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Abstract New conceptual models that highlight the

importance of environmental, rather than molecular,

controls on soil organic matter affect interpretations of

organic matter (OM) persistence across terrestrial and

aquatic boundaries. We propose that changing para-

digms in our thinking about OM decomposition

explain some of the uncertainties surrounding the fate

of land-derived carbon (C) in marine environments.

Terrestrial OM, which historically has been thought to

be chemically recalcitrant to decay in soil and aquatic

environments, dominates inputs to rivers yet is found

in trace amounts in the ocean. We discuss three major

transformations in our understanding of OM persis-

tence that influence interpretations of the fate of

aquatic OM: (1) a shift away from an emphasis on

chemical recalcitrance as a primary predictor of

turnover; (2) new interpretations of radiocarbon ages,

which affect predictions of reactivity; and (3) the

recognition that most OM leaving soils in dissolved

form has been microbially processed. The first two

explain rapid turnover for terrigenous OM in aquatic

ecosystems once it leaves the soil matrix. The third

suggests that the presence of terrestrial OM in aquatic

ecosystems may be underestimated by the use of plant

biomarkers. Whether these mechanisms occur in

isolation of each other or in combination, they provide

insight into the missing terrestrial C signature in the

ocean. Spatially and temporally varying transforma-

tions of OM along land–water networks require that

common terrestrial source indicators be interpreted

within specific environmental contexts. We identify

areas of research where collaborations between

aquatic and terrestrial scientists will enhance quanti-

fication of C transfer from soils to inland water bodies,

the ocean, and the atmosphere. Accurate estimates of

OM processing are essential for improving predictions
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of the response of vulnerable C pools at the interface of

soil and water to changes in climate and land use.
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organic matter � Radiocarbon � Black carbon �
Aquatic � Terrestrial � Marine � Lignin

Introduction

A grand challenge in our understanding of the global

carbon (C) cycle is the vulnerability of large organic

carbon (OC) pools at the land–water interface to

climate change and landscape disturbance (Battin

et al. 2009; Raymond and Saiers 2010; Regnier 2013).

Large uncertainties surround the quantity of OC

mobilized from soils, released to the atmosphere

during riverine transport, and delivered to the ocean

(Cole et al. 2007; Battin et al. 2009; Aufdenkampe

et al. 2011; Raymond et al. 2013). In order to predict C

fluxes during transport from land (here defined as

terrestrial landscapes, e.g., soils) to the ocean, it is

important to address an unresolved question about the

fate of plant and soil-derived C in aquatic ecosystems.

The expectation that terrestrial organic matter

(OM) should be dominated by lignified (aromatic)

plant material or nitrogen-poor, complex soil OM

(SOM) with old radiocarbon (14C) ages (Hedges et al.

1997; Raymond and Bauer 2001) has contributed to

predictions of low bioavailability or chemical recal-

citrance for terrigenous OM. Terrestrial sources dom-

inate OM inputs to fluvial networks and coastal

margins, but OM with a terrigenous signature can

only be found in trace amounts in the ocean (Hedges

et al. 1997; Cole and Caraco 2001; Benner et al. 2005;

Aufdenkampe et al. 2011; Bianchi 2011). The para-

doxical loss of this recalcitrant terrestrial C in the

ocean has been attributed to photodegradation, which

is especially effective in breaking down aromatic

compounds (Opsahl and Benner 1998; Hernes and

Benner 2003; Mayer et al. 2009; Spencer et al. 2009),

and more recently to microbial priming (Bianchi

2011) and to the preferential sedimentation of more

chemically bioavailable OM, leaving less energeti-

cally-favorable terrestrial compounds behind for

microbial use (Lalonde et al. 2012).

We propose three further explanations for the

aquatic C paradox informed by paradigm shifts in

SOM research (Kleber and Johnson 2010; Schmidt

et al. 2011). The first two are founded on changing

perceptions of the relationship between chemical

structure and persistence and between 14C age and

reactivity. First, aromatic compounds used as conser-

vative terrestrial biomarkers (e.g., lignin, fire-derived

or black C) are not inherently resistant to microbial

decay in soils; hence, their decomposition in water is

not paradoxical. Second, revised interpretations of 14C

ages fueled by new data challenge historical predic-

tions of age and reactivity. Third, the use of plant

biomarkers as exclusive indicators of terrigenous OM

does not take into account large and often dominant

contributions of microbial inputs to SOM. Hence,

much OM delivered to aquatic ecosystems may not be

identified by common chemical and isotopic methods

as coming from a terrestrial source.

As soils are a major contributor of OM to inland

water bodies and coastal systems (Raymond and Bauer

2001; Benner et al. 2004; Jaffé et al. 2013), under-

standing processes controlling SOM transformations

and mobilization is important for improving predic-

tions of C turnover during transport from land to the

hydrosphere. Here we propose that interpretations of

OM source, stability, and age in aquatic ecosystems be

reevaluated in the context of a growing consensus in

the soils literature that environmental factors mediate

the influence of molecular structure on the long-term

persistence of OM (Kleber and Johnson 2010; Schmidt

et al. 2011). Environmental variables, e.g., climate,

soil type and disturbance regime, which in turn affect

redox conditions, nutrient availability and decomposer

activity, influence the composition of OM accumulat-

ing in the soil profile and of dissolved OM (DOM)

leached from surface and deep soil horizons. Like-

wise, changes in environmental conditions along

ecosystem boundaries and fluvial networks influence

the rate of decomposition of terrestrially derived OM.

