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Abstract  

Exposure of dissolved organic matter (DOM) to sunlight can increase or decrease the fraction 

that is biodegradable (BDOM), but conceptual models fail to explain this dichotomy.  We 

investigated the effect of sunlight exposure on BDOM, addressing three knowledge gaps: (1) 

how fractions of DOM overlap in their susceptibility to degradation by sunlight and microbes, 

(2) how the net effect of sunlight on BDOM changes with photon dose, and (3) how rates of 

DOM photodegradation and biodegradation compare in a stream.  Stream waters were exposed 

to sunlight, and then fed through bioreactors designed to separate labile and semi-labile pools 

within BDOM.  The net effects of photodegradation on DOM biodegradability, while generally 

positive, represented the balance between photochemical production and removal of BDOM that 

was mediated by photon dose.  By using sunlight exposure times representative of sunlight 

exposures in a headwater stream and bioreactors colonized with natural communities and scaled 

to whole-stream dynamics, we were able to relate our laboratory findings to the stream.  The 

impact of sunlight exposure on rates of DOM biodegradation in streams was calculated using 

rates of light absorption by chromophoric DOM, apparent quantum yields for 

photomineralization and photochemical alteration of BDOM, and mass transfer coefficients for 

labile and semi-labile DOM.  Rates of photochemical alteration of labile DOM were an order of 
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magnitude lower than rates of biodegradation of labile DOM, but for semi-labile DOM these 

rates were similar, suggesting that sunlight plays a substantial role in the fate of semi-labile 

DOM in streams.   

 

 

 

Introduction 

Terrestrially-derived dissolved organic matter (DOM) sourced from decaying plant and 

soil organic matter fuels heterotrophic microbial degradation in streams (Battin et al. 2008).  

Export of terrestrially-derived DOM to streams in many regions has increased in response to 

changes in climate, land-use, or other processes (Montieth et al. 2007; Laudon et al. 2009; Singh 

et al. 2016).  However, controls on the biodegradation of DOM to CO2 remain too poorly 

understood to predict changes in CO2 emissions from streams in response to increasing DOM 

export from watersheds (Oni et al. 2015; Biddanda 2017).    

Following export of terrestrially-derived DOM to sunlit streams, photodegradation of 

DOM may be a major control on its biodegradation (Cory and Kling 2018).  In sunlit waters, the 

chromophoric fraction of DOM (CDOM) absorbs sunlight, initiating photochemical reactions 

that can photomineralize DOM to CO2 (Granéli et al. 1996; Lindell et al. 2000) or photo-alter the 

chemical composition of DOM by producing different DOM compounds (Cory et al. 2007; 

Gonsoir et al. 2009; Ward and Cory 2016).  Evidence suggests that some of the DOM 
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compounds that are photomineralized or photo-altered are also biodegradable (BDOM; Moran et 

al. 2000; Cory et al. 2010a; Amado et al. 2015; Ward et al. 2017).  This potential overlap 

between photo- and biodegradation of DOM creates a range of scenarios in which sunlight and 

microbes may both cooperate and compete to degrade DOM.  Sunlight and microbes cooperate 

to degrade DOM when sunlight photo-alters relatively recalcitrant, high molecular weight 

(HMW) DOM to produce biodegradable low molecular weight (LMW) acids or aldehydes 

(Wetzel et al. 1995; Bertilsson and Tranvik 1998).  On the other hand, sunlight and microbes 

compete to degrade DOM when sunlight photomineralizes BDOM, or photo-alters BDOM to 

compounds no longer biodegradable (Cory et al. 2010a; Ward et al. 2017).    

The presence of these cooperative and competitive interactions, as well as the balance 

between them, may help reconcile widespread observations of both positive and negative effects 

of sunlight on DOM biodegradability (Tranvik and Bertilsson 2001; Amado et al. 2007).  

However, we cannot predict the net effect of sunlight on DOM biodegradability because the 

fractions of DOM accounting for increases and decreases in BDOM on a mass basis are not well 

known.  For example, photochemical production of compounds thought to contribute to 

increased BDOM, such as acetate and amino acids, can only account for small changes in 

BDOM on a mass basis following photodegradation of terrestrially-derived DOM (Wetzel et al. 

1995; Bertilsson and Tranvik 1998; Pullin et al. 2004).  Likewise, fractions of DOM removed by 

sunlight are not well constrained on a mass basis, but may include a range of aliphatic (Ward et 

al. 2017), aromatic (Cory et al. 2010a), and nitrogen-rich protein-like DOM (Amado et al. 2015).   
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The photochemical production and removal of BDOM that account for cooperative and 

competitive interactions between sunlight and microbes to degrade DOM may be inferred by 

examining changes in CDOM and the fluorescent fraction of DOM (FDOM) following photo- 

and biodegradation (Moran et al. 2000; Obernosterer and Benner 2004; Fasching and Battin 

2012; Amado et al. 2015).  CDOM and FDOM are proxies for sources and compositions of 

carbon within the DOM pool, such as HMW, aromatic carbon associated with terrestrially-

derived DOM or carbon associated with free or combined fluorescent amino acids (e.g., 

tryptophan, tyrosine, and phenylalanine; Coble 1996).  CDOM and FDOM are fractions of DOM 

most susceptible to photodegradation (Lindell et al. 2000; Moran et al. 2000) and that are also 

biodegradable (Guillemette and del Giorgio 2011; Cory and Kaplan 2012).  Thus, many studies 

have made inferences on cooperative and competitive interactions between sunlight and 

microbes to degrade DOM by analyzing the overlap (or lack thereof) between CDOM and 

FDOM degraded by sunlight or microbes alone (Moran et al. 2000; Obernosterer and Benner 

2004; Fasching and Battin 2012; Amado et al. 2015).  However, what is missing from these 

studies, but needed to quantify how sunlight impacts biodegradation of DOM in streams, is the 

connection between the fractions of DOM degraded by sunlight and microbes and the rates of 

each process, photo- and biodegradation, in streams. 

The few studies that have directly compared rates of DOM photo- and biodegradation in 

streams have showed that photodegradation can be as fast as or faster than biodegradation of 

DOM in the water column (Cory et al. 2014, 2015).  However, it is not known how rates of 
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DOM photodegradation compare to rates of biodegradation of DOM in the benthic zone of the 

streambed, the habitat where most microbial activity occurs in streams.  For example, the DOM 

fractions accounting for increases or decreases in BDOM after sunlight exposure on a mass basis 

may not impact organic matter processing in streams if rates of their photochemical production 

or removal are too slow compared to rates of their biodegradation in the streambed.  Thus, 

knowing how sunlight impacts DOM biodegradability in a stream reach requires a comparison of 

the rates of photodegradation of DOM fractions in the water column to rates of their 

biodegradation in the streambed.   

