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Abstract Because both intrinsic and extrinsic factors
inXuence insect population dynamics, operating at a range
of temporal and spatial scales, it is diYcult to assess their
contributions. Long-term studies are ideal for assessing the
relative contributions of multiple factors to abundance and
community dynamics. Using data spanning 25 years, we
investigate the contributions of weather at annual and dec-
adal scales, Wre return interval, and grazing by bison to
understand the dynamics of abundance and community
composition in grasshopper assemblages from North Amer-
ican continental grassland. Each of these three primary
drivers of grassland ecosystem dynamics aVects grasshop-
per population and community dynamics. Negative feed-
backs in abundances, as expected for regulated populations,
were observed for all feeding guilds of grasshoppers. Abun-
dance of grasshoppers did not vary in response to frequency
of prescribed burns at the site. Among watersheds that var-
ied with respect to controlled spring burns and grazing by
bison, species composition of grasshopper assemblages
responded signiWcantly to both after 25 years. However,
after more than 20 years of Wre and grazing treatments, the
number of years since the last Wre was more important than
the managed long-term Wre frequency per se. Yearly shifts

in species composition (1983–2005), examined using non-
metric multidimensional scaling and fourth-corner analysis,
were best explained by local weather events occurring early
in grasshopper life cycles. Large-scale patterns were repre-
sented by the Palmer Drought Severity Index and the North
Atlantic Oscillation (NAO). The NAO was signiWcantly
correlated with annual mean frequencies of grasshoppers,
especially for forb- and mixed-feeding species. Primary
grassland drivers—Wre, grazing and weather—contributing
both intrinsic and extrinsic inXuences modulate long-term
Xuctuations in grasshopper abundances and community
taxonomic composition.
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Introduction

Abundances and community structure of insects vary in
response to both intrinsic and extrinsic factors, and under-
standing the relative roles of each in population and com-
munity processes is a long-standing problem in ecology
(Andrewartha and Birch 1954; Barbosa and Schultz 1987;
Berryman 1999; Dempster and McLean 1998; Denno and
McClure 1983; Price 1995; Royama 1992; Turchin 2003).
Intrinsic inXuences from biotic interactions can act through
multiple density- and frequency-dependent feedbacks that
alter patterns of species abundances and coexistence
(Brook and Bradshaw 2006; Dennis and Taper 1994).
Extrinsic factors, as exempliWed by weather conditions, act
independently from the state of an insect population or
community, but can aVect insect population and community
dynamics in a fashion reXecting their variable timing and
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extent (Dempster and McLean 1998). EVects of weather
can sometimes act directly on insects. For example, body
temperature inXuences metabolic processes, which in turn
aVects demographic responses and species interactions
(Gutierrez 1996; Logan and Powell 2001; Logan et al.
2006; Stamp 1993). Weather can also act indirectly by
altering the availability of resources (White 1993), aVecting
habitat structure, or inXuencing the strength of species
interactions (Ovadia and Schmitz 2004). In grasslands, for
example, diVerences in vegetation characteristics (biomass,
structure, identity and diversity of plant species) and associ-
ated heterogeneity of these attributes strongly aVect insect
abundance, species richness and taxonomic composition
(Evans 1988a; Joern 2004, 2005; Meyer et al. 2002; Rambo
and Faeth 1999). Variation in the action of both intrinsic
and extrinsic factors, whatever the underlying mechanisms,
inXuences observed patterns of insect population and com-
munity dynamics (Ovadia and Schmitz 2004). Because nat-
ural variability can have such eVects on insect population
and community dynamics, long-term studies greatly assist
our ability to tease apart the nature of multiple combina-
tions of key factors over time, facilitating the synthesis of
the roles of external and internal drivers (Likens 1988;
Magnuson 1990).

Grasshoppers are dominant insect herbivores in grass-
lands, naturally exhibiting much temporal variability in
abundance and species composition (Belovsky and Slade
2000; Branson et al. 2006; Joern and Gaines 1990; Lock-
wood 1993; Lockwood 1997; Meyer et al. 2002). Although
multiple processes account for such responses (Joern and
Gaines 1990), few studies assess the relative contribution of
these eVects over long periods of time. Both external fac-
tors driven largely by weather (Capinera 1987; Capinera
and Horton 1989; Fielding and Brusven 1990) and density-
dependent feedbacks from biotic interactions (Belovsky
and Joern 1995; Belovsky and Slade 1995; Chase and
Belovsky 1994; Kemp and Dennis 1992; Schmitz 1997;
Schmitz and Sokol-Hessner 2002) may account for varia-
tion in grasshopper abundances and community composi-
tion. The boundaries of variability seen in grasshopper
populations and communities over long periods remain to
be fully delineated, and the mechanisms underlying the
observed variability are largely unknown (Evans 1984;
Evans 1988a).

In this study, we analyze long-term grasshopper abun-
dance data from Kansas Flint Hills tallgrass prairie to
assess how Wre frequency, bison grazing and weather—
major drivers of tallgrass prairie structure and function
(Knapp et al. 1998)—modulate grasshopper abundances
and species composition. Multiple studies at this site have
shown the importance of these drivers to primary produc-
tion, vegetation structure and plant community composition
(Knapp et al. 1998), but few studies have investigated the

degree to which the same drivers aVect consumers over the
long term (Evans 1984, 1988a, b; Kaufman et al. 1998).

