
Geoderma 455 (2025) 117202

0016-7061/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Deep-rooted perennials alter microbial respiration and chemical 
composition of carbon in density fractions along soil depth profiles

Kyungjin Min a,b,c,* , Erin Nuccio d,* , Eric Slessarev d,e,f , Megan Kan d ,  
Karis J. McFarlane d, Erik Oerter d , Anna Jurusik c, Gregg Sanford g, Kurt D Thelen h ,  
Jennifer Pett-Ridge c,d, Asmeret Asefaw Berhe c

a Department of Agricultural Biotechnology, Seoul National University, Seoul 08826, South Korea
b Research Institute of Agriculture and Life Sciences, Seoul National University, Seoul 08826, South Korea
c Department of Life and Environmental Sciences, University of California, Merced, CA 95343, USA
d Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA
e Department of Ecology and Evolutionary Biology, Yale University, New Haven, CT 06511, USA
f Yale Center for Natural Carbon Capture, Yale University, New Haven, CT 06511, USA
g Department of Soil and Environmental Sciences, University of Wisconsin – Madison, Madison, WI 53706, USA
h Department of Plant, Soil & Microbial Sciences, Michigan State University, East Lansing, MI 48824, USA

A R T I C L E  I N F O

Handling Editor: C. Rumpel

Keywords:
Density fraction
14C
Mid-infrared spectroscopy
DRIFT
Deep soil
Root

A B S T R A C T

Growing deep-rooted perennials has been proposed to increase soil organic carbon (SOC) stocks and mitigate 
CO2 emissions. Yet, we know little about the bioavailability and chemical properties of SOC under deep-rooted 
perennials and shallow-rooted annuals. Improving our understanding of the role of deep-rooted perennials for 
belowground C storage is critical, as root growth has the potential to both increase SOC stock and accelerate loss 
of existing SOC. Here, we assessed the effects of >10 years of land conversion from shallow-rooted annuals 
(maize) to deep-rooted perennials (switchgrass) on SOC bioavailability (microbial respiration, Δ14C-CO2), 
mineral-associated SOC (density fractionation), and SOC turnover and composition (14C-SOC, DRIFT spectros
copy) in surface soils (0–20 cm) and subsoils (90–120 cm) at two sites with sandy and silty soils. We demonstrate 
that switchgrass enhanced microbial respiration of recently-fixed C in surface soils. Switchgrass increased Δ14C 
values of the free light fraction in subsoil of the sandy site, by supplying aliphatic C (putative simple plant C) into 
the soil. In contrast, maize input less root C into the soil, and at one site increased the decomposition of older 
SOC, which indicates that overall microbial C demand outpaced plant C inputs. These results highlight that deep- 
rooted perennials stimulate the transfer of more atmospheric C to both surface and subsoils than shallow-rooted 
annuals, that newly generated SOC under deep-rooted perennials is relatively less protected from decomposition, 
and that reaping the C benefits of deep-rooted perennials could require maintaining the land cover as a perennial 
cropping system.

1. Introduction

More than 116 Pg C has been lost from soil to the atmosphere since 
the onset of agriculture (Sanderman et al., 2017, 2018). Restoring a 
fraction of this lost C would help to sequester atmospheric carbon di
oxide and mitigate climate change (Lal, 2004). Growing deep-rooted 
plants, especially perennials, in agricultural land is one potential strat
egy for enhancing soil organic carbon (SOC) sequestration (Lorenz and 
Lal, 2005; Kell, 2011, 2012; Paustian et al., 2016; Button et al., 2022; 

Longbottom et al., 2022). This approach takes advantage of deep soil 
that is not at its C storage capacity (Schiedung et al., 2019) and the 
relatively high transformation efficiency of root-derived C to SOC (Rasse 
et al., 2005; Sokol and Bradford, 2019). While some studies report in
creases in SOC contents and stocks after land conversion from shallow- 
to deep-rooted plants (Fisher et al., 1994; Conant et al., 2017; Slessarev 
et al., 2020), limited data exists on the distribution of sequestered C in 
fractions or along the soil profile, its chemical or isotopic composition, 
and relations to microbial processing at depth. These properties can 
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indicate whether SOC stored under deep-rooted plants is more or less 
likely to be vulnerable to environmental changes and persist long 
enough as a carbon dioxide removal strategy.

Roots can alter the amount of soil organic matter physically associ
ated with minerals and its chemical and isotopic composition. For 
instance, root growth can accelerate the turnover of root biomass (Eshel 
and Beeckman, 2013), which tends to accumulate as low-density par
ticulates that are not strongly associated with minerals (free light frac
tion; fLF). If this occurs, fLF can become enriched in compounds such as 
lignin and suberin and, consequently, in 14C. Despite their derivation 
from recently assimilated C, these compounds are often slower to 
decompose than older soil organic matter (Riederer et al., 1993; Spiel
vogel et al., 2010). In addition to contributing senesced biomass, roots 
can produce exudates that stimulate microbial growth and associated 
metabolite secretions (Zhalnina et al., 2018; Pett-Ridge et al., 2020). 
Microbial biomass and byproducts can enhance occlusion, adhesion, and 
sorption of organic matter to mineral surfaces, increasing the amount of 
C trapped inside of mineral aggregates (commonly quantified as the 
occluded light fraction; oLF) and physically bound to mineral particles 
(heavy fraction; HF) (Sokol et al., 2022). Alternatively, root exudates 
may liberate mineral-bound OC by stimulating microbial activity or 
directly destabilizing organo-mineral associations; this outcome is 
termed the “priming effect” (Keiluweit et al., 2015; Shahzad et al., 
2018). As Dijkstra et al. (2021) pointed out, roots can serve as a “double- 
edged sword”, either increasing SOC via microbial necromass formation, 
organo-mineral complexation, and aggregate formation, or decreasing 
SOC via accelerated decomposition of old C, organo-mineral decom
plexation, and aggregate destruction. The balance of processes that in
crease or decrease SOC ultimately impacts total SOC content.

