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Abstract
Understanding the controls on the amount and persistence of soil organic carbon 
(C) is essential for predicting its sensitivity to global change. The response may de-
pend on whether C is unprotected, isolated within aggregates, or protected from 
decomposition by mineral associations. Here, we present a global synthesis of the 
relative influence of environmental factors on soil organic C partitioning among pools, 
abundance in each pool (mg C g−1 soil), and persistence (as approximated by radiocar-
bon abundance) in relatively unprotected particulate and protected mineral-bound 
pools. We show that C within particulate and mineral-associated pools consistently 

www.wileyonlinelibrary.com/journal/gcb
mailto:﻿
https://orcid.org/0000-0003-2265-4542
mailto:﻿
https://orcid.org/0000-0001-8735-1580
https://orcid.org/0000-0003-0813-5084
https://orcid.org/0000-0002-1820-1455
https://orcid.org/0000-0002-8808-8312
https://orcid.org/0000-0003-0124-6187
https://orcid.org/0000-0003-0009-4169
https://orcid.org/0000-0003-3890-8025
mailto:katherine.a.heckman@usda.gov
mailto:Caitlin.Hicks.Pries@dartmouth.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.16023&domain=pdf&date_stamp=2021-12-16


    |  1179HECKMAN et al.

1  |  INTRODUC TION

Investigations into the controls on soil organic carbon (C) have often 
treated it as a single homogeneous pool (e.g., Rasmussen et al., 2018; 
Shi et al., 2020). However, decades of research have emphasized 
the heterogeneity of soil organic C (Ågren & Bosatta, 1996; Hénin 
& Dupuis, 1945; Swift et al., 1979; Trumbore, 2009). Soils have a 
range of C pools cycling at different timescales, making estimates 
of soil organic C persistence based on bulk Δ14C values misleading 
(Gaudinski et al., 2000; Trumbore & Zheng, 1996). Improving how we 
parameterize terrestrial C models to better predict global C dynam-
ics requires building a better understanding of the environmental 
factors that control the size and distribution of these active and pas-
sive C pools (Blankinship et al., 2018; Davidson & Janssens, 2006). 
Understanding the relationship between the physical environment 
and the partitioning of C among these pools will also be important if 
we are to develop strategies to improve soil health and estimate the 
potential for C sequestration to mitigate climate change (Bongiorno 
et al., 2019).

Therefore, to better understand the response of soil organic C 
to global change, it is important to go “beyond bulk C” and consider 
whether distinct functional C pools are regulated by the same, sim-
ilar, or unique soil forming factors on a global scale. At the broadest 
conceptual scale, the critical “soil forming factors” that regulate soil 
organic C stabilization include climate (cl), organisms (o), and relief (r) 
modifying soil parent material (p) through inputs and weathering re-
actions over time (t; referred to as the “cl,o,r,p,t” soil forming factors; 
Dokuchaev, 1883; Jenny, 1941). However, assigning quantitative 

measures of the influence of these soil forming factors on soil or-
ganic C abundance and persistence (Sierra et al., 2018) has been 
hampered by the heterogeneous nature of soil organic C and the 
complexity of the interactions among soil forming factors.

Soil organic C decomposition rates comprise a spectrum rang-
ing from hours to millennia. Likewise, the molecular composition of 
soil organic C varies widely based on source, degree of decomposi-
tion, and association with soil minerals and within soil aggregates. 
Although there are approaches to model the continuum of decom-
position rates of soil organic C (Ågren & Bosatta, 1996; Carpenter, 
1981), models often partition this continuum of rates into a few 
discrete categories or pools (Elliott et al., 1996; Sierra et al., 2012). 
Pools that exhibit true mechanistic differences may not be physi-
cally measurable. However, the wide variation in the criteria used to 
evaluate these pools (e.g., radiocarbon, incubation, fractionation) is 
often used as evidence that bulk soil contains multiple pools that ex-
hibit distinct dynamics (Baisden & Canessa, 2013; Buchkowski et al., 
2019; Cotrufo et al., 2013). As there is increasing evidence that ra-
diocarbon data can be used to constrain global soil C models (e.g., He 
et al., 2016a), it is essential that we test whether our measurements 
of these pools align with their conceptual representation in our mod-
els (Blankinship et al., 2018).

Our current conceptual understanding of soil organic C cycling 
divides bulk organic C into pools directly associated with specific 
mechanisms and processes that affect its decomposition rate, 
including mineral sorption, aggregation, and microbial accessibility. 
In practice, laboratory studies separate bulk soil organic C into oper-
ationally defined fractions that differ based on physical, biological, or 

differed from one another in degree of persistence and relationship to environmental 
factors. Soil depth was the best predictor of C abundance and persistence, though 
it accounted for more variance in persistence. Persistence of all C pools decreased 
with increasing mean annual temperature (MAT) throughout the soil profile, whereas 
persistence increased with increasing wetness index (MAP/PET) in subsurface soils 
(30–176 cm). The relationship of C abundance (mg C g−1 soil) to climate varied among 
pools and with depth. Mineral-associated C in surface soils (<30 cm) increased more 
strongly with increasing wetness index than the free particulate C, but both pools 
showed attenuated responses to the wetness index at depth. Overall, these relation-
ships suggest a strong influence of climate on soil C properties, and a potential loss of 
soil C from protected pools in areas with decreasing wetness. Relative persistence and 
abundance of C pools varied significantly among land cover types and soil parent ma-
terial lithologies. This variability in each pool's relationship to environmental factors 
suggests that not all soil organic C is equally vulnerable to global change. Therefore, 
projections of future soil organic C based on patterns and responses of bulk soil or-
ganic C may be misleading.

K E Y W O R D S
climate change, persistence, radiocarbon, soil carbon, soil fractions, soil organic matter, 
terrestrial carbon cycle
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chemical properties and are associated with specific mechanisms of 
stabilization (Baisden et al., 2002; Golchin et al., 1994; Jastrow et al., 
1996; Six et al., 2000; Swanston et al., 2005; Trumbore & Zheng, 
1996). For example, density fractionation isolates soil organic C into 
free particulate, occluded particulate, and mineral-associated frac-
tions (Figure S1; Greenland, 1964; Heckman et al., 2014; Lavallee 
et al., 2020; Sollins et al., 1999; Spycher et al., 1983) that are hy-
pothesized to align with current conceptual pools associated with 
different stabilization mechanisms (Cotrufo et al., 2019).

