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ABSTRACT: Wildﬁre occurrence and intensity are increasing worldwide causing severe disturbances to forest watersheds used for potable
water supply. The eﬀects of wildﬁre on drinking water quality are not
well understood, especially in terms of terrestrial dissolved organic
matter (DOM) and DOM-associated formation of disinfection byproducts (DBP). As the forest ﬂoor layer is a major source of terrestrial
DOM, we investigated characteristics and DBP formation of water
extractable organic matter (WEOM) from the 0−5 cm depth of
nonburned detritus (control) and burned detritus with black ash
(moderate severity) and white ash (high severity) associated with the
2013 Rim Fire in California. Spectroscopic results suggested that the
aromaticity of WEOM followed white ash > control > black ash and
ﬂuorescence region II (excitation 220−250 nm; emission 330−380 nm) of the emission-excitation-matrix was identiﬁed as a
potential burn severity indicator. Compared to the control, WEOM from white and black ashes had lower reactivity in forming
trihalomethanes (55%-of-control) and haloacetic acids (67%-of-control), but higher reactivity in forming the more carcinogenic
haloacetonitrile after chlorination (244%-of-control) and N-nitrosodimethylamine after chloramination (229%-of-control). There
was no change in reactivity for chloral hydrate formation, while WEOM from black ash showed a higher reactivity for haloketone
formation (150%-of-control). Because wildﬁre consumed a large portion of organic matter from the detritus layer, there was
lower water extractable organic carbon (27%-of-control) and organic nitrogen (19%-of-control) yields in ashes. Consequently,
the wildﬁre caused an overall reduction in water extractable terrestrial DBP precursor yield from detritus materials.

■

INTRODUCTION

There is a paucity of information concerning the impact of
wildﬁre on drinking water quality, especially regarding the
formation of disinfection byproducts (DBPs) during water
treatment.2,7 DBPs are formed in reactions between oxidants
(e.g., chlorine, chloramine, ozone) and organic (e.g., DOM)
and inorganic (e.g., bromide) precursors in water.8−10 DBP
formation is unintended during bacteria/pathogen inactivation,11 and this process strongly depends on disinfectant type
and dose, precursor quantity and characteristics, and reaction
conditions (e.g., pH and temperature).12 Since the ﬁrst report
of DBPs in the 1970s, there has been an abundance of evidence
linking human DBP exposure to bladder cancer, rectal cancer,
adverse birth outcomes, and other health risks by dermal
absorption, drinking, and inhalation.13 Therefore, the Stage 2
disinfectants and disinfection byproducts rule of the U.S. EPA
set an enforceable regulation of maximum contamination levels
for trihalomethanes (THMs) and haloacetic acids (HAAs) at
80 and 60 μg/L, respectively.14 Although only 11 DBPs are

Forest watersheds play an important role in water supply
worldwide with approximately one-third of the USA population
(>123 million) receiving drinking water sourced from forest
watersheds.1 One of the major threats to these drinking water
supplies is wildﬁre, which globally burns 300 to 450 million
hectares annually2 and is expected to increase in intensity, size,
and frequency given projections for future climate change.3 For
example, in the western USA, the average wildﬁre frequency,
total area burned, and length of ﬁre season during 1987−2003
increased by approximately 300%, 550%, and 60%, respectively,
compared to the average from 1970 to 1986.3 Depending on
the wildﬁre extent and severity,4 postﬁre deterioration in water
quality (e.g., sediments and nutrient loads, organic and
inorganic pollutants) may create additional challenges for
water utilities to produce potable water.2,5 Wildﬁre is expected
to alter the characteristics of terrestrial dissolved organic matter
(DOM) which plays an important role in pollutant fate and
transport processes. Understanding how the quantity and
quality of terrestrial DOM are altered by wildﬁre is therefore
important to reveal linkages among forest disturbance, water
quality, human health, and climate change.6
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originating from burned and nonburned detritus materials and
to relate DOM reactivity to ﬁre-induced changes in DOM
characteristics.

