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Department of Plant and Soil Sciences, University of Delaware, Newark, DE, United States

Mobile colloids, 1-1,000 nm particles, are ubiquitous in every ecosystem. They have
small size, large specific surface area, and high mobility in the subsurface, and thus can
regulate the fate and transport of sorbing constituents such as nutrients, contaminants,
and organic carbon (OC). The movement of colloids and colloidal OC (COC) through soils
is an important process in mass and energy transport (including carbon) both within and
between ecosystems, e.g., from terrestrial to aquatic ecosystems, and likely contribute
to the ecosystem- or global-scale carbon balance given their ubiquitous distribution and
unigue environmental functions. However, despite their importance for terrestrial and
aquatic carbon transport and balance, colloids, and COC have not been adequately
accounted for because of the current operational definition uses 0.45 uwm as the cutoff
size for colloids. In this study, we quantified and characterized loadings of colloids and
COC in agueous samples collected from agricultural, forestry, freshwater wetland, and
estuary ecosystems. Results reveal that, in all samples regardless of sampling sources,
the total colloidal loads were underestimated by >50% and considered as “dissolved”
solutes when the (cutoff size of 0.45 um) was used. Together with a large number of
data from the literature, our results further demonstrate that colloids are quantitatively
substantial, carbon-dense and that as much as 8-19% of operationally defined DOC
is in fact COC. Conservatively, this suggests that COC potentially accounts for 13.6
TgC year—! as a riverine flux and 530 + 25 TgC of global DOC pool in the ocean in
global carbon cycles. In addition, freshwater wetland was found to be a hotspot, which
released more colloids and COC compared to the other sampled ecosystems. These
findings clearly demonstrate the limitations of using the operational definition for colloids
and DOC and highlight the need for improving quantification and characterization of
size-dependent colloidal and OC loads. Such effort will allow direct fundamental research
into questions toward microbial access to “protected” carbon by minerals and more
accurate assessment of global carbon cycles.

Keywords: colloids, colloid size distribution, colloidal organic carbon, dissolved organic carbon, soil organic
matter continuum, carbon cycles, multiple ecosystems
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INTRODUCTION

Mobile colloids, i.e., particles with sizes between 1-1,000 nm
(Everett, 1972; Wilkinson et al., 2007), are heterogeneous and
complex mixtures of organic and inorganic entities in natural
ecosystems. They include nano-size macromolecules and micro-
size fragments of clay, metal oxides, and other solids. Mobile
colloids have attracted much research attention due to their
small size, large specific surface area, and the ability to facilitate
transport of nutrients and contaminants in the subsurface
environments (Vold and Vold, 1983; Mccarthy and Zachara,
1989; Kretzschmar et al,, 1999; Baalousha et al., 2011). The
movement of colloids and COC is an important process in mass
and energy transport both within and between ecosystems, e.g.,
from terrestrial to aquatic ecosystems, and likely contribute to the
ecosystem- or global-scale carbon balance given their ubiquitous
distribution and unique environmental functions. An emerging
view on soil organic matter (SOM) that favors a soil continuum
model (SCM), as opposed to the traditional humification model,
considers SOM as a continuum of progressively decomposing
organic compounds that actively form intimate associations with
soil minerals (Lehmann and Kleber, 2015). This further signifies
the importance of COC in the formation of SOM continuum in
the terrestrial ecosystems and its potential impacts on ecosystem-
or global-scale carbon cycles. However, while the behaviors
of colloids in some aquatic systems (e.g., ocean) have been
extensively studied, quantitative information of environmental
occurrence of colloids and colloid-associated constituents in
other ecosystems, especially those with sizes <0.45 jum, is scarce.
The scarcity is mainly due to the practice that uses 0.45-pm
filters to separate colloidal or particulate and dissolved phases
and thus operationally defines the “dissolved” phase as filtrates
<0.45 wm. This practice overestimates the dissolved pool while
underestimates colloidal loading (including any constituents
associated with the colloids). It prevents accurate differentiation
between colloidal and “dissolved” phases thus hinders our ability
to provide accurate assessment of the environmental functions
and fate and transport of colloids and colloid-associated-
constituents, such as OC.

The mobility and stability of OC in soils and aquatic systems
are closely related to the interactions with mobile colloids,
such as sorption on or coagulation with colloids (Philippe and
Schaumann, 2014). While coating of organic matter (OM) on
mineral colloids produces negatively charged surfaces and affects
colloid dispersion and OM/OC mobilization (Hu et al., 2010),
OM transformation and decomposition can also be affected
when associated with colloids (Amon and Benner, 1996; Hama
et al., 2004; Guo and Macdonald, 2006; Kleber et al., 2007;
Kang and Mitchell, 2013). Colloidal organic matter/carbon
(COM/COC) in riverine and marine samples has been found to
have higher bioavailability than dissolved organic matter/carbon
(DOM/DOC), based on previous incubation experiments (Hama
et al, 2004) and composition analyses, i.e., C/N ratios and
nitrogen contents (McKnight et al., 1997; Rostad et al., 1997; Guo
et al,, 2003), functional groups and spectroscopic characteristics
(Benner et al., 1992; Aluwihare et al, 1997, 2002; Repeta
et al., 2002) and isotopic analyses (Aluwihare et al., 2002; Guo
et al., 2003; Guo and Macdonald, 2006). These results indicate

that colloid-OC interactions may have profound significance in
carbon mobilization and stabilization. However, most previous
studies monitoring DOM/DOC in natural systems, especially
studies of inland aquatic or terrestrial systems, have in general
followed the same practice as characterizing colloids, which
operationally defines DOM/DOC as the fraction that passes
a 0.45-pm filter. Therefore, the role of mobile colloids has
not been considered and thus information on the quantitative
contribution of colloid-associated carbon to the mobile carbon
pool remains very limited. This may lead to inaccurate
assessment of the actual mobility, reactivity, and environmental
functions of OC in natural systems.

