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Abstract
Soil organic matter (SOM) mineralization and nitrogen (N) release are key biogeochemical processes for which the relative 
contribution of particulate (POM) and mineral-associated organic matter (MAOM) fractions is poorly understood. MAOM 
is generally considered to be a more stable fraction that contains most of the soil organic N, whereas POM is more readily 
decomposable and contains less N. Here, we measured variations in the potentially mineralizable N from each SOM fraction 
across three contrasting land-uses (forest, pasture, and croplands) and two different grazing managements (rotational and 
continuous grazing). Contrary to expectations, we found that the MAOM fraction consistently supplied more N than the POM 
fraction during SOM mineralization in all land-uses evaluated. Across our environmental gradient, potentially mineralizable 
N from POM increased with the carbon (C) concentration and C/N ratio of POM, while potentially mineralizable N from 
MAOM increased with the C concentration of MAOM but decreased with clay content. Our work suggests that MAOM 
contributions to short-term N mineralization and N supply to plants have been undervalued.

Keywords  Particulate organic matter · Land-use change · Nutrient cycling

Introduction

Soil carbon (C) sequestration is claimed to be a relevant 
nature-based strategy for climate change mitigation (Griscom 
et al. 2017). However, soil C sequestration strategies should 
avoid excessive nitrogen (N) levels that may generate local 
contamination (Cotrufo et al. 2019). This requires well-sub-
stantiated knowledge about soil organic C and N cycling in 
natural (forests and grasslands) and transformed ecosystems 
(croplands and pastures). However, the processes governing 
soil organic matter cycling are still not well-understood (Yu 
et al. 2022; Börger et al. 2022). Separating soil organic matter 
into particulate organic matter (POM) and mineral-associated 
organic matter (MAOM) is fundamental for understanding 
these processes (Daly et al. 2021). POM is largely made up of 
lightweight plant fragments that are relatively undecomposed, 
whereas MAOM consists of single molecules or microscopic 
plant or microbial derived fragments of organic material that 
are chemically or physically associated with soil minerals. 
MAOM has greater protection from microbial decomposi-
tion through this association, whereas POM has relatively 
less. Consequently, POM has a faster cycling rate (~ years), 
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whereas MAOM has a slower cycling rate (decades-centuries) 
(Lavallee et al. 2020).

The characteristics of these two contrasting soil organic 
matter fractions usually lead to the assumption that N min-
eralization occurs mainly from the POM fraction, while the 
MAOM fraction is a relatively stable pool that plays only a 
minor role in short-term N mineralization and N supply to 
plants (Haynes 2005). However, recent studies have sug-
gested that MAOM-N could be destabilized by root exudates 
and mineralized in the shorter-term (Keiluweit et al. 2015; 
Jilling et al. 2021). Furthermore, MAOM is typically the 
largest fraction of soil organic C—storing the majority of 
C in mineral soils globally (Sokol et al. 2022)—and has the 
lowest C/N ratio (Lavallee et al. 2020), thus constituting a 
large potential source of N. Nevertheless, POM and MAOM 
contributions to total short-term soil organic N mineraliza-
tion remain a critical knowledge gap affected by N miner-
alization rates and the relative pool size of each fraction.

Decomposition dynamics of total soil organic matter can 
be explored by incubating different soil fractions and meas-
uring the sum of its mineralization products (Bimüller et al. 
2014). Potentially mineralizable N (N0) represents the maxi-
mum amount of N that soil can supply to the solution under 
optimum environmental conditions and is usually estimated 
by aerobic incubations over ~41 weeks, but can be accurately 
estimated by N released after a 7-day anaerobic incubation 
(Nan) (Schomberg et al. 2009; Reussi Calvo et al. 2018). 
Nan has been widely used to estimate the size of the labile 
organic matter pool of bulk soils (Williams et al. 2007; Sainz 
Rozas et al. 2008; Clark et al. 2019), but has not been used 
to assess the POM and MAOM labilities until now. Some 
studies show that POM and MAOM are not homogeneous in 
terms of turnover rates, and labile organic compounds have 
been found in both fractions (von Lützow et al. 2007). In this 
study, we present to our knowledge the first measurements 
of N released from the POM and MAOM fractions using a 
modified Nan measurement procedure to assess the size of 
the labile N pool in each fraction separately.

