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Abstract

Dissolved organic carbon (DOC) impacts water quality, the carbon cycle, and the ecology of aquatic systems. Understand-
ing what controls DOC is therefore critical for improving large-scale models and best management practices for aquatic
ecosystems. The two main processes of DOC transformation and removal, photochemical and microbial DOC degradation,
work in tandem to modify and remineralize DOC within natural waters. Here, we examined both the photo- and microbial
remineralization of DOC (photolability and biolability), and the indirect phototransformation of DOC into biolabile DOC
(photoprimed biolability) for samples that capture the spatiotemporal and hydrological gradients of the Connecticut River
watershed. The majority of DOC exported from this temperate watershed was photolabile and the concentration of photo-
labile DOC correlated with UV absorbance at 254 nm (> =0.86). Phototransformation of DOC also increased biolability,
and the total photolabile DOC (sum of photolabile and photoprimed biolabile DOC) showed a stronger correlation with UV
absorbance at 254 nm (1> =0.92). We estimate that as much as 49% (SD =3.3%) and 10% (SD =1.1%) of annual DOC export
from the Connecticut River is directly photolabile and photoprimable, respectively. Thus, 2.82 Gg C year™! (SD=0.67 Gg
Cyear ") or 1.13 Mg C km~ year™! (SD=0.27 km~2 year™") of total photolabile DOC escapes photochemical degradation
within the river network to be exported from the Connecticut River each year.
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Introduction

] ] i i Dissolved organic carbon (DOC) is a master variable,
Supplementary Information The online version contains « s L.
supplementary material available at https://doi.org/10.1007/s0002 referred to as “the great modulator” (Prairie 2008) of
7-021-00778-8. aquatic systems. As the largest pool of organic carbon in
inland waters (Fisher and Likens 1973; McDowell and Lik-
ens 1988), DOC affects numerous ecosystem processes such
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emission to the atmosphere from inland waters (Raymond
et al. 2013; Hotchkiss et al. 2015) and coastal margins (Cai
2011; Fichot and Benner 2014). Therefore, advancing our
understanding of how DOC is transported and modified is a
goal shared across several disciplines.

Photochemical processes driven by sunlight are one of
the main mechanisms that regulate the removal and com-
positional change of DOC (Mopper et al. 2015). Sunlight
availability partly determines how much DOC can be min-
eralized to CO, (Miller and Zepp 1995; Bertilsson and
Tranvik 2000), utilized by microbes (Lindell et al. 1995),
and transported downstream. The colored, aromatic com-
ponent of DOC is modified by photochemical reactions in
natural waters (Mopper et al. 2015). As these colored com-
pounds absorb the photochemically active radiation, they
are preferentially photodegraded, altering the composition
of DOC remaining for downstream transport (Stubbins et al.
2010). DOC phototransformation also alters the fraction of
DOC susceptible to microbial uptake (i.e., DOC biolabil-
ity; Lindell et al. 1995; Moran and Zepp 1997; Tranvik and
Bertilsson 2001; Fellman et al. 2013; Cory et al. 2014; Bit-
tar et al. 2015; Ward et al. 2017; Cory and Kling 2018).
First presented as “priming” by Strome and Miller (1978),
and also referred to as “photo-bio” degradation or photo-
stimulated bacterial respiration (Cory et al. 2014; Cory and
Kling 2018), the photoalteration of aromatic-rich DOC gen-
erally increases DOC biolability (Moran and Zepp 1997).
Photodegradation preferentially removes aromatics, leaving
behind a DOC pool enriched in aliphatics (Stubbins et al.
2010) and low molecular weight compounds (Mopper et al.
1991). Aliphatics and low molecular weight compounds
are known to be more biolabile than bulk or aromatic DOC
(Spencer et al. 2015; Berggren et al. 2010). In addition,
aromatic compounds can inhibit enzymatic activities and
microbial utilization of DOC (Mann et al. 2014). Thus, pho-
topriming may result from both the increase of biolabile
DOC and the alleviation of microbial inhibition by aromat-
ics. In some cases, sunlight can reduce the availability of
biolabile DOC. For instance, when highly biolabile DOC of
low aromatic content from cyanobacteria is photodegraded
there can be a net photo-removal of biolabile DOC resulting
in negative photopriming (Bittar et al. 2015). Thus, initial
DOC quality influences the way in which sunlight modi-
fies DOC biolability. To date, the variability of photolability
and photoprimed biolability across large spatiotemporal and
hydrological scales have not been assessed within a single,
methodologically consistent study.

The rate of photochemical DOC processing is primarily
governed by three factors: availability of sunlight reaching
the water surface; competition for light in the water column;
and the efficiency at which DOC is degraded once light is
absorbed (Cory and Kling 2018). Physical and environmen-
tal factors such as latitude, season, canopy cover, and cloud
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cover affect the level of light reaching the surface, and sus-
pended sediments and other light absorbing or scattering
substances in the water column can further affect the propor-
tion of light absorbed by chromophoric dissolved organic
matter (CDOM; Juday and Birge 1933; Osburn et al. 2009).
The residence time of DOC within the photic zone during
transport through an ecosystem can also influence the degree
of DOC processing (Vihétalo and Wetzel 2008; Catalan
et al. 2016). Ranging from a few days to multiple years,
the wide range of residence times across inland water net-
works influences how much DOC can be photomineralized,
microbially utilized, or transported out to the coastal mar-
gin. Furthermore, recent studies show storm events play a
central role in controlling DOC fluxes (Raymond and Saiers
2010; Vidon et al. 2018). Shortened residence time (Sayama
and McDonell 2009), increase in suspended solids (Benda
and Dunne 1997), change in DOC source, concentration and
chemistry (Fellman et al. 2009; Yoon and Raymond 2012;
Wilson et al. 2013; Vidon et al. 2018; Wagner et al. 2019),
and decrease in light availability (Jennings et al. 2012) are
all common features of storm events. Thus, changes during
storm events affect amount of the DOC entering waters, the
chemistry and photoreactivity of DOC entering waters, the
rate of DOC photochemical processes in the water, and the
amount of time for photoreactions to occur.

