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Abstract

1. Shrub encroachment is one of the primary threats to mesic grasslands around the

world. This dramatic shift in plant cover has the potential to alter ecosystem-scale
water budgets and responses to novel rainfall regimes. Understanding divergent
water-use strategies among encroaching shrubs and the grasses they replace
is critical for predicting shifts in ecosystem-scale water dynamics as a result of
shrub encroachment, particularly if drought events become more frequent and/

or severe in the future.

. In this study, we assessed how water-use traits of a rapidly encroaching clonal

shrub (Cornus drummondii) and a dominant C, grass (Andropogon gerardii) impact
responses to changes in water availability in tallgrass prairie. We assessed intra-
annual change in depth of water uptake, turgor loss point and stomatal regulation
in each species. Sampling took place at Konza Prairie Biological Station (north-
eastern KS, USA) during the 2021 and 2022 growing seasons.

. Cornus drummondii shifted from shallow to deep soil water sources across the 2021

and 2022 growing seasons. This plasticity in depth of water uptake facilitated a
‘wasteful’ water-use strategy in C. drummondii, where stomatal conductance and
transpiration rates continued to increase even when no further gain in photosyn-
thetic rate occurred. A. gerardii photosynthetic rates and stomatal conductance
were more variable through time and were more responsive to changes in leaf
water potential than C. drummondii. However, intra-annual adjustment of turgor
loss point was more pronounced in C. drummondii (Az ,=-0.48 MPa+0.15SD)
than in A. gerardii (A p=-0.29 MPa+0.19 SD).

. Synthesis. These results suggest that C. drummondii is highly resilient to changes

in water availability in surface soils and will likely remain unaffected by future
droughts unless they are severe enough to reduce the availability of deep soil
water. Given that clonal shrubs are key invaders of grasslands world-wide, in-
creased leaf-level water loss is expected to accelerate ecosystem-level drying as

clonal shrub encroachment proceeds in mesic grasslands.
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1 | INTRODUCTION
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Coexistence between grasses and woody species is a hallmark of
grassland and savanna ecosystems around the world (Bond, 2019).
Complex feedbacks including disturbance and herbivory typi-
cally keep these systems in a ‘stable’ state, limiting the spread
of woody vegetation and maintaining grass dominance (Holdo
& Nippert, 2022; Ratajczak et al.,, 2011; Ratajczak, Nippert, &
Ocheltree, 2014; Sankaran et al., 2004). These coexisting functional
types often vary substantially in morphology and physiology as
well as in the ways they access and consume resources. As a result,
grasses and woody plants typically occupy different ecohydrolog-
ical niches, which facilitates their coexistence in grassland and sa-
vanna systems (O'Keefe et al., 2019; Silvertown et al., 2015; Ward
et al., 2013; Weaver, 1968). One prominent hypothesis for tree- or
shrub-grass coexistence is the two-layer hypothesis, originally pro-
posed by Walter (1971), which states that trees and grasses have
different functional rooting depths and rely on water from differ-
ent portions of the soil profile. Grasses primarily take up water from
surface soils while trees and shrubs have deeper rooting systems
that can access deeper portions of the soil profile (Case et al., 2020;
Keen et al., 2022; Kulmatiski & Beard, 2013; Nippert & Knapp, 2007;
O'Keefe & Nippert, 2017; Ratajczak et al., 2011), theoretically reduc-
ing competition for water between functional groups, particularly in
surface soils (Walter, 1971).

Physiological and morphological differences between grasses
and woody plants dictate their water-use strategies and impact
the way species respond to fluctuations in precipitation, tem-
perature and other environmental conditions. Shrubs and grasses
vary dramatically in canopy architecture, with woody plants typ-
ically having greater leaf area compared with grasses (Canadell
et al., 1996). In addition, dominant grasses use the C, photosyn-
thetic pathway in most tropical and mid-latitude grasslands and
savannas (Edwards et al.,, 2010) while woody shrubs and trees
use the C, photosynthetic pathway (Ehleringer & Cerling, 2002).
Specialized anatomical structures in the leaves of C, species
allow for the concentration of CO, around rubisco, nearly elim-
inating photorespiration and generally increasing water-use ef-
ficiency (WUE: the ratio of carbon gained via photosynthesis to
water lost via transpiration) compared to C, plants (Ehleringer &
Cerling, 2002; Sage, 2004). These anatomical differences also typ-
ically resultin higher photosynthetic rates in C, grasses (Ehleringer
& Cerling, 2002; Sage, 2004) and greater rates of transpiration in
C, woody plants (O'Keefe et al., 2020).

In addition to these well-established functional-type differ-
ences, the degree of stomatal regulation of gas exchange often
varies between species and can have large impacts on survival and
productivity when drought events occur (McDowell et al., 2008;
Roman et al., 2015). Some species decrease stomatal conductance
in response to declines in soil water potential to avoid excess water
loss when conditions are dry, prioritizing hydraulic safety but risking
carbon starvation during periods of extended drought (Klein, 2014;
McDowell et al., 2008). On the opposite end of the spectrum, other

species maintain relatively high stomatal conductance when soil
moisture declines in order to continue fixing carbon. These spe-
cies prioritize carbon gain but are more at risk of hydraulic failure if
drought conditions persist (Klein, 2014; McDowell et al., 2008). We
currently lack an understanding of where grasses and encroaching
clonal shrubs fall along this spectrum, and how potential growth
form differences might mediate their responses to changes in water
availability in mesic grasslands.

