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Abstract
The amounts and characteristics of carbon (C) transported by streams and rivers are strongly connected to attributes of their 
associated watersheds. However, the factors controlling how different land uses influence the sources and inputs of organic 
and inorganic C to headwater streams are not fully understood. In order to assess how land use practices specifically influ-
ence headwater stream C, the concentrations and isotopic (natural δ13C and ∆14C) signatures of dissolved inorganic C (DIC), 
dissolved organic C (DOC), and particulate organic C (POC) were measured between October 2008 and August 2009 in 
streams of six small watersheds of differing land use. Bayesian mixing models were used to estimate contributions of poten-
tial C sources to stream DIC, DOC, and POC pools. Mixing model results indicate that sources of C to streams in tilled and 
non-tilled corn watersheds were dominated by  C4 plant biomass and soil organic C. In all other watershed types stream C 
was dominated by  C3 plant biomass. In addition, δ13C and Δ14C values of forested stream C were unique from values in the 
corn, pasture, and large mixed use watersheds, and showed greater contributions from modern-aged  C3 biomass. Relative 
to other watershed types, tilled corn agriculture showed the greatest effect on both the sources and amounts of stream C. In 
the tilled corn watersheds, total C (DIC + DOC + POC) fluxes were 314% higher than in the non-tilled corn watershed and 
39–76% higher than in all other watersheds. Thus, land use and agricultural practices can serve as strong controls over the 
sources and fluxes of organic and inorganic C to streams.
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Introduction

Human activities have fundamentally altered the characteris-
tics and function of many watersheds globally. Specifically, 
land use change has been implicated as a major factor influ-
encing terrestrial to aquatic carbon (C) exchanges (Butman 
et al. 2016; Hossler and Bauer 2013a, b; Marín-Spiotta et al. 
2014; Regnier et al. 2013). Terrestrial C fluxes to inland 
waters, estimated at ~ 5.1 PgC year−1 (Drake et al. 2017), 
are an important component of terrestrial, inland water, and 
global carbon budgets (Aufdenkampe et al. 2011; Battin 
et al. 2009; Drake et al. 2017; Regnier et al. 2013). Anthro-
pogenic impacts therefore present multiple challenges for 
assessing alterations to export fluxes of both terrestrial and 
non-terrestrial carbon in streams and rivers draining their 
respective watersheds (Aufdenkampe et al. 2011; Bauer 
et al. 2013; Butman et al. 2016; Drake et al. 2017). The 
sources and characteristics of organic and inorganic C trans-
ported by streams and rivers and to estuaries and coastal 
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waters may also be affected by changing land use in associ-
ated watersheds (Casas-Ruiz et al. 2017; Fox and Ford 2016; 
Marín-Spiotta et al. 2014; Stackpoole et al. 2016).

Previous studies have demonstrated that agricultural prac-
tices greatly increase the inputs of both terrestrial organic 
and inorganic C to streams (Graeber et al. 2012), rivers 
(Raymond et al. 2008; Ren et al. 2016), and coastal waters 
(Bauer et al. 2013; Regnier et al. 2013) through changes to 
the dominant forms of terrestrial plant cover and soil distur-
bance (Drake et al. 2017). Most prior research on terrestrial 
C loading to streams and rivers has generally focused on 
larger 3rd–10th order streams, even though 1st-order head-
water streams account numerically for more than 90% of all 
streams and nearly half of all river-miles in the continental 
United States (Leopold and Leopold 1995; Marx et al. 2017; 
Strahler 1957). While the characteristics, sources, and fluxes 
of C have generally been understudied in small headwater 
streams (e.g., Argerich et al. 2016; Graeber et al. 2012), 
these systems have the greatest potential for transport and 
biogeochemical transformations of terrestrial organic and 
inorganic C loads and therefore serve as key control points 
for terrestrial-aquatic exchanges (Drake et al. 2017; Hotch-
kiss et al. 2015; Marx et al. 2017).

Natural abundance C isotopes (δ13C and ∆14C) can 
serve as powerful tracers of C sources, fluxes and cycling 
in streams, rivers and estuaries (Barnes et al. 2018; But-
man et al. 2014; Hossler and Bauer 2012, 2013a; Lu et al. 
2014a, b; Palmer et al. 2001; Raymond and Bauer 2001; 
Raymond et al. 2004; Sickman et al. 2010; Townsend-Small 
et al. 2008). The present study evaluated the role of agri-
culture and tillage practices on the amounts and δ13C and 
∆14C signatures of organic and inorganic C in six headwa-
ter streams within a long-term experimental watershed in 
northeastern Ohio, USA using a Bayesian isotopic modeling 
approach (Butman et al. 2014). Land use practices and indi-
vidual environmental variables have been documented in 
this watershed for up to 72 years prior to the present study, 
providing a detailed historical context for interpreting our 
findings (Owens et al. 2010). This study is among the few to 
utilize a Bayesian isotope modeling approach to provide 
baseline estimates for organic and inorganic C sources and 
fluxes for numerically dominant headwater streams (see, 
e.g., Butman et al. 2014), and to our knowledge is the first to 
incorporate locally measured values of potential C sources.

