PROJECT SUMMARY

Overview:
The Konza Prairie LTER program (KNZ) focuses on the ecological dynamics of tallgrass prairie - a
historically widespread mesic grassland in the North American Great Plains. Our core research site is the
Konza Prairie Biological Station (KPBS), a 3487 ha native tallgrass prairie located in the Flint Hills of
northeast Kansas, USA. Since 1980, KNZ has investigated how key drivers of grasslands globally - fire,
grazing, and climatic variability - interact to influence tallgrass prairie structure and function. The
conceptual framework of KNZ LTER VIII builds on long-term studies, reflects the increasing complexity
of research questions developed over the history of this program, and explicitly recognizes that tallgrass
prairie pattern and process results from human alteration of ecological drivers at local (e.g., land use and
management), regional (e.g., nutrient inputs) and global (e.g., climate change) scales. Our research will
provide new information critical for understanding, managing, and conserving grasslands globally, while
concurrently addressing fundamental ecological questions to explain grassland dynamics in a changing
world.

Intellectual Merit:
KNZ utilizes long-term, watershed-scale manipulations of fire frequency and grazing by large ungulates,
coupled with numerous plot-scale manipulations (i.e., nutrients and rainfall) to test ecological theory and
address timely questions regarding grassland responses to multiple, interacting global changes. KNZ
LTER VIII builds upon a legacy of long-term observations and experiments manipulating key drivers to
assess changes in the structure and function of tallgrass prairie and associated dynamics in aquatic
systems. A recurring theme from prior KNZ research is that grassland responses to variation in ecological
drivers vary in magnitude and change dynamically over time. Long-term studies are required to improve
our ability to forecast change in this ecosystem, identify the mechanisms that facilitate and reinforce these
ecological changes, and determine if the ecological changes we have observed are reversible. LTER VII
began our focus on mechanisms that underlie the sensitivity and resilience of ecosystem states in mesic
grasslands. LTER VIII will utilize the array of ecosystem states that have emerged from these
manipulations of historical and global change drivers to refine our understanding of sensitivity, resilience,
and ecosystem state change in tallgrass prairie. To accomplish this, our proposed research comprises four
thematic areas: 1) continued watershed-level manipulations of historical drivers (fire and grazing), 2)
experimental manipulations of global change drivers, 3) cessation or reversal of selected drivers to assess
legacies, and 4) human intervention. Collectively, new KNZ research will advance ecological theory and
improve our mechanistic understanding of ecosystem state changes by manipulating key drivers to alter
ecological states while employing new analytical approaches to augment the value of our long-term data
sets.

Broader Impacts:
The KNZ LTER program will continue to benefit society in many ways, including educating and training
students from K-12 through postgraduate, performing public outreach, engaging artists in art-science
interactions, and fostering a diverse scientific community. The Konza Environmental Education Program
provides activities that engage K-12 students and teachers with ecological data collection and
interpretation of tallgrass prairie ecology. KNZ provides meaningful educational and research
opportunities for undergraduates via participation in core LTER data collection, independent research
with faculty advisers, and summer REU internships. During KNZ LTER VIII we will develop additional
research opportunities for undergraduates at Haskell Indian Nations University. KNZ provides research
opportunities for numerous graduate students (from >10 universities) and provides support in the form of
stipends, on-site assistance, equipment, and travel support. KNZ investigators and students will continue
to participate in activities that link ecology with art, will host artists-in-residence on site, and partner with
a local art museum to promote human engagement with a regionally important landscape. Finally, KNZ
experiments will inform natural resource management and conservation. Tests of ecological theory
relevant to grassland restoration will be used to develop more effective restoration approaches, and
inform conservation and restoration goals in grasslands experiencing landscape and associated global
changes.
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Project Description: KNZ LTER VIII: Manipulating drivers to assess grassland resilience
I. OVERVIEW
The Konza Prairie LTER program (KNZ) studies the ecological dynamics of a historically widespread, but
currently imperiled, mesic grassland in the North American Great Plains: the tallgrass prairie. Our central
focus is understanding how three key drivers of grasslands -- fire, grazing, and climatic variability
-- interact to affect tallgrass prairie structure and function (Figs. 1 & 2). KNZ scientists conduct
research critical for understanding, managing, and conserving tallgrass prairies and other grasslands
globally, while concurrently addressing fundamental ecological questions that transcend site-level
research. In 1980, KNZ research began with a unique watershed-scale fire experimental design that was
expanded over seven LTER cycles to include ungulate grazing, short- and long-term plot-level, streamreach and restoration experiments, and a network of terrestrial and aquatic sensors and sampling stations
(Fig. 3). Insights from a diverse array of long-term observations and experiments have provided a
multifaceted and detailed understanding of how fire, grazing, climatic variability, and a suite of global
drivers interact to influence the dynamics of tallgrass prairie and associated aquatic systems (Fig. 2; see
Prior Support). A recurring theme from KNZ research is that responses to ecological drivers are highly
variable in magnitude and temporal dynamics, and specific combinations of change - some linear and
some non-linear - can lead to different ecosystem states. The inherent variability within this ecosystem
highlights the need for long-term studies to: (i) increase our understanding of ecological responses to
future changes in key drivers, (ii) identify the mechanisms that promote and reinforce these changes, and
(iii) determine if the ecological changes we have observed are reversible.
The KNZ program harnesses a unique combination of long-term watershed- and shorter-term plot-level
experiments that manipulate historical ecological drivers and contemporary global change drivers (Fig. 3).
This varied experimental landscape provides exceptional opportunities to address the temporal dynamics
and mechanisms of tallgrass prairie sensitivity and
ecosystem state change (terms defined in Box 1). At
the start of the KNZ program, terrestrial and aquatic
systems reflected a relatively uniform history of
grazing and fire management (Fig. 4). Four decades
of experimentally imposed factorial combinations of
fire and grazing initiated in LTER I-III, coupled with
>20 nutrient, climate, and restoration experiments
during LTER VI-VII, have resulted in a variety of
ecosystem states on the landscape with known
antecedent legacies (Fig. 4). Of note, the ecosystem
states at KNZ reflect land cover changes occurring
worldwide (Sohl et al. 2012).
The overarching goal of LTER VIII is to leverage
manipulations of historical and global change
drivers at KNZ, which have produced an array of
ecosystem states, to evaluate the mechanisms
that underlie sensitivity and resilience in
tallgrass prairie (Box 1). To accomplish this, our
proposed research comprises four thematic areas:
1) watershed-level study of the long-term effects of
historical drivers (fire and grazing), 2) experimental
manipulations of global change drivers, 3) cessation
or reversal of selected drivers, and 4) human
intervention (study locations shown in Fig. 3).
Collectively, we will use ongoing and new activities
under each theme to assess ecosystem sensitivity

Fig. 1: The structure and function of terrestrial and
aquatic (inset) systems at KNZ reflects long-term
responses to fire and grazing, and their
interactions with a variable climate.
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Fig. 2: The conceptual framework for KNZ LTER VIII builds upon the legacies of KNZ research
investigating fire, grazing, climate variability, and nutrient availability (LTER I-III) and the
consequences of global change (LTER IV-VI) as drivers of tallgrass prairie ecosystem dynamics.
During LTER VII, we began investigating the mechanisms that underlie sensitivity and resilience to
alterations in grassland drivers. The LTER VIII conceptual framework integrates the increasing
complexity of our LTER objectives over time and recognizes that the key determinants of pattern and
processes in grasslands are directly (land use and management) and indirectly (climate change and
nutrient inputs) determined by human activities. Manipulation of drivers allow us to assess sensitivity,
transitions between states (S1, S2), and the potential for recovery and/or changes in resilience (Ri,
Rii). See Box 1 for definitions of terms.
and resilience through the manipulation or restoration of drivers or ecosystem states. We will: 1) conduct
targeted investigations of mechanisms that underlie ecosystem sensitivity and state change as informed
by results to date, 2) interpret experiments in the context of long-term observations at KNZ (Knapp et al.
2018, Bruckerhoff et al. 2020, Smith et al. 2020) and in comparison to other grasslands and biomes (e.g.,
Smith et al. 2016, Koerner et al. 2018, Komatsu et al. 2019), 3) advance general ecological theory and
inform theoretical and process-based ecological models (Smith et al. 2009, Dodds et al. 2015, Ratajczak
et al. 2017b, Brunsell et al. 2017, Ratajczak et al. 2018), and 4) maximize the broader impacts of our
research by providing full open access to all core datasets, applying insights from KNZ research to
management, conservation, and restoration of grasslands, while expanding KNZ education and public
outreach programs.
Box 1: Key Terms Defined
Concept
Definition

State (Si)
Sensitivity
Resilience
(Ri, Rii)
Legacy
effects

Quantifiable characteristics of an ecosystem in a particular place and/or point in time
Responsiveness of a state to a change in drivers (Knapp et al. 2015); the inverse of
resistance
The ability to maintain a qualitatively similar state over time (Walker et al. 2004).
Resilience is achieved by: (Ri) resisting changes in drivers or disturbance and/or (Rii)
returning to an initial state (i.e., recovery) following some period of time (bouncing back
in the absence of resistance) (following Ratajczak et al. 2018)
Characteristics of a system that developed under particular ecological drivers, which
continue to affect state dynamics when those drivers are ceased or reversed (Sala et al.
2012, Johnstone et al. 2016)
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Fig. 3: The Konza Prairie site-based watershed-level experimental design. Watershed boundaries are
denoted by grey lines, and watershed IDs indicate research treatments. Unless specified, prescribed fires
occur during Spring (Mar-Apr). Numbered circles identify locations corresponding with projects described
in Section VI, with colors indicating the 4 research themes.
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Intellectual Merit
II. BACKGROUND
Study System: Tallgrass Prairie – Grassland covers approximately ~40% of Earth's land surface (Asner
et al. 2004, Dixon et al. 2014) and accounts for 20-25% of terrestrial productivity (Still et al. 2003) and
18% of global runoff (Dodds et al. 2015). Temperate grasslands are a major ecosystem type in North
America, with the Great Plains (2.17 million km2) representing the second largest grassland ecoregion in
the world (Dixon et al. 2014). Tallgrass prairie is the most productive and diverse grassland type in the
Great Plains (Searchinger et al. 2015), and occurs where annual precipitation often equals annual
evapotranspiration. Over the 19th and 20th centuries, most of the tallgrass prairie was cultivated for
cropland agriculture (Sampson & Knopf 1994), and humans extirpated a substantial portion of the megafauna (e.g., bison, elk). A pervasive threat to remaining tallgrass prairie is woody plant encroachment —
the conversion of grassland to shrub and/or tree dominated states — caused by too infrequent and less
intense fires, landscape fragmentation that impedes fire spread, and increased propagule pressure by
woody species potentially influenced by increased atmospheric [CO2] (Higgins & Scheiter 2012,
Ratajczak et al. 2014b, 2016, Brunsell et al. 2017, Scholtz et al. 2018).
KNZ LTER research is based at the Konza Prairie Biological Station (KPBS), a 3487 ha native tallgrass
prairie preserve in the Flint Hills ecoregion of Kansas, USA. The Flint Hills contains the largest area of
unplowed tallgrass prairie in North America (Sampson & Knopf 1994). The flora of KPBS is dominated by
perennial C4 grasses (Andropogon gerardii, Schizachyrium scoparium, Panicum virgatum, and
Sorghastrum nutans), but is highly diverse with >700 vascular grass, forb, and woody species (Collins &
Calabrese 2012, Taylor et al. unpublished). The climate is mid-continental with cold, dry winters (-7.09 ºC
mean min temp in Jan [1982-2019]) and warm, wet summers (32.70 ºC mean max temp in July [19822019]). Long-term mean annual precipitation for KNZ is 835 mm (1982-2019), of which 75% occurs
during the April-September growing season. Reduced evaporation and transpiration in winter (NovemberMarch) allows a greater portion of precipitation to recharge deep soil moisture and groundwater.
The topography of KPBS is characteristic of the Flint Hills region (Figs. 1, 3), with steep hillslopes and ca.
100 m relief between uplands, with relatively shallow soils (~30 cm depth), and lowlands with soils > 2 m
depth (Ransom et al. 1998). Topography, which has figured significantly in KNZ research strongly
influences plant community composition and ecosystem processes (Nippert et al. 2011). This complex
topography is a product of the erosion of limestone bedrock and mudstone layers that formed beneath a
vast ancient ocean. Weathering of these geologic layers results in a merokarst system characterized by
fractures, joints, and perched aquifers (Macpherson & Sullivan 2019), as well as a complex network of
high and low hydraulic conductivity and variable subsurface water infiltration and flow (Vero et al. 2018).
The Kings Creek watershed is completely contained within KPBS and includes a perennial downstream
reach, intermittent and ephemeral middle and upper reaches, and some perennial springs (Fig. 3).
Shallow groundwater tables (~5.5 m depth) connect to Kings Creek, resulting in rapid water table
responses to precipitation (Macpherson et al. 2008; Macpherson et al. 2019). This hydrology underlies
the heterogeneity in nutrient export from the watersheds (Rüegg et al. 2015) and sets a template of high
abiotic variability for stream biota (Dodds et al. 2004, Bruckerhoff et al. 2020).
Core watershed-scale research on KNZ focuses on the role of fire, grazing, and climate on ecosystem
structure and function (Knapp et al. 1998). The central experimental platform includes replicate
watersheds varying in fire frequency (1, 2, 4, and 20-yr fire return intervals, including treatment reversals),
with or without grazing by bison or cattle (Fig. 3). Bison were re-introduced in 1987 and graze year-round
within a >1000 ha area encompassing replicate watersheds of the four fire frequencies. A comparison of
cattle and bison grazing began in 1992. In 2010, we initiated a patch-burn grazing experiment to evaluate
the role of fire-mediated rotational grazing on dual goals of cattle production and biodiversity
conservation. This management strategy, used by local ranchers and advocated by The Nature
Conservancy, aims to maximize prairie plant and animal diversity by creating landscape heterogeneity
through a shifting mosaic of fire-induced grazer movements (Fuhlendorf et al. 2009). While spring fires
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are most common (Hulbert 1973), winter, spring and summer burn watersheds were established in 1994,
because fires started by lightning can occur year-round (Hulbert 1973).