The balance of photochemical production and removal of BDOM, and thus the net effect 

of sunlight on DOM biodegradability, should depend strongly on the amount of light received by 

DOM as it travels downstream.  This is because the extent of DOM photodegradation increases 

as CDOM absorbs more light with increasing photon dose (Granéli et al. 1996; Lindell et al. 

2000; Moran et al. 2000).  The only study that has quantified the effect of photon dose on DOM 

biodegradability showed diminished enhancement of DOM biodegradability with increasing 

photon dose (Reader and Miller 2014).  Those findings have been interpreted to mean that 

photochemical production of BDOM becomes increasingly offset by the removal of BDOM with 

increasing photon dose.  However, in that study, waters were exposed to high doses of light 

comparable to sunlight exposures in coastal waters not streams (Reader and Miller 2014).  

Quantifying the net effect of sunlight on DOM biodegradability following photon doses 
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representative of those in streams is thus needed to determine the effects of photon dose on 

stream water DOM biodegradability and estimate rates of DOM photodegradation in streams.  

Here we address three knowledge gaps on the effect of sunlight exposure on BDOM: (1) 

how fractions of DOM overlap in their susceptibility to degradation by sunlight and microbes, 

(2) how the net effect of sunlight on BDOM changes with photon dose, and (3) how rates of 

photodegradation and biodegradation of DOM compare in a stream.  Stream water was exposed 

to sunlight alongside dark controls to mimic sunlight exposure times in streams and then fed 

through bioreactors designed to separate labile and semi-labile pools within BDOM.  We 

evaluated overlap between CDOM and FDOM fractions that were photo- and biodegraded to 

qualitatively interpret changes in BDOM following photodegradation.  By using short-term 

sunlight exposure times representative of sunlight exposures in streams and short-term 

biodegradation experiments with bioreactors colonized with natural communities and scaled to 

whole-stream dynamics, we related our laboratory findings to in situ rates in the stream reach.  

Photodegradation rates were calculated using light absorption by CDOM throughout the stream 

water column and apparent quantum yields for photomineralization and for photochemical 

alteration of labile or semi-labile DOM. Biodegradation rates were calculated using prior 

instream measures of mass transfer coefficients for labile and semi-labile DOM.  The net effect 

of photodegradation on DOM biodegradability was generally positive and resulted from the 

photo-alteration of DOM to produce and remove BDOM.  Photon dose impacted photochemical 

production and removal of BDOM, and in doing so, impacted the net effect of sunlight on the 
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biodegradability of DOM.  Finally, rates of photochemical alteration of labile DOM (i.e., net 

production or removal) were much less than rates of biodegradation of labile DOM, but were 

similar for semi-labile DOM, suggesting that sunlight may be particularly important in 

controlling the fate of the semi-labile DOM pool in stream ecosystems.   

Methods 

Experimental design 

Site description and sampling – A total of five stream water samples were collected from 

a third-order reach of White Clay Creek (WCC; 39°51’N, 75°47’W) in persulfate-cleaned 20-L 

carboys during August 2016 and May 2017 (Table 1).  This temperate stream in the southeastern 

Pennsylvania Piedmont flows through intact riparian woodlands (Newbold et al. 1997).  All 

stream waters were collected at 06:00, within 0.5 h of sunrise, with four collected under baseflow 

conditions and one collected on the receding limb of a storm hydrograph.  Stream waters were 

filtered immediately in a two-step process using organic-C free GF/F filters followed by sterile, 

0.2 µm filters (Pall Corporation), and stored at 4 °C in a separate, persulfate-cleaned carboy in 

the dark for ≤ 9 days before a sunlight exposure experiment.   

Sunlight exposure of DOM – Aliquots of each filtered stream water sample were used in 

1 to 4 separate sunlight exposures ranging from 3 to 17 hours (Table 1).  Sunlight exposures 

were performed by equilibrating 2 L of a sample to room temperature, distributing 1 L into 10 

precombusted (450 °C, 5h) 100-mL quartz tubes with ground glass stoppers, and exposing the 

tubes to natural sunlight on a black surface alongside a dark control kept in a foil-wrapped, 
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precombusted 1-L borosilicate glass bottle (Fig. S1).  Exposures took place on cloudy and sunny 

days, during which the temperature of waters in the quartz tubes ranged from 27 to 32 °C 

compared to 25 to 26 °C in the dark controls.  Following sunlight exposure, waters from the 

quartz tubes were composited into a precombusted 1-L borosilicate glass bottle (Fig. S1), and 

both the light-exposed and dark control samples were stored in the dark at 4 °C for < 1 day until 

bioreactor experiments.  In total, 15 sunlight exposure experiments took place on separate days, 

generating 15 sets of light-exposed and dark control samples (Table 1).   

Bioreactor approach to quantify BDOM – Plug-flow biofilm reactors (i.e., bioreactors) 

are chromatography columns filled with sintered glass beads that are maintained by continuous 

inputs of WCC waters that are filtered to remove larger particles but allow suspended bacteria to 

pass.  Over time the bioreactors, covered to eliminate light and maintained in a room kept at 20 

°C, were colonized and fed by a unidirectional flow of WCC water and suspended bacteria which 

generated gradients of bacterial densities, species composition, and activity (Kaplan and 

Newbold 1995).  Bioreactors were constructed with different volumes to vary the empty bed 

contact times (EBCT), or the amount of time that BDOM is available for uptake, such that EBCT 

could be used as a surrogate for the relative biodegradability of DOM.  For example, the most 

biologically labile compounds are rapidly degraded over short bioreactor contact times and semi-

labile compounds are degraded following longer contact times (Kaplan et al. 2008).  Bioreactors 

facilitate the measurements of BDOM without the confounding issues of groundwater and 

tributary inputs, disturbances from elevated storm flows, phototrophs, and seasonal and diel 
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temperature variations.  Prior work comparing the behavior of a 13C-DOC tracer in bioreactors 

and in WCC scaled DOM biodegradation in the bioreactors to the stream, where the uptake of 

BDOM occurring in the bioreactors over minutes and centimeters occurred in the stream over 

hours to days and hundreds of meters to kilometers (Kaplan et al. 2008).   

We used bioreactors to quantify BDOM in the light-exposed or dark control water 

samples (Kaplan and Newbold 1995; Cory and Kaplan 2012) and to separate the BDOM into 

operationally defined labile and semi-labile pools (Kaplan et al. 2008).  Samples were 

individually fed through a bioreactor with an EBCT of either 1.5 or 37 minutes, and the 

bioreactor influent and effluent waters were collected in triplicate in precombusted borosilicate 

glass vials for DOC, CDOM, and FDOM analyses (Fig. S1).  The bioreactor with an EBCT of 

1.5 minutes was used to quantify the labile pool within BDOM and the bioreactor with an EBCT 

of 37 minutes was used to quantify total BDOM, which includes both the labile and semi-labile 

pools (Kaplan et al. 2008).  Of the 15 sets of light-exposed and dark control samples, three were 

used to quantify only the labile pool and 12 were used to quantify total BDOM (Table 1).   