Methods

Study sites

The study was conducted in six sub-watersheds (hereafter 
referred to as “watersheds”) of the larger North Appalachian 
Experimental Watershed (NAEW) in Coshocton County, 

Ohio, USA (40°36.44′ N; 81°79.16′ W; Fig. 1). Information 
regarding the NAEW, its geology, soils, and forest composi-
tion are described in the Online Resource 1(OR1) Text S1. 
The watersheds consisted of (1) tilled corn, (2) non-tilled 
corn, (3) large mixed (a combination of meadow, pasture, 
cropland, and forest) land use, (4) small mixed land use, (5) 
pasture and (6) hardwood forest (Table 1). Water samples 
were collected from individual headwater streams between 
October 2008 and August 2009 (Fig. 1; Table 2), and soil 
samples were collected in spring 2009 from three of the 
watersheds (see details in “Soil collection and δ13C analy-
ses”). Land management rotation and land-use histories from 
1997–2009 for the watersheds are also shown in Table 1.

Water sample collection and δ13C and ∆14C analyses

Headwater streams were sampled on one base flow day 
in fall, spring, and summer, and on one storm flow day in 
spring and winter (Table 2). This sampling strategy enabled 
us to incorporate as much seasonal variation as possible 
into our annual estimates of C source contributions, δ13C, 
and ∆14C values given the high cost of ∆14C analyses. The 
tilled and non-tilled corn watersheds lacked permanent flow 
(i.e., base flow; classified as 0th-order streams); therefore, 
water samples from these two watersheds consisted entirely 
of surface runoff during storm events (see OR1 Text S2 for 
details). For the corn watersheds, stream water samples from 
runoff were collected according to Brakensiek et al. (1979) 
and Parsons (1954) and refrigerated for ≤ 12 h before being 
filtered and frozen at − 20 °C until analysis. For non-corn 
watersheds (1st-order streams), streamflow was measured by 
2:1 broad-crested weirs (Owens et al. 2010), and water sam-
ples were collected directly from the stream either above or 
below the weir (additional details in OR1 Texts S2 and S3).

Water samples were analyzed for concentrations, δ13C 
and Δ14C of DIC, DOC and POC according to methods 
described in OR1 Text S4. Frozen DOC samples were sub-
mitted to the National Ocean Sciences Accelerator Mass 
Spectrometry (NOSAMS) facility at Woods Hole Oceano-
graphic Institution (Woods Hole, Massachusetts, USA) for 
δ13C and ∆14C analysis. For DIC and POC, δ13C values 
were measured at the OSU Stable Isotope Biogeochemistry 
Laboratory (SIBL), and the corresponding ∆14C analyses 
were conducted at NOSAMS. Additional analytical details 
are provided in the OR1 Text S4.

Soil collection and δ13C analyses

Soil samples were collected from the small mixed use 
and forested watersheds in May 2009 and from the 
non-tilled corn watershed in June 2009. Small soil pits 
(40 cm L × 40 cm W × 60 cm D) were manually excavated 
in three randomly distributed plots that were ~ 30 m apart 
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within each watershed, and triplicate soil samples were 
retrieved and the 0–15, 15–30, and 30–50 cm depth inter-
vals were homogenized. The soil samples were acid-fumi-
gated using fresh concentrated HCl in a glass desiccator 
for 24 h and then dried for 24 h under vacuum to remove 
acid fumes and residual water. Samples were analyzed at 
the OSU SIBL for δ13C. The standard deviation (SD) of 
replicate δ13C analyses of the graphite standard USGS24 
was ± 0.05‰ (n = 4). The average SD of 12 duplicate δ13C 
analyses of soil samples was ± 0.04‰. Soil samples were 
not analyzed for Δ14C due to cost constraints.

Assessment of stream C source contributions using 
bayesian mixing models

The relative contributions of various potential C sources 
to stream DIC, DOC, and POC were estimated from δ13C 
and ∆14C values using Bayesian isotope mixing models uti-
lizing the R version 3.4.1 software program MixSIAR (R 
Core Team 2017; Stock and Semmens 2015). δ13C and ∆14C 
values of the potential C sources identified in the present 

study as contributing to stream DIC, DOC and POC pools 
are detailed in OR1 Text S5 and listed in OR1 Table S1. 
MixSIAR allows for the incorporation of uncertainties in 
the isotopic signatures of different potential sources and 
can estimate the relative contributions of multiple potential 
sources to each C pool by determining the likelihoods of a 
large number of random combinations of sources with estab-
lished isotopic values (Stock and Semmens 2015).