currently regulated in the USA, several others are formed
during water treatment including nitrogenous DBPs [e.g.,
haloacetonitriles (HANs) and N-nitrosodimethylamine
(NDMA)] which have been shown to be more cytotoxic and
genotoxic than regulated carbonaceous DBPs.15
Previous research demonstrated that water quality was
aﬀected by intensive forest disturbance in the watershed, such
as wildﬁre4 and harvesting.16 For example, drinking water
quality was aﬀected by changes in dissolved organic carbon
(DOC) and DBP formation attributed to bark-beetle-caused
tree mortality in the forest watershed.17 Compared to such
chronic change by forest die-oﬀ, wildﬁre causes a more
intensive, acute, and long-term forest mortality that is
recognized as one of the strongest natural disturbances.18
The combustion losses of organic-rich soil horizons and
vegetation biomass may reduce the amount of DOC exported
from detritus materials. Furthermore, wildﬁre accelerates
carbon and nitrogen mineralization and modiﬁes the chemical
composition of the detritus layer, converting lignin and
polysaccharide rich and relatively degradable carbon pools to
polycyclic aromatic, charcoal-rich, and recalcitrant black
carbon.19,20 Such an extreme change in the DOM source is
expected to extensively alter DOM structure and its reactivity in
forming DBPs. Recently, Writer et al.7 studied water quality
and DOM reactivity in forming DBPs after the High Park
wildﬁre in Colorado and found no consistent diﬀerences in
DOC level and DBP formation between burned and nonburned watersheds. However, <10% of the studied watershed
was burned, and large diﬀerences in watershed characteristics
and background autochthonous DOM between burned and
nonburned watersheds may have concealed the actual eﬀects of
wildﬁre on terrestrial DOM chemistry and DBP formation. To
minimize interferences from nonburned watershed areas and
reveal the potential net impact of ﬁre activity on characteristics
of ﬁre-aﬀected terrestrial DOM and associated reactivity in
DBP formation, we extracted DOM from burned and
nonburned detritus for comparison in this study.
The Rim Fire in 2013, recorded as the third largest wildﬁre in
California history, burned more than 100 000 ha in watersheds
supplying drinking water for 2.6 million residences in/around
San Francisco, CA. The wildﬁre converted organic matter
stored in vegetation and the soil detritus layer to pyrogenic or
incompletely burned materials ranging from black ash
(moderate burning; commonly 200−500 °C) to white ash
(severe burning; commonly >510 °C) (Figure S1, Supporting
Information).21,22 DOM leaching from these materials could
enter source water supplies during rainfall events, aﬀecting
drinking water treatment and DBP formation in ﬁnished waters.
To determine the impacts of wildﬁre on terrestrial DBP
precursors in forest watersheds, we collected surface detritus
materials (0−5 cm) from ﬁve burned sites within the Rim Fire
perimeter (Figure S2, Supporting Information) and four
nonburned sites outside the aﬀected areas prior to any rainfall
events. Water extracts from these materials along the burn
severity gradient (nonburned → black ash → white ash) were
characterized for general water quality, DOM quantity and
quality, and DBP formation. The DBP formation was the focus,
and we examined the formation of carbonaceous (e.g., THMs
and HAAs), oxygenated (e.g., chloral hydrate (CHD) and
haloketones (HKs)), and nitrogenous (e.g., HANs and
NDMA) DBPs during chlorination or chloramination. To our
knowledge, this is the ﬁrst study to quantify the eﬀects of
wildﬁre on DBP formation potential from pure terrestrial DOM