Prior studies have quantified total BDOM using a bioreactor with an EBCT of 150 

minutes (Kaplan et al. 2008, Sleighter et al. 2014).  As such, BDOM quantified in the 37-min 

EBCT bioreactor, used here because of volume constraints associated with the quartz tubes, 

underestimates total BDOM by approximately 20% (see supplemental information).  For 

simplicity of presentation, hereafter we refer to the data from the 37-min EBCT bioreactor as 

total BDOM (Table S1). 
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DOC, CDOM, and FDOM analyses  

DOC samples were refrigerated at 4°C and analyzed within < 1 day of collection.  

CDOM and FDOM samples were made biologically stable by a modification of the 

Tyndallization procedure (Tyndall 1877) involving 3 cycles of heating in a water bath to 60 °C 

for 5 minutes, followed by 30 minutes at 25 °C (Kaplan et al. unpubl.); samples were analyzed 

within < 3 weeks of Tyndallization.  DOC concentrations were measured by UV-catalyzed 

persulfate oxidation with conductimetric detection (Sievers 900 analyzer).  Optical properties of 

CDOM were analyzed using a UV-Vis spectrophotometer with a 10-cm (Cary Varian 300) or 1-

cm pathlength cuvette (Aqualog, Horiba) against laboratory-grade deionized water blanks.  

CDOM absorption coefficients were calculated as follows: 

aCDOM,λ= 
Aλ

l
2.303                                                             (1) 

where A is the absorbance at wavelength λ and l is the pathlength in meters.   

The specific UV absorbance at 254 nm (SUVA254), a proxy for aromatic content of 

DOM, was calculated as the ratio of the absorbance at 254 nm divided by the pathlength (m) and 

by the concentration of DOC (mg C L-1; Weishaar et al. 2003).  The spectral slope ratio (SR), a 

proxy for the molecular weight of DOM, was calculated from the CDOM absorbance spectrum 

following Helms et al. (2008).  

Excitation emission matrices (EEM) were measured using an Aqualog fluorometer 

(Horiba).  EEMs were collected across excitation wavelengths 240 – 450 nm with 5 nm 

increments and emission wavelengths 320 – 550 nm with 2 nm increments using integration 
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times of 4 or 5 seconds.  EEMs were corrected for inner-filter effects and for instrument-specific 

excitation and emission corrections in Matlab (version 8.5) as previously described (Cory et al. 

2010b; Cory and Kaplan 2012).  EEMs of laboratory-grade deionized water blanks were 

subtracted from the sample EEMs and the fluorescence intensities were converted to Raman 

units (RU; Stedmon and Bro 2008).   

Parallel factor analysis (PARAFAC) was used to separate a dataset of EEMs of WCC 

water into mathematically- and chemically-independent components, as previously described 

(Cory and Kaplan 2012).  Briefly, all five FDOM components in WCC water were validated by 

PARAFAC analysis (Cory and Kaplan 2012).  The humic-like C2 and C3 correspond to peaks A 

and C, respectively (Coble 1996), which have been associated with terrestrially-derived material, 

such as products of lignin degradation (del Vecchio and Blough 2004; Hernes et al. 2009) and 

aromatic carbon content of DOM (Cory and McKnight 2005; Cory et al. 2007).  The humic-like 

C1 has been associated with recent autochthonous production (peak M; Murphy et al. 2008).  

The amino acid-like C4 and C5 overlap with the fluorescence of the amino acids tryptophan and 

tyrosine, respectively (Cory and McKnight 2005; Stedmon and Markager 2005), and their 

fluorescence has been shown to increase with the percentage of protein-like compounds within 

the DOM pool in WCC water (Sleighter et al. 2014).  The Fmax value of each component was 

quantified to estimate its relative abundance within an EEM (in RU; Cory and Kaplan 2012).  

Calculations 
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Amount of light absorbed by CDOM – The photon dose (mol photon m-2) during each 

light exposure period was calculated from measurements of the global solar irradiance spectra at 

WCC.  That spectrum, including direct and diffuse irradiance, was measured approximately 

hourly with a radiometer over wavelengths from 280 to 600 nm (USB4000 Spectrometer, Ocean 

Optics).  Every global solar irradiance spectrum (µW cm-1 nm-1) was converted to a photon flux 

spectrum (mol photon m-2 s-1 nm-1) assuming that the photon flux spectra during each time 

interval were equal to the average photon flux spectrum bracketed by two consecutive 

measurements.  The average photon flux spectrum between any two consecutive measurements 

was multiplied by the duration of the time interval to calculate the photon flux spectrum for that 

interval (mol photon m-2 nm-1).  The photon flux spectra during each time interval were summed 

to calculate the total photon flux spectrum during the light exposure period (E0,λ; mol photon m-2 

nm-1), and across all wavelengths to calculate the photon dose.   

The extent of DOM photodegradation depends on the amount of light absorbed by 

CDOM, which is a product of photon dose and the concentration of CDOM available to absorb 

the light.  Thus, we calculated the amount of light absorbed by CDOM during each light 

exposure period (Qaλ; mol photons m-2) as follows: 

Qa,λ= � E0,λ(1 - e -aCDOM,λ× z)
aCDOM,λ

atot,λ

λmax

λmin

dλ                           (2) 

where λmin and λmax are the minimum and maximum wavelengths of light absorbed by CDOM 

(280 and 600 nm, respectively).  E0,λ is the total photon flux spectrum during the light exposure 
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period (mol photon m-2 nm-1).  We assumed that the pathlength of light (z) was equivalent to the 

diameter of the quartz tubes (3 cm) and that the fraction of light absorbed by CDOM relative to 

other light-absorbing constituents, aCDOM,λ/atot,λ, was equal to 1 at all wavelengths in the filtered 

stream water (Cory et al. 2014).   

Concentration versus composition of DOM and BDOM – Our approach to understand the 

impact of sunlight exposure on DOM biodegradability involves the quantification of different 

operationally defined fractions of DOM (Table S1).  We use dissolved organic carbon (DOC) 

and biodegradable DOC (BDOC) for carbon concentrations of DOM amenable to mass balance 

analyses, and CDOM, FDOM, and BDOM for compositions of chromophoric, fluorescent, and 

biodegradable DOM, respectively, that are not quantifiable on a mass basis.  The expected 

relationships and overlap among these operational fractions of DOM, including CDOM, FDOM, 

and BDOM, are shown in Fig. S2.   

