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Elevated levels of nutrients due to wildfire ash input into stream waters will likely cause algal blooms.
When source water is impeded by algae and requires immediate restoration, copper algaecides are
usually applied. Previous studies indicate that Cu?>* can promote reactivity of dissolved organic matter in
forming disinfection byproducts (DBPs). However, it is unclear that how DBP formation is changed after
the treatment of post-fire algal bloom by copper algaecide. In this study Microcystis aeruginosa was
cultured in the medium containing black and white ash water extracts (BE and WE) to study DBP
concentrations before and after 4-days exposures to low and high copper sulfate (0.5 and 1.0 mg-Cu/L).

K ds: . . . .
V\%‘Ql/grresash Dissolved organic matter (DOM) was characterized by UV-VIS absorption and fluorescence spectroscopy
Algal bloom and chlorination/chloramination-based DBP formation potential (FP) experiments. DOM concentrations

and algal population in the treatments were lower than that in control, regardless of types of water
extract. N-nitrosodimethylamine FP in the treatments were 4—6 times higher than the control (0.23
—0.34 vs. 0.05—0.06 pg/L), while haloacetonitrile FP revealed no significant difference (132—191 vs. 167
—185 pg/L). Trade-offs between reducing algal population and promoting DBP-FP were more pronounced
for the solutions containing BE than WE. Low copper concentration was as effective as high concentration
in inhibiting algal growth while minimizing promotion of DBP formation. The results can serve to
support risk evaluations of algal population and DBP concentration when wildfire-induced algal bloom is
left untreated and treated by copper algaecides.
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1. Introduction

Elevated levels of nutrients (e.g., organic carbon, phosphorous,
nitrogen) and dissolved organic matter (DOM) due to inputs of
wildfire ash in stream waters may cause excessive growth of algae,
creating great challenges to downstream drinking water treatment
utilities (Bladon et al., 2014; Smith et al., 2011). DOMs released from
wildfire ash and algae are precursors of potentially carcinogenic
disinfection byproducts (DBPs) [e.g., trihalomethanes (THMs) and
haloacetic acids (HAAs)] formed during water treatment
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disinfection processes such as chlorination and chloramination
(Goslan et al., 2017; Gough et al., 2015; Henderson et al., 2008; Tsai
and Chow, 2016; Wang et al., 20153, 2015b). In addition, toxic algal
blooms can exacerbate postfire drinking water quality. For
example, blue-green alga Microcystis aeruginosa commonly occurs
in eutrophic reservoirs and often produces microcystins, which are
potent hepatotoxins and tumor promoters, causing serious prob-
lems to public health (Otten and Paerl, 2015). In order to control
abundance of noxious algae in drinking water resources, copper-
based algaecides are extensively applied because of its effective-
ness (Hoko and Makado, 2011; Le Jeune et al., 2006; McKnight et al.,
1983). The amount of algae-produced organic matter (AOM) usu-
ally increases with increasing algal population. On the other hand,
following exposure of algae to copper algaecides, concentration of
AOM and associated DBP precursors may not increase due to


mailto:achow@clemson.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2019.04.013&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2019.04.013
https://doi.org/10.1016/j.watres.2019.04.013
https://doi.org/10.1016/j.watres.2019.04.013

228 K.-P. Tsai et al. /| Water Research 158 (2019) 227—236

inhibition of algal growth (Tsai, 2015).

Application of copper sulfate (CuSO4) for controlling noxious
algae has been practiced for decades (Haughey et al., 2000). In the
US, copper sulfate has been widely used to control algae in water
supply reservoirs and lakes in Ohio and Michigan States (Song and
Wang, 2015; Williams et al., 2015). The amount of copper required
for controlling problematic algae varies, and the maximum label
recommended concentration of copper sulfate as an algaecide is
2 mg-Cu/L (Tsai, 2016). A maximum contaminant level goal of
1.3 mg/L has been set for copper in drinking water supplies in the
US (Drinking Water Contaminants - Standards and Regulations).
Previous studies have showed that soluble copper may enhance
DOM chlorine/chloramine reactivities in DBP formation potential
(DBP-FP) by complexing with DOM and catalyzing haloform for-
mation (Blatchley et al., 2003; Fu et al., 2009; Zhang and Andrews,
2013; Zhao et al., 2016). Thus, persistence of copper in the water
column following application of copper sulfate may lead to in-
creases in DBP-FP during water disinfection. In order to ensure
drinking water safety after wildfires, minimizing AOM level and
associated DBP precursors is particularly important in situations
where algal bloom is ongoing. However, it is unclear whether
controlling wildfire-induced algal blooms by copper sulfate would
face the trade-offs between reduction of AOM associated DBP
precursors versus promotion of DBP formation. Therefore, it is
needed to investigate alterations of DOM and DBP concentration
following exposures of algae to copper sulfate during postfire algal
blooms.

