dvac. Dvac sampling time was about 1 min for each

plot. We assumed that Dvac sampling efficiency was

unaffected by L. cuneata abundance. Arthropod

samples were stored on ice in the field, later frozen,

then returned to laboratory for sorting and analysis. In

each sample, arthropods were first sorted to taxonomic

order, then assigned a trophic position (herbivore,

carnivore, or detritivore) based on each arthropod’s

predominant feeding strategy, and then counted in

similar methods to previous experiments at this site

(Moran 2014; Nickell et al. 2018). Our general method

for assigning feeding strategy was to classify each

arthropod to a small enough taxonomic level to

determine its position in the food web. This process

varies by arthropod order since some orders have

predominantly similar feeding modes (e.g., all Ara-

neae are predators), whereas others have greater

variation (e.g., different Diptera species are herbi-

vores, carnivores, or detritivores). One exception in

our classification scheme was the ants (Formicidae),

which because of the diversity of feeding strategies

among species and difficulty for non-specialists to

identify, were not assigned a feeding category. They

were excluded from the analysis of feeding groups but
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were included in total arthropod numbers. We also

photographed each plot and calculated percent cover

of L. cuneata. Percent cover was estimated using hand

drawn polygons on each sample image area (ImageJ

software) that was delineated by a PVC quadrat

sampler placed in the field. In order to study seasonal

variation in the arthropod community, this sampling

protocol (both plant cover and arthropods) was

performed four times during the growing season: 11

May, 23 June, 7 August, and 30 September 2017.

During the same year, we also performed a

manipulative experiment where we tested the effect

of removing L. cuneata on both plants and arthropods.

We established three experimental treatments: (1)

plots with L. cuneata removed, (2) plots with

L. cuneata left undisturbed, and (3) plots that naturally

had L. cuneata absent. Plot from treatments 1 and 2

were in an area that had naturally moderate levels of

L. cuneata invasion (about 30–50% cover at start of

experiment). These plots were directly adjacent to

each other in a 2 9 8 array and systematically

interspersed. Plots in treatment 3 were in surrounding

areas (within 20 m) that naturally did not have

L. cuneata present. Since we could not control where

L. cuneata was naturally absent, plots in treatment 3

were not randomly selected, limiting the spatial

distribution of these plots. We initially had eight plots

per treatment, but two absent plots (those naturally

without L. cuneata) were invaded by L. cuneata and

two of the unmanipulated plots (treatment 2) had

L. cuneata disappear during the experiment. We

therefore excluded these four plots from all analyses

after the initial sampling. Plots were 2 m 9 2 m

square and open to the environment. In the L. cuneata

removed plots, all L. cuneata were hand-pulled once

every two weeks. We sham-manipulated the other

treatment plots by physically disturbing them without

removing any plants. Samples of foliar arthropods

were taken four times during the course of the

experiment: 12 May (pre-manipulation), 24 June, 8

August, and 31 September 2017, which is the same

time (within one day) of the observational experiment.

For each arthropod sample, a randomly selected point

was selected and transect across the plot was sampled

by Dvac. Sampling time by Dvac was about 30 s. All

captured arthropods were frozen, sorted to order and

trophic position (as described in the observational

experiment), and then counted. At the end of the

experiment, we also sampled the plant community by

removing all above-ground vegetation from the center

1 m2 of each plot. Plants were sorted to species, dried

for 24 h at 50 �C, and weighed. Plants were only

sampled once at the end of the experiment in order to

minimize disturbance of the experimental plots.

Testing three hypotheses for observational

and experimental L. cuneata results

After we tested the effect of L. cuneata presence on

plant and arthropod community structure, we tested

three hypotheses that could provide mechanisms for

our results. These studies were designed to elucidate,

in a preliminary way, possible processes that would

explain the results in the observational and experi-

mental studies. In each case, we were attempting to

find an explanation for why plants were greatly

reduced by L. cuneata presence, while the foliar

arthropod response was attenuated and seasonally

variable (see results).