In addition, the ability of colloid-facilitated transport in
regulating carbon retention and mobilization in ecosystems
varies depending on changes in environmental conditions;
such changes include, but are not limited to, hydrological,
physicochemical, and biological perturbations. For example,
the environmental characteristics of SOM continuum, e.g.,
mobility and bioavailability of organic fragments, continuously
evolve with the variability and heterogeneity of surrounding
environmental conditions (Lehmann and Kleber, 2015). The
variabilities in colloid and COC concentrations ([COC]) and OC
content on colloids (%OC) could have significant influence on
carbon storage and stable carbon pool in different ecosystems,
terrestrial, riverine, and marine, because colloids’ role in possible
allocation or input of COC from surface to soils (Ahrens et al.,
2015), and from soils to inland water (Billett et al., 2004) and
marine systems (Ward et al., 2017). Therefore, to better assess
and predict colloids’ impact on carbon cycling across different
ecosystems, mobilization of colloids, and COC in multiple
environmental systems need to be quantified. Additionally,
understanding the dynamics of colloids and COC under different
environmental conditions could have strong implications in
ecosystem carbon models that consider vertical mixing and
convection/dispersion of OC (Koven et al., 2013; Dwivedi et al.,
2017).

This study focused on quantification of total colloidal
load (<1.0um) and COM/COC with samples collected from
representative environmental systems, including agricultural,
forest stream, freshwater wetland, to estuarine field sites. The
specific objectives were to (1) quantify colloidal loads and total
COC in different size fractions (10 kDa/0.1-0.45, 0.45-1.0 wm),
with a special emphasis on <0.45pum fraction (the fraction
currently being considered as part of the dissolved phase); (2)
quantitatively characterize the relationships between colloid and
COC concentrations and assess the variability in colloids’ ability
to bind OC; and (3) assess the contribution of COC to the
operationally defined DOC pool in the SOM continuum based on
results from this study along with a large number of data collected
from the literature.

MATERIALS AND METHODS

Sample Collection

Water samples were collected from an agricultural field, forest
streams, a freshwater wetland, and an estuary, representing varied
hydrological and physicochemical conditions. The locations and
detailed descriptions of the study sites are presented in Figure S1
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and Text S1 in Supplemental Material. Sampling at multiple wells
at the different locations referred above was performed from 2013
to 2015; a detailed schedule is summarized in Table S1. Stream
water samples (10-30 cm from the top) were collected directly
from estuarine tributary, ditches, and wells at the agricultural
field using either sampling buckets or a peristatic pump, while
stream water was automatically sampled using ISCO auto-
samplers when precipitation intensity was >2.54 mm per hour
at the forest streams. For the freshwater wetland, special well
installation and sampling techniques were designed for collecting
water samples under anaerobic conditions. Briefly, each well
annulus was filled with sand and sealed with polyurethane
to eliminate bentonite contamination. After purging for 3
well volumes, sampling was performed with a peristatic pump
(Geotech, Denver, CO) at ~100 mL/min, suggested by Ryan
and Gschwend (1990), to minimize suspending colloids from
surrounding soils. The water samples were collected in acid-
washed 250-mL serum bottles, flushed with argon gas, and sealed
with PTFE silicone septa to avoid oxidation. All samples were
kept at 4°C during transportation to the lab and size fractionation
was performed within 48 h of sample collection.

Colloid Fractionation and Quantification
Water samples with suspended particles were hand shaken
thoroughly and then sonicated for 5min to homogenize the
suspensions. Sonication was performed using a bath sonicator
(Branson 5510R-MT, Branson Ultrasonics Corp. CT; 160 W
output power, 40 kHz). The samples from the agricultural field,
estuary and wetland were siphoned out from the supernatant
after centrifugation (Thermo Scientific, MA) at 22,095g for
8min, 884g for 10min, 221g for 8min, respectively, to
fractionate out colloids of <0.1, <0.45, and <1.0pm size
fractions. Forest stream samples were prefiltered with 0.7 um
membrane filters, and then fractionated with centrifugation as
mentioned above. The 0.7 and 1.0 wm cutoff sizes were selected
to collect total or close-to-total colloidal pool below 1.0 um,
according to the IUPAC definition (Wilkinson et al., 2007). The
0.45 wm cutoff size was used to be consistent with the commonly
used and operationally defined size to distinguish between
colloidal and dissolved phases (Wilkinson et al., 2007). The
0.1 wm cutoff was selected to separate the nano-sized particles
from the rest of the colloidal materials. Centrifugation speed and
time duration were determined based on the Stokes’ Law with
an assumption of particle density of 2.65 g/cm> (Gimbert et al.,
2005). Although fractioned samples may include particles that are
outside the target size range due to the heterogeneity in particle
density, such as changes in density because of the changes in
carbon loadings, we assumed that this impact was negligible. It
should be also noted that the different methods used for colloid
fractionation (i.e., filtration vs. centrifugation) could also lead
to variations in the results, which was not accounted for in this
study.

