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Scientific Significance Statement

Fires in coastal mountain watersheds alter the quantity and quality of organic carbon, including fire-derived black carbon

(BC), exported to the ocean. The relationship between terrestrial wildfire characteristics and post-burn carbon fluxes is poorly

constrained, making it difficult to predict fire-induced perturbations to aquatic carbon cycling and overall water quality. This

study shows that, 1-yr post-fire, BC export from different coastal mountain rivers affected by the 2020 CZU Lightning Com-

plex Fires (California, USA) was primarily driven by hydrology rather than percentage of drainage area burned.

Abstract

Coastal mountain rivers export disproportionately high quantities of terrestrial organic carbon (OC) directly to

the ocean, feeding microbial communities and altering coastal ecology. To better predict and mitigate the

effects of wildfires on aquatic ecosystems and resources, we must evaluate the relationships between fire,

hydrology, and carbon export, particularly in the fire-prone western United States. This study examined the

spatiotemporal export of particulate and dissolved OC (POC and DOC, respectively) and particulate and dis-

solved black carbon (PBC and DBC, respectively) from five coastal mountain watersheds following the 2020

CZU Lightning Complex Fires (California, USA). Despite high variability in watershed burn extent (20–98%),

*Correspondence: bartor2@rpi.edu; wagnes3@rpi.edu

aPresent address: U.S. Geological Survey Upper Midwest Water Science Center, Madison, Wisconsin, USA

Associate editor: Henrietta Dulai

Author Contribution Statement: CMR, MAZ, and SW came up with the research question and designed the study approach. CMR, MR, and MSM

collected and prepared all field samples. CMR and MR conducted all POC, absorbance, and geographical analyses. RB and EP conducted DOC, DBC, and

PBC analyses. RB performed all statistical analyses and led the interpretation of the data. RB led the writing of the manuscript with contributions from all

authors.

Data Availability Statement: Data are available in the CUAHSI Hydroshare data repository https://doi.org/10.4211/hs.94fb3a67a74a48c9a89dda8

046fdb2df.

Additional Supporting Information may be found in the online version of this article.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.

70



annual POC, DOC, PBC, and DBC concentrations remained relatively stable among the different watersheds.

Instead, they correlated significantly with watershed discharge. Our findings indicate that hydrology, rather

than burn extent, is a primary driver of post-fire carbon export in coastal mountain watersheds.

The burning of organic matter via wildfire produces pyro-

genic carbon, representing a combustion continuum of mole-

cules whose chemical properties depend on fuel type and burn

conditions (Masiello 2004; Coppola et al. 2022). Black carbon

(BC) is the condensed aromatic fraction of pyrogenic carbon

that is formed at high charring temperatures (Schneider

et al. 2010), resistant to microbial degradation (Kuzyakov

et al. 2014), highly photolabile (Stubbins et al. 2012), and con-

sidered a net carbon sink (Jones et al. 2019). Although the

majority of global BC is produced from fire (Coppola

et al. 2022), condensed aromatic molecules are also present in

oil (Goranov et al. 2021; Podgorski et al. 2021) and fossil fuel

combustion products (Bond et al. 2013). BC is ubiquitous and

exists as part of bulk organic carbon (OC) in terrestrial and

aquatic environments (Goldberg 1985). During hydrologic

events, OC and associated BC are mobilized from the burned

landscape to lower reaches of the watershed and downstream

waterbodies (e.g., lakes and oceans), thereby affecting down-

stream water quality (Shakesby et al. 2016). The increased

mobilization of sediment, OC, and BC post-fire can also pose

challenges for downstream water resources and treatment facili-

ties (Cawley et al. 2017; Robinne et al. 2018, 2021; Hohner

et al. 2019; Chen et al. 2022).

