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Abstract 

This chapter provides a general background on the sources, transformation, and transport of particulate organic carbon 
(POC) in estuarine and other coastal systems. It begins with methods of POC quantification and extraction. This is followed 
by a section on sources of POC in these dynamic systems, which extends across terrestrial, estuarine, and marine sources. 
More emphasis has been placed on POC sources from primary production rather than secondary production, and the 
complexity of trophic dynamics is covered elsewhere in this treatise. Bulk characterization of POC using spectroscopic 
techniques (e.g., stable isotopes and nuclear magnetic resonance spectroscopy) and other methods is then discussed followed 
by a more molecular approach using chemical biomarkers in combination with compound-specific isotope analyses. 
Compositional information about POC is then interfaced with its effects on decay rates of different detrital sources. 
Transport of POC within estuarine systems and in large river coastal environments is also discussed here. Finally, the chapter 
concludes with examples of POC budgets in some well-studied estuarine systems along with some summary remarks and 
some future directions. 
 

5.03.1 Introduction 

As a primary biogenic element, carbon (C) exists in estuaries 
and other aquatic systems in a variety of forms, including 
inorganic, organic, particulate, and dissolved. Although the 
inorganic forms of C are fairly simple and dominated by car
bonates, organic forms are estimated to be composed of at least 
millions of individual compounds (Holmen, 2000; Berner, 
2004; Bianchi, 2007). As we shall see, an organic substance’s 
behavior, reactivity, and fate in aquatic systems, and particu
larly in estuaries where steep gradients exist in ionic strength, 
light, turbidity, and microbial communities, strongly depend 
on whether that substance is present in dissolved or particulate 
forms. 

Although the global C cycle is complex, it is nowadays 
the best understood of all the bioactive element cycles due 
to the role of radiatively important trace gases such as 
carbon dioxide (CO2) and methane (CH4) in the  atmo
sphere (e.g., see reviews by Keeling, 1973; Degens et al., 
1984; Siegenthaler and Sarmiento, 1993; Sundquist, 1993; 
Schimel et al., 1995; Holmen, 2000). Short-term controls 
on the C cycle are largely a function of the uptake of 
inorganic C by autotrophs to fuel fixation in photosynth
esis, and the utilization of organic carbon (OC) as a food 
resource by heterotrophs (primarily prokaryotic bacteria) 
recycling inorganic C back into the system. By contrast, 
the long-term C cycle involves the transfer of C to and 
from rocks resulting in atmospheric changes in CO2 that 
cannot be attributed to the short-term cycling effects 
(Berner, 2004). 

The living and nonliving (detritus) sources of organic 
matter to estuaries can be divided into allochthonous and 
autochthonous pools – sources produced outside and 
within the boundaries of the estuary proper, respectively. 
The dominant allochthonous inputs of both dissolved OC 
(DOC) and particulate OC (POC) to estuaries are from 
riverine (e.g., terrestrial plant detritus and freshwater 
plankton), marine plankton (e.g., phytoplankton, zooplank
ton, bacterioplankton, and virioplankton), and bordering 
wetland sources (mangroves and freshwater/salt marshes). 
Autochthonous sources typically include estuarine plankton, 
benthic and epiphytic micro–macroalgae, emergent and 
submergent (e.g., seagrasses) aquatic vegetation (EAV and 
SAV) within the estuary proper, and secondary production 
(e.g., zooplankton, fishes, and benthic animals). 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
The general processes controlling the production and 
transformation of POC, in particular, are discussed in this 
chapter. However, because of the unique interactions between 
organic materials and inorganic particles, some of the asso
ciated stoichiometric aspects of the other main biogenic 
elements (e.g., C, N, P, and S) comprising particulate organic 
matter (POM) in general, as well as the mineralogical aspects 
of estuarine particles and their interactions with organic mate
rials (e.g., sorptive, desorptive, and configurational) are also 
discussed. 
5.03.2 POC Quantification and Characterization 

5.03.2.1 Methods for Bulk and Fraction Analyses of POC 

5.03.2.1.1 Separation of POC from estuarine/coastal water 
samples 
Numerous methods have been used over the past century to 
separate, extract, and subsequently analyze aqueous samples for 
POC from estuarine environments. The presence of bacteria in 
the filtrate and/or on the filter presents two major potential 
complications: (1) if the sample is not preserved rapidly enough 
by freezing with inorganic poisons (e.g., HCl, H2SO4, and
HgCl2) or by freezing, bacterial activity may alter the quantity 
and quality (e.g., its isotopic and molecular composition) of 
POC and (2) the bacterial biomass itself, and its component 
biomolecules, which may be significantly different than the 
ambient POC, will be included in the operationally defined 
pools of POC (see techniques described in Hansell and 
Carlson (2002) and Findlay et al. (2003)). The gamma proteo
bacteria are typically the most abundant groups of bacteria in 
aquatic ecosystems (Eilers et al., 2000). Viruses, which are not 
classified as organisms, may also be important contributors to 
the DOC pool because they can cause bacteria and phytoplank
ton (generally included in the POC) cells to burst, via lysis, 
releasing dissolved cellular components into the dissolved 
organic matter (DOM) pool (Suttle, 1994; Wilhelm and Suttle, 
1999; Wommack and Colwell, 2000; Gastrich et al., 2002). 

5.03.2.1.2 Standard vacuum and inline filtration techniques 
Depending upon the specific type of analysis to be conducted, 
the choice of filter material (i.e., organic vs. inorganic) may be 
limited. There is a large spectrum of filter types and sizes that 
can be used with these techniques that are discussed in detail in 
Grasshoff et al. (1999). 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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5.03.2.1.3 Refrigerated continuous-flow centrifugation 
Continuous-flow centrifugation allows for particles to be col
lected in amounts that are an order of magnitude above what 
is typically collected by filtration techniques (e.g., grams vs. 
milligrams) (Grasshoff et al., 1999). This is typically per
formed under refrigeration to preserve the integrity of the 
POC constituents in the sample; for more details on this 
method, see Grasshoff et al. (1999). Recent work has shown 
that characterizing POC in river particles has proved to be 
extremely useful for chemical biomarker studies (Bianchi 
et al., 2007). 

5.03.2.1.4 Field-flow fractionation 
Separates both soluble and colloidal components over a wide 
size range – especially, unmatched powers in submicrometer 
range with a large dynamic range – from a few nanometers to 
a few micrometers (Messaud et al., 2009). It also has the 
benefit of rapid analysis, typically 10–30 min. Field-flow 
fractionation (FFF) represents a family of analytical techni
ques developed specifically for isolating and characterizing 
macromolecules, supramolecular assemblies, colloids, and 
particles. FFF utilizes the combined effects of a laminar-flow 
profile with an exponential concentration profile of analyte 
components (Messaud et al., 2009), and is undergoing 
increasingly widespread use in aquatic sciences. For example, 
FFF has provided a unique approach for the separation of 
marine colloidal matter by molecular size (Beckett and Hart, 
1993; Hasselhov et al., 1996; Floge and Wells, 2007, and
references therein). FFF is a chromatographic style analytical 
technique that separates colloids as a function of their diffu
sion coefficient (Giddings, 1993). This allows for the ability 
to obtain a continuous size spectrum of colloidal matter that 
may then be analyzed by various inline detectors (e.g., spec
trophotometers and fluorometers) and other techniques 
(Floge and Wells, 2007). 

5.03.2.1.5 Flow cytometry 
Flow cytometry was introduced into biological oceanogra
phy as a means to rapidly and precisely estimate cell 
numbers of pico- and nano-phytoplankton (e.g., algal cells 
of less than 20 µm in size), within the ecological time of 
phytoplankton cycles (Legendre and Le Fevre, 1989; 
Legendre and Yentsch, 1989; Wietzorrek et al., 1994). This 
method has complemented epifluorescence microscopy by 
allowing higher sampling of cell composition and number 
along ship transects and during incubation experiments. 
Flow cytometry also allows for the quantification of cellular 
pigmentation (e.g., chlorophyll and phycobilins). This infor
mation is useful in determining how changes in light, 
nutrients, and other physical parameters affect phytoplank
ton physiology over ecological time. Flow cytometry has also 
been used to study ecophysiological aspects of pico- and 
nano-phytoplankton through the use of specific fluorescent 
dyes and/or fluorogenic substrates (Dorsey et al., 1989). 
More recently, there have been new developments that 
allow for the application of flow-cytometric sorting and 
direct temperature-resolved mass spectrometry (DT-MS) to 
examine POC samples (Minor et al., 1999). DT-MS is a rapid 
(~2-min) measurement that provides molecular-level char
acterization across a wide range of compound classes, 
including both desorbable and pyrolyzable components. 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
Consequently, this technique along with flow cytometry 
bridges the gap between information available from bulk 
measurements, such as elemental analysis, and information 
derived from detailed but laborious compound-class-specific 
analyses. Finally, as flow cytometry has been shown to be 
useful because of its speed and quantitative measurements, it 
has been limited by the need to take discrete water samples 
for analysis on board ship or in the laboratory. To solve this 
problem, recent work has developed an automated flow 
cytometer (FlowCytobot) that can operate in situ and unat
tended (Olson et al., 2003). 

5.03.2.1.6 Transmissometry 
Transmissometry is one of the most commonly used techni
ques, usually as part of a conductivity temperature depth 
profiler, to obtain an estimate of the particle abundance in 
the water column, which, in part, may be composed of POC. 
The earliest measurements of particle abundance were made 
using a Secchi disk, created in 1865 by Pietro Angelo Secchi. 
The disk is mounted on a weighted line that is lowered through 
the water column. The depth at which the pattern on the disk is 
no longer visible is taken as a measure of the transparency 
of the water. The length of line payed out must be corrected 
by any angle to the line. Other factors such as the time of day 
(i.e., light penetration) and angle to the sun must also be taken 
into consideration. Owing to their simplicity, Secchi disk mea
surements are still commonly included in present-day aquatic 
studies. 

In transmissometry, the beam of a transmissometer mea
sures the fraction of light, from a collimated light source, that 
reaches a light detector at a set distance away. Light that is 
absorbed or scattered by the media (usually water) between 
the source and the detector will not reach the detector. The 
fraction of light that is received is converted to the beam 
attenuation coefficient (usually called ‘c’) using  the  formula
c = ln(T)/z, where  T is the fraction of light transmitted and z 
the path length of the instrument. The transmissometer 
beam typically has a wavelength of 660 nm (spectral line 
width = 40 nm), a path length of 10 cm, and a pressure rating 
of 2000 m of water. Thus, the measurement of c at 660 nm 
(c660) is related to the concentration of particulates in the 
water; this relationship varies with the composition of parti
cles present. 

5.03.2.1.7 Spectrofluorometry 
As mentioned earlier, chlorophyll a concentrations have been 
routinely measured for estimating standing stock and produc
tivity of photoautotrophic cells in freshwater and marine 
environments. However, it should be noted that although 
the carbon:chlorophyll a (C:Chl-a) ratio of photoautotrophic 
cells varies considerably as a function of environmental con
ditions and growth rate (Laws et al., 1983), chlorophyll a 
remains the primary method for determining the biomass of 
photoautotrophs in aquatic ecosystems. Spectrophotometric 
analysis of chlorophyll pigments were developed in the 1930s 
and 1940s (Weber et al., 1986). Richards and Thompson 
(1952) introduced a trichromatic technique that was sup
posed to measure chlorophylls a, b, and  c; these equations 
attempted to correct for interferences from other chlorophylls 
at the maximum absorption wavelength for each one. 
A number of modifications were made to these equations, 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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which purportedly produce better estimates of the chloro
phylls (Parsons and Strickland, 1963; UNESCO, 1966; 
Jeffrey and Humphrey, 1975). Since the 1960s, the now 
used fluorometric method has generally been used for ana
lyses in the field. However, many of the early fluorometers 
could not unambiguously distinguish fluorescence band 
overlaps when detected with by wide band-pass filters (Trees 
et al., 1985). Moreover, such fluorometers generally under
estimated chlorophyll b and overestimated chlorophyll a 
when chlorophyll c co-occurred in high concentrations 
(Bianchi et al., 1995; Jeffrey et al., 1997). Finally, pheopig
ments were generally overestimated and underestimated 
when large amounts of chlorophylls b and c were present, 
respectively (Bianchi et al., 1995; Jeffrey et al., 1997; and
references therein). However, many of the more recently 
developed spectrofluorometers have improved considerably 
to deal with such interference problems (e.g., Dandonneau 
and Niang, 2007). Moreover, in vivo spectrofluorometric ana
lyses over large distances still prove useful for rapid results, 
over the more time-consuming, albeit accurate method 
of high-performance liquid chromatography (HPLC) (Jeffrey 
et al., 1997, and references therein). 

5.03.2.1.8 Satellite imagery 
POC in coastal margin environments typically occurs in com
plex systems where most features vary dramatically in time and 
space. Over short timescales (e.g., hours to days), this varia
bility limits the utility of shipboard in situ measurements for 
mapping the spatial concentration and flux of materials in 
coastal margins. Although data obtained from satellites can 
provide some of the routine, synoptic information required to 
study these complex environments, commensurate shipboard 
measurements are frequently needed to translate remote-
sensing imagery to meaningful biogeochemical parameters 
and to facilitate process-based studies. In addition, remote 
sensing affords the ability to extend potentially locally derived 
information to regional and global scales. 

Ocean color data acquired from SeaWiFS (sea-viewing 
wide field-of-view sensor) and other satellite-based sensors 
provide the best practical means of monitoring the spatial 
and temporal variability of near-surface phytoplankton in the 
open ocean and coastal environments (O’Reilly et al., 1998; 
Miller et al., 2005). Although the general principles of relating 
ocean color data to the concentration of in-water constituents 
is well established (O’Reilly et al., 1998), the difficulties in 
applying ocean color data to coastal waters are equally well 
documented (Gould and Arnone, 1997a, 1997b, 1998; Miller 
et al., 2005). The problems associated with the application of 
ocean color data to coastal waters can be attributed, in large 
part, to the optically complex nature (absorption and 
attenuation) of these environments and the violation of the 
basic assumptions employed to remove the effects of the 
atmosphere (e.g., dark pixel subtraction; see Siegel et al., 
2000) from satellite data. Oceanic waters have been differen
tiated according to their optical characteristics into two 
classes: case 1 waters, where the presence of chlorophyll and 
covarying materials govern the optical properties of seawater, 
and case 2 waters, where the presence of materials which do 
not covary with chlorophyll govern the optical environment 
(Morel and Prieur, 1977). In case 1 waters, ocean color ana
lysis has been applied to successfully retrieve pigment 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
concentrations and biomass (Gordon et al., 1983). Thus, in 
biologically dominated optical environments (i.e., regions 
where the inherent optical parameters covary with chloro
phyll concentration), the bio-optical models perform 
reasonably well, returning pigment concentrations in reason
able agreement with field measurements (Gordon et al., 
1983). However, the application of ocean color analysis in 
case 2 waters (i.e., river-dominated coastal environments) is 
more complicated. This is largely due to the presence of 
materials that do not covary with chlorophyll such as colored 
DOM (CDOM) from terrestrial  and  marine  sources,  litho-
genic particles from terrestrial sources or resuspended from 
shallow bottom regions, colloidal materials, and other 
organic particles that are derived chemically or biologically 
from river discharges. The presence of these substances creates 
an extremely complex optical environment. In addition, these 
materials and the target material, chlorophyll a, are rapidly 
processed and modified by physical, biological, and chemical 
action in coastal margins. This results in a highly dynamic 
and highly variable environment in which the properties 
affecting optical characteristics vary dramatically in both 
time and space. This ultimately degrades the performance of 
bio-optical models causing higher pigment retrieval inaccura
cies (Carder et al., 1991). 

The development of optical models in case 2 waters requires 
optical parameters that take into account not only the biology 
but also the geological and chemical processes at work in these 
environments. Additionally, remote-sensing applications in 
case 2 oceanic environments may require the development of 
regional algorithms that take into account the unique setting 
and dominant influences of a given region, as opposed to the 
global algorithm approach applied in case 1 waters. Presently, 
the major limitation to algorithm development for ocean color 
analysis in case 2 waters is the lack of bio-optical field data 
(i.e., inherent and apparent optical properties) collected in 
conjunction with available satellite imagery (Carder et al., 
1999), and in conjunction with the various factors that deter
mine and control the optical properties. 

5.03.2.1.9 Elemental composition 
The abundance and ratios of biologically important elements 
in biogeochemical cycles (e.g., C, H, N, O, S, and P) provide 
fundamental information on organic matter sources and 
cycling in estuaries. For example, concentrations of POC pro
vide the most important indicator of particulates because, in 
general, the majority (≤50%) of POM is comprised of C. 
Consequently, although POC concentrations provide essen
tial information on spatial and temporal dynamics of organic 
matter, they lack any specificity as to sources or ages of the 
material. 

When bulk POC concentrations are combined with addi
tional elemental information, basic source information can be 
inferred about, for example, algal and terrestrial source materi
als (see review by Meyers (1997)). The broad range of C:N 
values across divergent sources of organic matter in the bio
sphere demonstrate how such a ratio can provide an initial 
proxy for determining source information (Table 1). 

The basic idea behind the use of C:N ratios as source indi
cators is due to the carbohydrate-rich (e.g., cellulose)/protein
poor and protein-rich/carbohydrate-poor nature of vascular 
plants (C:N ≥ ~17) and microalgae (C:N = 5–7), respectively. 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 1 Approximate carbon-to-nitrogen 
ratios in some terrestrial and marine producersa 

C:N 

Terrestrial 
Leaves 100 
Wood 1000 

Marine vascular plants 
Zostera marina 17–70 
Spartina alterniflora 24–45 
Spartina patens 37–41 

Marine macroalgae 
Browns (Fucus, Laminaria) 30 (16–68) 
Greens 10–60 
Reds 20 

Microalgae and microbes 
Diatoms 6.5 
Greens 6 
Blue-greens 6.3 
Peridineans 11 
Bacteria 5.7 
Fungi 10 

aData compiled in Fenchel and Jorgensen (1977),
 
Alexander (1977), Fenchel and Blackburn (1979), and data
 
of I. Valiela and J.M. Teal.
 
Adapted from Valiela, I., 1995. Marine Ecological
 
Processes, Second ed. Springer, New York, NY, 686 pp. 

Figure 1 (a) Regression of dissolved nitrate and phosphate from wes
tern Atlantic waters showing a ratio of approximately 16:1. (b) Regression 
of total (dissolve and particulate) nitrogen and phosphorus from estu
aries, surface films and oceanic surface (< 50 m), and deepwaters. 
(a) Reproduced from Redfield, A.C., Ketchum, B.H., Richards, F.A., 1963. 
The influence of organisms on the composition of seawater. In: Hill, M.N. 
(Ed.), The Sea. Wiley-Interscience, New York, NY, vol. 2, pp. 26–87; 
Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University 
Press, New York, NY, 720 pp. (b) Reproduced from Downing, 1997; 
Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, 
New York, NY, 720 pp. 
The carbohydrates supporting the elevated C content of vascu
lar plants tend to be dominated by structural polysaccharides 
such as cellulose, hemicellulose, and pectin (Aspinall, 1970). 
For example, simple mixing models based on C:N weight ratios 
of ~6 for marine (Müller, 1977) and ~13 for terrestrial (Parrish 
et al., 1992) organic matter end members (Colombo et al., 
1996a, 1996b) have been used to estimate the relative contri
butions of terrestrial versus marine sources in coastal and 
estuarine waters. 

An examination of the average atomic ratios of C, N, and P 
in phytoplankton shows a relatively consistent ratio of 
106:16:1 in most marine and estuarine species. This is perhaps 
the best example of applied stoichiometric principles in natural 
ecosystems and is derived from the classic work of Alfred C 
Redfield (1890–1983) (Redfield, 1958; Redfield et al., 1963). 
More specifically, Redfield compared the ratios of C, N, and P 
of dissolved nutrients in marine and estuarine waters to that of 
suspended marine particulate matter (seston, which is assumed 
to be dominated by phytoplankton) and found straight lines 
with equal slopes (Figure 1(a)). 

This relationship suggested that marine biota were critical in 
determining the chemistry of the world ocean, clearly one of 
the most important historical findings linking chemical and 
biological oceanography (Falkowski, 2000). Moreover, the 
Redfield ratio has been further validated with recent data 
using improved analytical techniques (Karl et al., 1993; 
Hoppema and Goeyens, 1999). Such studies have shown that 
there are predictable deviations from the Redfield ratio across 
freshwater to open ocean environments (Figure 1(b)). For 
example, N:P in estuaries have commonly been shown to be 
lower and/or higher than the predicted Redfield ratio because 
of such factors as particle sorption and sedimentation of both 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
nutrients and dissolved organic N and P, denitrification, and 
anthropogenic nutrient-enrichment processes, respectively. 

