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The influence of hyporheic zone interactions on the redox
state of fulvic acids and other redox active species
was investigated in an alpine stream and adjacent wetland,
which is a more reducing environment. A tracer injection
experiment using bromide (Br-) was conducted in the
stream system. Simulations with a transport model showed
that rates of exchange between the stream and hyporheic
zone were rapid (R ≈ 10-3 s-1). Parallel factor analysis
of fluorescence spectra was used to quantify the redox state
of dissolved fulvic acids. The rate coefficient for oxidation
of reduced fulvic acids (λ ) 6.5 × 10-3 s-1) in the
stream indicates that electron-transfer reactions occur
over short time scales. The rate coefficients for decay of
ammonium (λ ) 1.2 × 10-3 s-1) and production of
nitrate (λ ) -1.0 × 10-3 s-1) were opposite in sign but
almost equal in magnitude. Our results suggest that fulvic
acids are involved in rapid electron-transfer processes
in and near the stream channel and may be important in
determining ecological energy flow at the catchment scale.

Introduction
Fluxes of dissolved organic carbon (DOC) in mountain
catchments of the western United States vary with hydrograph stage (1, 2) and inter-annual climate variation (3).
Further, chemical characterization of DOC has shown that,
in stream systems without lakes, DOC is derived primarily
from humified terrestrial material flushed into the stream,
especially during spring snowmelt (4, 5). In contrast, in
catchments that contain lakes, a substantial portion of the
DOC is derived from lacustrine algal production, especially
during summer (6). Moreover, DOC and nitrogen (N) cycling
appear to be coupled in these catchments (7-9).
As observed in many small catchments, both DOC and
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tions (10-12). Production of fulvic acids through degradation
of plant biomass in surrounding uplands and wetlands can
enhance concentrations of dissolved fulvic acids in the
hyporheic zone (2), and the transport of fulvic acids to the
stream by hyporheic exchange. In addition to a DOC gradient
between the hyporheic zone and the stream, there is typically
a redox gradient with greater concentrations of reduced
chemical species (10) in the hyporheic zone. Although the
influence of hyporheic interactions on the redox chemistry
of N species (10-12) has been studied, the influence of
hyporheic exchange on fulvic acid redox chemistry has not
been investigated.
Advances in fluorescence spectroscopy of fulvic acids have
the potential to provide insight into redox reactions in
hyporheic zones. In natural waters, including those examined
in this study, fulvic acids are the dominant fraction of humic
substances (7). The quinone moieties of dissolved fulvic acids
that are primarily responsible for their electron accepting
capacity have fluorescent properties, allowing for the characterization of the redox state of the fulvic acid fraction of
dissolved organic matter (DOM) at natural concentrations
(13-16). Laboratory studies have demonstrated that the redox
state of fulvic acid quinone moieties change through
microbial reduction and interaction with iron and other redox
active species (17, 18).
This study focuses on quantifying the redox state and
rates of oxidation/reduction of fulvic acids in the hyporheic
zone and the main stream channel of an alpine stream with
an adjacent wetland. Our approach was to quantify rates of
hyporheic exchange by conducting a conservative tracer
experiment and to determine the concentrations of redox
active species at stream and hyporheic zone sites. The steps
taken were (1) to quantify the magnitude of hyporheic
exchange; (2) to examine changes in concentrations of redoxactive species between the stream and hyporheic zone,
including fulvic acids, ammonium (NH4+), nitrate (NO3-),
and iron (Fe); (3) to quantify rates of redox reactions
associated with hyporheic exchange, and (4) to evaluate the
importance of hyporheic exchange using a two-component
mixing model at the catchment scale. The results show that
hyporheic zone interaction influences the oxidation state of
dissolved fulvic acids, as well as that of other redox active
species. Furthermore, the results suggest that hyporheic
exchange is an important process in determining energy flow
(i.e., electron transport in ecosystems) at the catchment scale.

