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[1] Riverine exports of carbon (C) and organic matter (OM) are regulated by a variety of
natural and anthropogenic factors. Understanding the relationships between these various
factors and C and OM exports can help to constrain global C budgets and allow
assessment of current and future anthropogenic impacts on both riverine and global C
cycles. We quantified the effects of multiple natural and anthropogenic controls on
riverine export fluxes and compositions of particulate organic C, dissolved organic C, and
dissolved inorganic C for a regional group of eight rivers in the northeastern U.S.
Potential controls related to hydrogeomorphology and regional climate, soil order, soil
texture, bedrock lithology, land use, and anthropogenic factors were analyzed
individually, collectively, and at scales of both local and regional influence. Factors
related to hydrogeomorphology and climate, followed in importance by land use and
anthropogenic factors, exhibited the strongest impacts on riverine C exports and
compositions, particularly at smaller localized scales. The effects of
hydrogeomorphology and climate were primarily related to volumetric flow, which
resulted in greater exports of terrestrial and total C. Principal anthropogenic factors
included impacts of wastewater treatment plants (WWTPs) and river impoundments. The
presence of WWTPs as well as anthropogenic use of carbonate-based materials (e.g.,
limestone) may have substantially increased riverine C exports, particularly fossil C
exports, in the study region. The presence of nuclear power plants in the associated
watersheds is also discussed because of the potential for anthropogenic 14C inputs and
subsequent biasing of aquatic C studies utilizing natural abundance 14C.
Citation: Hossler, K., and J. E. Bauer (2013), Amounts, isotopic character, and ages of organic and inorganic carbon
exported from rivers to ocean margins: 2. Assessment of natural and anthropogenic controls, Global Biogeochem. Cycles, 27,
doi:10.1002/gbc.20034.

1. Introduction

[2] Present-day riverine export of carbon (C) and organic
matter (OM) has been linked to diverse natural and
anthropogenic factors [see, e.g., Moosdorf et al., 2011;
Alvarez-Cobelas et al., 2012; Lauerwald et al., 2012]. Dis-
charge and runoff, for example, appear to be among the
dominant controls of riverine C and OM fluxes, with exports
of particulate organic C, dissolved organic C, and dissolved
inorganic C (POC, DOC, and DIC, respectively) increasing
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under conditions of greater hydrologic flow [e.g., Meybeck,
1982; Bluth and Kump, 1994; Ludwig et al., 1996; Moosdorf
et al., 2011; Alvarez-Cobelas et al., 2012; Lauerwald et al.,
2012]. Other identified natural controls on riverine C and
OM exports fall under the general categories of water-
shed geomorphology, lithology, and pedology. Riverine
exports of POC tend to increase with watershed relief and
slope because of greater mechanical erosion [Ludwig et al.,
1996; Blair et al., 2003], whereas exports of DOC tend to
increase in watersheds of relatively flat terrains, because of
longer water residence times along OM-rich surface and
shallow subsurface flowpaths [Clair et al., 1994; Ludwig
et al., 1996; Mulholland, 1997; Frost et al., 2006; Wilson
and Xenopoulos, 2008; Lauerwald et al., 2012]. In con-
trast, riverine DIC exports appear to be relatively unaffected
by watershed geomorphology [Clair et al., 1994; Moosdorf
et al., 2011].

[3] The underlying lithology of watersheds may also have
a significant impact on the amounts and sources of C and
OM exported by rivers. Exports of DIC, for example, are
typically greater in regions with carbonate-rich rock types
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(e.g., limestones, dolomites) [Meybeck, 1993; Bluth and
Kump, 1994; Clair et al., 1994; Pawellek and Veizer, 1994;
Baker et al., 2008; Moosdorf et al., 2011]. Additionally,
lithologies rich in either inorganic C (IC) or organic C
(OC; e.g., shales and other sedimentary rocks) have
been implicated in greater proportional contributions from
fossil DIC and fossil POC, respectively [Pawellek and
Veizer, 1994; Raymond et al., 2004; Leithold et al., 2006;
Longworth et al., 2007; Zhang et al., 2009].

[4] Pedologically, watersheds with greater abundance
of OC-rich soils tend to export more DOC [Ludwig
et al., 1996; Hope et al., 1997a; Aitkenhead et al.,
1999; Lauerwald et al., 2012]. Catchments dominated by
soil orders such as Spodosols (also known as Podsols) and
particularly Histosols have also demonstrated higher DOC
export [Alvarez-Cobelas et al., 2012], presumably reflect-
ing the higher soil OC (SOC) contents in these soil orders
[Kern, 1994; Tarnocai, 2000]. In contrast, DOC export is
reduced in watersheds having more clay-rich soils and hence
higher adsorption capacities for DOC [Nelson et al., 1993;
Lauerwald et al., 2012].

[5] Riverine C and OM exports are also increas-
ingly under anthropogenic control [e.g., Meybeck and
Vörösmarty, 1999; Meybeck, 2003]. Alteration of the
associated landscape through cultivation, urbanization, and
other modified land uses has been shown to generally
increase riverine exports of POC [Kao and Liu, 1996;
Hope et al., 1997b] and DIC [Clair et al., 1994; Oh
and Raymond, 2006; Baker et al., 2008; Raymond et al.,
2008; Barnes and Raymond, 2009; Zeng and Masiello,
2010; Moosdorf et al., 2011] but decrease exports of
DOC [Cronan et al., 1999; Alvarez-Cobelas et al., 2012;
Lauerwald et al., 2012; but see also Wilson and Xenopoulos,
2008; Sickman et al., 2010]. Observed increases in riverine
exports of both total and aged POC are primarily linked
to accelerated soil erosion with cultivation [Kao and
Liu, 1996; Hope et al., 1997b, Raymond et al., 2004;
Longworth et al., 2007], as presumably deeper and phys-
ically protected aged SOC becomes exposed to erosional
forces with tillage [e.g., Ewing et al., 2006]. In contrast,
cultivation has been observed to frequently result in a net
decrease in riverine DOC export [Cronan et al., 1999;
Alvarez-Cobelas et al., 2012; Lauerwald et al., 2012], which
may be due to both a depletion of total SOC and a reduc-
tion in litter biomass following cultivation [e.g., Post and
Mann, 1990; Amundson, 2001; Guo and Gifford, 2002].
Exports of total and aged DIC have been associated with
human use of carbonate-based materials in both construc-
tion [Baker et al., 2008; Barnes and Raymond, 2009; Zeng
and Masiello, 2010; Moosdorf et al., 2011; Zeng et al., 2011]
and agricultural [Clair et al., 1994; Oh and Raymond, 2006]
activities.

[6] Other anthropogenic impacts on riverine C and
OM exports include wastewater treatment and river
impoundment. Wastewater effluent can contribute to river-
ine OC and IC loads either indirectly, by stimulating
autochthonous (i.e., internal) production of riverine OC
through nutrient inputs [e.g., Gücker et al., 2006; Carey and
Migliaccio, 2009; Zeng et al., 2011], or directly through
input of wastewater OC [Gücker et al., 2006; Sickman
et al., 2007; Barnes and Raymond, 2009; Griffith et al.,
2009; Zeng et al., 2011]. The impact of impoundment

on riverine POC exports has been found to be more
variable because of the opposing effects of particle set-
tling [Soltero et al., 1973; Webster et al., 1979; Stanford
and Ward, 1983; Grobbelaar and Toerien, 1985; Voshell
and Parker, 1985; Perry and Perry, 1991] and enhanced
autochthonous production [Spence and Hynes, 1971;
Grobbelaar and Toerien, 1985; Voshell and Parker, 1985;
Kendall et al., 2001; Sullivan et al., 2001]. DOC also has
been observed to both increase, presumably through min-
eralization of enhanced autochthonous production within
impoundments [Stanford and Ward, 1983; Perry and Perry,
1991], or show no net change [Soltero et al., 1973].
Impoundment effects on riverine DIC loads range from
enhanced degassing and calcite precipitation, to increased
autochthonous production and subsequent remineralization
[Whalen et al., 1982; Grobbelaar and Toerien, 1985;
Wachniew, 2006; Wang et al., 2011].

[7] Both natural and anthropogenic factors are also
expected to impact the composition of exported river-
ine C and OM by altering the relative source contribu-
tions. Proportions of allochthonous (i.e., terrestrial) versus
autochthonous (i.e., aquatic) C in rivers, for example, have
been shown to vary in response to discharge [Webster and
Meyer, 1997] and anthropogenic activities such as agricul-
ture, wastewater treatment, and road construction [Oh and
Raymond, 2006; Barnes and Raymond, 2009; Zeng et al.,
2011]. Other studies have determined that the aged (i.e.,
derived from fossil C or old SOC) versus modern fractions
in river C may be controlled by factors such as lithology
[Pawellek and Veizer, 1994; Raymond et al., 2004; Leithold
et al., 2006; Longworth et al., 2007; Zhang et al., 2009] and
human use of fossil OC and IC materials [Spiker and Rubin,
1975; Barnes and Raymond, 2009; Sickman et al., 2010;
Zeng and Masiello, 2010; Zeng et al., 2011].

[8] Despite significant advances in our understanding of
the natural and anthropogenic factors affecting C and OM
inputs to rivers, there still remains considerable uncertainty
in the relative importance of these controls on riverine C
and OM composition and exports from land to the coastal
ocean. Addressing this uncertainty requires studies that
evaluate the effects of multiple controls simultaneously.
To date, only a small number of studies have attempted
such a comprehensive approach [e.g., Ludwig et al., 1996;
Moosdorf et al., 2011; Alvarez-Cobelas et al., 2012;
Lauerwald et al., 2012]. In this second paper of a two-
part series, we analyze the natural and anthropogenic
factors influencing riverine OC and IC exports, includ-
ing the proportions of allochthonous and aged OC and
IC, for a regional group of eight northeastern U.S.
rivers discharging to a common ocean margin, the Mid-
dle Atlantic Bight [see also Hossler and Bauer, 2013].
Potential controlling factors were grouped into six gen-
eral categories (i.e., hydrogeomorphology and regional
climate, soil order, soil texture, bedrock lithology, land
use, and additional anthropogenic factors) and assessed
at both a localized scale (i.e., hydrologic subbasin) and
a broader, regional scale (i.e., hydrologic subregion).
The primary goal of this study was to establish which
classes of controls, as well as specific factors, dominated
regional riverine OC and IC exports, and whether the
effects of these controls were localized or integrated over
broader regions.
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Table 1. Hydrogeomorphic and Climatic Characteristics of the Rivers Sampled in This Study and Their
a

Area Length Slopeb Reliefc Discharged Velocityb Runoffb Precipe Tempe

River (km2) (km) (m km–1) (m) (m3s–1) (m s–1) (cm yr–1) (cm) (ıC)

Subbasin
Connecticut 1,824 1,202 9.8 301 38 0.30 66.5 116.9 9.7
Hudson 1,198 735 12.4 379 17 0.31 45.8 110.0 9.3
Delaware 3,369 2,043 11.1 466 75 0.31 70.7 117.8 10.1
Schuylkill 4,860 3,091 13.1 542 105 0.29 68.1 116.0 10.3
Susquehanna 5,924 4,377 11.9 472 84 0.29 44.8 104.7 11.2
Potomac 2,893 2,504 14.1 478 33 0.28 35.8 102.7 12.3
Pamunkey 3,015 2,554 7.8 317 28 0.25 29.0 108.2 13.3
Roanoke 1,318 1,194 2.3 87 12 0.25 29.8 115.8 15.0

Subregion

Connecticut 28,164 18,935 29.9 1429 591 0.31 66.1 113.5 6.4
Hudson 31,457 19,019 20.6 1226 583 0.31 58.5 111.3 7.1
Delaware 17,333 10,658 19.4 1013 436 0.31 79.3 114.0 8.2
Schuylkill 4,860 3,091 13.1 542 105 0.29 68.1 116.0 10.3
Susquehanna 70,632 50,501 24.4 831 1131 0.30 50.5 100.8 8.7
Potomac 29,647 21,635 27.7 1296 363 0.30 38.6 97.9 10.9
Pamunkey 3,015 2,554 7.8 317 28 0.25 29.0 108.2 13.3
Roanoke 23,208 21,161 16.8 1076 229 0.26 31.1 112.0 13.5

aWatershed drainage area, stream length, slope, relief, mean annual discharge, velocity, runoff, precipitation, and tem-
perature are representative of each hydrologic subbasin (i.e., localized area drained by the river upstream of the sample
locale, the eight-digit hydrologic unit code) and subregion (i.e., the entire area drained by the river upstream of the sample
locale, usually the four-digit hydrologic unit code; see Table S1). See also section S3 for further description of the data.

bSlope, runoff, and velocity values are means weighted by river segment length.
cRelief is the difference between maximum and minimum elevations for the drainage area.
dMean annual discharge was estimated from data available for U.S. Geological Survey water monitoring stations.
ePrecipitation and temperature are annual means weighted by river drainage area.

