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Abstract. Human induced climate and land-use change are severely impacting global bio-
diversity, but how community composition and richness of multiple taxonomic groups change
in response to local drivers and whether these responses are synchronous remains unclear. We
used long-term community-level data from an experimentally manipulated grassland to assess
the relative influence of climate and land use as drivers of community structure of four taxo-
nomic groups: birds, mammals, grasshoppers, and plants. We also quantified the synchrony of
responses among taxonomic groups across land-use gradients and compared climatic drivers
of community structure across groups. All four taxonomic groups responded strongly to land
use (fire frequency and grazing), while responses to climate variability were more pronounced
in grasshoppers and small mammals. Animal groups exhibited asynchronous responses across
all land-use treatments, but plant and animal groups, especially birds, exhibited synchronous
responses in composition. Asynchrony was attributed to taxonomic groups responding to dif-
ferent components of climate variability, including both current climate conditions and lagged
effects from the previous year. Data-driven land management strategies are crucial for sustain-
ing native biodiversity in grassland systems, but asynchronous responses of taxonomic groups
to climate variability across land-use gradients highlight a need to incorporate response hetero-
geneity into management planning.

Key words: biodiversity; climate change; community structure; Konza Prairie; land-use change; richness;
synchrony; tallgrass prairie.

INTRODUCTION

Climate and land-use changes are influencing ecosys-
tems worldwide (Parmesan 2006, Bellard et al. 2012, Til-
man et al. 2017) and are among top drivers of
biodiversity declines (Sala et al. 2000). Global anthro-
pogenic landscape modifications have altered most of
the terrestrial biosphere (Ellis 2011), influencing biodi-
versity both directly (Newbold et al. 2015) and indirectly
through effects on climate (Dale 1997). Climate change
can influence species ranges, phenology, interactions,
adaptability, and ultimately local or global viability
(Parmesan 2006, Tylianakis et al. 2008). Collectively,
these changes influence all levels of biodiversity from
individuals to biomes (Bellard et al. 2012). While many
studies document declines in diversity across taxonomic
scales in response to climatic and other anthropogenic
drivers, the degree to which responses in one taxonomic
group are reflected in other groups is unknown. We

predicted taxonomic groups vary in their responses due
to differences in factors regulating populations or influ-
encing biotic interactions across taxa. Investigating
potentially asynchronous responses to climate and land-
use changes informs predictions of ecosystem responses
to global change.
Land use and climate can interact to drive changes in

biodiversity (Oliver and Morecroft 2014), resulting in
context-dependent community responses to climate vari-
ability (de Vries et al. 2012, Schooley et al. 2018). For
example, land-use changes can influence dispersal, dis-
turbance regimes, and local climate, all of which can
interact to produce complex shifts in biodiversity (Han-
sen et al. 2001). The substantial increase of woody vege-
tation in grasslands and savannahs represents a global
shift in plant community structure (Ratajczak et al.
2012) and is attributed to the interaction between burn-
ing and grazing regimes, the timing and quantity of pre-
cipitation, and atmospheric CO2 levels (Archer et al.,
2017). Altered climate regimes may facilitate expansion
of agricultural lands along elevation gradients, produc-
ing synergistic effects on animal communities such as
major declines in ranges (Brodie 2016). Climate and land
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use also influence different processes driving changes in
diversity. For example, in a study examining responses
of bird diversity to climate, temperature explained more
variation in species abundances while land use explained
more variation in species turnover, leading to synergistic
effects of temperature and land use on avian beta-diver-
sity (Ferger et al. 2017). Although climate and land use
are important drivers of diversity (Oliver and Morecroft
2014), we do not fully understand how responses to cli-
mate variability differ (or do not differ) among taxo-
nomic groups, especially across land-use gradients.
Synchrony represents a similar magnitude of change

in a community metric (e.g., species richness) across
groups across space and/or time. Understanding the syn-
chrony (or asynchrony) of responses to climate and land
use across taxonomic groups (e.g., birds, arachnids,
amphibians, etc.) provides insight into ecosystem stabil-
ity (Tilman 1996), which is a significant concern in the
conservation and management of systems (Balmford
et al. 2002, Cardinale et al. 2012). For example, land-use
change decreased stability of bat and bird communities
in European grasslands and forests, and group-specific
responses were more important drivers of long-term sta-
bility than species diversity (Bl€uthgen et al. 2016). Pat-
terns of community similarity of plant, bird, and several
arthropod groups also differed across gradients of land-
scape structure and land-use intensity (Dormann et al.
2007). In addition to direct community responses
(changes diversity or community similarity) to altered
land use, anthropogenic change can also influence inter-
actions among taxa, which further influences the degree
of synchrony across groups (Tylianakis et al. 2008). For
instance, precipitation regimes altered the relative abun-
dance of ants and beetles in a grassland ecosystem alter-
ing the direction of interactions with ground squirrels
(Deguines et al. 2017), and meta-analysis indicated glo-
bal change alters a variety of species interactions (re-
viewed in Tyianakis et al. 2008). Overall, observed
asynchronous responses of taxa to land-use gradients
and complex changes to biotic interactions in response
to global change lead us to predict that taxonomic
groups will exhibit asynchronous responses to climate
variability across land-use gradients.
Long-term data can reveal patterns that cannot be

