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Abstract. Dissolved organic carbon (DOC) dominates the flux of organic matter in
most stream ecosystems, but the proportion susceptible to microbial degradation is often
presumed to be low. The fraction of bulk DOC contributing to microbial metabolism was
assessed in five streams representing the regional range in surface-water DOC concentration
in eastern New York State, USA (range 0.5–7.7 mg/L; n 5 82). Transects of shallow wells
along two hyporheic flowpaths (i.e., saturated sediments found below and lateral to the
open-stream channel in active exchange with surface waters) in each of five streams were
sampled monthly at baseflow to determine changes in subsurface DOC and dissolved oxygen
concentrations. Hyporheic DOC concentrations ranged from 50% to 100% of surface-water
concentrations and decreased along hyporheic flowpaths in four of five streams. Dissolved
oxygen losses along hyporheic flowpaths paralleled DOC loss, and bacterial activity on
tiles incubated at points along the flowpaths generally declined as hyporheic DOC was
depleted. DOC losses along natural flowpaths exceeded the quantity of DOC lost during
laboratory bottle incubations, even when samples were amended with inorganic nutrients.
Hyporheic mesocosms were used to examine the fate of stream-derived DOC along rep-
licated flowpaths under controlled hydrologic conditions. The overall patterns of DOC losses
along mesocosm flowpaths supplied with water from previously studied streams were similar
to DOC losses along natural flowpaths. DOC declines were paralleled by declines in bacterial
activity and dissolved oxygen. Mesocosm results indicated that variation in percentage of
DOC loss along natural flowpaths was not a function of dilution, residence time, or initial
DOC concentration and that subsurface DOC dynamics were linked to variation in microbial
metabolism.

The fraction of total DOC available for metabolism varied markedly among regional
streams and was independent of initial DOC concentration. DOC near the end of hyporheic
flowpaths was not subject to further degradation, regardless of the bioavailability of surface-
water DOC entering these flowpaths. Hence, in streams with significant hyporheic exchange,
the amount and bioavailability of DOC transported to downstream ecosystems may be
affected by subsurface metabolism. DOC depletion during hyporheic transport may provide
a general in situ measure of bioavailable DOC in surface water and be a powerful predictor
of rates of heterotrophic activity in sediments at the reach level.

Key words: bacteria; bioavailable DOC; dissolved organic carbon; hyporheic zone; mesocosms;
microbial metabolism; organic matter bioavailability; sediments; stream ecosystem.

INTRODUCTION

Dissolved organic carbon (DOC) influences, if not
governs, many aspects of the biology and chemistry of
aquatic ecosystems (Thurman 1985). Frequently, DOC
regulates biotic processes such as bacterial productivity
which in turn influences dissolved oxygen concentra-
tions, food-web structure, and microbially mediated
biogeochemical transformations (Wetzel 2001). Stream
ecosystems integrate DOC fluxes from adjacent terres-
trial, riparian, and groundwater environments (Mc-
Dowell and Likens 1988, Hedin et al. 1998, Baker et
al. 2000a) and downstream fluxes of DOC are typically
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the largest component of stream organic matter budgets
(Fisher and Likens 1973, Webster and Meyer 1997).
Differences among streams in the proportion of DOC
susceptible to metabolism over relevant time scales
may influence stream heterotrophy and downstream or-
ganic carbon transport (Mulholland 1997, Sinsabaugh
1997), but there has not been an explicit comparative
study of how the bioavailable fraction of total DOC
might vary among streams.

Most of the metabolic activity in streams occurs in
bed sediments either at the sediment–water interface
or in hydrologically connected deeper sediments (i.e.,
hyporheic zone). Hyporheic zones influence the bio-
geochemistry of stream ecosystems by increasing sol-
ute residence times, and more specifically, solute con-
tact with biofilms (Bencala 2000). Microbial processes
in the hyporheic zone can be a significant component
of whole-stream nutrient transformations (Triska et al.
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FIG. 1. DOC survey histograms: (A) Hudson River Val-
ley; (B) Catskill Mountains. Arrows indicate DOC values of
streams examined throughout the study.

1989, Baker et al. 2000b, Duff and Triska 2000) and
organic carbon transformations (Grimm and Fisher
1984, Mulholland et al. 1997, Kaplan and Newbold
2000). Surface water perfusing hyporheic sediments
provides a renewable dissolved organic carbon source
to maintain hyporheic metabolism (Jones 1995, Findlay
and Sobczak 1996, Battin 2000), although its flux may
vary with season and discharge (Vervier and Naiman
1992, Harvey and Wagner 2000). Particulate organic
carbon (POC) is physically removed as streamwater
downwells into sediments (Marmonier et al. 1995), but
large standing stocks of particulate detritus may oc-
casionally be buried in hyporheic sediments and sig-
nificantly contribute to hyporheic metabolism (Metzler
and Smock 1990, Sobczak et al. 1998). In addition, the
breakdown of existing biofilms may also contribute to
hyporheic metabolism (Fiebig 1995, Findlay and Sob-
czak 1996). Regardless of existing standing stocks of
sediment-bound POC, DOC in transit through hypor-
heic zones provides a large and renewable potential
energy source for hyporheic microbes. The realized
importance of DOC as an energy source is a function
of its bioavailability and rate of supply (Findlay 1995,
Findlay and Sobczak 2000).

Assessment of among-stream differences in the bio-
available fraction of DOC requires evidence that ap-
parent DOC loss is due to biotic processes and ancillary
factors such as inorganic nutrient availability are not
major controls on DOC removal. We examined DOC
dynamics and microbial metabolism along hyporheic
flowpaths to address the linked questions of whether
there was removal of DOC from surface waters moving
through these subsurface sediments and whether these
changes were associated with differences in metabo-
lism. Appreciable quantities of surface water can move
along hyporheic flowpaths and relatively slow water
movement through hyporheic sediments allows ample
opportunity for microbial metabolism of bioavailable
soluble materials.

Here, we determined bioavailability of stream-de-
rived DOC by examining DOC and dissolved oxygen
concentrations along hyporheic flowpaths in five
streams representing the regional range of surface-wa-
ter DOC (Hudson River Valley and Catskill Mountain
region, New York, USA). Measurements of biofilm
bacterial activity were used to explore potential links
between DOC removal and changes in bacterial growth
among streams. These flowpath studies were supported
by an array of field, laboratory, and mesocosm exper-
iments that were used to systematically eliminate al-
ternate explanations for observed differences in DOC
bioavailability such as differences in hydrology, in-
organic nutrient availability, and bulk-DOC concentra-
tion. Among-stream differences in DOC removal were
related to variation in hyporheic-zone metabolism,
which provided insight into how surface–subsurface
interactions can be used to understand the energy flow
and biogeochemistry of stream ecosystems.

METHODS

Stream survey and selection

We surveyed a wide array of streams (n 5 82) in
the Hudson River Valley region (New York, USA; n
5 42) and in the Catskill Mountain region (New York,
USA; n 5 40) to select streams spanning the regional
range in surface-water DOC concentration. Hudson
River Valley streams were sampled on at least two dates
at summer baseflow during June and July 1994. Catskill
Mountain region streams were surveyed en masse on
four dates representing summer, fall, winter, and spring
flow. DOC concentration in the Hudson River Valley
region ranged nearly an order of magnitude (range 0.9–
7.7 mg/L at baseflow) and had a mean of 3.5 mg/L
(Fig. 1A). Streams draining the primarily forested
catchments of the Catskill Mountains exhibited a small-
er range in DOC concentration (0.4–2.2 mg/L) with a
mean of 0.9 mg/L (Fig. 1B). The five streams selected
for study spanned the range in DOC concentrations
found in the regional survey (see arrows in Fig. 1A):
West Branch Neversink River (DOC 5 1.1 6 0.2 [mean
6 1 SE]; n 5 8), Ham Creek (DOC 5 1.9 6 0.3), East
Branch Wappinger Creek (DOC 5 3.1 6 0.2), Shaw-
angunk River (DOC 5 5.4 6 0.6), and Wallkill River
(DOC 5 7.7 6 0.5).
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PLATE 1. (Left) The West Branch Neversink River is a low-nutrient, third-order stream that drains the forested catchment
in the southern Catskill Mountains of New York State. The Neversink River is underlain by sandstone and conglomerate and
overlain by till deposits and alluvium derived from the last glaciation; thus, the potential for exchange of surface water and
subsurface water appears high. (Right) Mesocosm studies were conducted to examine dissolved organic carbon and microbial
variables under conditions of controlled interstitial flow rates. Each of the nine mesocosms shown consisted of a 440-L tank
connected to a 4-m sediment-packed PVC pipe and a series of sampling ports.

