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Abstract 8 
Long-term measurements across the soil profile are essential for understanding how agricultural 9 
management affects soil organic carbon (SOC) storage, accumulation, and vertical distribution. 10 
We analyzed a 40-year record (1984–2023) from the Farming Systems Trial in Pennsylvania, 11 
USA, comparing conventional (CNV), legume-based organic (LEG), and manure-based organic 12 
(MNR) cropping systems. Seven sampling events were used to evaluate long-term surface SOC 13 
trajectories, three campaigns included the complete 0 – 100 cm soil profile, and full- and 14 
reduced-tillage treatments were compared from 2008 onward. Surface SOC increasingly 15 
diverged among cropping systems over time (system × year: χ² = 35.0, P < 0.001). By 2023, SOC 16 
concentrations in the 0–20 cm layer were 2.46% in MNR, 2.30% in LEG, and 1.92% in CNV. 17 
Equivalent-soil-mass-corrected SOC stocks were 70.3, 65.7, and 54.7 Mg C ha⁻¹, respectively, 18 
corresponding to gains of 15.6 Mg C ha⁻¹ in MNR and 11.0 Mg C ha⁻¹ in LEG relative to CNV. 19 
Across the full 1 m profile, MNR and LEG stored 119.0 and 108.9 Mg C ha⁻¹, respectively, 20 
compared with 92.9 Mg C ha⁻¹ under CNV. The effect of cropping system varied strongly with 21 
soil depth (system × depth: χ² = 77.9, P < 0.001). In both 2021 and 2023, 91 – 94% of the 22 
additional SOC stored under the organic systems occurred within the upper 30 cm. 23 
Permanganate-oxidizable carbon followed the same vertical pattern, indicating that both total 24 
SOC and management-responsive carbon increased primarily within the surface and transition 25 
layers. Cropping-system diversification and organic inputs had a substantially greater influence 26 
on SOC than tillage intensity, which had no significant overall or system-dependent effect. These 27 
findings show that diversified organic cropping systems can produce substantial and persistent 28 
SOC gains over four decades. Full-profile sampling combined with equivalent-soil-mass 29 
accounting also clarifies where those gains occur, providing a stronger basis for evaluating 30 
agricultural soil-carbon storage. 31 
 32 
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 34 
1.0 Introduction 35 
Soil organic carbon (SOC) represents the largest actively cycling terrestrial carbon reservoir, 36 
holding approximately three times more carbon (C) than the entire atmosphere (Das et al., 2025). 37 
Agricultural conversion and intensive crop production have been primary drivers of global SOC 38 
depletion; and since the dawn of agriculture, approximately 116 Petagrams (Pg) of carbon (C) 39 
have been lost from the world's soils (Sanderman et al., 2017). Conversion of natural ecosystems 40 
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to cropland generally reduces SOC stocks in mineral soils, with reported losses commonly 41 
ranging from ~20–40% or more depending on climate, soil type, soil depth, original vegetation, 42 
and management history. These losses transfer soil C to the atmosphere primarily as CO₂ and 43 
degrade the physical, biological, and chemical functions supported by SOC, including water 44 
retention, aggregate stability, nutrient cycling, and biological activity (Don et al., 2011; Minasny 45 
et al., 2017). The imperative to rebuild depleted agricultural SOC stocks is now framed both as a 46 
climate mitigation strategy and as a prerequisite for long-term food and environmental security. 47 
Croplands worldwide are estimated to hold a sequestration potential of 0.90 – 1.85 Pg C yr⁻¹ 48 
under improved management, representing 26 – 53% of the "4 per mile" global target established 49 
at COP21 for annual SOC stock increases (Minasny et al., 2017; Padarian et al., 2022; Zomer et 50 
al., 2017). Achieving even a fraction of this potential requires identifying which agricultural 51 
management systems accumulate SOC over decadal time scales, and whether the C that 52 
accumulates is distributed throughout the soil profile relevant to both permanence and climate 53 
accounting since surface C turns over more rapidly. Both questions can best be answered by 54 
long-term agricultural field experiments that have maintained consistent treatments for decades 55 
under replicated, side-by-side comparison (Das et al., 2023; Kimble et al., 2007; Lorenz and Lal, 56 
2023a). 57 

Organic farming has sustained scientific and policy interest as a management approach 58 
that rebuilds SOC. By excluding synthetic nitrogen (N) fertilizers and relying on biologically 59 
fixed N, organic amendments, and diverse crop rotations, organic systems redirect the quantity, 60 
quality, and distribution of organic inputs to the soil in ways that favor C accumulation (García-61 
Palacios et al., 2018; Gattinger et al., 2012a; Littrell et al., 2021). A landmark meta-analysis by 62 
Gattinger et al., (2012) found that organic management increased higher topsoil SOC stocks than 63 
conventional management across 74 paired studies, with mean increase in SOC approximately  64 
3.5 Mg C ha⁻¹. By 2023, approximately 98.9 million hectares were managed organically 65 
worldwide, 2.1 % of global agricultural land, representing a near-tripling of organic area over the 66 
past two decades (The world of Organic Agriculture 2025 : Latest Statistics About Organic 67 
Agriculture Worldwide, 2026). As this expansion continues, robust quantification of the SOC 68 
outcomes of organic systems, including their depth distribution and long-term trajectory, 69 
becomes increasingly important for science, policy, and carbon accounting. 70 

Two descriptions of the existing literature limits the confidence with which these findings 71 
can be applied to management practices. First, most published comparisons include fewer than 72 
20 years of management (Lorenz et al., 2025), and there is evidence that organic – conventional 73 
SOC differences compound over time in ways that shorter trials cannot reveal (Gattinger et al., 74 
2012b; Lorenz and Lal, 2023b; Lori et al., 2024). Second, the majority of studies report SOC 75 
only to 0 – 20 or 0 – 30 cm (von Haden et al., 2020a; Rui et al., 2022; Woodings and Margenot, 76 
2023), leaving open the critical question of whether organic management enriches the deeper 77 
profile with direct implications for the permanence and climate-relevance of C gains. Subsoils 78 
below 30 cm store approximately 55% of global SOC to 1 m depth, and deep soil C can persist 79 
for centuries owing to mineral associations and slow organic matter turnover (Rumpel and 80 
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Kögel-Knabner, 2011). Current measurements, reporting, and verification (MRV) protocols for 81 
agricultural carbon typically require sampling to only 30 cm, and deep profile data from long-82 
term organic farming trials remain sparse. 83 

Tillage intensity adds a further layer of complexity. The introduction of reduced or no-till 84 
practices has been advocated as an additional lever for C sequestration within both organic and 85 
conventional systems, but meta-analyses that account for full-profile sampling have found that 86 
no-till often redistributes carbon toward the surface without increasing whole-profile stocks, with 87 
net effects approaching zero within approximately 14 years of adoption (Cai et al., 2022; Luo et 88 
al., 2010a). Whether tillage adds to, or is simply secondary to, the system-level SOC outcomes of 89 
organic management has rarely been tested within a single controlled, long-term experiment 90 
where both factors vary simultaneously. 91 

