TYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s)' Koehler, Birgit; Powers, Leanne C.; Cory, Rose M.; Einarsdottir, Kardlina; Gu,
) Yufei; Tranvik, Lars J.; Vahatalo, Anssi V.; Ward, Collin P.; Miller, William L.

Title: Inter-laboratory differences in the apparent quantum yield for the photochemical
) production of dissolved inorganic carbon in inland waters and implications for
photochemical rate modeling

Year: 2022

Version: pyblished version

Copyright: © 2022 the Authors

Rights: ccgy-nc-ND 4.0
Rights url: https://creativecommons.org/licenses/by-nc-nd/4.0/

Please cite the original version:

Koehler, B., Powers, L. C., Cory, R. M., Einarsdottir, K., Gu, Y., Tranvik, L. J., Vahatalo, A. V., Ward,
C. P., & Miller, W. L. (2022). Inter-laboratory differences in the apparent quantum yield for the
photochemical production of dissolved inorganic carbon in inland waters and implications for
photochemical rate modeling. Limnology and Oceanography : Methods, 20(6), 320-337.
https://doi.org/10.1002/lom3.10489



W) Check for updates

A

“-

O

Limnol. Oceanogr.: Methods 2022

© 2022 The Authors. Limnology and Oceanography: Methods published by
Wiley Periodicals LLC on behalf of Association for the Sciences of
Limnology and Oceanography.

doi: 10.1002/lom3.10489

Inter-laboratory differences in the apparent quantum yield for the
photochemical production of dissolved inorganic carbon in inland
waters and implications for photochemical rate modeling

Birgit Koehler @, Leanne C. Powers ©,%P Rose M. Cory ©,3 Karélina Einarsdottir @, Yufei Gu ®,*

Lars ). Tranvik ©," Anssi V. Vahatalo @, Collin P. Ward ©,%>< William L. Miller ®%+
'Ecology and Genetics/Limnology, Evolutionary Biology Centre, Uppsala University, Uppsala, Sweden
2Department of Marine Sciences, University of Georgia, Athens, Georgia

Earth and Environmental Sciences, University of Michigan, Ann Arbor, Michigan

“Department of Biological and Environmental Science, University of Jyviskyld, Jyviskyld, Finland

Abstract

Solar radiation initiates photochemical oxidation of dissolved organic carbon (DOC) to dissolved inorganic
carbon (DIC) in inland waters, contributing to their carbon dioxide emissions to the atmosphere. Models can
determine photochemical DIC production over large spatiotemporal scales and assess its role in aquatic C
cycling. The apparent quantum yield (AQY) spectrum for photochemical DIC production, defined as mol DIC
produced per mol chromophoric dissolved organic matter-absorbed photons, is a critical model parameter. In
previous studies, the principle for the determination of AQY spectra is the same but methodological specifics
differ, and the extent to which these differences influence AQY spectra and simulated aquatic DIC photo-
production is unclear. Here, four laboratories determined AQY spectra from water samples of eight inland
waters that are situated in Alaska, Finland, and Sweden and span a nearly 10-fold range in DOM absorption
coefficients. All AQY values fell within the range previously reported for inland waters. The inter-laboratory
coefficient of variation (CV) for wavelength-integrated AQY spectra (300-450 nm) averaged 38% =+ 3% SE,
and the inter-water CV averaged 63% + 1%. The inter-laboratory CV for simulated photochemical DIC pro-
duction (conducted for the five Swedish lakes) averaged 49% =+ 12%, and the inter-water CV averaged 77% +
10%. This uncertainty is not surprising given the complexities and methodological choices involved in deter-
mining DIC AQY spectra and needs to be considered when applying photochemical rate modeling. Thus, we
also highlight current methodological limitations and suggest future improvements for DIC AQY determina-
tion to reduce inter-laboratory uncertainty.
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Globally, lakes and reservoirs emit 0.3-0.6 Gt C yr~* as carbon
dioxide (CO,) to the atmosphere (Cole et al. 2007; Raymond
et al. 2013; Drake et al. 2018). Some CO, emitted from inland
waters results from photochemical mineralization of dissolved
organic carbon (DOC) to dissolved inorganic carbon (DIC)
(Granéli et al. 1996; Gao and Zepp 1998; Cory et al. 2014). Pho-
tochemical mineralization of DOC globally generates annual C
fluxes similar in magnitude to C burial in natural lake sediments
(Koehler et al. 2014) and may account for 3% to up to ca. 30%
of CO, emitted from arctic and boreal lakes (Cory et al. 2014;
Groeneveld et al. 2016; Vachon et al. 2016; Allesson et al. 2021).

Photochemical production of CO, from inland waters is
often estimated from spectral photochemical rate modeling
(Fichot and Miller 2010; Aarnos et al. 2012; Cory et al. 2014;
Koehler et al. 2014). A key parameter in the model is the pho-
tochemical reactivity of dissolved organic matter (DOM),
quantified as the apparent quantum yield (AQY). The AQY is
defined as mol DIC photochemically produced per mol pho-
tons absorbed by chromophoric DOM (CDOM).

The methodologies for the determination of AQYs vary sub-
stantially in the literature. One method uses monochromatic
radiation at specific wavelengths to determine AQY spectra for
DIC production from CDOM (Gao and Zepp 1998; Vidhitalo
et al. 2000; Bowen et al. 2020). A limitation to the monochro-
matic method is that the total photochemical DIC production
can be very small due to the limited photon flux within a small
bandwidth. Although recent advances in light-emitting diode
technology, creating narrow-band photon emission, have over-
come this limitation (Bowen et al. 2020; Ward et al. 2021), prior
research using monochromatic AQY methods were only feasible
in high CDOM waters or at high energy (ultraviolet-B radiation,
UV-B) wavelengths where DIC yields from CDOM are highest.

Many recent studies determining spectral DIC AQYs are
using DOM-exposure to polychromatic (i.e., broadband) light
sources, often in combination with multiple optical cut-off fil-
ters (Johannessen and Miller 2001; Koehler et al. 2014), or by
using natural sunlight (Vdhatalo et al. 2000; Cory et al. 2013).
The advantages and disadvantages of monochromatic
vs. polychromatic AQY determination have recently been
reviewed in detail elsewhere (Ward et al. 2021). One primary
advantage of the polychromatic light is that it is representative
of how CDOM is exposed to sunlight in natural waters, and
thus may capture interactions between wavelengths (Cullen
and Neale 1994) that produce DIC from CDOM. In addition,
polychromatic light exposures for AQY can be less time con-
suming than those using monochromatic light. A potentially
critical limitation of the polychromatic approach is the require-
ment for an a priori assumption of the spectral shape of the
AQY spectrum, since the data are fit using a predetermined
equation, usually an exponential function. Using an assumed
shape of the AQY spectrum is supported by the literature
because both monochromatic and polychromatic methods sug-
gest that the AQY of photochemical DIC production in sunlit
waters is highest for the high-energy photons absorbed in the
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UV-B, and decreases toward longer wavelengths in the ultravio-
let-A (UV-A) and visible ranges (Gao and Zepp 1998; Vihitalo
et al. 2000; Johannessen and Miller 2001). However, it should
be noted that some studies have found that other functions
(e.g., a quasi-exponential equation; Belanger et al. 2006, Xie
et al. 2012) better described DIC AQYs in some cases.

