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Abstract. We examined the effect of decomposing leaf litter and dissolved inorganic
nutrients on the heterotrophic biofilm of submerged wood in streams with and without
leaves. Leaf litter was excluded from one headwater stream in August 1993 at Coweeta
Hydrologic Laboratory in the southern Appalachian Mountains. We compared microbial
processes on wood in the litter-excluded stream to a reference stream using microbial
respiration, fungal biomass, and extracellular enzyme activity. Exclusion of leaf litter en-
hanced microbial respiration and extracellular enzyme activity, and fungal biomass was
seven times higher than in the reference stream. Nutrient-releasing substrates placed beneath
wood veneers indicated colimitation by nitrogen and phosphorus on biofilms in the reference
stream. Our conclusion is that, in the absence of nutrient immobilization by leaves, nutrients
are more available for other heterotrophic processes. Nutrient limitation may have been
responsible for low microbial respiration, fungal biomass, and extracellular enzyme activity
on wood in the reference stream containing leaves. Our results suggest that competition
for nutrients may regulate heterotrophic microbial processes in these streams.

Key words: decomposition; enzyme activity; ergosterol; fungal biomass; leaf litter; microbial
respiration; nitrogen; nutrient; phosphorus; stream; wood biofilms.

INTRODUCTION

Primary production in many ecosystems is limited
by availability of inorganic nutrients. In fact, this is a
common situation in freshwater systems (e.g., Schin-
dler 1977, Elwood et al. 1981, Wetzel 1983, Peterson
et al. 1985, Grimm and Fisher 1986, Pringle 1987,
Peterson et al. 1993, Rosemond et al. 1993). Hetero-
trophic organisms in systems dominated by autochtho-
nous production can also be limited by nutrients; bac-
terioplankton production was shown to be phosphorus
limited in lakes (Morris and Lewis 1992). But in het-
erotrophic ecosystems, such as forest streams and the
deep ocean, where autotrophic production is low and
ecosystem production is based primarily on allochtho-
nous inputs, competition for nutrients and regulation
of production by inorganic nutrients is less common
because heterotrophic organisms are limited first by
organic carbon. Decomposing organic matter may be
deficient in elements such as nitrogen or phosphorus,
thus dictating the need for an external supply of in-
organic nutrients to support heterotrophic production.
In forest streams where leaves and wood are the major
sources of organic matter available to heterotrophic
microbes, it appears that these materials are often de-
ficient in nutrients. Wood is more deficient in nutrients
than are leaves, with lignin to nitrogen ratios in wood
ranging from 42 to 647 (Melillo et al. 1983). Hetero-
trophic microbes that degrade leaves and wood must
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obtain needed inorganic nutrients from the water col-
umn.

A variety of studies suggest that leaf breakdown in
streams is related to water column nutrient concentra-
tions, thus creating the potential for heterotrophic mi-
crobes to compete for nutrients. Laboratory studies
have consistently shown that nutrient addition can stim-
ulate microbial activity, biomass, and leaf breakdown
in streams (e.g., Hynes and Kaushik 1969, Howarth
and Fisher 1976). In situ stream studies have had vari-
able results. Triska and Sedell (1976) found that nitrate
had no effect on the decomposition rates of four species
of leaf litter in a Cascade Mountain stream. Evidence
for nitrogen stimulation of leaf decomposition was
found in a comparison of two North Carolina streams
differing in nitrate concentrations (Meyer and Johnson
1983). In Walker Branch, Tennessee, phosphorus ad-
dition was shown to increase leaf decomposition (El-
wood et al. 1981), yet nitrogen addition to the same
stream had no effect on decomposition rates (Newbold
et al. 1983). Experiments in this same stream by Mul-
holland et al. (1984, 1985) showed that phosphate up-
take is greatest during November, when leaf litter is
more abundant, suggesting that microbes colonizing
organic matter use nutrients from the water column.
Fungal biomass, production, sporulation rates, and leaf
breakdown rates were highest in Alabama streams with
the highest concentrations of nutrients (Suberkropp
1995, Suberkropp and Chauvet 1995). Taken together,
these studies suggest that heterotrophic microorgan-
isms colonizing various stream substrates may be nu-
trient limited.
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TABLE 1. Physical and chemical characteristics of the two
study streams. Values are annual means since 1985 (J. B.
Wallace, University of Georgia, Athens, Georgia, unpub-
lished data).

