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ABSTRACT

ECOLOGICAL RESPONSES TO CLIMATE EXTREMES IN A MESIGRASSLAND

Climate change threatens ecosystems through @iténeate means and by increasing
the frequency and intensity of extreme climaticrageSuch events may have greater impacts on
ecosystems than shifting means alone because déingyush organisms beyond critical
thresholds. Thus, there is an urgent need to adsesssponse of ecosystems to climate
extremes as well as elucidate the mechanisms ymgthe observed responses. My
dissertation examined the ecological impacts of years of experimentally imposed climate
extremes (heat waves and drought) followed by avexy year, on a mesic tallgrass prairie
grassland ecosystem. The broad objectives ofésisarch were (1) to assess the resistance and
resilience of this ecosystem to the individual anthbined effects of heat waves and drought,
and (2) to identify the ecological mechanisms agvihe responses and (3) to evaluate the
sensitivities of key carbon cycling process to veates and drought. | measured a range of
biotic responses to these treatments includingplegsiology, community dynamics, primary
production, and soil respiration in order to gaicoanprehensive understanding how this
ecosystem responds to such extremes.

During the first year of the experiment, | examirlee ecophysiological and productivity
responses of the dominant @rasses to a growing season-long drought and sumicher, two-
week heat wave. Although differential sensitivitwesre apparent, the independent effects of
drought dominated the ecological responses for §pdties, with only minor direct effects of

heat were observed. However, the heat wave tre&$rhad indirect effects via enhanced soil



drying, making it difficult to separate the effectsthe heat wave and precipitation treatments on
biotic responses. Therefore in the second yedreékperiment, | controlled for heat-induced
water losses during the heat wave and examinehdependent effects of heat on net
photosynthesis in both grass species under cointyastil moisture regimes. Under low soil
moisture, heat had no effect on net photosyntheside increasing temperatures moderately
reduced photosynthesis under high soil moisturet Nexamined the resistance and resilience in
ecosystem function (aboveground primary productaidrihis tallgrass prairie to the two years of
extreme treatments and for one subsequent recgreary | observed high resistance to heat but
not drought, as aboveground production droppedailstoric levels during the second year of
the drought. Despite this extreme ecological resppproductivity fully recovered in just one
year post-drought due to rapid demographic compemshy the dominant grass offsetting the
loss of the dominant forb. Finally, | examined teeponse of soil respiration to heat and drought
across the three years of the experiment. As viatve@ground net primary production, soil
respiration was more sensitive to drought than,Hmatit was less sensitive overall to drought
than production.

There are three main conclusions from my dissertagsearch. First, this tallgrass
prairie ecosystem has low resistance but highieesi to extreme short-term drought, which
may be an important characteristic for long-terab#ity in ecosystems with histories of
drought. Secondly, the two most abundant speciesrged both community and ecosystem-
level dynamics across this three-year experiment/iging evidence for the central role of
dominant species during these short-term evengllifi my results suggest that three key
carbon cycling processes in this mesic grasslgoabtosynthesis, plant productivity and soil

respiration — are all significantly more sensitisehe independent effects of an extreme drought



than heat waves and there were little to no contbéftects of heat waves and drought. Overall,
these results suggest that in a future with maguent and extreme heat waves and drought,
this mesic grassland will be most vulnerable toewatress, either directly through precipitation
deficits or indirectly through warming-induced drgi while the direct ecological effects of

midsummer heat waves will be minor.
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Chapter 1

INTRODUCTION

Background

Climate change threatens ecosystems worldwide giralterations in both climate
means (e.g. warming temperatures), and by incrgalsanfrequency and intensity of climate
extremes, such as heat waves and drought (Eagtetlal. 2000, IPPC 2007, Smith 2011, IPCC
2012). Observed increases in summer temperatureneas$ (Hansen et al. 2012), heavier rainfall
events (Trenberth et al. 2003) and droughts (D&aRP0suggest that extreme events are already
impacting ecosystems. Indeed, recent events suitte )03 European heat wave and the 2012
US drought, highlight the extensive environmentgbacts of extreme events (Ciais et al. 2005,
Lal et al. 2012). Assessing their ecological eBaeimains a key challenge for ecologists,
because extreme events will likely cause more dtianmapacts on ecosystem structure and
function over the next century, rather than subliliéts in climate means. This is because climate
extremes may push organisms beyond critical phygical thresholds (Gutschick and
BassiriRad 2003).

Ecological responses to extreme weather eventsacgye from negligible impacts (Van
Peer et al. 2004, Kreyling et al. 2008, Jentsal.€2011) to major changes in ecosystem
structure and function (Weaver 1954, White et @00b, Haddad et al. 2002, Ciais et al. 2005,
Breshears et al. 2005). The later should occureifmhagnitude, duration and/or timing of the
climate extreme exceed the resistance and restlieha given ecosystem. Therefore it is
important to examine climate extremes from bothdiieer (climate event) and the response
(ecological effects) perspectives. Smith (2011)raef an extreme climatic event as “an episode

or occurrence in which a statistically rare or wrallimatic period alters ecosystem structure



and/or function well outside the bounds of whatassidered typical or normal variability.”
Extreme ecological responses are predicted to ataarextreme climate driver exceeds the
physiological tolerance of individual species, #imoise effects cascade across multiple
hierarchical levels — from the individual to thesgstems - impacting ecosystem structure and
function (Smith 2011). Given that most ecosysteresdaminated by a few species, which
control ecosystem function (Whittaker 1965, Grir®98, Hillebrand et al. 2008), extreme
ecological responses are likely if the extreme &v@rgger significant reductions in fitness and
or mortality of the dominant species. Changes éndhundance of the dominant species may
lead to community-level responses such as commueutgering of species abundances, species
loss or invasion with such changes in communitycstire leading to prolonged recovery or
event state changes (Smith 2011).

Much of our knowledge about the ecological impadtslimate extremes is from
observing naturally occurring events, however #rey, unpredictability and co-occurrence of
multiple extremes limit our understanding. For epénheat waves and drought are often
concurrent events in nature (De Boeck et al. 2041@), given that both impose water stress on
plants, it is difficult to separate the independamd interactive effects these two climate drivers.
Therefore, experimental manipulations are besedui assess the ecological responses to
climate extreme and identify underlying mechanis$msause climate drivers can be isolated and
attributed to ecological responses. Furthermorpeements explicitly linked to historical
climatic records and interpreted in the contexbaf-term ecological data provide the best
opportunity to advance our mechanistic understandirclimate extremes, and thus better

predict their ecological consequences (Smith 28Eler et al. 2013).



The impacts of extreme events on individual ec@sgstmay extend to the regional and
global scale through interactions with the carbgeiee Over the past few decades, the terrestrial
biosphere has been an important carbon sink, aingpalsignificant portion of
anthropogenically produced GGand thus partially mitigating climate change (igbton 2007,

Pan et al. 2011). However, extreme events havpdtential to temporarily reduce the sink
capacity of certain ecosystems, even turning th@ma carbon source (Reichstein et al. 2013).
For example, the 2003 European heat wave redudbdybass primary production and
respiration with a net effect of producing a str@ogrce of C@to the atmosphere and reversing
four years of carbon sequestration (Ciais et @520There can also be prolonged effects of such
events (Reichstein et al. 2013), as seen by Artibeéal. (2008), where soil respiration was
elevated one year following an anomalously warnr yea tallgrass prairie ecosystems resulting
in prolonged suppression of GOptake. Therefore it is important that the sevisigis of key
carbon cycling processes such as photosynthesgragon and plant production, are examined
in ecosystems that are important to global carlyates and are predicted to experience more
climate extremes.

Grasslands are one of the largest biomes in thiehwaovering ~ 40% of the terrestrial
biosphere, and providing key ecosystems serviggdsdimg herbivore forage, biofuels, and £0
sequestration (White et al. 2000a, Gibson 2009)véver, these ecosystem services are at risk
due to predicted increases in the frequency amthsitly of heat waves and drought (IPCC 2012).
This is particularly relevant to regional and glbbarbon cycles, because the total carbon
storage of grasslands is comparable to forestss@BiB009), and extremes such as drought can
reduce the capacity of these ecosystems to sequasib®n or become temporary carbon sources

to the atmosphere (Zhang et al. 2010; Shi et al3P®&ith potential feedbacks to global



warming. Therefore it is critical that we examir@ihthese important ecosystems will respond
to climate extremes. In addition, grasslands ardehsystems to examine the effects of climate
change because climate inputs can be easily magulilresponses are dynamic and ecological

data can be collected across a wide hierarchioglera

Dissertation overview

My dissertation research examined the ecologidatef of climate extremes on a mesic
tallgrass prairie ecosystem. | conducted an exmarithat imposed two years of growing-season
drought and midsummer heat waves over intact, @giigirie and then measured one year of
recovery. | collected data on a range of biotipogse variables — from the leaf to the ecosystem
level — to gain a comprehensive understandingettological responses to such extremes.
There were three objectives for my dissertatiorstFl assessed the resistance and resilience of
the tallgrass prairie ecosystem to the indepenaiethtombined effects of heat waves and
drought. To date, few studies have examined thgorese of this ecosystem to extreme heat and
drought and such information is critical to predicbsystem responses to a future with more
frequent and intense periods of climate extremeso&dly and more broadly, | aimed to
improve our theoretical understanding of how exta@wents shape ecosystem structure and
function by using the tallgrass prairie as a m@deisystem to examine the mechanisms
underlying ecological responses. Finally, | evadahe sensitivities of three key carbon cycling
processes (photosynthesis, aboveground net pripraductivity and soil respiration) to the heat
waves and drought in order to identify which presssare most vulnerable in a future with more

frequent and intense climate extremes.



Sudy system and experimental approach

This research was conducted in northeastern Karighe Konza Prairie Biological
Station, which is part of the Long Term EcologiBasearch (LTER) network. The station is
located within the Flint Hills region, the largesintinuous tract of unplowed tallgrass prairie
remaining in North America (Knapp et al. 1998). Taklgrass prairie lies along the eastern edge
of the Great Plains and is the most mesic grassig&lin this ecoregion. The climate is
characterized as temperature mid-continental wgh mterannual variability in precipitation
(Knapp et al. 1998). Konza receives about 835 mpredipitation annually, mostly during the
growing season, and has mean annual temperatd® @ (Knapp et al. 1998). While hot and
dry periods during the summer are not uncommohigregion, there are notable periods in the
historical record of extreme heat and drought, sagcthe 1930’s Dust bowl and the early 50’s
(Woodhouse and Overpeck 1998, Burnette et al. 2Bafhette and Stahle 2012). These events
had devastating impacts on the grasslands witle leaductions in productivity, loss of species,
changes in community structure and prolonged ragogWeaver 1954).

This tallgrass prairie ecosystem is characterizekigh dominance, with several, C
grasses providing the majority of aboveground mienary productivity (ANPP) and controlling
ecosystem function, while hundreds @ffGrbs constitute the high biodiversity (Knapp ket a
1998). My dissertation focused on three species,gmassesAndropogon gerardii and
Sorghastrum nutans) and one forbSolidago canadensis), which together account for about 90%
of the ANPP in this lowland community. As previoushentioned, extreme ecological responses
are predicted if climate extremes exceeded thrdsHol dominant species (Smith 2011).

Therefore it was critical to examine the physiotadj demographic, community and productivity



responses of these three species in order to fgeméichanisms behind any changes in
ecosystem structure and function in response textreme heat waves and drought.

My dissertation research consisted of a three-geperiment, with each chapter focused
on a different set of ecological response variablée Climate Extremes Experiment was a full
factorial split-plot design with two levels of pipttation and four levels of heat (Fig. 1.1).
During the first two years (2010 and 2011), | impdgrecipitation and heat wave treatments to
examine the ecological resistance of the tallgpaasie to the independent and combined effects
of heat and water stress. Precipitation treatmeate imposed during the growing season using
either passive rainout shelters that removed 66%#rddient rainfall (drought) or net-covered
shelters that received all ambient rainfall plug@amental irrigation (control; Fig. 1.2). The
heat wave treatments occurred late July/early Augnid consisted of passive warming
chambers with additional thermal inputs from iné@duheat lamps to create four distinct
temperature levels (Fig. 1.3). Then in 2012, nattreents were imposed in order to assess

ecosystem resilience.

Summary of chapters

This dissertation consists of four complementdrgpters, each of which focused on a
different aspect of the Climate Extremes Experimen€hapters 2 and 3, | examined the
responses of the two dominant grasgeggerardii andS. nutans to heat waves and drought.
Although treated as functional equivalents, thesegpecies have purported differential
sensitivities to heat and water stress (WeaverRagatrick 1932, Brown 1993, Silletti and
Knapp 2002, Swemmer et al. 2006, Nippert et al920But, no studies have compared how

these two species respond to climate extremeshwhay have important consequences for



ecosystem structure and function. In Chapter @clised on the first year of the experiment
(2010), and contrasted the sensitivities of the daminant grasses to heat waves and drought
using ecophysiological and productivity data. Temei natural conditions (De Boeck et al.
2010), we did not control for heat-induced watesslfrom control plots during the simulated
heat wave during 2010. As a result, there werengtedfects of heat on soil moisture as well as
interactions between heat and precipitation treatsad his indirect effect of heat on soil drying
has been observed in several other studies (Miéball 2005, Marchand et al. 2006, Reichstein
and Ciais 2007, Arnone 11l et al. 2008, Boeck amdd3en 2011), which makes it difficult to
separate the independent effects of the two tregsn&herefore, in Chapter 3, this interacting
factor was eliminated by adding water to offsetavébst from the heating in the control
treatments in 2011 (while still keeping droughttpldry). This enabled me to examine the
effects of heat on photosynthesis in the dominaagses under contrasting soil moisture
regimes. In Chapter 4, | used the tallgrass prasia model system to test Smith’s (2011)
extreme climatic event theoretical framework angddtiesized mechanisms. For this chapter |
assessed resistance and resilience of ecosystetofu(ANPP) during two years of extremes,
and then one year post-extreme. Then | used contyraimil demographic data from the three
years to identify mechanisms driving the ecosysievet dynamics. Finally, in Chapter 5, |
explored the sensitivity of soil respiration to haad drought across all three years and
compared the responses with those of ANPP. Thetiseres of these two key carbon cycling
processes to such climate extremes will goverrcéipacity of this ecosystem to sequester

carbon, and therefore may feedback on climate ahang
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Figure 1.1 Plot layout for the Climate Extremes Experimente Bxperiment was a sj-plot design with four heat wave treatme
nested within two precipitation treatments (n=5dach precipitation x heat combination). During@@ihd 2011, precipiton
treatmeits were imposed during the growing seasons (~ August) and the heat treatments were applied foneeks in July



Figure 1.2 The Climate Extremes Experimerstablishedn 2010 at the Konza Prairie Biological Station caerintact, ntive,
annually burned lowland tallgrass prairie commt. During the 2010 and 2011 growing seasons, fagelahelters were used
impose two treatmentsontrol (ambient rainfall plus supplemental irrigat— shelters with netting) ardrought (partil roofs on
shelters reduced ambient rainfall by 66%¢sted within the rainfall shelters, heat wavettrets were imposed using passive |
chambers combined with infrared lasnguring twi-weeks midsummer. All treatments were removed during the Zecovery year.



Figure 1.3 Close-up of a heat chamber (2 x 2 x 1.5 m) wiyleloow meter stick in the

foreground for reference. Infrared lamps were plagghin passive warming cambers, which
were placed above and slightly into the canopy. el@x, a gap below the camber and along the
edges at the top allowed for air circulation. Diéfiet combinations of 2000 W infrared lamp
inputs were used to achieve four treatment lex@lshie heat waveambient = no lamp (partial
heat chamber, not showmdw = one lamp at %2 power (+250 Wiymedium = one lamp at full
power (+500 W/rf), andhigh = two lamps at full power (+1000 W#n
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Chapter 2

CONTRASTING SENSITIVITESOF TWO DOMINANT C4 GRASSESTO HEAT
WAVESAND DROUGHT

Overview

Heat waves and droughts are predicted to increafsequency and intensity with climate
change. However, we lack a mechanistic understgrafithe independent and interactive effects
of severe heat and water stress for most ecosysterasnesic tallgrass prairie ecosystem, we
used a factorial experimental approach to assegsgsiological and productivity responses of
two dominant G grassesAndropogon gerardii andSorghastrum nutans, to a season-long
drought and a mid-summer heat wave at four intessitWe hypothesized that drought would
have greater impacts than heat waves, that comkiifiects would be greater than either factor
alone, and that the dominant grasses would difféneir responses to heat and water heat stress.
We detected significant reductions in photosynthdseaf water potential and productivity with
drought in both species, but few direct responsdlkd heat waves. Surprisingly, there was no
additive effect of heat and water stress on angtplssponse. Howeves, nutans was more
sensitive tha\. gerardii to drought. In this grassland, water stress vaththate photosynthetic
and productivity responses caused by discrete titcargd heat wave events, rather than direct or
additive effects of heat stress, with differensiahsitivity in these grasses altering future

ecosystem function.
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Introduction

Climate extremes, such as heat waves and droughpr@jected to increase in frequency
and intensity in the future, and thus there iseaicheed to understand how they will impact
ecosystems (Easterling et al. 2000, Meehl and Tekab4, IPPC 2007, Hansen et al. 2012).
Despite being relatively short-term events, climateemes have the potential to cause
significant and long-term ecological change, angttan have impacts disproportionate to their
duration (Albertson and Weaver 1946, Tilman anddid®92, Jentsch et al. 2007).
Furthermore, heat waves and drought typically aoio€¢Trenberth and Shea 2005, De Boeck et
al. 2010), so understanding their individual arténactive effects by observation alone is
challenging. However, an experimental approachrttatipulates both climate factors can
improve our mechanistic understanding of the e$fe€tsuch short-term events on ecological
process.

