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Scientific Significance Statement

Inland waters receive large quantities of organic matter from their watersheds which may be mineralized during transit, buried
or passively exported to the marine system. Tracing the source and fate of this terrestrially derived organic carbon in aquatic
ecosystems remains a major analytical and methodological challenge. Our study describes promising research approaches that
provide unique and significant insights into the diversity, delivery, transformation, and metabolic fate of organic carbon in
aquatic systems. We also propose future research questions whose answers will provide a mechanistic understanding of the
role of aquatic systems in regional and global carbon budgets.

Abstract
Integration of inland waters into regional and global carbon (C) budgets requires a comprehensive understand-
ing of factors regulating organic carbon (OC) delivery and in situ processing. This study reviews advances in
optical, molecular, and isotopic approaches to resolve the sources, ages, and transformations of OC in aquatic
systems. OC characterization using excitation emission matrix spectra, Fourier transform ion cyclotron mass
spectrometry, and nuclear magnetic resonance provides detailed molecular level insight. Radiocarbon isotopic
approaches and compound-specific techniques resolve the input, metabolic fate, and turnover time of OC in
ecosystems ranging in size from streams to the open ocean. Accumulating evidence suggests that aquatic OC is
composed of diverse biogeochemical components. We conclude with enduring and emerging questions that
underscore the role of inland systems in the global C cycle and propose unique combinations of approaches to
better discern their role in the delivery and transformation of OC from soils to seas.

Historically, global C models focused on three primary res-
ervoirs, atmospheric, terrestrial, and marine, and exchanges
between them. A pivotal study by Cole et al. (2007) prompted

a paradigm shift in our view of inland waters, not as passive
conduits, but rather as an active component of the global car-
bon (C; see Table 1 for the list of abbreviations) cycle.
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Although inland waters are now included in the Fifth Interna-
tional Panel on Climate Change C budget, the quantification
of C storage and efflux at both the regional and global scale
remains uncertain (Raymond et al. 2013). Currently, estimates
of CO2 efflux from inland systems to the atmosphere are
upward of 2.1 Pg (Cole et al. 2007; Raymond et al. 2013) and
are driven in part by in situ respiration of terrestrial organic
carbon (tOC; Table 1) (McCallister and del Giorgio 2008).

Tracing the dynamics of terrestrial dissolved organic carbon
(tDOC; Table 1) and terrestrial particulate organic carbon
(tPOC; Table 1) is inherently difficult given its molecular and
structural complexity. Inland waters are extremely diverse in
terms of climatology, geomorphology, and topography,
thereby complicating comparisons between systems. Implicit

in these geographic differences are large spatiotemporal varia-
tions in the hydrological flow path and consequently the con-
centration, molecular composition, age, and delivery of tOC to
individual systems. Once tDOC is introduced to aquatic sys-
tems, it is subject to rapid biological and/or photochemical
transformation (Findlay et al. 1998; Cory et al. 2014) with sub-
sequent alterations in its chemical composition and bioavail-
ability. Along the longitudinal flow path, there is a dynamic
exchange of organic carbon (OC; Table 1) between dissolved
and particulate phases as a result of aggregation/dissolution
and adsorption/desorption, which further exacerbates our abil-
ity to elucidate the fate of tDOC and tPOC. Characterization of
OC in terms of its molecular, structural, and isotopic composi-
tion is a powerful and necessary tool to gain fundamental
insight into the source, transformation, and fate of OC in
aquatic systems. In the past, unraveling the biogeochemical
transformations of OC has been hampered by: limited analyti-
cal capabilities, large sample volume requirements, low sample
throughput, time constraints, data handling, and low-
resolution instrumentation. Many of these limitations have
been resolved, with notable advancements in recent years.

In this article, we start with a brief review of key methods
used to discern the source and biogeochemical transformation
of tOC in aquatic systems. We then discuss pivotal advances
in our fundamental understanding of C transformations in
aquatic ecosystems, as derived from these methods. Lastly, we
propose some remaining specific research questions, which
are critical to forecast the role of inland waters in regional and
global C cycles, and highlight methods best able to resolve
these lingering gaps in our knowledge.

Promising tools to shed novel insight on the aquatic
carbon cycle

As researchers attempt to generate detailed insight regarding
the source, molecular composition, and structure of dissolved
organic matter (DOM; Table 1), there is a growing need to obtain
specialized analytical chemistry skills as well as access to sensitive
and expensive instrumentation. Researchers are often faced with
counter-balancing two aspects in DOM characterization, the
level of molecular and isotopic specificity desired, and degree of
complexity to implement (Fig. 1). Approaches resulting in a
higher level of molecular and isotopic specificity often yield an
impressive and robust set of conclusions that help develop novel
insight into DOM processing (Hertkorn et al. 2006; Feng
et al. 2017). However, high specificity does not always guarantee
novel insight. In some instances, simple optical and isotopic
methods (Fig. 1) can be impressive in revealing important pat-
terns, especially when large datasets and wide biogeochemical
gradients are involved (Cloern et al. 2002; Wickland et al. 2007).

Fluorescence spectroscopy
A wide suite of optical approaches ranging from simple

indexes and peak picking are available for interpretation of

Table 1. Notation.