The hydrological and biogeochemical responses of a water-

shed to wildfire are specific to both catchment and fire condi-

tions (Nunes et al. 2018), with catchment conditions often

altered post-fire (Shakesby and Doerr 2006). For example,

increased burn severity increases soil hydrophobicity, chang-

ing hydrologic flow paths and causing increased runoff, ero-

sion, and flooding risks (Shakesby et al. 2000; Shakesby and

Doerr 2006). While interconnected, fire- and catchment-

specific drivers of OC and BC transport post-fire vary

depending on the organic matter’s molecular makeup or size.

The transfer of particulate material, including particulate BC

and OC (PBC and POC, respectively), from the hillslope to

the stream channel is primarily driven by erosional processes,

with mobilization linked to precipitation events, snowmelt,

and periods of overland flow (Galy et al. 2015; Cotrufo

et al. 2016; Coppola et al. 2022). Post-fire hydrologic events

can also lead to increased total suspended solids (TSS) concen-

trations, as fires destabilize soil and remove vegetation

(Hohner et al. 2019). Consequentially, the export of PBC is

often coupled with the export of TSS in fire-affected water-

sheds (Wagner et al. 2015; Cotrufo et al. 2016; Coppola

et al. 2018). Catchment slope and geomorphology have been

shown to influence PBC mobility, but fire severity results in

the preferential erosion of charcoal from the hillslope, and is

thus considered a primary driver of PBC export in recently

burned watersheds (Abney et al. 2019).

Factors controlling the post-fire mobilization of dissolved

organic constituents are less clear. Dissolved OC (DOC) con-

centrations have been observed to increase, decrease, or remain

consistent in aquatic systems post-fire (Jensen et al. 2017;

Hohner et al. 2019; Uzun et al. 2020; Wei et al. 2021), with

greater variability observed in smaller streams (Raoelison

et al. 2023). Overall, riverine DOC concentrations tend to be

slightly higher after a burn event (Raoelison et al. 2023). The

riverine export of condensed aromatic dissolved BC (DBC),

which is a hydrophobic molecular class, is driven by solubility

(Wagner et al. 2018). Therefore, some degree of oxidation is

required to enhance its polarity and aqueous mobility (Abiven

et al. 2011; Coppola et al. 2022). This solubility requirement

may explain the strong coupling of DOC and DBC export in

fire-affected rivers (Wagner et al. 2018) and the lack of apparent

relationship between DBC concentration and fire history in

some systems (Ding et al. 2013).

Fire activity is predicted to increase in regions experiencing

regular drought periods and high fuel drying trends (Bowman

et al. 2020; Ellis et al. 2022). In California, USA, wildfire fre-

quency and severity has increased fivefold over the last four

decades (Williams et al. 2019). Coastal fires are of particular

concern as regional mountain rivers facilitate rapid and direct

inputs of terrestrial carbon and nutrient subsidies to marine

environments (Masiello and Druffel 2001; Hunsinger

et al. 2008). The impacts of wildfire on water quality, water-

shed carbon export, and coastal food webs are poorly con-

strained, limiting our capacity to accurately predict and

mitigate them. Here, we examined BC and OC export from

five small coastal mountain watersheds which burned during

the 2020 CZU Lightning Complex Fires (California, USA). All

samples were collected during the first post-fire water year.

The main objectives of this research were to (1) determine

whether burn extent was a primary control on BC and OC

mobilization, (2) evaluate temporal variations between DOC

and DBC concentrations, and (3) examine BC and OC export

from coastal mountain rivers across various flow conditions.

