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Abstract  20	

The long-standing assumption that aboveground plant litter inputs have a substantial 21	

influence on soil organic carbon storage (SOC) and dynamics has been challenged by a 22	

new paradigm for SOC formation and persistence. We tested the importance of plant 23	

litter chemistry on SOC storage, distribution, composition, and age by comparing two 24	

highly contrasting ecosystems: an old-growth coast redwood (Sequoia sempervirens) 25	

forest, with highly aromatic litter, and an adjacent coastal prairie, with more easily 26	

decomposed litter. We hypothesized that if plant litter chemistry was the primary driver, 27	

redwood would store more and older SOC that was less microbially processed than 28	

prairie. Total soil carbon stocks to 110 cm depth were higher in prairie (35 kg C m-2) than 29	

redwood (28 kg C m-2). Radiocarbon values indicated shorter SOC residence times in 30	

redwood than prairie throughout the profile. Higher amounts of pyrogenic carbon and a 31	

higher degree of microbial processing of SOC appear to be instrumental for soil carbon 32	

storage and persistence in prairie, while differences in fine-root carbon inputs likely 33	

contribute to younger SOC in redwood. We conclude that at these sites fire residues, root 34	

inputs, and soil properties influence soil carbon dynamics to a greater degree than the 35	

properties of aboveground litter. 36	

Keywords: soil organic matter; soil carbon; density fractionation; radiocarbon; grassland; 37	

13C-NMR spectroscopy   38	
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INTRODUCTION 39	

Old-growth coast redwood (Sequoia sempervirens) are among the world’s largest 40	

trees, capable of living over 2000 years because of their shade tolerance, resistance to 41	

fungi, and resilience to fire and flood (Sawyer et al. 2000). Old-growth redwoods are 42	

highly productive, with increasing wood production with age (Sillett et al. 2010), large 43	

amounts of aboveground litterfall (Pillers and Stuart 1993), and large accumulations of 44	

detrital material (Busing and Fujimori 2005) because their highly aromatic tissues are 45	

resistant to decomposition (Anderson et al. 1968). Redwood tissues are particularly rich 46	

in complex lipid compounds such as terpenes (Hall and Langenheim 1986) and the 47	

polyphenolic compounds lignin and tannin (Hergert 1992). Despite the importance of 48	

these forests for C storage in aboveground biomass, little is known about belowground C 49	

storage and cycling in these ecosystems. Furthermore, throughout much of the redwood 50	

range, redwood forest is interspersed with coastal prairie, providing a striking contrast to 51	

old-growth redwood forest in terms of plant stature, productivity, and tissue chemistry. 52	

This creates a unique opportunity to investigate the effects of litter input chemistry on 53	

soil carbon storage and persistence. 54	

The effect of litter chemistry, particularly lignin and nitrogen content, on litter 55	

decomposition is well documented (Cusack et al. 2009; Prescott 2010; Zhang et al. 2008) 56	

and incorporated into ecosystem and land surface models (Bonan et al. 2013; Ricciuto et 57	

al. 2021). High amounts of aromatics, particularly polyphenols, decrease initial 58	

decomposition rates and form secondary metabolite complexes that further inhibit 59	

decomposition (Hättenschwiler and Vitousek 2000; Horner et al. 1988). In contrast, litter 60	

from grasses and other prairie plants are comparatively depleted in aromatics but rich in 61	
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polysaccharides and N compared to forest litters, characteristics that result in high 62	

decomposition rates (Osono et al. 2013; Zhang et al. 2013). Different plant tissues within 63	

a plant also decompose at different rates, with aboveground tissues generally decomposing 64	

faster than roots (Bird and Torn 2006; Ziter and MacDougall 2012), likely because 65	

aboveground tissues tend to have more water-soluble carbohydrates and cellulose (Cusack 66	

et al. 2009). Additionally, fine roots decompose more quickly than coarse roots (Wang et 67	

al. 2014) and decomposition of root litter slows with depth (Hicks Pries et al. 2018). 68	

Furthermore, higher soil organic carbon (SOC) storage in sites with higher litter 69	

polyphenols (Northup et al. 1998) and hydrophobic lipid (Ostertag et al. 2008) contents 70	

has been observed. 71	

However, the importance of chemical recalcitrance of plant litter inputs to soil 72	

carbon storage and persistence is challenged by a growing body of research emphasizing 73	

the importance of root inputs over aboveground inputs, pyrogenic (fire-derived) carbon 74	

(PyC), microbial processing of organic matter, physical disconnection, and organo-mineral 75	

associations (Lehmann and Kleber 2015; Schmidt et al. 2011). For example, studies have 76	

demonstrated that compounds identified as resistent to decay decompose, in some cases 77	

more rapidly than bulk organic matter or other labile compounds such as sugars (Amelung 78	

et al. 2008). In turn, isotopic labeling experiments showed that pure glucose persisted 79	

longer than wheat straw (Vorony et al. 1989) and proteins had lower turnover than bulk 80	

soil C (Miltner et al. 2009). 81	

Many factors influence soil C storage and cycling, including climate (Post et al. 82	

1982) and soil physical and chemical properties such as texture (Jobbágy and Jackson 83	

2000) and mineralogy (Torn et al. 1997). Physical protection by soil aggregates can also 84	
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increase soil organic matter (SOM) storage, particularly in grasslands and prairies (Ewing 85	

et al. 2006; Pérès et al. 2013) where aggregation is attributed to dense root systems 86	

(Young et al. 1998). Grasslands and prairies also tend to have considerable amounts of 87	

PyC, because of high fire frequencies (Glaser and Amelung 2003; Schmidt and Noack 88	

