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Abstract

Paleovegetation proxies inform scientists not only about what climate and ecosystems
may have looked like through Earth’s history, but also give us the ability to predict what today’s
global change may bring for modern ecosystems. Carbon isotope ratios of soil organic matter
(SOM) and pedogenic carbonates record relative proportions of Cs-derived biomass. Each soil
constituent is thought to form under different soil climate conditions. Soil organic matter is
thought to form under cooler and wetter conditions when climates favor the production of Cs
plant biomass. Pedogenic carbonates are thought to precipitate during the warmest and driest
parts of the year, when climates favor the production of C4 plants and Cs; plants may exhibt water
stress. In this study, I investigate if the stable carbon isotopic signatures of SOM and pedogenic
carbonates record climate induced vegetation signals. I analyzed and compared the carbon
isotope ratio of vegetation collected under drought conditions and wet conditions, SOM, and
pedogenic carbonates from four sites that vary in vegetation community and topography in
Meade Basin, Kansas. Results from this study suggest carbon isotope values of carbonates and
SOM reflect carbon isotope values of vegetation from warm and dry climates and/or values that
are *C-enriched relative to warm and dry vegetation. The degree to which the carbon isotope
ratio of SOM and carbonates are enriched relative to vegetation, may be controlled by the local
topography. Carbon isotope ratios of SOM and carbonates are become heavier relative to warm
and dry vegetation as topography increases. These findings suggest SOM and carbonates formed

in lowlands may incorporate more of a vegetation derived carbon isotope ratio, while proxies
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formed in uplands may incorporate more '*C-enrichment affects from influences of heavy

atmospheric CO, and discrimination from decomposition.
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1. Introduction

Stable carbon isotopes (5'°C) of paleosols (fossil soils) provide information about
vegetation of past landscapes. The dominant photosynthetic pathway of a past landscape can
provide information about whether former ecosystems were characterized by woody vegetation,
1.e. trees and shrubs (Cs;-dominated) or open grasslands (Cs- or C4-dominated) ( Cerling et al.,
1997; Ehleringer et al., 1997; Ehleringer & Monson, 1993). To reconstruct past vegetation from
paleosols, many studies use the §'"°C values of soil organic matter (SOM; 8"*Csom) and
pedogenic carbonates (813Ccarb0nates) to infer the proportions of C; and C4 plant biomass (Cerling
and Quade, 1993; Cerling et al., 1991; Johnson et al., 2007; Mariotti & Peterschmitt, 1994;
Mcpherson et al., 1992; Quade et al., 1989). 613CSOM values are thought to reflect relative
proportions of C; and C4 biomass through time (years to hundreds of years) (Stout and Rafter
1978; Dzurec et al., 1985; Nadelhoffer and Fry 1998). 51 Cearbonates Values are thought to reflect
soil carbon dioxide (CO,), which is a function of the §'"°C value of decomposing and
aboveground vegetation; therefore, 813Ccarb0nates also reflect relative proportions of C; and Cy4
biomass through time (Cerling, 1984).

The 8"°C value of SOM and soil carbonates are used to interpret relative proportions of
Cs and C4 biomass, however, each soil component is thought to form under different soil climate
conditions (Figure 1). Soil organic matter is derived from the microbial decomposition of
aboveground vegetation. Environmental conditions play an important role in controlling the rate
of decomposition, especially in temperate grassland regions where water is limited (Figure 1;
Schlesinger & Bernhardt, 2013; Stockmann et al., 2013). Epstein et al., (2013) showed that soil
moisture is the most important factor controlling rates of decomposition throughout the Great

Plains of North America. Adequate soil moisture is not only necessary for plant growth and



therefore litter inputs, especially in regions such as the western Great Plains where, but also
microbes must uptake carbon as dissolved organic carbon (DOC) (Epstein et al., 2013;
Meentemeyer, 1978; Parton et al., 1993). Regions with cool climates also are found to have large
accumulations of organic matter, because warming increases soil temperatures and accelerate
organic matter decomposition rates, leading to a loss of organic carbon (Hobbie et al., 2000; Post
etal., 1982; D. S. Schimel & Parton, 1986).

Pedogenic carbonates form under warm and dry soil conditions, when there is a higher
potential for evapotranspiration, higher potential for calcite solubility, and lower soil moisture
limits soil respiration and soil CO, (pCO,) (Figure 1; Eswaran et al., 2000). These conditions are
necessary to limit the leaching of ions (Ca®") and dissolution of calcite and facilitate precipitation
of calcium carbonate (Eswaran et al., 2000). Seasonal wetting/drying cycles are also thought to
be important for the formation of soil carbonates, because wetting events transport minerals
vertically in the soil profile and supersaturate the soils with dissolved Ca?*, while drying events
facilitate evaporation and precipitation of carbonate (Breecker et al., 2009; Stevenson et al.,

2005; Zamanian et al., 2016).
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Figure 1. Conceptual model of the formation of soil-based pedogenic carbonates and soil
organic matter. Warm and dry conditions present a high potential for pedogenic carbonates to
form. During warm and dry periods C4 plants have a selective advantage over C; plants and
remaining Cs plants may confer higher WUE (heavier 8'°C values). During cool and wet
conditions, organic matter may have a higher potential to accumulate in the soil, because of the
high rates of respiration, adequate soil moisture, and moderate temperatures. During cool and
wet conditions C4 plants do not an advantage over Cs plants.

The proportion of C; to C4 plants also vary depending on climate, and in some regions,
even vary throughout the growing season (Figure 1). Increasing proportions of C4 plants
correlate best with warm and dry conditions, while increasing proportions of C; plants correlate
best with cool and wet climate conditions (Figure 1; Edwards & Smith, 2010; Hoover et al.,
2017; Mooney, 1999; Sage, 2001; Smith et al., 2015; Taylor et al., 2014; Teeri & Stowe, 1976).

C4 plants have higher water use efficiencies (WUE) compared to Cs plants, and therefore may



have an advantage over C; plants in regions with higher temperatures and lower soil moisture
(Nobel 1996; Silvera et al. 2010; Ehleringer et al., 1997; Mooney, 1999; Teeri & Stowe 1976;
Ehleringer & Monson 1993; Tieszen et al. 1997; Teeri 1988). Some C; species can acclimate to
high temperatures and low precipitation by decreasing their stomatal conductance (increasing
WUE) (Battipaglia et al., 2017; Cernusak et al., 2013; Ehleringer & Monson, 1993; Farquhar et
al., 1989; Farquhar et al., 1982; Martin & Thorstenson, 1988). This ecophysiological response to
water stress results in a *C-enrichment of plant tissues (Battipaglia et al., 2017; Cernusak et al.,
2013; Ehleringer & Monson, 1993; Farquhar et al., 1989; Farquhar et al., 1982; Martin &
Thorstenson, 1988).

When interpreting past vegetation from 5! Csom and 613Ccarb0nates it is important to
consider that the climate under which they form may result in a bias that drives their carbon
isotope values away from “average” vegetation 8'°C values (Figure 1). I hypothesize that (1)
under prolonged drought, pedogenic carbonates will precipitate and preserve a '*C-enriched
vegetation 8"°C value, due to a greater abundance of C4 over Cs plants and higher WUE
conferred by C; plants (Figure 1). I also hypothesize that (2) under wet and cool climate
conditions, SOM will accumulate and preserve *C-depleted 8'°C values of vegetation due to a
greater abundance of Cs plants (Figure 1). Attempts to quantify the warm and dry seasonal biases
of pedogenic carbonate formation are well underway (Breecker et al., 2009; Peters et al., 2013;
Quade et al., 2013), however cool and wet biases in the formation of SOM has been less
examined.

The motivation for this study is to specifically understand if there are biases in 8'°C
values of carbonates and SOM in paleovegetation records from Meade Basin, Kansas. Meade

Basin contains fossil evidence for the expansion of Cy4 grasslands through the paleosol §"°C



carbonate and SOM records (Fox et al., 2012; Fox & Koch, 2003, 2004). I measured the carbon
isotopic signatures of modern (Holocene age) SOM, pedogenic carbonates, and vegetation
samples collected under wet and drought conditions from four sites in Meade Basin, KS.
Although Meade Basin’s biomass is predominately C, derived (78% + 10.9%; Fox et al., 2012),
there is much heterogeneity throughout the Great Plains which may be overlooked in paleosol
interpretations. For this reason, each site was chosen for its different topography and plant

community.



2. Background
2.1 Carbon isotope ratios of pedogenic carbonates

Pedogenic carbonate is a mineral assemblage that is primarily derived from the pool of
soil inorganic carbon (SIC), which can be of biologic or geologic sources (Zamanian et al.,
2016). Carbonates tend to form in calcic soil horizons as calcite, dolomite, and aragonite (USDA,
1999). Dissolved ions, mainly Calcium (Ca*") and dissolved inorganic carbon species (DIC; i.e.
HCO;, C032*, H,COs3), are released through the dissolution of minerals in the soil. This
solution then percolates or migrates through the soil and if the dissolved mineral solution
becomes supersaturated with CaCOs, such as from decreasing soil water content, the solute will
re-precipitate as pedogenic carbonate (Breecker et al., 2009; Equation 1). Pedogenic carbonates,
therefore, are typically found in soils environments that experience seasonal wetting and drying
periods, where evapotranspiration exceeds precipitation, and/or in semiarid to arid regions where
mean annual precipitation (MAP) does not exceed more than 250 mm year (Breecker et al.,
2009; Eswaran et al., 2000; Zamanian et al., 2016).

