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Abstract 17 

Soil redox conditions regulate soil organic carbon (SOC) persistence and nutrient 18 

availability, yet macroclimatic controls in uplands remain unclear because O2 depletion reflects 19 

the interactions of moisture, labile carbon, soil texture, and microbial demand. Here we pair 20 

manganese (Mn) oxidation state, an integrative redox proxy, with effective water balance (mean 21 

annual precipitation minus potential evapotranspiration; MAP–PET) across mineral soils from 20 22 

US ecoclimatic domains. Mn oxidation states shift predictably with MAP–PET: Mn(IV) dominates 23 

when MAP–PET < –1 m, Mn(III) at intermediate values (–1 to +1 m), and Mn(II) when MAP–24 

PET > +1 m. These thresholds define a net average oxic–suboxic–anoxic continuum governed 25 

mainly by SOC concentration and water availability. Global extrapolation suggests suboxic 26 

uplands, the most prevalent state, store 78 – 91% of SOC, highlighting widespread oxygen 27 

limitation as a key stabilization mechanism across most upland ecosystems. Incorporating climate-28 

driven redox thresholds into Earth system models should improve carbon–climate feedback 29 

predictions under rising hydroclimatic variability. 30 

Main 31 

The redox condition of soils  critically influences ecosystem function and productivity 32 

through feedbacks amongst soil organic carbon (SOC), nutrients, contaminants, and the microbial 33 

community structure and activity1–7. Consequently, redox conditions have a large effect on 34 

terrestrial C cycle1. While substantial insights have been gained by viewing perennially saturated 35 

environments, particularly wetlands, through a redox lens, redox status has been less useful in 36 

upland terrestrial ecosystems. This gap primarily arises due to the technical challenges in reliably 37 
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measuring the mixed redox potential (Eh) in relatively dry and often coarse-textured  upland soils8, 38 

thereby constraining our understanding of carbon and nutrient dynamics in these systems. 39 

Climate influences soil redox conditions in upland terrestrial ecosystems through its 40 

modulation of major soil variables, including direct impacts on soil moisture and temperature, as 41 

well as indirect impacts on pedogenesis that affect soil texture, SOC content, and microbial 42 

activity7,9–11. Among these, SOC and soil moisture exert the greatest control of soil redox status. 43 

Microbial decomposition of SOC consumes O2 in soils whereas moisture hinders atmospheric O2 44 

diffusion into the soil. If O2 supply cannot meet O2 demand, anoxic soil conditions develop, 45 

emerging first in microaggregates or microsites due to the strong resistance to O2 diffusion5,12. 46 

Although soil moisture and redox conditions in upland soils fluctuate temporally due to weather 47 

events, climate primarily shapes long-term average redox conditions. For instance, arid ecosystems 48 

typically maintain oxic conditions, whereas humid environments promote more reducing 49 

conditions. This climatic influence on soil redox has been demonstrated more quantitatively at the 50 

regional scale. Along a well-defined precipitation gradient with mean annual precipitation (MAP) 51 

ranging from 1.5 to 5 m on Maui Island, Hawaii, Schuur et al.7 reported increasingly reducing 52 

conditions in clayey volcanic forest soils as MAP increased, despite significant temporal 53 

variability. The median redox potential (Eh7, i.e., Eh at pH 7) gradually decreased from Eh7 values 54 

of 600 mV to 50 mV with increasing MAP, suggesting a shift of the characteristic soil redox 55 

conditions from oxic (Eh7 > 400 mV) to suboxic (Eh7 = 400 – 300 mV) and to anoxic (Eh7 < 300 56 

mV)7. However, this measured relationship between climatic factors and redox conditions has not 57 

been tested at broader, continental scales, where soils and vegetation vary remarkably. 58 

The redox chemistry of manganese (Mn), existing as Mn(II), Mn(III), and Mn(IV) in soils14, 59 

offers a powerful proxy for evaluating characteristic redox conditions of bulk soils in upland 60 
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terrestrial ecosystems. Manganese is actively cycled across all three soil redox zones13–15, but its 61 

reactions are slow enough to preserve a buffered signal of local average redox conditions13. 62 

