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Abstract. Ecological restoration seeks to reestablish functioning ecosystems, but planning
and evaluation often focus on taxonomic community structure and neglect consumers and
their functional roles. The functional trait composition of insect assemblages, which make up
the majority of animal diversity in many systems, can reveal how they are affected by restora-
tion management and the consequences for ecosystem function. We sampled ground beetle
(Coleoptera: Carabidae) assemblages in restored tallgrass prairies varying in management with
prescribed fire and reintroduced American bison (Bison bison) to describe their taxonomic and
functional trait structure. We also measured seed and arthropod predation to relate manage-
ment, beetle assemblage characteristics, and function, and to test if function is maximized by
trait diversity, dominant trait values, or beetle abundance. Beetle assemblages primarily varied
with restoration age, declining over time in richness and both taxonomic and functional diver-
sity, but bison presence also influenced taxonomic composition. Prescribed fire reduced seed
predation in summer and arthropod predation in fall. Although seed predation was unrelated
to beetle assemblages, arthropod predation was greater in sites with higher abundances of car-
nivorous ground beetles. The relatively weak impacts of fire and bison on functional assem-
blage structure is a promising sign that these management disturbances, aimed at supporting a
diverse native plant community, are not detrimental to beetle assemblages. The significance of
reduced predator function following prescribed fire will depend on the restoration context and
whether seed or arthropod predation relates to management goals.

Key words: Carabidae; functional diversity; functional trait; insect community; predation; tallgrass
prairie.

INTRODUCTION

A goal of ecological restoration is to reestablish
ecosystem function, but in many cases evaluations of
restoration activities primarily focus on community
taxonomic diversity or composition, overlooking the
functional structure of communities (Rey Benayas
et al. 2009, Suding 2011, McDonald et al. 2016,
Brudvig et al. 2017, Jones et al. 2018). Examining
functional trait values and diversity in the communi-
ties of restored ecosystems may provide novel infor-
mation about the impacts and successes of restoration
management activities beyond what species identities
alone can provide. Functional traits are the

characteristics of an organism that determine its
response to an environment or effect on a given
ecosystem function (Violle et al. 2007), and the
importance of trait-based perspectives to explain rela-
tionships between biodiversity and ecosystem function
are widely recognized (Hooper et al. 2005, Cadotte
et al. 2011, Cardinale et al. 2012).
Another potential shortcoming in restoration assess-

ments is a focus on plants at the exclusion of other
organisms. Management actions in restored habitats are
often limited to plant communities even though animals
make important contributions to functions such as pre-
dation, herbivory, and decomposition (Losey and
Vaughan 2006, McAlpine et al. 2016). In particular,
insect communities may represent the majority of animal
species diversity in a restored habitat and they support
critical functions as predators, prey, decomposers, polli-
nators, seed dispersers, ecosystem engineers, and other
roles (Weisser and Siemann 2008). Nonetheless, insects
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are often overlooked in ecological restoration planning
and assessment, although attention to pollinator com-
munities has increased (Wodika and Baer 2015, Griffin
et al. 2017, Tonietto et al. 2017, Luong et al. 2019, Mon-
toya-Pfeiffer et al. 2019). A more complete understand-
ing of functional restoration will require ecologists to
examine insect community responses to restoration and
management activities.
In restored grasslands, grazing and fire are two impor-

tant disturbances that are used by land managers to
mimic historical disturbance regimes (Packard and
Mutel 2005, Bowles and Jones 2013). Both grazing
mammals and prescribed fire cause environmental varia-
tion that can shape the taxonomic and functional struc-
ture of plant (Collins et al. 1998, Coppedge and Shaw
1998, Towne et al. 2005, Collins and Smith 2006, Spaso-
jevic et al. 2010) and consumer communities (Vogel et al.
2007, Powell 2008, Ricketts and Sandercock 2016).
Grassland plant communities also undergo succession
following restoration activities, leading to changes in
plant diversity and structure over time that influence
diversity and composition of insects and other con-
sumers. Ground beetles (Coleoptera: Carabidae) are a
diverse insect family present in most terrestrial ecosys-
tems worldwide, including grasslands, where they can fill
important functional roles as predators of seeds and
other arthropods (Lovei and Sunderland 1996, Vanber-
gen et al. 2005, McCravy and Lundgren 2011). Ground
beetles have been used as indicators of land use changes
and environmental effects because their assemblage
diversity and composition respond to environmental
variation (Rainio and Niemel€a 2003, Langor and Spence
2006, Barber et al. 2017b). These assemblage responses
to habitat management and environmental variation,
and resulting changes in beetles’ predatory impacts, are
determined in large part by the functional traits of spe-
cies in the assemblages (Gerisch 2014, Bargmann et al.
2016, Barber et al. 2017b).
One outstanding question in the role of functional

