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a b s t r a c t 

In this study, we report for the first time the effect of prescribed fires on the export of dissolved organic 

matter (DOM) and precursors of disinfectant by-products (DBPs) from periodically (every 2–3 years) and 

seasonally (i.e., dormant and growing) burned forest fuel materials (i.e., live vegetation, woody debris, and 

detritus [litter and duff]) and treatability of its rainwater leachate. Periodically applied (every 2–3 years 

for 40 years) prescribed fires decreased total fuel load (62 ±10%), primarily detrital mass (75 ±2%). How- 

ever, functional groups (i.e., phenolic compounds, proteins, carbohydrates, aromatic [1-ring], polycyclic 

aromatic hydrocarbons [PAHs], and lipids) attached to DOM of ground solid materials did not change 

significantly. Outside rainwater leaching (from forest fuel materials) experiments showed that the leach- 

ing capacity of dissolved organic carbon (DOC) from burned litter samples decreased by 40 ±20% regard- 

less of burning season when compared to unburned litter samples. The leaching of total dissolved ni- 

trogen (TDN), dissolved organic nitrogen (DON), ammonium (NH 4 
+ ), and reactive phosphorus (PO 4 

3 −) 

from burned materials decreased between 40 and 70% when compared to unburned materials. Also, 

DOM composition was affected by prescribed fire, which partially consumed humic-like substances based 

on fluorescence analyses. Thus, periodically applied prescribed fires also resulted in a reduction of tri- 

halomethane (THM) (42 ±23%) and haloacetic acid (HAA) (42 ±20%) formation potentials (FPs), while DOC 

normalized reactivity of THM and HAA FPs did not change significantly. Additionally, the leaching of N- 

nitrosodimethylamine (NDMA) precursors, bromide ion (Br −), and selected elements (K, Ca, Mg, Mn, Fe, 

S, Na, B, and Al) were not significantly affected by prescribed fires. Finally, coagulant (i.e., alum and fer- 

ric) dose requirements and coagulation efficiencies were similar (i.e., removal of DOC, precursors of THMs 

and HAAs were 52–56%, 69–70%, 78–79%, respectively) in unburned and pre-burned leachate samples. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Climate change can result in more frequent and more se-

ere and extended droughts. These conditions may increase the

robability of ignition and frequency and severity of wildfires

 Bladon et al., 2014 ; Robinne et al., 2018 ; Westerling, 2016 ). The

ype and amount of surface fuels (i.e., a mixture of live vege-

ation, woody debris, and detritus [litter (Oi horizon) and duff
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Oe + Oa horizons)]), and their properties, such as moisture and

hemical content, impact fuel flammability ( Dharssi, 2018 ). Also,

ildfires may greatly impact detrital composition ( Coates et al.,

017 ; Majidzadeh et al., 2015 ; Wang et al., 2015 ) which is a

rimary terrestrial source of dissolved organic matter (DOM) in

ource waters ( Chow et al., 2009 ; Majidzadeh et al., 2015 ). Pre-

ious studies have shown that post-wildfire runoff increased sur-

ace erosion, thus mobilizing sediment, fire-generated materials

i.e., ash and charred), nutrients (i.e., N and P), and trace ele-

ents ( Abraham et al., 2017 ; Nyman et al., 2011 ; Rhoades et al.,

019 ). Furthermore, wildfires may change DOM composition and

oncentration of precursors of disinfection by-product (DBPs)

 Hohner et al., 2016 ; Revchuk and Suffet, 2014 ; Uzun et al.,

https://doi.org/10.1016/j.watres.2020.116385
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116385&domain=pdf
mailto:achow@clemson.edu
https://doi.org/10.1016/j.watres.2020.116385


2 H. Uzun, W. Zhang and C.I. Olivares et al. / Water Research 187 (2020) 116385 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

s  

n  

G  

o  

p  

a  

n  

a

2

2

 

t  

T  

a

2  

2  

g  

o  

L  

d

 

t  

t  

(  

f  

t  

w  

o  

b

e  

s  

(  

m  

p  

t  

e  

w  

a  

0  

fi  

r  

a  

(

2

 

g  

t  

b  

a  

t  

a  

t  

s  

l  

f  

e  

f  

S  

O  

b  
2020 ; Wang et al., 2016 ): consequently, treatability requirements

for burned watershed-derived DOM can be different when com-

pared to those exported from unburned watersheds ( Hohner et al.,

2016 ; Wang et al., 2015 ; Writer et al., 2014). Considering the

widespread use of forested catchments for potable water produc-

tion ( Bladon et al., 2014 ; Nyman et al., 2011 ), post-fire rainstorms

transporting burned surface fuel leachates to source waters pose a

potential concern for drinking water production. 

Forest management techniques, such as prescribed fire, are vi-

tal tools used to maintain open and fire-resilient forest struc-

tures that reduce potentially hazardous wildfire conditions and

ignitions ( Waldrop and Goodrick, 2012 ). Although wildfire haz-

ard reduction is one of the primary motivations for prescribed

fire use in forest management, it is also employed for many

other objectives including but not limited to the control of un-

desired vegetative species, aesthetics, restoration and maintenance

of fire-dependent species and ecosystems, and site preparation

( Waldrop and Goodrick, 2012 ). It is known that prescribed fires

may impact forest floor properties ( Coates et al., 2020 , 2017 ). Most

carbon fluxes come from forest floor leaching in the form of terres-

trial DOM ( Cronan, 2018 ), which is one of the main sources of dis-

solved organic carbon (DOC) and the precursors of DBPs entering

source waters ( Chen et al., 2019 ; Chow et al., 2009 ). Therefore, it is

very important to investigate the chemical composition of burned

forest materials when considering water quality in source waters.

Furthermore, the amount of DOM and its composition are impor-

tant to consider in conjunction with the potential presence of DBP

precursors and their treatability. To date, most studies connecting

fire events to changes in source water quality have focused pre-

dominantly on wildfires ( Chow et al., 2019 ; Hohner et al., 2017 ,

2016 ; Uzun et al., 2020 ; Wang et al., 2015 ) due to the severity and

widespread impact of wildfires around the globe. 