2. Materials and Methods
2.1. Study Area

[9] The eight river systems investigated in the present
study included the Connecticut, Hudson, Delaware,
Schuylkill (a tributary of the Delaware), Susquehanna,
Potomac, Pamunkey, and Roanoke (see Figure S1 and
Table S1 in section S1 of the auxiliary material). The
rivers covered a range of hydrogeomorphologies, soil
types, underlying mineralogies, land uses, and other
anthropogenic features (Tables 1–3 and sections S1 and
S2; see also section S3 for a description of drainage area
characterization methodologies).

2.2. Sample Collection and Processing
[10] Details of sample collection and processing can be

found in Hossler and Bauer [2012]. Briefly, each river
was sampled at approximately 3–4 month intervals between
2005 and 2007 at the point farthest downstream that was
both accessible by small boat and above the reach of
tidal influence. Surface water samples (�0.1 m depth)
were collected near the midpoint of each river and fil-
tered through prebaked Whatman quartz fiber filters (QFF;
0.8 �m nominal pore size). Note that one caveat to our sam-
pling strategy is that by collecting surface water samples
(although common practice) as opposed to width- or depth-
integrated samples, we have likely underestimated the C
pools, particularly the POC fraction [Curtis et al., 1979;
Martin et al., 1992; Raymond et al., 2007]. Another poten-
tial source of sampling bias is the small number of sampling
events per river (i.e., 7); however, we did capture a represen-
tative range of hydrologic conditions [Hossler and Bauer,

2013, Figure S3], including several high discharge events
which are estimated to contribute to the majority of riverine
C export [see, e.g., Raymond and Saiers, 2010]. In a trade-
off with finer-scale sampling within a single river, this study
focused on sampling a spectrum of rivers within a single
region.

[11] The POC was considered to be that fraction collected
directly on the QFF filters while the DOC was considered
the filtrate. Samples for DIC were collected directly from
the rivers using gas-tight syringes, then injected immedi-
ately into gas-tight glass serum bottles that were presparged
with ultrahigh-purity N2 gas and fixed with saturated HgCl2
(0.2% v/v).

[12] Following acidification to remove inorganic carbon-
ates, POC and DOC samples were oxidized to CO2 (by
sealed tube combustion and high-energy UV irradiation,
respectively), then purified and quantified on a vacuum
extraction line [Sofer, 1980; Bauer et al., 1992; Druffel
et al., 1992; see also Hossler and Bauer, 2012]. DOC
concentrations were also analyzed independently by high-
temperature catalytic oxidation. DIC samples were acidified
to pH 2 with phosphoric acid and sparged to extract the CO2
gas which was then purified and quantified on a vacuum
extraction line [Sofer, 1980; Druffel et al., 1992; see also
Hossler and Bauer, 2012]. Aliquots of CO2 were collected
in sealed Pyrex tubes and analyzed for •13C and �14C at
the National Science Foundation-Arizona Accelerator Mass
Spectrometry (AMS) Facility.

2.3. Total, Allochthonous, and Aged C
[13] Total (i.e., allochthonous and autochthonous, aged

and modern) riverine POC, DOC, and DIC export fluxes
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Table 2. Pedologic and Lithologic Characteristics of the Watersheds in the Present Studya

Soil Orderb Soil Texturec Lithologyd

River I U SIL SL ORG Lim Dol Sha CO3 Org

Subbasin
Connecticut 72.6 0.1 13.3 39.7 3.0 0.0 0.0 0.4 8.5 0.0
Hudson 84.6 0.0 38.9 3.2 1.2 9.2 0.5 16.2 13.6 0.0
Delaware 29.5 24.1 36.0 9.2 1.7 2.9 17.3 6.4 21.3 8.4
Schuylkill 27.6 30.6 55.6 2.1 0.1 6.3 6.9 19.0 13.4 2.8
Susquehanna 21.6 33.9 64.2 0.1 0.0 15.0 8.6 3.3 23.7 0.0
Potomac 25.0 47.2 30.9 4.9 0.0 0.4 0.1 7.7 0.6 0.0
Pamunkey 9.0 83.7 22.5 59.4 0.1 0.1 0.0 0.0 0.0 0.0
Roanoke 10.6 73.0 8.6 38.4 2.8 0.0 0.0 0.0 87.9 0.0

Subregion

Connecticut 32.4 0.1 12.3 32.5 3.3 8.1 0.0 0.1 13.9 5.4
Hudson 58.5 0.2 30.7 14.8 2.6 4.7 3.3 25.4 21.4 11.1
Delaware 57.3 16.9 35.0 5.1 7.1 2.6 5.2 34.9 11.0 2.3
Schuylkill 27.6 30.6 55.6 2.1 0.1 6.3 6.9 19.0 13.4 2.8
Susquehanna 58.0 21.4 44.3 3.7 0.1 4.4 1.9 29.3 14.4 7.8
Potomac 36.5 33.0 37.7 10.8 0.0 16.4 8.0 32.9 34.8 6.1
Pamunkey 9.0 83.7 22.5 59.4 0.1 0.1 0.0 0.0 0.0 0.0
Roanoke 18.1 53.6 14.2 35.6 0.4 0.4 0.9 2.7 14.3 0.3

aSummary of pedologic and lithologic characteristics for the watersheds of the eight rivers sampled in this
study. Only select properties are described (the complete listing of pedologic and lithologic properties assessed
in this study can be found in Table S3). See also section S3 for further description of the data.

bPercent of watershed area with soil order: I = Inceptisol, U = Ultisol.
cPercent of watershed area with soil texture: SIL = silt loam, SL = sandy loam, ORG = organic (i.e., any

mucky, peaty, fibric, hemic, or sapric soil).
dPercent of watershed area with lithology: Lim = limestone, Dol = dolomite, Sha = shale, CO3 = car-

bonate (i.e., summation of limestones, dolomites, and any USGS rock types containing “carbonate” in the
description), Org = organic (i.e., summation of black shales, coals, and any USGS rock types containing
“carbonaceous” or “organic” in the description).

were calculated for each watershed as the multiple of the
sample concentration and mean daily discharge (discharges
obtained from the U.S. Geological Survey water data (http://
waterdata.usgs.gov/nwis); see also section S3) for each sam-
ple collection date. The total C export fluxes were then
normalized by upstream watershed area (i.e., converted to
areal yields) for size-independent statistical analyses. For
the allochthonous and aged C contributions to POC, DOC,
and DIC exports, we first estimated fractional contributions
from six potential sources for POC and DOC (i.e., modern
C3 plant material (C3 OC), modern C4 plant material (C4
OC), modern algal material (algal OC), slow-turnover soil
OC (slow SOC; turnover time 25 years), passive-turnover
soil OC (passive SOC; turnover time 5000 years), and fossil
OC) and four potential sources for DIC (i.e., modern atmo-
spheric CO2 exchange, carbonate dissolution, POC reminer-
alization, and DOC remineralization) using a time-varying
isotope mixing model (see Hossler and Bauer [2012] for
details). Using these estimated source contributions, we then
estimated the allochthonous proportions of (a) the POC and
DOC pools to be the C3 OC, C4 OC, slow SOC, passive
SOC, and fossil OC contributions; and (b) the DIC pools
to be the dissolved carbonates, remineralized allochthonous
POC, and remineralized allochthonous DOC contributions.
We considered aged C to be anything older than �60 years
(note that following convention in radiocarbon dating, we
define AD 1950 to be the year delineating aged and modern
[Stuiver and Polach, 1977]), which included passive SOC
and fossil OC for POC and DOC and dissolved carbonates

and aged fractions of remineralized POC and DOC for DIC
[see also Hossler and Bauer, 2013].

2.4. Statistical Analysis
[14] We were first interested in comparing the relative

importance of six overarching classes of controlling factors,
at scales of both hydrologic subbasin and hydrologic sub-
region (i.e., local and regional, respectively; see Tables S1
and 1–3), on (1) POC, DOC, and DIC exports; (2) contribu-
tions from allochthonous C to POC, DOC, and DIC exports;
and (3) contributions from aged C to POC, DOC, and DIC
exports (Table S2). To accomplish these comparisons, we
used Procrustes analysis—a multivariate statistical method
to compare the similarity between two or more data sets
(e.g., riverine C exports with bedrock lithology) [Gower,
1971; Peres-Neto and Jackson, 2001]. Although commonly
used in morphometric analyses [see, e.g., Bookstein, 1996],
Procrustes analysis has only recently been proposed as a
potentially powerful analytical tool to explore relationships
among multiple sets of variables within ecology and bio-
geoscience studies [Peres-Neto and Jackson, 2001]. The
premise of Procrustes analysis is that a set of samples can be
represented by a configuration in each multivariable space
(e.g., a “C exports” configuration and “bedrock lithology”
configuration). One configuration (e.g., bedrock lithology)
is then rigidly translated, rotated, and scaled (i.e., superim-
posed) to best align with the reference configuration (e.g.,
C exports). The degree of concordance between the two
configurations can then be quantified by a correlation-like
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Table 3. Land Use and Additional Anthropogenic Features in the Watersheds of the Present Studya

Percent Land Useb Power Plantsc Impoundmentse

River AGR URB FOR WET NUPP Coal Oil Gas FFPP WWTPd Total Large

Subbasin
Connecticut 10 30 47 11 0 0 0 3 3 16 104 11
Hudson 17 16 52 12 0 1 1 0 1 18 30 0
Delaware 35 13 43 7 0 0 0 1 1 29 114 13
Schuylkill 37 20 40 2 1 1 2 2 4 87 101 29
Susquehanna 60 10 24 4 1 1 0 2 3 61 64 19
Potomac 46 17 34 2 0 0 0 0 0 19 77 8
Pamunkey 28 2 62 6 1 0 0 3 3 6 78 10
Roanoke 28 4 37 25 0 2 0 1 3 3 14 0

Subregion

Connecticut 7 9 76 6 1 1 1 4 6 102 966 136
Hudson 17 8 60 12 0 1 3 7 10 132 600 82
Delaware 17 10 67 6 0 2 2 2 6 113 640 58
Schuylkill 37 20 40 2 1 1 2 2 4 87 101 29
Susquehanna 27 7 61 2 3 10 6 8 24 366 769 141
Potomac 34 8 56 1 0 4 4 2 10 144 368 126
Pamunkey 28 2 62 6 1 0 0 3 3 6 78 10
Roanoke 22 7 59 6 0 8 0 1 9 38 397 49

aSummary of anthropogenic features in the watersheds of the eight rivers sampled in this study. Only select properties are
described (the complete listing of land use and additional anthropogenic factors assessed in this study can be found in Table S3).
See also section S3 for further description of the data.

bPercent of watershed area under land use: agriculture (AGR), urban (URB), forest (FOR), wetland (WET).
cNumber of power plant units in watershed area: nuclear (NUPP), coal, oil, gas; FFPP is the total number of coal, oil, and gas

power plants (note that some power plants utilize more than one energy source so will count once toward FFPP and may count
more than once toward coal, oil, or gas).

dNumber of wastewater treatment plants (WWTP) in watershed area.
eNumber of impoundments (total or large) in watershed area. Large impoundments are defined by the World Commission on

Dams as equal to or greater than 15 m in height, or between 5 and 15 m in height with storage capacity equal to or greater than
3� 106 m3.

statistic (r) determined from the residual sum-of-squares.
The Procrustes statistic r can range from 0 to 1 (with 1
indicating perfect concordance) and can be tested for signi-
ficance by randomization (i.e., PROTEST) [Jackson, 1995;
Peres-Neto and Jackson, 2001]. The controlling factor
categories of interest were (1) hydrogeomorphology and
regional climate (i.e., hydrologic parameters describing vol-
umetric flow and basic environmental parameters likely to
affect volumetric flow), (2) soil order, (3) soil texture, (4)
bedrock lithology, (5) land use, and (6) additional anthro-
pogenic factors (e.g., wastewater treatment plants, impound-
ments; i.e., anthropogenic factors other than land use
impacts such as agriculture or urbanization) (Tables 1–3).