Finally, we provide recommendations for enhanced

interdisciplinary communication of conceptual and

methodological biases, which can help reconcile

conflicts in research paradigms among scientific

communities. The OM components of interest to

aquatic and soils researchers are connected through

food webs and biogeochemical cycles (Meyer and

Edwards 1990; Heyes and Moore 1992). Better

integration of these research communities is critical

for improving global C budgets and advancing C cycle

science (Hedges and Oades 1997; Grimm et al. 2003;

Aufdenkampe et al. 2011).
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Reinterpreting recalcitrance and persistence

of terrigenous OM

Recent conceptual SOM models characterize OM

persistence as a product of multiple environmental

factors that vary spatially and temporally, rather than

as a function of chemical structure alone, and also

recognize the fundamental contribution of microbial

residues to long-lived OM pools (Table 1) (Oades

1988; Kleber and Johnson 2010; Schmidt et al. 2011;

Gleixner 2013). This paradigm is rooted in some of the

earliest work on SOM (for a historical perspective see

Kleber and Johnson 2010) and is gaining wider

acceptance due to improvements in analytical tech-

niques to characterize OM composition. Growing

evidence suggests that molecular structure does not

exclusively predetermine environmental behavior,

altering expectations of reactivity based on chemical

composition. In particular, the use of plant-derived

lignin (Hedges and Mann 1979) is constrained by

evidence that this aromatic compound is biodegraded

in soils (Gleixner et al. 2002; Dignac et al. 2005),

vegetation leachates (Pellerin et al. 2012), rivers

(Ward et al. 2013), and in marine water (Hernes and

Benner 2003). Fractionation of lignin phenols during

the processes of solubilization and sorption has also

been shown to affect the interpretation of this

biomarker in aquatic systems (Hernes et al. 2007;

Spencer et al. 2008, 2012b). Here we briefly describe

how changing perceptions of the role of chemical

structure in controlling SOM decomposition rates

(Table 1) can explain the biodegradation of terrige-

nous OM in marine systems.

Expectations of low bioavailability of aromatic

compounds are founded on early work relating chem-

ical SOM extraction products with resistance to

decomposition by microbial enzymes and have been

influenced strongly by research on humic substances

(HS) (Stevenson 1994; Hedges et al. 2000; Hatcher

2004; Paul et al. 2006; Kleber and Johnson 2010). The

abundance and old 14C ages of HS in environmental

samples contributed to predictions of long-term sta-

bility for aromatic compounds. Today, the utility of HS

as representative of biological processes occurring in

natural soils is questioned (Hayes and Clapp 2001;

Schmidt et al. 2011), echoing the early concerns of

some of the first chemists experimenting with soils (for

a historical review see Waksman 1935; Kleber and

Johnson 2010). Current conceptual models highlight

the importance of solubility in soil solution rather than

molecular complexity in influencing OM bioavailabil-

ity (Piccolo 2001; Sutton and Sposito 2005; Kleber

et al. 2007; Hayes 2009; Kleber and Johnson 2010;

Schmidt et al. 2011). An increasing number of studies

showing microbial degradation of aquatic HS (Hertk-

orn et al. 2002; Young et al. 2004; Hayes 2009) also

raise uncertainties about the source and behavior of

these compounds in aquatic environments.

Predictions of OM persistence due to aromaticity

are challenged by highly variable turnover rates for

lignin and fire-derived black C observed in terrestrial

and aquatic environments (Benner et al. 1990;

Baldock et al. 1997; Hernes and Benner 2003; Dignac

et al. 2005; Hammes et al. 2008; Mayer et al. 2009;

Benner and Kaiser 2011; Stubbins et al. 2012a).

Despite expectations from plant litter decomposition

studies, lignin does not accumulate preferentially in

most soils (Gleixner et al. 2002; Rumpel et al. 2004;

Feng et al. 2008; Kögel-Knabner et al. 2008;

Carrington et al. 2012). In fact, soils at depth and

marine sediments tend to show an abundance of

straight-chain aliphatic compounds (Oades 1988;

Brocks and Summons 2003; Lorenz et al. 2007),

many of which are attributed to microbial synthesis

during decomposition.

Contradictions in the persistence of lignin in

terrestrial and aquatic environments are, in part,

influenced by inconsistent methodologies among

research communities, which misidentify different

compounds as lignin, in addition to changing para-

digms of recalcitrance (Table 1). Plant lignin is an

aromatic biopolymer of irregular structure, which

confers structural support and resistance to desiccation

(Kögel-Knabner 2002). The term lignin has also been

attributed to the acid-unhydrolyzable residue (AUR)

of a sequential chemical fractionation, which prefer-

entially accumulates in initial stages of litter decom-

position and has been used to predict biomass decay

rates (Melillo et al. 1989; Ryan et al. 1990). Plant and

soil AURs have been shown to contain non-lignin

aromatic compounds, e.g., condensed tannins, and

non-aromatic compounds, e.g., aliphatic C (see Pres-

ton et al. 2009; Hilli et al. 2012). Despite this, aromatic

content continues to influence expectations of OM

decomposition and lignin is still considered a major

component of slow-cycling soil OC pools in models

(Parton et al. 1987) that inform current Earth System

Models and climate change predictions.
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Even black C, composed of highly condensed

aromatic compounds formed during incomplete com-

bustion of OM and long considered to be one of the

least bioavailable components of OM, is susceptible to

fungal colonization and degradation by bacteria

(Hockaday et al. 2006; Nocentini et al. 2010; Spokas

Table 1 Emerging conceptual models of controls on organic matter (OM) persistence in the soils and terrestrial literature influence