Here, we present results from an experiment in whiseason-long drought and a mid-
season heat wave of differing magnitudes were ieghasdependently and in combination on an
intact, mesic grassland ecosystem in the central the tallgrass prairie. Plant communities in
these grasslands are characterized by strong docar{€ollins et al. 1998), with a few, Grass
species regulating ecosystem function. Thus, weded on the responses of two dominant C
grasses in tallgrass prair@ndropogon gerardii andSorghastrum nutans, which together
account for almost half of plant canopy cover, #trelmajority of total aboveground productivity
(Silletti and Knapp 2002, Smith and Knapp 2003)e3éngrasses have been broadly viewed as
functional equivalents, with a greater researcbrefbcused o\. gerardii (Knapp et al. 1998,
Silletti and Knapp 2002). While their overlappingographic distributions suggests similar

climatic requirements (Brown 1993), past studieggyest that these two grasses may respond
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differently to projected climate changes, withgerardii more sensitive to warming a&l

nutans more sensitive to alterations in precipitation @er and Fitzpatrick 1932, Brown 1993,
Silletti and Knapp 2002, Swemmer et al. 2007, Nippeal. 2009). However, due to the nature

of these past studies, separating the effectagbeéeature from water stress, as well as
identifying interactive effects of these driverstbe dominant species has not been possible.
Such differential sensitivities may lead to divergeesponses to climate change and a reordering
of species abundances with important consequencesdsystem function.

To examine the individual and combined effectshafrsterm heat waves and drought on
these dominant {grasses, we experimentally imposed a mid-sumnegnisave at four
temperature levels (up to +7.7 °C above ambienpjots receiving either ambient rainfall or a
66% reduction in growing season rainfall to simellatsevere drought. The primary biotic
response variables measured were leaf water stetiphotosynthesis, and end of season
aboveground productivity for each species. We Hyggized that the effects of drought would be
greater than heat for both species, since watbeigrimary limiting factor in this ecosystem
(Knapp et al. 1998). In addition, we hypothesiZeelcombined effects of heat waves and
drought would be greater than either factor alome, @dditive effects, De Boeeélt al. (2010)),
with the greatest negative effects on both phygipknd productivity manifest with the highest
temperature heat wave treatment under drought ttonsli Finally, as suggested by previous
research (Weaver and Fitzpatrick 1932, Brown 1$8i8tti and Knapp 2002, Swemmer et al.
2007, Nippert et al. 2009), we hypothesized thaerardii would be more sensitive to heat

stress, whereds nutans would be more sensitive to water stress.
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Materials and Methods
Sudy site and focal species

Research was conducted at the Konza Prairie Badb§tation, a 3487 ha native
tallgrass prairie in NE Kansas, USA (39°05’'N, 96%¥8%h The site has a temperate mid-
continental climate with cold, dry winters and wamret summers. This region is characterized
by high interannual variability in precipitationcditemperature, which can lead to a four-fold
variability in aboveground net primary productiv{tgnapp et al. 1998). Konza Prairie
Biological Station is dominated by perennial@tasses, in particuld. gerardii andS. nutans,
which together account for most standing biomasispaiaductivity (Smith and Knapp 2003) and
determine plant community diversity (Collins et E98). Both species are long-lived clonal
plants that primarily reproduce vegetatively vidolmground buds on rhizomes (Benson and
Hartnett 2006). As clones of each species grow, skeeer their root and rhizome connections
(Benson and Hartnett 2006) forming a dense matfriklers (individual stems) that are

intermixed.

Experimental design

The Climate Extremes Experiment was establish@®i® on a site with deep (>1 m)
silty clay loam soil adjacent to the long-term RalhManipulation Plots experiment (Fay al.
2000). The experimental treatments of the Climatiedines Experiment consisted of a season-
long drought and a mid-season heat wave at foupeesture levels. The drought treatment was
imposed using two modified 6 x 24 m cold frame gremise structures (Stuppy, Inc., Kansas
City, MO, USA) constructed over native grasslanotpl(Fig. 2.1A). The roofs of these

structures were comprised of 15.2 cm wide strip@yfaglas Plus® clear corrugated
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polycarbonate plastic (PALRAM Industries LTD., Ktdawn, PA, USA), which covered 75% of
the roof surface. This 75% covering of the rootitessl in the exclusion of ~66% of the ambient
rainfall from 15-May to 30-Sep-2010. For the cohprecipitation treatment, two additional
greenhouse structures were covered with deer gdllIBENAX Manufacturing Alabama, USA)
which allowed all ambient rainfall to reach thetplbut reduced photosynthetically active
radiation by approximately 10% (equivalent to tffeas of the drought shelters, Fig. 2.1A). The
control precipitation and drought treatments waredomly assigned to each shelter, and the
shelters were oriented E-W and arrayed approximateh from each other. Each shelter was
hydrologically isolated by trenching to a depthlah around the perimeter of each 6 x 24 m
area; the trench was lined with 6 mil plastic, ametal flashing to prevent subsurface and surface
water flow.

Within each structure, we established two rowswd 2 x 2 m plots (10 total) arranged
diagonally from each other in a checkerboard aearent, allowing for a 2 m buffer between
plots. Plots were randomly assigned to one of Fmat wave treatments (ambient, low, medium,
and high), which were imposed mid-summer for twekge(21-Jul to 03-Aug-2010). The timing
of the simulated heat wave coincided with the mkabgreatest sensitivity to high temperature
in this grassland (Crairet al. 2012). Heat wave treatments were imposequldxyng transparent
chambers that combined passive heating with indremps (IR) over the plots (Fig. 2.1A).
Chambers were 2 x 2 m wide and 1.5 m tall, with &-mil clear polyethylene walls and
covered with Dynaglas Plus® clear corrugated poby@aate roofs. Ventilation was maintained
by placing chambers 0.5 m above the ground suréteadjustable gaps between the roofs and
walls. In order to achieve four distinct temperatlavels, infrared lamps (HS/MRM 2420, 2000

W, Kalglo Electronics, Inc., Bethlehem, PA, USA)re@laced within the heat chambers as
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follows: ambient = no lamp, low heat = one lampalt power, medium heat = one lamp at full
power, and high heat = two lamps at full power. pamere suspended 130 cm above the
ground to ensure even coverage across the plotetipbots were warmed 24 hours per day for

the entire two-week heat wave.

Environmental measurements

Soil moisture and canopy temperature were coatisly monitored in each plot to
evaluate the effectiveness of drought and heat waa¢ments. Volumetric water content
(VWC) was measured at a depth of 0-15 cm with 3Qinme-domain reflectometery (TDR)
probes (Model CS616, Campbell Scientific, Inc., &ngUT, USA) buried at a 45° angle in the
center of each plot. Canopy temperature (CT) waasored with infrared thermometers (Model
SI-111, Apogee Instruments, Inc., Logan, UT, USAumted in the SE corner of each plot at a
height of 1.5 m. Data from all sensors were samplanty 30-seconds and averaged for 30-

minute periods (CR10X Datalogger, Campbell Scientific., Logan, UT, USA).

Plant ecophysiological measurements

Eight intensive sampling campaigns were condubttdieen 11:00 and 15:00 CDT
throughout the growing season to measure leafxyasage (A«) and mid-day leaf water
potential V,iq) responses ok gerardii andS nutans. In each plot, a tiller (individual stem) of
each species with leaves in the upper canopy wasgoently tagged for repeated sampling of
gas exchange throughout the experiment. Prior¢b sampling campaign, an additional tiller,
which was morphologically similar to the permangméigged individual, was selected in each

plot for destructive leaf water potential samplifigus, for Aerand¥mig, we sampled a total of
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20 individuals per species for each drought treatraad 5 individuals of each species for each
drought by heat wave combination. For all individughe youngest fully expanded leaf was
measured. Plot sampling order was randomized fdr sampling campaign, and./was
measured at 5-second intervals for 2 to 6 minutédsavLl-6400 system (LICOR, Inc., Lincoln,
NE, USA) equipped with an LED light source (lightensity was maintained at 20Qthol m

s', CO,concentration at 40@mol mol™, and relative humidity at ambient levels)eAvas then
calculated for each leaf using an objective sadaciilgorithm (Matlab 7.4, The MathWorks,
Inc., Natick, MA, USA) to select a 1-minute periotdA,. when variability was minimal g

was measured on a single leaf per individual uaiSgholander-type pressure chamber (PMS

Instruments, Inc., Corvallis, OR, USA).

Aboveground productivity

Aboveground production of the dominant @asses was sampled at the end of the
growing season (05-Sep-2010) by harvesting all agmund plant material of each species in
three 0.1 rhquadrats randomly located within each plot. Samplere oven dried at 60 °C for

48 hours, and weighed to the nearest 0.1 g.

Satistical analyses

The experiment was a randomized block split-pé&stign with block nested within the
drought treatment, heat wave treatments nestednwdtbbught treatment, with the block x heat
wave treatment interaction as a random effect. Welacted analyses separately for three
sampling periods: (1) the entire growing seasonti@ two-week heat wave, and (3) the last day

of the heat wave. The growing season and heat sawple periods were analyzed using a
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repeated measures mixed-model ANOVA, while thedastof the heat wave and aboveground
production was analyzed with a mixed-model ANOVAe ¥bnducted analyses separately for
each species because the two grasses differ sigmily in both Ae:andW¥niq (higher and lower

in S. nutans, respectively) under control (non-stressed) conaétidy analyzing each species
separately, we focused on the relative magnitudesgonses to the drought and heat wave
treatments for each species without the confouneifegts of the baseline differences ip£&nd
Ynig- We also assessed differential sensitivity by erarg the relationship between VWC and
¥mig (excluding measurements from within heated chas)ber each species using nonlinear
regression. All analyses were conducted in SASs(par9.2, SAS Institute Inc., Cary, NC,

USA) and significance was set &®.05.

Results
Effects of drought and heat waves on environmental variables

The experimental infrastructure was successfirhposing a drought during the 2010
growing season and simulating a two-week heat vaaveur distinct temperatures (Fig. 2.1B,
C). Between the start of the simulated droughtNEs~2010) and the end of season biomass
harvest (05-Sep-2010), plots in the control shelteceived 444.1 mm of rainfall while drought
plots received 148.0 mm, a 66% reduction. Ovettaih, reduction in rainfall resulted in a 43%
reduction in VWC relative to control plots (ControR9.5% + 0.47, Drought = 16.9% + 0.¢8,
= 0.001; Figure 1B). During the two-week heat wdkiere was a strong interaction between date
and the drought treatments (Table 2.1) due to mapiel and greater reductions in VWC with
control precipitation (58%) than with drought (23Ptg. 2.1B). For the last day of the heat

wave, there was a significant interaction betwéendrought and heat wave treatments on VWC
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(Table 2.1), but reductions in soil moisture wenéyaletected under control precipitation when
combined with the high heat wave treatment (FigC2.

The four heat wave treatments resulted in differe@an daily CT’s for the two-week
period in late July; ambient plots averaged 27.@A@ the low, medium and high treatments
averaged 7, 17, and 28% warmer than ambient pkgpectively (Fig. 2.1C). The maximum
daily high CT recorded in the high treatment wad 48 on 03-Aug-2010, the last day of the
heat wave. In addition, we found a significant negacorrelation between VWC and CT (r = -

0.78,p < 0.001), across all treatments during this period

Ecophysiological responses to the drought and heat wave treatments

We found little evidence for additive effects @&t and drought on the ecophysiological
responses of the dominant grasses. There werdisagmieffects of heat and drought ;g
(drought, heat, drought x date, heat x date) apgdkought x date) for both species (Table 2.2).
But there were few interactions between the twattnents when assessed over the growing
season or just during the heat wave, with the ex@epf A.efor S nutans (drought x heat and
drought x heat x date interactions; Table 2.2).fédéeised on the last day of the two-week heat
wave to assess the cumulative effects of the haae weatments and increase our ability to
detect interactions between heat waves and droWfite there were significant interactions
between the heat and drought treatments for babie, there were no combined effects of heat
waves of any magnitude under drought conditiong. (Ei2A, B). Instead, the effects of the heat
wave treatments were only significant under corgretipitation (Fig. 2.2A, B). In the control
rainfall treatment, A for A. gerardii decreased as the average heat wave temperattgasad

(Fig. 2.2A). In contrastS. nutans was unaffected by the low and medium heat waartrents
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but A.etwas decreased by ~ 80% from ambient levels fohitje heat wave treatment (Fig.
2.2B). Consistent with these responses, there wagative effect of the heat wave treatments
on VWC for the control precipitation, but not thedght treatment (Fig. 2.2C).

There were direct effects of the heat wave andghbureatments on the dominant
grasses, but these direct effects differed betWggnand A In general¥niq was affected by
both heat and drought, whilg,Awas only sensitive to drought. The drought and heae
treatments resulted in similar response® iy for bothA. gerardii andS. nutans with
significant drought x date and heat x date intévast(Table 2.2). For both species, the effects of
drought on¥,ig were not evident until mid-July, and treatmentedénces emerged earlier in
Wmid than At(Fig. 2.3). Once drought effects were manifesty ghersisted for the reminder of
the growing season in both species (Fig. 2.3). &ldesninant grasses also responded similarly
to VWC (Fig. 2.4), at VWC greater than 20%;,4 did not vary in response to changes in VWC
in either species, but below this threshdlgy decreased sharply in both grasses with reduced
VWC (Fig. 2.4). There were significant heat waveate interactions for both species (Table 2.2,
growing season). The greatest decread4moccurred with the high heat treatment, and
differences among the heat wave treatments pergisine days after the heat wave ended (Fig.
2.5). In contrast, A for both species was only sensitive to droughavadent by drought x date
interactions (Table 2.2).

While both species were sensitive to heat and veitess, there was evidence for
differential sensitivity to drought, but not heAt.differed between the two species in specific
ways during the drought. First, drought-inducedutithns in Ayt 0occurred earlier is nutans
(29-Jul-2010) thar\. gerardii (03-Aug-2010). Secondly, there was a larger nadatiecrease in

Anetfor S nutans in the drought plots before vs. after the heateM@®4% inS. nutans, 81% inA.
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gerardii; Fig. 2.3). Finally, the difference in,4 between the control precipitation and drought
treatment immediately after the heat wave was great. nutans (85% reduction) than iA.

gerardii (64% reduction, Fig. 2.3).

Effects of the drought and heat wave treatments on aboveground production

Drought significantly reduced end-of-season abawexgd production irs nutans by
37%, but had no effect on productiorAngerardii (Fig. 2.6 and Table 2.3). Surprisingly, the
heat wave treatments did not reduce abovegrourdliption for either species despite clear
visual signs of heat-induced foliar senescence tlanslthere were no significant interactions or

additive effects of heat and drought for eithercegee (Table 2.3).

Discussion

Forecasts of more frequent and severe drought eatdwaves portend ecological
responses from individual to ecosystem scales (52ail1), particularly if the magnitude or
combination of climate stressors pushes speciesnoesesponse thresholds (Gutschick and
BassiriRad 2003). Given that the attributes of d@nt species strongly influence most
ecosystem processes (Whittaker 1965, Grime 1998jpaused on the ecophysiological and
aboveground productivity responses of two domii@grasses in central US grasslands as key
to predicting ecosystem responses to drought aatweeves of different magnitudes and their
interactions. While previous research suggestetdiieae species respond differentially to heat
and water stress (Silletti and Knapp 2002, Swenehat. 2006, Nippert et al. 2009), our
experimental design permitted us to directly tes purported differential sensitivity. Moreover,

because we imposed heat waves of different magstude could further determine if there are
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species-specific response thresholds. Overalloned (1) no additive effect of heat waves and
drought in this grassland, (2) that both specieewéfected more by a season-long drought than
a two-week heat wave regardless of magnitude, @nevidence for differential sensitivity to
drought between the dominant grasses, witls. nutans more sensitive thaf. gerardii.

The levels of drought and heat waves imposed sdkperiment were severe, but not
outside the range of recent climate of this si@8#:2008, Konza Prairie LTER data set
AWEOQ12). Over this 25- year period, mean annuatipr&tion was 840.3 + 38.9 mm, and the
driest year (1988) received 481.5 mm. These valgze similar to our two precipitation
treatments: (control = 836.9, drought = 476.6 mbhe simulated heat wave occurred for two
weeks in late July, when mean daily temperatures the 25-year period were 26.4 = 0.4 °C and
the warmest year (1999) was 29.7 = 0.6 °C. Mealy danopy temperature in this study (Fig.
2.1C), overlapped and exceeded this range in taatper(ambient = 27.2 £ 0.4 °C and high =
36.6 = 0.3 °C), and the maximum daily canopy terapge (high = 43.1 °C) is virtually identical
to the 25-year record high air temperature measatréus site (43.2 °C, 1983).

Greater sensitivity to drought 8 nutans relative toA. gerardii is consistent with past
studies (Weaver and Fitzpatrick 1932, Brown 199i8:t8 and Knapp 2002, Swemmet al.

2006, Nipperet al. 2009). However, none of these studies inghdseught at this magnitude
under controlled experimental conditioSsnutans responded earlier to the drought and with
greater absolute and relative decreases,ithfanA. gerardii. Consistent with this response was
a significant decrease in aboveground productiaitys. nutans while A. gerardii did not

respond to drought. These divergent responsesreccdespite similar responsesiipig. This
suggests greater resistance to drought gerardii thanS. nutans and that a drought of greater

magnitude may be required before a loss of prodiictbccurs inA. gerardii. Indeed, earlier
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experiments found significant reductions in abowegd productivity in response to drought for
A. gerardii, but at almost twice as negative relativéitgq measured in this study (Knapp 1984).
The reduction in aboveground productivitySmutans but notA. gerardii could have important
implications for plant community structure by pdiahy increasing the competitive advantage
of A. gerardii in this grassland.