■

MATERIALS AND METHODS
Site Information and Soil Sampling. Postﬁre soil
samples (moderate severity vs high severity) were collected
from 5 sites along a 13 km transect spanning the north−south
axis of the Rim Fire (Figure S2 and Table S1, Supporting
Information) in the Tuolumne River Watershed within the
Stanislaus National Forest. This representative transect was
selected to contain the most representative vegetation types in
the burned area (ponderosa pine (site #1), mixed conifer forest
(sites #2 and #3), mixed oak woodlands (site #4), and
chaparral (site #5)). Ponderosa pine and white ﬁr were present
at all sites. Ash was characterized by color, which is one of the
most visible and diagnostic features of fuel combustion
completeness, or the burn severity.21 On the basis of the visual
characteristics of the ash, burn severity was classiﬁed as
moderate severity characterized by complete consumption of
the litter layer and formation of black ash (200−500 °C) or
high severity with formation of white ash (>510 °C).22
Samples were collected on Oct 2, 2013 (ﬁre ignition on Aug
17, 2013 and full containment on Oct 24, 2013) prior to rainfall
events and thus represented nonleached materials. At each site,
three composite samples of “white” and “black” ash samples
were randomly collected along a 50 m transect using a 7.6 cm
diameter × 5.0 cm depth metal coring device. The ash depth
was generally 5 cm thick with the white ash samples somewhat
thicker than the black ash samples. Each composite sample
consisted of three subsamples collected within a 10 m radius.
Detritus from nonburned sites (dominated by ponderosa pine
or white ﬁr) were collected from a forest located about 2 km
north of the northern-most burned-area sampling site (site 1)
near Cherry Lake (Table S1, Supporting Information).
There was complete mortality of vegetation and complete O
horizon consumption at all ﬁve burned sites. Inspection of the
remaining burned trees and shrubs allowed us to characterize
the dominant woody vegetation assemblage at each site (Table
S1, Supporting Information). Estimates of burn severity based
on white vs black ash distribution were 8−10% high severity
and 90−92% moderate severity at sites #2−5 and 3% high
severity and 97% moderate severity at site #1.
Dissolved Organic Matter Extraction. All ash/detritus
samples were air-dried at room temperature (22 ± 1 °C) until
constant weight and passed through a 2 mm screen. The forest
ﬂoor layer is a major source of terrestrial DOM.23 To obtain the
terrestrial DOM, we extracted the water extractable organic
matter (WEOM) from ash/detritus material by mixing 40.0 g
of ash/detritus sample with 200 mL of Milli-Q water in a 250
mL Erlenmeyer ﬂask for 2 h. The supernatant was ﬁltered
through a prerinsed 0.45 μm polyethersulfone ﬁlter and stored
at 4 °C before further analyses.
Water extracts were analyzed for pH, speciﬁc conductance
(SC), dissolved organic carbon (DOC), total dissolved
nitrogen (TDN), ammonia/ammonium (NH4+), and nitrate/
nitrite (NOx−) using standard methods adopted in our previous
study.24 Speciﬁcally, the pH and SC 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 discrete analyzer (EPA 350.1-01 and
353.2-01). Dissolved organic nitrogen (DON) was calculated
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by subtracting dissolved inorganic N (NH4+ − N + NOx− − N)
from TDN, and the DOC/DON molar ratio was calculated.
The bromide concentration in water extracts was measured by
ion chromatography (Dionex ICS 2100 with an AAES
suppressor) using 9 mM Na2CO3 as mobile phase. A Dionex
AS-HC9 column coupled with an AG-HC9 guard column was
used to separate samples. The injection volume was 250 μL,
and the minimum reporting level (MRL) was determined as 50
μg/L.
DOM was characterized by UV−vis spectrometry (Shimadzu
UV-1800) and 3D spectroﬂuorometry (Shimadzu Spectroﬂuorometer RF5301). 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.25 The E2/E3 ratio, an optical index which is inversely
correlated with molecular weight (MW) of DOM, was
calculated as absorbance at 254 nm divided by absorbance at
365 nm.26 Fluorescence excitation−emission matrices (EEMs)
from 3-D spectroﬂuorometry were analyzed by ﬂuorescence
regional integration (FRI). 27,28 The ﬂuorescence scans
[excitation wavelength (Ex): 220−450 nm; emission wavelength (Em): 220−550 nm] for DOM were conducted with 5
nm slits for both excitation and emission. The raw EEM was
corrected29 for instrument-dependent eﬀects, inner-ﬁlter
eﬀects, and Raman eﬀects and standardized to Raman’s units
(normalized to Raman peak at Ex 350 nm). Fluorescence
regional integration can be used to quantify the ﬂuorescent
DOM by dividing EEM into ﬁve operationally deﬁned regions
(I: tyrosine-like; II: tryptophan-like; III: fulvic acid-like; IV:
soluble microbial byproduct-like; and V: humic acid-like).27,28
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. Several spectroﬂuoroscopic indices were
calculated as reviewed by Fellman et al.30 and references cited
within. The ﬂuorescence index (FI), an index to diﬀerentiate
microbial or terrestrial origins (∼1.8 for microbial origin and
∼1.2 for terrestrial origin), was calculated as the ratio of Em at
470 and 520 nm, at Ex 370 nm.31 As β and α peaks present the
abundance of marine humic-like and terrestrial humic-like
components, respectively, the freshness index (β/α), 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.32
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 and
435−480 nm, at Ex 254 nm.33
Disinfection Byproducts Formation. In this study, we
examined the formation of DBPs typically observed during
chlorination and chloramination. To simulate drinking water
chlorination, the DBP formation potential (FP) test was
conducted on the basis of the organic and inorganic chlorine
demand according to the equation [Cl2] = (3 × [DOC]) + (7.6
× [NH3]).34 Brieﬂy, all samples were diluted 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) at 25 °C in the dark for 24 h without
headspace.35 After reaction, the residual chlorine was quenched
by 10% Na2SO3 solution and DBPs were extracted and
quantiﬁed by GC-ECD (Agilent 7890) strictly following EPA
method 551.1 and EPA method 552.2.11 We quantiﬁed four
trihalomethanes (THMs; including trichloro-, dichlorobromo-,
dibromochloro-, and tribromomethanes), ﬁve haloacetic acids

