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Acetate retention and metabolism in the hyporheic zone of a mountain stream
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Abstract

An in situ acetate injection was used to determine the influence of |abile dissolved organic carbon (DOC) avail-
ability on microbial respiration in the hyporheic zone of a headwater stream. We added bromide as a conservative
tracer and acetate as an organic substrate to the hyporheic zone of Rio Caaveras, New Mexico, via an injection
well. Tracer was observed in four of eight capture wells. Three of the four wells showed increases in bromide
without concurrent increases in acetate concentration, suggesting 100% acetate retention. One well had 38% acetate
retention. Pore velocity and acetate retention were negatively correlated, suggesting hydrologic control of acetate
retention. Acetate did not significantly sorb to the sandy hyporheic sediments at this site, indicating biological
consumption of acetate. Acetate addition stimulated total CO, production along monitored flowpaths and led to
changes in solutes associated with microbial terminal electron-accepting processes (TEAPs). Dissolved oxygen
(DO), nitrate, and sulfate significantly decreased, and ferrous iron and methane significantly increased compared to
background concentrations in most wells. These results support the hypothesis that microbia respiration in the
hyporheic zone is limited by labile DOC availability. Furthermore, we have shown that a suite of metabolic pro-
cesses, from aerobic respiration to methanogenesis, cooccur and that anaerobic processes dominate heterotrophic

metabolism in the hyporheic zone of Rio Calaveras.

In the past 10-15 yr, the importance of the hyporheic zone
(i.e., subsurface water containing at least 10% surface water,
sensu Triska et al. 1989) to lotic biogeochemistry and ecol-
ogy has been documented for streams and rivers worldwide
(e.g., Jones and Holmes 1996; Brunke and Gonser 1997,
Gibert et a. 1997). Hyporheic sediments are metabolically
active, are an important site for organic matter decomposi-
tion, and can have a large impact on respiration (i.e., de-
crease P:R ratios) in measures of whole-stream ecosystem
metabolism (Grimm and Fisher 1984; Mulholland et al.
1997; Nageli and Uehlinger 1997). Microbial metabolism in
the hyporheic zone depends on transport of organic sub-
strates and electron acceptors from the surface stream and/
or nearby groundwater (e.g., Findlay 1995; Jones et al.
1995a). Since subsurface organisms are mostly heterotrophic
(Jones et al. 1995b) and require allochthonous organic matter
sources, it is commonly hypothesized that microbial metab-
olism in the hyporheic zone is limited by organic matter
availability (e.g., Jones 1995). The relationship between hy-
porheic zone aerobic respiration and organic matter avail-
ability has been examined using sediment microcosms (e.g.,
Pusch and Schwoerbel 1994; Jones 1995; Fuss and Smock
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1996) but not by direct in situ manipulation of organic mat-
ter availability.

Because water moves more slowly in the hyporheic zone
than in the surface stream (Morrice et a. 1997) and because
the hyporheic zone is isolated from the atmosphere, DO can
become depleted during microbia respiration, creating lo-
cations of hypoxia or anoxia (Dahm et al. 1991; Findlay
1995; Jones and Holmes 1996; Baker et al. 1999). Under
anoxic conditions, organic carbon mineralization by micro-
organisms proceeds via alternative TEAPs (Vroblesky and
Chapelle 1994). These include denitrification, metal (e.g.,
iron) reduction, sulfate reduction, and methanogenesis (Table
1). Most knowledge about anaerobic TEAPs comes from
studies of lake and ocean sediments (e.g., Carlton et al. 1989;
Sweerts et al. 1991; Thamdrup and Canfield 1996) and re-
gional aquifers (e.g., Champ et al. 1979; Vroblesky and Cha-
pelle 1994). These microbial processes are not yet well
understood in stream ecosystems (but see Morrice 1997; He-
din et al. 1998; Baker et al. 1999).

TEAPs in lakes, oceans, and aquifers are spatially segre-
gated according to thermodynamic (Champ et a. 1979;
Vroblesky and Chapelle 1994), geochemical (Potsma and Ja-
kobsen 1996), or ecological (Lovley and Klug 1983) con-
straints. Often, TEAPS are separated in order of decreasing
free energy asin Table 1. In lake and ocean sediments, where
diffusion dominates water and solute transport, segregation
of TEAPs occurs over small (millimeter to centimeter) ver-
tical scales (Carlton et al. 1989). Advective transport is im-
portant in aquifers where TEAPs are distributed longitudi-
nally over much larger (meter to kilometer) scales, and
discrete zones often are dominated by a single TEAP
(Champ et a. 1979; Vroblesky and Chapelle 1994). Because
studies of hyporheic zone microbial metabolism have gen-
erally focused on aerobic processes (see Jones and Holmes
1996), the spatial distribution and ecological importance of
anaerobic TEAPs in this environment are poorly understood
(Morrice 1997; Baker et al. 1999).
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Table 1. Stoichiometry and Gibbs free energy change of microbia TEAPs with acetate (CH,COO~) as electron donor (Stumm and
Morgan 1981; Lovely and Phillips 1988). Solutes and dissolved gases monitored during the injection experiment are indicated in bold font.

TEAP

Stoichiometry

AG® (kJmol)*

Aerobic respiration
Denitrification

Iron reduction
Sulfate reduction
Methanogenesis

CH,COO~ + 20, = HCO; + CO, + H,0
CH,COO~ + 1.6NO; + 16H*
CH,COO~ + 8Fe** + 3H,0 = 8Fe?* + HCO, * CO, + 8H*
CH,COO + SO2 + H* = HS + HCO; + CO, + H,0
CH,COO~ + H,0 = CH, + HCO;

—881.6
—860.6
—494.4
—92.3
—14.6

0.8N, + HCO; + CO, + 1.8H,0

* Assumes 25°C and pH = 7.

Thereisalong history of study of DOC in stream ecology
(e.g., Fisher and Likens 1973; Lush and Hynes 1977; Dahm
1981; McDowell 1985; Fiebig and Lock 1990), and research
has shown that DOC is composed mostly of complex organic
(e.g., humic and fulvic) acids. Far less is known about how
low-molecular-weight (LMW) compounds like acetate and
other volatile fatty acids are cycled in lotic ecosystems
(Thurman 1985). Acetate is both produced and consumed by
microbial metabolism in many aguatic ecosystems, espe-
cialy in hypoxic or anoxic sediments (Chapelle and Bradley
1996). While many forms of DOC are not directly available,
acetate is readily consumed by microorganisms (Drake
1994), and experimental acetate addition may stimulate mi-
crobial respiration in the hyporheic zone.