Fire frequency and bison grazing clearly alter vegetation
and plant communities with consequent inXuences on con-
sumers in our study system (Collins et al. 1998; Knapp
et al. 1999). We hypothesized that the eVects of periodic
Wre on plant community dynamics would indirectly aVect
grasshoppers based on their feeding modes: grass-feeding
species would be most abundant in annually burned sites,
and forb-feeding species would be most common on sites
with a 4-year Wre return interval (FRI), a view supported by
short-term studies (Evans 1984, 1988b; Joern 2004; Meyer
et al. 2002). Because they have a larger pool of potential
host plants from which to select, we did not expect mixed-
feeding species to be aVected by FRI. We also expected that
long-term grassland management practices would signiW-
cantly shift the taxonomic composition of grasshopper
communities as habitat characteristics changed (Joern
2004, 2005). Species composition among watersheds,
which was similar prior to the application of Wre and graz-
ing treatments, was expected to diverge signiWcantly in
response to more than 20 years of alternate Wre and grazing
management activities.

As the third major grassland driver, weather has much
potential to structure grasshopper communities at short-
term and decadal time scales. Weather in North American
continental grasslands is notoriously variable (Greenland
et al. 2005) and may contribute to grasshopper population
and community responses (Capinera 1987; Fielding and
Brusven 1990). For example, grasshopper abundances and
population growth rates from other North American sites
have been signiWcantly correlated with precipitation and
temperature (e.g., heating degree days) (Capinera and Hor-
ton 1989; Fielding and Brusven 1990; Gage et al. 1976;
Johnson and Worobec 1988; Mukerji and Gage 1978;
Mukerji and Randell 1975). At decadal scales, regional cli-
mate drivers such as the North Atlantic Oscillation (NAO),
PaciWc Decadal Oscillation (PDO), or El Niño–Southern
Oscillation (ENSO) (Hallett et al. 2004; Hurell et al. 2003;
Mysterud et al. 2003; Stenseth et al. 2002) may indepen-
dently contribute to predicting temporal changes in species
abundances and community structure. Although decadal
weather patterns inXuence responses by other organisms
(Lima et al. 1999, 2002; Merritt et al. 2001; Stenseth et al.
2002), the impact on continental North American grassland
insects is unknown. Long-term trends suggest that decadal
weather patterns in association with other factors could
play a signiWcant role in grasshopper population and com-
munity responses (Branson et al. 2006).

As grasshopper abundances and community species
composition are expected to diVer according to responses
by key resources to Wre frequency, bison grazing and
weather (Belovsky and Joern 1995; Belovsky and Slade
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1995; Branson 2005; Evans 1984, 1988a, b; Joern 2004,
2005; Joern and Behmer 1998), we address the following
primary goals using long-term abundance data: (1) evaluate
the eVects of Wre frequency on temporal changes in grass-
hopper abundance; (2) determine the likelihood of negative
feedbacks characteristic of population regulation as con-
trasted with highly variable Xuctuations driven by external
factors; (3) investigate the importance of Wre frequency and
bison grazing on grasshopper community composition; and
(4) contrast decadal-scale weather inXuences on grasshop-
per communities with those based on short-term annual
weather events. Finally, conclusions from analyses of long-
term data will be compared with those of short-term studies
to get a sense of the proper scale for understanding grass-
hopper dynamics in this continental grassland. Population
abundances of three feeding guilds (grass feeders, mixed
feeders and forb feeders), which range from oligophagous
to polyphagous accordingly, are treated separately in our
analyses.

Materials and methods

Konza Prairie long-term grasshopper data

Data used in these analyses were collected at Konza Prairie
Biological Station (KPBS), Manhattan, Kansas as part of
the US National Science Foundation Long-Term Ecologi-
cal Research (LTER) Program and archived on the Konza
LTER website, www.konza.ksu.edu (dataset cgr022). A
replicated watershed-level experimental design at KPBS
allows one to test the long-term eVects of ungulate grazing
and periodic Wre on the tallgrass prairie ecosystem (Knapp
and Seastedt 1998). Prescribed Wre treatments were imple-
mented between 1972 and 1977, and a bison (Bos bison)
herd was introduced to a portion of KPBS in stages
between 1987 and 1992.

Grasshoppers were sampled at all transects twice a year,
during the mid-summer, from 1982 to 2005 on six to eight
ungrazed watersheds and from 2002 to 2005 on six water-
sheds grazed by bison. Grasshoppers were sampled from
two permanent upland transects in each watershed used.
The abundance of each grasshopper species collected in
each of ten sets of sweep-net samples along each transect is
reported; each dataset records abundances of 20 sweeps for
a total of 200 sweeps per transect. Data from 1992 to 1995
were unavailable because samples were damaged prior to
identiWcation. Detailed information on the sampling proto-
col is described in the cgr022 metadata Wle available on the
Konza Prairie LTER website.

Frequency of each grasshopper species was calculated
from these data as the proportion of the ten sets in which a
species was collected at a given transect; all frequency

values were arcsine–square root transformed prior to statis-
tical analysis. Due to the sensitivity of sweep-net sample
counts to sampling technique (Evans et al. 1983) and the
inability to translate these count data directly to density
(individuals/m2), frequency was used as the most appropri-
ate measure of abundance for comparisons among water-
sheds and years.

Statistical analyses

An unbalanced hierarchical repeated measures ANOVA
was used to test the eVects of Wre, time and the interaction
between Wre and time on the mean frequency of species
within each grasshopper feeding guild. Grasshopper species
were classiWed as belonging to one of three feeding guilds:
grass feeding, forb feeding, or mixed feeding (Campbell
et al. 1974; Mulkern et al. 1969). Watersheds within treat-
ments (1-year FRI, watersheds 1D and SpB; 4-year FRI,
watersheds 4B and 4F; 20-year FRI, watershed 20B) and
transects within watersheds were treated as random eVects
and time was a repeated measures factor. These watersheds
range in size from 16.4 to 54.5 ha, with transects within
each watershed located on upland Wngers separated by 250–
500 m. Grasshopper data from watersheds containing bison
were not collected until 2002, therefore grazed treatments
were not included in this analysis because the time series
was too short.