Each individual DIC, DOC, and POC sample was 
assumed to be representative of conditions during the sea-
son and flow state (i.e., storm flow or base flow) when it was 
collected. One mixing model was generated for DIC, DOC, 
and POC in each watershed using all measured δ13C and 
∆14C values, thus incorporating variability across seasons 
and flow state in a given watershed. The δ13C and ∆14C val-
ues of potential C sources were averaged and the mean ± SD 
were used in the mixing model (OR1 Table S1, Stock and 
Semmens 2015). Models generated the range of percent con-
tributions of each possible source to each watershed’s DIC, 
DOC, and POC exports. A minimum of 1,000,000 iterations 
were run per model in order to ensure an appropriate number 

Fig. 1  The North Appalachian 
Experimental Watershed 
(NAEW), Coshocton County, 
Ohio, USA. Stars indicate 
locations of primary headwater 
stream sampling sites. When 
no flowing water was present in 
the forested, small mixed use, 
and pasture streams, samples 
were collected from water 
discharged from the associated 
weirs, indicated by the yellow 
triangles (secondary sampling 
site). See Methods “Study sites” 
and Online Resource1 Text S1 
and S2 for additional details. 
Figure adapted from Owens 
et al. (2010)
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of unique posterior draws (Stock and Semmens 2015), and 
a final mixing model was generated for each C pool from 
the median of the posterior distribution. Results from mix-
ing models are presented in the text as the median percent 
contribution for each source. Full 90% confidence intervals 
(CIs) are presented in the cited OR1 tables as the 5th and 
95th percentiles. Median values were considered to be sta-
tistically different from one another when those differences 
exceeded the 90% CI about each median.

Annual carbon fluxes in headwater streams

Daily discharge rates for each stream were obtained from the 
NAEW archive for the sampling year time period of 22 Sep-
tember 2008–21 September 2009 (Owens et al. 2010; Martin 
Shipitalo, personal communication). Daily discharges were 
summed for total annual discharge estimates and to provide 
annual specific discharges (in mm  year−1) for each water-
shed over the study period (OR2). Stream DIC, DOC, and 
POC concentrations were averaged across all sampling days, 
multiplied by annual discharge, and scaled by watershed area 

Table 1  Land use 
characteristics for the six 
watersheds in the North 
Appalachian Experimental 
Watershed (NAEW) used in the 
present study

a WS# = NAEW watershed number
b Land use definitions: wooded = primarily second-growth  C3 hardwoods and shrubs; meadow = unfertilized 
grassland; pasture = active cattle grazing; fertilized cropland = agricultural crops (excluding corn) with arti-
ficial fertilizer additions
c Data from Shipitalo and Owens (2006) and Shipitalo (unpublished data)
d See OR1 Text S1for further details
e Data from Owens et al. (2008) and Shipitalo (personal communication)

Watershed WS#a Area (ha) Land  useb Period

Corn  watershedsc

 Tilled Corn 127 0.7 3 year rotation: tilled corn, tilled 
soybeans, non-tilled wheat and red 
 cloverd

1997–2005

Tilled corn 2006–2009
 Non-Tilled Corn 115 0.6 3 year rotation: tilled soybeans, non-

tilled wheat and red clover, tilled 
 cornd

1997–2007

Non-tilled corn 2008–2009
Non-Corn  watershedse

 Large mixed land use N/A 151.5 52.5 ha meadow (35%) 2000–2009
46.9 ha wooded (31%)
23.6 ha pasture (15%)
9.9 ha fertilized cropland (6%)
1.5 ha fertilized non-tilled corn (1%)

 Small mixed land use 166 32.1 10.8 ha meadow (34%) 2000–2009
14.8 ha pasture (56%)
10.3 ha fertilized cropland (32%)
3.6 ha wooded (11%)

 Pasture 182 28.8 23.6 ha pasture (82%) 2000–2009
5.2 ha wooded (18%)

 Forested 172 17.7 All wooded (100%) 2000–2009

Table 2  Stream water sampling dates (MM/DD/YY) for the six 
watersheds evaluated in the present study

a Base flow samples only. See Methods for full description
b Storm flow samples only. See Methods for full description
c Storm flow sampled on 2 May 2009, base flow sampled on 25 April 
2009
d “Stream water” consists of surface runoff
e npfs = no permanently flowing streams; watersheds had no perma-
nently flowing streams in watershed, therefore no base flow
samples were available on these dates
f Additional samples collected on 2 May 2009, but analyzed for con-
centration and δ13C only

Watershed Falla Winterb Springc Summera

Tilled  Cornd npfse 02/09/09 05/02/09 npfse

Non-Tilled  Cornd npfse 02/09/09 05/02/09 npfse

Large mixed land use 10/25/08 02/09/09 04/25/09 08/18/09
Small mixed land use 10/25/08 02/09/09 04/25/09f 08/18/09
Pasture 10/25/08 02/09/09 04/25/09f npfse

Forested 10/25/08 02/09/09 04/25/09 08/18/09
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to estimate the annual fluxes from each watershed. The SDs 
for DIC, DOC and POC concentrations were propagated 
through the flux calculations to provide SDs for each flux. 
In order to obtain annual area-normalized flux estimates for 
each potential source of C to the DIC, DOC and POC pools 
in each stream, the median percent annual contributions of 
each source (as determined from the MixSIAR output-see 
“Assessment of stream C source contributions using bayes-
ian mixing models”) were multiplied by the corresponding 
total annual area-normalized stream DIC, DOC, and POC 
fluxes. Flux SDs were propagated through these calculations.

