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The colloidal fraction of dissolved organic matter extracted
from a forest soil persists microbial decomposition
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Abstract We have investigated the bacterial decom-
position of dissolved organic matter (DOM) extracted
from the organic layer of a boreal forest soil and fil-
tered at a pore size of 0.2 um. This DOM source has
previously been extensively characterized and con-
tains approximately equal amounts by carbon of a
colloidal fraction, mainly composed of carbohydrates,
and a fraction of molecularly dissolved DOM. Here,
extracts were inoculated with soil bacteria and the
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decomposition of DOM was followed over a period
of 2 months, during which it was analyzed with scat-
tering methods and 'H NMR, and by measuring the
concentration of total organic carbon. A comparison
was also made with dialyzed extract. Results showed
that while the bacteria fully decomposed the molecu-
lar fraction within approximately two weeks, the col-
loidal fraction was stable with no visible decompo-
sition within the 2 months. The results indicate the
importance of distinguishing small molecules from
colloidal aggregates in decomposition studies, and
demonstrate the usefulness of combining scattering
methods with "H NMR for this purpose.

Keywords Dissolved organic matter - Organic
colloids - Small angle scattering - '"H NMR -
Decomposition - Soil

Introduction

Dissolved organic matter (DOM) is considered to
be bioavailable and mobile in soils (e.g., Davidson
et al. 1987; Qualls and Haines 1992; Marschner and
Kalbitz 2003), and is hence important for the cycling
of carbon and nutrients, both within terrestrial eco-
systems and between ecosystems (e.g., Cleveland
et al. 2004; Bolan et al. 2011). In inland waters and
oceans, DOM constitutes the major organic carbon
pool (Sgndergaard and Middelboe 1995; Schles-
inger 2020; Catald et al. 2021). DOM is generally
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operationally defined as the organic matter that is not
retained by filtration, commonly using pore sizes of
0.45 or 0.2 um (Herbert and Bertsch 1995; Findlay
and Parr 2017). Hence, in addition to dissolved mol-
ecules, DOM can also comprise organic particles or
aggregates of a size up to the filter pore size used.
This kind of suspended, non-crystalline particles in
the size range of 1 nm to 1 um are generally referred
to as colloids (Evans and Wennerstrom 1999).

Experimental studies have found different decom-
position rates for different components of DOM (e.g.,
Kalbitz et al. 2003a; Marschner and Kalbitz 2003;
Bowen et al. 2009; Koehler et al. 2012), ranging in
half-life from minutes or hours to months, and a frac-
tion that does not decompose at the experimental time
scales. This recalcitrant fraction is particularly inter-
esting from the point of view of carbon sequestra-
tion, and its size varies between different studied sys-
tems (Qualls and Haines 1992; Kalbitz et al. 2003a;
Cleveland et al. 2004; Andreasson et al. 2009; Bowen
et al. 2009). Several different factors may explain the
variable biodegradability of DOM (Marschner and
Kalbitz 2003; Kothawala et al. 2021; Berggren et al.
2022). Factors often suggested include composition
(Kalbitz et al. 2003a, b; Marschner and Kalbitz 2003;
Kiikkilad et al. 2006; Kellerman et al. 2015; Grasset
et al. 2023), molecular weight distribution (Tranvik
1990; Amon and Benner 1994, 1996) and protec-
tion by adsorption to mineral surfaces or formation
of aggregates (Marschner and Kalbitz 2003; Kalbitz
et al. 2005; Mueller et al. 2012; Lehmann and Kleber
2015). While the role of mineral particles in protect-
ing soil organic matter from microbial decomposi-
tion has been well studied (Kleber et al. 2015), less is
known on the impacts of colloidal organic aggregates.
Colloidal assembly has been suggested to constrain
DOM biodegradability (Dreves et al. 2007; Yan et al.
2018; Lehmann et al. 2021; Meklesh et al. 2022),
however, direct studies of how colloidal and non-
colloidal DOM change during exposure to microbial
decomposition are few.

