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Relative importance of organic- and iron-based colloids in six
Nova Scotian lakes
Lindsay E. Anderson1,2, Benjamin F. Trueman 1,2✉, Dewey W. Dunnington1,2 and Graham A. Gagnon1

Dissolved organic matter (DOM) concentrations have been increasing in parts of the northern hemisphere for several decades. This
process—brownification—often accompanies increasing iron and aluminum, but the metal–DOM interactions these concurrent
trends imply are poorly described. Here we used field-flow fractionation with UV and ICP-MS detection to measure the size
distribution of colloidal iron, aluminum, manganese, copper, uranium, and chromophoric DOM in six lakes over six months. Five of
these lakes have browned to some degree in the past three decades, with linear increases in organic carbon and color ranging from
0.01 to 0.13mg C L−1 yr−1 and 0.13–1.94 PtCo yr−1. Browning trends were more pronounced and colloids more abundant in lakes
with wetlands in their catchments. Iron and aluminum were present in two primary fractions, sized nominally at 1 and 1000 kDa.
The 1 kDa fraction included the primary DOM signal, while the 1000 kDa fraction absorbed minimally at 254 nm and likely
represents iron-rich (oxyhydr)oxides. Colloidal manganese was sized at 1000+ kDa, whereas colloidal copper and uranium occurred
primarily at 1 kDa. These associations fit with a pattern of increasing DOC, iron, aluminum, and color in the region’s lakes. They
represent a significant challenge for drinking water treatment systems, especially those in remote communities. Given that
browning trends are expected to continue, monitoring plans would better inform treatment process design and operation by
characterizing DOM and iron-rich, primarily inorganic colloids that contribute to adverse water quality outcomes.
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INTRODUCTION
Dissolved organic carbon (DOC) concentrations have been
increasing in many lakes across Scandinavia, the UK, and north-
eastern North America for several decades. Some European lakes
have seen increases of up to 0.15mg C L−1 yr−1. A concurrent
increase in water color—brownification—is common1,2 and both
are attributed to climate change3–5, declining atmospheric acid
deposition, and land use change2,5–7. Browning lakes often exhibit
increasing iron8–10 and aluminum concentrations11,12.
Brownification has important implications for the provision of

safe drinking water. Increasing water color usually implies greater
concentrations of humic and fulvic acids13–15, which bind metals
and stabilize iron, aluminum, and other metal (oxyhydr)oxides16–19.
Dissolved organic matter (DOM) and metal oxide colloids contribute
to the mobility of lead and other toxic metals, representing a
potential risk to human health if they are not removed during
treatment. Moreover, the aromatic carbon associated with water
color is particularly reactive with chlorine, yielding large quantities
of toxic disinfection byproducts20–22.
As DOC concentrations increase, so do the chemical inputs

required to maintain drinking water quality. Some treatment
facilities are challenged with aging infrastructure that was designed
to treat acidified surface waters with low color23. Those serving
small, remote communities—including First Nation and Indigenous
communities—may have particular difficulties in this regard24–28.
Conventionally, particulate and dissolved analyte fractions are

separated by filtration at 0.45 µm. Colloids—dispersed particles
1–1000 nm in at least one dimension29—have not often been
considered a unique size fraction. Colloids have been measured in
the past by ultrafiltration30, size-exclusion chromatography31, and
field-flow fractionation (FFF)32. Flow FFF, a subtype, separates
colloids based on hydrodynamic diameter. Separation is typically

paired with online detection by UV/visible light absorbance, light
scattering, or mass spectrometry33,34. Field-flow fractionation has
been used to characterize colloid interactions with trace elements
in surface waters34–36, demonstrating that DOM and iron-based
colloids are major metal carriers.
Here, we investigate the relationship between DOM and metal

colloids in six lakes representing a range of DOC levels
characteristic of Nova Scotia, a region whose surface waters are
browning significantly23,37,38. We determined elemental composi-
tion as a function of size using flow FFF with UV absorbance and
ICP-MS detection. We supplemented these data with fluorescence
spectra and a suite of conventional water quality metrics. We
sought to determine the abundance and relative importance of
larger iron-rich, primarily inorganic colloids and smaller DOM
colloids in browning lakes, with the hypothesis that high DOC
lakes with wetlands in their catchments would exhibit the
strongest browning trends and have the highest concentrations
of trace metals bound to colloids. These data have implications for
browning drinking water supplies, especially those serving remote
or vulnerable populations.