The Farming Systems Trial (FST) at the Rodale Institute, established in 1981 in 92 
Kutztown, Pennsylvania, USA, is the longest continuously running side-by-side comparison of 93 
conventional and organic grain-based cropping systems in North America. With three systems: 94 
conventional agrochemical-based (CNV), low input legume-based organic (LEG), and manure-95 
based organic (MNR), with tillage treatments  -full tillage (FT) and reduced tillage (RT)- 96 
introduced in 2008, the FST offers a uniquely comprehensive platform for comparing the long-97 
term, depth-resolved, and tillage-modified SOC outcomes of organic management. Prior work at 98 
the FST has documented higher SOM and biological activity under organic management 99 
(Hepperly et al., 2007; Littrell et al., 2021; Lorenz et al., 2025), but the SOC record has not 100 
previously been examined across the full 0 – 100 cm profile with equivalent soil mass (ESM) 101 
correction across multiple deep-core samples, nor has the depth distribution of the organic-102 
system carbon advantage been resolved. 103 

This study reports SOC dynamics from seven sampling events from 1984 to 2023 for a 104 
depth of 0 – 100 (and 0 – 80 cm for early year 1984 to 2008 & 0 -100 cm for 2018, 2021, 2023). 105 
The specific objectives were: (1) to characterize the long-term trajectory of surface SOC across 106 
the three systems from 1984 to 2023; (2) to determine whether the organic-system SOC 107 
advantage extends into the subsoil below 30 cm and to quantify the distribution of C across 108 
depth; (3) to evaluate the effect of reduced tillage and its interaction with cropping system on 109 
surface SOC stocks; and (4) to use permanganate-oxidizable carbon (POX – C) as independent 110 
indicators of the depth dependence of management effects on the labile carbon fraction. 111 
 112 
2. Materials and Methods 113 
2.1 Study site and experimental design 114 
This study used historical soil C data from the Rodale Institute Farming Systems Trial (FST), a 115 
long-term field experiment established in 1981 near Kutztown, Pennsylvania, USA. The FST 116 
compares organic and conventional grain production systems under field-scale management. The 117 
site is located at the Rodale Institute main campus in southeastern Pennsylvania and has a humid, 118 
temperate climate. Soil is silt loam in the Oxyaquic Fragiudalf great group, with mapping units 119 
described as Clarksburg. The experiment was originally established as a randomized complete 120 
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block design (RCBD) with eight replicated blocks. Prior to 2008, the trial consisted of three 121 
cropping systems: conventional (CNV), legume-based organic (LEG), and manure-based organic 122 
(MNR). Each system plot measured approximately 18 × 92 m and was sub-divided into three 123 
rotation-entry subplots making each plot size approximately 6 × 92 m. Each entry point allows 124 
different phases of each crop rotation to be analyzed in a single year. Grass buffer strips (5ft in 125 
width) separate plots to minimize cross-treatment movement of soil, residues, fertilizers, 126 
pesticides, and weed seeds. 127 

From 1981 through 2007, all systems were managed under full tillage. In 2008, four of 128 
the eight replicate blocks were converted to reduced tillage (RT) management, while the 129 
remaining four blocks continued under full tillage (FT). Thus, the post-2008 design included two 130 
tillage treatments, FT and RT, crossed with the three cropping systems (CNG, LEG, and MNR).  131 
 132 
2.2 Cropping systems 133 
The three cropping systems differed in rotation length, nitrogen source, cover-crop use, crop 134 
diversity, and reliance on external inputs. The CNV system represented a chemically intensive 135 
grain production system, with fertility supplied primarily through inorganic N fertilizers and 136 
weed management based on synthetic herbicides. The LEG system represented a low-input 137 
organic cash-grain system, with nitrogen supplied primarily through leguminous cover crops and 138 
rotation-based nutrient cycling. The MNR system represented an organic grain–forage system, 139 
with N and C inputs supplied through leguminous cover crops, a perennial hay phase, and 140 
periodic composted dairy manure applications [twice in the 9-year rotation, year 1 and year 7 141 
after the three years of hay phase at 18 tons/acre]. 142 

The LEG system followed a mid-length (4-years rotation) organic grain rotation 143 
including maize, oats, soybean, wheat, and leguminous cover crops. The MNR system followed 144 
a longer (9-years rotation) and more diversified rotation including maize, soybean, small grains, 145 
maize silage, and a multi-year hay phase (Table 1). Both organic systems were managed without 146 
synthetic fertilizers or pesticides. Where historical management records indicate limited non-N 147 
mineral amendments, such as potassium sulfate, these inputs were considered part of the system 148 
management history but not treated as primary nitrogen sources. Conventional system followed a 149 
typical intensive grain production system with 3-years rotation of maize and soybean. 150 

 151 
Table 1. Farming Systems Trial (FST) rotation plan. 152 
Systems Year of 

Rotation 
Rotation 

Organic – Manure (MNR) 9 oats/rye–soybean/wheat–wheat/hay–hay–hay–
hay–maize silage/wheat–wheat/vetch–maize/rye 