Photomineralization was quantified as the difference in DOC concentrations between the 

light-exposed and dark control samples.  Photodegradation of DOM was quantified as the light-

exposed minus dark control differences in CDOM and FDOM (Table S1).  BDOC concentration 

and BDOM composition were quantified as differences in DOC concentration and CDOM or 

FDOM between the influent and effluent waters from a bioreactor (Table S1; Kaplan et al. 2008; 

Cory and Kaplan 2012).  The effects of sunlight exposure on DOM biodegradation were 

calculated as differences between BDOC concentrations or BDOM compositions in the light-

exposed waters and the respective dark controls.   
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For the purpose of calculating rates of biodegradation in the stream, concentrations of 

labile and semi-labile DOC were estimated from the total BDOC concentration (Table S2) based 

on prior work showing that 39% of the BDOC concentration degraded within a 37-min EBCT 

was in the labile pool, with the remaining 61% of BDOC in the semi-labile pool (see 

supplemental information).  Thus, concentrations of labile DOC were both quantified using the 

1.5-min EBCT bioreactor (n = 3) and estimated as a percentage of total BDOC degraded in the 

37-min EBCT bioreactor (n = 12), whereas concentrations of semi-labile DOC were only 

estimated as a percentage of total BDOC (n = 12).   

 Sunlight exposure times in the stream – Sunlight exposure times in the quartz tubes were 

converted to sunlight exposure times in WCC by a two-step process.  First, we calculated hourly 

water column rates of light absorption by CDOM in WCC (Eq. 2) using 0.145 m as the average 

depth of WCC (based on 29 separate salt injections; J. D. Newbold unpubl.), the initial CDOM in 

the stream water (Table 2), and the average hourly incoming photon flux spectrum (mol photon 

m-2 h-1 nm-1) measured on each date of stream water collection.  Second, the amount of light 

absorbed by CDOM in the quartz tubes during each light exposure period (mol photons m-2) was 

divided by the hourly water column rate (mol photons m-2 h-1) to calculate the sunlight exposure 

time in the stream (Table 1).   

Rates of photo- and biodegradation of DOM in the stream – We compared rates of DOM 

biodegradation in the streambed of WCC to rates of photodegradation in the water column of 

WCC on a mass basis.  Areal rates of biodegradation (mg C m-2 d-1) of labile and semi-labile 
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DOC in the streambed were calculated by multiplying mass transfer coefficients (μm s-1), 

previously determined for labile and semi-labile DOC pools in WCC (Kaplan et al. 2008), by the 

concentrations of labile and semi-labile DOC in the dark control waters in this study, 

respectively (n = 15 and 12; discussed above).   

Areal rates of DOM photodegradation (mg C m-2 d-1) are the product of two spectra: the 

rate of light absorption by CDOM throughout the water column in WCC (Qaλ) and the apparent 

quantum yield (AQY; Φλ): 

Rate of DOM photodegradation = � Qa,λΦλ

λmax

λmin

dλ               (3) 

The AQY is a measure of the susceptibility of DOM to photodegradation defined as the moles of 

product formed per mole of photons absorbed by CDOM at each wavelength.  For example, the 

AQY for photomineralization was calculated as the light minus dark difference in DOC 

concentration divided by the light absorbed by CDOM during the light exposure period that 

resulted in detectable loss of DOC in each stream water sample (n = 5; Table S2), assuming the 

AQY spectra decreased exponentially with increasing wavelength (Vähätalo et al. 2000; Cory et 

al. 2013, 2014; Cory and Kling 2018).  Daily water column rates of light absorption by CDOM 

were calculated as described above (Eq. 2) using the average depth of WCC (0.145 m), the initial 

CDOM in the stream water (Table 2), and the daily incoming photon flux spectrum (mol photon 

m-2 d-1 nm-1) measured on each date of stream water collection.   
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 Quantifying areal rates of DOM photodegradation on a mass basis (mg C m-2 d-1) is 

limited to processes that form a product quantified on a per carbon basis.  Because the products 

of DOM photo-alteration are not well known or quantifiable on a per carbon basis (e.g., 

photobleaching that leads to removal of CDOM and FDOM), we used two conservative 

assumptions to quantify AQYs on a mass basis for photochemical production and removal of 

BDOM.  First, we used the light minus dark difference in BDOC concentration (Table S2) to 

quantify the net effect of DOM photodegradation on BDOM.  Second, we assumed that the AQY 

spectra for photochemical production and removal of BDOM decreased exponentially with 

increasing wavelength (Vähätalo et al. 2000; Cory et al. 2013, 2014; Cory and Kling 2018).  

AQYs for the photo-production of BDOM were calculated for waters that showed a net increase 

in BDOC concentration (e.g., 0.03 to 0.12 mg C L-1 BDOC produced after 0.08 to 0.28 mol 

photon m-2 of light was absorbed by CDOM; Fig. 4, Table S2; labile DOC (n = 3) and total 

BDOC (n = 6)).  AQYs for the photo-removal of BDOM were calculated for waters that showed 

a net decrease in BDOC concentration (e.g., 0.05 to 0.14 mg C L-1 BDOC removed after 0.22 to 

0.29 mol photon m-2 of light was absorbed by CDOM; Fig. 4, Table S2; total BDOC (n = 6)).  

Rates of photochemical production or removal of total BDOC were separated into labile and 

semi-labile pools assuming that 39% and 61% of the total BDOC photo-produced or photo-

removed were labile and semi-labile, respectively.   

Statistical analyses – DOC, CDOM, and FDOM are reported as the average value ± 1 

standard error (SE) of the triplicate measurements (Fig. S1), unless otherwise noted.  DOC, 
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CDOM, and FDOM were compared among the five stream waters collected using analysis of 

variance (ANOVA).  Paired t-tests were used to determine significant differences between 

percentages of photodegraded DOM and total biodegradable DOM in the dark control, and 

between percentages of total biodegradable DOM in the light-exposed and dark control waters.  

Statistical significance was defined as p < 0.05. 

Results 

Stream waters collected for the sunlight exposure experiments exhibited a range of DOC, 

CDOM, and FDOM concentrations, with the greatest differences driven by hydrology.  The 

stream water sample collected on 27 May, as the stream hydrograph receded from a storm 24 

hours earlier that had increased discharge by approximately 15-fold over baseflow, was 

distinguished by concentrations of DOM fractions that were 40% to 70% greater than the 

average for the four stream waters collected under baseflow conditions (Table 2).  In contrast, 

under baseflow conditions the average concentrations of DOM fractions varied by < 15% and 

averaged as follows (average ± SE): DOC, 1.58 ± 0.16 mg C L-1; a305, 5.53 ± 0.58 m-1; humic-

like C1, 0.42 ± 0.05 RU; tryptophan-like C4, 0.13 ± 0.02 RU; and tyrosine-like C5, 0.05 ± 0.01 

RU (n = 4; Table 2).  DOM compositions as measured by SUVA254 and SR were similar across 

all five stream waters collected (Table 3).   

