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Abstract. The partial pressures of CO2 (pCO2) and CH4 (pCH4) in streams are not only
governed by instream processes, but also by transformations occurring in soil and groundwater
ecosystems. As such, stream water pCO2 and pCH4 can provide a tool to assess ecosystem
respiration and anaerobic metabolism throughout drainage basins. We conducted three surveys
sampling the gas content of streams in eastern Tennessee and western North Carolina to assess
factors regulating ecosystem metabolism in catchments with contrasting geomorphologies,
elevations and soil organic matter storage. In our first survey, the influence of drainage basin
geomorphology on ecosystem respiration was examined by sampling streams draining catch-
ments underlain by either shale or dolomite. Geomorphology is influenced by geology with
shale catchments having shallower soils, broader, unconstrained valley floors compared with
dolomite catchments. pCO2 varied little between catchment types but increased from an average
of 3340 ppmv in spring to 9927 ppmv in summer or 9.3 and 28 times atmospheric equilibrium
(pCO2(equilib)), respectively. In contrast, pCH4 was over twice as high in streams draining shale
catchments (306 ppmv; pCH4(equilib) = 116) compared with more steeply incised dolomite
basins (130 ppmv; pCH4(equilib) = 51). Using the ratio of pCH4:pCO2 as an index of anaerobic
metabolism, shale catchments had nearly twice as much anaerobiosis (pCH4:pCO2 = 0.046)
than dolomite drainages (pCH4:pCO2 = 0.024). In our second survey, streams were sampled
along an elevational gradient (525 to 1700 m) in the Great Smoky Mountains National Park,
USA where soil organic matter storage increases with elevation. pCO2 did not vary between
streams but increased from 5340 ppmv (pCO2(equilib) = 15) to 8565 ppmv (pCO2(equilib) = 24)
from spring to summer, respectively. During spring pCH4 was low and constant across streams,
but during summer increased with elevation ranging from 17 to 2068 ppmv (pCH4(equilib) =
10 to 1216). The contribution of anaerobiosis to total respiration was constant during spring
(pCH4:pCO2 = 0.017) but during summer increased with elevation from 0.002 at 524 m to
0.289 at 1286 m. In our last survey, we examined how pCO2 and pCH4 changed with catch-
ment size along two rivers (ca. 60 km stretches in both rivers corresponding to increases in
basin size from 1.7–477 km2 and 2.5–275 km2). pCO2 and pCH4 showed opposite trends, with
pCO2 decreasing ca. 50% along the rivers, whereas pCH4 roughly doubled in concentration
downstream. These opposing shifts resulted in a nearly five-fold increase of pCH4:pCO2 along
the rivers from a low of 0.012 in headwaters to a high of 0.266 65-km downstream. pCO2

likely declines moving downstream as groundwater influences on stream chemistry decreases,
whereas pCH4 may increase as the prevalence of anoxia in rivers expands due to finer-grained
sediments and reduced hydrologic exchange with oxygenated surface water.
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Introduction

The partial pressure of CO2 (pCO2) in streams is nearly always supersaturated
with respect to the atmosphere (e.g., Hope et al. 1994). Surface water CO2

is governed not only by instream metabolism but also by import in ground-
water. Carbon dioxide attributable to instream biotic processes is typically
low indicating that the major source is groundwater (Kling et al. 1992).
In groundwater, carbon dioxide primarily originates in soils where levels
are elevated due to root and heterotrophic respiration (Castelle & Galloway
1990; Piñol & Avila 1992). Further, the generation of CO2 in soil and stream
ecosystems is regulated by factors such as nutrient availability, temperature,
organic matter quantity and quality, and oxygen (e.g., Yavitt et al. 1987,
1995; Hedin 1990; Howard & Howard 1993; Jones 1995; Raich & Potter
1995). Variability in pCO2 between streams should reflect differences in soil
respiration in different catchments and potentially can be used to characterize
variation in soil metabolic activity and to test hypotheses about soil CO2