Currently, only a few relevant studies have been conducted

to evaluate prescribed fire effects on water quality, especially

in the eastern United States ( Hahn et al., 2019 ). Previously,

Majidzadeh et al. (2015) performed laboratory burning on the fo-

liar litter of six plant species commonly found in the southeast-

ern United States (US) and evaluated the chemical content and

DBP formation potential (FP) of these materials ( Majidzadeh et al.,

2015 ). The results showed that the total weight of litter and chem-

ical properties per gram of material (i.e., lignin, nitrogenous com-

pounds, and polysaccharides) were decreased in burned samples

because of the loss of organic matter. Also, DOC and chloroform

precursor leaching in water decreased in burned materials. To test

the effect of prescribed fire on water quality and DBP formation,

Tsai et al. (2015) designed another study where litter and duff mix-

tures from unburned and burned sites (forests consisting mostly of

pine trees) were collected and soaked in water. Results were sim-

ilar (i.e. lower DOC and DBP) for these two studies. Finally, we re-

ported that long-term prescribed fire use may decrease DOC, to-

tal dissolved nitrogen (TDN), NH 4 
+ , and the FPs of regulated tri-

halomethanes (THMs [four species]) and haloacetic acids (HAAs

[five species]) ( Majidzadeh et al., 2019 ). Although these relevant

studies provided useful information, comprehensive studies detail-

ing the effects of dynamic events (i.e., application of burning sea-

son, deterioration of the materials under different weathering con-

ditions) on DOM and DBP precursors originating from unburned vs.

burned forest materials are still lacking. 

Therefore, the objectives of this study were to examine: (i)

fire frequency (frequent and repeated prescribed burning [every

2–3 years] for 40 years) and season (dormant or growing season

burns) on the export of DOM and selected DBP precursors (reg-

ulated: THMs & HAAs, and emerging: chloral hydrate [CH] & N-

nitrosodimethylamine [NDMA]) from forest fuels; (ii) the changes

in DOM molecular composition; and (iii) the removal of DOM

and DBP precursors with commonly used coagulants (i.e., alum
nd ferric salts) from leachate waters of forest materials. Pre-

cribed fire reduces potentially hazardous wildland fuel compo-

ents and enhances habitat for many wildlife species ( Waldrop and

oodrick, 2012 ). Understanding how it may impact the chemistry

f burned forest materials, the potential export of DOM and DBP

recursors, and their treatability may better inform forest man-

gers and prescribed fire practitioners about the multi-faceted dy-

amics that should be considered when utilizing prescribed fire to

chieve land management objectives. 

. Materials and methods 

.1. Study site and prescribed fires 

This study was conducted at the Tom Yawkey Wildlife Cen-

er (33.23 °N, −79.22 °W) in Georgetown, South Carolina (SC), US.

he average annual precipitation and temperature in the area were

pproximately 1400 mm (3.83 mm/day) and 18 °C from 1981–

010, respectively ( South Carolina State Climatology Office (SCSCO),

010 ). Two paired forest ecosystems primarily composed of lon-

leaf ( Pinus palustris Miller) and loblolly ( P. taeda L.) pine, turkey

ak ( Quercus laevis Walter), and sweetgum ( Liquidambar styraciflua

.) ( Coates et al., 2017 , 2018a ) were located at this study site and

iffered in their long-term management strategies. 

Unmanaged Site A had not been burned or harvested from 1978

o 2014.Site B had been burned every 2–3 years over that same

ime period. The most recent burn had been performed in 2014

Site B) ( Fig. 1 ). To accomplish our research objectives, composite

uel samples (forest materials: live vegetation; woody debris; detri-

us [litter and duff]; ash and charred materials [burned sites only])

ere collected from the unmanaged site (Site A) and the previ-

usly burned sites (Site B) before additional seasonal prescribed

urns were conducted in 2015. In 2015, six units (0.01–0.02 km 

2 

ach) in Site B were burned: three units during the dormant sea-

on (Mar. 9–11, 2015) and three units during the growing season

May 5–6, 2015). The prescribed burns represented typical dor-

ant and growing season ignitions implemented by the SC De-

artment of Natural Resources at the Tom Yawkey Wildlife Center

o reduce potentially hazardous wildland fuels, maintain open for-

st conditions, and improve wildlife habitat for the red-cockaded

oodpecker ( Dryobates borealis Vioeillot). All burns were head-fires

nd mean flame lengths in each of the burns were approximately

.3–1.0 m, which is characteristic of low intensity, low severity

res in this region ( Coates et al., 2018a ). Fire temperatures were

ecorded using in situ thermocouple-datalogger assemblies. Aver-

ge peak burning temperatures ranged between 200 and 315 °C
 Coates et al., 2018b ). 

.2. Material collection and leaching experiment design 

Sample collection frames ( 1 m x 1 m) were placed on the

round every 50 m along a 300 m linear transect within each

reatment unit ( Fig. 1 ). All live and dead vegetation, fine woody de-

ris ( ≤ 7.62 cm diameter) ( Woodall and Liknes, 2008 ), litter, duff,

sh, and charred materials (when present) were collected within

hese frames. Following Site B prescribed burns, this represented

 mixture of both burned, partially charred, and unburned ma-

erials due to the nature of the low intensity and severity pre-

cribed burns. Collected materials were oven-dried at 70 °C for no

ess than 48 hrs immediately after collection to obtain oven-dry

uel mass. Composite fuel samples were randomly selected from

ach of the following treatment (prescribed burning applied) units

or additional experiments: Site A unmanaged, Site B pre-burned,

ite B dormant season post-burn, Site B growing season post-burn.

ne kg mixtures of collected materials from the unmanaged and

urned plots were packed in aluminum screens (1 mm x 1 mm
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Fig. 1. Scheme for the forest management strategy and experimental design. Site-A and Site-B represent unmanaged (unburned) and managed (burned) areas, respectively. 