In this study, we use a global synthesis of soil radiocarbon 
data (Beem-Miller et al., 2021; Lawrence et al., 2020) to evaluate 
whether the three common fractions isolated through density frac-
tionation methods (Figure S1; Golchin et al., 1994) exhibit distinct 
relationships with soil forming factors at the global scale. The free 
particulate fraction (also known as the free light fraction) includes 
particulate organics and any material not bound to minerals or oc-
cluded in aggregates; this fraction floats in a dense liquid (most 
commonly sodium polytungstate). Conceptually, this fraction is the 
most microbially available and the least persistent of the fractions 
(excepting dissolved C, which is not captured in traditional density 
fractionation methods), corresponding to an actively metabolized or 
fast-cycling pool in models. The particulate occluded fraction (also 
known as the occluded light fraction)—composed of particulate or-
ganic matter released after vigorous mixing and ultrasonic disrup-
tion of soil aggregates—is assumed to be physically protected from 
microbial access through occlusion in aggregates. However, the 
makeup of these aggregates is often heterogeneous (Marín-Spiotta 
et al., 2008) and may include organic C with high molecular stabil-
ity such as pyrogenic C, phytoliths, and fungal spores (Wagai et al., 
2009). Conceptually, the particulate occluded fraction may be pro-
tected by physical isolation or molecular recalcitrance (as defined by 
structural resistance to enzymatic attack or poor microbial substrate 
quality) and is commonly thought to cycle at intermediate rates 
(Golchin et al., 1994; Wagai et al., 2009). After isolation of these two 
particulate fractions, organic matter remaining is associated with the 
mineral fraction (sometimes referred to as the dense or heavy frac-
tion) and is assumed to be adsorbed to, co-precipitated with, or re-
side in microaggregate structures with minerals (Wagai et al., 2020). 
We refer to this fraction as mineral-associated C. Conceptually, 
mineral-associated C is the pool most protected from microbial 
decomposition, corresponding to a more slowly cycling C pool. In 
certain soils and ecosystems, the characteristics of these fractions 
have been successfully linked to specific stabilization mechanisms 
(von Lützow et al., 2007). However, the global applicability of these 
fractions to conceptual C pools and the influence of environmental 
factors on these soil organic C fractions are poorly resolved.

The response of soil organic C to our changing climate is un-
certain in Earth system models (Shi et al., 2018; Todd-Brown et al., 
2018); as a result, modelers place low confidence on soil organic C 
response projections (Bradford et al., 2016; Davidson & Janssens, 
2006; Friedlingstein et al., 2014). One source of uncertainty in mod-
eling soil organic C dynamics is the complete lack of—or otherwise 
inconsistent treatment of—within-soil variance in decomposition 

rate. Though many models are structured with multiple soil organic 
C pools, global-scale models are often validated with bulk soil C data 
(e.g., from the Harmonized World Soils Database). Research has con-
cluded that the mean age of bulk soil C is hundreds to thousands 
of years (He et al., 2016b; Shi et al., 2020; Sierra et al., 2018). From 
a climate change perspective, the potential of soils to sequester 
CO2 may therefore be limited by the slow assimilation rates of new 
inputs or the development of new reactive secondary mineral phases 
(Schlesinger, 1990). To determine soil C dynamics on the timescale 
of anthropogenic climate change, information about the full  spec-
trum of soil C pools and their associated decomposition rates would 
be beneficial. In particular, soil organic C dynamics under climate 
change are likely determined by the active and intermediate (e.g., 
particulate) pools which may be more responsive to changes in in-
puts (Crow & Sierra, 2018; Knorr et al., 2005; Shi et al., 2020; Soong 
et al., 2021). Better understanding of these intermediate pools could 
improve our ability to manage both C inputs and C persistence to 
maximize the climate benefit of C sequestration (Crow & Sierra, 
2018; Sanderman et al., 2017; Sierra et al., 2021; Van Gestel et al., 
2018). Furthermore, we could develop more effective pathways to 
sequester C by identifying management practices that encourage 
greater C stabilization and slower rates of soil organic mineraliza-
tion. However, prior to identifying these management techniques, 
it is essential to establish a firm understanding of what controls the 
partitioning of soil organic C into pools and governs C persistence 
within those pools.

Here, we  assess the relationship of soil forming factors to the 
partitioning and persistence of soil organic C fractions in free par-
ticulate, occluded particulate, and mineral-associated fractions. 
We hypothesize that fractions respond differently to climate, veg-
etation, and physicochemical parameters due to differences in how 
they are formed and protected from soil microbes. For example, we 
hypothesize that the unprotected free particulate fraction should 
decrease in response to increasing mean annual temperature and 
the associated increase in microbial activity; in contrast, we hypoth-
esize that the more protected occluded and mineral-associated frac-
tions should have no relationship to temperature because microbial 
access, not activity, limits their decomposition. The relationships of 
the fractions with soil forming factors can offer insights into the sen-
sitivity of soil C to global changes.

2  |  METHODS

We used soil density fraction data from The International Soil 
Radiocarbon Database (ISRaD v. 1.1.2 Lawrence et al., 2020; www.
soilr​adioc​arbon.org). ISRaD is an online repository for environmen-
tal radiocarbon data with a specific emphasis on soils and soil frac-
tions. We utilized a subset of ISRaD data comprising measurements 
of radiocarbon (persistence), organic C concentration (abundance), 
or the proportion of organic C in the mineral-associated fraction 
(distribution) made on soil density fractions for the current analysis. 
Radiocarbon data are reported in units of Δ14C (‰) normalized to 

http://www.soilradiocarbon.org
http://www.soilradiocarbon.org
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account for the year of sampling (Shi et al., 2020; see below). In stud-
ies that employed sequential density separation (isolation of multiple 
free light, occluded light, and heavy fractions for the same sample), 
the multiple fractions were combined by taking a mass-weighted 
average for C abundance and C-weighted average for Δ14C values. 
C distribution among density fractions was normalized to sum to 
100%. Overall, our meta-analysis included data from 52 studies. In 
addition to C measurements, ISRaD compiles ancillary data regard-
ing site and sample characteristics that were either provided directly 
in the associated published works or provided as supplementary 
information from manuscript authors.

First, we compared the general characteristics of the three 
density fractions using a linear mixed model (LMM) with fraction 
as a fixed effect and the sampled layer nested in the study as a 
random effect because fractions measured within a soil sample are 
not independent nor are samples measured within the same study. 
We then used the emmeans (Lenth, 2019) package to perform post 
hoc pairwise Tukey tests of differences between the fractions. 
Second, we used LMMs to explore how soil fractions interact with 
environmental predictors related to soil forming factors to affect 
C abundance, persistence, and distribution at a global scale (Figure 
S2). We chose the LMM approach so that we could explicitly in-
clude interactions among the soil fractions and environmental 
predictors.

For the radiocarbon data from the ISRaD, each Δ14C measure-
ment was normalized to the year 2000 using a steady state one-pool 

model and the observed time series of atmospheric Δ14C accord-
ing to Shi et al. (2020). Steady state conditions assume constant 
inputs through time; therefore, input does not affect the result 
of normalization. Past atmospheric Δ14C records were obtained 
from the Intcal13 calibration curve (50  kyr – 0 BP; Reimer et al., 
2013). Modern data from 1950 were obtained from Vermunt and 
Schauinsland stations (Levin & Kromer, 1997) extended through 
2012 (Hua et al., 2013; Levin et al., 2013). To normalize Δ14C from 
the year of sampling to year 2000, we first constructed the relation-
ship between turnover time and Δ14C to derive a turnover time for 
each Δ14C value. Then we adjusted the original Δ14C value by run-
ning the one-pool model with the respective turnover time to year 
2000. When Δ14C is greater than about 85‰, the calculation gener-
ates two mean turnover times; the longer turnover times were used.