Sunlight exposures of the quartz tubes ranged from 3 to 17 hours, which were equivalent 

to exposure times of 0.4 to 3.8 hours in the stream water column (Table 1).  During the sunlight 

exposure experiments, the extent of DOM photodegradation increased as the amount of light 

This article is protected by copyright. All rights reserved.



absorbed by CDOM increased over a range of 0.03 to 0.29 mol photon m-2 (Fig. 1), or over 

photon doses ranging from 2 to 29 mol photon m-2 (Fig. S3).  Increased photodegradation with 

light absorption was linear for DOC and the DOM fractions a305, humic-like C1, and tryptophan-

like C4.  The SR also increased linearly with light absorption (Fig. 1c).  Tyrosine-like C5 

exhibited both increases and decreases with light absorption (Fig. 1f).   

Photodegradation of DOM impacted its biodegradability, and the impacts differed among 

fractions of the DOM pool (Fig. 2).  Photodegradation of humic-like C1 and tryptophan-like C4, 

those DOM fractions most strongly photodegraded, resulted in a 2.0-fold and 3.3-fold lower 

biodegradability on average compared to dark controls, respectively (p < 0.001; Table 3).  

Photodegradation resulted in a 10.1% ± 3.8% greater decrease of SR during biodegradation, on 

average, compared to dark controls (p < 0.05; Table 3).  While photodegradation increased, 

decreased, or did not change subsequent biodegradation of a305 and tyrosine-like C5 (Fig. 2), on 

average, there were no detectable changes in biodegradation of these fractions of DOM 

compared to dark controls (Table 3).  On average, photodegradation increased the percent of 

total BDOC by 2.5% ± 1.3% (p < 0.001; Table 3), ranging from a 9.1% ± 0.7% decrease to a 

7.6% ± 3.0% increase (Fig. 2a).  Photodegradation also increased the percentage of labile DOC 

by 3.5% ± 1.6% on average (triangles; Fig. 2a).  

The extent of DOM photodegradation impacted subsequent differences in biodegradation 

of DOM in the light-exposed and dark control waters.  The impacts differed among DOM 

fractions and were dependent upon the direction and magnitude of changes in the individual 
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fractions during photodegradation (Fig. 3).  For example, as humic-like C1 and tryptophan-like 

C4 were increasingly photodegraded, the biodegradability of these fractions generally decreased 

(Fig. 3).  For humic-like C1, biodegradation decreased linearly with increasing photodegradation 

(Fig. 3d).  As the extent of photodegradation increased, there was a greater decrease of SR during 

biodegradation compared to dark controls.  That is, the light minus dark difference in decreased 

SR during biodegradation was proportional to the change in SR during photodegradation (Fig. 

3c).  When photodegradation produced ≥ 10% of tyrosine-like C5 (plotting below the origin on 

the x-axis), biodegradation of this component was enhanced.  Conversely, when 

photodegradation removed ≥ 10% of tyrosine-like C5 (plotting above the origin on the x-axis), 

there was a lower biodegradability of this component on average (Fig. 3f).  For a305, there was 

either no impact of increasing photodegradation on subsequent biodegradation or an increase in 

biodegradation, until the highest extent of photodegradation, at which point biodegradation was 

diminished (Fig. 3b).  After low levels of photodegradation (i.e., < 10% of DOC 

photomineralized), biodegradation of DOC generally increased, although in one of the stream 

waters this was not the case.  As the extent of photodegradation increased (i.e., > 10% of DOC 

photomineralized), no detectable changes in subsequent biodegradation were observed (Fig. 3a).  

Differences in the effect of photodegradation on the biodegradability of the total BDOC pool 

followed differences in the amount of light absorbed by CDOM, where the one stream water 

which showed less biodegradation of total BDOC (Fig. 3a) experienced a higher amount of light 
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absorbed by CDOM compared to most of the stream waters which showed enhanced 

biodegradation of total BDOC (Fig. 4).   

The magnitude of DOM photodegradation rates compared to rates of biodegradation in 

WCC was strongly dependent upon the lability pool within BDOC.  For labile DOC, rates of 

photomineralization, photochemical production, and photochemical removal in the water column 

were on average 22, 53, and 62 times slower, respectively, than rates of its biodegradation in the 

streambed of WCC (Table 4).  In contrast, rates of photomineralization, photochemical 

production, and photochemical removal of semi-labile DOC were each about two times slower 

than the rates of its biodegradation in the streambed (Table 4).  Thus, the sum of the rates of 

DOC photomineralization and photochemical alteration of semi-labile DOC overlapped with the 

average rate of biodegradation of semi-labile DOC in WCC (Table 4).     

Discussion 

It is well established that photodegradation of terrestrially-derived DOM can involve both 

photomineralization (Granéli et al. 1996; Lindell et al. 2000) and photo-alteration (Cory et al. 

2007; Gonsoir et al. 2009; Ward and Cory 2016).  Photomineralization removes carbon from the 

DOM pool, some of which may include BDOM.  In contrast, photo-alteration can increase or 

decrease the BDOM pool by producing or removing biodegradable compounds, respectively, 

without reducing the size of the DOM pool (Wetzel et al. 1995; Cory et al. 2010a; Ward et al. 

2017).  Understanding what controls the balance between BDOM produced or removed by 

photomineralization and photo-alteration remains elusive, yet critical to assessing the impact of 
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photodegradation on the biogeochemistry of DOM in stream ecosystems.  Our research has 

provided new information concerning the overlap between fractions of DOM susceptible to both 

photo- and biodegradation as well as the role of photon dose in altering the balance between 

BDOM production and removal.  Additionally, we have used that information to estimate the 

lowest amount of light needed to impact DOM biodegradability and generate the first 

quantitative comparison of rates of DOM photo- and biodegradation in a temperate headwater 

stream.  These advances help reconcile disparate observations of both positive and negative 

effects of sunlight on DOM biodegradability and to improve our understanding the role of 

photodegradation in the DOM biogeochemistry of stream ecosystems. 

Overlap between fractions of DOM photo- and biodegraded 

The large, significant changes in the biodegradability of DOC, CDOM, and FDOM 

following sunlight exposure (Fig. 2) provide strong evidence for the overlap between fractions of 

DOM degraded by sunlight and microbes.  These findings extend prior work showing that the 

biodegradability of DOC, CDOM, and FDOM changes after photodegradation (Moran et al. 

2000; Amado et al. 2007; Amado et al. 2015).  Significant changes in the biodegradability of 

DOM following photodegradation are expected if sunlight competes with microbes by degrading 

the same fractions of DOM as microbes (Table 3).  Changes in the biodegradability of DOC, 

CDOM, and FDOM after photodegradation could result from the loss of these fractions by 

photomineralization to CO2.  Following the photochemical loss of DOC, CDOM, and FDOM, 
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lower concentrations of these fractions should be biodegraded because there was less of each 

fraction after sunlight exposure compared to dark controls (Table 3).    

