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Abstract

Increasing concentration of iron (Fe) is observed in many boreal lakes, such as for the present study in Oslo @stmark, SE-
Norway (1983-2018). As Fe-regulating processes are complex and dynamic, the link between mobilizing and retention
processes is still not well understood. A seasonal study (2017-2018) from two headwaters, with medium and high dissolved
organic matter (DOM) concentrations, showed that the loading of Fe to the lakes was highly dependent on flow conditions.
Significantly higher values of Fe were related to autumn and winter periods with high runoff of highly colored and aromatic
DOM compared to a severe drought period with minimum Fe values in the lakes. Compared to DOM, a significantly larger
part of Fe was in a colloidal form, and a size-selective process (dependent on flow and water retention time) seemed to pref-
erentially settle Fe compared to DOM. In contrast to Fe, the variability in DOM concentrations was moderate through the
whole year. However, there were significant changes in the spectroscopic properties of DOM, with decreased fluorescence
intensity and increased spectral slope during the warm dry season, indicating increased importance of DOM turnover in
the lake. As Fe was transported from the catchment during high flow condition, at the same time as the oxic form of sulfur
(SO,*"), there was no sign of retention of Fe as FeS. We conclude that the mobilization and retention of compounds that are
mainly in a colloidal form, such as Fe, are especially vulnerable to changes in flow conditions, suggesting increased variation
in Fe levels in a future climate with increased frequency of flooding and drought episodes.

Keywords Iron - Dissolved organic matter - Mobilization - Retention - Colloidal fraction - Sulfate

Introduction Rose 2013). Knowledge on factors that regulate the coupling

of Fe between the terrestrial and aquatic phase are, therefore,

Despite low water solubility, iron (Fe), as a common com-
ponent of the Earth’s crust (5%), plays an important role in
the biogeochemical cycling of nutrients (C, N and P) and
trace metals (Temnerud et al. 2013). Enhanced values of Fe
in waters impact the aquatic biota, both directly (Heikkinen
et al. 2022; Vuori 1995) and indirectly through the browning
of freshwaters (Xiao and Riise 2021) by changing the light
(Kritzberg et al. 2020) and temperature regime (Read and
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essential for understanding the function of several ecosystem
processes.

Recently, Fe concentrations have increased in several
boreal lakes, especially in Northern Europe (Bjorneras
et al. 2017; Kritzberg and Ekstrom 2012; Weyhenmeyer
et al. 2014). Key factors that regulate the mobility and
retention of Fe in the aquatic environment are pH, organic
matter (OM) and redox conditions (Bjorneras et al. 2019;
Neubauer et al. 2013). As has long been known, interaction
of Fe with organic colloids provides enhanced levels of Fe
in humic waters (Ruttner 1953), and recent studies verified
that Fe dissolved organic matter complexes (Fe-DOM) pro-
mote increased transport of Fe (Herzog et al. 2020). Along
with increased runoff of OM, several areas have, therefore,
experienced increased transport of Fe from the terrestrial
catchment during the acid rain recovery period (Bjorneras
et al. 2017). Apart from being a mobilizing factor for OM,
and thereby Fe-organic complexes, reduced deposition of
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sulfate (SO,>7) might also impact the cycling of Fe in other
ways. The rate of microbial reduction of SO,*~ might be
limited by the amount of SO42_ (Feng and Hsieh 1998),
potentially impacting the formation of non-mobile FeS/
FeS, (Raiswell and Canfield 2012). Reduced acid deposi-
tion of sulfur (S) might therefore be a mobilizing factor for
Fe through less formation of FeS/FeS,. A contrasting view
on this matter has, however, been put forward, as reduced S
deposition was not found to be a driver behind increasing Fe
concentration as rather reducing conditions, climate-related
factors like higher temperature and moisture and expansion
of coniferous forests were more important (Bjorneras et al.
2019, 2022).

The link between the terrestrial and aquatic environment
is dependent on runoff conditions, which impact both the
hydrological connectivity and redox states in the catchment.
High flow conditions may promote increased runoff of Fe
(Xiao and Riise 2021) where especially high-molecular-
weight (H-Mw) Fe-DOM compounds (Riise et al. 1994)
from shallow organic layers are mobilized (Laudon et al.
2011). In addition, the land-water interfaces (e.g., riparian
zones), the gradient where there is a change from anoxic
to oxic conditions (oxyline), is of major importance for the
fate of Fe (Lidman et al. 2017). Here, Fe is assumed to be
retained by precipitation to Fe(oxy)hydroxides in the transi-
tion from the anoxic to oxic zone. Changes in the ground-
water table have a substantial impact on Fe fractions and
their mobility (Ingri et al. 2018). Enhanced water saturation
may result in more anoxic water with a high concentration
of soluble Fe(II) that feeds into surface waters (Kritzberg
and Ekstrom 2012).