The imposed heat wave had no direct effects onedfround production for either
species nor when combined with drought, suggestiagboth species were resistant to the
timing, magnitude and the combination of the tvaatments. Nonetheless, physiological
responses to the two-week heat wave treatmentseveatent (e.g., both species had reduced
Yhig IN response to the heat wave treatments), bug thas no support for the hypothesis that
gerardii is more sensitive to heat th&mnutans. Furthermore, when the cumulative effects of the
heat wave and drought treatments were examinetiddast day of the two-week heat wave
period, significant interactions were detectedAgs: in both species, with heat wave effects only
observed in the control rainfall treatment (Fi@A&.B). What was particularly striking was the
appearance of a threshold response to he&atutans. In this species, f:was maintained at
the same level as the control treatment for thedod medium heat wave treatments, but was
dramatically reduced (by 78%) with the high heavevaeatment. In contrast,Agradually
declined inA. gerardii with increasing heat wave temperature. Contragximectations, A:did
not differ with the heat wave treatments when carabiwith drought for either species nor did
we observe an additive effect on aboveground prtodtyc This lack of response was surprising,
given that in a similar study, De Boeck et al. (RDdeported additive effects of drought and heat
waves. Instead, it appears in this system, thahitjie degree of water stress imposed by the

drought treatment negated any additional effecta@heat wave treatments.
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What remains unclear is whether the heat wave tsftat A.; were direct or if they
occurred indirectly through water stress as nateseveral experimental and observational
studies (Milbau et al. 2005, Marchand et al. 20éichstein and Ciais 2007, Arnone et al. 2011,
De Boeck et al. 2011). The direct effects of heatld have lead to thermal damage to the
photosynthetic machinery. If there had been sigaift thermal damage to the photosynthetic
capacity of these grasses, we would have expedfedetices in As;among the heat wave
treatments to persist after the treatments endeggell as a negative response in end of season
productivity; neither of these occurred. Also, that damage may have been avoided since the
maximum temperature imposed in this experimentwilgn the measured range of thermal
tolerance folA. gerardii (Knapp 1985). However, we cannot rule out the pidedirect effects
increasing temperature on metabolic processes,asigdspiration, which could decreasg: &
respiration and assimilation had different resperiedemperature (positive for respiration,
neutral or negative for assimilation). Additionaltiiere are several lines of evidence to suggest
that the heat wave treatments indirectly affectegd\Aa water stress. First, there were significant
differences in VWC among the heat wave treatmeirtts eontrol precipitation; these differences
became more pronounced as the heat wave progrd$ssavould be expected during a
naturally occurring heat wave, which typically ccear with low precipitation (Trenberth and
Shea 2005, De Boeck et al. 2010), and when combiithchigh evapotranspiration rates due to
heat, decreases VWC. For these grasses, we sagnegitbr water stress emerging once VWC
drops below ~20%, wheM g declines rapidly (Fig. 2.4). By the last day of theat wave,
several of the heat treatments had dropped beleWwiWC (Fig. 2.4), and we observed direct
effects of heat o, for both species throughout the heat wave, sugpgegtat heat may have

reduced plant water status indirectly through echdrvapor pressure deficits, decreased VWC
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or both. Overall, these results show that undectimrol precipitation, the heat wave treatments
imposed both heat and water stress, and thus we notiseparate the interactive effects of heat
and attribute the decline in photosynthesis toglsidriver. In order to separate the direct and
indirect effects of heat, water would have to beeabito keep soil moisture above limiting levels
(for example, greater than 20% VWC in this ecosygte

Although this mesic grassland ecosystem was sudgd¢otsevere drought and a range of
heat wave intensities, its response was modesalbaed primarily related to the ability of the
dominant gras$\. gerardii, to successfully cope with water stress. Howegerater sensitivity
to water stress and a strong threshold resportseatowere clearly evident in the dominant grass,
S nutans. This suggests that a future climate that includese frequent droughts and heat
waves may have greater initial impacts on commustitycture relative to ecosystem processes.
Such mechanistic information is critical for enhiigoour ability to forecast ecosystem
responses to a future with more frequent and iet@esiods of climate extremes (Easterlatig

al. 2000, IPCC 2007).
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Tables

Table 2.1 Effects of the drought and heat wave treatmerdssampling date on mean daily
volumetric water content (VWC) and canopy tempem(CT) during the two-week period in
which the heat wave treatments were applied. ksttat and p-values from mixed-model
repeated measures ANOVASs are reported. Bold telktates significance at$0.05.

VWC CT
Effect F p F p

Drought  214.3 0.004 8.3 0.102

Heat 36 0029 209.9 <.001

Date 6757 <001 941.8 <.001

Drought x Heat 1.0 0.402 1.0 0.396
Drought x Date  384.7 <.001 9.6 <.001

Heat x Date 9.6 <.001 142 <.001

Drought x Heat x Date 6.3 <.001 1.4 0.069
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Table 2.2 Effects of the drought and heat wave treatmentsididay leaf water potentialfiq)

and net photosynthesis {4 of the dominant £grassesAndropogon gerardii andSorghastrum
nutans) over the growing season (top) and during the twekngeriod in which the heat wave
treatments were applied (bottom). F-statistics @wdlues from mixed-model repeated measures
ANOVAs for each species separately are reportettl #xt indicates significance at(0.05.

A. gerardii S nutans
lPmid Anet \Pmid Anet
Effect F P F p F p F p

Growing Season
Drought  19.7 0.048 3.8 0.195 717 <.001 6.4 0.130
Heat 4.0 0.070 2.0 0.116 54 0.027 4.0 0.077
Drought x Heat 0.6  0.647 0.6 0.602 0.9 0.499 57 0.041
Date 97.6 <.001 32.7 <.001 97.6 <.001 50.0 <.001
Drought x Date  10.3 <.001 3.2 0.004 105 <.001 6.3 <.001
Heat x Date  1.81 0.023 0.6 0.894 25 0.001 1.3 0.219
Drought x Heat x Date 1.32 0.170 0.4 0.987 0.9 0551 181 0.022

Heat Wave
Drought  33.7 0.030 3.6 0.205 92.3 <.001 8.9 0.099
Heat 6.0 0.033 1.0 0.408 14.4 0.002 4.2 0.066
Drought x Heat 1.2  0.395 1.3 0.297 16 0281 34 0.099
Date  33.6 <.001 24.8 <.001 38.3 <.001 38.0 <.001
Drought x Date 0.9 0.426 3.3 0.043 1.0 0.368 7.3 0.001
Heat x Date 1.8 0.109 0.3 0.932 0.8 0559 1.0 0.408
Drought x Heat x Date 1.5 0.200 1.0 0.433 0.7 0.648 3.2 0.009
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Table 2.3 Effects of the drought and heat wave treatmen@bmveground productivity for each
species separately. F-statistics and p-values ixad-model repeated measures ANOVAs are
reported. Bold text indicates significance at .05.

A. gerardii S nutans
Effect F p F p

Drought 0.1 0.747 49 0.034
Heat 0.06 0.989 0.28 0.840
Drought x Heat 0.40 0.753 0.78 0.516
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Figure 2.1 Experimental infrastructure during the simulatedthwave (A) and the effects of
drought and heat wave treatments on (B) volumetaiter content (VWC, %) and (C) canopy
temperature (CT, °C). (A) Shown in the foregrousndme of the greenhouse structures modified
to impose drought. The frame is partially covereth\wolycarbonate strips to reduce rainfall
inputs by 66% during the growing season. NesteHdiwthis structure are heat chambers with
infrared lamps inside that imposed a two-week gate (21-July to 03-Aug-2010). (B) VWC is
shown for the control and drought treatments {ediis) with a box highlighting the timing of
the two-week period that the heat wave treatmeete &pplied. Black bars are ambient
precipitation (right x-axis). Note - missing datelate August was due to a power failure. (C)
Mean daily canopy temperature (£ 1 SE) is showriferfour heat wave treatments.
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Figure 2.2 Interactive effects of drought and the heat wagattments on net photosynthesis
(Anep Of A. gerardii (A) andS nutans (B), as well as mean volumetric water content (C)
measured on the last day of the simulated heat vi®+8ug-2010. Error bars indicate one
standard error and different letters denote sigaift differences among treatments within each
of the three independent analyses (205).
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Figure 2.3 Responses of mid-day leaf water potentigh§) and net photosynthesis {4 for A.
gerardii andS. nutans to the drought treatment over the growing seasba.grey box highlights
the two-week period that the heat wave treatmeste &pplied. Error bars indicate one standard
error and asterisks denote a significant differdjpce0.05) between the control and drought
treatments for a given date.
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Chapter 3
PHOTOSYNTHETIC RESPONSESTO AN EXPERIMENTAL HEAT WAVE ARE

MEDIATED BY SOIL WATER STATUSIN A MEISC GRASSLAND

Overview

Climate extremes are predicted to increase in freguency and intensity, with likely
impacts on regional and global carbon cycling. &xtes such as heat waves and drought often
co-occur, making it difficult to attribute ecologicresponses to individual climate drivers using
natural observations, and thus experimental maaiijous are better suited to study extremes.
Past experimental studies have found ecologicabieses to heat were primarily indirect,
through enhanced soil drying. In 2011, we subjeeatedtive mesic grassland to a two week heat
wave at four levels under either high or low sodisture conditions and examined the
photosynthetic response of two dominagigéasses. Our goal was to alter these climate drive
independently to assess direct vs. indirect effettseat. We observed no effect of the heat on
photosynthesis under low soil moisture conditions tb stomatal limitations, which resulted in
low levels of photosynthesis and apparent insefitsitio increasing levels of heat. On the other
hand, there were reductions in photosynthesis witeasing heat under the high soil moisture,
which appear to be driven by direct effects of h&hese results suggest that under extreme
drought, heat waves may have little detectablecefie photosynthesis, but the effects of
increasing heat under non-limiting soil moisturaditions may directly affect photosynthetic

capacity. However, as seen in other studies, eantiueat will cause water stress through
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enhanced evaporation, causing an additive effdetdan heat and drought, until severe drought
renders photosynthesis insensitive to heat. Thisualyc response of photosynthesis to heat and

drought could have important implications for regband global carbon cycles.

Introduction

Climate extremes are expected to increase in fisgjuency and intensity over the next
century (IPCC 2012) with the potential to alter geeicture and function of ecosystems more
than shifting means alone (Easterling et al. 20@0isch et al. 2007, Smith 2011). If
geographically extensive, climate extremes also imgact regional and global carbon cycles,
with positive feedbacks on global warming (Ciaisle2005, Reichstein et al. 2013). Such
feedbacks originate at the ecosystem level primasla consequence of climate extremes
leading to increased physiological stress (Gutécand BassiriRad 2003) and in some cases
mortality of common (or dominant) plant speciese®rears et al. 2005), which control a high
proportion of ecosystem functions (Whittaker 19685me 1998). Thus, assessing how the
dominant species in regionally extensive ecosystenowh as grasslands, will respond to climate
extremes is important for forecasting the carbasliog consequences of climate change.

Although much has been learned from the study tfrally occurring climate extremes,
employing more mechanistic frameworks to build ustéding of their ecological
consequences is critical (Smith 2011). Experimeayp@roaches can be particularly valuable in
this regard (Jentsch et al. 2007, Smith 2011), kewehere are unique challenges to
experimentally imposing climate extremes, as heates and drought often co-occur naturally.
A recent study (De Boeck et al. 2010) on Westenmopean meteorological records found that

heat waves coincided with lower precipitation arghbr vapor pressure deficits (VPD) than
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average. Reduced precipitation and higher VPD cimadce plant water stress through
combined effects on soil drying, and therefors iifficult to separate direct and indirect effects
of heat on ecological processes using naturallymweg heat waves and drought. Indeed, many
warming manipulation experiments, which have nettigled for heat-induced water losses,
have found that the effects of heat on ecologioat@sses have been primarily indirect, through
enhanced soil drying (Milbau et al. 2005, Marchahdl. 2006, Arnone et al. 2008, De Boeck et
al. 2011, Hoover Chapter 2). Separating these rmabenan issue as long as past correlations in
climate drivers foretell the future. However, thes@bundant evidence that this will not be the
case with novel and no-analog climates becominggrmommon (Nippert et al. 2006, Williams
et al. 2007). Thus, experiments that alter inpéitseat and water independently can provide the
mechanistic understanding needed for modeling gamdbresponses to future climate extremes.
We examined the physiological responses assoamtbaarbon uptake of two dominant
C4 grasses in a native tallgrass prairie community samulated two-week heat wave imposed
with contrasting soil moisture conditions: highlsabisture to minimize water limitation vs. low
soil moisture conditions that would occur with extre drought. We focused on leaf-level net
photosynthesis because of the important role dfarauptake processes in regional and global
carbon cycles (Houghton 2007), and the thermalittahsof photosynthesis (Wahid et al.
2007). Furthermore, the two dominant@ass we examined have purported differential
sensitivities to heat and drought (Silletti and gp&2002, Swemmer et al. 2006, Nippert et al.
2009). This allowed us to address the followingsfieas: 1) How does soil water availability
impact the effect of a simulated heat wave on hetgsynthesis in two dominant, Grasses? 2)
Are their physiological responses driven by di@cindirect effects of heat, or a combination?

and 3) Do these grasses differ in their resporsbsdt?
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Methods
Sudy site

The study was conducted in an intact, annually édirnative tallgrass prairie grassland
located in a deep solil, lowland site at the Konezarfe Biological station in NE Kansas, USA
(39°05’N, 96°35'W). The climate is characterizedas-continental, with cold, dry winters,
warm wet summers and high interannual variabihtpiiecipitation and temperature (Knapp et
al. 1998). In addition to variability, extreme dght and both short- and long-term heat waves
are historically significant in this region (Weai954, Woodhouse and Overpeck 1998,
Burnette et al. 2010, Burnette and Stahle 20129. Sthdy site was dominated by two perennial
C, grassesAndropogon gerardii andSorghastrum nutans which control ecosystem function and
productivity, accounting for the majority total alsground primary production (ANPP; Silletti

& Knapp, 2002; Smith & Knapp, 2003).

Experimental design

The Climate Extremes Experiment (CEE) was estadtisn 2010 to examine the effects
of periods of high temperatures (heat waves) andglht on a tallgrass prairie ecosystem.
Treatments were imposed for two consecutive yedth,this paper focusing on results from the
second year of the experiment (and the most extcdimeatically of the two; Hoover Chapter 3).
We manipulated precipitation using modified greardes and water additions to create two soill
moisture conditions (1) high soil moisture, whiglcgived ambient rainfall plus supplemental
irrigation to maintain soil moisture above limitifgyels (>20% volumetric water content;
similar to Knapp, Briggs and Koelliker 2001) and i@&v soil moisture, where ambient rainfall

was passively removed using partial roofs attacbepeenhouse frames (Yahdjian and Sala
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2002). To impose these soil moisture conditionsysed four modified 6 x 24 m greenhouses
frames (Stuppy, Inc., Kansas City, MO, USA) condied over native grassland plots. The roofs
of the two rainfall reduction shelters were palyiabvered (75% of the surface) by 15.2 cm
wide strips of Dynaglas Plus® clear corrugated patigonate plastic (PALRAM Industries

LTD., Kutztown, PA, USA), which excluded ~66% if arabt rainfall during the growing season
(April 1%'to August 38) and caused low soil moisture conditions. Shebees plots receiving
high soil moisture conditions were covered withtingt(Cintoflex C, Tenax Corporation,
Baltimore, MD, USA) to reduce photosynthetiallyiaetradiation by about 10% (equivalent to
rainfall reduction shelter effects), but allowinglaient rainfall to pass through. Beneath each
shelter, soils and roots were hydrologically isethby trenching to 1 m and surrounding the soil
columns with plastic and metal flashing to prevambve- and belowground lateral flow. Ten
2x2 m plots were established within each sheltdrrandomly assigned to one of four heat wave
treatments (ambient, low, medium, and high). In12Q@ke heat wave treatments were imposed
mid-summer for two weeks (July 1326using passive heat chambers and infrared hegislam
The transparent heat chambers were built on %" R&@Ges, with 1 m 6-mil clear polyethylene
walls and Dynaglas Plus® clear corrugated polycaab®roofs. Ventilation was achieved by
placing chambers 0.5 m aboveground with adjustgdybs between the roofs and walls. In order
to impose four distinct temperature levels, infdaneat lamps (HS/MRM 2420, 2000 W, Kalglo
Electronics, Inc., Bethlehem, PA, US#ere placed within the heat chambers as follows:
control = no lamp, low heat = one lamp at %2 pow&50 W/nf), medium heat = one lamp at

full power (+500 W/rf)), and high heat = two lamps at full power (+1000mA). Lamp heights

were adjusted to account for different canopy hisiglie to the effects of precipitation
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treatments on plant growth (control lamps = 150udht = 120 cm) to ensure even heat

coverage across the plot, and remained on 24 lzoday for the duration of the heat wave.

Environmental measurements

Soil moisture, canopy temperature and air tempezatlative humidity were monitored
in each plot (n=40) throughout the two-week heatevd&olumetric water content (VWC) was
measured with 30 cm time-domain reflectometery (T PRbes (Model CS616, Campbell
Scientific, Inc., Logan, UT, USA) buried 0-15 cmegieand at a 45° angle. Canopy temperature
(CT) was measured with infrared thermometers (M&l€l11, Apogee Instruments, Inc.,
Logan, UT, USA) mounted in the SE corner of eadh. @idata from VWC and CT sensors were
sampled every 30-seconds and averaged for 30-mpevieds (CR10X Datalogger, Campbell
Scientific, Inc., Logan, UT, USA). The vapor pressdeficit (VPD) was calculated for each plot
using air temperature and relative humidity datagad at 30-minute increments using iButtons
(Model DS1923, Maxim Integrated, San Jose, CA, UglAged in the center of each plot at

canopy level.