2000). Pyrogenic C consists primarily of aromatic compounds (Schmidt and Noack 2000) 89	

with slower initial decay rates than most direct plant inputs. Thus, differences in litter 90	

chemistry, C allocation above- and belowground, root morphology, PyC inputs, and soil 91	

properties may contribute to differences in SOC storage and dynamics between forests 92	

and prairies.  93	

 We assessed the importance of the type of C inputs on soil C storage and cycling 94	

in an old-growth coast redwood stand and an adjacent coastal prairie. Since climate and 95	

parent material are also major controls of SOC storage and dynamics, we conducted our 96	

comparison at one location where these ecosystem properties were shared between the 97	

two vegetation types. We hypothesized that if the chemistry of plant litter inputs was the 98	

primary control on SOC storage and dynamics, the redwood forest would store more 99	

SOC that was less microbially processed than the prairie, that SOC would be older on 100	

average under old-growth redwood, and that differences in SOC would be more 101	

pronounced near the surface where plant litter inputs are concentrated. We also tested the 102	

relationship between light density fraction molecular composition and 14C values to see if 103	

there were differences in these relationships between redwood forest and prairie. 104	

Specifically, we hypothesized that older fractions would show evidence of being more 105	

microbially processed than younger fractions in prairie and that this relationship would be 106	

stronger in prairie than in redwood. 107	
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 108	

METHODS 109	

Study Site 110	

This study was conducted at Prairie Creek Redwoods State Park in northwestern 111	

California (Table S1). The region has a Mediterranean climate. Local mean annual 112	

precipitation is 1709 mm and mean annual temperature is 11°C (Western Regional 113	

Climate Center 2010). The redwood forest and prairie sampling locations were 550 m 114	

apart on soils derived from alluvial deposits. The redwood grove is dominated by old-115	

growth coast redwood, while perennial grasses dominate the prairie. The prairie results 116	

from waterlogged conditions in winter followed by rapid drying in spring and summer, 117	

which favors dry season dormant grasses and herbs (Veirs 1987). The prairie was 118	

extensively grazed from approximately 1885 until the park was established in 1923 and 119	

grazing by wild elk continues. Both sites were subject to fires historically, and the prairie 120	

was subject to light-severity prescribed fires between 1983 and 2005 (Stassia Samuels, 121	

personal communication, 2011).  122	

 123	

Field Sampling and Sample Processing 124	

Belowground samples were collected in July 2009 from 5 equally spaced plots 125	

along a 50 m sampling transect in prairie and 7 randomly selected plots within a 0.2 ha 126	

area in redwood. More plots were used in redwood because we expected greater spatial 127	

variability there. O horizon samples and standing biomass from prairie plots were 128	

collected in a 0.0625 m2 quadrat. Aboveground litterfall was collected in redwood using 129	
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eight 0.135 m2 litter traps placed near our soil sampling plots. O horizon and litter 130	

samples were dried, weighed, and ground for chemical analysis.  131	

We were not able to attain permits to dig soil pits in this ecologically and 132	

culturally significant park, so mineral soils and roots were sampled using a hammer-133	

driven 7.5 cm diameter corer. One core was sampled from each plot in 10 cm increments 134	

to 30 cm and in 20 cm increments from 30 to 110 cm depth. At both sites, a gravelly 135	

layer was encountered at 110 cm. Bulk density and soil C and N concentrations were 136	

determined for all depths and plots. Three cores from each site were selected for further 137	

analysis.  138	

 Fine roots (< 2 mm diameter) were hand-picked using a combination of dry and 139	

wet sieving and sorted into < 0.25 mm, 0.25–0.50 mm, and 0.50–2.0 mm diameter size 140	

classes. Coarse roots were sorted for chemical analyses into 2–5 mm and > 5 mm 141	

(redwood only). Redwood roots < 0.25 mm in diameter were virtually non-existent. 142	

Roots were thoroughly cleaned with tap water, dried, and weighed. A subset of roots was 143	

ground for chemical analysis. 144	

Sieved soil samples from 0–10 cm and 50–70 cm depths were fractionated into 145	

free light (fLF), occluded light (oLF), and dense (DF) density fractions sodium 146	

polytungstate (SPT-0, TC Tungsten Compounds) adjusted to a density of 1.65 g cm-3 147	

using the procedure described in detail in McFarlane et al. 2013. The fLF is comprised of 148	

free particulate organic matter, oLF contains light-density organic matter occluded in 149	

aggregates, and DF includes mineral-associated organic matter. During soil density 150	

fractionation, some C and N are dissolved in SPT solution or during water rinses and is 151	

lost from the solid sample. The reported proportions of bulk soil C and N in different 152	
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fractions are based on total C and N recovered following density fractionation (< 9 % of 153	

bulk soil C and < 4 % of bulk soil N were lost in this procedure). 154	

 155	

Chemical and Isotopic Analysis 156	

Plant material, litter, soil, and soil fraction C and N concentrations were measured 157	

on dry, ground samples using a Carlo Erba Elantech elemental analyzer at UC Berkeley. 158	

Soil texture was measured using the micropipette method (Burt et al. 1993; Miller and 159	

Miller 1987). Bulk soil pH was measured in water and 0.01M CaCl2 (Thomas 1996). Soil 160	

and soil fractions were analyzed for 14C on the Van de Graaff FN accelerator mass 161	

spectrometer (AMS) at the Center for AMS at Lawrence Livermore National Laboratory. 162	

Samples were prepared for 14C measurement as described in Vogel et al. 1984. Aliquots 163	

of CO2 were analyzed for 13C at the Department of Geological Sciences Stable Isotope 164	

Laboratory, University of California Davis (GVI Optima Stable Isotope Ratio Mass 165	

