
Environmental
Science
Processes & Impacts

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

56
9 

9:
15

:1
5.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Controls on the
aDepartment of Earth and Environmental Sc

MI, 48109, USA. E-mail: rmcory@umich.edu
bDepartment of Ecology and Evolutionary Bi

MI, 48109, USA

† Present address: Michigan Departmen
Energy, Lansing, MI 48909.

‡ Present address: Department of Ecology
Minnesota, St. Paul, MN 55108.

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 2755

Received 16th April 2025
Accepted 27th July 2025

DOI: 10.1039/d5em00293a

rsc.li/espi

This journal is © The Royal Society o
apparent quantum yield for
photomineralization of dissolved organic matter in
arctic freshwaters
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The oxidation of dissolved organic matter (DOM) to carbon dioxide by sunlight (photomineralization) can

account for up to 30% of carbon dioxide (CO2) emitted from inland surface waters in the Arctic. Water-

column photomineralization rates depend on the magnitude and shape of the photomineralization

apparent quantum yield spectrum (4PM,l), which few studies have quantified directly. Here, we used

a light-emitting diode (LED)-based approach to directly quantify 4PM,l of CO2 from photomineralization

in arctic surface waters exposed to increasing amounts of narrow-banded light at ultraviolet and visible

wavelengths. Waters with the highest aromatic DOM and dissolved iron had the highest 4PM,l at all

wavelengths. The magnitude of 4PM,l at all wavelengths decreased by up to 92% with increasing

cumulative light absorbed by chromophoric dissolved organic matter (CDOM) in a given water,

consistent with the rapid depletion of a photo-labile DOM fraction. Together, the results suggest that the

extent of light absorption by CDOM, aromatic carbon content, and iron concentration control the

magnitude and shape of 4PM,l, which in turn strongly influences rates of photomineralization and CO2

production in inland surface waters. Experiments to quantify 4PM,l should consider that greater

cumulative light absorbed leads to underestimates of 4PM,l and photomineralization rates.
Environmental signicance

Photomineralization of dissolved organic matter (DOM) to carbon dioxide (CO2) in inland waters is important in the arctic carbon cycle. Photomineralization
depends strongly on the apparent quantum yield spectrum (4PM,l), i.e., the wavelength-dependent efficiency of DOM conversion to CO2 by sunlight. Labor-
intensive approaches to quantify 4PM,l have resulted in few direct measurements of 4PM,l, thus limiting knowledge of its controls. To address this knowl-
edge gap, an LED-based approach was used to directly quantify the wavelength-dependent magnitude of 4PM,l in arctic streams and lakes where DOM
composition and water chemistry has been well characterized. 4PM,l is a function of sunlight exposure history, aromatic DOM, and dissolved iron. These
ndings may explain some differences in 4PM,l between arctic, boreal, and temperate-zone freshwaters.
1 Introduction

Carbon dioxide (CO2) emissions from inland surface waters to
the atmosphere are nearly as large as the net carbon transfer
from the atmosphere to the land surface during photosynthesis
and respiration.1–6 The export of dissolved organic matter
(DOM) from land to inland surface waters contributes to this
large ux because DOM is oxidized to CO2 by microorganisms
and sunlight in surface waters.2,5,7 Sunlight degradation of DOM
iences, University of Michigan, Ann Arbor,

ology, University of Michigan, Ann Arbor,

t of Environment, Great Lakes, and

, Evolution, and Behavior, University of

f Chemistry 2025
(photodegradation) can account for up to 95% of the DOM
oxidized in inland surface waters.7 Some of this DOM is
completely oxidized to CO2 (i.e., photomineralization), which
may contribute 10 to 30% of the total CO2 emitted from inland
surface waters to the atmosphere.7–11

Water column photomineralization rates are the product of
two wavelength-dependent spectra. The rst is the apparent
quantum yield spectrum of DOM photomineralization (4PM,l)
as a function of wavelength from the ultraviolet (UV) to the
visible, which is quantied as the moles of CO2 produced per
mole of photons absorbed by light-absorbing (chromophoric)
DOM (CDOM). The second is the spectrum of the photon ux
absorbed by CDOM over the depth of the water column. While
the latter is well-characterized and depends strongly on the
photon ux of sunlight reaching the water surface,7 the
apparent quantum yield spectrum 4PM,l is poorly constrained
because it has been difficult to measure.12
Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769 | 2755
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Due to the difficulty of conventional methods for directly
quantifying 4PM,l of DOM as a function of wavelength
(described in Ward et al.),12 very few studies have quantied the
magnitude and shape of the 4PM,l spectrum. Those studies that
directly quantied the shape of 4PM,l found that it decreased
exponentially with increasing wavelength from the UV to the
visible portion of the solar spectrum.13–15 Thus, most studies
have estimated 4PM,l using previously published exponential
shapes of 4PM,l that set the relative importance of UV and
visible wavelengths.7,16 However, calculations of photo-
mineralization rates are quite sensitive to the exponential shape
of the spectrum (Fig. 1),17 and the shape of this spectrum is
better characterized by a new light-emitting diode (LED)
approach that has enabled rapid, direct quantication of the
wavelength-dependence of photochemical reactions.12,17 The
magnitude and shape of 4PM,l determined using this new
approach varied more widely than shown in the few existing
spectra14,15 that have served as the basis for model ts used to
Fig. 1 Rates of DOM photomineralization in sunlit surface waters
depend strongly on the wavelength-dependence of the AQY spec-
trum (4PM,l). (a) Two hypothetical 4PM,l spectra (primary y-axis) are
superimposed on a clear-sky solar spectrum from the Alaskan Arctic
(secondary y-axis). The integrated CO2 yields (areas under the curves)
for both 4PM,l curves are equal, but the shallower slope leads to
greater photomineralization yields than the steeper slope in the visible
region, which contains over 90% of the daily photon flux. (b) Water
column rates of photomineralization calculated from the product of
each of the two 4PM,l spectra and the same photon flux spectrum
shown in (a). Integrated water column rates of photomineralization
(areas under the curves) calculated using the shallower 4PM,l slope are
double (2×) those calculated using the steeper 4PM,l slope (1×).

2756 | Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769
estimate 4PM,l.7,16,18 To better understand this variation, recent
work has focused on determining the specic controls on 4PM,l.

Using this new LED approach, Bowen et al.17 found that di-
ssolved iron concentrations explained the variability in the
magnitude of 4PM,l for DOM leached from arctic permafrost
soils. In addition to iron, DOM chemical composition is ex-
pected to affect the lability of DOM to photomineralization
among surface waters and over seasonal time scales.19–23

However, there are conicting results on the relationships
between DOM composition and 4PM,l. For example, one study
found that the magnitude of 4PM,l in lakes ranging in latitude
from boreal to tropical increased with increasing aromatic
content of DOM,9 while another found that 4PM,l in temperate
lakes decreased with increasing aromatic content.24 Another
study found no relationship between DOM composition and
4PM,350 for more than 100 samples from arctic lakes and
streams.7 Thus, there is uncertainty about how the magnitude
of 4PM,l depends on spatial or seasonal changes in DOM
composition.

