
Abstract
In the past decade, significant increases in surface water 
dissolved organic carbon (DOC) have been reported for large 
aquatic ecosystems of the Northern Hemisphere and have 
been attributed variously to global warming, altered hydrologic 
conditions, and atmospheric deposition, among other factors. 
We analyzed a 25-yr DOC record (1988–2012) available for a 
forested headwater stream in the United States and documented 
two distinct regimes of stream DOC trends. From 1988 to 2001, 
annual mean volume-weighted DOC concentration (DOCvw, mg 
L-1) and annual DOC flux (kg ha-1 yr-1) declined by 34 and 56%, 
respectively. During 1997 to 2012, the decline in DOCvw and DOC 
flux increased by 141 and 165%, respectively. Declining DOCvw 
from 1988 to 2001 corresponded to a decline in growing season 
runoff, which has the potential to influence mobilization of DOC 
from uplands to streams. Increasing DOCvw from 1997 to 2012 
corresponded to increased precipitation early in the growing 
season and to an increase in the number and intensity of short-
duration fall storms capable of mobilizing long-accrued DOC 
from forest litter and soils. In contrast, total annual runoff declined 
throughout the period. Rising air temperature, atmospheric acid 
deposition, and nitrogen depositions did not offer any plausible 
explanation for the observed bidirectional annual trends of 
stream DOCvw. Our study highlights the critical role of long-term 
datasets and analyses for understanding the impacts of climate 
change on carbon and water cycles and associated functions of 
aquatic and terrestrial ecosystems.
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Headwater streams constitute almost 70% of the 
total length of streams in the United States (Leopold 
et al., 1964). These streams can influence the global 

carbon cycle by outgassing CO2 (Butman and Raymond, 2011) 
and by transporting large amounts of organic carbon to down-
stream environments (e.g., Reichstein et al., 2013; West et al., 
2011). Headwater streams are intimately linked with their sur-
rounding terrestrial ecosystems and are highly sensitive to bio-
geochemical processes within their contributing areas (Lowe and 
Likens, 2005). Due to interactions between headwater streams 
and the surrounding terrestrial ecosystems (Beckman and Wohl, 
2014; Gomi et al., 2002), headwater streams receive most of their 
organic carbon in the form of dissolved organic carbon (DOC) 
(e.g., Meyer and Tate, 1983). In forested headwater streams, 
DOC influences energy supplies (e.g., Aitkenhead-Peterson et 
al., 2003), trophic resources (e.g., Hall and Meyer, 1998), and 
water quality (e.g., McKnight, 1981; Stewart and Wetzel, 1982). 
Furthermore, DOC not only dominates the carbon cycle of 
headwater streams (Dahm, 1981); it also mediates biogeochemi-
cal cycles of nitrogen (Bernhardt and Likens, 2002), phosphorus 
(Ardón et al., 2006), and other elements. At high concentrations, 
DOC imparts color to the stream and protects microorganisms 
from ultraviolet radiation (Curtis and Schindler, 1997).

Table 1 summarizes most of the long-term (>10 yr) studies 
that have reported significant change in freshwater DOC con-
centration and export in the Northern Hemisphere. Several of 
these studies have investigated the potential drivers of long-term 
DOC patterns, but no single driver has been implicated among 
all studies. Some of the major drivers include rising air tempera-
ture (e.g., Freeman et al., 2001), hydrological change (e.g., Eimers 
et al., 2008a, 2008b), recovery from acidification (e.g., Monteith 
et al., 2007), nitrogen deposition (Findlay, 2005), and land 
use/land cover change (e.g., Aitkenhead-Peterson et al., 2009). 
However, many of these studies were conducted on large, fresh-
water bodies such as lakes and rivers of mid to high latitudes, 
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core Ideas

•	 Long-term records show a steady decline in stream DOC fol-
lowed by a steady increase.
•	 Declining runoff and changes in storm timing and intensity 
point to hydro-climatological drivers.
•	 Neither temperature nor atmospheric deposition explained bi-
directionality of trends.
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many of which are heavily influenced by wetlands and snowmelt-
dominated runoff. Fewer studies have investigated long-term 
(>10 yr) trends of stream DOC and associated potential driv-
ers for humid mountainous watersheds (e.g., Lutz et al., 2012). 
Lutz et al. (2012) were limited in data and used a combination of 
observed and modeled DOC time series for the analysis.

