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Abstract The amounts, sources and relative ages of

inorganic and organic carbon pools were assessed in

eight headwater streams draining watersheds dominated

by either forest, pasture, cropland or urban development

in the lower Chesapeake Bay region (Virginia, USA).

Streams were sampled at baseflow conditions six differ-

ent times over 1 year. The sources and ages of the carbon

pools were characterized by isotopic (d13C and D14C)

analyses and excitation emission matrix fluorescence

with parallel factor analysis (EEM–PARAFAC). The

findings from this study showed that human land use may

alter aquatic carbon cycling in three primary ways. First,

human land use affects the sources and ages of DIC by

controlling different rates of weathering and erosion.

Relative to dissolved inorganic carbon (DIC) in forested

streams which originated primarily from respiration

of young, 14C-enriched organic matter (OM; d13C =

-22.2 ± 3 %; D14C = 69 ± 14 %), DIC in urbanized

streams was influenced more by sedimentary carbonate

weathering (d13C = -12.4 ± 1 %; D14C = -270 ±

37 %) and one of pasture streams showed a greater

influence from young soil carbonates (d13C = -5.7 ±

2.5 %; D14C = 69 %). Second, human land use alters

the proportions of terrestrial versus autochthonous/

microbial sources of stream water OM. Fluorescence

properties of dissolved OM (DOM) and the C:N of

particulate OM (POM) suggested that streams draining

human-altered watersheds contained greater relative

contributions of DOM and POM from autochthonous/

microbial sources than forested streams. Third, human

land uses can mobilize geologically aged inorganic

carbon and enable its participation in contemporary

carbon cycling. Aged DOM (D14C = -248 to -202 %,

Electronic supplementary material The online version of
this article (doi:10.1007/s10533-014-9965-2) contains supple-
mentary material, which is available to authorized users.

Responsible Editor: Dr. Melanie A. Vile.

Y. H. Lu (&)

Department of Geological Sciences, University of

Alabama, 201 7th Ave, Tuscaloosa, AL 35485, USA

e-mail: yuehan.lu@ua.edu

J. E. Bauer � A. Barrett

Aquatic Biogeochemistry Laboratory, Department of

Evolution, Ecology and Organismal Biology, Ohio State

University, Columbus, OH 43212, USA

E. A. Canuel

Department of Physical Sciences, Virginia Institute of

Marine Sciences, Gloucester Point, VA 23062, USA

R. M. Chambers

Department of Biology, College of William and Mary,

Williamsburg, VA 23187, USA

Y. Yamashita

Faculty of Environmental Earth Science, Hokkaido

University, Sapporo, Hokkaido 060-0810, Japan

R. Jaffé
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equivalent14C ages of 1,811–2,284 years BP) and POM

(D14C = -90 to -88 %, 14C ages of 669–887 years BP)

were observed exclusively in urbanized streams, presum-

ably a result of autotrophic fixation of aged DIC (-297 to

-244 %, 14C age = 2,251–2,833 years BP) from sed-

imentary shell dissolution and perhaps also watershed

export of fossil fuel carbon. This study demonstrates that

human land use may have significant impacts on the

amounts, sources, ages and cycling of carbon in head-

water streams and their associated watersheds.

Keywords DIC � DOM � POM � D14C � d13C �
Excitation emission matrix–parallel factor

analysis � Stream � Land use �Watershed

Introduction

Human modification of terrestrial landscapes has been

shown to alter the sources, concentrations and chemical

characteristics of the organic and inorganic carbon within

aquatic environments (Oh and Raymond 2006; Raymond

et al. 2008; Yamashita et al. 2011a; Lu et al. 2013). Our

current knowledge, however, of how anthropogenic land

use alters aquatic carbon cycling is both limited and

unsystematic, and as a result, is generally not well-

integrated into regional and global carbon budgets or

watershed management (e.g., Stanley et al. 2012). In

particular, while dissolved inorganic carbon (DIC),

dissolved organic carbon (DOC) and particulate organic

carbon (POC) in streams and rivers have individually

been shown to be influenced by anthropogenic activities

to varying extents (Oh and Raymond 2006; Raymond

et al. 2008; Molinero and Burke 2009; Yamashita et al.

2011a), studies of all three major carbon pools simulta-

neously are rare, yielding little information on how

human land use alters the three pools as a whole as well as

the exchanges between them.

The establishment of direct linkages between

watershed land use and aquatic carbon pools and their

cycling is also complicated because a number of other

variables (e.g., climate, hydrology, lithology), in addition

to land use, may influence aquatic carbon pools (Hossler

and Bauer 2013). For example, increases in the ages of

aquatic carbon pools have been observed in human-

influenced streams and rivers and attributed to factors

including contributions of bedrock shale to aquatic OM,

erosion of deeper and more highly aged soils, and

increasing use of fossil fuel-derived materials (Blair et al.

2003; Raymond et al. 2004; Longworth et al. 2007;

Drenzek et al. 2009). Longworth et al. (2007) found that

both agricultural land use and underlying shale distribu-

tions were both important controls on the ages of POC in

streams, where the co-occurring influences of land use

and lithology were difficult to separate unequivocally.

The difficulty in distinguishing the effect of human land

use and confounding variables is even more challenging

in large lakes, rivers and estuaries, where aquatic

processes may overwhelm changes in aquatic carbon

associated with terrestrial parameters (e.g. Lu and

Meyers 2009; Palomo and Canuel 2010). Therefore,

studies are needed that better control geological and

hydrological variability in order to assess human land use

impacts on variability in aquatic carbon pools.

The objective of the present study was to assess the

effects of human land use on the amounts, sources and

relative ages of the three primary aquatic carbon pools

(DIC, DOC, POC) and the exchanges among the three

pools. In order to limit the potential effects of confound-

ing variables and thereby highlight the effects of land use,

we sampled a group of regional headwater streams

draining watersheds of different land use but that were

influenced by comparable geologic, climatic, and mete-

orological factors. Streams were sampled at baseflow

conditions in order to minimize hydrological variability.

All sampling sites were in first-order streams where

aquatic processing of carbon is expected to be small and

hence less likely to be a confounding parameter. Because

the amounts and reactivity of aquatic carbon may be

further influenced by seasonal factors (Royer and David

2005; Dalzell et al. 2007, 2011; Lu et al. 2013), the study

streams were sampled six times over the course of 1 year

to assess temporal versus land use-related variability.

Multiple geochemical approaches were employed to

assess variation in the sources and ages of streamwater

inorganic and organic carbon, including isotopic (d13C

and D14C) and elemental (C:N) measurements and

excitation emission matrix-fluorescence with parallel

factor analysis (EEM–PARAFAC).

Methods

Sampling sites and watershed land use

classification

Eight first-order streams located in sub-watersheds of

the Pamunkey, Mattaponi and James Rivers in the
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lower Chesapeake Bay, Virginia (USA) were selected

for study based on dominant land use type (Fig. 1).