Organic – Legume (LEG) 4 maize/rye–oats+clover/rye–soybean/wheat–
wheat/vetch 

Conventional (CNV) 3 maize–maize–soybean 
 153 
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2.3 Tillage treatments 154 
Before 2008, all plots were managed under FT. In the conventional system, FT generally 155 
involves chisel plowing followed by disk, harrow, and packing,  for seedbed preparation. In the 156 
organic systems, full tillage involved moldboard plowing followed by disk, harrow, and packing, 157 
and secondary cultivation (tine weeding) as needed based on the weed density during early 158 
season. Beginning in 2008, reduced tillage (RT) was implemented differently across systems, 159 
reflecting realistic management constraints in conventional and organic production. In CNV, RT 160 
was implemented as herbicide-based no-till management. In LEG and MNR, RT was 161 
implemented as cover-crop-based rotational no-till, in which maize and soybean were direct-162 
seeded into roller-crimped cover-crop residues using no-till seed drill, while small grains and 163 
cover crops still required occasional tillage for establishment. Therefore, the tillage treatment 164 
represents a functional system-specific tillage strategy rather than a mechanically identical 165 
operation across systems. The system × tillage interaction was interpreted with this management 166 
distinction in mind. Because tillage was not an experimental factor prior to 2008, tillage-effect 167 
analyses were restricted to post-2008 sampling campaigns (Pearsons et al., 2023). 168 
 169 
2.4 Soil sampling and historical data compilation 170 
Soil data were compiled from seven sampling events including, 1984, 2004, 2006, 2008, 2018, 171 
2021, and 2023. Sampling depth increments differed among each sampling event because of 172 
changes in sampling objectives, equipment, and analytical priorities across the 40-year study 173 
period. The 1984 sampling included 0–10, 10–20, 20–30, 30–65, and 65–100 cm increments. 174 
The 2004 sampling included 0–20, 20–40, 40–60, and 60–80 cm increments. The 2006 and 2008 175 
campaigns included 0–5, 5–10, 10–20, 20–30, 30–60, and 60–80 cm increments. The 2018, 176 
2021, and 2023 sampling used a common five-layer deep-core profile: 0–10, 10–20, 20–30, 30–177 
60, and 60–100 cm.  178 
 179 
2.5 Laboratory measurements 180 
The analytical variables available differed among sampling campaigns. Soil organic matter 181 
(SOM) was measured by loss-on-ignition (LOI) in 1984, 2006, 2008, 2018, 2021, and 2023. 182 
Total carbon (TC) was measured by dry combustion in 2004, 2006, 2008, 2018, 2021, and 2023. 183 
Combustion C measurement was not available for 1984, and LOI was not available for 2004. 184 
From 2006 onward, both LOI and combustion carbon were available, allowing cross-method 185 
comparison. Permanganate-oxidizable carbon (POXC) was measured for the 2021, and 2023 186 
deep-core samples at 0–10, 10–20, 20–30, 30–60, and 60–100 cm. Dry-combustion total carbon 187 
was interpreted as SOC because the FST soils are non-calcareous or expected to contain 188 
negligible inorganic C.  189 
 190 
2.6 Primary carbon metric and cross-campaign comparability 191 
The primary response variable was dry-combustion SOC concentration, expressed as percent C. 192 
SOC concentration was used as the primary basis for cross-year comparison because it was less 193 
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sensitive than LOI organic matter to methodological artifacts associated with furnace conditions, 194 
ignition duration, clay-bound water loss, and a laboratory- and year-specific OM:C conversion 195 
factor. In this dataset, the OM:C ratio at the surface varied from 1.72 to 2.01 across sampling 196 
years. LOI-based SOM was retained as a supporting variable for the 0 – 20 cm temporal series 197 
because it was the only measurement available at the 1984 baseline and remains the metric most 198 
familiar to the soil-health literature and interpretation. Measured LOI was used directly where 199 
available (1984, 2006, 2008, 2018, 2021, 2023); for 2004, where LOI was not measured, SOM 200 
was derived as SOC × 1.72. All other quantitative analyses, system contrasts, depth-profile 201 
analyses, SOC stocks, and ESM corrections used measured combustion C only. Below 30 cm, 202 
LOI was not used for inference, because OM:C ratios at depth were consistently unstable, 203 
consistent with known LOI overestimation from non-organic mass loss in deeper, clay-rich 204 
horizons. 205 
 206 
2.7 Bulk density and SOC stock calculation 207 
Bulk density (BD) was not measured in every sampling year. Rather than applying a single fixed-208 
year reference across the 40-year record, BD was assigned from direct measurement in two 209 
representative years from the pre- and post-tillage-split periods. For samplings before the 2008 210 
tillage split (1984, 2004, 2006, 2008), BD was taken from three-core composite samples 211 
collected in 2004, measured for all three systems across four depth increments (0–20, 20–40, 40–212 
60, 60–80 cm). For samplings after the tillage split (2018, 2021, 2023), BD was taken from 213 
Giddings-probe cores collected in 2023, measured for all three systems across the full five-layer 214 
profile (0–10, 10–20, 20–30, 30–60, 60–100 cm). SOC stock (Mg C ha⁻¹) for each measured 215 
layer was calculated as: 216 
  𝑆𝑂𝐶!"#$% = 𝑆𝑂𝐶	(%)	𝑥	𝐵𝐷	(𝑔	𝑐𝑚&')	𝑥	𝑙𝑎𝑦𝑒𝑟	𝑡ℎ𝑖𝑘𝑛𝑒𝑠𝑠	(𝑐𝑚)	𝑥	100 217 
Rotation-entry subplots within a block were averaged before zone summation to avoid pseudo-218 
replication. Zone stocks were summed only from layers fully covering the target depth interval; 219 
no extrapolation across unsampled intervals was performed. 220 
 221 
2.8 Equivalent soil mass correction 222 
SOC stocks were corrected to an equivalent soil mass (ESM) basis to minimize bias caused by 223 
differences in bulk density among systems (Ellert and Bettany, 1995; von Haden et al., 2020b). 224 
At a fixed sampling depth, soil with lower bulk density contains less mineral soil mass than soil 225 
with higher bulk density; therefore, it can contain less carbon per unit area even when carbon 226 
concentration is identical. ESM correction accounts for this difference by expressing SOC stocks 227 
relative to common soil mass. For each depth zone, year, and system, ESM-corrected SOC stock 228 
was calculated as: 229 

   𝑆𝑂𝐶()* =	𝑆𝑂𝐶+,-./	/.1"2	𝑥	(
*!"#
*$%$&'(

) 230 

Where SOCfixed-depth is the SOC stock calculated for the sampled fixed-depth interval, MCNV is the 231 
mean soil mass of the conventional system for that depth zone and year, and Msystem is the soil 232 
mass of the system being corrected. The conventional system was used as the reference because 233 
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it consistently had the highest surface bulk density. The correction was applied independently 234 
within each depth zone. 235 
 236 
2.9 Depth harmonization 237 
For analysis requiring a common surface layer across all seven sampling events, depth 238 
increments within the upper 20 cm were combined into a single thickness-weighted mean per 239 
plot: 240 

 𝑆𝑂𝐶3#4. =	
	5()78)	-	"2,$%4.!!))