Recently, we presented a multi-technique
approach combining spectroscopic and scattering
methods to characterize the chemical and colloidal
properties of DOM (Meklesh et al. 2022; Andersson
et al. 2023a, b). The chemical composition of the
DOM was analyzed using '"H NMR. Though NMR
spectroscopy cannot give the same detailed molec-
ular characterization of DOM as high-resolution
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mass spectrometry, NMR can provide a better rep-
resentation of the bulk composition since this tech-
nique is not hampered by the selectivity of the ioni-
zation process in mass spectrometry (Nebbioso and
Piccolo 2013). Scattering techniques can provide
information on the size, physical structure, concen-
tration, and charge of colloids, and they are widely
applied in studies of soft matter (Glatter 2018). The
scattering methods used in our studies will detect
colloids spanning the size range of ca 2-200 nm
(Meklesh et al. 2022; Andersson et al. 2023a),
which is consistent with the pore size (0.2 um) of
the membrane filters used for isolating the DOM.
X-ray scattering techniques can probe the smaller
colloidal sizes, while scattering techniques using
visible light cover the larger size range.

Applying these methods for characterizing DOM
extracted by water from the soil of a boreal forest in
southern Sweden showed that the DOM can roughly
be divided into two fractions: molecularly dissolved
DOM, referred to here as “molecular DOM”, and dis-
persed colloidal particles, with sizes up to the filter
pore size, referred to as “colloidal DOM”. There is
no strict size boundary between these two fractions,
however, we apply an operational separation based on
dialysis (Meklesh et al. 2022) and the inherent size
bias of the NMR and scattering methods used. The
molecular DOM is readily detected in a solution 'H
NMR spectrum as it gives rise to narrow sharp lines.
The colloidal DOM, on the other hand, gives rise to
broad '"H NMR lines, due to slow rotational diffusion
of the large aggregates (Wennerstrom and Ulmius
1976; Ulmius and Wennerstrom 1977; Olsson et al.
1986; Fernandez and Wider 2006). Instead, in scatter-
ing experiments, there is a strong bias towards larger
objects (Glatter 2018) and essentially only the col-
loidal DOM is “visible”. We have previously found
this colloidal DOM to be dominated by carbohydrates
(Andersson et al. 2023b), but also molecular DOM
to contain a significant amount of carbohydrate mol-
ecules (Meklesh et al. 2022; Andersson et al. 2023a).

In this study, we take advantage of a well-charac-
terized DOM starting material and follow its bacte-
rial decomposition during two months of incubation
by time-resolved scattering, 'H NMR, and organic
carbon concentration. We test the hypothesis that
the decomposition kinetics is significantly differ-
ent between molecular and colloidal DOM, and our
experimental toolbox allows us to explicitly compare
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the decomposition rates, and hence the bioavailabil-
ity, of these two fractions.

Materials and methods
Soil sampling

Soil from the whole organic layer of a first-gener-
ation Norway spruce forest was collected in Sep-
tember 2021 for the incubation experiments, and in
April 2024 for the dialysis experiment. The forest
was located at Tonnersjoheden experimental forest
in southwest Sweden (56°41'6.0”"N, 13°6'32.0"E) and
planted in 1957. For description of the sampling site,
see §kerlep et al. (2022). The soil was sieved (2 mm)
to remove larger organic and inorganic particles, kept
field moist, and stored dark in sealed plastic bags at
4 °C. The 2021 soil was stored for 6 months before
extraction for the long incubation experiment, and for
12 months before extraction for the short time incu-
bation. The 2024 soil was stored for 5 days before
extraction. The results presented below do not indi-
cate any differences in the chemical composition or
the colloidal properties of the extracted DOM due to
soil storage time.

DOM extraction

DOM was extracted according to the method
described in our previous work (Andersson et al.
2023a). In short, soil and Milli-Q water (resistivity
18.2 MQ.cm, Merck AG, Darmstadt, Germany) were
mixed in a ratio of 1:5 w/v and stirred on a magnetic
stirring plate at 4 °C for 24 h. The soil suspension
was pressed through a nylon mesh (150 pm pores,
Safar, Heiden, Switzerland), centrifuged at 1700 g for
5 min, and sequentially filtered through glass micro-
fiber filters (GF/D, GF/A, GF/F, Whatman, UK).
Finally, the extract was filtered through a sterile PES
membrane filter with 0.2 pm pore size (Sarstedt AG
\& Co. KG, Niimbrecht, Germany) into sterile poly-
propylene bottles. The extracts were stored dark at
4 °C (1-10 days) prior to incubation or dialysis.