Numerous studies have identified CDOM with aromatic
moieties as the major light absorbing chromophores and
reported positive relationship between CDOM and pho-
tomineralization (Mopper et al. 2015; Osburn et al. 2009;
Lapierre et al. 2013; Lapierre and del Giorgio 2014; Koehler
et al. 2016; Ward and Cory 2016). However, most recent
studies on photopriming have focused on specific ecosys-
tems (e.g. alpine streams, boreal/arctic lakes) and on short
timescales (Tranvik and Bertilsson 2001; Fasching and Bat-
tin 2012; Cory et al. 2014; Ward et al. 2017). Thus, our
knowledge on the prevalence and variability of photoprim-
ing is limited to select ecosystems and specific seasons.
Furthermore, there is no established method to assess the
concentration of photoprimable biolabile DOC at a high
temporal resolution despite recent progress in continuous
measurement of DOC quantity and quality via optical sen-
sors (Downing et al. 2012; Pellerin et al. 2012; Shultz et al.
2018). This limitation is further exacerbated by the fact that
most past lability studies are not intercomparable due to dif-
ferent experimental designs (McDowell et al. 2006). Limited
representation of both spatial and temporal variation among
past studies, the lack of a convenient model based on optical
data, and the difficulty in combining the results of past stud-
ies all hinder the assessment of when and where the photore-
active DOC fluxes are exported at large spatiotemporal scale.

To address this knowledge gap, we present models
based on optical indices that can estimate photolabile and
photoprimed biolabile DOC for a wide range of DOC
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concentration and composition. We assessed biolability,
photolability, and photoprimed biolabilty of samples col-
lected from 50 different sites over a 2-year period in temper-
ate New England. The number of sites and duration of the
study enabled the collection of water samples spanning a
wide range of land covers, seasons, hydrological conditions,
and temperatures. This diverse suite of samples was submit-
ted to a uniform set of biological, photochemical, and cou-
pled biological and photochemical incubation experiments.
The resulting data characterize the potential lability of DOC
under uniform experimental conditions, which enabled elu-
cidation of the intrinsic lability of DOC across a multitude
of samples. By coupling data from these lability experiments
with DOC optical data, a simple optical proxy for photola-
bile including photoprimed biolabile DOC was developed
and used to estimate the export of photolabile DOC from
the Connecticut River over a 5-year period. The estimates
reveal both the quantity and timing of the photolabile flux
leaving the riverine network, and highlight the importance
of hydrological control on the dynamics of DOC export.

Methods
Site description and sampling

The Connecticut River is the longest (main-
stem length =660 km) and the largest (watershed
area=29,000 km?) river in the New England region of
the US with an annual mean temperature from — 1.7 °C in
the north to 10.9 °C in the south, where it drains to Long
Island Sound (PRISM Climate Group; Fig. 1; Supplemen-
tary Fig. S1). The moderate size, temperature gradient,
and the network of longstanding US Geological Survey
(USGS) gauging stations make the Connecticut River a
near-ideal study watershed (Fig. 1). Samples were col-
lected during 2015-2017 from 50 sites that encompass a
range of the land cover composition (Homer et al. 2015)
and watershed sizes (Fig. 1; Supplementary Fig. S1; Sup-
plementary Table S1). Two tributaries, the Farmington
River in Connecticut and Passumpsic River in Vermont,
were selected for nested sampling where streams in small
to larger watersheds within the river basins were sampled
with automatic samplers (ISCO Avalanche) to assess DOC
quality through the river network, especially during hydro-
logic events (Fig. 1, Supplementary Fig. S2). Other major
4th and 5th order tributaries (EPA National Hydrography
Dataset Plus Version 2) of the Connecticut River were
sampled during hydrologically important periods (e.g.,
snowmelt, drought, and storms) over the two years. Thus,
samples captured event-driven, seasonal, and landscape
related variation in DOC composition. Grab samples were
filtered on site through 0.2 um filters (Polyethersulfone;
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Fig. 1 The Connecticut River watershed and sampling sites. Nested
sites were sampled at least biweekly and more frequently dur-
ing storm events (every 3—6 h). Synoptic sites were sampled dur-
ing hydrologically important periods (e.g., snowmelt, drought, and
storms). The background layer shows the land cover of the water-
shed (Homer et al. 2015). See Supplementary Table S1 for detailed
description of the watershed size and land cover composition. Water-
shed area and boundaries were derived from National Hydrography
Dataset (USGS NHD) in ArcGIS (Esri)

Waterra USA Inc.) with a peristaltic pump, immediately
refrigerated, and returned to the laboratory. Samples from
autosamplers were refrigerated within the autosampler
at 3 °C until retrieval and were filtered (0.2 pm) within
3 days of collection at Yale University or USGS station
(Montpelier, Vermont). Discharge data was obtained from
USGS (USGS Water Data for the Nation).

Dissolved organic carbon analysis

DOC concentration was measured as non-purgeable organic
carbon concentration with a Shimadzu Total Organic Carbon
Analyzer (Kyoto, Japan), and was quality checked with third
party references (Ultra Scientific Standards, Santa Clara,
USA). Ultraviolet—visible absorbance was measured using a
Horiba Aqualog (Kyoto, Japan) with MilliQ ultrapure water
as blank, and zero offset at 650-700 nm range. Absorbance
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reported by the instrument was converted to decadic absorp-
tion coefficients at 254 and 412 nm (a,s, and a,,):
a, = f% (1)
where A is absorbance,/ is wavelength (nm), and / is path-
length of the quartz cuvette in meters. To assess aromatic-
ity of samples, we calculated Specific UV Absorbance at
254 nm (SUVA in L mg C™! m™') as the decadic absorb-
ance at 254 nm normalized by DOC concentration (Weishaar
et al. 2003). Spectral slope (S) was calculated by fitting the
absorbance data to

a, = alrefe_su_lref) (2)
where a is Napierian absorption coefficient (m™') and A
is reference wavelength (Twardowski et al. 2004). Spectral
Slope Ratio (Si) was calculated as the ratio between S;5.995
and S550.490 (in nm™'; Helms et al. 2008). DOC concentra-
tion and optical properties were measured within 10 days
of collection.