The conicting results in the literature on the dependence of
4PM,l on the aromatic content of DOM may be due to differ-
ences in the amount of light absorbed by CDOM during
experimental quantication of 4PM,l. CDOM concentration is
a function of the aromatic content of DOM,25 and thus CDOM
and aromatic carbon content co-vary in space and time in
inland waters.26 4PM,l spectra are oen measured from a suite
of natural waters spanning different CDOM concentrations and
different aromatic carbon contents. Most oen, studies expose
each water sample to the same duration and irradiance of light,
resulting in all waters receiving the same total amount of
incoming light (referred to here as the “light dose”). However,
the amount of the light dose that is absorbed by CDOM in the
water samples depends on the initial CDOM concentration.
Waters high in initial CDOM, with higher aromatic carbon
content, will absorb more of the experimental light dose than
waters low in initial CDOM. Thus, studies have differed
substantially in the cumulative light absorbed by CDOM during
quantication of 4PM,l. The most photo-labile DOM should be
mineralized rst and by the lowest amounts of cumulative light
absorbed by CDOM. Conversely, increasingly less photo-labile
DOM is mineralized later and at higher amounts of cumula-
tive light absorbed. Thus, studies that standardize the light
doses or light exposure times used to quantify 4PM,l, rather
than the cumulative light absorbed by CDOM, are likely
comparing 4PM,l of portions of the DOM pool that differ in their
lability to photomineralization. If the most photo-labile DOM is
aromatic in nature, only studies that standardize experiments
to the cumulative light absorbed by CDOM, rather than the light
dose or light exposure time, will be able to determine the
dependence of 4PM,l on aromatic carbon content or other DOM
characteristics. Thus, a critical knowledge gap is quantifying
how 4PM,l depends on the cumulative light absorbed by CDOM.

Many studies have reported decreasing rates of DOM pho-
todegradation with increasing irradiation time and with
increasing light reaching surface waters,27–31 and have oen
attributed these decreases to loss of photo-labile DOM. Photo-
mineralization and related photodegradation reactions that are
This journal is © The Royal Society of Chemistry 2025
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initiated by the absorption of light by CDOM alter DOM
composition,13,28,32 removing or altering portions of the DOM
pool that are most labile to oxidation by sunlight. As these
highly photo-labile components of the DOM pool are depleted,
the remaining DOM is less labile to photodegradation. There-
fore, as the cumulative amount of light absorbed by CDOM
increases, the magnitude of 4PM,l may decrease. However, no
studies have investigated the dependence of 4PM,l on the
cumulative amount of light absorbed by CDOM. Two studies
have quantied apparent quantum yields for products of DOM
photodegradation other than CO2 as a function of the cumu-
lative amount of light absorbed by CDOM.13,33 In one of these
studies, Andrews et al. showed that the apparent quantum
yields for photochemical oxygen consumption by DOM
decreased with increasing cumulative light absorbed by CDOM
in a nearshore marine environment where there was high
sunlight and the DOM photodegradation capacity was esti-
mated to be greater than the amount of DOM available.13 This
scenario of decreasing apparent quantum yield with increasing
cumulative light absorbed was termed “substrate limitation” of
DOM photodegradation.34 In natural waters, the cumulative
light absorbed by a pool of DOM increases with increasing
residence time in sunlit surface waters, referred to as the light
exposure history of DOM.7 It is not known how increasing
sunlight exposure of DOM over its residence time in inland
surface waters might affect substrate limitation and the
magnitude of 4PM,l.

The wavelength-dependent shape of 4PM,l may also depend
on light exposure history if there are wavelength dependencies
of the specic mechanisms for DOM photomineralization or if
there are pools of DOM that are labile to wavelength-dependent
mechanisms of photomineralization. For example, photode-
carboxylation is thought to be one mechanism of DOM photo-
mineralization,17,35,36 which may be relatively more efficient in
the UVA and visible region compared to other mechanisms for
DOM photomineralization.17 In contrast to photodecarboxy-
lation, the oxidation of DOM by reactive oxygen species (ROS)
might dominate CO2 yields at UVB wavelengths because the
yields of photochemically-produced ROS are highest in the UVB
region.13,37–39 A greater depletion of the photo-labile DOM at
UVA and visible versus UVB wavelengths of light would cause
4PM,l to decrease relatively more at UVA and visible than at UVB
wavelengths, resulting in a more steeply decreasing shape of
4PM,l as sunlight exposure increases (e.g., Fig. 1a). Despite
evidence that the wavelength-dependent shape of 4PM,l may
depend on light exposure history, prior studies demonstrating
both diminishing rates and diminishing apparent quantum
yields for DOM photodegradation over time during light expo-
sure have used broadband light sources that lack information
about yields at individual wavelengths.27–31,33 Thus, quantica-
tion of the relative steepness of the exponentially-decreasing
spectral shape of 4PM,l may provide new evidence on the
mechanisms controlling DOM photomineralization or on the
DOM pool sizes labile to different mechanisms.

To address these knowledge gaps, we used an LED-based
approach to directly quantify the wavelength-dependent
magnitude of 4PM,l for arctic lakes and streams ranging in
This journal is © The Royal Society of Chemistry 2025
DOM composition and water chemistry. Multiple 4PM,l spectra
were quantied for each water with a range of cumulative light
exposure histories to determine how 4PM,l varies both among
surface waters with different water chemistry and over time
during the residence time of DOM in sunlit waters.
2 Methods
2.1 Site description, water sampling, and water analysis

Water samples for chemistry analysis were collected from six
surface waters near the Arctic Long-Term Ecological Research
(LTER) site at Toolik Lake,40 Alaska during the ice-free summer
months (May–August) of 2010–2022, as described in detail in
the SI. Surface water sites included streams (Imnavait Creek and
the Kuparuk River) and lakes (Toolik Lake and three lakes on
the coastal plain of the Alaskan North Slope; Table S1).

Water temperature, pH, and specic conductance were
measured in the eld.20,41 All water samples were ltered,
acidied to pH 2, and analyzed for water chemistry and DOM
composition as described in the SI. Water chemistry parameters
measured included dissolved organic carbon (DOC), total di-
ssolved iron, CDOM, and the uorescent fraction of DOM
(FDOM). CDOM and FDOM data were used to calculate proxies
for DOM source and composition, including the spectral slope
ratio (SR), specic UV absorbance at 254 nm (SUVA254), uo-
rescence index (FI), and peak T/A ratio.

A subset of the water samples collected for chemistry anal-
ysis were used in LED light exposure experiments to quantify
the photomineralization apparent quantum yield (4PM,l).
Immediately aer surface water collection, waters were GF/F
ltered and stored at 4 °C until further use in the LED light
exposure experiments (as described in Section 2.2 below).
Values of 4PM,l were measured from water collected at each of
the six surface water sites in June–July, 2021 and May–July, 2022
(Table S2). Water was sampled and analyzed for 4PM,l on
multiple dates during the summers of 2021 and 2022 from all
sites except the coastal plain lakes LS 1-05, LS 1-27, and LS 1-28,
which were each sampled only once on one date each summer
(Table S2). Water at each site and date was exposed to three or
four different LED wavelengths and up to six light doses at each
wavelength, for a total of 147 4PM,lmeasurements from the LED
light exposure experiments (Table S2). In addition to the LED
measurements of 4PM,l, waters from Imnavait Creek, Kuparuk
River and Toolik Lake were exposed to natural sunlight (Table
S8) for quantication of 4PM,l as described in Section 2.3 below.
2.2 Photomineralization apparent quantum yields (LED
experiments)

GF/F-ltered waters collected in the summers of 2021–2022
were used in light exposure experiments to directly quantify the
wavelength-dependent apparent quantum yield of photo-
mineralization (4PM,l) following Ward et al.12 Briey, each water
was equilibrated to room temperature (∼24 h) and lled with no
headspace in gas-tight, at-bottomed, pre-combusted 11-mL
quartz vials (10 cm path length). For each water, quartz vials
were exposed to custom-built high-powered ($100 mW),
Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769 | 2757

