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ABSTRACT 

 Previous studies demonstrated that wildfires can alter spectroscopic characteristics of 

terrestrial dissolved organic matter (DOM) and potentially affect disinfection byproduct 

(DBP) formation during drinking water disinfection processes (e.g., chlorination and 

chloramination). Elevated levels of nutrient due to wildfire ash input into stream waters 

will likely cause algal blooms. Thus, wildfires can also elevate DOM levels as a result of 

ash input and excessive algal growth in source waters, and consequently impacting DBP 

formation in finished water. However, it is unclear whether characteristics of thermally-

altered DOM (TA-DOM) are altered by biogeochemical processes (e.g., transformed by 

growing algae) before entering water treatment facilities. In addition, little information is 

available regarding how quality and quantity of overall allochthonous and autochthonous 

DOM as well as associated DBP formation are changed during an entire algal life cycle. 

When resource water is impeded by algae and require immediate restoration, copper 

algaecides are usually applied to control their growth. Previous studies suggest that Cu
2+

can promote reactivity of DOM in DBP formation. However, it is unclear that how DBP 

formation is changed after treatment of fire-induced algal bloom by copper algaecide. To 

answer these questions, three independent experiments were designed, and the results are 

reported as three chapters in this dissertation (CHAPTER TWO, THREE, and FOUR). 

In the first experiment, freshwater green algae Pseudokirchneriella subcapitata and 

blue-green algae Microcystis aeruginosa were separately incubated in the mixture of 

cultural medium and pine (Pinus palustris) litter-derived TA-DOMs (50 °C, 250 °C, and 

400 °C) over 7 days to demonstrate the effects of algal growth on alterations in SDBP-

FP. TA-DOM optical characteristics and SDBP-FP were quantified by absorption and 
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fluorescence spectroscopy and chlorination-based DBP-FP experiments. After the 

inoculation with P. subcapitata, TA-DOM aromaticity (indicated by SUVA254) increased 

from 1.19 to 1.90 L/mg/m for 50 °C-extract but decreased from 4.95 to 3.75 L/mg/m for 

400 °C-extract. The fraction of tyrosine-like components decreased from 25.9 to 9.3% for 

50 °C-extract but increased from 0.9 to 1.3% for 400 °C-extract. Same patterns were also 

observed for M. aeruginosa. Growing algae generally increased chlorine reactivities and 

formations of trihalomethanes, haloacetonitriles, chloral hydrate, and haloketones. Our 

data suggest that the biodegradable dissolved organic carbon in TA-DOM decreases as 

fire intensity (i.e., temperature) increases. Post-fire algal blooms can increase chlorine 

reactivity of fire-affected terrestrial DOM for DBP formation. 

In the second experiment, Microcystis aeruginosa was cultured in the medium 

containing low and high concentrations [10% and 65% (v/v)] of black and white ash 

water extracts (BE and WE) to study dynamic changes of carbonaceous, nitrogenous, and 

oxygenated DBP precursors during algal growth. DOM was characterized by absorption 

and fluorescence spectroscopy and chlorination/chloramination-based DBP formation 

experiments. In the treatment with 10% BE, the amount of C-DBP precursors decreased 

from 6.8 to 3.0 mmol/mol-C at lag-exponential phase then increased to 4.2 mmol/mol-C 

at death phase. The same trend was observed for O-DBP precursors. However, these 

dynamic changes of C- and O-DBP precursors exhibited opposite patterns in 65% 

extracts. Similar patterns were also observed in the WE treatments. On the other hand, N-

DBP precursors continuously declined in all treatments. These results indicate that 

postfire ash loading and algal bloom stage may significantly affect DBP formation in 

source water. 
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In the third experiment, Microcystis aeruginosa was cultured in the medium 

containing black/white ash extracts (BE and WE) to study DBP concentrations before and 

after 4-days exposures to 0.5 and 1.0 mg-Cu/L. Algal population was indicated by optical 

density at 680 nm (OD680). DOM was characterized by absorption and fluorescence 

spectroscopy and chlorination/chloramination-based DBP formation experiments. In the 

end of experiment, OD680 and DOM in the treatments were lower than control. N-

nitrosodimethylamine concentrations in both treatments were 4-6 times higher than 

control, but haloacetonitrile concentrations in the treatments and control revealed no 

significant difference, regardless of type of ash solution. The results may serve to support 

risk evaluations of algal population and DBP concentration when wildfire-induced M. 

aeruginosa bloom is left untreated and when it is treated by copper algaecide. 
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CHAPTER ONE 

INTRODUCTION 

Wildfire can affect stream water quality by elevating dissolved organic matter (DOM) 

concentrations released from burned materials and potentially increase treatment costs for 

drinking water supply.
1,2

 DOMs are important precursors of hazardous disinfection

byproducts (DBPs) formed during drinking water chlorination/chloramination processes,
3

and DBP formations are highly related to DOM composition and chemical 

characteristics.
4
 With respect to potential impacts of wildfire on drinking water quality,

wildfire could increase chlorine reactivity of terrestrial DOM and thus DBP formations 

during water chlorination.
5,6

 During transportation of fire-affected terrestrial DOMs from

forested watersheds to water treatment plants, various biogeochemical processes (e.g., 

biotransformation) can further alter their chlorine reactivities. To better understand 

impacts of wildfire on drinking water quality, a comprehensive knowledge on physical, 

chemical, and biological processes that may occur during DOM transport is essential. 

Due to global warming and increasing human activities in forested watersheds such as 

forest fertilization practices in pine plantations, elevation of nutrients after wildfire events 

concomitant with occurrences of algal blooms in downstream waterbodies will likely 

happen more frequently.
7–9

 In addition to utilizing inorganic nutrients and carbon dioxide,

freshwater algae can also use DOM as carbon and nitrogen sources.
10,11

 Accordingly, it is

expected that growing algae will potentially alter chemistry of fire-affected DOM. 

Wildfire can significantly change chemical structure of forest detritus with 

subsequent effects on the chemical reactivity of fire-affected terrestrial DOM.
6,12

 Wang et
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al.
5
 demonstrated that chlorine reactivity of thermally-altered DOM (TA-DOM) for the

formation of trihalomethanes, chloral hydrate, and haloketones decreased with increasing 

of combustion temperature from 50 to 400 °C. However, chlorine reactivity for the 

formation of haloacetonitriles as well as formation of brominated DBPs was elevated as 

combustion temperature increased. Those data suggest that chemical reactivity of TA-

DOM is temperature dependent. Regarding biological reactivities of burned materials, it 

has been well studied that biochar degradability is related to charring temperature.
13–15

 To

determine degradability of DOM, biodegradable dissolved organic carbon (BDOC) has 

been used as an indicator of the fraction of labile compounds in DOM, where the loss of 

DOC after incubations of DOM with microorganisms was regarded as BDOC.
16–18

 It is

expected that biodegradation of TA-DOM would substantially alter DOM composition 

and characteristics and consequently affect chlorine reactivity in DBP formation.
19–22

Simultaneous consumption and production of DOM by growing algae would lead to 

either more or less DBP precursors compared with original TA-DOM. The net effects 

appear to be related to the original DOM characteristics as well as algal species.
23

 Among

all regulated DBPs in the U.S., bromine-containing DBPs usually reveal more toxic 

effects on testing animals than chlorine-containing DBPs, and the toxicity is correlated 

with the number of bromine atoms.
24

 To minimize formation of Br-DBPs in finished

waters, it is important to understand the sources of Br-DBP precursors and their fate 

during water transportation.  

Algae are prevailing producers of autochthonous DOM in freshwaters,
25

 and the level

of DOM released from algae is usually proportional to their population.
26

 Thus, increases



3 
 

of DOM in fire-impacted source water can be attributed to both allochthonous inputs 

from ash and autochthonous productions from algae. Regardless of wildfires, successions 

of harmful algal bloom, especially Microcystis aeruginosa, often occur in reservoirs 

causing serious threat to drinking water quality due to DOM and toxins released from 

algal cells;
27

 and excess inputs of nutrient and organic matter in waters are important 

factors for stimulating its population growth.
28,29

 DOMs released from both ash and M. 

aeruginosa are DBP precursors. To understand how postfire elevated DOM affects DBP-

FP in drinking water supply, it is essential to obtain comprehensive knowledge on the 

changes in concentration and composition of DOM during algal blooms in the absence 

and presence of ash-contaminated solutions. 

The amounts of ash-derived DOM and nutrient entering downstream source water 

could be changed by environmental variables such as postfire precipitation, snowmelt, 

and hydrologic conditions.
30,31

 Black and white ashes are commonly observed in burned 

forest watersheds. Generally, black ash is produced at relatively lower burning 

temperature and contains higher amount of organic compounds.
32,33

 Regarding quality 

and quantity of DOMs released from black and white ashes, Wang et al.
6
 demonstrated 

that concentrations of DOC in black and white ash solutions were not statistically 

different, but black ash solution contained significantly less aromatic carbon content than 

white ash solution. Variations in water quality caused by wildfires would lead to changes 

in algal population.
34

 Ecotoxicological studies found that exposures of freshwater algae to 

DOM released from wildfire ash or biochar elicited different degrees of impact on its 

population, depending on the DOM concentration and composition.
35–37

 Using optical 
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indices (e.g., SUVA254, HIX, and FI) to examine AOM characteristics, Huang et al.
38

observed that changes in nitrogen and phosphorus concentrations in the cultural medium 

altered M. aeruginosa AOM aromaticity, molecular weight, protein and chlorophyll 

concentrations. Moreover, AOM quality and quantity vary at different algal growth 

stages.
39–42

 Henderson et al.
40

 reported that the AOM released by M. aeruginosa at

exponential phase contained greater amount of aromatic compounds than at stationary 

phase. These studies suggest that concentration and composition of ash solution can play 

crucial roles in affecting M. aeruginosa population and associated AOM quality and 

quantity during its life cycle (i.e., from lag to death phase), which would consequently 

lead to substantial changes in DBP precursor in a DOM pool.  

Elevated levels of nutrient (e.g., phosphorous, nitrogen, carbon) and DOM due to 

inputs of wildfire ash in stream waters will likely cause excessive growth of algae.
1,43

 In

addition, blooms of toxin-producing algae (e.g., M. aeruginosa) can exacerbate postfire 

drinking water quality.
44

 In order to control abundance of noxious algae in drinking water

resources, copper-based algaecides are extensively applied.
45,46

 The amount of algae-

produced organic matter (AOM) usually increases with increasing algal population. 

Following exposure of algae to copper algaecides, concentration of AOM and associated 

DBP precursors may not increase owing to inhibition of algal growth.
47

 Application of

copper sulfate (CuSO4) for controlling noxious algae has been practiced for decades.
48

Noticeably, previous studies have showed that soluble copper may enhance DBP 

formation by complexing with DOM and catalyzing haloform formation.
49–52

 Thus,

persistence of copper in the water column following application of copper sulfate may 
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lead to increase 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. 

Both autochthonous and allochthonous DOMs released from algae and ash contain 

several metal-binding functional groups (e.g., carboxyl, carbonyl, phenolic, and alcohol 

groups) with various binding capacity.
53

 Importantly, binding capacity of DOM and

copper ions relates to DOM functional groups and copper concentration, which is critical 

for copper to act as a catalyst for DBP formation.
54,55

 Regarding catalytic effect of copper

concentration on DBP-FP, Zhang and Andrews
51

 found that during DOM chloramination,

as Cu
2+

 concentrations increased from 0 to 1 mg/L, N-nitrosodimethylamine (NDMA)

concentrations proportionally increased from 31 to 104 ng/L. In addition, previous 

studies showed that effects of Cu
2+

 on DOM chlorine/chloramine reactivities in DBP

formation were related to DOM properties. During chloramination of a series of 

concentrations of Suwannee River DOM (SR-DOM) spiked with 1 mg-Cu/L as CuSO4, 

Zhang and Andrews
51

 found that NDMA-FP significantly decreased as SR-DOM

concentration increased. On the contrary, Barnes et al.
56

 reported that concentrations of

chloroform formed during chlorination were positively correlated with concentrations of 

humic acid. Moreover, it was documented that influence of Cu
2+

 on promoting THMs
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formation was more remarkable than HAAs during the chlorination of humic acid.
55

 It

suggests that catalytic effect of copper on DBP-FP is also DBP species dependent. 

Exposures of algae to copper can significantly impact algal populations as well as AOM 

quantity and quality,
47

 which would consequently affect Cu-AOM complexation. Hence,

it is expected that controlling wildfire-induced noxious algal blooms by copper sulfate 

affect DBP formation during subsequent water disinfection process. 

The overall concept and related chapters of this dissertation is illustrated in the 

scheme above. Three major study questions were answered in Chapter II, III, and IV, 

respectively. Question 1: How is postfire overall DOM reactivity for DBP formation 

changed during algal growth? Question 2: How is the pattern of DOM reactivity for DBP 

formation affected by ash color and ash solution concentration during an entire algal life 

cycle? Question 3: How are algal population, DOM, and subsequent DBP formation 

changed following copper algaecide application for controlling fire-induced algal bloom? 
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SPECIFIC OBJECTIVES 

Chapter II: Growing Algae Alter Spectroscopic Characteristics and Chlorine Reactivity 

of Dissolved Organic Matter from Thermally-Altered Forest Litters 

The specific objectives were to: (1) measure water quality of three TA-DOMs (50, 250, 

and 400 °C) inoculated with algae and respective algal growth over 7 days; (2) compare 

biodegradability of TA-DOMs by measuring spectroscopic characteristics; (3) compare 

chlorine reactivities of TA-DOMs before and after inoculations with algae and associated 

DBP formation; (4) assess alterations of Br-trihalomethanes by growing algae. 

Chapter III: Dynamic Changes of Disinfection Byproduct Precursors following 

Exposures of Microcystis aeruginosa to Wildfire Ash Solutions 

The specific objectives were to: (1) compare M. aeruginosa population and growth rate in 

the absence and presence of black and white ash water extracts with low and high 

concentrations; (2) evaluate alterations of DOM spectroscopic characteristics; (3) assess 

DOM reactivities and DBP-formation at lag, exponential, stationary, and death phases; 

and (4) identify correlations among specific DBP formation and DOM optical indices. 

Chapter IV: Control Wildfire-Induced Microcystis aeruginosa blooms by Copper Sulfate: 

Trade-Offs between Reducing Algal Organic Matter and Promoting 

Disinfection Byproduct Formation 

The specific objectives were to: (1) measure DOM concentration and population of M. 

aeruginosa following 4-day exposures of 0, 0.5, and 1 mg-Cu/L as copper sulfate; (2) 

demonstrate changes of DOM spectroscopic characteristics in the absence and presence 

of copper sulfate; and (3) identify differences in DOM reactivity for DBP formation 

without and with exposures to copper sulfate. 
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CHAPTER TWO 

Growing Algae Alter Spectroscopic Characteristics and Chlorine Reactivity of 

Dissolved Organic Matter from Thermally-Altered Forest Litters 

ABSTRACT 

Previous studies demonstrated that wildfires alter spectroscopic characteristics of 

terrestrial dissolved organic matter (DOM) and increase specific disinfection byproduct 

formation potential (SDBP-FP). However, it is unclear whether characteristics of 

thermally-altered DOM (TA-DOM) are altered by biogeochemical processes (e.g., 

transformed by growing algae) before entering water treatment facilities. The freshwater 

green algae Pseudokirchneriella subcapitata and blue-green algae Microcystis 

aeruginosa were separately incubated in the mixture of cultural medium and pine (Pinus 

palustris) litter-derived TA-DOMs (50 °C, 250 °C, and 400 °C) over 7 days to 

demonstrate the effects of algal growth on alterations in SDBP-FP. TA-DOM optical 

characteristics and SDBP-FP were quantified by absorption and fluorescence 

spectroscopy and chlorination-based DBP-FP experiments. After the inoculation with P. 

subcapitata, TA-DOM aromaticity (indicated by SUVA254) increased from 1.19 to 1.90 

L/mg/m for 50 °C-extract but decreased from 4.95 to 3.75 L/mg/m for 400 °C-extract. 

The fraction of tyrosine-like components decreased from 25.9 to 9.3% for 50 °C-extract 

but increased from 0.9 to 1.3% for 400 °C-extract. Same patterns were also observed for 

M. aeruginosa. Growing algae generally increased chlorine reactivities and formations of

trihalomethanes, haloacetonitriles, chloral hydrate, and haloketones. Our data suggest that 
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the biodegradable dissolved organic carbon in TA-DOM decreases as fire intensity (i.e., 

temperature) increases. Post-fire algal blooms can increase chlorine reactivity of fire-

affected terrestrial DOM for DBP formation. 
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GRAPHICAL ABSTRACT 
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INTRODUCTION 

Wildfire can affect stream water quality by elevating dissolved organic matter (DOM) 

concentrations released from burned materials and potentially increase treatment costs for 

drinking water supply.
1,2

 DOMs are important precursors of hazardous disinfection

byproducts (DBPs) formed during drinking water chlorination processes,
3
 and DBP

formations are highly related to DOM composition and chemical characteristics.
4
 With

respect to potential impacts of wildfire on drinking water quality, wildfire could increase 

chlorine reactivity of terrestrial DOM and thus DBP formations during water 

chlorination.
5,6

 During transportation of fire-affected terrestrial DOMs from forested

watersheds to water treatment plants, various biogeochemical processes (e.g., 

biotransformation) can further alter their chlorine reactivities. To better understand 

impacts of wildfire on drinking water quality, a comprehensive knowledge on physical, 

chemical, and biological processes that may occur during DOM transport is essential. 

Due to global warming and increasing human activities in forested watersheds such as 

forest fertilization practices in pine plantations, elevation of nutrients after wildfire events 

concomitant with occurrences of algal blooms in downstream waterbodies will likely 

happen more frequently.
7–9

 In addition to utilizing inorganic nutrients and carbon dioxide,

freshwater algae can also use DOM as carbon and nitrogen sources.
10,11

 Accordingly, it is

expected that growing algae will potentially alter chemistry of fire-affected DOM. 

Wildfire can significantly change chemical structure of forest detritus with 

subsequent effects on the chemical reactivity of fire-affected terrestrial DOM.
6,12

 Using

optical indices (e.g., SUVA254 and fluorescence index) to examine DOM molecular 
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weight (MW) and aromaticity, Wang et al.
6
 found that DOMs from burned forest detritus

exhibited lower MW and higher aromaticity compared to that from unburned detritus. 

Furthermore, temperature and oxygen levels during combustion regulate DOM chemistry 

and chlorine reactivity. Wang et al.
5
 demonstrated that chlorine reactivity of thermally-

altered DOM (TA-DOM) for the formation of trihalomethanes (THMs), chloral hydrate 

(CHD), and haloketones (HKs) decreased with increasing of combustion temperature 

from 50 to 400 °C. However, chlorine reactivity for the formation of haloacetonitriles 

(HANs) as well as formation of brominated DBPs was elevated as combustion 

temperature increased. Those data suggest that chemical reactivity of TA-DOM is 

temperature dependent. 