Inputs of vascular plant-derived POC (e.g., mangroves, salt 
marshes, and seagrasses) to estuarine and coastal systems pre
sent another problem in causing deviations of C:N:P from the 
Redfield ratio (Bianchi, 2007). Vascular plants have been shown 
to deviate from the Redfield ratio, in part, because of relatively 
high amounts of C and N compared to algae due to a higher 
abundance of structural support molecules (e.g., cellulose 
and lignin) and defense antiherbivory (secondary) compounds 
(e.g., tannins), respectively (Vitousek et al., 1988). The Redfield 
ratio is also commonly used to infer resource limitation in 
phytoplankton (e.g., P vs. N). Much of our thinking about 
resource limitation is derived from Leibig’s law of the minimum, 
which states that organisms will become limited by the resource 
that is in lowest supply relative to their needs. Based on the 
Redfield ratio, Stumm and Morgan (1996) further modified 
the stoichiometry of the chemical reaction of photosynthesis 
(primary production) and oxidation (respiration) of organic 
matter through the following equation (Bianchi, 2007): 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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←oxidation ðrespirationÞ 
106CO2 þ 16HNO3 þ H3PO4 þ 122H2O 

↔ðCH2OÞ106 ðNH3 Þ16H3PO4 þ 138O2 

photosynthesis→ ½1� 
The above equation demonstrates how photosynthesis and 
degradation processes are linked with redox chemistry and 
the stoichiometric constraints on the availability of key ele
ments in many biogeochemical cycles in aquatic ecosystems. 
For example, primary production is defined simply as the 
photosynthetic formation of organic matter from inorganic 
constituents. This equation is also restricted to aerobic respira
tion processes that are not the dominate pathway of organic 
matter decomposition in systems such as salt water marshes, 
where anaerobic sulfate reduction dominates. Other processes 
such as chemosynthesis involve the release of chemical energy 
from the oxidation of reduced substrates. There are different 
terms associated with describing components of this produc
tion. For example, gross primary production is the amount of 
carbon fixed (CO2 converted to organic matter) by photosyn
thetic organisms (per unit time per unit volume). Similarly, 
net primary production (NPP) is the total carbon fixed minus 
the amount respired by the primary producer. New production 
and ‘old or recycled’ production represent the NPP that is 
supported by nutrients from outside the estuary proper 
(e.g., river inputs) and production supported by nutrients 
regenerated from within the estuary (e.g., nutrient fluxes across 
the sediment/water boundary from remineralized organic mat
ter in sediments), respectively. Secondary production is the 
turnover of organisms that range in size from bacteria to the 
largest mammals on Earth that rely on the consumption of 
organic matter produced by photosynthetic organisms as a 
food resource. Secondary production from both pelagic and 
benthic consumers is important in determining the fate of 
primary production in estuarine systems. There are many com
plex ecological processes such as trophic/population dynamics, 
predator–prey models, or top-down versus bottom-up controls 
associated with secondary consumers that affect the fate of 
primary production in coastal systems (Valiela, 1995). 

It should also be noted that C:N ratios may be ambiguous 
for establishing organic matter sources in the absence of addi
tional source proxies, especially if the end-member sources are 
not adequately distinct in their C:N ratios. Selective utilization 
of N may, in some cases, result in artificially high C:N ratios 
due to N limitation in a system, resulting in misidentification 
of source materials. Similarly, the colonization of bacterial and 
fungal populations as part of aging vascular plant detritus can 
represent a significant fraction of the total N pool (due to the 
typically low C:N ratios (e.g., 3–4) found in bacteria) (Tenore 
et al., 1982; Rice and Hanson, 1984), thereby decreasing the 
bulk C:N ratio of the bulk material. Methodological problems, 
resulting from the standard procedure of removing carbonate 
carbon when measuring POC, can further alter C:N ratios 
(Meyers, 2003), leading to potential artifacts. Specifically, 
removal of carbonate may result in residual N consisting of 
both inorganic and organic N forms, which is why the N used 
in C:N ratios is defined as total nitrogen. In most cases, the 
inorganic component of this residual N is relatively small in 
sedimentary and water column sources of organic matter. 
However, in sediments having very low concentrations of 
organic matter (e.g., <0.3%), the relative importance of this 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
residual inorganic N could be significant resulting in under
estimates of C:N ratios (Meyers, 2003). More specifically, this 
results from NH4

+ adsorption on low organic content sedi
ments (Rice and Hanson, 1984). Fortunately, most estuarine 
sediments are greater than 1% organic matter generally making 
this artifact relatively minor. 
5.03.2.1.10 Stable isotopes 
If the POC in a given sample is to be analyzed directly for its 
isotopic composition, the choice of filter materials is signifi
cantly more restricted, and must be limited to inorganic 
materials that can tolerate high temperatures. Filter materials 
that fulfill these requirements include glass, quartz, alumina, 
and silver. More recently, tangential-flow ultrafiltration of very 
large seawater volumes (~200–1100 l), using 0.1-µm polysul
fone hollow-fiber filter cartridges, has been used to collect and 
characterize POC, although this method is believed to have 
large sorptive losses (as high as 60–70%) to the ultrafiltration 
system (Benner et al., 1997). Typically, glass and quartz are 
most frequently used for isotopic, as well as other types of, 
characterization of POC. Pyrex (such as GF/F glass fiber filters) 
is more suitable for low-temperature (~550 °C) sealed tube 
combustion of glass filters (Sofer, 1980) and flow-through 
systems in which POC is combusted in a CHN analyzer that 
is directly interfaced to an isotope ratio mass spectrometer for 
δ13C analysis (Boutton, 1991). For the more rigorous condi
tions requiring sealed tube combustion at ~850–900 °C, in 
which discrete (i.e., nonflow through) sealed-tube methods 
are used, quartz filters are more suitable and tolerate these 
temperatures without melting and compromising the integrity 
of the sealed quartz tube (Frazer and Crawford, 1963; LeFeuvre 
and Jones, 1988; Druffel et al., 1992, 1996). As a cautionary 
note, the sorption of DOC to glass filters (and presumably 
quartz) has recently been observed to contribute a significant 
component of ‘blank’ carbon to filters that will be analyzed for 
POC (Moran et al., 1999), and the proportion of this sorbed 
DOC relative to the POC appears to be inversely proportional 
to the amount of water that has been processed through the 
filter. 
5.03.2.1.11 Nuclear magnetic resonance analyses 
Nuclear magnetic resonance (NMR) spectroscopy is a powerful 
and theoretically complex analytical tool that can be used to 
characterize organic matter. Proton (1H) and 13C-NMR have 
been the most common NMR tools for the nondestructive 
determination of functional groups in complex biopolymers 
in terrestrial, marine, and estuarine ecosystems (Schnitzer and 
Preston, 1986; Hatcher, 1987; Orem and Hatcher, 1987; 
Benner et al., 1992; Hedges et al., 2002). Although 13C NMR 
signals are generated in the same way as proton signals, the 
magnetic field strength is wider for the chemical shifts of 13C 
nuclei. One of the key advantages in using 13C NMR in char
acterizing organic matter in natural systems is the ability to 
determine relative abundances of carbon associated with the 
major functional groups of organic compounds. Although 13C 
NMR does not provide as much insight into the specific decay 
pathways of certain biopolymers as chemical biomarkers 
(see below), it does provide a nondestructive approach that 
allows a greater understanding of a larger fraction of the bulk 
OC. More recently, two-dimensional (2D) 15N 13C NMR has 
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Figure 2 Pathways of the sum of all biochemical processes are called 
metabolism. It is distinguished between primary and secondary metabo
lism. Primary metabolism contains all pathways necessary to keep the cell 
alive, while in secondary metabolism compounds are produced and 
broken down that are essential for the entire organism. Reproduced from 
Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University 
Press, New York, NY, 720 pp. 
been used to study the fate of proteins in experimentally 
degraded algae (Zang et al., 2001). 

One area where 13C NMR first appeared as a useful tool for 
estuarine and coastal studies was its application in characteriz
ing bulk chemical changes in decomposing wetland plant 
materials (Benner et al., 1990; Filip et al., 1991). For example, 
Benner et al. (1990) used four structural types of carbon 
(e.g., paraffinic, carbohydrate, aromatic, and carbonyl) to 
determine bulk C changes in mangrove leaves (Rhizophora 
mangle) during decomposition in tropical estuarine waters. 
This work showed a preferential loss of carbohydrates and 
preservation of paraffinic polymers. Similarly, 13C NMR ana
lyses on DOM released from decomposing Spartina alterniflora 
showed preferential loss of carbohydrates from fresh tissues 
(Filip et al., 1991). The 2D 15N– 13C NMR of the remains of 
the decomposed microalgae, labeled with 13C and 15N isotopes, 
indicated that proteins and highly aliphatic compounds are 
preserved over time (Zang et al., 2001) – supporting the concept 
of ‘encapsulation’ where labile compounds are protected by 
macromolecular components, such as algaenan (Knicker and 
Hatcher, 1997; Nguyen and Harvey, 2001; Nguyen et al., 2003). 

5.03.2.1.12 Compound and compound-class analyses 
Due to the complexity of organic matter sources in estuaries 
and the aforementioned problems associated with bulk 
measurements to constrain POC character and cycling, the 
application of chemical biomarkers has become widespread 
in estuarine research (see review, Bianchi and Canuel, 2001). 
The term ‘biomarker molecule’ has recently been defined by 
Meyers (2003) as “[a] compound(s) that characterize certain 
biotic sources and that retain their source information after 
burial in sediments, even after some alteration.” This molecular 
information is more specific and sensitive than bulk elemental 
and isotopic techniques in characterizing sources of organic 
matter, and further allows for identification of multiple sources 
(Meyers, 1997, 2003). More details on compound-specific 
isotopic analyses are given later in this chapter. 

The catabolic and anabolic pathways responsible for the 
formation of many of the biomarker compounds discussed in 
this chapter occur through an ‘intermediary’ metabolism via 
glycolysis and the citric acid cycle (Voet and Voet, 2004). The 
biosynthetic pathways of these compounds can be divided into 
primary and secondary metabolism (Figure 2). 

Many of these compounds are not used as chemical bio
markers in estuarine research but are shown here to illustrate 
simply their relationship with the biomarkers discussed in this 
chapter. For more details on the biosynthetic pathways 
illustrated here, see Voet and Voet (2004) and Engel and 
Macko (1993). 
5.03.3 Sources of POC to Estuaries and Ocean 
Margins 

The photosynthetic fixation of inorganic carbon and nutrients 
into plant biomass is the ultimate source of POC to estuarine 
and coastal systems. However, these sources may be derived 
from a vast range of primary producers in aquatic and terrestrial 
environments, having a broad spectrum of biochemical com
positions, reactivities, and residence times in terrestrial settings 
prior to mobilization to estuarine and coastal waters. The 
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principal taxa of primary producers (e.g., phytoplankton, 
benthic macroalgae, microphytobenthos, seagrasses, wetland 
plants, and woody plants), their relative abundances and the 
reactivity of the biomolecules that each produces will in large 
part control what amounts and forms of organic materials 
persist to comprise the standing POC pool (Bianchi, 2007). 

In addition to autochthonous estuarine sources, inputs of 
POC to estuaries can occur from a variety of marine, riverine, 
and terrigenous end members, which may support both estuar
ine autotrophic and heterotrophic production (Figure 3). 

In addition to de novo inputs and production of POC, the 
consumption and transformation of organic matter through 
metazoan and microbial (e.g., microbial loop) trophic levels 
are critical in the cycling of POC in estuaries and coastal 
systems (Wetzel, 1995; Bianchi, 2007). In addition, new find
ings on the microbial repackaging of dissolved organic 
materials into increasingly larger particles further suggests 
that the conversion of DOM to POM is likely more important 
in supporting higher food webs than previously thought 
(Bianchi, 2007). 
5.03.3.1 Terrestrially Derived Particulates and POC 

The tectonically driven uplift of marine sedimentary rocks 
above sea level on the Earth’s surface over geological time 
produces rock material that can be altered into soils and sedi
ments by weathering processes. Over geological time, some 
component of the sediments produced will be sequestered for 
long-term storage in the ocean basins. Most of this material 
(~60–80%) is stored in continental margins, and comprises 
continental shelf, slope, and rise deposits. Much of this mate
rial that contains inorganic mineralogical and soil POC is also 
modified significantly by processing in large river and estuarine 
systems (see review by Battin et al., (2008)). 

Sediments produced from weathering of igneous, meta
morphic, and sedimentary rocks are principally produced and 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 3 Biogeochemical cycling of nutrients, DOM, and POM, in the estuary proper bound by coastal ocean and riverine end-member exchange. 
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transported to the oceans via the watersheds of the river systems 
of the world. The major routes of sediment particle transport 
from land to the coastal ocean are in the most general terms via 
streams, rivers, estuaries, and shallow coastal waters. It should 
be noted that significant and long-term storage occurs in river 
valleys and floodplains (Meade, 1996). The annual sediment 
flux from rivers to the global ocean is estimated to be in the 
range of (18–24) � 109 metric tons (Degens et al., 1991; 
Milliman and Syvitski, 1992). Under conditions of steady-
state sea level, estuaries will eventually in-fill with fluvial inputs 
of sediments over time, and ultimately reach an equilibrium 
whereby export and import of sediment supply are balanced 
(Meade, 1969; Olsen et al., 1978; Peteet and Wong, 2000; 
Bianchi, 2007). More specifically, it is believed that river flow 
controls the direction of sediment particle flux in at least certain 
rivers, while variations in spring-neap tidal amplitude control 
the magnitude of the flux (Geyer et al., 2001). 

Particles produced primarily via physical weathering of 
rocks on land includes the fragmentation of parent rock mate
rials (the so-called regolith) via processes such as freezing, 
thawing, heating, cooling, and bioturbation (e.g., endolithic 
algae, fungi, plant roots, and earthworms). Over 3000 different 
minerals are found in rock formations; however, much of the 
Earth’s crust is comprised of only 50 dominant mineral forms 
(Degens, 1989). The primary and secondary minerals com
monly found in soils are listed in Table 2. 

Chemical weathering processes in soils are important in 
the transformation of primary to secondary minerals. 
Particularly important for the formation of suspended POC 
in rivers and estuaries is the weathering of feldspars (the most 
abundant group of minerals in the Earth’s crust), K-feldspar is 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
transformed to kaolinite (a clay) through the following 
reaction: 

KAlSi3O  
8 þ H2CO3 þ H20 → Al2SiO5 ðOHÞ4 þ 2Kþ

þ 4H4SiO −
4 þ HCO 3 ðK-feldsparÞðkaoliniteÞ ½2�

During the formation of kaolinite, dissolved K+ ion is released 
from soils, while Al is retained in the solid-phase clay mineral 
product. When considering particle–particle and particle–dis
solved constituent interactions in river and estuarine systems, 
clay particles are particularly important because of their small 
size and high surface area. These interactions have broad-reach
ing effects on biogeochemical cycling of carbon and other 
biogenic elements in both dissolved and particulate phases in 
estuaries because of the strong linkages between the transfor
mation and composition of clay minerals in drainage basin 
soils and estuarine sediments. 

Coagulation of fine-suspended particles leads to the forma
tion of agglomerates (organic and inorganic matter bound by 
weak surface tension forces), aggregates (inorganic particles 
bound by strong inter–intra molecular forces), and floccules 
(nonliving biogenic material bound by electrochemical forces) 
(Schubel, 1971, 1972), and leads to a net removal of both 
particles and POC from the water column. Neglecting the 
effects of aggregation in fine-particle environments can ser
iously underestimate settling velocities (Kineke and Sternberg, 
1989; Blake et al., 2001), and hence POC fluxes from the water 
column. Settling velocities of flocs have been estimated to 
range from 0.8 to 17.9 mm s−1 (Milligan et al., 2001). This 
agrees with settling velocities estimated independently from 
image analysis of flocs (8.8 � 1.85 mm s−1) (Sternberg et al., 
1999). In freshwaters (e.g., rivers), negatively charge clay 
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Table 2 Primary and secondary minerals commonly found in soils 

Primary minerals Approximate composition Weatherability 

Quartz SiO2 

K-Feldspar KAlSi3O8 + 
Ca, Na-plagioclase CaAl2Si2O8 + to (+) 
Muscovite KAlSi3O10(OH)2 +(+) 
Amphibole Ca2Al2Mg2Ge3Si6O22(OH)2 +(+) 
Biotite KAl(Mg,Fe)3Si3O10(OH)2 ++ 
Pyroxene Ca2(Al,Fe)4(Mg,Fe)4Si6O24 ++ 
Apatite [3Ca2(PO4)2]CaO ++ 
Volcanic glass Variable ++ 
Calcite CaCO3 +++ 
Dolomite (Ca,Mg)CO3 +++ 
Gypsum CaSO42H20 +++ 

Secondary Minerals Approximate composition Type 
Kaolinite Al2Si2O5(OH)4 1:1 layer-silicate 
Vermiculite (Al1.7Mg.3)Si3.9Al0.4O10(OH)2 2:1 layer-silicate 
Montmorillonite (Al1.7Mg.3)Si3.9Al0.1O10(OH)2 2:1 layer-silicate 
Chlorite (Mg2.6Fe.4)Si2.5(Al,Fe)1.5O10(OH)2 2:1 layer-silicate 
Allophane (SiO2)1-2Al2O52.5-3(H20) Pseudocrustalline, spherical 
Imogolite SiO2Al2O32.5H20 Pseudocrustalline, strands 
Hallyosite Al2Si2O5(OH)42H20 Pseudocrustalline, tubular 
Gibbsite Al(OH)3 Hydroxide 
Goethite FeOOH Oxyhydroxide 
Hematite Fe2O3 Oxide 
Ferrihydrite 5Fe2O59H2O Oxide 

Adapted from Degens, E.T., 1989. Perspectives on Biogeochemistry. Springer, New York, NY, 423 pp. 
particles are the norm and, repulsive forces dominate, pre
venting flocculation of clay particles. However, as salinities 
increase within estuarine-mixing zones, the repulsive forces 
are destabilized by an increasing abundance of seawater 
cations (Ca2+, Mg2+, and  Na+) and coagulation occurs, often 
at salinities ≤0.1 (Stumm and Morgan, 1996). As repulsive 
forces decrease further with increasing estuarine salinity, van 
der Waals forces will dominate and flocculation will occur. 
The strong salinity and tidal gradients in estuaries, therefore, 
make them model environments in which to observe coagula
tion processes and the subsequent deposition of both POC 
and DOC (i.e., as it coagulates to form flocs), compared to 
either purely river or marine systems. 

Coagulation processes in estuaries are affected by other 
factors including, but not limited to, clay composition, particle 
size distributions, and the concentrations and forms of DOM. 
Early work revealed that metal hydroxides can flocculate from 
dissolved/colloidal organic matter during the mixing of river-
derived iron and seawater in the mixing zone of estuaries such 
as the Amazon and Chesapeake Bay (Sholkovitz, 1976, 1978; 
Boyle et al., 1977; Mayer, 1982), thus removing significant 
amounts of OC from the estuarine water column. Surface sedi
ments in the Pamlico River estuary (USA) also indicate that 
illite clay particles flocculate in high-salinity regions, while 
kaolinite dominates near the head of the estuary (Edzwald 
et al., 1974; Edzwald and O’Melia, 1975). The abundance and 
types of biological particles (e.g., bacterioplankton, phyto
plankton, and zooplankton) can also affect rates of 
flocculation and POC and DOC removal by providing muci
lage to which particles can adhere (Ernissee and Abbott, 1975). 
The aggregation of dissolved and colloidal materials to 
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particles by microorganisms, commonly known as biofloccula
tion, has been suggested as a potentially important process in 
natural aquatic systems (Busch and Stumm, 1968; Stumm and 
Morgan, 1996). For example, the actual cell surfaces of micro
organisms and/or the polymers secreted by these organisms 
(e.g., mucopolysaccharides) may affect the stability of oxide 
phases as well as the initial adhesion phases of colloids (Van 
Loosdrecht et al., 1990). Particles in estuaries and coastal sys
tems are derived from a diverse group of sources such as fluvial, 
continental shelf, biological activity, erosion of estuarine mar
gins, and even atmospheric inputs. In estuaries, sources may 
vary considerably in the upper and lower waters of a given 
system, with biological inputs typically being more important 
in higher-salinity regions than in lower-salinity regions where 
terrigenous and riverine inputs dominate. 
5.03.3.2 Estuarine Algal Production 

Phytoplankton and other primary producers (Figure 3) repre
sent a quantitatively significant source of POC to most 
estuaries. The dominant classes of phytoplankton include: 
Bacillariophyta (diatoms), Cryptophyta (cryptomonads), 
Chlorophyta (green algae), Dinophyta (dinoflagellates), 
Chrysophyta (golden-brown flagellates, chrysophytes, raphido
phytes), and Cyanophyta (cyanobacteria). Seasonal changes in 
estuarine phytoplankton abundance and composition are con
trolled by changes in riverine inputs, nutrients, tidal variability, 
algal respiration, light availability, horizontal exchanges, and 
consumption by grazers (Boynton et al., 1982; Malone et al., 
1988; Boyer et al., 1993; Cloern, 1996; O’Donohue and 
Dennison, 1997; Thompson, 1998; Lucas and Cloern, 2002). 
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Temperature has also been shown to influence phytoplankton 
growth in laboratory conditions (Eppley, 1972) and more 
recently in the field (O’Donohue and Dennison, 1997). 

