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Abstract. Variations in dissolved organic carbon (DOC) concentrations of surface waters and
subsurface interstitial groundwater of riparian and wetland soils to 1.2 m depth were evaluated
in a riverine wetland ecosystem over one year. DOC was monitored at seven sites within the
wetland pond, two sites on the inflow stream, and one site on the outflow stream. Surface
concentrations in the inflow stream ranged from 0.74 to 11.6 mg C L™! and those of the
outflow from 2.1 to 8.0 mg C L™, Average DOC from stream floodplain hydrosoils (3.1 to
32.1 mg C L") was greater than DOC from the sediments below the stream channel (1.6 to 6.8
mg C L™"). Surface DOC within the wetland varied seasonally, with greatest fluctuations in
concentrations through the summer and autumn (range 4.8 to 32.6 mg C L) during intensive
macrophyte growth and bacterial production. DOC was less variable during the winter months
(1.7 to 3.3 mg C L™"). Within the wetland pond, average DOC concentrations (7.1 to 48.2
mg C L™") in the subsurface waters were significantly greater (p < 0.05) than average surface
concentrations. The microbial availability of surface and subsurface DOC to bacteria was
evaluated from losses of DOC by wetland bacteria grown on the DOC. Bacterial growth
efficiencies ranged from 5 to 20% and were negatively correlated to the percentage of DOC
removed by bacteria (¥ = 0.93). Throughout the ecosystem, DOC concentrations were greatest
in the subsurface waters, but at most depths this DOC was a less suitable substrate than surface
DOC for utilization by bacteria.
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Introduction

Dissolved organic carbon (DOC) is the dominant form of organic carbon in
most aquatic ecosystems (Wetzel 1983; Thurman 1985). Seasonal variations
of DOC concentrations in streams (Kaplan et al. 1980; Ford & Naiman 1989;
Ivarsson & Jansson 1994), wetlands (Dalva & Moore 1991; Briggs et al.
1993), and subsurface waters (Ford & Naiman 1989; Dalva & Moore 1991,
Easthouse et al. 1992; Vervier & Naiman 1992) have been studied extensively.
Some of the studies cited also quantified changes in DOC concentration as
water moved through the ecosystems. DOC in surface waters may increase
significantly when enriched by DOC from wetlands (Dalva & Moore 1991),
whereas DOC transported through a forested stream ecosystem was found to
be relatively stable (Fisher & Likens 1973; McDowell & Likens 1988).
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In addition to seasonal and spatial variations in DOC concentration, vari-
ations in the chemical composition of DOC from surface (Thurman 1985;
David et al. 1992) and subsurface (Thurman 1985; Easthouse et al. 1992)
waters have been evaluated. The chemical composition of DOC is impor-
tant because it affects substrate availability for bacterial growth. Bacterial
metabolism and the role of bacteria in the microbial loop can be regulated
by the structural complexity and the nutrient content of substrates (Linley
& Newell 1984). As DOC compounds pass through aquatic ecosystems, the
quality and quantity of DOC can be altered by physical (adsorption and chela-
tion), chemical (UV radiation), and biological (decomposition) mechanisms.
These alterations of DOC typically act to remove the more labile compo-
nents of DOC and result in higher concentrations of more recalcitrant DOC
in natural waters.

Variations in the chemical composition (Thurman 1985; David et al. 1992)
and bacterial utilization (Tranvik & Hofle 1987; Tranvik 1988; Markosova
1991; Middelboe et al. 1992) of DOC from surface waters have been studied.
Variations in the chemical composition of DOC from subsurface waters have
been studied, but there are few data on the availability of this DOC to natural
bacterial assemblages (cf. review of Kaplan & Newbold 1993). Release of
DOC from terrestrial and floodplain sources into streams can represent a
major source of organic carbon to the stream ecosystem (Fisher & Likens
1973; Wallis et al. 1981; Kuserk et al. 1984; Meyer 1994). In wetlands,
DOC can leach from subsurface waters into wetland surface waters or stream
surface waters (Mulholland & Kuenzler 1979; Dosskey & Bertsch 1994). The
overall ecological impact of subsurface DOC flux into the surface water is
poorly understood, because bacterial metabolism of subsurface DOC has not
been evaluated appreciably.