Colloid concentrations in most samples were determined by
measuring turbidity in each size fractions and converting it to
colloid mass concentration with predetermined colloid-turbidity
relationships (Yan et al., 2017), while in the rest of the samples
were determined gravimetrically. To determine the <0.1 pum

nano-size COC in samples from the estuary site, following
centrifugation, 15-mL of <0.1 pm aliquots were removed and
subjected to ultrafiltration (10 kDa) at 53 psi with Amicon stir
cell (EMD Millipore, NJ).

Chemical Analyses

Sample pH and electrical conductivity (EC) were measured
with corresponding probes (Fisher Scientific, Hampton, NH)
in the lab; measurements for wetland samples were performed
in a glovebox and were done in the ambient air for samples
from the other sites. Suspension OC concentration in each
size fraction (<10 kDa, 0.1, 0.45, 0.7, and 1.0um) after
fractionation was measured using a catalyst-facilitated high
temperature combustion following acidifying the samples with
phosphoric acid (Teledyne Tekmar, OH) The [COC] in 0.45-
1.0, 0.45-0.7, 0.1-0.45 wm size fraction were calculated from
the difference between <0.1, 0.45, 0.7, and 1.0 um fractions.
The OC content on colloid (%OC) of different size fractions
was calculated by dividing the OC concentration by colloid
concentration. It should be noted that part of the samples was
not analyzed for OC measurement as shown in Table S1 because
of low sample volume or low colloid and OC concentrations.
Additionally, among samples measured for OC, some samples
were contaminated during sample preparation and measurement
for OC analyses, and thus these results were not presented.

Data and Statistical Analyses

Sample mean and standard deviation were calculated for
each of the measured parameters, i.e., colloid concentration,
OC concentration, %OC and the ratio of OC in <10
kDa/0.1 pm and < 0.2-0.45 pum size fractions. Statistical analysis
was performed for log-transformed results by Welch’s one-
way analysis of variance (Welchs ANOVA) combined with
Games-Howell analysis to test their significance of differences
(p < 0.05) among the different sampling sites as well as
different size fractions by using R Version 3.42 with package
of “userfriendlyscience” (Peters, 2017; R core team, 2017). The
frequency distribution of log-transformed results of colloid
and COC conc. and fitted normal distribution curves are
presented in Figures S2, S3. Pearson’s correlation coefficients
between solution pH, EC, and OC and colloid concentration
in different size fractions were provided. To examine the
relationships between OC concentration and colloid mass
concentration, linear regressions between OC and colloid mass
concentration were obtained using the Origin (OriginLab,
Northampton, MA).

RESULTS AND DISCUSSION

Colloid and COC Concentration

Colloid concentrations in 0.1-0.45 and 0.45-0.7/1.0 jum fractions
in the samples from different environmental systems were
measured; <0.1 um fraction was assumed as the dissolved
phase in this study. Colloid concentrations from the different
ecosystems are summarized and shown in Figure 1A. While
the absolute colloid concentrations differ significantly with
environmental conditions or systems, the amounts of colloids
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in the <0.45um fraction are relatively low but not negligible
in samples from all the sampling sites and are comparable
to those in 0.45-0.7/1.0 um fraction. Specifically, Figure 1A
and Table1 show that colloid concentrations range from 0
to 20mg L' in most samples but can be as high as 250 mg
L7! in some samples. The average concentrations of 0.1-
0.45pm and 0.45-0.7/1.0 pum colloids from all sampling sites,
6.26 + 16.75mg L~! and 4.61 + 19.55mg L~!, respectively,
are comparable, although statistically more colloids were
observed in size of 0.1-0.45pm. When compared within
each sampling site, no statistically significant difference in
colloid concentration was observed between 0.1-0.45 and
0.45-0.7/1.0 pm size fractions for most sampling sites, except
for the samples from the estuary site where the colloid
concentration was statistically higher in 0.1-0.45 m size fraction
(Figure 1A and Table 1). This means that ~50% (and in some
cases more) of the total colloidal loads would have been
considered as “dissolved” if the current operational practice were
used.

OC concentrations in size fractions of <10 kDa, 0.1, 0.45,
0.7, and 1.0 wm were measured to examine the size distribution
of OC and to evaluate the contribution of DOC and different

size COC to the total mobile OC pool in samples from the
different sites. Similar to colloid concentrations, we define
dissolved, colloidal, and total mobile OC as DOCy; <10 kDa
or 0.1 um, COC in 0.1-0.7/1.0 um, and TOC <0.7/1.0 pm,
respectively. The quantitative contribution of COC to the TOC
pool was found to be significant in all samples. Figure 1B
shows that, across all sampling sites, COC generally accounted
for ~10-20% of the TOC pool, whereas DOCy; consistently
dominated, contributing 82-87% to the TOC pool (with 95%
certainty). This indicates most of the organic molecules tends
to partition into the dissolved phase, while a small portion
of them forms intimate associations with mineral colloids.
However, despite the relatively small percentage of COC
compared to DOCy ;, the absolute concentrations of COC can
be substantial, e.g., ~15 mgC/L in samples collected from the
wetland and agricultural field. Similar to the distribution of
colloid concentrations in different size fractions, Figure 1C and
Table 2 show that the average [COC] in 0.1-0.45pum fraction
is similar to the concentration in 0.45-0.7/1.0 um fraction
(no statistically significant difference, Table 2). Although the
COC pool may be smaller than DOCp; pool, these results
demonstrate that the role of <0.45um colloids in carbon
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TABLE 1 | Colloid concentrations in 0.1-0.45, 0.45-0.7/1.0, and 0.1-0.7/1.0 wm size fractions in samples from different sites.

