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ABSTRACT

GRASSLAND SENSITIVITY TO EXTREME DROUGHT:

ASSESSING THE ROLE OF COMMUNITY FUNCTIONAL COMPOSITION

Climate change is expected to cause droughts that are reminiscent of the dust bowl. While
all ecosystems are negatively affected by drought to some degree, grasslands are among those most
sensitive. Accurate forecasting of which grasslands are most sensitive to drought is imperative to
conserving the many economically and aesthetically valuable services these ecosystems provide.
This dissertation utilizes both observational and experimental data, coupled with a systematic
literature review, to assess the mechanisms of differential grassland sensitivity to drought.

Long-term records of precipitation and aboveground net primary production (ANPP), a key
metric of ecosystem function, suggest that xeric grasslands are more sensitive to drought than
mesic grasslands. I provide further support for this trend using recent observations of the response
and recovery of ANPP following a short-term natural drought in six grassland sites. Predicting the
ecological consequences of long-term extreme drought, however, requires a mechanistic
understanding of drought sensitivity beyond its climatic determinants, especially considering two
sites with similar climatic means can differ dramatically in their sensitivity to climate extremes.
Plant traits, which act as proxies for more complex physiological functions, can be scaled through
the community (i.e. weighted by species relative abundance) to explain and forecast ecosystem
responses to environmental change. Few studies, however, measure community-weighted traits in
the context of altered water availability. Following a systematic review of >500 manuscripts, |

identify clear knowledge gaps in the field of plant traits research and provide guidelines for using
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plant traits to understand ecosystem sensitivity to PPT. Specifically, plant trait surveys could be
improved by a selection of traits that reflect physiological functions directly related to plant water
use with traits weighted by species relative abundance. Informed by these guidelines, I test and
validate a high throughput method for assessing leaf turgor loss point, a key metric of drought
tolerance, using an osmometer. The osmometer method paves the way for rapid community-scale
surveys of drought tolerance across functional types.

Finally, I employ a coordinated, long-term rainfall exclusion experiment to assess the
drought sensitivity of ANPP and community functional composition (i.e. community-weighted
trait means and trait diversity) across six grassland sites. Four years of experimental drought (i.e.
66% removal of growing season rainfall) led to reduced ANPP across all six grasslands, with the
sensitivity of ANPP being highly correlated with community functional composition. Specifically,
functionally diverse plant communities, as well as those with a high abundance of species with
conservative resource use strategies, experienced smaller relative reductions in ANPP following
drought. Additionally, drought treatments led to increased functional diversity and decreased
community scale drought tolerance, largely due to species re-ordering following dominant species
mortality. Increased functional diversity may stabilize ecosystem functioning in response to future
drought. However, the shifts in community-scale drought strategies may increase ecosystem
drought sensitivity, depending on the nature and timing of recurrent drought. The role these two
mechanisms will play in determining ecosystem recovery from and response to future drought will
be fascinating to assess. Overall, my research demonstrates the importance of plant traits in
understanding differential ecosystem sensitivity to extreme drought, especially when the

appropriate traits are measured and weighted by species relative abundance.
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CHAPTER 1: INTRODUCTION

1.1 Background

Ecologists strive to understand the interactions between organisms and their environment.
Data collected from experiments and observational studies conducted on a variety of
spatial/temporal scales and levels of ecological organization are used to develop theoretical models
describing these interactions (Levin, 1992). In the next century, however, organisms will be living
in novel environments both in terms of climate and biotic interactions (Vitousek et al., 1997).
Climate change offers a unique opportunity for ecologists to both test and modify these established
ecological relationships and incorporate new observations from novel experimental frameworks.
For instance, the temporal relationship between observed annual precipitation (PPT) and
aboveground net primary production (ANPP), a key metric of ecosystem function, is traditionally
described with a linear model (Huxman et al., 2004); however, the addition of data from
experiments that add or remove water beyond the historical range of PPT, thereby creating a novel
and extreme environment, changes the ANPP-PPT relationship from linear to non-linear and
saturating (Knapp et al., 2017; 2018). The emergence of coordinated, long-term and multi-site
experiments, along with observations of naturally occurring climate extremes, will further
parameterize these relationships to allow for accurate forecasting of the ecological consequences
of climate change.

Earth’s global temperature has been steadily rising for the past century, largely due to
anthropogenic emissions of greenhouse gases (IPCC, 2013). Assuming ‘business as usual’
practices of fossil fuel burning and land degradation (i.e., RCP-8.5 projections), globally averaged

temperatures could rise 2.6 °C to 4.8 °C by the end of the 21* century (IPCC, 2013). These



projected changes in temperature will lead to further intensification of Earth’s water cycle.
Specifically, with every 1 °C increase in temperature, the water holding capacity of the atmosphere
increases by 7%, effectively increasing total PPT amount (Trenberth, 2011). The spatial and
temporal distribution of PPT will be highly variable, however, with many regions of the world,
including the American Southwest and Great Plains, expected to experience unprecedented
drought as rates of evapotranspiration increase (Dai, 2011; 2013; Cook et al., 2015). The impacts
of drought on human populations are well known (e.g. water scarcity, declining crop yields,
increased conflict); however, many of these socio-economic implications are inherently linked to
the ecological and biophysical consequences of drought (O’Brien and Leichenko, 2000). It is
therefore critical to understand the underlying mechanisms of ecosystem sensitivity to drought,
especially in water-limited regions that are expected to become drier with climate change (Cook
et al., 2015).

Grasslands cover 30% of North America and are highly sensitive to changes in PPT given
that most are water-limited ecosystems (Knapp and Smith, 2001; Hsu et al., 2012; Pendall et al.,
2018). Additionally, grasslands provide a variety of ecosystem services such as forage production
for livestock, soil stabilization, wildlife habitat, and hydrologic buffering (Noy-Meir, 1973; Field
et al., 1998; Pendall et al., 2018). Grasslands of the United States also act as a carbon sink, with
net ecosystem carbon uptake rates of ~55 Tg per year (Pendall et al., 2018), much of which is
stored belowground (Silver et al., 2010). These ecosystems are therefore important resources for
mitigating anthropogenic climate change. Increased drought frequency and duration will likely
influence the future carbon storage potential of grasslands, especially in C4 grasslands where PPT
is the primary climatic determinant of plant growth and ANPP (Churkina and Running, 1998).

Across North America, ANPP increases from west to east with increasing mean annual



precipitation (MAP) (Webb et al., 1983; Sala et al.,, 1988; Knapp and Smith, 2001). Xeric
ecosystems tend to be more sensitive to interannual variation in precipitation than mesic
ecosystems, as evidenced by a steeper slope in the temporal relationship between ANPP and PPT
(Huxman et al., 2004). Low precipitation sensitivity of ANPP in mesic sites has been attributed to
co-limitation of resources (e.g. nutrients and light) and/or differences in vegetation structure
(Paruelo et al. 1999; Veron et al. 2002). While extreme drought negatively affects both xeric and
mesic ecosystems (Huxman et al., 2004), these temporal models suggest xeric ecosystems should
be more drought sensitive than mesic ecosystems. Long-term records of ANPP and PPT provide
little evidence of this, however, as extreme climate events are rare by definition (Smith, 2011). To
study climate extremes, ecologists must either take advantage of naturally occurring 1/100-year
type droughts, or experimentally manipulate precipitation.

Drought is often defined simply as a ‘prolonged absence or marked deficiency of
precipitation’ (IPCC, 2013). There are several secondary characteristics of drought (e.g. increased
solar radiation, higher temperatures, and insect outbreaks; McDowell et al., 2008) that are difficult
to manipulate in experimental settings. Observational studies of natural drought are thus very
important for understanding baseline ecosystem responses to drought. In 2012, grasslands of the
central US experienced an extreme natural drought which led to an equivalent 40% reduction in
PPT, relative to MAP, across the region. The equivalent magnitude and duration of this drought
provided an opportunity to assess differential drought sensitivity of ANPP across several perennial
grasslands, ranging from desert to tallgrass prairie (Knapp et al., 2015). As predicted by Huxman
et al. (2004), xeric grasslands experienced greater relative reductions in ANPP compared to mesic
sites following this natural drought (Knapp et al., 2015). While short-term observational studies

are invaluable for testing ecological theory, the extreme droughts of the 21 century are expected



to last multiple years (Dai, 2013), with the recent drought in California suggesting this is already
occurring (Griffin and Anchukaitis, 2014). Forecasting how ecosystems will respond to such long-
term extreme drought requires coordinated multi-site experiments.

The ‘Extreme Drought in Grasslands Experiment’ (EDGE) was established following the
natural drought of 2012 in the same six central US grasslands surveyed by Knapp et al. (2015).
The EDGE project utilizes large rainfall exclusion shelters that block 66% of incoming growing
season rainfall for four years, effectively imposing the most extreme drought on record for this
region. The six sites span a large precipitation gradient (MAP range: 244 — 864 mm) and are
representative of the major grassland types of North America: desert grassland, shortgrass prairie,
Cs-dominated mixed grass prairie, Cs-dominated mixed grass prairie, and tallgrass prairie. Key
response variables measured include above- and belowground net primary productivity, plant
community composition, and soil respiration. As theory would suggest (Huxman et al., 2004), and
observational evidence supports (Knapp et al., 2015), a four-year extreme drought should lead to
decreased ANPP across all sites, with higher drought sensitivity at the driest sites. Establishing the
climatic drivers of drought sensitivity sets a baseline for forecasting ecosystem sensitivity to
drought on broad spatial scales. Within semi-arid regions, however, two sites may differ
dramatically in their sensitivity to drought even though they share a similar climate (Knapp et al.,
2015). The goal of my dissertation, therefore, is to develop a more mechanistic framework for
understanding ecosystem sensitivity to drought.

Our understanding of ecosystem properties is limited by our ability to mechanistically link
plant physiological processes to the pools and/or fluxes of energy and materials within ecosystems
(Enquist et al., 2003). Plant traits, which act as proxies for more complex physiological functions,

can be scaled through the community (i.e. weighted by species relative abundance) to explain and



forecast ecosystem responses to environmental change (Suding et al., 2008). In the context of
ecosystem drought sensitivity, appropriate traits must be identified which represent physiological
strategies related to water use efficiency (Brodribb, 2017). Leaf-level gas exchange is an extremely
inefficient process at the molecular level, with up to 400 molecules of H>O lost per molecule of
CO, gained through stomata (Nobel, 1999). Regulation of plant water-use efficiency is thus central
to plant strategies for coping with drought. In water-limited grasslands, plant species differ in both
temporal and spatial patterns of water-use (Weaver, 1958; Nippert and Knapp, 2007; Kooyers,
2015). Many C; species take advantage of springtime soil moisture, low temperature, and minimal
competition from neighboring C4 grasses to accumulate biomass early in the growing season (Ode
et al. 1980). Such ‘drought avoidance’ strategies make these species less sensitive to summer
drought as much of their vegetative life cycle is completed before mid-summer when competitively
superior C4 species dominate (Knapp et al., 1998). CAM plants (i.e., Cacti and succulents) are
infamous temporal ‘drought avoiders’ as their stomata are open only during nighttime hours when
evapotranspiration is minimized. Deep-rooted forbs/shrubs can avoid drought by tapping into
deeper soil water pools that are isolated from both competitive and evaporative pressures (Nippert
and Knapp, 2007). Interestingly, many deep-rooted species often bring water from deeper soil
pools and re-distribute it in shallower soil layers (i.e. hydraulic lift), thereby allowing shallow-
rooted species to avoid drought (Yu and D'Odorico, 2015). Rare ephemeral species exhibit
‘drought escape’ strategies whereby the entire plant life cycle, from germination to flowering, is
completed during brief periods of high soil moisture (Kooyers, 2015). Thus, while many ‘drought
escaping’ species live in arid or semi-arid regions of the world, they never experience
physiological drought stress. The term, ‘drought tolerance’, applies only to those species that

experience tissue dehydration and still attempt to maintain gas exchange and physiological



function as soil moisture declines (Kooyers, 2015). Drought tolerant species are at constant risk of
physiological stress either due to carbon starvation or hydraulic failure (McDowell et al. 2008).
To maintain high photosynthetic rates, plants must maintain high stomatal aperture and
transpiration; however, as soil moisture declines and the atmospheric vapor pressure deficit
increases, maintained transpiration can cause physical stress to xylem conduits (Zimmermann,
1983). Decreased leaf water potential can induce xylem cavitation and hydraulic failure as air
bubbles are sucked into xylem conduits and spread rapidly under extreme negative pressures
(Pockman et al., 1995). Thus, plants are faced with a tradeoff between potentially irreversible
damage to their hydraulic network or reduced carbon assimilation (Meinzer et al. 2010). The
degree of stomatal control over leaf water status is described as either isohydric (i.e. conservative
strategy of closing stomata early to maintain high water potential) or anisohydric (i.e. risky strategy
of maintained stomatal conductance with declining leaf water potential), with most plants falling
somewhere in between (Skelton et al. 2015; Ocheltree et al. 2016; Fu et al. 2019).

Direct quantification of plant drought strategies (i.e., drought avoidance, escape, or
tolerance) requires lengthy procedures which are often impractical to implement across multiple
species on broad spatial/temporal scales (Sack et al. 2002; Brodribb et al. 2003; Skelton et al. 2015;
Meinzer et al. 2016). Plant trait ecology has been recognized as an efficient means of linking plant
physiology with community ecology to predict ecosystem responses to climate change (Reich,
2014). Plant traits are defined here as easily measured characteristics that are representative of
physiological function. For example, leaf traits such as specific leaf area (SLA; the ratio of leaf
area to leaf dry mass) and leaf nitrogen content (LNC) are well correlated with maximum
photosynthetic rate (Reich et al., 1998; Evans and Poorter, 2001), and have previously been used

to sort species according to drought tolerance vs. avoidance strategies (Frenette-Dussault et al.,



2012; Kooyers, 2015). When weighted by species relative abundance, community SLA and LNC
are descriptive of spatial and temporal dynamics of ANPP (Garnier et al., 2004; Reich, 2012) and
thus may be linked to ecosystem drought sensitivity. Using plant traits to understand grassland
responses to drought may be especially informative given that ANPP in these ecosystems is
generally controlled by 1-3 species (Smith and Knapp, 2003).

In the following chapters, I utilize both experimental and observational data, coupled with
a systematic literature review, to investigate the mechanisms of differential ecosystem sensitivity
to extreme drought. First, I describe an observational study that demonstrates differential
ecosystem sensitivity to and recovery from a natural drought (chapter 2). Using a systematic
literature review (chapter 3), I identify clear knowledge gaps in the field of plant traits research
and provide guidelines for using plant traits to understand ecosystem sensitivity to PPT. In chapter
4, I describe a method for rapidly assessing leaf level drought tolerance and validate this method
for use in herbaceous plants. Finally, in chapter 5, I employ a plant trait-based framework within
a coordinated, long-term, and multi-site drought experiment (i.e., EDGE — described above) to
assess the impacts of long-term drought on community functional composition and identify
mechanisms of ANPP drought sensitivity.
1.2 Summary of Chapters

In 2013, annual PPT returned to near average amounts at each of the six EDGE sites,
providing an opportunity to assess potential legacy effects of the 2012 drought on ANPP recovery.
Legacy effects are defined as alterations in resources or ecosystem properties that continue to affect
an ecosystem post-drought (Yahdjian and Sala, 2006). In chapter 2, I describe the legacy effects
of the 2012 drought at each of the six EDGE sites and test two main hypotheses. First, I test whether

legacy effects of drought are negative across all six EDGE sites. Long-term records of ANPP and



PPT suggest that dry years lead to negative legacy effects (i.e., lower ANPP following the return
of average PPT than would be expected; Sala et al., 2012) due to plant mortality and/or a sustained
deficit in soil moisture after drought subsides (Reichmann et al., 2013). While positive legacy
effects are less common, they are not unheard of (Whitford et al. 1995). During dry years, nitrogen
(N) mineralization continues while plant N-uptake is diminished (Hofer et al., 2017). Thus,
positive legacy effects of drought can occur due to a pulse in available nutrients with replenished
soil moisture. Second, I test the hypothesis that drought sensitivity is correlated with the magnitude
of legacy effects (Smith, 2011). In other words, if ANPP is highly responsive to precipitation, then
greater sensitivity during dry years should correspond to greater sensitivity to wet (or average)
years, regardless of legacy directionality (i.e. positive/negative). In addition to testing current
ecological theories, I introduce the six focal grassland sites within which EDGE is implemented.
Chapter 3 describes the results of a systematic review of >500 manuscripts that all assess
plant traits within the context of altered water availability. Plant traits can be used to predict
ecosystem responses to environmental change using a response—effect trait framework (Suding et
al., 2008). To do this, appropriate traits must be identified that explain a species’ influence on
ecosystem function (“effect traits) and the response of those species to environmental change
(“response traits”’). Response traits are often identified and measured along gradients in plant
resources, such as water availability; however, PPT explains very little variation in most plant
traits globally. Given the strong relationship between plant traits and ecosystem functions, such as
ANPP, and between ANPP and PPT, the lack of correlation between PPT and plant traits is
surprising. This literature review categorizes this broad field of research and provides a framework
for future surveys of plant traits within the context of altered water-availability. The overarching

goal of this review is to identify potential causes for the weak relationship between commonly



measured plant traits and water availability so that we may identify more appropriate response
traits.

Hydraulic traits linked to drought tolerance (e.g., leaf vulnerability to cavitation) often
require tedious and lengthy measurement protocols. Plant trait ecologists require high throughput
methods for measuring plant traits on a variety of species/genotypes and on large spatial and
temporal scales. In chapter 4, I describe a method for rapidly assessing a key metric of leaf-level
drought tolerance in herbaceous plants. Leaf turgor loss point (mrLp; the leaf water potential at
which cells lose turgor causing the plant to wilt) is traditionally estimated from pressure-volume
curves. The osmometer method for assessing mrLp from leaf osmotic potential at full turgor (7o)
increases the measurement speed of this trait by 50-fold compared to the traditional method;
however, it has only been tested in woody species (Bartlett et al., 2012a). In this chapter, I extend
the use of the osmometer method to herbaceous plant species, particularly graminoids, and assess
the mechanistic value of m, as a drought tolerance trait in grasslands.

Finally, I describe the impact of four years of experimental drought on ANPP and
functional composition of six North American grasslands. Functional composition is defined by
both functional diversity and community-weighted trait means (CWMs). Functional composition
can affect the stability of aboveground net primary production (ANPP) in response to climate
extremes. Further complexity arises, however, when functional composition itself responds to
environmental change. In chapter 5, I describe both the response of functional composition to long-
term drought as well as the corresponding effect that has on ecosystem function at broad spatial

and temporal scales.



CHAPTER 2: LEGACY EFFECTS OF A REGIONAL DROUGHT ON ABOVEGROUND
NET PRIMARY PRODUCTION IN SIX CENTRAL US GRASSLANDS'

2.1 Summary

Global climate models predict increases in the frequency and severity of drought
worldwide, directly affecting most ecosystem types. Consequently, drought legacy effects
(drought-induced alterations in ecosystem function post-drought) are expected to become more
common in ecosystems varying from deserts to grasslands to forests. Drought legacies in
grasslands are usually negative and reduce ecosystem function, particularly after extended drought.
Moreover, ecosystems that respond strongly to drought (high sensitivity) might be expected to
exhibit the largest legacy effects the next year, but this relationship has not been established. We
quantified legacy effects of a severe regional drought in 2012 on post-drought (2013) aboveground
net primary productivity (ANPP) in six central US grasslands. We predicted that (1) the magnitude
of drought legacy effects measured in 2013 would be positively related to the sensitivity of ANPP
to the 2012 drought, and (2) drought legacy effects would be negative (reducing 2013 ANPP
relative to that expected given normal precipitation amounts). The magnitude of legacy effects
measured in 2013 was strongly related (* = 0.88) to the sensitivity of ANPP to the 2012 drought
across these six grasslands. However, contrary to expectations, positive legacy effects (greater than
expected ANPP) were more commonly observed than negative legacy effects. Thus, while the
sensitivity of ANPP to drought may be a useful predictor of the magnitude of legacy effects, short
term (1-year) severe droughts may cause legacy effects that are more variable than those observed

after multi-year droughts.

! Griffin-Nolan RJ, Denton EM, Johnston M, Carroll CJW, Collins SL, Smith MD, Knapp AK. (2018). Legacy effects
of a regional drought on aboveground net primary production in six central US grasslands. Plant Ecology,
219(5), 505-515
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2.2 Introduction

Drought, defined meteorologically as a “prolonged absence or marked deficiency of
precipitation” (IPCC 2013), has shaped the structure and functioning of grasslands globally,
particularly those in central North America (Woodhouse and Overpeck 1998; Clark et al. 2002).
Severe droughts, and climate extremes more broadly (Smith 2011), are expected to increase in
frequency and intensity with climate change, and there is evidence that drought severity has
already increased (Dai 2011; 2013; Ponce-Campos et al 2013; Trenberth et al. 2014; Griffin and
Anchukaitis 2014; Cook et al 2015). In general, drought results in a decline in ecosystem functions
such as aboveground net primary production (ANPP) and soil CO» flux (Hoover et al. 2014; Shi
et al. 2014). Drought also alters structural attributes, such as tiller and rooting density (Plaut et al
2013; Reichmann et al. 2013), which can have prolonged post-drought effects on ecosystem
function.

Drought legacies, defined as alterations in resources or ecosystem properties that continue
to affect an ecosystem post-drought (sensu Yadjidan & Sala 2006), can be negative or positive
(Sala et al. 2012), and thus can either exacerbate or offset (partially) the negative effects of drought
on ecosystem function. Negative drought legacies, characterized by reduced ANPP after a drought
relative to that expected, may occur when there is a soil moisture deficit that persists after the
drought (despite increased precipitation inputs), or if there is drought-induced mortality of plants
or senescence that constrains ANPP responses after drought has subsided (Yahdjian and Sala 2006;
Sala et al. 2012; Reichmann et al. 2013). Positive drought legacies, when ANPP is higher than
expected after a drought (Seastedt and Knapp 1993), have been linked to increased light
availability (Slik 2004) or elevated soil nitrogen (N) availability after drought (Whitford et al.

1995; Reynolds et al. 1999; Hofer et al. 2017). From an analysis of long-term records of
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precipitation and ANPP in 16 grasslands, Sala et al. (2012) concluded that drought legacies are
predominantly negative in grasslands worldwide. A recent analysis of forest tree growth after
drought led to a similar conclusion (Anderegg et al. 2015). The impact of drought legacies is
predicted to be positively related to drought severity and the magnitude of ecosystem responses to
drought (Yahdjian and Sala 2006; Smith 2011); thus, negative drought legacies are expected to
become more pronounced in the future as drought severity intensifies.

Grassland ecosystems, which cover >30% of Earth’s terrestrial surface, are ideal study
systems for assessing the impacts of drought and subsequent drought legacies on ANPP because
most are water-limited ecosystems (Noy-Meir 1973; Webb et al. 1978; Sala et al. 1988) and are
highly responsive to changes in precipitation (Knapp and Smith 2001; Hsu et al. 2012). In 2012,
grasslands in the central US experienced a severe and extensive drought (the fourth largest drought
since 1895) characterized by a ~40% reduction in growing season precipitation across the region
(Knapp et al. 2015). Taking advantage of the regional uniformity of these precipitation reductions,
Knapp et al. (2015) assessed ecosystem sensitivity to the 2012 drought of six native grassland
ecosystems ranging from a desert grassland in New Mexico to a mesic tallgrass prairie in Kansas.
The sensitivity of ANPP to drought varied two-fold among these six grasslands and was negatively
correlated with mean annual precipitation (MAP), a pattern that is consistent with previous models
predicting the high sensitivity and responsiveness of xeric ecosystems to drought (Huxman et al.
2004; Diffenbaugh et al. 2008).

The differential drought sensitivity observed across the major grasslands of the central US,
combined with a return to average precipitation in 2013 (Table 2.1), provided an opportunity to
assess the legacy effects of the 2012 drought on ecosystem function (ANPP) in 2013. We tested

two hypotheses: (1) that legacy effects of drought in these grasslands would be negative (Sala et
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al. 2012) given the severity of the 2012 drought (rated as severe to extreme,
http://www.droughtmonitor.unl.edu/), and (2) that differences in drought sensitivity among these
grasslands would be positively related to the magnitude of the legacy effects observed, regardless
of whether legacies were positive or negative (Yahdjian and Sala 2006; Smith 2011) (Fig. 2.1).
2.3 Materials and Methods
2.3.1 Study sites

Potential legacy effects of the 2012 drought were measured in 2013 in the same six
grassland ecosystems used by Knapp et al. (2015) to determine drought sensitivity. These six sites
encompass the major grassland types in the central US spanning a west-east MAP gradient of 244
to 863 mm (>3-fold difference) as well as a north-south mean annual temperature (MAT) gradient
of 6.8 °C (Table 2.1). Soil textures across these sites vary from sandy to clay loams (Burke et al.
1989, 1991; Keift et al. 1998). ANPP was quantified in un-grazed pastures in 2012 and 2013. Apart
from the two mixed-grass prairie sites (HYS and HPG; Table 2.1), which were lightly grazed two
years prior to this study, these sites had not been grazed by domestic herbivores for >10 years prior
to the 2012 drought. The tallgrass prairie site (KNZ) is subjected to frequent (annual) prescribed
fire, a common management practice in the region that has replaced the frequent wildfires that
historically maintained the structure and function of this grassland (Knapp et al. 1998).
2.3.2 ANPP and climate data

From each grassland site, historical ANPP data were compiled from the literature or from
online data sources and combined with ANPP measured at each site in 2012 and 2013. ANPP was
also measured in 2014 and 2015 to provide a more robust measure of long-term mean ANPP and
ensure that ANPP pre- and post-drought (after the single legacy year) were similar. This resulted

in 8 to 32 years of data for each site (see Knapp et al. (2015) for additional details on data sources).
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Corresponding data on annual precipitation amounts were taken from on-site rain gauges when
available or retrieved from the nearest NOAA weather station (http://www.ncdc.noaa.gov/). Both
long-term mean ANPP and MAP were calculated excluding data from the 2012 drought year and
2013 legacy year.