Fig. 4: The KPBS landscape contains a mosaic of ecosystem states (depicted in the pictures)
resulting from the manipulation of an array of historically important and contemporary drivers.
History of KNZ Research – During LTER I-III (1980-1996), we initiated studies of the major abiotic
(climate, fire, nutrients, topoedaphic gradients, hydrology) and biotic (herbivory, competition, mutualism)
factors affecting mesic grasslands, which led to a dynamic, non-equilibrium perspective of ecological
pattern and process in tallgrass prairie (Knapp et al. 1998). Long-term sampling sites and protocols were
established, spatial scales of inquiry increased, and an emphasis on grassland streams and belowground
processes emerged. Bison were re-introduced in 1987 to explore how grazing interacts with the
landscape mosaic produced under different fire regimes. Also during this time, we began to investigate
the role of climate variability on grassland productivity. LTER IV (1996-2002) initiated new long-term
experiments on grassland responses to global change and restoration, with increased emphasis on
relevance for management and conservation of grasslands worldwide (Fig. 2). The theme of global
change impacts continued during LTER V and VI (2002-2014), with new emphases on land-use (i.e.,
altered fire and grazing regimes), land-cover change (i.e., woody encroachment, invasive species),
persistent drought, altered biogeochemical cycles, and effects of inter-annual climate variability on
grassland restoration. In LTER VI, we also initiated the patch-burn grazing experiment. During LTER VII
(2014-2020), we began to explicitly test for resilience and sensitivity to changes in focal drivers using the
foundation of decadal-scale measurements in LTERs I-VI to explain ecological dynamics and trajectories
of change in tallgrass prairie. Our work during LTER VII provides a foundation for new research focused
on the sensitivity and resilience of grasslands to global changes (see Prior Support).
Nearly 40 years of KNZ research provides crucial insights into the roles of fire, grazing, climate variability,
nutrient supply, and abiotic heterogeneity in the maintenance and dynamics of tallgrass prairie. Decades
of manipulating drivers at watershed, plot, and stream-reach scales have created a landscape mosaic of
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varying ecosystem states (Fig. 4). LTER VIII (2020-2026) will capture ongoing dynamic changes through
long-term core research and will build on this foundation with new experiments that manipulate drivers in
singular or interactive capacities to assess the sensitivity and resilience of ecosystem states (Fig. 4). KNZ
research confirms that decadal measurements are required to reveal mechanisms controlling patterns
and processes in intact and restored tallgrass prairies (Komatsu et al. 2019, Welti et al. 2020). Decadal
measurements are also needed to reveal legacy effects (see Box 1) and feedbacks that maintain altered
states when manipulated drivers are ceased or reversed. Collectively, KNZ research will continue to
advance ecological theory and improve our mechanistic understanding of ecosystem state changes by
manipulating key drivers to alter ecological states and employing new analytical approaches to augment
the value of our long-term data sets. Ultimately, the discovery of early indicators of state change and
thresholds, knowledge of feedback mechanisms that prevent the reversal of state changes, and legacy
effects that promote sensitive or resilient grassland states, will help us to manage, conserve, and restore
this imperiled ecosystem and grasslands globally.

III. RESULTS FROM PRIOR SUPPORT
Konza Prairie LTER VII: Long-Term Research on Grassland Dynamics - Assessing Mechanisms of
Sensitivity and Resilience to Global Change. Nippert et al. 2014-2020. $6,811,998.
During LTER VII, KNZ researchers published 318 refereed papers, 54 student thesis and dissertations, 5
books, 6 book chapters, and 2 other non-refereed scientific products. These include site-focused, multisite, and synthetic research with contributions to ecology, hydrology, climate science, geology,
atmospheric science, and mathematical theory. Over this funding cycle, KNZ scientists leveraged
>$17.5M in additional extramural funding to complement and extend the inference of KNZ research.
Below, we highlight key results and publications organized by the four thematic areas of the prior
proposal. Student contributions are underlined.
IIIA-1. Responses to fire-grazing regimes: Core KNZ research focuses on the role of fire regime and
interactions with grazing on long-term dynamics of populations, communities and ecosystems. LTER VII
studies extended our understanding of how fire and grazing affect plant and consumer communities and
species interactions at multiple scales (Welti & Joern 2018) and the importance of spatial and temporal
heterogeneity for species diversity. First, long-term data revealed strong species-specific consumer
responses to changing fire, grazing, and climate or habitat disturbance (Jones et al. 2017, Welti et al.
2017, Williams & Boyle 2018, Bruckerhoff et al. 2020). Second, field studies and remote sensing
illustrated the impacts of forage quality, habitat heterogeneity, and water availability on bison movement
and grazing dynamics (Raynor et al. 2016, Ling et al. 2019 a, b). Patch mosaics generated by fire and
topography play a critical role in maintaining forage availability and nutritional quality for grazers, post-fire
vegetative regrowth, and fire-grazer interactions (Raynor et al. 2017a, b). Third, our patch-burn grazing
experiment illustrated that rotational fire improves habitat for small mammals (Ricketts & Sandercock
2016) and grassland birds (Verheijen et al. 2019) in cattle-grazed grasslands.
New research also evaluated the consequences of spatio-temporal fire and grazing heterogeneity on
plant, insect and bird communities. Grieger et al. (in review) found that bison grazing lawns are hotspots
of plant diversity, and Shaffer (2019) identified positive feedback mechanisms responsible for grazing
lawn persistence. Zahner (2015) illustrated that bison grazing increases plant diversity by releasing nonpalatable forbs from aboveground competition. Welti et al. (2019a) found that network structural
complexity and robustness of insect communities were greater in bison-grazed compared to ungrazed
watersheds. Williams (2016) discovered that grassland-dependent birds have high dispersal tendencies
in response to high spatio-temporal landscape heterogeneity. For example, grasshopper sparrows
(Ammodramus savanarum) exhibit high rates (>50%) of dispersal by territorial males in response to fire
and grazing combined, rather than their singular effects (Williams & Boyle 2018, 2019).
IIIA-2. Patterns, causes, and consequences of grassland-shrubland/woodland transition: We
continued long-term measurements of plant species composition and changes in woody plant cover
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under different fire and grazing treatments. These data revealed state transitions to shrublands or
woodlands following long-term reductions in fire frequency, identification of which was integral to
developing and testing theories describing alternative stable states and tipping points in tallgrass prairie
(Ratajczak et al. 2014a, b, Veach et al. 2014). For example, we found that the long time lags preceding
woody encroachment present a window of opportunity for early management interventions (Ratajczak et
al. 2017a). This insight led to a new theoretical framework that describes ecological thresholds in terms of
both the magnitude and duration of a change in drivers that must be exceeded before state changes
become difficult to reverse (Ratajczak et al. 2017b). We identified multiple mechanisms promoting woody
species replacing grasses, including reduced competition for water with grasses (O'Keefe & Nippert 2017,
Muench et al. 2016) and reduced susceptibility to drought under increased [CO2] via lower leaf
transpiration (O'Connor 2019). In addition, asexual recruitment remains high in rough-leaf dogwood
(Cornus drummondii) despite frequent disturbance by fire, grazing and browsing (Wedel 2019).
We addressed mechanisms and consequences of woody encroachment using modeling and novel field
experiments. Process-based models explored the relative impacts of climate variability and fire on
grass:shrub ratios and carbon assimilation (Brunsell et al. 2017). Spatially explicit models illustrated the
effects of fire frequency on transient dynamics and spatial heterogeneity of plant growth rates (Ratajczak
et al. 2017a). Simulation of greater browsing pressure—as might have occurred before elk extirpation—
suggested a strong potential for synergistic interactions between browsing and fire on shrub mortality
(O’Connor et al. 2020). We initiated the Shrub Rainfall Manipulation Plots experiment (ShRaMPs) in 2017
to test drought impacts woody on encroachment. Preliminary results suggest drought effects on shrub
physiology, morphology, and demography are as pronounced as fire effects. Finally, a riparian woody
removal experiment, begun in 2010, examined the impacts of woody plant expansion on ecohydrology,
stream biogeochemistry, and geomorphology. Stream flow was minimally influenced by the removal of
woody plants along the stream corridor, but nitrogen (N) and phosphorus (P) export increased for 3 years
before returning to control levels (Larson et al. 2019). Woody removal also stimulated denitrification in
riparian and benthic zones (Reisinger et al. 2013), and microbial community structure (Veach et al. 2015),
showing that woody encroachment has consequences at the ecosystem level.
III-B. Climate variability and climate change: Detailed climate records and ecological measurements
for KNZ now span 40 years, providing context for understanding how tallgrass prairie responds to
changes in climate means and extremes (Smith et al. 2015, Knapp et al. 2017b). KNZ has a long history
of long-term climate manipulation experiments (RaMPs 1998-2016, Irrigation Transect Study 1992–
present, Climate Extremes Experiment (CEE) 2010-present). These and a suite of shorter-term
experiments provided opportunities to combine experimental and observational data to determine how
grassland sensitivity to climate is altered by long-term changes in hydroclimatic conditions (PonceCampos et al. 2013), ecosystem eutrophication (Flores-Moreno et al. 2016), and to identify mechanisms
underlying sensitivity and resilience to climate changes. The CEE has assessed the resilience of
grassland communities and ecosystem processes to repeated extreme droughts. Aboveground
productivity was highly sensitive, yet highly resilient after 2-year manipulations of drought and air
temperature (Hoover et al. 2014, 2017). However, long-term resistance declined following repeated
extreme 2-yr droughts. Grass bud and shoot densities appear resistant to drought (VanderWeide &
Hartnett 2015), suggesting that grass rhizomes and buds can buffer responses to drought and help
explain this ecosystem’s resilience (Hoover et al. 2014). Analysis of long-term data from the Irrigation
Transect study showed that despite drastic alteration in resource availability, shifts in plant communities
maintain ANPP (Collins et al. 2012, Wilcox et al. 2016a), and critical ecosystem services (i.e., carbon
sequestration) (Wilcox et al. 2016b).
During LTER VII, we modified the Irrigation Transect experiment to examine how legacies of multi-decade
climate manipulations affect responses to novel climates or climate extremes. We imposed a 66%
reduction in growing season rainfall in a subset of plots with a history of either ambient rainfall or addition
of supplemental rainfall to eliminate water limitation. To date, the legacy effects of long-term irrigation
include elevated ANPP and soil respiration, but increased sensitivity of microbial biomass to drought
Konza LTER VIII: Manipulating drivers to assess grassland resilience
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(Broderick et al. unpublished). Similarly, we modified the Rainfall Manipulation Plots (RaMPs) experiment,
which historically altered within growing-season precipitation variability (but not amount), by imposing an
extreme 2-year drought (2014-2015), followed by a recovery year (2016). Plant community composition
and ANPP responses to extreme drought were unaffected by more than a decade of increased rainfall
variability. In contrast, greater variability increased sensitivity of BNPP, and soil CO2 flux to drought
(Slette et al. unpublished). Further, microbial respiration decreased in soils with greater drought history,
corresponding with lower mortality of microbial populations following soil drying and rewetting (Zeglin et
al. 2013, Veach & Zeglin 2019). These results suggest that belowground legacies of past climate
conditions influence system resilience to future climate changes (Slette et al. unpublished).
The long-term studies at KNZ provide unique opportunities to assess the impacts of extreme events, such
as heatwaves, droughts and floods. Ratajczak et al. (2019) showed that the combined effect of heatwave
and wildfire altered the plant community more than either did independently. During LTER VII, two
anomalous climate years (drought in 2018 and floods in 2019) occurred, and several studies suggest that
they affected consumer responses. Hopper et al. (2020) used a series of physiological performance
experiments to predict traits of fish species that could survive in isolated pools with harsh abiotic
conditions during the 2018 drought. Hedden and Gido (2020) estimated that >40% of fishes in isolated
downstream habitats returned to the middle reaches of Kings Creek in 2019 after flow was restored,
suggesting fish communities may be quite resilient to drought.
III-C. Altered Biogeochemical Cycles: Characterizing feedbacks between altered biogeochemical
cycles and grassland state changes is integral to KNZ research, because nutrient availability alters
aboveground community states and stability (Avolio et al. 2014, Koerner et al. 2016). Moreover, the
consequences of state change for nutrient cycling and export can be substantial (Larson et al. 2019).
KNZ maintains four long-term nutrient manipulation experiments. Recent results from the Belowground
Plots experiment (1986-current) showed that soil bacterial communities were more sensitive to fertilizer
addition in unburned prairie, suggesting a combined effect of multiple drivers of N availability (Carson &
Zeglin 2018). In contrast, fungal responses appeared more related to plant community turnover than N
availability per se (Carson et al. 2019). In 2017, we ceased N additions to evaluate legacies of nutrient
enrichment, and found that N-cycling rates and microbial populations were differentially resilient;
microbial-mediated N loss in the unburned treatment might control recovery of the system to a low-N
state, while fire-mediated N losses may dominate in burned prairie (Nieland et al. in review). The P-Plots
Experiment (2001-current) revealed that combined N and P enrichment shifted the plant community from
a C4- to C3-dominated state, accompanied by increased year-to-year variation in productivity (Avolio et al.
2014) and reduced grassland state stability over time (Koerner et al. 2016). KNZ was an inaugural
Nutrient Network (NutNet) site in 2008, contributing data to regional syntheses assessing the effect on
nutrient additions on NPP, invertebrate communities, and soil organic matter decomposition (La Pierre et
al. 2016, La Pierre & Smith 2016, Riggs & Hobbie 2016). KNZ NutNet data also were included in several
global studies examining productivity-diversity relationships (Adler et al. 2011, Grace et al. 2016), climate
and anthropogenic impacts on species invasions (Flores-Moreno et al. 2016), and effects of single- and
multiple-resource limitation on plant species coexistence and function (Borer et al. 2014, Fay et al. 2015,
Stevens et al. 2015, Harpole et al. 2016, Hodapp et al. 2018, Hautier et al. 2018), arthropod communities
(Lind et al. 2017) and microbial diversity (Leff et al. 2015, Prober et al. 2015). Finally, the Chronic Addition
of Nitrogen Gradient Experiment (ChANGE) adds eight levels of N (0-30 g m-2) to annually burned
grassland plots to understand how varying levels of N enrichment affect community composition, ANPP
and insect herbivory, and to examine potential thresholds of N effects on community responses. Results
indicate additional increases in ANPP above 5 g N m-2 enrichment in years with above average rainfall,
with no N effect on plant communities to date. Data from the KNZ ChANGE experiment also illustrates
that insect herbivores can be subject to N-P co-limitation (Rode et al. 2017).
We also conduct long-term measurements of precipitation (wetfall and dryfall), groundwater, and stream
water chemistry. Hydrologic research at KNZ characterizes weathering and changes in belowground flow
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paths to the broader karst landscape. Groundwater chemistry data revealed a ~40% increase in
groundwater pCO2 over the past 3 decades (Macpherson et al. 2008, Macpherson & Sullivan 2019,
Sullivan et al. 2019). Groundwater levels (1990-present) and stream discharge (1986-present) have
decreased, although precipitation over this period has not. Changes in groundwater flow paths (Brookfield
et al. 2017, Vero et al. 2018) may help explain variability in stream discharge; more specifically, Costigan
et al. (2015) suggested that water accumulation and storage in shallow limestone and alluvium aquifers
creates threshold dynamics in the relationship between precipitation and stream flow. Long-term records
of dissolved organic carbon (DOC) in streams demonstrate the influence of this hydrologic variability on
DOC flux from the watersheds, and show low concentrations relative to other grasslands globally (Rüegg
et al. 2015). Analyses of stream metabolism showed high heterogeneity of ecosystem processes over
reach scales (Siders et al. 2017). We continued N cycling studies in Kings Creek (Resinger et al. 2013,
Trentman et al. 2015) and used these results to illustrate similarities with other grassland streams
(Norman et al. 2017, Higgs 2018, Tank et al. 2018).
III-D. Restoration Ecology: Restoration studies at KNZ include community and ecosystem dynamics in
terrestrial and aquatic systems. Experimental prairie restorations aim to reveal the relative roles of
deterministic and stochastic processes on restoring plant diversity and ecosystem functions during
transitions from cropland to a prairie state (Fig. 4). The first restoration experiment (1998-present) is a
long-term test of the environmental heterogeneity hypothesis, demonstrating that variability in soil
resources increases plant diversity when propagules of new species are supplied (Baer et al. 2016,
2020). The sequential prairie restoration experiment (2010-present) evaluates the role of inter-annual
variability in climate on plant community development. Results thus far establish that inter-annual
precipitation variability leads to structurally and functionally different plant communities after the first three
years of restoration (Manning 2018, Manning & Baer 2018), but community structure and ecosystem
function are expected to converge over time (Scott & Baer 2018, 2019). Multiple restoration experiments
co-located at KNZ provide a 35-year restoration chronosequence used to quantify decadal-scale rates of
ecosystem recovery. Recent studies across this chronosequence showed that available nutrient pools
decline as labile C pools increase (Rosenzweig et al. 2016), that nitrous oxide production also declines
over time as inorganic N becomes less available (Scott et al. 2019), and that sequestered C is affected
more by the recovery of microbial communities than by soil structure (Scott et al. 2017).
III-E. 10 Most Significant Publications during LTER VII (2014-2020) graduate student author
1. Baer SG, Blair JM, Collins SL. 2016 Environmental heterogeneity has a weak effect on diversity during
community assembly in tallgrass prairie. Ecological Monographs 86:94 -106
2. Carson CM, Zeglin LH. 2018 Long-term fire management history affects N-fertilization sensitivity, but
not seasonality, of grassland soil microbial communities. Soil Biology & Biochemistry 121:231-239
3. Dodds, WK, Gido, K, Whiles M, Daniels M, Grudzinski B. 2015 The Stream Biome Gradient Concept:
Factors controlling lotic systems across broad biogeographic scales. Freshwater Science 34:1-19
4. Hoover DL, Knapp AK, Smith MD. 2014 Resistance and resilience of a grassland ecosystem to climate
extremes. Ecology 95:2646 -2656
5. Knapp AK, Carroll CJ, Griffin-Nolan RJ, Slette IJ, Chaves FA, et al. 2018 A reality check for climate
change experiments: Do they reflect the real world? Ecology 99:2145-2151
6. Koerner SE, Avolio ML, La Pierre KJ, Wilcox KR, Smith MD, & Collins SL 2016 Nutrient additions
cause divergence of tallgrass prairie plant communities resulting in loss of ecosystem stability. Journal
of Ecology 104(5), 1478-1487
7. Komatsu KJ, Avolio ML, Lemoine NP, Isbell F, Grman E, Houseman GR, ... & Anderson JP. 2019
Global change effects on plant communities are magnified by time and the number of global change
factors imposed. Proceedings of the National Academy of Sciences, USA 116(36), 17867-17873.
8. Macpherson GL, Sullivan PL. 2019 Watershed-scale chemical weathering in a merokarst terrain,
northeastern Kansas, USA. Chemical Geology 527:118988.
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9. Ratajczak Z, D'Odorico P, Collins SL, Bestelmeyer BT, Isbell FI, Nippert JB. 2017 The interactive
effects of press/pulse intensity and duration on regime shifts at multiple scales. Ecological
Monographs 87(2):198-218
10. Welti EAR, Qiu F, Tetreault HM, Ungerer M, Blair JM, Joern A. 2019 Fire, grazing, and climate shape
plant-grasshopper interactions in a tallgrass prairie. Functional Ecology 33:735-745
III-F. Summary of the table of datasets included as a supplementary document – The KNZ website
provides access to 135 projects, consisting of 350 datasets available online (152 are GIS data). These
datasets are searchable by LTER core areas and we update them in the LTER Environmental Data
Initiative (EDI) data portal and DataOne. During LTER VII, we improved the search capabilities of our
structured metadata, which are fully compatible with the LTER Network Information System. During the
2014-2020 LTER VII funding cycle, 385 KNZ LTER-supported/related publications, thesis and
dissertations were added (cumulative total of 1889 publications since LTER I).
III-G. Supplemental Funding – NSF provided $50K in supplemental equipment funding in 2015. This
was used to purchase automated soil respiration sensors, two replacement neutron soil moisture probes,
and groundwater sampling equipment. Soil respiration sensors were paired with two eddy flux towers
(Ameriflux sites US-KON and US-KFB) to enhance CO2 flux partitioning (Brunsell et al. 2017). Long-term
soil moisture data comprise a core KNZ dataset (ASM01) collected from 1983 to present. Recent
groundwater research describing chemical weathering benefitted from the additional equipment provided
by this supplement (Macpherson & Sullivan 2019, Sullivan et al. 2019).
III-H. Broader Impacts – Education: During LTER VII, 54 graduate students from 9 institutions completed
theses and dissertations. Over 105 undergraduates, including 33 REU students, participated in KNZ
research. An additional 200-300 undergraduates per year used KPBS for field trips, course activities, and
research tours. The Konza Schoolyard LTER (SLTER) program engaged 800-1000 local schoolchildren
per year in site-based science at KPBS and provided experience in the use and sharing of data in
collaborative learning and research activities. The broader Konza Environmental Education Program
(KEEP) provided informative field tours and educational experiences for an additional 2500-3000
schoolchildren annually. Engagement with Art: KPBS hosts local and national artists, writers, and
photographers to broaden public awareness and appreciation of grassland ecosystems and of science
more generally. One local example is the Prairie Studies Initiative, a collaboration of K-State faculty,
students, and the public to explore the cultural and ecological dimensions of prairies. Conservation: KNZ
scientists provided numerous research tours to the public, land managers and conservationists, and >50
grassland-related professional groups totaling >3,000 individuals visited KPBS for information and
training. We work closely with The Nature Conservancy and K-State Extension to translate research
results into management best-practices and conservation recommendations.
III-I. Synthesis, cross-site, and LTER network level activities – KNZ investigators led or participated in
numerous cross-site syntheses to develop and test ecological concepts. Noteworthy examples included:
temperature sensitivity of litter decomposition (Follstad-Shah et al. 2017), activation energies of stream
metabolic rates (Song et al. 2018), drivers of ecosystem regime shifts (Ratajczak et al. 2017b), grassland
responses to climate change (Hufkens et al. 2016, Ladwig et al. 2016), community responses to multiple
global change drivers (Komatsu et al. 2019), ecosystem responses to fire and grazing (Smith et al. 2016),
spatial dynamics and ecosystem stability (Wilcox et al. 2017b), a global assessment of biodiversity
responses to large grazers (Koerner et al. 2018), and a synthesis of multi-trophic responses to nutrient
enrichment in streams (Ardón et al. in review). KNZ scientists played lead roles in the Nutrient Network
and the NSF Drought-Net Research Coordination Network, the USDA funded Grazing Exclosure
Consortium (GEx), as well as SCALER (Scale, Consumers, and Lotic Ecosystem Rates). KNZ led and
participated in many Network-level activities, including a synthesis working group (Integrating Plant
Community and Ecosystem Responses to Chronic Global Change Drivers: Toward an Explanation of
Patterns and Improved Global Predictions - led by Komatsu, Avolio, and Wilcox). In addition, KPBS
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hosted the 2014 Science Council, Nippert serves on the Executive Board (2019-present), and Knapp
chairs the LTER Publications Committee.