Samples Sample Colloid Conc. (mg L~1)
number

0.1-0.45 um 0.45-0.7/1.0 pm 0.1-0.7/1.0 pm
Agricultural field 9 27.65&1*(A)'r + 54,99 35.49a(A) + 82.56 63.14ab(A) £+ 137.29
Estuary 65 3.60a(B) + 5.43 1.73b(C) £ 4.06 5.33b(A) £ 9.03
Forest streams 86 0.76b(B) + 0.97 0.87b(B) + 0.66 1.63c(A) £ 1.29
Wetland 31 20.89a(AB) + 21.09 12.07a(BC) + 12.79 32.95a(A) + 33.74
All 191 6.26(B) + 16.75 4.61(C) +£19.55 10.87(A) £ 35.49

*Lower-case letter (i.e., a, b, ...) indicates Games-Howell test results comparing colloid concentrations of samples from different sampling sites at a given size fraction (P < 0.05), e.g.,

0.1-0.45 pum colloid conc. in agricultural field, estuary, forest streams and wetland.

TUpper—case letter (i.e., A, B, ...) indicates Games-Howell test results comparing colloid concentrations of samples at different size fractions at a given sampling site (P < 0.05), e.g.,
colloid concentrations of 0.1-0.45, 0.45-0.7/1.0, and 0.1-0.7/1.0 um colloids in agricultural field.

TABLE 2 | COC concentration in 0.1-0.45, 0.45-0.7/1.0, and 0.1-0.7/1.0 um
size fractions from different sites.

Samples  Sample COC conc.inmg C L1
number

0.1-045um  0.45-0.7/1.0pm 0.1-0.7/1.0 pm
Estuary 1012 0.45bcA)T £ 0.41 0.35b(A) £ 0.36 0.76b(A) + 0.55
Forest 917  0.91ab(AB) £ 0.67 0.49b(BC) £ 0.46 1.44a(A) + 0.57
streams
Wetland 20 2.38a(A) £2.02  2.32a(A) £ 2.49 4.69a(A) + 3.87
Al 30-49  1.47(AB)+1.68 1.37(BC)+£2.01 2.64(A) + 3.06

*Lower-case letter (i.e., a, b, ...) indicates Games-Howell test results comparing COC
concentrations of samples from different sampling sites at a given size fraction (P < 0.05),
e.g., 0.1-0.45 um COC conc. in agricultural field, estuary, forest streams and wetland.

Upper-case letter (i.e., A, B, ...) indicates Games-Howell test results comparing COC
concentrations of samples at different size fractions at a given sampling site (P < 0.05),
e.g., COC concentrations of 0.1-0.45, 0.45-0.7/1.0, and 0.1-0.7/1.0 um colloids in
estuary.

retention and transport could be as significant as their larger size
counterparts, and thus COC in <0.45pum fractions should be
quantified.

Colloid concentrations in both 0.1-0.45 and 0.45-0.7/1.0 um
fractions vary significantly with sampling sites and related
environmental conditions (Figure 1A). For the different
systems/sites, total colloid concentration (0.1-0.7/1.0 um)
follows the order (high to low): agricultural field or wetland
(63.14 £ 137.29 mg L™! and 32.95 + 33.74mg L™!) > estuary
(5.33 £ 9.03mg L™1) > forest streams (1.63 + 1.29 mg L
(p < 0.05, Table1). This suggests that agricultural practices
may enhance colloid release and mobilization, a result also
observed in previous studies in other regions (de Jonge et al.,
2004; Vendelboe et al., 2012). Higher colloid concentrations in
the wetland samples were also observed, which could be induced
by surface charge repulsion between charged colloids and soil
grain surfaces after iron dissolution during prolonged periods
of water saturation and inundation (Ryan and Gschwend, 1990;
Chin W. C. et al,, 1998; Thompson et al., 2006; De-Campos et al.,
2009; Yan et al., 2016). This is reflected by the positive correlation

between pH and colloid concentrations as proton consumption
in reducing environment (p < 0.05, Table 3). Compared to those
from the agricultural field and wetland site, samples of the forest
stream and estuary site have much lower colloid concentrations,
which could be due to dilution effect in those systems. Increase
in EC could also decrease colloid concentration by suppressing
the electrical double layer of the colloids thus increase their
aggregation according to the DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory (Verwey et al., 1947; Derjaguin and
Landau, 1993). This is indicated by the negative correlations
between EC and colloid concentration in the agricultural field
and estuary samples (p < 0.05 for most size fractions except 0.1-
0.45/0.7 colloids for samples of estuary, Table 3). In the wetland
samples, however, iron-reduction-promoted colloid release may
have dominated colloid aggregation induced by EC increase,
which is supported by the positive correlations found between
EC and pH and EC and ferrous iron concentration (Yan et al,,
unpublished) with the correlation coefficient, r, of 0.72 and 0.44,
respectively. Additionally, shifting in pH may have complicated
the dynamics of colloid stability as well. Colloid dispersion is
expected with increasing pH due to the increase in negative
surface charge of colloids, which promotes repulsion between
colloid-colloid or colloid-soil grains. This effect can be especially
significant in the wetland samples in which mineral colloids
with variable surface charges, e.g., iron-oxyhydroxides, are more
abundant. This is evidenced by the positive correlations between
pH and colloid concentration in the samples from agricultural
field, estuary, and wetland, although statistically significant
correlations were only observed for the wetland samples
(p < 0.05, Table 3). Other factors, for example, variations in soil
texture and mineralogy among the sampling sites, which were not
considered in the current analysis, could have also contributed
to the observed differences. Nevertheless, these results seem to
imply that variability in total colloidal load largely depends on
environmental conditions, and systems such as agricultural field
and freshwater wetland could serve as the hot spots of colloid
release.