Square sampling frames (1 m x 1 m) where the composite fuel samples were collected were selected randomly for each site. Color assignments: green, red, dark gray, and 

yellow for unmanaged, managed pre-burned, after dormant season and after growing season samples, respectively. n: shows the number of samples collected. 
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esh size). These wrapped samples were then individually placed

n custom-made open top aluminum trays (0.6 m x 0.6 m x 0.3 m).

n empty control tray was also placed in the open field with the

ample trays to capture unimpeded rainwater ( Figs. 1 and S1). A

eather station was located next to the trays, which recorded pre-

ipitation, air temperature, pressure, humidity, and wind speed ev-

ry 15 min ( Fig. 1 ). 

.3. Analytical methods 

.3.1. Pyrolysis analysis with ground solid samples 

To examine the effect of prescribed fires on the chemical struc-

ure of detritus materials, ground solid materials were subjected

o pyrolysis gas chromatography-mass spectrometry (Py-GC/MS).

amples were oven-dried for no less than 48 hrs and ground using

 Wiley mill (2 mm). One to two mg of these materials were then

nserted into quartz tubes for chemical analysis, following methods

escribed elsewhere ( Coates et al., 2017 ; Song and Peng, 2010 ). 

.3.2. Leachate water collection 

For nearly a year, when precipitation fell over the trays in the

eld, leachate water of each tray was collected in glass carboys

total volume of each carboy: 23 L) located underneath each tray

s rain saturated the material and drained through the trays (Fig-

re S1). The amount of daily precipitation and the volume of tray

eachates were recorded for each rain event (Figures S2 and S3).

he ability to hold water was not significantly different ( p > 0.05)

or each treatment, where the difference was < 7% in total vol-

me collected in the trays (Figure S3). After leachate water col-

ection, samples were transferred into pre-cleaned 1L amber bot-

les, immediately filtered with pre-burned and pre-washed glass

lters (Whatman 934-AH, ~0.7 μm pore sized), and kept in the
efrigerator at 4 °C until water quality and DBP tests were con-

ucted within one week after collection. During the leachate wa-

er collection period, temperatures dropped below freezing only a

ew times, and the average temperature (19 °C) between Jan. 1

nd Nov. 1, 2016, approximated the historical, (1981–2010) average

emperature of 18 °C for this region (Figure S4). Several lengthy,

et periods were observed, but only two relatively dry periods oc-

urred when the average precipitation was less than the histori-

al, average precipitation of 3.83 mm/day: Mar. 15–May. 30, 2016

1.84 mm/day) and Oct. 1–Nov. 30, 2016 (0.02 mm/day except for

hree rainy days). 

A total of 33 rain events producing a considerable amount of

eachate water were recorded, but detailed measurements were

onducted for nine selected events: three initial flushes (Jan. 15,

an. 23, and Feb. 5); three events during relatively dry periods

Mar. 15, Mar. 28, and May 14); the first significant flush after a

ry period (May 31); one event during a relatively wet period (Aug.

2); and an additional event following a dry period (Nov. 14). The

xport of DOM never reached zero and the total volume was col-

ected in the trays, therefore, concentrations of selected parameters

i.e., DOC, TDN, dissolved organic nitrogen [DON], and dissolved re-

ctive phosphorus [PO 4 
3 −]) for 24 unexamined rain events were

pproximated using linear interpolation. Cumulative exports were

alculated using the following formula: C 1 x V 1 + C 2 x V 2 + …+ C n 

 V n , where C and V were measured (for nine samples) or cal-

ulated (for 24 samples) concentrations (mg/L) and volumes (L)

f the samples collected during each rain event, respectively. The

rays were open-top, therefore, bird feces or other potential con-

aminants were removed in the few instances they were detected.

ue to the nature of this field experiment, it was not possible to

ompletely exclude the impacts of these unwanted materials, espe-

ially in nutrient concentrations. 
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2.3.3. Water quality, DBP and water treatability tests 

During the sample collection period, when enough leachate

water ( ≥2 L) was collected in carboys, water quality parame-

ters (i.e., DOC, TDN, DON, ammonium, nitrate [NO 3 
−-N], nitrite

[NO 2 
−-N], PO 4 

3 − and bromide ion [Br −]); spectroscopic prop-

erties (i.e., UV 254 , E2/E3 [inversely correlated with a molecular

weight of DOM ( Peuravuori and Pihlaja, 1997 )]; humification in-

dex [HIX]; fluorescence index [FI] and freshness index [ β: α]); flu-

orescence excitation-emission matrices (EEMs) ([I: tyrosine - like , II:

tryptophan - like , III: fulvic acid - like , IV: soluble microbial byproduct -

like and V: humic acid - like ]) ( Zhou et al., 2013 ); concentrations

of selected dissolved elements (K, Ca, Mg, Mn, Fe, S, Na, B, and

Al); and DBP (THMs, HAA 5 , CH, and NDMA) FPs were measured.

SUVA 254 (L/mg-m) (describing the DOM aromaticity) was calcu-

lated with the following formula: (UV 254 /DOC) x 100. When the

collected leachate water was insufficient ( < 2 L) for all water qual-

ity and DBP tests, it was discarded, and carboys were cleaned im-

mediately. 