accurately inferred, and may be unanticipated, based on
short-term observations (Brown et al. 2001, Magurran
et al. 2010, Dodds et al. 2012, Morgan Ernest et al.
2016). Long-term data sets are necessary to understand
complex community responses such as lag effects, slow
biological phenomena (e.g., range expansion, woody
biomass accrual, species turnover), legacy effects, and
feedbacks that cascade through ecosystems (Magnuson
1990, Pace et al. 1999, Halaj and Wise 2001). Thus,
long-term data provide an opportunity to identify alter-
native stable states, thresholds of ecological resistance,
and delayed responses to environmental changes across
time and space (Ratajczak et al. 2014a). Long-term
experimental manipulations are particularly useful

because responses can be causally linked to factors of
interest (Brown et al. 2001).
We used long-term experimental data to compare the

relative importance of annual climatic variables,
including lagged responses, and land use as drivers of
long-term grassland community structure across four
taxonomic groups (plants, grasshoppers, birds, and
small mammals) and evaluated the synchrony of multi-
taxonomic responses to interannual variability in cli-
matic factors across land-use gradients. Specifically, we
asked (1) What is the relative influence of fire, grazing,
climatic variables, and time on community structure
(species richness and community composition) across
taxonomic groups? (2) Does community structure of dif-
ferent taxonomic groups vary synchronously in response
to climatic variables across land-use gradients? And (3)
what climatic variables influence community structure of
different taxonomic groups across land-use gradients? A
large body of previous work in our system (Table 1) and
others (Archibald et al. 2005, Fuhlendorf et al. 2009,
Little et al. 2013) suggest plant and animal communities
respond strongly to grazing and burn frequency (e.g.,
richness; Fig. 1), but we do not have a clear understand-
ing of the relative importance of grazing and burning as
drivers of individual components of community struc-
ture within different taxonomic groups or the role of
variability in climatic factors in driving patterns of com-
munity assembly in the context of different land man-
agement practices. We expected certain taxonomic
groups to be more responsive to changes in land use
than climatic factors, especially perennial plants that are
demographically buffered against interannual variation
in climatic factors (Cleland et al. 2013). Given that other
groups (e.g., animals) may lack robust demographic buf-
fers (seed/bud banks, deep roots, etc.) and may be more
responsive to climatic variables, we expect asynchronous
responses of plant and animal communities to interan-
nual climatic variation. Finally, we predicted species
richness and composition across taxonomic groups
would vary in response to different components of cli-
mate and land-use gradients, further driving asynchrony
of responses among taxonomic groups.

METHODS

Study system

Community data sets were collected from Konza
Prairie Biological Station (KPBS), a 3,487-ha tallgrass
prairie preserve located in the Flint Hills ecoregion of
northeastern Kansas, USA (39°050 N, 96°350 W). Native
prairies in this region provide an excellent opportunity
to evaluate spatial and temporal processes, as they con-
sist of spatially heterogeneous habitats and are subject
to high interannual climatic variability, spanning severe
drought to heavy precipitation events (Borchert 1950).
KPBS is a Long-Term Ecological Research (LTER) site
and has been managed since 1977 to maintain replicated
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watershed-level experimental manipulations. The treat-
ments at KPBS include grazing by native bison (Bison
bison) and multiple burn frequencies (1, 4, or 20 yr
between burns), and treatments were applied factorially
at a watershed scale.

Community data

We used plant, grasshopper, bird, and small mammal
community data collected at KPBS over 20 yr
(Appendix S1: Table S1). The Konza Prairie LTER
Methods Manual (Konza Prairie LTER, 2017) contains
complete descriptions of collection methods for all taxa
(grasshopper data set code: CGR02 (Joern 2018), plant
data set code: PVC02 (Harnett and Collins 2019), bird
data set code: CBP01 (Boyle 2018), small mammal data

set code: CSM01 (Kaufman 2019) and a summary is
provided in Appendix S1. Measures of abundance
(counts, transects, percent cover) varied among commu-
nity data sets. All communities were sampled across six
treatments representing a factorial combination of possi-
ble burning and grazing regimes, including burning
annually, every 4 yr, or every 20 yr, and either grazed by
bison or ungrazed. The temporal range for each data set
differed (Appendix S1: Table S1), as sampling protocols
were initiated and discontinued independently across
taxonomic groups. We compared community responses
using the full range of data to responses only using the
range of overlapping years of all species (2002–2009)
and found results were similar for variance partitioning
(see Question 1), therefore we present the full range of
data available for analyses of individual taxonomic

TABLE 1. Studies documenting community responses of grassland birds, small mammals, plants, and grasshoppers to burning,
grazing, and climatic factors at the Konza Prairie Biological Station.

Taxa and response Time period Grazing Burning Climate Author

Birds
Abundance of seven species 2002–2003 yes yes Powell (2008)
Abundance and diversity of
grassland bird community

1981–1990 yes yes Zimmerman (1992)

Abundance of seven species 1981–2003 yes yes Powell (2006)
Within-season breeding dispersal
of Grasshopper Sparrows

2013–2015 yes yes Williams and Boyle (2018, 2019)

Small mammals
Community composition and richness 2011–2014 yes yes Ricketts and Sandercock (2016)
Richness and abundance 1999–2000 yes Matlack et al. (2008)
Abundance and general movement 1986–1987 yes Clark and Kaufman (1990)
Abundance of deer mice 1997–1998 yes yes Matlack et al. (2001
Total richness and richness of
different functional groups

variable yes Reed et al. (2006)