Acronym Description

AA Amino acid
AMS Accelerator mass spectrometer
C Carbon
CRDS Cavity ring down spectroscopy
CRAM Carboxyl-rich alicyclic molecules
CSRA Compound-specific radiocarbon analysis
DIC Dissolved inorganic carbon
DOC Dissolved organic carbon
DOM Dissolved organic matter
EA-IRMS Elemental analyzer-isotope ratio mass spectrometer
EEM Excitation emission matrix
ESI Electrospray ionization
fDOM Fluorescent dissolved organic matter
FLAMe Fast limnology automated measurements
FTICR-MS Fourier transform ion cyclotron-mass spectrometry
HFM High-frequency measurement
HMW High molecular weight
HPLC High performance liquid chromatography
MS Mass spectrometry
NMR Nuclear magnetic resonance
OC Organic carbon
PARAFAC Parallel factor analysis
PCF Permafrost carbon feedback
POC Particulate organic carbon
RCC River continuum concept
tCO2 Terrestrially derived CO2

tDOC Terrestrial dissolved organic carbon
tOC Terrestrial organic carbon
tPOC Terrestrial particulate organic carbon
WRT Water residence time
yr Year
yr BP Years before present (i.e., 1950 AD)
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fluorescence data. However, more detailed insight into biogeo-
chemical processing is likely with the use of multivariate
approaches, such as parallel factor analysis (PARAFAC;
Table 1). In the case of PARAFAC, underlying fluorescing com-
ponents unique to a particular dataset are identified. The
intensity of each component can then be related to a specific
process or gradient of interest to address pertinent research
questions. Thus, as shown in Fig. 1, the level of biogeochemi-
cal insight provided by optical approaches is inversely related
to the complexity of data interpretation. The growing popu-
larity of optical approaches (Supporting Information Table S1)
is due in part to the ease of use, low sample volume require-
ments, and wide accessibility of absorbance and fluorescence
instrumentation. The specifics of data correction and interpre-
tation may be found in Fellman et al. (2010). A key advance-
ment since these reviews is the advent of a spectrofluorometer
that simultaneously analyzes absorbance and fluorescence
(Aqualog, Horiba, France). Sample analysis times are signifi-
cantly reduced and data treatment including blank subtrac-
tion, inner filter correction, and Raman normalization are
performed immediately within the sample analysis software.
It is increasingly common to use autosamplers with Aqualog,
which further reduces the labor involved. These recent
advances have greatly improved the possibilities of collecting

vast amounts of spectral data using fluorescence and makes
routine monitoring feasible.

To standardize data treatment and interpretation of excita-
tion emission matrix (EEM; Table 1) data, several handy tool-
boxes such as DOMFluor (Stedmon and Bro 2008), EEMizer
(Bro and Vidal 2011), FDOMcorr (Murphy et al. 2010), and
drEEM (Murphy et al. 2013) have made this step easier, espe-
cially for novice users. An important evaluation of fluores-
cence as a tool to characterize DOM involved a large-scale
inter-laboratory comparison of natural water samples as well
as set of fluorophore standards to compare results generated
from different labs (Murphy et al. 2010). Additionally, there is
now a library of PARAFAC components that have been
reported in the literature that can be easily searched and sta-
tistically compared with any newly generated components,
called OpenFluor (Murphy et al. 2014).

Mass spectrometry
Mass spectrometry (MS; Table 1) has been used to analyze

DOM for several decades with ion trap, quadrupole, and time
of flight mass spectrometers. However, arguably the single
greatest advancement in the analysis of DOM in recent years
has been the development of Fourier transform ion cyclotron
MS (FTICR-MS; Table 1) instrumentation. FTICR-MS is typically
used with a soft ionization sample introduction system called
electron spray ionization (ESI; Table 1), such that molecules are
left intact during ionization, rather than being fragmented. The
resulting mass spectrum typically includes the mass to charge
(m/z) of several thousands of peaks comprising DOM com-
pounds. FTICR-MS is particularly powerful as it can resolve
between the nominal masses of several thousands of DOM
compounds and allow for the assignment of molecular formula
including heteroatoms such as N, S, and P, in addition C, H,
and O, which form the backbone of DOM. Sample preparation,
peak assignment, and data interpretation are reviewed exten-
sively in Mopper et al. (2007). It should be noted that while
ESI-FTICR-MS is rapidly gaining popularity, the total number of
applications is still emerging (37 between 2012 and 2017; Sup-
porting Information Table S1), and the field has yet to develop
a set of universally accepted validation steps to ensure repro-
ducible results between instruments and data processing. The
recent development of an automated compound identification
algorithm allows more precise and constant formulae assign-
ments across varied studies (Koch et al. 2007).

Nuclear magnetic resonance spectroscopy
Although nuclear magnetic resonance (NMR; Table 1) spec-

troscopy remains less prevalent as a technique to characterize
DOM than other approaches (Supporting Information Table S1),
it should not be overlooked as a particularly promising tech-
nique. Some of the earliest discoveries on DOM structure that
form our basic conceptual understanding arose from NMR anal-
ysis, for example, see Benner et al. (1992). NMR exploits the res-
onance frequency of atomic nuclei (commonly 1H, 13C, 15N, or
31P), which is influenced by surrounding electronic structures,
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Fig. 1. Conceptual diagram of the relative amount of molecular insight
one can expect relative to the level of complexity to implement. Analyti-
cal techniques are categorized as isotopic (red), optical (yellow), molecu-
lar (blue), or molecular and isotopic (red with blue outline). All
approaches below the dashed white line assess bulk DOM, while those
above the line attempt to characterize more than one type of DOM. As
the level of complexity for most methods will vary with the application,
the precise location of methods relative to each other within a box is
interchangeable. Note that isotopic approaches are on a different trajec-
tory as they generally require greater complexity to implement but do
not provide as detailed molecular insight relative to other approaches
such as FTICR-MS. We include abbreviations which are not discussed in
text and contained in Table 1: EEM-PLS, Emission excitation matrixpartial
least squares; FTIR, Fourier-transform infrared spectroscopy; CSIA, com-
pounds specific stable isotopic analysis.
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and thus the shift in resonance frequency given by a particular
atom gives insight into the presence of surrounding functional
groups. More detailed reviews of NMR methodology and its
applications to DOM characterization have been previously pro-
vided (Mopper et al. 2007; Hertkorn et al. 2013).