However, three lines of evidence suggest that photo-alteration, and not 

photomineralization, was primarily responsible for shifts in the biodegradability of DOM 

following photodegradation.  First, there was only a small percentage of DOC photomineralized 

to CO2 (on average 4.7% ± 1.1%; Table 3).  Second, this loss of DOC by photomineralization 

did not result in a decrease in BDOC concentration of equal mass after photodegradation.  For 

example, a greater mass of DOC was biodegraded in some of the light-exposed waters compared 

to dark controls (Fig. 4), despite less DOC available for microbes to degrade in light-exposed 

versus dark control waters.  This finding strongly suggests that the remaining, photo-altered 

DOM in these waters was more biodegradable than the dark control DOM.  Similarly, for the 

stream waters that exhibited decreased biodegradability of DOM after photodegradation, a 

smaller mass of DOC was biodegraded in the light-exposed versus dark control waters than the 

amount lost by photomineralization (Table S2).  This finding suggests that, in these waters, the 

remaining, photo-altered DOM was less biodegradable than the dark control DOM.  Third, 

photo-altered CDOM and FDOM differed in biodegradability compared to dark control CDOM 

and FDOM (Fig. 2).  These results demonstrate that photo-alteration of DOM included both 

photo-production and photo-removal of different moieties within the BDOM pool.    

For example, BDOM was likely photochemically produced during the breakdown of 

HMW, aromatic compounds to form LMW aromatics, as indicated from an increase in SR (Fig. 
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1c).  These LMW, aromatic photo-products were more biodegradable than the HMW, aromatic 

DOM in the dark control (Fig. 3c).  Many studies have shown that the molecular weight of 

terrestrially-derived DOM decreases with increasing photodegradation (Helms et al. 2008; 

Gonsoir et al. 2013; Ward and Cory 2016), consistent with the fact that this DOM is comprised 

mostly of HMW, aromatic compounds (Kim et al. 2006; Cory et al. 2007; Sleighter et al. 2014; 

Ward and Cory 2015).  BDOM may also be photochemically produced during the liberation of 

free amino acids from proteins within DOM (Jørgensen et al. 1998; Buffam and McGlathery 

2003; Amado et al. 2015).  Photochemical liberation of tyrosine may account for increased 

fluorescence of tyrosine-like FDOM after photodegradation in some instances (Fig. 1f).  

Increased biodegradability of tyrosine-like FDOM in proportion to its photochemical production 

(Fig. 3f) is consistent with higher biodegradability of free amino acids compared to those 

associated with proteins (Volk et al. 1997).  

In contrast, lower biodegradability of the CDOM and FDOM remaining after 

photodegradation compared to dark controls (Fig. 2) indicated photochemical removal of 

BDOM.  Decreased biodegradability of humic-like FDOM remaining after photodegradation 

compared to dark controls (Fig. 2d) is consistent with photo-oxidation of aromatic DOM to less 

biodegradable compounds compared to the parent compound (Cory et al. 2010a; Ward et al. 

2017).  Photo-alteration of tryptophan-like FDOM to oxidized amino acids (Pattison et al. 2012; 

Janssen et al. 2014), expected to be less biodegradable (Amado et al. 2007; Amado et al. 2015), 
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is consistent with decreased biodegradability of this fraction of DOM compared to dark controls 

(Fig. 2e).   

Although we cannot relate changes to the biodegradability of CDOM and FDOM (Fig. 3) 

to net changes in DOM biodegradability on a mass basis (Fig. 4), photo-alteration of HMW, 

aromatic DOM likely had a larger impact on the net change in BDOM than photo-alteration of 

amino acid-like DOM given that HWM, aromatic DOM accounts for more of the DOM pool on 

a mass basis compared to amino acid-like DOM.  For example, HMW, aromatic compounds 

comprise at least 20% of terrestrially-derived DOM (Cory et al. 2007; Hockaday et al. 2009), 

whereas nitrogen comprises less than 1% of terrestrially-derived DOM by mass (Cory et al 

2007).  Thus, photo-alteration of amino acid-like DOM constitutes an insufficient mass of carbon 

to account for net changes in BDOM.  Given that photochemical production of acetate and other 

identifiable LMW acids or aldehydes account for at most ~ 20% of the increased BDOC 

concentration following photodegradation of terrestrially-derived DOM (Wetzel et al. 1995; 

Bertilsson and Tranvik 1998; Pullin et al. 2004), closing the mass balance on the net change in 

BDOM following photodegradation requires quantifying the fractions of LMW, aromatic DOM 

that contribute to the increased BDOC concentration (Cory et al. 2010a; Ward et al. 2017).   

BDOM changes with the amount of light absorbed by CDOM 

The impact of photodegradation on DOM biodegradability depended on the amount of 

light absorbed by CDOM because photochemical production and removal of BDOM varied with 

light absorption by CDOM (Fig. 4; as related to photon dose in Fig. S2).  The net change in 
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BDOM on a mass basis following photodegradation must result from the sum of photochemical 

production and removal of BDOM.  For example, at the lowest amounts of light absorbed by 

CDOM (≤ 0.07 mol photon m-2) when there was no significant difference in BDOC 

concentration between light-exposed and dark control waters (Fig. 4), photochemical production 

of BDOM was offset by removal of BDOM.  As light absorption by CDOM increased in the 

range of 0.08 to 0.21 mol photon m-2, the significant increases in BDOC concentration relative to 

dark controls (Fig. 4) suggest that photo-production of BDOM exceeded the removal of BDOM.  

After CDOM absorbed higher amounts of light (≥ 0.22 mol photon m-2), there was either 

an increase or a decrease in BDOC concentration relative to dark controls (Fig. 4).  These large 

differences in the effect of photodegradation on BDOC concentrations after the same amount of 

light absorbed by CDOM (0.22 or 0.29 mol photon m-2) may be in part due to differences in the 

extent of photomineralization of BDOM.  For example, the stream waters that had decreased 

BDOC concentration after 0.22 or 0.29 mol photon m-2 of light was absorbed by CDOM lost a 

greater mass of DOC by photomineralization than the stream waters that had increased BDOC 

concentration after the same amount of light was absorbed (Fig. 4; Table S2).  These results 

suggest that with increasing loss of DOC by photomineralization, it is more likely that the loss 

includes BDOM, which can offset photo-production of BDOM.    

Variability in the magnitude of increased BDOC concentration with light absorption by 

CDOM (i.e., photon dose) is consistent with prior work.  Several studies have demonstrated 

smaller gains in microbial production or respiration after DOM received higher photon doses 
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compared to lower photon doses (Wetzel et al. 1995; Reader and Miller 2014).  This observation 

has been attributed in part to decreases in the yield of biodegradable photo-products with 

increasing photon dose (Biddanda and Cotner 2003; Cory et al. 2013, 2014; Reader and Miller 

2014).  For example, as HWM, aromatic DOM is increasingly altered by sunlight (Figs. 1b-c; 

Granéli et al. 1996; Lindell et al. 2000; Moran et al. 2000), there is less of this DOM to be 

converted to biodegradable LMW compounds (Biddanda and Cotner 2003).  In addition, others 

have suggested that the smaller gains in microbial production or respiration after DOM received 

higher photon doses must also be due to photo-alteration of BDOM to compounds no longer 

biodegradable (Biddanda and Cotner 2003).  Thus, the simultaneous photochemical production 

and removal of BDOM observed in our study help explain changes in the magnitude or direction 

of the effect of sunlight on DOM biodegradability.   