Plants
Species diversity 1989, 1994 yes yes Collins et al. (1998)
Species composition 1993–2000 yes yes Collins and Smith (2006)
Species composition and regime shifts 1983–2012 yes yes Ratajczak et al. (2014b)
Plant species abundance variable Yes Langley et al. (2018
Diversity and plant dominance variable yes Koerner et al. (2018)
Woody plant expansion 1983–2015 yes yes Brunsell et al. (2017)
Forb abundance and richness 1997–2012 yes Jones et al. (2016)
Diversity and grass cover 2009–2011 yes yes yes Koerner and Collins (2014)
Diversity, dominance, and composition 2006–2012 yes yes Koerner et al. (2014)
Composition and diversity 1993–2000 yes yes Collins and Calabrese (2012)
Richness and diversity 1990–2009 no Collins et al. (2012)

Grasshoppers
Network modularity, generality,
and community robustness

1996–2014 yes yes yes Welti et al. (2019)

Species composition and abundance 1982–1991,
1995–2005

yes yes Jonas and Joern (2007)

Species diversity and composition 2002 yes yes Joern (2005)
Abundance 2002 yes no Joern (2004)
Fecundity 2007–2009 no no Laws and Joern (2015)
Species richness and abundance 1982–1986 no Evans (1988)

Multiple taxa
Species richness and community composition 1982–2012 yes Jones et al. (2017)
Abundance of vascular plants,
beetles, and breeding birds

2000–2001 yes Bossenbroek et al. (2005)
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groups, but only used overlapping years for comparisons
across groups. To eliminate the potential influence of
rare species in composition analyses, we removed species
present in fewer than 5% of samples within each taxo-
nomic group (McCune et al. 2002) for both our full data
set combined across treatments and in individual treat-
ments.

Climatic variables

We used principal component analysis (PCA) to sum-
marize climatic variables at KPBS. Axes derived from
PCA indexed interannual variation in seasonal climatic
factors as predictor variables in the proceeding analyses.
We quantified seasonal mean temperature and precipita-
tion and the Palmer Drought Severity Index (PDSI) for
each year. We chose to use means instead of maximums
or minimums because there was a high degree of correla-
tion among these variables and means reflected sus-
tained weather conditions. We included seasonal
precipitation and temperature data to capture intra-an-
nual variability and PDSI as an annual index of water
availability (Palmer 1965). We included seasonal mea-
sures of precipitation and temperature because both the
timing and magnitude of weather are known to be
important drivers of plant productivity (Fay et al. 2000,
2003) and both are predicted to change under climate
projections (e.g., increased precipitation in winter and
spring with increased number of dry days annually;

Easterling et al. 2017). Winter and fall seasonal tempera-
tures were taken from the previous year since commu-
nity sampling took place in the spring and summer.
Temperature and precipitation data were logged from a
weather station located near the KPBS headquarters.
PDSI values were obtained from the National Center for
Environmental Information online database (NCEI
2019). Variation in raw climate variables across years is
shown in Appendix S2: Fig. S1.

Question 1: What is the relative influence of burning,
grazing, climatic variables, and time as drivers of
community structure across taxonomic groups?

We used linear regression and distance-based redun-
dancy analysis (RDA; Legendre and Anderson 1999) to
determine the relative influence of land use, climatic fac-
tors (including lag effects), and year (representing direc-
tional change) on richness and community composition,
respectively, across the four taxonomic groups. We com-
bined data from all treatments so that our land-use vari-
ables included burn frequency (1, 4, or 20 yr) and
presence of bison (hereafter referred to as grazers). Our
climatic variables were the first three axes derived from
PCA, which described 60% of the interannual variance
in climate on KPBS (Fig. 2). We included lagged climatic
variables to capture potential differences in the timing of
responses across taxonomic groups and land-use treat-
ments. Lagged climatic variables were created by

FIG. 1. Mean richness of (A) plants, (B) birds, (C) grasshoppers, and (D) small mammals sampled from the Konza Prairie Bio-
logical Station, Kansas, USA between 1992 and 2013, grouped by burning frequency and the presence of grazers (bison). Error bars
indicate one standard error.

Article e02986; page 4 LINDSEYA. BRUCKERHOFF ETAL. Ecology, Vol. xx, No. xx



FIG. 2. Biplots displaying the first three axes (A, PC1 and 2; B, PC2 and 3) retained from a PCA of climate variables represent-
ing variations in temperature (temp), precipitation (precip), and drought severity (PDSI, Palmer drought severity index) for our
study area on the Konza Prairie Biological Station.
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matching the current year’s community data to the pre-
ceding year’s value for each PCA axes. We chose to only
include 1-yr lags based on preliminary analysis that sug-
gested minimal effects of lags of two years or greater. We
included year as a continuous variable because previous
studies document directional shifts in community struc-
ture at KPBS over time (Collins 2000, Jones et al. 2017)
and to account for temporal autocorrelation. Because
the goal of this analysis was to determine relative main
effects of predictors, we only included additive effects
and included all variables in a single model for each tax-
onomic group (we did not compare multiple models con-
taining combinations of predictors). Linear regression
models included log-transformed richness of each taxo-
nomic group as a response. Because we were most inter-
ested in comparing variance explained across predictor
variables, we used log-transformed richness in Gaussian
linear models instead of generalized linear models for
count data so we could calculate adjusted R2 values. We
generated Bray-Curtis distance matrices for each com-
munity data set to represent differences in community
composition across samples in space and time. The asso-
ciations of environmental factors with community com-
position were derived using RDA. We used adjusted R2

to partition variation explained by predictor variables
(Borcard et al. 1992, Peres-Neto et al. 2006) for both
richness (derived from partial regression) and composi-
tion (derived from RDA) using the vegan package
(Oksanen et al. 2013) in R 3.4.2 (RCore Team 2019).

Question 2: Does community structure of different
taxonomic groups vary synchronously in response to

climatic variables across land-use gradients?