Species composition was analyzed using non-metric
multi-dimensional scaling (NMDS) and fourth-corner sta-
tistics (Dray and Legendre, in review; Legendre et al.
1997). NMDS ordination was based on Euclidean distance
in PC-ORD (version 4) with each solution based on 40 runs
of the data with the Wnal solution compared against 50
Monte Carlo runs (McCune and Grace 2002). While we
were able to non-parametrically and visually assess
changes in species composition in relation to environmental
variables with NMDS, fourth-corner statistics allowed us to
assess the eVects of environmental variables on communi-
ties based on behavioral, morphological, or life history
characteristics of the species. The fourth-corner package
(http://www.biomserv.univ-lyon1.fr/»dray/) was used in
the R program version 2.4.1 (RDCT 2006) to conduct mul-
tivariate and univariate fourth-corner analyses. Permutation
models 2 and 4 were run for all datasets (Dray and Legen-
dre, in review). Permutation model 2 tests the hypothesis
that species composition is linked to environmental vari-
ables (H1), while model 4 tests the hypothesis that species
composition is linked to species traits (H2). To test the
hypothesis that environmental variables inXuence composi-
tion based on species traits (H3) at �3 = �1*�2 = 0.05, we
used �1 = �2 = 0.2236 for both models 2 and 4 (Dray and
Legendre, in review). The species traits used were feeding
guild, life history, Xight ability, and size (S1). For the
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species at KPBS, species characteristics were independent
of one another (�2, P > 0.1) except for feeding guild and
Xight ability which were marginally signiWcant (P = 0.062).

The mean frequency of species in each watershed was
used to analyze community structure in 1982 and 2005 in
response to watershed-scale management practices. The
environmental matrix for these analyses included bison
grazing and FRI as categorical variables and the number of
years since Wre (YSF) as a quantitative variable. Fire-
related data for KPBS were obtained from the burn history
dataset available on the Konza LTER website.

To assess changes in grasshopper communities over time
as inXuenced by larger-scale weather patterns, the mean
frequency of each species at KPBS was calculated for each
year. The environmental matrix included 12 local precipita-
tion and temperature factors chosen a priori as those most
likely to aVect grasshoppers during diVerent developmental
stages, a state-level index of drought conditions (Palmer
Drought Severity Index, PDI), and three large-scale atmo-
spheric phenomena which can aVect interior continental
North America: the Southern Oscillation Index (SOI), the
PDO index, and the NAO index (Table 1). Local weather
variables for KPBS were collected near the headquarters
area at KPBS and assembled from the awe01 dataset avail-
able on the Konza LTER website. PDI values for Kansas
were downloaded from the National Climate Data Center
climate monitoring website (http://www.ncdc.noaa.gov/oa/
climate/research/monitoring.html). SOI and NAO values
were downloaded from the National Center for Atmo-
spheric Research, Climate Analysis Section website (http://
www.cgd.ucar.edu/cas/). PDO values were downloaded
from the University of Washington Joint Institute for the
Study of the Atmosphere and Oceans website (http://
www.jisao.washington.edu/pdo/).

Results

Long-term trends in grasshopper abundance

The grass-feeding species, particularly Phoetaliotes
nebrascensis and Orphulella speciosa, were the most abun-
dant grasshoppers at KPBS; forb-feeding species, especially
Melanoplus keeleri, Melanoplus scudderi, and Hypochlora
alba, were not as common (S1). Mixed-feeding species,
including Melanoplus femurrubrum and Melanoplus bivitta-
tus, were the among least common grasshoppers at KPBS in
these samples. Grass-feeding species frequencies displayed
the greatest variability across years [coeYcient of variation
(CV) = 4.5], while mixed-feeding species were the least var-
iable (CV = 1); the CV of frequency = 3.3 for forb-feeding
species. Despite the variability in abundances, plotting fre-
quencyt versus frequencyt + 1, where t is time (year), shows

that all three feeding guilds vary through time around the
line with a slope equal to 1 (no change in population size
between years) (Fig. 1).

EVects of Wre on grasshopper feeding guilds

Fire alone did not signiWcantly impact the frequencies of
any of the three feeding guilds, while all three did vary with
time over the 24 years of this dataset (Table 2, Fig. 2). Only
the mixed-feeding guild had a signiWcant interaction
between FRI and year (Fig. 2c), with abundance on 4- and
20-year FRI watersheds typically more similar to one
another than on the annually burned watersheds, particu-
larly from 1992 to 2005.

EVects of Wre and grazing on grasshopper species 
composition

Grasshoppers were Wrst sampled in 1982 after approxi-
mately 10 years of Wre management, but prior to the rein-
troduction of bison at KPBS. NMDS ordination did not
detect structure in the species composition on the water-
sheds in 1982. Fourth-corner analysis showed a signiWcant
eVect of YSF on composition based on the Xight ability and
size of the species (Table 3). Poor Xiers and medium-sized
species were positively associated and strong Xiers and
large species were negatively associated with increased
YSF (S2).