RESULTS AND DISCUSSION
Water quality
The six lakes in our sample fall into two broad categories based on
their typical DOC concentrations (Table 1). The low DOC lakes—
Albro, Bayers, and Chocolate Lakes—had a median DOC
concentration of 2.5 mg L−1 (range: 0.34–5.9). The high DOC
lakes—Frasers Lake, Long Lake, and Powers Pond—had a median
of 7 mg L−1 (5.9–8.7). TOC and DOC were comparable, with a
median difference of 0.2 mg L−1; most of the organic carbon in
these lakes is “dissolved” (<0.45 µm).
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Median true color was 8.3 (range: 0–25) and 69 PtCo (55–110) in
the low and high DOC lakes, respectively. Fluorescence was
greater in the high DOC lakes and was generally dominated by
humic and fulvic-like fluorophores (Fig. 1); protein-like fluores-
cence comprised a relatively minor component. The fraction of
total fluorescence attributable to humic-like fluorophores was
greater in high DOC lakes (67–68%) than in low DOC lakes
(42–65%). The trend in protein-like fluorescence was opposite: the
fractional fluorescence attributable to proteins was greater in the
low (2.2–13%) relative to the high DOC lakes (0.92–1.4%).

Humification indices (HIX) ranged from 9–19 in the high DOC
lakes, with a median of 14. This suggests the occurrence in these
lakes of high molecular weight, strongly aromatic DOM of
terrestrial origin39,40. Humification indices ranged from 0.77–6.4
in the low DOC lakes, with a median of 3.7. This implies that
autochthonous DOM was present in samples yielding HIX in the
lower half of this range (HIX < 4)39. Consistent with the HIX,
median biological indices (BIX) were greater in the low compared
to the high DOC lakes (0.7 vs. 0.51). These values imply low DOM
production across all lakes, although the differences among lakes
suggest a greater fraction of DOM in the low DOC lakes was of
autochthonous origin39,40.
Specific UV absorbance—SUVA, the ratio of UV254 to DOC—is

highly correlated with the percent aromaticity of DOM41. The
high DOC lakes had a median SUVA of 4.9 L mg−1 m−1 (range:
4.3–5.7) which accords with high HIX and the presence of
wetlands in the lake catchments. The low DOC lakes had a
median SUVA of 2.4 L mg−1 m−1 (0.89–14), lower HIX, and no
wetlands in their catchments.
Consistent with regional trends23,38, most of the study lakes

have browned significantly in the past three decades based on
historical data (1991–2011)42,43 and those collected for this study
(2019). The overall browning trend in the high DOC lakes is
summarized in Fig. 2 via time series of true color, DOC, and the
first principal component describing variation in color and DOC as
a summary metric for colored DOM (trends for each lake are
reported in Supplementary Table 1 and Supplementary Fig. 1).
Over the period 1991–2019, linear regression slopes describing
variation in color ranged from 0.96–1.94 and -0.29–0.55 PtCo yr−1

in the high and low DOC lakes, respectively. Trends in DOC ranged
from 0.06–0.12 and 0.00–0.13 mg C L−1 yr−1. While browning was
most prominent in the high DOC lakes, DOC and color increased in
all but Chocolate Lake, which exhibited a decreasing color trend
(-0.29 PtCo yr−1) and a negligible DOC trend.

Colloid characterization
Fractograms (i.e., analyte intensities as functions of time) were
generally bi- or tri-modal, with peaks at approximate retention
times of 13 (P1), 20 (P2), and 29 (P3) minutes (Supplementary Fig.
2). P1 and P2 correspond to approximate molecular weights of 1
and 1000 kDa, respectively (Fig. 3 and Supplementary Fig. 3). P3
was estimated at >2000 kDa, but P3 occurred beyond the
calibration range (0.69–2000 kDa) and represents signal acquired
without a cross-flow.
Peaks at 1 and 1000+ kDa represent primarily organic and

