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Abstract 30 

Soil organic matter supports the Earth’s ability to sustain terrestrial ecosystems, provide food and 31 

fiber, and retain the largest pool of actively cycling carbon (C). Over 75% of the soil organic 32 

carbon (SOC) in the top meter of soil is directly affected by human land use. Large land areas 33 

have lost SOC as a result of land use practices, yet there are compensatory opportunities to 34 

enhance land productivity and SOC storage in degraded lands through improved management 35 

practices. Large areas with and without intentional management are also being subjected to rapid 36 

changes in climate, making many SOC stocks vulnerable to losses by decomposition or 37 

disturbance.  In order to quantify potential SOC losses or sequestration at field, regional, and 38 

global scales, measurements for detecting changes in SOC are needed. Such measurements and 39 

soil-management best practices should be based on well-established and emerging scientific 40 

understanding of processes of C stabilization and destabilization over various timescales, soil 41 

types, and spatial scales. As newly engaged members of the International Soil Carbon Network, 42 

we have identified gaps in data, modeling, and communication that underscore the need for an 43 

open, shared network to frame and guide the study of soil organic matter and C and their 44 

management for sustained production and climate regulation.  45 

 46 

 47 

  48 



 
 

2 

1. Introduction 49 

 Soil organic matter (SOM) governs many physical and chemical characteristics of soils, and is 50 

one determinant of a soil's capacity for fertility, ecosystem productivity, and CO2 sequestration. 51 

Thus SOM, and its main constituent soil organic carbon (SOC), interacts with several aspects of 52 

the Earth system and its services to society (Banwart et al., 2014), including food, fiber, water, 53 

energy, cycling of C and nutrients, and biodiversity. Historically, estimates of global SOC stocks 54 

ranged from 500 to over 3000 Pg, with recent estimates of ca. 2000 Pg to a depth of two meters 55 

(Scharlemann et al. 2014; Batjes, 2016). Large land areas (up to 6 billion ha) are estimated to be in 56 

some state of soil degradation (Gibbs and Salmon, 2015), associated in many cases with deficient 57 

stocks of SOM. Increasing SOM content, and thus SOC storage, can improve the state of soil and 58 

ecological sustainability, and can also contribute to climate change mitigation by capturing 59 

atmospheric CO2.  60 

 SOM research has traditionally been dominated by two scientific communities that have 61 

been publishing in rather disparate types of journals (SM2a), one focused on soil science/soil 62 

health and the other focused on the terrestrial C cycle /biogeochemistry. Soil health or quality is a 63 

concept formalized in the 1990s to describe soil management practices that enhance the biological, 64 

chemical, and physical processes of soil.  Terrestrial carbon cycling refers to the exchange of land-65 

based C with atmospheric CO2 and CH4 . Owing to the very large and dynamic stocks of soil C 66 

globally, the role of soils in climate regulation has been increasingly studied in context of 67 

ecological and geological perspectives that link organic matter processing to carbon, nutrients, 68 

productivity, hydrology, and landscape dynamics. As a result, conceptual frameworks and 69 

computer models have become quite elegant and sophisticated in representing both site-based, 70 

land management options and global scale syntheses.  The goals of these communities are 71 

converging and should not be pursued in isolation from each other. Together, the science 72 

communities working on agricultural soils and those working on soil C cycling have an 73 

opportunity to combine and transform our knowledge, databases, and mathematical frameworks 74 

for the benefit of environmental health and humanity. 75 
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At the global scale, SOM is one of the largest and actively cycling C reservoirs (Cias et al., 76 

2013; Jackson et al. 2017) and direct human activities impact over 70% of C stocks in the upper 77 

meter of soil. Globally soils store 1,300-1,500 Pg of C in the top meter (Fig. 1a; Batjes, 2016). 78 

Much of this SOM is in lands impacted directly by cropping, grazing, and forestry practices, with 79 

30% residing in lands only indirectly impacted by human activities such as peatlands and 80 

permafrost soils (Hugelius et al., 2014; Köchy et al., 2015; Loisel et al., 2017). The distribution of 81 

soils in managed lands follows the distribution of human land use (Fig. 1b, c) and overlaying the 82 

estimated SOC stocks with human land-use data shows that the majority of near-surface SOC 83 

stocks are directly affected by human activities today (Fig. 1c).  84 

Efforts such as the ‘4-per-1000’ program, a global initiative to reduce atmospheric CO2 85 

through soil C sequestration (Minasny et al., 2017), demonstrate that many soils in managed 86 

systems could offer an opportunity for climate regulation. While uncertainties are very large, it is 87 

evident that land management practices can lead to C gains from 0.01 kg C yr-1 up to 0.07 kg C yr-88 