Statistical analyses

We used a combination of non-parametric statistical tools to 
determine if stream DIC, DOC, POC and total C differed by 
land use type. These included analyses of the δ13C and ∆14C 
values, mixing model medians, area-normalized annual C 
fluxes, and flux estimates for each C source using non-metric 
multidimensional scaling (NMDS), hierarchical clustering, 
and similarity profiling (SIMPROF) (Clarke and Gorley 
2006). We used NMDS to visualize the data distribution in 
2D space. SIMPROF tests whether data clustering by simi-
larity (i.e., distance in two-dimensional NMDS space, deter-
mined by hierarchical clustering) is statistically significant 
(Clarke and Gorley 2006). SIMPER (similarity percentages) 
analyses were used to determine the percent to which each 
C variable contributed to the dissimilarity between streams 
or groups of streams (Clarke and Gorley 2006).

Prior to conducting statistical analyses, annual stream C 
flux data, mixing model estimates of source contributions to 
C fluxes, and estimated annual exports of each source were 
square root-transformed, then normalized. Because only a 
single watershed of each type was sampled, comparisons of 
the cumulative specific discharges between each of the six 
watersheds were limited to subjective comparisons.

For the δ13C and ∆14C data, clusters identified by SIM-
PROF were explored further using a post-hoc analysis of 
similarities (ANOSIM) test (Clarke and Gorley 2006). ANO-
SIM was used to test whether all δ13C and Δ14C sample data 
grouped by land use were more similar to each other than 
to data from other land use types (Clarke and Gorley 2006). 
Data were grouped by watershed land use type (i.e., tilled 
corn, non-tilled corn, large mixed land use, small mixed 
land use, pasture, forested). We further explored all pair-
wise comparisons within the model, including when those 
pairwise comparisons were non-significant (i.e., p > 0.05) 
but the ANOSIM pairwise test statistic R > 0.8. This was 
done because the value of the ANOSIM pairwise test sta-
tistic R (which ranges between 0 and 1) is a better indicator 
of actual separation between groupings, especially at low 
sample sizes such as in this study, as long as the overall 
ANOSIM test statistic R is significant (Clarke and Gorley 

2006). For annual C fluxes, mixing models, and estimates 
of source fluxes, each watershed contained only one data 
point (i.e., the duration of this study covered one year), so 
ANOSIM was not possible. All of the above analyses and 
plots were carried out using Primer 6.6.16 (2013 PRIMER-E 
Ltd, 3 Meadow View, Lutton, Ivybridge, PL21 9RH, UK). 
All data used in this manuscript can be found in the included 
tables and in the Online Resources 1 and 2.

Results

δ13C and ∆14C values of headwater stream carbon 
pools

The δ13C and ∆14C values of stream DIC from both corn 
watersheds averaged – 6.4 ± 1.3‰ and 37 ± 7‰, respec-
tively (Fig. 2a, OR1 Table S2). In addition, corn watershed 
stream DIC was enriched in both δ13C and ∆14C by an aver-
age of 6.5 ± 1.9‰ and 125 ± 60‰, respectively, compared 
to all of the other watersheds (Fig. 2a; OR1 Table S2). In 
the non-corn watersheds, DIC δ13C values ranged from 
− 16.6 to − 10.5‰ while ∆14C values varied between − 164 
and 34‰ (1382 years B.P. to modern equivalent 14C ages, 
respectively; Fig. 2a; OR1 Table S2).

Stream DOC and POC from corn watersheds were 
enriched in δ13C compared to non-corn watersheds by an 
average of 10.4 ± 5.8‰ (Fig. 2b and c; OR1 Table S2). 
The δ13C values of DOC for the non-corn watersheds were 
tightly clustered (mean = − 28.5 ± 1.0‰; Fig.  2b; OR1 
Table S2) while POC δ13C values varied more broadly from 
− 38.7 to − 26.1‰ (Fig. 2c). The DOC and POC from all 
watersheds had overlapping ∆14C values that ranged from 
− 11 to 77‰ (31 years B.P. to modern equivalent 14C ages) 
and − 103 to 44‰ (816 years. B.P. to modern equivalent 14C 
ages), respectively (Fig. 2b, c; OR1 Table S2).

Overall, SIMPROF analysis showed that stream δ13C and 
∆14C values from the corn watersheds differed significantly 
from the non-corn watersheds (OR1 Fig. S1), with the δ13C 
values of DIC, DOC, and POC accounting for 63% of the 
dissimilarity (OR1 Table S3). ANOSIM analysis further 
revealed that δ13C and ∆14C values from the forested water-
shed stream differed from the streams of both large mixed 
use and pasture watersheds (OR1 Table S4), and this differ-
ence was significant (p = 0.029).