DBP formation potential is correlated with DOM quality and
quantity (Hua et al., 2015; Hua and Reckhow, 2007). During
wildfire-induced algal blooms, bulk DOM chemistry in a reservoir
can be influenced by algal population and characteristics of DOMs
released from ash and algae (Revchuk and Suffet, 2014; Tsai et al.,
2017). Black and white ashes are commonly observed in burned
forested watersheds. Compared to white ash, black ash is usually
produced at relatively lower burning temperature (<250 °C) and
contains higher amount of organic compounds (Bodi et al., 2014;
Pereira et al., 2012). In addition, black ash derived DOM usually
contains less aromatic carbon and higher amounts of aliphatic
carbohydrate and polysaccharide compounds (Quill et al., 2010;
Wang et al., 2015b). After wildfire events, exposures of algae to
black and white ash solutions may elicit different responses in
terms of algal populations as well as quantity and quality of AOM
(Chen et al., 2018; Tsai et al., 2017).

Both autochthonous and allochthonous DOMs exhibit different
characteristics and contain diverse metal-binding functional
groups in their molecular structures (e.g., carbonyl, carboxyl,
phenolic, amino, and sulfidic groups) (Aiken et al., 2011). Mea-
surements of DOM UV—visible absorption and fluorescence char-
acteristics [e.g., excitation-emission matrix (EEM) spectroscopy]
have been extensively adopted in previous studies to understand
DOM properties such as optical characteristics and compound
classes (Maizel and Remucal, 2017; Minor et al., 2014). Importantly,
binding capacity of DOM and copper ions relates to DOM functional
group and copper concentration, which are critical for copper
acting as a catalyst for DBP formation (Liu et al., 2013; Zhang and
Andrews, 2012).

Regarding catalytic effect of copper on DBP-FP, Zhang and
Andrews (2013) found that during DOM chloramination, as Cu?*
concentrations increased from 0 to 1mg/L, N-nitrosodimethyl-
amine (NDMA) concentrations proportionally increased from 31 to
104 ng/L. In addition, previous studies showed that effects of Cu®*
on DOM chlorine/chloramine reactivities in DBP formation were
related to DOM properties. For example, Blatchley et al. (2003)
reported that addition of 1 mg-Cu/L as CuSQOy in the citric acid so-
lution resulted in a significant increase in chloroform formation;

however, it was not observed when 2,6-dihydroxybenzoic acid was
used. Liu et al. (2013) also found that during Cu-catalytic chlori-
nation reactions, THMs and HAAs formations from carboxylic acids
was more enhanced than from carbohydrates. During chlorami-
nation of a series of concentrations of Suwannee River DOM (SR-
DOM) spiked with 1 mg-Cu/L as CuSOy4, Zhang and Andrews (2013)
found that NDMA-FP significantly decreased as SR-DOM concen-
tration increased. On the contrary, Barnes et al. (1989) reported that
concentrations of chloroform formed during chlorination were
positively correlated with humic acid as well as chlorine concen-
trations. Moreover, it was documented that influence of Cu?* on
promoting THMs formation was more remarkable than HAAs dur-
ing the chlorination of humic acid (Liu et al., 2013). It suggests that
catalytic effect of copper on DBP-FP is also DBP species dependent.
Exposures of algae to copper can significantly impact algal pop-
ulations as well as AOM quantity and quality (Tsai, 2015), which
would consequently affect Cu-AOM complexation. Hence, it is ex-
pected that controlling wildfire-induced noxious algal blooms by
copper sulfate affects DBP formation with different degrees during
subsequent water disinfection process.

In this study, M. aeruginosa was cultured in the medium con-
taining black and white ash water extracts separately in order to
simulate fire-induced algal blooms in source water impacted by
wildfire ash. Additionally, we investigated alterations of DOM
quantity and quality as well as DBP formation following exposures
of M. aeruginosa to copper algaecide. The specific objectives of this
study were to: (1) measure DOM concentrations and M. aeruginosa
populations following 4-days exposures of M. aeruginosa to low and
high copper concentrations (0.5 and 1.0 mg-Cu/L) as copper sulfate
(CuS0O4-5H,0); (2) assess DOM spectroscopic characteristics
(SUVA354, Humification index, E2/E3, Fluorescence index, Fluores-
cence excitation-emission matrices); and (3) compare DOM re-
activities in DBP formation (Trihalomethanes, Haloacetic acids,
Haloacetonitriles, N-nitrosodimethylamine, Chloral hydrate, Hal-
oketones) in the absence and presence of copper algaecide.

2. Materials and methods
2.1. Ash collection and ash water extract preparation

Black and white ash samples were collected on October 2nd
from the 2013 Rim Fire in California. Detailed descriptions in
sampling location and collection approach were published previ-
ously (Wang et al., 2015b) and are presented in the Supporting
Information. All ash samples were air-dried at room temperature
(22 +1°C) and passed through a 2 mm screen. To obtain black and
white ash extracts, 50 g of each type of ash was mixed with 200 mL
Milli-Q water in a 250 mL Erlenmeyer flask. The water-ash mixtures
were shaken for 24 h using an orbital shaker at 250 rpm. Extracts
were filtered using Millipore 0.45 pm filters rinsed three times with
20 mL of Milli-Q water. Black ash water extract (BE) and white ash
water extract (WE) were used for further algal bioassay.