TABLE 1. Chemical characteristics of the West Branch Neversink River, East Branch Wap-
pinger Creek, and Wallkill River surface water throughout the study period (1994–1996).

Stream
(n 5 dates)

Chemical characteristics

TOC
(mg/L)

NO3-N
(mg/L)

NH4-N
(mg/L)

TN
(mg/L)

TP
(mg/L)

SpCond
(mS/cm)

Temp.
(8C)

Neversink (n 5 73)
Wappinger (n 5 34)
Wallkill (n 5 25)

1.2
3.1†
5.7

0.24
5.93
1.02

0.005
0.065
0.047

0.31
6.35‡
1.42

0.004
0.138§
0.160

30
291
335

7.8
10.7
10.8

Notes: Wallkill River data span from March 1993 through March 1995. The data are presented
as overall means. Sample size varies among streams. Abbreviations in column heads are: TOC,
total organic carbon; TN, total nitrogen; TP, total phosphorus; SpCond, specific conductivity;
Temp., temporature.

† n 5 26.
‡ n 5 15.
§ n 5 5.

The five streams not only represented the regional
DOC concentration, but also varied in catchment char-
acteristics and inorganic water chemistry (Table 1). The
West Branch Neversink River (Neversink; see Plate 1)
is a low-nutrient, third-order stream that drains a forested
catchment containing second-growth oak–hickory–ma-
ple in the southern Catskill Mountains. The Neversink
watershed is underlain by sandstone and conglomerate
and overlain by till deposits and alluvium derived from
the last glaciation. The East Branch Wappinger Creek
(Wappinger) is a high-nutrient, third-order stream that
drains a heterogeneous watershed that contains low-den-
sity housing, second-growth forests, agricultural land,
and some wetlands. Ham Creek (Ham) is a second-order
tributary of the Wappinger and drains a watershed con-
taining lowland forests and wetlands. The Wallkill River
(Wallkill) is a high nutrient, fourth-order stream that
drains a heterogeneous watershed that contains small
towns, agricultural land, wetlands, and lowland forests.
The Shawangunk River (Shawangunk) is a third-order
tributary of the Wallkill and drains a watershed con-
taining low-density housing, agricultural land, and up-

land forests. The Wappinger and Wallkill are tributaries
of the Hudson River, and alluvial deposits for these low-
elevation streams are derived from glacial till.

Transect installation

On each of the five streams, we located exposed
gravel bars (i.e., alluvium not inundated at baseflow)
in riffles where downwelling of surface waters was
indicated by negative vertical hydraulic gradient (Fig.
2A). We established transects (two per stream) of shal-
low (0.5 m deep) wells made of PVC pipe (diameter
5 1.91 cm) with 10-cm perforated sections between
depths of 40 cm and 50 cm. Distances between transects
varied among streams and ranged from several to ;100
m. Wells were fixed by inserting prepared PVC sections
into removable steel sleeves driven into sediments with
a post driver (Lee and Cherry 1978, Dahm and Valett
1996). Where coarse substrate was encountered, mal-
leable conduit was driven into the sediments and PVC
with smaller diameter (diameter 5 0.95 cm) was used.
One transect of wells in the Wappinger consisted of
steel well-points (diameter 5 2.54 cm). Transect length
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FIG. 2. (A) Cross-sectional view of exposed gravel bar, highlighting the hydrological characteristics of the hyporheic
flowpaths that were studied. (B) Schematic of one of nine mesocosms that were constructed to simulate natural hyporheic
flowpaths. VHG 5 vertical hydraulic gradient.

TABLE 2. Hydrologic and sediment characteristics for hyporheic zones from the five streams
examined.

Streams

Hydrologic and sediment characteristics

Slope
(%)

Hydraulic
conductivi-
ty (cm/s)

Hydraulic
conductivi-

ty (slug
test, s‡)

Velocity
(cm/h)

Grain size,
d10

Porosity
(% water)

POC
(%)§

Neversink
Ham
Wappinger
Shawangunk
Wallkill

4.4
1.1
1.0
0.7
ND

.1.0†
0.8
0.8
0.7
0.7

8
17
16
28
36

.10
3.3
2.8
1.6

ND

.2.0–3.35
0.5–1.0
0.5–1.0
2.0–3.35
2.0–3.35

.28
33
29
22
20

,0.5
1.0
0.9
0.7
0.7

Note: ND 5 not determined.
† Large cobble were excluded from estimates in the Neversink.
‡ Denotes relative times.
§ POC 5 particulate organic carbon.

averaged 11 m (range 4–17 m). Distances between
wells were 2 m along Neversink, Shawangunk, and
Wallkill transects and ;1 m along Ham and Wappinger
transects.

All transects were located along riffles that had hy-
draulic-head differences between transect heads (i.e.,
downwelling surface water) and tails (upwelling hy-
porheic water), as measured using clear plexiglass pi-

ezometers (Fig. 2A). In addition, sampling wells were
used as piezometers: well heights were surveyed in
relation to a fixed datum and depth to water estimated
the slope of the water table along flowpaths (Table 2).
Water temperature (White et al. 1987) and conductivity
(Dahm and Valett 1996) measured along all flowpaths
were indistinguishable from surface waters, suggesting
that surface water was the principal water source to
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hyporheic flowpaths. For example, in 1995, specific
conductivity of hyporheic water along Neversink
(mean surface 5 23 mS/cm; mean hyporheic 5 22 mS/
cm) and Wappinger (mean surface 5 258 mS/cm; mean
hyporheic 5 248 mS/cm) transects was indistinguish-
able from surface water on all sampling dates (slopes
of conductivity against transect distance did not deviate
from zero). In the Shawangunk, conductivity of surface
water (mean 5 167 mS/cm) and hyporheic water (mean
5 185 mS/cm) were significantly different on one of
three sampling dates.

Sediment properties

Hydraulic conductivity was estimated in situ using
slug tests and in the laboratory using a modification of
the falling-head permeameter method (Freeze and
Cherry 1979). In situ slug tests were conducted on all
PVC wells by measuring the rate at which 5 L of water
drained from a suspended funnel. Change in flux
through saturated sediments with change in hydraulic
head was measured in the laboratory and used to em-
pirically derive hydraulic conductivity using Darcy’s
equation (Freeze and Cherry 1979). Porosity was de-
termined by drying a known volume of saturated sed-
iment. Particulate organic matter was estimated for 10
sediment cores from each of the five streams by mea-
suring the difference in dry mass (24 h at 608C) and
ashed mass (6 h at 5008C).

Hyporheic water chemistry

Duplicate samples were taken monthly (July through
November 1994, n 5 5) from each well along both
transects of Ham, Wappinger, and Shawangunk flow-
paths. Wells were installed in the Neversink in early
August, and sampled August through November (n 5
4). Wells were installed in the Wallkill in late August,
and sampled September through November (n 5 3).
Four transects of wells were installed in the Wallkill,
but repeated sampling was only successful on one tran-
sect due to clogging of wells by fine sediment. We
persisted in the Wallkill because it had the highest DOC
concentrations in the Hudson River valley and is a
significant DOC source to the Hudson River. Sampling
was continued in a subset (n 5 3) of these transects
July through October 1995. This subset included Nev-
ersink, Wappinger, and Shawangunk transects. Routine
sampling was conducted at baseflow. Wells were sam-
pled with a 60-mL syringe connected to tygon tubing
with a three-port connector. Wells were cleared and
allowed to recharge prior to sampling. Dissolved ox-
ygen (DO) was measured with the Winkler titration
method. Porewater was slowly withdrawn to prevent
degassing and injected through a short piece of tygon
tubing into the bottom of a 60-mL Winkler bottle until
water spilled from the top. Samples were considered
anoxic when DO , 0.5 mg/L. DOC was measured by
high-temperature combustion, following acidification
and sparging, using a Shimadzu 5000 TIC/TOC ana-

lyzer (Shimadzu Scientific Instruments, Columbia,
Maryland, USA; minimum detection limit is 0.1 mg/
L). Each field sample consisted of 100 mL porewater
and contained two 50-mL aliquots from the sampling
syringe. DOC samples were field filtered through 1.0-
mm GF/F filter (Whatman, Clifton, New Jersey USA).
Since this pore size is not completely effective in re-
moving all bacteria, samples were placed on ice, stored
at 48C, and routinely analyzed within 24 h of returning
to the laboratory to minimize DOC loss. Soluble re-
active phosphorus (SRP) and nitrate (NO3

2) in surface
and hyporheic water (from tail of flowpath) were an-
alyzed with a Technicon autoanalyzer (Shimadzu Sci-
entific Instruments, Columbia, Maryland, USA).