Grasslands and dry forests face land degradation and are 
often overlooked in sustainable development (Barral et al. 
2020; Bardgett et al. 2021). The conversion of natural forests 
to arable croplands or implanted pastures, as well as grass-
land disturbance through overgrazing, has a drastic impact 
on soil organic matter dynamics, leading to substantial soil 
C losses and greenhouse gas emissions (IPCC 2019). In this 
study, we conducted a “living lab” experiment using a paired 
sampling strategy to assess soil organic matter dynamics 
under contrasting land-uses, including grasslands (under two 
grazing managements), forests, croplands, and pastures. Our 
objective was to evaluate the following: (i) the contributions 
of particulate organic matter (POM) and mineral-associated 
organic matter (MAOM) to total labile N, considering vary-
ing POM and MAOM stocks and qualities (e.g., forest soils 

are expected to have a higher proportion of POM and higher 
C/N ratios compared to soils with herbaceous vegetation, 
such as croplands, pastures, and grasslands); (ii) the environ-
mental factors controlling N mineralization in different soil 
fractions; and (iii) the effects of land-use and grazing man-
agement on the quantities and qualities of POM and MAOM.

Materials and methods

Study sites

The study was conducted in two contrasting regions: the 
Argentine Semiarid Chaco and the Uruguayan Grasslands. 
The Argentine Semiarid Chaco Region is a vast plain located 
in the north-central part of the country, covered by a mosaic 
of dry forests, shrublands, grasslands, pastures, and crop-
lands (Barral et al. 2020). The main soils of the study area 
are Mollisols and Entisols, with silty-loam and loam tex-
tures (INTA 1990). The mean annual temperature is 20°C 
and mean annual precipitation ranges from 450 to 700 mm 
and is concentrated from November to April followed by 
a long dry season from May to September (Bucher 1982). 
The Rio de la Plata grasslands is a vast region of natural 
grasslands, encompassing Uruguay, southern Brazil, and 
central Argentina (Soriano 1991). Most of the Uruguayan 
territory was originally covered by natural grasslands, but 
only about half of them currently remains. The region has a 
humid temperate-subtropical climate without a dry season 
and with the general appearance of prairies, savannahs, and 
steppes. The mean annual temperature is 17.5°C, and mean 
annual precipitation is around 1200 mm and is distributed 
throughout the year.

Twenty-four sites were evaluated, eight in the Argentine 
Semiarid Chaco (between 26.01° S; 61.32° W and 26.9° 
S; 61.98° W) and fourteen in the Uruguayan Grasslands 
(between 31.29° S; 56.12° W and 34.38° S; 54.61° W). At 
each site of Semiarid Chaco, three adjacent plots with native 
forest, pasture, and cropland were sampled. Two paired adja-
cent plots with continuous and rotational grazing were sam-
pled at each site in the Uruguayan Grasslands. In total, 52 
plots were sampled, 24 in the Semiarid Chaco, and 28 in the 
Uruguayan Grasslands.

Field sampling and lab analyses

Soil samples were collected using a 2-cm-diameter soil 
corer, taking composite samples (with 20 to 30 subsamples) 
at two soil depths: 0–5 and 5–20 cm in Semiarid Chaco and 
0–5 and 5–10 cm in the Uruguayan grasslands. Soil samples 
were oven dried at 30°C and sieved through 2-mm mesh, 
identifiable plant material was eliminated manually, and soil 
was stored until fractionation and analysis.
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Dry soil samples were physically fractionated into POM and 
MAOM (Cambardella and Elliott 1992). Briefly, 10 g of 2 mm 
sieved soil was shaken overnight (18 h) in 30 ml 5% hexam-
etaphosphate dispersing solution. The dispersed soil was then 
sieved through 53-μm mesh. The material retained in the sieve 
contained the POM, and the slurry that passed through the sieve 
contained the MAOM. Both fractions were collected in beak-
ers. The beaker containing the POM was dried in an oven at 60 
°C until reaching a constant weight. Five milliliters of calcium 
chloride (2 N concentration) was added to the beaker containing 
the MAOM to precipitate solids out of the solution. After 24 h, 
the supernatant was carefully removed with a vacuum pump, 
and the beaker was placed in an oven at 60°C until reaching a 
constant weight. Once weighed, the POM and MAOM were 
ground with a mortar.

Soil texture determination was carried out by the hydrom-
eter method (Bouyoucos 1962) for soil samples from Argen-
tine Semiarid Chaco. For the sites of Uruguayan Grasslands, 
sand contents were measured for each sample by wet sieving 
with a 53-micron sieve. Clay and silt contents were then 
estimated based on sand contents and soil map databases 
in each region.

N released after a 7-day anaerobic incubation (Nan) was 
determined as described by Keeney (Keeney 1983), but 
using POM and MAOM fractions instead bulk soil. Thus, 
5 g of POM and MAOM recovered from fractionation was 
placed inside test tubes (150 mm high × 16 mm in diameter), 
and the remaining volume was filled with distilled water. 
They were hermetically capped, ensuring an anaerobic con-
dition, and incubated for 7 days at 40°C. At the end of the 
incubation, ammonium-N content was determined by steam 
distillation (Keeney and Nelson 1983).

