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Scientific Significance Statement: CO, emissions from inland surface waters to the atmosphere
are almost as large as the net carbon transfer from the atmosphere to Earth’s land surface. This
large flux is supported by the movement of dissolved organic matter (DOM) from land and its
subsequent oxidation to CO, in freshwaters as a result of interactions between sunlight and
microbes. These interactions are poorly known, but measuring the coupled “photo-bio”
degradation of DOM is critical to understanding DOM fate. Changes in inland waters from
climate or land-use are affecting the fundamental controls on the processing of DOM by
sunlight. Thus, this literature synthesis highlights the approaches and knowledge needed to
understand the role of sunlight in DOM processing within aquatic ecosystems and across
ecosystems at landscape scales.

Data availability: Data used in this paper is archived at the Arctic Data Center
https://arcticdata.io/catalog/#view/doi:10.18739/A2SV8Z

Keywords: carbon cycle, dissolved organic matter, photochemistry
Abstract

CO, emissions from inland surface waters to the atmosphere are almost as large as the net carbon
transfer from the atmosphere to Earth’s land surface. This large flux is supported by dissolved
organic matter (DOM) from land and its complete oxidation to CO; in freshwaters. A critical
nexus in the global carbon cycle is the fate of DOM, either complete or partial oxidation.
Interactions between sunlight and microbes control DOM degradation, but the relative
importance of photodegradation versus degradation by microbes is poorly known. The
knowledge gaps required to advance understanding of key interactions between photochemistry
and biology influencing DOM degradation include: (1) the efficiencies and products of DOM
photodegradation, (2) how do photo-products control microbial metabolism of photo-altered
DOM and-on what time scales, and (3) how do water and DOM residence times and light
exposure interact to determine the fate of DOM moving across the landscape to oceans?
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Introduction

Dissolved organic matter (DOM) dominates the pool sizes and fluxes in organic carbon
and nutrient budgets in most aquatic ecosystems (Wetzel 2001). Because only ~0.1% of net
primary production on Earth is stored in aquatic sediments (Burdige 2007), tremendous amounts
of particulate organic matter (POM) are degraded and pass through the DOM pool on different
time scales. POM to DOM conversion and DOM processing can be rapid; e.g., Meyers et al.
(1984) found >90% of the photosynthetically-formed POM was mineralized annually within the
upper 100 m of Lake Michigan. Microbial mineralization of POM begins with degradation into
DOM, which can pass through cell membranes. Thus, DOM is a critical intermediate pool
between particulate organic and inorganic C, and important in budgets of local to global C
cycles:”However, limitations in traditional approaches to studying DOM degradation, plus the
lack of integration of these approaches, have left gaps in our ability to predict the fate of DOM in

inland waters.

Research on DOM fate typically uses one of three approaches. (1) Bottle or bioreactor
incubation studies evaluate the biolability (ease of use) of DOM to microbes in the dark to
understand the effect of DOM chemistry, temperature, or nutrients on DOM degradation (e.g.,
Volk et al. 1997; Tranvik and Bertilsson 2001; Fellman et al. 2009; Guillemette and del Giorgio
2011; McCallister and del Giorgio 2012). Such studies often provide rates of DOM processing
(e.g., Fellman et al. 2009), but tend to exclude budget information or other processes such as
photoechemical degradation. (2) In the second approach, chemists provide molecular
characterization of DOM, often along a continuum from land to water or river to coast, to infer

processes responsible for DOM degradation (Dalzell et al. 2009). A typical finding is that
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microbial ot photochemical degradation could account for observed chemical shifts in DOM
(Cory et al. 2007; Minor and Stephens 2008; Abdulla et al. 2010; Goldberg et al. 2015;
Kellerman et al. 2015). However, these studies rarely measure rates of DOM processing. (3)
The third approach examines DOM budgets directly (Wetzel 2001) or DOM importance is
implied based on C budgets quantifying air-water CO, exchange (e.g., Kling et al. 1991; Cole et
al. 1994; Raymond et al. 2013). Such studies often conclude that most CO, emitted is from
microbial respiration of terrestrially-sourced DOM, but the role or rates of other processes such
as photochemical degradation are usually ignored (Bidandda 2017 and therein). Thus, these
three approaches (microbial, chemical, and C budgets) have individual strengths but when

applied in isolation cannot fill basic knowledge gaps about DOM degradation rates and fate.

A common result or inference in microbial and budgetary approaches is that most DOM
processing.or CO, production in surface waters is from microbial respiration of labile DOM.
However, recent research on DOM degradation highlights a major challenge to this assertion,
because from a mass balance perspective these biolabile fractions are insufficient to support the
uptake rate and levels of DOM consumption by microbial communities (Cory and Kaplan 2016
and therein). Furthermore, based on rates of DOM use by microbes during bottle incubations,
most DOM in streams is not susceptible to microbial respiration over time scales equivalent to
water residence times (Volk et al. 1997; Wiegner et al. 2005; Fellman et al. 2009). The
questions, then, are what causes microbial respiration rates in dark incubations to be too low to

support-observed rates of DOM degradation, and what other processes might be involved?
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Chemical approaches to characterizing DOM degradation show that photodegradation is
involved (Minor and Stephens 2008; Cory et al. 2007; Spencer et al. 2009; Stubbins et al. 2010),
and we suggest that direct and indirect photochemical effects may account for the gap between
microbial respiration rates and observed DOM degradation. Photodegradation by sunlight
includes conversion of DOM to CO, (photomineralization), and partial oxidation of DOM
resulting in altered chemical composition (photo-alteration or partial photooxidation; Andrews et
al. 2000; Cory et al. 2007, 2010; Minor and Stephens 2008; Stubbins et al. 2010). Freshwater
studies that quantified DOM photodegradation (Amon and Benner 1996; Cory et al. 2014, 2015)
show that rapid rates are consistent with rapid photobleaching of the chromophoric fraction of
DOM (CDOM) in marshes, wetlands, lakes, and rivers (Wetzel et al. 1995; Graneli et al. 1996;
Moran‘etal. 2000; Tzortziou et al. 2007). In addition, the less labile but more abundant pool of
DOM supporting microbial respiration in streams (Cory and Kaplan 2012, Sleighter et al. 2014,
Ward et al..2017) is photolabile, meaning its chemical composition is easily altered by sunlight
(Stubbins et al. 2010; Ward et al. 2017). Because DOM chemical composition can control
microbial activity and community composition (Wetzel et al. 1995; Bertilsson and Tranvik 1998;
Tranvik and Bertilsson 2001; Cory et al. 2010, 2013; Ward et al. 2017), it follows that photo-
alteration of DOM is likely a critical, indirect control on microbial DOM uptake and thus DOM

fate.

The goal of understanding overall controls on DOM fate begs the question of how do rates of
microbial-and photodegradation compare? The few studies making this direct comparison
(Vahatélo et al. 2003; Cory et al. 2013, 2014, 2015) show that DOM photodegradation rates can

be substantial, even exceeding rates of microbial DOM respiration in shallow waters.
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Photodegradation of DOM can exceed microbial respiration and account for more than 90% of
the total DOM processed in the water column (Cory et al., 2014), and from 10 to 30% of the CO,
emitted to the atmosphere (Cory et al. 2014; Koehler et al. 2014; Vachon et al. 2016). What is
clearis that in any sunlit water column a coupled, simultaneous “photo-bio” process degrades
DOM (Judd et al. 2007; Cory et al. 2010, 2013; Fasching and Battin 2012; Vachon et al. 2016),
suggesting that integration of photochemistry and biology is necessary to advance our

understanding of DOM fate.

Here we highlight research that integrates different approaches to show that interactions between
photochemical and microbial processes influence DOM degradation. We introduce key
knowledge gaps of (1) interactions between sunlight and microorganisms that feedback to
influence DOM degradation in water and sediments, (2) the role of temporal changes in DOM
chemistry-and microbial community composition, and (3) the landscape-level controls on DOM
degradation as determined by the arrangement of lakes and streams and the role of spatial

sources and sinks of DOM.

Summary of controls on photodegradation for aquatic C cycling

DOM sources include land plants, soils, algae, aquatic macrophytes, and microbes, and
they strongly determine the initial DOM chemistry (Fig. 1a). In turn this chemistry controls
DOM photodegradation, and microbial community composition and DOM degradation (Fig.
1b,c)--Atthe landscape scale the repeated additions of new DOM will affect microbial and
photodegradation, and the residence times of water and DOM control the total light exposure and

the time available for changes in microbial community composition and rates of processing (Fig.

This article is protected by copyright. All rights reserved.

Page 6 of 43



Page 7 of 43 Limnology and Oceanography Letters

lc,d). Here we use DOM as the default term when discussing DOM degradation by microbes
and sunlight; dissolved organic carbon (DOC) refers to carbon concentration, while light-

absorbing DOM is quantified as chromophoric (colored) DOM (CDOM).

Quantifying rates of DOM photodegradation

Water column rates of DOM photodegradation (Fig. 2) are governed by three
wavelength-dependent processes: (1) sunlight amount reaching the water surface, (2) sunlight
absorption rate by CDOM in the water, and (3) the apparent quantum yield, which quantifies

DOM photolability as moles of product formed per moles of photons absorbed by CDOM.

Photon flux (Ey,). Amounts of DOM photodegraded in the water column generally increase with

increasing sunlight reaching the water surface (Cory et al. 2015). Sunlight at the water surface,
represented.as the spectrum of direct and diffuse photons (Eq;, in Fig. 2, in mol photons m™ time”
"nm™ wavelength) depends on latitude, date, time of day (i.e., the solar zenith angle), elevation
(Leifer 1988), and cloud cover (Bernhard 2011). Depending on location and atmospheric
composition, spectral distributions of UV and visible light differ from clear-sky conditions
because some fraction of downwelling light is diffuse when clouds or particles are present.
Large uncertainties can exist when assessing deviations from clear sky conditions, especially for
the UVB spectrum (Bernhard 2011), which is important because light absorption by CDOM and
efficiency of DOM photodegradation are highest in the UVB range (Osburn et al. 2009; White et

al. 2003):
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The fate of photons in surface waters. After reflection off the water surface, the fate of most

photons is to be absorbed by CDOM (Williamson et al. 1996). Concentrations of CDOM are
often high enough to absorb all UV light before it reaches the river or lake bottom, while in low-
CDOM waters light reaching the bottom is reflected back into the water column (i.e., upwelling
radiation).. Rates of light absorption increase with increasing CDOM concentrations and with the
fraction of light absorbed by CDOM versus other aqueous constituents (¢cpom,/@rot,. in Fig. 2;
Cory et'al. 2015). The fraction of sunlight absorbed by CDOM is often ~1.0 for wavelengths
between 280-400 nm (Cory et al. 2014). In waters receiving high loads of terrestrially-derived
DOM, CDOM can also contribute substantially to absorption of visible light (Williamson et al.
1996; Cory et al. 2015). In contrast, in low CDOM or turbid waters absorption by CDOM can be
lower than absorption by particulate matter, especially in the visible range (Cory et al. 2013,

2014).