Nitrogen and plant quality

Our first hypothesis was that L. cuneata, being a

nitrogen fixer, enhances the nitrogen content of

coexisting plants and causes a bottom-up process

whereby nitrogen-limited arthropods respond to

higher plant quality with increased abundance (Had-

dad et al. 2000, Throop and Lerdau 2004). On 17–18

July 2019, we sampled plant nitrogen content in three

common plant species: Asclepias sullivantii, Am-

brosia artemisiifolia, and Andropogon gerardii. We

sampled plants from areas with at least 40% cover of

L. cuneata and nearby areas that lacked the invasive

plant. All samples of plants in ‘‘no Lespedeza areas’’

were at least 10 m from any L. cuneata plant. Samples

were taken from a two-hectare area within a single

management unit that had last been burned 15 months

earlier. We used a plant press to extract at least 1/2 ml

of plant sap from leaf and stem samples with a total of

20 samples (10 associated with L. cuneata and 10

distant from L. cuneata) for each species. Sap samples

were analyzed for nitrate (ppm) using a Horiba

Laquatwin� Model NO3-11 Compact Nitrate Ion

Meter.
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Bird community responses to L. cuneata

Our second hypothesis was that the insectivorous

grassland bird habitat-use might decline in areas

infested with large amounts of L. cuneata, which

would reduce predation on arthropods in these areas

leading to higher than expected arthropod abundance

(a top-down process). Support for this hypothesis

would be found if grassland insectivorous bird abun-

dance was lower in areas with large amounts of

L. cuneata. We therefore established 23 sites within

the bison-grazing units of the TPP and performed

point counts of all bird species present four times

during the 2018 growing season: 21 May, 19 June, 7

July, and 1 September. All point counts were taken

between 0600 and 1000 h, during clear conditions, and

included all birds within a 100 m radius. In the center

of each point count location, we established a 25 m

transect and counted the number of L. cuneata stems

that intersected the line. Lespedeza cuneata counts

ranged from zero to[ 450 per transect.

Ground predator abundance

Our third hypothesis was that ground arthropods were

less abundant in areas of L. cuneata and would

therefore exert less carnivory pressure on foliar

arthropods (a top-down response). Most ground

predators are cursorial spiders and predatory beetles

(e.g., Carabidae). These species, because of their

common location near the ground, are not captured by

Dvac sampling at rates comparable to their abundance

(personal observation). Although commonly called

ground predators, they also ascend vegetation to prey

upon foliar prey and have behavioral and population

level effects on prey arthropods (Baldridge and Moran

2001; Schmitz and Suttle 2001; Boyer et al. 2003). To

sample these arthropods, we established 40 pitfall

traps: 20 in areas of dense L. cuneata (excess of 50%

cover) and 20 in areas lacking the invasive species.

Traps placed in L. cuneata absent areas were at least

10 m from any individual invasive plants. All samples

were taken from a five hectare area. Traps were filled

1/3 of the way full with propylene glycol and left in

place for 24 h. Captured arthropods were sorted and

classified to a small enough taxon to determine their

feeding strategy, and all carnivorous species were

enumerated (see under Observational and Experimen-

tal L. cuneata effects for details on arthropod sorting).

This experiment was performed three times during the

growing season: 5 May, 8 July, and 2 September 2018.

Statistical analysis

The natural L. cuneata experiment which compared

invasive plant percent cover to the arthropod commu-

nity was analyzed by simple linear regression. We

analyzed each date separately for each feeding group

(herbivores, carnivores, and detritivores, plus total

number of arthropods). We also analyzed each feeding

group in a mixed model ANOVA with date as a

random factor.