2.1  |  Explanatory variables

The explanatory environmental variables used in the meta-analysis 
were grouped according to the soil forming factors (Jenny, 1941): 
climate, organisms, relief, and parent material. The specific variables 
included mean annual temperature (MAT), wetness index (MAP/
PET), net primary productivity (NPP), land cover type, elevation, 
slope, northness, and parent material (Table 1). The influence of 
time on the degree of soil morphological development was not ex-
plicitly included in this analysis due to the difficulty of determining 

TA B L E  1  The source of the environmental predictors representing CLORPT soil forming factors used in our analyses

CLORPT factor Model predictor Unit Calculation Source Resolution

Climate Mean annual 
temperature (MAT)

°C WorldClim 2.1 1 km

Wetness index Ratio, mm mm−1 Mean annual precipitation 
(MAP)/Potential 
evapotranspiration 
(PET)

WorldClim 2.1 (MAP), 
Global Aridity 
Index and Potential 
Evapotranspiration 
Climate Database v2 
(PET)

1 km (MAP), 30 
arc-seconds 
(PET)

Organisms Net primary 
productivity

kg C m−2 Mean of values from 
2001–2016

MODIS/Terra 500 m

Land cover Factor Reported in study, gap-
filled with MODIS/
Terra + Aqua

500 m

Relief Elevation m DEM (World Elevation 
Terrain): Esri Living 
Atlas

30 m

Slope % DEM (World Elevation 
Terrain): Esri Living 
Atlas

30 m

Northness −1 (equator-facing) to 
1 (pole-facing)

cos(aspect)*sin(slope), 
adjusted so −1 is 
equator facing

DEM (World Elevation 
Terrain): Esri Living 
Atlas

30 m

Parent Material Parent material Factor Reported in study, expert 
opinion

Time NA
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approximate soil ages. Along with the soil forming factors described 
above, we included fraction (for Δ14C and C abundance models only) 
and depth as predictors. Depth referred to the middle of each incre-
ment sampled to integrate across the various sampling approaches 
used. The top of the mineral soil was set to 0 cm following soil sci-
ence convention. When directly reported information on these 
variables was available in ISRaD, it was used. When variables of 
interest were not available directly through ISRaD, these variables 
were populated through utilization of geolocated databases (Table 1; 
Supporting Information).

As is the nature of meta-analyses, our dataset is limited by the 
availability of soil fraction data that include radiocarbon values 
(Figures S2). We evaluated the distribution of MAT, wetness index, 
NPP, slope, and elevation in our dataset against their respective 
global distributions (Figure S3). The dataset represents the global 
distribution of these variables well except for flat regions (note that 
very cold regions are mostly from Antarctica and circumpolar re-
gions which likely do not have soil, Figure S3g). However, the dataset 
is skewed toward the northern hemisphere and temperate forests, 
where the majority of soil density fractionation studies have been 
carried out (Figures S2–S4). The full compiled dataset used in the 
current analysis is available in the supplementary materials. For a de-
tailed description of explanatory variable extraction/origin, please 
see supplementary materials.

2.2  |  Linear mixed-effects models

We ran mixed model multiple regressions using the lmer command 
from lme4 (Bates et al., 2014) in R v. 3.5.3 3 (R Core Team, 2020) to 
determine the relationships between soil forming factors, depth, and 
soil fraction, and the three response variables: normalized Δ14C val-
ues (‰), the abundance of organic C in each fraction (in mg C per g 
soil), and the proportion of organic C stored in the heavy fraction. We 
report the results of the final models with p-values calculated using 
the lmerTest package (Kuznetsova et al., 2016) and the marginal and 
conditional R2  values computed using the “r.squaredGLMM” func-
tion from the MuMIN package (Bartoń, 2019). We report F-test sta-
tistics as a relative measure of the amount of variance explained by 
each fixed effect while taking into account the degrees of freedom. 
Where possible (e.g., where interactions were not missing certain 
combinations), we further explored statistically significant interac-
tions using post hoc tests of the estimated marginal means using 
the emmeans package (Lenth, 2019). We present the results from 
models for which we optimized the random effects structure using 
Akaike's information criterion (AIC) and tested for violations of ho-
mogeneity of variance and linearity assumptions. We limited our 
analyses to data from soil depths <300 cm because below that depth 
the relationships between our response variables and depth became 
nonlinear. We checked for multicollinearity among our continuous 
predictors and did not include any pairs of predictors that had a cor-
relation value (r) > 0.6 (Dormann et al., 2013; Figure S5). We used 
centered and scaled continuous variables in the model to reduce the 

multicollinearity that can occur with interaction terms. However, 
we graphically present the predicted relationships between our re-
sponse variables and soil forming factors using unscaled and uncen-
tred explanatory variables and untransformed response variables to 
better illustrate their actual effects. The predicted lines were cal-
culated based on the LMM using the “ggpredict” function from the 
ggeffects package (Lüdecke, 2018) and represent the relationship 
between the response variable and a continuous predictor of inter-
est with other continuous predictors set to their means and the land 
cover and parent material factors set to temperate forest and igne-
ous intrusive, respectively.

We chose which interactions to include in our model based on 
a priori hypotheses and graphical exploration. Based on a priori 
hypotheses, we included two-way interactions between wetness 
index  ×  slope (due to the dependence of infiltration and erosion 
on slope), wetness index × parent material (due to the differential 
weathering rates of different lithologies), fraction  ×  parent mate-
rial (because we expect lithology to have a stronger effect on the 
mineral-associated fraction), and two- and three-way interactions 
among MAT  ×  fraction  ×  depth (because we expect temperature 
sensitivity may differ among soil fractions and depths) and wetness 
index × fraction × depth (moisture influences transport of organics 
and mineral phases with depth in the profile). Based on graphical 
exploration of the relationships of response variables to soil forming 
predictors by fraction (e.g., Figures S8 and S12), we also included the 
two-way interactions of fraction × land cover and fraction × slope.

To optimize the random effect structure, we ran our full model 
(all predictors and the interactions described above) for Δ14C, the re-
sponse variable for which we had the most data (n = 1323) using the 
lmer command (lme4 package) in R (R Core Team, 2020). The random 
effects tested included a random slope of the depth effect based 
on the soil pedon, random intercepts based on the study (entry_
name in ISRaD), the soil pedon nested within study, the soil layer 
nested within study, and the soil layer nested within the soil pedon. 
Combinations of these random effects were compared using AIC 
and the model with the lowest AIC was chosen. The best-fit model 
had a random slope of the depth effect based on the soil pedon and 
random intercepts of the soil layer nested within the study. Thus, 
the model accounted for the relationship between Δ14C and depth 
varying by the soil core or pit, the fact that the fractions sampled 
were not independent (they were derived from the same soil layer), 
and the lack of independence among soil layers from the same study.

Next, we ran the full model with the optimum random effects 
and graphed residuals versus all the predictors to test whether 
the assumption of variance homogeneity was violated, which it 
was because variance increased with soil depth. The lmer func-
tion does not have an argument to handle variance heterogene-
ity. Thus, in consultation with a developer of lme4 (Dr. Benjamin 
Bolker, McMaster University, written communication, March 3, 
2020), we chose to account for variance homogeneity by creating 
an observation level random effect that interacts with a dummy 
value for quantiles of depth (2.5–5.5 cm, 5.5–10 cm, 10–19 cm, 19–
37.5 cm, 37.5–67.5 cm, and 67.5–176 cm) excluding the shallowest 
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depth quantile, which had the lowest variance. Graphing residuals 
demonstrated that this approach reduced variance heterogeneity. 
Lastly, we graphed partial residuals to ensure that the relationships 
between our response variables and continuous predictors were 
linear. Satisfied that the assumptions of linear models were met, 
we proceeded to the final full model, which included all explan-
atory variables, the chosen interaction terms, the random effect 
structure with the smallest AIC, and the dummy values to account 
for depth heterogeneity.

We followed the same procedure for the C abundance in the 
various fractions (n = 981) and used the same random effects struc-
ture as the Δ14C model. The C abundance model did not need a 
variance structure, but the responses were log transformed to meet 
the assumption of linearity. The proportion of C in the heavy frac-
tion model (n = 457) also did not need a variance structure, but the 
responses were logit transformed and the depth predictor was log 
transformed to meet assumptions of linearity.

