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Introduction

Rivers are the primary active interface between land 
and oceans, connecting over 87% of earth’s land surface 
area to the coastlines (Ludwig and Probst, 1998).  Ten 
of the world’s largest 50 rivers (by annual discharge) 
drain the North American continent, primarily 
along the northern east (Saint Lawrence) and west 
(Sacramento, Columbia, Fraser) coasts, the Arctic coast 
(Yukon, Mackenzie, Nelson, Koksauk/Caniapiscau) and 
northern (Mississippi) and southern (Usumacinta) Gulf 
coasts (Dai and Trenberth, 2003) (Figure 9.1).  Many 
other smaller rivers distributed throughout the North 
American coasts also make a significant contribution 
in composite (Dai and Trenberth, 2003).  Rivers 
interact with the open ocean through their estuaries, 
regions of transition from predominantly freshwater to 
predominantly ocean water.  Some of these estuaries 
exist in semi-enclosed basins landward of the coastline, 
while some extend seaward nearly to the shelfbreak.  
River discharge is directly forced by atmospheric 
processes, such as precipitation and evaporation and by 
retention and release of moisture in snow-pack, in the 
forms of surface and subsurface flows.

River plume and estuarine systems are spatially 
limited, with lateral dimensions of 1-100 km and 
relatively shallow depths of up to tens of meters, yet 
span maximal ranges in fundamental chemical and 
physical conditions like salinity and turbidity.  Likewise, 
extreme differences in concentrations of bio-reactive 
species (carbon, nutrients, trace elements) exist over 
some fraction of the physical dimensions of the estuary/
plume (e.g. Hobbie, 2000; Bianchi, 2007).  The 
spatial scales of variability thus range from meters to 
kilometers.  Temporal variability in these systems covers 
a wide range of scales, given their sensitivity to tidal 
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Figure 9.1.  Map showing the locations of major North 
American river systems’ points of delivery into the coastal oceans.

forcing (timescales of hours); to flood and storm events 
(days); to seasonal variability in insolation, precipitation, 
and snowmelt (months); and to long-term climatic 
variability (e.g. ENSO, PDO) that drives changes in 
precipitation, winds, and temperatures (years-decades). 

Classification of North American Rivers and 
Estuaries

Sub-categorization of North American rivers and 
estuaries is not as straightforward as was the case for 
the other coastal regions described in previous chapters 
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of this report because in many ways each river/estuary 
pair is unique.  Further, a given river/estuary system 
may often be described by a number of different 
classifications, some of which will vary as hydrographic 
and oceanographic conditions change over different 
time scales (e.g., Jay et al., 2000; Vorosmarty and 
Peterson, 2000; Bianchi, 2007).  For example, systems 
might be distinguished by the hydrographic forcing 
of their discharge curves, with those dominated by 
seasonal melting of snow pack distinguished from 
those dominated by the immediate impacts of local 
precipitation, or from those dominated by groundwater 
inputs.  Alternatively, systems might be classified by 
the residence times of river waters within their enclosed 
estuaries, with the low-discharge, large estuarine 
systems of the Atlantic coast delineated from the high-
discharge, small-estuary rivers draining to the Arctic 
and the northern Pacific.  Still another classification 
might be based on watershed characteristics, such as 
total discharge per unit area of drainage 
basin, or the elevation change between 
headwaters.  Finally, simple macroscopic 
features such as total discharge or latitude 
can also be helpful in classifying and ranking 
systems.  Any one of these classifications 
may have significance with respect to the 
carbon cycling within an individual system.