Biofilm sampling

In 1994, pairs of steel well points were placed at
several distances along transect A in the Neversink,
Ham, Wappinger, and Wallkill and ceramic tiles (size
5 2.5 3 2.5 cm) were incubated to examine bacterial
productivity and cell accrual. Ceramic tiles provided
an artificial substrate for microbial colonization that
normalized differences in natural substrate type among
streams. Tiles were initially combusted at 5008C for 6
h and soaked in distilled water for 24 h before being
enclosed in plastic mesh sleeves that were inserted into
wells. Packets of tiles were removed after a 1-mo col-
onization period during October 1994. In 1995, larger
PVC wells (diameter 5 3.81 cm) were installed along
flowpaths in the Wappinger and Shawangunk, while
steel well points were reinserted into the Neversink.
Ceramic tiles were sampled in August and October.

Bacterial abundance.—We measured bacterial abun-
dance (i.e., cell accrual) with direct microscopic
counts. Individual tiles were placed into whirl-pak bags
(n 5 2 per well) and fixed with 5% formalin. Tiles were
scrubbed with autoclaved brushes and suspended ma-
terial was sonicated for ;15 s. Subsamples were
stained with acridine orange, filtered onto a stained
0.22-mm polycarbonate filter, and washed with nano-
pure water. Filters were mounted on slides and ex-
amined using epifluorescence microscopy at 12503
magnification. Ten fields with 10–50 bacteria were
counted per slide (Kirchman et al. 1982). Direct counts
were converted into bacterial abundance per tile.

Bacterial activity.—We determined bacterial activity
by measuring the rate of incorporation of [3H]thymidine
into bacterial DNA (Findlay et al. 1984). Oxic environ-
ments were investigated throughout the experiment, hence
sampling and laboratory protocols were designed for aer-
obic bacteria. Individual tiles (n 5 3 or 4 tiles per well)
were placed in Whirl-Paks (NASCO, Fort Atkinson, Wis-
consin USA) and incubated in 10 mL of porewater. Sam-
ples were incubated at 158C for 1 h on a mechanical
shaker with 1 nmole (20 Ci/mmol) of [3H]TdR. We used
the washing and extraction procedure described by Find-
lay (1993).
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Laboratory bottle experiments

Surface and hyporheic water samples were collected
from the five study streams on two dates: October 1994
(bottle experiment I) and November 1994 (bottle ex-
periment II) to examine the potential for longer term
DOC loss. Surface water samples were collected im-
mediately upstream of previously identified hyporheic
flowpaths. Duplicate hyporheic water samples (2 L)
were collected from wells located towards the end of
flowpaths to ensure maximal microbial depletion of
labile constituents. Water samples were transported to
the laboratory on ice and analyzed for initial DOC (i.e.,
time 5 0 d) as previously described. Bottles were sub-
sequently incubated in the dark at room temperature
with inoculums from individual streams. DOC concen-
tration was measured weekly for 6 wk, and at 22 wk
during bottle experiment I and weekly for 4 wk during
bottle experiment II. Identical filtration procedures (as
previously discussed) were used for all water samples
(fresh samples and incubated samples). Our filtration
procedure did not remove all free-floating bacteria,
hence estimates of bioavailable DOC may have been
slightly underestimated in theory. We also examined
DOC loss following nitrogen (1 mg/L N-NaNO3) and
phosphorous (0.1 mg/L P-NaPO4) additions to subsam-
ples from bottle experiment I following the 28-d in-
cubation period. In addition, we examined DOC loss
following N and P additions relative to unamended
controls for surface water sampled in June 1996 from
each of the five streams. Surface water was sampled at
three separate locations in each of the five streams,
subdivided into amended and control batches, incu-
bated for 7 d, and tested for differences in DOC con-
centration. Nutrient additions (molar equivalent of
stream DOC assuming C:N:P 5 106:15:1) were large
enough to potentially allow complete metabolism of
ambient DOC.

Mesocosm experiments

To systematically eliminate the confounding effects
of velocity differences and mixing of multiple water
sources during the field studies, we used mesocosm
studies to examine dissolved oxygen, DOC and micro-
bial variables under conditions of controlled interstitial
flow rates. The mesocosms consisted of nine sediment-
packed pipes (PVC pipe, inner diameter 5 15 cm,
length 5 4 m) in which DOC supply was experimen-
tally manipulated in a controlled, replicated manner
(Fig. 2B; see also Plate 1). Local quarry sediments
(washed crushed gravel) that provided a standard hy-
draulic conductivity and porosity were placed within
each pipe. Prior to experimentation, sediments were
incubated with unfiltered streamwater for 1 mo to en-
sure colonization by native microbial communities.
Stream surface-water was collected in a 1500-L tank
and transferred to mesocosm reservoirs (volume 5 440
L) that were refilled weekly. Water was gravity fed

through the sediment-packed pipe from an elevated res-
ervoir. Discharge (;1 L/h) was regulated on each me-
socosm by adjusting a ball valve and outlet hose height.
This corresponded to an interstitial flow rate of ;10
cm/h. A series of sampling ports allowed water and
ceramic tiles along the flowpaths to be sampled. Dis-
solved oxygen was routinely measured to ensure oxic
conditions using a portable DO meter (YSI Model 57,
YSI, Yellow Springs, Ohio, USA). Chemical and mi-
crobial measures were the same as for natural flow-
paths.

Mesocosm experiments performed during November
1995 (stream comparison I) and May 1996 (stream
comparison II) compared potential metabolism of sur-
face water from the Neversink (n 5 3 mesocosms),
Wappinger (n 5 3), and Shawangunk (n 5 3). Tank
water was replaced weekly unless surface water DOC
was elevated (e.g., storm run-off). DOC and DO were
sampled weekly during experiments in tanks and out-
lets. In addition, DOC, DO, SRP, and NO3

2 were sam-
pled at three intermediate locations (head, midpoint,
and tail) at the end of the experiments. Bacterial pro-
ductivity and abundance were measured on tiles after
3-wk incubations in the tanks, heads, and tails of all
nine mesocosms. The mesocosm experiment in July
1996 (dilution experiment) compared potential metab-
olism of the Neversink, Wappinger, and Wappinger di-
luted 1:1 with deionized water. This dilution treatment
made Wappinger DOC concentration approximate the
Neversink DOC concentration, but maintained the
DOC composition of the Wappinger.

Statistical analyses

Field 1994 DOC and DO data were analyzed by pool-
ing sampling dates from individual flowpaths such that
error was derived from independent sampling dates.
Field 1995 data were analyzed separately. Bacterial
activity and abundance were not replicated in time,
hence we present mean values from tiles incubated
within wells. Linear regression with distance as the
independent variable was used to examine changes
along flowpaths. Laboratory bottle experiments were
analyzed using paired t tests. Mesocosm experiments
provided replication of flowpaths in space and wells at
fixed distances among treatments. Sources of water
(i.e., water from streams) were considered treatments.
Sources were selected because they vary in DOC con-
centration, hence DOC data was analyzed using linear
regression. Bacterial activity and abundance data were
analyzed with two-way ANOVAs in which source and
distance were considered fixed factors. Significance
was attributed to statistical values in which the prob-
ability of a type I error is P # 0.05. SYSTAT version
6.1 (SPSS, Chicago, Illinois, USA) was used for all
statistical analyses.

RESULTS

Hyporheic flowpath studies

Physical conditions.—Sediments consisted of a
mixed alluvium containing gravel and sand, although
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FIG. 3. DOC and dissolved oxygen along two hyporheic flowpaths in each of five streams: West Branch Neversink River,
Ham Creek, East Branch Wappinger Creek, Shawangunk River, and Wallkill River in 1994. Points represent means (61 SE)
for sampling dates (Neversink, n 5 4; Ham, n 5 5; Wappinger, n 5 5; Shawangunk, n 5 5; Wallkill, n 5 3, 1; see Methods
for details). Distance spans from downwelling surface water (i.e., distance 5 0) to final well along flowpath. Open circles
represent transect A, and filled triangles represent transect B.

sediment-size distribution varied among streams (Table
2). Hydraulic conductivity estimated from the falling-
head permeameter was greatest for the Neversink (Ta-
ble 2). Estimated interstitial water velocity was greatest
along Neversink flowpaths due to relatively large hy-
draulic head and conductivity. Since large cobble in

Neversink sediments were excluded, we probably un-
derestimated Neversink velocity. In situ slug tests with
Neversink wells required much less time than other
streams (Table 2), strongly suggesting that Neversink
flowpaths had a higher interstitial water velocity than
flowpaths from other streams.
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TABLE 3. Paired comparisons between surface water and hyporheic water NO3-N and SRP
during multiple years and experiments.