This study examined variations in DOC concentration in the surface and
subsurface waters of a small forested stream that passes through a wetland
ecosystem. The microbial availability of DOC from the surface and subsurface
water from the wetland pond was evaluated by measuring the changes in DOC
by an assemblage of wetland bacteria metabolizing the DOC. Bacterial growth
efficiencies were determined as the ratio of carbon incorporated into bacterial
biomass to that carbon removed from the DOC.

Materials and methods

Study sites

Surface and hydrosoil subsurface water was collected from a riverine wet-
land ecosystem located in the Talladega Wetland Ecosystem (TWE) in the
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Fig. 1. Talladega Wetland Ecosystem (TWE) study area: lysimeters 725 m upstream from the
wetland pond (A), lysimeters 400 m upstream from the wetland pond (B), lysimeters within
the wetland pond (C) and lysimeters 50 m downstream from the wetland pond (D); west hill
slope (1), open water channel (2), west Juncus (3), central Juncus (4), Nymphaea pond (5),
east Juncus (6), and far east Juncus (7). Within the wetland pond, solid lines note boardwalk
constructed to minimize disturbance from repeated samplings; dominant aquatic macrophytes
in the wetland pond: Juncus effusus = J; Nymphaea odorata = NY, Proserpinaca palustris = P.
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Talladega National Forest (Hale County, Alabama) (Fig. 1). Elevational
gradients and fluctuations in hydrological stage within the wetland create
a longitudinal vegetative zonation from an up-gradient pine-deciduous ripar-
ian mixture, to pure stands of alder, to zones of emergent Juncus effusus
L., floating-leaved Nymphaea odorata Aiton, and down-gradient to deeper
open water areas. Subsurface water was sampled with vacuum lysimeters
positioned along transects within the wetland pond and in the primary inflow
and outflow stream to the wetland pond (Fig. 1). Within the wetland pond,
lysimeters were placed along a transect that transversed a population of the
emergent rush Juncus effusus. Additionally, series of lysimeters were placed
in the sediments of two open water areas; one area dominated by the white
water lily Nymphaea odorata and the second area dominated by Proser-
pinaca palustris L. (mermaid weed). Another series of lysimeters was placed
on the steep western hill slope (within 0.5 m of the wetland pond) to monitor
potential terrestrial inputs of DOC to the wetland pond.

To evaluate DOC gradients within the entire wetland ecosystem, lysimeters
were placed in the sediments of the primary inflow and outflow stream and
within the sediments of the stream floodplains (Fig. 1). Lysimeters 725 m
upstream from the wetland pond were placed 3 and 6 m from the center
of the stream channel on the west floodplain and 6 and 10 m from the
center on the east floodplain. Lysimeters on the east and west floodplain
400 m upstream from the wetland pond were ca. 6 m from the center of the
stream. The floodplain watershed 725 m upstream from the wetland pond
contained a mixed deciduous-pine forest and then shifted to a reach that
was dominated by Alnus serrulata (Aiton) Willd. and other wetland plant
species some 400 m upstream from the wetland pond. Outlet water 50 m
downstream from the wetland pond flowed through a forest of mixed wetland
species (Nyssa sylvatica var. biflora (Walt.) Sarg., A. serrulata). Surface water
samples were collected if standing water occurred within a 0.5 m radius of
any series of lysimeters.

Vacuum lysimeters were constructed of porous ceramic cups (Soil Mois-
ture Corporation, nominal pore size of 0.1 ym) epoxied onto polyvinyl chlo-
ride (PVC) pipes. Lysimeters were nested in series at sediment depths of
20, 30, 60, 90 and 120 cm within the wetland pond and sediment depths of
20, 50 and 100 c¢m in the inflow and outflow stream channel and the stream
floodplains. To reduce DOC contamination of the first samples, the lysimeters
were thoroughly cleaned and rinsed with organic-free water (Milli-Q Water
System; Millipore Corporation) prior to placement in the field.

Surface and subsurface water samples were collected every two weeks
for 1.5 years. On the day prior to sampling, the water in the lysimeters
was evacuated and discarded. A vacuum of 30 cm of Hg was left on the
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lysimeters and water was allowed to infiltrate for 24 h. After 24 h, samples
were collected and stored in acid-washed, organic carbon-free containers and
placed on ice until filtering could be completed (< 4 h). To prepare samples for
DOC analysis, samples were filtered through pre-combusted (520 °C for 2 h)
Whatman GF/F filters (pore size 0.6 um), and then sample pH was lowered to
2.0 with the addition of ultra-pure 2N HCL. DOC analyses were performed on
a Shimadzu T5000 Total Organic Carbon Analyzer calibrated against organic
standards.