Dynamics of tree- and shrub-grass coexistence are shifting in
grasslands and savannas world-wide due to woody encroachment, a
phenomenon in which tree and shrub cover increases at the expense
of historically dominant grass species (Gibbens et al., 2005; Knapp,
Briggs, et al., 2008; Ratajczak, Nippert, Briggs, et al., 2014; Ratajczak,
Nippert, & Ocheltree, 2014; Stevens et al., 2017; Van Auken, 2000).
Consequences of this shift from grass to woody dominance in-
clude reduced plant biodiversity (Eldridge et al., 2011; Ratajczak
et al., 2012), lower forage availability for grazing livestock (Anadén
et al., 2014), and population decreases or local extinction of grass-
land-obligate species (Fuhlendorf et al., 2002; Grant et al., 2004).
Increasing woody cover in grasslands and savannas has been at-
tributed to multiple drivers, including reduced fire frequency and in-
tensity (Ratajczak, Nippert, Briggs, et al., 2014; Twidwell et al., 2016),
rising atmospheric CO, concentrations (Higgins & Scheiter, 2012;
O'Connor et al., 2022), overgrazing and loss of native browsers
(O'Connor et al., 2020; Staver & Bond, 2014), and the spread of
seed and propagule sources for woody species (Woods et al., 2019).
In mesic grasslands of the Great Plains (central United States), the
primary driver of woody encroachment is reduced fire frequency
(Briggs et al., 2005; Ratajczak, Nippert, & Ocheltree, 2014). In this re-
gion, trees and woody shrubs have been expanding over the last cen-
tury, with the most severe encroachers being of the genus Juniperus
in the southern and western Great Plains (Briggs et al., 2002; Engle
et al., 1996; Knapp, McCarron, et al., 2008) and clonal shrub spe-
cies in the northern and eastern Great Plains (Briggs et al., 2005;
Knapp, Briggs, et al., 2008; Ratajczak, Nippert, Briggs, et al., 2014).
Compared with grass-dominated systems, shrub-dominated systems
typically have higher leaf area index (Currey et al., 2022; Knapp,
Briggs, et al., 2008; Ratajczak et al., 2011; Tooley et al., 2022), higher
ratios of above- to below-ground biomass (Ma et al., 2021; Zhou
et al., 2022), higher canopy transpiration rates (O'Keefe et al., 2020),
and greater coarse root biomass (Jackson et al., 1996; McKinley
et al., 2008; Pinno & Wilson, 2011), in addition to having greater
vegetation access to deeper soil water or even groundwater sources
(Keen et al., 2022; Kulmatiski & Beard, 2013; Nippert & Knapp, 2007,
Ratajczak et al., 2011). Shifts from grass to shrub dominance at the
landscape-scale, therefore, can have major impacts on water, carbon
and nutrient cycling through these ecosystems (Archer et al., 2001,
2017; Barger et al., 2011; Hibbard et al., 2001; Huxman et al., 2005;
Zhou et al., 2018).

In addition to changes in vegetation cover due to woody en-
croachment, climate change is altering precipitation regimes in many
grassland and savanna ecosystems (Easterling et al., 2017; Garbrecht
et al., 2004). In many mesic grasslands, precipitation variability is
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projected to increase, and total annual precipitation is expected to
stay the same or even increase in the future (Easterling et al., 2000;
IPCC, 2021; Jones, 2019; USGCRP, 2017). Increased precipitation
variability that leads to longer dry periods punctuated by fewer,
but larger rainfall events has been shown to reduce soil moisture
and grassland productivity nearly as much as an overall reduction in
growing season precipitation (Fay et al., 2002, 2003). Shifts in the
patterns of water supply to grasslands have the potential to modify
ecohydrological niches and disrupt or alter the dynamics of coexis-
tence between grasses and woody vegetation in open ecosystems.

In this study, we assessed how water-use traits of an encroach-
ing clonal shrub (Cornus drummondii) and a dominant C, grass
(Andropogon gerardii) impact responses to intra-annual changes in
water availability in tallgrass prairie. In this system, C. drummondii
is known to maintain remarkably stable rates of carbon assimila-
tion and growth—both within and across growing seasons—despite
fluctuations in resource availability and environmental conditions
(Muench et al., 2016; Nippert et al., 2013; Wedel et al., 2021).
However, the mechanisms supporting this level of stability are cur-
rently undescribed. We assessed the degree of intra-annual plas-
ticity of key water-use variables as well as leaf-level responses to
seasonal variation in water availability in co-existing grasses and
shrubs in situ during the 2021 and 2022 growing seasons. More
specifically, we asked (1) Does C. drummondii adjust depth of water
uptake within individual growing seasons to access deeper soil water
and avoid competition for surface water with grasses? (2) Is C. drum-
mondii capable of osmotic adjustment in response to changes in soil
water availability, and how does this compare to adjustment in A.
gerardii? (3) Do these species differ in degree of stomatal regulation
in response to decreasing soil moisture and leaf water potential, and
how does this regulation impact carbon fixation? We expected to
see shifts to deeper water use by C. drummondii within individual
growing seasons, particularly during periods of low rainfall, to avoid
competition with grasses for surface soil water. Additionally, we ex-
pected to see a greater degree of osmotic adjustment and stomatal
regulation in A. gerardii, as C, grasses are known to be physiologically
drought tolerant and responsive to changes in water availability (Fay
et al., 2008).

2 | MATERIALS AND METHODS
2.1 | Site description and experimental design

Konza Prairie Biological Station (KPBS) is a 3487-ha tallgrass prairie
site in northeastern Kansas (USA; 39.1°N, 96.9°W) that is divided
into replicated experimental watersheds with varying fire frequen-
cies (1-, 2-, 4- and 20-year burn frequencies) and grazing regimes (no
grazing, bison grazing and cattle grazing). This site is dominated by C,
grasses (primarily A. gerardii, Panicum virgatum, Sorghastrum nutans
and Schizachyrium scoparium) but contains a high diversity of sub-
dominant grasses (C, and C,) and forbs (Collins & Calabrese, 2012).
In the last several decades, native clonal shrubs (primarily C.
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drummondii, Rhus glabra and Prunus americana) have rapidly increased
in cover in areas where fire return intervals are >2-3years (Briggs
et al., 2005; Ratajczak, Nippert, & Ocheltree, 2014). Historically,
woody cover was low and confined to hardwood gallery forests
along stream corridors (Abrams, 1986). When fire frequency is re-
duced, shrubs typically establish first in lowland positions or along
limestone-shale contact zones on hillslopes where water availability
is high (Ratajczak, Nippert, Briggs, et al., 2014), then spread into the
surrounding watershed (primarily via vegetative clonal reproduc-
tion; Benson & Hartnett, 2006; Ratajczak et al., 2011). Grasses are
shaded out as shrub patches expand and canopies become more
dense (Tooley et al., 2022), which reduces fuel loads and protects
shrubs against future fires (Ratajczak et al., 2011). KPBS is located
in the Flint Hills, where the geology is characterized by alternating
limestone and shale layers. Upland soils are shallow, rocky and rela-
tively dry, while lowland soils are deeper (often >2m), and wetter
(Ransom et al., 1998).