For the manipulative experiment where we manu-

ally changed L. cuneata abundance, the plant data,

which was only measured once at the end of the

experiment, was analyzed by MANOVA (forbs,

grasses, and total as the three response variables),

followed by ANOVA for individual contrasts. For the

arthropods in the manipulative experiment, we first

analyzed the feeding groups (described above) in the

initial pre-manipulative sample (May) by one-way

ANOVA to determine if there were pre-existing

differences between treatment groups. The arthropod

abundance for feeding groups in the manipulative

experiment were then analyzed by repeated-measures

MANOVA (each sample date is treated as a dependent

variable), where a treatment 9 time interaction indi-

cated a difference in the slopes of the trend lines while

a between-subjects effect indicated relatively parallel

trend lines, but consistent differences between treat-

ments (Scheiner and Gurevitch 2001). This analysis

follows our hypothesis that at the start of the exper-

iment, the control plots would be different from the

two plots with L. cuneata initially present. Over the

course of the experiment, we predicted conditions in

the removal treatment would diverge from the

L. cuneata present plots so that by the end, the

L. cuneata removal and absent plots would be similar,

but statistically different from the plots where

L. cuneata remained. To understand the conditions

of the manipulative experiment at each time point, a

Tukey post hoc analysis was performed on all sample

dates. In all cases, plant biomass and arthropod

abundance data were checked for homogeneity of

variances before analysis and log10–transformed if

significant differences were found.

Using the abundance of arthropods in each taxo-

nomic order (and Formicidae for ants), we further
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analyzed the community data in the manipulative

experiment by (nMDS) analysis (Bray–Curtis dissim-

ilarity method). To test the null hypothesis that the

community structure was the same between treatment

groups at each date, we performed a permutational

multivariate analysis (PERMANOVA). We included

the four response variables on the nMDS figures that

caused the greatest differences in community

structure.

Data on plant nitrogen content were analyzed by

two-way ANOVA, with plant species and L. cuneata

presence as the two treatment variables, followed by

pairwise comparisons of each species if invasive plant

species presence was significant. Data on bird abun-

dance versus L. cuneata abundance were analyzed by

simple linear regression with % cover and total

insectivorous bird abundance as the two continuous

variables. For the ground arthropod predator samples,

each date was analyzed by one-way ANOVA. While

these data are presented as repeated samples, we were

not able to use exactly the same sampling locations for

pitfall traps (because of changing L. cuneata abun-

dance), so repeated-measures analysis was not

appropriate.

Results

Observationally, there was little evidence for a

relationship between L. cuneata percent cover and

abundance of arthropods from any major feeding

group (or total arthropod abundance) during any time

of the season (linear regression, Table 1, Supplemen-

tal Fig. S1). The only significant negative relationship

was between detritivore abundance and plant density

during the August sample. Our mixed model result

was similar, with the random factor date significant for

each feeding group plus total arthropod numbers,

while percent cover was marginally significant in

detritivores and non-significant for the other groups

(Table 1). We wish to note however that, due to the

high variability in arthropod numbers, power was low

for most relationships (0.05–0.99, but only two were

greater than 0.50). Therefore, this null result must be

interpreted with caution.

In the manipulative experiment (May–September,

2018), for plots where L. cuneata was left unmanip-

ulated, the mean amount of invasive plant at the end of

the experiment was 70.13 g/m2 (± 46.15 1SD) and

mean proportion of total biomass per plot was 0.71

(± 0.28 1SD). In removal plots, L. cuneata biomass

averaged 7.70 g/m2 (± 5.99 1SD) per plot and had a

mean proportion of total biomass of 0.22 (± 0.15

1SD) indicating that we were effective in reducing the

non-native species (9 9 higher in unmanipulated

plots). Live plant biomass at the end of the experiment

was significantly different between treatment groups

(MANOVA, F3,15 = 106.90, P\ 0.001, Fig. 1). Indi-

vidual analyses of native forbs, native grasses, and

total biomass were each significantly different (one-

way ANOVA, Fig. 1). The plots where L. cuneata

were manually removed tended to have native plant

biomass amounts intermediate between the high

native plant biomass in L. cuneata absent plots

compared to low native plant biomass in L. cuneata

present plots. These trends were similar for both native

forbs and native grasses and supported by the Tukey

test results, indicating that the removal treatment was

converging upon the absent plots that naturally lacked

L. cuneata. Plant species richness was not significantly

different between any treatments (one-way ANOVA,

F1,17 = 1.47, P = 0.258).