IV. RESPONSE TO THE MID-TERM SITE REVIEW
The KNZ mid-term site review occurred in Sept 2017. The review summary provided by Dr. Doug Levey
was very supportive of the scope and focus of current KNZ science. The summary highlighted the
strength of our current research focus and conceptual model stating: "The Program is in complete
agreement with panelists that KNZ is maintaining its considerable momentum in cutting-edge research on
mechanisms of sensitivity and resilience to global change in grassland ecosystems...There was strong
consensus among panelists that the third major phase of KNZ LTER research is exciting and based on a
fresh conceptual framework… The Program agrees with panelists that the quality and quantity of
research underway at KNZ is nothing short of outstanding." Based on feedback from this review and the
initial promising results from a focus on grassland resilience, this renewal proposal (VIII) builds upon our
conceptual framework and the well-received LTER VII theme. The team provided several constructive
recommendations for improvement. We were encouraged to modify or halt long-term treatments in
selected experiments to facilitate new investigations of resilience and sensitivity. In LTER VIII we will
continue to assess recovery after cessation of N fertilization in the Belowground Plot Experiment and will
increase fire frequencies in historically low frequency treatments with high woody encroachment. A
second suggestion was to increase use of quantitative models across spatial scales, and modelling that
integrates across the five core areas of LTER. Here, we propose new projects using quantitative spatial
tools, integral projection models for improved understanding of fundamental population ecology, as well
as a Bayesian data integration framework for predictive inference of spatial and temporal variation in
populations, communities and ecosystems (detailed in VI-E: Synthesis). A third suggestion was to
increase focus on the mechanistic feedbacks between plants and herbivores. Several new projects,
including ConSME (#6 in project descriptions), GRaMPs (#14), and Fire reversal in bison watersheds
(#19) are new projects to assess ecological responses to grassland herbivory. No major concerns were
noted for the other project criteria (IM, Network participation, Education/ Outreach, & Site Management).

V. FRAMEWORK FOR LTER VIII
The KNZ long-term experimental template provides unparalleled opportunities for advancing ecological
theory and addressing timely questions regarding grassland responses to multiple, interacting global
changes. Our conceptual framework (Fig. 2) integrates the increasing complexity of LTER objectives
over time and recognizes that the key drivers of pattern and process in grasslands are influenced by
human activities at local (e.g., land use and management), regional (e.g., nutrient inputs) and global (e.g.,
climate change) scales. LTER VII initiated a new phase of KNZ research, focusing on the mechanisms
that underlie the sensitivity and resilience of ecosystem states in mesic grasslands (Smith et al. 2009).
LTER VIII will advance our investigation of grassland resilience using legacies of landscape fire and
grazing experiments, experimental manipulations of global change drivers, and human intervention to
restore non-grassland states to grassland. Specifically, we will: 1) reverse previous manipulations of
external drivers to identify feedbacks preventing or promoting resilience, 2) alter drivers continuously (~
press) as well as episodically (~ pulse) to assess sensitivity and detect points when subtle environmental
changes lead to large changes in ecosystem state (~ thresholds), and 3) use factorial combinations of
multiple drivers to determine if synergistic interactions increase sensitivity or decrease resilience. Using
this framework, we are poised to discover novel ecological responses, further our understanding of
grassland resilience, and contribute to grassland conservation and restoration in the face of ongoing
landscape and associated global changes.
Variation in fire frequency, grazing, climate variability, and nutrient availability can produce different
grassland ecosystem states (Fig. 4; Collins & Calabrese 2012, Ratajczak et al. 2014a, b, Veach et al.
2014, Carson & Zeglin 2018, Avolio et al. 2018, Smith et al. 2020). State changes at KNZ follow the
theory predicted by various dynamical-system models (Scheffer et al. 2001, Ratajczak et al. 2018) and in
response to global change drivers (Smith et al. 2009). Changes among states can be 1) gradual and
reversible, 2) exhibit abrupt thresholds that are reversible (regime shift), or 3) cross thresholds that are
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difficult to reverse (regime shift with hysteresis), with the latter resulting in a transition to an alternate
stable state due to stabilizing feedbacks (Scheffer et al. 2001, Bestelmeyer et al. 2011, van Nes et al.
2016). In systems with hysteresis, crossing a threshold often leads to a transition to an often undesirable,
alternate state (Scheffer et al. 2001, Petraitus 2014).
The hierarchical-response framework (HRF; Smith et al. 2009) is a conceptual model used to understand
and predict underlying state change under press drivers associated with global change. This model
predicts that continued accumulation of resources leads to rapid physiological or metabolic responses by
individuals. For example, more water or nutrients results in faster individual growth of dominant plant
species (Avolio et al. 2014). However, as resource accumulation continues, physiological limits of some
species are exceeded, triggering species reordering and shifts in dominance (Isbell et al. 2015, Koerner
et al. 2016, Smith et al. 2020). After that, competitive exclusion and immigration leads to species losses
or gains, resulting in further changes in community composition. In the long term, community re-ordering
results in greater ecosystem-level responses than the early, individual species-level response alone,
since different species now dominate ecosystem processes. The time for these mechanisms to manifest
can vary. For example, plant composition was stable through 19 years of irrigation in shallow soil uplands,
but significant shifts occurred after three years of irrigation in lowlands (Czóbel & Orsolya 2009, Collins et
al. 2012). Different biotic or abiotic factors may stabilize or alter state changes over time, such as nutrient
co-limitation, availability of augmented resources, different physiological rates and constraints of existing
species, positive or negative interactions among, or dispersal capabilities of, existing and novel species.
Identifying these mechanisms is key to understanding thresholds and feedbacks that underlie the
sensitivity and resilience of any ecosystem state, including tallgrass prairie.
Building upon state-change models and the HRF, our overarching theoretical model (Fig. 5) predicts
varying sensitivity and resilience among grassland states in response to manipulated drivers (model
developed from Scheffer et al. 2001, 2009, Folke et al. in 2004, Bestelmeyer et al. 2011). We propose