Estimates of ANPP were based on end-of-season or peak biomass harvests for the SGS,
HPG, HYS, and KNZ sites. In contrast, biomass was estimated allometrically twice during the
growing season for the two Sevilleta sites (SBK and SBL) using species-specific equations with
changes over time used to estimate ANPP (Muldavin et al. 2008). Succulent plant ANPP was not
included in productivity estimates and was a relatively minor component of the vegetation in most
plots. Sample sizes and specific plot dimensions varied slightly depending on the study prior to
2012. In 2013, all aboveground biomass was harvested at the end of the growing season from three
0.1-m? quadrats randomly located within thirty 4-m? plots for SGS, HPG, HYS, and KNZ (n=90
quadrats/site). Similarly, ANPP was estimated using species-specific allometric equations from
four 1-m? quadrats within ten 4-m? plots for SBK and SBL (n=40 quadrats/site) (Muldavin et al.
2008). In all cases, biomass produced in previous years (easily identified by grey coloration) was
excluded from estimates of current year ANPP.
2.3.3 Data analysis

Long-term datasets were used to calculate mean ANPP and precipitation, with 95%
confidence intervals (CI), for each site. The relative ANPP responses in 2012 (drought sensitivity)

and 2013 (drought legacy effects) were calculated as anomalies from mean ANPP:

2012 ANPP — Mean ANPP
Mean ANPP

Drought Sensitivity = |

2013 ANPP — Mean ANPP
Mean ANPP

Drought legacy effects =
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This measure of legacy effects was justified as 2013 precipitation amounts fell within the 95% CI
of MAP at five of six sites (a significant 9% reduction from MAP was observed at KNZ in 2013),
thus average ANPP would be expected in the absence of legacy effects (Table 2.1). Legacy effects
were considered statistically significant if 2013 ANPP was above (positive legacy) or below
(negative legacy) the 95% ClI for the site-specific long-term mean of ANPP. Drought sensitivity is
shown as the absolute value of 2012 ANPP anomalies; thus, higher values indicate higher
sensitivity. A general linear model was used to determine whether the drought sensitivity
magnitude (i.e. absolute value) was related to the drought legacy effects (including directionality);
however, a second regression analysis was included using the magnitude (absolute value of
drought legacy effects) to observe potential relationships between relative ANPP responses that

may be hidden due to legacy directionality (Fig. 2.1).

The magnitude of drought legacy effects was also regressed against variables that have
been shown to be predictive of lagged ANPP responses to precipitation. These included the
difference in precipitation between the drought and recovery year relative to MAP for each site
([2013 Precipitation - 2012 Precipitation]/ MAP) as well as the Standardized Precipitation
Evapotranspiration Index (SPEI) (Yahdjian and Sala 2006). SPEI, a common measure of drought
severity, was calculated for the 2012 growing season defined separately for each site (April-Sept
for SGS, HPG, HYS, and KNZ and April-Oct for SBK and SBL; Knapp et al. 2015). All regression

analyses and confidence intervals were calculated in R version 3.4.0.

2.4 Results
The drought in 2012 reduced ANPP 1n all six grasslands relative to the long-term mean,
ranging from a 35% reduction in the southern mixed grass prairie (HYS), the least drought

sensitive site, to >65% reductions in both Sevilleta sites, SBL and SBK, the most drought sensitive
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sites (Fig. 2.2). Despite near average precipitation in 2013, ANPP deviated significantly from the
long-term mean at most sites, ranging from a 49% relative reduction in the C3-dominated northern
mixed grass prairie (HPG) to a >145% relative increase at both SBL and SBK (Fig. 2.2).

Contrary to our predictions, we observed positive drought legacy effects on ANPP more
frequently than negative legacy effects across these six grasslands (Fig. 2.2). Legacy effects (i.e.
significant deviations from the expected mean ANPP, given average precipitation levels) were
evident in four of the six grasslands (SBK, SBL, HPG, and KNZ; Fig. 2.2). Three of these legacy
effects were positive (SBK, SBL, and KNZ), with a negative legacy effect observed at HPG. There
was no observable drought legacy effect on ANPP in the southern mixed grass prairie (HYS) or
shortgrass prairie (SGS). It is worth noting that 2013 was the most productive year on record for
the Sevilleta sites (14 and 16 years of LTER data for SBL and SBK, respectively), despite receiving
an average amount of annual rainfall.

Drought legacy effects were significantly correlated with drought sensitivity across these
six grassland sites (Fig. 2.3A). This positive relationship was much stronger when drought
sensitivity was regressed against the magnitude of legacy effects, irrespective of legacy
directionality (R?=0.88; Fig. 2.3B). The variability in the magnitude of legacy effects across sites
was much higher than the variability in drought sensitivity (ANPP anomaly range of 0.36 and 1.85
for 2012 and 2013, respectively; Fig. 2.3). The magnitude of drought legacy effects was not
correlated with either SPEI or the difference in precipitation between the drought and post-drought
years, two variables commonly used to explain drought legacy effects on ANPP (Table Al.l;
Yahdjian and Sala 2006). Finally, we saw no evidence of any lagged effects of the 2012 drought
on ANPP in 2014 or 2015, although precipitation during these years was less comparable across

sites than in 2012 and 2013.
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2.5 Discussion

Drought legacies can extend the influence of drought well beyond its meteorological
occurrence. Legacy effects of drought, and more broadly the lagged effects of antecedent
precipitation on current year ecological processes (Ogle et al. 2015), have been widely reported to
be negative (Yahdjian and Sala 2006; Sala et al. 2012; Reichmann et al. 2013; Anderegg et al.
2015); however, positive, as well as a complete lack of drought effects on post-drought function,
have also been reported (Seastedt and Knapp 1993; Slik 2004; Hermance et al. 2015; Wagg et al.
2017). For example, an experimentally induced 2-yr extreme drought elicited extreme ANPP
responses (significantly rare compared to historical responses; Smith 2011) in the Konza tallgrass
prairie, yet there was no post-drought legacy effect on ecosystem function (ANPP) the next year
(Hoover et al. 2014). Thus, greater understanding of the potential relationship between the
sensitivity of ecosystems to drought and legacy effects of drought is needed, particularly given the
forecasted increase in drought severity and frequency (Dai 2011; 2013).

In this study, we observed legacy effects of the severe 2012 regional drought on ecosystem
function (ANPP) in 2013 and, as predicted by Smith (2011), we found a strong correlation between
the ecosystem drought sensitivity and the magnitude of the legacy effect observed post-drought
(Fig. 2.3B). Although Sala et al. (2012) concluded that drought legacies are predominately
negative in grasslands, positive legacies were observed in half of the grasslands studied here (Fig.
2.2). A significant negative legacy effect was observed in only one grassland, HPG, the site with
the highest C; grass cover. It is worth noting that HPG experienced the most severe drought in
2012, as indicated by SPEI (Table 2.1), which may have contributed to the negative legacy effect.
As expected, no legacy effect was detected in the grassland that was least responsive to the 2012

drought (HYS). While considerable plot-level variability in ANPP suggests a lack of legacy effects
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at SGS (Fig. 2.2 — SGS), the mean for 2013 ANPP was well above the long-term mean.
Additionally, Hermance et al. (2015) observed a positive legacy effect of the 2012 drought in the
shortgrass steppe of Colorado (SGS) based on NDVI estimates of plant production in 2013. ANPP
at the two Sevilleta sites (SBK and SBL) was historically high in 2013 (Fig. Al1.3), which we
attribute to drought legacy effects; however, rainfall patterns in 2013 likely played a role in this
system, where ANPP is highly responsive to the timing and size of rain events in the late summer
monsoon season (Muldavin et al. 2008).

Although negative drought legacies have several potential mechanisms, results from field
experiments suggest that plant mortality or loss of meristematic tissues (stems, buds, tillers, etc.)
during extreme or prolonged drought can be particularly important for constraining plant growth
post-drought, even when abundant precipitation is available (Yahdjian and Sala 2006; Reichmann
et al. 2013). Indeed, meristem limitation has been proposed as a mechanism limiting production
responses to increased precipitation in many chronically water limited ecosystems (Knapp and
Smith 2001 ; Dahgleish and Hartnett 2006). Although we did not attempt to quantify plant mortality
or meristem density after the 2012 drought, observations made at each site during end of season
sampling did not reveal any obvious increases in plant mortality. It is likely that drought of
extended duration or greater severity would be required for such plant mortality and increased
meristem limitation to occur.

Positive drought legacies are most commonly attributed to higher soil N availability post-
drought, a result of continued N-mineralization but reduced N-uptake during drought (Seastedt
and Knapp 1993; Whitford et al. 1995; Reynolds et al. 1999; Yahdjian et al., 2006; Sala et al. 2012;
Hofer et al. 2017). Indeed, N dynamics are highly correlated with variation in NPP among

grasslands globally (Stevens et al. 2015). Although Reichmann et al. (2013) showed that N-
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addition could not offset the negative effects of drought-induced meristem reductions, the effects
of N-fertilization may become apparent if plant mortality is minimal, such as during a 1-year
drought.

It is tempting to conclude that relatively short-term (1-year) severe droughts are more likely
to lead to positive legacy effects whereas long-term, or more extreme droughts that cause mortality,
will result in negative legacy effects; however, there is abundant evidence that negative drought
legacy effects can result from single-year droughts (Oesterheld et al. 2001; Sala et al. 2012; Fig.
2.2 — HPG). This variability in legacy effects of short-term drought may be particularly
pronounced in more water-limited ecosystems where rainfall timing and event size are strong
determinants of the variability in ANPP, soil N availability and drought sensitivity (Heisler- White
et al. 2008; Raz-Yaseef et al. 2010; 2012; Cherwin and Knapp 2012; Petrie et al. 2015).

Precipitation is expected to become more variable in the near future, with the frequency of
both short-term (1-yr) and long-term droughts increasing (Dai 2011; 2013; Ponce-Campos et al
2013; Trenberth et al. 2014; Griffin and Anchukaitis 2014; Cook et al 2015). A clear understanding
of how the magnitude and directionality of legacy effects on ecosystem function differ between
short vs. long-term droughts is crucial given the implications for carbon storage and nutrient
cycling. This is especially true within arid and semi-arid ecosystems, such as grasslands, which
often experience both short- and long-term droughts (Ahlstrom et al. 2015). The strong correlation
between the sensitivity of ANPP to drought and the magnitude of drought legacy effects the
following year suggests that greater understanding of the determinants of differential ecosystem

sensitivity to drought will also provide insight into ecosystem function post-drought.
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2.6 Tables

Table 2.1. Site characteristics for six central US grasslands affected by the 2012 regional drought.
Mean annual precipitation (MAP; +95% confidence intervals [CI]), mean annual temperature
(MAT), and mean aboveground net primary production (ANPP; g m-2 £95% CI). Mean ANPP
and MAP were calculated excluding 2012 and 2013 values. ANPP (£SE for plot variability) and
precipitation (PPT) amounts are shown for 2012 and 2013. Standardized Precipitation
Evapotranspiration Index (SPEI) was calculated for the site-specific 2012 growing season.
Climatic data were taken from the nearest NOAA sites or from LTER rain gauges. See Fig. Al.1
and A2.2 for distributions of long-term ANPP and precipitation data. Sites include a desert
grassland [Sevilleta National Wildlife Refuge, dominated by black grama, Bouteloua eriopoda
(C4) — SBK] and a southern shortgrass steppe [Sevilleta National Wildlife Refuge, dominated by
blue grama (Bouteloua gracilis (C4)) — SBL] in New Mexico; a northern shortgrass steppe [Central
Plains Experimental Range, dominated by B. gracilis — SGS] in Colorado; a northern mixed-grass
prairie [High Plains Grassland Research Center, co-dominated by Pascopyron smithii (C3) and B.
gracilis — HPG] in Wyoming; as well as a southern mixed-grass prairie [Hays Agricultural
Research Center, co-dominated by P. smithii, Bouteloua curtipendula (Cs), and Sporobolus asper
(C4) —HYS] and a tallgrass prairie [Konza Prairie Biological Station, dominated by Andropogon
gerardii (C4) and Sorghastrum nutans (C4) — KNZ] in Kansas.

Mean 2012 2013 2012 2013

Site® ?fn‘f‘nf; 1\(’[‘23 ANPP  PPT  PPT ANPP  ANPP éggl
(gm? (mm) (mm) (gm?) (gm?)

spg SevilleaBlack 1430 134 98439 187 251 34x6  243x17  -1.49
grama

spr. SevilleaBlue o050 134 66226 195 299 1943 18920 -1.49
grama

SGs  SOMETass 36030 95 o4xl6 189 362 4242 126420 -2.16
Steppe

Hpg ~ THEhPRINS yisi00 79 137230 232 447 6943 6943 24
Grassland
Hays

Hys ~Agiculral - sgi 96 123 246257 362 547 15089 245:12  -1.82
Research
Center

KNZ  Konza Prairie =~ 864+74 13 413442 569 787 2508  492+16 -1.57
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2.7 Figures
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Figure 2.1. Hypothetical ANPP responses of three grasslands varying in drought sensitivity (from
least to most sensitive: A, B, C) and potential legacy effects. Depicted on the left are differential
responses of aboveground net primary productivity (ANPP) for each site during a drought year
and a post-drought year. Long-term mean ANPP with 95% CI (dashed lines) is also shown for
reference. Assuming the drought was of equal magnitude across all sites and precipitation in the
post-drought year was near average, drought sensitivity and legacy effects can be calculated as
anomalies from the long-term mean ANPP (i.e. % deviation) in the drought year and post-drought
year, respectively. Legacy directionality is indicated as anomalies above (+) or below (-) the 95%
CI for mean ANPP. As predicted by Sala et al. (2012), negative legacy effects are shown across
all sites; however, an alternative positive legacy effect of similar magnitude is shown for the site
with medium drought sensitivity (B+). Potential cross-site relationships between drought
sensitivity and legacy effects (depicted on the right) can incorporate negative (®) and positive (®)
legacy effects or simply focus on the magnitude of the legacy effect by plotting the absolute value
of the post-drought ANPP response. (The dashed line in the “directional” relationship represents
zero legacy effect with positive legacies being above the line and negative legacies below it). The
relationship between the responsiveness of ecosystems during and post drought is more accurately
visualized using the drought legacy magnitude.
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Figure 2.2. Aboveground net primary production (ANPP, ) and annual precipitation (H) for six
central US grasslands: Sevilleta — black grama (SBK), Sevilleta — blue grama (SBL), Shortgrass
Steppe (SGS), High Plains Grassland (HPG), Hays (HYS), and Konza prairie (KNZ). For each
site, the long-term means (excluding 2012 and 2013) for ANPP and Precipitation are shown with
95% confidence intervals (dashed lines) as well as 2012 and 2013 mean ANPP (£SE of plot
variability) and annual precipitation. Given the near average precipitation in 2013, ANPP
responses outside of the 95% CI are considered statistically significant legacy effects (a=0.05).
Years of long-term data per site: SBK=16, SBL=14, SGS=28, HPG=11, HYS=8, KNZ=32.
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Figure 2.3. The relationship between drought sensitivity and legacy effects across six central US
grasslands (A). Both positive and negative ANPP anomalies are included in this “directional”
relationship. The relationship between drought sensitivity and legacy effects more accurately
presented and strengthened when the magnitude of the legacy effects is shown (B). See Table Al.1
for linear model results. By calculating the magnitude, or absolute value, of ANPP anomalies, the
responsiveness of ANPP in the drought year can be compared to responsiveness in the recovery
year, irrespective of directionality. This relationship suggests that a large ANPP response to a 1-
year severe drought may lead to a large ANPP response in the recovery year, regardless of whether
the response is positive or negative. See Table 2.1 for site abbreviations and Fig. A.1.3 for the
distribution of ANPP anomalies over time for each site. Drought sensitivity = [2012 ANPP — Mean
ANPP / Mean ANPP|. Drought legacy effects = 2013 ANPP — Mean ANPP / Mean ANPP.
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CHAPTER 3: TRAIT SELECTION AND COMMUNITY WEIGHTING ARE KEY TO
UNDERSTANDING ECOSYSTEM RESPONSES TO CHANGING PRECIPITATION
REGIMES?

3.1 Summary

Plant traits can be used to predict ecosystem responses to environmental change using a
response-effect trait framework. To do this, appropriate traits must be identified that explain a
species influence on ecosystem function (‘effect traits’) and the response of those species to
environmental change (‘response traits’). Response traits are often identified and measured along
gradients in plant resources, such as water-availability; however, precipitation explains very little
variation in most plant traits globally. Given the strong relationship between plant traits and
ecosystem functions, such as net primary productivity (NPP), and between NPP and precipitation,
the lack of correlation between precipitation and plant traits is surprising.

We address this issue through a systematic review of >500 published studies that describe
plant trait responses to altered water-availability. The overarching goal of this review was to
identify potential causes for the weak relationship between commonly measured plant traits and
water-availability so that we may identify more appropriate ‘response traits’.

We attribute weak trait-precipitation relationships to an improper selection of traits (e.g.
non-hydraulic traits) and a lack of trait-based approaches that adjust for trait variation within
communities (only 4% of studies measure community-weighted traits). We then highlight the
mechanistic value of hydraulic traits as more appropriate ‘response traits’ with regard to

precipitation, which should be included in future community-scale trait surveys.

2 Griffin-Nolan RJ, Bushey J, Carroll CJW, Challis A, Chieppa J, Garbowski M, Hoffman A, Post AK Slette, 1J,
Spitzer D, Zambonini D, Ocheltree TW, Tissue D, Knapp AK. (2018). Trait selection and community
weighting are key to understanding ecosystem responses to changing precipitation. Functional Ecology, 32,
1746-1756.
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Trait-based ecology has the potential to improve predictions of ecosystem responses to
predicted changes in precipitation; however, this predictive power depends heavily on the
identification of reliable response and effect traits. To this end, trait surveys could be improved by
a selection of traits that reflect physiological functions directly related to water-availability with
traits weighted by relative abundance.

3.2 Introduction

Global climate change models predict a future with more frequent climate extremes (e.g.
drought) and increased inter- and intra-annual variability in precipitation, which will
fundamentally alter the spatial and temporal patterns of water-availability in terrestrial ecosystems
worldwide (Trenberth, 2011; Dai, 2011; 2013; Ciais et al., 2013; IPCC; 2013). These predicted
changes in precipitation will alter terrestrial ecosystem properties such as net primary production
(NPP), carbon (C) cycling, and biodiversity, along with other important ecosystem services. The
sensitivity of these ecosystem functions to changes in precipitation can vary among ecosystems,
although a mechanistic understanding of this variability remains unresolved (Smith, Knapp, and
Collins 2009; Luo et al. 2011, Knapp et al. 2015).

One approach to advance our understanding of ecosystem responses to environmental
change is to use a response-effect trait framework (Suding et al. 2008). This framework categorizes
species in a community based on ‘effect traits’ representing their relative influence (strong or
weak) on specific ecosystem functions, such as NPP. For example, plant functional traits such as
specific leaf area (SLA), leaf nitrogen content, and leaf area index have been used to explain plot
level variability in NPP from grasslands to forests (Garnier et al. 2004; Reich, 2012; Forrestel et
al. 2017). ‘Response traits’ are used to describe the change in relative abundance or size of a

species in response to environmental change. In the context of water-availability, traits related to
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hydraulic function (e.g. plant hydraulic conductance) are most likely to respond to precipitation
(Reich, 2014), yet the extent to which these traits are used in the response-effect framework has
yet to be surveyed (Rosado et al. 2014). Appropriate response and effect traits, once identified, can
be used to understand shifts in community composition due to environmental filtering (Suding et
al. 2008).

Experimental tests of the response-effect trait framework have generally been conducted
over short time scales (i.e. 1-2 years; Klumpp and Soussana, 2009); however, climate change is
expected to cause long-term chronic alterations in plant available water (Smith et al. 2009). Thus,
the response-effect trait framework may be most useful for predicting ecosystem responses to
altered precipitation if merged with the hierarchical response framework (Smith et al. 2009), which
describes temporal dynamics of ecosystem responses to chronic changes in resource availability
(Fig. 3.1). The response of an ecosystem to chronic resource alteration can be predicted over time
depending on the relative importance of (1) dominant species physiology, (2) species reordering
within communities, and (3) species migration (Smith et al. 2009). A wealth of literature describes
the physiological responses of dominant species to extreme climate events (reviewed by Felton
and Smith, 2017); however, a community-wide survey of plant response and effect traits is
required to predict community shifts in response to long-term chronic alterations in water-
availability. The predictive power of ‘effect traits’ is dependent on relevant ‘response traits’ of the
dominant species as well as the response/effect traits of subordinate and transient species that may
change in abundance with climate change (Grime, 1998; Suding et al. 2008). Thus, incorporating
the response-effect trait framework into the hierarchical response framework requires the

identification of appropriate response and effect traits (Fig. 3.1).
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Plant ecologists have long observed and measured traits along climatic gradients to
determine environmental filters of community assembly (Diaz, Cabido, & Casanoves, 1998).
These trait-climate relationships can be used to identify plant ‘response traits’, a key research
objective in community ecology (Suding et al. 2008); however, precipitation explains very little
global variation in commonly measured plant traits (Wright et al., 2004; Moles et al., 2014;
Forrestel et al., 2017). This is surprising given the utility of traits for understanding ecosystem
function (Diaz and Cabido, 1997; Garnier et al., 2004; Reich, 2012; van der Sande et al., 2017)
and the strong relationship between precipitation and NPP, which is widely considered a key
metric of ecosystem function (Sala et al., 1988; Knapp & Smith, 2001; Huxman et al., 2004; Fahey
and Knapp 2007; Knapp et al. 2017). To address this issue and better understand how traits might
be used to forecast responses to alterations in precipitation regimes, we conducted a systematic
review of plant traits literature in the context of altered water-availability. We aim to categorize
how plant traits are measured across biomes to (1) identify potential reasons for weak trait-climate
relationships and (2) reveal relevant knowledge gaps that can be addressed with future research.
More specifically, we aim to highlight the value of hydraulic traits for providing a mechanistic
understanding of plant responses to water-availability, especially when assessed at the community
level. Lastly, we discuss the ecological significance of identifying response and effect traits for
predicting differential ecosystem responses to precipitation.

3.3 Systematic Review

We reviewed the literature on plant trait research within the context of water-availability
to categorize the most commonly measured traits and their method of measurement. In total, 1,341
manuscripts (published in 215 peer-reviewed journals from the years 1991- mid 2017) were

identified using key words broadly related to plant traits and water-availability (See A2.1 in
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Appendix 2). Each manuscript was screened and included in our review if it met the following
criteria: (1) one or more plant trait(s) were measured on vascular plants from non-agricultural
terrestrial ecosystems; (2) plant traits were measured across contrasting levels of water-
availability; and (3) inclusion of a statistical test relating trait values to water-availability. A list of
plant traits (defined as: “Any morphological, physiological or phenological feature measurable at
the individual level, from the cell to the whole-organism level, without reference to the
environment or any other level of organization” — Violle et al., 2007) was compiled from the TRY
database (www.try-db.org) and the standardized plant traits handbook (Pérez-Harguindeguy et al.,
2013) to help define criteria #1. Modeled or simulated traits were not included in this review.
Plants in pots or common garden experiments were included only if plant available water was
manipulated. Criteria #2 was met by precipitation gradients and/or experimental manipulations of
soil moisture. Criteria #3 was included in our screening protocol to exclude studies that measured
plant traits at varying levels of water-availability but did not explicitly analyze plant responses to
water (e.g. traits were measured at different soil moisture levels, but statistical significance of trait-
water relationships was not assessed).