Variable†
Watershed

53
Watershed

55

Temperature (8C) 12.3 12.2
Elevation (m a.s.l.) at flume 820 810
Catchment area (ha) 5.2 7.5
Average discharge (L/s) 1.06 1.72
Maximum discharge (L/s) 30.3 46.9
pH 6.8 6.7
NO3-N (mg/L) 8 10
NH4-N (mg/L) 2 3
TKN (mg/L) 30 28
SRP (mg/L) 3 1
Cl (mg/L) 0.538 0.656
K (mg/L) 0.441 0.397
Na (mg/L) 1.060 0.777
Ca (mg/L) 0.599 0.468
Mg (mg/L) 0.423 0.371
SO4 (mg/L) 0.357 0.399
SiO2 (mg/L) 8.015 6.812
HCO3 (mg/L as CaCO3) 4.79 3.92

† TKN 5 total Kjeldahl nitrogen, SRP 5 soluble reactive
phosphorus.

Most studies of organic matter dynamics in streams
have focused on the role of leaves rather than wood
because leaves normally make up the bulk of organic
matter inputs to small forested streams. Leaves can be
considered a seasonal resource, since they enter tem-
perate streams as a pulse during autumn leaf fall and
decompose within 4–8 mo (Webster and Benfield
1986). In contrast to leaves, wood is a long-lasting
organic matter resource that may take years to decom-
pose (e.g., Harmon et al. 1986). At certain times of the
year (e.g., summer), wood standing stocks in small
headwater streams at Coweeta can account for .50%
of all organic matter present (Tank et al. 1993). Surface
area estimates for small woody debris (,5 cm diam-
eter) per unit area of streambed ranged from 0.6 to 0.8
m2 of wood per square meter in our study streams (J.
B. Wallace, University of Georgia, Athens, Georgia,
unpublished data).

Our research was part of a whole-stream manipu-
lation begun in August 1993 in which inputs of leaf
litter were excluded from a headwater stream draining
a forested watershed at Coweeta Hydrologic Labora-
tory, North Carolina. As a result of leaf litter exclusion,
wood is the sole source of large particulate organic
matter. Hence the heterotrophic food chain, once de-
pendent on leaf litter inputs, microbial colonization of
litter, and consumption of that litter by shredding in-
sects, has shifted to one based on the microbial colo-
nization of woody debris. How does this shift in the
base of the heterotrophic food chain affect factors con-
trolling organic matter processes?

The objectives of our study were to determine wheth-
er the presence of decomposing leaf litter affects mi-
crobial processes of biofilms colonizing wood in
streams. Microbial respiration, fungal biomass, and ex-
tracellular enzyme activity on wood were used to com-
pare the biofilm between the litter exclusion and ref-
erence stream. We propose that the mechanism by
which leaf litter affects heterotrophic biofilms on wood
is through the immobilization of dissolved inorganic
nutrients from the streamwater, reducing their avail-
ability to wood-associated biofilms. Nutrient-releasing
substrates covered by wooden disks were used to de-
termine whether wood biofilms were limited by the
availability of nutrients. Additionally, we identified dif-
ferences in dissolved nutrient distribution between
streams using short-term releases of a conservative
tracer to identify sources of high-nutrient groundwater.

METHODS

Site description

We studied two first-order streams draining Water-
sheds 53 and 55 at Coweeta Hydrologic Laboratory,
Macon County, North Carolina, USA. Coweeta is a
2270-ha experimental forest of the U.S. Forest Service
located in the southern Appalachians. The forest can-
opy is dominated by yellow poplar (Liriodendron tu-

lipifera), white oak (Quercus alba), red oak (Quercus
rubra), and dogwood (Cornus florida). There is also a
dense understory of rhododendron (Rhododendron
maxima), which results in year-round shading and low
rates of primary productivity (Wallace et al. 1997a) in
the study streams. Both study streams have similar wa-
ter chemistry, with low dissolved nutrient concentra-
tions and pH between 6.7 and 6.8, southern aspect, and
similar thermal regimes (Table 1). Both streams are
groundwater fed and therefore are cool in summer and
do not freeze in winter (28–178C). Streambed substrata
consist of mixed cobble-pebble with sand-gravel and
some bedrock outcrops (14–27%; J. B. Wallace, un-
published data).