predictions of aquatic carbon cycling

Historical understanding Recent findings Current research

paradigm

Implications for aquatic carbon

Recalcitrance of humic

substances arises from

complex, aromatic structures

OM complexity arises from the

micelle-like association of

small compounds through

polar interactions

Solubility is more

important than

molecular complexity

in determining

turnover

Aromatic plant compounds may

not be good conservative

tracers of terrestrial inputs as

they can become degraded in

soil before entering the water

column; Influence of the

environment is important

because it determines the

degree of lignin and plant decay

in soils and the amount

delivered to aquatic systems

The acid unhydrolyzable residue

(AUR) (‘‘lignin’’) of litter

predicts decay rates; Lignin

accumulates in the environment

because of its irregular,

aromatic structure

AUR is composed of non-lignin

aromatic C and non-aromatic

C; Lignin does not accumulate

in well-aerated environments

Organic compound

decay rates vary and

are not pre-determined

by molecular structure

Lignin may not be a good

conservative tracer of terrestrial

inputs as it becomes degraded

in well-areated soils before

entering the water column

Plant-derived aromatic

compounds persist in soils

because of their recalcitrance

Aromatic C tends to decrease

with progressive OM decay in

mineral fractions, deep soils,

and sediments

Given accessibility and

favorable conditions,

microbes are

omnipotent

decomposers

Lignin may not be a good

conservative tracer of terrestrial

inputs as it can become

degraded in soil before entering

the water column; Influence of

the environment is important

because it determines the

degree of lignin and plant decay

in soils and the amount

delivered to aquatic systems

Plant-derived aliphatic

compounds persist in soils

because of their recalcitrance

Microbial products are

dominated by alkyl C

Microbial products make

up a large to dominant

proportion of SOM

The use of plant biomarkers

alone underestimates

terrigenous OM. Terrestrial and

aquatic microbial OM may be

difficult to distinguish,

confounding source allocation

Black C is most recalcitrant and

persists in soils for millenia

Microbes can break down and

assimilate black C and

associated nutrients; Black C

has been underestimated in

river and ocean samples

Black C turnover is

affected by

environmental

properties and

characteristics of the

black C itself

The persistence of black C is

strongly influenced by

environmental conditions.

Black C will exist in different

stages of degradation and is

much more mobile than

previously thought

OM with millenial radiocarbon

ages is recalcitrant

Microbes can respire ancient C,

which can respond on annual

time scales to disturbance

OM can acquire

millenial ages through

multiple pathways

OM with old radiocarbon ages

can be degraded quickly and

does not necessarily imply

long-term persistence in the

source or receiving ecosystems

This table summarizes historical understanding of OM dynamics, recent findings that have changed our understanding and

contributed to current research paradigms about what influences the persistence of OM in the environment and implications for

aquatic carbon cycling
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2010; de la Rosa and Knicker 2011). Variable turnover

rates for black C ranging from\100 years to millennia

reveal the strong influence of physical and chemical

properties of black C and its environment, as well as

uncertainties in the methods used to assess decay rates

(Brodowski et al. 2005; Keiluweit et al. 2010;

Nocentini et al. 2010; Singh et al. 2012). Black C

decomposition is accelerated by soil and sediment

disturbance, which reduces physical protection from

microbial attack and facilitates mobilization to water

bodies (Hockaday et al. 2007; Guggenberger et al.

2008), where it becomes vulnerable to biological

decay and photodegradation (Stubbins et al. 2012a).

Recent observations that dissolved black C can

contribute up to 10 % of global riverine dissolved

OC (DOC) flux (Jaffé et al. 2013) indicate that black C

is much more mobile than previously considered, thus

changing perceptions about its reactivity in the

environment.

Rather than driven by inherent molecular complex-

ity or aromatic structure, OM persistence in soils is a

function of inputs and solubility, the composition and

activity of biological decomposers, and properties of

the solid and pore matrices. These characteristics

interact to influence partitioning between solution and

solid states and the rate of decomposition (Fig. 1)

(Kaiser and Zech 1999; Marschner and Kalbitz 2003;

Dungait et al. 2012; Kaiser and Kalbitz 2012). Matrix

characteristics that affect OM turnover include miner-

alogy, metal concentrations, surface charge and oxi-

dation state of suspended solids and sediments (Fig. 1).

Moisture content, temperature, solution chemistry,

nutrient concentrations, and oxygen availability affect

biological activity in the pores of soils and sediments

and within the water column (Fig. 1). Molecular

structure can mediate interactions with the physical

matrix; e.g., mineral sorption of aromatic compounds

may enhance mean residence times (MRTs) of lignin

phenols in soil (Kramer et al. 2012), but these same

compounds may biodegrade rapidly in the absence of a

stabilizing surface. OM transformations can occur at

all stages along hydrologic networks from the head-

waters to the ocean (Blair and Aller 2012), with rates of

decomposition influenced by spatially and temporally

variable factors such as bedrock geology, topography,

impoundment and weather events which affect water

flow rates (Mosher et al. 2010).

Similar processes occur in well-mixed aqueous

systems (Hedges and Keil 1999; McKnight et al. 2001)

and in lake and marine sediments (Canfield 1994; Keil

et al. 1994; Hedges and Oades 1997; Keil and Mayer

2014). The primary differences between terrestrial and

aquatic systems are residence time and the location of

chemical reactions. Water residence time in streams

and rivers is typically short (days), but can be much

longer in lakes and reservoirs (years), whereas bulk

SOM MRT is on the order of centuries to millennia,

with some components turning over on much shorter

time scales.

In aquatic systems, the location of reactions will

determine controls on OM turnover. In sediments,

nutrient and oxygen availability, and microbial acces-

sibility to OM become important and are controlled by

hydrologic exchange and sediment composition. In the

water column, solution chemistry and temperature are

more important (Hedges and Oades 1997). Further, the

interaction between surface waters and groundwater in

sediments and stream banks (i.e., the hyporheic zone)

create chemical and physical conditions that lead to

extremely high processing rates (e.g., Schindler and

Krabbenhoft 1998). Transitions from terrestrial to

aquatic compartments likely facilitate some of the

highest OM turnover rates because of shifts in

environmental conditions that influence OM solubility

and decomposer activity. For example, northern

temperate lakes can turn over approximately 60 % of

DOM given water residence times[6 years and cool

water conditions (Hanson et al. 2011). Streams and

rivers across a diverse range of environments have

been shown to be responsible for a major efflux of

carbon dioxide (CO2) to the atmosphere (Richey et al.