Here, we analyzed a 25-yr DOC record along with ancillary 
hydro-climatic and atmospheric deposition data for a forested 
headwater stream in the Appalachian Mountains of the south-
eastern United States. Long-term datasets provided a unique 
opportunity to understand the possible impacts of climate 
change on carbon and water cycles in streams that are more sensi-
tive to anthropogenic forcing (e.g., Lowe and Likens, 2005). Our 
objectives were (i) to quantify and evaluate long-term trends of 
DOC concentration and flux in the stream over the period 1988 
through 2012 and (ii) to investigate the potential drivers respon-
sible for the observed DOC trends.

Materials and Methods
Study Site

The study was conducted at Coweeta Hydrologic Laboratory 
(hereafter Coweeta), a US Forest Service Experimental Forest 
and a National Science Foundation Long-Term Ecological 
Research site located in the Southern Appalachian Mountains 
of North Carolina (35°03¢ N, 83°25¢ W) (Supplemental Fig. 
S1). The climate is classified as maritime-humid temperate with 
frequent, short, and small rainfall events distributed year-round 
(e.g., Swift et al., 1988). Since 1934, Coweeta has been monitor-
ing long-term precipitation and temperature at a low-elevation 
(685 m) climate station (CS01) and has observed annual pre-
cipitation of 1802 mm and annual temperature of 12.87°C for 
the 63-yr period of record (1950–2012).

The study watershed (WS27) has a surface area of 39 ha and 
elevations ranging from a minimum of 1061 m at the outlet to a 
maximum of 1455 m at the ridge. The watershed is characteris-
tic of the region’s headwaters with a mean channel bed slope of 
33%, a mean areal slope of 55%, and soil depths <2 m. Soils in 
WS27 are predominantly coarse-loamy and belong to chandler 
soil series. High-elevation streams of Coweeta (including those 
in WS27) have relatively cool waters (Webster and Golladay, 
1984) that are depleted in nutrients and ionic strength (Swank 
and Waide, 1988). Mean annual precipitation within WS27 is 
2363 mm, and mean annual runoff is 1658 mm. Here, we adopt 
the hydrological definition of runoff as discharge per unit water-
shed area.

The watershed is considered a reference watershed for paired 
watershed studies at Coweeta and has not been harvested since 
1929. Two vegetation communities are present within WS27; a 
northern hardwood community dominated by northern red oak 
(Quercus rubra L.), yellow birch (Betula alleghaniensis Britton), 
and sweet birch (Betula lenta L.), and a mixed oak community 
dominated by Quercus spp. and Carya spp. (Elliott et al., 1999). 
The bedrock underlying WS27 is metamorphic and comprises 
biotite, gneiss, metasandstone, and schists (Velbel, 1985). 
Unfractured bedrock beneath WS27 is highly impermeable, 
suggesting that runoff measured at the weir accurately repre-
sents total water drainage from the study watershed (Swift et al., 
1988).

