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Abstract There are major gaps in our understand-
ing of how Mediterranean ecosystems will respond
to anticipated changes in precipitation. In particular,
limited data exists on the response of deep soil car-
bon dynamics to changes in climate. In this study
we wanted to examine carbon and nitrogen dynam-
ics between topsoils and subsoils along a precipita-
tion gradient of California grasslands. We focused on
organic matter composition across three California
grassland sites, from a dry and hot regime (~300 mm
precipitation; MAT: 14.6 °C) to a wet, cool regime
(~2160 mm precipitation/year; MAT: 11.7 °C). We
determined changes in total elemental concentrations
of soil carbon and nitrogen, stable isotope composi-
tion (613C, 615N), and composition of soil organic
matter (SOM) as measured through Diffuse Reflec-
tance Infrared Fourier Transformed Spectroscopy
(DRIFTS) to 1 m soil depth. We measured carbon
persistence in soil organic matter (SOM) based on
beta (B), a parameter based on the slope of carbon
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isotope composition across depth and proxy for turno-
ver. Further, we examined the relationship between
8N and C:N values to infer SOM’s degree of micro-
bial processing. As expected, we measured the great-
est carbon stock at the surface of our wettest site, but
carbon stocks in subsoils converged at Angelo and
Sedgwick, the wettest and driest sites, respectively.
Soils at depth (>30 cm) at the wettest site, Angelo,
had the lowest C:N and highest '°N values with the
greatest proportion of simple plant-derived organic
matter according to DRIFTS. These results suggest
differing stabilization mechanisms of organic mat-
ter at depth across our study sites. We infer that the
greatest stability was conferred by associations with
reactive minerals at depth in our wettest site. In con-
trast, organic matter at our driest site, Sedgwick, was
subject to the most microbial processing. Results
from this study demonstrate that precipitation pat-
terns have important implications for deep soil carbon
storage, composition, and stability.

Keywords Biogeochemical cycles - Soil carbon -
Precipitation - Grasslands

Introduction

Grasslands account for 34% of the terrestrial carbon
stock and are susceptible to global changes in pre-

cipitation and temperature patterns over the com-
ing centuries (Bai and Cotrufo 2022). In California,
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grasslands account for 15% of the land area, with
native intact grasslands being one of the state’s most
threatened ecosystems (D’Antonio et al. 2002). Cli-
mate change is predicted to intensify the hydrologic
cycle and increase temperatures globally (IPCC
2022). Shifts in the amount and timing of precipi-
tation can potentially lead to loss of carbon stocks
within grasslands since key biogeochemical pro-
cesses, plant communities, and fungal communi-
ties are sensitive to environmental conditions (Chou
et al. 2008; Deepika and Kothamasi 2015; Fay et al.
2002; Knapp 2002; Suttle et al. 2007). Plant com-
munity composition and diversity, especially in
Mediterranean grasslands, are sensitive to shifts in
precipitation patterns (Suttle et al. 2007; Suttle and
Thomsen 2007). Further, increasing temperature is
shown to decrease soil organic carbon (SOC) stock
in grasslands through feedbacks with carbon degrad-
ing enzymes, such as ligninase and cellulase activity
(Chen et al. 2020a, b). However, elevated pCO, is
suggested to increase SOC stock in grasslands by trig-
gering greater carbon allocation belowground (Terrer
et al. 2021). This picture of changing SOC dynam-
ics under climate change is further complicated once
we integrate depth, leading to uncertainty regarding
grassland carbon sequestration potential (Bai and
Cotrufo 2022).

Subsoils (>30 cm) store the majority of the of the
global soil carbon pool (Jobbagy and Jackson 2000),
but current measurements in the field of SOC and
SOM stability are largely limited to topsoil (<30 cm)
(Yost and Hartemink 2020). The bias of current stud-
ies towards topsoil is typically due to greater access
and abundance of organic matter and biomass in top-
soils. However, more focus on subsoil SOM dynamics
is warranted since subsoils are better suited to long-
term carbon sequestration (Button et al. 2022) Physi-
cal, chemical, and biological factors important for
understanding SOC stocks and stability vary between
topsoils and subsoils, though to differing degrees
depending on soil order (Button et al. 2022; Hicks
Pries et al. 2023). These factors can include bulk
density, pH, and Fe/Al oxide concentration, and are
essential for understanding stabilization mechanisms
and residence times of SOM across depths (Button
et al. 2022). Under most conditions, SOM persistence
tends to be greater in subsoils, as indicated by longer
residence times based on radiocarbon measurements
(Rumpel 2004). However, limited data exists on SOM
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persistence in subsoils for soils across precipitation
gradients. In this study, we define stability as the like-
lihood of organic matter to persist in soil rather than
being decomposed, leached, eroded, and eventually
respired as CO,. Occlusion and mineral association
act as physical and chemical mechanisms of stability,
respectively, decreasing the likelihood of SOM being
decomposed. A caveat is that roots and their exudates
can impact the protective effects of occlusion and
mineral association within the rhizosphere, and liber-
ate organic carbon from protective associations (Jill-
ing et al. 2018; Keiluweit et al. 2015; Schmidt et al.
2011). Field studies have the added benefit of provid-
ing realistic plant input and environmental fluctuation
of subsoil carbon dynamics that are clearly needed for
a better understanding of their sequestration potential
under climate change as well as for their integration
into models of SOM dynamics under changing envi-
ronmental conditions.

Stable isotope composition, such as 8'*C and §'°N
can be informative in disentangling complex sub-
soil depth patterns. The natural abundance of car-
bon and nitrogen isotopes, specifically '*C and °N,
can be informative for several ecologically relevant
processes on decadal and centennial timescales. For
example, the vertical distribution of 8'3C values in
soil profiles can be used to understand the balance
between C3 and C4 grasses in an ecosystem, SOC
processing, and microbial activity (Ehleringer et al.
2000; Staddon 2004; C. Wang et al. 2018). C3 plants
in particular have a well-documented physiological
response to increasing aridity that leads to high §'°C
values (Farquhar et al. 1989; Hartman and Danin
2010; Kohn 2010). This interaction between precipi-
tation and the stable isotope content of plant matter
means that the inputs for formed C will be affected
by climate. The 8'°N values have also been shown
to increase in arid environments, though the direct
mechanism is less clear (Aranibar et al. 2004; Craine
et al. 2015). Nitrogen inputs can occur through both
atmospheric deposition and biological N, fixation.
Inputs from biological fixation produce 8'°N values
close to 0%o0 (Hogberg 1997; Robinson 2001), while
per mille values from nitrogen deposition can have a
wide range. Constraining the range of isotopic val-
ues for nitrogen deposition inputs is a current area of
study due to increased nitrogen loading in ecosystems
over time (Agnihotri et al. 2011; Chen, et al. 2020a,
b). However, the vertical distribution of 8N values
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is a useful proxy for SOM processing, and the bal-
ance between abiotic and biotic drivers of the nitro-
gen cycle (Conen et al. 2013; Hobbie and Ouimette,
2009a). The increase in 8'3C with depth in bulk soil
are often attributed to a shift in microbial contribu-
tions from plant components, or changing inputs of
fungal and microbial biomass with depth (Kohl et al.
2015). However, it is important to note that microbial
fractionation during decomposition is what leads to
13C enrichment of microbial biomass in comparison
to plant tissues (Dijkstra et al. 2008). Disentangling
the many interacting processes related to carbon and
nitrogen cycling can be difficult because it can often
mean detecting small changes in a large pool. How-
ever, integrative approaches using stable isotopes can
be uniquely useful in quantifying and comparing eco-
system processes.