2002; Butman and Raymond 2011; Raymond et al.

2013; Wang et al. 2013). The amount to which riverine

OM fuels this CO2 efflux remains unclear but recent

studies have shown that the degradation of terrestrially

derived OM appears to be an important driver for CO2

gas fluxes in the Amazon River (Mayorga et al. 2005;

Ward et al. 2013). Additionally, others have reported

increased bioavailability for riverine DOM in Arctic

rivers in conjunction with elevated lignin inputs to the

DOM pool and a modern 14C age (Raymond et al.

2007; Holmes et al. 2008; Spencer et al. 2008). These

studies support the growing consensus that ecosystem

properties (sensu Schmidt et al. 2011) play a funda-

mental role in determining OM turnover and challenge

predictions of bioavailability that rely on molecular

structure and age. Next, we discuss how emerging

understanding of the factors leading to the
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accumulation of OM with apparent old 14C ages under

different environmental conditions can help interpret

the fate of terrestrial OM in aquatic systems.

Reinterpreting predictions of persistence

from radiocarbon ages

Spatial and temporal heterogeneity in the mean 14C

age of OM in aquatic ecosystems has contributed to

uncertainties in estimates of C processing rates and the

fate of terrigenous C. An accumulation of data for

riverine OM indicate high variability in 14C ages

between DOM, most of which is modern, and

particulate OM (POM), which can show large differ-

ences in age (Raymond and Bauer 2001; Benner et al.

2004; Mayorga et al. 2005; Raymond et al. 2007;

Spencer et al. 2012b). Differences in the 14C age of

both DOM and POM between the upper and lower

reaches of one large temperate river led to estimates

that 30–70 % of terrigenous OM with 14C ages

[1,000 years was respired within 30 days of transit

(Cole and Caraco 2001). In the Gulf of Alaska the

proportion of glacial runoff DOC bioavailable to

Fig. 1 The persistence of OM in soil and aquatic ecosystems is

influenced by interactions between the biomass, composition,

metabolic capacity of biological decomposers and OM inputs

and by properties of the solid and pore matrices (each

represented by circles), which control partitioning between

solution and solid phases. Solid matrix characteristics affecting

OM turnover include mineralogy, texture, structure and

aggregation, which interact with properties of the pore spaces

to influence surface charge and oxidation state. Temperature,

solution chemistry, nutrient and oxygen availability affect

biological activity in the pores of soils and sediments and in the

water column. Molecular structure can mediate interactions

with the physical matrix; e.g., mineral sorption of aromatic

compounds may enhance mean residence times of lignin

phenols in soil, but these same compounds may biodegrade

rapidly in the absence of a stabilizing surface. The primary

difference between soils, benthic sediments and the hyporheic

zone of streams and rivers are the stability of the structure of the

solid matrix and its residence time in the system. In aquatic

systems, and less so in soil pores, water residence time is

important in influencing the rate of decomposition of OM by

affecting interactions between substrate, decomposers and solid

surfaces. Different aquatic systems, streams, rivers, lakes and

the ocean differ primarily in hydrologic mixing and water

residence time. Arrows around the three circles (biota, solid

matrix and pore spaces or water) indicate interactions between

all spheres of influence in determining OM turnover rates. Bold

terms in the top circle highlight main differences in properties of

the solution in pore spaces and in the water column between soil

and water systems. Modified from Schmidt et al. (2011)
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microbes was found to increase with 14C age, with up

to 60 % of DOC with 14C ages of ca. 4,000 years

before present readily degraded in 14 day incubations

(Hood et al. 2009).

Observations of OM with old 14C ages rapidly

decomposing on short timescales (days to\1 year) in

the ocean are consistent with evidence that SOM pools

with MRTs [1,000 years can respond to disturbance

in as little as 5–10 years (Paul et al. 2006; Kleber

2010). Increasing data from both soils and aquatic

ecosystems show decoupling between molecular

structure and 14C age (Trumbore 2009; Kleber et al.

2011) and between age and reactivity (Hood et al.

2009; Caraco et al. 2010), further challenging expec-

tations of the persistence of land-derived OM with old
14C values in aquatic environments. Below we sum-

marize some of the mechanisms that can contribute to

the accumulation of OM with old 14C ages under

different environmental conditions.

Organic compounds can acquire long MRTs by

various processes that prevent or slow down microbial

activity, independent of their molecular structure. In

soils, sorption to mineral surfaces and occlusion

within micropores inside soil aggregates contribute

to temporary protection of OM from complete min-

eralization to CO2 (von Lützow et al. 2008; Schmidt

et al. 2011). This results in the accumulation of older

OM in pools that are less accessible to decomposers

and their extracellular enzymes. A disruption of the

mechanisms protecting C from mineralization, such as

physical disturbance of the soil matrix or a shift in soil

moisture, temperature, or pH, can lead to export

(Evans et al. 2007; Moore et al. 2013), microbial

assimilation or respiration of aged OM (Paul et al.

2006). This state shift can occur within the soil column

or as DOM and POM are transported into and

throughout the fluvial network. For example, erosion

can mobilize rock-derived OM into river drainage

systems, exposing formerly protected C pools to

degradation and affecting the age of sediments that

accumulate downstream (Galy and Eglinton 2011).

Organic matter with long MRTs can also result

from recent additions of aged compounds into actively

cycling C pools. Microbial recycling and assimilation

of OM with old 14C ages can confound interpretations

of stability and age. Senescence of OM from long-

lived plants and the atmospheric deposition of fossil-

fuel C (Stubbins et al. 2012b) can contribute to recent

inputs of old C into soil and aquatic systems.