Carbon Cycling in River-Estuary Systems

In spite of some uncertainties, it 
is generally agreed that rivers globally 
discharge approximately 1 Pg C yr-1, about 
40% in the form of dissolved inorganic 
carbon, with the remainder delivered in 
approximately equal parts dissolved and 
particulate organic carbon (e.g. Degens et 
al., 1991; Ittekkot and Lane, 1991; Spitzy 
and Ittekkot, 1991; Spitzy and Leenheer, 
1991; Hedges and Keil, 1995; Hedges et 
al., 1997; Meybeck and Vorosmarty, 1999; 
Aitkenhead and McDowell, 2000; Schunz 
and Schneider, 2000).   The total organic 
carbon discharged from North American 
rivers is a relatively small proportion of 
the global total, with estimates ranging 
from ~0.03 (Figure 9.2) to 0.2 Pg C yr-1 
(Ittekkot, 1988). In addition, rivers deliver 

nutrients, from both natural and pollution sources, 
which can fuel photosynthetic production of organic 
carbon in both the river and its associated estuary, 
as well as in the coastal ocean beyond (e.g., Bierman 
et al., 1994; Hickey and Banas, 2003; Carmack et al., 
2004; Davies, 2004; Wysocki et al., 2006).  The input 
of organic matter by rivers to the oceans is a significant 
term in the global and oceanic carbon budgets (Hedges, 
1992; Berner and Berner, 1996; Hedges et al., 1997; 
Wetzel, 2001) and occurs primarily via estuaries.  
Hence, the ~0.25 Pg of DOC discharged from rivers 
annually can account for the mean radiocarbon-based 
turnover times of oceanic DOC (~4,000-6,000 yr). 
The similar magnitude of POC discharged annually by 
rivers exceeds the long-term burial of organic carbon in 
ocean sediments (~0.1 Pg yr-1, Berner, 1989; Hedges 
and Keil, 1995).  

In spite of these significant inputs, only small 
amounts of terrestrial organic matter have been 

Figure 9.2.  The distributions of total organic carbon discharge by North 
American rivers into their estuaries.  Data summarized from Meybeck (1982), 
Mulholland and Watts (1982), Meybeck (1993), Ludwig et al (1996), 
Aitkenhead and McDowell (2000), and references therein.
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identified in seawater and ocean sediments using 
organic biomarker and stable carbon isotopic 
approaches (e.g. Moran et al., 1991, Moran and 
Hodson 1994; Benner et al., 1997; Opsahl and Benner, 
1997; Hedges and Keil, 1995, Hedges et al., 1997; 
de Haas et al., 2002; McKee et al., 2004; Stein and 
Macdonald, 2004).  Estuarine processes (chemical, 
sedimentological, photochemical and microbial) can 
significantly alter the molecular composition, isotopic 
signatures, reactivity and properties of river-transported 
terrestrial and autochthonous DOM and POM before 
it discharges to the coastal zone (e.g., Fox 1991; 
Moran et al., 2000; Benner and Opsahl, 2001; Minor 
et al., 2001; Opsahl and Zepp, 2001; Mopper and 
Kieber, 2002; Aller et al., 2004; Gordon and Goni, 
2004; Dagg et al., 2005; Goni et al., 2005a). Past 
estimates of terrestrial DOM and POM contributions 
to the oceans have been based on comparisons of the 
biochemical and isotopic compositions of open ocean 
and freshwater riverine end-members and have  not 
typically accounted for changes during transit within 
rivers themselves (e.g., Richey et al., 1990; Cole 
and Caraco, 2001; Blair et al., 2003; Meybeck and 
Vorosmarty, 2005), in estuaries (e.g., Raymond and 

Bauer, 2000; Raymond and Bauer, 2001a-c; Benner, 
2002; Bianchi et al., 2002; Raymond and Hopkinson, 
2003; Goni et al., 2005a; Hoffman and Bronk, 2006), 
or in ocean margins (e.g., Kieber et al., 1990; Prahl 
et al., 1994; Bianchi et al., 1997; Bauer and Druffel, 
1998; Bauer et al., 2001; 2002; Aller et al., 2004; 
Gordon and Goni, 2004; Dagg et al., 2005).  Thus, 
without a better understanding of the types and 
magnitudes of the modifications that components of 
riverine DOM and POM undergo in estuaries, we may 
be misinterpreting the “effective” chemical and isotopic 
signatures (i.e., source specificity) and bioavailability 
of riverine DOM and POM discharged to the coastal 
ocean and exported to the ocean interior.  

