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and composition of DOM in flowing waters is driven 
largely by soil processes or direct inputs to chan-
nels, but high levels can be found in streams and riv-
ers from the tropics to the poles. Seven central chal-
lenges and opportunities in the study of DOM should 
frame ongoing research. These include maintaining 
or establishing long-term records of changes in con-
centrations and fluxes over time, capitalizing on the 
use of sensors to describe short-term DOM dynamics 
in aquatic systems, integrating the full carbon cycle 
into understanding of watershed and aquatic DOM 
dynamics, understanding the role of DOM in evasion 
of greenhouse gases from inland waters, unraveling 
the enigma of dissolved organic nitrogen, document-
ing gross versus net DOM fluxes, and moving beyond 
an emphasis on functional ecological significance to 
understanding the evolutionary significance of DOM 
in a wide range of environments.
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DOM and its role in inland waters and watersheds

Structure

Dissolved organic matter (DOM) is a heterogeneous 
mixture of organic compounds that is produced by a 

Abstract Dissolved organic matter (DOM) is a 
heterogeneous mixture of organic compounds that 
is produced through both microbial degradation and 
abiotic leaching of solid phase organic matter, and 
by a wide range of metabolic processes in algae and 
higher plants. DOM is ubiquitous throughout the 
hydrologic cycle and plays an important role in water-
shed management for drinking water supply as well 
as many aspects of aquatic ecology and geochemis-
try. Due to its wide-ranging effects in natural waters 
and analytical challenges, the focal research ques-
tions regarding DOM have varied since the 1920s. 
A standard catchment-scale model has emerged to 
describe the environmental controls on DOM concen-
trations. Modest concentrations of DOM are found 
in atmospheric deposition, large increases occur in 
throughfall and shallow soil flow paths, and variable 
concentrations in surface waters occur largely as a 
result of the extent to which hydrologic flow paths 
encounter deeper mineral soils, wetlands or shallow 
organic-rich riparian soils. Both production and con-
sumption of DOM occur in surface waters but appear 
to frequently balance, resulting in relatively constant 
concentrations with distance downstream in most 
streams and rivers. Across biomes the concentration 
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wide range of biological and physical processes. Ini-
tial assessment of the composition of DOM in surface 
waters was based on bulk analysis of evaporated resi-
dues into fractions such as protein and carbohydrates 
(Birge and Juday 1926, 1934), the analysis of spe-
cific functional groups such as monomeric and poly-
meric carbohydrates using wet chemical approaches 
(Burney and Sieburth 1977), optical properties from 
which structure is inferred (Coble et al. 1990; McK-
night et  al. 2001), and various approaches to mass 
spectrometry such as FT-ICR MS (Stubbins et  al. 
2010) and TIMS-FT-ICR MS/MS (Levya et al. 2020). 
Many different analytical approaches to understand-
ing the structural and compositional characteristics of 
DOM are currently in use (Minor et  al. 2014; Neb-
bioso and Piccolo 2013), but no single method pro-
vides a complete accounting of the molecular struc-
ture of the entire DOM pool. Most characterization of 
DOM focuses on smaller molecules (< 1000 daltons), 
yet ultrafiltration suggests that the total DOM pool is 
dominated by material > 1000 daltons (e.g. Cole et al. 
1984). The composition of dissolved organic matter 
can also be expressed as the elemental content of its 
bulk constituents, in particular the concentrations of 
dissolved organic carbon (DOC), dissolved organic 
nitrogen (DON), and dissolved organic phosphorus 
(DOP). These bulk analyses provide a stoichiometric 
description of the entire pool of DOM, rather than the 
composition of individual compounds or structures. 
The stoichiometry of DOM can vary dramatically 
in response to environmental conditions, with the 
DOC:DON ratio in stream water, for example, nearly 
doubling across watersheds with a wide range of soil 
C:N (Yates et al. 2019).

Assessment of the structure/composition of DOM 
has typically been driven by its potential utility as a 
means of tracking the sources, or quantifying the 
lability, of DOM. One of the earliest classifications 
of DOM structure involved quantifying the humic and 
fulvic acids in surface waters, which provided insights 
into the mechanisms by which DOM enhances pol-
lutant solubility (Chiou et  al. 1986). More recently, 
the physical separation of DOM into hydrophilic and 
hydrophobic fractions has provided insights into the 
transport of DOM through watersheds and its micro-
bial lability (Wickland et al. 2007). Quantification of 
optical properties beyond color (e.g.  SUVA254, which 
generally reflects the aromaticity of DOM; Weishaar 
et  al. 2003) has been used to assess sources and 

potential lability of DOM. A wide range of fluores-
cent properties has been used to characterize sources 
and flow paths of DOM through watersheds (Fell-
man et al. 2010) and monitor changes in DOM over 
time (Jaffé et al. 2008). The presence of combustion 
products (e.g. benzenepolycarboxylic acids) in DOC 
has been used to quantify the contribution of “black 
carbon” produced by wildfires to riverine DOC loads 
(Jaffé et  al. 2013; Wagner et  al. 2018). Monitoring 
of specific organic compounds such as geosmin has 
been used to quantify the contributions of organic 
matter to objectionable odors in water supplies (Ridal 
et  al. 1999). In short, an extremely wide range of 
techniques has been used to characterize the naturally 
occurring dissolved organic matter in freshwaters, 
with the analytical approach dictated by the funda-
mental research question being addressed.

Ecological and environmental significance

Dissolved organic matter is found throughout the 
hydrologic cycle, with measurable concentrations in 
precipitation, throughfall, soil solution, groundwa-
ter, surface waters, estuaries and the ocean. Micro-
bial degradation of organic matter such as terrestrial 
foliage, aquatic detritus, or soil organic matter are all 
potentially important sources of the DOM in aquatic 
ecosystems (e.g. Hernes et  al. 2017). Release of 
DOM by autotrophs is also known to occur widely, 
from forest canopies in throughfall (McDowell et al. 
2020), exudation by roots (Chen et  al. 2017), and 
extracellular release by algae (Mueller et  al. 2016). 
Abiotic leaching of solid phase organic matter (leaf 
litter, soil organic matter, aquatic detritus) also occurs 
and can be a significant flux of DOM in aquatic eco-
systems (McDowell and Fisher 1976).