Table 1 Local, regional and large-scale variables used for analyses of
weather eVects on annual species composition of grasshopper commu-
nities at Konza Prairie Biological Station (KPBS)

a Analysis included growing seasont and growing seasont ¡ 1 weather
events, where t is time (year)

Local weather events

Growing season (April–August)a

Total precipitation (mm)

CoeYcient of variation of precipitation

Heating degree days (>20°C)

CoeYcient of variation of daily maximum temperature

Fall (Septembert ¡ 1–Novembert ¡ 1)

Average daily maximum temperature (°C)

Total precipitation (mm)

Winter (Decembert ¡ 1–Marcht)

Average daily maximum temperature (°C)

Total precipitation (mm)

Regional weather index

Palmer Drought Index

Decadal atmospheric phenomena

Southern Oscillation Index

North Atlantic Oscillation Index

PaciWc Decadal Oscillation Index
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NMDS analysis of 2005 grasshopper species composi-
tion resulted in an ordination with a Wnal stress of 3.03 and
instability of 0.00001 after 91 iterations. The three-
dimensional solution accounted for 98% of the variation in
the data (axis 1, r2 = 0.35; axis 2, r2 = 0.24; axis 3,

r2 = 0.39). YSF was associated with axes 1 and 2 of the
ordination, while there was no detectable relationship with
FRI (Fig. 3a). There was also a signiWcant eVect of YSF on
composition based on the Xight ability of the species
(Table 3) in fourth-corner analysis. Poor Xiers were posi-
tively associated with increased YSF, while strong Xiers
were negatively aVected by YSF (S2). NMDS ordination
indicated that there was a large eVect of bison grazing on
grasshopper communities (Fig. 3), although fourth-corner
results showed a strong eVect of bison under model 2 only
(Table 3).

Fig. 1 Changes in annual mean frequencies of grass-feeding (black
circle), forb-feeding (black inverted triangle), and mixed-feeding
(black square) grasshopper species on ungrazed watersheds from 1982
to 2005 at Konza Prairie Biological Station (KPBS), Kansas with each
year represented by one datapoint for each feeding guild. The dotted
line represents no change in frequency from year (time t), to t + 1;
points above the line indicate years of increasing, while those below
the line represent years of decreasing frequency. For clarity, only the
Wrst (t = 1982) and most recent (t = 2004) data points for each feeding
guild are labeled and appear as open symbols. There are no points for
years t = 1991 up to and including t = 1995 because samples from 1992
to 1995 were damaged prior to identiWcation

Table 2 Results of hierarchical repeated measures ANOVA tests on
the eVects of Wre and time (year) on grass-feeding, forb-feeding, and
mixed-feeding grasshopper species from 1982 to 2005 on watersheds
at KPBS that were not grazed

a Numerator df 
b Denominator df

Factor dfa dfb F P-values

Grass-feeding species

Fire 2 2 4.04 0.1985

Year 19 133 6.54 <0.0001

Fire £ Year 38 133 1.06 0.3953

Forb-feeding species

Fire 2 2 1.06 0.4865

Year 19 133 8.96 <0.0001

Fire £ Year 38 133 1.37 0.0978

Mixed-feeding species

Fire 2 2 0.49 0.6699

Year 19 133 6.15 <0.0001

Fire £ Year 38 133 1.50 0.0495

Fig. 2 Annual mean frequencies of a grass-feeding, b forb-feeding,
and c mixed-feeding grasshopper species in watersheds with pre-
scribed burns scheduled annually (black circle), every 4 years (black
inverted triangle), and every 20 years (black square) at KPBS. Four-
year transects were burned in 1983, 1987, 1991, 1998, 2000, 2003, and
20-year transects were only burned in 1991. There are no data for 1992
up to and including 1995 because samples from those years were dam-
aged prior to identiWcation
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InXuence of weather on grasshopper communities

Ordination of annual mean frequencies of grasshopper spe-
cies at KPBS had a Wnal stress of 4.73 and instability of
0.00001 after 61 iterations (Fig. 4). The three-dimensional
solution accounted for 96.6% of the variation in the data
(axis 1, r2 = 0.40; axis 2, r2 = 0.28; axis 3, r2 = 0.29). The
ordination of annual mean frequencies revealed associa-
tions between grasshopper communities and growing sea-
son precipitationt and PDI along axis 2 and NAO along axis
3 (Fig. 4). Nine weather variables were signiWcant in
fourth-corner analysis (Table 3); of these, seven were local
and two were larger-scale variables. Growing season pre-
cipitation at t and t ¡ 1, CV of growing season precipita-
tiont, and winter temperature were associated with shifts in
species composition related to feeding guilds and Xight
ability, as was NAO. The positive phase of the NAO was
associated with increased abundance of forb feeders and
poor Xiers, while mixed feeders and strong Xiers were more
common during the negative phase of the NAO cycle (S3).
Shifts in composition relating to size and phenology of the

species were associated with growing season heating
degree dayst ¡ 1, CV growing season precipitation at t and
t ¡ 1, fall temperature, and PDI (Table 3). Medium-bodied
and late-hatching species were more common during years
with high PDI values, while large-bodied and early-hatch-
ing species were more abundant during low PDI years (S3).