traits and ecosystem function is whether functions are
promoted by a diversity of trait values, by dominance of
a particular trait value, or simply by the abundance of
organisms contributing to the function regardless of
their traits (Gagic et al. 2015). In the first case, comple-
mentarity of multiple trait values, reflected in multivari-
ate functional diversity, may result in greater function
(Hillebrand and Matthiessen 2009). In the second sce-
nario, communities in which species with a particular
value of a trait (or small number of traits) are more
abundant will have the greatest function because this
trait is directly tied to the function of interest (Garnier
et al. 2004). These can be described with mean trait val-
ues in a community or the proportion of individuals in
the community possessing that trait value. Finally, if
trait diversity or differences in trait identity between spe-
cies are unimportant, and all species contribute to func-
tion similarly, then total abundance or biomass of the
community will predict function (Gagic et al. 2015). If

ecosystem restoration and management activities drive
variation in the abundance and functional trait structure
of ground beetle communities, then restorations present
an opportunity to test this basic ecological question and
help reveal the mechanism underlying these trait–func-
tion relationships.
Here we investigated the impacts of fire and grazing

management in restored tallgrass prairies on the func-
tional trait structure and predation effects of ground
beetles. We described ground beetle assemblages from
both taxonomic and functional trait perspectives, and
we measured seed and arthropod predation. Working in
restorations that vary in age, presence of bison, and
recent fire history allowed us to address two objectives.
First, we documented how restoration characteristics
shape grassland beetle communities from taxonomic and
functional perspectives. Second, because we quantified
both functional trait diversity and community trait pro-
portions, we additionally evaluated whether predator
functions are best predicted by trait diversity, particular
trait values, or the overall abundance of ground beetles.
In this way, we use restoration ecology to inform general
ecological knowledge on consumer trait–function rela-
tionships (Palmer et al. 1997).

METHODS

Study site

This study was part of the Restoring Function in
Grassland Ecosystems (ReFuGE) project and took place
at Nachusa Grasslands, a 1,500-ha ecological restoration
project consisting largely of restored and remnant tall-
grass prairie in Lee and Ogle Counties, Illinois, USA.
Restoration activities generally consist of seeding a
diverse mix of native forbs and grasses into former agri-
cultural fields (corn–soy rotation). Sites receive pre-
scribed fire in early spring or late fall, with most sites
burned every 2–3 yr (see Hansen and Gibson [2014] for
more details). American bison (Bison bison) were rein-
troduced to a portion of the site in October 2014. In
2018, when this study took place, there were 132 bison,
including calves born in 2018, in the 600 contiguous and
connected hectares to which bison had access (0.22
bison/ha, or 0.196 animal units/ha accounting for varia-
tion in age and sex).
We selected 15 restored prairies that ranged from 3 to

31 yr since planting in the study year. We also selected
two prairie remnants, sites that were never converted to
agricultural fields and maintain prairie plant communi-
ties, but were likely grazed prior to the 1980s. We estab-
lished 22 60 9 60 m research grids for pitfall trapping
and/or predator assays in these sites, with some sites hav-
ing two or three grids (Table 1). Sites were 5.6–20.6 ha
in area and were separated from each other by 0.1–
5.0 km. Nachusa exists within an agricultural matrix,
and most sites are adjacent to both row crops (corn or
soybean) and other restored or remnant prairie. Seven of
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the restorations and one remnant were inside the 600-ha
bison unit, enclosed by a fence, in which bison move
freely. All other sites have no bison present, and there
are no cattle or other livestock at Nachusa. Bison or
bison dung were observed in all sites within the bison
unit during our study. In 2018, eight of the restoration
grids and both remnants received prescribed burns, and
another burned when a neighbor’s lawnmower caught
on fire and the fire spread through most of the restora-
tion (a prescribed fire 2 d later burned the remainder of
the site). All fires occurred between 4 March and 17
April 2018. The remaining restorations had not been
burned since 2016 or 2017. Because prescribed fires are
applied to entire sites, and because bison have freedom
to access all of the sites in the bison unit, management
treatments occur at significantly larger scales than our
sampling areas. This ensures that bison, fire, and age
characteristics of each site apply to the sampling area of
our pitfall trap arrays (see ’Beetle sampling’ below).