DOC lability and priming measurement

We performed three types of common laboratory lability
experiments: biolability, photolability, and photoprimed bio-
lability (Fig. 2). The lability tests conducted for this study
have been employed extensively in peer-reviewed studies and
provide an estimate for the proportion of DOC that has the
potential to be lost via biological or photochemical processes

Photolability (n=243)

DOC pho T-1

M\

Samples DOChio 1.1

T-0

0.2 um filter

| >

D

Fig.2 Experimental design for lability and priming tests. Photolabile
and biolabile dissolved organic carbon (DOC) concentrations were
calculated as DOC loss during 30-day incubations. Photoprimed bio-
labile DOC concentration is calculated as DOC loss during bioassay

@ Springer

under the experimental conditions rather than quantifying
the in-situ DOC loss or the absolute lability of DOC under
natural conditions (See Supplementary Tables S2-3 for a
list of past lability studies and their methods). Although
both biolability and photolability experiments spanned the
same timeframe in the laboratory (30 days), they were not
designed for comparison between relative photolability and
biolabilty. Instead, these experiments were designed to allow
biolability and photolability to be independently compared
across samples within each experiment.

Biolability

Biolability was measured through 30-day, room-temperature
(~22 °C), dark incubations where native raw water inoculum
(1% by volume) and nutrient amendment solution (1 mL)
were added to filtered samples (125 mL; n=461; Fig. 2;
Supplementary Method S1). Our study incorporated nutrient
amendment of nitrogen (as both ammonium and nitrate) and
phosphorous (as phosphate) so that DOC biolability could
be tested without nutrient limitation. Nutrient amendments
raised nitrogen concentration by 70 My (as ammonium and
nitrate) and phosphate concentration by 10 uM resulting
in C:N and C:P ratios below the Redfield ratio (Redfield
1934) for typical Connecticut River samples with DOC
concentration up to~ 10 mg C L™!. The samples were fil-
tered again through 0.2 um at the end of the 30-day incu-
bation period prior to analysis. Blanks and quality control
tests under the same protocol confirmed that the addition of
raw inoculum and nutrient solution had negligible effect on

Photoprimed Biolability (n=151)
Docpho-bio T-2

Biolability (n=461)

Photolability after biodegradation (n=135)
Docbio-pho T-2

0.2 um filter

test following a 30-day photolability test, minus the loss occurred
during the biolability test. Percent lability terms are calculated as
DOC loss normalized by the initial DOC concentration
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DOC concentration or absorbance. Further, the use of native
inoculum in our method ensured that the effect of inoculum
addition is consistently minimal across all samples. The
methods applied here do not distinguish between floccula-
tion and microbial utilization. Biolabile DOC concentration
and % biolability were calculated as

Biolabile DOC concentration = [DOCT_O] - [DOCbiO T—l]

3)
Biolability (%) = ([DOCr_g] — [DOCyie1_]) / [DOCr_o| X 100

“
where [DOCr ] and [DOC,;, 1] are the concentration of
DOC at the onset and the end of incubation, respectively.
It should be noted that biodegradation of DOC during the
bioassay would occur predominantly in the water column
by free living bacteria or at the bottle’s surface via attached
bacteria, which are introduced through a small volume of
inoculum. In comparison, natural riverine systems have
abundant bacteria throughout the water column, riverbank,
streambed, and hyporheic surfaces. This implies that the nat-
ural environment has the potential to not only speed rates of
biodegradation but also to increase the total amount of DOC
that is identified as biolabile in comparison to the bioassay.

Photolability

Photolability was measured through 30-day simulated
solar irradiation inside a custom-made photochamber
(n=243; Fig. 2; Stubbins et al. 2017). The photochamber
was constructed using 10 UV-light bulbs (10 x QUV-340
bulbs, Q-Lab Corporation) that emit broadband irradi-
ance that closely matches the spectral shape and flux of
natural sunlight across 295-365 nm, the main wavelength
range for environmental photochemical reactions involv-
ing CDOM (Mopper et al. 2015). The integrated irradi-
ance from the bulbs is~14.4 +0.7 W m™2 (Stubbins et al.
2017) or~1.24+0.06 MJ m™> day™' which is similar to the
mean daily irradiance during summer months in the Con-
necticut River watershed (1.16 +0.51 MJ m~2 day~! across
295-400 nm). The mean irradiance for the watershed was
calculated by multiplying the ratio of solar irradiance in
295-400 nm to 400-1110 nm in Simple Model for Atmos-
pheric Transmission of Sunshine (SMARTS2, Gueymard
2001) with long-term solar radiation data collected at the

Harvard Forest (daily total irradiance across 400—1100 nm in
July and August during 2001-2016 period; Harvard Forest
Data Archive). The photolability incubation was conducted
with 0.2 um filtered water samples in custom-made 120 mL
cylindrical quartz tubes (diameter 3 cm, length 15 cm) with
10-15 mL of headspace. Quartz test tubes containing the
samples were horizontally placed 20 cm below the light
source, and the tubes were repositioned after 15 days to pro-
mote even irradiance across the samples. The samples were
filtered at the end of the test period. The effective pathlength
of these tubes is significantly shorter than the depth of water
in even small streams, not to mention the larger rivers sam-
pled here. Thus, absolute amounts of photolabile DOC quan-
tified in these experiments for 30 days would take longer
than 30 days to realize in the field. The methods applied here
do not distinguish between flocculation and photolability.
Photolabile DOC concentration and % photolability were
calculated as

Photolabile DOC concentration = [DOCT_O] - [DOCpho T—l]
&)
Photolability (%) = ([DOCy_g| — [DOCpo1_1]) / [DOCr_g] X 100
(6)
where [DOCr] and [DOC,,,, 1.;] are the concentration of

DOC at the beginning and the end of the irradiance expo-
sure, respectively.

Photoprimed biolability

To assess photoprimed biolability, a subset of the irradi-
ated samples were subsequently re-filtered, inoculated with
native bacteria, nutrient amended, and incubated in the dark
for 30-days to quantify the effect of photochemical degra-
dation on DOC biolability (n=151; Fig. 2). Photoprimed
biolabile DOC concentration and % photoprimed biolability
were calculated as:

Photoprimed Biolabile DOC Concentration
= [DOCphn T—l] - [DOCpho—bio T—2] - [DOCbio T—l] @)

Photoprimed Biolability (%)

= ([DOCpho T—l] - [DOCpho—bio T—Z] - [Docbio T—l])
/ [DOC_y] x 100
(®)
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where [DOCp, 111, [DOCo.pi6 121, [DOCy;, 1.1, and
[DOCr.] are the DOC concentrations of samples at the end
of 30-day photolability test, at the end of 30-day bioincuba-
tion following the photolabilty test, at the end of 30-day bio-
lability test, and before the initial photolability test, respec-
tively. The resulting % photoprimed biolability is directly
comparable to % biolability because both are normalized by
the initial concentration (Supplementary Method S2). All
samples were filtered at 0.2 um at the end of each incuba-
tion period. For quantifying the effect of photopriming and
also for comparison across different samples, we calculated
the ratio of photoprimed biolabile DOC concentration to
biolabile DOC concentration. The sum of photolabile and
photoprimed biolabile DOC is referred to as total photolabile
DOC from hereon.