1 (Minasny et al., 2017). Other additional estimates are in the same order of magnitude (Paustian et 89 

al. 2016, Smith et al. 2007). If these numbers are applied across all Earth’s managed lands, there is 90 

an opportunity to sequester several Pg C yr-1 globally (fig. 1d). While not all lands are likely to be 91 

managed consistently, this maximum estimate could potentially offset future C emissions from 92 

permafrost (Koven et al., 2015) or the combined projected emissions from land use change and 93 

agricultural management (Pugh et al., 2015; projected emissions in fig. 1d).  94 

 The ability to detect shifts in SOC and to potentially increase SOC storage is increasingly 95 

important for scientific and societal challenges in the face of rapidly changing terrestrial 96 

landscapes, yet detecting changes in SOM are as problematic to measure and predict as they are 97 

important for climate and landuse planning. For example, estimates of future SOM dynamics 98 

range widely, and recent compilations of soil radiocarbon demonstrate that global models 99 

underestimate the transit time of C in soil, biasing estimates for soil C sequestion in future years 100 

(He et al, 2016). Meanwhile conceptual frameworks for SOM stabilization are also changing, 101 

challenging the science community to shift methods and measurements to test alternative models. 102 
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For example, paradigms and metrics of SOM_C (de)stabilization and storage have been shifting 103 

(Schmidt et al., 2011 ; Lehmann and Kleber, 2015). Emerging paradigms de-emphasize the 104 

chemical properties of SOM itself and focus more on mechanisms that isolate or stabilize C, such 105 

as sorption of biopolymers and their decomposition products on mineral surfaces and the 106 

entrapment of organic matter in aggregates. These and other recent developments call for model 107 

development and new datasets to address aggregate dynamics, carbon use efficiency of microbial 108 

organisms, the role of dissolved organic matter, priming to enhance SOM decomposition, and 109 

mineral protection of organic matter.  110 

 In this article we posit that there is a need and an opportunity for the scientific community 111 

to: 1) better identify datasets to characterize ecosystem and landscape properties, processes, and 112 

mechanisms that dictate SOC storage and stabilization and their vulnerabilities to change;  2) 113 

identify, rescue, and disseminate existing datasets;  3) develop platforms for sharing data, models, 114 

and management practices for SOC science; and 4)  improve the connection between global C 115 

cycle and soil management research communities. The International Soil Carbon Network (ISCN) 116 

is a community devoted to open and shared high-quality science for characterizing the state, 117 

vulnerabilities, and opportunities for managing SOM. To this end, the ISCN supports cross-118 

disciplinary collaborations that target actionable SOM-related science questions, which are 119 

outlined in section 2. Challenges and strategies for the ISCN to function as a community platform 120 

for communication, modeling, and data sharing, as well as to increase interoperability among 121 

SOM-relevant networks, are outlined in section 3. 122 

 123 

 124 
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 125 

Figure 1. Soil organic carbon stocks and areas currently under land use practices. (a)  Spatial 126 

variability of soil SOC stocks in the upper meter of soil (where 1 kgC/m2 = 10 MgC/ha) , based 127 

on the WISE 3.1. database (Batjes, 2016). (b)  Fractional human use of the land surface through 128 

forestry, grazing and agricultural crops (Erb et al., 2007); grey areas represent.... (c) Global SOC 129 

stocks (0-1 m) distributed under different land-use categories. (d) Potential opportunities for soil C 130 

sequestration in presently managed forest, crop, and grazing lands (assuming average management 131 

C gains of 0.04 kg C yr-1 with error bars showing the range of 0.01-0.07 kg C yr-1; Minasny et al., 132 

2017)  could compensate for total emission projections from permafrost-C due to the climate 133 

feedback (Koven et al., 2015; mean and range of projection until 2100 under RCP8.5) and the 134 

projected impact of “human land use”, defined as land use change, agricultural representation, 135 

crop harvest, and management (Pugh et al., 2015; mean and ensemble range of projection until 136 

2100 under RCP8.5). Note that harvest from forestry is not included in this last projection.    137 

 138 

2. Challenges for characterizing the state, vulnerabilities, and management opportunities of 139 

soil organic matter 140 
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Most needed from our community is detection of changes in SOM and SOC, yet such changes 141 

vary spatially and temporally because of the many processes that are linked to variations and 142 

changes in climate, land use, vegetation, topographic, and geologic factors. Broad-scale ecosystem 143 

models generally build upon mechanistic understanding originating from much finer temporal or 144 

spatial scales. Upscaling – the scaling or application of knowledge and data from finer to broader 145 

scales or from shorter to longer timescales – requires insight, data, and models at various scales, 146 

types and complexity because the responses of soil processes to forcing factors are typically 147 

different on different spatial scales (O’Rourke et al, 2015). At fine scales, the response might be 148 

related to a specific landscape or climate attribute. When aggregating over broad spatial scales, 149 

however, information on the relationship between the driver and the response may be lost or 150 

obscured. One such example is the apparent dominating influence of temperature, rather than over 151 

precipitation, over tropical and global ecosystem carbon fluxes (Cox et al., 2013; Wang et al., 152 

