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ARTICLE INFO ABSTRACT

Keywords: Changes in rainfall patterns driven by climate change affect the transport of dissolved organic matter (DOM) and
Climate change nutrients through runoff to freshwater systems. This presents challenges for drinking water providers. DOM,
Freshwater

which is a heterogeneous mix of organic molecules, serves as a critical precursor for disinfection by-products
(DBPs) which are associated with adverse health effects. Predicting DBP formation is complex due to changes
in DOM concentration and composition in source waters, intensified by altered rainfall frequency and intensity.
We employed a novel mesocosm approach to investigate the response of DBP precursors to variability in DOM
composition and inorganic nutrients, such as nitrogen and phosphorus, export to lakes. Three distinct pulse event
scenarios, mimicking extreme, intermittent, and continuous runoff were studied. Simultaneous experiments were
conducted at two boreal lakes with distinct DOM composition, as reflected in their color (brown and clear lakes),
and bromide content, using standardized methods. Results showed primarily site-specific changes in DBP pre-
cursors, some heavily influenced by runoff variability. Intermittent and daily pulse events in the clear-water
mesocosms exhibited higher haloacetonitriles (HANs) formation potential linked to freshly produced protein-
like DOM enhanced by light availability. In contrast, trihalomethanes (THMs), associated with humic-like
DOM, showed no significant differences between pulse events in the brown-water mesocosms. Elevated bro-
mide concentration in the clear mesocosms critically influenced THMs speciation and concentrations. These
findings contribute to understanding how changing precipitation patterns impact the dynamics of DBP forma-
tion, thereby offering insights for monitoring the mobilization and alterations of DBP precursors within catch-
ment areas and lake ecosystems.

Dissolved organic matter
Disinfection by-products
DBP formation potential
Mesocosms

aquatic ecosystems and their services (Burd et al., 2018). Catchment
characteristics play an important role in defining the composition of

1. Introduction

Rainfall events are fundamental for the transport of dissolved
organic matter (DOM) and macro-nutrients such as nitrogen (N) and
phosphorus (P) to the aquatic environment (Monteith et al., 2007).
However, future climate scenarios, with increased warming and inten-
sified precipitation patterns (Myhre et al., 2019), can alter DOM and
nutrient export rates and may significantly affect the dynamics of

* Corresponding authors.

DOM and resulting water quality of freshwaters (Jennings et al., 2020).
For example, an increase in terrestrial inputs of DOM to surface waters
can lead to a decrease in water transparency in lakes, a phenomenon
known as brownification (Weyhenmeyer et al., 2016). This effect has
been observed in recent decades, particularly in the northern hemi-
sphere (Anderson et al., 2023; Ledesma et al., 2012), and is linked to
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changes in land cover and uses, as well as climate change (Clutterbuck
and Yallop, 2010).

Increasing levels of DOM in surface water sources represent a chal-
lenge for drinking water providers (Delpla et al., 2009; Lipczynska--
Kochany, 2018). DOM is a main source of precursors for the formation of
disinfection by-products (DBPs) during water disinfection processes in
treatment plants (Dejaeger et al., 2022; Tak and Vellanki, 2018). These
DBPs form when DOM reacts with chemical disinfectants added to water
to destroy pathogens, posing health risks in drinking water (Evlampidou
et al., 2020; Li and Mitch, 2018). Additionally, the presence of bromide
and iodide ions in source waters can influence DBP speciation, leading to
the formation of more toxic brominated and iodinated DBPs compared
to their chlorinated analogs (Richardson, 2003). The identification of
more than 700 DBP species reflects the impact of diverse DBP precursors
and disinfection methods (Richardson, 2011; Wawryk et al., 2021).
Nevertheless, current drinking water regulations primarily cover the
better-characterized carbonaceous DBPs (C-DBPs), such as tri-
halomethanes (THMs) and haloacetic acids (HAAs), as well as chlorite,
chlorate and bromate (Directive (EU), 2020/2184). However, some
studies suggest that haloacetonitriles (HANs), a commonly occurring
unregulated group of nitrogenous DBPs (N-DBPs), exhibit higher
toxicity (Komaki and Ibuki, 2022; Wei et al., 2020).

Consequently, a promising strategy to surpass mere compliance with
drinking water guidelines involves an enhanced understanding and
monitoring of DBP precursors to i) improve their removal before disin-
fection and ii) predict DBP formation potential (DBP-FP) (Williams
et al., 2019; Yang et al., 2008), a valuable surrogate for measuring the
precursors in source water. Such a strategy is challenging, however, with
DOM being one of the most complex and heterogeneous chemical mix-
tures in the environment (Leenheer and Croué, 2003).

Several properties of DOM have been linked to DBP-FP (Peleato and
Andrews, 2015). The monitoring of DOM is often measured as bulk
concentration, measured as either total organic carbon (TOC) or dis-
solved organic carbon (DOC) (Peng et al., 2016). Additionally, various
methods have been developed to characterize the molecular composi-
tion of DOM. These range from simple optical techniques, such as ul-
traviolet (UV) absorbance and specific ultraviolet absorbance (SUVA)
(Hua et al., 2015), to more sophisticated molecular-level mass spec-
trometry methods (e.g. Orbitrap-MS, FTICR-MS) (Farré et al., 2019).
However, fluorescence spectroscopy is particularly advantageous as it is
an accessible method for distinguishing DOM sources and tracking
composition changes over time and space (Fellman et al., 2010). It
provides insights into the presence of humic-like compounds associated
with terrestrially-derived DOM and protein-like compounds associated
with DOM from algae and bacterial sources in the aquatic environment
(Fellman et al., 2010). The humic-like allochthonous DOM is strongly
linked with the formation of C-DBPs, observations that are well docu-
mented (Golea et al., 2017; Wang et al., 2017). In contrast, protein-like
autochthonous DOM has been associated with the formation of both
C-DBPs and less understood N-DBPs (Wang et al., 2021).