The plant functional type (PFT) surveyed in each manuscript was recorded as either (1)
graminoid, (2) forb (non-graminoid herbaceous), (3) shrub, (4) broad-leaf tree, (5) needle-leaf tree,
or (6) other (e.g. ferns). If multiple plant PFTs were studied in one manuscript and the traits
measured were specific to each PFT, then the manuscript was counted as two separate studies, one
for each PFT. For each manuscript, the source of variation in water-availability was recorded as
either a (1) spatial precipitation gradient, (2) temporal (seasonal) precipitation gradient, (3)
temporal (inter-annual) precipitation gradient, (4) local microclimate/edaphic differences (i.e.,

shallow vs. deep soils), (5) water addition/removal (field setting), or (6) water additional/removal
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(greenhouse setting). Traits were categorized according to the organ measured (leaf, stem,
root/belowground organ, reproductive organ, or whole-plant trait) and by trait category
(morphological, anatomical, biochemical, photosynthetic, hydraulic, phenological, and/or other;
Table 3.1). Lastly, the ecological scale at which traits were measured was recorded as: (1) single
population of a single species, (2) multiple populations of a single species, (3) single populations
of multiple species, (4) multiple populations of multiple species, or (5) community-weighted trait
(CWT; trait values presented as the mean of a plot/community with each species’ trait value
weighted by relative abundance, such as percent cover/basal area).
3.4 Plant traits and water-availability: progress to date

A total of 568 manuscripts (42% of those initially identified) were included based on our
screening protocol. Within these papers, a clear division was observed whereby publications have
focused on plant traits of either woody (W) or herbaceous (H) growth forms with relatively few
studies comparing the two forms (W = 334 manuscripts; H = 183 manuscripts; Both = 51
manuscripts; Fig. A2.1). Thus, at present, woody species (primarily tall-statured trees) dominate
this field of plant traits research. The striking divide within plant trait ecology between W- and H-
focused manuscripts was unexpected given that many traits, such as those of the leaf economic
spectrum, can easily be measured in both growth forms (Weiher et al., 1999; Wright et al., 2004).
Increased data sharing and the prevalence of large trait databases (e.g. TRY database; Kattge et
al., 2011) should facilitate trait comparisons across functional groups. Additionally, we observed
very few differences between W- and H- focused manuscripts in the methods used to alter water-
availability (Fig. A2.2-A) or the ecological scale of trait measurements (Fig. A2.2-B), which

should make data synthesis across growth forms more feasible.
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The dichotomy between W- and H- focused manuscripts revealed clear growth form
differences in types of traits measured (See Appendix A2.2 and Fig. A2.2). Hydraulic traits were
more often measured on W species than H species (W: 47%; H: 26%; percentages based on number
of manuscripts relative to the total number per growth form), and photosynthetic traits were more
commonly measured on H species (W: 13%; H: 36%). This trend could be due to increased interest
in the hydraulic mechanisms of tree mortality within the last decade (McDowell et al., 2008; Allen
et al., 2010; Adams et al., 2017). It may also reflect the historical importance of measuring water
uptake, storage, and transport in long-lived trees compared to herbaceous plants with small water
storage capacity and, consequently, more challenging techniques for assessing hydraulic
properties. Given that the water transport system and carbon economy in plants are intrinsically
linked, dual measurements of these physiological traits would likely reveal more informative
‘response traits’. One promising linkage between these two trait categories is the quantification of
isohydricity, based on stomatal and hydraulic sensitivity to drought, a technique that has been used
successfully in both woody (Skelton, West, & Dawson, 2015) and herbaceous plants (Ocheltree,
Nippert, & Prasad, 2016); however, isohydricity has yet to be incorporated into community scale
response-effect trait surveys.

Combining W- and H- manuscripts revealed several trends across this subset of plant traits
research. For example, leaf hydraulics (and stem hydraulics in the case of woody species) have
been highly studied in response to water-availability, while the hydraulic traits of other organs
have received minimal attention (Fig. 3.2). An understanding of leaf hydraulics is important given
that leaves contribute the largest portion of hydraulic resistance in a plant (Sack & Holbrook,
2006); however, root hydraulics also provide critical understanding of whole plant recovery from

extreme events such as drought (Lo Gullo et al., 1998) and merit increased attention. In general,
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our survey identified a striking lack of research on root traits beyond simple morphological
measurements (Fig. 3.2). Given the sensitivity of belowground processes to precipitation (Fay et
al., 2003) and the importance of root traits as drivers of ecosystem function (Bardgett, Mommer,
& De Vries, 2014), future response-effect trait surveys should consider measuring root traits.
Indeed, a consideration of traits across all plant organs is necessary and currently lacking (Fig.
3.2). Recent evidence suggests that an economic trait spectrum describing plant strategies for
acquiring light, nutrients, and water exists for both stems and roots, not just leaves (Reich, 2014;
Prieto et al., 2015). Thus, surveys of traits along gradients in water-availability should include
traits across all organs and trait categories (Table 3.1) to better identify appropriate response and
effect traits.

Here, we have categorized trait measurements within the context of water-availability and
identified several key research gaps needing attention (see Appendix A.2, Fig. 3.2, Fig. A2.1, and
Fig. A2.2). A subset of these 568 manuscripts, however, was further analyzed to determine why
traits do not align well with precipitation gradients and develop suggestions for how trait sampling
methods can be altered to identify more appropriate ‘response traits’.

3.5 Community-weighted response traits

Plant traits have been used to assess functional variation along climatic gradients (Diaz et
al. 1998; Wright et al., 2004; ter Steege et al., 2006; Pepe et al., 2011) which assists model
predictions of community assembly and species distributions with climate change (Thuiller et al.,
2004; Suding et a. 2008). But as noted above, most commonly measured plant traits do not align
well with precipitation gradients. For instance, mean annual precipitation (MAP) explained <1%
of the global variance in specific leaf area (SLA; leaf area to dry mass ratio — correlated with

maximum photosynthetic rate) across biomes (Wright et al., 2004) and was not significantly
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related to SLA within grasslands (Forrestel et al., 2017). Furthermore, the combination of several
climatic variables (mean annual temperature, MAP, vapor pressure deficit, and solar irradiance)
explained <20% of the variance in five functional traits related to resource acquisition strategies
(Reich, Wright & Lusk, 2007). These weak relationships have been attributed to MAP as a poor
proxy for plant-available water. Indeed, other indices of aridity, and even temperature, may explain
a larger portion of trait variation (Moles et al., 2014). However, the large precipitation gradient
(MAP: 133 - 5,300 mm yr™') spanned in the Wright et al. (2004) analysis likely captured significant
spatial variability in plant-available water. Additional complexity arises from well documented
shifts in community composition due to chronic alterations in water-availability (Smith et al. 2009;
Collins et al. 2012). Thus, ‘response traits’ that can explain community shifts likely exist and are
masked along precipitation gradients due to high within-site trait variability (Freschet et al., 2010;
Onada et al., 2011; Siefert et al., 2015).

Plants often display patterns of apparent niche differentiation which can be identified from
observations of species abundance along hydrologically defined niche space (Silvertown et al.,
1999), and more recently demonstrated within the context of water-availability using isotopic
proxies for rooting depth (Nippert & Knapp, 2007). Niche differentiation can be manifest within
a single site as high trait diversity, which must be accounted for in broad spatial surveys of plant
traits. This can be accomplished by community-weighting traits, whereby community average trait
values are presented for a single site with species traits weighted by their % cover or contribution
to overall biomass. Assessing plant traits at the scale of the community inherently requires more
time and effort. It is thus not surprising that only 23 of the 568 studies (4% of surveyed
manuscripts) measured community-weighted traits (CWT; Fig. A2.1). While time-consuming,

these community-scale trait measurements often improve trait-climate relationships, with 91% of
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CWT-manuscripts presenting statistically significant relationships between CWT means and
water-availability (see Table A2.1).

Community-scale trait measurements can account for a large portion of within-site trait
variability, yet not all CWT-climate relationships are useful for predicting responses to changing
water-availability (Fig. 3.3, Table A2.1). For example, the most commonly measured community-
weighted trait, SLA, was not significantly related to water-availability in ~40% of studies.
Moreover, those relationships that are significant often explain very little trait variability. A recent
survey across >15,000 grassland locations in France revealed that community weighting
commonly measured functional traits (e.g. SLA, leaf dry matter content (LDMC), and leaf N and
P concentrations) yielded a statistically significant relationship between traits and precipitation,
yet precipitation still explained <1% of trait variability (Borgy et al., 2017). Additionally, the most
common CWTs (SLA, Height, and LDMC) do not show consistent directional relationships with
water-availability (Fig. 3.3), which may suggest the utility of traits is site- or biome- specific.

To test this, we compared three similar studies that all measured seed mass (Sm) and SLA
(two commonly measured CWTs related to reproductive and resource acquisition strategies,
respectively) across precipitation gradients within grassland ecosystems. While these traits are
expected to respond predictably to water-availability (Wright et al. 2004; Guittar et al. 2016; Rota
et al. 2017; Butterfield et al. 2017), we observed variable CWT- precipitation relationships
(positive, negative, and lack of relationship) across these studies even though the type of biome
and water-availability gradient was consistent (Fig. 3.4). SLA is dependent on a variety of
environmental variables and is constrained by leaf size (Milla et al. 2008), thus it is unsurprising
that this trait does not consistently respond to altered water-availability; nonetheless, SLA 1is the

most commonly measured CWT (Fig. 3.3). Community-weighting is necessary to account for trait
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variability to identify likely ‘response traits’, however, it must be combined with an appropriate
selection of traits (Rosado et al. 2014). Hydraulic traits are likely candidate ‘response traits’ given
they are mechanistically linked to precipitation (Reich, 2014).

3.6 Hydraulic response traits

After reviewing the literature, we argue that traits of the leaf economic spectrum — the
tradeoff between allocating resources to high photosynthetic rate and rapid growth vs. nutrient
storage, herbivory defense, and longevity (Wright et al., 2004; Reich 2014) — are useful for
assessing plant responses to nutrients (Niinemets & Sack, 2006) and light (Richardson et al., 2005),
yet are unreliable within the context of water-availability (Wright et al., 2004; Reich et al. 2007),
even when community-weighted (Fig. 3.3). A transition away from leaf economic traits and
towards traits mechanistically linked to water transport is necessary to identify appropriate
‘response traits’ related to precipitation.

Recent work in diverse tropical rainforests suggests that anatomical traits related to
hydraulic function, such as stomatal characteristics and vein density, are decoupled from common
LES traits such that two trait spectrums exist: the economic spectrum (associated with light capture
and carbon economics) and the hydraulic spectrum (associated with water transport; Li et al.,
2015). Indeed, Reich (2014) has noted that LES traits should be measured in combination with
traits related to the hydraulic safety vs. efficiency tradeoff (Zimmerman, 1983; Meinzer et al.,
2010; Nardini, Peda, & Rocca, 2012; Blackman et al., 2014; Ocheltree et al., 2016) to provide a
more accurate description of water acquisition strategies. Water-availability in natural ecosystems
is transient, depending on rainfall patterns and extreme events (i.e. drought), which are inherently
rare and unpredictable (Smith, 2011). Thus, the inclusion of these traits related to water transport

(leaf, stem, or root maximum hydraulic conductance - Kmnax) and drought tolerance (leaf turgor loss
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point (Wrrp) and vulnerability to xylem cavitation) allows for better understanding of plant
responses to both high and low levels of water-availability (Reich, 2014). Additionally, these traits
align well with precipitation gradients (Blackman, Brodribb, & Jordan, 2012) and are related to
relative plant performance during drought (Kursar et al., 2009). Thus, we posit that the
incorporation of hydraulic traits into community-scale surveys of plant response-effect traits
should improve temporal predictions of ecosystem responses to chronic alterations in water-
availability (Fig. 3.1).

Hydraulic traits were well surveyed in the manuscripts we reviewed (Fig. 3.2; n=232 or
41% of surveyed manuscripts), however, few hydraulic traits or even anatomical traits related to
hydraulic function (e.g. xylem vessel area or stomatal density) were surveyed at the community
scale (<10% of CWT-manuscripts; Table A2.1). Additionally, a large portion of hydraulic trait
papers present trait values for a single species (n = 114 manuscripts) or make comparisons between
species with no inclusion of relative abundance (n = 107 manuscripts). The lack of community-
level hydraulic trait measurements likely reflects the lengthy lab procedures required to measure
traits such as leaf hydraulic conductance and Wrrp (Sack et al., 2002; Brodribb & Holbrook, 2003)
versus the rapid field assessments of plant morphology (the most commonly measured trait
category; Fig. 3.2).

Recent developments in high-throughput methods for assessing drought tolerance should
encourage surveys of community-weighted hydraulic traits (Bartlett et al. 2012a). Bartlett et al.
(2012a) describe a method for assessing WrLp with a vapor pressure osmometer which increases
measurement speed fifty-fold and has since been used in broad-scale surveys of drought tolerance
of tropical tree species (Maréchaux et al., 2015). WrLp has long been recognized as a valuable

indicator of plant water stress and is correlated with plant-available water, as well as vulnerability
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to xylem cavitation (Blackman, Brodribb, & Jordan, 2010). Rapid assessment of Wrrp will
facilitate surveys of community-weighted hydraulic traits across broad spatial scales; however,
this technique still requires validation in herbaceous-dominated communities.

Anatomical traits related to hydraulic transport and water use efficiency, such as stomatal
pore index (SPI; % of leaf area composed of stomata; Sack et al., 2003), can be easily measured
at the community level as samples can be collected and preserved for later trait determination.
Indeed, recent work suggests that community-weighted SPI is well correlated with MAP across
both herbaceous and woody dominated ecosystems and is linked to spatial variation in NPP
(Forrestel et al., 2017; Liu et al., 2017; Fig. 3.5). These findings suggest that SPI, and other
anatomical traits linked to hydraulic function, are promising trait candidates for predicting NPP
responses to chronic alterations in water-availability (Suding et al. 2008; Smith et al. 2009; Fig.
3.1).

3.7 Conclusions

Climate change will intensify Earth’s hydrologic cycle leading to chronic alterations of
plant available water (IPCC 2013), which will differentially affect terrestrial ecosystems.
Commonly measured plant traits (e.g. SLA, plant height, leaf N, etc.) have been successfully used
to predict plant growth and NPP dynamics (Diaz and Cabido, 1997; Garnier et al. 2004; Reich,
2012; Diaz et al. 2016; Forrestel et al., 2017; van der Sande et al., 2017), yet often do not align
with gradients in water-availability (Wright et al. 2004). We attribute these weak Trait-
precipitation relationships to an improper selection of traits. We argue that more useful ‘response
traits’ can be identified along precipitation gradients if traits related to hydraulic function are
measured at the community level. Once identified, ‘response traits’ can be regressed against well-

known ‘effect traits’ to aid in predictions of ecosystem responses to global climate change (Suding
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et al. 2008; Fig. 3.1). However, key to linking these traits to community and ecosystem responses
is scaling them by their abundance (i.e. community-weighting). At present, trait-based approaches
that adjust for trait variation within communities are uncommon (only 4% of studies measure
community-weighted traits). Adopting this approach is critical, however, for incorporating shifts
in community composition, or species re-ordering, that occur with chronic alterations in water-

availability — as predicted by the hierarchical response framework (Smith et al. 2009).
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3.8 Tables

Table 3.1. Definitions of categories used to classify traits, and examples for each category, used
in a literature review of manuscripts with a focus on plant trait responses to altered water-
availability. Definitions and examples were modified from those presented by Perez-
Harguindeguy et al. (2013) and the TRY database.

Trait Category Definition Examples
Morphological  Traits dealing with (1) plant size, shape, mass, and form, Specific leaf area, seed mass, plant
or (2) organ ratios or (3) growth rate; generally height, leaf thickness, specific root
measured at the organ scale and mostly associated with length, root:shoot ratios
external parts of a plant.

Anatomical Traits dealing with the presence, absence, density, or Trichome density, stomatal length,
size of key plant characteristics at the tissue level palisade mesophyll thickness
(vascular, dermal, or ground tissue)

Biochemical Traits involving concentrations, ratios, and use- Leaf N content, C:N ratio, lignin
efficiencies of plant nutrients, secondary compounds, or  concentration, enzyme activity,
pH (not including biochemical compounds involved in leaf pH
photosynthesis)

Photosynthetic ~ Physiological/biochemical traits involved light capture, ~ Net photosynthesis, stomatal
gas exchange, and carbon assimilation (including conductance, chlorophyll
biochemical compounds such as chlorophyll and fluorescence, chlorophyll a/b
rubisco)
Hydraulic Physiological traits involved in plant water status, water ~ Hydraulic conductivity, leaf turgor
transport, and water storage all in the liquid phase loss point, osmotic potential,
(including osmolytes concentrations) minimum water potential
Phenological ~ Traits that deals with timing, seasonality, or lifespan Flowering time, leaf lifespan
Other Traits related to non-hydrological disturbances or Frost resistance, flammability,

biogeochemical cycles. Only used if trait does not fall

within an above category

decomposition rate, or palatability
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3.9 Figures
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Figure 3.1. Climate change will impact ecosystem functioning in many
ways, with changes in water-availability one of the primary mechanisms;
however, ecosystems may differ dramatically in the magnitude and time
scale of their responses to changes in water-availability. A response-effect
trait framework can be used to predict ecosystem responses to altered water
availability (the following is modified from Suding et al. 2008). First,
reliable mechanistic traits must be identified. In the context of water-
availability, hydraulic traits linked to maximum hydraulic function (e.g. leaf
hydraulic conductance), loss of function (e.g. stomatal closure) and stress
tolerance (e.g. vulnerability to xylem cavitation and turgor loss) are
appropriate trait candidates given their physiological link to plant-available
water (#1). Second, traits must be measured for multiple species within the
community and regressed against traits linked to their effect on ecosystem
function (#2; shades of grey represent different species in the community,
each with a unique environmental response (positive/negative) and effect
(strong/weak) on ecosystem function). An understanding of which species
will respond to resource alterations along with the effect that those species
have on ecosystem function can help improve predictions of ecosystem
responses to chronic resource alteration (#3; shown are both linear and non-
linear ecosystem responses to changes in resource availability driven by
different combinations of response and effect traits). Once these goals are
met, the predictions from the response-effect trait framework can be
incorporated into long term predictions made by the hierarchical response
framework. While physiological responses of species suffice for short-term
predictions, response and effect traits can be incorporated into later stages
of the hierarchical response framework to include community change via
species re-ordering/migration (Smith et al. 2009).
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Figure 3.2. A comparison of the frequency with which traits are measured within each plant organ
and trait category in response to altered water-availability. (A) The total number of manuscripts
that measure each trait category across both herbaceous and woody species. (B) Data for trait
category by organ comparisons are shown as the proportion of manuscripts that measure traits of
each organ (e.g. proportion of “leaf manuscripts” that measure morphological traits). As
manuscripts often present several traits (i.e. both leaf anatomical and morphological traits), the
proportions presented here do not sum to 100. Morphological traits dominate the literature across
all plant organs (~85% of manuscripts) and are thus shown separately as an inset (letters
correspond to organ type). Leaf traits are well surveyed across all trait categories. Hydraulic traits
are well studied in both leaves and stems (woody stems specifically), with very few manuscripts
assessing either belowground or whole plant traits beyond morphology.
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Figure 3.3. The specific plant traits that are most commonly measured as community-weighted
traits (CWT) arranged in order of decreasing frequency (traits shown here were assessed in at least
3 of the manuscripts we surveyed). Also depicted is the proportion (stacked bars) of the
manuscripts that show statistically significant (p<0.05) trait-by-water relationships as well as the
directionality of those relationships. Note that the overwhelming majority of CWTs are
morphological with very few physiological traits (hydraulic or photosynthetic). SLA = specific
leaf area, Height = maximum plant height, LDMC = leaf dry matter content, LNC = leaf nitrogen
content, LA = leaf area, Sm = seed mass, Wd = wood density, SRL = specific root length, LMA =
leaf mass per area, Leaf chl = leaf chlorophyll content.
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Figure 3.4. Specific leaf area (SLA) and seed mass (Sm) were identified as two of the most
commonly measured community weighted traits. The expected individual and community-level
responses of these traits to resource-availability are well described. In resource-limited
environments, SLA is expected to decrease as individuals produce smaller leaves and/or more
conservative species increase in abundance. Sm tends to decrease with resource availability due to
increased success, and thus abundance, of smaller seeds with neutral effects on large seeds, which
tend to be successful across resource gradients. The above examples describe results from three
separate studies that assessed community-weighted SLA and Sm across spatial precipitation
gradients within grasslands. Butterfield et al. (2017) show a significant SLA response (+) to
increased water availability, but no significant Sm response. Rota et al. (2017) show a significant
Sm response (-) to increased water availability, but no significant SLA response. Guittar et al.
(2016) show no significant response for either trait. The inconsistent relationships seen across
these studies conducted in the same vegetation type with similar methodologies suggest that these
traits are not the appropriate ‘response trait’ candidates for assessing community responses to
water-availability. While community-weighted traits are necessary to produce significant trait-
climate relationships, it is also important to choose the correct trait candidates given the specific
environmental and physiological context. Note: figures do not display actual data, but rather depict
general relationships presented in these manuscripts.
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Figure 3.5. Relationships between mean annual precipitation (MAP) and community weighted
stomatal pore index (SPI; % of leaf area composed of stomata) in herbaceous-dominated (South
African [e®] and North American [ A] grasslands; Forrestel et al. 2017) and woody-dominated
communities [0] (temperate to tropic forests in China; Liu et al. 2017). SPI is an anatomical index
of maximum stomatal conductance and plant water-use efficiency. Community weighted SPI is a
likely candidate for determining broad-scale trait-precipitation relationships, although its
interpretation may change depending on ecosystem type (woody- vs. herbaceous- dominated).
Plotted data taken from Forrestel et al. 2017 and Liu et al. 2017 (note: axes for MAP and SPI are
not to the same scale for each study).
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CHAPTER 4: EXTENDING THE OSMOMETER METHOD FOR ASSESSING DROUGHT
TOLERANCE TO HERBACEOUS SPECIES?®

4.1 Summary

Community scale surveys of plant drought tolerance are essential for understanding semi-
arid ecosystems and community responses to climate change. Thus, there is a need for an accurate
and rapid methodology for assessing drought tolerance strategies across plant functional types.
The osmometer method for predicting leaf osmotic potential at full turgor (m,), a key metric of
leaf-level drought tolerance, has resulted in a 50-fold increase in the measurement speed of this
trait; however, the applicability of this method has only been tested in woody species and crops.
Here, we assess the osmometer method for use in herbaceous grassland species and test whether
T, 1s an appropriate plant trait for understanding drought strategies of herbaceous species as well
as species distributions along climate gradients. Our model for predicting leaf turgor loss point
(mrep) from 7o (e =0.80m0-0.845) is nearly identical to the model previously presented for
woody species. Additionally, m, was highly correlated with mwrip for graminoid species
(map=0.9447,-0.611; 1>=0.96), a plant functional group previously flagged for having the potential
to cause erroneous measurements when using an osmometer. We report that m,, measured with an
osmometer, is well correlated with other traits linked to drought tolerance (namely, leaf dry matter
content and leaf vulnerability to hydraulic failure) as well as climate extremes linked to water-
availability. The validation of the osmometer method in an herbaceous-dominated ecosystem
paves the way for rapid community-scale surveys of drought tolerance across plant functional

groups, which could improve trait-based predictions of ecosystem responses to climate change.

3 Griffin-Nolan RJ, Ocheltree TW, Mueller KE, Blumenthal DM, Kray JA, and Knapp AK. (2019). Extending the
osmometer method for assessing drought tolerance in herbaceous species. Oecologia, 189(2), 353-363.
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4.2 Introduction

Accurate and efficient quantification of drought tolerance within plant communities is
needed given that water is a primary limiting resource for plants across much of the world (Knapp
et al. 2017) and extreme droughts are expected to become more common with climate change (Dai
2011; 2013; IPCC 2013). The response of ecosystem processes, such as aboveground net primary
productivity, to drought has been shown to vary among ecosystems (Huxman et al. 2004), even
within the same biome (Knapp et al. 2015); however, a mechanistic understanding of this
variability is lacking. Hydraulic traits, such as leaf turgor loss point and xylem vulnerability to
cavitation, can provide a mechanistic understanding of plant growth and survival as well as
community assembly in response to water stress (reviewed by Reich 2014). When scaled up from
measurements of individual plants and species, such traits may provide useful information
regarding responses of communities and ecosystems to climate change (Suding et al. 2008).
Unfortunately, hydraulic traits are infrequently measured in community-scale trait surveys
(Griffin-Nolan et al. 2018a), likely due to the time-intensive measurement protocols they require
(Sack et al. 2002; Brodribb and Holbrook 2003); thus, a key research need is the identification and
validation of rapid, high-throughput methods for assessing drought tolerance that can be applied
within and across plant functional types.

Leaf turgor loss point (nrLp), the leaf water potential at which average cell turgor is lost
and leaf wilting occurs, provides a wealth of physiological information pertaining to cell wall
integrity, stomatal closure and, more generally, the extent to which plants can maintain metabolism
as soil dries (Kramer and Boyer 1995; Bartlett et al. 2016; Meinzer et al. 2016). Given this and the
strong correlation between mrLp and water availability both within and between biomes, mrrp is an

ideal trait for assessing drought tolerance across broad spatial scales (Bartlett et al. 2012b). The
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traditional protocol for quantifying mrrp, pressure-volume (p-v) curves, requires a lengthy
procedure (up to two days to produce curves for 4-6 leaves) which greatly limits the number of
species or locations that can be viably surveyed. Fortunately, mrip can be estimated from leaf
osmotic potential at full turgor, the component of water potential related to cellular solute
concentration and a strong determinant of rrp (Bartlett et al. 2012a). Leaf osmotic potential at full
turgor (o) is typically quantified from p-v curves as well; however, Bartlett et al. (2012b) recently
described a method for rapidly measuring m, using a vapor pressure osmometer. The method has
resulted in a 30- to 50-fold increase in the measurement speed of mrip and has since been used to
quantify community-scale drought tolerance in tropical rainforests (Maréchaux et al. 2015). Since
its publication, the osmometer method, and the linear model for predicting mrrp from m,, has
exclusively been used in ecosystems dominated by woody species (Maréchaux et al. 2015;
Esperon-Rodriguez et al. 2018) or crops (Mart et al. 2016) and has yet to be validated in herbaceous
plant communities, such as grasslands. Indeed, several studies have cautioned that osmometer
estimates of m, may prove inaccurate for leaves with dense large vein networks or thin leaves with
large midrib veins (i.e. grass leaf blades) as the inclusion of such veins in tissue sampling may lead
to apoplastic dilution (Kikuta and Richter 1992; Maréchaux et al. 2016); thus, testing of the
osmometer method within grasslands including such species is needed.