production.
Methane, like CO2, is typically supersaturated in streams and is almost

entirely derived from biotic processes (e.g., de Angelis & Scranton 1993;
Pulliam 1993; Baker et al. 1994; Jones et al. 1995). Methane is generated by
obligate anaerobic bacteria. The sediments underlying streams are commonly
oxygenated and as a consequence probably do not have much methane produc-
tion. Anoxia is more common in riparian and other terrestrial zones indicating
that soils are the primary source of methane (Dahm et al. 1987, 1991). Stream
water methane content should reflect the extent of methanogenesis in soils
and, as with CO2, stream water CH4 levels can potentially be used to charac-
terize patterns of soil anaerobiosis. Moreover, using pCO2 and pCH4 in
conjunction allows for assessing the proportion of organic matter decomposed
anaerobically in stream and soil ecosystems.

Using gas content of stream water, we assessed factors regulating
ecosystem metabolism and anaerobiosis in different catchments. Specific-
ally we conducted three surveys examining how ecosystem respiration
and anaerobic metabolism were affected by 1) catchment geomorphology
and groundwater flowpaths, 2) soil organic matter storage, and 3) drainage
basin area and stream size. In our first survey examining catchment geomor-
phology, we hypothesized that drainage basins with lower geomorphic relief
and shallower subsurface flowpaths will have greater anaerobiosis due to
longer contact time of groundwater with soils. We also hypothesized that
geomorphology and subsurface pathways of flow would have little effect on
the total rate of ecosystem respiration (aerobic and anaerobic) assuming that
all other variables are constant. In our second survey we reasoned that soil
organic matter storage would stimulate the total rate of respiration which
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in turn would lead to greater oxygen consumption and enhanced anaerobic
metabolism. Finally, in our last survey, we examined the relative contribu-
tions of soil and instream processes to CO2 and CH4 partial pressures with
increasing stream size. Whereas the first two surveys addressed factors regu-
lating pCO2 and pCH4 in small headwater streams, our third study examined
how these interactions change with drainage basin and stream size.

Methods

Study sites

The effects of geomorphology and subsurface flowpaths were evaluated by
sampling headwater streams draining catchments underlain by two distinct
geologic formations on the U.S. Department of Energy’s Oak Ridge National
Environmental Research Park in eastern Tennessee, USA. Bedrock of this area
is composed predominantly of either shale or dolomite, oriented in parallel
bands that form northeast-southwest trending ridges (Hatcher et al. 1992).
Geomorphology and hydrology of drainage basins are influenced by geology
with shale catchments having shallower soils, broader, unconstrained valley
floors, and more rapid hydrologic response times compared with dolomite
catchments (Clapp et al. 1992; Solomon et al. 1992). A total of ten headwater
streams (n = 5 on each ridge type; catchment areas<1.2 km2) located within
a 40 km2 area were sampled.

Climate of the Research Park is typical of the humid southern Appalachian
region with mean annual temperatures of 14.5 �C and mean annual precip-
itation of 140 cm. Vegetation is second-growth deciduous forest dominated
by oak and hickory, with scattered pines on some ridges and mesophytic
hardwoods such as tulip poplar and beech in valleys. The Research Park has
been largely undisturbed since 1940. Land use before that was a mixture of
row-crop agriculture, pasture and woodlots.