We used an in situ acetate injection experiment to deter-
mine (1) how the availability of DOC as acetate influences
microbial respiration in the hyporheic zone, and (2) how
aerobic and anaerobic TEAPs are distributed in the hypor-
heic zone. We hypothesized that acetate addition would stim-
ulate aerobic and anaerobic microbial respiration and that
TEAPs would be segregated longitudinaly along flowpaths

Fig. 1. (A) Map of the Rio Calaveras study site. Circlesindicate
wells, and the bold line indicates the stream. Water table elevation
(centimeters above datum) contours are shown in the thin lines. (B)
Map of the hyporheic study section showing locations of nested
wells (dots) and piezometric surface at Rio Calaveras in July 1997.
Contours represent water level in centimeters above datum. (C) Ex-
panded view of hyporheic injection plot. Dotted arrow indicates
estimated flowpath between injection (I, square) and capture wells
(C, circles). Filled circles indicate capture wells that received tracer
during the injection monitoring period.

in order of the thermodynamic energy yields given in Ta
ble 1.

Study site

Rio Calaverasis a first-order, spring-fed, perennial stream
at 2,475-m elevation in the Jemez Mountains of New Mex-
ico (35°56'N, 106°42'W). Catchment area is 3,760 ha, and
average stream gradient is 1.3%. Alluvium is poorly sorted,
coarse, rhyolitic sand derived from weathered Bandelier tuff
(Wrablicky et al. 1998). Porosity ranges between 39 and
60%, and mean hydraulic conductivity is 1.2 X 103 cm st
(Morrice et a. 1997; Wroblicky et al. 1998). Sediment or-
ganic matter content is 1% by weight (Baker 1998).

Climate at the study site is semiarid, with a mean annual
temperature of 8.8°C (range = 2.2-15.4) and precipitation
of 450 mm (National Weather Service). Most of the precip-
itation occurs as rain during monsoon thunderstorms from
July to September and as snow from November to March.
Stream discharge and groundwater table elevation respond
to precipitation inputs from rain and snowmelt. Groundwater
table elevation may increase by as much as 50 cm during
spring snowmelt, and it averages 1 m belowground surface
during autumn base flow (Baker 1998). Stream discharge
ranges from ca. 1 liter s—* during autumn base flow to >100
liters s=* during spring snowmelt. Surface-water discharge
during this study (July 1997) was 4.27 liters s,

Well network—Beginning at the perennial spring source,
a 120-m reach at Rio Calaveras was equipped with 73 poly-
vinyl chloride (PVC) wells for monitoring subsurface hy-
drology and biogeochemistry (Fig. 1A; Valett et al. 1996;
Morrice et a. 1997). To better understand microbial pro-
cesses in the hyporheic zone, a network of nested 1.9-cm-
diameter PVC wells (screen length = 10 cm) was installed
along the streambank and floodplain adjacent to Rio Calav-
eras (Fig. 1B). Each nest consisted of three wells at depths
of 25, 60, and 100 cm below the base flow water table (Mor-
rice 1997). Wells at 60-cm depth were used to construct a
water table map for the smaller lateral hyporheic study area
(Fig. 1B). Using a conservative tracer injected into the sur-
face stream, Morrice (1997) showed that these wells con-
tained >10% surface water (i.e., they were in the hyporheic
zone, sensu Triska et al. 1989). Furthermore, hydrologic
modeling showed they were in lateral hyporheic flowpaths
where stream water enters the subsurface then returns to the
surface some distance downstream (Wroblicky et al. 1998).

For the purpose of conducting subsurface injection exper-
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iments, a single injection well (screened for 10 cm at a depth
of 43 cm below the water table) was installed 1.5 m down-
gradient from the stream (Fig. 1C, upper panel). Eight cap-
ture wells (fully screened, depth = 80 cm) were installed in
a 60° arc at distances of 50 and 100 cm downgradient from
the injection well (Fig. 1C). Well installation details are pro-
vided in Morrice (1997). Based on prior estimates of pore
velocity (Morrice 1997), the travel time for stream water to
reach these wells is between 0.5 and 2 d.

Methods

Solute injection—Injection solution was prepared using
groundwater pumped from a well located ca. 50 m upgra-
dient of the injection site. We maintained anoxic conditions
within the injection solution vessel by continuous bubbling
with N, gas (Smith et al. 1991). Dry solutes were thoroughly
mixed with the deoxygenated groundwater prior to injection,
creating a solution containing 900 uM Br- (as NaBr), a con-
servative tracer, and 4,193 uM acetate (as NaCH,COO), a
biologically active tracer. The mixed solution was added to
the injection well at a rate of 85 ml min-* for 2 h using a
metering pump (Fluid Metering). The water level in the in-
jection well increased 0.3 cm during the injection. Back-
ground Br- and acetate concentrations in wells averaged
0.64 and 39 uM, respectively.

Sample collection and analysis—Water table elevation,
temperature, solutes, and dissolved gases in the eight capture
wells were monitored every 3—4 h for 48 h following the
initiation of the injection. The time frame was chosen based
on prior experiments at this site (Morrice 1997), which
showed that concentrations of injected tracers return to back-
ground conditions after 48 h. Water table elevation was mea-
sured using a battery-operated water level meter that detects
specific conductance changes, and temperature was mea-
sured using a standard thermocouple inserted to the mid-
depth of the well screen.

Water for dissolved solutes was obtained using a peristal-
tic pump (GeoTech) with in-line Whatman GF/F glass-mi-
crofiber filters (pore size = 0.7 wm) to remove suspended
particles. To minimize pumping effects, we limited our with-
drawal of water to a maximum of 200 ml per well per sam-
ple. Observed changes in water table elevations were <0.5
cm after sample withdrawal, and pumping from one well did
not influence water levels in adjacent wells. Filtered samples
were stored in acid-washed polyethylene bottles on ice until
they were returned to the lab for analysis. We measured Br-,
acetate, nitrate (NO3), and sulfate (SO;~) using a DIONEX-
500 ion chromatograph with suppressed conductivity detec-
tion (Chapelle and Bradley 1996). Ferrous iron (Fe**) was
measured colorimetrically on 1.5-ml samples that were
passed through a 0.2-um filter and reacted in the field with
40 ul of Ferrozine® (Stookey 1970). DOC was determined
using wet persulfate oxidation (100°C) on an Oceanography
International 700 total organic carbon analyzer (Menzel and
Vacarro 1964).