The grassland biome covers more than 30% of Earth’s terrestrial surface and provides
valuable ecosystem services such as carbon storage, soil stabilization, forage production, and
wildlife habitat (Noy-Meir, 1972; Field et al. 1998). Given that most grasslands are water-limited,
they are an ideal study system for surveying drought tolerance and responses to future changes in
Earth’s hydrologic cycle (IPCC, 2013). Here, we focus on grasslands of the American Great Plains,

a region characterized by highly variable precipitation and a high frequency of climate extremes
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such as drought and flooding (Kunkel et al. 2013). Water-availability will likely become more
variable in this region as some of these grasslands are expected to experience more frequent “dust-
bowl”-like conditions by the end of the century (Karl, Melillo, and Peterson, 2009).

We conducted a survey of drought tolerance traits of common herbaceous plant species
across three North American grasslands to address two main goals. First, we test the validity of
the osmometer method (Bartlett et al. 2012a) for use on herbaceous plant species. Validation of
this method will encourage community-scale surveys of drought tolerance across plant functional
types, especially within a relatively drought sensitive region (i.e. grasslands; Huxman et al. 2004;
Knapp et al. 2015), as well as address recent concerns of scientific reproducibility (Baker, 2016).
Second, we assess the mechanistic value of , as a drought tolerance trait in grasslands. A central
goal of trait-based ecology is to make generalized predictions of large-scale phenomenon (e.g.
community assembly, nutrient cycling, dynamics of net primary production) using the composite
traits of interacting organisms within a community (Shipley et al. 2016). Established links between
species distributions, performance, and physiological traits are thus required, yet often difficult to
identify (Paine et al. 2018). To this end, we test the hypothesis that ©t, will be correlated with other
mechanistic traits commonly used to describe leaf-level drought tolerance, namely leaf dry matter
content (LDMC) and leaf vulnerability to hydraulic failure (Brodribb 2017). Additionally, we
define the climatic extremes of species distributions and test the hypothesis that 7, is positively
correlated with water-availability (i.e. species with more negative m, will predominately inhabit
arid regions) (Bartlett et al. 2012b). The degree to which this correlation is driven by the driest or
wettest extreme of a species distribution will highlight the relative influence of abiotic stress
tolerance (i.e. water-limitation) or biotic stress tolerance (i.e. competition with more resource

acquisitive species), respectively, in controlling m, of herbaceous species.
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4.3 Materials and Methods
4.3.1 Plant material

We collected nine species of graminoids and ten species of forbs/subshrubs (non-woody)
from three native grassland sites (predominately mixed-grass prairie) across Wyoming and Kansas
during mid-summer 2015 (Table 4.1). Six plant samples, including soil and a portion of the root
system, were unearthed at each site, placed in a reservoir of water, and covered with large plastic
bags (n=6 pots/species/site). Plants were left in the dark for ~12 hours to allow leaves to fully
rehydrate prior to p-v curve determination and osmometer measurements.
4.3.2 Osmometer method validation

Pressure-volume curves were measured on one leaf per plant sample (n=6 leaves/species)
using the bench drying method (Schulte and Hinckley 1985). A recently expanded mature leaf was
wrapped in parafilm wax and cut near the leaf base (parafilm was weighed and subtracted from
subsequent leaf weight measurements). Immediately after cutting, the leaf was placed in a
Scholander-style pressure chamber (PMS Instruments, Albany, OR, USA) to measure leaf xylem
water potential (‘iear). Following water potential determination, the leaf and parafilm were
weighed on a micro-balance (+ 0.1 mg, Ohaus Pioneer; Ohaus Corporation, Parsippany, NJ, USA).
The leaf was then sealed in a plastic bag and placed in a dark drawer to allow slow dehydration.
This process was repeated approximately 10 times for each leaf or until Wiesr reached -4 MPa. The
leaf was then rehydrated, scanned for leaf area at 300 dpi (Epson Perfection V600, Epson America
Inc., Long Beach, Ca, USA), dried for 48h at 60°C and weighed. Leaf area was calculated using

Image] software (https://imagej.nih.gov/ij/). Turgor loss point (mrLp), osmotic potential at full

turgor (mo+pyv) and leaf capacitance (Ciear) Were calculated for 5-6 leaves following standard

48



methods (Turner, 1988; Koide et al. 1989) and averaged for each species. Fresh weight of hydrated
leaves and oven-dried weight were used to calculate LDMC (g dry mass g ' fresh mass).

Within 24 hours of p-v curve determination, osmotic potential at full turgor was also
estimated using a vapor pressure osmometer (To+osm) (VAPRO 5520 vapor pressure osmometer,
Wescor, Logan, UT), following Bartlett et al. (2012b). Six leaves per species were clipped under
water and fully hydrated overnight prior to measuring mo*osm. A leaf disc was sampled from each
hydrated leaf using a 5-mm biopsy punch (Miltex DP-5mm, Electrum Supply, Elkhart, IN),
wrapped in tin foil, and submerged in liquid nitrogen for ~60 seconds to lyse the plant cell walls.
The leaf disc was generally taken toward the apical portion of the leaf to avoid or minimize the
sampling of large midrib veins, depending on leaf width. Bartlett et al. (2012b) warn of potential
inaccuracies likely to arise when using the osmometer method on species with large midrib veins
(e.g. grasses such as Sorghastrum nutans) as the symplastic solution may become diluted by xylem
water. When possible, the leaf disc was taken from a portion of the lamina without any midrib
present (e.g. species with broad leaves). For species with leaves that were narrower than our biopsy
punch, several leaves were aligned next to each other and the sample was taken across multiple
leaves to ensure comparable disc sizes were sampled across species. Each disc was then punctured
~15 times using forceps to facilitate rapid equilibration in the osmometer chamber. Leaf discs were
quickly placed in the osmometer chamber following puncturing to minimize evaporation (<30
seconds between removal from liquid nitrogen and placement in osmometer chamber). Samples
were left in the closed chamber for ~10 minutes to allow equilibration. Measurements were then
made every two minutes until osmolarity reached equilibrium (<5 mmol kg™ change in osmolarity

between measurements). Osmolarity was then converted to osmotic potential at full turgor (7o*osm)

using the following equation: mo*osm = osmolarity*-2.3958/1000.
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Bartlett et al. (2012b) outline possible discrepancies in osmometer measurements that can
arise due to the opposing effects of apoplastic dilution (which leads to overestimations of To#osm)
and cell wall dissolution (which lead to underestimations of To+osm). TO account for such
discrepancies, we calculated ‘predicted mowosm’ following a model presented by Bartlett et al.
(2012b) which includes estimates of these effects:

To*predicted = (@ X Torpy#at) + (b X LDMC) + (¢ X Torpyvrat X LDMC) + d (eqn 2)
where, LDMC is a proxy for cell wall investment and thus dissolution, while To#py+ar 1s an estimate
of osmotic potential at full turgor (from p-v curves) corrected for apoplastic dilution, using
apoplastic fraction (ay) is a proxy (Tospvrat = Torpv * (1- ay)). P-v curve estimates of ar were set to
zero for one species (ANGE) as estimates were not significantly different from zero. A slope of 1
for the relationship between measured and predicted mo+osm Would indicate that accounting for
apoplastic dilution and cell wall dissolution corrects this bias in osmometer measurements (Bartlett
et al. 2012a).

4.3.3 Leaf hydraulic conductance

Leaf hydraulic vulnerability curves were produced for 12 of the 19 focal species, including
both graminoids and forbs/subshrubs, following the rehydration kinetics method (Brodribb and
Holbrook 2003). The methodology described here is for graminoids, as vulnerability curves for
forbs, subshrubs, and one sedge (Carex duriuscula) were taken from previously collected data
(Ocheltree in review). Several tillers, each with at least two recently emerged leaves of comparable
size, were clipped from the rehydrated samples and placed on a bench to dry slowly. Drying time
varied from 30 seconds to three hours depending on the species and the desired level of
dehydration. Prior to hydraulic conductance measurements, the tiller was sealed in a plastic bag

and placed in a dark drawer for 2-3 minutes to allow any water potential gradients across a single
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leaf to equilibrate. The more apical leaf was removed from the stem with a razor and placed in a
pressure chamber to determine initial leaf water potential (o). The second leaf was removed by
cutting under filtered de-ionized water that had been de-gassed for 1hr and then rehydrated for a
pre-determined amount of time (5-120 seconds depending on Wo). The leaf was then re-cut slightly
above the water line and placed in a pressure chamber to determine final rehydrated leaf water
potential (V). Leaf hydraulic conductance (Kiear) was then calculated using initial and final leaf
water potential as well as average capacitance (Ciear; n=6) quantified from p-v curves:

Po
Cleas*In [‘pf]

t (eqn 1)

Kiear =
where ¢ is the rehydration time in seconds. Kier was calculated for 30-40 leaves varying in
hydration status and regressed against Wo. Maximum conductance (Kmax) was estimated as the
mean of the five highest values of Kiear between Wo of -0.5 and -1 MPa. Leaf hydraulic vulnerability
curves were produced by fitting logarithmic, linear, exponential, and sigmoidal models to data
binned and averaged to 0.5 MPa intervals and selecting the model with the lowest Akaike
Information Criteria (AIC; see Table A3.1 for AIC values). This model was used to calculate the
leaf water potential at which Kiear decreases to 50% of Kmax (P50, in MPa). Vulnerability curves
were made for a subset of graminoids in this study (Fig. A3.1), while Pso values for forbs/shrubs
were taken from Ocheltree (in review).

4.3.4 Bioclimatic envelopes
Bioclimatic envelopes of temperature and precipitation were generated using the
geographic range of each species. Spatial information on all reported occurrences of each species

was downloaded from the Global Biodiversity Information Facility (GBIF; www.gbif.org). The

number of reported occurrences ranged from 90 to 8,259 with an average of 1,193
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occurrences/species. Climatic data from the nearest 0.5-km grid cell of each reported occurrence
were collected from the WorldClim database (http://www.worldclim.org/bioclim). Because GBIF
data is spatially biased and one region can be over-represented in a data set (Beck et al. 2014), we
subsampled the climate data to remove this bias. If multiple occurrences fell within the same grid-
cell of climate data from WorldClim, that grid cell was only used once in our analysis. Further,
the occurrence data was filtered to remove any incorrect entries that reported occurrences in
aquatic environments (ie. large bodies of water). We focused on variables including estimates of
temperature and precipitation seasonality as well as annual summaries of temperature and
precipitation (see Table A3.2 and the WorldClim database for a full list of climatic variables). The
5% and 95" quantiles of each variable were calculated from data compiled for all recorded
occurrences to quantify bioclimatic envelopes that define the climatic extremes of a species’
inhabited range. For example, the 5" quantile of ‘precipitation during the wettest month’ represents
the precipitation during the wettest month in the driest locations of a species range. These
bioclimatic envelope parameters have been shown to be more biologically relevant than regional
annual climate statistics (Ocheltree et al. 2016).
4.3.5 Data Analyses

Univariate linear regression analyses were used to test for relationships among mTLp, Tospv,
and moosm. The assumptions of linear regression (skewness, heteroscedasticity, etc.) were met for
all models presented in this study. The slope and intercept of the models presented by Bartlett et
al. (2012b) were compared to 95% confidence intervals (CI) of the slope and intercept of the
models presented here. The PRESS and RMSE statistics for all method comparison models are

available in Table A3.3. The most parsimonious model for estimating both mo+yv and mrLp Was

determined by calculating AICc values for linear mixed effects models including LDMC, ay, To*osm
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and all possible interactions as fixed effects (AICc values in Table A3.4). Leaf osmotic potential
at full turgor (mo+osm) Was also regressed against Pso and LDMC to investigate correlations among
these functional traits. Traits of different plant functional types (graminoids vs. forb/subshrub)
were compared using t-tests. Additionally, hydraulic trait means from Bartlett et al. (2012b) were
compared to the range of hydraulic trait values assessed in this study. Relationships between
species-specific bioclimatic envelopes and mo+osm Were also assessed using a Pearson’s correlation
matrix (‘cor’ function in base R). R statistical software version 3.4.4 was used for all statistical
analyses.
4.4 Results
4.4.1 Osmometer method validation

Leaf turgor loss point and osmotic potential at full turgor calculated from p-v curves were
highly correlated among common herbaceous species within central US grasslands, with 96% of
the variation in mrLp explained by moxpy (Fig. 4.1). Additionally, mo+pv was highly correlated with
osmotic potential estimated from a vapor pressure osmometer (Toxosm) (Fig. 4.2), with the slope
and intercept not significantly different from that presented by Bartlett et al. (2012b); however,
this model did diverge from a 1:1 relationship indicating some bias in osmometer measurements.
Using Equation 2, we tested whether the divergence from a 1:1 line in this method comparison
could be explained by the opposing effects of apoplastic dilution and cell wall dissolution. The
relationship between Tospredicted and Torosm (r*=0.78) did not differ significantly from a 1:1
relationship, indicating no bias after correcting for these factors (Fig. 4.3). Nonetheless, model

selection for predicting mospy from all combinations of fixed effects (7orosm, a5, and LDMC, plus

interactions) selected a model with just To+sm as the most parsimonious (AICc = 10.57; Table
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A3.4) with the amount of variance explained only increasing by 13% with the inclusion of ar and
LDMC (plus interactions).

Leaf osmotic potential at full turgor measured with an osmometer was highly correlated
with leaf turgor loss point across several common grassland species including graminoids, forbs
and subshrubs (Fig. 4.4-A). This linear model for predicting ntip of predominantly herbaceous
species is nearly identical to the woody species model presented by Bartlett et al. (2012b), with a
minor offset for the y-intercept (-0.21 MPa). Additionally, the slope and intercept of their model
fall within the 95% CI of the grassland model presented here. The strength of the grassland model
was improved when forbs and subshrubs were excluded, with 96% of the variation in graminoid
nrLp explained by Toxosm (Fig. 4.4-B) — this relationship also did not differ from that of Bartlett et
al. (2012b). Among forbs/subshrubs, we did not observe a significant relationship between mrLp
and Toosm.

4.4.2 Mechanistic value of m,

We found significant differences in trait values between plant functional types (PFT;
graminoids vs. forbs/subshrubs). Graminoids had significantly lower pressure potential for all
parameters (TTLP, To*pv, and To%osm) than forbs/subshrubs (Fig. 4.5), with this PFT difference similar
in magnitude to the regional differences observed by Bartlett et al. (2012b) between species
sampled from a tropical forest site (annual rainfall = 1532 mm) and a common garden near UCLA
(annual rainfall = 450 mm). These average differences between PFTs contributed substantially to
the correlations between pressure potential parameters (e.g., rLp and 7o) among species (Figs. 4.1
—4.3). Graminoid species also had significantly higher LDMC compared to forbs/subshrubs (mean
=0.39 and 0.25 g g, respectively; t-test, p<0.001). No statistical comparisons of Pso across PFTs

were tested due to the small sample size for forbs/subshrubs (n=3; Table 4.1).
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Osmometer estimates of leaf osmotic potential at full turgor were highly correlated with
other hydraulic and morphological traits that are indicative of drought tolerance. Specifically,
Tlo*osm Was positively correlated with vulnerability to hydraulic failure (Pso; see Fig. A3.1 for
vulnerability curves), and negatively correlated with leaf dry matter content (LDMC), suggesting
there may be coordination among leaf drought tolerance characteristics of these species (Fig. 4.6).
Additionally, LDMC was negatively correlated with Pso (r*= 0.37; p=0.02).

The bioclimatic envelopes assessed in this study represent climatic boundaries of a species
distribution with high and low quantiles indicating the climate extremes that species experiences
across their observed range. For graminoids, the bioclimatic envelope that explained the most
variability in mo*sm Was mean annual precipitation (MAP) at the wettest extremes (95" quantile)
of a species distribution (Fig. 4.7; MAPosw was also significant correlated with mtospy; r* = 0.60).
This significant positive relationship indicates that my«osm Was less negative for graminoid species
that occupy sites characterized by high annual rainfall. This relationship was driven by the wet
extremes of a species distribution as there was only a moderately significant relationship between
graminoid Torosm and the 5% quantile of MAP (p = 0.08). Temperature was not a significant
predictor of graminoid To+osm. When PFTs were combined, however, the only significant predictor
of Torosm Was temperature; a weak positive relationship (r? = 0.18; p = 0.04) was observed
between Tovosm and the 5 quantile of temperature during the wettest quarter of the year. Given
that most precipitation in grasslands falls within the spring/summer growing season (Rosenberg
1987), this bioclimatic envelope parameter represents the coldest growing season temperature
extremes a species can tolerate. A positive relationship indicates that mo+osm 1S more negative for
species capable of growing in areas with low growing season temperatures. No significant

traitxclimate relationships were observed for forbs/subshrubs separately.
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4.5 Discussion
4.5.1 Osmometer method validation

Leaf hydraulic traits of trees, such as 1, and nrLp, are well correlated with spatial variability
in annual moisture availability as well as tree distributions across moist and dry biomes (Bartlett
et al. 2012b). The osmometer method for rapidly estimating these traits in woody species has
facilitated community-scale surveys of leaf-level drought tolerance in several forest ecosystems
(Bartlett et al. 2012a; Maréchaux et al. 2015); however, concerns about the utility of this method
for estimating osmotic potential at full turgor of thin leaves with large midribs (e.g. graminoids)
have prevented its application to a wide range of plant functional groups. Several of the graminoid
species surveyed in this study have large leaf midribs, a characteristic that has the potential to
diminish the proportion of extra-xylary water in the sample placed in the osmometer chamber.
Considering that xylem typically contains lower sugar concentrations than other cells in the leaf
(Peuke et al. 2001), the inclusion of the midrib in a sample could lead to an overestimation of 7,
when using an osmometer compared to estimates from p-v curves (Bartlett et al. 2012a); however,
we found no evidence of this potential bias among the species we sampled. We observed a
significant relationship between osmotic potential at full turgor measured with an osmometer
(Torosm) and p-v curves (Tospyv) With all graminoid species falling along the 1:1 line (Fig. 4.2). A
large midrib does not necessarily mean there is a larger proportion of xylem conduits relative to
solute-rich mesophyll cells. For instance, large midribs typically have multiple vascular bundles
that are similar in size and density to bundles outside of the midrib (Fig. A3.2; also see Evert and
Eichhorn 2013). The midrib also has a large amount of parenchyma tissue which contributes to
total leaf osmotic potential at full turgor. Thus, the inclusion of the midrib may not necessarily

lower the proportion of extra-xylary water in a sample.
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The slope and intercept of the relationship shown in Fig. 4.2 is not significantly different
from the relationship presented by Bartlett et al. (2012b — Fig. 2 within). This relationship differs
significantly from a 1:1 relationship indicating clear bias in osmometry. Such bias is expected in
osmometer measurements of 1, due to the net effect apoplastic dilution and cell wall dissolution
(Bartlett et al. 2012a). Rupturing of plant cell walls during sample processing causes water from
the apoplast to dilute the sample leading to overestimations of .. Additionally, underestimation
of m, can occur as disturbed cell wall materials dissolve into the sample solution. We accounted
for these opposing effects following equation 2 and found a 1:1 relationship between measured
and predicted Toxosm (Fig. 4.3), which is in line with measurements on leaves from woody species
(Bartlett et al. 2012a). This highlights the robustness of this method as well as the importance of
considering species-specific leaf vein networks and the net effect of apoplastic dilution and cell
wall dissolution, which might change the fitted regression across leaf types.

We provide evidence that the osmometer method developed by Bartlett et al. (2012b) can
be used to estimate leaf turgor loss point in herbaceous species commonly found in central US
grasslands:

Tap = 0.807oxosm - 0.845 (eqn 3)
Not only was the relationship between mrrLp and Toxosm Statistically significant (Fig. 4.4-A), the
model parameters were nearly identical to those presented by Bartlett et al. (2012b) for woody
species, suggesting the same linear model can be applied across plant functional types. The striking
similarity between the ‘Grassland’ and ‘Bartlett’ models is likely a result of: 1) the similar range
in drought tolerance assessed in the two studies (Fig. 4.5); 2) the fact that this method samples
similar proportions of mesophyll tissue despite anatomical differences between dicots and

monocots; and 3) the dominant role of osmotic potential at full turgor in explaining turgor loss
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point across all plants at a global scale (Bartlett et al. 2012b), and perhaps more so across plant
functional types within communities (Fig. 4.1). Our results show that 72% of the variation in 7rLp
across all species and 96% of the variation in mrip of graminoids was explained using the
osmometer method, providing strong support for the validity of this technique both across
functional groups and within graminoids. The lack of a correlation between mrLp and To*osm for
forbs/subshrubs may be due to the smaller range in mrLp and Tososm Values sampled. Given that forb
species were all measured within the same site (HPG), we recommend additional measurements
of mrLp and moxosm Of forb species across broad spatial aridity gradients. We suggest caution in
interpreting To+osm Of forb species until additional results on this growth form have been reported.
We recommend using the following linear model for estimating leaf turgor loss point from To#osm
of common C3 and C4 grass species:
Tap = 0.9447040sm - 0.611 (eqn 4)

4.5.2 Mechanistic value of m,

This rapid measure of leaf drought tolerance for herbaceous species is especially useful if
these traits can help us understand the ecological strategies of plants, which are often identified
through analyses of trait covariation (Wright et al. 2004). We observed a negative relationship
between To+osm and LDMC, a commonly measured leaf trait indicative of resource conservation
strategies and leaf construction costs (Poorter and Garnier 1999) (Fig. 4.6). Large values of LDMC
can result from either a large structural investment in leaf tissue and/or high concentrations of non-
structural carbohydrates. Structural investments are generally considered to result from extensive
cell wall investment, such as thick-walled xylem or a large proportion of small diameter vessels.
The negative relationship we observed likely reflects both components of LDMC. We would

expect plants with more negative To+osm to have a higher concentration of non-structural
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carbohydrates or other osmolytes. In addition, especially in ecosystems with more severe or
persistent water stress, plants that invest in more negative To«osm (i.€. lower turgor loss point) tend
to further bolster their drought tolerance by investing in xylem that is resistant to hydraulic failure
(Zhu et al. 2018), which is characterized by conduits with thick walls relative to their lumen
diameter (Blackman et al., 2010). Indeed, we did find a negative relationship between LDMC and
resistance to hydraulic failure (Ps0), which may reflect this investment in xylem. We also observed
a significant relationship between mo+osm and Pso, a valuable trait for defining hydraulic safety vs.
efficiency tradeoffs and re-growth capabilities of grasses following drought (Ocheltree et al. 2016).
Leaf resistance to hydraulic failure (i.e. Pso) is largely determined by leaf vein architecture
(Scoffoni et al. 2011); thus, the osmometer method can provide both a valuable proxy for mrip as
well as information about aspects of drought tolerance more closely associated with leaf structural
investments (LDMC and Psy).

Trait-environment relationships are key for understanding species responses to climate
change (Suding et al. 2008). In forested biomes, lower values 7, are associated with high aridity
(Bartlett et al., 2012b; Zhu et al., 2018). For herbaceous plants, identifying climate variables that
explain the distributions of species traits can be more difficult given the ability of these plants to
occupy microsites within a landscape (Ricklefs and Latham 1992). Despite these potential
limitations, we did find significant trait-environment relationships for mo#osm of graminoids and
PFTs combined. Graminoid species that more exclusively occupy xeric regions (low MAP) tend
to have lower morosm (Fig. 4.7) suggesting that mo+osm helps plants to survive and reproduce where
water is limiting, as observed for woody species (Bartlett et al., 2012b); however, MAP at the
driest extremes of graminoid species distributions (MAPss) was not significantly correlated with

To*osm, While MAP of the wettest extremes was (Fig. 4.7). This indicates that the distribution of
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drought tolerance traits for graminoids may be determined by competitive pressures that are
maximized at the wetter end of their distribution where more acquisitive faster growing species
dominate grassland communities. Allocating resources to lower mo+osm is indeed advantageous in
drier climates, however, it may prevent graminoid species from inhabiting mesic areas where the
costs of such strategies (slower growth rates) outweigh the benefits.

Across functional types, temperature was the only significant climatic predictor of To#osm.
Specifically, temperature of the wet season for the coldest regions of a species distribution explains
only 18% of the variability in mo+osm across PFTs. This significant, albeit weak, relationship may
simply reflect functional type differences (graminoids vs. forbs/subshrubs; Fig. 4.5) and the
temperature constraints on the geographic distribution of C4 vs. C3 plants (Sage and Monson 1999;
Edwards and Still 2008) or adaptations for freezing tolerance (Liu and Osborne 2008). The lack of
any significant traitxclimate relationship for forbs/subshrubs highlights the potential lack of utility
of this trait for understanding drought responses of these functional types, which tend to rely more
on deep roots rather than drought tolerant leaves (Weaver 1958).