Effect of biodegradation on predicting photolability

In addition to the three lability experiments above, a subset
of samples that had been through the biolability tests were
subjected to photolability tests (n=135; Fig. 2). This sec-
ondary photolability test aimed to examine how biological
degradation of the DOC pool affects the efficacy of predic-
tor variables for photolability. Photolabile DOC loss after
biodegradation was calculated as:

Photolabile DOC loss after Biodegradation
= [DOCy 11— [DOCbio—pho T—Z] 9)

where [DOCy;, 1.1] and [DOCy;y_p, 1-2] denote the DOC
concentration at the end of biolability test and at the end of
subsequent photolability test, respectively.

Statistical analysis

Photolabile and total photolabile DOC concentrations were
modeled with a254 and a412 using linear regression. Con-
fidence intervals for the models were estimated with non-
parametric bootstrapping (95% confidence interval, 1000
replications) with boot package (Canty and Ripley 2020;
Davison and Hinkley 1997) in R (R Core Team 2013). The
choice of method for calculating the confidence intervals
(e.g. first order normal approximation, Hall’s method, per-
centile, Studentized) did not affect the outcome and the
result of first order normal approximation is shown here
(Fig. 6, Supplementary Fig. S9, Supplementary Result S1).
The linear models were used in conjunction with historic
USGS absorbance data to estimate the flux of the photo-
labile and total photolabile DOC leaving the Connecticut
River through LOAD ESTimator (LOADEST; Runkel et al.
2004). LOADEST calculates daily, monthly, and yearly
loads of a constituent across specific time periods by build-
ing a regression between the load and discharge. A sampling
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site located in Thompsonville, Connecticut (USGS Station
0118400) was chosen as the reference site for the Connecti-
cut River as it is the furthest downstream gauging station on
the main stem of the river unaffected by tides and also a site
with historic USGS data for both DOC concentration and
a254. To calculate the photolability and total photolability
of the Connecticut River DOC flux, we first estimated the
flux of DOC leaving the Connecticut River at Thompsonville
with samples from this study (n=44) and the USGS record
(n=172). Then, we repeated the same procedure with all
available a254 data (41 from this study and 79 from USGS)
and the two DOC models from this study to calculate the
amount of photolabile DOC and total photolabile DOC flux.
All flux calculations were based on adjusted maximum like-
lihood estimation (AMLE) values from LOADEST.

Changes in DOC concentration that were below the ana-
lytical limit of quantification (~0.2 mg C L™!) were con-
verted to 0. This procedure corrected two negative and one
positive biolability values observed during our experiment,
resulting in three samples that recorded 0% biolability. We
report coefficient of determination (r?) from linear regres-
sions and Welch’s t-test p-values where applicable.

Results

Environmental and DOC variability captured
across samples

The samples in this study captured a wide range of envi-
ronmental conditions, DOC concentration, and DOC qual-
ity. The samples were collected across all seasons over two
years from nested watersheds of varying sizes (0.4 km? to
28,200 km?; Fig. 1; Supplementary Table S1) and across a
wide range of surface temperature (mean annual tempera-
ture from —1.7 to 10.9 °C; Supplementary Fig. S1). Water
temperature during the sampling period ranged from 0 to
29 °C. Area-normalized discharge at sampling ranged from
0.005 cm day~! during winter freeze to 4.97 cm day~! dur-
ing storm events representing 0.05-99.7% exceedance values
observed across the sampling sites since 1987 (Supplemen-
tary Fig. S2). Thus, the samples represent the near-entirety
of hydrological conditions and temperature range observed
across our sites in the Connecticut River.

The DOC concentration and quality captured in the sam-
ple collection also represent large and ecologically relevant
ranges (Figs. 3, 4, 5; Supplementary Figures S3 and S5;
Supplementary Table S4). DOC concentration of the initial,
field samples ranged from <0.5 mg C L™! to 19.1 mg C
L~!, decadic absorbance coefficient at 254 nm (a254) from
0.4 to 67.9 m~!, decadic absorbance coefficient at 412 nm
(a412) from 0.0 to 5.7 m~! and SUVA from 0.21 to 6.2 L mg
C~'m™!. §,,5 595 ranged from 0.011 to 0.027 nm™", S35, 400
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from 0.014 to 0.031 nm™', and the Spectral Slope Ratio SR)
from 0.35 to 1.92 (Supplementary Figure S3). The range of
DOC concentration and SUVA values presented in the sam-
ples cover the average values found across major rivers in
the continental US (Spencer et al. 2012), suggesting results
from this study are relevant to a diversity of inland waters.
The SUVA values of the samples, in particular, provide a
wide range that has not been tested under a single, methodo-
logically consistent lability study.

Biolability
DOC biolability (%) ranged from 0 to 77.6% (Figs. 3a,

4a) with a mean of 15.6% (n=461, SD=11.3%). Most
of the samples showed a decrease in CDOM absorbance
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18.7% (SD=23.7%; p<0.01) for a254 and a412, respec-
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p>0.05). Average Sy75.995 and Ss5_40o changes were — 1.4%
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average Sy (SD=11.1%; p<0.001). Changes in absorb-
ance after bioincubation ranged from — 98.5 to 83.1% for
a254 and — 98.2 to 110.2% for a412 nm. Biolabile DOC
concentration showed a weak linear correlation with bulk
DOC concentration (r2 =0.24, p<0.001; Fig. 3). Linear cor-
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(r*=0.23, p<0.001; Fig. 4a). Neither percent nor concentra-
tion of biolabile DOC correlated significantly with water-
shed area, land cover composition, and area-normalized dis-
charge (linear regressions, 1> <0.1, p>0.2; Supplementary
Figure S8).

