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Abstract

Climate change is expected to alter precipitation amounts and aligm, resulting in longer,

more frequent periods of wet and dry conditions in the North American Central Plains.
Grasslands in this region are often limited by water availability, so novel rainfall patterns will

likely affect ecosystem functioning. Thates of two key carbon (C) fluxes, aboveground net
primary productivity (ANPP) and soil respiration, are tightly linked to water availability in these
grasslands. Moreover, the cycling of nitrogen (N), dirodting nutrient, is tied to soil moisture

through microbiallymediated processes such as N mineralization, microbial immobilization, and
nitrification. Decomposition unites these two cy@esontrolling the rate of C sequestration and

N releaséd and can be slowed by both droughted and saturated so#ise Bha growing

understanding that sufficiently long and/or intense precipitation anomalies (e.g., extended wet or
dry periods) can affect ecosystem processes even after the climate event ceases, resulting in
climate Al egacy e fatteexastkra and Wettdr énd of thesGentrpl Plainsr i e s
grasslands, are both sensitive and highly resilient to-sdnt climate variability but the extent

to which this climate sensitivity and resilience is shaped by previous climate history is largely
unknawn. If altered climate patterns cause changes in key ecosystem properties such as plant
communities, microbial community functioning, or soil attributes, these climate changes may
exert legacies on rates of prairie C and N cycling. Finally, while thears$dip between climate

and intact grassland ecosystem functioning has been relativelgtweied, less than five

percent of North American tallgrass prairie remains intact. As a result, the persistence of tallgrass
prairies and their associated ecosysservices relies heavily on the successful restoration of

functioning prairies; yet future restorations will likely occur under a more hostile climate. It is



therefore important to assess how climate sensitivity and resilience develops as restored prairie
mature.

In this dissertation assessed how past and current climate conditions interact to affect C
fluxes, N transformations, and decomposition rates in native tallgrass prairie. | usedexiong
experiment at Konza Prairie, KS, in which rainfall was supplemented by irrigatien toa
release tallgrass prairies from water stress for ~25 years. In 2017, | switched the irrigation and
ambient treatments in a subset of plots and added new drought treatments across both historic
treatments, allowing me to assess (i) how statl lorg-term climate patterns differ in their
effects on prairie ecosystems, (ii) whether previous climate patterns continue to shape current
prairie functioning via climate legacies, and (iii) whether previous climate altered the sensitivity
of prairie C and Nycling to drought conditions. In a separate project, | imposed an experimental
drought across restored prairies ranging frbtm 22 years old and measured how the sensitivity
of prairie structure and function to water stress varied with restoratiohfaged that a
historically wetter climate increased ANPP and soil respiration on a magnitude comparable to
current wet conditions, and that a history of irrigation conferred greater drought resistance to key
ecosystem processes lasting up to three yAdnstory of irrigation also increased net N
mineralization rates and nitrification rates, and microbial C/N ratios and extracellular enzyme
investment suggested reduced N limitation of belowground N cycling. This legacy of increased
N supply with a histor of irrigation may support the highétanexpected rates of C fluxes after
ceasing irrigation. In contrast, root decomposition rates were slowest wittelongrrigation,
suggesting that the increased rates of C and N mineralization may be mordegaeyceffects
on SOM processing than litter decay. Notably, legacy effects across response variables were

most often found in lowland prairie, suggesting that topoedaphic factors are important for



determining the strength of biogeochemical climate lega€imally, | found that restored prairie
plant communities, ANPP, soil respiration, and labile N pools were surprisingly resistant to
drought across all restoration ages, offering hope that restoration efforts may not be significantly

hindered by futurelenate variability.
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Abstract

Climate change is expected to alter precipitation amounts and distributions, resulting in longer,
more frequent periods of wet and dry conditions in the North American Central Plains.
Grasslands in this region are often limited by water avaitgp#d novel rainfall patterns will

likely affect ecosystem functioning. The rates of two key carbon (C) fluxes, aboveground net
primary productivity (ANPP) and soil respiration, are tightly linked to water availability in these
grasslands. Moreover, thgaling of nitrogen (N), a cdimiting nutrient, is tied to soil moisture
through microbiallymediated processes such as N mineralization, microbial immobilization, and
nitrification. Decomposition unites these two cyéesontrolling the rate of C sequedtoa and

N releaséd and can be slowed by both droughted and saturated soils. There is a growing
understanding that sufficiently long and/or intense precipitation anomalies (e.g., extended wet or
dry periods) can affect ecosystem processes even afterrttageckvent ceases, resulting in
climate Al egacy effectso. Tallgrass prairies,
grasslands, are both sensitive and highly resilient to-sdnt climate variability but the extent

to which this climate sesitivity and resilience is shaped by previous climate history is largely
unknown. If altered climate patterns cause changes in key ecosystem properties such as plant
communities, microbial community functioning, or soil attributes, these climate changes ma
exert legacies on rates of prairie C and N cycling. Finally, while the relationship between climate
and intact grassland ecosystem functioning has been relativelgtweied, less than five

percent of North American tallgrass prairie remains intact Aesult, the persistence of tallgrass
prairies and their associated ecosystem services relies heavily on the successful restoration of

functioning prairies; yet future restorations will likely occur under a more hostile climate. It is



therefore importani assess how climate sensitivity and resilience develops as restored prairies
mature.

In this dissertation assessed how past and current climate conditions interact to affect C
fluxes, N transformations, and decomposition rates in native tallgrais® pr used a longerm
experiment at Konza Prairie, KS, in which rainfall was supplemented by irrigation water to
release tallgrass prairies from water stress for ~25 years. In 2017, | switched the irrigation and
ambient treatments in a subset of pkmsl added new drought treatments across both historic
treatments, allowing me to assess (i) how stantl longterm climate patterns differ in their
effects on prairie ecosystems, (ii) whether previous climate patterns continue to shape current
prairie functioning via climate legacies, and (iii) whether previous climate altered the sensitivity
of prairie C and N cycling to drought conditions. In a separate project, | imposed an experimental
drought across restored prairies ranging febtm 22 years old ahmeasured how the sensitivity
of prairie structure and function to water stress varied with restoration age. | found that a
historically wetter climate increased ANPP and soil respiration on a magnitude comparable to
current wet conditions, and that atbry of irrigation conferred greater drought resistance to key
ecosystem processes lasting up to three years. A history of irrigation also increased net N
mineralization rates and nitrification rates, and microbial C/N ratios and extracellular enzyme
invegment suggested reduced N limitation of belowground N cycling. This legacy of increased
N supply with a history of irrigation may support the higttenexpected rates of C fluxes after
ceasing irrigation. In contrast, root decomposition rates were dlewtbdongterm irrigation,
suggesting that the increased rates of C and N mineralization may be more due to legacy effects
on SOM processing than litter decay. Notably, legacy effects across response variables were

most often found in lowland prairie, ggesting that topoedaphic factors are important for



determining the strength of biogeochemical climate legacies. Finally, | found that restored prairie
plant communities, ANPP, soil respiration, and labile N pools were surprisingly resistant to
drought aonss all restoration ages, offering hope that restoration efforts may not be significantly

hindered by future climate variability.
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Chapter 117 | ntroducti on

T h e e dmatels@hangiogt a rapid pace and is expected to negatively impact
human weHbeing as well as ecosystems across the globe (IPCC 20h8&. realized and
projected changes in temperature are much discussed, anthropogenic climate change is likely
already contributingat more extreme precipitation patterns (IPCC 2018). Changes in rainfall
regimes can alter soil water content and the timing of water availability for critical ecosystem
processes. For example, carbon (C) cycling rates depend in large part on waterigvailabil
(Raich and Schlesinger 1992; Wu et al. 2011; Song et al. 2019), so altered precipitation patterns
are likely to affect rates and patterns of net C uptake by ecosystems. Moreover, changes in
ecosystem C souregnk dynamics associated with climate cheegn feed back on climate
change by impacting atmospheric £€oncentrations (Melillo et al. 2017)herefore, it is
important to understand how climate fluctuations impact ecosystectioning and the
implications of that for globaC cycling, in orderto improve the accuracy of ecosystem models
and climate change mitigation effarts

Both influxes and effluxes of C to ecosystems are shaped by climate. Net primary
productivity is a measure of C capture by ecosystems through photosynthesis. Primary
productivity generally increases with annual precipitation within and across ecosystems (Knapp
and Smith 2001). However, the relationship between annual precipitation and aboveground net
primary productivity (ANPP) across space is much stronger than the t@mglationship of
betweenryear precipitation and ANPP within a site (Sala et al. 2012). This suggests that the
effects of precipitation on ANPP can vary with temporal scales, making it difficult to predict the
effects of longterm climate change. Indeddngerterm dry periods can have stronger effects on

ANPP than singlgrear droughts (Hoover et al. 2014), and extended wet periods can cause



community and/or soil and biogeochemical changes that can increase responses of ANPP to high
precipitation conditias over time (Knapp et al. 2012). Soil respiration is a major C efflux from
ecosystems that varies with water availability at short temporal scales (Harper et al. 2005; Song
et al. 2019). However, the G@fflux from soils is also driven by factors thatdge in response
to longterm climate, such as the amount and quality of litter inputs (Zhang et al. 2020; Bréchet
et al. 2017) and the size and composition of soil microbial communities (Hawkes et al. 2017;
Zhou et al. 2018). Therefore, to predict C dyim@munder a future climate, it is important to
investigate how the effects of lortgrm and persistent changes in climate differ from those of
shortterm climate variability.

The effecs of precipitation regimesn ecosystems can be complex becaveter
availability affects bothC and nitroger(N) cycling, and these cycles are tightly linkgdnzi et
al. 2011) Plant and micrabl processeare often limited by N availability (Schimel and
Weintraub 2003Xia and Wan 2008, LeBauer and Treseder 2088din turn,key N supply
processes armdosely linked to precipitation and soil water availabilBpth ret N mineralization
and nitrification ratesend to increase witboil moisturen the shorterm(Wang et al. 2006;
Risch et al. 2010 However, theséluxes do not vary systematically with annual precipitation
across natural precipitation gradients (McCulley et al. 2009), suggesting tha¢tongffects of
climate may differ from those based on shetéem water availability. Increased water
availablity also increases N mobility in soils (Marschner and Rengel 2012). In the short term,
this can increase N availability, but this N could be taken up by plants to support higher ANPP,
immobilized by microbial communities, and/or lost to gaseous futeading to exacerbated N

limitation (Ren et al. 2017). Because of the complex responses of N cycling processes to water



availability, it is important to compare how the shard longterm precipitation regimes impact
N availability, and how these N respesdo climate can indirectly alter C cycling processes.

An emerging aspect of the effects of climate on ecosystem function is the potential for
climate legacy effects. Evidence is mounting that past climate patterns can continue to shape C
cycling in thepresent (Sala et al. 201RelgadeBaquerizo et al. 203 5ong et al. 2019).

Previous dry conditions, for example, can stress or kill plant organs so that growth is hindered in
subsequent years even with adequate precipitation (Reichman@@&t3)l. in contrast, enhanced
growth from a previous wet year may support high ANPP in subsequent years (Sala et al. 2012).
In ecosystems that are limited by both water and N, a dry year may allow accumulation of N that
supports future higher growth (Seatttand Knapp 1993); in contrast, a wet year may cause N
leaching that exacerbates N limitation and lowers C fluxes in subsequent years (Ren et al. 2017).
While climate legacy effects are welbcumented in arid systems, they can be less apparent in
mesic gstems (Sala et al. 2012). Moreover, while it is common to assess legacies as a function
ofthe previouy ear 6 s precipitation ef f etermh grecipitatore c 0 sy st
anomalies may cause stronger, more persistent climate legaciestethefgbrecipitation

history on current biogeochemical cycling is not incorporated into biogeochemical models

(Averill et al. 2016), hindering predictions of the effects of climate change. There is a need to
untangle where climate legacies occur, undeaitvelonditions, and how these legacies will

impact the responses of ecosystems to climate change.

Grasslandscover 30 % of e ar t h 6 sDixoreet al.20tamdiplaylan sur f ac e
important role in the global C cycle (Scurlock and Hall 1998). Gnaddlails store an enormous
amount of C (Lorenz and Lal 2018) and support a suite of ecosystem services, including forage

production and high biodiversity. Tallgrass prairies, in particular, have greater stocks of C per



volume than those in many forestsgBlet al. 1998). Across the Central Plains, precipitation
regimes are expected to become more variable, with longer, more intense periods of wet and dry
conditions (IPCC 2018). Grasslands tend to be wateted (Lauenroth et al. 1993), so changes

in precipitation regimes associated with climate change are expected to profoundly affect
ecosystem processes. But tallgrass prairies also are ofteniteal by both water and N

(Seastedt and Knapp 1993), making it difficult to predict {targn effects of cthate change on

C and N cycling from shoiterm experiments. Lonterm climate manipulation experiments are
therefore needed to assess how both N availability and C fluxes will respond to persistent
changes in future precipitation regimes.

While legacy €fiects occur in drier grasslands (Sala et al. 2012; Reichmann et al. 2013),
effects of previougear precipitation may be less pronounced in tallgrass prairie, perhaps due to
high drought tolerance of the dominant grasses and the tight cycling of N tlaizeslosses
under wet conditions. However, persistent changes in precipitation regimes may lead to shifts in
the plant community (Smith et al. 2009; Knapp et al. 2012) that alter the sensitivity of ANPP to
precipitation patterns, or to changes in thecfiomality of microbial communities that alter rates
of C and N mineralization, nitrification, and other processes (Averill et al. 2016; Hawkes et al.
2017). These changes under extended wet and dry conditions could produce legacy effects in
ANPP, soil repiration, and N transformations that would not be apparent in-tdrant
experiments or through analysis of the historical precipitation record. One important pathway for
legacy effects in tallgrass prairie might be changes in root biomass or decompbsition
frequently burned tallgrass prairies, litter inputs occur primarily via roots and rhizomes, so the
sensitivity of belowground decomposition rates to altered precipitation regimes can have

profound effects on both C and N cycling. However, root decsitipo rates vary less



predictably with precipitation than surface litter (Silver and Miya 2001; See et al. 2019), and
both high and low soil moisture conditions can slow decomposition in tallgrass prairies (Hayes
and Seastedt 1987; von Haden and Dornl2@di4). Moreover, if longeterm changes in soil
moisture patterns alter the size and composition of the microbial community or the processing of
soil organic matter (SOM), climate legacy effects may shape rates of mass loss and nutrient
release during deaaposition. In order to document the occurrence, strength, and direction of
climate legacies in tallgrass prairie, it is necessary to assess C fluxes, N transformations, and
decomposition dynamics as interrelated components of biogeochemical cycling.
Whenconsidering the effects of climate change on tallgrass prairie, it also is important to
note that less than five percent of this ecosystem remains as intact, native tallgrass prairie due to
conversion to agricultural and urban land uSgznison and Knogf994). The survival of
tallgrass prairie species, communities, and ecosystems in the future will be highly dependent on
successful restoration efforts. However, restored prairies may function differently than native
prairies, and it remains unclear how adgbt sensitivity changes as restored prairies mature, and
to what extent future precipitation variability may jeopardize restoration efforts. Some ecosystem
traits in restored prairies, such as cover of native grasses and the size of the microbial
communiy, can recover to levels of native prairie relatively quickly (Baer et al. 2002; Scott et al.
2017), but others such as soil C pools may take centuries to recover (Baer et al. 2002;
McLauchlan et al. 2006; DelLuca and Zabinski 2011; Rosenzweig et al. Pils)o these
differences in structural recovery along prairie chronosequences, it remains unclear how the
sensitivity of C fluxes to climate variability changes as restored prairies age.
In this dissertation, | asked: how do current and previous prawgpitregimes affect C

and N cycling in tallgrass prairie? Do C and N fluxes respond in coupled ways {@fahg



shortterm climate treatments? Does climate sensitivity vary through time as prairies mature? To
answer these questions, | used a seriedrofitd experiments in tallgrass prairies to assess
patterns of climate sensitivity in native and restored tallgrass prairies.

In Chapter 2, | measured the responses of C fluxes and pools to current and historic
precipitation manipulations in grasslanddeterm experiment at Konza Prairie Biological
Station, Kansas, USA. In this irrigation experiment, supplemental water was added to minimize
water stress and mimic a wetter climate for 25 years; a reversal of irrigation and ambient
precipitation treatmentsnd the addition of new reduced rainfall treatments in 2017 allowed me
to explore how both previous and current climate treatments affected some key tallgrass prairie
ecosystem processes. | found that a history of irrigation increased ANPP and sotioespira
fluxes on a magnitude similar to current irrigation, and that these legacies of a wetter climate
persisted up to 3 years. Previous irrigation also buffered the responses of ANPP and soil
respiration to the reduced rainfall treatment. These legacesystem fluxes appear to be
driven in part by changes in plant functional composition and changes in the size and activity of
the microbial community.

In Chapter 3, | assessed how shartd longterm changes in precipitation regimes shape
tallgrass pairie N cycling. Using the same experimental infrastructure as in Chapter 2, | assessed
how past and current rainfall regimes affected N transformations in tallgrass prairie. A history of
irrigation increased rates of net N mineralization and nitrificawaviding evidence that
increased N availability under a historically wetter climate may support the legacy effects in
plant and microbial functioning outlined in Chapter 2. Moreover, changes in plant and microbial

C/N ratios, as well as microbial investnt in Nacquiring enzymes, suggests that while short



term irrigation may increase-hmnitation, longterm wetter conditions accelerate N cycling and
can lead to biogeochemical climate legacies.

In Chapter 4, | followed up my research on C and N flumeie irrigation study with a
root decomposition experiment, in which | investigated the effects of previous and current
precipitation treatments on root litter mass loss and nutrient release over two years. Root
decomposition rates and N release wererssingly resistant to both current and historic
precipitation regimes, suggesting that observed increases in soil respiration and N cycling rates
with long-term release from water stress are driven primarily by SOM pools rather than root
litter decomposion.

In Chapter 5, | expanded my work assessing climate sensitivity of tallgrass prairie to
include restored prairies of differing ages. | set up a drought experiment across a chronosequence
of prairies ranging from 4 to 22 years old to assess howegm@ant communities and ecosystem
functioning change as prairies mature, as well as how the sensitivity of prairie structure and
function to drought varies with restoration age. | found that, despite changes in plant
communities across the chronosequenegtored prairies had rates of ANPP and soil respiration
similar to native prairie, and these fluxes were similarly resistant {ge@@drought in both
native and restored prairies. This may be due to the rapid establishment of -dotergint
dominantgrasses across the chronosequence, and it offers hope that restored prairies can

establish and thrive under a more variable climate.
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Chapter 217 Climate | egacies deter mine

futur e rregii measl |

Broderick, C. M., Wilkins, K., Smith, M. D., & Blair, J. M. (2022). Climate legacies determine
grassland responses to future rainfall reginisbal ChangeBiology, 28(8), 26392656
https://doi.org/10.1111/gcb.16084

2.1 Introduction

Chronic and episodic atershortages limit primary production and other ecosystem
processes across much of the globe (Wu et al. 2011, Hoover and Rogers 2016). As a result,
climate changes that alter tirequency and duration of water stress will likely affect carbon (C)
and nitrogen (N) cycling in ways that are hard to predict on longer timescales. Changes in
precipitation patterns over years or decades can alter C cycling by shifting plant community
conposition (Smith et al. 2009; Jones et al. 2016), affecting nutrient limitation (Luo et al. 2004;
Ren et al. 2017), or changing litter inputs and quality (Murphy et al. 2002). Moreover, processes
that control C inputs and outputs may be differentially $&egio climate perturbations (e.g.,
Hoover et al. 2016) and, in ecosystems limited by both water and N, climate effects on N
availability may further modulate ecosystem sensitivity to water shortages (Evans and Burke
2013). In addition, the responses dfatent ecosystem processes to climate shifts may be
decoupled in time, resulting in alteredosystenfunctioningeven afteiperiods of water stress
cease (Asner et al. 1997; Evans and Burke 200t8refore, historic climate pattethdy
altering ecosysim attributes or community structdrenay influence the sensitivity of
ecosystems to future climate changes.

Evidence is accumulating thelimate historyis important for understanding and predicting

ecosystem responsesdiimatechange (Song et al. 201 Drought years, for example, can
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negativéy impactaboveground net primary productivigk\lPP) in subsequenteas (i.e.,
negative legacies) by altering attributes such as plant déMsibdjian and Sala 200@nhd bud
bank dynamics (Carter et al. 2012; Ott et al. 2019; Reichmann and SalaR@1ygars can

also have positive legacies on ecosystem function if, fameke, they decrease N
immobilization relative to mineralizatiomcreasingavailable Nin the following yeamwhen

water is less limitingSala et al. 201,2Seastedt and Knapp 1992cross muchonger temporal
scalege.g., millennia) climate legaciesxert large controls over global soil C stocks (Delgado
Baquerizo et al. 2017). Curresitforts to model the impacts of climate change genedallgot
accounffor the effects otlimate historyon ecosystem C cycling/Nieder et al. 2013; Hawkes et
al. 2017, but including lagged effects phastprecipitationregimesmay improve ouability to
predicthow ecosystem structure and functiitl respond to future changes in precipitation
(Sala et al. 2012; Paruelo et al. 1999 challenge to these efforts iset marked variation in the
presence, strength, and direction of documented legacy effects, and the need for additional
studies of how spatial and temporal variability modulate climate sensitaatyexample,
Strickland and others (2015) found that climbistory explained as much variatiommicrobial
CO. mineralization rates adid current abiotic conditionacross a broad climatic gradient, while
other studies report little effect of climate history on microbial decompogBiaker et al.

2018. Shot-term experimental climate manipulations and studies across natural precipitation
gradients can identify and characterize climate legacies, but lergemanipulative climate
experiments are required to more robustly assesschimatechange and climatlegacies over
decadeshape ecosystem functioning and sensititotpovel climate perturbations (e.qg.,

drought)
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Grasslands cover3® 0 % o f t hhe ear t&ndare oftem wateelentted i a | sur f

(Pendall et al. 2018). The sensitivity of these gstesns to interand intraannual climate
variability will play a major role in future global C cycling (Beer et al. 20@imate variability

in grasslandsffects the composition of plant (Cleland et al. 2Qldhes et al. 2016) and
microbial communitie (Zeglin et al. 2013; Bell et al. 2008), primary produitti(Wilcox et al.
2017), andsoil CO, efflux (Harper et al. 2005; Miao et al. 201 The largest and most important
C fluxes in these ecosystems are soil respiration and net primary producti®)) (ich are
often similar in magnitude (Longdoz et al. 208&ich and Schlesinger 1992). Assessing the
relative sensitivity of these two processes to altered climate conditions is key to projecting the
effects of climate change on ecosystem C balangieeflal. 2009)Moreover, most biomass in
grasslands is below ground (Rice et al. 1998), so the sensitivity of root biomass, depth
distribution, and chemistry to climate and potential effects on the quantity and quality of root
inputs are important contisoon C storage and flux in these ecosystéDasrillo et al. 2014,
Parton et al. 2007, Bardgett et al. 2014; Silver and Miya 2001).