Most notably, virtually all of the discharge 
estimates for rivers are based on data collected 
at gauging sites upstream of tidal influences.  In 
large rivers, these sites can be located hundreds of 
kilometers from the river mouth and do not take into 
account large regions of lowland rivers and associated 
floodplains (Figure 9.3). Thus, important questions 
remain on the exact magnitude and composition of 
the materials being delivered to the ocean by river/
estuary systems (e.g., Fisher et al., 2000).  However, 
it is clear that a large fraction of the fluvial organic 

material is degraded or altered in estuaries, the 
coastal ocean, and beyond.  Little is known about 
how processes in the tidally influenced reaches 
of rivers affect the fluxes and composition of 
POC, DOC and nutrients (both inorganic and 
organic), sediment and its associated elements, 
etc.,  but these regions are clearly zones of 
significant modification requiring additional 
study in order to constrain net land-to-ocean 
fluxes. Ultimately, carbon cycling in estuaries 
(Figure 9.4) is a poorly-constrained and 
complicated sum of many processes, each of 
which may rise and fall in relative importance as 
tides, discharge conditions, and seasons change.

In spite of decades of estuarine studies on 
the sources and fates of organic materials in 
estuaries, we still have only a relatively cursory 
understanding of the processes that control the 
reactivity of fluvial DOC and POC in the water 
column and sediments of these systems (Figures 
9.4 and 9.5). In the past few years, we have 
gained considerable appreciation of the role that 
physical processes affecting  water and particle 

Figure 9.3.  Locations of end-member stations relative to estuaries.  
From McKee (2005).
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delivery (e.g., Nittrouer and Wright, 1994; Nittrouer et 
al., 1996; 2004; Kineke et al., 1996; 2000; Ogston et 
al., 2000; Wheatcroft R. A. and Borgeld, 2000; Geyer 
et al., 2004; Goni et al., 2005a) play in determining 
the fate of organic matter throughout the estuary-ocean 
margin continuum (e.g., Bianchi et al., 1997; Leithold 
and Hope, 1999; Gordon et al., 2001; Bianchi et al., 
2002; Gordon and Goni, 2004; Blair et al., 2004; 
Dagg et al., 2007).  Factors such as the timing of fluvial 
input in relationship with the dispersal forces acting 

Figure 9.4. General estuarine processes governing the inputs and cycling of carbon and organic matter.  Used with permission from 
Roger Harvey, Chesapeake Biological Laboratory, University of Maryland.

on the shelf (tides, waves, currents) have critical, but 
as yet poorly understood, effects on the efficiency and 
magnitude of carbon cycling.  The connection between 
physical processes and the biogeochemical processing 
of organic matter in these systems is a fertile area for 
future research.

It is increasingly recognized that rivers transport 
DOC and POC of highly variable age, and, 
presumably, reactivity, depending upon the specific 
river and the characteristics of the surrounding 

Figure 9.5. Schematic of POC dynamics in river/estuary/plume settings. Highlighted are some of the components and key processes 
affection the dispersal, turnover, and burial of organic matter in these systems. From McKee (2005). 
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watershed.  For example, tropical rivers such as the 
Amazon transport organic materials that are largely 
modern in nature (i.e., have been fixed on time scales 
of no more than a few decades), and which are likely 
influenced by inputs from vegetation in the significant 
flood plains (Hedges et al., 1986; Mayorga et al., 
2005).  In contrast, temperate and Arctic rivers have so 
far been found to contain up to millenial aged POC, 
and variably aged DOC, ranging from completely 
modern to several hundred years in age (Raymond 
and Bauer, 2001a; Raymond et al., 2004; Striegl et al., 
2005; Neff et al., 2006). 

The nature of the organic matter in a specific 
river-estuary system is also critically important for long-
term sediment preservation.  A range of reactivities 
is generally believed to be present within the organic 
matter in these systems (Figure 9.6).  The conventional 
wisdom has been that discrete vascular plant debris 
and freshwater and marine phytoplankton biomass 
are relatively reactive, while organic material derived 
from soils and eroded sedimentary rocks is relatively 
refractory  (Prahl et al., 1992; Goni et al., 1998; 
2005b; 2006; Masiello and Druffel, 2001; Blair et al., 
2003).  These latter fractions probably account for the 
majority of the land-derived organic carbon buried 
in river-dominated margin sediments, while systems 
with extensive lowlands and floodplains likely contain 
more of the former.  The relative abundances of these 
different sources and types of organic materials in the 
watersheds of different systems, and the correlation 
between their mobilization as a function of  discharge, 
will likely affect the net carbon burial at any given 
site (e.g., Blair et al., 2004; Leithold et al., 2005).  