Methods
Dissolved organic carbon concentrations were measured in 

water samples (n = ~1000) collected every 1 to 2 wk from WS27 
between 1988 and 2012. Samples were not collected in 1998 and 
2002. Water samples were collected from the stream immediately 
upstream of the weir pond, filtered using a Gelman A/E glass 
fiber filter (0.3 µm pore size), and refrigerated until analyzed. 
Samples were analyzed for DOC using two different methods: 
(i) an Oceanography International Organic Carbon analyzer 
using persulfate oxidation (1988–2001) and (ii) a Shimadzu 
TOC-5000A Total Carbon Analyzer (2001–2012) using high-
temperature combustion (HTC). Dissolved organic carbon 
concentrations obtained from the persulfate method (PS) were 
converted to DOC concentrations from HTC method using the 
regression equation HTC = 0.87 PS - 0.07 (R2 = 0.6; p < 0.05), 
where the 95% confidence intervals ranged from 0.72 to 1.008 
for slope and from -0.14 to -0.003 for the intercept. These 
ranges are comparable to other studies juxtaposing both methods 
(e.g., Benner and Hedges, 1993). This regression-based approach 
for converting DOC values from HTC to PS is consistent with 
other work at Coweeta summarized by Meyer et al. (2014). 
Detailed comparison of DOC values in samples analyzed using 
the two methods revealed a small bias, with PS overestimating 
HTC by an average of 0.13 mg L-1 (Supplementary Material). 
Overall, the methodological difference is believed to account for 
approximately 5% of total uncertainty in DOC estimates from 
freshwater systems (Kaplan, 1992). The difference in methods 
may affect the overall magnitude of DOC reported in this study 
but is unlikely to affect the direction of DOC trends at Coweeta.

For each month, the volume-weighted DOC concentration 
(DOCvw) was calculated as:

1
vw

1

DOC

n
j jj

n
jj

C Q

Q
=

=

=
å
å

 [1]

where Cj is the DOC concentration of a biweekly sample (mg 
L-1), and Qj is the instantaneous discharge (L s-1) at the time of 
sampling. We calculated the standard error (SE) for DOCvw on 
an annual basis as:

 SE
n
s

=  [2]

where s is the standard deviation in DOCvw, and n is the sample 
size. Monthly DOC flux was calculated by multiplying monthly 
DOCvw by mean monthly discharge for WS27. We assessed 
DOC patterns on both monthly and water year (WR) bases. 
We used the WR definition of Meyer et al. (2014), which is 1 
November of the base year to 31 October of the following year 
(e.g., WY 1989 is 1 Nov. 1989 through 31 Oct. 1990).

Discharge for the second-order perennial stream draining 
WS27 (Hard Luck Creek) is monitored by the US Forest Service 
using an instrumented 120° v-notch weir. A total of 7 mo of dis-
charge data were missing during the 25-yr time series: August 
through October 2002, November 2003 through January 2004, 
and January 2013. We computed monthly averages of daily max-
imum air temperature using records from Coweeta’s long-term 
climate station (CS01). We computed monthly precipitation 

http://plants.usda.gov/java/profile?symbol=BEAL2
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totals from daily precipitation recorded at a climate station 
within the watershed (CS77). Annual precipitation and runoff 
were summed from monthly totals for each water year. The 
annual runoff ratio was calculated as the ratio of annual runoff to 
annual precipitation. Before the establishment of CS77 in 1992, 
we calculated precipitation using a simple regression model: Y 
= 1.1057×X + 7.022 (R2 = 0.95), where Y is modeled monthly 
precipitation (mm) for the missing months of CS77, and X is 
observed monthly precipitation (mm) at CS17, a climate station 
located in a nearby watershed. Discharge data, air temperature 
data, and precipitation data were acquired from the Coweeta 
data portal (Coweeta-Long Term Ecological Research, 2013).

Trend analysis on all datasets was performed at annual and 
monthly time scales using the Mann–Kendall test (Kendall, 
1975; Mann, 1945), and the rates of change (i.e., slopes) of sig-
nificant trends were estimated using the Sen Slope (SS) method 
(Sen, 1968). The Mann–Kendall test is a robust statistical test 
due to its insensitivity to the shape of distribution and outliers of 
the time series. Where any gaps in time series variables occurred, 
we used linear least squares regression to estimate the trend 
slope. The Kendall correlation coefficient (t) was also used to 
quantify the relationships between potential drivers and DOC 
for the study period. We performed Wilcoxon rank sum tests 
(Wilcoxon, 1945) to evaluate differences between median values 
of two time series.