Relative contributions of potential C sources 
to stream DIC, DOC and POC

Isotopic mixing models revealed that 94–96% of stream 
DIC in both the tilled and non-tilled corn watersheds (storm 
flow only) was derived from atmospheric  CO2 equilibration, 
while 1–2% was from remineralized organic C and 3–4% 
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from limestone dissolution (Fig. 3a, OR1 Table S5a). In 
the non-corn watersheds where baseflow samples predomi-
nated, contributions from atmospheric  CO2 also dominated 
(64–77%) while those from remineralized organic C were 
lowest among contributing sources (2–4%; Fig. 3a, OR1 
Table S5a). Contributions from limestone dissolution were 
substantially higher (17–33% contribution) than those from 
remineralized organic C in all watershed types except small 
mixed land use (Fig. 3a, OR1 Table S5a).

Contributions of shallow soil organic C to DOC export 
in corn watersheds (40–65%) generally exceeded those in 
non-corn watersheds (10–33%; Fig. 3b), though there was 
overlap in the 90% CIs (OR1 Table S5b).  C4 plant biomass 
was the second greatest contributor to corn watershed DOC 
export (26–51%) followed by deep soil organic C (4–8%). 
There were no calculated contributions of POC or  C3 plant 
biomass to the DOC exported from corn watersheds (no 
source was present; OR1 Table S1). In contrast,  C3 plant 

biomass dominated DOC exports across all non-corn water-
sheds (51–77%), and was higher in the large mixed land use 
and pasture watersheds than any other source (Fig. 3b, OR1 
Table S5b). DOC export was driven about equally by POC 
(4–9%) and deep soil OC (3–5%) sources across all non-corn 
watersheds (Fig. 3b, OR1 Table S5b).

Tilled-corn watershed POC exports were dominated by 
 C4 plant biomass (82%), and this source contributed substan-
tially more than shallow (11%) and deep (5%) soil organic C 
(Fig. 3c, OR1 Table S5c). In the non-tilled corn watershed, 
 C4 plant biomass also dominated POC export (56%), but 
this had overlapping 90% CIs with shallow soil organic C 
(median of 25%) and deep soil organic C (median of 17%) 
contributions (Fig. 3c, OR1 Table S5c). Surprisingly, in 
non-corn watersheds, while  C3 plant biomass contributions 
dominated POC exports (30–52%), deep soil organic C 
was the second largest contributor (17–30%, Fig. 3c, OR1 
Table S5c). In general, there was a large degree of overlap 

Fig. 2  Δ14C values, equivalent 
14C ages, and stable carbon 
isotope (δ13C) values of stream 
water a dissolved inorganic car-
bon (DIC), b dissolved organic 
carbon (DOC), and c suspended 
particulate organic carbon 
(POC) in the six NAEW water-
sheds sampled in the present 
study. Note the different scales 
on the y-axes of each panel. 
Raw data are provided in OR1 
Table S2. Statistical evaluation 
of the data is presented in OR1 
Fig S1 and Tables S3 and S4



Effects of agricultural and tillage practices on isotopic signatures and fluxes of organic…

1 3

Page 7 of 13 23

in the 90% CIs for all source contributions to non-corn 
watersheds (indicating a large amount of uncertainty in the 
models), but the largest contribution of any source to any 
watershed was  C3 plant biomass to the forested watershed 
(52%, Fig. 3c, OR1 Table S5c).

Overall, contributions of potential C sources to stream 
DIC, DOC and POC were significantly different between 
corn watersheds and non-corn watersheds, but not between 
tilled and non-tilled corn watersheds or among the non-corn 
watersheds (Fig. 3 and OR1 S2). The dramatic differences in 
potential source contributions to stream C observed between 
corn and non-corn watersheds were driven by the absence or 
presence of  C3-derived DOC and POC and by the absence or 
presence of  C4-derived POC in corn vs. non-corn watersheds 
(Fig. 3, OR1 Table S6).

Annual carbon fluxes from watersheds

The cumulative annual area-specific discharge was great-
est from the pasture watershed, lowest from the non-tilled 
corn watershed, and similar among the other four water-
sheds (OR1 Fig. S3). Annual stream total C fluxes (i.e., 
the sum of the DIC, DOC and POC fluxes) were generally 
dominated by DIC (41–44% for corn, 19–28% for non-corn) 
(Fig. 4a, d), followed by DOC (37–51% for corn, 19–28% 
for non-corn; Fig. 4b, d) and POC (8–19% for corn. 3–5% 
for non-corn) (Fig. 4c, d). DOC fluxes from the tilled-corn 
watershed stream were the largest in magnitude of all the 
watersheds (Fig. 4b). The tilled-corn DOC flux contributed 
most (i.e., of the three C pools) to an annual total C flux 
(7926 kgC km−2 year−1) that was about 314% higher than 
in the non-tilled watershed stream (2526 kgC km−2 year−1), 
and 39–76% greater than in the non-corn watershed streams 
(4489–5695 kgC km−2 year−1; Fig. 4d).