Discussion

Long-term records indicate that grasshopper population and
community dynamics at Konza Prairie are highly respon-
sive to both extrinsic and intrinsic factors. Extrinsic eVects
of weather inXuence grasshopper abundances and commu-
nity composition. Bison grazing also aVects community
composition, although it is not yet known if feedbacks exist
between grasshopper and bison grazing. There is also
strong evidence for population regulation in the form of
negative feedbacks for all feeding guilds (Fig. 1), an intrin-
sic response consistent with the action of density depen-
dence (Brook and Bradshaw 2006; Royama 1992; Turchin

Table 3 Multivariate fourth-corner analyses of the eVects of land management in 1982 and 2005 and weather from 1982 to 2005 on grasshopper
species composition based on species traits. Rejection of the null hypothesis (Ho: weather aVects species composition based on the traits of the
species) requires P < 0.2236 (results in bold) under both models 2 and 4 to maintain an overall � = 0.05 (Dray and Legendre, in review). GS Grow-
ing season, CV coeYcient of variation

Eta2  statistics with P-values (9,999 permutations) from models 2 and 4 in parentheses are given for all tests

Analysis Environmental variable Feeding guild Flight ability Size Phenology

Eta2 Model 2 Model 4 Eta2 Model 2 Model 4 Eta2 Model 2 Model 4 Eta2 Model 2 Model 4

1982 Fire return interval 0.063 (0.760) (0.359) 0.038 (0.742) (0.429) 0.020 (0.846) (0.725) 0.005 (0.903) (0.941)

Years since Wre 0.125 (0.619) (0.542) 0.335 (0.191) (0.184) 0.428 (0.012) (0.082) 0.044 (0.426) (0.812)

2005 Fire return interval 0.200 (0.264) (0.432) 0.318 (0.203) (0.256) 0.164 (0.246) (0.511) 0.125 (0.253) (0.613)

Years since Wre 0.106 (0.507) (0.612) 0.402 (0.150) (0.167) 0.132 (0.328) (0.542) 0.115 (0.280) (0.591)

Bison grazing 2.412 (0.001) (0.226) 0.495 (0.105) (0.456) 0.163 (0.524) (0.913) 0.832 (0.017) (0.624)

Weather GS precipitationt 0.002 (0.205) (0.503) 0.004 (0.130) (0.083) 0.003 (0.130) (0.393) 0.001 (0.649) (0.835)

CV GS precipitationt 0.003 (0.080) (0.079) 0.005 (0.108) (0.009) 0.001 (0.349) (0.342) 0.004 (0.049) (0.080)

GS heating degree dayst 0.000 (0.758) (0.602) 0.001 (0.612) (0.209) 0.001 (0.329) (0.127) 0.001 (0.392) (0.188)

CV GS temperaturet 0.000 (0.868) (0.668) 0.000 (0.959) (0.871) 0.000 (0.935) (0.851) 0.000 (0.738) (0.428)

GS precipitationt ¡ 1 0.005 (0.037) (0.066) 0.004 (0.151) (0.030) 0.000 (0.903) (0.935) 0.001 (0.426) (0.515)

CV GS precipitationt ¡ 1 0.001 (0.567) (0.604) 0.003 (0.260) (0.049) 0.003 (0.102) (0.083) 0.002 (0.124) (0.175)

GS heating degree dayst ¡ 1 0.001 (0.532) (0.454) 0.003 (0.254) (0.028) 0.003 (0.088) (0.042) 0.003 (0.062) (0.058)

CV GS temperaturet ¡ 1 0.000 (0.955) (0.934) 0.000 (0.933) (0.852) 0.000 (0.933) (0.911) 0.001 (0.673) (0.560)

Fall precipitation 0.001 (0.600) (0.457) 0.002 (0.329) (0.019) 0.000 (0.890) (0.849) 0.002 (0.276) (0.143)

Fall temperature 0.000 (0.840) (0.842) 0.000 (0.843) (0.709) 0.000 (0.705) (0.722) 0.004 (0.025) (0.023)

Winter precipitation 0.001 (0.361) (0.094) 0.002 (0.336) (0.010) 0.000 (0.663) (0.398) 0.001 (0.489) (0.174)

Winter temperature 0.002 (0.325) (0.405) 0.005 (0.109) (0.016) 0.001 (0.644) (0.732) 0.001 (0.352) (0.456)

Palmer Drought Index 0.001 (0.557) (0.525) 0.001 (0.442) (0.136) 0.003 (0.149) (0.089) 0.004 (0.018) (0.013)

Southern Oscillation Index 0.000 (0.935) (0.844) 0.000 (0.890) (0.663) 0.000 (0.955) (0.891) 0.000 (0.862) (0.655)

North Atlantic Oscillation
Index

0.006 (0.011) (0.053) 0.004 (0.161) (0.058) 0.001 (0.302) (0.515) 0.002 (0.263) (0.500)

PaciWc Decadal Oscillation
Index

0.001 (0.563) (0.403) 0.000 (0.685) (0.357) 0.000 (0.988) (0.985) 0.000 (0.693) (0.563)
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2003). These feedback patterns were also found for most of
the individual species (data not shown) such that the pattern
seen at the feeding guild level generally reXected that of the
species within each guild. Our results extend the Wndings of
Evans (1988a) and Collins (2000) who concluded that
grasshopper communities at KPBS are regulated through
biotic feedbacks. The general trend toward stability identi-
Wed by Evans (1988a) using only 5 years of grasshopper
data was supported by our analysis spanning 25 years of
community data. The action of extrinsic drivers in this sys-
tem interact with density-dependent processes, probably by
altering resource availability or the ability of grasshopper
consumers to utilize resources (Ovadia and Schmitz 2004).

Understanding grasshopper responses in North American
continental grasslands requires that we consider multiple
inXuences that operate at a range of spatial and temporal
scales.

We could not conduct a formal continuous time series
analysis because of an unfortunate 4-year gap in the data
(1992–1995). We dealt with this break in the data by com-
paring pre- and post-gap periods when assessing eVects on
community composition, or we relied on the time series
segments that were available to assess regulation (Fig. 1).
The gap in the record did prevent us from using some non-
linear analyses to evaluate population and community
trends (Turchin 2003), but we do not feel that our general
conclusions are compromised.