The effects of DOM in aquatic ecosystems have 
been addressed for well over a century, beginning 
with the large and obvious impacts of the dissolved 
and particulate organic matter in raw sewage on river 
oxygen levels (e.g. Mason 2002). These initial con-
cerns associated with sewage treatment are important 
for public health policy but will not be considered in 
detail here. Lakes high in DOM have been classified 
separately since the early 1900s (Hansen 1962) and 
have frequently been termed “dystrophic” in recogni-
tion of the fact that the brown-colored water in these 
lakes profoundly affects lake biology. DOM in lake 
waters alters thermal structure and light penetration, 
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with implications for lake productivity and habitat 
quality (Rose et al. 2009). The light-absorbing prop-
erties of DOM also result in attenuation of UV-B 
radiation, with important implications for plank-
ton communities (Williamson et  al. 1996). DOM is 
widely known to chelate trace metals, such as cop-
per and aluminum, that may otherwise pose hazards 
to aquatic biota if they remained in their inorganic, 
unchelated form (Driscoll et  al. 1980). Conversely, 
DOM chelation of iron enhances iron uptake by 
cyanobacteria when iron is present at low concentra-
tions, and reduces photosynthesis by algal competi-
tors (Murphy et al. 1976). DOM can serve as both an 
energy and nutrient source for microbial food webs 
(Tanentzap et al. 2017). This dual function of DOM is 
particularly well studied for DON, which responds to 
both N and C additions in streams (Lutz et al. 2012; 
Wymore et  al. 2015). The chemical reactivity of 
DOM, in particular the N-rich fraction measured as 
DON, also plays a dominant role in determining the 
extent to which disinfection byproducts are produced 
upon chlorination of drinking water supplies (Dotson 
et al. 2009).

Research focus in different eras

Over the past century the focal topics and research 
approaches used to understand DOM dynamics 
in inland waters have varied dramatically. Initial 
research largely focused on the yellowish water color 
that is characteristic of many high-DOM lakes, with 
analysis by photometer. Termed “Gelbstoff” (yel-
low matter) in the 1930s, the emphasis in the marine 
science community was on understanding how riv-
erine and open ocean sources contributed to this 
organic matter pool (reviewed by Kalle 1966). With 
the advent of several methods of chemical oxidation, 
emphasis on DOM dynamics shifted from a focus 
on light penetration and dystrophy to organic matter 
dynamics (DOM by dichromate oxidation and titra-
tion; Maciolek 1962). With the seminal publication 
of a method for wet chemical oxidation by persul-
fate (Menzel and Vacarro 1964) that allowed quanti-
fication of DOC, research emphasis shifted more to 
understanding DOC dynamics rather than those of 
DOM. This research emphasis on DOC was accel-
erated by development of various high temperature 
catalytic oxidation techniques, which ultimately 
allowed analysis of both DOC and TDN (Merriam 

et  al. 1994). Large numbers of papers in the 1980s 
and 1990s documented DOC dynamics in various 
aquatic and terrestrial ecosystems as well as the ocean 
(McDowell and Likens 1988; Hansell and Carlson 
1993; Kalbitz et  al. 2000), which has resulted in an 
explosion of interest in DOC across a wide range of 
research communities. In the journal Limnology and 
Oceanography, for example, a virtual special issue 
assembled in 2016 shows that the top 5 most cited 
papers published from 2010–2015 were dominated 
(3 of 5) by those with a significant focus on DOC or 
DOM (Fellman et al. 2010; Stubbins et al. 2010; Wil-
liams et al. 2010). With the advent of remote sensing 
of water color, refinement of optical proxies to infer 
molecular structure and composition (e.g.  SUVA254 
and fluorescence excitation-emission spectroscopy), 
and multiple approaches to direct chemical analysis 
of molecular structure such as FT-ICR MS, the DOM 
research community is vast, with echoes of each of 
these earlier eras still present in current research.

Unified model for DOM production and transport 
from mountains to the sea

After decades of study a standard catchment-scale 
model has emerged to describe the environmental 
controls on DOM concentrations as water moves 
through terrestrial ecosystems and across the terres-
trial-aquatic interface into surface waters. Modest 
concentrations of DOM are found in atmospheric 
deposition, large increases occur in throughfall and 
shallow soil flow paths, and concentrations decline 
dramatically with depth in the mineral soil (McDow-
ell and Likens 1988; Qualls and Haines 1991). Vari-
able concentrations in surface waters result from the 
extent to which flow paths encounter deeper mineral 
soils versus organic-rich riparian soils (Fig. 1). This 
unified model has been invoked to explain variability 
between watersheds in the steep, well-drained Hub-
bard Brook Experimental Forest in New Hampshire 
USA (McDowell and Likens 1988), variation in DOC 
concentrations between high- and low-permafrost 
watersheds in Alaska (MacLean et al. 1999), and the 
high DOC that is found in wetland-dominated water-
sheds, which by definition have near-surface flow 
paths (Moore 2003). Recent work in boreal Sweden 
shows that riparian zones can be a major source of 
stream DOC (Fork et  al. 2020), but in many other 
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watersheds stream DOC reflects the concentrations 
found in soil solution of upland mineral horizons 
rather than shallow, organic-rich riparian horizons 
(McDowell 1998; Qualls and Haines 1991). Across 
biomes the concentration and composition of DOM 
in flowing waters is driven largely by soil processes, 
but high concentrations can be found in streams and 
rivers from the tropics to the poles (Aitkenhead and 
McDowell 2000). The composition of DOM in sur-
face waters, as well as its concentration, can also be 
dictated by soil processes. Qualls and Haines (1991) 
showed clear differences in the sorption behavior of 
different fractions of DOM, a conclusion further veri-
fied by Kaiser et al. (2004) and subsequent papers.

Although decades of study support the contention 
of McDowell and Wood (1984) that soil processes 
control stream and river DOM at the landscape scale, 
it is equally clear that both production and removal of 
DOM also occur within the channel itself (Lock and 
Hynes 1976; McDowell and Fisher 1976) through 
some combination of abiotic sorption (McDowell 
1985; Groeneveld et  al. 2020); biotic uptake (Fell-
man et  al. 2009); or photodegradation (Cory et  al. 
2014). Because DOC is relatively constant in concen-
tration with distance downstream in most drainage 
networks beyond the smallest tributaries (e.g. Coble 

et  al. 2019) the rates of in-channel production and 
consumption of DOM thus appear to be in balance, 
or of small magnitude. This results in a fundamen-
tal conundrum: the rates of DOC uptake (as fraction 
removed per time; Vf) for specific organic compounds 
such as acetate are much higher than those that appear 
to be occurring in situ for bulk DOC in stream chan-
nels (Mineau et al. 2016). Thus, one might expect that 
labile inputs of organic matter will have exceedingly 
short half lives in streams, and the remaining DOM 
pool is composed of relatively refractory materials.

Current opportunities and challenges

Long-term records

Because DOM can alter food webs, thermal structure, 
and other aspects of inland waters, documenting the 
trajectory of DOM over time is essential for under-
standing the ecology of inland waters in a chang-
ing world (Kritzberg et  al. 2020). Various assess-
ments have documented long-term increases in DOC 
in northern hemisphere lakes, running waters and 
remote ponds in response to improved air quality and 
decreased atmospheric deposition of many solutes 

Fig. 1  Unified model of 
DOM flux from mountains 
to the sea. Values for con-
centration are mg/L DOC. 
Created with Biorender.com
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(e.g. Monteith et al. 2007; Hruška et al. 2009; Nelson 
et al. 2021). Recent work also shows that the nitrogen-
rich fraction of DOM (DON) often behaves differ-
ently over time than does DOC (Rodríguez-Cardona 
et  al. 2021). In addition to documenting the “press” 
effects of potential drivers such as temperature,  CO2, 
and atmospheric deposition, long-term records are 
also essential for understanding the impacts of signifi-
cant “pulse” events such as wildfires, which for exam-
ple have been shown to reduce stream DOC concen-
trations for up to 10  years in continuous permafrost 
terrain (Parham et al. 2013).

