Soil Biology and Biochemistry 185 (2023) 109145

Contents lists available at ScienceDirect

Soil Biology &
Biochemistry

Soil Biology and Biochemistry

ELSEVIER

journal homepage: www.elsevier.com/locate/soilbio

Check for

Thirty years of increased precipitation modifies soil organic matter il
fractions but not bulk soil carbon and nitrogen in a mesic grassland

Katherine S. Rocci ®™"%" Michael Bird ¢, John M. Blair ¢, Alan K. Knapp ¢, Chao Liang’,
M. Francesca Cotrufo®

@ Soil and Crop Sciences Department, Colorado State University, Fort Collins, CO, USA

" Graduate Degree Program in Ecology, Colorado State University, Fort Collins, CO, USA

¢ Centre for Tropical Environmental and Sustainability Science, James Cook University, Queensland, Australia
4 Division of Biology, Kansas State University, Manhattan, KS, USA

¢ Department of Biology, Colorado State University, Fort Collins, CO, USA

f Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang, China

ARTICLE INFO ABSTRACT

Keywords:

Increased precipitation

Soil organic matter

Particulate organic matter
Mineral-associated organic matter
Global change

Konza prairie

Grassland ecosystems, which are known to be sensitive to climate change, have shown minimal responses of soil
carbon (C) and nitrogen (N) pools to increased moisture availability, despite moisture-induced changes in plants
and soil microbes (e.g., expected drivers of soil C and N). However, it is not clear if this apparent limited response
is due to an unresponsive belowground system or because alterations in multiple soil organic matter (SOM)
component pools and fluxes offset each other. To investigate potential responses of C and N in SOM to decadal
increases in precipitation, we sampled soils from a 30-year precipitation augmentation experiment in an annually
burned mesic grassland. We measured C and N in three SOM fractions which vary in their plant and microbial
controls 1) free particulate OM (fPOM), 2) occluded POM plus heavy, coarse OM (0POM + hcOM), and 3)
mineral-associated OM (MAOM), as well as amino sugars, pyrogenic C and N, and root quality metrics. We found
no changes in bulk C or N under increased precipitation, but SOM fractions were modified. Altered plant inputs
and soil N availability appeared to drive the responses of fPOM N and oPOM + hcOM C:N, which were increased
and decreased, respectively, by increased precipitation. In contrast, the observed increase in MAOM C and N
under increased precipitation could not be connected to a specific driver, suggesting additional plant, microbial,
or mineral measurements may be required. Regardless, our results indicate that investigating SOM fractions may
more directly connect soil C and N pools and their drivers, compared to measuring only bulk SOM. Further, our
finding of greater stable OM (MAOM) under increased precipitation suggests soil C storage could provide a
negative feedback to climate change with increased moisture availability, but the lack of bulk SOM response
suggests that this feedback is not strong in mesic grasslands.

1. Introduction are variable across the globe (Lee et al., 2021), greater precipitation is

generally associated with higher plant productivity (e.g., aboveground C

Grassland ecosystems cover a third of the globe and are important for
provisioning of food and fiber as well as for their potential to mitigate
climate change, as they store a fifth of the world’s C (Reynolds 2005;
Dondini et al., 2023). However, provisioning services from these sys-
tems, especially ecosystem C storage, are vulnerable to changes in
moisture availability expected with climate change (Knapp et al., 2017;
Bai and Cotrufo, 2022). While predicted patterns of future precipitation

storage) in grasslands (Sala et al., 1988; Knapp et al., 2017). This is true
even for mesic grasslands which, though water-limited (Knapp et al.,
2001), maintain sufficient soil moisture to support growth throughout
the growing season and represent almost a quarter of grassland systems
(e.g., humid grasslands; White et al., 2000). Despite their aboveground
responsiveness to climate variability, belowground plant and soil re-
sponses in more mesic grasslands have been limited and hard to
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anticipate, potentially because they are understudied compared to
aboveground plant and biogeochemical responses (Wilcox et al., 2016;
Yue et al., 2017; Vilonen et al., 2022).

Soil organic matter (SOM) is a central belowground component of
grasslands, as it stores nutrients and C to be used by plants and microbes,
but surprisingly, SOM has been shown to be relatively unresponsive to
increased precipitation in meta-analyses (Yue et al., 2017; Rocci et al.,
2021). Given the diverse processes and controls affecting SOM forma-
tion and loss, and the decadal timescale of SOM turnover (Cotrufo and
Lavallee, 2022), it is not clear if limited belowground responses to
changes in precipitation in mesic grasslands are evidence of an unre-
sponsive system or a result of potentially offsetting responses of multiple
SOM component pools and fluxes. Improved understanding of SOM re-
sponses to increased precipitation will be important for predicting future
land biogeochemical feedbacks to climate change in mesic grasslands.

Changes in SOM in response to increased water availability are
dependent on responses of plants and soil microbes. Plants generally
respond more strongly to climate manipulation than do soil microbes
(Yue et al., 2017), suggesting plant responses may be the dominant
control on SOM responses to increased precipitation. Plants generally
increase aboveground and belowground growth in response to increased
precipitation, although this response is dampened, yet still positive, in
wetter systems like mesic grasslands (Knapp et al., 2017; Wang et al.
2020, 2021). Plants responses to increased precipitation may also
include altered tissue quality, which we define as increasing with the
proportion of nitrogen (N) and water soluble and acid unhydrolyzable
fibers, either directly or through plant community changes (Soong et al.,
2015). While meta-analyses show greater responses of plant quality in
drier sites that experience long-term or large increases in precipitation,
there is mixed evidence for mesic grassland sites, with minimal response
of plant tissue N but higher crude protein with higher moisture avail-
ability (Craine et al., 2010; Dumont et al., 2015; Komatsu et al., 2019;
Ochoa-Hueso et al., 2020; Yue et al., 2020; Korell et al., 2021; Wu et al.,
2022). Greater plant input, potentially of higher quality, may promote
both SOM formation and long-term stabilization under increased pre-
cipitation, since removing plant inputs strongly reduces C content in
prairie soils (Lajtha et al., 2014), and higher quality inputs can promote
formation of more stable SOM (Cotrufo et al., 2013).