A temporal pattern of high phytoplankton (and hence, 
autochthonous POC) production in summer and low produc
tion in winter is typical for temperate estuarine systems 
(Boynton et al., 1982). Increased nutrient loading and altera
tions in nutrient ratios may alter species’ compositions and 
succession of phytoplankton (Schelske and Stoermer, 1971; 
Sanders et al., 1987; Oviatt et al., 1989) due to differences in 
their nutrient requirements. For example, high inputs of nutri
ents typically result in a dominance of both larger diatoms and 
small flagellate species (Tilman, 1977; Kilham and Kilham, 
1984; Riedel et al., 2003). Although it is relatively well estab
lished that nutrients from river inputs are important in 
controlling phytoplankton abundance and composition in 
estuaries, other work has shown that in estuaries with strong 
coastal physical forcing (e.g., the Pacific coast of the USA), 
phytoplankton blooms can be associated with high-salinity 
events due to an import of coastal ocean phytoplankton 
(Hickey and Banas, 2003). 

Benthic macroalgae and microphytobenthos are also 
important sources of POC in estuaries (Bianchi, 1988; Gould 
and Gallagher, 1990; Sullivan and Moncreiff, 1990; Rizzo et al., 
1992; Pinckney and Zingmark, 1993; de Jonge and Colijn, 
1994). Benthic macroalgae commonly found in estuaries 
include Chlorophyta (e.g., Ulva latuca and Entermorpha intesti
nales), Phaeophyta (e.g., Fucus vesciculousus), and Rhodophyta 
(e.g., Gracilaria folifera). Increasing anthropogenic nutrient 
loading in estuaries has resulted in numerous macroalgal 
blooms consisting primarily of the genera Ulva spp., 
Entermorpha spp., and Gracilaria spp. (Rosenberg and Ramus, 
1984; Duarte, 1995; Kamer et al., 2001). The POC produced by 
these types of macroalgae is initially detrital in nature, but 
probably increasingly associated with mineral particles as 
degradation of the material proceeds. 

Estuarine and coastal microphytobenthos consist of an 
assemblage of benthic diatoms (principally pennate in shape) 
that typically migrate vertically in the sediments with diurnal 
periodicity (Serôdio et al., 1998; Nelson et al., 1999; Jahnke 
et al., 2000; Pinckney and Lee, 2008). The enhanced turbidity 
associated with sediment resuspension in shallow regions of 
estuaries may limit light penetration. Thus, the greatest micro
phytobenthic primary production occurs in intertidal sand and 
mud flats during daytime exposure periods (Guarini et al., 
2000, 2002). Annual NPP estimates for microphytobenthos 
over a very broad range from 5 to 900 g-C m−2 yr−1 (Beardall 
and Light, 1994) to a somewhat narrower more recent estimate 
of 29–314 g-C m−2 yr−1 (Underwood and Kromkamp, 1999). 
Early studies showed that the patchy distribution of microphy
tobenthos was controlled by salinity (Admiraal, 1977), 
temperature/light (Admiraal and Peletier, 1980; Hopner and 
Wonneberger, 1985; Bianchi, 1988; Bianchi and Rice, 1988), 
sediment topography (Colijn and Dijekma, 1981; Rasmussen 
et al., 1983), grain size (de Jonge, 1985), and current speed 
(Grant et al., 1986). However, there is increasing evidence that 
macroalgae and microphytobenthos may be at least as impor
tant as phytoplankton in shallow environments in terms of 
total biomass and POC production (Cahoon, 1999; Webster 
et al., 2002; Dalsgaard, 2003). 
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5.03.3.3 SAV and EAV 

Seagrass meadows may also be prominent producers of POC in 
many shallow littoral habitats in estuarine systems of the South 
Atlantic Bight (den Hartog, 1970; Phillips and McRoy, 1980; 
Hemminga and Duarte, 2000; Green and Short, 2003). The 
best-studied temperate and subtropical/tropical species of sea-
grasses include Zostera spp. (Nixon and Oviatt, 1973; Zieman 
and Wetzel, 1980; Dennison and Alberte, 1982; Wetzel and 
Penhale, 1983; Zieman and Zieman, 1989; Duarte, 1995; 
Nielsen et al., 2002) and  Thalassia spp. (Day et al., 1989; 
Hillman et al., 1989; Czerny and Dunton, 1995). Other common 
marine species include Halodule spp. (Czerny and Dunton, 1995; 
Tomasko and Dunton, 1995; Lirman and Cropper, 2003), 
Syringodium spp. (Zieman et al., 1989), Ruppia spp. (Heck et al., 
1995; Bortolus et al., 1998), Cymodocia spp. (Cebrian et al., 1997, 
2000), Posidonia spp. (Pirc, 1985; Cebrian et al., 1997; 
Hadjichristophorou et al., 1997; Mateo et al., 2003), Enhalus 
spp. (McKenzie and Campbell, 2004), and Amphibolis spp. 
(Verduin et al., 1996). The rates of primary production for a select 
range of seagrasses are typically within 0.4 to 1.5 g-C m−2 d−1 

(Table 3) (Alongi, 1998). 
The submerged canopy of estuarine seagrass systems has 

been found to decrease shallow-wave energy, thereby allowing 
for more efficient trapping of suspended particles and POC 
derived from both autochthonous and allochthonous sources 
(Ward et al., 1984; Fonseca and Kenworthy, 1987). These 
systems may have profound effects on the biogeochemical 
cycling not only of carbon, but also of nitrogen, phosphorus, 
and oxygen in shallow water column and sedimentary envir
onments (Roman and Able, 1988; Caffrey and Kemp, 1990, 
1991; Barko et al., 1991). Much of the biomass produced in 
seagrass meadows is represented by leaves that typically 
become detached from the rhizomes at certain times of the 
year and undergo biotic and physical fragmentation to form 
detrital POC. Seagrass leaf litter, which can represent as much 
as 50–60% of total leaf production, can accumulate in large 
piles of detritus (e.g., typically along sandy beaches) (Mateo 
et al., 2003), before they become small enough to be 
dispersed into the water column and sediments. Tidal fresh
water marshes and mesohaline salt marshes, and mangrove 
systems have been found to be major sources of primary 
production and EAV POC in estuarine systems (Kirby and 
Gosselink, 1976; Pomeroy and Wiegert, 1981). As early as 
1968, Odum (1968) suggested that salt marshes transport 
biologically available organic matter into nearshore waters 
where it is subsequently remineralized, thereby enhancing 
secondary production on the shelf. A number of other recent 
studies (e.g., Bianchi et al., 1997b) have demonstrated using 
organic biomarkers that a significantly higher fraction of ter
restrially derived material is transported as POC farther onto 
the continental shelf and slope algal and phytoplankton-
derived shelf materials (Moran et al., 1991; Moran and 
Hodson, 1994; Trefry et al., 1994). 

Mangrove systems are defined as densely rooted forests 
bordering the lowlands of tropical and subtropical coastlines. 
These systems have a fairly broad distribution and generally 
occur between ~25° N and ~25° S latitudes, with ~60–75% of 
tropical coastlines being bordered by these highly productive 
systems (MacGill, 1958; Clough, 1998). Eight different families 
of mangroves are found in coastal regions, including Rhizophora 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 3 Rates of net primary production for a few selected seagrasses and seaweeds from various locations 

Net primary production 
d−1Genus/species Location (g-C m−2 ) Reference 

Kelps 
Laminaria North America 0.3–65.2 Mann (1982) 
Macrocystis South America, New Zealand, South Africa 1.0–4.1 Branch and Griffiths (1988) 
Ecklonia Australia, South Africa 1.6–6.2 Schiel (1994) 

Rocky intertidal/subital macroalgae 
Various seaweeds Europe 0.5–9.0 Heip et al. (1995) 
Enteromorpha Hong Kong, USA 0.1–2.9 Thybo-Christensen et al. (1993) 
Ascophyllum USA, Europe 1.1 Niell (1977) 
Distyopteris Caribbean 0.5–2.5 
Fucus North America 0.3–12.0 
Sargassum Caribbean 1.4 
Ulva Europe 0.6 
Gracilaria Europe 0.3 
Cladophora Europe 1.6 

Seagrasses 
Zostera marina USA, Europe, Australia 0.2–8.0 
Thalassia USA, Caribbean, Australia, South East Asia 0.1–6.0 Hillman et al. (1989) 

Pollard and Moriarty (1991) 
Halodule USA, Caribbean 0.5–2.0 Stevenson (1988) 
Cymodocea Mediterranean, Australia 3.0–18.5 Fortes (1992) 
Posidonia Mediterranean, Australia 2.0–6.0 
Enhalus South East Asia 0.3–1.6 
Amphibolis Australia 0.9–1.9 

Adapted from Alongi, D.M., 1998. Coastal Ecosystem Processes. CRC Press, New York, NY, 419 pp. 
spp., Avicennia spp., Laguncularia spp., and Bruguiera spp. 
(Lugo and Snedaker, 1974; Robertson and Alongi, 1992). 
From the perspective of POC sources, the major difference 
between organic matter in mangrove forests and marsh systems 
is the presence and high concentrations of woody detrital 
material, as opposed to vascular plants and grasses of marsh 
systems. In fact, wood production accounts for as much as 60% 
of NPP in mangroves (Alongi, 1998). This has significant 
effects on the transport and rates of decomposition of POC 
derived from mangroves. 

Typical ranges of standing crop biomass for marshes and 
mangroves are 500–2000 g-dry-wt. m−2 (Day et al., 1989) and 
10 000–40 000 g-dry-wt. m−2 (Twilley et al., 1992), respec
tively. However, there remains considerable disagreement as 
to whether mangroves act as net sinks or sources of POC and 
nutrients to estuaries and adjacent coastal systems (Boto and 
Bunt, 1981; Twilley et al., 1985; Alongi, 1996; Alongi et al., 
1998; Dittmar and Lara, 2001). In general, it appears that out-
welling is more likely to occur in mangroves that have an excess 
of pore-water nutrients, positive net sedimentation, and a 
macrotidal range (Dittmar and Lara, 2001). 

When comparing estimates of above- and below-ground 
production of mangroves and salt marshes, we see that man
groves are generally more productive than salt marshes above 
ground (Table 4). However, in many cases, the below-ground 
biomass of salt marshes exceeds that of above-ground produc
tion in salt marshes (Schubauer and Hopkinson, 1984). 
Conversely, below-ground biomass of mangroves is usually 
about 50% of total forest biomass (Alongi, 1998). Other stu
dies have shown that above-ground production of S. alterniflora 
is negatively correlated with latitude (Turner, 1976; Dame, 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
1989) and positively correlated with tidal range (Steever 
et al., 1976). The amount of below-ground biomass in wet
lands has also been shown to alter significantly the degree of 
anoxia in soils – thereby affecting pH, as well as nutrient and 
contaminant cycling (Howes et al., 1981). For example, it is 
well known that mangrove and marsh plants translocate oxy
gen to their roots and rhizomes. Although there are conflicting 
reports concerning the temporal and spatial importance of such 
redox alterations in wetlands (McKee et al., 1988; Alongi, 1996, 
1998), it is generally accepted that large amounts of under
ground biomass have long-term effects on sediment redox and 
the associated microbial/elemental cycling. In fact, mangrove 
forests may be similar to tropical rainforests in that a significant 
fraction of the organic matter pool is stored in living biomass as 
a mechanism for retaining nutrients (Archibold, 1995; Alongi 
et al., 2001). 

The global export of POC from mangroves and salt marshes 
varies significantly between specific systems, but generally ranges 
between approximately 2–420 and 27–1052 g C M−2 yr−1, 
respectively (Alongi, 1998). In other cases, wetlands have been 
found to import DOC at a much higher rate than POC export 
(Childers et al., 1999). A key determinant of POC export versus 
import in wetland systems is hydrology (Gosselink and Turner, 
1978; Kadlec, 1990), including river and estuarine geomorphol
ogy and water flow (Brinson, 1993). The importance of coastal 
geomorphology and geophysics, as well as large- and small-scale 
hydrologic features of wetlands, has been shown to strongly 
influence the exchange of POC between coastal and wetland 
systems (Twilley et al., 1985, 1997; Brinson, 1993; Twilley and 
Chen, 1998). This is thought to be due to the balance between 
POC trapping and export, as well as the residence time of POC in 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 4 Estimates of above- and below-ground net primary production (NPP) of some selected 
species/community types of salt marsh grasses and mangroves 

Above-ground NPP Below-ground NPP 
Community type Location (g-dry-weight m−2 y −1) (g-dry-weight m−2 y −1) 

Marsh grasses 
Distichlis spicata Pacific coast 750–1500 -

Atlantic coast - 1070–3400 
Juncus roemerianus Georgia 2200 -

Gulf coast 4250 1360–7600 
Spartina alterniflora Atlantic coast 500–2000 550–4200 

Gulf coast 3250 279–6000 
Spartina patens Gulf coast 7500 -

Atlantic coast - 310–3270 
Mangroves 
Rhizophora apiculata Southeast Asia 1900–390 -
Mixed Rhizophora spp. New Guinea 1750–3790 -

Indonesia 990–2990 -
Bruguiera sexangula China 3500 -

Adapted from Kennish, M.J., 1986. Ecology of Estuaries, Volume 1: Physical and Chemical Aspects. CRC Press, Boca 
Raton, FL; Saenger, P.E., 1994. Mangroves and salt marshes. In: Hammond, L., Synnot, R.N. (Eds.), Marine Biology. 
Longman Cheshire, Melbourne; Alongi, D.M., 1998. Coastal Ecosystem Processes. CRC Press, New York, NY, 419 pp. 
a given estuary, which is an important factor regulating its degra
dation and remineralization. 
5.03.4 Mechanisms and Sources of POC Input 
to Estuaries and Ocean Margins 

5.03.4.1 River Inputs: Sediment and Suspended Load 
Transport 

One of the main sources of POC input to estuaries is by their 
associated rivers. Inputs from rivers will depend on a variety of 
factors involving both the river itself and the specific estuary. 
River-dominated ocean margins (RiOMars) are dynamic 
coastal regions that receive inputs of OC derived from terres
trial and marine sources with large riverine inputs (Figure 4). 
Figure 4 The major routes of sediment transport from land to the open ocean
estuaries, shallow coastal waters, canyons, and, finally, the abyssal ocean. Arro
transport and distribution of particles delivered to the coastal zone, particularl
environments. Reproduced from Degens, E.T., 1989. Perspectives on Biogeoc

Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
In many cases, the estuary itself is located seaward of the land– 
ocean boundary, typically on the shelf but also at times in slope 
and even pelagic waters (e.g., the Amazon). The global importance 
of RiOMars to POC burial (Hedges and Keil, 1995) is indicative 
of the enormous magnitude of material fluxes in these regions 
(Dagg et al., 2004; McKee et al., 2004; Bianchi and Allison, 2009). 

In RiOMar environments, inputs of vascular plant-derived 
organic matter from land are significant due to the magnitude 
of river flows (Hedges and Parker, 1976; Hedges and Ertel, 
1982; Hedges, 1992), and marine primary productivity is 
high due to elevated nutrient loads associated with riverine 
discharge (Lohrenz et al., 1990, 1994, 1997, 1999; Turner and 
Rabalais, 1991; Redalje et al., 1994; Hedges and Keil, 1995). 
Although these large river systems play an important role in the 
organic and terrestrial–marine linkage, 40–70% of global river 
 can simply be illustrated through the following sequence: streams, rivers, 
ws indicate the effects of coastal currents and resuspension events on the 
y in a RiOMar region. There can be substantial storage in each of these 
hemistry. Springer, New York, NY, 423 pp. 

69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9



Author's personal copy
Particulate Organic Carbon Cycling and Transformation 81 
particulate and POC input to the oceans may be delivered by 
smaller more abundant mountainous rivers (Milliman and 
Syvitski, 1992). An examination of OC mass balances reveals 
that much of the allochthonous riverine input of POC from 
RiOMars is not preserved in marine sediments (Hedges, 1992). 
Recent work actually suggests that much of it may be reminer
alized at the coastal margin, but the specific mechanisms are 
largely speculative at this point (Aller, 1998). Our general lack 
of understanding about the fate of this material from RiOMars 
results from the high degree of spatial and temporal variability 
in (1) sources of OC at the coastal boundary (Sullivan et al., 
2001), (2) hydrodynamic sorting of OC sources (Bianchi et al., 
2002), and (3) sedimentary regimes with differing rates of OC 
remineralization (Aller, 1998; McKee et al., 2004). 

As lithogenic and biogenic particles are transported through 
rivers and estuaries, they are exposed to numerous dynamic 
processes (e.g., aggregation, flocculation, and desorption) that 
drive steep biogeochemical gradients (e.g., DOC and nutrients) 
on the continental shelf (Dagg et al., 2004). In river–estuary 
plume regions, temporal and spatial dynamics may vary con
siderably, depending on river discharge. Seasonal differences in 
wind forcing, river discharge, temperature, and solar radiation 
are important physical factors that can affect plume dynamics. 
As particles and POC settle out of the near-field plume, light 
availability increases in the mesohaline regions resulting in 
greater primary production in the far-field plume (Dagg et al., 
2004, and references therein). Enhanced light penetration not 
only increases primary production, but may also affect the 
usual trophic cascades through the microbial food and higher 
food webs. Seasonal changes in river discharge may also shift 
the geographic regions of highest productivity in estuarine 
plumes. For example, in March 1991 during high discharge, 
the peak in primary production in the Mississippi River plume 
was advected offshore and occurred at higher salinities than 
during lower discharge periods such as in July 1990 (Figure 5) 
(Lohrenz et al., 1999; Dagg et al., 2004). 
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Figure 5 Relationship between primary production and salinity in the 
Mississippi River plume in July 1990 and March 1991. Reproduced from 
Lohrenz, S.E., Fahnenstiel, G.L., Redalje, D.G., Lang, G.A., Dagg, M.J., 
Whitledge, T.E., Dortch, Q., 1999. Nutrients, irradiance, and mixing as 
factors regulating primary production in coastal waters impacted by the 
Mississippi River plume. Continental Shelf Research 19 (9), 1113–1141; 
Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University 
Press, New York, NY, 720 pp. 
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Suspended sediments and POC in estuaries are actually
comprised of a broad spectrum of sizes. Microflocs (consisting
of flocculate clays and <150 µm in diameter) and macroflocs
(composed of microflocs) represent the population of sus
pended particulates commonly studied in estuaries (Dyer and
Manning, 1999). Microflocs tend to be more spherical, higher
in density, and more robust, while macroflocs are easily dis
rupted and more amorphous (Eisma, 1986). The high amounts
of shear and particle loading in estuaries may permit turbu
lence to disrupt particle formation resulting in smaller floc sizes
(Van Leussen, 1988). Thus, settling rates of fine-grained parti
culates and POC in estuaries are largely determined by the size
distribution of aggregate flocs, the concentration of suspended
particles, and velocity shear (Hill et al., 2000). Although lab
studies have been useful in studying flocculation processes,
other work has suggested the significantly smaller floc sizes
typically generated under lab conditions are the result of inade
quate time intervals for particle collision (Winterwerp, 1998).
If true, this has major implications for our understanding of
flocculation processes in rivers and estuaries over different dis
charge periods with changing water residence times. Unique
pools of surface and bottom flocs have been observed in the
ACE Basin (USA) (Milligan et al., 2001) and indicate that
during periods of high discharge, fine particulates can become
trapped in high-salinity regions, where floc size will increase
along with the settling velocity of flocs. 

 
 
 

 
 

 

 

 
 
 
 
 

 
 

 
 
 
 
 

5.03.4.2 Inputs and Fate of POC via Estuarine Mixing, 
Resuspension, and Trapping 

In general, estuarine particles and POC are transported predo
minantly as suspended load or bed load, and are either directly
discharged into open oceans, coastal shelves, or stored in estu
aries (McKee and Baskaran, 1999). The majority of POC
transported through estuaries to the coast is typically dominated
by the suspended load (as much as 90–99%), with relatively
small amounts as bed load (Syvitski et al., 2000). Estuaries
typically have elevated concentrations of suspended fine sedi
ments and POC that are highly cohesive and readily flocculate. 