Photolability

Photolabile DOC loss after 30-day incubations ranged
from 0.07 to 8.2 mg C L™! (Fig. 3b). CDOM a254 loss
ranged from 48.1 to 100% (mean=91.8%, SD =6.8%;
p value <0.05; Supplementary Fig. S4A) and a412 loss
ranged from 10.4 to 100% (mean=96.4%, SD=9.4%;
p-value <0.05; Supplementary Fig. S4B). SUVA decrease
ranged from 3.7 to 100% (mean=284.4%, SD=10.4%; p
value <0.05), and the average SUVA at the end of irradia-
tion was 0.54 Lmg C™' m~! (SD=0.34 mg C~' m~!). DOC
% photolability ranged from 3.3 to 82.7% with a mean of
49.0% (n=243, SD=15.7%) and was positively correlated
with SUVA and S,;5.,95, and negatively correlated with
Sk (Fig. 4b; 1?=0.20, 0.31, and 0.30 for SUVA, S,75 105
and S, respectively, p values <0.05). S350.400, On the other
hand, showed a weaker correlation with % DOC photolabil-
ity (?=0.11, p value <0.05). Photolabile DOC concentra-
tion correlated with a254 (r2=0.85, p value < 0.05; Fig. 5a,
Supplementary Result S1), a412 (r*=0.82, p value <0.05;
Supplementary Fig. S5A, Supplementary Result S1),
and bulk DOC concentration (r2=0.86, p-value < 0.05;
Fig. 3b). Photolability (%) of reservoir samples was sig-
nificantly lower than the rest of the samples (Fig. 3b; mean
% photolability =20.8%, SD=9.7%, n=16; p<0.01), and

10

"] ®* Rivers A
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Photolabile DOC (mg CL™")
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Fig.5 Decadic absorption coefficient at 254 nm versus a pho-
tolabile  dissolved organic carbon (DOC) concentration
(Slope=0.127 +0.003, intercept=0.123 +0.068, ?=0.85, p<0.001)
and b total photolabile DOC (photolabile DOC + photoprimed biola-
bile DOC; slope=0.163 +£0.004, intercept=0.039 +0.099, ?=0.92,
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partly contributed to the higher variability of photolability
observed in the lower DOC concentration range. Watershed
area, land cover composition, and area-normalized discharge
showed no significant correlation with % photolability
(12<0.1, p>0.05; Supplementary Figure S8).

Photoprimed biolability

Photoprimed biolabile DOC concentration ranged from
—241t0 4.1 mgC L-! (n=151, mean=0.75 mg C L,
SD=1.1mgC L~'; 14.4% of the initial DOC, SD=15.4%),
and was greater than initial biolabile DOC concentration
among 61.6% of tested samples (Supplementary Method
S2). The average ratio of photoprimed to biolabile DOC
concentration, an index for quantifying the strength of
photopriming, was 2.4 (SD=4.0). Concentration of pho-
toprimed biolabile DOC linearly correlated with initial DOC
concentration (r2 =0.63, p value <0.05), a254 (r2 =0.59,
p-value <0.05), and a412 (*=0.50, p value < 0.05). Despite
sharing the same set of predictors, photoprimed biolabile
DOC and photolabile DOC concentrations showed a weak
correlation (r>=0.05). However, the ratio of photoprimed
biolabile DOC to photolabile DOC was negatively corre-
lated to residuals of the linear regression for photolabile
DOC concentration versus a254 (r2=0.46, p value <0.05;
Supplementary Fig. S6). That is, the samples that contained
lower amounts of photolabile DOC than expected from our
model resulted in greater production of photoprimed bio-
labile DOC. The sum of photolabile and photoprimed bio-
labile DOC concentration, which we term total photolabile
DOC, showed strong linear correlation with a254 and a412

12

10

Total photolabile DOC (mg CL™")

10 20 30 40 50 60 70
a254 (m™)

p<0.001). Solid black, dashed blank, and blue lines respectively rep-
resent regression, confidence intervals (95%), and prediction intervals
(95%). See Supplementary Result S1 for bootstrap confidence inter-
vals
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(Fig. 5b, *=0.92; Supplementary Fig. S5B, r*=0.81; See
Supplementary Result 1 for bootstrap confidence interval).
Total photolabile DOC ranged from 0.48 to 12.0 mg C L™!
(mean=3.3 mg C L™}, SD=2.3 mg C L™!; mean photolabil-
ity =60.7%, SD =12.6% of the initial DOC).

Bioprimed photolability

Photolabile DOC concentrations after 30-day bioassays
showed similar correlations with a254 as the initial, non-
biodegraded samples (Supplementary Fig. S7). The biotreat-
ment had no effect on the slope (p>0.5) but affected the
intercept of the regression between a254 and photolabile
DOC concentration (p <0.001; ANCOVA, Type II sum of
squares). However, a regression model built with both sets
of samples captured more than 97% of the variation seen
across the two treatments (Supplementary Figure S7; Sup-
plementary Result S2).

Photolabile DOC flux from the Connecticut River

Using the correlation between photolabile DOC concentra-
tion and a254 (Fig. 5), and available historic measurements

of a254 for the Connecticut River mainstem, we were able
to estimate the flux of photolabile and total photolabile DOC
with LOADEST (Supplementary Result S2, Supplementary
Figure S9). We estimate that approximately 49% (SD=3.3%)
of the annual DOC flux leaving the Connecticut River water-
shed was directly photolabile for the 2012-2016 period (at
USGS gauging station 0118400 Thompsonville; furthest sta-
tion on the mainstem of the river not affected by tides). When
photoprimed biolabile DOC is included, 59% (SD =4.3%) of
the DOC flux was labile (Fig. 6). Per unit area, this translates
to DOC load of 2.82 Gg C year™! (SD=0.67 Gg C year™") or
yield of 1.13 Mg C km™2 year™! (SD=0.27 km~2 year™') that
is not being mineralized during transport but is potentially
susceptible to further degradation after delivery to Long
Island Sound. The mean absolute error for the modeled pho-
tolability was —0.9%, and 6.8% of the predicted values had
error greater than 10%. The LOADEST models did not show
any biases across the hydrological gradient.
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Fig.6 Predicted daily percentage total photolability of dissolved
organic carbon (DOC) exported from the Connecticut River. The total
photolability of DOC is the sum of directly photolabile DOC and
photoprimed biolabile DOC concentrations normalized by the initial
total DOC concentration. Blue and red ribbons respectively show
prediction interval and drought periods (0—10th percentile of 10-year
discharge record). The prediction interval reflects both the bootstrap
confidence intervals (95%) of the total photolabile model and the

prediction intervals (95%) from the LOADEST. Total photolability
and discharge are shown as 7-day rolling averages. The black circles
represent photolability values that were directly measured during the
study whereas the green circles represent photolability for USGS
samples which were calculated from UV-absorbance and DOC con-
centration. The error bars on the USGS samples represent 95% con-
fidence interval from the total photolabile DOC concentration model
from this study (Supplementary Results S1)
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Discussion