Although plants generally respond more strongly than soil microbes
in altered precipitation experiments, microbes have evolved a number of
traits to manage both deficit and excess water, as water is key for
biogeochemical reactions and substrate and microbial movement
(Jansson and Hofmockel, 2020). In mesic systems, increased soil mois-
ture has the potential to push microbes past their optima and reduce
their activity due to oxygen limitation (Knapp et al. 2008; Moyano et al.,
2013). Thus, while soil microbial biomass generally increases with
increased precipitation, there is mixed evidence (increase and neutral)
in mesic systems, and little data on responses of microbial community
composition in mesic grasslands (Liu et al., 2016, Zhou et al., 2018; Xu
et al., 2020). Similar to microbial biomass, soil respiration responses are
generally positive but only weakly positive to neutral in mesic systems,
although these responses seem be driven by autotrophic respiration (e.
g., plants) across aridity gradients (Liu et al., 2016; Moinet et al., 2016;
Yang et al., 2020; Diao et al., 2022, Zhang et al., 2022b). Despite this,
oxidative enzyme activity can be stimulated by increased precipitation
in wetter ecosystems, suggesting increased microbial activity in mesic
systems may be limited to decomposition of lower quality substrates
(Ren et al., 2017; Jing et al., 2018). Given that both plant and microbial
responses influence SOM and these drivers are rarely measured simul-
taneously, predicting the response of SOM to increased water avail-
ability has proven difficult.

Soil organic matter is made of a diversity of compounds. By sepa-
rating SOM into constituent components, we can investigate more ho-
mogenous and discrete pools that may have relatively unique plant and
microbial controls. Different SOM physical components, or fractions,
have different pathways of formation and mechanisms of protection
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(Cotrufo and Lavallee, 2022), and respond differently to global changes
and across gradients in climate (Haddix et al., 2020; Rocci et al., 2021).
For example, free particulate organic matter (fPOM), which is not pro-
tected by aggregates, is most similar to plant inputs in its quality and
lacks physical protection from decomposition, reducing its persistence
(Six et al., 2001; Heckman et al., 2022). Under increased precipitation,
increased microbial decomposition of lower quality substrates could
override increased plant inputs and reduce fPOM (Ren et al., 2017;
Wang et al., 2021). In contrast, occluded POM (oPOM), which is pro-
tected in aggregates and largely of plant origin, may increase with
increased precipitation (Six et al., 2001). This would result from
increased plant input coupled to increased aggregation with higher
precipitation (Caplan et al., 2019; Bai et al., 2020; Wang et al., 2021).
Mineral-associated organic matter (MAOM) is thought to form via two
main pathways. These are 1) the ex vivo pathway, where dissolved
organic matter (DOM), produced either directly (i.e., exudation and
leaching) or following exoenzyme processing of structural inputs and
POM, sorbs to mineral surfaces and 2) the in vivo pathway, where DOM
substrates are taken up by microbes whose products and necromass sorb
to mineral surfaces (Cotrufo et al., 2015; Liang et al., 2017). The ex vivo
pathway may be more important in mineral-rich, microbe-poor bulk
soil, while the in vivo pathway may dominate in high-input, microbe-rich
rhizosphere (Sokol et al., 2019). Greater DOM from higher root pro-
duction and turnover, and greater microbial biomass resulting from
increased precipitation may spur MAOM formation via both ex vivo and
in vivo pathways, respectively (Bai et al., 2010; Zhou et al., 2018; Haddix
et al., 2020; Wang et al., 2021). However, little is known about the in-
fluence of increased precipitation on microbial necromass and MAOM
desorption, important controls on the formation and loss of MAOM,
respectively. Although, there is evidence to suggest that
drying-rewetting cycles increase microbial necromass and sorption,
promoting MAOM formation (Kaiser et al., 2015). These cycles could
occur under increased precipitation treatments depending on the timing
of increased precipitation. This potential for increased MAOM and
oPOM, but decreased fPOM under increased precipitation has been
supported by other studies, but the mechanisms driving these responses
have not been explored (He et al., 2012; Rocci et al., 2021). Further,
opposing responses of SOM fractions may explain findings of both no
change and increased SOM C under increased precipitation, where
differing fraction responses could be driving the overall SOM response
(Yue et al., 2017; Wang et al., 2021).

The Konza Prairie Irrigation Transect Experiment has simulated
increased precipitation to an annually burned tallgrass prairie by adding
29% more water on average for 30 years across a topographic gradient,
providing a long-term experiment to investigate the effect of greater
moisture availability on SOM, which turns over relatively slowly (Sup-
plemental Fig. 1). Results from this experiment have revealed increases
in aboveground plant growth and soil microbial activity and changes in
plant community composition due to increased precipitation, depending
on landscape position, but no changes in bulk soil C and N (Knapp, 1998;
Wilcox et al., 2016; Broderick et al. 2022a, 2022b). Annual burning at
this experiment has been suggested as a mechanism for stabilization of
soil C and N pools (Wilcox et al., 2016). There has likely been increased
pyrogenic (fire-altered) OM (PyOM) input in plots with increased pre-
cipitation due to increased aboveground biomass, from which PyOM
originates. Increased PyOM, which is resistant to microbial decompo-
sition, could reduce C and N losses from the soil. However, the contri-
bution of PyOM to soil C and N pools has not yet been investigated at this
site. Additionally, because bulk soil C and N integrates responses of
multiple SOM fractions, the character of SOM may have changed at this
site, without changes in the absolute amount of bulk soil C and N.
Because fPOM, oPOM, and MAOM have different functional roles in the
soil, changes in the relative distribution of C and N between these pools
could modify long-term C and N stability and ecosystem functioning
(Cotrufo and Lavallee, 2022).