For the first 20 weeks of sampling, water that accumulated in the lysimeters
between sample dates was collected and analyzed for DOC concentration.
DOC concentrations from these samples were then compared to the DOC
samples from water that coliected with the standard method (after 24-h of
vacuum). Similar comparisons were conducted on samples collected from the
inflow and outflow stream for the first 10 weeks of the study period. There
were no significant differences in DOC between the two data sets from the
wetland pond (Wilcoxon signed-rank test; p < 0.001; n = 193) and between
the two DOC data sets from lysimeters on the inflow and outflow streams (p
< 0.001; n = 92). Consequently, only DOC values that were collected after a
24-h infiltration period are presented in this study.

Bacterial productivity and DOC consumption measurements

Surface and subsurface DOC samples were collected in November 1993
and July 1994 to evaluate the fraction of total DOC that was available to
wetland bacteria during short-term incubations (96 h). Bacterial productivity
was evaluated by the uptake and incorporation rates of [*H]leucine (range
of specific activity: 5661-6327 kBq mL~'; Amersham Corporation) into
bacterial protein (Wetzel & Likens 1991; Kirchman 1993). To determine
rates of [*H]leucine incorporation, subsamples of 10 mL were removed from
each inoculated water sample after incubation periods of 0.5, 24, 48, 72, and
96 h. At each time interval four 10-mL subsamples were removed from each
treatment, three replicates for active [*H)leucine incorporation and one killed
control (5% formalin) for abiotic uptake (modified from Wetzel & Likens
1991; Kirchman 1993). [*H]leucine was added to all four replicates from
each treatment to achieve a final concentration of 10 nM. Live samples and
controls were incubated at 25 °C for 0.5 h, with incubations of live samples
terminated with the addition of 5% formalin. All samples were then treated
with 3.25 mL of 15% TCA (5% final concentration) and placed in a hot
water bath (90 °C) for 30 min. Samples were filtered through Millipore GS
filters (pore size 0.22 pm) followed by one rinse with organic-free water (10
mL), two rinses with 5% TCA (3 mL), and two rinses with 80% EtOH (2
mL). Filters were then placed into scintillation vials and dissolved with 1 mL
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of ethyl acetate. Within 24 h, 10 mL of Aquasol-2 Universal LSC Cocktail
(Dupont) was added and dpm determined on a calibrated Beckman LS 5801
liquid scintillation spectrometer.

Bacterial protein production (BPP) was calculated from the moles of
exogenous leucine incorporated, the mole percentage of leucine in protein,
the molecular weight of leucine, and the intracellular isotope dilution. Inde-
pendent methods demonstrated isotopic dilution to be twofold (Simon &
Azam 1989; Thomaz & Wetzel 1995). Ratios of protein:dry weight and of
carbon:dry weight were found to be quite constant (Simon & Azam 1989;
Kirchman 1993). BPP measurements for all cell sizes were converted to
rates of dry mass production by multiplying by 1.6, and to bacterial carbon
production by a factor of 0.86.

Surface and subsurface water samples were inoculated with bacterial cul-
tures isolated from the detrital layers found in the surface waters at TWE.
Bacterial pellets were collected by centrifuging surface waters for 10 min at
10,000 rpm. The bacterial pellets were placed into a 20% glycerol solution
and stored in liquid nitrogen until the experiments were conducted. Prior to
inoculating treatments, frozen bacterial pellets were allowed to warm to room
temperature, suspended in MOPS solution and centrifuged three times (10
min at 10,000 rpm) to remove DOC present in the culture. The cells were
rinsed once with organic-free water and resuspended in organic-free water
prior to addition to surface and subsurface water samples.

Surface and subsurface water samples collected in July 1994 were evalu-
ated for changes in DOC in parallel with bacterial productivity over the 96-h
incubation. DOC samples from treatments were collected prior to inoculation
and after 24, 48, 72 and 96 h incubation periods. For DOC analysis, samples
were filtered through pre-rinsed (200 mL organic-free water) Millipore GS
and the pH was lowered to 2.0 (ultra-pure 2N HCIl). DOC was determined on
a Shimadzu T5000 Total Organic Carbon Analyzer calibrated against organic
standards. The change in DOC of samples inoculated with bacteria (initial
DOC minus plateau DOC) has been used as an indication of biodegradable
DOC (BDOC) (Servais et al. 1987; Servais et al. 1989; Boissier & Fontvielle
1993).