Methods

Study location

We sampled five adjacent watersheds of varying catchment

sizes (9–276 km2; Table 1) in the Santa Cruz Mountains

(California, USA): the San Lorenzo River and the Laguna,

Pescadero, Majors, and Scott creeks. The portion of these

basins that drains to the sampling locations (Fig. 1) is in a

Mediterranean climate region. There, precipitation occurs

mostly in winter as rain (700–1160 mm annually) and water-

sheds are dominated by evergreen and mixed forests
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(80–93%) with average slopes ranging from 21.4 to 35.6%

(as determined using ArcGIS; Supplementary Table S1). These

watersheds, which serve as drinking water sources to sur-

rounding communities, burned to various extents (20–98% of

total catchment area) during the CZU Lightning Complex

Fires from 16 August 2020 to 22 September 2020 (Fig. 1). Prior

to 2020, these watersheds experienced little fire activity

with only five small fires (1–31 km2) occurring from 1950 to

2019 (Supplementary Fig. S1). In comparison, the 2020 CZU

Lightning Complex Fires burned much larger (>350 km2) and

more intensely. Due to storm-induced inaccessibility to the

sampling site, two high flow samples for Scott Creek were

taken at a downstream lagoon. These data points were

excluded from statistical analyses but are included in Supple-

mentary Table S2.

Given the high degree of spatial heterogeneity, differences

in landscape geomorphology and hydrology, and the inher-

ently complex watershed response to wildfire, selecting an

unburned watershed as a reference site was not possible for

this study.

Sample collection, preparation, and hydrologic
monitoring

Samples were collected between October 2020 and May

2021, capturing base, low, and high flow conditions

(Supplementary Table S1). Additional watershed flow data

were provided by the County of Santa Cruz, United States

Geological Survey (USGS), and National Oceanic and Atmo-

spheric Administration (NOAA) National Marine Fisheries Ser-

vice (Supplementary Information). Water samples were

filtered through 0.7-μm GF/F filters, which were saved for TSS,

POC, and PBC analyses (see Supplementary Information). Ali-

quots of filtrate were taken for DOC and absorbance analyses.

The remaining filtrate was acidified and the dissolved organic

matter (DOM) was isolated and recovered via solid-phase

extraction (SPE; Dittmar et al. 2008) for DBC analysis (see Sup-

plementary Information).

Bulk POC, DOC, and absorbance measurements

POC concentrations were determined using an elemental

analyzer (see Supplementary Information). DOC concentra-

tions were determined following Stubbins and Dittmar (2012)

(see Supplementary Information). Napierian absorbance coeffi-

cient at 254 nm (a254; Hu et al. 2002) and specific-UV absor-

bance at 254 nm (SUVA254; Weishaar et al. 2003) were

determined using absorbance values and DOC concentrations

(see Supplementary Information). SUVA254 and a254 are indi-

cators of DOM aromaticity and chromophoric DOM content,

respectively (Weishaar et al. 2003).

PBC and DBC measurements

Following the benzenepolycarboxylic acid (BPCA) method,

condensed aromatic compounds are oxidized to benzene-

hexacarboxylic acid (B6CA) and benzenepentacarboxylic acid

(B5CA), which are subsequently separated and quantified byT
a
b
le

1
.
S
tr
e
a
m

ch
a
ra
ct
e
ri
st
ic
s
fr
o
m

th
e
1
st
w
a
te
r
ye
a
r
p
o
st
-fi
re
.
A
re
a
a
n
d
b
u
rn

e
x
te
n
t
va
lu
e
s
a
re

re
p
re
se
n
ta
ti
ve

o
f
th
e
su
b
se
ct
io
n
o
f
w
a
te
rs
h
e
d
ca
p
tu
re
d
b
y

sa
m
p
lin

g
.
V
a
lu
e
s
p
re
se
n
te
d

fo
r
P
O
C
,
D
O
C
,
P
B
C
,
D
B
C
,
P
B
C
:
P
O
C

a
n
d

D
B
C
:
D
O
C

ra
ti
o
s,

a
n
d

p
a
rt
ic
u
la
te

a
n
d

d
is
so
lv
e
d

B
C

m
o
le
cu

la
r
m
a
rk
e
r
co

n
ce
n
tr
a
ti
o
n
s

(p
B
P
C
A

a
n
d

d
B
P
C
A
,
re
sp
e
ct
iv
e
ly
),

a
n
d

p
a
rt
ic
u
la
te

a
n
d

d
is
so
lv
e
d

B
6
C
A
:
B
5
C
A

ra
ti
o
s
(p
B
6
C
A
:
B
5
C
A

a
n
d

d
B
6
C
A
:
B
5
C
A
,
re
sp
e
ct
iv
e
ly
)
a
re

a
ve
ra
g
e
s
�

st
a
n
d
a
rd

d
e
vi
a
ti
o
n
.