inorganic colloids44,45, respectively. The majority of UV absorbance
at 254 nm (UV254) was due to P1 (1 kDa), which, consistent with
previous work45,46, likely represents organic macromolecules. P2 and
P3 were rich in iron, which agrees with previous reports of largely
inorganic, transition metal oxide-based colloids in this size range45.
Iron also occurred at 1 kDa, suggesting that it was complexed with
colloidal DOM. P3, at 29min, was relatively prominent in the
manganese fractograms, which also featured peaks at 20min (P2,
1000 kDa) but only negligibly at 13min (P1, 1 kDa). That is,
manganese was identified in inorganic colloids—or in dissolved
forms—but not to any significant degree as an adsorbate on DOM
colloids in P1. Copper and aluminum occurred primarily in P1,
implying that these elements were largely bound to DOM.
Semiquantitive aluminum, iron, copper, and uranium concen-

trations in P1 (FFF data) were correlated with DOC, UV254, true
color, and the humification index (HIX) (Fig. 4b). That is,
concentrations of these metals at 1 kDa were greater in the three
high DOC lakes than in the three low DOC lakes. The high DOC
lakes also scored higher on the first principal component (PC1,
Fig. 4a), which can be interpreted as an overall intensity index for
the fractogram data (Fig. 4c). PC2—the second principal
component—contrasts colloids in the 1 and 1000+ kDa nominal

Table 1. Water quality summary of the study lakes
(April–September 2019).

Lake type Parameter Median Range Units

High DOC Al 0.18 0.16–0.24 mg L−1

BIX 0.51 0.47–0.53 –

Ca 3.8 2.1–5.1 mg L−1

Color 69 55–110 PtCo

Cu 0.0012 0.001–0.0013 mg L−1

DOC 7 5.9–8.7 mg L−1

Fe 0.12 0.091–0.16 mg L−1

HIX 14 9–19 –

Humic-like 67 67–68 % of total
fluorescence

Mn 0.029 0.019–0.04 mg L−1

P 0.084 0.019–0.18 mg L−1

pH 6 5.4–6.1 –

Protein-like 1.1 0.92–1.4 % of total
fluorescence

SUVA 4.9 4.3–5.7 L mg−1 m−1

TOC 8 5.9–11 mg L−1

Turbidity 1.1 0.26–2 NTU

U <MDL <MDL–0.16 µg L−1

UV254 0.37 0.28–0.51 cm−1

Low DOC Al 0.048 0.0082–0.057 mg L−1

BIX 0.7 0.22–0.96 –

Ca 13 8.6–15 mg L−1

Color 8.3 0–25 PtCo

Cu 0.001 0.00096–0.0034 mg L−1

DOC 2.5 0.34–5.9 mg L−1

Fe 0.037 0.025–0.12 mg L−1

HIX 3.7 0.77–6.4 –

Humic-like 62 42–65 % of total
fluorescence

Mn 0.15 0.032–0.37 mg L−1

P 0.27 0.17–0.42 mg L−1

pH 6.1 5.3–7 –

Protein-like 2.9 2.2–13 % of total
fluorescence

SUVA 2.4 0.89–14 L mg−1 m−1

TOC 2.6 0.31–5.3 mg L−1

Turbidity 0.96 0.25–3.7 NTU

U <MDL <MDL -<MDL µg L−1

UV254 0.07 0.003–0.14 cm−1

Element concentrations represent 0.45 µm-filtered samples. In some
samples, uranium was below its detection limit (MDL) for direct ICP-MS
quantification of 0.08 µg L−1. Data were collected in 2019 (Table 2).
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size fractions (P1 and P2–P3), with negative scores representing
samples where larger colloids are disproportionately represented
(Fig. 4c). In the high DOC lakes, scores on PC2 became more
negative from spring to summer, reflecting increasing dominance
of P2 and P3. Likewise, negative scores on PC2 for samples
representing Bayers Lake are consistent with the high intensity of
colloidal Fe in that lake relative to the other low DOC lakes. The
first two components together accounted for 89% of total
variation in the FFF data (Supplementary Fig. 4).
We estimated the contribution of each fraction to the overall

size distribution by deconvolution; fractograms were approxi-
mated as the sum of skewed Gaussians46. A median 81% of UV
absorbance was accounted for in the three high DOC lakes by P1
(range: 35–89%, Fig. 5). The remainder was explained by P2 and
P3. In the low DOC lakes, larger colloids (P2–P3) dominated
absorbance fractograms: the respective median shares were 37%
and 22%, while P1 accounted for a median of 32%.
Iron fractograms representing the high DOC lakes were

dominated by P2, with a median share of 67%. P1 and P3
accounted for a median of 26 and 6% of total colloidal iron,
respectively. In the low DOC lakes, P2 iron was even more
dominant, with a median signal share of 72%, and P3 replaced P1
as the second-most abundant fraction with a median share of
20%. This pattern was particularly evident in Bayer’s Lake, which
had significant concentrations of iron, and to a lesser extent
copper, in P2 and P3 (Fig. 3).
Aluminum in the high DOC lakes occurred primarily in P1