Light absorption by CDOM initiates photochemical reactions, and must be quantified to
calculate rates of photodegradation and to compare DOM photolability between different
conditions or systems. Photolability of DOM is the wavelength-dependent efficiency of any
product formed per photon absorbed by CDOM, called the apparent quantum yield (AQY, ®@;,
Fig. 2). AQY:s for photomineralization of DOM range from ~<1 to >3 mmol CO, mol™ photons
at 350 nm (Vihétalo et al. 2000; Johannessen and Miller 2001; Osburn et al. 2009; White et al.
2010; Koehler et al. 2014; Cory et al. 2014; Vachon et al. 2016), a reaction that is <0.1%

efficient per mol photons absorbed.

This article is protected by copyright. All rights reserved.



Page 9 of 43

Limnology and Oceanography Letters

Despite the low efficiency for any particular photochemical reaction, CDOM is consumed by
absorption of sunlight, referred to as ‘photobleaching’. A common misconception is that only
CDOM is degraded by light, but light absorption by CDOM promotes photodegradation of the
chromophoric and non-chromophoric DOM pools through a range of indirect photochemical
reactions likely involving reactive oxygen species (ROS) and radical intermediates (Andrews et
al. 2000; White et al. 2003, 2010; Cory et al. 2010; Page et al. 2014). Light absorption can
degrade both aromatic CDOM and aliphatic DOM (Gonsior et al. 2009; Cory et al. 2010;

Stubbinsetal. 2010; Ward et al. 2014; Ward and Cory 2016).

Knowledge gaps on the controls of DOM photodegradation.

The three main knowledge gaps in our understanding of DOM photodegradation are how
efficiently DOM is (1) completely oxidized (photomineralization), (2) partially oxidized
(photooxidation), and (3) how initial and altered DOM chemistry controls the efficiency of

photochemical reactions (AQYSs).

(1) Photomineralization. Many studies show the photochemical loss of aromatic CDOM and its

conversion to CO; (Graneli et al. 1996; Tzortziou et al. 2007; Spencer et al. 2009; Lindell et al.
2000; Osburn et al. 2009). There are likely many ways to photomineralize aromatic C, and
below we discuss two pathways best supported by the literature. Hydroxyl radical is a strong,
unselective ROS made by photochemical reactions and may oxidize DOM to CO, (Gao and
Zepp-1998; Goldstone et al. 2002; White et al. 2003, 2010; Molot et al. 2005; Page et al. 2014).
Hydroxyl radical is implicated in photobleaching (White et al. 2003) and in the oxidation and

removal of aromatic (Westerhoff et al. 1999; Waggoner et al. 2017) and aliphatic carbon
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(Waggoner et al. 2015). Conservative estimates are that oxidation of DOM by hydroxyl radical
may account for up to 10% of CO, produced during photomineralization (Page et al. 2014 and

therein).

The second major pathway proposed to contribute to photomineralization is Ligand-Metal-
Charge-Transfer (Miles and Brezonik 1981; Xie et al. 2004; Ward and Cory 2016). Carboxylic
acids such as citric or oxalic acids form ligand-metal complexes with iron or other metals (Faust
and Zepp 1993). Absorption of sunlight by these complexes results in photodecarboxylation of
the organic acid (i.e., loss of carboxyl C; Faust and Zepp 1993), which should produce more CO,
than O, consumed. Consistent with this prediction, high ratios of photochemical CO, produced
per Oz consumed by DOM have been observed in high-iron waters (Miles and Brezonik 1981;
Xie et al. 2004; Cory et al. 2015; Ward and Cory 2016). Carboxyl C loss accounted for 40-90%
of the COs produced during photomineralization of DOM draining permafrost soils, and there
was a loss of high O/C aromatic (and aliphatic) DOM (Ward and Cory 2016). These
observations of high photochemical CO, produced per O, consumed, loss of carboxyl C, and loss
of high O/C aromatic DOM suggest that photodecarboxylation may be an important pathway for
CO; produced by photomineralization (Ward and Cory 2016), especially in mildly acidic, high

iron waters (Molot et al. 2005; Cory et al. 2015).

Although the mechanisms and pathways of DOM photomineralization are poorly known, many
studies-document the same changes in DOM composition during light exposure: loss of CDOM,
loss.of aromatic C, loss of high molecular weight DOM, loss of carboxyl C, and loss or oxidation

of lignin phenols (Hernes and Benner 2003; Spencer et al. 2009). These findings, plus isotopic

10
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tracer studies (Opsahl and Zepp 2001), suggest that DOM fractions most susceptible to

photomineralization include lignin phenols and tannin-like C.

A common assumption is that loss of some DOM fraction is due to photomineralization to COs,.
However,aromatic or high molecular weight DOM may also be partially photodegraded into
aliphatic or lower molecular weight C, with little or no production of CO; (Cory et al. 2010;
Ward et al. 2014). This poorly studied partial oxidation of DOM may constitute the bulk of
DOM alteration by sunlight because DOM is labile to photooxidation (e.g., AQY's equal to or
greater than those for photomineralization; Andrews et al. 2000; Cory et al. 2010, 2014; Ward

and Cory 2016).

(2) Partial photooxidation. Partial oxidation is generally indicated when sunlight exposure of

DOM consumes more O, than the sum of CO and CO, produced (Amon and Benner 1996; Cory
et'al. 2014). High O, consumption is consistent with the expectation that DOM
photodegradation is foremost an oxidative process, where O, is consumed as DOM is oxidized to
CO and CO;. Some photochemical O, consumption likely contributes to photochemical CO,
production (Miles and Brezonik 1981; Xie et al. 2004; Ward and Cory 2016), although a
substantial (but unknown) fraction of photochemical O, consumption likely produces new O-

containing functional groups (Cory et al. 2010, 2014; Ward and Cory 2016).

As with.complete oxidation of DOM to CO,, it is likely that ROS are involved in DOM partial
oxidation (Westerhoff et al. 1999; Goldstone et al. 2002; Kaiser and Sulzberger 2004; Cory et al.

2009, 2010; Waggoner et al. 2017). For example, singlet oxygen, a ROS produced by photo-

11
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excited CDOM and O,, may oxidize more DOM than other ROS because of higher
concentrations of singlet oxygen associated with hydrophobic components of DOM (Latch and
McNeill 2006). Singlet oxygen may oxidize and alter N-rich fractions of DOM such as free and
combined amino acids (Lundeen and McNeill 2013), and may produce oxygen-rich aliphatics
(Coryet al. 2010; Waggoner et al. 2017), a class of compounds widely observed in freshwater
and marine DOM (Lam et al. 2007). Hydroxyl radical may also be involved in the partial
photooxidation of DOM (Goldstone et al. 2002; Waggoner et al. 2017), and may react with
DOM by addition (i.e., hydroxylation) or hydrogen atom abstraction and produce organic and
hydroperoxyl radicals (Sulzberger and Durisch-Kaiser 2009). These radicals may react further
with DOM forming partially-oxidized aromatic or aliphatic compounds (Westerhoff et al. 1999;

Waggoner et al. 2015, 2017) and low molecular weight organic acids (Goldstone et al. 2002).

In general; the photochemical reactions involving ROS or organic radicals that oxidize DOM are
poorly known, due to the difficulty of isolating reactions of each ROS with DOM (Andrews et al.
2000; Cory et al. 2009, 2010; Page et al. 2014; Ward and Cory 2016; Waggoner et al. 2017).
However, high AQYs for partial photooxidation suggest that a large fraction of DOM is rapidly
altered by sunlight (Ward and Cory 2016), and that this photo-altered DOM may be important
for aquatic C cycling by influencing microbial processing of DOM (discussed below, Ward et al.

2017).

(3) Controls on apparent quantum yields (AQYs). Because the amount of DOM
photodegradation can be very sensitive to the spectral shape and magnitude of the AQYs (e.g.,

Cory et al. 2015), we need to understand what controls AQYs. AQYs for DOM

12
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photodegradation and ROS production likely depend on DOM chemistry (Fasching and Battin
2012; Peterson et al. 2012; Hong et al. 2014), although it is not clear how. For example, for
>100 samples there was no relationship between DOM composition and AQY's for
photomineralization and partial photooxidation in arctic surface waters (Cory et al. 2014). In
addition toe. DOM composition, patterns in AQY magnitudes or ROS photo-production rates
along the terrestrial to aquatic continuum have been attributed to changes in pH, iron, or salinity

(White et al. 2010; Peterson et al. 2012; Hong et al. 2014; Page et al. 2014).

Finally, we know very little about how AQYs change over time. Exposure of DOM to sunlight
alters DOM composition, and changes in composition should feedback to influence AQY's
(Andrews et al. 2000; Reader and Miller 2014). As light dosage accumulates, AQY's should
decrease as photolabile components of the DOM pool are consumed or altered, leaving behind
less labile:moieties with a lower capacity to form product per mol photons absorbed (Reader and
Miller 2014). Thus, studies that scale in time assuming a constant AQY may overestimate rates
of DOM photodegradation. However, in inland waters rich in photolabile DOM, changes in
AQY over time may be less important because of a strong subsidy of fresh, light-absorbing
CDOM from the riparian zone (Fig. 1; Cory et al. 2015). Therefore, the timescale of changing
AQYs as a function of DOM sunlight exposure relative to inputs of fresh CDOM is important to

address, but has never been studied.

In summary, we lack a thorough understanding of what controls the efficiency of partial or
complete DOM oxidation, which limits our ability to scale rates of DOM photodegradation in

space and time. Scaling depends in large part on the product of the three wavelength-dependent

13
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factors in Fig. 2, which remain poorly characterized. Furthermore, AQY quantification has been
limited to products we expect and can measure; other photo-products are likely, and may be
identified by coupling AQY measurements with high-resolution chemical characterization (Ward

et al: 2014; Ward and Cory 2016).