Although the general methods for determining AQY spectra
from polychromatic irradiation experiments are similar (boxes in
Fig. 1), laboratory-specific setups and method specifics can differ
substantially (text next to boxes in Fig. 1). This includes, for
example, sample storage and preirradiation treatment, arrange-
ment of the irradiated vessels in the solar simulator, number and
transmission spectra of optical cut-off filters, radiation dose
(i.e., irradiation intensity and time) and quantification of total
DOM-absorbed photons, as well as the mathematical function
and fitting procedure used to describe the spectral dependency
of AQY (Cory et al. 2014; Powers and Miller 2015a; Groeneveld
et al. 2016; Gu et al. 2017). Moreover, our knowledge of spatial
and temporal variability for AQY spectra that leads to photo-
chemical DIC production in inland waters remains poor
(Vahdtalo et al. 2000; Vdhatalo and Wetzel 2004; Cory
et al. 2014; Koehler et al. 2014; Groeneveld et al. 2016; Koehler
et al. 2016). Hence, AQY spectra present a potentially consider-
able source of uncertainty in any estimates of photochemical
CO, emissions, such as from large-scale modeling of photochem-
ical DIC production. It is unclear to what extent the relatively
large differences in published estimates of the role of photo-
chemistry in aquatic DOC mineralization are due to real differ-
ences in these water samples or due to inter-laboratory variations
in the method specifics used to determine DIC AQY spectra.

Given that (1) simulated photochemical DIC production is
sensitive to both the magnitude and slope of the AQY spec-
trum (Fichot and Miller 2010; Cory et al. 2014; Koehler
et al. 2014) and (2) large-scale model simulations are used to
assess the importance of sunlight for carbon cycling in inland
waters (Koehler et al. 2014; Allesson et al. 2021), there is a
need for inter-calibration studies of AQY spectra across the
methods used in different laboratories. Here, we compare
the results from four separate laboratories (corresponding to
the four affiliations of the authors of this study), each using
published protocols for determining photochemical AQY spec-
tra for the production of DIC in sunlit waters. Using a set of
samples from eight diverse inland waters, we examine the var-
iability in AQY spectra between waters and between laborato-
ries, discuss implications for the modeling of aquatic carbon
cycling, and make recommendations for future work.

Materials and procedures

Sampled inland waters

During 15-20 September 2014, 10 L surface water were sam-
pled from seven lakes in Alaska, Finland, and Sweden, and from
one creek in Alaska (Table 1) using high-density polyethylene
(HDPE) carboys that were precleaned using established



Koehler et al.

procedures (Mannino et al. 2019). The samples from Alaska were
filtered on the sampling day over 0.7-um glass microfiber filters
(Whatman GF/F, GE Healthcare, Buckinghamshire, UK). The
samples from Finland and Sweden were kept dark and cold until
filtration within 2 weeks over 1.2-um glass microfiber (Whatman
GF/C) and 0.2-um membrane filters (Supor®-200, Pall Corpora-
tion, Ann Arbor, Michigan, USA). To minimize differences in the
water subsamples that were subsequently shipped to the four lab-
oratories, the water was filtered into one 10-L container first, and
then mixed thoroughly before distributing into 2-L precleaned
HDPE bottles. These samples were immediately shipped to the
four laboratories dark and cold, and stored dark and cold (4°C)
until further analysis within 1-5 months. Just before the irradia-
tion experiments, the water samples were refiltered in each labo-
ratory using precombusted glass fiber filters (Whatman GEF/F,
about 0.7 ym), or 0.2-um membrane filters of different models,
specifically track-etched polycarbonate filters (Nuclepore, Merck
Millipore, Darmstadt, Germany; or Cyclopore, Whatman, GE
Healthcare Life Sciences, UK), and polyethersulfone Supor®-200
filters (Pall Corporation, Ann Arbor, Michigan, USA).

AQY inter-laboratory comparison

Apparent quantum yield

All AQY spectra presented in this comparison were deter-
mined by measuring DIC produced with solar simulator irradia-
tion in the laboratory, quantifying DOM-absorbed photons, and
fitting an exponential function to these data to define a
wavelength-resolved AQY spectrum. The laboratory-specific pro-
tocols for the four groups involved in this study have been
described in detail previously (Cory et al. 2014; Powers and
Miller 2015a; Groeneveld et al. 2016; Gu et al. 2017). In the labo-
ratory at the University of Michigan, photochemical DIC produc-
tion was not detectable for Toolik Lake underneath the high
cut-off filters (>370 nm) relative to dark controls, and was there-
fore measured as photochemical oxygen consumption (relative
to dark controls), assuming a 1 : 1 relationship between con-
sumed O, and produced CO, (Cory et al. 2014; Ward and
Corry 2020). Also, in the laboratory at the University of Michi-
gan, flocculant material was noted in the water samples of some
lakes following storage. Although all laboratories followed a simi-
lar general workflow, laboratory-specific protocols varied in the
detail of specific setups and procedures (Fig. 1). Differences
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Materials and chemicals involved
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Fig. 1. Flow chart of steps involved in determining an AQY spectrum in

the laboratory. Adjacent to the boxes naming the work steps are some of the

aspects that may cause inter-laboratory differences. See Supporting Information Table S1 for details on how the central work steps were conducted in the
four laboratories in this study. Work steps that were unified between laboratories in this study are described in the “Apparent quantum yield” section.
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include (1) sample storage conditions and storage time, filtra-
tion and pretreatment; (2) type, size, shape, and orientation
of the irradiation vessels; (3) optical measurements and
assumptions; (4) irradiation time and photon flux; (5) the use
or omission of optical cut-off filters to provide multiple DIC
production rates that constrain AQY spectra; (6) the analysis
of DIC concentrations preirradiation and postirradiation; and
(7) mathematical fitting routines (Fig. 1; Supporting Informa-
tion Table S1).

Apart from the laboratory at the University of Michigan,
where no sample pretreatment was conducted, background DIC
concentrations were reduced before irradiation. The water sam-
ples were acidified to pH < 3 using concentrated hydrochloric
acid, bubbled using CO,-free air or nitrogen gas for 30-60 min,
and sodium borate or sodium hydroxide was then added to
readjust each sample to its original pH for irradiation. At Uppsala
University, where nitrogen gas was used for bubbling, the water
was reaerated during refiltration before irradiation, which
resulted in significant oxygenation but only slightly increased
the preirradiation DIC levels. At the University of Georgia labora-
tory, Imnavait Creek was not acidified before bubbling due to its
original low pH and consequently low DIC baseline. Irradia-
tion was conducted in solar simulators with 1.5, 1.7, or
1.8 kW Xenon lamps, specifically Suntest models CPS, CPS+,
and XLS+ (Atlas Material Testing Technology, Mount Pros-
pect, Illinois, USA), and a Q-Sun 1000 test chamber (Q-panel
Lab Products Europe, Bolton, UK). DIC concentrations were
determined directly from the incubation vessels using total
organic carbon analyzers, specifically models TOC-V¢cpy or
TOC-Lcpy (Shimadzu Corporation, Kyoto, Japan) or Sievers
900 (General Electric Analytical Instruments, Manchester,
UK), and a DIC analyzer model AS-C3 (Apollo SciTech, New-
ark, Delaware, USA). In the laboratory at the University of
Georgia, the headspace created while removing sample for
DIC analysis was replaced with CO,-free air passed through
soda lime to prevent adding DIC from lab air.

DOM-absorbed photons (Q,(4)) were calculated as detailed
in Supporting Information Table S1. While there were some
differences in Q,(1) calculations between laboratories, gener-
ally Q.(4) was derived using measurements of spectral irradi-
ance entering each sample and sample CDOM absorption
coefficients. Generally, Q,(4) is then calculated by solving a
variation of the equation below

deaZW =Eo(2) x =22 x g,(2) xS, (1)
where Ep(4) is collimated irradiance (mol photons

m 2s ' nm') at a given wavelength, 4, z is depth (m), a,(1) is

the total absorption coefficient (m™?), ag(4) is the CDOM
absorption coefficient (m™Y), and S is the illuminated surface
area (m?) (Hu et al. 2002). In these filtered water samples a(41)
should equal the sum of ay4) and ay(1), where a,(J) is the
absorption coefficient of water.