3  |  RESULTS

We found consistent and significant differences in density frac-
tion characteristics at the global scale (Table 2; Figure 1). On aver-
age, mineral-associated fractions had the lowest C concentrations 
(2.3  ±  0.2%) but had the greatest C abundance (17.4  ±  1.2  mg 
g−1  soil) due to their high mass compared to free and occluded 
particulate fractions (p < .0001). Soils stored almost 60% of their 
organic C in mineral fractions, whereas only 14% was stored in 
occluded fractions (p  <  .0001). Occluded particulate fractions 
had the highest C:N (32 ± 0.2) while mineral-associated fractions 
had the lowest C:N (13 ± 1; p < .0001). The free particulate frac-
tion was similar to occluded fraction in δ13C (−25.2  ±  0.2‰ vs. 
−25.5 ± 0.2‰) but was the most depleted (smaller values) in δ15N 

(1.2 ± 0.2‰), while the mineral-associated fraction was the most 
enriched (−23.8  ±  0.2‰ and 4.4  ±  0.2‰; p  <  .0001 for both). 
Lastly, the free particulate fraction had significantly younger 
Δ14C values (6.2 ± 7.5) than the occluded particulate or mineral-
associated fractions (p  <  .0001), whose Δ14C (‰) did not differ 
significantly from one another (−50.9 ± 12.6 and −79.4 ± 8.0, re-
spectively; p = .58).

Overall, our LMMs using soil forming factors, depth, and frac-
tion as predictors explained over half the variation in Δ14C (‰) 
and C abundance (mg C g−1  soil; marginal R2  =  0.60 and 0.59, re-
spectively; Figures 2 and 3). Depth and fraction type explained 
the largest amount of variation in both models according to their 
F values, though depth had a much higher explanatory power for 
Δ14C. However, our LMM using soil forming factors and depth as 
predictors explained less than half the variation in the proportion 
of C associated with the heavy fraction (marginal R2 = 0.40; Figure 
S6). The relative significance of soil forming factors varied slightly 
among models depending on the response variable. Detailed results 
for each model are given below.

3.1  |  C persistence (normalized Δ14C)

Depth explained the largest amount of variation in our Δ14C model 
(F = 368; p < .001). As expected, soil fraction was a significant predic-
tor in our Δ14C model (F = 25, p < .001) and significantly interacted 
with depth (fraction ×  depth, F =  8, p  =  .0004, Figure 4). Carbon 
persistence increased with depth as Δ14C became more depleted, 
and this effect of depth was stronger in the occluded particulate 
and mineral-associated fractions than in the free particulate fraction 
(Figure 4). Though soil forming factors explained smaller portions 
of variance, several significant relationships with climate variables 
were noted. Contrary to our hypothesis, C persistence decreased 
(Δ14C became more enriched) as MAT increased in all fractions (MAT, 
F = 5, p = .035; Figure S7). In general, soil Δ14C was more depleted in 
humid ecosystems than in dry ecosystems. The influence of wetness 
index on Δ14C increased with increasing depth (depth  ×  wetness 
index, F = 9, p = .003), indicating a stronger response to moisture in 
the subsurface (Figure 5).

Carbon persistence generally varied among fractions within a 
land cover type (fraction ×  land cover, F = 8, p <  .001; Figure S8). 
The mineral-associated and the occluded fractions had higher C per-
sistence than the free particulate fraction in most land covers. The 
only exceptions were tropical forests and tundra (p  >  .23), which 
showed a similar C persistence between the mineral-associated 
and the free particulate fractions, and shrublands and tropical for-
ests, which showed no differences between the occluded and the 
free light fractions (p >  .81). Carbon persistence differed between 
mineral-associated and occluded particulate fractions only in boreal 
forests, shrublands, and croplands (p  <  .025). Croplands had the 
least persistent occluded particulate fraction; significantly younger 
than the occluded fraction in grasslands, shrublands, and temperate 
and tropical forests (p < .055).

TA B L E  2  General characteristics of density fractions. Values 
are means with parenthetical standard errors. Letters indicate 
statistically significant differences (p < .05) among fractions which 
were determined by running a linear mixed model including random 
effects followed by type III effects tests (α = 0.05). All fractions 
were significantly different from one another, except for ∆14C 
where occluded particulate and mineral-associated fractions did 
not differ (p = .58)

Free 
particulate

Occluded 
particulate

Mineral-
associated

%C (n = 1528) 24.5 (0.5)b 34.4 (0.4)a 2.3 (0.2)c

mg C g−1 soil 
(n = 981)

9.9 (0.8)b 6.1 (0.8)c 17.4 (1.2)a

C/N (n = 932) 29 (1)b 32 (0.2)a 13 (<1)c

Proportion of total 
C (%) (n = 1222)

33 (1)b 14 (1)c 59 (1)a

δ15N (‰) (n = 672) 1.2 (0.2)c 3.2 (0.2)b 4.4 (0.2)a

δ13C (‰) (n = 1291) −25.2 (0.2)b −25.5 (0.2)c −23.8 (0.2)a

∆14C (‰) (n = 1399) 6.2 (7.5)a −50.9 (12.6)b −79.4 (8.0)b



1184  |    HECKMAN et al.

There were several significant differences in the relationships 
of the fractions to one another within parent material classes (frac-
tion × parent material, F = 3, p < .001; Figure S9), and the influence of 

parent material on C persistence varied with wetness index (parent 
material × wetness index, F = 4, p < .001; Figure S10). Soils devel-
oped from igneous extrusive, igneous pyroclastic, and sedimentary-
clastic parent materials increased in C persistence with increasing 
moisture across the sampled range of wetness index values, while 
other parent materials did not (0.25–1.75).

3.2  |  C abundance (mg C g−1 soil)

As with C persistence, depth explained the most variation in C 
abundance (F = 136, p <  .001), followed by fraction type (F = 55, 
p <  .001); again, there was a significant fraction by depth interac-
tion (fraction × depth, F = 3.1, p =  .04). While soil forming factors 
explained lesser portions of variance, the climate variables, MAT, 
and wetness index, as well as land cover and parent material all had 
significant interactions with fraction. Overall, fraction had more sig-
nificant interactions with soil forming factors for C abundance than 
for C persistence.

The effect of MAT was modified by both fraction type and 
depth (fraction  ×  depth  ×  MAT, F  =  6.6, p  =  .001; Figure 6). C 
abundance in the free particulate fraction of shallow soils 
showed the expected decrease with increasing MAT. In con-
trast, C abundance increased with MAT in the occluded partic-
ulate and mineral-associated fractions at all depths. The effect 
of wetness index was also modified by fraction and depth (frac-
tion × depth × wetness index, F = 5.9, p = .003, Figure 7). C abun-
dance in all fractions tended to increase as the wetness index 
increased, but the effect was stronger in the occluded particu-
late and mineral-associated fractions than in the free particulate 
fraction, and the effect was stronger in the surface soils for the 
free particulate and mineral-associated fractions (Figure 7 and 
S11). In the subsurface, increasing wetness index corresponded 
to increased C in the occluded particulate fraction, but led to no 

F I G U R E  1  Density distribution of 
(a) normalized Δ14C, (b) C abundance, 
and (c) percent (%) distribution of C 
among fractions. Dashed vertical lines 
correspond to the median value for each 
group, respectively [Colour figure can be 
viewed at wileyonlinelibrary.com]
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change in C within the free particulate and mineral-associated 
fractions. However, caution is warranted here because our data-
set has no data on subsurface soils (>20 cm) from wetter ecosys-
tems (wetness index > 1).