W
a
te
rs
h
e
d

A
re
a

(k
m

2
)

B
u
rn

e
x
te
n
t

P
O
C

P
B
C

P
B
C
:
P
O
C

D
O
C

D
B
C

D
B
C
:
D
O
C

p
B
6
C
A

p
B
5
C
A

p
B
6
C
A
:

B
5
C
A

d
B
6
C
A

d
B
5
C
A

d
B
6
C
A
:

B
5
C
A

(%
)

(m
g
C
L
�
1
)

(m
g
C
L
�
1
)

(%
)

(m
g
C
L
�
1
)

(m
g
C
L
�
1
)

(%
)

(n
M
)

(n
M
)

(n
M
)

(n
M
)

S
a
n
Lo

re
n
zo

R
iv
e
r

2
7
6

2
0

6
.0
4
�

8
.9
7

0
.1
9
�

0
.3
5

1
.9
9
�

1
.1
1

4
.8
3
�

2
.7
0

0
.2
0
�

0
.1
1

4
.2
3
�

1
.1
3

1
5
4
�

2
8
9

1
6
6
�

3
1
5

1
.0
0
�

0
.0
9

8
4
.4

�
5
8
.7

2
1
1
�

1
2
6

0
.3
9
�

0
.0
4

P
e
sc
a
d
e
ro

C
re
e
k

1
1
8
.7

2
3

0
.7
5
�

0
.6
0

0
.0
1
�

0
.0
1

1
.7
8
�

1
.4
4

3
.8
7
�

0
.8
1

0
.2
0
�

0
.0
5

5
.1
0
�

0
.8
1

5
.0
8
�

5
.3
9

6
.3
8
�

6
.3
8

0
.8
1
�

0
.0
7

8
0
.6

�
2
6
.9

2
1
2
�

5
2

0
.3
8
�

0
.0
4

M
a
jo
rs

C
re
e
k

9
.9

3
7

3
.5
4
�

6
.0
8

0
.0
9
�

0
.1
7

3
.5
0
�

1
.8
8

4
.1
0
�

3
.3
5

0
.1
7
�

0
.1
6

3
.9
6
�

1
.0
5

7
1
.7

�
1
4
0

7
1
.4

�
1
3
9

0
.9
7
�

0
.0
4

8
0
.5

�
8
3
.2

1
7
1
�

1
7
6

0
.4
6
�

0
.0
4

La
g
u
n
a
C
re
e
k

9
6
0

2
.3
7
�

3
.9
9

0
.0
6
�

0
.1
0

4
.6
4
�

3
.0
9

4
.1
1
�

2
.2
9

0
.1
5
�

0
.0
9

3
.7
5
�

1
.0
4

4
5
.7

�
8
3
.6

4
4
.2

�
8
1
.7

1
.0
0
�

0
.0
6

6
6
.1

�
4
1
.8

1
5
7
�

9
7

0
.4
3
�

0
.0
5

S
co

tt
C
re
e
k

7
3
.5

9
8

4
.9
4
�

1
0
.6

0
.1
5
�

0
.2
9

3
.5
3
�

2
.6
8

3
.2
3
�

1
.8
2

0
.1
4
�

0
.0
7

4
.7
6
�

1
.5
5

1
1
0
�

2
2
2

1
3
0
�

2
6
8

0
.8
7
�

0
.0
8

5
7
.3

�
3
3
.4

1
4
9
�

8
8

0
.3
8
�

0
.0
1

Barton et al. Hydrology drives OC and BC export

72

 2
3

7
8

2
2

4
2

, 2
0

2
4

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://aslo
p

u
b

s.o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/lo

l2
.1

0
3

6
0

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
9

/0
1

/2
0

2
5

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



high-performance liquid chromatography (HPLC)