Overall, total C fluxes in the tilled corn watershed were 
significantly higher than from all other watersheds, while 
fluxes in the non-tilled watershed were significantly lower 
than from all other watersheds (Fig. 4, with statistical results 
of SIMPROF analyses in OR1 Fig. S4). No significant dif-
ferences existed among the total C fluxes of any of the non-
corn watershed streams (Fig. 4 and OR1 S4). Total C flux 
contributed most to the statistical dissimilarity between 
tilled and non-tilled corn watershed streams, whereas both 
DOC and POC fluxes contributed similarly to the separa-
tion between the tilled corn and non-corn watershed streams 
(OR1 Table S7). DIC flux contributed the most to the sta-
tistical dissimilarity between the non-tilled and non-corn 
watershed streams (OR1 Table S7).

The annual fluxes of individual streamwater C sources 
(Fig. 5) followed the same patterns as the relative source 
contributions to the streamwater DIC, DOC and POC pools 
(Fig. 3) for each watershed. For DIC sources,  CO2 derived 
from atmospheric equilibration dominated watershed C 
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export, ranging from 1060 to 3034 kgC km−2 year−1, while 
export fluxes of remineralized organic C were negligible 
across all watersheds (Fig.  5a, OR1 Table  S8a). Rela-
tively large amounts of dissolved limestone were exported 
from non-corn watersheds (606–1327 kgC km−2 year−1), 
and were one to two orders of magnitude larger than dis-
solved limestone exports from the corn watersheds (Fig. 5a, 
OR1 Table  S8a). Shallow soil organic C contributed 
2636 kgC km−2 year−1 to the DOC flux from the tilled corn 

watershed (Fig. 5b, OR1 Table S8b). This was the largest 
individual organic C flux term for any of the watersheds and 
was ~ sevenfold higher than the fluxes of shallow soil-derived 
DOC in the non-tilled corn watershed stream and ~ sixfold 
higher than the forested watershed stream (Fig. 5b, OR1 
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Table S8b).  C3 plant biomass, the dominant source of C to 
DOC export in the non-corn watersheds, ranged between 
650 and 964 kgC km−2 year−1; Fig. 5b, OR1 Table S8b). 
 C4 plant biomass dominated contributions to annual 
stream POC fluxes in the corn watersheds, accounting for 
270–537 kgC km−2 year−1 of the POC flux (Fig. 5c, OR1 
Table S8c).  C3 plant biomass dominated the POC fluxes in 
the forested watershed (108 kgC km−2 year−1), whereas a 
mixture of sources contributed evenly across all other non-
corn watersheds (Fig. 5c, OR1 Table S8c).

When all individual C source fluxes from Fig. 5 were 
taken into account, corn watersheds were significantly differ-
ent from non-corn watersheds (OR1 Fig. S5). Slightly more 
than 50% of the dissimilarity between corn and non-corn 
watersheds was explained by exports of  C3 and  C4 plant 
biomass as DOC and POC, DOC derived from POC, and 
limestone dissolution (OR1 Table S9).

Discussion

Headwater streams have been observed in a number of 
recent studies to respond rapidly to changes in hydrology 
and to play a critical role in watershed-aquatic-atmosphere 
C exchanges and downstream transport (e.g., Argerich et al. 
2016; Dawson et al. 2011; Kuhn et al. 2017; Marx et al. 
2017). These exchanges and transports are impacted by the 
more intimate and rapid connectivity between headwater 
streams and the soils, groundwaters and surface runoff of 
their associated watersheds compared to larger streams and 
rivers (Kuhn et al. 2017; Marx et al. 2017; Raymond et al. 
2016). To evaluate organic and inorganic C sources and 
dynamics in headwater streams and their associated land 
use, we investigated the effect of different land-use types and 
agricultural tillage practices on C fluxes and isotopic sig-
natures in headwater streams of a long-term experimental 
watershed. Our findings indicate that the C pools and fluxes 
of these headwater streams respond to (in order of decreas-
ing importance) tillage practices, general land use type, and 
physical landscape factors.

C sources and exchanges in corn agriculture 
watersheds

Streams in the corn watersheds (both tilled and non-tilled) 
differed significantly from streams in all of the other water-
sheds in their isotopic character (Fig. 2 and OR1 S1) and 
potential source contributions (Figs. 3, 5, OR1 S2 and S5) to 
the organic and inorganic C pools. Differences between corn 
and non-corn watershed DIC were a result of both absences 
of remineralized organic C contributions and the absence of 
old (> 1000 years. B.P) inorganic C from weathered lime-
stone contributions (Barnes et al. 2018) to corn watershed 

DIC (Figs. 2, 3). For the DOC and POC pools, corn vs. non-
corn watershed differences were due to inputs of  C4 (i.e., 
corn) vs.  C3 biomass (Figs. 2, 3, and 5).