Physiological measurements

Four intensive physiological sampling campaigngy(a5”, 19", 22" 26") were
conducted during the simulated two-week heat wauby (13-26"), with each campaign
conducted between 11:00 and 15:00 CDT. In each pleingle tiller of botlA. gerardii andS
nutans were permanently tagged and repeatedly samplaghfoexchange. For each individual
sampling campaign, another tiller was selectedpferfor each species for destructive mid-day

leaf water potential¥niq) sampling. Therefore, each precipitation x hezattment combination
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had 5 replicates for each species, and plot samplitler was randomized prior to each sampling
campaign. The youngest fully expanded leaf was areddor both gas exchange a#gq. Gas
exchange was measured at 5-second intervals 6 2rtinutes with a LI-6400 system (LICOR,
Inc., Lincoln, NE, USA) equipped with an LED ligedurce (light intensity was maintained at
2000pumol m? s*, CO, concentration at 40@mol mol?, and relative humidity at ambient
levels). Net photosynthesis (4 was then calculated for each leaf using an olveselection
algorithm (Matlab 7.4, The MathWorks, Inc., NatidkA, USA) to select a 1-minute period of
Anet When variability was minimal g was measured on a single leaf per individual uaing
Scholander-type pressure chamber (PMS Instrumierats Corvallis, OR, USA). Finally, we
measured light-adapted/F,. ®psy) and dark-adapted () chlorophyll fluorescence on

the last day of the heat wave, using the LICOR 40® system. Light-adapted measurements
were taken during the day (1200-1400 CDT) withftilwing settings: measurement (intensity
= 5; modulation = 20; filter = 1; and gain = 10ddtash (duration = 0.8; intensity = 8;
modulation = 20; and filter = 50), while dark-adaghimeasurements were taken at night (2200-
2300 CDT) with the following settings: measurem@miensity =1; modulation = 0.25; filter = 1;

and gain = 10) and flash (duration = 0.8; intensif§;, modulation = 20; and filter = 50).

Satistical analyses

The analyses focused exclusively on the two-wesglt tvave period in mid-July and the
sampling campaigns within it. The experimental gesvas a randomized block split-plot design
with block nested within precipitation treatmengahwave treatments nested within
precipitation treatment and the block by heat exdg8on as a random effect. We used repeated

measures mixed model ANOVAs to assess precipitainmhheat wave treatment effects over
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time. Due to strong interactions between heat aadipitation treatments on environmental
variables, we also employed a regression-baseaagipranalyzing precipitation treatments
separately. Linear regressions were performedamee the relationship between CT and
VWC. We also used a stepwise linear regression htodwaluate the effects of three predictor
variables (CT, VWC, VPD) on 4 for both species, with a parameter selectionreaitaf o =

0.05. Fluorescence measurements were analyzedasniged model ANOVA where species
and precipitation were analyzed independently aAllyses were conducted in SAS (version

9.3, SAS Institute Inc., Cary, NC, USA) and sigraiice was set a$0.05.

Results

The magnitude of the precipitation and heat waeattments imposed in this experiment
was near or exceeded records for drought and higbraperatures for the region. While the
growing season (April 1-August 30) precipitatiopurts (ambient + supplemental irrigation) was
slightly above average in high soil moisture caodi$ based on this long-term record, (high =
607.3; long-term average = 521.6 + 16.1 mm) sinedlaainfall inputs for low soil moisture
conditions were the second lowest on record, wighldwest occurring during the driest year of
the 1930’s Dust Bowl (236.3 vs. 209.9 mm in 193€D\C). Average maximum July air
temperatures for this location are 32.5 + 0.14v{ih record of 46.1 °C set in 1936 (NOAA).
Heat wave treatments led to canopy temperaturésplaaned this range of temperatures. Daily
maximum CT in the high soil moisture plots rangexhf 34.2 to 40.8 °C across the four heat
treatments, whereas maximum CT for the low soilstuwe plots ranged from 42.9 to 53.9 °C.

The heat wave and precipitation treatments impauatéia environmental and

physiological variables. During the two-week heat®;, under low soil moisture, there was
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greater than a two-fold decrease in VWC relativhigh soil moisture (Fig. 3.1, inset). While
there was no interaction between heat and pretigmt&reatments on VWC, both CT and VPD
showed strong interactions (Table 3.1, Fig. 3.2thiW a given heat treatment, CT for low soil
moisture condition was about 7-12 °C warmer thah Isioil moisture conditions (Fig. 3.2).

The precipitation and heat wave treatments alsaatgal several physiological variables
(Anes s and¥n,iq; Table 3.2), however, the responses to the tradtveere not consistent across
all three physiological variables using this ANO\WWased approach. The precipitation treatment
had strong main effects on all variables, whilehibat treatment impacted,fand¥ 4, and
there were no interactions between heat and ptatgn treatments on any variables (Table
3.2). In addition to direct responses to treatmemésalso observed significant effects of species
and precipitation x species interaction for botR;And g(Table 3.2; Fig. 3.3).

Although we applied the same thermal inputs withgiven heat treatment, interactions
with the precipitation treatments led to differétels of CT and VPD under high vs. low soil
moisture conditions (Fig. 3.2). Under low soil ntare conditions, we observed a strong
negative relationship between VWC and CT, whileumweaker, but significant, negative
relationship when soil moisture was high (Fig. 3®)ere was an apparent threshold around
15% VWC where the relationship between VWC and 6dnged dramatically (Fig. 3.4). Thus,
we used a regression analysis to further assessfdats of heat o nig, Anet, and gs. Similar
to the relationship observed for VWC and CT, a hioear pattern between VWC alfl,q was
apparent for both £Yyrasses, with a threshold around 15% VWC (Fig.. 3tShould also be
noted that unlike low soil moisture, there was igmificant relationship between VWC aliq
for either species’( gerardii, p = 0.667S. nutans, p = 0.608) under high soil moisture (Fig.

3.5).
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Given the strong interaction between the precijpitaireatments on both environmental
and physiological responses, we used stepwiseptauligression with VWC, CT and VPD as
independent variables to assess the relative impogtof each of these variables for affecting
Anet for each species and the high and low soikimee conditions separately, CT was the
strongest predictor for all models, with VWC andD/Being eliminated from all but one model
because they exceeded the minimum cutefD(05). At had a significant relationship with CT
for both species, but only under high soil moiswoaditions (Fig. 3.6)S. nutans had no
relationship between any of the three predictoraides and A under low soil moisture, while
A. gerardii had a weak but significant relationship betweed\&#d A (> = 0.06, p = 0.042).

There were no significant effects of heat on fesmence for either species, regardless of
soil moisture level. Under high soil moisture, harere no effects of heat dwg (A. gerardii: p
=0.224;S nutans. p = 0.847) or F/Fy (A. gerardii: p = 0.609S nutans. p = 0.939). In
addition, we did not detect any effects of heaeher®ps) (A. gerardii: p = 0.171S. nutans: p

=0.185) or R/Fy (A. gerardii: p = 0.103S nutans: p = 0.442) under low soil moisture.

Discussion

In this study, we examined ecophysiological resgsrof two dominant {Jrasses to an
experimentally imposed two-week heat wave in mily-dmader two contrasting soil moisture
conditions. The objectives of this study were 1assess the role of water availability on
photosynthetic responses to heat waves of varyagnitude, 2) to identify indirect and/or direct
effects of heat driving the responses and 3) terdene if the dominant {grass species can be
treated as functional equivalents in their respstgehe heat and drought. We found that soil

water status mediated the photosynthetic respanisedt inputs in both {grasses; heat only
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reduced photosynthesis under high soil moisturelitions even though canopy temperatures
were lower than under low soil moisture conditiarigere increasing CT had no measurable
effect on leaf level photosynthesis. Our resultgyest that severe plant water stress with low
soil moisture conditions likely rendered these geasnsensitive to changes in CT since
photosynthetic rates were already very low. Howekere were moderate declines in
photosynthesis under high soil moisture conditievtsch appear to have been driven by direct
heat effects. Finally, with regard to species-dpeesponses, the dominant grasses differed in

the magnitude of their responses, but not direction

Response of A to heat under contrasting soil moisture conditions

We were successful in establishing two contrastmigmoisture conditions during the
two-week heat wave. During the heat wave, the pitation treatments resulted in VWC of
~20% for the high and ~10% for the low soil moist(fey. 3.1). These soil moisture conditions
were above and below what appears to be a criicashold for water limitation in this
ecosystem. Below ~15% VWC we observed both a ragatiree inW g for both species (Fig.
3.5) and increase in CT (Fig. 3.4), while abovs threshold, there is little effect of VWC on
bothWigand CT. These results suggest that below thislibléswater stress is reducing
evapotranspiration, leading to decreased evaperateling and higher canopy temperature, as
seen in other studies (De Boeck et al. 2010). Toeresince the soil moisture conditions
resulting from the two precipitation treatments &velearly above and below this threshold, we
were able to impose our heat treatment under hignidind non-limiting soil moisture conditions.

Three key environmental variables differed in tlesponses to the direct effects of heat

treatments, as well as the interaction betweendm@hprecipitation treatments. VWC was not
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affected by heat, or the interaction between prtipn and heat treatments, while CT and VPD
were both significantly impacted (Table 3.1, Fig)3Differences in water availability due to
the precipitation treatments also led to signiftaaain effects on CT (Table 3.1), with high and
low soil moisture conditions differing by 8.6 °Cder ambient heat (no heat added; Fig. 3.2). As
a result, there was a strong interaction betwean dred precipitation treatments on CT. As a
consequence, the same infrared heat inputs tolesathreatment (low, medium, high) resulted
in different CT temperatures dependent upon soistace conditions (e.g. CT in high heat
treatments: high soil moisture = 40.8 0.4 °C aw $oil moisture = 53.9 + 0.9 °C). VPD also
showed a similar interaction between heat and pitation treatments, which was likely driven
by the CT response.

Due to these strong interactions between predipitatnd heat wave treatments for both
CT and VPD, we decided to use a stepwise regrebsisad-approach in which soil moisture
conditions were analyzed independently for eaclsispeOur goal was to determine whether
AnetWas more strongly affected by CT, VWC or VPD, gitkat the former would be indicative
of direct effects of heat whereas the latter twalddoe indicative of indirect effects being
important. For both species, variation ipAvas not related to CT, VWC or VPD under low soil
moisture conditions. In contrast, both speciesdiguificant negative relationships between CT
and At under non-limiting soil moisture conditions. Owuperimental design aimed to reduced
soil moisture variability within a given precipitah treatment, so it is not too surprising that
when we analyzed high and low soil moisture condgiseparately, VWC failed to have a
significant relationship with A:. These results suggest water stress mediatesspense to
heat; under the water-limited conditions,/Aloes not respond to increasing CT, while under

non-water-limiting conditions, f:decreases with increasing CT.

53



Direct vs. indirect effects of heat

The negative effect of increasing CT opAinder non-limiting soil moisture conditions
could have been driven by direct or indirect eexftheat, or a combination. One key indirect
effect of heat waves on ecosystems is inducingvgitess through increased evapotranspiration
rates (Milbau et al. 2005, Marchand et al. 2006)0ke et al. 2008, De Boeck et al. 2011). This
indirect heat effect would be observed in factmgegning the net water balance of the plant:
water source (soil moisture) and water sink (VRI§g eliminated this first indirect effect of heat
on the soil moisture as evidenced by the lackgificant main effects of heat or interaction
between heat and precipitation on VWC (Table 3id., &2). Isolating the effects of VPD on
plant water status was more challenging becausandVPD have a strong linear relationship
(r* = 0.88, p < 0.001). Both species had a weak, hegeglationship between VPD aihiq
under high soil moisture conditionA. @erardii: = 0.20, p < 0.001S nutans: r* = 0.10, p =
0.005). However, when we examined whether thisedes® in leaf water potential affected
stomatal conductance, we found no relationship éet¥ .,y and g for either species
gerardii: p = 0.654S nutans: p = 0.335), suggesting that reduction¥inq were not related to
stomatal closure. To further support the lack dinect effects of heat, the stepwise regression
model also removed VWC and VPD as significant mteds of A, in favor of CT. These
results suggest that the direct effect of heattiwawvariable driving declines ins4under high
soil moisture.

There are several possible direct effects of hedated to non-stomatal limitations that
could result in declines in & under the non-limiting soil moisture conditiongsE heat can
directly damage photosystems Il in the photosynthegiparatus, which is particularly heat

sensitive (Wahid et al. 2007). To examine this ledfatict, we measured lighbgs)) and dark
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(Fv/Fy) adapted fluorescence on the last day of thewmae¢, when the greatest cumulative
effects of heat stress should be apparent. Uneédmithh soil moisture conditions, we saw no
effects of heat on eith@pg), or K,/Fyy, suggesting that heat did not impair the quantietdor
maximum quantum yield of photosystems Il. Seconlaggt can effect enzymatic kinetics and
thereby alter metabolic processes. Enzymatic dietsvincrease with temperature, and therefore
dark respiration should increase with temperatackGause a decrease iRAf gross

assimilation rates do not have a correspondingeas® (Salvucci and Crafts-brandner 2004).
Additionally, reductions in A have been correlated with a decrease in activatee of

Rubisco (Salvucci and Crafts-brandner 2004). Weothgsize that reductions inidunder high
soil moisture conditions were a result of heat setlirespiration increases.

Unlike high soil moisture conditions, photosyntlsasi these ¢grasses was insensitive
to increasing heat under low soil moisture condgidC, photosynthesis is sensitive to declines
in soil moisture, with decreased leaf water potm@sulting in reduced stomatal conductance,
limiting assimilation rates (Ghannoum 2009). likely that stomatal limitations caused the lack
of heat response in low soil moisture. For botrcsse low soil moisture conditions had strong
negative effects on £ (A. gerardii: -54.1%,S. nutans: -82.3%) and g(A. gerardii: -50.5%,S.
nutans. -60.7%; Fig. 3.3). Given the low VWC a4, water was limiting, and thus low
stomatal conductance was restricting gas exchangeldition, the high water stress prevented
evaporative cooling, and therefore plants were sg@do higher temperatures than under the
high soil moisture conditions. Despite these exaeemperatures, we did not detect any effects
of heat on eithepg) or F,/Fn, suggesting that combined heat and water stressadidamage
the cellular machinery in photosystems Il. Thishhigsistance to heat damage was surprising

given the temperature exceed the thermal optimA.fgerardii (33 — 41 °C; Knapp, 1985). It is
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possible that the plants were acclimated to thageehtemperatures, due to the drought-induced

warming of the canopy in the period preceding tbat hwave.

Comparing the responses of the dominant C, grasses

Overall, the two dominant/@rasses did not differ considerably in their regesto heat
and precipitation treatments, although there wasesevidence for differential sensitivities. Both
species shared similar patterns of responses togagnents. For example, both species had
similar ¥ g thresholds, both only responded to heat undedingiting soil moisture, and both
did not show any damage to the photosynthetic machiwith heat. Previous work suggests that
the two species differ in their responses to hedtveater stress, witA. gerardii more sensitive
to heat ands. nutans more sensitive to drought (Silletti and Knapp 208@emmer et al. 2006,
Nippert et al. 2009). However in this stu@y/nutans was more responsive to both heat and
precipitation treatments tha gerardii. First, A..;decreased more between high and low soil
moisture conditions i®. nutans than inA. gerardii (Fig. 3.6). Secondly, under high soil moisture
conditions, we observed a negative effect of CR@ufor both species, but the slope of this
relationship forS. nutans was greater than . gerardii (-1.9 vs. -1.1, respectively), suggesting
thatS nutans was more responsive to increasing temperatures sdiemoisture was non-
limiting. Since we observed these co-dominant gmésve similar patterns of responses to heat
and drought but also had differential sensitiviteshese treatments, they can be treated as
functional equivalents with regard to directiorre$ponse to these climate extremes, but not the

magnitude.
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Summary

In this study, we determined that soil water avality dominates the photosynthetic
response of two £grass species to an experimental heat wave. Whlewaer was low, severe
water stress precluded heat from reducing alreadyphotosynthetic rates, which were limited
by stomatal conductance. However, when we elimthiteiting soil moisture conditions as a
co-varying factor during the heat wave, photosysithw/as sensitive to increasing CT. Soil
moisture also governed the maximum temperaturele#ives experienced during the simulated
heat wave; transpirational cooling prevented cartepyperatures in high soil moisture
conditions from reaching the extreme levels expeee in low soil moisture conditions. Overall
these results suggest that heat waves will hate tiit no direct or concurrent impacts on
photosynthesis under drought, instead only diresfigcting photosynthetic rates under non-
limiting soil moisture levels. However, prolongeglntemperatures will likely cause water
stress through enhanced evapotranspiration andootant soil drying, driving the system to

severe water stress, where heat will no longecaffeotosynthesis.
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Tables

Table 3.1 Summary of F and p-values from a repeated measuresi model ANOVA for
volumetric water content (VWC), canopy tempera(@e) and vapor pressure defect (VPD)

during the two-week heat wave. Bold values indisgaificance (p<0.05).