Currently, there is heightened potential for continued
advancements including detailed molecular analysis of DOM
after chromatographic separation, for example, using high-
performance liquid chromatography (HPLC)-NMR (Simpson
et al. 2004). Although the high resolution of FTICR-MS pro-
vides empirical formulae with impressively high precision, we
are still unable to confidently extrapolate these data to exact
structural composition. Knowledge of DOM structural stereo-
chemistry is an essential next step, as subtle alterations in
molecular structure can shift the functional group composi-
tion and modify enzymatic activity, and thus result in pro-
found changes to its biological and phyisochemical reactivity.
Ultimately, detailed knowledge of the molecular architecture
of DOM, will allow geochemists to infer the potential reactiv-
ity toward a diverse suite of microbial enzymes and mineral
surfaces. Continued use of NMR in conjunction with FTICR-
MS will likely pioneer our future understanding of the diverse
molecular structures comprising DOM and their biogeochemi-
cal function (Hertkorn et al. 2013).

High-frequency measurements
Over the past 15 yr, there have been rapid advances in elec-

trochemical and optical sensor technology, which was spurred
in large part, from the transition of analogue to digital technol-
ogies (Meinson et al. 2016). Now, due to reduced costs,
increased sensitivity, and decreased maintenance requirements,
the aquatic research community is poised to exploit the new
sensor technology for the high-resolution biological and chem-
ical monitoring of diverse inland aquatic systems. In situ high-
frequency measurements (HFM; Table 1) of aquatic pCO2 gas
are routinely measured for extended periods of time (months)
and when coupled with optical measurements of chromo-
phoric dissolved OC (DOC) as a proxy for DOC (Table 1), pro-
vide a powerful tool to assess vertical and lateral C fluxes.

Additional insights into the hydrological and biogeochemi-
cal controls on C dynamics in aquatic systems are frequently
gleaned through isotopic analysis (see below). The conven-
tional method for measuring δ13C-pCO2 in aquatic systems
requires the collection of discrete samples, which are then
analyzed by large laboratory-based isotope ratio mass spec-
trometer (IRMS; Table 1). Although this method provides
high-precision data, it requires a time-consuming headspace
equilibration, is costly, and results are frequently not available
for weeks to months after sample submission. Cavity ring
down spectroscopy (CRDS; Table 1) is a portable laser-based
spectroscopy technique that employs the optical absorbance
characteristics of individual gases to measure their concentra-
tion and isotopic signature. Although CRDS is not as precise
as IRMS, it nevertheless enables high throughput isotopic

analysis capable of resolving rates and pathways of C cycling
(Maher et al. 2013).

Exploitation of new developments in optical, colorimetric,
and isotopic sensor technology will help to identify “hot spots”
and “hot moments” in OC biogeochemical transformations
which better connect aquatic and terrestrial C fluxes at the
landscape level. HFM remain invaluable as a quantitative
means to unravel the role of continental drainage basins in the
global carbon cycle and provide background information for
which targeted experimental manipulations should be superim-
posed. Heightened collection, curation, and public availability
of long-term HFM datasets, open source tools for data reduc-
tion, and intercomparison and continued model development
is essential to illuminate the current, and forecast the future,
role of inland waters in the global carbon cycle.

Natural abundance isotopic approaches
Stable carbon isotope ratios (δ13C) have been routinely

used to quantify contributions of tOC to aquatic realms. How-
ever, the δ13C values for aquatic primary producers
(e.g., benthic algae, phytoplankton) show considerable varia-
tions in space and time and frequently overlap with terrestrial
materials (e.g., Ishikawa et al. 2012). This is primarily because
δ13C of aquatic OC is strongly affected by isotopic fraction-
ation associated with algal photosynthesis (Finlay et al. 1999).
To better differentiate OC sources, we review two alternative
and complementary isotopic tools: radiocarbon signatures
(Δ14C) and compound-specific 13C and 14C measurements.

Radiocarbon is a useful tool for studying the exchange and
metabolic fate of tOC in aquatic systems on two timescales,
and its ecological use is reviewed elsewhere (Guillemette
et al. 2017). Briefly, radiocarbon (14C) is formed from the
interaction of cosmic rays with 14N in the stratosphere and
has a half-life of 5730 yr. Measurement of the radiocarbon sig-
nature will provide an estimate of the time elapsed since auto-
trophic fixation of the OC by radioactive decay and is useful
on centennial to millennial time scales. Additionally, explo-
sion of thermonuclear weapons in the atmosphere, beginning
in the 1950s and its subsequent cessation years later, allows
us to infer the timescales for C fixation on annual to decadal
timescales. Ingalls and Pearson (2005) provide a detailed
description of radiocarbon background and nomenclature.

In contrast to high throughput δ13C measurements using
an elemental analyzer IRMS, Δ14C data acquisition is often
limited by time-consuming sample preparations, which con-
sist of combustion (particulate) or UV-oxidation (dissolved) of
OC, cryogenic purification of evolved CO2 on a vacuum line,
and graphitization. Δ14C is typically determined by an acceler-
ator mass spectrometer (AMS; Table 1) with 1 σ of 2‰ and
14C age of up to 50,000 yr before present (yr BP; Table 1).