Integrating the controls on DOM photodegradation

Given the above review, we can investigate how the variables in Fig. 2 interact to control
DOM processing and fate. The first key point is that controls on DOM photodegradation interact
to produce relatively high rates of DOM photodegradation even in low-light and low-clarity
aquatic environments. The second point is that the interaction of controls on photochemical
reactions results in a fundamental competition between light and substrate (CDOM) that must be

quantified to understand the limitations on DOM photodegradation in any system.

Photodegradation can be important in low-light systems. UV and visible irradiance reaching the

water surface annually is lower at high latitudes compared to mid and tropical latitudes due to
lower solar zenith angles (Leifer 1988). Thus, lower rates of DOM photodegradation are
expected at high latitudes even accounting for longer summer days (Koehler et al. 2014).
However, low photon fluxes can be offset by high rates of light absorption by CDOM and high
photolability (i.e., high AQY in Fig. 2); these characteristics are observed in arctic and boreal
waters (Cory et al. 2014; Vachon et al. 2016). In addition, shallow, unshaded waters in arctic
and boreal zones confine DOM to a thin sunlit layer of the water column, providing more

opportunities for photodegradation compared to deeper waters or those shaded at lower latitudes.

14

This article is protected by copyright. All rights reserved.

Page 14 of 43



Page 15 of 43

Limnology and Oceanography Letters

Photodegradation can be important in low-clarity systems. Despite the fact that sunlight must be

absorbed by CDOM for DOM photodegradation, a common misconception is that DOM
photodegradation is unimportant in high CDOM waters (Creed et al. 2015). The underlying
assumption is that because all light is rapidly absorbed by CDOM in a thin surface layer, most
DOM at depth is protected from photodegradation. However, high light attenuation by CDOM
results in high rates of DOM photodegradation, meaning that photochemical processes may be
important compared to microbial respiration even if attenuation confines DOM photodegradation
to a thin layer at the water surface (Cory et al. 2015). For example, in a high-CDOM beaded
stream, most of the CDOM (and thus mass of DOM) was in the bottom waters below the depth
of UV light penetration, but rates of DOM photomineralization to CO,, while limited to the top
~45 em, were ~15 fold higher than rates of microbial respiration of DOM to CO, occurring over
a much larger area (volume) of the water column. In low-CDOM waters such as clear lakes,
insufficient CDOM (substrate) limits the rates of sunlight absorption and photochemical
reactions, and DOM photodegradation may be relatively less important (Cory et al. 2015). Thus,
the critical control is the total amount of light absorption by CDOM, independent of the fraction

of the water column exposed to light.

In turbid waters, the fraction of light absorbed by CDOM (acpoma/atots; Fig. 2) can be low
(Osburn et al. 2009; Cory et al. 2013, 2014), and because the rate of DOM photodegradation
increases linearly with acpoma/atotr, DOM photodegradation rates may be low in turbid waters.
However; even in turbid, glacial-fed rivers or lakes where the ratio of acpoma/aroais <1 in the
UV range, DOM photodegradation can still account for a substantial fraction of DOM

degradation (photochemical + biological) in the water column (Cory et al. 2013). This is

15

This article is protected by copyright. All rights reserved.



Limnology and Oceanography Letters

because low rates of light absorption by CDOM can be offset by high AQY's (Fig. 2) for DOM

photodegradation.

Light versus substrate limitation of photodegradation. A major interaction in the

photodegradation equation (Fig. 2) is between sunlight available versus light absorption by
CDOM:"If the light available is higher than the amount of CDOM to absorb it, then
photodegradation in the system is limited by the substrate (CDOM), whereas if CDOM is higher
than'the available light the system is light limited (Cory et al. 2015). These two terms interact
because CDOM absorbs light, and higher light attenuation can result in thermal stratification,
which increases water residence times and thus may increase DOM photodegradation due to
greater total light exposure (Cory et al. 2015). Thus, light limitation occurs when sunlight is
insufficient under conditions of high CDOM and short residence times. In turn,
photodegradation is substrate limited when sunlight is excessive under conditions of low CDOM
and long residence times. These substrate and light limitations are not absolute (i.e., substrate
can limit photodegradation before all CDOM is gone), but are instead relative to one another and
can shift over time (Cory et al. 2015). Distinguishing light versus substrate limitation will
increase the robustness of photodegradation estimates, and will help predict how

photodegradation rates will respond to changing conditions including shifting AQY's over time.

Microbial DOM degradation and its interactions with light
Our synthesis of microbial controls on DOM degradation (Fig. 3) illustrates that for a
heterotrophic microbe, all activity starts with the initial DOM concentration and chemical

composition (Fig. 3a). DOM chemistry is altered by light or new DOM inputs, which in turn

16
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affects microbial activity and community composition over different time scales (Fig. 3b,c,d,e).
Although this entire “loop” of controls has yet to be studied in its entirety, in this review we

focus on the specific interactions between microbes and light that affect DOM degradation.

Microbes interact with light in several ways, starting with a direct, harmful effect of intense UV
light on'microbial cells (Fig. 3b; e.g., Neale et al. 2014). However, it is the indirect interaction
between how light influences DOM chemistry, and in turn how DOM chemistry affects
microbial activity and function, which is less well understood. Here we highlight three indirect
interactions between light and microbes that influence (1) the activity rates and growth
efficiencies of microbes, (2) the molecular controls that explain responses of microbes to photo-

altered DOM, and (3) the time scales of interactions between light and microbes.

Effects of light on rates and efficiencies of microbial DOM degradation. The reason light alters

DOM biolability and microbial metabolism is due primarily to light-induced changes in substrate
chemistry (Wetzel et al. 1995; Moran et al. 2000; Tranvik and Bertilsson 2001; Cory et al. 2010,
2013; Mostovaya et al. 2016). This view is supported by substantial changes in rates of
microbial respiration or production (Moran et al. 2000; Tranvik and Bertilsson 2001; Cory et al.
2010, 2013, 2014), or by changes in growth efficiencies (Moran et al. 2000; Tranvik and
Bertilsson 2001; Pullin et al. 2004; Fasching and Battin 2012) for microbes consuming photo-
altered DOM compared to dark controls. Increased growth efficiency for microbes consuming
phote-altered DOM indicates more labile substrates for microbes to convert to biomass. In
addition, the bacterial respiratory quotient (CO; produced per O, consumed) on photo-altered

DOM may increase compared to dark controls (four boreal lakes, Allesson et al. 2016) or may

17
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not change (55 arctic rivers and lakes, Cory et al. 2014). Any substantial change in respiratory
quotients after DOM light exposure may indicate that bacteria are shifting to degrade new or
altered substrates spanning chemical compositions and oxidation states (Cory et al. 2014;

Allesson et al. 2016; Ward et al. 2017).

Molecular controls on biological and photochemical interactions. There is a large literature on

what molecules microbes and light may degrade, and how photo-alteration of DOM can increase
or decrease its lability to microbes (reviewed in Kaplan and Cory 2016). The contrasting effects
of sunlight on DOM biolability are thought to depend on the source and chemical composition of
DOM (Wetzel 1995; Tranvik and Bertilsson 2001). A general observation is that photo-
alteration of terrestrial DOM produces low molecular weight acids and releases bound nutrients
(N and P) that increase biolability (Cotner and Heath 1990; Wetzel et al. 1995; Bertilsson and
Tranvik 1998; Goldstone et al. 2002; Amado et al. 2007), while photo-alteration of DOM
derived from algal and microbial matter reduces lability to microbes (Tranvik and Bertilsson
2001). While this general dichotomy has been useful, advances using new tools are beginning to
explain, from a molecular standpoint, how the effect of light exposure depends on DOM source
and composition, and why specific shifts in molecules of the DOM pool determine the overall

interactions and response of light and microbes in DOM degradation.

Abundant fractions of C within terrestrially-derived DOM include higher molecular weight,
aromatic.compounds rich in O-containing functional groups that are generally low lability
substrates derived from lignin and tannins (Ward et al. 2013, 2017). Despite lower lability, these

relatively abundant substrates are degraded by aquatic microbes (Cory and Kaplan 2012;
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Fasching et al. 2014; Mann et al. 2014; Sleighter et al. 2014), and are likely more important from
a mass balance standpoint in fueling microbial respiration than are small pools of labile C
(Wetzel 2001; Cory and Kaplan 2012). Pure culture studies suggest that microbial degradation
of low-lability aromatic monomers comprising lignin and other vascular plant components (e.g.,
vanillate) occurs through limited metabolic pathways (Buchan et al. 2000). In these degradation
pathways, most aromatic compounds are first converted to one of several di- or tri-hydroxylated
aromatics that are then enzymatically cleaved by dioxygenases. However, there are other ways

to hydrxolyate aromatic compounds, such as photochemical oxidation by hydroxyl radical.

Reactions of hydroxyl radical with DOM may create hydroxylated aromatics that feed into
microbial' metabolic pathways. Therefore, photochemical oxidation of aromatic DOM by
hydroxyl radical may bypass key steps in the microbial metabolic pathways of lignin
decomposition, thereby increasing rates of microbial respiration or growth efficiencies by
producing substrates that can be metabolized by a broad diversity of organisms. Photo-
production of substrates that microbial communities are already equipped to consume should
increase rates of respiration, the effect generally observed for photo-alteration of terrestrial DOM
(Tranvik and Bertilsson 2001; Kaiser and Sulzberger 2004; Cory et al. 2013, 2014). Thus, we
suggest that microbes generally respond positively to photo-altered DOM of terrestrial origin
because light is degrading DOM to compounds similar to the abundant substrates the microbial
communities are already degrading (e.g., hydroxylated aromatics). Photo-production of
substrates related to those already fueling native microbial communities is also consistent with

similar'or increased bacterial growth efficiencies observed on photo-altered terrestrial DOM
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compared to dark controls (Tranvik and Bertilsson 2001; Fasching and Battin 2012; Cory et al.

2013);

In addition to the response of microbes to photo-alteration of terrestrial DOM, there is evidence
that negative responses of aquatic microbes to photo-altered algal or microbial DOM are due to
modification or removal of abundant substrates fueling respiration. For example, aquatic DOM
of algal or microbial origin is enriched in organic nitrogen (Brown et al. 2004), present as free or
combined amino acids or peptides (Goldberg et al. 2015). This N-rich fraction of amino acid-
like DOM 1n aquatic systems can be rapidly taken up by microbes (Cory and Kaplan 2012;
Guillemette et al. 2013; Sleighter et al. 2014; Stubbins et al. 2014). Because amino acids are
susceptible to degradation by singlet oxygen and other ROS (see above), photo-alteration of this
labile pool of C may remove these substrates or make them less biolabile (Amado et al. 2007).
The accumulation of protein-like DOM in Lake Tahoe was suggested to result from DOM photo-
alteration (Goldberg et al. 2015), rendering this fraction of C more difficult for microbes to
degrade. Thus, photochemical removal or alteration of N-rich DOM by singlet oxygen may

contribute to the negative response of microbes to photo-altered algal or microbial DOM.