Inoculation and incubation

An inoculum was obtained by shaking 1.2 g of the
same type of soil as used for DOM extraction with

60 ml Milli-Q water for 10 min by hand in a glass bot-
tle. The suspension was filtered through glass micro-
fiber filters (GF/D, GF/A, Whatman, UK) down to
1.6 um pore size and stored dark at 4 °C for one week
before inoculation. Elemental analysis of the inocu-
lum is found in Table S1. We refer to the microbes
of the inoculum as bacteria based on the cut-off size
used, although it may include archaea, viruses, and
some predators (bacterivorous protists).

DOM extracts were inoculated with 1% v/v of the
inoculum. Triplicates of ca. 45 ml inoculated DOM
were transferred to 50 ml polypropylene tubes and
incubated dark at 21+2 °C. The tubes were gently
shaken and aerated approximately every second day
to supply oxygen. Aliquots for chemical analyses
were taken out after 8, 14, 28 and 56 days (8, 14, 27
and 55 days for TOC/TN), and for scattering after 14,
28 and 56 days. Triplicates of non-inoculated DOM
were incubated in separate tubes for each analyses
time point as controls (ca. 10 ml DOM in 15 ml poly-
propylene tubes). These were not aerated, to avoid
contamination during the incubation period and since
no significant oxygen consumption was expected.

Dialysis

A separate batch of DOM extract was dialyzed at a
molecular weight cut-off of 3.5 kDa using cellu-
lose dialysis membranes (Spectra/Por®, Spectrum
Laboratories Inc., California, USA). The membrane
was soaked in Milli-Q water for at least 30 min and
rinsed before filling with the sample. The dialy-
sis was performed for 7 days at 4 °C under stirring,
with a sample:Milli-Q ratio of ca 25, and the Milli-
Q exchanged approximately every 24 h. The retentate
was collected for further analysis.

Chemical analysis

Concentrations of total organic carbon (TOC) and
total nitrogen (TN) were analyzed using a TOC-
VCPH equipped with a TNM-1 unit (Shimadzu
Corp., Kyoto, Japan). Calibration for TOC analysis
was performed with potassium hydrogen phthalate
(KHP) and ethylenediaminetetraacetic acid (EDTA)
was used as a secondary standard to check the cali-
bration curve. Calibration for TN was performed with
KNO;. The aliquots taken out for TOC and TN anal-
ysis at each time point during the incubation study
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were frozen and stored (no other samples were fro-
zen). Freezing was done to stop the decomposition,
and they were stored so that all samples could be ana-
lyzed for TOC and TN in a single day.

Phosphorus (P) and iron (Fe) concentrations
were measured in the original extracts and inoculum
(Table S1) by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES) on an Optima
8300 (PerkinElmer, Inc., Waltham, USA).

pH was measured on day 1, 8, 15, 29 and 58
(Table S2) using a Ross Sure-flow Semi Micro
electrode (Thermo scientific, USA) connected to a
PHM210 MeterLab pH meter (Radiometer Copenha-
gen, Brgnshgj, Denmark).

High resolution '"H NMR spectra were recorded
on a Bruker Avance III HD 500.17 MHz spectrom-
eter (Bruker, Billerica, MA, USA) equipped with a
5 mm broadband probe, at 25 °C. Excitation sculpt-
ing (Hwang and Shaka 1995) was used for suppres-
sion of the large water peak. For details on measure-
ment settings see Meklesh et al. (2022). Spectra were
processed with a Lorentzian line broadening factor of
2 Hz and zero- and first-order phase corrected in Top-
Spin 4.0.7 software (Bruker, Billerica, MA, USA). At
each time point, one sample was also measured after
re-filtering 0.2 um, to track any influence from bacte-
ria on the NMR signal. However, spectra from filtered
and non-filtered samples were very similar (Fig. S1).