[15] Procrustes analysis requires that the data sets be of
the same dimensions. To achieve this end, it is common to
first ordinate each data set by principal component analysis
(PCA), which effectively reduces larger multivariable data
sets into lower dimensional data sets with preservation of
the main patterns of variation [Hotelling, 1933; Peres-Neto
and Jackson, 2001]. Before performing the PCA ordina-
tions, data sets were first merged one-to-many to preserve
the finest level of detail, which was the sample collection
date (i.e., seven sample collection dates per each of eight
sites for a total of 56 samples were merged with control-
ling factors replicated (7 times) per site; the alternative (i.e.,
many-to-one) would have been to average samples per site
for a total of eight samples and merge with unreplicated con-
trolling factors). It should also be noted that for analyses
of allochthonous and aged C contributions, data from only

six of the eight sites were used because presence of nuclear
reactor-derived radiocarbon contamination in the Schuylkill
and Pamunkey Rivers precluded estimation of C source con-
tributions for these two sites [see Hossler and Bauer, 2012].
PCA ordinations were performed separately for each group
of variables (e.g., total C exports, subregional soil order,
subbasinal soil order). Variables were transformed as nec-
essary for normal distribution, then centered and scaled to
unit variance. The first two principal components from each
PCA ordination were then compared by Procrustes analysis.

[16] We were also interested in determining important
specific parameter relationships and achieved this by evalu-
ating the Procrustean superimpositions to see which individ-
ual controlling factors aligned with the measures of C export
and composition. We also used Pearson correlation between
specific variables (e.g., total DOC export with subregional
discharge). The Pearson correlation statistic is also denoted
by the symbol r and can range from –1 to 1. Significance
was determined by resampling with replacement (n = 1000).

[17] To control for cumulative error rates across the
multiple tests of significance evaluated for the Procrustean
and Pearson correlations, we used the false discovery rate
(FDR) methodology of Benjamini and Hochberg [1995].
This methodology compares the significance of each corre-
lation to a critical value based on the a priori significance
level (e.g., ˛ = 0.05) and the total number and rank of
the hypotheses being tested. We evaluated each correla-
tion coefficient at the significance levels of ˛ = 0.05 and
˛ = 0.01.
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Table 4. Procrustes Analysis Between Environmental Factors and Total POC, DOC,
and DIC Areal Yields and Allochthonous and Aged C Contributionsa

Subregion Subbasin

Yield Allo Aged Yield Allo Aged

Hydrogeomorphology and climate 0.35** 0.64** 0.78** 0.55** 0.71** 0.64**

Soil order 0.54** 0.60** 0.41** 0.55** 0.57** 0.42**

Soil texture 0.53** 0.68** 0.50** 0.56** 0.57** 0.42**

Bedrock lithology 0.47** 0.42** 0.27 0.46** 0.54** 0.39**

Land use 0.59** 0.70** 0.39** 0.39** 0.64** 0.50**

Anthropogenic factors 0.40** 0.58** 0.52** 0.47** 0.83** 0.68**

aReported values are Procrustes correlations (r) derived from the Procrustes sum of squared
residuals (see section 2.4 for details). Significant superimpositions are indicated by asterisks and
were determined at the levels of ˛ = 0.05 (*) and ˛ = 0.01 (**) with adjustment for the multiple
tests of significance (see section 2.4). (Note, “Allo” = allochthonous.)

[18] All analyses were performed in R 2.9.1 [R Develop-
ment Core Team, 2009]. The Procrustes analyses addition-
ally required use of the R package “vegan” [Oksanen et al.,
2009].

3. Results and Discussion
3.1. Total Riverine POC, DOC, and DIC Exports

[19] We first compared total (i.e., allochthonous and
autochthonous, aged and modern) riverine POC, DOC, and
DIC exports with the potential controlling factors. Not too
surprisingly, absolute C fluxes correlated most strongly with
the factor class of subregional hydrogeomorphology and cli-
mate (r = 0.58, p = 0.001; not shown). This relationship was
driven primarily by catchment area, which was the strongest
correlating specific factor (POC: r = 0.37, p = 0.006; DOC:
r = 0.54, p = 0.001; DIC: r = 0.67, p = 0.001; not shown)
among all potential specific factors (i.e., regardless of fac-
tor class). As this effect is expected to be primarily one of
scale (i.e., bigger watersheds have greater exports [see, e.g.,
Mulholland, 1997; Seo et al., 2008]), we removed the size-
effect for the remainder of the analyses, but wished to make
note of the significance of catchment size as a dominant
control of total C exports.

[20] Area-normalized fluxes (i.e., areal yields) of total
POC, total DOC, and total DIC from the eight rivers cor-
related significantly with all potential controlling factor
classes and with only slight difference in correlation strength
(Table 4), suggesting that the multiple classes of control-
ling factors were of near-equal importance in determining
areal C yields. The strongest correlating factor classes, how-
ever, were subregional land use, soil texture, subbasinal
hydrogeomorphology and climate, and soil order (Table 4).

[21] Subregional land use correlated most strongly with
areal C yield (r = 0.59, p = 0.001; Table 4). This relation-
ship was driven primarily by an increase in areal DIC yield
with urban land use (r = 0.63, p = 0.001; Table S4), as
well as an increase in areal OC yield with wetland land use
(Figures 1a and 2a). Other studies have observed increased
DIC exports in more urban areas, presumably from weather-
ing of limestone-based construction materials [Baker et al.,
2008; Barnes and Raymond, 2009; Zeng and Masiello,
2010; Moosdorf et al., 2011]. Barnes and Raymond [2009],
for example, estimated that urban development (along with
agricultural land use) increased DIC export by 60–380 %
over native forest land use based on streams sampled in the

Connecticut River watershed. The relationship between OC
exports and wetland land coverage has also been demon-
strated in several river-based studies, which have reported
higher DOC exports (or higher concentrations of DOC)
from watersheds containing greater proportions of OC-
rich wetlands and peatlands [Hope et al., 1997b; Raymond
and Hopkinson, 2003; Raymond et al., 2004; Baker et al.,
2008; Wilson and Xenopoulos, 2008; Mattsson et al., 2009;
Lauerwald et al., 2012]. In this study, POC and DOC areal
yields were not significantly correlated to wetland coverage
by Pearson correlation (r = 0.11 (p = 0.4) and r = 0.21 (p =
0.2), respectively), but these relationships were supported
by the Procrustes analysis, which compares the overarching
patterns in land use to areal C yields (Figure 1a).

[22] The relationship between areal C yield and soil
texture—both subbasinal (r = 0.56, p = 0.001) and subre-
gional (r = 0.53, p = 0.001; Table 4)—suggested an increase
in areal OC yield with greater abundance of organic-
based soils and an increase in areal IC yield with greater
abundance of fine-textured mineral-based soils (Figure 1a).
These relationships were also evident through Pearson cor-
relations (see Table S4). The relationship between areal OC
yield and organic-based soil coincided with the observed
increase in areal OC yield with greater wetland coverage.
The indicated relationship between areal IC yield and soil
texture, however, was not straightforward. Coarse-textured
soils are expected to have deeper subsurface flow and subse-
quently greater export of DIC [e.g., Johnson et al., 2006]—
such a relationship is apparent in the analysis of controlling
factors for allochthonous C contributions (see section 3.2).
This opposing pattern suggests that the increase in areal
DIC yield with greater abundance of fine-textured soils must
be driven primarily by an increase in autochthonous DIC.
Autochthonous C sources for DIC include atmospheric CO2
exchange and remineralization of autochthonous POC and
autochthonous DOC. It does not seem likely that soil texture
would impact atmospheric CO2 exchange, which leaves the
remineralization of autochthonous POC and autochthonous
DOC. One suggested mechanism is that the finer-textured
soils export more nutrients such as phosphorus [see, e.g.,
Kyllmar et al., 2006], supporting increased algal growth
in-stream and ultimately increased areal DIC yield via rem-
ineralization. The fact that there is not a similar observable
increase in areal OC yield with finer soil texture may
be attributable to greater response of areal OC yield to

6



HOSSLER AND BAUER: ENVIRONMENTAL CONTROLS OF RIVERINE CARBON

−0.3 −0.1 0.0 0.1 0.2

−0.3

−0.2

−0.1

0.0

0.1

0.2

PCA1

P
C

A
2

POC

DOC

DIC

a

−0.4 −0.2 0.0 0.2 0.4 −0.4 −0.2 0.0 0.2 0.4
−0.4

−0.2

0.0

0.2

0.4

−0.4

−0.2

0.0

0.2

0.4

PCA1

P
C

A
2

pPOC

pDOC

pDIC

b

PCA1

P
C

A
2

pPOC

pDOC

pDIC

c

Figure 1. Procrustean superimpositions of best correlating environmental factor ordinations onto ordi-
nations of (a) areal C yields, (b) allochthonous C contributions, and (c) aged C contributions. In Figure 1a,
total POC, DOC and DIC areal yields are superimposed with subregional land use (r = 0.59; yellow),
subbasinal soil texture (r = 0.56; blue; note that subregional soil texture was also a strong correlate and
displayed a similar concordance pattern), subbasinal hydrogeomorphology and climate (r = 0.55; green),
and subbasinal soil order (r = 0.55; red; note that subregional soil order was also a strong correlate and
displayed a similar concordance pattern). In Figure 1b, allochthonous C proportional contributions to total
C exports are superimposed with subbasinal anthropogenic impacts (r = 0.83; red), subbasinal hydroge-
omorphology and climate (r = 0.71; green), subregional land use (r = 0.70; yellow), and subregional soil
texture (r = 0.68; blue). And in Figure 1c, aged C proportional contributions to total C exports are super-
imposed with subregional hydrogeomorphology and climate (r = 0.78; green), subbasinal anthropogenic
impacts (r = 0.68; red), subbasinal hydrogeomorphology and climate (r = 0.64; blue), and subregional
anthropogenic impacts (r = 0.52; yellow). (Only the most significant factors are shown. See Table S3
for factor abbreviations and section S3 for additional descriptions of factors. See Figures S2–S4 for the
original PCA ordinations used in the Procrustean superimpositions. Note also that Figure 1a is based on
data from all eight rivers, while Figures 1b and 1c exclude data from the Schuylkill and Pamunkey Rivers
because radiocarbon contamination in these two systems precluded estimation of allochthonous and aged
C contributions).

other controlling factors acting independently of soil tex-
ture (e.g., proportion of OC-rich soils). We also cannot rule
out entirely the possibility that the relationship between DIC
areal yield and soil texture is coincidental and derived from
other underlying gradients.