Singlet oxygen may also convert substrates fueling microbial respiration into oxygen-rich
aliphatics of lower biolability (see above; Cory et al. 2010; Waggoner et al. 2017). Exposing
DOM to singlet oxygen slowed microbial growth (Cory et al. 2010), and produced compounds
least:labile to microbial degradation (Sleighter et al. 2014). In addition, photo-alteration of

autochthonous DOM generally decreases bacterial growth efficiencies (Tranvik and Bertilsson
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2001; Pullin et al. 2004; Fasching and Battin 2012), suggesting that biolabile substrates were

removed or altered by singlet oxygen or other photochemical processes (Cory et al. 2010).

Almest all research to date on the effects of sunlight on DOM photo-bio degradation has focused
on the water column. However, photochemical alteration of DOM may also affect rates and
efficiencies of microbial processing of DOM in sediments. Given the potential for substantial
exchange of DOM between the water column and sediments, especially in rivers, rapid
photochemical alterations could impact how sediment microbes degrade DOM (Sleighter et al.
2014). Examining the extent of DOM photo-alteration in the water column relative to the
timescales of DOM residence and microbial processing in the sediments, should advance our

knowledge of DOM cycling.

Time scales. of interactions. Photochemical transformations of DOM in the water column can be

similar to water transit times in stream reaches (Cory et al. 2015), depending on rates of sunlight
absorption and AQYs. This rapid photodegradation continually modifies DOM, leaving behind
chemically-altered compounds relative to the original DOM source. The mixture of original and
altered DOM shifts as water moves downstream, and creates the milieu in which microbes

operate (Fig. 1c,d).

The framework of these interactions between light exposure, DOM chemistry, rates of microbial
degradation, and community composition (Fig. 3a-d) is structured such that substrate amount and
chemistry set the initial rates of microbial DOM degradation, and alterations of substrate

chemistry by light initially cause short-term (minutes to hours) physiological shifts and
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adaptation by the cells present (Wetzel et al. 1995), including up- or down-regulation of
transcription to better assimilate the DOM available (Fig. 3¢; McCarren et al. 2010; Satinsky et
al. 2014; Ward et al. 2017). While chemical alterations to DOM may result in positive or
negative effects on microbes (Fig. 3a,b,e), both short-term and long-term adaptations have
positive effects on microbial activity (Fig. 3c,d). As populations better adapted to new substrates
outcompete others the community composition shifts, often in a matter of days (Crump et al.
2003; Judd et al. 2006, 2007, Adams et al. 2014, 2015). Because the potential activity of
microbial communities is set by the species present, as community composition shifts so do rates
of DOM degradation (Crump et al. 2003, Kaiser and Sulzberger 2004; Judd et al. 2006, 2007,
Cory et al. 2010, 2013). This last shift in DOM degradation occurs only affer there is a shift in
community composition (Judd et al. 2006, 2007; Adams et al. 2014). The fact that community
shifts must precede major increases in microbial activity helps resolve the long-standing and
seemingly contradictory observations of positive versus negative influences of DOM photo-
alteration on microbial activity. That is, short-term light exposure experiments tend to show
negative effects on microbial activity, and longer-term experiments tend to show positive effects
because the community had time to adapt (Kaiser and Sulzberger 2004; reviewed in Judd et al.
2007). Therefore, it appears that both photo-alterations of specific substrates in the DOM pool
(described above), and temporal shifts in microbial community composition, help explain the
variable responses of microbes to photo-exposed DOM. Especially over longer time scales,
microbial communities themselves can alter the chemical composition of DOM (Fig. 3d), either
through regeneration of CDOM, selective uptake of compounds, or enzymatic degradation of

polymeric DOM and POM.
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Giyen this dynamic system of co-dependent interactions (Fig. 3), and because no sunlit waters on
Earth are microbe free for long and few are isolated from rapid changes in DOM, we infer that to
advance understanding of DOM cycling we must first characterize the net result of interactions
between light and microbes. Second, we must match our tools and approaches to the appropriate
time scales of photochemical and microbial reactions. For example, short-term studies (hours to
days) that mimic natural conditions have the advantages of (1) using isotopic labels to
identifying sources and sinks of labile DOM before pools are mixed, (2) using natural
communities that are unbiased by bottle effects and long-term incubations, and (3) measuring
metabolic and turnover rates under natural conditions (Cory and Kaplan 2012). In contrast, the
longer the incubation period the more time for DOM to degrade in a system without fresh inputs,

and the greater the disparity between the experimental results and natural system function.

Landscape. controls and scaling up of photo-bio DOM transformations

In larger-scale comparisons of DOM degradation among systems (Lu et al. 2013;
Guillemette et al. 2013; Lapierre et al. 2013; Kellerman et al. 2015; Creed et al. 2015; Catalan et
al. 2017), one of the strongest patterns is that DOM degradation increases with water residence
time (Kothawala et al. 2014; Catalan et al. 2016). It is intuitive to relate the amount of DOM
degradation to water residence time, but the total light exposure of DOM drives
photodegradation. Increased light exposure and “history” affect specific photo-products; e.g.,
DOM leached from soils into headwater streams has little prior light exposure and was labile to
photomineralization (Hong et al. 2014; Ward and Cory 2016). Along a terrestrial-aquatic
continuum, longer light exposure increased DOM partial photooxidation (Cory et al. 2014),

possibly due to a successive loss over time of “antioxidants” within DOM (Ward and Cory
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2016). Light history is difficult to quantify because the complex physical structures of surface
waters can decouple water residence time and light history by transient storage in rivers and
isolation of water masses by stratification in lakes or stream pools, and thus lower rates of photo-
bio DOM degradation (Cory et al. 2015). These results imply that scaling-up local
measurements of DOM degradation must include physical factors such as morphometry and

stratification that differentially affect water residence time and total light exposure.

Scaling=up DOM degradation. Quantifying carbon budgets at larger spatial and longer temporal

scales 1s done by multiplying measurements at shorter time scales at specific locations by time
and space to arrive at values representing the scales of interest. Given the discussion above, it is
clearthat'such ‘static’ scaling ignores (1) the rapid shifts in DOM lability and microbial
community composition, and (2) variable sources and sinks of DOM as water moves across a
landscape.. Unfortunately, our knowledge of these two components at a landscape level is

exceedingly sparse, leaving us with more hypotheses than data.

Variability in DOM sources and sinks, and DOM lability and microbial communities, is due in
part to photo-bio degradation rates relative to rates of downstream transport, and in part to the
presence and landscape arrangement of lakes and streams (Fig. 4; Kling et al. 2000; Larson et al.
2007). Along the terrestrial-aquatic continuum, DOM leaching from soils has high photolability
but may have initially low biolability to microbes (Fig. 4a), and the photolability of terrestrial
DOM decreases with increasing light dosage moving downstream (Fig. 4a). Photodegradation of
DOM can produce biolabile compounds, a process that may peak near the headwaters of a

catchment (Fig. 4a).
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The shapes of these lability curves moving downstream are determined by the likely loss in
photolability as light history increases (i.e., lowering AQY with time), balanced against fresh
DOM inputs from land or protection from sunlight in hyporheic sediments (Fig. 4a). Therefore,
if inputs of fresh photolabile DOM are high and the efficiency of photo-degradation (AQY) is
low, photolability may actually increase downstream. The biolability curve shape would respond
similarly; e.g., the decrease downstream would be shallower if there was protection from light or

high'inputs of fresh DOM.

In landscapes with lakes and streams (Fig. 4b), inputs of fresh DOM and AQYs are still
important (Fig. 1), but the protection of DOM from sunlight by deep mixing in lakes becomes an
additional control. In this case, partially photodegraded DOM in streams enters a lake and is
protected from further photodegradation by deep mixing. The lake DOM is less photolabile due
to its partial degradation upstream and its longer water residence time in the lake surface than in
the stream (low point in photolability curve in Fig. 4b), but the DOM is still taken up by
microbes and in the process can be “colored” (production of CDOM; Amado et al. 2007;
Guillemette and del Giorgio 2012; Kothawala et al. 2014). Determining the light absorption of
this colored microbial matter and the AQY's for its degradation will help determine the

importance of microbial coloring in DOM cycling.

Along with microbial coloring, DOM is added from algae or aquatic macrophytes in the lake,
increasing the biolability of DOM in and exported from the lake (Fig. 4b; e.g., Creed et al. 2015).

This oscillation of DOM lability from stream into lake may restart with new DOM inputs along
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the next stream bank, but the overall hypothesized pattern is that both photo and biolability

decrease moving down the catchment and with increased water residence time (Fig. 4b).

Determining DOM fate requires an analysis of water residence time compared to DOM residence
time (i.e.,.degradation rate). If DOM is transported downstream to a light-protecting
environment such as a lake or ocean faster than it is degraded to CO,, then downstream
ecosystems (coastal oceans) will receive more DOM labile to further degradation (see Cory et al.
2014). If the degradation sink is strong and DOM residence time in light-protected environments
is short, then more DOM will be degraded and released to the atmosphere as CO, and oceans
will teceive less and less-labile DOM. Because the landscape configuration of lakes and streams
affects residence time, light protection, and the source-sink strengths of DOM, in basins with
lakes the photo and biolability of DOM will decrease relatively less than in basins with only
streams (Fig. 4a,b), although the total amount of DOM degradation will still be governed by
residence time and light exposure. These predictions need testing, although preliminary data
from an arctic river indicate that the AQY of photo-stimulated microbial respiration decreases

moving ~300 km downstream from the headwaters (Fig. 5).