2.2. Algal culture and bioassay

The blue-green alga Microcystis aeruginosa UTEX 2385 (Univer-
sity of Texas at Austin, Austin, TX) was cultured non-axenically in
the medium. Composition of cultural medium substantially affects
algal growth as well as the chemistry of algal solution (Huang et al.,
2012; Kilham et al., 1998). Noticeably, BG11 medium has been
extensively used to culture M. aeruginosa for studying DBP forma-
tion from algal organic matters (Fang et al., 2010; Liao et al., 2015;
Zhou et al., 2014). However, original BG11 medium consists of 6 mg/
L of citric acid and 6 mg/L ferric ammonium citrate (Stanier et al.,
1971). Citric acid has been identified as a precursor for the



K.-P. Tsai et al. /| Water Research 158 (2019) 227—236 229

formations of trihalomethanes and haloacetic acids during water
chlorination (Chowdhury et al., 2014; Kanan and Karanfil, 2011). In
order to prevent uncertainty in the analyses of algae-produced
organic matters and related DBP formation potential, in this study
we minimized DOC concentration in the cultural medium. The
medium composition is provided in Table S1.

Algal cultures were maintained at a temperature of 24 +2°C
and a 12:12-h light-dark photoperiod illuminated by cool white
fluorescent lighting at an intensity of 2100 lux (Tsai and Chow,
2016). The algal bioassay conditions were the same as for algal
cultures, where algal population was monitored at the beginning
and end of experiment (day 0 and 4) by measuring optical density
at 680 nm (ODggp) using UV-VIS spectrophotometer (Shimadzu UV-
1800). Four-days exposure time was chosen because significant
decrease in M. aeruginosa population after exposure to copper
algaecide was often observed within 4 days in laboratory studies
(Tsai, 2016, 2015).

To simulate postfire algal bloom in downstream receiving water,
the initial ODggg values for algal bioassays were adjusted to 0.1 by
adding algal stock solution into 1L volumetric flasks containing
culture medium and ash water extract (BE or WE) (Tsai et al., 2017).
In the algal bioassays, dissolved organic carbon (DOC) concentra-
tions derived from BE and WE were adjusted to 5 mg/L, which is
within the range of DOM concentrations across the U.S. lakes as
well as pre- and post-fire DOM concentrations documented in
previous studies (Hohner et al., 2016; Wetzel, 2001). A stock solu-
tion (1000 mg-Cu/L) of copper sulfate pentahydrate (CuSO4-5H-0,
Sigma Chemical Co., St. Louis, MO) was prepared within 1 h prior to
experiment initiation using Milli-Q water. To study effects of con-
trolling M. aeruginosa blooms by copper sulfate on the changes of
DOM and DBP formation, algal bioassays were conducted using
three replicates of treatments of 0.5 and 1.0 mg-Cu/L as nominal
concentrations and an untreated control. Experimental chambers
consisted of 250 mL of treated and untreated M. aeruginosa in the
mixtures of culture medium and wildfire ash solutions in 1000 mL
acid washed Erlenmeyer flasks. Subsamples from the control and
treatments were collected at the beginning and end of experiment
(day 0 and day 4) for further chemical analysis.

2.3. Chemical and statistical analyses

Subsamples collected in the algal bioassay were filtered using
pre-washed Millipore 0.45 um filters for chemical analyses, which
contained extracellular AOM and ash-derived DOM. Methods of all
analyses including water chemistry and DBP-FP were published
previously (Murray-Gulde et al., 2005; Wang et al., 2015b). Detailed
descriptions are presented in the Supporting Information. Spec-
troscopic characteristics of dissolved organic matter were analyzed,
including specific UV absorbance at 254 nm (SUVA;s54), humifica-
tion index (HIX), E2/E3, and fluorescence index (FI). SUVA,54 was
calculated by normalizing UV absorbance at 254 nm to DOC con-
centration. Fluorescence excitation-emission matrices (EEMs) from
spectrofluorometry were analyzed by fluorescence regional inte-
gration (FRI) (Wang et al., 2015b).

Six DBP species were analyzed, including trihalomethanes
(THMs), haloacetic acids (HAAs), haloacetonitriles (HANs), N-
nitrosodimethylamine (NDMA), chloral hydrate (CHD), and hal-
oketones (HKs). Most DBP formation potentials were examined
under DOM chlorination condition, except that for HANs and
NDMA where chloramination was used instead. Yu and Reckhow
(2015) showed that hypochlorite can react with HANs via nucleo-
philic attack on the nitrile carbon, and the products might be
transformed or degraded to other DBPs or intermediate forms. It
has been reported that chloramines could enhance HAN formation
(Bond et al., 2011; Yu and Reckhow, 2015). Therefore, we tested

HAN formation potential under chloramination condition. The
DOM reactivities for DBP formation were expressed as specific DBP
formation potential (specific DBP-FP), which was calculated as DBP
concentration divided by DOC concentration (mmol/mol-C). Sta-
tistically significant differences between the control and treat-
ments were determined using one-way ANOVA with Tukey's test.
Significance was considered as P < 0.05. Additional details about
materials and methods used in this study can be found in the
Supporting Information section.