(Dittmar 2008; Wagner et al. 2017). BPCA concentrations

were used to determine PBC and DBC concentrations in the

original sample with an established conversion factor

(Stubbins et al. 2015; see Supplemental Information). The

ratio of B6CA : B5CA describes the degree of BC polyconden-

sation, where higher ratios indicate a larger and more

polycondensed aromatic structure (Glaser et al. 1998;

Schneider et al. 2010; Wiedemeier et al. 2015). See Barton

and Wagner (2022) for discussion of BPCA conversion factors

and a detailed protocol describing BPCA oxidation and DBC

quantification by HPLC.

Statistical analyses

Statistical analyses were conducted using JMP Pro 16. Dis-

tributions of data were analyzed for normalcy via a Shapiro–

Wilk test. Differences between groups were assessed with

Kruskal-Wallis and specified with Wilcoxon tests. Correlations

were evaluated via Spearman’s rank correlation. Linear rela-

tionships with normally distributed residuals were analyzed

via simple linear regression. To facilitate statistical compari-

sons, quantitative and qualitative measurements were binned

by flow category (baseflow, low flow, high flow; Supplemen-

tary Table S1). See Tables 1, S2, and S3 for data and details of

statistical analyses.

Results

Effect of burn extent on material export

Mean values of POC, DOC, DBC, and DBC : DOC did not

vary significantly among watersheds of variable burn extent

(p > 0.05; Table 1; Supplementary Table S3). Although mean

PBC and PBC : POC ratios varied across burn extents

(p < 0.05; Table 1; Supplementary Table S3), there was no sig-

nificant difference between values from watersheds with the

highest (98%; Scott Creek) and lowest (20%; San Lorenzo

Fig. 1. Map of CZU Lightning Complex Fire burn site (California, USA). Sampling locations (blue diamonds) are representative of the five coastal moun-

tain watersheds examined in this study: San Lorenzo River, Pescadero Creek, Majors Creek, Laguna Creek, and Scott Creek. Black dashed lines and solid

blue lines are representative of watershed boundaries and streams, respectively. Burn severity of the fire-affected areas is indicated in the legend.

Barton et al. Hydrology drives OC and BC export
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River) burn extents (p > 0.05). Only the PBC : POC and PBC :

TSS ratios (among carbon concentrations and ratios; Fig. 2;

Supplementary Fig. S2) were found to have a significant corre-

lation to burn extent (p < 0.05; Fig. 2C). None of the other

variables (TSS, a254, SUVA254, and B6CA : B5CA ratios) showed

a significant correlation with burn extent (p > 0.05; Supple-

mentary Fig. S2; Table S3).

Like burn extent, only PBC : POC had a significant correla-

tion with catchment size (p < 0.05; Supplementary Table S3).

The relationship between catchment slope and OC and BC

concentrations was negative due to the watershed with the

largest slope having the least exported particulate material

(p < 0.05; Supplementary Table S3; see Supplementary Infor-

mation for more information).

Variable coupling between OC and BC export

Overall, DBC was linearly related with DOC (slope = 0.038;

R2
= 0.74; p < 0.0001; Fig. 3F), though we observed temporal

variability in the slope and strength of these relationships for

each catchment (Fig. 3A–E). This linear relationship was more

positive and stronger in 2021 (January to May; slope = 0.045;

R2
= 0.90; p < 0.0001; Fig. 3F) than in 2020 (October to

December; slope = 0.025; R2
= 0.75; p < 0.0001; Fig. 3F). DBC

and DBC : DOC values were greater in 2021 than in 2020

(p < 0.05) whereas DOC concentrations were not significantly

different between years (p > 0.05). Since the time of fire, the

ratio of DBC : DOC increased with successive sampling dates

(p < 0.0001; Supplementary Fig. S3). Similarly, PBC was posi-

tively correlated with both POC and TSS (p < 0.0001; Supple-

mentary Fig. S6; Table S3) with a more positive correlation

from January to May 2021 than from October to December

2020 (p < 0.05; Supplementary Fig. S6F; Table S3).