Mn(IV)-oxide-coated PVC films have been successfully used as redox indicators for reducing 63 

conditions in wetlands where they undergo reductive dissolution to Mn(II)16. Mn redox chemistry 64 

also holds significant promise for use as a redox proxy in upland soils because indigenous Mn 65 

oxidation states correlate closely with redox conditions13,17,18. As the characteristic soil redox 66 

conditions shifted from oxic, to suboxic, and to anoxic across the Maui and Kohala rainfall/redox 67 

gradients in Hawaii, the proportions of Mn(IV) and Mn(II) in the overall total Mn pool decreased 68 

and increased, respectively, whereas Mn(III) accumulated substantially in soils with prevalent 69 

suboxic conditions at intermediate MAP13,18. Such patterns closely parallel those in aquatic 70 

environments where dissolved Mn(III)-ligand complexes peak in the suboxic range14,15,19. 71 

Although soil pH also influences Mn speciation, consistent pH conditions across the Maui gradient 72 

(pH ~4) attribute the observed variations primarily to redox shifts rather than pH effects. 73 

Here, we define climatic thresholds that differentiate oxic, suboxic, and anoxic soil redox 74 

regimes at a continental scale by analyzing Mn oxidation states across diverse upland terrestrial 75 

ecosystems. Given the high microscale spatial heterogeneity, the soil redox conditions inferred 76 

from Mn oxidation states in bulk soil are averaged values incorporating both macro- and microsites 77 

of variable redox conditions. Effective water balance (MAP–PET), calculated as MAP minus 78 

potential evapotranspiration (PET), serves as our proxy for the long-term average site-specific 79 

water balance. This calculated climatic factor is well-correlated with average soil moisture and 80 

organic carbon content (See below). 81 

We analyzed bulk soil samples (top 30 cm) using chemical extractions (Methods) from 37 82 

terrestrial sites (3 replicates at each site) within the U.S. National Ecological Observatory Network 83 
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(NEON), strategically spanning 20 ecoclimatic domains20 (Fig. 1). All NEON soils were collected 84 

at peak growing season. We further supplemented the NEON soils with eight Hawaiian soils (no 85 

replicates) reported previously13 to expand the range of MAP–PET (Fig. 1). The extractions 86 

isolated the redox actively cycled Mn fractions, including MgCl2-extracted Mn to represent Mn(II), 87 

pyrophosphate-extracted Mn minus MgCl2-extracted Mn to approximate Mn(III), and 88 

NH2OH·HCl-extracted Mn as Mn(IV) (Methods). This extraction protocol excludes extractions of 89 

relatively inert Mn species, such as those in parent minerals which are not responsive to redox 90 

fluctuations in a short term. Thus, these chemical extractions are more suitable than X-ray 91 

spectroscopic analysis that probes the entire Mn pool in soils13 for our goal of an active redox 92 

proxy. For Hawaiian samples previously shown by spectroscopy to contain only Mn(II) in the total 93 

Mn pool, we used the spectroscopic speciation directly. The resulting dataset comprises 45 study 94 

sites and 159 individual samples covering a broad range of effective water balance. We compared 95 

multiple PET modeling methods and found similar patterns in Mn oxidation states relative to 96 

effective water balance, though specific patterns varied slightly by method. Here, we primarily 97 

report results obtained via the MODIS16 method (MAP–PET: -2.5 to 1.7 m; Fig. 1), which is 98 

particularly useful for predicting soil moisture21. We then constructed a MAP–PET-based redox 99 

ladder and estimated the global cumulative SOC stock that is influenced by either oxic, suboxic, 100 

or anoxic soil conditions. 101 
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 102 

Fig. 1 | Study sites span a continental effective water-balance gradient (MAP–PET). Points in 103 

blue indicate soil sampling locations across 37 NEON terrestrial sites (three replicates per site; site 104 

codes in uppercase). Maui and Kohala sites on the Hawaiian Islands (eight soils in total) were to 105 

extend the effective water-balance range. The background raster shows long-term effective water 106 

balance (MAP–PET; m yr-1), calculated as mean annual precipitation (MAP) averaged from 107 

TerraClimate precipitation (2000–2020)22 minus mean annual potential evapotranspiration (PET) 108 

averaged from the MOD16 PET product (2000–2020)23. MAP–PET is used here as a proxy for 109 

spatial variation in long-term effective soil moisture.  110 
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Continental-scale pattern of Mn oxidation states and soil redox conditions 111 

The oxidation states of Mn in the active soil Mn pool exhibit a clear dependence on water 112 

balance conditions, despite considerable soil/vegetation variability across the continental-scale 113 

dataset. The fractions of Mn oxidation states predominantly vary within a MAP–PET range of 114 

approximately -1 to 1 m (Fig. 2). Mn(IV) dominates under drier conditions (MAP–PET < -1 m), 115 

decreasing sharply as conditions become wetter (MAP–PET approaching 1 m; Fig. 2c). 116 