Investigating the composition and 14C of SOC can help us assess 
processes through which plants and microbes influence the formation of 
SOC. While the ultimate source of C in the soil is largely plant-derived, 
microbial assimilation of C into biomass and, eventually, necromass can 
also leave a fingerprint on SOC. For example, Waksman (1925) reported 
that microbially-derived proteins constitute a significant portion of SOC. 
More recent studies estimate that microbial products comprise as much 
as 50 % of the mineral associated SOC pool (Angst et al. 2021). 
Employing mid-infrared spectroscopy and extensive literature search, 
Mainka et al. (2022) recently compiled common SOC functional groups 
and their origins: aliphatic (C–H stretch, mostly from plant litter or root 
exudates as in organic acids; hereafter simple plant C), aromatic (C––C 
stretch, mostly from lignin or phenolic root exudates; hereafter complex 
plant C), and amide/quinone/ketone/aromatic/carboxylate (C––O, 
C––C, and C–O stretch, mostly from microbial cell walls and membrane 
lipids; hereafter microbial C). This approach can be useful in studying 
plant and microbial processes that shape SOC. If roots provide soil with 
border cells (previously sloughed cells), the abundance of aliphatic 
(suberin, wax) and aromatic (lignin) functional groups can increase 
(Franke and Schreiber, 2007; Eshel and Beeckman, 2013; Vranova et al., 
2013; Williams and de Vries, 2020) as well as increases in 14C signal 
(Angst et al., 2016). If root exudates (e.g., acetic, citric, oxalic, succinic 
acids) are released into the soil and escape from microbial utilization, 
aliphatic functional groups (organic acid root exudates) may increase. 
Alternatively, if microbial communities use up most of the root exudates 
for growth, amide/quinone/ketone/aromatic/carboxylate functional 
groups (microbial cell walls and membrane lipids) may increase. As 
such, the relative abundance of simple plant C (aliphatic) to microbial C 
(amide/quinone/ketone/aromatic/carboxylate) may hint on SOC dy
namics: the lower the ratio is, the greater microbial utilization is. When 
root exudates prime the loss of mineral-associated OC, we may detect 
decreases in microbial C in the HF because microbial necromass accu
mulates on the mineral surface (Miltner et al., 2012).

Here, we investigate the effects of land conversion from shallow- 
rooted annuals to deep-rooted perennials on the physical, chemical, 
and biological properties of SOC at two study sites with contrasting soil 
textures. These sites were part of a larger national-scale sampling 

campaign that examined SOC under switchgrass plantings and neigh
boring row crops; they were selected for these more intensive analyses 
because they featured well-documented experimental designs. We used 
density fractionation, Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFT), and Δ14C of microbial respiration and SOC in 
density fractions to closely assess any changes in elemental (%OC), 
isotopic, and spectroscopic properties of SOC under shallow vs. deep- 
rooted plants. We hypothesized that: 1) deep-rooted perennials will in
crease the rate and Δ14C-CO2 values of microbial respiration in deep 
soils, 2) deep-rooted perennials will increase the relative mass and OC of 
fLF and oLF, and 3) deep-rooted perennials will increase the ratio of 
complex C to microbial C and Δ14C-SOC in each fraction.

2. Materials and methods

2.1. Study sites

We chose two study sites where both deep-rooted perennials 
(switchgrass) and shallow-rooted annuals (continuous maize) have been 
growing for more than ten years. All the soil and root samples were 
collected in June 2019. Note that maize was not at its peak biomass in 
June, so there is a possibility that we underestimated dry root biomass 
for maize. The first site was the GLBRC Biofuel Cropping System 
Experiment at the Kellogg Biological Station in Hickory Corners, MI 
(hereafter sandy site). At this site, the mean daily maximum/minimum 
temperatures are 14.6/4.4 ◦C, with annual precipitation of 897.64 mm 
in 2019 (mawn.geo.msu.edu/station.asp?id=kbs&rt=24). The soils are 
dominated by the Kalamazoo series (Fine-loamy, mixed, active, mesic, 
Typic, Hapludalfs, Web Soil Survey). The sandy site was established in 
2008 as a randomized complete block design with five replicated blocks 
and ten treatments (total 50 plots = 10 treatment plots per block × 5 
blocks). Each plot is 30 × 40 m, separated by 15 m in between plots. 
Among the 50 plots, we selected six plots for soil and root sampling, 
three for continuous maize (Zea mays L.) and three for switchgrass 
(Panicum virgatum, Cave-in-Rock). Maize plots were managed as a no-till 
system and were sprayed with herbicide as necessary for weed control 
(usually 2 times a year). Maize was planted in May and received straight 
fertilizers (170 kg-N ha− 1 yr− 1, 67 kg-P ha− 1 yr− 1, 84 kg-K ha− 1 yr− 1). 
Grain from maize was machine-harvested in October. Remaining 
aboveground Maize stover residue was machine-harvested (baled) be
tween October and November. Switchgrass plots received no fertilizer. 
Since plot establishment, the aboveground switchgrass biomass has been 
annually machine-harvested post-senescence during October and 
November. None of the plots were treated with cover crops.

The second site was the Wisconsin Integrated Cropping Systems Trial 
(WICST) at the Arlington Agriculture Research Station in Arlington, WI 
(hereafter silty site). In 2019, the mean daily maximum/minimum 
temperatures were 12.1/1.1 ◦C. The site received annual precipitation of 
1160.76 mm (mawn.geo.msu.edu/station.asp?id=alt&rt=24). The soils 
are classified as Plano silt loam (Fine-silty, mixed, superactive, mesic, 
Typic, Argiudolls). Continuous maize at the silty site was established in 
1990 as part of the core WICST trial, a large-scale (24 ha) randomized 
complete block design with four blocks (Each maize plot = 18 × 155 m). 
Switchgrass plots at the silty site were established in the nested “prairie” 
experiment in 2007. This nested experiment is also laid out in a ran
domized complete block design with three blocks. Prior to planting 
switchgrass in 2007, continuous maize had been grown at the site since 
1999, consistent with the core WISCT trail. Switchgrass plots (experi
mental units) are 4 × 20 m. We collected samples from three continuous 
maize and three switchgrass (Panicum virgatum, Forestberg) plots. Maize 
was planted in May and received fertilizers at 112 kg ha− 1 yr− 1 in May 
(NPK fertilizer) and at 180 kg ha− 1 yr− 1 in June (N fertilizer). The maize 
plots were sprayed with pesticides and herbicides when necessary. No 
cover crops were planted in the maize plots. Grain was harvested in 
October and November. Soils were tilled after harvest in November and 
before planting in May. The switchgrass plots were treated with 
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pesticides before and after emergence, but did not receive fertilizer. The 
aboveground biomass of switchgrass was harvested once a year in 
October.