Until additional studies evaluate the relationship between mtip and Totosm Within
communities, including both herbaceous and woody-dominated ecosystems, it will remain unclear
to what extent the tight coupling of mrip and mowsm across broad geographic scales and
phylogenetic groups (sensu Bartlett et al. 2012a and this study) is representative of: 1) convergent,
but partly independent responses of both ntrp and mo+osm to environmental gradients in space and
time, or 2) stringent biophysical or ecological constraints on covariance between mtrp and Toosm
that operate independently of the spatial or phylogenetic scope of sampling. In other words, caution
must be applied when interpreting the functional equivalence of mrrLp and To+osm among species

within any given community. Additionally, although mrLp and mo+osm represent promising traits for
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capturing differences in the ability of plants to maintain function and keep tissues alive at low
water potentials, they do not capture drought avoidance strategies that enable plants to maintain
high leaf water potential through water conservation or deep rooting profiles (Levitt 1980; Mitchell
et al. 2016). Furthermore, mtrp and To*osm are measured on fully rehydrated plants, which fails to
capture the trait plasticity exhibited by some species when partially dehydrated. For example, mrip
can change by >1.0 MPa in Juniperus monosperma within several hours, primarily due to osmotic
adjustment (Meinzer et al., 2014). On a global scale, however, osmotic adjustment typically
accounts for up to a 0.5 MPa change in nrip (Bartlett et al., 2014), and has little influence on
species’ ranks with respect to leaf-level drought tolerance, but there are clearly exceptions that
should be considered when interpreting mrrp and To*osm as indices of plant responses to drought.
4.6 Conclusions

In summary, leaf level drought tolerance of herbaceous species can be measured accurately
and rapidly using the osmometer method. We provide evidence that moxosm predicts mrip of
herbaceous species from a nearly identical linear model (myp = 0.807o0sm - 0.845) and is well
correlated with two other traits indicative of drought tolerance (LDMC and Pso) as well as species-
specific distributions across gradients of precipitation. There is an urgent need for rapid techniques
to assess plant community-scale drought tolerance (Griffin-Nolan et al. 2018a), as a hotter and
drier climate will become the norm for many of Earth’s ecosystems (IPCC 2013). To make
predictions of how different plant functional types will respond to increased drought frequency
and intensity, we need to identify baseline metrics of drought tolerance that are comparable across
the plant kingdom. The osmometer method makes community-scale surveys of drought tolerance

possible, which will improve trait-based predictions of ecosystem responses to climate change and
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allow for a more integrative understanding of plant functional strategies for dealing with water

stress.
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4.7 Tables

Table 4.1. Herbaceous species surveyed in this study are shown along with collection sites, functional type, and trait means (SE).
Traits include osmotic potential estimated from both an osmometer (7o#osm) and p-v curves (Topv), turgor loss apoint (7rLp),
vulnerability to cavitation (Pso), leaf dry matter content (LDMC), and apoplastic fraction (ay). Collection sites include a northern
mixed-grass prairie (High Plains Grassland Research Center, HPG; mean annual precipitation [MAP] = 415mm, mean annual
temperature [MAT] = 7°C, coordinates = 41° 11' 52" N, 104° 53' 13" W) in Wyoming, a southern mixed-grass prairie (Hays
Agricultural Research Center, HYS; MAP = 581mm, MAT = 12.3°C, coordinates = 39° 5' 9" N, 99° 9' 23" W) and a tallgrass prairie
(Konza Prairie Biological Station, KNZ; MAP = 864mm, MAT = 13°C, coordinates 39° 05’ N, 96° 35> W) in Kansas.

Collection To*osm To*py TTLP Pso

Species Code Site Functional Type (MPa) (MPa) (MPa) (MPa) LDMC ar

Andropogon gerardii  ANGE KNZ Graminoid (C4 grass) ((_)1021) ((_)10%1) ((_)1076) -1.1 0.32 0
Cf’?tgiiodb;‘}a BOCU  HYS  Graminoid (C4 grass) ((‘f(')%) ((‘fﬁ) ((')_2(')%) 1.6 045 037
Bouteloua gracilis  BOGR HPG Graminoid (C4 grass) ((_)103) ((_)1079) ((_)2132) -1.1 046  0.16
Sorghastrum nutans ~ SONU KNZ Graminoid (C4 grass) ((_)00%) ((_)1026) ((_)102) -0.8 032 0.10
Sporobolus asper SPAS HYS Graminoid (C4 grass) ((_)112) ((_)1066) ((_)2132) 2 041  0.11
Carex duriuscula CADU HPG Graminoid (C3 sedge) ((_)212)) ((_)2176) ((_)313) -1.9 0.41 0.17
Hesperostipa comata HECO HPG Graminoid (C3 grass) ((_)2026) ((_)20%;) ((_)21;) 2.3 0.44  0.39
Pascopyrum smithii ~ PASM HPG Graminoid (C3 grass) ((_)1072) ((_)103) ((_)20(;) -1.8 038  0.20
Poa secunda POSE  HPG  Graminoid (C3 grass) ((‘).1171) ((‘f(')i) (6.2i12) i 032 033
Feucocrimum 1 gy HPG Monocot (forb) ((‘).1(')36) ((‘)(_)(')86) ((')-11'21) ~ 018 065
Astragalus ASDR  HPG Dicot (forb) 0.7 1.1 15 ~ 024 058

drummondii

(0.08) (0.12) (0.12)
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Astragalus
laximannii

Astragalus shortianus
Linaria dalmatica
Mertensia lanceolata
Penstemon albidus
Sphaeralcea coccinea
Artemesia frigida

Eriogonum effusum

ASLA

ASSH

LIDA

MELA

PEAL

SPCO

ARFR

EREF

HPG

HPG

HPG

HPG

HPG

HPG

HPG

HPG

Dicot (forb)
Dicot (forb)
Dicot (forb)
Dicot (forb)
Dicot (forb)

Dicot (forb)

Dicot (subshrub)

Dicot (subshrub)

-1.0
(0.13)
-0.7
(0.07)
-0.6
(0.16)
-0.9
(0.06)

0.01)
1.0
(0.04)
1.4
(0.04)

(0. 08)

-1.7
(0.09)

0.11)
-1.0
(0.09)
1.2
(0.08)
1.3
(0.14)
1.4
(0.13)
1.1
(0.04)

(0. 07)

-2.2
(0.10)
-1.0
(0.15)
-1.3
(0.10)
-1.5
(0.09)
-1.6
(0.13)
-1.9
(0.15)
-1.5
(0.04)

(0. 11)

0.26

0.17

0.19

0.21

0.27

0.3

0.35

0.32

0.26

0.76

0.36

0.19

0.18

0.41

0.50

0.48
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4.8 Figures
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Figure 4.1. Leaf turgor loss point is largely controlled by leaf osmotic potential at full turgor, the
component of leaf water potential determined by cellular solute concentrations. A strong linear
relationship between osmotic potential at full turgor (mo+v) and osmotic potential at turgor loss
point (nLp) estimated from pressure-volume curves is shown for largely herbaceous grassland
species including graminoids, forbs, and subshrubs. The black line represents this model: mrrp =

1.1037o#py - 0.294, while the grey line represents the 1:1 line and bi-directional error bars represent
standard error.
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Figure 4.2. Osmotic potential at full turgor measured with a vapor pressure osmometer (o osm)
predicts that estimated from p-v curves (To#pv) With a slight deviation from the 1:1 line. The model
shown here (moxpy = 0.690T0%0sm - 0.5481; black line) does not differ significantly from a similar
model presented for woody species (Tospy = 0.690T0%0sm - 0.5481; Bartlett et al. 2012a) based on
the 95% CI of the slope (0.45,0.92) and intercept (-0.8954093, -0.2007442). Graminoid species
fall along the 1:1 line (grey line), while much of the scatter is due to variability in forb/subshrubs.
Bi-directional error bars represent standard error.

Tco*osm
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Figure 4.3. Correcting for discrepancies that arise from osmometry (see the departure from the
1:1 line in Figure 4.2), mo+0sm Was recalculated using equation 2 (taken from Bartlett et al. 2012a).
Osmometry can lead to over- and under estimations of 1, due to apoplastic dilution and cell wall
dissolution, respectively. Here, predicted osmotic potential at full turgor (Tospredicted) Was calculated
from a model that includes estimates of cell wall dissolution (leaf dry matter content as a proxy,
LDMC), apoplastic fraction, and their interaction. The fitted regression between measured To+osm
and To#predicted has a slope of 1.0 + 0.12 SE (moxosm = 1.0 Torpredicted — 5.6e°; plotted black line), as
does the relationship including solely graminoids (slope = 0.9 + 0.23 SE; see Table A3.2),
indicating no bias after correcting for these factors. The counterbalancing effects of apoplastic
dilution and cell wall dissolution suggest the osmometer method is robust for graminoid leaves
(graminoids fall along the 1:1 line in Figure 4.2); however, the net effect of LDMC and ay should
be considered for other types of leaves. Torpredicted = -1.2684%*morpyrar + 1.4875*LDMC +
5.2601*norosm#ar* LDMC - 1.2147.
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Figure 4.4. A linear model for predicting leaf turgor loss point (7rLp) among grassland species
using osmotic potential at full turgor estimated from a vapor pressure osmometer (Tososm). (@) The
slope and intercept of the linear model developed by Bartlett et al. (7wap =0.832m0sm - 0.631; dashed
line) falls within the 95% CI of the slope (0.5552126, 1.0460131) and intercept (-1.2050772, -
0.4852862) of the grassland model shown here (black line; grey line represents the 95% CI). The
linear model equation depicted on the figure is for the grassland model, which includes graminoids,
forbs and subshrubs. (b) The linear model including only graminoid species also does not differ
significantly from the Bartlett model (dashed line) which falls within the 95% CI of the slope
(0.7793554, 1.1086195) and intercept (-0.9190000, -0.3034649) of the graminoid model shown
here (black line; grey line represents the 95% CI). No significant relationship was found for
forbs/subshrubs alone. Symbols represent photosynthetic pathway (C4 vs. C3). Bi-directional error
bars represent standard error.
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Figure 4.5. Turgor loss point (ntrp) and osmotic potential at full turgor measured from pressure-
volume curves (mo+py) and a vapor pressure osmometer (To+osm) are shown grouped by plant
functional type (graminoids and forbs/subshrubs; mean + SE). Forbs/subshrub species have
significantly higher pressure potentials for each trait compared to graminoid species (p<0.05;
denoted by *). Also shown are the pooled mean (+ SE) for the species used in the Bartlett et al.
(2012b) model sampled from two separate locations: a common garden near University of
California Los Angeles (UCLA; annual rainfall = 450 mm) and a tropical forest plant community
at Xishuangbanna Botanic Garden in China (XTBG; annual rainfall = 1532 mm).
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Figure 4.6. Osmotic potential at full turgor can be rapidly estimated from a vapor pressure
osmometer (To%osm) and is correlated with other mechanistic plant traits such as (a) the leaf water
potential at 50% loss of hydraulic conductance (Pso) and (b) leaf dry matter content (LDMC). The
1:1 line is shown as a grey line.
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Figure 4.7. Mean annual precipitation at the wettest extremes of a species distribution (MAPosm)
explained a significant portion of interspecific variability (57%) in osmotic potential at full turgor
measured with an osmometer (To+osm). A positive relationship indicates that species with lower
Tlo*osm (More negative) are found in drier regions of the central US. The wet extreme (i.e. 95"
quantile) suggests that resource allocation to drought tolerance (i.e. low To%sm) 1S beneficial along
an aridity gradient only until water becomes less limiting, at which point more mesic species with
higher growth rates outcompete xeric species. At the dry extreme of species bioclimatic envelopes
(5™ quantile), Torosm Was only moderately significantly correlated with precipitation during the
wettest quarter of the year (p = 0.08).
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CHAPTER 5: SHIFTS IN PLANT FUNCTIONAL COMPOSITION FOLLOWING LONG-
TERM DROUGHT IN GRASSLANDS

5.1 Summary

Plant traits can provide unique insights into plant performance at the community scale.
Functional composition, defined by both functional diversity and community-weighted trait means
(CWMs), can affect the stability of aboveground net primary production (ANPP) in response to
climate extremes. Further complexity arises, however, when functional composition itself
responds to environmental change. The duration of climate extremes, such as drought, is expected
to increase with rising global temperatures; thus, understanding the impacts of long-term drought
on functional composition and the corresponding effect that has on ecosystem function could
improve predictions of ecosystem sensitivity to climate change.

We experimentally reduced growing season precipitation by 66% across six temperate
grasslands for four years and measured changes in three indices of functional diversity (functional
dispersion, richness, and evenness), community-weighted trait means, and phylogenetic diversity
(PD). Specific leaf area (SLA), leaf nitrogen content (LNC) and (at most sites) leaf turgor loss
point (nrLp) were measured for species cumulatively representing ~90% plant cover at each site.

Long-term drought led to increased community functional dispersion in three sites, with
negligible effects on the remaining sites. Species re-ordering following the mortality/senescence
of dominant species was the main driver of increased functional dispersion. The response of
functional diversity was not consistently matched by changes in phylogenetic diversity.
Community-level drought strategies (assessed as CWMs) largely shifted from drought tolerance

to drought avoidance and/or escape strategies, as evidenced by higher community-weighted mrLp,
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SLA, and LNC. Lastly, ecosystem drought sensitivity (i.e. relative reduction in ANPP) was
positively correlated with SLA and negatively correlated with functional diversity.

Increased functional diversity following long-term drought may stabilize ecosystem
functioning in response to future drought. However, shifts in community-scale drought strategies
may increase ecosystem drought sensitivity, depending on the nature and timing of drought. Thus,
our results highlight the importance of considering both functional diversity and abundance-
weighted means traits of plant communities as their collective effect may either stabilize or
enhance ecosystem sensitivity to drought.

5.2 Introduction

Ecosystem function is largely determined by the functional attributes of plant communities.
Plant traits are useful for understanding how resources are acquired by plants (Reich, 2014; Wright
et al., 2004) and consequently transferred to or stored in various ecosystem pools, such as plant
biomass or soil organic matter (Lavorel & Garnier, 2002). Plant community functional
composition, defined by community-weighted trait means (CWMs) and functional diversity (i.e.,
the distribution of traits within a community), can respond to environmental change and affect
ecosystem processes, such as aboveground net primary production (ANPP), nutrient cycling, and
decomposition (Diaz & Cabido, 2001). A trait-based response-and-effect framework has been
proposed (Suding et al., 2008) whereby certain plant traits predict specific ecosystem functions
(e.g., leaf nitrogen content is correlated with variability in ANPP; Garnier et al., 2004; Reich,
2012) while other traits indicate how species will shift in abundance in response to environmental
change (e.g., conservative leaf water economic traits improve species tolerance to drought and
warming; Anderegg et al., 2016; Soudzilovskaia et al., 2013). The importance of climate in

governing functional composition is well supported by community scale surveys of plant traits on
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broad spatial and temporal scales (Newbold et al., 2012; Reich & Oleksyn, 2004; Simova et al.,
2018; Wieczynski et al., 2019; Wright et al., 2005). Few studies, however, have assessed the
response of both functional diversity and CWMs to climate extremes, which are rare by definition
(Smith, 2011), and the corresponding effect on ecosystem functioning across space and time.

Rising global temperatures increase evapotranspiration and thus the intensity and duration
of climate extremes, such as drought (Trenberth, 2011), with immediate and long-lasting negative
impacts on Earth’s vegetation (Breshears et al., 2005). The magnitude of vegetation responses to
drought varies among ecosystems with xeric ecosystems generally being more sensitive than mesic
ones (Huxman et al., 2004; Knapp et al., 2015). Ecosystem resistance and resilience to drought has
been linked to species diversity, and functional diversity in particular (Diaz & Cabido, 2001; Isbell
et al., 2015; Tilman & Downing, 1994; Tilman et al., 1997). Plant communities with high
functional diversity are buffered against declines in ecosystem functions, such as ANPP, due to
functional insurance (Anderegg et al., 2018; De La Riva et al., 2017; Grime, 1998; Pérez-Ramos
et al., 2017). In other words, a greater diversity of species (and traits) increases the odds of one or
more species surviving a drought and compensating for drought-induced senescence or mortality
of other species. Beyond diversity, the mean composition of traits (as measured by CWMs) can
confer ecosystem resistance and resilience to drought, especially if species with traits linked to
drought survival (McDowell et al., 2008) and/or drought avoidance/escape strategies (Kooyers,
2015; Noy-Meir, 1973) are in high abundance.

Increasing complexity arises, however, when functional composition itself is altered by
drought. An extreme climate event can act as an environmental filter allowing only certain species
(and trait values) to persist, potentially leading to trait convergence and/or decreased functional

and genetic diversity (Diaz et al., 1999; Grime, 2006; Whitney et al. 2019); however, an array of
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biotic interactions influencing competition, coexistence, and niche differentiation can act
simultaneously to structure communities in an opposite manner (Cadotte & Tucker, 2017; Kraft et
al., 2015). Thus, given uncertain and counteracting roles of environmental filtering and niche
differentiation, the net effects of drought on community functional composition are currently
unpredictable. Indeed, the impact of drought, and aridity more broadly, on functional diversity is
highly variable with positive (Cantarel et al., 2013), negative (Qi et al., 2015), and neutral
(Copeland et al., 2016; Hallett et al., 2017) responses observed. These inconsistences are likely
due to differences in the selection of traits and functional diversity indices, the duration and
extremity of drought, and/or the spatial/temporal context in which aridity is being examined. Thus,
coordinated, long-term, and multi-site experiments are needed to assess the impact of extreme
drought on functional composition and ecosystem function.

The ‘Extreme Drought in Grasslands Experiment’ (EDGE) was established in 2012 to
assess the drought-sensitivity of ANPP in six North American grasslands, ranging from desert to
tallgrass prairie (Fig. 5.1; Table 5.1). Grasslands are ideal ecosystems for assessing drought
sensitivity as ANPP in these systems is highly responsive to precipitation variability (Hsu et al.,
2012; Knapp and Smith, 2001) and their short stature allows for easy installation of experimental
drought infrastructure (Yahdjian & Sala, 2002). We surveyed plant traits of the most common
species at each EDGE site (cumulatively representing ~90% plant cover) and tracked changes in
three indices of functional diversity (e.g., functional dispersion, richness, and evenness) and
abundance-weighted traits in response to a four-year experimental drought. Our trait survey
included leaf turgor loss point (mrLp), specific leaf area (SLA) and leaf nitrogen content (LNC).
Leaf economic traits such as SLA and LNC have been associated with plant ecological strategies

(e.g., fast vs. slow resource economies and drought tolerance vs. avoidance; Reich, 2014; Frenette-
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Dussault et al., 2012) and are descriptive of ANPP dynamics (Garnier et al., 2004; Reich, 2012;
Suding et al., 2008). Hydraulic traits such as mrrp are informative of leaf-level drought tolerance
and are expected to be predictive of plant responses to aridity (Bartlett, Scoffoni, & Sack, 2012;
Griffin-Nolan et al., 2018a; Reich, 2014). Additionally, we measured plot-level phylogenetic
diversity to assess whether functional and phylogenetic diversity are coupled in their response to
drought (i.e., whether decreased functional diversity is driven by decreased genetic dissimilarity).

Drought resistance is multidimensional (i.e., a variety of traits can bestow or hinder drought
resistance via a variety of mechanisms), thus, there are several plausible shifts in trait diversity and
weighted-means in response to drought. Here, we test the hypothesis that high functional diversity
and high abundance of conservative leaf economic traits confers greater resistance of ANPP to
drought and ask how drought influences functional composition over time. A strong role of
environmental filtering should be reflected in reduced functional diversity and altered community-
weighted trait means, with the direction of the mean trait shift dependent on the role of various
traits in shaping drought-resistance within and across ecosystems.
5.3 Methods
5.3.1 Site Descriptions

The impact of long-term drought on community functional diversity and abundance-
weighted traits was assessed in six native grassland sites spanning a 620 mm gradient in mean
annual precipitation (MAP) and a 5.5 °C gradient in mean annual temperature (Table 5.1; Knapp
et al., 2015). These six sites encompass the four major grassland types of North America including
desert grassland, shortgrass prairie, mixed grass prairie, and tallgrass prairie. Experimental plots
were established in upland pastures that had not been grazed for over 10 years, apart from the two

mixed grass prairie sites (HPG and HYS) which were last grazed 3 years prior to this study. The
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tallgrass prairie site (KNZ) is burned annually following regional management regimes (Knapp et
al., 1998), while other sites are unburned. Soil textures vary across sites from sandy to clay-loam
(Burke et al. 1991; 1989; Kieft et al. 1998).
5.3.2 Experimental drought treatments

Drought was experimentally imposed at each site for four years using large rainfall
exclusion shelters (Fig. 5.1A; Yahdjian & Sala, 2002). At each site, twenty 36-m> plots were
established across a topographically uniform area and hydrologically isolated from the surrounding
soil matrix using aluminum flashing and 6-mil plastic barriers installed to a depth of at least 20
cm. Plots were split into 4 subplots, each 2.5x2.5 m with a 0.5 m buffer on each side. Two of these
subplots were designated for destructive measurements of plant biomass, one was designated for
non-destructive surveys of species composition, and the final subplot was left for research on
decomposition and microbial communities (Ochoa-Hueso et al., 2018; Fernandes et al. 2018).

Drought was imposed in ten plots per site by installing large shelters (10x10 m?) which
passively blocked 66% of incoming rainfall during each growing season — this is roughly
equivalent to a 40% reduction in annual precipitation given that 60-75% of MAP falls during the
growing season in these ecosystems (April-September for SGS, HPG, HYS, and KNZ; April-
October for SBK and SBL). Rainfall exclusion shelters utilize transparent polyethylene panels
arrayed at a density to reduce each rainfall event by 66%, thereby maintaining the natural
precipitation pattern of each site (Knapp et al. 2017). The remaining ten plots per site were trenched
and hydrologically isolated yet received ambient rainfall (i.e., no shelters were present). Treatment
infrastructure was installed in the spring of 2012, yet drought treatments did not begin until April
2013 at the New Mexico sites (SBK and SBL) and 2014 at the northern sites (SGS, HPG, HYS,

and KNZ).
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Rain gauges were established in a subset of control and treatment plots. Rainfall exclusion
shelters reduced annual precipitation by ~40% relative to ambient amounts across all six sites (Fig.
5.1B), arelative reduction comparable to the extreme drought that affected this region in 2012 (the
4™ Jargest drought in the past century; Knapp et al., 2015). However, the experimental drought
imposed here lasted four years rather than one.

5.3.3 Species composition

Species composition was assessed at each site during spring and fall of each year starting
one year before treatments were imposed. Absolute aerial cover of each species was estimated
visually within four quadrats (1 m?) placed within the subplot designated for non-destructive
measurements. For each plot and species, absolute cover was converted to average percent relative
cover with the higher cover value in each year (spring or fall) used in the final analysis (Koerner
& Collins, 2014). At the end of each growing season in the four northern sites, all aboveground
biomass was harvested in three quadrats (0.1 m?) which were placed randomly in one of two
subplots designated for destructive measurements (altering between years). Biomass was sorted to
remove the previous year’s growth, dried for 48 hours at 60°C, and weighed to estimate total
aboveground net primary production (ANPP). At the two Sevilleta sites (SBK and SBL),
aboveground biomass was estimated in spring and fall using a non-destructive allometric approach
(Muldavin et al. 2008) for each species occurring in each of the species composition subplots.
5.3.4 Plant traits

Traits of the most abundant plant species per site were measured in an area adjacent to
experimental plots to avoid destructive measurements within plots. Thus, all traits were measured
under ambient rainfall conditions. Plant traits were measured at different times of the growing

season to capture peak growth and soil moisture conditions. For SBK and SBL, traits were
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measured at the beginning of the 2017 monsoon season (early August) to ensure fully emerged
green leaves were sampled. For SGS and HPG, all traits were measured in late May and early June
of 2015 to capture the high abundance of C3 species at these sites. For HYS and KNZ, traits were
measured in mid-July 2015, during peak biomass.

Ten individuals were selected along a transect the length of the experimental infrastructure
and two recently emerged, fully expanded leaves were clipped at the base of the petiole and placed
in plastic bags containing a moist paper towel. Leaves (n=20 per species) were rehydrated in the

lab, scanned, and leaf area was estimated using ImagelJ software (https://imagej.nih.gov/ij/). Each

leaf was then oven-dried for 48 hours at 60°C and weighed. Specific leaf area (SLA) was calculated
as leaf area/leaf dry mass (m%*/kg). Dried leaf samples were then ground to a fine powder for tissue
nutrient analyses. Leaf nitrogen content (LNC) was estimated on a mass basis using a LECO Tru-
Spec CN analyzer (Leco Corp., St. Joseph, MI, USA).

Leaf turgor loss point (mwrip) was estimated for each species using a vapor pressure
osmometer (Bartlett et al. 2012a; Griffin-Nolan et al., 2019). Briefly, a single tiller (for
graminoids) or whole individual (for forbs and shrubs) was unearthed to include root tissue and
placed in a reservoir of water. Whole plant samples (n=6/species) were relocated to the lab and
covered in a dark plastic bag for ~12 hours to allow for complete leaf rehydration. Leaf tissue was
then sampled from 5-8 leaves/species using a biopsy punch. The leaf sample was wrapped in tin
foil and submerged in liquid nitrogen for 60 seconds to rupture cell walls. Each disc was then
punctured ~15 times using forceps to ensure cell lysis, and quickly placed in a vapor pressure
osmometer chamber within 30 seconds of freezing (VAPRO 5520, Wescor, Logan, UT). Samples
were left in the closed chamber for ~10 minutes to allow equilibration. Measurements were then

made every two minutes until osmolarity reached equilibrium (< 5 mmol kg change in osmolarity
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between measurements). Osmolarity was then converted to leaf osmotic potential at full turgor (7,)
(mo = osmolarity*-2.3958/1000) and further converted to mrLp using a linear model developed
specifically for herbaceous species (Griffin-Nolan et al. 2019): rrp = 0.80m, — 0.845.

Estimates of functional diversity are highly sensitive to missing trait data (Pakeman, 2014).
Our survey of plant traits failed to capture species that increased in abundance in other years or
due to treatment effects. Thus, we filled in missing trait data using a variety of sources including
published manuscripts or contributed datasets. Sampling year differed depending on data sources,
but sampling methodologies followed the same or similar standardized protocols (Bartlett et al.,
2012a; Perez-Harguindeguy et al., 2013; Griffin-Nolan et al. 2019) and traits were often measured
during the same season and from plots adjacent to or nearby the EDGE plots (see A4.1 in Appendix
4). Data for mrip was lacking for desert species common in the Sevilleta grassland (SBK and SBL),
thus our analyses at these sites was constrained to SLA and LNC. For the northern sites (SGS,
HPG, HYS, and KNZ), sufficient ntip data were available and were included in all analyses.