Conclusions

DOM degradation is controlled by the interactions between biology, photochemistry, and DOM
chemistry. Specifically, (1) DOM photodegradation is important for DOM fate even for waters
high.in.CDOM, high in turbidity, and at high latitudes. (2) The contrasting effects of sunlight
on DOM microbial degradation are due to shifts in microbial community composition over time

and to production and removal of specific substrates during light exposure. Reactive oxygen
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species likely contribute to the production, alteration, or removal of substrates fueling microbial
respiration.. Advances are made by combining DOM molecular characterization with rate
measurements of DOM photodegradation, microbial activity, and shifts in gene expression and
microbial community composition during the transitions from dark to light conditions. (3) A
critical knowledge gap is apparent quantum yield spectra, especially for (a) partial oxidation (O,
consumption), (b) key products of DOM photodegradation such as CO, and ROS (hydroxyl
radical and singlet oxygen), and (c) for the production or alteration of substrates fueling
microbial respiration. This information is critical given substantial and widespread shifts in
controls on DOM photodegradation, such as changes in rates of CDOM light absorption in
browning waters (Lapierre et al. 2013; Williamson et al. 2015), and increases in AQY's from
inputs‘of photolabile DOM from thawing permafrost (Cory et al. 2013; Ward and Cory 2016).
(4) Short-term kinetic studies that mimic natural conditions are key, because rates of DOM
photochemical alteration and rates of microbial responses to altered DOM are typically rapid
(minutes to days). (5) At larger scales, we must understand how inputs of fresh DOM in time
and space affect the amount and fate of DOM degradation (Fig. 1d, Fig. 4), and how controls on
water residence time, DOM residence time, and total light exposure interact to determine the fate

of DOM moving from land through lakes and streams to oceans.
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Figure Legends

Fig. 1. Synthesis of controls on DOM degradation. (A) DOM is produced on land by plants and
microorganisms, which shapes the initial biopolymers and DOM chemistry exported to waters.
(B) This chemical diversity is critical for determining DOM lability and for setting the rates of
photo-biodegradation. In surface waters, this chemical diversity constrains photochemical
processes as well as microbial activity and community composition, which then interact and
feedback (double-headed arrow) to ultimately control DOM degradation. (C) Microbial and
photochemical DOM degradation leads to altered DOM chemistry, and degradation of this
mixture continues for many iterative cycles. (D) This altered DOM is continually mixed in with
new DOM flushed from soils or other sources to surface waters, highlighting the need for short-
term kinetic studies which mimic natural conditions. Experimental studies must be placed in the
context of controls at larger, landscape scales — these controls are essentially the water residence
time and the total sunlight exposure of the DOM as it moves between lakes and streams on its
wayto the ocean. Finally, tracking changes in DOM degradation (e.g., by optical metrics,
Williamson et al. 2014) can provide information on how degradation affects subsequent
biolability and photolability as DOM moves through the landscape (e.g., Fig. 4).

Fig. 2. The water column rate of DOM photodegradation is the integrated product of two
spectra: sunlight absorption by CDOM (sunlight = UV plus PAR irradiance; mol photons m™ d-
1, which depends on the photon flux to the water surface, the fraction of sunlight absorbed by
CDOM in the water column (light extinction times the amount of CDOM absorbing light relative
to the total light absorbed, acpom,/@tot,.), and the apparent quantum yield for a specific
photochemical product (®;; e.g., mol CO; produced per mol photons absorbed by CDOM for
photomineralization). The apparent quantum yield (AQY) is a measure of the DOM
“photolability”, or ease of photochemical alteration; e.g., a high AQY for photomineralization of
DOM to CO, means high photolability of DOM to be converted to CO, by sunlight.

Fig. 3. Proposed synthesis of controls on microbial degradation of DOM, which depends on (a)
the initial response of microbes to DOM chemistry, (b) the photochemical alteration of DOM
chemistry (left arrow), and the more direct effect of sunlight on microbes (e.g., UV or ROS
damage and loss of CDOM as a “sunscreen” for microbes; right arrow). The short-term
physiological adjustment of microbes to DOM (¢) are followed by the long-term shifts in
population'dominance that lead to changes in community composition (d), documented in
response to.changes in DOM composition alone (Crump et al. 2009; Logue et al. 2015) and in
conjunction with photo-exposure of DOM (Judd et al. 2007; Cory et al. 2013). Especially over
longer time scales, microbial communities themselves can alter the chemical composition of
DOM through regeneration of CDOM, selective uptake of compounds, or enzymatic degradation
of polymeric DOM and POM, which is coupled to (e) changes in DOM inputs from shifting
environments (e.g., temperature, nutrients) or from inputs of “new” DOM (e.g., rain events
washing in DOM from soils). This very dynamic “loop” of controls and interactions operates
continuously in time starting at the initial DOM chemistry (a), and the various controls can shift
in importance on different time scales or as a result of disturbances that can reset the system (e)
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(e.g., Wetzel 2001; Adams et al. 2015). Note that top-down controls such as bacterivory may
also affect microbial activity and community composition, but that topic is not addressed in this
review.

Fig. 4. Hypothesized changes in biolability (defined as microbial growth rates) and photolability
(defined as the efficiency of photochemical reactions, AQY) moving from upland terrestrial
environments to the ocean. Curve shapes assume no additional inputs of water moving
downstream, and curve placement relative to the Y axis does not imply an absolute difference in
photolability versus biolability. (A) In streams the photolability of DOM is highest when fresh
inputs of DOM with no prior light exposure are high (left of graph), and photolability is reduced
moving downstream. The slope of DOM photolability moving downstream will be shallower if
there are fresh DOM inputs or protection from sunlight in transient storage zones (orange up
arrow), and will be steeper if the AQY is higher (red down arrow). Biolability is predicted to
initially increase moving downstream by additions of photoproducts labile to microbes, but after
reaching a peak the biolability decreases moving downstream. Additional inputs of fresh DOM
or protection from light would make the slope of DOM biolability shallower moving
downstream (green up arrow). (B) In a catchment of connected lakes and streams, both
photolability and biolability decrease downstream (similar to the stream-only case). The peaks
and troughs of photo and biolability are aligned with the occurrence of lakes and streams, but the
short dashed line and question mark indicate that there are few data to constrain the exact
placementof the curve peaks and troughs. The balance of (1) new inputs of DOM from land
moving through a basin, (2) photodegradation in the lake surface versus replenishing photolabile
DOM by mixing deeper water to the surface during storm events or turnover, and (3) the
arrangement and number of lakes in a basin influencing landscape-level residence time and light
history, will determine the shapes of these curves. Overall, DOM lability is predicted to be
higher moving downstream when the landscape configuration contains lakes compared to water
moving only through streams and rivers (shallower slope moving downstream compared to
panel.

Fig. 5. - Downstream changes in the Kuparuk River for the apparent quantum yield of photo-
stimulated microbial respiration, defined as the amount of respiration stimulated by photo-
exposed DOM above the background dark microbial respiration (see Cory et al. 2014 and Cory,
2017):

This article is protected by copyright. All rights reserved.



Page 31 of 43

Limnology and Oceanography Letters

References

Abdulla, H. A. N., E. C. Minor, R. F. Dias, and P. G. Hatcher. 2010. Changes in the compound
classes of dissolved organic matter along an estuarine transect: A study using FTIR and
13C NMR. Geochim. Cosmochim. Acta 74: 3815-3838. doi:10.1016/j.gca.2010.04.006

Adams, H. E., B. C. Crump, and G. W. Kling. 2014. Metacommunity dynamics of bacteria in an
arctic lake: the impact of species sorting and mass effects on bacterial production and
biogeography. Front. Microbiol. 5: 82. doi:10.3389/fmicb.2014.00082

Adams, H. E., B. C. Crump, and G. W. Kling. 2015. Isolating the effects of storm events on
arctic aquatic bacteria: temperature, nutrients, and community composition as controls on
bacterial productivity. Front. Microbiol. 6: 250. doi:10.3389/fmicb.2015.00250

Allesson, L., L. Strém, M. Berggren, L. Strom, and M. Berggren. 2016. Impact of photochemical
processing of DOC on the bacterioplankton respiratory quotient in aquatic ecosystems.
Geophys. Res. Lett. 43: 7538-7545. doi:10.1002/2016GL069621

Amado, A. M., J. B. Cotner, A. L. Suhett, F. D. A. Esteves, R. L. Bozelli, and V. F. Farjalla.
2007. Contrasting interactions mediate dissolved organic matter decomposition in
tropical aquatic ecosystems. Aquat. Microb. Ecol. 49: 25-34. doi:10.3354/ame01131

Amon, R. M. and R. Benner. 1996. Photochemical and microbial consumption of dissolved
organic carbon and dissolved oxygen in the Amazon River system. Geochim.
Cosmochim. Acta 60: 1783—-1792.

Andrews, S. S., S. Caron, and O. Zafiriou. 2000. Photochemical oxygen consumption in marine
waters: a major sink for colored dissolved organic matter? Limnol. Oceanogr. 45: 267—
277.

Bernhard, G. 2011. Trends of solar ultraviolet irradiance at Barrow, Alaska, and the effect of
measurement uncertainties on trend detection. Atmos. Chem. Phys. 11: 13029-13045.
doi:10.5194/acp-11-13029-2011

Bertilsson, S., and L. J. Tranvik. 1998. Photochemically produced carboxylic acids as substrates
for freshwater bacterioplankton. Limnol. Oceanogr. 43: 885—-895.
doi:10.4319/10.1998.43.5.0885

Biddanda, B. A. 2017. Global significance of the changing freshwater carbon cycle. Eos. 98.
doi:doi.org/10.1029/2017EO069751

Brown, A., D. M. McKnight, Y. P. Chin, E. C. Roberts, and M. Uhle. 2004. Chemical
characterization of dissolved organic material in Pony Lake, a saline coastal pond in
Antarctica. Mar. Chem. 89: 327-337. doi:10.1016/j.marchem.2004.02.016

Buchan, A., L. S. Collier, E. L. Neidle, A. Buchan, L. S. Collier, and E. L. Neidle. 2000. Key
Aromatic-Ring-Cleaving Enzyme , Ecologically Important Marine Roseobacter Lineage
Key Aromatic-Ring-Cleaving Enzyme, Protocatechuate 3 , 4-Dioxygenase , in the
Ecologically Important Marine Roseobacter Lineage. 66: 4662—4672.
doi:10.1128/AEM.66.11.4662-4672.2000.Updated

Burdige, D. J. 2007. Preservation of Organic Matter in Marine Sediments: Controls,
Mechanisms, and an Imbalance in Sediment Organic Carbon Budgets? Chem. Rev. 107:
467-485. doi:10.1021/cr050347q

Catalan, N., J. P. Casas-Ruiz, D. von Schiller, L. Proia, B. Obrador, E. Zwirnmann, and R.
Marcé. 2017. Biodegradation kinetics of dissolved organic matter chromatographic
fractions in an intermittent river. J. Geophys. Res. Biogeosciences 122: 131-144.
doi:10.1002/2016JG003512

This article is protected by copyright. All rights reserved.



