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Abstract. Reactive iron (Fe) oxides are vital for long-term
soil or sediment organic carbon (SOC) storage. However,
the patterns and drivers of Fe-associated organic carbon (Fe-
OC) over global geographic scales under various ecosystem
types remain controversial. Here, we provided a systematic
assessment of the distribution patterns and determinants of
Fe-OC content and its contribution to SOC ( fFe-OC) by as-
sembling a global dataset comprising 862 observations from
325 sites in distinct ecosystems. We found that Fe-OC con-
tent across global ecosystems ranged from 0 to 83.3 gkg™!
(fFe-OC ranged from 0% to 82.4 %), reflecting the high
variability of the Fe-OC pool. Fe-OC contents varied with
ecosystem type being greater in wetlands with a high mo-
lar ratio of Fe-OC / dithionite-extractable Fe (Feq) compared
with marine and terrestrial ecosystems. Furthermore, fFe-
OC in wetlands was significantly lower than that in other
ecosystems due to rich organic carbon (OC). In contrast with
climate variables and soil pH, the random forest modeling
and multivariate analysis showed that the Fe-OC :Feq and
SOC were the predominant predictors of Fe-OC content and
fFe-OC in wetlands and terrestrial ecosystems, whereas Feq
content was a primary driver in marine ecosystems. Based on
upper estimates of global SOC storage in various ecosystem
types, we further estimated that 83.84 4-3.8, 172.45 £8.74,
and 24.48 £ 0.87 Pg of SOC were preserved by association
with Fe oxides in wetland, terrestrial, and marine ecosys-
tems, respectively. Taken together, our findings highlighted
the importance of reactive Fe oxides in global SOC preser-
vation, and their controlling factors were ecosystem specific.

1 Introduction

The global soil (sediment) organic carbon (SOC) cycle has
become one of the hotspots in biogeochemical and global
climate change research (Lal, 2004a; Crowther et al., 2016).
Organic carbon (OC) sequestration is a significant ecosys-
tem service (such as climate mitigation, soil fertility, and
ecosystem stability) provided by terrestrial, wetland, and
marine ecosystems. Accumulating evidence has shown that
the reactive mineral matrix plays a critical role in seques-
tering and stabilizing SOC (Kramer and Chadwick, 2018;
Ye et al., 2022). OC has a strong affinity for reactive Fe
(hydr)oxides (Longman et al., 2022), and the resulting Fe and
OC association by adsorption or coprecipitation is thought to
promote OC long-term preservation in soils and sediments
(Schmidt et al., 2011; Hemingway et al., 2019). Therefore,
a systematic understanding of the patterns and drivers of Fe-
associated OC (Fe-OC) is pivotal for accurately predicting
SOC dynamics and reducing model uncertainties in forecast-
ing carbon—climate feedback at the global scale.

In comparison to other metal minerals, Fe (hydr)oxides,
one of the most prevalent reactive minerals, have larger spe-
cific surface areas, a higher OC affinity, and a greater poten-
tial to retain SOC (Guggenberger and Kaiser, 2003; Euster-
hues et al., 2005; Kaiser et al., 2007). A growing body of
studies has suggested that Fe (hydr)oxides play a fundamen-
tal role in stabilizing SOC in sediment and soil (Yu et al.,
2021). Recently, Fe-OC has been extracted and quantified
through the bicarbonate—citrate—dithionite (BCD) method
and was estimated to constitute 21.5 % (Lalonde et al., 2012),
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4.7 %-37.8 % (Zhao et al., 2016; Fang et al., 2019; Zong et
al.,2021), and 3.4 %—11.8 % (Huang et al., 2021; Wang et al.,
2021) of SOC in marine, terrestrial (i.e., forests, grasslands,
farmland), and wetland (i.e., coastal, peatland, and lake wet-
lands) ecosystems, respectively. The Fe-OC content and con-
tribution (fFe-OC) vary with ecosystem type. Marine sedi-
ments are the largest OC sink on Earth and are crucial to
the global carbon cycle. Reactive Fe minerals can protect
and bury large amounts of SOC within marine sediments,
constituting a “rusty sink” (Lalonde et al., 2012). The fFe-
OC in marine sediments is significantly lower than that in
offshore estuarine sediments due to differences in sediment
mineralogy, reactive Fe source, and organic matter compo-
sition (Longman et al., 2022). It is well-known that wetland
ecosystems possess an extremely high rate of OC sequestra-
tion (McLeod et al., 2011; Hopkinson et al., 2012). Com-
pared with terrestrial and marine ecosystems, wetland soils
or sediments are periodically submerged due to (semi)diurnal
tidal cycles or fluctuations in the water table (Yu et al., 2021).
Thus, in wetland environments, Fe (hydr)oxides are repeat-
edly formed and destroyed as a result of periodical redox-
induced changes in Fe>* /Fe3* (Patzner et al., 2020), which
is thought to weaken the interaction between Fe and OC
(Huang and Hall, 2017; LaCroix et al., 2019; Anthony and
Silver, 2020). However, Wang et al. (2017) proposed an im-
portant “iron gate” mechanism in OC-rich wetlands (Wang
et al., 2017) and showed that the fFe-OC in wetlands and
uplands is equally important (Wang et al., 2017). Thus, a sys-
tematic analysis of Fe-OC content and fFe-OC in terrestrial,
wetland, and marine ecosystems at the global scale can pro-
vide evidence for the importance of reactive Fe minerals in
global climate change.