Beetle sampling

We used pitfall traps to sample ground-dwelling
arthropods in spring, summer, and fall on 18 of the
restorations and both remnants. The restorations

included four with bison and prescribed fire in the study
year, three with only bison, six with only fire, and five
with neither bison nor fire (Table 1). We installed two
trap arrays, each consisting of five pitfall traps, at two
opposite corners of each research grid, with traps in each
array spaced 5 m apart and the center of the arrays sepa-
rated by 99 m. Traps were 12.1 cm deep and openings
were 9.5 cm diameter. We baited the center trap in each
array with fresh bison dung as part of a related study of
dung beetles (Hosler et al., in press). We half-filled each
trap with a 1:1 mixture of propylene glycol and water
and covered it with wire mesh (2.5-cm openings) to
exclude vertebrates. We opened traps 23 May–12 June,
9–16 July, and 14–21 September and pooled the contents
of the 10 traps per site in each sampling session.
We sorted ground beetles from other arthropods and

identified them to species or morphospecies using keys
for Carabidae (Ciegler 2000, Arnett et al. 2002, Bous-
quet 2010). We selected traits related to beetle fecundity,
foraging capability, dispersal, and resource usage (Foun-
tain-Jones et al. 2015, Brousseau et al. 2018) that deter-
mine community membership, density, and ecological
roles: body size (midpoint of body length range listed in
literature) relates to response to land management
intensity or disturbance, fecundity rates, and food
consumption rates; wing morphology (macropterous,
brachypterous, or dimorphic) determines dispersal abil-
ity, with flighted species colonizing habitats more rapidly
and responding more positively to management inten-
sity; activity time (nocturnal, diurnal, or cathemeral)
affects prey and predator species encountered; breeding
season (spring, summer, fall, or all) can mediate
responses to changes in plant community structure and
composition or to habitat heterogeneity; and adult diet
(herbivorous, carnivorous, or omnivorous) directly
relates to seed- and arthropod-predator function (Ribera
et al. 2001, Kotze et al. 2003, Larochelle and Larivi�ere
2003, Barbaro and Halder 2009, Brooks et al. 2012,
Fountain-Jones et al. 2015, Barber et al. 2017b;
Appendix S1: Table S1).

Predation assays

We estimated predator function by measuring seed
and arthropod predation in all sites, including the two
restorations not used for beetle sampling (Table 1). To
measure seed predation, we placed prairie plant seeds in
a petri dish with a thin layer of sand to replicate natural
soil conditions. Following Zirbel et al. (2017), we used
20 seeds of four prairie plant species (Desmodium
canadensis, Sorgastrum nutans, Rudbeckia hirta, and
Monarda fistulosa). We placed five dishes, covered with a
wire cage to exclude mammals and birds, on the ground
10 m apart along a 40-m transect on 10 July. After 48 h,
we collected and air-dried dishes for a minimum of 48 h
before counting the remaining number of seeds and cal-
culating the average number of remaining seeds for the
five dishes in each site.

TABLE 1. Characteristics of restored and remnant prairie
study sites.

Site Age (yr) Bison Fire

Crew15† 3 N Y
HF 5 Y Y
HPN 6 Y N
LOW 7 Y N
SB 9 N N
SBEE 9 N N
SBEW 9 N N
CCW 10 N Y
CCWE 10 N Y
HPW 10 Y Y
FC 12 N Y
CCE 11 N N
CCEE 11 N N
SFW† 16 N Y
TC 16 N Y
TCE 16 N Y
HLP 17 Y Y
SF 17 N N
WH 26 Y N
MU 31 Y Y
MUR Remnant Y Y
TCR Remnant N Y

Note: Age indicates number of growing seasons since a site
was restored, bison indicates the presence (Y) or absence (N) of
reintroduced bison, and fire indicates if the site received pre-
scribed fire since the previous growing season (i.e., in the spring
prior to the 2018 study season).
† Restorations not included in ground beetle sampling but used

for predator assays.
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We measured arthropod predation by securing four
wax worm larvae (Galleria mellonella, Lepidoptera:
Pyralidae) to a petri dish and added a thin layer of sand,
again following Zirbel et al. (2017). Lepidoptera larvae
are common prey items of carnivorous ground beetles
(Larochelle and Larivi�ere 2003). As in the seed predation
assay, we placed five dishes in the same locations as the
seed predation dishes and covered them with wire cages.
We collected the dishes after 24 h and recorded wax-
worm fates. Because some wax worms were partially
consumed, we estimated remaining wax worms to the
nearest quarter (i.e., fully consumed wax worms = 0
remaining, half-consumed = 0.5 remaining, etc.) and
calculated the average wax worms remaining for each
site. We carried out arthropod predation assays on 12
July and 14 September, concurrent with the July and
September trapping sessions.