The tallgrass prairies at the eastern extetit®@North American Central Plaipsovide
ecosystem services suchfasage production, carbon sequestration, and maintenance of
biodiversity ghou et al. 2019Hoover et al. 2014Collins et al. 1998 and the processes driving
these services are closely tied to interd intraannual variation in precipitation (Briggsdn
Knapp 1995; Knapp and Smith 2001; Harper et al. 2005). These systems are characteristically
resilient to shorterm drought (Hoover et al. 2014), but the unprecedented increases in
temperatures and rainfall variability projected for this rediBx€C 20B) may cause persistent
changes in ecosystem functioning that alter how ecosystem processes respond to subsequent

climate variation. Positive legacies of past precipitation on current functioning can occur after
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both wet and dry perioése.g., higher ANPPdllowing community shifts to higiproducing
species during a wet period, or buildup of limiting nutrients during a dry period supporting
higher ANPP. Negative legacies can also occur, such as when dry periods result in mortality or
plant community shiftsoward more droughblerant, slowgrowing species (Huxman et al.
2004), or when wet periods increase leaching or gaseous losses of limiting nutrients (Shen et al.
2016; Evans and Burke 2013). In tallgrass prairie, natural droughts can causdhagher
expected ANPP in the subsequent year (Griffiolan et al. 2018). However, longer
experimental droughts in tallgrass prairies can result in commoretjiated negative legacies
on ANPP (Sherry et al. 2008) and decreased drought sensitivity of heterotraptesggcation
(Veach and Zeglin 2020). In contrast, letegm experimental increases in precipitation in a
temperate Mongolian grassland ultimately led to N losses and caused decreased sensitivity of
carbon cycling to wet conditions (Ren et al. 2017),clias important implications for
ecosystems ebmited by N and water such as tallgrass prairie (Knapp et al. 1998a). These
results suggest that prolonged climate anomalies may have distinct legacy effects that manifest
slowly over time through mechanismigch as community shifts or indirect effects ordigoting
resources. Moreover, since the effects of both-k@mgn climate trends(nhapp et al. 200land
climate variability (Briggs and Knapp 1995) on carbon cycliagy dramatically across
topographyin these grasslands, it is imperative to assess how the strength and direction of
climate legaciesliffer across the landscape.

In this study, weaused a longterm irrigation experimerthat simulated a wetter climate
starting in 1991, and in 2017 we implented new treatments in plots with contrasting
precipitation legaciet assess howistoricand currenprecipitation regimeshapecarbon

cyclingin atallgrass prairie landscaplerigation in this experimenhcreased annual
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precipitation(19912016)by an average 0¥32% across a topoedaphic gradient that spans

upland and lowland annually burned pra{@aplan et al. 2019While initial functional

responses (e.g., ANPP) to added water were modest, after ~10 years a species reordering within
the G grass functional group was associated with a 64% increase in ANPP (Knapp et al. 2012;
Collins et al. 2012)Belowground CGand Ncycling appeared to beoreresistant to changes in

water availability in an earlier stuaione in uplands onl§Wilcox et al. 2A6), butthe most

prominent plant compositional and functional changes manifested in the lowlands, suggesting
that treatment effects on carbon cycling might vary across the landst&®4.7,26 years after

the initiation of the irrigation treatmentse (1) switchedhe irrigated and contréteatmentsn a
subset of experimental plots in both upland and lowland topographic positio(®) angosed

an experimental drougk6%reduction in ambient rainfall) iboth historically irrigated and
controltreaments This new treatment design enabledaiassess howraulti-decaddegacy of
contrastingclimateconditions(i.e., longterm irrigation vs. ambient precipitatioaffecied

ecosystem responsesawoange of new precipitation conditions (i.e., redyeacbient and

increased water availabilityJThis combination of ongoing and new precipitation manipulations
offered a rare opportunity to compare ecosystem functional responses to altered climates in one
ecosystem at a single site with distinct climastdries. We assessed how precipitation legacies
and current precipitation treatments independently and interactively affected tallgrass prairie C
cycling, and how these responses varied across years and landscape position. Our hypotheses
included: (1) posive legacies of irrigation on ANPP, especially in lowlands where previous
studies had documented concurrent changes in plant species composition and ANPP, (2)
negative legacies of irrigation on soil respiration, if decades of supplemental irrigaticasettre

sensitivity to water stress and drought (3) persistence of increased extractable, microbial, and
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total soil C pools in the lonterm irrigation treatment even after treatment reversal as a result of
enhanced C inputs with lortgrm irrigation, (4) pesistent effects of longerm irrigation on root
biomass and nutrient concentration (i.e., higher biomass with lower N content in irrigated vs.
control plots), and (5) more pronounced legacy effects in dry years than in wet years, and in
lowlands than in ulands, due to greater effects of water limitation in dry vs. wet years and in

drier upland vs. wetter lowland sites.

2.2 Methods

Study sité This studyleveraged the ongoing Irrigation Transect Experiment (Knapp et al. 2001)
in an annually burned, ungrazed grasslandaditiee Konza Prairie Biological StatiofKPBS,
39°05'N, 96°35'W}W. Mean annualemperaturdor KPBSis 12.8 °C ananeanannual

precipitaton (19872016)is 81 mm (range = 4881674 mm) with ~75% of that precipitation
falling during the growing seasd@April-September)Iintraannual and inteannual variation in
precipitation is higl{fHayden 1998)with frequent water deficits during theogving season

(Wilcox et al. 201%. Soilsat KPBSaregenerallysilty clay Mollisols, but vary in depth, texture,

and average soil water content with landscape poshibtinis specific site, pland soils belong

to the ClimeSogn complex (fine, mixed meditdic Haplustolls), with soitexture (010 cm) of

15% sand, 58% silt and 27% clay; while lowland soils are Irwin silty clay loams (fine, mixed
mesic Pachic Argiustolls), with a soil texturd {0 cm) of 15% sand, 51% silt and 34% clay.
Uplandshave shallaver, rockier soils that experience more frequent and severe water deficits
than deepesoil lowlands, though the difference in topographic positions here is less pronounced

than at other KPBS locations (Knapp et al. 2001).
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Irrigation TransectExperimen® The Irrigation Transect Experiment, which consists of an

impactsprinklerbased irrigatiorsystemthat wasestablishe@long asingle uplaneto-lowland
transect in 1991and expanded to includeeplicate transect in 189Adjacent ontrol transe™
subjet to ambient precipitation weestablishegbarallel toeach irrigated transechAppendix 1,
figure 1). The impact sprinklers are on vertical risers ~ 1.0 m high to deliver water in-an~15
radius circle, and spaced to produce a relatively even application along each irrigated transect.
Irrigated transects were supplied wiftoundvaterfrom the site as needto mitigate water
stresduring the growing season by maintainsajl water content at or above 0.25%n? at

0-30 cm depthThe amount of water added annually varied depending on ambient precipitation
inputs and soil conditions. All irrigation wateras applied between 05:00 and 13:00 to minimize
loss from evapotranspiration and to avoid heavy wifasaverage, irrigation increased annual
water inputdy ~326 compared to ambient precipitation in control plots (Caplan et al. 2019)
During the currenstudy period,rrigated plots received 27% more precipitatitran control

plotsin 2017 and 2018~hen annual precipitation inputs were 724 and 811 mm, respectively,
and long water deficits developed throughout the growing season [Appendix 1, figumet 2])

only 13%more precipitation in 201 %s this was a naturally high precipitation year (1131 mm
total; Appendix 1, table 1At 10-m intervals along each irrigated and control tran$6at?

plots were establishdd allow for replicated sampling of ARP and other response variables
(Appendix 1, figure 1)all soil samplingand ANPP measuremerits this study vereconducted

in new plots immediately adjacent to selected {@rgnupland and lowland lortgerm sampling
plots to minimizedisturbance effest Plots on rocky slopes in the transitional area between

uplands and lowlands were excluded from this study.
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In 2017,we imposed new treatments to assess the legacies of contrasting past
precipitation regimes and their influence on responses to newbsedrecipitation treatments.
Half of eachirrigation linewasshifted toswitchthe longtermirrigation and controtreatments
in a subset of plots in both the upland and lowland topographic poqifippendix 1, figure L
This allowed us t@ssesgrecipitation treatment legacies and their effectearsystem
responses to new precipitation regimes (i.e., supplemental water in former control plots and a
reduction in water availability in former irrigated plotadditionally, we erected 3n x 3m
pass$ve rainout shelters oveareaghat were previously irrigated or previously received ambient
precipitation. The sheltepofs wereconstructedvith clear polycarbonate slaspacedo exclude
and redirec66% of incoming rainfallGutterswere usedo divert water away from plotsnd the
sheltersvere deployed from AprNovembereach yearSheltergoofs wee approximately 1 m
off the ground and were raispdriodically diring the growing season to accommodate tall
vegetation. Theombination of longerm, ongoing and reversedgation and control
treatmens coupled with neweduced rainfaltreatments resulted six replicateplots for each
combination oforevious clinatetreatment (2 leveldrrigated (I) or ambient (A) rainfglland
currentclimatetreatment (3 levelsrrigated (1), ambient (A), and reduced (R) rainfail each
topographic positioupland and lowland) for a total of 72 plo@&ucially, this expemental
design allowed us to compare pletgeriencing the same current precipitation conditions, but
having contrasting precipitation histories (e.gd R vs. AA R). To documentgffects of
irrigation and droughon soil moisturerelative to ambient condans, we measurévolumetric
water content from-15 cm depth usg time domain reflectometry (TDR) probes (CS616,
Campbell Scientific)n a subset of plots of each treatmg@hplots/treatment combination in each

topographic location).
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Aboveground primiy productiord Full methods for ANPP measurement can be fourkbinza

LTER metadatdBlair 2021) Briefly, five 0.2m? subsamples were clippedgrbundlevel in

each plot apeak biomass neé#lne end of the growing season. Biomass was sorted intqg grass
forb, and woody vegetatiodried at 60 °Candweighed This approach provides a good

estimate of ANPP (g 1) in these grasslands (Knapp et al. 1998ajtal ANPP was estimated

as the sum of grass, forb and woody biom&sfsamplegn=5) were averagedf each ploto
estimate plotevel ANPP. Response variables of interest included total ANPP, grass ANPP, forb

ANPP, and proportion forb ANPP of total as an index of relative forb abundance.

Plant community compositiénSurveys of the plardommunity took place in June and August

of 20172019. Within each plot, a-th? frame was placed in a fixed location and percent cover
was estimated for each species present. The maximum cover value for each species in each plot
in a given year was retainéwm the two growingseason sampling events and used in all

subsequent analyses.

Soil CO effluxd Soil respiration was measured approximately biweekly during the growing
seasonn 2018 and 201%etween late April to midDctober Data from outside the gnong

season were collected less frequently but were excluded from analyses due to very low values
and minor contributions to total annual soil £Dx (Knapp et al. 1998b). Polyvinyl chloride

(PVCO) rings (16cm diameter) were insert&cminto the groundafter spring burning, leaving
~2-cm abovegroun@orecise heights were recorded before each measuring event, and interior

collar volume was adjusted accordingly for calculationsly #egetation growing within the
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rings was clippe@tgroundlevel at leastl hour before measuremen®il respiration was
measured between 10:00 artdD on sunny days using a-BILOO infrared gas analyzer ¢LI
COR, Lincoln, NE, USA)with care taavoid measurements within 24 hours of a heavy

precipitation evenfHarper et al2005)

Total soil C and B To assespotentialeffects of long-term precipitation treatments @vil C

and N stocksin July 2018we collected one soil core (5 cm diameter x 10 cm depth) per plot in
the 48 nordrought treatment plot$Ve did not take cosefrom under the sheltets limit

destructive samplingand ecause we did not anticipate shiatm (12 year)effects ofdrought
onthe very large pool of soil C in these grasslafRise et al. 1998)Soil waspassedhrough a
4-mm sieve to remove ragtrocks and debris, driednd therground on an 8000D mixer/mill
(SPEX, Metuchen, NJ) and analyzed for total C and N on a Flash EA 1112 C/N auto analyzer

(Thermo Fisher Scientific, Waltham, MA).

Microbial biomass C (MBC) anektractable organic C (EO®) We collected soil samples from

all irrigated and control plots (N=48) in 2018 and from irrigated, control, and sheltered plots
(N=72) in 2019. Samples were collected with-en® hammer core to 1@mdepth at the

beginning of June, July and August of each sampling year. Soils were passed through a 4

sieve to remove rocks, roots, and debris, and then 11.5 g subsamples were extracted with 50 mL
0.5 M KoSQu. Extractable organic C was determinedaofOC analyzer (Shimadzu, TOG

USA) (Paul et al. 1999Because these soils are carbormier (Macpherson et al. 2008), we are
confident in using this sadixtractable C as an index of extractable organic C across treatments

without removing carbonates. Bgsess microbial biomass C, we subjected-@k6il
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subsamples to chloroform fumigation (Vance et al. 1987), these were subsequently extracted
with KoSOy and analyzed for C content as with unfumigated samples. MBC was calculated as the
difference in extactable C between fumigated and unfumigated samples; no correction factors

were used (Joergenson et al. 2011).

Root standing biomass and chemidtRoot biomassvas sampled using-&n diametercores

takenin mid-June 2019 t@ 20-cm depth and divided int@10 cm and 1420 cm depth Due to
shallow soils in uplands, samples wesstricted td-10 cm depttihere Roots were retrieved by
passing soil through a series of sievesnf#, 2mm and Imm mesh) under running water.
Roots were further cleaned of kdebris using water flotation and were dried for 48 hours at 60
°C and weighedAll r oots were ground and analyzed for total C and N similarly to the soll

samples.

Data analysi® Our analyse$ocusedprimarily on assessing the legacy effectsaiftrasting
precipitation regimes by comparing ecosystem processes and properties in treatments
experiencing the same current precipitation conditimrishaving contrasting precipitation
histories(e.g., (A R vs. AA R). However, we were also interesteciraluating the effects of
ongoinglong-term irrigation (A 1) and ambient (& A) treatments on response variabM&e

evaluated theffects of past irrigation (I) and ambient (A) treatments on current responses (i.e.,
one type of legacy effectihe effects oturrentprecipitation treatments, A, and R) on current
responsesand interactions between past and current precipitagatntents (i.elegacy effects

that result in differential sensitivity to current conditions). To assess main effects and interactions

of precipitation treatments on ecosystem processes and properties, wiaesechixed models
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(LMMs) or general linear med model§GLMMs) with a loglink function, based on which best
metassumption®f homogeneity of variances. For proportion forb ANPP, a beta binomial
GLMM with a logit-link function was used (Warton and Hui 2011). All analyses were conducted
in R3.4.2(R Core Team 2019)sing the packagédme4 (Bates et al. 2015)merTest
(Kuznetsova et al. 2017), emmedhenth et al. 2021)gamm4(Wood andScheipl2020)
MuMin( Barto@® 2019), gl mmTMB (Brooks et al. 2017
For posthoc model evaluation when there were significant interacting factors, we evaluated the
effect of the current treatments, past treatments, and their interactions within each landscape
position, and within each year if applicable, in emmeS&ignificance wasetan O 0. 05 .

For all models, currergrecipitation treatmenpastprecipitation treatmentppographic
position (upland and lowland), and year and their interactionstvestedas fixed effectsk-or
one plot (1 of 216 measurements), forb ANPP Qvg#nt; this was replaced with 0.001 to
accommodate a GLMM, which better met model assumptions of homogeneity of variances. For
volumetric water content, we present the data for 2017 but did not include it in statistical models
since data collection didom begin until August of that yedfor root biomass, separate models
were run for 810 cmdepth in the uplands and lowlands and for200cm depth in the lowlands,
since deeper sampling was only possible in lowland plat$est the effect of landscape
position, a second model was run with only thE00cm depth. Similarly, for EOC and MBC,
separate models were run for 2018 and 2019 samples because the sampling scheme differed
between years. A second model was run including only plots sampled in baH{iye=anon
shelter plots). One outlier was removed from the root biomass sample@@ch®ddepth, as it

was more than double all other recorded responses.
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We assessed whether treatments significantly affgtgedcommunity composition
using multivarate analysesWe first assessed the effect of current treatment, previous treatment,
landscape positigrand year with an overall permutational analysis of variance
(PERMANOVA). Because we were interested in knowing which treatments differed from each
other, we took several steps to simplify models to allow for pairwise treatment comparisons.
First, we combined previous treatment and current treatment to create one variable with six
levels. We then separated data by landscape position and year and th@ostroc analysis
using the pairwise.adonis function (Martinez Arbizu, 2019) for each year and position subset.
Because we analyzed the effects of climate variables separated by year and topography, we
presented these community responses as separateatna multidimensional scaling (NMDS)

plots.

For response variables measured multiple tiwigsin the same plotwe accounted for
the repeated measures by incorporating plot nested within transect replicate as a random
intercept.If plots were sampled repeatedly within a growing season (e.g., VWC, soil respiration),
we also included day of year as a random intdremaled to have a mean of 0 and standard
deviation of 1 Because current treatmemds applied withinatransect, for all response variables
we tested models that allowed each transect a random slope for current tresémsuits(r et
al. 2013). Becauesthe inclusion of this term resulted in an overfitted model (cor =1)pwe
removed this complex term for all moddfar a small number of analyses, the model was overfit
by including even the simplest random effect; we interpret this result to timegtdargerscale
spatial variability represented by sampling transect was not important in driving patterns in our

data.Model outputs are included in Appendix 2.
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2.3 Results

Soil water contei@ Annual and growing season rainfall inputs and supplementaltiomga

varied considerably among years (Supplemental table 1). Although ambient precipitation inputs
in 2017 and 2018 were within one standard deviation of theedbaverage preceding the study
years (85X 235 mm), the distribution of this precipitatioesulted in water deficits for much of

the growing season in 2018 (Appendix 1, figure 2). Therefore, current irrigation in 2018
significantly increased mean soil water content by 19%, and the reduced rainfall treatment
decreased soil water content by 17%itd®from 2017 were not included in the models since

TDR probes were installed in the middle of the growing season, but trends were similar (Figure
1). In 2019, when ambient precipitation (1131 mm) was nearly 200 mm higher than average, the
drought treatmetirdecreased soil water content by 10% and irrigation treatment had no effect,
likely because high ambient precipitation resulted in very wet soils in both ambient and irrigated
treatments. Although the model revealed some significant-taneefourway interactions

involving previous irrigation treatments, pdgic tests did not suggest notable legacy effects on
soil water content; therefore, VWC data for current treatments is presented averaged across past
treatments (Figure 1). As expected, lowland spéiserally had a higher water content than

upland soils.

ANPPS Across all years, treatments, and topographic posijtioted ANPPincreased with
currentirrigation and decreased withe reduced rainfall treatment, regardless of treatment
history. ANPPalso was higher in lowlands than uplands, and was higher in years with more
ambient precipitation (2019 > 2017 > 2018; all main effects p < 0.001). However, Al P

also significantlyincreasedy pastirrigation (i.e., a legacy effect) regardless of et treatment
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(p<0.001; Figure 2)Two significantinteractions help clarify how the effectafrrent and past
climatetreatments variedcross topography and among ye&isst, the effect of the current
precipitation treatments varied with year and raltprecipitation inputs. In 2017, ANPP was

20% higher in the currently irrigated treatment compared to the reduced rainfall treatment (p <
0.001)regardless of treatmehistory, with each treatment only marginally significantly different
than the intermgiate ambient treatment (A vs I: p = 0.067; A vs R: p = 0.0683. differences

in ANPP amongurrenttreatments became much more pronounceldématural drought year

of 2018,whenANPPIn thecurrentirrigation treatmenaverage®5% higher, andANPP in the
reduced rainfaltreatment averagei/o lower, thanin ambientconditions(p<0.001 for all
comparisons)ln contrast, there were no effects of current irrigation or rainfall reduction
treatments in 2019, a very wet year. Secomelstrengthof treatment legaciedriving ANPP
variedwith topographic position. érossall current treatmentand yearsthe legacy of past

irrigation increased ANPP kgn average of 38 in the lowland (p < 0.001) buthad a smaller

and only marginally sigificant effect (12% increase; p = 0.052) in thands. Finally, a three

way interaction between current treatment, past treatment, and year revealed differential
sensitivity to current climate regimes among plots with different treatment historiegacdy lef
irrigation conferred some resistance to the new drought treatment in 2017 and 2018, maintaining
higher ANPP under rainfall reduction shelters in previously irrigated plgtR (¥s. /A R);

ANPP under shelters in plots with a legacy of irrigation 268 greater in 2017 (p = 0.037) and
35% greater in 2018 (p = 0.002) across both topographic positions compared to sheltered plots
without a legacy of irrigation. A legacy of irrigation also increased ANPP in the current ambient
treatment i A vs. AA A) by nearly 30% in 2018 (p = 0.014) and by nearly 40% in 2019 (p <

p.001) across both topographic positions.
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Grasses dominate productivity in this system, and patterns of grass ANPP were similar to
total ANPP, with higher productivity in lowlands and in higipecipitation years (Appendix 1,
figure 3). Current irrigation increased grass ANPP in 2018 (p = 0.035), and current reduced
rainfall decreased ANPP in both 2017 and 2018 (both p < 0.001); however, both treatment
effects disappeared under higher ambiemifadliin 2019. Grass ANPP exhibited positive legacy
effects of previous irrigation in all years. Across all current treatments, past irrigation increased
grass ANPP by 15% in both 2017 (p = 0.004) and 2018 (p = 0.023), and by 25% in 2019 (p <
0.001). A theeway interaction between current treatment, past treatment, and year revealed that
a legacy of irrigation increased grass ANPP in the current ambient treatféntvgl AA A) in
2019 (p = 0.003) and marginally in 2018 (p = 0.100); however, unlike totRIPAtKere was no
evidence of a significant legacy of irrigation on grass ANPP in the reduced rainfall treatment
(IA Rvs. A R), perhaps due to greater variation in the proportion of grass biomass in individual
plots or due to a large legacy effect on foroP¥N Although forbs made up less than 10% of
biomass on average, and never more than 25% of biomass in any treatment, foro ANPP was
highly responsive to current and past precipitation treatments (Appendix 1, figure 4). Current
irrigation increased forb ANPIR the lowlands by over 100% in 2017 and almost 90% in 2018
compared to currently ambient plots (p = 0.016 and p = 0.015, respectively), and the reduced
rainfall treatment decreased forb ANPP by >80% in the uplands in 2018 (p < 0.001). However, a
legacy @ past irrigation more than doubled forb ANPP in the lowlands averaged across all years,
and in the drought year of 2018, forb ANPP in previously irrigated lowland plots was three times
higher than in comparable ambient plo# A vs. AA A), despite equivant precipitation

inputs.
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To assess whether these changes in ANPP by different functional groups shifted the
relative contributions of forbs to total ANPP, we compared the proportion of forb ANPP across
treatments, years and landscape position; our dadyaised on the interactions. The current
irrigation treatment had double the percent forb ANPP (10% vs. 5%) of the reduced rainfall
treatment in the uplands (p = 0.024), while forb ANPP in the irrigated treatment in the lowlands
was only marginally higér than in the ambient lowlands (p=0.057); no other treatment
combinations differed significantly. An interaction between current treatment and year showed
that these differences were limited to 2018. A legacy of past irrigation nearly doubled percent
forb ANPP (14% vs 8%) in the lowlands; an interaction with year suggested this effect was
marginal in 2017 (p = 0.057), highly significant in during the drought year of 2018 (p < 0.001),

but disappeared in the wetter year of 2019 (Figure 3).