As part of the larger experiment, leaf litter inputs
have been excluded along the length of stream (180 m)
draining Watershed 55 since August 1993 by placing
a 1.5-cm mesh canopy over the stream (Wallace et al.
1997b). The canopy was positioned beneath the natural
rhododendron understory to maintain the normal heavy
shade and yet continue to exclude rhododendron leaves
(27% of total leaf litter input; Cuffney et al. 1990).
Small woody debris (,5 cm) and leaf litter made up
most of the standing crop of benthic organic matter
before leaf exclusion (60–65 and 20–24%, respective-
ly). Surface area of small woody debris made up a
considerable proportion of colonizable organic sub-
strate in the reference stream and wood was the only
large organic substrate left for microbial colonization
after leaf exclusion (Table 2).

Sample arrays

Untreated wood strips constructed from wood veneer
(2.5 cm 3 15 cm 3 1 mm) of yellow poplar and white
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TABLE 2. Wood standing stocks in wetted perimeter of study streams for two years. Values
are annual means, and standard errors are presented in parentheses.

Year Reference stream Exclusion stream

1994
Wood surface area (m2/m2) 0.864 (0.208) 1.212 (0.156)
Wood biomass (kg/m2) 7.4 (2.6) 11.5 (3.7)
Leaf biomass (g AFDM/m2) 276.1 (34.7) 26.5 (9.90)

1995
Wood surface area (m2/m2) 1.098 (0.257) 0.967 (0.175)
Wood biomass (kg/m2) 13.8 (5.5) 8.9 (2.4)
Leaf biomass (g AFDM/m2) 290.6 (32.3) 0.68 (0.35)

Note: Wood surface area is expressed as square meter of wood per square meter of streambed,
whereas biomass estimates are presented as kilograms per square meter of streambed for wood
and grams per square meter of streambed for leaves (J. B. Wallace, University of Georgia,
Athens, Georgia, unpublished data). AFDM 5 ash-free dry mass.

oak were used as substrates for microbial colonization
in the study streams. These two wood types were used
because both species are present in the riparian forest,
and woody debris of both tree species are found in the
study streams. Using wood strips (hereafter referred to
as sticks) allowed accurate estimation of surface area.
Sticks were attached with cable ties to plastic mesh
holders with five replicates on each holder. The mesh
holders were staked firmly to the stream bed. Long axes
of sticks were oriented parallel to the direction of flow.

In experiment 1, six sets of oak and poplar sticks (5
sticks/set) were placed in each stream during autumn
leaffall (24 October 1994). One set per tree species was
collected monthly from each stream and returned to the
laboratory in containers of cold stream water. Sticks
from the exclusion stream were almost completely de-
composed by 238 d and thereafter nothing could be
collected. Microbial respiration rates at ambient stream
temperature and at 208C and fungal biomass were de-
termined for all sticks.

A second experiment was conducted in spring. In
experiment 2, four sets of poplar sticks (5 sticks/set)
were placed in each stream on 24 April 1995. One set
of sticks was collected monthly from each stream and
returned to the laboratory in containers of cold stream
water. Additionally, two 60-mL water samples were
collected on each date, one from the streamwater pass-
ing over the set of collected sticks and one from the
flume at the bottom of the experimental reach. Micro-
bial respiration rates at ambient stream temperature and
at 208C, fungal biomass, and cellobiohydrolase activity
were determined in the laboratory. Water samples were
analyzed for ammonia, nitrate, and soluble reactive
phosphorus (SRP) on a Shimadzu spectrophotometer
according to standard methods (APHA 1989).