DBP FP tests were conducted in the presence of excess oxidants

for an extended contact time (five days) to measure the maximum

formations in the samples. Initially, pH was adjusted to 7.8 with

20 mM phosphate buffer to mimic typical finished water pH lev-

els in drinking water treatment plants (DWTPs). For THM, HAA,

and CH FP tests, initial oxidant (chlorine [Cl 2 ] stock [~5–6% avail-

able Cl 2 ]) spiking doses were calculated by using the formula: 3

x DOC + 7.6 x NH 4 
+ + 10 ( Krasner et al., 2004 ). After five days of

reaction at room temperature (21–22 °C) in 125 mL amber bot-

tles (headspace free), residual Cl 2 (always > 10 mg/L) was mea-

sured and quenched with a slightly higher dose of ascorbic acid

than stoichiometrically required. NDMA FP tests were performed

with spiking pre-formed monochloramine (NH 2 Cl) stock solution

(Cl 2 : N = 4:1 by weight) prepared by the slow (drop by drop at

pH 9.0) addition of Cl 2 into the ammonium sulfate ([NH 4 ] 2 SO 4 )

solution ( Jones et al., 2012 ). Initial NH 2 Cl doses applied to the

samples were 100 mg/L. After 5 days of contact time at room

temperature, residual oxidants (always > 40 mg/L) were measured

and quenched with a slight excess amount of sodium thiosul-

fate than stoichiometrically required. Finally, samples were ex-

tracted and analyzed with GC-ECD and GC MS/MS for THM, HAA

and CH, and NDMA, respectively. Concentrations of free and to-

tal chlorine were determined following Standard Method 4500-Cl

F ( APHA/AWWA/WEF, 2012 ). 

Selected unfiltered leachate water samples were treated with

alum (Al 2 (SO 4 ) 3 18H 2 0) and ferric chloride (FeCl 3 ). Before each

water treatability test, preliminary jar test experiments were per-

formed at pH 6.0 ± 0.1 (a varying amount of carbonate buffer,

NaOH, and HCl were used as needed) with six doses (10, 15,

20, 30, 40, and 50 mg/L for alum, and 5, 7.5, 10, 15, 20, and

25 mg/L for FeCl 3 ) of coagulant (a typical enhanced coagulation

practice) to determine the optimal DOC, UV 254 , and turbidity re-

movals. Based on the results, optimum removal conditions (highest

removals reached with the lowest coagulant dose) were selected

(Figure S5). Then, additional tests (i.e., DOC and DBP FP removals)

were conducted with the treated waters under pre-selected opti-

mum treatment conditions and percent removal efficiencies were

calculated with the following formula: (C o – C tre )/C o x 100, where

C o and C tre are concentrations of raw and treated waters, re-

spectively. Detailed descriptions for general water quality, optical

properties & fluorescence spectroscopy, analysis of DBPs (sample

extraction and quantification), treatability tests, analytical meth-

ods and minimum reporting levels (MRLs) (Table S1) were pre-

sented elsewhere ( Majidzadeh et al., 2019 ; Ruecker et al., 2017 ;

Uzun et al., 2020 , 2018 ), and in the Supporting Information (SI).

A two-tailed student’s t -test with a significance level of 0.05 was

performed to document statistically significant differences where

necessary. 
. Results and discussion 

.1. Prescribed fire alters fuel mass distribution 

Fuel height in both the unmanaged and pre-burned sites was

0–50 cm ( Coates et al., 2017 ). However, total fuel mass (kg/m 

2 )

f composite fuel samples was significantly higher in the long-

erm unmanaged Site A (4.48 ± 0.11 kg/m 

2 ) ( p < 0.05) than the

requently burned Site B (pre-burned) (1.73 ± 0.51 kg/m 

2 ) (Fig-

re S6). Live fuels were not detected in the samples collected after

easonal prescribed fires because they were consumed during the

rescribed fires. Fine woody debris mass ( ≤7.62 cm diameter) was

imilar ( p > 0.05) for both unmanaged and managed sites, regard-

ess of the burning season. Fine woody debris is often quite het-

rogeneous across a given landscape, often at a resolution as small

s 0.25 m 

2 in frequently burned pine systems ( Loudermilk et al.,

017 ). Often, fast-moving, low intensity, low severity surface fires

ay not completely consume woody debris ≤7.62 cm in diameter.

hese fuel particles may only be partially charred, therefore, sig-

ificant differences between burned and unburned forests or pre-

nd post-fire masses within burned forests may not be detected.

his was observed because of the burns at the Tom Yawkey Cen-

er where incomplete combustion of woody debris resulted from

he prescribed fires. Prescribed fires may also increase the small-

st size class of woody debris ( < 0.64 cm diameter) immediately

ost-fire due to mortality of live, understory vegetation during a

urn event. This may have been reflected in the woody debris re-

ults for the pre-fire masses in Site B, as well. It should be noted

hat larger woody debris, > 7.62 cm diameter were not included,

herefore inferences about those larger fuels cannot be made as a

esult of this study. 

Detritus mass (3.68 ± 0.47 kg/m 

2 ) in unmanaged Site A was

ignificantly greater ( p < 0.05) than Site B (0.89 ± 0.10 kg/m 

2 ). This

ndicated the continuous consumption of detritus as a result of fre-

uent prescribed fires in Site B. Since pre-burned materials were

ollected from Site B about 1 year after (2015) the last prescribed

re (2014), higher detritus mass (0.89 ± 0.10 kg/m 

2 ) was observed

ompared to mass that was collected right after seasonal burns

0.20 ± 0.05, 0.52 ± 0.11 kg/m 

2 for dormant and growing season

urns, respectively). This can be associated with the accumulation

f litter between 2014 and 2015 and the consumption of such ma-

erials during seasonal prescribed burns. Consequently, the com-

ination of fuel mass changed (more woody substances and less

etrital materials) per unit weight (kg) of the materials collected

rom burned sites. These observations further support that pre-

cribed burning consumes detritus materials, changing both their

ass and depth ( Coates et al., 2017 ; Cronan et al., 2015 ). 