[23] The relationship between areal C yield and subbasi-
nal hydrogeomorphology and climate (r = 0.551, p = 0.001;
Table 4) was driven primarily by an increase in areal C yield
with greater runoff and precipitation (Figure 1a). The impor-
tance of factors such as runoff and precipitation to OC and
IC exports has been observed in several previous studies
[Meybeck, 1982, 1993; Bluth and Kump, 1994; Clair et al.,
1994; Hope et al., 1997a; Mulholland, 1997; Moosdorf
et al., 2011; Alvarez-Cobelas et al., 2012; Lauerwald et al.,
2012] and may be attributable to increased denudation and
removal of terrigenous C materials with increased hydro-
logic flow [e.g., Bluth and Kump, 1994; Mulholland, 1997].
However, such a relationship—particularly with runoff—is
not unexpected since areal yield is the product of concentra-
tion and runoff [Mulholland, 1997; Gaillardet et al., 1999;
Lauerwald et al., 2012] (note that such a relationship is also
referred to as spurious correlation [Kenney, 1982]). Indeed,
for the eight rivers of this study, log-log plots of areal C yield
versus runoff have slopes near unity (Figure S9) indicating

a direct scaling between areal C yield and runoff (i.e., C
concentrations are invariable relative to runoff) [Gaillardet
et al., 1999]. The observed relationships between runoff and
precipitation and areal C yield do suggest, however, that
wetter climates will have higher areal C yields.

[24] Increased areal yields of riverine DIC also coin-
cided with ruggedness of watershed terrain (e.g., greater
relief, steeper slope; Figure 1a). Areal yields of riverine
POC and DOC, however, were unaffected by watershed ter-
rain as indicated both by the Procrustes superimposition
(Figure 1a) and Pearson correlations (Table S4). Relief and
slope effects on C exports in previous studies have been
mixed, with reports of direct effects on POC [Blair et al.,
2003], inverse effects on DOC [Clair et al., 1994; Ludwig
et al., 1996; Mulholland, 1997; Frost et al., 2006; Wilson
and Xenopoulos, 2008; Lauerwald et al., 2012], and inde-
terminate or no effects on DIC [Clair et al., 1994; Moosdorf
et al., 2011].

[25] Following subbasinal hydrogeomorphology and cli-
mate, soil order was the next dominant controlling factor
for riverine POC, DOC, and DIC areal yields both subbasi-
nally and subregionally (r = 0.55 (p = 0.001) and r = 0.54
(p = 0.001), respectively; Table 4). Typically, when soil is
considered as a factor in C export, it has been in the con-
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b

c

a

Figure 2. Conceptual model of the dominant factors controlling (a) riverine areal yields of total POC,
total DOC and total DIC, (b) allochthonous C proportional contributions to areal C yields, and (c) aged C
proportional contributions to areal C yields in the eight temperate rivers examined in the present study. In
each subfigure, the four dominant factor classes (e.g., “subregional land use”) are indicated by the larger
boxes with dashed borders; Procrustes correlations are provided in the upper right corners. Dominant
factors within each class are indicated by the smaller enclosed boxes with solid borders; significant single
factor Pearson correlations are provided in parentheses above the connecting arrows. Strongly correlating
single factors (or a small subset of factors; e.g., fossil IC lithology) outside of the dominant factor classes
are also indicated (smaller boxes with solid borders outside of any larger boxes, and with the Pearson
correlation in parentheses above the connecting arrow). Special notes regarding either the class of factors
as a whole or single factors are indicated in italics; a “???” notation indicates theoretical uncertainty in the
relationship. Some relationships were not apparent through Procrustes or Pearson correlations, but were
supported by other lines of evidence (see section 3.4); these relationships are indicated by dotted arrows
and “(?)” notation.
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text of SOC availability and linked to greater DOC export
[Ludwig et al., 1996; Hope et al., 1997a; Aitkenhead et al.,
1999; Lauerwald et al., 2012]. However, the relationship
observed in the present study was that of increased C export
for younger soils (i.e., Entisols and Inceptisols; Figure 1a
and Table S4). Since SOC content is expected to be similar
between the younger and older soils (e.g., compare Entisol
and Ultisol SOC content in Kern [1994]), the likely explana-
tion for the observed relationship had to do with soil depth
and horizon development (Figure 2a). As soils age, bedrock
weathering and OM inputs deepen the soil profile and
increase the depth to bedrock [e.g., Richter and Markewitz,
1995]. Bluth and Kump [1994], in their review of river
chemistry across various basaltic catchments, observed that
thick, more highly weathered soils (e.g., Ultisols) created a
barrier to DIC flux by reducing water percolation through
the soil and subsequent dissolution of bedrock carbonate, in
contrast to thin, less-weathered soils (e.g., Entisols or Incep-
tisols). Also occurring during soil genesis is the formation
of distinct layers (e.g., A horizon, B horizon) along the soil
profile [e.g., Richter and Markewitz, 1995]. Older soils (e.g.,
Ultisols) have well-developed B horizons which readily
adsorb DOC leached from upper, SOC-rich O and A hori-
zons, thus reducing subsequent DOC exports [McDowell
and Wood, 1984; Hope et al., 1994; Richter and Markewitz,
1995; Neff and Asner, 2001].

[26] The various primary factors controlling areal C
yields for the eight rivers of the present study are sum-
marized in Figure 2a. Factors such as runoff and precip-
itation and soil development impacted both OC and IC
areal yields, with higher total areal C yields in catch-
ments with wetter climates and shallow, less developed
soils (e.g., Entisols and Inceptisols). Additionally, OC areal
yields were higher in catchments with greater propor-
tions of wetlands or OC-rich soils, while DIC areal yields
were higher in catchments with more urban development
(presumably through weathering of limestone infrastruc-
ture; see also section 3.4). The observed relationship of
higher DIC areal yield with greater proportion of fine
textured soils is also noted in Figure 2a but remains
unsubstantiated.

[27] In the summary figure, we also include two addi-
tional specific factors from the remaining two factor classes,
which correlated significantly with DIC areal yield: wastew-
ater treatment plant (WWTP) density and fossil C bearing
bedrock (Figure 2a). In particular, WWTP density was
the strongest overall correlate of areal DIC yield (subbasi-
nal: r = 0.68, p = 0.001; subregional: r = 0.63, p =
0.001; Table S4). Rather unexpectedly, a similar relationship
between the proportion of allochthonous DIC and WWTP
density (i.e., an allochthonous C source) was not observed
(Figure 1b, Table S4, and section 3.2), suggesting that as
speculated for the relationship between areal DIC yield and
soil texture, the observed pattern must be attributable also to
an increase in autochthonous-derived DIC (i.e., no change in
the proportion of allochthonous-derived DIC). This increase
might result indirectly from stimulation of autochthonous
production due to high nutrient loads in the WWTP dis-
charge [e.g., Gücker et al., 2006; Carey and Migliaccio,
2009]. Several previous studies have linked increased river-
ine OC and IC to greater WWTP discharge, but typically
directly through the high C loads in the WTTP discharge

[see, e.g., Gücker et al., 2006; Sickman et al., 2007; Barnes
and Raymond, 2009; Griffith et al., 2009; Zeng et al.,
2011]. These potential impacts of WWTP discharge will be
further explored in section 3.4. Areal DIC yield also corre-
lated significantly with abundance of fossil-IC bearing rocks
(see Table S4), which confirms earlier studies demonstrat-
ing the importance of carbonate-rich lithologies to riverine
DIC export [Meybeck, 1993; Bluth and Kump, 1994; Clair
et al., 1994; Pawellek and Veizer, 1994; Baker et al., 2008;
Moosdorf et al., 2011].

3.2. Allochthonous C Contributions to Riverine POC,
DOC, and DIC Exports

[28] The proportional contributions of allochthonous C
to total riverine POC, DOC, and DIC exports in the
present study correlated significantly with all factor classes
(Table 4), but there was a range in correlation strength.
The strongest correlating factor class was subbasinal anthro-
pogenic factors (r = 0.83, p = 0.001; Table 4), with
gradients of increasing fossil fuel power plant (FFPP) den-
sity and decreasing impoundment density coinciding with
greater proportional allochthonous C contributions to POC,
DOC, and DIC (Figure 1b). Density of FFPPs, as a single
factor, was among the strongest correlates for allochthonous
DIC (r = 0.78, p = 0.001; Table S4 and Figure 2b). To
our knowledge, such a relationship has not been previously
documented. One possible explanation is that acid deposi-
tion in the vicinity of FFPPs [e.g., Galloway et al., 1984;
Bouwman et al., 2002] results in more rapid weathering of
soil and rock carbonates and release of DIC [e.g., Kilham,
1982; Li et al., 2008]. Density of impoundments, as a sin-
gle factor, correlated negatively with allochthonous POC
(r = –0.78, p = 0.001; Table S4 and Figure 2b). This effect
is expected to be primarily indirect through an increase of
autochthonous POC [e.g., Grobbelaar and Toerien, 1985;
Voshell and Parker, 1985; Kendall et al., 2001; Sullivan
et al., 2001], as river impoundment creates conditions that
favor phytoplankton growth such as slower moving, less
turbid water [Søballe and Kimmel, 1987; Sullivan et al.,
2001]. Surprisingly, the gradient of WWTP density was
counter to the gradients of allochthonous POC, DOC, and
DIC (Figure 1b and Table S4). This pattern was unexpected
based on examples from the literature of significant contri-
butions of WWTP effluent (i.e., an allochthonous source) to
riverine POC, DOC, and DIC loads [Gücker et al., 2006;
Sickman et al., 2007; Barnes and Raymond, 2009; Griffith
et al., 2009; Zeng et al., 2011], as well as the positive cor-
relation observed between WWTP density and DIC areal
yield in this study (Figure 1a, Table S4, and section 3.1).
As discussed in section 3.1, however, the impact of WWTPs
on riverine C loads may be primarily through stimulation
of autochthonous production due to high nutrient loads
in WWTP effluent [e.g., Gücker et al., 2006; Carey and
Migliaccio, 2009].

[29] Several studies have linked hydrogeomorphic char-
acteristics such as stream discharge and relief with
allochthonous C contributions to POC [Kao and Liu, 1996;
Raymond and Bauer, 2001; Blair et al., 2003], total OC
[Webster and Meyer, 1997], and DIC [Finlay, 2003]. In
the present study, subbasinal hydrogeomorphology and cli-
mate was also a dominant class factor for riverine export of
allochthonous C (r = 0.71, p = 0.001; Table 4). Specifi-
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cally, allochthonous C contributions to total DOC and DIC
exports increased with precipitation while allochthonous C
contributions to total POC exports increased with decreasing
runoff (Figures 1b and 2b and Table S4). The relationship
between allochthonous POC and runoff, though also sig-
nificant by Pearson correlation (r = –0.64, p = 0.001;
Table S4), was contrary to expectation: terrigenous POC
typically increases with runoff because of accelerated ero-
sion (assuming most of the runoff is surficial) [Raymond and
Bauer, 2001; Blair et al., 2003; Kao and Liu, 1996]. The
underlying cause for this unexpected relationship, however,
could be attributed to subbasinal density of impoundments
and subregional urban land use—both of which tended to
be higher in sites with more subbasinal runoff (r = 0.82
(p = 0.05) and r = 0.86 (p = 0.03), respectively (not shown);
see also Tables 1 and 3); and were negatively correlated to
allochthonous POC (r = –0.78 (p = 0.001) and r = –0.82
(p = 0.001), respectively; Figure 2b and Table S4).