The estuarine turbidity maximum (ETM) is defined as the
zone where suspended particulate matter (SPM) concentrations
are significantly higher (10–100-fold) than adjacent river or
coastal end members in estuaries (Schubel, 1968; Dyer, 1986).
Early work in Chesapeake Bay suggested that particle trapping in
ETMs was largely controlled by simple water mass convergence
at the limit of salt intrusion (Schubel, 1968; Schubel and Biggs,
1969; Schubel and Kana, 1972). Later studies indicated that
particle concentrations in ETMs may be controlled by more
complex processes such as gravitationally-induced residual cur
rents, tidal asymmetry, and tidal straining of particles on the ebb
tide (Geyer, 1993). Particle transport dynamics in the ETM have
generally been studied using acoustic Doppler profiles of velo
city, acoustic backscatter, and optical back-scatterrance sensors
(Fain et al., 2001), as well as satellite-based sensors such as the
SeaWiFS (Uncles et al., 2001). The location of the ETM is
thought to be controlled by the volume of river flow, tidal
amplitude, and channel bathymetry (Brenon and Le Hir, 1999;
Rolinski, 1999; Kistener and Pettigrew, 2001). Secondary turbid
ity maxima downstream of the salt limit may also be found in
certain estuaries (USA) (Geyer, 1993; Geyer et al., 1998; Lin and
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Kuo, 2001), though the importance of them as sources of resus
pended POC to estuaries has not yet been studied. 

The location of particle and POC trapping in estuaries is 
related to the p osition a nd movement of the  salt w edge o ver t he  
estuarine mud reach over a given tidal cycle. Increases in fresh
water runoff/river discharge have also been found to force the 
ETM of certain estuaries seaward (Kappenberg and Grabemann, 
2001). In other estuaries, such as the ACE Basin (USA), Scheldt 
estuary (The Netherlands) (Fettweis et al., 1998), Humber-Ouse 
estuary (UK) (Uncles et al., 1998), and the Gironde estuary 
(France) (Allen et al., 1980), river discharge is a major factor 
controlling ETM location and, hence, POC trapping. 

ETMs have also been shown to be among the most highly 
productive parts of estuaries, introducing large amounts 
of autochthonous POC, and providing reactive substrates to 
heterotrophic communities (Boynton et al., 1997). Recycling of 
nutrients and POC by high microbial biomass in ETMs (Baross 
et al., 1994) may be of additional importance to estuarine food 
webs. High retention of fish larvae in ETMs (Dodson et al., 
1989; North and Houde, 2001) is likely due to factors such as 
high phytoplankton and zooplankton biomass that serve as 
vital food resources (Boynton et al., 1997), reduced predation 
due to high-turbidity conditions (Chesney, 1989), and isola
tion from high-osmotic strength ocean waters (Winger and 
Lasier, 1994). The benthic boundary layer (BBL) is another 
unique feature of estuaries (Boudreau and Jorgensen, 2001) 
where unique forms of POC may be transported and altered 
by heterotrophs during its time there. 

Mobile muds – high-porosity BBL-upper seabed layers 
where diagenetic transformation processes are enhanced – are 
common to RiOMars, especially within the lower riverine part 
of the estuary (salt-wedge region), and on the adjacent shelf 
(Aller, 1998; Chen et al., 2003; McKee et al., 2004). 
Remineralization of POC in mobile muds of the Amazon and 
Fly river plumes (Aller, 1998) and lower Mississippi estuary 
and shelf (Chen et al., 2003; Sutula et al., 2004) have been 
found to be highly efficient relative to other shelf environments 
and are important regions for the transport and fate of river-
derived terrestrial organic matter (Corbett et al., 2004; Wysocki 
et al., 2006). Similar to mobile muds, fluid muds (defined 
suspended sediments >~10 g l−1) have been observed in a 
number of estuarine and shelf systems (Kineke and Sternberg, 
1995; Allison et al., 1995, 2000, and references therein). At 
certain times of year, the transport of river-derived organic 
materials by fluid muds has also been found to be important 
between the Atchafalaya Bay estuary to the Louisiana shelf 
(Allison et al., 2000; Gordon et al., 2001; Gordon and Goni, 
2003). Although both mobile muds and fluid muds are active 
sites for biogeochemical transformation of both allochthonous 
and autochthonous forms of organic matter (Abril et al., 2000; 
de Resseguier, 2000; Tseng et al., 2001; Schafer et al., 2002), 
further work is needed to more fully understand the effects of 
estuarine bottom transport processes on the biogeochemical 
character of POC, particularly in RiOMar regions. 
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measurement in the York and Hudson river watersheds (Wozniak et al.,
 
unpublished data).
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5.03.4.3 Atmospheric Inputs of POC 

Although atmospheric inputs of nutrients have been found to
 
have a profound effect on primary production of POC in 
certain coastal systems, little is known about direct atmospheric 
inputs of organic matter to estuaries and their associated 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
watersheds. The role of atmospheric nutrient inputs in certain 
coastal regions (e.g., the Yellow and East China Seas) is much 
larger than for some anthropogenically altered RiOMar-type 
estuaries such as the Mississippi (Bianchi and Allison, 2009) 
having large fluvial inputs (Zhang et al., 2007). Atmospheric 
inputs of nutrients to estuaries and coastal regions tend to be 
dominated by N nutrients (NO −

3 , NO −
2 , NH +

4 ) (Paerl, 2002; 
and references therein), whereas PO 3− 

4 and SiO 2− 
3 are gener

ally dominated by riverine sources in those systems where both 
atmospheric and river nutrients have been monitored simulta
neously (Zhang et al., 2007). The relative proportions of 
nutrients delivered via atmospheric particulate (i.e., aerosol) 
versus dissolved (i.e., rain) sources to estuaries, and the geo
graphic, hydrologic, and other factors controlling these have yet 
to be studied extensively. Although atmospheric inputs of 
nutrients to the Yellow Sea were higher than to the East 
China Sea (ECS), due to higher rainfall and more intense dust 
storms, both types of input could cause episodic algal blooms 
to both systems (Zhang et al., 2007). 

Although studies of aerosol POC input to watersheds are 
rare, it has been calculated on the basis of using typical aerosol 
OC concentrations and depositional velocities that atmospheric 
fluxes of aerosol OC to watersheds equal or exceed (often by a 
significant factor) river export fluxes of POC and DOC to estu
aries (Figure 6), and that a major component of this deposited 
aerosol OC is fossil (i.e., from anthropogenic fossil fuel burning) 
in nature. Although these initial findings are intriguing, much 
more work needs to be done examining the fate of this aerosol 
OC in watersheds and their associated rivers and estuaries. 
5.03.5 Bulk POC Distributions in Estuarine 
and Ocean Margin Waters 

5.03.5.1 Conservative versus Nonconservative 
Distributions in Estuaries 

The physical and chemical factors controlling POC distributions 
in estuaries are fundamentally different from those that control 
DOC distributions. POC represents a heterogeneous particulate 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 8 Seasonal distribution of (a) total suspended particulates (TSPs) 
and (b) particulate organic carbon (POC) along a salinity gradient and 
distance form the mouth of the Delaware Bay estuary. Reproduced from 
Harvey, R.H., Mannino, A., 2001. The chemical composition and cycling 
of particulate and macromolecular dissolved organic matter in temperate 
estuaries as revealed by molecular organic tracers. Organic Geochemistry 
32, 527–542; Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford 
University Press, New York, NY, 720 pp., with permission). 
phase that is unlikely to behave in the same way that a solute 
like DOC does due to factors such as aggregation and floccula
tion, sinking and resuspension, shear, etc. Even the smallest 
suspended particles and colloids are impacted by these pro
cesses. As a result, we would predict that particle and POC 
distributions in estuaries may change dramatically over very 
small spatial and temporal scales, and not be readily predictable 
on the basis of other variables such as salinity. In addition, the 
estuarine water column may be highly or weakly stratified and 
mixed depending on the magnitude and mixing of river water 
and seawater – all of which can affect POC distributions. The 
reactivity and fate of different estuarine constituents have been 
traditionally interpreted by plotting its concentration across a 
conservative salinity gradient. However, for an inherently non-
conservative constituent such as the particulate phase, when 
there is net loss or gain in concentration across a salinity gradi-
ent, such models are not valid.
 

POC and suspended sediment concentrations are often
 
highly correlated in many estuaries, and both may depend on 
river discharge and/or resuspension events. Significant increases 
in POC were found as a function of total suspended particulate 
(TSP) in the Sabine-Neches estuary (USA) at approximately 
<20–30 mg l−1 concentrations (Figure 7) (Bianchi et al., 1997a). 
This relationship has been largely attributed to a dilution effect of 
sediment load on % POC at high river discharge. By contrast, a 
comparison of POC concentrations in San Francisco Bay and 
Chesapeake Bay estuaries was not significantly different either as 
a function of season or between systems (Canuel, 2001). Findings 
such as these are representative of the POC distributions in many 
estuaries where seasonal and temporal differences in POC are 
generally controlled by river discharge and light availability, 
which impacts the relative amount of allochthonous versus auto
chthonous material. However, as we shall see, an examination of 
the specific organic components of POC shows decidedly differ
ent patterns than bulk POC, indicating that while bulk POC 
provides a general index of the overall loading of allochthonous 
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Figure 7 Percent particulate organic carbon (POC) and total suspended 
particulates (TSPs) in the water column from three regions of the Sabine-
Neches estuary, sampled from March 1992 to October 1993. Reproduced 
from Bianchi, T.S., Baskaran, M., Delord, J., Ravichandran, M., 1997a. 
Carbon cycling in a shallow turbid estuary of southeast Texas: the use of 
plant pigments as biomarkers. Estuaries 20, 404–415.; Bianchi, T.S., 
2007. Biogeochemistry of Estuaries. Oxford University Press, New York, 
NY, 720 pp., with permission. 
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and autochthonous C in the system, POC concentration alone 
may not be diagnostic of overall C-cycling dynamics. The rela
tionship between TSPs and phytoplankton biomass (as indicated 
by chlorophyll a concentrations) across different salinity regions 
is well illustrated in the Delaware Bay estuary (Figure 8) (Harvey 
and Mannino, 2001).
5.03.6 Isotopic Distributions of POC in Estuaries 
and Ocean Margins 

5.03.6.1 Δ14C-POC

Distributions of Δ14C of bulk POC have been measured in rela
ti vely few estuaries; however, in those where it has been measured 
the transition between river and marine end members is generally 
the opposite as for estuarine distributions of Δ14C-DOC (Bianchi, 
2007, and references therein). That is, the river end member is 
comprised of 14C-depleted POC (but 14C-enriched DOC), while 
the marine end member is comprised of 14C-enriched POC (but 
14C-depleted DOC). This indicates that rivers supply highly aged 
POC to estuaries, while the marine component of POC is domi
nated by contemporary-aged POC derived from coastal 
phytoplankton. When examining linkages between the watershed 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 9 Comparison of Δ14C of stream POM and DOM for all sampled 
watersheds, demonstrating distribution among lithology and land use 
types in each watershed. Watersheds with >40% agricultural uses are 
‘Agricultural’. Watersheds with >70% coverage by forests are 
‘Forested’. H, Hudson River mainstem at Germantown, NY; M, Mohawk 
River at Cohoes, NY; UH, Upper Hudson River at Waterford, NY. 
Reproduced from Longworth, B.E., Petsch, S.T., Raymond, P.A., 
Bauer, J.E., 2007. Linking lithology and land use to sources of dissolved 
and particulate organic matter in headwaters of a temperate, passive-
margin river system. Geochimica et Cosmochimica Acta 71, 4233–4250. 

Figure 10 Radiocarbon data from the Amazon (Brazil), Hudson (USA), 
York (USA), and Parker (USA) river/estuarine systems showing that DOC 
is always more 14C enriched (or younger) than POC. Reproduced from 
Raymond, P.A., Bauer, J.E., 2001a. Use of 14C and 13C natural abundances 
for evaluating riverine, estuarine and coastal DOC and POC sources and 
cycling: a review and synthesis. Organic Geochemistry 32, 469–485; 
Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University 
Press, New York, NY, 720 pp., with permission). 

 

and the estuarine or coastal waters it is important to consider the 
effects that lithology and land use have on OC age and composi
tion. For example, DOC Δ14C values were in all cases enriched 
compared to POC from the same streams, but were otherwise 
highly variable and unrelated to either land use or lithology 
(Figure 9) (Longworth et al., 2007). 

This is consistent with the patterns found further down
stream in the estuaries. The general paradigm emerging in 
river/estuarine systems is that DOC is always more 14C
enriched (or younger, and in the majority of cases contains 
bomb 14C) than POC, which is significantly more 14C depleted 
and rarely contains measurable bomb 14C (Figure 10) 
(Raymond and Bauer, 2001a, 2001b). This is believed to be a 
result of riverine DOC arising ultimately from fresh leachate of 
surface soil litter (Hedges et al., 1986; Raymond and Bauer, 
2001a) and/or root exudates, while POC is derived from mate
rials that have resided in the river (including soils) or watershed 
for much longer periods of time before mobilization. In gen
eral, Arctic and mountainous rivers show the greatest difference 
between DOC and POC 14C content, rivers with more extensive 
flood plains show smaller differences (Figure 11). 

Understanding the linkages between the carbon sources in 
drainage basin soils and river/estuarine systems is critical for 
determining the connection between terrestrial and estuarine 
systems. The residence times of OC in soils have also been 
examined using 14C measurements (O’Brien, 1986; Trumbore 
et al., 1989; Schiff et al., 1990; Trumbore, 2000). Studies of soil 
OC 14C-based residence times (O’Brien, 1986; Trumbore et al., 
1989; Schiff et al., 1990; Trumbore, 2000; Butman et al., 2007; 
Longworth et al., 2007) further support the idea that DOC 
from surface soils is exported to streams and is generally 
younger than the bulk soil OC from which it is derived. 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
5.03.6.2 δ13C-POC 

Stable carbon isotopes have been commonly used to distinguish 
between allochthonous versus autochthonous OC inputs to 
estuaries. One of the most important pieces of information 
that can be gathered from this information is the separation of 
C3 and C4 plant inputs (Peterson and Fry, 1989; Goni et al., 
1998; Bianchi et al., 2002). Other pioneering work on the appli
cation of stable carbon isotopes in estuaries showed that these 
isotopes can be used to understand trophic interactions in food-
chain dynamics (Fry and Parker, 1979; Fry and Parker, 1984; Fry 
and Sherr, 1984). In general, estuarine studies have shown that 
13C moves in a predictable way, where there is a 1–2‰ enrich
ment of 13C for each step in a predator–prey interaction (Parsons 
and Lee Chen, 1995). OC is composed of a heterogeneous 
mixture of organic compounds having different 13C values d ue  
to their biosynthetic pathway. Moreover, some classes of organic 
compounds (e.g., polysaccharides and proteins) are less decay 
resistant (labile) than others. For example, polysaccharides and 
proteins tend to be more 13C enriched t han l ipids ( Hayes, 1993). 
During microbial degradation of POC, removal of the more 
labile 13C-enriched cellulose components results in the deple
tion of δ13C in the remaining lignin-rich residue (Benner et al., 
1987). Clearly, these general trends get considerably more com
plicated when factoring in different food sources (e.g., terrestrial 
vs. aquatic) as well as size and physiology of the organisms 
involved. Other trends, such as seasonal depletion of δ13C in
estuarine food webs have been attributed to variability in 
imports of DIC from freshwater sources. Isotopic fractionation 
distinguished on the basis of fractionation through photosyn
thetic pathways or trophic interactions provides the basis for 
discrimination of carbon sources. More specifically, Hayes 
(1993) concluded that the carbon isotopic composition of natu
rally synthesized compounds is controlled by (1) carbon 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 12 The δ13C of POC in the riverine, estuarine, and marine end 
members of the Delaware River estuary (USA) during winter, spring, and 
summer seasons. Reproduced from Fogel, M.L., Velinsky, D.J., 
Cifuentes, L.A., Pennock, J.R., Sharp, J.H., 1988. Biogeochemical pro
cesses affecting the stable carbon isotopic composition of particulate 
carbon in the Delaware Estuary. Carnegie Institution of Washington Annual 
Report of the Director, pp. 107–113; Bianchi, T.S., 2007. Biogeochemistry 
of Estuaries. Oxford University Press, New York, NY, 720 pp. 

Particulate Organic Carbon Cycling and Transformation 85 

Figure 11 Δ14C of POC and DOC in estuaries around the world. Reproduecd from Raymond and Bauer, unpublished data.
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sources; (2) isotopic effects during assimilation processes in 
producer organisms; (3) isotope effects during metabolism and 
biosynthesis; and (4) cellular carbon budgets. 

In an extensive study on the biogeochemistry of the 
Delaware Bay estuary (USA), it was clearly established that 
the seasonal variability of δ13C in DIC could not account for 
the δ13C shifts in POC (e.g., Cifuentes et al., 1988; Fogel et al., 
1988). The δ13C of POC in the riverine end member (approxi
mately −24 to −31) were more depleted than the marine end 
member (approximately −22 to −24); this, in part, was due to 
the inputs of more depleted terrestrially derived OC from the 
watershed of the Delaware River estuary (USA) (Figure 12) 
(Fogel et al., 1988). However, the more negative δ13C values 
were generally found in summer, during the highest rates of 
remineralization and productivity, and were attributed to pre
ferential uptake of CO2 versus HCO − 

3 (Fogel et al., 1988). 
Other work has shown that remineralized CO2 is isotopically 
light and similar to ambient phytoplankton in the water col
umn (Jacobsen et al., 1970; Peterson and Fry, 1989). The 
uptake of CO2 during photosynthesis also occurs faster than 
the isotopic equilibrium between CO2 and HCO −

3 , further
suggesting the importance of preferential CO2 uptake in sum
mer months. 

The application of stable isotopes as tracers of organic matter 
sources in aquatic systems has been quite extensive (see Bianchi 
(2007) and references therein). Many studies have also used 
end-member values from a combination of stable and radio
carbon isotopes and biomarkers (e.g., lignin phenols and lipids) 
to determine carbon sources in coastal systems (e.g., Hedges and 
Parker, 1976; Goni et al., 1998; Raymond and Bauer, 2001a, 
2001b; Gordon and Goni, 2003; McCallister et al., 2004). The 
range of isotopic values for organic matter sources in a number 
of estuaries is shown in Table 5; many of these values have been 
used to establish end-member sources to coastal systems. 

Many of the early investigations were based on a two end-
member mixing model (binary), in which the more depleted 
terrestrial δ13C end member could be used along with the more 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
enriched marine phytoplankton end member to establish their 
relative abundance throughout the estuary. For example, the 
following binary equation could be used to determine percent 
terrestrial organic matter in an estuary: 

δ13Csample − δ13Cmarine%OCTerr ¼ 3  
δ13Criverine − δ13Cmarine 

½ �

where δ13Csample is the isotopic composition of a sample, 
δ13Cmarine the published isotopic value of marine phytoplank
ton (see Table 5), and δ13Criverine the published isotopic values 
of riverine POM (see Table 5). 

Recent work compared the effectiveness of binary and three 
end-member models in determining the relative abundance 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 5 Published ranges of isotope values of potential organic matter sources to estuaries 

δ13C δ15N Δ14C 
Source (‰) (‰) (‰) References 

Terrigenous (vascular plant) −26 to −30 −2 to  +2  Fry and Sherr (1984); Deegan and Garritt (1997) 
Terrigenous soils (surface)/forest litter −23 to −27 2.6 to 6.4 +152 to +310 Cloern et al. (2002); Richter et al. (1999) 
Freshwater phytoplankton −24 to −30 5 to 8 Anderson and Arthur (1983); Sigleo and Macko 

(1985) 
Marine/estuarine phytoplankton −18 to −24 6 to 9 Fry and Sherr (1984); Currin et al. (1995) 
C-4 salt marsh plants −12 to −14 3 to 7 Fry and Sherr (1984); Currin et al. (1995) 
Benthic microalgae −12 to −18 0 to 5 Currin et al. (1995) 
C-3 Freshwater/Brackish marsh plants −23 to −26 3.5 to 5.5 Fry and Sherr (1984); Sullivan and Moncreiff 

(1990) 
Specific to York River Estuary 
Freshwater grass leachate (Peltandra −29.6 McCallister et al. (2004) 
virginica) 

Marsh OM (0–6 cm) −22.3 to −26.4 +45 to +58 Raymond and Bauer (2001a) 
Marsh macrophytes −23.3 to −28.9 5.3 to 11.0 Neubauer (2000) 
Marsh microalgae (benthic) −23.7 to −27.7 8.4 to 11.3 Neubauer (2000) 
Phytoplankton (freshwater end member) −27.5 to −34.6 +110 to +164 Raymond and Bauer (2001a) 
a 

Phytoplankton (midsalinity) −21.8 to −24.2 +56 to +72 Raymond and Bauer (2001a) 
Phytoplankton (York River mouth) −20.1 to −22.8 +47 to +62 Raymond and Bauer (2001a) 
Chesapeake Bay DOM −23.7 −77 Raymond and Bauer (2001a) 
Terrigenous (leaf OM) +100 Raymond and Bauer (2001a) 
HMW DOM (0 salinity) −27.8 to −28.1 4.0 to 4.7 +434 McCallister et al. (2004) 
HMW DOM (10 salinity) −24.0 to −24.5 5.5 to 7.5 McCallister et al. (2004) 
HMW DOM (20 salinity) −22.3 to −22.7 7.8 to 9.2 McCallister et al. (2004) 
FW POM −28.2 to −30.0 6.4 to 7.9 +24 to −190 Raymond and Bauer (2001a); McCallister et al. 