The measurement of Δ14C in select organic compounds,
rather than bulk measurements, is a more sensitive means to
determine the source and turnover of C at the molecular level
(Ingalls and Pearson 2005) (Fig. 2). OC in fresh and marine
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environments is highly heterogeneous and is usually a mix-
ture of multiple compounds that have a continuum of sources
and turnover times. Bulk isotope analysis of OC does not
allow one to isolate target molecules of interest. Compound-
specific radiocarbon analysis (CSRA; Table 1) of particular bio-
markers provides source specificity and has the potential to
overcome the limitations of bulk 14C analysis.

Radiocarbonmeasurements have increasingly been employed
in aquatic systems to trace the source and turnover time of
OC sources; however, we anticipate an acceleration in this
trend with the dramatically reduced size and operational costs
of new instrumentation coupled with higher sample through-
put resulting from interfaces allowing direct CO2 analysis
(continuous flow and moving wire) and the elimination of
the cumbersome graphitization step (Sessions et al. 2005).
Further, an exciting development for freshwater DO14C anal-
ysis is the replacement of time consuming UV-oxidation by a
wet oxidation technique derived from Zhou et al (2015) and
Lang et al. (2016). Although high blanks have previously been
associated with this technique, method development at
Lalonde AMS Lab has lowered the blank to <1pMC with a
corresponding daily throughput of 5–8 samples per day
(S. Murseli pers. comm.). Lastly, breaking open the age spec-
trum of marine and freshwater POC using ramped pyrolysis
will aid our understanding of its source and turnover time
(Rosenheim and Galy 2012; Follett et al. 2014).

Significant findings arising from the above
approaches

In the previous sections, we reviewed critical features of
five promising analytical tools for studying sources and bio-
geochemical transformations of aquatic OC. Here, we provide
an abbreviated review of significant findings, which were gen-
erated through use of these analytical methods and
approaches. Thus, we now place the available analytical tools

within the context of several broad research questions com-
mon to aquatic C biogeochemistry.

Advances in our knowledge of DOM composition,
structure, and biogeochemical cycling

EEM-PARAFAC is a particularly attractive tool to examine
DOM cycling as it allows researchers to assess the fate and
transport of numerous DOM pools which would not be
detectable based solely on bulk DOM measurements, and yet,
remains a relatively simple, high throughput approach.
Hydrology plays a critical role in the delivery of the source
and character of DOM to aquatic systems. Inamdar
et al. (2011) used a PARAFAC approach to assess the effects of
storm events on headwaters streams in a forested catchment.
Groundwater sources dominated during baseflow and were
characterized by a high % of protein-like fluorescence while
storm events showed an increase in humic constituents likely
derived from litter leachate and soil water. Seasonal changes
in the DOM composition of alpine lakes were shown using
PARAFAC and demonstrated the mobilization of terrestrial
inputs during snowmelt and algal-derived authochthonous
DOM predominate during spring and late summer (Miller and
McKnight 2010). Coupled bioassays and PARAFAC analyses in
agro-urban streams found bioavailable DOC to range from 2%
to 57% and was negatively correlated with percent humic-like
fluorescence but positively related to protein-like fluorescence
(Petrone et al. 2011). PARAFAC has also proven useful for
assessing the trophic status of high mountain lakes (Zhang
et al. 2010). For example, oligotrophic lakes were dominated
by protein-like spectral characteristics while humic-like DOM-
dominated systems that were more highly eutrophied. In
addition, a microbial-like component that was correlated with
chlorophyll a concentrations showed the greatest abundance
in eutrophic lakes. To better assess the relationship between
DOM reactivity and its chemical composition, fluorescence
spectroscopy was used to explore DOM quality from 560 lakes
across Sweden and encompassed a wide climatic gradient.
PARAFAC components with longer emission wavelengths, or
red-shifted components, were most reactive while protein-like
components were most persistent within lakes (Kothawala
et al. 2014). Collectively these studies suggest that fluores-
cence spectroscopy is a powerful tool to examine the quality
and reactivity of individual DOM fractions how these may
respond to changes in hydrology and land cover.

FTICR-MS provides highly detailed insight into DOM com-
pounds and exploits regions of van Krevelen diagrams that are
associated with compound groups including lipids, proteins,
unsaturated hydrocarbons, polyphenolic aromatics, and lignins
(Hertkorn et al. 2013). FTICR-MS is a particularly sensitive tech-
nique for discerning alterations in DOM due to in situ biotic
and abiotic processing. For instance, Stubbins et al. (2010)
determined that photo-exposed Congo River DOM displayed
an increased aliphatic character more closely aligned to marine
DOM, which reflected a significant loss of aromatics and a
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reduction in molecular diversity. In some cases, previously
unrecognized compound groups are increasingly studied. For
example, global biomass burning results in the production of
millions of tons of charcoal, and FTICR-MS analysis found that
following its loss from soils via dissolution represents 10% of
the global riverine flux of DOC (Jaffé et al. 2013).

While NMR provides among the most detailed insight
regarding functional group composition, it has yet to expand
and become as widely used an approach. In perhaps the first
compositional study of marine DOC, Benner et al. (1992)
employed 13C-NMR to identify polysaccharides as the most
abundant and reactive components of high molecular weight
(HMW; Table 1) DOC. A similar approach dispelled the notion
that the molecular composition of marine HMW DOC was
distinct from that of freshwater systems due to the influence
of soil-derived humics when they found the molecular-level
chemical properties to be indistinguishable between the two
systems (Repeta et al. 2002). Applying 1H-NMR to severely OC
deplete rainwater Cottrell et al. (2013) determined it was com-
prised primarily of carboxylic acids, carbohydrates and
N-containing compounds. In a 13C-NMR study of DOC from
the everglades, O-alkyl concentrations differentiated the pri-
mary source of DOC as phytoplankton and seagrass derived,
and lignin abundance provided insight into the diagenetic
state (Maie et al. 2005). Marine DOC analyzed using solution-
state 1H-NMR revealed the presence of carboxyl groups, aro-
matic groups, carbohydrates, and most importantly carboxyl-
rich alicyclic molecules (CRAM; Table 1), material derived
from linear terpenoids, which is the most abundant compo-
nent of deep sea DOC ever identified. NMR is an invaluable
tool for DOM characterization as it is the only approach
which provides structural context.