We compared synchrony of community richness and
composition within each land-use treatment to determine
if taxonomic groups responded similarly to climatic fac-
tors and if this synchrony varied across land-use treat-
ments. We define synchrony as a similar magnitude of
change in richness or composition across years for two
taxonomic groups. For example, an increase or decrease
in plant species richness in response to climatic factors
would be paired with an increase or decrease in small
mammal richness, although direction of response might
vary. Similarly, a major change in dominance patterns in
grasshopper and bird communities after a drought-year
would be considered synchronous. We tested for syn-
chronous changes in species richness using linear regres-
sion models, comparing Pearson’s R between all pairwise
comparisons of taxonomic groups. We used Mantel tests
of Bray-Curtis distance matrices to assess synchrony in
community composition. To control for multiple testing
within each pair of groups, we used the false discovery
rate method to correct P values across the six treatments.
As we lacked spatial replication of our treatments, we
limit our interpretation of differences in synchrony to
each treatment and do not interpret interactions between
grazing and burning frequencies.

Question 3: What climatic variables influence community
structure of different taxonomic groups across land-use

gradients?

We assessed richness and composition responses to
our summarized climatic variables (PCA axes) sepa-
rately for each treatment at KPBS. Our goal was to
compare which components of climate variability,
including lag effects, influenced community structure
across different combinations of burning and grazing.
For richness, we used generalized least squares regres-
sion in the R package nlme (Pinheiro et al. 2018)
using log-transformed richness as a response variable,
and the three climate PCA axes, three lagged PCA
axes, and linear effect of time as predictor variables.
We included year as an autoregressive correlation term
to control for temporal autocorrelation in regression
models. We compared all combinations of predictor
variables for each model using Akaike information cri-
terion corrected for small sample size (AICc) to deter-
mine which variables were important predictors for
each taxonomic group in each treatment. Top models
were those with DAICc values <2.
To assess community composition responses to cli-

mate variables across land-use gradients, we used the
function manyglm from the R package mvabund
(Wang et al. 2012). This function allows individual
generalized linear models to be developed for each
species and provides a global estimate of significance
that controls for multiple testing and can be more
powerful than distance based multivariate methods
(Wang et al. 2012). While interpreting individual spe-
cies responses is beyond the scope of our analyses,
this method allowed us to display the numbers and
identities of species responding to climate variables
under different land-use regimes. Our generalized lin-
ear models used negative binomial distributions for all
animal groups, which are similar to Poisson general-
ized models, but relaxes the assumption that variance
is equal to the mean and allow the inclusion of zeros
common in species count data (Wang et al. 2012).
Log-transformed cover was used in plant models with
a normal Gaussian distribution. Like regression mod-
els, we included both current PCA axes scores and
lagged PCA scores as predictors. We were unable to
include an autocorrelation structure in these models
to control for temporal autocorrelation, so we
included the main effect of year (as a continuous vari-
able) in all models. Despite this potential violation of
independence assumption, we checked residual plots
and did not observe any obvious autocorrelation.

RESULTS

Climate variable reduction

The first axis was positively correlated with PDSI and
summer precipitation, and negatively correlated with
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spring and summer temperatures (Appendix S2:
Table S1). The second axis was strongly influenced by
fall temperatures and winter precipitation during the
previous year, and spring precipitation, with positive val-
ues representing cool falls and dry periods lasting from
the previous fall through spring. The third axis reflected
differences in spring and winter precipitation, with posi-
tive loadings indicating wetter springs and drier winters
the previous year. Overall, the first axis represents an
index of drought severity, while the second and third
axes capture seasonal variability in temperature and pre-
cipitation.

Question 1: What is the relative influence of burning,
grazing, climatic variables, and time as drivers of
community structure across taxonomic groups?

Linear regression models described 51–70% of the
variation in species richness (adj. R2, plants = 0.70,
birds = 0.64, grasshoppers = 0.68, mammals = 0.51),
and RDA models described 15–34% of the total varia-
tion in community composition (adj. R2,
plants = 0.34, birds = 0.17, grasshoppers = 0.26, mam-
mals = 0.15). Grazing explained the most (39–60%)
variation in richness across all groups except small
mammals (Fig. 3A). Burn frequency explained the sec-
ond highest proportion of variation in richness for
plants, birds, and small mammals (23%, 40%, and
25%, respectively) but captured negligible variability
for grasshoppers (<1%). Climate explained more vari-
ability (30%) in small mammal richness than land use,
20% of variability in grasshopper richness, and

negligible variability of bird and plant richness. Year
explained 6% of the variance in grasshoppers, but neg-
ligible variance across all other groups.
Land-use factors described more variation in composi-

tion than climate variables or time across all communities
except grasshoppers (Fig. 3B). Unlike richness, more vari-
ation in composition was explained by burn frequency
(8–19%) than grazing for all groups except grasshoppers,
in which grazing and climate captured most of the vari-
ability (10% and 12%, respectively). Climate variables
described <2% of variability in all other groups (Fig. 3B).
Similarly, the linear effect of year explained less than 4%
of the variation in composition across all taxonomic
groups. These results are generally consistent with our
prediction that plants respond more strongly to land use
than climate, but contrary to our predictions, the impor-
tance of climate in driving animal richness and composi-
tion varied across taxonomic groups.

Question 2: Does community structure of different
taxonomic groups vary synchronously in response to

climatic variables across land-use gradients?