Materials and Methods
Site Description. The research site is the upper Green Lakes
Valley, a glacial valley on the Continental Divide in the
Colorado Front Range. Green Lakes Valley is within the Silver
Lake Watershed, which provides 40% of the water supply for
Boulder, Colorado. The Niwot Ridge Long-Term Ecological
Research project (NWTLTER) has conducted climatic, water
quality, and biological studies at this site for 50 years (19).
The 9-ha Arikaree Glacier (ARK) is at the head of the valley
directly above the Navajo Stream (NAV) site, which forms
the headwaters of North Boulder Creek (Figure 1). NAV is a
braided first-order stream located on a “shelf” above Green
Lake 5 (GL5) at an elevation of 3750 m. The 50-m NAV study
reach has a steep talus slope on the north side and a shallow
alpine wetland on the south side, which was saturated to the
surface during July 2003.
Field Methods. The NAV stream reach was divided into
three sub-reaches with sampling sites located 15 m (S1), 22
m (S2), and 42 m (S3) below the injection site (Figure 1). A
tributary entered the stream between sites S1 and S2. Sixteen
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precisions of 3.3% and 0.73%, respectively. DOC concentrations were measured with a Shimadzu TOC-550A total organic
carbon analyzer, with a confidence interval of 0.02 mg L-1.
Acidified samples were analyzed for total dissolved iron on
an AAnalyst 100 atomic absorption spectrometer, with a
confidence interval of 0.02 mg L-1. Analysis of all samples for
δ18O was done at the Stable Isotope Laboratory at INSTAAR
(20). The 1-σ precision was ( 0.05 ‰.

FIGURE 1. Schematic map of the Navajo Meadow Stream and
surroundings showing the sampling locations for the tracer injection
experiment.
wells of 30-35 cm depth were dug as small pits located
adjacent to reach 3 in rows both parallel and perpendicular
to the direction of flow (Figure 1, Table S1). Water samples
were collected from stream and well sites on 10, 17, and 24
July, 2003. Samples for analysis of DOC, Fe, oxygen isotopes
(δ18O), and fluoresence spectroscopy were collected in
precombusted 60 mL amber glass bottles and filtered on site
with pre-combusted 1.2 µm, 47-mm Whatman glass-fiber
filters with a hand-pump filtration system. Samples for
analysis of major ions, NH4+, and NO3- were collected in 250
mL Nalgene HDPE bottles, and filtered with 1 µm, 47 mm
Gelman A/E glass-fiber filters. All samples were stored at 4
°C. The ARK, Green Lake 4 (GL4) and NAV (S3 stream site)
sites are sampled weekly from snowmelt through the summer
for major solutes, nutrients, and isotopes by the NWTLTER
program (http://culter.colorado.edu).
A constant-injection experiment using bromide (Br-) as
a conservative tracer was conducted on 10 July 2003. A 0.1
M solution of lithium bromide (LiBr) was injected into the
stream at a constant rate of 1 L min-1 from 1207 to 1256 h.
Stream sites were sampled every 5-10 min before, during,
and for 2 h after the injection of the tracer. Well samples
were taken approximately once every half hour. All sites were
sampled once on the following day. Samples for Br- analysis
were filtered on site using 0.4 µm GeoFilters and collected
in 60 mL Nalgene HDPE bottles.
Laboratory Analysis. Analyses for Br-, NO3-, and NH4+
followed protocols of the NWTLTER project. Br- concentrations were analyzed using a Metrohm 761 compact ion
chromatograph with a Metrosep A Supp 250 × 4 mm column
with a detection limit of 0.001 mg L-1 and a precision of
0.26%. NH4+ and NO3- were analyzed by ion chromatography
with detection limits of 0.28 µeq/L and 0.02 µeq L-1 and
5944
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Fluorescence Characteristics of DOM. Three-dimensional fluoresence scans were run on filtered whole water
samples using a JY-Horiba/Spex Fluoromax-2 spectrofluorometer with DataMax data acquisition software. Scans were
corrected for excitation and emission in Matlab (21). The
fluorescence index (FI) was calculated for each sample (5),
and the standard deviation associated with triplicate analyses
was 0.01 (7). Given that the saturated conditions in the
wetland would have resulted in some atmospheric exposure,
samples for fluorescence analysis were filtered immediately
upon collection but not processed in an anoxic environment.
Studies have found that reduced quinones can be stable
without precautions taken to limit oxygen exposure (14, 17).
Parallel factor analysis (PARAFAC) was used to characterize
the fluorescent fraction of the DOM. PARAFAC corresponds
to a three-way version of principal component analysis, and
when applied to the excitation-emission matrices (EEMs)
of samples containing DOM, identifies different classes of
fluorophores, herein referred to as “components” (16). An
EEM can be represented as a sum of the components. The
54 EEMs from this study were included in the 379 EEMs
analyzed with PARAFAC as part of the model run presented
in Cory and McKnight (15) (Figure S1). Of the 13 components,
three components (Q1, Q2, and Q3) were identified as being
quinone-like, three (SQ1, SQ2, and SQ3) as similar to
semiquinones, and one (HQ) as being hydroquinone-like
(15). We represented the differences in the oxidation state
of fulvic acids by the following redox index (RI):