Although Fe-DOM complexes are relatively stable
(Herzog et al. 2020), the concentration of Fe significantly
declines with increasing retention time along the aquatic
continuum (Weyhenmeyer et al. 2014). Fe-(oxy)hydroxides
are more prone to aggregation than Fe-OM complexes (Her-
zog et al. 2020), and there is a preferential loss of Fe in
relation to color and OM in lake sediments (Bjorneras et al.
2021). Also, Kohler et al. (2013) have found a shorter half-
life for Fe than colored DOM and DOC in one of the larger
lakes of Sweden (Kohler et al. 2013). Thus, although DOM
keeps Fe in solution, in-lake processes contribute to a selec-
tive retention of Fe compared to DOM. Fe-DOM complexes
are, however, also found in aggregates, suggesting that not
only the respective phases alone, but also factors such as col-
loidal size and chemical composition of DOM may impact
the behavior of Fe species (Herzog et al. 2017).

Fe-regulating processes are very dynamic and vary in
space and time, where extreme weather conditions are sup-
posed to increase the variability even more (Xiao and Riise
2021). Knowledge is still needed to understand processes
regulating the cycling of Fe, with important questions
related to (1) long-term and seasonal changes in Fe-DOM
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complexes in relation to lake browning and (2) size-selective
retention of Fe-DOM complexes in lakes in relation to flow
conditions.

Headwater lakes are directly coupled to their surround-
ing catchment and respond quickly to changes in the ter-
restrial input of Fe without being influenced by downstream
processes. In a boreal lake district of @stmarka, Norway,
long-term trends and seasonal variability in Fe are studied
in two headwater lakes. Here, size fractionated water sam-
ples have been optically characterized to gain insight into
Fe-organic complexes and seasonal processes regulating the
retention and mobility of Fe. In this study, we hypothesize
that seasonal and annual variability in flow impact (1) the
hydrological connectivity and the transfer of Fe-DOM to
the lake and, (2) the size-selective removal of different Fe
fractions in lakes.

Field sites and methods
Water samples and catchment characteristics

Long-term study: Water samples were collected from Lake
Langvann and Lake Solbergvann (Fig. 1) in the boreal
lake district of Oslo @stmark (59°50'N, 11°00'E) during
the autumn circulation period (from late October to early
November) at 0.5 m depth in 1983, 1996, 1997, 2000, 2001,
2004, 2005 and then annually from 2007 to 2018 (19 sam-
pling years, Fig. S1). Seasonal study: In addition, Lake
Langvann and Lake Solbergvann were subjected to a study
from November 2017 to October 2018, in total eight times.
Lake Langvann and Lake Solbergvann are low ionic head-
water lakes, with catchment areas of 0.871 and 0.131 km?,
respectively (Fig. 1). Estimated water retention times are
approximately 1 year for Lake Langvann and 0.5 year for
Lake Solbergvann, where annual runoff is 18.5 L (s km?)™!
for both catchments (data were extracted from Norwegian
Water Resources and Energy Directorate NVE and Precipi-
tation Field-Water Flow-Index-Analysis, NEVINA). The
catchments are mostly covered by coniferous forest (Lake
Langvann 79% and Lake Solbergvann 90%), and open lake
areas cover 12.6% of Lake Langvann and 9.5% of Lake Sol-
bergvann. In addition, Lake Langvann is also surrounded by
some peatland (8.3%). According to quaternary maps, the
catchment of Lake Solbergvann is covered by a thin humic
peat cover, while the catchment of Lake Langvann is partly
covered by thin moraine, giving rise to somewhat thicker
soil cover in the northern part of its catchment (data were
extracted from the website of Geological Survey of Nor-
way). The small size and elongated shape of Lake Solberg-
vann suggest that large parts of the lake water have close
contact with the terrestrial catchment area (Fig. 1).
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Fig. 1 Catchment area and locations of Lake Solbergvann (upper right) and Lake Langvann (lower right) in Oslo @stmark (59°50'N, 11°00'E),

Southeast Norway

Lake Langvann has medium values for total organic car-
bon (TOC, 5.8 mg L") and color (40 Pt mg L), while
Lake Solbergvann is characterized as a humic lake with high
values for TOC (14.4 mg L") and color (138 Pt mg LY
(Table 1). Proxies for the aromaticity and molecular weight
(color/TOC ratio and SUVA,s,) of DOM show higher values
for the humic lake compared to the medium-humic lake.
Also, the Fe concentration is higher for Lake Solbergvann
compared to Lake Langvann because of more extensive
complexation of Fe with DOM in the humic lake. Average
pH values and SO,>~ show similar levels for the two lakes,
while the conductivity and Ca cation concentrations are
higher for Lake Solbergvann compared to Lake Langvann.
It must be noted that numbers given in Table 1 are average

values over a long time period, where changes in weather
conditions and acid rain deposition have resulted in great
variability among years and along a yearly timeline.