VWC CT VPD

Effect F p F p F p
Precipitation 74.3 0.013 27.4 0.035 240.8 0.005
Heat 13 0.288 95.6 <0.001 45.3 <0.001
Precipitation*Heat 0.0 0.996 5.7 0.039 9.0 <0.001
Date 40.1 <0.001 18.2 <0.001 7.3 0.000
Precipitation*Date  27.9 <0.001 3.4 0.020 3.9 0.011
Heat*Date 0.8 0.656 0.3 0.976 0.4 0.957
Precipitation*Heat*Date 0.5 0.839 0.5 0.883 0.6 0.832
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Table 3.2 Summary of F and p-values from a repeat measunresdnmnodel ANOVA for net
photosynthesis (), stomatal conductances(gand mid-day leaf water potenti&lf {is) during
the two-week heat wave. Bold values indicate sigaifce (p<0.05).

Anet Os leid
Effect F p F p F p
Precipitation 86. <0.001 86.1 <0.001 722 0.014
Heat 29 0.110 0.5 0.727 84 0.014
Precipitation*Heat 1.9 0.213 21 0.183 3.2 0.108
Date 4.0 0.009 2.2 0.088 146 <0.001
Precipitation*Date 0.5 0.686 2.0 0.116 13.0 <0.001
Heat*Date 2.0 0.044 0.9 0.565 1.1 0.334
Precipitation*Heat*Date 1.5 0.141 0.9 0.539 1.1 0.382
Species 54 0.024 75 0.008 19 0.172
Precipitation*Species 27. <0.001 4.7 0.035 0.4 0.526
Heat*Species 0.9 0.438 0.1 0.939 0.7 0.549
Precipitation*Heat*Species 2.3  0.088 0.2 0.918 0.8 0.512
Species*Date 2.1  0.107 0.7 0.531 0.6 0.632
Precipitation*Species*Date 5.1  0.002 1.6 0.189 0.2 0.903
Heat*Species*Date 1.0 0.458 0.6 0.795 0.7 0.694
Precip*Heat*Species*Date 1.1  0.391 0.9 0.534 0.9 0.560
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Figures
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Figure 3.1 Volumetric water content (VWC) during the 2011\gnaog season for high and low
soil moisture conditions. Grey box indicates whes tivo-week heat treatments were imposed.
Inset — mean VWC during the two-week heat wavéhigh and low soil moisture conditions
(error bars +1 SE).
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Figure 3.2 Mean values (x1 SE) for each soil moisture coadithigh and low) and heat
treatment combination for volumetric water cont@itvC), canopy temperature (CT) and vapor
pressure defect (VPD) during the two-week heat wedues were calculated over the four
sampling campaigns for n=5 plots/treatment combnat
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Figure 3.4 Relationship between volumetric water content (VVE@) canopy temperature (CT)
for during the two-week heat wave for high and Enil moisture conditions (includes all heat
treatments). Regressions were performed on eatheisiture condition, with’and p-values
located next to corresponding regression line.
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Figure 3.5 Volumetric water content (VWC) vs. mid-day leaf eapotential ¥mig) during the
two-week heat wave for the co-dominant grassesrumgh and low soil moisture conditions.
Dashed line highlights 15% VWC, which appears t@logitical soil moisture threshold for both
species.

64



Andropogan gerardii

20 L o High 1 oooO - Sorghastrum nutans
v Low o
~ 3 * =0.24
o L r o
| . % Op < 0.0001

sec

@)

8
o~
‘e 20¢ L9280
° oo &
g o oCO@ v n.s.
2 10t - e v
§ e @) 9 v N7 v
v v
< o %Y%Vvv gvv vv §%"
L v | 7 ivA v
0 v v v V&% LYYV o, YV
v
v \%
10 . . . . . . . .
30 35 40 45 50 55 60 35 40 45 50 55 60 65

CT (°C)
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Chapter 4
RESISTANCE AND RESILIENCE OF A GRASSLAND ECOSYSTEM TO

CLIMATE EXTREMES

Overview

Climate change forecasts of more frequent climateemes suggest that such events will
become increasingly important drivers of futuresstem dynamics and function. Because the
rarity and unpredictability of naturally occurrieimate extremes limits assessment of their
ecological impacts, we experimentally imposed erg@rought and a midsummer heat wave
over two years in a central US grassland. Whilesttesystem was resistant to heat waves, it was
not resistant to extreme drought, which reduced/edpmund net primary productivity (ANPP)
below the lowest level measured in this grasslanélimost thirty years. This extreme reduction
in ecosystem function was a consequence of requoehlictivity of both G grasses andsC
forbs. However, the dominant forb was negativelpacted by the drought more than the
dominant grass, and this led to a reordering ofisgeabundances within the plant community.
Although this change in community composition p&esd post-drought, ANPP recovered
completely the year after drought due to rapid dgmnaohic responses by the dominant grass,
compensating for loss of the dominant forb. Ovemll results show that an extreme reduction
in ecosystem function attributable to an extrenmaate event (e.g., low resistance) does not
preclude rapid ecosystem recovery. Given that dande by a few species is characteristic of
most ecosystems, knowledge of the traits of thpseigs and their responses to climate extremes

will be key for predicting future ecosystem dynasnamd function.
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I ntroduction

Global change threatens ecosystems worldwide threhgonic alterations in climate
(temperature and precipitation) and resourcesdasing atmospheric G@nd nitrogen-
deposition), as well as by increasing the frequearay intensity of climate extremes, such as
drought, floods, and heat waves (Easterling 2@00, IPPC 2007, Smith et al. 2009, IPCC
2012). Despite prominent examples of the severaatspof climate extremes (e.g., the central
US Dust Bowl of the 1930s, the 2003 European heaevand the 2012 US drought; Weaver
1954, Ciais et al. 2005, Lal et al. 2012), globdemge research has been dominated by the study
of chronic environmental changes rather than disalkmate extremes (Jentsch et al. 2007,
Smith 2011). Indeed, assessing the ecological cuesees of climate extremes, as well as the
mechanisms determining ecosystem response andergcogmains a key challenge for
ecologists today (Smith 2011).

Ecological responses to climate extremes are higgnljable (Smith 2011), ranging from
little to no impact (Van Peer et al. 2004, Kreylietgal. 2008, Jentsch et al. 2011) to major
effects on ecosystem structure and function withigmged recovery (Weaver 1954, White et al.
2000, Haddad et al. 2002, Ciais et al. 2005, Brashet al. 2005). Such variability in ecological
resistance (capacity to withstand change) andeasi (capacity for recovery of function; Pimm
1984, Tilman and Downing 1994) may be due to d#ifiees in ecosystem attributes, as well as a
result of the magnitude, duration and timing of ¢hmate extreme. Thus, it is critical that both
the driver (climate event) and the ecosystem respecological effects) are evaluated with
respect to their extremity.

Smith (2011) defined an extreme climatic event (E&%"an episode or occurrence in

which a statistically rare or unusual climatic péralters ecosystem structure and/or function
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well outside the bounds of what is considered Bipoc normal variability.” Determining if an
ECE has occurred, therefore, requires both long-tdimatic and ecological data, with the
former available more often than the latter. Iniadd, Smith (2011) provided a mechanistic
framework for assessing ecological responses toaté extremes. In brief, this framework
depicts how impacts of climate extremes at theispdevel have the potential to have large
impacts on ecosystem function, depending on treeantl abundance of the species impacted.
For example, a period of climatic extremity thatuis in mortality or significant loss in fitness

of dominant species (i.e., crossing of an ecoldgesponse threshold) may lead to community-
level responses that include species re-orderidgcampositional changes. Such alterations in
community composition are predicted to have thatgst impact on ecosystem function, leading

to an extreme ecological response (Smith 2011).

Much of our current understanding of the ecologeftécts of climate extremes is based
on opportunistic studies of naturally occurring eiee(Weaver 1954, Breshears et al. 2005,
Reichstein et al. 2007, Lal et al. 2012), with radi@nt difficulties in the attribution of specific
climate drivers to ecosystem response and recdiz@my and Wood 2005, De Boeck et al. 2010,
Smith 2011). Experimental approaches are bettéedtn study climate extremes because
climate drivers can be directly attributed to egidal responses (Reyer et al. 2013). Indeed,
manipulative experiments explicitly linked to histal climatic records and interpreted in the
context of long-term ecological data provide thsthopportunity to advance our understanding
of climate extremes (Smith 2011, Reyer et al. 20EBjally, a wide range of biotic responses
across several hierarchal levels must be measwr@tydhe event and the subsequent recovery
period in order to identify the mechanisms govegresosystem resistance and resilience and the

potential for ECEs.
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Here we directly test the ECE framework in a cdnii@ grassland where we imposed
extreme drought and a two-week heat wave in a faltyorial experiment over two years, and
monitored subsequent recovery one year post-drollgB010 and 2011, we imposed a drought
treatment by passively reducing growing seasoniutaton by 66% using rainout shelters,
while control treatments received ambient raindhlis supplemental irrigation to alleviate water
stress. Nested within the drought and control tneats, we imposed a two-week heat wave
midsummer with four levels of infrared radiatioputs. Heat waves and drought typically co-
occur in nature, thus our experimental design albws to examine the independent and
interactive effects of extreme drought and head@system structure and function during the
two-year extreme period and for one-year post-dnaug

Our objectives were to test whether an ECE was sapdy placing the drought and heat
wave treatments and the ecosystem response obseithatthe long-term record, and to assess
proposed mechanisms underpinning ecosystem resfr@sssgance) and recovery (resilience) to
extreme drought and heat, and thus explicitly &ftkrations in ecosystem function and plant
community composition to the imposed extremes. Wmthesized that: (1) ecosystem function
(aboveground net primary production, ANPP) woulddss resistant to drought and heat waves
combined than either factor alone, with the indelesr effects of drought greater than heat; (2)
the response of dominant species would governxtreraity of the ecological responses, with
the expectation that if the dominant species wegatively impacted then large ecosystem
responses would be observed; and (3) recovery &BECE would be prolonged if community

composition and diversity were substantially altelog these climate extremes.
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Methods
Sudy site

This study was conducted at the Konza Prairie Biol Station, a 3487 ha native
tallgrass prairie in northeastern Kansas, USA (B8IN0P96°35'W). The region is characterized
by a temperate mid-continental climate, with averagnual precipitation of 835 mm and mean
July air temperature of 27 °C (Knapp et al. 19982010, we established the Climate Extremes
Experiment in an intact, native Kansas grasslarith, @eep (>1 m) silty clay loam soils, which
was burned annually (as is typical for this regieee Fay et al. 2000 for more site details). This
site is a good representative for the tallgrassipreegion because it is dominated by the two
most abundant plant functional types (PFT’s) of #tosystem; a(erennial, rhizomatous
grassAndropogon gerardii, which dominates much of the historic range ofjtalés prairie
(Brown 1993) and a §perennial, clonal forlfolidago canadensis, which is the locally most
abundant species (unlike the grasses, no singbesfmecies dominates throughout this

ecosystem).

Treatments

During the 2010 and 2011 growing seasons (Apfi#August 38) we imposed the
drought and control (ambient precipitation) treattsausing four passive rainout shelters (based
on a design by Yahdjian and Sala 2002) establiskednative grassland communities (Fig.
4.1a). Across the central US grassland regionmagerity of annual precipitation occurs during
the growing season and extended drought perioda oftcur during this time, and thus a
reduction in rainfall during this period is highiglevant (Knapp et al. 1998). For the drought

treatment, we reduced each growing season ramfatit by ~66% using two 6 x 24 m cold
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frame greenhouse structures (Stuppy, Inc., KanggsNO, USA) partially covered (75%; Fig.
4.1a) with strips of Dynaglas Plus® clear polycardte plastic (PALRAM Industries LTD.,
Kutztown, PA, USA). For the control (ambient pretapon) treatment, two shelters were
covered with deer netting (TENAX Manufacturing Adaba, USA) to reduce photosynthetically
active radiation by about 10% (equivalent to liggduction in drought shelters), but allow all
ambient rainfall to pass through (Fig. 4.1a). Ooalgvas to have non-limiting soil moisture
levels in control plots to contrast with low soibisture in the drought plots, which necessitated
adding supplemental water during extended dry derio the control treatments. This was not
required in 2010, but in 2011 control treatmenteieed supplemental irrigation (~12.7 mm
event) when soil moisture dropped below a critiba¢shold for plant water stress (~20%
volumetric water content of the top 15 cm; Hoovéaa@ter 2). The soil within the 6 x 24
footprint of each shelter was hydrologically iselhby trenching to a depth of 1 m, lining it with
two layers of 6 mil plastic belowground, and placmetal flashing around the perimeter
aboveground to prevent surface and subsurface Watemto the plots.

Nested within each rainout shelter we establiskad?tx 2 m plots that were randomly
assigned to one of four heat wave treatments (arybav, medium and high). Heat was added
for two weeks in mid-summer (21-July to 03-AuguéttQ; 13-July to 26-July-2011)sing
infrared heat lamps within passive warming chamfféig 4.1a). The 2 x 2 m passive warming
chambers were constructed of PVC frames, with igh Wwalls covered with 6-mil transparent
polyethylene and clear corrugated polycarbonatésr@ynaglas Plus®). These chambers were
designed to minimize convective cooling. Ventilatwas maintained by placing chambers 0.5 m
above the ground surface with an adjustable gapdast the roof and sidewalls to decrease or

increase airflow if needed. Four heat input levetse imposed with 2000 W infrared heat lamps
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(HS/MRM 2420, Kalglo Electronics, Inc., Bethlehel®®, USA) as follows: control = no lamp,
low heat = one lamp at % power (+250 \/output), medium heat = one lamp at full power
(+500 W/nf), and high heat = two lamps at full power (+1000MA).

In the recovery year (2012), no drought or heatermta@atments were imposed and all
plots received ambient rainfall plus supplementagation. All plots were watered weekly by
hand if rainfall totals during that week were léssn long-term averages (in which case the
deficit was added). This allowed us to maintaircguigation inputs near the long-term monthly

mean totals.

Abiotic data

Daily precipitation data were obtained from a hggr-250 m) US Climate Reference
Network station (www.ncdc.noaa.gov/crn/, KS Man&uath SSW) and combined with
supplemental irrigation and excluded rainfall amsun calculate precipitation treatment totals
each year of the study (Table A4.1). Soil moistumd canopy temperature were continuously
monitored in each plot to evaluate the effectiverdrought and heat wave treatments. Soil
moisture was measured in the center of each pedapth of 0-15 cm with 30 cm time-domain
reflectometery probes (Model CS616, Campbell Stieninc., Logan, UT, USA) inserted at a
45° angle. Canopy temperature was measured udnagad thermometers (Model SI-111,
Apogee Instruments, Inc., Logan, UT, USA) mountethe SE corner of each plot at a height of
1.5 m. Data from both sensors were recorded ev@iyi on a CR10X Datalogger (Campbell

Scientific, Inc., Logan, UT, USA).
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Biotic data

ANPP was estimated at the end of each growing sgéisst week in September) by
harvesting all aboveground plant material in tielent quadrats located within each 4 piot.
Harvesting at this time of year has been showmpiwre peak biomass, and since the site was
annually burned (i.e., no previous years dead nadl)tethis provides a reliable estimate of ANPP
(Knapp et al. 2007). For each year, the locatidregiadrats were different to prevent resampling
of the same quadrat. Samples were field sorteddyth form, oven dried at 60°C for 48 hours,
and then weighed to the nearest 0.1 g. Individigahs (tillers) were censused within a
permanent 0.1 fruadrat located within each plot to estimate siemsity per i Community
composition was assessed twice each year (eargy late August) in one permanent 1 m
subplot per 4 mplot by visually estimating percentage aerial cdee each species separately.
Maximum cover values of each species were usedtrmine relative cover of each species

and to calculate species richness, Shannon’s di¢ks) and evenness.

Long-term data

Long-term (1900-2012) precipitation and air tempaeadata for Manhattan, KS (~10
km from the experimental site at the Konza Prai@ogical Station, KPBS) were obtained
from the National Climate Data Center’s Global Higtal Climatology Network
(www.ncdc.noaa.gov/oa/climate/ghcn-daily/index.pApese data were used to calculate mean
growing season precipitation and temperatures @edttmate their probability density functions
(pdfs). Long-term (27-year) aboveground net prinfangduction (ANPP) data from a site

comparable to our study system (annually burneddiog) were obtained from the Konza Prairie
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Biological Station (www.konza.ksu.edu/knz/; dataRBAB01). These data were used to calculate

mean annual ANPP and to estimate ANPP pdf.

Satistical analyses

Precipitation totals and ANPP means for the coranal drought treatments were
compared to estimated pdfs of long-term growinggearecipitation and ANPP for the site.
Values were considered extreme if they exceede8 tirercentiles of the pdfs. The experiment
was a randomized block split-plot design, and wadyaed biotic responses during the drought
(2010-2011) using a repeated measure mixed-mod@WANwith the heat wave treatments
(random effect) nested within the drought treatrmeamid year as a repeated effect. Biotic
responses during the recovery year (2012 ANPP t&amd densities) were analyzed with a
mixed-model ANOVA with the heat wave treatmentstaeésvithin the drought treatments. For
each year, we used non-metric multi-dimensiondirsgdNMDS) followed by analysis of
similarity (ANOSIM) using relative abundance dataassess community-level divergence
between treatments (divergence criteria was deteanat p < 0.05). To assess how much each
individual species contributed to the treatmenedyence in each year, we calculated similarity
percentages using SIMPER analysis based on a murcticstance matrix for each year
separately. All mixed-model ANOVAs were conducted5AS (v9.3) and all community

composition analyses were conducted using Primer v6
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Results
Historical context of precipitation and heat treatments

Within the context of a 112-year climate recordtfas location, the magnitude of the
precipitation and temperature treatments ranged frear average to extreme during the first
two years of the experiment (Fig. 4.1b,c). Growse@son precipitation inputs were reduced in
2010 and 2011 below the.@nd %' percentiles of historic amounts, respectively (Bigb).
These amounts contrasted sharply with the sligifityve average rainfall inputs to control plots
during these years (Fig. 4.1b; Table A4.1). The wlative two-year period of growing season
precipitation input to the drought plots was 533w, or 28.0 mm less than the driest
consecutive two-year period (1933-34) during thetdmric 1930s Dust Bowl drought. The
drought treatment reduced mean growing seasomsigture by 43 and 56% in 2010 and 2011,
respectively (Fig. A4.1). The two-week heat waveased a gradient in maximum canopy
temperatures that ranged from average (near th@&@entile) to extreme (well beyond thé"95
percentile) based on long-term means of air tempexdFig. 4.1c). Although control and
drought plots received the same thermal inputsiwelgiven treatment and across both years,
canopy temperatures were much higher in drougint e control plots (Fig. 4.1c) due to

interactions between the precipitation and heatinents.