Community compositiégnAn overall PERMANOVA indicated that the main effects bbth

current angrevioustreatment, as well as landscape position, affected plant community
composition. There was also a significant interaction between curreptarndustreatment,

and there was a significant interaction betwpgavioustreatment and topographic position.
Within-yearpairwisePERMANOVA s for the uplands revealed wlafferences in community
composition amongreatment combinations in 2017 and 2019, but thaixperimentally

imposed drought treatments differed from other treatments in the naturally dry year of 2018. In
the lowlands, there were similar pattéynso treatment differences in 20Uytcommunities in

the reduced rainfall treatments differed frothey treatments in 2018. In 2019, the only

communities that significantly differédom each othewere the longerm ambient (A A) and
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the previously irrigated § A) treatment, providing evidence of some irrigation legacy effect

(Figure 4)

Soil CO effluxd Soil respiration was significantly affected by all main effects (current and past
treatment, topography, and year; all p <0.001), but interpretation of the results was complex due
to multiple interacting factors. For brevity, our interpretation is éhasethe fomway interaction
between current treatment, past treatment, topographic position, and year. In general, soil
respiration averaged much lower across all treatments and topographic positions in 2018 than in
2019 (4.75 vs 10.0dmol/n?/s) as a reult of much lower ambient precipitation through most of

the growing season. In the shallower soil uplands, the redudg®R}jAainfall treatment further
decreased soil respiration in 2018 to an average ofe2@¥n?/s compared to the ambient
treatment (4.13mol/n?/s) and to both shoterm current (A I; 4.93gmol/m?/s) and longterm
ongoing (A I; 5.89emol/m?é/s) irrigation (p<0.001; Figure 5). In addition, while letegm

ongoing irrigation (& 1) maintained higheral respiration compared to lorigrm ambient

conditions (AA A; p<0.001); respiration in the shadrm current irrigation treatment fAl) was
intermediate and not significantly different from either treatment. There was no evidence that a
history of irrigaion affected the sensitivity of GAlux to the reduced rainfall treatment in the
uplands However, in the lowlands in 2018, both shamd longterm irrigation increased

respiration compared to the lotgrm ambient treatmefiineans of 6.45, 7.76, ancb8

gemol/m?é/s, respectively; p<0.001), but with a much larger effect of-tengy (60% increase for

IA 1) compared to the newly irrigated treatment (40% increase Apl) Amportantly, a legacy

of past irrigation (A A; 6.01emol/m?/s) also maintained 31%dtier soil respiration compared

to the ambient treatment (p=0.011) despite identical current rainfall amounts. Although soil
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respiration in the previously irrigated treatment remained higher than in the ambient treatment, it
was not as high as in the letgym currently irrigated treatmen#ll: p=0.019). As expected,

the experimental drought treatment in plots without a history of irrigatiénRAdecreased soil
respiration rates in lowlands compared to the ambient treatment (3.16 vsmaB8?/s;

p=0.0@); however, soil respiration was not significantly reduced by the experimental drought
treatment in plots with a legacy of irrigation (4&®ol/mé/s; IA R). In the lowlands in 2018,

soil respiration in the experimental drought treatment was 33% higprtgwith a legacy of
irrigation compared to plots without a legacy of irrigatioy R vs. AA R; p = 0.032). In

contrast to the array of treatment effects and interactions in 2018, there were no significant

effects of either current or previous treatmeatssoil respiration in 2019, a much wetter year.

Total soil C and R Soil C content was higher in the uplands (4.27 = 0.08 %) than the lowlands

(3.79 £ 0.11 %,; p<0.001) across all treatments, and the effects of precipitation treatments on total
soil C wee relatively small (Figure 6a). An interaction between irrigation history and

topographic position suggested that a legacy of-tengp irrigation was higher soil C content in

the lowlands (p=0.002). However, a thngay interaction indicated that this eft was driven

mainly by lower soil C under the new current irrigation treatme# [)Acompared to ambient

(AA A), long-term irrigated (A 1), and formerly irrigation @& A) treatments, rather than a

legacy of enhanced soil C from previous irrigation.

Extractable organic C (EO®) Extractable organic C (EOC) was more responsive to both

current and past treatments was than total soil C. In 2018;tehmrturrent irrigatiofAA 1)

nearly doubled EOC in the uplands compared to the ambient treatment, though this effect was
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not significant (Figure 6b). In the lowlands in 2018, EOC in the-kanign irrigated treatment

was nearly 80% higher than in the ambient treatment (p = 0ad@Bnearly triple that in shert

term current irrigated plots (which had the lowest values, p < 0.001); while previously irrigated
plots switched to ambient conditions had nearly recovered to theédomgambient treatment
levels. In 2019, shoiterm irrigation in the upland again nearly doubled EOC compared to
ambient plots (p = 0.004). Lortgrm irrigated plots also had higher EOC than ambient plots (p =
0.020), and even after reversal to ambient conditions EOC remained highh G16) soil in

IA Avs.48¢eg C/ g soilin A ). In the lowlands in 2019, lontgrm irrigation increased EOC by
about 80% compared to ambient plots and those that were newly irrigated, and imposing drought
in historically irrigated plots marginally decreased EOC by 34% (p = D.6&8vever, despite

the effects of current treatments on EOC, there was no evidence that a legacy of irrigation

affected EOC pools in currently ambient or droughted plots in the lowlands in 2019.

Microbial biomass C (MB@) Microbial biomass tended to Igher in 2018 than 2019, though

statistical comparisons of year effects were not possible due to different sampling schemes in
each year. In 2018, a thrgay interaction between current treatment, past treatment, and
landscape position showed that letegm irrigation (B 1) maintained significantly higher MBC
than did the reversal to ambient treatmeAtAl; p = 0.016) in the lowlands, suggesting that a
legacy of past irrigation was increased sensitivity of MBC to the natural drought conditions of
2018. Havever, ambient (A A) and shorterm current irrigation (A ) treatments had
intermediate MBC levels so that no other treatment combinations were significantly different
from one another. In 2019, a wet year, MBC in #§eAlreversal treatment recoverediéwels

comparable to the loagerm irrigated plots @ 1), but this longterm irrigation treatment still
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maintained significantly higher MBC than the irrigation to drought treatmanR(lp = 0.002).
Additionally, the longterm irrigation treatment suppodi@igher MBC than the shetérm

current irrigation treatment (Al; p < 0.001; Figure 7).

Root biomass and chemigbryOverall, root biomass did not vary with treatment, likely in part

due to high spatial variability among treatments and among plots wigatments (Appendix 1,
figure 5). There was some indication of an effect of current and past treatments in the uplands;
however, poshoc examinations revealed no significant differences among treatrReots.
biomass did not differ between the uplandd Exwlands in the top 10 cm, and most root
biomass was in the top 10 cm in the lowlands.

Root C content was unaffected by treatment across all sampling depths (data not shown).
Lowland roots, and especially deep lowland roots, tended to have lower Nigaed C/N
ratios, than upland roots. In the uplands (where sampling was only conductedXtbam0
depth), shorterm current irrigation increased root N content compared to drought, and it
decreased root C/N compared to reduced rainfall and ambietmém@s. Interestingly, unlike
shortterm irrigated plots, longerm irrigated plots did not differ in root chemistry from controls
in the upland. In the lowland-00 cm roots, the overall model indicated a significant effect of
current treatment (N: p=0.84C/N: p=0.020), but pogtoc analysis indicated only marginally
higher root N(p=0.095), and lower C/i{p=0.060) in the current irrigation vs. rainfall reduction
treatments. The chemistry of deeper roots in the lowlan@Q1€m) did not respond to preuis

or current climate treatments.
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2.4 Discussion

The influence of past climate conditions on current ecosystem processes, and the
sensitivity of these processes to future climate variability, is a gap in our understanding of how
climate and climate changes drive ecosystem functioning. Herdoeuenenthelegacy effects
of long-termincreased precipitation and reduced water stvassarbon cyclingprocesses and
theirresponses tohangingprecipitationinputs, including droughtor two key C fluxes, ANPP
and soil respiration, there were significkegacyeffectsof 25 years ofrrigation of comparable
magnitude to contrasting current climate treatments, suggesting that the legacy effects of
different precipitation regimes are important for understanding how climate and climate changes
shape ecosysteprocesses. In some cases, such as with ANPP, legacy effects not only persisted
for more than one year but were stronger in the second and thirdsugggesting that theffects
of climatehistory oncarbon cyclingare not necessarily shdited and alsanay becontingent
on current conditiondn addition, patterns of response to both current and past climate
treatments often differed in direction or magnitude between upland and lowland sites, suggesting
that finescale topoedaphic factors can contrittote mosaic of climate sensitivity across the

landscape.

Positive legacies of climate on AN®H hough the relationship between currgear

precipitation and ANPP is well established in this grassland and other ecosystems (Briggs and
Knapp 1995; Huxmantel. 2004; Fay et al. 2011) and was supported by our results, we found
that precipitation treatment history was also an important driver of total ANPP. For example, a
positive legacy of past irrigation maintained 35% greater ANPP in the experimengihtdrou

(rainfall reduction) treatment in 2018 and increased ANPP by nearly 40% in the currently
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ambient treatment in 2019, despite identical current rainfall amounts. In another example of a
positive legacy effect, ANPP in the lotgrm irrigated treatment \ganearly 30% higher than in
the current shoiterm irrigated treatment in 2019. These legacy effects are striking and appeared
up to 3 years after the treatment reversals. Though upland prairie soils are shallower and
generally more water limited (Knappat 1993; Wilcox et al. 2016), we found positive legacies
of past irrigation primarily in the lowlands, perhaps becausetemny irrigation in the deeper
soil lowlands shifted the plant community to a greater extent (Knapp et al. 2012; Collins et al.
2012; see below), creating a longer lasting effect on ecosystem functioning.

Previous studies itallgrass prairiglescribegositive ANPP legacies (highénan
expected) following periodic droughts, perhaps due to increased N availability with the return of
adequate rainfall following drough&(iffin-Nolan et al. 2018Sala et al. 2012). Here, as we
hypothesizedwe observed positive legacy of increased precipitat{og., increased
precipitation in thegastleads to highethan expectedurrentANPP). Importantly, this
precipitation legacy on ANPP lasted for multiple years and persisted through both naturally dry
(2018) and wet (2019) years, longer than many previadstymented legacy effects (Delgado
Balbuena et al. 2019; Sala et al. 2012). This Ilghlts the importance of following the recovery
of ecosystem processes for multiple years after changes wdongnanipulations, as only one
year of data may substantially underestimate the occurrence and strength of legacy effects.

We suggest that theffects of the past precipitation treatments on the plant community
contributed substantially to the positive ANPP legacies observed here. While we did not find
strong evidence of current shifts in plant community composition as a result of irrigatamy,his
we observed differential responses to both past and current treatments at the functional level

(grass vs. forb). Prior studies in this same experiment found thatdamgrrigation led to a
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shift in lowland plant community composition towards doamce of more productive species
(i.e.,Panicum virgatum(Knapp et al. 2012; Collins et al. 2012). While more recent data
suggests that this grass has declined in historically irrigated areas €balithn prep), our

results suggests that differents@nsitivity to historical conditions between functional groups

may contribute to the ANPP legacies seen here. Unlike earlier plant surveys in this experiment
(Collins et al. 2012), we found that forb biomass in the lowlands averaged twice as high in plots
with a history of irrigation across all study years, and that it disproportionately contributed to
ANPP in previously irrigated prairie.

Other studies have suggested that a wetter climate can increase root biomass and
belowground productivity in grasslan@Wu et al. 2011), perhaps maintaining greater water
uptake and enhanced ANPP even after conditions become drier; however, we did not find
evidence for altered belowground biomass in any treatments (see discussion $eletgral
changes in the saihay also lead to legacy effects of previous climate patterns, such as changes
in soil carbon and therefore water retention (Monger et al. 2012). Indeed, recent work in our
experimental system found that decades of wetter conditions resulted in highdrolditey
capacity in irrigated soils (Caplan et al. 2019). However, these effects were most pronounced in
the uplands, while we found the largest ANPP legacies in the lowlands. Moreover, we did not
find evidence that previous irrigation increased curreitngater content in our study plots.

While it is possible previous irrigation increased water storage at deeper soil depths not captured
by our measurements in the lowlands, the dominant grasses in this ecosystem take up water from
surface soils (thouglofbs can access deeper soil water during watéied conditions; Nippert

and Knapp 2007). Additionally, even deeper soil water (i.e., 60 cm) is generally depleted by

September and recharged during the dormant season and early spring in these gr@salaads (
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and Nippert 201)% suggesting that carryover of deep soil water from past irrigation is unlikely to
drive these ANPP legacies. Finally, wet conditions may accelerate N cycling, resulting in higher
plantavailable N and consequently ANFPIn subsequdryears (Sala et al. 2012). Preliminary
results from ongoing research (data not presented here) suggests that previous irrigation
increased N supply rates, primarily in the lowlands, so this mechanism may also contribute to the
ANPP legacy effects (Brodek et al.,in prep. Because we observed a muted, but still

significant, legacy effect on grass ANPP, it is likely that both plant community changes and

biogeochemical legacies contribute to the overall ANPP legacy response we observed.

Pastand currentprecipitation drive soil CQfluxd Current irrigation and drought treatments

were strong drivers of soil respiration rates, consistent with previous findings that soil respiration
in these grasslands is highly responsive to soil moisture (Harper et al F280&t al. 2011) and
recovers rapidly from climate manipulations (Hoover et al. 2016). Yet, we also found that a
legacy of irrigation affected soil respiration, but in the direction opposite of our predictions.
Ongoing longterm irrigation increased resation almost twice as much as current sterin
irrigation compared to the ambient treatment, despite identical current rainfall and irrigation
inputs. A positive legacy of irrigation also increased respiration by 24% across all current
treatments in 208, the driest year of our study. Since soil2@l0x is commonly understood to

be highly responsive to current conditions and variable in time (Lee et al. 2004; Savage et al.
2009), the persistence of this legacy two years after treatment reverséing sitowever, our
results are consistent with emerging work showing a large effect of climate history in driving
even highly dynamic fluxes such as soil respiration (Hawkes et al. 2017). It is unclear whether

the lack of effects after 2018 are becausddbacy effects faded by the third growing season
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postreversal, or whether the legacy effects are{l@stjng but are more apparent under severe
drought and, therefore, not detectable in a wet year such as 2019. However, the interaction
between past antlrrent treatments in the lowlands in 2018, in which a history of irrigation
increased ANPP in currently ambient and droughtbdt not currently irrigated treatments,
does suggest that legacy effects may be especially salient under drought stress.

Although we did not attempt to separate the plant and microbial components contributing
to the soil respiration responses, other research offers some insights into the potential
mechanisms driving them. We did not detect differences in root biomass amongntsabue
the positive ANPP legacy we describe may contribute to higher rates of root and rhizosphere
respiration with previous irrigation (Zhang et al. 2019). In a steom grassland experiment,
irrigation increased autotrophic but not heterotrophicirapn, consistent with the link
between aboveground C fixation and root/rhizospherge@fix (Moinet et al. 2016). Microbial
responses can also contribute to soil respiration climate legacies, in part due to changes in the
size and composition of mido@al communities. This would be consistent with the finding that
that longterm drought stress selects for microbial communities with lower respiration rates in
tallgrass prairie (Veach and Zeglin 2020; Evans and Wallenstein 2012; Géransson et al. 2013).
However, when soils collected much earlier in this irrigation experiment were exposed to
laboratorybased dryrewet cycles, microbial communities responded similarly to current water
stress regardless of irrigation history (Williams 2007), and more rettehés found that the
long-term irrigation treatment did not alter microbial community composition (Carter 2019). We
found higher microbial biomass in lotigrm irrigated treatment, and reversal from irrigated to
drought conditions (natural drought in 2048d experimental drought in 2019) both caused a

sharp decrease in microbial biomass (see below). This opens the possibility that mechanisms
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behind the positive legacy in soil respiration may vary with current conditions: a large microbial
community releasd from water stress may underlie highGidxes in the longierm irrigated
treatment (Du et al. 2020), and mortalityluced flushes of resources may cause high CO

fluxes upon reexposure to water deficits in the reversal treatment (Birch 1958). Wetid

assess changes in commus#lgyel microbialcarbon use efficiengywhich has been found to

vary with climate(Manzoni et al. 2012Previous studies found that CUE increases with
decadaiscale drought (de Nijs et al. 2019), suggesting that ourtiemgexperimental release

from drought may have the opposite effect, decreasing CUE and potentially increasing microbial
CO; efflux. However, an earlier incubation study of these soils found that substrate utilization
efficiency actually increased after sewazars of irrigation(Williams and Rice 2007 making it

unlikely that CUE changes are a major driver of the soil respiration legacy we describe.

Belowgroundcarbon pool§ The major C fluxes in this system, ANPP and soil respiration,

responded similarlyo longterm irrigation; so it is not surprising that there was no-tamm

effect of a wetter climate on total soil carbon pools. Although net C uptake generally increases in
precipitation addition experiments, this is driven by aboveground productibbi@mass (Wu et

al. 2011; Zhou et al. 2016), since belowground biomass allocation tends to be less sensitive to
increased precipitation than aboveground biomass (Song et al. 2019). In the annually burned site
for this experiment, little aboveground protion enters the litter and soil C pools, which may
contribute to the stability of total C pools despite decades of climate alteration. Interestingly, we
found a decrease in soil C during the second year of irrigation, which was surprising after such a
shot treatment period. Although total C pools are generally understood to belstmging,

some studies have reported differences in these pools after just months or years of treatment

38



(Connell et al. 2021). In our case, wetter conditions may have caupie ansmicrobial
respiration of labile C, which is consistent with both the high rates of seifl@Owith current
irrigation and the very low extractable organic C in the lowlands in 2018 undeitaimort
irrigation found in this study and others (Haemhet al. 2019Fierer and Schimel 2003)

Trends in EOC were stronger than total C but were similar in direction, particularly in the
lowlands, suggesting that under some circumstances this pool may be a useful indicator of slow
changing but important total carbon pools (Toosi et al. 2012). lnglaads, EOC pools were
almost identical in longerm irrigation treatment and in the irrigated to ambient reversal
treatment, while in the lowlands IA reversals were intermediate between loeign irrigation
and controls, both of which provide some o for legacy effects of irrigation. While EOC
generally increases under drought stress as microbial uptake and respiration decreases and soill
aggregates are disrupted (Homyak et al. 2017; Hammerl et al. 2018), we did not see this in our
study, and undesome conditions (e.g., uplands in 2018), stemn irrigated soils that were
released from drought stress had the highest EOC of any treatment.-testmoirrigation
caused a flush of osmolytes released from a dreagtitmated microbial community iérer
and Schimel 2003), this could explain the high EOC under this treatment in the water stress
prone uplands. As noted above, microbial biomass was higher undgetamgrigation, but a
history of irrigation also increased the sensitivity of MBC atumnal (in 2018) and experimental
(in 2019) drought. This reinforces that the effects on pools and fluxes can be distinct, and that
microbial uptake of soil C and respiration can vary independently from the size of the microbial
community (Hawkes et al. 20).

Root biomass and nutrient composition did not respond to current or previous climate

treatments in our study, which is consistent with studies finding larger aboveground than
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belowground plant responses to climate in tallgrass prairie (Wilcox2@Hp). Although a
metaanalysis suggests that wetter conditions usually increase belowground biomass (Wu et al.
2011), effects on belowground biomass and productivity tend to be smaller than their
aboveground counterparts (Song et al. 2019). Overall, thealts suggest that management
regimes can interact with previous and current climate effects on fluxes to regulate overall

changes in soil C sequestration.

Spatial and temporal variation in legacy efféct§he strength and sometimes the direction of

climate legacies observed in this experiment varied across space and time, offering insight into
what conditions support strong climate legacy effects. First, ANPP legacy effects lasted longer
than solil respiration legacies. The plant community changessipehennial system with long

term irrigation, which took nearly a decade to devélopapp et al. 2001; Collins et al. 2012;

Knapp et al. 2012 provides a mechanism for persistent changes in ANPP long after climate
conditions reverse, across both dry ared years. The changes we document in the relative
abundance of major plant functional groups and their contributions to ANPP are likely important
drivers of carbon cycling legacies in these grasslands. Potential changes in nutrient dynamics
associated win longterm climate treatments can also persist and maintain long ANPP legacies
(Shen et al. 2016), which is the focus of ongoing work in this system. Conversely, microbial
breakdown of soil organic carbon, as well as the physiological processes @smtion and
exudation that contribute to soilGO | ux e s , may have fewer Astorag:
legacies to persist (Evans and Wallenstein 2012). This may be particularly true in our system in
which frequent fire limits legacies in litter in{sy soil organic matter accumulation, etc. that have

been found to contribute to soil respiration legacies in other ecosystems (Shen et al. 2016). If C
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flow into ecosystems is more sensitive to climate legacies than C efflux, this has implications for
future projections of ecosystem C storage across climate regions. Additionally, legacy effects in
most response variables were concentrated in the lowland area of our study, even though the
shallow, welldrained upland soils are more prone to watexssThecommunity change in the
lowlands likely also drove these differences in legacy effects. It is possible that in the typically
wetter lowlands, the addition of more water was sufficient to cause a community shift to more
mesic speciedVhile perennial vegation often stabilizes ecosystearsd prevents shetérm

legacy effects (e.g., Sternberg et al. 2017), Jfmng changes in climate drivers can actually

cause changes in community and consequently larger functional legacies, a result that would not
appeain previousyearprecipitation legacy studies. Although the upland and lowland areas of
the experiment received similar water inputs in our study, those water additions were likely
better retained in the lowlands, which have deeper soils with a highelagotontent (34% vs.

27% clay). While these differences in soil depth and texture were not large enough to cause
legacies of higher soil water content after irrigation, they may have been large enough to control
plant community responses, and there®NPP responses, across the topography gradient.