2013; Wang et al., 2014). The smaller apparent role of precipitation globally or across the tropics 153 

results from large spatial heterogeneity in precipitation. Unusually dry and wet regions cancel each 154 

other out when averaged globally, which can obscure an often stronger local/regional precipitation 155 

control of ecosystem fluxes (Ahlström et al., 2015; Jung et al., 2017).  156 

Long-term changes in SOM_C are particularly difficult to capture with measurements. 157 

Fluxes of heterotrophic respiration, for example, can be measured only at fine spatial and temporal 158 

scales (Bond-Lamberty et al., 2016) whereas observing short-term changes in SOM_C pools is 159 

reduced to detecting small changes relative to a large pool of bulk SOM_C (Stockmann et al., 160 

2013). While radiocarbon measurements suggest that the majority of bulk SOM_C is much older 161 

(He et al., 2016), and hence not very active, long-term changes in SOM_C storage could be 162 

governed by processes other than those that determine short term fluxes. It is increasing clear that 163 

understanding changes and variations in SOM_C requires a robust understanding of processes and 164 

mechanisms that underlie stabilization, protection, and destabilization of SOM_C. 165 

  166 

 167 
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2.1 Understanding mechanisms underlying storage and (de)stabilization of SOC 168 

Changes in SOM and SOC are generally based on assessments of stocks and on turnover, 169 

residence times, and transit times (Sierra et al. 2017 ; He et al, 2016). Assessments of SOC stocks 170 

and transit times remain a critical constraint on the ability of models to predict CO2 exchanges and 171 

their responses to environmental and land use pressures (Todd-Brown et al, 2013). Advancements 172 

in measurements and numerical models must be grounded in our best understanding of the 173 

processes controlling SOM dynamics across scales (Hinckley et al, 2014).  174 

Mechanisms of C stabilization and destabilization (herein referred to as (de)stabilization) 175 

are of particular importance for establishing a predictive understanding of SOM dynamics because 176 

these same mechanisms presumably drive vulnerabilities (to emission) and opportunities 177 

(accumulation or sequestration) under changes in climate, management, or other disturbances. 178 

Currently, most global model frameworks rely on state-factor theory (Campbell and 179 

Paustian, 2015), where soil properties are the product of a suite of factors such as climate, biota, 180 

topography, parent material, and stage or age of pedogenesis (Jenny,1941), superimposed with 181 

major land uses such as deforestation or agriculture (Amundson and Jenny, 1991). Under this 182 

framework, global-scale spatial heterogeneity of SOC is a direct reflection of variation within 183 

these factors and, accordingly, will vary with climate and land use change.  A quantitative and 184 

predictive understanding of how soil and ecosystem properties interact to regulate SOC remains 185 

elusive due to interactions and interdependencies of the state variables and small, local-scale 186 

physico-chemical, and biological processes and mechanisms that also influence the 187 

(de)stabilization of SOC.  188 

A quantitative understanding of SOC pool dynamics requires a quantitative understanding 189 

of both processes and mechanisms leading to C (de)stabilization. A process represents a 190 

fundamental sequence of actions or steps that lead to a particular outcome, whereas a mechanism 191 

reflects the combined interaction of processes (Fig. 2). Processes are often more directly 192 

measureable than mechanisms and, therefore, a more fundamental construct for incorporation into 193 

models. We tend to classify mechanisms of soil (de)stabilization as being primarily biological, 194 
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physical, or chemical (Six et al., 2002; Fig. 2), but many mechanisms cross these boundaries due 195 

to interactions among many processes. The past two decades brought substantial advances in our 196 

conceptual understanding of mechanisms of SOM (de)stabilization (Schmidt et al., 2011 and 197 

Lehmann and Kleber 2015). Yet, quantitative representations of these concepts in global and 198 

regional models lags, due in part to a lack of balance among theory-model-data synthesis and lack 199 

of incorporation of local-scale understanding of SOM dynamics. 200 

         Understanding the mechanisms of SOM (de)stabilization, the underlying driving soil  201 

processes, and the relationships between processes and drivers at various spatial scales is needed  202 

to evaluate the potential for SOC to change.  To address this need, an emerging priority is the 203 

execution and synthesis of manipulative field and lab experiments that specifically target 204 

processes and drivers at a variety of spatial and temporal scales (see section 2.2. and Fig. 3).   205 

 Processes can be observed and often measured as rates of change, either as direct flux 206 

measurements over short timescales or changes in stocks over moderate to long timescales. 207 

However, identifying drivers often requires manipulation or big data synthesis to infer causation 208 

Examples include networks of experimental manipulations that target specific processes, such as 209 

the Detritus Input and Removal Treatments (DIRT) that manipulates inputs to soil (e.g., Lajtha et 210 

al. 2014), the international Soil Experimental Network (iSEN) that warms deep soil (Torn et al. 211 

2015), Drought-Net that manipulates precipitation, and temperature and moisture gradient studies 212 

(Giardina et al. 2014, reference for moisture). By coupling broadly distributed and comparable 213 

data synthesis efforts with process-based models, we have the opportunity to capture mechanistic 214 

understanding and to constrain the SOC storage and its sensitivity to disturbance. 215 