Effects of soil organic matter were explored by sampling 24 streams
along an elevational gradient in the Great Smoky Mountains National Park
(GSMNP), USA where soil organic matter storage increases with elevation
(McGinnis 1958; Shanks & Olson 1961). The elevation of sampling sites
ranged from 525 to 1700 m and catchment areas varied from 0.07 to 7.81 km2.
Climate in the GSMNP is humid with mean annual precipitation of ca. 220
cm (Shanks 1954). The area consists of Precambrian to Cambrian metased-
imentary rock, mostly quartzite and phyllite, which is relatively resistant to
weathering and provides little neutralization capacity (King et al. 1968). Out-
croppings of a pyritic carbonaceous phyllite, the Anakeesta Formation, occur
at higher elevations (King et al. 1968). Soils are poorly developed, rich in
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organic matter, and acidic (Herrman & Baron 1980). Vegetation is dominated
by mature stands of red spruce and fraser fir at high elevation, with beech
and hemlock becoming important at lower elevations and in riparian zones.
Rhododendron is abundant, forming a dense subcanopy at high elevations and
near stream channels at all elevations. The topography is steep with streams
flowing in deeply incised valleys.

We examined the effects of drainage basin area and stream size on
ecosystem metabolism by sampling along 46 and 65 km reaches of the Little
Pigeon River and Little River in eastern Tennessee, USA, respectively. Catch-
ment area increased from 1.7 to 477 km2 in the Little Pigeon River and 2.5 to
275 km2 in the Little River from headwater to downstream sampling stations.
The headwaters of both rivers are in the GSMNP and the study reaches extend
into the Tennessee River Valley where environmental conditions are similar
to those of the Oak Ridge National Environmental Research Park. Headwater
reaches were<2 m wide, whereas downstream channels were 30–50 m wide.

Analytical methods

The Oak Ridge National Environmental Research Park streams were sampled
on 30 March 1995 and 7 September 1995, the GSMNP streams were sampled
on 25 April 1995 and 15 September 1995, and the Little Pigeon River
and Little River were sampled on 21 June 1995. Unfiltered samples were
collected for alkalinity and pH determination by sealing bottles underwater
to prevent exposure to atmosphere, placed on ice, returned to the laboratory,
and refrigerated until analysis. Water temperature and specific conductance
were measured in the field (Orion model 122). On the first sampling dates
from each of the three surveys (30 March 1995, 25 April 1995 and 21 June
1995), water samples were collected for analysis of solute concentrations.
Samples for solute analysis were filtered in the field (Gelman type A/E glass-
fiber filter), placed on ice, returned to the laboratory, and refrigerated until
analysis. Samples were analyzed for N and P within 4 d of collection. Samples
for cation analysis were preserved with 0.5% high purity HNO3, and cation
and anion samples were analyzed within 4 months of collection.

pH and alkalinity were measured with a Fisher autotitrator model 380/381
equipped with an Orion Ross pH electrode (precision of pH = �0.01 units).
Alkalinity was determined by potentiometric titration to fixed end-points of
4.5 and 4.2 using 0.01 N HCl (precision = �10 �Eq/L). Concentrations of
Al, B, Ba, Ca, Fe, Mg, Na, Si, and Sr were measured by inductively coupled
plasma emission spectroscopy and K by atomic adsorption spectrometry.
Concentrations of SO2�

4 and Cl� were measured by ion chromatography.
Soluble reactive phosphorus (SRP) was measured by the ascorbic acid method
(American Public Health Association 1989). Samples were analyzed manu-
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ally with a 10-cm spectrophotometer cuvette to achieve low analytical detec-
tion limit (0.5 �gP/L) and high precision (�0.4 �gP/L). NH+

4 was measured
by automated phenate colorimetry (detection limit = 2 �gN/L, precision =
�1 �gN/L) and NO�

2 + NO�

3 was measured by automated Cu-Cd reduction
followed by azo dye colorimetry (detection limit = 1 �gN/L, precision =�0.5
�gN/L; American Public Health Association 1989). The proportion of total
alkalinity (as determined by potentiometric titration) derived from carbonate
alkalinity was assessed from solute chemistry and alkalinity using PHREEQC
(Parkhurst 1995).

pCO2 was calculated from alkalinity (measured by titration) and pH and
was corrected for ionic strength (estimated from conductivity; Snoeyink &
Jenkins 1980). The dissociation constants KH, K1 and K2 were corrected for
temperature using equations given in Stumm & Morgan (1981). The precision
of pCO2 estimates varied primarily as a function of alkalinity ranging from
�10, 6, 3 and 2% at alkalinities of 50, 100, 500 and 6000�Eq/L, respectively.