(2004) 
Humies (resin-extracted) −27.5 +111 McCallister et al. (2004) 
Specific to Hudson River 
POM (240 km) −29.0 6.0 −101 to −156 McCallister et al. (2004); Raymond and Bauer 

(2001a) 
POM (122 km)b −27.1 to −27.4 2.8 to 3.2 96 McCallister et al. (2004); Raymond and Bauer 

(2001a) 
DOC (240 km) −27.0 to −27.2 −73 to −137 Bauer et al. (unpublished data) 
DOC (152 km) −27.0 −110 Bauer et al. (unpublished data) 
Phytoplankton (240 km) −30.0 to −31.1 8.0 −44 to −50 Bauer et al. (unpublished data); Caraco et al. 

(1998) 
Phytoplankton (165 km)c −24.2 −74 Caraco (unpublished data) 
Phytoplankton (152 km) −30.5 8.0 −52 Bauer et al. (unpublished data); Caraco et al. 

(1998) 
Submerged macrophytes −21.7 to −22.2 8.0 −37 to −38 Caraco et al. (1998); Caraco (unpublished data) 
Emergent macrophytes −26.0 8.0 +90 Caraco et al. (1998): Raymond and Bauer 

(2001b) 
Terrestrial (leaf OM) −27.0 −2.0 Caraco et al. (1998) 
Terrigenous (sedimentary rocks)d −28.6 to −29.0 −866 to −999 Petsch (2000) 
Humies (resin-extracted) −27.2 +22 McCallister et al. (2004) 

aPhytoplankton isotopic values for the York and Hudson (unless otherwise noted) were predicted from measured δ13C-DIC and Δ14C-DIC values and assumed a kinetic fractionations
 
of 20‰ for δ13C values (Chanton and Lewis, 1999). Because Δ14C values were normalized to δ13C according to the principles of Stuiver and Polach (1977), no additional correction
 
was applied.
 
bΔ14C from 152 km.
 
cPhytoplankton signature from plankton net low.
 
dOM isotope values are from weathering profiles of Marcellus Shale (Hudson/Mohawk River valley at depths of 8, 57, and 170 cm.
 
Adapted from McCallister, S.L., Bauer, J.E., Cherrier, J.E., Ducklow, H.W., 2004. Assessing sources and ages of organic matter supporting river and estuarine bacterial production: a
 
multiple-isotope (Δ14C, δ13C, and δ15N) approach. Limnology and Oceanography 49, 1687–1702.
 

86 Particulate Organic Carbon Cycling and Transformation 
of marine versus terrestrial sources off the Atchafalaya River 
estuary (Gordon and Goñi, 2003). The authors suggested that it 
was important to use a three end-member model that com
bines both biomarkers and stable isotopes for three OC source 
end members (soils, riverine, and marine). This separates the 
terrestrial end member into two different sources, vascular 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
plants, and soils. The three end-member mixing was based on 
the following three equations: 

δ13Csample ¼ δ13C 13
marine � OCmarine þ δ Csoil � OCsoil 

þ δ13Cvascular plant � OCvascular plant ½4� 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Λsample ¼ Λmarine � OCmarine þ Λsoil � OCsoil þ Λvascular plant 

� OCvascular plant 

½5� 
N=Csample ¼ N=Cmarine � OCmarine þ N=Csoil � OCsoil 

½6�þ N=Csoil � OCsoil 

where OCmarine, OCsoil, and  OCvascular plant were the fractions of 
OC derived from marine, soil, and vascular plants, the nitrogen: 
carbon (N:C) ratios were based on Redfield values for different 
sources. Soil N:C values are based on average values of suspended 
POM in respective rivers and their associated tributaries. Due to 
the heterogeneous composition of terrigenous end members, it 
was concluded that the three end-member mixing model was 
required to separate terrigenous sources in sediments of the 
Atchafalya River estuary (Gordon and Goñi, 2003). One of the 
fundamental problems with these mixing models is that it is 
assumed that the decay processes in the water column and sedi
ments are not changing the isotopic signature of organic 
compounds between end-member source inputs. 
5.03.7 Biochemical Composition and Chemical 
Biomarkers of POC 

5.03.7.1 Lipids 

Lipids are solvent-extractable compounds that are soluble in 
nonpolar (chloroform, benzene) solvents. Lipids are energy 
rich and represent a significant component of the carbon flux 
through trophic pathways in coastal/estuarine systems (Sargent 
et al., 1977; Reuss and Poulsen, 2002) and can account for 
as much 10–20% (dry weight) of the biomass in actively grow
ing algal populations (Sargent and Falk-Petersen, 1988). 
Triacylgylcerols, in particular, contain a highly reduced form 
of C as part of the hydrocarbon chain of fatty acids and when 
oxidized release significant amounts of energy. For this reason, 
triacylgylcerols are frequently used as a conditional or ‘health’ 
index for organisms. Other important groups, such as phos
pholipids, represent an integral component of cell membranes 
and share similar functions with sterols. Wax esters have also 
been found to be important as energetic reserves as well as for 
buoyancy in grazer communities such as copepods (Wakeham 
et al., 1980; Wakeham and Lee, 1989). Over the past decade, 
there have been an increasing number of studies that have 
utilized lipid biomarkers to evaluate some of the central ques
tions regarding controls on the relationships between organic 
fractions found in DOM and POM pools in estuaries, as well as 
on preservation in sediments. For example, recent work has 
shown that saturated fatty acids represented the dominant 
class of lipids in POM and DOM in the Delaware Estuary 
(USA) (Figure 13) (Mannino and Harvey, 1999). 

Lipids are an important component of estuarine POC and a 
diversity of lipid compound classes (e.g., hydrocarbons, fatty 
acids, n-alkanols, and sterols) have been used as effective and 
sensitive biomarkers of POC in coastal and estuarine systems 
(Prahl, 1985; Yunker et al., 1993, 1995; Canuel et al., 1995, 
1997; Canuel, 2001; Sun et al., 2002, and references therein). 
In addition, anthropogenic sources in estuaries pose an addi
tional problem when interpreting geolipid distributions such as 
with hydrocarbons. Anthropogenic inputs of hydrocarbons from 
fossil fuel use, transport, and distribution have increased 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
significantly in estuaries since the industrial revolution, and 
particularly over the past few decades. Natural oil seeps and 
erosion of bitumen deposits can also contribute to hydrocarbon 
distributions in river/estuarine systems (Yunker et al., 1993). 
Petroleum hydrocarbons can, however, be readily distinguished 
from biological hydrocarbons by their absence of odd-number 
carbon chains (and which biological hydrocarbons contain), as 
well as the greater structural diversity of petroleum hydrocarbons 
(Meyers and Takeuchi, 1981). The ‘unresolved complex mixture’ 
of compounds found in petroleum is basically a result of the 
difficulty of even modern analytical methods in resolving the 
large numbers of closely related hydrocarbon compounds in 
sample extracts (Meyers, 2003). 

Algal, bacterial, and terrestrial sources of carbon in estuarine/ 
coastal systems have been elucidated in estuarine systems, in 
part, by the presence and distributions of aliphatic hydrocarbons 
such as n-alkanes and n-alkenes (Yunker et al., 1991, 1993, 
1995; Canuel et al., 1997). Saturated aliphatic hydrocarbons 
(i.e., alkanes) and nonsaturated hydrocarbons (i.e., alkenes) 
are shown in the simple structures of hexadecane and 1,3 buta
diene, respectively (Figure 14). 

Branched and cyclic hydrocarbons have also been used as 
paleo-markers, principally in lake sediments, to interpret past 
changes in organic matter sources (Meyers, 2003). In particular, 
isoprenoid hydrocarbons such as pristane (C19 isoprenoid 
hydrocarbon) and phytane (C20 isoprenoid hydrocarbon) 
(both derived from phytol) have been used as indicators of 
herbivorous grazing (Blumer et al., 1964) and methanogenesis 
(Risatti et al., 1984), respectively (Table 6). 
5.03.7.2 Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) represent a specific 
source of hydrocarbons to estuarine systems (Simoneit, 1984) 
that are produced from incomplete combustion of organic mat
ter and/or spillage from petroleum products (Stark et al., 2003, 
and references therein). Their chemical structure consists of hav
ing two or more benzene rings fused together (Figure 15). 

These compounds are highly lipophilic and hydrophobic 
compounds that will favor adsorption to SPM and accumulation 
in sediments of aquatic systems – making them potential bio
markers for the delivery of organic matter to natural systems 
(Meyers and Quinn, 1973). Certain molecular criteria can be 
used to examine composition, distribution, and sources of 
PAHs, whereby natural versus anthropogenic sources can be 
distinguished (Yunker et al., 1993; Dickhut et al., 2000; Yunker 
et al., 2002; Countway et al., 2003). PAHs are generated from 
anthropogenic or natural combustion processes, in addition to 
rapid transformation processes of biogenic precursors that occur 
in situ. Many of the PAHs are associated with black carbon (BC), 
which can be formed from vapor-phase condensations of 
organic molecules (e.g., graphitic or soot material) or from 
residue of burned materials (e.g., char) (see Bianchi (2007) for 
references). In fact, BC has not only been implicated as an 
important factor in controlling the distribution of HOCs, but 
may also represent a significant pool in the global carbon cycle. 
Acyclic ketones, such as linear alkane-2-ones, are another class of 
lipids commonly found in aquatic systems (Volkman et al., 
1983; Hernandez et al., 2001; Jaffé et al., 2001). Hernandez 
et al. (2001) found a shift in the alkane-2-one distribution 
from C27 to C31 in the upper estuary to C25 in the lower estuary 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 13 Distribution of major fatty acids (μg-fatty acids l−1 and μg-fatty acid mg−1 OC) in particulate organic matter (POM), very high-molecular-mass 
dissolved organic matter (VHDOM) (30 kDa–0.02 μm), and high-molecular-mass DOM (HDOM) (1–30 μm) in Delaware Bay estuary. Bacterial fatty acids 
(FA) included branched and normal saturated acids and 15:1Δ4 and PUFAs = polyunsaturated fatty acids. Reproduced from Mannino, A., Harvey, H.R., 
1999. Lipid composition in particulate and dissolved organic matter in the Delaware Estuary: sources and diagenetic patterns. Geochimica et 
Cosmochimica Acta 63, 2219–2235; Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, New York, NY, 720 pp. 

Figure 14 Chemical structure of a saturated aliphatic hydrocarbon or 
alkane (e.g., hexadecane) and a nonsaturated hydrocarbon or alkene 
(e.g., hexadecane and 1,3 butadiene). Reproduced from Bianchi, T.S., 
2007. Biogeochemistry of Estuaries. Oxford University Press, New York, 
NY, 720 pp. 
and attributed these changes to tidal changes in the delivery of 
seagrass detritus (relation with PAHs is unclear). 
5.03.7.3 Fatty Acids 

Fatty acids are building blocks of lipids and represent a signifi
cant fraction of the total lipid pool in aquatic organisms (Vance 
and Vance, 1996; Desvilettes et al., 1997; Countway et al., 2003; 
Dalsgaard et al., 2003). Designation for the systematic names of 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
fatty acid is A:BωC, where A is the number of carbon atoms, B the 
number of double bonds, and C the position of the double 
bond from the aliphatic end of the molecule. The most common 
fatty acids found in nature are saturated and unsaturated com
pounds with a chain length of C16 and C18 (Cranwell, 1982; 
Pulchan et al., 2003), as shown in Figure 16. 

For example, palmitic acid is a 16-carbon saturated (no 
double bonds) fatty acid, oleic is an 18 carbon monounsatu
rated fatty acid (1 double bond), and linoleic acid is a C18 

polyunsaturated fatty acid (PUFA) (with two double bonds, 
18:2ω6). Chain length and reactivity of fatty acids have been 
shown to be correlated, indicating a pre- and postdepositional 
selective loss of short-chain fatty acids (Kawamura et al., 1987; 
Canuel and Martens, 1993; Meyers and Eadie, 1993). Saturated 
fatty acids are also more stable and typically increase in relative 
proportion to total fatty acids with increasing sediment depth 
(Parker and Leo, 1965; Haddad et al., 1992; Sun et al., 1997). 
Long-chain (>C22) saturated fatty acids are generally thought to 
be indicative of terrestrial (vascular plants and soils) organic 
matter sources (Table 7) (Tulloch, 1976; Brassell et al., 1980; 
Sargent et al., 1995; Shi et al., 2001). 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 6 Allochthonous, plant triterpenoids used a biomarkers in aquatic systems 

Indicator Carbon No. per structure Terrigenous source Marine source Reference 

Plant triterpenoids 
β-amyrin (olean-12-en-3β-ol) 30 Higher plants - Volkman et al. (1987) 
α-amyrin (urs-12en-3β-ol) 30 Higher plants - Volkman et al. (1987) 
24-ethylcholesta-3,5-dien-7-one 29 Higher plants, peat - Robinson et al. (1987) 
20:0–30:0 even carbon n-alkanols 20–30 Higher plants - Cranwell (1981) 
16:1–24:1 even carbon n-alkanols 16–24 Higher plants, zooplankton(?) Zooplankton Sargent et al. (1977) 

Adapted from Yunker, M.B., Macdonald, R.W., Cretney, W.J., Fowler, B.R., McLaughlin, F.A., 1993. Alkane, terpene, and ploycyclic aromatic hydrocarbon geochemistry of the 
Mackenzie River and Mackenzie shelf: riverine contributions to Beaufort Sea coastal sediment. Geochimica et Cosmochimica Acta 57, 3041–3061. 
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Figure 15 Chemical structure of polycyclic aromatic hydrocarbons (PAHs) consisting of two or more benzene rings fused together, as shown in the
 
PAHs naphthalene, anthracene, phenanthrene, and pyrene. Reproduced from Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press,
 
New York, NY, 720 pp. 
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Figure 16 Chemical structures of some of the most common fatty acids 
found in nature, which are typically saturated and unsaturated compounds 
with a chain length of C16 and C18 as shown in the case of palmitic, oleic, 
and linoleic acids. Reproduced from Bianchi, T.S., 2007. Biogeochemistry 
of Estuaries. Oxford University Press, New York, NY, 720 pp. 
However, long-chain saturated fatty acids are also found in 
marsh plants, seagrasses (Canuel et al., 1997), and even in some 
diatoms (Volkman et al., 1980). Short-chain fatty acids can be 
derived from aquatic (algal and microbial) sources (C –12 C18) 
(Simoneit, 1977) including zooplankton, bacteria, benthic ani
mals, and marsh plants (Table 7) (Cranwell, 1982). PUFAs are 
generally used as indicators of the presence of fresh algal sources 
(Shaw and Johns, 1985; Canuel and Martens, 1993), but a few 
PUFAs also occur in vascular plants. Higher plant sources of 
PUFAs are generally represented by 18:2(ω6) and 18:3(ω3) 
(Table 6) (Harwood and Russell, 1984). In general, C18 PUFAs 
are enriched in Prymnesiophytes, Dinophytes, Chlorophytes, 
and Cryptophytes, while the C16 and C20 PUFAs are more 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
enriched in diatoms (Volkman et al., 1989). Previous studies 
have shown that many estuarine organisms such as mollusks 
(Soudant et al., 1995) and polychaetes (Marsh and Tenore, 
1990) cannot synthesize de novo many essential PUFAs (e.g., ω3 
and ω6 PUFAs) required for their metabolism and need to obtain 
them through their diet (e.g., diatoms) (Canuel et al., 1995). 
Only plants and a few invertebrate protozoa are capable of 
synthesizing PUFAs (Dalsgaard et al., 2003, and references 
therein). Monosaturated fatty acids are typically indicative of 
algal species (Volkman et al., 1989; Dunstan et al., 1994). 
Some monosaturated fatty acids, such as 18:1ω7, are found 
only in bacteria (Parkes and Taylor, 1983), while others (e.g., 
18:1ω9) have been shown to be effective tracers of macrozoo
plankton and their fecal pellets (Wakeham and Canuel, 1988). 
Branched fatty acids (iso- and anteiso-) are believed to be pri
marily derived from sulfate-reducing bacteria (Table 7) (Perry 
et al., 1979; Cranwell, 1982; Canuel et al., 1995). 

The distribution and abundance of n-alkanols (fatty alco
hols) can be used to distinguish between terrestrial plant and 
algal/bacterial inputs to aquatic systems (Cranwell, 1982). The 
epicuticular waxes of vascular plants have been shown to have 
n-alkanols with an even number of carbon atoms (typically 
C –22 C30) (Eglinton and Hamilton, 1967; Rieley et al., 1991). 
One of the most abundant n-alkanols in higher plants is 
1-octacosanol (CH3[CH2]26CH2OH). Phytol is one of the 
more prominent monounsaturated isoprenoid alkenols 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 7 Fatty acid biomarkers for bacterial, algal, animals, and terrestrial sources in aquatic systems 

FATM References 

Bacterial markers 
Σ odd carbon numbered + branched chain FA Parkes and Taylor (1983); Gillan and Johns (1986); Kaneda 

(1991); Budge and Parrish (1998); Budge et al. (2001) 
Σ Iso- and anteiso-C15 and C17 Kaneda (1991); Viso and Marty (1993) 
18:1(ω-7)/18:1ω9 Volkman et al. (1980) 
Iso + anteiso 15:0/16:0 Mancuso et al. (1990); Kaneda (1991) 
Iso + anteiso 15:0/15:0 White et al. (1980); Kaneda (1991) 
Σ 15:0, iso- and anteiso-C15 and C17, 18:1ω-72 brC15/15:0a Najdek et al. (2002); Kaneda (1991) 
brC15/15:0a Najdek et al. (2002) 
Algal 
Fatty acids generally with chain lengths <n-C20; polyunsaturated fatty acids Canuel et al. (1995) 
(PUFAs); C27 and C28 sterols (e.g., diatoms – 16: 1ω7, 16: 0, 14: 0, 20: 5ω3, S-5, 
S-6; dinoflagellates – 16: 0, 18: 5ω3, 22: 6ω3, 4-methyl sterols) 

Animal 
16: 0, 18: 0, and 18: 1w9; cholest-5-en-3β-ol (S-3) Canuel et al. (1995) 
Terrestrial markers 
18:2ω-6 Napolitano et al. (1997) 
18:2(ω-6) + 18:3(ω-3) > 2.5 Budge and Parrish (1998); Budge et al. (2001) 
22:0 + 24:0 Budge et al. (2001) 
Σ C24:0 – C32:0 Meziane et al. (1997); Canuel and Martens (1993) 

aUsed as a measure of bacterial growth in mucilaginous aggregates as bacteria experiencing favorable growth conditions yield higher proportions of branched-chain C15 over straight-
chain C15:0 (Najdek et al., 2002). 

 

because of its source as an esterified side chain within the 
chlorophyll molecule of plants. Hence, chlorophyll decay is 
considered to be the dominant source of phytol and its degra
dation products in aquatic environments – especially because 
the phytyl ester is easily broken (Hansen, 1980). 
 

5.03.7.4 Sterols 

Sterols and their respective derivatives have proved to be impor
tant biomarkers that can be used to estimate algal and vascular 
plant contributions, as well as diagenetic proxies (Volkman, 
1986; Canuel and Zimmerman, 1999). These compounds are a 
group of cyclic alcohols (typically between C26 and C30) that  are  
resistant to saponification. Sterols are biosynthesized from iso
prene units using the mevalonate pathway and are classified as 
triterpenes (i.e., consisting of five isoprene units) (Figures 17). 

Terrestrial plants have been shown to have a high abundance of 
24-ethylchloest-5-en-3β-ol (sitosterol) (C29Δ

5) and 24-methyl
cholest-5-en-3β-ol (campesterol) (C28Δ

5) sterols  (Volkman, 
1986; Jaffé et al., 1995). Seagrasses also have characteristically 
high concentrations of C29Δ

5 (Nishimura and Koyama, 1977; 
Volkman et al., 1981; Nichols and Johns, 1985). Although C29 

sterols are considered to be the dominant sterols found in vascular 
plants, certain epibenthic cyanobacteria and phytoplanktonic spe
cies have also been found to have significant quantities (Volkman 
et al., 1981; Jaffé et al., 1995). The predominant sterols found in 
phytoplankton are C28 sterols (Volkman, 1986); 24-methyl
chloesta-5,22-dien-3β-ol (brassicasterol) (C28Δ

5,22) is  particularly  
abundant in diatoms and Cryptomonads (Volkman et al., 1981). 
Other phytoplankton markers include dinosterol (dinoflagellates) 
and 24-methylchloesta-5,24(28)-dien-3β-ol (24-methylenecho

(C28Δ
5,24[28])lesterol) (diatoms, dinoflagellates, and 

Prasinophytes) (Volkman, 1986). Sterols can also be used to dis
tinguish between wastewater and natural sources of organic matter 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
using the ratios of 24-ethylcoprostanol to 24-ethylcholest-5-en-3β
ol (sitosterol) (C29Δ

5) and  5β-cholestan-3β-ol (coprostanol) 
(C27Δ

0) to cholest-5-en-3β-ol (cholesterol) (C27Δ
5) (Quemeneur 

and Marty, 1992). Cholesterol (cholest-5-en-3β-ol) (C27Δ
5) is

generally considered to be derived from crustacean tissues 
(e.g., zooplankton and crabs) (Bergmann, 1949) as  well as
their fecal pellets. 
5.03.7.5 Cutins and Suberins 

Cutin and suberin are lipid polymers in vascular plant tissues, 
which serve as a protective layer (cuticle) and cell wall compo
nents of cork cells, respectively, (Martin and Juniper, 1970; 
Holloway, 1973). The basic monomeric units of cutins and 
suberins are shown in Figure 18. 