Inclusion of DOC, DON and DOP in biogeochem-
ical analysis of long-term study watersheds is crucial 
to understanding the drivers of change in DOM con-
centrations. Monitoring of stream and river chemistry 
without also understanding the role of watershed pro-
cesses in driving change will limit the ability to gen-
eralize across sites and regions. Broad international 
networks such as the Critical Zone Observatory net-
work or International Long-Term Ecological Research 
network (Brantley et al. 2016; Mirtl et al. 2018) pro-
vide excellent opportunities to link understanding of 
watershed-scale processes to changes in DOC and 
DON, but maintenance of the networks themselves 
is essential. The U.S. experience with Critical Zone 
Observatories, which were originally established as 
long-term sites but were disbanded after little more 
than a decade, speaks to the difficulty in maintaining 
long-term sites that can capture important biogeo-
chemical changes occurring over decades. Without 
such networks, it will be very difficult to understand 

when, where, and why DOC concentrations are 
increasing, and whether the increases will continue 
for decades, will plateau, or will return to some lower 
“baseline” level after reaching peak levels.

Short-term dynamics: capitalizing on the use of 
sensors in aquatic systems

Optical sensors provide an unparalleled opportu-
nity to expand understanding of controls on DOM in 
inland waters, as DOM concentrations can now be 
followed in rivers through the entire hydrograph at 
the same frequency as discharge. Because the opti-
cal properties of organic matter (absorption or fluo-
rescence) provide only proxies for concentrations of 
DOC, DON and the structural properties of DOM, 
the sensors must be coupled with direct measure-
ments. Directly coupling data from in situ fluorescent 
sensors with full laboratory-based excitation-emis-
sion scans (EEMS) shows that the in situ sensors pro-
vide as good a proxy for DOC and DON as any of the 
commonly proposed optical metrics for DOM, with 
consistently better predictions of in  situ DOC con-
centrations than DON concentrations (Wymore et al. 
2018; Fig. 2). Furthermore, the relationship between 
optical properties and DOC can vary dramatically 
in streams across a region. For example, Wymore 
et al. (2018) found that most streams draining largely 
forested watersheds in New Hampshire had DOC 
concentrations that could be predicted reasonably 
well by fDOM and a variety of other optical param-
eters (33–76% of variance explained). Yet in a single 

Fig. 2  Relationship between (A) dissolved organic carbon 
concentration (DOC, mg/L) and fluorescent organic matter 
(fDOM; quinine sulfate units); (B) dissolved organic nitrogen 

concentration (DON, mg/L) and fluorescent organic matter 
(fDOM; quinine sulfate units). From Wymore et al. (2018)
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stream (Albany Brook), the relationships were dra-
matically stronger (98% of variance explained), and 
fDOM was also a remarkably good predictor of DON 
(93% of variance explained). The differences among 
these streams in optical properties are striking, and 
unrelated to land use. This suggests that relationships 
between optical properties and concentrations of 
DOC and DON are watershed-scale properties with 
as yet uncertain drivers over time and space.

The use of sensors to provide continuous assess-
ments of bioavailable DOM is largely unexplored but 
shows considerable promise (Fellman et  al. 2010). 
In developed catchments with a range of site condi-
tions and organic matter inputs, Knapik et al. (2015) 
showed that microbial degradation of BDOC was 
associated with removal of tryptophan-like material 
from solution. In a large catchment with rural and 
urban areas, Hosen et al. (2014) found that variability 
in BDOC concentrations across sub-catchments could 
be effectively predicted by both  SUVA254 and trypto-
phan-like peaks in EEMS. The extent to which these 
results from urbanized watersheds can be applied to 
other systems is unclear. Development of sensors to 
provide continuous assessment of BDOM in real time 
is an important priority, and might be accomplished 
with specific fluorescence pairs, full EEMS in a sen-
sor, or by using the full wavelength scan of UV and 
visible light absorbance that is already available in 
multiple commercial sensors.

Obtaining funding to maintain a sensor network 
can be difficult once the initial period of installation 
and operation is completed, as most ongoing fund-
ing is tied to explicit hypothesis testing in many parts 
of the world. Aquatic sites within the U.S. National 
Ecological Observatory Network (NEON) provide 
the only ongoing research funding for aquatic sensor 
infrastructure in the US. NEON is now beginning to 
provide the data needed to meet the promise of inte-
grating metabolism with coupled measurements of 
dissolved oxygen, nitrate, and fluorescent DOM (e.g., 
Appling and Heffernan 2014; Hensley and Cohen 
2016). Integrating DOM dynamics into a whole-sys-
tem metabolic framework such as provided by NEON 
shows considerable promise in better understanding 
the dynamics of DOM in stream and river channels. 
Because many of the NEON aquatic sites are not co-
located with ongoing watershed studies, however, 
there is still a pressing need to develop aquatic sen-
sor networks embedded in broader watershed-scale 

studies of vegetation, soils, and hydrologic flow paths 
(McDowell 2015).

Integrating DOM into the full C cycle

It is imperative that the research community does 
a better job integrating the full carbon cycle into 
our understanding of watershed and aquatic DOM 
dynamics. The links between vegetation, soils and 
streams are built from coupled biotic and abiotic 
reactions playing out on the lithological template 
in a given watershed. Weathering, for example, is a 
major Earth surface process that shapes global C bal-
ance at the million-year time scale during cycles of 
volcanic uplift (Gaillardet et al. 1999). Respiration by 
roots and their mycorrhizal symbionts is an important 
source of the  CO2 in soil air that regulates carbonic 
acid levels at the weathering front. DOC released to 
the rhizosphere thus can play a crucial role in weath-
ering. There is also compelling evidence that organic 
acid production by roots directly facilitates weather-
ing as seen in increased etch pits on primary miner-
als (Landeweert et  al. 2001). Because the net prod-
ucts of the weathering reactions typically include 
large amounts of bicarbonate, measurement of 
links between DOC and DIC can provide important 
insights into C dynamics in a watershed. In perma-
frost terrain of Siberia, for example, riverine fluxes of 
both DOC and DIC show comparable increases with 
discharge during periods of modest flow, but diverge 
at high flow, with much greater DOC than DIC fluxes 
(Fig.  3). In many well-drained watersheds in non-
permafrost terrain, however, DOC concentrations 
typically increase at high flow but DIC shows strong 
dilution (McDowell and Asbury 1994). Because 
direct connections may exist between bicarbonate 
production during weathering and DOC inputs to the 
soil environment, more emphasis should be placed 
on examining the full carbon cycle (DOC, dissolved 
inorganic carbon, particulate organic carbon) in a 
watershed rather than simply the DOM.