Regarding biological reactivities of burned materials, it has been well studied that 

biochar degradability is related to charring temperature.
13–15

 For example, Bruun et al.
13

showed that microbial mineralization and assimilation of charcoal decreased with 

increasing char production temperature. Thus, it is expected that TA-DOMs would also 

exhibit different biological reactivities (e.g., extent of degradation by growing algae), 

depending on fire temperature. To evaluate the fate of burned DOM in streams, Norwood 

et al.
16

 incubated pyrogenic water soluble organic matter (Py-WSOM) from 250 °C-chars

with unsterilized river water and found Py-WSOM and associated biomarkers 

significantly decreased within a month, suggesting that wildfire combustion may 

contribute labile terrestrial organic matters to aquatic systems. To determine 

degradability of DOM, biodegradable dissolved organic carbon (BDOC) has been used as 

an indicator of the fraction of labile compounds in DOM, where the loss of DOC after 
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incubations of DOM with microorganisms was regarded as BDOC.
17–19

 Previous studies 

showed that extent and rate of DOM biodegradation were closely related to DOM 

fluorescence characteristics.
18–20

 It is expected that biodegradation of TA-DOM would 

substantially alter DOM composition and characteristics and consequently affect chlorine 

reactivity in DBP formation.
21–24

  

Planktonic algae are ubiquitous microorganisms playing important roles in DOM 

cycles in freshwaters.
11

 Understanding the effects of growing algae on TA-DOMs will 

improve our knowledge on impacts of wildfire on drinking water quality. Noticeably, 

either bacteria or unspecified microorganisms from natural waters were usually used in 

culture-based experiments to examine biodegradation-induced changes of DOM 

characteristics. To date, there is still a lack of information regarding the alteration of TA-

DOM characteristics by growing algae. Cyanobacteria (blue-green algae) and green algae 

revealed different capabilities to metabolize and transform DOMs.
10,11,25

 Both species 

also have been proven to be able to remove nutrients from a wide variety of 

wastewaters.
26

 Since bacterial C/N ratios are lower than those for phytoplankton, 

cyanobacteria may need more nitrogen per unit biomass than green algae.
27

 In addition, it 

has been demonstrated that the addition of biochar water extractable substances or humic 

acids has a promoting effect on algal growth.
28,29

 Hence, it is likely that some DOMs 

exported from fire-affected forest materials, including amino acids and aliphatic acids 

which have been identified as DBP precursors,
28,30,31

 can be uptaken by growing algae for 

their growth. In addition to TA-DOM, organic matters produced from green algae and 

cyanobacteria reveal different chlorine reactivities for DBP formation.
32,33

 Simultaneous 
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consumption and production of DOM by growing algae would lead to either more or less 

DBP precursors compared with original TA-DOM. The net effects appear to be related to 

the original DOM characteristics as well as algal species.
34

 Among all regulated DBPs in

the U.S., bromine-containing DBPs usually reveal more toxic effects on testing animals 

than chlorine-containing DBPs, and the toxicity is correlated with the number of bromine 

atoms.
35

 To minimize formation of Br-DBPs in finished waters, it is important to

understand the sources of Br-DBP precursors and their fate during water transportation. 

The overall objective of this study is to understand how TA-DOMs are quantitatively 

and qualitatively altered by growing green algae Pseudokirchneriella subcapitata and 

cyanobacteria Microcystis aeruginosa and the subsequent chlorine reactivities for DBP 

formation. The specific objectives were to: (1) measure water quality of three TA-DOMs 

(50, 250, and 400 °C) inoculated with algae and respective algal growth over 7 days; (2) 

compare biodegradability of TA-DOMs by measuring spectroscopic characteristics; (3) 

compare chlorine reactivities of TA-DOMs before and after inoculations with algae and 

associated DBP (THMs, HANs, CHD, and HKs) formation potential; (4) assess 

alterations of Br-THMs by growing algae.   

MATERIALS AND METHODS 

Preparation of TA-DOM 

The intact auburn-color longleaf pine (Pinus palustris) litters were collected from the 

top litter layer (0-2 cm) at Hobcaw Barony in Georgetown, South Carolina, on April 9
th

,

2015. All of the litters were partially-decayed. The samples were sealed in paper bags and 
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stored in a drying oven at 50 °C. To simulate burned leaf litters in wildfire, 10 grams of 

dried litter were put in an aluminum foil and placed in a pre-heated muffle furnace at 250 

and 400 °C under oxic conditions for an hour. The selection of burning temperatures was 

based on the common range of historical fire temperature in coniferous forests and the 

distinctive characteristics of TA-DOM.
5,36

 All dried and burned litters were ground ≤ 2

mm using a mortar and a pestle. To obtain litter extracts and minimize contaminations of 

dissolved organic carbon (DOC), 5 g of each type of litter was mixed with 150 ml Milli-

Q water in a 250 ml Erlenmeyer flask covered with aluminum foil. The water-litter 

mixtures were shaken for 24 hours using an orbital shaker at 250 rpm and remained 

another 24 hours without shaking. Extracts were filtered using 0.45 µm polyethersulfone 

membrane filters (Supor-450, Pall Gelman Science) rinsed three times with 20 mL of 

Milli-Q water. Three types of extracts termed 50 °C-extract, 250 °C-extract, and 400 °C-

extract were used for further algal bioassay. 

Algal Culture and Bioassay 

Pseudokirchneriella subcapitata UTEX 1648 and Microcystis aeruginosa UTEX 

2385 (University of Texas at Austin, Austin, TX) were separately cultured in the 

medium. P. subcapitata and M. aeruginosa commonly occur in fresh waters and are 

capable of uptaking and transforming organic compounds.
11

 The composition of culture

medium was reported in Table S1. The algal culture conditions were followed by the 

previous study.
37

 Algal cultures were maintained at a temperature of 24 ± 2˚C and a

12:12-hour light-dark photoperiod illuminated by cool white fluorescent lighting at an 
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intensity of 2100 lux. Algal growth was monitored every day throughout the entire 

experiment by measuring optical density at 680 nm (OD680) using UV-VIS 

spectrophotometer (Shimadzu UV-1800). The litter extracts were prepared freshly prior 

to the algal bioassays to maintain original DOC characteristics. The algal bioassay 

conditions were the same as for algal cultures. Experimental chambers consisted of 250 

mL of solution in Erlenmeyer flasks. Algal bioassays were conducted using three 

replicates of each type of extract inoculated with algae. DOC concentrations after forest 

fire events in the streams of fire-impacted forest watershed have been reported to be an 

order of magnitude higher than from unburned areas.
38,39

 Because the theoretical DOC 

concentration of cultural medium was 0.6 mg/L, we adjusted initial TA-DOM 

concentrations in the algal bioassay solutions to approximate 10 mg-DOC/L by diluting 

raw litter extracts with the cultural medium. The initial OD680 values were adjusted to 

0.05, where DOC concentrations contributed from algae and medium were less than 1 

mg/L. Algal cells in late exponential growth phase usually have relatively high ability for 

removing and biodegrading organic compounds.
40,41

 Based on the experimental 

conditions both algae reached late exponential growth phase in 7-8 days; therefore, a 7-

days incubation time was used in this study. Samples including extracts before and after 

inoculations with algae were collected at the beginning (day 0) and end (day 7) of 

experiment and were filtered using 0.45 µm polyethersulfone membrane filters (Supor-

450, Pall Gelman Science) for chemical analyses.  

 

Chemical Analyses 
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Chemical analyses, including water chemistry (pH, DOC, total dissolved nitrogen), 

DOM optical characteristics (SUVA254, HIX, E2/E3, FI, β/α, and EEM) and DBP 

(trihalomethanes, haloacetonitriles, chloral hydrate, and haloketones) formation, were 

published previously.
6
 Detailed descriptions are presented in the Supporting Information

(APPENDIX I). Statistically significant differences between the treatments were 

determined using one-way ANOVA with Tukey’s test. Significance was considered as P 

< 0.05. 

RESULTS AND DISCUSSION 

Water Quality and Algal Growth 

Detailed descriptions of algal growth in the cultural medium and associated water 

quality are presented in the Supporting Information (APPENDIX I). After 48-h water 

extractions, DOC concentration extracted from thermally-altered litters was 680.6 ± 18.6, 

217.6 ± 4.3, and 20.0 ± 0.2 mg/L for 50, 250, and 400 °C-extract, respectively (Table 1). 

Before inoculations with algae, the respective DOC concentration was 14.3 ± 0.3, 10.4 ± 

0.1, and 9.7 ± 0.0 mg/L (Figure 1B); under these bioassay conditions, DOC contributed 

from the cultural medium (0.7 mg/L, Table 1) was negligible. Except for the 250 °C-

extract inoculated with M. aeruginosa, DOC concentrations decreased throughout the 

experiment; and the lowest extent of DOC loss was observed for 400 °C-extract. For 

example, the loss of DOC for 50, 250, and 400 °C-extract inoculated with P. subcapitata 

was 28% (from 14.3 ± 0.3 to 10.0 ± 0.5 mg/L), 30% (from 10.4 ± 0.1 to 7.4 ± 0.7 mg/L), 

and 20% (from 9.7 ± 0.0 to 8.0 ± 0.3 mg/L), respectively. Hur et al. observed that 
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inoculation of leaf litter extract with microorganisms resulted in a decrease in DOC.
23

 In

this study, decreases of DOC concentrations after inoculations with algae could be 

attributed to the utilization by growing algae and microbes in culture medium. Besides, 

the decreases of DOC could be also due to the fluorescent lighting.
42

 The extent of

decrease suggested that DOM in 50 and 250 °C-extracts may contain more labile and 

biodegradable compounds compared to that in 400 °C-extract. Comparing OD680 values 

for algae growing in the medium, the addition of 50 and 400 °C-extracts into the medium 

resulted in higher OD680 values at the end of experiment (Figure 1A), suggesting that 

DOM from fire-affected areas may promote algal growth. 

DOM spectroscopic Characteristics and Biodegradability 

As indicated by SUVA254, DOM aromaticity statistically increased in the 50 and 250 

°C-extracts but decreased in the 400 °C-extract after inoculations with algae (Figure 2A). 

Inoculation of extracts with M. aeruginosa resulted in higher SUVA254 than with P. 

subcapitata. For example, SUVA254 for the 50 °C-extract was increased from 1.19 ± 0.02 

to 2.20 ± 0.10 and 1.90 ± 0.09 L/mg/m after inoculation with M. aeruginosa and P. 

subcapitata, respectively. Similarly, humification index (HIX) significantly increased in 

the 50 and 250 °C-extracts after inoculations with algae but decreased in the 400 °C-

extract (Figure 2B), suggesting that growing algae can alter aromaticity and humic 

substance content of DOM. Regarding the increases in aromaticity and degree of 

humification in 50 and 250 °C-extracts after inoculations with algae, the findings were 

consistent with previous studies demonstrating that the inoculation of DOM with 
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microorganisms resulted in increases in SUVA254 and HIX values.
23,43,44

 Humification of

DOMs involves a series of degradation reactions of original compounds. Several studies 

showed that an increase in SUVA254 or HIX represented DOM biodegradation 

processes.
19,21,23

 The increases in SUVA254 and HIX in this study could be due to the

uptake of non-aromatic DOM such as carbohydrates by growing algae,
11,45

 and the biotic

transformation of labile DOM to products containing more unsaturated carbon bonds 

such as polyunsaturated fatty acids.
46

 Decreases in SUVA254 and HIX observed in the 400

°C-extract (e.g., HIX decreased from 31.5 ± 1.2 to 17.6 ± 0.6 after the inoculation with P. 

subcapitata) suggest that DOM was less impacted by biodegradation processes and the 

degraded DOM was dominated by non-aromatic compounds instead of humic 

substances.
21

 Similar results were reported by Hertkorn et al. showing that utilization of

humic substances by autochthonous microorganisms resulted in a loss of aromaticity and 

an increase in aliphatic and carbohydrate-like structures.
22

 According to the E2/E3 value,

an indicator inversely correlated with DOM MW, inoculations of 50 and 250 °C-extracts 

with algae resulted in significantly higher MW (Figure 2C). But the MW in 400 °C-

extract decreased after inoculations with algae. Previous studies also reported that 

humification of plant-derived DOM caused increases in average DOM molecular 

size.
47,48

 Increases in MW in this study were in accordance with increases of humification

for the 50 and 250 °C-extracts. Therefore, increases in MW may result from 

biodegradation of DOM containing simple structures with low MW and exhibiting 

relatively high percentage of biodegradable carbon by growing algae. In contrast, DOM 

in the 400 °C-extract may contain relatively low amounts of biodegradable carbon and 
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high amount of compounds with condensed aromatic structures, which would prevent 

biodegradation by growing algae. The freshness index () represents proportion of 

contribution of recently produced microbial DOM.
43

 Regardless of the type of extract, the 

inoculations of extract with algae resulted in significant increases in freshness index 

(Figure 2D), indicating increases of algae-related organic matter during algal growth. The 

fluorescence index (FI) provides information on DOM source, which can be either from 

algae or from terrestrial plant.
43

 The FI values significantly decreased after inoculation of 

50 and 250 °C-extracts with P. subcapitata but increased with M. aeruginosa (Figure 

2E), suggesting that the extent of utilization of TA-DOM by P. subcapitata was likely 

greater than that by M. aeruginosa, and the amount of organic matter produced by M. 

aeruginosa was greater than that by P. subcapitata. Under the experimental conditions of 

this study, alterations of TA-DOM characteristics could be also caused by fluorescent 

lighting and microbes in the cultural medium.
42

 

The fluorescence EEM of DOM showed that after the inoculations of extracts with 

algae, the proportion of tyrosine-like components significantly decreased from 25.9 ± 

0.0% to 9.3 ± 0.4% and 17.1 ± 0.3% for 50 °C-extract after inoculation with P. 

subcapitata and M. aeruginosa, respectively (Figures 3A-3C). In contrast, it significantly 

increased from 0.9 ± 0.0% to 1.3 ± 0.1% and 2.0 ± 0.4% for 400 °C-extract inoculated 

with P. subcapitata and M. aeruginosa, respectively (Figures 3G-3I). For the 250 °C-

extract, the changes were algal species dependent. Effects of growing algae on the 

alteration of fulvic acid-like and humic acid-like components revealed opposite patterns 

compared to tyrosine-like component. For example, the proportion of fulvic acid-like 
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component significantly increased from 16.2 ± 0.0% to 18.1 ± 0.4% for 50 °C-extract 

inoculated with P. subcapitata (Figures 3A, 3B), but it significantly decreased from 44.5 

± 0.0% to 41.3 ± 0.6% for 400 °C-extract (Figures 3G, 3H). The proportion of soluble 

microbial byproduct-like components in 50, 250, and 400 °C-extracts inoculated with P. 

subcapitata was 30.4 ± 0.9%, 27.3 ± 1.1%, and 13.7 ± 0.5%, respectively (Figures 3B, 

3E, 3H), which were significantly higher than before inoculations (25.5 ± 0.0%, 25.7 ± 

0.0%, and 11.2 ± 0.0%) (Figures 3A, 3D, 3G). For the extracts after inoculations with M. 

aeruginosa, an increase was only observed for 400 °C-extract (from 11.2 ± 0.0% to 14.3 

± 0.5%) (Figures 3G, 3I).  

The patterns regarding effects of growing algae (P. subcapitata) on the alterations of 

fulvic and humic-acid like components were consistent with alterations in aromaticity 

and degree of humification. Previous studies showed that microbial transformation of 

DOM led to loss of protein-like compounds and increases of fulvic and humic-like 

compounds of DOM,
18,23,49

 which is in agreement with our observations for the DOMs

from 50 and 250 °C-extracts but not with that from 400 °C-extract. The extent of 

biotransformation of DOM is positively related to the quantity of biodegradable dissolved 

organic carbon (BDOC).
20

 In addition, Fellman et al.
17,49

 reported that fraction of BDOC

in the DOMs from stream waters was positively correlated with the proportion of protein-

like components but negatively correlated with SUVA254 and humic-like components. 

Accordingly, DOM in the 50 and 250 °C-extracts may be more biodegradable than that in 

the 400 °C-extract. Autochthonous natural organic matter (NOM) is usually more 

biodegradable than allochthonous NOM.
50

 The proportion of autochthonous and
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allochthonous DOM in the original litter extracts () (Figure 2E) also suggested that 

DOM in 400 °C-extracts contains less BDOC. Biotransformation of BDOM (e.g., 

humification) would lead to increases in humic substances, while utilization of amino 

acids or peptides by growing algae would result in the loss of tyrosine-like components.
51

Biodegradation processes might have less influence on the changes of protein-like 

components in DOM from 400 °C-litters compared to the DOMs from 50 and 250 °C-

litters. Alternatively, the increase in tyrosine-like component was likely due to 

productions of protein-like compound from algae such as phycocyanin and phycoerythrin 

in cyanobacteria;
32,52,53

 fluorescence reductions of fulvic and humic-like components

might be due to the degradation of fluorescing material or quenching of humic substances 

caused by organic molecules formed during degradation.
52,54

In additional to DOM chemical structure and optical characteristics, biodegradability 

of DOM was also related to DOM composition. In terms of relationships in the fraction 

of BDOC and composition of DOM, Qualls and Haines
55

 found a highly positive

correlation (R = 0.83) between the loss of DOC and initial content of hydrophilic neutral 

substances. Carbohydrate content in DOM also has been used as an indicator representing 

the extent of DOM biodegradation.
19,55–57

 Quill et al.
12

 found that increases in burning

temperature decreased the terrestrial DOM carbohydrate composition and aliphatic 

carboxylate species in the DOM and consequently reduce the polarity and solubility of 

DOM. In this study relative low proportion of BDOC in 400 °C-extract might be 

associated with lacks of carbohydrate and hydrophilic substances.  
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DOM Chlorine Reactivity and DBP Formation Potential 

After the inoculation of 50 °C-extract with algae, specific chlorine demand (SCD) 

significantly increased from 0.71 ± 0.08 to 1.27 ± 0.05 and 1.60 ± 0.13 mg-Cl2/mg-DOC 

for P. subcapitata and M. aeruginosa, respectively (Figure 4A). The same patterns were 

also observed for 250 °C-extract. For those extracts, inoculation with M. aeruginosa 

resulted in significantly higher SCD than P. subcapitata. In contrast, decreases of SCD 

were observed for the 400 °C-extract, and there was no significant difference in the SCD 

after the inoculation with P. subcapitata and M. aeruginosa. Before the inoculations with 

algae, SCD of TA-DOM significantly increased with burning temperature. After the 

inoculations with P. subcapitata in 50 °C and 250 °C-extracts, SCD exhibited no 

significant difference (1.26 ± 0.05 and 1.18 ± 0.10 mg-Cl2/mg-DOC for the 50 and 250 

°C-extract). There were also no differences in SCD for all TA-DOMs after inoculations 

with M. aeruginosa. These results suggest that algae-induced alteration of SCD was 

associated with algal species and DOM characteristics, and the algae-induced alteration 

would diminish the differences of SCD among TA-DOMs. 