Carbon and N concentrations were measured using a 
C–N analyzer coupled to an isotope mass spectrometer. Soil 
samples from Argentine Semiarid Chaco were analyzed at 
Laboratorio de Isótopos Estables en Ciencias Ambientales, 
Argentina using an Thermo Scientific DELTA V Advantage 
coupled via the ConFlo IV interface to a Flash 2000 Elemen-
tal Analyzer, and soil samples from Uruguayan Grasslands 
were analyzed at the Stable Isotope Facility located in Uni-
versity of California, Davis campus, in the Department of 
Plant Sciences using an Elementar Vario EL Cube or Micro 
Cube elemental analyzer. C, N, and Nan concentrations (g 
g soil−1) were also expressed in mg ha−1 (for C and N), and 
kg ha−1 (for Nan), using the following equation:

where y is the amount of C, N (mg ha−1) or Nan (kg ha−1) 
in the POM or MAOM fraction, Fw is soil fraction weight 
(g), Sw is total soil weight (g), x is C, N, or Nan concentra-
tion of the POM or MAOM fraction, and depth is the con-
sidered soil depth (cm). For Nan, y was divided by 1000 to 

(1)y = (Fw∕Sw) ∗ x ∗ BD ∗ depth

convert mg into kg. Soil bulk density could be affected by 
land-use/managements changes (Davidson and Ackerman 
1993). Therefore, to report C, N, and Nan in an equivalent 
soil mass, soil sampling depths under croplands, pastures, 
and rotational grazing were corrected using the following 
equation (Solomon et al. 2002):

where BDreference is the bulk density (g cm−3) of the 
reference land-use/management (forest in the Argentine 
Semiarid Chaco and continuous grazing in the Uruguayan 
Grasslands), BDconverted is the bulk density (g cm−3) of the 
converted land-use, and z is the sampled soil depth (cm). 
The bulk density was calculated by dividing the total dry 
weight by the total volume (volume of each soil core mul-
tiplied by the number of subsamples in the composite sam-
ple). For native Chaco forests, we used bulk density values 
reported previously for the same sites that by Villarino et al. 
(2017) that were also corrected to an equivalent soil mass.

Data analysis

Statistical analyses were performed with the R software (R Core 
Team 2022). C and N stocks, and Nan fluxes were compared 
across land-uses/managements using linear mixed effects mod-
els. Land-use in Argentine Semiarid Chaco (forest, pasture, and 
cropland) and Uruguayan grassland grazing management (con-
tinuous and rotational) were fitted as fixed effects, while the 
sampling site was fitted as a random effect. Models were fitted 
using the R package lme4 (Bates et al. 2015). When the p values 
of the analysis of deviance table (Type II Wald chi-square tests) 
were less than 0.05, marginal means were estimated using the 
emmeans R package (Lenth 2022). Finally, the letter display of 
all pair-wise comparisons was done using the cld function of the 
multcomp R package (Hothorn et al. 2008). The same procedure 
was carried out for Nan/N, Nan/C, and C/N comparisons across 
land-uses/managements and soil fractions.

Linear models using the lm function of R (R Core Team 
2022) were fitted to assess the relationships between POM-
Nan with POM-C and POM-C/N, and between MAOM-Nan 
with MAOM-C and clay percentage.

Result and discussion

Relative contribution of labile N from POM 
and MAOM fractions

Contrary to expectations, we found that most of the poten-
tially mineralizable N in soil comes from the MAOM fraction, 
across all contrasting land-uses or -managements evaluated 

(2)Depth =
(

BDreference∕BDconverted

)

∗ z



	 Biology and Fertility of Soils

1 3

(Fig. 1). Although most soil organic N is known to be stored 
in the MAOM fraction (von Lützow et al. 2007; Lavallee et al. 
2020; Sokol et al. 2022), its availability to microorganisms is 
poorly known and was generally presumed to be low. How-
ever, our results show that the MAOM fraction can supply 
more than 50% of the N released by SOM mineralization, 
and that its relative contribution increases with land-use 
intensification (Fig. 1). However, the amount of potentially 

mineralizable N per gram of N in the soil (i.e., the Nan/N 
ratio) was higher in the POM than in the MAOM fraction in 
all land-uses and regions (Table 1), suggesting that the POM 
fraction is a labile and less stable fraction, but usually of 
smaller pool size. Therefore, the MAOM fraction is a large N 
supplier to the soil solution because it stores most soil N and 
its larger size overcompensates for its lower concentration of 
labile or more easily mineralizable N.