(median: 55%), although P2 was sometimes significant (median:
43%). In the low DOC lakes, P2 aluminum was more prominent,
accounting for a median share of 58% among samples where it
was detected. High DOC lakes were richer in manganese, but
unlike iron and aluminum, it was present almost exclusively in
larger colloids (P2–P3, 1000+ kDa) with a median of 1%
attributable to P1.

Primarily organic (~1 kDa) colloids (P1)
Previous studies44,47 have reported a bi-modal colloid distribution
in surface waters, where the smaller peak comprises DOM and
DOM–metal complexes (approximately 1–10 nm) and the larger,
transition metal oxides (>50 nm) with adsorbed DOM and trace
metals. Consistent with these results, our study lakes contained
two primary colloid fractions: a metal–DOM peak (P1) at
approximately 1 kDa and an iron-rich, primarily inorganic peak
(P2) at approximately 1000 kDa. These colloids were present at
significantly higher concentrations in the high DOC lakes.
The molecular weight estimate for P1 is consistent with the

reported range for humic and fulvic acids48 and DOM extracts from
surface waters45. It agrees with previous work showing that these
colloids are typically less than 10 kDa48,49. Here, a substantial fraction
of colloidal iron (up to 57%) was bound to DOM (P1). In a majority of
samples, greater than 50% of colloidal aluminum, copper, and
uranium was also associated with DOM. This is consistent with
mechanistic studies of metal binding to the phenolic and carboxylic
functional groups that are well-represented in high molecular
weight organic matter48,50.
In Nova Scotia’s surface waters, aluminum is often correlated

with DOC12, and Al–DOM complexation is relatively well
documented51–53. Aluminum in P1 likely explains the elevated
levels in the high DOC study lakes. These lakes have pH near the
solubility minimum of aluminum hydroxide—a possible solubility-
controlling phase54—and without considering colloids, predicted
solubility would be low (Table 1). Al–DOM complexation also
explains the correlation between semiquantitative P1 aluminum
concentrations and various DOM metrics (Fig. 4b).
Iron in P1 was also higher in the high DOC study lakes, which is

consistent with the expected binding of iron to DOM colloids.
Complexation provides a partial explanation for high “dissolved”
iron (Table 1). Considering only simple inorganic ligands, ferric
iron is highly insoluble above pH 4, with a typical equilibrium
concentration below 1 µM55. In the presence of complexing

Fig. 1 Fluorescence excitation-emission matrices (EEMs) representing the six lakes in the dataset. The Raman intensity at each excitation-
emission coordinate represents an average of multiple EEMs. Data were collected in 2019 (Table 2).
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organic ligands, however, ferric iron solubility can be much
greater.
Similar patterns have been described elsewhere: Cuss et al.56

reported that aluminum was present exclusively in ionic/small
forms or associated with DOM colloids in the Athabasca River and
its tributaries. Iron was also associated with DOM colloids, albeit to a
lesser degree. Dupré et al.57 fractionated river water by ultrafiltra-
tion, finding that organic colloids were important for aluminum and
iron transport. Baalousha et al.58 detected aluminum and DOM in a
common fraction sized below 10 nm by FFF, and Morrison and
Benoit59 showed that at least some aluminum was bound to
organic colloids in freshwater samples from six Connecticut rivers.
Several studies35,36,56,59,60 have found that copper and uranium are
primarily associated with organic colloids.
While our data provide no clear evidence of Mn–DOM

complexation at 1 kDa, Cuss et al.56 attributed at least a minor

fraction of colloidal Mn to DOM in all samples. Lyvén et al.35

attributed 70% of manganese in a freshwater sample to carbon-
based colloids and Baalousha et al.34 found that manganese was
bound to DOM colloids less than 10 nm in diameter. Other
studies36,56,58,61 have reported manganese association with iron-
based colloids, which is more consistent with our results.
It is also possible that adsorption sites on DOM were largely

occupied by aluminum and iron, which were present at much
higher levels than manganese. But the capacity for DOM to bind
these metals may be increasing over time: positive trends in
surface water DOC have often accompanied a shift to more
hydrophobic, aromatic, and colored DOM with a greater density of
metal binding sites62,63.