Water for pCH4 determination was collected with a syringe (3 ml) then
injected and stored in evacuated vials (vacutainers). The headspace gas in
vials was analyzed within 48 h with a flame ionization detector on a Perkin
Elmer 3920 gas chromatograph with a Porpak R column (Jones et al. 1995).
Background level of CH4 in vacutainers averaged 1.02 ppmv (0.3–2.2% of
stream concentration) and precision of measurement was �10 ppmv.

Statistical analysis

The effects of geology and season on pH, alkalinity and gas partial pressures
were assessed with two-way analysis of variance. Following an initial test for
homogeneity of slopes, analysis of covariance was used to evaluate seasonal
difference in data from the GSMNP survey and differences between the Little
Pigeon River and Little River (elevation and longitudinal location used as
covariates). Elevational and longitudinal effects were analyzed with linear
regression. Data for linear regressions were pooled if results from analysis of
covariance results were non-significant (p � 0.05).

Results

Geomorphic patterns

pH in streams of the Oak Ridge National Environmental Research Park ranged
from 7.32 to 8.95 but was not significantly related with catchment geology
(p = 0.751) or sampling date (p = 0.191; Figure 1a). Alkalinity also did not
differ between shale and dolomite catchments (p = 0.120) but was significantly
greater in summer than spring averaging 5155 and 2663 �Eq/L, respectively
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Figure 1. Mean (� SE) pH (a) and alkalinity (b) of surface waters in dolomite and shale
drainage basins on the Oak Ridge National Environmental Research Park, Tennessee, USA.

(p < 0.001; Figure 1b). Based upon the ion concentrations measured on the
first sampling date, carbonate alkalinity was strongly correlated with total
alkalinity (linear regression, r2 = 1.000, p< 0.001). The equation for the line
describing the relationship between carbonate and total alkalinity had a slope
of 0.976 indicating that most acid neutralizing capacity was from carbonates
and pCO2 concentrations were overestimated by only 2.4%.

pCO2 in stream water did not differ significantly with catchment geology
(p = 0.602; Figure 2a). However, mean pCO2 increased three-fold from 3340
to 9927 ppmv as stream temperatures increased from 12.3 �C in the spring to
16.1 �C during summer (p = 0.004; Figure 2b). These partial pressures trans-
late to saturations relative to atmospheric equilibrium (pCO2(equilib); assuming
atmospheric pCO2 of 360 ppmv; Keeling et al. 1994) of 9.3 and 28 in spring
and summer, respectively. In contrast, pCH4 did not vary seasonally (p =
0.076), but was significantly greater in shale than dolomite catchments (p =
0.042; Figure 2b). Mean pCH4 was over twice as high in shale (306 ppmv) than
dolomite catchments (130 ppmv; pCH4(equilib) of 116 and 51, respectively,
assuming an atmospheric pCH4 of 1.7 ppmv; Khalil & Rasmussen 1994).
Using the ratio of pCH4 to pCO2 as an index of anaerobic metabolism, shale
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Figure 2. Mean (� SE) partial pressures of carbon dioxide (a) and methane (b) in surface
waters, and index of ecosystem anaerobiosis (pCH4:pCO2; c) in dolomite and shale drainage
basins on the Oak Ridge National Environmental Research Park, Tennessee, USA.

catchments had nearly twice as much anaerobiosis than dolomite drainages
with pCH4:pCO2 of 0.046 and 0.024, respectively (p = 0.006; Figure 2c).
Interestingly, pCH4:pCO2 declined significantly from an average of 0.043
during spring to 0.028 during summer (p = 0.036).