Water for dissolved gas analysis was obtained using the
peristaltic pump with no filter attachment. DO was measured
on 30-ml samples using Winkler titration in the field (Wetzel
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and Likens 1991). Free carbon dioxide (Pco,) was obtained
using a syringe headspace equilibration technique (Kling et
al. 1992). To minimize degassing, the water was pumped
directly into the syringe, alowing the force of the water to
move the syringe plunger. Gas from the headspace was trans-
ferred to clean, evacuated 15-ml serum vials until transport
to the lab for anaysis. Pco, was determined using a gas
chromatograph with a thermal conductivity detector (Buck
Scientific). The amount of CO, dissolved in water was cal-
culated from Pco, and temperature using Henry's Law
(Kling et a. 1992). Dissolved methane (CH,) samples were
obtained by pumping 1-2 ml of water directly into clean,
evacuated Vacutainer® vials. CH, was released into the head-
space by shaking and was measured using a Shimadzu gas
chromatograph with a flame ionization detector (deAngelis
and Lilley 1987, Dahm et al. 1991). Interna calibration of
analytical instruments and techniques showed that precision
varied from ca. 2% for DO, DOC, Pco,, and CH, to ca. 7%
for Br-, NO3, and SOz, and 12% for acetate.

Acetate transport and retention—Previous work at Rio
Calaveras has shown that Br- is transported conservatively
(Valett et al. 1996; Morrice et a. 1997), and pore velocity
(centimeters per minute) was calculated from the time re-
quired for half the Br- mass in the pulse to be transported
between the injection well and the sampling point.

To estimate acetate transport and retention, we compared
observed Br- and acetate concentrations in capture wellsfol-
lowing solute injection initiation. Without biological or
chemical retention, acetate and Br- transport should be near-
ly identical. We calculated predicted acetate concentration
based on observed Br- response in wells using the following
formula (Morrice 1997):

(BrW,T - Brbkg)

acetatep’w’-r - {(Brinj - Brbkg) 8 (acetatem])}

(BI’ T Brbk)
+ 91 — /B2 X geetat 1
{ (Brinj - Brbkg) ebkg ( )

where subscripts are defined as p = predicted, w = well, T
= time, inj = injection solution concentration, and bkg =
background concentration. Acetate retention is indicated
when observed acetete is less than predicted acetate.

We calculated the difference between observed and pre-
dicted acetate concentrations in each well for all samples
taken when Br- concentrations were elevated above back-
ground. The null hypothesis that median observed minus
predicted acetate = O for each connected well was tested
stetistically using the Wilcoxon Sign Rank test or a Sign test
if the data distributions were not symmetric (Sokal and Rohlf
1981). The null hypothesis was rejected at p values = 0.05.
We also calculated relative acetate retention for each well
by dividing the total concentration of acetate retained by the
total concentration of bromide that reached the well. In this
way, acetate retention is expressed relative to the amount of
injection solution that reached the well.

Freundlich adsorption isotherm—To assess the potential
for acetate sorption on sediments, we equilibrated five 50-g
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Table 2. Temperature (mean of eight wells over diel cycle = SD) and biogeochemistry of hyporheic zone (mean of eight wells before
injection = SD). Background temperature and biogeochemistry (one observation before injection *+ analytical error) of connected capture

wells.

Hyporheic average Well C1 Well C2 Well C3 Well C4
Temperature (°C) 140 = 05 134 = 0.7 13.4 = 05 13.6 = 05 122 = 0.7
Acetate (uM) 39 =08 41 + 4.9 37+ 45 27 = 32 41 + 4.9
Bromide (uM) 064 = 1.0 0.36 = 0.02 0.25% 0.26 + 0.02 0.38 = 0.02
Dissolved oxygen (uM) 54 + 75 55 = 1.0 63 = 1.3 19 + 04 48 = 1.0
Nitrate (uM) 33+ 23 30+ 18 24 + 14 24 + 0.14 23+ 14
Ferrous iron (uM) 35+ 23 27+ 14 6.6 = 0.33 21 + 11 50 + 2.5
Sulfate (uM) 52 = 18 40 = 3.2 68 = 5.4 51 = 4.1 46 = 3.7
Methane (uM) 14 =11 8.0 = 0.20 7.4 + 0.19 5.8 + 0.15 18 + 0.45
Carbon dioxide (uM) 424 + 121 319 = 8.0 400 + 10.0 450 + 11.3 309 + 7.7
DOC (uM) 154 = 20 238 = 95 164 + 6.6 160 + 6.4 175 £ 7.0

* Below detection limit of 0.25 uM.

(wet mass) Rio Calaveras aquifer sediment samples in 100-
ml solutions containing 1, 10, 25, 50, or 100 mg acetate C
liter—t for 30 min while shaking at 22°C (Domenico and
Schwartz 1990). After allowing the sediment to settle, su-
pernatant was centrifuged at 3,000 rpm for 15 min. Subsam-
ples of the supernatant were filtered (Whatman GF/F glass-
microfiber filters) and analyzed for acetate content as
described above. K, the distribution coefficient for the sed-
iment, was calculated from the slope of the line relating C
vs. C*, where C is the equilibrium concentration of acetate
in contact with the sediment (milligrams per liter), and C*
is the mass of acetate adsorbed per gram of sediment (mil-
ligrams per gram). C* was calculated as (Domenico and
Schwartz 1990)

C* = (C, — C)(solution volume)/(sediment mass) (2)

where C, is the initial solute concentration. A greater ten-
dency for adsorption is indicated by higher values of K,
(Domenico and Schwartz 1990).

Influence of acetate retention on microbial TEAPs—To
quantify changes in TEAP solutes, we calculated differences
between observed and predicted concentrations of CO,, DO,
NO;, SOz, Fe?**, and CH, for all samples after Br~ from
the injection solution appeared in the well. We determined
the degree to which samples were diluted (D) by the injec-
tion solution according to the following formula (Hedin et
al. 1998):

_ (Brys = Briy)

(Br) 3

Predicted TEAP solute concentrations were calculated from
the following formula (after Hedin et al. 1998):

[Xowr] = [Xogl X (1 — D) 4

where X represents the solute of interest (CO,, O,, NO;,
Fe?*, SOz, or CH,). If acetate retention occurs via microbial
respiration, then observed minus predicted CO, concentra-
tion should be >0, regardiess of which TEAPs are involved
in microbial respiration (Table 1). If acetate retention occurs
via aerobic respiration, denitrification, or sulfate reduction,
then observed minus predicted concentrations for DO,
NO;, and SO3;- should be <0 (Table 1). If acetate retention

D

occurs via iron reduction or methanogenesis, then observed
minus predicted concentrations for Fe2+ and CH, should be
>0 (Table 1).