Fig. 3a, b Non-metric multidimensional scaling ordination of grass-
hopper species composition of watersheds sampled in 2005; axes 1 and
3 account for 74% of the variation in the data. a Each point represents
the species composition of the grasshopper community in either grazed
(black circle) or ungrazed (black triangle) watersheds. The Wre return
interval of each watershed (1, 4, or 20 years) is indicated next to the
point corresponding to that watershed, with the number of years since
the last Wre indicated in parentheses. b Each point represents a species
with symbols denoting the feeding guild (grass-feeding black circle,
forb-feeding black inverted triangle, and mixed-feeding black square)
to which each species belongs. See Electronic Supplementary Material
for species’ abbreviations

Fig. 4a, b Non-metric multidimensional scaling ordination of annual
mean grasshopper species composition at KPBS from 1982 to 1991
and 1996–2005; axes 1 and 3 account for 69% of the variation in the
data. a Each point represents the species composition at KPBS in a giv-
en year with the last two digits of the year indicated next to each point.
There are no data for 1992 up to and including 1995 because samples
from those years were damaged prior to identiWcation. b Each point
represents a species. Symbols denote strong Xiers (longer wings, black
circle) or weak Xiers (short wings, black inverted triangle). See Elec-
tronic Supplementary Material for species’ abbreviations. Community
structure was correlated with the North Atlantic Oscillation index
(NAO)
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EVects of Wre and bison on grasshopper feeding guilds

Fire had only a minor eVect on Xuctuations in grasshopper
frequencies. After more than 25 years of Wre management
at KPBS, the mixed-feeding guild was the only one to show
an interaction between Wre frequency and year. Like Wre
management in most temperate North American grasslands,
the majority of prescribed burning at KPBS is currently
conducted during the spring. Although we did not detect
strong or consistent eVects of Wre on grasshopper abun-
dance, it is possible that Wre during other seasons may lead
to more pronounced responses. For example, late summer
Wres are more likely to negatively aVect grasshopper abun-
dance because it is a time when many grasshopper species
mate and lay eggs (Dempster 1963; Hewitt 1985).

Spring Wres have signiWcant eVects on habitat character-
istics. Although they may accelerate grasshopper phenol-
ogy by removing litter and warming the upper soil layers
(Evans 1984; Meyer et al. 2002), we expected that spring
Wres would have a stronger eVect on grasshoppers due to
changes in plant community composition and structure.
Annual burning shifts plant communities toward warm-sea-
son C4 grass dominance and decreases in cool-season C3

grass and forb abundance (Collins 2000; Hartnett and Fay
1998). Although the warm-season grasses do not decrease,
infrequent Wres are typically associated with increased
abundances of cool-season grasses, forbs and woody spe-
cies than found on frequently burned sites (Hartnett and
Fay 1998).

Grass-feeding species were somewhat but not signiW-
cantly more common in annually burned than infrequently
burned sites (Fig. 2a), as expected given the positive eVects
of annual spring Wres on warm-season grasses. Two previ-
ous, short-term studies conducted at KPBS using diVerent
measures of abundance found grass-feeding species were
most common on annually burned watersheds (Evans
1988b; Meyer et al. 2002); a third short-term study showed
a similar but not signiWcant trend for increased densities on
annually burned watersheds (Joern 2004). Four of the
7 years in which the short-term studies were conducted are
coincident with those used in the long-term dataset here and
also showed grass-feeding species to be more abundant on
annually burned watersheds. However, grass-feeding spe-
cies were found to be equally or more abundant on water-
sheds experiencing less frequent Wre in several other years.
Cool-season grasses, which are generally more common on
infrequently burned watersheds, also tend to account for a
large portion of the diets of many grass-feeding species
(Mulkern et al. 1969), although most grass feeders also
readily consume warm-season grasses (Barbehenn et al.
2004; Heidorn and Joern 1984; Pinder and Jackson 1988;
Pinder and Kroh 1987). These unexpected patterns not only
demonstrate the utility of long-term data for capturing

nuances in temporal dynamics, but also our incomplete
understanding of the mechanisms driving this ubiquitous
group of consumers. This is of particular importance given
that multiple short-term studies conducted at the same
study site did not fully capture the relationship between Wre
and annual variability in grass-feeding species.

Although Evans (1984, 1988b) found that forb-feeding
species were most common on watersheds with a 4-year
FRI in short-term studies, our long-term results show that
forb-feeder frequencies were not signiWcantly aVected by
FRI. Forb-feeding species tended to be most abundant and
diverse on the infrequently burned sites (Collins and Stein-
auer 1998), however, and it is possible that they were track-
ing changes in the composition or structure of plant
communities. Since at least 1996, forb-feeder frequencies
have shown an overall decline. Unfortunately, it appears
that this decline began sometime between 1992 and 1995,
the years for which grasshopper data are unavailable. Long-
term shifts in plant communities (Collins 2000), especially
in infrequently burned watersheds, may be negatively
aVecting forb-feeding species through decreased availabil-
ity of suitable host plants or habitat structure.

Little is known about the ecology of mixed-feeding
grasshopper species. Because they tend to occur in low
abundances in native grasslands and typically prefer forbs
(Campbell et al. 1974; Mulkern et al. 1969), mixed-feeding
species have often been pooled with forb-feeding species
(Evans 1984, 1988a, b). We did not expect mixed-feeding
species to be aVected by spring Wre given our view that
spring Wre would most likely aVect grasshoppers indirectly
by altering plant community composition and that mixed
feeders have a wider diet breadth (both grasses and forbs).
The mixed-feeding guild, however, was the only one to
show a signiWcant interaction between FRI and year
(Fig. 2c) although the pattern remains unclear.