5("2,$%4.!!))
 241 

 242 
Depth-distributed soil profile analyses were restricted to the three sampling events sharing an 243 
identical five-layer profile to 100 cm (2018, 2021, 2023); earlier sampling events used different 244 
depth increments that could not be harmonized to this same depth profiles without extrapolating 245 
across unsampled intervals and were therefore excluded from depth-resolved analysis. For 246 
profile summaries, the five layers were additionally grouped into a surface zone (0 – 20 cm), a 247 
transition zone (20 – 30 cm), and a subsoil zone (30 – 100 cm). 248 
 249 
2.10 Quality assurance and quality control 250 
The compiled dataset was screened with a rule-based procedure applied uniformly to all records. 251 
Records were removed when measured combustion C exceeded LOI-based organic matter 252 
(physically implausible under non-calcareous conditions, indicating instrument or data-entry 253 
error), or when C and N were jointly near zero despite appreciable LOI organic matter 254 
(indicating a failed or contaminated combustion run). Records were flagged but retained when 255 
deep-layer OM:C ratios fell outside plausible surface ranges, since this reflects expected LOI 256 
behavior at depth rather than sample failure, and was handled analytically by restricting deep 257 
inference to combustion carbon. Fifteen records from the 2006 campaign, representing whole-258 
profile composite samples with organic matter far exceeding any mineral-soil increment, were 259 
identified as an incompatible sample type and excluded from all depth-resolved analyses. Bulk 260 
density values were likewise screened for physical plausibility given soil texture and cross-261 
checked for depth-interval consistency with the paired SOC measurement.  262 
 263 
2.11 Statistical analysis 264 
All statistical analyses were performed in R (version 4.3) using the lme4 package for mixed-265 
effects models and emmeans for estimated marginal means. Treatment effects were estimated 266 
with linear mixed-effects models fitted by maximum likelihood, with blocks as a random 267 
intercept throughout. The significance of fixed effects and interactions was assessed by 268 
likelihood-ratio tests comparing nested models. Rotation- entry subplots were averaged within 269 
each block × system (× tillage, where relevant) × year combination before analysis, to avoid 270 
pseudo-replication across entries. Statistical significance was evaluated at α = 0.05. Two classes 271 
of pairwise comparison were used and are labeled accordingly wherever reported. Within-year 272 
contrasts among the three systems (section 3.1) used Tukey-adjusted comparisons of estimated 273 
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marginal means from the corresponding mixed model. All other pairwise contrasts within-depth 274 
system contrasts (section 3.2), within-system tillage contrasts (section 3.3), and the depth-275 
partitioned decomposition (section 3.2) used unadjusted Welch two-sample t-tests. The long-term 276 
surface trajectory (section 3.1) was modeled as SOC (& SOM) concentration and ESM-corrected 277 
stock, each as a function of system, year, and their interaction, with block as a random intercept. 278 
Depth analyses (section 3.2), restricted to 2018, 2021, and 2023, modeled SOC concentration 279 
and active carbon as functions of system, depth, year, and the system × depth interaction, with 280 
system contrasts estimated within each depth interval. Tillage analyses (section 3.3), restricted to 281 
the same three post-split samples (2018, 2021, 2023), modeled ESM-corrected surface stock as a 282 
function of system, tillage, year, and the system × tillage interaction, with block as the 283 
experimental unit for tillage inference since tillage was assigned at the block level; within-284 
system FT-versus-RT contrasts were additionally tested at each  depth to assess whether a tillage 285 
effect was localized within the profile. Treatment effects are reported throughout as both absolute 286 
differences (Mg C ha⁻¹ for stocks) and relative differences (%) from the conventional system, 287 
alongside the associated test statistic and P-value. 288 
 289 
3. Results 290 
3.1 Long-term divergence of surface carbon among cropping systems 291 
At the 1984 baseline, surface (0 – 20 cm) SOM did not differ among the three cropping systems, 292 
averaging 2.06 % under conventional management, 2.26 % under the legume system, and 2.22 % 293 
under the manure system. From this common starting point, the systems diverged markedly over 294 
the following four decades (Figure 1a). By 2023, surface SOC concentration averaged 2.46 ± 295 
0.07 % under the MNR system and 2.30 ± 0.08 % under the LEG system, compared with 1.92 ± 296 
0.11 % under CNV management (Figure 1b), corresponding to surface SOM values of 4.70%, 297 
4.56%, and 4.02%, respectively (Figure 1a). Cropping system was the dominant control on 298 
surface SOC across the record (system effect: χ² = 38.1, df = 2, P < 0.001), and the three systems 299 
did not accumulate carbon in parallel (system × year interaction: χ² = 35.0, df = 10, P < 0.001). 300 
Both organic systems differed significantly from conventional in 2004, 2006, 2008, 2021, and 301 
2023 (Tukey-adjusted P < 0.05), whereas the two organic systems never differed significantly 302 
from each other in any year. The only exception was 2018, when no system differed significantly 303 
from the others. Because this one data point interrupts an otherwise consistent ranking across six 304 
samplings and four decades, and because the same pattern appeared in both SOC concentration 305 
and SOM, we attribute it to interannual or rotation-phase variation at sampling rather than to a 306 
genuine convergence of the systems. SOC stocks (0 – 20 cm, ESM-corrected) followed the same 307 
trajectory as concentration. Cropping system drove stock differences significantly across the 308 
record (χ² = 36.5, df = 2, P < 0.001; system × year: χ² = 35.3, df = 10, P < 0.001). By 2023, the 309 
manure and legume systems held 70.3 ± 2.1 and 65.7 ± 2.2 Mg C ha⁻¹ in the 0 – 20 cm layer, 310 
respectively, against 54.7 ± 3.2 Mg C ha⁻¹ under conventional management, a surplus of +15.6 311 
Mg C ha⁻¹ (P = 0.002) and +11.0 Mg C ha⁻¹ (P = 0.015). 312 
 313 
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 314 
Figure 1. Surface soil carbon trajectory, 1984–2023. (a) Soil organic matter (SOM, %; loss-on-315 
ignition), 0–20 cm. (b) Soil organic carbon (SOC, %; dry-combustion), 0–20 cm. Points are 316 
system means (conventional, red; legume-organic, blue; manure-organic, green) ± SEM. In (b), 317 
the 1984 point (dashed line) is derived from SOM (÷1.72), not directly measured.  318 
 319 
3.2 Depth distribution of soil organic carbon 320 
Depth advantage of the systems was tested using data from 2018, 2021, 2023, which were 321 
sampled to 100 cm. The effect of system on SOC concentration depended strongly on depth 322 
(system × depth interaction: χ² = 77.9, df = 8, P < 0.001), results showed that management 323 
effects were pronounced near the surface and diminished sharply with depth (Figure 2). The 324 
organic-system advantage was largest at 10 – 20 cm, where the legume and manure systems held 325 
32% (+0.53%) and 37% (+0.61%) more carbon than conventional, respectively (both P < 0.001). 326 
A significant advantage persisted into the 20 – 30 cm transition zone for both organic systems 327 
(legume: relative difference with CNV = +27 %, absolute difference with CNV = +0.22 %, P = 328 
0.02; manure: relative difference with CNV = +50 %, absolute difference with CNV = +0.41 %, 329 
P < 0.001), but below 30 cm the three systems were statistically indistinguishable. All three 330 
converged on approximately 0.29 – 0.33 % SOC at 30 – 60 cm and 0.19 – 0.20 % at 60–100 cm, 331 
with no significant pairwise differences at either depth (Figure 2). 332 
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 333 

 334 
Figure 2. Depth profiles of total soil carbon by cropping system, 2018, 2021, and 2023. Total 335 
soil carbon (%) by depth for conventional (red), legume-organic (blue), and manure-organic 336 
(green) systems (n = 8 blocks/system). Bands show ± 1 SD; error bars show ± SEM. Asterisks 337 
mark significant difference from conventional within that year and depth (Welch t-test: * P < 338 
0.05, ** P < 0.01, *** P < 0.001).  339 

The same pattern emerged from zone-level stock comparisons (Table 2). In 2023, ESM-340 
corrected SOC stocks under organic management exceeded conventional by +11.0 and +15.6 Mg 341 
C ha⁻¹ in the 0 – 20 cm zone (legume P = 0.015 and manure P = 0.002) and by +4.0 and +8.0 Mg 342 
C ha⁻¹ in the 20–30 cm zone (legume P = 0.08; manure P = 0.003). At 30–60 cm and 60–100 cm, 343 
no system differed significantly from conventional in either 2021 or 2023 (all P > 0.05) (Table 344 
2).  345 
 346 
Table 2. Soil organic carbon stock comparison across depth profiles.  347 

Year Zone 
(cm) 

Conventional Legume 
(organic) 

Manure 
(organic) 

Legume vs CNV Manure vs CNV 

2021 0-20 50.7 +/- 2.8 65.7 +/- 1.7 65.7 +/- 2.4 +15.0 (P=0.001, 
***) 

+15.0 (P=0.001, **) 