The complexity of making net flux measurements of 
different organic matter pools in settings where both 
ocean and river waters have varying influence and 
where high-frequency tidal and wind fluctuations 
dominate transport is also responsible for the dearth 
of data (McKee, 2003).  In addition, estimates of net 
respiration in estuarine settings are also lacking, and 
there is a generally poor understanding of the relative 
reactivity of terrestrial organic matter in different river, 
estuarine and coastal ocean systems.  

Air-Water CO2 Exchange in River/Estuary Systems

Given the uncertainties in the carbon cycle in 
estuary and river plume systems, it is not surprising 
that the net effect on the magnitude air-water exchange 
of key carbon-containing gases is also equivocal.  
Rivers themselves have high pCO2 (Cole and Caraco, 
2001; Figure 9.7), predominantly resulting in net 
river-to-atmosphere fluxes of CO2 globally. This, and 
the potential for significant respiration of riverine 
and terrestrial organic matter in estuaries suggests 
that estuaries are also generally sources of CO2 to 
the atmosphere (Cai and Wang, 1998; Frankignoulle 
et al., 1998).  Indeed, Borges (2005) suggests that 
estuaries and salt marshes represent a significant global 
source of CO2 to the atmosphere of nearly 0.5 Pg yr-1, 
which is of the same order of magnitude as that for 
riverine carbon export that cannot be accounted for in 
deltaic and shelf sediment deposits.  This conclusion 
is based on a relatively sparse data set, however, and it 
is unclear how much of this off-gassing is the result of 

Figure 9.6.  Ranges in the reactivity of fluvial-source organic 
material for four North American rivers. From Hopkinson et al. 
(1998).

Figure 9.7  pCO2 levels in world rivers. From Richey et al. 
(2002).
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degradation within rivers of terrestrial and river-derived 
organic material vs. due to the typically high amounts 
of pCO2 in river water resulting from a combination 
of surface runoff and soil respiration (Cole and Caraco, 
2001; Richey et al., 2002).  Alternatively, elevated 
productivity and mixing of river and ocean water 
in estuaries and river plumes can drive pCO2 below 
atmospheric saturation (Ternon et al., 2001; Lohrenz 
and Cai 2006), suggesting that some river/estuary 
systems can act as sinks for atmospheric CO2.

Anthropogenic Impacts on River/Estuarine Systems

River/estuary systems have been extensively 
and directly altered by human activities, and this 
is only expected to increase in the future as the 
human population increases further along coastlines 
and rivers and their associated (Postel et al., 1996; 
Serageldin et al., 1995; Meybeck and Vorosmarty, 
2005).  Human activities can have a variety of 
effects on river and estuarine processes and cycles, 

sometimes in opposite senses.  Deforestation, tillage, 
and irrigation-enhanced erosion have increased loads 
of sediments and particulate carbon to rivers (Ver et 
al., 1999), while widespread construction of dams, 
in contrast, has resulted in significant retention of 
carbon and sediments in reservoirs (Meade et al., 
1990).  Furthermore, the reduction of river suspended 
loads by dams around the world has generally resulted 
in increasing light availability and the potential role 
of phytoplankton biomass in river and estuarine 
biogeochemistry (Thorp and Delong 1994; Humborg 
et al., 1997, 2000; Ittekkot et al., 2000; Sullivan et al., 
2001). In the Mississippi watershed, increases in the 
river’s discharge over the last several decades have been 
found to correspond with increases in the export of 
carbonate alkalinity; these alkalinity increases further 
correspond in their magnitude to changing land use 
(Figure 9.8; Raymond and Cole, 2003). Inputs of 
nutrients to river/estuarine systems by industrial, 
municipal, and agricultural runoff have shown 
significant anthropogenically-driven increases (Howarth 