This study took place at the ShRaMPs (Shrub Rainout
Manipulation Plots) experimental site at KPBS. At this site, 6x6m
drought shelters were built over intact shrub-grass communities
on neighbouring watersheds with different burn frequencies (K1B,
1-year burn; K4A, 4-year burn). This study took advantage of the
infrastructure at ShRaMPs to establish a broader range of soil mois-
ture conditions and provide a wider parameter space for assessing
differences in water-use strategies between an encroaching shrub
(C. drummondii) and a dominant C, grass (A. gerardii). In this study,
our goal was to assess continuous independent physiological re-
sponses between species across a gradient of water availability and
plant water stress, rather than an explicit factorial test for differ-
ences between drought or fire treatments. Additional information
on the experimental design at ShRaMPs is available in Appendix 1.
Daily precipitation, air temperature (T,,) and relative humidity
(RH) data were collected at KPBS headquarters, 2.6km away from
ShRaMPs (Nippert, 2023). Precipitation data were collected using an
Ott Pluvio2 rain gauge; T,;. and RH were collected using a Campbell
HMP35C temperature and relative humidity probe. Volumetric
water content (VWC) was measured at three depths (10, 15 and
30cm) in each shelter using time-domain reflectometry (TDR)
probes (Campbell Scientific). Measurements were recorded at 30-

min intervals on Campbell Scientific data loggers (CR1000X).

2.2 | Plasticity of source water use
2.21 | Soil and xylem water sampling

Non-photosynthetic tissue from C. drummondii and A. gerardii was
collected from each shelter 4-5 times during each of the 2021 and
2022 growing seasons. For C. drummondii, 10-15cm of stem tissue
from 3 to 4 stems were collected, bark and phloem were removed,
and samples were combined and sealed in an exetainer vial (LabCo
Ltd, UK). For A. gerardii, non-photosynthetic crown tissue was col-
lected from 5 to 6 individuals and stored in the same way (Table S1).
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All samples were immediately placed on ice in a cooler, then stored

Journal of Ecology

long term at 1-2°C.

Surface soil was collected at the same time as vegetation sam-
ples during each sampling round using a standard soil corer (5-cm
diameter). Under each shelter, root-free soil samples were collected
at 0, 10 and 20cm depths and were immediately sealed in exetainer
vials upon collection. In addition, deep soil cores (1m depth) were
collected from each watershed in 2021 (August) and 2022 (July and
September; Table S1). In 2021, only one set of deep cores could be
collected due to COVID restraints. During each round of sampling,
deep soil cores were collected from the 1-year burn (n=2) and the
4-year burn (n=2) watersheds at ShRaMPs. Deep soil cores were
collected outside, but adjacent to, the shelters to avoid damaging
vegetation communities. These cores were collected to determine
soil water isotopic signatures from deeper soil layers that have lon-
ger residence times and are less variable over the course of a year
compared to surface soil (Gazis & Feng, 2004). These cores were
extracted with a hydraulic-push corer (540MT Geoprobe Systems,
Salina, KS, USA) and immediately stored in sealed plastic coring
tubes. Cores were subsampled at 0, 10, 20 and 30cm, then every
25cm for the remainder of the core. At each depth, root-free soil
was immediately placed in a sealed exetainer vial. All soil samples in
exetainer vials were stored at 1-2°C until extraction.

Xylem and soil water were extracted using cryogenic vacuum
distillation at Kansas State University (Ehleringer & Osmond, 1989;
Nippert & Knapp, 2007). All extracted water samples (soil and veg-
etation) were analysed for 5'%0 and 8°H on a Picarro WS-CRDS
isotopic water analyser in the Stable Isotope Mass Spectrometry
Laboratory (SIMSL) at Kansas State University. ChemCorrect soft-
ware was used to identify organic contamination in extracted sam-
ples. Contamination was primarily anissue for C. drummondii samples,
many of which had high methanol concentrations that interfered
with hydrogen and oxygen stable isotope measurements (Brand
et al., 2009; Totschnig et al., 2000; West et al., 2010). To correct
for this, all contaminated samples and a subset of non-contaminated
samples were re-analysed using a Los Gatos Liquid Water Isotope
Analyzer (DLT-100; Mountain View, CA, USA) at the University of
Pennsylvania, which allowed for more accurate measurement of
methanol concentrations in each sample. 580 and 5°H values for
non-contaminated samples were similar between machines, but sub-
stantial offsets occurred for samples flagged for methanol contami-
nation (Figure S1). To correct these samples, varying concentrations
of methanol (15-400ppm) were added to in-house water standards
with known isotopic signatures and analysed on the same Los Gatos
water analyser. Offsets caused by increasing methanol concen-
trations were calculated and used to establish a calibration curve,
which was applied to all contaminated samples (Figure S2). All isoto-
pic ratios (%) were expressed relative to V-SMOW (Vienna Standard
Mean Ocean Water), the international standard for oxygen and hy-
drogen. Long-term precision of both the SIMSL Picarro analyser and
the Los Gatos analyser using in-house standards was <0.3%. for 52H
and <0.15%o for §'20. Additional information regarding sample pro-
cessing and stable isotope analyses can be found in Appendix 2.

2.2.2 | Stable isotope mixing model

Xylem and soil water 5'80 and 5°H were used in a Bayesian stable
isotope mixing model (simmr; Parnell, 2016) to assess changes in pro-
portional use of water from different soil depths across individual
growing seasons. Sources included water from surface soils collected
at 4-5 time points during each growing season, and water from deep
(1-m) soil cores collected at 1-2 time points during each growing
season. Since deep soil cores were not collected as frequently as
surface soils, and because deep soil water (>30cm) isotope values
are less variable across the growing season compared with surface
soils (Gazis & Feng, 2004; Figure S5), we averaged the isotopic val-
ues from deep cores at each depth >30cm from each growing sea-
son and used those values to represent deep soil water 8*20 and §°H
at each time point in the isotope mixing models (profiles for each
time point are shown in Figure S4). Potential water sources for the
model initially included surface soil depths collected at each sam-
pling interval (0, 10 and 20cm) as well as ‘deep’ soil water (averaged
across depths >30cm). There was substantial overlap between the
20cm source and either the 10cm or >30cm source for most sam-
pling intervals (Figure S3), so the 20 cm source was excluded to avoid
source overlap in the mixing model. For each simmr run, a posterior
distribution consisting of 10,000 Markov Chain Monte Carlo itera-
tions was produced that showed the best estimates of proportional
source water use from each depth for each species. Model sum-
maries included means, standard deviations and credible intervals
for each source. Separate simmr models were performed for each
sampling interval rather than averaging across the growing season
so that changes in surface soil signatures through time were incor-
porated into each model.