Photo- vs. biodegradation of DOM in the stream reach 

Photodegradation impacted DOM biodegradability in WCC water following sunlight 

exposure times that were comparable to hydraulic residence times in the stream reach.  For 

example, we estimated that at least 30 minutes of sunlight exposure in unshaded reaches of WCC 

was needed to result in a change in BDOC concentration (Table 1; Fig. 4).  Given that the stream 

water in this headwater reach of WCC is replaced by groundwater approximately every 9 to 13 

hours (in May and August, respectively; J. D. Newbold unpubl.) and, when the canopy is full 

(e.g., growing season), 16% and 14% of the reaches flow through semi-open canopy and 

meadows, respectively (Newbold et al. 1997), water column rates of light absorption by CDOM 
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in WCC are fast enough for BDOM to be photochemically produced or removed.  However, to 

impact organic matter processing in the stream reach, rates of DOM photodegradation would 

need to be comparable to rates of DOM biodegradation.   

Similar rates of photo- and biodegradation of the semi-labile pool in WCC suggest 

substantial cooperation and competition between sunlight and microbes to degrade semi-labile 

DOM (Table 4).  For example, rates of photodegradation of recalcitrant DOM to produce more 

semi-labile DOM or photochemical removal of semi-labile DOM are fast enough to increase or 

decrease the semi-labile pool, respectively, before being biodegraded several kilometers 

downstream.  In contrast, the nearly 60 times slower rates of photo-production or photo-removal 

of labile DOC in the water column compared to rates of its biodegradation in the streambed 

suggest little interaction between sunlight and microbes to degrade labile DOM.  That is, even if 

all fractions of DOM that are photo-altered or photomineralized comprise the labile pool, the rate 

of photodegradation of DOM in the water column would still be too slow to impact its 

biodegradation in the streambed.   

An essential aspect of our research involved converting measures of photodegradation in 

quartz tubes into areal rates of DOM photodegradation representative of those in the stream.  We 

accomplished this by selecting a range of sunlight exposure times that mimicked natural sunlight 

exposure times in the stream and quantifying all terms needed to relate experimental results to 

rates of photodegradation in the stream.  Additionally, the stream waters used for sunlight 

exposure experiments were collected at sunrise so that the DOM would have had little to no prior 
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exposure to sunlight.  Our estimated rates of DOM photodegradation are representative of those 

in streams like WCC because there were no mixing limitations on DOM photodegradation rates 

in low turbidity waters where CDOM is the main light-absorbing constituent in the water column 

and the rates of vertical mixing exceed rates of photodegradation in the water column (Li et al. 

2019). 

However, there remain large uncertainties bracketing our estimates of the areal rates of 

DOM photodegradation that call for caution in evaluating the comparisons between rates of 

photo- and biodegradation of DOM in streams and underscore the need for future studies to 

constrain these estimates.  For example, areal rates of DOM photodegradation depend strongly 

on the wavelength dependence of the photochemical production and removal of BDOM, which 

are not known (see methods and Cory and Kling 2018).  In addition, the areal rates of DOM 

photodegradation were obtained from experiments using stream water collected on only five 

dates and exposed to sunlight on mostly cloudy days.  Thus, the rates of DOM light absorption in 

this study may represent a relatively narrow range of DOM photodegradation taking place in 

unshaded reaches of WCC.  Rates of DOM photodegradation in streams like WCC also depend 

on the extent to which the reach is shaded from UV and visible sunlight.  For example, rates of 

light absorption by CDOM, and thus DOM photodegradation, would be much lower in shaded 

compared to unshaded streams.  Nonetheless, these first comparisons between rates of DOM 

photodegradation and biodegradation in a headwater stream tentatively suggest that 
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photomineralization and photochemical alteration of the semi-labile pool may substantially 

impact the biogeochemistry of DOM in stream ecosystems.   

Conclusions and implications 

This study demonstrated that just minutes of sunlight exposure in the stream can impact 

the biodegradability of DOM.  The net effect of sunlight on DOM biodegradability changed with 

photon dose due to shifts in the balance of photochemical production and removal of 

biodegradable DOM.  Overlap in the DOM fractions degraded by sunlight and microbes indicate 

that photo-alteration of DOM is relatively more important than photomineralization in the 

production and removal of BDOM.  Given that water column rates of photochemical production 

and removal of semi-labile DOM were similar to rates of its biodegradation in the streambed, 

DOM photodegradation disproportionally impacts biodegradation of semi-labile DOM over 

labile DOM in streams.  

In stream ecosystems, as the spatial scale expands from the headwaters to the catchment 

level, photodegradation of the semi-labile pool should play an increasingly important role in 

organic matter processing.  Semi-labile and recalcitrant DOM largely escape biodegradation at 

the reach scale, with the semi-labile pool transported several kilometers downstream before it is 

biodegraded (Kaplan et al. 2008).  Most streams increase in size with downstream distance, and 

based on hydrodynamics alone, biological uptake lengths should increase downstream as the 

product of increasing depth and velocity (McLaughlin and Kaplan 2013; Hall et al. 2013).  Thus, 

in downstream reaches there is greater likelihood that rates of photodegradation may equal or 
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exceed rates of biodegradation of semi-labile DOM compared to upstream reaches.  Furthermore, 

as semi-labile DOM is transported downstream, opportunities for photodegradation may increase 

in WCC, and streams in general, as shading from the riparian zone recedes to the edges of the 

widening channel and all of the available sunlight is absorbed by CDOM within the greater depth 

of water.  Increasing export of terrestrially-derived DOM to streams in response to changes in 

climate or land-use (Oni et al. 2015) could also increase rates of light absorption, and thus rates 

of photodegradation of DOM in streams.   
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Figure Legends 

Fig. 1.  Percentage of DOM photodegraded as a function of the amount of light absorbed by 

CDOM.  All values are average ± 1 standard error of triplicate measurements.  

Fig. 2.  Percentage of biodegradable DOM (BDOM) in the light-exposed versus dark control 

waters plotted with the 1:1 line (dashed).  Triangles (Δ) indicate the labile pool within BDOM 

and circles (Ο) indicate total BDOM.  All data plotted as average ± 1 standard error of triplicate 

measurements.  