Stream

SRP†

Surface Hyporheic

NO3-N

Surface Hyporheic

Field 1994
Neversink
Ham
Wappinger
Shawangunk
Wallkill

,0.002
,0.002

0.080 (0.023)
0.019 (0.009)
0.575 (0.032)

,0.002
,0.002

0.046 (0.022)
0.026 (0.004)

ND

0.080 (0.010)
0.663 (0.017)
0.415 (0.045)
0.375 (0.005)
1.618 (0.005)

0.100 (0.005)
0.667 (0.028)
0.420 (0.135)
0.163 (0.043)

ND

Field 1995
Neversink
Wappinger
Shawangunk

0.004 (0.000)
0.189 (0.101)
0.109 (0.061)

0.005 (0.000)
0.055 (0.035)
0.051 (0.010)

0.254 (0.017)
0.560 (0.145)
0.625 (0.275)

0.260 (0.020)
0.550 (0.205)
0.055 (0.014)

Stream comparison I, Nov 1995
Neversink
Wappinger
Shawangunk

0.004 (0.002)
0.145 (0.015)
0.107 (0.020)

0.005 (0.002)
0.063 (0.010)
0.043 (0.020)

0.173 (0.033)
0.923 (0.034)
0.387 (0.035)

0.123 (0.057)
0.587 (0.052)
0.323 (0.035)

Stream comparison II, May 1996
Neversink
Wappinger
Shawangunk

0.010 (0.004)
0.079 (0.005)
0.014 (0.010)

0.011 (0.001)
0.022 (0.005)
0.008 (0.002)

0.270 (0.021)
0.516 (0.023)
0.167 (0.026)

0.183 (0.012)
0.453 (0.032)
0.158 (0.007)

Dilution experiment, July 1996
Neversink
Wappinger
Wappinger/Diluted

,0.002
0.182 (0.009)
0.077 (0.009)

0.003 (0.001)
0.049 (0.014)
0.029 (0.009)

0.213 (0.041)
0.662 (0.037)
0.374 (0.022)

0.153 (0.020)
0.567 (0.037)
0.305 (0.013)

Notes: Summary values are presented as mg/L (61 SE); n 5 2 dates for field 1994 and 1995
data, n 5 3 mesocosms for all mesocosm experiments. ND 5 not determined.

† Soluble reactive phosphorus.

FIG. 4. Bacterial activity on tiles incubated along hypor-
heic flowpaths in four streams (Neversink River, Ham Creek,
East Branch Wappinger Creek, and Wallkill River) in 1994.
Bacterial activity is measured as disintegrations per minute
(dpm) for biofilm removed from one sampling tile following
a 1-h [3H]TdR incubation (shown as ‘‘dpm(tile)/h’’; see
Methods for details). Points represent means (61 SE) of tiles
(n 5 3). Productivity was not measured along Shawangunk
River flowpaths.

Chemical conditions.—In 1994, we documented sig-
nificant declines in porewater DOC concentrations
along hyporheic flowpaths in the Ham, Wappinger,
Shawangunk, and Wallkill, but no drop along Never-
sink flowpaths (Fig. 3) and these patterns were con-

sistent across multiple sampling dates. DOC patterns
varied considerably among streams, yet showed re-
markable consistency between flowpaths (A and B)
within streams (Fig. 3), so we discuss only transect A
from each stream. In the Neversink (low-DOC river),
hyporheic DOC remained similar to surface-water
DOC along 15-m and 17-m flowpaths. In contrast, DOC
consistently decreased along shorter hyporheic flow-
paths in the Ham, Wappinger, Shawangunk, and Wall-
kill (Fig. 3). Hyporheic DOC concentrations never ex-
ceeded surface-water DOC in the Wappinger (n 5 55
samples) or Shawangunk (n 5 50 samples) and de-
clined 50% along Wappinger flowpaths (P , 0.001)
and 38% along Shawangunk flowpaths (P , 0.001).
Hyporheic DOC declined 60% along Ham flowpaths
(P , 0.05), but declines varied among dates (range 13–
68%). Percentage of DOC loss was greatest when sur-
face-water DOC was highest in July. Excluding this
date, the mean decline in DOC was 39%. Porewater
DOC declined 16% along Wallkill flowpaths (P ,
0.01).

We found consistent DO declines of variable mag-
nitude along hyporheic flowpaths in the Ham, Wap-
pinger, Shawangunk, and Wallkill (P , 0.001), but no
appreciable decline in hyporheic DO in the Neversink
(Fig. 3). Hyporheic DO never exceeded surface-water
DO in any stream (n 5 214) and subsurface concen-
trations ranged from nearly saturated to anoxic ,0.5
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FIG. 5. Bacterial activity along hyporheic flowpaths in
three streams (Neversink River, East Branch Wappinger
Creek, and Shawangunk River) in August 1995. Bacterial
activity was measured as disintegrations per minute (dpm)
for biofilm removed from one sampling tile following a 1-h
[3H]TdR incubation (shown as ‘‘dpm(tile)/h’’; see Methods
for details). Points represent means (61 SE) of tiles (n 5 3).

FIG. 6. (A) bacterial activity along hyporheic flowpaths
in three streams (Neversink River, East Branch Wappinger
Creek, and Shawangunk River) in October 1995. In addition,
bacterial activity along an additional flowpath in the East
Branch Wappinger Creek (i.e., WappingerII) is presented.
Bacterial activity was measured as disintegrations per minute
(dpm) for biofilm removed from one sampling tile following
a 1-h [3H]TdR incubation (shown as ‘‘dpm(tile)/h’’; see
Methods for details). Points represent means (61 SE) of tiles
(n 5 3). (B) Bacterial abundance along hyporheic flowpaths
in the three streams. Points represent means (61 SE) of tiles
(n 5 2).

mg/L. Wallkill porewater was consistently low in DO,
regardless of flowpath location and frequently suboxic.

Field efforts in 1995 focused on flowpaths (two per
stream) in three streams showing extreme patterns:
Neversink, Wappinger, and Shawangunk. These flow-
paths showed stable clines in DOC and DO during the
1994 field season and provided a range in DOC con-
centrations and relative losses. DOC patterns along
these flowpaths were generally similar to those docu-
mented in 1994. However, drought conditions through-
out summer 1995 resulted in low discharge and low
surface-water DOC in all streams, and storm events in
September variably impacted surface-water DOC con-
centrations (e.g., Neversink surface-water DOC in-
creased to 2.6 mg/L). Excluding storm-flow data, the
pattern of DOC declines were similar to 1994, but per-
centage losses were smaller: Wappinger (37%) and
Shawangunk (21%). Similar to 1994, DOC declines
were coupled to decreasing DO along Wappinger and
Shawangunk flowpaths (P , 0.001).

Surface water and hyporheic NO3
2 and SRP were ex-

amined for field data on two dates in 1994 and two dates
in 1995. NO3

2, the predominant form of N in regional
streams, remained unchanged along hyporheic flowpaths
in the Neversink, Ham, and Wappinger in 1994, however
NO3

2 decreased in hyporheic water relative to surface
water in the Shawangunk in 1995 (Table 3). SRP was
routinely less in hyporheic water relative to surface wa-
ter in Wappinger and Shawangunk on most dates (Table
3). SRP was below detection in surface and hyporheic
waters of the Neversink and Ham for both dates in 1994,
and was low in the Neversink (0.005 and 0.012 mg/L)
for two dates in 1995 (Table 3).

Biofilm activity

Bacterial activity (measured as thymidine incorpo-
ration into bacterial DNA) on ceramic tiles incubated

for 1 mo in 1994 was generally higher in the Wappinger
relative to Neversink and Wallkill flowpaths (Fig. 4).
Bacterial activity decreased sharply with distance in
the Ham (P , 0.001), modestly in the Neversink and
Wallkill (P , 0.05), and not at all in the Wappinger.
Bacterial activity was not measured in the Shawan-
gunk. Bacterial activity along flowpaths in August 1995
varied among streams and along flowpaths (Fig. 5).
Bacterial activity was low in the Neversink and did not
decrease along the hyporheic flowpath (P . 0.05). In
contrast, activity was substantially higher in the Wap-
pinger at the head of the flowpath and decreased (P ,
0.001) by nearly 75% at the tail to rates as low as those
found in the Neversink. Although the Shawangunk had
higher surface and hyporheic DOC concentrations than
the Wappinger, bacterial activity at the head of the
Shawangunk hyporheic flowpath was much less than



November 2002 3203MICROBIAL METABOLISM IN STREAM SEDIMENTS

TABLE 4. DOC concentrations from laboratory bottle ex-
periments in which surface water and hyporheic water were
incubated for 28 d to examine DOC loss over time.