The final trait dataset included trait values for species cumulatively representing an average
of 90% plant cover in each plot. Observations with less than 75% relative cover represented by
trait data were removed from all analyses (21 of 600 plot-year combinations were removed; final
range: 75-100% plant cover/plot). For this core set of 579 observations, the number of species
used to estimate indices of functional composition ranged from 11 to 37, with a mean of 28 species.
Covariation between traits was tested across sites using log-transformed data (‘cor’ function in
base R). A significant correlation was observed between LNC and nrrp (r = 0.292), but not between

SLA and mrrp (r = 0.014) or SLA and LNC (r=-0.117).
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5.3.5 Functional composition

Functional diversity is described by several indices, each of which describe different
aspects of trait distributions within a community (Mason, De Bello, Mouillot, Pavoine, & Dray,
2013). Given uncertainty as to which index is most sensitive to drought and/or informative of
ecosystem responses to drought (Botta-Dukat, 2005; Carmona et al. 2016; Laliberte and Legendre,
2010; Mason et al. 2013; 2003; Petchey and Gaston, 2002; Villéger et al., 2008), we calculated
three separate indices of functional diversity using the dbFD function in the ‘FD’ R-package
(Laliberte & Legendre, 2010; Laliberté & Maintainer, 2011). Using a flexible distance-based
framework and principle components analyses, the dbFD function estimates functional richness
(FRic; the total volume of x-dimensional functional space occupied by the community), functional
evenness (FEve; the regularity of spacing between species within multivariate trait space), and
functional dispersion (FDis; the multivariate equivalent of mean absolute deviation in trait space)
(Villéger, Mason, & Mouillot 2008a; Laliberte & Legendre, 2010). FDis describes the spread of
species within multivariate space and is calculated as the mean-weighted distance of a species to
the community-weighted centroid of multivariate trait space. To control for any bias caused by the
lack of mrLp data for two sites (SBK and SBL), we also calculated FRic, FEve, and FDis using just
two traits (SLA and LNC) across sites (i.e., two-dimensional diversity). Multivariate functional
diversity indices can potentially mask community assembly processes occurring on a single trait
axis (Spasojevic & Suding, 2012); thus, FRic, FEve, and FDis were also estimated separately for
each of the three traits surveyed in this study.

Species richness is well correlated with both FRic and FDis and can have a strong effect
on the estimations of these parameters, especially in communities with low species richness

(Mason et al., 2013). To control for this effect, we compared our estimates of FRic and FDis to
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those estimated from randomly generated null communities and calculated standardized effect
sizes (SES) for each plot:

SES = observed FDis — mean of expected FDis

standard deviation of expected FDis

where the mean and standard deviation of expected FDis (or FRic) were calculated from 999
randomly generated null community matrices using a “name-swap” and “independent-swap”
algorithm for FDis and FRic, respectively (R code modified from Swenson, 2014). These null
model algorithms randomize the trait data matrix while maintaining species richness and
occupancy within each plot. The “name-swap” method also maintains relative abundance within
each plot, thus providing insight into processes structuring communities (Spasojevic & Suding,
2012). Observed FEve is independent of species richness and thus was not compared to null
communities (Mason et al. 2013).

Finally, we calculated community-weighted means (CWMs) for each trait (weighted by
species relative abundance), which further characterizes the functional composition of the
community. Each index of functional diversity and CWMs was measured for each plot-year
combination using the fixed trait dataset (i.e., traits collected in 2015/2017 plus contributed data)
and % cover data from each year. Thus, the responses of CWMs and functional diversity to drought
represent species turnover and interspecific trait differences. Intraspecific trait variability and trait
plasticity were not assessed in this study, but these typically contribute substantially less to total
trait variation than interspecific trait variability, even when sampling across broad spatial scales
and strong environmental gradients (Siefert et al., 2015)

5.3.6 Phylogenetic diversity
We quantified phylogenetic distinctiveness at the plot level using Faith’s phylogenetic

diversity (PD) index (Faith, 1991). A mixture of nine protein coding and non-coding gene
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sequences were acquired from NCBI GenBank for each species. Following sequence alignment
and trimming, maximum likelihood trees were constructed using RAXML (1000 bootstrap
iterations, with Physcomitrella patens as tree outgroup) (version 8.2.10) (Stamakis, 2014).
Following tree construction, PD was calculated using the picante package in R (Kembel et al.,
2010). To control for the effect of species richness, the standardized effect size (SES) of PD (PDyes)
was calculated using the “independent swap” null model in the picante package.
5.3.7 Data analysis

We tested for interactive effects of treatment, year, and site on functional/phylogenetic
composition using repeated measures mixed effects models (‘lme4’ package; Bates, Michler,
Bolker, & Walker, 2014). Site, treatment, and year were included as fixed effects and plot was
included as a random effect. Trait data were log-transformed when necessary to meet assumptions
of normality. Separate models were run for multivariate and single trait functional richness and
dispersion (FDisss and FRices), FEve, phylogenetic diversity (PDses), as well as each CWM (i.e.,
SLA, LNC, and mrrp). Pairwise comparisons were made between drought and control plots within
each year and for each site (Tukey-adjusted p-values). With the exception of xeric sites (e.g.,
Sevilleta), ambient temporal changes in species composition are often greater than treatment
effects in global change experiments (Langley et al., 2018); therefore, functional and phylogenetic
responses to drought are presented here as log response ratios (In(drought/control)) for FEve and
CWNMs or treatment differences (i.e. drought — control) for PDses, FDisses, and FRicges. Calculating
log response ratios of SES values was not appropriate as SES is often negative. Negative log
response ratios are shown for community-weighed mrLp as this trait is measured in negative
pressure units (MPa). All analyses were repeated for two-dimensional diversity indices (i.e., those

including just SLA and LNC).
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The sensitivity of ANPP to drought was calculated as the % reduction in ANPP in drought

plots for each site and for each year as follows:

ANPPdrought - ANPPcontrol)
ANPPcontrol

Drought sensitivity = abs (100 X
where ANPP is the mean value across all plots of that treatment in a given year. Drought sensitivity
is presented as an absolute value (abs) such that large positive values indicate greater sensitivity
(i.e. greater relative reduction in ANPP). Correlations between annual drought sensitivity (n=24;
six sites and four years) and either current-year (cy) or previous-year (py) functional/phylogenetic
composition indices (e.g., PDsws, CWMs for each trait, as well as single trait and multivariate
FDisges, FRicses, and FEve) were investigated using the cor function in base R, with p-values
compared to a Benjamin-Hochberg corrected significance level of a=0.0047 for 32 comparisons.
Variables that were significantly correlated with drought sensitivity at this level were included as
fixed effects in separate general linear mixed effects models with site included as a random effect.
To avoid pseudo-replication, mixed effects models were then compared to null models (using AIC)
where null models included only the random effect of site. Both marginal and conditional R? values
(Nakagawa & Schielzeth, 2013) were calculated for each mixed effect model using the ‘rsquared’
function in the ‘piecewiseSEM’ package (Lefcheck, 2016). All analyses were run using R version
3.5.2 (R Core Team 2018).

5.4 Results

Drought treatments significantly altered community functional and phylogenetic
composition with significant three-way interactions in mixed effects models for each diversity
index, except FRicses, and each abundance-weighted trait (treatment*site*year; Table 5.2). The six
grassland sites varied extensively in the magnitude and directionality of their response to drought,

variation that was associated with diversity index, trait identity, and drought duration. The most
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responsive functional diversity index across sites was functional dispersion (FDisges), with
significant drought responses observed in all but two sites.

Four years of experimental drought led to significantly higher multivariate FDisges in half
of the sites (SBK, SGS, and HYS) with only a slight decline in FDisss observed at SBL in year 3
of the drought (Fig. 5.2A). There were no observable treatment effects on FDisses at the wettest
site (KNZ) or at the coolest site (HPG). Single trait FDisges did not consistently mirror multivariate
FDisses, especially at the three driest sites (Fig. 5.2B-D). For instance, the increase in FDisges at
SBK was largely driven by increased functional dispersion of LNC (Fig. 5.2C), as FDisges of SLA
did not differ significantly between drought and control plots. For SBL, multivariate FDisges
masked the opposing responses of single trait FDisgs. For example, in the first two years of
drought, opposite responses of FDiss of SLA and LNC canceled each other out, leading to no
change in multivariate FDisgs. It was not until year 3 that FDisges of both SLA and LNC declined
leading to a significant response in multivariate FDisss. For SGS, FDisges of SLA increased in
drought plots relative to control plots and remained significantly higher for the remainder of the
experiment (Fig. 5.2B); however, this relative increase in FDisss of SLA was not captured in
multivariate measures of FDisss due to a lack of response of FDisgs of LNC and mrrp until the
final years of drought (Fig. 5.2C-D). On the contrary, single trait FDisss largely mirrored
multivariate FDisses for the three wettest sites with positive responses of FDises for each trait at
HY'S and no significant responses observed at HPG and KNZ (Fig. 5.2). Other indices of functional
diversity (i.e., FRicss and FEve) were moderately affected by drought treatments, depending on
site, with treatment effects not consistent across years (see Appendix 4, Fig. A4.1, and Fig. A4.2).

Estimates of functional diversity in 2-dimensional trait space (i.e., excluding nrrp from estimates

85



of FDisses, FRicges, and FEve across sites) did not differ drastically from estimates in 3-dimensional
trait space (Appendix 4 and Fig. A4.3).

Experimental drought led to a significant shift in community-weighted trait means across
sites, largely away from conservative resource-use strategies (Fig. 5.3). Community-weighted
specific leaf area (SLA.w) initially decreased in response to drought for two sites (SBK and SBL);
however, long-term drought eventually led to significant increases in SLA.w at all six sites relative
to ambient plots (Fig. 5.3A). The positive effect of drought on SLA.y was not persistent in its
significance or magnitude through the fourth year of the experiment for all the sites. Community-
weighted LNC (LNC.w) was unchanged until the final years of drought, at which point elevated
LNC.w was observed for all sites but KNZ (Fig. 5.3B). Lastly, drought effects on community-
weighted leaf turgor loss point (nrLp.cw) Were variable among sites with a significant decline in
Tripew (i.6. more negative) at HPG, a significant increase in mripcw at SGS, a moderately
significant increase at HYS (p=0.06), and no change observed at KNZ (Fig. 5.3C).

Phylogenetic diversity (PDses) was most sensitive to drought at the two driest sites, SBK
and SBL, with variable effects observed at the wettest site, KNZ (Fig. 5.4). Drought led to
increased PDss at SBK in year 3 and decreased PDses at SBL in year 4 (Fig. 5.4). At KNZ, PDyes
alternated between drought-induced declines in PDs.s and no difference between control and
drought plots; however, PDges of drought plots was significantly lower than control plots by the
fourth year of drought. PDses did not respond to drought treatments at SGS, HPG, or HYS.

Across all 32 tests, the only significant predictors of ANPP sensitivity (following a
Benjamin-Hochberg correction for multiple comparisons) were (1) SLAcw of the previous year,
(2) FEve of SLA of the current year, and (3) multivariate FEve of the current year (Table A4.2).

These predictors were included as fixed effects in separate mixed effects models each with site as
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a random effect. Following null model comparison (see methods), we observed a statistically
significant positive relationship between drought sensitivity and previous year SLA.w (Fig. 5.5A).
In other words, grassland communities with low SLA.w in a given year experienced less drought-
induced declines in ANPP the following year. Significant negative correlations were observed
between current year FEve (both multivariate and FEve of SLA) and drought sensitivity; however,
null model comparisons rejected the model with multivariate FEve and accepted the model with
FEve of SLA (Table A4.2).
5.5 Discussion
5.5.1 Functional diversity

We assessed the impact of long-term drought on functional diversity of six North American
grassland communities (Table 5.1). Removal of ~40% of annual rainfall for four years negatively
impacted ANPP (Fig. 5.1 & 5.5). In contrast, we observed positive effects of drought on functional
dispersion (as compared to null communities; FDises) in half of the grasslands surveyed here, with
a negative response observed in only one site (Fig. 5.2). While several indices of functional
diversity were measured in this study, FDisgs was the most responsive to drought (Fig. 5.2 and
Table 5.2). Increased functional diversity following drought has previously been attributed to
mechanisms of niche differentiation and species co-existence (Grime, 2006), while declines in
diversity are attributed to drought acting as an environmental filter (Diaz, Cabido, & Casanoves,
1998; Diaz et al., 1999; Whitney et al. 2019). In grasslands, several indices of functional diversity
respond strongly to interannual variability in precipitation (Gherardi & Sala, 2015). Dry years
often lead to low functional diversity as the dominant drought tolerant grasses persist, while rare
species exhibit drought avoidance (e.g., increased water-use efficiency and slower growth) or

escape strategies (e.g., early flowering) (Gherardi & Sala, 2015; Kooyers, 2015). Wet years,
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however, can lead to high diversity due to negative legacies of dry years acting on dominant
grasses and the fast growth rate of rare species which take advantage of large rain events that
penetrate deeper soil profiles (Gherardi &Sala, 2015). While traits linked to drought tolerance may
allow a species to persist during transient dry periods, long-term intense droughts can lead to
mortality of species exhibiting such strategies (McDowell et al., 2008). Here, the variable effects
of drought on FDisgs can be explained by (1) mortality/senescence and reordering of dominant
drought tolerant species (Smith, Knapp, & Collins, 2009), and (2) increases in the relative
abundance of rare or subordinate drought escaping (or avoiding) species (Frenette-Dussault et al.,
2012; Kooyers, 2015). Species are considered dominant if they have high abundance relative to
other species in the community and have proportionate effects on ecosystem function (Avolio et
al., 2019).

The increase in FDisses in the final year of drought within the desert grassland site (SBK)
corresponded with >95% mortality of the dominant grass species, Bouteloua eriopoda. This
species generally contributes ~80% of total plant cover in ambient plots. The removal of the
competitive influence of this dominant species allowed a suite of species characterized by a wider
range of trait values to colonize this desert community. Indeed, overall trait space occupied by the
community (i.e., FRicses) significantly increased in the final year of drought (Fig. A4.1). Mortality
of B. eriopoda led to a community composed entirely of ephemeral species, deep-rooted shrubs,
and fast-growing forbs (i.e. drought avoiders/escapers). It is worth noting that phylogenetic
diversity (PDses) increased in the year prior to increased FDisges and FRicses (Fig. 5.4), which
suggests phylogenetic and functional diversity are coupled at this site with perhaps a lagged effect

0of PDges on FDisges and FRicses.
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The southern shortgrass prairie site in New Mexico (SBL) was the only site to experience
decreased FDisses in response to drought (Fig. 5.2). This is surprising considering SBK and SBL
are within several kilometers of one another (both within the Sevilleta National Wildlife Refuge)
and experience a similar climate. This region is characterized by a sharp ecotone, however,
resulting in divergent plant communities at SBK and SBL such that SBL is co-dominated by B.
eriopoda and Bouteloua gracilis, a closely related C4 grass. B. gracilis is characterized by greater
leaf-level drought tolerance than B. eriopoda (nrLp= -1.59 and -1.86 MPa for B. eriopoda and B.
gracilis, respectively) which allows it to persist during drought. While B. eriopoda and B. gracilis
both experienced drought-induced mortality (Baur et al. in prep), the greater persistence of B.
gracilis led to stability in community structure with only moderate declines in FDisges in the third
year of drought. Transient declines in FDisss may represent environmental filtering acting on
subordinate species with traits much different from those of the dominant grasses. Indeed,
decreased FDisses at SBL. was accompanied by increased functional evenness (FEve) (Fig. A4.2)
and decreased PDses (Fig. 5.4). Thus, the functional changes observed in this community were
driven by both genetically and functionally similar species.

At the northern shortgrass prairie site (SGS), the response of FDisges to drought was due to
re-ordering of dominant species. The early season plant community at SGS is dominated by C3
grasses and forbs, while B. gracilis represents ~90% of total plant cover in mid- to late summer
(Oesterheld, Loreti, Semmartin, & Sala, 2001). The nature of our drought treatments (i.e. removal
of summer rainfall) favored the subordinate C3 plant community at this site. We observed a shift
in species dominance from B. gracilis to Vulpia octoflora, an early season C; grass, beginning in
year 2 of drought (Baur et al. in prep). The initial co-dominance of B. gracilis and V. octoflora

increased FDisses of SLA (Fig. 5.2B) as these two dominant species exhibit divergent leaf carbon
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allocation strategies (SLA = 12.5 and 19.2 kg m™ for B. gracilis and V. octoflora, respectively).
This emphasizes the importance of investigating single trait diversity indices (Spasojevic &
Suding, 2012) as this community functional change was masked by multi-variate measures of
FDisges (Fig. 5.2A). The eventual mortality of B. gracilis in the fourth year of drought led to
significantly higher multivariate FDisses (Fig. 5.2) as this late season niche was filled by species
with a diversity of leaf carbon and nitrogen economies (LNC and SLA). Indeed, drought led to a
55% increase in Shannon’s diversity index at SGS (Baur et al. in prep).

Functional diversity of the northern mixed grass prairie (HPG) was unresponsive to
drought (Fig. 5.2). This site has the lowest mean annual temperature of the six sites (Table 5.1)
and is largely dominated by C3 species which exhibit springtime phenology and are highly
dependent on the availability of snowmelt (Knapp et al., 2015). Thus, the nature of our drought
treatment (i.e. removal of summer rainfall) had no effect on functional or phylogenetic diversity
at this site (Fig. 5.2; Fig. 5.4). On the contrary, we observed increased FDisss at the southern mixed
grass prairie (HYS) in response to experimental drought (Fig. 5.2A). Again, drought treatments
led to increased cover of dominant C3 grasses and decreased cover of Cy4 grasses (Baur et al. in
prep). Here, increased multivariate FDisges was largely mirrored by single trait FDisses (Fig. 5.2, B-
D). The three co-dominant grass species at this site (Pascopyrum smithii [C3], Bouteloua
curtipendula [C4], and Sporobolus asper [C4]) are characterized by remarkably similar mrip
(ranging from -2.32 to -2.30 MPa). This similarity minimizes FDisss of wrrp as the weighted
distance to the community-weighted trait centroid is minimized (see calculation of FDis in
Laliberte & Legendre, 2010). Indeed, HY'S has the lowest FDis of nrpp relative to other sites (5-
year ambient average: SGS = 0.67; HPG = 0.93; HYS = 0.36; KNZ = 0.37). In the final years of

drought, plots previously inhabited by dominant C4 grasses were invaded by perennial forbs and a
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Cs grass with higher nrLp (Bromus japonicus; nrre = -1.6. Increased abundance of the dominant
Cs grass, P. smithii, maintained the community-weighted trait centroid near the original mean (-
2.3 MPa), while the invasion of subordinate C3 species led to increased dissimilarity in 7mrrp
(Laliberte & Legendre, 2010). Additionally, P. smithii is characterized by low SLA relative to
other species at this site (SLA = 5.73 kg m™ for P. smithii vs. the SLA¢w = 12.3 kg m™). Thus,
increased abundance of P. smithii contributed to the spike in FDisses of SLA in year 3 of the drought
(Fig. 5.2B).

No change in community composition was observed at the tallgrass prairie site (KNZ) and
consequently we observed no change in FDis (Fig. 5.2). Drought did cause variable negative
effects on PDgs at KNZ (Fig. 5.4); however, the response was not consistent and thus warrants
further investigation. It is worth noting that the drought response of PDges did not match FDisges
responses in either SGS, HYS, or KNZ (Fig. 5.4). It is therefore important to measure both
functional and phylogenetic diversity as closely related species may differ in their functional
attributes (Forrestel et al., 2017; Liu & Osborne, 2015).

5.5.2 Community-weighted traits

Functional composition of plant communities is described by both the diversity of traits as
well as community-weighted trait means (CWMs), with the latter also having important
consequences for ecosystem function (Garnier et al., 2004; Vile et al., 2006). We therefore
assessed the impact of experimental drought on community-weighted means of several plant traits
linked to leaf carbon, nitrogen and water economy. Leaf economic traits, such as SLA and LNC,
describe a species strategy of resource allocation/use along a continuum of conservative to
acquisitive (Reich, 2014). Empirically and theoretically, conservative species with low SLA and/or

LNC are more likely to persist during times of resource-limitation, such as drought (Ackerly, 2004;
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Wright, Reich, & Westoby, 2001; Reich 2014), and community-weighted SLA tends to decline in
response to drought due to trait plasticity (Wellstein et al., 2017). Alternatively, high SLA and
LNC have been linked to strategies of drought escape or avoidance (Frenette-Dussault et al., 2012;
Kooyers, 2015). Here, we observed increased SLA.w and LNC.w with long-term drought in all six
sites (Fig. 5.3A), suggesting a shift away from species with conservative resource-use strategies
(i.e. drought tolerance) and towards a community with greater prevalence of drought avoidance
and escape strategies. We likely overestimate these trait values given that we do not account for
trait plasticity and the ability of species to adjust carbon and nutrient allocation during stressful
conditions (Wellstein et al., 2017); however, our results do indicate species re-ordering towards a
plant community with inherently higher SLA and LNC following long-term drought. This is likely
due to the observed increase in relative abundance of early-season annual species (i.e., drought
escapers) and shrubs (i.e., drought avoiders) across most sites (Baur et al., in prep), species that
are characterized by high SLA and LNC. Forbs and shrubs tend to access deeper sources of soil
water than grasses (Nippert & Knapp, 2007), a characteristic that has allowed them to persist
during historical droughts (i.e. drought escape; Weaver, 1958) and may have allowed them to
persist during our experimental drought. This further supports the conclusion of a community shift
towards drought escape strategies and emphasizes the importance of measuring rooting depth, and
root traits more broadly, which are infrequently measured in community-scale surveys of plant
traits (Bardgett et al., 2014; Griffin-Nolan et al., 2018a).

While leaf economic traits, such as SLA and LNC, are useful for defining syndromes of
plant form and function at both the individual (Diaz et al., 2016) and community-scale (Bruelheide
et al., 2018), they are often unreliable indices of plant drought tolerance (e.g., leaf economic traits

might not be correlated with drought tolerance within some communities, even if correlations
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exists at larger scales) (Brodribb, 2017; Griffin-Nolan et al., 2018a; Rosado et al., 2013). We
estimated community-weighted nrLp, or the leaf water potential at which cell turgor is lost, which
is considered a strong index of plant drought tolerance (Bartlett, Scoffoni, & Sack, 2012b). Theory
and experimental evidence suggests that dry conditions favor species with lower wrLp (Bartlett et
al. 2012b; Zhu et al., 2018). While this may be true of individual species distributions ranging
from grasslands to forests (Griffin-Nolan et al., 2019; Zhu et al., 2018), this has not been tested at
the community scale or within a single community responding to long-term drought. Here, we
show that community-scale nrp responds variably to drought with negative (HPG), positive (SGS
and HYS), and neutral effects (KNZ) (Fig. 5.3C). While species can adjust nrrp through osmotic
adjustment and/or changes to membrane characteristics (Meinzer et al., 2014), this trait plasticity
rarely affects how species rank in terms of leaf-level drought tolerance (Bartlett et al., 2014). Thus,
these results suggest that community-scale, leaf-level drought tolerance decreased (i.e. higher mrip)
in response to drought in half of the sites in which nrip was measured. The opposing effects of
drought on community 7rp for SGS and HPG is striking (Fig. 5.3C), especially considering these
sites are ~50 km apart and have similar species composition. Increased grass dominance at HPG
(Berger-Parker dominance index; Baur et al. in prep) resulted in decreased mrip (i.e., greater
drought tolerance), while at SGS, the community shifted towards a greater abundance of drought
avoiders/escapers. Forbs and shrubs in these grasslands tend to have higher nri.p compared to both
Cs and C4 grasses (Griffin-Nolan et al. 2019), which explains this increase in community-weighted
nrLp. Notably, the plant community at HPG is devoid of a true shrub species, which could further

explain the unique effects of drought on the abundance-weighted mrp of this grassland.
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5.5.3 Drought sensitivity of ANPP

Biodiversity, and functional diversity more specifically, is well recognized as an important
driver of ecosystem resistance to extreme climate events (Anderegg et al., 2018; De La Riva et al.,
2017; Pérez-Ramos et al., 2017). We tested this hypothesis across six grasslands by investigating
relationships between several functional diversity indices and the sensitivity of ANPP to drought
(i.e. drought sensitivity). We observed a significant negative correlation between functional
evenness of SLA and drought sensitivity, providing some support for this hypothesis (Fig. 5.5B)
while also emphasizing the importance of measuring single trait functional diversity indices
(Spasojevic & Suding, 2012). The significant negative correlation between FEve of SLA.y and
drought sensitivity suggests that communities with evenly distributed leaf economic traits are less
sensitive to drought. While other indices of functional diversity were weakly correlated with
drought sensitivity (Table A4.2), all correlations were negative implying greater drought
sensitivity in plots/sites with lower community functional diversity.

The strongest predictor of drought sensitivity was community-weighted SLA of the
previous year (Table A4.2). The significant positive relationship observed in this study (Fig. 5.5A)
suggests that plant communities with a greater abundance of species with high SLA (i.e. resource
acquisitive strategies) are more likely to experience greater relative reductions in ANPP during
drought in the following year. Furthermore, SLA.w increased in response to long-term drought
across sites (Fig. 5.3), which may result in greater sensitivity of these communities to future
drought, depending on the timing and nature of drought. The lack of a relationship between mrLp
and drought sensitivity was surprising given that mrLp is widely considered an important metric of
leaf level drought tolerance (Bartlett, Scoffoni, & Sack, 2012). While wrLp is descriptive of

individual plant strategies for coping with drought, it may not scale up to ecosystem level processes
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such as ANPP. We recognize that the lack of mrLp data from the two most sensitive sites (SBK and
SBL) limits our ability to accurately test the relationship between community-weighted mrip and
drought sensitivity of ANPP. Our results clearly demonstrate, however, that leaf economic traits
such as SLA are informative of ANPP dynamics during drought (Garnier et al., 2004; Reich, 2012).