Elevational patterns

In the GSMNP, pH did not vary between samples dates (p = 0.557) but
declined with elevation (p < 0.001; Figure 3a). pH in streams below 800
m averaged 6.45 but declined to a mean of 5.72 above 1200 m. Similarly,
alkalinity exhibited an elevation gradient (p< 0.001) declining from as much
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Figure 3. Stream water pH (a) and alkalinity (b) along an elevational gradient in the Great
Smoky Mountains National Park, USA.

as 484 �Eq/L at 488 m to only 6 �Eq/L at 1061 m (Figure 3b). Alkalinity also
differed between sampling dates (p = 0.023) averaging 130 �Eq/L in spring
compared with 185 �Eq/L in summer. The correlation between carbonate
and total alkalinity was much reduced compared to that observed in the Oak
Ridge survey (r2 = 0.443, p< 0.001) with a slope of 0.610 indicating greater
uncertainty and overestimates of pCO2 by as much as 39%.

As in the Oak Ridge stream survey, pCO2 in streams of the GSMNP did
not vary with elevation (p = 0.368; Figure 4a). pCO2, however, did increase
seasonally from a mean of 5340 ppmv (pCO2(equilib) = 15) in spring (mean
stream temperature = 8.4 �C) to 8565 ppmv (pCO2(equilib) = 24, mean stream
temperature = 14.3 �C) in summer (p< 0.001; Figure 4a). During the spring,
methane was also constant with elevation (71 ppmv, pCH4(equilib) = 42; p
= 0.075), but during the summer significantly increased with altitude (p <
0.001), ranging from 17 to 2068 ppmv and 10 to 1216 pCH4(equilib) (Figure
4b). Furthermore, the contribution of anaerobiosis to total respiration was
constant during the spring (pCH4:pCO2 = 0.017; p = 0.070) but ranged from
0.002 to 0.289 in summer (p = 0.005; Figure 4c).
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Figure 4. Stream water pCO2 (a), pCH4 (b) and index of ecosystem anaerobiosis (pCH4:pCO2;
c) along an elevational gradient in the Great Smoky Mountains National Park, USA.

Longitudinal trends

In the longitudinal survey, pH rose with distance from headwaters (r2 = 0.88,
p < 0.001) increasing from ca. 6.40 in headwater streams to 7.96 65-km
downstream (Figure 5a). Similarly, alkalinity increased from as low as 68
�Eq/L in headwaters to as high as 2022 �Eq/L at downstream sites (p <
0.001; Figure 5b). As in the Oak Ridge survey, nearly all alkalinity was
attributable to carbonates (slope = 0.989, r2 = 1.000, p < 0.001) producing
overestimates of pCO2 by only 1.1%.

In contrast to a lack of spatial variation in pCO2 in the previous two
surveys, pCO2 declined along the Little Pigeon River and the Little River
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Figure 5. Longitudinal changes in stream water pH (a) and alkalinity (b) in the Little Pigeon
River and Little River in eastern Tennessee.

(p = 0.031) although pCO2 did not differ between rivers (p = 0.806). In
headwaters, pCO2 ranged from 2905 to 3454 ppmv (pCO2(equilib) = 8.1 to 9.6),
but declined ca. 50% to<2000 ppmv (pCO2(equilib)< 5.6) 63-km downstream
(Figure 6a). Whereas pCO2 declined, pCH4 increased longitudinally (p<
0.001) and like pCO2, concentration did not vary between drainages (p =
0.536). pCH4 content doubled from <200 ppmv (pCH4(equilib) < 118) in
headwater streams to >400 ppmv (pCH4(equilib) > 235) at downstream sites
(Figure 6b). These opposing longitudinal shifts in gases resulted in a five-fold
increase of pCH4:pCO2 along the ca. 60 km lengths of river (p< 0.001; Figure
6c).