3. Results and discussion
3.1. M. aeruginosa population and DOM concentration

Characteristics of solutions for M. aeruginosa growing in the
presence of ash extracts, and nominal and measured soluble copper
concentrations (Cu?*) are reported in Table 1. Throughout the
experiment, ODggg values for M. aeruginosa growing in the presence
of BE significantly increased (p<0.05) from 0.09+0.00 to
0.18 +0.03 in the control (Fig. 1A1). On the contrary, after 4-days
exposures to 0.5 and 1.0 mg-Cu/L, ODggg values (0.03 +0.00 and
0.03 +0.00) were significantly lower than the initial value, and
there was no significant difference in the values between two
treatments. Regarding changes of DOC concentration, it signifi-
cantly increased from 6.2 + 0.3 to 8.9 + 0.4 in the control (Fig. 1A2).
Increases in DOC were also observed for both treatments (7.5 + 0.6
and 6.9 + 0.1 mg/L for the treatments of 0.5 and 1.0 mg-Cu/L), but
the increments in the treatments (about 21% and 11%) were less
than the control (30%). Similar patterns of the changes in ODggg
values and DOC concentrations were also observed in the treat-
ments with WE (Fig. 1B1 and 1B2). The increment of DOC in the
treatment at 1.0 mg/L was only about 4% (increase from 5.3 + 0.7 to
5.5+ 0.2 mg/L). The results suggest that postfire algal population
and DOM concentration in source water may increase over time if
no algaecide is applied for inhibiting algal growth. In contrast, as
copper sulfate is applied, algal population can be significantly
decreased with a minimal increase in DOM concentration. Besides,
postfire water quality would affect effectiveness of copper sulfate.
Previous studies also suggest that as M. aeruginosa bloom is initi-
ated, total microcystin concentration will increase along with cell
density; applying copper algaecide can not only inhibit algal pop-
ulation but also decrease microcystin concentration in water bodies
(Iwinski et al., 2016; Tsai, 2015).

3.2. DOM spectroscopic properties

SUVA;54 has been showed as an indicator for DOM aromatic
carbon content (Weishaar et al., 2003). The SUVA,s54 value was
2.6+0.1,4.0+0.3, and 5.2 + 0.1 L/mg/m for M. aeruginosa growing
in BE following 4-days exposures to 0 (control), 0.5, and 1.0 mg-Cu/
L, respectively (Fig. 2A1). For M. aeruginosa growing in the presence
of WE, it also proportionally increased with increasing copper
exposure concentration (Fig. 2B1). In the current study, we found
that black ash from the 2013 Rim Fire in California contained higher
amount of US EPA regulated polycyclic aromatic hydrocarbons
(PAHs) than white ash (Chen et al., 2018). Those toxic PAHs are
likely released into waters eliciting negative impacts to algal cells
(Cody and Radike, 1984; Zhang et al., 2018). When M. aeruginosa
grew in the presence of BE, the decrease in SUVA,s54 observed in
control (Fig. 2A1) could be attributed to destruction of algal cells,
causing increases of aliphatic and hydrophilic algal organic matters
in the solution (Gough et al., 2015; Ly et al., 2017; Yang et al., 2011).
Kikuchi et al. (2017) found a positive correlation between SUVA;54
and copper-to-DOC ratio in the Sagami River Basin, Japan, which is
in accordance with our findings (Table S2). SUVAy54 was found
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Table 1
(A) Water quality and optical properties of initial algal solutions containing black ash and white ash extracts (BE and WE). (B) Nominal and measured soluble copper con-
centrations on day 0 and day 4. ODgs, optical density at 680 nm; DOC, dissolved organic carbon; TDN, total dissolved nitrogen; DON, dissolved organic nitrogen; SUVA,s4,
specific ultraviolet absorbance at 254 nm; HIX, humification index; E2/E3 ratio, UVA at 254 nm divided by UVA at 365 nm; FI, fluorescence index. (average + standard deviation,
n=3).

(A)
Parameter Initial Algal solution + BE Initial Algal solution + WE
pH 10.0+0.0 9.7+0.0
ODsgo 0.1+0.0 0.1+0.0
Conductivity (uS/cm) 252+0 259+0
DOC (mg/L) 62+0.3 53407
TDN (mg/L) 9.1+0.1 8.1+03
NHZ-N (mg/L) 0.1+0.0 0.0+0.0
NOx-N (mg/L) 2.1+0.5 20+0.1
DON (mg/L) 6.9+0.6 6.0+0.2
SUVA;54 (L/mg/m) 35+04 2.7+0.2
HIX 9.4+0.0 8.0+0.2
E2/E3 53+04 48+ 1.5
FI 1.7+0.0 1.8+0.0
(B)
Algal solution + BE Algal solution + WE
Initial/Control Treatment Initial/Control Treatment
Nominal Cu?*, day 0 (mg/L) 0 0.5 1.0 0 0.5 1.0
Measured Cu?*, day 0 (mg/L) 0.1+0.0 04+0.0 0.6+0.0 0.1+0.0 0.3 +0.0 04+0.0
Measured Cu?*, day 4 (mg/L) 0.0+0.0 0.5+0.1 0.9+0.0 0.0+0.0 0.6+0.0 0.8+0.0
0.25 0.25
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Fig. 1. Optical density at 680 nm (ODggp) and dissolved organic carbon (DOC) for M. aeruginosa growing in the presence of (A) black ash extract (BE, A1 and A2) and (B) white ash
extract (WE, B1 and B2) without (control) and with 4-days exposures to copper sulfate (0.5 and 1.0 mg-Cu/L). Dash lines represent initial (day 0) values of ODggo and DOC. Error bars
represent the standard deviation (n=3).
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Fig. 2. Spectroscopic characteristics of DOM for M. aeruginosa growing in the presence
of (A) black ash extract (BE, A1-A4) and (B) white ash extract (WE, B1-B4) before (day
0, initial) and after 4-days exposures to copper sulfate (0.5 and 1.0 mg-Cu/L). SUVAs4,
specific ultraviolet absorbance at 254 nm; HIX, humification index; E2/E3 ratio, UVA at
254 nm divided by UVA at 365 nm; FI, fluorescence index. Error bars represent the
standard deviation (n = 3).