Taxonomic and functional trait community metrics

Ground beetle and other ground-dwelling arthropod
densities determined from pitfall traps usually are
expressed as “activity densities,” which acknowledges
that capture rates incorporate both abundance and
activity of arthropods in the trap area (Thomas et al.
1998). We calculated activity density and rarefied species
richness using ChaoRichness() in the iNEXT package of
R (Chao et al. 2014) because species accumulation
curves indicated rarefaction was justified (Appendix S1:
Fig. S1). To describe functional trait diversity, we calcu-
lated four complementary metrics from the trait values
of species in each assemblage. These metrics were func-
tional richness (FRic), functional evenness (FEve), func-
tional dispersion (FDis), and functional divergence
(FDiv; Mason et al. 2005, Vill�eger et al. 2008, Lalibert�e
and Legendre 2010, Mouillot et al. 2013). FRic repre-
sents the range of functional trait values within the niche
space, while FEve describes the distribution of species
within that space (Mason et al. 2005). FDiv measures
how much of a community is represented by individuals
belonging to species with more extreme trait combina-
tions, and FDis reflects how much species in a commu-
nity differ from the center of multivariate trait space
(Mouillot et al. 2013). FEve, FDis, and FDiv were
weighted by species abundance (i.e., activity density).
For the assemblage at each research grid, we calculated
community-weighted means (CWMs) for body size, our
only continuous trait, and the proportion of individuals
with a trait value for the other categorical traits.

Analysis

We determined how restoration characteristics
affected ground beetle activity density (total, herbivore/
omnivore, and carnivore), rarefied richness, and func-
tional diversity metrics using linear models with bison
(present/absent), prescribed burn (present/absent in
study year), and restoration age (years since planting) as

independent variables. We did not include interactions in
models because of the limited number of restorations
studied. We excluded remnants from these models
because they do not have an age and because their
edaphic characteristics and management histories are so
different from restorations, but we depict them in figures
for comparison. Activity density, FRic, and FEve were
log-transformed to meet assumptions of normality and
homoscedasticity. Fixed factors were evaluated with F
tests using Type II tests in the Anova() function of the
car package (Fox et al. 2007) in R. To examine taxo-
nomic composition of beetle assemblages, we used dis-
tance-based redundancy analysis (dbRDA, Legendre
and Anderson 1999) based on Bray-Curtis distances of
species’ activity densities using the R package vegan
(Oksanen et al. 2013), with the same explanatory vari-
ables and activity densities each species standardized to
proportion of the assemblage so each assemblage
summed to 1. We evaluated bison, fire, and age
using permutational Type II marginal tests with 9,999
permutations.
To understand how restoration characteristics affected

the individual traits of each community, we analyzed
body size CWM (a continuous trait), and the proportion
of individuals in each community with particular cate-
gorical trait values: brachypterous wing morphology,
carnivorous diet, spring phenology, and diurnal activity.
Body size was analyzed with a linear model as above,
while the proportions were analyzed using binomial gen-
eralized linear models (GLMs). All binomial models
were overdispersed, so we specified quasibinomial error
distribution. Fixed factors were the same and evaluated
as above.
We related seed- and arthropod-predator function to

restoration characteristics and the ground beetle com-
munities in two ways. First, we analyzed how predation
varied with bison, prescribed burns, and restoration age
using binomial GLMs. The seed predation assay and
both arthropod predation assay sessions were each ana-
lyzed with a separate model, and fixed factors were eval-
uated with Type II tests. Next, we determined if
predation rates were predicted by ground beetle assem-
blage structure (including remnants, but not the two
restorations in which beetles were not sampled) by relat-
ing predation rates to total beetle activity density, rar-
efied richness, each functional diversity metric, or
individual traits (body size CWM or proportion of indi-
vidual trait categories). Each beetle community charac-
teristic was included as a fixed factor in a model, and
models were compared using AICc. For the seed preda-
tion candidate model set, trait categories included pro-
portions that were brachypterous, spring active,
herbivore/omnivore, and diurnal, as well as the activity
density of just herbivores/omnivores. Strict herbivores
generally made up a very small proportion of the com-
munities, so we combined them with omnivores (many
of which are primarily seed-eating species). For arthro-
pod predation candidate models, the same trait
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categories were included, except that proportion and
activity density of carnivores was substituted for herbi-
vores/omnivores. Community characteristics were calcu-
lated from trapping session-specific captures; that is, the
July seed predation and arthropod predation assays were
analyzed using the July trapping session captures, and
the September arthropod predation assay was analyzed
using the September trapping session captures. Each
model set also included a null (intercept only) model.