Ca’" +2HCO 3 ¢ CaCO; + H,0 + CO, (1)

The carbon isotope composition of pedogenic carbonates is controlled by the flux of soil
CO; (Figure 2; Cerling & Quade, 1993; Cerling, 1984; Quade et al., 1989). Cerling and Quade
(1993) showed the total isotopic fractionation between soil CO, and carbonates results in an
enrichment between +16.5%o0 and +13.5%o (mean of +15%o) from diffusion of CO, into soil water
and temperature-dependent fractionation (Figure 2). At shallow depths (< 30 cm) in the soil
profile soil CO; may reflect a mix of atmospheric CO,, root respired CO,, and microbial respired
CO, (Cerling and Quade 1993; Quade et al. 1989; Cerling 1984). Therefore the 8'°C may be

controlled by both atmospheric CO, and aboveground vegetation (Cs or Cs), resulting in ">C



enrichment of the §"°C of the soil CO, (Cerling and Quade 1993; Quade et al. 1989). At deeper
depths (> 30 cm), soil CO; is mostly derived from root and microbial respiration, and therefore
the 8'°C of soil CO, is primarily controlled by the §"°C of the aboveground vegetation (Quade et
al. 1989; Cerling and Quade 1993). In frozen or dry hot desert soils, when soil respiration is low,
atmospheric CO, will partially contribute to soil CO; at deeper depths, resulting in enriched §"°C
values that may not be entirely controlled by aboveground plant communities (Cerling et al.,
1993; Cerling, 1984; Quade et al., 1989). During the growing season when soil respiration is
high, soil CO, is primarily derived from root respiration and decomposition of SOM (Cerling et
al., 1993; Cerling, 1984; Quade et al., 1989). Thus, under high soil CO, conditions, the s1¢C
values of soil CO; are controlled by the aboveground plant community (relative proportions of
Cs and Cy) (Cerling et al., 1993; Cerling, 1984; Quade et al., 1989).

Previous studies used the carbon isotope ratios of paleosol carbonates to infer past
proportions of C4 biomass (Feakins et al., 2013; Fox et al., 2012; Fox & Koch, 2003; Latorre et
al., 1997; Magioncalda et al., 2004; Quade & Cerling, 1995). However, Breecker et al., (2009)
showed that §'"°C values from carbonates reflect a biased vegetation signal due to the seasonal
bias in the timing of their formation. Carbonates precipitate under warm and dry conditions,
Breecker et al., (2009) argued that using carbon isotope record from paleosol carbonate as a
paleovegetation proxy may be problematic, because the §'°C of the soil CO, that is incorporated
into the calcite crystal, is decoupled from the 8'°C value of mean growing season CO, (Breecker
et al., 2009; Quade et al., 2012; Passey et al., 2010; Breecker et al., 2009). Under dry and warm
conditions the 8">C of soil CO; is expected to be heavier than the average 813C of soil CO,,
because of three mechanisms (1) increasing water stress in C; plants (higher WUE; more positive

8'C values), (2) greater proportion of Cy plants, especially in areas where seasonal changes in Cs



and C; distributions have been observed, and (3) when soils are more aerated during dry periods,
atmospheric CO, may make up a greater portion of the soil CO,; atmospheric CO; has an
isotopic value of -8%o (Breecker et al. 2009; (Keeling et al., 2000). Together, these processes
contribute to a 8"°C value of soil CO; that is enriched in ">C and therefore may be interpreted as

a falsely C4 derived dominant ecosystem (Breecker et al., 2009).
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Figure 2. Carbon isotope values and fractionations of paleovegetation proxies, SOC and soil
carbonates (adopted from Koch, 1998). Fractionating processes are indicated in italics. The
figure uses a modern value for 8'°C of atmospheric CO, from Keeling et al. (2000).

2.2 Carbon isotope ratios of soil organic carbon
Soil organic matter is a mixture of organic materials including particulate organics,

humus, charcoal, living microbial biomass, and fine plant roots compounds, and contains about



58% soil organic carbon (SOC) (Stockmann et al., 2013; Werth & Kuzyakov, 2010). The amount
of SOM that accumulates in the soil is controlled primarily by net primary production and the
rate of decomposition, however there are multiple climatic, biological, environmental, chemical,
and physical factors that control the stabilization or turnover times of SOC in soil profiles
(Liitzow et al., 2006). High accumulations of SOC are found in soils where decomposition of
organic matter is slow (Hobbie et al., 2000; Post et al., 1982). In semiarid grasslands such as the
western Great Plains of North America, the large accumulation of above and belowground
biomass, promotes high rates of decomposition and nutrient cycling (Seastedt & Knapp, 1993;
Knapp et al., 1998). Soil moisture and temperature are also important controls on microbial
activity and the rate of decomposition (Meentemeyer, 1978; Sala et al., 1988; Stockmann et al.,
2013). Regional patterns of decomposition throughout the Great Plains, suggest that precipitation
contributes more than both temperature and soil texture to rates of decomposition (Howard E
Epstein et al., 2013a). Chemical and biological processes also control the rate of decomposition;
carbon to nitrogen ratios (C:N) and lignin content are both negatively related to the rate of
decomposition (Melillo et al., 1989; Melillo et al., 1982). Soil organic matter can be described
based on its fraction (litter vs humus) and stability (labile vs stable). The labile pool of SOM is
primarily made up of plant residues, leaf litter, and soil microorganisms and their metabolic
products (Parton et al., 1993; Stockmann et al., 2013). Soil organic matter in labile pools
facilitate decomposition of freshly added plant and animal residues and release inorganic
nutrients like nitrogen (N) and phosphorous (P) which plants can uptake. The stable pool
includes organic materials that are more resistant to decomposition such as semi-to-well-
decomposed organic materials like humus, plant compounds such as lignin and lipids, or

charcoal or charred materials from burning organic matter is typically physically or chemically



stabilized (Parton et al., 1993; Stockmann et al., 2013). The stable pools help maintain soil
structure by holding soil particles together as stable aggregates and maintain optimum pore
space, which is important for improving soil water holding capacity, infiltration, gaseous
exchange, and root growth. The physical fractionation of SOM can also be utilized to determine
the rate of SOM turnover in soil (Benbi et al., 2014). Soil organic matter can be fractionated into
coarse particulate organic matter (cPOM; size>240 um), fine particulate organic matter (fPOM;
53-250 um), and mineral associated organic matter (MinOM; size<53 um) (Benbi et al., 2014).
The degree of stability increases from cPOM and fPOM, which are typically associated with
labile or slow pools of SOM, to MinOM which is physically and chemically resistant to
decomposition (Benbi et al., 2012).

The carbon isotope signature of 8'*Csoy is commonly used to calculate proportions of Cs
and C4 biomass on past and present landscapes (Stout and Rafter 1978; Dzurec et al., 1985;
Nadelhoffer and Fry 1998; Mcpherson et al. 1992; Mariotti & Peterschmitt 1994; Dzurec et al.
1985; Quade and Cerling, 1995; Tiezen et al., 1997). The 8 Csom is thought to be BC-enriched
by 1-3%o relative to the overlying vegetation (Figure 2, Desjardins et al. 1994; Boutton 1996;
Mcpherson et al. 1992; Mariotti & Peterschmitt 1994; Dzurec et al. 1985; Wynn, 2007; Wynn
and Bird, 2007). The fractionation associated with decomposition is attributed to increasing
carbon isotope ratios of atmospheric CO; due to the Seuss Effect (Friedli et al. 1987, Trolier et
al. 1996), discrimination against °C during respiration (Boutton 1996; Nadelhoffer and Fry
1998), or microbial preference for labile compounds that happen to be *C-enriched (Bowling et
al., 2008; Hobbie & Werner, 2004; Wiesenberg et al., 2004; Werth and Kuzyakov, 2010). The
latter two mechanisms support the hypotheses that *C-enriched 8"°Csowm at deeper depths is

driven by an increasing proportion of microbial derived or altered SOM (Ehleringer et al., 2000;

10



Garten et al., 2000; Mariotti & Peterschmitt, 1994; Mcpherson et al., 1992; Werth & Kuzyakov,

2010; Wynn et al., 2005; Wynn et al., 2005).

2.3 C; vs C4 plants and their distributions in North America

Photosynthesis is a solar-powered metabolism that transforms water and CO; into sugar
and oxygen. There are three photosynthetic pathways that plants use to fix carbon: Cs, Cq4, and
Crassulacean acid metabolism (CAM). These pathways fix carbon through different anatomical
and biochemical processes, and may have evolved as responses to changes in Earth’s climate and
environmental conditions (Edwards et al., 2010). The C; (Calvin-Benson) pathway - named for
the three-carbon acid which is the first stable product of fixation — is the oldest photosynthetic
metabolism (Gray, 1985; Hatch, 1987; Nobel, 1996; O’Leary, 1988; Rubinstein et al., 2010;
Sage, 2004; Wellman & Gray, 2000). The C4 (Hatch-Slack) pathway — is named for the first
stable products during fixation, which is a four-carbon acid (Hatch, 1987; Nobel, 1996; O’Leary,
1988; Rowan F. Sage, 2004). C4 photosynthesis is thought to have evolved independently at least
66 times within the plant kingdom and 22 to 24 times within the monocotyledonous (monocot)
grass family Poaceae (Hattersley & Watson, 1992; Edwards et al., 2010). The expansion of Cy4
grasslands was first attributed to decreasing pCO, throughout the Late Miocene to Pliocene (3-8
Ma) (Ehleringer et al., 1997; Keeley & Rundel, 2003; Zhang et al., 2013). However the
variability in timing of C4 expansion events on different continents suggests there may be
additional environmental changes influencing the expansion of C4 grasslands (Fox & Koch,
2003; Francelanord & Derry, 1994; Hoetzel et al., 2013; Hynek et al., 2012; Latorre et al., 1997,
Passey et al., 2002, 2009; Quade et al., 1989; Uno et al., 2011, 2016), including higher growing
season temperatures, fire, and/or increased aridity (Feakins et al., 2013; Hoetzel et al., 2013;

Passey et al., 2009). Lastly, CAM photosynthesis, named for the Crassulaceae family of
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succulents, switches between the two pathways and is thought to have evolved as a mechanism
to improve assimilation of CO, in extremely water-limited habitats and is characterized by its
nighttime fixation of CO, (Keeley & Rundel, 2003; Nobel, 1996; O’Leary, 1988; Silvera et al.,
2010).