While research on DBP formation is increasing in response to climate
change impacts (Wang et al., 2022), the focus has predominantly
centered on long-term mean environmental conditions. Meanwhile, the
properties of stochastic events, such as rainfall intensity and frequency,
which may have a more profound impact on freshwater quality, remain
poorly understood (Jentsch et al., 2007). The monitoring of DBP pre-
cursors after rainfall events has been conducted at the intake of water
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treatment plants (Delpla and Rodriguez, 2016; Xu et al., 2020) or
through laboratory experiments simulating allochthonous DOM runoff
(Chang et al., 2020). However, the impact of rainfall patterns on DBP
precursors with autochthonous origins has received limited attention
(Chen et al., 2008). Lastly, relevant relationships between DBP drivers
and formation have been identified in the literature (Valdivia-Garcia
et al., 2019), but they have primarily aimed at aiding water treatment
decision-making rather than monitoring and controlling the mobiliza-
tion of DBP precursors in source waters from catchments and lakes.

The overarching aim of this research was to investigate the response
of DBP-FP to variability in the export of both DOM and nutrients to
lakes, using a mesocosm approach. Mesocosms are field-based
controlled studies that account for some of the complexity associated
with processes occurring in the natural environment, while also allow-
ing testing the effects of specific treatments (Boyle and Fairchild, 1997).
While mesocosms are increasingly being used to study aquatic systems
(Stewart et al., 2013), this is the first report, to our knowledge, of their
use to investigate DBP precursors. The experimental design included
both regional factors (e.g. replicating differing patterns in DOM pulses)
and local factors (e.g. lake types). The experiment was conducted in two
lakes in Sweden, each characterized by distinct ambient conditions: one
with brown water and the other with clear water, yet both with similar
DOC concentrations. Standardized equipment and methods were
employed at both sites to investigate variations in DBP-FP levels and
speciation for both regulated (THMs) and unregulated (HANs) DBPs.
The study focused on three distinct patterns in pulse event scenarios
involving additions of organic carbon (as DOC) and inorganic nutrients
(as P and N) to the mesocosms, simulating runoff events. The three
scenarios were simulated by manipulating the intensity and frequency of
the additions to mimic extreme, intermittent, and continuous (daily)
runoff conditions.

2. Methods and materials
2.1. Study sites and mesocosm facility

A spatially coordinated mesocosm experiment was conducted in two
lakes to study the impact of runoff variability on DBP precursors in two
different freshwater environments using the SITES AquaNet infrastruc-
ture (Urrutia-Cordero et al., 2021). Bolmen (56.9418 N, 13.6409 E)
located in southern Sweden, is characterized as an oligotrophic humic
lake with a mean depth value of 5 m. The second lake, Erken (59.835 N,
18.632 E) which is located in eastern Sweden, has a mesotrophic
clearwater trophic status with a mean depth of 9 m. Both study sites
have a hemiboreal climate with warm summers, the season during
which this study took place (from July 7 to August 12, 2022). Table 1
presents the characteristics of the two water lakes. Despite similar DOC
concentrations in both lakes, water from Bolmen has a high humic
content (SUVA>4) while Erken water contains a lower level of humic
substances with a mean SUVA value of 2 L mg~* m ™.

A total of 16 high-density polyethylene cylindrical mesocosms (1.5 m
height, 0.8 m diameter, 700 L total volume) were installed and fixed to a
floating platform in each lake. Each mesocosm was filled by pumping
550 L of natural lake water from a depth of approximately 0.5 m below
the surface to ensure the collection of a representative sample. The
mesocosms in Bolmen will be referred to as ‘brown mesocosm’ hereafter,
while those in Erken will be termed the ‘clear mesocosm’. All mesocosms

Table 1

Lake water characteristics.
Lake Mesocosm type DOC (mg L) A254 (cm™) SUVA (L mg! m™) Br+ (g L) pH
Bolmen Brown 10.4(0.58) 0.45(0.003) 4.34(0.29) 17(1.92) 7.01(0.22)
Erken Clear 10.8(0.21) 0.22(0.001) 2.01(0.04) 120(5.19) 8.35(0.01)

Mean (SD) values (n=16) at Day 0.
* Mean (SD) historical values (2022) (NBolmen=10, Ngrken=27).



A. Pedregal-Montes et al.

featured closed bottoms and open tops, strategically positioned to float
within the lake waters, maintaining a natural and ambient temperature
regime. Additional protocols about the experiment setup are available in
Langenheder et al., 2024.

2.2. Experimental design

Runoff variability was experimentally simulated by manipulating the
frequency and intensity of natural DOM and nutrient loading regimes to
the mesocosms, with pulses of DOC in the form of peat extract solution,
as well as pulses of inorganic nutrients (N as NaNOs and P as KHyPO4).
Each mesocosm received the same total amount of DOC and inorganic
nutrients, but these additions were supplied at three different intervals
or treatments: extreme (E), intermittent (I), and daily (D) (Figure A.1).
Overall, each treatment (E, I, D) received a total addition of 2 mg L lof
DOC, 500 pg L} of N, and 50 pg L™ of P.