ANPP and plant community responses

Despite the extremity of the heat waves imposegldtbught treatment dominated all
ecological responses. Across all ANPP and plantheonity metrics, there were no significant
effects of the heat treatments or interactions wighdrought treatment during either the drought

or recovery periods (Table 4.1). On the other hdnalight significantly impacted total, grass
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and forb ANPP, and there was a significant intesadbetween drought and year for evenness
and H (Table 4.1). Because there were no significargadlior interactive effects of even the
highest heat wave treatment on ANPP or plant coniipmaamposition, we focus hereafter on
plant community and ecosystem responses to theydtdreatment.

Total ANPP was reduced by 20% in the first yeadroiught and by ~60% during the
second year (Fig. 4.2a). The large reduction ial &NPP during the second year was driven by
reductions in ANPP for both grass (-45%) and fer6%) plant functional types (Fig. 4.2a). To
assess whether the total ANPP response to drowghstatistically extreme, we compared our
results with long-term (27-year) ANPP data. Afteotconsecutive years of drought, total ANPP
was well below the B percentile of the statistical distribution of ANR#® the study site (Fig.
4.2b). Further, when placed in the context of tmgtterm functional relationship between
growing season precipitation and ANPP, both thevgrg season precipitation and ecological
response were statistically extreme in 2011 (heth below & percentile, Fig. 4.2c).

While we detected no overall effects of extremeudtd on plant species richness, there
were significant effects of drought over time feeaness and H’ (Table 4.1b). In addition,
community composition was altered substantiallthe second year of the drought (Fig. A4.2).
Community divergence between control and drouggatiments was driven by shifts in dominant
species abundances (Fig. 4.3a; Fig. A4.2; Tabl@)Aflarge reductions in the abundancé&of
canadensis during the second year of the drought was the pyimesason for this divergence

(Table A4.2).
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Recovery from drought.

After the two-year drought, all plots received gnegvseason rainfall inputs similar to the
long-term average, permitting us to assess thialiextent of ecosystem recovery and quantify
drought legacy effects. We observed complete reganescosystem function (total ANPP; Fig.
4.3b) just one year post-drought. Although forb ANEdntinued to be dramatically reduced (by
80%) post-drought due to reduced stem densitieabaddance of the formerly dominaght
canadensis (Fig. 4.3a,c), there was a concurrent 46% increageass ANPP (Fig. 4.3b). This
compensation by the grasses was accompanied 36 anédease in tiller density (Fig. 4.3c) and

an increase in relative abundance\ofierardii (Fig. 4.3a inset).

Discussion

In this study, we exposed a native tallgrass @adosystem to extreme drought and a
two-week heat wave for two years, and then evatusitert-term recovery. Our objectives were
to determine if an ECE occurred in response tdres@tments based on long-term climate and
productivity records for the site, and then to assaechanisms underpinning ecosystem
resistance and resilience to extreme heat and dtoWg imposed drought and heat treatments
that were statistically extreme, based on ovemdueg of climate records for this location.
Drought effects dominated community and ecosysespanses, with no effect of the heat
treatments on ANPP or the plant community, noriatgractive effects with drought, despite the
magnitude of the heat treatments and the resudtardpy temperatures. The ecosystem response
to the imposed drought was extreme during 2011 tetial ANPP reduced well below th& 5
percentile of the historical distribution of ANPRBIwes for this site. Thus, our experimental

approach allowed us to explicitly attribute an erte ecological response to an imposed climate
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extreme, meeting the definition of an ECE (Smith 20 However, despite this extreme
response, we observed complete recovery in ecaosystection (total ANPP) one-year post
drought due to a rapid demographic response bgiahenant G grassA. gerardii,

compensating for the loss of the dominagfdb, S canadensis. Collectively, these results
suggest that this ecosystem has relatively lovstasce yet high resilience to a two-year extreme
drought and that the dominant species governee tlesponses.

While both drought and heat treatments were stalst extreme from a climatological
perspective, only drought significantly impacted RRand plant community composition. Thus,
contrary to our expectations there were no interadr additive effects of heat and drought on
ANPP and the plant community, despite evidencehese interactive effects from other studies
(De Boeck et al. 2011). As previously mentionettlglito no ecological responses to a climate
extreme may be due to the ecosystem’s resistartbe toagnitude, duration or timing of the
climate driver. Given that canopy temperatures ested the 95 percentile for past air
temperatures in both precipitation treatmentsyéisestance to the simulated heat waves was not
likely a result of too low of magnitude of IR adddal addition, while the timing of the heat
wave coincided with the purported greatest sensitio heat for this ecosystem (Craine et al.
2012), it was also near the time of peak produdfiamapp et al. 2001), which could have
minimized the impact on end of season total ANRRIST it is possible that if the heat wave
occurred over a longer period of time, or if thatheave had occurred earlier in the growing
season, we may have observed a greater respotiseheat treatments.

We used the ECE framework to assess potential mesha by which an extreme
climate driver may elicit an extreme ecologicab@sse, and we hypothesized that dominant

species would govern the extremity of the ecoldgiesponses. While total ANPP was reduced
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in both years of drought relative to the contrbkre was a three-fold difference in total ANPP
reductions between the first and second year ofitbeght. This difference in the impact of
drought on ANPP occurred with only a modest diffieein precipitation between years (60.8
mm; Table A4.1). During the first year of the drbotighuch of the reduction in ANPP was driven
by equivalent reductions in both grass and forldpetion (Fig. 4.2a), and thus the primary
mechanism of response was physiological (reducegt). Indeed, no shift in community
structure (species richness, evenness or H’) oposition was detected in the first year of the
drought (Table 4.1b; Fig. A4.2). Extremity in ecgical responses is predicted to occur when
systems cross extreme response thresholds, in wedolerance of one or more species in a
community is exceeded (Smith 2011, Kardol et aL20This would lead to a significant
decrease in abundance of a species due to reduma&thgreproduction and/or mortality of
individuals, and a subsequent shift in plant comityuzomposition (via species re-ordering).
Depending on which species are impacted, effectscosystem function could be small if only
rare species are affected or large if dominantispere affected (Smith and Knapp 2003,
Hillebrand et al. 2008). In the second year ofdhmught, the extreme reduction in ANPP was
driven by significant reductions in grass and foiamass, however the dominant f&b
canadensis exhibited greater sensitivity than the dominaiaisgA. gerardii to the drought. This
resulted in a significant shift in species composiand reordering of species abundanées (
gerardii increased in dominance Mfaitcanadensis became much less abundant, Fig. 4.3a). It
appears that an increase in drought intensity il 2thd/or the cumulative effects of two
consecutive years of drought may have exceededtesnee response threshold for the dominant
C; forb. Previous work in this ecosystem has shovan fibrbs rely on deep soil moisture to avoid

water stress during dry periods, while grassesmagtly on shallow soil moisture, tolerating the
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dry periods (Nippert and Knapp 2007). It is possiiblat the cumulative effects of two years of
drought and the extremity of drought in 2011, deguleéhese deeper soil moisture layers, leading
to increased mortality of the dominang f6rb. Thus a drought avoidance strategy failedHer

forb in the second year of the drought, while audtd tolerance strategy allowed persistence of
the dominant grass.

Contrary to our hypothesis, the altered commurotygosition that occurred in the
second year of drought did not preclude rapid reppin ecosystem function. Instead, the large
reduction in the production & canadensis was completely compensated by increases in A.
gerardii in just one year following drought (Fig3%t Loss of dominant species can have
prolonged and significant ecosystem effects (Swimith Knapp 2003, Bershears et al. 2005),
however the changes in community composition weiesl are consistent with two proposed
biotic mechanisms enhancing functional resilierstefts in the abundance of dominant species
and demographic (recruitment) compensation (Hidabret al. 2008, Lloret et al 2012)
Compensation by. gerardii further increasethe divergence in community structure between
drought and control plots the year after the drowgliled (Fig. A4.2), and this compensation
was likely driven rapid demographic recruitmentitbérs post-drought (Fig. 4.3c). In this
grassland, greater than 99% of aboveground shoetgegetatively produced from belowground
buds (Benson and Hartnett 2006), and thereforebln# demography is an important
mechanism behind responses of this grass to emuental stress and disturbanéegerardii
has a large dormant bud bank, consisting of meltyglars of cohorts (Ott and Hartnett 2012),
and therefore has the capability to respond ragdbt-drought. This post-drought recruitment
response oA. gerardii was also observed during the years immediatelgviahg the historic

1930’s Dust Bowl (Weaver 1954). Given this is aieagvith a history of severe short-term and
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multi-year droughts (Woodhouse and Overpeck 1998n&te and Stahle 2012), such a
demographic response may be key to the dominangegefardii and the high resilience of this
ecosystem.

The immediate recovery observed in this study exeggrevious reports of resilience in
this grassland ecosystem (Tilman and Downing 1B@didad et al. 2002, Sherry et al. 2008) and
differs from reported legacy effects (Sala et @lL2). Although the magnitude of the imposed
drought was comparable to the 1930’s Dust Bowl dilm@ation was shorter (2 versus 8 years),
which may have been key to the rapid recovery mction. The long duration of the Dust Bowl
resulted in much more dramatic community changas te observed in our study; mesic
species died and were replaced by xeric speciggltireg in a prolonged, twenty-year recovery,
once precipitation levels returned to normal (Wea@68). Therefore, while this ecosystem had
high resilience to the short-term drought imposethis experiment, a lengthier event (multi-
year to decade-long) may significantly alter commustructure (through species losses and

additions), thereby reducing resilience.

Summary

We draw three broad insights from our researclstFéxtremity in a climate driver does
not necessarily mean extremity in an ecologicgdoase. In our experiment, we observed an
ECE associated with drought, while extreme heatriwadffect on ecosystem function. Factors
such as the intensity, duration and the timindheféxtreme event will ultimately determine
resistance. Central US grasslands have a long¥istdoth short-term and decadal-scale
droughts (Woodhouse and Overpeck 1998, BurnetteStatue 2012), yet functional resistance

was lost after only two years of extreme droughisEmphasizes the need to quantify the
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timing of loss of function with climate extreme= date, this has been difficult due to the rarity
of naturally occurring extremes and because thest wften be studied retrospectively (after loss
of function is evident) with limited temporal restbn. Second, low resistance of ecosystem
function to climate extremes does not preclude hegilience. Despite the extreme reduction in
ANPP after two years of imposed drought, full remgvof this important ecosystem function
required only one growing season post-drought. fdiges the intriguing possibility that
resilience in function, rather than resistance hhime expected for ecosystems with a history of
climate extremes. Finally, the presence of a dontispecies capable of rapidly recruiting new
individuals and restoring function after an extrechmatic event underpinned high ecosystem
resilience in this grassland. This compensatorgarse was primarily driven by the growth of a
single dominant g£grassA. gerardii, which isan important species for the resilience in this
ecosystem (Weaver 1954, Sherry and Arnone 2012gr3hat most ecosystems are dominated
by a few species (Whittaker 1965), knowledge oftth#s that influence dominant species
responses to and recovery from climate extremdsdwikey for predicting ecosystem dynamics

and function in a future with more extreme events.
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Tables

Table 4.1. Analysis of variance (ANOVA) fo(a) three component of aboveground net prirr
productivity (ANPP) andb) three common metrics of community structure (FShannon’s
diversity) across all three years of the experimBotd values indicate significance (p < O.!

a)
Total Grasses Forbs
Effect F p F p F p

Drought 15.6 0.060 0.1 0.828 24.0 0.043

Heat 0.9 0.511 0.2 0.924 0.3 0.816

Drought x Heat 1.0 0.475 0.1 0.960 03 0.851
Year 74.0 <0.001 88.3 <0.001 15.7 <0.001
Drought x Year 33.1 <0.001 38.6 <0.001 11.0 <0.001

Heat x Year 0.4 0.883 0.3 0.949 0.6 0.727

Drought x Heat x Year 2.2 0.055 2.0 0.080 0.9 0.489

b)
Richness Evenness H’
Effect F p F p F p

Drought 1.4 0.250 0.1 0.797 0.0 0.892

Heat 0.7 0.548 2.7 0.063 0.5 0.671

Drought x Heat 1.7 0.187 1.6 0.214 1.5 0.233

Year 5.9 0.004 3.8 0.029 1.8 0.177

Drought x Year 1.5 0.235 12.0 <.0001 4.8 0.012

Heat x Year 0.9 0.500 0.7 0.622 1.7 0.147

Drought x Heat x Year 1.4 0.229 0.6 0.744 0.9 0.528
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Figure 4.1 The Climate Extremes Experiment established ir026% central US
grassland.g) During the 2010 and 2011 growing seasons, fagelahelters were used
to impose two treatments: drought (partial roofsbalters reduced ambient rainfall by
66%) or ambient (control) rainfall inputs (no rois shelters). Nested within the rainfall
shelters, heat wave treatments were imposed usisgye heat chambers combined with
IR lamps during two-weeks mid-summdy) The drought treatment resulted in severe
drought in 2010 (exceeding the™percentile, dotted line) and extreme drought ih120
(exceeding % percentile, solid line) based on an estimated ity function calculated
from 112-years of growing season precipitationtifigr study site. In contrast, growing
season precipitation was slightly above averagmth years (50 percentile, dashed

line) for the control treatment&) Mean maximum daily canopy temperatures (x1SEM)
resulting from the four heat treatments duringtthke-week heat wave in under control in
drought conditions compared to 112-years of maxindaity air temperature. Canopy
temperatures ranged from near averag® (&centile, dashed line) to extreme (well
beyond the 98 percentile, solid line).
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Figure 4.2 Response of aboveground net primary productivityiP&R) to one (2010) and
two years (2011) of experimentally imposed growsegson drought in a central US
grasslandd) Total, grass and forb ANPP during drought yeBess are means + 1SEM.
Asterisks denote significant treatment differenges0.05) for each year (n.s. = non-
significant differences) () After two years of growing season drought, reguns in

total ANPP exceeded th& percentile based on an estimated probability fandbr 27-
years of ANPP measurements for the study sijeRélationship between growing season
precipitation and ANPP {= 0.27, p = 0.005) over a 27-year period at theyssite
(long-term data sets froffig. 4.1A, 2B). Total ANPP for control and drougtgatments

in both years are overlaid on this relationshipsé®hon this relationship, the second year
of drought was considered an extreme climatic event both precipitation and ANPP
were statistically extreme (dashed lines sh8asd 9%' percentiles for each variable).
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Figure 4.3 Recovery from extreme drought in 2012; both cordrad previously
droughted plots received ambient rainfall plus semental irrigation to achieve long-
term mean precipitation inputs in 2018) Rank abundance curve of all species in
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abundance of the dominanj @rass Andropogon gerardii) and dominant ¢forb

(Solidago canadensis) for control and drought treatments during the ywear drought
(2010-11), and the subsequent recovery year (2QdRResponse of total, grass and forb
aboveground net primary productivity (ANPP) durthg 2012 recovery year)(Stem
densities ofA. gerardii andS. canadensis during the 2012 recovery year. For B and C,
bars are means +1SEM, and asterisks denote s@mifiifferences between precipitation
treatments (p£0.05) for each biomass type or species (n.s. =sigmificant differences)
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Appendix

Table A4.1 Growing season inputs (in mm, April'2 August 38) for the drought (75%
reduction in rainfall inputs) and control treatmgertiumbers in parentheses indicate the
amount of supplement rainfall added.

Year Control Drought
2010 594.0 297.1
2011 607.3 236.3
2012 626.4 626.4
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Table A4.2 Percentage contribution of different plant spetdesommunity divergence
between control and drought treatments based ofPER/lanalysis (shown here are
species contributing > 5% to divergence). Data f&fh0 is not shown because
communities were not significantly different (FA4.2).

2011 2012
Species C.ontribution to Species C.ontribution to
Divergence (%) Divergence (%)
Solidago canadensis 31.9 Andropogon gerardii 40.8
Andropogon gerardii 25.6 Solidago canadensis 29.0
Sorghastrum nutans 13.0 Sorghastrum nutans 8.4
Bouteloua curtipendula 9.2 Carex meadii 8.1
All other species 20.3 All other species 13.7
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the two drought treatment years (2010 and 2011 }madecovery year (201 Letters
denote significant differences across treatmendsyaars (< 0.05).