Our study examined the variability of biolability, photolabil-
ity, and photoprimed biolability across large spatiotemporal
and hydrological scales that are highly relevant to ecosystem
science (Stanley et al. 2012; Creed et al. 2015; Raymond
et al. 2016). The result is an expansive overview of what
environmental variables correlate with lability across the
Connecticut River watershed, and a clear depiction of how
hydrological events facilitate the export of largely photola-
bile DOC fluxes across the riverine network (Fig. 6). Fur-
thermore, the broad ranges of DOC quantity and quality pre-
sented in our study, which have not been tested for lability in
a single experimentally uniform study to date (Supplemen-
tary Table S4), make our findings relevant for other ecosys-
tems beyond our study watershed. The results of photola-
bility and photpriming experiments, in particular, provide
a new scalable method that estimates the flux of DOC that
can be mineralized by sunlight and microbes upon export.
This novel method showcases how a commonly measured
parameter (a254) can be used for estimating the seasonal and
annual fluctuations in photolabile DOC fluxes (Fig. 6, Sup-
plementary Fig. 9), and also how to utilize existing database
to assess the photolabile DOC fluxes of the past.

Biolability

The biolability values reported in our study span one of the
largest ranges reported to date (Supplementary Table S4).
In particular, some of the high biolability values observed
in this study (>50%; n=11 out of 461) exceed values from
past studies that involved longer incubation periods (51%
over 898-days, Vihitalo and Wetzel 2008). While compar-
ing results of lability experiments under different designs
is not advisable, reporting of such high biolability warrants
a careful examination and survey of the literature. First, it
is worth noting that all biolability values above 50% in the
present study were observed in samples collected during
initial pulses of hydrological events that have previously
been associated with enhanced bioavailability such as
spring snowmelt (Holmes et al. 2008) or rain after fall leaf
senescence (Sleighter et al. 2014; Singh et al. 2014). Initial
pulses of DOC during storm events are often associated with
increased biolability (Kaplan and Newbold 1995; Buffam
and Galloway 2001; McLaughlin and Kaplan 2013) pos-
sibly due to highly biolabile nature of fresh organic matter
in the upper soil layer (Butman et al. 2007) and leaf litter
(McDowell 1985; Bernhardt and McDowell 2008; Cail-
lon and Schelker 2020). Secondly, the nutrient amendment
applied in our study may have boosted the microbial degra-
dation of DOC samples that were collected during storms.
Microbial degradation of DOC leached from soil or leaf
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litter can be limited by nutrient availability (Baldwin 1999;
Marschner and Kalbitz 2003). Thus, we are confident that
these highly biolabile samples are end-members of the biola-
bility spectrum that resulted from the nature of event-driven
DOC pulses, nutrient amendment, and expansive sampling,
all of which were intended components of our study design.

Changes in CDOM absorbance during bioassays showed
both decreases and increases, indicating that CDOM could
be both reduced or increased by microbes. The overwhelm-
ing direction of change, however, was towards microbial
utilization of CDOM, where more than 95% and 90% of
the incubations showed decreases in a254 and a412, respec-
tively. The directions of Sy75.595, S350.400» and Sk changes
indicated flattening of the slope at the lower wavelengths
and steepening in the higher wavelengths, as previously
reported for biodegradation of CDOM (Helms et al. 2008).
A slight increase in SUVA (1.7%) after biodegradation and
the inverse relationship observed between SUVA and bio-
lability (Fig. 4a) also conform to the notion that microbes
preferentially degrade less aromatic DOC (Wickland et al.
2012; Koehler et al. 2012; Fellman et al. 2014; Frey et al.
2016; Hansen et al. 2016). However, it should be noted that
changes in both §,;5 595 and SUVA from biodegradation was
not significant (Welch’s t-test p-value > 0.05), which demon-
strates that the microbial processing of biolabile DOC may
not have a consistent effect on the spectral shape of CDOM.
Furthermore, changes in 575,95 and SUVA among highly
biolabile samples (biolability > 30%; n=36) were also sta-
tistically insignificant (Welch’s ¢ test p value > 0.1). In other
words, the biological degradation of DOM during the bio-
assays consistently reduced the amount of CDOM but have
little effect on the overall spectral shape of the CDOM. We
postulate the diversity of DOM sources represented across
our samples and relatively short duration of the bioassay
may have led to the minor change in spectral shape observed
in our study.

Photolability

Our results underscore the photolabile nature of riverine
DOC. The linear regression between bulk DOC concentra-
tion and photolabile DOC concentration indicates that pho-
tolabile DOC constitutes more than a half of the total DOC
pool across a wide range of samples (Fig. 3). This is presum-
ably because allochthonous DOC from surrounding land is
the dominant source of DOC in rivers, and that the chromo-
phoric nature of the allochthonous DOC makes it susceptible
to photomineralization (Stubbins et al. 2010; Benner and
Kaiser 2011; Lapierre et al. 2013). The strong correlation
observed between photolabile DOC concentration and a254
and a412, and also the inverse relationship between Sy and
photolability in our study attest to the previously described
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central role of aromatic CDOM in photochemical DOC reac-
tions (Stubbins et al. 2008).