Spectrometer). Measured 13C values were used to correct for mass-dependent 166	

fractionation of 14C, and δ 13C is reported relative to V-PDB. Radiocarbon values are 167	

reported in D 14C notation, had an average AMS precision of 3 ‰, and were corrected for 168	

14C decay since 1950 and the year of measurement, 2011 (Stuiver and Polach 1977).  169	

The amount of PyC in a subset of samples was determined by analyzing benzene 170	

polycarboxylic acids (BPCA) molecular markers by high-performance liquid 171	

chromatography at the University of Zurich (Wiedemeier et al. 2013). We present PyC 172	

results “as measured” without the use of a conversion factor and should therefore be 173	

considered low-end estimates of total PyC contents. They provide a conservative and 174	
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very robust basis to compare PyC contents in our study soils as was shown for diverse 175	

environmental materials (Hammes et al. 2008; Wiedemeier et al. 2013). 176	

 177	

Molecular Characterization of Plant Tissues, Litter, and Light Density Fractions 178	

We assessed differences in the molecular composition of above and belowground 179	

biomass and light-density fractions in redwood and prairie using solid-state 13C nuclear 180	

magnetic resonance spectroscopy (NMR), which can be applied to a wide range of 181	

organic materials without relying on extensive chemical extraction procedures and used 182	

to assess differences between the chemistry of different organic materials or 183	

transformations in the chemical composition of organic matter during decomposition 184	

(Nelson and Baldock 2005). The chemical structure of aboveground litter and biomass, 185	

roots, and light density fractions was characterized by variable amplitude cross-186	

polarization magic-angle spinning (VACPMAS) 13C NMR spectroscopy at the Pacific 187	

Northwest National Laboratory (Agilent/Varian VNMRS solid-state 300 MHz 188	

spectrometer and 5 mm HXY Chemagnetics MAS probe). We selected all light fractions 189	

from 0–10 cm (n = 3 cores) and 2 samples each of redwood needles, wood, and bark; 190	

prairie grass and mixed aboveground biomass; each of the fine root classes at each site; 191	

and light fractions from 50–70 cm from each site. Useful 13C-NMR spectra for dense 192	

fractions could not be attained because low C concentrations and interference from the 193	

iron present in the soil minerals resulted in low C signal strength, a common challenge 194	

for organic matter characterization of mineral-rich soil samples (Kögel-Knabner 2000; 195	

Yeasmin et al. 2020). 80–100 mg of sample was packed into 5 mm zirconia rotors using 196	

Kel-F spacers and a vespel drive tip. Samples were spun at 10 kHz to reduce interference 197	
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due to spinning side bands. The VACP pulse program was optimized using 198	

hexamethylbenzene and glycine to achieve maximum intensity for all peaks. The contact 199	

time for samples was 1 ms, the proton 90 was 3 µs, the decoupling power was 62.5 kHz 200	

for 25 ms, and the recycle delay was 1–2 seconds. The number of scans for litters was 201	

3000 and for light fractions was about 12000. Examples of representative spectra are 202	

provided in Figure S1. Spectra were digitally processed using MNova NMR software 203	

(Mestrelab Research SL, Spain) to integrate peak areas in the following chemical shift 204	

regions: 0–45 ppm (alkyl), 45–110 ppm (O-alkyl), 110–165 ppm (aromatic), 165–210 205	

ppm (carbonyl). Integrated spectral areas were normalized to the total signal intensity for 206	

each spectrum.  207	

Sample “aliphaticity” (A/O-a), defined as the ratio alkyl to O-alkyl (C peak area 208	

in the region 0–45 ppm / C peak area in the region 45–110 ppm), was used to infer the 209	

degree of microbial processing in soils where a higher ratio indicates higher processing 210	

(Baldock et al. 1997). This approach assumes that as decomposition progresses: 1) 211	

carbohydrates are degraded resulting in a decrease in the concentration of O-alkyl C, and 212	

2) the metabolic products of decomposers (including lipids and long-chain aliphatic 213	

compounds) accumulate resulting in an increase in the concentration of alkyl C (Baldock 214	

et al. 1990; Baldock and Preston 1995; Baldock et al. 1997; Webster et al. 2000). Sample 215	

aromaticity (AR) was defined as the ratio of aromatic to alkyl plus O-alkyl and aromatic 216	

(C peak area in the region 110–165 ppm / C peak areas in the region 0–165 ppm) where a 217	

higher ratio indicates higher aromaticity (Kögel-Knabner 1997). A “combined” index 218	

(CI) was defined as the ratio of alkyl and aromatic to O-alkyl (C peak area in the region 219	

0–45 plus 110–165 ppm / C peak areas in the region 45–110 ppm) (Baldock and Preston 220	
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1995; Baldock et al. 1997). Alkyl and aromatic C are considered less preferred C 221	

substrates, thus we interpreted litter A/O-a, CI and AR as indices of substrate quality for 222	

microbes as well as the extent of microbial processing of SOM fractions (Baldock and 223	

Preston 1995). 224	

We measured a significant amount of PyC at our sites, especially at depth (Figure 225	

2d in Results section). The presence of char in the 110–165 ppm region affects the 226	

interpretation of CI and AR as indexes of the extent of decomposition. Therefore, we 227	

controlled for the influence of char in CI and AR by subtracting the percentage of signal 228	

intensity from char according to Baldock et al. (2004) (64.9% from 110-145 ppm and 229	

17.5% from 145-165 ppm). These char-corrected indexes are presented as CI* and AR*.  230	