We used this long-term irrigation experiment to determine the
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influence of multi-decade increased precipitation on specific SOM
fractions and associated mechanisms. We tested the following three
hypotheses related to influence of increased precipitation on SOM
components and the moderating influence of soil properties: (1)
Increased precipitation increases plant inputs and quality. This would
translate to greater microbial processing of plant inputs, expected to
increase microbial input to the MAOM pool. In addition, MAOM would
increase through greater DOM which could be directly sorbed on min-
erals, and oPOM would increase through higher aggregation (Caplan
et al., 2019). In contrast, fPOM would decrease due to stimulation of
microbial decomposition (Broderick et al., 2022a) exceeding that of
plant inputs. (2) The subsoils of increased precipitation plots will have
greater accumulation of PyOM compared to control plots, due to
increased PyOM movement to depth from greater leaching. Since
landscape position influences soil properties, with feedbacks to SOM
dynamics (Staub and Rosenzweig, 1992; Brubaker et al., 1993; Berhe
and Kleber, 2013), (3) landscape position will interact with increased
precipitation, resulting in larger responses in the lowland due to
increased water retention and availability in the deeper soils.

2. Methods
2.1. Study site and experimental design

This study was conducted at the Irrigation Transect Experiment at
Konza Prairie Biological Station (Kansas, USA, 39°09'N, 96°55'W).
Konza Prairie has a mean annual temperature of 12.8 °C and mean
annual precipitation of 863 mm (30-year averages). Precipitation at this
site exhibits high intra- and inter-annual variability and ranges from 569
to 1674 mm per year (Supplementary Fig. 1a). The irrigation experiment
is described in detail elsewhere (Knapp et al., 2001) but, briefly, the site
is an annually burned native tallgrass prairie that has experienced
growing season irrigation scheduled according to estimates of actual
evapotranspiration (AET) and soil water availability during the growing
season, with the goal of minimizing plant water limitation. Operation-
ally, this is carried out by modeling daily estimated plant AET (Moore,
2023) and conducting periodic measurements of soil water content to
assess irrigation timing and amounts required to return soil water con-
tent at 0.25 cm® cm > or higher to 30 cm depth (Knapp et al., 2001). This
causes the magnitude of water addition to vary year-to-year but has
resulted in a 29% increase in annual precipitation on average which also
has slightly decreased interannual variability (Supplementary Fig. 1a).
This water addition increased soil moisture by 4.5% on average for years
with comparable data (20062009, 2013, 2017-2021), although this is
highly variable within and among years, and also slightly decreased
intra-annual variability (Supplementary Fig. 1b). We focus on average
precipitation and soil moisture increases because we are largely inves-
tigating slow-turnover pools that we expect to be minimally affected by
climate at the time of sampling (Delgado-Baquerizo et al. 2017a,
2017b). The experiment transect spans a topographic gradient, with the
upland soils classified as fine, mixed mesic Udic Haplustolls (0-10 cm:
15% sand, 58% silt, 27% clay) and the lowland soils classified as fine,
mixed Pachic Argiustolls (0-10 cm: 15% sand, 51% silt, 34% clay;
Broderick et al., 2022a). The site is dominated by perennial grasses,
primarily Andropogon gerardii, Soghastrum nutans, Schizachyrium scopa-
rium, and Panicum virgatum. The site has two irrigation transects, initi-
ated in 1991 and 1993, respectively, and two non-irrigated control
transects (Supplementary Fig. 2). From here forward, we refer to the
irrigated treatment as the increased precipitation treatment. For each
transect (2 each in the upland and lowland), each treatment (control
versus increased precipitation) is replicated 3 times, providing a total of
24 plots (2 landscape positions x 2 treatments x 2 transects x 3
replicates).
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2.2. Sampling

In September 2021, we performed soil coring at each plot. We took 4
cores per plot using a 5.25 cm diameter push corer to 30 cm, where soil
depth allowed, since some upland plots had shallower soil profiles. In
the field, we separated each core into three depth increments: 0-5 cm,
5-15 cm, and 15-30 c¢m, and bulked the 4 cores, maintaining each depth
increment. This provided 72 individual observations (n = 24 plots x 3
depths). Soils were then transported to Colorado State University in
coolers for subsequent analyses.

2.3. Soil analyses

All soil samples were sieved though 8 mm mesh and a subsample was
subsequently sieved through 2 mm mesh. We collected roots and coarse
material (aboveground plant material and rocks) during sieving and
used the weight of these and the soil to calculate bulk density and to
determine root biomass distribution (Mosier et al., 2021). For root
biomass, we only report coarse roots (from 8 mm sieving) since they
were the dominant root mass in the soil and roots from 2 mm sieving
were unaffected by treatment or landscape position. We used air-dried 2
mm sieved soil to perform a combined density and size fractionation
following Haddix et al. (2020), on the 0-5 cm and 5-15 cm depth soils
(n = 48). We found relatively small responses of SOM fraction C and N
for these initial depths (Fig. 1) and were limited by shallow upland soils,
so we did not fractionate the 15-30 cm depth soils. Briefly, 10.5 g of soil
was shaken with deionized water and then centrifuged and filtered
through a 20 pm nylon filter to retrieve the DOM pool. The soil was then
centrifuged with sodium polytungstate at a density of 1.85 g cm ™ to
separate the light and heavy fractions of SOM. The light, floating,
fraction was aspirated as free POM (fPOM). The remaining soil (the
heavy fraction) was then dispersed using 0.5% sodium hexametaphos-
phate and 12 glass beads. After shaking for 18 h, the slurry was poured
over a 53 pm sieve, with the fraction passing through designated as
MAOM and the fraction >53 pm designated as occluded POM and heavy,
coarse OM (0POM + hcOM,; sensu Leuthold et al., 2022). Each fraction
was subsequently weighed to determine recovery, which was 98.3% on
average and varied from 94.6 to 102.7%. Concentrations of C and N in
SOM, fPOM, oPOM -+ hcOM, and MAOM were measured on a VELP 802
elemental analyzer (VELP Scientific, Inc., Long Island, New York).
Concentrations of C and N in DOM were measured on a Shimadzu TOC-L
(Shimadzu Scientific Instruments, Inc., Columbia, Maryland).