While the C4 photosynthetic pathway is present in only about 3-5% of terrestrial plant
species, it accounts for approximately 25% of the total global primary productivity (Kellogg,
2013; Kubien & Sage, 2004; Osborne & Beerling, 2006; Sage, 2016; Sage & Monson, 1999).
This large amount of carbon fixation is primarily from C4 monocotyledons (monocots) in
grassland ecosystems, which make up about 61% of all C,4 species. (Ehleringer et al., 1997;
Kellogg, 2013; Sage & Monson, 1999). At current atmospheric pCO,, C4 plants (both monocots
and dicotyledons [dicots]) are found to have a selective advantage over Cs plants (both monocots
and dicots) under high temperatures (above 30°C) and high levels of light (Ehleringer et al.,
1997; Mooney, 1999). This temperature-based model of Ehleringer et al., (1997) is consistent the
findings of Teerie & Stowe (1976), where Cs and C,4 distributions are best correlated with mean
growing season temperatures in the Great Plains of North America (Teeri & Stowe 1976;
Ehleringer & Monson 1993; Tieszen et al. 1997; Teeri 1988). Furthermore, the C4 pathway is
found in multiple species of the family Poaceae, which is comprised of the “PACMAD” clade
(an acronym for Panicoidea, Aristidoidea, Chloridoideae, Micranirioideae, Arundinoideae, and
Danthoniodeae) all of which tend to be warm-adapted species and mostly C,4 grasses, while all
species within the lineage Pooidea, utilize the C; pathway and are cold-adapted (Edwards et al.,
2010; Edwards & Smith, 2010). The selective advantage of the C,4 plants is attributed to the
Kranz anatomy and two-step fixation process of the photosynthetic pathway, which concentrates

CO; around Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and reduces the
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potential for photorespiration under extremely dry and hot climates (Ibrahim et al., 2008; Kubien
& Sage, 2004; Nobel, 1996; Sage & Monson, 1999; Silvera et al., 2010).

Drought has been especially important in the promotion of grasslands over the
woodlands/forests, because grasslands can withstand extreme variations in water availability,
which inhibit the establishment of woody vegetation but are tolerated by C, grasses (Mooney
1999, Chapter 8). Seasonal changes in both temperature and precipitation may also play a role in
Cs - C4 distribution, as observed throughout the central and northern portions of the Great Plains
where primary productivity is dominated by Cs grasses in the spring growing season and then by
C, grasses during the summer growing season (Epstein et al., 2002; Murphy & Bowman, 2007,
Teeri & Stowe, 1976; Vogel et al., 1986). This distribution of C; and Cy4 grasses is likely
attributed to the structure and biochemistry of the C4 pathway, which confers high WUE and is
an advantage in drought conditions (Mooney 1999, Chapter 8).

Overall, photosynthesis discriminates against ">C (the heavier stable isotope) in favor of
12C (Hayes, 2001). As a part of this fractionation, stomatal diffusion of *CO is slower than
12CO, because of the difference in mass (O’Leary, 1988). This discrimination against *C results
in plants that contain lower 8'°C values than atmospheric CO, (-8%o; O’Leary 1988; Keeling et
al. 2000). C; plants discriminate strongly against >C, and have a 8'"°C range of -22%o to -30%o,
which reflects the fractionation associated with RuBisCO (-28%o) the limiting step in Cs carbon
fixation (Cerling et al., 1997; O’Leary, 1988; Roeske & O’Leary, 1984). C4 plants discriminate
less strongly and have a 8"°C of -10%o to -14%o, reflecting the fractionation associated with
stomatal diffusion (-12%o), the limiting step in C4 carbon fixation (Cerling et al., 1997; O’Leary,

1988; Roeske & O’Leary, 1984).
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3. Study Site
3.1 Site descriptions

Meade Basin has been a focal study site for paleoecological research on the evolutionary
and ecological history of C4 grasslands (Martin et al. 2011, Fox et al. 2015, Fox and Koch, 2003,
2004). A collection of modern sites within the Meade Basin were initially established to
investigate modern ecological dynamics of small mammals, plants, and soils (Figure 3; Haveles,
2015). These sites were selected based on their proximity to paleosol sites and qualitatively
based on the plant communities and topography that resulted in different habitat types. For this
study, four of those modern sites were selected and sampled for this modern soil proxy study
based on the availability of soil organic matter and carbonate samples (Table 1). The sites |
chose for this study also contain plant communities that vary based on their local topography and
climate. Cottonwoods is located underneath a cottonwood canopy and contains species
characteristic of a short-grass prairie understory, this site is also the most topographically low
and located along the Cimarron River. Kohn’s Ranch is located on a hill but within a generally
topographically lower region in Meade Basin and the vegetation is primarily sagebrush and
herbaceous forbs. South Cimarron is located slightly more upland relative to Kohn’s Ranch and
Cottonwoods, and the vegetation is comprised primarily of sagebrush with a mixed grass prairie
understory. The most upland site is Rex Road and has vegetation species primarily of shortgrass

prairie.
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Figure 3. (A) Map adapted from Wang et al. (2013) showing the extent and range of the three
floristic regions of the Great Plains: shortgrass, tallgrass, and mixed-grass prairies. Red star
indicates the approximate location of Meade Basin. (B) Meade County with all modern sites
(red dots), along with MBRP paleosol sites (back dots).

Table 1. Dominant vegetation types are based on visual observations. Sites are listed in order
from most lowland to the most upland topography.

Site Dominant vegetation type Topography
Cottonwoods nggﬁgzz(sissg:fs}t,ovgth Lowland
Kohn’s Ranch Sagebrush with forb understory Upland

South Cimarron Sagebrush and mixed grass prairie Upland
Rex Road Mixed grass prairie Upland
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3.2 Climate

Southwestern Kansas is an optimal location for studying the effects and responses of
drought and wet conditions, because of the semiarid climate and susceptibility to decadal long
droughts (US Drought Monitor; NOAA-NCEI; Kansa State University, Annual Reports Drought
Updates). Meade Basin averages 573 mm/yr in annual precipitation with a mean annual
temperature of 13.5°C and mean high and low temperatures of 20.9°C and 6°C, respectively
(U.S. Climate Data, 2017). Precipitation in this region is both seasonal and erratic, with the
majority (66%) falling during warm months (May — September) through intense and episodic
storms that can be focused on specific regions (Fox et al., 2012; Meade Station NCDC Summary
of the Day, www.ncdc.noaa.gov/oa/ncdc.html). The entire state of Kansas was in “severe”
(Palmer Drought Severity Index of D2) or worse drought conditions at the beginning of 2013,
and during the years of 2011 to 2014, all of Meade County was in severe (D2) drought
conditions throughout spring and summer months (April-August), with more than 80% of the
county’s land in extreme (D3) drought conditions (US Drought Monitor). During the drought
period, the county received an average precipitation of 1.02 mm and a max of 61 mm, which was
only 0.2% of the region’s average rainfall NOAA-NCEI). The year 2012 was ranked the
warmest year on average in 119 years, and the county experienced high temperatures above 40°C
for all of July during 2011 to 2014 (NOAA-NCEI; Kansas State University, Annual Reports
Drought Updates). The drought conditions began to deteriorate in the spring of 2015 resulting in
only 2% of the state in abnormally dry (DO0) conditions at the beginning of 2016 (Kansas State
University, Annual Reports Drought Updates). While Meade Country was not in drought
conditions in 2016, the average precipitation for the country was still below average, with an

average of only 2.02 mm and a max of 53 mm of rainfall throughout the year (NOAA-NCEI).
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3.3 Vegetation