positively correlated with copper binding affinity of DOM in natural
waters (Baken et al., 2011). With further consideration in DOM
protonation-active sites, Yan et al. (2017) found that the amount of
high metal ion affinity sites (phenolic-type functional groups)
increased with SUVA;s4 values, while amount of low metal ion
affinity sites (carboxylic-type functional groups) revealed opposite
trend. According to those studies, our findings imply that applying
copper sulfate to control postfire algal bloom would lead to in-
creases in the aromatic carbon content and copper-DOM affinity.
Humification index (HIX) describes the degree of aromatic struc-
ture polycondensation (Kalbitz, 2001). We found HIX was signifi-
cantly higher in the control (8.2 + 0.0) than treatments of 0.5 and

1.0 mg-Cu/L (6.0 £ 0.3 and 3.4 +0.1) for M. aeruginosa growing in
the presence of BE (Fig. 2A2). For the M. aeruginosa growing in the
presence of WE, changes of HIX revealed the similar pattern to that
with BE, but there was no significant difference (p > 0.05) in the
control (4.6+2.0) and treatment of 0.5mg-Cu/L (3.9+0.8)
(Fig. 2B2). HIX values also represent characteristics of DOM source.
HIX <4 indicates that biological or aquatic bacterial origin is the
dominant source, while HIX >6 implies that terrestrial DOM is the
major source (Huguet et al., 2009). In this study, HIX values after
exposures of M. aeruginosa to 1.0 mg-Cu/L were lower compared to
the control and treatment with 0.5 mg-Cu/L, implying that amount
of intracellular compounds released from algal cells following ex-
posures to copper sulfate could be related to copper concentration
(Tsai, 2015). E2/E3 ratio is an index inversely correlated with DOM
molecular weight (MW) (Peuravuori and Pihlaja, 1997). It was
43 +0.2 and 4.3 +£0.0 in the treatment of 0.5 and 1.0 mg-Cu/L for
M. aeruginosa growing in the presence of BE, which was slightly
higher than that in the control (4.1 + 0.1) (Fig. 2A3). Similar pattern
for the changes in E2/E3 was also observed for M. aeruginosa
growing in the presence of WE (Fig. 2B3). These results suggest that
application of copper sulfate for controlling postfire algal bloom
may result in decreases in humification extent and MW of bulk
DOM, which is likely attributed to the presence of aliphatic com-
pounds with low MW released from algal cells into surrounding
water (Fuentes et al., 2007; Huguet et al., 2009; Tsai, 2015). Fluo-
rescence index (FI) provides information on relative contribution of
autochthonous and allochthonous DOM sources (i.e., higher values
represent more autochthonous origins). Regarding changes of FI
values in the control and treatments, there was no significant dif-
ference for the M. aeruginosa growing in the presence of BE
(Fig. 2A4), while FI values in both treatments (2.1+0.0 and
2.2 +0.0) were significantly higher than the control (1.9 + 0.0) for
the M. aeruginosa growing in the presence of WE (Fig. 2B4). These
findings imply that M. aeruginosa growing with white ash solution
tends to release fluorescent components following exposure of
copper sulfate, while the tendency might be minimal for growing
with black ash solution. These results provide fundamental infor-
mation about water characteristics during the treatment of post-
fire algal bloom by copper sulfate. Further investigations are still
needed to understand effects of ash solution and copper algaecide
on algal physiology and subsequent water chemistry.