The patterns of algae-induced changes in SCD (Figure 4A) were the same as that in 

DOM aromaticity and humic substance content (Figures 2A, 2B,), suggesting that 

chlorine reactivity of DOM was closely related to the proportion of aromatic compound 

or humic substance. Beggs and Summers
21

 demonstrated that alterations in chlorine

reactivity of three types of litter (tree, empty bed, and established bed) leachate after 

biodegradation was dependent on the characteristics of litter leachate. Biodegradation of 

the leachate from established bed, which had less biodegradable organic materials than 
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the other two types, decreased the chlorine reactivity. On the contrary, biodegradation of 

tree and empty bed litter leachates increased chlorine reactivity, indicative of an increase 

in humic substance fraction. The decreases in chlorine reactivity for 400 °C-extract may 

be caused by the biotransformation of chlorine oxidizable organic matter to non-chlorine 

oxidizable organic matter by growing algae. 

In this study most of SDBP-FPs after inoculations with algae over 7 days were 

significantly changed (Figures 4B-E). Regardless of algal species, growing algae had a 

promoting effect on specific trihalomethane formation potential (STHM-FP) (Figure 4B). 

For example, STHM-FPs for the 50 °C-extract after inoculations of algae increased from 

26.39 ± 1.48 to 55.12 ± 2.14 and 53.31 ± 4.11 µg-THMs/mg-DOC for P. subcapitata and 

M. aeruginosa, respectively. Substantial increases in STHM-FP after inoculations with 

algae for 50 and 250 °C-extracts suggested that non-THM precursors might be 

preferentially removed during biodegradation and additional THM precursors were 

produced by growing algae.
18

 These results are in agreement with a previous study,
21

 

showing that biodegradation of tree and empty bed litter leachates increased STHM-FP. 

STHM-FP for 400 °C-extract, which had less fraction of biodegradable DOM, also 

significantly increased after the inoculation with algae (increased from 17.88 ± 3.99 to 

32.86 ± 0.73 and 29.57 ± 0.31 µg-THMs/mg-DOC for P. subcapitata and M. aeruginosa, 

respectively). Although the aromaticity of DOM from 400 °C-litter decreased after 

inoculations with algae, non-aromatic DOM produced from algae may have higher 

chlorine reactivity than aromatic DOM for the THMs formation. Increases in protein-like 

compounds were observed for the 400 °C-extract with inoculations with algae. Since 
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moieties of proteins are known as highly reactive THM precursors,
58

 the promotion of

STHM-FP after inoculations of 400 °C-extract with algae was likely due to increases in 

proteinaceous THM precursors produced by algae. After inoculations with algae, the 

patterns of specific haloacetonitriles formation potential (SHAN-FP) were consistent with 

that in SCD, except for 400 °C-extract after inoculation with M. aeruginosa (Figures 4C, 

4A). Many algae-related proteinaceous compounds such as amino acids and heterocyclic 

nitrogen in nucleic acid have been reported as HANs precursors,
58,59

 and SHAN-FP for

the organic matters produced from green algae and cyanobacteria are different. For 

example, Oliver
60

 reported that the blue-green alga Anabaena Texas 1447 had a much

higher organic nitrogen content and yielded more dihaloacetonitriles on chlorination than 

the green alga Scenedesmus basiliensis. Yang et al.
61

 showed that the yield of

dichloroacetonitrile after chlorination of algae-produced organic matter ranged from 0.03 

to 0.15 µmol/mmol-C for M. aeruginosa and from 0.04 to 0.07 µmol/mmol-C for green 

alga Chlorella vulgaris. The observed higher SHAN-FP after inoculation with M. 

aeruginosa may result from higher amounts of DON (Table S2) and highly reactive 

proteinaceous compounds it produced. After the inoculations with algae, increases of 

specific chloral hydrate formation potential (SCHD-FP) were observed for 50 and 400 

°C-extracts. But it significantly decreased from 8.32 ± 2.13 to 3.41 ± 0.18 and 3.66 ± 

0.81 µg-CHD/mg-DOC after inoculations of 250 °C-extract with P. subcapitata and M. 

aeruginosa, respectively (Figure 4D). Before inoculations with algae, SCHD-FP for the 

250 °C-extract was significantly higher than that for 50 °C-extract, while it did not reveal 

significant difference after inoculations with algae. Similarly to the formation of HANs, 
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amino acids and nitrogenous compounds are also potential precursors for CHD.
62

Freshwater algae are able to assimilate a variety of organic nitrogen sources including 

amino acids,
46

 and extracellular oxidation and hydrolysis of amino acids and proteins

have been reported as common pathways as these compounds were assimilated by 

algae.
63

 The decreases of SCHD-FP for 250 °C-extract after inoculations with algae as

well as the decrease of SHAN-FP for 400 °C-extract after inoculation with P. subcapitata 

were likely due to the uptake of amino acids exported from burned litters by growing 

algae. After the inoculations with algae, SHK-FP for 50 and 400 °C-extracts significantly 

increased (Figure 4E). The formations of haloketones may originate from reactions 

between chlorine and compounds containing carbonyl functional groups.
64

 Increases in

carbonyl groups during humification of fulvic acid
65

 as well as oxidization of primary

amino groups by chlorine
58

 would lead to the increases in SHK-FP for 50 and 400 °C-

extracts.  

Growing algae also altered the amount of DBP formed during water chlorination 

processes (Figure S1). Except for the fraction of tryptophan-like components, highly 

correlated relationships (P < 0.05) in DOM characteristics and chlorine reactivities in 

forming HANs and CHD were observed after inoculations with algae (Tables S3, S4). In 

contrast, no significant correlations at all were observed in STHM-FP. After inoculation 

with P. subcapitata, significant correlations were observed in fractions of fluorescence 

compounds and SHK-FP. Relationships in DBP-FP and DOM properties have also been 

derived in previous studies.
18,21

 For example, Hur et al. reported that either before or after

biodegradation, the STHM-FP for six different DOMs was highly correlated with MW 
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information.
18

 Beggs and summers found that aromaticity of pine leachates was a strong 

indicator of THM formation.
21

 In this study, before inoculations with algae, STHM-FP 

and SHAN-FP were also significantly correlated with DOM MW; and after inoculations 

with algae, aromaticity of TA-DOM was significantly correlated with SHAN-FP and 

SCHD-FP. 

 

Fractions of Brominated-THMs 

The bromine incorporation factor (BIF) for trihalomethanes increased from 4.47 ± 

0.02% to 5.25 ± 0.65% and 6.20 ± 1.02% for 400 °C-extract inoculated with P. 

subcapitata and M. aeruginosa, respectively (Figure 5). During water chlorination 

processes, studies demonstrated that bromine incorporation of DBPs was associated with 

DOM characteristics and bromide concentration in waters.
4,66,67

 Decreases of SUVA254 

and MW were observed for the 400 °C-extract after inoculations with algae (Figures 2A, 

2C). The increases of BIF for 400 °C-extract after inoculations with algae were in 

agreement with the studies showing that bromine was more effectively incorporated into 

low SUVA254 and low MW of DOM.
4,66,67

 Increases in algae-produced organic matter 

were observed for the 400 °C-extract (Figure 2E). Since production of bromine from 

algal cells has not been reported and more than 70% of algal organic matters are 

hydrophilic compounds,
53

 the increases in BIF could also be explained by the findings 

that hydrophilic fractions of DOM were generally more reactive with bromine than 

chlorine.
4,66,67

 Maes et al.
25

 found that exposure of the green alga Desmodesmus 

subspitacus to xenoestrogen 17-ethinylestradiol (EE2) in the bromine-containing 
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medium led to transformation of EE2 into two brominated analogues, suggesting that 

algae could brominate EE2 when bromide was available in the solution. In this study, 

increases in the BIF of THM may result from the biotransformation of no bromine-

containing THM precursors into bromine-containing precursors by growing algae. 

Environmental Significance and Implications 

In order to accurately predict impacts of wildfire on downstream water quality as well 

as to take precautions against negative impacts on community drinking water supply, it is 

essential for responsible agencies to understand how the quality and quantity of DOM 

from fire impacted areas are changed during its transport from forested watersheds to 

water treatment facilities. This study presents evidence that growing algae alter terrestrial 

DOM composition and chlorine reactivity after wildfire. The fraction of biodegradable 

DOM exported from forested watersheds decreases with an increase in fire intensity (i.e., 

fire temperature), implying that DOMs exported from mildly burned (≤ 250 °C) areas are 

more likely subjected to biotic transformations in downstream compared to that from 

severely burned (≥ 400 °C) areas. Fire-affected DOMs can accelerate proliferations of 

phytoplankton in drinking water resources. Algal blooms may have an ephemeral effect 

on decreasing DBP precursors in fire-affected terrestrial DOM; but as algal populations 

increase, concomitant productions of algal organic matters will likely outweigh that loss, 

resulting in increases of DOM and chlorine reactivity for DBP formations as well as 

increases of the proportion of brominated THMs. Clearly, despite negative impacts of 

algal organic matters on drinking water quality such as taste-and-odor compounds 
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(geosmin and 2-methylisoborneol) and cyanotoxins (microcystins) produced by 

cyanobacteria (e.g., Oscillatoria sp. and Microcystis sp.), occurrence of wildfire followed 

by algal blooms in drinking water resources will create additional challenges for drinking 

water treatment facilities.  

Despite findings that elevated DOM concentrations after wildfire could lead to algal 

blooms in downstream waters,
68–70

 occurrences of wildfire and seasonal proliferation of

algae as a result of global warming are more likely observed in spring and summer,
71–73

which makes proliferation of algae an important consideration in terms of assessing 

impacts of wildfire on drinking water quality. Algal bloom species can differ from site to 

site. Additionally, algal capabilities to uptake DOM as well as characteristics of algal 

organic matter are related to the species and growth phase.
40,41,53,74

 Thus, it is challenging

to generalize the impacts of wildfire and algal bloom on drinking water quality. Further 

studies are still needed to understand that after wildfire events how algal species alter 

water quality during their life cycle.  
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Table 1. Characteristics of the algal culture medium and raw litter extracts after 48-h 

water extractions (Average ± Standard Deviation, n = 3). 

Culture 

medium 

50 °C- 

extracts 

250 °C- 

extracts 

400 °C- 

extracts 

pH 9.52 ± 0.00 4.34 ± 0.00 5.57 ± 0.00 9.28 ± 0.00 

Conductivity 

(µS/cm) 

260 ± 0 170 ± 0 128 ± 0 740 ± 0 

DOC (mg/L) 0.7 ± 0.0 680.6 ± 18.6 217.6 ± 4.3 20.0 ± 0.2 

TDN (mg/L) 11.8 ± 0.2 8.5 ± 0.4 1.4 ± 0.1 3.1 ± 0.1 

NH4

-N (mg/L) 0.6 ± 0.2 1.1 ± 0.0 0.3 ± 0.0 0.7 ± 0.2 

NOx

-N (mg/L) 13.7 ± 1.0 1.1 ± 0.1 0.03 ± 0.01 0.50 ± 0.03 

DON (mg/L) ND 6.3 ± 0.5 1.1 ± 0.1 1.9 ± 0.2 

DOC/DON (mg/mg) ND 107.9 ± 5.4 197.5 ± 21.0 10.7 ± 1.0 

SUVA254 (L/mg/m) NA 1.19 ± 0.02 0.91 ± 0.00 4.95 ± 0.00 

HIX NA 1.02 ± 0.04 0.86 ± 0.14 31.53 ± 1.18 

E2/E3 NA 4.86 ± 0.00 5.22 ± 0.00 6.00 ± 0.00 

 NA 0.50 ± 0.00 0.59 ± 0.03 0.36 ± 0.00 

FI NA 1.81 ± 0.04 2.06 ± 0.04 2.50 ± 0.06 

ND: Not detectable 

NA: Not available 
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Figure 1. Time-course changes of optical density at 680 nm (OD680) for P. subcapitata 

and M. aeruginosa cultured in the medium (control) and in the medium mixed 

with thermally-altered extracts (A). Associated concentrations of dissolved 

organic carbon (DOC) (B) and total dissolved nitrogen (TDN) (C) on day 0 and 

day 7. Error bars represent the standard deviation. 
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Figure 2. Optical characteristics of thermally-altered extracts before (Day 0) and after 

(Day 7) inoculations with P. subcapitata and M. aeruginosa. Error bars 

represent the standard deviation. SUVA254, specific ultraviolet absorbance at 

254 nm; HIX, humification index; E2/E3, UVA at 254 nm divided by UVA 

365 nm; , freshness index; FI, fluorescence index. 
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Figure 3. Percent fluorescence responses of five EEM regions for thermally-altered 

extracts before (Day 0) and after (Day 7) inoculations with P. subcapitata and 

M. aeruginosa.
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Figure 4. Specific chlorine demand (A) and specific disinfection byproduct formation 

potential (DBP-FP) (B-E) of thermally-altered extracts before (Day 0) and after 

(Day 7) inoculations with P. subcapitata and M. aeruginosa. Error bars 

represent the standard deviation. 
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Figure 5. Bromine incorporation factor of trihalomethanes formed from thermally-altered 

extracts before (Day 0) and after (Day 7) inoculations with P. subcapitata and 

M. aeruginosa. Error bars represent the standard deviation.
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CHAPTER THREE 

Dynamic Changes of Disinfection Byproduct Precursors following Exposures of 

Microcystis aeruginosa to Wildfire Ash Solutions 

ABSTRACT 

Wildfires can elevate dissolved organic matter (DOM) levels due to ash input and 

algal growth in source waters, and consequently impacting disinfection byproduct 

formation in finished water; however, it remains unclear how quality and quantity of 

overall allochthonous and autochthonous DOM as well as associated DBP formation are 

changed during an entire algal life cycle. Microcystis aeruginosa was cultured in the 

medium containing low and high concentrations [10% and 65% (v/v)] of black and white 

ash water extracts (BE and WE) to study dynamic changes of carbonaceous, nitrogenous, 

and oxygenated DBP precursors during algal growth. DOM was characterized by 

absorption and fluorescence spectroscopy and chlorination/chloramination-based DBP 

formation experiments. In the treatment with 10% BE, the amount of C-DBP precursors 

decreased from 6.8 to 3.0 mmol/mol-C at lag-exponential phase then increased to 4.2 

mmol/mol-C at death phase. The same trend was observed for O-DBP precursors. 

However, these dynamic changes of C- and O-DBP precursors exhibited opposite 

patterns in 65% extracts. Similar patterns were also observed in the WE treatments. On 

the other hand, N-DBP precursors continuously declined in all treatments. These results 

indicate that postfire ash loading and algal bloom stage may significantly affect DBP 

formation in source water. 
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INTRODUCTION 

Wildfires convert forest biomass and detritus into ash. After wildfires high load of ash 

in stream waters and elevated concentration of dissolved organic matter (DOM) have 

been reported in downstream source waters.
1–3

 In addition, increases in nutrient

concentrations (e.g., nitrogen and phosphorus) concomitant with proliferation of algae 

also have been observed.
4–7

 Algae are prevailing producers of autochthonous DOM in

freshwaters,
8
 and the level of DOM released from algae is usually proportional to their

population.
9
 Thus, increases of DOM in fire-impacted source water can be attributed to

both allochthonous inputs from ash and autochthonous productions from algae. 

Regardless of wildfires, successions of harmful algal bloom, especially Microcystis 

aeruginosa, often occur in reservoirs causing serious threat to drinking water quality due 

to DOM and toxins released from algal cells;
10

 and excess inputs of nutrient and organic

matter in waters are important factors for stimulating its population.
11,12

 DOMs released

from both ash and M. aeruginosa are precursors of potentially carcinogenic disinfection 

byproducts (DBPs) [e.g., trihalomethanes (THMs) and haloacetic acids (HAAs)] formed 

during water treatment oxidation/disinfection processes such as chlorination and 

chloramination. Importantly, DBP formation potential (DBP-FP) is correlated with DOM 

quality and quantity.
13,14

 To understand how postfire elevated DOM affects DBP-FP in

drinking water supply, it is essential to obtain comprehensive knowledge on the changes 

in concentration and composition of DOM during algal blooms in the absence and 

presence of ash-contaminated solutions. 
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The amounts of ash-derived DOM and nutrient entering downstream source water 

could be changed by environmental variables such as postfire precipitation, snowmelt, 

and hydrologic conditions.
15,16

 For example, Wang et al.
15

 reported that increasing 

cumulative precipitation in the field resulted in a significant decrease in dissolved organic 

carbon (DOC) released from ash. Compositions of ash-derived DOM are related to ash 

characteristics. Black and white ashes are commonly observed in burned forest 

watersheds. Generally, black ash is produced at relatively lower burning temperature and 

contains higher amount of organic compounds.
1,17

 Regarding quality and quantity of 

DOMs released from black and white ashes, Wang et al.
18

 demonstrated that 

concentrations of DOC in black and white ash solutions were not statistically different, 

but black ash solution contained significantly less aromatic carbon content than white ash 

solution. Black ash solution revealed lower pH and amounts of NOx - and NH4
+
-N. Quill 

et al.
19

 also found an increase of aromatic structure and a decrease of aliphatic 

carbohydrate compounds and polysaccharides in the DOM derived from ash formed at 

higher temperature. 

Variations in water quality caused by wildfires would lead to changes in algal 

population.
20

 Ecotoxicological studies found that exposures of freshwater algae to DOM 

released from wildfire ash or biochar elicited different degrees of impact on its 

population, depending on the DOM concentration and composition.
21–23

 For example, 

using optical density at 680 nm (OD680) to monitor daily growth of Synechococcus 

elongatus following 7-days exposures to DOC extracted from biochar, Smith et al.
23

 

found that growth curve in the presence of 25 mg/L of DOC was similar to the control 
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but OD680 value in the treatment with 25 mg/L of DOC was approximately three times 

greater than with 150 mg/L of DOC on day 7. They also observed that exposure to 

biochar-derived DOM containing organic acids and phenols remarkably inhibited algal 

population growth. Furthermore, it is well documented that quality and quantity of algae-

produced organic matter (AOM) can be substantially altered by growth conditions.
24–27

Previous studies showed that growing algae with an ample supply of nutrients excrete 

higher amount of DOM to the medium.
28,29

 Using optical indices (e.g., SUVA254, HIX,

and FI) to examine AOM characteristics, Huang et al.
24

 observed that changes in nitrogen

and phosphorus concentrations in the cultural medium altered M. aeruginosa AOM 

aromaticity, molecular weight, protein and chlorophyll concentrations. Moreover, AOM 

quality and quantity vary at different algal growth stages.
29–32

 Henderson et al.
31

 reported

that the AOM released by M. aeruginosa at exponential phase contained greater amount 

of aromatic compounds than at stationary phase. These studies suggest that concentration 

and composition of ash solution can play crucial roles in affecting M. aeruginosa 

population and associated AOM quality and quantity during its life cycle (i.e., from lag to 

death phase), which would consequently lead to substantial changes in DBP precursor in 

a DOM pool.   