Greenhouse gases

An important aspect of fully integrating DOM into 
global biogeochemical cycles is an improved under-
standing of the role of DOM in production of green-
house gases (GHGs;  CO2,  CH4, and  N2O) from 
inland waters, particularly given the increased DOC 
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concentrations reported for many regions. Recent 
assessments show that aquatic ecosystems serve as 
net sources of these important gases to the atmos-
phere (Stanley et al. 2016; Herreid et al. 2020). The 
links between DOC and greenhouse gases are com-
plex and may not be readily apparent when compar-
ing ambient DOC and GHG concentrations (Schade 
et al. 2016). Rapid consumption of labile DOC may 
drive the production of GHGs, but removal of this 
labile DOC from solution may thereby obscure the 
relationships between DOC availability and con-
centrations of GHGs. Likewise, production of  CH4 
may be followed by subsequent  CH4 consumption, 
and production of  N2O may be limited in favor of 
 N2 production in highly reduced environments. This 
complex situation is summarized by Stanley et  al. 
(2016), who eloquently argue the need for further 
study of controls on GHG production within aquatic 
systems, rather than simply focusing on the role of 
inland waters as vents for GHGs from the terres-
trial landscape. In their global summary of inland 
water  CH4, Stanley et  al. (2016) found that among 
the predictive variables they considered (tempera-
ture, DOC,  NH4,  NO3, and soluble reactive P), DOC 
is the most informative, even though its predictive 
power is relatively weak (explaining 19% of varia-
tion in  CH4 concentration; Fig. 4). A similar global 
summary is not available for drivers of variation 
in  N2O concentrations and fluxes in inland waters. 

Such a summary is clearly needed to assess whether 
ongoing increases in DOC are likely to result in 
altered production and evasion of  N2O.

The enigma of dissolved organic nitrogen

Dissolved organic matter is most commonly meas-
ured by analysis of its C content, despite the fact that 
it contains nitrogen, phosphorus, and sulfur that may 
be significant in biogeochemical cycles or provide 
important nutrient sources upon mineralization. Anal-
ysis of DOS and DOP has lagged behind that of DON 
(McDowell 2003), for which some broad generali-
zations are starting to emerge. One conclusion from 
recent work is that the stoichiometry of DOM (C/N 
ratio) can vary over decadal time scales at a given site 
(Rodríguez-Cardona et  al. 2021), across a range of 
watershed soil conditions (mirroring soil C/N; Yates 

Fig. 3  Relationship between fluxes of DOC (filled squares) 
and DIC (open squares) in individual grab samples taken 
across the full flow regime from 2005 to 2010 on the Nizhn-
yaya Tunguska River, near Tura, Siberia. From Prokushkin 
et al. (2011)

Fig. 4  Relationship between and  CH4 (µmol/L) and DOC 
(mg/L) concentrations in a global compilation of inland waters. 
Modified from Stanley et al. (2016)

Fig. 5  Monthly variation in dissolved organic matter stoichi-
ometry (molar ratio of DOC:DON) in river water over 6 years 
of weekly sampling for three study watersheds in Puerto Rico, 
the urban Río Piedras (RP) and forested Río Mameyes (MPR) 
and Quebrada Sonadora (QS). From McDowell et al. (2019)
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et  al. 2019), and due to introduction of waste mate-
rials such as untreated sewage leaking directly into 
streams from sewer mains (McDowell et  al. 2019; 
Fig. 5). More attention should be given to the role of 
the DON fraction of DOM in overall watershed bio-
geochemistry and nutrient availability to plants and 
microbes (Jilling et  al. 2018). Much less is known 
about drivers of variability in the stoichiometric ratios 
of DOS or DOP in DOM, but the stoichiometry of 
DOM can change in response to environmental driv-
ers. The DOS content of DOM as measured by FT-
ICR MS is higher in Everglades sawgrass sites with 
higher sulfate levels (Poulin et al. 2017), and both the 
N and S content of DOM vary by water source in riv-
ers and springs of Florida (Kurek et al. 2020).

One promising research avenue regarding DON 
is to examine when and where the N-rich fraction of 
DOM serves largely as a source of energy, or source 
of nitrogen, to aquatic microflora. This has been 
addressed by inference (Lutz et al. 2011) and more 
recently by direct experimental manipulations of the 
inorganic N pool in streams (Wymore et al. 2015). 
By adding nitrate to low-N streams, they were able 
to elicit both increases and decreases in DON, with 
nitrate addition generally resulting in increasing 
DON concentrations (Fig.  6). From this observa-
tion, Wymore et  al. (2015) concluded that DON 
is largely serving as a nitrogen source in streams. 
When additional inorganic nitrogen was available, 
the observed increase in DON concentrations sug-
gests that it was used preferentially to DON as a 

nutrient source. Wymore et  al. (2015) also found 
that the role of DON in streams may vary over 
seasonal time frames, serving as an energy source 
under some conditions and nitrogen source under 
others. Further work is needed to assess the broader 
applicability of these observations, and to provide 
independent verification that changes in ambi-
ent DON concentrations during manipulations are 
indeed the result of changes in the net rates of DON 
production and consumption by the microflora.

Documenting gross versus net DOM flux

A central challenge in understanding DOM dynam-
ics is to develop better ways to discriminate between 
gross and net DOM fluxes. Studies of DON have 
benefitted considerably from the use of 15N iso-
topes. For example, bulk DON concentrations were 
unchanged with distance downstream in a tropical 
rain forest stream, suggesting that little production 
or consumption of DON was occurring. Yet tracer 
level additions of 15NH4 revealed that considerable 
DON was being produced in the stream reach (Mer-
riam et  al. 2002), and similar production of DON 
from inorganic N occurred in streams throughout 
North America (Johnson et  al. 2013). Elegant iso-
topic experiments using 13C from labelled leaves to 
track DOM through aquatic ecosystems have been 
conducted by Wiegner et al. (2005). This approach 
shows promise but is highly labor intensive. Use of 
labelled individual organic compounds that can be 
purchased commercially is much more practical, 
yet is hampered by the wide range of compounds 
that might be used and the fact that the ambient 
pool of DOC in streams and rivers is not nearly 
as metabolically active as individual organic com-
pounds (Mineau et al. 2016). The development of a 
more systematic approach to measuring individual 
organic compounds or functional groups in known 
DOC inputs to aquatic ecosystems (e.g., leach-
ing leaves) that can then be labelled may provide 
promise in separating gross and net fluxes of the 
most metabolically active fractions of DOM. Link-
ing microbial activity (e.g. incorporation of tritiated 
thymidine) and metabolomics to whole-ecosystem 
metabolism and DOC fluxes also shows promise 
(Sobczak and Findlay 2002; Yeh et al. 2020).