AQY inter-laboratory comparison

Finally, across the four laboratories, the same exponential
function was formulated in two different ways (Gu et al. 2017)
to describe the AQY spectrum, specifically:

. [DIC] _ ef(m1+mz(ﬂ—290)) (2)

AQYD) =g ,

where AQY is the apparent quantum yield ([DIC]/Q,(4); mol
DIC mol photons™!), 1 is wavelength (nm), and m; (dimen-
sionless) and m, (“spectral slope coefficient”, nm™!) are fit
parameters, and:

i
=aqa)- <" ®)

AQY(2)

where ¢ (mol DIC/mol photons, or dimensionless) and
d (“spectral slope coefficient”, nm™') are fitting parameters.
Details on parameter optimization and further method details
are given in Supporting Information Table S1.

Given the substantial differences between the cut-off filter
and the full-irradiance method to determine AQY spectra and
the differences in spectral fitting between laboratories, we could
not use a single statistical method to estimate uncertainty of
the AQY fit parameters and confidence intervals on the AQY
spectra across laboratories. In recent studies, uncertainty and
confidence intervals were determined using bootstrapping
(Groeneveld et al. 2016; Koehler et al. 2016) or Monte Carlo
simulations (Gu et al. 2017), but confidence intervals deter-
mined with these differing methods across laboratories are not
comparable. Therefore, we present in this study only the mean
AQY spectra from replicate determinations at each laboratory
without uncertainty estimates (Fig. 2). Differences in photo-
chemical reactivity are compared using the wavelength-
integrated AQY from 300 to 450 nm, denoted j;ggAQY. In
addition to this comparison of experimentally determined
AQY spectra, we also calculated the ratio of total photochemi-
cal DIC production under full solar simulated irradiance to the
total DOM-absorbed photons integrated from 300 to 450 nm,
denoted broadband AQY3po_4s0. This second comparison
(AQVY300_450) is independent of the differing laboratory-specific
spectral fitting approaches, and consequently integrates the
combined effect of all other differences in method approach
(Fig. 1) without the final determination of the AQY spectrum.

Chemical actinometry

The accuracy of each laboratory’s calculations of DOM-
absorbed photons for use in AQY calculations was tested with
ultraviolet actinometry by all groups except Jyvdskyla. Here,
the photon exposure of the irradiated actinometer solution
was determined inside the sample containers used for irradia-
tion experiments using the well-quantified photochemical
production of hydroxyl radical from nitrite and its subsequent
reaction with benzoic acid to form salicylic acid which was
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Fig. 2. AQY spectra for the photochemical production of DIC in water from eight inland waters, sorted by ascending concentrations of DOC (Table 1),
with (@) Toolik Lake, (b) Norra Bredsjon, (c) Ovre Skarsjon, (d) Jyvasjarvi, (e) Imnavait Creek, (f) Gaddtjarn, (g) Grastjarn, and (h) Svartjirn. The AQY
spectra were independently measured in four laboratories, that is, Georgia (green solid line), Jyvaskyla (orange dashed line), Michigan (blue dotted line)

and Uppsala (red dash-dot line).

measured with fluorescence spectrophotometry (Horiba SPEX
FluoroMax-4; Horiba Aqualog) (Jankowski et al. 1999, 2000).
Each irradiation setup was verified to be compatible with the
response bandwidth of the nitrite UV actinometer, designed spe-
cifically for use in sunlight, using spectral irradiance measure-
ments of the light source and the absorbance spectrum of nitrite.
The total radiant UV photon flux measured by actinometry
inside sample cells was directly compared to calculations made
using instrument-measured spectral irradiance outside the cell
(Supporting Information Fig. S2) with geometrical and optical
assumptions about pathlength over the same response band-
width. Results are presented in Supporting Information Table S1.

Water chemistry
Additional chemical parameters were determined for water
samples at the Uppsala Laboratory, with sub-samples taken

and analyzed just before starting the irradiation experiments
(i.e., after storage and sample pretreatment). DOC concentra-
tions were determined using high-temperature combustion
(Shimadzu TOC-L; range of 4-30,000 ppm, detection limit of
4 ppb, CV of £ 1.5% of max or 4 ppb) or wet chemical oxida-
tion (Sievers 900; range of 0.03-50 ppm, precision of < 1%
relative standard deviation and accuracy of 2% or 0.5 ppb,
whichever is greater) each calibrated with potassium hydro-
gen phthalate standards. Total dissolved nitrogen and total
dissolved phosphorus concentrations were determined on fil-
tered lake water (0.2 ym Supor®-200 membrane filters) as
described in detail earlier (Groeneveld et al. 2016). For total
dissolved iron analysis, a refiltered water sample was acidified
with 0.5% concentrated nitric acid, and analyzed using an
ICP-OES Optima 8300 (Perkin Elmer Life and Analytical
Sciences).
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UV-vis absorbance

UV-vis absorbance spectra were measured in 0.5- or 1-cm
quartz cuvettes, just before starting the irradiation experi-
ments, using spectrophotometers (Lambda models 35, 40 and
850, Perkin Elmer Life and Analytical Sciences, Waltham, Mas-
sachusetts, USA) or a spectrofluorometer (Aqualog, Horiba Sci-
entific Instruments and Systems, Piscataway, New Jersey,
USA). Based on the Beer-Lambert law, Napierian absorption
coefficients, ag (m~1) were calculated as

Aln10
ag = L ’ (4)

where A is absorbance (dimensionless) and L is optical path
length (m) (Kirk 1994). Integrated absorbance by chromophoric
DOM was calculated in the range of 280-600 nm by applying
trapezoidal integrations under the curve of a vs. wavelength
(Moran et al. 2000). The slopes of the absorption spectrum
between 275 and 295 nm (S;75.205) and between 350 and
400 nm (S350_400) Were calculated by linear regression to the nat-
ural logarithmically transformed data, and the slope ratio (Sg)
was calculated as S»75_295/S350_400 (Helms et al. 2008).

Photochemical rate modeling

For the five Swedish lakes (Table 1), we used the AQY spec-
tra determined in each laboratory to simulate area-specific
photochemical DIC production rates in the wavelength range
280-600 nm (1-nm resolution) from the surface of each lake
in 0.005-m-increments down to the mean lake depth of the
lakes included in the Swedish National Lake Inventory (3.9 m;
Koehler et al. 2014), as

lmax
YD (2) :J EXY(2,07)ag(2)e a2 (2)da, (5)

min

where Wpi is daily DIC photoproduction (mol C m~> d™?), z is
depth (m), Amin and Amax are the minimal and maximal wave-
lengths (nm), EoDjy(/l,O’) is daily integrated downwelling scalar
irradiation just below the water surface (mol photons
m >d ' nm™"), a4 is the CDOM absorption coefficient (m '), Ky
is the vertical attenuation coefficient for downward irradiance
(m™1), and @(2) is the AQY of DIC photoproduction (mol C mol
photons™). For each lake, daily integrated downwelling irradia-
tion just below the water surface (EL(4,07); mol photons
m ?d ' nm') was simulated for the autumnal equinox 2014
(22 September), as described in detail in Koehler et al. 2014.
a(4) was measured, and K4(1) was estimated using regression
relationships with a(4) derived from literature data (n = 565)
for nine wavelengths between 300 and 400 nm, with subse-
quent fitting of an exponential function to obtain continuous
spectra (Koehler et al. 2014). ®(1) was measured for each lake
in each of the four laboratories.
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Statistical analyses

Differences in coefficients of variation for AQY300_450 and

éggAQY, between laboratories and between lakes, were

assessed using t-tests. Linear mixed-effects models were used
to assess the influence (fixed effect) of “laboratory” (alterna-

tively “lake”), on water chemical and optical parameters, as

well as on AQY3p0_450 and ([gggAQY, defining “lake” (alterna-

tively “laboratory”) as random effect, and assessing the signifi-
cance of the fixed effect based on ANOVA (Crawley 2012).
Linear mixed-effects models were also used to assess the influ-
ence (fixed effect) of water chemical and optical parameters on
AQY300-450, defining the laboratory as random effect. The
p-values were multiplicity adjusted using a single-step method
(Hothorn et al. 2008). Linear least square regression analyses
were used to describe relationships between AQY300_450 and the
water chemical and optical parameters (see Table 1), and sig-
nificance was assessed by regression ANOVA (Crawley 2012).
Right-skewed variables were log;o-transformed prior to analy-
sis. In all analyses, differences were considered significant if
p-value <0.05. Mean values in the text are given with +1 stan-
dard error. Analyses were conducted using R 3.1.1
(R Development Core Team 2014) and Matlab® (R2014b).
Throughout the text, variability between lake water samples
for a given laboratory is referred to as “inter-water variability.”
For variability between laboratories for a given water sample,
we call this “inter-laboratory variability.”