No taxonomic pairs exhibited synchronous changes in
richness in any of the land-use treatments (Table 2). Syn-
chronous responses in composition were only observed
in plant and animal pairs, especially across land-use
treatments for plants and birds, but no animal pairs
exhibited synchrony in any land-use treatment (Table 2).
Plant and bird composition varied similarly in all treat-
ments with the exception of one that lacked grazers and
was burned annually. Interestingly, plant–grasshopper

FIG. 3. Stacked bar charts showing the proportion of variance in (A) richness and (B) composition explained by land use, cli-
matic factors, and year for plant, grasshopper, bird, and small mammal communities at the Konza Prairie Biological Station. Values
along the y-axis represent the proportion of variance in richness or community composition explained by each factor (adjusted R2).
The shade of each section of the bars indicates the variable it represents.
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and plant–mammal synchrony was significant in the
annually burned treatment with grazers and the 20-yr
burn frequency treatment without grazers (i.e., which
are the two treatments representing extreme endpoints
of our land-use gradient). The lack of synchrony
between plant and animal richness matched our predic-
tions, but synchronous responses of composition
between these groups did not fit our predictions.

Question 3: What components of climate variability
influence community structure of different taxonomic

groups across land-use gradients?

Variables associated with taxonomic richness included
a mix of both lagged and non-lagged climate variables
across taxonomic groups (Fig. 4). Further, the direction
of relationships between climate variables and richness

TABLE 2. Synchrony of plant and animal responses were assessed using linear regression (richness) and Mantel tests
(composition).

Taxa and burn frequency (yr) Grazed

Richness Composition

m P adj. r P adj.

Bird, grasshopper
1 No �0.23 0.40 0.25 0.38
1 Yes 0.04 0.97 0.17 0.38
4 No �0.71 0.26 <0.01 0.49
4 Yes 0.17 0.97 0.26 0.33
20 No 0.07 0.97 0.47 0.24
20 Yes 0.16 0.97 <0.01 0.70

Plant, grasshopper
1 No �0.51 0.86 0.06 0.37
1 Yes �0.34 0.94 0.51 0.02
4 No 0.04 1.0 0.11 0.18
4 Yes �0.13 0.95 0.24 0.08
20 No 0.11 0.99 0.32 0.04
20 Yes �0.23 0.94 0.32 0.06

Plant, mammal
1 No 0.06 0.92 <0.01 0.48
1 Yes 0.12 0.66 0.19 0.04
4 No 0.13 0.89 0.18 0.04
4 Yes 0.16 0.75 0.12 0.13
20 No 0.36 0.66 0.27 0.01
20 Yes 0.3 0.57 0.06 0.27

Plant, bird
1 No 0.2 0.65 0.09 0.24
1 Yes �0.72 0.69 0.69 <0.01
4 No 0.04 0.78 0.22 0.01
4 Yes 0.16 0.23 0.56 <0.01
20 No 0.46 0.27 0.58 <0.01
20 Yes 0.22 0.23 0.71 <0.01

Mammal, grasshopper
1 No �0.19 0.81 0.05 0.62
1 Yes �0.7 0.81 0.1 0.61
4 No 0.03 0.96 <0.01 0.90
4 Yes 0.22 0.81 0.15 0.61
20 No 0.62 0.81 0.37 0.20
20 Yes �0.1 0.81 <0.01 0.90

Mammal, bird
1 No 0.12 0.61 0.05 0.42
1 Yes 0.05 0.61 0.09 0.37
4 No 0.13 0.61 0.21 0.12
4 Yes �0.1 0.72 0.06 0.42
20 No 0.18 0.61 0.25 0.06
20 Yes 0.19 0.61 <0.01 0.49

Notes: Slopes (m) and Mantel test statistics (r) are shown, and P values were adjusted across species pairs separately for regres-
sion and Mantel tests using the false discovery rate method (P adj.). Treatments are labeled by their burn frequency (1, 4, or 20 yr
between burns) and whether or not there are native grazers present (Grazed). Bold values indicate significant associations between
taxnonomic groups.
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was consistent across land-use treatments within taxo-
nomic groups. A top model for plants was only identi-
fied in the annually burned, ungrazed treatment and the
drought severity axis was the only important variable
(PC1; Table 3). Small mammals and grasshoppers exhib-
ited responses to the drought severity axis in the grazed
treatment burned every four years, and grasshoppers

also responded in the unburned, ungrazed treatment
(Fig. 4). Richness of small mammals, plants, and
grasshoppers was positively associated with PC1, sug-
gesting increased richness with cooler, wetter summers
and more water available across the landscape. Top mod-
els for both grasshoppers and birds included lagged
effects of the drought severity axis (Table 3), but they

FIG. 4. Bivariate plots showing the relationship between richness and climatic variables across land-use gradients on the Konza
Prairie Biological Station for each taxonomic groups. Variables (A, PC1; B, lagged PC1; C, lagged PC2; D, lagged PC3; and E,
Year) were identified using AICc to select top generalized least square regression models. Variables not included in any top models
are omitted for the figure.
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responded in opposite directions (Fig. 4). Top bird rich-
ness models included the lagged drought severity axis,
the lagged PC3 axis, and year. Top models were only
identified for small mammals in the grazed treatment
burned every four years.
Results from the manyglm analysis suggest year was a

significant predictor of community composition for
most groups in most treatments, while effects of climate
variables varied across taxa (Table 4). The drought sever-
ity axis was a significant predictor of community compo-
sition for plants and small mammals, and this
relationship was observed in the annually burned,
ungrazed treatment for both groups (Figs. 5A, 8A).
Grasshopper composition responded significantly to the
lagged drought severity axis (PC1) and both lagged sea-
sonal variation axes (lagged PC2 and 3; Fig. 6) and was
the only group to respond to the lagged drought severity
axis (Table 4). Bird composition only responded signifi-
cantly to the lagged spring and summer conditions axes

(lagged PC2 and 3; Fig. 7A, 7) but exhibited significant
responses to year in all but one treatment. The direction
of significant species abundance responses to climate
variables are in Appendix S3: Table S1. These results are
generally consistent with our prediction that richness
and composition respond differently to climatic varia-
tion across taxonomic groups and land use.