For each connected well, we statistically tested the null
hypothesis that median observed minus predicted concentra-
tions = 0 using Wilcoxon Sign Rank tests or Sign tests if
the data were not distributed symmetrically (Sokal and Rohlf
1981). The null hypothesis was rejected at p values = 0.05.

Finally, we determined the proportion of acetate retention
occurring via each TEAP from the median solute concentra-
tion change and stoichiometry presented in Table 1. This
approximation makes the assumptions that the system is
closed and that the generation or consumption of TEAP-
indicative solutes in the tracer plume was due only to mi-
crobial mineralization of added acetate according to the stoi-
chiometries presented in Table 1 (implications of these
assumptions are detailed in the Discussion section).

Results

Background hydrology and chemistry—Acetate concen-
tration in the hyporheic zone averaged 39 uM (range = 27—
78 uM), while mean DOC concentration was 154 = 20 uM
(Table 2). On average, background acetate concentration rep-
resented nearly 50% of measurable DOC and ranged be-
tween 27 and 70% of measurable DOC (Table 2). Hyporheic
zone CO, was supersaturated relative to the atmosphere (at-
mospheric equilibrium concentrations ranging from 12.5 to
135 uM), averaging 424 = 121 uM, whereas DO was
<30% of atmospheric saturation, ranging from 19 to 63 uM
(Table 2). NO; concentration averaged 33 + 23 uM, and
SOz~ ranged from 40 to 68 uM (Table 2). Products of an-
aerobic metabolism (Fe** and CH,) were also present; Fe**
averaged 35 = 23 uM, and CH, values averaged 14 + 11
uM (Table 2).

Acetate transport and retention—Based on water table el-
evations (Fig. 1A,B), we expected water to move along the
identified flowpath from the injection well to the capture
wells (Fig. 1C, dotted line). Four of eight capture wells were
hydrologically connected to the injection well (Fig. 1C), as
indicated by a Br- spike during the 48 h of the experiment
(shown as predicted line in Fig. 2). Solutes were transported
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Fig. 2. Observed and predicted acetate concentration in wells
with slow transport and 100% acetate retention (C1, C2, and C4)
and with fast transport and 38% acetate retention (C3). Acetate re-
tention is indicated by the shaded area. AS indicates the amount of
acetate retained.

differentially to the four connected capture wells (Fig. 2).
Three of the four wells showed increased Br- levels 11-15
h following the initiation of the injection, with calculated
pore velocities ranging from 0.031 to 0.096 cm min-* (Fig.
2). One well (well C3) had more rapid transport (0.18 cm
min-*) and exhibited increased Br- within 2 h following the
start of the injection (Fig. 2). Complete acetate retention
(100%) was indicated in the three wells (C1, C2, and C4)
that had lower transport rates (Fig. 2), whereas the well with
more rapid transport (C3) showed less acetate retention (ca.
38%, Fig. 2). Relative acetate retention was negatively cor-
related to pore velocity (y = 4.32 — 41.7x?, r2 = 0.967, n
= 4, p = 0.017, Table 3).

Median acetate retention was determined as observed mi-
nus predicted concentration varied from 23 to 93 uM (Fig.
2). The difference between observed and predicted acetate
concentration for each well was significantly <O (p = 0.05).

Freundlich adsorption isotherm—The concentration of
acetate remaining in solution following incubation with sed-
iments was essentially equal (within analytical error) to the
concentration measured before incubation. Regression of C
vs. C* was not statistically significant (r2 = 0.02, n = 5, p
> 0.05). The slope (K,) of the line relating C to C* was 0,
indicating no net acetate sorption by the sediments.

Influence of acetate retention on microbial TEAPs—AC-
etate addition to the hyporheic zone at Rio Calaveras stim-
ulated microbial metabolism, as evidenced by changes in
dilution-corrected concentrations of solutes associated with

Baker et al.

Table 3. Relative acetate retention, transport rate, and distance
traveled during the injection.

Relative
retention
Transport rate  (uM acetate/uM
Well Distance (cm) (cm min-%) bromide)
C1 50 0.0306 4.26
Cc2 50 0.039 4.1
C3 50 0.18 2.96
c4 100 0.18 4.16

microbial TEAPs (Fig. 3, p < 0.05). Following acetate ad-
dition, DO decreased between 8 and 28 uM (17-51%) below
background in three wells (Fig. 3A). Nitrate concentration
also decreased between 22 and 28 uM (93-100%) below
background in three wells (Fig. 3B). In a single well, Fe**
levels significantly increased 11 uM (52%) above back-
ground (Fig. 3C). Sulfate reduction was indicated in three
wells, with SOz~ decreases ranging from 4 to 11 uM (10—
24%) below background (Fig. 3D). Methane concentration
increased by 1.5 and 31 uM (26 and 388%) above back-
ground in two wells (Fig. 3E). Observed minus predicted
CO, concentration was >0 in three wells, with increases of
18-98 uM (6-30%) above background (Fig. 3F).

In two wells (C3 and C4), 100% of the retained acetate
could be accounted for by mineralization to CO, (data not
shown). Only 19% of the retained acetate could be accounted
for by mineralization to CO, in well C1. In C2 and C4, wells
with slow transport and 100% acetate retention, nitrate was
the predominant terminal electron acceptor, accounting for
38 and 44% of acetate retention in each well, respectively
(Fig. 4). Nitrate reduction also accounted for 19% of acetate
retention in well C1 (Fig. 4). Sulfate reduction was an im-
portant TEAP in three of four wells, where it accounted for
4-44% of acetate retention (Fig. 4). Aerobic respiration ac-
counted for 13-30% of acetate retention in three wells and
was never the dominant metabolic process (Fig. 4). Methan-
ogenesis accounted for the highest portion (33 and 6.5%) of
acetate retention in wells C1 and C3. Iron reduction, indi-
cated by Fe?* production, was observed in only one well
(C3) and accounted for 6% of acetate retention (Fig. 4).

The TEAPs stimulated by acetate addition did not appear
to be spatially or temporally segregated (Fig. 4). Therelative
contribution of each TEAP to acetate retention did not
change with distance from the injection well. Nitrate was
generaly the predominant terminal electron acceptor at both
50 and 100 cm from the injection well (Fig. 4). Similarly,
the importance of the lower energy-yielding pathways, sul-
fate reduction and methanogenesis, did not increase with dis-
tance from the injection well (Fig. 4).