Changes of fluorescence in DOM components in the control and
treatments after 4-days exposures of M. aeruginosa to copper sul-
fate were observed through 3D excitation emission matrices
(Fig. 3A1-A4 and 3B1-B4). The proportions of tyrosine- and
tryptophan-like compounds in the treatment of 1.0 mg-Cu/L were
significantly higher (p <0.05) than that in the control and treat-
ment of 0.5 mg-Cu/L, regardless of type of ash extract in the culture
medium (Regions I and II in Fig. 3A5 and 3B5). On the contrary,
proportions of fulvic acid- and humic acid-like compounds (regions
Il and V) in the treatment of 1.0 mg-Cu/L were significantly lower
than that in the control and treatment of 0.5 mg-Cu/L. For example,
the proportion of tyrosine-like compound for the M. aeruginosa
growing in the presence of BE was 4.1+0.1, 5.0+0.2, and
10.3 +£0.1% in the control and treatments of 0.5 and 1.0 mg-Cu/L
(Fig. 3A5, region I), where the proportion of fulvic acid-like com-
pound was 273 +0.1, 26.3+0.3, and 21.1+0.2%, respectively
(Fig. 3A5, region III). These results indicate that controlling wildfire-
induced algal bloom by copper sulfate would lead to increases in
fluorescence of protein-like compounds. Enhancement in DOM
fluorescence intensity for the protein-like compounds has also
been observed in the mangrove-related DOM with the addition of
cupric ion (Yamashita and Jaffe, 2008). Studying the metal binding
capacity with DOM fluorescent components in a eutrophic algae-
rich lake, Xu et al. (2013) noticed that tyrosine-like substance in
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DOM fraction and tryptophan-like substance in algal extracellular
polymeric substance exhibited higher copper binding capacity than
other component. Fluorescence of humic and fulvic substances
could be quenched upon complexation to cupric ion followed by
the change of molecular binding structure (Cabaniss and Shuman,
1988; Heibati et al., 2017; Ryan and Weber, 1982; Xu et al., 2013;
Yan et al., 2013). It was reported that the quenching of fluorescent
humic-like moieties by cupric ion occurs with a vibrational change
of the related functionalities, such as phenolic and aryl carboxylic
groups (Chen et al., 2015). In the present study, observed decreases
in the fluorescence of fulvic and humic substances were likely due
to quenching effects of copper on those compounds.

Toxicity of copper sulfate to algae may result from production of
reactive oxygen species through the redox cycling of copper ions in
the cells, causing suppression of mitosis and loss of cell membrane
integrity (Qian et al., 2010; Stauber and Florence, 1987, Stevenson
et al., 2013). Generally, protein-like compounds are major constit-
uent in algal cells, followed by carbohydrate, lipid, and relatively
low amount of humic substance (Huang et al., 2012; Myklestad,
2000; Pivokonsky et al., 2014). In addition to those compounds,
intracellular organic compounds such as toxins (e.g., microcystins)
would be released into surrounding water during algal cell lysis. A
positive correlation between extracellular microcystin and soluble
copper concentration has been reported (Iwinski et al., 2016; Tsai,
2015). In addition, applying minimum amount of copper required
for controlling M. aeruginosa bloom can not only reduce cell density
but also not compromise cell membranes, resulting in minimal
release of microcystin. Those studies support our findings that
controlling M. aeruginosa by applying low concentration of copper
(0.5 mg-Cu/L) was as effective as high amount of copper (1.0 mg-
Cu/L) (Fig. 1A1 and 1B1), where treatment of 1.0 mg-Cu/L led to
higher proportions of protein-like compounds in the solution
compared to that in the treatment of 0.5 mg-Cu/L (Regions I and II
in Fig. 3A5 and 3B5).

3.3. DOM reactivity for DBP formation potential

DBP formation potential (DBP-FP) and specific disinfection
byproduct formation potential (SDBP-FP) for M. aeruginosa growing

in the presence of BE or WE varied with different extents in the
untreated control and treatments (Fig. 4). In terms of DBP-FP, for
M. aeruginosa growing in the presence of BE, most DBP concen-
trations in the control were similar to or higher than the initial
values, except for the HKs concentration (Fig. 4A6, 10.5 + 0.7 and
213 +2.1 pg/L for the control and initial). CHD concentrations
increased with increasing copper concentration (Fig. 4A5). In
addition to CHD concentration, formations of THMs, HAAs, NDMA,
and HKs in the treatments were also higher than the control for
M. aeruginosa growing in the presence of BE, and it revealed no
significant difference for the treatment of 0.5 and 1.0 mg-Cu/L. For
example, NDMA concentrations in the treatments with 0.5 and
1 mg-Cu/L were 326.1 + 16.6 and 342.2 + 15.1 ng/L, approximately 6
times higher than that in the control (50.8 + 13.5 ng/L) (Fig. 4A4).
For M. aeruginosa growing in the presence of WE, the promotion
effect of cupric ion on DBP-FP was only observed for NDMA and
CHD (Fig. 4B1-B6). There were no significant differences for the
formations of THMs, HAAs, HANs, and CHD in the control and
treatment of 0.5 mg-Cu/L. Concentrations of THMs, HAAs, and HKs
in the treatment of 1.0 mg-Cu/L were lower than that in the control.

These results imply that controlling fire-induced algal bloom by
copper sulfate may promote subsequent DOM chlorine/chloramine
reactivities for DBP formation, and the promotion effect of cupric
ion on DBP formation is more significant for lower burning tem-
perature (<250°C, black ash is formed) compared to higher
burning temperature (>400 °C, white ash is formed). Using FTIR
spectroscopy to examine chemical functionality of thermally-
altered DOM, Quill et al. (2010) found that DOM derived from
plant materials burnt at a lower temperature (150 °C, black ash
solution) contained more aliphatic carboxylate groups. Wei et al.
(2018) showed that the DOM derived from lower temperature
(300 °C) biochar had larger copper complexation capacities than its
higher temperature (500 and 700 °C) counterparts as a result of
having more carboxyl groups. Zhao et al. (2016) found that catalytic
effect of cupric ions on aliphatic DBP precursors was more signifi-
cant than that on aromatic precursors. In the present study, as
M. aeruginosa grew in the presence of BE, bulk DOM might exhibit
more carboxylic DBP precursors compared to the bulk DOM in WE,
leading to more pronounced promotion effect of copper sulfate on
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DBP formation.