Primarily inorganic (1000+ kDa) colloids (P2–P3)
Given the study lakes’ water chemistry, DOM-stabilized iron (III)
(oxyhydr)oxides were expected to account for the iron in P2 and
P319,36. Stabilization occurs when DOM, particularly high molecular
weight macromolecules, partitions to iron colloids via surface
complexation. Negatively charged functional groups and organic
polymer chains extend outward into the water phase, providing
electrostatic and steric repulsion19,64. In light of its stabilizing
effect19, adsorbed DOM might account for variation in the size of
iron-rich colloids, allowing aggregation and growth at lower
concentrations64. Previous work36 has described a positive shift in
the size distribution of colloidal iron in moderate, relative to high,
DOC surface waters.
Here, all elements were associated to some degree with large,

Fe-rich colloids (1000+ kDa, P2–P3), albeit only a small fraction in
the case of uranium and copper. A significant fraction of total
colloidal aluminum was present in P2–P3, in contrast to the results
of Cuss et al.56, who did not report any significant association of
aluminum with large Fe-rich colloids.
Manganese in P2 likely occurred as (oxyhydr)oxides or mixed

iron/manganese phases65. In surface waters, manganese occurs in
three oxidation states: soluble Mn(II) (stable in anoxic waters), Mn(III)
(e.g., as MnOOH), and Mn(IV) (e.g., as MnO2)

65. A range of
manganese (oxyhydr)oxides form in well-oxygenated waters at
the lake surface, unless seasonal mixing distributes dissolved Mn(II)
across the water column65. Stratification of the study lakes typically
peaks in late summer or early fall, which may explain the greater
magnitude of P2 in July and September as well as the apparent
presence of ionic manganese (void volume, P0) in June when the
lakes would have been more fully mixed (Fig. 3). Consistent with
our data, Cuss et al.56 reported that large Fe-rich colloids accounted
for a substantial fraction of Mn in the Athabasca River.

Implications for drinking water treatment
The browning trends reported here fit with a pattern of increasing
DOC, iron, aluminum, and color in the region’s lakes23,37,38. These
trends may have adverse impacts on drinking water quality as
lakes become more difficult to treat23,66–68. In one of the region’s
most important drinking water supplies, for instance, source water
color increased nearly four-fold over 16 years (1999–2015),
necessitating a proportional increase in coagulant addition to
maintain treated water quality23.
If colloids are not removed during treatment, they facilitate lead

release from legacy plumbing via complexation or partitioning to
DOM-stabilized metal (oxyhydr)oxides24,46,69–72. Emerging evidence
suggests that colloidal lead is poorly removed by point-of-use
treatment systems73,74. Furthermore, aluminum and manganese are
the subjects of current or proposed regulations or monitoring
requirements75,76. Treatment facilities that are ill-equipped to
manage increasing metal and DOM loads in drinking water supplies
may fail to meet increasingly stringent drinking water guidelines.
This work highlights the importance of DOM removal in

drinking water treatment and could inform future treatment plant

Fig. 2 Water quality trends in the high DOC study lakes. The first
principal component (PC1, 70% of total variance) describing
variation in DOC and color is used as a summary metric for colored
DOM; PC1 scales with the sum of (standardized) DOC and color (PC1
= 0.7 DOC + 0.7 color). The solid lines in all panels represent cubic
regression splines fit to the data, and the shaded regions define a
pointwise 95% confidence interval on the fitted values. Data before
2019 are due to Clement et al.42 or Clement and Gordon43 and were
otherwise collected as part of this study (Table 2).

L.E. Anderson et al.

4

npj Clean Water (2021)    26 Published in partnership with King Fahd University of Petroleum & Minerals



design. Conventional treatment practice focuses on removing
metals and DOM independently. Trace metals are typically
removed by oxidation and DOM is removed by coagulation,
sedimentation, and filtration. The metal–DOM binding we report
here suggests that treatment facilities should adapt to brownifica-
tion by optimizing DOM removal first. These facilities may see
significant reductions in metals as a secondary benefit.
DOM increases are expected to continue given the anticipated