Climate

Long-term changes: Long-term (1961-1990) annual mean
precipitation and annual temperature, at a close meteorologi-
cal station (Oslo-Blindern), are 763 mm year‘1 and 5.7 °C.
Annual deviations from this “normal period” are shown in
Fig. S1. Especially, there have been increased levels of pre-
cipitation since 2000. For temperature, there have generally
been higher annual values since 1988, with only 2 years
showing lower annual temperature than normal.
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Tab!e 1 Mean + standard Langvann Solbergvann

deviation (SD) and range for

Fe-related variables during Mean (+SD) Range Mean (+SD) Range

the autumn circulation

period from 1983 to 2018 Fe (mg L™ 0.199 (+0.101) 0.060-0.460 0.291 (+0.069) 0.180-0.440

for Lake Langvann and Lake TOC (mg L™ 5.8 (+0.9) 4.0-8.1 14.4 (+2.0) 10.0-16.9

Solbergvann in the @stmarka Color (Pt mg L™!) 40 (£ 15) 10-80 138 (+38) 60-202

lake district of Norway (n=19) )
Fe/TOC ratio 0.03 (+0.02) 0.01-0.08 0.020 (+0.003) 0.015-0.027
Color/TOC ratio 6.7 (+1.9) 2.0-9.9 9.5(+1.9) 4.9-12.8
SUVA,s,* (Lmg C™' m™) 9.0(x0.9) 6.8-10.1 109 (£1.2) 9.2-13.5
pH 59(x04) 5.0-6.7 5.9 (+0.3) 52-6.3
Cond. (uS cm™) 23.6 (+3.0) 21.0-31.0 32.8 (+5.0) 27.9-45.0
SO,* (mgL™h 33 (x1.3) 2.3-7.6 33 (x1.5) 2.2-8.5
Cl™ (mg L™ 2.3 (x0.3) 1.6-2.9 2.6 (x£0.5) 1.9-3.6
Ca(mgL™ 1.5(x£0.2) 1.3-2.0 3.2(x0.5) 2.4-4.5

*SUVA,s, = specific UV absorption at 254 nm (,5,/TOC ratio, L mg C~' m™!); Cond. = conductivity

Seasonal variations: The monthly precipitation during
the period from November 2017 to October 2018 showed
higher values than normal for January and September,
while the period from March to September was excep-
tionally dry (Fig. 2). In July, the monthly precipitation
was only 16 mm compared to a “normal” precipitation
of 87 mm. February and March were colder, while May
through July was warmer than the normal period. July
2018 had an average temperature of 22.2 °C compared to
a “normal” value of 17.7 °C.

Laboratory analyses

Water samples were transported to the soil and water labora-
tory, Norwegian University of Life Sciences (NMBU in As,
Norway), for analyses of Fe, TOC, color, Fe, pH, conductiv-
ity, SO42‘, Cl1™ and other chemical variables (Table 1).

Absorbance at wavelength 410 nm (ay;,) of 0.45-um
filtered water samples was measured according to the
national standard method (Norwegian Standard Association
2002) and then converted to water color units of Pt mg 17!
(Hongve and Akesson 1996). The absorption coefficients
for 410 nm and 254 nm were obtained by the function of
apy=2.303A,/L, where A, is the measured absorbance at
wavelength, and 4 (nm) and L (m) are the length of the light
path.