We measured amino sugars in the bulk soil as a proxy for microbial
necromass, which is thought to be a precursor for MAOM formation
(Liang et al., 2017). We performed amino sugar measurement on the
0-5 cm and 5-15 cm depth samples, as with the fractionation, and
limited this analysis to the lowland soils (n = 24) because they appeared
to be more responsive than upland soils to the increased precipitation
treatment. We followed the procedure of Zhang and Amelung (1996) to
determine the amount of muramic acid (MurA), glucosamine (GluN),
and galactosamine (GalN). Briefly, the soils were acid digested for
breaking up amino sugar polymers, then the three amino sugar mono-
mers were purified, and derivatized for measurement. For acid hydro-
lysis, dry soils containing approximately 0.3 mg N were mixed with 6 M
HCI at 105 °C for 8 h. The hydrolysates then underwent several purifi-
cation steps. First, samples were filtered through 55 mm glass fiber fil-
ters and evaporated to dryness on a rotary evaporator at 52 °C under
vacuum. Residues were then dissolved in deionized water (DI) and
brought to a neutral pH before centrifugation to remove salts. The su-
pernatant was then freeze-dried, resuspended in methanol, dried using
N, gas at 45 °C, re-dissolved in 1 ml DI, and lyophilized. For derivati-
zation, the sample was heated with a reagent (hydroxylamine hydro-
chloride and 4-(dimathylamino) pyridine in pyridine-methanol) and
then with acetic anhydrite at 75-80 °C. Dichloromethane was then
added to the sample and excess reagent was removed following washing
with HCI and DI. The sample was then dried and resuspended in ethyl
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Fig. 1. Soil organic matter (SOM) carbon (C) and
carbon-to-nitrogen ratio (C:N; a, b), free particulate
OM (fPOM) C and C:N (c, d), occluded POM and
heavy, coarse OM (0POM -+ hcOM) C and C:N (e, f),
mineral-associated OM (MAOM) C and C:N (g, h),
and dissolved OM (DOM) C and C:N (i, j) in response
to increased precipitation (black) versus a control
(gray) across soil depths and landscape positions.
Large circles are mean values and small circles
below are individual observations (n = 6).
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Fig. 2. Total amino sugars (a), bacterial necromass carbon (b), fungal necromass carbon (c), and percent of microbial necromass carbon of soil organic carbon (MNC/
SOC; d) in response to increased precipitation (black) versus a control (gray) across soil depths for the lowland soils only. Large circles are mean values and small

circles below are individual observations (n = 6).

acetate-hexane (1:1) for measurement. Samples were analyzed on an
Agilent 7890B GC (Agilent Technologies, Santa Clara, CA, USA) that was
equipped with a HP-5 column (30 m length x 0.25 mm diameter x 0.25
pm thickness) and flame ionization detector. Myo-inositol and methyl-
glucamine were used as an internal standard and recovery standard. The
contents of individual amino sugars were calculated based on the in-
ternal standard. Total amino sugars were determined as the sum of
MurA, GluN, and GalN. Total microbial necromass C was calculated at
the sum of bacterial and fungal necromass C. For bacterial necromass C,
we converted MurA using a conversion factor of 45, and for fungal
necromass C, we subtracted out bacterial content of GluN and converted
corrected GluN using a conversion factor of 9 (Joergensen 2018; Liang
et al., 2019):

Bacterial necromass C = MurA x 45 (@D)]
GIluN MurA

Fi 1 = —(2 179.1 2

ungal necromass C (179.17 ( *253.23>) x 179.17 x 9 2)

We estimated pyrogenic C and N (PyC and PyN) using hydrogen
pyrolysis (Wurster et al., 2012; McBeath et al., 2015). Subsamples of
250 mg of soil were combined with an amount of molybdenum catalyst
approximately equal to 1% of soil organic C for each subsample. This
was done using an aqueous/methanol solution of ammonium dioxydi-
thiomolybdate. The dried, catalyst-loaded subsamples were pressurized
with 15 MPa of hydrogen with a sweep gas flow of 5 L min~' in the
hydrogen pyrolysis reactor (Strata Technology Ltd., Middlesex, UK). The
temperature was ramped to 250 °C at a rate of 300 °C min "', then at 8 °C
min~! to a final temperature of 550 °C, which was held for 5 min.
Following hydrogen pyrolysis, the remaining material was weighed and
C and N abundance was determined on a Costech elemental analyzer

(Costech Analytical Technologies, Inc., Valencia, CA) that was cross-
checked to the VELP elemental analyzer (above) to ensure values were
comparable. Post-hydrogen pyrolysis C and N were corrected for the
amount of C and N loaded into the reactor.