2021 20-30 8.0 +/- 1.0 13.4 +/- 2.1 15.7 +/- 1.5 +5.4 (P=0.041, *) +7.7 (P=0.001, ***) 
2021 30-60 13.4 +/- 0.7 15.0 +/- 1.8 16.1 +/- 1.2 +1.6 (P=0.421) +2.8 (P=0.070) 
2021 60-100 12.2 +/- 0.8 12.2 +/- 0.8 13.0 +/- 1.2 -0.1 (P=0.946) +0.8 (P=0.598) 
2023 0-20 54.7 +/- 3.2 65.7 +/- 2.2 70.3 +/- 2.1 +11.0 (P=0.015, *) +15.6 (P=0.002, **) 
2023 20-30 11.6 +/- 1.2 15.6 +/- 1.7 19.6 +/- 1.8 +4.0 (P=0.079) +8.0 (P=0.003, **) 
2023 30-60 14.6 +/- 1.2 15.1 +/- 0.9 15.9 +/- 0.9 +0.5 (P=0.715) +1.3 (P=0.383) 
2023 60-100 12.0 +/- 0.7 12.4 +/- 0.7 13.2 +/- 1.3 +0.4 (P=0.666) +1.2 (P=0.420) 
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 348 
3.2.1 Partitioning the whole-profile surplus by depth zone 349 
To test whether the organic-system carbon advantage extends below the plow layer or is confined 350 
to the upper profile, the whole-profile (0 – 100 cm) ESM-corrected stock surplus relative to 351 
conventional was partitioned into three depth components including surface (0 – 20 cm), 352 
transition (20 – 30 cm), and true subsoil (30 – 100 cm); such that the three components sum 353 
exactly to the whole-profile surplus. In 2023, the legume and manure systems held whole-profile 354 
surpluses of +16.0 and +26.2 Mg C ha⁻¹, respectively. Of these totals, 69% (legume) and 60% 355 
(manure) of the total stock originated in the 0 – 20 cm zone, and a further 25% and 31% in the 356 
20–30 cm transition zone; together accounting for 94 % (legume) and 91% (manure) of the entire 357 
profile surplus from only the upper 30 cm of soil. The remaining true-subsoil component (30 – 358 
100 cm, representing 70% of total profile thickness) contributed just +1.0 and +2.6 Mg C ha⁻¹, 359 
averaged 6% and 10% of the totals and neither differed significantly (legume: P = 0.66; manure: 360 
P = 0.34). This partition was closely replicated in 2021 (true-subsoil share: 7% for legume, P = 361 
0.55; 14% for manure, P = 0.19) (Figure 3). Across the whole 0 – 100 cm profile, the legume and 362 
manure systems held 108.9 ± 3.8 and 119.0 ± 4.1 Mg C ha⁻¹ in 2023, compared with 92.9 ± 5.0 363 
Mg C ha⁻¹ under conventional management, a surplus of + 16.0  Mg C ha⁻¹ (P = 0.001) and + 364 
26.2 Mg C ha⁻¹ (P = 0.02), respectively. The ratio of surface (0 – 10 cm) to subsoil (30 – 60 cm) 365 
SOC did not differ among systems (7.7, 7.6, and 7.6 for conventional, legume, and manure; both 366 
P > 0.6), indicating that management altered the quantity of surface carbon without reshaping the 367 
vertical pattern of its distribution. 368 

 369 

Figure 3. Partition of the whole-profile SOC surplus by depth zone, 2021 and 2023. For the 370 
legume-organic and manure-organic systems, the total ESM-corrected SOC surplus relative to 371 
conventional management (0 – 100 cm; sum of all three segments) is decomposed into three 372 
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depth zones: 0–20 cm (dark blue, bottom), 20–30 cm (medium blue), and 30–100 cm (pale blue, 373 
top), such that the three segments sum exactly to the whole-profile surplus. Values within each 374 
segment give the surplus (Mg C ha⁻¹) and its significance relative to conventional management 375 
within that zone (Welch two-sample t-test: * P < 0.05, ** P < 0.01, *** P < 0.001; ns = not 376 
significant).  377 

Active carbon (permanganate-oxidizable, POXC), measured in both 2021 and 2023, 378 
reinforced this picture. The effect of system on POXC depended strongly on depth (system × 379 
depth interaction: χ² = 132.7, df = 8, P < 0.001). The manure system held significantly more 380 
active carbon than conventional from the surface through the 20–30 cm zone (0–10 cm: +119 381 
ppm, P < 0.001; 10–20 cm: +201 ppm, P < 0.001; 20–30 cm: +156 ppm, P < 0.001), and the 382 
legume system showed the same gradient at 10–20 cm and 20–30 cm (+157 ppm and +89 ppm, 383 
both P < 0.001), though 0–10 cm difference did not show significance (+34 ppm, P = 0.05). 384 
Below 30 cm, active carbon did not differ significantly among systems at either depth (all P > 385 
0.10); the same depth threshold observed for total SOC; suggesting that both the size and the 386 
lability of the organic-system carbon advantage are confined to the upper soil and transition 387 
zone. The exact magnitude of the surface advantage did vary between years (system × depth × 388 
year interaction: χ² = 76.1, df = 8, P < 0.001).  The manure system's advantage at 0 – 10 cm was 389 
larger in 2021 (+139 ppm) than in 2023 (+95 ppm), but the depth at which the management 390 
signal disappeared was identical in both sampling events, indicating that the surface-confinement 391 
of the active carbon response with system. 392 

 393 
Figure 4. Depth profiles of active carbon (POXC) by cropping system, 2021 and 2023. 394 
Permanganate-oxidizable carbon (POXC, ppm) plotted against depth for the conventional (red), 395 
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legume-organic (blue), and manure-organic (green) systems in each of the two sampling years. 396 
Points show system means (n = 8 blocks per system); shaded bands show ± 1 SEM. Asterisks 397 
denote significant difference from the conventional system within that year and depth interval 398 
(Welch two-sample t-test: * P < 0.05, ** P < 0.01, *** P < 0.001); absence of a symbol 399 
indicates a non-significant contrast.  400 
 401 
3.3 Tillage had little independent effect on surface carbon 402 
Over the post-2008 period, when full-tillage (FT) and reduced-tillage (RT) plots were compared 403 
within each system, tillage did not alter surface (0–20 cm) SOC stocks overall (main effect: χ² = 404 
0.09, df = 1, P = 0.76), nor was there a significant system-dependent response (system × tillage 405 
interaction: χ² = 3.32, df = 2, P = 0.19). No system showed a significant within-system contrast 406 
between tillage treatments when the three post-split sampling years were pooled: conventional 407 
management trended lower under reduced tillage (FT: 57.9, RT: 53.6 Mg C ha⁻¹; RT − FT = −4.3 408 
Mg C ha⁻¹, P = 0.29), while the legume system trended higher (FT: 59.2, RT: 63.5 Mg C ha⁻¹; RT 409 
− FT = +4.3 Mg C ha⁻¹, P = 0.32), and the manure system showed a small, non-significant 410 
increase (RT − FT = +2.8 Mg C ha⁻¹, P = 0.50). The corresponding contrasts in surface SOC 411 
concentration and SOM (LOI) were directionally consistent but similarly non-significant 412 
(concentration: CNV P = 0.29, LEG P = 0.32, MNR P = 0.51; SOM: CNV P = 0.06, LEG P = 413 
0.40, MNR P = 0.51).  414 

Examined by individual sampling year, the legume system's response to reduced tillage 415 
was directionally consistent in two of three years (2021: RT − FT = +6.2 Mg C ha⁻¹, P = 0.065; 416 
2023: +5.6 Mg C ha⁻¹, P = 0.26) but negligible in 2018 (+1.1 Mg C ha⁻¹, P = 0.91). Conventional 417 
management showed the reverse pattern, a negative but non-significant trend that strengthened 418 
over time (2018: +0.7; 2021: −5.2; 2023: −8.3 Mg C ha⁻¹) while the manure system showed no 419 
consistent direction across years. The continuously FT plots exhibited the same year-to-year 420 
fluctuation as the trial, confirming that the temporal variation observed after 2008 was not 421 
attributable to the introduction of reduced tillage. 422 

Because the aggregate 0–20 cm zone could mask a tillage effect localized to a specific 423 
depth, tillage contrasts were additionally tested at each individual depth increment within each 424 
system, with rotation-entry subplots averaged within each block, consistent with block being the 425 
experimental unit for tillage inference. None of the fifteen system × depth combinations reached 426 
significance (all P > 0.12; Figure 5). A directional pattern was visible and mirrored the pooled 0–427 
20 cm result: in the conventional system, reduced tillage trended lower at all three depths above 428 
30 cm (0–10, 10–20, and 20–30 cm; largest at 10–20 cm, RT − FT = −0.23%, P = 0.13), while 429 
both organic systems trended higher across the same three depths (e.g., legume: +0.11, +0.19, 430 
and +0.16 percentage points at 0–10, 10–20, and 20–30 cm, respectively). Below 30 cm, this 431 
directional separation disappeared: all three systems converged to near-zero, non-significant 432 
tillage differences at both 30–60 cm and 60–100 cm (all |RT − FT| ≤ 0.04 percentage points). 433 
Taken together, these results indicate that reduced tillage produced, at most, a consistent but 434 
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statistically unresolved directional tendency opposing in sign between conventional and organic 435 
management; confined to the upper 30 cm, and no detectable effect at any depth in the subsoil. 436 