Within each growing season, irrigation inputs may have been better retained and utilized by
plants and microbes in the lowlands than in the shallower, rockier uplands, contributing to the
changes in plant amdicrobial functioning that persisted even afteimeoduction of water

stress.

Future directiorsd Our observations of persistent legacies of previous climate on grassland

carbon fluxes warrant further study into the mechanisms behind these climaiedégats.

Previous studies in arid systems have pointed to mechanisms such as soil moisture storage and
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altered vegetation density as drivers of ANPP legacies (Reichmann and Sala 2013), but in this
mesic grassland plant functional composition and alteoédlent cycling appear to be more
important drivers of mulyear climate legacies. Further work could test these proposed
mechanisms explicitly and assess whether their strength varies systematically across
precipitation gradients. The legacies we foimdoil respiration are more difficult to attribute to
one cause, but future work could assess how previous climate conditions affect microbial
communities, sensitivity to drought, root respiration and exudation, and other processes. One
particularly inteesting question is whether different mechanisms (microbial mortality and
nutrient release due to cessation of irrigation, and a larger microbial biomass uneerrong
irrigation) may contribute to positive G@ux legacies across distinct current clim&onditions.
Finally, we propose that the lowlands in our study may have had a larger capacity for climate
legacies due to its deeper, fitextured soil; in contrast, the shallow and rocky soils of the
uplands limited the potential responses in plantfional shifts, ANPP, and soil respiration.

This is in contrast to findings that sensitivity to increased precipitation in grasslands tends to be
higher in uplands and lowest in deep, fie&tured soils (Du et al. 2020), suggesting that there
may be diferences in shoierm responsiveness and potential for legacies totiemg climate

shifts across soils and topographic positions. It will be important to test the universality of these

patterns and which topedaphic factors contribute to the potentalclimate legacies.

Conclusio® This work represents one of few manipulations of ltergn climate with
imposition of multiple new climate treatments, and it allows us to uniquely assess how
ecosystem responses to current climate may depend on clegateds. Previous climate

treatments affected the sensitivity of carbon cycling to drought conditions, which are expected to
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become more frequent and severe across much o
effects persisted for several yearsuggesting that true climate legacies may be more important
than suggested by previeysar precipitation carryovers. Legacy effects on carbon influx

(ANPP) and carbon efflux (soil respiration) were comparable in magnitude but differed in their
longevity, sggesting that net C uptake may be sensitive to climate legacies. Precipitation legacy
effects are not currently included in earth system models (ESMs; Anderegg et al. 2015), but our
results add to evidence suggesting that climate history is an importamhof&nt to how

ecosystems will respond to novel climate regimes.
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ntroggnonl ing
3.1 Introduction

Carbon and nitrogen cycles are strongly shaped by cliatddeal to global scales (Piao
et al. 2020, Elrys et al. 2021), and future changes in precipitation will be a key determinant of
ecosystem functioning under climate oga (Quan et al. 2019)he size and timing of rainfall
eventshave direct and immediateffects orplant and microbigbhysiological processes, such as
photosynthesis and respiration, via changes in soil moisture (Savage et al. 2009). However,
precipitaton can also indirectly affeet multitude of ecosystem processesr longer time
periodsby exerting controls on the amount and quality of litter inputs (Ren et al. 2015), the
release, transformatipand retention of nutrients (McCulley et al. 2009), #mebrotection and
stabilization of soicarbon C) (Bai et al. 2020). These indirect effects of climate affiect
ecosystem processes in ways thatnarteeasily inferred from shetérm response®
precipitation variability Moreover, in ecosystemsatare cdimited by water and nutrient
availability, theeffect of soil water availability on th@rocesses that determine soil fertility and
nutrientsupply ratesan feed backo alterthe relationship between precipitation awbsystem
processessuch as ANPRSeastedt and Knapp 1993ptentially affecting ecosystem C balance
and sequestratiod o understand hovwuture precipitation regimewill shape ecosystem
functioning, it is critical taunderstandhese linked responsesmitrient and Qycles to long
term changes in water availability.

The indirect effects gbrecipitation regimesn ecosystem processend to operate more
slowly (months to years) than direct effeet$iich can result in a temporal mismatch between

changes in precipitatiomndecosystemesponses. For example, the relationship between annual

62



precipitation (AP) and above net primary production (ANPP) in many ecosystems can be
partially explained by precipitation amoumsheyearprecedingneasuremer(Sala et al. 2012;
Griffin -Nolan et al. 2018). Accordingly, there is growing evidence that the responses of
ecosystems to climate change may depend on historical climate conditions, often referred to as
legacy effects%ala et al. 20LZHawkes et al. 201 Broderick et al. 202). Current climate
models do not account ftegacy effects that alter theteractions betwee@ and nitroger(N)
cycling (Averill et al. 2016) which maybean important driver a$ensitivity tofuture climates.
To assess how biogeochemical legaoigsast climate conditionsiay shape ecosystem
sensitivityand drive responses to current or future climates necessary to consider héey
nutrient cycling processes respongkmrt and longtermprecipitationregimes In many
ecosystemsshorttermvariation insoil water availability strongly affects N supply rates
includingnet N mineralization and nitrificatiofWang et al. 2006jin et al. 2013)Yet studies
acrosaturalrainfall gradients have found similar fietgstimatedN mineralization ates despite
very differentmeanwater availability(McCulley et al. 2009), suggesting thamg-term
differences in rainfall regimesffect N cycling differently than shetérmfluctuations insoll
moistureconditions.Rainfall regime shifts could havéstinct biogeochemical consequences
if long-term climate patterns alter tseze, compositiojor activity of plant or microbial
communities, thus changing the quality and quantity of plant inputs or the capaaitizfobial
nutrienttransformationgde Nijs et al. 2019VeachandZeglin 2020) Internalplant N
cycling may also respond differently to shaahd longtermvariation in soilwater availability,
especially in ecosystems subject tdolses from plant residue duevinatilizationby frequent
fire. Under water stress, plardad microorganismsiay become comparatively lessihited if

water limits productivity or potentially moréN-limited due to decreasexbil N mobility
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(Marschner and Rengel 201anzoni et al. 2014 A wetter precipitation history may lead to
persistent accelerated N cycling rates (Dijkstra et a. 2@d@)ecreasdplantreliance onN
resorption (Zhao et al. 201Vergutzet al. 2012).Converselypersistent wet conditionsan
acceleratgaseous or leaching N losg&roffman et al. 2009)eadingplantsto tighten internal
N cycling (Aranibaret al. 2004 or become lesgegonsiveto water availability due tenhanced
N limitation (Ren et al. 2017 ollectively, he short and longterm responseof N cycling to
water availability may be key factors in predicting how, and on what timescales, ecosystem C
dynamics respond talteredprecipitationregimes.

Grasslands coveéd0-40% ofe a r ternedtrsal surfac€Dixon et al.2014) provide a suite
of important ecosystem goods and servi@&aa and Paruelo 199aAndaccount for much of the
stored carbom soils (Schlesinget997).Future changes in precipitation associated with climate
change may alteC uptake and storage grasslands, with important implications for greenhouse
gas levelgPendall et al. 20)8Mesic grasslandsubject to frequent firesuch as tallgrass
prairie, can bdimited by both water and KBlair 1998), so respons#s climate change in these
grasslandsre likely driven in parby N cycling responses fareviousand currentlimate
patternamaking themhard to predictFor example, lant N resorptionvaries withdrought stress
(HeckathormrandDeLucial1994;HeckathorrandDelucial995) andallgrass prairie N
mineralization varies with water availability in the shtatm (Jin et al. 2013Both previous
climate patternand current precipitation conditionsay shape N cycling processes, resulting in
climate legacy effects on N availability and N limitatidins therefore important tonderstand
to what extenN cycling rates are shaped by both previand currenprecipitationin order to

explain and predict responses to future climate change
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To experimentally assess the effecpodcipitationlegacies on current ecosystem
functioning,we useda longterm irrigation experiment in an annualiyrnedtallgrass prairie in
northeast Kansas, USAesigned to simulate a wetter climate by addimgplemental water to
increase growingeason precipitatioand minimize water stre$gr >25 yearsin
2017 treatments in a subset thelong-term irrigated anémbient plotsvere reversed, aral
new drought treatmentagadded acrosisoth historic precipitationtreatmentsA recent study
using this experimental framework reveapmasitive legacy effects dbng-term wateraddition
treatment, with ANPP and soilggiration remaining elevated fowultiple years aftere-
exposure to water stress (Broderick et al.220@/hile differentresponsivenedsetween grasses
and forbgo previous climate treatmentontributed tahese positivéegacyeffects (Broderick et
al. 2022) positivelegaciesalsowere apparerdacross both plant functional grougsd in
elevatedabile C pools. Because of the strong responses of C cycling rates to N in this ecosystem
(Seastedt and Knapp 1993; Turner et al.71%8ggs and Hobbie 20)GlteredN cyclesmay be
anotherstrong driver of climate legacie® Ccycling in this grassland.

In this study, we assesghow previousand currentainfall regimesaffect N cycling
processes tallgrass prairieWe predictedthatsoil N availability of soilswould be highewith
botha history of longterm irrigationand current water additionand we expected a potential
legacy of elevated N transformation rates once-kangn irrigation ended. Therefore, for two
years folbwing treatment reversal in this experiment,measureanonthlyin-situ net N
mineralization ancdhetnitrification rates under continuous irrigated and ambient conditions and
under a reversal of past treatments. In ordestesshe relationship o€ cycling processe® N
availability across historic and current climate treatmeantsalsomeasured several indices

of ecosystenN limitation. Weexpectedhata history ofprevious irrigation wouldesult in

65



moreconservativenternal cycling of N in plarst (indicated byreatem resorptionduring
senescengewhich would account fahe contined high sensitivity of ANPRo water
availability after > 25 years of supplemental wdtbat is, no evidence of exacerbated N
limitation reducing climate sensitty). Becausegastresearchn this experimentound thatboth
previousand current irrigation led to higher microbial actiiBroderick et al. 2022)we
alsopredicedthat both previous and current water additimagild increase Navailability for
soil microbes, as evidenced by lower microliimimassC:N ratios and lowerelativeinvestment
in N-acquiring extracellular enzymeSupport for these predictions would suggest that
previously demonstratedimate legacy effectsn C cycling maybe basedn part on persistent

differences in the cycling @ co-limiting nutrientas a function of a past wetter climate

3.2 Methods

Study siteand experimetd To assess potential legacies of contrasting precipitation regimes, we

usedalong-term wateradditionexperiment, the Irrigation Transect Experiment (Knapp et al.
2001), atkonzaPrairie Biological StatioifKPBS)in Manhattan, Kansas, USKPBShas a
mean annual temperature of 12Band mean annual precipitation of 825 niine Irrigation
Transet Experiment was established in an area of unplowed, native tallgrass prairie that
spansan uplandlowlandtopographic gradiertharacteristic of prairies in the Flint Hills
ecoregion. The upland siiein the Clime-Sogncomplex (fine, mixed mesic Udic lgastolls),
with shallow, rockysoils(~10 cm in some sites) with a texture to that depth58b sand, 58%
silt and 27% clay. The lowland sasl anlrwin silty clay loams (fine, mixed

mesicPachicArgiustolls), with a texture to 10 cm @6% sand, 51%ilt and 34% clay.The site
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is burned annually in the early spring, which is a common management practice for these
grasslands.

Thefull experimental design has been described elsewhere (Broderick et2)].1242
briefly, an irrigation treatmentvas intiated along a transect spanning the uplemibwland
topographic gradient in 199Impact sprinklers were erected to deliver water in amldrcle
radius and spaced to deliver water evenly albiegransectA second replicate irrigation
transect wasdded in 1993. Control transeotgich receive ambient precipitatiowere
establisheadjacent to irrigated transec&upplementalvater was supplied during the growing
season to maintain soil water content at @28cnt or higher (to 30 cm depthdn average,
irrigation increasedyrowing-season precipitation by ~32#toughactual water addition varied
by year based on ambient precipitatimounts and timingCircular plots (16m?) were
demarcated along both irrigated and control transects for sgmbéint community
composition. Al soil sampling took place immediately outside these {targn plotsWe
utilized 24 plots eacln the upland and lowlands, avoiding plots on slogégppendix B,figure
1).

In 2017 irrigation lines were shifted gbatthe treatments ihalf of the plotsn both
uplands and lowlands wesavitched(some that used to be irrigated now experienced ambient
precipitation, and vice versa). AdditionalBx3mdrought shelteraith roofsmade of
polycarbonatelats designetb reduce ambient precipitation by 6@¥ahdjian and Sala 2002)
were erected ovet4 newly established plots, 6 in each of the historically irrigated and
historically ambient sites in both upland and lowland locatibogetherthis new treatment

structue resulted in72 plots, with six replicates of the historic (irrigated or ambigagtments
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crossed witkcurrent (irrigated, ambient, or reduced) rainfall treatmemi®ththe upland and

lowlands sites

Inorganic N pools, ndil mineralization and niification rated Net N mineralization and

nitrification rates were measured monttlyringthe growing season (Mageptember) in 2018
and 2019 usingnin situincubated core technique (Hart et al. 19®8cause of thamount of
disturbance involved witthis methodye did not measure net mineralization and nitrification
under the rainout sheltetdowever,in JuneAugust 2019soil cores were collected from
sheltered plotat the same time h e i cores were adlletted fonineralization assays in
nonsheltered plotso thatinorganic N poolsould becompared across all treatment
combinationgsee below)At the beginning of each month, an initsail core (5 cm diameter, 10
cm depth) was collected, and a PVC core of Hmesdimensions was hammered into the soil
within 20 cm of the initial core. The$®/C cores were capped, ahddtwo holes drilled into the
core sides above the soil surfdoallow for gas exchange during the incubation period
Incubated cores were ravied after about 28 days. Initial core collection and incubated core
placementvere timed to avoid following a major rainfall (within 24 hours) to avoid inducing
anaerobic conditions.

InorganicN corcentrationsof initial and incubated soil samplesredetermined
usingKCl extraction. il samples were returned to the lab and stored at 4 °C until processing
and were generally extracted within 3 days of collectionsSale sieved through amim mesh
to remove rots, rocks and debris, and A1.5g subsample was extracted with 50 MK Cl
and filtered prior to analyseNH,* and NQ concentration of extracts were determitgd

colorimetric analysis on Blow Solution Autoanalyzer (AlpkenwWilsonville, Oregon)y the

68



Kansas State Soils Testing L&xnncentrations of 0 were assumed to be below detection levels
and were replaced with 0.001 to allow for transformatfonstatistical analysis.

Daily net N mineralizatiomates for each monthere calculated as the difference in total
inorganic N (NH* and NQ) between final and initial samples, divided by the incubation time in
days. Net nitrification rates were calculated similarly as the difference between final and
initial NOsy concentrabns divided by timeSeasonal net N mineralization and nitrification rates
were calculated bgumming the monthly rates and gap filling the period between in situ
incubations bymultiplying the daily rate by the number of days until the next initial corehat
the 24 days betweemonthly incubations were assumed to have the same daily rates as the
preceding monthk-our plots were removed from these seasonal calculations due to a missing
month time point€.g.,disturbance by animalsthese plots wereistributed among treatments so

that each treatment combination had at least 5 replicates

Microbial biomass W Microbial biomassN wasmeasured ithe same soil samples used for

initial N concentration in June, July, and August of 28&48 2019using the chloroform

fumigation extraction technique (Cabrera &ehre1993).In 20190nly, we assayed microbial
biomass N under shelters in the droughted plots as well as in adhattered plotswe

extracted 11.55 subsamples with0 ml0.5M K,SO, and filtered the extracts prior to digestion
and analysis for total dissolved No determinemicrobial biomas$\, we extracted both

fumigated and nofumigated subsamples of each sample. Microbial biomass N was calculated
as the difference in total extratiie N after and before fumigatioi.e conductegyersulfate
digestionof the extracts and analyzed ttigested samples onFdlow SolutionAutoanalyzer.

Microbial biomass N (MBN) was calculated as the differendetial dissolved Nconcentration
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in the umigated and unfumigated digested samplescorrection factors were usglbergenson
et al. 2011)Microbial biomass GMBC) was measured on these same sangidspresenteih
an earliepaper(Broderick et al. 202). Those values were usedreto calculate thenicrobial

biomass C/N ratio (MBC/MBN).

Microbial extracellular enzyme assady# August of 2019, weneasured hydrolytic enzyme

potential activitiegSinsabaugh et al. 1998aiya et al. 2002) as described iglieet al. (2013)

and Connell et al. (2021). Soil samples were sieved to remove plant roots, then frozen at 4 °C
until assays were conductalle focugdour analyses on two key-&cquiring enzymedeucyl
aminopeptidas@.AP; EC 3.4.11.1, Heucine7-amido-4-MC) andb-N-acetylglucosaminidase
(NAG; EC 3.2.1.14, 4MUB-N-acetytb-D-glucosaminide)and theC-ac qui ri ng enzy me,
glucosi dase (-MMGB-bE-@gucdidedHydrolyckenzynk potentials were
assessed using fluorometric substrdtesethyumbelliferone(MUB) (NAG andbG) and7-
amina4-methylcoumarifMC)(LAP). 1 g soil samples were thawed and combined with 100 ml
50 mM sodium acetate buffer (pH 5) to form a slurry. We combined PO0soil slurry with 50

el of the corresponding substrate in 96 well plates, with six analytical replicates and triplicate
guenchstandards per sample and replicate blanks, negative controls, and 200 uM reference
standards. The assays were incubated at a final substrate concentration of 40uM for@ hrs (
3.5 hrs (NAG), and 16 hrs (LAP). After the incubation interval, the assaystwpped by adding
10¢el 0.5M NaOH, raising the pH to >8, and fluorescence (excitation of 360 nm and emission at
450 nm) was measured orrdterMax F5 microplate readéMolecularDevices, San Jose,
California). Because total C changes slowly and idivelly stable in annually burned, ungrazed

tallgrass prairie (Connell et al. 2020), even in this T climate experiment (Wilcox et al.
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2016; Broderick et al. 2022), we did not adjust these values based on soil organic matter
concentrations (Sinsabaugt al. 2008). Instead values were standardized to nmol of substrate

degraded g of dry soil. Relative microbial C/N demandas calculated as

In( BG)/ (1 n( N{SB3abaugh talA2B08))

PlantN concentration andesorptior® Three leaves from sepde plants of the dominant

grassAndropogorgerardii were collected from each plot during the growing season (July) and
aftersenescence (November) in 2018. Leaves were dried at 60°C for 48drours] usingn

8000D mixer/mill (SPEX, Metuchen, NJ) and analyzed for total C and N on a Flash EA 1112
C/N autoanalyzer (Thermo Fisher Scientific, Waltham, M¥)esorptionproficieng/ was

measured as thHé¢ concentration in senesced leaves, and N resorption efficiency was calculated
as the percent reduction in N concentration between green and senesce(Kidangseck

1996)

Data analysi§ Despitethetypically high spatial varikility of inorganic Nconcentrationand N
transformation rate@Hart et al. 1994), only one outliealue(i.e.,>150% of all other measured
values)for ammonium concentratiomas removegbrior to analysisWe evaluated the legacy
effects of past preci@tion treatment as well as the effects of current precipitation treatments on
soil N availability, N transformation rates, soil MBN, and enzyme activitsg mixedeffect
modeling using the Ime4 package (Bates et al. 2015) in R 3.4.2 (R Core Tean206é)t
precipitation treatmenfpreviousprecipitation treatmentppographigosition (upland and

lowland), and year and their interactions were modeled as fixed effects. If a response variable

was measured only once during a growing seasongeasoal mineralization and nitrification
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rates, N resorption), we included transect as a random effect.i&amganic N,microbial

biomass C, N and C/N had different sampling schemes for 2018 and 2019, these responses were
analyzed with separate models fack yearAll variables that did not neespecialconsideration

of negative values were lggansformed as needed to massumptionsf normality and

homogeneity of varianceBor net N nitrification rates, where many values were negatnee,
Yeo-Johnson transformation was used because it allows for negative rates (Yeo and Johnson
2000).To account for repeatatieasure design for response variables measures multiple times
within a plot(i.e., monthly inorganic N concentrations, monthly minezation and nitrification

rates, and MBC and MBNyye added two random intercepts to these modelsnpkied within

transectandscaled day of year.

3.3 Results

Climate and volumetric water cont@nPatterns in volumetric soil water content across

treatmeis during the study are reported elsewhere (Broderick et al. 2022), but summarized here
(Figure 1). Intraannual rainfall variability in 2018 resulted in prolonged water deficits

(Appendix B,table 1;Appendix B,figure 2), so that water content was aféetby current

irrigation (19% increase) and drought (17% decrease) treatments. In 2019, a wet year (1131 mm
total precipitation), the drought treatment decreased soil water content but irrigation did not
significantly increase soil water content comparethe ambient treatment. Previous

precipitation treatments did not affect current soil water content.

Soil available M Soil ammonium concentrations in 2018 were slightiyt significantly higher

with a history of irrigation (2.2 vs. 2.1 mg N/kg soil=@®.044 Figure 3. However, in 2019
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current and previous treatments had larger effects on ammonium pools, and we focus our
analysis on the thre@ay interaction between current treatment, previous treatment, and
landscape position. In the lowlandse longterm irrigatedreatmen{(lA I) had higher
ammonium concentrations than letegm ambient (& A), previously irrigatedlA A), short
term irrigated (A4 1), and in the reduced rainfall treatmeagardless of irrigation histoip<
0.001 for all comparisofsln contrast, there were no significant differences amoeagmens in
the uplands.

Across current treatmentsitrate concentrations in 2018 were marginally lowehe
previously irrigatedreatmen{p=0.083 Figure 3. In the uplandprairie, airrent ambient
treatmentdiad nitrate concentrations thaeremore than three times higher than currently
irrigated prairie (p=0.001), but treatments did not differ in the lowlands. In 20d&duced
rainfall treatmentad higher nitrate coeatrations thaeithercurrently ambient or irrigated
prairie (p=002 and p<0.001, respectively), but historic irrigation had no effect on nitrate

concentrations.