Prairie grasslands are comprised of distinct plant communities that are determined by the
local climate, precipitation, and/or topography (Knapp et al., 1998). Differences in rainfall
specifically, create the three floristic regions of the shortgrass, mixed grass and tall grass prairie
(Wang et al., 2013; Figure 2A). Meade Basin is located on the eastern boundary of the shortgrass
prairie steppe ecosystem with a small proportion of its area lying within the western boundary of
the mixed prairie ecosystem (Wang et al., 2013; Figure 2A). The shortgrass prairie is dominated
by approximately 80% of warm-season (C,) perennial grasses, most common being Blue Grama
(Bouteloua gracilis) and Buffalo Grass (Bouteloua dactyloides) (Dickinson & Dodd, 1976; Ford,
1999; Kiichler, 1974; Tieszen et al., 1997, Table 2). Cool-season grasses and non-graminoid
species primarily from the daisy family (4steraceae) and nightshade family (Solanceae) are also
common throughout the shortgrass prairie (Jones & Cushman, 2004; Table 2). Plains Prickly
Pear Cactuses (Opuntia macrorhiza), although a small portion of the biomass, thrive in the
shortgrass prairie and are found throughout Meade Basin (Jones & Cushman, 2004; Table 2).
The mixed-grass prairie regions in Meade Basin contain a mix of plants found within the
tallgrass and shortgrass prairies, including the warm-season Little Bluestem (Schizachyrium
scoparium) and cool-season Canada Wild Rye (Elymus canadensis) (Jones & Cushman, 2004;
Table 2). While the shortgrass and mixed-grass prairie is primarily comprised of graminoids and
herbaceous forbs, woody-shrubs such as Sand Sagebrush (Artemisia filifolia) are common
throughout the prairies (Jones & Cushman 2004; Table 2). Grasslands occur where there is
insufficient rain to support trees, however riparian zones can be found throughout lowland
regions, such as along the Cimarron River, where Cottonwood trees (Populus deltoides) can be

found (Jones & Cushman, 2004).
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Table 2. Common species of the short-mixed grass prairie. Species list compiled from Jones and
Cushman (2004)

Common species of short-mixed grass prairie
Gramminoids
Blue Grama (Bouteloua gracilis) [Ca]
Buffalo Grass (Bouteloua dactyloides) [Ca]
Western Wheatgrass (Agropyron smithii) [Cs]
Junegrass (Koeleria macrantha) [C;]
Needle-and-Thread (Hesperostipa comata) [Cs]
Sideoats Grama (Bouteloua curtipendula) [Cy]
Hairy Grama (Bouteloua hirsuta) [Cs]
Little Bluestem (Schizachyrium scoparium) [Ca]
Canada Wild Rye (Elymus canadensis) [Cs]
Herbaceous Forbs
Indian blanket flower (Gaillardia pulchella) [Cs]
Silverleaf nightshade (Solanum elaeagnifolium) [Cs]
Common sunflowers (Helianthus annuus) [Cs]
Daisy Fleabane (Erigeron strigosus) [Cs]
Cacti
Plains Prickly Pear Cactuses (Opuntia macrorhiza) [CAM]
Shrubs
Sand Sagebrush (Artemisia filifolia) [C;]
Trees
Cottonwood trees (Populus deltoides) [Cs]

3.4 Rocks, topography, and soil

Meade Basin encompasses approximately 50 km? of depositional area and contains
Miocene to Holocene sediment deposits, from oldest to youngest is the Ogallala (upper
Miocene), Rexroad (Pliocene), and Crooked Creek (Pliocene and Pleistocene) formations
(Martin et al. 2011; Fox et al., 2015; Izett and Honey, 1995). Meade Basin is located in the High
Plains plateau of the Great Plains physiographic province of Southwestern Kansas (Kansas
Geological Survey; Trimble, 1980) The High Plains extends from the northern border of
Nebraska through the Panhandle of Texas (Trimble, 1980). The landscape of Meade Basin
consists of uplands and terraces that are shaped by Quaternary fluvial activity, such as the

Cimarron River system which exposes the geologic formations (Izett & Honey, 1995).
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In some places, on top of the Meade Basin’s sedimentary formations are well developed
soil horizons. Mollisols are the dominant soil order of the Great Plains Region (USDA, 1999).
The semiarid climate, seasonal and erratic rainfall, and susceptibility to frequent drought is
typical of Ustolls, a suborder of Mollisols, which are found throughout the Western Great Plains
(USDA, 1999). This type of semiarid climate and upland region with well-draining soils, can
have relatively low soil water content during the summer months due to evaporative losses,

which facilitates the accumulation of carbonates in the B horizon (Ferretti et al., 2003).
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4. Methods
4.1 Aboveground biomass

I established and sampled four quadrats (0.25 m x 0.25 m; Figure 4) at South Cimarron,
Cottonwoods, Rex Road, and Kohn’s Ranch in June 2016 (Figure 5). I collected one
aboveground biomass sample from each quadrat by clipping all standing and litter vegetation
from the top of the prairie canopy to less than 1 cm above the ground. I oven-dried each sample
at 60°C for one to six weeks. Then I homogenized each sample with a Thomas Wiley Mini-Mill
Cutting Mill through 20 and then 60 mesh size to achieve a fine powder samples for total weight
percent C and 8'°C analysis.

I conducted isotopic analyses for aboveground biomass samples at the University of
Colorado at Boulder Earth Systems Stable Isotope Lab. A Thermo Scientific FlashEA oxidized
and combusted each sample and a Thermo Scientific Delta V Isotope Ratio Mass Spectrometer
analyzed the resultant CO,. Data are reported as '°C/">C ratios in units of relative per mil (%o)
difference between the sample BC/1C ratio (Rsample) and a standard BC/1C ratio (Rstandard)
relative to the of Vienna Peedee Belemnite standard scale (VPBD) (Equation 2).

§"°C = [(PC/*Cuample/*C/"*C standara) — 11 * 1000 (%o) 2)

To attain precision and accuracy in using continuous flow IRMS, I used a correcting
standard of peach leaves (NIST-STRM 1547; 8'"°C of -26.0 %o +0.1%o; weight %C of 46.9
+1.1%) to correct for linearity and drift. To monitor the correcting standard values, I utilized an
accepted standard of Acetanilide (University of Indiana; 8'°C of -29.5 %o +0.1%o; weight %C of

71.1 £2.1%).
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Figure 4. Aboveground biomass sampling procedure for each site. (A) Four quadrats (25 cm x
25 cm) were randomly established at each site. (B) Aboveground biomass sample was taken
from each quadrat. (C) Samples collected and dried in paper bags. (D) Samples homogenized by
a Wiley Mill through a 20 and then 60 mesh size. (E) Subsample of vegetation that was weighed
for 8"°C analysis.
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4.2 Individual plant sampling

Andrew Haveles collected a total of 29 plant specimens along transect lines established at
Cottonwoods and South Cimarron in June 2012 and May 2014 (Haveles, 2015; Figure 5).
Haveles collected a minimum of two specimens for the ten most abundant plants along transect
lines at each site. He pressed each specimen with coin envelopes, identified to species or the
lowest classification possible, and then oven-dried at 60°C for at 48 hours. Haveles dissected
plant specimens to extract flowers, leaves, and stems and ground into a fine powder with a
mortar and pestle for total weight percent C and 8'"°C analysis. Haveles collected Elemental and
isotopic analysis for Cottonwoods and South Cimarron samples were conducted at University of
Minnesota Department of Earth Sciences. A Costech Elemental Analyzer oxidized and
combusted samples and a a Thermo Scientific Delta V Isotope Ratio Mass Spectrometer
analyzed the resultant CO,. Data are reported using delta notation as described above (Equation
2). To correct for linearity and drift, Haveles used a correcting standard of Montana soil (NIST
2711; 8"°C of 17.2%o; weight %C of 1.7). To monitor the correcting standard values, he utilized a
standard of peach leaves (NIST-STRM 1547; 8"°C of -26.0 %o; weight %C of 46.9) to monitor
standard.

Brendan Femal (Femal, 2016) collected a total of 13 plant samples from Kohn’s Ranch
and Rex Road sites in June 2014. He collected one specimen for the top ten most abundant
species present along the transect lines previously determined by Haveles (2015). I obtained
samples in Spring of 2017 and by which point I was not able to classify specimens to any
taxonomic level. The samples were stored in paper envelopes for three years, and after I obtained
them, I oven-dried samples at 60°C for 48 hours. I ground with mortar and pestle and if needed

through a Thomas Wiley Mini-Mill Cutting Mill through 20 and then 60 mesh size to achieve a
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fine powder for total weight percent C and 8'°C analysis. I conducted isotopic analysis for
Kohn’s Ranch and Rex Road plant samples at the University of Colorado at Boulder Earth
Systems Stable Isotope Lab. Samples were oxidized and combusted with a Thermo Scientific
FlashEA and the resultant CO, was then analyzed with a Thermo Scientific Delta V Isotope
Ratio Mass Spectrometer. Data are reported using delta notation (Equation 2). Again, I used a
correcting standard of peach leaves (NIST-STRM 1547; 8'°C of -26.0 %o +0.1%o; weight %C of
46.9 +1.1%) to correct for linearity and drift. To monitor the correcting standard values, I
utilized an accepted standard of Acetanilide (University of Indiana; 8"°C of -29.5 %o +0.1%o;

weight %C of 71.1 £2.1%).

4.3 Soil organic carbon

Kyle Chambers (Chambers, 2016) and Andrew Haveles (Haveles, 2015) collected soil
samples at vertical intervals from 0-50 cm from soil pits established at each site. Haveles
collected soil samples from two soil pits established at South Cimarron and two soil pits at
Cottonwoods. Chambers collected soil samples from one pit at Kohn’s Ranch and one pit at Rex
Road. Chambers and Haveles oven-dried soil samples at 60°C and then homogenized each
sample with a mortar and pestle. Haveles removed inorganic carbon from samples at
Cottonwoods and South Cimarron by acidifying samples with 0.5M HCI, rinsing with deionized
water three times. Chambers removed inorganic carbon from samples at Kohn’s Ranch and Rex
Road by acidifying samples with 1M HCI and rinsing five times with deionized water or until pH
was neutral. They both oven-dried samples at 45°C for 24-48 hours and homogenized by mortar-
pestle for total weight percent C and 8'"°C analysis.

