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Abstract We performed a meta-data analysis to
investigate the importance of event based fluxes to
DOC export from forested watersheds. A total of 30
small eastern United States forested watersheds with
no wetland component, with a total of 5,176 DOC and
accompanying discharge measurements were used in
this analysis. There is a clear increase in DOC
concentration during hydrologic events (storms and
snow melt) that follows a power relationship. We
estimate that 86% of DOC is exported during events.
The majority (70%) of this event based DOC flux
occurs during the rising hydrograph and during
large events. Events with a discharge greater than
1.38 cm day ™' make up only 4.8% of the annual
hydrograph, yet are responsible for 57% of annual
DOC flux. The relationship between event discharge
and both DOC concentration and flux is also regulated
by temperature and antecedent conditions, with a
larger response in both fluxes and concentrations to
events during warmer periods and periods where the
preceding discharge was low. The temperature rela-
tionship also shows seasonality indicating a potential
link to the size or reactivity of watershed OM pools.
The 86% of DOC lost during events represents a
conservative estimate of the amount of allochthonous
forested DOC transported laterally to streams. Future
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research on watershed cycling of DOC should take into
account the importance of events in regulating the
transport of DOC to downstream ecosystems, deter-
mine the relative importance of abiotic versus biotic
processes for the temperature regulation of event-
associated DOC fluxes, and elucidate the interactions
between processes that respond to climate on event
versus longer time scales.
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Introduction

The question of how organic matter (OM) moves
from terrestrial ecosystems to streams and impacts
downstream aquatic ecosystems is of fundamental
importance (Lindeman 1942; Teal 1962; Fisher and
Likens 1972; McDowell and Likens 1988; Webster
and Meyer 1997; Hedin et al. 1998; Grimm et al.
2003; Cole et al. 2007). Knowledge of the mecha-
nisms that control the fluxes and transport pathways
of dissolved organic matter (DOC) is requisite to
managing aquatic food webs and sustaining or
restoring ecosystem health (Bormann et al. 1969;
Gomi et al. 2002; Rabalais et al. 2002; Bernhardt
et al. 2005). With respect to metabolic budgets, the
export of stream-water DOC represents a loss of
reduced compounds and limiting nutrients from
terrestrial ecosystems (Qualls and Haines 1991;

@ Springer



198

Biogeochemistry (2010) 100:197-209

Hedin et al. 1995; Kalbitz et al. 2000; Neff et al.
2003). This land-derived DOC represents a source of
allochthonous energy for heterotrophs in receiving
lakes, rivers, reservoirs, and estuaries (Wetzel 1992;
Smith and Hollibaugh 1993; Kemp et al. 1997;
Raymond and Bauer 2000; Pace et al. 2004; Aller and
Blair 2006), and the decomposition of DOC within
these water bodies releases nutrients that fuel new
primary and secondary production.

Watershed cycling of DOC has equally important
implications for applied biogeochemistry and water
quality (Kaplan et al. 2006). DOC affects the efficiency
of drinking-water treatment efforts (Garvey and
Tobiason 2003; Sharp et al. 2004), and its presence
can lead to the formation of potentially harmful
disinfection by-products (Singer 1994; Chow et al.
2008). Complexation reactions with DOC influence
the fate and transport of a variety of hazardous
pollutants, such as mercury (Haitzer et al. 2002; Aiken
et al. 2005; Selvendiran et al. 2006; Shanley et al.
2006). DOC also regulates microbially-mediated
reactions controlling contaminant toxicity (Watras
et al. 2005), alters stream-water pH (Wigington et al.
1996), absorbs harmful UV-light (Morris et al. 1995),
and influences the cycling of aluminum and iron oxides
(McKnight et al. 1992).

Interactions between terrestrial biota, soil chemistry,
microbiological processes, and hydrological phenom-
ena affect DOC cycling within watersheds and the
transfer of terrestrial DOC to streams (Likens and
Bormann 1995; Qualls et al. 2002). The important
contribution of precipitation and snowmelt events to
total annual DOC export has been documented (Ciaio
and McDiffett 1990; Brown et al. 1997; Hinton et al.
1998; Volk et al. 2002; Even et al. 2004; Wellington and
Driscoll 2004; Inamdar et al. 2006; Saunders et al.
2006), and recent observations indicate that the chem-
ical composition and reactivity of soil-water and stream-
water DOC changes markedly during rainfall and
snowmelt (Easthouse et al. 1992; Buffam et al. 2001;
Kaushal and Lewis 2003; Dalzell et al. 2005, 2007; Volk
et al. 2005; Hood et al. 2006; Vidon et al. 2008).
Although it is evident that hydrologic events (i.e.,
rainfall, snowmelt) serve as “hot moments” for the loss
of labile carbon, organic-bound nutrients, and DOC-
associated pollutants from the terrestrial landscape
(McClain et al. 2003), quantitative linkages between
event-based DOC concentrations and stream discharge
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and other watershed characteristics have not been well
elucidated.

In this paper, we derive quantitative relationships
suitable for approximating USGS observations on
DOC concentrations in stream waters that drain 30
forested watersheds that have no wetland component.
The relationships that emerge reveal that DOC export
is controlled by high-discharge events that comprise
disproportionately small fractions of the watersheds’
annual water yields. This meta-data analysis also
illuminates a temperature and antecedent-discharge
regulation of event-based DOC export.

Methods

Our study focuses on 30 small, USGS gauged
watersheds that are dominated by forest land cover
(Table 1) and distributed across eight states in the
eastern Unites States (Table 1) within the U.S.
Geological Survey (USGS) Hydrologic Units 1, 2,
and 5 (Fig. 1). The selected watersheds average
55.8 km? in area and are homogeneous with respect
to land cover (Table 1). We limited our analysis to
watersheds with low wetland coverage because of the
known role of wetlands in elevating stream-water
DOC concentrations (Raymond and Hopkinson
2003). The percent forest coverage in all watersheds
exceeds 80% and averages 96%, and the percent
wetland coverage in each watershed is less than
1.2%.

Our analysis uses data published by USGS and
includes 5,176 DOC measurements (USGS parameter
code 00681) and daily measurements of stream
discharge (USGS parameter code 00060). Collec-
tively, the measurements were made between 1977
and 2008, although most records do not span the
entire period (Table 1). Because we used daily
stream-flow measurements, sub-daily DOC observa-
tions were averaged over the entire day, which
yielded a total of 4,078 days with DOC measure-
ments. Measurements of volumetric discharge were
normalized by watershed area to facilitate compari-
sons between watersheds of different size.