[30] Land use at the subregional scale also impacted
allochthonous C contributions to riverine C exports (r =
0.70, p = 0.001; Table 4), with allochthonous DOC and
DIC contributions increasing under forest and wetland land
use, and allochthonous POC contributions decreasing under
urban land use (Figure 1b). The positive correlation between
allochthonous DOC and wetland land use (r = 0.57, p =
0.001; Table S4 and Figure 2b) was consistent with the
observed increase in DOC areal yield with greater propor-
tion of wetland land use and organic-based soils (Figure 1a
and Table S4) and corroborated the several river-based stud-
ies also reporting higher DOC exports from watersheds with
greater proportions of OC-rich wetlands (i.e., allochthonous
C sources) [Hope et al., 1997b; Raymond and Hopkinson,
2003; Raymond et al., 2004; Baker et al., 2008; Wilson and
Xenopoulos, 2008; Mattsson et al., 2009; Lauerwald et al.,
2012].

[31] Allochthonous DIC correlated positively with forest
land use and negatively with agricultural land use (r = 0.75
(p = 0.001) and r = –0.67 (p = 0.001), respectively;
Table S4 and Figure 2b). These relationships ran counter to
previous observations reported in the literature of increased
DIC export under agricultural land use because of bicar-
bonate release from liming (i.e., an allochthonous C source)
[Clair et al., 1994; Oh and Raymond, 2006]. Possibly for
the six rivers in this study, the observed effect of land use
on the proportion of allochthonous DIC was hydrologically
mediated, with native land cover (e.g., forest; Figure 2b)
slowing storm runoff and increasing infiltration and ground-
water flow [Harbor, 1994], thereby promoting dissolution
of soil and rock carbonates [Finlay, 2003]. Note also that
in contrast to DIC areal yield, there was not a strong gra-
dient of increasing allochthonous DIC with greater urban
land use (compare Figure 1a and Figure 1b). The lack of
this relationship is likely due to the exclusion of the most
and least subregionally urban watersheds (i.e., Schuylkill
and Pamunkey, respectively; Table 3) in the six river subset.
This suggests that in the absence of a strong urban factor the
proportion of allochthonous-derived DIC is controlled by a
gradient of forest land use. (Another possibility is that the
relationship between urban land use and DIC areal yield was
driven by both allochthonous- and autochthonous-derived
DIC (i.e., no change in the proportion of allochthonous-
derived DIC), which has also been suggested to explain the

contrasting relationships observed for DIC areal yield and
allochthonous DIC with soil texture and WWTP density; see
also section 3.1.)

[32] For POC, the increase in allochthonous contribu-
tions with decreasing urban land use was also significant by
Pearson correlation (r = –0.82, p = 0.001; Table S4) and
likely related to an indirect effect of urban land use favor-
ing autochthonous POC production through enhanced N and
P loading [e.g., Glandon et al., 1981; Brett et al., 2005;
Walsh et al., 2005; Mallin et al., 2009] (Figure 2b). For the
six study rivers, subregional urban land use also correlated
with greater subbasinal density of impoundments (r = 0.95,
p = 0.004 (not shown); see also Table 3) which had a similar
indirect negative effect on allochthonous POC.

[33] Subregional soil texture was the next most impor-
tant control on riverine export of allochthonous C (r = 0.68,
p = 0.001; Table 4), with allochthonous C contributions to
DOC and DIC exports increasing with proportion of coarse-
textured soils in the six study rivers (Figures 1b and 2b
and Table S4). The effect of texture on allochthonous DOC
contributions was likely due to differences in adsorption
capacity: adsorption capacities tend to be smaller in coarse-
textured soils (e.g., sandy loams; see also Table 2), leaving
more DOC available to be exported from soil solution to
streams [Nelson et al., 1993; Remington et al., 2007]. In
contrast, the effect of soil texture on allochthonous DIC
contributions was attributable to hydraulic properties of the
soils. Coarse-textured soils have higher hydraulic conduc-
tivities [Rawls et al., 1998] which promote subsurface flow
and transport of DIC from soils to streams [Johnson et al.,
2006].

[34] Figure 2b aggregates the controlling factors of prin-
cipal importance for allochthonous C contributions to total
POC, DOC, and DIC exports in the present study. Two
dominant factors (both anthropogenic) were the presence
of impoundments, which decreased allochthonous contribu-
tions to POC, and fossil-fuel consumption, which increased
allochthonous contributions to DIC (although the reason
for the latter relationship is uncertain). Natural environ-
mental factors related to soil permeability and precipitation
impacted terrigenous inputs to both riverine DOC and DIC,
while land use factors variously affected allochthonous
C contributions through nutrient inputs (e.g., POC), OC-
richness (e.g., DOC), and infiltration (e.g., DIC).

3.3. Aged C Contributions to Total Riverine POC,
DOC, and DIC Exports

[35] Almost all of the class factors correlated signifi-
cantly with the proportional contributions of aged C to total
riverine POC, DOC, and DIC exports in the present study
(Table 4), but similar to the correlations with allochthonous
proportional contributions, there was a range in correlation
strength. Hydrogeomorphic factors had the greatest impact
on the contribution of aged C to total riverine POC, DOC,
and DIC exports, operating at both subregional and subbasi-
nal scales (r = 0.78 (p = 0.001) and r = 0.65 (p = 0.001),
respectively; Table 4). In particular, hydrologic volume was
a significant regulator of both aged OC and aged IC inputs—
a relationship which was also apparent through examination
of Pearson correlations (Table S4). Aged C contributions to
POC export fluxes, for example, increased with stream dis-
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charge (Figure 1c). This relationship at the subregional scale
was the strongest specific factor correlation for aged POC
(r = 0.79, p = 0.001; Table S4 and Figure 2c). Similar rela-
tionships have been observed in other studies and may be
attributed to greater mechanical weathering of OC-rich rock
with greater volumetric flow [e.g., Kao and Liu, 1996; Blair
et al., 2003]. Runoff (as a specific factor) correlated posi-
tively with aged C contributions to both DOC and DIC (e.g.,
aged DOC versus subregional runoff: r = 0.51, p = 0.001;
aged DIC versus subregional runoff: r = 0.72, p = 0.001;
Table S4 and Figure 2c), likely reflecting greater chemi-
cal weathering of OC-rich and IC-rich rock with greater
volumetric flow.

[36] Also of high importance for aged C contributions to
riverine C exports in the present study were subbasinal and
subregional additional anthropogenic factors (r = 0.68 (p =
0.001) and r = 0.52 (p = 0.001), respectively; Table 4). Pre-
vious river-based studies have observed increases in aged C
contributions to DIC under anthropogenic impacts attributed
to road construction [Zeng and Masiello, 2010; Zeng
et al., 2011], liming of agricultural fields [Oh and Raymond,
2006], and wastewater effluent [Zeng et al., 2011]. For the
six rivers not impacted by anthropogenic 14C in the present
study, aged DIC correlated strongly to WWTP density sub-
regionally and subbasinally (single factor basis: r = 0.73
(p = 0.001) and r = 0.68 (p = 0.001), respectively; see
also Figures 1c and 2c and Table S4). This relationship may
be attributed both to WWTP inputs of aged OC [Griffith
et al., 2009; Zeng et al., 2011] which can be remineralized
to aged DIC, and to the presence of aged DIC constituents
in WWTP effluent. Sodium bicarbonate, for example, which
is manufactured from limestone through the Solvay process,
is present in a wide variety of products which eventually
contribute to the waste stream: animal and human food
additives, pharmaceuticals, detergents [Lakhanisky, 2002].
WWTP density also correlated positively with aged POC at
the subbasinal scale (r = 0.51, p = 0.002; Figures 1c and 2c
and Table S4), but did not correlate with aged DOC either
subregionally or subbasinally (Table S4). For aged DOC,
however, the relationship could have been obscured by the
Susquehanna River which had a large number of WWTPs
(Table 3) but was estimated to have no aged DOC compo-
nent (Table S2). Excluding the Susquehanna River samples
resulted in stronger positive correlations at both scales (sub-
regional: r = 0.45, p = 0.01; subbasinal: r = 0.54, p = 0.002;
not shown).

[37] Aged DIC also increased with river impoundment
density based on the Procrustes analysis (Figure 1c) as
well as Pearson correlations (r = 0.50 (p = 0.002) and
r = 0.66 (p = 0.001), subregionally and subbasinally
respectively; Table S4 and Figure 2c). In contrast, previ-
ous studies regarding aged DIC and river impoundments
have suggested decreased aged C contributions to DIC with
impoundment because of conditions favoring autotrophy
and atmospheric gas exchange (i.e., modern DIC sources)
[Zhang et al., 2009; Zeng et al., 2011]. The best explana-
tion that we can suggest for the relationship observed in
the present study is a rise in water table behind the river
impoundments, which would permit greater contact time
between subsurface flow and bedrock, thus promoting dis-
solution of bedrock carbonates. Aged DOC also correlated
positively with impoundment density in the present study

(subregional: r = 0.56, p = 0.001; subbasinal: r = 0.51,
p = 0.001; Figures 1c and 2c and Table S4), which could
likewise be explained by greater dissolution of both fos-
sil OC and old SOC with a rising water table—but this is
speculative.

[38] In the present study, factors related to either
hydrogeomorphology and climate (e.g., Table 1) or addi-
tional anthropogenic activities (e.g., Table 3) exhibited the
strongest control of allochthonous contributions to total
riverine POC, DOC and DIC exports (e.g., Figure 2b),
and in particular, aged contributions to the C exports (e.g.,
Figure 2c). Aged C contributions to exports of riverine POC,
DOC and DIC related primarily to hydrogeomorphologic
and climatic factors relevant to mechanical and chemical
erosion (e.g., stream discharge, runoff). However, of nearly
equal importance were effluent inputs from WWTPs as
sources of aged POC, DIC, and possibly DOC; and river
impoundment density, which correlated positively with aged
DOC and DIC, although the mechanism for this relationship
is uncertain (Figure 2c).

[39] In summary Figure 2c, we additionally highlight
two significant relationships between aged C contributions
and controlling factors from among the remaining factor
classes. Several previous studies have observed increased
aged C exports from watersheds with fossil C-rich litholo-
gies [Pawellek and Veizer, 1994; Raymond et al., 2004;
Longworth et al., 2007; Zhang et al., 2009]. While the
lithology factor class was not particularly strong in this
study (Table 4), there were significant positive correla-
tions between fossil OC-rich rock types and aged POC and
between fossil IC-rich rock types and aged DIC (Figure 2c
and Table S4). Aged DIC also correlated significantly with
urban land use (subregional: r = 0.69, p = 0.001; subbasinal:
r = 0.47, p = 0.002; Figure 2c and Table S4). As sug-
gested for DIC areal yield (section 3.1 and Figure 1a), this
relationship may be attributable to weathering of limestone
infrastructure in urban areas [e.g., Baker et al., 2008; Zeng
and Masiello, 2010]. Potential impacts of both urban and
agricultural limestone use are further explored in section 3.4.