In terms of DOM reactivity for DBP formation, specific HAA-FP
for M. aeruginosa growing in the control (1.6+0.1 and 1.8 +0.4
mmol/mol-C for BE and WE) was significantly higher than the
initial value (1.3 +0.2 and 1.0 + 0.1 mmol/mol-C for BE and WE)
(Fig. 4A8 and 4B8). For the other DBP species, their SDBP-FP values
in the control were similar to or lower than the initial values. Most
specific DBP-FPs in the treatments were higher than the control,
except for specific HAN-FP for M. aeruginosa growing in the pres-
ence of BE. For example, for M. aeruginosa growing in the presence
of BE, specific THM-FP values in the control and treatment of 0.5
and 1.0 mg-Cu/L were 4.4+ 0.2, 7.3 + 0.6 and 7.3 + 0.5 mmol/mol-C
(Fig. 4A7); and SHAN-FP values were 0.1 +0.0, 0.1 +0.0, and
0.2 + 0.1 mmol/mol-C, respectively (Fig. 4A9). Regardless of type of
ash extract, specific CHD-FP proportionally increased with
increasing copper concentration (Fig. 4A11 and 4B11). Obviously,
trade-offs between reducing algal organic matter (Fig. 1) and pro-
moting DBP-FP (Fig. 4) were observed in this study. The results in
this study can serve to support risk evaluations of algal population
and DBP concentration when wildfire-induced algal bloom is left
untreated and when it is treated by copper sulfate.

In addition to the characteristics of post-fire source water
quality, the amount of copper applied is also a key factor influ-
encing the level of DBP formation promotion. When M. aeruginosa
is exposed to different amounts of copper, effect of copper on the
alteration of DBP formation is related to the quantity and quality of
AOM, because it can alter Cu-AOM chelating compounds and
associated chlorine/chloramine reactivities. Blue-green algae are
able to excrete copper chelators as a defense mechanism to detoxify
elevated cupric ion concentration (Gouvea et al., 2005; Mcknight
and Morel, 1979; Tonietto et al., 2014), and a positive relationship
in copper concentration and amount of copper complexing ligands

released by blue-green algae has been reported (Jardim and
December 1984). Previous studies indicated that copper is prefer-
entially complexed by DOM acidic and aromatic moieties with high
SUVAys54 (e.g., carboxylic, phenolic, and aminopolycarboxylate li-
gands) (Baken et al.,, 2011; Lu and Allen, 2002). In this study as
copper concentration increased from 0.5 to 1.0 mg/L, increases in
tyrosine- and tryptophan-like compounds were observed (regions I
and I in Fig. 3A5 and 3B5). Both protein-like compounds have been
found exhibiting high copper binding capacity during algal blooms
(Li et al., 2017; Lorenzo et al., 2007; Xu et al., 2013). Compared to
untreated control, elevated DBP formation in the treatments could
be also ascribed to larger amounts of protein-like DBP precursors
and copper complexing ligands released from M. aeruginosa, such
as glutathione, N-acetylglucosamine, and hydroxamic acids
(Gouvea et al., 2005; Hsu-Kim, 2007; Mcknight and Morel, 1979).
During the development of algal bloom in Taihu Lake, China, Li et al.
(2017) found that nitrogenous functional groups in fulvic acid
revealed strong binding reactivity with cupric ions. For the
M. aeruginosa growing in the presence of WE, as copper exposure
concentration increased from 0.5 to 1.0 mg/L, decreases in carbo-
naceous and nitrogenous DBP concentrations (Fig. 4B1—4B4) were
likely caused by the lower levels of fulvic-like compounds (region
Il in Fig. 3B5) and nitrogen-containing DBP precursors in the
treatment of 1.0 mg/L compared to 0.5 mg/L (Chang et al., 2011;
Yang and Shang, 2004).

Functional groups on DOM play a critical role for cupric ion
acting as a catalyst for promoting DBP formation. Blatchley et al.
(2003) found that cupric ions promoted THM formation during
chlorination of citric acid, possibly through complexing with car-
boxylic and hydroxyl groups, enhancing the oxidative decarboxyl-
ation of citric acid. Based on Fourier transform infrared spectra, Fu
et al. (2009) confirmed that carboxylate and hydroxyl groups in
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humic acid were active sites for cupric ion complexation. Besides,
Liu et al. (2012) found that catalytic effect of cupric ion on HAA
formation was related to the generation of hydroxyl radical caused
by the presence of cupric ion. Potential reaction mechanisms for
copper-catalyzed THM and HAA formations during chlorination
and chloramination of humic acid were proposed in their studies
(Fu et al., 2009; Liu et al., 2012). Importantly, cupric ion binding
capacity to DOM is limited. Once functional groups or binding sites
of DOM are fully occupied, catalytic effect of copper on DBP for-
mation may not be significant (Zhang and Andrews, 2012). In this
study, while M. aeruginosa grew in the presence of BE, DBP con-
centrations (except CHD) in the treatments of 1.0 mg-Cu/L were
similar to that in the treatment of 0.5 mg-Cu/L, which could be
attributed to saturated copper-DOM complexation by 0.5 mg-Cu/L.
Chen et al. (2015) found that during copper and DOM binding
process, carboxyl and polysaccharide groups revealed the fastest
responses to copper binding followed by amide and aliphatic
groups.