To identify hydrologic events from the time-series
data on stream discharge, we separated the discharge
hydrographs into their quickflow and baseflow com-
ponents, such that
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Table 1 30 USGS forested watersheds used in this analysis and their average flow and DOC flux
USGS site  Name Start End n  Avg DOC Area Flow DOC flux
ID year  year (mg 1 (kmz) (cm yearf') (g m~2 yearf')
01054200  Wild River at Gilead, ME 1981 2006 51 43 180.2 108.1 4.8
01137500  Ammonoosuc River, NH 1993 1995 34 26 226.8 67.0 2.0
01170100  Green River, MA 1993 2004 66 1.5 107.2 719 1.3
01174565 W. B. Swift River, MA 1983 1985 69 29 32.6 784 2.7
01349711  West Kill, NY 1997 1999 61 1.5 129 108.6 1.9
01349840  Batavia Kill, NY 1997 2001 54 24 53 125.6 4.6
01362200  Esopus Cr., NY 1996 1995 25 1.2 1649 81.3 1.0
01364959  Rondout Cr., NY 1984 2002 307 2.0 13.9 109.3 2.6
01434006  E.B. Neversink, N.E. 1991 2006 416 2.6 23.1  113.7 4.0
30 of Denning, NY
01434013 E. B. Neversink, E of Ladelton, NY 1991 1994 84 1.5 48.2  99.6 1.8
01434017  E. B. Neversink, NR Claryville, NY 1991 2006 110 14 59.3 95.0 3.1
01434021 W. B. Neversink, NR Frost Valley, NY 1986 2006 497 2.1 2.0 172.1 5.7
01434022 W. B. Neversink, at B. 1991 1993 69 09 204 94.6 1.9
65 NR Frost Valley, NY
01434025  Biscuit Brook, Frost Valley, NY 1983 2006 1043 1.9 9.6 975 2.5
01434105  High Falls Brook, Frost Valley, NY 1983 1999 127 2.1 7.1 855 1.1
01434176 ~ W. B. Neversink, NR Claryville, NY 1991 1995 64 09 65.5 822 1.7
01434498  W. B. Neversink, at Claryville, NY 1991 2006 95 1.2 87.5 95.6 24
01435000  Neversink River, NR Claryville, NY 1986 2006 310 1.9 1724 970 2.1
01545600  Young Womans Cr., NR Renovo, PA 1981 2007 81 2.3 119.6 57.1 1.2
01559795  Bobs Cr., NR Pavia, PA 1993 1997 18 3.6 43.0 727 0.8
01571827  Swatara Cr., below Ravine, PA 1985 1986 20 1.3 119.9 50.6 0.5
01610400  Waites Run, NR Warden., WV 2001 2004 28 14 32.6 nd n.d.
03015795  East Hickory Cr., NR Queen, PA 1996 1998 27 2.1 52.6  73.0 14
03039925  North Fork Bens Cr., at North 1983 1993 110 1.1 89 76.6 0.8
Fork Reservoir, PA
03039930  S. Fork Bens Cr., NR Thomasdale, PA 1983 1985 26 1.2 85 91.0 1.3
03201600  Big 4 Hollow Cr., NR Lake Hope OH 1978 1981 56 2.7 2.5 1231 4.9
03201660  Big 4 Hollow Cr., bl E. F. nr. 1979 1983 35 32 1.9 141.6 4.4
Lake Hope, OH
03201700  Big Four Hollow Cr. nr. 1978 1979 62 32 2.6 125.1 3.0
Lake Hope OH
03207965  Grapevine Cr., NR Phyllis, KY 1976 1989 22 43 16.1 66.7 2.3
03282100  Furnace Fork, NR Crystal, KY 1987 2008 21 2.8 25.7 64.7 2.6
Average 1988 1997 131 22 55.8 94.0 2.4

Annual flow is the average annual flow from the gauging stations and DOC flux is average annual output from LOADrunner

Q:Qq+Qb (1)

where Q is measured total stream discharge (cm dayil),
0, is quickflow, which is the ephemeral component of
stream discharge that begins shortly after the onset of
precipitation or snowmelt, and Q,, is baseflow, which is

the comparatively steady component of stream dis-
charge that continues well after the cessation of a
hydrologic event. We used the local minimum HYSEP
method (Sloto and Crouse 1996) to separate the
stream-discharge hydrographs and to compute Q, and
0O, from time-series measurements of Q. We identified
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Fig. 1 Locations of 30

watersheds used in our
analyses of DOC export
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hydrologic events as those days for which Q > Q, and
non-events as days for which Q = Q,,.. The events were
further separated into rising-hydrograph days, desig-
nated as those event days associated with the ascending
limb and peak of a rising hydrograph, and falling-
hydrograph days, designated as those event days on the
descending limb of the hydrograph.

The data on DOC concentration from all 30 study
sites were combined and regrouped according to their
occurrence during non-events, rising-hydrograph
events, and falling-hydrograph events. Each group
of DOC measurements was then binned by stream
discharge (Q). The highest-Q bin contained measure-
ments of DOC concentration made under conditions
in which Q> Q} =5 cm dayfl, where Q} is the
value of stream discharge associated with the lower
bound of discharge bin 1. The upper and lower bounds
for the remaining discharge bins were computed by

i—1

Q) = é +0.1 07" fori= 1 to N, (2a)
and
"U: 2’1 for i=1 to N, (2b)

where the superscript i denotes the bin number, N, is
the total number of bins, and the subscripts L and U
refer to a bin’s lower and upper discharge bounds,
respectively.
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Discharge-concentration relationships are often
described using power-law equations (Vogel et al.
2003; Wheatcroft et al. 2010). We tested the assump-
tion that the bin-averaged measurements of DOC
concentration could be described as power-law func-
tions of stream discharge, such that

T =u(0) '+ (3)

where C' is the bin-averaged DOC concentration and
0' is a mean discharge computed by averaging daily
discharges within the ith bin for those days in which
measurements of DOC concentration were made. The
parameters o, n, f§ quantify the relationship between
C and Q. Separate sets of these regression parameters
were estimated for non-events, rising-hydrograph
days, and falling-hydrograph days.

We estimated the annual export of water associ-
ated with the ith discharge bin, QQ (cm yearfl), by

0\, = 36507 (4)

where Q' is the grand-average daily discharge for the
ithbin (cm day ') and f is the fraction of days in which
0, <Q<Qi. Whereas Q in Eq.3 was computed
with daily discharges from the subset of days in which
DOC measurements were available, O in Eq. 4 was
calculated from complete records of daily discharge.
In particular, estimates of Q were calculated from 171
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annually complete records of daily discharge collected
from the study watersheds at times that overlapped the
periods of DOC measurement.