Bacterial growth efficiency (BGE) of surface and subsurface DOC was
evaluated on DOC samples collected in July 1994. BGE was defined as the
ratio of bacterial carbon produced per mg DOC utilized. BGE was calculated
by the following equation (Linley & Newell 1984):

carbon incorporated into bacterial biomass
carbon removed from substrate

Bacterial production and the change in DOC for the first 24 h of incubation
were used in calculating BGE, because after this time increases in DOC

BGE = x 100
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Table 1. Average DOC (mg CL™"' & 1 SE; n = 33) from stream and floodplain lysimeters
at four groundwater depths located on the inflow and outflow stream, collected June 1993 to
August 1994),

Ocm 20cm 50 cm 100 cm

725 m Upstream
West floodplain (6 m) 11.10£0.07 5.414+£067 5.131£093 4321048
West floodplain(3m) 839+ 021 12.18+3.84 637%125 3.07+0.43
Stream channel 1.95+£023 418+086 156+£0.17 3.12+044
East floodplain (6 m) 738+2.18 1556+2.81 828+120 596+0.88
Eastfloodplain (10 m)  3.65+ 1.13 1222+285 661+1.77 3.88%0.69
400 m Upstream

West floodplain 433+098 627+103 483+064 3521031

Stream channel 260+£035 643+1.19 3931+044 569+1.01

East floodplain 662+125 738x163 725£084 7361062
50 m Downstream

West floodlpain 7474013 376+069 426+0.79 32.05+ 4.69

Stream channel 456+ 030 535+£085 6844100 4374049

East floodplain 6.614+005 5124140 12.10+0.67 19.16+ 5.51

concentrations occurred in some inoculated treatments possibly from bacterial
senescence.

Statistical analyses

Statistical analyses were conducted on SYSTAT for Windows, Version 5.
Parametric statistics could not be used to analyze these data because critical
assumptions of homogeneity of variance were violated. Therefore, varia-
tions in DOC concentrations and bacterial productivity measurements were
analyzed with a nonparametric Wilcoxon signed-rank test.

Results
Surface DOC concentrations

DOC concentrations in the surface water of the stream at TWE increased
as the water flowed through a less productive forested ecosystem to a more
productive wetland ecosystem (cf. Wetzel 1983). Average DOC in stream
water increased significantly (p < 0.001) from 725 m upstream (1.95 mg C
L) to 400 m upstream (2.60 mg C L~!) from the wetland pond (Table 1).
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Surface DOC increased significantly (p < 0.001 ) to an average of 4.68 mg C
L~! in the open water channel of the wetland pond (Table 2). Average DOC
from the open water channel and the Nymphaea pond (4.43 mg C L~!) were
not significantly different (p = 0.30). Average DOC in the outflow stream
(4.56 mg C L) was not significantly different (p = 0.48) from the open
water areas of the wetland pond, but was significantly higher (p < 0.001)
than DOC of the inflow stream. A net input of DOC occurred to the surface
waters from the wetland pond, and some of this DOC is exported from the
wetland pond via the surface water in the outflow stream.

Surface DOC concentrations from the stream channel and open water
areas of the wetland pond increased as flow deviated during flood periods
of moderate to heavy precipitation events onto the floodplain and through
regions of emergent macrophyte growth. At both inflow stations and the
outflow station, average DOC in over bank flow across the floodplain was
significantly greater than the average DOC from the stream channel (Table
1). Potential inputs of DOC from the floodplain to the stream were limited
to periods of increased rainfall between November 1993 and April 1994. In
the surface waters of the wetland pond, average DOC concentrations were
greater in water associated with dense tufts of J. effusus than the open water
areas. Average DOC was greater in isolated, frequently flooded pools of
water associated with J. effusus (west, central, and east Juncus; means 7.09,
9.08, and 9.70 mg C L~!, respectively) than in the open water areas or
less frequently flooded areas (stream channel, Nymphaea pond, and far east
Juncus; Table 2).