.1.1. Prescribed fire does not alter functional groups attached DOM 

Phenolic compounds (i.e., lignin-like) constituted about 76%

10% higher than unmanaged samples) of all burned samples, re-

ardless of management, which can be related to incomplete com-

ustion of the materials during prescribed fires ( Coates et al.,

017 ). In contrast to the significant decrease in detrital mass, pre-

cribed burning did not significantly change the detrital chemical

unctional groups (proteins [nitrogen compounds], carbohydrates

oxygen compounds], and lipids [aliphatic compounds]) (Figure S7).

he aromatic compounds were found in higher concentrations in

nmanaged samples; a higher level of toluene was observed in

nmanaged samples compared to burned samples ( Coates et al.,

017 ). Previous studies reported conflicting results on the for-

ation and fate of polycyclic aromatic hydrocarbons (PAHs) af-

er burning. While some researchers reported an elevated level

f PAH formation which survived and remained for a long period

 Forbes et al., 2006 ; Vergnoux et al., 2011a ), others indicated that

AHs are transported into the soil quickly. In only a few months



H. Uzun, W. Zhang and C.I. Olivares et al. / Water Research 187 (2020) 116385 5 

Fig. 2. DOC (a), SUVA 254 (b), DON (c), DOC/DON (d), P (e), and Bromide (Br −) (f) concentrations for unmanaged and managed sites‘ leachate waters. CW: Control water 

(rainwater), UW: Unmanaged leachate water, MPW: Managed pre-burned leachate water, DSW: After dormant season leachate water, GSW: After growing seasonal leachate 

water. Error bars show standard deviation between three replicates. If measured Br − concentration < minimum reporting level (MRL) (10 μg/L), values were set 5 μg/L to 

complete profiling. 
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ost-fire, PAH levels may return to pre-fire levels ( Kim et al., 2003 ).

n our study, PAHs constituted only 2–3% of the total biomass, re-

ardless of the treatment (Figure S7). This indicated that the ef-

ect of prescribed burning on PAH formation was minimal, possi-

ly due to incomplete combustion of the detritus resulting from

ow-intensity burning ( Chen et al., 2018 ; Coates et al., 2017 ). 

.2. Prescribed fire affects water quality: carbon, nitrogen, and 

hosphorus release 

The average DOC value was minimal (1.64 ± 1.15 mg/L) for

ainwater collected in control trays (control water, CW). For lit-

er trays, DOC values were 41.3 ± 15.8 mg/L, 23.7 ± 10.4 mg/L,

2.5 ± 9.1 mg/L, and 23.5 ± 9.4 mg/L in leachates from un-

anaged water (UW), managed pre-burned water (MPW), post-

ormant season burn water (DSW), and post-growing season burn

ater (GSW), respectively. Similarly, as shown in Fig. 2 a, during the

nitial seven samples (initial flushes [ n = 3], dry period [ n = 3],

nd the first flush after dry period [ n = 1]), average DOC releases

rom unmanaged samples (45, 48, 53 mg/L) were significantly

igher ( p < 0.05) than DOC releases from other burned leachate

amples (24–28, 26–28, and 21–27 mg/L for MPW, DSW, and GSW,

espectively). After this period, significantly ( p < 0.05) lower DOC

oncentrations were measured in all samples (UW 24 mg/L, and

thers 13–17 mg/L) during the relatively wet period sampling (Aug.

2), and finally, the levels were similar (11–17 mg/L) for the last

amples (Nov. 14) regardless of management ( Fig. 2 a). DOC leach-

ng trends during initial flushes in relatively colder periods in-

icated gradually decreased leaching capacity of material for all

reatments. However, opposite trends for the relative drier and

armer periods indicated that microbial activity may have played

 role in enhanced DOC export from all litters. Overall, cumulative

OC export values (16.9 gram for 400 L) from unmanaged materi-

ls (8.9 gram for 380 L) were significantly higher ( p < 0.05) than

he export values from managed samples ( Fig. 3 a). Results indi-

ated that long-term prescribed burning can decrease DOC leach-

ng capacity of forest litter ( Majidzadeh et al., 2019 , 2015 ), and

urning season does not significantly ( p > 0.05) affect this result.

his might be related to loss of carbon during the burning pro-

ess ( Hongve, 1999 ; Vergnoux et al., 2011b ) and consumption of
aterials (i.e., detritus) that have a relatively higher potential of

OC leaching ( Zhang, 2017 ), particularly detrital mass. However,

t should not be forgotten that these results were obtained from

urned and unburned substances and their leachates. Other nat-

ral factors (hydrology, geology, soil properties, erosion, etc.) not

ccounted for by the tray design play a significant role in DOM ex-

ort. 

During the experiment, average SUVA 254 values showed fluc-

uations in the control water. However, those were comparable

or all leachate water samples (2.9–3.3 L/mg-m), regardless of the

reatment ( Fig. 2 b). This indicated that these prescribed fires did

ot likely change overall aromaticity ( Krasner et al., 1996 ) of the

eachate water derived from the litter materials. However, in gen-

ral, higher SUVA 254 values were observed as time progressed.

his indicated that the leaching rate of non-aromatic compounds

ay have been faster than the leaching rate of aromatic com-

ounds, regardless of management strategy. Opposing trends were

bserved for samples collected after a long dry period (between

ar. 28 and May 14) from the unmanaged leachate. As indicated

efore, this period was dry, and the air temperature was rela-

ively warm (18 °C). Previous studies indicated that decomposi-

ion of newly generated compounds is related to charring inten-

ity and fuel source ( Baldock and Smernik, 2002 ; Coates et al.,

017 ; Czimczik et al., 2003 ; Masiello et al., 2002 ). Thus, our ob-

ervations indicated that newly formed phenolic compounds and

AHs in the burned samples were not significantly affected by long

ry periods and continued to release from burned litters as time

rogressed. 

In general, NO 2 
− and NO 3 

− concentrations were governed by

W and values were mostly lower than minimum reporting levels

MRLs) (data not shown). However, TDN, DON, and NH 4 
+ -N con-

entrations were mostly higher in unmanaged leachate water than

urned leachate waters, ranging from 1.03 to 2.72, 0.72 to 1.73, and

.13 to 1.80 mg/L, respectively ( Figs. 2 c, S8a, and S8b). Like DOC

rends, the cumulative export of DON and TDN were significantly

igher in unmanaged samples ( Fig. 3 b and c). It has been shown

hat at temperatures of 20 0–50 0 °C, nitrogen volatilizes, and most

f the organic matter is released to the atmosphere ( Knicker, 2007 ;

aldrop and Goodrick, 2012 ). Thus, decreases in nitrogen concen-

rations in burned litter samples can primarily be related to the
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Fig. 3. Cumulative export for DOC (a), DON (b), TDN (c), and reactive phosphorus (PO 4 
3 −) (d) for unmanaged and managed sites‘ leachate waters. CW: Control water 

(rainwater), UW: Unmanaged leachate water, MPW: Managed pre-burned leachate water, DSW: After dormant season leachate water, GSW: After growing seasonal leachate 

water. 
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volatilization of nitrogen during combustion ( Majidzadeh et al.,

2015 ). Finally, the ratios of DOC/DON in all samples were mostly

comparable except for the first significant flush after a dry pe-

riod (May 31) ( Fig. 2 d), when DOC/DON was considerably higher

in burned samples. This may indicate that DON leaching in burned

materials is more sensitive to dry conditions. 