Recently, some studies have found that the Fe-OC content
and fFe-OC are mainly controlled by soil properties (Gry-
bos et al., 2009; Ye et al., 2022), organic matter composi-
tion (Fisher et al., 2020), and climate (or latitude) (Kramer
and Chadwick, 2018). For instance, Fe-OC increases with
increasing latitude, mean annual precipitation (MAP), SOC
content, and potential evapotranspiration (Zhao et al., 2016;
Kramer and Chadwick, 2018), but it decreases with increas-
ing soil pH at the continental scale (Ye et al., 2022). How-
ever, Fe-OC content and fFe-OC in farmland soils are not re-
lated to latitude, mean annual temperature (MAT), and MAP
but are related to SOC content (Wan et al., 2019). In peat-
lands, Huang et al. (2021) found that Fe-OC content is posi-
tively correlated with the SOC content, C : N, and MAT but
not with MAP at the regional scale (Huang et al., 2021).
However, Fe-OC in coastal wetlands was positively corre-
lated with amorphous Fe content and clay content but neg-
atively correlated with soil pH and phenol oxidase activity
(Bai et al., 2021). In marine sediments, Fe-OC content may
be mainly responsible for SOC content and organic matter
functional groups (especially carboxyl content) (Wang et al.,
2019; Fisher et al., 2020). Additionally, according to Kramer
and Chadwick (2018), fFe-OC in humid climate forest re-
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gions was much higher than that in semiarid and arid re-
gions, confirming the natural linkages between fFe-OC and
climate (Kramer and Chadwick, 2018). Fe-OC content is
also influenced by the bonding mechanism of Fe and OC
(Wagai and Mayer, 2007; Faust et al., 2021). The bonding
mechanism between Fe and OC is determined by the Fe-
OC / dithionite-extractable Fe (Feq) molar ratio (Faust et al.,
2021; Wang et al., 2021), with less than 1 indicating an Fe-
OC bonding form of monolayer surface sorption and greater
than 6 indicating a bonding mechanism dominated by co-
precipitation (Wagai and Mayer, 2007; Lalonde et al., 2012).
Generally, the OC content of the complexes obtained by co-
precipitation is much higher than that of adsorption (Chen et
al., 2014), which may also explain the wide variations in Fe-
OC and fFe-OC. Thus, uncovering the factors controlling
Fe-OC formation or association at the global scale is a pre-
requisite for predicting the size of the OC pool and its feed-
back on global climate change. However, the determinants
of Fe-OC associations remain unknown globally, and only
two studies on Fe-OC have been undertaken at continental
scale, which focus on the relationships of Fe-OC and soil pH
(Ye et al., 2022) and MAP and potential evapotranspiration
(Kramer and Chadwick, 2018). These studies overlooked the
influence of climate and soil properties (such as soil pH, Fegq,
Fe-OC : Feq, clay content) in controlling Fe-OC and fFe-OC
in wetland and marine ecosystems. Furthermore, they have
not yet explored the relationship between these key factors
and Fe-OC and fFe-OC across global ecosystem types. A
deeper understanding of these limitations in terrestrial, wet-
land, and marine ecosystems will allow us to draw clear con-
clusions regarding global patterns and drivers of Fe-OC.

In this study, we provide a comprehensive analysis of the
spatial variability and characteristics of Fe-OC among ter-
restrial, wetland, and marine ecosystems and its governing
factors globally. Specifically, we analyzed data from 862 ob-
servations from 46 published papers and the National Eco-
logical Observatory Network (NEON) to explore (i) the im-
portance of Fe-OC to SOC storage in wetland and marine
ecosystems and its level compared with terrestrial ecosys-
tems; (ii) whether the distribution patterns (i.e., spatial vari-
ability) of Fe-OC and the relationships between key factors
and Fe-OC differ among ecosystem types; and (iii) the bond-
ing mechanism of reactive Fe and OC in different ecosystem
types, i.e., adsorption or coprecipitation.

2 Materials and methods
2.1 Study selection

The ecosystem types included terrestrial, wetland, and ma-
rine systems in this study. We conducted extensive literature
searches on the Web of Science (https://www.webofscience.
com/2021, last access: October 2022) and the China National
Knowledge Resource Integrated databases and searched for
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relevant research published from 2010 to August 2022. The
appropriate studies were identified by the following search
terms: (“reactive mineral” OR “iron”) AND (“bound” OR
“associated” OR “stabilization” OR “interaction” OR “se-
questration”) AND (“organic carbon”) (Fig. S1 in the Sup-
plement). The following criteria must be met for inclusion in
this study: (a) soil samples at 0—100 cm depth must be col-
lected from in situ observation data of wetlands (i.e., peat-
land, bog, fen, deltaic, lake wetland, mangrove wetland, and
estuary wetland), forests (i.e., evergreen forest and decidu-
ous forest), grasslands (i.e., temperate grasslands and alpine
grasslands), farmland (i.e., paddy field and crop), and marine
ecosystems (i.e., marine and river sediments); (b) the con-
tents of Fe-OC and Feq must be measured using the BCD
method in bulk soil; and (¢) Fe-OC and the Fe-OC /Feq
molar ratio must be provided or could be calculated from
the publications. In total, we compiled 862 data records
from 46 published papers along with 42 additional data col-
lected from NEON. The dataset included 325 sites, with lati-
tudes between 25.22° S and 81.75° N and longitudes between
156.4° W and 174.4° E (Fig. 1). We also collected global data
on SOC stocks in terrestrial, wetland, and marine ecosys-
tems, respectively, which will allow us to further estimate
Fe-OC stocks in different ecosystems.