Using ArcGIS, the watershed of each study stream was

delineated based on 1:24,000-scale 1992 topographic

maps from the U.S. Geological Survey. Only those

portions of watersheds upstream of the sampling

locations (Fig. 1) were considered, with the assumption

that carbon pools in these small streams were controlled

primarily by upstream processes. The watershed poly-

gons were then overlain on aerial photos (1:1,200 or

1:2,400) of sampling areas and divided into smaller

polygons of the different land use types. The areas of

these land use polygons were compared to identify the

eight streams draining either forest-dominated

watershed (FW), pasture-dominated watershed (PW),

cropland-dominated watershed (CW) or urban devel-

opment-dominated watershed (UW) (Table 1).

The streams draining FW, PW and CW were

located in rural areas (population density: 22 per km2

as of 2010), and at a distance of *35–39 km from the

streams draining UW (population density: 637 per km2

as of 2010) (Fig. 1). All study watersheds were

underlain by Quaternary and upper Tertiary sedimen-

tary deposits (Mixon et al. 1989). During our sampling

period from November 2008 to November 2009, the

average, maximum, and minimum monthly air tem-

peratures in the area were 15, 26 and 1.7 �C,

respectively (www.sercc.com). Monthly precipita-

tion ranged between 1.2 and 21 cm and averaged

10.7 cm, which is within the expected range based on

monthly precipitation records in this area over the last

decade (www.sercc.com) (Appendix Fig. 1).

Sample collection

Water samples were collected at six times during

2008–2009. All streams were sampled at baseflow

conditions, at least 24 h after the most recent storm

event. For these watersheds, the times between the

storm peak and the end of overland flow (D) ranged

from 13 to 18 h (based on D = 0.827A0.2, where

A = drainage basin area in square kilometers, Fetter

2001). Routine environmental parameters including

water temperature, pH, dissolved oxygen concentra-

tion, and conductivity were measured at all sampling

times and locations (Table 1). All containers and

sampling gear in direct contact with water samples

were either combusted at 450 �C for 5 h for glass

materials, or acid-soaked (10 % HCl) and thoroughly

rinsed with Milli-Q water for non-glass materials.

Water samples were collected in 20-L polycarbonate

carboys using a Masterflex� E/STM portable field

pump (Cole-Parmer) equipped with acid-cleaned

silicone tubing, and stored in the dark on ice until

being filtered in the laboratory, typically within 6 h of

sample collection.

DOC, POC and DIC sample processing

Water samples were filtered through 47 mm quartz

fiber (QMA, nominal pore size 1 lm) or glass fiber

filters (GFF, nominal pore size 0.7 lm). The filtrate

from GFF filters was used for measurements of

dissolved organic carbon (DOC) concentration and

natural abundance isotopic composition (d13C and

D14C), as well as EEM measurements. QMA filters

were used for measurements of suspended particulate

organic carbon (POC) and particulate nitrogen (PN)

concentrations, as well as d13C and D14C of POC. A

fraction of the filtrate from the GFF filters was collected

in sealed serum bottles pre-poisoned with 200 ll of

saturated mercuric chloride solution for DIC concen-

trations and d13C and D14C analyses. DIC samples were

stored at room temperature in the dark, EEM samples

were kept at 4 �C in the dark, and all other samples were

stored frozen at -20 �C until analysis.

DOC, POC and DIC measurements

DOC and DIC concentrations

DOC concentrations were measured using a Shimadzu

TOC-VCSH total organic carbon analyzer, with a

glucose standard solution for constructing calibration

curves and a consensus reference DOC standard

(Hansell Laboratory, http://yyy.rsmas.miami.edu/

groups/biogeochem/CRM.html) for confirming ana-

lytical accuracy. Two or three samples were randomly

selected for replicate analysis during each analytical

run, yielding a relative standard deviation (RSD) less

than 0.7 %. DIC concentrations were measured using

a vacuum extraction line for isotopic analyses (see

‘‘Isotopic analyses’’ section below).

POM elemental composition

The POM collected on QMA filters was fumed using

concentrated hydrochloric acid in a glass desiccator
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prior to analyses. POC and PN concentrations were

measured using a Costech elemental analyzer inter-

faced to a Finnigan Delta Plus with a CONFLO-III

(see ‘‘Isotopic analyses’’ section below). The standard

deviation (SD) of concentration measurements of

duplicate or triplicate filters was B1.67 lM for POC,

B0.21 lM for PN.

Isotopic analyses

The procedures for extracting streamwater DIC, DOC

and POC for isotopic analyses are described in detail

elsewhere (Raymond and Bauer 2001; Bauer and

Bianchi 2011; Bianchi and Bauer 2011). Briefly, DIC

samples were acidified using 85 % H3PO4, sparged with
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Fig. 1 Study area and sampling sites. Streams are indicated by
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indicated by grey lines. The black dashed line delineates

watershed boundaries of the major rivers in the region
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ultrahigh purity (UHP) He gas and trapped cryogeni-

cally using liquid nitrogen on a vacuum extraction line.

The evolved CO2 was quantified on the vacuum line

using a Baraton absolute pressure gauge (MKS Indus-

tries), and was converted to DIC concentrations.

For DOC extraction, GFF-filtered samples were

placed in 125 ml quartz reaction vessels, acidified to

pH 2 with 85 % H3PO4 and sparged with UHP He to

remove inorganic carbon. Samples were then saturated

with UHP oxygen gas and irradiated with a 2,400-W

medium pressure mercury arc ultraviolet (UV) lamp

for 4 h. The quartz reaction vessels were then

connected to a vacuum extraction line to purify and

collect the CO2 gas generated from DOC oxidation

using the same methods as above for DIC.

POC filters were fumed with fresh concentrated

HCl to remove carbonates and were then placed, along

with CuO and Ag metal, in pre-baked 9 mm quartz

tubes that were evacuated, sealed and combusted at

850 �C for 4 h. Within 12 h of combustion, the quartz

tubes were broken open on a vacuum extraction line,

and the CO2 evolved from POC combustion was

collected, purified and quantified as above for DIC and

DOC samples.

The purified CO2 from each sample was split 10:1

(vol:vol) on the vacuum extraction line. The larger

portion was used for D14C analyses and the smaller

one for d13C analyses. d13C analyses of DIC and POC

samples were conducted using a Finnigan Delta Plus

isotope ratio mass spectrometer (IRMS) at the Ohio

State University Stable Isotope Facility. All d13C

values are reported relative to PDB in standard

notation as d13C = [(Rsample/Rstandard) - 1] 9 1000,

where R is 13C/12C. Selected samples collected in May

or July/August of 2009 were submitted to the Univer-

sity of Arizona Accelerator Mass Spectrometry

(AMS) Laboratory for the analyses of d13C and

D14C of DOC. D14C is defined as the per mil (%)

deviation of a sample compared to the 14C activity of

nineteenth-century wood, and all D14C measurements

were corrected for fractionation by sample d13C. The

SD for duplicate sample analyses (including DOC, DIC

and POC) was B0.07 % for d13C and B13.4 % for

D14C. Standard organic compounds (both dissolved and

solid-phase oxalic acid II [OX-II] and acetanilide)

having known isotopic compositions (D14Cox-II =

285 %, d13Cox-II = - 17.8 %, and D14Cacetanilide =

- 1,000 %, d13Cacetanilide = - 29.5 %) were pro-

cessed along with the DOC and POC samples to assessT
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the accuracy and precision of the procedure as well as

processing blanks. D14C and d13C analyses of OX-II

and acetanilide standards agreed with known values and

further correction of sample values was not necessary.