 216 

 217 
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 218 

Figure 2. Processes controlling SOM_C pools and the mechanisms involved in stabilizing SOC. 219 

Isolation = physical disconnection (e.g. Schimel & Schaeffer 2012); Cryo = cryopreservation; 220 

Pyrogenesis = fire residues; Mineral = mineral interaction; Inputs = microbial and plant residues 221 

that influence desirability or access to microbes (e.g. Kallenbach et al. 2016 Nature 222 

Communications); Nitrogen = nitrogen or other nutrient limitations (e.g. Averill et al. 2014 223 

Nature) 224 

 225 

2.2. Prioritizing soil data to empower our science 226 

There are many types of data, beyond SOC stock data, used to investigate C dynamics at different 227 

spatial and temporal scales (Fig. 3). Data consolidation and archiving efforts so far have focused 228 

principally on SOC stocks (e.g. Batjes et al. 2016; Scharlemann et al. 2014), but SOC stocks 229 

typically change slowly over timescales of decades to millennia, providing limited sensitivity for 230 

investigating shorter-term processes such as land use and climate impacts (Jastrow et al. 2005; 231 

Kravchenko and Robertson 2011; Phillips et al. 2015). At the same time, technique advancements 232 

over the last several decades have seen an escalation in methods pertinent for investigating SOC 233 

change at shorter timescales (Fig. 3). For instance, utilization of the enriched atmospheric 14C 234 

signal (“bomb C”) has allowed tracing and dating of SOC at annual timescales (Trumbore 2000). 235 

Density and size fractionation techniques have helped to distinguish more rapidly cycled SOC 236 

from protected, less rapidly-cycled C (Jastrow 1996, Kong et al. 2005, Gregorich and Janzen 237 

1996). More recently, in situ chemistry techniques have been used to investigate SOC 238 
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transformation over timescales of hours to days (Mackelprang et al. 2016; Haggerty et al. 2014). 239 

The data types that are most relevant for measuring SOC change at experimental timescales, 240 

however, have not been consolidated and archived, thus impeding two of the more important lines 241 

of inquiry in SOC science, namely 1) the biochemical mechanisms of SOC stabilization and 242 

destabilization, and 2) the anticipated impacts of climate change and land use (see top panels of 243 

Fig. 3).  244 

 Part of the challenge in assembling and archiving diverse SOC data types is social--they 245 

are collected by different sub-communities of soil science and microbiology, and part is logistical-246 

-the data have different structures and storage formats (see Supp. Material SM4). Nevertheless, 247 

some of these data types have been widely collected, and archiving efforts could open several 248 

novel research opportunities. For instance, the soil-to-atmosphere CO2 flux (soil respiration or RS) 249 

is one data type that has been measured extensively, both in laboratory incubations and in situ in 250 

field studies, and offers many possibilities for more extensive use. Rs data provides an 251 

instantaneous measurement of soil metabolism, and thus offers a unique window into terrestrial 252 

carbon dynamics at fine temporal and spatial resolution where questions about temperature, 253 

moisture sensitivity and respiratory pathways are addressed (Fig. 3). While a considerable effort 254 

has been made to synthesize seasonal and annual averages for field-based RS fluxes (e.g., Bond-255 

Lamberty and Thomson, 2010a), flux datasets including isotopic measurements (isofluxes), time 256 

series and experimental manipulations that include soil moisture, and laboratory-based incubation 257 

data have only sparingly archived in centralized repositories (e.g.; Kim et al., 2012). RS data have 258 

been used only sparsely for soil C model validation (Wang et al., 2014) or model benchmarking 259 

(Shao et al., 2013) despite having characteristics ideal for these purposes; they reflect fundamental 260 

metabolic processes, are geographically widespread, and do not require extensive post-261 

observational processing. High-temporal-resolution RS data may also present unique possibilities 262 

for constraining and validating fluxes inferred from eddy covariance (Phillips et al., 2016) and 263 

spatiotemporal analyses (Lavoie et al. 2014; Leon et al. 2014). Finally, because soil-to-atmosphere 264 

C fluxes (in particular soil heterotrophic respiration) cannot be directly measured at scales larger 265 

https://paperpile.com/c/eunc8p/W9dY+QIaU/?prefix=e.g.%2C%20,
https://paperpile.com/c/eunc8p/W9dY+QIaU/?prefix=e.g.%2C%20,
https://paperpile.com/c/eunc8p/W9dY+QIaU/?prefix=e.g.%2C%20,
https://paperpile.com/c/eunc8p/uL1G5
https://paperpile.com/c/eunc8p/uL1G5
https://paperpile.com/c/eunc8p/TPIEb
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than ~1 m2 (Bond-Lamberty et al., 2016), data compilations have enormous value for upscaling 266 

and for synthesizing our understanding of soil metabolism. While Rs is but one example of data 267 

that will help meet challenges for characterizing SOM and SOC, their relevance to mechanistic 268 

questions of SOC (de)stabilization has the potential to address higher level questions related to 269 

landuse practices, policy, and longterm consequences of change (Fig. 3).   270 

 271 

 272 

 273 

Figure 3. Example research questions and datasets useful for investigating SOC change at different 274 

timescales. Blue lines indicate relevance of the topic and question to the timescale of 275 

measurement. Colors for measures indicate status of data archiving efforts. Measurements can be 276 

well aggregated in centralized repositories (green), have had limited compilation (yellow), or have 277 

had very limited compilation (red). RS, soil respiration; RH, heterotrophic respiration; 13C n.a., 13C 278 

natural abundance; TBCA, Total belowground total allocation; POM, particulate organic matter. 279 