2.2. Soil sampling and SOC

At each selected plot (total of 12 plots), we collected soils using a 
Geoprobe 54LT hydraulic drilling machine (Geoprobe, Salina, USA) in 
June 2019. We used MC5 tooling (Ø = 3.175 cm) for one plot at the 
sandy site but had to switch to MC7 (Ø = 7.62 cm) for the remaining 11 
plots to avoid compaction of soil in the core and associated changes in 
the depth interval. The sampling depth was 240 cm, and we divided the 
soil cores into nine depth intervals, including 0–20, 20–40, 40–60, 
60–90, 90–120, 120–150, 150–180, 180–210, and 210–240 cm. We 
measured soil weight for each depth interval, before and after picking 
out roots and rocks in order to estimate bulk density. We shipped sam
ples in a 4 ◦C cooler to the Lawrence Livermore National Laboratory. 
Fresh soil was used for incubation and CO2 measurement, while air- 
dried and 2 mm sieved soils were used for density fractionation (check 
below). We also picked out root fragments after 2 mm sieving. Root 
biomass was measured after rinsing and drying roots at room tempera
ture. Soil pH was measured in a 1:2 = soil:water (w/v) solution (Hanna 
HI5522, Italy). When the soil pH was greater than 6.5, samples were 
acid-treated with 1 M HCl to remove inorganic C due to carbonates. All 
samples were sent to UC Berkeley for δ13C measurements (acid treated 
and untreated) using an EA-IRMS (CHNOS Elemental Analyzer inter
faced to an IsoPrime100 mass spectrometer). All non-acid treated sam
ples were also sent to Oregon State University Soil Health Lab for total 
CN (Elementar Vario Macro Cube) (Fig. S1).

2.3. Incubation of soils, CO2 respiration rate, and Δ14C-CO2

We chose two soil depth intervals (0–20 and 90–120 cm) for the 
measurements of CO2 respiration rate, Δ14C-CO2, density fractionation, 
and Δ14C-SOC in density fractions (total 24 samples = 2 depth intervals 
× 2 vegetation × 3 replicates × 2 study sites). We used 100–120 g of 
fresh soil from each depth interval depending on the sample availability 
and our initial estimate of the coarse fragments content. That is, we used 
more fresh soil when we expected a significant portion of soil to be >2 
mm. We placed soil in quart (946 mL) canning jars, and initiated the soil 
incubations four weeks after sample collection in the field, to allow time 
for residual live roots to stop respiring and to allow for water-content 
adjustment. Jars were stored in the dark at room temperature 
(approximately 20 ◦C) throughout the incubation. Before the start of 
respiration measurements, each fresh soil sample was wetted (if too dry) 
or air-dried (if too wet) to 60 % of its water-holding capacity and 
maintained in a sealed jar for 1 week. We did this because maintaining 
50–60 % of water-holding capacity is ideal for measuring microbial 
respiration during incubation (Franzluebbers, 1999). After this resting 
period, soil respiration was quantified by periodically sampling the jar 
headspace through a rubber septum with a 1 mL syringe and measuring 
the CO2 concentration with a Li840 Infrared Gas Analyzer (LiCOR, 
Lincoln, NE, USA). We estimated average respiration rates over the first 
two weeks of the incubation by regressing the moles of CO2 in each jar 
against time, extracting the slope coefficient (moles time− 1), and 
dividing by the dry mass of soil in the jar (CO2 accumulation rates were 
approximately linear during the initial phase of the incubation)(µg C g− 1 

day− 1). After this initial two-week period, we checked the CO2 con
centration in each jar periodically and extracted CO2 for 14C analysis 
after each jar reached a CO2 partial pressure of at least 10,000 ppm. The 
incubation time varied with samples to allow sufficient CO2 accumula
tion for Δ14C-CO2 analysis. For example, soils at 0–20 cm took 14–30 
days to reach 10,000 ppm of CO2, while soils at 90–120 cm required up 
to 183 days to accumulate sufficient CO2 for the Δ14C-CO2 analysis.

2.4. Density fractionation

For density fraction analysis, we used three to five analytical repli
cates per sample (total 24 samples = 2 depth intervals × 2 vegetation ×
3 replicates × 2 study sites). For 14C analysis, we composited these 
analytical replicates to obtain sufficient sample mass. We modified the 
density fractionation method described in Swanston et al. (2005). 
Briefly, we added 75 mL of 1.65 g cm− 3 of sodium polytungstate (TC- 
Tungsten compounds, Augsburg, Germany) to 20 g of air-dried, 2 mm 
sieved soil. After letting the mixture sit at room temperature for 45 min, 
we centrifuged the samples at 2,684 × g at 4 ◦C for 45 min. The free light 
fraction (fLF), which is the material that remained floating after 
centrifugation, was aspirated into a pre-labeled flask and filtered 
through a pre-dried at 450 ◦C and pre-weighed 0.7 µm glass fiber filters 
(AP4004705, 47 mm, Millipore, Ireland). The fLF on the filter was rinsed 
with ultrapure water five times and dried at 55 ◦C for 2 d. The remaining 
mixture was further mixed at 1,700 min− 1 (IKA©RW20 digital) for 1 min 
and sonicated in ice at 200 J mL− 1 for 3 min (Branson Digital Sonifer 
450). After sitting the mixture at room temperature for 45 min, we 
centrifuged the samples at 2,684 × g at 4 ◦C for 45 min. The supernatant, 
occluded light fraction (oLF), was aspirated into a pre-labeled flask and 
filtered through a pre-dried at 450 ◦C and pre-weighed 0.7 µm GF/F 
filters (AP4004705, 47 mm, Millipore, Ireland). The oLF on the filter was 
rinsed with ultrapure water five times and dried at 55 ◦C for 2 d. We 
added 150 mL of DI into the pelleted, heavy fraction (HF), vortexed to 
mix, centrifuged at 2,684 × g at 4 ◦C for 45 min, and aspirated out the DI. 
We repeated this procedure two more times to completely remove so
dium polytungstate solution (for the last repetition, we centrifuged the 
samples at 3,314 × g for 1 h). The pelleted HF was collected into a pre- 
weighed aluminum dish and dried at 105 ◦C for 2 d.