Conversely, Mn(II) exhibits an inverse pattern, increasing significantly as conditions transition 117 

from dry to wet (Fig. 2a). Mn(III), intermediate in oxidation state, reaches its peak near neutral 118 

effective water balance (MAP–PET ~0 m; Fig. 2b). Similar patterns were obtained when PET was 119 

estimated using alternative methods although the threshold values shifted slightly (Extended Data 120 

Figure 1), supporting the robustness of these trends. 121 

 122 

Fig. 2 | Variations of Mn oxidation states in actively cycled pools in soils across effective water 123 

balance (MAP–PET). a-c, the relative fractions of actively cycled Mn(II) (a), Mn(III) (b), and 124 

Mn(IV) (c) as a function of MAP–PET. Fractions were fitted using a nonparametric local 125 

regression (red lines). The gray bands represent the 95% confidence intervals. MAP: mean annual 126 

precipitation, PET: mean annual potential evapotranspiration. The PET data were estimated 127 

according to the MOD16 method.  128 
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Based on the established relationships between dominant Mn oxidation states and redox 129 

conditions, we delineate three distinct characteristic soil redox regimes: oxic at MAP–PET < -1 m 130 

and dominated by Mn(IV); suboxic at -1 m < MAP–PET < 1 m and characterized by the co-131 

existence of Mn(II), Mn(III) and Mn(IV) and peak Mn(III); and anoxic at MAP–PET > 1 m and 132 

dominated by Mn(II). The peak Mn(III) fraction notably marks the center of the suboxic regime. 133 

The onset of Mn(II) accumulation and Mn(IV) depletion marks the transition from net average 134 

oxic to suboxic conditions, while complete dominance of Mn(II) and depletion of Mn(IV) define 135 

the net anoxic regime (Fig. 2). Thus, effective water balance systematically organizes these upland 136 

soils into a net average oxic-suboxic-anoxic redox gradient, and the characteristic soil redox 137 

conditions became increasingly reducing as the moisture increases. 138 

As noted above, soil pH can influence Mn oxidation states, but our NEON dataset indicates 139 

that redox conditions are the dominant control on Mn oxidation state. An analysis using structural 140 

equation modeling (SEM) shows that pH plays a weaker, negative role in the relative abundance 141 

of reduced Mn species (%Mn(II)) than other factors, particularly SOC and soil water content (Fig. 142 

3). The two variables primarily influence Mn oxidation states through their effects on O2 dynamics, 143 

as discussed below. Previous studies have often attributed elevated Mn(II) in acidic soils solely to 144 

low pH24, overlooking the co-occurring reducing environments that develop where organic matter 145 

and soil moisture are abundant. Although pH has a recognized role in constraining the stability of 146 

Mn species, the MAP–PET thresholds we propose here based on Mn oxidation states more 147 

effectively capture distinct redox regimes. 148 
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 149 

Fig. 3 | Environmental controls on the actively cycled Mn(II) fraction across an effective 150 

water-balance gradient (MAP–PET). a–f, Relationships between effective water balance 151 

(MAP–PET) and key soil/climate variables: log-transformed soil water content (a), log-152 

transformed soil organic carbon content (b), mean annual temperature (MAT; c), soil pH (d), clay 153 

content (e), and fine fraction (clay + silt; f). g, Structural equation model (SEM) summarizing the 154 

direct and indirect effects of MAP–PET, MAT, and soil properties on the fraction of the actively 155 

cycled Mn pool present as Mn(II). h, Standardized direct, indirect, and total effects on Mn(II) 156 

fraction derived from the SEM. In a–f, red lines show least-squares linear fits and shaded bands 157 

indicate 95% confidence intervals. In g, arrows denote significant pathways (P < 0.05); black and 158 

red arrows indicate positive and negative relationships, respectively, and arrow width scales with 159 

effect strength. Numbers on arrows are standardized path coefficients (*P < 0.05, **P < 0.01, ***P 160 

< 0.001). MAP, mean annual precipitation; PET, mean annual potential evapotranspiration. 161 
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Characteristic soil redox state emerges from climate-driven SOC and moisture controls 162 

Higher effective water balance (MAP–PET) is associated with more reducing soils across 163 

the NEON sites, as reflected by lower Mn oxidation states (i.e., higher %Mn(II), Fig. 2). This 164 

pattern primarily arises because MAP–PET strongly controls SOC and soil moisture: both increase 165 

approximately exponentially with MAP–PET (Fig. 3 a,b; log y axes). The SEM analysis further 166 

suggests that SOC and soil water content exert strong, positive direct effects on %Mn(II) (Fig. 3h). 167 