It is important to note that this analysis equates space for time with regards to functional
composition and drought sensitivity. The drivers of the temporal patterns in functional composition
observed here (i.e., species re-ordering) are likely not the same drivers of spatial patterns in
functional composition and may have separate consequences for ecosystem drought sensitivity.
Nonetheless, these alterations to functional composition will likely impact drought legacy effects
(i.e. lagged effects of drought on ecosystem function following the return of average precipitation
conditions). This is especially likely for these six grasslands given that they exhibit strong legacy
effects even after short-term drought (Griffin-Nolan et al., 2018b).
5.6 Conclusions

Grasslands provide a wealth of ecosystem services, such as carbon storage, forage
production, and soil stabilization (Knapp et al. 1998; Schlesinger and Bernhardt, 2013). The
sensitivity of these services to extreme climate events is driven in part by the functional
composition of plant communities (De La Riva et al., 2017; Naeem & Wright, 2003; Pérez-Ramos
et al.,, 2017; Tilman, Wedin, & Knops, 1996). Functional composition responds variably to
drought (Cantarel et al., 2013; Copeland et al., 2016; Qi et al., 2015), with long-term droughts
largely understudied at broad spatial scales.

We imposed a four-year experimental drought which significantly altered community
functional composition of six North American grasslands, with potential consequences for

ecosystem function. Long-term drought led to increased community functional dispersion in three
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sites and a shift in community-level drought strategies (assessed as abundance-weighted traits)
from drought tolerance to drought avoidance and escape strategies. Species re-ordering following
dominant species mortality/senescence was the main driver of these shifts in functional
composition. Drought sensitivity of ANPP (i.e. relative reduction in ANPP) was linked to both
functional diversity and community-weighted trait means. Specifically, drought sensitivity was
negatively correlated with community evenness of SLA and positively correlated with community-
weighted SLA of the previous year.

These findings highlight the value of long-term climate change experiments as many of the
changes in functional composition were not noticeable until the final years of drought.
Additionally, our results emphasize the importance of measuring both functional diversity and
community-weighted plant traits. Increased functional diversity following long-term drought may
stabilize ecosystem functioning in response to future drought. However, a shift from community-
level drought tolerance towards drought avoidance may increase ecosystem drought sensitivity,
depending on the timing and nature of future droughts. The collective response and effect of both
functional diversity and trait means may either stabilize or enhance ecosystem responses to climate

extremes.
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5.7 Tables

Table 5.1. Characteristics of six grassland sites included in the ‘Extreme Drought in Grasslands
Experiment’ (EDGE). 5-year averages of Shannon’s diversity index and species richness are
shown for ambient plots at each site. Mean annual precipitation (MAP) and temperature (MAT)
were taken from Griffin-Nolan et al. (2018). Sites include a desert grassland [Sevilleta National
Wildlife Refuge, dominated by black grama, Bouteloua eriopoda (C4) - SBK] and a southern
Shortgrass Steppe [Sevilleta National Wildlife Refuge, dominated by blue grama (Bouteloua
gracilis (C4)) - SBL], both in New Mexico; a northern Shortgrass Steppe [Central Plains
Experimental Range, dominated by B. gracilis - SGS] in Colorado; a northern mixed-grass
prairie [High Plains Grassland Research Center, co-dominated by Pascopyron smithii (C3) and
B. gracilis - HPG] in Wyoming; as well as a southern mixed-grass prairie [Hays Agricultural
Research Center, co-dominated by P. smithii, Bouteloua curtipendula (C4), and Sporobolus asper
(C4)—HYS], and a tallgrass prairie [Konza Prairie Biological Station, dominated by
Andropogon gerardii (C4) and Sorghastrum nutans (C4)—KNZ], both in Kansas

MAP MAT Shannon  Species

Site Grassland type ) (°C) Diversity  Richness
Sevilleta Black Grama (SBK) Desert 244 13.4 2.04 10
Sevilleta Blue Grama (SBL) Shortgrass 257 13.4 3.39 12
Shortgrass Steppe (SGS) Shortgrass 366 9.5 5.79 17
High Plains Grassland (HPG) Mixed-Grass 415 7.9 8.25 23
g:zfeffg?g;“ral Research Mixed-Grass 581 123 7.52 23
Konza Prairie (KNZ) Tallgrass 864 13.0 6.14 16
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Table 5.2. ANOVA table for mixed effects models for the standardized effect size (SES) of
multivariate functional diversity, community-weighted trait means, and SES of phylogenetic
diversity. F-values are shown for fixed effects and all interactions. Statistical significance is
represented by asterisks: *p<0.05, **p<0.01, ***p<0.001. Abbreviations: FDis = functional
dispersion; FRic = functional richness; FEve = functional evenness; PD = phylogenetic diversity;
SLA = specific leaf area; LNC = leaf nitrogen content; nrLp = leaf turgor loss point.

Effect SES of functional and phylogenetic diversity Community-weighted trait means
FDis FRic  FEve PD SLA LNC L
Trt 3.68 0.0001 3.64 0.075 27.32%%* 6.99%* 0.002
Site | 15.31%**  0.19  12.91%k 5] .22%** | 3309 T4**% (15 62%** 286.13***
Year | 11.02%%*  3.26% 1.44 11.18%** | 33 44%** 58 06***  ]22,]19%**
Trt*Site 2.43% 2.11 0.51 1.72 3.48** 0.26 6.30%**
Trt*Year | 11.98***  0.47 1.52 3.51** 15.02%** 28 2Q%%* 2.34
Site*Year | 30.34%%*% 253+xk 37wk 8 OOFFF | 26 T2¥¥*F 3D JO¥*F () S54%**
Trt*Site*Year | 7.21%%* 0.89 2.17%% 1.76* 9.13%*%* 7.12%%* 3 52 %%
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5.8 Figures
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Figure 5.1. (A) Large rainfall exclusion shelters were established in six North American grassland
sites as part of the Extreme Drought in Grasslands Experiment (EDGE;
http://edge.biology.colostate.edu/). (B) These shelters passively remove 66% of incoming
precipitation during the growing season leading to a ~40% reduction in annual precipitation for
four years (error bars represent SE of mean precipitation during the four years). Drought treatments
had negative effects on aboveground net primary production in all sites ranging from the Sevilleta
desert grassland (SBK) in New Mexico (C, photo credit: Scott Collins) to the Konza tallgrass
prairie (KNZ) in eastern Kansas (D, photo credit: Alan Knapp).
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Figure 5.2. The effect of four years of drought on the standardized effect size (SES) of functional
dispersion (FDis) estimated in multivariate trait space (A) as well as for each trait individually (B-
D). Drought effects are shown as the difference in SES of FDis between drought and control plots
for each year, including the pre-treatment year. Years with statistically significant treatment effects
(p <0.05) are represented by filled in symbols with the color representing a positive (®) or negative
(@) effect of drought. Open circles represent a lack of significant difference between control and
drought plots, with ‘n.s.” denoting a lack of significance across all years. Note that multivariate
FDis of SBK and SBL are calculated using only two traits (SLA and LNC) while all three traits
are included in the calculation of multivariate FDis for every other site. Site abbreviations: SBK =
Sevilleta black grama; SBL = Sevilleta blue grama; SGS = Shortgrass steppe; HPG = High plains
grassland; HYS = Hays agricultural research station; KNZ = Konza tallgrass prairie.
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Figure 5.3. Log response ratios (InRR) for community-weighted trait means (CWM) in response
to the drought treatment (InRR = In(drought/control). Focal traits include (A) specific leaf area
(SLA), (B) leaf nitrogen content (LNC), and (C) leaf turgor loss point (mrrp). Years with
statistically significant treatment effects (p < 0.05) are represented by filled in symbols with the
color representing a positive (®) or negative (@) effect of drought. Open circles represent a lack of
significant difference between control and drought plots, with ‘n.s.” denoting a lack of significance
across all years. Symbol color also reflects conservative (@) vs. acquisitive (®) resource-use
strategies at the community-scale as high values of SLA, LNC, and mrrp all reflect acquisitive
strategies. Note that HYS experienced a moderately significant increase in wrep (p = 0.06) in year
3 of drought. Axis scaling is not consistent across all panels. Negative InRR is shown for zrLp such
that positive values indicate less negative leaf water potential. Site abbreviations: SBK = Sevilleta
black grama; SBL = Sevilleta blue grama; SGS = Shortgrass steppe; HPG = High plains grassland;
HYS = Hays agricultural research station; KNZ = Konza tallgrass prairie.
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Figure 5.4. Drought effects on standardized effect size (SES) of phylogenetic diversity (PD). The
effect of drought (i.e., drought — control) was calculated for the pre-treatment year and each year
of the drought treatment. Years with statistically significant treatment effects (p < 0.05) are
represented by filled in symbols with the color representing a positive (®) or negative (@) effect of
drought. Open circles represent a lack of significant difference between control and drought plots,
with ‘n.s.” denoting a lack of significance across all years. Site abbreviations: SBK = Sevilleta
black grama; SBL = Sevilleta blue grama; SGS = Shortgrass steppe; HPG = High plains grassland;

2 3 4

HYS = Hays agricultural research station; KNZ = Konza tallgrass prairie.
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Figure 5.5. Drought sensitivity is (A) positively correlated with community-weighted (log-
transformed) specific leaf area of the previous year (SLA,y) and (B) negatively correlated with
current year functional evenness of specific leaf area (FEve-SLA.y). Drought sensitivity was
calculated as the absolute value of percent change in aboveground net primary production (ANPP)
in drought plots relative to control plots in a given year. The plotted regression lines are from the
output of two general linear mixed effect models (GLMM) including site as a random effect and
the fixed effect of either SLApy (A; Sensitivity = 92.55*SLA,y - 205.44) or FEve-SLA.y (B;
Sensitivity = -224.8% FEve-SLA.y + 132.42). Both the marginal (m) and conditional (c) R? values
for the GLMM are shown. Site abbreviations: SBK = Sevilleta black grama; SBL = Sevilleta blue
grama; SGS = Shortgrass steppe; HPG = High plains grassland; HYS = Hays agricultural research
station; KNZ = Konza tallgrass prairie.
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CHAPTER 6: CONCLUSIONS

Climate change is expected to cause droughts of unprecedented magnitude and duration,
with long-lasting implications for Earth’s vegetation (Breshears et al., 2005; Trenberth, 2011). All
ecosystems are negatively impacted by drought to some degree, but water-limited ecosystems are
among those most sensitive (Huxman et al., 2004). Grasslands are particularly vulnerable to
drought, given that aboveground net primary production (ANPP) in these ecosystems is primarily
governed by precipitation (PPT) (Knapp et al. 2017). Thus, accurate forecasting of which
grasslands are most sensitive to drought is imperative to conserving the many economically and
aesthetically valuable services these ecosystems provide (Pendall et al. 2018). Long-term records
of ANPP and PPT suggest that xeric grasslands are more sensitive to drought than mesic grasslands
(Huxman et al., 2004, Del Grosso et al., 2008, Sala et al., 2012). Extreme drought, however, is rare
by definition (Smith, 2011) with limited observations in the long-term record. Thus, forecasting
ecosystem sensitivity to extreme drought requires novel experimental frameworks which test
physiological mechanisms of drought sensitivity.

In the previous chapters, I have utilized both observational (Chapter 2) and experimental
data (Chapter 5) to describe the sensitivity of ANPP to drought across six grasslands. Following a
systematic literature review, I identified key research objectives for improving plant-trait-based
frameworks for understanding ecosystem and community responses to water availability (Chapter
3). Informed by these guidelines, I adapted methodologies from woody plant physiology literature
to validate a high-throughput method for assessing herbaceous plant drought tolerance at the
community scale (Chapter 4). Lastly, I assessed the impacts of long-term drought on community

functional composition and the corresponding effect that has on ecosystem function of North

104



American grasslands. Here, I summarize these results, highlight their ecological implications, and
discuss avenues of future research.

Ecological resilience, or the capacity of an ecosystem to recover from a stressful event
(Tilman and Downing, 1994), is as important as ecological resistance (i.e. inverse of sensitivity)
for projecting long-term consequences of climate extremes (Hoover et al. 2014). Theory suggests
that legacy effects of drought should be negative (i.e. lower ANPP than expected following the
return of average PPT; Sala et al., 2012). In chapter 2, however, I report positive legacy effects of
the 2012 drought in half of the grassland sites I surveyed, with only one site exhibiting a negative
legacy effect. From a management perspective, the high ecological resilience observed here shows
promise for both grazing potential and continued carbon storage following short-term drought,
especially as positive legacies were also observed on a regional scale using remote sensing data
(Hermance et al. 2015). As predicted by Smith (2011), ecosystem sensitivity to the 2012 drought
was highly correlated with the magnitude of ANPP legacy effects in 2013. If this relationship holds
true following long-term drought, which are expected to yield negative legacy effects (Yahdjian
and Sala 2006; Reichmann et al. 2013), then climate change type droughts are likely to have long-
lasting negative implications for ecosystem function. The ecological mechanisms of the legacy
effects observed in 2013 are unclear, although optimal precipitation patterns (i.e. rainfall event
size and timing) and soil nutrient status likely played a role (Whitford et al. 1995; Reynolds et al.
1999; Muldavin et al. 2008; Hofer et al. 2017). Chronic drought can lead to community
compositional changes due to species re-ordering and migration (Smith et al., 2009). Such
compositional shifts alter the functional attributes of plant communities (i.e., plant traits), which

may provide insight into ecosystem response to and recovery from drought.
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Plant traits have been recognized as valuable for providing insight into ecosystem
responses to environmental variability, both in terms of function and stability (McGill et al. 2006;
Suding et al. 2008). As ANPP is largely determined by the traits of the most abundant species
(sensu the ‘mass-ratio hypothesis’; Grime 1998), weighting traits by relative abundance may reveal
mechanisms of differential ecosystem sensitivity to drought. However, only 4% of the 568
manuscripts reviewed in chapter 3 weighted traits by species relative abundance. Moreover, not a
single study measured community-weighted hydraulic traits, which are most likely to provide a
physiological understanding of plant response to drought (Reich, 2014; Rosado et al. 2014;
Brodribb, 2017). While hydraulic traits were well-surveyed in the literature as whole (>200
manuscripts), the field is highly dominated by population-scale surveys of woody species. Thus,
herbaceous plant trait surveys could be improved by a selection of traits that reflect physiological
functions directly related to water availability with traits weighted by species relative abundance.
The high-throughput method for assessing leaf turgor loss point (mrrp) from osmometry
measurements, highlighted in chapter 4, shows promise for future community-scale surveys of
hydraulic traits. The model for predicting mrip from osmotic potential at full turgor (mo)
(mrLp=0.80m,—0.845) was nearly identical to a previously described model for woody species
(Bartlett et al., 2012a). Additionally, m, was well correlated with other metrics linked to drought
tolerance (e.g., leaf vulnerability to cavitation), as well as the climatic extremes of a species
distribution. Given the efficiency of this method and its utility across plant functional types, it is
only a matter of time before collaborative trait databases (such as TRY; www.try-db.org)
accumulate enough data for global analyses of community-scale drought tolerance.

The ‘response-and-effect’ trait framework outlines how plant traits can be used to describe

both a species’ influence on ecosystem function as well as its response to environmental variability
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(Suding et al. 2008). The conceptual framework highlighted in chapter 3 outlines how this
framework can be incorporated into the hierarchical response framework proposed by Smith et al.
(2009) to predict ecosystem responses to chronic water limitation. Critical to this theoretical
fusion, however, is the identification of appropriate response and effect traits within the context of
extreme drought. The positive correlation between m, and MAP shows promise for this trait,
especially as most commonly measured plant traits are not well correlated with precipitation
(Wright et al., 2004); however, this correlation does not describe how species will shift in response
to altered water availability. Thus, future research should assess the temporal and spatial variability
of m, and link this mechanistic trait with changes in species relative abundance. The degree to
which a species shifts in response to chronic resource change (predicted via response traits) can be
linked with effect traits to predict corresponding linear or non-linear changes in ecosystem
function. As highlighted by Suding et al. (2008), a species response to environmental change and
its corresponding effect on ecosystem function are not necessarily described by the same trait. For
example, spatial/temporal variation in specific leaf area (SLA) is often not correlated with water-
availability (Griffin-Nolan et al., 2018a; Wright et al. 2004), however, community-weighted SLA
explained >70% of the variability in ANPP responses to the EDGE treatments (see chapter 5).
Future research should further investigate the relationships between response and effect traits, as
they may help determine the long-term consequences of shifts in functional composition following
drought.

The EDGE experiment was established to assess the differential sensitivity of ANPP to
drought across six temperate grasslands. As expected, xeric sites experienced the greatest relative
reductions in ANPP, while both wet and cool sites were less sensitive. Contrary to expectations,

long-term drought led to decreased community drought tolerance (as evidenced by increased
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community-weighted SLA, leaf nitrogen content, and mrLp) and increased functional diversity.
Additionally, ANPP sensitivity to drought was positively correlated with SLA and negatively
correlated with functional diversity. The role these two mechanisms will play in determining
ecosystem recovery from and response to potential recurrent drought will be fascinating to assess.
As alluded to in chapter 2, legacy effects of multi-year droughts are expected to be negative due
to plant mortality. Given the widespread plant mortality observed following four years of drought,
especially at the driest sites and particularly for dominant C4 grasses (Whitney et al., 2019), it is
expected that legacy effects of the EDGE treatments will be negative. Complete recovery of
ecosystem function following the removal of the EDGE shelters will largely depend on the
resilience of dominant Cy4 species, as they are the primary contributors to ANPP (Grime 1998;
Smith and Knapp 2003). Rapid recovery of these species will likely be driven by the extent to
which large rain events (i.e. deluges) re-instate soil moisture during periods of optimal growth
(Heisler-White et al., 2008; Muldavin et al., 2008). The removal of the competitive influence of
these dominant species, along with the nature of the EDGE drought treatments (i.e. removal of
summer rainfall), allowed for the invasion and success of subordinate species (e.g., C3 grasses,
forbs, and ephemeral species) and attendant changes in functional composition. The shift to a Cs-
dominted may increase the relative importance of winter precipitation and snowmelt in governing
ANPP during recovery years.

Sustained alterations to community composition following climate extremes are likely to
affect ecosystem responses to recurrent drought (Smith et al. 2009); however, most studies to date
investigate plant community responses to a single cumulative drought event (De Boeck et al.,
2011; Jentsch et al., 2011; Hoover et al., 2014; Felton et al., 2019). While there is some evidence

that plant physiological acclimation can improve resistance to recurrent drought (Walter et al.,
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2011), such “drought memory” is not exhibited by North American prairie grasses (Lemoine et
al., 2018) and is unlikely to affect ecosystem responses to recurrent drought. Legacy effects of the
experimental drought imposed here on ecosystem responses to recurrent drought will in part
depend on the persistence of the observed changes in functional composition (Smith et al., 2009).
Given the shift from C4 to C3 dominance observed across many of the EDGE sites, spring or winter
droughts would be particularly detrimental to ANPP and carbon storage. Previous studies have
assessed the importance of drought timing and seasonality (De Boeck et al. 2011); however, no
study to my knowledge has investigated the ecosystem responses to recurrent droughts of varying
seasonality.

Ecological research never ends, with experimental limitations and mishaps providing an
opportunity to inform future studies. For instance, the role of intraspecific trait variability in
determining community responses to drought was not assessed in this dissertation. The changes in
functional composition described in chapter 5 were due to species re-ordering, yet species were
likely exhibiting physiological plasticity throughout the experiment (Smith et al. 2009; Bartlett et
al. 2014; Wellstein et al. 2017). While such measurements add further complexity, intraspecific
trait plasticity is a key mechanism of ecosystem drought resistance and resilience (Jung et al.
2014). Additionally, intra-annual precipitation variability was not considered even though rainfall
patterns are a major driver of grassland ANPP (Heisler-White et al., 2009). Climate model
projections suggest precipitation will be distributed in fewer but larger rainfall events in the future
(Easterling et al., 2000; IPCC, 2013). In grasslands, these large events are expected to stimulate
production in semi-arid grasslands and potentially reduce ANPP in mesic grasslands (Heisler-
White et al., 2009). The impact of such deluge events occurring during an extreme multi-year

drought, and the consequences for ANPP and functional composition, have yet to be studied.
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Future research in plant physiology should address the mechanisms of herbaceous plant
mortality, especially considering the extent of C4 grass mortality observed here (>95% at SBK).
The role of hydraulic failure, carbon starvation, and herbivory in determining woody species
mortality have been well studied (reviewed by McDowell et al. 2008). Research on the
mechanisms of drought-induced mortality of herbaceous species, however, is in its infancy (Craine
et al.,, 2013; Ocheltree et al., 2016). The quantification of herbaceous plant isohydricity, via
simultaneous measurements of stomatal and hydraulic sensitivity to dehydration, represents a
promising avenue for discovering such mechanisms (Skelton et al., 2015). At the community scale,
stomatal sensitivity can be estimated simply from the correlation between pre-dawn and midday
measurements of leaf water potential (Martinez-Vilalta et al., 2014). Applying this theory to
remotely-sensed leaf water content has led to ecosystem scale metrics of isohydricity, which are
well correlated with biomass sensitivity to vapor pressure deficit (Konings et al., 2017). Such
classifications of iso/anisohydry are sensitive to spatial/temporal environmental heterogeneity
(Feng et al. 2019) and warrant cautious interpretation. Nonetheless, they represent an exciting step
towards a more mechanistic understanding of ecosystem sensitivity to drought.

Finally, it is important to note that extreme droughts of the next century will occur against
a backdrop of numerous other global change drivers (e.g., increased temperature, N-deposition,
elevated CO> concentrations, land-use change). Given the speed of global change, there is a need
for coordinated multi-factorial experiments that manipulate multiple environmental variables and
utilize an integrated experimental-modeling framework. Data from experiments and observations
can constrain predictive models of the terrestrial ecosystem carbon cycle (Luo et al. 2015) with
model output informing future experiments. A predictive understanding of ecosystem sensitivity

to climate change is not possible without such collaborative efforts (Luo et al. 2011).
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A1l.1 Supplementary Tables

Table A1.1. Results from general linear models

Model Coefficient EStd' t p-value >
rror r
Legacy vs. Sensitivity y0 -2.2131 0.9713 -2.2786  0.0849 0.68
(Directional) a 5.2327 1.7805  -2.939  0.0424 '
Legacy vs. Sensitivity y0 -1.886 0.4962 -3.8007 0.0191 0.88
(Magnitude) a 4.9285 0.9096 5.4182  0.0056 ’
Legacy (mag) vs. (2013 y0 0.7983 1.2925 0.6176  0.5702 <0.01
PPT - 2012 PPT / MAP) a -0.1997 3.363  -0.0594  0.9555 ’
Legacy (mag) vs. SPEI y0 2.5886 1.5567 1.6629  0.1717 0.7
a 1.0234 0.8393  1.2194  0.2897
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A1.2 Supplementary Figures
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Figure A1.1. Distribution of annual ANPP values from the long-term dataset for each site. Long-
term mean ANPP is generally used for cross-site comparisons of grassland responses to
precipitation (Sala et al. 1988). SBK = Sevilleta Black grama, SBL = Sevilleta Blue grama, SGS
= Shortgrass Steppe, HPG = High Plains Grasslands, HYS= Hays Agricultural Research Center,
KNZ = Konza Prairie.

134



7 5 10
5 SBK SBL SGS _
4 8
5
4 3 6 —
3 v) 4
5 ]
1 5
E 1
SE 0 o LI | ]
> 100 150 200 250 300 350 400 100 150 200 250 300 350 400 200 300 400 500 600
s)
-
[4}]
L
€ 35+ 25— ; S
S HPG HYS KNZ
Z 30 6 —
20
25 5
20 15 4
15 - 3
1.0 2
05
05 1
0.0 0.0 L g L ‘ |
DB D DO DD DD O 00 H H O HOH LH D
200 250 300 350 400 450 500 LS L LS L LSS S S F P

Precipitation (mm)
Figure A1.2. Distribution of annual precipitation values from the long-term dataset of each site.

SBK = Sevilleta Black grama, SBL = Sevilleta Blue grama, SGS = Shortgrass Steppe, HPG =
High Plains Grasslands, HYS= Hays agricultural research center, KNZ = Konza Prairie.
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Black grama, SBL = Sevilleta Blue grama, SGS = Shortgrass Steppe, HPG = High Plains
Grasslands, HYS= Hays agricultural research center, KNZ = Konza Prairie.
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A2.1 Supplementary Methods

A list of manuscripts was compiled from a broad literature search (Web of Science,
Thomson Reuters, Manhattan, NY, USA) using the following key words: ("soil moisture" OR “soil
water” OR precipitation OR rainfall OR "water-availability" OR drought OR aridity) AND ("leaf
trait*" OR "root trait*" OR "below-ground trait*" OR "stem trait*" OR "plant trait*" OR
"reproductive trait*" OR "regenerat* trait*" OR "growth trait*" OR "morpho* trait*" OR
"photosynth* trait*" OR "hydraulic* trait*" OR "physio* trait*" OR "community weighted trait*"
OR “community weighted mean” OR "biochem* trait*" OR "chem* trait*" OR "phenolog* trait*"
OR "anatom* trait*" OR “economic trait*”).