Relationships between C:N and 8'°N are linked to
the processing and persistence of SOC and can be a
useful proxy for disentangling depth patterns (Brunn
et al. 2014; Conen et al. 2008, 2013). The transition
from particulate organic matter (POM) to mineral-
associated organic matter (MAOM) results in an
inverse relationship. For example, low &N value
and high C:N can indicate POM, whereas higher
8N values and low C:N indicate MAOM, or greater
stability (Conen et al. 2008). There is greater com-
plexity underlying this continuum between POM
and MAOM, and MAOM does not always correlate

Table 1 Description of study sites

with greater stability and persistence (Sokol et al.
2022). However, the inverse relationship between
the 8'°N and C:N indicates nitrogen loss in ecosys-
tems; “leaky” systems are indicated by higher C:N
and 8N values as '“N is lost during volatilization
or denitrification (Conen et al. 2013). Isotope values
and elemental concentrations can also discern nutri-
ent turnover pools with indicators of SOM stabil-
ity, such asf, the slope of 8'3C,and log-transformed
carbon concentration has good agreement with SOC
turnover calculated from steady-state equations (Gar-
ten 2006). Previous studies indicate similar turnover
results estimated using f and existing methods, such
as radiocarbon age, and have related it to climatic fac-
tors, such as soil water conditions (Acton et al. 2013;
Garten 2006) in global datasets (Wang et al. 2018)
and chronosequences (Brunn et al. 2016). Overall, the
natural abundance of stable isotopes provides valu-
able ecological information and enhance our ability to
understand soil processes at a variety of depths and
ecosystems, especially when paired with elemental
carbon and nitrogen data and spectroscopic data.

In our study, we conducted soil measurements
to 1 m depth across three California grasslands that
exist along a climatic gradient to compare topsoil and
subsoil SOM dynamics in three different climatic
regimes (see the edaphic characteristics of each site
in Table 1). A recent study at these sites showed that
the climate gradient strongly influenced growing

Angelo Hopland Sedgwick
MAP (mm/year) 126 58 24
MAT (C°) 11.7£1.6 141+1.6 14.6 £0.07
Temp Max/Min (C°) 20.4/4.6 22.0/9.0 19.7/9.0

Location coordinates

39°44'20.58" N
—123° 37 51.4956” W

Elevation (m) 475

Soil Order Alfisol

Soil Taxonomy Ultic Haploxeralfs
pH 5.02
Sand/silt/clay (%) 28/42/27

NDVI 0.87

39°0'1.6128° N
—123°5"30.6276 W

34°42'43.8876" N
—120°2'21.3936” W

180 260

Mollisol Mollisol

Typic Argixerolls Pachic Haploxerolls
5.55 6.99

45/36/19 38/28/34

0.48 0.43

Temperature and precipitation data was sourced from California Irrigation Management Information systems (CIMIS) for Hopland
and Sedgwick and Dendra (a cyber-infrastructure project for real time data storage) for Angelo. Mean annual precipitation and mean
annual temperature data from 2012 to 2022 are reported. Temperature max/min refer to the mean maximum and minimum tempera-
tures at each site. pH and textural information sourced from Foley et al. (2023) and are only measured for soils from 0 to 10 cm.
NDVI was collected from MODIS data from 2020 and represents an annual average as proxy of plant inputs at each site
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soil microbial communities and turnover rates based
on soil A 'C (Foley et al. 2023); our study comple-
ments this dataset by examining stable isotopes and
functional group chemistry to depth (1 m) at the same
locations. We investigated the natural abundance
of 13C and N, and isotopic proxies of stability and
turnover in combination with Diffuse Reflectance
Fourier Transform Spectroscopy (DRIFTS) to study
the impact of both climatic factors and depth on soil
carbon and nitrogen content and processes (Fig. 1).

a. b.

55N

5"*C

Depth (100cm)
Subsoil (30-100 cm)  Topsoil (0-30 cm)

Depth

d. e.

Turnover Index

Greater
processing &
decomposition

—

Simple Plant Matter:Microbial

Our study sought to answer three critical questions:
(1) Are there variations in carbon concentration and
stock between topsoil and subsoil across precipita-
tion and temperature gradients? We hypothesized that
soils in wetter climates would accrue more carbon in
deeper soil layers due to high plant productivity and
favorable mineralogy to retain carbon in deeper soils.
(2) Are there differences in depth distributions of
8'3C and 8'°N stable isotopic signatures with varying
climate? Additionally, do turnover and transformation

C

Processing Index
Nitrogen loss through metabolism

C:N

Carbon loss

"N

Complex Plant Matter:Microbial
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Fig. 1 Conceptual figure and overview of isotopic methodolo-
gies used in this study. Panel a indicates how we will define
topsoil versus subsoil for our study, where topsoil refers to the
top 30 cm. Panels b—d show the isotopic methodologies used
in this study. Panel b shows depth profiles of stable isotope val-
ues, and our stable isotope measurements of interest (613C and
5"5N on the x axes). Panel ¢ shows an isotopic proxy we used
for processing, termed our processing index, the relationship
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between 8N (x axis) and C:N (y axis). Panel d shows an iso-
topic proxy we used for turnover, beta, which is defined as the
slope derived from relationship between the log transformed
organic C (x axis) and 813C values (y axis). Panel e shows
our interpretation of DRIFTS results, specifically our ratios
of interest (simple plant matter: microbial and complex plant
matter:microbial on the x axes) and how the represent biotic
processes and input of simple and complex matter
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Fig. 2 Map of three Medi- a.
terranean climate California
annual grassland sites
sampled for this study. (a)
Geographic location of sites
in California. (b-d) shows
average monthly precipita-
tion in mm from 2012 to
2022, with Mean Annual
Precipitation over the same
period indicated in paren-
theses by the label. Data
was sourced from Cali-
fornia Irrigation Manage-
ment Information systems
(CIMIS) for Hopland and
Sedgwick and Dendra (a
cyber-infrastructure project
for real time data storage)
for Angelo. Months are
numbered, and plots start in
July to center the wet sea-
son. (e) Average monthly
temperatures for each site
from 2012 to 2022

A Angelo

of organic matter vary between topsoil and subsoil
across precipitation and temperature gradients? We
hypothesized that topsoils would be enriched in *C
and N at our drier site. We also hypothesized that
stable isotope signatures would be increased in sub-
soils at our wetter site, and would reflect a greater
microbial signature. (3) Does the functional group
chemistry of SOM vary across precipitation and tem-
perature gradients and along depth profiles? Finally,
regarding functional group chemistry, we hypoth-
esized that there would be greater simple plant mat-
ter remaining in the profile at the driest site. We also
hypothesized that there would be a greater proportion
of microbially processed organic matter at the wet-
test site. Testing these hypotheses will provide crucial
mechanistic knowledge of the role of soil moisture on
soil formation and stabilization processes across sites
and depths.
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Materials and methods
Study area