The UV-Vis spectra (200—700 nm) of 0.45-pm filtered
water samples were measured using a Hitachi spectropho-
tometer (UH5300, Hitachi). The spectral slope coefficient
was obtained by linear regression, calculated from the In-
transformed absorption coefficient using the wavelength
range of 275 t0 295 nm (S,75_59s, km™") (Helms et al. 2008).
The carbon-normalized absorption (SUVA,s,, specific UV
absorption at 254 nm with a unit of L mg C~' m™!) was cal-
culated by dividing the absorption coefficient (a,s,) by DOC
concentration (Weishaar et al. 2003). The indices S,75_595
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(°C) in the period from November 2017 to October 2018 compared to
normal values (1971-1990)

and SUVA,, are calculated as proxies of DOM molecu-
lar weight and aromaticity, respectively (Helms et al. 2008;
Kida et al. 2018; Li et al. 2017).
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TOC was measured by a Shimadzu TOC 5000 carbon
analyzer based on high temperature combustion. Due to low
content of nutrients and time of sampling (late autumn), the
primary productivity in the long-term study was low (Riise
et al. 2018). In addition, turbidity measurements have proven
that the particle content is very low. Therefore, as for many
boreal lakes, there were no significant differences between
DOC and TOC (Hongve et al. 2004; Mattsson et al. 2005).
The total concentrations of Fe and calcium were measured
by a Perkin-Elmer atomic absorption spectrometer (Model
460) in 1983 and for the following years by inductively cou-
pled plasma mass spectrometry (ICP-MS, Agilent). Other
chemical variables were analyzed according to the national
standards found in Hongve et al. (2004).

Fluorescent excitation-emission matrices (EEMs) of
0.45-pm filtered water samples were measured using a Cary
Eclipse Fluorescence Spectrophotometer (Varian). The exci-
tation wavelength (Ex) range was from 240 to 450 nm and
emission wavelength (Em) range from 300 to 600 nm. The
intervals for Ex and Em were 5 nm and 2 nm, respectively.
The slit width for both Ex and Em was 5 nm. A blank EEM
(Milli-Q, Millipore) with identical setting was scanned each
day before the measurements of water samples.

A total of 32 fluorescent EEMs were collected and ana-
lyzed by parallel factor modeling (PARAFAC). The PARA-
FAC modeling was conducted using the DOMFluor tool-
box following the protocol described by Stedmon and Bro
(2008). In the modeling, spectral correction, background
subtraction, inner filter effect correction and Raman nor-
malization were conducted (Murphy et al. 2013). A non-neg-
ativity constraint was applied, and the number of the compo-
nents was validated by split-half validation. The PARAFAC
modeling was carried out with MATLAB R2020b software
(Mathworks, USA). The maximum fluorescent intensities in
Raman unit (RU) of identified components were reported.

Size fractionation

All samples from the seasonal study were fractionated by
molecular size with a centrifugal filter device (nominal
molecular weight cutoff 10 kDa, Centriprep® from Amicon
and Merck Millipore) at 3000 X g for 20 min. Prior to use,
the centrifugal filter device was washed with 0.01 mol L™!
NaOH and 0.01 mol L™! HNO, and then rinsed with Milli-Q
(Millipore) three times. The ultrafiltrates (< 10 kDa) were
analyzed for organic carbon, Fe and fluorescence using the
same method as mentioned above.

Statistical analysis
Trends in lake water quality for the long-term study

(1983-2018) were determined based on a non-parametric
Mann-Kendall trend analysis (Salmi et al. 2002). Sigmaplot

14 was used for statistical comparison of differences
between the two lakes (t-tests) and individual differences in
the separate lakes concerning size fractionations (one-way
analysis of variance). Principal component analysis (PCA)
was conducted in Rstudio 3.5.1 (2019—-2018 Rstudio, Inc.)
with “stats” package. The significance levels were set at
P<0.001, P<0.01, P<0.05 and P<0.1.

Results
Long-term trends

Both lakes showed a significant reduction in SO,*~, Ca and
conductivity during the acid rain recovery period, while
pH showed no significant change for Lake Langvann and a
small reduction for Lake Solbergvann (Table 2). Although
the recent Fe, TOC and color values were generally higher
compared to earlier times for both lakes, only Lake Sol-
bergvann showed a significant monotonic trend for these
color-related variables (Table 2). The long-term trends for
Fe, TOC and color in Lake Langvann were not significant.
The color contribution from Fe was higher for Lake Lang-
vann (11.0%) than for the humic Lake Solbergvann (5.0%)
(Xiao and Riise 2021). The Fe/TOC ratio increased in Lake
Langvann, indicating an increased color contribution from
Fe with time, while for Lake Solbergvann the color/TOC
ratio increased with time, i.e., the color absorption of DOM
increased (Table 2).