Cutins have been shown to be an effective biomarker for 
vascular plant inputs to coastal systems (Eglinton et al., 1968; 
Cardoso and Eglinton, 1983; Goñi and Hedges, 1990a, 1990b). 
When cutin is oxidized, using the CuO method commonly used 
for lignin analyses (Hedges and Ertel, 1982), a series of fatty acids 
is produced that can be divided into three groups: C16 hydroxy 
acids, C18 hydroxy acids, and Cn hydroxyl acids (Goñi and 
Hedges, 1990a). As cutins are not found in wood, they are similar 
to the p-hydroxyl lignin-derived cinnamyl phenols (e.g., trans-p
coumaric and ferulic acids) and serve as biomarkers of non-
woody vascular plant tissues. However, cutin acids were found 
to be more reactive than lignins in the degradation of conifer 
needles (Goñi and Hedges, 1990c) and are not considered to be 
as effective in tracing vascular plant inputs as are lignins (see 
below) (Opsahl and Benner, 1995). Although suberins have 
been found in peats and recent sediments (Cardoso and 
Eglinton, 1983), more work on their structure and function is 
needed for more effective applications as biomarkers of POC 
sources and fates in estuaries (Hedges et al., 1997). 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 17 Chemical structures of some of the important sterols used as biomarkers in estuaries (e.g., β-sistosterol, stigmasterol, campesterol, 
brassicasterol, and cholesterol). Reproduced from Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, New York, NY, 720 pp. 

Figure 18 Chemical structure of cutin, a biopolyester mainly composed of interesterified hydroxy, and epoxyhydroxy fatty acids with a chain length 
of 16 or/and 18 carbons (C16 and C18 class). Also, the chemical structure of the aliphatic monomers of suberin, derived from the general fatty acid 
biosynthetic pathway, namely from palmitic (16:0), stearic (18:0), and oleic acids. Reproduced from Bianchi, T.S., 2007. Biogeochemistry of Estuaries. 
Oxford University Press, New York, NY, 720 pp. 
5.03.7.6	 Carbohydrates 

Carbohydrates are the most abundant class of biopolymers on 
Earth (Aspinall, 1983) and consequently represent significant 
components of water-column POM and DOM in aquatic envir
onments (Ittekkot et al., 1982; Cowie and Hedges, 1984a, 
1984b; Arnosti et al., 1994; Aluwihare et al., 1997; 
Bergamaschi et al., 1999; Jennerjahn et al., 1999; Opsahl and 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
Benner, 1999; Burdige et al., 2000; Hung et al., 2003a, 2003b, 
and references therein). Carbohydrates are important structural 
and storage molecules and are critical in the metabolism of 
terrestrial and aquatic organisms (Aspinall, 1970). The general 
formula for carbohydrate composition is (CH2O)n; these com
pounds can be defined more specifically as polyhydroxyl
aldehydes and ketones – or compounds that can be hydrolyzed 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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to them. Carbohydrates can be further divided into monosac
charides (simple sugars), disaccharides (two covalently linked 
monosaccharides), oligosaccharides (a few covalently linked 
monosaccharides), and polysaccharides (polymers made up 
of chains of mono- and disaccharides). Based on the number 
of carbons, monosaccharides (e.g., 3, 4, 5, and 6) or simple 
sugars are commonly termed trioses, tetroses, pentoses, and 
hexoses, respectively. 

In phytoplankton, carbohydrates serve as important reser
voirs of energy, structural support, and cellular signaling 
components (Lee, 1980; Bishop and Jennings, 1982; Ittekkot 
et al., 1982). Carbohydrates make up approximately 20–40% 
of the cellular biomass in phytoplankton (Parsons et al., 1984) 
and 75% of the weight of vascular plants (Aspinall, 1983). 
Structural polysaccharides in vascular plants, such as α-cellu
lose, hemicellulose, and pectin, are dominant constituents of 
plant biomass, with cellulose being the most abundant biopo
lymer (Aspinall, 1983; Boschker et al., 1995). Certain 
carbohydrates can also represent significant components of 
other structural (e.g., lignins) and secondary compounds 
(e.g., tannins) found in plants (Zucker, 1983). Carbohydrates 
serve as precursors for the formation of humic material 
(e.g., kerogen), a dominant form of organic matter in soils 
and sediments (Nissenbaum and Kaplan, 1972; Yamaoka, 
1983). Extracellular polysaccharides are important in binding 
microbes to surfaces, construction of invertebrate feeding 
tubes and fecal pellets, and in microfilm surfaces (Fazio 
et al., 1982). Polysaccharides can further be divided into the 
dominant sugars (e.g., found in most organic matter) or major 
sugars, as well as other more source-specific forms, the minor 
sugars. There has been considerable attention to measuring the 
relative abundances of the major sugars (Mopper, 1977; Cowie 
and Hedges, 1984b; Hamilton and Hedges, 1988). The major 
sugars can be further divided as unsubstituted aldoses and 
ketoses. The aldoses, or neutral sugars (rhamnose, fucose, 
lyxose, ribose, arabinose, xylose, mannose, galactose, and glu
cose) (Figure 19), are the monomeric units of the dominant 
structural polysaccharides of vascular plants (e.g., cellulose 
and hemicelluloses). Minor sugars, such as acidic sugars, 
amino sugars, and O-methyl sugars tend to be more source 
specific than major sugars and can potentially provide further 
information in understanding the biogeochemical cycling of 
carbohydrates (Mopper and Larsson, 1978; Klok et al., 1984a, 
1984b; Moers and Larter, 1993; Bergamaschi et al., 1999). 
5.03.7.7 Proteins 

Proteins make up approximately 50% of organic matter 
(Romankevich, 1984) and contain about 85% of the organic 
N (Billen, 1984) in marine organisms. Peptides and proteins 
comprise an important fraction of the POC (13–37%) and 
nitrogen (30–81%) (Cowie and Hedges, 1992; Nguyen and 
Harvey, 1994; Van Mooy et al., 2002). In sediments, proteins 
account for approximately 7–25% of OC (Degens, 1977; 
Burdige and Martens, 1988; Keil et al., 1998, 2000) and an 
estimated 30–90% of total N (Henrichs et al., 1984; Burdige 
and Martens, 1988; Haugen and Lichtentaler, 1991; Cowie and 
Hedges, 1992). Other labile fractions of organic N include 
amino sugars, polyamines, aliphatic amines, purines, and pyr
imidines. Amino acids are essential to all organisms and, 
consequently, represent one of the most important 
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components in the organic nitrogen cycle. The typical mole 
percentage of protein amino acids in different organisms 
shows considerable uniformity in compositional abundance 
(Figure 20) (Cowie and Hedges, 1992). 

Hence, it has been argued that any observed differences in 
amino acid composition in water column and/or sediments are 
likely to arise from degradation (Dauwe and Middelburg, 
1998; Dauwe et al., 1999). In aquatic systems, amino acids 
characterized as particulate fractions in coastal systems are 
divided into the total hydrolyzable amino acids in water-
column POM (Cowie and Hedges, 1992; Van Mooy et al., 
2002) and SOM (Cowie and Hedges, 1992). 
5.03.7.8 Photosynthetic Pigments 

The primary photosynthetic pigments used in absorbing photo
synthetically active radiation (PAR) are chlorophylls, 
carotenoids, and phycobilins, with chlorophyll representing 
the dominant photosynthetic pigment. Although a greater 
amount of chlorophyll is found on land, 75% of the annual 
global turnover (�109 Mg) occurs in oceans, lakes, and rivers/ 
estuaries (Brown et al., 1991; Jeffrey and Mantoura, 1997). All 
of the light-harvesting pigments are bound to proteins making 
up distinct carotenoid and chlorophyll–protein complexes. 
These pigment–protein complexes in algae and higher plants 
are located in the thylakoid membrane of chloroplasts. 
Chlorophylls are comprised of cyclic tetrapyrroles coordinated 
around a Mg-chelated complex (Figure 21) (Rowan, 1989). 

Chlorophyll a is the dominant pigment used to estimate 
algal biomass in aquatic ecosystems. Although chlorophylls are 
not as effective class-specific biomarkers as are carotenoids, 
they do provide some taxonomic distinctions (Table 8). 

Chlorophylls a and b contain a proprionic acid esterified to 
a C20 phytol; chlorophylls c1 and c2 have an acrylic acid that 
replaces the proprionic acid (Figure 21). The chloropigments 
can also be used to resolve between contributions of eukaryo
tic and prokaryotic organisms. For example, eukaryotes and 
cyanophytes are found in oxygenated waters as opposed to 
green and purple sulfur bacteria that are typically found in 
anoxic or hypoxic environments (Wilson et al., 2004). 
Bacterio-chlorophyll a is the dominant light-harvesting pig
ment in purple sulfur bacteria (e.g., Chromatiaceae), its 
synthesis is inhibited by the presence of O2 (Squier et al., 
2004). Similarly, bacterio-chlorophyll e has been shown to 
be indicative of green sulfur bacteria (e.g., Chlorobium phaeovi
broides and C. phaeobacteroides) (Repeta et al., 1989; Chen et al., 
2001), while bacterio-chlorophylls c and d can be found in 
other Chlorobium spp. As a result of their linkages to environ
mental redox conditions, bacterio-chlorophylls have been 
successfully used as an index for reconstructing paleoredox in 
aquatic systems (Chen et al., 2001; Squier et al., 2002, 2004). 
Carotenoids are an important group of tetraterpenoids con
sisting of a C40 chain with conjugated bonds. These pigments 
are found in bacteria, algae, fungi, and higher plants and serve 
as the principal pigment biomarkers for class-specific taxo
nomic work in aquatic systems (Table 8). 

The degradation products of chlorophyllous pigments, 
formed primarily by heterotrophic processes, are the most 
abundant forms of pigments found in sediments (Daley, 
1973; Repeta and Gagosian, 1987; Brown et al., 1991; Bianchi 
et al., 1993; Chen et al., 2001; Louda et al., 2002). These 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 19 The major sugars divided as unsubstituted aldoses and ketoses. The aldoses or neutral sugars (rhamnose, fucose, lyxose, ribose, arabinose, 
xylose, mannose, galactose, and glucose) are the dominant monomeric units of the dominant structural polysaccharides of vascular plants (e.g., cellulose 
and hemicelluloses). Reproduced from Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, New York, NY, 720 pp. 
pigment degradation products may be used to infer the avail
ability of different source materials to consumers. For example, 
the four dominant tetrapyrrole derivatives of chloropigments 
(pheopigments) found in marine and freshwater/estuarine 
systems (chlorophyllide, pheophorbide, pheophytin, pyro
pheophorbide) are formed during bacterial, autolytic cell 
lysis, and metazoan-grazing activities (Sanger and Gorham, 
1970; Jeffrey, 1974; Welschmeyer and Lorenzen, 1985; 
Bianchi et al., 1988, 1991; Head and Harris, 1996). More 
specifically, chlorophyllase-mediated deesterification reactions 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
(loss of the phytol side chain) of chlorophyll yield chlorophyl
lides when diatoms are physiologically stressed (Figure 21) 
(Holden, 1976; Jeffrey and Hallegraeff, 1987). 

Plant pigments have been shown to be useful biomarkers of 
OC in estuarine ecosystems (see review by Millie et al. (1993)). 
For example, carotenoids and their degradative xanthophylls 
have been shown to be effective biomarkers for different classes 
of phytoplankton (Jeffrey, 1997), while chlorophyll has been 
used extensively as a means of estimating phytoplankton 
biomass (Jeffrey, 1997). Numerous studies have shown that 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 20 The average and range (mole%) of protein amino acid compositions from different source organisms. Reproduced from Cowie, G.L., 
Hedges, J.I., 1992. The role of anoxia in organic matter preservation in coastal sediments: relative stabilities of the major biochemical’s under oxic and 
anoxic depositional conditions. Organic Geochemistry 19, 229–234; Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, New 
York, NY, 720 pp. 
photopigment concentration correlated well with microscopi
cal counts of different species (Tester et al., 1995; Roy et al., 
1996; Meyer-Harms and von Bodungen, 1997; Schmid et al., 
1998), further corroborating that plant pigments are reliable 
chemosystematic biomarkers. For example, fucoxanthin, 
peridinin, and alloxanthin are the dominant accessory pig
ments in diatoms, certain dinoflagellates, and cryptomonads, 
respectively (Table 8) (Jeffrey, 1997). In general, pigment 
biomarkers have shown diatoms to be the dominant phyto
plankton group in most estuarine systems (Bianchi et al., 1993, 
1997, 2002; Lemaire et al., 2002). This is well illustrated when 
examining the concentrations of fucoxanthin in relation to 
other diagnostic carotenoids and chlorophyll a in European 
estuaries over different seasons (Figure 22) (Lemaire et al., 
2002). 

The matrix factorization program, CHEMical TAXonomy 
(CHEMTAX), was introduced to calculate the relative abun
dance of major algal groups based on concentrations of 
diagnostic pigments (Mackey et al., 1996; Wright et al., 1996). 
5.03.7.9 Lignin 

Lignin has been used successfully to identify unequivocally 
vascular-plant inputs to estuarine/coastal margin POC and 
sediments (Gardner and Menzel, 1974; Hedges and Parker, 
1976; Goni and Hedges, 1992; Hedges et al., 1997; Bianchi 
et al., 1999, 2002). The reason for this is that cellulose, hemi
cellulose, and lignin generally make up >75% of the biomass of 
woody plant materials (Sjöström, 1981), and terrestrial plants 
dominate the global production of woody and vascular mate
rial. The cell walls of vascular plants contain lignins consisting 
of macromolecular heteropolymers (~600–1000 kDa molecu
lar weight (MW)) that consist of phenylpropanoid units 
(Sarkanen and Ludwig, 1971; de Leeuw and Largeau, 1993). 
When lignins are oxidized using CuO they produce 11 domi
nant phenolic monomers, which can be separated into four 
families: p-hydroxyl, vanillyl (V), syringyl (S), and cinnamyl 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
(C) phenols (Figure 23) (Hedges and Parker, 1976; Hedges 
and Ertel, 1982). 

Both the absolute and relative abundances of these units are 
diagnostic of the specific types of vascular-plant material com
prising, for example, a bulk pool of POC or sediment OC. 
Woody and nonwoody angiosperm-derived materials produce 
syringyl (S) derivatives, while nonwoody angiosperms and 
gymnosperm-derived materials produce cinnamyl (C) mono
mers (Hedges and Parker, 1976; Hedges and Mann, 1979). 
Hence, ratios of S:V and C:V, for example, can provide useful 
qualitative information on the relative importance of angios
perm versus gymnosperm and woody versus nonwoody 
sources, respectively, to estuarine POC and sediment OC 
(Figure 24). 
5.03.7.10 Compound-Specific Isotopic Analyses 

Compound-specific isotope analyses (CSIA) have been used as 
a derivative tool of natural abundance δ13C and Δ14C analyses 
combined with chromatographic compound separations to 
complement bulk isotopic analyses to better identify sources 
and degradation of estuarine POC and sediment OC (see 
reviews by Eglinton and Pearson (2001) and Ingalls and 
Pearson (2005)). This technique has provided greater differen
tiation using isotopic analyses of diverse-specific components 
of POC (e.g., bacteria, zooplankton, and algae) that is typically 
not available from bulk isotopic analyses (Cifuentes and Salata, 
2001). In addition to carbon isotopes, more recent work has 
shown the application of δ13C in POM and sedimentary OM 
(e.g., Sachs et al., 1999). 

During lipid biosynthesis, a 3–5 13
‰ fractionation in δ C 

(i.e., relative to total biomass) generally occurs at the biochem
ical level (Freeman, 2001). In certain Newfoundland estuaries, 
the δ13C range of fatty acids was found to be similar to that 
predicted from bulk δ13C (Ostrom et al., 1997) in phytoplank
ton bloom POC (Ramos et al., 2003). The role of bacterial 
resources has also been elucidated effectively using CSIA in 
estuarine systems. For example, carbon isotopic discrimination 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 21 Chemical structures of chlorophylls a and b, which contain a proprionic acid esterified to a C20 phytol; chlorophylls c1 and c2, have an acrylic 
acid that replaces the proprionic acid. Also included are the pheopigments, the four dominant tetrapyrrole derivatives of chloropigments (pheopigments) 
found in marine and freshwater/estuarine systems (chlorophyllide, pheophorbide, pheophytin, pyropheophorbide). More specifically, chlorophyllase
mediated deesterification reactions (loss of the phytol) of chlorophyll yield chlorophyllides. Pheophytins can be formed when the Mg is lost from the 
chlorophyll center. Pheophorbides are formed from removal of the Mg from chlorophyllide or removal of the phytol chain from pheophytin and pyrolized 
pheopigments, such as pyropheophorbide and pyropheophytin, are formed by removal of the mehthylcarboxylate group (–COOCH3) on the isocylic ring 
from the C-13 proprionic acid group. Reproduced from Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, New York, NY, 720 pp. 
of bacterial phospholipids fatty acids (PLFAs) relative to com-
plex organic matter substrates in cultures has been found to be 
generally �5‰ (Canuel et al., 1997). Such offsets between the 
δ13C signatures of bacterial PLFA and their potential organic 
matter sources have been used to establish and/or exclude 
potential microbial sources in estuarine salt marsh sediments 
(Boschker et al., 1999). CSIA has also proved to be useful in 
distinguishing between different sources of OC in estuarine 
and coastal systems (e.g., Goni et al., 1997, 1998; Bianchi 
et al., 2004; Waterson and Canuel, 2008). The CSIA of POC, 
lipids, and plant pigments in several estuaries on the Texas 
coast (USA) also proved to be effective in determining the 
sources of OC sources (Qian et al., 1996). The range of δ13C 
in these estuaries (−18‰ to −22‰) indicated that terrestrial 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
inputs in these systems was minimal compared to phytoplank
ton sources of POC. The isotopic signature of the lipids and 
chlorophyll a was generally 2–4‰ more depleted than sus
pended POM, and more accurately reflected phytoplankton 
source inputs. 