2.3 | Intra-annual adjustment of turgor loss point
(ryp)

2.3.1 | Turgor loss point (7 )

In 2022 only, C. drummondii and A. gerardii samples were collected at
five points during the growing season and osmolarity was measured
using a VAPRO® Vapor Pressure Osmometer (Model 5600; Logan,
Utah, USA). At each time point, one sample per species was collected
from each shelter (14 shelters total; Table S1). Measurements of os-
motic potential at full turgor were conducted following the methods
in Bartlett et al. (2012) and Griffin-Nolan et al. (2019). After sample
collection, stems were re-cut underwater and rehydrated overnight
(8-10h) in a dark, cool room to minimize transpiration. A disc was cut
from each leaf using a 5-mm tissue biopsy punch, and the leaf disc
was immediately wrapped in aluminium foil and submerged in lig-
uid nitrogen for 60s to lyse leaf cells. Leaf discs were then removed
from foil and punctured 15-20 times using forceps before being
placed in the sealed osmometer measurement chamber. Samples
were allowed to equilibrate for 10min (Bartlett et al., 2012; Griffin-
Nolan et al., 2019) prior to measurement. Osmolarity values were
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converted to osmotic potential at full turgor (z,) using the following

equation:

7, = osmolarity x —2.3958 /1000.

7, was then used to estimate leaf turgor loss point () using the
following equations for A. gerardii (herbaceous; Griffin-Nolan
et al., 2019) and C. drummondii (woody; Bartlett et al., 2012):

A. gerardii: w1 = 0.944 x 7, — 0.611,

C. drummondii: w1 p =0.832 x 7, — 0.631.

2.3.2 | Statistical analysis

Mixed effects models were performed to assess changes in z; , for
each species throughout the 2022 growing season using the Imer
function from the ImerTest package (Kuznetsova et al., 2017) and the
Anova function from the car package (Fox et al., 2012) in R version
4.1.0 (R Core Team, 2021). Fixed effects included species and day of

year and shelter was included as a random effect.

2.4 | Gas exchange and leaf water potential
241 | Leaf water potential

Midday leaf water potential (¥,,,;) measurements were conducted
five times during each growing season (2021-2022). Midday meas-
urements were conducted between the hours of 12:00 and 13:00.
Three replicates per species (C. drummondii and A. gerardii) were
measured from each shelter during each sampling round (Table S1).
Measurements were taken on a Scholander pressure chamber (PMS
Instrument Company, Albany, OR, USA). The youngest fully ex-
panded leaf or leaves were collected for each sample and sealed in
a moist, high [CO,] bag, then placed in a dark cooler to encourage
stomatal closure and limit transpirative water loss. Samples were
allowed to equilibrate for ~1h prior to measurement (Rodriguez-
Dominguez et al., 2022).

2.4.2 | Gasexchange

Measurements of net photosynthetic rate (A ), transpiration rate
(E) and stomatal conductance (g) were conducted every 3-4weeks
throughout each growing season using a LI-COR 6400XT or 6800
infrared gas analyzer (LI-COR Inc., Lincoln, NE, USA). Two indi-
viduals per species were measured in each shelter during each
sampling round (Table S1). Reference CO, concentration was set
to 400 pmolmol'l, PAR was set to 2000pmo|m'zs'1, and relative
humidity was maintained between 50% and 65% during measure-
ments. Measurements were taken between the hours of 10:00 and
13:00 on clear, sunny days. For grass leaves that were smaller than
the measurement chamber (3x3cm), leaf area was measured and
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adjusted manually. C. drummondii leaves covered the entirety of the
chamber head, and so did not require any area corrections. Intrinsic
water-use efficiency (i(WUE) was calculated using the following

equation, where A, is net photosynthetic rate and g, is stomatal

net
conductance (Farquhar et al., 1989):

A
iWUE = —net,

S

2.4.3 | Statistical analysis

Mixed effects models were used to assess whether changes in sto-
matal conductance or transpiration rates occurred during the 2021
and 2022 growing seasons for each species using the Imer function
from the ImerTest package (Kuznetsova et al., 2017) and the Anova
function from the car package (Fox et al., 2012) in R version 4.1.0
(R Core Team, 2021). In these models, species and day of year were
included as fixed effects and replicate nested within shelter was
included as a random effect. Separate models were performed for
each growing season (2021 and 2022). Stomatal conductance data

was log-transformed to meet model assumptions of normality.

3 | RESULTS
3.1 | Environmental conditions

Long-term (1982-2022) mean annual precipitation (MAP) for this
site is 830.3mm, with ~73% (604.9 mm) of total annual precipita-
tion occurring during the growing season, on average. In 2021, MAP
was below-average at 632.2mm, primarily driven by a reduction in
growing season precipitation (423.6 mm; Figure 1) compared to the
long-term average. In 2022, MAP was 825.7 mm with 601.7 mm oc-
curring during the growing season. Soil VWC was lower overall in
2021 compared with 2022, particularly later in the growing season
(July and August).

3.2 | Plasticity of source water use
3.2.1 | Soil water profiles

At all sampling dates, 5'0 and §2H values were highest at the sur-
face (Ocm) and declined until 30 or 40cm depth (p <0.001; Figure 2;
Figure S4). *0 and §°H values were largely constant at depths
>40cm, and deep soil cores (30-100cm depth) had very little vari-
ation between sampling dates (Figure S5)—deeper soil water is
outside of the zone of evaporative enrichment in surface soil, has
higher clay content and is also largely outside of the rooting zone of
grasses, resulting in very little intra-annual variation in 8*0 and &§2H
compared to surface soil layers (Gazis & Feng, 2004). Surface soil
5'%0 and &°H changed throughout each growing season (Figure 2;
Figure S5; Table S3) in response to the timing and isotopic signature
of precipitation inputs.
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FIGURE 1 (a)Air temperature (T,,),
(b) vapour pressure deficit (VPD), (c)

daily precipitation, and (d) volumetric
water content (VWC; 10, 15, and 30cm
depth) during the 2021 and 2022 growing
seasons. Values for T, RH, and VPD

(a-c) represent daytime averages for the

! ! ! hours 10:00-13:00 (the time range during

which gas exchange measurements were
performed at each sampling date).
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3.2.2 | Stable isotope mixing model (simmr)

Xylem water 5'80 and 8°H values for both species fell within the
range of source values at every time point (Figure 2). Results from
the stable isotope mixing model indicated that A. gerardii primarily
used water from the 10cm depth at most time points, and water use
from the >30cm depth made up the lowest proportion of overall
water use at all time points except the end of the 2022 growing sea-
son (Figure 3a; Table S2). In contrast, C. drummondii primarily used
water from the 10cm depth early in both growing seasons, but reli-
ance on the >30cm source increased substantially over the course
of each season. By the last sampling date of both growing seasons,
deeper soil water (>30cm) made up 275% of total water use by C.
drummondii (Figure 3b; Table S2). This shift toward greater reliance
on deeper soil water corresponded with a decline in precipitation
and water availability throughout the growing season, particularly
in 2021 (Figure 3c).