Distinct seasonal fluctuations in DOC concentration occurred in the sur-
face waters of the wetland pond (Fig. 2). From May through late September
1993, DOC concentrations were higher and more variable (range 7.02 to 13.93
mg C L™") than during the period of October 1993 to April 1994 (range 2.90
to 4.03 mg C L™!). DOC concentrations increased from May 1994 through
the end of the study, with average DOC ranging from 4.24to 1433 mg CL™!.
The fluctuations and average concentration during high DOC periods were
more pronounced in the isolated pools than in the open water areas. Such
seasonality was not observed in the surface waters at either site on the inflow
stream (Figs. 3 and 4), but was present in the surface water of the outflow
stream (Fig. 5). This seasonal increase in DOC in the outflow stream supports
the suggestion that part of the net export of DOC from TWE occurred through
the outflow stream.

When relationships among surface DOC concentrations of all wetland
pond sample stations and daily average air, water, and sediment temperature,
the daily average stage of the wetland pond, and average precipitation for
each sample date were analyzed, significant positive correlations were found
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Fig. 2. DOC from surface and subsurface water collected from the wetland pond; May 1993
through August 1994: west hill slope (o), open water channel (O), west Juncus (), central
Juncus (), Nymphaea pond (®), east Juncus (&), far east Juncus (M). Sampling was on a
rigorous 14-d schedule; missing data points represent dates in which insufficient water volume
was collected for DOC analyses.
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Fig. 3. DOC from surface and subsurface water collected 725 m upstream from the wetland
pond; June 1993 through August 1994. Sampling was on a rigorous 14-d schedule; missing
data points represent dates in which insufficient water volume was collected for DOC analyses.

between surface DOC concentrations in the Nymphaea pond and average
air temperature (2 = 0.77; n = 26), average water temperature (r° = 0.81;
n = 26) and average sediment temperature (> = 0.76; n = 26). A negative
correlation was found between DOC concentrations of the Nymphaea pond
and wetland pond stage (2 = 0.57; n = 26). No other significant correlations
were observed among the stage of the wetland pond, average air, water, and
sediment temperature, and DOC concetrations from other surface sites within
the wetland pond.

Subsurface waters of the inflow stream

DOC increased laterally from the stream channel into the floodplain at the
lysimeters 725 m upstream from the wetland pond (Fig. 3). For example,
DOC concentrations from 20 and 50 cm depths were significantly greater
than DOC from the same depth in the stream sediments. DOC concentrations
at 100-cm depth did not exhibit this pattern and were more constant within
these samples from the stream sediments to those of the floodplain sediments.
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Fig. 4. DOC from surface and subsurface water collected 400 m upstream from the wetland
pond; June 1993 through August 1994. Sampling was on a rigorous 14-d schedule; missing
data points represent dates in which insufficient water volume was collected for DOC analyses.

No consistent increase in DOC was found in a lateral progression into the
floodplain at the lysimeters 400 m upstream from the wetland pond (Fig.
4). At 20-cm depths there was no significant difference in DOC from the
sediments of the stream channel and the floodplain hydrosoils. At 50 cm, there
was no significant difference in average DOC between the west floodplain
and the stream channel, but both were significantly less than DOC from the
east floodplain hydrosoils. At 100-cm depths, DOC from the west floodplain
groundwater was significantly less than from the stream channel, and both
contained significantly less DOC than from the east floodplain.

Average DOC concentrations decreased from 20 to 100-cm depths at all
floodplain sites 725 m upstream from the wetland pond and on the west flood-
plain 400 m upstream from the wetland pond. DOC concentrations on the east
floodplain (400 m upstream) did not change significantly with depth, which
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Fig. 5. DOC from surface and subsurface water collected 50 m downstream from the wetland
pond; June 1993 through August 1994. Sampling was on a rigorous 14-d schedule; missing
data points represent dates in which insufficient water volume was collected for DOC analyses.

suggested different imports or hydrologic regimes on the east floodplain. In
the hyporheic sediments of the stream channel, DOC concentration declined
among samples from 20 to 50 cm but increased in DOC among samples from
50 to 100 cm.

DOC concentrations in the subsurface waters of the inflow stream were
higher from May 1993 through October 1993 (Figs. 3 and 4), a period of
lower precipitation, high evapotranspiration, and lower outflow. Subsurface
DOC concentrations remained lower and more stable until late April 1994,
when they began to increase again. These increases in floodplain hydrosoil
DOC concentrations continued through the end of the study period.
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Subsurface waters of the wetland pond

Within the wetland pond, average annual DOC concentrations of subsurface
waters were 1 to 8-fold higher.than in the surface waters (Table 2). A diversity
of patterns of DOC concentration with depth were found within the hydrosoils
of the wetland pond. DOC in subsurface waters from the two eastern series
of lysimeters (located in areas of dense J. effusus) increased significantly (p
< 0.01) with depth (Table 2; Fig. 2). In contrast, in the central area of the
wetland pond (central J. effusus and Nymphaea pond lysimeters), subsurface
DOC was greatest at 60 cm and declined markedly at 90 and 120 cm depths.
The two series of lysimeters associated with the open water channel (west
side of the wetland pond) had maximum subsurface DOC concentrations at
the 20-cm depth. On the western hill slope, highest subsurface DOC is present
at 90 cm.