Soil samples were collected at three annual grass-
lands: Sedgwick National Reserve (Suttle et al.
2007), University of California Hopland Research
and Extension Center and the Angelo Coast Range
Reserve in California (Fig. 2). Each site is an estab-
lished reserve site within the University of California
system, and, as such, has detailed information on veg-
etation and climatic factors. All three sites have not
been exposed to agriculture, and do not have a his-
tory of C4 plants being present but are dominated by
exotic annual grasses, while forbs are of both native
and exotic origin. The dominant vegetation at Angelo
is Aira spp., Bromus spp, and Briza spp. (Foley
et al. 2023). At Hopland, it is a mix of Avena spp.,
Bromus spp., Erodium spp., and Festuca spp. (Foley
et al. 2023). At Sedgwick, the dominant vegetation is
Avena spp. and Bromus spp. (Foley et al. 2023). To
further assess differences in plant communities, we
aggregated all citations associated with plant surveys
at each of our study sites (Supplemental Table 1). We
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then further aggregated information about whether
each species was C3/C4, native/introduced, or is a
N-fixing or non-N-fixing plant. This helped us deter-
mine potential plant community impacts on isotopic
values. Plant communities in this region are typically
dominated by C3 annual grasses.

All soils across these sites have a xeric soil mois-
ture regime (xer-), which indicates Mediterranean cli-
mates with wet, cool winters and warm, dry summers.
At Angelo, soils are mapped as part of the Holohan-
Hollowtree-Casabonne Complex, formed largely in
gray wacke and mudstone. These are Alfisols with
argillic (clay-enriched) or kandic (highly weathered
clay) subsoil horizons (Ultic Haploxeralfs). At Hop-
land, soils were largely formed from sandstone and
shale and are part of the Yorkville soil series; these
are Mollisols with argillic subsoil horizons (Typic
Argixerolls). We also observed redoximorphic fea-
tures at Hopland in greater soil depths especially
(~90 cm), specifically grey/white inclusions. Soils
in upland areas exhibit redox features in deeper soils
usually due to the presence of a fluctuating water
table at depth. Soils at Sedgwick have been mapped
as the Salinas soil series: Mollisols with the pres-
ence of calcium carbonate in subsoil horizons (Pachic
Haploxerolls). Parent material is sandstone and shale
at Sedgwick. There has been substantial discussion
regarding the contributions of petrogenic carbon to
soils from shale parent materials (Grant et al. 2023),
which has been observed at Sedgwick (Bingham
et al. 2021). Bingham et al. (2021) showed evidence
of rock-derived nitrogen at depths greater than 1 m
in Sedgwick soils, and saw increased 8N values
(~6%o0) associated with these inputs.

Experimental design and sampling

Soils were collected to 1 m across the three study
sites, Angelo, Hopland, and Sedgwick. Samples at
Hopland and Sedgwick were collected by hand auger
to 1 m with 6-7 replicates per site, each site encom-
passing approximately 3 ha. We attempted to capture
spatial heterogeneity but avoid confounding factors
at each site by evenly sampling across similar slope
positions (only Hopland had significant relief). At
Angelo, samples were collected by Geoprobe due
to being part of a different sampling campaign and
were collected to depth of resistance (approximately
3 m) with 4 replicates. Depths greater than 1 m are

@ Springer

not reported for Angelo in this study. At all sites, soil
samples were collected at consistent 10 cm intervals
(0-10, 10-20, and so on).

After samples were collected, they were trans-
ported in coolers with ice packs and stored in a 4 °C
cold room for approximately 4 months until they
could be subsampled and analyzed. Long storage
times occurred due to a lack of access to laboratory
facilities due to the COVID-19 pandemic and subse-
quent shutdown procedures. When laboratories were
opened and samples could be processed, a subsam-
ple was removed from each sample, and air dried for
7 days at room temperature. Soil samples were tested
for carbonates by observing the presence and degree
of effervescence with a few drops of 1 M Hydrochlo-
ric acid. Following air drying, the sample was then
processed through a 2 mm sieve and a subsample was
used for ball milling (using a Sample Prep 8000M
Ball Mill) to a homogenous particle size. These
homogenized samples were used for stable isotope
and DRIFTS analysis.

We collected bulk density at Angelo and Hopland
through Geoprobe cores, and calculated carbon stocks
with these bulk density estimates. At Angelo, we
subsampled each depth increment to estimate water
content, and then calculated the dry mass of soil in
a 10 cm increment. Bulk density was calculated as
the mass of the dry>2 mm fraction to correct for
the impact of rock and root volume on soil carbon
and nitrogen stocks (Throop et al. 2012). We did not
observe a high contribution of coarse fraction at Hop-
land. At Sedgwick, due to difficulties with collecting
bulk density cores at depth in an arid environment,
we used a pedotransfer function to calculate bulk
densities at this site. We used a pedotransfer function
calibrated for Californian soils (Alexander 1980) that
was recently evaluated to accurately estimate of bulk
density (Abdelbaki 2018). The equation we used from
Alexander (1980) to derive an estimate of bulk den-
sity at Sedgwick:

Bulk density(%) = 1.66 — 0.308(0C)" )
cm

where OC represents concentration of organic carbon
measured in bulk soils. This equation was recently
evaluated to accurately estimate bulk density (Abdel-
baki 2018). We further compared the results of this
bulk density pedotransfer function on the estimated
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versus measured carbon stocks at Angelo and Hop-
land (Fig. S1).

Elemental and isotopic analyses

Elemental and isotopic composition of carbon and
nitrogen (i.e., %C, %N, 8'*C, 8"°N values) in in all
samples were measured in the Stable Isotope Eco-
system Laboratory at the University of California,
Merced (SIELO). Briefly, samples were weighed into
tin capsules and combusted in a Costech 4010 Ele-
mental Analyzer coupled with a Delta V Plus Contin-
uous Flow Isotope Ratio Mass Spectrometer. Carbon
and nitrogen isotope compositions were corrected for
instrumental drift, mass linearity, and standardized to
the international VPDB (8'3C) and AIR (8"°N) scales
using the USGS 41A and USGS 40 standard refer-
ence materials. Mean 8'°C values for reference mate-
rials were USGS 40=— 26.4+0.1%0 (n=173) and
USGS 41a=36.5+0.2%0 (n=87) and correspond-
ing mean 8'°N values were USGS 40 — 4.5+0.1%o
(n=173) and USGS 41a 47.5+0.1%0 (n=87). Ele-
mental carbon and nitrogen content were determined
via linear regression of CO, and N, sample gas peak
areas against the known carbon and nitrogen contents
of USGS 40, USGS 41a, and Costech acetanilide. All
isotope compositions are expressed in standard delta
notations.

Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)

To characterize the chemical composition of soil C
across our study systems, we used Diffuse Reflec-
tance mid-Infrared Fourier Transform spectroscopy
(DRIFTS) analyses on bulk soil samples. DRIFTS
measures the vibrational frequencies of functional
groups found in soil organic matter and mineral sur-
faces. In addition, DRIFTS is informative on the

abundance of organic and inorganic substances by
measuring the excitation of molecular bonds when
exposed to infrared radiation (Parikh et al. 2014). We
used a Bruker IFS 66v/S Spectrophotometer (Ettlin-
gen, Germany) with a praying Mantis apparatus (Har-
rick Scientific, Ossining, NY) at the Nuclear Mag-
netic Resonance (NMR) lab at UC Merced. Potassium
bromide (KBr) was used as a background reference,
but samples were not diluted with KBr. Samples
were first dried in a desiccator following homogeni-
zation to remove interference from water. Absorption
was measured between 4000 and 400 cm™! averaged
over 300 scans with an aperture of 4mm. Functional
groups for simple plant carbon (aliphatic C—H; A:
29762898 cm™!), complex plant carbon (aromatic
C=C; A\: 1550-1500 cm_l), microbially derived car-
bon (amide/quinone/ketone, CO; aromatic, CC, car-
boxylate COO; A: 1660-1580 cm™') were assigned
following Mainka et al. (2022), also shown in Table 2
(Mainka et al. 2021; Parikh et al. 2014; Vranova et al.
2013). Simple plant-derived organic compounds are
thought to originate from waxes as well as organic
acids from plant roots, while complex plant matter
originates from largely lignin and aromatic root exu-
dates (Parikh et al. 2014; Ryals et al. 2014; Vranova
et al. 2013). Microbial derived carbon more specifi-
cally originate from microbial cell wall constituents
(Kogel-Knabner and Amelung 2014; Mainka et al.
2021). Wavenumbers that overlap with signals from
mineral compounds (i.e., 1400-400 cm™), were
excluded from the analysis (Margenot et al. 2015;
Parikh et al. 2014). We also calculated ratios of sim-
ple plant carbon to microbial carbon, as well as com-
plex plant carbon to microbial carbon. These ratios
are helpful indicators of proportional contribution
and biological processes; and a low ratio of simple
plant carbon to microbial carbon indicates microbial
oxidation of plant derived carbon and a high ratio of
complex plant carbon to microbial carbon indicates

Table 2 Functional group
assignments for the bands
of interest used to evaluate
DRIFT spectra. Based on

Functional Group

‘Wavenumber
center (range)
cm™!

SOM type

Mainka et al. (2022) Aliphatic C-H stretch

Aromatic C=C stretch

Amide, quinone, ketone C=O0 stretch, aro-

Simple Plant Matter 2925 (2976-2998)
2850 (2870-2839)
1525 (1550-1500)

1620 (1660-1580)

Complex Plant Matter
Microbially associated OM

matic C=C, and/or carboxylate C—O stretch
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a high supply of aromatic plant compounds to soil
(Fig. 1e).

Satellite-based remote sensing imager and processing
MODIS imagery to calculate Normalized Difference
Vegetation Index

Normalized Difference Vegetation Index (NDVI) is
used to quantify vegetation greenness, and is used as
a proxy for plant productivity. The NDVI ratio is an
indicator of vegetation greenness, and a greater NDVI
value indicates more greenness or greater plant pro-
ductivity. We downloaded the Terra/MODIS surface
reflectance (MOD09Q1.5) 8-day L3 global 250-m
product from NASA’s Earth Science Data System
(https://www.earthdata.nasa.gov/) for the year 2020
(the same year sites were sampled) at all three sites in
this study. This reflectance product provides a meas-
ure of surface reflectance at the ground level, and
data were projected in a MODIS specific sinusoidal
projection. These eight-day composite images repre-
sent the maximum surface reflectance over that time
period while minimizing atmospheric effects, like
clouds and aerosols. We used band 1 (620-670 nm)
and band 2 (841-876 mm) to calculate NDVI over the
entire MODIS image using the following equation:

_ band2 — band1

DVI =
NDV. band?2 + band1 @)

Afterward, we plotted data over the year 2020 (Fig.
S2) and computed the average value over the entire
year (Table 1).

Statistical methods, calculation of turnover index (f
values), and processing index

Differences in elemental, isotopic, and spectroscopic
(DRIFTS data) parameters between sites within each
10 cm depth intervals were evaluated through a com-
bination of one-way ANOVA and Tukey’s HSD. To
gain an initial sense of differences across sites, we
used an ANOVA approach. However, greater spatial
replication is needed to truly test whether site condi-
tions are drivers of soil carbon stock and chemistry
due to the pseudo replicated nature of our sampling
regime. Measurements across sites within depth inter-
vals were considered to be independent and sampled
randomly through our sampling regime. We also

@ Springer

assumed normality and homogeneity of variance
within a depth interval within a site due to the ran-
dom spatial sampling within sites. We did not apply
an ANOVA and Tukey HSD to depth profiles within
a site due to lack of independence of measurements
within a depth profile. Any description of changes in
isotopic or elemental parameters within a depth pro-
file only refers to qualitative trends. Statistical sig-
nificance was evaluated using a = 0.05. All statistical
analyses were performed in R.

The response of 8'3C values to SOC on logarith-
mic scale is termed g and is associated with isotopic
fractionation due to decomposition and physical mix-
ing (Acton et al. 2013). Using 8'3C values represents
a natural (unlabeled) and high throughput methodol-
ogy for measuring carbon accumulation and turno-
ver dynamics across varied ecosystems (Acton et al.
2013). p is comparable to established techniques for
measuring turnover, like radiocarbon measurements.
p values indicate the rate that SOC 8'°C values vary
with depth (Acton et al. 2013; Garten 2006; Garten
and Hanson 2006) and change based on environ-
mental factors, such as soil texture and soil water
conditions (Campbell et al. 2009).The g values were
derived from the slopes of linear regressions between
log transformed C concentration (log (C%)) and their
respective 8'3C values (%0 VPDB). In this case, the
p values can be interpreted as the change in §'*C for
every tenfold increase in SOC content, and is indica-
tive of isotopic fractionation during decomposition
and recycling of SOC (Acton et al. 2013; Brunn
et al. 2014; Garten and Hanson 2006). In this study,
we interpreted steeper slopes, or greater f values, as
greater turnover through decomposition or physical
mixing, as it is indicative of processed litter.

A complementary indicator to soil turnover () is
relating C:N (calculated on a weight basis) and §'°N
values to evaluate organic matter processing. Previous
studies show this relationship is related to residual
organic material that has undergone a greater degree
of microbial processing, and that is likely becoming
increasingly mineral associated (Brunn et al. 2014;
Conen et al. 2008, 2013). While some studies have
found that systems with substantial short range order
oxide concentrations tend to have low C:N and low
8N in the densest and most stable fractions (Sol-
lins et al. 2006, 2009), most studies suggest low 8N
and high C:N in bulk soil as less processed. Here, we
interpret high 8'°N and low C:N values as indicative
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of more processed soil carbon, and low 8'°N and high
C:N as less processed soil carbon.

We consider both the proxy f and the relationship
between C:N and 8'°N values to be complementary
indices for soil turnover, rates of decomposition, and
physical/chemical protection of soil carbon. More
specifically, we interpreted f (hereafter termed our
turnover index) as processing due to decomposition
and mixing, whereas the relationship between §'°N
and C:N (hereafter termed our processing index)
is related to physical and/or chemical protection of
soil carbon and decomposition through microbial
metabolism.