Recently, we demonstrated that exponentially growing M. aeruginosa altered DBP 

precursors in a bulk DOM pool containing thermally-altered DOM.
33

 However, it is

unclear whether and to what extent overall DBP precursors are affected by ash-derived 

DOM concentrations during the initiation and end of algal blooms. Overall, the aim of 

this study was to assess the effects of wildfire ash solutions on M. aeruginosa population 
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and to evaluate dynamic changes of DOM properties and DBP precursors at lag, 

exponential, stationary, and death phases. The specific objectives were to: (1) compare 

M. aeruginosa population and growth rate in the absence and presence of black and white

ash water extracts with low and high concentrations; (2) evaluate alterations of DOM 

spectroscopic characteristics; (3) assess DOM reactivities and DBP-FP at each growth 

phase; and (4) identify correlations among specific DBP-FP and DOM optical indices. 

MATERIALS AND METHODS 

Sampling Site and Ash Collection 

Ash samples were collected on October 2
nd

 from the 2013 Rim Fire, which started on

August 17
th

 and is recorded as the third largest wildfire in California history covering

more than 100,000 ha in watersheds. The sampling site was located approximately 2 km 

south west of the Cherry Lake in Tuolumne River Watershed within the Stanislaus 

National Forest (Figure S1, Supporting Information, APPENDIX I), where the dominate 

vegetation type was ponderosa pine. Based on the visual color of ash, postfire ash 

samples including black ash and white ashes were collected using a 7.6 cm diameter × 

5.0 cm depth metal coring device. Each type of ash samples consisted of three 

subsamples collected within a 10 m radius.  

Preparation of Black and White Ash Extracts 

Black and white 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 
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of ash was mixed with 200 ml Milli-Q water in a 250 ml Erlenmeyer flask. The water-ash 

mixtures were shaken for 72 hours using an orbital shaker at 250 rpm. Extracts were 

filtered using Millipore 0.45 µm 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. 

Algal Culture and Bioassay 

The blue-green alga Microcystis aeruginosa UTEX 2385 (University of Texas at 

Austin, Austin, TX) was cultured non-axenically in the medium. The medium 

composition is provided in Table S1. Algal cultures were maintained at a temperature of 

24 ± 2˚C and a 12:12-hour light-dark photoperiod illuminated by cool white fluorescent 

lighting at an intensity of 2100 lux.
33

 The algal bioassay conditions were the same as for

algal cultures, where algal population was monitored every day throughout the entire 

experiment by measuring optical density at 680 nm (OD680) using UV-VIS 

spectrophotometer (Shimadzu UV-1800). 

Concentrations of dissolved organic carbon (DOC) in lakes across the U.S. range 

from 2 to 10 mg/L.
34

 Regarding wildfire impacts on stream water DOC concentration,

Hohner et al.
35

 have reported that postfire DOC concentration in the fire-impacted Upper

Cache la Poudre River was 18.2 mg/L, significantly greater than annual average of 3.7 

mg/L in the reference site. To simulate algal blooms in downstream receiving water in 

the absence and presence of low and high concentrations of wildfire ash solution, the 

initial OD680 values for algal bioassays including control and treatments were adjusted to 
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0.07 by adding 333 mL of algal stock solution into 1L volumetric flasks without (control) 

and with amendment of 10% and 65% of BE and WE (treatments). The flasks were then 

filled up to a final volume of 1 L by adding cultural medium and were mixed thoroughly. 

For example, 10% BE consisted of 100 mL of raw BE, 333 mL of algal stock solution, 

and 567 mL of cultural medium. Afterwards, 200 mL of mixtures were distributed 

separately to 250 mL acid washed Erlenmeyer flasks. Three replicate flasks were 

included for the control and treatments. Subsamples from the control and treatments were 

collected on day 0, 7, 28, and 35, which was operationally defined as lag, exponential, 

stationary, and death phase, respectively. Growth rate during cultivation day t1 and day t2 

was calculated as follows:  

Growth rate (day
-1

) = 
ln OD680,𝑡2 − ln OD680,𝑡1

𝑡2 − 𝑡1
 

where OD680,t2 and OD680,t1 refer to OD680 values on the cultivation day t2 and day t1. 

 

Chemical and Statistical Analyses 

Subsamples collected in the algal bioassay were filtered using pre-washed Millipore 

0.45 µm filters for chemical analyses, which contained extracellular AOM and ash-

derived DOM. Methods of all analyses were published previously.
18

 Detailed descriptions 

are presented in the Supporting Information (APPENSIX II). Spectroscopic 

characteristics of dissolved organic matter were analyzed, including specific UV 

absorbance at 254 nm (SUVA254), humification index (HIX), E2/E3, and fluorescence 

index (FI). SUVA254 was calculated by normalizing UV absorbance at 254 nm to DOC 
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concentration. Fluorescence excitation-emission matrices (EEMs) from 

spectrofluorometry were analyzed by fluorescence regional integration (FRI).
18

 

Carbonaceous, nitrogenous, and oxygenated disinfection byproducts (C-, N-, O-

DBPs) were analyzed. C-DBPs included trihalomethanes (THMs) and haloacetic acids 

(HAAs); N-DBPs consisted of haloacetonitriles (HANs) and N-nitrosodimethylamine 

(NDMA); O-DBPs were chloral hydrate (CHD) and haloketones (HKs). DBPs were 

formed during DOM chlorination, except that NDMA was formed from the reaction of 

DOM and chloramine. The DOM reactivities for DBP formation were expressed as 

specific DBP formation potential (specific DBP-FP), which was calculated as the DBP 

concentration divided by the DOC concentration (mmol/mol-C). 

Statistically significant differences between the control and treatments were 

determined using one-way ANOVA with Tukey’s test. Significance was considered as P 

< 0.05. Correlations between specific DBP-FPs and optical indices were analyzed using 

principal component analysis (PCA). 

 

RESULTS AND DISCUSSION 

Water chemistry and M. aeruginosa growth following exposures to ash extracts 

Characteristics of the raw black and white ash extracts (BE and WE) were reported in 

Table S2. Selected water quality parameters in the control (no ash extracts) and 

treatments (with 10% and 65% BE or WE) varied at the beginning of experiments, and 

they are provided in Table 1. For example, DOC concentration in the 65% BE (23.1 ± 0.4 

mg/L) was significantly higher (P < 0.05) than the 65% WE (17.7 ± 0.4 mg/L) and 
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control (2.1 ± 0.2 mg/L). Ammonium (NH4
+
-N) concentration in the 65% BE (3.9 ± 0.2

mg/L) was significantly higher than the control (0.1 ± 0.04 mg/L) and other treatments. 

Approximately, 1 mg/L of DOC in the 10% BE and WE (3.8 – 2.1 and 3.3 – 2.1 mg/L) as 

well as 20 and 15 mg/L of DOC in the 65% BE (23.1 – 2.1 mg/L) and WE (17.7 – 2.1 

mg/L) originated from raw ash extracts. Some metals that have been reported as 

constituents of wildfire ash, including As, Cd, Cr, and Pb
1,3

 were not detectable in all

treatments. These results imply that the property and amount of ash exported from 

wildfire-impacted areas into waters are key factors affecting downstream water quality.  

OD680 decreased from 0.11 to 0.06 after 1-day exposure of 65% BE and then started to 

increase to 0.07 and 0.17 on day 3 and 4 (Figure 1A). On the contrary, it continuously 

increased from 0.15 to 0.23 in the 65% WE. The highest OD680 values during exponential 

(day 7) and stationary phase (day 28) were observed in the 65% WE (0.36 ± 0.01) and 

65% BE (1.15 ± 0.04). After day 30 OD680 in the control and treatments started to 

decline. M. aeruginosa cultured in the 65% WE revealed the highest growth rate (0.22 ± 

0.00 day
-1

) and decline rate (0.23 ± 0.01 day
-1

) during lag-exponential and stationary-

death phase, respectively (Figure 1B). These results suggest that wildfire ash solution can 

cause different degrees of stimulation or ephemeral inhibition effects on M. aeruginosa 

population, depending on the exposure time as well as property and amount of ash 

solution. 

Several compounds released from ash such as polycyclic aromatic hydrocarbons 

(PAHs) can potentially elicit adverse effects on algal growth.
36,37

 Moreover, although

ammonium and ammonia appear to be an ideal nitrogen source for algal growth, algal 
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growth can be inhibited following exposures to excessive amounts of ammonium and 

ammonia.
38

 The temporary inhibition of M. aeruginosa growth following 2-day exposure

to 65% BE was likely due to short-term transient physiological responses to relatively 

high concentration of ammonium (3.9 mg/L);
38

 and the observed recovery of growth on

day 4 and highest OD680 at stationary phase may be attributed to the growth stimulation 

from relatively high phosphate concentration (6.4 mg/L) masking negative impacts 

caused by the toxicants.
39

 The highest specific growth rate observed in the 65% WE at

lag-exponential phase could be ascribed to high nutrient (14.48 mg/L as NOx -N) along 

with high electrical conductivity (623 µS/cm).
40,41

 These findings may be applied to

explain why proliferation of algae in streams or ponds is sometimes but not always 

observed after wildfires.
7,42

DOC concentrations in the control and treatments increased over time throughout the 

experiment (Figure 1C). There was no significant difference in the DOC concentrations 

for 10% BE and WE (3.8 ± 0.1 and 3.3 ± 0.1 mg/L) at lag phase, but DOC concentrations 

in the 10% BE were significantly greater than that in the 10% WE at exponential and 

stationary phases. During lag-exponential phase, significant increases in DOC 

concentrations in 10% ash solutions were observed, but it was not observed in 65% ash 

solutions until exponential-stationary phase. At death phase, there was no significant 

difference in DOC concentrations in the control, 10% BE and WE. In contrast, DOC 

concentrations in the 65% ash solutions remained higher than the control and 10% ash 

solutions regardless of growth phase. These results suggest that DOC concentration 

generally increases over time during algal growth irrespective of presence of wildfire ash 
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derived solution; and effect of wildfire ash solution on the increment of DOC is 

dependent on the algal growth phase as well as characteristics and amount of ash 

solution.  

 

Dynamic changes of DOM optical characteristics  

DOM optical characteristics in the control and treatments varied during M. 

aeruginosa growth (Figure 2). SUVA254, an indicator of DOM aromatic carbon content, 

in the control increased from 0.8 ± 0.0 to 1.3 ± 0.1 L/mg/m during lag-stationary phase 

and slightly decreased to 1.0 L/mg/m at death phase (Figure 2A). During lag-exponential 

phase, SUVA254 significantly decreased in the 10% BE (from 3.6 ± 0.0 to 1.8 ± 0.1 

L/mg/m) and WE but slightly increased in the 65% BE and WE. During exponential-

death phase, SUVA254 remained nearly constant in the 10% BE and WE but gradually 

decreased in the 65% BE and WE. 

Humification index (HIX), an indicator of DOM humification extent or humic 

substance content, in the control significantly decreased from 9.7 ± 0.0 to 1.0 ± 0.1 

during lag-stationary phase and then increased to 1.5 ± 0.1 at death phase (Figure 2B). 

Similar trends were also observed in all treatments. Regardless of characteristics and 

amount of ash extract, SUVA254 and HIX in the control were lower than treatments, 

suggesting that presence of ash solution during an ongoing M. aeruginosa bloom results 

in higher DOM aromatic carbon content and humification extent. Our findings were in 

agreement with the study by Leloup et al.
43

 showing that SUVA254 of DOM released 

from M. aeruginosa was less than that from surface waters regardless of its growth phase. 
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The patterns showing that SUVA254 and HIX decreased over time in the treatments 

suggest that exposure of M. aeruginosa to ash solution can transform humic substances to 

less aromatic compounds with aliphatic and carbohydrate-like structures,
43,44

 and the

degree of transformation increases along with growth phase. 

E2/E3 ratio, an index inversely correlated with DOM molecular weight (MW),
45

 in

the control decreased from 5.7 to 3.4 during lag-exponential phase and then increased to 

3.7 ± 0.1 at death phase (Figure 2C). E2/E3 ratio in the treatments, except for the 65% 

WE, also showed the same pattern as the control, indicating that MW of DOM increased 

during lag-exponential phase and started to decrease until death phase. MW of DOM in 

the 65% WE was higher than the control and other treatment at lag phase. Noticeably, 

during lag-exponential phase M. aeruginosa cultured in the 65% WE also showed the 

highest growth rate compared to control and treatments (Figure 1B). These results are in 

accordance with previous studies
46,47

 showing that growth rate of algae was positively

correlated with the MW of DOM in the cultural medium. Declines in MW of DOM from 

exponential to death phase in this study were also observed in Tai Lake, China, as a result 

of DOM transformation during summer and fall season.
48

An increase in FI during algal growth was observed in all treatments. For example, FI 

in the 65% WE was 1.8 and 2.0 at lag and death phase, respectively. Since FI values 

provide information on the relative contribution of microbial and terrestrial sources to the 

DOM pool (higher values represent more microbial origins), these results suggest that 

DOM released from M. aeruginosa increased throughout the experiment. DOC in the 

control significantly increased from 4.7 ± 0.3 to 11.1 ± 0.3 mg/L during exponential-
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stationary phase (Figure 1C). However, FI decreased during that period (from 2.5 ± 0.0 to 

2.1 ± 0.0). Nevertheless, an increase in FI may be indicative of released cyanobacterial 

DOM, changes of FI may not proportionally represent the changes of DOM mass due to 

competing effects of peak emission wavelength and spectrum curvature.
49,50

 

When M. aeruginosa was cultured in the presence of 10% BE at exponential phase, 

proportions of tyrosine- and tryptophan-like compounds started to decrease, and 

proportions of fulvic acid- and humic acid-like compounds started to increase (Figure 

2F). It was also observed in the 10% WE and 65% WE at stationary phase (Figures 2H, 

I). For example, in the 10% WE during stationary-death phase, tyrosine-like compounds 

significantly decreased from 9.3 ± 0.3 to 6.0 ± 0.1%, and fulvic acid-like compounds 

increased from 23.9 ± 0.1 to 30.0 ± 0.1%. Since a decline in protein-like compounds and 

increases in humic substances of DOM are indicative of microbial transformation of 

DOM,
51,52

 these results suggest that onset of transformation of black ash-DOM by 

growing M. aeruginosa may occur earlier than that of white ash-DOM. These 

observations are supported by Tsai and Chow
33

 who demonstrated that DOMs released 

from 50 and 250 °C burned litter extracts are more biodegradable than that from 400 °C-

extracts. Increases in burning temperature can decrease the terrestrial DOM carbohydrate 

composition and aliphatic carboxylate species resulting in more recalcitrant and 

hydrophobic compounds in DOM.
19

 In addition, Liu et al.
53

 found hydrophobic dissolved 

organic nitrogen (DON) had little or no effect on algal growth. Thus, it is likely that 

acclimation time for M. aeruginosa to uptake less labile or hydrophilic DOM released 

from white ash was longer compared to the DOM released from black ash, which was 
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produced at lower burning temperature. Dynamic change of tyrosine-like compound in 

the 65% BE was less pronounced than 10% BE, which was possibly due to higher 

concentrations of PAHs or low molecular weight organic acids and phenols
23,54

 reducing

biotransformation activities.  

Dynamic changes of DOM reactivity and DBP concentration 

Different patterns in dynamic changes of carbonaceous, nitrogenous, and oxygenated 

specific disinfection byproduct formation potential (C-, N-, O-SDBP-FP) were observed 

when M. aeruginosa was cultured in the absence and presence of ash solutions (Figure 3). 

Dynamic changes of individual SDBP-FP for each DBP group are depicted in Figure S2. 

Concentration of each DBP species will be discussed later. In control, the specific C-

DBP-FP revealed little changes during lag-stationary phase (range from 2.4 to 2.8 

mmol/mol-C) and significantly increased (P < 0.05) from 2.5 ± 0.2 to 3.1 ± 0.1 

mmol/mol-C during stationary-death phase (Figure 3A). Specific N-DBP-FP significantly 

increased from 0.3 to 0.6 mmol/mol-C during lag-exponential phase and then 

continuously decreased until death phase; similar trend was also observed for specific O-

DBP-FP. In the previous study by Huang et al,
14

 variations in specific THM- and HAA-

FPs during M. aeruginosa growth from lag to death phase were also not obvious. In 

contrast to the control, specific C-DBP-FP significantly decreased during lag-exponential 

phase in the 10% BE (from 6.8 ± 0.0 to 3.0 ± 0.2 mmol/mol-C) and increased to 4.2 ± 0.2 

mmol/mol-C at death phase, and it also exhibited similar trends for O-DBP-FP (Figure 

3B). Interestingly, dynamic changes of specific C- and O-DBP-FPs in the 65% BE and 
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WE (Figures 3C, E) exhibited opposite trends to the 10% BE and WE (Figures 3B, D). 

For example, specific C-DBP-FP slightly increased from 6.0 ± 0.0 to 7.0 ± 1.1 

mmol/mol-C during lag-exponential phase and decreased to 5.1 ± 0.8 mmol/mol-C at 

death phase in the 65% BE (Figure 3C). In addition, similar trends of dynamic changes in 

all DBP precursors were observed in 10% BE and WE, as well as in 65% BE and WE. 

Specific N-DBP-FP continuously decreased in all treatments, regardless of concentration 

or composition of ash solution. These results imply that concentration of ash solutions 

has greater influence on the dynamic changes in C- and O-DBP precursors compared to 

composition of ash solution which can be influenced by burning temperature. 