Fig. 6  The relationship between  NO3 and DON concentrations 
when  NO3 alone is added to stream water during whole-stream 
manipulations. From Wymore et al. (2015)



Biogeochemistry 

1 3
Vol.: (0123456789)

Moving from functional ecological significance to 
evolutionary significance

Dissolved organic matter is ubiquitous, has been stud-
ied in soils and inland waters for almost 100  years, 
and is a fundamental product of life on earth. Despite 
this long history, most of the work on DOC has 
focused on its functional significance (blocking light, 
chelating metals, fueling food webs) rather than the 
evolutionary drivers that have resulted in its ubiquity 
as well as its variability in concentration, composi-
tion, and flux. The fundamental difficulty is one of 
ascribing “purpose” or “meaning” to this variability. 
Organic matter lost to solution could represent either 
an unfortunate but unavoidable loss of a valuable 
resource, or its production could be driven by evolu-
tionary pressures.

Is DOM a waste product or end product? The 
underlying assumption in most areas of DOM 
research appears to be that DOM is a waste product. 
This is perhaps best exemplified by the contention 
that organic matter (e.g., DON) in streams and riv-
ers is a largely refractory form of N that dominates 
in surface waters when more valuable inorganic nitro-
gen is unavailable. It thus represents a “leak” in the 
otherwise efficient N cycle (Hedin et  al. 1995). Yet 
tantalizing clues have been available for decades to 
suggest otherwise; that DOM may in fact be an end 
product of some ecological significance that is thus 
subject to evolutionary pressures. In terrestrial sys-
tems, for example, throughfall has been known since 
the 1970s to have the potential to influence plant 
community structure and competition (e.g., walnut 
trees producing juglone; summarized by McDow-
ell et al. 2020). Root exudates and decomposition of 
plant residues are additional pathways by which this 
sort of allelopathy is expressed (Zhang et  al. 2021). 
Salmon homing and return to natal rivers has been 
known for 50 years (Scholz et al. 1976), with recent 
work suggesting that in the low-nutrient systems 
that existed prior to the industrial era, the return of 
marine derived N and P can provide significant nutri-
ent subsidies to both aquatic and terrestrial ecosys-
tems that produce the DOM that results in a homing 
signal (Hocking and Reynolds 2011). The produc-
tion of DOM during algal photosynthesis has been 
noted since the 1950s (Tolbert and Zill 1956), and its 

ecological significance puzzled over in the decades 
since (Fogg 1983). Recent work on kelp shows that 
on an annual basis, 16% of the carbon fixed during 
photosynthesis is released as DOC, and DOC produc-
tion was higher under ambient low nitrate conditions 
than with nitrate added (Weigel and Pfister 2021). In 
coral reefs of French Polynesia, Wegley Kelly et  al. 
(2022) observed that distinctive sets of individual 
DOM compounds were found in water sampled 
above coral and different algal species. The role of 
this DOM in coral reef ecology is uncertain, but the 
authors emphasize that each primary producer can 
alter both the nutrient stoichiometry and energetic 
content of the DOM in its immediate vicinity. Each of 
these examples suggests that the production of DOC 
may not be a haphazard byproduct of cellular metabo-
lism or decomposition. Understanding the ways in 
which functional and evolutionary significance of 
DOM intersect is thus a major research challenge.

Acknowledgements The author thank Karsten Kalbitz, Ana-
toly Prokushkin, Adam Wymore, Lauren Koenig, and Kather-
ine Pérez for stimulating discussions about DOM that helped 
him to frame some of the ideas presented here. Partial funding 
was provided by the New Hampshire Agricultural Experiment 
Station. This is Scientific Contribution Number 2931. This 
work was supported by the USDA National Institute of Food 
and Agriculture McIntire-Stennis Project 1019522.

Funding The author certifies that he has no affiliations with 
or involvement in any organization or entity with any financial 
interest or non-financial interest in the subject matter or materi-
als discussed in this manuscript.

Declarations 

Conflict of interest The author has no competing interests to 
declare that are relevant to the content of this article.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

http://creativecommons.org/licenses/by/4.0/


 Biogeochemistry

1 3
Vol:. (1234567890)

References

Aitkenhead JA, McDowell WH (2000) Soil C: N ratio as a 
predictor of annual riverine DOC flux at local and global 
scales. Global Biogeochem Cycles 14:127–138

Appling AP, Heffernan JB (2014) Nutrient limitation and phys-
iology mediate the fine-scale (de)coupling of biogeochem-
ical cycles. Am Nat 184(3):384–406

Birge EA, Juday C (1926) The organic content of lake water. 
Proc Natl Acad Sci USA 12:515–519

Birge EA, Juday C (1934) Particulate and dissolved organic 
matter in inland lakes. Ecol Monogr 4:440–474

Brantley SL, DiBiase RA, Russo TA, Shi Y, Lin H, Davis KJ, 
Kaye M, Hill L, Kaye J, Eissenstat DM, Hoagland B, Dere 
AL, Neal AL, Brubaker KM, Arthur DK (2016) Design-
ing a suite of measurements to understand the critical 
zone. Earth Surf Dyn 4(1):211–235

Burney CM, Sieburth JM (1977) Dissolved carbohydrates in 
seawater. II. A spectrophotometric procedure for total car-
bohydrate analysis and polysaccharide estimation. Mar 
Chem 5:15–28

Casas-Ruiz JP, Catalán N, Gómez-Gener L, Von Schiller D, 
Obrador B, Kothawala DN, López P, Sabater S, Marcé 
R (2017) A tale of pipes and reactors: controls on the in-
stream dynamics of dissolved organic matter in rivers. 
Limnol Oceanogr 62(S1):S85–S94

Chen Y-T, Wang Y, Yeh K-C (2017) Role of root exudates in 
metal acquisition and tolerance. Curr Opin Plant Biol 
39:66–72

Chiou CT, Malcolm RL, Brinton TI, Kile DE (1986) Water sol-
ubility enhancement of some organic pollutants and pes-
ticides by dissolved humic and fulvic acids. Environ Sci 
Technol 20(5):502–508

Coble AA, Koenig LE, Potter JD, Parham LM, McDowell 
WH (2019) Homogenization of dissolved organic matter 
within a river network occurs in the smallest headwaters. 
Biogeochemistry 143(1):85–104

Cole JJ, McDowell WH, Likens GE (1984) Sources and molec-
ular weight of “dissolved” organic carbon in an oligo-
trophic lake. Oikos 42:1–9

Cory RM, Ward CP, Crump BC, Kling GW (2014) Sunlight 
controls water column processing of carbon in arctic fresh 
waters. Science 345(6199):925–928

Dotson A, Westerhoff P, Krasner SW (2009) Nitrogen enriched 
dissolved organic matter (DOM) isolates and their affin-
ity to form emerging disinfection by-products. Water Sci 
Technol 60(1):135–143

Driscoll CT Jr, Baker JP, Bisogni JJ Jr, Schofield CL (1980) 
Effect of aluminium speciation on fish in dilute acidified 
waters. Nature 284:161–164

Eklöf K, Von Brömssen C, Amvrosiadi N, Fölster J, Wallin 
MB, Bishop K (2021) Brownification on hold: What tra-
ditional analyses miss in extended surface water records. 
Water Res 203:117544