 280 

2.3 Land management and its potential to increase SOM_C: an emerging priority 281 

Increases in SOM_C play a key role in climate regulation through sequestration of CO2, but there 282 

also co-benefits relevant to land managers through increased land yield , soil water retention, 283 

https://paperpile.com/c/eunc8p/r58wG
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resilience to extreme weather and nutrient retention. Land managers are primary agents governing 284 

changes to SOM and SOM_C stocks, thus in order for scientists to help shape and drive more 285 

successful and scalable practices, it is important to view SOC research as a social enterprise as 286 

well as a scientific enterprise.  287 

 Successful management of SOM requires collaboration among scientists, land managers, 288 

landowners, and policy makers. A science-land manager-policy partnership can be initiated at any 289 

stage of a problem, for example as a science question or a land management challenge. One 290 

example (Fig. 4) starts with research question and tethers field/lab experiments to ecological and 291 

social issues important to land managers. Seeking feedback from stakeholders at each phase of 292 

inquiry also generates new inquiries, which can be visualized in Fig. 4 as movement from right to 293 

left on the research-to-policy progression. A cooperative research approach introduces more 294 

sources of feedback and points of iteration than an isolated scientific process, but is instrumental 295 

for influencing SOM management practices.  296 

  297 
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 298 

Figure 4. Creating conditions to optimize the effectiveness of land use to sequester SOM_C .  299 

Actors involved in managing lands for soil C sequestration change in response to the scale and 300 

level of information needed. Evaluating and implementing practices (Y axis) starts with scientists 301 

working with land managers and propagates through broader spatial scales and policies as goals 302 

are defined, communicated, and met. Major actors can vary with each step, with activities shown 303 

in the gray boxes. Arrows represent flows of information. In this example, the step-wise progress 304 

from local to more regional scales represent the increasing opportunity to impact both productivity 305 

and CO2 sequestration through soil C sequestration. 306 

 307 

 308 

 309 

 310 

Grazinglands (rangelands) represent a largely untapped global potential for SOM_C 311 

sequestration as they occur across a wide range of bioclimatic conditions, cover ca. 40% of ice-312 

free land and store ca. 30% of the terrestrial SOC pool to 1 m depth ( Fig. 1)  The global potential 313 

for rangeland C sequestration has been estimated to range from 0.3 to as much as 1.6 Pg CO2-eq 314 

yr-1 (Paustian et al, 2016).  Many grazing lands have degraded SOM_C stocks due to historic, poor 315 

management practices and changes in land use intensity. Stocks of SOM_C in grazing lands are 316 

vulnerable to losses through erosion, compaction, and reductions in plant C inputs from plant 317 

community shifts or overgrazing. Improved grazing, irrigation, plant species management, and the 318 

use of organic or inorganic fertilizers of these lands can significantly increase soil C stocks 319 

(Conant et al. 2017). Application of composted organic waste streams has been demonstrated to be 320 

an economic and beneficial proactive that contributes to both rangeland productivity and climate 321 

regulation (Ryals et al 2013, DeLonge et al. 2013; see SM5). Lifecycle assessments, in which 322 
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broader implications for land management are tracked, (e.g., the waste management and energy 323 

systems; DeLonge et al. 2013) and other ecosystem services and values (e.g. biodiversity or 324 

endemic plant impacts) are also important issues that drive land management choices. 325 

  Forest SOM management often focuses on minimizing losses to erosion and disturbance 326 

and less on building SOM through residue and vegetation management, as is common in 327 

grazinglands and croplands (Binkley and Fisher 2013). While there are robust, broadly consistent 328 

methods for accounting for and predicting future C stocks in forest aboveground biomass, there is 329 

less consensus on methods for assessing belowground SOM and SOM_C. Long-term monitoring 330 

(Johnson and Todd 1998; McLaughlin and Phillips 2006), experimental manipulation (Edwards 331 

and Ross-Todd 1983; Gundale et al. 2005), expert review (Jandl et al. 2007; Lal 2005), 332 

quantitative synthesis (Laganiere et al. 2010; Nave et al. 2010), and ecosystem modeling (Kurz et 333 

al. 2009; Scheller et al. 2011) have all produced valuable insights into forest management impacts 334 

on SOM. At the same time, the many conflicting results of these studies raise the question of 335 

whether responses of SOM to forest management can be generalized across soil and ecosystem 336 

types. In addition, the lack of spatially explicit assessments (e.g., maps, geostatistical models) of 337 

forest management impacts on SOM highlights our challenge to quantify SOM_C stocks and the 338 

complex spatiotemporal processes involved in scaling.  Given these limitations, methods of 339 

quantifying the spatial distribution and controls on forest SOM across scales are needed for forest 340 

practices. These applications may be aided by promising advances in digital soil mapping 341 