Results

Elemental data across the precipitation gradient of
ecosystems

When evaluating concentrations of carbon and nitro-
gen in soil at each of the sites, we observed impor-
tant differences in C:N ratios across the three sites.
We determined that total carbon=organic carbon
in all our sites as testing with 1.0 M Hydrochloric
acid resulted in no effervescence, indicating that the
contribution of carbonates to total organic carbon
was minimal even in soils mapped as the Salina soil
series in Sedgwick. In topsoils (0-30 cm), we didn’t
detect significant differences in carbon and nitrogen
concentrations between sites (Fig. 2a, b). However,
carbon concentrations started to differ at 40 cm depth

(»<0.05) (Fig. 2a). The largest difference in subsoils
carbon and nitrogen concentrations, and hence C:N
ratio was observed between our wet and dry sites,
Angelo and Sedgwick, respectively, especially at
40 cm and, between 60 and 90 cm (p < 0.05). Nitrogen
concentration was similar between all sites (Fig. 2b),
and converged to similar nitrogen concentrations
from 15 to 75 cm (~0.06%). We observed C:N ratios
ranging from 10 to 12 at Hopland and Sedgwick
for most of the depth profile. At Angelo, lower C:N
ratios were detected for the majority of its profile
(Fig. 2¢), which was significantly different from the
other sites (»p <0.0001) and persisted throughout the
depth profile (50-90 cm). Carbon stocks were sig-
nificantly higher at Angelo and Hopland in topsoils
(0-30 cm) (Fig. 3). In subsoils, however, Sedgwick
and Angelo had relatively similar carbon stocks. Hop-
land had the greatest subsoil carbon stocks. However,
interpretation of carbon stock results from Sedgwick
should be tempered due to the use of a pedotransfer
function that used carbon concentrations to estimate
bulk density at this site. For this reason, we discussed
both concentrations and stocks of carbon at all sites.
Opverall, differences between sites were related to C:N
ratios and carbon stocks, largely driven by low car-
bon concentrations and stocks at depth at Angelo (the
wettest site).
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Isotopic data across the precipitation gradient of
ecosystems

All sites had similar 8'C values at the surface but
differences emerged at 20 cm and continued until
50 cm between Angelo and Hopland (Fig. 2d).
Angelo had the greatest values between 30 and 70 cm
(= 25+0.2%0) and Hopland had the lowest values
(= 2740.1%0) within this depth profile (Fig. 2d).
At 60 cm, we observed differences in 8°C values
between all sites (p <0.0001). However, nitrogen iso-
tope patterns were more consistent within sites and
there were no clear differences between topsoils and
subsoils. Overall, Hopland had the greatest 8'°N val-
ues (3.7+0.3%o0), Sedgwick (2.7+0.2%0) had inter-
mediate values, and Angelo had the lowest values
(1.8+0.1%o0) (Fig. 2e). Hopland differed significantly
in 8'°N value from both Angelo and Sedgwick at
10 cm, an effect that persisted to 30 cm (p <0.0001).
Although the 8'°N values at Hopland were initially
greater than Sedgwick, at 50 cm this pattern switched
and Sedgwick 8'°N values at depth were greater
than Angelo for the deeper depths (Fig. 2e). How-
ever, there were no statistical differences among sites
in 85N between 50 and 90 cm. Sites did differ sig-
nificantly in 8'°N values at 100 cm (p <0.05). Over-
all, we observed the greatest differences in isotope
composition in the 8'°C values between sites, and
between topsoils and subsoils, suggesting complex
and interactive effects of climate with carbon cycling
at depth.

Indices of turnover and proccessing and correlations
with depth

Processing and turnover proxies were based on ele-
mental and isotopic compositions at each site and
across depth profiles. The turnover index, g, used ele-
mental and isotopic data to discern the rate of change
in 8'°C values with log-transformed C concentration.
All localities in this study had different and negative f
values (Fig. 5). Sedgwick, the warmest and driest site
(MAT: 14.6 °C; MAP: ~300 mm precipitation/year),
had the greatest p value of -1.8 (R?=0.89, p <0.001)
followed by Angelo, the coolest and wettest site
(MAT: 11.7 °C; MAP: ~2160 mm precipitation/year)
with § value of -1.2 (R?=0.93, p<0.001). Hopland
with intermediate temperature and precipitation
(MAT: X; MAP: Y) had the lowest § value of -0.70
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Fig. 4 Carbon stock data in soils collected with depth across
a precipitation gradient of three CA annual grasslands (from
wetter to drier, Angelo>Hopland>Sedgwick). Plots show
averages with standard error calculated for each 10 cm depth
interval (n=3 for Hopland and n=4 for Angelo). Stars indi-
cate significant differences (p<0.05) according to one-way
ANOVA by depth interval. Carbon stocks at Angelo and Hop-
land were calculated based on geoprobe cores, whereas data at
Sedgwick was calculated through a pedo-transfer function

and best fit (R>=0.94, p <0.001) (Fig. 5). Overall, the
turnover index, P, was the greatest at our driest and
warmest site and lowest at our intermediate site.

In contrast to the turnover index, the index used
to discern SOM processing was based on 8'°N val-
ues versus C:N ratios, which highlighted unique
relationships per field site (Fig. 6a—c). At Angelo,
surface samples (from O to 30 cm) had high C:N
(8-10) and 8'°N values (Fig. 6a) while samples at
depth (>30 cm) had much lower C:N values (~4 to
5) (Fig. 6a). At Hopland and Sedgwick, we did not
observe a strong separation by depth category for C:N
or 8'°N values (Figs. 6b, 3c). Specifically at Hopland,
surface samples and samples at depth separated more
weakly by C:N values (Fig. 6b), while at Sedgwick,
all samples at all depths clustered around similar C:N
values, and there was no consistent variation of depth
with either C:N or 8N values (Fig. 6¢). Strikingly,
Angelo was the only site with strong depth separation
for our processing indicator.
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Predominant chemical moieties of organic carbon
shifts across sites and depth

DRIFTS indicates functional group differences of
organic matter across sites (Fig. 7). The proportion
of functional groups categorized as simple plant-
derived OM was generally higher in Angelo soils than
at Sedgwick and Hopland, with higher proportions
detected below 60 cm depths (Fig. 8a, p<0.05). Sig-
nificant differences in the complex plant-derived OM
were not detected above 30 cm across all sites; signifi-
cant shifts occurred for complex plant C below 50 cm
(Fig. 8b, p<0.05). Hopland soils had higher propor-
tions of complex plant-derived OM at 70 and 90 cm
depths than Angelo and Sedgwick soils (p<0.05);
meanwhile, Angelo soils started to decrease at 60 cm
(p <0.05). The proportion of microbially derived OM
was significantly lower across all depths in Angelo
soils when compared to the other sites (Fig. 8d,
p<0.05). No significant differences in microbially

derived OM were detected between Sedgwick and
Hopland soils throughout the entire soil profile. The
combination of lower proportion of microbially asso-
ciated OM and higher proportion of simple plant-
derived compounds at Angelo resulted in a greater
simple plant matter to microbially associated OM
ratio (Fig. 8d, p<0.05). Sites all had a similar com-
plex plant matter to microbial OM ratio, and there
were almost no statistically significant differences
except at 40 cm (Fig. 8e).