Fig. 1   Relative stock of nitrogen 
(N) and potentially mineraliz-
able N, estimated by N released 
after a 7-day anaerobic incuba-
tion (Nan) in particulate organic 
matter (POM) and mineral-
associated organic matter 
(MAOM). Relative N and Nan 
were calculated with respect to 
the N and Nan stocks under the 
respective reference condi-
tions—i.e., forest in Argentine 
Semiarid Chaco region (a) and 
continuous grazing in Uru-
guayan Grasslands (b). The 
legend shown in panel b refers 
to both panels
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MAOM is more resistant to mineralization than POM. 
However, Nan fluxes per gram of C (Nan/C) were similar 
between fractions (Table 1). It is likely that the higher N con-
centration in MAOM fraction (i.e., lower C/N) (Table 1) is 
offsetting its lower mineralization rates. Therefore, a smaller 
amount of organic matter (which is richer in N concentration) 
is mineralized in the MAOM, whereas a larger amount of 
organic matter (which is poorer in N concentration) is min-
eralized in the POM, thus producing a similar Nan/C ratio 
between MAOM and POM fractions.

Controls of potentially mineralizable N in the POM 
and MAOM fractions

When considering all sites from the Semiarid Chaco and 
Uruguayan Grasslands, we found that Nan increased with C 
concentrations, both in the POM and in the MAOM (Fig. 2). 
However, POM-Nan linearly increased with POM-C while 
MAOM-Nan showed a logarithmic relationship with 
MAOM-C, suggesting that other factors constrain N min-
eralization at high MAOM-C contents. High MAOM-C 

Table 1   Ratios (%) between 
potentially mineralizable 
nitrogen (Nan), soil organic 
nitrogen (N) and soil organic 
carbon (C), within particulate 
organic matter (POM) and 
mineral-associated organic 
matter (MAOM) fractions 
across different land-uses

Different capital letters indicate significant differences (p <0.05) between POM and MAOM for the same 
land-use/management, and different lowercase letters indicate significant differences between land-uses in 
Argentine Semiarid Chaco and land management in Uruguayan Grassland. CG continuous grazing, RG 
rotational grazing

Region Ratio Land-use/management POM MAOM

Argentine Semiarid Chaco Nan/N Forest 3.37 ±0.22 A a 2.31 ±0.14 B a
Pasture 3.18 ±0.45 A a 1.94 ±0.09 B b
Cropland 2.67 ±0.23 A a 1.93 ±0.09 B b

Nan/C Forest 0.29 ±0.01 A a 0.28 ±0.02 A a
Pasture 0.26 ±0.03 A a 0.23 ±0.01 A b
Cropland 0.24 ±0.01 A a 0.23 ±0.01 A b

C/N Forest 11.7 ±0.23 A a 8.4 ±0.18 B a
Pasture 12.0 ±0.34 A a 8.3 ±0.30 B a
Cropland 11.1 ±0.58 A a 8.4 ±0.27 B a

Uruguayan Grasslands Nan/N Grassland CG 6.79 ±0.72 A a 4.91 ±0.44 B a
Grassland RG 5.39 ±0.43 A b 4.70 ±0.25 A a

Nan/C Grassland CG 0.45 ±0.04 A a 0.48 ±0.05 A a
Grassland RG 0.38 ±0.04 A b 0.47 ±0.03 B a

C/N Grassland CG 14.7 ±0.59 A a 10.2 ±0.19 B a
Grassland RG 14.7 ±0.64 A a 10.3 ±0.12 B a

Fig. 2   Relationships for particulate organic matter (POM) (a) and mineral-associated organic matter (MAOM) (b) between nitrogen released 
after a 7-day anaerobic incubation (Nan), organic C, C/N ratio, and clay percentage. Summary of fitted models is shown in Table 2



	 Biology and Fertility of Soils

1 3

contents found in some soils could be due to the existence 
of strong bonds between minerals and organic matter that 
prevent its mineralization. Therefore, more soil C does not 
necessarily imply more C available for microorganisms.

The C/N ratios and clay percentages were also associated 
with POM-Nan and MAOM-Nan fluxes, respectively (Fig. 2, 
Table 2). Mineralization kinetics and its controlling factors 
are expected to differ between fractions due to their differ-
ent nature and associated protection mechanisms (Lavallee 
et al. 2020). In the POM fraction, we expected a negative 
relationship between Nan and C/N ratios, because lower C/N 
ratios reflect higher SOM quality and therefore should lead 
to higher Nan supply. However, an opposite and significant 
relationship was found for the POM fraction (p < 0.001, 
Table 2). The POM-C/N ranged from 7 to 19 (Fig. 2) and 
thus were always below the 20 threshold, where N starts 
limiting decomposition (Cleveland and Liptzin 2007), sug-
gesting that POM is likely a C-limited substrate for microor-
ganisms. As POM-C/N increases, relatively more C is avail-
able to support microbial growth and activities, enhancing 
decomposition and N releases from POM. In agreement with 
us, Pan et al. (2023) found that under C-limited conditions, 
microbes use C-rich molecules more efficiently than N-rich 
molecules, because with the formers they can meet their C 
demand, and N is then rapidly released as NH4

+ and NO3
− in 

short time frames. Energy (i.e., the amount of C), rather N, 
could be limiting microbial growth and POM mineraliza-
tion, explaining the positive relationship between POM-C/N 
and POM-Nan. On the other hand, the negative relationship 
between MAOM-Nan and clay percentage was expected 
since more clay implies more binding sites that could retain 
N and prevent mineralization. A recent study also found that 
net N mineralization decreased with increasing clay/C ratios 
(Soinne et al. 2021).