The influence of land cover varied by fraction type (frac-
tion × land cover, F = 13, p < .001; Figure S8). Grasslands and crop-
lands had the lowest C abundance in the free particulate fraction. 
Based on post hoc comparisons of marginal means, which were 
adjusted for the other effects in the model, grasslands had sig-
nificantly less C in the free particulate fraction than temperate 
forests, tropical forests, and shrublands (p < .027). Croplands had 
significantly less free particulate C than shrublands (p = .029). For 
the occluded particulate fraction, boreal forests had less C than 
tropical forests, grasslands, and croplands (p <  .04), and temper-
ate forests had more C than grasslands and croplands (p <  .003). 
Land cover was also a strong predictor of the proportion of C that 
was mineral associated (F = 7, p = .0001; Figure S6) with tropical 
forests, croplands, and grasslands having the largest proportions 
of mineral-associated C and temperate forests having the least 
(Figure 8).

Interactions among factors (including wetness index, relief, and 
parent material) explained smaller portions of variance. There was 
a significant interaction between fraction and slope for C abun-
dance (fraction  ×  slope, F  =  4.4, p  =  .013; Figure S12); there was 
more mineral-associated C on steeper slopes. The relationships of 
the fractions to one another varied within parent material classes 
(fraction  ×  parent material, F  =  7.9, p  <  .001). For example, while 
the mineral fraction had more C than the free particulate fraction 
in most parent materials, in soils derived from igneous intrusive 
materials, fractions did not differ in C abundance (p =  .18). Among 
parent materials, igneous intrusive had the lowest C abundance in 
the mineral fraction, while loess had the lowest C abundance in the 
free and occluded particulate fractions (Figure S10). The effect of 
parent material was additionally tied to the wetness index (wetness 
index × parent material, F = 2.5, p < .041). In igneous pyroclastic and 

F I G U R E  3  Size of bar indicates relative size of F values for fixed effects for (a) Δ14C, and (b) C mg g−1. Effects are grouped according 
to soil forming factor. A break in the scale for the depth effect was implemented in (a) to allow for examination of the other effects which 
would not be highly visible due to the extremely high F value for the depth effect [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  4  Normalized Δ14C became more depleted with 
increasing soil depth indicating increased C persistence with depth. 
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persistence increased more strongly with depth in the occluded 
particulate fraction and least strongly in the free particulate 
fraction. The lines show the predicted relationship for each fraction 
holding other continuous predictors at their means and with land 
cover and parent material factors set to “temperate forest” and 
“igneous intrusive” categories, respectively [Colour figure can be 
viewed at wileyonlinelibrary.com]
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igneous extrusive parent materials, increasing wetness led to greater 
C abundance (Figure S10).

Across our models, the lack of significance observed for some 
factors is also important. For example, soil C abundance and per-
sistence did not show a significant relationship NPP. Additionally, 
while sloped landscapes are well represented in the dataset 
(Figure S3), the predictor variables associated with relief (north-
ness, slope, and elevation) were not significant in our models with 
the exception of the slope  ×  wetness index interaction in the C 
abundance model. Finally, in this synthesis, soil parent material 
alone did not play a large role in explaining variation in soil C per-
sistence and abundance or in the proportion of C associated with 
minerals at the global scale; however, it did significantly interact 
with wetness index in all models.

4  |  DISCUSSION

The applied models explained over half the variation in C (mg C g−1  
soil) and Δ14C (‰) concentrations across the fractions. However, the 
relative influence of the various soil forming factors on C and Δ14C 
concentrations differed, indicating that C abundance and persis-
tence are regulated in distinct ways. These results offer an argument 
against confounding stock size with stock persistence in modelling 
efforts and further suggest that current soil C stock size alone may 
not be a good predictor of potential C losses associated with cli-
mate change, as some have argued (Van Gestel et al., 2018). This 
meta-analysis offers insight into more effective partitioning of C into 
conceptual pools with distinct Δ14C values, which can be useful for 
model validation.

F I G U R E  5  Normalized Δ14C by 
wetness index grouped by depth interval 
(cm). The green lines show the predicted 
relationships holding other continuous 
predictors at their means and with land 
cover set to “temperate forest” and parent 
material set to “igneous intrusive.” Each 
data point is a transparent grey, so the 
darker the shade, the more data in that 
area of the graph. Lower panel shows 
histograms of the data distribution for 
three wetness index categories binned 
by depth [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Soil depth was the single most important factor explaining varia-
tion in C abundance and persistence. Second to depth in explanatory 
power was fraction type, illustrating the heterogeneous nature of 
soil organic C, and supporting the partitioning of bulk soil organic C 
into fractions with different relationships to (de)stabilization mech-
anisms (Cotrufo et al., 2019; Lavallee et al., 2020). Climate signifi-
cantly influenced both soil organic C abundance and persistence, 
though relationships varied by fraction and depth and the effects 
of temperature and moisture were different. The influence of spe-
cific soil forming factors is discussed in detail below using F-values 
from LMMs as a relative measure of the influence of each model 
parameter.

4.1  |  Soil fraction

Globally, more C is stored in the mineral-associated fraction than in 
either of the particulate fractions, highlighting the important role of 
mineral protection in regulating C stocks. The relative enrichment of 
δ13C and δ15N and the lower C:N in the mineral-associated fraction 
is consistent with the interpretation that mineral-associated organic 
matter has undergone more microbial processing than particulate 
organic matter (Boström et al., 2007). Furthermore, lower Δ14C (less 
enriched) values indicate that mineral-associated soil organic C is 
more persistent than either particulate soil organic C fraction. While 
the best way to separate bulk soil organic C into distinct fractions 

F I G U R E  7  Normalized mg C per g of soil with depth, grouped by wetness index and fraction type. Each hexagon is a 2D bin (for each bin, 
n = 15). The darker the shade, the more data points are in the hexagon. Lower panel shows histograms of data distribution across all depths 
[Colour figure can be viewed at wileyonlinelibrary.com]
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with internally homogeneous characteristics and turnover rates is 
debated (Feng et al., 2016), the consistent differences across frac-
tions in this global dataset suggest that it is reasonable to use den-
sity to separate bulk soil into meaningful pools that differ in their 
mechanisms of physicochemical protection. Individual studies have 
noted differences in the character of soil organic C and ∆14C val-
ues of these three fractions (Golchin et al., 1994; Schrumpf et al., 
2013; Swanston et al., 2005; Wagai et al., 2009), but until now it was 
unknown whether these patterns hold across the diversity of soils 
represented at the global scale.

4.2  |  Depth

Soil depth was the property most strongly related to C abundance 
and persistence in soil density fractions, with abundance decreasing 
and persistence increasing with increasing depth, consistent with re-
cent investigations into bulk C abundance (Rasmussen et al., 2018). 
In keeping with previous global-scale comparisons of mean age of 
surface (<30 cm) and subsurface (>30 cm) bulk soil organic C, we ob-
served a significant and sharp decrease in soil Δ14C values with depth 

in all fractions (Balesdent et al., 2018; He et al., 2016b; Shi et al., 
2020), particularly in the protected occluded and mineral-associated 
fractions. Increasing microbial energy limitation and sorption capac-
ity of soil minerals with depth, which both slow decomposition rates, 
are likely drivers of the depth effect (Ahrens et al., 2020). Also, we 
argue that depth represents the sum of weathering and transport 
processes over time, which contribute to a soil's maturity or devel-
opment. In this view, depth is an integrative proxy, encapsulating a 
variety of processes and properties, including transport, moisture 
availability, reduced microbial access to substrate, and differences in 
soil mineral composition and morphology (e.g., illuvial horizons). This 
may explain why, although soil depth is strongly related to both C 
abundance and Δ14C, the relationship with Δ14C is notably stronger. 
Both soil C abundance and radiocarbon are influenced by soil depth 
as the distance to the landscape surface influences the type and 
magnitude of modern C inputs to a particular soil horizon. However, 
Δ14C is further coupled with depth as both properties evolve over 
timescales of centuries to millennia.