The annual export (flux) of DOC associated with the
ith discharge bin, F' (g m~2 year™ '), was computed on
the basis of stream discharge and relationships between
stream discharge and DOC concentration:

i 36507°C

100
where Ci is an average daily stream-water QPC
concentration (mg 17') computed by using the 0 in
power-law functions (i.e., Eq. 3) parameterized from
the regressions of C versus Q.

In addition to exploring an average export behav-
ior with Egs. 3-5, we examined how the relationship
between annual fluxes of water and DOC varied
among the study watersheds using more conventional
means. In particular, DOC export from each
watershed was calculated with Loadrunner, a pre-
and post-processing program developed at Yale that
links to the LOADest computer program written by
the USGS (Runkel et al. 2004). The equation that
governs Loadrunner is

(5)

Fip =ay+ a; IHQ +ap lIlQ2 + a3 sin(2nt)
+ a4 cos(2nt) (6)

where F;p is the Loadrunner computed stream-water
flux of DOC (g m~—2 day™"), 7 is time centered Julian
days, and ay, a;, a,, and a3, and a4 are constants. The
constants were estimated through non-linear regres-
sion by using the available measurements of DOC flux
and corresponding measurements of stream discharge
(Q) as the response and predictor variables, respec-
tively. Once the constants were estimated through
regression, F;z was computed with (6) for those days
in which DOC measurements were unavailable, and
the total annual DOC flux (F,) for each watershed was
computed through summation of the daily F;g.

Results
Concentrations
The arithmetic and flow-weighted average concen-

trations of DOC equaled 2.1 and 1.8 mg 17", respec-
tively. These low concentrations reflect, in part, the

small percentage of wetland coverage within the
forested watersheds selected for this study.
Concentrations of DOC tend to increase with stream
discharge (Fig. 2), and the relationships between
bin-averaged DOC concentration and the correspond-
ing average stream discharge for non-event days,

y=0.30"x+1.11
r2=0.29 p<0.0001

In DOC (In of mg L-1)

= Falling
-1 * y=0.39*x+0.93
r2=0.39 p<0.0001

Non-Event
y=0.078"x+0.43
r2=0.02 p<0.0001

-2 -1 0 1 2 3 4
In Discharge (mg L-1)

Fig. 2 Relationships between the natural logarithm of stream
discharge and the natural logarithm of stream-water DOC
concentration for rising, falling, and non-event periods of the
hydrograph. Only data from hydrologic events with discharges
greater than 0.2 cm day~' were used in the top two linear
regressions. The standard errors for the slope and y intercept of
the rising hydrograph data are 0.0155 and 0.0157, respectively,
and 0.0235 and 0.0247 for the falling hydrograph
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rising-hydrograph days, and falling-hydrograph days
could be expressed with power-law equations (Fig. 3),
such that

Rising-hydrograph days : C = 1.83 + 1.40@0460;
r* =0.99, P<0.0001
(7)

Falling-hydrograph days : C = 0.84 + 1.84_0'41;

r? =0.93, P = 0.0024
(8)

Non-event days : C = 1.24 + 1.00—0»89;

) 9)
7 = 0.99, P = 0.0009

Comparison of these expressions reveals that the
relationship between DOC concentration and dis-
charge differs between rising hydrograph days and
falling hydrograph days. That is, DOC concentrations
associated with the rising hydrograph are greater than
those measured at equal discharges on the falling
hydrograph (Fig. 3). Calculations based on (7)—(9)
demonstrate that falling-hydrograph DOC concentra-
tions are 76% of rising-hydrograph concentrations at
low discharge (i.e., Q = 0.2 cm day™') and 81% of
rising-hydrograph concentrations at moderate dis-
charge (Q = 0.6 cm day ™). Similar percent differ-
ences of DOC concentrations between rising and
falling periods of the hydrograph are found when
applying the regression results from the raw (un-
binned) data (Fig. 2). We note that there is a slight
increase in DOC concentrations at very low flows

21 e Rising
: 4+ Falling
Non-event
01— . . : .
0 2 4 6 8 10

Discharge (cm d-1)

Fig. 3 Relationship between stream discharge and stream-
water DOC concentrations for forested watersheds of the
eastern United States. DOC concentrations are bin-averaged by
stream discharge (see “Methods”). The error bars are standard
errors
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(ie., Q < 0.05 cm day ') on the falling hydrograph
and during nonevents (Fig. 3), presumably due to
autotrophic in-stream production.

Fluxes

Application of Eq. 4 yielded a total average annual
water flux (= Zf\il Q) of 103 cm year'. Non-event
days occurred 53% of the time and were characterized
by daily stream discharges that ranged from 0 to
2.7 cm day~ ' and averaged 0.18 cm day . Although
non-event days occurred more frequently than the sum
of the rising-hydrograph and falling-hydrograph days
(Fig. 4a), event days accounted for 74% of the annual
water export (Fig. 4b; Table 2). The average daily
discharge associated with rising-hydrograph days
equaled 1.1 cm day~' and exceeded the average
discharge of the falling-hydrograph and non-event
days by 0.53 and 0.92 cm day ', respectively.

The total annual DOC flux (= Y"1, F') equaled
3.05 ¢ DOC m~2 year—'. Only 14% of annual DOC
export occurred during the low-flow non-events
periods (Fig. 4c), which contributed 26% of the
annual stream discharge. The remaining 86% of the
annual DOC flux occurs in association with either the
rising or falling stream-water hydrograph (Fig. 4c;
Table 2). Because DOC concentration increases with
stream discharge (see Eqgs. 7-9), larger discharge
events, which occur infrequently, contribute dispro-
portionately to the annual DOC flux (Fig. 4c). For
example, events with discharges greater than
1.38 cm day~' comprise only 4.8% of the annual
hydrograph, but are responsible for 57% of annual
DOC flux.

Results of the LOADrunner analysis, which
involved evaluation of 171 annual records of stream
discharge and DOC concentration from the study
watersheds, revealed that annual DOC flux ranged
from 0.3 to 9.2 g m > year ' while annual stream
discharge varied from 29 to 223 cm year ' (Fig. 5).
The annual fluxes of DOC increased in a nonlinear
fashion with annual stream discharge, and 67% of the
variation in this relationship could be described by a
second-order polynomial function (Fig. 5):

Fj = 0.00010Q% + 0.0180,4 — 0.27 (10)

where F, is the annual DOC flux (g m~? year_l) and
Q, is the annual stream-water discharge (cm year™ ).