DISCUSSION

Understanding the importance of land use and cli-
mate variability as drivers of community structure across
multiple taxa is necessary to develop comprehensive
management plans to meet the challenges of global
change. Our analysis of long-term data across four func-
tionally important taxonomic groups indicated experi-
mentally manipulated, ecologically relevant land-use
factors strongly influenced community structure of each
taxa, but, as predicted, the relative importance of land-

TABLE 3. Top models for richness responses to climate variables were selected using DAIC values corrected for small sample size
(DAICc).

Taxa and burn frequency (yr) Grazed Model Log Likelihood AICc DAICc Weight

Plants
1 No PC1 7.58 �4.5 0 0.43
1 Yes null
4 No null
4 Yes null
20 No null
20 Yes null

Grasshoppers
1 No PC1_lagged 3.18 8.3 0 0.73
1 Yes null
4 No null
4 Yes PC1_lagged 5.29 4.1 0 0.49

PC1 + PC1_lagged 8.44 5.1 1.02 0.29
20 No PC1 + PC1_lagged 9.71 2.6 0 0.82
20 Yes null

Birds
1 No PC1_lagged + PC3_lagged 12.26 �9.1 0 0.32

PC3_lagged 10.20 �9.1 0.01 0.32
1 Yes null
4 No null
4 Yes PC1_lagged + year 12.78 �10.1 0 0.43

PC1_lagged + PC3_lagged + year 14.87 �9.3 0.75 0.30
20 No PC1_lagged + year 15.52 �15.6 0 0.38

year 13.05 �14.8 0.83 0.25
20 Yes null

Mammals
1 No null
1 Yes null
4 No null
4 Yes PC1 + PC2_lagged 6.92 0.2 0 0.37

PC1 5.16 0.2 0.02 0.37
20 No null
20 Yes null

Notes: If intercept-only models had DAIC < 2, no model was considered a good fit and this is represented in the table as null. All
models included year as a covariate and as an autoregressive correlation term in generalized least squares regression models.
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use factors (i.e., burning or grazing) varied both among
taxonomic groups and components of community struc-
ture (richness vs. composition). The presence of grazers
explained the most variation in species richness for
plants, birds, and grasshoppers. There is strong experi-
mental evidence that grazing by bison increases species
richness of plant communities because bison preferen-
tially consume dominant C4 grasses, allowing competi-
tive release of subdominant grasses and forbs (Collins
et al. 1998, Knapp et al. 1999). Since plants provide both
food resources and habitat structure, increased plant
diversity may also support increased diversity of birds
and grasshoppers. Although grazing was the predomi-
nate driver of species richness in plants, grasshoppers,
and birds, burn regimes described more variation in
composition across most groups, as well as small mam-
mal richness (Fig. 3). This may be explained by the dif-
ferent impacts of grazing and burning on the physical
habitat created by plant communities. While grazing
increases grass and forb diversity, burn frequency nega-
tively drives woody plant coverage and determines
whether or not landscapes are more characteristic of a

grassland or shrubland (Ratajczak et al. 2014b). This
woody encroachment likely drives turnover in bird (Pow-
ell 2006), grasshopper (Jonas and Joern 2007), and small
mammal communities. Similarly, small mammal richness
may be more sensitive to habitat heterogeneity governed
by frequency of burning (Matlack et al. 2008) rather
than variation in diversity of non-woody plants as driven
by grazing. This result suggests that structural habitat
heterogeneity may be more important for small mammal
richness than food resource heterogeneity, but this obser-
vation needs to be further explored.
Community responses to climate variability were

weaker than land-use effects, but within the context of the
unique land-use treatments we were able to identify com-
ponents of climate that drive variation in richness and
composition. The weaker effect of climate variables rela-
tive to land-use treatments was unsurprising (Dale 1997),
as fire and grazing are known to be important drivers of
tallgrass prairie dynamics, thus we expected strong
responses to these experimentally manipulated factors
(Table 1). Despite overwhelming effects of land use on
community structure, within treatments we observed

TABLE 4. Significant climate variables predicting community composition were derived using the manyglm function from the
mvabund package (Wang et al. 2012).