Effect of cupric ion on DBP formation is also influenced by the
preference of complexation with DBP precursors. Zhang and
Andrews (2012) noticed that catalytic effect of cupric ion on
HAAs formation was only observed for dichloroacetic acid (DCAA)
but not for trichloroacetic acid (TCAA), suggesting that copper
would preferentially complex with DCAA precursors and increase
their chlorine reactivity. Similarly to their studies, we found that
specific DCAA-FP was significantly higher than specific TCAA-FP for
M. aeruginosa growing in the presence of BE after 4-days exposures
to copper sulfate at 0.5 and 1.0 mg-Cu/L (Fig. S2A). The same pat-
terns were also observed for the treatments with WE, but the dif-
ferences were not significant (Fig. S2B). For M. aeruginosa growing
in the presence of WE, it is noted that THM, HAA, and HK-formation
potentials decreased with the addition of copper sulfate (Fig. 4B1,
4B2, and 4B6) while their correspondent specific formation po-
tentials increased (Fig. 4B7, 4B8, and 4B12), which may indicate
that cupric ion tends to catalyze reactions of those DBP formation
by complexing with their precursors. On the other hand, no sig-
nificant differences for specific HAN-FPs were found in the control
and treatments (Fig. 4A9 and 4B9), which may imply that cupric
ions prefer complexing with non-HAN precursors.

4. Conclusions and implications for water resources
management

Regarding management of drinking water resources impeded by
wildfire and subsequent algal blooms, understanding effects of
algaecide application on DBP formation is important for making
risk-based decisions for drinking water safety. In this bench-scale
study, M. aeruginosa was cultured in the presence of black and
white ash extracts, and we comparatively investigated changes of
DBP formation as well as algal population following exposures to
copper sulfate. Under these experimental conditions, the results
indicated the trade-offs between reducing algal population and
organic matter increment, and promoting DBP formation; where
the trade-offs were more pronounced for the solution containing
BE than WE. Besides, the results demonstrated that low copper
concentration (0.5 mg-Cu/L) was as effective as high concentration
(1.0 mg-Cu/L) in inhibiting algal growth while minimizing promo-
tion of DBP formation. Importantly, characteristics of source water
(DOM properties, pH, and metal concentrations) as well as water
disinfection conditions (chlorine/chloramine concentrations and
reaction time) could affect the level of trade-off (Fu et al., 2009;
Sharma et al., 2017; Zhang and Andrews, 2013, 2012; Zhang et al.,
2019; Zhao et al,, 2016). Some of those parameters are beyond
the scope of this study and therefore are not included into the
experimental design. Further investigations (e.g., using real water

samples with realistic chlorine dose and spikes of ash extract) are
needed to better verify the trade-off.

Post-fire algal populations will likely increase over time due to
elevated levels of nutrients and the minimum amount of copper
required to inhibit algal growth increases with increasing algal
population. Accordingly, after wildfire event, monitoring water
chemistry especially nutrient and chlorophyll concentrations in
receiving water is important to better predict occurrence of algal
bloom. Copper algaecides may need to be applied as early as algal
bloom is about to form, and the amount of copper algaecide applied
should be carefully determined to minimize copper concentration
in source water and reduce promotion of DBP formation during
drinking water chlorination/chloramination processes.

In addition to copper salt (e.g., copper sulfate), several chelated
copper compounds (e.g., copper-ethanolamine, copper-citrate,
copper-gluconate) also have been widely used as formulations for
copper-based algaecides (Bishop and Rodgers, 2011; Calomeni
et al., 2015). Following a copper sulfate treatment for controlling
blue-green algae in channel catfish ponds, Liu et al. (2006) found
that over 99% of copper applied was transferred to the bottom
sediment within approximately 2 days. Chelated copper algaecides
have been reported to be able to provide a higher concentration of
copper in the water column for a longer period of time and loss to
the sediment is slower than for copper sulfate (Murray-Gulde et al.,
2002). Formulation of copper algaecide used for controlling
harmful algal blooms can differ from site to site and also likely
affect Cu-DOM concentration (Barnes et al., 1989; Murray-Gulde
et al.,, 2002). Future investigations are needed to understand
post-fire DBP formation potential following non-chelated and
chelated copper algaecide applications. Instead of applying algae-
cides, other chemical, physical, and biological approaches for con-
trolling post-fire algal bloom and subsequent impacts on drinking
water quality should be also studied.
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