Assessment

Inland water physical and chemical characteristics

The eight studied inland waters, situated in Alaska, Finland,
and Sweden, are shallow systems with mean depths between
<1 and 7.3 m, and water retention times between ca. 2 weeks
and 3.5 yr (Table 1). The inland waters also span a 5-fold range
in DOC concentration and a nearly 10-fold range in DOM
absorption coefficients, covering a large gradient from clear to
brown-water systems (Table 1).

Across lakes, the pH values determined prior to the irradiation
experiments did not differ between Georgia and Michigan labo-
ratories (p = 0.949), but were lower in Jyvaskyld and Uppsala lab-
oratories (compared to the values measured in Georgia; both
p < 0.001; Supporting Information Table S4). The CDOM values
did not differ between Georgia and Jyvidskyla laboratories
(p = 0.843), while they were lower in Michigan and Uppsala lab-
oratories (compared to Georgia; both p < 0.002; Supporting Infor-
mation Table S4). The values of a4(420) measured at Georgia
laboratory were similar to those measured at Jyvaskyld and Upp-
sala laboratories (both p>0.253), while a4(420) measured at
Michigan laboratory was lower (compared to Georgia,
p = 0.0003; Supporting Information Table S4). Finally, Sg was
similar between all laboratories (Supporting Information
Table S4, all p > 0.605). The inter-laboratory CV for these four
parameters ranged from 3% to 20% (Table 1).
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AQY spectra

The AQY spectra for DIC photoproduction determined in
four laboratories varied by wavelength within each lake and
between laboratories. There was no general pronounced bias
with any of the laboratories which would give AQY spectra
that consistently or strongly deviated from the inter-approach
variability spanned in this study (Fig. 2). For example, for
Imnavait Creek, the value of AQY determined at Georgia labo-
ratory was largest at 300 nm, but fell below the AQY deter-
mined at Jyvaskyld laboratory at ca. 325 nm (Fig. 2e). The
higher AQY values determined for Imnavait Creek at the
Michigan and Uppsala laboratories converged with the lower
values determined at the Jyvaskyld and Georgia laboratories at
the visible range of the spectrum (Fig. 2e). The spectral vari-
ability in AQYs arises from the spectral slope coefficients of
AQY, which overall ranged from 0.0064 to 0.0470 nm !
(Supporting Information Table S3). The normalized root mean
squared error for linear regressions between DIC photo-
production measured in the irradiation experiments
vs. predicted using the fitted AQY spectra varied between 5%
and 19% across lakes and laboratories (Supporting Informa-
tion Table S2, which also gives slopes and R? values of the lin-
ear regressions; see Supporting Information Table S3 for fitting
parameters).

A—(1Y300—450

The inter-laboratory variability in AQY300_4s0 (i.€., mean
and SE of the determinations across laboratories) ranged from
0.144+0.03 (mean=+SE) mmol DIC mol photons ' (Ovre
Skérsjon) to 0.56 +0.14 mmol DIC mol photons™! (Imnavait
Creek; Table 2). The inter-laboratory CV in AQY300_450 ranged
from 33% to 49%, averaging 42% + 2% (Table 2; Supporting
Information Table S4). This variability was smaller than the
inter-water CV of AQY300_450 that ranged from 59% to 72%,
averaging 65% +3% (p = 0.0002, Table 2). For comparison,
the mean intra-laboratory CV in AQYsgo_4so, that is, for
pseudo-replicate measurements in the same laboratory, ranged
from 3% to 24%, and averaged 12% across the four laborato-
ries (Supporting Information Table S5). Across lakes, AQY300-
450 measured at Jyvdskyld laboratory did not differ from that
measured at Georgia laboratory (p = 0.133), while AQY300_4s0
measured at the Michigan and Uppsala laboratories were lower
(compared to Georgia, both p<0.0033; Supporting Informa-
tion Table S5). Across laboratories, three lakes had similar
AQY300_450 values compared to lake Giddtjarn (Jyvisjirvi,
Norra Bredsjon, and Toolik Lake; Supporting Information
Table S5, all p>0.264). One lake had lower AQY300_450 values
(Ovre Skirsjon, p = 0.0402), and the remaining three lakes
had higher AQY300_450 values (Gristjarn, Imnavait Creek and
Svartjdrn, all p<0.001; Supporting Information Table S5),
again compared to Gaddtjarn.

AQY inter-laboratory comparison

450
200AQY

The gggAQY values ranged from 28 +4mmol DIC mol

photons™! (Norra Bredsjon) to 97+21mmol DIC mol
photons™! (Table 2). The inter-laboratory CV of ([gggAQY was

similar to that for AQY300_450, averaging 38% =+ 3% (Table 2).

The inter-water CV of fg(s)gAQY (63% +1%) was larger than

the inter-laboratory variability (p = 0.0001, Table 2). Across

lakes, the jgggAQY values measured at Jyvaskyld laboratory did
not differ statistically from those measured at Georgia labora-

tory (p = 0.998), while jgggAQY values measured at the Michi-
gan and Uppsala laboratories were lower (p<0.0033;

Supporting Information Table S5). Across laboratories, three

lakes had similar jgégAQY values compared to lake Gaddtjarn

(Jyvasjarvi, Norra Bredsjon, and Toolik Lake; Supporting Infor-

mation Table S5, all p>0.061). One lake had lower j;ggAQY

values (Ovre Skirsjon, p = 0.0333), and the remaining three

lakes had higher gSgAQY values (Grédstjdrn, Imnavait Creek,

and Svartjarn, all p = 0.0246; Supporting Information
Table S5), again compared to Gaddtjarn.

AQY300_450 and water quality

Pooling the data from the four laboratories (n = 32), we
found that log;,(AQY300_450) Was positively related to a4(420)
(R*> = 0.31, p = 0.0003), and negatively related to the slope
ratio (R*> = 0.21, p = 0.0033) and to pH (R* = 0.16,
p = 0.0007). When testing these relationships separately per
laboratory the trends were similar (n = 8; Supporting Informa-
tion Fig. S1) but significant only for a subset of the datasets,
specifically for AQY300_450 With ag(420) for Uppsala laboratory
(Supporting Information Fig. S1a; R* = 0.66, p = 0.0092), with
the slope ratio for Michigan laboratory (Supporting Informa-
tion Fig. S1f; R = 0.43, p = 0.0467) and with pH for Jyviskyla
laboratory (Supporting Information Fig. S1k; R* = 0.41,
p =0.0508).