Table2 Annual trend analysis (Mann-Kendall) for Lake Langvann
(n=19) and Lake Solbergvann (n=19). Data from 1983 to 2018 were
used

Lake Langvann Lake Solbergvann

Mann-Kendall trend Mann-Kendall trend

TestZ  Significance TestZ  Significance

Fe (mg L) 1.47 3.55 ek
TOC (mg L™ 1.54 3.85  wEx
Color (Pt mg L) 1.33 3.19 e
Fe/TOC ratio .72+ 1.47
Color/TOC ratio 0.84 1.96 +
SUVA,s, -0.03 0.00

pH 0.07 —242 %
Cond. (uScm™)  —2.62 ** —3.34 e
SO0, (mgL™h —4.80  wEx —3.99  wkx
ClI~ (mg L7 -1.68 + —2.14 *
Ca(mg L™ —2.78 e —2.95

Cond. = conductivity

**#*]f trend at a=0.001 level of significance, ** if trend at «=0.01
level of significance, * if trend at a=0.05 level of significance, +if
trend at «=0.1 level of significance (Salmi et al. 2002)
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Seasonal variations

There were significant declines in the Fe concentrations dur-
ing the summer drought, with minimum concentrations of
47 ug L™ and 83 ug L~! for Lake Langvann and Lake Sol-
bergvann in July 2018. Maximum values of Fe appeared in
May and November, with values of 227 pug L™! and 360 pg
L~! for Lake Langvann and Lake Solbergvann, respectively.

The precipitation-related water soluble anions C1~ and
SO42_ showed similar trends for both lakes during the period
from November 2017 to November 2018 (Fig. 3). However,
seasonal separation of these two ions occurred during the
summer drought period. While CI~ showed small variations
with time, SO42‘ showed a significant reduction in concen-
tration during the summer drought. Especially for Lake
Langvann, the SO42_ decrease was extensive, as the con-
centration decreased from 2.4 mg L™! to 0.4 mg L™ in the
period from 10 June to 27 July 2018 before it attained simi-
lar values as in spring. The highest seasonal pH values also

coincided with the summer period with lowest SO,*~ values

for both lakes (Fig. 3).
Fractionation analyses

The main part of Fe belonged to the high H-Mw frac-
tion, which also can be categorized as the colloidal frac-
tion (0.45 um—10 kDa). For Lake Langvann and Lake Sol-
bergvann, average percentage values for colloidal Fe for
the whole season were 84 +5% and 64 + 8%, respectively
(Fig. 4). In contrast, for TOC the major part belonged to
the Low molecular weight (L-Mw) fraction (< 10 kDa),
although colloidal OM was significantly higher (Table S1)
for the humic Lake Solbergvann (27 +5%) compared to
medium-humic Lake Langvann (13 +6%). Thus, colloidal
Fe was significantly higher and colloidal OM significantly
lower for Lake Langvann compared to Lake Solbergvann,
respectively (Table S1). Concerning the absorption charac-
teristics, approximately 50% of the color (a,,,) and between

Lake Langvann (2017-2018)
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Fig. 3 Seasonal variations in Fe (ug L), S0,2~ (mg L"), CI~ (mg L™!) and TOC (mg L") for Lake Langvann and Solbergvann for the period

from November 2017 to November 2018
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30 and 40% of the UV absorption (a,s,) were related to the
colloidal fraction for the whole season on average. In con-
trast, for fluorescence, the major part was related to L-Mw
compounds (< 10 kDa), where 85%—96% and 76%—98% of
total fluorescence belonged to the L-Mw fraction for Lake
Langvann and Solbergvann, respectively (Fig. 4). Thus,
there were significant variations in the distribution among
size fractions for Fe, TOC and the absorption and fluores-
cence characteristics in both lakes (Table S2).

Spectral characteristics of DOM
UV absorption

The spectral slope S,75_,95 showed similar trends during
the season for both lakes. Relatively low values of Sy75_595
(13.6—14.2 pm~! for Lake Langvann and 12.8—13.2 pm™~!
for Lake Solbergvann) were found for the period from
November 2017 to May 2018 (Fig. 5). Then, there was a
sharp increase in the spectral slope S,75_,95 during the sum-
mer drought from June to July 2018 for both lakes. After
the summer drought, the S,,5_,95 values decreased from
16.7 um~! (July 2018) to 15.1 um~! (October 2018) and
from 14.1 pm~' (July 2018) to 13.2 pm~" (October 2018) for
Lake Langvann and Lake Solbergvann, respectively (Fig. 5).

The specific UV absorption, SUVA,, for the medium-
humic lake was significantly lower (P <0.001) compared
to the humic lake (Fig. 5). In Lake Langvann, there was
an obvious increase in the SUVA,s, value in May, which
decreased sharply in July 2018 (Fig. 5). Compared to Lake
Langvann, the SUVA,;, values for Lake Solbergvann were
much more stable with smaller variations.