Subsurface DOC concentrations from 60, 90 and 120 cm were greater on
the eastern side of the wetland pond than the western side (Fig. 2). This trend
was most pronounced at 120 cm. DOC concentrations in hydrosoils at the
hill slope, instream channel, and west Juncus sites were markedly lower than
among the other sites.

Subsurface waters of the outflow stream

DOC concentrations from the sediments of the east floodplain were signifi-
cantly greater than DOC from the same depth in the stream channel sediments
(Table 1; Fig. 5). This pattern was not observed in sediments of the west
floodplain, where DOC concentrations did not increase laterally from the
stream channel to the floodplain at 20 and 50-cm depths. Average DOC was
significantly greater from the west floodplain at the 100-cm depth than from
the east floodplain.

Seasonal trends in subsurface DOC concentrations were most apparent
in the subsurface water of the stream channel hydrosoils. Higher DOC con-
centrations occurred at the beginning of the study followed by progressive
declines until November 1993. Lower concentrations remained until March
1994, when steady increases occurred. These patterns were also observed in
the subsurface waters of the floodplains, but more variation was noted during
the period between October 1993 and March 1994. DOC in excess of 40 mg C
L~ was found at the 100-cm depths on both the east and west floodplain.

Bacterial utilization of DOC of surface and subsurface water

Different patterns of bacterial DOC utilization were observed with samples
collected from the Nymphaea pond in November 1993 and July 1994. In
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Fig. 6. Bacterial productivity on DOC from surface and subsurface water samples from the
wetland pond collected in November 1993 (A) and July 1994 (B).

November 1993, bacterial productivity increased significantly from 0.5 to
24 h on DOC from all depths (p < 0.05) (Fig. 6). Additionally, there were
significant increases in productivity from 24 to 96-h of incubation on DOC
collected from 90 and 120 cm depths. In contrast, there were significant
decreases in productivity from 24 to 96 h on DOC in samples collected from
the upper strata (0, 30 and 60 cm).

In July 1994, rates of bacterial productivity significantly decreased from
0.5 to 24-h of incubation (Fig. 6). This decrease was followed by significant
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Table 3. Comparison of the percent of total productivity
on DOC from the Nymphaea pond. Values are the percent
of total productivity for each specific depth based on total
bacterial production estimated for the entire 96-h incubation.

November 1993 July 1994
Ocm 25.0 223
30cm 16.0 15.1
60 cm 27.1 19.8
90 cm 19.3 19.7
120 cm 12.6 23.1

Table 4. Utilization of DOC of surface and subsurface waters collected from the Nymphaea
pond in July 1994. DOC removed, biodegradable DOC (BDOC), bacterial production (BP)
and bacterial growth efficiency (BGE) was calculated for the first 24 h of incubation.

Initial DOC DOCremoved BDOC (%) BP(ngC L-l) BGE (%)
(mgCL™") (@mgcCL™

Ocm 320 0.86 27 0.15 17
30cm  3.00 2.07 69 0.11 5
60cm 2.51 0.60 24 0.12 20
90cm 271 1.66 61 0.12 7

120cm  3.00 1.31 44 0.12 9

increases in productivity after 48 h at all depths. In samples from 0 and 30
cm, bacterial productivity at 96 h was not significantly different from initial
values (0.5 h). At the lower depths (60, 90 and 120 cm) there was significantly
higher productivity after 96 h than after 0.5 h incubation.

Bacterial production over the entire 96-h incubation period was inte-
grated to compare the availability of DOC in surface and subsurface water to
bacteria. The productivity for all depths (from the same sample period) was
summed to give total productivity on DOC from all depths. Productivity for a
specific depth was then analyzed as a percentage of the total depth-integrated
productivity. The percentage of total productivity at a specific depth could
then be examined for seasonal variations. Bacterial production on DOC from
0, 30 and 90-cm depths was similar on both sample dates (Table 3). However,
the percentage of overall productivity differed seasonally on DOC collected
from 60 and 120-cm depths. At 60 and 120-cm depths, annual variability in
DOC concentrations was large, which may have contributed to variability in
the quality of DOC at these two depths.
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Fig. 7. Change in DOC concentration in the inoculated surface and subsurface water samples
from the wetland pond collected July 1994.