Similar to δ13C, the heterogeneous nature of potential 
sources of organic matrices to DOC and POC and sedimentary 
of estuaries complicates 14C age-based determinations. As men
tioned previously, bulk 14C measurements mask sample 
heterogeneity; that is, different combinations of components 
having diverse age distributions will weight bulk age determi
nations. New methods, such as automated preparative capillary 
gas chromatography (PCGC), now permit separation of ade
quate amounts (usually a few tens of micrograms) of specific 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 8 Summary of signature pigments useful as markers of algal groups and processes in the sea 

Pigment Algal group or process References 

A. Chlorophylls 
Chl-a 

Divinyl chl-a 
Chl-b 

Divinyl chl-b 
Chl-c family 
Chl-c1 

Chl-c2 

Chl-c3a 

Chl-cCS-170 

Phytylated chl-c-likea 

Mg3.8 DVP 

Bacteriochlorophylls 
B. Carotenoids 

Alloxanthin 
19-Butanoyloxyfucoxanthin 

β,ε-carotene 

β,β-carotene 
Crocoxanthin 
Diadinoxanthin 

Dinoxanthin 
Echinenone 
Fucoxanthin 

19-Hexanoyloxyfucoxanthin 
Lutein 

Micromonal 
Monadoxanthin 
9-cis Neoxanthin 

Peridinin 
Peridininol 
Prasinoxanthin 
Pyrrhoxanthin 
Siphonaxanthin 

Vaucheriaxanthin ester 
Violaxanthin 

Zeaxanthin 

C. Biliproteins 

Allophycocyanins 
Phycocyanin 

Phycocrythrin 

D. Chlorophyll degradation products 
Pheophytin ad 

Pheophytin bd 

All photosynthetic microalgae (except 
prochlorophytes) 

Prochlorophytes 
Green algae: clorophytes, prasinophytes, 
euglenophytes 

Prochlorophytes 
Chromophyte algae 
Diatoms, some prymnesiophytes, some 
freshwater chrysophytes, raphidophytes 

Most diatoms, dinoflagellates, prymnesiophytes, 
raphidophytes, cryptophytes 

Some prymnesiophytes, one chrysophyte, several 
diatoms and dinoflagellates 

One prasinophyte 
Some prymnesiophytes 
Some prasinophytes 

Anoxic sediments 

Cryptophytes 
Some prymnesiophytes, one chrysophyte, several 
dinoflagellates 

Cryptophytes, prochlorophytes, rhodophytes, 
green algae 

All algae except cryptophytes and rhodophytes 
Cryptophytes (minor pigment) 
Diatoms, dinoflagellates, prymnesiophytes, 
chrysophytes, raphidophytes, euglenophytes 

Dinoflagellates 
Cyanophytes 
Diatoms, prymnesiophytes, chrysophytes, 
raphidophytes, several dinoflagellates 

Prymnesiophytes, several dinoflagellates 
Green algae: chlorophytes, prasinophytes, higher 
plants 

Some prasinophytes 
Cryptophytes (minor pigment) 
Green algae: chlorophytes, prasinophytes, 
euglenophytes 

Dinoflagellates 
Dinoflagellates (minor pigments) 
Some prasinophytes 
Dinoflagellates (minor pigment) 
Several prasinophytes: one euglenophyte 

Eustigmatophytes 
Green algae; chlorophytes, prasinophytes: 
eustigmatophyes 

Cyanophytes, prochlorophytes, rhodophytes, 
chlorophytes, eustigmatophyes 

Cyanophytes, rhodophytes 
Cyanophytes, cryptophytes, rhodophytes (minor 
pigment) 

Cyanophytes, cryptophytes, rhodophytes 

Zooplankton fecal pellets, sediments 

Protozoan fecal pellets 

Jeffrey et al. (1997)
 

Goericke and Repeta (1992)
 
Jeffrey et al. (1997)
 

Goericke and Repeta (1992)
 
Jeffrey (1989)
 
Jeffrey (1976b); Stauber and Jeffrey (1988); Jeffrey
 
(1989); Andersen and Mulkey (1983) 

Jeffrey et al. (1975); Stauber and Jeffrey (1988): 
Andersen and Mulkey (1983) 

Jeffrey and Wright (1987); Vesk and Jeffrey (1987); 
Jeffrey (1989); Johnsen and Sakshaug (1993) 

Jeffrey (1989) 
Nelson and Wakeham (1989); Jeffrey and Wright (1994) 
Ricketts (1966); Jeffrey (1989) 

Repeta et al. (1989); Repeta and Simpson (1991) 

Chapman (1966); Pennington et al. (1985) 
Bjørnland and Liaaen-Jensen (1989); Bjørnland et al. 
(1989); Jeffrey and Wright (1994) 

Bianchi et al. (1997c); Jeffrey et al. (1997) 

Bianchi et al. (1997c); Jeffrey et al. (1997)
 
Pennington et al. (1985)
 
Jeffrey et al. (1997)
 

Johansen et al. (1974); Jeffrey et al. (1975)
 
Foss et al. (1987)
 
Stauber and Jeffrey (1988); Bjørnland and Liaaen-

Jensen (1989) 

Arpin et al. (1976); Bjørnland and Liaaen-Jensen (1989) 
Bianchi and Findlay (1990); Bianchi et al. (1997c); 
Jeffrey et al. (1997) 

Egeland and Liaaen-Jensen (1992, 1993) 
Pennington et al. (1985) 
Jeffrey et al. (1997) 

Johansen et al. (1974); Jeffrey et al. (1975) 
Bjørnland and Liaaen-Jensen (1989) 

Bjørnland and Liaaen-Jensen (1989) 
Bjørnland and Liaaen-Jensen (1989); Fawley and Lee 
(1990) 

Bjørnland and Liaaen-Jensen (1989) 
Jeffrey et al. (1997) 

Guillard et al. (1985); Gieskes et al. (1988); Goerieke 
and Repeta (1992) 

Rowan (1989) 
Rowan (1989) 

Rowan (1989) 

Vernet and Lorenzen (1987); Bianchi et al. (1988, 1991, 
2000a) 

Bianchi et al. (1988); Strom (1991, 1993); Bianchi et al. 
(2000a) 

(Continued) 
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Table 8 (Continued) 

Pigment Algal group or process References 

Pheophorbide a 

Pheophorbide b 
Chlorophyllide a 
Blue-green chl-a derivatives 
(lactones, 10-hydroxy 
chlorophylls) 

Pyrochlorophyll a 
Pyropheophytin a 
Pyropheophorbide a 
Mesopheophorbide a 

Protozoan fecal pellets 

Protozoan fecal pellets 
Senescent diatoms: extraction 
Senescent microalgae 

Sediments 
Sediments 
Copepod grazing: fecal pellets 
Sediments 

artefact 

Strom (1991, 1993); Head et al. 
and Lorenzen (1985) 

Strom (1991, 1993) 
Jeffrey and Hallegraeff (1987) 
Hallegraeff and Jeffrey (1985) 

Chen et al. (2003a, 2003b) 
Chen et al. (2003a, 2003b) 
Head et al. (1994) 
Chen et al. (2003a, 2003b) 

(1994); Welschmeyer 

aTwo spectrally distinct pigments have been found in these fractions (Garrido et al. 1995).
 
bMultiple zones found in each of these fractions (Strom, 1993).
 
Adapted from Jeffrey, S.W., Mantoura, R.F.C., Wright, S.W. (Eds.), 1997. Phytoplankton Pigments in 
Note that many carotenoids in trace quantities have wider distributions than those shown (Bjørnland 
Note that some “atypical” pigment contents reflect endosymbiotic events (see footnotes to Table 2.3, 

Oceanography. UNESCO, Paris, 
and Liaaen-Jensen, 1989).
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Figure 22 Concentrations (μg l−1) of diagnostic carotenoids and chlorophylls a and b in six (Thames (UK), Gironda (France), Loire (France), Sado (Portugal), 
Douro (Portugal), and Ems (Netherlands)) European estuaries over different seasons. Reproduced from Lemaire, E.A., Abril, G., de Wit, R., Etcheber, H., 2002. 
Distribution of phytoplankton pigments in nine European estuaries and implications for an estuarine typology. Biogeochemistry 59, 5–23; Bianchi, T.S., 2007. 
Biogeochemistry of Estuaries. Oxford University Press, New York, NY, 720 pp. 

Pheophytin  cd  Protozoan  fecal  pellets  Strom  (1991,  1993)  
targeted compounds (limited thus far largely to solvent-extrac-
table lipid components) for 14C analysis based on accelerator 
mass spectrometry (Eglinton et al., 1996, 1997; McNichol et al., 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
2000; Eglinton and Pearson, 2001; Ingalls and Pearson, 2005).
 
Techniques are now being used, which do not require derivati
zation of compounds of interest (e.g., lipids) like PCGC, for the
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Author's personal copy
98 Particulate Organic Carbon Cycling and Transformation 

Cinammyl 
Aldehydes Ketones Acids phenols 

H O H3C O HO O 

p-Hydroxyl 
benzenes 

Vanillyl 
phenols 

Syringyl 
phenols 

HOOC 

Pl OH Pa OH Pd OH

OHH O H3C O HO O 

pCd 

OCH3 OCH3 OCH3 HOOC 
OH OH OH 

Vl Va Vd 

H O H3C O HO O 

OCH3 

OH 

H3CO OCH3 H3CO OCH3 H3CO OCH3 

OH OH OH
Sl Sn Sd Fd 

Figure 23 Eleven dominant phenolic monomers, yielded from the oxidation of lignin using the CuO oxidation method, these compounds can be 
separated into four families: p-hydroxyl, vanillyl (V), syringyl (S), and cinnamyl (C) phenols. Reproduced from Hedges, J.I., Ertel, J.R., 1982. 
Characterization of lignin by gas capillary chromatography of cupric oxide oxidation products. Analytical Chemistry 54, 174–178; Bianchi, T.S., 2007. 
Biogeochemistry of Estuaries. Oxford University Press, New York, NY, 720 pp. 
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Figure 24 Source plot of syringyl to vanillyl (S:V) and cinnamyl to vanillyl 
(C:V) ratios, used to provide information about the relative importance 
of angiosperm vs. gymnosperm sources and woody vs. nonwoody plant 
sources. Reproduced from Bianchi, T.S., 2007. Biogeochemistry 
of Estuaries. Oxford University Press, New York, NY, 720 pp. 
collection of nonvolatile polar compounds (e.g., amino acids 
sugars). Recent work has also utilized methods such as HPLC 
(Aluwihare et al., 2002; Quan and Repeta, 2005) and even 
HPLC–MS (Ingalls et al., 2004) for isolation of compounds. 
In general terms, it is assumed that the 14C-based ages of these 
specific isolated compounds can be attributed to a specific 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
source (e.g., phytoplankton) within a bulk matrix such as 
POC or sediment OC. 

Other recent work has shown, using a dual-isotopic tracer 
approach of isotopic signatures (δ13C and Δ14C) for bacterial 
nucleic acids collected from different regions and potential C 
source materials, that there was good delineation of C sources 
from aquatic and terrestrial systems in the York River estuary 
(Figure 25) (McCallister et al., 2004). In general, the results 
from these dual-isotopic tracer studies indicate that the broad 
classification of organic C and the interchangeable use of the 
terms ‘old’ and ‘refractory’ are, in many cases, not valid. In fact, 
highly depleted 14C (1000–5000 years old) in the Hudson River 
estuary appears to be an important labile source fueling hetero
trophy (Cole and Caraco, 2001). Thus, the storage of organic 
matter for centuries and millennia in soils and rocks can actu
ally become available to aquatic microbes over periods of weeks 
to months (Petsch et al., 2001), completing a unique linkage 
between river metabolism and the history of organic matter 
preservation in the drainage basin (Cole and Caraco, 2001). 
5.03.8 Transformation and Mineralization of POC 
in Estuaries and coastal Waters 

5.03.8.1 Microbial Degradation and Respiration 

Organic detritus in estuarine POC and sediment OC has long 
been recognized for its importance as a food resource and its 
influence on the biogeochemical cycles of both the water column 
and sediments of coastal systems (Tenore, 1977; Rice, 1982; 
Tenore et al., 1982; Mann and Lazier, 1991). Major contributors 
to estuarine organic detrital pools include decaying plant and 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 25 Comparison of Δ14C vs. δ13C for bacterial nucleic acids and potential sources for the (a) entire York River estuary, (b) the freshwater, 
(c) mid-salinity, and (d) high-salinity (river mouth) regions in the estuary. Boxes are the 95% confidence intervals for the potential end members in the York. 
Dotted lines represent the solution space from one run of a model. Reproduced from McCallister, S.L., Bauer, J.E., Cherrier, J.E., Ducklow, H.W., 2004. 
Assessing sources and ages of organic matter supporting river and estuarine bacterial production: a multiple-isotope (Δ14C, δ13C, and δ15N) approach. 
Limnology and Oceanography 49, 1687–1702; Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, New York, NY, 720 pp. 
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planktonic materials and animal fecal pellets. Vascular-plant 
detritus from terrestrial and marsh systems is especially impor
tant in a number of estuarine systems. This material, which is 
generally considered refractory, generally requires microbial 
activity to convert the lignocellulosic polymers, in particular, 
into more labile and accessible food resources to higher food 
webs (Moran and Hodson, 1989a, 1989b). 

The degradation of estuarine organic detritus in POC and 
sediments has been operationally differentiated into (1) leach
ing, (2) decomposition, and (3) refractory phases (Olah, 1972; 
Odum et al., 1973; Fell et al., 1975; Harrison and Mann, 1975; 
Rice and Tenore, 1981; Valiela et al., 1985; Webster and 
Benfield, 1986). During leaching, the most soluble compounds 
are rapidly (minutes to weeks) extracted from fresh detritus, 
with resultant losses of up to 20–60% of S. alterniflora in 
experimental treatments (Wilson et al., 1986). These soluble 
DOM substrates released during leaching support high abun
dances and activities of free-living heterotrophic bacteria in the 
associated water column (Anesio et al., 2003). Much of this 
leached material appears to be composed of low MW carbohy
drates, proteins, and fatty acids (Dunstan et al., 1992; Harvey 
et al., 1995). The role of oxic versus anaerobic conditions on 
the subsequent fates of these materials in estuaries remains 
unresolved, with some studies showing faster decay under 
oxic conditions (Bianchi et al., 1991; Lee, 1992; Sun et al., 
1993; Harvey et al., 1995) and others showing no effects of 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
redox conditions (Henrichs and Reeburgh, 1987; Andersen, 
1996). 

The decomposition phase is defined as the period of hetero
trophic breakdown of POC by microbes and metazoans 
(e.g., detritivores, deposit-feeders, etc.). As microorganisms 
colonize detritus during decomposition, nitrogen content of 
the ‘aging’ detritus has been observed to actually increase 
(Darnell, 1967; Tenore et al., 1982; Rice and Hanson, 1984), 
due to either colonization by high N-content bacteria (Newell, 
1965; Odum et al., 1973), increases in nonprotein N in plant 
detritus (Suberkropp et al., 1976; Mackin and Aller, 1984), or 
both. In addition, evidence from enrichment by complexation 
(physical and chemical) in humic geopolymers (Hobbie and 
Lee, 1980; Rice, 1982; Rice and Hanson, 1984) suggests that 
protein-N is not the only source. Attached, as opposed to free-
living, bacteria are believed to be most active (Griffith et al., 
1994) and contribute most to the breakdown of refractory 
compounds. Microbial succession also occurs such that the 
exoenzymes used by attached bacteria to solubilize POM then 
become available for subsequent groups of free bacteria (Azam 
and Cho, 1987). The next successional stage is typically occu
pied by protozoa (Caron, 1987; Biddanda and Pomeroy, 
1988), which further modify both the POM and its associated 
microbial communities. It should be noted that there are cer
tain invertebrate species which have evolved the ability to 
digest this highly refractory plant materials. For example, 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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sesarmid crabs (Grapsidae) have been shown to remove 20– 
40% of the mangrove litter-fall in East African mangrove forests 
(Slim et al., 1997). 

The greater amounts of C-rich ligneous and phenolic com
pounds found in vascular plants may also reduce resource 
availability to consumers (Valiela et al., 1979; Rice and 
Tenore, 1981; Harrison, 1982). Secondary plant compounds 
such as phenols, alkaloids, tannins, organic acids, saponins, 
terpenes, steroids, essential oils, and glycosides are important 
in the genesis of humic and fulvic acids, which have been 
shown to also inhibit microbial enzyme activity (Thurman, 
1985; Wetzel, 2003). Although the enhanced N content 
added to degrading detrital POM by microbes increases the 
quality of vascular plant material, microbes can also break
down structural carbohydrates (e.g., cellulose and xylan) that 
many invertebrate detritivores/herbivores are incapable of 
digesting (Kofoed, 1975; Levinton et al., 1984). However, the 
presence of secondary plant compounds generally results in 
slower rates for vascular versus nonvascular plant decay 
owing to their often toxic or inhibitory character to microbes 
and invertebrates (Valiela et al., 1985). 

The refractory phase of estuarine POM degradation is 
characterized by the remaining detrital material being 
dominated by lignin and cellulose, which decay very slowly 
relative to other biochemical groups (Maccubbin and 
Hodson, 1980; Wilson et al., 1986).  The relative contribu
tions of different sources of detritus (e.g., phytoplankton vs. 
vascular plant material) will, therefore, affect the time per
iod of refractory decay. For example, the refractory phase of 
phyto-detritus may last for only a period of a few weeks 
compared to vascular plant detritus that may last for 
months to years (Valiela, 1995; Opsahl and Benner, 
1999). Finally, temperature and size of the decomposing 
detrital particles also represent parameters affecting decay 
rate. Early work by Hodson et al. (1983) showed that ligno
cellulose remineralization rates were enhanced with decreas
ing particle size due to the higher relative abundance of 
microbes with an increasing surface-to-volume ratio. To no 
surprise, litter bag experiments indicate that increases in 
temperature also increase decay rates due to enhanced 
microbial activity (Wilson et al., 1986). 
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5.03.8.2 Decay Models 

Berner (1980) first introduced the following concept of a ‘one-
G’ model for determining first-order decay constants (k) of
organic matter decomposition: 

Gt ¼ G0e− kt ½7� 
where Gt is the mass of detritus at time t and G0 the initial mass 
of detritus. 

Although this model appeared to work well in calculating 
decay constants for predominantly labile sources of organic 
matter such as macro- and microalgae, there were problems 
with more refractory sources of detritus such as Spartina (Rice 
and Hanson, 1984). To describe better the decay dynamics of 
refractory detritus, which generally contain both labile and 
refractory biochemical components, the following two-G 
model was developed by Rice and Hanson (1984): 

Gt ¼ G� þ G10e− k1t ½8� 
where G* is the constant mass of refractory material, defined by 
G* = G − G1, where G is the total mass of the detritus and G1 the 
labile material; G10 the initial mass of labile material; k1 the 
decay constant of labile material. 

In a decomposition experiment comparing decay dynamics 
of macroalgal (e.g., G. foliifera) and vascular plant (e.g., Spartina 
alterniflora) detritus, it was found that the two-G model proved 
more precise in calculating decay constants over a shorter-time 
intervals (days) compared to the one-G model, which works 
relatively well from over weeks to months (Rice and Hanson, 
1984). Other work has shown clear differences in the labile and 
refractory components of macroalgae and vascular plants, 
whereby the more abundant refractory lignocellulosic compo
nent in S. alterniflora persists over a period of 40 weeks as 
compared to similar losses of labile fatty acids in both over 
about 3 weeks (Figures 26 and 27) (Tenore et al., 1984). 

Similarly, Westrich and Berner (1984) performed labora
tory experiments to show that decomposition of phyto
detritus in sediments can be separated into two decomposable 
fractions – with significant differences in reactivity, and a 
highly refractory (nonmetabolisable) fraction. This work estab
lished, for the first time, experimental evidence that organic 
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Figure 27 Relative and total abundance of essential fatty acids in remaining detritus of S. alterniflora and G. foliifera over a period of about 3 weeks. 
Reproduced from Tenore, K.R., Hanson, R.B., McClain, J., Maccubbin, A.E., Hobson, R.E., 1984. Changes in compositional nutritional value to a benthic 
deposit-feeder of decomposing deritus pools. Bulletin of Marine Science 35, 299–311; Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford 
University Press, New York, NY, 720 pp. 
matter decomposition in sediments can be described by a 
multi-G model. 
 

5.03.9 Implications of POC Transformation 

5.03.9.1 Land–Ocean POC Transport 

The chemical and biogeochemical character of POC trans
ported by estuaries and estuarine plumes has been found to 
be driven by a number of important dynamic physicochem
ical processes, and depends on far more than simple particle 
transport and settling (Hedges and Keil, 1995; Blair et al., 
2003, 2004; Bianchi, 2007, and references therein). Although 
~0.10 Pg of ancient OC (e.g., kerogen) has been estimated to 
be oxidized each year in the coastal margin (Hedges, 1992; 
Berner, 2004), a comparable amount (0.08 Pg yr−1) may 
escape oxidation (Meybeck, 1993) and be subsequently 
transported beyond margins to the pelagic ocean. Recent 
estimates suggest that as much as ~40% (0.04 Pg yr−1) of
this ancient OC may be transported to the global ocean 
(Blair et al., 2003). POC preservation in coastal margins, 
including estuaries and estuarine plumes, is determined by 
productivity, bottom water O2 levels, sediment accumulation 
rates, organic matter quality, and mixing rates (Hedges and 
Keil, 1995, and all references therein). 

High vertical fluxes of particles and associated POC in river– 
estuarine plumes typically force an accumulation of particles 
near the seafloor and frequently results in the formation of a 
BBL and/or mobile and fluid muds. The BBL is defined by 
Boudreau and Jorgensen (2001) as “those portions of sediment 
and water columns that are affected directly in the distribution 
of their properties and processes by the presence of the sedi
ment–water interface.” By contrast, mobile muds often occur 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
within the lower river estuary (salt-wedge region) of RiOMars 
and on the associated shelf, and are regions where diagenetic 
transformation (e.g., POC degradation) processes are enhanced 
(Aller, 1998; Chen et al., 2003; McKee et al., 2004). The occur
rence of fluid muds may also coincidentally permit increased 
transport of materials across the continental shelf and slope. 
For example, the transport of river-derived organic materials 
from Atchafalaya Bay estuary to the Louisiana shelf was found 
to be enhanced at certain times of the year due to the occur
rence of fluid muds (Allison et al., 2000; Gordon et al., 2001; 
Gordon and Goni, 2003; Bianchi and Allison, 2009). 

Protection of OC by association with mineral matrices 
(Mayer, 1994a, 1994b; Keil et al., 1997) has also been found 
to control both the burial efficiency and degradation of depos
ited POC in coastal margins. Conversely, as some of these 
terrestrially derived organic materials sorbed to sediments are 
removed through microbial oxidation, physical sorption of 
more labile forms of marine OC to clay fractions may occur 
(Blair et al., 2003, 2004). The exchange of terrestrial for marine 
OC by particles in coastal regions can vary considerably 
between regions. In short transit time, small mountainous 
river systems such as the Eel River plume, mass-wasting in the 
watershed delivers primary bedrock and vascular OC materials 
(as indicated by the δ13C) from soils, with minimal transfor
mation during transport offshore waters and sediments 
(Figure 28(a)) (Blair et al., 2003). 