Fig. 3.  Effect of photodegradation on biodegradable DOM (BDOM) versus the percentage of 

DOM photodegraded.  Triangles (Δ) indicate the labile pool within BDOM and circles (Ο) 

indicate total BDOM.  All data plotted as average ± 1 standard error of triplicate measurements.  

Fig. 4.  Effect of photodegradation on biodegradable DOC (BDOC) concentration as a function 

of the amount of light absorbed by CDOM.  Triangles (Δ) indicate the labile pool within BDOC 

and circles (Ο) indicate total BDOC.  All data plotted as average ± 1 standard error of triplicate 

measurements.  
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Table 1.  Summary of the sunlight exposure and biodegradation experiments conducted with 

White Clay Creek (WCC) water.  Biodegradation experiments were conducted using two 

bioreactors with different empty bed contact times (EBCT).  

Date of 

collection 

Sunlight 

exposure in 

quartz tubes 

(hr) 

Photon dose  

(mol photon m-2) 

Light absorbed  

by CDOM 

(mol photon m-2) 

Equivalent 

sunlight 

exposure in 

WCC 

(hr) 

Bioreactor 

EBCT  

(min) 

14 August 2016 10 24 0.22 2.0 37 

 12 26 0.25 2.2 1.5 

 12 28 0.29 2.5 37 

20 May 2017  5  5 0.08 0.9 37 

  9  7 0.11 1.2 1.5 

 10  9 0.14 1.6 37 

 12 17 0.21 2.3 37 
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21 May 2017  5  2 0.03 0.4 37 

  6  8 0.09 1.2 1.5 

 11 18 0.17 2.5 37 

 12 22 0.22 3.2 37 

27 May 2017†  3  2 0.06 0.4 37 

  4  3 0.08 0.5 37 

  8  9 0.24 1.5 37 

28 May 2017 17* 29 0.29 3.8 37 

   †Stream water collected 24 hours after a storm (41 mm of precipitation) 

  *Stream water was exposed to natural sunlight over a period of two days 
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Table 2.  Average concentrations of DOM fractions in White Clay Creek water.  Letters indicate significant differences (ANOVA, p < 

0.05) among stream waters.  All values listed as average ± 1 standard error of triplicate measurements.  

 Date of collection 

DOM fraction 14 August 2016 20 May 2017 21 May 2017 27 May 2017 28 May 2017 

DOC (mg C L-1) 1.46 ± 0.01a 1.74 ± 0.01c 1.43 ± 0.01a     2.39 ± 0.01d 1.69 ± 0.01b 

a305 (m-1) 5.77 ± 0.08b 5.59 ± 0.01b 4.71 ± 0.03a     9.35 ± 0.01d 6.05 ± 0.01c 

SUVA254 (L mg C-1 m-1) 2.95 ± 0.02c 2.56 ± 0.02a 2.43 ± 0.03a     2.99 ± 0.01c 2.75 ± 0.01b 

SR  0.68 ± 0.02ab 0.74 ± 0.01c 0.69 ± 0.01a     0.71 ± 0.01b  0.70 ± 0.01ab 

Humic-like C1 (RU) 0.41 ± 0.01b 0.41 ± 0.01b 0.36 ± 0.01a     0.68 ± 0.01d 0.49 ± 0.01c 

Tryptophan-like C4 (RU) 0.13 ± 0.01b 0.13 ± 0.01b 0.11 ± 0.01a     0.21 ± 0.01d 0.16 ± 0.01c 

Tyrosine-like C5 (RU) 0.05 ± 0.01a 0.06 ± 0.01b 0.05 ± 0.01a     0.08 ± 0.01c 0.06 ± 0.01b 
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Table 3.  Average concentration of initial, photodegraded, and the total biodegradable DOM in 

White Clay Creek water.  The percentage of DOM photodegraded or biodegraded is in 

parentheses.  All values listed as average ± 1 standard error.  

 Initial 

DOM 

(n = 5) 

Photodegraded 

DOM  

(n = 15) 

Total biodegradable DOM 

(n = 12)  

  DOM fraction Dark control Light-exposed 

DOC (mg C L-1) 1.74 ± 0.17 0.08 ± 0.02 

(4.7 ± 1.1) † 

0.43 ± 0.02 

(24.9 ± 0.6) 

0.46 ± 0.03 

(27.4 ± 1.3)* 

a305 (m-1) 6.29 ± 0.80 1.36 ± 0.16 

(23.1 ± 2.9)  

1.34 ± 0.14 

(20.8 ± 1.1) 

1.09 ± 0.16 

(21.1 ± 1.2) 

SUVA254 (L mg C-1 m-1) 2.74 ± 0.11 0.22 ± 0.04 

(8.0 ± 1.4)  

– 0.20 ± 0.04 

(– 7.4 ± 1.5) 

– 0.09 ± 0.02  

(– 4.0 ± 1.1) 

SR  0.70 ± 0.01  – 0.16 ± 0.02 

(– 22.8 ± 3.1) † 

0.05 ± 0.01 

(6.4 ± 0.8) 

0.12 ± 0.03 

(12.7 ± 2.8)* 

Humic-like C1 (RU) 0.47 ± 0.06 0.16 ± 0.01 

(36.2 ± 3.4) † 

0.08 ± 0.01  

(16.9 ± 0.6) 

0.03 ± 0.01 

(8.3 ± 1.6)* 

Tryptophan-like C4 (RU) 0.15 ± 0.02 0.05 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 
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(36.0 ± 3.3) † (11.7 ± 0.9) (3.5 ± 1.0)* 

Tyrosine-like C5 (RU) 0.06 ± 0.01  0.01 ± 0.01 

(3.5 ± 5.3) † 

0.03 ± 0.01 

(55.1 ± 1.2) 

0.03 ± 0.01 

(48.4 ± 7.7) 

    †Indicates significant differences between photodegraded DOM and total biodegradable 

DOM in the dark control (paired t-test, p < 0.05) 

   *Indicates significant differences between total biodegradable DOM in the dark control and 

light-exposed waters (paired t-test, p < 0.05) 
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Table 4.  Areal rates of DOC biodegradation, photomineralization, photochemical production of biodegradable DOC (BDOC), and 

photochemical removal of BDOC in White Clay Creek.  All values listed as average ± 1 standard error. 

 Areal rate of DOC 

biodegradation  

(mg C m-2 d-1) 

Areal rate of 

photomineralization 

(mg C m-2 d-1) 

Areal rate of photo-production  

of BDOC (mg C m-2 d-1) 

 Areal rate of photo-removal 

of BDOC (mg C m-2 d-1) 

Lability class 

 

Calculated using a 

1.5-min EBCT 

bioreactor 

Calculated using a 

37-min EBCT 

bioreactor 

 Calculated using a  

37-min EBCT  

bioreactor 

Labile 304 ± 20  9 ± 1 8 ± 3  6 ± 2 

Semi-labile 25 ± 1   13 ± 5  9 ± 3 

N/A  16 ± 4       
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