Phosphorus leaching from burned materials was higher than

leaching from unburned samples during the initial six samples

( Fig. 2 e). The values reached similar levels ( < 0.4 mg/L) after the

initial sampling was completed. Therefore, the cumulative ex-

port of phosphorus in UW, DSW, and GSW samples was com-

parable ( Fig. 3 d), however, lower concentrations were measured

in managed MPW. It has been shown that burning can cause

the short-term release of phosphorus, which can be consumed

quickly by live vegetation ( Zhang, 2017 ). Relatively higher con-

centrations for post-dormant and growing season burns can be

associated with fresh burning and the release of PO 4 
3 − during

fires. However, decreased PO 4 
3 − concentrations in MPW samples

can be associated with consumption of freshly released PO 4 
3 −

by live vegetation between the latest fire application date (2014)

and the sample collection date (2015). However, these results

showed that continuous management with prescribed fire may

decrease PO 4 
3 − concentrations significantly (up to 60%) by the

subsequent fire-initiated release and live vegetation consumption

processes. 

3.3. Prescribed fire does not affect the release of bromide and other 

elements 

The concentration of Br − in all leachate water samples varied

over time and was mostly governed by CW. For the initial four

samples (Jan. 15 and 23, Feb. 5, and Mar. 15), bromide concen-

tration in CW was 16 μg/L, and in all other samples, it was 22–

25 μg/L ( Fig. 2 f). Following these initial samples, bromide concen-

trations decreased sharply and most were under MRL (10 μL, Ta-
le S1). Previously we indicated that the release of bromide from

urned materials could be elevated due to high-temperature com-

ustion ( Wang et al., 2015 ). However, in this study, bromide con-

entrations in unmanaged and managed litter leachates were sim-

lar. This showed that low intensity, low severity prescribed fires

re not likely to affect bromide release from litter samples. 

It has been shown that fires can cause more trace element

uxes than other types of land-use changes, but the effect is

lement-specific ( Abraham et al., 2017 b; Potthast et al., 2017 ). Af-

er prescribed fires, some parameters (electrical conductivity [EC],

 and K + ) recovered fast (1 year), but some others (pH, C, N,

a 2 + and Mg 2 + ) took more time for recovery in the natural en-

ironment ( Alcañiz et al., 2016 ). Particularly high-intensity fires

an cause the volatilization of elements ( DeBano, 1990 ). Since high

emperatures are required for this process, no (i.e., Mg 2 + , Ca 2 + ,
nd Mn [DeBano, 1990] ) or limited (i.e., K and S [Debano and

onrad, 1978] ) effects of high-intensity fires on element volatiliza-

ion have been previously reported. In this study, during the sam-

le collection period, dissolved concentrations of elements did not

how a significant difference between samples, except Mn for un-

anaged leachate waters (Figure S9). In general, concentrations in-

reased during the long dry period (Mar. 15–May 30), indicating

he accumulation of these elements in the litter. Then, during the

et rainy period (May 1–Nov. 15), most of the accumulated ele-

ents were flushed out of the samples. Taken together, these re-

ults showed that prescribed fires at the Tom Yawkey Center did

ot affect the leaching capacity or processing of trace elements

rom the forest materials significantly. 

.4. Prescribed fire consumes terrestrial-derived DOM 

It has been shown that EEM regions and fluorescence indices

an provide useful information about DOM ( Fellman et al., 2010 ),

nd fires can cause changes in these parameters ( Hohner et al.,

016 ; Revchuk and Suffet, 2014 ; Uzun et al., 2020 ). Despite the
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Table 1 

Comparison of EEM regions and fluorescence indices of leachate waters. 

EEM Regions Fluorescence Indices 

Samples I + II III IV V FI E2/E3 HIX β/ α

( n = 6) (Protein-like) DOC-eq (mg/L) (Fulvic-like) DOC-eq (mg/L) (SMP-like) DOC-eq (mg/L) (Humic-like) DOC-eq (mg/L) 

UW 7.58 ± 3.89 6.55 ± 2.79 10.67 ± 6.11 11.91 ± 6.22 1.40 ± 0.05 5.99 ± 0.19 6.68 ± 2.85 0.50 ± 0.02 

MPW 7.72 ± 4.12 7.06 ± 3.62 7.66 ± 4.16 8.88 ± 3.65 1.41 ± 0.11 5.58 ± 0.09 4.10 ± 1.45 0.52 ± 0.05 

DSW 5.67 ± 3.01 4.84 ± 2.36 7.00 ± 3.72 7.74 ± 3.77 1.41 ± 0.12 5.58 ± 0.11 5.22 ± 1.61 0.56 ± 0.07 

GSW 5.50 ± 2.50 4.91 ± 1.85 6.67 ± 3.80 7.35 ± 3.59 1.41 ± 0.12 5.57 ± 0.15 5.22 ± 1.61 0.56 ± 0.07 

UW: Unmanaged leachate water, MPW: Managed pre-burnt leachate water, DSW: After dormant season leachate water, GSW: After growing seasonal 

leachate water. Protein-like indicates tyrosine-like + tryptophan-like. Errors indicate standard deviation of six samples (n indicates the number of data 

used for calculations) measurement for each sample. DOC-eq. (equivalence) calculated by: (percent [%] volume of the region/100) x DOC (mg/L) of the 