DOM fluorescence measurements

Fluorescence measurements of DOM were conducted

on samples collected in May, July/August, September

and November of 2009. The procedure for EEM

measurement and post-acquisition correction has been

previously described in detail by Yamashita et al.

(2011a, b). From the 370 nm scan, a fluorescence

index (FI) was calculated as the ratio of fluorescence

intensities at 470 and 520 nm (Cory and McKnight

2005; Jaffé et al. 2008).

Following a statistical approach described in Stedmon

et al. (2003), the PARAFAC model was constructed using

wavelength ranges from 250 to 450 nm for excitation and

290 to 520 nm for emission. The PARAFAC analysis was

done in MATLAB using the DOMFluor toolbox accord-

ing to Stedmon and Bro (2008). A five component EEM–

PARAFAC model (C1–C5) was validated by split-half

analysis and random initialization, with the relative

abundance of each component (Ci, i = 1–5) to total

fluorescence intensity (TF) calculated as:

%Ci ¼ FCi=TF � 100 ¼ FCi=
X5

i¼1

FCi

 !
� 100

ð1Þ

where FCi represents the fluorescence intensity of each

specific fluorescent component.

Ancillary measurements and statistical analysis

Chlorophyll-a measurements followed Parsons et al.

(1984) using a Turner Designs TD-700 fluorometer.

Dissolved ions (phosphate, nitrate, nitrite, ammonium,

and calcium) were measured using a Dionex ion

chromatograph with anion and cation standards (All-

tech anion Mix5 and Dionex six cation-1 standards)

for establishing calibration curves and Ion-96.3 river

water (Environment Canada) for confirming accuracy.

The RSD for duplicate measurements was within

14.4 % for nitrate, 6.6 % for ammonium and 5.0 % for

calcium. Phosphate and nitrite concentrations of all

samples were below the instrument’s detection limits,

i.e., 0.8 lM for phosphate and 1 lM for nitrite.

Comparisons of measured parameters across the types

of watershed land use or sampling times were

conducted using a non-parametric Kruskal–Wallis

test (for C3 groups) or Mann–Whitney U test (for 2

groups) with a significance level a of 0.05.

Results and discussion

Our sampling was designed to quantify and describe

carbon pools at base flow conditions of the headwater

streams. The sources and ages of DIC, DOC/DOM and

POC/POM were compared among streams, consider-

ing factors responsible for the observed differences

relative to watershed land use. Sources were differen-

tiated by the different geochemical measurements

(d13C for DIC, elemental composition for POM, and

EEM proxies for DOM), and the ages of all three pools

were based on their D14C values.

Amounts, sources and ages of headwater stream

DIC

In our study streams, DIC concentrations ranged

between 205 and 8,976 lM (Table 2). DIC concen-

trations were not different across sampling times

(Kruskal–Wallis: p = 0.4) but differed across land use

types (Kruskal–Wallis: p \ 0.001), indicating that

differences due to watershed land use were more

important than seasonal variation. More specifically,

DIC concentrations differed between FW versus

PW (Mann–Whitney U: p \ 0.001), FW versus

UW (Mann–Whitney U: p \ 0.001), PW versus UW

(Mann–Whitney U: p \ 0.001), and CW versus UW

streams (Mann–Whitney U: p = 0.001). A strong

positive correlation was found between the concen-

trations of DIC and Ca2? in stream waters (Pearson

r = 0.95, p \ 0.0001, Ca2? data not shown), suggest-

ing that the differences in DIC among streams may be

largely explained by variable amounts of DIC from

calcium carbonate mineral dissolution. The concen-

tration of HCO3
-, calculated using temperature, pH

and DIC concentration, ranged between 6 and

8,258 lM. Meybeck (1987) reported that the HCO3
-

values typically range from *125 lM for rivers

draining only silicate rocks to *3,195 lM for rivers

draining only carbonate rocks. Using these reference

values, the HCO3
- values in our streams corresponded

to relative percentages of HCO3
- from carbonate
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Table 2 Concentrations and stable carbon isotopic signatures of DIC, DOC and POC in headwater streams

Site Sampling date

(month/day/

year)

DIC

concentration

(lM)

d13C-DIC

(%)

DOC

concentration

(lM)

d13C-DOC(%) POC

concentration

(lM)

d13C-POC(%) C:N of

POM

F1 11/20/08 – – 235 – 15 -29.2 14.4

F1 03/01/09 219 -20.5 287 – – – –

F1 05/15/09 305 -22.2 466 – 28 -29.4 14.7

F1 07/01/09 280 -21.1 397 -28.7 23 -29.5 –

F1 08/18/09 – – – -28.7 – – –

F1 09/11/09 349 -21.4 431 – 31 -29.6 15.3

F1 11/08/09 399 -21.9 362 – 27 -29.5 15.4

F1 Mean ± SD 310 ± 68 -21.4 ± 0.1 389 ± 69 -28.7 ± 0 27 ± 3 -29.5 ± 0.1 15.1 ± 0.4

F2 12/08/08 – – 703 – 16 -27.9 11.3

F2 03/13/09 391 -23.5 611 – 27 -28.6 13.5

F2 05/22/09 556 -20.7 817 -28.3 77 -29.1 16.4

F2 07/24/09 536 -14.6 295 -28.2 349 -29.0 18.1

F2 11/08/09 1,388 -24.6 533 – 50 -28.8 15.4

F2 Mean ± SD 718 ± 432 -20.9 ± 3.9 592 ± 195 -28.3 ± 0.3 104 ± 128 -28.7 ± 0.5 14.9 ± 2.4

F3 12/08/08 – – 383 – 23 -28.3 13.8

F3 03/13/09 205 -24.6 405 – 37 -28.6 18

F3 05/22/09 274 -24.6 690 – 114 -28.8 19.4

F3 07/24/09 279 -24.2 976 -28.1 181 -28.3 –

F3 11/08/09 387 -25.0 605 – 74 -29.0 17.4

F3 Mean ± SD 286 ± 75 -24.6 ± 0.3 612 ± 242 -28.1 ± 0 86 ± 64 -28.6 ± 0.3 17.2 ± 2.4

P1 11/20/08 – – 583 – 82 -28.8 13.5

P1 03/01/09 937 -7.2 416 – 167 -28.6 14

P1 05/15/09 1,106 -8.6 563 – 185 -28.9 18.5

P1 07/01/09 1,532 -5.5 346 -33.2 141 -27.6 –

P1 08/18/09 – – – -28.2 – – –

P1 09/11/09 977 -4.4 669 – 99 -29.6 15.7

P1 11/08/09 2,311 -1.3 663 – 87 -33.3 12.1

P1 Mean ± SD 1,373 ± 602 -5.4 ± 3.0 540 ± 151 -30.7 ± 3.5 127 ± 44 -29.5 ± 2.4 14.8 ± 3.2