A rough separation into different chemical
classes was performed by dividing the 'H NMR
spectra into 5 different regions, R1-R5 (Meklesh
et al. 2022; Andersson et al. 2023a). These were:
R1 (0.6-1.65 ppm), aliphatic components; R2
(1.65-2.2 ppm), acids; R3 (2.2-3.0 ppm), esters; R4
(3.0-4.3 ppm), carbohydrates; R5 (6.0-9.0 ppm) aro-
matics. See further explanation and details in the sup-
plementary information (Text S1 and Fig. S2). Total
NMR intensity (NMMR,;,,) was quantified as the inte-
grated area in the region 0.6—4.3 ppm+6.0-9.0 ppm.
The relative intensity was analyzed as intensity of one
region divided by NMR,, . for that spectrum.

nt

Dynamic light scattering and {-potential

Dynamic light scattering (DLS) and determination of
{-potential were performed at 25 °C on a Zetasizer
Ultra at day 1, and a Zetasizer Nano ZS instrument
(Malvern Instruments, Ltd., Worcestershire, UK) at
day 14, 28 and 56 of the incubation study. Inoculated
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samples were re-filtered 0.2 um prior to measure-
ments. The Nano ZS instrument was used in the dial-
ysis study. The DLS experiments were performed at
a scattering angle of 173° and the {-potential experi-
ments at 13°. The mean hydrodynamic radius ((R,,)),
polydispersity index (PDI), and -potential were cal-
culated for each sample from three consecutive meas-
urements as described in Meklesh et al. (2022), using
the Zetasizer software (Malvern Instruments, Ltd.,
Worcestershire, UK). From these, mean values with
standard deviations were calculated for inoculated
and control samples respectively.

Static scattering

Measurements of small angle X-ray scattering
(SAXS) and static light scattering (SLS, only on day
0 and 56) were performed as described in more detail
in Andersson et al. (2023a), to obtain the scattered

intensity /(g). Here g is the scattering vector given by

q= 4%sin(% >, where n is the refractive index of the

sample, A is the radiation wavelength, and @ is the
scattering angle. For SAXS, n=1 and A=1.54 A.In
SLS, n=1.33 and the laser had a wavelength
A=633 nm.

SAXS experiments were performed at 25 °C under
vacuum, using a laboratory-based GANESHA instru-
ment (SAXSLAB ApS, Skovlunde, Denmark). The
two-dimensional (2D) SAXS patterns were radially
averaged using SAXSGui software, and background,
including solvent scattering, was subtracted. Water
was used as a standard for absolute scaling of the
data.

SLS experiments were performed at 25 °C on an
ALV/DLS/SLS-5022F compact goniometer system
(ALVGmbH, Langen, Germany), equipped with a
22 mW HeNe laser. A software-controlled attenuator
varied the laser intensity. Cis decahydronaphthalene
was used for refractive index matching of the sample
cells. SLS samples were diluted 50-100 times with
Milli-Q water and inoculated samples were re-filtered
0.2 um before measurements to avoid large intensity
spikes from bacteria. Solvent scattering was sub-
tracted and toluene was used as a standard for abso-
lute scaling of the data (Andersson et al. 2023a).

The scattered intensity I(g) from a dispersion of
colloidal particles can be written as
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I(g) = cKMP(q) where ¢ (mass per volume) is the
particle concentration, M is the particle molar mass
and where K involves the scattering contrast. In the

case of X-rays (SAXS) K = Kg,xs = SA;]Z . Here, Ap is
the scattering length density difference between parti-
cle and solvent, 6 is the particle mass density and N,
is Avogadro’s number. In the case of (visible) light