RESULTS

We captured 3,214 ground beetles of 40 species or
morphospecies in restorations, plus an additional 432
beetles of 21 species in the two remnants (no species were
unique to remnants). Five species represented >75% of
the individuals captured in restorations: Cyclotrachelus
seximpressus, C. sodalist, Chlaenius platyderus, Pteros-
tichus permundus, and Cicindela sexguttata (Table S8).
Ground beetle assemblages were primarily shaped by
restoration age, with some effects of bison presence and
no detected changes due to prescribed burns. Activity
density increased with restoration age, and rarefied rich-
ness declined with age, but both were unaffected by
bison or prescribed burns (Appendix S1: Table S2,
Fig. 1). Shannon diversity declined with age but was also
reduced in sites with bison present (Fig. 1). Taxonomic
composition of beetle assemblages was significantly
related to both age and bison presence (Appendix S1:
Table S4, Fig. 2). Three of the four metrics of functional
diversity (FRic, FEve, and FDis) declined with restora-
tion age, but bison and prescribed burns did not affect
functional diversity (Fig. 1).
Restoration age also shaped ground beetle community

functional trait composition (Appendix S1: Table S3).
Older restorations had beetles with greater size (body
size CWM) and communities with a greater proportion
of brachypterous, carnivorous, and nocturnal species
(Fig. 3). Older restorations also had fewer spring-active
species than younger restorations, and spring-active bee-
tles were marginally reduced following prescribed burns
(Fig. 3).
Seed and arthropod predation were unaffected by

restoration age or bison presence, but predation rates
were lower in sites that had received prescribed fire,
although the effect was marginally significant in the first
arthropod predation assay (Appendix S1: Table S5,
Fig. 4A–C). The top-ranked seed predation model was
the null model (Appendix S1: Table S6); although DAICc

was <2 for the model containing rarefied richness, there
was no significant relationship between seed predation
and richness (F1,18 = 2.50, P = 0.131). Similarly, the null
model was the top-ranked for the first predation assay
(Appendix S1: Table S6); the proportion of spring-active
beetles model was second (DAICc < 2) but non-signifi-
cant (F1,18 = 2.43, P = 0.136). However, for the second
predation assay, the top models as carnivore activity
density, with proportion carnivores and total activity

density third and fourth (after the null model, all
DAICc < 2), and together these three models accounted
for 0.507 of model weights (Appendix S1: Table S6).
Because carnivores made up the majority of beetles in
the trapping session, carnivore activity density and total
activity density were highly correlated (r = 0.977), so
these models were very similar. Removing the total activ-
ity density model from the candidate model set increased
the weight of the other two models. Arthropod preda-
tion significantly increased with greater September car-
nivore activity density (F1,18 = 4.42, P < 0.050,
Fig. 4D). Further, September carnivore activity density
was significantly higher in sites that received prescribed
fire (Appendix S1: Table S7).

DISCUSSION

We examined ground beetle assemblages in restored
grasslands from taxonomic and functional trait perspec-
tives. Diversity, composition, and functional structure of
the assemblage was most strongly related to restoration
age, mirroring the vegetation changes that take place in
the decades after a prairie is replanted. The presence of
reintroduced bison changed taxonomic composition and
reduced diversity of beetles but had little impact on func-
tional trait structure or predatory function. On the other
hand, there were few effects of prescribed fire on the
assemblage as a whole, but there were significant effects
on both seed and arthropod predation. Although only
one measure of function (fall arthropod predation) was
related to the ground beetle community, results did not
support the hypothesis that function is maximized by
trait diversity.

Ground beetle assemblage

The reintroduction of bison led to changes in the taxo-
nomic composition of ground beetle communities, with
a significantly different assemblage structure compared
to sites where restoration management has proceeded
without bison. For example, Chlaenius platyderus was
more predominant in bison sites, while Anisodactylus
rusticus, Pterostichus melanarius, and P. stygicus were
more likely to occur in sites without bison. Shannon
diversity was also lower with bison, although the magni-
tude of this effect was quite small. However, these differ-
ences in taxonomic composition and diversity were
mostly unrelated to the traits we examined, with the
exception of diet. Carnivorous beetles generally made up
a smaller proportion of the community in bison sites, a
pattern that may have been driven in part by the higher
abundance of C. platyderus, which eat both animal and
plant material, and lower abundances of the carnivorous
Pterostichus species identified above (Larochelle and
Larivi�ere 2003). Grazing and other disturbances affect
ground beetle composition in similar habitats: high- vs.
low-intensity grazing resulted in significantly different
species composition in shrublands (Kaltsas et al. 2013).
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The same study also found that abundance and diver-
sity were starkly reduced under high grazing pressure.
The relatively low density of bison at our sites likely
represents much lower grazing pressure, and we do not
see such strong effects on activity density or Shannon
diversity. Fewer carnivorous beetles align with findings