13C NMR spectroscopy does not provide a quantitative measure of the molecular 231	

composition of organic materials, so we applied a molecular mixing model (MMM) for 232	

terrestrial soils (Baldock et al. 2004) to infer the molecular structure of our samples based 233	

on spectral intensities. We used a 5-component model (carbohydrate, lignin, lipid, protein, 234	

and carbonyl) for the litter samples and a 6-component model (5-component model plus 235	

char) for soil fractions. This model iteratively determines the linear combination of 236	

components that best fit the integrated regions of the NMR spectra constrained with the 237	

molar N:C ratio for each sample.  238	

 239	

Data Analysis 240	

Results are reported as means followed by standard errors. Statistical tests were 241	

performed in R 3.6.1 and effects were considered significant at a = 0.05. Depth, 242	

ecosystem, root size, and density fraction effects were tested by analysis of variance 243	
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(ANOVA) with repeated measures for depth accounted for using mixed-effect models 244	

with the nlme package (Pinheiro et al. 2019; R Core Team 2019) and interaction effects 245	

were investigated using Phia (De Rosario-Martinez 2015). 13C NMR results were 246	

compared by site and litter/fraction type using Type III ANOVA to account for 247	

imbalanced design with regards to the numbers of tissue types analyzed. Modest 248	

heterogeneities in variances for aromatic signal intensity, combined index, carbohydrate 249	

content, and char content were improved with a log transformation. Post hoc comparisons 250	

were performed using a Tukey adjustment with the Multcomp package (Hothorn et al. 251	

2008). Relationships between soil density fraction molecular composition and 14C values 252	

were investigated using correlation analysis and linear regression.   253	

 254	

RESULTS AND DISCUSSION 255	

Aboveground Biomass, Litter, and Fine Root Biomass 256	

 Aboveground biomass in our coast redwood forest was previously reported as 428 257	

kg m-2 (Sillett and Van Pelt 2007). Annual litterfall in redwood consisted mainly of 258	

needles (81 ± 2 % by mass) and was similar in dry mass to standing aboveground 259	

biomass in prairie at the time of sampling, which was mostly grasses (97 ± 3 % by mass) 260	

and dead or senesced material (91± 1 % by mass). Total C and N mass, as indicators of 261	

inputs to the soil, were similar between plant types, but redwood aboveground litter had 262	

higher C concentration, lower N concentration, and higher C:N ratio than prairie (Table 263	

1). Total fine root biomass to 110 cm, an indicator of belowground C inputs, was more 264	

than double in redwood than in prairie and fine-root C and N stocks were similarly higher 265	

in redwood than prairie. Redwood roots tended to be larger diameter and declined less 266	
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strongly with depth than prairie roots (Figure S2). Like aboveground plant tissues, 267	

redwood roots had lower N concentration and higher C:N ratio than prairie roots (Table 268	

1).  269	

Table 1. Aboveground litter and fine root mass and general chemistry characteristics in 270	
Coast Redwood Forest and Coastal Prairie. Letters indicate differences between plant 271	
litter or biomass types within a column. N = 6 for redwood and n=3 for prairie. 272	
Site Litter Type Dry 

Mass  
(g m-2)  

C  
(%) 

N  
(%) 

C:N 
ratio 

C Mass 
(g m-2)   

N Mass 
(g m-2) 

Aboveground 
Redwood Annual 

Aboveground 
litterfall 

780 
(57)a 

48.8 

(0.2)a 

0.58 
(0.02)a 

90 
(2)a 

380 
(28)a 

8.1 
(0.4)a 

Prairie Standing 
Aboveground 

Biomass 

1041 

(81) a 
44.1 

(0.1)b 
0.79 

(0.03)b 

56 
(2)b 

459 
(35)a 

4.5 
(0.3)a 

Belowground 
Redwood Fine root 

biomass to 
110 cm  

1794  
(274)b 

35.9  
(1.2)c 

1.1  
(0.0)c 

63 
(4)c 

776 
(115)b 

18 
(3)b 

Prairie Fine root 
biomass to 

110 cm 

775  
(251)a 

36.8  
(0.3)c 

2.3  
(0.1)b 

44 
(0.2)b 

334 
(94)a 

5 
(1)a 

 273	
 274	

Aromaticity and combined (aliphatic plus aromatic) indices were higher in litter 275	

and tissues from redwood than prairie (Figure 1), reflecting a higher abundance of 276	

aromatics and lipids and lower abundance of carbohydrates (Figure S3). The molecular 277	

mixing model (MMM) indicated that carbohydrates and lignin were the most prominent 278	

litter compounds (Figure S3). Also estimated by the MMM, carbohydrates were 73 ± 1 % 279	

of observed C in prairie litters, but only 58 ± 2 % in redwood litters, while lignin was nearly 280	

double in redwood (34 ± 1 %) than prairie (18 ± 1 %). Protein and lipid content did not 281	
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differ between sites and no carbonyl C was detectable in litters by the MMM.  282	

These results confirm that litters and plant tissues in redwood are more aromatic 283	

and depleted in N compared to those in prairie. A global synthesis found the rate of litter 284	

decomposition decreased with increasing C:N ratio and was higher in grasslands than in 285	

coniferous forests (Zhang et al. 2008). As redwood litter contains particularly high amounts 286	

of lignin and tannin that slow decomposition, plant inputs likely decompose more slowly 287	

in the redwood forest than prairie, which should facilitate the accumulation of soil organic 288	

matter that has undergone relatively little decomposition and microbial processing. 289	

 290	
Bulk Soils 291	

Contrary to expectations, total soil C stock to 110 cm was lower in redwood (28 ± 292	

1 kg C m-2) than prairie (35 ± 1 kg C m-2), as was N stock (Figure 2a-b, p < 0.01). 293	