Microbial respiration and wood breakdown rates

Respiration rates, as microbial oxygen uptake, were
measured on sticks using a Gilson differential respi-
rometer. A subsample from each stick collected from
both streams was placed in a 15-mL Gilson flask con-
taining 5 mL filtered stream water from its respective

stream. A filter soaked with potassium hydroxide was
placed in the center well of the flask to absorb evolved
CO2. Each set of samples was incubated once at am-
bient stream temperature and once at a constant ref-
erence temperature (208C). Flasks containing new, un-
colonized wood served as controls and confirmed that
no abiotic uptake of oxygen had occurred. Sample in-
cubations lasted 2.5–5 h, depending on temperature,
and were completed after measurable oxygen uptake
occurred. After each incubation, samples were oven
dried at 508C for 72 h, weighed, ashed for 90 min at
5508C, rewetted to restore water of hydration, dried,
and reweighed to obtain ash-free dry mass (AFDM)
for each sample. These samples were also used to cal-
culate organic matter breakdown rates.

Respiration rates were calculated using the following
formula (Umbreit et al. 1964):

P 2 P Tw 1X 5 (DV )g P T1

where X 5 oxygen uptake (in microliters), DVg 5
change in volume of respirometer (in microliters), P
5 total gas pressure within respirometer (in millimeters
of Mercury), Pw 5 vapor pressure of water at temper-
ature (T) in millimeters of mercury, P1 5 standard pres-
sure 5 760 mm Hg, T1 5 standard temperature 5
273.158K, and T 5 temperature of water bath (8K).
Respiration rates were expressed both on a surface area
and grams AFDM basis.

Breakdown rates (k) of wood were calculated by re-
gressing the natural log of mean percentage AFDM
remaining on exposure time. The negative slope of the
regression line is equal to the breakdown rate of the
substrate (Petersen and Cummins 1974).

Fungal biomass

Fungal biomass on sticks was estimated by ergos-
terol content using the method outlined by Newell et
al. (1988) and modified by R. L. Sinsabaugh (Univer-
sity of Toledo, Toledo, Ohio, personal communication).
Subsamples of known surface area (2.5 3 3 cm) were
placed in 15-mL Falcon tubes with 5 mL methanol and
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refluxed in a dry block heater for 2 h at 658C. Tubes
were removed from heater, cooled, saponified by add-
ing 1 mL 4% KOH in methanol, and refluxed for an-
other 0.5 h at 658C. Samples were cooled, centrifuged,
and the supernatants were decanted into clean 15-mL
Falcon tubes. The pellets were resuspended in 2 mL
HPLC (high pressure liquid chromatography)-grade
methanol, centrifuged again, and the rinse methanol
was added to the tubes containing the extracts along
with 1 mL water. The supernatants were then extracted
two times with 2 mL pentane. Pentane extracts were
combined and evaporated in a fume hood. The residue
was redissolved with 1 mL HPLC-grade methanol and
filtered through a 0.45-mm syringe filter into clean 5-
mL polypropylene tubes. Ergosterol was quantified us-
ing a reverse-phase HPLC system configured as fol-
lows: solvent 5 methanol; flow rate 5 2 mL/min; col-
umn 5 Nova-Pak ODS C18 3.9 mm 3 75 mm; absor-
bance detector 5 282 nm with a range of 0.500;
quantification 5 Waters integrator with attenuation at
256; ergosterol retention time 5 1.6 min; replication
5 5 per sample; standards 5 5, 10, 25, and 50 mg/ml
solution of ergosterol and methanol. Ergosterol content
was converted to fungal biomass using a general con-
version factor of 6 mg ergosterol/g fungal biomass
(Newell et al. 1988).

Cellulose degradation potential

Wood biofilms were assayed for the activity of cel-
lobiohydrolase (CBH, EC [Enzyme Commission num-
ber] 3.2.1.91), an extracellular enzyme involved in the
degradation of lignocellulose, as outlined by Sinsa-
baugh et al. (1991). Five subsamples (2.5 3 3.0 cm)
were cut from wood from each stream on each collec-
tion date. Biofilm was scraped from each subsample
with a razor blade and placed into separate test tubes
containing 2 mL of 50 mmol/L acetate buffer (pH 5
5). Two milliliters of 2 mmol/L p. nitrophenyl-cello-
bioside dissolved in 50 mmol/L acetate buffer (pH 5
5.0) were added to the tubes, and tubes were capped
and incubated on a platelet mixer at 3 rpm at 208C for
4 h. Controls were wood biofilm scrapings suspended
in 4 mL of acetate buffer without enzyme. After in-
cubation, samples were centrifuged, and 2 mL super-
natant were added to test tubes containing 0.2 mL of
1 mol/L NaOH. After adding 8 mL water, each tube
was vortexed, and absorbence at 410 nm was measured
on a spectrophotometer. Activity was expressed as
mmoles of substrate hydrolyzed per hour per square
centimeter substrate.