2.2 Data assembly and collection

Data from published articles and NEON were assembled
to construct the Fe-OC dataset. Site-specific data such as
ecosystem type, MAP, MAT, latitude, longitude, clay, soil
pH, SOC, Fe-OC, Feq4, Fe-OC / Fe4 molar ratio, and fFe-OC
(calculated using the following equation: fFe-OC (%) = Fe-
OC /SOC x 100 %) were collected from each published pa-
per; other details are shown in Fig. S1. If the MAT and MAP
are not reported, the data for each site shall be obtained from
the WorldClim database (http://www.worldclim.org, last ac-
cess: April 2022). The data obtained from the WorldClim
database are the average climate data from 1970 to 2000.
All original data and average data were taken from the pub-
lished articles’ text, graphs, and tables. When data were pre-
sented graphically, the numerical data were digitized and ex-
tracted with the GetData Graph Digitizer (v4.4, http://www.
getdata-graph-digitizer.com, last access: December 2022).

2.3 Statistical analysis

All data analyses were conducted using the R platform
(v 4.1.2; https://www.r-project.org/, last access: December
2022). We used the Shapiro—Wilk test to determine the ho-
mogeneity of variances and the normal distribution of the
data before using parametric methods. We used the Kruskal—
Wallis test to determine significant differences among differ-
ent ecosystems.

Hedges’ g, a bias-corrected standardized mean difference,
was used to measure effect size to account for the bias of
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ecosystem-scale Fe-OC associated with small sample sizes
(Chien and Krumins, 2022; Smale et al., 2020). Based on
ecosystem types, all data were divided into terrestrial, ma-
rine, and wetland ecosystems, and the data were averaged
separately for each ecosystem representing “control”. The
sample sizes of individual cases (i.e., a single published ar-
ticle) represent “treatment”. The standardized mean differ-
ence between the control and treatment was measured by the
pooled variance (Chien and Krumins, 2022). We used the
package “metafor” in R (v 4.1.2; https://www.r-project.org/,
last access: December 2022) to generate forest plots for ev-
ery ecosystem by using a random effects model (Fig. S2).
We calculated the total observed change (/) and used the
heterogeneity test (Q) to verify the heterogeneity of the col-
lected data, and an 12 value higher than 75 % or p < 0.05 in-
dicates substantial heterogeneity (Meisner et al., 2014). We
performed Spearman’s correlation analyses to evaluate the
relationship between environmental variables (SOC, MAT,
MAP, clay, soil pH, Fe-OC : Feq, Feq, and latitude) and Fe-
OC and fFe-OC. The linear (“Im” function in R) fitting was
demonstrated to analyze the relationships between environ-
mental variables and Fe-OC and fFe-OC. The significant
correlation was considered at p < 0.05. To test the relative
importance of these drivers, a random forest (RF) analysis
(Breiman, 2001) was performed according to the protocol
described by Delgado-Baquerizo et al. (2016). For the RF
analyses, the climate variables (MAT, MAP), soil properties
(SOC, clay, soil pH, Fe-OC : Feq, and Feq), and geographical
location (i.e., latitude) were included as predictors and the
Fe-OC and fFe-OC changes and dynamics as the response
variables. The significance of the models and cross-validated
R? values was evaluated with 500 permutations of the re-
sponse variables with the “A3” R package. Similarly, using
the “rfPermute” package for R (p < 0.05), the importance of
each predictor on the response variables was evaluated.

3 Results

3.1 Fe-associated OC and its related indicators across
ecosystem types

Across global ecosystem types (i.e., terrestrial, wetland,
and marine ecosystems), Fe-OC content (n =862) and
fFe-OC (n = 855) varied significantly and ranged from 0
to 83.3mgg~! (mean: 5.624+0.32mgg~") and 0 %-82.4 %
(mean: 16.03 +£0.41 %), respectively (Fig. 2a, b). The
contents of Fe-OC in terrestrial, marine, and wetland ecosys-
tems were 5.42+041mgg~! (fFe-OC: 17.76 £ 0.90 %),
23440.12mgg™"  (fFe-OC: 16.32+0.58%), and
9.97+091mgg~! (fFe-OC: 13.70+£0.63 %), respec-
tively, with significant differences among ecosystem types
(p < 0.05; Fig. 2a). Correspondingly, the contribution of
Fe-OC to SOC (fFe-OC) was significantly different among
different ecosystem types (p < 0.05; Fig. 2b). Meanwhile,
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Figure 1. Global distribution of study sites.

Hedges’” g unbiased standardized mean difference showed
that small sample sizes at local scale (i.e., single published
articles) had obvious distinct effect sizes for ecosystem-scale
Fe-OC (I2 <75% or p <0.05), especially for marine
ecosystems (Fig. S2). Feq contents (n = 856) ranged from
0.03 to 245mgg~! (mean: 9.43+0.53mgg™!; Fig. 2c);
that is, Feq varied 8167-fold, which was significantly
higher in terrestrial ecosystems than in wetland and marine
ecosystems (p < 0.05; Fig. 2¢). The Fe-OC / Feq molar ratio
(n = 855) ranged from O to 331.68 (mean: 8.40 4 0.85) at
the global scale, and its mean value was significantly higher
in wetlands than in terrestrial systems, while the minimum
value was found in marine systems (p < 0.05; Fig. 2d). SOC
contents (n = 854) ranged from 0.3 to 423.74 mg g~ ! (mean:
4328 +£2.52mgg~!), which had similar changes with the
Fe-OC contents among ecosystem types (p < 0.05; Fig. 2e).
Taken together, the Fe-OC, SOC, and Fe-OC / Fey molar
ratio were significantly higher in wetlands, with the lowest
values in marine ecosystems across global ecosystem types.