3.3 | Intra-annual adjustment of turgor loss point
(7 p)

7 p declined significantly through the 2022 growing season for
both A. gerardii (p <0.001) and C. drummondii (p <0.001). A. gerar-
dii mp declined by 0.29MPa (+0.19SD), and C. drummondii z; ,,
declined by 0.48 MPa (+0.15SD; Figure 4). There was a significant

species xday of year interaction, where 7 , values were similar

between species early in the growing season (DOY 154 and 165),
but C. drummondii had significantly lower =, values compared
with A. gerardii during the mid- to late-growing season (DOY 188,
210 and 239; Figure 4).

3.4 | Gas exchange and leaf water potential
3.4.1 | Stomatal regulation and WUE

For both species, g, was generally lower in 2021 (drier year) com-
pared with 2022 (Figure S6B). Despite these lower g, values, E was
higher in 2021 for both species, particularly during the first half of the
growing season (Figure S6C). g. and E generally declined throughout
each growing season for both species (Figure S6B,C). A. gerardii IWUE
was higher in the mid- to late-growing season (July and early August)
in 2021 (when precipitation rates were particularly low; Figure 3c),
compared to 2022. In contrast, C. drummondii iWUE varied very little
between years, despite the substantial difference in growing season
precipitation (Figure S6C). A. gerardii exhibited significant increases
in A, with increasing g, during both years (2021, p<0.001; 2022,

p<0.001). In contrast, the relationship between A and g, was

net
weaker for C. drummondii—the increase in A, in response to increas-
ing g was significant in 2021 (p<0.001) but only marginally signifi-
cant in 2022 (p=0.058) (Figure 5a,b). E increased significantly with
increasing g, for both A. gerardii (2021, p <0.001; 2022, p <0.001) and

C. drummondii (2021, p<0.001; 2022, p <0.001) (Figure 5c,d).

95LB01 7 SUOLULLOD dAII.1D) 3{cedl|dde aLpy Aq peusenob a8 Sajole YO 9sN JO SaInJ 10} Ae1q1T 8UlUO AB[IM UO (SUONIPUOD-PUE-SWB)LI0O™AB | 1M ARe.d)1|BulUO//STY) SUORIPUOD pue WS 1 8Ly 38S " [7202/20/52] U0 AReiqi8uliuo A8|IM ‘A1sieAlun areis sesuey| Ad 9,25 T St/ 2-G9ET/TTTT'0T/I0p/W0d A8 AReiqipuljuo's feunokady/sdny WoJj pepeojumod ‘0 ‘SZ2S9eT



KEEN ET AL. BRITISH 7
Journal of Ecology E s
(a) 2021
June 9 July 3 July 28 Sept 2
04 4 4 7 A. gerardii 4
4 4 4 o C. drummondii 4
-10+ 4 ’ 4 .0
/ / / . 10““ /
i 7 —+— / * 7 —+— cm 7 "
_20 7 p 7 Vi A >30cm 7
-30+ f:' 4 ‘ ° / '+'
;*_ ® 7 oo
-40+ F ° P‘ ° P F’ %
_50 -/ T T T T / T T T T / T T T T / T T T T
& (b) 2022
o June 16 July 13 Aug 3 Aug 26
© 0. 7 7 7 7
7 / /-*- /
i / / / /
=10 / 7 — 7
—20- /7 / 7@ /7 *
0 / + / 7 /
—~301 7 VR 7 %§° /+
/. L e /» ( ® /
—40 ° o © ‘o s ©
A% s s pes
501, I I ] ’ I , , ra— . . ] , ° , , .
-6 -4 -2 0 -6 -4 -2 0 -6 -4 -2 0 -6 -4 -2 0

5'%0 (%o)

FIGURE 2 Stable isotope values for soil water sources and xylem water samples. Black shapes represent soil water 80 and §?H values
for each soil depth (Ocm, squares; 10cm, circles; >30cm, triangles) +1SD, and coloured circles represent Andropogon gerardii (green) and
Cornus drummondii (blue) xylem water 5§80 and §%H from each sampling date in the 2021 (a) and 2022 (b) growing seasons. The dashed black
line represents the global meteoric water line.

FIGU R!E 3 Stab.le isotope mlxmg. 2021 2022
model (simmr) estimates of proportional
use of soil water sources (0, 10 and (a) (1)Ocr:m
>30cm depths) across the 2021 and 0.75 1 1 ® >30cm >
2022 growing seasons for Andropogon 3 Q
gerardii (a) and Cornus drummondii E 0.50 : - l %
(b). Points represent mean values +1 9 | §
standard deviation. Daily precipitation g 0.251 T\+ ] ' : =
values for each growing season are T 0.00 - ]
shown in panel (c). § ' ' '
© (b)
(9]
'S 0.75 - o
£ g
S 0.50- 3
o
& ! 3
0.25 1 { 8_
i =
g 0.00 1
>5¢ PO .
3 S E 40, ,l ] L
95')_ 0: | L. 1 - . L8 i | I ) 'II L
175 200 225 250 175 200 225 250

Day of year

95LB01 7 SUOLULLOD dAII.1D) 3{cedl|dde aLpy Aq peusenob a8 Sajole YO 9sN JO SaInJ 10} Ae1q1T 8UlUO AB[IM UO (SUONIPUOD-PUE-SWB)LI0O™AB | 1M ARe.d)1|BulUO//STY) SUORIPUOD pue WS 1 8Ly 38S " [7202/20/52] U0 AReiqi8uliuo A8|IM ‘A1sieAlun areis sesuey| Ad 9,25 T St/ 2-G9ET/TTTT'0T/I0p/W0d A8 AReiqipuljuo's feunokady/sdny WoJj pepeojumod ‘0 ‘SZ2S9eT



KEEN ET AL.