Land‑use and grazing management effects on POM 
and MAOM fractions

In the Argentine Semiarid Chaco, land-use intensification 
decreased POM-C and POM-N stocks and POM-Nan fluxes, 

as well as MAOM-Nan fluxes, but only small decreases were 
observed in MAOM-C and MAOM-N stocks (Fig. 3). These 
results are consistent with previous studies showing that 
POM stocks are highly vulnerable to land-use intensifica-
tion while MAOM stocks are less sensitive and relatively 
more stable (Six et al. 2002). The MAOM-Nan/MAOM-
N ratios decreased under pastures or crops as compared 
to native forests (Table 1). POM-Nan/POM-N ratios also 
showed a similar trend, though not statistically significant 
(Table 1). These results can be explained by the differential 
levels of protection from decomposition between POM and 
MAOM. Due to the low physical protection of POM (only 
occluded in large aggregates) (Lavallee et al. 2020), land-
use intensification may strongly affect both POM-N stocks 
and POM-Nan fluxes. Hence, POM-Nan/POM-N ratio may 
remain relatively constant (Table 1). In contrast, the high 
physical-chemical protection of MAOM prevents minerali-
zation of N stocks, and only the labile pools of MAOM were 
affected by land-use intensification, causing the reduction in 
the MAOM-Nan/MAOM-N ratio.

The predominant deforestation method in Argentine Sem-
iarid Chaco involves land clearing with heavy bulldozers, 
burning the remaining vegetation, and plowing down the 
residues, resulting in significant soil changes including soil 
aeration, roots removal, and surface exposure to precipita-
tion, wind, and solar radiation (Villarino et al. 2017). These 
changes have various detrimental effects on soil organic 
matter storage that can explain observed depletion in pas-
tures and croplands (Fig. 3). Furthermore, N fertilization in 
croplands and pastures strongly influences the below-ground 
community and C and N dynamics (e.g., narrower C:N ratios 
from N fertilizer could accelerate organic matter mineraliza-
tion) (Kim et al. 2022).

In the Uruguayan Grasslands, no significant differ-
ences in C and N stocks and Nan fluxes of POM and 
MAOM fractions were found after changes in graz-
ing management, although changes in Nan/N ratios of 
both fractions were like those observed for the Chaco 
Forests after intensification (Fig. 3 and Table 1). This 
was expected because grazing management changes are 

Table 2   Summary of linear models fitted for the relationships 
between nitrogen released after a 7-day anaerobic incubation (Nan) 
with organic C and C/N ratio in the particulate organic matter (POM) 

and between Nan with organic C and clay percentage in the mineral-
associated organic matter (MAOM) (Fig. 3)

Fitted model Adjusted R2 Coefficients Estimate p value

POM-Nan ~
POM-C (%) + POM-C/N

0.84 Intercept −23.58 0.07
POM-C (%) 23.96 2.0E−16
POM-C/N 2.86 0.00231

MAOM-Nan ~
log(MAOM-C (%)) + Clay (%)

0.74 Intercept 22.45 0.19
log(MAOM-C (%)) 132.45 2.0E−16
Clay (%) −1.01 0.04
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subtler than land-use changes studied in the Argentine 
Semiarid Chaco forests. However, and in agreement with 
our results from Chaco, land-use intensification (i.e., 
when grazing management changed from continuous to 
rotational grazing) decreased Nan/N ratios in the POM 
fraction (p = 0.01). Altogether, these results suggest that 
Nan/N ratios are sensitive to changes in the quality of 

the organic matter present in each fraction and therefore 
describe its heterogeneity in terms of its decomposability 
and nitrogen supply. Large changes in the sizes of the 
fractions may obscure changes in the Nan/N ratio, but 
smaller changes, such as changes in biomass inputs or 
changes in biomass quality, are expected to mainly affect 
N fluxes and hence the Nan/N ratio.