sample. 
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nterference of iron reported previously ( Hohner et al., 2016 ;

omann et al., 2011 ), the effect of iron interference is expected

o be minimal in our samples due to low levels ( < 0.11 mg/L) (in-

luding the effect of CW). During the experiment, we selected six

ates (Jan. 15 and 23, May 14 and 31, Aug. 12, and Nov. 14) rep-

esenting all previously stated distinct periods and EEM regions

nd fluorescence indices of DOM in leachate waters were mea-

ured. The data ( Table 1 ) indicated that repeated burning (ev-

ry 2–3 years) could decrease fluorescence intensities, particularly

MP- and humic-like DOC-eq. (calculated as: percent [%], volume

f the region/100 x DOC [mg/L]) in DOM. This supported lower

OC concentrations in pre-burn samples compared to unburned

amples. Furthermore, the data showed that fresh burning (regard-

ess of season) can cause further decreases in all EEM DOC-eq. re-

ions and consume particularly humic-like substances. Right after

 dry period, however, all EEM regions of DOM increased in UW

nd MPW samples, which might be related to the combination of

oth biotic and abiotic factors in trays (Figure S10). However, we

annot provide detailed information as these factors spanned be-

ond our research purposes. A substantial reduction in all regions

as observed during the wet period. This pattern was obvious

n all samples, but particularly noticeable in UW and MPW sam-

les, indicating the decreased leaching potential of all materials. Fi-

ally, HIX indices also provided information about the DOM source,

here HIX > 6 indicates terrestrial DOM, and HIX < 4 implies

iological or aquatic origin ( Kalbitz, 2001 ). Our results showed

hat prescribed fires can consume particularly terrestrial-derived

OM. However, none of the other fluorescence indices (i.e., FI,

2/E3, and β/ α) were significantly affected by prescribed fires, in-

icating that the source (mostly terrestrial) and molecular weight

f DOM in leachate waters were mostly similar regardless of

anagement. 

.5. Prescribed fire does not change the reactivity of DBP precursors 

Average THM FP, HAA FP, and CH FP values were 61, 31, and

1 μg/L for CW, respectively. DBP FPs for leachate waters were,

owever, significantly higher ( P < 0.05) than for CW. Control wa-

er FP results were significantly lower ( P < 0.05) than those of

eachate water values. Thus, to evaluate the yield of DBP precur-

ors from litter only, control water DBP FPs were subtracted from

ther DBP FP levels. Results showed that THM, HAA, and CH FPs

f managed samples were significantly lower and mostly over-

apped with each other with lower variability ( p > 0.05) (average

HM FPs = 2573 μg/L, 2223 μg/L, 2146 μg/L; HAA FPs = 2456 μg/L,

325 μg/L, 2262 μg/L; and CH FPs = 365 μg/L, 271 μg/L, 273 μg/L

n pre-burned, dormant season and growing season burned sam-

les, respectively) than unmanaged DBP FPs (THM FPs = 1143–

281 μg/L with an average of 4354 μg/L; HAA FPs = 1531–

399 μg/L with an average of 4108 μg/L; and CH FPs = 224–

49 μg/L with an average of 404 μg/L) ( Fig. 4 a, b, and c). Both THM

nd HAA FP concentrations were governed by DOC concentrations
f the samples over time, and have shown strong positive linear

R 

2 ≥ 0.7) correlations (Figure S11). However, CH FP vs. DOC corre-

ations were weak for UW and GSW and strongly positive for MPW

nd DSW. 

During the experiment, trichloromethane (TCM) constituted 

8% of THMs (data not shown). Dichloroacetic (DCAA) and

richloroacetic acids (TCAA) constituted 30–35% and 61–66% (Fig-

re S12a and b) of HAAs in all samples, regardless of treatment,

nd similar trends were found with total HAA FPs. This was related

o limited Br- presence in the samples. We also evaluated changes

n DOC normalized yields (μg/mg-C) of DBPs. Results showed that

he reactivity of THM (average 90–103 μg/mg-C), HAA (average

01–105 μg/mg-C), and CH (average 11–15 μg/mg-C) precursors did

ot change significantly over time, and have shown similar vari-

tions and overlap ( Fig. 4 d, e, and f). Furthermore, DOC normal-

zed reactivity of DCAA (average 30–36 μg/mg-C) and TCAA (av-

rage 64–70 μg/mg-C) were also comparable and did not change

ignificantly (Figure S12c and d). Our findings further supported

wo previous studies in which decreases in THM formation after

rescribed burning were reported ( Majidzadeh et al., 2019 , 2015 ).

verall, these findings showed that prescribed fire and its applica-

ion season did not change the nature and behavior of DBP pre-

ursors significantly under chlorination conditions regarding THM,

AA, and CH formation. As indicated before ( Uzun et al., 2015 ;

ang et al., 2015 ), general water quality parameters such as DOC,

DN, DON, and Br − are not good predictors (R 

2 values for linear

orrelations < 0.5) for NDMA FP under chloramination conditions.

uring the very first flush (Jan. 15, 2016), the NDMA FP value in

W was 14 ng/L. Significantly higher values were measured in un-

anaged (274 ng/L) and managed (55–63 ng/L) leachate waters

 Fig. 4 g). As time progressed, NDMA FPs were comparable for each

ample and were governed by CW derived precursors. The contri-

ution of leachates was not significant ( p > 0.05). These results in-

icated that (i) terrestrial-derived DOM do not contribute NDMA

recursors; (ii) previously accumulated NDMA precursors released

uickly from litter materials; and (iii) no more contribution oc-

urred during the sample collection period due to isolated experi-

ental conditions (no external anthropogenic pollution). 