4.3  |  Climate

Climate, manifested in models as changing temperature and precipi-
tation, has long been assumed to be the primary determinant of soil 
organic C decomposition rates. However, the developing conceptual 
paradigm of soil organic C stabilization, which emphasizes chemi-
cal and physical protection, challenges this assumption (Lehmann 
et al., 2020; Miltner et al., 2011). Recent studies have found that soil 
chemical and mineral factors seem to have a greater influence on 
soil organic C persistence than climate factors (Doetterl et al., 2015; 
Mathieu et al., 2015). However, assessing the relative influence of soil 
chemical and mineral composition versus climate is complicated by 
the fact that they are inextricably linked. For instance, soil pH, and 
therefore the abundance of reactive metals and exchangeable cati-
ons, is directly affected by moisture availability (Slessarev et al., 2016).

Despite these recent challenges to the primacy of climate as the 
driver of soil C dynamics, we found that the climate variables, MAT, 
and wetness index (MAP/PET, a proxy for available moisture) were 
significant predictors of both Δ14C and C abundance.

4.3.1  |  Temperature

Decreasing C persistence in all fractions with increasing MAT is con-
sistent with temperature's strong control over microbial activity (Liu 
et al., 2018). However, the expected decrease in C abundance with 
increasing MAT was only observed in the free particulate fraction 
of shallow soils (<30 cm). In contrast, C abundance increased with 
MAT in the occluded particulate and mineral-associated fractions at 
all depths. In the context of climate change, increases in temperature 
may thus decrease the amount of particulate organic C in surface 
layers, but may not substantially reduce aggregate- and mineral-
associated C pools.

F I G U R E  8  The percent of total soil C that is mineral-associated 
grouped by land cover. The lines indicate the median of the 
distribution [Colour figure can be viewed at wileyonlinelibrary.com]
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A recent meta-analysis of warming studies (Rocci et al., 2021) 
supports the assertion that increasing temperature will not reduce 
stabilized C pools—particulate C decreased more than mineral-
associated C in response to warming. Sorption to mineral surfaces 
and occlusion within the small pores of soil aggregates protect C 
from microbial enzymatic attack and may render the associated C 
less sensitive to warming (Gentsch et al., 2018). While the free par-
ticulate fraction C is more microbially accessible than occluded par-
ticulate C, microbial decomposition in deeper soil horizons is often 
energy limited (Ahrens et al., 2020; Hicks Pries et al., 2018; Schimel, 
2021), which may explain the attenuation of MAT’s effect with depth. 
An increase in biological activity in response to temperature may 
actually promote C storage in the occluded and mineral-associated 
fractions. Enhanced plant, fungal, and soil fauna activities can pro-
mote soil aggregation (Soong & Nielsen, 2016; Tang et al., 2011), and 
enhanced decomposition can result in more microbial necromass be-
coming sorbed to mineral surfaces (Cotrufo et al., 2015).

In summary, higher temperatures were related to decreased per-
sistence in all fractions. Despite that, higher temperatures are only 
associated with lower C storage for free particulate organics in the 
surface layers. In other fractions and deeper layers, the influence of 
warmer temperatures on C turnover is limited; thus, temperature-
driven losses from occluded-particulate, mineral-associated, and 
subsurface pools may be less substantial under a warming climate. 
Although we cannot estimate the timescales required for soil frac-
tions to re-equilibrate in response to temperature changes, we expect 
change will occur more quickly in response to temperature compared 
with other climate factors such as moisture, since changes in tem-
perature are likely to result in accelerated microbial decomposition 
(e.g., Davidson & Janssens, 2006; Hicks Pries et al., 2017). This should 
be most apparent for the temperature-sensitive shallow particulate 
organic C fractions, which are also susceptible to indirect effects of 
temperature increases such as a greater prevalence of forest fires.

4.3.2  |  Moisture

Wetness index was as strong of a predictor as MAT for both C abun-
dance and persistence. And as with MAT, the relationship of soil C 
abundance to wetness index varied by fraction and depth. In gen-
eral, soil C persistence was higher in humid ecosystems than in dry 
ecosystems, but the influence of wetness index on C persistence 
increased with increasing depth, indicating a stronger response to 
moisture in the subsurface.

Moisture availability can affect soil C through both production 
and stabilization processes that may have opposing effects on C per-
sistence and abundance. First, greater moisture availability can lead 
to increased C inputs as plant productivity increases, which could 
explain why surface soil C abundance generally increases with in-
creasing wetness index. Second, increased moisture has a nonlinear 
effect on decomposition, with rates typically increasing up to some 
threshold in moisture content (typically ~60% water-holding capac-
ity), then decreasing at high moisture content (Greenwood, 1961; 

Keiluweit et al., 2018; Megonigal et al., 2004). In soils adapted to 
moisture fluctuations, however, high microbial activity can be main-
tained under both oxic and anoxic conditions (DeAngelis et al., 2010; 
Huang et al., 2021). Third, higher moisture levels can lead to greater 
transport of C to deeper soil layers. Finally, increased moisture may 
lead to greater soil throughflow that, over long time periods, in-
creases soil weathering and depth through the development of the 
secondary clay, aluminum, and iron oxide minerals that are essen-
tial for protecting soil C (Rasmussen et al., 2018). This tension be-
tween C stabilization versus decomposition is especially evident for 
iron-mineral-associated C. Short periods of high moisture generate 
reduced iron [Fe(II)] that can oxidize and form strong Fe(III) mineral-
organic co-precipitates that contribute to C persistence. However, 
unless these iron-C associations are protected via subsequent oc-
clusion or surface coating, they are likely vulnerable to dissolution 
if high moisture conditions resume (Chen et al., 2020). Another ten-
sion is that increased transport of dissolved organic C could lead to 
either less or more C at depth depending on whether those simple 
C molecules stimulate microbial decomposition (“priming”; Luo et al., 
2020) or form mineral associations. The less positive response of 
C abundance to moisture in the free particulate fraction at depth 
(Figure S11) may reflect the priming effect. In the mineral-associated 
fraction, the sorption capacity of minerals could drive the effect of 
moisture on soil C persistence. Increasing moisture could therefore 
lead to accumulation of more persistent (more depleted Δ14C) C at 
depth (Ahrens et al., 2020), which is indeed what we found in our 
analysis.