We performed a breakpoint analysis to identify the period 
of time in which trends in stream DOC changed direction. The 
breakpoint analysis involved computing correlation statistics 
(one-sided t and a corresponding p value) for the DOC time 
series both before and after a potential breakpoint year. We sys-
tematically tested each year from 1989 to 2011 to determine 
whether it met the following criteria for a breakpoint in the time 
series. We considered a breakpoint in the time series to occur near 
the maximum sum of |t| values before and after the potential 
breakpoint year where both p values were significant. We allowed 
for uncertainty in the analysis by computing summed |t| to two 
significant digits only, allowing us to identify a range of consecu-
tive years during which the trend in DOC changed direction. A 
Bonferroni adjustment for testing two simultaneous, one-sided 
correlations yielded a critical p value of 0.05 (0.10/2). Breakpoint 
analyses were also applied to annual and monthly time series of 
maximum air temperature, precipitation, and runoff.

Results
Temporal Trends in Stream Dissolved Organic Carbon 
Concentrations and Fluxes

The breakpoint analysis identified a breakpoint in stream 
DOC trends between 1997 and 2001, with a declining trend in 
stream DOCvw (t = -0.66; p < 0.05) with a linear slope of -0.04 
mg L-1 yr -1 from 1988 to 2001 followed by a rising trend in 
stream DOCvw (t = 0.72; p < 0.05) with a linear slope of 0.09 
mg L-1 yr -1 from 1997 to 2012 (Fig. 1). Using the linear rates 
of decline and increase, we estimated a decline of 34% (1988–
2001) followed by an increase of 141% (1997–2012) in annual 
mean DOCvw (Fig. 1). The lowest annual DOCvw was observed 
in 2000 (0.88 mg L-1) during the breakpoint-defined interval 
(1997–2001). We separated all data sets into “pre” (1988–2001) 
and “post” (1997–2012) intervals to investigate the drivers 

influencing rising and declining trends in DOCvw during each of 
these intervals.

To further understand trends in DOCvw, we compared the 
temporal patterns of DOCvw at a monthly scale for the 1988–
2001 and 1997–2012 intervals. For the later interval, significant 
increases in monthly mean DOCvw were observed for the grow-
ing season months of April and June and the early fall months 
of September and October compared with the earlier interval 
(Wilcoxon, p < 0.05) (Fig. 2a–d). A bidirectional trend in mean 
monthly DOCvw was only observed for the month of September 

Fig. 1. trends for annual mean volume-weighted dissolved organic 
carbon (docvw) for the study period (1988–2012) in the study water-
shed (Ws27) at coweeta hydrologic Laboratory, otto, nc. solid red 
lines show linear trends, dashed line shows the breakpoint interval 
(1997–2001), and black error bars in the docvw represent se based on 
the number of samples collected during the study period.

Fig. 2. Monthly trends of volume-weighted dissolved organic carbon 
concentration (docvw) for the months of April (a), June (b), september 
(c), and october (d) during the study period (1988–2012). dashed 
lines and double arrows show the duration of lengths for which 
trends were significant (p < 0.05).
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(Fig. 2c). For September, we observed a declining trend in 
DOCvw (1988–2001: t = -0.60; p < 0.05; linear slope = -0.09 
mg L-1), followed by a rising trend in DOCvw (1997–2012: t 
= 0.67; p < 0.05; linear slope = 0.17 mg L-1) that was consis-
tent in shape to the declining and rising behavior of annual mean 
DOCvw during the study period (Fig. 1).

Annual DOC flux declined from 1988 through 2001 (t = 
-0.60; p < 0.05) with a linear slope of -1.49 kg-1 ha-1 yr-1. The 
declining trend was followed by rising DOC from 1997 through 
2012 (t = 0.75; p < 0.05) with a linear slope of 1.81 kg-1 ha-1 
yr-1 (Fig. 3). Based on linear slopes, we computed a decline of 
56% between 1988 and 2001, followed by an increase of 165% 
in annual DOC flux between 1997 and 2012 (Fig. 3). We also 
compared seasonal and monthly trends in DOC flux for the 
1988–2001 and 1997–2012 intervals and did not detect any sig-
nificant changes in mean monthly fluxes (Wilcoxon, p > 0.05) 
between both intervals.