Similarly, the preferential sorption of some microbial

residues, such as proteins, to mineral surfaces can

result in the incorporation of recent inputs, with both

ancient and modern ages, into SOM pools with long

turnover times (Kleber et al. 2007; Miltner et al. 2009;

Miltner et al. 2012; Gleixner 2013).

Bulk C pool MRTs can be altered by the preferen-

tial degradation of select compounds. In an experi-

mental study, photoirradiation caused inconsistent

changes in 14C concentrations of suspended OM from

river, coastal, and shelf sediments (Mayer et al. 2009),

suggesting that old ages and long 14C-based MRTs do

not necessarily indicate selective preservation. The

age of bulk OM pools can also become increasingly

older as recent inputs are selectively oxidized, result-

ing in a shift in the isotopic composition of OM during

diagenetic processes in rivers and marine sediments

(Aller et al. 2008; Blair and Aller 2012).

Recent studies have reported assimilation of mil-

lennial-aged OM into modern soil and aquatic food

webs (Kramer and Gleixner 2006; Caraco et al. 2010;

McCallister and del Giorgio 2012). In the subsoil of

some riparian forests, 30–100 % of microbial respira-

tion was found to be driven by millennial-aged C

(Gurwick et al. 2008). A recent study reported[30 %

loss from biological decay during a 14-day incubation

of DOC with 14C ages [21,000 years old that was

released from permafrost thaw in Siberia (Vonk et al.

2013). Furthermore, when examining controlled mix-

tures of modern OM and thawed permafrost OM,

respiration rates per unit carbon were 1.3–1.6 times

higher in waters containing ancient permafrost C,

highlighting that this ancient OC was more available

for microbial mineralization (Mann et al. 2014). Given

that at least over half of the world’s belowground OC

pool is estimated to be held in northern circumpolar

permafrost (Tarnocai et al. 2009), these results high-

light the critical need to reassess relationships between

age and reactivity and to better understand factors

controlling bioavailability of DOC in order to improve

predictions of positive feedbacks to climate in a

warming world. Respiration of ancient OM to the

atmosphere is certainly problematic to C cycle models

that assume permanent storage of millennial-aged C.

These and other studies illustrate how interpreta-

tions of age and MRT are affected by OM reservoir

heterogeneity, as the presence of even a very small

proportion of ancient C can greatly skew mean

estimates (Torn et al. 2009). Recent conceptual
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models of SOM support the long-term persistence and

ageing of easily degradable OM when conditions are

not favorable for microbial activity. Hence, predic-

tions of OM stability based on interpretations of

source and recalcitrance from 14C data must be

reassessed if we are to accurately understand OM

dynamics across ecosystem boundaries.

Watershed properties can influence the 14C values

of POM in rivers delivered to the ocean. Rivers with

large loads of POM typically have greater proportions

of older OM, representing greater contributions of

rock and soil-derived OM, whereas rivers with lower

sediment export have greater proportions of recently

photosynthesized inputs (Galy et al. 2007; Blair and

Aller 2012). Rivers draining mountainous watersheds

associated with active margins and rapid physical

weathering can also deliver ancient POM (Masiello

and Druffel 2001). On the other hand, low-grade rivers

with extensive floodplains, characteristic of passive

margins, often deliver modern or relatively young C

(Blair and Aller 2012). Understanding the source,

pathway, and environmental context of C inputs can

improve interpretations of variable 14C content of OM

in terrestrial and aquatic ecosystems.

Reinterpreting terrestrial source biomarkers

In the previous sections we discussed how changing

perceptions of the relationships between molecular

complexity, age, and bioavailability can provide

insight into the observed missing terrestrial C in the

ocean. Additionally, we propose that the persistence of

terrestrial OM in aquatic ecosystems is greatly under-

estimated due to an over-reliance on plant-derived

compounds as quantitative indicators of terrestrial

inputs. Microbes not only have the capacity to

decompose lignin but plants produce variable amounts

and types of lignin phenols, which are preferentially

degraded in different terrestrial and aquatic environ-

ments (Kögel 1986; Benner et al. 1990; Spencer et al.

2009), confounding its use as a conservative tracer.

Aquatic macrophytes and some freshwater and marine

algae can also synthesize lignin (Martone et al. 2009).

The geographic and quantitative importance of algal

lignin production still has to be established, but this

non-terrigenous source of lignin adds an additional

constraint on its use as an unequivocal terrestrial

biomarker.

Further contributing to underestimates of terrige-

nous OM inputs is the increasing recognition that

microbes are ubiquitous sources of OM to soils and to

aquatic ecosystems via recycling of plant and animal-

derived OM and synthesis of new products (Hedges

et al. 2000; Ogawa et al. 2001; Jiao et al. 2010; Liang

and Balser 2011; Miltner et al. 2012; Gleixner 2013).

Most terrestrial inputs to aquatic bodies, especially

during, but not limited to, base flow conditions, will

have been transformed in the soil by microbial

processes, even in cold climates (Feng et al. 2010),

and may be unrecognizable as derived from C fixed on

land. The capacity of microbes to break down any

organic compound, given the right environmental

conditions and time, is increasingly recognized (von

Lützow et al. 2006; Kögel-Knabner et al. 2008;

Schmidt et al. 2011; DeAngelis et al. 2011; Gleixner

2013). Even in anaerobic marine sediments, microbes

are estimated to metabolize 30–99 % of deposited OM

(Henrichs 1992). Despite the importance of microbial

inputs to OM pools, microbial residues remain poorly

characterized, especially in aquatic systems.