Biogeochemistry (2010) 100:197-209

203

Rising
................ Fa”lng
——— Non-event

0.12

0.10 1 Frequency

0.08 -
0.06 -
0.04

0.02

0.00 +

0.10

b Water Export
0.08 4 i

0.06 -
0.04 4

0.02

Fraction of Total

0.00 -

0.16
0.14 1 ¢ DOC EXpOrt

0.12 4§
0.10 +§
0.08 +
0.06 -
0.04 +
0.02
0.00 +

0 2 4 6 8 10 12 14
Discharge (cm d-1)

Fig. 4 Frequency of stream-discharge measurements (a),
fraction of annual stream-water export (b), and fraction of
DOC export (¢) as a function of stream discharge

Table 2 Percentage of the number of days in a year, water
flux and DOC flux exported during different stages of the
hydrograph

Frequency % water flux % DOC flux
Rising 18 42 60
Falling 29 32 26
Non-event 53 26 14

10
* °
< 81
L
>
a8
€
2 4
x
E L]
L 2
0 ‘e
8 0 1 y= 1.04e"4*x24+1.786#x-0.272
12=0.67 p<0.0001

0 50 100 150 200 250
Water Flux (cm yr-1)

Fig. 5 The relationship between annual stream-water water
flux and DOC flux computed through the application of
Loadrunner

Substitution of the average annual discharge
(Q4 = 103 cm yearfl) into (10) yields a correspond-
ing annual DOC flux of 2.6 g m~~ year ', which is in
reasonably close agreement with the calculation made
on the basis of Eq. 5 (.e., Eﬁ\':”] F'=3.05gm™?
year ).

Discussion

Our results show stream-water DOC concentrations
increase with stream discharge (Fig.2), and bin
averaging shows a power-law relationship between
discharge and concentration (Fig. 3). The lower DOC
concentrations during the falling hydrograph indicate
that the DOC storm response is hysteretic (Butturini
et al. 2006) and may, for example, reflect temporary
depletion of the terrestrial DOC supply due to soil-
water flushing (Hornberger et al. 1994; Boyer et al.
2000) or, perhaps, changes in the timing of runoff
contributions from the riparian zone and hill slope
during the course of a rainfall event (Hinton et al.
1998; McGlynn and McDonnell 2003). DOC that
appears in small streams during hydrologic events is
derived primarily from allochthonous terrestrial
sources (Royer and David 2005). The percentage of
DOC exported during events from the forested
watershed studied here was 86%, which can thus be
viewed as a conservative estimate of the allochtho-
nous/terrestrial contribution to stream DOC export
from small (<100 km?) forested watersheds without
wetlands.
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Although the importance of hydrologic events to
DOC flux has been demonstrated before (Ciaio and
McDiffett 1990; Denning et al. 1991; Murdoch and
Stoddard 1993; Brown et al. 1997; Hinton et al. 1998;
Volk et al. 2002; Even et al. 2004; Wellington and
Driscoll 2004; Inamdar et al. 2006; Saunders et al.
2006), this study shows that events dominate DOC
flux from forested end-member watersheds on a
regional scale. Calculations based on Eq. 5 indicate
that 86% of DOC is exported during events (rising
and falling hydrograph), with 60% of this being
exported during the rising hydrograph. Loadrunner
predicts that 76% of DOC is exported during the
rising and falling hydrograph (data not shown). The
discrepancy (~ 10%) in the percent predicted to be
exported during events arises because Loadrunner
does not separate DOC export by the period of the
hydrograph, which causes the model to provide low
values of DOC during events and high values during
non-events. For this study, Loadrunner provided
DOC concentrations during events that were on
average 0.18 mg 17! lower than the actual measure-
ments, and a non-event concentrations that were on
average 0.03 mg1~' too high (data not shown).
Studies that do not attempt to sample the rising
hydrograph and account for differences between the
periods of the hydrograph will also introduce some
error to their flux measurements and thus future
studies should take care to target hydrologic events
for sampling DOC, particularly the rising hydro-
graph. The importance of events and event-based
sampling will be amplified if forecasts that predict an
increase in the frequency of extreme precipitation
events prove reliable (Palmer and Ralsanen 2002).

Despite combining data from multiple sites, a
broad relationship exists between stream discharge
and DOC concentrations for the rising and falling
periods of the hydrograph (Figs. 2, 3). With respect
to the event fluxes, it has been noted that antecedent
soil moisture can be important to DOC levels in soil
solution and streams (Schiff et al. 1998; Wilson and
Xenopoulos 2008; van Verseveld et al. 2009).
Although we do not have event-by-event data on
soil moisture, we did find that accounting for
antecedent discharge (as an index of pre-event
watershed wetness) improves our ability to predict
event-based DOC concentrations. In particular, the
residuals of the linear relationship (converted to
concentration) between the In(Q) and In(C) (Fig. 2a)
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Fig. 6 The concentration residuals of Fig. 2a in as a function
of Q3.qay, the sum of stream discharge for the 3 days prior to
the day of DOC sampling

vary inversely with the sum of the preceding 1, 3, 7,
and 12 days discharge, with ¥ values of 0.106,
0.123, 0.100, and 0.0703, respectively (Fig. 6). Thus,
events that occur after drier conditions (character-
ized by lower antecedent discharge) correlate with
higher stream-water DOC concentrations due to
greater accumulation of flushable soil-water DOC
or DOC precursors between events. The relationship
between antecedent discharge and DOC concentra-
tions could also be due to changes in hydrologic
flow paths as different landscape units are linked to
the stream during flow events (e.g., Ocampo et al.
2006).