Discussion

Acetate retention in the hyporheic zone—Although acetate
represented a substantial portion of total DOC, the hyporheic
zone at Rio Calaveras had a high propensity for acetate re-
tention. Nearly all of the injected acetate was consumed
within the first 50 cm of transport. To our knowledge, this
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is the first study to report hyporheic zone DOC retention
using direct injection techniques, but our results are similar
to other studies using naturally occurring DOC gradients
aong hyporheic flowpaths. Comparing concentrations of
stream water DOC to hyporheic water DOC, Findlay et al.
(1993) and Findlay and Sobczak (1996) estimated that at
least 50% of stream water DOC was retained in the hypor-
heic zone in the East Branch of Wappinger Creek, New
York. Similar values of DOC retention (ca. 49—60%) were
observed in gravel bars in the River Rhdne, France (Claret
et a. 1997). Rutherford and Hynes (1987) discussed two
alternative roles for the groundwater—surface water interface
in DOC retention in lotic ecosystems. DOC may be stripped
as it istransported across the interface, or stream water DOC
may be diluted by infiltration of DOC-poor groundwater. The
two perspectives are not mutually exclusive, but in general,
the interface between surface water and groundwater appears
to be a DOC sink (e.g., Fiebig and Lock 1991; Vervier and
Naiman 1992; Findlay et al. 1993; Vervier et al. 1993; Fiebig
1995), and our results are consistent with this trend.
Retention of DOC, including acetate, may occur via abi-
otic and biotic mechanisms. Abiotic sorption can play a sig-
nificant role in DOC retention by stream sediments (e.g.,

Baker et al.

Dahm 1981; McDowell 1985), but we did not observe ac-
etate sorption by hyporheic sediments in our batch tests.

Material retention in lotic ecosystems is influenced by in-
tensity of biotic processing and rates of transport (Elwood
et al. 1983; Mulholland et a. 1985; Valett et al. 1996). This
is true for DOC retention in the hyporheic zone as well
(Findlay et al. 1993; Findlay and Sobczak 1996). Because
solutes that move more slowly have longer contact time with
biologically and chemically reactive sediments, flowpaths
with longer residence time should exhibit more DOC reten-
tion. We found a negative relationship between pore velocity
(travel time) and acetate retention, suggesting hydrological
controls of retention.

Influence of acetate retention on microbial TEAPS—
Changes in solute concentrations indicative of microbial me-
tabolism (e.g., DO, NO;, Fe?**, SO;-, CH,, and CO,) show
that respiration was an important factor in acetate retention
in the hyporheic zone of Rio Calaveras. Assuming a closed
system, acetate mineralization to CO, accounted for a min-
imum of 19-100% of total acetate retention.

Our observation that acetate addition stimulates respira
tion supports the hypothesis that microbial metabolism in the
hyporheic zone is limited by labile DOC availability. Several
studies have documented labile organic matter (dissolved
and particulate) limitation of hyporheic zone metabolism.
Jones (1995) showed that DOC and particulate organic mat-
ter (POM) addition stimulated respiration in sediments from
the hyporheic zone at Sycamore Creek, Arizona. Other stud-
ies have correlated sediment POM content to hyporheic zone
respiration (Pusch and Schwoerbel 1994; Fuss and Smock
1996). Our study has applied a field-scale approach (sensu
Carpenter 1989) to show stimulation of hyporheic zone res-
piration by in situ organic matter addition.

Both aerobic and anaerobic respiration were stimulated by
acetate addition to the hyporheic zone. DO decreased 13—
30% below background; however, aerobic respiration, as in-
dicated by decreased DO levels, contributed only a small
percentage to overall acetate retention. Most acetate reten-
tion occurred via anaerobic pathways. In order of decreasing
importance, the predominant anaerobic TEAPs appearing to
contribute to acetate retention were denitrification, sulfate
reduction, methanogenesis, and iron reduction.

In estimating the contribution of each TEAP to acetate
oxidation, we assumed the hyporheic zone was a closed sys-
tem and that TEAP-sensitive solutes were affected only by
acetate oxidation according to stoichiometry given in Table
1. Thus, we can only estimate the minimum contribution of
each TEAP to acetate mineralization. These assumptions are
least likely to be met for dissolved gases (CO,, DO, and
CH,) because (1) degassing could have occurred during
pumping and sampling, (2) gases may be exchanged between
the saturated and unsaturated zones, (3) CO, may be used
chemoautotrophically in processes such as acetogenesis and
methanogenesis, and (4) CH, may be oxidized microbially,
forming biomass and CO,. Degassing during sampling is
probably the greatest error for CO, and CH,. Concentrations
of these gases in the hyporheic zone are much higher than
those due to atmospheric equilibration, and bubble formation
during sampling was inevitable. Diffusion of atmospheric
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Table 4. DO ranges from several hyporheic zones in various climatic regions.

DO (uM)
Study site reference Substrate type mean *= SE or range
Rio Calaveras, New Mexico (this study) Silty sand 54 + 75
Sycamore Creek, Arizona (Valett et al. 1990) Cobble, gravel, clay 31-250
River Glatt, Switzerland (von Gunten et al. 1991) Gravel, sand, clay 16 + 11
Wappanger Creek, New York (Findlay et al. 1993) Fine sand to cobble 16 to 188
Rhone River, France (Claret et a. 1997) Sand and gravel 63 to 280

Speed River, Ontario, Canada (Fraser and Williams 1998)

Gravdl, silt, sand 38 = 56 to 50 = 97

oxygen into the hyporheic zone would not be a significant
source of DO. Even assuming a DO concentration of 8 mg
liter-* (near atmospheric saturation) at the top of the water
table, a maximum of 7 umol DO m~2 d-* would diffuse the
0.5-m distance to the location of the well screen. More than
800 wmol DO m~2 was consumed during the 2-d experiment.

Denitrification may be overestimated if NO; loss is due
to assimilation and underestimated if NO; is produced via
nitrification. The influence of assimilation on nitrate reten-
tion in stream systems is poorly known. Hedin et al. (1998)
estimated that 30—60% of nitrate retention in the surface
water—groundwater interface was due to denitrification. Hy-
porheic zones can be important sites of nitrification (Holmes
et a. 1994) if both DO and ammonium (NH;) are available
to nitrifying bacteria. In our study, nitrification may have
occurred because DO was present, and NH,-N concentration
averaged 5.0 = 2.6 uM N.