Simulated DIC photoproduction

For the five Swedish lakes in this study, DIC photo-
production was simulated, as detailed in Koehler et al. 2014,
using modeled solar irradiances, measured sample CDOM
absorption coefficients and the laboratory-specific measured
AQY spectra. Thus, these simulations illustrate the variability
in estimated photochemical DIC fluxes due to the variability
in AQY spectra alone. Simulated DIC photoproduction rates
ranged from 3.1+0.5mg C m 2 d ' (Ovre Skirsjén) to
26.2+11.7mg C m 2 d~' (Grasstjirn; Table 2). For three
Swedish lakes (Gdddtjirn, Norra Bredsjon, Ovre Skirsjon), the
inter-laboratory variability of simulated DIC photoproduction
ranged from a CV of 22% to 42% (Table 2). For Grastjarn
(CV = 90%) and Svartjarn (CV = 60%), the inter-laboratory
variability was much higher. Taken together, inter-laboratory
differences in AQY spectra for these five lakes resulted in up to



AQY inter-laboratory comparison

Koehler et al.

8'LLF6'8F 80 F ¢ 6CFSLE €0F9¢C ECF LY Z0F6¢C 3S F uesy
6'8S 6% 85 L F vL'SC [ 4 3 86'0C + 86'96 9ty e ZL'0F €S0 uigfiiens
1’68 8'G L9LLF 6L9C S/E 8'C 69Vl T ¥¥'8. 6V L'¢ ZL'0F L¥0 uiehisein
(444 ¥'C €6'LFLL6 €0y Va4 2€°6 F 0€9v 6'9% €€ S00F €T0 usehippen
VN VN VN £0S 6'¢ 0€'vC F £S96 9'8v '€ ¥L°0F 950 393D JeAeuw|
VN VN VN £'6C 0'¢ ¥S'v F £LS0¢€ (VA3 LT €00 F ZLO Intelsend
€ce 0'¢C 0S0Fcle 0'LE 0'¢ Yy F ve LT £'6¢ 4 €00 F ¥L'0 uolsieys 2iAQ
YA x4 VA ev'0F C6'c L'9¢ 6'L 04°€ F v£'8¢C e ¥'C €00F9lL0 uolspaig euoN
VN VN VN 6Ly €C 659 F 9V LE 6'v¢E (4 €00 F8lL0 e AljooL
(¥ = u) fypqeriea Liojesoqel-193u)
€0LF S 6y F90L S0FL29 CO0F LY L'TF LS9 €0F8Y 3S F uesi
S'0Z 69 CEEF LS LL 0'€9 L'S 00°0L F98v¥ L'69 9’y SO0 F ¥Z'0 ejesddn
979 LY 0L F 409 0'¢9 Sy ST LFESCe L'z €9 S00F8L0 uebIydIA
8'99 'S ¥9°€ F9¢CL €19 8V or'SLFCLLL S'v9 €9 800 F S€°0 elhysend
6901 14 86°'LL F ¥0°'SC 9'¢9 144 €9°GL F 05769 L'v9 (184 0L'0F S¥0 eibiosn
(8 = u) fypIqeriea 1ajem-131u|
(%) AD ulw/xey  uondnpoidojoyd (%) AD ulw/xe ADV s (%) AD ulw/xey 0V 00E\py

2I1Q pajejnuwis

40 yed uaddn) Aiojeloqe| yoes 1oy saxe| usamiaq (,_p , w D bw) sajes uononpoidojoyd 1@ patenwis ayy pue (,_suojoyd jow DI [oww ‘ADY

‘(319e1 9Y3 Jo Jed J1amo|) dye| Yydes 10} salI0leIoqe| UsamIaq pue (3|gel ay3

SM
oopd) winnoads

ADV palesbajul-yibusipaem sy ATEBO;Q [ow DI [oww ‘0SY-00Ex ) ADY puegpeolq syl Joj AD pue wnuwiuiw O} wnuwixew Jo onel ‘(3SF) uesy g ajqel



Koehler et al.

between twofold and sixfold differences in simulated DIC
photoproduction (max/min in Table 2).

Discussion

Inter-laboratory differences in AQY

The AQY spectrum is an essential, sensitive, yet poorly con-
strained model parameter for simulating DIC photoproduction
in inland waters. This study shows the general magnitude of
differences in AQY spectra, when methods and systems cur-
rently in use in a number of laboratories are applied as previ-
ously published (Cory et al. 2013; Powers and Miller 2015a;
Groeneveld et al. 2016; Gu et al. 2017). This discussion first
compares the inter-laboratory variability in AQY spectra to the
analytical uncertainty within laboratory as well as to other
inter-comparison studies concerning DOM, photochemistry,
and water chemistry. The latter part of the discussion points
out the main difficulties and challenges shared by all laborato-
ries, with a tentative evaluation of their apparent importance
in contributing to the observed inter-approach AQY
differences.

Since we have no standard or “true” AQY spectrum against
which we can validate our results we cannot quantify the
deviation of our determined AQY spectra from an accurate
photochemical reactivity spectrum for CDOM. The determina-
tion of AQY requires several analytical measurements
(e.g., CDOM, spectral photon flux and at least two measure-
ments of DIC concentration, Fig. 1) and the error of each ana-
lytical determination propagates in the resulting AQY. The
uncertainty of AQY was 1%-40% (median 13%) for individual
water samples when the propagation of error in analytical pre-
cision for determination of DIC, CDOM, and photon fluxes
was accounted for in one laboratory (Aarnos et al. 2012,
2018). Broadband AQY values for the photochemical produc-
tion of singlet oxygen from the standard reference material
Suwannee River Fulvic Acid (SRFA) ranged from 0.004 to 0.031
with a CV of 38% when results from 11 studies were com-
pared (Ossola et al. 2021). Therefore, our observed 30-50%
inter-laboratory variability in AQY300_4s0 and f;ggAQY values
(Table 2) is not surprising and may indeed be seen as an
encouragingly good end-result for such a complex method
where the approaches were purposely not standardized
between laboratories prior to the study. Confidence in the
method is also gained from the fact that we found similar
trends of AQY300_450 With water chemical and optical proper-
ties across laboratories (Supporting Information Fig. S1,
though only significant in 25% of the cases for the small sam-
ple size of n = 8 per regression), and that the respective rela-
tionships were significant when pooling the data across
laboratories (n = 32, and using Ime-models to account for the
fact that samples per lake were not independent between
laboratories).
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To further put our observed inter-laboratory variability in
perspective, given that there are no previous inter-comparison
studies on DIC photoproduction rates, let alone DIC AQY
spectra, we compared our results with other inter-comparison
studies for various analytes in natural waters. An earlier
marine inter-comparison of DOC concentrations found agree-
ment within 7.5% between four laboratories, but differences
were much larger in two other laboratories (Sharp et al. 1995).
The variability between 20 laboratories in determining DOM
fluorescence of well-determined fluorophores and natural
waters typically ranged from 10% to 15% for several humic-
like peaks, and from 15% to 35% for two protein-like peaks
(Murphy et al. 2010). A large-scale inter-comparison for dis-
solved iron concentrations in seawater had a CV of 36%
between 24 laboratories (Bowie et al. 2006). Again, now in the
context of these earlier inter-comparison studies, we conclude
that the observed 30-50% CV in DIC AQY is an encouragingly
good inter-laboratory agreement. This conclusion is further
strengthened by the fact that AQY determination requires sev-
eral independent analytical measurements, with respective
propagation of errors to the final result.

The inter-laboratory uncertainty in the DIC AQY spectra
demonstrated here should be considered when working with
DIC AQY results, comparisons, and modeling. In the sections
below, we illustrate current knowledge gaps and the best prac-
tices moving forward in both our understanding of the spe-
cific causes of variability in determined DIC AQY spectra and
our ability to make best estimates for DIC AQY. Further reduc-
ing inter-laboratory variability could considerably reduce
uncertainty in photochemical modeling.