The results of our analyses on the eVects of both Wre and
bison grazing on species composition provide further sup-
port for our conclusion that spring Wre alone is not a pri-
mary driver of grasshopper dynamics. The Wrst set of
grasshopper samples at KPBS, collected in 1982, were
taken 5–10 years following initiation of Wre treatments, but
prior to the reintroduction of bison. Although NMDS ordi-
nation found no diVerences in communities at the sites sam-
pled in 1982, fourth-corner analysis showed an eVect of
YSF associated with the Xight ability of species in both
1982 and 2005. These results strongly suggest that species
with well-developed Xight abilities responded to recently
burned areas more quickly than those that are poor Xiers.

After more than 25 years of Wre and nearly 15 years of
bison grazing, however, the contributions and interactions
of these ecosystem drivers on grasshopper community
dynamics appear to be complex. The ordination identiWed
bison grazing as having a strong inXuence on species
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assemblages in 2005 (Fig. 3a), with a general increase in
the abundance of forb- and mixed-feeding species on
grazed sites (S2). Ungrazed sites were characterized by two
dominant tallgrass prairie grasshoppers, P. nebrascensis
and O. speciosa, both of which are grass-feeding species
(Fig. 3b). Grazed watersheds were more likely to contain a
diversity of species from all three feeding guilds, including
several species which are generally uncommon (frequency
<0.10), including Pardalophora haldemanii, Chortophaga
viridifasciata, and Melanoplus sanguinipes (Fig. 3b). In
fourth-corner analyses, there were signiWcant eVects of
bison grazing under model 2 only, which indicates that the
relationship between grazing and grasshopper species com-
position is complex and we were not able to capture in our
analysis the dynamics of the relationship with the actual
species traits.

Grazed watersheds are characteristically more complex
Xoristically than ungrazed sites with regard to plant com-
munities (Collins and Smith 2006; Towne et al. 2005). Not
only does grazing inXuence the identity of plant species
present (including increased plant species diversity and
increased cover of forbs) (Collins et al. 1998), but it also
leads to greater variability in the horizontal and vertical
structure of vegetation (Joern 2005; Towne et al. 2005).
Areas of dense vegetation potentially provide refuge from
predators (Schmitz 2006), while areas of bare ground facil-
itate thermoregulation and oviposition activities (Dempster
1963; Hewitt 1985; Joern 2005). In assessing the relation-
ship between grasshopper species richness and several
plant community characteristics, Joern (2005) found spe-
cies richness to be most strongly associated with variability
in plant canopy height, accounting for 45% of the variation
in grasshopper species richness. Plant species richness
showed a signiWcant eVect on grasshopper species richness
(Joern 2005).

Both NMDS ordination and fourth-corner analysis also
revealed a relationship between species composition and
Wre along axis 2. However, it was the number of years since
the last Wre, rather than overall Wre frequency, that inXu-
enced species composition; communities on watersheds
burned less than a year prior to sampling (YSF · 1) were
diVerent than those that had not been burned for many years
(YSF ¸ 9), regardless of grazing treatment. A similar
result was reported by Joern (2004) with regard to overall
grasshopper density. There were no signiWcant eVects of
FRI on grasshopper density, while there was a signiWcant
correlation between density and the time since Wre with the
highest densities occurring in sites with YSF · 1. Bison
tend to selectively graze recently burned areas (YSF < 2)
(Biondini et al. 1999). At KPBS the grazing treatment is
not implemented on individually fenced watersheds; there
is one large grazing enclosure encompassing 12 watersheds
that receive the full suite of Wre treatments. Therefore, long-

term unburned watersheds in grazed areas may not be heav-
ily inXuenced by bison during the growing season and
essentially function as ungrazed sites from the perspective
of grasshoppers.

These data also suggest that complex interactions
between these two groups of consumers may operate.
Based on consumption estimates and feeding characteris-
tics (Meyer et al. 2002; Pfadt 1994), grasshoppers may
potentially remove up to 20% annual net primary produc-
tion (ANPP) in grasslands. Considering that current stock-
ing rates of bison at KPBS result in the removal of 20–25%
ANPP, it is reasonable to expect that interactions between
invertebrate and ungulate grazers are important. For
instance, bison feed primarily on grasses and tend to select
warm-season over cool-season grasses disproportionate to
their abundance during the growing season (Plumb and
Dodd 1993). Most of the grasshoppers strongly associated
with ungrazed watersheds were the grass-feeding species
that also tend to consume warm-season over cool-season
grass species (Mulkern et al. 1969) (Fig. 3b).