Similar to colloid concentrations, [COC] changes significantly
with changing environmental conditions as well (Figure 1C).
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TABLE 3 | Pearson’s correlation coefficient between pH, EC and colloid and OC concentration among different size fractions.

Pearson’s r pH

Colloid concentration in mg L=1 coCinmgcC L1
Size fraction (um) 0.1-0.45 0.45-0.7/1.0 0.1-0.7/1.0 0.1-0.45 0.45-0.7/1.0 0.1-0.7/1.0
Agricultural field 0.57 0.54 0.56 n.a. n.a. n.a.
Estuary 0.53 -0.28 0.33 —0.01 0.71 0.91*
Wetland 0.54* 0.50* 0.52* -0.35 —0.40 -0.44
Pearson’s r Electrical Conductivity in in ©S cm~1

Colloid concentration in mg L~1 coCinmgcCL™1
Size fraction (m) 0.1-0.45 0.45-0.7/1.0 0.1-0.7/1.0 0.1-0.45 0.45-0.7/1.0 0.1-0.7/1.0
Agricultural field -0.76* —0.69* —-0.73* n.a. n.a. n.a.
Estuary —0.84* -0.18 -0.77* -0.04 -0.75 —0.71
Wetland 0.26 0.20 0.24 —0.05 —0.00 —-0.038

*P < 0.05; n.a.: not analyzed.

Among the different sampling sites, the average [COC] in
0.1-0.7/1.0 um fraction follows the order: wetland > forest
streams > estuary. Consistently, comparable or higher [COC]
were observed in the wetland samples than in the samples from
the other sites (p < 0.05, Figure 1C, Table 2), indicating that
COC release and transport are important processes in systems
under dynamic redox conditions, which has been reported
in previous studies (Ryan and Gschwend, 1990; Chin Y. P.
et al., 1998; Thompson et al., 2006; Yan et al., 2016), and is
likely caused by the release of colloidal organic matter from
soil aggregates when solution chemistry changes during iron
reduction. However, the mechanisms of COC release seemed
to be more complex, as indicated by the negative correlations
between pH and COC, for reasons not yet clear. One possible
explanation could be variations in soil texture and mineralogy,
which deserves to be investigated in the future research.
In contrast to the wetland samples, [COC] in the estuarine
samples decreased with increasing salinity as indicated by its
slightly negative correlation with EC (Table 3). While selective
mineralization and oxidation of COC may occur, it is also
perceivable that COC formed either homo- or hetero- aggregates
and settled out of the solution phase during their transport
from inland upstream to offshore downstream where salinity is
significantly higher (Sholkovitz, 1976; Sholkovitz et al., 1978). In
addition, increase in pH may have promoted COC dispersion
in the estuary due to surface charge repulsion as mentioned
above, although erosion could also contribute to the results,
given the observations of higher pH in the upper streams,
e.g., ES-L (Supplemental data set), where higher erosion was
expected due to more intense agricultural activities. These
results suggest involvement of different factors and pathways
that control COC release and transport in different systems.
In general, consistent with results of colloid concentrations,
field sites under reducing conditions, i.e., the wetland in this
study, can be considered a hot spot of COC release and
mobilization.

Correlation Between Organic Carbon and
Colloids

Figure 2 shows results of linear regression analyses between
[COC] and colloid concentration in different size fractions
performed for samples combined from estuary, wetland, and
forest stream sampling sites. Positive correlations are observed
for all size fractions, although correlation coeflicients, r, are
relatively low and large variations in the correlations are observed
(Figure 2; blue lines). This suggests that at least some released
COC are in the form of mineral-OC complexes and are subject
to the same influences as other types of colloids regardless of
their sizes. The variations could be due to the heterogeneity
in colloid composition having different affinity for OC, giving
rise to different OC loading on colloids. Alternatively, colloids
generated from different sources, e.g., mixtures of terrestrial
and marine sources in estuary site, can also increase variability.
For example, colloids collected from a clay layer in freshwater
wetland (empty circles in red, Figure 2; supplemental data set)
are primarily composed of mineral colloids and thus have
much lower OC loadings compared to other samples. Indeed,
by removing these “special” samples or outliers, the positive
correlation between colloid concentration and [COC] improved
significantly (Figure 2; red lines).

The changes in size-dependent OC contents on colloids
were examined by calculating OC contents on colloids (%OC),
respectively, for size fractions of 0.1-0.45, 0.45-0.7/1.0, and 0.1-
0.7/1.0 wm. Figure 1D shows that %OC values varied in all
size fractions, ranging from 0 to 70% with a median value of
~20% for results between the lower and upper boundaries of
the boxes, i.e., 25 and 75% percentiles. These results show that
%OC on colloids are comparable to that of humic substances,
i.e,, ~35-76% carbon content (Nissenbaum and Kaplan, 1972;
Rice and MacCarthy, 1991), while colloids are more carbon-
dense than particulates, presumably because (1) they have
larger specific surface area thus greater sorption capacity and
(2) they form from detachment/transformation of particulate
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lines) and with removing (red lines) the outliers (red circles).