Stream total C fluxes in the tilled corn watershed (Fig. 4d) 
were dominated by DOC export (Fig. 4b) that was com-
prised largely of shallow soil-derived DOC (Fig.  3b). 
In fact, the tilled corn watershed yielded an average 
of ~ 2380 kgC km−2 year−1 more shallow soil DOC than all 
other watershed types, including the non-tilled corn water-
shed (Fig. 5b). This result was heavily influenced by the 
DOC sample taken in Spring 2009 which occurred imme-
diately following spring tilling (Fig. 2b, OR1 Table S2) 
(Martin Shipitalo, personal communication). The δ13C 
value of this DOC sample (− 30.0‰) was also more similar 
to the δ13C of shallow soil organic C (− 22.6 ± 0.3‰) and 
 C3 plant biomass (− 30.3 ± 1.1‰) than to  C4 plant biomass 
(− 12.3 ± 0.8‰; OR1 Tables S1 and S2). Collectively these 
findings illustrate the dominant influence of tilling activity 
on mobilizing shallow soil organic C and enhancing stream 
organic C exports in the NAEW, and are consistent with 
earlier findings showing that tilling activities result in sig-
nificantly higher terrestrial C losses when compared to non-
tilling agricultural practices (Beniston et al. 2015; Gao et al. 
2016; Jacinthe et al. 2004; Olsen et al. 2013; Owens et al. 
2002). The episodic effects of tilling on soil C mobiliza-
tion to headwater streams could be further confirmed and 
strengthened by collecting and analyzing samples immedi-
ately prior to and after tilling.

C sources and exchanges in non‑corn watersheds

Isotopic characteristics of stream inorganic and organic C 
pools differed between the forested watershed and the pas-
ture and large mixed use watersheds (Fig. 2, OR1 Table S4) 
due to larger contributions of young leafy and woody debris 
from  C3 biomass to stream POC in the forested watershed 
as well as higher contributions of shallow soil-derived OC 
to DOC in the forested watershed (Figs. 3c, 5c; Table OR1 
S8) (Shibata et al. 2001). Despite observed isotopic distinc-
tions between the forested and the pasture and large mixed 
use streams, neither the calculated contributions of various 
potential C sources (Figs. 3, 5, OR1 S2), nor the DIC, DOC, 
POC, and total C fluxes (Fig. 4, OR1 S4) differed among 
any of the four non-corn watersheds. The relative similar-
ity in sources and fluxes among non-corn watersheds may 
be a result of riparian buffering along the lengths of the 
large mixed, small mixed, and pasture watershed streams, 
offering a similar interface between the land and stream 
as in the forested watershed (see OR1 Text S1 for details). 
These macro-vegetated buffers (10 m or more wide along the 
banks of the streams in many areas, with the small mixed 
use watershed completely forested on one side of the stream; 
personal observation) may modulate hydrological forcing 
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and C source contributions throughout non-corn watersheds, 
thus modulating the effect of land use disturbances on DIC 
(Raymond et al. 2008), DOC (Graeber et al. 2012), and POC 
(Zaimes et al. 2004) exports from small watersheds. Overall, 
our findings suggest that pasture grazing or mixed land use 
may have little effect on total terrestrial C losses compared 
to undisturbed (i.e., forested) land uses in small watersheds 
(Fig. 4 and OR1 S4). However, lower impact land uses may 
still influence the isotopic character of stream DIC, DOC 
and POC compared to undisturbed forested conditions (OR1 
Table S4) by affecting the relative contributions of individ-
ual sources (Figs. 3 and 5) (Fox and Ford 2016).

Influence of physical landscape attributes 
on watershed C fluxes and C isotopes

While land use change and other factors such as topographic 
relief (i.e., slope) and watershed area can influence the quan-
tities and characteristics of organic and inorganic C trans-
ported by headwater streams (Dawson et al. 2011; Finlay 
2003; Fortner et al 2012; Shipitalo et al. 2000; Wolock 
et al. 2013), our data suggests that land use was most likely 
the dominant driver in the present study. For example, dis-
charge and C fluxes were highest in the tilled-corn water-
shed even though its slope (2–18%) and watershed size 
(0.7 ha) were much lower than those of the forested (slope 
12–35%, 172 ha) and large mixed land use (slope 18–25%, 
max 35%, 348 ha) watersheds (Table 1; Figs S3, S4) (Kelly 
et al. 1975), and discharge only occurred during storm flow 
events (i.e., ~ 14% of the year) (Table S10). Thus, while our 
data do not support slope and watershed size as significant 
drivers of the observed variation in C fluxes, it does support 
the role of land use.

Any effect of watershed size on the corn watersheds may 
have been obscured by a lack of permanent streams in the 
corn watersheds. Ephemeral streams have minimal or no 
groundwater inputs of limestone-derived aged DIC (result-
ing in higher Δ14C-DIC values compared to permanent 
streams) and minimal to no contact time with biogeochemi-
cally active sediments (resulting in increased DOC export) 
(Barnes et al 2018; Wolock et al. 1997). While we found that 
the ages of C exported from corn watersheds were typically 
younger than for other watersheds with permanent streams 
(Fig. 2), DOC exports were only higher for the tilled corn 
watershed compared to all other watersheds (Fig. 4b). Thus, 
the discontinuous and ephemeral nature of the corn water-
shed streams may have influenced the interpretation of the 
data, but land use was an important factor as well.