Net N mineralization rat® There was considerable betwamonth variation in net N

mineralizdion rates, so that random effects (day of year in particular) explained more variation

in the model than the fixed effects (margin&-mR.088). Mineralization rates tended to decrease
throughout the growing seas(figure 4) In May 2019, high spring nafall amounts resulted in
saturated soils and very high net mineralization rates in the lowland plots; however, excluding
these plots did not qualitatively affect results, suggesting that this single sampling point is not the
main driver of the patterns vaitline below. Further, we present model results for seassnal

well as mean monthlgnineralization rate
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We found nosignificant effects of current treatments on N mineralizatades (Figure
4). In contrast, previous irrigation treatments affectemhiNeralization rates; for brevity, we
focus on the threway interaction between previous treatment, landscape position, and year. In
2018, mineralization rates the lowlandsvere twice as higin plotswith a history of irrigation
(0.093 vs 0.04689g N/ g soil/ day; p = 0.029Previous irrigation had the opposite effect in the
wet year of 2019, lowering mineralization rateshe lowlandgy 30%(0.25 (1) vs. 0.36 (Axg
N/ g soil/ day; p=0.002)There were no significant treatment effects on N miieaabnrates in
the uplandsn either year

Patterns were qualitatively similar when assessing seasonal N mineralization, and
aggregating data over the growing season dramatically increased the variation explained by the
model (marginal R= 0.56Q Figure 5. For aggregate seasonal N mineralization ratesfound
a significant interaction between current treatment and yatr current irrigatiorreducing
seasonal mineralization in 2018, the dry year of our study (p=0.021). At the seasonal level, the
effect of previous irrigation on N mineralization in the lowlands in 2019 was no longer

significant (p = 0.101), despite a similar 30% decrease.

Net nitrification rate® Similar to net N mineralization rates, net nitrification rates were quite

variable ad themodels left much variation unexplained (margirfabt094 Figure §. There

was a significant threway interaction indicating that the effects of historic treatment varied
with year and topography. In 20J@eviousirrigation decreased nitrification by 32itbthe
uplandg(0.056 (1) vs. 0.082 (A3g N/ g soil/ dayp=0.035); in the lowlands, the opposite pattern

emerged, with nitrification rates more than twice as high in previously irrigated pfad&¥ ((I)
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vs. Q032 (A)eg N/ g soil/ dayp = 0.007)Previous irrigation treatment did not affect

nitrification rates in 2019, andurent irrigation did not significantly affect rateseither year
Aggregating nitrification rates over the season increaseshdioe! fit (marginal =

0.331 Figure 7} and yielded similar patterns. One difference wagnificant decrease in

nitrification rates with current irrigation

was a large (~2x) increase in nitrificat rates with previous irrigation in the lowlands in 2018

(p = 0.016) similar inmagnitude to the daily rates.

Microbial biomass N and C/N ratioIn 2018, longterm irrigated plots @ 1) had 50% higher
MBN than longterm ambient (& A) plots (p<0.001Figure §, and were higher than any other
treatment combination. No other treatments significantly differed from each other. The effects of
treatments on the microbial biomass C/N ratio in 2018 can be understood in the context of two
significant tweway integactions. First, an interaction between current and previous treatments
showed that the longerm ambient treatment had a higher C/N ratio than any plots with previous
or current irrigation (& I: p=0.037; i A: p<0.001, A I: p<0.001). An interaction between
previous treatment and landscape position showed that, in the lowland, the C/N ratio was 23%
lower with a history of irrigation (p<0.001)

In 2019, MBN was higher in the lowlands (33 88 ppm; p<0.001), and the reduced
rainfall treatment had a lower MBthan the current ambient or irrigated treatments (A vs R:
p=0.011; I vs. R: p=0.003). Historic irrigation increased MBN (p<0.001); an interaction with
landscape position suggested the strength of this effect varied across the landscape, with just a
6% higher MBN with irrigation in the uplands but a 30% higher MBN in the lowlands (U:

p=0.025; L: p<0.001). The microbial biomass C/N ratio varied strongly with sampling month,
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with June ratios much lower than those in July or August, primarily due to temptieahg in

MBC. There was a slightly lower C/N ratio in the previously irrigated treatment (11.2 vs. 11.7;
p=0.048); otherwise, climate treatments did not affect microbial C/N ratios in 2019. An alternate
model including sampling date as a fixed effeather than a random effect, did not qualitatively

changeheeffects of current or previous climate treatments.

Relative ncrobial nutrient demand via extracellular enzy@ed/e focussdon G and N

acquiring microbial extracellular enzymes to assess velaticrobialinvestment in obtaining

these resourcedctivity potentialsof theC-a ¢ q u i r i n glucesidasgvene?3%lower

under current irrigation compared to ambient plots in the uplands (p=0.023), but there was no
effect in the lowlands and previous irrigation did not affegtucosidasectivity (Figure 9) N-

acetyl glucosaminidassctivity potentialsvere18%lower underthereduced precipitation
treatment compared to ambient and irrigated treatments (vs. A: p=0.002; vs. I: p<0.001).
However, this Nacquiring enzyme was also influenced by previous irrigation; in the lowlands, a
history of irrigation decreased NA&tivity by 34% (p=0.041). Similarly, across both

topographic positions, Leuciremino peptidasactivity potentialsiecreased by 40% with

previous irrigation (p<0.001).

When assessing relative microbial C/ N dema
focused on the tieeway interaction between current treatment, previous treatment, and
landscape position. While there wereeftects of precipitatiotreatmers in the uplands, in the
lowlands, ambient plots with a history of irrigatio,(R) had C/Ndemandatios 8% hitper
than longterm ambient plots (A A; p=0.011). This trend was even more apparent in the rainfall

reduction treatment, with previously irrigated plo#s &) havingC/N demandatios 15% higher
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than plots without a history of irrigation fAR; p=0.027), sugesting lower relative N demand

in previously irrigated plots.

Plant N concentration and resorpti®@nGreen plant N concentratiomas lower in currently

irrigatedcompared to ambient plots (p=0.003) and precipitation reduction increased plant N
(p=0.030),as expecte@Appendix B,figure 3) However, we also found that previous irrigation
increased plant Moncentrations in the lowlan@s=0.021).Current precipitation treatment also
affectedN resorption proficiencywhich waslowest in the irrigatdtreatnent (A vs. I: p=0.003
Figure 10 and highest in the reduceainfall treatment (p=0.011). N resorption efficiency
showed a similar pattern but the only significant difference was between the irrigated and
reduced treatments (p=0.006). Historic irrigattlich not affect either measure of N resorption

(Figure 10)

3.4 Discussion

In order to predict and mitigate the effects of climate change on ecosystem functioning, it
will be important to understand the ecosystmopertiesand processes that underlie climate
sensitivity. Longterm climate patterns camoduce legacies thahapeC fluxes in the face of
novel climate scenaripand these climate legacies are likely to vary in their magnitude,
direction, and causes across anthin ecosystems (Sala et al. 20Kannenberg et al. 2020,
Broderick et al. 202). Here, we provide evidence thaevious rainfall regimes credtecycling
legacies whichmayin turnbe important drivers o€ cycling responses to current rainfall
regimesin mesic grasslands. Losigrm mitigation of water stre¢s simulate a wetter climate

via irrigation resulted irlevated N mineralization anmtrification rateghat persistedor two
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years following cessation of irrigation treatmeviicrobial comnunitiesalsoappeared to be less
limited by N with previously wetter conditions, as evidenced by the higher microbial C/N ratio
and the lower relative investment irddquiring extracellular enzymes. Finalyhile long-term
wetter conditiongan lead td\ losses and exacerbated plant N limitation (Ren et al. 2017), in
this tallgrass prairie we found tidatinlike the response to shderm changes in water
availabilityd the dominant grasses showed no changstémnalN cycling in response to long
term irrigation and actually had higher growksgason N concentrations following a history of
irrigation. On the whole, thesesponses were most pronounced indbepersoiledlowland
prairie, consistent with prior studyin this experimentlocumenting largetarbon cycling
responseto irrigation treatments the lowlandgBroderick et al. 2022)Together these results
suggest that in grasslaniiiat are cdimited by water and Much as this on@reviousclimate
patterns maygontinue to shapl cycling andavailability for years ultimately affecting

ecosystem resource limitation and C dynamics

Soil inorganic N poold Soil inorganic N pools in tallgrass praiaee small compared to total N

vary greatly in space and timand turn over rapidlyBlair et d. 1998. It was therefore not
surprising that, on the wholmorganic soil Npools were not influenced by previous irrigation.
One exception was ammoniumith concentration the longterm irrigated (A 1) treatment
higher than any other treatment in the lowlands in 2B@&ious research in this experiment
alsoreporteda positive effect of irrigation osoil ammonium pools (Wilcox et al. 2016YVhile
many studieseportdecreases in inorganic N withdreasing precipitation as N becomes
comparatively more limiting and cycles more conservatively (McCulley et al. 2009; Austin and

Vitousek 1998), other studies have also found that inorganic N increases with precipitation
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across climate gradients (AustindaSala 2002)Althoughlong-term wetter conditionsanlead

to enhanceteaching and gaseobslossesn some ecosystemexacerbating N limitation

(Unger and Jongen 2015; Ren et al. 20®@high immobilization potential of soils tallgrass
prairieand low ratesof both leaching and denitrification in these grassldikés/ prevented this

in our experimen(Blair et al. 1998)Large ammonium pod under the longerm release from
water stress may be due to the accelerated growth and turnoverna€tbbial community
(Gerschlauer et al. 2016; Meier et al. 20Nijrate concentrationsaried with current

conditions, with higher concentrations in the reduced rainfall treatment and lower concentrations
in the irrigated treatmengince nitrate is thenost available form of N for grassland plants
(Seastedt and Ramundo 1990; Rice and Tiedje 1989; Dell and Rice tb@0®lease from water
stress combined with the increased mobility of nitrate under wetter conditynbave

increased plant nitrate upi® and/or caused leaching of N deeper into the soil prdfiie

uptake of ammonium and nitrate by plants is not included in field assessments of net N
mineralization and nitrification (Hart et al. 1994), so it is unsurprising that legacy effects in flux

rates did not accompany changes in these pools.

N flux rate® We found that previous irrigation had contrasting effects on two major N
transformatiorrates, net N mineralization and net nitrification. Net N mineralization showed
opposhgresponses to prewus irrigation depending caimbient rainfalconditions. In the very

dry growing seasonf 2018,plots with a history ofrrigation had higheiN mineralization rates.

This legacy effect was apparent across all current treatments. Helongrigated treatments,

the combination of a higher microbial biomass along with increased N mobility under irrigation

may support persistent high N mineralization (Hassink 1994; Marschner and Rengel 2012; Li et
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al. 20D0). Conversely, in previously irrigatguairie now subject to natural water deficits,
droughtinduced mortality in the microbial communiyhen soils experienced extended dry
periods may result ia flush of labile organic N resourc@siang et al. 2008)Previous results
from this experimentevealedhat longterm release from water stress resultegreater

microbial biomas<, but upon reversal to ambiestinditionsthere was a sharp dropli@mass
levelscomparable to nenrigated controlgBroderick et al. 202). Therefore, in theA A

reversal treatment, release of nutrients from the death of drought sensitive miftebes
repeated dry/wet cyclesay have contributed to the increased rates of N mineralization in this
treatmen{Franzluebbers 1999; Xiang et al. 2008)2019,avery wet year, we saw the opposite
effect, with a history of irrigation decreasing net N mineralization r8e2019 microbial
biomass levels had recovered from the drop following initial treatment reversal (Broderick et al.
2022), and saturated soils coupleith high microbial biomass during this wet year may have
enhanced microbial immobilization and reduced net N mineralization.

Our study falls between two common temporal scales for assessing climate effects on N
cycling, and may offer unique insight intbmate change responses in the coming decades.
Shortterm (weekanonths) increases in water availability tend to increase N mineralization (Jin
et al. 2013), mostly due to increased microbial activity and N mobiigrgchner and Rengel
2012. At the sare time, studies across persistent climatic gradieetsdenturiesmillennia of
differences in water availability) do not find changes in N mineralization with mean annual
precipitation, which has been attributed to concurrent increases in soil o@ytratincrease
potential N immobilization (Barrett et al. 2002; McCulley et al. 2009 Feyissa et al. 2021). We
did not find changes in soil C during the duration of our study (Wilcox et &6; Byoderick et

al. 2022), and we did not find legacies of po@s irrigation on soil moisture. Therefore, we
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suggest that different mechanisms, such as changes in the size and functional composition of the
microbial community, may drive these decadeale responses to climate patse and account
for the differinglegacy effects depending on current conditions (wet or dry year).

The effects of historic climate treatment on nitrification rates also vayigear and with
topography. We found a modest decrease in nitrification rates in the uplands in 201&yget a |
increase in rates in the lowlands of that year. We also found differences between responses of
pools and fluxes; for example, sharp increasestrification with previous irrigation in the
lowlands did not accompany any response in nitrate poois.nidy be due to increased plant
uptake in the lowlands with previous irrigatitassociated with higher ANPP without changes in
plant N content)especially in forbsvith a higher N demand (Broderick et 2022; Tjoelkeret
al. 2005. Importantly,short and longterm precipitation manipulatiorigead distinct effects on
net nitrification ratesCurrent irrigation tended to decrease nitrification rates, perhaps due to the
high potential for N immobilization at th&teand rapid uptakefdN by plants(McCulley et al.

2009 Lu et al. 201% In contrast, londgerm irrigation increased these rates in the lowlands.
Persistent increases in precipitation may increase the size of the nitrifier community, leading to
this climate legacy, while shisterm water availability primarily acts through physiological
mechanismdmportantly, positive responses of both N transformation rates were limited to the
lowlands in our study, suggesting that this acceleration in N cycling may support the high rates
of ANPP and soil respiration also documented in previeustyated lowland prairies

(Broderick et al. 2022).

Microbial N demand The accelerated N cycling rates in 2018 with previous irrigation suggests

that microbial communities experienced increasea/allability. Indeed, we found that both the
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microbial C/N ratio(primarily in 2018)and the relative investment in&tquiring enzymegén
2019)supported this conclusion. Because microbial extracellular enzymes reflect relative
investment in C and N acugition (Sinsabaugh et al. 2008; Moorhead et al. 2012), these results
are consistent with increased N mineralization relative to immobilization, as well as increased
nitrate production, in the previously irrigated treatments. Interestingly, C cycling enzym
activities(b ¢did not vary with previous or current irrigation treatments: rather, decreases in
both N-acquiring enzymes (NAG and LAP) drove these differences in relative microbial
investment. The differential responses epi@cessing and fdcquiringenzymes may indicate

that rates of organic matter processing may be decoupled from patterns of litter N release or
immobilization (Moorhead et al. 2012; Yahdjian et al. 200&e other legacy effects, enzyme
activity responses emerged only in the lowkgrehdwere largely consistent across current
treatments, suggesting that, regardless of current conditions, a history of previous irrigation

results in more N available fepil microbial communities.

Plant N limitatior® Increased precipitation inputsrcaxacerbate plant N limitation, especially if

wet conditions lead to N losses (Ren et al. 2017). However, we found no effect-tédong
irrigation on N resorption, suggesting that plants werenaoéasing the efficiency of internal
recycling Insteadwe actually found higher green N concentrations with previous irrigation, and
this effect was in the lowlandswhere most C and N legacies have bieentifiedin this
experimentAnother longterm irrigation study found a decreased responsiveness of ANPP
water additions after persistently wetter conditions (Ren et al. 2017), which was linked to
increasing N limitation over time. However, our results suggest that, even after decades of

irrigation in tallgrass prairie, N was more available and remainédsgears following
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cessation of irrigatioriWhile aboveground plant litter does not contribute significantly to soil N
inputs due to frequent fireelowground plant biomass is a key driver of the large carbon stores

in prairie soils (Rice et al. 1998g8&stedt and Knapp 1993). While previous work has

documented decreases in root N with shermn irrigation (Broderick et al. 2022), consistent

with the finding that extreme drought increases root N (Roy et al. 2016jtdamgrrigation did

not affect roo N content (Broderick et al. 2022), further suggesting that accelerated N cycling
mitigated any nutrient limitation usually associated with shorter precipitation increases.

Moreover, the combination of wetter conditions without a decrease in N conteicoelgrate
decomposition rates, contributing to a positive feedback that may contribute to accelerated C and
N cycling responses. This may beunderexplored mechanism for climate legacies to maintain

higherthanexpected rates of C and N cycling.

Carbon cycling legacies via biogeochemical legacy eftedike persistent high ANPP in

previouslyirrigated prairie was apparent across plant functional groups, suggesting that plant
community legacies alone do not explain this positive legacy. We suggesietiatreased net

N mineralization anditrification rates in the lowlands with previous irrigation, combined with

the lack of evidenctor altered nitrate pool sizes, suggests that increased N sapglylant
uptakemay contribug to the previously reportegositive precipitation legacy IANPP. The

strongest legacy effects in ANPP, soil respiration, and microbial biomassogoalsedin the

lowland (Broderick et al. 2022), consistent with our finding that the strongest positive legacy
effects on N availability were in the lowlands of our study. Although the uplands tend to be drier

and putatively more watdimited, the higher responsiveness of C and N cycling in the lowlands
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may be due to theeeper, finetextured soils that retain weatmore effectively, leading to a

larger impact of additional water on ecosystem processes.

Conclusions and significanéeA history of longterm irrigation resulted in a legacy of higher N

mineralization and nitrification rates in lowland tallgrass prairie. These effects lasted two years
following treatment reversal (through 2018). Multiple indices suggested that previgasan
decreased microbial biomass N limitation, shown by a lower microbial C/N ratio and reduced
investment in Nacquiring extracellular enzymes. This study suggests that previous climate
patterns, particularly past rainfall regimes, may be an impagttetminant of N cycling rates in
tallgrass prairie. Moreover, these legacy effects coincide with strong positive legacies in C
cycling and are a putative mechanism driving persistently high ANPP and soil respiration.
Further work is needed to assess \Wwhetltered N cycling is a common driver of climate
legacies in other grasslandsnally, since we document climate legacies lasting at least three
years, ypical shorttermclimate manipulation studies lasting <5 years may document responses
that are buered by climate legacy effect§herefore, thesexperimentsnay underestimate the
responses of C and N cycling to persistent climate change, highlighting the importance of

decadeong climate experiments.
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Figure 3.1 Volumetric soil water content (top) and daily precipitation inputs (bottom) from
0-15 cm during the growing seasons of 2018 and 208il moisture for current ambient (A,
dark grey lines), irrigated (I, black lines), and reduced (R, light grey linegalldreatments are

shown; previous treatments are not shown since they did not affect VWC.
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Figure 3.2 Mean soil ammonium concentrations (with standard error bars) 610 cm depth
across sampling monthsn upland and lowland prairie in 2018 and 2019Dark grey outlined
points indicate current ambient treatments, blaakinedpoints indicate current irrigated
treatments, and light greyutlined pointsndicate current drought treatments (only Jéagust

2019). Filled points were previously irrigated.
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Figure 3.3 Mean soil nitrate concentrations (with standard error bars) 610 cm depth
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Figure 3.4 Mean monthly net N mineralization rates (with standard error bars) from 0-10

cm in upland and lowland prairie in 2018 and 2019Dark grey outlined points indicate current
ambient treatments, blackitlinedpoints indicate current irrigated treatments, bglat grey
outlined pointandicate current drought treatments (only Jéugust 2019). Filled points were
previously irrigated.
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Figure 3.5 Boxplot of seasonal net N mineralization rates from-10 cm inupland and
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Figure 3.6 Mean monthly net nitrification rates (with standard error bars) from 0-10 cm in
upland and lowland prairie in 2018 and 2019Box outline color indicates current treatment,

and filled boxes were previously irrigated.
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Figure 3.7 Boxplot of seasonal nitrification rates from 010 cm in upland and lowland

prairie in 2018 and 2019Box outline color indicates current treatment, and filled boxes were

previously irrigated.
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Figure 3.8 Boxplot of microbial biomass C/N ratio from 0-10 cm in upland and lowland
prairie in 2018 and 2019Box outline color indicates current treatment, and filled boxes were

previously irrigated.
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Chapter 41 Rel ative insensitivity of

current and historic rainfal/l

4.1 Introduction

The cycling of carboiC) and nutrients in ecosysterdspends on the rate at which
decomposers break down litter (Chapin et al. 2009; Sokolov et al..20@8)ate of nitrogen (N)
release from litter and soil organic matter (SOM) controls N availability and net primary
productivity in many ecosystems (Vitousek and Howarth 1991), arloréaédown of organic
matter controls the rate of G@elease to the atmosphere (Raich and Schlesinger Id82)ate
of decompositionis often more sensitive than net primary productivity to climate (Parton et al.
1995), and both temperature and preaipin patterns are changing at an unprecedented rate
(IPCC 2018). Therefore, it important tounderstandhow changes in precipitatiorgimes
associated with climate change veffect decomposition dynamias order to better predict
ecosystem functiong in a changing climate

Climate profoundly shapes the dynamics of both mass loss and nutrient release in
decomposing litter. Under low to moderate moisture conditions, increasing soil moisture tends to
increase the rate of litter mass loss, soib@fflux, and N mineralization (Jin et al. 2013; Wu et
al. 2020); but at high soil moisture levels anaerobic conditions can occur, slowing decomposition
(Neckles and Neill 1994). In addition to the direct effects of soil moisture, climate can also alter
litter chemistry, thereby indirectly influencing decomposition rates (Suseela and Tharayil 2017;
Prieto et al. 2019; Murphy et al. 2002). Wetter conditions can lead to lower plant N content
through nutrient dilution and slower N release from litter, resultirgtightened N cycle and
potentially higher ecosystem N limitatioAr@nibaret al. 2004Ren et al. 2017)Shortterm

variation in precipitation can alter decomposition directly, for example by increasing leaching
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losses from litter and stimulating miciiabactivity (Yahdjian et al. 2006). However, effects of

climate on litter quality (Yahdjian et al. 2006; Murphy et al. 2002) and the cyclinglohitong

nutrients (Wu et al. 2012) also may occur on longer timescales that are not captured-by short

termstudies. Moreover, initial responses of decomposition rates to climate changes may be

shortlived if microbial communities can rapidly adapt to novel conditions (Bontti et al. 2009;

Guo et al. 2020). Overall, there is a need to assess how decompos#soresgiond to longer

term and more persistent changes in climate and the implications for C and nutrient dynamics.
There is increasing evidence that previous climate conditions can exert legacy effects on

C fluxes in many ecosystems. For example, posfireeipitation legacies on plant productivity

can occur following wet years if wet conditions increase tiller density or the availability of co

limiting nutrients (Sala et al. 2012; Reichmann et al. 2013); they can also occur following dry

years if the deease in N demand during drought leads to enhanced N reserves to be accessed

following drought (Sala et al. 2012; Hofer et al. 2017). However, the effect on soil C storage of

these positive climate legacies on plant productivity is unclear, especiaigviops climate

patterns exert legacies on decomposttielated C efflux. Strickland and colleagues (2015)

found that the climate history of decomposer communities explained as much variation in

decomposition as did current climate conditidreizeaga eal. (2020) documented climate

legacies on soil respiration and suggested that such legacies could be caused by changes in plant

inputs and subsequent altered decomposition.rel@sever, here are few studies of the impact

of past climate conditions oredomposition in grasslands, where the primary litter inputs are

often belowgroundn frequently burned grasslands, such as tallgrass prairie, most plant inputs to

soil C are from roots and rhizomes (Rice et al. 1998) and the rates of root decompositim ma

an important mechanism by which previous climate conditions can exert legacy effects on soill
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CO efflux and nutrient release. Therefore, climate legacy effects on root decomposition rates
may modulate current C and N cycling and add to our undemstpafihow previous climate
conditions can affect ecosystem processes (Averill et al. 2016)

Grasslands are important ecosystems that provide faagportdiversity, and store
large amounts of C in soil organic matter (SOM) as a product of decompdSigastedt and
Knapp 1998). They are also limited to varying degrees by water availability and are sensitive to
variatiors in amounts and timing of rainfall (Knapp et al. 1998; Fay et al. 2003). In the central
United States, precipitation is projectecberome more variablesith longer, more frequent
periods of wet and dry conditions (IPCC 2018). The tallgrass prairies in this region are shaped by
climate variability and are sensitive to both wet and dry years (Hayes and Seastedt 1987; Knapp
and Smith 201; Fay et al. 2011), but they are also thought to be resilient, showing few climate
legacy effects in C cycling (Sala et al. 2012; GrHiolan et al. 2018; but see Moran et al.
2014). However, recent evidence suggests thattemg climate anomalies sdead to
persistently altered C fluxes, including ANPP and soil respiration (Broderick et al. 2022).
Because of the disproportionately high importance of belowground inputs in grasslands, and
potential celimitation by both water and N, climate effectslmlowground decomposition rates
have an outsized influence on rates of C fluxes and patterns of N availability (Hui and Jackson
2006). Root decomposition varies with letegm precipitation amounts (Bontti et al. 2009),
suggesting that extended periodsveft or dry conditions may alter root decomposition
dynamics, as well as affect the sensitivity of decomposition to future climate conditions (i.e.,
legacy effects). Indeed, loftgrm climate conditions have been shown to exert legacies on
tallgrass praie ANPP (Broderick et al. 2022) and microbial community functioning (Veach and

Zeglin 2019), suggesting that both substrate availability (i.e., plant inputs) and the activity of the
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decomposer community may also be affected by climate legacies. Thered@eyught to assess
if historical climate conditions contribute to contemporary patterns of litter mass loss, C
mineralization, and N release in tallgrass prairies.