Stream

DOC (mg/L)

Surface

T 5
0

T 5
28 d

Loss
(%)

Hyporheic

T 5
0

Sur-
face
(%)

T 5
28 d

Loss
(%)

Experiment I
Neversink
Ham
Wappinger
Shawan-

gunk
Wallkill

1.3
1.4
2.5
4.6

6.2

1.2
1.5
2.1
3.1

5.0

5
24
16
34

19

1.2
1.1
1.5
2.4

4.5

5
19
41
48

27

1.2
1.3
1.6
2.4

4.5

0
213
27

0

0

Experiment II
Neversink
Ham
Wappinger
Shawan-

gunk
Wallkill

1.5
1.9
2.6
3.3

5.3

1.4
1.7
2.3
2.9

4.5

7
11
12
13

15

1.3
1.1
1.5
2.1

4.3

13
42
42
37

19

1.3
1.0
1.4
2.0

3.7

0
9
7
5

14

Note: Values are the mean of two bottles.

FIG. 7. (A) DOC and (B) dissolved oxygen along me-
socosm flowpaths containing water from three streams (Nev-
ersink River, East Branch Wappinger Creek, and Shawangunk
River) from mesocosms in stream comparison I. Points rep-
resent means (61 SE) for replicate mesocosms (n 5 3; see
Fig. 2).

at the head of Wappinger flowpaths and only modestly
greater than the Neversink flowpath. Bacterial activity
along the Shawangunk flowpath decreased to unde-
tectable rates (P , 0.001). Bacterial activity patterns
were similar in October 1995 (Fig. 6A), suggesting
consistent response. Bacterial abundance was low and
constant along the Neversink flowpath but showed
marked declines along Wappinger and Shawangunk
flowpaths (Fig. 6B). For the one date (October 1995)
where we have concurrent abundance and activity data,
these were strongly correlated (P , 0.001; r2 5 0.81).

Laboratory bottle experiments

DOC from longer-term bottle incubations of surface
water DOC from the Wappinger, Shawangunk, and
Wallkill declined appreciably in both experiments with
declines ranging from 0 to 1.5 mg C/L (Table 4) over
the 4-wk span. In contrast, most hyporheic samples
from the tail of sampling transects did not show further
declines (paired t test, n 5 10, P . 0.05). However,
‘‘residual’’ surface DOC concentrations following the
bottle incubation (i.e., surface water at T 5 28 d) were
significantly greater than hyporheic DOC concentra-
tions at the start of the incubations (i.e., hyporheic
water at T 5 0 d; paired t test, n 5 10, P , 0.001);
Table 4). DOC concentrations before and after the nu-
trient addition were indistinguishable (paired t test, n
5 10, P 5 NS; data not shown), suggesting that inor-
ganic nutrients did not constrain DOC loss. Inorganic
nutrient limitation was re-examined in all five streams
in June 1996. Excluding the Wallkill, there was no
difference between the amended and control treatments
(paired t test, n 5 12, P 5 NS; data not shown).

Mesocosm experiments

Stream comparison I.—In general, patterns of DOC
loss in mesocosms supplied with water from a partic-
ular stream paralleled field observations for that stream
suggesting our in situ observations were not badly con-
founded by variable hydrology or mixing of multiple
water masses. DOC significantly declined in both Wap-
pinger (28%) and Shawangunk (28%) mesocosms (P
, 0.001), but increased slightly in Neversink meso-
cosms (9% increase), probably by leaching of gravel-
associated POC (Fig. 7A). Replicate mesocosms were
very consistent in percentage of DOC loss (mean CV

of the percentage of DOC loss 5 8%). DO declined in
all mesocosms (P , 0.001) during transport, even in
the absence of DOC loss, suggesting POC minerali-
zation in sediments. DO declined to 3.0 mg/L in Wap-
pinger mesocosms and 3.8 mg/L in Shawangunk me-
socosms, but also declined to 5.4 mg/L in Neversink
mesocosms (Fig. 7B). Similar to field studies, DOC
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FIG. 8. (A) Bacterial activity and (B) bacterial abundance
along mesocosm flowpaths containing water from three
streams (Neversink River, East Branch Wappinger Creek, and
Shawangunk River) in mesocosms in stream comparison I.
Bacterial activity was measured as disintegrations per minute
(dpm) for biofilm removed from one sampling tile following
a 1-h [3H]TdR incubation (shown as ‘‘dpm(tile)/h’’; see
Methods for details). Points represent means (61 SE) for rep-
licate mesocosms (n 5 3).

FIG. 9. (A) DOC along mesocosm flowpaths containing
water from three streams (Neversink River, East Branch Wap-
pinger Creek, and Shawangunk River) from mesocosms in
stream comparison II. Points represent means (61 SE) for
replicate mesocosms (n 5 3). (B) Bacterial activity along
mesocosm flowpaths containing water from the three streams
above. Bacterial activity was measured as disintegrations per
minute (dpm) for biofilm removed from one sampling tile
following a 1-h [3H]TdR incubation (shown as ‘‘dpm(tile)/
h’’; see Methods for details). Points represent means (61 SE)
for replicate mesocosms (n 5 3).

losses corresponded to declines in bacterial activity.
Bacterial activity declined in both Wappinger (49% de-
cline) and Shawangunk mesocosms (51% decline; P ,
0.001; Fig. 8A). In contrast, bacterial activity was sig-
nificantly lower in Neversink mesocosms compared to
Wappinger and Shawangunk tank water (P , 0.001;
Fig. 8A). Bacterial abundance showed similar patterns
as bacterial activity (P , 0.001; r2 5 0.88) with marked
declines along Wappinger and Shawangunk flowpaths
and low and static densities along Neversink flowpaths
(Fig. 8B).

Stream comparison II.—The mesocosm experiment
conducted in November 1995 was repeated in May
1996. DOC was higher in Neversink surface water (1.5
mg/L) than during the initial comparison and declined
20% (to 1.2 mg/L; Fig. 9A). DOC declines along Wap-
pinger and Shawangunk flowpaths were 21% and 19%
respectively, modest in comparison with losses during
stream comparison I. The discrepancy between the two
experiments may be associated with seasonal differ-

ences in DOC composition. DO significantly declined
(P , 0.001) along all mesocosm flowpaths: Neversink
declined to 5.8 mg/L, Wappinger declined to 4.3 mg/
L, and Shawangunk declined to 5.4 mg/L. Bacterial
activity significantly declined along Wappinger (42%)
and Shawangunk (52%) mesocosms (P , 0.001), and
was significantly different among streams (P , 0.001;
Fig. 9B).

Dilution experiment.—The July 1996 mesocosm ex-
periment was designed to examine the influence of ini-
tial DOC concentration on relative DOC loss along
hyporheic flowpaths. DOC removal along Wappinger
flowpaths was less pronounced compared to previous
mesocosm experiments (mean 5 13%), but loss still
exceeded DOC removal along Neversink flowpaths.
The 1:1 dilution of Wappinger water brought initial
DOC roughly equal to Neversink total DOC concen-
trations. The percentage of removal of DOC in the
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diluted treatment was not significantly affected by di-
lution (mean 5 16% vs. 13%).

DISCUSSION

Hyporheic DOC removal

In four of five streams we investigated, surface-water
DOC concentrations decreased after perfusing into hy-
porheic sediments and percentage of DOC loss varied
among streams (e.g., Wappinger 5 50% and Shawan-
gunk 5 38%). Only in the Neversink, a low-DOC
stream in the Catskill Mountains, was DOC removal
negligible and transport apparently conservative. If de-
clines in DOC concentration were mediated by micro-
bial metabolism a concomitant loss of DO is predicted.
Our results showed that DO consistently decreased
along flowpaths in which DOC declined and DOC nev-
er declined independently of DO, regardless of flow-
path location or date. For example, the correlation be-
tween DOC and DO losses along flowpaths was highly
significant and variation in DOC loss accounted for a
large portion of the variance in DO declines (linear
regression, r2 5 0.76, P , 0.001, n 5 29). DOC me-
tabolism accounted for 52% of the DO demand assum-
ing DOC and DO were consumed in a 1:1 molar ratio.
The ‘‘residual’’ oxygen consumption (48%) could be
due to metabolism of buried POC (i.e., detritus), pre-
viously adsorbed DOC, or DO consumption by reac-
tions with other reduced species (e.g., Fe11, NH4,
CH4). We cannot unambiguously resolve these alter-
natives but believe that metabolism of buried POC is
probably the major contributor to the residual oxygen
consumption because of consistent relationships be-
tween sediment respiration and POC content (Jones
1995, Fischer et al. 1996, Pusch 1996, Sinsabaugh
1997).