RI )

Qred
(Qred + Qox)

(1)

where Qred is the sum of the loadings of the reduced
components (SQ1, SQ2, SQ3, and HQ), and Qox is the sum
of the loadings of the oxidized, quinone-like components
(Q1, Q2, and Q3). A modeled EEM at S3 assuming conservative
transport of all PARAFAC components was created using
Matlab.
Solute Transport Modeling. Solute transport modeling
was used to (1) quantify hyporheic exchange, and (2) quantify
the production and loss of reactive chemical constituents.
For small, narrow streams such as NAV, solute transport is
often quantified by modeling transient storage (22), which
refers to the temporary detainment of solutes in small eddies
and stagnant open-water areas of the channel (surface
storage), and the exchange of water between the channel
and the porous media adjacent to the channel (hyporheic
exchange). Due to the relatively narrow stream channel,
surface storage in NAV is negligible and transient storage is
dominated by hyporheic exchange. Transient storage was
modeled using OTIS (one-dimensional transport with inflow
and storage, ref 23), which considers advection, dispersion,
inflow, and storage. In addition, the production and loss of
reactive constituents may be considered. Within OTIS,
constituent concentrations in the main channel (C) and the
storage zone (CS) are given by the following:

qLIN
∂C
Q ∂C 1 ∂
∂C
)+
(CL - C) +
AD
+
∂t
A ∂x A ∂x
∂x
A
R(CS - C) - λC (2)

(

)

dCs
A
) R (C - CS) - λsCs
dt
As

and NO3-, at the stream and well sites (Table S2). The results
of a two-sample t-test for the two-tailed hypothesis show
that the DOC was significantly lower in the stream (0.5 mg
L-1) compared to the wells (2.1 mg L-1) (p < 0.05) by a factor
of 4. The FI in the stream of 1.50 was significantly higher
than the FI of 1.35 for the wells (p < 0.05). The RI in the
stream (0.39) was lower than in the wells (0.51) (p < 0.05).
Higher values of FI correspond to a greater contribution of
microbial sources of fulvic acid and higher RI corresponds
to more reduced fulvic acid species. Fe shows a similar trend
with lower values in the stream (0.19 mg L-1) compared with
the wells (0.24 mg L-1) (p < 0.05). The NH4+ was significantly
lower in the stream (1.23 µeq L-1) compared to the wells
(2.54 µeq L-1) (p < 0.05). In contrast, NO3- was greater, by
a factor of 3, in the stream (19.3 µeq L-1) compared to the
wells (6.0 µeq L-1) (p < 0.05).