(HAAs; including chloro-, dichloro-, trichloro-, bromo-, and
dibromoacetic acids), four haloacetonitriles (HANs; including
trichloro-, dichloro-, bromochloro-, and dibromoacetonitriles),
three haloketones (HKs; including 1,1-dichloro-2-, 1,1,1trichloro-2-, 1,2,3-trichloropropanones), and chloral hydrate
(CHD). The MRLs for all the above DBP species were
approximately 0.1−0.3 μg/L.
N-Nitrosodimethylamine is the most commonly reported
nitrosamine in drinking water disinfected with chloramine.36
Diluted water extracts (3 mg/L DOC) were chloraminated, and
NDMA was analyzed following US EPA method 521 described
elsewhere.37 Brieﬂy, water extracts were reacted with excessive
chloramine (100 mg/L as Cl2) at pH 7.8 (phosphate buﬀered)
and stored in the dark at 22 °C for 5 days. A pH near 8 was
used for both chlorination and chloramination to simulate the
actual pH environment in drinking water distribution systems.
After incubation, samples were quenched for residual chloramine by Na2SO3 and extracted using solid-phase extraction
employing cartridges prepacked with 2 g of coconut charcoal
and eluted with dichloromethane. The extracts were analyzed
using a Varian GC 3800-MS/MS 4000 equipped with a RTX5MS column (Restek 30 m, 0.25 mm, 0.25 mm; MRL ∼3 ng/
L). The detailed method is available in Note S1 in the
Supporting Information.
The DOM reactivity in DBP formation was expressed as
speciﬁc DBP FP (μg-DBP/mg-DOC), which was calculated by
dividing the DBP concentration with the initial DOC
concentration. The estimated mass load of DBP precursor
from the source materials, or DBP precursor yield (in μg-DBP/
g-detritus), was calculated by multiplying the speciﬁc DBP FP
with the WEOC of the source material (mg-DOC/g-detritus).
Statistical Analyses. Diﬀerences among the three sample
groups (control, black ash, and white ash) were evaluated using
one-way ANOVA with Tukey’s HSD test. Correlations were
evaluated using Pearson’s correlation coeﬃcients. Signiﬁcance
was considered as P < 0.05.

■

RESULTS AND DISCUSSION
General Water Quality. The characteristics of water
extracts from burned detritus (black ash or white ash; n =
15) were distinct from nonburned detritus (control; n = 12)
(Table 1). For example, the mean pH was 6.1 for control
extracts but >8.5 for ash extracts due to release of acid volatiles
(e.g., CO2) and deposit of alkaline residues from vegetation and
organic matter by burning.38 The SC of white ash extracts was
higher (commonly >1 mS/cm) because much of the organic
matter was burned resulting in accumulation of nonvolatile
soluble inorganic elements (e.g., Ca, Mg, and K) in the ash.
Burn severity signiﬁcantly aﬀected extract chemistry as reﬂected
by consistently higher pH, SC, NH4−N, and bromide in white
ash extract than black ash extract (Tables 1 and S1, Supporting
Information). Such observations agree with previous studies
showing that increased burn severity (control → black ash →
white ash) enhances volatilization and mineralization of organic
matter and subsequently changes water quality of extracts.39
After ﬁre, water extractable organic carbon (WEOC) and
organic nitrogen (WEON) of the burned detritus appeared to
drop signiﬁcantly compared to the nonburned detritus. WEOC
in detritus followed the order of 4.31 ± 2.66 mg/g in control
> 0.84 ± 0.30 mg/g in black ash ≈ 0.97 ± 0.60 mg/g in white
ash; the corresponding values for WEON were 0.18 ± 0.12
> 0.05 ± 0.02 ≈ 0.05 ± 0.03 mg/g, respectively (Figure 1). The
detritus of the forest is known as an important source of
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(WEOM) from surface soils of recently burned sites than from
control sites and attributed this to changes in the hydrophilic
DOM fraction (e.g., DOM with greater −COOH moieties)
rather than the hydrophobic fraction. Our results (Figure 2A)
indicate that the high speciﬁc UV absorbance of WEOM is not
always higher in burned sites than nonburned sites, at least not
for the black ash, which usually experiences a moderatetemperature (∼200−500 °C) pyrolysis alteration rather than
high-temperature combustion/oxidation (>500 °C).21 Similarly, the speciﬁc UV absorbance at 254 nm (SUVA254, an
aromaticity indicator of DOM) for the black ash extract (1.77 ±
0.27 L/mg-C/m) was signiﬁcantly lower than the control (2.63
± 0.67 L/mg-C/m) and white ash (2.87 ± 0.80 L/mg-C/m),
suggesting that the DOM leaching from black ash was less
aromatic than that from the control and white ash. Initially, it
may seem surprising that black ash which commonly contains a
higher content of polycondensed aromatic structures (such as
polycyclic aromatic hydrocarbons; PAHs)42 showed lower
aromaticity in water extracts compared to the control.
However, most of the condensed aromatic fraction in black
ash is sparingly soluble due to the loss of −OH and/or
−COOH moieties during the pyrolysis.43 Consistent with
SUVA254 results, the humiﬁcation index (HIX), a spectroﬂuoroscopic index that is positively linked to the degree of
humiﬁcation (Table 1),30 suggests that the white ash extract
had a higher degree of aromatic condensation than black ash
extract.
The 3D ﬂuorescence EEM also demonstrated the eﬀects of
burn severity on the DOM composition. From the overall EEM
contour (Figure 2B), a signiﬁcant blue shift in emission for the
humic-like peaks (A peak: excitation (Ex) <260 nm, Emission
(Em) 448−480 nm; and C peak: Ex <250 nm and 320−360
nm, Em 420−460 nm)30 was observed with increasing burn
severity (control → black ash → white ash), which could be
attributed to a ﬁre-induced WEOM that has more simple
structures and lower molecular weight.41 Besides the blue shift,
both the ﬂuorescence index (FI) and freshness index (β/α)
(Table 1) increased with burn severity, as well as the
appearance of the marine humic-like peak/shoulder (M peak:
Ex <250 and 290−325 nm, Em 370−430) in white ash extracts.
These alterations suggest that the wildﬁre endows the terrestrial
WEOM with similar optical properties to microbial or freshly
produced autochthonous DOM that commonly has a simple
structure with lower molecular weight (MW). Furthermore, the
E2/E3 value is suggested as an optical index that is inversely
correlated to the MW of DOM;26 the higher E2/E3 values (P <
0.05) in white ash extract (Table 1) also support the lower MW
for white ash extract DOM compared to DOM from control
and black ash extracts.
As burn severity increased, ﬂuorescence regional integration
showed an increased Pi,n in regions II and IV and a decreased
response in regions I and V (Figure 2C). The decrease in
region I (tyrosine-like) from 15.1 ± 5.6% in control extracts to
9.6 ± 3.2% in black ash extracts, and 3.3 ± 1.6% in white ash
extracts, demonstrates ﬁre-induced protein degradation, consistent with previous molecular evidence.20 The increase of
region V (humic acid-like) and decrease of region IV (soluble
microbial byproduct-like) suggest more simple-structured and
lower-MW microbial-source-like DOM formed by the ﬁre,
consistent with results from the blue shift in emission, FI, and
β/α. In the Ex 230−250 nm/Em 340−390 nm range, an
obvious peak/shoulder located in region II appeared in all
white ash extracts, which we believe to be a peak related to