3.4. Other Evidence for Anthropogenic Impacts
[40] Some of the relationships between riverine C and

anthropogenic activities observed in the previous analyses
(sections 3.1–3.3) warrant further consideration. WWTPs,
for example, have been identified as significant sources of
additional riverine C [Sickman et al., 2007; Barnes and
Raymond, 2009; Griffith et al., 2009; Zeng et al., 2011] and
as sources of aged DOC in particular [Griffith et al., 2009].
In this study, WWTP density did correlate with aged POC
and DIC, but had questionable correlation to aged DOC
(section 3.3), and only correlated with DIC areal yields but
not POC or DOC areal yields (section 3.1). Other stud-
ies have linked agricultural and urban land use to greater
export of DIC, and especially aged DIC, through utiliza-
tion of limestone and dolomite in soil conditioning [Clair
et al., 1994; Oh and Raymond, 2006] and building and
road construction [Baker et al., 2008; Barnes and Raymond,
2009; Zeng and Masiello, 2010; Moosdorf et al., 2011]. We
did observe significant positive relationships between urban
land use and both DIC areal yield and aged DIC (sections 3.1
and 3.3), but not between agricultural land use and any of
the DIC fractions. In this section, we discuss the results
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of further analyses addressing the likely impacts of these
anthropogenic activities. We also briefly discuss the influ-
ence of nuclear power plants (NUPPs) which, though not
expected to alter riverine C exports, could greatly affect C
export age and source estimates.
3.4.1. Wastewater Treatment Plants and Riverine C
and OM

[41] Griffith et al. [2009] analyzed effluent from 12
WWTPs in the lower Hudson River and Connecticut River
watersheds and observed an average POC concentration of
4.9 mg L–1 and DOC concentration of 8.7 mg L–1, with
estimated fossil OC contributions of 14% and 25%, respec-
tively. For DIC, the average concentration was 18.1 mg
L–1 for wastewater effluent sampled from six treatment
plants within the Connecticut River watershed (fossil C
contributions, however, were not estimated) [Barnes and
Raymond, 2009]. Using these measurements and total
WWTP design flow for each watershed subregion
(see section S3), we estimated annual total POC, DOC,
DIC, and aged POC and DOC exports attributable to
wastewater discharge (Table S5).

[42] Total WWTP-derived exports were highest for the
Susquehanna River, the largest river and watershed sub-
region, which annually exported an estimated 4.3 Gg yr–1

of WWTP-derived POC, 7.6 Gg yr–1 of WWTP-derived
DOC, and 15.8 Gg yr–1 of WWTP-derived DIC, on aver-
age (Table S5). However, in terms of proportion to total
riverine C exports, the Schuylkill River received the great-
est contribution from wastewater effluent, with WWTP-
derived C contributing an estimated 100% to exported POC,
30% to DOC, and 7% to DIC. Across all eight rivers,
WWTP effluent contributions to POC, DOC, and DIC
exports averaged 15%, 8%, and 4%, respectively. These
loadings compared to previous estimates for several U.S.
rivers [Sickman et al., 2007; Barnes and Raymond, 2009;
Griffith et al., 2009], suggesting that while WWTP contri-
butions to riverine C exports across broader regions may
be relatively small, for individual rivers, particularly those
with small discharges and high WWTP densities (e.g., the
Schuylkill River; Tables 1, 3, and S5), the within-stream
WWTP C loads and impacts could be substantial. Also to
be considered is the typically continuous flow exhibited by
WWTP effluent [Carey and Migliaccio, 2009] which may
result in varying significance when contrasted with tem-
poral variations in riverine POC, DOC, and DIC fluxes
[Andersen et al., 2004; Kolpin et al., 2004; Sickman et al.,
2007; Carey and Migliaccio, 2009]. For the rivers of the
present study, C fluxes were smallest during the summer
months with characteristically low discharge [Hossler and
Bauer, 2013, Figures 4 and S2], hence WWTP contributions
would be expected to have greater significance during this
season. These potentially seasonal effects are indicated in
Figure 2a.

[43] Nearly half of the aged POC exports in the Potomac
River and all of the aged DOC exports in the Susquehanna
River could potentially be accounted for by WWTP efflu-
ents alone (Table S5). Across the combined six rivers for
which aged riverine C estimates were available (i.e., exclud-
ing the Schuylkill and Pamunkey Rivers), WWTP effluent
contributed approximately 18% to aged POC exports and
33% to aged DOC exports. These percentages were �1.2
and �4.1 times higher than for the WWTP contribution to

total POC and total DOC, respectively, suggesting that the
WWTP impact was more significant as a source of aged
riverine C than as a source of total riverine C.
3.4.2. Agricultural Liming and Riverine DIC

[44] Oh and Raymond [2006] estimated that 17% of
annual bicarbonate flux in the Ohio River basin of the mid-
western U.S. could be attributed to agricultural liming (i.e.,
the application of crushed limestone and dolomite to soil).
Following their general approach, we estimated the com-
ponent of DIC flux attributable to agricultural liming for
the eight northeast U.S. rivers of this study (details of the
calculations can be found in section S4). Based on the
annual mean agricultural lime (aglime) application rate of
�35 Mg km–2 for cropland in the northeast U.S. and an
approximate 46,992 km2 of agricultural land drained by
the eight rivers of this study, the estimated annual appli-
cation was 1.6 Tg of calcium carbonate (Table S6). This
amount of aglime is expected to release 130–260 Gg yr–1

of C annually (Table S6; see also section S4), or 7–25% of
the estimated annual DIC export for the eight study rivers
combined [Hossler and Bauer, 2013]. Half of the aglime C
flux would derive directly from the applied calcium carbon-
ate (i.e., fossil IC; see section S4), hence aglime-derived C
could account for 20–100% of the aged DIC export from the
study region [Hossler and Bauer, 2013, Tables 2 and S2].

[45] Of further consideration is the amount of limestone
(and a minor amount of dolomite) consumed annually for
construction of roads and buildings. Given a mean annual
consumption rate for crushed limestone in the eastern U.S.
of �130 Mg km–2 and a total drainage area of 208,316 km2

for the eight rivers of the present study, an additional 26 Tg
of calcium carbonate was expected to have been consumed
annually for construction of new infrastructure in the eight
river study region (Table S6; see also section S4). This
limestone usage would result in the release of �20–30 Gg
yr–1 of C (half derived directly from the limestone, and
hence fossil), with another �830–1130 Gg yr–1 potentially
leaching from the approximately 1020 Tg of existing (i.e.,
prior to the beginning of this study in 2005) limestone-
based infrastructure in the region of study (Table S6 and
section S4). While these estimates are only approximate, it
is apparent that limestone-based infrastructure can also be
a significant source of riverine DIC and may be driving the
positive correlations observed between urban land use and
both DIC areal yield and aged DIC in this study (Figures 2a
and 2c). Several previous studies have likewise observed
higher DIC concentrations and exports in more urban areas
[Baker et al., 2008; Barnes and Raymond, 2009; Zeng and
Masiello, 2010; Moosdorf et al., 2011].
3.4.3. Nuclear Power Plants as a Source of “New” 14C
in Watershed and Aquatic C Studies

[46] Exceptionally elevated �14C values of POC, DOC,
and DIC were measured in two of the eight rivers in the
present study (see, e.g., Figure S11, as well as Figure 2
and Table S1 in Hossler and Bauer [2013]). Therefore, the
potential impact of NUPPs on the 14C content of these C
pools must be considered (see also section S5 for a discus-
sion of other potential 14C sources). Within the Schuylkill
River and Pamunkey River watersheds, �14C signatures of
up to 1958� were measured from the riverine C samples
collected during the present study, which to our knowledge
are the most 14C enriched values for any river yet studied.
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For perspective, the maximum�14C signatures observed for
the remaining six sites were 49� for POC, 105� for DOC,
and 102� for DIC (Figure S11; see also Figure 2 in Hossler
and Bauer [2013]). It is also worth noting that the�14C sig-
nature of atmospheric CO2 was around 56� at the time of
the study [Turnbull et al., 2008], while the maximum atmo-
spheric CO2 �

14C signature was �990� near the height of
atmospheric nuclear weapons testing in the 1950s and 1960s
[Levin et al., 1985].

[47] The possibility that NUPPs located upstream of the
Schuylkill and Pamunkey sample sites were the source of
the extremely enriched �14C signatures (e.g., Figure S5)
was therefore investigated (see also section S5 for a more
thorough discussion of this topic). While NUPPs were like-
wise located upstream of two other sample sites (i.e., the
Connecticut and Susquehanna Rivers), only the Schuylkill
and Pamunkey Rivers showed evidence of radiocarbon
contamination in the riverine C samples. One possible rea-
son for this discrepancy is that only the NUPPs within
the Schuylkill and Pamunkey were releasing significant
amounts of 14C-containing materials or that radiocarbon sig-
natures stemming from the NUPP emissions became much
more diluted in the larger Connecticut River and Susque-
hanna River watersheds (see section S5). If the latter case
is correct, then we can expect that we have consequently
underestimated the proportion of aged C exports from the
Connecticut and Susquehanna watersheds.

[48] Use of natural abundance 14C isotope analyses has
been growing in Earth and aquatic studies as a means to
make inferences on the ages (and sometimes recalcitrance)
of carbonaceous materials, to track C flow through ecosys-
tems, and to identify and quantify sources contributing to
bulk C pools. As such, the possibility of radiocarbon con-
tamination from extraneous sources (e.g., NUPPs; see also
section S5) needs to be kept in mind in order to avoid, or at
least qualify, potentially biased results.

4. Synthesis and Summary
[49] For the eight northeast U.S. rivers of the present

study, each of the six factor classes analyzed correlated
significantly with areal C yields, allochthonous C contri-
butions, and aged C contributions, and often with similar
correlation strengths, attesting to the complexity of rela-
tionships affecting the export and composition of riverine
C. However, one emerging generality was the predomi-
nance of hydrogeomorphology and climate, which ubiqui-
tously impacted areal C yields and composition (Figure 2).
The influence exerted by hydrogeomorphology and climate
seemed primarily related to volumetric flow, with increased
precipitation and runoff resulting in greater areal C yields
and more terrestrial C contributions. Also of broad impor-
tance were anthropogenic factors and land use (Figure 2).
Among the anthropogenic factors analyzed, presence of
WWTPs and impoundments were significant determinants
of allochthonous C and aged C contributions to riverine
POC, DOC, and DIC exports. The potential impact of
WWTPs on C export composition, as well as on total C
export flux, was further strengthened by a separate analy-
sis of WWTP effluent POC, DOC, and DIC loads to the
eight study rivers. A similar series of estimates likewise
demonstrated the potential significance of anthropogenic

limestone/dolomite use to riverine DIC exports, a relation-
ship which also emerged from the positive correlations
observed between urban land use and both DIC areal yield
and aged DIC.

[50] In addition, two of the eight rivers studied (the
Pamunkey and Schuykill) exhibited clear evidence of
present-day anthropogenic 14C inputs, with the most likely
explanation being nuclear reactor emissions in these water-
sheds. While the levels of 14C in these two rivers were
extraordinarily elevated, these findings further highlight the
potential for lower level reactor emissions in other water-
sheds and rivers. In such systems, 14C levels might appear
to be within the “norm” for bomb or pre-bomb 14C lev-
els, but may still be elevated above 14C levels that would
be encountered in the absence of nuclear reactors. These
factors collectively underscore the significance of anthro-
pogenic activities to riverine and global C cycles and their
study, both currently and in the future.

[51] A final generality regarding both the quantities and
compositions of C exports was that factors tended to exert
stronger influence on smaller scales, i.e., subbasinal effects
were more important than subregional effects. Anthro-
pogenic factors, in particular, were often equally or more
important at localized scales in the present study. This obser-
vation appears at odds with the common perception of rivers
as integrators of the surrounding landscape [e.g., Richey,
1983; Karr, 1998; Richey, 2006], but merely suggests a
weighted integration with more local effects having greater
import. In almost all cases, the factor classes correlated sig-
nificantly to the three C measures at both subbasinal and
subregional scales.

[52] Improving our understanding of environmental con-
trols on riverine C exports is important for several reasons.
First, relationships between environmental factors and river-
ine C exports can be used to constrain global C budgets
[e.g., Ludwig et al., 1996; Moosdorf et al., 2011; Lauerwald
et al., 2012]. There are a growing number of publicly
available geospatial databases (see, e.g., section S3) that
could be used to calculate riverine C exports across broader
scales once reliable relationships have been established.
This approach may be advantageous over direct measure-
ment of riverine C exports, which can be costly to collect in
terms of both time and money.