2.4. Root quality analyses

In addition to soil analyses, we also analyzed root quality. We
focused on roots, rather than aboveground material, because this site is
annually burned and so roots are the more quantitatively important
form of unburned plant inputs that would influence SOM in this system.
All root analyses were performed on coarse roots (collected during 8 mm
sieving) and root material from 5-15 and 15-30 cm depths were com-
bined to ensure sufficient material for the analyses. We determined acid
unhydrolyzable residue (AUR) and cellulose contents in the roots using
the ANKOM Acid Detergent Fiber and Acid Detergent Lignin methods
(ANKOM Technology 2022). Briefly, 0.45-0.55 g of ground root mate-
rial were measured into 25 pm porosity filter bags (F57 filter bag,
ANKOM Technology, Macedon, NY). Filter bags were placed in an
ANKOM A200 (ANKOM Technology, Macedon, NY) and agitated for 1 h
in acid detergent solution containing 93.2% water, 4.8% sulfuric acid,
and 2% cetyltrimethylammonium bromide (Midland Scientific, Inc.,
Omaha, NE). Bags were then rinsed with deionized water and dried to
105 °C and weighed to determine acid detergent fiber (W1). Dried bags
were then submerged in HySO4 for 3 h and agitated every 30 min to
remove cellulose. They were then rinsed with deionized water until the
pH was neutral and then dried to 105 °C and weighed to determine AUR
+ ash (W2). Bags were then ashed in a muffle furnace at 525 °C for 3 h to
remove AUR and weighed to determine residual ash (W3). Cellulose and
AUR were determined as the difference between W1 and W2 and W2 and
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W3, respectively. Two filter bags (an upland and lowland increased
precipitation replicate) opened during this procedure and, because we
did not have enough root material to repeat the procedure, these were
removed from analysis (below).

We also analyzed the amount of hot water extractable (HWE) ma-
terial in the roots using the method by Tappi (1981), as modified by
Soong et al. (2015). Since HWE-C is highly correlated with leaching of
dissolved organic C during early phases of plant decomposition, we use
it as a proxy for readily available plant compounds (Soong et al., 2015).
We digested 0.35 g of root material cut into 1 cm pieces with deionized
water at 100 °C for 3 h. We then filtered the mixture through a 20 pm
nylon mesh to obtain HWE (<20 pm) and the hot water residue (>20
pm). The HWE was then frozen until being run on a Shimadzu TOC-L
(Shimadzu Scientific Instruments, Inc., Columbia, Maryland) to obtain
HWE-C and HWE-N.

2.5. Data analyses

Response variables for this study were C and N in SOM, DOM, oPOM
+ hcOM, MAOM, and root HWE, as well as root biomass, AUR, and
cellulose, total amino sugars, bacterial and fungal necromass C, PyC,
PyN, PyC:PyN, and the proportions of microbial necromass C and PyC
and PyN in SOM-C and -N, respectively. We followed the data explora-
tion procedures outlined in Zuur et al. (2010). We log transformed root
biomass, bulk density, and a number of C and N measurements (SOM C
and N stocks and C:N, oPOM + hcOM C and N stocks, MAOM C stock and
C:N, PyN, PyC/SOM-C, PyN/SOM-N as well as C and N concentrations in
fPOM, oPOM + hcOM, DOM, and HWE) to mitigate influential outliers
or unequal variance.

We investigated whether increased precipitation modified the
response variables by building random effect models with treatment,
landscape position, soil depth, and their interactions as predictors and
land position nested within transect as the random variable, effectively
creating four blocks. Soil depth was removed as a main effect in models
for C and N stocks and root biomass because soil depth segments were
uneven (e.g., 5 cm, 10 cm, and 15 cm), which would lead to higher C and
N stocks and root biomass in larger depth segments by default. In-
teractions with treatment and landscape position were retained to
investigate whether treatment or landscape position effects differed
within a given depth segment (e.g., increased precipitation increased
MAOM C stock only in the 0-5 cm depth). Bulk density was influenced
by treatment (Supplementary Table 1), so SOM, MAOM, fPOM, and
oPOM -+ hcOM C and N stocks were analyzed using an equivalent soil
mass approach with the control soils as the reference mass (Ferchaud
and Chlebowski, 2020). To investigate the influence of soil depth, we
determined response of soil C and N concentrations as well as stocks.

To investigate the relationships between SOM fraction C and N and
plant and microbial drivers, we created multiple regression models with
standardized (mean = 0 and standard deviation = 1) predictors sepa-
rately for the upland and lowland sites, due to different number of
predictors for each landscape position. To reduce the number of pre-
dictors we used the first axis of a principal components analysis (PC1) on
the root quality data (root AUR, cellulose, and HWE C and N) which
explained 44% of the variance and was associated with lower plant
quality, as it was positively associated with AUR (eigenvector = 0.51)
and negatively associated with HWE C and N (eigenvectors = —0.52 and
—0.66, respectively). For upland sites, we used the root quality PC1, root
biomass, and their interactions with treatment as predictors for all
fractions. We added DOM and its interaction with treatment to the
MAOM model, given the expectation that DOM is a precursor for MAOM
formation (Cotrufo et al., 2015). Lowland models were the same as
upland models except that total amino sugars and its interaction with
treatment were added to all models, given the expectation that microbial
residues can contribute to SOM fractions (Cotrufo and Lavallee, 2022).
Statistical analyses were carried out in RStudio v4.0.2 (R Core Team
2019) with significance determined at p < 0.05.
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3. Results
3.1. Soil organic matter carbon and nitrogen