P2 11/20/08 – – 124 – 24 -29.4 13.6

P2 03/01/09 343 -17.6 170 – 35 -30.5 11.7

P2 05/15/09 543 -17.9 762 – – – –

P2 07/01/09 382 -16.5 120 -28.5 26 -29.5 –

P2 08/18/09 – – – -26 – – –

P2 09/11/09 712 -15.4 684 – 54 – –

P2 11/08/09 628 -19.1 187 – – -29.2 11.4

P2 Mean ± SD 522 ± 158 -17.3 ± 1.4 341 ± 298 -27.3 ± 1.8 35 ± 14 -29.7 ± 0.6 12.2 ± 1.2

C1 11/20/08 – – 147 – 28 -29.5 11.2

C1 03/13/09 307 -13.9 117 – – -30.0 –

C1 05/22/09 483 -17.3 178 -31.2 46 -29.5 14.4

C1 07/24/09 462 -15.6 194 -28.6 68 -30.1 –

C1 09/11/09 520 -15.7 204 – 29 -30.2 14.2

C1 11/06/09 826 – 211 – 62 -29.9 13.4

C1 Mean ± SD 520 ± 190 -15.6 ± 1.4 175 ± 36 -29.9 ± 1.8 47 ± 18 -29.9 ± 0.3 13.3 ± 1.5

U1 02/16/09 – – 240 – 24 -32.7 10.5

U1 05/28/09 5,000 – 205 – – – –

U1 07/06/09 4,765 -11.4 258 -28 14 -29.7 –

U1 08/18/09 – – – -26.2 – – –
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weathering as: CW and FW streams (0 %) \PW

streams (9 ± 12 %) \UW streams (125 ± 96 %),

indicating that PW and UW streams were influenced to

a greater extent by carbonate weathering than FW and

CW streams.

DIC in freshwater systems can be derived from

various sources including soil carbonate dissolution,

OM decay/respiration, and carbonate rock weathering,

with the relative importance of each source determined

by vegetation abundance, climatic variables and lithol-

ogy (Hitchon and Krouse 1972; Longinelli and Edmond

1983; Mook and Tan 1991; Raymond et al. 2004; Zeng

and Masiello 2010). A combined d13C and D14C

approach provides a powerful tool for delineating these

sources, which are generally isotopically distinct (Ray-

mond et al. 2004; Zeng and Masiello 2010). The

d13C-DIC values of FW streams (mean ± SD: -22.2 ±

3.0 %, Table 2) were more depleted relative to other

streams and had post-bomb D14C values (69 ± 14 %;

Fig. 2a; Table 3). The d13C-DIC value falls in the range

for DIC from respiration of contemporary terrestrial C3

or aquatic biomass (Cerling 1984; Nordt et al. 1998;

Raymond et al. 2004; Manning 2008). Given the general

dominance of terrestrial OM in headwater streams

(Webster and Meyer 1997) and generally lower metab-

olism in small streams with little human influence

(Bernot et al. 2010), decomposition of C3 plant materials

is likely the dominant source of DIC in FW streams.

d13C-DIC values for PW, CW and UW streams

were higher than for FW streams (Fig. 2a). More

positive d13C-DIC values may be related to greater

contributions of DIC from carbonate weathering or

the presence of C4 vegetation in PW and CW. The

CW stream and one of the PW streams (PW2) had

DIC concentrations and percentages of HCO3
-

ascribed to carbonate weathering that were compa-

rable to FW streams (Fig. 2b, c). The d13C-DIC

values of CW and PW2 were more positive than FW

streams (Fig. 2a), thus reflecting potential contribu-

tions from C4 vegetation (warm-season grasses

for pasture, corn for cropland between May and

October).

By comparison, the more positive d13C-DIC values

in UW streams and the other PW stream (PW1)

(Fig. 2a) were likely due to the higher contributions of

HCO3
- from carbonate weathering in these streams

relative to FW streams (Figs. 2b, c). The PW1 stream

showed post-bomb D14C-DIC values (i.e.,[*50 %),

indicating shallow, contemporary C3 and C4 soil

carbonates (-15 and -10 % for soil carbonates

dominated by C3 plants and ?2 to ?3 % for soil

carbonates dominated by C4 plants; Zhang et al. 1995;

Manning 2008) were the primary DIC source

(Fig. 2a). In contrast, the UW streams had mean

D14C-DIC values of -244 ± 4 % (equivalent 14C age

of 2,251 ± 48 years BP) and -297 ± 4 % (equiva-

lent 14C age of 2,833 ± 48 years BP) (Table 3;

Fig. 2a), indicating the dissolution of geologically

aged carbonate was an important DIC source to UW

streams. Tertiary fossil shells embedded in Chesa-

peake Bay group sediments underlying the watersheds

are the most likely source for the aged DIC (Mixon

et al. 1989). Notably, these fossil carbonates underlay

all of our study watersheds (Mixon et al. 1989), but

exposed outcrops were only found in UW watersheds,

presumably a combined result of natural weathering

Table 2 continued

Site Sampling date

(month/day/

year)

DIC

concentration

(lM)

d13C-DIC

(%)

DOC

concentration

(lM)

d13C-DOC(%) POC

concentration

(lM)

d13C-POC(%) C:N of

POM

U1 09/08/09 – – 341 – 37 -28.3 10.6

U1 11/03/09 1,496 -10.9 347 – 174 -31 7.4

U1 Mean ± SD 3,754 ± 1,959 -11.2 ± 0.4 278 ± 63 -27.1 ± 1.3 62.3 ± 75.1 -30.4 ± 1.9 9.5 ± 1.8

U2 02/19/09 6,296 -13.5 175 – – – –

U2 05/28/09 8,613 -13.0 175 – 22 -30.0 13.3

U2 07/06/09 8,976 -12.8 133 -27.9 16 -31.3 –

U2 09/08/09 6,276 -13.6 244 – 26 -28.4 13.5

U2 11/03/09 7,741 -13.0 211 – 27 -29.0 12.6

U2 Mean ± SD 7,580 ± 1,264 -13.2 ± 0.3 188 ± 42 -27.9 23 ± 5 -29.7 ± 1.3 13.1 ± 0.5

– data not determined

SD standard deviation
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and anthropogenic landscape changes resulting from

urban development.

Another process that may influence the d13C-DIC

values of these headwater streams is CO2 degassing,

during which 12C evades faster than 13C and leads to the

enrichment of d13C-DIC (Doctor et al. 2008; Polsenaere

and Abril 2012). In the present study, the amount of

degassed CO2 was not evaluated and thus its influence on

the d13C-DIC values was unknown. However, no

significant correlation was found between d13C-DICand

pCO2 (calculated from measured values of temperature,

pH and total DIC; Pearson r = 0.26, p = 0.15), sug-

gesting that CO2 degassing was unlikely to be the

primary process responsible for the among-stream

differences in d13C-DICvalues.

The variability in the sources of stream water DIC is

consistent with expected variations in soil erosion and

human development across the study watersheds.

Relative to FW streams that consistently showed that

OM respiration was the main DIC source (Table 2;

Fig. 2a, c), UW and one of the PW streams were

influenced by the dissolution of carbonates. This is

because forested watersheds are characterized by a

better developed organic-rich ‘‘O’’ soil horizon that

protects carbonates including fossil shells from weath-

ering and erosion. These findings are in general

agreement with previously reported changes in riverine

DIC due to human land use. For example, Zeng and

Masiello (2010) showed that riverine CO2 was primarily

derived from respiration of young terrestrial OM in a

relatively undeveloped watershed while CO2 was also

substantially derived from dissolution of pedogenic

carbonate and/or crushed limestone/dolomite and oyster

shells embedded in old roads in a nearby highly

urbanized basin. Raymond et al. (2008) similarly

attributed a recent increase in bicarbonate flux in the
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Fig. 2 a D14C versus d13C values of DIC in the study streams.