Figure 9.8  Changes in Mississippi River alkalinity discharge. From 
Raymond and Cole (2003)
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et al., 1996; Jickells, 1998; Socolow, 1999), potentially 
leading to net atmospheric CO2 uptake in river-
influenced margins by increasing primary production 
relative to respiration.  Dams may moderate this effect 
to some extent: for example, P may be retained in 
reservoir sediments (Jickells, 1998), Si may be retained 
by decreased weathering rates (Humborg et al., 2000), 
and  nitrate and Si export may be reduced by freshwater 
diatom blooms in stratified impoundments (Sullivan et 
al. 2001; Humborg et al., 2000, Pocklington and Tan, 
1987).  Other human impacts on the geomorphology 
of the estuary-ocean interface (e.g., dredging, diking, 
loss of marshes) may have significant effects on 
sediment transport and carbon burial, and on water 
residence time and reactions within estuaries.

Estuaries are also tremendously sensitive to long-
term global climate change.  Changes in river discharge 
in a warming climate are predicted to be large as 
snow pack and glacial water retention decreases and 
precipitation increases.  Increased atmospheric CO2 
and warmer temperatures, combined with changes 
in river discharge to estuaries could have significant 
impact on carbon delivery to the oceans (Figure 9.9, 
Peterson et al., 2002; Frey and Smith, 2005), thus 
impacting the DOC, alkalinity and dissolved inorganic 
carbon (DIC) contents of the primary river water 
supplied to estuaries.  Rising sea levels that outpace the 
growth of estuary mouth sills (or bars) could subject 
previously protected estuaries to increased wave-
energy regimes, altering the depositional and redox 
environment in estuarine sediments.

Measurement Programs

Historically, long-term measurement of carbon 
discharge by rivers has not been the focus of most 
gauging and monitoring programs.  For example, most 
of the biogeochemical flux measurements in rivers 
performed by the U.S. Geological Survey are limited 
to water discharge.  Measurements of carbon and 
nutrient loads needed to calculate fluxes have been 
carried out only at certain stations on selected rivers, 
and only for relatively short periods of time as part of 
targeted studies.  Furthermore, as a result of logistical 
constraints and sampling limitations, particle load and 
solute measurements are not typically performed during 
periods of high discharge (i.e. floods), when most 
material transport and flux tends to occur.  In addition, 

the vast majority of river-based measurements and 
monitoring efforts are conducted well above the head 
of tide.  As a result, there is an even larger dearth of 
information on distributions and fluxes of carbon and 
other species through the tidal reaches of rivers, and in 
estuaries and deltaic systems.  

Carbon-based measurements have in the past 
been carried out as parts of specific research projects 
with generally limited funding lives.  These projects 
have varied from large multi-disciplinary programs, 
such as the NSF-funded CAMREX program which 
focused on the biogeochemistry of the Amazon River 
above tidal influence, to single-investigator efforts 
focusing on specific aspects the carbon cycle of rivers, 
estuaries and continental margins.  Programs such 
as NSF’s Integrated Carbon Cycle Research Program 
and the North American Carbon Program were 
conceived as possible vehicles for integrated research 
efforts.  Unfortunately, the level of funding support 
and the wide-open nature of these programs in 
terms of sites and processes, has made it difficult to 
carry out well-integrated multi-disciplinary studies.  
The investigations supported under the auspices of 
NSF’s Coastal Ocean Processes (CoOP) Buoyancy-
Driven Transport Processes are an example of multi-
disciplinary studies focused on specific sites.  However, 
carbon is not a focus of these studies and there are 
many compartments of the river-estuarine system (e.g., 
tidal river, intertidal and subaqueous sediments) that 
are not examined as part of the two projects currently 
supported under this CoOP initiative.  The recent NSF 
Water and Carbon in the Earth System competition 
holds the promise of more fully integrated studies by 
supporting interdisciplinary projects that will examine 
carbon cycling and transfer across the river/estuarine/
coastal ocean continuum. 