Mechanistically, high SOC fuels microbial respiration that consumes O2, while diffusion of O2 168 

into waterfilled pores is inherently slow. 169 

Mean annual temperature and clay content influence redox conditions but play secondary 170 

roles (Fig. 3h). Although higher temperature generally accelerates microbial metabolism and thus 171 

O2 demand, in our dataset MAT shows a weaker, net negative association with anaerobiosis. A 172 

plausible mechanism is that higher MAT raises PET, drying soils and suppressing reducing 173 

conditions (Fig. 3c), as exemplified by the warm, arid Jornada Basin site of NEON (the site 174 

denoted JORN in Fig. 1). Our measurements suggest that increased temperature alone does not 175 

enhance reducing conditions; it acts jointly with SOC and moisture to produce a warm, moist, 176 

organic-rich environment conducive to anaerobiosis. The negative, albeit weaker, effect of clay on 177 

reducing conditions is likewise counterintuitive. Clay-rich soils lengthen gas-diffusion pathways 178 

and retain more water, which should restrict O2 supply25. However, fine-textured soils also 179 

stabilize organic carbon as mineral-associated organic matter, limiting substrate availability for 180 

microbial respiration and thereby lowering O2 demand. By contrast, clay-poor soils contain 181 

relatively unprotected, labile organic matter, such as particulate organic matter, that fuels rapid 182 

respiration26. The observed negative association between clay content and %Mn(II) (Fig. 3g) 183 
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therefore suggests that the net clay-induced variation in O2 demand outweighs variation in O₂ 184 

supply in governing redox status, consistent with a recent study in a grassland27. 185 

Climate-driven redox ladder across upland ecosystems 186 

The distribution of redox conditions and the dominant terminal electron acceptors (TEAs) 187 

for SOC decomposition in global upland ecosystems can be described by a redox ladder governed 188 

by MAP–PET (Fig. 4a). A redox ladder conceptually arranges respiratory pathways by decreasing 189 

energy yield of the TEA. In wetlands, such ladders typically track flooding duration or soil depth. 190 

In uplands, MAP–PET plays an analogous role by regulating water and organic C content that in 191 

turn control O₂ dynamics. Considering the position of Mn on this ladder, we infer that as climate 192 

becomes drier, dominant TEAs in upland soils shift sequentially from O₂ to nitrate, to Mn(III/IV) 193 

oxides, and then to Fe(III). Thus, MAP–PET systematically establishes a clear redox gradient 194 

across upland environments (Fig. 4a). 195 

This climate-driven ladder aligns with established redox boundaries from prior work. Only 196 

the two wettest sites of the Maui rainfall gradient with MAP–PET > 1.3 m show extensive Fe(III) 197 

reduction28. For another example, Calabrese et al.29 calculated minimal monthly occurrence of 198 

potential anoxia (<5%) and limited Fe(III) reduction at a subtropical forest (Calhoun, South 199 

Carolina; MAP–PET = 0.45 m), but substantially greater potential anoxia (15 – 40% monthly 200 

occurrence) and extensive Fe(III) reduction in a humid tropical forest (Luquillo, Puerto Rico; 201 

MAP–PET = 2.4 m). 202 
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 203 

Fig. 4 | Conceptual redox ladder and pore-scale heterogeneity along an effective water-204 

balance gradient (MAP–PET). a, Conceptual model of dominant terminal electron acceptors for 205 

organic matter oxidation in upland soils along the MAP–PET gradient. With increasing MAP–PET, 206 

the dominant electron acceptor shifts sequentially from O2 to NO3
-, then to Mn(III/IV) oxides, and 207 

finally to Fe(III) oxides, reflecting progressive oxidant depletion during microbial respiration 208 

(analogous to redox zonation with depth in wetland profiles). O2 and NO3
- are primarily dissolved 209 

in soil pore water, whereas Mn and Fe species occur mainly as solid phases (sorbed ions or mineral 210 

constituents). Sulfate reduction is not shown because it is typically restricted to persistently 211 

waterlogged or submerged soils2. b, Schematic of pore-scale redox heterogeneity across climates 212 

and events. Soil structure creates redox microenvironments in which macropores can be rapidly 213 

re-oxygenated during wetting/drainage, whereas diffusion-limited micropores may remain anoxic 214 

even when bulk soils are relatively dry, generating both spatial (dry–intermediate–wet) and 215 

temporal (drought–transition–rainy season) redox variability. MAP, mean annual precipitation; 216 