Bacterial activity and abundance declined in parallel
with DOC during both incubation periods in 1995,
however, a significant decline in production was not
found in the Wappinger during 1994. Bacterial activity
and abundance were lowest in the Neversink and never
decreased significantly along hyporheic flow in any ex-
periment. Concomitant decreases in bacterial activity
and abundance along hyporheic flowpaths in which
DOC loss was reported and the absence of such de-
clines along Neversink flowpaths supports microbial
metabolism as the mechanism for DOC removal along
hyporheic flowpaths.

Differences in the hydrologic regimes among the five
streams we studied (Table 2) may have confounded
interpretation of in situ biogeochemical patterns (Find-
lay 1995, Jones and Holmes 1996, Morrice et al. 1997).
For example, Neversink flowpaths had a steeper slope
and coarser sediments than other flowpaths thus pro-
ducing faster interstitial-water velocity. Estimated hy-
porheic water velocity in the Neversink was at least
five-fold higher than in the Wappinger. The absence of
DOC losses may have partially resulted from insuffi-

cient contact time with hyporheic bacteria or the mixing
of infiltrating surface water with additional sources of
groundwater. In support of our metabolism explanation,
consistent water temperature and conductivity along
flowpaths made dilution a less likely mechanism and
results from laboratory bottle experiments suggest hy-
porheic contact time was sufficient. Mesocosm exper-
iments clearly delineated hydrological from biogeo-
chemical controls on hyporheic DOC removal and the
parallel results for DOC declines in mesocosm and field
experiments make differential residence time or mixing
unlikely explanations for our observations. In addition,
the mesocosm studies provided spatial replication of
hyporheic flowpaths, rather than replication in time.

In stream comparison I, DOC declined along Wap-
pinger and Shawangunk flowpaths, yet remained un-
changed along Neversink flowpaths as was observed in
the field. DOC declines were always mirrored by de-
clines in bacterial activity and abundance that were al-
ways lowest at the tail of hyporheic flowpaths. Similar
patterns were found in the stream comparison II exper-
iment, although DOC declines were less pronounced and
may be the result of seasonal differences in DOC com-
position. The mesocosm experiments, like the field ob-
servations, provided strong evidence that DOC removal
along hyporheic flowpaths in the Wappinger and Shaw-
angunk resulted from microbial metabolism. The me-
socosm experiments demonstrated that inadequate con-
tact time could not explain the absence of DOC removal
along Neversink flowpaths. Rather, Neversink DOC ap-
pears to be resistant to hyporheic metabolism on the
scale of the 2-d travel time through the mesocosm flow-
paths and on the scale of the 28-d laboratory incubations.
In contrast, significant fractions of Wappinger (50%) and
Shawangunk (38%) surface-water DOC were consumed
by hyporheic metabolism within several days. Further,
it appears from the long-term bottle experiments that
DOC exiting hyporheic flowpaths was largely unavail-
able for additional metabolism, regardless of its initial
bioavailability.

Carbon limitation in hyporheic bacteria

Variation in DOC loss along hyporheic flowpaths
from different streams shows clearly that the proportion
of DOC susceptible to metabolism under real world
conditions can be both large and variable. Differences
among streams were not simply related to initial con-
centration and the proportional removal of Wappinger
DOC was unaffected by a 1:1 dilution with low-DOC
water to reduce the concentration. Our mesocosm ex-
periments refute the possibility that among-stream dif-
ferences were simply due to hydrology or mixing.
There are a number of biogeochemical explanations for
variation in DOC removal including availability of
thermodynamically favorable electron acceptors, in-
organic nutrient limitation of metabolism, temperature,
pH, and meiofaunal grazing.

Heterotrophic bacteria require organic carbon as
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both a carbon and energy source (i.e., electron donor).
In anoxic environments bacterial activity can be con-
strained by the absence of thermodynamically favor-
able electron acceptors. In this study, we limited our
focus to aerobic respiration, hence electron acceptor
limitation was not an issue.

Temperature and pH can also influence aerobic res-
piration. Sinsabaugh (1997) found that heterotrophic
respiration among 22 streams correlated with temper-
ature, although he acknowledges that this correlation
is confounded by a latitudinal gradient. In another use-
ful regional survey, Osgood and Boylen (1994) showed
that decomposition rates correlated with pH in Adi-
rondack streams. In our study, Neversink is at a higher
elevation and has a lower annual water temperature
than other streams, however, summer and fall temper-
atures would not limit bacterial activity and mesocosm
studies controlled for temperature differences among
streams. Streams varied in pH as well (e.g., Neversink
5 6.9, Wappinger 5 7.9), but again such neutral pH
values were unlikely to constrain whole-community
bacterial activity (Atlas and Bartha 1998).

Availability of inorganic N and P are known to in-
fluence bacterial productivity in some freshwater eco-
systems (Pace and Cole 1996, Miettinen et al. 1997).
Nitrogen and P concentrations in surface waters in this
study were generally high, except in the Neversink Riv-
er where P was relatively low (Table 1 and 3). Nitrate
was always abundant even at flowpath tails and DOC
loss in bottle experiments was not stimulated by ad-
dition of inorganic nutrients. SRP concentrations were
lower in hyporheic than surface waters of the Wappin-
ger and Shawangunk on most dates (Table 3) and Nev-
ersink SRP was below detection (,0.002 mg/L) for
both dates in 1994 and was low (0.005 and 0.012 mg/
L) for two dates in 1995. SRP declined along Wappin-
ger and Shawangunk flowpaths in mesocosm experi-
ments (Table 3), but SRP removal was not related with
DOC removal implying abiotic removal. Overall, re-
sults from field, laboratory, and mesocosm experiments
do not support inorganic nutrient limitation, thus dif-
ferences in DOC losses among flowpaths and experi-
ments do not appear to be a function of variation in
inorganic nutrient availability.

Grazing has long been considered a potential mech-
anism for the removal of bacterial biomass in aquatic
ecosystems (Fenchel 1978, Pratt and Cairns 1985; see
reviews by Bott 1995, 1996) although there is scant
evidence that grazing is severe enough to limit bacterial
metabolism in sediments (Bott 1995). Observations
that few bacteria in stream sediments are viable (e.g.,
usually ,10%; Fischer et al. 1996, Hendricks 1996)
suggests that rapid division of cells is not necessary to
sustain reported densities. We conclude (cautiously)
that among-stream differences in grazing are unlikely
to be the proximate cause of differences in DOC loss
or hyporheic metabolism.

Overall, our results suggest sediment-bound bacteria

in aquatic ecosystems are often carbon limited (Findlay
and Sobczak 2000, Kaplan and Newbold 2000) and
variation in DOC quality can be an important control
on their metabolism.

Hyporheic metabolism

Metabolism of DOC varied markedly among hypor-
heic zones, and, in some streams, the differences in
downwelling vs. upwelling DOC concentrations was
large relative to our documented distribution of DOC
in regional streams. For example, the grand mean DOC
concentration entering Wappinger flowpaths was 3.1
mg/L, corresponding to the median concentration for
the region, however the DOC concentration after hy-
porheic processing was on average 50% less corre-
sponding to the sixteenth percentile for surface-water
concentrations in Hudson River valley streams. Thus,
the among-stream differences in hyporheic metabolism
can result in variation in DOC of the same magnitude
as regional differences in surface water concentrations.
For streams where there is substantial exchange be-
tween surface waters and the hyporheic zone, hypor-
heic metabolism has the potential to alter DOC export
to downstream reaches. The ecosystem-level impor-
tance of hyporheic metabolism in material budgets has
been documented in several cases and our results show
that among stream variation in metabolic potential is
large. The other requisite for quantifying the budgetary
implications of hyporheic metabolism is the variation
in proportion of water exchange (Findlay 1995). Few
individual studies have documented that the rate of
infiltration influences small-scale metabolism (Battin
2000) and hydrologic and metabolic variability have
not been linked at the cross-system scale necessary to
arrive at a general description of conditions necessary
for hyporheic processes to affect ecosystem budgets.

The wide range in DOC consumption among hy-
porheic flowpaths corresponded to a surprisingly large
range in bacterial activity (approximately four orders
of magnitude) on tiles incubated along these flowpaths.
Variation in bacterial activity on these tiles was a func-
tion of DOC quality or bioavailability, as opposed to
concentration, and was not associated with variation in
sediment-bound POC. The range in bacterial activity
we observed in the field and mesocosms, and believe
to be primarily driven by differences in DOC bioavail-
ability, is large relative to variation in the accumulation
of bacterial-activity measures collected from diverse
stream ecosystems. Based on available, yet sparse, lit-
erature data, sediment-associated hyporheic bacterial
production ranged only three orders of magnitude
(Findlay and Sobczak 2000), surprisingly less than the
range for bacterial activity we observed. Therefore, we
believe that among stream differences in DOC bio-
availability represent a significant source of variability
for sediment communities.