3.2 Effect of environmental factors on Fe-OC and
fFe-OC across ecosystem types

We analyzed their relationships with climate variables and

soil properties to better understand the potential effect fac-
tors behind the observed variance in Fe-OC contents and
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Longitude (°)

fFe-OC among ecosystem types (Fig. 3). Among them,
in wetland ecosystems, Fe-OC content showed a nega-
tive correlation with MAT (R = —0.42, p < 0.001; Fig. 3a)
and MAP (R = —0.26, p < 0.001; Fig. 3b), while fFe-OC
was positively correlated with the climate variables (MAT,
MAP) (Fig. 3i, j). The Fe-OC content decreased signif-
icantly with increasing soil pH in wetlands (R = —0.24,
p < 0.01; Fig. 3c) and terrestrial systems (R = —0.19, p <
0.05; Fig. 3c), but fFe-OC increased with increasing soil
pH (R =0.52, p < 0.001; Fig. 3k) in wetlands. Across the
ecosystem types, Feq contents showed positive correlations
with Fe-OC (R = 0.25, p < 0.001; Fig. 3g) and fFe-OC
(R =0.28, p <0.001; Fig. 30) only in marine ecosystems.
Moreover, Fe-OC increases significantly with Fey contents
(R=0.35, p<0.001; Fig. 3g) in wetlands, but fFe-OC
does not; however, Fey content has no relationship with Fe-
OC and fFe-OC in terrestrial ecosystems. The molar ratio of
Fe-OC / Feq was positively correlated with Fe-OC and fFe-
OC in other ecosystems, except for fFe-OC which was not
correlated with the molar ratios in wetlands (Fig. 3e, m).
Fe-OC contents increased significantly, but fFe-OC (ex-
cept marine) decreased with increasing SOC contents in all
ecosystems (Fig. 3f, n). At continental scales, Fe-OC con-
tent (R = 0.35, p < 0.001; Fig. 3d) and fFe-OC (R = 0.44,
p < 0.001; Fig. 31) were positively related to clay content.
Latitudinal patterns in Fe-OC content and fFe-OC were ob-
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Figure 2. The Fe-OC content (a), fFe-OC (b), soil pH (c), Feq content (d), SOC content (e), and Fe-OC / Feq molar ratio (f) in different
ecosystems are shown in the box plot. Solid dots indicate outliers, and imaginary points represent observations. Box edges are upper and
lower quartiles, central lines are median value, and whiskers represent standard error. The differences among terrestrial, wetland, and marine

ecosystems are illustrated (* p < 0.05, **p < 0.01, ***p < 0.001).

served across global ecosystem types (Fig. 3h, p). Taken to-
gether, Fe-OC contents are significantly correlated with both
SOC and the Fe-OC / Fegq molar ratio, which may be impor-
tant predictors of Fe-OC in global ecosystems.

Moreover, according to RF analysis, the Fe-OC / Feg mo-
lar ratio and SOC and Feyq contents were found to be the
most important variables for predicting the Fe-OC content
and fFe-OC across global ecosystem types (Fig. 4). Differ-
ent controlling factors on Fe-OC content and fFe-OC were
operational among ecosystem types. At continental scales,
the Fe-OC / Feq molar ratio was a central driver of the Fe-
OC content and fFe-OC, and the contents of SOC and Feq
had a more significant influence than the soil pH and cli-
mate variables (MAT, MAP) (Fig. 4a, b). The largest in-
fluence on Fe-OC content and fFe-OC in marine ecosys-
tems was in the order of Feq > Fe-OC : F4 > SOC > latitude

https://doi.org/10.5194/bg-20-4761-2023

(Fig. 4c, d). In wetlands, the Fe-OC / Feq molar ratio was
the main driver of Fe-OC, whereas SOC had a more sig-
nificant role than Feq and soil pH (Fig. 5e). For fFe-
OC, the largest influence was in the range of SOC > Fe-
OC:F4 > pH > MAT > MAP > Feq (Fig. 4f). The role of
Feq content in controlling Fe-OC content and fFe-OC was
greater in marine systems than in terrestrial and wetland
systems. These results revealed that drivers of both Fe-OC
content and fFe-OC were ecosystem specific. The climate
predictors accounted for relatively small percentages in all
ecosystems. Collectively, Fe-OC : Fyq, SOC, and Feq were all
selected by RF analysis as important predictors of changes in
Fe-OC content and fFe-OC, which agreed with the results of
our Spearman’s correlation analyses (Fig. 3).
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Figure 3. Relationships between Fe-OC, fFe-OC, soil properties (soil pH, Feyq, Fe-OC / Feq molar ratio, SOC, clay), climate variables
(MAT, MAP), and latitude across global ecosystem types. The line represents the line of best fit for each ecosystem, and the shaded area
indicates the 95 % confidence interval for the global dataset. In marine ecosystems, the climate variables (MAT, MAP) and soil pH are not

shown due to limited data.