.6. Prescribed fire does not affect leachate treatability 

During the experiment, 23 L of leachate waters were collected

n four dates (initial flushes; Jan. 15 and 23, dry period; Mar. 15,

nd first flush after dry period; May 31) for unmanaged and man-

ged samples. Treatability tests (coagulation + flocculation + set-

ling) were conducted as explained in SI with unfiltered leachate

aters. Since DOC concentrations were different in each sample,

e adjusted DOC concentrations with distilled deionized water

DDW) to establish similar organic carbon content between sam-

les (target content was 4.0 mg/L) levels. Table 2 shows average

ater quality parameters after adjustment. This approach enabled



8 H. Uzun, W. Zhang and C.I. Olivares et al. / Water Research 187 (2020) 116385 

Fig. 4. FPs and carbon normalized FPs of DBPs of the leachate water for unmanaged and managed sites‘ leachate waters. THM FPs (a), HAA FPs (b), CH FPs (c), DOC 

normalized THM FPs (d), DOC normalized HAA FPs (e), DOC normalized CH FPs (f), and NDMA FP (chloramination only) (g). CW: Control water (rainwater), UW: Unmanaged 

leachate water, MPW: Managed pre-burned leachate water, DSW: After dormant season leachate water, GSW: After growing seasonal leachate water. n: indicates the number 

of data used for calculations. The box-plots used to represent data show 90th, 75th, 50th, 25th, and 10th quartiles, respectively. Triangles show the mean values of the data. 

Pink circles show outliers measured during the very first flush (Jan. 15, 2016). 

Table 2 

Comparison of diluted (DOC content adjusted) raw water quality parameters of leachate waters. 

Water quality parameters Optimum coagulant doses 

Samples DOC Color Turbidity SUVA 254 THM FP HAA FP a Alum 

b Ferric 

( n = 4) (mg/L) (pt-co) (NTU) (L/mg-m) (μg/L) (μg/L) (mg/L) (mg/L) 

UW 4.4 ± 0.5 28 ±10 1.6 ± 1.0 4.10 ±0.79 441 ±58 336 ±185 30 ±0 15 ±0 

MPW 4.0 ± 0.4 37 ±27 1.9 ± 1.6 3.74 ±1.05 379 ±66 289 ±155 30 ±0 15 ±0 

DSW 4.2 ± 0.4 24 ±13 1.4 ± 0.7 3.96 ±1.23 399 ±123 296 ±225 30 ±0 15 ±0 

GSW 4.2 ± 0.7 23 ±2.0 1.3 ± 0.7 3.62 ±0.94 384 ±103 283 ±216 30 ±0 15 ±0 

a Alum: aluminum sulfate eighteen hydrates (Al 2 [SO 4 ] 3 18H 2 O). 
b Ferric: ferric chloride (FeCl 3 ). Errors show standard deviation between four samples. n: indicates the number of data 

used for calculations. UW: Unmanaged leachate water, MPW: Managed pre-burnt leachate water, DSW: After dormant 

season leachate water, GSW: After growing seasonal leachate water. Protein-like indicates tyrosine-like + tryptophan-like. 

Errors indicate standard deviation of six samples (n indicates the number of data used for calculations) measurement 

for each sample. 
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us to have similar coagulants to carbon ratio and to allow better

comparisons in water treatability. 

Results showed that coagulant demand (mg coagulant for mg

removed DOC) for optimum DOC removals was not significantly

affected by fire application. To reach optimal removal conditions,

applied coagulant doses were similar for unmanaged and managed

samples (alum = 30 mg/L and ferric = 15 mg/L), regardless of

the burning season. The average DOC removal for unmanaged and

managed pre-burned samples was similar ( p > 0.05) (52% and 57%

for alum and ferric, respectively). However, 5–10% lower DOC re-

movals were observed in seasonally burned samples ( Fig. 2 a) com-

pared to UW and DSW samples. This difference can be related to

relatively lower fulvic acid-like content ( Table 1 ) in these samples.

Similarly, we evaluated the treatability of THM and HAA precursors

in the same waters. THM FP removals were comparable for both

coagulants (average removal was 68 ±9% and 70 ±9% for alum and
 w  
erric, respectively). However, 5–10% higher removals were mea-

ured for HAA FPs compared to THM FP removals in leachate wa-

ers, regardless of burn season . Overall, results showed that pre-

cribed burning did not cause significant changes in the treatability

f DOC, THM, and HAA precursors. 

. Conclusion 

A box model, Fig. 5 was created to summarize the effect of pre-

cribed fire on i) the mass of forest floor materials, ii) water leach-

ng of DOC, THM and HAA precursors from unburned vs. burned

orest materials, and iii) treatability of those water leachates. 

Our cumulative results indicated that low intensity, low sever-

ty prescribed fires may decrease fuel loads. This reduction induced

nly slight changes in DOM chemical functional groups associated

ith detritus materials. Continuous application of prescribed fires
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Fig. 5. The box model is summarizing the effect of prescribed fire on the forest floor, leachate water quality, and treatability. Errors show a standard deviation between 

three replicates. Cumulative DOC export (g) indicates total mass leached from 1 kg of mixture for ~1 year of the incubation period. 
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an decrease the leaching potential of DOC, TDN, DON, and reac-

ive phosphorus from forest materials, thus lowering source wa-

er DOM concentration . The effect of prescribed fire may be lim-

ted to DOM composition, except for humic-like substances, which

ere reduced by fire. In addition to these potential benefits, pre-

cribed fire is not expected to affect the release of Br −and trace

lements (K, Ca, Mg, Fe, S, Na, B, and Al) from forest materials.

hus, the formation of additional toxic brominated THMs and HAAs

nd the release of undesired elements are not of concern. Finally,

eriodically applied prescribed fire can reduce the export of THM

nd HAA precursors without changing carbon normalized yields

μg DBP FP/mg-C). Furthermore, the removal efficiency of DOC and

recursors of THMs and HAAs under similar conditions (i.e., pH,

rganic carbon content, and coagulant dose) during alum or ferric

oagulation is not expected to be changed after prescribed burn-

ng. Therefore, landowners can feel confident that low intensity,

ow severity prescribed fires do not negatively impact forest floor

hemistry, water quality, or water treatability. The results would

e further enhanced by conducting similar studies in different lo-

ations that contain different vegetation and site factors (i.e., hy-

rology, geology, soil type, etc.). 
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