Fractionated samples were ground to a powder (8000 M, SPEX 
SamplePrep, USA) and analyzed for total OC, 14C, DRIFT, and via 
scanning electron microscopy (Fig. S2). Note that we ground fLF and oLF 
along with the glass fiber filters and later corrected total OC content 
using the dilution factor (sample weight: filter weight). In a preliminary 
experiment, ground glass fiber filters did not alter the spectrum of DRIFT 
at the range of 4,000–400 cm− 1. Overall, the average mass recovery 
after density fractionation was 98.0 ± 1.4 % and the average OC re
covery was 92.4 ± 14.3 % after correcting for the loss of mass during 
density fractionation. The proportion of OC in each fraction to the bulk 
SOC was also expressed after taking the loss of mass into account.

2.5. Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
(DRIFT)

DRIFT was performed on the bulk and density fractionated soils at 
0–20 and 90–120 cm. Before DRIFT measurements, soil samples were 
finely ground and oven-dried at 60 ◦C overnight (Min and Choi 2022). 
Diffuse reflectance absorbance (=− log reflectance) was measured be
tween 4,000 and 400 cm− 1, and averaged over 32 scans (ALPHA-II, 
Bruker, USA). The absorbance at the wavenumbers of 2976–2898 and 
2870–2839 cm− 1 indicates aliphatic C–H stretch from plant litter and 
organic acid root exudates (Ellerbrock and Gerke, 2004; Vranova et al., 
2013; Mainka et al., 2022) (putative simple plant C). The peaks between 
1550 and 1500 cm− 1 are due to aromatic C––C stretch from lignin or 
aromatic root exudates (putative complex plant C). The peaks at 
1660–1580 cm− 1 represent amide/quinone/ketone (C––O) stretch, ar
omatic (C––C) stretch, or carboxylate (C–O) stretch (mostly from mi
crobial cell walls, lipids)(putative microbial C). Often, a low ratio of 
simple plant C to microbial C indicates microbial transformation of 
plant-derived C to microbial biomass, and a high ratio of complex plant 
C to microbial C suggests a relatively high supply of complex plant C to 
soil (Ryals et al., 2014; Mainka et al., 2022).

K. Min et al.                                                                                                                                                                                                                                     



Geoderma 455 (2025) 117202

4

2.6. Δ14C of density fractionated soils

Radiocarbon values were assessed on density fractions from 0 to 20 
and 90 to 120 cm depths at the Center for Accelerator Mass Spectrom
etry (AMS) at Lawrence Livermore National Laboratory (NEC 1.0 MV 
Tandem or the FN Tandem Van de Graaff AMS) (Broek et al., 2021). 
Samples were combusted to CO2 in the presence of Ag and CuO and 
reduced onto Fe powder in the presence of H2. Aliquots of CO2 were 
analyzed for 13C at the Department of Geological Sciences Stable Isotope 
Laboratory, University of California Davis (GVI Optima Stable Isotope 
Ratio Mass Spectrometer). The 14C content of each sample was reported 
in Δ14C notation, corrected for mass-dependent fractionation with 
measured δ13C values, and then corrected to the year of measurement 
for 14C decay since 1950 (Stuiver and Polach, 1977).

2.7. Statistical analyses

We compared root biomass between switchgrass and maize along 
soil depth profiles. We set up a mixed-effects model for each site, with 
vegetation type and depth as fixed effects, soil core as a random effect, 
and root biomass as a dependent variable. We used lme (linear mixed 
effects) function and restricted maximum likelihood method for post- 
hoc analyses in the nlme package (R core team 2024). For microbial 
respiration ([CO2] and Δ14C-CO2) and chemical properties (OC, DRIFT 
and Δ14C) of density fractions, we used a two-way ANOVA at a given 
depth interval, with vegetation type and site as explanatory variables. 
The Tukey method was used to as a post-hoc comparison. We considered 
model terms to be statistically significant if the p value for a null model 
without the term was less than or equal to the threshold α = 0.05.

3. Results

3.1. Root biomass

We quantified root biomass captured in soil cores at each depth in
terval (Fig. 1). Switchgrass roots were deeper and more abundant at 
0–40 cm than maize roots at both sites (p < 0.001 for both sites). The 
rooting depth of switchgrass was 0–210 cm at the sandy site (Fig. 1.a) 
and 0–150 cm at the silty site (Fig. 1.b). Below 60 cm, we were not able 
to find maize roots in any of the soil cores.

3.2. Microbial respiration in top vs. subsoil layers

We focused additional laboratory experimental analyses on two 

depth intervals, 0–20 cm and 90–120 cm, to investigate microbial 
respiration ([CO2] and Δ14C-CO2) and chemical properties (OC, DRIFT 
and Δ14C) of density fractions. We reasoned that the root effects on 
microbial respiration and chemical properties of SOC would be pro
nounced at 0–20 cm due to the large difference in root biomass between 
switchgrass and maize, and below the rooting zone of maize but within 
the rooting zone of switchgrass at 90–120 cm.