There is also a relationship between stream water
temperature and DOC concentration for the rising-
and falling-hydrograph periods (Fig. 7). At higher
water temperatures the concentrations of DOC during
the rising and falling hydrograph are greater (Fig. 7).
Similarly to a recent study conducted within a
Vermont watershed (Sebestyen et al. 2009), we could
have expressed this as a seasonal relationship.
Researchers have also found a relationship between
60 day antecedent air temperature and DOC concen-
tration for a watershed in Norway (Futter and de Wit
2006), and the number of growing degree days and
DOC export from watersheds in Canada (Creed et al.
2008). A multiple linear regression that uses daily
water temperature (7)), daily discharge (Q), and 3-day
antecedent discharged (Qs.4,y) as the predictor vari-
ables yields the following relationships for our study
watersheds:
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Fig. 7 The relationship between DOC concentrations associ-
ated with the rising and falling hydrograph and temperature.
No relationship was found for the non-event data. Similarly to
Fig. 2, only events with discharge greater than 0.2 cm day ™'
are used in the regressions

Rising hydrograph:
C =1.481n(Q) — 0.64 In(Q3-day) + 0.17T + 2.17,
r* =0.59
(8)
F =1.401n(Q) — 0.14 In(Q3_day) + 0.05T — 3.88;
* =092
©)
Falling hydrograph:
C =1.161n(Q) — 0.27 In(Q3_qay) + 0.117 + 2.17;
r* =045
(10)
F =1.401n(Q) — 0.016 In(Q3-day) + 0.04T — 3.90;
r* =0.88
(11)

where C is daily DOC concentration in mg 1~' and F
is the daily DOC flux in g m~2 day~'. According to

Eq. 9, a one degree increase in water temperature
during an event will increase DOC fluxes by 5.5%.
Despite grouping a large number of watersheds
across a range of latitude and longitude, an 7> of
0.92 for event fluxes approximates r* values for
multiple regressions of DOC export from the Sleepers
watershed in Vermont (Sebestyen et al. 2009,
r* = 0.91) and a study of 33 catchments in Canada
(** = 0.89), where the percentage of wetlands cov-
erage the explained variance (Creed et al. 2008).
Thus, although it “is impossible to predict the entire
pattern of solutes during storms with satisfactory
precision” in even a single watershed (Butturini et al.
2008), it appears that the response of DOC export to
hydrologic events across a range of forest types and
climate is controlled by similar processes.

Many of the processes that govern DOC produc-
tion, transport, and export from watersheds are
sensitive to temperature and watershed wetness. For
instance, seasonal and weekly rates of primary
production (Aber et al. 1995; Kindermann et al.
1995) and potentially root exudation are affected by
temperature and rainfall. The production of leaf litter
is controlled, in part, by these seasonal rates of
primary production (Bray and Gorham 1964). Soil
respiration responds to precipitation events (Lee et al.
2004), and dissolution of leaf litter and soil organic
matter and desorption of adsorbed DOC are regulated
by temperature and soil-moisture levels (Christ and
David 1996). Our findings provide further evidence
that temperature and watershed wetness (as qualified
by antecedent stream discharge) influence DOC
export on event time scales (hours) and highlight
the importance of increasing our understanding of
how interactions between temperature and wetness
affect the biogeochemical processes that govern DOC
fluxes through forested watersheds.

Temperature and antecedent discharge can impact
DOC export through both short-term processes (e.g.,
dissolution, desorption, and microbial activity) and
long-term processes (e.g., primary production, leaf-
litter accumulation, and soil OM pools). Our results
suggest that event based DOC export increases with
temperature, presumably because rates of processes
important at short time scales, such as desorption,
dissolution, and decomposition, increase with tem-
perature. Increased temperature, however, also
increases evapotranspiration and decreases water
storage in soils, and on time scales of days to weeks
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can dry soils causing a decrease in discharge and
DOC export (Raymond and Oh 2007). Thus, although
this study illuminates a dependence of DOC export
on watershed wetness and temperature that applies
for event time scales, climatic feedbacks that occur at
longer time scales will likely introduce additional
complexity to descriptions of DOC export.

The general conclusion that the DOC-export
response to climate change will depend on interac-
tions between multiple processes that operate on
different time scales is supported by two recent
studies. Sebestyen et al. (2009) focused on hydrologic
controls of DOC export from a forested watershed in
Vermont and predicted that changes in precipitation
patterns associated with projected climate change
would lead to an increase in DOC export. A second
study, which emphasized processes that control DOC
pool size and involved application of a terrestrial
ecosystem model to a watershed in nearby New
Hampshire, concluded that decreases in litterfall and
soil OC mineralization would lead to lower DOC
export under future climate (Campbell et al. 2009).
Despite different conclusions, both of these studies
are valuable in elucidating mechanisms that could
dictate how forested watersheds will respond to
future climate scenarios. Additional attention should
be devoted to understanding how coupled hydrolog-
ical and biochemical processes that occur across
different temporal scales regulate DOC concentra-
tions and fluxes. The newly developed INCA-C
model takes step in this direction through coupling of
a hydrologic model with a process-based ecosystem
model (Futter et al. 2007). Currently, this model
predicts annual DOC concentrations well and is
suited for studying long-term trends in DOC concen-
tration, yet it currently underestimates DOC concen-
trations during events (Futter et al. 2009a, b) due to a
lack of understanding of the mechanisms that control
DOC production and consumption in soils (Futter
et al. 2007), particularly at event scales.

We can extend our analysis to explore the potential
for feedbacks between ecosystem processes and DOC
fluxes that operate on different time scales. One can
see the seasonal influences of ecosystem processes on
DOC flux when this flux is normalized to discharge
across the calendar year (Fig. 8). The flux of DOC
normalized to discharge roughly tracks the seasonal
trend in stream temperature (Fig. 8). The fluxes in the
fall, however, are higher at the same temperature
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Fig. 8 Seasonal variation of temperature (black circles) and
DOC flux normalized to a flow of 1 cm day71 (red circles).
This graph was created by sorting the rising hydrograph data
by year day (the same data used in Fig. 7), determining the
y-intercept and slow of flow versus flux step-wise for 40 data
points, and plotting it against the average year day for the 40
data points. Data was wrapped to get an annual year-day cycle

compared to the spring (Fig. 8). One might attribute
the general linkage to temperature to be driven by
processes that occur on short, event-based temporal
scales, which, in turn, are influenced by seasonal
feedbacks to climate that increase the size and
reactivity of OM pools, leading to a shift in the
observed temperature/export relationship in the fall.
Currently, there is insufficient knowledge of the
controls and feedbacks between processes that oper-
ate on different time scales to predict with confidence
how watershed DOC export will respond under future
climatic scenarios.

Finally, new research demonstrates that the chem-
ical composition of DOC changes during events with
observations showing event DOC is more labile
(Buffam et al. 2001), with a high aromaticity (Vidon
et al. 2008), and from a different source (Dalzell et al.
2007) than non-event DOC. Thus, there is probably a
much larger flux of labile DOC to streams and rivers
than previously thought. Furthermore, because this
labile material is coming out during events it is likely
transported downstream to higher order systems
before it is utilized. A critical area of future research
is to further document how the composition of DOC
shifts during events because the composition of DOC
is as important as quantity in affecting the impact of
DOC export on the biogeochemistry of forests and
downstream ecosystems.