Differences in plant productivity across the gradient
as indicated by NDVI

NDVI was greatest at the wettest site, Angelo, and
similar between Hopland and Sedgwick (Table 1).
We also observed seasonal variability in NDVI at
Hopland and Sedgwick, with the greatest NDVI
occurring in the spring months (Mar-Apr) and
decreasing from the summer to winter (Jun-Dec)
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Fig. 6 a—d C:N versus 8"°N values for each site. All sam-
ples are plotted, and color scale indicates depth of sample
(lighter = shallower, darker =deeper).We interpreted the distri-
bution of C:N vs 8'°N as our stability index, and plotted these
for a Angelo, b Hopland, and ¢ Hopland. Part d is a concep-
tual diagram indicating an interpretation for the relationship
between C:N and 8"°N values

(Fig. S2). Angelo had a consistently high (~0.9)
NDVI throughout the year (Fig. S2).
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Discussion

Elemental data from our sites, including carbon
and nitrogen concentrations, C:N ratios, and carbon
stocks indicated differences balance of carbon inputs
and outputs at each site, providing clues for differ-
ence in mechanisms of SOM stabilization across our
sites. The wettest site, Angelo, had the greatest sur-
face carbon stocks but also the greatest proportion of
simple plant-derived OM in subsoils. Our intermedi-
ate site, Hopland, had visual evidence of redox sites,
and these were also indicated by greater heterogene-
ity in functional groups present and low 8'*C values.
And finally, our driest site, Sedgwick, had the high-
est turnover and least differentiation between topsoils
versus subsoils based on our processing indicator.
Our results highlight the importance of considering
regional differences in processing and turnover of
subsoils for carbon sequestration efforts.

Elemental variations indicate different inputs to
stable carbon pools

The greatest elemental variations were between C:N
values and carbon stocks between sites. We observed
the greatest carbon concentration (C%) across the
depth profile at Sedgwick, the driest locality of our
three sites (MAP: 24 mm/year; Fig. 2a) whereas the
wettest site Angelo (MAP: 126 mm/year), had the
lowest C:N values, especially at depth. We hypothe-
sized the wettest sites would have the greatest carbon
and nitrogen concentrations due to greater biomass
input (Aranibar et al. 2004), which would also result
in higher C:N; however our results did not conform
to this simplistic schema. We observed greater plant
inputs at Angelo through NDVI (Table 1) and greater
surface stocks from our results, but subsoil carbon
stocks were relatively similar between our wettest and
driest site (Fig. 3). The slightly greater carbon con-
centration (C%) in subsoils at Sedgwick is consistent
with conclusions of recent studies that dry conditions
lead to lower decomposition rates (Berthrong et al.
2012; Campo and Merino 2016; Chai et al. 2022;
Froberg et al. 2008; Heckman et al. 2023; Zhang et al.
2015), but carbon accrual in dry conditions would
be expected to be dampened by decreasing plant lit-
ter inputs. However, we observed relatively similar
subsoil carbon stocks between Angelo and Sedg-
wick (Fig. 3). In a recent meta-analysis, decreased



Biogeochemistry (2024) 167:1511-1532

1523

Fig. 7 a—c DRIFTS spectra
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precipitation slowed carbon cycling processes across
a wide gradient of ecosystems; semi-arid and temper-
ate grasslands were particularly sensitive to increased
precipitation (Song et al. 2019). Furthermore, there
is evidence from manipulation studies that increased
precipitation affects ecosystem carbon balance in
grasslands due to increases in soil respiration (Chou
et al. 2008; Harper et al. 2005). This interaction
between precipitation and carbon balance is further
complicated by carbon stock trends with depth at our
sites. We observed the greatest carbon stocks in top-
soils (0-30 cm) at the wet and intermediate site. How-
ever, we noted that the wet and dry sites approached
similar carbon stock values deeper in the subsoils
profile (below 30 cm); in contrast, our intermediate
site actually had the greatest carbon stock in sub-
soils below 30 cm (Fig. 3). The effects of changing
climatic dynamics are further complicated by includ-
ing the effects of warming, which has been shown to
decrease POM (Rocci et al. 2021) and enhance the
formation of newly synthesized carbon in subsoils
(Jia et al. 2019). Overall, we observed key differences

3000 2000 1000

Wavenumber (cm’1 )

in C:N ratio and carbon stocks between topsoils and
subsoils across ecosystems.

While carbon signals across sites clearly differed,
it is crucial to consider carbon and nitrogen together
due to the impact of nitrogen limitation in modulat-
ing plant and microbial activity. There is evidence
of asymmetric responses to climatic regime changes
that could affect soil carbon and nitrogen composition
and/or cycling. For example, a precipitation manipu-
lation study in a shortgrass steppe ecosystem found
that long term drought significantly reduced CO,
flux and caused accumulation of inorganic nitrogen
(Evans and Burke 2013). This previous study sug-
gests a decoupling of carbon and nitrogen cycling
resulting in the observation that nitrogen mineraliza-
tion and decomposition may have different sensitivi-
ties to moisture (Evans and Burke, 2013). In addition,
field experiments in agricultural grassland ecosystems
indicate decoupled carbon and nitrogen persistence
as mineral associated carbon in necromass declines
more rapidly than nitrogen (Buckeridge et al. 2022).
This is likely occurring at Angelo, as indicated by
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Fig. 8 a—e Proportions of integrated area for areas of inter-
est in DRIFTS data. Panel a show the proportion of sim-
ple plant derived functional groups (2976-2998 cm~' and
2870-2839 cm™!), panel b shows the proportion of complex
plant derived functional groups (1550-1500 cm™), and panel
¢ shows the proportion of microbially associated OM (1660—
1580 ¢cm™) for each site. Panels d and e show ratios of simple

low C:N values at depth (Fig. 2c) and differing func-
tional group character as indicated by high propor-
tions of simple plant-derived OM throughout the pro-
file (Fig. 8d).

Historical, elemental, and functional group data in
subsoils allowed us to make some inferences regard-
ing stabilization mechanisms for carbon in these
ecosystems. We hypothesized that we would see the
greatest persistence of simple plant matter at the dri-
est site, and greater evidence for microbial oxidation
at the wettest site. However, the greatest ratio of sim-
ple to microbially associated OM was in Angelo sub-
soils (Fig. 8e) while the ratio of complex to micro-
bial associated OM was similar across all sites. We
expected greater microbial oxidation at our wettest
site, but instead DRIFTS results provided the great-
est evidence of this at our dry and intermediate site
through DRIFTS. Overall, there was greater persis-
tence of plant inputs throughout the profile at Angelo
(Fig. 8a). Soils at Angelo are rich in Fe/Al short
range order mineral surfaces (SRO) (Berhe et al.
2012) while soils at Sedgwick have no measurable Al
minerals (Foley et al. 2023). Soils at Sedgwick also
have the greatest surface clay content (Table 1) and a
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plant matter to microbial plant matter, and complex plant mat-
ter to microbial plant matter respectively. Plots show averages
with standard error calculated for each 10 cm depth interval
(n=7 for Hopland and Sedgwick, n=4 for Angelo), and repre-
sent within site sampling. Stars indicate significant differences
(p<0.05) according to one-way ANOVA by 10 cm depth inter-
val

greater base cation concentration (Foley et al. 2023).
These base cations serve as a key stabilization mecha-
nism due to cation bridging between OM and mineral
surfaces (Aquino et al. 2011). Our results suggest
greater persistence of microbial byproducts and plant
inputs at Angelo, which could be contributing to min-
eral associated organic matter (MAOM) at depth. Sta-
bilization at Sedgwick is likely driven by clay content
and greater base cation concentrations that facilitate
MAOM formation through cation bridging. We also
saw greater evidence of microbial oxidation at depth
in Sedgwick with DRIFTS, which is consistent with
its high turnover index value derived from stable iso-
topes and concentration.