At 0–20 cm, microbial respiration was greater in soils under 
switchgrass than those under maize (p = 0.042; Fig. 2.a). When we 
pooled microbial respiration data from 0-20 cm across both sites, the 
mean respiration rate under switchgrass was 6.51 µg C-CO2 g− 1 h− 1, 1.7 
times greater than that under maize (Fig. 2.a). In contrast, microbial 
respiration from 90–120 cm soils was similar between switchgrass and 
maize at both sites (Fig. 2.b). Values of Δ14C-CO2 were significantly 
influenced by the interaction between vegetation type and site at 0–20 
cm (p < 0.001; Fig. 2.c). Δ14C-CO2 was lower (i.e., older) under maize at 
the sandy site (p = 0.002), while the values of Δ14C-CO2 were not 
significantly different between switchgrass and maize at the silty site. At 
90–120 cm, we did not find significant effects of vegetation type or site 
on the values of Δ14C-CO2 (Fig. 2.d).

3.3. Elemental, microscopic, spectroscopic, and isotopic properties of SOC 
of density fractions

To determine how vegetation type influenced SOC chemistry, we 
density fractionated soils collected from 0 to 20 cm and 90 to 120 cm 
and assessed the elemental (%OC), microscopic, spectroscopic, and 
isotopic properties of OC in each fraction. Each density fraction 
exhibited different percent OC content, with fLF and oLF being high 
compared to HF (Table 1). The proportion of OC in each fraction relative 
to the bulk SOC did not vary with vegetation type at 0–20 cm (Fig. 3, 
left). In contrast, the proportion of OC in the fLF at 90–120 cm seemed to 
vary with the interaction between vegetation type and site (p = 0.062; 
Fig. 3.b). Specifically, at the sandy site, the proportion of OC in the fLF 
was greater in soils under switchgrass (p = 0.057), while the proportion 
of OC in the fLF was similar between switchgrass and maize at the silty 
site.

We visually investigated a portion of density fractions (samples at 
0–20 cm at the sandy site) under scanning electron microscopy to check 
if distinct SOC pools were separated by density fractionation (Fig. S2). 
Morphologies of fLF and oLF were visually distinct from those of HF and 
morphologies were similar between switchgrass and maize for a given 
fraction. In line with this microscopy data (Fig. S2), each density frac
tion exhibited a distinct DRIFT spectrum (Fig. 4, Table 2, Figs. S3–S5): 

Fig. 1. Root distribution along soil depth profiles (0–240 cm) collected in June 2019 from two contrasting cropland sites planted with switchgrass (blue) or maize 
(orange) grown at the sandy (a, Kellogg Biological Station, MI) and silty (b, Arlington Agriculture Research Station, WI) sites. N = 3 per crop type and location. Mean 
+ standard deviation.
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The fLF contained a relatively high abundance of all functional groups 
that we examined in this study: putative simple plant C, complex plant C, 
and microbial C. The oLF also included all types of functional groups, 
with microbial C more abundant than in the fLF. In contrast, HF con
tained little simple and complex plant C, but was dominated by micro
bial C. Also, the HF contained several peaks at 2,000–1,800 cm− 1, which 
are characteristic of quartz.

We calculated the ratio of simple plant C to microbial C, and the ratio 
of complex plant C to microbial C (Fig. 5 and 6, Table S1). The former 
suggests the degree of microbial transformation of aliphatic, simple 
plant C into microbial biomass/necromass, and the latter reflects the 
supply of aromatic, complex plant C to the soil relative to microbial 
growth (Ryals et al., 2014; Mainka et al., 2022). In our samples, there 
was no significant vegetation effect on the ratio of simple plant C to 
microbial C in bulk soil (Table S1) nor in any of the density fractions at 

0–20 cm (Fig. 5, left). In contrast, the fLF ratio of simple plant C to 
microbial C was greater for switchgrass than maize at 90–120 cm, 
especially at the sandy site (p = 0.039; Fig. 5.b). This was primarily due 
to the increases in simple plant C, not the decreases in the microbial C 
(Table 2). The interaction between vegetation type and site significantly 
influenced the ratio of complex plant C microbial C in oLF at 0–20 cm (p 
= 0.049; Fig. 6).

Vegetation type significantly influenced Δ14C of the fLF at 90–120 
cm (p = 0.025); the Δ14C values of the fLF were greater in switchgrass 
relative to maize soils (Fig. 7.b). We did not observe any vegetation 
effect on the values of Δ14C in other fractions or at 0–20 cm. Contrary to 
distinct microscopy pictures and DRIFT spectrum among density frac
tions (Figs. S2–S4, Fig. 4), Δ14C of density fractions overlapped at all 
depth intervals (Fig. 7).

Fig. 2. The rates (a and b) and Δ14C (c and d) of microbial respiration from soils collected in June 2019 from two contrasting cropland sites planted with switchgrass 
(blue) or maize (orange) grown at the sandy (Kellogg Biological Station, MI) and silty (Arlington Agriculture Research Station) at depth intervals of 0–20 and 90–120 
cm (N = 3). Note the different scales on the y-axes. Dotted line represents modern C. Asterisk was drawn to show a significant difference at p < 0.05.

Table 1 
Percent organic carbon in bulk soil and density fraction, and the relative mass of each fraction to the bulk soil mass under switchgrass and maize at 0–20 cm and 
90–120 cm at the sandy and silty sites. Mean (Standard error). Lower case letters represent a significant difference in percent OC between switchgrass and maize at a 
given site, depth, and fraction at α = 0.05, while upper case letters indicate a significant difference in percent OC among fractions at a given site, depth, and vegetation 
at α = 0.05.