OM or from sorption of or coagulation with branched high
molecular weight OM (Guo and Santschi, 1997). In fact,
Schulten and Leinweber (2000) have confirmed that OC and
total nitrogen content increase exponentially with decreasing

particle size from soils with different clay and silt contents.
Furthermore, the %OC on 0.1-1.0 um colloids observed in
this study are much higher than that on > 1.0 um particulate
matter reported in previous studies (Bergamaschi et al., 1997;
Rostad et al., 1997; Dhillon and Inamdar, 2014). In particular,
samples from the same forest streams were found to have
much lower %OC on >0.45pm particulate matters, i.e., 0.3-
8.9% (Dhillon and Inamdar, 2014). In addition, Bergamaschi
et al. (1997) found %OC of 2-500 um sediment particles from
the Peru Margin ranged from 1.5 to 9.8%, and Rostad et al.
(1997) reported %OC on > 3.6pum suspended particles in
Mississippi River and its tributaries were 1.26-16.8%. These
results suggest that %OC likely changes with sampling locations
due to the differences in the sources of organic compounds in
Bergamaschi et al. (1997) and Rostad et al. (1997), compared
to this study. Therefore, a consistent difference in %OC
across SOM continuum could occur, and more systematical
sampling and analyses of %OC in the SOM continuum are
needed.

Increase in carbon loading suggests changes in OM stability
(Gu et al., 1994; Feng et al., 2014). According to the zonal model
(Kleber et al., 2015), as carbon content or loading increase,
weak organic-organic interactions become more dominant than
strong organo-mineral interactions. Accordingly, the greater
carbon loading could decrease the stability of the OC sorbed
on 0.1-1.0 pm colloids, compare to >1.0 um particulate matter.
These results suggest that COC associated with different size
colloids is likely to have different mineralization rates and
stability (Guo and Santschi, 2007; Benner and Amon, 2015).
Studies on bioavailability of COM from riverine and marine
ecosystems through direct incubation experiments and indirect
measurements of C/N ratios, functional groups and isotopic
compositions have been conducted. Reported values of the
C/N ratio of COM are in the range 10-50 with variations
likely due to different sampling sources (i.e., fresh vs. marine
water). In general, COM tends to be enriched in nitrogen, and
thus serves as an important source for nitrogen mineralization
and assimilation (McKnight et al, 1997; Rostad et al., 1997;
Guo et al, 2003). Solid-state 'H or 3C NMR analysis of
both fresh water and marine water samples have also shown
that large percentages of the COM analyzed are composed
of carbohydrates (Benner et al., 1992; Repeta et al, 2002),
oligosaccharides and polysaccharides (Aluwihare et al., 1997,
2002), which are commonly considered as labile or metabolizable
fractions. Additionally, the young “C age of COM suggests a
high reactivity or fast turnover rate of COM compared to DOM
(Aluwihare et al., 2002; Guo et al., 2003; Guo and Macdonald,
2006). In addition to these indirect evidences, Hama et al.
(2004) conducted an incubation experiment on algal-derived
DOM and directly showed that the turnover time was shorter
for COM than DOM. Although the information of biological
reactivity or bioavailability of COC from terrestrial ecosystems
is limited, our results, along with the observations reported
in the literature, suggest that the reactive or bioavailable COC
pool in the SOM continuum can be significantly underestimated
as a result of treating COM in <0.45um fractions as
dissolved.
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TABLE 4 | The ratios of DOC1okpa/0.1 to DOCq.22,0.45 from this study and literature.