Error bars represent SD. Isotopic signatures of potential sources

for the study streams are indicated by grey boxes or grey closed

circles. A, B = modern C3 and C4 plant respiration, respec-

tively (Cerling 1984; Nordt et al. 1998; Raymond et al. 2004;

Manning 2008); C, D = modern C3 and C4 derived pedogenic

carbonates, respectively (Zhang et al. 1995; Manning 2008);

E = fossil shell carbonate (Clark and Fritz 1997); F = DIC

from respiration of aquatic organisms. b, c are box plot

comparisons of DIC concentrations and %HCO3
- from

carbonate weathering across streams draining different types

of watersheds. Open circle indicates mild outlier, i.e., data

beyond the upper/lower quartile ±1.5 interquartile range;

Asterisks indicates extreme outlier, i.e., data beyond the

upper/lower quartile ±3 interquartile range
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Mississippi River to discharges from agricultural

watersheds over the past 50 years. Our data further

suggest that agricultural watersheds may have variable

influences on stream water DIC, and that additional

studies of small watersheds are needed to better

constrain the effect of watershed development on DIC

inputs to lotic systems.

Amounts, sources and ages of headwater stream

organic matter

DOC and POC/PN concentrations

DOC. DOC concentrations in the eight study streams

ranged from 117 to 976 lM (Table 2). Previous

studies have observed that large amounts of terrestrial

DOC are flushed from soils to streams during high-

precipitation storm events (Royer and David 2005;

Dalzell et al. 2007). Variations associated with storm

events were intentionally avoided in the present study

by sampling only during baseflow periods. DOC

concentration was not significantly different among

sampling times (Kruskal–Wallis: p = 0.6), but dif-

fered across land use types (Kruskal–Wallis:

p \ 0.001, Fig. 3a). Therefore, hydrological or other

temporally varying parameters were not as important

as watershed land use in controlling the variability in

DOC concentration across the study streams.

The mean DOC concentration in FW streams was

higher than CW and UW streams but lower than PW

streams, and DOC concentrations in FW and PW

streams were highly variable (Fig. 3a). These findings

are consistent with previous studies that have shown

that land use is also an important factor controlling

DOC and that anthropogenic activities can both

decrease (Cronan et al. 1999; Williams et al. 2010;

Yamashita et al. 2011a) or increase DOC concentra-

tions (Molinero and Burke 2009). By converting

forests to other land uses, DOC derived from higher

terrestrial plants may decrease and lead to lower DOC

in human-modified systems, such as streams influ-

enced by agricultural activities and forest management

(Cronan et al. 1999; Williams et al. 2010; Yamashita

et al. 2011a) as well as CW and UW streams in the

present study. Alternately, organic waste may increase

DOC concentrations, as was found for headwater

streams within a Georgia Piedmont watershed influ-

enced by animal agriculture (Molinero and Burke

2009), similar to the PW streams in the present study.

Terrestrial versus autochthonous/microbial

characteristics of stream OM

Fluorescence properties of DOM. Fluorescence prop-

erties have been widely used to constrain DOM

sources and reflect DOM composition and reactivity in

Table 3 D14C values and ages of DIC, DOC and POC in headwater streams

Site Date (month/

day/year)

D14C-DIC

(%)

14C age

(years BP)

D14C-DOC(%) 14C age

(years BP)

D14C-POC(%) 14C age

(years BP)

F1 07/01/09 70 Modern 94 Modern 79 Modern

F1 08/18/09 – – 95 Modern – –

F2 05/22/09 80 Modern 114 Modern 89 Modern

F2 07/24/09 49 Modern 89 Modern 95 Modern

F3 07/24/09 78 Modern 109 Modern 89 Modern

P1 07/01/09 70 Modern 85 Modern 74 Modern

P1 08/18/09 – – 85 Modern – –

P2 07/01/09 70 Modern 70 Modern 76 Modern

P2 08/18/09 – – 65 Modern – –

C1 05/22/09 – – 81 Modern – –

C1 07/24/09 81 Modern 96 Modern 68 Modern

U1 07/06/09 -244 2,251 -248 2,284 -80 669

U1 08/18/09 – – -202 1,811 – –

U2 07/06/09 -297 2,833 -215 1,946 -99 837

– data not determined
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a variety of aquatic systems (Cory and McKnight

2005; Jaffé et al. 2008; Yamashita et al. 2010). In the

present study, three of five identified fluorescence

components (C1, C2 and C5) may be characterized as

terrestrial sources (Table 4). C1 and C2 likely repre-

sent aromatic compounds derived from terrestrial

plants (Coble et al. 1998; Cory and Mcknight 2005;

Williams et al. 2010), and C5 may be derived from

photodegradation of terrestrial DOM and/or be a

photo-refractory component (Stedmon et al. 2007;

Chen et al. 2010; Cawley et al. 2012). C3 and C4

represent DOM from autochthonous/microbial

sources (Table 4). C3 is assigned as a microbial

humic-like component (Coble et al. 1998; Cory and

McKnight 2005; Yamashita et al. 2010). C4, a protein-

like component, is associated with multiple sources

and processes including microbial consumption and

production, aquatic productivity, and fresh and labile

DOM (Baker and Spencer 2004; Balcarczyk et al.

2009; Williams et al. 2010; Petrone et al. 2011;

Yamashita et al. 2011a, b). The relative distribution of

C1–C5 (%C1–C5) differed across the four types of

land use (Kruskal–Wallis: p \ 0.001 for %Ci;

Fig. 3d), but not among sampling times (Kruskal–

Wallis: p C 0.3). These data suggest that DOM

fluorescence, like DOC concentration, was controlled

to a greater extent by land use than seasonally varying

parameters for streams at baseflow conditions. Rela-

tive to FW streams, DOM in PW and CW streams was

lower in %C1 and %C2 but higher in %C3 and %C4
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Fig. 3 Box plot comparisons of a DOC concentrations; b POC

concentrations; c PN concentrations; and d the relative

abundances of the five fluorescence components to total

fluorescence intensity (Ci%). Open circle indicates mild outlier,

i.e., data beyond the upper/lower quartile ±1.5 interquartile

range; Asterisks indicates extreme outlier, i.e., data beyond the

upper/lower quartile ±3 interquartile range. Different numbers

(in italic) above the boxes signify significant differences in the

parameters across the land use types detected by Mann–Whitney

U tests
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(Fig. 3d), suggesting that a greater influence by stream

biota and microbes. UW streams showed the highest

%C5 values, indicating DOM in these streams was

more photo-degraded than the other streams (Fig. 3d).