Table 1. Characteristics of Water Extracts from Non-Burned
and Burned Materialsa
parameter

control

black ash

white ash

pH
speciﬁc conductance
(μS/cm)
DOC (mg/L)
DTN (mg/L)
DON (mg/L)
DOC/DON (mol/mol)
NH4+-N (mg/L)
NOx−-N (mg/L)
Br− (μg/L)
SUVA254 (L/mg-C/m)
E2/E3
FI
HIX
β/α

6.12 ± 1.22c
560 ± 212b

8.57 ± 0.21b
570 ± 188b

9.55 ± 1.25a
1195 ± 414a

861 ± 531a
43.6 ± 21.8a
35.1 ± 23.4a
26.3 ± 6.5a
6.46 ± 2.45a
2.04 ± 1.51a
<50c
2.63 ± 0.67a
5.80 ± 0.31b
1.41 ± 0.04c
4.05 ± 1.48ab
0.43 ± 0.03c

168 ± 60b
12.9 ± 4.6b
9.1 ± 3.38b
21.9 ± 3.7a
3.51 ± 1.36b
0.35 ± 0.28b
59 ± 20b
1.77 ± 0.27b
5.02 ± 0.89b
1.51 ± 0.05b
3.58 ± 0.90b
0.73 ± 0.06b

194 ± 121b
15.4 ± 6.6b
9.51 ± 5.48b
25.77 ± 9.9a
5.14 ± 2.32a
0.76 ± 1.46a
131 ± 76a
2.87 ± 0.8a
9.47 ± 2.45a
1.63 ± 0.16a
5.54 ± 1.71a
0.80 ± 0.08a

The letters after the mean ± standard deviation (n = 12 for control; n
= 15 for black or white ash) refer to the signiﬁcantly diﬀerent groups.
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Figure 1. Water extractable (A) organic carbon (WEOC) and (B)
organic nitrogen (WEON) from detritus/ash materials. The boxplots
show the minimum, 10th, 25th, 50th, 75th, and 90th percentiles, and
maximum of the data (n = 12 for control; n = 15 for black or white
ash). Lowercase letters indicate statistically diﬀerent groups.