scattering, SLS, we have

2
22 .
K=Kgg= ‘;’ZA’; (%) where dn/dc is the refrac-

tive index increment. For a binary system, a single
kind of particles in a solvent, SLS and SAXS data can
be plotted together on the same scale by e.g. trans-
forming the SLS data to SAXS contrast, by multiply-
ing the SLS I(g) by K¢4xs/K; ¢ as was done here. The
colloidal DOM has been found to consist mainly of
carbohydrates (Meklesh et al. 2022; Andersson et al.
2023a, b). Following these works, we assume the col-
loids to be made up of hemicellulose having an X-ray
scattering density of p = 13.5 - 10!° cm™2, and a mass
density of 6=1.5 g/ml. The X-ray scattering density of
water p,, =9.5- 10" ¢cm™, giving Ap=4-10"
cm™. For SLS we assumed dn/dc=0.144 cm’/g
(Andersson et al. 2023a). With these values for the
SAXS and SLS contrast, respectively, the SLS data
were converted to SAXS contrast, with good agree-
ment between the two data sets. Finally, P(g) is the
normalized (P(0)=1) particle form factor that carries
information on the particle size and shape. We note
that the scattering is strongly biased towards larger
particles, and thus reports mainly on the colloidal
fraction of DOM.

Results and discussion

The DOM consists of various dissolved molecules
(molecular DOM) coexisting with a colloidal fraction
(colloidal DOM). In Fig. 1, we present 'H NMR spec-
tra of the initial DOM before any bacterial decompo-
sition (time point =0, Fig. 1a, b) or dialysis (Fig. 1c).
The NMR spectra in Fig. 1a were obtained from the
same incubated material as the scattering patterns in
Fig. 2. The NMR spectra in Fig. 1b were recorded in a
second short incubation, using a new batch of extract,
to have data with a higher time resolution. The dial-
ysis experiments (Fig. 1c) were performed using a
third extraction batch. The NMR spectra at =0, as
well as the elemental concentrations, {-potential and

DLS results (Table S1), were very similar to what we
have reported previously for DOM from this boreal
forest soil (Meklesh et al. 2022; Andersson et al.
2023a).

The NMR spectrum consists of a number of sharp
peaks, resulting from the molecular DOM, on top of
some broad peaks resulting from the colloidal DOM
(Wennerstrom and Ulmius 1976; Ulmius and Wen-
nerstrom 1977; Olsson et al. 1986; Fernandez and
Wider 2006). The broad 'H resonances from the col-
loidal DOM are somewhat “masked” by the many
sharp peaks, but Meklesh et al. (2022) used dialysis
to confirm the broad peaks from the colloidal frac-
tion. See also the discussion on the '"H NMR spec-
trum features in Text S2. The chemical shift (given
in ppm) depends on the local environment of the pro-
tons. The relatively higher integral of R4 compared to
other regions (Fig. 1 and Fig. S2) suggests that carbo-
hydrates were a major component of the DOM. This
is consistent with previous observations (Meklesh
et al. 2022; Andersson et al. 2023a), where it was also
confirmed by chemical analysis (Meklesh et al. 2022).

The NMR intensity decreased rapidly during the
first days of incubation (Fig. 1a, b) and then reached a
steady state after ca. 8 days. After day 8, the spectrum
remained essentially constant until the last time point
at 56 days. Narrow peaks disappeared in the first few
days, and after day 8, the spectrum consisted only of
broad resonances. The highest intensity at the end of
incubation was still found in the carbohydrate region
R4. However, a significant intensity was also seen in
R1 (aliphatic) where two different peaks appeared,
most likely representing -CH2- (1.2 ppm) and —CH3
(0.8 ppm) groups, possibly originating from waxes. In
addition to the rough separation of chemical classes
(R1-R5), we can also identify a few specific com-
pounds in the spectra, such as acetic acid (singlet
1.9 ppm) (Whitty et al. 2019). However, this peak
was no longer visible at the end of incubation. The
rapid loss of sharp peaks together with the persistence
of broader peaks throughout the incubation implies
that the molecular DOM was readily decomposed,
for all types of functional groups, while the colloidal
fraction was not.

This conclusion is supported by the dialysis
results, in which we also observe the removal of
sharp peaks. The 'H NMR spectra from dialyzed
and incubated DOM overlap, apart from a slightly
higher intensity in R1-2 in the incubated DOM
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«Fig.1 a 'H NMR spectra of samples taken at different time
points during incubation. As the triplicates were very similar,
only one spectrum from each time point is shown. The inset
shows the difference between the spectra from day 0 and day
56, representing removed material. b 'H NMR spectra of sam-
ples from a different extraction batch used in a second short
incubation study to get higher initial temporal resolution. ¢ 'H
NMR spectra of samples from a third extraction batch before
and after dialysis using a 3.5 kDa cut-off membrane, compared
with the data from day 0 and 56 of incubation shown in a. In
all panels, R1-R5 indicates our separation of chemical classes.
Peaks marked with = are cut for clarity

(Fig. Ic). This similarity strongly suggests that the
signal observed after the incubation originates from
the colloidal fraction.