effects of climate change and the ongoing reductions in atmo-
spheric acid deposition3. With continued browning, we can expect
increases in DOM-associated metals, as well as the concomitant
impacts on ecosystem services. Anticipated climate warming may
be particularly detrimental to source waters that are brown-
ing68,77. The positive effect of temperature on cyanobacteria
growth and toxin production is strongly amplified when the
humic content of water is high78. Since cyanobacteria are better-
suited to low-light environments than most phytoplankton, light
attenuation by DOM may offer cyanobacteria a competitive
advantage78,79, further complicating water treatment.
Future monitoring and management plans, then, would better

serve the public by characterizing DOM and iron-rich, primarily

inorganic colloids that contribute to adverse water quality
outcomes, especially in catchments that include wetlands. Such
plans could inform process design and drinking water source
selection. In the Canadian context, this is of particular importance
for First Nation and Indigenous communities already challenged
with drinking water safety issues24–28. Inadequate water treatment
infrastructure and operational issues make such communities
especially vulnerable to the impacts of brownification.

METHODS
Study area and sampling
We collected water samples from six lakes in the Halifax Regional
Municipality to characterize the variability of colloids over time and among
lakes with different characteristics (Supplementary Fig. 5). We chose three
lakes with low DOC concentrations (Albro Lake, Bayers Lake, and Chocolate
Lake) and three lakes with high DOC concentrations (Frasers Lake, Long
Lake, and Powers Pond). All six lakes were included in a sampling program
of Halifax-area lakes conducted in 1991, 2000, and 2011 (Table 2)42,43. The
catchments of Frasers Lake, Long Lake, and Powers Pond are 2–5%
wetland, while Albro, Bayers, and Chocolate Lakes do not have wetlands in
their catchments. The catchments of Bayers and Chocolate Lakes are

Fig. 3 Semiquantitative fractograms representing the six study lakes. The July Fe and Mn data representing Powers Pond are omitted for
clarity of presentation due to anomalously high concentrations. Data were collected in 2019 (Table 2).
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underlain in part by the Cunard Formation, which has produced
uncharacteristically acidic surface waters following disturbance of the
bedrock due to commercial and industrial activity80.
We collected samples every six weeks from spring turnover until the

time of strongest stratification (September). Samples were collected from
the mixed layer (0.5 m depth) at the approximate center of each lake from
an inflatable kayak. We used acid-washed bottles (1 L HDPE) for sample
collection and stored samples at 4 °C before analysis. The median time
elapsed between collection and analysis was 10 days (range: 1–19 days).

Field-flow fractionation
We generated element-specific size distributions for each water sample
using asymmetric flow field-flow fractionation (FFF). Details of our FFF
method are available elsewhere46. In brief, we filtered a 10mL aliquot from
each sample using a 0.45 µm cellulose nitrate membrane immediately
before analysis. Each filter was cleaned with 20mL of ultrapure water
followed by 20mL of sample. We separated each sample using an
asymmetric flow FFF system (PostNova AF2000 Multiflow) with a 300 Da
polyethersulfone membrane and a manual injection valve with a 1 mL
polyether ether ketone (PEEK) sample loop. The system was coupled first
to a UV–vis detector (Shimadzu SPD-20A) and then to a quadrupole ICP-MS
(Thermofisher X series II). During separation, dissolved organic matter was
monitored by measuring absorbance at a wavelength of 254 nm. The
mobile phase for all separations was 50mM tris-HCl (pH 7.1). This
represents an upper bound on the pH of the study lakes, and while large
changes in the chemical and physical states of elements during separation
were not expected, pH-dependent effects on colloids cannot be ruled out.
Moreover, continuous re-equilibration during focusing may have impacted

the stability of weakly-bound trace elements, resulting in differences
between the in-situ and acquired size distributions.
The FFF procedure separated samples into three primary fractions, with

approximate sizes of 1, 1000, and >2000 kDa (P1, P2, and P3, respectively)
(Supplementary Fig. 2). The UV detector response in P2–P3 may be due at
least in part to light scattering, but is not explained by carry-over from P1;
we ensured this by separating Suwannee River natural organic matter at a
concentration chosen to achieve a comparable detector response to that
of Powers Pond (Supplementary Fig. 6). Aluminum, copper, and
manganese fractograms featured a prominent void peak (P0), representing
ionic forms of these elements and unfocused sample material.
We used an initial cross-flow of 2.5 mL min−1 and 10 min of focusing