Discussion

As initially hypothesized, pCH4 was related to catchment geomorphology,
whereas pCO2 was not. Geomorphology presumably influences subsurface
hydrologic flowpaths through drainage basins, contact time between ground-
waters and soil organisms, the consumption of oxygen, and the extent of
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Figure 6. Longitudinal changes in stream water pCO2 (a), pCH4 (b) and index of ecosystem
anaerobiosis (pCH4:pCO2; c) in the Little Pigeon River and Little River in eastern Tennessee.

anoxia and anaerobiosis. In contrast, however, the overall rate of ecosystem
respiration may be more closely coupled to climate. Similarly, as hypoth-
esized, stream water pCH4 was related to elevation, and presumably soil
organic matter storage. In contrast to our initial expectations, however, eleva-
tion had no effect on pCO2, although estimates of pCO2 in the GSMNP survey
had considerable uncertainty given the low correlation between carbonate and
total alkalinity observed on the first sampling date. As with geomorphology,
soil organic matter may regulate rate of oxygen consumption and thus the
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prevalence of methanogenesis. The lack of relationship between elevation and
pCO2 suggests that other factors such as climate are controlling the overall
rate of decomposition.

Carbon dioxide in streams

Streams are typically supersaturated with CO2 relative to the atmosphere with
pCO2(equilib) commonly ranging from 2 to 10 (e.g., Kling et al. 1991; Piñol
& Avila 1992; Neal & Hill 1994; Dawson et al. 1995) and in some streams
as high as 50 to 100 pCO2(equilib) (Lorah & Herman 1988; Hoffer-French &
Herman 1989). Stream water pCO2 is governed by instream decomposition
of organic matter, diffusive exchange with the atmosphere, and groundwater
inputs. In one of the streams sampled in the Oak Ridge survey, the West Fork
of Walker Branch, a sizable proportion of CO2 in surface water appears to
come from groundwater inputs. In a previous study, the pCO2 concentration
in groundwater discharging into Walker Branch averaged 3160 ppmv, over
two-fold greater than the mean pCO2 concentration of 1560 ppmv in the
stream (Wanninkhof et al. 1990).

Groundwater CO2 originates from soils where the concentration is elevated
due to root respiration and heterotrophic oxidation of detritus (e.g., Raich
& Potter 1995). Soil respiration, in turn, is potentially governed by organic
matter quantity and quality, and oxygen (Magnusson 1993; Yavitt et al. 1995),
although temperature and soil moisture appear to be the dominant controls
(Yavitt et al. 1987, 1995; Castelle & Galloway 1990; Crill 1991; Howard
& Howard 1993; Raich & Potter 1995). The coupling between tempera-
ture and respiration results in distinct seasonal pattern of soil CO2 with a
summer high and a winter low. These seasonal patterns of soil CO2 have
been shown to influence stream water chemistry. In White Oak Run, located
in the Shenandoah National Park, Virginia, a region with climate similar
to the sites herein, bicarbonate in stream water closely tracked soil CO2

probably due to weathering of parent material by dissolved CO2 produced
by respiration in soils (Castelle & Galloway 1990). Similarly, in the present
study temperature appears to be an important factor regulating stream water
pCO2. Geomorphology and soil organic matter storage had no effect on stream
pCO2, but gas levels increased from spring to summer.

Methane in streams

Methane, like carbon dioxide, is usually supersaturated in streams with levels
ranging from 1 to 598-fold greater than atmospheric equilibrium (Brooks &
Sackett 1973; Wilkniss et al. 1978; de Angelis & Lilley 1987; de Angelis
& Scranton 1993; Jones et al. 1995). Unlike the production of CO2, which
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is generated both aerobically and anaerobically, methanogenic bacteria are
obligate anaerobes and thus restricted to regions of anoxia. The input of CH4

into stream water results from an interplay between the extent of anoxia
and the rate of methanogenic activity. In our studies examining geomor-
phology and soil organic matter storage, pCO2 was not affected by these
factors and indicated a lack of variation in the rate of ecosystem respira-
tion between catchments. Assuming methanogenic rate is also unaffected
by geomorphology and soil organic matter storage, differences observed in
stream water methane levels must result from greater anoxia.