Fellman JB, Hood E, Edwards RT, Jones JB (2009) Uptake 
of allochthonous dissolved organic matter from soil and 
salmon in coastal temperate rainforest streams. Ecosys-
tems 12(5):747–759

Fellman JB, Hood E, Spencer RGM (2010) Fluorescence 
spectroscopy opens new windows into dissolved organic 

matter dynamics in freshwater ecosystems: a review. Lim-
nol Oceanogr 55(6):2452–2462

Fogg GE (1983) The ecological significance of extracellu-
lar products of phytoplankton photosynthesis. Bot Mar 
26(1):3–14

Fork ML, Sponseller RA, Laudon H (2020) Changing 
source-transport dynamics drive differential brown-
ing trends in a boreal stream network. Water Resour Res 
56(2):e2019WR026336. https:// doi. org/ 10. 1029/ 2019w 
r0263 36

Gaillardet J, Dupré B, Louvat P, Allègre CJ (1999) Global sili-
cate weathering and  CO2 consumption rates deduced from 
the chemistry of large rivers. Chem Geol 159:3–30

Groeneveld M, Catalán N, Attermeyer K, Hawkes J, Einarsdót-
tir K, Kothawala D, Bergquist J, Tranvik L (2020) Selec-
tive adsorption of terrestrial dissolved organic matter to 
inorganic surfaces along a boreal inland water continuum. 
J Geophys Res. https:// doi. org/ 10. 1029/ 2019j g0052 36

Hansen K (1962) The dystrophic lake type. Hydrobiologia 
19(2):183–190

Hensley RT, Cohen MJ (2016) On the emergence of diel 
solute signals in flowing waters. Water Resour Res 
52(2):759–772

Hernes PJ, Dyda RY, McDowell WH (2017) Connecting tropi-
cal river DOM and POM to the landscape with lignin. 
Geochim Cosmochim Acta 219:143–159

Herreid AM, Wymore AS, Varner RK, Potter JD, McDowell 
WH (2020) Divergent controls on stream greenhouse gas 
concentrations across a land-use gradient. Ecosystems. 
https:// doi. org/ 10. 1007/ s10021- 10020- 00584- 10027

Hocking MD, Reynolds JD (2011) Impacts of salmon on ripar-
ian plant diversity. Science 331(6024):1609–1612

Hosen JD, McDonough OT, Febria CM, Palmer MA (2014) 
Dissolved organic matter quality and bioavailability 
changes across an urbanization gradient in headwater 
streams. Environ Sci Technol 48(14):7817–7824

Hruška J, Krám P, McDowell WH, Oulehle F (2009) Increased 
dissolved organic carbon (DOC) in Central European 
streams is driven by reductions in ionic strength rather 
than climate change or decreasing acidity. Environ Sci 
Technol 43:4320–4326

Jaffé R, McKnight D, Maie N, Cory R, McDowell WH, Camp-
bell JL (2008) Spatial and temporal variations in DOM 
composition in ecosystems: the importance of long-term 
monitoring of optical properties. J Geophys Res. https:// 
doi. org/ 10. 1029/ 2008J G0006 83

Jilling A, Keiluweit M, Contosta AR, Frey S, Schimel J, Sch-
necker J, Smith RG, Tiemann L, Grandy AS (2018) Min-
erals in the rhizosphere: overlooked mediators of soil 
nitrogen availability to plants and microbes. Biogeochem-
istry 139(2):103–122

Johnson LT, Tank JL, Hall RO Jr, Mulholland PJ, Hamil-
ton SK, Valett HM, Webster JR, Bernot MJ, McDowell 
WH, Peterson BJ, Thomas SM (2013) Quantifying the 
production of dissolved organic nitrogen in headwater 
streams using 15N tracer additions. Limnol Oceanogr 
58(4):1271–1285

Kaiser K, Guggenberger G, Haumaier L (2004) Changes 
in dissolved lignin-derived phenols, neutral sugars, 
uronic acids, and amino sugars with depth in forested 

https://doi.org/10.1029/2019wr026336
https://doi.org/10.1029/2019wr026336
https://doi.org/10.1029/2019jg005236
https://doi.org/10.1007/s10021-10020-00584-10027
https://doi.org/10.1029/2008JG000683
https://doi.org/10.1029/2008JG000683


Biogeochemistry 

1 3
Vol.: (0123456789)

Haplic Arenosols and Rendzic Leptosols. Biogeochemis-
try 70(1):135–151

Kaiser K, Kalbitz K (2012) Cycling downwards—dissolved 
organic matter in soils. Soil Biol Biochem 52:29–32

Kalbitz K, Solinger S, Park J-H, Michalzik B, Matzner E 
(2000) Controls on the dynamics of dissolved organic 
matter in soils: a review. Soil Sci 165:277–304

Knapik HG, Fernandes CVS, De Azevedo JCR, Dos Santos 
MM, Dall’Agnol P, Fontane DG (2015) Biodegradability 
of anthropogenic organic matter in polluted rivers using 
fluorescence, UV, and BDOC measurements. Environ 
Monit Assessment 187:104

Kritzberg ES, Hasselquist EM, Škerlep M, Löfgren S, Olsson 
O, Stadmark J, Valinia S, Hansson L-A, Laudon H (2020) 
Browning of freshwaters: consequences to ecosystem ser-
vices, underlying drivers, and potential mitigation meas-
ures. Ambio 49(2):375–390

Kurek MR, Poulin BA, McKenna AM, Spencer RGM (2020) 
Deciphering dissolved organic matter: ionization, 
dopant, and fragmentation insights via Fourier Trans-
form-Ion Cyclotron Resonance Mass Spectrometry. 
Environ Sci Technol 54(24):16249–16259

Landeweert R, Hoffland E, Finlay RD, Kuyper TW, van 
Breeman N (2001) Linking plants to rocks: ectomycor-
rhizal fungi mobilize nutrients from minerals. Trends 
Ecol Evol 16(5):248–254

Lepistö A, Räike A, Sallantaus T, Finér L (2021) Increases 
in organic carbon and nitrogen concentrations in boreal 
forested catchments—changes driven by climate and 
deposition. Sci Total Environ 780:146627

Leyva D, Jaffe R, Fernandez-Lima F (2020) Structural char-
acterization of dissolved organic matter at the chemical 
formula level using TIMS-FT-ICR MS/MS. Anal Chem. 
https:// doi. org/ 10. 1021/ acs. analc hem. 0c023 47

Lock MA, Hynes HBN (1976) The fate of “dissolved” 
organic carbon derived from autumn-shed maple leaves 
(Acer saccharum) in a temperate hard-water stream. 
Limnol Oceanogr 21:436–443

Lutz BD, Bernhardt ES, Roberts BJ, Cory RM, Mulholland 
PJ (2012) Distinguishing dynamics of dissolved organic 
matter components in a forested stream using kinetic 
enrichments. Limnol Oceanogr 57(1):76–89

Lutz BD, Bernhardt ES, Roberts BJ, Mulholland PJ (2011) 
Examining the coupling of carbon and nitrogen cycles in 
Appalachian streams: the role of dissolved organic nitro-
gen. Ecology 92(3):720–732