Site Depth (cm) Vegetation Bulk SOC(%) Percent OC in each fraction(%) Relative mass of each fraction to the bulk soil mass (%)

fLF oLF HF fLF oLF HF

Sandy 0–20 Switchgrass 0.90(0.10) 8.89A(2.05) 9.22 A(0.63) 0.51B(0.02) 0.95 (0.29) 2.03 (0.38) 97.02 (0.64)
​ Maize 0.73(0.09) 5.91B(0.43) 9.05 A(1.05) 0.32C(0.08) 0.63 (0.06) 1.30 (0.36) 98.07 (0.38)
90–120 Switchgrass 0.06(0.01) 1.06Aa*(0.26) 0.90A(0.32) 0.04B(0.002) 0.20 (0.06) 0.03 (0.00) 99.77 (0.06)
​ Maize 0.08(0.01) 0.55Ab*(0.04) 0.67A(0.21) 0.05B(0.01) 0.16 (0.06) 0.18 (0.14) 99.66 (0.18)

Silty 0–20 Switchgrass 2.06(0.19) 7.15A(0.80) 9.17 A(0.80) 1.25B(0.15) 1.01 (0.24) 4.34 (0.49) 94.65 (0.49)
​ Maize 2.22(0.18) 6.32B(0.50) 8.25 A(0.81) 1.31C(0.22) 1.23 (0.16) 4.68 (0.27) 94.09 (0.43)
90–120 Switchgrass 0.18(0.004) 0.73(0.02) 1.02(0.36) 0.17(0.01) 0.10 (0.03) 1.18 (0.79) 98.72 (0.76)
​ Maize 0.16(0.006) 0.67(0.07) 1.54(0.60) 0.14(0.01) 0.09 (0.03) 0.39 (0.22) 99.52 (0.20)

*p = 0.057.
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4. Discussion

We designed this study to test the effects of shallow-rooted annuals 
(maize) vs. deep-rooted perennials (switchgrass) on the physical, 
chemical, and biological properties of soil organic carbon at two study 
sites with contrasting soil textures. In addition to increasing plant root 
inputs, we demonstrate that switchgrass enhanced microbial respiration 
and use of plant-derived C in shallow soil layers. In deep soil layers, 
switchgrass increased the relative abundance of SOC and Δ14C values of 
free light fraction, by increasing the input of aliphatic C (putative simple 
plant C) into the soil C pool.

4.1. Deep-rooted perennials promote the use of plant-derived C by 
microbes in shallow soil layers

Contrary to our first hypothesis that deep-rooted perennials will in
crease the rate and Δ14C-CO2 values of microbial respiration in deep soil 
layers, we observed a significant difference in microbial respiration and 
Δ14C-CO2 in surface soils (at 0–20 cm), but not at 90–120 cm (Fig. 2). 

This suggests that root abundance, more than merely the presence of 
roots, influenced microbial activity (Figs. 1 and 2). This pattern would 
be expected if root exudation and production of rhizodeposits scale 
roughly with root biomass or if mass-specific root inputs decline with 
depth. Tückmantel et al. (2017) showed that total root exudation de
creases with soil depth due to decreasing root mass-specific exudation in 
a beech forest. Similarly, using 13C labeling, Peixoto et al. (2020)
demonstrated that rhizodeposition from perennial deep-rooted plants 
decreased with depth. The amount of C that is lost via root exudation 
and rhizodeposits is estimated as high as 5–21 % of the total fixed C 
(Haichar et al., 2014; Driouich et al., 2013; Eshel and Beeckman, 2013). 
The types of C include carbohydrates (glucose, sucrose, polysaccharide), 
amino acids, organic acids (oxalic acid, citric acid, malic acid), and 
lipids (Miao et al., 2020; Baker et al., 2024). Assuming similar patterns 
in our study system, plant root exudates and rhizodeposits were likely 
highest at 0–20 cm among the depth intervals due to the greater root 
biomass near the surface (Fig. 1) and presumably the greatest root mass- 
specific exudation. Indeed, the abundance of aliphatic compounds, 
which could be derived from relatively simple plant C, was higher at 

Fig. 3. Proportion of OC in each fraction to the bulk SOC from soils collected in June 2019 from two contrasting cropland sites planted with switchgrass (blue) or 
maize (orange) grown at the sandy (Kellogg Biological Station, MI) and silty (Arlington Agriculture Research Station) at depth intervals of 0–20 and 90–120 cm (N =
3). fLF, free light fraction (a and b); oLF, occluded light fraction (c and d); HF, heavy fraction (e and f). The proportion of OC (%) was calculated by taking the loss 
during density fractionation into account (sum = 100%).
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0–20 cm than at 90–120 cm in fLF and oLF for both sites (Table 2). Also, 
Δ14C-CO2 data demonstrate that microbial communities under switch
grass at 0–20 cm respired relatively young, recent photosynthates 
compared to those under maize at the sandy site (Fig. 2). These results 
indicate that switchgrass roots at shallow depth intervals increase the 
availability of recent plant-derived C, enhancing microbial respiration.

Plant growth and fresh C inputs into soil can accelerate the decom
position of SOC, a phenomenon referred to as the ‘priming effect’ 
(Löhnis 1926). Although our experiment was not designed to directly 
quantify the priming effect, we did not see clear evidence for the ac
celeration of SOC decomposition under switchgrass at our study sites. 
First, the bulk SOC concentration (Table 1, Fig. S1), as well as SOC stock 
and Δ14C-SOC (Slessarev et al., in preparation), were similar under 
switchgrass and maize at both sites. Second, the Δ14C-CO2 data reveal 
that the major source of microbial respiration under switchgrass was 
recently fixed, plant-derived C, not older SOC at 0–20 cm (Fig. 2). For 
example, at the sandy site, the values of Δ14C-CO2 under switchgrass 
ranged between 20 and 25 ‰, while the values of Δ14C-CO2 under maize 
were between − 82 and − 47 ‰. The lower (i.e., older) value of Δ14C-CO2 
(Fig. 2c) under maize than that under switchgrass suggests that maize, 
not switchgrass, could be depleting SOC. This is consistent with the 
report that microbes use different SOC pools for respiration dependent 
on vegetation types (shallow-rooted annual crops vs. switchgrass) 
(Szymanski et al., 2019). Third, the percent OC in HF was similar 

between switchgrass and maize at any depth intervals and sites 
(Table 1). While priming can occur in both particulate organic C and 
mineral-associated C (Olayemi et al., 2022; Zheng et al., 2023), a meta- 
analysis reveals that mineral-associated C experiences a more pro
nounced degree of positive priming (Zhang et al., 2022). Our results of 
similar percent of HF between switchgrass and maize, therefore, indi
cate that switchgrass and maize roots influenced mineral-associated OC 
to a similar degree. Taken together, growing deep-rooted switchgrass 
seems to have accelerated the magnitude of C fluxes, both in and out, of 
the soils via increased shallow root inputs and microbial respiration of 
that plant-derived C, with little priming of SOC at our study sites.