Taxa and burn
frequency (yr) Grazed

PC1 PC2 PC1 lagged PC2 lagged PC3 lagged Year

Deviance P Deviance P Deviance P Deviance P Deviance P Deviance P

Plants

1 No 192.50 0.03 70.90 0.87 126.1 0.32 143.4 0.23 100.4 0.74 436.90 <0.01

1 Yes 211.20 0.13 86.20 0.99 217.7 0.26 171.3 0.62 174.4 0.67 869.20 <0.01

4 No 199.20 0.16 143.60 0.71 158.7 0.61 221.3 0.29 141.6 0.85 750.60 <0.01

4 Yes 241.40 0.16 119.00 0.96 260.6 0.21 233.1 0.42 215.4 0.55 1196 <0.01

20 No 24.10 0.08 102.90 0.94 146.9 0.66 179.7 0.47 131.8 0.86 961.80 <0.01

20 Yes 303.70 0.08 165.10 0.7 191.8 0.6 268.1 0.30 233.4 0.54 1232 <0.01

Grasshoppers

1 No 29.27 0.21 9.54 0.78 74.03 <0.01 21.45 0.11 12.76 0.19 27.76 <0.01

1 Yes 8.95 0.75 13.37 0.67 40.89 0.09 24.21 0.36 11.64 0.63 52.79 0.01

4 No 14.37 0.63 24.33 0.32 50.57 0.03 35.82 0.03 10.01 0.52 45.12 <0.01

4 Yes 24.68 0.28 8.22 0.87 47.29 0.04 38.01 0.07 13.53 0.49 44.06 0.01

20 No 20.75 0.42 12.64 0.76 68.95 0.01 23.37 0.25 26.57 0.02 28.81 0.02

20 Yes 19.22 0.40 8.90 0.81 61.99 0.02 36.00 0.07 11.75 0.49 29.55 0.04

Birds

1 No 15.82 0.35 16.84 0.36 10.81 0.73 26.07 0.11 30.93 0.52 67.67 <0.01

1 Yes 32.86 0.45 18.95 0.91 41.91 0.36 44.49 0.32 45.17 0.43 145.00 <0.01

4 No 18.22 0.69 19.89 0.76 17.22 0.85 39.58 0.16 70.04 0.02 49.17 0.02

4 Yes 32.07 0.46 26.07 0.7 51.88 0.16 63.93 0.05 54.87 0.16 151.70 <0.01

20 No 23.85 0.57 21.57 0.69 19.47 0.85 38.75 0.33 59.21 0.11 181.40 <0.01

20 Yes 28.38 0.54 48.57 0.14 50.15 0.18 24.91 0.64 48.12 0.21 146.03 <0.01

Mammals

1 No 28.08 0.01 7.34 0.45 3.71 0.83 8.20 5.78 16.19 0.30 11.01 0.40

1 Yes 18.03 0.08 11.74 0.36 18.53 0.14 19.29 0.10 9.91 0.56 22.51 0.06

4 No 18.03 0.18 13.00 0.38 7.91 0.73 38.13 0.01 13.16 0.45 20.68 0.22

4 Yes 35.12 <0.01 10.31 0.47 11.63 0.45 20.74 0.12 9.45 0.63 24.70 0.06

20 No 7.81 0.46 3.52 0.88 11.4 0.33 15.24 0.19 6.69 0.75 43.11 0.01

20 Yes 18.52 0.09 9.16 0.49 12.32 0.41 4.53 0.88 21.06 0.15 9.74 0.54

Notes: This function runs separate models (with options for both Gaussian and generalized) for each species in the community
and assesses global significance of community response. We developed manyglm models separately for each taxonomic group in
each treatment. Bold values indicate significant variables.
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FIG. 5. Relative amount of deviance contributed by predictor variables in manyglm models identifying significant climate fac-
tors affecting plant community composition in watersheds with no grazers burned every (A) 1, (B) 4, and (C) 20 years and in grazed
watersheds burned every (D) 1, (E) 4, and (F) 20 years. Asterisks indicate significant predictor variables (P ≤ 0.05) and colors repre-
sent different species with significant responses to each variable. Species names are not provided here due to the large number of
species, but these can be found in Appendix S3: Table S1.

FIG. 6. Relative amount of deviance contributed by predictor variables in manyglm models identifying significant climate fac-
tors affecting grasshopper community composition in watersheds with no grazers burned every (A) 1, (B) 4, and (C) 20 yr and in
grazed watersheds burned every (D) 1, (E) 4 and (F) 20 yr. Asterisks indicate significant predictor variables (P ≤ 0.05) and colors
represent different species with significant responses to each variable.
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community responses to climate, suggesting interactive
and context-dependent responses (Hansen et al. 2001).
While the focal taxa all have different adaptations to cope
with fluctuations in temperature and precipitation charac-
teristic of the study area, some species responses to cli-
mate may vary under different land-use contexts. For
example, grazing regimes of domestic livestock influenced
responses of perennial grasses to interannual rainfall vari-
ability (O’Connor and Roux 1995) and livestock produc-
tivity responses to reduced rainfall were dependent on
habitat heterogeneity achieved by different burning
regimes (Allred et al. 2014). In the current study, we
observed different species responding to climate variables
across different land-use treatments (Figs. 58;
Appendix S3:Table S1). These context-dependent
responses to climate could be driven by a mismatch of
traits selected for by extreme land-use gradients vs. cli-
matic variability, driven by species turnover across land-
use gradients. For example, de Bello and Lep�s (2005)
found responses of plant functional traits to grazing were
not consistent across climatic gradients. Understanding
how communities respond to climate variability in differ-
ent land-use contexts is critical for managing ecosystems
as both landscapes and climate continue to change. While
climate variability is out of the control of local land man-
agers, a land-use context for managing local species
responses to climate variability is potentially feasible.

Although the relationship between climate and com-
munity structure depended on land use, we were able to
identify proximate aspects of climate variability that inde-
pendently were important drivers of community composi-
tion for different taxonomic groups. For example,
drought severity was included in top models predicting
richness of small mammals, grasshoppers, and plants,
while lagged climate responses appeared to be more
important drivers of bird richness and composition. How-
ever, these responses were not observed across all land-
use treatments (Figs. 4, 7). Based on this observation, we
may predict declines in richness with increased severity of
drought predicted by climate models for the study region
(Easterling et al. 2017). The influence of climate variables
on community-level change has been difficult to quantify
due to a lack of high-quality, long-term, community data
(Bellard et al. 2012). Identifying these climatic variables
and instances in which communities exhibit lagged
responses could aid in the development of taxon-specific
climate change projections that go beyond range shifts of
single species, especially with the integration of long-term
climate patterns, demographic data, and an understand-
ing of the mechanisms driving species responses (Jackson
et al. 2009).
Different taxa responded to different components of

climate variability, driving asynchronous changes in
composition among animal groups over time.