Spectral features from DRIFTS data and low C:N
values are indicative of greater persistence of plant
and microbial carbon in subsoils at Angelo. We
detected low C:N (<5) values at Angelo compared
to Sedgwick and Hopland (Fig. 2c). The C:N ratios
of SOC can be influenced by the catabolic and ana-
bolic metabolisms of soil microbes and plant inputs.
C:N values throughout the soil profile can reflect
the balance of microbial and plant biomass inputs.
The production and recycling of metabolites and the
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generation of biomass lower the C:N ratios of SOC,
but fresh plant inputs can increase the C:N ratios.
Thus, the low C:N ratios measured at depth in the
soils at Angelo could be caused by greater micro-
bial processing of SOC and necromass at depth in
Angelo soils. However, it is important to note that
these low C:N ratios are at odds with our DRIFTS
results, which suggest the dry and intermediates
sites, Sedgwick, and Hopland, respectively, have the
greatest proportion of microbially associated organic
matter (Fig. 8c). and the greatest microbial oxida-
tion (Fig. 8d). These contrasting results suggest that
microbial biomass and necromass could be prevalent
at all three sites, and comprise 50% of the total pool
across all sites. In fact, necromass has been shown to
be a significant portion of SOC in grasslands (Buck-
eridge et al. 2020, 2022; Liang et al. 2019; B. Wang
et al. 2021). Our elemental, isotopic, and spectro-
scopic measurements were all done on bulk soils,
so we are likely observing a combination of inactive
microbial biomass, necromass, and plant inputs.

Variance of §'°C and 8'°N values explained by depth
and biotic factors

We observed a strong depth correlation with 8'3C
values, but not 8'°N values across the three sam-
pled localities. We hypothesized that §'°C and 8N
values would be greatest at our most arid site. How-
ever, 8'°C and 8'°N was relatively similar between
Angelo and Sedgwick. Sedgwick subsoils had the
greatest 8'°N values in subsoils at Sedgwick, which
could be influenced by rock derived and inorganic
nitrogen (Bingham et al. 2021). While photosynthetic
pathways are a key influence on surface 8'3C values,
all sites were similarly dominated by C3 vegetation
and therefore exhibited similar surface 8'3C values
(Table S1). Furthermore, introduced annual grasses
with shallow roots dominated our sites (Table S1).
Although plant tissue 8'3C is affected by MAP and
plants in arid ecosystems often express higher 8'°C
(Kohn 2010), the trends between sites are not likely
caused by differences in vegetation isotopic compo-
sition. While we lack vegetation 8'*C measurements
to confirm if we are seeing this effect, surface 3¢
values were very similar across sites (Fig. 2d) vary
by < 1%o, and are similar to other C3 dominant grass-
land sites (Brenner et al. 2001; Schneckenberger and
Kuzyakov 2007; Von Fischer et al. 2008; Wedin et al.

1995). In general, 8'3C values increase with depth in
soils (Kriiger et al. 2023; Natelhoffer and Fry 1988;
Staddon 2004); however, Hopland had lower 83C
values in depths greater than 30 cm, but Angelo and
Sedgwick had relatively similar values. At Hopland,
the intermediate temperature and precipitation site,
we observed the lowest 8'°C values below 30 cm
(Fig. 2d) and redoximorphic features at depth (~60 to
100 cm). There is emerging evidence that microbial
necromass contributes to 8'°C values, especially at
depth (Kohl et al. 2015). High 8'3C values are indica-
tive of a greater isotopic fractionation that occurs
during microbial carbon recycling and necromass
accumulation (Kriiger et al. 2023). The redox features
at Hopland are evidence of a mixture of oxic and
anoxic microsites within soil. These microsites have
been shown to have a higher diversity of aerobic and
anaerobic microbial metabolisms and metabolites are
key in soil carbon stabilization (Keiluweit et al. 2017,
Lacroix et al. 2023; Naughton et al. 2023), but the
connection between §'°C values and reactive micro-
sites is not well characterized. This chemical process
at Hopland could explain the trend of lower §!°C val-
ues in soil depths greater than 30 cm (Fig. 2d) and the
broadest variability in complex plant derived OM at
depth (Fig. 8c).

In contrast to our initial hypothesis, we did not
observe a strong relationship between 8N values
across our grassland ecosystems with varying pre-
cipitation regimes. This lack of 8'°N variation with
climate is consistent with previous findings that sug-
gest that 8'°N is invariant with MAP after control-
ling for soil carbon and clay content (Craine et al.
2015). These samples were collected during the peak
of dry season in Mediterranean grasslands when we
would expect lower microbial activity compared to
the wet winter season. Studies have found that soil
8N values at depth in regions with a distinct wet
and dry season are greatly affected by time of sam-
pling (Wang et al. 2009). It is common for grass-
lands to exhibit a consistent increase of 8'°N values
with depth (Amundson et al. 2003) but during the
wet season, 8 PN values increase at the surface due
to higher levels of microbial activity and '*N loss,
which results in >N enriched substrates (Wang et al.
2009). Another biotic process that can affect '°N
depth profiles is fungal inputs. Soil 8'°N values at
depth integrate many processes and can be dominated
by fungal transfer of nitrogen to plants; however,
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typical soil processing protocols bias against observ-
ing root inputs in samples due to sieving (Hobbie
and Ouimette 2009). Bulk soils in ecosystems with
arbuscular mycorrhizal (AMF) fungi have §°N val-
ues of 4.6 +0.5%0 and maximum values at intermedi-
ate depth (Hobbie and Ouimette 2009). At Hopland,
we observed this 8'°N profile pattern consistent with
AMF processes. The prevalence of AMF at all three
of our study sites is well documented through ampli-
con sequencing (Hawkes et al. 2011; Treseder et al.
2010; Yuan et al. 2021) but determining the effects of
AMEF on 8N profiles will take further investigation.
Lastly, 8'°N values can be affected by abiotic inputs,
namely rock derived nitrogen, as documented at
Sedgwick where there are high 8'5N values (~ 6%o) at
depths greater than 1 m (Bingham et al. 2021). While
our results did not directly indicate rock derived nitro-
gen at Sedgwick, there were increased 8'°N values at
depth and we cannot rule out this impact.