3.3 The vital role of Fe-OC : Feq in controlling Fe / OC
interactions

At the continental scale, the proportions of Fe-OC / Feq mo-
lar ratios less than 1 (< 1), between 1 and 6 (1-6), and higher
than 6 (> 6) were 33.10 %, 47.89 %, and 19.01 %, respec-
tively (Fig. 5). Moreover, we found that the proportions of
1-6 were larger in grasslands and farmland than in forests,
but the proportions of > 6 in grasslands were higher. In ma-
rine ecosystems, the proportion of Fe-OC:Feg < 1 (31.0 %)
is lower than that of 1-6 (63.75 %), and the proportion of
> 6 (5.31 %) is the smallest. However, the proportion of Fe-
OC :Feq > 6 (39.44 %) in wetlands was significantly higher
than that in other ecosystems (19.01 % and 5.31 %, respec-
tively), but the proportion of < 1 (13.55 %) was lower.
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Consistent with our expectation, the molar ratio was sig-
nificantly positively correlated with Fe-OC and SOC con-
tents but negatively correlated with Feq in all ecosystem
types (Fig. 6). Moreover, the results showed that MAT and
MAP are also major negative regulators of the molar ratio
dynamics at the continental scale, while soil pH is the nega-
tive regulator in wetland (Fig. 6a, c).

4 Discussion

4.1 Reactive Fe promotes SOC preservation at the
global scale

In contrast to previous studies (Kramer and Chadwick,
2018; Yu et al., 2021; Ye et al., 2022), our findings sug-
gested that a comprehensive analysis of global patterns of
Fe-OC associations across ecosystem types, particularly
in wetland and marine ecosystems, can bridge the knowl-
edge gap in understanding the importance of global SOC
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Figure 4. The relative importance of climate variables (MAT, MAP), soil properties (SOC, soil pH, Fe-OC : Fey, and Feq), and geographical
location (i.e., latitude) for Fe-OC and fFe-OC in terrestrial (a, b), marine (c, d), and wetland (e, f) ecosystems by random forest (RF)
analysis. The mean square error (MSE) is used to estimate the importance of these predictors, with higher MSE values indicating more
important predictors. In marine ecosystems, the climate variables (MAT, MAP) and soil pH are not shown due to limited data. Ratio: Fe-
OC / Feq molar ratio. Asterisks show significant differences: *p < 0.05 and **p < 0.01.
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indicator of Fe / OC interaction types which is < 1.0 for adsorption and > 6 for coprecipitation (Wagai and Mayer, 2007; Wang et al., 2017).
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preservation by reactive Fe. Generally, mineral-associated
organic carbon is the dominant SOC pool in soil systems
with a proportion of approximately 50 %—80 % of SOC
(Cotrufo et al.,, 2019). As an important component of
reactive minerals, Fe (hydr)oxides play a fundamental
role in the formation and dynamics of mineral-associated
organic carbon (Lalonde et al., 2012). Our findings showed
that the average content of Fe-OC was 5.63 +0.32mgg™!
soil (n=2862), and the proportion (fFe-OC) of Fe-OC
in total SOC was 16.03£0.41 % (n = 855) across global
ecosystems (Fig. 2a, b), indicating that Fe-OC is essential
to the persistence of SOC. Consistent with our expectation,
the fFe-OC of wetlands is significantly lower than that of
marine and terrestrial systems. At the continental scale, the
mean fFe-OC was 17.75 £0.90 % (0 %—82.36 %, n = 284),
which was consistent with findings from Tibetan alpine
meadows (15.8 £ 12.0 %) (Fang et al., 2019) but was lower
than those for continental-scale forests, such as moist forests
(25.3 %-49.8 %) and wet forests (47.1 %—64.1 %) (Zhao
et al., 2016; Kramer and Chadwick, 2018). According to
upper estimates of global terrestrial SOC storage (971 Pg)
(including forest (383 Pg), grassland (423 Pg), and farmland
(165 Pg)) (Carter et al., 2000; Lal, 2004b; Pan et al., 2011;
Prentice et al., 2001), we estimated that 172.45 &+ 8.74 Pg of
SOC was bound to Fe oxides in terrestrial ecosystems. Mean-
while, we predicted that 49.02 +5.24 Pg (12.80 £ 1.37 %),
7428 £495Pg (17.56+£1.17%), and 28.41+4.34Pg
(17.22 +2.63 %) of SOC were associated with Fe oxides in
forests, grasslands, and farmlands, respectively. In contrast
to terrestrial ecosystems, evidence of interactions between
Fe and SOC in marine sediments has been reported more
often (Berner, 1970), but the potentially importance of
reactive Fe for SOC preservation has only recently been
recognized in marine sediments (Lalonde et al., 2012).
Recently, an accumulating body of studies has shown that
reactive Fe has a strong affinity for SOC, forming stable
Fe-OC complexes that can persist for thousands of years
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in marine sediments, serving as a rusty sink for marine
sedimentary carbon (Lalonde et al., 2012; Faust et al., 2021).
Our findings suggested that fFe-OC in global marine sedi-
ments ranged widely from 0.51 % to 60.3 %, with a mean of
16.32 £ 0.58 %. These values are consistent with published
estimates for the East China Sea (13.24+8.9 %) (Ma et al.,
2018), Bohai Sea (11.5+8.3 %) (Wang et al., 2019), River
Delta (8.1 %-20.2 %) (Shields et al., 2016), Barents Sea
(10 %-20 %) (Faust et al., 2021), and global marine surface
sediments (21.8 +8.6 %) (Lalonde et al., 2012). Based
on model-predicted global marine sedimentary OC stocks
(150Pg) (Hedges and Keil, 1995), we further estimated
that 24.48 £0.87Pg of the marine sedimentary OC was
directly associated with Fe oxides which was comparable
to the results of previous study (19-45PgOC) (Lalonde
et al., 2012). Wetland ecosystems, however, frequently
experience seawater flooding, atmosphere exposure, and/or
disruption of the hydrological balance due to (semi)diurnal
tidal cycles or water table drawdown, in contrast to terrestrial
and marine systems (Huang and Hall, 2017; Patzner et al.,
2020). Fe-OC associations are weakened with the reductive
breakdown of Fe(IIl) (hydr)oxides driven by periodic soil
redox processes (Patzner et al., 2020). Although wetlands
store 20 %—-30% of the Earth’s soil carbon (~ 2500 Pg)
(Roulet, 2000; Bridgham et al., 2006), the importance of
Fe-OC in wetland soils or sediments remains controversial.
In global wetlands, we found that the absolute content
of Fe-OC was significantly higher than that in terrestrial
and marine ecosystems, whereas the opposite was true for
fFe-OC which was significantly lower in wetlands. Our
findings in wetlands were also consistent with those of Ye
et al. (2022) at continental scales (13.6 1.0 %; Ye et al.,
2022) and regional-scale wetlands (16.1 £ 1.4 %) (Wang et
al., 2021) but were higher than those for specific peatland
ecosystems (3.42 & 1.32 %) (Huang et al., 2021). Compared
with coastal wetlands (for instance, mangrove wetland and
tidal wetland) (Bai et al., 2021; Zhao et al., 2022), inland
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wetlands (for instance, alpine wetland and peatland) have
lower fFe-OC (Wang et al., 2017; Huang et al., 2021),
which may lead to significantly lower fFe-OC in global
wetlands. Therefore, the significance of reactive Fe minerals
for SOC sequestration in global wetlands may be underes-
timated based on peatland fFe-OC (Huang et al., 2022).
Here, based on global wetland fFe-OC and total SOC stocks
(612Pg) (Yu et al., 2010), we predicted that 83.84 + 3.86 Pg
of SOC was preserved by binding to Fe oxides. Collectively,
these findings confirmed the fundamental role of reactive Fe
minerals for OC sequestration and conservation in global
ecosystems.