The concentrations of C and N in bulk SOM were not responsive to
the increased precipitation treatment, but C and N concentrations in
specific SOM fractions were (Fig. 1; Supplementary Table 2). The con-
centration of N in fPOM was 8% higher under increased precipitation
compared to control plots (p = 0.045; Supplementary Fig. 3). Addi-
tionally, C and N concentrations in MAOM were 7 and 9% higher, and
the C:N ratio of o)POM + hcOM was 7% lower under increased precip-
itation compared to the control plots, but only in the lowland (all p <
0.05; Fig. 1; Supplementary Fig. 3; Supplementary Table 2). In contrast,
DOM C concentration was 18% higher under control than increased
precipitation treatments in the 5-15 cm depth (p = 0.007). This drove
13% higher DOM C:N in the control compared to the increased precip-
itation treatment (p = 0.022; Fig. 1). The interaction of landscape po-
sition and soil depth was also significant for bulk SOM C concentrations
and C:N and MAOM C and N concentrations (Supplementary Table 2;
Supplementary Fig. 3; Fig. 1). Bulk SOM C and MAOM C and N con-
centrations were higher in the upland than lowland in 5-15 cm depth
(all p < 0.05) and SOM C:N was higher in lowland than upland plots in
the 0-5 cm depth (p = 0.031; Fig. 1; Supplementary Fig. 3). Soil depth
was a significant predictor of all SOM C and N concentrations and
stoichiometries. All SOM metrics had higher values for the 0-5 cm
depth, except for fPOM, oPOM + hcOM, and DOM C:N, which were
higher in 5-15 cm depth (Fig. 1; Supplementary Table 2; Supplementary
Fig. 3).

Soil C and N stock responses to increased precipitation were similar
to those of C and N concentrations. Bulk soil C and N stocks for 0-30 cm
were similar between the increased precipitation treatment and control
plots, with an average of 9019 versus 9144 g Cm ™2 and 774 versus 775 g
N m~2, respectively. The majority of C and N was found in MAOM and
fractions were more responsive to the increased precipitation treatment
than were the bulk SOM C and N stocks (Supplementary Fig. 4; Sup-
plementary Table 3). Individually, the increased precipitation treatment
only influenced the fPOM N stock, increasing it by 9% compared to the
control. Both MAOM C and N stocks increased under increased precip-
itation by 7 and 8% respectively, but only in the lowland (both p <
0.008; Supplementary Table 3). We also observed a marginally signifi-
cant 10% increase in oPOM + hcOM-C under increased precipitation,
but only for the 5-15 cm depth (p = 0.051; Supplementary Table 3). The
C and N stocks in SOM and MAOM varied with landscape position,
depending on soil depth, such that upland SOM and MAOM C and N
stocks were higher than in the lowland in the 5-15 cm depth, and in the
15-30 cm depth for SOM (Supplementary Table 3). While the interac-
tion of landscape position and soil depth was also a significant predictor
of fPOM C and N stocks and oPOM N stocks, there were no significant
pairwise differences between those values in the upland and lowland at
any depth (Supplementary Table 3; Supplementary Fig. 4).

3.2. Amino sugars

No measure of amino sugars in the lowland soils was modified by the
increased precipitation treatment (Supplementary Table 4). Total amino
sugars, bacterial and fungal necromass C, and the proportion of micro-
bial necromass C in SOM-C were all modified by soil depth, with total
amino sugars and bacterial and fungal necromass C all decreasing with
depth and the proportion of microbial necromass C in SOM-C increasing
with depth (all p < 0.001, Fig. 2; Supplementary Table 4). There were no
other significant predictors of any measure of amino sugars.

3.3. Pyrogenic organic matter

The ratio of PyC to PyN (PyC:PyN) was the only pyrogenic OM metric
that was modified by the treatment - increased precipitation marginally
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increased PyC:PyN but only in the lowland (p = 0.076; Fig. 3; Supple-
mentary Table 5). All measures of pyrogenic OM were modified by soil
depth, where PyC and PyC:PyN decreased and PyN, PyC/SOM-C, and
PyN/TN all increased with depth (Fig. 3; Supplementary Table 5). There
were no other significant predictors of any measure of pyrogenic OM
(Supplementary Table 5).

3.4. Root biomass and quality

Root biomass increased by 26% with increased precipitation, aver-
aged across landscape position and soil depth (p = 0.001; Fig. 4). Root
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biomass also was significantly higher in the lowland than upland but
only in the 0-5 cm depth (p = 0.039). No other pairwise comparisons
were significant for root biomass (Fig. 4; Supplementary Table 6). Root
AUR increased by 11% with increased precipitation in the lowland (p =
0.010) but was otherwise unaffected by predictor variables (Supple-
mentary Table 6). Root cellulose was influenced by soil depth (p =
0.011) and its interaction with landscape position (p = 0.024), such that
there was 12% more cellulose in roots in the 5-30 cm compared to the
0-5 cm depth in the upland. Root HWE %C, %N, and C:N were unaf-
fected by any predictor variables (Supplementary Table 6).
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Fig. 3. Pyrogenic carbon (PyC; a), percent of soil organic matter C (SOM-C) that is PyC (b), pyrogenic nitrogen (PyN; c), percent of soil organic matter N (SOM-N)
that is PyN (d), and the ratio of PyC to PyN (PyC:PyN; e) in response to increased precipitation (black) versus a control (gray) across soil depths and landscape
positions. Large circles are mean values and small circles below are individual observations (n = 6).
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Fig. 4. Root biomass (a), acid unhydrolyzable residue (AUR; b), and cellulose
(c) in response to increased precipitation (black) versus a control (gray) across
soil depths and landscape positions. Large circles are mean values and small
circles below are individual observations (n = 6).

3.5. Multiple regression

When combining plant and microbial drivers into models for SOM
fractions, we found unique associations for each fraction, but very
similar responses of C and N for a given fraction (Fig. 5). In both uplands
and lowlands, fPOM C and N were significantly associated with root
biomass (all p < 0.002). In the lowland, oPOM + hcOM C and N were
significantly associated with all predictors except total amino sugars (all
p < 0.05). In contrast, in the upland, oPOM + hcOM C and N were
significantly associated with roots and the interaction between root
quality and treatment (all p < 0.05). In the lowland, MAOM C was
marginally related to root biomass (p = 0.081), but MAOM N was not
related to any predictor. In contrast, in the upland, MAOM C and N were
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both significantly associated with the interactions of treatment and root
quality and treatment and DOM C, and MAOM N was additionally
related to the interaction of treatment and root biomass (all p < 0.05).