To assess the effects of previous and current precipitation patterns on root litter decay
rates and N release patterns, we conducted aygao decomposition study within a lotgrm
grassland water addition experiment. The Irrigation Transect Experiment at Konza Prairie
Biological Station (NE KS) has supplemented ambient rainfall with irrigatater since 1991
to decrease plant water stress during the growing season. Amounts of water added varied
depending on ambient conditions, but averaged a ~32% increase in gemas@n precipitation
over the length of the experiment. After ~25 yearsedtinent, the configuration of the
irrigation lines was shifted in 2017 so that irrigated and ambient treatments were switched in half
of the plots, with previously irrigated prairie reversing to ambient precipitation and vice versa.
Additionally, we also dded drought shelters across both previously irrigated and ambient prairie
to reduce growingeason rainfall inputs by 66%. This unique combination of treatments allowed
us to assess how both past and current climate conditions affected the dynamits of roo
decomposition in tallgrass prairie. To quantify decomposition, we buried litterbags of
Andropogon gerardi(big bluestem, the dominant plant in this prairie) root tissue and analyzed
patterns in mass loss and N content over two years. Because previous findings from this
experiment did not indicate a difference in root chemistry with-kenign irrigation treatrants
(Broderick et al. 2022), we used a common root litter substodiected from an area of non
irrigated, annually burned prairie in the vicinity of the irrigation experimenis allowed us to
assess climatmduced legacies on mass loss and netldase or immobilization, a function of

microbial C and N demand, from a common substrate in all treatments. We hypothesized that

105



supplementing rainfall through irrigation would accelerate decomposition rates, and that
imposing drought would decrease ratésice the shallow, rocky upland soils tend to have

greater water deficits, we expected these effects to be greatest in the upland. We hypothesized
that a larger/more active microbial community as a legacy of historically wetter conditions
(Broderick et al2022) would maintain elevated decomposition rates in plots with a history of
irrigation. Finally, we also predicted that, based on a documented increase in N availability and
N cycling rates in previously irrigated prairie (Broderick, unpublished diia) another legacy

of a historically wetter climate would be accelerated N release from litter.

4.2 Methods

Study sitd This study was conducted at Konza Prairie Biological Station, a-Teng
Ecological Research site in Manhattan, Kansas, USA. The&average temperature in this
region is 12.8°C, and the thirfyear average precipitation is 851mm, with most of that falling
during the growing season (Apfleptember). The experiment took place in an annually burned
native tallgrass prairie from which &g grazers were excluded. The experiment spanned a
moderate topographic gradient typical of the region, with uplands and lowlands separated by a
steep, rocky slope. The upland site is characterized by shallow (<0.5 m), rocky soils in the
Clime-Sogn complexfine, mixed mesic Udic Haplustojl45% sand, 58% silt and 27% clay
and are more subject to water stress. The lowland has deeper (>1 m) soils in the Irwin series
(fine, mixed mesic Pachic Argiustall$5% sand, 51% silt and 34% clay

The first year of the decomposition study, 2019, was an exceptionally wet year (annual

precipitation 1131 mm), while the second year had closer to average precipitation (833 mm). The
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experiment ran through June 2021, which was a dry year (632 mm anruigitatien;

Appendix C, Table 1Appendix C, Figure )L

Irrigation Transect Experimeft To assess the effect of previous and current precipitation

regimes on decomposition dynamics, we used contrasting treatments interhorfeeld
experiment, the Irrigtion Transect Experiment, which was designed to assess the responses of
tallgrass prairie to extended release from water stress. In native annually burned prairie, a paired
irrigation line and control transect was established in 1991 spanning an-lgpAdadd gradient;
in 1993, a second replicate irrigation line and control transect was also installed (Agpendix
Figure 3. The irrigation lines were equipped with impact sprinklers ~1 m above the ground that
distributed water in a ~15 m radius evenly asrthe transect. Groundwater was applied to
irrigated transects between 05:00 and 13:00 as needed to maintain soil water content at or above
0.25 cni/cm?throughout the growing season of each year. Irrigation input varied among years
based on ambient prgdation, but on average increased growsggson precipitation inputs by
32% (Caplan et al. 2019). Along these paired irrigated and control (ambient precipitation)
transects, 10n? circular sampling plots were established to record plant community
composiion; all sampling in this study was conducted immediately outside these plots to avoid
disturbing longterm species composition plots.

To compare the effect of previous and current precipitation treatments on ecosystem
processes, in 2017 we reversedtteatments in a subset of plots by shifting the irrigation lines
on half of the upland and lowland plots (i.e., previously irrigated plots were now ambient and
vice versa). We maintained existing letegm treatments in the remaining plots. We also added

anew reduced rainfall treatment in both the previously irrigated and ambient treatments. We
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erected 24 3x3m rainout shelters with roofs made of polycarbonate slats placed to passively
divert 66% of incoming rainfall (Yahdjian and Sala 2002). These shalsesdeployed in April

of each year and were set ~1 m off the ground; shelters were raised as needed to accommodate
vegetation until they were taken down in November. This generated 72 total plots: six replicates
of each treatment combination (lotgrm anbient, AA A; irrigated to ambient, A A; ambient to
irrigated, AA |; long-term irrigated, A |; ambient to reduced, AR; irrigated to reducedAl R)

in both the uplands and the lowlar(@ppendix C, Figure 2)This unique experimental design

allows us to compa short and longterm effects of precipitation regimes, as well as identify

legacy effects of previous climate treatments.

Decomposition experimehtin June 2019, we began a tyear experiment assessing the effect

of previous and current climate treatments on belowground decomposition rates. We harvested
living roots ofA. gerardiifrom a nearby (<0.5 km) site and-diied them for 2 days. We
constucted 5 cm x 10 cm litterbags from 16 x 18 mesh fiberglass window gdrdemm x 1.3

mm openings)and filled each bag with 1.5 g of -alried root litter. This mesh size allows most
micro- and mesdauna to access litter (Robertson and Paul 2000).ra 312019, six bags were
buried near each loagrm sampling plot (~1 m outside to minimize disturbance), approximately
5 ¢cm deep and within 1 foot of each other. Fi
immediately returned, then oven dried at@&dor 2 days and weighed to get an adjusted initial
mass. These bags were used to account for (1) litter lost in transport and (2) the difference
between akudried initial masses and owelnied final masses. One randomly chosen litterbag
from each plot wa collected ar2, 148, 275, 375, 630, and735days, so that the total length of

the study was ~2 years. A few bags were unearthed by animals; in this case we skipped
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collection at those plots during one of the middle collection dates (most often aty83@oda
maximize sample size for the final collection date. Litter in retrieved bags was gently washed to
remove soil, dried, and weighed. Material from litterbags were then grouswl 00D
mixer/mill (SPEX, Metuchen, NJ) and analyzed for total C armbiNenton a Flash EA 1112
C/N auto analyzer (Thermo Fisher Scientific, Waltham, MAfferbag masses were corrected
for soil contamination using the following equation (Harmon et al. 1999; Norris et al. 2001):

LF = (SaCi SIC)/(LiCTi SIC)
where LF is thdraction of the bag that is actually litter, SaC is the %C of the sample, SIC is the
%C of the soil, and LiC is the %C of the litter. The N concentration of buried litter were
similarly corrected for soil contamination using the following equation (Harehah 1999;
Norris et al. 2001):

LN = (SaNi (FSIx SIN))/LF
where LN is %N of the litter, SaN is the %N of the sample, FSl is the fraction of sample that is
soil (i.e. £ LF), and SIN is the %N of the soil. C and N soil values for corrections were
determned separately for the upland and lowland areas, and averaged across climate treatment

since these pools are large and have not changed with climate treatments (Broderick et al. 2022)

Data analysi® . We calculated decomposition (decay) rates using éesaxgponential decay
model with the equation:

Xt/ Xo = e
where X/ Xo is the proportion of mass remaining at time t, k is the annual decay rate, and t is
time elapsed in years. We compared mass loss and net N dynamics of litter in each treatment

dunng the tweyear experiment using linear mixed models in R (R core team) with the packages
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Ime4 (Bates et al. 2015)merTest (Kuznetsova et al. 2017), emme@mength et al. 2021)

MuMin( Bart o@® 2019), and tidyversetfpéVousk ham et
treatment, and landscape position were main effects in all models (except when separate models
were run for uplands and lowlands to determine decay rates as influenced by topographic
position); plot nested within replicate transect was a ranefteat for response variables

sampled repeatedly within a plot. When assessing differences in response variables among
sampling time points, time point was treated as a categorical variable, except when calculating
decay rates. Data were ligainsformed & necessary to meet assumptions of homogeneity of

variances.

4.3 Results

Mass lossand decay rateés At the end of the twayear study, a greater percentage of litter mass

remained in the lowlands than in the uplands (43% vs. 35%; p<0.001; Figure 2), indicating
slower decomposition in the lowlands. Across topographic positions, mass loss also varied with
current treatment but not as expected, with the irrigated treatment having a higher percentage
mass remaining (44%) than the reduced rainfall treatment (35%; p=0.027). There was no
significant effect of previous rainfall treatment on the percent massniemgait the end of the

study.

A model assessing mass across all sampling dates revealed that previous irrigation
resulted in greater mass remaining in the lowlands (p=0.043), contrary to our hypothesis; the
opposite pattern (greater mass in the previoasibient treatment) emerged in the uplands but
was not significant. An interaction between previous and current treatments showed that, across

sampling dates, mass remaining in the loergn continuous irrigation g 1) treatment tended to
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be higher tharat in the drought treatments, regardless of treatment histéyyR(A40=0.029;

IA R: p=0.089). Finally, there was a significant fouay interaction between time, current
treatment, previous treatment, and landscape position. At day 149 in the uplandscené p
mass remaining in the previously irrigated @; 55%) was lower than the control fAA; 74%;
p=0.026) and marginally lower than the letggm irrigated treatmentAl |; 72%; p=0.075). At
the final time point in the lowlands, the lotgrm irrigated teatment had a higher mass
remaining (57%) than the drought treatmerg(R; 35%; p0.003), and a marginally higher
mass remaining than the previously irrigated treatménf({I40%; 0.077). No other treatments

differed at any sampling time point.

Decompodion rate K)d An initial ANCOVA over all data suggested that the litter decay rate

was higher in the uplands (k=0.486) than the lowlands (k=0.419; p<0.001); however, due to
complex interactions, we subsequently ran separate ANCOVAS within each topog@gition

to assess precipitation treatment effects. Treatments did not affect decay rates in the uplands. In
the lowlands, the lonterm irrigated treatmentAl I) had a lower k than both previously irrigated
treatments @ A and 1A R; p=0.012 and ©.006, rapectively Table 1), consistent with higher

mass remaining across dates in the lowland previously irrigated treatment.

Nitrogenconcentration of litter over tinéde Nitrogen concentration increased over the course of

the study period across all treatmeatnbinations, fron®.42% initially to an average of 0.66%
at the final time point (735 days). Averaged across the entire study, there was a lower litter N
concentration in the currently irrigated treatment timathe current ambient (p=0.004) or

reduced [<0.001) rainfall treatments. Similar to mass loss patterns, there were also several
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significant interactions; we focus on the most notable here. An interaction between current and
previous treatment showed that litter in the ldegn continuously irrigatd treatment 4 1)
maintained a lower N concentration than the irrigation reversal treatmeAt (1=0.003),
irrigation-to-drought treatment § R, p<0.001), and (marginally) the lotgrm ambient
treatment (A A; p=0.067). Litter in theA R treatment maintaed the highest average N
concentration of all treatment combinations, and differed from that in thetehworirrigated
treatment (A I; p=0.018) and marginally from that in the letegm ambient treatment GpA;
p=0.051). Finally, a fouway interactiorbetween time point, current treatment, previous
treatment, and landscape position suggested that these treatment differences were most
pronounced later in the study. AT5days, average litter N concentration in the ldegn

irrigated treatment was significantly lower (0.44%) than the irrigation revefs&;(0.60%;
p=0.040) in the uplands. AB0days in the lowlands, litter in the losigrm irrigated treatment
had signiicantly less nitrogen (0.49%) than the irrigatimadrought treatment § R; 0.72%,
p<0.001), and marginally less nitrogen than the irrigation reversal treatrAeif 0.64%;
p=0.062). Additionally, a630days in the lowlands the two drought treatmeiftered, with a
history of irrigation resulting in thedl R treatment having a higher N concentration than the
AA R treatment (0.54%; p=0.016). Consistent with the@relxperiment data [previous
paragraph], at the final time point (735 days) in the lowdatite N concentration in th4 |l
treatment (0.58%) was lower than that in tAeR treatment (0.80%, p=0.009), and marginally
lower than theA A treatment (0.75%; p=0.074). At the final time point in the uplands, litter N
concentration in the loagerm amlent treatment was higher than that of the skewrn irrigated
treatment (p=0.003) and the lotgym irrigated treatment (p=0.010), and marginally higher than

that of the drought treatment with no irrigation historA(R; 0.61%; p=0.056).
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When we analyzethe final litter N concentrations, N concentration in the remaining
litter was lower in the currently irrigated treatment than in ambient (p=0.001) or reduced
(p=0.018) rainfall treatments (Figure 3). A thweay interaction showed a higher N
concentratia in the longterm ambient treatment in the uplands (0.77%), that exceeded that of
the shortterm irrigated (A4 1) treatment (0.55%; p=0.013) and marginally exceeded that of the
long-term irrigated (A 1) treatment (0.56% = 0.072). In the lowlands, the {gmgn irrigated
treatment had a lower N concentration (0.58%) than the irrigateetiuced treatment4IR;

0.80%; p=0.019).

Nitrogenrelease or immobilizatiah Net release or immobilization of N, often expressed as %

change in the absolute amount of Nhe litter, is a function of both mass loss and changes in N
concentration of the remaining litter. The percent N remaining in the root litter generally
decreased during the study, with much of that decline occurring after dayds@pping to an
average b51% at 630 days, before rising to 57% at the end of the study (735 days; Figure 4).
The average percent N remaining was greater in the lowlands than the uplands throughout the
study (p<0.001), consistent with slower mass loss in the lowlands. In thentdsylitter in the
previously irrigated treatments had a higher %N remaining than that in previously ambient
treatments (p=0.004). An interaction between previous treatment, landscape position, and
sampling point indicated that historic irrigation affecté release at specific dates. At 149 days,
previous irrigation resulted in lower %N remaining in the uplands (69% vs 78% in ambient;
p=0.070), but higher %N remaining in the lowlands (93% vs 80% in ambient; p=0.070).
Similarly, at 375 days litterbags ihd previous irrigation treatment in the lowlands had

marginally higher %N remaining (95% vs. 85% in ambient, p=0.056)
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N immobilization potential of litt€r The relationship between mass loss and changes in N

concentration in the remaining litter can provide insights into the immobilization potential of
decomposing litter (Aber and Melillo 1982; Seastedt et al. 1992. However, when we assessed
how percent masgmaining varied as a function of N concentration, there was no effect of
current treatment, previous treatment, or landscape position on the slope of this relationship
(Appendix 4, Figure 2), indicating similar immobilization potential as a functionaslsrnoss

among all treatment combinations.

4.4 Discussion

In grassland ecosystems, the sensitivity of belowground decomposition to precijgtation
thought to be an important componehthe response of ecosystem C and N cycling to climate
change (Bontti eal. 2009; Penner and Frank 2019). However, it is difficult to separate ahdrt
long-term responses to climate changes, and there have been few, if any, studies of whether root
decomposition rates are affected by past as well as current climate canditéva, we showed
that tallgrass prairie root decomposition is surprisingly resistant to-t&nort current (& year)
increases in precipitation. However, a lortgrm history of release from water stress (nearly 30
years of wetter conditions) in lowld prairie slowed mass loss rates. This was contrary to our
expectations and the common observation that decomposition rates increase along grassland
precipitation gradients (McCulley et al. 2005; Bontti et al. 2009). Moreover, root litter
decomposed thastest in treatments where drought stress was recently exacerbated Re. A
and A A treatments), suggesting that decomposition is more sensitive tetstmortlecreases in

precipitation than increases in precipitation. While we did find differences in N release patterns
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that were consistent with patterns of mass loss among treatmestsiotably lower litter N
concentrations across dates in the lemgn irrigated treatment in the lowlands, we did not find
differences in the N immobilization potential of litter, suggesting that differences in N
concentrations among treatments are dribvg differences in mass loss rates. Our results are
consistent with previous work suggesting that litter mass loss and ecosystem N cycling responses
to climate can be decoupled (Yahdjian et al. 2006). Overall, climate legacy effects in tallgrass
prairie were not as pronounced in litter decomposition as they were for other ecosystem C fluxes
and N transformations (Broderick et al. 2022; Broderick, unpublished data). These results further
suggest that previously reported positive legacies of irrigationibrespiration and N

mineralization are most likely derived from the SOM pool in these grasslands, rather than from

fresh root litter.

Mass losgesponses to climate treatmemtSurprisingly, rates of root litter mass loss tended to

be slower with longerm irrigation. Slower rates of mass loss in plots with a history of-teng
irrigation is in contrast to our hypothesis and to the generally observed increase in both leaf
(McCulley et al. 2005) and root (Bontti et al, 2009) decomposition rates witaisiog

precipitation across the Central Plains. However, root decomposition does not vary as strongly
with precipitation as leaf decomposition (Silver and Miya 2001; See et al. 2019) and may be
more sensitive to saturated soil conditions. While precipiias especially important for

physical breakdown and leaching in surface litter (Austin and Vitousek 2000; McCulley et al.
2005), very wet soils can result in anaerobic conditions and slow decomposition of buried roots
(Neckles and Neill 1994). Slower dwoposition in wetter soils has been previously documented

in tallgrass prairies (von Haden and Dornbush 2014). The start of our decomposition experiment
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coincided with a naturally wet year (2019), during which lowland soils were periodically
waterlogged. ldwever, the greatest divergence in mass loss among treatments occurred in the
second year of the study. In addition, only ldagn (IA 1), and not shorterm (AA 1), water

addition led to decreased decomposition, suggesting that factors other than cilrveates

content played a role in affecting decomposition rates. Climate legacy effects on decomposition
have been linked to changes in microbial community composition (Allison et al. 2013; Haugwitz
et al. 2016), so responsesdafcomposecommunities tavetter conditions may have developed

in the longterm treatmentindeed research conducted earliarthis experiment found that soil
microfaunal decomposer communities changed with extended irrigation, with decreases in
microbiatfeeding mites and nematce s ( O 06 L e a Toddestal. 099). Adtli®oPally; a

recent shorterm (2year) precipitation addition experiment at Konza prairie also documented
reductions in microbialeeding nematodes, and less C respired by nematodes, under wetter
conditions Franco et al. 2021Both of these resul@reconsistent with the slower

decomposition seen with persistent water inpRegardless of the specific mechanism, these
results emphasize that lotgrm responses of decomposition to changes in precipitediterips

may not be revealed by shaerm studies.

Some of the fastest decomposition rates in the lowlands were in prairie subject to
exacerbated water stress compared to past conditions (i.ed, &6AlA R and A R treatments).
This was unexpected, asepious studies have suggested that root decomposition decreases
under experimental drought in tallgrass prairies (Reed et al. 2009; Harper 2002). However,
another recent study in this same experiment documented a decrease in microbial biomass
coupled withan increase in soil COlux upon reintroducing water stress (Broderick et al.

2022), which would be consistent with accelerated decomposition in these treatments. It is
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possible that the physical disruption associated with more frequemntadrgycles acelerated

physical fragmentation of litter and/or microbial activity, and therefore root decomposition, in
prairies with increased drought stress (Birch 1958). Alternatively, since these treatments only
showed the fastest decomposition in the lowlands,gbssible that this effect is due to the
comparative release from saturated soil conditions relative to persistently wet soils for portions
of the study period. This explanation is supported by the higher decomposition rates across all
treatments in thaplands of our study. Further research is needed to assess whether this drought
effect varies consistently with topoedaphic factors (e.g., consistent increasest@xtimed,

lowland soils) to tease out these potential explanations.

Nitrogen dynamicsf litterd Litter in the longterm irrigated treatment generally maintained

lower N concentrations throughout the study, especially in the lowlands. This is most likely due
to slower decomposition with irrigation in the lowlands, since there was no difeeegnong
treatments in the relationship between mass loss and nutrient concentration (i.e., immobilization
potential). This is consistent with research in arid grasslands that found differences in mass loss,
but not nutrient immobilization potential, aloggassland precipitation treatments (Yahdjian et

al. 2006).

While N concentration of the litter increased throughout the study, the mass of N present
in litter almost never exceeded initial amounts and we did not see a significant net
immobilization phaseThis is consistent with previous findings at Konza Prairie that grassland
roots do not readily immobilize nitrogen despite a relatively high initial C/N ratio (Seastedt et al.
1992; Harper 20QZarton et al. 2007 The one exception was th& R treatmenafter about 1

year of decomposition. Drought tends to create high concentrations of available N in this
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grassland by reducing mobilization and plant uptake (Seastedt and Knapp 1993); this may
account for the higher N content and periods of net immobdizan this treatment.