terrestrial DOM to downstream water bodies during rainfall
events.23,40 However, assuming the control sites reﬂect the
preburn conditions of the burned sites, the Rim Fire consumed
much of the surﬁcial organic materials resulting in a reduction
of WEOC and WEON in leachates by 73−81% (on average),
respectively.
Characteristics of Dissolved Organic Matter. Among
the extracts, the speciﬁc UV absorbance (UV absorbance per
mg-DOC) between 200 and 250 nm followed the order of
white ash > control > black ash (P < 0.001; Figure 2A and
Table S3, Supporting Information), indicating that DOM from
control, black ash, and white ash extracts contained diﬀerent
chromophoric components. Vergnoux et al.41 found a higher
speciﬁc UV absorbance of water extractable organic matter
5924
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Figure 2. Chemical characteristics of water extractable organic matter from detritus/ash materials. (A) Speciﬁc UV absorbance (mean and 95%
conﬁdence interval (95% CI)). (B and C) 3D excitation emission matrices and ﬂuorescence regional integration. Error bar indicates standard
deviation (n = 12 for control; n = 15 for black or white ash), and the lowercase letters indicated statistically diﬀerent groups. Roman numerals I, II,
III, IV, and V are ﬁve operationally deﬁned regions.

± 2.8% in control extracts to 27.5 ± 2.2% in black ash extracts
and 33.5 ± 3.4% in white ash extracts (Figure 2C). This region
was originally delineated as tryptophan/polyphenol-like compounds.28 However, recent evidence based on Fourier transform ion cyclotron resonance mass spectrometry has shown
that proteins and lignin degraded during the burning process
(also supported by decreasing tyrosine-like peak in region I)
and contributed to the formation of condensed aromatics.20
The enhanced WF peak is therefore likely due to the increasing
content of dissolved condensed aromatics rather than
tryptophan-like organic matter. In fact, the ﬂuorophore of
known ﬁre-derived polycyclic aromatic hydrocarbons (PAHs)
has been previously identiﬁed at the location of the WF peak.44
Therefore, we propose that the PII,n of WEOM may have
potential for use as a biogeochemical thermometer in ﬁre
ecology studies.
Disinfection Byproduct Formation. After chlorination,
the speciﬁc THM and speciﬁc HAA FP of the water extracts
followed (Figure 4): control (46.6 ± 12.5 μg-THM/mg-DOC;
49.1 ± 12.8 μg-HAA/mg-DOC) > black ash (28.4 ± 4.6 μgTHM/mg-DOC; 38.2 ± 9.8 μg-HAA/mg-DOC) > white ash
(22.7 ± 8.3 μg-THM/mg-DOC; 27.6 ± 7.4 μg-HAA/mgDOC) (P < 0.05). These results indicate a reduction in the
reactive THM and HAA precursors with increasing burn
severity. The speciﬁc chloral hydrate (CHD) FP was 3.0 ± 1.0,
3.2 ± 0.6, and 3.0 ± 0.7 μg-CHD/mg-DOC in control, black
ash, and white ash extracts, respectively, and showed no

wildﬁre burn severity (WF peak) as supported by the positive
correlations between percent ﬂuorescence response in region II
(PII,n) and indicators of burn severity (e.g., extract pH and SC;
Figure 3A,B). Speciﬁcally, PII,n increased (P < 0.05) from 21.6

Figure 3. Correlations of percent ﬂuorescent response at region II
(PII,n) versus the ﬁre-dependent properties (e.g., pH and speciﬁc
conductance) and the speciﬁc disinfection byproduct formation
potential [e.g., trihalomethanes (THMs) and haloacetonitriles
(HANs)] (n = 42).
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Figure 4. Reactivity of water extracts from detritus/ash materials in forming carbonaceous and nitrogenous disinfection byproducts (DBPs). The
boxplots show the minimum, 10th, 25th, 50th, 75th, and 90th percentiles, and maximum of the data (n = 12 for control; n = 15 for black or white
ash, except for haloacetic acid analysis which had n = 4 for control and n = 5 for both ashes). Lowercase letters indicate statistically diﬀerent groups.