4.2. Deep-rooted perennials supply aliphatic C into deep soil layers

We hypothesized that deep-rooted perennials will increase the rela
tive mass and OC of fLF and oLF, complex plant C to microbial C, and 
Δ14C-SOC in each fraction (hypotheses 2 and 3); our results partially 
support this, in that switchgrass increased the relative OC and Δ14C of 
fLF compared to maize at 90–120 cm (Fig. 3 and 7). These data indicate 
that switchgrass supplied new C inputs into deep soil layers, where 
maize roots did not reach. Previous studies also report that deep-rooted 
plants increased belowground C inputs (Weaver and Darland, 1949; 
Mclaughlin and Kszos, 2005; Slessarev et al., 2020). Expanding these 
findings, we found that deep-rooted perennials increased aliphatic C in 

Fig. 4. Example mid-infrared Diffuse Reflectance Infrared Spectroscopy spectrum for one soil sample at 0–20 cm under switchgrass at the sandy site (Kellogg 
Biological Station, MI) (fLF, free light fraction; oLF, occluded light fraction; HF, heavy fraction). Peaks at 2976–2898 and 2870–2839 cm− 1 represent aliphatic (C–H 
stretch; putative simple plant C), 1550–1500 cm− 1 for aromatic (C––C stretch; putative complex plant C), and 1660–1580 cm− 1 for amide/quinone/ketone (C––O 
stretch), aromatic (C––C stretch), and carboxylate (C–O stretch)(putative microbial C) groups.

Table 2 
Peak area of Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra collected from the free light fraction (fLF), occluded light fraction (oLF), and heavy 
fraction (HF) of soils under switchgrass and maize at 0–20 cm and 90–120 cm at the sandy (Michigan) and silty (Wisconsin) sites. Peaks at 2976–2898 and 2870–2839 
cm− 1 represent aliphatic (C–H stretch), 1550–1500 cm− 1 for aromatic (C––C stretch), and 1660–1580 cm− 1 for amide/quinone/ketone (C––O stretch), aromatic (C––C 
stretch), and carboxylate (C–O stretch) groups. Lower case letters represent a significant difference in peak area between switchgrass and maize at a given site, depth, 
and fraction at α = 0.05.

Site Depth (cm) Vegetation Aliphatic C Aromatic C Amide/quinone/ketone/aromatic/ 
carboxylate C

fLF oLF HF fLF oLF HF fLF oLF HF

Sandy 0–20 cm Switchgrass 26.7(2.15) 31.1(1.76) 11.3(0.636) 23.0(1.09) 24.1(0.162) 22.0(1.56) 35.6(0.626) 43.4(0.856) 36.1(2.31)
​ Maize 21.2(1.91) 27.9(1.06) 12.0(1.40) 22.0(0.860) 22.6(2.30) 20.7(0.398) 31.7(2.80) 38.4(3.71) 34.3(0.954)
90–120 cm Switchgrass 9.78a(0.768) 10.2(1.40) 15.1(0.442) 20.0(1.14) 26.3(2.10) 37.2(3.83) 16.7(2.64) 21.0(3.06) 59.0(4.97)
​ Maize 6.80b(0.147) 12.5(2.66) 15.7(0.588) 20.6(1.54) 26.3(1.42) 28.3(1.92) 17.6(1.00) 27.5(5.43) 46.7(2.34)

Silty 0–20 cm Switchgrass 25.4(2.78) 33.8(2.35) 12.5(0.807) 18.0(0.314) 21.8(1.37) 16.2(0.402) 31.6(1.45) 44.2(3.18) 30.7(0.795)
​ Maize 24.8(1.11) 34.8(1.15) 12.2(1.03) 19.0(2.27) 22.7(0.688) 17.3(1.20) 36.1(3.44) 47.9(0.107) 31.6(1.58)
90–120 cm Switchgrass 11.2(0.177) 22.5(7.49) 10.4(1.02) 20.1(2.19) 20.4(4.90) 13.2(0.374) 19.9(2.59) 34.7(2.77) 25.7(1.38)
​ Maize 12.4(1.08) 18.5(2.66) 10.8(1.20) 25.4(1.92) 19.5(2.30) 14.4(1.05) 23.7(2.01) 29.5(2.51) 27.8(0.380)
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fLF at 90–120 cm (Fig. 5.b). This type of C could be supplied as suberin 
(which is found in root cell walls), or organic acids that are common in 
root exudates (e.g., acetic, citric, oxalic, succinic acids) (Franke and 
Schreiber, 2007; Eshel and Beeckman, 2013; Vranova et al., 2013; 
Zhalnina et al., 2018; Williams and de Vries, 2020; Baker et al., 2024). 
Given the similar abundance of microbial C between switchgrass and 
maize while the greater abundance of simple plant C under switchgrass 
at 90–120 cm (Table 2, Fig. 5), it is likely that plant root inputs (e.g., 
dead root cells, border cells (previously called ‘sloughed cells’), or root 
exudates) were the dominant type of C input that was enhanced under 
switchgrass at this depth.

Generally, different types of roots can impact SOC formation due to 
differences in biochemical traits, including C:N ratio, respiration rates, 
and root exudation. Low-order, distal roots exhibit relatively low C:N 
ratio and high respiration rates (Eshel and Beeckman, 2013; McCormack 
et al., 2015). Low-order roots can supply C into soil via relatively high 
root exudation rates and rapid turnover. In contrast, high-order roots 

occur in a higher branching hierarchy and transport water. While the 
rates of turnover and root exudation are relatively low for high-order 
roots, they can provide C to soil via border cells due to friction against 
mineral particles and slough-off. Recently, Wang et al. (2021) reported 
that low-order, absorptive roots enhance mineral-associated organic 
matter formation and SOC storage, while high-order, transport roots 
facilitate particulate organic matter formation. Similarly, our results 
could reflect the fact that deep switchgrass roots, which are presumably 
high-order roots optimized for water transport rather than nutrient 
acquisition and exudate production, contributed less to mineral SOC.