PET, potential evapotranspiration1,2. 217 
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Soil pore-scale heterogeneity and its impacts on soil redox state 218 

Our analysis integrates redox conditions across pore scales. Macropores and micropores 219 

often differ markedly in O2 content, with micropores typically more reducing, especially in moist 220 

soils, so that anoxic micropores can coexist with oxic macropores in uplands. Microporosity arises 221 

not only from clays but also from the architecture of particulate organic matter. Conventional Eh 222 

measurements with Pt electrodes may disproportionately reflect macropore conditions. For 223 

example, Pt-electrode Eh values from Maui soils span oxic to anoxic regimes13, whereas our bulk 224 

Mn oxidation-state data show a stronger skew toward suboxic to anoxic conditions (Fig. 2). We 225 

therefore suggest that Mn oxidation states of bulk soils better integrate redox across both 226 

macropores and the less-oxygenated micropore domain. 227 

While Mn oxidation states provide a tractable, integrative proxy for bulk redox status 228 

across soil pores of various sizes, they cannot capture the full spatial heterogeneity of soil redox 229 

conditions. Within soils that are characteristically suboxic, some microsites can be deeply anoxic, 230 

as conceptually depicted in Fig. 4b, triggering anaerobic reduction of Fe(III), sulfate, or even CO₂ 231 

to produce methane. Conversely, oxic macropores can occur within characteristically anoxic soils 232 

(Fig. 4b) where Fe(III) reduction is prevalent. In addition to spatial heterogeneity, soil redox 233 

conditions have a strong temporal fluctuation (Fig. 4b). Nevertheless, Mn oxidation states 234 

meaningfully integrate across pore domains and sites, offering a useful indicator of average 235 

ecosystem-scale redox environments. 236 

Oxygen limitation reshapes global soil organic carbon stabilization 237 

Oxygen limitation is a pivotal yet often overlooked control on the persistence of SOC in 238 

upland ecosystems1,2,12,30. Although oxygen scarcity is most commonly framed as a wetland 239 
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phenomenon, our dataset indicates that ~78 – 91% of global SOC resides in soils with 240 

characteristic suboxic conditions and a further ~5 – 9% in anoxic soils (Extended Data Figure 2). 241 

This distribution implies that restricted O2 availability rather than mineral protection alone11 can 242 

constrain SOC decomposition across much of the land surface, even though transient redox 243 

oscillations can accelerate mineralization31. It also suggests a self-reinforcing protection 244 

mechanism: labile SOC fuels microbial respiration that consumes O2, deepening reducing 245 

conditions and further suppressing decomposition. 246 

The strength of this constraint depends on the terminal electron acceptors available in each 247 

redox regime. Mn-oxide concentrations in soils are typically low (600 – 1,000 mg kg⁻¹) and 248 

therefore seldom sustain extensive oxidative decomposition beyond the litter layer32, leaving SOC 249 

relatively well protected under suboxic conditions from the perspective redox constraints. By 250 

contrast, ferric iron [Fe(III)] is abundant, even in anoxic upland soils, providing a potent electron 251 

acceptor that can support substantial carbon oxidation despite O2 scarcity29. Consequently, SOC 252 

in suboxic horizons where most upland carbon resides, likely has greater protection than SOC in 253 

anoxic zones rich in Fe. 254 

Redox conditions are highly sensitive to climate and land-management change. Shifts in 255 

precipitation patterns, including more frequent extremes, alter soil water balance; prolonged 256 

drought drives soils toward more oxic states and accelerates carbon loss. Suboxic soils likely 257 

respond most strongly to these climate dynamics, as suggested by steep changes in Mn oxidation 258 

states along the MAP–PET gradient (Extended Data Figure 2). Land-use practices such as tillage 259 

aerate surface soils and increase decomposition, with the greatest losses expected in humid regions 260 

where baseline O2 limitation is strongest33. 261 
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Finally, effective water balance is a powerful climatic predictor of soil properties linked to 262 

SOC stabilization. Soil redox status, pH34, and the concentration of dissolved organic carbon 263 

associated with secondary minerals11 all vary systematically with MAP–PET in ways that favor 264 

SOC stabilization, with pronounced transitions near hydrologic balance (MAP–PET ≈ 0). We 265 

therefore recommend explicitly representing soil O2 status in upland soils in ecosystem models to 266 

improve predictions of SOC responses under future climate scenarios. 267 
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Methods 278 