Fig. 5: Theoretical model illustrating shifts in grassland ecosystem state (y-axis) to alteration in drivers (xaxis) when change is: A. Gradual, B. Thresholds without hysteresis, and C. Thresholds with hysteresis.
Within a particular state, resilience (orange arrows) reinforces dynamics, while sensitivity (gold arrows)
dictates the likelihood of a transition from one state to another in response to altered grassland drivers. We
are aware that Resilience has been defined many ways; here Ri indicates resistance to change, while Rii
indicates recovery to the original conditions (defined in Box 1). Blue lines indicate trajectories of change.
Numbered balls indicate points in time. Pictorial examples of states correspond with Fig. 4.
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that ecosystem resilience in tallgrass prairie varies with the type, frequency, and number of manipulated
drivers and that state change proceeds along linear or nonlinear trajectories, with the latter potentially
exhibiting thresholds and hysteresis that depend on mechanisms of population, community, or ecosystem
change. For example, gradual linear changes occur with long-term bison grazing such that floristic
richness increases and grass dominance decreases over time (Fig. 5a; Koerner et al. 2014). Alternatively,
long-term nutrient and water addition leads to nonlinear responses of plant community composition (as
predicted by the HRF; Smith et al. 2009); shifts in state appear to be maintained by weak feedbacks
(Koerner et al. 2016, Wilcox et al. 2016a, Avolio et al. 2018; Baer et al. 2019) (Fig. 5b). Finally, a
reduction in fire frequency results in a grass-to-shrubland or woodland transition (Briggs et al. 2005,
Veach et al. 2014) that exhibits thresholds (Ratajczak et al. 2014a) and hysteresis (Ratajczak et al.
2017a, b) (Fig. 5c). Following the transition to an alternate shrubland state, recovery of the grassland
state likely requires human intervention or a novel combination of multiple grassland drivers (i.e., extreme
drought). When grassland is reconstructed from former cropland agriculture, we predict that climatedriven variation in initial community structure determines the trajectory of community recovery and future
resilience. For the new and continuing research projects in LTER VIII, this theoretical framework, along
with the HRF, guides our assessment of the resilience and sensitivity of ecosystem states, trajectories of
change (when possible), identification of potential mechanisms determining different trajectories of
change, and determination of ecologically sound recommendations for restoration.

VI. New and Continuing Research for LTER VIII
Research conducted by KNZ LTER scientists is well-known for demonstrating how alterations in both
natural (historical) and forecast global change drivers can result in a wide variety of distinct grassland
states (Fig. 4, Smith et al. 2020). The need to understand the relationships between these drivers and
their resulting ecological states, and the mechanisms that generate and reinforce these states, form the
organizing basis for both new and continuing research proposed in KNZ LTER VIII. We organize our
proposed research around four thematic areas: 1) Historical Drivers that maintain the tallgrass prairie
state. Projects described in this section include some of the longest-running studies at KNZ, with data
from these constituting many long-term core datasets. Both landscape-scale experiments (fire and
grazing) and long-term, plot-level manipulations of drivers (fire, grazing, climate) are included. Here,
experimental treatments tend to be within the historical range of variability for the ecosystem (Morgan et
al. 1994). 2) Experimental Manipulations of Global Change Drivers will be imposed at more extreme
levels than historically experienced, and in new combinations to reveal interactions among drivers. This
includes many plot-level experiments designed to probe system resilience and reveal grassland
sensitivity to interacting drivers (e.g., rainfall reduction with grazing), and/or extreme drivers (e.g.,
persistent, repeated drought). 3) Cessation / Reversal of Drivers will assess ecological legacies and
hysteresis. Reversal of drivers in long-term experiments at KNZ (e.g., switching between long-term fire
suppression and annual burning or halting nutrient addition to long-term fertilized plots) provides rare
opportunities to understand resilience and identify instances of hysteresis in terrestrial ecosystems. 4)
Direct Human Intervention will assess our ability to restore non-grassland states to grassland and
reconnect isolated populations. We will examine the role of inter-annual variability in climate on recovery
of grassland states from agricultural states through propagule additions over time, manipulate the
presence of species (e.g., woody plant removal) to convert shrub/woodland to prairie, and transfer
individuals from disconnected populations to increase resilience.
Within each of these themes, we highlight Continuing and New research projects that explicitly address
the five LTER core areas, with broad emphases on producers, consumers, biogeochemistry and
hydrology. The number of each research project corresponds with the research locations shown in Fig. 3.

VI -A: Historical Drivers of tallgrass prairie – Tallgrass prairie ecosystems are dynamic, shifting in
composition and diversity when exposed to variation in the historical drivers of climate, fire frequency, and
grazing (Collins et al. 2012, Zahner 2015). Primary productivity of tallgrass prairie is subject to frequent
water (Knapp et al. 2001) and N limitation (Blair 1997) whose magnitude varies with fire, grazing, and
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topography (Nippert et al. 2011, O'Keefe & Nippert 2017). Yet, this ecosystem has a high capacity for
carbon storage and nutrient retention in soils, with low stream nutrient export (Dodds et al. 2000, Dell &
Rice 2005). In addition to the landscape-scale fire and grazing studies, KNZ uses plot-level experiments
to investigate how changes in nutrient availability and hydrology influence ecosystem dynamics (Avolio et
al. 2014, Koerner et al. 2016, Wilcox et al. 2016a). Much of what we know about tallgrass prairie
sensitivity and resilience comes from this integrative plot-to-landscape experimental design.
CORE LONG-TERM STUDIES AND CONTINUING EXPERIMENTS:
KNZ fire and grazing studies and datasets address all five LTER core areas (primary productivity, nutrient
cycling, organic matter, population and community dynamics, and disturbance). Frequent fire maintains
tallgrass prairie in a C4 grass-dominated state (Knapp & Seastedt 1986). Fire affects litter accumulation,
which influences light and soil nutrients for emerging plants. Frequent spring fires remove surface litter,
alleviating light limitation early in the growing season and increasing N limitation due to volatilization and
immobilization in high C:N grass litter. C4 grasses respond with increased aboveground productivity
(ANPP), while C3 plants (including woody species), exotic species, and overall floristic diversity declines
(Collins et al. 1998, Smith et al. 1999). In contrast, fire suppression increases surface litter, decreases C4
grass dominance, and promotes the conversion of grassland to shrub- or woodland (Fig. 6) (Briggs et al.
2005, Ratajczak et al. 2014a, b). Extended accumulation of plant litter from infrequent fire leads to greater
soil N mineralization (Turner et al. 1997) and lower N retention in soil microbes and organic matter (Dell et
al. 2005). Changes in vegetation structure, composition, and tissue quality under contrasting fire regimes
affect consumers and soil microbes (Carson et al. 2019). Grazers also play a crucial role in grasslands by
preferentially using recently burned sites and altering soil nutrient availability, plant communities, and
habitat structure (Knapp et al. 1999, Raynor et al. 2015, Koerner et al. 2014, Welti et al. 2019a, b). Large
grazers preferentially consume the dominant grasses (Smith et al. 2016, Koerner et al. 2018), promoting
plant diversity, increasing heterogeneity at multiple scales, and altering the abundance and diversity of