Journal of Ecology E ERLOGeEA

SOCIETY

3.4.2 | Impacts of water potential on leaf
gas exchange

A. gerardii had a significant positive relationship between A, and
¥\,¢ during both years (2021, p<0.001; 2022, p<0.001). In con-
trast, the relationship between A _, and ¥, for C. drummondii was
not significant during either year (2021, p=0.432; 2022, p=0.454;
Figure 6a,b). Both species had significant positive relationships be-

tween midday ¥, and both g_ and E (Figure éc-f). C. drummondii

lea
g, and E were higher overall compared with A. gerardii during both
growing seasons (p<0.001 in all cases). Significant interactions
between species and midday ¥, occurred only for E in 2021
(p=0.037). In this case, A. gerardii E declined more rapidly with de-
creasing midday ¥, compared with C. drummondii. The relation-

ships between midday ¥, and both g_and E were weaker overall

lea

for C. drummondii compared to A. gerardii in 2021 (Figure 6c-f). Both
species had significant negative relationships between iWUE and

-15-
©
o
= 171
|
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R 19

A. gerardii
® C. drummondii

150 175 200 225
Day of year (2022)

FIGURE 4 Turgor loss point (7 ;) measured at five time points
during the 2022 growing season for Andropogon gerardii (green)
and Cornus drummondii (blue). Points represent mean values +1
standard error. Stars represent significant differences between
species (p <0.05).

W, Overall (Table 1), but this relationship was not significant for A.
gerardii in 2021 (p=0.368) (Figure 6g). C; was positively related to
W\, during both growing seasons for C. drummondii and in 2022 for

A. gerardii, but there was no relationship between C; and ¥, for A.

leaf
gerardii in 2021 when conditions were drier (Figure S7).

4 | DISCUSSION

In this study, we assessed differences in water-use strategies of
coexisting clonal shrubs (C. drummondii) and dominant grasses (A.
gerardii) in tallgrass prairie to better understand how fluctuations in
water availability may impact encroached and non-encroached com-
munities differently. C. drummondii showed evidence of using shal-
low soil water when it was available early in the growing season and
shifting to deeper water uptake during drier portions of the growing
season (Figure 3). This trend has been observed in sub-shrub and
forb species in tallgrass prairie (Nippert & Knapp, 2007) as well as in
coniferous species (Juniperus virginiana and Pinus ponderosa) in semi-
arid grasslands (Eggemeyer et al., 2009) and savanna trees and seed-
lings in South Africa (Kulmatiski & Beard, 2013). Previous studies
specifically assessing C. drummondii water-use patterns have either
shown uniform deep-water uptake throughout the growing season
(Ratajczak et al., 2011) or did not sample frequently enough to assess
intra-annual plasticity (Keen et al., 2022; O'Keefe & Nippert, 2017).
While C. drummondii is known to have deep, extensive coarse root
systems (E.G. Tooley, unpublished), these shrubs still maintain rela-
tively high fine root biomass and root hydraulic conductivity in
surface soils (Figure S8; O'Keefe et al., 2022), facilitating efficient
surface water uptake when it is available.

A. gerardii, like many other dominant grass species, has been
shown to have almost complete reliance on water in surface soil
layers (<30cm)—grasses concentrate fine root biomass in the top
~20cm of soil (Jackson et al., 1996; Nippert et al., 2012; Weaver &
Darland, 1949), making them highly effective at taking advantage
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FIGURE 5 (a, b) Changes in net
photosynthetic rates (A, .,) and (c, d)
transpiration rates (E) in response to
changes in stomatal conductance (g,)

T T T values during the 2021 and 2022 growing
’ ' seasons for Andropogon gerardii (green)
and Cornus drummondii (blue).
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TABLE 1 Summary of mixed effects model results comparing gas exchange parameters (A

net 85 and E) and intrinsic water-use efficiency

(iIWUE) to midday ¥, for Andropogon gerardii and Cornus drummondii in 2021 and 2022. Bolded values with asterisks (*) represent

significant effects (p <0.05).

A ot 3 E iWUE
Predictor 2021 2022 2021 2022 2021 2022 2021 2022
Midday ¥, <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 0.039* <0.001*
Species <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*
Midday ¥, x species <0.001* <0.001* 0.304 0.792 0.037* 0.308 0.313 0.684

of precipitation inputs when they occur during the growing season
(Holdo, 2013). Low rooting density as well as low root hydraulic con-
ductivity at greater soil depths in grasses limits deeper soil water
uptake (Nippert et al., 2012; O'Keefe et al., 2022). However, our data
indicate that A. gerardii does shift depth of water uptake, at least
within the top 30cm of soil, throughout individual growing seasons
in response to precipitation timing. C. drummondii shifts in depth of
water uptake were more unidirectional, however, with the deepest
water uptake consistently occurring at the end of each growing sea-
son (Figure 3). Below ~30cm depth, soil water §%0 and §?H stayed

consistent down to 1 m (Figure S5). As a result, we were not able to
ascertain the absolute depth of uptake by C. drummondii late in the
growing season.

Shifting to deeper soil water sources when surface soils dry is
typically considered a ‘drought avoidance’ strategy, but C. drum-
mondii also showed substantial adjustment of z , during the 2022
growing season, which is typically considered a ‘drought tolerance’
strategy (Fang & Xiong, 2015; llyas et al., 2021). C. drummondii
declined by 0.48 MPa (+0.15 SD), which was greater than the decline
in 7 5 in A. gerardii over the same time period (0.29 MPa+0.19SD)
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(Figure 4). Across species, z; p—the water potential at which leaf cell
turgor is lost (Bartlett et al., 2014; Cheung et al., 1975)—is highly
correlated with water availability and commonly used as an indicator
of drought tolerance (Bartlett et al., 2012; Zhou et al., 2018). Within
species, reductions in 7 , through time indicate that osmotic adjust-

Journal of Ecology

ment is occurring, where increased cellular solute concentrations
decrease osmotic potential at full turgor, allowing the plant to main-
tain turgor and physiological functioning at lower soil water poten-
tials (Bartlett et al., 2012; Sanders & Arndt, 2012).