that plant- and seed-eating ground beetles are more
common under disturbances (Ribera et al. 2001); bison
might be increasing the relative proportion of herbivo-
rous species if seed production of some plants is greater
following grazing on competitors (Damhoureyeh and
Hartnett 1997). It is also possible that bison activity
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reduced the abundance of arthropod prey for carnivo-
rous beetles, as in seminatural grasslands where cattle
grazing significantly reduced butterfly and moth abun-
dances (P€oyry et al. 2004) or arid meadows where
insects were significantly less abundant when exposed
to grazing by cattle, elk, and deer (Rambo and Faeth
1999). But other investigations of bison grazing in
North American tallgrass prairies have generally found
the opposite pattern: overall arthropod abundances
increase with bison presence (Joern 2004, 2005, Moran
2014).
On the other hand, prescribed fire had little impact on

ground beetle assemblages from either taxonomic or
functional trait perspectives. The only trait measurement
related to fire was phenology: spring-active beetles made
up a smaller proportion of the overall community in
sites that had received fire prior to the growing season in
which sampling occurred. Burns occurred in March and
April, and trapping commenced in late May. The most
immediate impact of prescribed fire is the near-total
elimination of aboveground thatch, in contrast to
unburned sites where dead plant material is present and
frequently standing >1 m in height. By the time trapping
began, however, new vegetation growth was approxi-
mately 0.5 m high. Spring-active species could have been
directly reduced by fire mortality (Harper et al. 2000,

FIG. 2. Results of distance-based redundancy analysis
(dbRDA) of ground beetle assemblages in restored prairies. Cir-
cles represent sites with bison, squares are sites without bison,
and ellipses are 1 SD. Circles and squares with heavier outline
are sites that received prescribed fire. Numbers in each point are
the age of the restoration in years. For statistical results, see
Appendix S1: Table S4.
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Panzer 2002), although ground-dwelling arthropods
might be more likely to find safe refuge during a fire
than those diapausing within plant tissues. Species over-
wintering as larvae or pupae in the soil would also likely
be protected from fires. Prescribed fire increased ground
beetle abundance and richness, but reduced diversity
and evenness, in a smaller-scale restored tallgrass prairie
(Larsen and Williams 1999), but the adjacency of
unburned patches may have facilitated these higher
abundances. We identified one other impact of fire on
trait patterns when examining possible mechanisms for
increased arthropod predation in fall (see ’Predator
function’ below). The activity density of carnivorous
beetles was significantly lower in burned sites even
though fires took place at least five months earlier. This
could be related to reduced spring-active arthropods if it
results in lower prey availability for carnivores or directly
kills individuals of species that have a long activity per-
iod (i.e., reproducing early in the year but active through
the fall).
Overall fire and bison management, which mostly is