Acknowledgments We would like to acknowledge Bill
Sobczak and Adrien Finzi for conversations on this topic.



Biogeochemistry (2010) 100:197-209

207

We also are grateful for the constructive comments of two
anonymous reviewers. This paper was supported by NSF DEB
0546153.

References

Aber JD, Ollinger SV et al (1995) Predicting the effects of
climate change on water yield and forest production in the
northeastern United States. Clim Res 5:207-222

Aiken GR, Ryan JN et al (2005). Interactions between dis-
solved organic matter and mercury in aquatic environ-
ments. In: 15th annual V.M. Goldschmidt conference,
Moscow, ID

Aller RC, Blair NE (2006) Carbon remineralization in the
Amazon-Guianas tropical mobile mudbelt: a sedimentary
incinerator. Cont Shelf Res 26:2241-2259

Bernhardt ES, Likens GE et al (2005) Can’t see the forest for
the stream? In-stream processing and terrestrial nitrogen
exports. Bioscience 55:219-230

Bormann FH, Likens GE et al (1969) Biotic regulation of
particulate and solution losses from a forest ecosystem.
Bioscience 19:600-610

Boyer EW, Hornberger GM et al (2000) Effects of asynchro-
nous snowmelt on flushing of dissolved organic carbon: a
mixing model approach. In: 57th US/Canadian annual
eastern snow conference, Syracuse, New York

Bray JR, Gorham E (1964) Litter production in forests of the
world. Adv Ecol Res 2:101-157

Brown VA, McDonnell JJ et al (1997) The role of event water,
a rapid shallow flow component, and catchment size in
summer stormflow. In: 5th scientific assembly of the
international-association-of-hydrological-sciences, Rabat,
Morocco

Buffam I, Galloway JN et al (2001) A stormflow/baseflow
comparison of dissolved organic matter concentrations
and bioavailability in an Appalachian stream. Biogeo-
chemistry 53:269-306

Butturini A, Gallart F et al (2006) Cross-site comparison of
variability of DOC and nitrate c-q hysteresis during
the autumn-winter period in three Mediterranean head-
water streams: a synthetic approach. Biogeochemistry 77:
327-349. doi:10.1007/s10533-005-0711-7

Butturini A, Alvarez M et al (2008) Diversity and temporal
sequences of forms of DOC and NOs-discharge responses
in an intermittent stream: predictable or random succes-
sion? J Geophys Res Biogeosci 113:10. doi:G03016.10.
1029/2008jg000721

Campbell JL, Rustad LE et al (2009) Consequences of climate
change for biogeochemical cycling in forests of north-
eastern North America. Can J For Res 39:264-284. doi:
10.1139/x08-104

Chow AT, Dahlgren RA et al (2008) Relationships between
specific ultraviolet absorbance and trihalomethane pre-
cursors of different carbon sources. J] Water Supply Res
Technol Aqua 57:471-480. doi:10.2166/aqua.2008.064

Christ MJ, David MB (1996) Temperature and moisture effects
on the production of dissolved organic carbon in a
Spodosol. Soil Biol Biochem 28:1191-1199

Ciaio CJ, McDiffett WF (1990) Dissolved organic-carbon
dynamics in a small stream. J Freshw Ecol 5:383-390

Cole 1], Prairie YT et al (2007) Plumbing the global carbon
cycle: integrating inland waters into the terrestrial carbon
budget. Ecosystems 10:171-184. doi:10.1007/s10021-
006-9013-8

Creed IF, Beall FD et al (2008) Predicting export of dissolved
organic carbon from forested catchments in glaciated
landscapes with shallow soils. Glob Biogeochem Cycles.
doi:Gb4024.10.1029/2008gb003294.22

Dalzell BJ, Filley TR et al (2005) Flood pulse influences on
terrestrial organic matter export from an agricultural
watershed. ] Geophys Res Biogeosci. doi:G02011.10.1029/
2005jg000043.110

Dalzell BJ, Filley TR et al (2007) The role of hydrology in annual
organic carbon loads and terrestrial organic matter export from
a midwestern agricultural watershed. Geochim Cosmochim
Acta 71:1448-1462. doi:10.1016/j.gca.2006.12.009

Denning AS, Baron J et al (1991) Hydrologic pathways and
chemical-composition of runoff during snowmelt in Loch
Vale watershed, Rocky-Mountain National Park, Colo-
rado, USA. Water Air Soil Pollut 59:107-123

Easthouse KB, Mulder J et al (1992) Dissolved organic-carbon
fractions in soil and stream water during variable hydro-
logical conditions at Birkenes, southern Norway. Water
Resour Res 28:1585-1596

Even S, Poulin M et al (2004) Modelling oxygen deficits in the
Seine River downstream of combined sewer overflows.
Ecol Model 173:177-196

Fisher SG, Likens GE (1972) Stream ecosystem: organic
energy budget. Bioscience 22:33-35

Futter MN and de Wit HA (2006) Testing seasonal and long-
term controls of streamwater DOC using empirical and
process-based models. In: Sth international symposium on
ecosystem behavior, Santa Cruz, CA

Futter MN, Butterfield D et al (2007) Modeling the mecha-
nisms that control in-stream dissolved organic carbon
dynamics in upland and forested catchments. Water
Resour Res. doi:W02424.10.1029/2006wr004960.43

Futter MN, Forsius M et al (2009a) A long-term simulation of the
effects of acidic deposition and climate change on surface
water dissolved organic carbon concentrations in a boreal
catchment. Hydrol Res 40:291-305. doi:10.2166/nh.
2009.101

Futter MN, Helliwell RC et al (2009b) Modelling the effects of
changing climate and nitrogen deposition on nitrate
dynamics in a Scottish mountain catchment. Hydrol Res
40:153-166. doi:10.2166/nh.2009.073

Garvey EA, Tobiason JE (2003) Relationships between mea-
sures of NOM in Quabbin Watershed. J] Am Water Works
Assoc 95:73-84

Gomi T, Sidle RC et al (2002) Understanding processes and
downstream linkages of headwater systems. Bioscience
52:905-916

Grimm NB, Gergel SE et al (2003) Merging aquatic and ter-
restrial perspectives of nutrient biogeochemistry. Oeco-
logia 137:485-501. doi:10.1007/s00442-003-1382-5