InXuence of weather on grasshopper communities

Of the three primary grassland ecosystem drivers, climate-
associated weather patterns are the most unpredictable.
Unlike Wre and grazing treatments at KPBS, which are
managed at the watershed level, weather patterns operate at
a larger spatial scale and are similar for all of the water-
sheds in any given year. Growing season precipitation was
the only local weather factor correlated with species com-
position in NMDS ordination (axis 2) and also the only one
in which fourth-corner analysis revealed shifts in composi-
tion to be associated with feeding guilds (Table 3, S3). Pre-
cipitation and temperature factors are the abiotic factors
most often associated with grasshopper population dynam-
ics (Capinera and Horton 1989; Dempster 1963; Gage and
Mukerji 1977; Hewitt 1985). Sensitivity of grasshopper
populations to precipitation is likely associated with trade-
oVs between host plant quality, quantity, and susceptibility
to predators, pathogens and parasites (Belovsky and Slade
1995; Dempster 1963; Hewitt 1985; Joern and Behmer
1998; Joern and Gaines 1990; Joern and Mole 2005). Tem-
perature can aVect insects both directly by inXuencing
developmental rates (Mukerji et al. 1977; Mukerji and Ran-
dell 1975), and indirectly through changes in plant commu-
nity structure and host quality (Richardson et al. 2002). We
included PDI in our analysis as a measure of the combined
eVects of precipitation and temperature on grasshopper
communities, although the index integrates these factors
over a larger spatial extent than just KPBS. We found that
PDI was important in both NMDS and fourth-corner analy-
ses. Fourth-corner analysis shows that PDI reXects the com-
bined eVects of the four local weather variables associated
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shifts in grasshopper species composition based on size and
phenology (Table 3). The weak positive relationship
between NMDS axis 2 and both PDI and growing season
precipitation, and the negative eVect of PDI on early hatch-
ing species (S3), suggests that interactions between temper-
ature and precipitation may be most important in
inXuencing development of grasshoppers during embryonic
and early nymphal stages.

There was also a strong signal between the decadal level
inXuence of NAO and grasshopper species composition
(Fig. 4, Table 3). To our knowledge, this is the Wrst study to
document a link between the NAO and terrestrial insects in
North America, although it has been correlated with the
population dynamics of spittlebugs in Finland (Halkka
et al. 2006) and other taxa, including plants, amphibians,
birds, and mammals, in both North America and Europe
(Mysterud et al. 2003). A distinct shift in grasshopper com-
munities between the positive and negative phases of the
NAO is clear (Figs. 4, 5). Although NAO may aVect pre-
cipitation patterns, its primary eVect on continental North
America appears to be associated with increased wintertime
temperatures (Hurell et al. 2003). The combined eVects of
three precipitation-related variables and winter tempera-
tures on grasshopper species composition based on feeding
guild and Xight ability appear to be integrated by the NAO
index (Table 3). The NMDS ordination shows that follow-
ing winters in which NAO was in its positive phase, many
of the common grasshopper species, including Hypochlora
alba, Hesperotettix spp., Phoetaliotes nebrascensis,
M. scudderi, M. keeleri, and Pseudopomala brachyptera,
were most abundant (Fig. 4b). Less common grasshopper
species, including Campylacantha olivacea, Melanoplus
sanguinipes, Mermiria picta, Melanoplus packardii, and
Boopedon gracile, appeared to be more abundant during the
negative phase of the NAO cycle. These shifts in species
composition were associated with negative responses by
mixed-feeding species and positive responses by species
that are poor Xiers (S3). Detailed studies are required to
uncover mechanisms for these responses.

The strong and consistent relationship between weather
and shifts in composition related to Xight ability of the spe-
cies (Table 3, S3) was unexpected because most individuals
are collected as nymphs with undeveloped wings. Previous
growing season and winter weather, as well as NAO (which
mainly aVects winter weather) accounted for three of the
Wve factors associated with grasshopper Xight ability,
which may indicate lagged eVects of parental dispersal abil-
ity on grasshopper responses to weather.

Conclusion

Each of the three primary grassland ecosystem drivers
inXuences grasshopper population and community dynamics.

Despite signiWcant eVects of Wre on plant communities,
Wre alone does not account for Xuctuations of grasshopper
abundances or species composition. However, the interac-
tion between the length of time after Wre and bison graz-
ing signiWcantly impacts grasshopper populations and
communities at KPBS although the functional mecha-
nisms underlying these responses are not well understood.
Understanding the potential interactions between these two
groups of grazers with otherwise vastly diVerent habits will
require future research. The relationship between NAO and
grasshopper composition provides insights into a potential
driver for periodic changes in overall grasshopper abun-
dances at decadal time scales (Branson et al. 2006), and
suggests ways in which the roles of annual precipitation
and temperature patterns can be expanded to a longer time
scale. Finally, comparing our results based on a 25-year
LTER dataset to those of short-term studies illustrates the
contributions of long-term studies to new insights as well as
the reasonably high success of shorter studies to under-
standing mechanisms underlying grasshopper population
dynamics. Although underlying mechanisms remain
unclear, we revealed grasshopper community responses to
both grassland management and weather patterns that were
not captured by short-term studies.

Our results indicate that the population and community
dynamics of grasshoppers, a major group of grassland con-
sumers, are driven by complex interactions including both
intrinsic and extrinsic factors. Negative feedbacks among
all three feeding guilds suggested that density dependence
is likely to play an important role in the regulation of these
species. Factors extrinsic to grasshopper populations oper-
ating at diVerent spatial and temporal scales also strongly
inXuenced community-level dynamics. Grazing by bison
had a much larger impact on these insect herbivores than

Fig. 5 Annual mean frequencies of grass-feeding (black circle), forb-
feeding (black inverted triangle), and mixed-feeding (black square)
grasshopper species from 1982 to 2005 overlaid with the NAO (open
diamond) index values for the same years. Points represent mean grass-
hopper frequencies on ungrazed watersheds during each year at KPBS
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did spring Wre, and large-scale weather patterns were also
shown to be important drivers of community dynamics.
Additionally, this is one of the Wrst studies to document that
NAO, operating at decadal scales, can inXuence terrestrial
insect consumers. Given this result, it will be particularly
interesting to explore the role of atmospheric oscillations
(e.g., NAO, ENSO, PDO) on long-term consumer dynam-
ics in diVerent ecosystems. As research on ecological
responses to climate change progresses, understanding the
inXuence of these large-scale oscillations on consumers
may lead to important insights into ecosystem dynamics.
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