Two possible mechanisms may explain the higher Fe-OC
content in wetlands than in other ecosystems. First, the mo-
lar ratios of Fe-OC:Feq were significantly higher in wet-
lands than in terrestrial and marine ecosystems (p < 0.05;
Fig. 2d), suggesting that in wetlands reactive Fe is more ef-
fective in OC binding (Wagai and Mayer, 2007; Riedel et al.,
2013). Numerous studies have shown that the Fe-OC : Feq
acts as an indicator of Fe / OC interaction types (Lalonde et
al., 2012; Wang et al., 2017), with < 1 suggesting that the
Fe-OC bonding form is dominated by simple mono-layer ad-
sorption, while higher molar ratios (> 6) indicate coprecip-
itation (Wagai and Mayer, 2007; Faust et al., 2021). Thus,
compared with other ecosystems, in wetlands coprecipitation
played a more significant role in the binding or association
of Fe-OC. Second, the SOC content in wetlands was signif-
icantly higher than that in terrestrial and marine ecosystems
(p < 0.05; Fig. 2e), and it is generally believed that the SOC
in wetlands has various chemical bonds or chemical compo-
sitions (Wang et al., 2017; Coward et al., 2018). Thus, the
high SOC content in wetlands could be responsible for the
predominance of Fe(Il) with a strong OC-complexation ca-
pacity (Jones et al., 2015; Bhattacharyya et al., 2018; Patzner
et al., 2022), especially the enrichment of phenolic com-
pounds (Freeman et al., 2001), ultimately promoting the Fe-
OC association (Riedel et al., 2013; Coward et al., 2018).