Redwood mineral soils had lower C and N concentrations in the top 30 cm (Figure S5a-b, 294	

p < 0.01) and layer-specific stocks were higher in prairie only in the top 50 cm – soil C 295	

and N concentrations and stocks converged at depth. Redwood mineral soils had higher 296	

C:N ratios than prairie throughout the profile, consistent with higher C:N ratios in 297	

redwood litters (Figure 2c, p < 0.01).  298	

At both sites, δ 13C values increased and Δ 14C values decreased with depth 299	

(Figure 2e-f), indicating a presence of older and more decomposed carbon at depth. Bulk 300	

soil δ 13C and Δ 14C values were higher in redwood than prairie throughout the profile 301	

(Figure 2e-f, p < 0.05). Only redwood forest floor and 0–10 cm mineral soils had Δ 14C 302	

values higher than 0 ‰, indicating the presence of 14C associated with atmospheric 303	

weapons testing. Therefore, the difference in Δ 14C values between sites indicates the 304	

presence of younger C throughout the soil profile in redwood than prairie. This is 305	



	 15	

consistent with recent comparisons of forests and grasslands, which have found Δ 14C of 306	

soil organic carbon to be less depleted in forests than grasslands (Heckman et al. 2020; 307	

Moreland et al. 2021).  308	

Pyrogenic C constituted a larger amount (Figure S5d) and percentage of total C in 309	

prairie than redwood (p < 0.01). This percentage increased slightly with depth at both 310	

sites (Figure 2d). At least 20 % of the difference in total mineral-soil C stocks can be 311	

attributed to higher PyC stocks in prairie. With the commonly used multiplier of 2.27 to 312	

convert the conservative BPCA measurements to more realistic PyC content (Schneider 313	

et al. 2011), PyC explains at least 40 % of this difference. Larger amounts of PyC in 314	

prairie may also contribute to older soil C in prairie than redwood as fire-derived C has 315	

been found to be among the oldest and most chemically refractory components of soil 316	

organic matter, though its fate in soils depends on conditions during formation as well as 317	

physical and chemical interactions with organic matter and minerals (Cusack et al. 2012; 318	

Czimczik and Masiello 2007; Eckmeier et al. 2010; Preston and Schmidt 2006; Schmidt 319	

et al. 2011). 320	

Despite their proximity, there were some differences in soil characteristics 321	

between the redwood and prairie that could influence soil C storage and age. Specifically, 322	

pH of shallow soil (0–30 cm) was slightly higher in redwood than prairie (Figure S6a-b), 323	

redwood soils had higher sand contents throughout the profile, and deep prairie soils 324	

(below 50 cm) had higher clay content than redwood (Figure S6c-d). While these 325	

differences in pH are likely too small to impact soil carbon storage, chemistry, and 326	

persistence, a tendency for soil C to be higher in finer textured soils is well documented 327	

in the literature (Homann et al. 2007; McFarlane et al. 2010; Slessarev et al. 2020) and 328	
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this difference in soil texture may partly explain our observation of more and older soil C 329	

in prairie than redwood. For our sites, however, differences in soil texture between sites 330	

were most pronounced below 50 cm where soil C stocks were similar. 331	

Alternatively, the presence of younger soil C in redwood may result from a higher 332	

rate of recently fixed C inputs in redwood, particularly to deep soils. There is growing 333	

evidence that belowground C inputs through root turnover and rhizosphere deposition are 334	

more important C sources to soils than aboveground litter (Schmidt et al. 2011). We did 335	

not quantify belowground input rates, but redwood fine-root biomass to 110 cm depth 336	

was more than double that in prairie, and below 50 cm depth redwood had nearly 10 337	

times the fine-root density of prairie. The few direct comparisons of belowground litter 338	

production between paired prairie and forest suggest that forests have higher root 339	

turnover (Pärtel and Wilson 2002), higher root productivity and belowground C inputs 340	

(Zhang et al. 2013), and that belowground inputs occur deeper in the soil profile in forest 341	

than in prairie (Steinaker and Wilson 2005).  342	

 343	

Soil Fractions  344	

Larger bulk soil C and N stocks in prairie than redwood were attributed to larger 345	

DF stocks in prairie (p < 0.01), as DF contained most of the soil C (71–91 %) and N (84–346	

95 %, Figure S7). Light fraction C and N stocks were similar between vegetation types, 347	

but there was a shift in the proportion of C distributed across light fractions in the 348	

surface; fLF contained a larger portion of soil C and N in prairie (17 ± 1 % of C and 12 ± 349	

1 % of N) while oLF contained a larger proportion of soil C and N in redwood (21 ± 6 % 350	

of C and 10 ± 3 % of N). 351	
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Nitrogen concentrations were higher in prairie than redwood for all fractions, 352	

though this difference was more pronounced in the surface and in oLF (Table 2). Light 353	

fraction C:N ratios were lower in prairie than redwood (p < 0.01), but DF had similar C:N 354	

ratios between sites. Like bulk soil, fraction δ13C values became more enriched with 355	

depth and were more enriched in redwood than prairie at the surface (Table 2). 356	

Regardless of depth, δ13C values were more enriched in DF than in light fractions, 357	

possibly reflecting a greater degree of microbial processing in this mineral-associated 358	

fraction. These results suggest that light fractions in redwood may be less microbially 359	

processed than those in prairie. 360	

 361	
Table 2. Soil fraction C and N concentration and isotopes for 0–10 and 50–70 cm depths 362	
(means followed by standard error, n = 3). Letters indicate differences among fractions, 363	
sites, and depths within a column. 364	

Site Depth (cm) Fraction C (%) N (%) C:N Ratio δ13C (‰) Δ14C (‰) 