Exposures of algae to different concentrations of chemicals can alter cells’ internal 

constituents and physiological functions (e.g., membrane integrity and barrier function of 

plasma membrane) to different degrees.
55,56

 For example, M. aeruginosa cell membrane

permeability was dependent on cupric ion concentration; exposure to higher copper 

concentration could lyse cell membrane causing release of higher amount of intracellular 

microcystins.
57

 Healthy algal cells release small amounts of their intracellular materials

as a normal growth process; while cells that are compromised, during nutrient depletion 

or death phase may lose cellular soluble contents into surrounding environments, and 

cells can also be degraded or solubilized.
29

 In the 10% BE and WE, decreases in specific

C- and O-DBP-FP during lag-exponential phase might be due to increases in membrane

permeability allowing release of small molecular weight non-DBP precursors into water 

solution. Bacteria-produced polysaccharides have been reported as C-DBP 

precursors;
58,59

 after exponential growth phase, increases in C- and O-DBP precursors
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were likely attributed to elevated levels of polysaccharide such as β-1,3-glucan when 

nutrient concentrations started to decline.
60

 In the 65% BE and WE solutions, increases in 

specific C- and O-DBP-FP during lag-exponential phase could be due to cell lysis 

following release of those C- and O-DBP precursors. Gough et al.
32

 found that AOM 

became more hydrophilic and less aromatic during cell lysis, which may explain the 

decline of C- and O-DBP precursors during exponential-death phase.
61

 Elevation of 

AOM was found related to increases in the propensity of DOM pool to form THMs and 

HAAs in San Luis Reservoir, California.
62

 Also, Jack et al.
63

 showed that algal 

production and senescence in outdoor mesocosms increased THM-FP. These studies are 

in agreement with our findings that ongoing M. aeruginosa blooms increase C-DBP 

precursors during different growth phases, regardless of concentration of ash solution. 

DONs constitute the pool for N-DBP precursors; some of them in fire-affected DOM 

(e.g., urea and amino acids) might be uptaken by M. aeruginosa.
64–66

 Moreover, depletion 

of nutrient
60

 could cause reduction in cellular nitrogenous component; and presence of 

fire-affected DOM may enhance uptake of those DBP precursors by M. aeruginosa,
67

 

leading to continuous declines in the amount of N-DBP precursors in all treatments. 

Carbohydrate is the major compound in extracellular AOM,
29

 and stagnation in algal 

growth would cause the accumulation of dissolved carbohydrates. Therefore, it is also 

possible that the decline in N-DBP precursors was due to increases in carbohydrate-

associated non-N-DBP precursors. Pivokonsky et al.
68

 showed that aging of algal culture 

was accompanied by an increase in protein-related AOM. Some N-DBP precursors are 

proteins released from algae.
69

 In this study an increase in N-DBP precursors in the 
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control was only observed during lag-exponential phase but not in all treatments, 

suggesting that characteristics of protein-related AOM was likely altered following 

exposure to ash solution. 

All DBP-FP in the control increased over time throughout the experiment, and it was 

significantly greater in death phase than lag phase (Figure 4). Patterns in dynamic 

changes of DBP-FP were associated with the concentration of ash solution in all 

treatments. For example, THM-FP in the 10% WE during lag-death phase approximately 

increased by 200% (from 193.4 ± 0.0 to 409.0 ± 23.1 µg/L), but it remained relatively 

unchanged in the 65% WE (from 1171.2 ± 0.0 to 1259.4 ± 68.9 µg/L) (Figure 4A). In 

contrast, HAN-FP in the 65% WE significantly decreased (P < 0.05) from 129.9 ± 0.0 to 

83.5 ± 4.3 µg/L, but it remained nearly constant in the 10% WE (from 36.2 ± 0.0 to 31.8 

± 1.6 µg/L) (Figure 4C). DBP-FP in the 65% ash solutions, with the exception of 

NDMA-FP (Figure 4D), was significantly higher than the control at each growth phase; 

however, during some growth phases DBP-FP in the 10% ash solutions was lower than 

the control. For example, HAN-FP in the 10% WE at lag phase (36.2 ± 0.0 µg/L) was 

significantly higher than the control (8.0 ± 0.0 µg/L), but it showed lower or no 

difference with the control during exponential-death phase (Figure 4C). Similar situations 

were also observed for HAA-, CHD-, and HK-FPs (Figures 4B, E, and F). 

DOM quality and quantity can significantly affect DBP species and concentration. All 

DBP concentrations in the control increased with an increase in DOC concentration 

throughout all growth phases despite of fluctuation in DOM reactivity (Figure 3A), 

suggesting that pre-fire AOM quantity has greater influence on DBP concentration than 
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its quality. Although postfire DOC amounts also increased over time in all treatments, 

influences of most DOM reactivity outweighed DOC quantity, leading to some DBP 

concentrations declined or no significantly changed during growth phases. In this regard, 

as algae grew with a low concentration of ash solution, overall DBP concentrations could 

be lower than or similar to the fire-affected DOM-free scenario. Figures 3 and 4 provide 

evidences that concentration of ash solution can not only affect postfire DBP 

concentration but can also alter amount of DBP precursor during an ongoing algal bloom. 

 

Correlations among specific DBP-FP and DOM optical properties 

Principal component analysis (PCA) was run on spectroscopic characteristics and 

specific DBP-FP for all samples (Figure 5). Principal component 1 (PC 1) represented 

aromatic carbon content, which explained 54.74% of the total variance; and principal 

component 2 (PC 2) reflected DOM origins, which explained 14.58% of the total 

variance (Table S3). PC 1 showed high positive loadings for SUVA254, HIX, E2/E3, III, 

V, STHM-FP, and SHAA-FP; and PC 2 showed high positive loadings for SCHK-FP, 

SHAN-FP, and SCHD-FP. Based on the loadings of variance, THM and HAA precursors 

were related to aromatic carbon content, humic substances and DOM MW; and NDMA 

precursor was associated with microbial related compounds (IV). The PCA results 

suggest that DOM reactivity in forming THMs, HAAs, HANs, and CHD were higher 

following exposures of M. aeruginosa to high concentration of ash solutions during lag-

stationary phase than death phase; while NDMA was likely formed after exposures to 

low concentration of ash solutions during exponential-death phase. 
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Implications for Water Resources Management 

In an effort to predict impact of wildfire on DBP-FP in drinking water, effects of 

wildfires on terrestrial DOM quality and quantity have been extensively studied.
15,18,70,71

In fact, DOM pool in source water contains both allochthonous and autochthonous 

DOMs. Wildfires and harmful algal blooms (HABs) in source water will likely happen 

more frequently as a result of global warming and eutrophication.
72–74

 In this study, we

demonstrated dynamic changes of DBP precursors by incorporating different quality and 

quantity of DOMs released from ash and noxious algae M. aeruginosa during its growth. 

Dynamic changes in DOM reactivities and associated DBP concentrations would provide 

useful information for water resource managers, regarding the timing for treating waters 

impaired by ongoing HAB and wildfire. The conceptual model in Figure 3 shows that the 

pattern of specific DBP-FP during bloom process is more influenced by the concentration 

than composition of ash solution. Forest and water resource managers shall put efforts to 

reduce postfire ash load in forested watersheds or amount of ash-derived DOM in stream 

waters to minimize DBP precursors in source water. Also, authorities need to be 

particularly cautious about postfire precipitation or snowmelt that would carry significant 

amount of ash-derived DOM into source water during ongoing HABs.
16

Furthermore, this study suggests that postfire DBP precursors can be dynamically 

changed during an entire algal life cycle, and the changes are different in C-, N-, and O-

DBP species. NDMA-FP was found to increase throughout this experiment but remained 

below 20 ng/L. Previous studies have found that algal bloom-impacted waters were less 

prone to NDMA formation compared to other types of water.
75–77

 However, those studies
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did not incorporate algal growth phase. Importantly, in addition to nutrient levels in water 

(i.e., N and P), organic and metallic compounds can affect algal population as well as 

associated AOM quality and quantity.
78–80

 Linkages between responses of algae to

environmental contaminants and subsequent DBP precursors are essential knowledge for 

source water quality management and need to be further investigated. 
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Table 1. Characteristics of the control and mixtures containing 10% and 65% (v/v) of 

black ash extract (BE) and white ash extract (WE) in culture medium. (average 

± standard deviation, n =3). Both raw ash water extracts were prepared by 

mixing 50 g of individual black ash and white ash with 200 ml Milli-Q water 

and shaking for 72 hours. 
Parameter Control 10% BE 65% BE 10% WE 65% WE 

pH 9.5 ± 0.1
a
 9.4 ± 0.0

a
 8.9 ± 0.1

b
 9.4 ± 0.1

a
 8.8 ± 0.0

b
 

OD680 0.1 ± 0.0
a
 0.1 ± 0.0

a
 0.1 ± 0.0

a
 0.1 ± 0.0

a
 0.1 ± 0.0

a
 

Conductivity 

(µS/cm) 

342 ± 5
a
 381 ± 2

b
 569 ± 8

c
 390 ± 5

b
 623 ± 1

d
 

DOC (mg/L) 2.1 ± 0.2
a
 3.8 ± 0.1

b
 23.1 ± 0.4

c
 3.3 ± 0.1

b
 17.7 ± 0.4

d
 

TDN (mg/L) 15.6 ± 0.5
a
 18.7 ± 0.4

a
 25.0 ± 0.4

b
 17.0 ± 0.1

a
 18.4 ± 0.1

a
 

NH4
+
-N (mg/L) 0.1 ± 0.0

a
 0.8 ± 0.1

b
 3.9 ± 0.2

c
 0.6 ± 0.1

b
 0.9 ± 0.0

d
 

NOx

- (mg/L) 12.8 ± 0.6

a
 14.3 ± 0.1

b
 14.2 ± 0.3

b
 13.7 ± 0.1

a
 14.5 ± 0.4

b
 

DON (mg/L) 2.2 ± 0.6
a
 3.6 ± 0.2

a
 7.0 ± 0.3

b
 2.7 ± 0.1

a
 3.0 ± 0.3

a
 

PO4
3-

 (mg/L) 3.4 ± 0.0
a
 4.1 ± 0.0

b
 6.4 ± 0.0

c
 3.8 ± 0.0

a
 4.3 ± 0.0

b
 

Zn (mg/L) 0.02 ± 0.00 < 0.01 < 0.01 < 0.01 < 0.01 

Cu(mg/L) 0.02 ± 0.00 < 0.01 < 0.01 < 0.01 < 0.01 

As (mg/L) < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 

Cd (mg/L) < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Cr (mg/L) < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Pb (mg/L) < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 

Bold numbers indicate the highest number among groups. 

Lowercase letters refer to the significantly different groups (P < 0.05). 
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Figure 1. (A) Time-course changes of optical density at 680 nm for M. aeruginosa 

cultured in the absence (control), and presence of 10% and 65% of black and 

white ash extracts (10% and 65% BE and WE). (B) Growth rate of M. 

aeruginosa in the control and treatments at different growth phases. (C) 

Corresponding concentrations of dissolved organic carbon (DOC) in the 

solution on day 0 (lag phase), 7 [exponential phase (exp.)], 28 [stationary 

phase (stat.)], and 35 (death phase). Lowercase letters indicate statistically 

different groups (P < 0.05). Error bars represent the standard deviation (n = 3).  
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Figure 2. (A-D) Spectroscopic characteristics of DOM in the absence (control) and presence of black and white ash extracts 

(10% and 65% BE and WE) at different algal growth phases. SUVA254, 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. (E-I) 

Percent DOM fluorescence responses of five EEM regions. Error bars represent the standard deviation (n = 3). 
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Figure 3. (A) Results of specific disinfection byproduct formation potential (SDBP-FP) in the absence (control) and (B to E) 

presence of black and white ash extracts (10% and 65% BE and WE) at different algal growth phases as a conceptual 

model of dynamic changes of DBP precursors during algal blooms without (only algal organic matter (AOM)) and 

with inflow of wildfire ash-derived solution (AOM + Ash-DOM). Error bars represent the standard deviation (n = 3). 
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Figure 4. Disinfection byproduct formation potential (DBP-FP) in the absence (control) 

and presence of black and white ash extracts (10% and 65% BE and WE) at 

different algal growth phases. THM, trihalomethane; HAA, haloacetic acid; 
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HAN, haloacetonitrile; NDMA, N-nitrosodimethylamine; CHD, chloral 

hydrate; HK, haloketone. Error bars represent the standard deviation (n = 3). 
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Figure 5. Principle component analysis of spectroscopic characteristics and 

chlorine/chloramine reactivity of DOM in the absence (control) and 

presence of black and white ash extracts (10% and 65% BE and WE) at 

different algal growth phases. Component scores of different algal growth 

phases and growth conditions are shown in the panel (A) and (B), 

respectively. Roman numerals I, II, III, IV, and V represent proportion of 

tyrosine-like, tryptophan-like, fulvic acid-like, soluble microbial byproduct-

like, and humic acid-like components analyzed by fluorescence EEM, 

respectively. 
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CHAPTER FOUR 

Control Wildfire-Induced Microcystis aeruginosa blooms by Copper Sulfate: Trade-

Offs between Reducing Algal Organic Matter and Promoting Disinfection Byproduct 

Formation 

ABSTRACT 

Elevated levels of nutrient due to wildfire ash input into stream waters will likely 

cause algal blooms. When resource water is impeded by algae and require immediate 

restoration, copper algaecides are usually applied to control their growth. Previous 

studies suggest that Cu
2+

 can promote reactivity of dissolved organic matter (DOM) in

forming disinfection byproducts (DBPs). However, it is unclear that how DBP formation 

is changed after treatment of fire-induced algal bloom by copper algaecide. Microcystis 

aeruginosa was cultured in the medium containing black/white ash extracts (BE and WE) 

to study DBP concentrations before and after 4-days exposures to 0.5 and 1.0 mg-Cu/L. 

Algal population was indicated by optical density at 680 nm (OD680). DOM was 

characterized by absorption and fluorescence spectroscopy and 

chlorination/chloramination-based DBP formation experiments. In the end of experiment, 

OD680 and DOM in the treatments were lower than control. N-nitrosodimethylamine 

concentrations in both treatments were 4-6 times higher than that in control, but 

haloacetonitrile concentrations in the treatments and control revealed no significant 

difference. The results may serve to support risk evaluations of algal population and DBP 

concentration when wildfire-induced M. aeruginosa bloom is left untreated and when it is 

treated by copper algaecide. 
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INTRODUCTION 

Elevated levels of nutrient (e.g., phosphorous, nitrogen, carbon) and dissolved 

organic matter (DOM) due to inputs of wildfire ash in stream waters will likely cause 

excessive growth of algae and create great challenges to downstream drinking water 

treatments.
1,2

 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 disinfection processes such as 

chlorination and chloramination.
3,4

 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 problems to public health.
5
 In order to 

control abundance of noxious algae in drinking water resources, copper-based algaecides 

are extensively applied.
6,7

 The amount of algae-produced organic matter (AOM) usually 

increases with increasing algal population. Following exposure of algae to copper 

algaecides, concentration of AOM and associated DBP precursors may not increase 

owing to inhibition of algal growth.
8
 

Application of copper sulfate (CuSO4) for controlling noxious algae has been 

practiced for decades.
9
 Noticeably, previous studies have showed that soluble copper may 

enhance DOM chlorine/chloramine reactivity in DBP formation potential (DBP-FP) by 

complexing with DOM and catalyzing haloform formation.
10–13

 Thus, persistence of 

copper in the water column following application of copper sulfate may lead to increase 

in DBP-FP during water disinfection. In order to ensure drinking water safety after 

wildfires, minimizing AOM level and associated DBP precursors is particularly 
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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.
14,15

Importantly, during wildfire-induced algal blooms, bulk DOM chemistry in a reservoir 

can be influenced by algal population and characteristics of DOM released from ash and 

algae. Black and white ashes are commonly observed in burned forested watersheds, and 

black ash is usually produced at relatively lower burning temperature and contains higher 

amount of organic compounds.
16,17

 In addition, compared to DOM released from white

ash, black ash derived DOM usually contains less aromatic carbon and higher amounts of 

aliphatic carbohydrate and polysaccharide compounds.
4,18

 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. Both autochthonous 

and allochthonous DOMs contain several metal-binding functional groups (e.g., carboxyl, 

carbonyl, phenolic, and alcohol groups) with various binding capacity.
19

 Importantly,

binding capacity of DOM and copper ions relates to DOM functional groups and copper 

concentration, which is critical for copper to act as a catalyst for DBP formation.
20,21

 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.
22

 Also,

a maximum contaminant level goal of 1.3 mg/L has been set for copper in drinking water 

supplies in the U.S.
23
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Regarding catalytic effect of copper concentration on DBP-FP, Zhang and Andrews
12

found that during DOM chloramination, as Cu
2+

 concentrations increased from 0 to 1

mg/L, N-nitrosodimethylamine (NDMA) concentrations proportionally increased from 31 

to 104 ng/L. In addition, previous studies showed that effects of Cu
2+

 on DOM

chlorine/chloramine reactivities in DBP formation were related to DOM properties. For 

example, Blatchley et al.
10

 found that addition of 1 mg-Cu/L as CuSO4 in the citric acid

solution resulted in a significant increase in chloroform formation; however this was not 

observed when using 2,6-dihydroxybenzoic acid instead. Liu et al.
21

 also found that

during Cu-catalytic chlorination reactions, the THMs and HAAs formations from 

carboxylic acids was more enhanced than carbohydrates. During chloramination of a 

series of concentrations of Suwannee River DOM (SR-DOM) spiked with 1 mg-Cu/L as 

CuSO4, Zhang and Andrews
12

 found that NDMA-FP significantly decreased as SR-DOM

concentration increased. On the contrary, Barnes et al.
24

 reported that concentrations of

chloroform formed during chlorination were positively correlated with concentrations of 

humic acid. Moreover, it was documented that influence of Cu
2+

 on promoting THMs

formation was more remarkable than HAAs during the chlorination of humic acid.
21

 It

suggests that catalytic effect of copper on DBP-FP is also DBP species dependent. 

Exposures of algae to copper can significantly impact algal populations as well as AOM 

quantity and quality,
8
 which would consequently affect Cu-AOM complexation. Hence, it

is expected that controlling wildfire-induced noxious algal blooms by copper sulfate 

affect DBP formation during subsequent water disinfection process. 

Overall, in this study we investigated changes of DOM quantity and quality as well as 

DBP formation following 4-days exposures of M. aeruginosa to different amounts of 
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copper sulfate. To simulate fire-induced noxious algal blooms in source water 

contaminated by different types of ash solution, M. aeruginosa was separately cultured in 

the medium containing black and white ash water extracts. The specific objectives were 

to: (1) measure DOM concentration and population of M. aeruginosa following 4-day 

exposures of 0, 0.5, and 1 mg-Cu/L as copper sulfate; (2) demonstrate changes of DOM 

spectroscopic characteristics in the absence and presence of copper sulfate; and (3) 

identify differences in DOM reactivity for DBP formation without and with exposures to 

copper sulfate. 

MATERIALS AND METHODS 

Ash Collection and Ash Water Extract Preparation 

Black and white ash samples were collected on October 2
nd

 from the 2013 Rim Fire

in California. Detailed descriptions in sampling location and collection approach were 

published previously
4
 and are presented in the Supporting Information (APPENDIX III).

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 hours using an orbital shaker at 250 rpm. Extracts were filtered using 

Millipore 0.45 µm 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. 