Nutrient-addition assays

Experiment 3 involved using nutrient-diffusing sub-
strates to determine the effect of nitrate and phosphate
additions on the development of epixylic biofilms. The
substrates were 60-mL plastic cups filled with 2% agar
to some of which we added nutrients (e.g., Winterbourn
1990). The agar surface was completely covered with

a disk (12.5 cm2) of untreated poplar veneer, the dif-
fusion surface on which the biofilm developed. Four
treatments were used: Control (agar only), N addition
(0.66 mol/L NaNO3), P addition (0.51 mol/L KH2PO4),
and N 1 P addition (0.66 mol/L NaNO3 1 0.06 mol/
L KH2PO4) (Winterbourn 1990). Five replicate cups of
each treatment were glued to a plastic tray, two trays
were anchored to stream beds of each stream on 26
August 1995, and trays from each stream were recov-
ered after 29 and 63 d (Tank and Winterbourn 1995).
Microbial respiration and fungal biomass on the wood
disks were determined for five replicate samples of
each treatment from each stream at each collection date
as described above.

Identification of groundwater inflow in study streams

To identify areas of potentially higher nutrient avail-
ability associated with groundwater inflow, chloride
was used as a conservative tracer of water flow to iden-
tify areas of groundwater inflow in the litter exclusion
and reference streams (Triska et al. 1989, Stream Solute
Workshop 1990, Webster and Ehrman 1996). Stream
chloride concentration was increased from ,1.0 mg/L
background to ;20 mg/L by dripping a NaCl solution
at a constant rate into the streams using a Mariotte
bottle (Triska et al. 1989). After the chloride concen-
tration reached plateau (;1 h), chloride was measured
at 5-m intervals in each stream using a chloride-specific
probe. A steady decrease in concentration was expected
due to a gradual increase in flow over the stream reach,
but distinct drops in chloride concentration indicated
discrete areas of high groundwater inflow. Three rep-
licate 60-mL water samples were collected from one
area of groundwater input and at the flume of the ex-
clusion stream, and samples were analyzed for am-
monia, nitrate, and SRP on a Shimadzu spectropho-
tometer according to standard methods (APHA 1989).

Statistical analyses

All data were log transformed to normalize the data
distribution prior to statistical analysis. Nested analysis
of variance (ANOVA) was used to compare respiration
rates, ergosterol values, and CBH activities between
streams for different wood types on different sampling
dates. Nested ANOVA was also used to compare nu-
trient treatments in the two streams on different col-
lection dates. Least-squares means (LSM) followed
significant ANOVA (P , 0.05) to differentiate between
means.

RESULTS

Experiment 1: Autumn—poplar vs. oak wood

Microbial respiration on poplar and oak sticks in-
cubated at ambient stream temperature (mean 5
10.88C), expressed per unit surface area, was signifi-
cantly higher in the exclusion stream than in the ref-
erence stream on all collection dates (Fig. 1A, nested
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FIG. 1. Microbial respiration (A) and fungal biomass (B)
in streams with (reference) and without (exclusion) leaves in
experiment 1, begun 24 October 1994. Means 6 1 SE are
plotted. N 5 5 for each data point in (A) and N 5 10 for
each data point in (B).

FIG. 2. Microbial respiration (A), fungal biomass (B), and
cellulose-degrading potential (C) in streams with (reference)
and without (exclusion) leaves in experiment 2, begun 24
April 1995. Means 6 1 SE are plotted. N 5 5 for each data
point.