(3)

where A is the main channel cross-sectional area [m2], As is
the storage zone cross-sectional area [m2], CL represents the
lateral inflow solute concentration [mg L-1], D is the
dispersion coefficient [m2 s-1], Q is the volumetric flow rate
[m3 s-1], qLIN is the lateral inflow rate [m3 (s-m)-1], t is time
[s], x is distance [m], R is the storage zone exchange coefficient
[s-1], and λ and λs represent the main channel and storage
zone first-order decay coefficients, respectively [s-1]. The
hydrologic processes governing constituent transport in NAV
were quantified using data from the conservative Br- tracer
(Supporting Information, Section 1). The transport of reactive
constituents (DOC, RI, NH4+, and NO3-) from S2 to S3 was
quantified using the observed data and the steady-state
solution of the governing equations (eqs 2 and 3 with the
left-hand-side set equal to zero) (Supporting Information,
Section 2). Model parameters were used to calculate the
fraction of median travel time attributed to hyporheic
exchange as follows (24):

Fmed ) (1 - e-L(R/µ))

As
A + As

Stream Tracer Experiment. The Br- concentrations in
stream and well waters prior to injection were below the
detection limit of 0.001 mg L-1 (Figure 2). During the
experiment, Br- concentrations increased rapidly and then
remained relatively constant at about 2.8 mg L-1 at S1 and
about 1.9 mg L-1 at S3. There was a rapid return to preinjection levels after the injection ceased. Calculated discharge at S3 was 8.1 × 10-2 m3 s-1. The groundwater
contribution to streamflow for this reach was 7.3 × 10-3 m3
s-1, or about 10% of discharge at S3 (Supporting Information,
Section 1). The Br- concentrations in the wells ranged from
below detection to 0.73 mg L-1. Br- was detected in well sites
for up to 19 h after the conclusion of the tracer injection.

(4)

where L is the downstream distance (m) and µ is advective
velocity (m s-1). When normalized to a reach length of 200
m (Fmed200) values in other stream systems range from 0.0012
to 0.6801 with a median value of 0.0532 (24).
Two-Component Mixing Model. Discharge in the NAV
reach (measured at the S3 site from the tracer injection
experiment) was separated into new and old water components using δ18O with a two-component mixing model as
described for GL4 (25) (Supporting Information, Section 3).

The OTIS-P simulations for Br- concentrations at the two
stream sites match well with the measured Br- concentrations
(Figure 2). The model accurately simulated an intermediary
point on the rising limb for both reaches. Parameter estimates
for the main channel cross sectional area, A, are within 5%
of the measured values at S1 and S3 (0.18 and 0.21 m2
respectively) (Table 1). As is smaller than A in reach 1 and
greater than A in reach 3 by a factor of 4. Parameter estimates

Results
Analysis of Dissolved Constituents. Significant differences
exist between the average values of DOC, FI, RI, Fe, NH4+,

FIGURE 2. OTIS simulated ion of Br- concentrations (lines) at the S1 stream site (15 m downstream of the injection site), the S3 stream
site (42 m downstream of the injection site), and in the hyporheic zone compared to measured Br- concentrations (symbols).

TABLE 1. Calculated Parameter Values from the Bromide Transport Simulation.a
reach

X (m)

Q (m3 s-1)

qLIN (m3 s-1 m-1)

D (m2 s-1)

A(m2)

As(m2)

As/A

r (s-1)