Algal Culture and Bioassay 
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The blue-green alga Microcystis aeruginosa UTEX 2385 (University of Texas at 

Austin, Austin, TX) was cultured non-axenically in the medium. The medium 

composition is provided in Table S1. Algal cultures were maintained at a temperature of 

24 ± 2˚C and a 12:12-hour light-dark photoperiod illuminated by cool white fluorescent 

lighting at an intensity of 2100 lux.
25

 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 (OD680) 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.
8,22

To simulate postfire algal bloom in downstream receiving water, the initial OD680 

values for algal bioassays were adjusted to 0.09 by adding algal stock solution into 1L 

volumetric flasks containing culture medium and BE or WE. According to the range of 

DOM concentrations across U.S. lakes as well as pre- and post-fire DOM concentrations 

published in previous studies,
26,27

 dissolved organic carbon (DOC) concentrations derived

from BE and WE in the algal bioassays were adjusted to 5 mg/L. A stock solution (1000 

mg-Cu/L) of copper sulfate pentahydrate (CuSO4∙5H2O, Sigma Chemical Co., St. Louis, 

MO) was prepared within one hour prior to experiment initiation using Milli-Q water. To 

study effects of controlling M. aeruginosa blooms by copper sulfate on the changes of 

DOM and DBP formation, algal bioassays were conducted using three replicates of 

treatment 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 (BE and WE) in 1000 mL acid 
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washed Erlenmeyer flasks. Subsamples from the control and treatments were collected at 

the beginning and end of experiment (day 0 and 4) for further chemical analysis.  

Chemical and Statistical Analyses 

Subsamples collected in the algal bioassay were filtered using pre-washed Millipore 

0.45 µm 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.
4,28

 Detailed descriptions are presented in the Supporting

Information (APPENDIX III). Spectroscopic characteristics of dissolved organic matter 

were analyzed, including specific UV absorbance at 254 nm (SUVA254), humification 

index (HIX), E2/E3, and fluorescence index (FI). SUVA254 was calculated by 

normalizing UV absorbance at 254 nm to DOC concentration. Fluorescence excitation-

emission matrices (EEMs) from spectrofluorometry were analyzed by fluorescence 

regional integration (FRI).
4

Six DBP species were analyzed, including trihalomethanes (THMs), haloacetic acids 

(HAAs), haloacetonitriles (HANs), N-nitrosodimethylamine (NDMA), chloral hydrate 

(CHD), and haloketones (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
29

 showed that hypochlorite can react with HANs via

nucleophilic 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.
29,30

 Therefore, we tested HAN formation potential under

chloramination condition. The DOM reactivities for DBP formation were expressed as 
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specific DBP formation potential (specific DBP-FP), which was calculated as the DBP 

concentration divided by the DOC concentration (mmol/mol-C). Statistically significant 

differences between the control and treatments were determined using one-way ANOVA 

with Tukey’s test. Significance was considered as P < 0.05. 

RESULTS AND DISCUSSION 

Changes of M. aeruginosa Population and DOM following Exposures to Copper 

Sulfate 

Characteristics for M. aeruginosa growing in the presence of black and white ash 

extracts (BE and WE) as well as measured soluble copper concentration (Cu
2+

) in the

control and treatments are reported in Table 1. Throughout the experiment, OD680 value 

for M. aeruginosa growing in the presence of BE significantly increased from 0.09 ± 0.00 

to 0.18 ± 0.03 (p < 0.05) in the control (Figure 1A1). On the contrary, after 4-days 

exposures of 0.5 and 1.0 mg-Cu/L, OD680 values (0.03 ± 0.00 and 0.03 ± 0.00) were 

significantly lower than the value at the beginning of experiment (Figure 1A1). Besides, 

there was no significant difference in OD680 values between the two treatments. 

Regarding changes of dissolved organic carbon (DOC) concentration, DOC significantly 

increased from 6.2 ± 0.3 to 8.9 ± 0.4 in the control (Figure 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 for the treatments (17% and 11%) were less than 

the control (30%). Similar patterns of the changes in OD680 values and DOC 

concentration were also observed for the treatment with WE (Figures 1B1 and 1B2). 

These results suggest that postfire M. aeruginosa population and DOM concentration in 
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resource water may increase over time if no algaecide is applied for controlling its 

growth. In contrast, M. aeruginosa population can be significantly decreased along with a 

minimal increase in DOM concentration as copper sulfate is applied. Previous studies 

also suggest that as M. aeruginosa bloom is initiated, total microcystin concentration will 

increase along with cell density; and applying copper algaecide can not only inhibit algal 

population but also decrease cellular and aqueous microcystin.
8,31

  

 

DOM Spectroscopic Properties following Exposures to Copper Sulfate 

SUVA254, a proxy for DOM aromaticity, was 2.6 ± 0.1, 4.0 ± 0.3, and 5.2 ± 0.1 

L/mg/m for M. aeruginosa growing in the BE following 4-days exposures to 0, 0.5, and 

1.0 mg-Cu/L, respectively (Figure 2A1). SUVA254 for M. aeruginosa growing in the 

presence of WE also proportionally increased with increasing copper exposure 

concentration in the end of experiment (Figure 2B1). DOM aromaticity has been reported 

to be highly related to copper binding affinity.
32,33

 For example, Kikuchi et al.
32

 found a 

positive correlation between SUVA254 and copper-to-DOC ratio in the Sagami River 

Basin, Japan, which supported our findings that SUVA254 increased with increases in 

Cu
2+

/DOC (Table S2). Previous studies also indicate that copper is preferentially 

complexed by DOM acidic and aromatic moieties (e.g., carboxylic, phenolic, and 

aminopolycarboxylate ligands) with high SUVA254.
33,34

  

Humification index (HIX) describes the degree of aromatic structure 

polycondensation.
35

 HIX was significantly 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 (Figure 2A2). For the M. aeruginosa growing in the presence of WE, 
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changes of HIX revealed 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 0.5 mg-Cu/L (3.9 ± 0.8) 

(Figure 2B2). E2/E3 ratio, an index inversely correlated with DOM molecular weight 

(MW),
36

 was 4.3 ± 0.2 and 4.3 ± 0.0 in the treatment of 0.5 and 1.0 mg-Cu/L for the M.

aeruginosa growing in the presence of BE, slightly higher than that in the control (4.09 ± 

0.08) (Figure 2A3). Similar pattern for the changes in E2/E3 were also observed for M. 

aeruginosa growing in the presence of WE (Figure 2B3). Fluorescence 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 difference for the M. 

aeruginosa growing in the presence of BE (Figure 2A4); but 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 (Figure 2B4). Based on changes of DOM 

optical indices in the control and treatments, these results suggest that exposures of 

postfire M. aeruginosa bloom to copper sulfate may result in reducing humification 

extent and MW of bulk DOM, which is likely attributed to the presence of low MW 

compounds released from algal cells into surrounding water.
8,37,38

 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 can 

be the major source.
37

 In this study, HIX values after exposures of M. aeruginosa to 1.0

mg-Cu/L were lower compared to the control and 0.5 mg-Cu/L treatment, suggesting that 

amount of intracellular compounds released from algal cells following exposures to 

copper sulfate was related to copper concentration.
8
 Less DOM humification extent



94 

observed in the treatment of 1.0 mg-Cu/L may also indicate presence of relative smaller 

amount of phenol groups but larger contribution of oxygen-containing functional groups 

(e.g., carboxylic and carbonylic groups) to the bulk DOM.
38

Changes of DOM composition in the control and treatments after 4-days exposures of 

M. aeruginosa to copper sulfate were observed through 3D excitation emission matrices

(Figures 3A1-A4 and 3B1-B4). The proportions of tyrosine- and tryptophan-like 

compounds (regions I and II) in the treatment of 1.0 mg-Cu/L were significantly higher 

(p < 0.05) than that in the control and treatment of 0.5 mg-Cu/L, regardless of type of ash 

extract in the culture medium (Figures 3A5 and 3B5). On the contrary, proportions of 

fulvic acid- and humic acid-like compounds (regions III 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 10.3 ± 0.1, 5.0 ± 0.2, and 4.1 ± 0.1% in the treatments of 1.0 and 

0.5 mg-Cu/L and control (Figure 3A5, region I), where the proportion of fulvic acid-like 

compound was 21.1 ± 0.2, 26.3 ± 0.3, and 27.3 ± 0.1%, respectively (Figure 3A5, region 

III). These results suggest that controlling wildfire-induced M. aeruginosa bloom by 

means of copper sulfate may lead to increases in proteinaceous substances, as well as 

decreases in humic substance with different degrees in bulk DOM, depending on the 

copper concentration applied.  

Toxicity of copper sulfate to algae may result from production of reactive oxygen 

species through the redox cycling of copper ions in the cells, which would cause 

suppression of mitosis as well as loss of cell membrane integrity.
39–41

 Generally, protein-

like compounds are major constituent in algal cells, followed by carbohydrate, lipid, and 
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relatively low amount of humic substance.
42–44

 During cell lysis, intracellular materials

are released into surrounding water. A positive correlation between extracellular 

microcystin and soluble copper concentration has been found.
8,31

 In addition, applying

minimum amount of copper required for controlling M. aeruginosa bloom can not only 

reduce cell density but also may not compromise cell membranes, resulting in minimal 

release of microcystin.
8,31

 These 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) (Figures 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.  

DOM Reactivity for DBP Formation following Exposures to Copper Sulfate 

Specific disinfection byproduct formation potential (SDBP-FP) (grid and non-grid 

bars in Figure 4) and DBP formation (triangle and square symbols in Figure 4) for M. 

aeruginosa growing in the presence of BE or WE following 4-days exposures of copper 

sulfate varied with different extents in the untreated control and treatments. In terms of 

DOM reactivity for DBP formation, most SDBP-FPs in the treatments were higher than 

the control, except SHAN-FP for M. aeruginosa growing in the presence of BE. For 

example, for M. aeruginosa growing in the presence of BE, STHM-FP in the control and 

treatment of 0.5 and 1.0 mg-Cu/L was 4.4 ± 0.2, 7.3 ± 0.6 and 7.3 ± 0.5 mmol/mol-C 

(Figure 4A1); and SHAN-FP was 0.1 ± 0.0, 0.1 ± 0.0, and 0.2 ± 0.1 mmol/mol-C, 

respectively (Figure 4A3). It was noticed that SCHD-FP proportionally increased with 

increasing copper concentration, regardless of type of ash extract. For example, for M. 
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aeruginosa growing in the presence of BE, it was 0.4 ± 0.1, 0.8 ± 0.1, and 1.3 ± 0.1 

mmol/mol-C for the control and treatments of 0.5 and 1.0 mg-Cu/L, respectively (Figure 

4A5). In terms of DBP formation, CHD concentration also increased with increasing 

copper concentration (Figure 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) (Figure 4A4). 

However, for M. aeruginosa growing in the presence of WE, there was no significant 

difference for the formations of THMs, HAAs, HANs, and CHD in the treatment of 0.5 

mg-Cu/L and control. Concentrations of THMs, HAAs, and HKs in the treatment of 1.0 

mg-Cu/L were lower than the control. These results suggest that controlling wildfire-

induced M. aeruginosa bloom by copper sulfate may promote subsequent DOM 

chlorine/chloramine reactivities for DBP formation. The amount of copper applied and 

type of ash solution (black or white ash solutions) in fire-impacted source water are key 

factors affecting changes of DBP formation.  

After exposures of M. aeruginosa to different amounts of copper, effect of copper on 

the alteration of DBP formation is likely related to the changes of AOM quantity and 

quality, which can alter Cu-AOM chelating compounds and associated 

chlorine/chloramine reactivity. Blue-green algae have been found to be able to excrete 

copper chelators as a defense mechanism to detoxify elevated cupric ion concentration,
45–

47
and a positive relation in concentrations of copper and copper complexing ligands 
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released by blue-green algae has also been reported.
48

 As copper concentration increased

from 0.5 to 1.0 mg/L in this study, increases in tyrosine- and tryptophan-like compounds 

and decreases in fulvic acid-like compound were observed (Figures 3A5 and 3B5). Both 

protein-like compounds have been found to exhibit high copper binding capacity during 

algal blooms.
49–51

 Therefore, compared with the untreated control, increased DBP

formation in the treatments of 0.5 and 1.0 mg-Cu/L could be due to higher amounts of 

DBP precursors and copper complexing ligands (e.g., glutathione, N-acetylglucosamine, 

hydroxamic acids) released from M. aeruginosa.
45,46,52

 During the development of algal

bloom in Taihu Lake, China, Li et al.
49

 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 concentration increased from 0.5 to 1.0 mg/L, decreases 

of THM and HAA concentrations were likely caused by decreases of nitrogenous 

compounds in fulvic acid.
53,54

Importantly, the cupric ion binding capacity to DOM is limited; once the functional 

group or binding sites of DOM are fully occupied, catalytic effect of copper on DBP 

formation may not be significant.
20

 In this study, while M. aeruginosa grew in the

presence of BE, concentrations of DBP in the treatments of 1.0 mg-Cu/L were not higher 

than that in the 0.5 mg-Cu/L treatment (except CHD), which was likely attributed to 

saturated copper-DOM complexation by 0.5 mg-Cu/L. Furthermore, functional group 

species play a critical role for cupric ions acting as a catalyst for promoting DBP 

formation. Blatchley et al.
10

 found that cupric ions promoted THM formation during

chlorination of citric acid, possibly through complexing with carboxylic and hydroxyl 

groups, enhancing the oxidative decarboxylation of citric acid. Based on Fourier 
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transform infrared (FTIR) spectra, Fu et al.
11

 confirmed that carboxylate and hydroxyl

groups in humic acid were active sites for cupric ion complexation; Liu et al.
55

 also 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. Proposed reaction mechanisms for 

copper-catalyzed THM and HAA formations during chlorination and chloramination of 

humic acid were also illustrated in their studies.
11,55

 In addition, effect of cupric ion on

DBP formation can be influenced by the preference of complexation with DBP 

precursors. Zhang and Andrews
20

 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 reactivity with chlorine. In this study, no significant 

differences for HAN concentrations were found in the control and treatments (Figures 

4A3 and 4B3), which may imply that cupric ions may prefer complexing with non-HAN 

precursors.  

Interestingly, as M. aeruginosa grew with BE, we noticed that promoting effect of 

cupric ion on DBP formation was observed for THMs, HAAs, NDMA, CHD, and HKs 

(Figures 4A1-A6); however, as M. aeruginosa grew with WE, it was only observed for 

NDMA and CHD (Figures 4B1-B6). These results suggest that following exposure of 

fire-induced M. aeruginosa bloom to copper sulfate, type of ash solution (black or white 

ash extract) would affect overall DOM reactivity for DBP formation. As M. aeruginosa 

grows in the presence of black ash solution, the promoting effect of copper on DBP 

formation is more commonly observed. Using FTIR spectroscopy to examine chemical 

functionality of thermally-altered DOM, Quill et al.
18

 found that DOM derived from plant
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materials burnt at a lower temperature (e.g., 150 °C, black ash solution) contained more 

aliphatic carboxylate groups. In addition, Zhao et al.
13

 found that catalytic effect of cupric

ions on aliphatic DBP precursors was more significant than that on aromatic precursors. 

These studies imply that as M. aeruginosa grows in the presence of BE, bulk DOM may 

exhibit more carboxylic functional groups compared to growth in the presence of WE, 

leading to more pronounced promotion effect of copper sulfate on DBP formation.  

Implications for Water Resources Management 

As a result of global warming and eutrophication in source water, occurrence of 

wildfire events concomitant with harmful algal blooms (HABs) will likely become 

inevitable.
56–58

 HABs often pose serious challenges to drinking water treatment and

public health. Options for controlling HABs include mechanical, chemical, physical, and 

biological tactics. Among these approaches, application of copper-based algaecide is 

usually used to manage problematic algal population because of its effectiveness.
7,59

Public concerns regarding the potential risks created by applying copper algaecide, such 

as inducing excess toxin release into source water and impacts on aquatic ecosystem, 

have been extensively studied.
8,22,60

 However, information about its influence on DBP

formation during drinking water disinfection is not available. Understanding influences 

of copper algaecide application on DBP formation is important for making risk-based 

decisions regarding management of drinking water resource affected by wildfire. In this 

study, we comparatively investigate changes of DBP formation as well as algal 

population following exposures of toxin-producing M. aeruginosa to copper sulfate, 

when M. aeruginosa was cultured with black and white ash extracts to simulate growing 
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in ash-contaminated waters with scenarios of low and high burning temperature. We 

found that low copper concentration (0.5 mg-Cu/L) was as effective as high 

concentration (1.0 mg-Cu/L) in controlling M. aeruginosa while minimizing promotion 

of DBP formation. Although DBP concentrations in the control were generally lower 

than or similar to the treatments, OD680 value and DOM concentration were higher. The 

results may serve to support risk evaluations of algal population and DBP concentration 

when wildfire-induced M. aeruginosa bloom is left untreated and when it is treated by 

copper sulfate.  

In addition to copper salt (e.g., copper sulfate), several chelated copper compounds 

(e.g., copper-ethanolamine, copper-citrate, copper-gluconate) also have been used as 

formulations for copper-based algaecides.
61,62

 Following a copper sulfate treatment for

controlling blue-green algae in channel catfish ponds, Liu et al.
63

 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.
64

 Formulation of copper algaecide used for

controlling HABs can differ from site to site and also likely affect Cu-DOM 

concentration. Regarding impact of copper algaecide treatment on DBP formation, future 

studies are still needed to understand time-course changes of DBP concentration 

following chelated copper algaecide application. 
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Table 1. (A) Characteristics of solutions for M. aeruginosa growing in the presence of 

black ash extract (BE) and white ash extract (WE), and (B) nominal and 

measured copper concentration on day 0 and day 4. (average ± standard 

deviation, n =3). 

(A) Selected water quality parameters and optical indices
Parameter BE WE 

pH 10.0 ± 0.0 9.7± 0.0 

OD680 0.1 ± 0.0 0.1 ± 0.0 

Conductivity (µS/cm) 252 ± 0 259 ± 0 

DOC (mg/L) 6.2 ± 0.3 5.3 ± 0.7 

TDN (mg/L) 9.1 ± 0.1 8.1 ± 0.3 

NH4
+
-N (mg/L) 0.1 ± 0.0 0.0 ± 0.0 

NOx

- (mg/L) 2.1 ± 0.5 2.0 ± 0.1 

DON (mg/L) 6.9 ± 0.6 6.0 ± 0.2 

SUVA254 (L/mg/m) 3.5 ± 0.4 2.7 ± 0.2 

HIX 9.4 ± 0.0 8.0 ± 0.2 

E2/E3 5.3 ± 0.4 4.8 ± 1.5 

FI 1.7 ± 0.0 1.8 ± 0.0 

(B) Nominal and measured soluble copper concentrations
BE WE 

Control Treatment Control Treatment 

Nominal Cu
2+

 on day 0 (mg/L) 0 0.5 1.0 0 0.5 1.0 

Measured Cu
2+

 on day 0 (mg/L) 0.1 ± 0.0 0.4 ± 0.0 0.6 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 

Measured Cu
2+

 on 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 
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Figure 1. Optical density at 680 nm (OD680) 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) before (initial) and after 4-days 

exposures to copper sulfate (0.5 and 1.0 mg-Cu/L as nominal concentrations). 