Haitzer M, Aiken GR et al (2002) Binding of mercury(Il) to
dissolved organic matter: the role of the mercury-to-DOM
concentration ratio. Environ Sci Technol 36:3564-3570

Hedin LO, Armesto JJ et al (1995) Patterns of nutrient loss
from unpolluted, old-growth temperate forests—evalua-
tion of biogeochemical theory. Ecology 76:493-509

@ Springer


http://dx.doi.org/10.1007/s10533-005-0711-7
http://dx.doi.org/G03016.10.1029/2008jg000721
http://dx.doi.org/G03016.10.1029/2008jg000721
http://dx.doi.org/10.1139/x08-104
http://dx.doi.org/10.2166/aqua.2008.064
http://dx.doi.org/10.1007/s10021-006-9013-8
http://dx.doi.org/10.1007/s10021-006-9013-8
http://dx.doi.org/Gb4024.10.1029/2008gb003294.22
http://dx.doi.org/G02011.10.1029/2005jg000043.110
http://dx.doi.org/G02011.10.1029/2005jg000043.110
http://dx.doi.org/10.1016/j.gca.2006.12.009
http://dx.doi.org/W02424.10.1029/2006wr004960.43
http://dx.doi.org/10.2166/nh.2009.101
http://dx.doi.org/10.2166/nh.2009.101
http://dx.doi.org/10.2166/nh.2009.073
http://dx.doi.org/10.1007/s00442-003-1382-5

208

Biogeochemistry (2010) 100:197-209

Hedin LO, von Fischer JC et al (1998) Thermodynamic con-
straints on nitrogen transformations and other biogeo-
chemical processes at soil-stream interfaces. Ecology
79:684-703

Hinton MJ, Schiff SL et al (1998) Sources and flowpaths of
dissolved organic carbon during storms in two forested
watersheds of the Precambrian Shield. Biogeochemistry
41:175-197

Hood E, Gooseff MN et al (2006) Changes in the character of
stream water dissolved organic carbon during flushing in
three small watersheds, Oregon. J Geophys Res Biogeo-
sci. doi:G01007.10.1029/2005jg000082.111

Hornberger GM, Bencala KE et al (1994) Hydrological con-
trols on dissolved organic-carbon during snowmelt in the
Snake River near Montezuma, Colorado. Biogeochemis-
try 25:147-165

Inamdar SP, O’Leary N et al (2006) The impact of storm
events on solute exports from a glaciated forested water-
shed in western New York, USA. Hydrol Process 20:
3423-3439

Kalbitz K, Solinger S et al (2000) Controls on the dynamics of
dissolved organic matter in soils: a review. Soil Sci 165:
277-304

Kaplan LA, Newbold JD, Van Horn DJ, Dow CL, Aufden-
kampe AK, Jackson JK (2006) Organic matter transport in
New York City drinking water supply watersheds. J North
Am Benthol Soc 25:912-927

Kaushal SS, Lewis WM (2003) Patterns in the chemical frac-
tionation of organic nitrogen in Rocky Mountain streams.
Ecosystems 6:483-492. doi:10.1007/s10021-003-0175-3

Kemp WM, Smith EM et al (1997) Organic carbon balance and
net ecosystem metabolism in Chesapeake Bay. Mar Ecol
Prog Ser 150:229-248

Kindermann J, Wurth G et al (1995) Interannual variation of
carbon exchange fluxes in terrestrial ecosystems. In: 1st
science conference of the global analysis, interpretation
and modelling task force. American Geophysical Union,
Garmisch Partenki, Germany

Lee X, Wu HJ et al (2004) Rapid and transient response of soil
respiration to rain. Glob Change Biol 10:1017-1026. doi:
10.1111/j.1365-2486.2004.00787 .x

Likens GE, Bormann FH (1995) Biogeochemistry of a forested
ecosystem. Springer-Verlag, New York

Lindeman RL (1942) The trophic-dynamic aspect of ecology.
Ecology 23:399-418

McClain ME, Boyer EW et al (2003) Biogeochemical hot spots
and hot moments at the interface of terrestrial and aquatic
ecosystems. Ecosystems 6:301-312. doi:10.1007/s10021-
003-0161-9

McDowell WH, Likens GE (1988) Origin, composition, and
flux of dissolved organic-carbon in the Hubbard Brook
valley. Ecol Monogr 58:177-195

McGlynn BL, McDonnell JJ (2003) Role of discrete landscape
units in controlling catchment dissolved organic carbon
dynamics. Water Resour Res. doi:1090.10.1029/2002
wr001525.39

McKnight DM, Bencala KE et al (1992) Sorption of dissolved
organic-carbon by hydrous aluminum and iron-oxides
occuring at the confluence of Deer Creek with the Snake
River, Summit County, Colorado. Environ Sci Technol
26:1388-1396

@ Springer

Morris DP, Zagarese H et al (1995) The attentuation of solar
UV radiation in lakes and the role of dissolved organic
carbon. Limnol Oceanogr 40:1381-1391

Murdoch PS, Stoddard JL (1993) Chemical characteristics and
temporal trends in 8 streams of the Catskill Mountains,
New York. Water Air Soil Pollut 67:367-395

Neff JC, Chapin FS et al (2003) Breaks in the cycle: dissolved
organic nitrogen in terrestrial ecosystems. Front Ecol
Environ 1:205-211

Ocampo CJ, Oldham CE et al (2006) Nitrate attenuation in
agricultural catchments: Shifting balances between trans-
port and reaction. Water Resour Res. doi:W01408.10.1029/
2004wr003773.42

Pace ML, Cole JJ et al (2004) Whole-lake carbon-13 additions
reveal terrestrial support of aquatic food webs. Nature
427:240-243

Palmer TN, Ralsanen J (2002) Quantifying the risk of extreme
seasonal precipitation events in a changing climate. Nat-
ure 415:512-514

Qualls RG, Haines BL (1991) Fluxes of dissolved organic
nutrients and humic substances in a deciduous forest.
Ecology 72:254-266

Qualls RG, Haines BL et al (2002) Retention of soluble organic
nutrients by a forested ecosystem. Biogeochemistry 61:
135-171

Rabalais NN, Turner RE et al (2002) Gulf of Mexico hypoxia,
aka “The dead zone”. Annu Rev Ecol Syst 33:235-263.
doi:10.1146/annurev.ecolysis.33.010802.150513

Raymond PA, Bauer JE (2000) Bacterial consumption of DOC
during transport through a temperate estuary. Aquat Microb
Ecol 22:1-12