The majority of these materials has been found to be dis
charged during high-flow storm events in small systems such as 
the Eel. By contrast, the much larger Amazon (Figure 28(b)), 
which has significant floodplains and storage of associated OC 
in lowland soils, allows enough time for the OC signature to be 
altered before being deposited and buried on the continental 
margin to the northwest of the river mouth (Figure 28(b)). 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Figure 28 Comparison of the character (δ13C, 14C-age, and organic carbon (OC):surface area (SA) ratio) of POC collected in the Eel (USA) and Amazon 
rivers. In the Eel, sorption of marine OC on riverine particles, which have lost very little kerogen as they enter the coast, account for the decrease in age of 
particles with increasing distance from shore. Conversely, as particles selectively lose ‘young’ labile terrestrial OC on the coast there is an increase in the 
age of these particles with increasing distance, because they are not completely reloaded with marine OC. Reproduced from Blair, N.E., Leithold, E.I., 
Ford, S.T., Peeler, K.A., Holmes, J.C., Perkey, D.W., 2003. The persistence of memory: the fate of ancient sedimentary organic carbon in a modern 
sedimentary system. Geochimica et Cosmochimica Acta 67, 63–73; Bianchi, T.S., 2007. Biogeochemistry of Estuaries. Oxford University Press, New York, 
NY, 720 pp. 
The age of this material is also not as old, because it is 
derived from surface soils and relatively young (i.e., com
pared to bedrock and ancient soils) surface ocean OC. In 
fact, the age of POC in the Amazon plume is speculated to 
decrease offshore as a result of replacement of terrestrial OC 
by sorbed marine OC, which is further supported by the 
enrichment of δ13C in POC offshore. Thus, although both 
systems are considered to be RiOMars, the much longer resi
dence time of the Amazon estuary is hypothesized to allow 
for greater alteration of the terrestrially derived OC than in 
the Eel River plume. 
5.03.9.2 Estuarine and Coastal POC Budgets 

Estuaries and the mouths of large river systems are located at 
an important interface between land and ocean where terrest
rially derived materials can be altered before entering 
continental shelves. Continental shelves provide an estimated 
net CO2 sink of 0.1 Pg-C yr−1, with an export that may be as 
much as 20% of the oceanic biological pump (Liu et al., 2000). 
Unfortunately, ocean margins have only recently started to 
receive the appropriate attention they deserve in the context 
of their importance in the global C budget (Bauer and Druffel, 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
1998; Liu et al., 2000). Thus, an understanding of the biogeo
chemical cycling of C materials at the land–ocean boundary is 
critical if we are to understand better how these margins 
impact on the global carbon cycle. A critical next phase in 
understanding exchange at land–ocean margins is to establish 
C budgets that attempt to quantify the fluxes and reservoirs of 
important biogeochemical and trophic processes. For example, 
carbon budgets in estuarine and river systems can help under
stand and constrain how much C is produced, buried, and/or 
exported to the adjacent shelf. Establishing reliable C budgets 
for estuarine systems is particularly difficult because of the 
high and continually changing anthropogenic inputs of nutri
ents (Howarth et al., 2000), which has resulted in the 
eutrophication of estuaries worldwide (Cloern, 2001, and 
references therein). 

In comparison to other estuarine systems, there has been a 
greater effort to construct food web and C models in the Baltic 
Sea (Jansson, 1976; Elmgren, 1984; Wulff and Ulanowicz, 
1989; Kuparinen et al., 1996; Donali et al., 1999; Sandberg 
et al., 2000, 2004), largely because of the availability of data, 
because the Baltic is one of the most extensively studied estuar
ine systems in the world. The first and most comprehensive 
modeling study compared the three major basins of the Baltic 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9



Author's personal copy
Particulate Organic Carbon Cycling and Transformation 103 

DOM 
Fishery 

Sedimentary 
River DOM Bacteria 

0.21 
Microzoopl. 

0.07 

Mesozoopl. 
0.20 

Inv. Carniv. 
0.005 

Pelagic fish 
0.57 

Dem. fish 
0.55 

Macrofauna 
4.34 

Meiofauna 
0.24 

Sedim. C 
0.57 

Benthic 
producers 

0.02 

DOM 
280 

Pelagic 
producers 

1.01 

8 

22 4 19 

3052 

35.4 
11.4 

15 

0.641.84 

3.3 

30 

45 

11.4 

2.5 

10.0=? 

42.6=? 

5 

59.5 

6.5 2.5 

2.5 

53 

177.8 

35.1=? 

17.8 26 

22.2 

7.4 

0.08 

24.2 

3.9 2.18 

1.4 

10.5 

0.29 

0.28 
Pelagic 

fish 
16 19.0 

1.5 
0.03 

Pelagic 
fish0.82 

0.14 
0.17 

0.68 

3.4 

0.45 

3.0 0.65 
0.57 

1.25 0.58 

0.07 
0.12 

Baltic proper 
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Sea, the Bothnian Bay (BB), Bothnian Sea (BS), and Baltic 
proper (Bp) (Elmgren, 1984). Although flows of detritus and 
losses from respiration were not included in this model, it was 
clearly determined that the highest overall production in food 
webs was in the Bp, followed by the BS, and then BB (Elmgren, 
1984). An example of the mass-balance model of carbon for 
the Bp is shown in Figure 29. 

To be able to quantify a mass-balance model in C units, it is 
necessary that the model be in steady state; this early work by 
Elmgren (1984) was not. Recent improvements in modeling 
capabilities for food webs now allow for a more quantitative 
approach. For example, recent work has reexamined the carbon 
budget for the Baltic Sea, through network analysis (Ecopath II 
software), under the assumption of steady-state conditions, 
and it appears that the mass balances of carbon clearly deviate 
from steady state (Sandberg et al., 2000). For example, it was 
found that there was an excess of organic C of 45, 25, and 
18 g-C m−2 yr−1 in the pelagic regions of the Bp, BS, and BB, 
respectively (Sandberg et al., 2000). Similar to the first model 
by Elmgren (1984), the overall C flow in the three basins in 
decreasing order was the Bp, BS, and BB (Sandberg et al., 2000). 
The surplus of organic C in each basin suggests that certain 
pools of C are not being consumed by organisms and that this 
Treatise on Estuarine and Coastal Science, 2011, Vol.5
excess C may in fact be coming from river inputs in the north
ern Baltic (Rolff, 2000). 

Narragansett Bay (USA) is another estuarine system that has 
received considerable attention in past years, and was one of the 
first to have a constructed carbon budget (Nixon et al., 1995), 
albeit not as comprehensive as some of the more recent carbon 
budgets. The dominant forms of carbon inputs to this estuary 
are from phytoplankton, with an estimated 20% derived from 
land drainage and anthropogenic discharge (Table 9). 
Sediments sequester (575–880) � 106 mol of organic C each 
year, representing only 5–10% of the total organic C inputs 
going into storage or burial. Similarly, only 0.2% of the primary 
production is removed by the dominant fisheries in the system 
(Table 9). Although carbon export was not directly measured in 
Narragansett Bay, preliminary estimates of C export, based on 
stoichiometry of nutrient inputs (e.g., Dissolved inorganic 
nitrogen (DIN) and Dissolved inorganic phosphorus (DIP) 
from land, atmosphere, and offshore) and concentrations, indi
cate that export could be as low as 90 � 106 mol-C yr−1 to as 
high as 925 � 106 mol-C yr−1 to offshore waters (Nixon and 
Pilson, 1984). The upper extreme would account for only 
10% of the primary production leaving the bay. Thus, unlike 
the Hudson (Findlay et al., 1991), Loire (Relexans et al., 1988), 
, 69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9
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Table 9 The annual mass balance of C in Narragansett Bay 

C 
(10 6 moles yr−1) 

Inputs 
Atmospheric deposition 9600 
Biological fixation 1815 
Land drainage 235 
Direct sewage 11650 

Offshore 11650 
Outputs 

Denitrification 7–14 
Clam harvest 790–1565 
Organic export offshore 1080 

Formed in the Bay 1757–2634 
75% of river DOM input 

Inorganic exporta 8100–9200 
Accumulation in sediments 575–880 

aCalculated by difference; ranges are set by combinations of the low and high deni
trification estimates (which lead to high or low estimates of autochthonous organic C)
 
and upper and lower estimates of burial. Values have been rounded to two or three
 
significant figures.
 
Adpted from Nixon, S.W., Granger, S.L., Nowicki, B.L., 1995. An assessment of the
 
annual mass balance of carbon, nitrogen, and phosphorus in Narragansett Bay.
 
Biogeochemistry 31, 15–61.
 
Baltic Sea (Sandberg et al., 2004), and Seine River estuary 
(France) (Garnier et al., 2001), Narragansett Bay estuary 
appears to be net autotrophic (Nixon et al., 1995). 
5.03.10 Summary and Future Directions in Estuarine 
and Coastal POC Studies 

5.03.10.1 Summary 

The general pools of organic matter in estuaries can be divided 
into particulate (>0.45 μm) and dissolved (<0.45 μm) fractions 
(POM, DOM). The dominant living and nonliving (detritus) 
sources of organic matter to estuaries can be divided into 
allochthonous and autochthonous pools – sources produced 
outside and within the boundaries of the estuary proper, 
respectively. These pools can further be divided into hetero
trophs and autotrophs. The dominant allochthonous inputs 
are from riverine, marine/estuarine plankton, and bordering 
terrestrial wetland sources. Autochthonous sources typically 
include plankton, benthic, and epiphytic micro–macroalgae, 
EAV and SAV (e.g., seagrasses) within the estuary proper. The 
dominant classes of phytoplankton in estuaries are 
Bacillariophyta (diatoms), Cryptophyta (cryptomonads), 
Chlorophyta (green algae), Dinophyta (dinoflagellates) 
Chrysophyta (golden-brown flagellates, chrysophytes, raphido
phytes), and Cyanophyta (cyanobacteria). Benthic macroalgae 
and microphytobenthos are important sources of primary pro
duction in estuaries and have significant effects on the seagrass, 
tidal flat, and intertidal marsh habitats. Seagrass meadows are 
prominent features of many shallow littoral habitats in estuar
ine systems where they represent a major source of primary 
productivity. Wetlands such as freshwater/salt marshes and 
mangroves have been shown to be important major sources 
of primary production in estuarine systems. These major 
Treatise on Estuarine and Coastal Science, 2011, Vol.5, 
sources of estuarine DOM are primarily comprised of riverine 
inputs, autochthonous production from algal and vascular 
plant sources, benthic fluxes, groundwater inputs, and 
exchange with adjacent coastal systems. 

The decay of aquatic organic detritus is generally divided 
into (1) leaching, (2) decomposition, and (3) refractory 
phases. Decomposition rates of organic detritus in wetlands 
are relatively slow compared with algal material. The generally 
slower rates of decay have been attributed to (1) anaerobic 
conditions, (2) acidity of the water, and (3) inhibition of 
decomposition by dissolved humic substances and secondary 
compounds. The preservation of organic matter in coastal and 
estuarine sediments is believed to be principally controlled by 
productivity, sedimentation accumulation rate, bottom water 
and sediment redox conditions, and sorption as a function-
specific surface area of sediments. Due to the variability in 
redox conditions commonly found in nearshore systems, the 
term diagenetic oxygen exposure time was proposed as an 
indicator for organic matter preservation based on the amount 
of time sinking POM resides in the oxic pore waters of sedi
ments. The major reservoirs of C are stored in the Earth’s crust, 
with much of it as inorganic carbonate and the remaining as 
organic C (e.g., kerogen). Estuaries are, in many cases, consid
ered to be net heterotrophic as a result of an excess loading 
of allochthonous materials to the system. 

In recent years, there have been significant improvements 
in our ability to distinguish between POC sources in estuaries 
using tools such as elemental, isotopic (bulk and compound/ 
class-specific), and chemical biomarker methods. The broad 
range of C:N ratios across divergent sources of organic matter 
in the biosphere demonstrate how such a ratio can provide an 
initial proxy for determining source information. However, 
C:N ratios can be very misleading in determining organic 
matter sources in the absence of additional source proxies. 
End-member mixing models have commonly been used to 
evaluate sources of dissolved inorganic nutrients (C, N, S) 
and organic matters (POM and DOM) in estuaries. Many 
investigations have been based on a two (binary) and, more 
recently, three end-member mixing models, in which the one 
or two more depleted terrestrial δ13C end members could be 
used along with the more enriched marine phytoplankton 
end member to establish their relative abundance throughout 
the estuary. 

NMR spectroscopy is a powerful and theoretically complex 
analytical tool that can be used to characterize organic matter. 
Proton (1H) and 13C-NMR have been the most common NMR 
tools for the nondestructive determination of functional 
groups in complex biopolymers in plants, soils/sediments, 
and DOM in aquatic ecosystems. 

The term ‘biomarker molecule’ has recently been defined as 
“compounds that characterize certain biotic sources and that 
retain their source information after burial in sediments, even 
after some alteration.” 

Lipids are an important component of organic matter with 
a diversity of compound classes (e.g., hydrocarbons, fatty 
acids, n-alkanols, and sterols) that have been used as effective 
biomarkers of organic matter in coastal and estuarine systems. 
These compounds are water-insoluble compounds that typi
cally account for 10–20% (dry weight) of the biomass in 
actively growing algal populations. Aliphatic hydrocarbons 
such as n-alkanes and n-alkenes have been successfully used 
69-117, DOI: 10.1016/B978-0-12-374711-2.00503-9



Author's personal copy
Particulate Organic Carbon Cycling and Transformation 105 
to distinguish between algal, bacterial, and terrestrial sources 
of carbon in estuarine/coastal systems, and also anthropogenic 
fossil sources (e.g., petroleum hydrocarbons). Branched and 
cyclic hydrocarbons have also been used as paleomarkers, 
principally in lake sediments, to interpret past changes in 
organic matter sources. In particular, isoprenoid hydrocarbons 
such as pristane (C19 isoprenoid hydrocarbon) and phytane 
(C20 isoprenoid hydrocarbon) (both derived from phytol) 
have been used as indicators of herbivorous grazing and 
methanogenesis, respectively. n-Alkanols (fatty alcohols) 
can be used to distinguish between terrestrial plant and 
algal/bacterial inputs to aquatic systems. For example, the 
epicuticular waxes of land plants have been shown to have 
n-alkanols with an even number of carbon atoms (typically 
C22–C30). Sterols and their respective derivatives have proved 
to be important biomarkers that can be used to estimate algal 
and terrestrial contributions, as well as diagenetic proxies. These 
compounds are a group of lipids (typically between C26 and C30) 
that are resistant to saponification and can be classified as triter-
penes. The selective nature of degradative processes over 
changing redox conditions, and the fact that certain biochemical 
constituents can occur over a timescales of a few days, reflects the 
importance of using short-lived biomarker compounds in under
standing diagenetic processes in estuaries. 

Carbohydrates are the most abundant class of biopolymers 
on Earth and, consequently, represent significant components 
of water column POM and DOM in aquatic environments. 
Minor sugars, such as acidic sugars, amino sugars, and O-
methyl sugars tend to be more source specific than major 
sugars and can potentially provide further information in 
understanding the biogeochemical cycling of carbohydrates. 
Proteins make up approximately 50% of organic matter and 
contain about 85% of the organic N in marine organisms. More 
specifically, peptides and proteins comprise an important frac
tion of the POC (13–37%). Amino acids are essential to all 
organisms and, consequently, represent one of the most impor
tant components in the organic nitrogen cycle. Other labile 
fractions of organic N include amino sugars, polyamines, 
aliphatic amines, purines, and pyrimidines. 

The primary photosynthetic pigments used in absorbing 
PAR are chlorophylls, carotenoids, and phycobilins – with 
chlorophyll representing the dominant photosynthetic pig
ment. Although a greater amount of chlorophyll is found 
on land, 75% of the annual global turnover (� 109 Mg) occurs 
in oceans, lakes, and rivers/estuaries. Lignins are a group of 
macromolecular heteropolymers (600–1000 kDa) found in the 
cell wall of vascular plants that are made up of phenylpropa
noid units. Lignin has proved to be a useful chemical 
biomarker for vascular-plant inputs to estuarine/coastal margin 
sediments. Cellulose, hemicellulose, and lignin generally make 
up >75% of the biomass of woody plant materials. 

The coastal ocean is a dynamic region where the rivers, 
estuaries, ocean, land, and the atmosphere interact. Coastlines 
extend over an estimated 350 000 km worldwide, and the 
coastal ocean is typically defined as a region that extends 
from the high water mark to the shelf break. 

Concentrations of POC in many estuaries are strongly 
coupled with suspended sediment particulates, which may 
depend on river discharge and/or resuspension events. 
Estuaries and the mouths of large river systems are located at 
an important interface between land and ocean where 
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terrestrially derived materials can be altered before entering 
continental shelves. Establishing reliable C budgets for estuar
ine systems are particularly difficult because of the high and 
continually changing anthropogenic inputs of nutrients, 
which has resulted in the eutrophication of estuaries world
wide. Some margins receive their terrestrial inputs from 
estuarine line sources (numerous estuaries) with very little 
direct effects from rivers, while others may receive large direct 
inputs from rivers, such as deltaic regions; these differences 
will have serious consequences on the amount of terrestrial 
material recycling that has occurred before entering the coastal 
zone, as well as how these materials (particulate and dis
solved) will be transported offshore. Rivers transport an 
estimated 20 Pg yr−1 (1 Pg = 1015 = 1 gigaton) of fluvial sedi
ments to the coastal margin, associated with this sediment 
loading is an estimated 0.21 Pg of POC yr−1. In RiOMar envir
onments, the input of vascular-plant-derived organic matter 
from land is significant, and marine primary productivity is 
high due to high-nutrient inputs associated with riverine dis
charge. Although large rivers play an important role in this 
terrestrial–marine linkage, 40–70% of global sediment input 
to the oceans is transported by smaller more abundant moun
tainous rivers. As lithogenic and biogenic particles are 
delivered to the coastal zone (via rivers and estuaries), they 
are exposed to many dynamic processes (e.g., aggregation, 
flocculation, and desorption) that result in steep biogeochem
ical gradients on the continental shelf. 

Recent estimates suggest that 0.04 Pg yr−1 of ancient OC 
may be transported to the global ocean. 

Assuming a mean river flow of 37 500 km3 yr−1, Submarine 
groundwater discharge (SGD) represents approximately 
0.3–16% of the global river discharge. 
5.03.10.2 Future Studies 

As discussed in this chapter, POC and the associated suspended 
load of inorganic materials that are transported into the coastal 
are significantly important to the biogeochemical dynamics of 
coastal waters. It is critical to evaluate and analyze methods of 
retaining a portion of this valuable POC and sediment so as to 
sustain healthy coastal ecosystems. However, such effort is not 
possible without comprehensive field measurements (supple
mented by numerical modeling) of the critical physical 
processes that govern the flow of water and sediment. To 
improve our forecasting abilities about changes in the loading 
of POC and sediments to coastal systems, we need better 
quantitative numerical and conceptual models to describe the 
dominant physical processes of sediment transport with regard 
to land building and POC cycling. We need better coastal 
observatory platforms that can gather (1) vertical and 
cross-sectional suspended sediment and POC concentrations, 
(2) suspended load grain size (aggregate and disaggregate) 
distribution and POC, (3) bed load, (4) real-time and cross-
sectional water velocities and discharge, (5) sand-sheet thick
ness, (6) water-column turbidity, (7) chlorophyll fluorescence, 
(8) colored DOM concentration, (9) conductivity, (10) water 
temperature, and (11) nutrient concentration. The value of 
long time-series climate data is increasingly evident in the 
geosciences. Ecosystem responses to events such as the El 
Nino-Southern Oscillation (ENSO) and the North Atlantic 
Oscillation (NAO) and to longer-term changes such as regime 
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shifts are an integral component of the nation’s carbon cycling 
and climate change programs. To properly track environmental 
patterns, the scientific community is placing increased empha
sis on development of integrated observing systems (e.g., 
NEON and ORION), exemplified by efforts in the open ocean 
and in the coastal ocean. When considering the prospects of 
rising sea level around the world, it will be necessary to obtain 
real-time measurements of sediment and POC loading as more 
land is eroded into coastal environments using observatories 
and satellite imagery. 

From a biochemical perspective, advances also continue to be 
made in our analytical ability to characterize POC, using both 
chemical biomarkers and isotopic methods. In addition to the 
aforementioned larger-scale real-time scope that an observatory 
provides, we also need to work on the smaller analytical-scale 
methods used to understand better the biochemistry of POC 
material in coastal waters. Dual-isotopic tracer methods 
coupled with chemical biomarkers have been shown to be 
effective in better characterizing POC. These methods along 
with advances in molecular techniques (e.g., ribonucleic acid 
and deoxyribonucleic acid probes), which continue to allow 
for better identification of bacterial communities and their 
role in specific biogeochemical processes, will also be critical 
in understanding the controls of POC decay processes. 
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