Error bars represent the standard deviation (n = 3).  
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Figure 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 (initial) and after 4-days exposures to copper sulfate (0.5 and 

1.0 mg-Cu/L as nominal concentrations). Error bars represent the standard 

deviation (n = 3). 
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Figure 3. 3D excitation and emission matrices (EEM) and fluorescence regional integration for M. aeruginosa growing in the 

presence of (A) black ash extract (BE, A1-A5) and (B) white ash extract (WE, B1-B5) before (initial) and after 4-

days exposures to copper sulfate (0.5 and 1.0 mg-Cu/L as nominal concentrations). Roman numerals I, II, III, IV, and 

V represent proportion of tyrosine-like, tryptophan-like, fulvic acid-like, soluble microbial byproduct-like, and humic 

acid-like components analyzed by fluorescence EEM, respectively. Error bars represent the standard deviation (n = 

3). 
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Figure 4. Specific DBP-FP (grid and non-grid bars, left y-axis) and DBP formation 

(triangle and square symbols, right y-axis) for M. aeruginosa growing in the 

presence of (A) black ash extract (BE, A1-A6) and (B) white ash extract (WE, 

B1-B6) before (initial) and after 4-days exposures to copper sulfate (0.5 and 

1.0 mg-Cu/L as nominal concentrations). THMs, trihalomethanes; HAAs, 

haloacetic acids; HANs, haloacetonitriles; NDMA, N-nitrosodimethylamine; 

CHD, chloral hydrate; HKs, haloketones. Error bars represent the standard 

deviation (n = 3). 
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CHAPTER FIVE 

ENVIRONMENTAL SIGNIFICANCE AND IMPLICATIONS 

In order to accurately predict impacts of wildfire on downstream water quality as well 

as to take precautions against negative impacts on community drinking water supply, it is 

essential for responsible agencies to understand how the quality and quantity of DOM 

from fire impacted areas are changed during its transport from forested watersheds to 

water treatment facilities. This dissertation presents evidence that growing algae alter 

fire-affected bulk DOM composition and chlorine reactivity. The fraction of 

biodegradable DOM exported from forested watersheds decreases with an increase in fire 

intensity (i.e., fire temperature), implying that DOMs exported from mildly burned (≤ 

250 °C) areas are more likely subjected to biotic transformations in downstream 

compared to that from severely burned (≥ 400 °C) areas. Fire-affected DOMs can 

accelerate proliferations of phytoplankton in drinking water resources. Algal blooms may 

have an ephemeral effect on decreasing DBP precursors in fire-affected terrestrial DOM; 

but as algal populations increase, concomitant productions of algal organic matters will 

likely outweigh that loss, resulting in increases of DOM and chlorine reactivity for DBP 

formations as well as increases of the proportion of brominated THMs.  

Additionally, this dissertation demonstrates dynamic changes of DBP precursors by 

incorporating different quality and quantity of DOMs released from ash and noxious 

algae M. aeruginosa during its growth. Dynamic changes in DOM reactivities and 

associated DBP concentrations would provide useful information for water resource 

managers, regarding the timing for treating waters impaired by ongoing harmful algal 

bloom and wildfire. The conceptual model in Chapter III shows that the pattern of 
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specific DBP-formation potential during bloom process is more influenced by the 

concentration than composition of ash solution. Despite of color of ash, the results also 

suggest that input of high amount of ash solution into source water can significantly 

increase DBP formation during a developing algal bloom. Forest and water resource 

managers shall put efforts on reducing postfire ash load in forested watersheds to 

minimize DBP precursors in source water. Authorities need to be particularly cautious 

about postfire extreme weather conditions (e.g., heavy rain storms or strong wind events) 

that would result in large input of ash into source water. Furthermore, this study suggests 

that postfire DBP precursors can be dynamically changed during an entire algal life cycle, 

and the changes are different in C-, N-, and O-DBP species. The concentrations of US 

EPA regulated DBPs such as THMs and HAAs would reveal highest concentrations 

during a decline of algal bloom, regardless of ash solution concentration.  

Public concerns regarding the potential risks created by applying copper algaecide, 

such as inducing excess toxin release into source water and impacts on aquatic 

ecosystem, have been extensively studied.
8,22,60

 However, information about its influence

on DBP formation during drinking water disinfection is not available. Understanding 

influences of copper algaecide application on DBP formation is important for making 

risk-based decisions regarding management of drinking water resource affected by 

wildfire. This study demonstrates changes of DBP formation as well as algal population 

following exposures of toxin-producing M. aeruginosa to copper sulfate, when M. 

aeruginosa was cultured with black and white ash extracts to simulate growing in ash-

contaminated waters with scenarios of low and high burning temperature. It was found 

that low copper concentration (0.5 mg-Cu/L) was as effective as high concentration (1.0 
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mg-Cu/L) in controlling M. aeruginosa while minimizing promotion of DBP formation. 

Although DBP concentrations in the control were generally lower than or similar to the 

treatments, OD680 value and DOM concentration were higher. The results may serve to 

support risk evaluations of algal population and DBP concentration when wildfire-

induced M. aeruginosa bloom is left untreated and when it is treated by copper sulfate. 
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APPENDIX I - Supporting Information for Chapter II 

MATERIALS AND METHODS 

Analyses of Water Chemistry and DOM spectroscopic characteristics 

Characteristics of water extracts and algal solution, including pH, specific 

conductivity, dissolved organic carbon (DOC), total dissolved nitrogen (TDN), 

ammonium (NH4
+
), and nitrate/nitrite (NOx

-
), were analyzed using standard methods

adopted by Wang et al.
1
 The pH and specific conductivity were measured using

an Accumet XL60 dual channel pH/Ion/Conductivity meter. The DOC and TDN were 

determined by a Shimadzu TOC/TN analyzer (SM 5310B). The NH4
+
 and NOx


 were

measured using a Systea® Easychem
TM

 discrete analyzer (EPA 350.1-01 and 353.2-01).

Dissolved organic nitrogen (DON) was calculated by subtracting dissolved inorganic N 

(NH4
+
-N + NOx


-N) from TDN.

 DOM was characterized by UV-VIS spectrometry (Shimadzu UV-1800). Specific 

UV absorbance at 254 nm (SUVA254 in L mg-C
-1

 m
-1

), an indicator for aromaticity, was

calculated by normalizing UV absorbance at 254 nm to DOC level. The E2/E3 ratio, an 

optical index which is inversely correlated with molecular size of aquatic humic 

substance, was calculated as absorbance at 254 nm divided by absorbance at 365 nm.
2

Additionally, DOM was also characterized by 3D spectrofluorometry (Shimadzu 

Spectrofluorometer RF5301). The fluorescence scans [excitation wavelength (Ex): 220-

450 nm; emission wavelength (Em): 280-550 nm] for DOM were conducted with 5-nm 

slits for both excitation and emission. Fluorescence excitation-emission matrices (EEMs) 

from 3-D spectrofluorometry were analyzed by fluorescence regional integration (FRI).
3

The raw EEM was corrected for instrument-dependent effects, inner-filter effects, and 
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Raman effects, and standardized to Raman's units (normalized to Raman peak at Ex 350 

nm).
4
 FRI can be used to quantify the fluorescent DOM by dividing EEM into five

operationally-defined regions [I: tyrosine-like (Ex: 200-250 nm; Em: 280-330 nm); II: 

tryptophan-like (Ex: 200-250 nm; Em: 330-380 nm); III: fulvic acid-like (Ex: 200-250 

nm; Em: 380-550 nm); IV: soluble microbial byproduct-like (250 nm < Ex < 400 nm; 

Em: 280-380 nm); and V: humic acid-like (250 nm < Ex < 400 nm; Em: 380-550 nm)].
3

The percent fluorescent response in each region (Pi,n for the proportion of area-

normalized volume in region i to the entire region) was calculated. Three fluorescence 

spectroscopic indices were used to describe DOM characteristics.
5
 The humification

index (HIX), an index of humic substance content, was determined as the area under the 

emission spectra 435–480 nm divided by the sum of peak areas 300–345 nm, at Ex 254 

nm.
6
 The fluorescence index (FI), an index of degradation degree of DOM, was

calculated as the ratio of Em at 470 and 520 nm, at Ex 370 nm.
7
 The freshness index

(/), an index for the contribution of recently produced autochthonous DOM, was

calculated as the ratio of Em at 380 nm divided by the Em maximum between 420 and 

435  nm, at Ex 310 nm.
8
  and peaks present the abundance of marine humic-like and

terrestrial humic-like components, respectively. 

Analyses of Disinfection Byproducts 

The samples were diluted with Milli-Q water to a DOC concentration of 3 mg/L, 

buffered by H3BO3/NaOH solution to pH 8.0, and chlorinated with freshly prepared 

NaOCl/H3BO3 solution (pH 8.0) in 64-mL incubation tubes at 25 
o
C in dark for 24 hours

without headspace.
9
 The chlorine concentration added to the sample was calculated
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according to the equation [Cl2] = [3 × (DOC) + 7.6 × (TDN)].
1
 After reaction, the

residual chlorine concentration was measured using a Pocket Colorimeter
TM

 II Filter

Photometer (Hach Company). The residual chlorine was quenched by a 10% Na2SO3 

solution and DBPs were extracted and quantified by GC-ECD (Agilent 7890) following 

EPA method 551.1.
1
 Chlorine reactivity of DOM was expressed as specific chlorine

demand. Specific chlorine demand (SCD) was calculated by dividing chlorine demand by 

DOC concentration (mg-Cl2/mg-DOC), where chlorine demand was the difference in 

chlorine concentration added and residual chlorine concentration. We quantified four 

trihalomethanes (THMs; including trichloro-, dichlorobromo-, dibromochloro-, and 

tribromo- methanes), four haloacetonitriles (HANs; including trichloro-, dichloro-, 

bromochloro-, and dibromo- acetonitriles), chloral hydrate (CHD), and three haloketones 

(HKs; including 1,1-dichloro-2-, 1,1,1-trichloro-2-, 1,2,3-trichloro- propanones). The 

MRLs for all the above DBP species were approximately 0.1-0.3 µg/L. The DOM 

reactivity in DBP formation potential was expressed as specific DBP-FP (µg-DBP/mg-

DOC), which was calculated by dividing the DBP concentration with the initial DOC 

concentration. The proportion of total halogen positions with bromine-substituted atoms 

(bromine incorporation factor, BIF) was calculated for trihalomethanes using the 

equation of study by Huang et al.
10

RESULTS AND DISCUSSION 

Water Quality and Algal Growth 

Composition of cultural medium substantially affects algal growth as well as 

chemistry of algal solution.
11,12

 Noticeably, BG11 medium has been extensively used for
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culturing algae to study DBP formation from algae-produced organic matters.
13–15

However, original BG11 medium consists of 6 mg/L of citric acid and 6 mg/L ferric 

ammonium citrate.
16

 Citric acid has been identified as a precursor for formations of

trihalomethanes and haloacetic acids during water chlorination.
17,18

 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 medium.  

For the control, measured DOC and TDN concentrations in the medium were 0.7 ± 

0.0 mg-DOC/L and 11.8 ± 0.2 mg-DTN/L (Table 1), mainly contributed from Na2EDTA 

and NaNO3 in the composition (Table S1). OD680 values in the control consistently 

increased from 0.06 to 1.00 for P. subcapitata and from 0.05 to 0.37 for M. aeruginosa, 

indicating the increases of algal biomass over time (Figure 1A). Concomitantly, DOC 

concentrations increased from 0.7 ± 0.0 to 2.4 ± 0.1 and 11.6 ± 0.2 mg/L for P. 

subcapitata and M. aeruginosa, respectively (Figure 1B), indicating the presence of 

algae-produced organic matter. Also, TDN concentrations decreased from 11.8 ± 0.2  to 

0.5 ± 0.0 and 1.3 ± 0.0 mg/L for P. subcapitata and M. aeruginosa, respectively (Figure 

1C), indicating the uptake of nitrate by algae. These results demonstrated that both algal 

species were able to exponentially grow in this medium during the experiment. 
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Figure S1. Disinfection byproduct formation potential (DBP-FP) of thermally-altered 

extracts before (Day 0) and after (Day 7) inoculations with P. subcapitata and 

M. aeruginosa. Error bars represent the standard deviation.
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Table S1. The composition of algal culture medium. 

Chemical Stock solution (g/L) Final concentration (mg/L) 

Macronutrients 

NaNO3 7.5 75 

K2HPO4 2 20 

MgSO4∙7H2O 7.5 75 

CaCl2∙2H2O 3.6 36 

Na2CO3 2 20 

Micronutrients 

Na2EDTA∙2H2O 2 2 

H3BO3 2.86 2.86 

FeCl3∙6H2O 1 1 

MnCl2∙4H2O 1.81 1.81 

ZnSO4∙7H2O 0.22 0.22 

Na2MnO4∙2H2O 0.39 0.39 

CuSO4∙5H2O 0.079 0.079 

Co(NO3)2∙6H2O 0.0494 0.0494 



122 

Table S2. Total dissolved nitrogen (TDN), dissolved inorganic nitrogen (NH4

-N and

NOx

-N), and dissolved organic nitrogen (DON) of litter extracts before (Day

0) and after (Day 7) inoculations with P. subcapitata and M. aeruginosa.

Extract + Algae 

(50 °C) 

Extract + Algae 

 (250 °C) 

Extract + Algae 

 (400 °C) 

P. subcapitata

Day 0

TDN (mg/L) 13.1 ± 0.3 10.5 ± 0.1 11.6 ± 0.2 

NH4

-N (mg/L) 0.3 ± 0.2 0.6 ± 0.3 0.4 ± 0.0 

NOx

-N (mg/L) 11.0 ± 0.0 14.5 ± 1.3 11.6 ± 1.0 

DON (mg/L) 1.8 ± 0.5 ND 0.2 ± 0.3 

Day 7

TDN (mg/L) 0.7 ± 0.0 0.5 ± 0.0 1.9 ± 0.3 

NH4

-N (mg/L) 0.1 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 

NOx

-N (mg/L) 0.0 ± 0.0 0.1 ± 0.0 0.4 ± 0.5 

DON (mg/L) 0.5 ± 0.1 ND 0.9 ± 0.7 

M. aeruginosa

Day 0

TDN (mg/L) 12.4 ± 0.3 9.3 ± 0.0 13.6 ± 0.2 

NH4

-N (mg/L) 0.4 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 

NOx

-N (mg/L) 11.3 ± 0.1 12.5 ± 0.2 14.4 ± 1.0 

DON (mg/L) 0.8 ± 0.2 ND ND 

Day 7

TDN (mg/L) 1.1 ± 0.1 1.1 ± 0.1 1.9 ± 0.1 

NH4

-N (mg/L) 0.1 ± 0.0 0.6 ± 0.4 0.5 ± 0.0 

NOx

-N (mg/L) 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 

DON (mg/L) 1.0 ± 0.1 0.5 ± 0.4 1.4 ± 0.1 

ND: Not detectable 
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Table S3. Correlation coefficients (R
2
) for specific DBP formation potential and DOM spectroscopic index (n =9).

STHM-FP SHAN-FP SCHD-FP SHK-FP 
Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

SUVA -0.31 -0.01 -0.07 0.99 0.91 0.89 -0.11 0.90 0.78 -0.76 -0.65 -0.34

HIX -0.39 -0.15 -0.14 0.99 0.97 0.99 -0.08 0.99 0.96 -0.96 -0.84 -0.46

E2/E3 -0.68 -0.14 -0.09 0.90 0.96 0.87 0.00 0.98 0.95 -0.49 -0.86 -0.33

FI -0.72 -0.18 -0.17 0.86 0.93 0.96 0.00 0.97 0.89 -0.72 -0.85 -0.50

 0.08 -0.04 0.13 -0.83 -0.70 -0.92 0.38 -0.65 -0.87 0.93 0.39 0.46

%PI,n 0.74 0.37 0.13 -0.85 -0.88 -0.93 -0.01 -0.92 -0.89 0.42 0.90 0.46

%PII,n 0.39 0.29 -0.11 -0.98 -0.91 -0.38 0.06 -0.96 -0.42 0.73 0.86 0.00

%PIII,n -0.44 -0.26 -0.09 0.99 0.93 0.96 -0.04 0.97 0.91 -0.67 -0.87 -0.40

%PIV,n 0.34 0.26 0.29 -0.99 -0.93 -0.94 0.09 -0.96 -0.85 0.75 0.85 0.62

%PV,n -0.72 -0.36 -0.01 0.86 0.87 0.78 0.00 0.92 0.79 -0.45 -0.85 -0.23

Ps
*
 and Ma

#
 represent P. subcapitata and M. aeruginosa, respectively.

Highlight values with different colors indicate significant correlation (P < 0.05) for a specific DBP species. 

Negativity symbols indicate negative correlations. 
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Table S4. Correlation coefficients (R
2
) for DBP formation potential and DOM spectroscopic index (n = 9).

THM-FP HAN-FP CHD-FP HK-FP 
Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

Before 

inoculation 

After 

inoculation 
with Ps* 

After 

inoculation 
with Ma# 

SUVA -0.29 -0.01 -0.32 0.99 0.92 0.89 -0.25 0.97 0.72 -0.80 -0.29 -0.46

HIX -0.35 -0.16 -0.43 0.99 0.97 0.99 -0.21 0.96 0.93 -0.90 -0.58 -0.58

E2/E3 -0.66 -0.15 -0.31 0.89 0.96 0.88 -0.02 0.96 0.97 -0.81 -0.56 -0.43

FI -0.70 -0.19 -0.48 0.86 0.93 0.96 -0.01 0.92 0.84 -0.98 -0.63 -0.64

 0.06 -0.03 0.44 -0.84 -0.72 -0.91 0.56 -0.81 -0.80 0.57 0.06 0.62

%PI,n 0.72 0.38 0.46 -0.84 -0.87 -0.93 0.00 -0.81 -0.81 0.78 0.80 0.63

%PII,n 0.37 0.30 0.00 -0.98 -0.90 -0.37 0.17 -0.86 -0.32 0.85 0.73 0.04

%PIII,n -0.42 -0.27 -0.39 0.99 0.93 0.95 -0.14 0.89 0.84 -0.83 -0.70 -0.56

%PIV,n 0.31 0.27 0.56 -0.99 -0.92 -0.94 0.22 -0.88 -0.84 0.81 0.69 0.70

%PV,n -0.70 -0.37 -0.25 0.86 0.86 0.78 -0.00 0.80 0.68 -0.81 -0.79 -0.41

Ps
*
 and Ma

#
 represent P. subcapitata and M. aeruginosa, respectively.

Highlight values with different colors indicate significant correlation (P < 0.05) for a specific DBP species. 