The major arthropod groups found in our experi-

ment were Acari, Collembola, Hemiptera, Hymenop-

tera, and Thysanoptera, which together composed over

80% of all collected individuals. In the initial sample

period (May), there was a significant treatment effect

on arthropods (MANOVA, F8,36 = 3.86, P = 0.002,

Fig. 2). For the individual groups (ANOVA), herbi-

vores (F2,21 = 15.32, P\ 0.001) and detritivores

(F2,21 = 9.99, P = 0.001), as well as total number of

arthropods (F2,21 = 4.90, P = 0.018) were signifi-

cantly different with the control plots (L. cuneata

naturally absent) having lower abundances compared

to the other two treatment groups. Carnivorous

arthropods were marginally significant (F2,21 = 3.48,

P = 0.05) and showed the same trend.

There was a significant treatment 9 time interac-

tion for herbivorous arthropods (log10-transformed

data, repeated measures MANOVA, F6,30 = 5.42,

P = 0.001, Fig. 2a). During the initial pre-manipula-

tion May sample, herbivorous arthropod abundance in

control plots was only about one-third of the abun-

dance found in both plots with L. cuneata, while in

June, abundance was about 25% higher in control plots

(L. cuneata absent plots). Between-subjects results

were non-significant (F2, 17 = 0.77, P = 0.48). By the

last sample, herbivorous arthropod abundance
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numbers were similar between all plots (Tukey test).

Carnivore abundance did not show a significant

treatment 9 time interaction (log10-transformed data,

repeated measures MANOVA F6,30 = 2.09,

P = 0.085), nor were the between-subjects results

significant (F2,17 = 2.42, P = 0.12, Fig. 2b). Detriti-

vore abundance showed a marginally significant

treatment 9 time interaction (log10—transformed

data, repeated measures MANOVA, F6,30 = 2.41,

P = 0.051, Fig. 2c), and the between subjects results

were nonsignificant (F2,17 = 1.13, P = 0.35). Tukey-

test results showed differences in the June and August

samples. For total arthropod abundance, there was a

significant treatment 9 time interaction (log10-trans-

formed data, repeated measures MANOVA,

F6,30 = 3.22, P = 0.015) while between subjects

Table 1 Relationship between L. cuneata percent cover and three different feeding groups of arthropods and total arthropod

numbers during four samples in the natural experiment

Individual analyses (simple linear regression)

Date Trophic level Coefficient Coefficient standard error F P R2 Power

May Herbivore - 14.26 18.80 0.575 0.46 0.039 0.12

May Carnivore 1.35 8.66 0.024 0.88 0.002 0.05

May Detritivore 3.05 6.92 0.195 0.67 0.014 0.07

May Total - 8.74 29.61 0.091 0.77 0.006 0.06

June Herbivore 12.05 44.71 0.073 0.79 0.005 0.06

June Carnivore - 5.56 10.51 0.279 0.61 0.020 0.08

June Detritivore - 14.12 26.89 0.276 0.61 0.019 0.08

June Total - 15.31 60.83 0.067 0.81 0.005 0.06

August Herbivore 25.25 19.92 1.607 0.23 0.110 0.24

August Carnivore - 1.17 5.69 0.043 0.84 0.003 0.05

August Detritivore - 32.16 13.86 5.383 0.04* 0.293 0.66

August Total - 8.09 31.42 0.067 0.80 0.005 0.06

September Herbivore 29.25 37.15 0.620 0.45 0.046 0.12

September Carnivore 4.74 11.15 0.181 0.68 0.014 0.07

September Detritivore - 33.63 38.50 0.763 0.40 0.055 0.14

September Total - 1.23 72.04 0.000 0.99 0.000 0.05

Mixed model analyses

Variable F P Power

Herbivores

% cover 0.62 0.43 0.12

Date 6.89 \ 0.001* 0.97

Carnivores

% cover 0.92 0.92 0.05

Date 6.82 0.001* 0.97

Detritivores

% cover 2.74 0.05 0.37

Date 6.75 0.001* 0.97

Total

% cover 0.14 0.71 0.99

Date 11.17 \ 0.001* 0.99

*Indicates significance P\ 0.05
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effects were non-significant (F2,17 = 0.05, P = 0.096).

Tukey test results found differences only in the May

and June samples with the trend being opposite in

those two samples; L. cuneata absent plots had lower

total abundance in May but higher total abundance in

June.