Fluorescence intensity

A total of three fluorescent components (C1, C2 and C3)
were identified by EEMs-PARAFAC modeling. Accord-
ing to previous studies, fluorescent components C1 (Ex:
360(290) nm; Em: 474 nm) and C2 (Ex: 260 nm; Em:
460 nm) can be categorized as allochthonous terrestrial-
derived humic-like substances that are resistant to microbial
degradation (Jgrgensen et al. 2011; Stedmon and Markager
2005), while the fluorescent component C3 (Ex: 335 nm;
Em: 420 nm) is categorized as autochthonous humic-like
substances derived from microbial activities or by-products
of photodegradation of organic compounds (Helms et al.
2013, 2014; Kothawala et al. 2014).

The total fluorescent intensity was higher in the humic
Lake Solbergvann (0.59—3.8 RU) than in the medium-humic
lake Langvann (1.2—9.8 RU, Fig. 4). Although the concen-
trations of TOC did not show significant seasonal variations
in either of the lakes, we observed remarkably seasonal
reductions in fluorescence intensity of DOM for both lakes

(Figs. 4, 5). Peaking values of fluorescent intensities were
found in November 2017 and January 2018 for both lakes
(Fig. 5) while the contribution of the autochthonous frac-
tion was low (Fig. 5). After January 2018, there were severe
reductions in fluorescence intensities for both lakes (Fig. 4).
The seasonal trends for the allochthonous and autochthonous
derived fractions of OM were rather similar in Lake Lang-
vann and Lake Solbervann (Fig. 5).

PCA analysis of key variables for possible importance
for regulation of Fe showed that the PC1 axis explained
51.2% and PC2 19.7% of the variability (Fig. 6). According
to the PCA plot, the variability in Fe can first be explained
by spectroscopic properties of DOM with a positive relation
between Fe and the fluorescence characteristics and a nega-
tive relationship to the spectral slope of DOM (S575.595), as
also shown in Fig. 5. SUVA,,, was directly related to TOC,
indicating a change in spectroscopic properties of organic
matter with increasing concentration of TOC. Although
the arrows were pointing in the same direction, there was a
direct correlation between neither TOC and Fe nor Fe and
accumulated precipitation. The drought episode can clearly
be visualized from Fig. 6 as temperature and precipitation
are inversely related. During the dry and warm period,
higher primary production contributed to rising pH values
and lack of water to a preferential retention of SO,>~.

Discussion

Long-term trends in Fe - differences
between the two lakes

During the acid rain recovery period, the annual declines
in SO,*~ for the two lakes were significant and followed
each other closely (Table 2). This result indicates a similar
response to reduced deposition of SO42_ and small differ-
ences in storage/retention and mobility of SO,*~ between
these two catchments. Concurrent with the reduction in
S0,>", there were significant reductions in Ca cations and
conductivity for both lakes. Higher Ca levels in the humic
lake (Lake Solbergvann) compared to the medium-humic
lake (Lake Langvann) were probably neutralized by high
concentrations of organic anions in the humic lake.

For the humic Lake Solbergvann, there was a significant
increase in TOC, color and Fe as opposed to the medium-
humic Lake Langvann (Table 2). The thin peaty humic layer
of the catchment of Lake Solbergvann apparently caused
the higher loading of DOM compared to Lake Langvann,
where the soil cover is somewhat more extensive. Unlike
Lake Solbergvann, the Fe/TOC ratio has been increasing
for Lake Langvann, suggesting an increased runoff of Fe
minerals compared to OM, in line with a significantly higher
proportion of Fe colloids for Lake Langvann compared to
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«Fig.4 Fe (ug L) in the first row, a,,, (m™}) in the second row, a,s,
(m™Y) in the third row, TOC (mg L. in the fourth row and fluores-
cence intensity (RU) in the fifth row in size fractionated lake water
samples (L-Mw> 10 kDa and H-Mw> 10 kDa) during the period
from November 2017 to November 2018

Lake Solbergvann (Table S1). Lake Solbergvann, however,
has a higher proportion of colloidal DOM (Fig. 4), which
likely has a less mobile and more aromatic character (high
SUVA,s,, Fig. 5), indicating shorter transport distance and
lower impact from in-lake processes than for Lake Lang-
vann. This result agrees with a shorter water retention time
for Lake Solbergvann compared to lake Langvann. The
importance of water residence time for DOM properties was
previously stressed by Kohler et al. (2013).