Negativity symbols indicate negative correlation. 
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APPENDIX II - Supporting Information for Chapter III 

MATERIALS AND METHODS 

Analyses of Water Chemistry and DOM spectroscopic characteristics 

Characteristics of water extracts and algal solution, including pH, specific 

conductivity, dissolved organic carbon (DOC), total dissolved nitrogen (TDN), 

ammonium-N (NH4
+
-N), and nitrate/nitrite (NOx


-N), were analyzed using standard

methods adopted by Wang et al.
1
 The pH and specific conductivity were measured using

an Accumet XL60 dual channel pH/Ion/Conductivity meter. The DOC and TDN were 

determined by a Shimadzu TOC/TN analyzer (SM 5310B). The NH4
+
-N and NOx


-

were measured using a Systea® Easychem
TM

 discrete analyzer (EPA 350.1-01 and 353.2-

01). Dissolved organic nitrogen (DON) was calculated by subtracting dissolved inorganic 

N (NH4
+
-N + NOx


-N) from TDN. The orthophosphate (PO4

3-
) concentration was

measured using DR 900 spectrophotometric PhosVer 3 ascorbic acid method (Hach 

Method 8048). Metal concentrations (Zn, Cu, As, Cd, Cr, and Pb) were measured using 

inductively coupled plasma optical emission spectrometry (ICP-OES, Spectro Arcos, 

Ametek). 

 DOM was characterized by UV-VIS spectrometry (Shimadzu UV-1800). Specific 

UV absorbance at 254 nm (SUVA254 in L mg-C
-1

 m
-1

), an indicator for aromaticity, was

calculated by normalizing UV absorbance at 254 nm to DOC level. The E2/E3 ratio, an 

optical index which is inversely correlated with molecular size of aquatic humic 

substance, was calculated as absorbance at 254 nm divided by absorbance at 365 nm.
2

Additionally, DOM was also characterized by 3D spectrofluorometry (Shimadzu 

Spectrofluorometer RF5301). The fluorescence scans [excitation wavelength (Ex): 220-
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450 nm; emission wavelength (Em): 280-550 nm] for DOM were conducted with 5-nm 

slits for both excitation and emission. Fluorescence excitation-emission matrices (EEMs) 

from 3-D spectrofluorometry were analyzed by fluorescence regional integration (FRI).
3
 

The raw EEM was corrected for instrument-dependent effects, inner-filter effects, and 

Raman effects, and standardized to Raman's units (normalized to Raman peak at Ex 350 

nm).
4
 FRI can be used to quantify the fluorescent DOM by dividing EEM into five 

operationally-defined regions [I: tyrosine-like (Ex: 200-250 nm; Em: 280-330 nm); II: 

tryptophan-like (Ex: 200-250 nm; Em: 330-380 nm); III: fulvic acid-like (Ex: 200-250 

nm; Em: 380-550 nm); IV: soluble microbial byproduct-like (250 nm < Ex < 400 nm; 

Em: 280-380 nm); and V: humic acid-like (250 nm < Ex < 400 nm; Em: 380-550 nm)].
3
 

The percent fluorescent response in each region (Pi,n for the proportion of area-

normalized volume in region i to the entire region) was calculated. Three fluorescence 

spectroscopic indices were used to describe DOM characteristics.
5
 The humification 

index (HIX), an index of humic substance content, was determined as the area under the 

emission spectra 435–480 nm divided by the sum of peak areas 300–345 nm, at Ex 254 

nm.
6
 The fluorescence index (FI), an index of degradation degree of DOM, was 

calculated as the ratio of Em at 470 and 520 nm, at Ex 370 nm.
7
 

 

Analyses of Disinfection Byproducts  

The samples were diluted with Milli-Q water to a DOC concentration of 3 mg/L, 

buffered by H3BO3/NaOH solution to pH 8.0, and chlorinated with freshly prepared 

NaOCl/H3BO3 solution (pH 8.0) in 64-mL incubation tubes at 25 
o
C in dark for 24 hours 

without headspace, except that the samples for haloaceticacids analysis were incubated 
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for 5 days.
1
 The chlorine concentration added to the sample was calculated according to

the equation [Cl2] = [3 × (DOC) + 7.6 × (TDN)].
1
 The residual chlorine was quenched by

a 10% Na2SO3 solution and DBPs were extracted and quantified by Agilent 6890 GC-

ECD with an auto sampler equipped with Phenomenex ZB-1 column (30 m × 0.25 mm × 

1μm) following USEPA methods 551.1 and 552.2.
1
 We quantified four trihalomethanes

(THMs; trichloro-, dichlorobromo-, dibromochloro-, and tribromo- methanes), five 

haloacetic acids (HAAs; chloro-, dichloro-, trichloro-, bromo-, and dibromoacetic acids), 

four haloacetonitriles (HANs; trichloro-, dichloro-, bromochloro-, and dibromo- 

acetonitriles), chloral hydrate (CHD), and three haloketones (HKs; 1,1-dichloro-2-, 1,1,1-

trichloro-2-, 1,2,3-trichloro- propanones). The minimum reporting limits (MRLs) for all 

the above DBP species were approximately 0.1-0.3 g/L.  

N-Nitrosodimethylamine (NDMA) FP test was designed to determine the maximum

formation of NDMA in the presence of excess chloramines. NDMA was extracted and 

analyzed by following the USEPA Method 521. EPA 521 nitrosamine mix (2000 µg/ml 

of each component, 98.6-99.9%) in methanol, nitrosamine calibration mix of N-

nitrosodimethylamine-d6 (NDMA-d6, 98%) as a surrogate and N-nitrosodi-n-

propylamine-d14 (NDPA-d14, 99%) as an internal standard (1000 µg/ml of each in 

dichloromethane [DCM]) were purchased form Sigma Aldrich and Restek and used to 

prepare primary diluted solutions (PDS), respectively. These PDS solutions in DCM were 

used to generate calibration curves for each measurement. Typical calibration curves 

were generated from eleven (1 to 400 ng/L) standard points. Samples (500 mL) were 

oxidized with excessive chloramine (100 mg/L as Cl2) at pH 8.0 (borate buffered) and 

stored in the dark at 22 °C. A pH near 8.0 was used for chloramination to simulate the 
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actual pH environment in drinking water distribution systems. After 5 days of contact 

time, residual chloramines were quenched with excess amount Na2SO3 in the samples. 40 

ng/L NDMA-d6 was always added to the samples as a surrogate before extraction. A 

laboratory quality control blanks (10 ng/L and 50 ng/L NDMA spiked samples) were 

extracted simultaneously with each batch of samples. Samples were passed through 

cartridges pre-packed with 2 g of coconut charcoal purchased from UCT. Prior to sample 

extraction, cartridges were pre-conditioned with DCM, methanol, and distilled and 

deionized water (DDW). After solid phase extraction, cartridges were dried with air, and 

then eluted with DCM. Eluted samples were passed through column pre-packed with 6 g 

of sodium sulfate (Na2SO4) and concentrated to 1 ml under high purity nitrogen gas. 

Then the extracts were spiked with NDPA-d14 as an internal standard (target 

concentration = 40 ng/L), and analyzed using Agilent 7000C GC/MS/MS equipped with 

DB1701 (30 m × 0.25 mm × 1 µm) column under the electron ionization mode. 
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Figure S1. The location of sampling site (approximately 2 km south west of the Cherry 

Lake). The original map was accessed from the website 

(http://inciweb.nwcg.gov/incident/map/3726/0/). 
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Figure S2. Specific DBP formation potential (SDBP-FP) in the absence (control) and 

presence of black and white ash extracts (10% and 65% BE and WE) at 

different algal growth phases. THM, trihalomethane; HAA, haloacetic acid; 

HAN, haloacetonitrile; NDMA, N-nitrosodimethylamine; CHD, chloral 

hydrate; HK, haloketone. Error bars represent the standard deviation (n = 3). 
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Table S1. The composition of algal culture medium. 

Chemical Stock solution (g/L) Final concentration (mg/L) 

Macronutrients 

NaNO3 7.5 75 

K2HPO4 2 20 

MgSO4∙7H2O 7.5 75 

CaCl2∙2H2O 3.6 36 

Na2CO3 2 20 

Micronutrients 

Na2EDTA∙2H2O 2 2 

H3BO3 2.86 2.86 

FeCl3∙6H2O 1 1 

MnCl2∙4H2O 1.81 1.81 

ZnSO4∙7H2O 0.22 0.22 

Na2MnO4∙2H2O 0.39 0.39 

CuSO4∙5H2O 0.079 0.079 

Co(NO3)2∙6H2O 0.0494 0.0494 
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Table S2. Characteristics of the raw black ash and white ash 72-h water extracts (average 

± standard deviation, n =3). 

Black ash extract (BE) White ash extract (WE) 

pH 8.1 ± 0.1 8.3 ± 0.0 

OD680 0.0 ± 0.0 0.0 ± 0.0 

Conductivity (µS/cm) 377 ± 8 482 ± 2 

DOC (mg/L) 31.0 ± 0.1 23.8 ± 0.2 

TDN (mg/L) 14.9 ± 0.1 5.5 ± 0.2 

NH4
+
-N (mg/L) 5.0 ± 0.2 1.0 ± 0.0 

NOx
-
-N (mg/L) 2.4 ± 0.1 0.2 ± 0.0 

DON (mg/L) 7.5 ± 0.2 4.4 ± 0.0 

PO4
3-

 (mg/L) 1.0 ± 0.0 1.0 ± 0.0 

Zn (mg/L) < 0.01 < 0.01 

Cu(mg/L) < 0.01 < 0.01 

As (mg/L) < 0.02 < 0.02 

Cd (mg/L) < 0.01 < 0.01 

Cr (mg/L) < 0.01 < 0.01 

Pb (mg/L) < 0.03 < 0.03 
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Table S3. Coefficients of optical indices and specific DBP-FP on the principal 

components. 

Coefficients of PC 1 Coefficients of PC 2 

SUVA 0.30 0.26 
HIX 0.33 0.01 

E2/E3 0.22 -0.19
FI -0.28 0.26
I -0.32 0.18
II -0.30 0.28
III 0.32 -0.17

IV -0.18 -0.09

V 0.33 -0.18

STHM-FP 0.30 0.22

SHAA-FP 0.15 0.09

SHAN-FP 0.21 0.45

SNDMA-FP -0.12 -0.08

SCHD-FP 0.26 0.38

SHK-FP -0.01 0.49
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APPENDIX III - Supporting Information for Chapter IV 

MATERIALS AND METHODS 

Sampling Site and Ash Collection 

Ash samples were collected on October 2
nd

 from the 2013 Rim Fire, which started on

August 17
th

 and is recorded as the third largest wildfire in California history covering

more than 100,000 ha in watersheds. The sampling site was located approximately 2 km 

south west of the Cherry Lake in Tuolumne River Watershed within the Stanislaus 

National Forest (Figure S1), where the dominate vegetation type was ponderosa pine. 

Based on the visual color of ash, postfire ash samples including black ash and white ashes 

were collected using a 7.6 cm diameter × 5.0 cm depth metal coring device. Each type of 

ash samples consisted of three subsamples collected within a 10 m radius. 

Analyses of Water Chemistry, Soluble Copper, and DOM spectroscopic 

characteristics 

Characteristics of water extracts and algal solution, including pH, specific 

conductivity, dissolved organic carbon (DOC), total dissolved nitrogen (TDN), 

ammonium-N (NH4
+
-N), and nitrate/nitrite (NOx


-N), were analyzed using standard

methods adopted by Wang et al.
1
 The pH and specific conductivity were measured using

an Accumet XL60 dual channel pH/Ion/Conductivity meter. The DOC and TDN were 

determined by a Shimadzu TOC/TN analyzer (SM 5310B). The NH4
+
-N and NOx


-

were measured using a Systea® Easychem
TM

 discrete analyzer (EPA 350.1-01 and 353.2-

01). Dissolved organic nitrogen (DON) was calculated by subtracting dissolved inorganic 

N (NH4
+
-N + NOx


-N) from TDN. Soluble copper was measured following U.S. EPA
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Method 3005A (U.S. EPA, 1992).
2
 Samples were acidified by HNO3 (pH < 2) for 24

hours and analyzed by a graphite furnace atomic absorption spectrometer (AA280FS, 

Agilent Technologies). The method detection limit was 5 µg-Cu/L. 

 DOM was characterized by UV-VIS spectrometry (Shimadzu UV-1800). Specific 

UV absorbance at 254 nm (SUVA254 in L mg-C
-1

 m
-1

), an indicator for aromaticity, was

calculated by normalizing UV absorbance at 254 nm to DOC level. The E2/E3 ratio, an 

optical index which is inversely correlated with molecular size of aquatic humic 

substance, was calculated as absorbance at 254 nm divided by absorbance at 365 nm.
3

Additionally, DOM was also characterized by 3D spectrofluorometry (Shimadzu 

Spectrofluorometer RF5301). The fluorescence scans [excitation wavelength (Ex): 220-

450 nm; emission wavelength (Em): 280-550 nm] for DOM were conducted with 5-nm 

slits for both excitation and emission. Fluorescence excitation-emission matrices (EEMs) 

from 3-D spectrofluorometry were analyzed by fluorescence regional integration (FRI).
4

The raw EEM was corrected for instrument-dependent effects, inner-filter effects, and 

Raman effects, and standardized to Raman's units (normalized to Raman peak at Ex 350 

nm).
5
 FRI can be used to quantify the fluorescent DOM by dividing EEM into five

operationally-defined regions [I: tyrosine-like (Ex: 200-250 nm; Em: 280-330 nm); II: 

tryptophan-like (Ex: 200-250 nm; Em: 330-380 nm); III: fulvic acid-like (Ex: 200-250 

nm; Em: 380-550 nm); IV: soluble microbial byproduct-like (250 nm < Ex < 400 nm; 

Em: 280-380 nm); and V: humic acid-like (250 nm < Ex < 400 nm; Em: 380-550 nm)].
4

The percent fluorescent response in each region (Pi,n for the proportion of area-

normalized volume in region i to the entire region) was calculated. Two fluorescence 

spectroscopic indices were used to describe DOM characteristics.
6
 The humification
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index (HIX), an index of humic substance content, was determined as the area under the 

emission spectra 435–480 nm divided by the sum of peak areas 300–345 nm, at Ex 254 

nm.
7
 The fluorescence index (FI), an index of degradation degree of DOM, was

calculated as the ratio of Em at 470 and 520 nm, at Ex 370 nm.
8

Analyses of Disinfection Byproducts 

The samples were diluted with Milli-Q water to a DOC concentration of 3 mg/L, 

buffered by H3BO3/NaOH solution to pH 8.0, and chlorinated with freshly prepared 

NaOCl/H3BO3 solution (pH 8.0) in 64-mL incubation tubes at 25 
o
C in dark for 24 hours

without headspace, except that the samples for haloaceticacids analysis were incubated 

for 5 days.
1
 The chlorine concentration added to the sample was calculated according to

the equation [Cl2] = [3 × (DOC) + 7.6 × (TDN)].
1
 The residual chlorine was quenched by

a 10% Na2SO3 solution and DBPs were extracted and quantified by Agilent 6890 GC-

ECD with an auto sampler equipped with Phenomenex ZB-1 column (30 m × 0.25 mm × 

1μm) following USEPA methods 551.1 and 552.2.
1
 We quantified four trihalomethanes

(THMs; trichloro-, dichlorobromo-, dibromochloro-, and tribromo- methanes), five 

haloacetic acids (HAAs; chloro-, dichloro-, trichloro-, bromo-, and dibromoacetic acids), 

chloral hydrate (CHD), and three haloketones (HKs; 1,1-dichloro-2-, 1,1,1-trichloro-2-, 

1,2,3-trichloro- propanones). The minimum reporting limits (MRLs) for all the above 

DBP species were approximately 0.1-0.3 g/L.  

Haloacetonitrile (HAN) formation potential was tested under chloramination 

condition. During HAN and N-nitrosodimethylamine (NDMA) formation potential tests, 

pH was maintained at 8 with 10 mM borate buffer. Pre-formed NH2Cl stock solution at 
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Cl2/N mass ratio of 4:1 was generated by dropping sodium hypochlorite slowly to 

(NH4)2SO4 solution at pH 9, and pre-determined volume of monochloramine (NH2Cl) 

stock solution was spiked to samples to achieve 100 mg/L of initial NH2Cl in the bottles 

(125 and 500 mL amber bottles were used for HAN and NDMA FP tests, respectively). 

After 5 days of contact time at room temperature, residual chloramines were quenched by 

ascorbic acid,
11

 and sodium thiosulfate solutions for HAN and NDMA samples,

respectively. Then, samples were extracted with USEPA methods 551.1 for HANs, and 

521 for NDMA. Finally, four HANs (i.e.,  dichloro-, trichloro-, bromochloro-, and 

dibromoacetonitriles) were quantified by Agilent 6890 GC-ECD with an auto sampler 

equipped with Phenomenex ZB-1 column (30m × 0.25mm × 1μm), and NDMA analyzed 

using Agilent 7000C GC/MS/MS equipped with DB1701 (30m × 0.25mm × 1 um) 

column under the electron ionization mode. 
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Figure S1. The location of sampling site (approximately 2 km south west of the Cherry 

Lake). The original map was accessed from the website 

(http://inciweb.nwcg.gov/incident/map/3726/0/). 
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Table S1. The composition of algal culture medium. 

Chemical Stock solution (g/L) Final concentration (mg/L) 

Macronutrients 

NaNO3 7.5 75 

K2HPO4 2 20 

MgSO4∙7H2O 7.5 75 

CaCl2∙2H2O 3.6 36 

Na2CO3 2 20 

Micronutrients 

Na2EDTA∙2H2O 2 2 

H3BO3 2.86 2.86 

FeCl3∙6H2O 1 1 

MnCl2∙4H2O 1.81 1.81 

ZnSO4∙7H2O 0.22 0.22 

Na2MnO4∙2H2O 0.39 0.39 

CuSO4∙5H2O 0.079 0.079 

Co(NO3)2∙6H2O 0.0494 0.0494 
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Table S2. Copper-to-DOC ratio (mg-Cu
2+

/mg-DOC) and SUVA254 for the control and

treatments on day 4 (average ± standard deviation, n =3). 

BE WE 

Control Treatment Control Treatment 

Nominal Cu
2+

 0 0.5 1.0 0 0.5 1.0 

Cu
2+

/DOC 0.003 ± 0.000 0.069 ± 0.014 0.125 ± 0.001 0.003 ± 0.000 0.086 ± 0.006 0.136 ± 0.007 

SUVA254 2.58 ± 0.06 3.95 ± 0.27 5.16 ± 0.06 2.61 ± 0.24 3.76 ± 0.52 4.87 ± 0.09 
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