The ordination analysis found significant differ-

ences in community structure (PERMANOVA) for the

May (F = 5.38, P\ 0.001, Stress = 0.13), June

(F = 3.50, P = 0.002, Stress = 0.17), and August

(F = 2.70, P = 0.001, Stress = 0.21) samples, while

the September sample showed no significant differ-

ences (F = 1.40, P = 0.21, Stress = 0.14, Fig. 3).

Bray–Curtis dissimilarity index values were moder-

ately large between treatments, except during the

September sample (Table 2). In all three significant

samples, the absent plots (i.e., those naturally without

L. cuneata) were statistically different from both the

Fig. 1 Effect of L. cuneata removal experiment on biomass of

native plant species at the end of the experiment. Letters indicate

significant difference between treatment groups (Tukey post hoc

analysis)

Fig. 2 Effect on L. cuneata presence or removal on arthropod

feeding groups during one growing season in the L. cuneata
manipulation experiment for a herbivorous arthropods,

b carnivorous arthropods, c detritivorous arthropods, and d total

number of arthropods. Letters indicate significant difference

between treatment groups (Tukey post hoc analysis)
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experimentally removed (Removed) and natural pre-

sent (Present) plots. Graphical representation of these

relationships showed that, while statistically different,

there remained some overlap in community structure

during all samples (Fig. 3).

Nitrogen content in plant tissues was significantly

higher in areas with L. cuneata (two-way ANOVA,

F1,53 = 19.20, P\ 0.001) and significantly different

between species (F2,53 = 92.54, P\ 0.001), while the

interaction term was non-significant (F2,53 = 0.72,

P = 0.490). In all three species, the trend was for

higher N content in areas with L. cuneata presence,

while among the pairwise comparisons, only Am-

brosia artemisiifolia and Andropogon gerardii

showed a significant response to the invasive species.

Fig. 3 Results of ordination analysis of arthropod community

structure during four times sampled in the L. cuneata manip-

ulation experiment. Absent = L. cuneata naturally absent,

Removed = L. cuneata removed, Present = L. cuneata unma-

nipulated. Acar. = Acari, Form. = Formicidae,

Coll. = Collembola, Hym. = Hymenoptera (Formicidae

excluded), Col. = Coleoptera, Aran. = Araneae, Dip. = Dip-

tera, Hemi. = Hemiptera, Orth. = Orthoptera. a May, b June,

c August, d September

Table 2 Bray–Curtis dissimilarity index between three treatment groups in the L. cuneata manipulative experiment

Sample date C–R dissimilarity C–P dissimilarity R–P dissimilarity

5/17 58.59 52.84 41.92

6/17 34.53 33.29 27.93

8/17 41.60 50.17 44.63

9/17 28.99 24.49 27.53
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Five species of birds—dickcissel (Spiza ameri-

cana), red-winged blackbird (Agelaius phoeniceus),

grasshopper sparrow (Ammodramus savannarum),

northern bobwhite (Colinus virginianus), and Amer-

ican cliff swallow (Petrochelidon pyrrhonota)—made

up 94% of all birds recorded. Each of these species is

either an arthropod specialist or consumes large

quantities of arthropods (Rodewald 2015), especially

during breeding season. There was no relationship

between L. cuneata density and grassland bird abun-

dance during any time of the season (Table 3). The

same trend was present when the total number of birds

recorded for the entire season were summed and

compared to mean density of L. cuneata plants.

The ground predators, which mostly consisted of

cursorial spiders and ground beetles, were captured in

equal numbers during May (one-way ANOVA,

F1,38 = 0.02, P = 0.89) and September (one-way

ANOVA, F1,38 = 0.90, P = 0.81). In July, ground

predators were more than twice as abundant in

L. cuneata plots compared to L. cuneata-absent plots

(one-way ANOVA, F1,38 = 10.60, P = 0.002, Fig. 4).

Discussion

The native plant community responded rapidly to the

removal of the invasive plant Lespedeza cuneata. By

the end of the experiment, the biomass of native

grasses and forbs appeared to be approaching values

seen in plots where L. cuneata was absent. Since we

did not see an effect on plant species richness, we

assumed existing species were simply increasing in

biomass. However, we suspect that an additional

growing season would have been necessary for a

return to pre-invasion conditions. Although the effect

on the plant community was pronounced, there was a

surprisingly weak effect of L. cuneata on the arthropod

community. The response of arthropods was also

seasonally variable, with abundance of herbivores,

carnivores, and detritivores, as well as total arthropod

numbers, generally higher in L. cuneata plots in the

spring, lower during the summer, and nearly identical

to other treatments near the end of the growing season.