Redwood 0–10 fLF 34.0 (1.9)ab 1.0 (0.1)ab 35.6 (1.7)a -27.0 (0.3)ab 44 (15)a 

  oLF 35.9 (1.2)ac 1.1 (0.0)bc 32.6 (1.7)a -27.5 (0.2)a 25 (13)a 

  DF 5.1 (0.4)de 0.4 (0.0)e 13.5 (0.4)b -25.3 (0.3)c 82 (7)a 

 50–70 fLF 32.7 (1.2)ab 0.7 (0.0)f 49.0 (3.8)c -27.4 (0.1)a -67 (43)ab 

  oLF 38.4 (2.8)bc 0.8 (0.0)af 46.9 (2.5)c -26.3 (0.0)b -302 (94)cd 

  DF 1.5 (0.1)de 0.1 (0.0)d 13.2 (0.4)b -24.9 (0.1)c -218 (40)bd 

        

Prairie 0–10 fLF 23.1 (0.6)f 1.3 (0.0)c 18.4 (0.6)b -28.7 (0.2)d 63 (9)a 

  oLF 36.8 (0.3)ac 2.3 (0.1)g 16.3 (0.7)b -28.7 (0.1)d 31 (6)a 

  DF 8.9 (0.7)e 0.7 (0.1)ad 12.2 (0.1)b -27.6 (0.2)a -2 (11)ae 

 50–70 fLF 32.1 (1.6)ac 0.9 (0.1)bf 36.0 (4.3)a -27.3 (0.2)ae -197 (98)bed 

  oLF 40.8 (1.7)c 1.1 (0.1)bc 37.5 (0.9)a -26.5 (0.0)be -505 (31)c 

  DF 1.4 (0.2)d 0.1 (0.0)de 11.3 (0.6)b -25.3 (0.1)c -344 (20)cd 

 365	

Except for redwood fLF, fraction Δ14C values declined with depth (Table 2). This 366	

lack of change in Δ14C values with depth for fLF in redwood may results from higher 367	
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rates of recently fixed root-C inputs to deep soils in redwood, as described above, while 368	

fresh plant inputs may be more limited to near-surface soils in prairie. Significant two-369	

way interactions between depth and site and depth and fraction showed that: 1) in the top 370	

10 cm, Δ14C values were similar amongst fractions and sites and 2) at 50–70 cm depth, 371	

Δ14C values were highest for fLF and lowest for oLF and were higher in redwood than 372	

prairie at depth (p <0.01). 373	

Carbohydrates and aromatics were the most prominent compounds in light 374	

fractions (Figure S3). In general, aliphaticity, aromaticity, and combined indices were 375	

highest in oLF and lowest in biomass and litters (Figure 1). Char-corrected 376	

decomposition indices (AR* and CI*) followed similar patterns to the indices that 377	

included char (Figure 1 and Figure S8). Light fractions tended to be enriched in alkyl, 378	

aromatic, and carbonyl C and depleted in O-alkyl C compared to biomass and litters 379	

(Figure S3). The molecular mixing model indicated that light fractions tended to be 380	

depleted in carbohydrates and enriched in lipids and proteins compared to biomass and 381	

litters (Figure S4). These shifts in the molecular composition from litter to fLF and oLF 382	

are consistent with expected changes as organic matter decomposes. 383	

Deep light fractions tended to have higher aromaticity and combined indices than 384	

surface fractions because of lower Alkyl C and higher aromatic C than surface light 385	

fractions (Figure S3). Char content, derived from the molecular mixing model, increased 386	

with depth for oLF at both sites from an average of 17 ± 2 % to 60 ± 12 % and for fLF in 387	

prairie (Figure S8). At 50–70 cm depth, char accounted for most aromatic C in the oLF, 388	

but a considerable amount of char (37 ± 14 % of total C) was also present in prairie fLF. 389	

Char-corrected aromaticity also increased with depth (Figure S8). 390	



	 19	

Molecular composition of light fractions did not differ greatly between redwood 391	

and prairie, with a few key exceptions. The molecular mixing model suggested that lignin 392	

content was about double in redwood than prairie and that protein content was higher in 393	

surface fractions from prairie than redwood (Figure S4). Deep olf from prairie appeared 394	

to be more decomposed than that from redwood as it had higher decomposition indices 395	

(aliphaticity, char-corrected aromaticity, combined, and char-corrected combined 396	

indices), lower lignin content, and higher carbohydrate content. 397	

 398	

Relationships between SOM Chemistry and 14C Values 399	

We found that light fractions with higher 14C values (indicating a younger C 400	

average age) had higher carbohydrate content (Figure 3). Fractions with higher 14C values 401	

also had higher lignin content regardless of depth in prairie but only at 50–70 cm depth in 402	

redwood. The presence of more carbohydrate and more lignin in younger soil fractions 403	

suggests the presence of relatively recent plant C inputs and that these compounds, 404	

including lignin, are not retained as organic matter decomposes even in situ. In contrast, 405	

fractions with lower 14C values had higher char content (Figure 3) and combination 406	

indices, though the relationship between older C and higher aromaticity was only 407	

significant for deep soils (Figure 4). This further demonstrates that PyC helps to explain 408	

the presence of older C in prairie than redwood.  409	

 410	

We hypothesized that relationships between SOC molecular composition and age 411	

would be weaker in redwood than prairie. We found that some relationships between 412	

molecular composition and age were consistent across sites, but that overall, there were 413	
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more significant relationships in prairie than redwood. The most striking difference was 414	

that fractions with lower 14C values (older C) also had higher lipid content and higher 415	

aliphaticity in prairie only (Figure 4), suggesting an accumulation of lipids in these 416	

fractions over time. These results support an indirect role of litter chemical structure in soil 417	

carbon formation, wherein plant inputs are processed by microbes and microbial 418	

processing promotes SOC persistence (Cotrufo et al. 2013; Gleixner 2013; Mambelli et al. 419	