Photolability, measured in both concentration and per-
centage, was not correlated with watershed size or area-
normalized discharge. Further, land cover characteristics
showed statistically insignificant correlations with the pro-
portion of photolabile DOC. This is contrary to past studies
that showed landscape control of DOC quality. For example,
changes in the optical properties (e.g. fluorescence index)
have been linked to agricultural and wetland land cover
(Wilson and Xeopolulous 2008), and the proportion of urban
land cover within watersheds has been linked to lower pho-
tolability, higher biolability, changes in fluorescence, and
older carbon age (Butman et al. 2012; Lu et al. 2013; Hosen
et al. 2014; Williams et al. 2016). The lack of significant
correlation by spatial factors in this study, however, does
not imply that DOC quality in the Connecticut River water-
shed is not controlled by watershed geology and land cover,
or that the landscape control of DOC quality is diminished
in large watersheds. Our study design aimed to capture the
diversity of DOC quality across different watersheds and
hydrological conditions, rather than to collect representative
samples that can help discern the importance of static spatial
variable such as watershed size or land cover. Variation in
hydrological conditions (Supplementary Fig. S2) are known
to cause major shifts in DOC chemistry and lability (Fellman
et al. 2009; Wilson et al. 2013; Spencer et al. 2015; Wagner
et al. 2019) and are predicted to create more homogeneous
DOC quality at higher flows across a large watershed due
to the shunting of terrestrial DOC downstream (Raymond
et al. 2016, Hosen et al. 2020). Thus, sampling baseflow
and storm events in this study may have masked the cor-
relation with landscape variables that could otherwise be
more significant when sampling only at baseflow conditions.
Further, it should be noted that the selection of watersheds
in this study included a narrow range of non-forest land cov-
ers (Supplementary Table S1) and we did not examine the
importance of land cover across different watershed sizes.
Future studies should be designed with consideration for
capturing wide ranges of both dynamic and static controls
of DOC in order to discern when and where static variables
have greater control.

Coupled biological and photochemical processing
of DOC

Our study showcases the prevalence of photoprimable DOC
in riverine systems. Despite the long history of studies on the
effect of photoreactions for biological DOC utilization, only
few published studies examined photopriming across large
spatial scales and over different flow regimes (Stepanauskas
et al. 2005; Cory et al. 2014), and most studies focused on
smaller watersheds or specific transport pathways within the

aquatic carbon cycle (e.g. lakes, leaf matter, cyanobacteria;
Tranvik and Kokalji 1998; Tranvik and Bertilsson 2001;
Fasching and Battin 2012; Fellman et al. 2013; Bittar et al.
2015). Covering large spatiotemporal and hydrological gra-
dients, the samples in our study showed that the amount of
photoprimed biolabile DOC was often greater than the initial
biolabile DOC despite the sizable removal of DOC during
30-day irradiations. On average, the release of additional
biolabile DOC by photopriming tripled the amount of total
bioavailable DOC (i.e. biolabile DOC + photoprimed bio-
labile DOC). In other words, the release of biolabile DOC
through photopriming had greater impact on the net removal
of riverine DOC than the microbial uptake with DOC in
the dark. However, our estimate should be considered as
a potential range of photopriming at longer time scale (i.e.
near-complete removal of CDOM) rather than a compari-
son to past studies with different research designs (e.g. light
exposure, nutrient amendment, incubation duration) or in-
situ photopriming rate.

Biological degradation of DOC changed CDOM absorb-
ance among samples. Yet, the relationship between the
remaining CDOM (a254) and photolabile DOC concentra-
tion was largely unaffected. In other words, the changes in
DOC composition by microbes did not have a large effect on
the robustness of using a254 as a predictor for concentration
of photolabile DOC (Supplementary Fig. S6; Supplementary
Result S1), suggesting that biological processing of DOC
does not affect the inherent relationship between short wave-
length absorbance and photolability. This implies that the
photolabile DOC model presented here can be used regard-
less of biodegradation history of DOC, which makes it more
robust and potentially more applicable to other systems.

Predicting photolabile DOC with CDOM

The strong correlations found between CDOM (a254 and
a412) and the concentrations of photolabile and total pho-
tolabile DOC (photomineralized + photoprimed) provide a
potentially important tool for constraining the amount of
photolabile DOC exported from temperate rivers (Fig. 4B,
Supplementary Fig. S5B). The independent variables of the
models reflect that the light-absorbing aromatic CDOM is
the main source of photomineralization. Our results build
upon past studies that presented strong correlations between
photolabile DOC loss and UV absorbance at various wave-
lengths (Bertilsson and Tranvik 2000; Helms et al. 2014;
Koehler et al. 2016). Further, the models presented here
are in agreement with a recent study that showed a robust
relationship between photomineralization and photobleach-
ing across 10 global rivers (Aarnos et al. 2018). Whereas
the work by Aarnos and colleagues modeled photominer-
alization with photobleaching, our models are based on the
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CDOM absorbance, which was almost completely bleached
during the incubations.

The model for total photolabile DOC concentration and
the residual analysis of the photolabile DOC model (Fig. 5B;
Supplementary Fig. S7) present a novel insight on photo-
chemical DOC modification. The ratio between the pho-
toprimed biolabile DOC and photolabile DOC effectively
explained the residual of the a254 photolabile DOC model
(r>=0.46, Supplementary Fig. S6B). This indicates that the
deviation from the regression is a manifestation of partially
photodegraded molecules that were not photolabile under
our experimental conditions but are highly biolabile. Fur-
ther, the sum of photolabile and photoprimed biolabile DOC
showed a stronger correlation with both a254 and a412 in
comparison to the regression model built with only photola-
bile DOC (Fig. 5; Supplementary Figure S5; Supplementary
Result S1). This implies that the DOC UV absorbance is a
better indicator for total photolabile DOC than just photo-
mineralization because the quality of DOC causes variable
ratios of DOC to be completely photomineralized versus
photoprimed. In addition, applying the total photolabile
DOC concentration model (Figure S5B; Supplementary
Result S1) may depict a more appropriate theoretical limit
for photochemical DOC removal in natural settings where
both photomineralization and microbial respiration of pho-
toprimed biolabile DOC occur concurrently. Furthermore,
the stronger correlation of the total photolabile DOC model
can help reduce the margin of error for estimating the out-
comes of photochemical processes at large spatiotemporal
scales (Supplementary Result S1).

The robustness of the photolabile DOC model with a412
(Supplementary Fig. S4) extends the scalability of our find-
ings since a412 can be retrieved from SeaWiFS and MODIS
satellites (Tehrani et al. 2013). Now, in conjunction with
predicting hydrophobic organic acid fraction and aromaticity
(Weishaar et al. 2003; Spencer et al. 2012), a254 and a412
can be used for estimating the concentrations and export
of photolabile DOC. This is a potentially important tool,
as it is currently not possible to accurately model the light
environment or DOC quantum yields accurately over a large
watershed in order to have a more process-based estimation
of photochemical DOC removal.