High-frequency measurements increase spatiotemporal
resolution of C cycling in aquatic systems

There is still a great deal of uncertainty regarding the hydroe-
cological controls of carbon dynamics in diverse aquatic
systems. Sobczak and Raymond (2015) deemed the temporal
mismatch in DOC concentration and composition relative to
stream discharge as the Achilles’ heel of DOC export science.
However, HFM now provide novel insights into the coupled
temporal dynamics of discharge and the quantity and quality of
DOC export. For example, using in situ HFM deployable UV
absorbance sensors, Jeong et al. (2012) found that in mountain-
ous streams, particulate organic carbon (POC; Table 1) was pref-
erentially mobilized during intense storm events whereas DOC
dominated the export during baseflow and small storm events.
Additionally, in situ fluorescent dissolved organic matter
(fDOM; Table 1) measurements paired with laboratory optical
properties revealed the rapid export of HMW, soil derived,
humic-like DOM from an agricultural watershed during pulsed
episodic events (Saraceno et al. 2009). In the San Joaquin River,
Spencer et al. (2007) employed in situ optical sensors to distin-
guish a diurnal pattern in the composition and concentration

of DOC, likely a result of biological and photochemical pro-
cesses, which was not discernible from discrete measurements
of bulk DOC. Collectively, these temporal HFM provide a more
comprehensive understanding of the short-term variability in
OC composition and export and enhances our ability to inte-
grate DOM biogeochemistry with hydrological drivers on time
scales fromminutes to millennia (Sobczak and Raymond 2015).

Crawford et al. (2015) developed fast limnology automated
measurements (FLAMe; Table 1) as a platform to provide
high-frequency, spatially explicit, real-time measurements of
surface waters to gain a better understanding of C cycling at
the ecosystem scale. FLAMe is a novel flow through system
which when integrated with multiple electrochemical, colori-
metric, and optical sensors supplies spatially explicit data to
identify biogeochemical “hot spots” such as the aquatic terres-
trial interface. Using a suite of biogeochemical sensors, Craw-
ford et al. (2015) were able to identify spatial variations in
pCO2 and DOC which challenges previous notions of hori-
zontal homogeneity in small lakes.

CRDS when paired with an air-water equilibrator provides
high-quality, spatially integrated measurements of dissolved
CO2 and its isotopic signature in aquatic ecosystems at high
temporal resolution (Webb et al. 2016). CRDS field data gener-
ated by Maher et al. (2013) provided insight into the rates and
pathways of aquatic C cycling on scales from microbial to eco-
system scales. Specifically, an estuarine survey identified a
trend of decreasing pCO2 concentrations and increasing δ13C-
CO2 in the downstream direction, which likely reflects surface
isotopic CO2 equilibration with the atmosphere. Similar spa-
tial surveys over two tidal cycles by Maher et al. (2015) in the
same estuary found that overlapping tidal and diurnal shifts
in surface pCO2 may result in a significant overestimation of
the water-air CO2 flux. Spatial sampling approaches like the
ones reviewed above help to better resolve the hydrological
and biogeochemical controls on the aquatic C cycle.

Radiocarbon approaches to evaluate the source and age of
OC supporting aquatic food webs

Chemical weathering of carbonates provides 14C-dead-
dissolved inorganic carbon (DIC; Table 1) to stream water col-
umns, which when fixed by photoautotrophs, imparts an
aged 14C signature to contemporary primary production. In
contrast, tOC such as leaf detritus reflects modern atmo-
spheric 14CO2 values. Therefore, Δ14C can be used for isotopi-
cally separating the two major carbon sources for stream
ecosystems (e.g., benthic food webs), in situ production, and
tOC subsidies (Fig. 2; Ishikawa et al. 2014, 2016). Ishikawa
et al. (2012) found the Δ14C values of benthic algae and plant
leaves to be identical to those of DIC and atmospheric CO2,
respectively, and the Δ14C values of invertebrates and fish
were bracketed by the end members (Ishikawa et al. 2014,
2016). These results indicate that stream food webs are fueled
by both the terrestrial and aquatic primary production in
varying proportions (Fig. 2). In larger rivers and lakes,
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previous studies have employed Δ14C to trace C through tro-
phic pathways. Highly aged OC was assimilated by zooplank-
ton in the Hudson River (Caraco et al. 2010), Lake Schewerin
(Fernandes et al. 2013), and a humic lake (Keaveney
et al. 2015). Ancient glacier-derived OM was incorporated into
invertebrates and fueled biological production in stream food
webs (Fellman et al. 2015) dispelling the notion of a direct
linkage of age and bioavailability. This uncoupling of age and
bioavailability has also been shown in the North Pacific,
northern lakes, temperate rivers, and permafrost regions
(Cherrier et al. 1999; McCallister et al. 2004; McCallister and
del Giorgio 2012; Mann et al. 2015). Conversely, 14C age of
zooplankton in Lake Superior was modern (Zigah et al. 2011),
suggesting watershed specific controls on the delivery and bio-
availability of tOC.