Assuming that Fe** is not changed after it is produced
may not be realistic. At circumneutral pH, Fe** can be rap-
idly oxidized abiotically or bioticaly if DO is present
(Stumm and Morgan 1981; Emerson and Moyer 1997). Fur-
thermore, Fe?* can precipitate out of solution if sulfate re-
duction has produced sulfide levels that yield supersaturation
relative to iron sulfide mineral solubility (Stumm and Mor-
gan 1981). Using a geochemical speciation model
(PHREEQC, Parkhurst 1995), we simulated decomposition
of 100 uM acetate with initial water chemistry similar to
that of the hyporheic zone at Rio Calaveras. According to
the simulation, acetate oxidation results in Fe?* and HS-
levels that exceed solubility (saturation indices ranging from
0.08 to 10) of iron sulfide minerals (FeS [ppt], pyrite [FeS,],
and mackinawite [FeS]). Given the amount of Fe?* that we
measured in the hyporheic zone, even small amounts of sul-
fide (5 X 102 — 1 X 10* uM HS") produced by sulfate
reduction could cause iron sulfide precipitation. Based on
this equilibrium calculation and our observation that sulfate
reduction occurred (producing on the order of 4-11 uM
HS"), it is likely that our experimental injection resulted in
iron sulfide precipitation, which led to an underestimation of
the contribution of iron reduction (Fe?* production) to ace-
tate mineralization.

Finally, manganese reduction is a TEAP that we did not
consider in this study and may account for some portion of
acetate retention. In some wells, we were able to account for
>90% of acetate retention via microbial TEAPs. This is
within analytical errors associated with the solute analyses.
Wells in which we were unable to account for all of acetate

retention via microbial TEAPs show that the closed-system
assumptions described above were violated.

Contrary to our hypothesis, acetate addition stimulated a
suite of microbial TEAPs that did not appear to be ther-
modynamically segregated. Nitrate was generally the pre-
dominant terminal electron acceptor. Similarly, the impor-
tance of the lower energy-yielding pathways, sulfate
reduction and methanogenesis, did not increase with travel
time or distance from the injection well. Our results are con-
sistent with those of Morrice (1997), who did not observe
distinct spatial segregation of TEAPs in the subsurface of
Rio Calaveras at spatial scales similar to those used in our
study. Together, these results do not support the findings of
Hedin et a. (1998), who showed that microbial processes
were longitudinally distributed along a thermodynamic gra-
dient in control and DOC- fertilized flowpaths of riparian
groundwater discharging into Smith Creek, Michigan. Un-
like groundwater discharge zones, hyporheic zones may be
in a state of thermodynamic disequilibrium due to greater
spatial and temporal hydrologic variation.

Implications for stream ecosystem metabolism—Our ob-
servation that a suite of aerobic and anaerobic microbial
TEAPs can cooccur in the hyporheic zone has important
implications for measures of whole-stream metabolism. Sev-
eral studies have shown that a majority (50—96%) of stream
ecosystem respiration occurs in the hyporheic zone (e.g.,
Grimm and Fisher 1984; Fuss and Smock 1996; Mulholland
et a. 1997; Nageli and Ueherlinger 1997). These studies
have relied on measurements of aerobic respiration (DO de-
pletion).

Including total respiration in metabolic studies of stream
ecosystems may alter perspectives of lotic ecosystem ener-
getics. If our estimate that aerobic respiration accounts for
only a small portion of acetate retention is similar for other
organic substrates, whole-stream respiration based on mea-
sures of changes in DO concentration could substantially
underestimate total respiration. Subsurface hypoxia and an-
oxia are common at Rio Calaveras during base flow (Baker
et al. 1994, 1999; Valett et al. 1996, 1997), and it is unlikely
that anaerobic respiration occurred as an artifact of excessive
organic matter loading during our experiment. If acetate had
been transported conservatively to a given capture well, a
maximum acetate concentration of 329 uM (7.9 mg C li-
ter-1) would have been observed, based on bromide re-
sponse. This is within the seasonal range of DOC concen-
trations observed in the hyporheic zone at Rio Calaveras.
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Furthermore, DO levels at the location of our experiment are
similar to other regions of the hyporheic zone (Valett et a.
1996), where solutes indicative of microbial TEAPs (e.g.,
Fe>*) are observed along flowpaths (Baker et a. 1999). Our
results suggest that anaerobic processes dominate heterotro-
phic metabolism in the hyporheic zone at Rio Calaveras un-
der summer base flow conditions.

Anaerobic metabolism is likely to occur in many hypor-
heic systems. A number of studies in desert and temperate
streams have measured levels of hyporheic DO that are sim-
ilar to those at Rio Calaveras (Table 4). Sediment particle
size is one parameter that will strongly influence the eco-
system level importance of anaerobic metabolism. The res-
idence time of stream water in the hyporheic zone and the
spatial extent of surface water—groundwater interaction is
controlled by sediment properties (e.g., Findlay 1995; Mor-
rice et al. 1997), and sediment porosity controls the rate of
oxygen transport (e.g., Dodds et a. 1996). Anaerobic me-
tabolism likely occurs in microsites or patches of fine-
grained sediments (e.g., Vervier et al. 1993; Holmes et al.
1994), where transport rates are slow, and there are often
high levels of organic matter and a greater density of mi-
croorganisms (Jones 1995). The significance of hyporheic
anaerobic metabolism to whole-stream metabolism will de-
pend on how these patches are hydrologically linked within
the system.

The influence of the hyporheic zone on stream ecosystem
energetics is controlled by hyporheic zone size, subsurface
residence time, and labile organic matter availability. Our
results have shown that biological processes responsible for
DOC retention in the hyporheic zone at Rio Calaveras are
mostly anaerobic, and LMW organic acids like acetate may
be key compounds involved in microbial metabolism in this
environment.

References

BAKER, M. A. 1998. Organic carbon retention and ecosystem me-
tabolism in near-stream groundwater. Ph.D. dissertation, Univ.
of New Mexico-Albuquerque.

, C. N. Dahm, and H. M. Valett. 1999. Anoxia, anaerobic

metabolism and the biogeochemical structure of the stream wa-

ter—groundwater interface. In press. In J. B. Jones, Jr., and P,

J. Mulholland [eds.], Surface-subsurface interactions in

streams. Landes Bioscience.

, M. A, C. N. Dahm, H. M. Valett, J. A. Morrice, M. E.
Campana, and G. J. Wroblicky. 1994. Spatia and temporal
variation in methane distribution at the ground water—surface
water interface in headwater catchments, p. 29-37. In J. A.
Stanford and H. M. Valett [eds]] Proceedings of the Second
International Conference on Ground Water Ecology. AWRA.

BRUNKE, M., AND T. GoNseR. 1997. The ecologica significance of
exchange processes between rivers and groundwater. Fresh-
water Biol. 377: 1-33.