focused on plants in these restored tallgrass prairies, is

not having negative impacts on ground beetle assem-
blages. That is, neither management action is causing
severe declines in density or diversity. Given the necessity
of fire to maintain grassland physiognomy by suppress-
ing woody plants and to limit the spread of problematic
exotic weeds (Packard and Mutel 2005), and the poten-
tial of bison grazing to enhance floristic diversity (Elson
and Hartnett 2017), this is a promising sign that prairie
restoration management may support (or at least not
diminish) consumer taxonomic and functional diversity.
Management disturbances can be detrimental to large-
bodied ground beetles (Ribera et al. 2001), and earlier
surveys at this same study site suggested that prescribed
fire may have negatively affected large species (Barber
et al. 2017b), but we find no such pattern here. Rather,
community-weighted mean body size significantly
increases as restorations get older, which may be a sign
of recovery from a legacy of agricultural disturbances.
Because large body size and a brachypterous (wingless)
state commonly co-occur in the species we document,
the recovery of these larger, dispersal-limited species is
likely to take time.
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Time, the number of years since restoration occurred
at a site, was the dominant driver in the structure of this
beetle assemblage, and these effects were evident in both
taxonomic and functional trait measurements. Although
activity density increased with age, such that higher
abundances of beetles generally occurred in older
restorations, almost all measures of taxonomic and func-
tional diversity declined. Older restorations were domi-
nated by a smaller number of species, reducing Shannon
diversity, and the common trait values of these domi-
nant species caused declines in three of the four metrics
of functional diversity. A decline in functional richness is
consistent with previous results (Barber et al. 2017b) and
expected when species richness declines because there
are likely to be fewer trait combinations present. But this
earlier work found no relationship between restoration
age and functional evenness or dispersion, as well as an
increase in functional divergence, while the two former
metrics declined sharply in the present study. The earlier
work sampled this chronosequence in just the first few
years of growth for the youngest sites when they were
characterized by high abundances of ruderal species
such as Harpalus pensylvanicus, Poecilus chalcites, and
Notiobia spp. All of these species were rare in the current
study, where the youngest site was 5 yr old. Here we find
strong evidence that the ground beetle assemblages in
mature, established restorations continue to lose trait
diversity. Animal functional diversity can be supported
by plant and habitat heterogeneity. Patchy disturbances
that create this heterogeneity may increase functional
diversity, which then declines over time as habitats
become more homogenous (Sitters et al. 2016). Simi-
larly, the loss of beetle functional diversity in our study
might be in part due to the transition from newly estab-
lished prairie restorations to older sites with reduced
plant diversity and heterogeneity (Hansen and Gibson
2014, Barber et al. 2017a).
Restoration age also could interact with bison pres-

ence or prescribed fire such that management distur-
bances have different impacts on older vs. young
restorations, although the limited sample size of our
landscape-scale study precluded statistical analysis of
these potential interactions. Greater bison impacts
might be predicted in older restorations where grasses
are more dominant because grasses are their preferred
forage (Knapp et al. 1999). But bison probably respond
more strongly to fire, selecting recently burned areas for
grazing regardless of age because of the availability of
palatable new growth (Fuhlendorf and Engle 2004).
Because fires are prescribed by managers across sites of
all ages, this would tend to distribute bison among dif-
ferent-aged restorations and reduce bison–age interac-
tions. Bison and non-bison sites differed in beetle
taxonomic composition (Fig. 2), but the differences
appear weaker among older restorations. If, over the
long term, bison impacts increase plant diversity and
vegetation heterogeneity relative to older bison-free
restorations, this might be reflected in the taxonomic or

functional diversity of beetles, resulting in wider diver-
gence of beetle community composition between bison
and non-bison sites.
Ground beetles in older prairie restorations are pre-

dominantly larger-bodied, flightless, nocturnal carni-
vores, and they are more likely to be active late in the
season or all season long. A lag in colonization by
brachypterous, flightless species, is expected due to lim-
ited dispersal and previously has been documented here
and elsewhere (Holliday 1991, Schirmel et al. 2012,
Woodcock et al. 2012, Barber et al. 2017b). Thus there
may be a prolonged colonization credit (i.e., the opposite
of extinction debt; Cristofoli et al. 2010, Jackson and
Sax 2010) for some species as restored prairies become
suitable habitat for these beetle species but they have not
yet colonized them or established sustained populations.
These colonizations partially offset the diversity losses
of species that are not maintained in mature prairie
restorations. Given that bison reintroduction occurred
relatively recently at the study sites (2–3 yr prior to our
sampling), a similar process may occur for species
adapted to the heterogeneity that bison create through
grazing, wallowing, and other activities (Knapp et al.
1999). P€oyry et al. (2005) suggest that 5 yr post-initia-
tion might not be long enough for grazing-dependent
Lepidoptera species to colonize, and these species gener-
ally are better dispersers than many ground beetles.
Future monitoring of restorations with bison will be
needed to determine if these grazers can support species
that would not otherwise be present at this site.
We also surveyed ground beetles in two prairie rem-