Climatic factors may explain differences in
processing index across ecosystems, but not in
turnover index

Angelo, Hopland, and Sedgwick represent a climatic
gradient of grassland ecosystems and we observed
unique patterns in stabilization mechanisms and
microbial processing through their depth profiles
of C:N and stable isotopes. Stability, or persistence,
of soil organic matter has emerged as an important
ecosystem property in the current paradigm of soil
science research (Schmidt et al. 2011). Relation-
ships between C:N and 8'°N values coincides with
measurements of mineral-associated versus particu-
late organic matter (POM) (Conen et al. 2008). At
Angelo, subsoil (>30 cm) SOM was largely differ-
entiated by depth separation of C:N, indicating car-
bon loss at depth with not much variation in 8N
(Fig. 6a). More specifically, the differentiation in pat-
terns of C:N and 8"°N values between shallow versus
deep soils at Angelo suggests the dominant mecha-
nism of stabilization is through mineral association
with iron and aluminum short-range order oxides
(Berhe et al. 2012; Foley et al. 2023). In contrast, at
Sedgwick, there was a homogenous, continuous SN
and C:N association across all depths, with a high
variability in 8'°N values and little depth separa-
tion (Conen et al. 2008). We interpret this as indica-
tive of greater microbial processing at Sedgwick
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and differing stabilization mechanisms at our sites.
Sedgwick has a higher pH and higher clay content at
the surface (Table 1), and stabilization here is likely
driven by organic matter association with polyvalent
base cations. Our results also agree with prior stud-
ies and strengthen the hypothesis that wetter environ-
ments lead to stabilization of organic matter and more
MAOM formation (Heckman et al. 2023).
Differences in soil turnover across the study
sites, interpreted through the turnover index (f),
were decoupled from climatic differences across
sites. We observed highest turnover at Sedgwick,
our driest site (Fig. 5a). Previous studies indicate
an inverse relationship between MAT and f (Brunn
et al. 2014); however, Sedgwick and Angelo had
similar § values, which is inconsistent with previ-
ous studies corresponding increases in f with MAP
(Brunn et al. 2014). The majority of previous stud-
ies regarding f have been done in temperate forest
ecosystems (fig. S3), which likely affects the rela-
tionship between f and climate. However, our data
fall within expected values for other temperate
ecosystems (Fig. S3). Additionally, greater decom-
position rate under higher MAP is not consist-
ent in the literature, however our relative turnover
times somewhat agree with Foley et al. (2023) that
reported radiocarbon (*C) age of surface soils at
these same three localities and observed increases
in '*C age with MAP. Sedgwick had the greatest
turnover index according to f and also the young-
est turnover time according to surface radiocarbon.
However, we did observe the lowest turnover index
at Hopland, while it had an intermediate turnover
time according to radiocarbon. These comparisons
are also limited due to radiocarbon measurements
only being measured in surface soils, whereas f
was calculated with the entire depth profile to 1 m.
We did an additional analysis of f in just topsoils
(0-30 cm) to see if this would have better agree-
ment with radiocarbon measurements, but overall
trends were similar when using just topsoils to cal-
culate f (Figure S4; Table S2). These younger soil
C ages at Sedgwick provide evidence for greater
microbial processing of organic matter at Sedg-
wick (Foley et al. 2023). 8'3C values are connected
to decomposition processes in soils, and can be
affected by the interactions between litter qual-
ity, microbial respiration, and the physiochemical
parameters of soil (Brunn et al. 2014). The increase
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in f at Angelo could also be due to leaching of dis-
solved organic carbon (DOC), which is possible due
to its precipitation regime and high relative MAP
(Fig. la). Increased DOC leaching through the pro-
file can increase f due to the '*C enrichment (Kaiser
and Zech 2000); however, recent studies have ques-
tioned this '3C enrichment of DOC (Philben et al.
2022). Instead, '*C enrichment is likely dominated
by biotic factors, like microbial immobilization,
plant uptake, and fungal transport (Philben et al.
2022). High g at Sedgwick is also consistent with
our DRIFTS data in Sedgwick subsoils, which sug-
gests greater microbial oxidation in subsoils (Fig. 5)
compared to Angelo.

This study combines the geochemical and spec-
trographic techniques of stable isotope analysis and
DRIFTS to determine proxies of processing and
turnover of soil carbon, as well as to discern the
contributing biological processes. A standard and
accepted method for determining stability is split-
ting SOC into mineral-associated and particulate
organic carbon, via a costly and labor-intensive den-
sity fractionation methodology (Sollins et al. 2006,
2009). Turnover is commonly assessed through
radiocarbon measurements, which is inaccessible to
many researchers given the cost and limited avail-
ability of specialized instrumentation. Furthermore,
the continued decline of bomb curve '“C due to
fossil fuel emissions as well as its decay will make
interpretations of radiocarbon increasingly compli-
cated into the future (Graven 2015; Sierra 2018).
Greater exploration is needed of stable isotope
measures of decomposition and persistence. Analy-
sis of elemental concentrations and stable isotope
compositions using elemental analyzers coupled to
isotope ratio mass spectrometers are increasingly
becoming more common and affordable. In contrast
to density fractionation and radiocarbon measure-
ment, stable isotope proxies can be used as a high
throughput and low-cost way to measure bench-
marks for important ecosystem properties like soil
turnover and stability. The non-destructive acqui-
sition of DRIFTS data was suitable for detecting
regional differences in functional group character
between sites and at picking up depth differences
(Figs. 7, 8). Combining isotopic proxies and spec-
troscopic methods can be another powerful and
accessible way of understanding carbon and nitro-
gen dynamics across diverse ecosystems.

Implications for grassland C sequestration

The effect of changing precipitation and temperature
patterns on terrestrial carbon cycling will have cas-
cading consequences for soil carbon sequestration
(Bai and Cotrufo 2022; Song et al. 2019). Plant com-
munities are affected by both the amount and tim-
ing of precipitation. In tall-grass prairie ecosystems,
decreases in precipitation result in lower plant diver-
sity (Dennhardt et al. 2021; Fay et al. 2002; Smith
et al. 2016). Shifts in diversity as well as increases in
invasives annuals in California grasslands are asso-
ciated with declines in soil carbon storage (Koteen
et al. 2011). There is also evidence from Angelo
that extending the rainy season into the spring has
increased the dominance of invasive annual grasses
(Suttle et al. 2007). Overall, this linkage between
reduced plant diversity and SOC storage in Califor-
nia grasslands suggests a negative impact on their
capacity to sequester atmospheric carbon dioxide. In
this study, we illustrated regional differences in SOM
processing, turnover, and composition. Although we
did not observe large differences in elemental con-
centration of carbon and nitrogen, we detected differ-
ences in the processing of carbon at depth across the
sites. These regional differences in baseline process-
ing, turnover, and organic matter composition need to
be taken into account for future C sequestration and
modeling efforts.

Conclusions

We investigated the SOM processing, turnover, and
organic matter composition down to 1 m depths
across three Californian grassland ecosystems.
Elemental and isotopic analysis reveal that, while
there are few differences in carbon and nitrogen
abundances in grassland soils, we do see differ-
ences in the processing and turnover of SOM across
a mean annual precipitation gradient. We applied
two natural isotopic abundance proxies as an index
for turnover (f) and processing (C:N versus 8'°N).
We also characterized organic matter composition
using Diffuse Reflectance Infrared Fourier Trans-
form Spectroscopy (DRIFTS) to better character-
ize the plant and microbial character across gradi-
ents and depths. Our results found the wettest site
had the greatest carbon stock at the surface, likely
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mediated by greater plant inputs; however, carbon
stock values converged between the wettest and dri-
est site in subsoils. Soil at the driest and hottest site
(Sedgwick) has the greatest turnover and most pro-
cessing. The wettest site (Angelo) had a high degree
of processing at depth, likely due to greater mineral
association of organic matter at depth. We observed
the lowest 8!3C values in subsoils at our intermedi-
ate site, despite expecting the greatest values at our
driest site. Our results highlight regional variabil-
ity in SOM processing and turnover across climatic
gradients. The contrasting results between topsoils
and subsoils demonstrate the importance of under-
standing both regional differences and patterns
with depth across a climatic gradient of California
grasslands.
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