Consequently, the experimental setup comprised: (1) the extreme
treatment, where mesocosms received a low-frequency but high-
intensity pulse event scenario (one addition, 100 % total addition) on
Day 7, (2) the intermittent treatment, which received a medium fre-
quency and medium-intensity pulse event scenario (seven additions
ranging from 5 % to 30 % of total addition), and (3) the Daily treatment,
consisting of a high frequency but low-intensity pulse event scenario (20
additions of 5 % of total addition each) starting from Day O to Day 19. In
addition, a reference treatment, the unmanipulated control (C), with no
additions, was incorporated in the experiment.

The experiment lasted for a total of 37 days, mimicking a rainfall
period (the additions period). This period included the first 20 days
during which the additions occurred, followed by a subsequent 17-day
recovery period with no further additions (Figure A.1) to determine
whether the effects of pulse manipulation persisted. While a rainfall
event can contribute to a dilution effect (Chang et al., 2020), here we
considered a significant positive relationship between DOC and runoff,
as observed in other streams draining wetlands (Kothawala et al., 2015),
especially during the summer when decomposition in catchment soils is
highest (Jennings et al., 2020).

All treatments, including the control, were replicated four times, and
each treatment was randomly assigned to one of the four pools of the
floating platform (Langenheder et al., 2024). The mesocosms were filled
on 6 July 2022 (Day —1), and the first samples representing the initial
conditions (before additions) were collected on 7 July 2022 (Day 0).

2.3. Peat extract and nutrient preparations

For the addition of DOC, a solution of natural DOM was extracted
through alkaline extraction (Riedel et al., 2012) from commercially
available peat (Hasselfors Solmull Naturtorv®) as described in Lan-
genheder et al., 2024. The preference for peat leachate over commer-
cially available extracts, such as HuminFeed® was based on the highly
recalcitrant characteristics of these other reference materials (Cal-
dero-Pascual et al., 2021). Solutions of NaNO3 and KH,PO4 were pre-
pared to adjust the target total nutrient additions of 500 pg L™! of N and
50 pg L1 of P, respectively (Langenheder et al., 2024). The DOC solu-
tion from the peat extract and the concentrated inorganic nutrient so-
lutions were stored frozen in batches (falcon tubes previously
autoclaved) in accordance with the target addition for each treatment
and replicate. The required batches (see Section 2.2) were removed from
the freezer the day before the addition and allowed to thaw overnight.

2.4. Mesocosm water monitoring strategy

Water temperature (Ty,) and dissolved oxygen concentration (DO)
(Optode, Aanderaa Data Instruments AS) were recorded continuously
using sensors installed in each mesocosm at a depth of 0.6 m (Urru-
tia-Cordero et al., 2021). An underwater photosynthetically active ra-
diation (PARy) sensor was installed at a depth of 0.4 m in each
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mesocosm. A handheld multiprobe system (EXO2, YSI) was used to
measure pH at 0.6 m depth in each mesocosm daily. More information
regarding sensors handling and data treatment is available in (Langen-
heder et al., 2024). Meteorological data, air temperature (°C) and total
precipitation (mm day 1), were collected from the local weather sta-
tions Erken Laboratory, 2023.

On sampling days, an integrated water column sample was collected
using a Ruttner sampler. Samples were transported to the laboratory
immediately and subsampled into different aliquots for total dissolved
nitrogen (DN), total phosphorus (TP), chlorophyll-a (Chl-a), UV absor-
bance at 254 (A254) and 420 (A420) nm, and DOC analysis. The unused
surplus water sample was returned to its respective mesocosm.

Samples for DOC, nutrients and Chl-a were analyzed six times (on
Days 0, 4, 8, 12, 20 and 36) following methods described in (Langen-
heder et al., 2024). The UV absorbance of water samples was measured
every four days using a HACH DR6000 and Shimadzu UV-1800 spec-
trophotometer for samples from brown and clear mesocosms, respec-
tively. Quartz cuvettes of 5 cm were used for measuring A420 to
characterize water color as a brownification proxy (Weyhenmeyer et al.,
2016), while cuvettes of 1 cm were employed for measuring A254. The
A254 values were used to calculate SUVA values, serving as a surrogate
for aromatic and humic DOM (Hua et al., 2015).

2.5. DOM composition

Samples for fluorescence spectroscopy measurement of DOM were
collected at six time points (Days 0, 4, 8, 12, 20 and 36) directly from the
Ruttner sampler and transferred to acid-washed plastic tubes at the
mesocosm platform. Samples were filtered through pre-rinsed PES-sy-
ringes filters (0.2 pm pore size) and stored in acid-washed pre-com-
busted glass vials at 4°C in the dark. One sample blank (using Milli-Q
water) was included per sampling day and underwent the same process
as mesocosms water samples to check for possible contamination. Both
absorbance and fluorescence excitation emission matrices (EEM) were
simultaneously measured using a Horiba AquaLog® fluorescence spec-
trophotometer using a 1 cm quartz cuvette and Milli-Q water to blank
correct and define the baseline. Fluorescence was measured for all
samples from brown and clear mesocosms within 8 days after the
experiment. The excitation wavelengths spanned from 240 to 600 nm (3
nm increments), while emission wavelengths ranged from 246 to 827
(4.65 nm increments), and the integration time was 0.5 s. Spectral
corrections were performed by AquaLog®, while inner filter effects were
corrected by drEEM toolbox (Murphy et al., 2013) in MATLAB®
(R2022b) using the corresponding absorbance measurements (Kotha-
wala et al., 2013). All EEMs were analyzed and processed using the
drEEM toolbox. Fluorescence intensities were normalized to Raman
Units (RU) (Lawaetz and Stedmon, 2009) and EEMs were resized to
commonly used ranges (excitation: 250-500; emission: 300-600 nm)
since no reliable fluorescence was detected outside the ranges. After
removing Raman and Rayleigh scatters, outliers were identified and
removed using built-in functions.