Considerations for sample handling and treatment

For our comparison, we assumed that the samples analyzed
in each laboratory from each water had the same photochemi-
cal reactivity and AQY spectra at the time of measurement in
each of the four laboratories. However, the water samples
experienced different storage times in each laboratory before
analysis (i.e., 1 week to 5 months storage of filtered water in
the dark at 4°C; Supporting Information Table S1). A certain
time of cold sample storage before AQY measurements is com-
mon, but may modify the DOM of the water samples. For
instance, both DOC concentrations and DOM absorbance
degraded during cold storage of filtered peatland samples with
relatively high initial DOC concentrations (~5 to > 50mg C
L), showing an average loss of 5% DOC in 3 months storage
time (Peacock et al. 2015). These changes may occur quite rap-
idly, as already 1 week of cold storage modified lake water
DOC concentrations and fluorescence properties (Heinz and
Zak 2018). Such storage effect may explain why absorbance
(i.e., ag(420) and integrated CDOM values), measured follow-
ing storage but before the irradiation experiments, showed sta-
tistically significant differences between some laboratories
(inter-laboratory CV of 3-20%, Table 1). This interpretation is
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consistent with the fact that CDOM measured at the two labo-
ratories with the longest storage times (i.e., Michigan and
Uppsala) was somewhat lower prior to irradiation than CDOM
in the laboratories with considerably shorter storage times
(Supporting Information Table S1), and with the observation
of flocculant material in some water samples after
preexperiment storage in Michigan laboratory. This implies
that storage effects likely contributed to the observed differ-
ences in AQY spectra (inter-laboratory CV of 33-49%,
Table 2).

Although freezing is often used to preserve samples for
DOC analysis, freeze/thaw can cause DOC loss by flocculation
and large changes in sample optical properties (Fellman
et al. 2008; Peacock et al. 2015; Heinz and Zak 2018) and is
therefore not recommended for DIC and any CDOM-based
photochemistry experiments. Most laboratory irradiation
setups are not field portable and typically only allow one AQY
experiment to be completed per day, often making it impossi-
ble to analyze comparative samples within 24 h of collection.
An evaluation of changes in DIC photoproduction rates due
to storage would be beneficial, but this type of assessment is
still missing from the literature. Consequently, for inland
waters with high DOC concentrations, DIC photoproduction
experiments on both freshly collected and stored samples are
needed to better understand the variability in measured rates
arising from storage artifacts alone. Meanwhile, keeping stor-
age times prior to irradiation as short as possible is rec-
ommended to reduce the potential storage effect on the
resulting AQY spectra. An alternative approach to minimize
sample storage artifacts is to adopt newly developed, portable,
and high-throughput LED-based methods (Bowen et al. 2020;
Ward et al. 2021).

Analytical and chemical considerations

DIC-stripping by acidification and rebuffering of the water
sample is often used to reduce background DIC concentrations
prior to irradiation, as was done in several laboratories in this
study too (Supporting Information Table S1). Specifically, no
sample pretreatment was conducted at the University of Mich-
igan laboratory, while all other laboratories acidified samples
to pH < 3 using concentrated hydrochloric acid, bubbled using
COy-free air or nitrogen gas for 30-60 min, and used sodium
borate or sodium hydroxide to readjust each sample to its orig-
inal pH. In an earlier assessment, this DIC removal step caused
an increase in UV-B absorbance of about 5% but did not affect
absorbance at longer wavelengths (Johannessen and
Miller 2001). Furthermore, photoproduced DIC agreed during
early stages of irradiation (< 2 h) between natural river water
and water that had been acidified, DIC-stripped, and
rebuffered, but for one water sample that was irradiated for
14 h the DIC-stripped treatment gave DIC photoproduction
that was ca. three times lower than for the unamended treat-
ment (Powers et al. 2017b). Also, the mathematical fitting
parameters for the DIC AQY spectra of three Swedish low-DIC
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lakes did not differ between DIC-stripped and non-stripped
water samples (Koehler et al. 2016). These studies suggest only
a minor effect of this sample pretreatment on photochemical
reactivity, at least for the tested conditions.

However, particularly in waters with low alkalinity, it can
be challenging to restore the exact pH of the original sample
in a stable way. Furthermore, the choice of buffer
(e.g., sodium borate) or sodium hydroxide (unbuffered) will
affect the buffering capacity of the sample, and therefore how
much pH changes during irradiation. Potential artifacts from
pH manipulations of this kind include DOC moieties that pre-
cipitate or form colloids at low pH resisting redissolution, and
changes in trace metal speciation relevant to photochemical
pathways. Although pH is often lowered to below pH 3, a pH
of 4 should be adequate to remove background DIC and
potentially preserve DOM quality. Nonetheless, further sys-
tematic testing is required to better understand effects of DIC-
stripping on sample integrity. Until new methods become
available that allow reliable, sensitive analysis of photo-
produced DIC with minimal sample manipulation, we are lim-
ited by experimental methods that reduce DIC background
and generate a DIC signal large enough to accurately quantify
photo-oxidation by using high-intensity radiation of typically
several hours duration. Recent methods based on stable car-
bon isotope changes in the sample DIC pool during irradia-
tion experiments may help lower the detection limit of DOM
photooxidation and overcome sample pretreatment (Wang
et al. 2009; Powers et al. 2017a, 2017b).

Regardless of these potential effects, there were preirradiation
differences in pH that were measured following storage but
before irradiation between some laboratories (interlaboratory CV
of 3-13%, Table 1). This variability could be due to differences in
sample handling, pretreatment methods (filtration with or with-
out DIC-stripping and rebuffering) and storage, as well as in the
methods used to determine sample pH, and consequently added
to the inter-laboratory variability of the determined AQY. Specifi-
cally, iron is known to enhance DIC photoproduction rates (Gao
and Zepp 1998; Xie et al. 2004; Gu et al. 2017; Bowen
et al. 2020). Hence, differences in sample storage, sample treat-
ment, and pH mentioned above could have changed iron specia-
tion and concentration, and therefore influenced CDOM
absorption (Xiao et al. 2013) and DIC photochemistry (Xie
et al. 2004; Gu et al. 2017) in this study.

It is also important to consider that pH values can change
considerably in unbuffered samples during photochemical
irradiations (Xie et al. 2004; Timko et al. 2015). For example,
pH decreased by 1.4-1.8 units over a >24 h irradiations of river
water samples, and the largest pH loss occurred during the
early stages of the irradiation (Xie et al. 2004). Irradiation time
and sample conditions (i.e., buffered or unbuffered) and there-
fore absorbed photon doses varied widely between laboratories
and samples (Supporting Information Table S1), suggesting
that sample pH during irradiation has likely also varied
between laboratories. Since pH values are critical to consider
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during most photochemical experiments, monitoring pH over
the time course of irradiation could help quantify its influence
on DIC photoproduction rates, particularly in freshwater sam-
ples. Efforts have been made to control sample pH during irra-
diation experiments using a micro pH electrode and uL
additions of acid and base (Timko et al. 2015), but these sys-
tems have yet to be developed for the irradiation setups
required for AQY determinations. Furthermore, given that
glass pH electrodes may require long equilibration times in
these natural freshwaters (Stauffer 1990) and are prone to large
drift over time scales of irradiation experiments, it is uncertain
if use of a similar system would help in this regard. Often,
buffers (e.g., sodium borate as used by some here) are used to
stabilize sample pH but there is a lack of “real-time” evalua-
tions of their ability to control sample pH during irradiations,
and they remain largely untested for their potential impacts
on DIC photoproduction rates. Assessments of the effect of
specific buffers on the determination of DIC AQY spectra may
help explain and reduce the observed inter-laboratory
differences.

Considerations for irradiation designs and subsequent AQY
determination
The inter-laboratory differences were similarly large in both

the broadband AQY (AQY3p0.450) and the wavelength-

integrated AQY (.J"gggAQY). By design, the differences in

AQY300_450 do not reflect differences in spectral fitting rou-
tines between laboratories (Supporting Information Table S1).
As discussed above, while it is likely that sample handling and
storage contributed to the differences observed here, the inter-
laboratory differences in AQY3z00_450 Were considerably larger
(CV of 33-49%, Table 2) than in the preirradiation water opti-
cal properties and pH (CV of 3-20%, Table 1). Also, the aver-
age intra-laboratory CV in AQYspo4s0 (12%, based on
Supporting Information Table S5) was considerably smaller
than the average inter-laboratory CV (42%, Table 2). This sug-
gests that part of the inter-laboratory differences resulted from
difficulties in determining adequate (1) photochemical DIC
production and (2) DOM-absorbed photons from the irradia-
tion setups and experiments, that is, apart from the purely
analytical aspects.