Samples Sample Lower/Upper Site description DOC10 kpaso.1 DOCy.22/0.45 Mg Ratio of
number  cutoff size mg C L~ cL! DOC1¢ kpaso.1 to
DOCo.22/0.45 %
Estuary 14 10 kDa/0.45 pm Chesapeake Bay, MD 7.61 £ 3.44 9.13 + 4.28 84.47 +£11.82
Wetland 20 0.1/0.45um Wetlands, DE 31.74 £ 25.12 34.11 £+ 26.52 93.20 £+ 4.75
Forest streams 10 0.1/0.45um Forest streams, MD 6.99 + 3.21 7.90 + 3.52 88.71 £ 7.09
Hoffmann et al., 2007 4 10 kDa/0.4 um Rivers, Wl and Ml 326.50 + 104.27 463.75 £ 107.09 71.05 £ 17.97
Pourret et al., 2007 4 10 kDa/0.2 um Groundwater, central 9.96 + 4.97 12.48 £ 5.57 78.13 + 5.20
Brittany, France
Pokrovsky et al., 2006 7 10 kDa/0.22 pm River, central Siberia, Russia ~ 16.21 + 4.86 18.06 + 5.41 90.09 + 7.16
Ogawa and Ogura, 1992 2 10 kDa/0.45 pm Pacific ocean, Honshu, 75.40 + 11.03 78.90 + 12.16 95.65 + 0.78
Japan
Moran and Moore, 1989 iR 10 kDa/0.45 pm Sea water, Nova Scotia, 53.32 + 10.35 62.62 £+ 9.59 856.12 £ 9.79
Canada
Martin et al., 1995 9 10 kDa/0.4 um Venice Lagoon, Italy 165.28 + 52.28  198.74 + 54.65 82.32 + 5.20
Kepkay et al., 1993 11 10 kDa/0.4 pm Bedford Basin, Nova Scotia, ~ 83.03 + 12.71 107.87 + 23.84 78.47 +9.82
Canada
Kepkay et al., 1997 12 10 kDa/0.2 um Bedford Basin, Nova Scotia,  66.32 + 11.58 70.67 £ 13.18 94.12 + 4.63
Canada
Guo et al., 1994 5 10 kDa/0.2 pm Gulf of Mexico and Mid 85.26 + 29.36 96.60 + 34.29 88.68 + 2.06
Atlantic Bay
Guo et al., 1995 12 10 kDa/0.2 um Chesapeake Bay and 105.78 + 107.58 114.83 + 122.26 93.79 + 2.93
Galveston Bay
Guo and Santschi, 1997 14 10 kDa/0.2 pm Gulf of Mexico 230.51 £ 121.67 253.21 £ 129.73 90.36 + 3.13
Dai et al., 1995 11 10 kDa/0.4 um Rhone Delta, Switzerland 97.36 + 16.08 11.89 £ 22.52 82.52 + 6.46
Wen et al., 1997 2 10 kDa/0.45 pum Rivers, TX 2.30 £ 0.14 3.35 £ 0.35 68.85 + 3.04
7 10 kDa/0.4 um Gulf of Mexico 2.04 + 0.65 274 +1.12 77.12 £ 11.04
All results 153 10 kDa/0.2 to 0.45 um 7.21 + 13.67 8.06 + 14.59 86.72 + 9.60
Relationship Between COC and o
Operationally-Defined DOC ' ' ' ' '
To extensively evaluate the contribution of COC to . |
operationally-defined DOC, the ratios of DOCy; (<10 kDa % ° & 09 oo o
or 0.lpm) to DOCpys (<0.2-0.45pum) were calculated oD @ i
for samples from this study and from data reported in the © ©
literature that include measurements of samples from numerous o
rivers, estuaries and marine sites across the globe. The OC & oo i
concentration averaged for all the samples is 8.1 + 14.6 mgC/L, Q o
and the DOCy; to DOCy 45 ratio is 86.7 £ 9.6% (Figure S4, 5 407 )
Table 4). These results indicate that over 80% of OC in DOCy 45 -.%
is dissolved whereas 12-15% of DOC 45 is COC, based on the x 204 T
classification definitions used in this study. The DOCg ;/DOCy 45
ratios are relatively constant, compared to the large variations in 0 — T 1T T T T
. . . . 0 20 40 60 80 100 120
OC concentrations, as reflected by their variance coeflicient, 0.11 DOC. . (mgCiL)
and 1.81, respectively. This observation seems to suggest that 04
the DOCo.1/DOCoys ratio is largely independent of variations FIGURE 3 | Relationship of ratio of DOCy 1 to DOCq 45 with DOCg 45 of
in OC concentrations in the many samples analyzed (Figure 3, samples from this study and literature. ' ’

Table 4).

Additionally, the linear relationship between DOC;p, and
DOCy 45 (<10 kDa and <0.4/0.45 pm OC) shows that majority
of the data fall on the same regression line with a slope of 0.81
and a high R? value of 0.96 (Figure 4). This seems to indicate the
existence of a constant distribution between DOC;gip, (~80%)
and COC (~20%) regardless of sampling source and location.

The “universal” nature of this observation suggests the possibility
of predicting [COC] from DOCg45 concentrations. In other
words, [COC] may be estimated using this relationship from data
measured based on the current practice that uses the operational
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definition of 0.45um without additional fractionation and
measurement effort.

Because the results presented in Table 4 are from different
studies that used different cut-off sizes for colloid definition,
additional regression analyses were performed using <10
kDa OC as DOC;okp, and <0.2/0.22 wm or the combination
of < 0.2/0.22 and 0.4/0.45 pm OC, respectively, as DOCy 22 and
DOC0_45. The DOC]()kDa/DOCO_zz and DoclokDa/DOC0_45 ratios
are 0.88 for samples using <0.2/0.22 wm OC, and 0.92 using the
combination of <0.2/0.22 and 0.4/0.45 wm OC, respectively, as
the cut-off size for OC (R? value are 0.97 and 0.96; Figure S5).
Results in Figures 4 and Figure S5 collectively indicate that there
is at least 8% but can be up to 12-19% of COC that has been
regarded as DOC when using the operationally defined cut-off
size of either 0.2/0.22 or 0.4/0.45 pm. This finding is comparable
to Benner and Amon’s estimation that ~77% of total OC in
the oceans are low molecular weight OC (Benner and Amon,
2015). The slightly smaller contribution of COC to DOCy 45,
compared to Benner and Amon (2015), could be either due to
the difference in cut-off sizes (1 kDa-100 nm as COC in Benner
and Amon’s), or inclusion of samples added from terrestrial and
riverine ecosystems in this study.