Hydro-Climatological Trends
We identified a significant increase in annual maximum air 

temperatures of 1.25°C over the study period (t = 0.23; p < 
0.05) with a SS of 0.05°C yr-1 (Supplemental Fig. S2). Summer 
months in particular became warmer, with increasing trends 
in monthly maximum air temperatures observed for June (t 
= 0.45; p < 0.05) and August (t = 0.34; p < 0.05). No sig-
nificant breakpoints were identified for annual maximum air 
temperatures.

We observed a decline in runoff of 22 mm yr-1 (t = -0.28; p 
< 0.1) and runoff ratio (t = -0.32; p < 0.05), but no significant 
trends were detected for annual precipitation (p > 0.05) during 
the study period (Fig. 4a–c). The declining trend in annual 
runoff suggested a decline of 550 mm (SS, -22 mm yr-1) in 
annual runoff from 1988 to 2012, which was further supported 
by declining runoff ratios (Fig. 4c). No significant breakpoints 
were identified for annual runoff, annual precipitation, and 
annual runoff ratio.

We found no significant differences in monthly precipitation 
or monthly runoff between the two time intervals (Wilcoxon, p > 
0.05). During the 1988–2001 interval, we identified significant 
declining trends in monthly runoff for the months of August 
(t = -0.39; p < 0.05), September (t = -0.45; p < 0.05), and 
October (t = -0.45; p < 0.05) (Fig. 5). During the 1997–2012 
interval, April precipitation increased significantly (t = 0.43; p < 
0.05) (Fig. 5a). We observed an increase in extreme precipitation 

Fig. 3. trends for annual dissolved organic carbon (doc) flux for 
the study period (1988–2012) in Ws27 at coweeta hydrologic 
Laboratory, nc.

Fig. 4. trends in annual precipitation (a), annual runoff (b), and annual 
runoff ratio (c), for the study watershed (Ws27) from 1988 to 2012. 
solid red lines show the sen slope (ss) estimates, and red dashed 
lines represent 95% confidence interval for the ss estimates.

Fig. 5. trends for monthly precipitation and monthly runoff for the 
months of April (a, b), June (c, d), september (e, f), and october (g, h) 
during the study period. symbols represent type of data, precipita-
tion (open circle), and runoff (filled circle). dashed lines and double 
arrows show the duration of lengths for which trends were significant 
(p < 0.05).
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(storms exceeding 75th percentile; i.e., 16.5 mm) for the month 
of September (Fig. 5e), which was previously documented in an 
analysis by Laseter et al. (2012) at a lower-elevation climate sta-
tion within the Coweeta basin (Fig. 6a, b). Laseter et al. (2012) 
found an increase in the number of high-intensity storms (75th 
and 85th percentile) from 2000 onward (Fig. 6b), which they 
attributed to tropical storm activity.

Stream Dissolved Organic Carbon and Discharge
Instantaneous discharge and DOC concentrations at the 

time of sampling covered a wide range of flows under base 
flow and storm flow conditions (Supplemental Fig. S3); how-
ever, we found no significant correlation between sampled 
DOC concentration (not volume-weighted) and instan-
taneous discharge for the study period. When we exam-
ined samples during two intervals separately, we found that 
stream DOC concentrations during 1997 to 2012 were 35% 
higher on average than DOC concentrations during 1988 to 
2001 despite the approximately same mean instantaneous 
discharge of 20 L s-1 (Supplemental Fig. S3a). During the 
month of September, we found that mean instantaneous 
discharge increased by 32% from the 1988–2001 interval to 
the 1997–2012 interval and that mean instantaneous stream 
DOC increased by 55% from the earlier interval to the later 
interval. Mean instantaneous DOC also increased during the 
months of April, June, and October from the earlier interval 
to the later interval, but the changes were less than that of 
September (Supplemental Fig. S3b–e).

We found a strong correlation between runoff during the 
growing season months and annual mean DOCvw (t = 0.46; p < 
0.05) and annual DOC fluxes (t = 0.53; p < 0.05), respectively, 
during the 1988–2001 interval. For the same interval, a stronger 
correlation (t = 0.53; p < 0.05) was observed between the runoff 
from the month of September and annual mean DOCvw. The 
1997–2012 interval exhibited no similar relationships.