4.2 Ecosystem-specific relationships of Fe-OC
associations with key factors

The role of soil pH, SOC, Feq, Fe-OC : Feq, MAT, and MAP
in controlling Fe-OC contents and fFe-OC among ecosys-
tem types was thoroughly analyzed. A compilation of global
datasets including terrestrial, wetland, and marine ecosys-
tems demonstrated that Fe-OC content and fFe-OC are
strongly coupled to both the Fe-OC:Feyq molar ratio and
SOC content (p < 0.001; Fig. 3e, f, m, n), indicating that
the two variables are important determinants of Fe-OC con-
tent and fFe-OC. The results from the RF models also re-
vealed that Fe-OC : Feq molar ratio, SOC content, and Feq
content were important predictors of Fe-OC and fFe-OC
across ecosystem types (Fig. 4). Collectively, these findings
suggested a generic dependency of Fe-OC and fFe-OC on
the Fe-OC:Feq molar ratio and SOC, regardless of their
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ecosystem types. Former studies on the response of Fe-OC to
climate variables and soil properties only concentrated on the
continental scale and specific ecosystems with limited data
(Ye et al., 2022), making it challenging to reach definitive
conclusions. Kramer and Chadwick (2018) concluded that
continental-scale Fe-OC variation depended on MAP and
potential evapotranspiration but overlooked the role of soil
properties (Kramer and Chadwick, 2018). Our findings fur-
ther showed that the soils with higher MAP were linked with
lower soil pH (Fig. 6), which had a positive effect on Fe-OC
contents at the continental scale (Fig. 3c), and these results
are in line with Ye et al. (2022). Furthermore, we found that
Fe-OC content was primarily controlled by the Fe-OC : Feq
molar ratio at the continental scale and wetlands (Fig. 7).
Given the strong affinity of OC with [Fe(IIl)] (hydr)oxides,
we speculated that an increase in Feq content would lead to
higher Fe-OC content, assuming sufficient SOC was present
(Ma et al., 2018; Wang et al., 2019). Although reactive Fe
plays a fundamental role in OC binding, its content is not
related to Fe-OC content in specific terrestrial ecosystems
such as the Qinghai-Tibet Plateau and regional-scale forests
(Mu et al., 2016; Zhao et al., 2016). Our study, for the first
time, illustrated the crucial role of Feq in controlling Fe-OC
contents and fFe-OC in global marine ecosystems (Figs. 3g
and 4c). Previous findings indicated that increased terrige-
nous reactive Fe inputs contributed to higher Fe-OC con-
tents (Ma et al., 2018; Wang et al., 2019). Therefore, sed-
imentary Feq content was the controlling factor of Fe-OC
associations in marine ecosystems. The findings of Faust et
al. (2021), however, who showed that a higher Fe4 content
does not always enhance Fe-OC associations in Arctic ma-
rine sediments, were in contrast to our findings (Faust et al.,
2021). The differences between our results and those of Arc-
tic marine sediments may be mainly related to the scale of the
study. Nevertheless, the bonding mechanism of Fe and OC
(adsorption vs. coprecipitation) is a predominant driver of
fFe-OC in wetlands and terrestrial ecosystems, as illustrated
by the RF analysis and a good linear correlation. Given that
the Fe and OC interactions are substantially controlled by Fe
redox processes (Riedel et al., 2013; Adhikari et al., 2016),
we posited that the contents and proportions of Fe-OC are
governed mainly by Fe redox cycling and associated bonding
mechanisms with the exception of the marine ecosystems.
The results of this study suggested that future climate warm-
ing may increase the proportions of Fe-OC in the total SOC,
especially in wetlands (Fig. 31, j), even though additional re-
search is necessary to fully understand the effects of climate
changes on Fe-OC at the global scale.

4.3 Potential bonding mechanism between Fe and OC
across ecosystem types

Adsorption and coprecipitation are well-known to be im-

portant and well-documented processes for the association
of OC and reactive Fe (Lalonde et al., 2012; Chen et al.,

Biogeosciences, 20, 4761-4774, 2023



4770

Terrestrial

UOIJBULIOJ 29 SOTWBUA(

suNeJ

Wetland

Fe-OC/Fe,>SOC(Fey)>Fe(SOC)  Fe-OC/Fe,(SOC)>SOC(Fe-OC/Fey)>Fey(pH)

“Fe-OC: 9.97 £0.91 mg g
"fFe-0C: 13.70 £ 0.63%

B. Zhao et al.: Ecosystem-specific patterns and drivers

Fe, > Fe-OC/Fe, > SOC

>

uonisodop

"Fe-0C:234+0.12 mg g’
[Fe-0C: 16.32 = 0.58%

oy

2]
Q
Q
o
-
a
S
T

. F e}+

Clay mineral Dust

Figure 7. Schematic representation of drivers, dynamics, and patterns of Fe-OC associations in different ecosystem types on global scale.
Wetland ecosystem included coastal wetlands and inland wetlands, and aquatic ecosystem mainly refers to marine and freshwater ecosystems,
but the data of freshwater systems in this study are scarce and dominated by marine systems. Data are averages of different ecosystem types.
Different colored triangles and squares represent SOC molecular diversity. There was a lower SOC molecular diversity and concomitant
lower contents of Fe-OC (e.g., terrestrial and aquatic ecosystems), whereas higher diversity increases the Fe-OC contents (e.g., wetlands).
Meanwhile, there was a significant difference in the proportion of Fe-OC in total SOC (fFe-OC). The asterisk (*) indicates significant

differences.