According to the nMDS analysis, community structure

was also seasonally variable with significant differ-

ences and identity of taxonomic groups differing

according to which month the samples were obtained

(Fig. 5).

These weak effects were also seen in our observa-

tional study, in which L. cuneata density was generally

not correlated with arthropod abundance, even though

we were able to measure a range of L. cuneata from

zero to over 90% cover. Considering that native plant

biomass was considerably lower in plots with

Table 3 Relationship between L. cuneata abundance and grassland bird abundance during four sampling dates and for all four dates

combined

Sample Coefficient Coefficient standard error F P R2

May 0.003 0.005 0.49 0.62 0.01

June 0.003 0.004 0.45 0.51 0.02

August - 0.003 0.005 0.48 0.50 0.02

September 0.007 0.006 1.36 0.26 0.06

Combined 0.001 0.003 0.22 0.64 0.01

Simple linear regression

Fig. 4 Number of carnivorous arthropod ground predators

captured in pitfall traps in L. cuneata areas versus areas without
the invasive plant
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L. cuneata, and that L. cuneata is not a preferred food

source for most native arthropods (Menhinick 1967;

Brandon et al. 2004; Han et al. 2008), we speculated

that L. cuneata may be causing changes in the system

that ameliorates the strongly negative effects on the

plant community.

We tested three hypotheses that might explain the

muted effect of L. cuneata on the arthropod commu-

nity. Our first hypothesis was a bottom-up effect of a

modified nitrogen cycle from the presence of the

invasive plant. Nitrogen content of native plants was

significantly higher in L. cuneata plots compared to

plots in which the invasive was absent. We argue the

nitrogen enhancement of surviving native plants

represents higher plant quality. Many herbivorous

arthropods are nitrogen limited (Mattson 1980;

Ritchie 2000), so although L. cuneata displaces a

large proportion of native plant biomass, that biomass

which remains is a better food source. As has been

shown in many studies, plant quality can be a much

stronger influence on food web characteristics com-

pared to plant quantity (Hunter 2016). Therefore, the

nitrogen fixing ability of L. cuneata could be com-

pensatory, increasing plant quality, and subsequently

limiting cascading effects through the food web. One

potential long-term negative feedback could be

increases in native plant quality could enhance

arthropod herbivory levels on these species, further

increasing the competitive advantage of L. cuneata,

which generally lacks arthropod herbivores in this

system.

One might also argue that L. cuneata was simply

colonizing areas with pre-existing higher soil N levels,

a potentially confounding effect in our experimental

design. However, it has been shown that this invasive

species more readily invades areas of low nitrogen

(Houseman et al. 2014) and is partly inhibited in high

nitrogen areas. Therefore, we believe the nitrogen

response we detected is a real effect of L. cuneata

invasion and not an experimental artifact.