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00293a


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

56
9 

9:
15

:1
5.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
narrow-banded (±10 nm) LEDs maintained close to room
temperature with heat sinks and cooling fans, at each of two
UVB wavelengths (275 nm and 305 nm), one UVA wavelength
(365 nm), and one visible wavelength (405 nm) alongside dark
controls. While very little radiation at 275 nm reaches the
earth's surface, no LEDs were available in the range of UVB
wavelengths from 280 to 305 nm. Therefore, the 275 nm LED
wavelength was used as an end-member for 4PM,l spectra in this
study and represents the highest-energy UVB photons reaching
surface waters from sunlight (e.g., the small portion of the solar
spectrum from 280–305 nm that is rapidly attenuated by DOM
in surface waters). During each light exposure experiment,
duplicate samples in quartz vials were exposed to light at each
wavelength to quantify CO2 production and O2 consumption.
For all waters, CO2 production, quantied as a signicant
difference in dissolved inorganic carbon (DIC) between light-
exposed and dark control waters, was measured using an
Apollo DIC analyzer.7 A signicant difference in light minus
dark DIC was quantied as no overlap between the average ±1
standard error of the light and dark replicates (n = 2). For most
waters in this study, CO2 from photomineralization was
detectable when the light minus dark difference in DIC was
greater than ∼0.5% of the dark (initial) DIC concentration. A
few waters had detectable CO2 from photomineralization when
the light minus dark difference in DIC was less than ∼0.5% of
the dark DIC concentration. Dark (initial) DIC concentrations
ranged from 26 ± 2.7 mM in Imnavait Creek to 1645 ± 2 mM in
one of the coastal plain lakes. O2 consumption, quantied
similarly to CO2 as the difference in dissolved O2 between light-
exposed and dark control waters, was measured using
membrane inlet mass spectrometry (MIMS).41 Dark minus light
differences in dissolved O2 are detectable when the difference is
larger than ∼1 mM.

At each LED wavelength, 4PM,l was calculated as the amount
of CO2 produced by photomineralization divided by the light
absorbed by CDOM in light-exposed waters using eqn (S1). The
amount of light absorbed by CDOM (mol photon m−2 nm−1)
was quantied for each vial from the LED photon ux spectrum
reaching sample waters and the geometric mean of the
absorption coefficients of CDOM in dark control and light-
exposed waters, using eqn (S2).7 The photon ux spectrum
was quantied from the irradiance spectrum from each LED
source, which was measured by radiometry as previously
described.17 Prior work has cross-validated measurements of
the photon ux by radiometry with chemical actinometry.17

4PM,l is reported as the average ±1 standard error (SE) of
experimental replicate vials (n = 2).

For all waters, one 4PM,l spectrum was quantied using LED
irradiances that were chosen so that similar amounts of light
were absorbed by CDOM at each wavelength and among waters
(0.5 mol photon m−2). Because CDOM absorbance decreases
with increasing wavelength and varies between waters, the
doses of light that waters were exposed to were different for each
site and LED wavelength. To quantify the effect of varying the
amount of cumulative light absorbed by CDOM on the magni-
tude of 4PM,l, additional 4PM,l spectra were quantied for
a subset of the GF/F-ltered waters from each site. These waters
2758 | Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769
were exposed to additional doses of LED light in time course
experiments by varying the duration of LED light exposure,
resulting in cumulative amounts of light absorbed by CDOM
ranging from 0.05 mol photon m−2 to 2.85 mol photon m−2.

For each water from LED light exposure experiments, the
wavelength-dependent yields at the LED wavelengths tested
were t to a least-squares exponential model for 4PM,l in the
form of:

4PM,l = ce−dl (1)

where parameters c (mol CO2 mol photon−1) and d (nm−1) are
positive constants that quantify the intercept and slope (or
relative steepness of exponential decay) of the 4PM,l spectrum,
respectively.15,18 Linear and exponential models of the rela-
tionship between DOM composition or water chemistry and
values of 4PM,l at UV and visible LED wavelengths quantied
using 0.5 mol photon m−2 light absorbed by CDOM were tested
as described in the SI. The measures of DOM composition (SR,
SUVA254, FI, and peak T/A ratio) that were investigated as
predictors of 4PM,l are ratios derived from optical measure-
ments and, thus, are independent of the concentration of DOM
in the samples.
2.3 Photomineralization apparent quantum yields (sunlight
experiments)

A subset of the GF/F-ltered waters used in LED light exposure
experiments were also exposed to natural (broadband) sunlight
to calculate one additional 4PM,l spectrum for each water using
previously described methods.7 This additional 4PM,l spectrum
allowed for comparison with prior work that has relied on
assumptions about the shape of 4PM,l to produced modeled
spectra from broadband light exposure experiments.7 Briey,
each of these water samples was equilibrated to room temper-
ature (∼24 h) and lled with no headspace in pre-combusted,
gas-tight 12-mL borosilicate exetainers (1.5 cm path length;
Labco, Inc). Waters were exposed to natural (broadband)
sunlight for approximately 12 hours at the Toolik Field Station
in the Alaskan Arctic during the summer months, alongside
dark controls. At the end of the 12-hour sunlight exposure, CO2

production by photomineralization and O2 consumption were
quantied in four light-exposed and four dark control replicates
in borosilicate exetainers for each of the waters, as described in
prior sections.

For the light exposure experiments using natural sunlight,
4PM,l spectra were calculated for each water using an uncon-
strained nonlinear optimization function as described previ-
ously7 and summarized in the SI.
2.4 Water column photomineralization rates

Water column photomineralization rates in each surface water
were calculated to test how the directly-quantied shapes of
4PM,l from LED experiments affected photomineralization
rates, compared to modeled shapes of 4PM,l estimated from
broadband light exposures in prior work. Daily water column
photomineralization rates were calculated according to eqn
This journal is © The Royal Society of Chemistry 2025
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(S5), described in the SI, as the product of the apparent
quantum yield (4PM,l), the daily photon ux absorbed by CDOM
in the water column of the stream or lake (Qal), and the ratio of
aCDOMl

atotl
. Three different 4PM,l, with different spectral slopes

(parameter d in eqn (1)) that were either the minimum or
maximum slopes directly quantied from LED light exposures
or the slope estimated using an unconstrained nonlinear opti-
mization function, as described in Section S1.4 and in prior
work,7 were used to calculate three different photo-
mineralization rates for each water.
3 Results

The site averages of 4PM,l for waters exposed to all doses of UVB
LED light ranged from 1.7 ± 0.0 to 21.5 ± 1.7 mmol CO2 mol
photon−1 at 275 nm and from 0.4 ± 0.2 to 4.9 ± 0.8 mmol
CO2 mol photon−1 at 305 nm (mean ± SE; Table 1). For waters
exposed to all doses of longer-wavelength UVA and visible LED
light, the site averages of 4PM,l ranged from −0.3 ± 0.5 to
9.4 mmol CO2 mol photon−1 at 365 nm and from 0.0 ± 0.1 to
5.6 mmol CO2 mol photon−1 at 405 nm (Table 1). The percent
DOC photomineralized to CO2 in all experiments ranged from 1
to 12% (average of 3 ± 0.4%).
Table 1 Average photomineralization apparent quantum yields (4PM,l) o
exposed to LED lighta