1
2
3

15.5
6.4
20.8

0.053
0.073
0.081

0.00
2.9 × 10-3
3.5 × 10-4

0.5
0.8
0.8

0.17
0.21
0.21

0.03
0.87
0.87

0.18
4.1
4.1

2.2 × 10-3
7.1 × 10-4
7.1 × 10-4

λDOC
3

1.6 ×

10-2

λsDOC
-1.3 ×

10-4

λRI
6.5 ×

10-3

λsRI
-8.4 ×

λNH4+
10-5

1.2 ×

10-3

λsNH4+
-7.9 ×

10-5

λNO3-1.0 ×

10-3

λsNO31.0 × 10-4

a Also shown are in-stream and hyporheic production/decay terms used to simulate reactive transport (negative values indicate production and
positive values indicate decay).
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for R are approximately 1 × 10-3 s-1, indicating high rates
of exchange. The Fmed200 was 0.25 which is greater than the
median value by a factor of 5. There was a good match
between the simulated storage zone Br- concentrations in
reach 3 and the observed concentrations in the four wells
that had Br- concentrations greater than 0.2 mg L-1(Figure
2).
The steady-state analysis provided insight into the
reactivity of redox active species. First, the simulation showed
that measured DOC, RI, NH4+, and NO3- concentrations
deviated from simulated concentrations assuming conservative transport (i.e., no reactions in the stream or hyporheic
zone) (Figure 3). For the first-order rate coefficients used to
simulate reactive transport in the main channel and storage
zone (Table 1), negative values indicate production and
positive values indicate decay. The rate coefficient for the
loss of DOC in the stream (λ ) 1.6 × 10-2 s-1) is an order of
magnitude greater than any of the other rate coefficients.
The rate coefficient for the decay of RI (λ ) 6.5 × 10-3 s-1),
corresponding to the oxidation of fulvic acids, is the same
order of magnitude as the rate coefficient for the decay of
NH4+ (λ ) 1.2 × 10-3 s-1). The rate coefficients for decay of
NH4+ and production of NO3- (λ ) -1.0 × 10-3 s-1) are
opposite in sign but almost equal in magnitude. Although it
is not possible to calculate rate coefficients for the stream
system on sampling dates when a tracer injection experiment
was not conducted, the discharge and chemical concentrations on 17 and 24 July were similar to those on 10 July.
Figure 4 compares the measured EEM and the PARAFAC
modeled EEM at S3 from the day of the tracer experiment
with the modeled EEM at S3 assuming conservative transport
of all fluorescent components. The conservative transport
EEM shows clearly resolved peaks with greater intensity in
the region of the EEM that is associated with fulvic acid peaks
(26). The RI of the measured EEM was 0.39 compared to 0.54
for the conservative transport EEM.
Chemical and Isotopic Content of Stream Waters at the
Catchment Scale. The DOC concentrations at all sites were
highest on the rising limb of the hydrograph and then
decreased (Figure 5a). A paired-difference t-test shows no
significant difference (p > 0.05) in the concentrations of DOC
between the NAV site and the outflow to GL4. NO3concentrations show a similar pattern, with high concentrations on the rising limb of the hydrograph, and seasonally
low concentrations during the summer months (Figure 5b).
During the summer, NO3- concentrations at NAV were
approximately twice those of ARK. A paired-difference t-test
shows that NO3- concentrations were significantly higher (p
< 0.05) at NAV than at the ARK outlet. NH4+ concentrations
were greatest before the initiation of spring snowmelt and
then decreased as the summer progressed (Figure 5c). A
paired-difference t-test shows that NH4+ concentrations at
the outflow of ARK were significantly higher than at the NAV
or GL4 sites (p < 0.05).
The δ18O content of all three sites was most depleted at
the initiation of snowmelt and became progressively more
enriched with time (Figures 5d, 5e). Values from NAV and
the GL4 outlet were generally 1-1.5 ‰ more enriched than
outflow from ARK. The two-component mixing model shows
that “old” water composed about 20% of surface flow at NAV
site during July and then gradually increased to near 100%
with baseflow conditions in autumn.

Discussion
Hyporheic exchange was a significant component of streamflow at NAV. This is indicated by the Fmed200 of 0.25, which
is on the upper end of the range of reported values (24).
Main channel cross-sectional areas, as well as lateral inflow
values and dispersion coefficients, are of the same order of
magnitude as those reported for other mountain streams
5946
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FIGURE 3. Observed (symbols), conservative simulation (solid line),
and reactive simulation (dashed line) data for DOC, the redox index
(RI), NH4+, and NO3- at S1, S2, and S3 on the day of the tracer
injection experiment. As the summer progressed, variation between
stream sites decreased. Conservative and reactive transport
simulations are shown for the third reach only due to the location
of the wells (see Figure 1).
(27, 28). The storage zone areas of ∼ 0.9 m2 fall within the
range for high-gradient streams (29) and exchange coefficients (R ≈ 10-3 s-1) fall on the high end of the range for
other mountain streams (24, 30). Both the in-stream and
storage zone simulations matched well with the observed
Br- concentrations. For those wells close to the stream, the
sampling at approximately 0.5 h intervals may not have been
frequent enough to catch the maximum Br- in the pulse.