Lake Langvann showed large annual variability for TOC,
color and Fe, where extensive concentration peaks and
troughs for different years did not support long monotonic
term trends (Table 2). Thus, Lake Langvann seems to be
more susceptible to annual changes in hydrologically related
factors (e.g., runoff, water retention time) that cause strong
seasonal and annual shifts in DOM properties.

Seasonal variations

The concentration of Fe showed large seasonal variability
compared to TOC during the period from November 2017
to November 2018 (Fig. 3). The lowest Fe concentration was
found in July 2018 in both lakes when the monthly precipi-
tation and catchment loading of Fe probably were at their
lowest (Fig. 2). An increase in temperature and pH and a
higher autochthonous proportion of the fluorescent fraction
C3 support the enhanced importance of primary production
and in-lake processes (Figs. 2, 3, 5). Although Fe decreased
in concentration during the summer drought, the colloidal
fraction of Fe was clearly dominating the whole year through
(Fig. 4). Since colloidal Fe is susceptible to time-dependent
aggregation and settling processes (Xiao and Riise 2021),
and Fe is found to decrease with decreasing retention time in
the landscape (Weyhenmeyer et al. 2014); this might explain
these decreased Fe values during drought periods, such as
for the low flow period in June—July 2018 (Fig. 3).

Even though the TOC concentration in Lake Solbergvann
showed some reduction during the summer months, the TOC
levels for both Lake Solbergvann and Lake Langvann were
rather stable (Fig. 3). Seasonal changes in DOM properties
such as molecular size, aromaticity and fluorescent charac-
teristics were, however, significant (Figs. 4, 5). Increased
intensity of photochemical and mineralization reactions
during the summer season can promote the breakdown of
DOM into smaller size fractions with less aromaticity. This
result is supported by the increased spectral slope Sy75_595
and decreased fluorescence intensity in July (Fig. 5). The

fluorescence intensity of all PARAFAC fractions decreased
during the spring and summer seasons according to the fluo-
rescence intensity. The decrease was more extensive for the
fluorescence activity than for TOC for both lakes, indicat-
ing the transformation of DOM into compounds with fewer
fluorophores (i.e., less aromaticity supported by increased
S575.095) during the period with longer water residence time
and higher temperature (March—July), a period when in-lake
processes presumably are more active (Tulonen 1993).

Increased importance of in-lake processes

In addition to the mineralization of organically bound S,
weathering of S-bearing minerals and sea salt in rainfall,
previous deposition of acid rain has been a significant
source of SO42' in @Bstmarka. The latter source has, how-
ever, decreased severely over the past few decades (Riise
et al. 2018). According to the PCA plot, SO,>~ was posi-
tively related to precipitation (Fig. 6), which is in agree-
ment with Kerr et al. (2012), who found that wetlands or
saturated areas were important drivers for regional varia-
tions in SO42_. In response to seasonal drying but opposed
to CI7, SO42_ showed a severe drop in July 2018 (Fig. 3).
SO42_ is to a larger extent dependent on sorption/desorp-
tion processes than C1~ (Houle and Carignan 1995), and
increased adsorption of SO,*~ is reported during drought
periods by Singh (1984). Hence, during the drought period
in the summer of 2018, there seems to be a severe retention
of SO,2~ in the catchments for both lakes. During rewet-
ting periods, pools of reduced S, oxidized to SO,*~ during
periods with decreased water level, can be washed out (Kerr
et al. 2012). For Lake Langvann and Lake Solbergvann, no
extra peaks in SO,*~ were noticed during rewetting. The
SO,*" concentrations seemed to be reestablished in the
autumn of 2018 at rather similar concentrations as previous
autumn (Fig. 3). Missing peak in SO42_ may be a conse-
quence of low sampling frequency, too high S retention in
soils or the soil reservoir of available S is too small to alter
the lake SO,*~ concentration (as seen in Fig. 3).
Concurrently with minimum concentrations of SO42',
there is also minimum concentrations of Fe. The minima
occur somewhat earlier for Fe than for SO42_, so there is
not a synchronous relationship between these two variables.
Terrestrial supply of Fe was probably greatly reduced during
low flow conditions in the dry summer of 2018. This flow
pattern is reasonable for a sparsely soil-covered forest catch-
ment, such as @stmarka, which is different from peaty areas
where Fe concentration may peak during low flow condi-
tions (Heikkinen et al. 2022). In addition, lowering of the
water table in @stmarka may enhance the oxic zone, promot-
ing prevalence of ferric iron, Fe*™, with low water solubility.
Much of the Fe is, therefore, thought to be retained in the
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Fig.5 Spectral slope (S,75_5s, pm ™!, upper left), specific UV absorp-
tion (SUVA,s,, L mgC~! m~!, upper right), allochthonous fluorescent
DOM (Comp. 1+2, lower left) and autochthonous fluorescent DOM
(Comp. 3, lower right) for Lake Langvann and Solbergvann during

reducing/oxic zone in accordance with a study by Lidman
et al. (2017).