Study sites and soil pretreatments. National Ecological Observatory Network (NEON) 279 

comprises 47 terrestrial sites strategically distributed across 20 ecoclimatic domains in the U.S., 280 

representing the regions of distinct landforms, vegetation, climate, and ecosystem dynamics, 281 

capturing the broad ecological and climatic diversity of the U.S.20. In this study, 37 NEON sites 282 

were selected (Fig. 1), encompassing forest, grassland, shrubland, and cultivated landcover types. 283 

At each site, soil samples were collected by NEON from up to 30 cm depth at three different 284 
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random locations within a 40 m × 40 m plot, yielding a total of 120 soil samples. Soils were broadly 285 

classified by NEON as originating from organic or mineral horizons, with most samples in this 286 

study derived from mineral horizons. Soil samples were stored at -80°C at the NEON 287 

Biorepository at Arizona State University. Prior to further characterizations, samples were thawed, 288 

gently homogenized after removal of visible plant debris, and then refrozen to maintain moisture 289 

consistency. Additionally, two well-documented model ecosystem sites from the Hawaiian Islands, 290 

i.e., Maui and Kohala sites, were included in the present study13,35,36. Detailed protocols for soil 291 

collection and pretreatment at these sites have been described previously7,13,37 292 

Soil texture estimation. Due to limited soil sample material availability, soil texture was 293 

not directly measured. However, as the NEON soils (0 – 30 cm) were collected from the same sites 294 

as the NEON archived Megapit soils, the soil texture was estimated using the Megapit soil profile 295 

data. For the Megapit soils, the soil texture (fractions of sand, silt, and clay) was determined and 296 

reported for each genetic horizon. These fractions were then integrated to a depth of 30 cm based 297 

on horizon thickness and soil bulk density, giving the estimated soil texture of the studied soils. 298 

Measurement of carbon and nitrogen content. The total carbon and nitrogen content in 299 

the NEON soils was determined using a Costech 4010 elemental analyzer equipped with a thermal 300 

conductivity detector. Data were processed using the EAS32 software. To quantify soil organic 301 

carbon, soil inorganic carbon was removed via an acid fumigation procedure38. Briefly, 150 mg of 302 

well-homogenized and finely-ground soil was weighed into a 20-mL glass scintillation vial and 303 

moistened by 150 µL of deionized water. The vials were placed in a vacuum desiccator along with 304 

a beaker containing 200 mL of 12 mol/L concentrated HCl. The desiccator was sealed under a 305 

vacuum of 80 kPa, and the samples were exposed to HCl vapor for 72 h. Thereafter, residual HCl 306 

vapor was removed by repeated evacuation under vacuum. The soil samples were then oven-dried, 307 

reground into fine powders, analyzed for organic carbon content. 308 

Chemical extraction of the active soil Mn pool. Two chemical extraction methods were 309 

employed to assess the active Mn pool in soils: sequential extraction and pyrophosphate (PP) 310 

extraction. Sequential extraction was used to quantify functional Mn fractions (pools) in the NEON 311 

soils, whereas PP extraction was used to semi-quantify Mn(III) in conjunction with the 312 

exchangeable Mn(II) pool determined via sequential extraction. PP extracts Mn(III) complexed 313 

with organic matter19,39, and Mn(III) in the structure of poorly crystalline Mn and Fe oxides that 314 

can be partially dissolved in PP solution40–42. In addition to Mn(III), PP can also extract 315 
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exchangeable Mn(II), due to the high concentration of Na+ in the sodium pyrophosphate reagent 316 

and the weak complexation between PP and Mn(II). Therefore, Mn(III) was calculated as the 317 

difference between the PP-extracted Mn and the exchangeable Mn(II) measured in the sequential 318 

extractions. 319 

The sequential extraction was conducted following the method of Tessier et al.43, with 320 

modifications to account for Mn incorporated into the structure of Fe oxides. Approximately 0.2 g 321 

(dry weight equivalent) of frozen NEON soils was placed into a 15-mL polypropylene centrifuge 322 

tube, followed by addition of the extraction solution. After each extraction step, the mixture was 323 

centrifuged at 5000 r/min for 30 min and filtered through a 0.22 µm membrane. The filtrates were 324 

diluted and acidified prior to ICP-OES analysis. Detailed experimental conditions and procedures 325 

are summarized in Extended Data Table 1. Six major Mn pools were defined: (1) exchangeable 326 