 437 
Figure 5. Tillage effect (reduced minus full tillage) on total soil carbon by depth, within each 438 
cropping system. Points show the RT − FT difference in total carbon (%) at each depth 439 
increment for conventional (red), legume-organic (blue), and manure-organic (green) systems, 440 
pooled across 2018, 2021, and 2023; rotation-entry subplots were averaged within each block, 441 
year, and tillage combination before testing. Points are offset slightly within each depth for 442 
visual clarity. Error bars show ± 1 SE of the RT − FT difference (Welch two-sample t-test) and 443 
the vertical line marks zero effect. No system × depth contrast reached significance (all P > 444 
0.12), consistent with the absence of a tillage effect on the aggregate 0–20 cm zone. 445 
 446 
4. Discussion 447 
4.1 Organic management produced a persistent surface-soil carbon advantage 448 
The principal finding of this study is that both organic cropping systems developed and 449 
maintained substantially greater surface-soil carbon than the conventional system. The three 450 
systems were statistically indistinguishable at the 1984 baseline, when soil organic matter (SOM) 451 
ranged from 2.06 to 2.26%, but diverged progressively thereafter. By 2023, SOM increased to 452 
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4.70 % and 4.56% for organic manure and organic legume systems respectively compared to 453 
4.02% for the conventional system. SOC concentration in the 0 – 20 cm layer was 28% greater in 454 
the manure-based organic system and 20% greater in the legume-based organic system than in 455 
the conventional system, corresponding to concentrations of 2.46, 2.30, and 1.92%, respectively. 456 
Equivalent-soil-mass-corrected stocks showed the same ranking, reaching 70.3 Mg C ha⁻¹ in the 457 
manure system and 65.7 Mg C ha⁻¹ in the legume system, compared with 54.7 Mg C ha⁻¹ under 458 
conventional management. These values represent organic-system surpluses of 15.6 and 11.0 Mg 459 
C ha⁻¹, respectively. The magnitude of these differences exceeds the pooled organic–460 
conventional topsoil stock difference of approximately 3 – 4 Mg C ha⁻¹ reported by Gattinger et 461 
al., (2012b). The larger differences observed in the Farming Systems Trial (FST) likely reflect, 462 
the long duration of the experiment and the cumulative effects of repeated cover cropping, 463 
rotational diversification, perennial forage phases, and organic amendments. Earlier FST 464 
analyses similarly found that organic management increased SOC relative to conventional 465 
management after 34 years, particularly in surface soil (Lorenz et al., 2025). 466 

No statistically detectable difference between the legume- and manure-based organic 467 
systems occurred in any of the seven sampling years. It indicates that both organic systems 468 
reached similar surface-SOC states within the uncertainty and spatial variability of the 469 
experiment, despite supplying carbon through different pathways. The manure system received 470 
direct carbon inputs from periodic compost applications and continuous root inputs during 471 
perennial hay phases. The legume system received no external organic amendment but supplied 472 
carbon through cover crops, crop residues, living roots, and biologically fixed nitrogen. Manure 473 
can increase SOC through direct organic-carbon additions and cover crops replace otherwise 474 
fallow periods with additional in situ photosynthetic carbon inputs (Das et al., 2023; Maillard 475 
and Angers, 2014; Poeplau et al., 2015). Greater rotational diversity can further increase 476 
belowground inputs; across 122 studies, increased crop diversity raised total soil C and N by 477 
approximately 3.6% and 5.3%, respectively (McDaniel et al., 2014). The similar long-term SOC 478 
stocks suggest that carbon accumulation depended on the integrated balance among input 479 
quantity, continuity, placement, biochemical quality, microbial processing, physical protection, 480 
and decomposition losses rather than manure addition alone. Although nitrogen-rich legume 481 
residues may decompose rapidly, readily decomposable inputs can be efficiently assimilated by 482 
microorganisms and subsequently stabilized as mineral-associated microbial carbon through 483 
microbial necromass (Camenzind et al., 2023). Recent studies show that legume cover crops can 484 
increase both particulate and mineral-associated organic carbon by stimulating microbial 485 
biomass and necromass formation (Hu et al., 2024), while cover cropping can further protect 486 
SOC through enhanced aggregation and mineral association (Zhu et al., 2024). 487 

This interpretation agrees with earlier FST findings, Wander et al., (1994) reported that 488 
both organic systems accumulated biologically active carbon, but manure-amended soils 489 
contained more labile organic matter, whereas cover-cropped soils accumulated more total and 490 
particulate organic matter and showed indicators of greater stability. Littrell et al., (2021) 491 
similarly found that the manure system often supported greater SOC, aggregate stability, and 492 
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aggregate-associated carbon than the legume system, although both exceeded conventional 493 
management. Thus, similar bulk SOC stocks do not imply identical carbon pools or turnover 494 
dynamics; manure and legume management appear to have followed different biogeochemical 495 
pathways toward a broadly similar total-SOC outcome. 496 

The only departure from the persistent system ranking occurred in 2018, when the 497 
systems were not statistically separated for either SOC or SOM. This is best interpreted as a 498 
temporary loss of statistical resolution rather than biogeochemical convergence. The decline 499 
occurred in both dry-combustion SOC and loss-on-ignition SOM, making a method-specific 500 
laboratory error less likely, although variability from sampling, compositing, or sample 501 
preparation cannot be excluded. The same pattern also occurred in the continuously full-tilled 502 
plots, indicating that it was unrelated to the 2008 tillage split. SOC can vary substantially within 503 
and among years because of residue inputs, root growth and decomposition, particulate-organic-504 
matter turnover, erosion and deposition, and sampling timing. Wuest, (2014) observed topsoil 505 
SOC variation equivalent to 14 – 16% of the temporal mean during repeated equivalent-mass 506 
sampling, demonstrating that short-term variability can temporarily obscure treatment 507 
differences. The reappearance of the organic-system advantage in subsequent years, its 508 
occurrence in both SOC and SOM, and the parallel fluctuation in continuously tilled plots 509 
indicate that the 2018 result was not a durable reversal of long-term management effects, and 510 
could be artificat of sampling timing (2018 sampling was done in January, compared to other 511 
years, where sampling was done in November).  512 
 513 
4.2 Organic-system carbon gains were concentrated in the upper 30 cm 514 
The organic-management effect was strongly depth dependent. Both organic systems contained 515 
more SOC than the conventional system through 30 cm, whereas no statistically detectable 516 
differences occurred below this depth. More than 90% of the ESM-corrected whole-profile 517 
carbon surplus in both organic systems was located within the upper 30 cm in 2023, and the 518 
same pattern was reproduced in 2021. Thus, four decades of organic management increased 519 
carbon primarily within the surface and transitional soil layers rather than uniformly throughout 520 
the 1m profile. This vertical pattern likely reflects the depth distribution of carbon inputs 521 
generated by the crop rotations. Although the manure system included a deep-rooted perennial 522 
alfalfa–orchardgrass phase, this occurred during only part of its nine-year rotation, while the 523 
legume system was dominated by annual crops and cover crops. Neither system therefore 524 
maintained sustained, high-density root inputs throughout the subsoil over the full rotation. Root 525 
abundance, rhizodeposition, and the availability of readily metabolizable substrates generally 526 
decline with depth, resulting in lower active microbial biomass and fewer opportunities for root-527 
derived carbon to be transformed into microbial biomass, necromass, and ultimately mineral-528 
associated organic matter (Herre et al., 2022; Sokol et al., 2024). Deep-rooted perennial crops 529 
can partly overcome this substrate limitation by delivering root residues and exudates directly 530 
into deeper horizons, thereby stimulating microbial growth and the stabilization of microbially 531 
processed carbon. However, this effect depends on crop species, rooting duration, nutrient 532 
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availability, microbial physiology, and the capacity of subsoil minerals to retain newly processed 533 
carbon (Peixoto et al., 2022).  534 