The relative contributions of terrestrial vs. autoch-

thonous/microbial sources of DOM may be estimated

quantitatively by categorizing the sources of the

fluorescence components. On the basis of the assigned

sources of C1–C5 (Table 4), we calculated the

ratios of (C1 ? C2 ? C5): (C3 ? C4), as FW

(4.06 ± 0.96) [CW (2.95 ± 0.71) [UW (2.23 ±

0.26) [PW (1.85 ± 0.53) (Fig. 4a) and estimated

contributions of terrestrial DOM as FW (80 ± 24 %)

[CW (75 ± 22 %) [UW (70 ± 10 %) [PW

(65 ± 22 %). Another widely used DOM source

proxy is FI, which was reported to be *1.2 for

terrestrial DOM and *1.9 for microbial DOM (Cory

and McKnight 2005; Maie et al. 2005). With these

end-member values, the FI values of our study streams

yield estimated contribution of terrestrial DOM of FW

(73 ± 11 %) [CW (69 ± 9 %) [PW (63 ± 15 %)

[UW (53 ± 10 %).

The two source proxies, (C1 ? C2 ? C5):

(C3 ? C4) and FI, while producing different results

due to their intrinsic analytical differences (e.g.,

EEM–PARAFAC includes protein components not

accounted for FI), were correlated in the present study

(Pearson r = -0.60, p \ 0.001), corroborating their

reliability as source proxies. Both proxies demon-

strated that all study streams were dominated by

terrestrial-plant derived DOM and greatly influenced

by watershed land use. Both proxies differed signif-

icantly across watershed land use types (Kruskal–

Wallis: p \ 0.001 for the ratio and p = 0.02 for FI;

Fig. 4a, b) but not among sampling times (Kruskal–

Wallis: p = 0.08 for the ratio and p = 0.22 for FI),

indicating that land use type asserted greater control

than temporal variability on DOM sources. Streams

draining watersheds dominated by human land use had

higher relative abundances of autochthonous/micro-

bial DOM and lower abundances of terrestrial DOM

relative to FW streams, agreeing with recently

reported patterns in streams and rivers under human

influence from agricultural activities or forest man-

agement (Baker and Spencer 2004; Wilson and

Xenopoulous 2009; Williams et al. 2010; Petrone

et al. 2011; Yamashita et al. 2011a). This enrichment

of microbial components may occur through modifi-

cation of the terrestrial landscape, resulting in

increased microbial activity in soils (Post and Kwon

2000; Levine et al. 2011) or in situ (i.e., within aquatic

systems), as evidenced by higher leucine aminopep-

tidase activity in streams greatly influenced by human

activities (Williams et al. 2010). Based on our data,

there was no correlation between DOM source proxies

(i.e., FI and (C1 ? C2 ? C5):(C3 ? C4)) and nutri-

ent concentrations (ammonium and nitrate concentra-

tions) (Pearson r: -0.23 to 0.16, p: 0.23 to 0.85),

suggesting that this enrichment of microbial OM, if

primarily due to changes in streams, cannot be

explained solely by nutrient fluctuations.

POC/PN. Stream water POC and PN concentra-

tions varied from 14 to 349 lM (Table 2) and

0.7–24 lM, respectively, and did not exhibit signifi-

cant differences among land use types (Kruskal–

Wallis: p = 0.07 for POC and p = 0.2 for PN;

Table 4 Characteristics of the five fluorescence components identified by PARAFAC and their attributed sources

Component Excitation

maximum

wavelength

Emission

maximum

wavelength

Similar fluorescence components identified in previous studies Major compound

group assignmenta

Coble et al.

(1998)

Cory and McKnight

(2005)

Yamashita et al.

(2010)

C1 \250 (330) 442 A/C C10 C1 or C6 (Terrestrial) Fulvic acid-type

C2 260 (380) 504 – SQ1 C5 (Terrestrial) Humic acid-type

C3 \250 (305) 388 M Q3 or C3 C4 (Microbial) Microbial humic-like

C4 \250 324 B/T Tyrosine- or Tryptone-like C7 (Protein) Protein-like

C5 \250 430 A Q1 C2 (Terrestrial) Humic-like

– component not found
a This model includes the samples from the present study and Lu et al. (2013)
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Fig. 3b, c) or sampling times (Kruskal–Wallis:

p = 0.4 for POC and p = 0.2 for PN).

POM sources were reflected by C:N in the present

study as terrestrial higher plants have values typically

higher than 20 and algal/microbial sources are *6

(Wetzel 1983; Meyers and Ishiwatari 1993; Kendall

et al. 2001; Lu and Meyers 2009). The C:N values of

POM in the study streams ranged from 7.4 to 19.4

(Table 2), indicating that most POM was derived from

a mixture of terrestrial plant and algal/microbial

sources. The C:N values differed significantly across

land use types (Kruskal–Wallis: p = 0.006, Fig. 4c)

but not across sampling times (p = 0.2), suggesting

that watershed land use was also an important control

on the sources of POM. FW streams had higher C:N

values than CW and UW streams (Fig. 4c), indicating

that FW streams received greater contributions of

terrestrial materials than POM in human-influenced

streams. This POM source pattern agrees with our

DOM fluorescence data (Fig. 4a). In fact, the positive

correlation between the source parameters of POM

and DOM in the present study (i.e., the C:N of POM

and (C1 ? C2 ? C5): (C3 ? C4) of DOM: Pearson

r = 0.6, p = 0.003) suggests similarities in the

sources of POM and DOM, which is in agreement

with a number of previous studies showing similarities

in the sources of DOM and POM in freshwater systems

(Lobbes et al. 2000; Osborne et al. 2007).

d13C and D14C: sources and ages of headwater stream

organic matter

d13C–DOC values varied between -33.2 and -26 %
and d13C–POC values between -33.3 and -27.6 %
(Table 2; Fig. 5). These values fall in the general

range for C3 terrestrial plant OM, freshwater algae,

heterotrophic bacteria and petroleum-derived OM

(Schidlowski et al. 1983; Faure and Mensing 2005;

Ogrinc et al. 2008) and thus d13C values alone do not

adequately differentiate OM sources. The D14C values

of DOC and POC were measured for selected May

and July/August samples (Table 3; Fig. 5). FW, PW

and CW streams had D14C–DOC values between 65

and 114 % (Fig. 5a) and D14C–POC between 68 and

95 %, suggesting that young, post-bomb soil OM was

mobilized to these streams. Similar findings have been

reported for streams draining agricultural and forested

watersheds in the Hudson-Mohawk River watershed
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(NY), where DOC had post-bomb D14C-DOC values

(Longworth et al. 2007). In contrast, UW streams

in the present study had D14C–DOC values of

-248 ± 5 % for UW1 (equivalent 14C age

of 2,284 ± 48 years BP) and -215 ± 3 to

-202 ± 4 % for UW2 (14C ages of 1,946 ± 36 years

BP and 1,811 ± 42 years BP, respectively; Table 3;

Fig. 5a). While POC in UW streams also showed

contributions from aged carbon, it was younger than

both DIC and DOC (D14C–POC for UW1 was

-80 ± 4 %, equivalent 14C age of 669 ± 35 years

BP, and D14C-POC for UW2 was -99 ± 4 %,

equivalent 14C age of 837 ± 35 years BP, Table 3;

Figs. 2, 5a, b).

Cycling of aged carbon in streams draining urban

watersheds

In UW streams, all three carbon pools, DIC, DOC and

POC, showed some level of influence of aged carbon.