Fig. 3   Soil organic carbon and nitrogen stocks, and potentially 
mineralizable nitrogen (Nan; released after a 7-day anaerobic 
incubation), in particulate organic matter (POM, green boxes) and 
mineral-associated organic matter (MAOM, golden boxes), across 
land-use intensification gradients in Argentine Semiarid Chaco (a, 
b, and c) and Uruguayan Grasslands  (d, e, and f). Boxes represent 
the interquartile distance, horizontal lines indicate the median, and 

whiskers indicate the maximum and minimum non-outlier values. 
Values were outliers when at least 1.5 interquartile ranges below 
the first quartile or above the third quartile. Green and golden dots 
represent raw data, gray dots and error bars represent means ± 95% 
confidence interval. Means with different letters (lowercase for 
POM comparison and uppercase for MAOM comparison) are sig-
nificantly different (Tukey’s test, 5% significance level)
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Conclusions

Our study demonstrates that MAOM plays an impor-
tant role in short-term N mineralization and N supply to 
plants (Fig. 1). Our results challenge the idea that MAOM 
is a homogeneous, slow-cycling fraction and support the 
concept that both POM and MAOM are heterogeneous 
fractions containing labile compounds. Therefore, both 
fractions, but especially MAOM, should be monitored, 
because land-use changes or management practices may 
affect them differently and agricultural decisions, such 
as fertilization and crop rotations, depend strongly on 
soil N dynamics and N supplied by both fractions. The 
POM fraction has been proposed as a good soil-health 
indicator (Haynes 2005), but MAOM has received less 
attention (Yu et al. 2022). However, MAOM-Nan is a 
promising indicator of soil health because it is relevant 
(it is related to the soil nutrient supply) sensitive (it con-
sistently detects rapid or large changes in SOM dynam-
ics), informative (allows inferences about land-use man-
agement), and is measured by a relatively easy, low-cost 
laboratory technique (Lehmann et al. 2020). Although 
Nan measurements require a week of incubation, which 
could limit the use of MAOM-Nan for short-term agri-
cultural decisions (days), these measurements in both 
soil fractions are still useful for planning, designing, and 
managing agricultural production systems in the medium 
to long-term scales (seasons to decades). Future research 
is needed to explore other potential methods to charac-
terize POM and MAOM’s internal heterogeneity, in par-
ticular their short-term decomposition and its relative 
contribution to plant N supply in contrasting managed 
and natural ecosystems.

Funding  This article was partially funded by the project “Más Tec-
nologías,” from the Departament de Agriculture (MGAP) of Uruguay, 
project PIP 2020-2703 from CONICET, Argentina, projects PICT-
2018-03786 and PICT 2019-03006 from the AGENCIA of Argentina, 
and project INNOVAGRO, FSA 148819, from ANII uruguay. K.G. was 
supported as a Lawrence Fellow by the LLNL-LDRD Program, under 
the auspices of DOE Contract DE-AC52-07NA27344.

Data Availability  Data will be made available on request.

Declarations 

Conflict of interest  The authors declare no competing interests.

References

Bardgett RD, Bullock JM, Lavorel S, Manning P, Schaffner U, Ostle N, 
Chomel M, Durigan G, L Fry E, Johnson D (2021) Combatting 
global grassland degradation. Nat Rev Earth Environ 2:720–735

Barral MP, Villarino S, Levers C, Baumann M, Kuemmerle T, Mas-
trangelo M (2020) Widespread and major losses in multiple 
ecosystem services as a result of agricultural expansion in the 
Argentine Chaco. J Appl Ecol 57:2485–2498. https://​doi.​org/​
10.​1111/​1365-​2664.​13740

Bates D, Maechler M, Bolker BM, Walker S (2015) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67:1–48

Bimüller C, Mueller CW, von Lützow M, Kreyling O, Kölbl A, Haug 
S, Schloter M, Kögel-Knabner I (2014) Decoupled carbon and 
nitrogen mineralization in soil particle size fractions of a forest 
topsoil. Soil Biol Biochem 78:263–273

Börger M, Bublitz T, Dyckmans J, Wachendorf C, Joergensen RG 
(2022) Microbial carbon use efficiency of litter with distinct 
C/N ratios in soil at different temperatures, including microbial 
necromass as growth component. Biol Fertil Soils 58:761–770. 
https://​doi.​org/​10.​1007/​s00374-​022-​01656-7

Bouyoucos GJ (1962) Hydrometer method improved for making par-
ticle size analyses of soils. Agron. J. 54:464–465

Bucher EH (1982) Chaco and Caatinga — South American Arid 
Savannas, Woodlands and Thickets. In: Huntley BJ, Walker BH 
(eds) Ecology of Tropical Savannas. Ecological Studies, vol 42. 
Springer, Berlin, Heidelberg, pp 48–79. https://​doi.​org/​10.​1007/​
978-3-​642-​68786-0_4

Cambardella CA, Elliott ET (1992) Particulate soil organic-matter 
changes across a grassland cultivation sequence. Soil Sci Soc 
Am J 56:777–783

Clark JD, Veum KS, Fernández FG, Camberato JJ, Carter PR, Fer-
guson RB, Franzen DW, Kaiser DE, Kitchen NR, Laboski CAM 
(2019) United States Midwest soil and weather conditions influ-
ence anaerobic potentially mineralizable nitrogen. Soil Sci Soc 
Am J 83:1137–1147