Site Wavelength

4PM,l (mmol CO2 mol photon

Target amount of cumulative

0.05 0.5

Imnavait Creek 275 21.5 � 1.7 (2) 8.0 � 0
305 — 4.9 � 0
365 9.4 (1) 1.8 � 0
405 5.6 (1) 1.2 � 0

Kuparuk River 275 12.7 � 1.5 (2) 3.9 � 0
305 — 2.4 � 0
365 6.1 (1) 1.1 � 0
405 1.3 (1) 0.7 � 0

Toolik Lake 275 7.5 � 1.0 (1) 2.7 � 0
305 — 1.0 � 0
365 — 0.3 � 0
405 — 0.2 � 0

LS 1-05 275 19.1 � 3.6 (1) 2.5 � 1
305 — 1.8 � 0
365 — 0.3 � 0
405 — 0.0 � 0

LS 1-27 275 11.2 � 4.4 (1) 3.7 � 0
305 — 1.9 � 0
365 — 1.4 � 0
405 — 0.6 � 0

LS 1-28 275 7.1 � 1.9 (1) 3.3 � 0
305 — 0.4 � 0
365 — −0.3 �
405 — 0.0 � 0

a 4PM,l values are reported as the average ±1 SE of 4PM,l spectra for w
parentheses). When there is only one water sample from a site that recei
experimental replicates of the same water sample (n = 2) except in cases
reported.

This journal is © The Royal Society of Chemistry 2025
3.1 CDOM light absorption and the apparent quantum yield

The doses of 275 nm light from LEDs in this study ranged from
0.04 to 2.8 mol photon m−2 (Table S2). The experimental light
doses at 275 nm were nearly completely absorbed by CDOM in
most sample waters, resulting in the absorption of 0.04 to
2.1 mol photon m−2 by CDOM (Table S2). Because CDOM
absorbs exponentially less light with increasing wavelength,
relatively higher light doses were necessary at 305, 365, and
405 nm to produce detectable amounts of CO2 in each water,
compared to the light doses needed to detect CO2 production at
275 nm. Light doses at these longer wavelengths ranged from
0.05 to as high as 40 mol photon m−2 in some waters (Table S2).
At these longer wavelengths, where CDOM absorption is low,
the rate of light absorption by CDOM is insufficient to absorb all
of the experimental light dose over the course of the experi-
ment. For example, at 405 nm, CDOM absorbed 0.04 to 3.5 mol
photon m−2 of the light doses ranging from 0.07 to 40 mol
photon m−2 (Table S2).

The total amount of CO2 produced by photomineralization at
all wavelengths increased with increasing light dose for most
waters (Fig. S1). To determine how the efficiency of this CO2

production depended on the light exposure history of DOM,
4PM,l was plotted as a function of the cumulative amount of the
f DOM in inland arctic surface waters collected in 2021 and 2022 and

−1)

light absorbed by CDOM (mol photon m−2)

1.2 2 2.85

.9 (6) 4.4 � 0.1 (1) 3.7 � 0.1 (1) —

.8 (4) 2.5 � 0.1 (1) 2.6 � 0.1 (1) —

.3 (6) 0.6 � 0.1 (1) 0.8 � 0.0 (1) 1.2 � 0.0 (1)

.1 (6) 0.5 � 0.1 (1) 0.3 � 0.1 (1) 0.7 � 0.1 (1)

.4 (8) 2.3 � 0.1 (2) 1.7 � 0.0 (1) —

.6 (4) 1.2 � 0.2 (1) 1.0 � 0.1 (1) —

.2 (7) 0.8 � 0.1 (1) 0.4 � 0.1 (2) 0.4 � 0.0 (1)

.2 (7) 0.4 � 0.0 (1) 0.3 � 0.1 (2) 0.3 � 0.0 (1)

.2 (4) 2.8 � 0.1 (2) 2.3 � 0.0 (1) —

.2 (3) 1.3 � 0.1 (1) 1.0 � 0.0 (1) —

.2 (4) 0.3 � 0.1 (2) 0.3 � 0.2 (1) 0.3 � 0.0 (1)

.1 (4) 0.3 � 0.2 (2) 0.2 � 0.1 (1) 0.2 � 0.0 (1)

.0 (2) — 2.2 � 0.0 (1) —

.1 (1) — 1.0 � 0.2 (1) —

.3 (2) — 0.2 � 0.1 (1) −0.2 � 0.1 (1)

.1 (2) — 0.1 � 0.0 (1) 0.2 � 0.1 (1)

.1 (2) — — —

.0 (1) — — —

.0 (2) — — 0.1 � 0.0 (1)

.0 (2) — — 0.1 � 0.1 (1)

.6 (2) — — —

.2 (1) — — —
0.5 (2) — — 0.2 � 0.0 (1)
.3 (2) — — 0.2 � 0.0 (1)

aters from the same site collected on different days (n indicated in
ved a given light treatment, values are reported as the average ±1 SE of
in which there was only one experimental replicate for which no SE is
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light dose that was absorbed by CDOM during time course
experiments. Using the cumulative light absorbed by CDOM as
a measure of light exposure history accounts for different rates
of light absorption among waters over time due to different
initial CDOM concentrations, different wavelengths of light
treatment, and photobleaching of CDOM (see Section S2.1). We
present two sets of comparisons. The rst set (Fig. 2) compares
4PM,l across all waters and wavelengths from light doses that
resulted in detectable 4PM,l during time course experiments,
including results generated from the lowest amounts of
cumulative light absorbed in which only 275 nm light resulted
in a detectable 4PM,l. The second set (Fig. S2) compares the
percent difference in 4PM,l for each water between two different
cumulative amounts of light absorbed (∼0.5 versus 2.0 mol
photon m−2 absorbed). The latter comparison was chosen
because all waters and wavelengths produced detectable CO2 at
∼0.5 and 2.0 mol photon m−2 absorbed (Fig. S1). Both sets of
comparisons show that 4PM,l decreased signicantly with
increasing cumulative light absorbed by CDOM in most waters,
independent of the wavelength of light (Fig. 2 and S2). For
example, most waters show that 4PM,l quantied at 2.0 mol
photon m−2 absorbed by CDOM was at least 20% lower at all
wavelengths than 4PM,l quantied using 0.5 mol photon m−2

absorbed (Fig. S2). In this second comparison (Fig. S2), the
Fig. 2 The photomineralization apparent quantum yield (4PM,l) decrea
Imnavait Creek (orange), the Kuparuk River (green), Toolik Lake (gold), and
(c) 365 nm, and (d) 405 nm. Multiple data series for a given site are for w
connected by lines) indicates a single water sample exposed to multiple li
replicate vials (n = 2).