Effect of hydrology on material export

The geographic proximity of the five coastal watersheds

resulted in similar temporal responses to hydrologic events,

but their differences in basin size and watershed characteris-

tics were reflected in discharge magnitudes varying among

individual catchments (Fig. 4A). With data from all water-

sheds combined, mean POC, PBC, DOC, DBC, TSS, and a254
values increased consecutively from baseflow to high flow

(p < 0.01; Supplementary Fig. S5). Ratios of PBC : POC and

B6CA : B5CA (for PBC) did not vary significantly between flow

categories (p > 0.1) whereas B6CA : B5CA ratios (for DBC)

were significantly different only between high flow and other

flows (p < 0.05). Mean PBC : TSS, values decreased with

increased flow (p < 0.01). DBC : DOC and SUVA254 values

were only significantly different between low flow and other

flows (p < 0.5). See Supplemental Information for watershed-

specific trends with flow category.

Fig. 2. Relationships between watershed burn extent and (A) POC concentrations, (B) PBC concentrations, and (C) the ratio of PBC to POC (PBC :

POC), (D) DOC concentrations, (E) DBC concentrations, and (F) the ratio of DBC to DOC (DBC : DOC).
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Values of POC, PBC, DOC, DBC, TSS, PBC : TSS, and a254
were significantly and positively correlated with discharge

(p < 0.05; Supplementary Table S3). PBC : POC, DBC : DOC,

SUVA254, and B6CA : B5CA ratios were not significantly

correlated with discharge (p > 0.05; Supplementary Table S3).

Flow-dependent coupling of particulate and dissolved phases

was also observed overall, but when examined by flow cate-

gory, phases were coupled only at high flow (p < 0.05; Supple-

mentary Fig. S4; Table S3), see Supplementary Information for

further details.

Discussion

Hydrology, rather than burn extent, drives OC and BC
export post-fire

The interaction of burned landscapes with water, especially

in the 1st year post-fire, determines the fate of pyrogenic

carbon (Masiello and Berhe 2020). PBC and POC require

dry-ravel or erosional processes to move from landscape to

stream channel, and can be mobilized through re-suspension

mechanisms from intermediate deposits (Bird et al. 2015;

Coppola et al. 2018). In other Western US watersheds,

Fig. 3. DBC vs. DOC for individual watersheds: (A) San Lorenzo (n = 11, diamond symbols), (B), Pescadero (n = 11, triangle symbols), (C) Majors

(n = 11, square symbols), (D) Laguna (n = 11, circle symbols), (E) Scott (n = 8, pentagon symbols), and (F) all samples combined (n = 52). Linear rela-

tionships between DBC and DOC concentrations shown in (F) were determined for: all samples combined (dashed line; slope = 0.038; R2 = 0.74;

p < 0.0001), samples taken in October 2020 to December 2020 (dotted line; slope = 0.025; R2 = 0.75; p < 0.0001), and samples taken from January

2021 to May 2021 (solid line; slope = 0.045; R2 = 0.90; p < 0.0001). Note that no sample was collected from Scott Creek on 17 November 2020, and

those collected on 27 January 2021 and 28 January 2021 are not included here (see “Methods” section). The connection between points in (A–E) are to

help visualize the temporal sequence of sample results.
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increased TSS and pyrogenic carbon concentrations have been

related to fire activity (Burke et al. 2013; Wagner et al. 2015;

Rust et al. 2018; Barron et al. 2022). In our comparisons across

watersheds, we observed no relation between burn extent and

the absolute magnitude of TSS, POC, and PBC. However, the

concentrations of particulate materials did increase with

increased water discharge. It should be noted that the variabil-

ity in watershed area and average catchment slope, combined

with a lack of pre-fire data, may have masked some of the

burn impacts on carbon export.