Fig. 6: Changes in cover of major shrub species under contrasting fire regimes (1981-2019). Black
color indicates shrub incursion. In areas burned annually (top row), woody encroachment is negligible.
Under a 4-yr fire frequency (middle row) and a 20-yr frequency (bottom row), transition to new shruband/or tree-dominated ecosystem states have occurred. From KNZ dataset GIS660.
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other consumers (Ricketts & Sandercock 2016). Grazers convert plant-N to more soil-available forms
(Johnson & Matchett 2001), and thus can increase N cycling even under frequent fire.
1. Long-term changes in plant composition – The longest running KNZ plant community dataset
(PVC02) details changes in percent cover of all plant species in watersheds subjected to three fire
frequencies (1-, 4-, & 20-yr), with and without bison. Long-term datasets also exist for many other
watershed-level treatments, such as different seasons of fire and the fire reversals (reversal of 1- vs. 20yr fire frequency treatments). These data are invaluable for testing hypotheses related to patch dynamics,
invasibility, top-down control, meta-communities, transient dynamics, disturbance responses, and
hysteresis/alternative states (Smith et al. 1999, 2020, Collins & Calabrese 2012, Ratajczak et al. 2014a).
2. Long-term changes in consumer communities – KNZ consumer studies have focused on bison
given their historical importance in tallgrass prairie (Knapp et al. 1999), as well as small mammal
populations that track changes in vegetation and climate (McMillan & Kaufman 1994, Reed et al. 2004).
Invertebrates, fish and birds are also important consumers that vary in trophic level, size, metabolic
capabilities, habitat, and vagility. We will continue long-term measurements of these groups to assess
responses to spatial and temporal heterogeneity associated with watershed treatments and climatic
variability. Recent synthesis work elucidated spatial and temporal changes across multiple consumer
groups. Directional changes in bird, small mammal and grasshopper communities over time on KPBS
were associated with reordering of species rather than changes in species richness (Jones et al. 2017),
and long-term KNZ data to show that small mammals and grasshoppers responded more strongly to
climate variability than plant or bird
communities (Bruckerhoff et al.
2020). LTER VIII will build on this
prior work to develop spatiotemporal models that forecast
effects of climate and fire/grazing
regimes on multiple consumer
guilds (described in Section VII.
Synthesis).
3. Long-term stream nutrients –
The Kings Creek watershed
serves as the only USGS longterm reference watershed
completely surrounded by native
tallgrass prairie. KNZ stream and
groundwater sampling provides
data with which to assess linkages Fig. 7: Long-term nitrate concentrations measured from wells in
between terrestrial ecosystem
grassland and adjacent to cropland agriculture undergoing
states and downstream
restoration (since 1997). From KNZ dataset AGW02.
ecosystems. We have identified
mechanisms controlling transformations of N, P, sediments, and DOC (Kemp & Dodds 2002, O'Brien &
Dodds 2008, Banner et al. 2009, Ding et al. 2013, Larson et al. 2013, Rüegg et al. 2015) using these data
on stream nutrients. We observed recent large decreases in nitrate in wells near the lower stream
reaches, where we have restored near-stream cropland to grassland (Fig. 7). In addition to continuing
long-term sampling, we have begun measuring rates of N cycling (nitrification, denitrification,
mineralization) in coupled riparian soil and in-stream reaches. In LTER VIII, we hypothesize that
changes in riparian N cycling and hydrology will alter spatial and temporal dynamics of in-stream
N processing as a result of management and land cover change.
4. Patch-burn grazing (PBG) experiment – We will continue a long-term patch-burn grazing experiment
(2010-present) to determine how the spatiotemporal dynamics of fire-grazing interactions generate
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heterogeneity of plants and consumers in
a managed grassland system. This
experiment includes two large replicate
cattle grazing units, each consisting of
three watersheds (Fig. 3). In each unit,
all three watersheds (patches) are open
and equally accessible to cattle.
Watersheds are burned on a staggered
3-yr rotation such that in any given year,
patches have 0, 1, 2 years since fire.
Two additional paired watersheds serve
as ‘controls’ that are burned annually and
grazed by cattle at the same density as
the patch-burn units. Like bison, cattle
preferentially use recently burned areas
(Towne et al. 2005), resulting in a shifting
mosaic of grazing pressure. With the
PBG experiment, we hypothesize that
increased spatial heterogeneity from
patch-burn grazing will increase plant
and consumer diversity and decrease
Fig. 8: Long-term PBG data (2011-2017) from KNZ
temporal heterogeneity of population
datasets PBG051, -081, -011, & -032. Control watersheds
and community responses to climate
(orange) are annually burned and grazed, while patch-burn
variability. To date, habitat
units (blue) include three watersheds grazed and burned
heterogeneity has increased across the
on a 3-yr rotation. Count data indicate average number of
PBG units, with variable responses in
individuals observed. Plant species richness indicates
plant, grasshopper and bird abundances
rarified number of species (landscape scale) or average
(Fig. 8). We will start the third cycle of
aboveground biomass in a plot (patch scale).
rotational burning during KNZ VIII,
allowing us to assess how grazing-fire induced heterogeneity interacts with climate variability over time. In
addition to continuing long-term data collection (plant, grasshopper, small mammal, bird composition and
abundance, and grazer productivity), we add new data on water quality (nutrients and sediments), stream
geomorphology, soil nutrient availability and microbial communities. This experiment reveals the
consequences of PBG for multiple ecosystem functions and biodiversity, as compared to the traditional
management practice of annual burning and continuous cattle grazing.
NEW LTER VIII EXPERIMENTS:
5. “Ghost Fire” Experiment – Fire removes litter, decreases N availability, increases light availability,
and reduces soil moisture (Seastedt & Knapp 1993). Changes in light and N availability with frequent fire
promotes the dominance and productivity of C4 grasses and decreases plant diversity. While we
understand how plant communities and ANPP are affected by N and light availability (Blair 1997, Collins
et al. 1998), less is known about belowground NPP, and microbial and insect community responses.
Ghost Fire is the first experiment that directly and independently tests the relative importance of both
mechanisms (changes in litter and N availability) underlying the effects of fire. We hypothesize that litter
and N manipulations will differentially affect above- and below-ground communities and
processes, but neither manipulation individually will explain observed responses to fire. We also
hypothesize that the importance of each mechanism will vary over time with inter-annual climate
variability. To evaluate these hypotheses, we have factorially manipulated litter presence and N
availability (via sugar/urea additions) in 6 m2 plots within both annually burned and unburned watersheds
since 2015. Annually, we measure plant species composition, aboveground NPP, and light availability.
With LTER VIII, we will add new measures of soil N, microbial composition and activity, root biomass and
productivity, mycorrhizal colonization rates, and insect composition and abundance. These data will
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enable us to evaluate the strength of aboveand below-ground responses concurrently, as
well as effects in dry vs. wet years.
6. Consumer Size Manipulation Experiment
(ConSME) – The top-down effects of
herbivores and their interactions with bottomup drivers (fire, precipitation, and nutrient
availability) on NPP and plant community
composition vary across grassland
ecosystems (Olff & Ritchie 1998, Maron &
Crone 2006, Hillebrand et al. 2007, Gruner et
al. 2008), likely due to the wide range of
herbivore types within and across grasslands
Fig. 9: Bison grazing around a ConSME bison
(Borer et al. 2005, Bakker et al. 2006). We
exclosure. Each plot is 25 m-2 with a 4 m-2 core
propose to determine how different size
measurement area, allowing space for the
classes of consumers (bison, small mammals,
experiment to be used as a platform for future data
invertebrates) at KNZ affect plant community
collection and additional experimental manipulations.
composition and ecosystem function, as well
as the mechanisms underlying these effects. We hypothesize that size-specific consumer effects on
the plant community will reflect herbivore dietary preferences and biomass removal rates.
Established in 2019 (after 1-yr of pre-treatment data), ConSME includes bison and invertebrate removal
treatments crossed in a fully factorial design, with small mammal removals nested within the bison
removals, for a total of six treatment combinations (Fig. 9). The six treatment combinations are applied to
9 experimental blocks in both an annually burned (N1A) and 4-yr burn (N4B) watershed (Fig. 3). Bison
are excluded with fencing; small vertebrate herbivores are excluded with fine mesh fencing buried to 10
cm and topped with smooth metal flashing; insect ‘removals’ occur by applying insecticide twice monthly
during the growing season, which dramatically decreases insect density (with equivalent amount of water
applied to invertebrate control plots). Within these plots, we measure plant community composition and
biomass, mycorrhizal root colonization, and herbivore abundances. We will add new measurements of
plant population dynamics for the dominant grass species in LTER VIII.
7. Mechanisms of forb response to historical drivers – While C4 grasses make up most of the
phytomass in tallgrass prairie (Smith & Knapp 2003), C3 forbs contribute most to plant diversity. In the
absence of grazers, frequent fires reduce forb cover and richness (Collins et al. 1998, Koerner et al.
2014). Yet when large grazers are present, more-frequent fires increase forb cover and species richness
(Koerner et al. 2014). We know little about the population dynamics of forb species that generate these
responses, and the mechanisms underlying differential species responses to burning, grazing, and their
interaction. To fill this gap, we will compare population growth rates of four forb species that differ in
longevity and rarity in response to burning and grazing. We hypothesize that burning and grazing will
more strongly increase population growth rates for less common species (as a mechanism
maintaining biodiversity in a disturbed landscape) and short-lived species (that can quickly
regrow following disturbances). We will annually census two populations of each species in grazed and
ungrazed, annually burned, 2-yr and 4-yr watersheds, and fit functions for vital rates (survival, growth,
seed and vegetative reproduction) that include climate, bison grazing intensity, and years since fire as
predictor variables. We will use these functions to construct climate-driven integral projection models that
incorporate time since fire and grazer presence or absence. We will compare predicted population growth
rates across the four species to test the relative influence of grazing and burning, and to learn which vital
rates govern responses to each driver.
8. Small mammal monitoring – Concerns about small mammal reservoirs of zoonotic pathogens are
increasing in the US Central Plains (Han et al. 2015). Predictions forecast increased zoonotic potential
and risk of disease for human populations living or working in the urban-grassland/woodland interface.
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Pathogen distributions and prevalence respond to environmental changes, including woody
encroachment of grasslands (Morlando et al. 2012). We hypothesize that a transition from a
grassland to woody state results in increased occurrence of small mammals that vector novel
zoonotic pathogens. During LTER VIII, we will expand small mammal sample collection to quantify the
diversity of parasites, their host-associations, and the co-distribution of hosts, parasites and pathogens
across the prairie-woodland mosaic. We have
putatively identified three new helminth species and
one new roundworm genus to date. In collaboration
parasitologists at K-State Vet-Med, we are
identifying tick and flea vectors using molecular
methods and testing these arthropods for presence
of a panel of pathogens important to humans,
including Lyme’s disease, Ehrlichia, and Rocky
Mountain spotted fever. Preliminary data show
much lower occurrence of vectors in native
grasslands, suggesting that tallgrass prairies may
offer underappreciated ecosystem services such as
reduced zoonotic potential.
9. Soil N cycling on watersheds – Although
studies at KNZ and elsewhere have documented
fire- and grazing-induced changes in N availability
and selected N cycling processes, there remain
many unknowns, particularly following long-term
vegetation state changes with infrequent burning or
after long-term grazing. Existing data support the
prediction that N availability and N-cycling rates are
higher in both grazed and unburned prairies
(Johnson & Matchett 2001), but also show that
Fig. 10: A) Bison grazing increases N availability
potential N loss via denitrification is significantly
(p=0.0035), (B), while fire cessation increases
higher in the unburned and ungrazed state (Fig. 10).
denitrification
potential (p=0.004). Zeglin and
This is consistent with evidence that denitrification is
Allenbrand
unpublished.
often C-limited, and that both C and N accumulate
with fire suppression, especially in woody-encroached areas (McKinley & Blair 2008). We hypothesize
that low fire frequency will increase N cycling and denitrification potentials as much or more than
grazing, and that the threshold of fire-return interval that promotes N loss through denitrification
is higher in the presence of grazers. To evaluate this, we will measure N availability, C mineralization,
soil extracellular enzyme activity, nitrification and denitrification potentials, and C and N pools in grazed
and ungrazed watersheds burned at 1, 2, 4, and 20-yr frequencies. We will archive samples to enable
future microbial community and population measurements. Measuring soil C and N limitation,
mineralization and denitrification potential across the range of fire-interval and grazing treatments will help
define the mechanisms underpinning alternate biogeochemical states.
10. Groundwater responses in watersheds undergoing ecosystem change – To project future water
quality and quantity, long-term assessments that link climatic, ecosystem, and hydro-bio-geochemical
processes are needed (Goddéris & Brantley 2013, Duffy et al. 2014, Sullivan et al. 2020). Long-term
groundwater measurments at KNZ have revealed directional changes in groundwater depths, pH, and
trace mineral concentrations coincident with changes in land cover and climate (Macpherson et al. 2008,
Vero et al. 2018, Macpherson & Sullivan 2019, Sullivan et al. 2019). Connectivity of preferential flow
paths, water storage, and biogeochemical reactions are altering the ability of the subsurface to store and
release C and nutrients. During LTER VIII, we will address three hypotheses regarding the sensitivity of
groundwater dynamics to changes in aboveground ecosystems. First, we hypothesize that a transition
from grassland to woodland will alter the deep (> 2 m) subsurface geochemical weathering,
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biogeochemistry, and microbial community. Second, we hypothesize that groundwater systems
are more sensitive to press (long-term ecosystem changes) vs. pulse (inter-annual variability in
precipitation and evapotranspiration) dynamics, with unknown consequences for watershed hydrobiogeochemical resilience. Finally, we hypothesize that groundwater flow paths and
biogeochemical fluxes are lagged compared to changes in surface vegetative state. To address
these hypotheses, we will continue monitoring of groundwater in a woody-encroached watershed (ongoing since 1991) where groundwater pCO2 has increased faster than [CO2] in the atmosphere, and we
will expand measurements to include two adjacent watersheds where land cover differs. Water chemistry
measurements will include pH, dissolved oxygen, major ions and nutrients, and archival for microbial
diversity measurements. Data will be paired with aboveground biotic data and hyperspectral NEON data
to correlate below- and aboveground responses over larger areas.

VI-B: Experimental Manipulations of Global Change Drivers to Assess Resilience
Plot-level experimental manipulations of climate and nutrients, embedded within the watershed-scale
treatments of fire and grazing, provide mechanistic insight into the role of chronic “press vs. pulse”
disturbance as modifiers of resilience in tallgrass prairie (Smith et al. 2009). Changes in drivers outside
the historical range of variation may reduce resilience, making transitions to alternate states more likely
(Scheffer et al. 2015, Ratajczak et al. 2018). Plot-level experiments provide the means for contextualizing

Fig. 11: Interacting drivers may change the threshold by which the historic state is maintained or shifts to
an alternate state (Scheffer et al. 2015, Ratajczak et al. 2018). Interactions among drivers can take
many forms, including additive (panel A) or synergistic (B). Assessment of scenarios that consider
drivers individually and/or vary their magnitude (filled circles #1-3), as well as their interaction (filled
circle #4), can link state changes with the type of driver interaction (panel C). Panel D provides an
example of a synergistic driver interaction between fire and simulated browsing, dramatically reducing
shrub cover and returning to the grassland state (redrawn from O'Connor et al. 2020). In panel E, we
illustrate a subset of experiments that encompass this parameter space. The projects in panel E refer to:
RaMPs (Knapp et al. 2002), CEE - project #11, Site-level fire/grazing - #1 & #2, ChANGE - #12, PPlots #13, Restoration chronosequence - #20, SHRaMPS - #15, GRaMPS - #14, RestorRaMPS - #22 (Fig. 3).
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responses to long-term variation and understanding responses to extreme events (Knapp et al. 2015,
2018), as well as novel interacting drivers (O'Connor et al. 2020). Numerous KNZ experiments have
found that global change drivers can alter sensitivity to historical drivers (such as climate variability),
which affects key ecosystem functions such as ANPP (Wilcox et al. 2016a, Collins et al. 2012, Manning &
Baer 2018, Komatsu et al. 2019).
Experiments that simultaneously manipulate multiple drivers to assess ecosystem sensitivity and
resilience are less common in ecology (but see examples: Milchunas & Lauenroth 1995, Reich et al.
2001), but can provide important insights beyond those that manipulate drivers in isolation (Komatsu et al.
2019). For example, concurrent shifts in multiple interactive drivers can cause abrupt system changes via
additive or synergistic interactions (Scheffer et al. 2015, Ratajczak et al. 2018) (Fig. 11). When
interactions among multiple drivers are additive, the likelihood of a regime shift (moving outside of a safe
operating space - Rockström et al. 2009, Scheffer et al. 2015) can be calculated as the sum effect of
each driver variable separately (Fig. 11A). When drivers interact synergistically, the likelihood of a regime
shift increases compared to dynamics defined by additive interactions between drivers (Fig. 11B).
Experiments that manipulate multiple drivers can test for additive or synergistic interactions based on
functional responses or assessments of state across a range of scenarios (Fig. 11C & D).
Since its inception, KNZ LTER has initiated many experiments that manipulate land use (Driver 1: e.g.,
fire frequency, grazing, restoration, and nutrients in Fig 11E) within the context of the historical climate
(Driver 2 in Fig 11E). Beginning in LTER IV, KNZ initiated cutting-edge rainfall manipulation experiments
to simulate future climates (e.g. Knapp et al. 2002, Hoover et al. 2014), but these experiments were
constrained to a single land-use (treatment). For LTER VIII, we will manipulate multiple drivers
simultaneously, allowing us to identify whether drivers interact additively or synergistically, which will
facilitate the exploration of safe operating space and associated resilience (Fig. 11E). These experiments
are providing our first comprehensive examination of how non-climate drivers will mediate grassland
responses to projected climate change, which may help inform conservation and management decisions.
CONTINUING EXPERIMENTS:
11. Climate Extremes Experiment (CEE) – While high climatic variability is a hallmark of the tallgrass
prairie ecosystem (Knapp et al. 2017a) and grasslands more generally (Knapp & Smith 2001), predictions
of future changes include increased variability in air temperatures and rainfall patterns, as well as
increased frequency, magnitude and duration of climate extremes, such as droughts and floods (IPCC
2013). Extreme drought can have large impacts on ecosystem structure and function (Du et al. 2018),
with grasslands exhibiting high sensitivity but also high resilience to these events (Hoover et al. 2014,
Stuart-Haetjens et al. 2018). The effects of drought may be magnified in a future climate as they become
longer and more extreme, partly due to functional loss and species turnover (Griffin-Nolan et al. 2019).
The Climate Extremes Experiment (CEE) investigates the effects of repeated extreme droughts and the
role of drought legacies on tallgrass prairie resilience. CEE began in 2010, with extreme 2-year droughts
imposed in 2010-2011, 2014-15, and 2018-2020 (Fig. 12). In 2014-15, we imposed drought on plots that
previously had (D-D) and had not experienced extreme drought (C-D), and examined recovery in plots
that were previously droughted (D-C) (Fig. 12B). With the first drought recovery, we found that grassland
structure and function, although sensitive to drought, was highly resilient (rapid recovery to control levels).
During drought, the dominant grasses increased in abundance while the dominant C3 forb (Solidago
Canadensis) declined (Fig. 12C, Hoover et al. 2014). This shift in plant composition persisted two years'
post-drought, resulting in increased sensitivity to a subsequent extreme drought. Thus, plots experiencing
two consecutive droughts (D-D) experienced the greatest loss in function with drought (Fig. 12C). Despite
greater sensitivity, the legacy of first drought did not influence resilience to the second drought (Fig. 12C).
In LTER VIII, we will impose the third, and most extreme drought (initiated in 2018) on all of the plots in
CEE to examine how the legacy of 0-, 1- and 2- extreme droughts affects tallgrass prairie sensitivity and
resilience. The CEE allows us to assess legacies of droughts and the potential carry-over between events
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that affect sensitivity and resilience. We hypothesize that legacy effects from prior droughts will
increase sensitivity to the most recent extreme drought (magnitude and duration), and we
anticipate a potential state transition if the mortality threshold for C4 grasses is exceeded. We
anticipate that with insufficient recovery as a result of repeated drought, the third extreme drought will
erode the resilience of the C4 plant community leading to a transition to a degraded state. State change
will be quantified by measuring ANPP, soil respiration, plant composition and population abundances.