Ubiquitous antenna pigment found in almost all the pho-
toautotrophs can be used as a source specific tracer, and as an
index of in situ primary production as it is rapidly degraded
when inactive. Isotopic composition of chlorophyll a can be
regarded as synonymous of in situ primary producer
(Ohkouchi et al. 2005). Tracing the relative importance of
algal vs. terrestrial OC to higher tropic levels and their ulti-
mate fate in aquatic systems is challenging due to the chemi-
cal heterogeneity of OC from multiple allochthonous and
autochthonous sources. Chlorophyll a-specific Δ14C in
periphyton (benthic biofilm) in comparison with bulk Δ14C
can differentiate the proportion of algae material relative to
other OC contributions in the chemically complex matrix
(Fig. 2; Ishikawa et al. 2015). In addition, δ13C of essential
fatty acids indicate that these compounds are not metabolized
by heterotrophs so they are useful in tracing C flow in food
webs (Fujibayashi et al. 2016).

Amino acid (AA; Table 1) 14C analysis has been used to
radiocarbon date a single AA, hydroxyproline, in a few archae-
ological studies (Marom et al. 2013), though it is also a prom-
ising biogeochemical tracer. Heterotrophs cannot synthesize
some of the essential AA. Isotopic composition of each of
20 biogenic AA may reflect different functional roles and thus
indicate varied turnover times in aquatic systems. Because AA
metabolism in organisms is closely related to their nitrogen
utilization, Δ14C of AA may also provide information on
nitrogen turnover in aquatic ecosystems although the meth-
odology using HPLC (Table 1) is still in its infancy (Bour
et al. 2016). Although Δ14C of AA from aquatic realms has not
yet been reported, Larsen et al. (2013) found that the δ13C
analysis of AA followed by a principal component analysis is
useful to characterize different taxonomic groups in aquatic
environments (Fig. 2; e.g., algae, fungi, bacteria, and vascular
plants).

14C controls on the source, age, and transformation of OC
delivered to aquatic systems

Without knowledge of the radiocarbon signature of tOC
exported from tropical, temperate, and boreal rivers we

cannot predict how the size of marine and terrestrial C sinks
will respond to climate change and the key role of inland
water systems in regulating the redistribution of tOC.

Bulk 14C OC values are composed of a continuum of OC
with varying sources and ages, for example, petrogenic (14C-
free), algal OC from fixation of modern or ancient DIC, and
modern and preaged tOC across a spectrum of ages (Raymond
and Bauer 2001). Δ14C measurements of DIC, DOC, and POC
are useful to differentiate sources and estimate turnover time
of C in aquatic water columns (Mayorga et al. 2005; Raymond
et al. 2007). The 14C age of both DOC and POC has been
shown to vary significantly with discharge. Typically, during
baseflow, groundwater inputs are more significant and are
reflected in older tDOC whereas high flow events are associ-
ated with shallow flow paths and more modern tDOC (Schiff
et al. 1997; Raymond et al. 2007). Based on DI14C measure-
ments, Mayorga et al. (2005) determined that CO2 degassed
from the Amazon River was primarily young (< 5 yr old)
recently fixed C, suggesting rapid turnover of fresh tOC in
aquatic systems.

In order to more accurately trace the source and age of C
within and exported from aquatic systems, researchers have
employed CSRA of individual components such as lignin,
fatty acids, and alkanes which are diagnostic for distinct
autochthonous and allochthonous OC sources.

In the Delaware River, the 14C signature of long chain fatty
acids (vascular plant and soil derived OC) biomarkers indicates
a radiocarbon age which was older than the water and sedi-
ment residence time implying a source of preaged tOC to the
system (McIntosh et al. 2015). Radiocarbon analysis of n-fatty
acids from the POC in the Yellow River found relatively youn-
ger short chain fatty acids (from 502 yr BP to modern) suggest-
ing recently fixed OC. In contrast, long chain fatty acids
characteristic of soil-derived OC were significantly older
(1500–1800 yr BP) and most likely reflected OC that had previ-
ously been preserved due it mineral association (Tao
et al. 2015). In this system, bulk carbon isotopes suggested little
temporal variability in composition, yet CSRA discerned multi-
ple tOC pools cycling at significantly different time scales.

Predicted hydrologic regime shifts (e.g., permafrost thaw)
due to climate warming and land use changes will alter both
the concentration and age of tOC delivered to aquatic systems
(Schiff et al. 1997; Vonk et al. 2015) as well as its chemical sig-
nature. Butman et al. (2015) found that anthropogenic alter-
ation of watersheds releases preaged DOC into rivers, and
radiocarbon measurements of DOC from drained tropical
peatlands indicated the export of ancient C (centuries to mil-
lennia) (Evans et al. 2013). One of the enduring conundrums
in aquatic biogeochemistry is the fate of tOC in downstream
receiving systems. As lignin is unique to vascular plant-
derived OC, it is a source-specific tracer of tOC during its
lateral export and when coupled with CSRA may provide
information on the links and lags between C cycling in
the terrestrial system and the contemporary aquatic C cycle.
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Martin et al. (2013) found the age of lignin phenols in sus-
pended sediments from the Mekong River to be modern sug-
gesting the export of C with a relatively short residence time
of ~ 18 yr most likely derived from the upper soil horizon and
litter. The radiocarbon content of lignin phenols isolated from
DOC of two arctic river systems distinguished distinct age
characteristics for different watershed features. Relative to the
Mackenzie, the Kolyma River had an older background com-
ponent of DOM, likely a result of yedoma occurrence in its
watershed that was not discernible from bulk radiocarbon
DOC measurements (Feng et al. 2017).

Future directions
We have significantly increased our knowledge of the

underlying landscape, hydrologic, climatic, and biogeochemi-
cal controls on OC cycling in aquatic systems through the col-
lective employment of optical, isotopic, and molecular
analytical approaches. These noteworthy findings discussed
above provide a foundational understanding of the aquatic C
cycle and serves as a platform to address, for example, the fol-
lowing unresolved specific research questions.