2760 | Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769
exceptions to this pattern were Imnavait Creek water exposed to
305 nm and 365 nm light and Toolik Lake water exposed to
405 nm light. These latter light treatments resulted in no
signicant difference between 4PM,l quantied using 0.5 versus
2.0 mol photon m−2 absorbed by CDOM. At 275 nm, for which
a wider range of cumulative light absorbed (0.05 to 2.1 mol
photon m−2) could be tested compared to the range at longer
wavelengths (Fig. 2), greater decreases in 4PM,275 with
increasing light absorbed were observed when the cumulative
light absorbed remained low. For example, 4PM,275 decreased by
57 to 92% with increasing cumulative light absorbed by CDOM
from 0.05 to 0.5 mol photon m−2, and decreased relatively less
with increasing cumulative light absorbed from 0.5 to 2.0 mol
photon m−2 (Fig. 2a).
3.2 Water chemistry and DOM composition

In addition to the amount of light absorbed by CDOM, both
water chemistry and DOM composition also controlled the
magnitude of 4PM,l. Imnavait Creek had the lowest pH and
specic conductance, the highest DOC and CDOM (quantied
as a305), and the highest dissolved iron concentrations (Table
S3). The other waters had a wider range of specic conductance
and lower concentrations of DOC, CDOM, and dissolved iron
compared to Imnavait Creek (Table S3). DOM in Imnavait Creek
ses with increasing cumulative light absorbed by CDOM. DOM from
Lake LS 1-05 (blue) was exposed to LED light at (a) 275 nm, (b) 305 nm,

ater samples collected on different dates. Each data series (data points
ght doses. 4PM,l values are shown as the average±1 SE of experimental

This journal is © The Royal Society of Chemistry 2025
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and the Kuparuk River had higher aromaticity (higher SUVA254)
and higher average molecular weight (lower SR)42 than DOM in
the lake waters. DOM in stream waters had more terrestrially-
derived DOM than DOM in lakes, based on the SR values indi-
cating higher average molecular weight and lower peak T/A ratio
of stream versus lake DOM (see S1.1 and Table S3).

4PM,l quantied from 0.5 mol photon m−2 absorbed by
CDOM was signicantly, positively linearly correlated with total
dissolved iron and with SUVA254 (p < 0.01) (Fig. 3a and b) and
signicantly, negatively linearly correlated with SR and peak T/A
(p < 0.01; Fig. 3c and d) at both UV and visible wavelengths in
the stream and lake waters studied. Exponential relationships
between 4PM,l and DOM composition and total dissolved iron
were similarly or less signicant than linear relationships
(Fig. S3 and Table S4). Linear and exponential tting parame-
ters for 4PM,l at all wavelengths as a function of DOM compo-
sition and water chemistry are provided in the SI.

3.3 Shape of the apparent quantum yield spectrum

The 4PM,l spectra directly quantied from LED light exposures
in which approximately 0.5 mol photon m−2 was absorbed by
CDOM at all wavelengths had shapes that decreased approxi-
mately exponentially with increasing wavelength (Fig. S4),
consistent with prior work.12–15 The steepness of the exponential
ts for the shape of 4PM,l spectra is determined by the spectral
slope d in eqn (1). The spectral slopes of 4PM,l spectra across all
sites and light doses in this study ranged from 0.010 to 0.028
nm−1, with an average of 0.017 ± 0.001 nm−1 (n= 34; Table S6).
Fig. 3 4PM,l at 275 nm (open circles) and 405 nm (filled circles) was corre
increasing (a) SUVA254 and (b) total dissolved iron (Fe) concentrations an
least-squares regressions. 4PM,l values are shown as the average ±1 SE o
they are smaller than the data points.

This journal is © The Royal Society of Chemistry 2025
In contrast, the average spectral slope of 4PM,l spectra for the
same sites used in this study was previously found to be 0.022 ±

0.000 nm−1 (n = 42) when 4PM,l spectra were t using an
unconstrained nonlinear optimization function with a pre-
determined initial estimate of 0.03 nm−1 for the spectral slope.7

Thus, spectral slopes of 4PM,l spectra directly quantied from
LED light exposures were on average shallower than slopes of
modeled 4PM,l spectra for broadband light exposures of waters
from the same lakes and streams tested in prior work.7
4 Discussion

Overall, the differences in DOM optical properties between
stream and lake waters are consistent with prior work in these
same waters showing a stronger signature of terrestrially-
derived DOM in stream versus lake waters, such as higher
aromaticity of DOM in streams versus lakes using 13C-NMR.26,43

Values of4PM,l are also consistent with prior work. For example,
the values of 4PM,305 in this study span the same orders of
magnitude as previously reported 4PM,305 of arctic freshwaters
(<0.1 to 14 mmol CO2 mol photon−1 at 305 nm)7 and 4PM,309 of
arctic permafrost soil leachates (0.4 to 2.3 mmol CO2 mol
photon−1).17 Additionally, values of 4PM,365 encompass the
range of 4PM,365 previously reported for DOM isolates (0.09 to
0.11 mmol CO2 mol photon−1) and for DOM in boreal,
temperate, and tropical lakes (0.09 to 1.3 mmol CO2 mol
photon−1).9,24 By directly quantifying the wavelength-dependent
magnitude of 4PM,l as a function of cumulative light absorbed
lated with water chemistry and DOM composition. 4PM,l increased with
d with decreasing (c) slope ratio and (d) peak T/A. Data were fit using
f experimental replicates (n = 2). Where y-axis error bars are not visible,

Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769 | 2761
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by CDOM for the rst time, this study demonstrates that light
exposure history and DOM composition affect the magnitude
and shape of 4PM,l.

4.1 The effects of CDOM light absorption on apparent
quantum yields

A pattern of decreasing rates of DOM photodegradation with
increasing light exposure observed in many prior studies has
been interpreted as the removal of the most highly photo-labile
components of the DOM pool at the lowest amounts of light
exposure, leaving behind less photo-labile components.27–31

Apparent quantum yields for many DOM photodegradation
processes have long been assumed to decrease with increasing
light exposure history in response to this decreasing photo-
lability of DOM. However, apparent quantum yields for DOM
photodegradation have only been quantied as a function of
light exposure for two waters in prior work.13,33 Here, we directly
quantied the wavelength-dependent effects of increasing
cumulative light exposure history on 4PM,l for water samples
from six different inland arctic surface waters. We show that
4PM,l is strongly dependent on the cumulative amount of light
absorbed by CDOM at all wavelengths, decreasing by up to 92%
with increasing light absorbed (Fig. 2).

The extent to which 4PM,l decreased with increasing cumu-
lative light absorbed by CDOM is similar to a prior study of photo-
oxidation of DOM. In the prior study, the apparent quantum yield
for photo-oxidation of DOM, which is positively correlated with
photomineralization during photodegradation,7 decreased by
70% with an increase in cumulative UVB light absorbed from
approximately 0.01 to 0.4mol photonm−2 for terrestrially-derived
DOM in nearshore marine water, determined using an experi-
mental pathlength of light similar to that used in this study.13

This decrease in the yield for photo-oxidation with increasing
light exposure falls within the range of 57 to 92% decrease in
4PM,275 for an increase in cumulative 275 nm light absorbed by
CDOM from 0.05 to 0.5 mol photon m−2 for Imnavait Creek, the
Kuparuk River, and Toolik Lake in this study (Fig. 2a).

4.2 The effects of dissolved iron and DOM composition on
apparent quantum yields

The signicant positive correlation between 4PM,l and iron
(Fig. 3b) supports prior work demonstrating the role of iron in
increasing the yield of CO2 from DOM photomineralization.17,44

Iron is thought to catalyze the oxidation of carboxylic acids
within DOM to CO2 (i.e., photo-decarboxylation).17,36,45,46 Photo-
decarboxylation is a ligand–metal interaction whereby Fe(III)
complexed by carboxylic acids within DOM acts as a catalyst for
the oxidation of the carboxyl acids to CO2.17,46 Here, we provide
evidence that some of these carboxylic acids are aromatic.