0.001; Figure 3C shows THM), suggesting that DOM reactivity
in forming THM and HAA decreased with increasing burn
severity. This may be because the chlorination of condensed
aromatics, compared to the chlorination of plant-derived
phenolics, requires higher energy to break down double bond
structures to generate the simple aliphatic THM or HAA
structures. Some chlorinated PAHs have been found as
alternative reaction products from chlorination of condensedaromatics (PAH−) spiked natural waters,50 suggesting the
possibility for formation of other chlorinated products other
than THMs or HAAs.
Despite ﬁndings that speciﬁc HAN FP increases with a
decreasing C/N ratio of the original organic matter during the
humiﬁcation process,45 the enhanced speciﬁc HAN and NDMA
FP with increasing burn severity cannot be simply explained by
DON, TDN, DOC/TDN, or DOC/DON patterns (P > 0.05;
Table 1). The change of organic nitrogen structure with
increasing burn severity is probably the major factor because
speciﬁc HAN FP linearly increased with PII,n (r2 = 0.52, P <
0.001; Figure 3D) and decreased with PI,n (protein-like
compound; r2 = 0.59, P < 0.001; Figure S4, Supporting
Information). While most of the organic nitrogen in nonburned
detritus was dominated by amide/peptide forms, the ﬁre
process leads to polymerization of N and generates
heteroaromatic N as a major form of organic N.20 The
formation of dissolved black nitrogen compounds from
polymerization of N into the condensed aromatic structure is
probably a major reason for enhanced reactivity of HAN
formation. NDMA, however, did not show this same linear
correlation with PII,n, but rather a bell-shaped relationship with
PII,n. This suggests that NDMA and HAN precursors were
diﬀerent, and the reactive NDMA precursors were formed at
moderate burning temperatures (200−500 °C) but subsequently degraded when the temperature reached higher levels
(>510 °C) in severe burning. Our results of enhanced reactivity
in forming HANs of ﬁre-aﬀected terrestrial DOM can well
explain the enhanced HAN formation in water samples from
burned watersheds.7 Here, we found that the ﬁre-altered
terrestrial DOM was at the high end of natural organic matter
in reactivity for N-DBP formation. In spite of a relatively high

dependence on burn severity (Figure 4). For haloketones
(HKs), the black ash extract had a higher speciﬁc FP of 0.54 ±
0.12 μg-HK/mg-DOC compared to the control (0.36 ± 0.09
μg-HK/mg-DOC) and white ash extracts (0.40 ± 0.14 μg-HK/
mg-DOC). In contrast to THMs and HAAs, the more toxic
nitrogenous DBPs, HANs, showed a signiﬁcant increase in
speciﬁc FP with increasing burn severity: control extract (1.07
± 0.32 μg-HAN/mg-DOC or 26.2 ± 5.9 μg-HAN/mg-DON)
< black ash (2.04 ± 0.65 μg-HAN/mg-DOC or 38.2 ± 13.7 μgHAN/mg-DON) < white ash (3.2 ± 0.67 μg-HAN/mg-DOC
or 67.8 ± 20.9 μg-HAN/mg-DON). After chloramination, the
speciﬁc NDMA FP was signiﬁcantly higher in ash extracts
(black ash: 18.3 ± 2.4 ng-NDMA/mg-DOC or 344 ± 72 μgNDMA/mg-DON; white ash: 13.5 ± 6.5 ng-NDMA/mg-DOC
or 270 ± 90 μg-NDMA/mg-DON) than in control extracts
(6.9 ± 0.7 ng-NDMA/mg-DOC or 176 ± 37 μg-NDMA/mgDON).
The speciﬁc DBP FP is closely linked to the composition of
organic matter, i.e., the relative abundance of reactive
components in organic matter.45 Before burning, the detritus
contained a substantial amount of biopolymers, such as lignin
and protein. The lignin phenols and aromatic moieties of
proteins are both known to be highly reactive THM and HAA
precursors,45,46 e.g., up to 328 μg-THM/mg-C for acetosyringone and 138 μg-THM/mg-C for tyrosine. The ﬁre
consumes many of these precursors and transforms them to
condensed aromatics (such as PAHs).47 These condensed
aromatics, which can account for more than half of the DOM
structure in the extract, impart the DOM with lower H/C and
O/C ratios and a much higher double bond equivalent.47,48
The ash extracts possessed lower reactivity in forming THM
and HAA suggesting that the condensed aromatics were likely
less reactive THM and HAA precursors. Although high speciﬁc
THM and HAA FP often positively link to high DOM
aromaticity (or high SUVA254),49 SUVA254 could not explain
the DOM reactivity in THM or HAA formation across the
three DOM sources in this study (r2 = 0.06, P = 0.12−0.19;
Figure S3, Supporting Information). Compared to SUVA254,
PII,n demonstrated stronger linear correlations with speciﬁc
THM and HAA FP (r2 = 0.54 for THM, r2 = 0.72 for HAA; P <
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leaching from soil to stream can also signiﬁcantly aﬀect
DOM chemistry.55,56 Evaluating terrestrial DBP precursors
from ﬁre-aﬀected WEOM is an important ﬁrst step to elucidate
the direct eﬀects of ﬁre on watershed DBP precursors. Using
water extracts from detritus materials instead of stream waters,
we demonstrated that the eﬀects of wildﬁre on the reactivity of
terrestrial DOM in DBP formation were not uniform, with
lower reactivity for carbonacenous DBPs such as THMs and
HAAs but higher reactivity for more toxic nitrogenous DBPs
such as HANs and NDMA. By implication, when the ﬁrst
postﬁre rainfall/storm event brings ﬁre-aﬀected terrestrial
DOM into the source water, attention should be placed on
the formation of nitrogenous DBPs in addition to carbonaceous
DBPs during water treatment.
Although wildﬁre is often associated with downstream water
quality degradation from substances such as sediment,
nutrients, heavy metals, and organic pollutants,2,5 the results
of our study (Figure 4G−L) indicated that the estimated
terrestrial mass load of DBP precursors from detritus materials
in burned forests can be reduced in the short term compared to
nonburned forests for the major DBP classes. This was mainly
due to the large loss of organic matter by the ﬁre. It should be
noted that the mass load estimation of DBP precursors was
based on the same extraction conditions for nonburned and
burned detritus in the lab. Under ﬁeld conditions for a speciﬁc
forest wildﬁre event, environmental factors, such as microclimate, sunlight exposure, water temperature, soil−water
residence time, ﬁre-induced soil/sediment erosion, and altered
hydrological ﬂows in the burned watershed,5,7 will likely aﬀect
the quality and quantity of DBP precursors leaching from
terrestrial sources in a single rainfall event, resulting in
potentially altered results. Importantly, a couple of studies2,57
have found that the stream DOC levels could be enhanced
postﬁre due to a large degree of soil erosion, which may pose
enhanced threats of DBP formation. Although we have
demonstrated the eﬀects of wildﬁres on terrestrial DBP
precursors, the current knowledge on increasing frequency
and severity of forest ﬁres on drinking water quality and
associated human health is still in its infancy. Future research
on this topic can help to elucidate the relevant environmental
processes and consequences and reveal linkages among forest
disturbance, water quality, human health, and climate change.
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DOC/DON ratio (∼16−36), this DOM was more reactive
than humic acids (commonly <2 μg-HAN/mg-C and DOC/
DON >10) and even nitrogen-rich natural organic matter
sources such as algal and bacterial materials (commonly ∼2−3
μg-HAN/mg-C and C/N of 3−6).11,51,52 Given the ubiquitous
presence of dissolved black nitrogen in freshwater DOM,53 the
hitherto unidentiﬁed ﬁre-altered fraction in DOM may
disproportionately contribute to the watershed budget of NDBP precursors following wildﬁre.
Although DBP FP tests are conducted using excess chlorine
to determine the overall precursor amount in a sample which
favors the formation of chlorinated THM and HAA species, the
results showed that the ﬁre process signiﬁcantly enhanced the
brominated DBP fraction compared to nonburned detritus
(bromine incorporation factor: control = 0.04 ± 0.01%, black
ash = 0.39 ± 0.22%, and white ash = 1.6 ± 1.0%; Figure 5). The