How have anthropogenic and climatic drivers altered the
source and age of OC delivered to aquatic systems?

Many studies of C mobilization, transformation, and meta-
bolic fate reflect the state of the present-day biogeochemical C
cycling. In contrast, palaeoreconstruction of OC sources to
sediments in lakes, river, and estuaries provides a long-term
integrated perspective of OC sources released from terrestrial
environments and the associated hydrologic and physio-
graphic drivers (McGowan et al. 2016). For example, using
CSRA of long chain n-alkanes and alcohols, Schefuß
et al. (2016) found that in the geological past the Congo River
discharged aged OC of several thousands of years which is in
sharp contrast to the relatively young fluvial OC currently
exported (Spencer et al. 2012). The authors suggest that
changes in radiocarbon age of OC exported may result from
alterations in rainfall and associated changes in wetland
cover. Radiocarbon examination of wax lipids from estuarine
sediments located in the Eurasian Arctic traced an ancient per-
mafrost derived OC pool that was delivered via deeper hydro-
logical conduits and/or thermokarst erosion (Feng et al. 2013).
Concurrent radiocarbon analysis of vascular plant-derived lig-
nin phenols revealed significant inputs of young tOC presum-
ably derived from surface sediments and controlled by river
discharge. An isotope mixing model found that significant
increases in river run off has enhanced the surface delivery of
young carbon and concurrently mobilized an amplification in
ancient carbon transfer by 3–6% between 1985 and 2004
(Feng et al. 2013). CSRA data from a sediment core collected
from Lake Whittington in the lower Mississippi River indi-
cated that the damming of the Missouri River in the 1950s
decreased net OC export, and the isotopic data also reflected
increased inputs of soil-derived OC dominated by C-3

vegetation resulting from alterations in farming practices and
crop distributions (Bianchi et al. 2015). Thus, sediments pro-
vide a robust but frequently overlooked historical record of
alterations in OC input which has the potential to inform our
understanding and prediction of the response of these systems
to climatic and anthropogenic change (Bianchi et al. 2015;
McGowan et al. 2016).

When do aquatic systems act as pipes vs. reactors?
Aquatic systems are typically supersaturated with CO2 that

is derived from a combination of: (1) in situ respiration of
allochthonous OC, (2) the passive export of CO2 via surface
and groundwater of soil derived C, (3) chemical weathering of
underlying bedrock, and (4) sewage. In order to develop a
process-based understanding of inland waters in regional C
budgets, it is critical to determine their role in CO2 emissions.
Do inland waters function merely as a conduit for the release
of terrestrially derived CO2 to the atmosphere or do they
actively mineralize tOC? Hotchkiss et al. (2015) proposed a
conceptual model depicting the longitudinal variation in the
relative importance of internal processing of tDOC (reactor)
relative to external sources of CO2 (passive terrestrially derived
CO2 [tCO2; Table 1] emissions). Based on compared rates of
aquatic net ecosystem production and CO2 emissions, they
determined that tCO2 dominated the emissions from headwa-
ter streams while internal processing and respiration of tOC
increased downstream.

In order to empirically examine the physical and biogeo-
chemical factors that regulate active DOC processing
vs. passive transport, Casas-Ruiz et al. (2017) employed a
reach scale approach where they monitored changes in DOC
concentration and composition over a full hydrological year.
Optical spectroscopy and PARAFAC modeling were used to
assess the along river dynamics of different DOC sources.
They found during high residence times the system func-
tioned as a bioreactor, which supports the Pulse-Shunt Con-
cept (Raymond et al. 2016). PARAFAC modeling determined
that protein-like DOC was actively consumed whereas humic-
like DOC was passively transported suggesting DOC molecular
composition influences its metabolic fate.

Isotopic analysis (δ13C) of DIC or CO2 is an alternative
method to assess the sources contributing to stream pCO2

efflux as the δ13C signature is an imprint of the relative bio-
genic and geogenic sources and in stream biogeochemical pro-
cessing. Campeau et al. (2017) measured the δ13C-DIC across
boreal streams and found that passive transport of tCO2 was
the main DIC source although in-stream metabolism and
anaerobic processes also made significant contributions. Not
surprisingly, these data suggest that fluvial systems may act as
both active and passive pipes. We suggest that reach scale
HFM measurements consisting of fDOM (DOC proxy) and
CRDS coupled with discharge data would provide a platform
to gain a predictive understanding of the hydrological and
biogeochemical processes influencing the active or passive
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role of these systems in regional C cycles and in addition,
how they might respond to forecasted increases in DOC
export.

Where is “preaged” C lost to the atmosphere along the
terrestrial-aquatic landscape and what is the internally
derived aquatic contribution?

This particular question is not independent from those
above; however, the focus here is specifically on the age and
source (see above) of CO2 released to the atmosphere, which
is particularly relevant for Arctic ecosystems. Arctic systems
are currently demonstrating climate-induced mobilization of
preaged permafrost OC whose metabolic fate is critical to
determining the contribution of aquatic systems to the per-
mafrost carbon feedback (PCF; Table 1) (Vonk et al. 2015).
The aquatic metabolism of young C with a short residence
time in the terrestrial environment will have little long term
impact on atmospheric CO2; however, climate- and human-
induced mobilization and subsequent respiration of ancient,
previously sequestered OC acts as a positive feedback and a
CO2 source analogous to the burning of gasoline. The role of
aquatic systems in regional and global C budgets and its
potential contribution to PCF hinges on where preaged OC is
mineralized along the terrestrial–aquatic continuum.