time. After focusing, the cross-flow was maintained for 6 min and then
decayed linearly over 2 min to 0.1 mL min−1, separating free and
organically complexed metals from larger iron-rich colloids. A second
population of large colloids was detected after the cross-flow was set to
zero at 28 min. Analyte recoveries were estimated as the ratio of total
integrated peak area with and without a cross-flow, as described
elsewhere46. FFF separation recovered approximately 48, 24, 62, 39,
and 45% of Al, Cu, Fe, Mn, and U, respectively, from a sample
representing Powers Pond. These estimates reflect losses of ionic and
small forms of each element that occur by design, in addition to losses
due to adsorption to the membrane (n.b., such non-ideal interactions
may impact the relative importance of size fractions as described in the
results section).
Recovery of UV254 was estimated using a sample of Suwannee River

natural organic matter at 57%46. Similar recoveries of DOM and metals
have been reported previously for similar samples and separation
conditions45,46, although recovery of iron was somewhat higher here.

Fig. 4 Multivariate analysis of lake water chemistry. a FFF data representing all six study lakes, projected onto the space spanned by the first
two principal components. Sample month is annotated with Arabic numerals. b Except for manganese, semiquantitative element
concentrations in the 1 kDa size fraction were correlated with UV254, true color, DOC, and HIX (Table 1). Values represent Spearman rank
correlation coefficients. c Variable loadings (eigenvectors), separated by element. Data were collected in 2019 (Table 2).
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We calibrated the FFF system using bromophenol blue (0.69 kDa) and
blue dextran (2000 kDa) at 590 nm; tannic acid (1.7 kDa) at 254 nm; and
ferritin (440 kDa) and ovalbumin (44 kDa) at 280 nm. Linear decay of the
crossflow necessitated a quadratic fit to the molecular weight (MW)
calibration data: log10(MW)= 11.76 -1.89vr+ 0.07vr

2 (R2= 0.98, where vr is
the retention volume).
FFF-ICP-MS data were acquired using a collision cell with a mixture of

7% H in He to minimize the interference of 40Ar16O on 56Fe. We calibrated
the ICP-MS on each analysis day using multielement standards in 2%
HNO3, containing Al, Mn, Fe, Cu, and U at 25, 50, 100, 150, and 250 µg L−1.
Each was spiked with 50 µg L−1 Sc, In, and Tb as internal standards.
Calibration curves yielded median R2 values (across all runs) of 0.9474,
0.9999, 0.9997, 0.9999, and 0.9998, respectively. Quality control spikes in
the same matrix (75 µg L−1) yielded 83.8, 99.6, 98.2, 100.7, and 101.6%
recoveries of Al, Mn, Fe, Cu, and U, respectively. An independently-
prepared spike at 40 µg L−1 yielded 80.5, 99.3, 96.9, and 100.3% recoveries
of Al, Mn, Fe, and Cu. Standards were introduced to the nebulizer by
means of the ICP-MS autosampler after mixing with FFF channel effluent
via the mixing tee. Flow rates were similar between calibration and
separation, differing by less than 10%; we minimized this difference with
adjustments to the peristaltic pump speed. Detection limits were
estimated using the 3σ method, with σ calculated separately for the
elution step of a total of six blanks collected on different analysis days81–83.
Median detection limits for Al, Cu, Fe, Mn, and U were 10 (8), 0.1 (0.05), 0.4

(0.4), 0.06 (0.08), and 0.002 (6e-04) µg L−1, respectively (interquartile ranges
in parentheses).

Water chemistry analysis
As a supplement to the FFF data, we measured the pH, turbidity, and total
organic carbon (TOC) content of unfiltered lake water samples. We
characterized the optical properties (true color, UV254, fluorescence), DOC
concentration, and elemental composition of filtered water samples. We
filtered samples for non-FFF analysis using 0.45 µm polysulfone membrane
filters precleaned with 500mL of ultrapure water.
Turbidity was measured on a laboratory turbidimeter (Hach 2100AN)

and pH was measured using a benchtop unit (Accumet XL50, Fisher
Scientific). True color and UV254 were measured on a UV-Vis spectro-
photometer (Hach DR5000, Hach Company, Loveland, CO, methods 8025
and 10054, respectively). TOC and DOC samples were collected, head-
space-free, in 40mL clear glass vials and preserved with concentrated
phosphoric acid to pH < 2. Vials were washed and then baked at 105˚C for
at least 24 h before use. TOC and DOC were quantified using a TOC-V CPH
analyser with a Shimadzu ASI0-V autosampler and a catalytically-aided
combustion oxidation non-dispersive infrared detector with a method
detection limit of 0.08mg L−1 (Shimadzu Corporation, Kyoto Japan)84.
Element concentrations in the bulk water samples were quantified by