More interestingly, the seemingly “constant (~10%)”
contribution of COC in DOC fraction of < 0.2 or 0.45pum
suggests that some of the organic colloids in our samples may
be formed from a reversible assembly/dispersion equilibrium
between COC and smaller-sized DOC, e.g., DOCygp, and
DOCy;. This mechanism is supported by Chin W. C. et al.
(1998) and Verdugo et al. (2004), who reported ~10% of DOC
in surface sea water spontaneously assemble into colloidal gels.
However, biological and chemical transformation of COC from
>1.0um particulate OC (POC) and <0.1 wm smaller-sized
DOC, ie., microbial degradation and synthesis, may also
contribute to the formation of COC, as suggested by Benner
and Amon (2015). Furthermore, compared to marine systems

in previous studies (Chin Y. P. et al., 1998; Verdugo et al., 2004;
Benner and Amon, 2015), more diverse terrestrial sources and
interactions between substances and porous structures, such as
soil and sediment, may also complicate the mechanisms. This
suggests that COC partition from POC and DOC is under a
complex equilibrium between colloid generation and source
mixing in natural environments. In terms of SOM continuum,
COC serves as important transition zone between POC and DOC
pool and facilitates the exchange of essential resources between
these pools. Therefore, to better understand the mechanisms
of COC formation and its dynamic interactions with POC and
DOC in ecosystem- or global-scale, more systematic studies
focusing on COC in terrestrial systems should be performed.

Implications and Environmental
Significance

These findings demonstrate that, for studies aiming at
quantifying “truly” dissolved materials, interpretation of
results based on measurements using the operational definition
for colloids and DOM can be misleading. A possible and critical
consequence of treating colloidal substances as dissolved is to
interpret, erroneously, changes due to physical interactions of
colloids, e.g., aggregation, disaggregation and settlement, as
chemical or biological reactions. Furthermore, according to
the “pulse-shunt” model proposed by Raymond et al. (2016),
the input of substances from terrestrial to downstream aquatic
systems is largely controlled by residence time, storage, and
decomposition kinetics of the substances in the environments,
which are different depending on whether the substances are
colloidal or dissolved. In addition, the mobility of colloids can be
higher than dissolved solutes due to size and charge exclusion
(Jin and Flury, 2002), which is further promoted by preferential
flow in soils where larger pores are usually observed. Therefore,
accurate quantification of colloidal and dissolved phases will
ultimately lead to more accurate assessment of the biological
functions and environmental fate and transport of not only
COC but also nutrients, trace elements, and contaminants.
Additionally, our findings have implications for studies focusing
on sampling dissolved constituents, such as soil pore water
collected by rhizon samplers. The rhizon samplers with smaller
pore size, i.e., 0.15m, are preferred to minimize the colloidal
fractions in the “dissolved” phase.

Our findings fill the gap in the quantification of <0.45um
COC and provide the basis for considering COC as a
separate phase in carbon cycling and assessment of carbon
budget in different natural environments, as COC is likely to
behave differently from DOC and POC in these systems (Guo
and Santschi, 2007; Benner and Amon, 2015). For example,
COM/COC have been shown to have higher bioavailability and
biodegradability, as discussed in Correlation Between Organic
Carbon and Colloids. More importantly, these results could
benefit the development of SOM continuum models by providing
quantitative characteristics of size distribution of OC in the
continuum of SOM and DOM. The seemingly “constant”
contribution of COC in DOC <0.2 or 0.45pm following the
current conventional practice provides us a “tool” for estimating
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the underestimated COC pool in global carbon cycles. According
to studies that quantify global DOC flux (Bauer and Bianchi,
2011; Bauer et al., 2013), riverine DOC flux to the ocean ranges
from 0.17 to 0.4 PgC year~! and the total DOC pool in the
world’s ocean is 662 £ 32 PgC (Hansell et al., 2009). Following
our estimation that COC accounts for 8-19% of DOC pool, the
amount of COC would be 13.6-32 TgC year™! as a riverine flux
and 530 £ 25-1258 + 61 TgC of global DOC pool in the ocean.
These numbers would be even larger if 1 kDa were used as the
cut-off size for truly dissolved phase (Guo and Santschi, 2007).
The significant, but unquantified amount of COC could represent
a substantial and dynamic pool of biodegradable OC and thus
contribute to carbon emission via mineralization and microbial
respiration (Amon and Benner, 1996; Hama et al., 2004).

This study shows that COC could be a significant component
in the global carbon pool with different fate and behavior
from POC and DOC, and thus its contribution cannot be
neglected and should be considered separately in models of
carbon balance estimation. Such modification could potentially
improve the accuracy of parameterization, e.g., advection velocity
and diffusivity, in ecosystem carbon models that consider vertical
mixing and advection/dispersion of OC (Koven et al., 2013;
Dwivedi et al., 2017). In addition, it could improve mechanistic
understanding of carbon storage in deep soil layers and aquatic
continuum, as presented in several articles (e.g., Billett et al., 2004;
Ahrensetal.,, 2015; Ward et al., 2017; Hicks Pries et al., 2018). Our
findings further signify the importance in taking into account the
impact of colloid-OC interactions on carbon cycles in systems
that are subjected to variations in environmental conditions, such
as redox status. The fate of colloids and COC can be sensitive to
the physicochemical changes of the environments, as indicated
by the higher colloid and COC concentrations in the freshwater
wetland compared to the other sampling sites. Identification of
such “hot spots” where could improve estimation of mobile and
bioavailable carbon flux to the subsurface soil and downstream
ecosystems. As climate change and anthropogenic perturbations
intensify, the contribution of COC to the global carbon pool
could be more pronounced in regions undergoing significant
environmental changes, including intermittent anoxia in upland
soils due to intensified precipitation, severe and frequent flooding
due to deforestation, and coastal inundation undergoing sea
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