The relatively large shift in C. drummondii z; , in 2022 suggests
that this species was actively responding and adjusting to changes
in water availability rather than simply avoiding water stress al-
together. It should be noted that 2022 was not a particularly dry
year—both MAP and growing season (April-August) precipitation
were near the long-term averages for this site. The decline in 7
in C. drummondii during an average precipitation year was therefore
larger than the average decline for woody species during drought
globally (0.44 MPa; Bartlett et al., 2014). We expected to see greater
physiological adjustment to seasonal changes in moisture availability
in A. gerardii, as C, grasses are known to be drought tolerant and
highly responsive to timing of precipitation inputs during the grow-
ing season (Fay et al., 2008), largely due to their reliance on surface
soil moisture (Nippert & Knapp, 2007). A. gerardii has been known to
maintain positive carbon fixation rates even at very low (<-6 MPa)
leaf water potentials, and substantial osmotic adjustment has been
recorded for this species during drought years (Knapp, 1984, 1985).
A. gerardii may have had lower adjustment of z , than expected due
to the fact that overall plant water stress was likely low in 2022.

Both species experienced general declines in g, and E through-
out the 2021 and 2022 growing seasons (Figure S6) and in response
to reductions in ¥, (Figure 5). However, these relationships were
stronger for A. gerardii compared with C. drummondii, particularly in
2021 when conditions were drier (Figure 6). Reductions in A. gerardii
as ¥,
did not decline with ¥,__. (Figure 6). This reduction

g, were accompanied by reductions in A declined, while C.

net leaf

drummondii A,

in A. gerardii A__. could be caused directly by stomatal closure, or

net
by damage to photosynthetic structures as a result of water stress
(Powles, 1984; Salvi et al., 2021; Tezara et al., 1999). In 2022, sto-
matal closure appears to be the primary driver of reductionsin A_,,
as C, (leaf intercellular CO, concentration) also declined with sto-
matal closure in response to declining ¥, (Figure S7). However, in
2021, C; did not decline alongside A

that drier conditions during the 2021 growing season may have re-

et and g, in A. gerardii, suggesting
sulted in an inability to use CO, inside the leaf after stomatal closure
(Powles, 1984; Salvi et al., 2021; Tezara et al., 1999).

iWUE values were substantially lower for C. drummondii com-

pared with A. gerardii (Figure 6), even as ¥, _. declined, but this gen-

leaf
eral trend is expected based on physiological differences between
G, and C, species (Huxman & Monson, 2003; Kocacinar et al., 2008;
Way et al., 2014). The ability of C, species to concentrate CO, in
bundle sheath cells allows for the maintenance of higher A, val-

ues for a given g, compared with C, species (Osborne & Sack, 2012).

However, C. drummondii continued to increase rates of water use (gS
and E) as water stress decreased, even when no further increase in
A, occurred (Figure 5). This seemingly ‘wasteful’ water-use strat-
egy is contrary to the idea that stomatal regulation tends to maxi-
mize carbon gain based on the amount of available water (stomatal
optimization theory; Cowan & Farquhar, 1977; Sperry et al., 2017,
Way et al., 2014; Wolf et al., 2016). In arid environments, ‘waste-
ful’ water-use has been hypothesized to be a competitive strategy,
where plants maximize soil water uptake to prevent neighbours
from accessing resources (Cohen, 1970; Ehleringer, 1993; Robinson
et al., 1999). This hypothesis has also been suggested to explain
high rates of nocturnal transpiration in C, grasses (O'Keefe &
Nippert, 2018).

5 | CONCLUSIONS

Overall, our results suggest that C. drummondii is resilient to changes
in water availability in tallgrass prairie. This resilience is facilitated
by (1) shifting to deeper soil water sources as the growing season
progresses and surface soils dry out and (2) adjusting ;, , to maintain
cell turgor. Both of these strategies support the maintenance of con-
sistent rates of carbon fixation, even as soil moisture and leaf water
potentials decline. When dominated by C, grasses, tallgrass prairie
ecosystems are highly responsive to inter- and intra-annual vari-
ability in precipitation (Fay et al., 2003; Heisler-White et al., 2009;
Nippert et al., 2006). We found that rates of carbon fixation and
water-use by A. gerardii were mediated by water availability and leaf
water potential and that increasing water-stress led to reductions in
stomatal conductance and rates of carbon fixation (Figures 5 and 6).
While C. drummondii water-use also generally declined with declin-
ing leaf water potential, higher water availability led to increased g,
and E, even when no additional increase in carbon fixation occurred
(Figure 6a-f). Climate warming is expected to increase precipitation
variability in many grassland and savanna ecosystems, leading to
longer dry periods punctuated by fewer, but larger rainfall events
(Easterling et al., 2000; IPCC, 2021; Jones, 2019; USGCRP, 2017).
These conditions are largely expected to favour deeply rooted
woody species over grasses (Kulmatiski & Beard, 2013)—larger rain-
fall events typically increase soil moisture to greater depths than
smaller rainfall events, recharging deeper soil layers that woody
vegetation has preferential access to (Kulmatiski & Beard, 2013).
Longer dry periods are expected to primarily impact surface soils, as
evaporation and grass water uptake in surface soils are higher than
at deeper soil layers (Fay et al., 2002, 2003). Overall, the higher rates
of water use by shrubs compared to grasses (O'Keefe et al., 2020), in
addition to the ‘wasteful’ water-use strategy of C. drummondii, will
likely lead to substantial changes in ecosystem-scale water cycling
(including increased ecosystem-scale ET and depletion of deep soil
water pools; Craine & Nippert, 2014; Keen et al., 2022) as shrub
cover increases and changing climate conditions alter growing sea-

son environmental dynamics in tallgrass prairie.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Comparison between uncorrected §'0 data from the
Picarro WS-CRDS isotopic water analyzer and corrected 5'%0 data.
Figure S2. Calibration curves used for correction of contaminated
samples.

Figure S3. Measured 820 and §H values for all soil depths (0, 10,
20 and >30cm) sampled at four time points during the 2021 (A) and
2022 (B) growing seasons.

Figure S4. Soil isotope profiles at four time points during the 2021
(A) and 2022 (B) growing seasons.

Figure S5. Stable isotope profiles for deep soil cores (0-1 m) collected
during each growing season.

Figure S6. (A) Net photosynthetic rates (A ), (B) Stomatal
conductance (g), (C) transpiration rates (E), and (D) intrinsic
water use efficiency (IWUE) for A. gerardii (C, grass; green) and
C. drummondii (C, shrub; blue) throughout the 2021 and 2022
growing seasons.

Figure S7. Changes in leaf internal CO, concentration (C,) in response
to changes in midday leaf water potential (¥, for A. gerardii (C,
grass; green) and C. drummondii (C, shrub; blue) during the 2021 and
2022 growing seasons.