Several large non-carbon based programs that have 
been supported in the past may be viewed as possible 
models for future initiatives.  Some of these include 
AMASSEDS, the ONR-funded STRATAFORM 
(http://faculty.washington.edu/ogston/strataform.
shtml), and the NSF MARGINS-sponsored Source-to-
Sink (http://www.nsf-margins.org/) programs.  In each 
of these programs, sediment transport and deposition 
was at the center of the multidisciplinary efforts, which 
included comprehensive field programs, continuous 
remote observations and integrated modeling efforts.  
The source-to-sink model, which seeks to track the 
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Figure 9.9.  Potential increases in DOC and river discharge to the Arctic in a warming climate.  From Frey and Smith (2005) and 
Peterson et al. (2002).
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magnitude and composition of river sediments from 
their generation in uplands to their final sink in ocean 
margins, is one such appropriate approach by which 
to study carbon transport and processing along the 
river/estuary/ocean continuum.  Many of the merits 
of such a study were exhaustively discussed and clearly 
identified in the RIOMAR workshops, the results of 
which are available in public documents (e.g., McKee, 
2003; http://www.tulane.edu/~riomar/).  

Other relevant ongoing efforts to examine carbon 
and elemental losses from land and transport by rivers 
include the EPA Great Rivers project (http://www.
epa.gov/emap/greatriver, part of the Environmental 
Monitoring and Assessment Program (EMAP).  
This program is designed to establish methods and 
approaches for assessing and monitoring the ecological 
condition of the Missouri, Upper Mississippi and 

Ohio Rivers in the central United States. Field crews 
from cooperating state and federal agencies have 
been sampling organisms, water, and sediments in 
the these rivers, with the ultimate goal of developing 
‘report cards’ on the ecological health of each of the 
sub-systems.  The Consortium of Universities for 
the Advancement of Hydrologic Science (CUAHSI; 
http://www.cuahsi.org/), an organization representing 
more than 100 U.S. universities, is supported by the 
National Science Foundation.  The most tangible 
product of this consortium to date is the Hydrologic 
Information System (HIS; http://www.cuahsi.org/
his.html), an effort to centrally store and publicize 
water-resource information. The HIS will facilitate 
data discovery by using a map-based viewer displaying 
the locations where data has been collected by various 
entities, including both government- and university-
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collected data.  Data delivery in the HIS platform also 
allows users to retrieve data directly into databases and 
spreadsheets and provides analysis packages regardless 
of data source.  HIS includes data publication, allowing 
academic and research scientists to publish data they 
collected within the common data viewer and responds 
to the same data retrieval calls as government sources.  
Data curatorship is provided as part of the HIS Data 
Center (HISDAC) for the storage and archiving of 
data. 

It should be noted that integrated carbon-cycling 
approaches and the linkages between head-of-tide 
and coastal ocean have been largely ignored in studies 
of North American river and estuary systems. Future 
programs should focus on measuring net fluxes of all 
carbon species (e.g., dissolved and particulate inorganic 
carbon, DOC, and POC) across key interfaces (soil/
water, sediment/water, air/water) of contiguous sub-
systems (e.g., upland river, tidal river, floodplain, 
estuary, delta, shelf ), coupling these measurements 
with investigations of the processes responsible for the 
transformation of carbon in these various reservoirs.  
Modeling of carbon transformations and fluxes in 
these systems needs to be carefully integrated with the 
measurement efforts to ensure seamless and continuous 
communication between researchers before, during 

and after the field efforts.  Observatory technology 
should be incorporated into such programs to 
provide the necessary continuous-data framework in 
which to integrate intensive sampling and modeling 
efforts.  Observatories are also likely to provide the 
major means for capturing low-frequency events such 
as floods and storms, which play a key role in the 
carbon biogeochemistry of these systems.  However, 
observatories alone cannot capture the processes 
during such stochastic events.  Hence, support for 
rapid-response efforts should be made available to 
comprehensively study the effects of these critical 
phenomena.  Future programs should also focus 
on sites where the linkage between systems can be 
accomplished within the time frame of the funding 
cycle.  Finally, opportunities to mine existing data sets 
should be made available to researchers in order to 
take advantage of the wealth of information already 
collected by previous and on-going monitoring efforts.  
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