Cleveland CC, Liptzin D (2007) C:N:P stoichiometry in soil: is there 
a “Redfield ratio” for the microbial biomass? Biogeochemistry 
85:235–252. https://​doi.​org/​10.​1007/​s10533-​007-​9132-0

Cotrufo MF, Ranalli MG, Haddix ML, Six J, Lugato E (2019) Soil 
carbon storage informed by particulate and mineral-associated 
organic matter. Nat Geosci 12:989–994

Daly AB, Jilling A, Bowles TM, Buchkowski RW, Frey SD, Kallen-
bach CM, Keiluweit M, Mooshammer M, Schimel JP, Grandy 
AS (2021) A holistic framework integrating plant-microbe-min-
eral regulation of soil bioavailable nitrogen. Biogeochemistry 
154:211–229. https://​doi.​org/​10.​1007/​s10533-​021-​00793-9

Davidson EA, Ackerman IL (1993) Changes in soil carbon invento-
ries following cultivation of previously untilled soils. Biogeo-
chemistry 20:161–193

Griscom BW, Adams J, Ellis PW, Houghton RA, Lomax G, Miteva 
DA, Schlesinger WH, Shoch D, Siikamäki JV, Smith P, Wood-
bury P, Zganjar C, Blackman A, Campari J, Conant RT, Delgado 
C, Elias P, Gopalakrishna T, Hamsik MR et al (2017) Natural 
climate solutions. Proc Natl Acad Sci 114:11645–11650. https://​
doi.​org/​10.​1073/​pnas.​17104​65114

Haynes RJ (2005) Labile organic matter fractions as central com-
ponents of the quality of agricultural soils: an overview. Adv 
Agron 85:221–268

Hothorn T, Bretz F, Ag P, Westfall P (2008) Simultaneous inference 
in general parametric models. Biomet J 50:346–363

INTA (1990) Atlas de Suelos de la República Argentina. Ediciones 
INTA, Instituto Nacional de Tecnología Agropecuaria, Buenos 
Aires, Argentina

IPCC (2019) Summary for Policymakers. In: Shukla PR, Skea J, 
Buendia EC, Masson-Delmotte V, Pörtner HO, Roberts DC, 
Zhai P, Slade R, Connors S, van Diemen R, Ferrat M, Haughey 
E, Luz S, Neogi S, Pathak M, Petzold J, Pereira JP, Vyas P, 
Huntley E, Kissick K, Belkacemi M, Malley J (eds) Climate 
Change and Land: an IPCC special report on climate change, 
desertification, land degradation, sustainable land management, 

https://doi.org/10.1111/1365-2664.13740
https://doi.org/10.1111/1365-2664.13740
https://doi.org/10.1007/s00374-022-01656-7
https://doi.org/10.1007/978-3-642-68786-0_4
https://doi.org/10.1007/978-3-642-68786-0_4
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1007/s10533-021-00793-9
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1073/pnas.1710465114


Biology and Fertility of Soils	

1 3

food security, and greenhouse gas fluxes in terrestrial ecosys-
tems. In Press

Jilling A, Keiluweit M, Gutknecht JLM, Grandy AS (2021) Priming 
mechanisms providing plants and microbes access to mineral-
associated organic matter. Soil Biol Biochem 158:108265

Keeney DR (1983) Nitrogen—availability indices. In: Page AL, Miller 
RH, Keeney DR (eds) Methods of Soil Analysis: Part 2 Chemical 
and Microbiological Properties. Soil Science Society of America, 
Madison, WI, pp 711–733

Keeney DR, Nelson DW (1983) Nitrogen—inorganic forms. In: Page 
AL, Miller RH, Keeney DR (eds) Methods of soil analysis: Part 
2 Chemical and Microbiological Properties. Soil Science Society 
of America, Madison, WI, pp 643–698

Keiluweit M, Bougoure JJ, Nico PS, Pett-Ridge J, Weber PK, Kleber 
M (2015) Mineral protection of soil carbon counteracted by root 
exudates. Nat Clim Change 5:588–595

Kim K, Daly EJ, Gorzelak M, Hernandez-Ramirez G (2022) Soil 
organic matter pools response to perennial grain cropping and 
nitrogen fertilizer. Soil Till Res 220:105376. https://​doi.​org/​10.​
1016/j.​still.​2022.​105376

Lavallee JM, Soong JL, Cotrufo MF (2020) Conceptualizing soil 
organic matter into particulate and mineral-associated forms to 
address global change in the 21st century. Global Change Biol 
26:261–273. https://​doi.​org/​10.​1111/​gcb.​14859

Lehmann J, Bossio DA, Kögel-Knabner I, Rillig MC (2020) The con-
cept and future prospects of soil health. Nat Rev Earth Environ 
1:544–553

Lenth R (2022) Emmeans: Estimated marginal means, aka least-
squares means. R package version 173