Because previous research in this experiment found accelerated N cycling with a history
of irrigation, the lack of responsivenessobtlitter N dynamics was unexpected. We
hypothesized that faster net N release from litter @vipusly irrigated prairie would have
occurred and contributed to a previously reported increased N pool for plant and microbial
growth; yet N was released more slowly from litter under {tamgn irrigation due to a slower
decay ratelt is possible thathte rapid turnover dine roots(Stewart and Frank 2008)pt
measured in this study, contributedpatterns of N availabilityith previous and current
precipitation regimem these soils. Additionallythe lack of response of root litter N release to
treatmentsnay reflect that the largest substrate for N mineralization (and subsequently
nitrification) in grasslands is SOM rather than litter, so decomposition dynamics can vary
independently of rates of soil N cycling (Yahdjian et al. 2006). Moreoversdiis in these
grasslands have a very high N immobilization potential so that decaying roots do not immobilize
N in the litter, regardless of the degree of N limitation (Seastedt et al. 1992). Therefore, the
documented increase in N supply rates andialiien of plant and microbial N limitation with a
legacy of previous irrigation appear to be less tied to litter N release than N release from SOM.
Other work has also found that, while increased N availability can accelerate aboveground
decomposition, itan lead to slower belowground decomposition in savannas, perhaps due to
changes in the decomposer community (Norris et al. 2013). We previously documented that
previous irrigation increased rates of N supply in this system (Broderick et al. 2022hgpfferi

further evidence that patterns in available N can operate independently of rates of litter N release.
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Spatial and temporatendsin decomposition dynamigsLitter mass loss responses varied with

topodaphiacconditions and across sampling timepoints. Other C cycling processes also vary
across upland and lowland positions in this grassland, with higher ANPP in lowlands particularly
in frequently burned prairie (Briggs and Knapp 1995). While there has beaewoldsen

belowground C fluxes across topography in this system, decomposition rates have been found to
vary across topographic gradients in other hilly grasslands (Gong et al. 2016). The high clay
content in the lowland soils may better protect belowgrditted from decomposition (Lane and
BassirRad 2005), and the high water holding capacity of theséefitered lowland soils may

have contributed to periodic saturated, anaerobic conditions in the irrigated treatment.
Differences in decomposition ratesi@ng treatments were also most pronounced in the later
stages of decomposition. The first growing season of this study was 2019, a naturally wet year,
so it is possible that nearly all soils were similarly saturated until later in the study during which
irrigation treatments substantially altered water availability. Although the higher responsiveness
of the wetter lowlands to previous climate treatments was unexpected, other studies suggest that
wetter grassland sit@sin this case, lowland so@isare more kely to experience persistent

changes in soil moisture with losigrm irrigation, leading to altered ecosystem functioning

(Moran et al. 2014; Smith et al. 2009). The responses to climate treatments in ttetfined,

mesic grassland differ substartyadrom findings in more drougkprone grasslands (McCulley

et al. 2005). Since tallgrass prairies are uniquely-pigiducing, carbostoring ecosystems,

these findings help differentiate an important distinction in how decomposition dynamics in

these graslands will respond to sheend longterm climate changes.

119



Conclusiond To predict how changes in climate will alter C and N cycling in grasslands, a

better understanding how decomposition responds to-smationgterm changes in

precipitation is ne#ed. A history of release from water stress with irrigation slowed root
decomposition, while drought stress led to faster decomposition rates. Therefore, unlike in more
arid grasslands, an increased frequency of dry years may increase C loss from paligiass
ecosystems. Moreover, rates of N release from decomposing litter did not vary with previous or
current climate treatments, despite changes in N cycling across previous climate treatments,
highlighting how patterns in N availability can operatecipeindently of decomposition rates in

these grasslands. Finally, our work stresses the importance of topoedaphic factors in determining
climate sensitivity of decomposition rates and raises new questions about the generality of

mechanisms controlling decowsition rates across topographic gradients.
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Figure 4.1. Percent mass remaining in litterbags across the study perio&oints represent
mean(+SE)mass in each treatment at each sampling date. Shape and outline colors on points
indicate current treatmenthe first letter shows previous treatment (ambientqAyrigated (1),
followed by current treatment (A, | or reduced (R) rainfall treatmé&iitgd shapes and solid

lines indicate historically irrigated plots, while open shapes and dashed lines ingieatieds

treatment.
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Table 4.1. Annual decay rates for each treatment combination in upland and lowland
tallgrass prairie, as determined by analysis of covariantee first letter shows previous
treatment (ambient (AQr irrigated (1), followed by current tre@ent (A, lor reduced (R) rainfall
treatment)Marginal R values were obtained from a linear mixed model for each treatment
combination.

k R? k R?
Upland| AA A | 0.519 | 0.776 | Lowland| AA A | 0.354 | 0.667
IAA |0.591 | 0.616 AAl |0.519] 0.492
AAl |0.484 | 0.586 IAA [0.405]|0.744
1A 0.477 | 0.668 1A 0.257 | 0.615
AA R |0.440 | 0.321 AA R | 0.446 | 0.651
IAR |0.403 | 0481 IAR [0.534|0.770

128



4 A>A
0.8{# 1 >A
-¢|- A=>| /
0.7{# 11 /
- A->R ‘ / 1=
X | >R / o)
< 0.6 / 2
- o
O
© 0.5
=
@
O
c 0.4 -
O
@)
C
L 0.8
O
=
€071
2 o
= =
0.6 =]
0.5 1
0.4 1
0 200 400 600
Time (days)

Figure 4.2. Nitrogen concentration in litterbags across the study periodPoints represent
mean%N in each treatmer{tt SE)at each sampling date. Shape and outline colors on points
indicate current treatmenithe first letter shows previous treatment (ambientqAjrigated (1),
followed by current treatment (A,0r reduced (R) rainfall treatmengilled shapes and solid
lines indicate historically irrigated plots, while open shapes and dashed lines ingieateds

treatment.
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Figure 4.3. Percent N remaining in litterbags across the study period?oints represemhean
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Chapter 51 Drougési stance in restore

does not wvary with restor at

5.1 Introduction

Grasslandcover30-4 0 % o f ttérrestrialsunfaceiGom et al. 2014andprovide
important ecosystemservices such as soil carbon (C) storage (Schlesinger 1997), forage
production (Barnes and Nelson 2003), and maintenance of biodiversity (Collins et al. 1998).
Temperate grasslands are one of the most endangered ecosystems globally due to extensive
convergon to urban and agricultural uses and low protection of remaining areas of intact
grassland (Hoekstra et al. 2005). This is especially true for dins merican tallgrass praise
which have been reduato less than% of their historic ranggSamsorand Knopf 1994 The
large C storage potential in prairie soils (DeLuca and Zabinski et al. 2011) combined with their
characteristic resilience to climate extremes such as droughts (Hoover et al. 2014) make tallgrass
prairies a potentially important ecossm for C sequestration under a less hospitable future
climate. Accordingly, there has been increasing effort to restore and protect these prairies to
support the survival of endemic species and restore valuable ecosystem ¢Btaices al.

2014; DeLua and Zabinski et al. 201Carter and Blair 2012a).

Active restoration of grasslands in former agricultural lands can potentially triple rates of C
sequestration compared to passive succession (Yang et al. 2019), helping to mitigate the negative
effectsof climate change. Restablishment of prairie plants also mitigates erosion by building
soil structure and stability (Bach et al. 2010; Scott et al. 2017), and active restoration of prairies
can minimize nitrogen (N) leaching and gaseous log&sr (etal. 20@; Tomer et al. 2010).

However restoration efforts are resourtgensive and often fail to restore ecosystem structure

and/or functioning to targeted levels (Herrick et al. 2006; Norland et al. 2018), threatening the
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largescale feasibility of rdsred grasslands as a C sink (DeLuca and Zabinski et al. 2011).
While native tallgrass prairies are generally considered to be resilient to climate variability and
climate extremesHoover et al. 201¢ the vulnerability of restored prairies to climaterertes
remains unclear, as does the sensitivity and predictability of responses to climate variability as
these prairies mature. Given the predicted increases in climate variability as a result of climate
change, it is important tassess howcosysterevd sensitivityto climate developin restored
grasslands

Studiesthat documentow prairie functionng changesvith restoration age suggdsat
aboveground neirimary productrity (ANPP), belowground root biomassoil microbial
biomassandsoil gructure can recover relativetyuickly (within a few decadesih restored
prairies (Baer et al2002 Scott et al. 201)7 Yet, some attributes such as plant diversity appear to
be more variable in their recovery (McLauchlan and Knispel 2005; Carter and @l&a)?2 and
others such as soil organic matter (SOM) may take a century or more to recover to levels
characteristic of native prairie (Baer et al. 2002Lauchlan et al. 2006; DeLuca and Zabinski
2011; Rosenzweig et al. 2016). While a study of the oléssbred tallgrass prairie (~65 years
old) found that ANPP and soil respiration responded similarly to water stress (Kucharik et al.
2006), it remains unclear how climate sensitivity changes as a restored prairie rivditlres.
drought projected to increasefrequency and severity throughout the historic range of tallgrass
prairie Dai 2011), it may be especially challenging to restore functioning ecosystems under
these novel climate conditionsl@nningand Bae2018. It is therefore important to investigga
not only how restored prairie ecosystem processes change through time but also how those

changes affect its sensitivity to perturbations such as drought.

132



As restored prairies agehanges in vegetatianay affectdroughtresistance. Severstudies
have found increases i Grass cover with restoration age (Baer et al. 2802;achlan and
Knispel 2009, and this functional group can buffer prairies from droughgugh their high
water use efficiency and drought toleraifikeapp and Medina999), as well as their potential
for buildingSOMand increasing oi |  wat er hol di ng 1. Bigwaverj t y ( O06 E
other studies have found that highly productive grasslands are more sensitive to drought than
low-productivity grasslands, potentiadue to lower drought tolerance in taller grass species
(Wang et al. 2007). Sinces@rasses are the largest contributors to ANPP in frequently burned
tallgrass prairies (Tieszen et al. 19%happ and Medina 1999; Nippert et al. 2paGey may
play animportant role in determining how patterns in grass ANPP influence sensitivity and
resilience of prairie ecosystems. However, plant diversity also can influence ecosystem attributes
such as ANPP, root biomass, and soil carbon that affect climate sén$iamng et al. 2019;
Upton et al. 2018Multiple patterrs have been documented for changeglamt diversityacross
restoratiorage while some find decreased diversitjth restoration agéBaer et al. 2002),
others foundichness and floristic diveiyito reach levels in native prairies within a decade
(Carter and Blair 2012a). More diverse grasslandsezaibit higher drought resistance and
resilience througla @ p or t f artue mcoraperfsaotytdynamics (Tilman and Downing
1994; Tilman et al1998; Hallett et al. 2014However, negative (Xu et al. 2018) or neutral
(Diaz et al. 2007) biodiversity and ecosystem function (BEF) relationships have also been
documented in grasslands (van der Plas 2019), complicating our ability to predict hgstezoos
sensitivity will change with communities as restored prairies develop. It is therefore important to
assess how contrasting restoration outcomes, such as cover of native warm season grass vs. high

forb diversity, may influence climate sensitivity
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Soil respiration is a major C flux from prairies (Raich and Schlesinger 1992), and the
response of this flux to changes in precipitation patterns can be complex due to respiration
responses by plants, microbes, and their interactionsigBtret al. 2008). Agestored prairies
mature, increases in microbial biomass and root biomass likely contribute to higher rates of soil
CO: flux with increasing prairie age (Rosenzweig et al. 2016; Maher et al. 2010; Baer et al.
2002). Improved structure soil in older prasi(Scott et al. 2017) may increase water retention,
buffering respiration from sheterm drought. However, newly planted prairies converted from
row-crop agriculture tend to have high amounts of soil inorganic N (iN) (Rosenzweig et al.
2016), which alsanay support high rates of soil G@ux under drought conditions in recent
restorations (Han et al. 2012). To understand how restoring these grasslands will affect, and in
turn be affected by, climate change, it is crucial to investigate how climatesgnesitanges
with plant biomass, soil properties, and microbial attributes as restorations age.

In this study, we utilized a chronosequence of restored tallgrass prairies spanning nearly 20
years, including prairies from 4 to >20 years since planting satgle location in northeast
Kansas to explore pattens in ecosystem structure, function, and climate sensitivity as restored
prairies mature. We measured plant community composition, ANPP, and selected soil C and N
pools over two years with contrastingepipitation inputs. Along this chronosequence we also
imposed a dear field drought experiment to reduce incoming precipitation by 66% and
assessed the response of ANPP, soil respiration, plant community composition, soil nutrient
pools, and microbial bimass to drought stress. We hypothesized that older prairie restorations
would have higher rates of ANPP and soil £&filux, which would be associated with lower
plant diversity, higher grass contributions to ANPP, and larger microbial biomass pools.

Moreover, due to the effects of more established plant and microbial communities, we expected

134



that the sensitivity of C fluxes to experimental drought would be highest in the most recent

restorations.

5.2 Methods

Study sité This studywas doneatthe Konza Praiie Biological StatiomearManhattan, Kansas,
USA, a site which is mostly native tallgrass praiigh some rowcrop agriculture and prairie
restored from cultivatiorMean annual temperature at this site is 12.8 °C, and mean annual
precipitation is 835 mm, with most of the precipitation falling during the growing season (April
September). At this site, we utilizerestoration chronosequence consisting of four sites that
were restored to prairie from regvop agriculture. These prairies were restored®®8] 2006,
2010, and 2016 using similar metho@slltivated fields were subject to a rotational cropping
system, with cultivation of wheat andybean being most commdRestored fields were seeded
with a mixture of 6670% grass seed, and the rest feekd(See Appendix E for planted species;
Baer et al. 2003; Klopf et al. 2014; Scott and Baer 2019). Seeds were applied at a rate of 600
seeds rhby hand broadcast (2006, 2010, 2016 restorations; forbs in 1998 restoration) or with a
seed drill (grass in B8 restoration) (Rosenzweig et al. 200M/e also chose a nearby remnant
prairie site on Konza Prairie as a reference for native conditions. All four restored prairies and
the remnant prairie are on deep Reading silty clay loam soils and are withfp rhikimizing
environmentabariation between prairies not due to restoration.y&thprairies are burned
every year in late spring, consistent with regional management practices

During the first year of our study (2020), total annual precipitation B8a831@n (621 mm
during the growing season, ApBleptember). In 2021, the second year of our study, total and

growing-season precipitation inputs were 632 and 424, respectively (Appendix D, figure 1).
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Experimental desigh To assess the response of native @stored prairies to drought, we

established twelv2 3 2-m plotsin each restoration sequence and native prairie (Appendix D,
figure 2) These plots were divided into three blocks (with four plots within close proximity
being grouped together in one k) to account for potential similarity among plots due to
spatial location. In the 1998 prairie, these plots were placed within one long strip of restored
prairie and avoided uncharacteristic patches of invasive species. The 2006 prairies are located
within a large experiment that assesses the effects of different seeding rates; thus, plots for our
study were arranged in groups of two within sh65n larger prairie to match the seeding rates
of the other restorations. The 2010 and 2016 plots were witlee targe replicate restorations,
with four plots each. Climate treatments were assigned to plots depending on resi@sgan
in the 1996, 2010, 2016, and remnant prairies, two drought and two control plots were randomly
assigned in each block. Duethe small size of the 2006 restoration prairies, one drought and
one control were assigned within each restored prairie strip, with the northeast plot always
assigned as the drought plot to avoid runoff from drought shelters into ambient plots [sge below
Each plot was divided into fourrh? subplots for designated sampling in each

In June 2020, & erected®® 3-m shelters with 3@m clear polycarbonate slaiser
drought plots designed thvert~66% of incoming rainfal(Yahdjian and Sala 200Zyhese
shelters were about ~1 m off the ground and oriented at a slight angle to aid precipitation runoff,
with a gutter to deflect rainfall away from plots. The shelters were deployed again in April 2021,

and were removed in the fall of each year.
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ANPP Standing fant biomass was clipped in September 2020 and 2021 to estimate ANPP. At
each sampling, two 0-h? subsamples were collected in-an subplot. Biomass was clipped to

the ground and sorted into grass, forb, and woody species, excluding any biomass from the
previous year (identified by fire markings). Samples were dried at 60 °C and weighed as a
measure of ANPP. Because annual fires limit woody species testatute grassland forbs
(primarily Amorpha canescejisvoody biomass was combined with herbacdotss to assess

nf orbo ANPP.

Plant species compositiénPlant community composition was assessed inJulg 2020 and

2021. In a fixed 4m? frame, we estimated cover of each species present to the nearest percent.
Sedges were grouped as @wmrexspp. taxa due to most being peiowering and difficult to

identify to species at this period. Due to the layered canopy in this grassland, total cover values

could exceed 100%.

Soil CO effluxd We measuredasl respiration approximately biweektiiroughout the growing
season of MayOctober in 2021 only. Soil respiration outside the growing season generally
contributes very little to annual soil GAux (Knapp et al. 1998) and was therefore not
measured. Wenserted polyvinyl chlorideRVC) rings (18cm diameter)nto the ground 5 cm
deep in the spring. We collected soil respiration measurements bet@@&6rand 4:00 on
sunny days using a 18100 infrared gas analyzer (AOR, Lincoln, NE, USA)We avoided
measuring immediately after a precipitation event (Harper et al. 2005), and we clipped any

vegetation within the collar >1 hour before measuring.
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Soil extractable C and N podldn early August 2020 and 2021, we collected soil to 15 cm

depth in three 2m composite cores. Fresh samples were sieved through a 4 mm sieve and roots
were removed. We assessed inorganic N pools by extracting 11.5 g subsamples of fresh soil with
50 ml 2M KCI. Concentrations of Nf#N and NQ™-N were determined by colorimetric analys

on aFlow Solution Autoanalyzer (Alpkem, Wilsonville, Oregdn) the Kansas State Soils

Testing Lab Microbial biomass carbon was determined using the chloroform fumigation
extraction technique on 11.5 g soil subsamples (Vance et al. 1987), follovesttdogtion with

50 ml 0.5M KSQq. Total organic C was determined om@C analyzer (Shimadzu, TOG

USA) (Paul et al. 1999and microbial biomass was calculated as the difference in TOC
concentrations in fumigated and unfumigated samplesprrectiondctors were used

(Joergenson et al. 2011). Extractable organic carbon (EOC) from the unfumigated samples was
used as an index of labile C. Due to laboratory limitations in summer 2020 related to the

COVID-19 pandemic, microbial biomass and EOC were ordgssed in 2021.

Data analysi® We used linear mixed models to assess the effect of restoration year, rainfall
treatment, and year of data collection on the ecosystem responses using the Ime4 package in R
(Bates et al. 2015), along witmerTest (Kuznetsar et al. 2017), emmeafisenth et al. 2021)
gamm4(WoodandScheipl2020) MuMIn( Bar t o & 2 0 1 9(Wickhanmetal. 201l9.y ver s e
Block was used as a random effect, as was day of year for soil respiration data. Data were natural
log-transformed as necessary to meet assumptions of linear models. For forb ANPP data and

nitrate concentrations, both of which weercinflated, we used a tweedie model with a log link

in the gimmTMB package (Brooks et al. 2017). For proportion forb data, we usediafiztsal

beta model from the same package. Restoration year was treated as a categorical variable to aid
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comparisoB across years; alternate models using restoration age as a numeric predictor with
fageo of native prairie set to 50, 100 and 20
effects of restoration treatment.
Differences in plant community comptisn among restoration years were visualized
with an NMDS in the vegan package (Oksanen et al. 2019), and we analyzed changes in
community composition usingRERMANOVA with the pairwise.adonis function in the
pairwiseAdonis R packag®@rtinez Arbizu, 209). We assessed the species contributing most
to differences in community composition by running an indicator species analysis using the
multipatt function in the indicspecies packabe (CacereandLegendre2009) Significance for

all analyses was set ld= 0.05.

5.3 Results

ANPPS Total ANPP was marginally higher in 2020 than 2021 (p=0.053), but neither restoration
year nor drought treatment affected total ANPP (Figure 1). Grass ANPP patterns were similar to
total ANPP, with 13% higher grass ANPP in 20@Xk(0.001), but no effects of drought

treatment or restoration age (Appendix D, figure 3). However, forb ANPP did vary with
restoration year; the newest restoration (2016) had the lowest forb ANPP, which was
significantly lower than both the 2006 and 20&6torations (Appendix D, figure 4). Overall, the
mid-age prairies (2006 and 2010 restorations) had the highest forb ANPP (both >20tigém
restorations <100 g/mnative prairie 104 g/fA. A marginally significant interaction between
restoration yeaand sampling year (p=0.061) suggested these differences in foro ANPP among
restorations were most pronounced in 2020, the drier year. Differences among prairies of

different restoration age were even more pronounced in the proportion of ANPP composed of
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forbs; the 2006 and 2010 restorations had a higher proportion of total ANPP made up of forbs
than the native prairie, and the 1998 and 2016 restored prairies (2006: all p<0.05; 2010: all
p<0.01). The reduced rainfall treatment did not affect the perceniiBPAcomposed by forbs

(Figure 2).

Plant communityomposition and diversidly Plant species richness varied with restoration age.

The newest (2016) restoration had the highest richness and differed significantly from the 1998
(p=0.007) and 2006 (p=0.004storations. The reduced rainfall treatment marginally increased
average richnedsy about 1.7 species in the 2016 restoration (p=0.081; Figure 3a). Plant species
evenness also varied with restoration year; the native prairie, 2010 and 2016 restotdtaxhs al
significantly higher evenness than the 1998 and 2006 restorations (all p<0.05; Appendix D,
Figure 5). When we investigated a marginally significant interaction between rainfall treatment
and restoration year, results suggested that evenness deeveghsrdught in the 2006
restoration. Shannonos diversity (H) showed
native prairie, 2010 and 2016 restorations than the 1998 and 2006 restorations (all p<0.05).
Reduced rainfall decreased H in the 20€&aration (p=0.022; Figure 3b).

The overalPERMANOVA showed a strong effect of restoration year on community
composition (p<0.001). To avoid counting the two sampling events (2020 and 2021) as separate
replicates, we then ran a pairwBERMANOVA separ#ely on each year to investigate
differences between restorations. Each showed that, in both years, all prairies significantly
differed from each other (p<0.01). An NMDS suggested that prairie community composition

tends to become more similar to that afine prairie through time (Figure 4), but that the 2006
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restoration had a distinct community. Reduced rainfall did not affect the composition of plant
communities.