[53] Second, in our now anthropogenically modified
world, exploring the effects of natural and anthropogenic
factors can help assess the impact of our behaviors on
C export fluxes and compositions [e.g., Meybeck, 2003;
Meybeck and Vörösmarty, 2005]. Based on the present study,
anthropogenic practices such as wastewater treatment, river
impoundment, and use of carbonate-based materials are
substantially affecting the total export flux, allochthonous
C composition, and aged C composition of riverine POC,
DOC, and DIC.

[54] Third, as anthropogenic impacts intensify, a better
understanding of these relationships can help predict future
scenarios. Climate change models, for example, predict
regions of greater precipitation and regions of lesser precip-
itation, depending on location [IPCC, 2008]. As supported
in both the literature and the present study, precipitation and
discharge are primary determinants of riverine C flux, and it
is therefore expected that riverine C exports and C cycling
in general will be altered accordingly.
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Edinburgh University Press, Edinburgh, 138–149.

Griffith, D. R., R. T. Barnes, and P. A. Raymond (2009), Inputs of fossil car-
bon from wastewater treatment plants to U.S. rivers and oceans, Environ.
Sci. Technol., 43, 5647–5651, doi:10.1021/es9004043.

Grobbelaar, J. U., and D. F. Toerien (1985), Carbon flow in a small turbid
man-made impoundment, Hydrobiologia, 121, 237–247, doi:10.1007/
BF00017546.

Gücker, B., M. Brauns, and M. T. Pusch (2006), Effects of wastewater
treatment plant discharge on ecosystem structure and function of low-
land streams, J. N. Am. Benthol. Soc., 25, 313–329, doi:10.1899/0887-
3593(2006)25[313:EOWTPD]2.0.CO;2.

Guo, L. B., and R. M. Gifford (2002), Soil carbon stocks and land use
change: A meta analysis, Global Change Biol., 8, 345–360, doi:10.1046/
j.1354-1013.2002.00486.X.

Harbor, J. M. (1994), A practical method for estimating the impact
of land-use change on surface runoff, groundwater recharge and
wetland hydrology, J. Am. Plann. Assoc., 60, 95–108, doi:10.1080/
01944369408975555.

Hope, D., M. F. Billett, and M. S. Cresser (1994), A review of the export
of carbon in river water: Fluxes and processes, Environ. Pollut., 84,
301–324, doi:10.1016/0269-7491(94)90142-2.

Hope, D., M. F. Billett, R. Milne, and T. A. W. Brown (1997a),
Exports of organic carbon in British rivers, Hydrol. Processes,
11, 325–344, doi:10.1002/(SICI)1099-1085(19970315)11:3<325::AID-
HYP476>3.0.CO;2-I.

Hope, D., M. F. Billett, and M. S. Cresser (1997b), Exports of organic car-
bon in two river systems in NE Scotland, J. Hydrol., 193, 61–82, doi:
10.1016/S0022-1694(96)03150-2.

Hossler, K., and J. E. Bauer (2012), Estimation of riverine carbon
and organic matter source contributions using time-based isotope
mixing models, J. Geophys. Res., 117, G03035, doi:10.1029/2012JG
001988.

Hossler, K., and J. E. Bauer (2013), Amounts, isotopic character and ages
of organic and inorganic carbon exported from rivers to ocean margins:
1. Estimates of terrestrial losses and inputs to the Middle Atlantic Bight,
Global Biogeochem. Cycles, 27, doi:10.1002/gbc.20033.

Hotelling, H. (1933), Analysis of a complex of statistical variables
into principal components, J. Educ. Psychol., 24, 417–441, doi:
10.1037/h0071325.

IPCC (2008), Climate Change 2007: Synthesis Report. Contribution of
Working Groups I, II and III to the Fourth Assessment Report of the Inter-
governmental Panel on Climate Change, 104 pp., Intergovernmental
Panel on Climate Change, Geneva, Switzerland.

Jackson, D. A. (1995), PROTEST: A PROcrustean randomization TEST of
community environment concordance, Ecoscience, 2, 297–303.

Johnson, M. S., J. Lehmann, E. G. Couto, J. P. N. Filho, and S. J. Riha
(2006), DOC and DIC in flowpaths of Amazonian headwater catchments
with hydrologically contrasting soils, Biogeochemistry, 81, 45–57, doi:
10.1007/s10533-006-9029-3.

Kao, S.-J., and K.-K. Liu (1996), Particulate organic carbon export from
a subtropical mountainous river (Lanyang Hsi) in Taiwan, Limnol.
Oceanogr., 41, 1749–1757, doi:10.4319/lo.1996.41.8.1749.

Karr, J. R. (1998), Rivers as sentinels: Using the biology of rivers to guide
landscape management, in River Ecology and Management: Lessons
from the Pacific Coastal Ecoregion, edited by Naiman, R. J., and R. E.
Bilby, Springer-Verlag, New York, NY, USA, 502–528.

Kendall, C., S. R. Silva, and V. J. Kelly (2001), Carbon and nitrogen
isotopic compositions of particulate organic matter in four large river
systems across the United States, Hydrol. Processes, 15, 1301–1346, doi:
10.1002/hyp.216.

Kenney, B. C. (1982), Beware of spurious self-correlations!, Water Resour.
Res., 18, 1041–1048, doi:10.1029/WR018i004p01041.

14



HOSSLER AND BAUER: ENVIRONMENTAL CONTROLS OF RIVERINE CARBON

Kern, J. S. (1994), Spatial patterns of soil organic carbon in the contiguous
United States, Soil Sci. Soc. Am. J., 58, 439–455.

Kilham, P. (1982), Acid precipitation: Its role in the alkalization of a lake
in Michigan, Limnol. Oceanogr., 27, 856–867.

Kolpin, D. W., M. Skopec, M. T. Meyer, E. T. Furlong, and
S. D. Zaugg, (2004), Urban contribution of pharmaceuticals and
other organic wastewater contaminants to streams during differing
flow conditions, Sci. Total Environ., 328, 119–130, doi:10.1016/
j.scitotenv.2004.01.015.

Kyllmar, K., C. Carlsson, A. Gustafson, B. Ulén, and H. Johnsson (2006),
Nutrient discharge from small agricultural catchments in Sweden: Char-
acterisation and trends, Agric. Ecosyst. Environ., 115, 15–26, doi:
10.1016/j.agee.2005.12.004.

Lakhanisky, T., (2002), Sodium bicarbonate: CAs Nı: 144-55-8,
Tech. Rep., United Nations Environment Programme (UNEP),
[Available at http://www.chem.unep.ch/irptc/sids/OECDSIDS/Sodium_
bicarbonate.pdf].

Lauerwald, R., J. Hartmann, W. Ludwig, and N. Moosdorf (2012),
Assessing the nonconservative fluvial fluxes of dissolved organic
carbon in North America, J. Geophys. Res., 117, G01027, doi:
10.1029/2011JG001820.

Leithold, E. L., N. E. Blair, and D. W. Perkey (2006), Geomorphologic
controls on the age of particulate organic carbon from small mountain-
ous and upland rivers, Global Biogeochem. Cycles, 20, GB3022, doi:
10.1029/2005GB002677.

Levin, I., B. Kromer, H. Schoch-Fischer, M. Bruns, M. Münnich, D.
Berdau, J. C. Vogel, and K. O. Münnich (1985), 25 years of tropospheric
14C observations in central Europe, Radiocarbon, 27, 1–19.

Li, S.-L., D. Calmels, G. Han, J. Gaillardet, and C.-Q. Liu (2008), Sulfuric
acid as an agent of carbonate weathering constrained by ı13CDIC: Exam-
ples from southwest China, Earth Planet. Sci. Lett., 270, 189–199, doi:
10.1016/j.epsl.2008.02.039.

Longworth, B. E., S. T. Petsch, P. A. Raymond, and J. E. Bauer
(2007), Linking lithology and land use to sources of dissolved and
particulate organic matter in headwaters of a temperate, passive-
margin river system, Geochim. Cosmochim. Acta, 71, 4233–4250, doi:
10.1016/j.gca.2007.06.056.

Ludwig, W., J.-L. Probst, and S. Kempe (1996), Predicting the oceanic
input of organic carbon by continental erosion, Global Biogeochem.
Cycles, 10, 23–41, doi:10.1029/95GB02925.

Mallin, M. A., V. L. Johnson, and S. H. Ensign (2009), Comparative
impacts of stormwater runoff on water quality of an urban, a suburban,
and a rural stream, Environ. Monit. Assess., 159, 475–491, doi:10.1007/
s10661-008-0644-4.

Martin, G. R., J. L. Smoot, and K. D. White (1992), A comparison
of surface-grab and cross sectionally integrated stream-water-quality
sampling methods, Water Environ. Res., 64, 866–876.

Mattsson, T., P. Kortelainen, A. Laubel, D. Evans, M. Pujo-Pay, A. Räike,
and P. Conan (2009), Export of dissolved organic matter in relation to
land use along a European climatic gradient, Sci. Total Environ., 407,
1967–1976, doi:10.1016/j.scitotenv.2008.11.014.

McDowell, W. H., and T. Wood (1984), Podzolization: Soil processes con-
trol dissolved organic carbon concentrations in stream water, Soil Sci.,
137, 23–32.

Meybeck, M. (1982), Carbon, nitrogen, and phosphorus transport by world
rivers, Am. J. Sci., 282, 401–450, doi:10.2475/ajs.282.4.401.

Meybeck, M. (1993), Riverine transport of atmospheric carbon: Sources,
global typology and budget, Water Air Soil Pollut., 70, 443–463, doi:
10.1007/BF01105015.

Meybeck, M. (2003), Global analysis of river systems: From Earth system
controls to Anthropocene syndromes, Phil. Trans. R. Soc. Lond. B, 385,
1935–1955, doi:10.1098/rstb.2003.1379.

Meybeck, M., and C. Vörösmarty (1999), Global transfer of carbon by
rivers, IGBP Global Change Newsl., 37, 18–19.

Meybeck, M., and C. Vörösmarty (2005), Fluvial filtering of land-to-ocean
fluxes: From natural Holocene variations to Anthropocene, C. R. Geosci.,
337, 107–123, doi:10.1016/j.crte.2004.09.016.

Moosdorf, N., J. Hartmann, R. Lauerwald, B. Hagedorn, and S. Kempe
(2011), Atmospheric CO2 consumption by chemical weathering in North
America, Geochim. Cosmochim. Acta, 75, 7829–7854, doi: 10.1016/
j.gca.2011.10.007.

Mulholland, P. J. (1997), Dissolved organic matter concentration and flux
in streams, J. N. Am. Benthol. Soc., 16, 131–141.

Neff, J. C., and G. P. Asner (2001), Dissolved organic carbon in terres-
trial ecosystems: Synthesis and a model, Ecosystems, 4, 29–48, doi:
10.1007/s100210000058.

Nelson, P. N., J. A. Baldock, and Oades (1993), Concentration and
composition of dissolved organic carbon in streams in relation to
catchment soil properties, Biogeochemistry, 19, 27–50, doi:10.1007/
BF00000573.

Oh, N.-H., and P. A. Raymond (2006), Contribution of agricultural lim-
ing to riverine bicarbonate export and CO2 sequestration in the Ohio
River basin, Global Biogeochem. Cycles, 20, GB3012, doi:10.1029/
2005GB002565.

Oksanen, J., R. Kindt, P. Legendre, B. O’Hara, G. L. Simpson, P.
Solymos, M. H. H. Stevens, and H. Wagner (2009), vegan: Community
Ecology Package, R package version 1.15-3, [Available at http://CRAN.
R-project.org/package=vegan].

Pawellek, F., and J. Veizer (1994), Carbon cycle in the upper Danube
and its tributaries: ı13CDIC constraints, Isr. J. Earth Sci., 43,
187–194.