(Mansuy et al. 2014; Mishra and Riley 2015) and spatially explicit soil carbon assessments 342 

(Domke et al. 2017; Soil Survey Staff 2013).  343 

 Croplands have been managed for more than two decades in ways that benefit soil 344 

conditions and reduce greenhouse gas emissions (e.g., Smith et al. 2007, Paustian et al. 345 

2016).  There are many practices influencing SOM_C storage in croplands. These include tillage 346 

management (in some cases, Powlson et al. 2014); crop rotations and cover crops (Poeplau and 347 

Don 2015); improving crop production through fertilization and irrigation management; selection 348 

of high residue-yielding crops; crop intensification by removing bare-fallow management in a 349 
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cropping system; application of silica residues to reduce greenhouse gas emissions (Gutekunst et 350 

al. 2017), and application of organic amendments with manure or biochar. 351 

 Despite existing knowledge, there is a limited ability to accurately estimate the changes in 352 

SOM_C , particularly at smaller scales (Ogle et al. 2010, Paustian et al. 2016) . For example, 353 

mechanistic understanding such as the effect of tillage management on aggregate dynamics (Six et 354 

al. 2000), has not been effectively incorporated into modelling frameworks. Biochar amendments 355 

have emerged as one of the most promising practices for sequestering C in agricultural soils 356 

(Lehmann, 2007), but there are still questions about the impact of biochar on SOM dynamics 357 

(Knicker, 2011).  Efforts to incorporate agricultural SOM_C sequestration into policy programs 358 

have been plagued by lack of understanding about the longer term impacts of pervasive warming 359 

on SOM_C pools (Conant et al. 2011), which could vary widely depending on the response of 360 

microbial communities (Wieder et al. 2015).  361 

 362 

3. The ISCN as a platform for communication, modeling, and data 363 

While science communities targeting soil health or climate regulation are making great 364 

strides in the science of SOM, a combined and coordinated effort could take advantage of 365 

technological and communication advances to meet challenges discussed in section 2.  The 366 

International Soil Carbon Network or ISCN along with partnering entities seeks to establish the 367 

basis (platforms) by which we share openly our means of communication, modeling, and data 368 

sharing.  369 



 
 

16 

 370 

Fig 5. An approach for applying management options to the science of SOC (de)stabilization. 371 

Three general classes of soil carbon (de)stabilization processes (biological, chemical and physical) 372 

are fundamental to understanding the susceptibility of soils to disturbance (e.g., compaction and 373 

erosion, etc). As such, knowledge of the relevant mechanism at play for a given soil can inform 374 

key measurements needed (e.g., soil infiltration and sediment transport) and effective management 375 

strategies (e.g., diversify vegetation/minimize use and plant stabilizing vegetation/control runoff).   376 

 377 

Communication of our science starts with restructuring and broadening the soil data that are 378 

shared within and by ISCN, allowing for different types of data, and discovering new ways to 379 

share data without compromising its attribution and credits. To increase the potential impact of 380 

SOM science and to better impact land management practices, it also is beneficial to frame and 381 

disseminate our information in the context of both soil health and climate regulation. For example, 382 

given some knowledge of the dominant processes leading to C stability in a given soil (path A, 383 

Fig. 5), one may evaluate which disturbances may release SOM and SOC and what measurements 384 

would mitigate SOM losses. Conversely, we may apply this framework in the reverse direction. 385 

Given some ongoing or historical management practices (path B, Fig. 5), we can work inward and 386 

to assess what processes could be most affected. Carbon cycle science can also be reframed from 387 
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the biological, chemical and physical processes paradigm presented in Fig. 2 to a land 388 

management perspective (Table 1). See supplementary materials SM2 for more precise definitions 389 

and references.  390 

 391 

 392 

Table 1.  Linkages between soil health indicators and SOC. Soil health indicators are readily-393 

measured soil properties that are used to diagnose the ability of soil to provide services such as 394 

nutrient cycling, erosion mitigation, water storage, or microbial activity. Many of these soil health 395 

indicators relate directly to SOC content, and many can be ameliorated through restorative 396 

practices that increase SOM. For all examples listed, the practices that enhance soil health also 397 

restore (and enhance) SOM and SOC, thus what is good for the goose (soil) is good for the gander 398 

(atmosphere). Based on these example, scientists and land managers can readily agree that 399 

management practices that protect, promote, and conserve soil carbon are practices that prevent 400 

erosion, provide and preserve water and nutrient capacity.401 

 402 

 403 

 404 

 405 

 406 

 407 

Modeling with computational and conceptual paradigms is an integral part of the scientific 408 

process that greatly enhances our ability to understand variations among spatial and temporal 409 

scales and to precisely and accurately estimate and predict changes in SOC. Conceptual paradigms 410 

that form the scientific basis for our computational models were initially based on “humification” 411 

processes (Hedges, 1988; RothC model (Jenkinson and Rayner, 1977) and Century model (Parton 412 

et al., 1987). The community is increasingly recognizing the role of microbial access to SOC and 413 

its stabilization involving specific mechanisms described in Fig. 2 (Jastrow et al. 1996, Six et al. 414 