The combined SAXS and SLS scattering profile
(Fig. 2) shows the presence of colloidal aggregates
with sizes of the order of 100 nm. Again consistent
with previous observations (Meklesh et al. 2022;
Andersson et al. 2023a), the scattering pattern is well
described by a model P(g) of mass fractal particles,
here having a radius of gyration R,=60 nm and frac-
tal dimension d=2.8. The model is described in more
detail in Text S3.

In contrast to the NMR intensity, the SLS/SAXS
intensity did not change during the incubation period.
The scattering pattern obtained at r=56 days was
essentially the same as the initial one at t=0 (Fig. 2).
This is further highlighted in the inset of Fig. 2, show-
ing the SLS data on a linear scale where also small
intensity changes would be visible. There were also
no changes observed in (Ry) from DLS (Table S3).
This is consistent with the NMR data and confirms
that no distinguishable decomposition of the colloidal
fraction occurred during the 56 days.

The initial rapid loss of NMR intensity observed
during incubation was consistent with the change in
TOC concentration, i.e., the relative loss rates of TOC
(for concentrations see Table S2) and NMR,,, were
similar (Fig. 3). They both leveled off and reached a
steady state of ca. 50% after approximately 8 days.
The TOC concentration and NMR,,, of the control
samples that were not inoculated did not change dur-
ing the first 4 weeks of incubation (Fig. 3, spectra
in Fig. S3). This supports the interpretation that the
decrease observed in the inoculated samples was due
to bacterial decomposition. However, a 20% decrease
was observed after 56 days, indicating that the control
samples were not sterile. No reduction was observed
in the SLS/SAXS intensity of the controls (Fig. S4).

Dialysis resulted in a total decrease in TOC con-
centration (Table S2) and NMR,,, of ca. 60%. This
provides a quantification of the colloidal fraction for
this kind of extract, and the similarity between loss
of non-colloidal matter by dialysis and by incubation
with microorganisms, further supports the persistent
nature of the colloids.

The data strongly indicate two fractions of DOM
that are differentially available for bacterial decompo-
sition, i.e., a labile fraction, f;, composed of dissolved
molecules, and an essentially stable fraction, f,=1-f,,
corresponding to the colloidal fraction. This can be
integrated into a simple model with one exponentially
decaying and one recalcitrant fraction

22 = fet+ (1) (1)
0

where A(?) is the time dependence of either TOC or
the NMR integral, and k is the corresponding decay
rate. Based on the data in Fig. 3, we obtain for TOC
£,=50+6% and k=0.2+0.1 days™', and for the NMR
integral f,=56+4% and k=0.3+0.1 days™".

To summarize, the soil-extracted DOM of the
present study was a mixture of approximately 50%
molecular DOM and 50% colloidal DOM. We found
that the molecular fraction of DOM was readily
decomposed upon inoculation. After approximately
2 weeks, all dissolved molecules had been decom-
posed, as viewed by 'H NMR. The colloidal frac-
tion, on the other hand, was persistent. Essentially no
decomposition of this material was observed for up
to two months of incubation. This is a striking result,
in particular considering that the colloidal DOM
is dominated by carbohydrates (Andersson et al.
2023b). The results presented strongly support our
hypothesis that the decomposition kinetics of molecu-
lar and colloidal DOM differ. It is interesting to com-
pare our results with the recent findings of Gentile
et al. (2024), who investigated the decomposition of
a similar DOM by two specific fungi, the saprotrophic
fungus Gloeophyllum, and the ectomycorrhizal fun-
gus Paxillus involutus. Also with those decomposers,
it was observed that molecular DOM was relatively
rapidly decomposed, while the colloidal fraction was
significantly more stable, although with some differ-
ences between the two fungi.