4. Discussion

Despite 30 years of ~30% higher average water inputs and corre-
sponding increased plant inputs (Knapp et al., 2001; Wilcox et al.,
2016), soil C and N stocks remained largely unchanged in this mesic
grassland. Although lack of responsiveness of soil C and N has been
reported previously (Wilcox et al., 2016), this finding is noteworthy
considering the high interest in C sequestration in grasslands (Bai and
Cotrufo, 2022) with the expectation that managing grasslands to in-
crease plant production can result in increased soil C. While we found
minimal influence on bulk soil C and N stocks, increased precipitation
modified C and N in SOM fractions in ways that align with controls of
SOM formation and loss, improving our understanding of soil biogeo-
chemical feedbacks to climate change.

4.1. Limited responses of bulk SOM C and N

The limited response of bulk soil C and N in this study, despite pre-
viously reported changes in some key underlying processes, were likely
driven by increased C and N cycling, with minimal change in stocks of C
and N. This inference is supported by our findings and by previous work
which suggested that greater aboveground (Wilcox et al., 2016) and
belowground plant inputs (Fig. 4) combined with higher soil respiration
led to balanced changes in C inputs and outputs with increased precip-
itation (Knapp, 1998; Broderick et al., 2022a). Prior studies in the same
increased precipitation experiment also support the potential for higher
N losses with greater water availability, with higher root &'°N, soil
ammonium concentrations, N mineralization, and nitrification reported
under increased precipitation at this site, depending on landscape po-
sition (Wilcox et al., 2016; Broderick et al., 2022b). Notably, at our site,
soil volumetric water content seldom exceeded 0.6 (Supplementary
Fig. 1b) and microbial activity, exemplified by increased N cycling,
seems to have increased, suggesting microbes were not experiencing
oxygen limitation, a potential outcome of increased precipitation in
mesic grasslands. Microbes were also potentially less stressed due to less
inter- and intra-annual variation in added water and soil moisture in
increased precipitation plots (Supplementary Fig. 1). Thus, it is likely
that increased precipitation had a similar stimulatory effect on both the
inputs and outputs of soil C and N, resulting in minimal change in bulk C
and N pools. However, we cannot rule out that the relatively small in-
crease in average soil moisture, although highly variable within and
among years, in the increased precipitation plots (4.5%) may not have
been large enough to result in strong soil responses (Supplementary
Fig. 1b). Regardless, SOM fractions were more responsive than bulk soil
Cand N and provided mechanistic insights into soil C and N responses to
increased precipitation.

4.2. Connecting SOM fraction responses to biotic drivers

Separating SOM into physical fractions is increasingly seen as a path
toward better understanding of soil C and N responses to global change
(Lavallee et al., 2020). Given our evolving understanding of SOM frac-
tion formation and loss, investigating these controls in response to
global changes will be key for determining the usefulness of studying
physical SOM fractions empirically and the best way to formulate and
parameterize these fractions in SOM models. Our hypotheses for re-
sponses of specific SOM fractions to increased precipitation were based
on current dominant theories of SOM formation and loss (e.g., Cotrufo
et al., 2013; Cotrufo et al., 2015; Liang et al., 2017; Sokol et al., 2019),
but these had mixed support from our data.

We found increased fPOM N under increased precipitation and sug-
gest that this was likely driven by enhanced plant inputs from increased
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Fig. 5. Estimates of coefficients in a multiple regression model predicting free particulate organic matter (fPOM; blue), occluded POM and heavy, coarse OM (o0POM
+ hcOM; orange), and mineral-associated organic matter (MAOM; green) carbon (a+c) and nitrogen (b + d) at upland (a+b) and lowland (c + d) landscape positions.

root biomass under increased precipitation (Figs. 1, 4 and 5). While we
expected faster N cycling under increased precipitation (Broderick et al.,
2022b) to be related to increased N mineralization of fPOM that would
outweigh plant N inputs and result in depletion of the fPOM fraction, our
results suggest the opposite. Forb and legume biomass increased under
increased precipitation (Wilcox et al., 2016), which may have promoted
more structural (forb) and N-rich (legume) plant inputs that could
contribute to the fPOM pool (Vazquez-de-Aldana et al., 2000; Six et al.,
2001; Cotrufo et al., 2015). Notably, the association of fPOM N and root
biomass adds support to the importance of root litter contributions to
POM pools (Villarino et al., 2021). Root contributions to POM are
particularly important in grassland ecosystems where frequent fire, an
inherent ecological feature and common management practice, removes
aboveground biomass (Knapp et al., 1998). While PyOM was largely

unaffected by increased precipitation, contrary to our expectations, it is
possible that the relatively high proportion of PyN in the soil N pool
(2-18%; Fig. 3) contributed to lower N loss from fPOM than expected in
an unburned grassland (Soong and Cotrufo, 2015).

While responses of fPOM N to increased precipitation occurred
across topographic positions, significant responses of oPOM + hcCOM
and MAOM were restricted to the lowland. These lowland-specific
findings were expected based on prior results (Broderick et al. 2022a,
2022b) and align with the understanding that soil properties, in this case
deeper soils with a slightly higher clay content in the lowland, interact
with water availability and thus can contextualize responses to global
change (Austin et al., 2004). In the lowland the oPOM + hcOM pool
increased in quality (e.g., decreased C:N; Fig. 1) but not in amount in
response to increased precipitation, suggesting greater aggregation is
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likely not the driver, as we had expected (Caplan et al., 2019). Lower
oPOM + hcOM C:N was also unlikely to be driven by higher quality root
inputs or greater entrapment of microbial materials or PyOM in aggre-
gates. Rather, we found that increased precipitation decreased root
input quality (e.g., increased root AUR; Fig. 4), had no effect on amino
sugars (Fig. 2), and increased PyC:PyN in the lowland (Fig. 3), respec-
tively. Carbon and N in oPOM + hcOM responded in similar direction
and magnitude to plant and microbial measures when combined in
multiple regression (Fig. 5), suggesting coupled C and N responses to the
belowground drivers we measured. Thus, lower oPOM + hcOM C:N (i.e.,
an uncoupled response) under increased precipitation may instead be
driven by enhanced soil N availability under increased precipitation
(Broderick et al., 2022b).