Fig. 12: A) The Climate Extremes Experiment. B) In 2010/2011, two shelters were droughted and two
were controls. Control (ambient precipitation) plots ("C") are shown in blue and droughted plots ("D")
in red. 2012/2013 were recovery years. In 2014/2015 drought shelters were split in half (shown in
12B). Treatments for the second drought were: previously control-control (C-C, solid blue), previously
control-droughted (C-D, solid red), previously droughted-control (D-C, hashed blue), and previously
droughted-droughted (D-D, hashed red). 2015/2017 were recovery years. In 2018, a three-year
exceptional drought was started for all treatments. C) ANPP responses to the first two droughts and
recovery periods. Asterisks denote significant differences between treatments in a given year.
12. Chronic Addition of Nitrogen Gradient Experiment (ChANGE) – Anthropogenic changes in
nutrients are occurring globally (Vitousek et al. 1997, Smith et al. 2009). Human activities have greatly
elevated N deposition (Vitousek & Howarth 1991, Gruber & Galloway 2008). Nitrogen fertilization can
increase ANPP in terrestrial and aquatic systems (Stevens et al. 2015) and creates novel conditions that
differentially favor some species at the expense of others, leading to declines in biodiversity and altered
plant communities (Stevens et al. 2004, Lebauer & Treseder 2008, Harpole et al. 2016, Tatarko & Knops
2018). In addition, excess nutrient accumulation can have compounding effects as resources accumulate
over time (Smith et al. 2009).
In 2013, we established ChANGE to assess the sensitivity of tallgrass prairie plant community and
ecosystem function to a gradient of chronic N additions, from projected low levels of N deposition to levels
used in other experiments (e.g., P-Plots, the Belowground Plot Experiment), up to more extreme levels
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reflecting agricultural inputs. N has been added annually at 0, 2.5, 5, 10, 15, 20, 25, 30 g m-2 since 2014.
Plant species composition and ANPP have been measured each year to assess ecosystem responses
within the HRF (Smith et al. 2009). To date, N addition of > 5 g m-2 increases ANPP in years with average
to above-average growing season precipitation, but surprisingly no changes in plant diversity or
community composition have been observed yet at any level of N. The treatment duration may not yet be
sufficient to capture community change (> 10 years, Komatsu et al. 2019), or shifts may require
interactions with other drivers or a climatically or biotically unusual year coupled with N fertilization may
be necessary for a shift in a plant community composition (see: Ratajczak et al. 2019).
In LTER VIII, we plan to impose both a new deluge treatment (water addition representing a 1:100-year
high rainfall) and a grasshopper density manipulation (using small enclosures) across the gradient of N
additions. Together these new manipulations will allow us to address questions about the nature of the
interaction between these pulse-press drivers and whether this interaction leads to regime shifts (Fig. 5B).
We hypothesize that synergistic interactions among multiple drivers (more N, altered rainfall and
herbivory) will accelerate plant community changes, with cascading large responses in ANPP for
altered plant communities. In addition to testing the HRF (Smith et al. 2009), this project will assess
thresholds of individual plant species’ responses to the gradient of N addition over time, allowing an
independent test of Tilman’s resource ratio hypothesis (Tilman 1982) in a grassland system.
13. Phosphorus Plots Experiment (P-Plots) – Both N and P availability can limit ecosystem function
globally (Du et al. 2020). However, the effects of N enrichment on terrestrial plant community composition
and function have received far more attention than P enrichment, and the interactive effect of both may
exacerbate diversity loss over time. The P-Plots experiment (2002-present) factorially manipulates N and
P to assess impacts on plant community composition and production. To date, we have found that N or P
additions alone have little effect on plant community composition, but N and P together result in reduced
abundance of C4 grasses and increased abundance of non-N-fixing and annual forbs (Avolio et al. 2014).
Concurrent N and P additions also caused the species composition of replicates within a treatment to
become more spatially heterogeneous resulting in greater variability in ANPP (Koerner et al. 2016).
In LTER VIII, we will assess how climate variation interacts with the spatial heterogeneity among replicate
plots and measure the consequences of nutrient-induced plant community composition shifts on the
resilience to inter-annual variability in precipitation. We hypothesize that inter-annual climate variation
will modulate the heterogeneity of plant communities in the N and P- enriched treatments. We
expect that drought will homogenize the replicates within a treatment by increasing the dominance of C4
grasses, while variability among replicates will increase during wet years as different ruderal species
become abundant in different microhabitats. We also hypothesize that chronic high levels of nutrient
addition will reduce resilience of plant communities to drought, because of their effects on plant
community composition. Our prediction is that plant communities dominated by C4 grasses will be more
resilient than those dominated by annual and non-N-fixing forbs. We will leverage the 2012 and 2018
droughts, the 2019 high-rainfall year, and upcoming climatic extremes to address these questions.
NEW LTER VIII EXPERIMENTS:
14. Grazing x rainfall manipulations plots (GRaMPs) –A majority of global circulation models project
that the occurrence of multi-year droughts will increase by the mid-21st century in the Central Great Plains
(Cook et al. 2015). The discrete effects of grazing and precipitation are well-established at KNZ, but these
two drivers may also interactively impact grassland communities. Grazers are integral to the evolutionary
history of prairies, and cattle are the dominant large grazer in most modern mesic grasslands. Drought
can modify the impact of grazing (Louthan et al. 2018), meaning that studying non-grazed grassland may
be inadequate for projecting tallgrass prairie resilience to climate change. For example, Koerner & Collins
(2014) found that the concurrent impacts of simulated grazing (i.e., clipping) and experimental rainfall
manipulation resulted in steeper declines in grass stem density than either factor alone. These studies
suggest that future climate change could cause stronger grazing effects on plant populations and
community resilience.
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Currently, no long-term studies at KNZ address how climate change, including climate extremes, will
affect plant communities in grazed areas (Fig. 11). We will establish drought shelters (each ~6 x 6 m in
size) in bison grazed watersheds by repurposing shelters from a previous Macrosystems study (EDGE:
Griffin-Nolan et al. 2019). These shelters will passively impose an extended, extreme drought (50%
rainfall reduction) for three years, allowing us to examine interactive effects of past grazing history and
drought on plant performance, community composition, and resilience. Perimeter fences will prevent
grazer access to shelters during the experiment, because shelters may artificially attract or deter grazers,
leading to unrealistic grazing pressures. Instead, grazing will be simulated by clipping vegetation to mimic
grazing rates approximated during the 2012 extreme drought (Raynor et al. 2015). As a control, 10 more
shelters will be located on a nearby ungrazed watershed with the same fire frequency.
We hypothesize that the effects of grazing history and clipping on plant populations, community
structure, and ecosystem function in bison-grazed watersheds will be higher under drought vs.
ambient conditions. Specifically, we predict that the droughted, historically 'grazed' treatment will shift to
a lower ANPP state with higher xeric shortgrass species abundance than either the droughted or grazed
only treatments. At the individual level, grazed A. gerardii allocates fewer resources to root growth
(Nippert et al. 2012) reducing potential water uptake, resulting in lower performance in drought. At the
ecosystem-level however, grazed areas could show higher resilience than ungrazed, much like the
response following the Dust Bowl drought of the 1930s (Weaver & Albertson 1956). Together, GRaMPs
and EDGE (Griffin-Nolan et al. 2019) will comprise a comparative design manipulating bison ‘grazing’ and
the presence/absence of extreme drought. We will use these experiments to quantify the relative and
interactive effects of drought and grazing and predict how the impact of bison grazing might change
grassland structure and function under more variable future climate conditions.
15. Shrub rainfall manipulation plots (ShRaMPs) – Drought and woody encroachment are likely to
have interacting effects on grassland dynamics, but we know little about these interactions. Most climate
manipulations at KNZ and other grasslands have been done in grass-dominated areas, and knowledge
gaps exist for core attributes, such as plant physiological functioning, changes in plant composition, and
altered biogeochemistry, limiting our ability to predict response of grassland processes to changes in both
climate and woody plant cover. In 2017, we built 14 large rainout shelters (each ~6 x 6 m) over
established Cornus drummondii clonal shrub islands, and in 2018, we began experimental droughts by
reducing annual precipitation by 50%. To incorporate the role of fire as a driver of these dynamics,
shelters were built on watersheds with significant woody encroachment, but now with different fire
frequencies (1-yr and 4-yr). Note: both watersheds were historically 4-yr burns allowing woody
encroachment. In 2011, the watershed K4A switched to an annual fire frequency. We hypothesize that
drought will shift root biomass allocation patterns in both grasses and shrubs, with grasses
increasing deeper root biomass and shrubs increasing total root biomass throughout the soil
profile. Overall, these shifts will intensify competition between grasses and shrubs for soil
moisture. Plant stress will be assessed by measuring physiological and morphological traits (leaf water
potential, gas exchange, leaf carbon isotope composition (shrub only), leaf osmotic potential) and wholeplant traits (biomass, stem density, cover, and plant richness).

VI-C: Cessation / Reversal of Drivers to investigate community assembly processes,
legacies and hysteresis
Chronic environmental change can drive a system to an alternative state, but persistence of the new state
may depend on maintenance of the external driver, rather than on inherent stability. If the alternative
ecosystem state is difficult to reverse (i.e., exhibits hysteresis), then resilience of the original state has
been lost (Scheffer et al. 2009, Petraitus 2014). Experiments that reverse or cease external drivers are
excellent tests for determining if an alternative stable state transition has occurred, by enabling empirical
assessment of the strength of hysteresis (Bestelmeyer et al. 2011, Ratajczak et al. 2018). Legacies of
functional responses or community change can delay, constrain, or alter trajectories of recovery
(Johnstone et al. 2016), and serve as the feedbacks that maintain alternative states. For example,
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consider a change in fire frequency from annual to long-term fire suppression, resulting in a transition
from a grassland to woodland state (Fig. 6). If resuming annual fires fails to reverse woody plant
expansion, it is likely that grassland and woodland represent alternative stable states (Fig. 5C). In
tallgrass prairie, and other ecosystems, slow ecological change necessitates long-term reversal
experiments to generate robust conclusions (Bestelmeyer et al. 2011). In LTER VIII, we build upon
recently initiated driver reversals, and add a new fire reversal in grazed prairie, to improve our
understanding of driver interactions (Fig. 11) and help identify mechanisms that maintain alternative
grassland ecosystem states (Fig. 4).
CONTINUING EXPERIMENTS:
16. Irrigation Transects – The Irrigation Transect experiment was initiated in 1991 to understand the
effects of water limitation on tallgrass prairie structure and function. A set of transects spanning upland
and lowland sites are either irrigated during the growing season to alleviate water limitation, or left
unirrigated. After ~20 yrs, irrigation increased ANPP beyond levels predicted by the inter-annual
relationship of precipitation and productivity at KNZ (Wilcox et al. 2016a). This unexpected increase in
ANPP was due to a shift in plant dominance by a more productive C4 grass species, Panicum virgatum,
that was not originally abundant in the community (Collins et al. 2012, Wilcox et al. 2016a). In 2017, we
reciprocally reversed treatments on a subset of historically irrigated and control plots, allowing us to
quantify hysteresis. We also added a new extreme drought treatment to plots that were either historically
irrigated or experienced ambient rainfall, designed to identify legacy effects of 25 years of supplemental
water and assess how legacies affect the sensitivity of
tallgrass prairie to climate variability and drought.
Maintaining a subset of plots under the original
treatments also allows us to continue assessing longerterm responses to a chronic change in water availability.
We hypothesize that continued alleviation of water
stress will maintain the trajectory towards Panicum
dominance, though other resource limitations may
favor new species changes, and that the legacy of
past climatic conditions will alter climate sensitivity
such that communities assembled under chronic
irrigation are more sensitive to future droughts. To
address these predictions, we will continue to measure
ANPP, plant species composition, total soil C and N, soil
CO2 flux, net N mineralization, microbial biomass C and
N, root biomass, and root litter decomposition in all
treatments.
17. Belowground Plots Experiment – Globally, and at
KNZ, atmospheric N deposition has increased. Changing
fire regimes have also shifted N dynamics, with fire
suppression promoting soil N accumulation. Higher N
availability can alter both plant and soil microbial
community composition (Wilson et al. 2009, Coolon et al.
2013, Carson et al. 2019), and other biotic processes
including higher ANPP, N assimilation, and nitrification
and denitrification potentials. Thus, burning of Ncontaining plant litter (Isbell et al. 2013), and soil
microbial activity promoting leaching and gaseous N flux,
can both cause loss of excess N from chronically
fertilized ecosystems. Whether these losses can
counteract long-term accrual of N in the soil organic