Difficulties concerning point (1) include evidence that DIC
photochemical efficiency decreases as photon dose increases
(Miller and Zepp 1995; Powers and Miller 2015a). This means
that the sampling intervals for DIC analysis can significantly
affect results, and the linear assumption made to determine
DIC production rates for AQY calculations, even when
corrected for photochemical bleaching of CDOM, is only valid
over short irradiation intervals (Miller and Zepp 1995; Powers
and Miller 2015a). In this study, inter-laboratory and inter-
water irradiation times and photon doses were variable
(Supporting Information Table S1). Unfortunately, quantify-
ing DIC photoproduction after very short exposure is often
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not possible due to the small light vs. dark differences in DIC,
particularly against a large DIC background concentration
(i.e., in unsparged samples). Moreover, very few studies that
use methods similar to the ones described here have reported
detection limits for photoproduced DIC, more often reporting
data for ultrapure water blanks (Johannessen and Miller 2001;
White et al. 2008) or as the difference in DIC concentrations
in the dark controls before and after the irradiation experi-
ment. Until new methods with higher accuracy and precision
become available for determination of DIC photoproduction
rates (Powers et al. 2016), DIC AQY spectra will continue to be
determined from light exposures that last long enough to
achieve the minimum DIC needed to detect a light vs. dark
difference in DIC concentration.

An accurate AQY should be compatible with rates that
reproduce in situ DIC photoproduction. Therefore, it is impor-
tant that laboratory experiments attempt to determine initial
rates (Cory and Kling 2018), unless the aim is to describe, for
example, DIC photoproduction rates from CDOM over its
entire lifetime up to complete photobleaching (Aarnos
et al. 2018). Therefore, it is important to choose irradiation
times that are as short as possible to represent photochemical
production of DIC, particularly for inland waters where photo-
chemical removal of reactive CDOM may be continually
replenished (Cory et al. 2015; Cory and Kling 2018). Another
aspect to consider in this context is that, in the case of a fresh-
water lens or in highly stratified systems in summer, photo-
bleaching in situ may be faster than mixing. Due to the
polychromatic nature of sunlight and both direct and indirect
bleaching effects CDOM photobleaching is not trivial to
model. A new method which determines an AQY matrix for
CDOM photobleaching has recently been developed, and it
was demonstrated that temperature and prior exposure history
had a large influence on the magnitude and spectral shape of
the CDOM photobleaching AQY matrix (Zhu et al. 2020). Ide-
ally, determination of DIC photoproduction over the time
course of exposure for a variety of samples is needed to better
understand the impact of photon dose and light-absorbed by
CDOM on the AQY, and to account for changes in the AQY
spectrum in photochemical modeling where rates are scaled
over time (see Vahatalo and Wetzel 2004). However, because
DOM in situ is a complex mixture of likely various exposure
histories, it is difficult to tease these differences out experi-
mentally. Thus, as mentioned above, AQYs determined from
initial rates in the laboratory give the best representation of
environmental photochemical rates at the time of sampling
from this complex DOM mixture.

Moreover, it is well known that DOM optical properties
change as irradiation continues, altering the magnitude and
spectral shape of absorbance (Del Vecchio and Blough 2002;
Helms et al. 2008). Given that AQY depends on DOM photon
absorption, changes in DIC photochemical efficiency might
be expected to result from these changes in DOM absorbance
properties. However, additional factors may also contribute to
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the decline of DIC AQY over time. For example, oxygen (O,)
concentrations decrease during irradiations in sealed vessels
(Gao and Zepp 1998; Xie et al. 2004; Cory et al. 2014),
and DIC photoproduction has been noted to be highest in
O,-saturated samples and lowest in nitrogen-saturated samples
(Xie et al. 2004). Presumably, all water samples in our study
were air-saturated prior to the irradiation experiments but
since all experiments were conducted in sealed containers
with no head-space, decreases in O, during the several hours
long irradiations have the potential to decrease overall DIC
photoproduction rates. While further factors other than oxy-
gen concentration may be involved (e.g., dose dependence,
see above), a;-normalized DIC photoproduction rates in a tidal
creek decreased from 300 nM m h~! over the first 6 h of irradi-
ation to 100 nM mh~! after 48 h irradiation (Powers and
Miller 2015b). Assuming a 1 : 1 ratio between CO, production
and O, loss (see supporting information of Cory et al. 2014;
also see Andrews et al. 2000, Bowen et al. 2020, Ward and
Corry 2020), O, loss rates normalized to CDOM absorption
would also decrease in a similar fashion, implying decreasing
O, AQY values over time. The 1 : 1 assumption would imply a
consumption of only ~ 30 uM O, in 48 h, and it is unknown
whether this ~ 15% loss in O, is enough to impact DIC pho-
toproduction rates. Although photochemical AQY spectra for
photochemical O, consumption have been determined
(Andrews et al. 2000; Cory et al. 2014; Ward et al. 2021), work
is needed to determine how AQY spectra (for both O, loss and
DIC production) vary at various O, concentrations to predict
how these processes may change over the course of exposure.
This uncertainty again demonstrates that it is important to
aim for the shortest irradiation time possible that still allows
for reliable DIC determination, and that the development of
new methods, where DIC photoproduction can be determined
over very short time scales, thus minimizing photochemical
O loss, will also help in this regard (Bowen et al. 2020; Ward
et al. 2021).

Another inter-laboratory difference is that irradiation tem-
peratures varied between 15°C and 30°C. An Arrhenius tem-
perature dependence has been demonstrated for H,O, AQY
spectra, which is expected because H,O, is a thermal product
of superoxide decay (Kieber et al. 2014). Also, a similar temper-
ature dependence of CO AQY spectra has been demonstrated
(Zhang et al. 2006; Ren et al. 2014), albeit with lower activa-
tion energies than H,O,. An Arrhenius equation was used to
explain differences between laboratory DIC photoproduction
rates and those measured in situ (Aarnos et al. 2012) and sub-
sequent work showed that DOC loss was greater at higher
temperature (23-25°C) than lower temperature (9-14°C)
(Porcal et al. 2015), potentially indicating that DIC AQY spec-
tra could also have an Arrhenius temperature dependence.
Although all samples are “sterile-filtered,” bacterial regrowth
remains possible, especially in the dark controls and in sam-
ples exposed to lower-energy visible light. In addition,
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photochemical reactions produce low-molecular-mass organic
compounds suitable for a rapid microbial mineralization to
COs. The irradiated samples should therefore be analyzed for
DIC immediately after irradiation or stored only over a short
time, for example, in an ice bath to minimize bacterial respira-
tion. All laboratories took measures to minimize bacterial
regrowth but, if present, it may pose a larger problem at
higher temperatures or longer exposure times with respiration
“contaminating” the measured DIC values in both irradiated
samples and dark controls. It is encouraging that bacterial pro-
duction was negligible in 0.2 to 0.7 um filtered Toolik Lake
dark controls (Ward et al. 2017) and that bacterial densities
were negligible in samples kept in the dark and irradiated at
5°C under simulated solar radiation (Aarnos et al. 2012).