The approximately 30 cm boundary corresponds closely with the historical zone of direct 535 
management (plowing, residue incorporation, compost application). Compost, cover-crop 536 
biomass, and crop residues were therefore incorporated mainly within this soil volume of 30 cm. 537 
Littrell et al. (2021) similarly found that organic management increased total and active SOC 538 
throughout the 0–30 cm profile at the FST. The correspondence between the depth of 539 
management intervention and the depth of the SOC response suggests that residue placement and 540 
amendment incorporation were important controls on where additional carbon accumulated. 541 
This profile pattern is consistent with broader evidence that management-induced SOC gains are 542 
often concentrated near the surface. Prairie et al., (2023) reported that regenerative practices 543 
increased both POC and MAOC primarily in topsoil. Several interacting mechanisms may 544 
explain the weak response below 30 cm. Surface SOC receives direct inputs from manure, 545 
incorporated residues, cover crops, fine-root turnover, and rhizodeposition. Subsoil carbon inputs 546 
depend more strongly on deep-root production, dissolved organic carbon transport, bioturbation, 547 
and preferential flow. These inputs are generally smaller, more spatially heterogeneous, and 548 
distributed across a much larger mass of mineral soil, reducing their influence on measured SOC 549 
concentration and stock. 550 
 551 
4.3 Surface SOC accumulation slowed after the initial decades 552 
The seven-point surface-soil time series indicates that SOC accumulation was nonlinear over the 553 
39-year observation period. Both organic systems increased rapidly relative to the 1984 baseline 554 
through approximately the mid-2000s, after which SOC fluctuated around a persistently elevated 555 
level. This trajectory is consistent with earlier observations from the FST (Hepperly et al., 2007) 556 
and with the general dynamics expected following a sustained change in management. When 557 
carbon inputs increase or decomposition losses decline, SOC stocks tend toward a new 558 
management-specific dynamic equilibrium; as the stock increases, annual losses also increase, 559 
progressively reducing the net rate of accumulation (Paustian et al., 2019; Poulton et al., 2018). 560 
The apparent slowing should not, however, be interpreted as direct evidence that the soil reached 561 
a fixed carbon-saturation limit. A temporal plateau can emerge under relatively constant carbon 562 
inputs when additions become increasingly balanced by decomposition and other losses. This is 563 
conceptually different from mineral saturation, which implies that additional carbon inputs no 564 
longer increase carbon stored within a particular stabilized soil fraction. Demonstrating 565 
saturation therefore requires comparisons across a gradient of carbon inputs and, ideally, 566 
measurements of particulate and mineral-associated carbon pools not simply an asymptotic 567 
pattern through time (Heinemann et al., 2025; Poeplau et al., 2024). 568 

Recent evidence also challenges the assumption that mineral-associated carbon has a 569 
single, readily definable upper limit. Poeplau et al., (2024) concluded that fine-fraction carbon 570 
accumulation is primarily constrained by the supply of carbon inputs and is further regulated by 571 
soil texture, mineralogy, climate, and other site properties, which together define an ecosystem 572 
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capacity for carbon stabilization rather than a universal saturation threshold. Similarly, 573 
Heinemann et al., (2025) found no consistent saturation response in long-term experiments 574 
receiving organic-carbon inputs up to approximately five times those typical of agricultural 575 
systems. Even under these exceptionally high inputs, SOC generally continued to increase, 576 
although much of the additional carbon accumulated in coarser particulate fractions rather than 577 
in the fine mineral-associated fraction. 578 

The FST trajectory is therefore compatible with two interpretations. The organic systems 579 
may be approaching a quasi-equilibrium under their prevailing rotations, with average carbon 580 
additions increasingly balanced by decomposition, harvest removal, erosion, and other losses. 581 
Alternatively, SOC may still be accumulating slowly, but the rate is too small to distinguish 582 
confidently from rotation effects, interannual variability, and spatial heterogeneity using only 583 
seven sampling campaigns. The current record supports a deceleration in surface-SOC 584 
accumulation but does not establish either a fixed stabilization ceiling or a complete cessation of 585 
carbon gain. Resolving these alternatives would require more frequent SOC measurements and 586 
annual or rotation-level estimates of carbon inputs from crop residues, roots, cover crops, and 587 
manure. Nonlinear mixed-effects or process-based models could then be used to compare linear, 588 
asymptotic, and other dynamic trajectories while explicitly representing uncertainty (Olson and 589 
Al-Kaisi, 2015; Poulton et al., 2018). 590 
 591 
4.4 Tillage effects were confined to the upper profile and depended on cropping system 592 
Reducing tillage did not consistently increase SOC in any of the three cropping systems. Instead, 593 
the largest RT–FT differences occurred within the upper 30 cm and varied in direction among 594 
systems: SOC was generally higher under reduced tillage in the two organic systems but lower in 595 
the conventional system (Figure 5). This pattern is more consistent with redistribution of carbon 596 
within the historically tilled layer than with uniform net accumulation under reduced disturbance. 597 
None of the depth-specific contrasts was statistically significant (all P > 0.12). The largest 598 
difference occurred in the conventional system, where reduced tillage was associated with lower 599 
SOC at 10–20 cm (RT − FT = −0.23%, P = 0.13), although this effect remained statistically 600 
unresolved. 601 

Under continuous herbicide-based no-till, crop residues remain concentrated near the soil 602 
surface, whereas full tillage periodically incorporates residues throughout the plow layer. In the 603 
comparatively simplified conventional rotation, which receives fewer cover-crop inputs and has 604 
lower rotational diversity, reduced residue incorporation may therefore decrease carbon delivery 605 
to the 10–20 cm layer without producing sufficient additional above- or belowground biomass to 606 
compensate. This interpretation is consistent with broader evidence that no-till frequently 607 
increases SOC concentration at the immediate surface while leaving deeper portions of the plow 608 
layer unchanged or slightly depleted (Angers and Eriksen-Hamel, 2008; Haddaway et al., 2017). 609 