92



B Control 2010 & 2Dstress=0.12
® Drought
e
= L [ [
¢ o. ‘s g
® e [
l. ° m, hd *
¢ ® " ]
- . : g
[
L [
n.s. u
2011 2D stress =0.12
®
] [] ¢
I' e @ ° .‘.
e ® .ll. ]
. ] - «*" .
m = . .
[]
®
p =0.033 .
- 2012 2D stress =0.11
L u
] | | e ®
. [ .o--.
am = o%‘
e L
] ¥ e
u - '.
p =0.001 ¢
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Chapter 5

RESPONSE AND RECOVERY OF SOIL RESPIRATION TO EXTREME

DROUGHT AND HEAT IN A MESIC GRASSLAND

Overview

A predicted increase in the frequency and intertditglimate extremes may impact
terrestrial carbon fluxes to the atmosphere; changcosystems from carbon sinks to sources,
with positive feedbacks to climate change. Soipiegion, the second largest terrestrial carbon
flux, may be affected by heat waves and droughttds®il moisture and temperature
sensitivities. In this study, we investigated tffes of such climate extremes on soil respiration
in a mesic grassland by experimentally imposing years of drought and a midsummer heat
wave, followed by a recovery year. Soil respiratieas reduced by ~25% during both years of
drought but was increased by 6% during the recoyeay in formerly droughted plots.
Meanwhile, we found little evidence for temperatse@sitivity of soil respiration; the heat wave
treatments had no effect on soil respiration (almn&hen combined with drought) and we found
no relationship between soil temperature and sspyiration over the growing season even when
controlling for soil moisture. We compared the dybusensitivity of soil respiration to
aboveground net primary productivity and found st respiration was less sensitive to
drought than production. These results suggestesjiration will be more sensitive to more
frequent and intense droughts than heat waves,psitntial consequences for regional carbon

cycles.
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Introduction

The rise in atmospheric G@ue to anthropogenic inputs over the past fewdkschas
been partially mitigated by the terrestrial carlsork, thereby slowing the accumulation this
important greenhouse gas in the atmosphere (Hondd7, Pan et al. 2011). However, a
predicted increase in the frequency and intendigfimate extremes (IPCC 2012) may
temporarily reduce the capacity of regions to ac @arbon sinks, or even turn them into a
carbon sources. Such a reduction was observedgiingn2003 European heat wave, when gross
primary production was reduced by 30% changingréggon from a net sink to a source of £O
(Ciais et al. 2005). The impacts of such extremresawbon fluxes between the land surface and
atmosphere may be concurrent and/or prolonged liBteim et al. 2013). While concurrent
impacts of extremes on carbon fluxes have beematd€Reichstein et al. 2007, Arnone Il et
al. 2008, Schwalm et al. 2010), prolonged effemtdess well known. For example, tree
mortality triggered by events such as drought pesistorms could result in prolonged effects on
carbon fluxes, because a loss in annual carborkeathe dead trees coupled with their
decomposition could result in a longer-term neboarsource to the atmosphere (Reichstein et
al. 2013). Given the potential for extreme eveatalter carbon fluxes, there is a growing need to
understand both the responses and recovery dynaifrikey carbon cycling processes.

Globally, soil respiration (B is the second largest terrestrial carbon fluth®
atmosphere, releasing ~98 Pg per year (Raich 20@2, Bond-Lamberty and Thomson 2010),
and therefore small changes in this flux could Hamge impacts on global carbon cycles. Two
processes contribute tq,Rwutotrophic (plant roots) and heterotopic (mie®koil fauna)
respiration, which are generally limited by thraetbrs: soil temperature, soil moisture and

carbon substrate (Lou and Zhou 2006)r&es increase exponentially with soil temperatase
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higher temperatures decrease the activation erséngpspiration-related metabolic processes
(Lloyd and Taylor 1994). Therefore climate changsogiated increases in mean annual
temperature or the frequency and intensity of eates could enhance this carbon source to the
atmosphere. However, the sensitivity gft®Rtemperature is also dependent on soil moisture
(Mielnick and Dugas 2000). In a tallgrass praigesystem, Harper et al. (2005) found that R
was most sensitive to temperature at intermeda@temisture levels, but not under very wet or
dry conditions. In addition to climate, substratply is a critical factor regulatingsRwith

carbon substrates taking many forms includingléat@rbon from photosynthesis, above- and
belowground plant litter, and soil organic matdfan and Luo 2003). These sources will likely
differ in their sensitivities to climate extremasdahe timescale of response, which in turn may
affect R.

Although grasslands are typically considered toehelong-term carbon balance near
zero (Owensby et al. 2006), recent observationgesighat drought can turn grasslands into
temporary carbon sources (Zhang et al. 2010and aboveground net primary production
(ANPP) are two important carbon fluxes betweenldneé surface and atmosphere in grasslands
that will likely be affected by climate extremesit there is some uncertainty in their relative
sensitivities to climate extremes such as droughnany studies, ANPP responds much more
negatively to drought than respiration, shiftingggstems from being a sink to a source of
carbon (Ciais et al. 2005, Schwalm et al. 2010géaret al. 2011); however there have been
exceptions (Welp et al. 2007, Jentsch et al. 20fh1g.recent literature synthesis and modeling
analysis, Shi et al. (in review) also found thatdurction was more sensitive to drought than

respiration in the short-term, with sensitivityladith dependent on the severity of the drought.
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In this study, we investigated the effects of clienextremes — drought and heat waves -
on R;in a productive, mesic grassland. We experimgntalposed extreme drought for two
growing seasons and then followed recovery forymsr post-drought. In addition to drought,
we imposed a short-term heat wave treatment midagemauring the first two years to examine
the independent and combined effects of droughthaatl since they naturally co-occur (De
Boeck et al. 2010). This allowed us to determirtbéfre were concurrent and prolonged effects
of these climate extremes o RVe tested three hypotheses: 1) that growing sedismght
would have greater effects og fRan the two-week heat wave; 2) thatsBnsitivity to soil
temperature would be dependent on soil moisture 3athat ANPP would respond more to

these climate extremes thag R

Methods
Sudy site

This study was conducted at the Konza Prairiedgjichl Station in NE Kansas, USA
(39°05’N, 96°35'W), on an intact, native tallgrgssirie ecosystem. The climate is
characterized as mid-continental, with cold, drpters and warm wet summers with mean
annual temperature of 13.0 °C and mean annualpt&ion of 835 mm (Knapp et al. 1998b).
This region also has high interannual variabilityprecipitation (Knapp et al. 1998b), as well as
episodic heat waves and drought (Woodhouse ando@®eerl 998, Burnette and Stahle 2012).
The experiment took place on an annually burneddogsite with deep soils classified as Typic
Argiustoll, with a silty clay loam texture (8% sar82% clay), and a bulk density of 1.5 §m
(Blecker 2005; Blecker et al., 2006). This grasslendominated by several, @rasses, with

many G forbs accounting for the high diversity for thieystem (Knapp et al. 1998b).

101



Experimental design

In 2010, the Climate Extremes Experiment was estadd to examine the independent
and combined effects of drought and short-term Wweaes on the tallgrass prairie ecosystem. To
identify the concurrent and prolonged effects ef thmate extremes on ecosystem function,
treatments were applied during two consecutivesyE€2010 and 2011), followed by a recovery
year (2012) when no treatments were imposed. Rtaign treatments (drought and control)
were imposed during the growing season (Aptit August 38", beneath four modified 6 x 24
m greenhouse frames, constructed over native graksl’he drought treatment was imposed
using passive rainfall removal whereby partial so@overed with strips of Dynaglas Plus®
clear polycarbonate plastieALRAM Industries LTD., Kutztown, PA, USA) removed66 %
of ambient precipitation. The control precipitatimeatment received ambient rainfall plus
supplemental irrigation (to prevent water limitaisoduring dry periods). To control for the
effects of shading by the infrastructure (~10% rédndn PAR) the control greenhouse shelter
frames were covered with deer netting (TENAX Mawtdang Alabama, USA), which
produced equivalent light reductions, but allowauhfiall to pass through. Within each rainfall
shelter, ten 2 x 2 m plots were established andaiaty assigned one of four heat treatments
(ambient, low, medium and high), which were impofedwo weeks in late July using passive
warming chambers and infrared heat lamps. Transpah@mbers consisted ofa2x2 x 1.5 m
polyvinyl chloride (PVC) frame, with 1m, 6-m polysiene walls and polycarbonate roofs
(Dynaglas Plus). Gaps at the base and the topeafittamber allowed for air to circulate between
the chamber and ambient environment. To provide lfxels of increased heat input, infrared
heat lamps (HS/MRM 2420, 2000 W, Kalglo Electronics., Bethlehem, PA, USA) were

paced within in chambers in the following combioas: control = no lamp, low heat = one lamp
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at ¥ power (+250 W/f), medium heat = one lamp at full power (+500 \B}{rand high heat =
two lamps at full power (+1000 WAn During 2012, no precipitation or heat treatmentse
imposed and all plots received ambient precipitepilus supplemental irrigation to maintain

precipitation inputs near long-term monthly avesafype the site.

Environmental measurements

In each plot (n=40), we measured three key enmental variables: soil moisture, soil
temperature and canopy temperature. Soil moistasemeasured in the top 0-15 cm of the soil
using time-domain reflectometery probes (TDR, Mdd8b16, Campbell Scientific, Inc., Logan,
UT, USA). We measured soil temperature at a dephom using thermocouples (K-type,
OMEGA Engineering Inc., Stamford, CT, USA). Candpmperature was measured with
infrared thermometers (Model SI-111, Apogee Instntg, Inc., Logan, UT, USA) mounted in
the SE corner of each plot at a height of 1.5 ntal@m all three sensor types were sampled at
30 minute intervals and recorded using data log(feRsL0X Datalogger, Campbell Scientific,
Inc., Logan, UT, USA). To assess post-drought Eweélsoil nitrogen, we used anion and cation
exchange resin bags (n = 2/plot) that were incubiataitu throughout the 2012 growing season

to provide an integrated measurement ok NONH, availability (Baer et al. 2003).

Soil CO;, flux measurements

In situ soil CG, flux measurements (Rwere sampled bi-weekly during all three growing
seasons using a Li-Cor 8100 (LICOR, Inc., Lincik;, USA) portable gas exchange system. In
each plot, two PVC collars (10 cm diameter x 8 @ap buried 6 cm into the ground) were

placed in opposite corners of each 2 x 2 m plad, 2B cm from the edge. Living plant material
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and litter were carefully removed from within eadilar so that we only measured Rue to

slight shifting of collars throughout the summeg wwok monthly measurements of the interior
height of each collar and adjusted the flux valeesccount for changes in aboveground collar
volume. Flux measurements for each collar requir@dninute and were taken between 1100

and 1300 CDT.

Aboveground net primary production

End of season aboveground net primary productdPP) was estimated in the first
week in September each year. Within each ploglalveground plant material was harvested
within three 0.1 rhquadrats (locations were changed each year tepregsampling). Because
the site was burned each spring, this biomasslglapproximates ANPP (Knapp et al. 2007).

Samples were oven dried at 60°C for 48 hours, hed weighed to the nearest 0.1 g.

Satistical analyses

The experimental design was a randomized split-plock was nested within the
precipitation treatment, the heat wave treatmerst mested within the drought treatment, and the
block x heat wave treatment interaction was a ramdffect. We analyzed the treatment effects
of drought and heat onsRith a repeated measures mixed-model ANOVA fohegar
separately. We used a stepwise linear regressialelnhm assess the relative effects of soil
temperature and soil moisture (during 2010 and 26hIR. Factors were eliminated from the
model using a cutoff af = 0.05. The correlation between soil moisture @htemperature over
the whole growing season was analyzed at interrtee(8-40 %) and low (<15%) volumetric

water content during 2010 and 2011. Finally we carag the responses of ANPP anddrsoil
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moisture using linear regression and ANOVAs. Linegressions were conducted using annual
means for the two response variables (ANPJ aBainst mean growing season soil moisture for
all three years. ANOVA'’s were conducted for bothaRd ANPP by year (same previously
described mixed model methods), with significaffiedences between control and drought
treatments for each year were determined usingvisgrcomparisons (least square means). All
analyses were conducted in SAS (version 9.3, SA&ure Inc., Cary, NC, USA) and

significance was set a.05.

Results

During 2010 and 2011, the drought treatment reduean soil moisture by 43% and
56%, respectively (Table 5.1a). In both years tittnéng of the two-week heat wave coincided
with existing differences in soil moisture levelsg. 5.1). In 2012, the ambient rainfall plus
supplemental irrigation applied to both control @ndught treatments resulted in similar mean
soil moisture (Table 5.1a) and dynamics over thesmof the growing season (Fig. 5.1). The
heat treatments had minimal impacts on soil tentpezavithin the control treatments in both
years (~ 1 °C range; Table 5.1b), and in the drotrghtment in 2010 (~ 2 °C range; Table
5.1b). However in 2011, the most extreme drought,yee observed a much larger range in soil
temperatures (~ 9.0 °C range; Table 5.1b), desmiataining constant thermal inputs for each
heat treatment and across both years.

We found that the drought treatments dominategomeses of Rs (Table 5.2). During the
extreme treatment years, we observed significam eféects of drought as well as drought x
date interactions (Table 5.2). Drought treatmeadisiced Rby 26% (2010) and 25% (2011)

relative to the control. However, in the recoveeaywe observed a slight increase (6%) in soil
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CO;, for the formerly drought treatment relative to tiwatrol. This increase insRates was most

pronounced in the first half of the growing seaféig. 5.1). We observed no significant effects
of the heat waves or any interactions with drouglaither of the treatment years, so we focus

below on the precipitation treatment effects andractions with soil temperatures throughout

the growing season.

To investigate the effects of soil temperature smiimoisture on R a stepwise
regression model was constrained to the two extyeraes, given the legacy effects we observed
in the former drought treatment in in 2012. Saihperature was dropped from the modeb(
0.05), while volumetric water content was retai@éd 0.34, p < 0.001; Fig. 5.2). The
relationship between volumetric water angWRs positive throughout the range of soil moisture
with no decrease noted at the highest or lowekhsaisture levels. Porosity in these soils ranges
from 47-53% (Blecker 2005; Blecker et al., 2006iggesting that we did not encounter
saturated soil moisture conditions when GlOxes could be limited by diffusion rates.

As noted earlier, the sensitivity of B temperature may be dependent on soil moisture
levels, particularly during extreme years. We exaadithe relationship between soil temperature
and R under two soil moisture conditions (values base¢Harper et al. 2005), low (volumetric
water content < 15%) and intermediate (volumetr@ter content 20-40%) across the entire
growing season. At both low and intermediate sailsture levels, we observed no relationship
between soil temperature and(Rtermediate: F = 0.33, p = 0.564; low: F = 1.25; 0.264;

Fig. 5.3).

Finally, we compared the drought sensitivities ghRd ANPP to soil water across all

three years of the experiment. Both of these kélyaracycling processes had strong

relationships with mean volumetric water conteriryithe growing season {R*=0.93, p =
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0.002; ANPP:7=0.76, p = 0.023; Fig. 5.4). However, when weneixeed the impact of drought
over the three years we see evidence for diffexksénsitivities during and following drought.
In 2010, both Rand ANPP had similar relative reductions due taugdht, but in the second and
more extreme drought year, there was a three-fettedise in ANPP relative to the first year,
while Rs had equivalent decreases with drought each yegrgmb). In addition, while ANPP
completely recovered in 2012 (no significant diéfiece between precipitation treatments), R

was significantly increased in the drought treattmelative to the control (Fig. 5.5).

Discussion

We subjected a native, intact mesic grasslandystars to two years of extreme drought,
followed by a recovery year to examine the impaci®;, a key carbon flux to the atmosphere.
In addition to drought, we exposed the ecosysteadioort-term heat wave each year at varying
intensities. We observed significant reductionRdmvith drought, as well as increases in
respiration in formerly droughted plots in the reexy year. However, there were no significant
main effects of the short-term heat wave or intivaeffects with drought. While this lack of
sensitivity to heat may have been a result of thremal heat treatment effects on soil
temperature, we also observed no strong effechafges in growing season soil temperature at
any point during this study, even when controlliagsoil moisture levels. Finally, although both
Rs and ANPP were decreased during the drought, ANBRe&d greater sensitivity during the
second more extreme year, as well as divergenbnsgg in the recovery year.

Drought was the dominant factor affectingl®th during the two years with extreme
climates and in the subsequent recovery year, welebserved no effects of the heat treatments

(Table 5.2). This difference may be due to the tlomeand/or magnitude of these extreme
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treatments. The heat wave lasted two-weeks, widemposed drought lasted the entire
growing season, where 75% of the precipitation ¢napp et al. 1998b). The magnitude of
the drought treatment was extreme, exceeding thet@ 8' percentiles for growing season
precipitation in 2010 and 2011, respectively (based 12-year nearby climate record; Hoover
Chapter 4). In contrast, the heat treatments el diffects on soil temperature, with the
exception of the 2011 drought treatments (Tablg FHis contrasted with canopy temperatures,
with differences between ambient and high heatrireats ranging between 6 to 11 °C in both
years (Hoover Chapter 4). However, it is importamote that even when soil temperatures
were increased due to the heat treatments in 204 bpserved no concurrent or lagged effects
of heat.

When we examined the effects of soil moisture amldkemperature over the entire
growing season in the two extreme years using ssgre-based approaches, we also observed a
greater sensitivity to soil moisture than tempeaeto this mesic grassland ecosystem. The
stepwise regression results suggest that soil oreist a strong predictor okFig. 5.2), which
supports the previous ANOVA results with significaffects of drought treatments. The lack of
a direct response ofsRo soil temperature was surprising, given thaag been reported to be a
very important factor in grasslands (Lloyd and Bayl994, Mielnick and Dugas 2000) and in
this tallgrass prairie (Knapp et al. 1998a). Relgetoll et al. (2013) observed that the
sensitivity of R to soil temperature was dependent on soil moisttwdest this relationship in
this ecosystem, we examined the response td Boil temperature under intermediate and dry
conditions. These soil moisture levels were based esponse surface analysis by Harper et al.
(2005), which found Rwas sensitive to temperature under intermediat@diudry conditions

(our experiment was conducted adjacent to the gteplyrted in Harper et al. 2005). However,
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we did not observe any sensitivity to soil tempem@under either soil moisture level (Fig. 5.3).
These results suggest that during the growing se&san this ecosystem is more sensitive to
changes in soil moisture than soil temperature,thad a future with more frequent and intense
droughts should impact this important carbon floitie atmosphere more than increases in
growing season temperature.