DOC analyses during bacterial utilization

Consumption of DOC in bacterially-inoculated surface and subsurface water
was monitored in samples collected in July 1994. In samples from all depths,
there was a significant decrease (p < 0.05) in DOC concentration within the
first 72-h of incubation (Fig. 7). The decrease was followed by increases
in DOC concentrations. Because DOC decreases were variable over a 72-h
period, DOC for BDOC and BGE determinations were evaluated only for
the first 24-h of incubation. BDOC of samples collected in July 1994 ranged
from 27 to 69% of total DOC (Table 4). Lower percentages of DOC were
removed from 0 and 60 cm depths with higher removal rates of DOC from
30, 90 and 120-cm depths.

Bacterial growth efficiency

Bacterial growth efficiency was greatest on DOC from 0 and 60-cm depths
(17 and 20%, respectively), with lower BGE on DOC from 30, 90 and 120-cm
depths (5, 7 and 9%, respectively) (Table 4). A significant inverse correlation
(2 =0.93; p < 0.01) was found between percent DOC removed and BGE.
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Discussion

The surface waters of small forested streams can become enriched with
DOC as a result of the movement of water through a wetland ecosystem.
Average surface DOC concentrations in the stream at TWE increased as water
moved from the less productive mixed deciduous-pine forest through a more
productive wetland ecosystem. Similar results were found in a forested swamp
catchment in Quebec (Dalva & Moore 1991). Average DOC concentrations
(mean annua: concentration, not flow-weighted values) in the inflow stream
at TWE were 1.95 and 2.60 mg C L™! 725 and 400 m upstream from the
wetland pond, respectively. These average surface DOC concentrations from
TWE are similar to concentrations reported by Ford and Naiman (1989) for
a forested stream in Quebec, Canada and for streams in the Marmot Basin
(Alberta, Canada; Wallis et al. 1981), and greater than East and West Bear
Brooks (David et al. 1992). DOC concentrations for both streams at TWE
were less than those of a stream in northern Michigan (Hendricks & White
1991) and considerably lower than concentrations reported for blackwater
rivers in the southeastern United States (Alberts et al. 1990).

Significant seasonal variations in surface water DOC concentrations were
observed. DOC concentrations were lower from the winter through the spring
with increased concentrations through the summer and fall. Seasonal DOC
variations similar to these were found in the surface waters of two Australian
wetlands (Briggs et al. 1993). Increased DOC during the summer period can
be attributed to increased primary productivity of macrophytes (Wetzel &
Howe 1995; Carter et al. 1995) and periphyton (Johnson & Ward 1995) and
microbial conversion of POC to DOC.

Average DOC concentrations (mean annual concentration, not flow-
weighted values) in the outflow stream at TWE was 4.56 mg C L~!. Unlike
the few previous studies that examined DOC exports from wetland ecosys-
tems, DOC concentrations in the outflow of the wetland pond at TWE were
comparably lower. DOC in the surface waters of streams draining swamps
in North Carolina ranged from 10.0 to 19.7 mg C L~! (Mulholland & Kuen-
zler 1979) while Day et al. (1977) measured DOC in outflowing water from
swamps in Louisiana that averaged 12 mg C L~!. The review of Thurman
(1985) reported DOC concentrations in outflow streams of wetlands that
ranged from 5 to 60 mg C L~!. The outflow stream at TWE may have lower
DOC concentrations because much of the high DOC of the surface waters of
the wetland pond was decomposed or retained such that release downstream
did not represent a major export of DOC from the wetland pond. Comple-
mentary studies of planktonic and attached bacterial productivity (Johnson &
Ward 1995) and CO,and CHjy release from the sediments (Roden & Wetzel
1995) indicate the predominance of DOC degradation.
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. Concentrations of subsurface DOC were substantially greater than surface
DOC concentrations, which indicated that appreciable amounts of DOC pro-
duced within the wetland pond were being metabolized or stored within the
wetland pond instead of being exported in the surface waters of the outflow
stream. Another possible fate of DOC produced in the wetland pond is via
export through the subsurface waters. Subsurface DOC concentrations at the
lysimeters 50 m downstream from the wetland pond ranged from a low of 1.89
to concentrations >100 mg C L~!. These data suggest that a more significant
export of DOC occurred from the subsurface waters compared to the sur-
face waters of the outflow stream. However, the magnitude of this potential
export cannot be determined without further knowledge of the hydrology at
TWE.