Mn, (2) Mn carbonates and Mn sorbed on mineral surfaces, (3) Mn oxides, (4) Mn complexed with 327 

organic matter, (5) Mn incorporated into the structure of Fe oxides, and (6) Mn in the residue. The 328 

sum of the first five fractions represents the active Mn pool. 329 

For PP extraction, approximately 0.2 g (dry weight equivalent) of frozen NEON soil was 330 

mixed with 4 mL of 1 mol/L sodium pyrophosphate solution in a 15-mL centrifuge tube. The soil 331 

suspension was shaken for 16 h at room temperature and then processed following the same 332 

centrifugation and filtration steps as in the sequential extraction. 333 

In the sequential extraction, exchangeable Mn primarily presents as Mn(II), while extracted 334 

Mn oxides consist mainly of Mn(IV). Thereby, the acquired data provide estimates of the relative 335 

proportions of active Mn(II) and Mn(IV) pools in soils. PP extraction targets both active Mn(II) 336 

and Mn(III), including Mn(III) oxyhydroxides. By subtracting the exchangeable Mn(II) measured 337 

in the sequential extraction from the total Mn extracted by PP, the relative proportion of active 338 

Mn(III) in soils can be estimated. Combining these three active Mn pools—Mn(II), Mn(III), and 339 

Mn(IV)—allows calculation of the relative abundance of each Mn oxidation state, as well as the 340 

average Mn oxidation state (AOS) of the active Mn pool. 341 

Climate data. Climate data for the study sites were obtained from multiple sources. For 342 

the NEON sites across North America, global-scale products were used, while locally resolved 343 

data were applied for the Hawaiian sites. Where available, data from the 24 months prior soil 344 

sampling were averaged. Mean annual precipitation (MAP) for the NEON sites was extracted from 345 

TerraClimate44, except for sites in Puerto Rico, for which the higher-resolution DayMet 346 
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climatology was used45. MAP for the Hawaiian sites was sourced from the Hawai’i rainfall atlas46. 347 

Potential evapotranspiration (PET) was estimated using several methods. First, PET was 348 

derived from the MOD16 evapotranspiration algorithm, which integrates multiple remote-sensing 349 

inputs at relatively high spatial resolution. For the NEON sites, MOD16 PET values were extracted 350 

and averaged over the 24 months before sampling. For the Hawaiian sites, where samples were 351 

collected in the 1990s (pre-dating MOD16 availability), PET was averaged over 2001–2010. 352 

The MOD16 PET estimate incorporates a potential canopy evaporation term, differing from 353 

conventional PET formulations. To evaluate the sensitivity of our results to the PET model, two 354 

additional PET estimates were generated and compared. The first alternative followed the modified 355 

Penman–Monteith approach described by in Slessarev et al.34, which integrates remotely sensed 356 

leaf area index (LAI) and surface energy balance terms. Our implementation closely followed 357 

theirs but used climate inputs appropriate to our spatial scale. For the NEON sites, monthly mean 358 

air temperature and vapor pressure deficit were taken from TerraClimate 44; LAI from the GLASS 359 

LAI product (0.1° resolution)47; Land cover from MCD1248; radiation from CERES49; and air 360 

pressure was calculated from elevation using the GMTED2010 digital elevation model50. For the 361 

Hawaiian sites, equivalent inputs were obtained from the Hawaii Climate Data Portal46. PET for 362 

the Hawaii sites was averaged over 2001-2010 due to lack of earlier input data. The second 363 

alternative applied the Hargreaves reference evapotranspiration method, which estimates ET from 364 

a well-watered grass surface using mean air temperature and shortwave downwelling radiation51. 365 

Required inputs were obtained from TerraClimate and CERES for the NEON sites, and from the 366 

Hawaii Climate Data Portal for the Hawaii sites. Daily PET (mm) was calculated as: 367 

PETHargreaves=0.135×
SWD

λ
×(Tair+17.8) 368 

Where SWD is the incident shortwave radiation (MJ m-2 d-1), λ is the latent heat of vaporization 369 

of water (2.45 MJ kg-1), and Tair is the air temperature (°C). 370 

Structural equation modeling. Prior to constructing the structural equation model (SEM), 371 

multicollinearity among environmental variables were assessed by calculating variance inflation 372 

factor (VIF) using the “car” package in R. Variables with VIF > 5 were excluded to reduce 373 

multicollinearity. Next, backward stepwise regression was performed using the “MASS” package 374 

in R to identify significant predictors of soil Mn(II) relative abundance. Finally, an SEM was built 375 

using the “piecewiseSEM” package in R to evaluate both indirect effects of climatic factors (MAP-376 
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PET and MAT) and direct effects of soil physicochemical properties (pH, organic carbon 377 

concentration, clay content, and soil water content) on the relative abundance of soil Mn(II). 378 