Chambers and Haveles conducted elemental and isotopic analysis of soil organic carbon

samples at University of Minnesota Department of Earth Sciences. A Costech Elemental
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Analyzer oxidized and combusted samples and a Thermo Scientific Delta V Isotope Ratio Mass
Spectrometer analyzed the resultant CO,. Data are expressed in delta notation (Equation 2). They
used a correcting standard of Montana soil (NIST 2711; 8'"°C of 17.2%o; weight %C of 1.7) to
correct for linearity and drift. They used peach leaves (NIST-STRM 1547; §"°C of -25.98 %o;

weight %C of 46.92) to monitor standard values.

4.4 Pedogenic carbonates

Katie Snell and Andrew Haveles (Haveles, 2015) collected pedogenic carbonate nodules
and disseminated carbonate within the soil matrix from soil pits at each site. They collected
samples at vertical intervals from 35 to 100 cm. I obtained carbonate samples in the summer of
2017. 1 ground carbonate samples with a mortar and pestle to homogenize samples and achieve a
fine grain powder for isotopic analysis. I weighed 200-4000 pg of each powdered sample into a
12 mL Exctainer vials and 90 pg of each carbonate standard into a 12 mL Exctainer vials.

I conducted isotopic analysis of carbonate samples in the University of Colorado at
Boulder Earth Systems Stable Isotope Lab. I purged each sample vail with dry He gas for 5
minutes and then before analysis, treated each vial with five drops of orthophosphoric acid held
at 90°C to dissolve the carbonate and yield CO, gas. A Thermo Scientific Delta V Isotope Ratio
Mass Spectrometer analyzed the resultant CO,. Data are expressed in delta notation (Equation 2).
I used a correcting standard of CU Yule (8"°C of -2.3%o +0.3%o in VPBD) to correct for linearity
and drift. T used a monitoring standard of HIS (5"°C of -4.8 %o +0.1%o in VPBD).

Haveles conducted his isotopic analysis of his carbonate samples at the University of
Minnesota. He roasted his samples in vacuo for one hour at 400 C to eliminate water and organic
matter and then reacted with 100% phosphoric acid in a Kiel automatic carbonate extraction

device. A Finnigan MAT 252 isotope ratio mass spectrometer analyzed the resulting CO, and all
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data wetized by repeated analysis of both a laboratory standard Carrara marble (2.42%o +0.33 in

VPDB) and a certified international carbonate standard NBS-19 (-5.014%o +0.035%0 in VPDB).

4.5 Data analysis and corrections
4.5.1 Comparing records of 8"C vegetation between drought and wet conditions

Vegetation samples collected during the wet conditions are the aboveground biomass
samples discussed in Section 4.1 and were collected in June of 2016. Vegetation samples
collected during “exceptional” (D4) drought conditions (US Drought Monitor) are the samples
collected by Haveles (2015) discussed in Section 4.2 and were collected in May and June of
2012, 2013, and 2014.

The two records of vegetation vary in their collection methods and the range of their §'°C
values (Figure 6). Haveles collected the drought vegetation samples from the most common
species that were present along transect lines established at each site and therefore are expected
to exhibit a more bimodal distribution, typical of "*C values for C; and C4 plants (Figure 6;
Cerling et al., 1997). In contrast, the wet vegetation samples are from a collection of
aboveground biomass and each sample incorporates a mixture of C; and Cy4 plants from the
quadrat they were sampled; therefore, their values are expected to follow a unimodal distribution

(Figure 6).
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Figure 6. Histograms showing distributions of 8'°C values of vegetation samples collected
between drought and wet climate conditions. Dashed black line indicates the mean values of
vegetation samples collected for the two records.

I also compare the vegetation between drought and wet conditions through graphs and
through the means and the standard deviations of 8"°C values of the vegetation of each site. This
comparison between the two records is, appropriate because both records include some degree of
proportionality with respect to their relative ratio of Cs to C4 biomass. The wet vegetation is
inherently proportional because it represents a homogenization of all plants within each quadrat.
Therefore, the "°C value of each sample reflects a relative proportion of C; to Cy plants. The
drought vegetation represents an aggregate of the most common species present. Therefore, the
8'°C also reflects a relative proportion of Cs to C4 species.

To compare the vegetation records, I first generated a representative mean 8'°C for the
drought and wet vegetation from each site. For the drought record, samples from Cottonwoods
and South Cimarron had multiple plant parts that were analyzed for "°C. I first calculated an

average 8"°C value and standard deviation for each species (Table 3). Then I averaged the §'°C
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values for each species and propagated the error through the standard deviation to attain a site

average 8"°C value (Table 3, Figure 7). Samples from Kohn’s Ranch and Rex Road were not

classified to the species level, so I averaged their '°C values and calculated the standard

deviation to generate a site average 8"°C value (Table 4, Figure 7). For the wet vegetation record,

I averaged the 5"°C values of each of the four quadrat samples from each site, to generate a site

averaged 8'"°C value (Table 5, Figure 7). For all sites, I report the uncertainty (+1 SD) for each

site, which I calculated to include the analytical error and standard deviation of the sample §"°C

values.

Table 3. Carbon isotope values of species samples and site averages for Cottonwoods and South

Cimarron in drought period. Uncertainty (%) is reported as the standard deviation.

Genus and Common Average
Site Year i Plant part  8"C (%0) 8" Carought.
species name °
vegetation (/’0)

Ambrosia Leaves -28.83
2012 artemisiifolia Pale ragweed (n=3) (£0.9)
o012 Ebmus o Camadawild g -27.90

canadensis rye
2012 Lriogonum Annual Stem/leaf ~ -13.80

annuum Eriogonum
2012 Pascopyrum — Western Leaf -14.40
smithii wheatgrass -21.0
Cottonwoods Povulus *7.5)

2012 pu Cottonwood Leaf -28.30 :

deltoides

Russian Leaves -14.00
2012 Salsola tragus thistle (n=2) (20.3)
Russian Whole
2014 Salsola tragus thistle plant -14.00
2012~ Solidago. Missouri Leaf 226.60
missouriensis goldenrod
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Table 3. cont’d.
Average
Site Year ~Cenusand - Common  piart 8°C (%) 8" Carougie
species name °
vegetation (/’0)
2012 Ambrosia pragweed  Leaf -27.10
artemisiifolia
Artemisia Leaves and -24.53
012 ol Sagebrush (e (=3)  (£1.0)
Artemisia
2013 filifolia Sagebrush Leaf -27.10
2012 BUlbosVIs iy sedge Leaf -16.20
capillaris
2013 Chamagsarac Ground Leaf 5710
ha coniodes saracha
2013 Chioris Windmill Leaf -13.80
verticillata grass
2012 Elymus ' Canada wild Leaf 99,60
canadensis rye
2013 Erzgeron Daisy Whole 9890
strigosus fleabane plant
2012 Eriogonum Annual Stem and -26.05
annuum Eriogonum leaf (n=2) (£1.2)
2013 Evolvglus Shaggy dwarf Whole 5700
nuttallianus ~ morning glory plant
South 2013 Gaillardia Indian blanket Whole 5760 -23.9
Cimarron pulchella flower plant ’ (£6.0)
2012 Haplopappus Cutleaf Leaves -25.90
spinulosus ironplant (n=2) (£0.9)
2012 Hordeum g aitbardey WO 2890
Jubatum plant
Lipocarpha Small flower Whole
2013 micrantha  dwarf bulrush plant -14.20
2012 Memzeliagund ity Leaf 2520
nuda
2012 Pascopyﬁum Western Whole _13.80
smithii wheatgrass plant
2013 Pascopyﬁum Western Whole 1420
smithii wheatgrass plant
2012 Quincula Chinese Leaf 5730
lobata lantern
2012 eszJaZ?Tziu Silver-leaf Sﬁiffvifd -26.93
&M nightshade v (+0.3)
m (n=3)
Tamarix . Flower and -28.50
2012 inensis Tamarisk —y Fn=2)  (20.9)
2012 Yucca glauca Yucca Leaf -23.00
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Table 4. Carbon isotope values of species samples and site averages for Kohn’s Ranch and Rex
Road in drought period. Uncertainty (£) is reported as the standard deviation. There was no
classification of species or plant parts.

Average 613Cdmught_

. 13
site Year Sample 0 "C (%) veacration (%)
2014 Leaf litter -20.8
2014 Plant 1 -27.1
Kohn’s Ranch 2014 Plant 2 -26.5 -20.5 (£6.4)
2014 Plant 3 -14.8
2014 Plant 4 -13.4
2014 Leaf litter -18.8
2014 Plant 1 -28.6
2014 Plant 10 -28.4
Rex Road 2014 Plant 4 140 229 (£63)
2014 Plant 5 -27.1
2014 Plant 6 -25.5
2014 Plant 7 -13.9
2014 Plant 8 -26.9

Table 5. Carbon isotope values of quadrat samples and site averages for all sites in wet
conditions. Uncertainty (£) is reported as the standard deviation.

Site

13
0 Cwet-vegetation

(%0)

13
Average 0 Cwet-vegetation (%0)

Cottonwoods

-28.58
-24.03
-29.91
-31.13

283 (£1.1)

Kohn’s Ranch

-27.55
-25.35
-23.16
-23.86

25.0 (£1.3)

Rex Road

-22.39
-25.00
-18.95
-23.12

22.4(1.8)

South Cimarron

-25.47
-21.95
-27.37
-23.06

24.5 (£0.8)

29



wet vegetation
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28 24 -20 28 24 20 -30 25 -20 -15 -30 25 20 -15

8"3C (%o) 8"3C (%o)

Figure 7. Vegetation 8'°C values of all samples and site average calculated for both wet and
drought conditions. Error bars represent the propagated uncertainty.