Both Fe and S are redox-sensitive elements, whose solu-
bility is dependent on the water level. Since Fe is enriched
in the lake water along with SO,>~ (the oxidized form of
S) during high flow conditions, there is little support for a
retention of Fe sulfides, which agrees with Bjorneras et al.
(2022).

Coupling between Fe and OM

A large part of the visible color (approximately 50%) and the
UV absorption (30—40%) was related to the colloidal frac-
tion, although significantly less than that of Fe (Table S2),
where the colloidal fraction accounted for 64—84% (Fig. 4).
Concerning TOC, the major part was in a L-Mw form
(73—87%), a fraction that proportionally contributed less

@ Springer
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the period from November 2017 to October 2018. The fluorescence
intensities of DOM components were identified by PARAFAC mod-
eling

to color and UV absorption but more extensively to fluores-
cence (L-Mw: 76—98%). These results suggest that a small
fraction of OM is responsible for a large part of the color of
the lakes. Except for decreasing colloidal DOM in May and
July for Lake Solbergvann, relatively small seasonal vari-
ations in DOM were observed. Thus, there is no profound
settling or retention of OM with season (Fig. 3). This result
indicates that only a small part of DOM contributes to the
colloidal Fe-DOM complex, which is most susceptible to
aggregation and settling. Soil water studies from Nordic
podzols also show a decoupling of Fe and DOM as a major
part of Fe is enriched in deeper soil horizons than DOM
(Riise et al. 2000), supporting that the flow pattern affects
the transport pattern of Fe.

In-lake processes are increasing in importance when the
water retention time of the lake increases because of low
inflow of water. Settling of Fe, presumably as Fe hydroxides,
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Fig.6 Principal component analysis (PCA) of key variables regulat-
ing Fe in Lake Langvann and Lake Solbergvann during the period
from November 2017 to October 2018. The precipitation data used
in PCA were the accumulated precipitation in the last 60 days before
sampling

might therefore actively take place, supported by high pH
values (Fig. 3; Neubauer et al. 2013). This is also in line with
the low seasonal variability of DOM and the preferential set-
tling of minerogenic Fe in sediments (Bjorneras et al. 2021)
compared to Fe-OM complexes (Herzog et al. 2020).

Conclusion

This study shows that long-term trends and seasonal vari-
ations in Fe and DOM are different for two headwater
lakes with different hydrological connectivity. Long-term
increases in concentrations of Fe and decreases in concentra-
tions of SO,?~ were found for both lakes, although signifi-
cant monotonic trends for Fe were found in the humic lake
only. Higher concentrations of Fe and DOM were related to
a lake with short water retention time in a catchment area
with sparse peat cover compared to a lake with longer water
retention time and thicker soil layers.

Large seasonal variations in Fe concentrations were
recorded in both lakes, where minimum Fe values were
found during a summer drought period in 2018. Interest-
ingly, a concurrent decline in SO,*~ was found at a time

when catchment runoff was at a minimum, which suggests
that the transport of both Fe and SO,*" is retained during the
oxic drought episode when there is less support for forma-
tion and retention of low soluble FeS.

Compared to DOM, a large part of Fe (56-89%) was in a
colloidal form (0.45 pm-10 kDa) in both lakes. Opposed to
Fe, the seasonal variability in the concentration of TOC was
moderate. However, using spectroscopic analyses (absorp-
tion and 3D fluorescent spectra), the properties of DOM
(molecular size, aromaticity and fluorescence) showed large
seasonal variations related to periods with high terrestrial
DOM loading versus periods with in-lake transformation
processes. A major proportion of the color contributing vari-
ables, a4, and Fe, was in colloidal form, suggesting that
only a small fraction of DOM is responsible for a large pro-
portion of the color in the lakes and that there is a selective
retention of Fe compared to DOM fractions in lakes. Since
the mobilization and retention of compounds that predomi-
nate in a colloidal fraction (e.g., Fe) are especially vulner-
able to changes in flow conditions, there is a high probability
of increasing Fe variations in a future climate with increased
frequency of flood and drought episodes.
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