Organic matter alteration during decomposition

constrains the utility of stable C isotopes and soil

elemental ratios for distinguishing algal and aquatic

macrophyte contributions from terrestrial inputs to

aquatic OM, as values for microbially-processed SOM

and DOM will approach those of aquatic producers

(Meyers 1997; Onstad et al. 2000). Recent plant inputs

into streams from direct leaf fall or from overland flow

transporting forest floor litter layers have large and

variable carbon-to-nitrogen (C-to-N) ratios (40–80),

reflecting plant biomass values (McGroddy et al.

2004). In contrast, OM inputs from aerobic mineral

soil horizons are characterized by smaller C-to-N

ratios and more enriched d13C values, reflecting

preferential loss of C and inputs from N-enriched

microbial biomass (Sanderman et al. 2008, 2009;

Lambert et al. 2011).

Differences in vegetation, rooting depth, and extent

of microbial decomposition can influence depth pro-

files in soil C-to-N ratios, with implications for DOM

export (Fig. 2). In a volcanic soil under tropical

rainforest, SOM with unusually large C-to-N ratios

accumulated in mineral horizons below 30 cm due to

the downward delivery of forest floor POM and DOM

via macropore channels (Fig. 2d) (Marin-Spiotta et al.

2011). Here, the largest soil C-to-N ratios occurred

where fluctuating redox conditions altered vertical
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preferential flowpaths. Differences in hydrology,

mineralogy and soil structure led to contrasting

patterns of soil elemental ratios in a tropical wet

forest soil with lower annual rainfall (Fig. 2e).

Although no DOM data is available for the latter site,

DOM collected from lysimeters in the mineral soil

horizons in the volcanic site also sustained large C-to-

N ratios (Marin-Spiotta et al. 2011). The composition

of DOM exported from these two forest soils and

transported downstream is expected to differ substan-

tially as DOM moving through soils typically closely

resembles mineral-associated OM (Sanderman et al.

2008; Sanderman et al. 2009; Lambert et al. 2011;

Kaiser and Kalbitz 2012). We highlight this example

to show how soil properties can help predict the

biochemical composition of stream DOM by influ-

encing its source.

Integrating reinterpretations of OM persistence

with environmental source conditions

Emerging conceptual models of how environmental

conditions influence the source, composition, and

turnover of OM, and thus predictions of its bioavail-

ability and the presence of land-derived C, can explain

the loss of conventional terrigenous signatures in

aquatic ecosystems. The biochemical and isotopic

composition of OM exported from soils through

fluvial networks is strongly influenced by long-term

environmental factors: climate, seasonality, primary

production, topographic position, properties of

watershed soils and bedrock geology; and by short-

term factors: precipitation events and landscape dis-

turbance affecting microbial processing and hydro-

logic pathways (Nelson et al. 1993; Kaiser and Zech

Fig. 2 Soil organic matter (SOM) chemistry can vary horizon-

tally across sites and vertically within soil profiles, which can

affect the chemistry of dissolved organic matter (DOM)

exported from soils. Depth profiles of soil carbon-to-nitrogen

ratios (C-to-N) from sites with different vegetation and soil

types along a climatic gradient show this variability: a high

altitude alpine vegetation in Tibetan plateau (Yang et al. 2010);

b Mediterranean oak woodland on karst (Corvasce et al. 2006);

c agricultural sites on Mollisols in the U.S. Midwest (Sanford

2012); d tropical rainforest on allophanic Andisol in Hawaii

(Marin-Spiotta et al. 2011); and e subtropical wet forest and

pasture on clayey Oxisol in Puerto Rico (Marin-Spiotta et al.

2009)
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1997; Striegl et al. 2005; Sanderman et al. 2009;

Kaiser and Kalbitz 2012; Stanley et al. 2012). Thus,

the environmental controls under which OM is

released from soils influence downstream C sources

and stocks and should therefore be considered in

predictions of aquatic C fluxes.

Recent understanding of the processes leading to

the formation of DOM in soils suggests that dynamic

exchange occurs between the mineral matrix and OM

available for transport to aquatic systems. Soil profiles

have been viewed traditionally as chromatographic

columns, stripping the more sorptive compounds from

solution as water moved down the soil profile.

However, increasing evidence indicates that DOM in

surface and deeper mineral soils varies substantially

with composition of the mineral-associated SOM

(Sanderman et al. 2008; Kaiser and Kalbitz 2012).

Kaiser and Kalbitz (2012) recently proposed a model

where sorption and precipitation, microbial process-

ing, and desorption and dissolution contribute to

strong vertical differentiation in the composition and
14C age of mineral-associated SOM and of soil DOM

(Fig. 3).

Storm events and hydrologic flowpaths can affect

the spatial and temporal heterogeneity of land-derived

C transported to fluvial networks and delivered to the

ocean. Riverine OM composition has been shown to

vary widely with hydrologic drivers in a range of

watersheds from the Arctic to the tropics (Spencer

et al. 2008, 2010, 2012b; Bouillon et al. 2012). During

high-flow conditions, stream DOM can resemble

surface soil DOM with large C-to-N ratios, typically

increased aromaticity, and contemporary 14C values,

indicative of recent or less decomposed plant litter

inputs (Fig. 3) (Dai et al. 2001; Sanderman et al.

2009). During low flow, stream DOM resembles deep

SOM with older 14C ages, small C-to-N ratios and

decreased aromaticity, typical of microbially-pro-

cessed OM (Fig. 3) (Striegl et al. 2005; Sanderman

et al. 2009; Spencer et al. 2010). These differences in

hydrologic pathways can contribute to large seasonal

variability reported in the biochemical composition

and bioavailability of DOM in large rivers from the

Arctic to the equator by affecting the source of

terrestrial inputs (Holmes et al. 2008; Spencer et al.

2008, 2012b; Wickland et al. 2012).