The discrepancy between molar losses of DOC and
DO suggests that additional metabolic processes (other
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than the metabolism of DOC) were occurring along the
hyporheic flowpaths. Metabolism of buried POC (i.e.,
detritus; Sobczak et al. 1998) or previously adsorbed
DOC (Findlay and Sobczak 1996) may have contrib-
uted to the additional oxygen demand. Even assuming
high rates of external DOC supply, sediment-bound
POC could still factor prominently in hyporheic me-
tabolism even if only a small percentage (e.g., ,0.1%
per day) were consumed (see Findlay and Sobczak
2000). In many hyporheic zones, sediment-bound POC
may be largely derived from DOC that fluxes through
the sediments, hence hyporheic DOC and POC are not
independent organic matter pools. A component of hy-
porheic oxygen may have resulted from reactions with
reduced inorganic compounds (Baker et al. 2000b, Duff
and Triska 2000). Since this study focused on oxic
hyporheic zones, aerobic respiration was likely the
dominant metabolic process.

Hyporheic zone influence on stream organic
matter dynamics

There has been long-standing (Fisher and Likens
1973) and continued interest in quantifying organic in-
puts, standing stocks, and exports from stream eco-
systems (Webster and Meyer 1997). In some streams,
hyporheic zones may account for a large fraction of
stream heterotrophy (e.g., Grimm and Fisher 1984) and
may be poorly represented in organic matter budgets
(Jones 1997). The importance of hyporheic flow on
respiration most likely varies markedly among streams
(Findlay 1995, Jones and Holmes 1996), and is difficult
to quantify empirically due to uncertainty in the extent
of hyporheic storage and exchange (Bencala 2000, Har-
vey and Wagner 2000). Efforts to quantify hyporheic
respiration at the reach scale frequently require ex-
trapolation of isolated measures (Mulholland et al.
1997), and experimental verification of causal mech-
anisms underlying variance in heterotrophy is a daunt-
ing task (Sinsabaugh 1997). In addition to respiration
supported by downwelling DOC, hyporheic metabo-
lism may also influence the quality of DOC eventually
transported downstream. This study showed that trans-
port along some hyporheic pathways could remove as
much as 50% of the DOC leaving a fraction of DOC
relatively resistant to further metabolism. Whether this
material is truly refractory or might be susceptible to
further degradation by exposure to sunlight or novel
microbial consortia is unknown, but streams with sig-
nificant hyporheic water flow and substantial DOC con-
sumption may act as a filter altering organic material
availability to downstream communities. It is now well
established that streams are not simply passive conduits
that transport terrestrial-derived organic matter to
downstream ecosystems, but organic-matter dynamics
vary tremendously among streams (Webster and Meyer
1997). Land use and land cover certainly have an im-
pact on the variation in DOC concentrations among
streams (Gergel et al. 1999), but few studies have ex-

plicitly examined the effects of land use on the quality
of DOC delivered to streams (Findlay et al. 2001).

Comparison and synthesis of existing hyporheic
studies on the microbial metabolism of organic matter
is difficult due to the paucity of studies and inherent
uncertainties in the hydrologic regimes among streams
in which hyporheic DOC and microbial measures have
been described. Estimates of hyporheic bacterial activ-
ity are surprisingly uncommon and only rudimentary
efforts have been made at uncovering broadly appli-
cable controlling factors (see Findlay and Sobczak
2000). Declines in bacterial activity have been related
to declines in DOC along hyporheic flowpaths in sev-
eral streams (Findlay et al. 1993, Jones 1995, Hen-
dricks 1996, Ellis et al. 1998) and bacterial production
(Marxsen 1996), abundance (Fischer et al. 1996), and
respiration (Pusch 1996) are known to decrease with
sediment depth and correlate with sediment-bound
POC in stream reaches in which surface-water DOC
exchange is unknown. The importance of a hyporheic
microbial process on the stream ecosystem’s energy or
mass budgets is a function of the rate of the process
and a function of the proportion of stream discharge
that exchanges with the hyporheic zone (Findlay 1995).
This study documented a wide range in DOC metab-
olism among hyporheic zones suggesting variable im-
portance on stream mass balances, but quantifying hy-
drologic exchange becomes increasingly difficult be-
yond the reach scale (see Harvey and Wagner 2000).

Conclusions

Overall, we systematically controlled, removed, or
examined hydrological (e.g., dilution, water velocity),
physical (e.g., temperature, sediment type), and chem-
ical (e.g., dissolved oxygen, inorganic nutrients) var-
iables that may confound comparisons of DOC loss
among hyporheic flowpaths from multiple streams. We
documented significant differences among streams in
the magnitude of DOC loss along these flowpaths and
showed these changes were associated with significant
variability in hyporheic metabolism. In many streams,
hyporheic metabolism of stream-derived DOC may be
an important process in regulating the flux of organic
matter to downstream ecosystems. Regardless of the
hyporheic zone’s extent of influence in individual
streams, DOC removal along hyporheic flowpaths may
be a powerful predictor of rates of heterotrophic activ-
ity at the reach scale. Large variation in DOC bio-
availability and hyporheic metabolism among regional
streams highlights the functional diversity of hyporheic
zones. The role of surface-water–groundwater inter-
faces in the retention and transport of organic matter
appears highly variable and translation of findings at
the reach scale to the regional and global scales (sensu
Alexander et al. 2001) remains a major challenge (Har-
vey and Wagner 2000).



3208 WILLIAM V. SOBCZAK AND STUART FINDLAY Ecology, Vol. 83, No. 11

ACKNOWLEDGMENTS

We thank S. Dye and D. Fischer for help in the field and
laboratory. We thank D. Burns, P. Phillips, J. Porter, and V.
Kelly for sharing discharge and water chemistry data. An
earlier version of the manuscript was improved by the com-
ments of W. Ghiorse, R. Howarth, G. Likens, B. Peckarsky,
and R. Sobczak. Thoughtful, detailed reviews from C. Dahm,
F. Triska, J. Schimel, and two anonymous reviewers greatly
improved the present version of the manuscript. This work
was supported by grants from the National Science Foun-
dation (DEB 9629816 and DEB 9806466), Hudson River
Foundation, and Environmental Protection Agency.

LITERATURE CITED

Alexander, R. B., R. A. Smith, and G. E. Schwarz. 2001.
Effect of stream channel size on the delivery of nitrogen
to the Gulf of Mexico. Nature 403:758–761.

Atlas, R. M., and R. Bartha. 1998. Microbial ecology: fun-
damentals and applications. Benjamin/Cummings, Menlo
Park, California, USA.

Baker, M. A., C. N. Dahm, and H. M. Valett. 2000a. Organic
carbon supply and metabolism in a shallow groundwater
ecosystem. Ecology 81:3133–3148.

Baker, M. A., C. N. Dahm, and H. M. Valett. 2000b. Anoxia,
anaerobic metabolism, and biogeochemistry of the stream-
water-groundwater interface. Pages 259–283 in J. B. Jones
and P. J. Mulholland, editors. Streams and groundwaters.
Academic, San Diego, California, USA.

Battin, T. J. 2000. Hydrodynamics is a major determinant of
streambed biofilm activity: from the sediment to the reach
scale. Limnology and Oceanography 45:1308–1319.

Bencala, K. E. 2000. Hyporheic zone hydrological processes.
Hydrological Processes 14:2797–2798.

Bott, T. L. 1995. Microbes in food webs. American Society
of Microbiology News 61:580–585.

Bott, T. L. 1996. Algae in microscopic foodwebs. Pages 573–
608 in R. J. Stevenson, M. L. Bothwell, and R. L. Lowe,
editors. Algal ecology: freshwater benthic ecosystems. Ac-
ademic, San Diego, California, USA.

Dahm, C. N., and M. Valett. 1996. Hyporheic zones. Pages
107–119 in F. R. Hauer and G. A. Lamberti, editors. Meth-
ods in stream ecology. Academic, San Diego, California,
USA.

Duff, J. H., and F. J. Triska. 2000. Nitrogen biogeochemistry
and surface–subsurface exchange in streams. Pages 197–
220 in J. B. Jones and P. J. Mulholland, editors. Streams
and groundwaters. Academic, San Diego, California, USA.

Ellis, B. K., J. A. Stanford, and J. V. Ward. 1998. Microbial
assemblages and production in alluvial aquifers of the Flat-
head River, Montana, USA. Journal of the North American
Benthological Society 17:382–402.

Fenchel, T. 1987. The ecology of micro- and meiobenthos.
Annual Review of Ecology and Systematics 9:99–121.

Fiebig, D. M. 1995. Groundwater discharge and its contri-
bution of dissolved organic carbon. Archiv für Hydrobiol-
ogie 134:129–155.