ANOVA, P 5 0.0001). Overall, mean respiration (61
SE) at ambient temperature was four times higher in
the exclusion stream than in the reference stream (2.05
6 0.08 and 0.55 6 0.07 mL O2·cm22·h21, respectively).
Similar trends in respiration, expressed per unit surface
area and per gram AFDM, were seen when sticks were
incubated at 208C. Generally, there were no significant
differences in microbial respiration between oak and
poplar sticks, except on two dates (days 29 and 55) in
the exclusion stream when respiration was significantly
higher on poplar (nested ANOVA, LSM, P 5 0.0001
and 0.0397, respectively).

Fungal biomass was significantly higher in the ex-
clusion stream than in the reference stream on the first
four collection dates (Fig. 1B, nested ANOVA, P 5
0.0001), but unlike respiration rates, fungal biomass
dropped significantly by day 161 in the exclusion
stream. Fungal biomass was low throughout the 238-
d incubation period in the reference stream. Overall,
fungal biomass was seven times higher in the exclusion
stream as compared to the reference (means 6 1 SE,
0.37 6 0.03 and 0.05 6 0.01 mg/cm2, respectively).
There was no significant difference between fungal bio-
mass on oak and poplar sticks in either stream.

Experiment 2: Spring—poplar wood

In experiment 2, microbial respiration on poplar
sticks, incubated at ambient stream temperature (mean
5 15.88C), expressed per unit surface area, was again
significantly higher in the exclusion stream than in the
reference stream on all collection dates (e.g., Fig. 2A,
nested ANOVA, P 5 0.0016). Similar results were ob-
tained when sticks were incubated at 208C, both when
respiration was expressed per unit surface area or per
gram AFDM. Mean respiration on poplar sticks at am-
bient temperature averaged over all collection dates
was 3.45 6 0.18 mL O2·cm22·h21 in the exclusion
stream and 2.35 6 0.18 mL O2·cm22·h21 in the reference
stream.

During experiment 2, fungal biomass on poplar
sticks in both streams was highly variable, and no clear
trends were discernible (Fig. 2B). The activity of cel-
lobiohydrolase (CBH), an extracellular enzyme, was
used as a measure of cellulose-degrading potential.
CBH activity on poplar sticks was significantly higher
in the exclusion stream than in the reference stream on
days 30, 61, and 89 (nested ANOVA, LSM, P 5
0.0001, 0.0136, and 0.0057, respectively), but by day
126 activity on sticks had decreased in the exclusion
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FIG. 3. Seasonal trends in microbial respiration on poplar
veneers in streams with and without leaves (incubated at
208C). Means 6 1 SE are plotted. N 5 5 for each data point.

FIG. 4. Substrate mass loss for (A) experiment 1 (begun
24 October 1994) and (B) experiment 2 (begun 24 April 1995)
in streams with and without leaves. Means 6 1 SE are plotted.
N 5 5 for each data point.

stream and increased in the reference stream, resulting
in no significant differences in CBH activity (Fig. 2C).

Seasonal trends in microbial colonization:
Autumn vs. spring incubations

Microbial respiration (per unit surface area) on pop-
lar sticks was compared between the autumn (experi-
ment 1) and the spring (experiment 2). Respiration data
from the 208C Gilson incubations were used in order
to eliminate the effects of seasonal differences in water
temperature on microbial respiration. Respiration rates
in the exclusion stream during autumn and spring were
not significantly different (Fig. 3, nested ANOVA,
LSM, P 5 0.7704). In contrast, respiration rates in the
reference stream were significantly higher in spring
than in autumn (nested ANOVA, LSM, P 5 0.0001).
In fact, spring respiration rates in the reference stream
were as high as autumn respiration rates in the exclu-
sion stream.

Fungal biomass on poplar sticks in the exclusion
stream during autumn was an order of magnitude higher
than in spring (Figs. 1B and 2B, nested ANOVA, LSM,
P 5 0.0001). Fungal biomass was very low in the ref-
erence stream during both experiments, but values were
still slightly higher in autumn (nested ANOVA, LSM,
P 5 0.001).