Fig. 13: N cessation decreased nitrification
but not denitrification, and rates are higher
in the unburned ecosystem state (Nieland
et al., in review).
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matter pool (Lovett et al. 2018) is unresolved. Increases in plant growth and microbial N cycling following
N addition are well documented, but the processes leading to N loss after cessation of long-term
fertilization are less clear (but see Clark & Tilman 2010 for changes in N availability). Because these
changes will determine the overall trajectory of ecosystem recovery to a low-N state, it is essential to
understand their rates of recovery over time.
In 2017, we ceased fertilization in the Belowground Plots (BGP) experiment (1986-present). After 30 yrs
of N fertilization (10 g N m-2 y-1 as ammonium nitrate), plant production, microbial community structure,
bacterial populations and denitrifier populations were resilient to the loss of fertilizer after one growing
season; however, potential activity of nitrifiers and denitrification potential rates recovered (Fig. 13). In
addition, the higher denitrification potential in the unburned treatments indicates the importance of
alternate biogeochemical states in response to changes in fire frequency. We hypothesize that recovery
from N enrichment in the absence of fire is mediated by microbial processes while fire-induced
losses of N will drive recovery rates with annual burning. In LTER VIII, we will continue
measurements of ANPP, and also measure soil C and N pools, N cycling potentials and microbial
community structure and functional gene abundance to assess the trajectory of ecosystem recovery in
these treatments. Five years post N cessation (2021), we will collect plant tissues, litterfall, and soil water
to better constrain an N budget and disentangle the mechanisms that result in loss of excess N in the
recovering burned and unburned ecosystem states.
18. Fire Reversal Experiment – Infrequent burning (>3 years between fires) results in transitions from
herbaceous tallgrass prairie to a system dominated by trees and tall shrubs (Fig. 6) (Ratajczak et al.
2014a, Veach et al. 2014). On the other hand, annual burning in areas without grazers results in a lowdiversity community dominated by a small number of C4 grass species (Collins & Calabrese 2012). To
test the resilience of these grassland states to changes in fire frequency, the fire reversal experiment
(2000-present) changed two ungrazed
watersheds that had been burned
annually for decades to a 20-year fire
frequency, and two watersheds with a
history of infrequent burning (~20-yr fire
frequency) to annual burning. A goal of
this experiment is to determine if and how
rapidly altering fire frequency changes
plant communities and ecosystem
processes, after long-term changes in
vegetation have already occurred. To
date, the reduction in woody plant cover in
response to two decades of annual fire
has been limited (Collins et al.
unpublished). In the 20-year fire reversal,
grass dominance was stable for the first
Fig. 14: Changes in grass cover (1983-2018) in a
eight years following fire suppression, but
watershed burned each year (001d), once every 20 years
began to decrease rapidly in year nine of
(020b), and replicate watersheds burned annually until
the experiment, with a ~40% decrease in
2000 and once since year 2000 (r20a, r20b). Points
grass cover from 2008-13 (Fig. 14,
indicate mean cover while shading indicates 95% CI.
Ratajczak et al. 2017b, Collins et al.
Data from PVC02, updated from Ratajczak et al. 2017a.
unpublished). In the original 20-year fire
year treatment (020b) a similar decline in
grass cover preceded a rapid increase in shrub cover (Ratajczak et al. 2014a). In LTER VIII, we
hypothesize that following an initial lag phase, an increase in woody plant cover with reduced fire
frequency will occur more rapidly than the loss of woody species with increased in fire frequency.
We will continue to assess whether reliable “early warning signs” precede difficult to reverse transitions in
plant communities. During LTER VII, we used a simulation model to show that increased spatial variability
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preceded state changes, and that when this warning sign is apparent, timely reversals of drivers can be
used to halt the regime shifts (Ratajczak et al. 2017b). However, such theoretically derived warning signs
have rarely been tested with experiments, especially in terrestrial ecosystems (Hastings & Wysham 2010,
Scheffer et al. 2015). In LTER VIII, we will continue to test whether increases in spatial variability and
other theoretically derived warning signs are reliable indicators of regime shifts (Scheffer et al. 2015).
NEW LTER VIII EXPERIMENTS:
19. Fire Reversal in the Presence of Grazers – Results from the Fire Reversal experiment show that,
thus far, grass- to woodland transitions are difficult to reverse by manipulating a single driver, such as
reinstating annual fires (Ratajczak et al. 2017a, b). Grassland-to-woodland transitions also occur under
infrequent fire frequency in bison-grazed watersheds (Briggs et al. 2005, Veach et al. 2014), and there
are strong interactions between fire frequency and grazers that may play a role in these state transitions.
For example, bison prefer grassy areas, and site use by bison increases following fire (Knapp et al. 1999,
Raynor et al. 2015, 2017a). However, it is unclear if bison grazing responds similarly in grasslands that
have undergone woody encroachment and, if so, whether the combined effects of multiple drivers
(increased fire frequency and increased grazing) enhances or impedes the recovery of the grassland
state (e.g., Fig 11a vs. 11b). This has important implications from both theoretical and management
perspectives: Does changing multiple drivers facilitate recovery of an alternate state, and can fire and
grazing be altered to achieve management goals?
To assess the combined effects of increased fire frequency and grazing on plant community composition,
woody plant dynamics, and ecosystem processes, we will initiate a new experiment in two bison grazed
watersheds with a history of long-term fire suppression and substantial woody plant encroachment (Fig.
6; >40% woody plant cover [Ratajczak et al. 2014a]). We hypothesize that bison will increase site use
in response to more frequent burning of former 20-yr fire treatments, but the net effect of fire and
bison will depend on how the balance of grazing (removal of grass and reduced fuel loads) and
non-grazing (trampling, wallowing) activities impact plant communities and competition between
grasses and woody plants. To assess fire-grazing interactions, we will establish six 200-m2 replicate
bison exclosures per watershed in areas that have undergone grassland-to-woodland conversion, each
paired with a plot left open to grazing. To assess changes in bison behavior and use, smart ear-tag
technology (Kraal Farms, Inc.) will allow us to track bison movement and monitor individual behavior (time
spent grazing vs. resting vs. walking), so that we can quantify bison foraging preferences in relation to fire
frequency and history. We will examine the potential for differential responses among individuals by
tagging different age and sex classes. We will measure plant community composition, woody cover and
stem density, and herbaceous biomass in 2020 prior to initiating new annual spring burning treatments in
2021 and continue these measurements for the foreseeable future. These data will be used to add bison
effects to our spatially-explicit simulation of fire-grass-shrub-interactions (Ratajczak et al. 2017a). Further,
one of these grazed reversal watersheds has water chemistry and discharge data collected since 1987,
allowing us to assess hydrological and geochemical responses to this fire reversal.

VI-D: Human Intervention
There is an escalating need to manage processes that maintain and promote species diversity and
desired ecosystem states, as human-driven environmental change continues to degrade ecosystems and
reduce biodiversity (Vitousek et al. 1997, MacDougall et al. 2013). Two major state changes in grasslands
globally are conversion to cultivated cropland (Ellis & Ramankutty 2008) and transition to shrubland or
woodland (Briggs et al. 2005, McKinley et al. 2008, Twidwell et al. 2013). As a result, temperate
grassland ranks highest globally in the ratio of converted to protected area (Hoekstra et al. 2005). Unlike
conversion to cropland agriculture, a shift from grassland to woodland is a less abrupt state change, but
both have thresholds that once passed, prevent historical drivers (i.e., fire) from restoring a grassland
state (Briggs et al. 2005, Ratajczak et al. 2014a, b). In both cases, reversing the state change back to one
representative of native prairie requires human intervention (Hobbs et al. 2011).
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State transitions that require human intervention to reverse can be rapid (i.e., conversion to cropland, <1
yr) or occur over long periods (grassland to shrubland / woodland, ~20 yr) (Smith et al. 2009, Hughes et
al. 2013, Ratajczak et al. 2017a, b). These non-grassland states can generate ecological legacies that
constrain recovery of a grassland state. As such, restoration often involves direct manipulation of
legacies. Current and proposed LTER VIII projects using human intervention to induce a state change
include restorations of agricultural land, stream connectivity, and riparian areas via woody removal.
CONTINUING EXPERIMENTS:
20. Sequential Restoration Plots – We initiated a long-term sequential restoration experiment in LTER
VI to reveal how deterministic and stochastic factors (e.g., inter-annual climate variability) affect
community development trajectories and recovery of soil properties and processes over decades. Our
hypothesis is that community assembly is largely deterministic over the long term, but stochastic
events (e.g., drought) slow restoration of prairie communities by prolonging transient ruderal
states. To test this hypothesis, we sequentially restored blocks of prairie in an agricultural field every two
years using the same species and live seeding rate (deterministic factors), but under different starting
conditions due to natural inter-annual variability in climate, seed banks, soil conditions, etc. (stochastic
factors). Each sequence (SEQ) consists of four 20 m x 20 m blocks of restored prairie. Seeds are
continuously collected at KNZ, processed, and analyzed for live seed content. Three sequences were
installed during LTER VI (SEQs I-III) and LTER VII (SEQs IV-VI). We will install the final sequence by
2022. With LTER VIII, there will be 7 sequences spanning 12 establishment years, with time series data
on plant communities, ANPP, and soil C and N ranging from 1-5 yrs in SEQ VII to 1-18 yrs in SEQ I.

B

A

Restored
nondrought

Species
Sorting

Threshold

(Similarity to Prairie)

Ecosystem State
(e.g., Similarity to Prairie)

Climate during the initial growing seasons of the restoration sequence has been highly variable. For
example, SEQ I was established under ‘average’ precipitation conditions, whereas SEQ II (in 2012) and
SEQ VI (in 2018) were established during severe droughts. Trajectories of community development
during the first three years of restoration differed for sequences initiated under average precipitation and
drought (Manning & Baer 2018). During LTER VIII, we will analyze longer-term community trajectories
across all establishment years, spanning a range of starting conditions, to examine whether there is a
relationship between climate at seeding time, transient ruderal states, and long-term outcomes (Fig. 15).
Because drought is often transient and can result in a positive legacy effect (Griffin-Nolan et al. 2018), we
established rainout shelters at the onset of restoration in 2018 to impose continuous drought. We
hypothesize that continuous drought will result in communities dominated by volunteer, drought
tolerant, ruderal species delaying the development of the native grassland state. Plant community
composition and ANPP responses to continuous drought in the 2018 sequence will be compared to data
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Restored during persistent drought
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Fig. 15. (A) Hypothesized influence of climate in the initial restoration year on community sorting from
ruderal to restored states similar to native prairie. (B) A hypothesized relationship between restored
prairie similarity to native prairie and a climate variable in the restoration year depicting a threshold in
the climate variable needed to achieve a state that resembles native prairie.
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from sequences initiated under average precipitation and drought years to assess the role of climate as a
potential overriding influence on community assembly and ecosystem states in restored grasslands.
21. Woody riparian removal – Woody encroachment in riparian zones at KNZ has increased over the
past 40 yrs, with some patterns dating to the 1930s (Veach et al. 2014). Riparian woody expansion is
occurring even in frequently burned (< 2 yrs) watersheds, indicating human intervention is necessary to
counter this conversion to woodland streams (Veach et al. 2015). Small scale (~50 m2 plots) woody
removal experiments and comparisons with wooded and grassy riparian zones revealed that woody
removals decrease expansion and increase stream metabolic rates (Riley & Dodds 2012), stream
invertebrate densities (Vandermyde & Whiles 2015), rates of N cycling (Reisinger et al. 2013), and alter
microbial community structure (Veach et al. 2015). However, these experiments did not explore potential
feedbacks between hydrology, biogeochemical transport, and geomorphology across the watershed. To
address this, we initiated a whole-watershed riparian removal on a grazed 2-yr burn watershed in 2010/11
with subsequent annual mechanical removal to control woody regrowth. For the first 3 yrs, stream nitrate
concentrations increased substantially, but discharge and primary production did not (Larson et al. 2019).
A longer record is required to assess changes in hydrology and geomorphology. Since the woody
removal, water isotopes from vegetation, groundwater, precipitation, and stream water suggest
preferential flow paths (macropores) created by deep-rooted woody vegetation facilitate precipitation
bypass of the stream aquifer (Keen et al. in review). We hypothesize that woody plant removal creates
macro-pores as tree and shrub roots decompose, leading to increased surface flow bypass of the
stream channel and longer-term groundwater storage. Thus, woody encroachment may create
indirect legacies, even when removed. We will use long-term records of streamflow and water chemistry
to assess resilience to woody removal, and assess how much of this resilience is due to flow duration and
timing. Re-survey of channel geomorphology will indicate if woody removal has reversed the effects of
tree roots on the channel. We will also add water chemistry sampling downstream of a site with removal
of upland shrubs (K20A) to compare upland and riparian woody removal effects on streams. Finally,
measurement of plant community composition before the removal will be repeated to assess how
vegetation has changed in response to mechanical removals of woody plants (since 2010/11).
NEW LTER VIII EXPERIMENTS:
22. Restoration Rainfall Manipulation Plots (RestorRaMPs) – In LTER VIII, the sequential restoration
project will be used to compare sensitivity and resilience of relatively mature, 12-yr restored prairie and
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Fig. 16. (A) Total ANPP in prairie restored under average precipitation (SEQ I) and annually burned
lowland prairie from 2010 through 2015 demonstrating insensitivity of restored prairie to the 2012
drought. Prairie restored under drought conditions is hypothesized to have slower and lower recovery of
ANPP and delayed synchrony in ANPP dynamics. (B) Hypothesized relationships between normalized
differential ANPP response in restored and native prairie when prairie is restored in non-drought,
transient drought, and persistent drought conditions.
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native lowland prairie to a persistent multi-year drought using 9 m2 rainout shelters, and to assess if
resilience in restored prairie matches that of native prairie (Fig. 16). We hypothesize that native prairie
is more resilient than restored prairie to drought due to higher species richness and
complementarity. We will establish rainout shelters in the oldest restoration (SEQ I) and native prairie
subject to the same historic drivers (annual fire and ungrazed). Plant community composition and ANPP
will be compared between 12-yr restored and native prairie treatments with and without 80% rainfall
reduction for 5 years.
To predict when resilience becomes similar to native prairie, we will compare 2010-2025 ANPP
(measured at the same scale) in lowland, annually burned prairie adjacent to the sequential restorations
(project #20). We hypothesize restored prairie ANPP will not be sensitive to rainfall during the
initial establishment years when species sorting occurs (Fig. 16) but will track native prairie
responses and exhibit resilience to drought demonstrated by positive drought legacy effects
(Griffin-Nolan et al. 2018) (Fig. 16). Stability and similarity to native prairie will occur when sown species
become dominant in restored communities. Further, we hypothesize that development of resilience to
drought will be delayed if drought occurs early in the community assembly process.
23. Restoring Grassland Stream Connectivity – Fragmentation of dendritic stream networks decreases
resilience of stream fish communities by blocking dispersal among mainstem and tributary branches
(Gido et al. 2016). Fragmentation, combined with increasing drought severity, can have devastating
impacts on stream fishes (Perkin et al. 2017). Long-term sampling of fish communities upstream of an
artificial barrier that fragmented the network indicated declining abundance and diversity over the past
two decades, associated with reduced stream flow and accentuated mortality after the severe drought of
2018. We hypothesize that artificial barriers inhibit the colonization of fishes from downstream
refugia, resulting in decreased resilience of prairie fish communities to drought. In LTER VII, we
conducted a tagging experiment (2015-2018) to quantify annual dispersal rates of fishes above and below
the barrier. Prior to removal, ~20-40% of tagged fish dispersed upstream to the barrier, but no further. In
2019 after a severe drought extirpated all fish upstream, 7% of tagged fish were detected upstream
following barrier removal. We will continue tagging fish to quantifying post-drought dispersal rates in 2020
and 2021 and survey fish communities at the fragmented site and a paired non-fragmented site to
compare the effects of fragmentation on resilience of prairie stream fishes to extreme drought.