An indicator species analysis showed that the most recently restored prairie was
associateavith some annual grasses and ruderal/invasive species (Table 1). The older
restorations were associated with various forbs, and sedge species and several perennial grasses
were strongly associated with the native prairie. However, despite variatiorciaspe
compositions between restorations, cover pf@asses averaged more than 60% and made up

the majority of plant cover in every prairie in both years (Appendix D, Figure 6)

Soil respiratio® Soil respiration was strongly affected by restoration agegandrally

increased with restoration age. The 2006 and 2010 restorations had nearly identical average
respiration rates (~7Bmol/m?/s) and the 1998 and 2006 differed only marginally (p=0.065);
otherwiseall restorations differed significantly from each other, increasing fromuB@/né/s

in the 2016 restoration to 88nol/m?/s in the 1998 restoration and 1umol/n?/s in the native

prairie (Figure 5). However, average respiration rates were notegifbgtthe drought treatment.

Soilinorganic N8 Total inorganic N (iN) varied with restoration; an interaction with sampling

year showed these differences were most pronounced in 2021, the drier year. In this year, native
prairie and the 2010 restoratioachhigh iN (2.9 and 3.0 mg N/kg soil, respectively), and the

1998 and 2006 prairies had the lowest iN (2.0 andariy &/kg soil, respectively). These prairies
differed significantly from each other (all p<0.05; Figure 6), but other restorations did not.
Moreover, a marginally significant interaction between rainfall treatment and year suggested that

reduced rainfall did not affect iN in the first year of treatment, but it decreased total inorganic N
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by 12% in 2021 (p=0.059). Since ammonium concentratioms fae higher than nitrate
concentrations, ammonium trends largely tracked those of total iN. Unlike with total iN, both the
native prairie and the 2010 restoration had significantly higher ammonium levels than the 2016
restoration (all p<0.05; Appendix Bjgure 7), and the difference between the 1998 and 2010
restorations was not as pronounced and not significant. There was no effect of rainfall treatment
on ammonium levels. Nitrate concentrations were very low, particularly in the restored prairies

in 2020 (Appendix D, Figure 8).

Microbial biomassand extractable organic carbénMicrobial biomass in 2021 was far lower in

every restoration than in native prairie (p<0.001; Figure 7a), and no restorations significantly
differed from each other. In the 20f€5storation, microbial biomass was 46% higher under the
reduced rainfall conditions, a difference that was marginally significant (p=0.052).
Extractable organic carbon (EOC) concentrations in the native prairie were marginally
higher than those in the 20{p=0.0064; Figure 7b). In the native prairie, the reduced rainfall
treatment resulted in ~30% lower EOC concentrations than in the ambient rainfall treatment

(p=0.027). No other restoration or rainfall treatment combinations differed.

5.4 Discussion

North American tallgrass prairies are highly threatened and much native prairie has been
lost to landuse change (Samson and Knopf 19@iyen the increased occurrence of more
frequent and severe droughts (IPCC 20&8gcessful restoration efforts will be reasingly
crucial to this Asenoreyasdlaadnstiser apaadorsed goplaend ar e .

degraded land, is restored to tallgrass pratinie importance of understanding how quictlis
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ecosystem properties recosé&p native prairigncreasesThese recovery trajectories may also
influencehow the sensitivity of restored prairie ecosystems mauttee context of increased

climate variability Overall, restored prairies were surprisingly resistant to experimental drought
across restorations rgimg from 4 to 22 years old. Despite changes in plant community structure
and composition across the restoration sequence, plant community composition and several
metrics of ecosystem function were remarkably robust to two years of experimental drought.

This may be due to the rapid establishment (<5 years) and inherent drought tolerance of the
dominant G grasses seeded in these restored prairies (Baer et al. 2002). Our results suggest that,
even in the first decade of conversion from agriculture, resfimaades can potentially

withstand a multyear extreme drought, an optimistic finding for land managers and restoration

practitioners.

Plant community composition and prodwdifd Despite differences in community composition

across the chronosequence, productivity in native and restored prairies was insensitive to
experimental drought. Total ANPP was similar across all restorations and the native prairie, as
well as in ambient androughted prairie. This is consistent with previous work finding that

ANPP does not change directionally through time in restored prairies (Baer et al. 2002).
Moreover, drought sensitivity has been found to vary as a function of plant biomass more so than
community attributes such as richness in experimental grasslands (Wang et al. 2007), so it is not
surprising that these restored grasslands with similar ANPP all were resistant to experimental
drought. The lack of response of ANPP to both natural and iexgetal severe drought, as well

as to water additions, has also been damited in recently restored prairies (Carter and Blair

2012b; Manning and Baer 2018; Camill et al. 2004), suggesting that the rapid recovery of ANPP
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resistance to drought in restonagiries may be a general phenomenon of tallgrass prairies.
However, the lack of sensitivity to experimentaliyposed drought contrasts with the fact that,
across treatments and restorations, ANPP was marginally higher in the wetter year (2020) than
thedrier year (2021) of our study. Several possible explanations could explain this differential
sensitivity to natural climate variability and experimental drought. While this shelter design has
proven effective in native prairie (Broderick et al. 2022)ythmay be less effective in restored
prairies; while overland runoff of rainfall is low in native prairie soils (Gray et al. 1998), more
compacted soils and reduced soil structure and soil water holding capacity associated with recent
agricultural land useould have reduced water infiltration and increased horizontal runoff from
ambient treatments into drought treatments (O
low-rainfall years in this system are more often associated with very high somesr(Hayden
1998), which would exacerbate water stress in a naturally dry year compared to the rainfall
exclusion experiment used in our study.

The proportion of total ANPP composed by grasses was highest in the oldest and
youngest prairies, with theqportion of forbs peaking in the mabe (~1014 years old)
prairies. These midged restorations were associated with fugiducing prairie forb species,
largely from theHelianthus, SolidagandSilphiumgenera. This coincided with a higher
evennessah Shannondés di agempraiiies. While othertstadées suggest tiuht
native grasses dominate ANPP within a decade of restoration (Baer et al. 2002; Carter and Blair
2012a), we found an initial peak (<10 years old) in proportional grass ARRRvéd by a high
spike of forb ANPP before reaching native prairie levels of high grass dominance at <20 years
old. High forb ANPP in recently planted prairies has previously been associated with early

successional plants (Baer et al. 2002). While weddiclment ruderal species in the 2016
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restoration, they were primarily annual grasses and-shatrired forbs, and consequently the
proportion of ANPP composed by forbs was low. Therefore, similar to other results (Carter and
Blair 2012a; Camill et al. 2@0) Baer et al. 2002), forb dynamics drove changes in the grass/forb
composition of prairies as restorations matured in our study, while grass ANPP remains
relatively stable.

While the 2year experimentallymposed drought did not have large effects @mpl
functioning overall, there was some evidence that drought affected some species. ipehe 16
old prairie (2006 restoration), drought decreased species evenness and diversity. Because this
difference did not result in changes in ANPP, it is possitde compensatory dynamics also
helped maintain functioning under drought stress (Catano et al. 2022). However, it is perhaps
more likely that the dominant:@rasses largely drove ecosystem responses to drought, buffering

functional consequences of speaciess Grime 1998 Smith et al. 2Q0)

Soil respiration, microbial biomass and labilé® GSoil respiration generally increased with

restoration age, consistent with previous findings across a similar tallgrass prairie
chronosequence (Rosenzweig et al. 2016). The native prairie had very large microbial biomass
pools compared to the restoratipndich likely contributed to high soil G@fflux. Microbial

biomass pools tended to be larger in older restorations but was still much lower than in native
prairie after 22 years, similar to other findings across restored prairie chronosequences (Baer et
al. 2002; Matamala et al. 2008; Rosenzweig et al. 2016). While we did not measure root biomass
or belowground productivity, and these properties tend to be highly spatially variable, root
biomass in tallgrass prairies generally increases as restoraj@iiBaer and Blair 2008; Maher

et al. 2010). In fact, previous work using this chronosequence suggests a positive trend of root
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biomass with age (Scott et al. 2017). Therefore, higher root respiration in older prairies may also
contribute to this increase soil respiration across the chronosequence. Labile organic C was
highest in native prairies but was highly variable in the ambient treatment. Since EOC pools are
influenced by plant exudation and microbial uptake, these pools are highly spatiallyevarisb
therefore not surprising that EOC levels did not vary consistently across restoration years,
consistent with previous work suggesting that potential C mineralifatidrch is in part a

function of both labile C and microbial biomass péotecoves quickly in restored prairies

(Baer et al. 2002, 2010). The smaller EOC pool in the drought treatment in the native prairie
may be due to reduced plant C exudates and reduced microbial activity under drought stress.
This rainfall treatment effect did nappear in the restored prairies, perhaps due to the lower

microbial biomass and consequently smaller fluxes of labile C in and out of microbial pools.

Soil inorganic N Concentrations of inorganic N varied idiosyncratically with prairie age, being

high in restored prairied and in one of the newer prairies (i.e., 2010 restoration) in 2021. Soil
inorganic N is a highly dynamic pool influenced by several processes, including N
mineralization, immobilization, plant N uptake, and nitrification, so it is ngir@ing that these

pools did not change predictably through the chronosequence. Native prairies have large stores
of SOM and a large microbial biomass pool (Zak et al. 1994; Rice et al. 1998), resulting in a high
potential for iN to accumulate, especialigder watesstressed conditions when plant uptake is
inhibited (Seastedt and Knapp 1993). While we did not find responses to the experimental
drought treatment, the iN pool in the native prairie was significantly larger than in some
restorations only inhie drier year of 2021norganic N concentrations were also high in one of

the recent restorations (2010, 10 years dit)s prairie had one of lowest proportions of grass
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ANPP, and the low cover of native Grassed and their associated N uptékéas beettinked

to lower soil iN levels in grasslands recovering from agriculture (Mahaney et al. 208). It is
therefore possible that differences in the plant community as restorations age contributed to
changes in N availability, consistent with recent findirigg soil N cycling is shaped by plant
functional composition in restored grasslands (Fry et al. 2018). Previous work has found that
inorganic N drops sharply early in restoration as plants establish and take up N and organic
inputs with high C:N ratios proote greater immobilization in the soil (Baer et al. 2003;
Rosenzweig et al. 2016). Since the most recently planted prairie was four years old in this study,
we likely did not document the initial drop typical of the firs3 Years after planting. The two
oldest restorations had the lowest iN levels. This may reflect rapid establishment of native
grasses and subsequent high iN uptake and immobilization by these grasses (Carter and Blair
2012), but the much slower accumulation of soil organic N, the stéo&traN mineralization,

and therefore slower iN supply rates (Baer et al. 282;auchlan et al. 2006; DelLuca and

Zabinski 2011; Rosenzweig et al. 2016).

Conclusiond Grassland ecosystem services may be threatened by climate change (Zhao et al.
2020), ad it is important to understand how climate sensitivity varies in restored prairies.

Overall, we documented striking resistance to a ryeléir experimental drought across prairies

of different restoration age. While soil respiration and plant commuaityposition varied

across the restoration chronosequence, ANPP recovered rapidly to levels similar to native prairie
in all restorations, consistent with some previous studies (e.g., Baer et al. 2002). Prairie structure
and function were not sensitive teetbrought treatment, adding to evidence that even very

recently planted prairies can withstand climate variability (Carter and Blair 2012b; Manning and
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Baer 2018; Camill et al. 2004). This may be linked to the rapid establishnagibefground

root netwoks that confer drought tolerance to native grasses (Nippert et al. 2012) thdtich
constituted the majority of biomass across all restoration ages. Future prairie restoration efforts
are likely to contend with a more unpredictable climate, but our sesudfgest that restored

prairies can be quite buffered from drought conditions and may continue to provide ecosystem

services under more frequent and severe water stress.
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Table 5.1 Plant species associated with each restoration treatment, as determined by

indicator species analysisAll results are significant at p<0.05.

Native prairie 1998 2006 2010 2016
Carex sp. Salvia azurea Helianthus mollis | Silphium Bouteloua
integrifolium curtipendula
Symphyotrichum | Asclepias Solidago Echinacea Eragrostis
oblongifolium verticillata* canadensis augustifolia cilianensis
Sporobolus Symphiocarpus | Ambrosia Ul nus p u| Panicum capillare
compositus orbicularisA psilostachya
Solidago Solanum
missouriensis carolinense
Dichanthelium Cirsium
oligosanthes altissimum
Tripsacum Euphorbia
dactyloides dentata*
Silphium Elymus
laciniatum canadensis
Amorpha Kummerowia
canescens stipulacea*
Setaria viridis
Paspalum
setaceum*

*Only significant in 2020

AOnl vy

significant
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Chapter 61 Concl usi ons

Climate change is expected to alter the amounts and timing of precipitation across the
North American Central Plains (IPCC 2018), with implications for ecosystem functioning for
grasslands in this region. The tallgrass prairies at the eastern, wettéiti@sdegion are
exceptionallyproductivegrasslands that store more soil carbon (Cupérvolume than
comparabldorests (Blair et al. 1998). In these ecosystems, water and nitrogen (N)-lianit co
plant and microbial functioning (Seastedt and Knap93).Rates oiN cycling processesuch as
N mineralization and nitrification, two important processes that determaaiiability for
plants, also vary with water availability (Wang et al. 2006; Risch et al. 2019). Therefore,
precipitation regimes camave both direct effects on C cycling and indirect, complex effects on
C fluxes via changes in N cycling, making the effects of f@mm climate change on ecosystem
functioning in tallgrass prairies hard to predict.

The effects of contrasting precipitat regimes on tallgrass prairie C and N cycling occur
on several timescales; initial physiological responses by plant and microbial communities may
lead to smaller changes in functioning, while ldagn changes in community composition or
ecosystem striare can result in larger effects (Smith et al. 2009). The-teng effects of
climate in tallgrass prairies may lead to climate legacy effects when the climate clifathges,
responses diistoric climate conditions continue to shape current ecosysteraegses and
potentially alter their sensitivity to current climate regimes or to extreme events (e.g., droughts)
(Sala et al. 2012). The role of precipitation history in shaping how ecosystems will respond to
future climate change are not well understoudking it hard to incorporate these effects into

ecosystem models (Averill et al. 2016). Therefore, | set out to identify the presence, direction,
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and magnitude of climate legacy effects on tallgrass prairie C and N cycling to better understand
the timesales and mechanisms by which precipitation patterns shape ecosystems. | also set out
to see how the development of restored tallgrass préiestime since restoration from

agricultural usegffects sensitivity to precipitation variability and how this compares to an intact
native prairie. This work aimed to improve our understanding of the role of climate in driving
ecosystem processes in both native and restored prairies.

Through this res@rch, | found that historic climate conditions exerted legacies on current
tallgrass prairie ecosystem functioning and altered ecosystem sensitivity to drought (Chapter 2).
A history of increased precipitation over more than two decades resulted indatgseANPP
and soil respiration than prairie with a history of ambient conditidren both were exposed to
the same current precipitation regime. Further, the increase in these rates due to climate history
wereon a magnitude comparablerssponses tourrent increases in precipitation. In some
cases, these legacy effects lasted up to three years. | also found that previously irrigated prairie
maintained higher rates of ANPP and soilGlOx than controls when exposed to experimental
drought. These clinta legacies were associated with an increase in forbs in this system. This is
one of the first studies to experimentally demonstrate how contrastingdongprecipitation
histories can influence current ecosystem functioning for years into new clirgetese
Moreover, these effects were most pronounced in the lowlands of our study site, showing that the
prevalence and strength of climate legacies can vary both within and across ecosystems.

| also found that longerm irrigation accelerated N supplytes (i.e., net N mineralization
and nitrification), and shifts in nutrient ratios and extracellular enzyme investment suggested
reduced N limitation of plants and microbes (Chapter 3). This contrasts with findings in drier

grasslands in which extended ieases in precipitation led to higher N losses and exacerbated N
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limitation (Ren et al. 2017), likely because tallgrass prairies have a higher immobilization
potential and tighter N cycling than semiarid grasslands. Again, these effects were concentrated
in the lowlands, suggesting that increases in water availability in deepetexioeed soils had
the potential to increase N cycling rates, likely contributing to the higher rates of plant and
microbial C fluxes outlined in Chapter 2. Therefore, effeat®dacycling may bemmimportant
mechanism contributing to climate legacies in C cycling in ecosystefirmited by water and
N.

| assessed how previous and current precipitation regimes affect mass loss and N release
in belowground litter in tallgrass g@rie (Chapter 4). Mass loss during decomposition was
slowedsomewhatn the longterm irrigated treatments, which contrasts with previous findings
that longterm irrigation increased C flux rates in this system (Broderick et al. 2022). In mesic
systems, blowground decomposition may be prone to saturated, anaerobic soils, inhibiting
decomposer activity (von Haden and Dornbush 2@bdl)supplemental water may reduce the
abundance or activities of decomposer organisnisé&r et al. 199, Todd et al. 199; Franco et
al. 202). These results suggest that the previcdslgumented acceleration of C and N
mineralizationas a result ofiistorically wetter conditiongdetailed in Chapter 2 and Chapter 3 of
this dissertationare driven by microbial processing dDBl pools, rather than fresh plant litter
(Yahdjian et al. 2006). Because these SOM pools are important fetdongC sequestration, it
will be important that future studies assess how climate legacies may affect stable C pools across
ecosystems.

Finally, | expanded my focus on climate effects in prairie ecosystems to include restored
prairies, an increasingly important land use for conserving prairie species and ecosystem

services. | found that C fluxes in prairies ranging from 4 to 22 years old walar sioross
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restoration ages and surprisingly resistant to experimental drought. This may be due to the rapid
establishment of drougltblerant dominant warrseason grasses, supporting the idea that

helping establish the dominant species that drive e@systocesses may help restore the rates

of C cycling to levels characteristic of remnant ecosystems, as well as their characteristic
resistance to climate variability (Smith et al. 2020).

Together, this research highlights some important mechanisms by glinate shapes
ecosystem processes. Plant community composition plays a role in driving both climate legacy
effects, with the high responsiveness of forbs to previous treatment in native prairie, and the
stability of ANPP in restored prairie, with theprd establishment of droughdlerant native
grasses maintaining ANPP under drought. N cycling may also drive ecosystem sensitivity to
climate variability, with higher N availability with following a history of wetter conditions
associated with maintainifrggher ANPP and soil COlux under water stress. Because previous
climate conditions were shown to buffer prairie functioning from drought, my results also
suggest that sheterm precipitation experiments may underestimate the temg responses of
ecasystems to climate change. Finally, my research offers an optimistic prognosis that even
recently established prairies can maintain functioning under more stressful precipitation regimes,

and that restoration efforts can succeed even in a changing climate.
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Appendix A

Suppl ementary figures

and

Appendix A, Table 1: Annual and growingseason precipitation, plus water added in irrigated

treatments during study period.

101 (lowland)

119 (lowland)

2017 2018 2019
Annual precipitation (mm) | 724 811 1131
Growing-season 467 516 885
precipitation (mm)
Water addition (mm) 105 (upland) | 140 (upland) | 97 (upland)

101 (lowland)




Appendix A, Figure 1: Maps of study arealrrigated plots are blue circles, and ambient plots are

red. In 2017, irrigation lines were shifted so that half of historically irrigated platedebeing

irrigated, and half of historic controls began irrigation treatment. Additionally, plots under

drought shelters (orange squares) were added along transects in areas that were historically either
irrigated or ambient. The study area is topogreglhy divided into an upland and lowland area;

plots on the sloped areas were excluded from this study and are not included in this map.

Historic treatment Current treatment may)

Lowland Lowland



Appendix A, Figure 2: Grass ANPPacross treatments in tiiplands and lowlands in 2017
2019. Historically irrigated (filled) treatments are paired with historic controls (open) for each
current treatment by shading color. Points represent individual plot averages across subsamples.

Error bars represent standardoe of the mean.
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Appendix A, Figure 3: Forb ANPP across treatments in the uplands and lowlands iRZf11B7
Historically irrigated (filled) treatments are paired with historic controls (open) for each current
treatment by shading color. Pointpresent individual plot averages across subsamples. Error

bars represent standard error of the mean.
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Appendix A, Figure 4: (A) Mean oot biomassnd (B) C/N ratian 2019. In both figures, top
panels show upland00 cm depth, middle show lowlandslO cm depth, and bottom show
lowlands 1620 cm depth. Bar outline color represents current treatment, and bar fill represents
historical irrigation treatment. Points represent individual plot values for each month, and error

bars represent standard error.
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AppendixB Suppl ement aarnyd ftfagoure&h apt er

Appendix B, Figure 1: Maps of study arealrrigated plots are blue circles, and ambient plots are

red. In 2017, irrigation lines were shifted so that half of historically irrigated plots ceased being
irrigated, and half of historic controls began irrigation treatment. Additionally, plots under

drought shelters (orange squares) were added along transects in areas that were historically either
irrigated or ambient. The study area is topographically divided into an upland and lowland area,;
plots on the sloped areas were excluded from this studgranubt included in this map.
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Appendix B, Figure 2: Cumulative precipitation during the growing season (ANaptember)
during the study period (black line), presented against the mean (bluariche)andard

deviation (grey shading) of the 3@ar average.



Appendix B, Table 1: Annual and growingseason precipitation, plus water added in irrigated
treatments during study period.

2018 2019
Annual precipitation (mm) | 811 1131
Growing-season 516 885

precipitation (mm)
Water addition (mm) 140 (upland) | 97 (upland)
119 (lowland) | 101 (lowland)
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Appendix B, Figure 3 Green N content (%) @&. gerardiiin 2018.Box outline indicates

current treatment, andléd boxes were previously irrigated.



Appendix C

Suppl ementary figures

and

Appendix C, Table 1: Annual and growingseason precipitation, plus water added in irrigated

treatments during study period.

2019 2020 2021
Annual precipitatbn (mm) | 1131 833 632
Growing-season 885 621 424
precipitation (mm)
Water addition (mm) 97 (upland) | 61 (upland) | 161 (upland)
101 (lowland) | 61 (lowland) | 161 (lowland)




2019 | 2020 || 2021

1000 1

750 1

500 1

250 1

Cumulative Precipitation (mm)

100 150 200 250 100 150 200 250 100 150 200 250
Day of Year
Appendix C, Figure 1. Cumulative precipitation during the growing season (Maptember)
during the study period (black line), presented against the mean (blue line) and standard

deviation (grey shading) of the 3@ar average.



Appendix C, Figure 2: Maps of study arealrrigated plots are blue circles, and ambient plots are

red. In 2017, irrigation lines were shifted so that half of historically irrigated plots ceased being
irrigated, and half of historic controls began irrigation treatment. Additionatyys under

drought shelters (orange squares) were added along transects in areas that were historically either
irrigated or ambient. The study area is topographically divided into an upland and lowland area;

plots on the sloped areas were excluded ftomdtudy and are not included in this map.
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Appendix C, Figure 3: Litter mass remaining as function of litter N concentration, a measure of
litter N immobilization potential. Points represenitreent means at each time point. There

were no significant differences in the slope of this relationship among treatments.






