Discussion
Rising Air Temperature

Generally, higher air temperatures increase microbial 
activity, leading to increased DOC production in aquatic 
ecosystems (e.g., Evans et al., 2005; Freeman et al., 2001). 
In forested headwater streams, temperature exerts a strong 
control over the seasonal variability of DOC formation and 
consumption (e.g., Cronan and Aiken, 1985; Mulholland 
and Hill, 1997). High air temperature during the growing 
season increases microbial decomposition in forest soils, lead-
ing to increased DOC formation (e.g., Liechty et al., 1995). 
At Coweeta, maximum annual air temperature increased by 
1.25°C during the study period (Supplemental Fig. S2). These 
annual trends were accompanied by significant increases in 
mean and maximum air temperatures during the growing 
season month of June. Increasing June temperatures may have 
contributed to significantly higher DOCvw in June for the 
later interval (1997–2012).

Air temperature can also influence the transport of DOC 
from uplands to the stream indirectly by altering the water bal-
ance of the watershed. Specifically, rising air temperatures can 
cause increased atmospheric demand for water vapor, which may 

increase evapotranspiration when soil water supplies are suffi-
cient to meet vegetation requirements (e.g., Emanuel et al., 2007, 
2010; Wang and Dickinson, 2012). These influences of tempera-
ture on DOC can elicit complex behavior by counteracting each 
other or by operating at different temporal scales.

Hydrological Changes
Several field studies highlight relationships between runoff 

and DOC concentrations and fluxes in aquatic ecosystems (e.g., 
McDowell and Likens, 1988; McGlynn and McDonnell, 2003; 
Tate and Meyer, 1983). Significant declines in annual runoff 
(-22 mm yr-1) and runoff ratios at Coweeta (Fig. 4c) suggest 
drier conditions, potentially linked to rising air temperatures 
(Supplemental Fig. S2). In earlier work at Coweeta, Tate and 
Meyer (1983) revealed that the biological activities respon-
sible for DOC formation and consumption were most active 
during the growing season due to favorable conditions for in-
stream biological activity, litter decomposition, and leaching in 
soils. During the 1988–2001 interval, we observed a decline 
in monthly runoff for some of these growing season months 
(Fig. 5) and detected significant correlations between grow-
ing season runoff and annual mean DOCvw and DOC fluxes. 
September exhibited much stronger correlation between the 
monthly runoff and annual mean DOCvw for the same dura-
tion. These correlations were indicative of strong seasonal con-
trol of runoff on annual patterns of mean DOCvw (e.g., Eimers 
et al., 2008b). Declining runoff during the growing season (Fig. 
5) might be associated with reduced transport of more reactive 
fraction of DOC from uplands to the stream. Furthermore, 
drier conditions can result in a lack of hydrologic connectivity 
within the watershed, reducing the capacity of these landscapes 
to contribute new DOC to the stream (Pacific et al., 2010).

The role of runoff in mobilizing DOC has been widely 
recognized in various ecosystems (e.g., Eimers et al., 2008b; 

Fig. 6. total number of storms observed in the month of september 
(a) and percentage (%) of storms exceeding the 75th percentile (16.5 
mm) (b) during 1988 to 2008. data provided by Laseter et al. (2012). 
The gap represents no storms exceeding the 75th percentile for that 
particular year.
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Lutz et al., 2012; Oni et al., 2013). Eimers et al. (2008b) 
reported that seasonal runoff changes had a direct impact 
on modulating the annual DOC dynamics for Canadian 
wetland–dominated watersheds. Oni et al. (2013) reported 
that runoff explained significant variability in DOC for both 
upland and wetland-dominated watersheds of Sweden. Our 
study joins these other studies to further support the direct 
linkages between runoff and DOCvw, which could potentially 
explain the declining annual patterns of DOCvw observed 
during the 1988–2001 interval.