2000, Kaiser and Kalbitz 2012, Averill et al. 2014, Keiluweit et al. 2015, Cotrufo et al. 2015, 415 
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Lehmann and Kleber 2015). Measurements used to drive and test these models vary and are often 416 

not structured experimentally to test one model over another. As discussed above in section 2, 417 

issues of spatiotemporal scaling must address whether mechanisms and functions change or vary 418 

between spatial and/or temporal scales. As discussed above, models are increasingly incorporating 419 

these new ideas into mathematical frameworks to construct new paradigms (e.g., Allison et al. 420 

2010, Wieder et al. 2013, Sulman et al. 2014). Moreover, datasets and databases are needed to 421 

evaluate models.   The ISCN strives to openly share modeling code and specific parts of models 422 

along with data used to drive and test model performance.  423 

 424 

In addition to simply sharing model codes, it is also becoming clear that a community-based 425 

model could emerge from the soils community. In particular modular frameworks with water, 426 

temperature, and plant production modules would allow for “plug and play” with new SOM 427 

modules that are under development.  These other modules would not likely be the focus of 428 

development, but are needed to realistically simulate SOM dynamics from experiments and 429 

regional analyses. The design of such supporting modules could be informed by or rely on recent 430 

progress with frameworks (e.g. PeCAN project http://pecanproject.github.io/index.html ). As new 431 

models are published and shown to work better than the existing SOM community model, the 432 

community model would be replaced with improved mathematical frameworks for SOM 433 

dynamics. In turn, scientists and investigators evaluating SOM dynamics could incorporate the 434 

latest science embodied in the SOM community model housed on the platform into their 435 

assessments.  ISCN would effectively encourage the use of the latest science in national 436 

assessments such as evaluating climate change impacts, greenhouse gas emissions and soil health 437 

(e.g. Ogle et al., 2014).  438 

 As soil or belowground datasets are collected, compiled, and assembled for specific 439 

questions or assessments there is an emerging opportunity for Big soil data to be designed as a 440 

searchable database for soil properties.  Empirical models could be structured from a searchable, 441 

robust database, but we could also challenge our conceptual and computational models with robust 442 

http://pecanproject.github.io/index.html)
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data. The ISCN network database (http://doi.org/10.17040/ISCN/1305039 or http://ameriflux-443 

data.lbl.gov:8080/ISCN/DOI.html.) afforded early opportunities to design common data templates, 444 

promote data synthesis, and generate publications. The ISCN-gen3 database (http://ameriflux-445 

data.lbl.gov:8080/ISCN/DOI.html) is poised to move beyond observational soil point data and 446 

associated drivers, and well into the realm of process-level attributes such as soil fractions and 447 

spectral data. These data types have been envisioned and piloted since its earliest generations, but 448 

have only recently gained wider attention and use among the wider community of scientists 449 

interested in soil carbon.  450 

Currently the ISCN database has a mix of overlapping and unique data as compared with 451 

other databases (Supplemental Material SM1). For example, most closely aligned are the World 452 

Soil Information Service (WoSIS) and ISCN, both of which report soil profile data but for 453 

different attributes: The ISCN reports over 100 (carbon plus other attributes) soil 454 

properties/attributes for ~70,000 profiles and their constituent layers, whereas WoSIS reports  12  455 

properties for over 150,000 profiles. ISCN currently hosts solid phase attributes for soil, and the 456 

data are structured in a way compatible with ecosystem CO2 –land-atmosphere flux data served by 457 

FLUXNET and AmeriFlux networks . Despite the large number of soil profiles included in both 458 

WoSIS and ISCN, however, there remains an enormous amount of un-archived soil data. 459 

Compiling and harmonizing these data could help answer questions of C turnover; soil properties 460 

related to mechanisms controlling SOM_C (de)stabilization; soil respiration fluxes in context of 461 

soil and environmental measurements; and metrics of pools or forms of bioavailable vs non-462 

available SOM_C.  463 

This so-called ‘long tail’ of data has been identified in other fields (Dietze 2013) and 464 

represents data that have been collected but, for one reason or another, is not easily available for 465 

re-analysis. A comparison of literature and data repository records suggested that process and 466 

biological data are underrepresented in repositories, relative to descriptive, chemical and physical 467 

data (Suppl. Materials Figure SF1, methods in supplementary materials SM3). Comparison of the 468 

top keywords in SOM and SOC literature to data repositories suggested that other data types ripe 469 

http://ameriflux-data.lbl.gov:8080/ISCN/DOI.html
http://ameriflux-data.lbl.gov:8080/ISCN/DOI.html
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for synthesis in context of SOM_C include soil incubation and temperature sensitivity, soil 470 

chronosequence studies, wildfire emissions/retention, nitrogen and phosphorus cycling, root and 471 

fungal dynamics, and soil microbiology. For example, a soil carbon-related data repository search 472 

suggests that only 1% of the entries in the broader literature have been archived in data 473 

repositories (Suppl. Materials SM3). Therefore rescuing data from the literature and making them 474 

accessible and compatible with other contributions and databases is a high priority.  475 