Landscape position can affect the quantity and

composition of DOM produced in soils and trans-

ported to streams by influencing drainage and the

extent of microbial decomposition of SOM. Well-

drained soils, characteristic of those in upland posi-

tions, have a greater proportion of more decomposed

and microbially-derived OM than soils in lowland

positions or with poor drainage, such as wetlands and

peatlands, where a greater proportion of plant-derived

OM accumulates deeper in the soil profile (Fig. 4). In

heterogeneous watersheds, seasonal and storm-driven

changes in hydrology can alter the contribution of

forested areas and wetlands to stream DOM (Laudon

et al. 2011; Lambert et al. 2013). Under low flow

conditions, wetland soils contribute greater concen-

trations of DOC than upland soils, where much OM

has been decomposed. During low flow conditions,

wetlands in low topographic positions were found to

be the primary source of DOC to streams in a boreal

Swedish watershed, whereas upland forested soils

contributed DOC during high flow conditions due to

varying groundwater levels (Laudon et al. 2011).

Where most inputs to aquatic systems are dominated

by recent plant inputs and less decomposed OM,

concentrations of DOC in the absence of new inputs

are predicted to decline significantly from the

Fig. 3 The chemical composition and age of OM transported

from soils into aquatic ecosystems reflects the composition and

age of bulk SOM and varies with soil depth and with hydrologic

flowpath. Surface soils are enriched in recent, plant-derived OM

with larger C-to-N ratios, carbohydrates and lignin concentra-

tions, whereas deeper soil horizons tend to accumulate older,

more decomposed OM with a greater contribution of microbi-

ally-processed and synthesized compounds and smaller C-to-N

ratios. Thus, during base flow or low flow conditions, DOM will

reflect inputs from deeper soils, while during peak flow or

overland flow, DOM exported from soils will reflect surface

SOM. Modified from Kaiser and Kalbitz (2012) and Sanderman

et al. (2008)
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headwaters to the lower riverine reaches, as most

plant-derived OM is consumed by aquatic microbial

communities (Fig. 4b). On the other hand, where

inputs from soils are dominated by microbial inputs

(Fig. 4a), concentrations of DOC will vary much less

during transport to the ocean, as highly processed OM

is expected to be a poor energy substrate for down-

stream productivity (Kaiser and Kalbitz 2012).

Land use can alter the composition of riverine OM

by affecting plant cover, input quantity and source,

and degree of microbial transformations (Williams

et al. 2010; Stanley et al. 2012). Differences in

watershed land cover, in addition to seasonal changes

in water flow, can explain variability in OM compo-

sition among rivers (Duan et al. 2007; Spencer et al.

2010, 2012a). At the field scale, management practices

that alter drainage can leave a strong imprint on the

seasonal quantity and chemistry of DOM exported

from agricultural landscapes. Stream DOM draining

fields with subsurface drainage showed little evidence

of a terrestrial signature based on fluorescence indices,

because the source was microbially-processed SOM in

deep mineral horizons (Dalzell et al. 2011). The use of

d13C to distinguish terrigenous OM from aquatic

production is confounded further in agricultural

watersheds and in arid and tropical grasslands dom-

inated by C4 plants, where SOM is enriched in d13C

compared to soils under C3 plant cover (Bernardes

et al. 2004). Variability in isotopic composition of

POM derived from highly-processed SOM and under

different land cover types can make it indistinguish-

able from plankton residues in marine sediments

(Onstad et al. 2000). Many forested watersheds occur

on formerly cultivated land where SOM may exhibit

isotopic signatures that result from a legacy of mixed

vegetation (Marin-Spiotta et al. 2009). Prior land use

Fig. 4 The persistence of the terrestrial signature of OM

transported from soils via rivers to the ocean is influenced by

both the concentration of OM at the source and its degree of

decomposition, i.e., the relative contributions of plant versus

microbial-derived compounds. The properties of DOM and

POM exported from soils vary with soil depth, drainage, and

topographic position. a Well-drained soils in upland positions

have a greater proportion of microbially-derived OM down the

soil profile. b In poorly-drained soils or wetlands at low

topographic positions, a greater proportion of less decomposed

plant-derived OM accumulates deeper in the soil profile.

Concentrations of DOC exported to streams from wetlands will

be greater than DOC exported from upland soils but are

predicted to decline during transport as most plant-derived OM

is consumed. In contrast, DOC concentrations from watersheds

dominated by upland soils will vary less during transport to the

ocean, as highly processed OM is expected to be a poor energy

substrate for downstream productivity
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and disturbance can have long-lasting effects on the

composition of OM exported to rivers. In a Brazilian

watershed, large amounts of black C from historical

fires continued to be mobilized during the rainy season

40 years after widespread burning activities ceased

(Dittmar et al. 2012), with previously discussed

implications for aquatic C dynamics.

Furthermore, landscape disturbance and soil ero-

sion can affect characteristics of both POM and DOM

exported from soils. The removal of topsoil and

exposure of lower soil horizons can result in the

transfer of DOM during high flow conditions that

resembles DOM transported during base flow condi-

tions from undisturbed ecosystems. Erosion also

increases the amount of POM and mineral-associated

OM moving through waterways (Jung et al. 2012),

thereby affecting processes controlling OM turnover

during transport and the eventual fate of terrestrial C

(Berhe and Kleber 2013).

Advancing carbon cycle science at the land–water

interface

Emerging paradigms from SOM research on the

importance of environmental properties in determin-

ing OM turnover provide a framework for reinterpret-

ing the fate of terrestrial C delivered to the ocean. We

have proposed that: (1) predictions of OM turnover

from molecular structure alone ignore the importance

of environmental conditions in controlling decom-

poser accessibility and activity; (2) old 14C ages do not

imply preservation in an unchanged state and are not

strong predictors of biological availability; and (3) the

use of plant-derived indices likely grossly underesti-

mate terrestrial contributions to aquatic OM as most

OM accumulating in soils has undergone some degree

of microbial alteration. These changing perceptions on

the source, composition, turnover and persistence of

OM can improve our understanding of aquatic C

cycling.