Raymond PA, Hopkinson CS (2003) Ecosystem modulation of
dissolved carbon age in a temperate marsh-dominated
estuary. Ecosystems 6:694—705

Raymond PA, Oh NH (2007) An empirical study of climatic
controls on riverine C export from three major U.S.
watersheds. Glob Biogeochem Cycles 21

Royer TV, David MB (2005) Export of dissolved organic
carbon from agricultural streams in Illinois, USA. Aquat
Sci 67:465-471. doi:10.1007/s00027-005-0781-6

Runkel RL, Crawford CG et al (2004) Load estimator (LOA-
DEST): a FORTRAN program for estimating constituent
loads in streams and rivers. US Geological Survey tech-
niques and methods book 4. U.G. Geological Survey, Reston

Saunders TJ, McClain ME et al (2006) The biogeochemistry of
dissolved nitrogen, phosphorus, and organic carbon along
terrestrial-aquatic flowpaths of a montane headwater
catchment in the Peruvian Amazon. Hydrol Process 20:
2549-2562

Schiff S, Aravena R et al (1998) Precambrian shield wetlands:
hydrologic control of the sources and export of dissolved
organic matter. Clim Change 40:167-188

Sebestyen SD, Boyer EW et al (2009) Responses of stream
nitrate and DOC loadings to hydrological forcing and
climate change in an upland forest of the northeastern
United States. J Geophys Res Biogeosci 114:11. doi:
G02002.10.1029/2008j2000778

Selvendiran P, Driscoll CT et al (2006) Wetland influence on
mercury fate and transport in a temperate forested
watershed. In: 8th international conference on mercury as
a global pollutant, Madison, WI


http://dx.doi.org/G01007.10.1029/2005jg000082.111
http://dx.doi.org/10.1007/s10021-003-0175-3
http://dx.doi.org/10.1111/j.1365-2486.2004.00787.x
http://dx.doi.org/10.1007/s10021-003-0161-9
http://dx.doi.org/10.1007/s10021-003-0161-9
http://dx.doi.org/1090.10.1029/2002wr001525.39
http://dx.doi.org/1090.10.1029/2002wr001525.39
http://dx.doi.org/W01408.10.1029/2004wr003773.42
http://dx.doi.org/W01408.10.1029/2004wr003773.42
http://dx.doi.org/10.1146/annurev.ecolysis.33.010802.150513
http://dx.doi.org/10.1007/s00027-005-0781-6
http://dx.doi.org/G02002.10.1029/2008jg000778

Biogeochemistry (2010) 100:197-209

209

Shanley JB, Mast MA et al (2006) Comparison of total mer-
cury and methylmercury cycling at five sites using the
small watershed approach. In: 8th international confer-
ence on mercury as a global pollutant, Madison, WI

Sharp EL, Parsons SA et al (2004) The effects of changing
NOM composition and characteristics on coagulation
performance, optimisation and control. In: 3rd interna-
tional conference on natural organic material research,
Victor Harbor, South Africa

Singer PC (1994) Control of disinfection by-products in
drinking water. J Environ Eng ASCE 120:727-744

Sloto RA, Crouse MY (1996) HYSEP: a computer program for
streamflow hydrography separation analysis. Water-resour-
ces investigations report 96-4040. USGS, Lemonyne

Smith SV, Hollibaugh JT (1993) Coastal metabolism and the
organic-carbon balance. Rev Geophys 31:75-89

Teal JM (1962) Energy-flow in salt-marsh ecosystem of
Georgia. Ecology 43:614-624

van Verseveld WJ, McDonnell JJ et al (2009) The role of
hillslope hydrology in controlling nutrient loss. J Hydrol
367:177-187. doi:10.1016/j.jhydrol.2008.11.002

Vidon P, Wagner LE et al (2008) Changes in the character of
DOC in streams during storms in two Midwestern water-
sheds with contrasting land uses. Biogeochemistry 88: 257—
270. doi:10.1007/s10533-008-9207-6

Vogel RM, Stedinger JR et al (2003) Discharge indices for
water quality loads. Water Resour Res. doi:1273.10.1029/
2002wr001872.39

Volk C, Wood L et al (2002) Monitoring dissolved organic
carbon in surface and drinking waters. J Environ Monit
4:43-47. doi:10.1039/b107768f

Volk C, Kaplan LA et al (2005) Fluctuations of dissolved
organic matter in river used for drinking water and
impacts on conventional treatment plant performance.
Environ Sci Technol 39:4258-4264. doi:10.1021/es0404
80k

Watras CJ, Morrison KA et al (2005) Sources of methylmer-
cury to a wetland-dominated lake in northern Wisconsin.
Environ Sci Technol 39:4747-4758. doi:10.1021/es040
561g

Webster JR, Meyer JL (1997) Stream organic matter budgets.
J North Am Benthol Soc 16:3—4

Wellington BI, Driscoll CT (2004) The episodic acidification
of a stream with elevated concentrations of dissolved
organic carbon. Hydrol Process 18:2663-2680

Wetzel RG (1992) Gradient-dominated ecosystems—sources
and regulatory functions of dissolved organic-matter in
fresh-water ecosystems. Hydrobiologia 229:181-198

Wheatcroft RA, Goni MA et al (2010) The role of effective
discharge in the ocean delivery of particulate organic
carbon by small, mountainous river systems. Limnol
Oceanogr 55:161-171

Wigington PJ, DeWalle DR et al (1996) Episodic acidification
of small streams in the northeastern United States: ionic
controls of episodes. Ecol Appl 6:389—407

Wilson HF, Xenopoulos MA (2008) Ecosystem and seasonal
control of stream dissolved organic carbon along a gra-
dient of land use. Ecosystems 11:555-568. doi:10.1007/
$10021-008-9142-3

@ Springer


http://dx.doi.org/10.1016/j.jhydrol.2008.11.002
http://dx.doi.org/10.1007/s10533-008-9207-6
http://dx.doi.org/1273.10.1029/2002wr001872.39
http://dx.doi.org/1273.10.1029/2002wr001872.39
http://dx.doi.org/10.1039/b107768f
http://dx.doi.org/10.1021/es040480k
http://dx.doi.org/10.1021/es040480k
http://dx.doi.org/10.1021/es040561g
http://dx.doi.org/10.1021/es040561g
http://dx.doi.org/10.1007/s10021-008-9142-3
http://dx.doi.org/10.1007/s10021-008-9142-3

	Event controlled DOC export from forested watersheds
	Abstract
	Introduction
	Methods
	Results
	Concentrations
	Fluxes

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