Findlay, S. 1993. Thymidine incorporation into DNA as an
estimate of sediment bacterial production. Pages 505–508
in P. F. Kemp, B. F. Sherr, E. B. Sherr, and J. J. Cole, editors.
Handbook of methods in aquatic microbial ecology. Lewis,
Boca Raton, Florida, USA.

Findlay, S. 1995. Importance of surface–subsurface exchange
in stream ecosystems: the hyporheic zone. Limnology and
Oceanography 40:159–164.

Findlay, S., J. L. Meyer, and R. T. Edwards. 1984. Measuring
bacterial production via rate of incorporation of [3H] thy-
midine into DNA. Journal of Microbiological Methods 2:
57–72.

Findlay, S., J. M. Quinn, C. W. Hickey, G. Burrell, and M.
Downes. 2001. Effects of land use and riparian flowpath

on delivery of dissolved organic carbon to streams. Lim-
nology and Oceanography 46:345–355.

Findlay, S., and W. V. Sobczak. 1996. Variability in removal
of dissolved organic carbon in hyporheic sediments. Jour-
nal of the North American Benthological Society 15:35–
41.

Findlay, S., and W. V. Sobczak. 2000. Microbial communities
in hyporheic sediments. Pages 287–306 in J. B. Jones and
P. J. Mulholland, editors. Streams and groundwaters. Ac-
ademic, San Diego, California, USA.

Findlay, S., D. Strayer, C. Goumbala, and K. Gould. 1993.
Metabolism of streamwater dissolved organic carbon in the
shallow hyporheic zone. Limnology and Oceanography 38:
1493–1499.

Fischer, H., M. Pusch, and J. Schwoerbel. 1996. Spatial dis-
tribution and respiration of bacteria in stream-bed sedi-
ments. Archiv für Hydrobiologie 137:281–300.

Fisher, S. G., and G. E. Likens. 1973. Energy flow in Bear
Brook, New Hampshire: an integrative approach to stream
ecosystem metabolism. Ecological Monographs 43:421–
439.

Freeze, R. A., and J. A. Cherry. 1979. Groundwater. Prentice
Hall, Englewood Cliffs, New Jersey, USA.

Gergel, S. E., M. G. Turner, and T. K. Kratz. 1999. Dissolved
organic carbon as an indicator of the scale of watershed
influence on lakes and rivers. Ecological Applications 9:
1377–1390.

Grimm, N. B., and S. G. Fisher. 1984. Exchange between
interstitial and surface water: implications for stream me-
tabolism and nutrient cycling. Hydrobiologia 111:219–228.

Harvey, J. W., and B. J. Wagner. 2000. Quantifying hydro-
logic interactions between streams and their subsurface hy-
porheic zones. Pages 3–44 in J. B. Jones and P. J. Mul-
holland, editors. Streams and groundwaters. Academic, San
Diego, California, USA.

Hedin, L. O., J. C. von Fischer, N. E. Ostrom, B. P. Kennedy,
M. G. Brown, and G. P. Robertson. 1998. Thermodynamic
constraints on nitrogen transformations and other biogeo-
chemical processes at soil-stream interfaces. Ecology 79:
684–703.

Hendricks, S. P. 1996. Bacterial biomass, activity, and pro-
duction within the hyporheic zone of a north-temperate
stream. Archiv für Hydrobiologie 136:467–487.

Jones, J. B., Jr. 1995. Factors controlling hyporheic respi-
ration in a desert stream. Freshwater Biology 34:91–99.

Jones, J. B., Jr. 1997. Benthic organic matter storage in
streams: influence of detrital import and export, retention
mechanisms, and climate. Pages 109–118 in J. R. Webster
and J. L. Meyer, editors. Stream organic matter budgets.
Journal of the North American Benthological Society 16:
3–161.

Jones, J. B., Jr., and R. M. Holmes. 1996. Surface–subsurface
interactions in stream ecology. Trends in Ecology and Evo-
lution 11:239–242.

Kaplan, L. A., and J. D. Newbold. 2000. Surface and sub-
surface dissolved organic carbon. Pages 237–258 in J. B.
Jones and P. J. Mulholland, editors. Streams and ground-
waters. Academic, San Diego, California, USA.

Kirchman, D., J. Sigda, R. Kapuscinski, and R. Mitchell.
1982. Statistical analysis of the direct count method for
enumerating bacteria. Applied and Environmental Micro-
biology 44:376–382.

Lee, D. R., and J. Cherry. 1978. A field exercise on ground-
water flow using seepage meters and mini-piezometers.
Journal of Geological Education 27:6–10.

Marmonier, P., D. Fontvieille, J. Gibert, and V. Vanek. 1995.
Distribution of dissolved organic carbon and bacteria at the
interface between the Rhone River and its alluvial aquifer.
Journal of the North American Benthological Society 14:
382–392.



November 2002 3209MICROBIAL METABOLISM IN STREAM SEDIMENTS

Marxsen, J. 1996. Measurement of bacterial production in
stream-bed sediments via leucine incorporation. FEMS Mi-
crobiology Ecology 21:313–325.

McDowell, W. H., and G. E. Likens. 1988. Origin, compo-
sition, and flux of DOC in the Hubbard Brook Valley. Eco-
logical Monographs 58:177–195.

Metzler, G. M., and L. A. Smock. 1990. Storage and dynam-
ics of subsurface detritus in a sand-bottomed stream. Ca-
nadian Journal of Fisheries and Aquatic Sciences 47:588–
594.

Miettinen, I. T., T. Vartiainen, and P. J. Martikainen. 1997.
Phosphorus and bacterial growth in drinking water. Applied
and Environmental Microbiology 63:3242–3245.

Morrice, J. A., H. M. Valett, C. N. Dahm, and M. E. Campana.
1997. Alluvial characteristics, groundwater–surface water
exchange and hydrologic retention in headwater streams.
Hydrological Processes 11:253–267.

Mulholland, P. J. 1997. Dissolved organic matter concentra-
tion and flux in streams. Pages 131–140 in J. R. Webster
and J. L. Meyer, editors. Stream organic matter budgets.
Journal of the North American Benthological Society 16:
3–161.

Mulholland, P. J., J. R. Webster, D. R. Hart, and S. P. Hen-
dricks. 1997. Evidence that hyporheic zones increase het-
erotrophic metabolism and phosphorous uptake in forest
streams. Limnology and Oceanography 42:443–451.

Osgood, M. P., and C. W. Boylen. 1994. Microbial leaf de-
composition in Adirondack streams exhibiting pH gradi-
ents. Canadian Journal of Fisheries and Aquatic Sciences
49:1916–1923.

Pace, M. L., and J. J. Cole. 1996. Regulation of bacteria by
resources and predation tested in whole-lake experiments.
Limnology and Oceanography 41:1448–1460.

Pratt, J. R., and J. Cairns. 1985. Functional groups in the
protozoa: roles in the differing ecosystems. Journal of Pro-
tozoology 32:415–423.

Pusch, M. 1996. The metabolism of organic matter in the
hyporheic zone of a mountain stream, and its spatial dis-
tribution. Hydrobiologia 323:107–118.

Sinsabaugh, R. L. 1997. Large-scale trends for stream benthic
respiration. Pages 119–121 in J. R. Webster and J. L. Mey-
er, editors. Stream organic matter budgets. Journal of the
North American Benthological Society 16:3–161.

Sobczak, W. V., L. O. Hedin, and M. J. Klug. 1998. Rela-
tionships between bacterial productivity and organic carbon
at a soil-stream interface. Hydrobiologia 386:45–53.

Thurman, E. M. 1985. Organic geochemistry of natural waters.
Martinus Nijhoff/Dr. W. Junk, Boston, Massachusetts, USA.

Triska, F. J., V. C. Kennedy, R. J. Avanzino, G. W. Zellweger,
and K. E. Bencala. 1989. Retention and transport of nu-
trients in a third-order stream in northwestern California:
hyporheic processes. Ecology 70:1893–1905.

Vervier, P., and R. J. Naiman. 1992. Spatial and temporal
fluctuations of dissolved organic carbon in subsurface flow
of the Stillaguamish River Washington. Archiv für Hydro-
biologie 123:401–412.

Webster, J. R., and J. L. Meyer, editors. 1997. Stream organic
matter budgets. Journal of the North American Benthologi-
cal Society 16:3–161.

Wetzel, R. G. 2001. Limnology: lake and river ecosystems.
Academic, San Diego, California, USA.

White, D. S., C. H. Elzinga, and S. P. Hendricks. 1987. Tem-
perature patterns within the hyporheic zone of a northern
Michigan Stream. Journal of the North American Ben-
thological Society 6:85–91.