In addition to strong concurrent impacts of extreirmeught on § we also observed
prolonged effects of drought in the recovery y&aspite receiving the same precipitation inputs
and having similar mean soil moisture during theagng season in 2012 (Table 5.1), we
observed a significant increase in(B%) in the formerly droughted plots (Table 5.8)./5.1).

This increase occurred primarily in the early gnogvseason (Fig. 5.1), and diminished by mid-
July. We consider three possible mechanisms thgthaee resulted in this post-drought
increase in Rs. First, an increase post-droughagen availability (Yahdjian et al. 2006, Evans
and Burke 2013), which may stimulate autotrophid heterotrophic activities, leading to higher
respiration rates. However, we detected no sigmticlifference in nitrogen (NOand NH) in

the soil between previously droughted and contiatispduring the recovery period (F =0.01, p =
0.949). Another possibility is that drought redutidér decomposition over the two treatment
years, leading to a litter build up and a liablarse of carbon for the recovery year. This
increase in substrate combined with high soil nnoesand warm temperatures may have resulted
in a transient early seasog pulse. Finally, during the recovery year there w#arge shift in

plant community composition in formerly droughtddtp, with grasses increasing in abundance
and forbs decreasing (Hoover Chapter 4). Givenrtiatts contribute about 80% of total soil

respiration in the tallgrass prairie (Ham et aR3)p and grasses tend to have shallower root
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systems than forbs (Knapp et al. 1998b), such agghan plant species composition may
contributed to elevatedsR

In this study we found that two key atmospheridoarfluxes, R(CO, source) and
ANPP (CQ sink), were both affected by drought, however thigfiered in their sensitivities to
the extreme event. During the first year of drougbth R and ANPP had similar reductions
relative to the control plots (Fig. 5.5). But dgithe second, more extreme year of drought,
ANPP was reduced three fold relative to the previpear, but reductions insRere similar to
the previous year (Fig. 5.5). This differential siéimity may be due to different response times
of production and respiration to soil moisture tamtions. ANPP is strongly controlled by
precipitation (Sala et al. 1988, Knapp and Smit@130and therefore drought can cause
immediate reductions in plant production as welegscy effects (Sala et al. 2012). However, in
this study we saw rapid recovery in ANPP in theryelowing drought where control and
drought treatments did not differ in productiong/F.5). While Rwas also limited by soill
moisture in this experiment (Fig. 5.4), Shi et(aD13) argue that soil carbon supplies are more
stable and thereforesis more buffered against short-term precipitatianation than plant
production. As previously mentioned, we observaerldased Rin formerly droughted plots
during the recovery year, which contrasted withftherecovery in ANPP. Combined, the net
effect of these differential sensitivities to extre drought of these two key carbon fluxes will

have important consequences on atmosphericl&e@ls.

Summary

A future with more frequent and intense climate@xtes, will impact terrestrial carbon

cycles, with potential feedbacks to global climettange (Reichstein et al. 2013). Our study has
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several important implications for the effects wfreme drought and heat on carbon fluxes in
mesic grassland ecosystems. First, to understanaetheffect of climate extremes on carbon
cycles, it is important to examine concurrent res@s and prolonged effects. For example,
increased Rduring the recovery year in formerly droughtediploartially offset the decreased
fluxes during the two years of drought. Such prgkheffects of a short-term climate anomalies
on R, have been documented in this ecosystem previgyséy-long warming, Arnone Il et al.
2008). Secondly, short-term heat waves had viguadl effect on Rin this study; instead soill
moisture effects dominated. As hypothesized, wendidexpect to see a strong effect of soll
temperature under droughted conditions due tonsoisture limitations, however when we
specifically examined intermediate soil moistuneels, there also was no effect of soil
temperature. One possibility is that the rangemgeratures experience under intermediate soil
moisture was limited (~17-28 °C). Empirical studiesthe relationship between soil temperature
and R, or calculating @ values, often use a broader ranged in temperabyresking
measurements throughout the year, not just theiggpgeason (Lloyd and Taylor 1994, Knapp
et al. 1998a, Mielnick and Dugas 2000, Harper.e2@D5), which may enhance the importance
of temperature. However, our results suggest thianhg the growing seasong Ray not be as
sensitive to the range of temperatures experiertdadlly, given that grasslands are important
carbon sinks (White et al. 2000), the differensi@hsitivity to drought of Rand ANPP has
important consequences for carbon balance of yisiel. Extreme drought may reduce the
capacity of this ecosystem to sequester carbomPR (sink) is more sensitive thag (Rource)
during extreme drought, and if respiration ratesease following drought. Overall, these results

suggest that thatsRnay be less temperature sensitive during the grgpweason than previously
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reported and that extreme drought has strong ffetrelntial impacts on two key carbon cycling

processes in this ecosystem.
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Tables

Table 5.1 Treatment effects on key environmental factorg.Neean soil moisture during the
growing season for control and drought treatmeutsd the extreme years (control = ambient
precipitation plus supplemental irrigation; drought6% reduction in ambient precipitation) and
recovery year (ambient precipitation plus supple@drrigation for both treatments). (b.) Soill
temperature (0-5cm; °C) for each heat x precigitatreatment combination (n=5) during the
two week simulated heat wave in 2010 and 2011.f®aeees for both tables indicate + 1 SE.

a. Extreme Treatment Years Recovery Year
Precipitation Treatments 2010 2011 2012
Control 29.5 (0.5) 24.6 (0.5) 20.1 (0.5)
Drought 16.9 (0.7) 10.8 (0.4) 18 (0.5)
b. 2010 2011
Heat Treatment Control Drought Control Drought
Ambient 26.4(0.3) 27.2(0.3 26.1 (0.1) 30.4(0.2)
Low 26.7(0.3) 27.5(0.3 26.5(0.1) 31.9(0.2)
Medium 26.7 (0.3) 28.2(0.3 26.8 (0.1) 34.5(0.3)
High 27.5(0.3) 29.3(0.3 27.3(0.1) 39.3(0.4)
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Table 5.2 Effects of drought and heat wave treatments dn®j flux during the two
consecutive extreme years (2010, 2011) followed bgcovery year (2012). Drought was
imposed during the growing season, while the heatwvas imposed for two-weeks mid-

summer. F-statistics and p-values from mixed-moeletated measures ANOVAs for each year
separately are reported. Bold text indicates Sicgmice at p < 0.05.

2010 2011 2012
Effect| F-value p-value| F-value p-value F-value p-value

Drought| 73.8 <0.001 75.4 <0.001 8.7 0.006
Heat| 0.5 0.656 0.8 0.498 2.7 0.061
Drought*Heat| 0.6 0.626 0.3 0.829 0.8 0.508

Date| 185.9 <0.001 22.7 <0.001 257.7 <0.001

Drought*Date| 39.6 <0.001 16.4 <0.001 7.1 <0.001
Heat*Date| 1.2 0.270 1.6 0.056 0.6 0.885
Drought*Heat*Date, 1.3 0.226 0.8 0.728 1.2 0.302
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Figure 5.2 The relationship between volumetric water congertt soil CQ flux (Rg) for all
dates, precipitation and heat treatments combime200L0 and 2011). Results are from a
stepwise linear regression which included volunsetrater content and soil temperature as
independent variables and soil £iix as the dependent variable. Soil temperatuas w
removed from the model (p > 0.05), but volumetratev content was retained (p < 0.05),
suggesting that soil moisture was the dominantabdeicontrolling soil C@flux. Statistics from
the regression are reported in the figure.
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Chapter 6.

CONCLUSION

The objectives of my dissertation were (1) to asdke resistance and resilience of a
tallgrass prairie ecosystem to the independentambined effects of heat waves and drought
and (2) to examine the mechanisms behind thesamgado improve our theoretical
understanding of how extreme events can shape gteosytructure and function and (3) to
determine how key carbon cycling processes resfmegtreme heat and drought. To
accomplish this, | conducted a three-year, fielddobstudy, where | experimentally imposed two
years of extreme heat and drought over an intastengrassland community, then followed
recovery for one subsequent year. | examined bieponse variables that ranged across several
hierarchical levels including: ecophysiology, demagy, community, and ecosystem, in order
to gain a comprehensive understanding how thisysta® responds to such extremes.

In Chapter 2, | contrasted the sensitivities eftiio dominant grasse&ndropogon
gerardii andSorghastrum nutans to a growing season-long drought during in whidlve-week
heat wave occurred at four intensities. | hypottesithat drought would have greater impacts
than heat waves on the ecophysiological and prodiyctesponses of the two grasses with the
combined effects of the two climate drivers grethan either alone, and that the dominant
grasses would differ in their ecophysiological andductivity responses to heat and water
stress. My results showed that drought reducegmatbsynthesis and aboveground net primary

production (ANPP) in both species, however heatriaohdependent effects. Unlike previous
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work, (De Boeck et al. 2010) there were also natadeffects of heat and drought, however
there was an interaction between heat and droulgbteky heat-induced soil drying may have
indirectly reduced photosynthesis in the contrehtment. In additior. nutans was more
sensitive to drought thal gerardii but with no observed differential sensitivity tedt between
the two species, with the former supporting anddker contradicting previous studies (Silletti
and Knapp 2002, Swemmer et al. 2006, Nippert &0f19). The broad conclusion of this
chapter was that water stress will likely domirthie ecophysiological and productivity
responses of these two key species in the futuoaigi direct effects of drought and indirect
effects of heat.

| further explored the mechanisms driving the pkghthetic responses Af gerardii
andS. nutans to heat in Chapter 3, by removing the interacéffects of heat-induced water loss
during the simulated heat wave, a challenge in @gstriments (Milbau et al. 2005, Marchand et
al. 2006, De Boeck et al. 2011). This enabled mexpdore the independent effects of heat on
net photosynthesis under high and low soil moistagémes. Under low soil moisture, there
were no effects of heat on net photosynthesisitbeespecies, despite extremely high
temperatures, due to stomatal limitations and diréaw photosynthetic rates. On the other
hand, both species had a significant relationshtgvéen heat and net photosynthesis under high
soil moisture, which appeared to be driven by tinectl effects of heat. These results suggest that
heat waves will have little impact on photosynteesider extreme drought, but cause moderate
decreases in photosynthesis under high soil meistuniess heat-induced water losses eventually
lead to stomatal limitations on photosynthesis.

In Chapter 4, | assessed the resistance anceresgliof the tallgrass prairie ecosystem to

two years of extreme heat and drought and thenuated resilience one year following. This
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study also allowed me to use the tallgrass prasia model ecosystem to test Smith’s (2011)
extreme climatic event theoretical framework angppsed mechanisms. The results
demonstrated that the ecosystem was resistanatoda@es but not drought. After two years of
extreme drought, total ANPP was reduced below engllobserved in almost thirty years.
However this ecosystem had high resilience, corajyleecovering total ANPP in just one-year
post-drought. Using long-term records of biotic @hohate data, | was able to explicitly attribute
the extreme ecological response of low productiglitying the second year of drought to an
extreme climate driver and thus identifying an emte climatic everdensu Smith (2011). Next,

| examined community and demographic responsestirmine mechanisms behind the
ecosystem-level responses and found that two damnsmeecies played critical roles in the
resistance and resilience of this system. The ¢hcksistance was attributed to the sensitivity of
the dominant forbSolidago canadensis, while the dominant grasa, gerardii provided the
ecosystem resilience through a rapid demograpbjmorese in the year following drought,
replacing the loss of the forb. The results from tihapter suggest that this system has low
resistance but high resilience to extreme drowayid, that the traits of the dominant species were
key to community and ecosystem responses.

Finally, in Chapter 5, | examined how another img@ot ecosystem function, soil
respiration, responded during the two years ofeemér and one year post-extreme. |
hypothesized that drought would have greater ingothetn heat, that the sensitivity of heat
would be dependent on soil moisture, and that AMBEId be more responsive to drought than
soil respiration. As with ANPP, there were sigrafit effects of drought but no independent or
additive effects of heat on soil respiration. Sisipgly, even when controlling for soil moisture,

soil temperature had little to no effects on sedpiration, a result that deviates from previous
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work at this site (Harper et al. 2005). While b&fHPP and soil respiration decreased with
drought, ANPP showed greater sensitivity duringgdeond, more extreme year of drought. But
while ANPP fully recovered in the year followingodight, soil respiration rates were actually
higher in the formerly droughted plots relativeahe control. Overall, these results suggest that
during the growing season, soil respiration majels sensitive to temperature than previously
reported, and that extreme drought has strongiffatehtial impacts on two key carbon cycling
process in this ecosystem.

There are three general conclusions from thisedizBon. First, low ecosystem resistance
to drought does not preclude rapid recovery in fion¢ which may be an important trait for
ecosystem with a history of climate extremes. Alifilothe second year of drought elicited an
extreme ecological response — productivity was falwan ever recorded — the ecosystem was
able to fully recover function the second year ttuthe rapid demographic response of the
dominant G grass. Secondly, these results emphasize the tamperof dominant species
responses to climate extremes in governing theteesie and resilience of ecosystems to such
events. Many related experimental manipulationdief) impose extreme climate events in
artificial communities that are designed with hegtenness (Van Peer et al. 2004, Jentsch et al.
2011, De Boeck et al. 2011). Such approaches maremphasize the importance of species that
would naturally be rare in the community, while aremphasizing the importance of dominant
species, as seen in studies on natural commu(itaslol et al. 2010, Arnone et al. 2011, Sherry
and Arnone 2012). Finally, in this tallgrass pmieicosystem, the ecological effects of drought
exceed those of heat waves across several keyrcayobng processes (photosynthesis, ANPP
and solil respiration), and many cases heat hadfect @lone or when combined with drought.

This may be a consequence of the interactions leetlveat and drought treatments — high soil
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moisture in the control precipitation treatmentypded resistance to heat, while low soil
moisture in the drought treatment prevented anysomraéle responses to heat stress. Overall,
these results suggest that the tallgrass praineie vulnerable to short-term extreme drought
than heat waves, and that dominant species play adke in the resistance and resilience of this

ecosystem.

128



References

Arnone, J. A., R. L. Jasoni, A. J. Lucchesi, JLBrsen, E. A. Leger, R. A. Sherry, Y. Luo, D. S.
Schimel, and P. S. J. Verburg. 2011. A climaticabyreme year has large impacts on C4
species in tallgrass prairie ecosystems but onhomeffects on species richness and other
plant functional groups. Journal of Ecology 99:6588-

De Boeck, H. J., F. E. Dreesen, I. A. Janssens|.axigs. 2010. Climatic characteristics of heat
waves and their simulation in plant experimentab@l Change Biology 16:1992-2000.

De Boeck, H. J., F. E. Dreesen, I. A. Janssens|.a¥igs. 2011. Whole-system responses of
experimental plant communities to climate extremgsosed in different seasons. The New
phytologist 189:806-17.

Harper, C. W., J. M. Blair, P. A. Fay, A. K. Knagmd J. D. Carlisle. 2005. Increased rainfall
variability and reduced rainfall amount decreas#is®O 2 flux in a grassland ecosystem.
Global Change Biology 11:322—-334.

Jentsch, A., J. Kreyling, M. Elmer, E. Gellesch@aser, K. Grant, R. Hein, M. Lara, H.
Mirzae, S. Nadler, L. Nagy, D. Otieno, K. Pritsth,Rasher, M. Schadler, M. Schloter, B.
Singh, J. Stadler, J. Walter, C. Wellstein, J. \&kk, and C. Beierkuhnlein. 2011. Climate
extremes initiate ecosystemegulating functions while maintaining productivigournal
of Ecology 99:689-702.

Kardol, P., C. E. Campany, L. Souza, R. J. Norb¥,. Weltzin, and A. T. Classen. 2010.
Climate change effects on plant biomass alter danue patterns and community evenness
in an experimental old-field ecosystem. Global GjeaBiology 16:2676—2687.

Marchand, F. L., M. Verlinden, F. Kockelbergh, ahd). Graae. 2006. Disentangling effects of
an experimentally imposed extreme temperature emahnhaturally associated. Functional
Ecology 20:917-928.

Milbau, A., L. Scheerlinck, D. Reheul, B. De Cauwend I. Nijs. 2005. Ecophysiological and
morphological parameters related to survival irsgrspecies exposed to an extreme
climatic event. Physiologia Plantarum 125:500-512.

Nippert, J. B., P. a. Fay, J. D. Carlisle, A. K.g@op, and M. D. Smith. 2009. Ecophysiological
responses of two dominant grasses to altered tetyperand precipitation regimes. Acta
Oecologica 35:400-408.

Van Peer, L., I. Nijs, D. Reheul, and B. De Cauv2€04. Species richness and susceptibility to

heat and drought extremes in synthesized grasslewsl/stems: compositional vs
physiological effects. Functional Ecology 18:7698.77

129



Sherry, R., and J. Arnone. 2012. Carry over froevijmus year environmental conditions alters
dominance hierarchy in a prairie plant communiburdal of Plant Ecology 5:134-146.

Silletti, A., and A. Knapp. 2002. Long-term respes®f the grassland co-dominants
Andropogon gerardii and Sorghastrum nutans to admgclimate and management. Plant
Ecology 163:15-22.

Smith, M. D. 2011. An ecological perspective orrexte climatic events: a synthetic definition
and framework to guide future research. Journ&aafiogy 99:656—663.

Swemmer, A., A. Knapp, and M. Smith. 2006. Growabponses of two dominant C4 grass
species to altered water availability. Internatial@urnal of Plant Sciences 167:1001-1010.

Tilman, D., and J. Downing. 1994. Biodiversity astdbility in grasslands. Nature 367:363—365.

130