4.5.2 Correction of 8"*C values of vegetation and carbonates

To compare drought and wet vegetation samples to soil organic matter and pedogenic
carbonates, isotope values must be compared on a common substrate, because of the
fractionation factors associated with the formations of each proxy (Figure 2). Previous studies
corrected 8"°C values of carbonates to a soil organic matter isotopic scale by subtracting -15%o
from carbonate 8"°C value (Fox et al., 2012; Fox & Koch, 2003, 2004). This correcting value is
based on Cerling and Quade’s (1993) calculation of the total enrichment between carbonates and
soil CO,, where soil CO; is enriched in "*C by approximately +4.4%o relative to soil-respired

CO, and isotopic fractionation during carbonate formation results in an enrichment of °C in
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carbonate samples of about 12%o at 0°C and 9%o at 25°C. In this study, I corrected all my samples
to be on the same isotopic scale as soil organic carbon. Carbonate samples were adjusted by -
15%o as consistent with Cerling and Quade (1993)’s average and because the exact temperature
at which these carbonate samples precipitated is unknown and therefore a middle value of
~10.5%o is used to account for the fractionation factor (Table 6, Figure 8). After generating a site
average vegetation 8'°C value for the drought and wet periods, I adjusted each average by +2%o
(£1%o) based on the enrichment fractionation factor of 1-3%o0 documented for the decomposition
of organic matter (Table 6 and 7; Figure 9 & 10; Desjardins et al. 1994; Boutton 1996;
Mcpherson et al. 1992; Mariotti & Peterschmitt 1994; Dzurec et al. 1985; Wynn, 2007; Wynn
and Bird, 2007). The vegetation correction value of +2%o is also supported by the relationship
between §'° Csom and %C for the soil profiles in this study, which show that as decomposition
occurs, or the total amount of organic C decreases, the remaining carbon becomes more enriched

in °C (Table 8; Figure 10).
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Table 6. Corrected 5 Cearbonate Values are calculated by subtracting 15%o from the 613Ccarbonate to
account for diffusion and temperature dependent fractionation factor (Cerling and Quade, 1993;

Fox etal., 2012).

Site Pit Depth (em) 8" Cearponate (%o) 6‘323?;:::5((1%0)
1 65 202 -15.2
Cottonwoods 5 %(1) :32 : } 2;
19 5.1 -20.1
35 29 -17.9
45 2.5 175
Kohn’s Ranch 1 60 -3.9 -18.9
75 2.8 -17.8
85 0.0 -15.0
40 49 -19.9
1 50 0.6 -15.6
100 22 172
Rex Road 20 0.9 “14.1
2 52 2.0 -13.0
100 1.1 -13.9
21 3.1 _18.4
28 43 2193
. 1 32 5.4 -20.4
South Cimarron 36 56 0.6
69 3.7 -18.7
2 21 37 -18.7
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Figure 8. Schematic of 5t Carbonates correction. Diamonds with crosses indicate the uncorrected
5t Cearbonates, the unfilled (white) diamonds indicate the corrected 813Ccarb0nate values. These
corrected values are determined by adjusting 813Ccarb0nate by -15%o to account for diffusion and
temperature dependent fractionation factor (Cerling and Quade, 1993; Fox et al., 2012).

Table 7. Corrected 8'°C values for wet and drought vegetation represent the values the samples
may exhibit if they were to be enriched through decomposition, these values were calculated by
adding 2%o (£1%o) to the average 8'°C value for each site under wet and drought conditions
(Desjardins et al. 1994; Boutton 1996; Mcpherson et al. 1992; Mariotti & Peterschmitt 1994;
Dzurec et al. 1985; Wynn, 2007; Wynn and Bird, 2007).

Average

. A};erage Corrected 513Cdmugm- . Corrected
Slte 6 Cwet- 13 0 6 Cdrought—vegetation
. 0, 0 Cwet-vegetation (/)0) vegetation 0
vegetation (/)0) (%0) (/)0)
Cottonwoods  -28.3 (£1.1) 263 (£2.2) '2;'(5))@[ 119.0 (£7.6)
Kohn’s Ranch  -25.0 (+1.3) 223.0 (£2.7) (—jé) 'j) -18.5 (26.5)
South Cimarron -24.5 (£0.8) -22.5 (£1.7) (fg'g) -21.9 (z6.1)
RexRoad  -22.4 (+1.8) 220 (£4.1) (fg'; -20.9 (£6.4)
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Figure 9. Schematic of corrected 8'°C values for wet and drought vegetation. Squares with
crosses indicate the uncorrected 8'°C values. Blue and red squares represent the corrected

613Cwet_vegetaﬁon and 813Cdr0ught_vegetation values. These corrected samples are calculated by adding
2%o (=1%o0) to account for enrichment that is typically associated with decomposition (Desjardins
et al. 1994; Boutton 1996; Mcpherson et al. 1992; Mariotti & Peterschmitt 1994; Dzurec et al.
1985; Wynn, 2007; Wynn and Bird, 2007).
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Table 8. 3'"°C values and weight % C of soil organic matter samples collected from soil pits.

Site Pit Depth (cm) Weight % C 8" Csom (%)
0 3.08 -25.6
4 2.51 -25.2
6 2.05 -24.9
8 1.40 -24.1
1 12 0.99 -23.0
14 0.98 -22.8
16 0.85 -22.6
24 0.60 -22.2
Cottonwoods 20 051 518
28 0.47 -21.1
5 0.83 -20.4
10 0.62 -20.9
) 15 0.16 -20.2
20 0.99 -20.8
25 0.41 -20.4
30 0.66 -20.7
1 091 -15.7
. 5 0.76 -16.7
Kohn’s Ranch 1 30 0.50 182
34 0.45 -19.1
0 0.31 -16.8
Rex Road 1 40 0.42 -14.0
50 0.65 -15.6
0 1.01 -22.8
4 0.79 -20.3
6 0.48 -19.5
8 0.48 -19.5
1 12 0.71 -19.3
16 0.46 -18.9
South Cimarron 20 0.46 -19.3
24 0.71 -19.5
28 0.79 -19.3
2 347 -21.7
) 9 0.59 -20.0
12 0.39 -21.1
20 1.38 -20.5
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Figure 10. Weight percent organic carbon (%C) vs. 8°C (%o) values of soil organic matter
samples. A trend line from a simple linear regression is presented for each site.
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5. Results
5.1 Carbon isotope ratios of carbonates, SOM, and wet and drought vegetation

There are three interesting patterns reflected by the 8'°C values of the vegetation,
carbonates, and SOM across the samples collected from each site. First, the 613C0arbonates are
enriched in '*C relative the both 813Cdmught_vegemon and 813Cwet_vegetation (Figure 11). Second, the
51 Csowm do not reflect the 813Cwet_vegetation, but instead either fall in between the wet and drought
vegetation or reflect the 813Cdmught_vegetaﬁon (Figure 11). Lastly, the degree to which the
51 Carbonates and the 813C50M are enriched in °C relative to both vegetation records increases as
the topography increases across the sites (Figure 11).

The topographically lowest site, Cottonwoods, is located under the cottonwood canopy
with short grass prairie understory. At this site, there is the biggest differences between the
51 Cuet-vegetation and the 5! Clrought-vegetation and between the 613Ccarb0nates and the 8" Csom. The mean
51 Clrought-vegetation 18 enriched in BC relative to the 613Cwet_vegetation by 7.3%o (Table 6). The
51 Cearbonates Teflect a vegetation regime more similar to the 813Cdmught_vegetaﬁon than the 8" Cyet-
vegetation (Figure 11). The most negative and positive 813Ccarb0nates samples are depleted in Bc by -
1.1%o and enriched in °C by 3.8%o relative to the 613Cdmught_vegetaﬁon (Table 6 and 7), and are
enriched in °C by 6.2%0 and 11.1%o relative to the 813Cwet_vegetation (Table 6 and 7). The 813C50M
samples from both pits lie in between the ranges of both the 51 Clrought-vegetation and the 813CW6t_
vegetation (Figure 11). The 813CSOM samples of the upper (0-8 cm) from pit 1, are more reflective of
the 813CW6t_Vegetation, while the 8" Csom samples from pit 2 are more reflective of the 813Cdmught_
vegetation (Figure 11). At pit 1, the most negative and positive 51 Csom samples are both enriched in
Be by 0.7%o and 5.2%o, relative to the mean value of the 813Cwet_vegetation (Table 8 and 7), but are

depleted in B by -6.6%o and -2.1%o, respectively, relative to the mean value of the 813Cdmught_
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vegetation (T'able 8 and 7). At pit 2, the most negative and positive 813C50M samples are enriched in
Be by 1.2%0 and 1.9%eo relative to the mean value of the 5 Clrought-vegetation (Table 8 and 7), but
are enriched in °C by 5.4%0 and 6.1%e., relative to the mean value of the 51 Cuwet-vegetation (Table 8
and 7).