Limnology and Oceanography Letters Page 32 of 43

Catalan, N, R. Marcé, D. N. Kothawala, and L. J. Tranvik. 2016. Organic carbon decomposition
rates controlled by water retention time across inland waters. Nat. Geosci. 9: 501-504.
doi:10.1038/nge02720

Cole,J. J., N. F. Caraco, G. W. Kling, and T. K. Kratz. 1994. Carbon dioxide supersaturation in
the surface waters of lakes. Science (80-.). 265: 1568—1570.
doi:10.1126/science.265.5178.1568

Cory; R.M. 2017. Kuparuk River photo-bio apparent quantum yield, Alaska, 2011-2012. Arctic
Data Center. doi:10.18739/A2SVE8Z.

Cory,R. M., K. H. Harrold, B. T. Neilson, and G. W. Kling. 2015. Controls on dissolved organic
matter (DOM) degradation in a headwater stream: the influence of photochemical and
hydrological conditions in determining light-limitation or substrate-limitation of photo-
degradation. Biogeosciences 12: 6669—6685. doi:10.5194/bg-12-6669-2015

Cory, R. M., J. B. Cotner, and K. McNeill. 2009. Quantifying interactions between singlet
oxygen and aquatic fulvic acids. Environ. Sci. Technol. 43: 718—723.
doi:10.1021/es801847¢g

Cory, R. M., and L. A. Kaplan. 2012. Biological lability of streamwater fluorescent dissolved
organic matter. Limnol. Oceanogr. 57: 1347-1360. doi:10.4319/10.2012.57.5.1347

Coryy;RaM:, D. M. McKnight, Y. P. Chin, P. Miller, and C. L. Jaros. 2007. Chemical
characteristics of fulvic acids from Arctic surface waters: Microbial contributions and
photochemical transformations. J. Geophys. Res. Biogeosciences 112: 1-14.
doi:10.1029/2006JG000343

Cory, R. M., K. McNeill, J. P. Cotner, A. Amado, J. M. Purcell, and A. G. Marshall. 2010.
Singlet oxygen in the coupled photochemical and biochemical oxidation of dissolved
organic matter. Environ. Sci. Technol. 44: 3683—3689. do0i:10.1021/es902989y

Cory, R-°M., B. C. Crump, J. A. Dobkowski, and G. W. Kling. 2013. Surface exposure to
sunlight stimulates CO2 release from permafrost soil carbon in the Arctic. Proc. Natl.
Acad. Sci. U. S. A. 110: 3429-34. doi:10.1073/pnas.1214104110

Cory, R. M., C. P. Ward, B. C. Crump, and G. W. Kling. 2014. Sunlight controls water column
processing of carbon in arctic fresh waters. Science (80-.). 345: 925-8.
doi:10.1126/science. 1253119

Cotner, J. J. B., and R. R. T. Heath. 1990. Iron redox effects on photosensitive phosphorus
release from dissolved humic materials. Limnol. Oceanogr. 35: 1175-1181.
d0i:10.4319/10.1990.35.5.1175

Creed, 1. F., D. M. Mcknight, B. A. Pellerin, and others. 2015. The river as a chemostat : fresh
perspectives on dissolved organic matter flowing down the river continuum. Can. J. Fish.
Aquat. Sci. 14: 1-14. doi:10.1139/cjfas-2014-0400

Crump, B. C., G. W. Kling, M. Bahr, and J. E. Hobbie. 2003. Bacterioplankton community shifts
invan arctic lake correlate with seasonal changes in organic matter source. Appl. Environ.
Microbiol. 69: 2253-2268. doi:10.1128/AEM.69.4.2253

Crump, B. C., B. J. Peterson, P. A. Raymond, R. M. W. Amon, A. Rinehart, J. W. McClelland,
and R. M. Holmes. 2009. Circumpolar synchrony in big river bacterioplankton. Proc.
Natl. Acad. Sci. U. S. A. 106: 21208-12. do0i:10.1073/pnas.0906149106

Dalzell, B. J., E. C. Minor, and K. M. Mopper. 2009. Photodegradation of estuarine dissolved
organic matter: a multi-method assessment of DOM transformation. Org. Geochem. 40:
243-257. d0i:10.1016/j.orggeochem.2008.10.003

This article is protected by copyright. All rights reserved.



Page 33 of 43

Limnology and Oceanography Letters

Fasching, C., and T. J. Battin. 2012. Exposure of dissolved organic matter to UV-radiation
increases bacterial growth efficiency in a clear-water Alpine stream and its adjacent
groundwater. Aquat. Sci. 74: 143—-153. doi:10.1007/s00027-011-0205-8

Fasching, C., B. Behounek, G. A. Singer, and T. J. Battin. 2014. Microbial degradation of
terrigenous dissolved organic matter and potential consequences for carbon cycling in
brown-water streams. Sci. Rep. 4: 4981. doi:10.1038/srep04981

Faust, B. C., and R. G. Zepp. 1993. Photochemistry of aqueous iron(IIl)-polcarboxylate
complexes: roles in the chemistry of atmospheric and surface waters. Environ. Sci.
Technol. 27: 2517-2522.

Fellman, J. B., E. Hood, D. V. D’Amore, R. T. Edwards, and D. White. 2009. Seasonal changes
in the chemical quality and biodegradability of dissolved organic matter exported from
soils to streams in coastal temperate rainforest watersheds. Biogeochemistry 95: 277—
293. doi:10.1007/s10533-009-9336-6

Gao, H., and R. G. Zepp. 1998. Factors influencing photoreactions of dissolved organic matter in
a coastal river of the southeastern United States. Environ. Sci. Technol. 32: 2940-2946.
doi:10.1021/es9803660

Goldberg, S. J., G. L. Ball, B. C. Allen, and others. 2015. Refractory dissolved organic nitrogen
accumulation in high-elevation lakes. Nat. Commun. 6: 6347. doi:10.1038/ncomms7347

Goldstone, J. V., M. J. Pullin, S. Bertilsson, and B. M. Voelker. 2002. Reactions of hydroxyl
radical with humic substances: Bleaching, mineralization, and production of bioavailable
carbon substrates. Environ. Sci. Technol. 36: 364-372. d0i:10.1021/es0109646

Gonsior, M., B. M. Peake, W. T. Cooper, D. Podgorski, J. D’ Andrilli, and W. J. Cooper. 2009.
Photochemically Induced Changes in Dissolved Organic Matter Identified by Ultrahigh
Resolution Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. Environ.
Sei. Technol. 43: 698—703. doi:10.1021/es8022804

Graneli, W., M. Lindell, and L. J. Tranvik. 1996. Photo-oxidative production of dissolved
tnorganic carbon in lakes of different humic content. Limnol. Oceanogr. 41: 698—706.
d0i:10.4319/10.1996.41.4.0698

Guillemette, F., and P. A. del Giorgio. 2011. Reconstructing the various facets of dissolved
organic carbon bioavailability in freshwater ecosystems. Limnol. Oceanogr. 56: 734—748.
do0i:10.4319/10.2011.56.2.0734

Guillemette, F., and P. A. del Giorgio. 2012. Simultaneous consumption and production of
fluorescent dissolved organic matter by lake bacterioplankton. Environ. Microbiol. 14:
1432-1443. doi:10.1111/j.1462-2920.2012.02728.x

Hernes, P. J., and R. Benner. 2003. Photochemical and microbial degradation of dissolved lignin
phenols: Implications for the fate of terrigenous dissolved organic matter in marine
environments. J. Geophys. Res. 108: 3291. doi:10.1029/2002JC001421

Hong;JiyH. Xie, L. Guo, and G. Song. 2014. Carbon monoxide photoproduction: implications
for photoreactivity of arctic permafrost-derived soil dissolved organic matter. Environ.
Sci. Technol. 48: 9113-21. doi:10.1021/es502057n

Johannessen, S. C., and W. L. Miller. 2001. Quantum yield for the photochemical production of
dissolved inorganic carbon in seawater. Mar. Chem. doi:10.1016/S0304-4203(01)00067-
6

Judd; K. E., B. C. Crump, and G. W. Kling. 2006. Variation in dissolved organic matter controls
bacterial production and community composition. Ecology 87: 2068—-2079.
doi:10.1890/0012-9658(2006)87[2068:VIDOMC]2.0.CO;2

This article is protected by copyright. All rights reserved.



Limnology and Oceanography Letters Page 34 of 43

Judd, K., B. Crump, and G. Kling. 2007. Bacterial responses in activity and community
composition to photo-oxidation of dissolved organic matter from soil and surface waters.
Aquat. Sci. 69: 96-107. doi:10.1007/s00027-006-0908-4

Kaiser, E., and B. Sulzberger. 2004. Phototransformation of riverine dissolved organic matter
(DOM) in the presence of abundant iron: Effect on DOM bioavailability. Limnol.
Oceanogr. 49: 540-554. doi:10.4319/10.2004.49.2.0540

Kaplan, L. A., R.M. Cory. 2016. Dissolved Organic Matter in Stream Ecosystems. In Stream
Ecosystems in a Changing Environment (pp. 241-320). Elsevier.
https://doi.org/10.1016/B978-0-12-405890-3.00006-3

Kellerman, A. M., D. N. Kothawala, T. Dittmar, and L. J. Tranvik. 2015. Persistence of
dissolved organic matter in lakes related to its molecular characteristics. Nat. Geosci. 8:
454-457. doi:10.1038/nge02440

Kling, G. W., G. W. Kipphut, and M. C. Miller. 1991. Lakes and Streams for Tundra Carbon
Budgets Atmosphere : Implications. Science (80-.). 251: 298-301.