VI-E: Synthesis
KNZ data and investigators are involved in many synthetic analyses and publications each year. These
range from integrating multiple datasets from our archives (e.g., Bruckerhoff et al. 2020, Smith et al.
2020, Welti et al. 2020), those involving collaborations with other LTER sites (e.g., Ratajczak et al. 2017b,
Collins et al. 2018), and others addressing ecological questions across biomes and continents (e.g.,
Smith et al. 2016, Wilcox et al. 2017a, Koerner et al. 2018, Komatsu et al. 2019). Three distinct elements
of the KNZ program facilitate integration and synthesis: 1) our long-term datasets embedded within the
landscape design of fire and grazing; 2) our legacies of short- and long-term experimental manipulations
of drivers to test ecological theory and predict responses to global change; and 3) our conceptual model
that encapsulates elements 1 and 2 to assess changes in grassland sensitivity and resilience from
historical and global change drivers. Synergy among these core elements of our program facilitates
discovery. KNZ scientists promote integration and synthesis through regular interactions, including biweekly ZOOM meetings (including local and non-local investigators) and an annual KNZ meeting with
research presentations. For the last 3 yrs, we have organized and supported winter synthesis meetings to
conduct meta-analyses using our long-term data (e.g., Knapp et al. 2018). In addition, we have been
facilitating synthetic modeling exercises using long-term KNZ data within graduate courses at KSU.
Data integration – The mid-site review challenged us to develop approaches to integrate across scales
of organization using KNZ datasets. To begin addressing this “grand challenge” we will construct
statistical models that integrate (share information) across multiple data sets in LTER VIII. Integrative
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work to date has focused on
correlative inference (regression
models; e.g., Bruckerhoff et al. 2020),
but mechanistic models based on
fundamental ecological theory (e.g.,
May 2001; Hefley et al. 2017) can be
developed to facilitate data integration
(Fig. 17). Hierarchical Bayesian
modelling provides a framework for
constructing coupled theory-based
models that integrate across multiple
data sets (Hefley et al. 2017; Fletcher
et al. 2019). At KNZ, this might
include coupled responses of different
taxa from our core data sets. For
example, increased rainfall could
stimulate plant biomass, which elicits
Fig. 17: Integrative modeling framework that will synthesize
greater grasshopper densities, leading
multiple KNZ datasets using different forms of inference to link
to higher bird densities. Building
exogenous (e.g., climate) and endogenous (e.g., species
hierarchical models that include linked
interactions; black arrows) drivers to predict and forecast
responses across taxa (black arrows
spatio-temporal variation in consumer populations,
in Fig. 17) will allow us to better
communities, and ecosystem processes.
explain spatiotemporal variation in
KNZ core responses by “borrowing strength” across taxa. The main purpose of developing hierarchical
models based on ecological theory is to forecast how multiple taxa respond to gradients of land use/land
cover as well as climate variability. This approach provides the potential to develop a more mechanistic
understanding of food web interactions while maximizing forecast accuracy by allowing responses of cooccurring and co-varying taxa to inform the estimated responses of the other. This approach combines
multiple data sets, including exogenous and endogenous drivers, and will refine our understanding of
linkages across spatial and temporal scales, as well as scales of biological organization.

VII: Related Research Projects
KNZ will continue to leverage many externally-funded projects to complement and extend the research
themes in this renewal. These projects include participation in international networks (Drought-Net,
NutNet, GEx (Grazing Exclosure experiment)), regional cross-site projects (EDGE NSF-Macrosystems
Project), and site-specific experiments that span LTER sites. A new NSF-Macrosystems award (Nippert)
organizes grassland vegetation around phylogeny-driven functional diversity to improve Earth system
model (ELMv1, E3SM) predictions. This project will include new data collection at KNZ, CDR, JRN, and
SEV. A KS EPSCoR RII Track 1 project (“Microbiomes of Aquatic, Plant, and Soil Systems (MAPS)”
Dodds & Zeglin) connects feedbacks and linkages within and among plants, soils, and river networks
across the Kansas precipitation gradient. KNZ hosts several core sites. This research will illuminate the
role of microbiomes in restoration, linkages between terrestrial and aquatic habitats, and link land uses to
downstream systems. A new NSF-CAREER grant (Zeglin) will evaluate how bison and cattle grazing
affect soil microbial communities and N-cycling processes across the Flint Hills. Finally, using a new
USDA-AFRI award (Koerner, Avolio, Komatsu, Wilcox, & Zeglin), we will explore patch-burn grazing
influences on cattle production and ecosystem services such as carbon cycling, soil health, and
biodiversity at KNZ and other sites. These projects supplement core KNZ objectives and, importantly,
regionalize KNZ efforts.
Multiple new site-based projects contribute to LTER VIII goals. A recent NSF-DEB award (Boyle & Hefley)
aims to disentangle the importance of local and continental processes for migratory birds in an open
system, something that has not previously been possible due to lack of data representing inter-annual
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climate variation and methods that infer animal movements, and deficiencies in statistical methods
(Grosbois et al. 2008). A DOE-BER grant (Nippert, Zeglin & Wilcox), will identify the feedbacks of drought
and woody encroachment on belowground root architecture, soil microbial C cycling, and ecosystem C
balance. These data will parameterize a process-based demographic model (BiomeE), and forecast
shrub encroachment across the US Great Plains under future climate scenarios (Weng et al. in review).
An ecohydrology project funded by NSF-EAR (Sullivan & Nippert) assesses how woody-encroachment
enhances rooting depth, water and carbon transport, water age and the potential for weathering at depth
using integrated field and modeling approaches. Lastly, with funding from the NSF-LTREB program
(Baer, Blair & Collins), we will continue to test the effects of soil heterogeneity on plant diversity following
20 yrs of restored prairie development (Baer et al. 2020) and use the 25-yr dataset spanning two
droughts to enable us to assess the role of heterogeneity on resilience of restored grassland.

Broader Impacts
VIII: EDUCATION AND OUTREACH ACTIVITIES
K-12 Education – The Konza Environmental Education Program (KEEP) brings local and regional K-12
children to the tallgrass prairie to observe and gather data, both directly and virtually. Collaborations
between KNZ scientists and KEEP staff have produced activities that mirror site science, allowing
students to emulate KNZ research, and collect and analyze meaningful data. Student participants in
KEEP follow Schoolyard LTER (SLTER) protocols and study diverse topics, including grasshopper
population dynamics, plant responses to fire, geomorphology of stream channels, stream invertebrates,
and plant diversity changes. Students enter data in an online database that integrates with other classes.
Visualization tools allow students to see data trends and patterns to understand the power of long-term
research. Regional teachers who are unable to visit KPBS can still use KNZ SLTER protocols to add data
from their local grasslands to our database. KEEP collaborates with the regional school districts, Kansas
Association for Conservation and Environmental Education, the Flint Hills Discovery Center, and the Boys
and Girls Club to promote discovery and grassland heritage among school-aged children.
During LTER VIII, we will develop additional SLTER activities including case studies with KNZ bison and
grasshopper data. These case studies will guide students through SLTER datasets to teach how climate
variability and change can affect bison weight and grasshopper diversity over time. To increase
accessibility, we will put these activities and datasets online. We will offer local Summer Teachers’
Workshops and protocols for adoption at remote sites, allowing us to curate and provide a broader online
database. KNZ has produced a children’s book, The Autumn Calf (SLTER Children’s Book Series), and
will train teachers to use it in the classroom. The book introduces children to the prairie, to science, and to
concepts related to themes in the story, such as migration, phenology, and animal behavior. We will
develop new curricula for educators to use with the book to introduce concepts in ecology. This
curriculum will be available on our website and will be aligned with Next Generation Science Standards.
Undergraduate, Graduate, Postdoctoral Education – KNZ scientists are committed to providing high
quality opportunities for training a diverse cohort of undergraduate and graduate students. We employ
approximately 50 undergraduates annually to assist with research and data collection. An additional 200300 undergraduates per year utilize KPBS as an outdoor classroom for field trips, course activities, and
research tours. A site-based REU program from 2014-2017 hosted 21 students, with an additional 12
REU students sponsored by KNZ LTER VII. Of these 33 REU students, 51% were female, and 57% were
under-represented ethnicities. Testimonials from REU students were positive, with details hosted on our
website. KNZ also provides stipends and training for numerous graduate students (currently KNZ
graduate students are > 60% female). During LTER VII, 53 theses and dissertations from 9 institutions
were completed. KNZ will continue to provide graduate stipends and other forms of support (vehicle use,
site access, analytical laboratory use, travel to professional meetings) for 15-20 students annually. KNZ
has a strong history of mentoring and training graduate students. The majority of our former PhD students
(>90%) obtain postdoctoral fellowships or become faculty at other institutions. Of this group, many
continue to participate in KNZ studies and, and frequently lead new KNZ research activities.
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Increasing Diversity and Inclusion – KNZ investigators are committed to fostering diverse scientific
communities and providing inclusive pathways to success for individuals of gender, racial, and ethnic
groups historically underrepresented in science. We capitalize on K-State resources, including the McNair
and Developing Scholars programs, to provide research opportunities for underrepresented
undergraduates. We have begun participating in the NSF-funded Louis Stokes Alliance for Minority
Participation at K-State, hosting students from Research Immersion Pathways to STEM program (first
generation, Hispanic, community college undergraduates). Each summer we expose undergraduates
from the Haskell Environmental Research Studies (HERS) program to KNZ research and experiments,
drawing linkages between the impacts of climate change and issues important to indigenous
communities. During LTER VIII, we will expand our interactions with Haskell Indian Nations University and
HERS to develop programs of interest to American Indian/Alaska native communities and improve
research opportunities for Haskell students. We use the K-State Office for the Advancement of Women in
Science and Engineering to foster development of female collaborators. As detailed in the Project
Management Plan, female faculty investigators comprise the majority within our Executive Committee,
Scientific Steering Committee, and KNZ staff. Gender balance within KNZ leadership improves
representation of multiple perspectives in our decision-making process, improves satisfaction of
participants, and promotes sustainable development of our program.
Community Outreach and Engagement – KNZ scientists, students, and trained volunteer docents
provide research tours for the public, land managers, conservationists, and policy-makers. In the past 6
years, > 50 grassland-related professional groups totaling > 3,000 individuals visited KPBS for
information and training. KNZ will continue to host conservation meetings such as Grasslands of the
World (2015), Grassland Restoration workshop (2017), and American Society of Mammalogy (2018).
Linking Science and Art – During LTER VII, KNZ and KPBS cultivated new opportunities for tallgrass
prairie outreach through art. We collaborated with the Beach Museum of Art to establish the Prairie
Studies Initiative. KPBS hosts numerous artists annually. A featured artist, Erin Wiersma, has artwork at
the Robischon Gallery (Denver, CO), Galerie Fenna Wehlau (Munich, Germany), Salina Art Center (KS),
and A.I.R. Gallery (Brooklyn, NY). Wiersma participates in prescribed fires and uses char from fires to
create large-scale drawings. Her process melds personal experiences on the landscape with the essence
of the prairie fires and site characteristics. For further engagement, co-I Dr. Alice Boyle developed a
musical performance series (with Robert Rosenberg) relevant to grasslands, birds, climatic variability, and
the experiences of the humans who share the environment. Finally, KNZ hosted a “Cross-Disciplinary
Workshop and Engagement: An Art-Science Workshop” in 2016 with > 40 attendees. We will continue
these activities and develop new art-science interactions during LTER VIII.
Science Communication – KNZ scientists and students regularly engage in numerous science outreach
and communication activities including the Science Communication Fellowship (SCF) with the Sunset Zoo
in Manhattan, KS. The SCF program supports a network of certified researchers, professionals, and
students working to increase the community’s understanding and exposure to regional research. KNZ
investigators also participate in the Kansas Science Communications Initiative, which trains scientists to
improve communication to the public. KNZ graduate students lead the Science Snapshots blog used to
summarize the objectives and outcomes of one another's research for public dissemination.
Grassland Conservation and Restoration – Tallgrass prairies in the Flints Hills support a >$8B grazing
economy based on >1 million cattle annually, constituting one of the largest sectors of state revenue. We
work with The Nature Conservancy of KS and K-State Extension to translate research results into bestpractices and conservation recommendations, including timing and frequency of prescribed burning to
maintain cattle performance while optimizing conservation goals (e.g., patch-burn grazing), such as
grassland bird and plant diversity and carbon storage. KNZ science provides best practices for recovery
/remediation of abandoned agricultural lands and invasive species management, as well as contributing
to smoke management plans developed for the region, in collaboration with the Region 7 EPA, Natural
Resources Conservation Service, Kansas Farm Bureau, and the Kansas Livestock Association.
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