2011; Olagoke et al. 2022). Fast degrading litter may be transformed more efficiently into 420	

SOC by soil microbes (Bradford et al. 2013; Kallenbach et al. 2015; Manzoni et al. 2012), 421	

resulting in greater accumulation of microbial products compared to less labile litter 422	

(Cotrufo et al. 2013). This transformation of plant-derived substrates to microbial products 423	

appears to be key for the persistence of soil C especially in grasslands (Angst et al. 2021; 424	

Kallenbach et al. 2016).  However, we did not identify the source (plant or microbial) of 425	

lipids in our study and research addressing this hypothesis in complex natural systems is 426	

sparse. 427	

 428	

Conclusion 429	

We compared the storage, age, and molecular characterization of SOC in old-430	

growth coast redwood forest and adjacent prairie. These systems have highly contrasting 431	

amounts, types, and chemistry of plant litter inputs, allowing us to assess the role of plant 432	

litter in driving soil carbon storage and persistence in sites selected to minimize 433	

differences in climate and soil characteristics. As expected, redwood forest plant litters 434	

included more aromatic compounds, less nitrogen, and less carbohydrates than prairie 435	

litters. Despite having more easily degradable plant litter, prairie stored more and older 436	
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soil C than redwood. Our observation of larger soil carbon stocks and higher Δ14C values 437	

in bulk soils and density fractions in redwood forest than prairie, implies the presence of 438	

more recently fixed, faster cycling C in redwood soils and/or longer residence time of soil 439	

carbon in prairie soils. Greater amounts of fire residues account for up to 40% of the 440	

larger soil carbon stocks, and likely contribute to longer soil C residence times, in prairie 441	

than redwood. Greater physicochemical protection of SOC may contribute to larger 442	

stocks and older soil carbon in prairie than redwood as most soil C was found in mineral-443	

associated fractions and we found evidence for an increase in lipid content in older prairie 444	

light density fractions. Litter chemistry may indirectly influence soil carbon dynamics in 445	

redwood forest and prairie, but litter recalcitrance does not drive soil carbon storage and 446	

persistence in these ecosystems. Instead, differences in root inputs with depth, the amount 447	

of fire-residue, and microbial processing likely contribute to differences in soil carbon 448	

storage and age between old-growth redwood forest and coastal prairie. 449	

 450	

  451	
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 713	

Figure 1. (a) Aliphaticity, (b) Aromaticity, and (c) Combined Indices calculated from 13C-714	
NMR spectroscopy. Letters indicate statistically significant differences at a = 0.05 715	
among organic matter fraction (aboveground litter and biomass, belowground biomass, 716	
free light fractions, and occluded light fractions) and vegetation cover (prairie and 717	
redwood) as there was a significant interaction between organic matter fraction and 718	
vegetation cover. Values are means ± standard error and n ranges from 2 to 8 as samples 719	
were pooled into the categories shown.   720	
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 721	

Figure 2. Bulk soil characteristics by middle increment depth for Coastal Redwood Forest 722	
and Coastal Prairie. Data are means ± 1 SE. n = 7 for Redwood and 5 for Prairie and 7 for 723	
(a) Cumulative C stock, (b) Cumulative N stock, and (c) C:N Ratio. For (d) Py C 724	
measured as BPCA, n = 3 for 0–10 cm and 50–70 cm and n = 1 for 10–20 cm and 30–50 725	
cm for each site. Cumulative C stock. N = 3 for both sites for (e) δ 13C and (f) Δ 14C. 726	
Depths > 0 cm are for the forest floor (O-horizon), which was only present in redwood 727	
forest. 728	
 729	

  730	
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 731	

 732	

Figure 3. Light density fraction 14C and molecular composition for 0–10 cm (top) and 50–733	
70 cm (bottom) depths. A reference line is provided for the approximate atmospheric 14C 734	
value in 2009, the year of sampling (gray horizontal dash-dotted line). Regression lines, 735	
R2, and p values are provided for regressions with p < 0.05. Dashed lines show 736	
statistically significant linear regressions for all points (black, denoted “All”) or prairie 737	
only (blue, denoted “P”).  738	
  739	
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 740	

 741	

Figure 4. Light density fraction 14C and molecular composition or indices for 0–10 cm 742	
(top) and 50–70 cm (bottom) depths. A reference line is provided for the approximate 743	
atmospheric 14C value in 2009, the year of sampling (gray horizontal dash-dotted line). 744	
Regression lines, R2, and p values are provided for regressions with p < 0.05. Dashed 745	
lines show statistically significant linear regressions for all points (black, denoted “All”) 746	
or prairie only (blue, denoted “P”). 747	
 748	
  749	
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Supplementary materials for 750	

Soil carbon stocks not linked to aboveground litter input and chemistry of old-751	

growth forest and adjacent prairie 752	

 753	

Karis J. McFarlane1, Stefania Mambelli2, Rachel C. Porras3, Daniel B. Wiedemeier4,5, 754	

Michael W. I. Schmidt4, Todd E. Dawson2, and Margaret S. Torn3 755	

 756	

Table S1. Study Site Characteristics 757	

 Atlas Grove Redwood Boyes Prairie 
Latitude/Longitude (°) 41.3625/-124.0203 41.3667/-124.0167 
Elevation (m) 55 35 
USDA Soil Series Mystery Ferndale 
USDA Soil 
Taxonomic Class 