SUVA254 is a proxy for the aromatic carbon content of DOM.25

The signicant, positive correlation between 4PM,l and SUVA254
(Fig. 3a), suggests that the DOM most labile to photo-
mineralization has high aromatic content. The decrease in 4PM,l

with increasing slope ratio (Fig. 3c), a proxy for the average
molecular weight of DOM,42 shows that the DOM most labile to
photomineralization has relatively high molecular weight. These
2762 | Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769
relationships between 4PM,l and water chemistry suggest that
terrestrially-derived DOM characterized by high aromaticity and
high molecular weight draining into inland arctic surface waters
makes up the fraction of the DOM pool that is most highly labile
to photomineralization. High lability of aromatic DOM to pho-
tomineralization is consistent with many studies showing loss of
aromatic DOM concurrent with DOM conversion to CO2 during
light exposure.32,47–49 Loss of aromatic DOM has also been
observed concurrently with a high loss of carboxyl carbon during
sunlight exposure of DOM draining from permafrost soils.32

Thus, results from this study support prior work showing that
the carboxylic acids most labile to photomineralization to CO2

are associated with aromatic fractions of DOM.
The strong dependence of 4PM,l on dissolved iron and the

chemical composition of DOM predicts that 4PM,l at all wave-
lengths will vary substantially as a result of spatial and temporal
variation in water chemistry and DOM composition, both in
surface waters of the Arctic and surface waters at other latitudes
spanning similar ranges of dissolved iron and DOM as in this
study. Understanding how 4PM,l depends on DOM composition
is important given that the average composition of DOM
exported to inland surface waters as the Arctic warms will
change as an increasing proportion of that DOM comes from
thawing permafrost soils. DOM draining from permafrost soil
layers typically has lower aromatic content (SUVA254 of 1.7 ±

0.1 L mg C−1 L−1)17,50,51 than DOM draining from the thawed,
surface active layer (SUVA254 of 2.7 ± 0.4 L mg C−1 L−1).50,51

However, DOM draining from permafrost soils is also associ-
ated with relatively high dissolved iron.17,52,53 Based on the
results of this study, 4PM,l is predicted to decrease with
decreasing aromaticity of DOM but increase with increasing
dissolved iron. The net effect of shiing DOM sources on the
magnitude of 4PM,l might depend on the relative importance of
aromaticity versus dissolved iron concentrations.
4.3 Standardizing the light absorbed in photochemical
experiments

This study is the rst to show that 4PM,l is positively correlated
with the aromatic content of DOM when the amount of light
absorbed by CDOM is standardized across waters and light
treatments (Fig. 3). It is expected that 4PM,l should be positively
correlated with aromatic carbon content of DOM, given that
many studies show loss of aromatic DOM during light
exposure.32,47–49 However, most prior work found no correlation
between 4PM,l and the initial aromatic content of DOM,7 or
showed that 4PM,l is negatively correlated with the initial
aromatic content.24 In the one prior study that reported a positive
correlation between 4PM,l and the aromatic content, the magni-
tude of 4PM,l spanned a lower range (0.4 to 4.4 mmol CO2 mol
photon−1 at 275 nm) compared to that in the present study (1.5 to
10.2 mmol CO2 mol photon−1 at 275 nm), over a similar range of
aromatic content.9 Differences between the relationships in this
study and those in prior work are likely due to the lack of stan-
dardization of the amounts of light absorbed by CDOM.

When studies reported no relationship or a negative corre-
lation between 4PM,l and aromatic content, 4PM,lwasmeasured
This journal is © The Royal Society of Chemistry 2025
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from experiments where either the duration of light exposure or
the total light dose was held constant for waters varying in
CDOM concentration.7,9,24 Because waters high in CDOM
concentration both absorb light at a greater rate and are oen
high in their aromatic content,34,54 waters containing highly
aromatic DOM will absorb substantially more of a given light
dose than will waters containing less aromatic DOM. Because
the magnitude of 4PM,l depends strongly on the cumulative
amount of light absorbed by CDOM (Fig. 2), experiments
quantifying 4PM,l from a large amount of light absorbed in
a high CDOM, high aromatic DOM water may miss the higher
4PM,l corresponding to the most photo-labile DOM at the lowest
amounts of light absorbed. Differences in the amounts of light
absorbed between waters in a given study likely completely or
partially outweighed the effect of aromatic content on 4PM,l.7,9,24

Thus, the effects of DOM composition on 4PM,l cannot be
reliably distinguished from the effects of light exposure history
in prior work in which light absorbed by CDOM was not
standardized.

Nonetheless, the effects of DOM composition and light
absorption on 4PM,l may be evident over a large enough range
of both these controls in the literature, compared to any
individual study (Fig. 4 and Table S5). On average, 4PM,350

values reported for inland arctic and boreal surface waters are
higher than 4PM,350 values reported for inland temperate and
tropical surface waters (Fig. 4). The majority of the variation in
the regional average 4PM,350 can be explained by the compo-
sition of DOM. Latitudes in which waters have higher average
aromatic content have higher 4PM,350 values (Fig. 4b), consis-
tent with the positive correlation between SUVA254 and 4PM,l at
all wavelengths in this study (Fig. 3a and S3). However, some
differences in 4PM,350 among latitudes may not be explained by
DOM composition alone. For example, arctic surface waters
have a signicantly higher average 4PM,350 compared to
temperate and tropical surface waters, despite having a similar
average SUVA254 to these waters. The average 4PM,350 for arctic
surface waters might be higher than predicted based on
Fig. 4 The average photomineralization apparent quantum yield at 350 n
latitudes as a function of (a) light absorbed by CDOM and (b) SUVA254. 4
average ±1 SE of all 4PM,350 values reported at each latitude (n provided
reported at both 350 nm (Cory et al., 2014; Koehler et al., 2016; and Gro

This journal is © The Royal Society of Chemistry 2025
SUVA254 because experiments to quantify 4PM,350 in arctic
waters used the lowest amounts of light absorbed by CDOM
(1.1 ± 0.1 mol photon m−2), which are expected to lead to
relatively higher values for 4PM,350 compared to experiments
done with tropical and temperate waters that used greater
amounts of light absorbed by CDOM (6.6 ± 1.0 and 11.3 ±

3.7 mol photon m−2, respectively; Fig. 4a). Thus, both differ-
ences in DOM composition and the amount of light absorbed
by CDOM likely contribute to variation in the magnitude of
4PM,l in prior work.
4.4 Controls on the shape of the apparent quantum yield
spectrum

Water column photomineralization rates depend strongly on
the spectral slope of 4PM,l.17 Thus, it is important to understand
how the shapes of 4PM,l generated for the same water using
different methods may affect estimates of water column pho-
tomineralization rates. For example, water column photo-
mineralization rates calculated for the same sunny summer-
solstice day (21 June 2018) in Imnavait Creek, the Kuparuk
River, and Toolik Lake with a 4PM,l t to the modeled spectral
slope assumed in Cory et al.7 were 6.6, 3.7, and 4.1 mmol CO2

m−2 d−1, respectively (Tables S7 and S8). Water column pho-
tomineralization rates calculated assuming that 4PM,l had the
steepest and shallowest spectral slopes measured directly in
this study were 20 to 40% slower for the steepest slope and 20 to
45% faster for the shallowest slope, compared to water column
rates calculated with spectral slopes modeled using assump-
tions from prior work (Table S7 and Fig. S5).7

Differences in total water column photomineralization rates
calculated using different spectral slopes of 4PM,l were
primarily due to differences in rates at visible wavelengths. The
shallower the 4PM,l spectral slope, the relatively higher the yield
at visible wavelengths compared to the yield at UV wavelengths
(Fig. 1). For example, photomineralization at visible wave-
lengths accounted for 57 to 68% of total photomineralization
m (4PM,350) reported in prior work for inland surface waters at different

PM,350 values, light absorbed by CDOM, and SUVA254 are shown as the
in Table S5). Average 4PM,350 values include apparent quantum yields
eneveld et al., 2016) and at 365 nm (Milstead et al., 2023).

Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769 | 2763
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rates calculated using the shallower spectral slope, but only 29
to 46% of total photomineralization rates calculated using the
steeper spectral slope (Table S7). Although the absorbance of
light by CDOM is much higher in the UV than in the visible
region, more total visible light reaches the water surface, and
thus more visible light is absorbed by CDOM in the water
column, compared to the amount of UV light absorbed.55

Therefore, relatively higher or lower yields of CO2 at visible
wavelengths resulted in substantially faster or slower photo-
mineralization rates, respectively (e.g., Fig. S5). Because the
directly-quantied 4PM,l slopes in this study are on average
shallower (with higher yields at visible wavelengths) than the
modeled slopes assumed in Cory et al.7 (and other studies),
water column rates of photomineralization in these arctic
surface waters may be greater than previously reported.

The extent of light exposure of DOMmay be a control on the
spectral slope of 4PM,l. The spectral slope of 4PM,l increased
with increasing cumulative light absorbed by CDOM in Imna-
vait Creek (Fig. S6a), while there was no relationship between
the spectral slope of 4PM,l and cumulative light absorbed in the
Kuparuk River or Toolik Lake (Fig. S6b). Steeper spectral slopes
with increasing cumulative light absorbed in Imnavait Creek
indicate that 4PM,l decreased relatively more at visible wave-
lengths than at UV wavelengths during light exposure. Thus, the
portion of DOM in Imnavait Creek that is most labile to pho-
tomineralization is likely more rapidly depleted at visible
wavelengths relative to UV wavelengths. Because this depen-
dence of the slope of 4PM,l on cumulative light absorbed was
not observed in waters from other sites, the fraction of DOM
that was highly labile to photomineralization at visible wave-
lengths in Imnavait Creek is inferred to compose less of the
photo-labile DOM in the Kuparuk River and Toolik Lake.

DOM in Imnavait Creek might be relatively more labile to
photomineralization at visible wavelengths because this site
typically has the highest concentrations of dissolved iron of the
waters sampled (Table S3). When complexed with carboxyl
carbon in DOM, dissolved iron may catalyze the photo-
mineralization of this DOM through photodecarboxy-
lation.17,36,45,46 Compared to other mechanisms of
photomineralization (e.g., oxidation of DOM by hydroxyl
radical),20 photodecarboxylation might have higher yields in the
visible relative to the UV region. For example, DOM inferred to
be complexed with dissolved iron has been shown to increase
absorption of visible wavelengths of light compared to absorp-
tion in the absence of iron.56 The latter evidence, combined with
studies of model complexes of iron and organic ligands,46

suggests that iron might catalyze more photodecarboxylation of
DOM at visible than at UV wavelengths.17,45 Consistent with this
expectation, Bowen et al.17 found that the molar ratio of
photochemical CO2 production to O2 consumption, a proxy for
the extent of decarboxylation, is greater at visible than at UV
wavelengths. Thus, decarboxylation of iron-DOM complexes
and the resulting depletion of this highly photo-labile fraction
of DOM might explain the relatively greater decrease in 4PM,l

with increasing cumulative light absorbed at visible versus UV
wavelengths in Imnavait Creek.
2764 | Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769
4.5 Substrate limitation of photomineralization rates

Water column photomineralization rates in streams and lakes
are determined by (1) the amount of downwelling sunlight
reaching the water surface, (2) the amount of CDOM available to
absorb that downwelling sunlight, and (3) the lability of DOM to
photomineralization, quantied as 4PM,l. The rst control
relates to the supply of light, while the latter two controls relate
to the supply (quantity and quality) of the DOM substrate. Thus,
either the supply of light, the supply of substrate, or both may
limit photomineralization rates.34 The results of this study
provide new information about substrate limitation of photo-
mineralization in inland surface waters.

Surface waters are substrate-limited if photomineralization
rates increase with increases in the quantity or quality of the
DOM substrate. Prior work has largely focused on the quantity
of CDOM available to absorb sunlight reaching the water
surface as a cause of substrate limitation.34 However, photo-
mineralization rates also depend on the quality of the
substrate in surface waters. Our results show that 4PM,l

decreases with increasing cumulative light absorbed by
CDOM, which is inferred to reect the depletion of the most
photo-labile fractions of DOM. Even when there is sufficient
CDOM, photomineralization rates can respond to depletion of
the photo-labile fraction with increasing light exposure
history. In practice, substrate limitation by CDOM concentra-
tions and by DOM photo-lability (4PM,l) are expected to be
correlated because progressive sunlight exposure of DOM
results in both photobleaching (loss) of CDOM and depletion
of the most photo-labile fraction of the DOM pool.7,13 Pre-
dicting how strongly photomineralization rates are substrate-
limited by DOM photo-lability requires knowing how much
the magnitude of 4PM,l changes over light-exposure time in
surface waters.

At all sites, the maximum value of 4PM,l for each water (i.e.,
the value of 4PM,l quantied using the smallest amount of
light absorbed by CDOM that yielded detectable product at
a given wavelength) is the best estimate of the instantaneous
lability of DOM to photomineralization. This is because 4PM,l

values quantied using larger amounts of light absorbed by
CDOM reect depletion of photo-labile DOM in the closed
system of light exposure experiments, compared to a natural
system with turnover of photo-labile DOM. Because some
depletion of the most photo-labile DOM likely occurred before
even the smallest amount of light tested in LED experiments in
this study was absorbed by CDOM, this maximum 4PM,l is still
an underestimate. At present, therefore, all estimates of 4PM,l

– including those reported in this study – are biased low
because a detectable product must be formed in order to
experimentally quantify 4PM,l. Furthermore, previous studies
have typically quantied 4PM,l using amounts of light absor-
bed that are greater than even the largest amount of light
absorbed in this study (Fig. 4a). Because 4PM,l decreased from
8 to 92% with increasing cumulative light absorbed, and 4PM,l

in over half of the waters tested decreased by at least 40%,
4PM,l in prior work is likely underestimated by at least this
much.
This journal is © The Royal Society of Chemistry 2025
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4.6 The effects of DOM turnover time in natural waters

While light exposure experiments can yield best estimates of
4PM,l at the time of water sample collection, scaling-up photo-
mineralization rates to longer time scales requires consider-
ation of how light exposure history affects the loss of photo-
labile substrates and thus the value of 4PM,l. Unlike in our
experiments, where photo-labile DOM depleted during light
exposure was not replenished, inland surface waters receive
fresh, potentially photo-labile DOM from soil waters, sedi-
ments, and autochthonous production.3,34,57,58 Thus, at longer
time scales, the turnover rate of photo-labile DOM is a net
balance between input and removal rates. If the pool of photo-
labile DOM in the water column is removed by sunlight expo-
sure (or other processes including microbial respiration, lateral
transport, or burial)3,7,26 faster than it is replenished over the
residence time of DOM in the water column, then we expect the
pool of photo-labile DOM to decrease, substrate limitation to
increase, and 4PM,l to decrease over time.