The relative strength of these different moisture-driven mech-
anisms on various soil fractions, depths, and parent materials will 
determine the timescales and overall response of soil C to changes 
in soil moisture. For example, if C persistence is driven primarily 
by the influence of soil moisture on weathering, which integrates 
the effect of increased moisture over geologic time, we might not 
see an effect on C persistence in this century. Meanwhile, if the 
effects of changing moisture on C abundance are driven by inputs, 
we might predict that areas expected to become hotter and drier 
will have decreased C in the surface as inputs slow but a buildup 
of C in the subsurface as priming ceases. The significant interac-
tions of wetness index with depth and fraction type, as well the 
complexity of the mechanisms through which it can act on soil 
C highlights the need for empirical research into the effects of 
changing moisture on soil C and its interaction with other vari-
ables such as temperature. These interactions additionally point 
to the importance of developing reactive transport models that 
can capture how moisture interacts with both soil C and minerals 
(Hénin & Dupuis, 1945; Rasmussen et al., 2018; Shi et al., 2020) 
and the utility of considering climate drivers in the context of soil 
functional heterogeneity (e.g., soil fractions). Previous investiga-
tions using bulk Δ14C may have failed to find significant relation-
ships among bulk C stocks and bulk Δ14C and climate (Doetterl 
et al., 2015; Mathieu et al., 2015) because the whole soil response 
is the summation of the responses of its fractions, which can 
have opposing relationships with climate factors. The fact that 
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the fractions exhibited different relationships to climate variables 
strongly suggests that partitioning bulk soil organic C into pools 
based on protection mechanisms is integral to understanding and 
predicting its response to climate change (Rocci et al., 2021).

4.4  |  Organisms (vegetation)

Soil C abundance and persistence within different fractions varied 
among land cover types, with the influence of vegetation seem-
ingly stronger for particulate fractions than mineral-associated 
C. Despite tropical forests having the highest amount of mineral-
associated C, there were no significant differences in the abun-
dance of mineral-associated C among land cover types (Figure S8). 
Given that particulate fractions are generally less decomposed, 
and thus closer chemically and structurally to the original plant lit-
ter inputs, it makes sense that the effect of vegetation on C abun-
dance was most important for the free and occluded fractions. For 
example, lower particulate C abundance in grasslands and crop-
lands relative to forests and shrublands are likely due to the lack of 
slow-to-decompose woody litter inputs. The unique relationships 
of fraction C abundance and persistence within land cover types 
again emphasize the need to examine soil fractions in addition to 
bulk soil trends.

Carbon persistence generally varied (Δ14C) among fractions 
within a land cover type, with persistence generally greater in 
mineral-associated fractions. However, there was a large amount of 
variation in the relative abundance and persistence of the fractions 
across land cover types. These interactions suggest that vegetation 
controls the relative strength of stabilization mechanisms (e.g., ag-
gregation vs. mineral sorption) within a soil as well as influencing the 
partitioning of C between mineral-associated and particulate frac-
tions. Additionally, we observed that croplands had the least per-
sistent occluded particulate fraction C of all land covers, consistent 
with tillage effects that disrupt aggregates and lessen their ability to 
protect C from microbes (Six et al., 1998).

Surprisingly, soil C abundance and persistence did not show 
a significant relationship with NPP. The lack of a relationship 
between C abundance and NPP may be the result of covariance 
among NPP and climate variables, particularly the wetness index, 
which was significantly correlated with NPP (Pearson's r = 0.52). 
For example, tropical forests had the highest abundance of 
mineral-associated C, but not significantly so, because the high 
abundance was likely explained by warmer temperatures leading 
to more rapid decomposition of litter inputs and greater moisture 
availability leading to more highly weathered soils (Marin-Spiotta 
et al., 2009).

4.5  |  Relief

Predictor variables associated with relief (northness, slope, and 
elevation) were not strongly significant in our models. Numerous 

studies have illustrated strong variability of soil characteristics 
such as depth, C abundance, and Δ14C associated with differ-
ent hillslope positions and aspects (Berhe et al., 2012; Hall et al., 
2015); however, the influence of relief is muddled at the global 
scale and may be partly explained by our strong depth predic-
tor. We observed a greater abundance of mineral-associated C 
on steeper slopes, which warrants further investigation. The in-
fluence of relief or topography on soils is manifest through local 
scale variations in soil conditions including temperature, moisture, 
depth, vegetation, and soil structure. Therefore, at the global 
scale, it is unsurprising that parameters other than relief better 
explained the observed variability.

4.6  |  Parent material

Given the importance of mineral composition in driving C abun-
dance (Rasmussen et al., 2018) and persistence (e.g., Heckman 
et al., 2018; Porras et al., 2017; Torn et al., 1997) across scales 
and regions, we expected that parent material would have a large 
influence on C abundance and persistence. Previous work has in-
ferred a strong influence of soil parent material on the abundance 
and persistence of C (Reichenbach et al., 2021), with igneous ex-
trusive and pyroclastic lithologies (volcanic ash and lava flows) 
often associated with extraordinarily high soil C concentrations 
and abundances (Egli et al., 2008; Marin-Spiotta et al., 2011). In 
this synthesis, soil parent material alone does not appear to play 
a significant role in explaining variation in soil C persistence and 
abundance at the global scale. However, mineral composition is 
a function of soil development, so that even among soils derived 
from igneous parent materials, there is a great deal of variation 
in the amount of short-range order minerals with high sorptive 
capacities driven by age, temperature, and moisture (Lawrence 
et al., 2015; Rasmussen et al., 2018; Torn et al., 1997; Von Fromm 
et al., 2021). Logically, as moisture increases, weathering and 
sorptive surface area also increase, leading to the greater pro-
tection of C on reactive secondary mineral surfaces. Consistent 
with these weathering processes, soils developed from igneous 
extrusive, igneous pyroclastic, and sedimentary-clastic parent ma-
terials increased in C persistence with increasing moisture across 
the sampled range of wetness index values (0.25–1.75). In igne-
ous pyroclastic and igneous extrusive parent materials, increasing 
wetness also led to greater C abundance. However, certain parent 
materials, like loess, had the opposite relationship with wetness 
index, though the range of wetness index values in loess only in-
cluded drier sites (0.2–0.9).

4.7  |  Unexplained variance

Forty percent of the variance in soil C abundance and Δ14C re-
mained unexplained by our linear mixed-effect models after 
accounting for the influence of soil forming factors, depth, 
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and fraction type on C abundance and persistence. Our analy-
sis focused on using soil forming factors that encapsulate envi-
ronmental constraints external to, and independent of, the soil 
itself to predict soil C abundance and persistence; much of the 
unexplained variance may well be described by soil properties 
that evolve in response to the soil forming factors, namely soil 
physicochemical properties such as the reactivity of metals and 
minerals or microbial community composition and function. Soils 
are complex systems with myriad feedbacks and interdepend-
ence among biotic and abiotic components (Schimel, 2021) that 
are difficult to assess with existing datasets. The analysis pre-
sented here, however, highlights future opportunities and data 
gaps for expanding our ability to model soil C variability. For ex-
ample, more information regarding the distribution of C inputs, 
microbial community composition and function, land-use history, 
or degree of soil development would likely account for this unex-
plained variance. Additionally, though the current dataset does 
a good job matching the global variation of soils in major climate 
and relief factors, it does not allow for assessment of variation at 
finer spatial scales.

Better quantification of soil organic C inputs is essential to fur-
ther constrain partitioning of C between soil pools. For instance, 
the MODIS-derived NPP data used in these analyses do not reflect 
the partitioning of productivity between above- and belowground 
tissues, which may be important because belowground inputs are 
retained in soil organic C at a higher rate than aboveground inputs 
(Jackson et al., 2017). At present, belowground NPP, root density, 
and root biomass metrics are not well quantified at large spatial 
scales. Furthermore, increasing our understanding of soil organic C 
origin (e.g., root vs. shoot) and composition (Hall et al., 2020) should 
increase our understanding of the role of C inputs in regulating turn-
over (Poeplau et al., 2021).