Kling; G.:W., G. W. Kipphut, M. M. Miller, and W. J. O’Brien. 2000. Integration of lakes and
streams in a landscape perspective: the importance of material processing on spatial
patterns and temporal coherence. Freshw. Biol. 43: 477-497. doi:10.1046/j.1365-
2427.2000.00515.x

Koehler, B., T. Landelius, G. A. Weyhenmeyer, N. Machida, and L. J. Tranvik. 2014. Sunlight-
induced carbon dioxide emissions from inland waters. Global Biogeochem. Cycles 28:
696—711. doi:10.1002/2014GB004850

Kothawala, D. N., C. A. Stedmon, R. A. Miiller, G. A. Weyhenmeyer, S. J. Kohler, and L. J.
Tranvik. 2014. Controls of dissolved organic matter quality: Evidence from a large-scale
boreal lake survey. Glob. Chang. Biol. 20: 1101-1114. doi:10.1111/gcb.12488

Lam, B.,"A. Baer, M. Alaee, B. Lefebvre, A. Moser, A. Williams, and A. J. Simpson. 2007.
Major structural components in freshwater dissolved organic matter. Environ. Sci.
Technol. 41: 8240-8247. doi:10.1021/es0713072

Larson, J. H., P. C. Frost, Z. Zheng, C. A. Johnston, S. D. Bridgham, D. M. Lodge, and G. A.
Lamberti. 2007. Effects of upstream lakes on dissolved organic matter in streams.
Limnol. Oceanogr. 52: 60—69. doi:10.4319/10.2007.52.1.0060

Latch, D. E., and K. McNeill. 2006. Microheterogeneity of Singlet Oxygen Distributions in
Irradiated Humic Acid Solutions. Science (80-.). 311: 1743—-1747.
doi:10.1126/science.1121636

Leifer, A. 1988. The kinetics of environmental aquatic photochemistry, American Chemical
Society.

Lindell, M. J., H. W. Granéli, and S. Bertilsson. 2000. Seasonal photoreactivity of dissolved
organic matter from lakes with contrasting humic content. Can. J. Fish. Aquat. Sci. 57:
875-885. doi:10.1139/f00-016

Logue, J. B., C. A. Stedmon, A. M. Kellerman, N. J. Nielsen, A. F. Andersson, H. Laudon, E. S.
Lindstrom, and E. S. Kritzberg. 2015. Experimental insights into the importance of
aquatic bacterial community composition to the degradation of dissolved organic matter.
ISME J. 1-13. doi:10.1038/ismej.2015.131

Lu, Y., J. E. Bauer, E. A. Canuel, Y. Yamashita, R. M. Chambers, and R. Jaffé. 2013.
Photochemical and microbial alteration of dissolved organic matter in temperate
headwater streams associated with different land use. J. Geophys. Res. Biogeosciences
118: 566-580. doi:10.1002/jgrg.20048

This article is protected by copyright. All rights reserved.



Page 35 of 43

Limnology and Oceanography Letters

Lundeen, R. A., and K. McNeill. 2013. Reactivity differences of combined and free amino acids:
quantifying the relationship between three-dimensional protein structure and singlet
oxygen reaction rates. Environ. Sci. Technol. 47: 14215-23. doi:10.1021/es404236¢

Mann, P. J., W. V. Sobczak, M. M. Larue, and others. 2014. Evidence for key enzymatic controls
on metabolism of Arctic river organic matter. Glob. Chang. Biol. 20: 1089-1100.
doi:10.1111/gcb.12416

Mcc allister, S. L., and P. A. del Giorgio. 2012. Evidence for the respiration of ancient terrestrial
organic C in northern temperate lakes and streams. Proc. Natl. Acad. Sci. 109: 16963—
16968. doi:10.1073/pnas.1207305109

McCarren, J., J. W. Becker, D. J. Repeta, Y. Shi, C. R. Young, R. R. Malmstrom, S. W.
Chisholm, and E. F. DeLong. 2010. Microbial community transcriptomes reveal
microbes and metabolic pathways associated with dissolved organic matter turnover in
the sea. Proc. Natl. Acad. Sci. U. S. A. 107: 16420-7. doi:10.1073/pnas.1010732107

Meyers, P. A., M. J. Leenheer, B. J. Eaoie, and S. J. Maule. 1984. Organic geochemistry of
suspended and settling particulate matter in Lake Michigan. Geochim. Cosmochim. Acta
48: 443-452. doi:10.1016/0016-7037(84)90273-4

Miles, C.J., and P. L. Brezonik. 1981. Oxygen consumption in humic-colored waters by a
photochemical ferrous-ferric catalytic cycle. Environ. Sci. Technol. 15: 1089-1095.
doi:10.1021/es00091a010

Minor, E., and B. Stephens. 2008. Dissolved organic matter characteristics within the Lake
Superior watershed. Org. Geochem. 39: 1489-1501.
doi:10.1016/j.orggeochem.2008.08.001

Molot, L. 'A., J. J. Hudson, P. J. Dillon, and S. A. Miller. 2005. Effect of pH on photo-oxidation
of dissolved organic carbon by hydroxyl radicals in a coloured, softwater stream. Aquat.
Sei.67: 189-195. doi:10.1007/s00027-005-0754-9

Moran, M. A., W. M. W. Sheldon, R. G. R. Zepp. 2000. Carbon loss and optical property
changes during long-term photochemical and biological degradation of estuarine
dissolved organic matter. Limnol. Oceanogr. 45: 1254—1264.
doi:10.4319/10.2000.45.6.1254

Mostovaya; A., B. Koehler, F. Guillemette, A. K. Brunberg, and L. J. Tranvik. 2016. Effects of
compositional changes on reactivity continuum and decomposition kinetics of lake
dissolved organic matter. J. Geophys. Res. Biogeosciences 121: 1733—1746.
do0i:10.1002/2016JG003359

Neale, P. J., A. L. Pritchard, and R. Thnacik. 2014. UV effects on the primary productivity of
picophytoplankton: Biological weighting functions and exposure response curves of
Synechococcus. Biogeosciences 11: 2883-2895. doi:10.5194/bg-11-2883-2014

Opsahl, S. P., and R. G. Zepp. 2001. Photochemically-induced alteration of stable carbon isotope
ratios (6 13 C) in terrigenous dissolved organic carbon. Geophys. Res. Lett. 28: 2417—
2420. doi:10.1029/2000GL012686

Osburn, C. L., L. Retamal, and W. F. Vincent. 2009. Photoreactivity of chromophoric dissolved
organic matter transported by the Mackenzie River to the Beaufort Sea. Mar. Chem.
doi:10.1016/j.marchem.2009.05.003

Page,S. E., J. R. Logan, R. M. Cory, and K. McNeill. 2014. Evidence for dissolved organic
matter as the primary source and sink of photochemically produced hydroxyl radical in
arctic surface waters. Environ. Sci. Process. Impacts 16: 807-22.
doi:10.1039/c3em00596h

This article is protected by copyright. All rights reserved.



Limnology and Oceanography Letters Page 36 of 43

Peterson, B. M., A. M. McNally, R. M. Cory, J. D. Thoemke, J. B. Cotner, and K. McNeill.
2012. Spatial and temporal distribution of singlet oxygen in Lake Superior. Environ. Sci.
Technol. 46: 7222-9. doi:10.1021/es301105¢

Pullin, M. J., S. Bertilsson, J. V. Goldstone, and B. M. Voelker. 2004. Effects of sunlight and
hydroxyl radical on dissolved organic matter: Bacterial growth efficiency and production
of carboxylic acids and other substrates. Limnol. Oceanogr. 49: 2011-2022.
doi:10.4319/10.2004.49.6.2011

Reader, H. E., and W. L. Miller. 2014. The efficiency and spectral photon dose dependence of
photochemically induced changes to the bioavailability of dissolved organic carbon.
Limnol. Oceanogr. 59: 182—194. d0i:10.4319/10.2014.59.1.0182

Satinsky, B. M., B. C. Crump, C. B. Smith, and others. 2014. Microspatial gene expression
patterns in the Amazon River Plume. Proc. Natl. Acad. Sci. 111: 11085-90.
doi:10.1073/pnas.1402782111

Sleighter, R. L., R. M. Cory, L. A. Kaplan, and others. 2014. A coupled geochemical and
biogeochemical approach to characterize the bioreactivity of dissolved organic matter
from a headwater stream. J. Geophys. Res. G Biogeosciences 119: 1520-1537.
doi:10.1002/2013JG002600

Spencer, R:G. M., A. Stubbins, P. J. Hernes, and others. 2009. Photochemical degradation of
dissolved organic matter and dissolved lignin phenols from the Congo River. J. Geophys.
Res. Biogeosciences 114: 1-12. doi:10.1029/2009JG000968

Stubbins; A., J. Lapierre, M. Berggren, Y. T. Prairie, T. Dittmar, and P. A. del Giorgio. 2014.
What’s in an EEM? Molecular signatures associated with dissolved organic fluorescence
in Boreal Canada. Environ. Sci. Technol. 48: 105598-10606.

Stubbins, A., R. G. M. Spencer, H. Chen, and others. 2010. Illuminated darkness: Molecular
signatures of Congo River dissolved organic matter and its photochemical alteration as
revealed by ultrahigh precision mass spectrometry. Limnol. Oceanogr. 55: 1467-1477.
do1:10.4319/10.2010.55.4.1467

Sulzberger, B., and E. Durisch-Kaiser. 2009. Chemical characterization of dissolved organic
matter (DOM): A prerequisite for understanding UV-induced changes of DOM
absorption properties and bioavailability. Aquat. Sci. 71: 104—126. doi:10.1007/s00027-
008-8082-5

Tranvik, L. J. L. J., and S. Bertilsson. 2001. Contrasting effects of solar UV radiation on
dissolved organic sources for bacterial growth. Ecol. Lett. 4: 458—463.
doi:10.1046/j.1461-0248.2001.00245.x

Tzortziou, M., C. L. Osburn, and P. J. Neale. 2007. Photobleaching of dissolved organic material
from a tidal marsh-estuarine system of the Chesapeake Bay. Photochemistry and
Photobiology. 782—792.

VihiataloyA. V., K. Salonen, U. Miinster, M. Jarvinen, and R. G. Wetzel. 2003. Photochemical
transformation of allochthonous organic matter provides bioavailable nutrients in a humic
lake. Arch. fur Hydrobiol. 156: 287-314. doi:10.1127/0003-9136/2003/0156-0287

Vihitalo; A. V, M. Salkinoja-Salonen, P. Taalas, and K. Salonen. 2000. Spectrum of the
quantum yield for photochemical mineralization of dissolved organic carbon in a humic
lake. Limnol. Ocean. 45: 664—676.

Volk; C.J., C. B. Volk, and L. A. Kaplan. 1997. Chemical Composition of Biodegradable
Dissolved Organic Matter in Streamwater. Limnol. Oceanogr. 42: 39—44.

This article is protected by copyright. All rights reserved.