CARLTON, R. G,, G. S. WALKER, M. J. KLuG, AND R. G. WETZEL.
1989. Relative values of oxygen, nitrate, and sulfate to terminal
microbial processes in the sediments of Lake Superior. J. Gt.
Lakes Res. 15: 133-140.

CARPENTER, S. R. 1989. Replication and treatment strength in
whole-lake experiments. Ecology 70: 453-463.

CHAamP, D. R., J. GULENS, AND R. E. JacksoN. 1979. Oxidation-

Baker et al.

reduction sequences in ground water flow systems. Can. J.
Earth Sci. 16: 12-23.

CHAPELLE, F H., AND P M. BRaDLEY. 1996. Microbial acetogenesis
as a source of organic acids in ancient Atlantic Costal Plain
sediments. Geology 24: 925-928.

CLARET, C., P MARMONIER, JM. BoISSIER, D. FONTVIEILLE, AND
P. BLANC. 1997. Nutrient transfer between parafluvia intersti-
tial water and river water: Influence of gravel bar heterogene-
ity. Freshwater Biol. 37: 657—670.

DAHM, C. N. 1981. Pathways and mechanisms for removal of dis-
solved organic carbon from leaf leachate in streams. Can. J.
Fish. Aquat. Sci. 38: 68-76.

, D. L. CARR, AND R. L. CoLEMAN. 1991. Anaerobic carbon
cycling in stream ecosystems. Verh. Int. Verein. Limnol. 24:
1600-1604.

DE ANGELIS, M. A., AND M. D. LiLLEY. 1987. Methane in surface
waters of Oregon estuaries and rivers. Limnol. Oceanogr. 32:
716-722.

Dobbs, W. K., C. A. RANDEL, AND C. C. EDLER. 1996. Microcosms
for aquifer research: Application to colonization of various
sized particles by ground-water microorganisms. Ground Water
34: 756-759.

Domenico, P A., AND FE W. ScHwARTz. 1990. Physical and chem-
ical hydrogeology. Wiley.

DRrAKE, H. L. 1994. Introduction to acetogenesis, p. 3-61. In H. L.
Drake [ed.], Acetogenesis. Chapman.

ELwoob, J. W.,, J. D. NewBoLD, R. V. O'NEILL, AND W. VAN WIN-
KLE. 1983. Resource spiralling: An operational paradigm for
analyzing lotic ecosystems, p. 3-27. In T. D. Fontaine |1l and
S. M. Bartell [eds.], Dynamics of lotic ecosystems. Ann Arbor
Science.

EmERSON, D., AND C. MoYER. 1997. Isolation and characterization
of novel iron-oxidizing bacteria that grow at circumneutral pH.
Appl. Environ. Microbiol. 63: 4784—4792.

FieBiG, D. M. 1995. Groundwater discharge and its contribution of
dissolved organic matter to an upland stream. Arch. Hydrobiol.
134: 129-155.

, AND M. A. Lock. 1991. Immobilization of dissolved or-
ganic matter from groundwater discharging through the stream
bed. Freshwater Biol. 21: 261-369.

FINDLAY, S. 1995. Importance of surface-subsurface exchange in
stream ecosystems: The hyporheic zone. Limnol. Oceanogr.
40: 159-164.

, AND W. V. SoBczak. 1996. Variability in removal of dis-

solved organic carbon in hyporheic sediments. J. North Am.

Benthol. Soc. 15: 35-41.

, D. STRAYER, C. GoumMBALA, AND K. GouLD. 1993. Me-
tabolism of streamwater dissolved organic carbon in the shal-
low hyporheic zone. Limnol. Oceanogr. 38: 1493-1499.

FisHER, S. G., AND G. E. LikeNs. 1973. Energy flow in Bear Brook,
New Hampshire: An integrative approach to stream ecosystem
metabolism. Ecol. Monogr. 43: 421-4309.

FrRaser, B. G., AND D. D. WiLLIAMS. 1998. Seasonal boundary
dynamics of a groundwater/surface water ecotone. Ecology 79:
2019-2031.

Fuss, C. L., AND L. A. Smock. 1996. Spatial and temporal variation
of microbial respiration rates in a blackwater stream. Fresh-
water Biol. 36: 339-349.

GIBERT, J., J. MATHIEU, AND F FOURNIER. 1997. Groundwater/Sur-
face water ecotones: Biological and hydrological interactions
and management options. UNESCO, Cambridge Univ. Press.

GrimM, N. B., AND S. G. FIsHER. 1984. Exchange between inter-
gtitial and surface water: Implications for stream metabolism
and nutrient cycling. Hydrobiologia 111: 219-228.

Hebin, L. O., J. C. voN FiscHER, N. E. OstroMm, B. P KENNEDY,
M. G. BRowN, AND G. P ROBERTSON. 1998. Thermodynamic



Hyporheic acetate cycling

constraints on nitrogen transformations and other biogeochem-
ical processes at soil-stream interfaces. Ecology 79: 684—703.

HoLMEs, R. M., S. G. FIsHER, AND N. B. GRimM. 1994. Parafluvial
nitrogen dynamics in a desert stream ecosystem. J. North Am.
Benthol. Soc. 13: 469-478.

JonEs, J. B., JrR. 1995. Factors controlling hyporheic respiration in
a desert stream. Freshwater Biol. 34: 91-99.

, S. G. FIsHER, AND N. B. GrRimM. 1995a. Vertical hydro-
logic exchange and ecosystem metabolism in a Sonoran Desert
stream. Ecology 76: 942-952.

——, AND R. M. HoLMEs. 1996. Surface-subsurface interactions
in stream ecosystems. Trends Ecol. Evol. 11: 239-242.

, R. M. HoLMES, S. G. FIsHER, AND N. B. GrRimM. 1995b.
Chemoautotrophic production and respiration in the hyporheic
zone of a Sonoran Desert stream, p. 329-338. In J. A. Stanford
and H. M. Valett [eds], Proceedings of the Second Interna-
tional Conference on Ground Water Ecology. AWRA.

KLinG, G. W., G. W. KipPHUT, AND M. C. MILLER. 1992. The flux
of CO, and CH, from lakes and rivers in arctic Alaska. Hy-
drobiologia 240: 23-36.

LovLEYy, D. R, aAnD M. J. KrLuc. 1983. Sulfate reducers can out-
compete methanogens at freshwater sulfate concentrations.
Appl. Environ. Microbiol. 45: 187-192.

, AND E. J. P PHILLIPs. 1988. Novel mode of microbial en-
ergy metabolism: Organic carbon oxidation coupled to dissim-
ilatory reduction of iron or manganese. Appl. Environ. Micro-
biol. 54: 1472-1480.