Global soil organic carbon distribution in relation to climate. A cumulative distribution 379 

function for soil organic carbon (SOC) with climate was constructed using the Harmonized World 380 

Soil Database (HWSD) combined with the MAP and PET data described above. We employed a 381 

re-gridded, 0.05°-resolution estimate of topsoil (0-30 cm) SOC storage from HWSD52. To reduce 382 

computational demands, calculations were performed on a random sample of 100,000 grid cells 383 

from the HWSD. For each sampled cell center, precipitation, air temperature, and vapor pressure 384 

deficit data were extracted from TerraClimate for the period 2001-2010. MOD16 PET data for the 385 

same period were also extracted and averaged. To calculate PET using the Slessarev (2016)34 and 386 

Hargreaves methods51, we additionally gathered CERES radiation fluxes, leaf area index, land 387 

cover, and elevation data from the sources noted earlier. 388 

The cumulative SOC as a function of MAP–PET was derived through the following steps: 389 

(1) total SOC storage per grid cell was calculated by multiplying the SOC stock by the cell area, 390 

adjusted as a function of latitude; (2) cells were grouped into 50-mm bins based on MAP–PET 391 

values, spanning a range from –2500 mm to +10,000 mm; (3) total SOC within each bin was 392 

summed and then cumulated from the lowest to the highest MAP–PET values; (4) cumulative SOC 393 

per bin was expressed as a proportion of the grand total SOC across all sampled cells. MAP was 394 

averaged from TerraClimate for the period 2001-2010.  395 
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Extended Data Table 1 | Sequential chemical extractions for Mn in the frozen NEON soils. 515 

Experimental condition Target Mn pool 

~ 0.2g dry equivalent frozen soil sample, 4 mL of 1 mol/L MgCl2 solution (pH 7), 

shaken for 1 h at room temperature 
Exchangeable Mn(II) 

4 mL of 1 mol/L sodium acetate (pH 5), shaken for 5 h at room temperature Mn(II) carbonates 

10 mL of 0.05 mol/L NH2OH·HCl (in acetic acid, 25% (v/v)), in a water bath at 96°C 

for 6 h 
Mn(IV) oxides 

1.5 mL of 0.02 mol/L HNO3 + 2.5 mL of 30% H2O2, pH2, in a water bath at 85°C for 

3 h; after cooling, add 2.5 mL of 3.2 mol/L NH4Ac (in HNO3 20%(v/v)), and shaken 

for 30 min at room temperature 

Organic complexed Mn 

8 mL of 0.3 mol/L sodium citrate + 1 mL of 1 mol/L sodium bicarbonate 

30 min at 80°C; then add ~ 1 g sodium dithionite, shaken at 80°C for 30 min 
Mn in iron oxides 

Residue was generated by subtracting the above fractions from total Mn 
Mn in parent materials and 

occluded Mn(III,IV) oxides 

  516 
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 517 

Extended Data Figure 1 | Variations of Mn oxidation states in actively cycled pools across 518 

MAP–PET. a-c, The relative fractions of actively cycled Mn(II) (a), Mn(III) (b), and Mn(IV) (c) 519 

as a function of MAP–PET, with PET data were estimated according to the modified Penman 520 

Montieth (P-M) method; d-f, The relative fractions of actively cycled Mn(II) (d), Mn(III) (e), and 521 

Mn(IV) (f) as a function of MAP–PET, with the PET data were estimated based on the Hargreaves 522 

method. Fractions were quantified by chemical extractions (see Methods) and fitted using a 523 

nonparametric local regression (red lines). The gray bands represent the 95% confidence intervals. 524 

MAP: mean annual precipitation, PET: mean annual potential evapotranspiration.  525 
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 526 

Extended Data Figure 2 | The cumulative global stock of soil organic C in upland soils as a 527 

function of effective soil moisture (MAP–PET). The PET data were modeled using the modified 528 

Penman Montieth (P-M) method as described in Slessarev33, Hargreaves method, and MOD16 529 

method. While the P-M method calculated PET values are consistently lower than Hargreaves or 530 

MOD16 method, the patterns of the cumulative fraction of SOC versus MAP–PET resemble each 531 

other, suggesting the robustness of the pattern. 532 
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