In contrast to the other fractions, MAOM C and N were not signifi-
cantly related to any predictor in the lowland, making it difficult to
determine what drove increases in lowland MAOM C and N under
increased precipitation (Fig. 5). In theory, MAOM formation could have
increased through either in vivo or ex vivo pathways. We focus on
changes in inputs as drivers for MAOM responses since mineral pro-
tection reduces MAOM availability for decomposition. In the lowland,
increased MAOM C was marginally related to increased root biomass,
which is associated with higher root exudation (Fig. 5; Eisenhauer et al.,
2017). However, while it has been suggested that in vivo MAOM for-
mation is promoted in the rhizosphere due to efficient microbial use of
root inputs (Sokol et al., 2019), we found no changes in microbial nec-
romass quantity that aligned with greater microbial use efficiency.
Rather, higher root exudation potentially could have formed MAOM via
the ex vivo pathway (Villarino et al., 2021). We found lower DOM C and
DOM C:N with increased precipitation, across the landscape transect
(Fig. 1). These relatively N-rich inputs of DOM under increased pre-
cipitation may have also formed MAOM via the ex vivo pathway, given
greater stabilization of N-rich compounds (Possinger et al., 2020).
Alternatively, greater root biomass and potentially exudation could
promote formation of reactive short-range order minerals that could
retain relatively more C and N in MAOM (Yu et al., 2017). We were
surprised that our hypothesized microbial pathway of increased MAOM
formation under increased precipitation was not supported by our data,
especially since the only other study we know of that investigated mi-
crobial necromass response to increased precipitation found that it
increased (Shao et al., 2018). However, we note that we did not measure
other potentially important microbial parameters that might align with
increased MAOM formation, such as extracellular products, microbial
growth and turnover rate, substrate use efficiency, or more specific
microbial community data than fungi and bacteria. These may have
revealed different microbial responses to increased precipitation (Triv-
edi et al., 2016; Sokol et al., 2022). Further, we did not measure
mineralogy, which may have been modified by precipitation to increase
C and N sorption via changes in redox or pH (Doetterl et al., 2015). This
could be particularly important at our site given that it lies at the
interface between humid and arid conditions, known to differentially
influence MAOM persistence (Heckman et al., 2023). This uncertainty
highlights the need for better understanding of MAOM controls.
Regardless, our findings of greater stable SOM formation under
increased precipitation suggest soil C storage may act as a negative
feedback to increased atmospheric CO, in mesic environments if pre-
cipitation increases. However, the lack of change in the total SOM pool
indicates that this negative feedback may be minimal.

The stronger lowland responses in this study are similar to studies
examining legacy effects of our site’s enhanced precipitation treatment
(Broderick et al. 2022a, 2022b). The lowlands are a depositional envi-
ronment, where material eroded from the upland deposits in the low-
land. Depositional settings may have inherently more stable OM than
erosive landscapes, due to interactions between OM inputs and reactive
minerals to form MAOM (Berhe and Kleber, 2013). The potentially
higher availability of OM and reactive materials at the lowland site may
facilitate the stronger responses of minerally-protected OM pools to
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increased precipitation in this study. However, we find that MAOM C
stock is higher in the upland than the lowland in the 5-15 cm depth,
suggesting greater reactive minerals and OM in the lowland may be less
important for our results (Supplementary Fig. 4). Alternatively, greater
rooting volume of the deeper lowland soils may have supported more
root-microbe interactions that could facilitate MAOM formation (Sokol
and Bradford, 2019). Additionally, the depositional setting of the low-
land created deeper soils, which have higher soil water content under
increased precipitation, promoting N cycling and stable SOM responses
(Haddix et al., 2020; Broderick et al. 2022a, 2022b). Differences in
depth between lowland soils and upland soils may be why we did not
find interactions of increased precipitation treatment and soil depth at
our site. The shallow upland soils prevented us from consistently sam-
pling down to 30 cm. More studies on precipitation alteration in deeper
soils will help clarify if variable responses occur over depth, as has been
found for other global changes (Rocci et al., 2021; Soong et al., 2021).

4.3. Conclusions

Although bulk soil C and N were unresponsive to three decades of
increased precipitation in this mesic grassland, we found differing re-
sponses of SOM fractions that could be used to evaluate dominant SOM
theories. Changes in soil N availability and plant input quantity and
quality under increased precipitation, that surpassed potential increases
in microbial decomposition, likely drove POM pool responses. However,
MAOM responses were more difficult to explain, reflecting the idea that
MAOM has a diversity of inputs and controls that are not always easily or
commonly measured (Rasmussen et al., 2018; Whalen et al., 2022).
Determining the mechanistic controls of POM and MAOM, and how they
vary with increased precipitation will be key for understanding and
predicting soil biogeochemical feedbacks to climate change. Relatedly,
there is strong interest in using grassland soils for C storage to mitigate
climate change (Bai and Cotrufo, 2022). Our study suggests that soil C
may be preferentially stored in MAOM under increased precipitation,
which could promote a more resilient soil C pool to other global changes,
such as warming (Rocci et al.,, 2021). However, relatively small re-
sponses of MAOM in this study, that do not translate to the total SOM
pool, suggest that changes in the stable OM pool under increased pre-
cipitation will likely not be sufficient to provide a strong negative
feedback to climate change in mesic grasslands.
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