The second most topographically lowland site is Kohn’s Ranch, which is dominated by
sagebrush and with an understory of herbaceous forbs. The §'°C values of vegetation at this site
follow a pattern similar to Cottonwoods, because the 613Cdmught_vegetaﬁon is enriched in >C relative
to the &' Cuet-vegetation by 4.5%0 (Table 7). However, unlike Cottonwoods, the 813Ccarb0nates and the
51 Csom both reflect vegetation signals similar to the 51 Clrought-vegetation (Figure 11). Here, the
most negative and positive 51 Clearbonates are depleted in B by -0.4%o and enriched in B by
3.5%o, relative to the mean value of the 51 Clrought-vegetation (Table 6 and 7) but are enriched in Bc
relative to the SISCWCt_vegetaﬁon by 4.1%0 and 8%o (Table 6 and 7). Kohn’s Ranch is the only site
where the 5 Csom does not fall within the range of the standard deviation of the 51 Cuet-vegetation
(Figure 10). Instead, the two 8'°Csom samples from the upper sections (1-5 cm) and one sample
from 30 cm are enriched in >C by 2.8%o, 1.8%o, and 0.3%o, respectively, relative to the
51 Clrought-vegetation (Table 8 and 7). While the 51 Csom sample from 34 cm is depleted in B¢ by -
0.6%o, relative to the 813Cdmught_vegetation. All the 813CSOM samples are enriched in BC relative to
the 8" Cyyet-vegetation Y 3.9%o to 7.9%o (Table 8 and 7).

South Cimarron is an upland site that is dominated by sagebrush and mixed grass prairie.
In some ways, the proxies and vegetation of South Cimarron are similar to the lowland sites, but
in other ways they show a different pattern. Like Kohn’s Ranch, the majority of the 813C0arbonates
reflect a similar vegetation regime as the 51 Csom samples, and only two of the 813C0arbonates are

enriched in 1°C relative to the 813C50M by 1-2%0. However, unlike the two lowland sites, the
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vegetation collected during the wet and drought period at South Cimarron only differ by a 0.6%o
and both the 813CSOM or 613Ccarb0nates are enriched in °C relative to both the 813Cdmught_vegetation and
51 Cuwetvegetation (Figure 11). This is supported by the most negative and positive 813Ccarb0nates,
which are enriched in °C by 0.3%0 and 2.2%eo relative to the 53 Clrought-vegetation (Table 6 and 7)
and enriched in *C relative to the 5" Cuet-vegetation by 1.9%0 and 4.1%o (Table 6 and 7).The most
negative and positive 8> Csonm samples of pit 1 are depleted in '°C by only -0.9%o and enriched in
1C by 3.0%o, respectively (Table 8 and 7), and the samples of pit 2 are enriched in °C by 0.2%o
and 1.4%o, respectively, relative to the 51 Clrought-vegetation (Table 8 and 7). The most negative and
positive 8'*Csom samples from pit 1 are depleted in ">C by only -0.3%o and enriched in "*C by
3.6%o, relative to the mean value of 813Cwet_vegetation (Table 8 and 7). 51 Csom samples from pit 2
are enriched in °C by 0.8%0 and 2%o, relative to the mean value of the 813Cwet_vegetation (Table 8
and 7).

Rex Road is the most upland site and is dominated by mixed grass prairie vegetation.
Like South Cimarron, the vegetation collected during the wet and drought period at Rex Road
only differ by a 0.9%o0 and both the 613CSOM or 813Ccarb0nates are enriched in °C relative to both the
51 Clrought-vegetation and 5! Cuwet-vegetation (Figure 11). This site reflects the most 3C-enrichment of
both 8'*C and 613Ccarb0nate relative to the 8'°C of vegetation of both wet and drought period. The
most negative and positive 51 Cearbonate Sample are enriched in B by 0.1%o and by 7.0%eo relative
to the 8" Cuet-vegetation (Table 6 and 7) and are enriched in Be by 1%o0 and 7.9%o, relative to the
51 Clrought-vegetation (Table 6 and 8). The most negative and positive 613C50M samples are enriched
in ’C by 4.1%0 and 6.9%., respectively, relative to the 51 Clrought-vegetation (Table 9 and 8) and are

enriched in °C by 3.2%o and 6.9%o, respectively, relative to the 613CW6t_vegemﬁon.
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Figure 11. Carbon isotope values of drought and wet vegetation, SOC, and pedogenic
carbonates. Drought and wet vegetation samples were adjusted by 2%o (+1%0) and carbonate
samples were adjusted by -15%o (Desjardins et al. 1994; Boutton 1996; Mcpherson et al. 1992;
Mariotti & Peterschmitt 1994; Dzurec et al. 1985; Wynn, 2007; Wynn and Bird, 2007; Cerling
and Quade, 1993; Fox et al., 2012). Error bars indicate the standard deviation of the corrected

average vegetation 8'°C values.
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6. Discussion
6.1 Carbon isotope ratios of drought and wet vegetation

The 5" Clrought-vegetation 18 enriched in BC relative to the 5 Chrormal-vegetation at all sites except
Red Road. At Cottonwoods and Kohn’s Ranch the 813Cdr0ught_vegetation is enriched in ">C relative to
the 813Cwet_vegetation by 7.3%0 and 4.5%o, respectively, while at South Cimarron and Rex Road the
51 Clrought-vegetation 18 enriched in Bc by 0.6%0 and depleted in Be by 0.9%o, relative to the 813CW.
vegetation- 1 1€ two upland sites, South Cimarron and Rex Road, are dominated by mixed grass
prairie species and show the smallest difference between the 513 Clrought-vegetation and the 5" Cwet-
vegetation- 1 11S may suggest upland mixed grass communities are more tolerant to drought and do
not experience C; or C4 changes under water stress. Kohn’s Ranch and Cottonwoods are both
dominated by herbaceous and woody C; species and do show '*C-enriched drought vegetation,
which may indicate these C; dominated communities are more sensitive to changes in
precipitation. Throughout the Great Plains, seasonal changes in both temperature and
precipitation have been shown to control Cs; — C4 distributions, where primary productivity is
dominated by Cs grasses in the spring growing season and then by C4 grasses during the summer
growing season (Epstein et al., 2002; Murphy & Bowman, 2007; Teeri & Stowe, 1976; Vogel et
al., 1986). Teeri and Stowe (1976) showed that C4 grasses were correlated not only with growing
season temperatures but also with low levels of soil moisture, that are typical of drought
conditions. The drought vegetation at Cottonwoods and Kohn’s Ranch may also be enriched in
13C because Cs plants at these sites, notably species that are present during both the drought and
wet period, such as the cottonwood trees (Populus deltoids) and sand sagebrush (Artemisia
filifolia), may confer higher WUE during drought conditions and therefore produce foliar that is

BC-enriched. Cottonwood trees are drought-intolerant and rely on shallow groundwater and/or
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high shallow soil water availability for establishment, growth and reproduction (Bushet al., 1992;
Stromberg, 1993). Hultine et al. (2010) found that cottonwood trees are sensative to interannual
reductions in water availability, as evidenced by high leaf carbon isotope ratios during dry
summer months. Sand sagebrush are also sensitive to interannual changes in precipitation, and
foliar discrimination (against '>C) values of sand sagebrush significantly increased (lower §'°C
values) in response to simulated summer rain events (Lin, et al. 1996).

Perhaps the most important explanation for some of this differences between the
51 Clrought-vegetation and 51 Cuet-vegetation 1 this study, come from the different sampling techniques
used for the two records (as discussed in section 4.5.1). A relic of these differences in
methodology is observed in the standard deviations of the 613Cdmught_vegetaﬁon which are greater
than those of the 613CWCt_vegetaﬁon. The mean and standard deviation of the drought vegetation are
derived from discrete species 8'°C values and so encompass a broader carbon isotope range by
virtue of a plant always being either Cs or C4 and increasing the uncertainty. The wet vegetation
is from aboveground biomass samples of both C; and C, plants and therefore no 8'"°C values are
strictly Cs or C4 derived. While the apparent shifts in carbon isotope ratios at Cottonwoods and
Kohn’s Ranch to lighter 8'°C values during the wet period and heavier 8'"°C values during the
drought period are supported by other studies, this study is unable make conclusive remarks
about differences between the 613Cdmught_vegetaﬁon and the 8" Cuwet-vegetation. Future studies should
collect a greater sample size of drought and wet vegetation and decide upon a consistent

sampling technique to collected vegetation.
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6.2 Climate influences on carbon isotope ratios of pedogenic carbonates

Breecker et al. (2009) suggested that carbonates precipitate at times when soils are warm
and dry with low soil CO,, which may enrich §"°C values of soil CO, in "*C and drive them away
from the 5"°C value of average growing season soil CO,. The results from this thesis are
consistent with Breecker et al.’s (2009) hypothesis and my own hypotheses (Figure 1), which
predicts that the 613Ccarb0nates are controlled primarily by 813Cdmught_vegetation. Throughout all the
sites, the carbonate samples and 813Cdmught_vegemon exhibit the most positive 513C values (Figure
10). All carbonate samples were collected at depths greater than 30 cm to limit the potential
influence of isotopically heavy atmospheric CO; (-8%o; Keeling et al., 2000). However, the
pattern to which carbonates are enriched in "*C increases from lowland to upland, which suggests
that more perhaps the more aerated upland atmospheric CO, makes up a greater portion of the
soil CO; than the lowland soils. Cottonwoods (upland) and Kohn’s Ranch (upland, but within a
lower region) both have 8'3C values that reflect 5'° Clrought-vegetation and therefore dry growing
season conditions. South Cimarron and Rex Road (both uplands) have 813Ccarb0nates that are
enriched in '*C relative to the 813Cdmught_vegemion. Uplands have less vegetation and the soils are
drier, sandy, and well-drained which means atmospheric CO; likely makes up a greater portion
of the soil CO, than root and microbial respired CO; and therefore BC-enriches the 8" Carbonates
of uplands. Lowlands have more vegetation and soils that are higher in silt and clay contents and
therefore poorly drained, this could mean that root and microbial respired CO, makes up a
greater proportion of soil CO, than atmospheric CO; and therefore controls the 51 Carbonates 1N
lowlands. Kohn’s Ranch, although an upland site, is situated in a generally lower region of
Meade Basin and has denser vegetation with more herbaceous forbs than the other upland sites,

and therefore the soil CO, may be more controlled by its high vegetative inputs than its upland
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topography. As a proxy for vegetation, the 8"°C value of pedogenic carbonates are consistently
enriched relative to what may be expected for average 8'°C of vegetation and at upland sites the

8"C of soil CO, may incorporate a proportion of atmospheric CO,.