Harmonizing disparate datasets poses unique challenges due to the diversity in types of 476 

measurements and their associated methods, unlike larger national and regional survey campaigns 477 

which operate under a single protocol. For example, the Biomass And Allometry Database 478 

(BAAD) (Falster et al., 2015) has been a unique highly successful example of a community-based 479 

data aggregation effort. Public repositories, including Dryad, FigShare, and ORNL DAAC, have 480 

emerged and enjoyed enthusiastic support. As these data repositories have grown, issues around 481 

discoverability have emerged such as getting people in a common community to agree on a 482 

common technical vocabulary has been challenging. Many efforts (e.g. DataONE) have focused 483 

on semantics and linked many of these repositories in a unified search framework. Finally, data 484 

harmonization is required not only for typical data cleaning operations like correcting unit mis-485 

matches and transparent reproducibility, but also to reconcile different methods and evaluate 486 

reliability. This final step requires not only computational skills but also domain expertise.  487 

https://paperpile.com/c/eunc8p/Kzp4
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3.4 Interoperability of ISCN 488 

 489 
 490 

  491 

 492 

Fig 6: Examples of organizations, groups or entities addressing data, modeling and management 493 

relevance of soil carbon. These currently disparate niches need bridging to address complex 494 

problems in soil C science. The soil community is data- and knowledge-ready for a platform like 495 

ISCN that can bridge data, tools, best management practices and outreach. We propose a way 496 

forward to improve soil C data curation with a focus on process variables, which can be applied 497 

into a community model framework and actionable science that harnesses mechanistic 498 

understanding to address questions on soil health management. 499 

 500 

While these international efforts of the ISCN gain momentum, there are parallel requirements to 501 

coordinate and share technology, data, protocols, and experiences to maximize resources and 502 

generate knowledge. Arguably, this can only be achieved by increasing interoperability within 503 

ISCN and among partner networks, organizations, and members. Interoperability is broadly 504 

defined as the ability of a system to work with or use the parts of another system (Chen et al. 505 
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2008; Vargas et al. 2017).  506 

Challenges related to conceptual barriers include syntactic and semantic differences in the 507 

types of information (Madin et al. 2008);  technological barriers such as incompatibility of 508 

information technologies (e.g. methods to acquire, process, store, exchange, and communicate 509 

data;  Peters et al. 2014);  organizational barriers related to current institutional responsibility and 510 

authority such as with institutions, networks, or governments (Supp. Table ST3) ; and cultural 511 

barriers that can be country-specific but must be considered to increase interoperability of 512 

networks (Vargas et al. 2017).  513 

4.0 Conclusions and Implications 514 

Soils have entered an ‘anthropogenic state’, with most of the global surface area either 515 

directly managed by humans or influenced by human activities. As a result, soils globally have 516 

lost SOM since at least the Industrial Revolution, with direct impacts on climate, ecosystem 517 

productivity and resilience to disturbance. There is a crucial need to improve our science and to 518 

communicate our findings . In this paper, we identified the following goals: (1) identify key 519 

datasets needed to improve our detection of broad-scale soil C trends and understanding of SOM-520 

C stabilization and destabilization mechanisms, (2) set up infrastructure to rescue, centralize, and 521 

disseminate currently disparate soil datasets relevant to critical soil processes, (3) develop a robust 522 

and modular modeling platform for developing process-based models that would move field data 523 

and localized experiments into a larger Earth systems framework and (4) improve the connection 524 

between soil C-cycle science and land management practices. These goals can be achieved as the 525 

ISCN improves the exchange of ideas, data, modeling tools, and as we share information and 526 

support other networks, organizations, and institutions.  527 

Processes that influence changes in SOM and SOC have been defined and quantified over 528 

the past several decades, and metrics for soil health, degradation, and storage are beginning reflect 529 

the interdisciplinary science needed to link soil/land/ecosystem/crop productivity to CO2 budgets 530 

at various scales.  Growing populations, increased land use, and intensified land us compel us to 531 

merge the sciences of soil health to those of C cycling. The current state of our soils and 532 



 
 

23 

opportunities and vulnerabilities that result from different land management practices are of 533 

particular importance. In addition, quantifying the optimal SOM_C storage capacity of soils would 534 

provide a benchmark to further assess human impact on soils and help quantify future/potential 535 

benefits of altered soil management practices. More importantly, these science-based estimates 536 

would inform soil valuation by economists, both as resource and service providers, for our 537 

societies and ecosystems while also improving assessments of soil C and its exchange with the 538 

atmosphere.  539 
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