A multi-variate tool used to identify underlying fluorescence com-
ponents, parallel factor (PARAFAC) analysis was applied to the pre-
processed EEMs following the iterative steps provided by Murphy
et al., 2013. After internal (Split-half analysis) model validation, the
PARAFAC components were compared with OpenFluor database,
finding matches for all the components (similarity score > 0.95) (Mur-
phy et al., 2014). The optimal PARAFAC model capable of describing the
DOM pool within the dataset revealed six fluorescence components
(Table A.1). Notably, three PARAFAC components exhibited multiple
excitation loadings, and all emission loadings displayed smooth
uni-modal peaks, consistent with expectations for fluorophores (Sted-
mon and Bro, 2008). Four components (C1, C2, C3, C4) demonstrated
spectra resembling humic-like peaks, while two components (C5, C6)
exhibited spectra akin to protein-like peaks. Additionally, the relative
fluorescence intensity was calculated and expressed as a percentage to
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assess changes in DOM composition during the experiment.
2.6. DBP-FP tests

Water samples were collected four times (Days 0, 8, 20 and 36, all
days that overlapped with sampling for DOM, nutrients, and Chl-a) and
immediately stored frozen in the dark until DBP-FP tests were per-
formed. The DBP-FP was conducted following methods of previous
studies (Liu et al., 2016; Munthali et al., 2022; Sanchis et al., 2020) to
obtain between 1 and 3 mg L™ of residual free chlorine after 4 days of
contact time to allow the reaction to approach completion for all the
samples (APHA, 2005; Uzun et al., 2020). The determined chlorine dose
was added to all samples, prior to incubating in head-space free glass
tubes in the dark at 22 °C. The samples were quenched with ascorbic
acid after measuring their residual chlorine content (LCK 310, Hach
Lange GmbH, Germany).

Samples were liquid-liquid salt extracted (in duplicate) with Methyl-
t-Butyl Ether (MtBE) at a pH of 3.5 and analyzed by gas chromatography
coupled to mass spectroscopy (GC-MS) (Thermo Fisher Scientific).
Further details about the GC/MS method are available in Munthali et al.,
2022; Sanchis et al., 2020. The identified DBP species were categorized
into two groups: (1) THMs, which included chloroform (TCM), bromo-
dichloromethane (BDCM), dibromochloromethane (DBCM), and bro-
moform (TBM), constituting part of the C-DBPs; and (2) HANS, including
dichloroacetonitrile (DCAN), trichloroacetonitrile (TCAN), bromo-
chloroacetonitrile (BCAN), and dibromoacetonitrile (DBAN), forming
part of the N-DBPs. While additional C-DBPs such as 1,1-dichloropropa-
none (1,1-DCP), 1,1,1-trichloropropanone (1,1,1,-TCP), and tri-
chloronitromethane were measured, only the last one was quantified at
concentrations above the limit of detection. Consequently, our analysis
focused on the THMs and HANSs species.

2.7. Data analysis

All statistical analyses and graphs were conducted using R version
4.2.3. (R Core Team, 2023). Initial conditions (before additions) were
compared between treatments (C, D, I, E) and mesocosm types (brown
and clear) through a two-way ANOVA applying additive models on all
variables at Day 0 (Fonseca et al., 2022). To assess statistical differences
among treatments after the additions, pairwise comparisons (t-test)
were performed for each sampling day (Day 4, 8, 12, 20 and 36) using
treatment (C, D, I, E) as factor, for brown and clear mesocosms sepa-
rately. The pairwise comparisons were applied separately for the
different variables assuming that they were independent datasets from
different samplings. The t_test function from the rstatix package was
used, and p-values were adjusted using the Bonferroni method to ac-
count for the number of comparisons (Caldero-Pascual et al., 2021).

Non-metric multidimensional scaling (NMDS) was employed to
compare the formation potential of DBPs between mesocosm types
across the entire experiment using the vegan package. Given the ex-
pected diverse responses in DBP-FP and non-linear associations between
variables, the robust ordination technique of NMDS was suitable for
analyzing our dataset (Clarke, 1993). The dissimilarity matrix was
constructed based on 125 observations, incorporating all DBP species
quantified at concentrations above the limit of detection. The low stress
value of 0.04 of the NMDS analysis indicated that the ordination effec-
tively represented the high-dimensional assemblage structure. Subse-
quently, an ANOSIM post-analysis test was conducted to evaluate
statistical dissimilarity. To assess the behavior of potential explanatory
variables and their relationships with the formation of DBPs; nutrients,
Chl-a, PARAFAC components intensities, SUVA, A420 and DOC, all
referred to collectively as environmental variables, were fitted onto the
NMDS ordination using the envfit function.

The effects of DOM and nutrient additions on DBP-FP for THMs and
HANs were examined for brown and clear mesocosm types separately.
Linear mixed effects (Ime) models, implemented with the nlme R
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package, were employed for the analysis (Feuchtmayr et al., 2019). Each
model included a random intercept fitted for one random variable,
mesocosm number (1 to 16), accounting for variations in DBP-FP. The
models considered the day of experiment (0, 8, 20 and 36), treatments
(C, D, I, E), and their interactions. Assumptions were verified by visually
inspecting residuals for normality and constant variance.