Even considering the ephemeral nature of the corn water-
shed streams, the C flux findings from the present study are 
consistent with those from Jacinthe et al. (2004) who found 
that tillage greatly increased C losses from the NAEW 
watersheds and that this was disproportionately driven by 

high rainfall events. On a broader scale, our findings are con-
sistent with recent studies that have shown that relatively few 
large hydrologic events can drive annual watershed organic 
matter and C exports (the “pulse-shunt” concept; Barnes 
et al. 2018; Raymond et al. 2016). Furthermore, changes 
in landscape hydrology (due to land use change) can alter 
flow paths as well as the amounts and characteristics of C 
exported from terrestrial to aquatic systems (Barnes et al. 
2018). The overall interpretation of the present findings is 
that, while watershed slope and area may affect watershed C 
fluxes, tilled agricultural land use has the greatest influence 
on the amounts and characteristics of C exported from the 
Coshocton headwater stream watersheds.

Potential impacts of headwater stream land use 
on downstream processes

The present study demonstrates that land use affected the 
sources (Fig. 3) and isotopic character (Fig. 2) of organic and 
inorganic C exported from headwater stream watersheds, 
especially between corn and non-corn land use. Addition-
ally, our mixing models revealed that tilling activity greatly 
changed the potential sources of watershed C contributing 
to overall C fluxes in small, runoff-dominated watersheds 
(Fig. 3). Specifically, our findings indicate that the upper 
soil layers of the tilled corn watershed contributed an addi-
tional 2266 kgC km−2 year−1 to the DOC flux compared to 
the non-tilled corn watershed (Fig. 5) and this was driven 
primarily by the post-tilling spring sample (Fig. 2) (Beniston 
et al. 2015; Mishra et al. 2010). Such differences in sources 
and fluxes of C may also influence the aquatic processing 
and fates of organic C exported from watersheds having dif-
fering land uses. For example, recent studies have shown 
that the sources of watershed-derived organic C in head-
water streams can potentially affect C utilization by stream 
microbes (Berggren and del Giorgio 2015; Lu et al. 2013, 
2014a) and higher consumers (Bellamy et al. 2017; Weber 
et al. 2017). Future research in this area should strive to 
connect land use effects on terrestrial-aquatic C fluxes in 
headwater watersheds with downstream storage, processing 
and transport of C in order to fully constrain large scale eco-
system C budgets (Butman et al. 2016; Dupas et al. 2017).

Effects of agriculture on ecosystem C budgets, espe-
cially due to differences in tillage practices, may extend 
beyond stream exports to the land–atmosphere interface 
as well. A prior comparison of NAEW watersheds showed 
that a tilled corn watershed was a net source of  CO2 to the 
atmosphere, while non-tilled watersheds (corn and soy-
bean) were net  CO2 sinks (Izaurralde et al. 2007). Reduc-
tions in greenhouse gas emissions by altering tillage prac-
tices has been demonstrated in other studies as well (e.g., 
Jin et al. 2017), although this can also be dependent on 
seasonal climate and soil conditions (Morell et al. 2011). 
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No-till agricultural practices may therefore also help to 
offset anthropogenic atmospheric greenhouse gas emis-
sions through soil C sequestration (Jin et al. 2017; Lal 
2004a, b), and at the same time maintain or even increase 
long-term crop yields and soil C retention (Dick and Van 
Doren 1985; Dick et al. 1991; Jin et al. 2017). However, 
current models show that land use-associated  CO2 emis-
sions are offset entirely by organic C burial in terrestrial 
and aquatic systems due to agriculturally-driven soil ero-
sion (Wang et al. 2017). Findings from the present study 
complement and augment the current community under-
standing of landscape-scale C sources, transfers and budg-
ets by demonstrating that non-tilled corn watersheds may 
export far less C (especially in the form of soil organic 
C) than tilled corn watersheds. However, in order to fully 
assess and understand the impacts of tilling vs. non-tilling 
agricultural practices on landscape-scale C budgets, addi-
tional studies are needed both on the transport and pro-
cessing of C in different terrestrial systems as well as on 
processing and fates of C during transport between head-
water streams and the coastal ocean (Bauer et al. 2013; 
Butman et al. 2016; Drake et al. 2017; Regnier et al. 2013).

Summary

The carbon isotopic characteristics and potential sources 
contributing to headwater stream C fluxes from anthropo-
genically altered watersheds in the NAEW are significantly 
influenced by land use practices. Furthermore, agricultural 
tilling activities have a major effect on the amounts, isotopic 
character, and estimated potential source contributions of 
organic and inorganic C fluxes in streams draining tilled 
watersheds. As a result, land use disturbance in the water-
sheds of numerically dominant headwater streams has the 
potential to alter the biogeochemical cycling and fluxes of 
C on much larger scales (e.g., Mississippi river basin). The 
consequences of such large-scale land use alteration for C 
inputs and cycling in larger streams, rivers, estuaries, and the 
coastal ocean are only beginning to be understood and incor-
porated into our conceptual and quantitative models (Bauer 
et al. 2013; Butman et al. 2016; Regnier et al. 2013; Ren 
et al. 2016; Stackpoole et al. 2016).
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