Photolabile DOC export from the Connecticut River

LOADEST model estimates for the Connecticut River reveal
that a large fraction of the DOC export to Long Island Sound
is photolabile and photoprimable (Fig. 6, Supplementary
Fig. S9), and points to inefficient photodegradation dur-
ing transport. Light is intercepted by tree canopies in small
forested watersheds, and riverine turbidity and CDOM can
severely limit light penetration (Juday and Birge 1933)
regardless of land cover. The limited nature of DOC-sunlight
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interactions in our fluvial samples is also indirectly dem-
onstrated in our reservoir samples that have very low UV
absorbance and photolability (Figs. 3, 4, 5), presumably
due to long residence times and light regimes that facilitate
greater photochemical degradation than in rivers (Kohler
et al. 2013; Vihatalo and Wetzel 2008). At the watershed
scale, however, the DOC flux leaving the Connecticut River
is still highly photolabile despite the 15,000 lakes, ponds,
and reservoirs in its watershed (USGS National Hydrogra-
phy Dataset). Further, the majority of the DOC is exported
during hydrologic events (Fig. 6; Supplementary Fig. S9;
Raymond and Saiers 2010; Yoon and Raymond 2012),
which are accompanied with high levels of turbidity and
CDOM, and shorter reaction time for the transported DOC.
In addition, an increase in cloud cover during rain events can
also translate to less irradiance. In other words, photochemi-
cal reactions are severely limited and the residence time is
shortened during the periods when the largest flux of photo-
reactive DOC is being transported. Thus, we argue that light
availability during hydrologic events is a strong determinant
for the amount and characteristics of DOC flux to the coastal
ocean. This conclusion adds to past studies that suggested
light availability as a key control for photomineralization in
inland waters (Kirk 1994; Koehler et al. 2014).

Our study period captured multiple periods of drought
conditions where water levels dropped to 50-70 year lows
(Hosen et al. 2019). During these occasions, the total photo-
lability of Connecticut River DOC fell below 50% (Fig. 6).
The potential drivers of such low DOC photolability include
the prevalence of groundwater with lower SUVA during base
flow conditions, photochemical removal of DOC, and pro-
duction of autochthonous DOC with low CDOM (Hosen
et al. 2020). In contrast, DOC total photolability increased
to upward of 70% during high discharge conditions such
as spring snow melt and intense rain events (Fig. 6) when
inputs of terrigenous DOC through surface and soil flow-
paths typically dominate the hydrograph (Evans and Davies
1998) and residence times were shortest in the river network.
Thus, DOC source and hydrology had a clear impact upon
the quality of DOC exported from the river system, with
low flow conditions exporting DOC with lower photolabil-
ity and high discharge events exporting highly photolabile
DOC, which supports the Pulse Shunt Concept proposed
by Raymond et al. (2016). However, it should be noted that
most DOC flux models, including LOADEST, tend to under-
estimate fluxes during storm events because samples cap-
turing dynamic changes during events are underrepresented
(Raymond and Saiers 2010; Yoon and Raymond 2012). In
the case of modeling photolability or photolabile flux, the
accuracy of the model depends on the availability of a254
measurements which can be obtained continuously in-situ
with sensors. Thus, future studies should utilize data from
submersible sensors in conjunction with grab samples to
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improve the accuracy and spatiotemporal resolution of their
models.

Role of photochemical processing for terrestrial
DOC

The critical role of photolabile DOC in inland rivers has
been identified in other large rivers. In the Congo River
where the water residence time has a strong seasonality,
photochemical DOC degradation and its byproduction of
lower molecular weight derivatives have been identified as
the key determinants of DOC quality along the downstream
transport (Lambert et al. 2016). Similarly, continuous supply
of biolabile DOC through photopriming has been pointed as
a possible mechanism behind the steady biolability of DOC
along the Kolyma River in the arctic (Frey et al. 2016). Yet,
DOC export from large riverine systems such as the Congo,
Amazon, or Mississippi remain photolabile upon entering
their respective coastal zones (Spencer et al. 2009; Medeiros
et al. 2015; Lambert et al. 2016).

High levels of photolabile DOC exported from freshwa-
ter networks imply that photopriming may play a key role
in facilitating more rapid degradation of terrestrial DOC in
coastal margins (Miller and Zepp 1995, Moran and Zepp
1997; Aarnos et al. 2018). As dilution with seawater and
settling of sediment releases the light limitation, terrig-
enous DOC from large rivers encounters improved condi-
tions for photochemical DOC removal and photopriming in
coastal margins. In the case of the Louisiana Shelf, to which
the Mississippi River drains, this process of photochemi-
cal transformation is estimated to enhance the biological
DOC removal by 50% (Fichot and Benner 2014). For the
Amazon River plume in the Atlantic Ocean, photochemi-
cal transformation was a key factor in explaining spatial
and seasonal variations of the terrigenous DOC quality as
it became diluted with seawater (Medeiros et al. 2015). At
global scale, roughly a third of riverine DOC flux into the
ocean is estimated to be removed through photomineraliza-
tion and photopriming within 1 year (Aarnos et al. 2018).
Results from our study add to these previous studies, and
emphasize the critical role of photochemical processes and
highlight the importance of hydrologic events as a strong
driver of both the quantity and quality of DOC exported
from riverine networks.

Conclusion

Understanding potential flux of photolabile and photoprima-
ble DOC from riverine systems is a crucial part of studying
the carbon linkage between terrestrial and marine systems.
The net mineralization through these two removal pathways,
in conjunction with biomineralization, has a large impact

on the metabolic status of waterbodies and their CO, fluxes
into the atmosphere (Prairie 2008; Cory et al. 2014). Yet,
the variability of photolability and the effect of photoprim-
ing at large spatiotemporal scales is poorly understood,
especially in the context of event-driven DOC pulses that
control the DOC export from inland waters (Raymond et al.
2016). This study presents a range of photochemical and
photoprimed biolability encountered across a large number
of samples that captures the diverse land use, hydrologi-
cal, and seasonal conditions within the Connecticut River.
By relating photolabile DOC to a254 and a412, this study
presents a convenient method for estimating the amount of
total photolabile DOC in a river water sample from either
simple spectrophotometric measurements or remote sensing
data. The correlation reported may be broadly applicable to
temperate New England, and even globally, although future
experiments under similar conditions would strengthen this
assumption. The amount of photolabile DOC that escapes
the Connecticut River and its variation across seasons also
suggest that the dominant control on DOC transport by
hydrological events (Raymond et al. 2016) extends to both
quantity and quality of DOC in inland waters.
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