The turnover of photo-labile DOM in natural systems is
difficult to measure directly, but it can be inferred from changes
over time in the magnitude of 4PM,l. The magnitude of 4PM,l

was shown in this study to be positively, linearly correlated with
dissolved iron concentration and with SUVA254, a proxy for the
aromatic content of the DOM (Fig. 3). Because iron concentra-
tions and SUVA254 are each much easier to quantify than are
4PM,l spectra, they can predict seasonal variation in the
magnitude of 4PM,l. In turn, understanding seasonal changes
in 4PM,l provides information about substrate limitation and
the turnover of photo-labile DOM in surface waters.

When the relationship between 4PM,l and SUVA254 is
extrapolated to the range of SUVA254 observed in these waters
over the summer season (Table S9), patterns of substrate limi-
tation by 4PM,l are observed in the streams and lakes (Fig. 5).
For example, aer increasing sharply during spring thaw,
4PM,275 predicted from SUVA254 in Imnavait Creek remains
relatively constant around an average of 7.6 ± 0.1 mmol
Fig. 5 4PM,275 values predicted from SUVA254 of DOM in waters collected
Kuparuk River in 2012, Toolik Lake in 2019, and the three coastal plain la

This journal is © The Royal Society of Chemistry 2025
CO2 mol photon−1 through July (mean ± SE of all 4PM,275 pre-
dicted from SUVA254 measurements from Imnavait Creek
between May 20 and July 31 in 2016; Fig. 5). Relatively constant
4PM,275 over time, as is the case for most of July, indicates that
substrate limitation changes little due to a net balance of photo-
labile DOM removal and replenishment. The high 4PM,275 pre-
dicted for Imnavait Creek from spring runoff in late May
through July is consistent with knowledge of hydrologic
controls on export of photo-labile DOM to Imnavait Creek. For
example, during the wetter hydrologic states of spring runoff
through mid-summer characterized by high lateral ows, high
in-stream ows, and short in-stream residence times, DOM in
Imnavait Creek is primarily composed of groundwater DOM.57

Given that groundwater DOM exported to streams via lateral
inow has no light-exposure history, this DOM is expected to
have the highest abundance of photo-labile DOM, and thus
highest 4PM,275 relative to larger streams or lakes, as observed in
this study and prior work in these waters.7 During August,
however, a slight decrease in 4PM,275 to a monthly average of 6.8
± 0.1 mmol CO2 mol photon−1 indicates that Imnavait Creek is
receiving a smaller inux of photo-labile DOM, leading to lower
photomineralization rates (Fig. 5). Imnavait Creek in August is
characterized by low in-stream ows and longer water residence
times when photomineralization of the groundwater DOC may
deplete the most photo-labile DOC faster than it is replenished.

In the Kuparuk River, seasonal values of 4PM,275 predicted
from SUVA254 are more variable (from 3.1 to 5.7 mmol CO2 mol
photon−1, Fig. 5) than the values of 4PM,275 predicted in
Imnavait Creek. Periods of sustained decreases in 4PM,275

during June and late July into August indicate a lower replen-
ishment rate of the photo-labile DOM that is removed in the
river. The same hydrologic processes resulting in the domi-
nance of groundwater DOM in Imnavait Creek operate in the
Kuparuk River, a higher order stream that includes Imnavait
Creek and its watershed.57 However, DOM in the larger Kuparuk
River has spent more time in sunlit surface water relative to the
during the ice-free summer months from Imnavait Creek in 2016, the
kes LS 1-05, LS 1-27, and LS 1-28 in 2014.

Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769 | 2765
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DOM in the headwater Imnavait Creek. Thus, DOM in the
Kuparuk River has a greater light-exposure history than in
Imnavait Creek, resulting in removal of the most photo-labile
DOM faster than it is replenished, as indicated by the lower
4PM,275 (Fig. 5). Precipitation events like summer storms
replenish the groundwater DOM in the Kuparuk River,57 thus
increasing the SUVA254 and the predicted 4PM,275 in the river.

In the lakes, values of 4PM,275 predicted from SUVA254 were
relatively constant over the summer in both Toolik Lake (4.5 ±

0.1 mmol CO2 mol photon−1) and the coastal plain lakes (1.2 ±

0.1 mmol CO2 mol photon−1 across all three lakes; Fig. 5). This
result indicates that the turnover (net of the supply and loss
rates) of the photo-labile DOM in these lakes is relatively
constant over time. Seasonal values of 4PM,l at the longer UV
and visible wavelengths are predicted to show the same patterns
of substrate limitation as observed at 275 nm over time because
4PM,l at all wavelengths are strongly correlated with each other
(Fig. S7).

5 Conclusions

The apparent quantum yield of photomineralization decreases
with increasing cumulative light absorbed by CDOM, a proxy for
the light exposure history of DOM. The decrease in 4PM,l with
increasing cumulative light absorbed by CDOM ranged from 8
to 92%, and was highest at the lowest amounts of light absorbed
by CDOM. For 4PM,l measured using the same amount of light
absorbed by CDOM across all waters in this study, 4PM,l was
signicantly, positively correlated with dissolved iron and
SUVA254 (a proxy for aromatic carbon content). The slope of
4PM,l directly measured in this study was shallower than the
slopes assumed from amodeled 4PM,l spectrum in prior studies
of the same waters, indicating greater photomineralization at
longer, visible wavelengths.

There are several implications of the nding that 4PM,l is
strongly related to the amounts of light absorbed by CDOM and
the requirement of a minimum amount of light necessary to
achieve a detectable product. First, the effects of DOM compo-
sition on4PM,lmay be clearest whenmeasurements of4PM,l are
made by standardizing the amount of light absorbed by CDOM
across all waters. Furthermore, results from this study suggest
substantial uncertainty in the composition of DOM most labile
to photomineralization. In this study, which uses lower
amounts of light absorption to quantify 4PM,l compared to prior
work, the percent DOC photomineralized to CO2 averaged only
3 ± 0.4%. In contrast, studies that examine the effect of pho-
todegradation on DOM to infer fractions labile to photo-
mineralization oen conduct experiments with much greater
loss of DOC by photomineralization to ensure detectable
differences in DOM composition (17 to 46%).36,49,59 Thus, at
present it is not possible to identify the composition of the most
photolabile DOM that is photomineralized at low amounts of
light absorption by CDOM.

Second, previously reported values of 4PM,l in inland
waters7–11 may be substantially underestimated. This is because
4PM,l values quantied using larger amounts of light absorbed
by CDOM reect depletion of photo-labile DOM in the closed
2766 | Environ. Sci.: Processes Impacts, 2025, 27, 2755–2769
system of light exposure experiments that does not occur to the
same degree in a natural, open water column. For example,
given that 4PM,l decreased from 8 to 92% (mean = 47%) across
all waters, wavelengths, and ranges of light absorbed in our
study (Fig. 2 and S2), and that photomineralization rates
depend linearly on themagnitude of 4PM,l in eqn (S5), it follows
that photomineralization rates are underestimated by ∼47%.
The magnitude of underestimation of photomineralization
rates may be conservative for two reasons. (1) Of the studies that
have reported the amount of light absorbed for their measure-
ments of 4PM,l, the light absorbed is signicantly higher than
the maximum used in this study, implying that their 4PM,l and
rates of photomineralization may be even more under-
estimated. (2) Spectral slopes of the directly measured 4PM,l

that are shallower than slopes assumed from modeled 4PM,l in
prior studies suggest that rates of photomineralization have
been underestimated in prior studies. The effect of the shallow
slope of 4PM,l is in addition to the average 47% underestima-
tion from the effects of light absorption in our study. Thus, we
suggest that photomineralization accounts for substantially
more than the reported 10 to 30% of the total CO2 emitted from
inland surface waters to the atmosphere.7–11
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