Previous studies of loss of organic carbon from soil
solution in similar batch cultures show a large range

@ Springer
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Fig. 2 Scattering patterns

from the start and end time

of incubation. The solid 10"
line is a model calculation

representing mass fractal

particles, described in Text
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Fig. 3 Remaining fraction of TOC and total NMR intensity
(NMR,;,) (%), as a function of incubation time for inoculated
samples and controls. Data points represent mean values +one
standard deviation from triplicates where applicable. There
were no replicates in the short time NMR incubation study.
Lines represent fitted exponential decays according to Eq. 1

of microbial mineralization. The degradable fraction
of DOC leaching fresh litter has been estimated to be
between 33 and 95% (Don and Kalbitz 2005). DOM
in soils has been found to have a degradable fraction
ranging from just a few percent up to 65% (Liu et al.
2021). A review of batch culture assessments of DOC
degradability in aquatic environments (Sgndergaard
and Middelboe 1995), showed median labile frac-
tions in lakes, rivers, and marine waters of 12, 25, and
14%, respectively. The estimated degradable fraction
depends strongly on experimental conditions such

@ Springer

a(A™)

as length of incubation, temperature, and inorganic
nutrients (Marschner and Kalbitz 2003). Moreover,
the organic matter constitutes a range of compounds
of different degradability, resulting in a reactive con-
tinuum rather than discrete fractions that are either
degradable or refractory (Koehler et al. 2012).

It is well established that different fractions of
DOM may show widely different decomposition
kinetics. Several suggestions exist in the literature for
this difference, including intrinsic molecular prop-
erties (Kothawala et al. 2021), and extrinsic factors
such as molecular adsorption to mineral surfaces
(Schmidt et al. 2011). Only a minor amount of Fe was
detected in the DOM extracts studied here, ~1 mg/l
to be compared with TOC=100 mg/l (Table S1), as
the soil was sampled from the organic layer. The spe-
cific Fe species are unknown; however, X-ray absorp-
tion spectroscopy (XAS) of boreal soils and waters
has demonstrated that Fe can exist in various forms,
including Fe(hydr)oxides and Fe complexed with
organic material (Sundman et al. 2014). Two recent
studies have investigated the possible association of
DOM, from soil in the same area as sampled in this
study, with ferrihydrite (Gentile et al. 2018) and
hematite (Andersson et al. 2023b), respectively. The
experiments revealed that molecular DOM promoted
aggregation of the mineral particles, whereas no
interactions were observed between the mineral par-
ticles and colloidal DOM. Collectively, this suggests
that the colloidal fraction in the present study was not
protected from decomposition due to adsorption to
iron-oxide mineral particles.
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Previous studies of how aggregation of molecules
affects recalcitrance of DOM address a broad range
of environments but also reflect different size win-
dows. Larger aggregate sizes in inland waters have
been demonstrated to be more reactive than DOM
(Attermeyer et al. 2018), and coagulation of col-
loids on bubble surfaces in the ocean may enhance
microbial degradation (Kepkay and Johnson 1989;
Kepkay 1994). Moreover, DOM in marine and
fresh waters has been shown to increase in degra-
dability with increasing molecular weight within a
size spectrum reaching the lower end (=10 kDa, or
~1 nm radius) of the colloidal size spectrum studied
here (Tranvik 1990; Amon and Benner 1994, 1996).
We still lack consistent studies and a broader under-
standing of how aggregation and aggregate size
affect degradability, particularly in the colloidal size
range.

Conclusions

To conclude, our results support our hypothesis and
show that colloids play a major role in the persistence
of DOM, in a soil extract. It remains to be addressed
to what extent our finding applies to DOM in other
environments, including pelagic waters of lakes and
oceans, and with other decomposer types. How-
ever, our results suggest that the physical difference
between molecular and colloidal fractions could be
an important, but hitherto mostly overlooked, aspect
of the central question of what makes organic matter
either reactive or persistent in different environments
and across different time scales. This study further
highlights the potential of scattering methods and 'H
NMR for the investigation of the role of colloids in
the reactivity of organic matter.
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