LusH, D. L., AND H. B. N. HynEs. 1978. Uptake of dissolved or-
ganic matter by a small spring stream. Hydrobiologia 60: 271—
275.

McDoweLL, W. H. 1985. Kinetics and mechanisms of dissolved
organic carbon retention in a headwater stream. Biogeochem-
istry 1: 329-352.

MEeNzeL, D. W., AND R. E VAcARRO. 1964. The measurement of
dissolved and particulate organic carbon in seawater. Limnol.
Oceanogr. 9: 138-142.

MorRICE, J. A. 1997. Influences of stream—aquifer interactions on
nutrient cycling in streams. Ph.D. dissertation, Univ. of New
Mexico-Albuquerque.

, H. M. VaLETT, C. N. DAHM, AND M. E. CAMPANA. 1997.
Alluvial characteristics, groundwater—surface water exchange,
and hydrologic retention in headwater streams. Hydrol. Pro-
cesses 11: 253-267.

MuLHoLLAND, P J, E. R. MARzOLF, J. R. WEBSTER, AND D. R.
HART. 1997. Evidence that hyporheic zones increase heterotro-
phic metabolism and phosphorus uptake in forest streams. Lim-
nol. Oceanogr. 42: 443-451.

, J. D. NEwsoLD, J. W. ELwoop, L. A. FERREN, AND J. R.
WEBSTER. 1985. Phosphorus spiralling in a woodland stream:
Seasonal variations. Ecology 66: 1012-1023.

NAGELI, M. W.,, AND U. UEHLINGER. 1997. Contribution of the hy-
porheic zone to ecosystem metabolism in a preapine gravel-
bed river. J. North Am. Benthol. Soc. 16: 794-804.

PARKHURST, D. L. 1995. User’s guide to PHREEQC—a computer
program for speciation, reaction-path, advective transport, and
inverse geochemical calculations. U.S.G.S. Water Resources
Investigations Rep. 95-4227.

PotsmaA, D., AND R. JakoBseN. 1996. Redox zonation: Constraints
on the Fe(111)/SO, reduction interface. Geochim. Cosmochim.
Acta 60: 3169-3175.

PuscH, M., AND J. SCHWOERBEL. 1994. Community respiration in
hyporheic sediments of a mountain stream (Steina, Black For-
est). Arch. Hydrobiol. 130: 35-52.

RUTHERFORD, J. E., AND H. B. N. HyNEs. 1987. Dissolved organic

1539

carbon in streams and groundwater. Hydrobiologia 154: 33—
48,

SmiTH, R. L., B. L. HowEes, AND S. P GARABEDIAN. 1991. In situ
measurement of methane oxidation in groundwater by using
natural-gradient tracer tests. Appl. Environ. Microbiol. 57:
1997-2004.

SoKAL, R. R., AND F J. RoHLF. 1981. Biometry. Freeman.

STOOKEY, L. L. 1970. Ferrozine—a new spectrophotometric reagent
for iron. Anal. Chem. 42: 779-781.

Stumm, W, AND J. J. MORGAN. 1981. Aquatic chemistry: Chemical
equilibria and rates in natural waters, 2nd ed. Wiley.

SWEERTS, JJPR.A., M-J. BAR-GILISSEN, A. A. CORNELESE, AND T.
E. CaPPENBERG. 1991. Oxygen consuming processes at the
profundal and littoral sediment—water interface of a small
meso-eutrophic lake (Lake Vechten, The Netherlands). Limnol.
Oceanogr. 36: 1124-1133.

THAMDRUP, B., AND D. E. CANFIELD. 1996. Pathways of carbon
oxidation in continental margin sediments off central Chile.
Limnol. Oceanogr. 41: 1629-1650.

THURMAN, E. M. [ED.]. 1985. Organic geochemistry of natural wa-
ters. Nijhoff/Junk.

TriskA, E J, V. C. KENNEDY, R. J. AvAaNnzINO, G. W. ZELLWEGER,
AND K. E. BENCALA. 1989. Retention and transport of nutrients
in a third-order stream in northwestern California: Hyporheic
processes. Ecology 70: 1893-1903.

VALETT, H. M., C. N. DAHM, M. E. CAMPANA, J. A. MORRICE, M.
A. BAKER, AND C. S. FeLLows. 1997. Hydrologic influences
on groundwater—surface water ecotones. Heterogeneity in nu-
trient composition and retention. J. North Am. Benthol. Soc.
16: 239-247.

, S. G. FIsHER, AND E. H. STANLEY. 1990. Physica and

chemical characteristics of the hyporheic zone of a Sonoran

Desert stream. J. North Am. Benthol. Soc. 9: 201-215.

, J. A. Morricg, C. N. DAHM, AND M. E. CAMPANA. 1996.
Parent lithology, surface-groundwater exchange, and nitrate re-
tention in headwater streams. Limnol. Oceanogr. 41: 333-345.

VERVIER, P, M. DoBsoN, AND G. PINAY. 1993. Role of interaction
zones between surface and groundwaters in DOC transport and
processing: Considerations for river restoration. Freshwater
Biol. 29: 275-284.

, J. GIBERT, P MARMONIER, AND M-J. DOLE-OLIVIER. 1993.

A perspective on the permeability of the surface freshwater—

groundwater ecotone. J. North Am. Benthol. Soc. 11: 93-102.

, AND R. J. NAIMAN. 1992. Spatial and temporal fluctuations
of dissolved organic carbon in subsurface flow of the Stilla-
guamish (Washington, USA). Arch. Hydrobiol. 123: 401-412.

VvON GUNTEN, H. R., G. KARAMETAXAS, U. KRAHENBUL, M. Kus-
LYs, R. GiovanoLl, E. HoenN, AND R. KEIL. 1991. Seasonal
biogeochemical cycles in riverborne groundwater. Geochim.
Cosmochim. Acta 55: 3597-3609.

VROBLESKY, D. A., AND F H. CHAPELLE. 1994. Temporal and spa-
tial changes of terminal electron-accepting processes in a pe-
troleum hydrocarbon contaminated aquifer and the significance
for contaminant biodegradation. Water Resour. Res. 30: 1561—
1570.

WETZEL, R. G., AND G. E. Likens. 1991. Limnological analyses.
Springer.

WRoBLICKY, G. J., M. E. CaAmMPANA, H. M. VALETT, AND C. N.
DaHM. 1998. Seasona variation in surface-subsurface water
exchange and lateral hyporheic area of two stream—aquifer sys-
tems. Water Resour. Res. 34: 317-328.

Received: 18 August 1998

Accepted: 3 May 1999
Amended: 19 May 1999