At higher irradiation temperatures, it may be tempting to
control microbial regrowth with the use of bactericides such
as NaN3, ZnCl, or HgCl,. However, even if minor compared to
the various potential matrix effects listed above, there is
potential for bactericide participation in photochemical reac-
tions. For instance, the very strong binding of Hg with DOM
(Ravichandran 2004) and potentially its binding with carbox-
ylic functional groups (Haitzer et al. 2003) may create unnatu-
ral photochemical pathways with unknown impact for DIC
AQY spectra. Thus, while it is important to test the Arrhenius
temperature dependence of DIC AQY spectra, microbial
counts might also help to evaluate possible contamination in
DIC determinations. Above all else, multiple dark controls
should be measured in any AQY measurement to assess possi-
ble non-photochemical changes in DIC.

The accuracy of quantifying DOM-absorbed photons, point
(2) above, is also a critical consideration when examining
observed inter-laboratory differences in calculated AQY300_4s0-
Even though photon absorption by CDOM is essential for any
AQY method, equations used to describe CDOM-absorbed
photons are often unclear or not described in the literature
(e.g., examples in Hu et al. 2002). For the three laboratories
that reported CDOM absorption by actinometry, the respec-
tive photon flux differed by 18-43% from the calculated pho-
ton flux (Supporting Information Table S1). Although there
are inherent errors in the application of chemical actinometry
that could account for some of these differences, this result
suggests that the calculations of CDOM-absorbed photons and
underlying assumptions (i.e., the basic setup of the irradiation
system including the simulator and vessels) likely contribute a
significant share to the overall observed inter-laboratory differ-
ences for AQYs500_450. Furthermore, the nitrite actinometer is
optically thin (i.e., absorption coefficient x pathlength <<1),
but given the very high CDOM absorbance values for our
study waters (Table 1), this actinometer may not best repre-
sent the samples during irradiation. In addition, the inter-
laboratory differences in irradiation designs, and therefore
optical pathlengths (Supporting Information Table S1), likely
resulted in differences in the degree of shelf-shading. Diluting
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samples is one option to ensure that samples have similar
optical transparencies, but dilutions can also cause changes in
solution chemistry, and decrease DIC photoproduction rates
with the disadvantage that longer irradiation times would be
required. Therefore, instead of dilution, the methods of Hu
et al. (2002) (Eq. 1) were applied to correct the calculated
DOM-absorbed photons for self-shading during irradiations.
It is difficult, however, to test if this correction was com-
plete, and consequently differences in self-shading might
also have contributed to differences in determined DIC
AQYs. In support of that interpretation, when solutions of
Suwannee River natural organic matter representing a vari-
ety of DOC concentrations (1-18 mg C L™') were irradiated
under optically thin conditions (1 mm flow cell), CDOM
absorbance and fluorescence loss was significantly faster for
the most dilute samples (1-3 mg C L!) (Armstrong
et al. 2021). These results implied that samples at higher
concentrations still experienced self-shading, despite the
generally used criteria “absorption coefficient x pathlength
<<1” (Hu et al. 2002), or that there is another, not yet
understood explanation for the concentration dependence
of CDOM photobleaching. Regardless, given that much
work is needed to resolve these issues, researchers should
perform chemical actinometry with AQY measurements
(Hu et al. 2002), a procedure that so far remains uncom-
mon. At the least, chemical actinometry should be routinely
used to test and verify the calculations of DOM-absorbed
photons when an irradiation system is initially set up or
changed, making sure that the general assumptions made
during calculations are met (Ward et al. 2021).

In addition to these analytical and optical challenges,
AQY spectra contain further uncertainty caused by com-
monly made assumptions regarding specific spectral mathe-
matical fitting routines. Since not all used mathematical
approaches can be applied for all formats of data obtained
in the differing experimental approaches, we did not stan-
dardize the mathematical methods that currently differ sub-
stantially between laboratories (Fig. 1, Table S1). Differences
include (1) mathematical fitting methods and how the AQY
spectrum is constrained (i.e., a priori assumptions of spec-
tral shape, number of measurements and optical treatments
included in the fit, and choice of the starting values for the
fitting routine); (2) the type of chemical and optical data
(i.e., fitting actual measured data or derived data as is done
in the so-called “difference method”; Rundel 1983); and
(3) the methods used to evaluate the statistical uncertainty
of the AQY spectra (currently bootstrapping or Monte Carlo
simulations). The different choices made for mathematical
fitting methods, data constraints, assumptions, and uncer-
tainty assessment are partly dependent on the data format
that results from the chosen experimental method
approaches. Reaching a consensus on the optimal mathe-
matical approaches for spectral AQY fitting and uncertainty
assessment would require a previous consensus on the
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optimal experimental approach/data format, which is not
currently reached. A rigorous evaluation of the number of
replicates and spectral treatments that gives a unique math-
ematical AQY spectral solution is needed to further assess
and decrease the uncertainty among our groups’ AQY spec-
tra caused by data handling and mathematical methods.

Conclusions

In summary, determining the AQY for the photochemical
oxidation of DOM from inland waters is an undertaking that pre-
sents a common set of methodological challenges to all laborato-
ries working on this problem. In this study, we purposely did not
standardize or control for the many potential effects of the meth-
odological choices on the resulting AQY spectra (e.g., storage
time, pH adjustments, sample temperature, irradiation setups,
number of replicate samples; Fig. 1; Supporting Information
Table S1). The results of this study provide some constraints on
the level of reproducibility currently obtained across different
laboratories and serve as justification to work toward agreeing on
a relatively more standardized protocol for AQY spectral measure-
ments. Due to the different types of challenges inherent to differ-
ent waters (e.g., low vs. high CDOM, low vs. high background
DIC, low vs. high iron, wide range in pH), achieving one stan-
dard protocol for all waters may not be realistic. Rather, the
results from this study should help raise awareness of the many
methodological factors that may influence the AQY results.

Given the many potential sources of uncertainty and etror in
each of the sampling and method steps discussed here (Fig. 1)
that may propagate in AQY calculations, we expected differences
in AQY spectra of a given water sample measured across laborato-
ries. It is encouraging that the inter-laboratory variability that we
found in the DIC AQY spectra was much less than the inter-
water variability (Table 2), with inter-laboratory differences simi-
lar to the uncertainty found for other challenging methods
(e.g., iron, Bowie et al. 2006 or fluorescence, Murphy et al. 2010).
An average inter-laboratory CV for AQY of ca. 40% (Table 2) is,
especially given that there were no forced procedural directives,
positive for such an advanced technical undertaking involving
complex environmental samples and experimental decisions that
include laboratory and environmental optics, chemistry and
photochemical measurements, as well as mathematical and
modeling expertise. This work should encourage more
researchers to carry out AQY determinations, including method-
ological development and testing, and learn from our current
mistakes and best practices.

Using photochemical rate modeling we found that the inter-
laboratory differences in AQY spectra caused on average a 49%
CV in the simulated photochemical DIC production for the five
strongly differing Swedish lakes in this study (ranging from 22%
to 89%, Table 2), and that the estimates were not consistently
biased toward higher or lower rates between laboratories
(Supporting Information Table SS). This variability does not alter
conclusions on the relative importance of photochemical CO,
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production in inland waters (Cory et al. 2014; Koehler
et al. 2014; Vachon et al. 2016). Using single AQY spectra from
single systems for large-scale simulations, without awareness of
the complexity of the measurements and uncertainty and sensi-
tivity analyses, are discouraged. In situ data of DIC photo-
production rates over water depth can be valuable for validation
of photochemical rate models (Vdhitalo et al. 2000; Koehler
et al. 2014; Groeneveld et al. 2016). This is unfortunately rarely
done but equally important in photochemical simulations as in
other modeling exercises, and hence encouraged for future stud-
ies. It is important to consider the magnitude of inter-laboratory
differences reported here when compiling or comparing AQY
spectra between ecosystems, and when using the AQY spectra in
photochemical rate models and interpreting the model output,
especially for large-scale simulation studies and upscaling.

Data availability statement

The main raw data are available in the Supporting informa-
tion. Remaining data and model code are available upon
request from B. Koehler.
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