The legume system exhibited the opposite directional response. Reduced tillage was 610 
associated with numerically higher SOC throughout the upper 30 cm, with the largest difference 611 
at 10–20 cm (+0.19%), although none of these contrasts was statistically significant. This pattern 612 
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may reflect an interaction between reduced disturbance and the continuous plant-derived carbon 613 
inputs characteristic of cover crop–based rotational no-till (Luo et al., 2010b). Roller-crimped 614 
residues remain at the soil surface, while living roots and rhizodeposition continue to supply 615 
carbon belowground. Under these conditions, reduced disturbance could promote aggregate 616 
formation and the physical protection of recently added particulate organic matter (Cotrufo and 617 
Lavallee, 2022; Lavallee et al., 2020). This interpretation is also consistent with global evidence 618 
that increases in aggregate-protected carbon are most likely when reduced disturbance is 619 
combined with diversified organic inputs rather than implemented in isolation (Feng et al., 620 
2023). Nevertheless, the present dataset includes only three sampling years, and the directionally 621 
similar estimates observed in two of those years cannot distinguish an emerging treatment effect 622 
from sampling variability. The pattern should therefore be considered a hypothesis for future, 623 
more highly powered testing rather than an established response. 624 

The manure system showed smaller and less directionally consistent tillage effects across 625 
depths. Its longer rotation, perennial forage phase, and periodic compost additions provide 626 
substantial and relatively continuous carbon inputs under both tillage regimes. These inputs may 627 
reduce the marginal influence of tillage intensity on bulk SOC compared with systems receiving 628 
smaller or less consistent organic inputs. Where carbon supply is already high, differences in 629 
disturbance may alter aggregate-size distribution or the vertical placement of carbon without 630 
producing a detectable change in total SOC over the period examined. Previous findings from 631 
the FST support this interpretation. Littrell et al., (2021) reported that reduced tillage altered 632 
aggregate-size distribution and increased carbon associated with large macroaggregates without 633 
increasing total SOC, indicating redistribution among physical carbon pools rather than net 634 
accumulation. Pearsons et al., (2023) similarly concluded that rotational diversity and organic 635 
inputs were stronger determinants of soil health than tillage reduction alone. Moreover, RT–FT 636 
differences converged toward zero below 30 cm in all three systems, indicating that the limited 637 
and system-dependent effects of tillage were confined to the historically tilled and residue-638 
incorporation zone.  639 
 640 
4.5 POXC revealed a parallel response in a management-sensitive carbon fraction 641 
POXC showed a depth response similar to that of total SOC, with organic-management effects 642 
evident within the upper 30 cm but not in deeper layers. Because POXC represents an 643 
operationally defined, relatively management-sensitive carbon fraction, this agreement provides 644 
complementary evidence that the influence of the organic systems extended beyond changes in 645 
bulk SOC alone. The magnitude of the POXC response varied between 2021 and 2023, likely 646 
reflecting differences in recent residue inputs, rotation phase, environmental conditions, and 647 
microbial processing. Such temporal sensitivity is expected because POXC generally responds 648 
more rapidly to management than total SOC (Culman et al., 2012). It should not, however, be 649 
interpreted as a direct measure of a discrete “labile” or biologically available carbon pool. The 650 
permanganate assay oxidizes compounds with differing turnover rates and is particularly 651 
sensitive to lignin-derived and phenolic structures (Woodings and Margenot, 2023). POXC is 652 
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therefore best interpreted here as an indicator of management-responsive carbon fraction rather 653 
than as a quantitative measure of carbon mineralizability or lability. The correspondence between 654 
POXC and total SOC strengthens the evidence that management effects were concentrated 655 
within the actively managed soil profile. However, it does not imply that both measurements 656 
reflect identical formation or stabilization processes. Determining whether the additional carbon 657 
occurred primarily as particulate, aggregate-protected, or mineral-associated material would 658 
require physical fractionation and complementary measurements of microbial transformation. 659 
 660 
4.6 Implications for soil-carbon measurement and reporting 661 
The principal measurement implication is that sampling depth must match the scale of the 662 
inference. Sampling only the upper 20 or 30 cm can adequately characterize topsoil responses 663 
but cannot establish whether a management practice increased carbon throughout the soil profile. 664 
Because management can redistribute SOC vertically, whole-profile sequestration claims require 665 
measurements extending below the primary zone of cultivation and residue incorporation 666 
(Raffeld et al., 2024). Stock comparisons must also account for management-induced differences 667 
in bulk density. Fixed-depth calculations may compare unequal masses of mineral soil, thereby 668 
attributing differences in soil mass to differences in carbon storage. Equivalent-soil-mass 669 
correction reduces this bias and is especially important where management affects aggregation, 670 
compaction, or porosity (von Haden et al., 2020b). Reporting both fixed-depth and ESM-671 
corrected stocks, together with bulk density and coarse-fragment information, improves 672 
transparency and comparability among studies. The nonlinear temporal trajectory cautions 673 
against expressing soil carbon responses as a single constant annual sequestration rate. Rates 674 
estimated from early and late portions of the experiment would differ substantially because 675 
accumulation slowed as the systems reaches towards management specific equilibrium state 676 
(Caruso et al., 2018).  677 
 678 
4.7 Limitations and priorities for future research 679 
Several limitations constrain the temporal and mechanistic interpretation of the results. Bulk 680 
density was not measured during every historical sampling campaign, so the temporal resolution 681 
of ESM-corrected stocks was lower than that of SOC concentration. Repeated bulk-density 682 
measurements during future campaigns would allow changes in soil mass and carbon stock to be 683 
tracked more directly. Depth-resolved comparisons were also limited to the recent campaigns 684 
that shared a common sampling depth. Earlier sampling depths could not be harmonized without 685 
assuming uniform carbon distributions within relatively broad soil increments. Excluding those 686 
campaigns avoided introducing interpolation bias but shortened the period available for 687 
evaluating profile-level change. The study measured total SOC and POXC but did not separate 688 
particulate, aggregate-occluded, and mineral-associated carbon. Consequently, the data identify 689 
where carbon accumulated but cannot fully resolve the processes responsible for its persistence. 690 
Future measurements should combine full-profile carbon fractionation with root biomass, 691 
rhizodeposition, microbial necromass, dissolved organic carbon, and mineralogical indicators. 692 
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These measurements would clarify whether the surface response was driven primarily by 693 
particulate inputs, microbial transformation, aggregate protection, or organo-mineral association. 694 
 695 
5.0 Conclusion 696 
Four decades of measurements from the Farming Systems Trial at  Rodale Institute show that 697 
cropping-system design had a much stronger influence on SOC storage and accumulation than 698 
tillage intensity. By 2023, the two organic systems stored 11–16 Mg C ha⁻¹ more than the 699 
conventional system in the upper 20 cm and 16–26 Mg C ha⁻¹ more across the full 1 m profile. 700 
These gains were substantial and persistent, despite arising through different management 701 
pathways, including legume-derived inputs, diversified rotations, perennial cover, and manure 702 
amendments. The SOC response was strongly depth dependent. Across full-profile sampling 703 
campaigns, 91–94% of the organic-system carbon surplus occurred within the upper 30 cm. 704 
POXC showed the same vertical pattern, indicating that both total SOC and management-705 
responsive carbon increased primarily within the surface and transition zones. Reduced tillage, 706 
by comparison, produced smaller and statistically unresolved effects, suggesting that reducing 707 
soil disturbance alone was less influential than maintaining sustained carbon inputs through 708 
cover crops, organic amendments, and diverse rotations. Together, these findings demonstrate the 709 
long-term potential of diversified organic cropping systems to rebuild SOC. Full-profile 710 
sampling and equivalent-soil-mass correction were essential for distinguishing whole-profile 711 
gains from their strongly surface-weighted distribution. Continued depth-resolved monitoring 712 
and carbon fractionation will help determine how these gains are distributed among particulate, 713 
aggregate-protected, and mineral-associated pools, and management derived equilibrium state of 714 
SOC accumulation. 715 
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