Unlike POC and PBC, DOC and DBC export from land-

scape to stream channel is restricted by solubility, which is

probably why the latter are often inconsistently or indirectly

correlated to wildfire activity (Ding et al. 2013; Wagner

et al. 2015; Raoelison et al. 2023). Our results support this

explanation, as DBC and DOC concentrations were not

related to burn extent (Fig. 2). However, increases in water dis-

charge have been related to increases in DOC and DBC export

(Raymond and Saiers 2010; Dhillon and Inamdar 2014;

Wagner et al. 2015; Roebuck et al. 2018, 2022). There is also

evidence that storm events can enhance the amounts of

wildfire-generated chromophoric DOM exported during storm

events (Roebuck et al. 2022). We also observed that increased

discharge resulted in the export of greater amounts of bulk

DOC, DBC, and chromophoric DOM (Supplementary Fig. S5;

Table S3).

Burn extent, while easy to determine, is not always a useful

predictor of post-fire OC or BC export as it lacks watershed-

and fire-specific nuance that can be more determinant of

organic matter export (e.g., rainfall, runoff, slope, burn

severity, vegetation, lithology; Connolly et al. 2018; Santos

et al. 2019; Williamson et al. 2021; Clark et al. 2022).

PBC : POC and PBC : TSS were the only parameters with a

significant correlation with burn extent in our study (Fig. 2;

Supplementary Fig. S1). This leads us to conclude that

percentage of watershed area burned is not a primary control

on the absolute magnitude of BC or OC concentrations

within the 1st year post-fire in California coastal mountain

watersheds affected by the CZU Lightning Complex Fires.

Although coastal rivers have been identified as major

contributors of BC to coastal waters (Nakane et al. 2017),

riverine fluxes of BC and OC to coastal waters remain

Fig. 4. (A) Stream discharge over the study period (specify). Sampling events, which are indicated by crosses along the x-axis in (A), were differentiated

by flow category: baseflow (B), low flow (L), and high flow (H). (B, C) Average PBC and DBC concentrations at baseflow, low flow, and high flow for the

San Lorenzo River (light yellow diamond), Pescadero Creek (yellow triangle), Majors Creek (orange square), Laguna Creek (red circle), and Scott Creek

(dark red pentagon). Symbols indicate average values, and error bars represent standard deviations. The asterisk (*) signifies that there was only one sam-

ple therefore there are no standard deviations displayed.
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relatively unconstrained. Here, back-of-the-envelope calcula-

tions reveal these five small mountain rivers combined would

export an estimated 100,000 � 1000 kg-POC, 71000 � 600 kg-

DOC, 430 � 1000 kg-PBC, and 3500 � 700 kg-DBC annually if

storm events are excluded. Just one day at high flow would

result in a 6- and five-fold increase in annual fluxes of POC and

PBC, respectively. Similarly, annual fluxes of DOC and DBC

would increase by 27% (see Supplementary Information). Our

observations of increased OC and BC concentrations with

increased flow (Fig. 4; Supplementary Fig. S3), point to hydrol-

ogy as the main mechanism for transferring material from

landscape to stream after a wildfire occurs, wherein stream flow

rather than solute concentrations drive material export. Further

work, particularly in systems with pre-fire data, may elucidate

additional drivers of organic matter export post-fire, highlight

common responses in fire-affected systems, and improve our

understanding of variability in post-fire export.