Figure S8. Total fine root biomass (A), C, fine root biomass (B), and
C, fine root biomass (C) in surface soil (0-10cm) collected at the end
of the 2022 growing season.

Figure S9. Predawn leaf water potential (A), midday leaf water
potential (B), diurnal change in leaf water potential (C; predawn
¥
2021 and 2022 growing seasons.

leaf ~ Midday ¥ ) for C. drummondii and A. gerardii throughout the
Table S1. Replication and sampling frequency for plant physiological
variables and soil samples for isotopic analysis.

Table S2. Stable isotope mixing model (simmr) output for proportional
use of each water source (0, 10, and >30cm soil depth) at four time
points during the 2021 and 2022 growing seasons for A. gerardii (A)
and C. drummondii (B).

Table S3. p-Values from mixed effects models assessing differences
in soil water §'80 and 8%H values by soil depth and through time
during the 2021 and 2022 growing seasons.

Table S4. p-Values for mixed effects models assessing changes
in stomatal conductance (g,), transpiration rates (E), water use
efficiency (IWUE), and turgor loss point (7 p) throughout the 2021
and 2022 growing seasons for A. gerardii (A) and C. drummondii (B).
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APPENDIX 1

SAVE OR SPEND? DIVERGING WATER-USE STRATEGIES OF
GRASSES AND CLONAL SHRUBS IN TALLGRASS PRAIRIE

ShRaMPs (Shrub Rainout Manipulation Plots) experimental design
The ShRaMPs experimental site is located at Konza Prairie
Biological Station (KPBS) in northeastern KS, USA. ShRaMPs is a
drought x fire experiment located in adjacent watersheds KO1B (1-
year burn frequency, un-grazed) and KO4A (4-year burn frequency,
un-grazed) at KPBS (Figure A1). Watershed KO1B has been annu-
ally burned for 12years (2011-2022) but was previously burned
every 4-years (1980-2008), which allowed for the limited estab-
lishment of C. drummondii shrubs before annual burning was im-
plemented. KO4A has been burned every 4 years since 1980. KO1B
was burned in the spring (March or April) each year of the experi-
ment (2018-2022). KO4A was burned in the spring of 2017 (prior
to the start of this experiment) and again in the spring of 2021. In
lowland positions on both watersheds, seven passive rainout shel-
ters (6 x 6m) were constructed over naturally-established, intact
C. drummondii shrubs and their surrounding herbaceous communi-
ties. Shelters were built in 2017 and drought treatment was im-
plemented in 2018. In each watershed, 4 shelters were built over
randomly selected C. drummondii shrub islands for the drought
treatment, and 3 shelters were built over randomly selected C.
drummondii shrub islands for the control treatment.

Shelter design was modeled after the long-term RaMPs (Rainout
Manipulation Plots) experiment, also at KPBS (Fay et al., 2002,
2003; http://www.konza.ksu.edu/ramps/). Drought shelters were
designed to exclude ~50% of incoming precipitation using poly-
ethylene roofing panels and gutter systems that route blocked
precipitation away from the plots (Figure A2b). The sides and ends
(north and south) of the shelters were left open to maximize airflow
and minimize changes in relative humidity and temperature in the
plots (Figure A1). Drought plots were trenched, and metal flashing
was installed to a depth of 15cm to reduce lateral water flow into
the plots at the soil surface and through surficial soils. In 2021, we
added (1) additional paneling to the north side of each drought shel-
ter to reduce blow-in from rainstorms approaching from the north-
east and (2) additional flashing on the north side of drought shelters

FIGURE A1 ShRaMPs experimental
design at KPBS. Drought and control
shelters were built over intact C.
drummondii shrub patches on neighboring
4-year burn (left) and 1-year burn (right)
watersheds.

Journal of Ecology

that were on a slope to reduce any overland flow that might occur
during heavy rain events. Polyethylene roofs were also added to
control shelters, but small circular holes cut in the roofing allowed
ambient precipitation to reach the underlying plant communities.
As such, control shelter roofs mimic any microclimatic effects with-
out the rainfall exclusion (Figure A2a). Shelter roofs were removed
for roughly 1month each spring (typically mid-February to mid-
March) when watersheds were burned, but otherwise remained
intact year-round. Each watershed contained four drought shelters
and three control shelters for a total of 14 shelters.

Each shelter was equipped with 30cm time-domain reflectometry
probes (Campbell Scientific) at soil depths of 10, 15, and 30cm. Soil
moisture data was recorded at 30-min intervals on Campbell Scientific
data loggers (CR1000X). A weather station was constructed on-site
to measure PAR (photosynthetically active radiation), relative humid-
ity, and air temperature throughout the study period. Weather sta-
tion data was recorded at 30-min intervals on a Campbell Scientific
data logger (CR1000). Daily precipitation data was collected at KPBS
headquarters, ~5km away from the study site, using an Ott Pluvio2

rain gauge (Nippert, 2023).
APPENDIX 2

SAVE OR SPEND? DIVERGING WATER-USE STRATEGIES OF
GRASSES AND CLONAL SHRUBS IN TALLGRASS PRAIRIE

Stable isotope sample processing and analysis details

Cryogenic vacuum distillation line

The water bath used during the extraction process was set at 100°C
and samples were extracted for either 30min (soils) or 45min
(plants). These extraction times have been previously assessed to
result in complete extraction efficiency. For soils from KPBS, gravi-
metric content varies from ~13% to 28%. For the plant tissues col-

lected for extraction, water content was ~25% to 40% by mass.

Picarro analyses (K-State Stable Isotope Mass Spectrometry Lab)
The Picarro collects six injections per sample with the first three
discarded and the last three retained for averaging. The stable iso-

tope lab at Kansas State University uses four internally created

water lab standards, all calibrated against VSMOW every other
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FIGURE A2 Control (a) and drought (b) shelter roof and gutter design at ShRaMPs.

year. Three of the standards were used for the creation of a cali-
bration curve and were run for every 16 samples processed. The
fourth standard is a working lab standard used to assess potential
drift over the time period of analysis. This working standard was

analyzed after every four samples processed.

LGR analyses (University of Pennsylvania)
The LGR isotope analyzer collects ten injections per sample, with
the first four discarded in high precision mode and the last six

retained for averaging. Three USGS standards were used (USGS
47, 48 and 50), but the same 4 lab standards from the Kansas
State University stable isotope lab (see above) were also inserted
throughout the run as a blind internal comparison. A standard was
run after every four samples with all standards run in sequence at

the beginning and end of each run.
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