Finally, partial least squares (PLS) models were employed to assess
multicollinearity in the data set and to establish the relationships of the
formation of DBPs (response variable) with the explanatory variables
used previously in the NMDS analysis. Two PLS models were con-
structed, one for THM and another one for HAN formation potential for
brown and clear mesocosm types. The determination of the number of
PLS components was based on the test root mean squared error (RMSE)
and validated through the leave-one-out cross-validation method. Var-
iable Importance in Projection (VIP) was used to identify the most
influential explanatory variables in the PLS models. The larger the VIP
value, the more importance of an explanatory variable for the response
variable. VIP values greater than one are considered to be the relatively
important explanatory variables (Favilla et al., 2013). The necessary
packages for this analysis included pls, vip, caret and pROC.

3. Results and discussion
3.1. Climate and initial conditions

During the study period, air temperature fluctuated from 6°C to 33°C
for the brown mesocosms and from 10°C to 36°C for the clear meso-
cosms. Precipitation during the experiment was sporadic at both loca-
tions. Surface water temperature in the mesocosms generally tracked the
changes in air temperature. Despite a broader spectrum of water tem-
peratures observed in brown mesocosms, both the brown and clear
mesocosms maintained a comparable mean temperature of 20°C
throughout the experiment.

The differences in initial conditions of the experiment (before addi-
tions) were identified between the brown and clear mesocosm types
through the application of a two-way ANOVA for Day 0. Significantly
higher values of PARy, A420 and SUVA (p < 0.001) were observed in the
brown mesocosms compared to the clear mesocosms, which are sensi-
tive indicators of browning (Table A.2). Humic-like PARAFAC compo-
nents (C1, C2, C3, C4) were higher in the brown mesocosms, while
protein-like PARAFAC component C6 showed no significant differ-
ences between mesocosm types (p = 0.758), and C5 exhibited higher
values in the clear mesocosms (p < 0.01) (Table A.2). Regarding the
initial composition of DOM, both brown and clear mesocosms were
predominantly composed of humic-like components, with 82 % and 69
%, respectively (n = 16) (Figure A.2). This composition was consistent
with typical natural water as reported by (Eder et al., 2022). Less sig-
nificant differences were observed for DOC, DN and Chl-a (p < 0.05),
and no significant differences were observed for TP (p = 0.166), with
lower mean concentrations of DOC (10.4; 10.8 mg L’l), DN (472.1,
504.1 pg L™1) and TP (19.5; 20.4 pg L™ 1), and higher Chl-a values (5.84;
4.77 ug L) for the brown mesocosms compared to the clear mesocosms
(n = 4) (Table A.2).

The formation potential of HANs before the additions was not
significantly different between the brown and clear mesocosms (p =
0.17) (Table A.2). However, significantly lower mean initial levels of
THMs were found in the brown mesocosms (256.1 pg L™!) compared to
clear mesocosms (359.4 ug L™Y) (n = 4) (Table A.2), which contradicts
the typical association of higher THMs formation in humic waters (Bond
et al., 2012). In particular, high concentrations of bromine containing
THMs were found in clear mesocosms (Table A.3) due to the higher
concentration of bromide in those source waters (Table 1). Hypobro-
mous acid (HOBr) is very rapidly formed by the reaction of Brand HOCIL
(k=15 10° M_ls_l) (Kumar and Margerum, 1987). In numerous in-
stances, the reactivity of HOBr in halogenation reactions significantly
surpasses that of HOCI (Criquet et al., 2015; Hua et al., 2006; Lee and



A. Pedregal-Montes et al.

Von Gunten, 2009). For example, studies have demonstrated that the
second-order rate constants for reactions involving phenolic compounds
are, on average, 3000 times higher for HOBr in comparison to HOCI
(Heeb et al., 2014). Therefore, the higher formation potential of THMs
(mostly Br-THMs) was likely a function of the higher concentration of
bromide observed in the clear waters in comparison to the brown
waters.

3.2. DBP-FP across treatments and mesocosm types

The NMDS analysis shows a tight clustering of DBP-FP by mesocosm
type, brown and clear, when all days of the experiment and all treat-
ments were included (Fig. 1). The smaller tightly clustered ellipse for the
brown mesocosms suggested a more uniform response over time and
across treatments. This consistent and temporally stable response sug-
gests that brown mesocosms were more resistant to changes induced by
the pulse events, regardless of their frequency. In comparison, the larger
ellipse for clear mesocosms reflects a greater dispersion of observations
over time and treatment. This dispersion may indicate an elevated sus-
ceptibility of clear mesocosms to the treatments regarding alterations in
DBP precursor concentrations. A post-analysis ANOSIM gave a test sta-
tistic of 0.973 (p = 0.001), indicating a highly significant dissimilarity
between the DBP-FP data from the brown and clear mesocosms,
respectively.

Potential explanatory variables were overlaid on the NMDS plot as
environmental vectors (Fig. 1). The direction and length of arrows for
humic-like components (C1, C2, C3, C4), SUVA and A420 suggested
correlations with DBP-FP in brown mesocosms. In turn, protein-like
components (C5, C6), DN and DOC exhibited correlations with DBP-
FP in the clear mesocosms. Further analysis of these correlations was
explored in Section 3.5.