Page 37 of 43

Limnology and Oceanography Letters

Waggoner, D. C., H. Chen, A. S. Willoughby, and P. G. Hatcher. 2015. Formation of black
carbon-like and alicyclic aliphatic compounds by hydroxyl radical initiated degradation
of lignin. Org. Geochem. 82: 69—76. doi:10.1016/j.orggeochem.2015.02.007

Waggoner, D. C., A. S. Wozniak, R. M. Cory, and P. G. Hatcher. 2017. The role of reactive
oxygen species in the degradation of lignin derived dissolved organic matter. Geochim.
Cosmochim. Acta 208: 171-184. doi:10.1016/j.gca.2017.03.036

Ward, C. P., and R. M. Cory. 2016. Complete and Partial Photo-oxidation of Dissolved Organic
Matter Draining Permafrost Soils. Environ. Sci. Technol. 50: 3545-3553.
doi:10.1021/acs.est.5b05354

Ward, C. P, S. G. Nalven, B. C. Crump, G. W. Kling, and R. M. Cory. 2017. Photochemical
alteration of organic carbon draining permafrost soils shifts microbial metabolic
pathways and stimulates respiration. Nat. Commun. 1-8. doi:10.1038/s41467-017-00759-
2

Ward, C. P., R. L. Sleighter, P. G. Hatcher, and R. M. Cory. 2014. Insights into the complete and
partial photooxidation of black carbon in surface waters. Environ. Sci. Process. Impacts
16: 721-731. doi:10.1039/c3em00597f

Ward, N. D., R. G. Keil, P. M. Medeiros, and others. 2013. Degradation of terrestrially derived
macromolecules in the Amazon River. Nat. Geosci. 6: 530-533. doi:10.1038/ngeo1817

Westerhoff, P., G. Aiken, G. Amy, and J. Debroux. 1999. Relationships between the structure of
natural organic matter and its reactivity towards molecular ozone and hydroxyl radicals.
Water Res 33: 2265-2276. doi:http://dx.doi.org/10.1016/S0043-1354(98)00447-3

Wetzel, R. G. 2001. Limnology: Lake and River Ecosystems, Third Edition, Academic Press.

Wetzel, R., P. Hatcher, and T. Bianchi. 1995. Natural photolysis by ultraviolet irradiance of
recalcitrant dissolved organic matter to simple substrates for rapid bacterial metabolism.
Limnol. Ocean. 40: 1369—-1380.

White, E. M., D. J. Kieber, J. Sherrard, W. L. Miller, and K. Mopper. 2010. Carbon dioxide and
carbon monoxide photoproduction quantum yields in the Delaware Estuary. Mar. Chem.
118: 11-21. doi:10.1016/j.marchem.2009.10.001

White, E. M., P. P. Vaughan, and R. G. Zepp. 2003. Role of the photo-Fenton reaction in the
production of hydroxyl radicals and photobleaching of colored dissolved organic matter
in a coastal river of the southeastern United States. Aquat. Sci. 65: 402—414.
doi:10.1007/s00027-003-0675-4

Wiegner, T. N., L. a Kaplan, J. D. Newbold, P. H. Ostrom, and P. E. H. O. Strom. 2005.
Contribution of dissolved organic C to stream metabolism: a mesocosm study using 13
C-enriched tree-tissue leachate Contribution of dissolved organic C to stream
metabolism : a mesocosm study using 13 C-enriched tree-tissue leachate. J. N. Am.
Benthol. Soc 24: 48-67.

Williamson, C. E., E. P. Overholt, R. M. Pilla, T. H. Leach, J. A. Brentrup, L. B. Knoll, E. M.
Mette, and R. E. Moeller. 2015. Ecological consequences of long-term browning in lakes.
Sci. Rep. 5: 18666. doi:10.1038/srep18666

Williamson, C. E., J. A. Brentrup, J. Zhang, W. H. Renwick, B. R. Hargreaves, L. B. Knoll, E. P.
Overholt, and K. C. Rose. 2014. Lakes as sensors in the landscape: Optical metrics as
scalable sentinel responses to climate change. Limnol. Oceanogr. 59: 840—850.
d0i:10.4319/10.2014.59.3.0840

Williamson, C. E., R. S. Stemberger, D. P. Morris, T. A. Frost, and S. G. Paulsen. 1996.
Ultraviolet radiation in North American lakes: Attenuation estimates from DOC

This article is protected by copyright. All rights reserved.



Limnology and Oceanography Letters

measurements and implications for plankton communities. Limnol. Ocean. 41: 1024—
1034.

Xie, H., O. C. Zafiriou, W.-J. Cai, R. G. Zepp, and Y. Wang. 2004. Photooxidation and Its
Effects on the Carboxyl Content of Dissolved Organic Matter in Two Coastal Rivers in
the Southeastern United States. Environ. Sci. Technol. 38: 4113—4119.
doi:10.1021/es035407t

This article is protected by copyright. All rights reserved.

Page 38 of 43



Page 39 of 43 Limnology and Oceanography Letters

Synthesis of controls on DOM degradation

A. DOM production
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Fig. 1. Synthesis of controls on DOM degradation. (A) DOM is produced on land by plants and
microorganisms, which shapes the initial biopolymers and DOM chemistry exported to waters. (B) This
chemical diversity is critical for determining DOM lability and for setting the rates of photo-bio
degradation. In surface waters, this chemical diversity constrains photochemical processes as well as
microbial activity and community composition, which then interact and feedback (double-headed arrow) to
ultimately control DOM degradation. (C) Microbial and photochemical DOM degradation leads to altered
DOM chemistry, and degradation of this mixture continues for many iterative cycles. (D) This altered DOM
is continually mixed in with new DOM flushed from soils or other sources to surface waters, highlighting the
need for short-term kinetic studies which mimic natural conditions. Experimental studies must be placed in
the context of controls at larger, landscape scales — these controls are essentially the water residence time
and the total sunlight exposure of the DOM as it moves between lakes and streams on its way to the
ocean. Finally, tracking changes in DOM degradation (e.g., by optical metrics, Williamson et al. 2014) can
provide information on how degradation affects subsequent biolability and photolability as DOM moves

through the landscape (e.g., Fig. 4).
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Fig. 2. The water column rate of DOM photodegradation is the integrated product of two spectra:
sunlight absorption by CDOM (sunlight = UV plus PAR irradiance; mol photons m™ d?!), which depends on
the photon flux to the water surface, the fraction of sunlight absorbed by CDOM in the water column (light
extinction times the amount of CDOM absorbing light relative to the total light absorbed, aCDOM, \/atot.2),
and the apparent quantum yield for a specific photochemical product (6,; e.g., mol CO, produced per mol
photons absorbed by CDOM for photomineralization). The apparent quantum yield (AQY) is a measure of
the DOM “photolability”, or ease of photochemical alteration; e.g., a high AQY for photomineralization of

DOM to CO, means high photolability of DOM to be converted to CO; by sunlight.
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Controls on microbial DOM degradation

(a) Initial or (+)or(-) Microbial (C)- vy
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chemistry respiration transcription
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Long
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Fig. 3. Proposed synthesis of controls on microbial degradation of DOM, which depends on (a) the initial
response of microbes to DOM chemistry, (b) the photochemical alteration of DOM chemistry (left arrow),
and the more direct effect of sunlight on microbes (e.g., UV or ROS damage and loss of CDOM as a
“sunscreen” for microbes; right arrow). The short-term physiological adjustment of microbes to DOM (c)
are followed by the long-term shifts in population dominance that lead to changes in community composition
(d), documented in response to changes in DOM composition alone (Crump et al. 2009; Logue et al. 2015)
and in conjunction with photo-exposure of DOM (Judd et al. 2007; Cory et al. 2013). Especially over longer
time scales, microbial communities themselves can alter the chemical composition of DOM through
regeneration of CDOM, selective uptake of compounds, or enzymatic degradation of polymeric DOM and
POM, which is coupled to (e) changes in DOM inputs from shifting environments (e.g., temperature,
nutrients) or from inputs of "new” DOM (e.g., rain events washing in DOM from soils). This very dynamic
“loop” of controls and interactions operates continuously in time starting at the initial DOM chemistry (a),
and the various controls can shift in importance on different time scales or as a result of disturbances that
can reset the system (e) (e.g., Wetzel 2001; Adams et al. 2015). Note that top-down controls such as
bacterivory may also affect microbial activity and community composition, but that topic is not addressed in
this review.

237x119mm (150 x 150 DPI)

This article is protected by copyright. All rights reserved.



Limnology and Oceanography Letters

A. Stream only | B. With lakes

DOM Higher @ ¥ §
Lability Ay ~~~._ Photolability
(relative /'_—_—‘~~\\ o
(g o
scale} /. S - ﬁ Fresh DOM inputs,
« Biolability Ssa o Protection from light

’ -

Distance from headwaters (source) To'ocean Landscape Position (high to low)

Fig. 4. Hypothesized changes in biolability (defined as microbial growth rates) and photolability (defined as
the efficiency of photochemical reactions, AQY) moving from upland terrestrial environments to the
ocean. Curve shapes assume no additional inputs of water moving downstream, and curve placement
relative to the Y axis does not imply an absolute difference in photolability versus biolability. (A) In streams
the photolability of DOM is highest when fresh inputs of DOM with no prior light exposure are high (left of
graph), and photolability is reduced moving downstream. The slope of DOM photolability moving
downstream will be shallower if there are fresh DOM inputs or protection from sunlight in transient storage
zones (orange up arrow), and will be steeper if the AQY is higher (red down arrow). Biolability is predicted
to initially increase moving downstream by additions of photoproducts labile to microbes, but after reaching
a peak the biolability decreases moving downstream. Additional inputs of fresh DOM or protection from light
would make the slope of DOM biolability shallower moving downstream (green up arrow). (B) In a
catchment of connected lakes and streams, both photolability and biolability decrease downstream (similar
to the stream-only case). The peaks and troughs of photo and biolability are aligned with the occurrence of
lakes and streams, but the short dashed line and question mark indicate that there are few data to constrain
the exact placement of the curve peaks and troughs. The balance of (1) new inputs of DOM from land
moving through a basin, (2) photodegradation in the lake surface versus replenishing photolabile DOM by
mixing deeper water to the surface during storm events or turnover, and (3) the arrangement and number
of lakes in a basin influencing landscape-level residence time and light history, will determine the shapes of
these curves. Overall, DOM lability is predicted to be higher moving downstream when the landscape
configuration contains lakes compared to water moving only through streams and rivers (shallower slope
moving downstream compared to panel.
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Fig. 5. Downstream changes in the Kuparuk River for the apparent quantum yield of photo-stimulated
microbial respiration, defined as the amount of respiration stimulated by photo-exposed DOM above the
background dark microbial respiration (see Cory et al. 2014 and Cory 2017).
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