Coarse-loamy, mixed, 
superactive, isomesic, 
Oxyaquic Eutrudepts 

Fine-silty, mixed, superactive, 
nonacid mesic Typic Udifluvents 

Dominant vegetation 
species1 

Sequoia sempervirens, 
Acer macrophyllum, 
Rhamnus purshiana, 
Pseudotsuga menziesii, 

 Tsuga heterophylla, 
Umbellularia californica 

 Danthonia californica, Poa 
pratensis, Holcus lanatus, Carex 

sp., Hypochoeris radicata, 
Plantago lanceolata, Pteridium 
aquilinium, Dactilis glomerata, 

Rubus vitifolius, Rosaceae 
Understory vegetation 
species1 

Polystichum munitum, 
Gaultheria shallon, 
Vaccinium ovatum, Oxalis 
oregana 

NA 

1Redwood vegetation from Sillet and Van Pelt, 2007. Prairie vegetation from Veirs, 1987 758	
and Stassia Samuels, personal communication, 2011.  759	
 760	
  761	



	 35	

Figure S1. Example 13C-NMR spectra for (a) Coast Redwood Forest and (b) Coastal 762	
Prairie occluded light fraction (black), free light fraction (magenta), fine roots (brown), 763	
and aboveground biomass (green). 764	
 765	

  766	

  767	
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Figure S2. Fine root biomass in (a) Coast Redwood Forest and (b) Coastal Prairie. Data 768	
are means ± SE of the total mean. n = 3 cores for Prairie and 6 for Redwood. The 769	
distribution of roots among diameter classes did not change significantly with depth.  770	

 771	
A	subset	of	redwood	roots	was	sorted	into	live	and	dead	roots	based	on	tensile	772	
strength	and	root	morphology.	By mass, 42 % was live root biomass while 58 % was 773	
necromass. The proportion of live vs. dead roots did not differ among diameter classes or 774	
soil depths and root C and N concentrations did not differ between live and dead roots. A 775	
subset of Redwood roots was taken to holocellulose following the Soxhlet solvent 776	
extraction described in Gaudinski et al 2005. No consistent patterns with depth or root 777	
characteristics and 14C were observed. Data are available in the supplementary data file. 778	
 779	
Gaudinski, J. B., Dawson, T. E., Quideau, S., Schuur, E. A. G., Roden, J. S., Trumbore, 780	
S. E., Sandquist, D. R., Oh, S.-W., and Wasylishen, R. E.: Comparative Analysis of 781	
Cellulose Preparation Techniques for Use with 13C, 14C, and 18O Isotopic 782	
Measurements, Analytical Chemistry, 77, 7212-7224, 10.1021/ac050548u, 2005. 783	

784	
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Figure S3. Signal intensities in the (a) Alkyl, (b) O-alkyl, (c) Aromatic, and (d) Carbonyl 785	
chemical shift ranges from 13C-NMR spectroscopy. Lowercase letters indicate differences 786	
among organic matter fraction (aboveground litter and biomass, belowground biomass, 787	
free light fractions, and occluded light fractions). Uppercase letters indicate differences 788	
among organic matter fraction and vegetation cover as there was a significant interaction 789	
between organic matter fraction and vegetation cover. Values are means ± standard error 790	
and n ranges from 2 to 8 as samples were pooled into the categories shown. 791	
 792	

  793	
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Figure S4. (a) Carbohydrate, (b) Lipid, (c) Lignin, and (d) Protein as a portion of total 794	
observed C from the molecular mixing model derived from 13C-NMR spectroscopy. 795	
Letters indicate statistically significant differences at a = 0.05. Lowercase letters indicate 796	
differences among organic matter fraction (aboveground litter and biomass, belowground 797	
biomass, free light fractions, and occluded light fractions). Uppercase letters indicate 798	
differences among organic matter fraction and vegetation cover as there was a significant 799	
interaction between organic matter fraction and vegetation cover. Values are means ± 800	
standard error and n ranges from 2 to 8 as samples were pooled into the categories 801	
shown.  802	

 803	
  804	
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Figure S5. Bulk soil characteristics by middle increment depth for Coast Redwood Forest 805	
and Coastal Prairie. Data are means ± 1 SE. n = 7 for Redwood and 5 for Prairie for (a) C 806	
concentration, (b) N concentration, and (c) bulk density. For (d) Py C measured as 807	
BPCA, n = 3 for 0–10 cm and 50–70 cm and n = 1 for 10–20 cm and 30–50 cm. Depths > 808	
0 cm are for the forest floor (O-horizon), which was only present in redwood forest. Data 809	
are means ± 1 SE. 810	
	 811	
 812	
  813	
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Figure S6. Bulk soil characteristics by middle increment depth for Coast Redwood Forest 814	
and Coastal Prairie. Data are means ± 1 SE and n = 3.  815	
 816	

 817	
  818	
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Figure S7. Distribution of (a) carbon and (b) nitrogen in density fractions from Coast 819	
Redwood Forest (R) and Coastal Prairie (P) for 0–10 cm and 50–70 cm depths. Data are 820	
means ± SE of the total mean. n = 3 for each site. 821	
 822	

 823	

  824	
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Figure S8. (a) Char and (b) Carbonyl C as a portion of total observed C from the 825	
molecular mixing model derived from 13C-NMR spectroscopy. (c) Char-corrected 826	
Aromaticity (AR*) and (d) Char-corrected Combined Indices. Lowercase letters indicate 827	
differences among organic matter fraction and depth. Uppercase letters indicate 828	
differences among organic matter fraction, depth, and vegetation cover as there was a 829	
significant 3-way interaction. Values are means ± standard error and n is 3 for surface 830	
and 2 for deep light density fractions. 831	

 832	