These results collectively indicate that the DBP precursors present in
the water of each respective mesocosm type and/or the prevailing
environmental conditions at the individual study site exerted a domi-
nant role in the process of DBP formation potential within the scope of
this investigation. Given the significant dissimilarity identified between
brown and clear mesocosms, we proceeded with data analysis for each
mesocosm type separately.
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3.3. Impact of DOM and nutrients additions on DBP precursors

The additions of DOM and nutrients affected the DBP precursors of
the brown and clear mesocosms differently. Brown mesocosms, rich in
background levels of humic substances, tended to manifest a compara-
tively lower response to the three distinct pulse additions (D, I, E).
Interestingly, the stable DOM composition in brown mesocosms
throughout the experiment (Figure A.2) aligned with the observed low
biological activity from phytoplankton, as indicated by trends in DO,
pH, and Chl-a (Figures A.3 and A.4) (Lavonen, 2015). Only a minor
increase of approximately 1 % in protein-like components was observed
within the ecosystems for brown waters at the end of the experiment
(Day 36) (Fig. A.2). Pilla and Griffiths, 2023 conducted a study on the
“hump-shaped” relationship between Chl-a and DOC concentrations,
suggesting that increases in DOM-bound nutrients stimulate primary
production (with Chl-a as a proxy) until light availability becomes a
limiting factor for growth. This observation aligns with several studies,
generally performed in boreal lakes, which emphasize that in some cases
colored terrestrial organic matter can have a more dominant control in
limiting productivity than nutrients (Lavonen, 2015; Soulié et al., 2022).

A more detailed examination of the temporal dynamics of the six
PARAFAC components was conducted using time series data for
maximum fluorescence (Fmax) (Fig. 2). In brown mesocosms, humic-
like components of DOM showed patterns similar to A420 and SUVA
(Fig. A.3), showing positive responses to the pulses during the additions
period and clustering together from Day 20 onwards. Despite compo-
nents C2 and C4 exhibited decreasing trends during the recovery period
(Figs. 1-c and 1-g), significantly higher Fmax values were observed for
all PARAFAC components except C5 at Day 36 for all three treatments
with respect to the control mesocosms (Fig. 2, Table A.4). This suggests
that the impact of all pulse treatments in the brown mesocosms persisted
even after the recovery period. The poor response of the brown meso-
cosms to the different pulses in this study is consistent with the obser-
vations of previous studies (Karlsson et al., 2009).

Contrarily, the clear mesocosms exhibited heightened sensitivity to
the pulses. The protein-like components increased in the clear meso-
cosms across the experiment for all treatments (Figure A.2). These
components have been related to autochthonous freshly produced DOM
(Coble et al., 1990; Parlanti et al., 2000), where humic-like proportions
decreased with increasing water residence time (Fig. A.2), indicating

NMDS2
-0.2 0.0 0.4

-0.4

Stress = 0.04
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® intermittent

® extreme
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0.0 0.5
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Fig. 1. NMDS plot based on concentration of quantified DBP-FP species (TCM, BDCM, DBCM, DCAN, TCAN, BCAN) from both brown and clear mesocosms across all
sampling days (n = 113). Arrows represent the relationship between potential explanatory variables and DBP-FP. Ellipses are shown with a 95 % confidence level and

show the dispersion of the observations grouping by mesocosm type.



A. Pedregal-Montes et al.

Brown

0.60+
& 0.55- - ' :
>< 1
£ 0.50 -

0.45

RU)

5 0.501
& 0.451

% 0.401

C5
7 0.40

S
g 0.30

0.20

C6
0.55
~0.50
& 045
50.40
£ 0.35
L 0.30

0.25+— T T T T T T T T T
0 4 8 12 16 20 24 28 32 36

Day of Experiment

Treatment: -®- control -®- daily -®- intermittent -®-extreme

Water Research 258 (2024) 121791

Clear b
1.10 '
1.00

0.90

Fmax (RU)

0.22 1
0.20 1
0.18 1
0.16
0.14 1
0.12

Fmax (RU)

0.32
0.30
0.28
0.25 1

Fmax (RU)

0.26 1
0.24 1
0.22 1
0.20 1
0.18 1
0.16

Fmax (RU)

0.80

0.60

Fmax (RU)

0.40

0.70
0.60
0.50

Fmax (RU)

0.40

0.30 — T T T T T T T T T
0 4 8 12 16 20 24 28 32 36

Day of Experiment

Fig. 2. Changes over time in the six PARAFAC components using maximum fluorescence (Fmax) (mean =+ sd, n = 4). Red vertical dashed lines indicate when the
extreme pulse took place. Gray vertical lines indicate the end of the additions period.

shifts in DOM composition (Bertilsson and Tranvik, 2000; Kothawala
etal., 2014). These observations aligned with the A420 and SUVA trends
that exhibited a decline during the recovery period (Day 20 to Day 36)
(Figs. A.3-f and A.3-h; Table A.4), suggesting DOM transformations in
the water. Fmax time series for the clear mesocosms exhibited signifi-
cantly higher values of the protein-like components C5 and C6 for daily
and intermittent treatments after the additions period and showed

positive trends until the last day (Figs. 2-j, 2-I; Table A.4). These results
suggest that there was sufficient light penetration for algae growth in the
clear mesocosms, and that the frequency and intensity of daily and
intermittent nutrient pulses may have enhanced higher biological ac-
tivity in these waters as showed in the DO, pH and Chl-a trends (Fig. A.3)
(Feuchtmayr et al., 2019). Additionally, fresh DOM produced within
lakes has higher nitrogen content (Hua et al., 2019; Leenheer, 2009),
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which was observed in the temporal series of DN for the clear meso-
cosms (Figure A.3-j).