FIGURE 4. Comparison of (a) the measured EEM at S3 on the day
of the tracer experiment with (b) the PARAFAC model output of the
EEM at S3 and (c) the modeled EEM at S3 simulated using OTIS and
assuming conservative transport of all PARAFAC components.
Intensities in Raman Units (RU).
The large Br- concentrations observed in well V25 in
comparison with wells closer to the stream may reflect longer
flow paths in the hyporheic zone that do not run parallel to
the stream channel. The presence of Br- in the hyporheic
zone for up to 19 h following the tracer injection provides
further evidence that there was substantial interaction
between the saturated porous wetland and the stream
channel. This observation, in combination with the high rates
of exchange, indicates that there was significant transport of
redox active species into and out of the hyporheic zone in
the study reach.
Distinct differences were found in the concentrations of
redox active species between the stream and the wetland.
The presence of reduced fulvic acids (RI) was more pronounced in the wetland. Moreover, differences in RI were
associated with differences in dominant inorganic N species.
The prevalence of reducing conditions and reduced fulvic
acid species in the wetland may explain the greater iron
concentrations in the wetland as compared to the stream
because the measured soluble iron in the wetland may have
been predominantly ferrous iron.
Quantification of the rate coefficients for production and
decay of the reactive constituents links the chemical differ-

FIGURE 5. Streamwater concentrations of DOC, NO3-, NH4+, and
δ18O (a-d) at the outflow of the Arikaree Glacier (ARK), the Navajo
stream site (NAV), and the outlet of Green Lake 4 (GL4). Also shown
are the hydrographs for the NAV and GL4 sites (e).
ences between the two sites to hydrologic transport processes.
Deviation of concentrations of reactive constituents simulated assuming conservative transport from the reactivetransport concentrations is evidence that reactions taking
place in the hyporheic zone are important controls on instream concentrations. Reactive transport simulations indicate that the wetland is a source of reduced fulvic acids
and NH4+ while these constituents are oxidized in the main
stream channel. The nearly identical rate coefficients for
decay of NH4+ and production of NO3- in the stream suggest
that NH4+ is rapidly oxidized to NO3-. These results are
VOL. 40, NO. 19, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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consistent with the previously observed trend that the most
rapid uptake of NH4+ and transformation to NO3- occurred
in the smallest streams (31).
Our results suggest that fulvic acids may be similarly
involved in electron-transfer processes in and near the stream
channel. The rate coefficient for the oxidation of reduced
fulvic acids in the stream (6.5 × 10-3 s-1) is consistent with
electron-transfer reactions occurring over short time scales.
The significantly larger RI value in the wetland indicates that
hyporheic exchange brings reduced fulvic acids from the
hyporheic zone into the main stream. The oxidation may
either be abiotic, associated with interaction with iron oxides,
which may be present in the streambed, or may be biotic as
these species can be used as an energy source by bacterial
species found in many habitats (32). Diminished fulvic acid
peaks and differences in RI values between the measured
and PARAFAC modeled EEMs of the S3 sample and the
conservative transport EEM imply a high reactivity of fulvic
acids across the hyporheic zone-stream biogeochemical
gradient (Figure 4).
The effects of hyporheic exchange on reactive constituents
at the reach scale contribute to patterns seen at the catchment
scale data (Figure 5). Given the stable DOC concentrations
from ARK to GL4 and the large rate coefficient for the decay
of DOC in the stream, the reduced state of the fulvic acids
transported into the stream represents an additional energy
source for microorganisms living in the oxidized zones of
the hyporheic zone or in the stream itself. The observed
increase in NO3- between ARK and NAV may be explained
by the transport of NH4+ from the hyporheic zone to the
main stream channel where it is rapidly oxidized. The
simulations for the decay of NO3- and production of NH4+
(Figure 3) suggest that NO3- is being used as an electron
acceptor and/or NH4+ is being released through decomposition in the wetland. These processes may be dominant during
low flow conditions, as evidenced by the greater contribution
of “old” water as the season progresses at both NAV and
GL4.
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