nants that had never been converted into row crops.
Although both experienced some livestock grazing in
the past, grazing ceased in the early 1980s, until bison
were allowed access to one of the remnants in early 2016
(2 yr before our study). Ground beetle assemblages in
remnants differed from those in the oldest restorations
in several ways. These differences are unsurprising
because these remnants have different physical and bio-
tic characteristics (Hansen and Gibson 2014): like many
prairie remnants in the eastern tallgrass prairie region
(Corbett and Anderson 2006), they occur on rocky
slopes, which likely is the reason they were not converted
to row crop agriculture during the 19th or 20th centuries,
and have different plant communities (Hansen and Gib-
son 2014, Barak et al. 2017). Although remnant habitats
are often used as references for restoration planning,
these differences, combined with the overall extreme rar-
ity of prairie remnants in the upper Midwest (Anderson
1991, Samson and Knopf 1994), limits their applicability
as references. Nonetheless, the trajectory of taxonomic
and functional trait characteristics of ground beetle
assemblages across the chronosequence suggests those in
older restorations will diverge from those in remnants as
richness, Shannon diversity, and functional diversity fall
short of the remnants. Remnant beetle assemblages are
more similar to mid-aged restorations, particularly with
more small-bodied and macropterous species. These
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patterns could be partly skewed by the limited availabil-
ity of restorations >25 yr old; in particular, it will be
important to monitor restorations with bison to deter-
mine if the heterogeneity they create in mid-aged restora-
tions sustains beetle diversity in the coming years or
enhances the depleted diversity in these oldest restora-
tions. A similar potential positive impact of bison on
plant diversity was the motivation for their reintroduc-
tion.

Predator function

We assayed seed and arthropod predation to deter-
mine if ground beetle assemblage characteristics predict
predation rates and test the hypotheses that predation
rate are maximized by functional diversity, particular
trait values, or overall abundance of the organisms con-
tributing to the function. In this case, functional diver-
sity was unrelated to predator function in all three of the
predation assays, so we found no support for the hypoth-
esis that trait complementarity increases function (Hille-
brand and Matthiessen 2009, Gagic et al. 2015).
However, there also was no evidence that ground beetle
assemblage structure affected seed predation or summer
arthropod predation. Other ground-dwelling arthropods,
such as ants, may also be important contributors to pre-
dation, masking any effects specific to ground beetles.
Seed predation rate was reduced by fire, a result that
matches a similar experiment in remnant tallgrass prairie
(Reed et al. 2004) but differs from Zirbel et al. (2017),
who found no effects of fire frequency on seed predation.
The open habitat resulting from fires is expected to facil-
itate ground-foraging ants and other arthropods, so
reduced seed predation might be due to frequent pre-
scribed fire that reduces ant colony abundance (Reed
et al. 2004). But fire generally does not affect ant abun-
dance in prairie (Nemec 2014) and may even increase it
(Panzer 2002), so it is unclear whether ants are driving
these predation patterns. We echo the call by Nemec
(2014) for focused studies on prairie ant contributions to
ecosystem function and interactions with other prairie
invertebrates.
Fall arthropod predation was also reduced by pre-

scribed fire, but unlike either previous predation assay,
it was correlated with ground beetle assemblages. Pre-
dation on waxworm larvae was greater where carnivo-
rous beetle activity density, and the resulting
proportion of the total community these beetles repre-
sent, was higher. Because most beetle species docu-
mented during the fall sampling session were
carnivorous, total activity density was also a strong pre-
dictor of arthropod predation. For this reason, our
results do not clearly support either the hypothesis that
function is maximized by a particular trait value (Gar-
nier et al. 2004), or the hypothesis that function is dri-
ven by total abundance or biomass. Combining
omnivorous and carnivorous species to create an index
of “potential carnivore” activity density or proportion

does not clarify this because it encompasses almost all
beetles in fall and most in summer. The general results
of both predator assays were not changed by this
alternative approach. Prescribed fire also reduced car-
nivore activity density in fall, and this measure of the
ground beetle assemblage was significantly positively
correlated with waxworm predation. This indicates
that ground beetles likely are important contributors
to arthropod predation rates late in the growing sea-
son. Reduced carnivore abundances, and reduced pre-
dation, could have additional consequences outside of
restorations if these species also support biological
control of pests in adjacent agricultural fields (Blitzer
et al. 2012).

CONCLUSIONS

The assemblage structure of a diverse insect family,
ground beetles, shifts in tallgrass prairie restorations
along with the successional changes exhibited by plant
communities in these same habitats. Two important
management activities, prescribed fire and reintroduced
bison, further influence the taxonomic and functional
trait characteristics of these assemblages, although the
impacts of bison were more apparent, especially for
overall composition. Neither management activity
caused severe reductions in ground beetle diversity and
there is potential for bison to enhance diversity in the
future, which supports ongoing efforts to introduce
bison to additional grassland habitats across North
America (Fox et al. 2012, Allred et al. 2013). Prescribed
fire did reduce two ecosystem functions, seed predation
in summer and arthropod predation in fall. Whether
these effects are important for restorations may depend
on management concerns. For example, insects can
account for the majority of seed predation in new prairie
restorations (Linabury et al. 2019), so if increased seed
establishment is a management objective, this may need
to be balanced with the necessity of fire for weed and
woody plant suppression.
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