2014). Reactive Fe can act as a sorbent of OC to adsorb
large amounts of OC to mineral surfaces due to its ubig-
uity in the environment, high-surface area, and small particle
size (Kaiser and Guggenberger, 2003). Riedel et al. (2013)
showed that coprecipitated Fe-OC complexes form when re-
duced Fe is oxidized in the presence of dissolved OC at the
oxic—anoxic interface and present a high Fe-OC : Feq molar
ratio (Riedel et al., 2013). The Fe-OC : Feq molar ratio can
be used as an indicator for the bonding mechanism between
Fe and OC (Lalonde et al., 2012; Peter and Sobek, 2018;
Faust et al., 2021; Wang et al., 2021), with < 1 indicating
simple mono-layer sorption and > 6 indicating coprecipi-
tation (Tipping et al., 2002; Wagai and Mayer, 2007). Our
findings suggested that the average Fe-OC : Feq molar ratio
was 10.50 &= 1.91 at the continental scale. However, we could
see that the Fe-OC : Feq molar ratios (mean 70.18 4+ 13.82;
range 2.58-331.68) were much higher in permafrost regions
of the Tibetan Plateau than in other specific terrestrial ecosys-
tems, resulting from relatively high Fe-OC and low Fe4. (Mu
et al., 2016). In view of the very high molar ratio, copre-
cipitation is the dominant bonding mechanism of OC and
Fe, which contributes to fFe-OC reaching 59.5 % (average
19.5 4 12.3 %) in Fe-poor (range 0.03-2.68 mg g~ ! soil) per-
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mafrost soils of the Tibetan Plateau (Mu et al., 2016). If
the permafrost region of the Tibetan Plateau is excluded, the
Fe-OC : Feq molar ratio in global terrestrial ecosystems was
only 3.74 4 0.47, indicating that coprecipitation will become
a less important bonding mechanism. Recently, a regional-
scale survey including typical grasslands, shrublands, and
forests by Wang et al. (2021) reported that the average Fe-
OC : Feq molar ratio was 3.0 & 0.5 (Wang et al., 2021), which
lends further credence to the findings mentioned above. The
average Fe-OC : Feq molar ratio was 2.56 £0.19 (n = 320)
in global marine ecosystems, similar to that of the Bohai
Sea (1.59 + 1.37) (Wang et al., 2019), Southern Yellow Sea
(1.68 & 1.80) (Ma et al., 2018), East China Sea (1.53 4= 1.28)
(Ma et al., 2018), and Barents Sea (2.56 £+ 1.76) (Faust et
al., 2021), but was much lower than the previous average
of global oceans (6.10+7.5) (Lalonde et al., 2012), Arctic
shelf (Salvad¢ et al., 2015), and River Delta (Shields et al.,
2016) (Table S1 in the Supplement). Moreover, in wetlands,
the molar ratios of Fe-OC : Feq were higher (13.47 £ 1.81)
than those in terrestrial and marine ecosystems. These results
were in accordance with previous findings in regional-scale
wetlands (12.78 +2.43) (Wang et al., 2021) and coastal wet-
lands (11.0 £4.5) (Bai et al., 2021) but higher than those in
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peatlands (mean 6.53) (Huang et al., 2021) (Table S1). This
suggested that the interaction between OC and Fe in wet-
land ecosystems is mainly dominated by coprecipitation at
the global scale, usually with a molar ratio of > 6. Overall,
across the global ecosystem types, the average proportion of
Fe-OC :Feq > 1 ranged from 60 % to 80 % (Fig. 5), which
indicated the importance of both adsorption and coprecipi-
tation interactions. Furthermore, we found that SOC content
could enhance the molar ratio of Fe-OC: Feq by positively
regulating Fe-OC content. At the continental scale, climate
variables (MAT, MAP) can negatively regulate the molar ra-
tio by changing the Feq content (Fig. 6a), while in wetlands
soil pH changes the Fe-OC content and then negatively reg-
ulates the molar ratio (Fig. 6¢). Despite the molar ratio being
widely used as an important indicator of the bonding mech-
anism of Fe and OC, recent studies have shown that only
a portion of reactive Fe (25.7 %—62.6 %) was directly asso-
ciated with OC (Barber et al., 2017). Thus, using the raw
Fe-OC : Fe molar ratio may result in an underestimation of
the actual molar ratio due to the existence of OC-free Feq
(Wang et al., 2019; Faust et al., 2021). At neutral to alkaline
pH, associated with arid and semiarid soils, the association
of reactive Fe and OC is limited (Sowers et al., 2018a, b),
while calcium (Ca) is especially important in OC binding via
Ca bridging (Sowers et al., 2018a; Wang et al., 2021). Wang
et al. (2021) provided direct evidence that the Fe-OC deter-
mined by the classic BCD method contained Ca-bound OC,
accounting for approximately 24 % of Fe-OC (Wang et al.,
2021), and the Fe-OC : Feq molar ratio might, therefore, be
overestimated, for example, in the permafrost regions of the
Tibetan Plateau (soil pH 8.01-9.52) (Mu et al., 2016). There-
fore, to draw a valid inference on the bonding mechanisms of
OC and reactive Fe, further work is necessary to unravel the
complex mechanisms.

5 Conclusions

To our knowledge, this is the first study to reveal the patterns
and drivers of Fe-OC across global ecosystems (Fig. 7). More
importantly, our global-scale results showed that Fe-OC was
an important fraction of SOC at the continental scale, in wet-
lands, and in marine ecosystems. Our findings highlighted
that some drivers for Fe-OC associations are valid globally,
but those ecosystem-specific predictors should also be un-
covered. Correlation analysis and RF modeling indicated that
the Fe-OC : Feq molar ratio and SOC were the predominant
predictors of Fe-OC and fFe-OC compared with climate
variables and soil pH in global ecosystems. The Fe-OC : Feyq
molar ratio was the predominant driver of Fe-OC at the conti-
nental scale and in wetlands, whereas Fegq content was a good
predictor in the global marine ecosystem, improving our
ability to predict Fe-OC variations among ecosystem types.
Moreover, in global wetlands, the fractions of Fe-OC in total
SOC may be increasing in response to climate warming. As
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an indicator of the Fe and OC bonding mechanism, the mo-
lar ratio between 1-6 (< 1 for adsorption, > 6 for coprecip-
itation) in global ecosystems exceeds 60 %, highlighting the
importance of the interactions of both adsorption and copre-
cipitation. Compared with terrestrial and marine ecosystems,
coprecipitation plays a more important role in wetlands due
to the high molar ratio. Our findings provide direct evidence
that reactive Fe minerals are a dominant natural mechanism
for long-term SOC storage in global ecosystems.
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