Pan W, Zhou J, Tang S, Wu L, Ma Q, Marsden KA, Chadwick DR, 
Jones DL (2023) Utilization and transformation of organic and 
inorganic nitrogen by soil microorganisms and its regulation 
by excessive carbon and nitrogen availability. Biol Fertil Soils 
59:379–389. https://​doi.​org/​10.​1007/​s00374-​023-​01712-w

R Core Team (2022) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna. 
http://​www.R-​proje​ctorg/. Accessed 26 Dec 2022

Reussi Calvo NI, Wyngaard N, Orcellet J, Sainz Rozas HR, Echeverría 
HE (2018) Predicting field-apparent nitrogen mineralization from 
anaerobically incubated nitrogen. Soil Sci Soc Am J 82:502–508

Sainz Rozas H, Calviño PA, Echeverría HE, Barbieri PA, Redolatti M 
(2008) Contribution of anaerobically mineralized nitrogen to the 
reliability of planting or presidedress soil nitrogen test in maize. 
Agron J 100:1020–1025

Schomberg HH, Wietholter S, Griffin TS, Reeves DW, Cabrera ML, 
Fisher DS, Endale DM, Novak JM, Balkcom KS, Raper RL (2009) 
Assessing indices for predicting potential nitrogen mineralization 

in soils under different management systems. Soil Sci Soc Am J 
73:1575–1586

Six J, Conant RT, Paul EA, Paustian K (2002) Stabilization mecha-
nisms of soil organic matter: implications for C-saturation of soils. 
Plant Soil 241:155–176

Soinne H, Keskinen R, Räty M, Kanerva S, Turtola E, Kaseva J, Nuu-
tinen V, Simojoki A, Salo T (2021) Soil organic carbon and clay 
content as deciding factors for net nitrogen mineralization and 
cereal yields in boreal mineral soils. Eur J Soil Sci 72:1497–1512

Sokol NW, Whalen ED, Jilling A, Kallenbach C, Pett-Ridge J, Geor-
giou K (2022) Global Distribution, Formation, and Fate of Min-
eral-Associated Soil Organic Matter Under a Changing Climate–A 
Trait-Based Perspective. Funct Ecol 36:1411–1429. https://​doi.​
org/​10.​1111/​1365-​2435.​14040

Solomon D, Fritzsche F, Lehmann J, Tekalign M, Zech W (2002) Soil 
organic matter dynamics in the subhumid agroecosystems of the 
Ethiopian highlands. Soil Sci Soc Am J 66:969–978

Soriano A (1991) Río de la Plata Grasslands. In: Coupland RT (ed) 
Natural Grasslands, Introduction and Western Hemisphere. Else-
vier, Amsterdam, pp 367–407

Villarino SH, Studdert GA, Baldassini P, Cendoya MG, Ciuffoli L, 
Mastrangelo M, Piñeiro G, Mastrángelo M, Piñeiro G (2017) 
Deforestation impacts on soil organic carbon stocks in the Semi-
arid Chaco Region. Argentina Sci Total Environ 575:1056–1065. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​09.​175

von Lützow M, Kögel-Knabner I, Ekschmitt K, Flessa H, Guggen-
berger G, Matzner E, Marschner B (2007) SOM fractionation 
methods: relevance to functional pools and to stabilization mecha-
nisms. Soil Biol Biochem 39:2183–2207

Williams JD, Crozier CR, White JG, Sripada RP, Crouse DA (2007) 
Comparison of soil nitrogen tests for corn fertilizer recom-
mendations in the humid southeastern USA. Soil Sci Soc Am J 
71:171–180

Yu W, Huang W, Weintraub-Leff SR, Hall SJ (2022) Where and why do 
particulate organic matter (POM) and mineral-associated organic 
matter (MAOM) differ among diverse soils? Soil Biol Biochem 
172:108756. https://​doi.​org/​10.​1016/j.​soilb​io.​2022.​108756

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.still.2022.105376
https://doi.org/10.1016/j.still.2022.105376
https://doi.org/10.1111/gcb.14859
https://doi.org/10.1007/s00374-023-01712-w
http://www.R-projectorg/
https://doi.org/10.1111/1365-2435.14040
https://doi.org/10.1111/1365-2435.14040
https://doi.org/10.1016/j.scitotenv.2016.09.175
https://doi.org/10.1016/j.soilbio.2022.108756

	A large nitrogen supply from the stable mineral-associated soil organic matter fraction
	Abstract
	Introduction
	Materials and methods
	Study sites
	Field sampling and lab analyses
	Data analysis

	Result and discussion
	Relative contribution of labile N from POM and MAOM fractions
	Controls of potentially mineralizable N in the POM and MAOM fractions
	Land-use and grazing management effects on POM and MAOM fractions

	Conclusions
	References