Aquatic respiration of climate-mobilized permafrost DOC
in fluvial systems represents a positive PCF; however, the pas-
sive release of preaged tCO2, laterally transported from soils,
signifies a neutral role for aquatic systems in regional Arctic C
budgets. Consequently, to incorporate inland waters in arctic
C budgets, it is crucial to identify their active contribution to
CO2 supersaturation.

The radiocarbon age of CO2 lost by evasion may be calcu-
lated indirectly from DI14C, directly from floating chambers
that capture the evaded CO2 on a molecular sieve (Billett and
Garnett 2010), or from headspace equilibration and syringe
injection into molecular sieve traps (Garnett et al. 2016). Dean
et al. (2018) used the later method to directly measure the 14C
content of aquatic CO2 coupled with DO14C from headwater
systems of the Canadian Arctic. They found the mobilization
of older CO2 and DOC coincident with seasonal deepening of
the active thaw front. However, isotopic disconnects between
DOC and CO2 suggests that the old tCO2 was transported lat-
erally from thawing soils and not derived from internal
aquatic respiration suggesting a neutral role in PCF for these
Arctic headwaters. This is in stark contrast to areas with ice-
rich yedoma deposits where old DOC was rapidly consumed
in bioassays (Mann et al. 2015) suggesting region-specific
drivers of the source and metabolic fate of mobilized DOC.

An alternative approach to resolve the internal role of bac-
terial metabolism in the aquatic–atmospheric CO2 efflux
entails direct determination of bacterial respiration and the
corresponding age of C catabolized. Generally, there has been
a marked absence of direct isotopic measurements of the age
of C respired in aquatic ecosystems as a result of

comparatively lower respiration rates superimposed on a
much greater inorganic carbon background relative to terres-
trial systems (McCallister et al. 2006). To overcome these diffi-
culties, recent approaches removed the initial background
DIC before initiating bioavailability incubations. Respired C
was then isolated directly as CO2 gas or precipitated as car-
bonates and analyzed by AMS (McCallister et al. 2006; Beau-
pré et al. 2016; Morling et al. 2016). Without exception, these
studies from ponds, lakes, and reservoirs found that the
respired C was generally radiocarbon depleted relative to bulk
OC sources suggesting a selective respiration of an older OC
component. Coupling these respiratory bioassays with mea-
surements of in situ bacterial respiration and an isotopic eval-
uation of CO2 efflux (see above) provides a separate means to
discern the active aquatic contribution to preaged C loss to
the atmosphere (McCallister and del Giorgio 2012).

How is OC biologically and photochemically transformed
along its longitudinal transport?

Understanding the role of C in fluvial systems requires
knowledge of the inputs, losses, and transformations of OC
along its longitudinal transit. Advanced approaches are con-
firming the highly reactive nature of DOM at the soil–water
interface, for example, with MS (Mosher et al. 2015) and in
situ sensors (Pollard et al., 2013). There is also mounting evi-
dence that water residence time (WRT; Table 1) is of para-
mount importance in predicting the molecular composition
(Kothawala et al. 2014; Kellerman et al. 2015) and reactivity
of DOM (Catalán et al. 2016; Evans et al. 2017). Early concep-
tualizations of the river continuum concept (RCC; Table 1)
(Vannote et al. 1980) suggested rapidly changing molecular
composition of DOM with movement downstream. Mosher
et al. (2015) tested the RCC by assessing the diversity of DOM
molecular formulae with stream order and observed the great-
est chemodiversity in headwaters streams and the ubiquitous
presence of CRAM across all sites. Further, it has been sug-
gested that the degree of downstream reactivity of DOM is a
direct legacy of upstream source and in stream biogeochemi-
cal processing (Lambert et al. (2016a). Hutchins et al. (2017)
monitored the optical, chemical, and molecular properties of
DOM across a boreal soil-stream-river continuum and noted a
hot spot of biopolymer and low molecular weight DOM deg-
radation at the soil-stream interface and selective removal of
humic-like aromatic DOM likely driven by photolysis in the
stream channel. The evolution of DOM composition along
longitudinal transport in the Congo River, led Lambert
et al. (2016b) to speculate that photodegradative relative to
biological pathways tend to be more sensitive to alterations in
WRT. With increasing stream order, DOM appears to progress
to a state of chemostasis, whereby the balance of biogeochem-
ical processes diminish variation in concentration and compo-
sition (Creed et al. 2015). Thus, we increasingly understand
that DOM reactivity is most severe at headwaters, and
becomes more stable with increasing stream order. Yet, what

McCallister et al. Biogeochemical tools

452



remains unclear is the relative importance of key processes,
namely sedimentation and photochemical and biological deg-
radation on DOM losses as its reactivity shifts with time.

Conclusions
Inland waters occupy a unique landscape position whereby

the internal transformations and fate of aquatic OC has signif-
icant implications for the C budget of the three primary CO2

reservoirs (atmospheric, terrestrial, and marine). We stress the
importance of combined molecular, optical, and isotopic
approaches as a proponent to widen the OC analytical win-
dow in the future and better enable the abiotic and biotic
understanding of the complex dynamics of aquatic OC
cycling. In addition, we emphasize the need to better resolve
the hydrological and biogeochemical drivers of DOM chemo
and structural diversity and corresponding links to its bio-
and photo-lability. We further underscore the need to eluci-
date the active role of inland waters in the C cycle particularly
with respect to lateral transfer of preaged OC and whether the
C is returned to the atmosphere, enters the trophic food web,
is sequestered in sediments or is injected into the marine bio-
sphere. Future studies should seek to better identify the envi-
ronmental, geographic, climatic, and anthropogenic factors
regulating the delivery of preaged tOC to aquatic systems as
well as its fate and transformation along its seaward transit.
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