ICP-MS (Thermofisher X-series II)85, with instrument detection limits of 0.67,

Fig. 5 Contribution of the nominal 1, 1000, and >2000 kDa size fractions to each fractogram, estimated by deconvolution. Fractograms
with nonquantifiable peaks (<10 times the baseline standard deviation) were omitted. Data were collected in 2019 (Table 2).
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0.20, 0.80, 0.12, and 0.08 µg L−1 for Fe, Cu, Al, Mn, and U (calculated from a
series of 10 ultrapure water blanks in 2% nitric acid as σt9,α = 0.01). Samples
were acidified with nitric acid to pH < 2 and held for at least 24 h before
analysis.
A benchtop fluorometer (Horiba Aqualog) with excitation and emission

ranges of 230–610 nm and 250–620 nm, respectively, was used to generate
all fluorescence excitation-emission matrices (EEMs). The instrument’s
integration interval and spectral resolution were 0.1 s and 3 nm. Before
acquiring data, an ultrapure water blank was used to measure the signal-to-
noise ratio of the water Raman peak at 350 nm (excitation) and 397 nm
(emission). Each EEM was processed by subtracting the blank, correcting
inner filter effects, and removing 1st and 2nd order Raleigh scattering, as
described elsewhere86. Intensities were normalized against the Raman water
peak at an excitation wavelength of 350 nm. The median time elapsed
between collection and fluorescence analysis was 3 days (1–17 days).
Humification and biological indices were calculated for each EEM as

described in Tedetti et al.39. The humification index (HIX) is the ratio a/b,
where a and b are the integrated emission spectra from 434–480 to
300–344 nm, respectively. Both were acquired at an excitation wavelength
of 255 nm. High HIX values (>10) are an indicator of aromatic DOM of
terrestrial origin, whereas low HIX values (<4) indicate autochthonous DOM.
The biological index (BIX) is the ratio of fluoresence intensities at emission
wavelengths of 380 and 430 nm, both acquired at an excitation wavelength
of 310 nm. High BIX values (>1) are an indicator of autochthonous DOM39.
Turbidity, true color, UV254, organic carbon, and elemental concentra-

tions are reported as nephelometric turbidity units (NTU), true color units
(platinum cobalt units, PtCo), cm−1, and mg L−1, respectively.

Trend analysis
We modeled the change in true color and DOC over time in the high DOC
study lakes using cubic regression splines (equation 1), fit using the mgcv
package in R87.

y ¼ β0 þ f ðtÞ þ ϵ (1)

In equation (1), y is the response, t is time, β0 is the intercept, ϵ is the
error term, and f ðtÞ is a linear combination of basis functions. Basis
functions are described by equation (2).

f ðtÞ ¼
Xk

j¼1

bjðtÞβj (2)

In equation (2), βj is the weight associated with the jth basis function.
Here, each function was estimated as a weighted sum of two cubic basis
functions (Supplementary Fig. 7, models are further described in
Supplementary Table 2). We also determined linear regression slopes in
true color and DOC for all six study lakes using ordinary least-squares
fitting (Supplementary Table 1 and Supplementary Fig. 1).

Principal components analysis
We summarized variation in the FFF-ICP-MS data using principal
components analysis, via the prcomp() function in R88 (the input matrix
included a row for each lake sample and a column for each instantaneous
concentration of Al, Cu, Fe, Mn, and U). To limit the influence of outliers
(e.g., high concentrations of colloidal Mn and Fe in the July sample of
Powers Pond), we applied a natural-log transformation to the data and
mean-centered all variables before computing the principal components.
The transformed data were not multivariate normal according to a
Shapiro–Wilk test89, and no values were imputed or deleted.

We also summarized the variation in DOC and color over time in the
study lakes via principal components analysis. Both variables were mean-
centered and scaled to unit variance, but no outliers were removed, and no
values were imputed. The input matrix was not bivariate normal according
to a Shapiro-Wilk test90.

DATA AVAILABILITY
The FFF data described here are available at https://doi.org/10.5281/zenodo.4562867.
These data are also available from the corresponding author upon request.
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