Figure 5. Bromine incorporation factor of trihalomethanes formed
from chlorination of dissolved organic matter from burned and
nonburned detritus/ash extracts. The boxplots show the minimum,
10th, 25th, 50th, 75th, and 90th percentiles, and maximum of the data.
Lowercase letters indicate statistically diﬀerent groups.

major factor contributing higher brominated DBPs was the
accumulation of inorganic bromide in the ash following its
release from organic materials by combustion (Table 1).
Bromide reacts with chlorine to generate reactive bromine
species which can be incorporated into brominated DBPs.54
The DBP precursor yield of the terrestrial detritus depends
on both the reactivity (i.e., quality) and the quantity of WEOM.
Although the reactivity for DBP formation either increased or
decreased with burn severity depending on the speciﬁc DBP
species, the diﬀerence in WEOM quantity among samples was
more signiﬁcant and overwhelmed diﬀerences in speciﬁc DBP
FP (Figure 1). Assuming the control sites reﬂect the preburn
conditions of the burned sites, the control to black ash
transformation resulted in decreased DBP precursor yields:
88.6% THMs, 85.0% HAAs, 78.1% CHD, 71.8% HKs, 66.0%
HANs, and 51.7% NDMA (Figure 4G−L). DBP precursor
yield showed a similar decrease from control to white ash
samples with the exception of HANs being considerably
reduced relative to black ash: 88.4% THMs, 87.4% HAAs,
77.9% CHD, 74.9% HKs, 34.6% HANs, and 65.7% NDMA
(Figure 4G−L).
Implications and Perspectives. Currently, one major
diﬃculty in understanding the net eﬀects of wildﬁre on DOM
quality and quantity in natural waters is that interference from
background watershed sources of DOM may overwhelm the
eﬀects of ﬁre, especially when a low percentage of the
watershed is burned.7 The hydrological, topographical,
physicochemical, and microbiological processes for DOM
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