We chose to limit our analysis to traits measured in non-cultivated terrestrial vascular
plants. Thus, our initial results from this search were refined by excluding papers with the
following key words: (agricultur* OR agro* OR agri* OR wheat OR rice OR corn OR crop*). The
search was further refined by excluding papers within the following “Web of Science” research
areas: biotechnology applied microbiology, entomology, paleontology, agriculture, engineering,
geochemistry, geophysics, science technology other topics, veterinary sciences, toxicology,
research experimental medicine, food science technology, zoology, pharmacology pharmacy,
physical geography, oceanography, materials science, geography, geology, fisheries, life sciences,
biomedicine other topics, marine freshwater biology.

A2.2 Supplementary Results
A2.2.1 Trait category-organ dichotomy

As Woody (W) species dominate the literature (~30% more manuscripts than for

herbaceous (H) species), data are presented as proportions of either W or H manuscripts, including

manuscripts that assessed both. Some manuscripts fit into multiple categories (e.g. traits measured
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along both spatial and temporal precipitation gradients); thus, the proportions presented do not
sum to 100.

Clear differences were observed at the organ-scale of trait measurements (Fig. A2.2). Stem
traits were more represented in W species (W: 44%; H: 20%), while reproductive organs were
more commonly studied among H species (W: 13%; H: 36%). For both H and W species, traits
were most commonly measured on leaves (> 80%) with a clear lack of belowground traits
measured for both growth forms (W: 19%; H: 21%). Whole-plant traits, such as organ biomass
ratios, were more commonly measured in herbaceous species (W: 49%; H: 61%).

There were also differences within trait categories (Fig. A2.2), with hydraulic traits being
understudied in H species (W: 47%; H: 26%) and the opposite trend observed for photosynthetic
traits (W: 13%; H: 36%). Morphological traits were ubiquitous in this subset of traits literature
(W: 83%; H: 88%). Slight differences were observed in the relative frequency of anatomical (W:
30%; H: 19%), phenological (W: 13%; H: 20%), and biochemical traits (W: 39%; H: 32%).

Following a comparison of H and W manuscripts, the datasets were combined to survey
trends across growth forms (Fig. 3.2). The most commonly measured traits were morphological
(480 manuscripts) followed by photosynthetic and hydraulic traits (258 and 232 manuscripts,
respectively; Fig. 3.2A). Indeed, morphology was the most commonly measured trait category
across all plant organs (Fig. 3.2B). Certain trends were expected when the data were combined to
observe the frequency of traits measured within each plant organ, such as the predominance of
photosynthetic traits within leaves and phenological traits within reproductive organs (Fig. 3.2B).
Hydraulic traits were well surveyed in ‘leaf-trait’ and ‘stem-trait’ manuscripts (42% and 37%,
respectively) with limited research on belowground or whole-plant hydraulics (<10% of

‘belowground-trait’ or ‘whole-plant-trait’ manuscripts). Indeed, very few ‘belowground-trait’ or
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‘whole-plant-trait’ manuscripts addressed traits beyond morphology, which was assessed in >90%
of these manuscripts (Fig. 3.2B).
A2.2.2 Water-availability gradients

There were few differences between W and H manuscripts in the types of water-availability
gradients observed and/or types of experimental manipulations imposed (Fig. A2.2); however,
certain trends can be generalized across growth forms. For example, plant traits were most
commonly measured across spatial precipitation gradients (W: 37%; H: 30%) or soil moisture
gradients manipulated in a greenhouse setting (W: 30%; H: 41%). There were few studies that
reported traits along temporal precipitation gradients (Inter-annual — W: 16%; H: 9% and seasonal
— W: 4%; H: 3%), local edaphic microclimatic gradients (W: 7%; H: 8%), or experimental field
manipulations of water-availability (W: 13%; H: 15%).
A2.2.3 Ecological-scale

Trends in the ecological scale of measurement were also comparable across growth forms
(Fig. A2.2). The most common method observed was an assessment of traits for multiple species
with no comparison across populations of those species (W and H ~35%). Single species studies
were the second most common type of study, with an equivalent frequency of studies assessing
traits across populations or within one population (W and H ~22% for both methods). Very few
studies measured traits of multiple species across multiple populations (W: 12%; H: 15%) and
even fewer measured traits at the community-level, with trait values weighted by species

abundance (W: 3%; H: 7%).
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A2.3 Supplementary Tables

Table A2.1. Manuscripts that measure community-weighed traits. Also shown are the trait-weighting methods, ecosystems, type of
water-availability gradient, as well as a list of traits and their relationship, or lack thereof, with increased water-availability (positive
[+], negative [-], or nonlinear/optimal relationship [+/-]). Studies were most often conducted within grasslands (n=11), along
precipitation gradients (n=14), and in relation to leaf traits. Few manuscripts present CWTs related to plant hydraulics or belowground
responses to water. See References section for full citation. Traits: SLA = specific leaf area, Height = maximum plant height, LDMC =
leaf dry matter content, LNC = leaf nitrogen content, LA = leaf area, Sm = seed mass, gs = stomatal conductance, Wd = wood density,
SRL = specific root length, LMA = leaf mass per area, Leaf chl = leaf chlorophyll content, RMF = root mass fraction, RDMC = root
dry matter content, SRA = specific root length, LCC = leaf carbon content, SPI = stomatal pore index, WUEI = intrinsic water use

efficiency.
Citation Ecosystem Trait weighting Water-aV‘fulablllty Traits (Significant Traits (n.s
methods gradient response) response)
- By % cover; all .

Spasojevic et . . ’ . . . LA(+), Height(+),

al. 2012 Alpine tundra species along Microclimate (edaphic) leaf chl(+) SLA, max gs

transects
LA(+), SLA(+),
Chapparel,
Cornwell and broadleaf evergreen By % cover; all Precipitation ;Sac(:)m%s%((‘g )I(JI\lIeCrr; Xylem vessel
Ackerly 2009  forest, shrubland, species in plot (spatial/seasonal) ’ XY density
vessel area(+), lumen
oak savanna .
fraction(+)

Carmona et By % cover; all Precipitation Height(+), SLA(+),

al. 2015 Grassland species in plot (interannual) Seed mass(-) hone

Cantarel et By % contribution to
Grassland NPP; all species with field manipulation LDMC(+), LNC(-) SLA
al. 2013
>5% cover
Pérez-Ramos By % cover; species Hﬁgﬁg()_’)s;:ﬁ?’ Leaf thickness,
et al 2012 Grassland representing >80%  Microclimate (edaphic) C13(-) R’oo tin LNC, RMF,
cover ’ & RDMC, SRA,

depth(+)
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Root tissue

density
By % cover; species .
Qi et al. 2015 Grassland representing 95% Precipitation (spatial) Helil ;(S-S?{_)Seed SLA
cover
presence/absence
Rota et al. data, mean of trait Precipitation .
2017 Grassland values for 75% of (spatial/interannual) Seed mass(-) Height, SLA
present species
% cover of species in
Jung et al. Grassland plots representing field manipulation SLAM), LECE), LNC
2014 LDMC(-)
>80% cover
) LA, SLA, Height,
Guittar et al. By % COVET, Species T ) Seed mass,
2016 Grassland representing 84-99% Precipitation (spatial) none fecundity, RGR,
cover
bud number
By % cover; species
Butterfield et ; e . SLA(+), SRL(+),
al. 2017 Grassland with greczg‘e/z rthan 1%  Precipitation (spatial) Root tissue density(-) Seed mass
Height (+), LA (+),
Forrestel et By % COVET, grass e . dCl13 (+), LCC (), Stomatal density,
Grassland species with >2% Precipitation (spatial)  leaf C:N (+), stomatal
al. 2017 SLA, LDMC
cover length (+), SPI (+)
LNC (-)
Root length (+),
WUEi(+), Height(+),
. By % cover; species LMA(+/-), PSII
Klmlz)(z)\il(set al. Grassland/shrubland  representing 90% Field manipulation efficiency(+/-), none

cover

SRL(+/-), LNC(+/-),
Leaf transpiration(4/-

)
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Branch ramification(-

Height,

Valencia et Mediterrancan Br}; %ezgr\llfiil; SI%%(;GS Precipitation (spatial) ), Leaf length(+), d]egrf:irthhElfaf
al. 2015 drylands p g oV p p LA(+), LDMC(+), Y,
cover SLA(-) width, Leaf
thickness
Le.ana- Mediterranean weighed by N . Seed mass and
Trejos et al. drvlands presence/absence - Precipitation (spatial) none dispersal
2011 y all plants present P
By % cover; species Delta CI3(-),
Riva et al. Mediterranean r}; (r)esentir; I;OO/ Microclimate (edaphic) Height(+), SRL(+), SDMC, RDMC,
2016 Forest p & 7% p SLA(+), LA(+), Leaf  LDMC, LNC
cover
chl(+)
Ozinga et al. Multiple P l.ant By % of plots where Y . wind dipersal(+), . )
communities . Precipitation (spatial) . Animal dispersal
2004 traits were present water dispersal(+)
(Netherlands)
By % cover; species
Ames et al. . . . )
2016 Pine Savanna representing at least Precipitation (spatial) SLA(+), LDMC(-) none
70% cover
. By % cover; SLA, internode
Sfair et al. 4 g . . . i
Savannah dominant species Microclimate (edaphic) none mass fraction,
2016 s
only Wd, Height
Hernandez- By basal area, all tree }II,IIJ\E)ICAY V];:;E’
Calderon et Tropical dry forest species along a Microclimate (edaphic) Height(+) L
density, LDMC,
al. 2014 transect Wd. LA
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By % cover,

Leaf size(+), SLA(+),
LDMC(-), leaf
lifespan(-), LNC(+), Height, Rooting

Ospina et al. Tropical grassland dominant 3.6 species, Precipitation (seasonal) LPC(+), Leaf Ca(+), depth, Flowering
2017 representing each .
functional type Leaf K(+), Le.af period length
Mg(+), flowering
time(+)
Muscarella et  Tropical montane v]jo};go Csozg‘;:liln Precipitation (spatial) Wd(-), LMAC(-),
al. 2016 forests Y sp p P Height(+)
plots
SLA(-), LA(+),
By basal area; all LNC(-), LPC(-), leaf
Sande et al. ) . : . N ) Wd, stem
2016 Tropical rainforest species with >10cm Precipitation (spatial) ~ N:P(+/-), Leaf chl(+/- diameter

DBH

), LDMC(+), leaf
strength(+), LMF(+/-)
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A2.4 Supplementary Figures
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Figure A2.1. Number of manuscripts published for each plant functional type (PFT). A total of
568 manuscripts were assessed that measured plant traits within woody and herbaceous functional
types. Many studies describe traits of a variety of PFTs (i.e. both shrubs and broad-leaf trees), thus
the bars for each specific growth form do not add to the total number of manuscripts. Inset: While
woody species dominate this study area, a clear dichotomy was observed, whereby manuscripts
focus on either woody (n=334) or herbaceous (n=183) plants, with very few studies
comparing/contrasting the two groups (n=51; “Both”).
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Figure A2.2. A comparison between woody and herbaceous plants of how traits are measured in
the context of altered water-availability. Data are shown as the proportion of manuscripts
describing traits of either woody or herbaceous species to control for the disproportionate amount
of manuscripts in the woody species category. Due to the overlap in types of traits measured in
each manuscript, the above proportions do not sum to 100. (A) Traits were generally measured
along soil moisture gradients at a spatial scale (spatial precipitation gradient or local edaphic
gradients) temporal scale (inter-annual vs. seasonal variability) or based on treatments
experimentally induced in greenhouse or field settings. (B) The ecological scale at which traits are
measured (i.e. single/multiple species, and single/multiple populations, or community-weighted
traits) was similar across woody and herbaceous species. Differences between woody and
herbaceous plant trait surveys are also shown based on relative amounts of manuscripts that assess
traits of different organs (C) and trait categories (D). See Table 3.1 for trait category definitions.
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A3.1 Supplementary Tables

Table A3.1. AIC values for model selection of hydraulic vulnerability curves. The smallest AIC
value is bolded and indicates which model was selected. See Table 4.1 for site and species

abbreviations.

Species

Linear

Exponential

Sigmoidal

Logarithmic

HPG PASM

33.49829284

36.36309095

24.20948904

16.79106038

HPG BOGR

46.56643857

46.64550331

44.4524744

41.76438899

HYS BOCU

39.38186408

38.49130067

39.36072243

41.21214399

HYS SPAS

42.35625513

44.52375257

40.35492496

39.78470237

KNZ ANGE

27.60180308

-19.39289517

6.655180514

21.22504166

KNZ SONU

36.00414915

20.5603233

23.81823154

35.94354252
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Table A3.2. Climatic variables taken from BioClim to calculate bioclimatic envelopes

Temperature variables Precipitation variables

Mean annual temperature Mean annual precipitation

Mean diurnal temperature range Precipitation during wettest month
Isothermality Precipitation during driest month
Temperature seasonality Precipitation seasonality

Max temperature during warmest quarter Precipitation during wettest quarter
Min temperature during coldest quarter Precipitation during driest quarter
Annual temperature range Precipitation during hottest quarter
Mean temperature during wettest quarter Precipitation during coldest quarter

Mean temperature during driest quarter

Mean temperature during warmest quarter

Mean temperature during coldest quarter
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Table A3.3. Model statistics for method comparison. Symbols are osmotic potential at full turgor

estimated from p-v curves (To#py) and an osmometer (To+py) as well as leaf turgor loss point (7typ).

Model R? RMSE PRESS
Tp = 1.103moxpy - 0.294 (fig 4.1) 0.9624 0.1033 0.2667
Torpy = 0.6900%0sm - 0.5481 (fig. 4.2) 0.6715 0.2718 1.7814
Tlotosm = 1.000To#predicted - 5.611€7® (fig. 4.3 - herbaceous) 0.7813 0.2669 1.6590
Tlo*osm = 0.9998 ospredicted - 8.526€™> (graminoids) 0.6976  0.2510 0.9832
Tap = 0.8007o0sm - 0.845 (fig. 4.4 - herbaceous) 0.7204 0.2816 1.7986
Tp = 0.9447o50sm - 0.611 (fig. 4.5 - graminoids) 0.9581 0.0903 0.1005
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Table A3.4. AICc values for predicting p-v curve estimates of osmotic potential at full turgor
(To*pv) and turgor loss point (gp) from osmometer estimates of osmotic potential at full turgor as
well as leaf dry matter content (Idmc) and apoplastic fraction (ay). Bolded models are the selected

models based on lowest AICc.

Model AlICc R?
Osmotic potential at full turgor

Totpy = To*osm 10.56781 0.6694
To*pv = To*osm X 1ldmc 12.24293 0.7171
To*pv = Tlo*osm X @f 13.95537 0.6904
To¥pv = To*osm X ldmce X ay 22.74938 0.8041
Torpy = ldmc 16.9671 0.537
Tlo¥py = af 28.24673 0.1617
Totpy = aX ldme 23.17696 0.4971
Turgor loss point

Tilp = TMo*osm 13.27802 0.7217
Tllp = Tlo%osm X ldmc 14.54337 0.7669
Tllp = To%osm X af 16.34039 0.7438
Tlp = To%osm X ldme X ar 28.24884 0.8091
Tp = ldme 18.84498 0.6269
Tlp = ar 34.24343 0.161
Tap = ar X Idme 25.31944 0.5891
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A3.2 Supplementary Figures
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Figure A3.1. Leaf hydraulic conductivity (Kiear) vulnerability curves for a subset of graminoids
surveyed in this study. Dotted grey lines indicate Pso, the leaf water potential (\Wiear) at which Kiear
decreases to 50% of Kmax. Values for Pso of other species surveyed in this study were taken from
Ocheltree et al. (in revision). See Table 4.1 in main text for site and species abbreviations.
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Figure A3.2. Cross section of a midrib and partial lamina from a leaf of Sorghastrum nutans, a
perennial C4 grass from the Konza tallgrass prairie known to have a large midrib. The density of
veins in the midrib is similar to that in the lamina that does not include the midrib, suggesting that
it is unlikely that sampling the midrib would include a larger proportion of water from the xylem
than would exclusion of the midrib. Photo credit: Troy Ocheltree
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A4.1 Sources of contributed trait data
Supplemental trait data were taken from published sources for HYS and KNZ (Craine et

al. 2012; Ocheltree et al., 2016; Tucker, 2010). For the remaining sites, data was contributed from

unpublished datasets. For HPG, contributed data were collected in June of 2013 (for SLA and

LNC) and May of 2015 (for mtrp) in an adjacent location (<100 meters from EDGE plots). For

SGS, contributed data were collected in June of 2014 1(for SLA and LNC) and May of 2017 (for

nrLp) from areas with similar soil types and less than 2 miles from the EDGE plots. For SBK and

SBL, several leaves were collected from 3-6 individuals between September and October 2017

and estimates of SLA and LNC were averaged across individuals. Leaf samples were collected

from Sevilleta, Mckenzie Flats area, in the blue grama and black grama core sites. Literature
sources can be found below:

Craine, J. M., Towne, E. G., Ocheltree, T. W., & Nippert, J. B. (2012). Community traitscape of
foliar nitrogen isotopes reveals N availability patterns in a tallgrass prairie. Plant and Soil,
356(1-2), 395-403. https://doi.org/10.1007/s11104-012-1141-7

Ocheltree, T. W., Nippert, J. B., & Prasad, P. V. V. (2016). A safety vs efficiency trade-off
identified in the hydraulic pathway of grass leaves is decoupled from photosynthesis,
stomatal conductance and precipitation. New Phytologist, 210(1), 97-107.
https://doi.org/10.1111/nph.13781

Tucker, S. S. (2010). Morphological and physiological traits as indicators of drought tolerance in

tallgrass prairie plants. Retrieved from http://krex.k-state.edu/dspace/handle/2097/4628
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A4.2 Supplementary Results

Drought led to significantly higher functional richness (FRicses) in the final year of drought
at SBK (Fig. A4.1-A). with positive and negative effects of drought on FRicss of SLA and LNC,
respectively, in year 2. At SGS, increased FRicses of mrrp was observed in year 2. At KNZ, multi-
variate FRicges declined in response to drought in year two, with significant declines in FRicges of
LNC in the final year of drought. No changes in FRicss were observed at SBL, HPG, or HYS.
Drought let to a significant decline in multivariate functional evenness (FEve) in the first year of
drought at SBL, however FEve eventually increasd by the final year of drought (Fig. A4.2), with
a similar response observed for individual trait FEve. For SBK and KNZ, individual trait FEve
responded variably to drought even though multi-variate FEve showed no significant drought
response (Fig. A4.2).

Estimations of functional diversity metrics using just two traits (SLA and LNC) did not
differ drastically from estimations including nrip (i.e. 3-dimensional trait space), with a few
exceptions. In 2D trait space, FDisses increased at HYS and SGS (Fig. A4.3) just as it did in 3D
trait space (Fig. 5.2); however, significant differences between drought and control plots were
apparent in years 3 and 4 of the drought (Fig. A4.3) rather than just year 4 (Fig. 5.2). Two-
dimensional FRicges declined significantly at KNZ in years 2-4 of the drought and increased at
HYS (Fig. A4.3), which differed from FRicses measured in 3-dimensional trait space (Fig. A4.1).
Two-dimensional FEve did not differ between control and drought plots (Fig. A4.2), which

matches the response observed in 3D trait space.
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A4.3 Supplementary Tables

Table A4.1. Results from an ANOVA including the effects of site, treatment, and year on
standardized effect sizes (SES) of single trait functional diversity indices: functional dispersion
(FDis), functional richness (FRic), and functional evenness (FEve). Individual traits include
specific leaf area (SLA), leaf nitrogen content (LNC), and leaf turgor loss point (wrLp). F-values
are shown for fixed effects and all interactions. Statistical significance is represented by asterisks:
*p<0.05, **p<0.01, ***p<0.001.

Effect SES FDis SES FRic SES FEve

SLA LNC TILP SLA LNC TILP SLA LNC TP

Trt | 7.17%* 2.12 0.48 0.03 1.09 0.71 2.60 491* 1.07

Site | 22.92%#%  7.72%¥% 1] .85%%* 0.58 0.70 0.45 9.40%** 4 ]5%* 1.60
Year | 21.88%#% 32.83%**  ]].52%k* | 16.18*** 10.67%%*  3.00* 2.83* 1.41 3.54%%

Trt*Site | 3.44%* 1.63 3.31% 1.41 0.70 1.13 2.49% 0.86 0.74
Trt*Year | 7.77+%%  14,94%%* 222 0.20 0.95 0.33 4.73%x% D I8* 2.93*
Site*Year | 26.83%#% [7.68%**  2095%k* | [3 54%kk 7 Qkkk D gk 1.23 3.19%%* 2 p4%%
Trt*Site*Year | 4.21%%* 4 24%%* 6.73%** 1.43 0.91 0.94 1.13 0.85 0.70
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Table A4.2. Results from correlation analysis and mixed effect models for predicting drought sensitivity
(i.e., % reduction in ANPP in drought plots relative to control) from current and previous year functional
composition parameters. P-values were compared to a Benjamin-Hochberg corrected significance level (o
= 0.0047) for multiple comparisons (n=34 tests). Bolded predictor variables are those with p-values below
this threshold. Statistically significant predictor variables were then included as fixed effects in separate
mixed effects models with site included as a random effect. These models were compared to null models
(using AIC) where null models contained only the random effect of site (AICmodel - AIChun < 0 indicates a
passed test). Marginal and conditional R? values for these mixed effects models are shown (R?gLvmm) and
R?GLmmco), respectively). Subscript ‘py” and ‘cy’ indicate previous and current year, respectively. See main
text of chapter 5 for abbreviations of traits and diversity indices.

Predictor (X) in model:
Pearson-r p—Value AICmodel - AICnull RZGLMM(m) R2GLMM(c)
Sensitivity ~ y0 + a(X)

SLA,, 0.84  <0.0001 -18.02 0.71 0.73
FEve-SLA -0.62  0.0013 -0.42 0.29 0.44
FEve. 0.59  0.0022 1.19 0.19 0.38
FDis-SLA.y 054 0.0064
FEve-SLA,, -0.51 0.012
SLA. 0.43 0.036
FRic-LNC,, -0.37 0.079
FEve,, -0.37 0.082
FDis-TLP, -0.42 0.103
FDisey -0.34 0.106
FDis-TLP,, -0.39 0.134
TLP,, -0.33 0.211
FEve-TLP, 0.32 0.232
FRic-TLP,, -0.32 0.234
FDis-SLA, -0.25 0.243
FRic-SLA,, 0.25 0.248
LNC,, 0.22 0.318
FEve-LNC,, -0.21 0.325
FRic-SLA,, -0.20 0.339
FDis-LNC,, 0.20 0.348
LNC,, 0.18 0.412
FRic-LNC,, 0.16 0.453
PD., 0.16 0.457
PD,, -0.15 0.488
FDispy -0.14 0.526
FEve-LNC,, -0.11 0.613
FRice, -0.10 0.632
FEve-TLP,, 0.13 0.640
TLP,, -0.12 0.660
FRic-TLPq, -0.08 0.754
FRicy, -0.06 0.779
FDis-LNC,, 0.05 0.824
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A4.4 Supplementary Figures

A SES of FRic (Drought - Control)

Figure A4.1. Drought treatment effect (drought — control) on standardized effect size (SES) of
functional richness (FRic) estimated in multivariate trait space (A) as well as for each trait
individually (B-D). The difference in SES of FDis between drought and control plots was
calculated in each year, including the pre-treatment year. Years with statistically significant
treatment effects (p < 0.05) are represented by filled in symbols with the color representing a
positive (®) or negative (@) effect of drought. Open circles represent a lack of significant difference
between control and drought plots, with ‘n.s.” denoting a lack of significance across all years. Site
abbreviations: SBK = Sevilleta black grama; SBL = Sevilleta blue grama; SGS = Shortgrass
steppe; HPG = High plains grassland; HYS = Hays agricultural research station; KNZ = Konza

tallgrass prairie.
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Figure A4.2. Log response ratio (InRR) of functional evenness (FEve) estimated in multivariate
trait space (A) as well as for each trait individually (B-D). The InRR (In(drought/control) was
calculated for each year, including the pre-treatment year. Years with statistically significant
treatment effects (p < 0.05) are represented by filled in symbols with the color representing a
positive (®) or negative (@) effect of drought. Open circles represent a lack of significant difference
between control and drought plots, with ‘n.s.” denoting a lack of significance across all years. Site
abbreviations: SBK = Sevilleta black grama; SBL = Sevilleta blue grama; SGS = Shortgrass
steppe; HPG = High plains grassland; HYS = Hays agricultural research station; KNZ = Konza
tallgrass prairie.
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Figure A4.3. The response of two-dimensional multivariate functional diversity (as integrated
across SLA and LNC) in response to four years of experimental drought. Functional diversity
metrics include (A) functional dispersion (FDis), (B) functional richness (FRic), and (C) functional
evenness (FEve). Both FDis and FRic are calculated as standardized effect sizes (SES) as
compared to null models (see methods in main text). The response of FDis and FRic is shown
simply as the difference between drought and control plots. The log response ratio is shown for
FEve (In(drought/control)). Statistically significant effects of drought on functional diversity (p
<0.05) are colored in with the symbol color representing a positive (®) or negative (@) drought
effect. Open circles represent a lack of significant difference between ambient and drought plots,
with n.s. denoting a lack of significance across all years. Results for the New Mexico sites (SBK
and SBL) are not shown as they can be found in Fig. 5.2, Fig. A4.1, and Fig. A4.2. Site
abbreviations: SGS = Shortgrass steppe; HPG = High plains grassland; HYS = Hays agricultural
research station; KNZ = Konza tallgrass prairie.
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