Drought Drought

y '*,(. ): F // ,Y‘f“‘?’ﬂ?
iﬁ?/“ e i . W |l

SOC reflects more drought
5'3C of vegetation than wet carbonates reflect drought

6'3C of vegetation

1) Drought is more prevelant than wet .
conditions May incorporate some amount

2) SOC from wet conditions is turned over of atmospheric CO,
faster than SOC from drought @ ®.% 90 ¢ @
3) other mechanisms, e.g. topograpy i : :

maybe higher but less consistent higher but more consistent
estimate of average 8'*C estimate of average 5'*C

Figure 12. Revised hypothesis about of the formation of paleovegetation proxies (pedogenic
carbonates and soil organic matter) and the vegetation assemblages (5'°C values) they record.
Carbonates may preserve 8'°C values indicative of warm and dry vegetation and may also
incorporate atmospheric CO; at uplands. SOC may reflect that drought is more prevalent than
wet conditions, that SOC is not preserved from wet conditions, or that other mechanisms are
controlling the 8"°C of SOC, such as topography.

6.3 Controls on carbon isotope ratios of soil organic carbon

SOM is found to accumulate in cool and wet climates, because of high vegetative inputs
and slow decomposition (Epstein et al., 2013b; Liitzow & Kogel-Knabner, 2009). I predicted the
8"°C values of SOM will reflect vegetation growing in cool and wet growing seasons.

Interestingly, the 51 Csom do not reflect the 813CWCt_Vegetaﬁon, but instead fall either in between the
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8'3C values for wet and drought vegetation or reflect the 813Cdmught_vegetaﬁon. This finding could
suggest that either 1) drought is more prevalent than wet conditions throughout the Meade Basin
2) the SOM produced during wet growing seasons is turned over more quickly than SOM
produced during the drought conditions or 3) there are other mechanisms, beyond climate, that
are controlling the 8'*Cgon throughout the Great Plains (Figure 12).

Drought is a common occurrence throughout the United State and especially throughout
the Midwest (Cook et al., 1999). Therefore, 1) drought could be more prevalent than wet
conditions throughout the Great Plains. However, the effects of the 2012 drought on the soil
organic carbon of the Great Plains does not support 2) that SOM derived from wet growing
seasons is turned over more quickly than SOM produced during drought. Eddy-covariance tower
data, satellite estimates of the timing of plant growth, and regional carbon-budget estimates show
summer carbon losses from the Great Plains, during the 2012 drought, due to water stress and
poor plant growth (Pan & Schimel, 2016). Trends toward warmer spring growing season
temperature should cause initial increases in carbon uptake (through extended growing seasons)
but would also cause water deficits in the late summer and therefore increased carbon losses in
the late summer because of decreased plant growth, especially in drought years (Pan & Schimel,
2016).

The 5" Csom follows a similar topographic pattern to the 613C0arbonates; the 8'3C values
become more enriched in "*C from the lowland sites to the upland sites. This may provide
evidence that 3) there are other mechanisms controlling the 8'°C values of SOM in this study.
The upland sites all have lower amounts of organic carbon relative to the one lowland site
(Figure 9). Hook and Burke (2000) observed a similar topographic affect; they found lowlands to

have more total C and more mineral associated organic carbon than uplands. This may indicate
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that upland sites may turn over carbon more quickly, because they have little vegetation inputs,
sandy well-drained soils, and lowland sites may have larger vegetation inputs and slower rates of
decomposition because they have higher clay and silt contents in their soils which may
physically and chemically protect SOM from microbes (Beare et al., 1994; Hook & Burke, 2000;
Liitzow et al., 2006; Schimel & Woodmansee, 1985). Cottonwoods is the only site where the

51 Csowm reflects that it was derived from 813Cwet_vegetation, which suggests that more SOM may
accumulate in wet and cool growing seasons at lowlands and therefore 5! Csom of lowlands may
reflect vegetation of cooler and wetter climates. Less organic matter accumulates at upland sites,
and the SOM that does prevail in soils is likely a part of more stabilized pools. Therefore, the
8"*Csom of upland sites may be controlled more by SOM that has been recycled many times by
microorganisms and is now biologically stabilized, because '*C-enriched SOM can be an
indication of increasing effects of decomposition and residuals of microorganism (Ehleringer et
al., 2000; Garten et al., 2000; Mariotti & Peterschmitt, 1994; Mcpherson et al., 1992; Werth &
Kuzyakov, 2010; Wynn et al., 2005; Wynn et al., 2005).

In terms of SOM as a proxy for vegetation, at uplands the soil organic matter may be
enriched in "*C by more than the 1-3 %o that is typically observed in soil profiles (Desjardins et
al. 1994; Boutton 1996; Mcpherson et al. 1992; Mariotti & Peterschmitt 1994; Dzurec et al.
1985; Wynn, 2007; Wynn and Bird, 2007) At lowland sites, the '°C of soil organic matter is
more variable and in some instances, reflects wet and cool conditions, while other times it

appears more derived from warm and dry vegetation (Figure 11).

6.4 Topographic influences
Studies show accumulation of organic matter and formation of pedogenic carbonates is

most strongly related to climate and precipitation throughout the Great Plains region (Epstein et
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al., 2013a; Eswaran et al., 2000; Liitzow & Kdgel-Knabner, 2009; Zamanian et al., 2016). This
study shows that topography may also play a more important role in local variability of both the
amount of organic matter that accumulates and the §"°C values of SOM and pedogenic
carbonates. Upland sites in semiarid grasslands contain more bare ground, less total plant
coverage, sandy soils, and lower soil moisture; lowland sites contain less bare ground, greater
total plant coverage, silt and clay rich soil textures, and higher soil moisture (Hook & Burke,
2000). Upland sites also generally have lower amounts of organic carbon, relative to lowland
sites (Hook & Burke, 2000; D. Schimel & Woodmansee, 1985). Lowland sites may also be more
sensitive to changes between drought and wet conditions, as seen with Cottonwoods site, which
had the greatest accumulation of SOM and the greatest isotopic difference between the

51 Carbonate and 5" Csom. The upland sites may be less sensitive to water stress induced by
drought, and therefore show smaller differences between the 51 Csom and 613Ccarb0nates Kohn’s
Ranch, South Cimarron and Rex Road. Therefore, paleovegetation proxies collected at upland
regions are more likely to deviate from average 8"°C value of vegetation, while lowland regions

may produce proxies more indicative of average vegetation schemes.
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7. Conclusions

In this study, I compare the 8'"°Cecarbonate 8 Csoms 8 Carought-vegetation, aNd 8" Covet-vegetation
from four modern sites in Meade Basin to investigate biases associated with the formation of
pedogenic carbonates and soil organic matter. Meade Basin provides a unique opportunity to
study how climate may influence the 8"°C of soil-based paleovegetation proxies, as drought has
been prevalent and long term through the region. Meade Basin is also important because of the
paleosol records and paleovegetation proxies which preserve the evolution of C4 grasslands in
the Great Plains of North America. I show at all sites that the &' Carbonates and the 813C50M may
be controlled by local topography. Upland and lowlands facilitate different biogeochemical
processes that can influence the influence the vegetation communities, SOM accumulation, and
nutrient cycling (D. Schimel & Woodmansee, 1985; Swanson et al., 1988). The results presented
in this thesis show there is some evidence the 813Cdmught_vegetaﬁon are enriched in °C relative to
51 Cuet-vegetation, Which may be a caused by greater proportions of Cy4 plants, water stress, or the
differences in the sampling procedure for the two vegetation records. There is also evidence that
the 813CcarbonateS reflect signals similar to the 813Cdmught_vegetaﬁon and/or 8"°C values that are
enriched in "°C relative to both the wet and drought vegetation. The *C-enrichment effect of
8'C carbonates relative to vegetation increases as the topography increases. This indicates the
51 Cearbonates may reflect vegetation signals of warmer and drier climates and/or isotopically
heavy atmospheric CO, makes up a greater portion of soil CO; at upland sites. There is no
evidence that 813C50M reflects values similar to the 613Cwet_vegetation, instead the 613CSOM reflects
values that fall in between 8'°C of wet and drought vegetation and at some sites are enriched in
BC relative to 8" Clrought-vegetation- 613CSOM that is enriched in "*C relative to vegetation at three of

the upland sites indicate that either drought conditions are more common than wet conditions
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throughout the western Great Plains, or that topography is also is responsible for enriching
8"Csom in "°C (Figure 12). The topographic gradient that these '*C enrichment patterns follow
for both 8"°C values of SOM and carbonates, suggest uplands reflect more *C-enriched §"°C
values than lowland sites. To fully explore this role of topography, future studies should examine
the soil texture, soil moisture, soil respiration, and aboveground biomass between lowlands and

uplands.
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