Two possible scenarios may explain the sources of the

aged carbon. The first is a one-source scenario in

which all three pools are influenced by a single source

of aged carbon. Under this scenario, the fossil shell

carbonate present in urban watersheds is the most

plausible source because of the greater ages of DIC

compared to DOC and POC (Table 3). If DIC is

influenced by aged carbon through the weathering of

shell carbonate, DOC and POC may acquire aged

signatures through autotrophic fixation of aged inor-

ganic carbon within the streams.

Under this one-source scenario, all three carbon

pools in UW streams are a mixture of contemporary

carbon from soils and aged carbon derived from fossil

shell carbonates, whose relative contributions of

potential sources can be estimated by a linear mixing

model as:

Im ¼
Xn

i¼1

Fn � In ð2Þ

where Im refers to isotopic signatures of the mixture of

n sources, and Fn is the fraction of end member n with

isotopic value In.

Assigning the D14C value of the contemporary end-

member as ?65 % (the value of atmospheric CO2 in

year 2009; data provided by University of Arizona AMS

Laboratory), and fossil shell carbonate as -1,000 %,

Eq. (2) estimates the relative contributions of contem-

porary carbon versus fossil shell carbon as 73 versus

27 % for DOC, 68 versus 32 % for DIC, and 86 versus

14 % for POC in UW streams. Notably, the %DOC from

autotrophic fixation of fossil shell carbon (27 %) was in

general agreement with chromophoric DOM data

showing that 30–47 % of DOM in UW streams was

from autochthonous/microbial carbon (Fig. 4a, b).

The second scenario for assessing the origins of

aged carbon in UW streams is a two-source scenario,

in which fossil fuel-derived carbon (D14C =

-1,000 %), in addition to fossil shell carbonates,

serves as a source of the aged DOC and POC in UW

streams. This scenario is considered because the

influence of fossil fuels on the ages of aquatic OM

has been suggested in many human-impacted aquatic

systems, such as the Hudson River (Griffith et al.

2009; Griffith and Raymond 2011) and the Sacra-

mento-San Jaoquin River (Sickman et al. 2010).

Under the two-source scenario, the assumed con-

tributions to DOC in UW streams are fossil fuel

compounds (D14C = -1,000 %), modern-aged soil

-300

-200

-100

0

100

200

-33 -31 -29 -27 -25

(a)

-300

-200

-100

0

100

200

-33 -31 -29 -27 -25

(b)

FW streams PW streams CW streams UW streams

13C-DOC (‰) 13C-POC (‰)

14
C

-D
O

C
 (

‰
)

14
C

-P
O

C
 (

‰
)

Fig. 5 d13C versus D14C

values of a DOC and b POC

in the study streams

Biogeochemistry

123



OM (D14C =?65 %), and autotrophic fixation of DIC

(mean D14C-DICvalue of the two UW streams

-271 %, Table 3). The d13C-DOC value unfortu-

nately cannot be used as an additional source tracer

here as these three sources have largely overlapping

values (Cerling 1984; Finlay 2004; Faure and Mensing

2005; Manning 2008). With three possible DOC

sources and one isotopic tracer (D14C), Eq. (2) cannot

provide an exact value of Fn, but possible combina-

tions of Fn satisfying this model can be found using

IsoSource (Philips and Gregg, 2003; http://www.

epa.gov/wed/pages/models/stableIsotopes/isosource/

isosource.htm). Only solutions for Fn using auto-

trophic-fixed DOC B 47 % were considered because

the DOM fluorescence data showed that 30–47 % of

DOM originated from autochthonous/microbial sour-

ces in UW streams. With this consideration, the pos-

sible solutions for the contributions to DOC in

UW streams are 56 ± 11 % contemporary carbon,

2 ± 16 % autotrophic fixation of aged DIC and

19 ± 5 % fossil fuel-derived carbon (Fig. 6). Such

large contributions of fossil fuel carbon have also been

observed in effluents of wastewater treatment plants

(WWTPs) in the Hudson and Connecticut River

watersheds (Griffith et al. 2009). For POM, the D14C

(Im) value used was -89 % (i.e., the mean D14C-POC

of the two UW streams, Table 3) and the end-members

of the potential sources were the same as those in the

DOC model discussed above. With these assignations,

POM in UW streams was calculated to be composed of

66 ± 9 % contemporary carbon (D14C =?65 %),

29 ± 12 % autotrophic fixation of aged inorganic

carbon (D14C = -271 %) and 5.5 ± 4 % fossil fuel

carbon (D14C = -1,000 %) (Fig. 6).

Both carbon source scenarios may overestimate the

contributions of fossil fuel-derived carbon and auto-

trophic fixation of aged DIC to OC in UW streams due

to two considerations. First, relic soil OM, another

potential source of aged DOC in UW streams, was not

incorporated in the source model. Second, we did not

consider potential increases in the ages of residual

DOC resulting from preferential DOC degradation of

contemporary, 14C-enriched compounds by the com-

bined influences of photochemical and microbial

processes (Lu et al. 2013).

Both carbon source scenarios also showed that aged

inorganic carbonates were mobilized and incorporated

into the carbon cycle of UW streams. While previous

studies have suggested shale as a source of geologically

aged carbon is incorporated into aquatic carbon cycles

(Raymond and Bauer 2001; Raymond et al. 2004;

Longworth et al. 2007), our work demonstrates that

geologically aged inorganic carbon can also be mobi-

lized and play an important part in contemporary

aquatic carbon cycles. This pathway has been largely

ignored in previous studies possibly due to the scarcity

of simultaneous measurements of 14C of inorganic and

organic carbon in headwater streams, where watershed

sources can be more confidently identified. In addition,

the pathway of mobilization of geologically aged

inorganic carbon into contemporary carbon cycles

would not likely be observed in watersheds with little

human development, where the primary modulating

factors—intensive weathering and erosion of fossil

carbonates and significant autotrophic production—are

less pronounced (Bernot et al. 2010).

Conclusions

The results from the present study demonstrate that

watershed land use can be an important factor regulat-

ing variations in streamwater carbon parameters under

baseflow conditions. Our three main findings are:

(1) human land use can change the amounts, sources

and ages of DIC. Relative to pristine watersheds

where soil CO2 from OM decay makes signifi-

cant contributions to stream DIC, watersheds

that have been significantly altered are more

likely to export DIC from accelerated carbonate
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2003). See the text for details
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mineral dissolution. Source carbonate minerals

may include young, pedogenic carbonates that

shift the d13C-DIC to more positive values but do

not affect D14C-DIC, and geologically aged

carbonates that, if present in waterhseds,

increase d13C-DIC values and decrease

D14C-DIC values.

(2) Human land use may decrease the contributions of

DOM and POM from terrestrial plants and

increase the relative contributions from autoch-

thonous/microbial sources. The enrichment of

microbially derived fluorescence components in

DOM observed in the present study may be a

general feature associated with human land use as

has been previously observed in both rivers and

streams impacted by human activities (Baker and

Spencer 2004; Wilson and Xenopoulous 2009;

Williams et al. 2010; Petrone et al. 2011; Ya-

mashita et al. 2011a). The inclusion of this finding

into regional or global carbon budgets will require

additional studies of watersheds and their associ-

ated streams at a range of spatio-temporal scales.