Microbial community composition and functional traits may also 
contribute substantially to observed variance in C abundance and 
persistence. Differences in C cycling have been associated with ar-
buscular mycorrhizal versus ectomycorrhizal systems (Craig et al., 
2019), as well as differences in fungal to bacterial ratios in the soil 
(Malik et al., 2016). Yet, large-scale quantification of the influence of 
soil microbial communities, which directly drive soil C turnover and 
formation of stable C pools, is difficult to assess given the complex-
ity of tools such as advanced genetic techniques (e.g., metabolomics 
and proteomics). High-throughput phospholipid fatty acid (PLFA) 
analysis (Ellis & Ritz, 2018) may offer the opportunity to represent 
variance associated with community composition and biomass at 
scales meaningful for ecosystem or global modelers, because PLFAs 
are more robustly quantitative for total bacteria than are current 
‘omics methods. Databases such as FungalRoot (Soudzilovskaia 
et al., 2020) and the Global Soil Biodiversity Initiative may also offer 
a way forward.

Approximately a third of global soils are considered degraded 
by some form of anthropogenic disturbance, with most arable land 
being manipulated in some way (Shukla et al., 2019). Of the global 
ice-free surface, 12% of soils are utilized for crop production, 37% 

for pasture, and 22% for plantation forests (Shukla et al., 2019). 
However, our study has revealed a strong researcher bias to apply 
density fractionation, in combination with radiocarbon measure-
ment, in unmanaged or minimally managed temperate forest sys-
tems, despite evidence that land-use activities can alter distribution 
and persistence of C among fractions (Sanderman et al., 2017; 
Sulman et al., 2020). In our study, cropland had a relatively low abun-
dance of particulate fraction and was the only land cover where the 
occluded fraction was less persistent than the free light fraction, 
potentially due to aggregate disruption by tillage or erosional loss 
of particulate C. Given the drastic losses and redistribution of C as-
sociated with cropping (Sanderman et al., 2017), if future more work 
were to examine density fractionation in managed soils, the influ-
ence and legacy of disturbance on soil organic C cycling could be 
assessed (Sulman et al., 2020).

4.8  |  Time

Time is the one soil forming factor that was notably absent from our 
analysis. Time does not, on its own, directly control soil C cycling. 
Rather, time measures the duration that the soil has been affected 
by other soil forming factors. Soil properties evolve and change over 
time, and the trajectory of soil properties is a function of internal 
feedbacks and deterministic and stochastic processes that may be 
somewhat disconnected from external forcings. The change in soil 
properties over time may not consistently favor the development 
of physiochemical conditions that increase C persistence and abun-
dance. Therefore, internal soil properties themselves (i.e., mineral 
composition, profile depth) may best capture time in predicting soil 
C. Indeed, soil chronosequence studies demonstrate that soil phys-
icochemical properties such as pH, short-range order minerals, or 
particle-specific surface area are better predictors of Δ14C than 
are climate variables directly (Lawrence et al., 2015; Masiello et al., 
2004; Torn et al., 1997).

In lieu of soil age, we tested soil order as an integrative proxy 
for soil development, since with increasing time, soils develop 
unique physicochemical properties (Mathieu et al., 2015; Schaetzl 
& Anderson, 2005). To test if a soil forming factor we had not con-
sidered could account for unexplained variance, we regressed our 
model residuals against soil order. Soil order did not explain any 
meaningful additional model variation implying we had explained all 
the variance we could with traditional soil forming factors. We addi-
tionally explored how C partitioning to the heavy fraction might vary 
by soil forming factor, but this model yielded few additional insights 
beyond the importance of land cover.

Quantifying the timescales and efficiencies for which C inputs 
are converted to various forms of soil organic carbon (SOC), in-
cluding particulate and mineral-associated pools, aids in under-
standing the heterogeneity of C ages within measured or modeled 
pools and for developing strategies for increasing SOC seques-
tration. In a recent synthesis, Villarino et al. (2021) suggested the 
formation of mineral-associated C occurs rapidly following inputs 
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with formation efficiencies between 7% and 46%, dependent on 
the source of C input (e.g., aboveground litter, roots, or rhizode-
position). Such results are difficult to square with radiocarbon-
based age estimates, particularly for mineral-associated C pools 
with long and variable radiocarbon-based mean ages (mean age 
of 6255 years with a standard error of 1812 years and a median 
age of 396 years). This discrepancy highlights the potential het-
erogeneity within a given C pool and implies a transient nature of 
recently formed SOC pools. Distributions of soil C ages within a 
pool can have very long tails, so that a small amount of very old C 
can skew the mean age older than the majority of the C in the pool 
(Sierra et al., 2018). More work is required to link the accretion of 
SOC observed in short-term field and laboratory studies with the 
long-term persistence of SOC pools suggested from radiocarbon-
based fractionation studies and to understand how various factors 
of soil formation may couple SOC preservation across these dif-
ferent temporal scales.

4.9  |  Integrated framework for interpreting these  
results

We chose to examine soil C fraction dynamics within the context of 
the soil forming factors because these basic factors are acknowl-
edged as important controls on soil properties. Of the “CLORPT” 
factors, climate, organisms, and parent material emerge from our 
analysis as consistently influencing the distribution and age of soil 
organic C. Depth and fraction type explained the most variance, 
overwhelmingly so in the case of persistence. Climate variables 
were important predictors of both C abundance and persistence. 
Although climate variables have long been regarded as impor-
tant controls on the balance between soil C inputs and losses, 
our analyses of soil fraction data reinforce a more nuanced view 
of the mechanisms through which climate may influence soil C cy-
cling. Specifically, the influence of climate on the C dynamics of 
the free particulate fraction is driven by the effect of temperature 
on microbial metabolism, whereas the influence of climate on the 
mineral fraction is likely linked to long-term climate-driven controls 
on the composition and distribution of secondary minerals through 
soil weathering.

The processes through which climate factors influence soil C cy-
cling may reflect the competing influence of reaction rates versus 
transport rates. For example, increasing temperature drives higher 
rates of cycling, including greater input and output fluxes (Giardina 
et al., 2014). The net result is depleted Δ14C values (i.e., longer turn-
over times) in cooler soils versus enriched Δ14C in warmer soils (i.e., 
shorter turnover times). In contrast, moisture drives formation and 
transport of solutes, and through time, differences in transport rates 
can lead to different patterns of secondary mineral formation (e.g., 
Lawrence et al., 2015). Since transport occurs predominantly down-
ward, it is common to observe a significant interaction of wetness 
index and depth (Figures 2 and 5). The link between available mois-
ture, transport, and weathering is especially evident in the strong 

variation in mineral-associated C abundance according to wetness 
index (Figure 7). Our findings suggest that process-based models 
are well suited to highlighting the interplay between soil organic C 
reactivity and transport necessary for projecting future soil organic 
C responses.

Overall, the most meaningful result is the importance of frac-
tion type. Fractions significantly differed from one another in abun-
dance and chemistry (Table 2). Fraction type was second to depth in 
explaining variation in both C abundance and persistence and had 
many significant interactions with soil forming factors. Fractions 
responded differently to temperature and moisture indicating they 
vary in their vulnerability to climate change. The fractions are differ-
ently affected by vegetation as shown by the influence of land cover 
type on the amount of C in the particulate fractions and also on the 
partitioning of C among fractions. Fraction data on soil organic C 
and Δ14C are therefore valuable for developing and testing global 
scale models—they capture the heterogeneity of the amount and 
persistence of C within soils.
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