During the 1997–2012 interval, monthly DOCvw and 
monthly precipitation increased for the months of April (Fig. 
2a, 5a) and September (Fig. 2c), along with an increase in high-
intensity storms for the month of September (Fig. 6b) (Laseter 
et al., 2012). Increasing precipitation, together with warmer 
conditions in early growing season months (e.g., April), may 
enhance biological productivity, leading to high stream DOC 
during that month. Earlier work at Coweeta suggests that grow-
ing season storms can flush high concentrations of DOC from 
soils (Meyer and Tate, 1983). The timing of September storms 
was crucial because most of the earlier growing season months 
were relatively dry.

Leaf fall at Coweeta generally begins in late September or 
early October. Experimental studies in other Coweeta streams 
have demonstrated a direct link between DOC concentration 
and the amount of decomposing leaves in the stream (Meyer et 
al., 1998). September storms may have provided high antecedent 
conditions for October to mobilize in-stream decomposing fresh 
leaf litter to the catchment outlet. To summarize, during the 
later interval annual runoff declined through time but DOCvw 
continued to rise, likely due to changes in precipitation patterns 
during fall months.

A number of field studies have analyzed the relationship 
between DOC and storms, focusing on event-based DOC flush-
ing (Dhillon and Inamdar, 2013; Hinton et al., 1997; McDowell 
and Likens, 1988). McDowell and Likens (1988) attributed the 
consistent flushing of high DOC concentrations during mul-
tiple storms to freshly fallen leaves in a forested stream of New 
Hampshire. A few studies have also suggested that the strength 
of the flushing signal is even stronger after prolonged dry periods 
(Inamdar et al., 2008; Worrall et al., 2004a).

Other Potential Drivers
In general, other drivers that may influence the long-term 

patterns of stream DOC include land use/land cover changes 
(Aitkenhead-Peterson et al., 2009), recovery from acidification 
(Monteith et al., 2007), and nitrogen deposition (Findlay, 2005). 
We evaluated some of these drivers for WS27 but were unable to 
implicate any of them as controls on observed long-term patterns 
of stream DOC. In particular, WS27 is a reference watershed for 
the Coweeta basin, so no land use/land cover changes occurred 
at our study site during the study period.

Studies show an inverse relationship between atmospheric 
[SO4

2-] and stream DOC (e.g., Evans et al., 2005; Monteith 
et al., 2007). These studies suggest that increasing [SO4

2-] 
(i.e., acidity) suppresses the solubility of organic compounds 
in soil solution, restraining the formation and consumption 
of DOC in soils and streams (e.g., Clark et al., 2005; Hruska 
et al., 2009; Thurman, 1985). Annual mean volume-weighted 

[SO4
2-] from the National Atmospheric Deposition Program 

wet-deposition site at Coweeta (National Atmospheric 
Data Program, 2015) declined at an average rate of -0.02 
mg L-1 yr-1 (t = -0.52; p < 0.001) during the study period 
(Supplemental Fig. S4a). These data suggest that the water-
shed has been recovering from acidification since 1988 or 
earlier. Steadily declining [SO4

2-] might be expected to 
cause steadily rising stream DOC (Erlandsson et al., 2011). 
However, no such pattern was observed in stream DOC for 
WS27 (Fig. 1). Although a lag in recovery of DOC from acid-
ification might be expected, such a long lag (>10 yr) seems 
highly unlikely given observations of recovery in other sites 
(e.g., Evans et al., 2005). Recovery from acidification may 
provide part of an explanation for long-term trends in DOC 
at Coweeta, but, given the bidirectional DOC trends, acidifi-
cation recovery alone is unlikely to explain our observations.

Annual mean concentrations of [NO3
2-] of wet deposition 

from the same National Atmospheric Deposition Program site 
declined gradually (t = -0.48; p < 0.001) (Supplemental Fig. 
S4b) for the study period. Furthermore, no significant trend 
was detected for annual mean concentrations of [NH4

+] at 
the site during the study year period (Supplemental Fig. S4c). 
These observations suggest a minor decline in inorganic nitro-
gen deposition for the watershed during the study period. 
Laboratory and field experiments provide equivocal evidence 
of a direct (e.g., Pregitzer et al., 2004), an inverse (e.g., Park et 
al., 2002), or no relationship (e.g., Magill et al., 2000) between 
DOC and nitrogen deposition. However, a long-term sur-
face water DOC export study in the Hudson River suggested 
that high rates of nitrogen deposition could accelerate micro-
bial decomposition, leading to the release of humic substance 
and contributing to the formation of DOC (Findlay, 2005); 
however, given that nitrogen deposition at Coweeta declined 
during the study period, it is unlikely that this trend is linked to 
observed patterns in stream DOC.