(3) Land use alterations may increase the likelihood

that aged carbon becomes incorporated into

aquatic food webs. In the present study, the aged

DOC and POC observed in urban streams was

likely derived from some combination of auto-

trophic fixation of geological inorganic carbon

and fossil fuel-derived carbon.

Collectively, these findings provide baseline

information on how human impacts on land use

may affect aquatic carbon pools, which should be

taken into consideration when evaluating the

carbon cycles and budgets of aquatic systems.
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Chemical characteristics of dissolved organic matter in an

oligotrophic subtropical wetland/estuarine ecosystem.

Limnol Oceanogr 50:23–35

Manning DAC (2008) Biological enhancement of soil carbonate

precipitation: passive removal of atmospheric CO2. Min-

eral Mag 72:639–649

Meybeck M (1987) Global chemical weathering of surficial

rocks estimated from river dissolved loads. Am J Sci

287:401–428

Meyers PA, Ishiwatari R (1993) Lacustrine organic geochem-

istry-an overview of indicators of organic matter sources

and diagenesis in lake sediments. Org Geochem 20:

867–900

Mixon RB, Berquist CR Jr, Newell WL, Johnson GH, Powars

DS, Schindler JS, Rader EK (1989) Geological map and

generalized cross sections of the coastal plain and adjacent

parts of the piedmont. U.S Geological Survey, Virginia

Molinero J, Burke RA (2009) Effects of land use on dissolved

organic matter biogeochemistry in piedmont headwater

streams of the Southeastern United States. Hydrobiologia

635:289–308

Mook WG, Tan FC (1991) Stable carbon isotopes in rivers and

estuaries. In: Degens E, Kempe S, Richey JE (eds) Scope

42: biogeochemistry of major world rivers. Wiley, New

York

Nordt LC, Hallmark CT, Wilding LP, Boutton TW (1998)

Quantifying pedogenic carbonate accumulations using

stable carbon isotopes. Geoderma 82:115–136

Ogrinc N, Markovics R, Kanduc T, Walter LM, Hamilton SK

(2008) Sources and transport of carbon and nitrogen in the

River Sava watershed, a major tributary of the River

Danube. Appl Geochem 23:3685–3698

Oh NH, Raymond PA (2006) Contribution of agricultural liming

to riverine bicarbonate export and CO2 sequestration in the

Ohio River basin. Global Biogeochem Cycle 20(3). doi 10.

1029/2005gb002565

Osborne TZ, Inglett PW, Reddy KR (2007) The use of senescent

plant biomass to investigate relationships between poten-

tial particulate and dissolved organic matter in a wetland

ecosystem. Aq Bot 86(1):53–61. doi:10.1016/j.aquabot.

2006.09.002

Palomo L, Canuel EA (2010) Sources of fatty acids in sediments

of the York River estuary: relationships with physical and

biological processes. Estuaries Coasts 33:585–599. doi:10.

1007/s12237-010-9268-3

Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical

and biological methods for seawater analysis. Pergamon

Press, Oxford

Petrone KC, Fellman JB, Hood E, Donn MJ, Grierson PF (2011)

The origin and function of dissolved organic matter in

agro-urban coastal streams. J Geophys Res-Biogeosci 116.

doi 10.1029/2010JG001537

Biogeochemistry

123

http://dx.doi.org/10.1029/2010jg001540
http://dx.doi.org/10.1029/2010jg001540
http://dx.doi.org/10.1002/hyp.6833
http://dx.doi.org/10.1002/gbc.20034
http://dx.doi.org/10.1002/gbc.20034
http://dx.doi.org/10.1029/2008JG000683
http://dx.doi.org/10.1016/S0016-7037(00)00409-9
http://dx.doi.org/10.1016/S0016-7037(00)00409-9
http://dx.doi.org/10.1002/jgrg.20048
http://dx.doi.org/10.1029/2005gb002565
http://dx.doi.org/10.1029/2005gb002565
http://dx.doi.org/10.1016/j.aquabot.2006.09.002
http://dx.doi.org/10.1016/j.aquabot.2006.09.002
http://dx.doi.org/10.1007/s12237-010-9268-3
http://dx.doi.org/10.1007/s12237-010-9268-3
http://dx.doi.org/10.1029/2010JG001537


Philips DL, Gregg JW (2003) Source partitioning using stable

isotopes: coping with too many sources. Oecologia 136:

261–269

Polsenaere P, Abril G (2012) Modelling CO2 degassing from

small acidic rivers using water pCO2, DIC and d13C-DIC

data. Geochim Cosmochim Acta 91:220–239. doi:10.1016/

j.gca.2012.05.030

Post WM, Kwon KC (2000) Soil carbon sequestration and land-

use change: processes and potential. Glob Change Biol

6:317–327

Raymond PA, Bauer JE (2001) DOC cycling in a temperate

estuary: a mass balance approach using natural 14C and 13C

isotopes. Limnol Oceanogr 46:655–667

Raymond PA, Bauer JE, Caraco NF, Cole JJ, Longworth B,

Petsch ST (2004) Controls on the variability of organic

matter and dissolved inorganic carbon ages in northeast US

rivers. Mar Chem 92:353–366

Raymond PA, Oh NH, Turner RE, Broussard W (2008) An-

thropogenically enhanced fluxes of water and carbon from

the Mississippi River. Nature 451:449–452

Royer TV, David MB (2005) Export of dissolved organic carbon

from agricultural streams in Illinois, USA. Aquat Sci 67:

465–471

Schidlowski M, Hayes JM, Kaplan IR (1983) Isotopic infer-

ences of ancient biochemistries: carbon, sulfur, hydrogen

and nitrogen. In: Schopf JW (ed) Earth’s earliest biosphere:

its origin and evolution. Princeton University Press,

Princeton

Sickman JO, DiGiorgio CL, Davisson ML, Lucero DM, Ber-

gamaschi B (2010) Identifying sources of dissolved

organic carbon 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

Stanley EH, Powers SM, Lottig NR, Buffam I, Crawford JT

(2012) Contemporary changes in dissolved organic carbon

(DOC) in human-dominated rivers: is there a role for DOC

management? Freshw Biol 57:26–42. doi:10.1111/j.1365-

2427.2011.02613.x

Stedmon CA, Bro R (2008) Characterizing dissolved organic

matter fluorescence with parallel factor analysis: a tutorial.

Limnol Oceanogr Methods 6:572–579

Stedmon CA, Markager S, Bro R (2003) Tracing dissolved

organic matter in aquatic environments using a new

approach to fluorescence spectroscopy. Mar Chem 82:

239–254

Stedmon CA, Thomas DN, Granskog M, Kaartokallio H, Pa-

padimitriou S, Kuosa H (2007) Characteristics of dissolved

organic matter in Baltic coastal sea ice: allochthonous or

autochthonous origins? Environ Sci Technol 41:

7273–7279

Webster JR, Meyer JL (1997) Organic matter budgets for

streams: a synthesis. J N Am Benthol Soc 16:141–161

Wetzel RG (1983) Limnology, 2nd edn. Saunders College

Publishing, Fort Worth

Williams CJ, Yamashita Y, Wilson HF, Jaffé R, Xenopoulos
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