FIG. 7. Relative amount of deviance contributed by predictor variables in manyglm models identifying significant climate fac-
tors affecting bird community composition in watersheds with no grazers burned every (A) 1, (B) 4, and (C) 20 yr and in grazed
watersheds burned every (D) 1, (E) 4, and (F) 20 yr. Asterisks indicate significant predictor variables (P ≤ 0.05) and colors represent
different species with significant responses to each variable.
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Community composition of animal groups was asyn-
chronous within treatments, indicating community-level
responses to climatic variability are not equal in magni-
tude or timing (i.e., grasshopper community composi-
tion might not shift in response to a wet year as
dramatically as the composition of a small mammal
community). Asynchrony may be due to the composi-
tion of taxonomic groups responding to different com-
ponents of climate variability, as observed in our
analysis (Question 3). For example, small mammal com-
position responded to drought conditions during the
same year (PC1) in three treatments, while grasshoppers
responded to drought conditions the previous year
(Figs. 6, 8). Observations of asynchrony between mea-
sures of richness and species responses have been used to
argue against the idea of the use of surrogate or indica-
tor species to represent ecosystem change (Lawton 1998,
Ricketts et al. 1999). Although synchronous responses
in community composition using similar methods as
used here have been documented (Su et al. 2004), syn-
chrony in composition was attributed to land-use gradi-
ents, not variability in climatic factors.
Contrary to our prediction, changes in plant composi-

tion were synchronous with changes in animal composi-
tion. We predicted plant composition would be relatively
more buffered against climatic variation between years,
exhibiting potentially lagged responses to climate, while

animal communities would respond to climate variation
the same year, driving asynchrony between these groups.
The unexpected synchrony observed between plant and
animal groups may be driven by several factors. Although
we only observed a significant effect of a climate variable
on plant composition in single treatment, there was a sig-
nificant effect of year (representing linear changes over
time) in all treatments, potentially driving synchrony with
animal groups that also had year as a significant predictor
(birds and grasshoppers). Other studies have identified
long-term directional change in plant and animal commu-
nities in response to burning at our site and a similar
experimental grassland (Collins 2000, Jones et al. 2017).
These long-term changes were attributed to species turn-
over in response to land-use treatments (Jones et al.
2017). Thus directional changes over time, not responses
to interannual climatic factors, likely drove the observed
synchrony between plant, grasshopper, and bird groups.
In addition to directional change driving synchrony in
composition between plant and animal groups, synchrony
may also be explained by changes in plant productivity in
response to climate. For example, plant community struc-
ture exhibited weak responses to water additions in
manipulated plots at KPBS, remaining dominated by C4

grasses, but total cover did respond to water additions
(Collins et al. 2012). These changes in productivity might
explain both consumer sensitivity to short-term climate

FIG. 8. Relative amount of deviance contributed by predictor variables in manyglm models identifying significant climate fac-
tors affecting small mammal community composition in watersheds with no grazers burned every (A) 1, (B) 4, and (C) 20 years and
in grazed watersheds burned every (D) 1, (E) 4, and (F) 20 years. Asterisks indicate significant predictor variables (P ≤ 0.05) and
colors represent different species with significant responses to each variable.
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variability and observed synchrony with plant communi-
ties because herbivores are responding to both tempera-
ture extremes and resource availability (i.e., primary
production). For example, small mammals exhibit popula-
tion increases in semiarid landscapes in response to El
Ni~no events, and these increases are largely due to
increases in primary productivity (Holmgren et al. 2006).
Measuring synchrony of different components of ecosys-
tems beyond species richness, such as productivity or
other ecosystem rates, are needed to fully understand and
predict how community structure responds to anthro-
pogenic changes in land use and climate.

CONCLUSIONS

Responses to climatic variables were more pro-
nounced within the context of land use, and some
groups (grasshoppers and small mammals) exhibited
stronger responses to climatic factors than others. More-
over, the strength of response to fire frequency and graz-
ing varied among taxonomic groups and animal groups
exhibited asynchronous responses to climatic variables.
These results highlight the complexity of ecosystem
responses to global change, and we need more work to
understand the mechanisms driving both the syn-
chronous and asynchronous patterns we observed. Vari-
able responses may be driven by complex interactions
among groups or potentially inherent life-history differ-
ences among disparate taxonomic groups. Given these
results, it is unlikely there will ever be a “one size fits
all” approach to managing complex ecosystems. Our
results and other research using these data clearly show
management strategies influencing plant community
composition also affect animal communities. Studies of
multiple taxonomic groups can help us implement speci-
fic ecosystem management goals. For example, it would
be difficult to target diversity outcomes in tallgrass prai-
ries by using either burning or grazing alone as a man-
agement strategy. Our data suggest grazing alone would
have a strong effect on the richness of plants, birds, and
grasshoppers, but negligible effects on small mammal
richness. Further, management of the dominance of dif-
ferent species across taxonomic groups would require
potentially different management strategies than those
used for richness alone. Comparisons of taxonomic
responses such as this are necessary to inform manage-
ment decisions at an ecosystem level. Measuring the
synchrony of community responses to environmental
gradients is only a first step in understanding ecosystem
dynamics. These patterns can be used to build hypothe-
ses regarding ecological interactions among taxonomic
or functional groups, allowing a more mechanistic
understanding of how changes in land use and climate
influence populations, communities, and ecosystems.
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