3.4. Response of DBP-FP to pulse additions

The formation potential of THMs was lower in brown mesocosms
throughout the experiment (Fig. 3-b, Table A.3). Despite observing in-
creases in THMs after the different additions, the results from the Ime
model showed that the total THM-FP in brown mesocosms was not
significantly impacted by the different pulse additions throughout the
experiment (Fig. 3-a, Table A.6). Additionally, the THMs speciation
found at Day O remained almost constant after the additions, with
average TCM and BDCM concentrations of 240 pg L' and 12.3 pg L%,
respectively (n = 48, Day>0) (Fig. 3-b). In contrast, the presence of
elevated bromide in clear mesocosms increased the formation of THM
species, with elevated TCM and BDCM average levels (above 150 pg L™
and minor DBCM concentrations (7.17 pg L’l) (n = 48, Day>0)
throughout the experiment (Fig. 3-b; Table A.3). The Ime model applied
to the data set from the clear mesocosms showed a significant increase
(Ime, p < 0.0045) in THMs for the intermittent treatment at Day 36
(Table A.6), which is also observable in the positive trend of the
normalized THM concentration throughout the experiment for that
treatment (Fig. 3-a). Despite the higher total THM levels in the clear
mesocosms, TCM concentrations are higher in the brown mesocosms,
reflecting its association with highly terrestrial DOM present in
browning systems (Bond et al., 2012; Breider and Hunkeler, 2014).

Despite observing no significant differences in the initial formation
potential of HANs between brown and clear mesocosms (see Section
3.1), the responses of HANs to the treatments in brown and clear mes-
ocosms differed strongly (Fig. 3-c; Table A.7). DCAN was the only HAN
species quantified in brown mesocosms (Fig. 3-d), and significant in-
creases in concentration were found after daily additions on Day 20 and
36 compared to the control units (Table A.7). However, similar DCAN
concentrations were observed for intermittent and extreme treatments
at Day 36 (Table A.3, Table A.7). Thus, a final total HAN concentration
of approximately 40 pg L™ was observed for the three treatments (n =
12) at the end of the experiment, in contrast with the 25 pg L™! of the
control units (n = 4) (Fig. 3-d). An interesting finding from this study
was the response of HANs to the different treatments in the clear mes-
ocosms (Fig. 3-c). Although the HAN speciation was similar for all
treatments during the experiment, with DCAN as the predominant spe-
cie (DCAN >> BCAN > TCAN) (Fig. 3-d, Table A-3), the levels of these
N-DBPs differed significantly for each treatment (Table A.7). The daily
and intermittent additions to the clear mesocosms generated a consis-
tent increase in HAN levels over the course of the experiment (Ime, p <
0.001), reaching final mean concentrations of 80.15 pg L '(n=4)inthe
case of the intermittent treatment and 59.56 pg L™} (n = 4) for the daily
treatment, in contrast to the 37.41 pg L~ (n = 3) observed in the control
units (Fig. 3-d). The response of HAN levels to extreme additions
exhibited a significant increase only at Day 36 (Ime, p < 0.02), with a
mean final concentration of 41.16 ug L1 (n = 4) (Table A.7). The
dispersion of data in the DBP-FP, with high standard deviation observed
in Fig. 3, reflects the combined uncertainty and variability of DBP-FP
resulting from various environmental factors, mesocosm complexities
and experimental procedures. This observation is not rare in mesocosm
studies due to their ecological realism and increased scale (Sanderson,
2002).

3.5. Interactions between precursors and DBPs

The responses of monitored explanatory variables, encompassing
both DOM composition and quantity, varied with different additions of
DOM and nutrients. These responses were linked to the formation of
DBPs (response variable). Throughout the experiment, 57 % of the
variance in THM formation potential was explained by one PLS
component while 79 % of the variance in HAN formation potential was
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explained by two PLS components. Identification of important explan-
atory variables for DBP formation was accomplished through VIP plots
applied to the PLS models (Fig. 4-a, 4-c), presenting importance in
descending order. All explanatory variables exhibited relatively high
importance (VIP > 1) in THMs formation, with visible higher VIP values
for variables associated with terrestrial, allochthonous DOM character
(humic-like PARAFAC components, SUVA and A420) (Fig. 4-a).
Conversely, only explanatory variables associated to freshly produced,
autochthonous DOM (Chl-a, protein-like PARAFAC components, DN)
showed notable influence (VIP > 1) in HANs formation (Fig. 4-c). DOC
exhibited influence in both THMs and HANs formation, showing its
potential as a simple DBP predictor (Peng et al., 2016). Allochthonous
DOM has primarily been associated with the formation of regulated
C-DBPs like THMs (Bond et al., 2012; Liao et al., 2017). However, the
investigation of N-DBPs has typically occurred when chloramine is uti-
lized as the disinfectant (Yang et al., 2015, 2010).

Further exploration of interactions between the most influential
explanatory variables and DBPs formation was conducted through
scatter plots considering different treatments and mesocosm types.
THMs-C4 interactions exhibited diverse behaviors between mesocosm
types but not among treatments (Fig. 4-b), with lower THM levels at
higher C4 values in brown mesocosms and higher THM levels at lower
C4 values in clear mesocosms. These observations deviate from previous

@

findings (Xue et al., 2014), emphasizing the potential impact of local
conditions such as bromide levels and browning on the THM responses.
In contrast, HANs-Chl-a interactions demonstrated positive correlations
for both mesocosm types, with these relationships varying among
treatments (Fig. 4-d). The noteworthy correlation observed in the clear
mesocosms between HANs and Chl-a for intermittent and daily treat-
ments suggests that the lower intensities and higher frequency of these
treatments, combined with sufficient light penetration, created favor-
able conditions for producing HAN precursors (Hua et al., 2019; Kras-
ner, 2009).