Relationships between DBC and DOC vary temporally in
fire-affected coastal mountain rivers

The proportion of DBC to DOC ranges from 0.1% to 18%

among river systems globally (Jaffé et al. 2013; Jones

et al. 2020). Here, DBC : DOC was 4.3% � 1.2% on average,

which is similar to what has been observed for other temper-

ate rivers (Jones et al. 2020). The strength of the DBC vs. DOC

relationship among all rivers evaluated in this study

(R2
= 0.74; p < 0.0001) was lower than the global relationship

established by Jaffé et al. (2013). The degree of scatter we

observed in this relationship likely results from our higher

sampling frequency, which captured temporal and within-

storm variability of carbon export in each catchment. Small

mountain rivers have shorter water residence times than

global rivers, thus in-stream DOM experiences overall less bio-

geochemical processing and reflects source-specific DOM

signatures.

The slope of the DBC vs. DOC relationship was lower in

October 2020 to December 2020 than in January 2021 to May

2021 (Fig. 3). With data from all watersheds combined, con-

centrations of DOC were not significantly different during the

2020 and 2021 sampling periods (p > 0.05), but DBC and

DBC : DOC were significantly greater in 2021 (p < 0.05).

Given that there was no significant difference in DBC : DOC

ratio between baseflow and high flow, we suggest that the sol-

ubility restrictions around DBC export, not hydrology alone,

play a role in the increase in DBC : DOC ratios over time

(Supplementary Fig. S3). Due to its condensed aromatic

structure, particulate charcoal (i.e., PBC) is buoyant and

hydrophobic; its molecular structure must be altered by deg-

radation and oxidation before it can enter aquatic systems in

the dissolved phase (Abiven et al. 2011; Brewer et al. 2014).

PBC has been found to leach substantial amounts of DBC

(Abiven et al. 2011; Roebuck et al. 2017; Wagner et al. 2021).

Furthermore, the aging of BC in soils results in the addition

of polar functional groups, thus, enhancing its solubility in

water (Cheng et al. 2008; Wozniak et al. 2020). As the 2021

sampling events coincided with the largest storm events, the

preferential increase in DBC concentrations relative to DOC

may be due to increased discharge. It is also possible that

subsequent wetting events played a role in the oxidation and

preferential export of DBC relative to DOC (Nguyen and

Lehmann 2009).

Evaluation of potential predictor variables for post-fire BC
export

We found TSS and POC to be significantly correlated to PBC

concentrations; a coupling which has also been established in

other systems (Wagner et al. 2015; Xu et al. 2016; Coppola

et al. 2018; Supplementary Fig. S5). Our data show a strong rela-

tionship between DBC and both DOC (Fig. 3F) and a254 ([DBC]

= 0.0062 � a254, R
2
= 0.86, p < 0.0001; Supplementary Fig. S8),

which have also been established in a variety of systems (Jaffé

et al. 2013; Stubbins et al. 2015; Wagner et al. 2019). In brief,

we suggest that TSS and POC may be used to estimate PBC con-

centrations, and a254 and DOC may be used to estimate DBC

concentrations. However, given the inter-watershed variability,

we suggest that these relationships be evaluated and established

regionally.

Conclusions

Our study indicates that OC export from fire-affected small

mountain rivers to the ocean in the 1st year post-fire is primar-

ily driven by hydrology rather than by burn extent. This is

because OC and BC concentrations increased during event

flows yet varied little despite a large disparity in the percent-

age of individual watershed burned (20–98%). Our results also

highlight the potential impact of post-fire storms on material

export to coastal systems—one event at high flow alone could

result in a 500%, 400%, 27%, and 27% increase in annual

export of POC, PBC, DOC, and DBC, respectively. While the

actual fate of organic matter was not examined here, this

material could be deposited in secondary reservoirs, be seques-

tered in oceanic sediments or remain dissolved in the water

column to photodegrade and/or be utilized by coastal

microbes (Stubbins et al. 2012; Coppola et al. 2014; Nakane

et al. 2017). Although questions remain about the watershed-

specific controls of post-fire organic matter export, water dis-

charge has been identified as a major variable and must be

considered in future export models.
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