Lateral movements of subsurface water through stream floodplain and
wetland hydrosoils at TWE enriched DOC concentrations. Increases in DOC
concentrations in the floodplains of streams similar to TWE were reported by
Ford and Naiman (1989) and Hendricks and White (1991). The importance
of this DOC to the stream and wetland ecosystems cannot be determined
fully without increased knowledge of the hydrologic patterns associated with
TWE.

Biodegradable DOC for the surface and subsurface waters (after 24-h
incubation with wetland bacteria) at TWE (24 to 69% of the total DOC)
were similar to those reported for surface waters of European rivers (17 to
54%; Servais et al. 1987; Servais et al. 1989) and surface waters of Lake
Ontario and Hamilton Harbor (57-75%; Markosova 1991), but were greater
than those found for a clear and humic water lake in Germany (Tranvik &
Hofle 1987) and oligotrophic lakes in Sweden (Tranvik 1988).

The use of BDOC as an indicator of the relative lability of DOC must
be interpreted cautiously but is congruous with recent analyses. A signif-
icant negative correlation was observed between biodegradable DOC, i.e.,
the bacterial degradation of DOC in 24 h, and bacterial growth efficiency as
estimated by the ratio of carbon incorporated into bacterial biomass to car-
bon removed from the DOC. In experimental studies on utilization rates of
DOC from decomposing macrophytes by periphytic bacteria from the same
wetland ecosystem (TWE), a majority of DOC-derived C was assimilated
and released from the periphyton communities in the form of DO'*C (mean
69.6%) rather than as inorganic '*CO, (6.7%) (Bicudo et al. 1995). Reten-
tion of assimilated carbon from a mixture of amino acid substrates was more
efficient (mean 43.4%) than with more recalcitrant substrates (mean 5.4%
of whole leachate DOC of Juncus effusus, 3.7% of Juncus humic acids, and
2.7% of Juncus fulvic acids). These results are in accord with the observa-
tions that dissolved organic compounds are selectively removed by metabolic
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and adsorptive processes as they pass through the periphyton complex down-
gradient to the recipient lake or stream with an increase in the recalcitrance
of the DOC en route (Wetzel 1992). Although growth efficiencies on the
more recalcitrant DOC sources were smaller than on labile components, the
concentrations of the recalcitrant DOC pools are very much larger by one to
several orders of magnitude (e.g., Wetzel 1984). As a result, the collective
metabolism of the recalcitrant DOC in the ecosystem dominates in all aquatic
ecosystems (Wetzel 1995) and is particularly true in the land-water interface
zones of high rates of photosynthetic production and decomposition.

BGE for the surface waters of the Nymphaea pond at TWE was 17% during
the first 24 h. These results were less than growth efficiencies determined for
surface waters from the Ogeechee River (Meyer et al. 1987), clear and humic
lakes in Sweden (Tranvik 1988), and coastal waters (Middelboe et al. 1992).
BGE measured by Tranvik and Hofle (1987) ranged from 17 to 22% on DOC
from the surface waters of clear and humic lakes in Germany, similar to those
from the surface water of the Nymphaea pond at TWE.

Few studies have evaluated bacterial growth efficiencies on DOC from
subsurface waters. BGE on DOC collected from the soil waters of a beech-fir
forest was 5.7% after 24 h of incubation with bacteria (Boissier & Fontvieille
1993). Bacterial growth efficiencies calculated for 30, 90 and 120 cm in
this study (5 to 9%) were also similar to growth efficiencies on DOC from
terrestrial leaf leachate (Linley & Newell 1984; Meyer et al. 1987). These data
suggest that DOC from subsurface depths may be less available for bacterial
growth relative to surface water samples examined.

A large fraction of the total DOC pool at TWE is apparently stored in
the subsurface waters of streams, floodplains and wetland pond. This DOC
pool likely represents the predominantly recalcitrant substrates for bacterial
growth relative to growth efficiencies on DOC from surface waters. A more
thorough understanding of bacterial utilization and growth efficiencies on
DOC from subsurface waters is needed in order to obtain a more complete
view of DOC availability to bacterial communities.
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