Rapid decomposition of terrigenous OM in aquatic

systems does not support earlier perspectives that

inland water channels were passive connectors (pipes)

between soils and the ocean (cf., Cole et al. 2007;

Aufdenkampe et al. 2011). The decoupling between

molecular structure, 14C age, and predictions of SOM

persistence is consistent with growing evidence in the

aquatic geosciences literature of heterogeneity of OM

composition and age along fluvial networks and of the

active role of inland water bodies in the global C cycle

(Aufdenkampe et al. 2011). Although recent studies

suggest that lakes and rivers actively process OC and

can be large sources of CO2 (Richey et al. 2002;

Butman and Raymond 2011; Striegl et al. 2012), most

global C models still aggregate soils and inland water

bodies (lakes, streams, and rivers) into one land flux to

the ocean (Cole et al. 2007; Battin et al. 2009; Tranvik

et al. 2009; Aufdenkampe et al. 2011).

Predicting the response of aquatic C pools to

climate and land-use change requires the incorpora-

tion of new knowledge of OM processing across the

soil–water interface. This will be possible only

through increased collaborations between aquatic

and soil biogeochemists, who predominantly work in

isolation of each other (but see Hedges and Oades

1997; Grimm et al. 2003; Spencer et al. 2012b).

Carbon cycle science is inherently multidisciplinary.

Exchange of new research paradigms is essential for

improving estimates of OC turnover in terrestrial and

aquatic reservoirs. Below, we suggest specific avenues

by which enhanced interdisciplinary communication

can be achieved.

Early and targeted educational opportunities are

crucial for training C cycle scientists to have an

integrated systems perspective that enables them to

transcend disciplinary boundaries. In fact, this paper

was conceived during a graduate seminar that brought

together students from geography, limnology, soil

science, botany and forestry. An in-depth historical

exploration of methods and conceptual models in this

diverse setting accentuated how differences in

research paradigms can influence interpretations of

literature across disciplines.

Organized symposia provide an effective way to

bridge research communities. Select efforts by some

societies and small meetings, like the European-

funded SOM meeting in Switzerland in October

2012 (Schmidt and Eglinton 2013), are starting to

target broader audiences. Annual scientific meetings

draw increasingly diverse audiences but could benefit

from greater promotion of cross-disciplinary and

cross-ecosystem symposia. Too often, SOM sessions

run parallel to aquatic biogeochemistry sessions.

Research across the soil–water interface demands

innovative funding opportunities and increased col-

laborations among terrestrial and aquatic scientists to

further investigate hydrologic pathways between soils

Biogeochemistry

123



and headwater stream networks, wetlands, major

rivers, and coastal ecosystems. Soil scientists have

historically focused on SOM stabilization; although

increasing work shows that the exchange between the

solid and dissolved phase in soils is a lot more dynamic

than originally thought (Kaiser and Kalbitz 2012).

More research on the processes leading to OM

mobilization at the pedon and landscape scale will

benefit models that quantify C transfer across ecosys-

tem boundaries and help identify hotspots of C sources

to the atmosphere. For example, a greater understand-

ing of the factors leading to the mobilization of black

C from soils to aquatic systems is relevant for

improving estimates of global C cycling and down-

stream trophic dynamics (Jaffé et al. 2013), as well as

predictions of the long-term viability of geoengineer-

ing C sequestration projects, such as the application of

biochar to soils (Masiello and Louchouarn 2013).

New research initiatives, like the international

Critical Zone Exploration Network and the U.S.-based

Critical Zone Observatories, provide opportunities for

measuring hydrologic dynamics and physical, chem-

ical, and biological processes at the interface between

land, water, and the atmosphere at the same sites and

same temporal and spatial scales as long as they draw

diverse groups of scientists. Work across latitudinal

and altitudinal gradients can improve quantification of

environmental controls on OM biochemical composi-

tion and turnover to better inform process-based

models.

Similarly, increased collaborations between micro-

bial ecologists and biogeochemists and the develop-

ment and deployment of improved tools to study

decomposition and other process rates in situ are

necessary for advancing our understanding of biolog-

ical controls on C turnover across environmental

gradients. Methods that address interactions between

OM and its surrounding matrix and include measure-

ments of environmental properties at relevant time-

scales (e.g., in situ optical sensors; Spencer et al. 2007;

Vargas et al. 2010; Pellerin et al. 2012) will enhance

predictions of OM processing.

Unprecedented rates of anthropogenic environmen-

tal change affect C transfer between the biosphere,

lithosphere, hydrosphere, and atmosphere. Increasing

temperatures and frequency and severity of precipita-

tion events and landscape disturbance can destabilize

ancient terrestrial C pools by accelerating thawing of

OM-rich environments and mobilizing large amounts

of sediment (Zimov et al. 2006; Guo et al. 2007; Galy

and Eglinton 2011; Vonk et al. 2013). Assessment of

the implications of these global environmental

changes requires accurate knowledge of OM sources

and process rates as well as effective communication

across scientific disciplines. Increased interdisciplin-

ary exchange between terrestrial and aquatic research

communities and integration of emerging paradigms

will lead to deeper understanding of environmental

controls on the mobilization and decomposition of

OM, which is essential for predicting the response of

vulnerable OC pools across land–water networks to

accelerating global change.
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Kögel I (1986) Estimation and decomposition pattern of the

lignin component in forest humus layers. Soil Biol Bio-

chem 18(6):589–594
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von Lützow M, Kögel-Knabner I, Ekschmitt K, Matzner E,

Guggenberger G, Marschner B, Flessa H (2006) Stabil-

ization of organic matter in temperate soils: mechanisms

and their relevance under different soil conditions—a

review. Eur J Soil Sci 57(4):426–445
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