MacLean R, Oswood MW, Irons JG, McDowell WH (1999) 
The effect of permafrost on stream biogeochemistry: a 
case study of two streams in the Alaskan (USA) taiga. 
Biogeochemistry 47(3):239–267

Mason CF (2002) Biology of freshwater pollution, 4th edn. 
Prentice Hall, New York

McDowell WH (1985) Kinetics and mechanisms of dissolved 
organic carbon retention in a headwater stream. Biogeo-
chemistry 1:329–352

McDowell WH (1998) Internal nutrient fluxes in a tropical 
rain forest. J Trop Ecol 14:521–536

McDowell WH (2003) Dissolved organic matter in soils - 
future directions and unanswered questions. Geoderma 
113(3–4):179–186

McDowell WH (2015) NEON and STREON: opportuni-
ties and challenges for the aquatic sciences. Freshw Sci 
34(1):386–391

McDowell WH, Asbury CE (1994) Export of carbon, nitro-
gen, and major ions from three tropical montane water-
sheds. Limnol Oceanogr 39:111–125

McDowell WH, Fisher SG (1976) Autumnal processing of 
dissolved organic matter in a small woodland stream 
ecosystem. Ecology 57:561–569

McDowell WH, Likens GE (1988) Origin, composition, and 
flux of dissolved organic carbon in the Hubbard Brook 
valley. Ecol Monogr 58:177–195

McDowell WH, McDowell WG, Potter JD, Ramirez A (2019) 
Nutrient export and elemental stoichiometry in an urban 
tropical river. Ecol Appl 29(2):e01839

McDowell WH, Pérez-Rivera KX, Shaw ME (2020) Assess-
ing the ecological significance of throughfall in forest 
ecosystems. In: Levia DF, Carlyle-Moses DE, Iida S, 
Michalzik B, Nanko K, Tischer A (eds) Forest-Water 
Interactions. Ecological Studies, vol 240. Springer, New 
York, pp 299–318

McDowell WH, Wood T (1984) Podzolization: soil processes 
control dissolved organic carbon concentrations in stream 
water. Soil Sci 137:23–32

McKnight DM, Boyer EW, Westerhoff PK, Doran PT, Kulbe 
T, Andersen DT (2001) Spectrofluorometric characteriza-
tion of dissolved organic matter for indication of precur-
sor organic material and aromaticity. Limnol Oceanogr 
46:38–48

Merriam JL, McDowell WH, Tank JL, Wollheim WM, Cren-
shaw CL, Johnson SL (2002) Characterizing nitrogen 
dynamics, retention and transport in a tropical rainfor-
est stream using an in  situ N-15 addition. Freshw Biol 
47(1):143–160

Mineau MM, Wollheim WM, Buffam I, Findlay SEG, Hall 
RO, Hotchkiss ER, Koenig LE, McDowell WH, Parr 
TB (2016) Dissolved organic carbon uptake in streams: 
a review and assessment of reach-scale measurements. J 
Geophys Res Biogeosci 121(8):2019–2029

Minor EC, Swenson MM, Mattson BM, Oyler AR (2014) 
Structural characterization of dissolved organic matter: 
a review of current techniques for isolation and analysis. 
Environ Sci Process Impacts 16(9):2064–2079

Mirtl M, Borer ET, Djukic I, Forsius M, Haubold H, Hugo W, 
Jourdan J, Lindenmayer D, McDowell WH, Muraoka H, 
Orenstein DE, Pauw JC, Peterseil J, Shibata H, Wohner C, 
Yu X, Haase P (2018) Genesis, goals and achievements 
of Long-Term Ecological Research at the global scale: a 
critical review of ILTER and future directions. Sci Total 
Environ 626:1439–1462

Monteith DT, Stoddard JL, Evans CD, de Wit HA, For-
sius M, Høgåsen T, Wilander A, Skjelkvåle BL, Jef-
fries DS, Vuorenmaa J, Keller B, Kopácek J, Vesely J 
(2007) Dissolved organic carbon trends resulting from 
changes in atmospheric deposition chemistry. Nature 
450(7169):537–540

Moore TR (2003) Dissolved organic carbon in a northern 
boreal landscape. Glob Biogeochem Cycles 17(4):1109

Mueller B, Den Haan J, Visser PM, Vermeij MJA, Van Duyl 
FC (2016) Effect of light and nutrient availability on the 

https://doi.org/10.1021/acs.analchem.0c02347


 Biogeochemistry

1 3
Vol:. (1234567890)

release of dissolved organic carbon (DOC) by Caribbean 
turf algae. Sci Rep 6(1):23248

Murphy TP, Lean DRS, Nalewajko C (1976) Blue-green algae: 
their excretion of iron-selective chelators enables them to 
dominate other algae. Science 192(4242):900–902

Nebbioso A, Piccolo A (2013) Molecular characterization of 
dissolved organic matter (DOM): a critical review. Anal 
Bioanal Chem 405(1):109–124

Nelson SJ, Hovel RA, Daly J, Gavin A, Dykema S, McDowell 
WH (2021) Northeastern mountain ponds as sentinels of 
change: current and emerging research and monitoring in 
the context of shifting chemistry and climate interactions. 
Atmos Environ 264:118694

Parham LM, Prokushkin AS, Pokrovsky OS, Titov SV, Gre-
kova E, Shirokova LS, McDowell WH (2013) Per-
mafrost and fire as regulators of stream chemistry in 
basins of the Central Siberian Plateau. Biogeochemistry 
116(1–3):55–68

Poulin BA, Ryan JN, Nagy KL, Stubbins A, Dittmar T, Orem 
W, Krabbenhoft DP, Aiken GR (2017) Spatial dependence 
of reduced sulfur in Everglades dissolved organic matter 
controlled by sulfate enrichment. Environ Sci Technol 
51(7):3630–3639

Prokushkin AS, Pokrovsky OS, Shirokova LS, Korets MA, 
Viers J, Prokushkin SG, Amon RMW, Guggenberger G, 
McDowell WH (2011) Sources and the flux pattern of dis-
solved carbon in rivers of the Yenisey basin draining the 
Central Siberian Plateau. Environ Res Lett 6. https:// doi. 
org/ 10. 1088/ 1748- 9326/6/ 4/ 045212

Qualls RG, Haines BL (1991) Geochemistry of dissolved 
organic nutrients in water percolating through a forest 
ecosystem. Soil Sci Soc Am J 55(4):1112–1123

Ridal JJ, Brownlee B, Lean DR (1999) Occurrence of the odor 
compounds, 2-methylisoborneol and geosmin in eastern 
Lake Ontario and the upper St. Lawrence River. J Great 
Lakes Res 25(1):198–204