3.6. Implications for the drinking water sector

Regional (e.g. climate) and local (land use, land cover, hydrology)
factors in a catchment collectively shape the composition of DOM and
nutrients in runoff entering lakes (Doyle et al., 2019), which potentially
impact the presence of DBP precursors. This study identified significant
differences between two lakes, driven by local factors. For example,
unexpectedly higher bromide levels in clear lake waters led to increased
levels and species of THMs (Br-THMs) in clear mesocosms, emphasizing
the need to monitor point and diffuse sources of bromide in catchments
such as seawater intrusion (Chowdhury, 2022) and the use of deicing
salts in roads (Delpla and Rodriguez, 2016). In turn, the humic
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characteristics of the darker brown lake waters led to higher TCM pre-
cursors but inhibited the production of autochthonous DOM after
nutrient additions, resulting in lower HAN precursors compared to the
clear mesocosms. While water treatment processes including coagula-
tion and flocculation can more effectively remove terrestrial humic-like
DOM precursors (Shutova et al., 2014), the removal of protein-like DOM
is more challenging, owing to its smaller size (Beggs et al., 2009), posing
concerns as studies suggest higher cytotoxicity and genotoxicity for
N-DBPs compared to regulated C-DBPs (Tareq Aziz et al., 2022; Xue
et al.,, 2014). Thus, for the management of the more toxic and less
regulated group of N-DBP compounds, it is relevant to consider nutrient
inputs particularly in source waters used for drinking water that are
clear, and especially during times of the year associated with algae
blooms, which contribute directly to the production of autochthonous
DOM.

Identifying and monitoring main DBP precursors in specific catch-
ments and lakes devoted to drinking water supply can assist water
managers in decision-making. For example, addressing runoff with high
frequencies and low intensities through long-term responses (e.g.
monitoring land-use changes and nutrient inflows to catchments), mid-
term measures (e.g. controlling residence times in reservoirs to prevent
eutrophication), and short-term responses (e.g., algae removal, oxida-
tion) can mitigate the production of N-DBPs precursors. Extreme rainfall
events, while showing lower DBP formation in this study, have been
associated with higher C-DBPs formation, especially at the beginning of
the storm . The composition of DOM entering lakes can shift over the
period of a storm, and depends on antecedent soil moisture conditions
(Patel et al., 2021). These high loads of precursors can stress drinking
water systems in short periods, particularly in small systems with limited
water source retention (e.g. reservoirs, pre-dams) or direct extraction
from rivers. Hence, short-term responses are required (e.g. higher en-
ergy and chemicals dose), resulting in increased operational costs and
compromised water safety when they are not planned (Anderson et al.,
2023).

Climate change is likely to impact DBP precursors, highlighting two
relevant events: i) Increased runoff with associated DOM and nutrients,
is likely to result in higher THM precursors that could become more
problematic in systems experiencing browning; and ii) High air tem-
peratures, common during dry summer periods, can impact lake levels
and inflow/outflow rates, leading to prolonged retention times and
increased in-lake autochthonous DOM production. Consequently, it
contributes to the production of HAN and THM precursors that could
become more problematic in eutrophic ecosystems with high nutrient
availability, especially in systems experiencing warmer conditions (Xiao
et al., 2023). A diversity of models predicting DBP formation, especially
THM, exist in the literature (Chowdhury et al., 2009). However, using
long- and short-term weather forecasts to develop tools for predicting
the mobilization of DBP precursors, such as those identified in this
research (e.g. DOC, Chl-a) could support water managers in addressing
uncertainties arising from future climatic events and anthropogenic
stressors (Lofton et al., 2023).

Given the complexity of natural processes within aquatic ecosystems,
we believe that using mesocosms to study DBP precursors is a promising
approach, considering factors and processes which are challenging to
reproduce at the laboratory scale. A thorough characterization of the
study sites and higher sampling frequency for DBP-FP tests are recom-
mended for future studies to capture rapid responses of the aquatic
ecosystems.

4. Conclusions

This study provides valuable insights into the responses of THM and
HAN formation potential to runoff variability, represented by differ-
ences in timing of DOM and inorganic nutrient additions. A novel
approach for DBPs studies was employed using a mesocosm experiment
that was spatially and temporally coordinated in two boreal lakes,
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characterized by brown (humic) and clear waters. These results are
particularly relevant for the drinking water sector, especially for facil-
ities that utilize freshwater as their source water for treatment. Key take
home messages from this study include:

- Lake type (brown vs. clear waters) was the most influential factor
affecting the formation potential of DBPs. Clear mesocosms exhibited
higher levels of more toxic DBP precursors, driven by high bromide
concentrations, which boosted the formation of Br-THMs upon
disinfection. In addition, the increased light availability in the clear
mesocosms enhanced the production of precursors for highly toxic
and unregulated HANs.

Runoff variability emerged as the second most influential factor
impacting DBP formation potential in the clear water lake. In the
clear mesocosms, intermittent and daily treatments produced higher
levels of HAN and THM precursors compared to the extreme pulse. In
the brown mesocosms, pulse variability led to similar levels of DBP
precursors.

- Terrestrial allochthonous DOM proxies were identified as the pri-
mary drivers of THM (C-DBPs) formation potential, while fresh
autochthonous DOM proxies were found to be most influential for
HAN (N-DBPs) formation potential. The selection of DOM surrogates
to control DBP precursors in source waters can be based on the target
DBP species and/or available resources.

Increasing uncertainty in the precipitation patterns puts safe drink-
ing water at risk, requiring more tools to monitor and predict DBP
precursors from catchments to distribution.
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