Oxygen levels in stream sediments and terrestrial soils are controlled by
respiration, diffusive exchange with the atmosphere, and hydrologic trans-
port in groundwater. The shallower subsurface flowpaths in shale catchments
presumably result in greater contact of groundwater with organic-rich surface
soils and reduced dissolved oxygen in pore spaces compared with dolomite
catchments. Consequently, anoxia is likely more prevalent resulting in greater
methane production. Similarly, in the GSMNP, soils with deep organic hori-
zons probably result in greater contact between groundwater and soil organic
matter. This increased contact time does not appear to raise respiration rate,
but enhances the amount of oxygen stripped from groundwater as it flows
through the catchment. Thus, the total rate of subsurface respiration may be
largely governed by temperature, whereas the extent of anaerobic metabolism
is regulated by geomorphology, subsurface hydrology, and soil organic matter.

Longitudinal controls of carbon dioxide and methane

In contrast to the lack of variation in pCO2 between headwater streams, pCO2

levels decline with increasing river size likely due to reduced influence of
groundwater inputs (Lorah & Herman 1988; Dawson et al. 1995). Ground-
water discharge into headwater streams accounts for a substantial fraction of
stream flow and has a large impact on stream chemistry. In larger streams
with greater flow, recent groundwater discharge contributes much less to flow
and the quantity of solutes and gases supplied by groundwater discharge are
small relative to levels in streamflow. The large contribution of groundwater
discharge to headwater streams results in high pCO2 in headwaters. As water
flows downstream CO2 is lost to the atmosphere and pCO2 declines towards
equilibrium with the atmosphere. In larger streams, surface water has been
exposed to the atmosphere for a greater length of time resulting in lowerpCO2.
However, larger streams and rivers remain supersaturated, never achieving
equilibrium, in part due to some discharge of groundwater enriched in CO2.

Whereas pCO2 levels decline downstream, pCH4 levels appear to increase,
based upon the data of this study and that of de Angelis & Lilley (1987). This
downstream increase in pCH4 may be a function of greater zones of anoxia
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with increasing river size. de Angelis & Lilley (1987) suggested that the major
source of CH4 to river water is from lateral seeps and that the prevalence of
seeps increases down-river. Headwater streams are commonly higher gradient
and as a consequence have larger sized substrates than downstream reaches.
Hydraulic conductivity and the potential for hydrologic exchange between
surface and subsurface waters is directly related to particle size. In headwaters
subsurface flow is probably relatively rapid minimizing the extent of anoxia
and methane production. As channel gradient declines and particle size of
the river bed decreases the potential for anaerobiosis is enhanced. Further,
the longitudinal increase in pCH4 in conjunction with a decline in pCO2

indicates that the proportion of organic matter decomposed anaerobically
increases along rivers.

Freshwater ecosystems as conduits for gas exchange

Lakes are commonly supersaturated with CO2 relative to the atmosphere
(Cole et al. 1994) and, as suggested by Kling et al. (1991), function as conduits
for CO2 transport from terrestrial ecosystems to the atmosphere. The streams
we studied were also supersaturated, both in carbon dioxide and methane,
with pCO2(equilib) 3.5 to 48 (median = 13) and pCH4(equilib) 10 to 1217
(median = 78), respectively. Thus, like lakes, streams function as conduits for
gas exchange to the atmosphere. In headwater streams where groundwater
discharge is relatively high, much of this gas likely comes from the catch-
ment. With increasing river size, however, riparian or instream gas genera-
tion, particularly methane, becomes more important. Although all catchments
primarily emitted carbon dioxide, large basins, or those dominated by shallow
hydrologic flowpaths or high soil organic matter content, emitted a greater
proportion of respiratory end-products as methane.
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