Peres-Neto, P. R., and D. A. Jackson (2001), How well do multivariate data
sets match? The advantages of a Procrustean superimposition approach
over the Mantel test, Oecologia, 129, 169–178, doi:10.2307/4223071.

Perry, S. A., and W. B. Perry (1991), Organic carbon dynamics in two
regulated rivers in northwestern Montana, USA, Hydrobiologia, 218,
193–203, doi:10.1007/BF00038835.

Post, W. M., and L. K. Mann (1990), Changes in soil organic carbon and
nitrogen as a result of cultivation, in Soils and the Greenhouse Effect,
edited by Bouwman, A. F., John Wiley & Sons Ltd., New York, NY,
USA, 401–406.

R Development Core Team (2009), R: A Language and Environment for
Statistical Computing, R Foundation for Statistical Computing, Vienna,
Austria. ISBN 3-900051-07-0, [Available at http://www.R-project.org].

Rawls, W. J., D. Gimenez, and R. Grossman (1998), Use of soil texture,
bulk density, and slope of the water retention curve to predict saturated
hydraulic conductivity, Trans. ASABE, 41, 983–988.

Raymond, P. A., and J. E. Bauer (2001), Riverine export of aged terrestrial
organic matter to the North Atlantic Ocean, Nature, 409, 497–499, doi:
10.1038/35054034.

Raymond, P. A., and C. S. Hopkinson (2003), Ecosystem modulation of
dissolved organic carbon age in a temperate marsh-dominated estuary,
Ecosystems, 6, 694–705, doi:10.1007/s10021-002-0213-6.

Raymond, P. A., and J. E. Saiers (2010), Event controlled DOC
export from forested watersheds, Biogeochemistry, 100, 197–209, doi:
10.1007/s10533-010-9416-7.

Raymond, P. A., J. E. Bauer, N. F. Caraco, J. J. Cole, B. Longworth, and
S. T. Petsch (2004), Controls on the variability of organic matter and
dissolved inorganic carbon ages in northeast US rivers, Mar. Chem., 92,
353–366, doi:10.1016/j.marchem.2004.06.036.

Raymond, P. A., J. W. McClelland, R. M. Holmes, A. V. Zhulidov, K. Mull,
B. J. Peterson, R. G. Striegl, G. R. Aiken, and T. Y. Gurtovaya (2007),
Flux and age of dissolved organic carbon exported to the Arctic Ocean: A
carbon isotopic study of the five largest arctic rivers, Global Biogeochem.
Cycles, 21, GB4011, doi:10.1029/2007GB002934.

Raymond, P. A., N. Oh, R. E. Turner, and W. Broussard (2008), Anthro-
pogenically enhanced fluxes of water and carbon from the Mississippi
River, Nature, 451, 449–452, doi:10.1038/nature06505.

Remington, S. M., B. D. Strahm, V. Neu, J. E. Richey, and H.
Brandão da Cunha (2007), The role of sorption in control of riverine dis-
solved organic carbon concentrations by riparian zone soils in the Ama-
zon basin, Soil Sci., 172, 279–291, doi:10.1097/ss.0b013e318032ab46.

Richey, J. E. (1983), Interactions of C, N, P, and S in river systems: A
biogeochemical model, in The Major Biogeochemical Cycles and their
Interactions, edited by Bolin, B., and R. B. Cook, SCOPE 21, John Wiley
& Sons, New York, NY, USA, 365–383.

Richey, J. E. (2006), Global river carbon biogeochemistry, in Encyclope-
dia of Hydrological Sciences, edited by Anderson, M. G., John Wiley &
Sons, Ltd, Hoboken, NJ, USA. doi:10.1002/0470848944.hsa191.

Richter, D. D., and D. Markewitz (1995), How deep is soil?, BioScience,
45, 600–609.

Seo, J. I., F. Nakamura, D. Nakano, H. Ichiyanagi, and K. W. Chun (2008),
Factors controlling the fluvial export of large woody debris, and its con-
tribution to organic carbon budgets at watershed scales, Water Resour.
Res., 44, W04428, doi:10.1029/2007WR006453.

Sickman, J. O., M. J. Zanoli, and H. L. Mann (2007), Effects of urbaniza-
tion on organic carbon loads in the Sacramento River, California, Water
Resour. Res., 43, W11422, doi:10.1029/2007WR005954.

Sickman, J. O., C. L. DiGiorgio, M. L. Davisson, D. M. Lucero, and
B. Bergamaschi (2010), Identifying sources of dissolved organic car-
bon in agriculturally dominated rivers using radiocarbon age dating:
Sacramento-San Joaquin River Basin, California, Biogeochemistry, 99,
79–96, doi:10.1007/s10533-009-9391-z.

Søballe, D. M., and B. L. Kimmel (1987), A large-scale com-
parison of factors influencing phytoplankton abundance in rivers,
lakes, and impoundments, Ecology, 68, 1943–1954, doi:10.2307/
1939885.

Sofer, Z. (1980), Preparation of carbon dioxide for stable carbon iso-
tope analysis of petroleum, Anal. Chem., 52, 1389–1391, doi:10.1021/
ac50058a063.

15

http://www.chem.unep.ch/irptc/sids/OECDSIDS/Sodium_bicarbonate.pdf
http://www.chem.unep.ch/irptc/sids/OECDSIDS/Sodium_bicarbonate.pdf
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
http://www.R-project.org


HOSSLER AND BAUER: ENVIRONMENTAL CONTROLS OF RIVERINE CARBON

Soltero, R. A., J. C. Wright, and A. A. Horpestad (1973), Effects of
impoundment on the water quality of the Bighorn River, Water Res., 7,
343–354, doi:10.1016/0043-1354(73)90017-1.

Spence, J. A., and H. B. N. Hynes (1971), Differences in benthos upstream
and downstream of an impoundment, J. Fish. Res. Board Can., 28,
35–43, doi:10.1139/f71-006.

Spiker, E. C., and M. Rubin (1975), Petroleum pollutants in surface and
groundwater as indicated by the carbon-14 activity of dissolved organic
carbon, Science, 187, 61–64, doi:10.1126/science.187.4171.61.

Stanford, J. A., and J. V. Ward (1983), Effects of mainstream dams
on physicochemistry of the Gunnison River, Colorado, in Aquatic
Resources Management of the Colorado River Ecosystem: Proceedings
of the 1981 Symposium on the Aquatic Resources Management of the
Colorado River Ecosystem, November 16–18, 1981, edited by Adams,
V. D., and V. A. Lamarra, Ann Arbor Science Publishers, Ann Arbor,
MI, USA, 43–56.

Stuiver, M., and H. A. Polach (1977), Discussion: reporting of 14C data,
Radiocarbon, 19, 355–363.

Sullivan, B. E., F. G. Prahl, L. F. Small, and P. A. Covert (2001), Sea-
sonality of phytoplankton production in the Columbia River: A natural
or anthropogenic pattern?, Geochim. Cosmochim. Acta, 65, 1125–1139,
doi:10.1016/S0016-7037(00)00565-2.

Tarnocai, C. (2000), Carbon pools in soils of the Arctic, Subarctic, and
Boreal regions of Canada, in Global Climate Change and Cold Regions
Ecosystems, edited by Lal, R., J. M. Kimble, and B. A. Stewart,
Advances in Soil Science, CRC Press LLC, Boca Raton, FL, USA,
91–103.

Turnbull, J. C., S. J. Lehman, J. B. Miller, and P. P. Tans (2008), Univer-
sity of Colorado, Institute of Arctic and Alpine Research (INSTAAR),
Radiocarbon composition of atmospheric carbon dioxide (14CO2) from
the NOAA ESRL Carbon Cycle Cooperative Global Air Sampling Net-
work, 2003-2007. Version: 2008-10-24, [Available at ftp://ftp.cmdl.noaa.
gov/ccg/co2c14/flask/].

Voshell, Jr, R., and C. R. Parker (1985), Quantity and quality of seston in an
impounded and a free-flowing river in Virginia, U.S.A., Hydrobiologia,
122, 271–180, doi:10.1007/BF00018289.

Wachniew, P. (2006), Isotopic composition of dissolved inorganic car-
bon in a large polluted river: The Vistula, Poland, Chem. Geol., 233,
293–308, doi:10.1016/j.chemgeo.2006.03.012.

Walsh, C. J., A. H. Roy, J. W. Feminella, P. D. Cottingham, P. M. Groffman,
and R. P. Morgan, II (2005), The urban stream syndrome: Current
knowledge and the search for a cure, J. N. Am. Benthol. Soc., 24,
706–723, doi:10.1899/0887-3593(2005)024\ [0706:TUSSCK\]2.0.CO;2.

Wang, F., C.-Q. Liu, B. Wang, X. Liu, G. Li, J. Guan, C. Yao, and Y.
Wu (2011), Disrupting the riverine DIC cycling by series hydropower
exploitation in karstic area, Appl. Geochem., 26, S735–S378, doi:
10.1016/j.apgeochem.2011.03.065.

Webster, J. R., and J. L. Meyer (1997), Organic matter budgets for streams:
A synthesis, J. N. Am. Benthol. Soc., 16, 141–161.

Webster, J. R., E. F. Benfield, and J. Cairns, Jr (1979), Model predic-
tions of effects of impoundment on particulate organic matter transport
in a river system, in The Ecology of Regulated Streams, edited by
Ward, J. V., and J. A. Stanford, Plenum Press, New York, NY, USA,
339–364.

Whalen, S. C., S. A. Leathe, R. W. Gregory, and J. C. Wright (1982),
Physicochemical limnology of the Tongue River Reservoir, Montana,
Hydrobiologia, 89, 161–176, doi:10.1007/BF00006169.

Wilson, H. F., and M. A. Xenopoulos (2008), Ecosystem and seasonal con-
trol of stream dissolved organic carbon along a gradient of land use,
Ecosystems, 11, 555–568, doi:10.1007/s10021-008-9142-3.

Zeng, F., and C. A. Masiello (2010), Sources of CO2 evasion from two sub-
tropical rivers in North America, Biogeochemistry, 100, 211–225, doi:
10.1007/s10533-010-9417-6.

Zeng, F., C. A. Masiello, and W. C. Hockaday (2011), Controls on the
origin and cycling of riverine dissolved inorganic carbon in the Brazos
River, Texas, Biogeochemistry, 104, 275–291, doi:10.1007/s10533-010-
9501-y.

Zhang, S., X. X. Lu, H. Sun, J. Han, and D. L. Higgitt (2009),
Major ion chemistry and dissolved inorganic carbon cycling in a
human-disturbed mountainous river (the Luodingjiang River) of the
Zhujiang (Pearl River), China, Sci. Total Environ., 407, 2796–2807, doi:
10.1016/j.scitotenv.2008.12.036.

16

ftp://ftp.cmdl.noaa.gov/ccg/co2c14/flask/
ftp://ftp.cmdl.noaa.gov/ccg/co2c14/flask/

	Amounts, isotopic character, and ages of organic and inorganic carbon exported from rivers to ocean margins: 2. Assessment of natural and anthropogenic controls
	Introduction
	Materials and Methods
	Study Area
	Sample Collection and Processing
	Total, Allochthonous, and Aged C
	Statistical Analysis

	Results and Discussion
	Total Riverine POC, DOC, and DIC Exports
	Allochthonous C Contributions to Riverine POC, DOC, and DIC Exports
	Aged C Contributions to Total Riverine POC, DOC, and DIC Exports
	Other Evidence for Anthropogenic Impacts
	Wastewater Treatment Plants and Riverine C and OM
	Agricultural Liming and Riverine DIC
	Nuclear Power Plants as a Source of ``New'' 14C in Watershed and Aquatic C Studies


	Synthesis and Summary
	References