Rodríguez-Cardona BM, Wymore AS, Argerich A, Barnes 
RT, Bernal S, Brookshire ENJ, Coble AA, Dodds WK, 
Fazekas HM, Helton AM, Johnes PJ, Johnson SL, Jones 
JB, Kaushal SS, Kortelainen P, López-Lloreda C, Spen-
cer RGM, McDowell WH (2021) Shifting stoichiometry: 
Long-term trends in stream dissolved organic matter alter 
C: N ratios due to history of atmospheric acid deposition. 
Glob Chang Biol. https:// doi. org/ 10. 1111/ gcb. 15965

Rose KC, Williamson CE, Saros JE, Sommaruga R, Fischer JM 
(2009) Differences in UV transparency and thermal struc-
ture between alpine and subalpine lakes: implications for 
organisms. Photochem Photobiol Sci 8(9):1244–1256

Schade JD, Bailio J, McDowell WH (2016) Greenhouse gas 
flux from headwater streams in New Hampshire, USA: 
Patterns and drivers. Limnol Oceanogr 61(S1):S165–S174

Scholz AT, Horrall RM, Cooper JC, Hasler AD (1976) Imprint-
ing to chemical cues: the basis for home stream selection 
in salmon. Science 192:1247–1249

Sobczak WV, Findlay S (2002) Variation in bioavailability of 
dissolved organic carbon among stream hyporheic flow-
paths. Ecology 83(11):3194–3209

Stahl M, Wassik J, Gehring J, Horan C, Wozniak A (2021) 
Connecting the age and reactivity of organic carbon 
to watershed geology and land use in tributaries of the 

Hudson River. J Geophys Res Biogeosci. https:// doi. org/ 
10. 1029/ 2021j g0064 94

Stanley EH, Casson NJ, Christel ST, Crawford JT, Loken LC, 
Oliver SK (2016) The ecology of methane in streams and 
rivers: patterns, controls, and global significance. Ecol 
Monogr 86(2):146–171

Stubbins A, Spencer RGM, Chen H, Hatcher PG, Mopper K, 
Hernes PJ, Mwamba VL, Mangangu AM, Wabakanghanzi 
JN, Six J (2010) Illuminated darkness: Molecular signa-
tures of Congo River dissolved organic matter and its pho-
tochemical alteration as revealed by ultrahigh precision 
mass spectrometry. Limnol Oceanogr 55(4):1467–1477

Tanentzap AJ, Kielstra BW, Wilkinson GM, Berggren M, Craig 
N, Del Giorgio PA, Grey J, Gunn JM, Jones SE, Karls-
son J, Solomon CT, Pace ML (2017) Terrestrial support 
of lake food webs: Synthesis reveals controls over cross-
ecosystem resource use. Sci Adv 3(3):e1601765

Tolbert NE, Zill LP (1956) Excretion of glycolic acid by algae 
during photosynthesis. J Biol Chem 222:895–906

Wagner S, Jaffé R, Stubbins A (2018) Dissolved black car-
bon in aquatic ecosystems. Limnol Oceanogr Lett 
3(3):168–185

Wegley Kelly L, Nelson CE, Petras D, Koester I, Quinlan ZA, 
Arts MGI, Nothias L-F, Comstock J, White BM, Hop-
mans EC, Van Duyl FC, Carlson CA, Aluwihare LI, Dor-
restein PC, Haas AF (2022) Distinguishing the molecular 
diversity, nutrient content, and energetic potential of exo-
metabolomes produced by macroalgae and reef-building 
corals. Proc Natl Acad Sci USA 119(5):e2110283119

Weigel BL, Pfister CA (2021) The dynamics and stoichiom-
etry of dissolved organic carbon release by kelp. Ecology. 
https:// doi. org/ 10. 1002/ ecy. 3221

Weishaar JL, Aiken GR, Bergamaschi BA, Fram MS, Fujii 
R, Mopper K (2003) Evaluation of specific ultraviolet 
absorbance as an indicator of the chemical composition 
and reactivity of dissolved organic carbon. Environ Sci 
Technol 37(20):4702–4708

Wiegner TN, Kaplan LA, Newbold JD, Ostrom PH (2005) 
Contribution of dissolved organic C to stream metabo-
lism: a mesocosm study using C-13-enriched tree-tissue 
leachate. J N Am Benthol Soc 24(1):48–67

Williams CJ, Yamashita Y, Wilson HF, Jaffé R, Xenopoulos 
MA (2010) Unraveling the role of land use and microbial 
activity in shaping dissolved organic matter characteristics 
in stream ecosystems. Limnol Oceanogr 55(3):1159–1171

Williamson CE, Stemberger RS, Morris DP, Frost TM, Paulsen 
SG (1996) Ultraviolet radiation in North American lakes: 
Attenuation estimates from DOC measurements and 
implications for plankton communities. Limnol Oceanogr 
41(5):1024–1034

Wymore AS, Potter J, Rodríguez-Cardona B, McDowell WH 
(2018) Using in-situ optical sensors to understand the bio-
geochemistry of dissolved organic matter across a stream 
network. Water Resour Res 54(4):2949–2958

Wymore AS, Rodríguez-Cardona B, McDowell WH (2015) 
Direct response of dissolved organic nitrogen to nitrate 
availability in headwater streams. Biogeochemistry 
126(1–2):1–10

Yates CA, Johnes PJ, Owen AT, Brailsford FL, Glanville HC, 
Evans CD, Marshall MR, Jones DL, Lloyd CEM, Jick-
ells T, Evershed RP (2019) Variation in dissolved organic 

https://doi.org/10.1088/1748-9326/6/4/045212
https://doi.org/10.1088/1748-9326/6/4/045212
https://doi.org/10.1111/gcb.15965
https://doi.org/10.1029/2021jg006494
https://doi.org/10.1029/2021jg006494
https://doi.org/10.1002/ecy.3221


Biogeochemistry 

1 3
Vol.: (0123456789)

matter (DOM) stoichiometry in U.K. freshwaters: assess-
ing the influence of land cover and soil C: N ratio on 
DOM composition. Limnol Oceanogr 64(6):2328–2340

Yeh TC, Krennmayr K, Liao CS, Ejarque E, Schomakers J, 
Huang JC, Zehetner F, Hein T (2020) Effects of terrige-
nous organic substrates and additional phosphorus on bac-
terioplankton metabolism and exoenzyme stoichiometry. 
Freshw Biol 65(11):1973–1988

Zhang Z, Liu Y, Yuan L, Weber E, van Kleunen M (2021) 
Effect of allelopathy on plant performance: a meta-analy-
sis. Ecol Lett 24(2):348–362

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	DOM in the long arc of environmental science: looking back and thinking ahead
	Abstract 
	DOM and its role in inland waters and watersheds
	Structure
	Ecological and environmental significance
	Research focus in different eras

	Unified model for DOM production and transport from mountains to the sea
	Current opportunities and challenges
	Long-term records
	Short-term dynamics: capitalizing on the use of sensors in aquatic systems
	Integrating DOM into the full C cycle
	Greenhouse gases
	The enigma of dissolved organic nitrogen
	Documenting gross versus net DOM flux
	Moving from functional ecological significance to evolutionary significance

	Acknowledgements 
	References