Our results have implications for managing agricultural land under 
climate change. First, deep-rooted perennials sequester and transfer 
more atmospheric C into soil than shallow-rooted annuals, as illustrated 
in the deeper and more abundant roots in switchgrass than in maize 
(Fig. 1). Although the overall changes in SOC concentration were mar
ginal (Fig. S1), we demonstrate that deep-rooted perennials could bridge 
the interaction between the atmosphere and deeper soil layers and allow 

Fig. 5. Relative abundance of simple plant C to microbial C at 0–20 cm (left) and 90–120 cm (right) in free light fraction (fLF; a and b), occluded light fraction (oLF; c 
and d), and heavy fraction (HF; e and f) from two contrasting cropland sites planted with switchgrass (blue) or maize (orange) grown at the sandy (Kellogg Biological 
Station, MI) and silty (Arlington Agriculture Research Station) (N = 3). Simple plant C is aliphatic C = Σ(DRIFT peak height between 2976–2898 and 2870–2839 
cm− 1). Microbial C is amide/quinone/keton/aromatic/carboxylate C = Σ(DRIFT peak height between 1660 and 1580 cm− 1).
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atmospheric C to penetrate into the otherwise rarely tapped deep soil 
layers. Second, the newly added C entering soil under deep-rooted pe
rennials appears to form relatively less-protected SOC at least on the 
time scales we measured. Increases in OC in fLF and Δ14C-SOC in fLF 
(Figs. 3 and 7) indicate that the new, plant-added C is not associated 
with soil minerals that are thought to lead to long-term stabilization 
(Hicks-Pries et al. 2023). Third, our results demonstrate that combining 
density fractionation, DRIFT, and 14C analyses can assess what type of C 
accrues in soil and identify which pools (e.g., mineral-associated or deep 
soils) accumulate C with management practices. This approach provides 
more mechanistic inference relative to previous studies that focused 
only on bulk SOC stocks or concentrations (Hungate et al., 1996; Garten 
and Wullschleger, 1999; Lajtha et al., 2014; Min et al., 2021). Ideally, 
future studies may employ multiple study sites, with varying cultivation 
histories and environmental conditions, to assess how growing deep- 
rooted perennials affects patterns of SOC properties in time or space.

4.3. Density fractionation can only partially separate distinct SOC

We used density fractionation to separate SOC into fLF, oLF, and HF. 
Notably we observed that the 14C and DRIFT spectra provided mixed 
information about density fractions: relatively clear separation of DRIFT 
spectra (Fig. 4) vs. overlapped 14C values among density fractions 
(Fig. 7). In our samples, mineral-associated OC (HF) contained peaks at 
2,000–1,800 cm− 1 due to quartz (Nguyen et al., 1991), which were not 
detected in particulate type OC (fLF and oLF) (Fig. 4). Also, the relative 
abundance of microbial C was greater in HF compared to fLF and oLF. 
These results support the traditional view that soil fractions fall along a 
spectrum of chemical characteristics and the origin of C from plant to 
microbes from fLF to oLF to HF (Golchin et al., 1994; Sollins et al., 2006; 
von Lützow et al., 2007). For example, alkyl C decreases but microbial 
products increase from fLF to oLF to HF (Golchin et al., 1994; Sollins 
et al., 2006; von Lützow et al., 2007).

The traditional view also argues that 14C age increases from fLF to 

Fig. 6. Relative abundance of complex plant C to microbial C at 0–20 cm (left) and 90–120 cm (right) in free light fraction (fLF; a and b), occluded light fraction (oLF; 
c and d), and heavy fraction (HF; e and f) from two contrasting cropland sites planted with switchgrass (blue) or maize (orange) grown at the sandy (Kellogg 
Biological Station, MI) and silty (Arlington Agriculture Research Station) (N = 3). Complex plant C is aromatic C = Σ(DRIFT peak height between 1550 and 1500 
cm− 1). Microbial C is amide/quinone/keton/aromatic/carboxylate C = Σ(DRIFT peak height between 1660 and 1580 cm− 1). Note the different scales on the y-axis 
for oLF.
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oLF to HF (Swanston et al., 2005; von Lützow et al., 2007; Heckman 
et al., 2022). However, we rarely observed a clear aging trend across the 
three density fractions (Fig. 7). For example, Δ14C values of fLF were 
more negative than those of HF at 90–120 cm at both sandy and silty 
sites, demonstrating that fLF can contain aged SOC. Consistent with our 
results, a growing body of evidence suggests that multiple, non-linear 
pathways can lead to SOC formation. For example, some studies re
ported overlapped 14C age among fractions (Trumbore and Zheng, 1996; 
Crow et al., 2009), suggesting that different fractions do not necessarily 
form in a linear fashion. Hall et al. (2020) demonstrated that lignin, one 
of the major components of fLF, can be preserved in long-lasting soil 
particles due to its chemical complexity. After comparing 156 soil 
samples collected across the National Ecological Observatory Network, 
Yu et al. (2022) reported that particulate and mineral-associated OC can 
exhibit similar isotopic and DRIFT spectra. Combined, these results, 
including ours, suggest that the physical properties of soil (e.g., density, 
particle size) can decouple from the chemical properties of soil C, and 
that equating physical or chemical fractions to the persistent SOC re
quires some caution, particularly in the context of different rooting 
systems.

5. Conclusions

Integrating climate-smart practices for both soil health and carbon 
sequestration is a key challenge for managing agricultural lands. We 
utilized density fractionation, DRIFT, and 14C analyses to explore the 
effects of deep-rooted perennials on microbial respiration and SOC 
properties. In addition to increasing root C, we demonstrate that mi
crobial communities under deep-rooted perennials respire plant-derived 
C from shallow soil layers, and that growing deep-rooted perennials can 
increase aliphatic C inputs into fLF at depth. Also, our results highlight 
that while fLF, oLF, and HF exhibit distinct DRIFT spectra, the Δ14C 
values of these fractions can be similar. Together, this study illustrates 
that deep-rooted perennials may influence the formation and persis
tence of new SOC along the depth profile by altering C inputs and mi
crobial activity.
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