If habitat use by insectivorous birds in L. cuneata

infested plots was reduced, lower predation rates on

arthropods would be predicted. However, bird abun-

dance was not significantly correlated with L. cuneata

abundance. Therefore, variation in bird predation is

unlikely to explain our results. Ground arthropod

predator abundance may partially explain some of our

foliar arthropod results, however. These predators

were more abundant in L. cuneata areas in the

summer, corresponding to a time when foliar arthro-

pod abundance was generally lower in L. cuneata plots

compared to control plots. However, it should be noted

that we predicted lower foliar arthropod numbers

regardless of ground predator abundance, so it is

unclear if these responses are related. Additionally,

ground predator abundance would not explain the

early season foliar arthropod patterns, where foliar

arthropod numbers were generally higher in

L. cuneata plots and ground predator numbers were

unchanged. In terms of a mechanism for our ground

predator results, we suggest that L. cuneata areas are

preferentially utilized by ground predators in summer

for thermoregulation. Lespedeza cuneata grows tall

and branching by mid-summer, shading the ground

(Allred et al. 2010), a stark contrast to the surrounding

prairie which tends to have areas of sunlight penetrat-

ing to the surface, especially in grazed areas. Since this

region is characterized by high temperatures in the

mid-summer (over 35 �C many days), it would be

logical to assume that large ectothermic ground

predators may choose the shaded areas that

L. cuneata provides during these times.

Our manipulative study was conducted for one

growing season and the plant community only

partially recovered in our L. cuneata removal plots,

so more time might be necessary for the arthropods to

respond fully. However, our natural experiment,

where L. cuneata had been presumably established

for multiple years, also found little effect on arthro-

pods These results, combined with our small and

Fig. 5 Comparison of nitrogen content (NO-3 PPM) in three

different species of plants growing in the presence and absence

of L. cuneata. Closed bars = L. cuneata present, open

bars = L. cuneata absent
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seasonally variable effects in the manipulative exper-

iment, indicate a relatively weak response (although

seasonally variable) of the arthropod community to

this invasive plant. Furthermore, dissimilarity mea-

sures in our ordination analyses between treatments

plots before L. cuneata removal were similar to those

after removal, which also supports a notion of a

relatively small effect. It should be noted though that

particular groups of arthropods, notably Formicidae,

Acari, and Hymenoptera (minus ants) were found to be

strong contributors to differences in community

during multiple sample dates. In our removal exper-

iment, plots were in close proximity to each other, so

we assumed that arthropods could move freely and

occupy sites where L. cuneata was removed.

Our study shows that the effect of this invasive

plant appears to attenuate through the food web,

severely affecting plant community structure (Bran-

don et al. 2004; Ohlenbush et al. 2001), but having

limited effects on arthropods and apparently causing

no effects on at least one higher level of the food web

(e.g., birds). Numerous studies have investigated the

effect of invasive plants on native plant communities,

but far fewer investigate cascading food web effects

(for review, see Schirmel et al. 2016). At least in this

case, it does not appear the plant effects are commen-

surate with the consumer effects, a pattern seen in

reviews of plant invasions (Vilà et al. 2011; Pyšek

et al. 2012), including analyses that have shown weak

effects in grassland systems (McCary et al. 2016,

although individual studies have shown strong bot-

tom-up effects of invasive species, Simao et al. 2010).

Reviews of invasive plant effects on birds have also

found weak effects on this important consumer group

(Nelson et al. 2017). We suggest that the changes in

soil chemistry and subsequent changes in plant quality

shown here with L. cuneata presence (Yannarell et al.

2011; Coykendall and Houseman 2014) act as a

moderating effect on ecosystem function. This change

in function is therefore making this consumer com-

munity at least partially resistant to invasion of this

species. While there may still be changes to overall

community structure, as seen in our ordination anal-

yses, there do not appear to be drastic changes in

overall arthropod abundance.

In light of our findings, we suggest that tallgrass

prairie management practices can be refocused on

moderate control of L. cuneata, rather than eradica-

tion. Moderate control over the spread of this invasive

legume can save human and monetary resources,

while still having positive effects on native plant

species. Even in our plots where we attempted to

remove the invasive species, it still was present in

small amounts. Yet, native plant species had already

begun to recover toward biomass levels seen in areas

where L. cuneata was absent. The intensive method of

eliminating L. cuneata, typically involving repeated

herbicide treatments, can harm surrounding native

species and does not lead to long-term eradication.

While some invasive plants need intense vigilance in

management, L. cuneata control that limits effects on

this ecosystem may be achieved with more modest

efforts. For instance, other studies have shown that

using fire and grazing regimes that are historically

found in the Flint Hills is more effective than chemical

techniques (Fuhlendorf and Engle 2004; Cummings

et al. 2007). A patch-burn fire regime in conjunction

with native (bison) or exotic (cattle) grazers appears to

be effective in limiting the abundance of L. cuneata

(Cummings et al. 2007). We therefore argue that

reestablishing the historical ecological interactions

(i.e., fire and grazing regimes) of this endangered

ecosystem may be the most effective way to mitigate

the negative effects of this invasive species.
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