Among the potential drivers of long-term stream DOC 
discussed in this paper, hydro-climatological factors emerge as 
the most likely source of the bidirectional trends observed in 
WS27. Other studies have reported bidirectional or periodic 
trends in long-term DOC. For example, Hejzlar et al. (2003) 
found bidirectional trends in dissolved organic matter in an 
upland stream, which was attributed to variability in runoff, air 
temperature, and atmospheric deposition. Recently, Lutz et al. 
(2012) attributed the observed rising and declining patterns in 
stream DOC to changes in runoff and runoff source areas for 
a forested watershed in Tennessee. Together with our results, 
these studies demonstrate the potential for hydro-climatolog-
ical factors to elicit or contribute to nonmonotonic trends in 
long-term stream DOC.

Global Change Implications and Limitations of Analysis
Our results provide evidence of strong linkages between 

long-term DOC trends and hydro-climatological variabil-
ity. Annual maximum air temperatures are increasing at 
Coweeta (Supplemental Fig. S2) (Ford et al., 2011; Laseter 
et al., 2012), a trend that is consistent with global model pre-
dictions for the southeastern United States (Stocker et al., 
2013). Based on evidence of positive feedbacks between air 
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temperature and soil microbial activity (e.g., Davidson et al., 
2000; Heimann and Reichstein, 2008), continued tempera-
ture increases may be accompanied by increases in terrestrial 
DOC production, which may eventually contribute to rising 
concentrations of stream DOC. Rising temperatures can also 
alter hydrologic fluxes and associated hydrologic connectivity 
within a watershed, resulting in declining transport of DOC 
from uplands to streams. Given this potential for reduced 
connectivity, export of DOC could become more episodic in 
the future.

General circulation models predict that precipitation could 
become more extreme with increases in short-duration, high-
intensity storms for much of the United States, including the 
Southeast (Stocker et al., 2013). Intense storms can signifi-
cantly reduce the residence time of DOC within watersheds 
and flush a larger proportion of DOC from soils into stream 
channels (Dhillon and Inamdar, 2013; Sebestyen et al., 2009). 
Studies have predicted increasing DOC fluxes with increases 
in annual precipitation and annual runoff for future climate 
projections (Sebestyen et al., 2009); however, our results show 
that DOC export can increase even if annual precipitation 
magnitude remains unchanged or if annual runoff declines. 
This work suggests that over the long term, changes in storm 
characteristics (e.g., frequency, intensity, duration) may affect 
global DOC dynamics, carbon budgets, and overall ecosys-
tem responses (e.g., Knapp et al., 2008) more than changes in 
total precipitation. In general, changing climatic patterns can 
severely affect the availability, formation, consumption, and 
transport of DOC in mountainous watersheds. Changing 
DOC patterns can have impacts on the closely coupled water-
shed nitrogen cycle (Bernhardt and Likens, 2002) and overall 
stream chemistry. Due to the close coupling between head-
water streams and their surrounding landscapes (Gomi et al., 
2002), these changes may influence the healthy functioning of 
aquatic and terrestrial ecosystems.

Our study, along with other long-term datasets published 
in recent years (Argerich et al., 2013; Meyer et al., 2014), high-
lights the potential complexity of long-term trends in stream 
biogeochemistry. In particular, these studies illustrate the abil-
ity of long-term trends to vary in magnitude or even direction 
depending on the length of record or the period of record 
chosen for analysis. Collectively, these studies suggest caution 
while interpreting trends from a given time series and call for 
building and maintaining long-term datasets to understand 
more fully long-term ecological and hydrological responses 
of watersheds and their streams to environmental change. 
It stands to reason that such multi-decadal datasets will only 
increase in value as benchmarks for scientific research and for 
management and policy decisions.
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