Decomposition rates

During experiment 1, the autumn study, both oak
and poplar lost mass over the study period in the ex-
clusion stream, but neither wood type lost mass in the
reference stream (Fig. 4A). Decomposition rates, k,
were 0.00146 d21 for oak and 0.00401 d21 for poplar
sticks in the exclusion stream. Decomposition rates
were not calculated for the reference stream. In con-
trast, for experiment 2, the spring study, poplar sticks
in both streams lost mass over time, and decomposition
of sticks in the exclusion stream (k 5 0.0085 d21) was

faster than in the reference stream (k 5 0.00476 d21)
(ANCOVA, P 5 0.0115) (Fig. 4B). Poplar sticks de-
composed faster in April than in October.

During decomposition, microbial biomass accumu-
lates during substrate degradation. The ratio of fungal
biomass to wood mass changed over time and varied
with season. In Experiment 1, begun in autumn, the
ratio of fungal biomass to wood mass was higher in
the exclusion stream than the reference through day
161 (Fig. 5A). Thereafter, the integrity of wood incu-
bated in the exclusion stream decreased dramatically
due to decomposition, and fungal biomass dropped as
well. In experiment 2, as time in the stream increased,
fungal biomass : substrate mass ratios in the exclusion
stream were much higher than in the reference stream
(Fig. 5B). In general, ratios of fungal biomass to wood
mass in the exclusion stream were higher in autumn
than in spring, but there were no seasonal differences
in ratios in the reference stream.

Nutrient-releasing substrates

In experiment 3, we tested the effect of nutrient en-
richments on wood biofilms in both streams using wood
disks placed on top of nutrient-releasing substrates. Af-
ter 29 d, nutrient enrichments had no significant effects
on microbial respiration or fungal biomass either within
or between streams. After 63 d, in both streams, N 1
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FIG. 5. Ratio of mean fungal biomass to mean AFDM for
(A) experiment 1 (begun 24 October 1994) and (B) experi-
ment 2 (begun 24 April 1995) in streams with and without
leaves. N 5 5 for each data point.

FIG. 6. Effect of nutrient addition on (A) microbial res-
piration and (B) fungal biomass on poplar disks incubated
for 63 d in streams with and without leaves. C 5 control, N
5 NO3 added, P 5 PO4 added, and N 1 P 5 NO3 and PO4

added. Means 6 1 SE are plotted. N 5 5 for each bar. Letters
refer to comparisons of treatments within streams. Bars with
same letters were not significantly different (LSM, P . 0.05).
Asterisks indicate significant differences between streams for
a particular treatment (LSM, P , 0.05).

P enrichments significantly increased both respiration
and fungal biomass (Fig. 6, LSM, P , 0.05). Enrich-
ment with just N or P significantly increased respiration
only in the reference stream (Fig. 6A, LSM, P , 0.05).
Neither N nor P enrichment alone significantly in-
creased fungal biomass in either stream (Fig. 6B, P .
0.05). There were no significant differences in fungal
biomass between streams for any treatment (Fig. 6B).
However, wood disks in the exclusion stream had sig-
nificantly higher respiration rates than wood disks in
the reference stream for controls, N, and P enrichments
(Fig. 6A, LSM, P 5 0.0001, 0.0018, and 0.0063 re-
spectively), yet there were no significant differences in
respiration rates in the N 1 P enrichment (Fig. 6A,
LSM, P 5 0.3540).

Groundwater inflow identification

The chloride concentration at plateau was plotted
against distance from the injection site for both the
exclusion and reference streams (Fig. 7), and locations
where distinct drops in chloride concentration occurred
were identified as areas of groundwater inputs (four in
the exclusion stream and three in the reference stream).
Mean dissolved nutrient concentrations (ammonia, ni-
trate, and SRP) from the groundwater input sites in the
exclusion stream were generally higher than back-
ground levels measured at the flume (ammonia 5 19

vs. 3 mg/L, nitrate 5 17 vs. 10 mg/L, and SRP 5 17
vs. 1 mg/L). In addition, dissolved nutrient concentra-
tions from the monthly water samples taken at the wood
incubation sites were compared to nutrient concentra-
tions measured at the flume in both streams. Mean nu-
trient concentrations from the four monthly collections
tended to be higher at wood incubation sites than at
the flume in both the exclusion stream (ammonia 5 8.6
vs. 1.1 mg/L, nitrate 5 23.6 vs. 11.9 mg/L, and SRP
5 3.8 vs. 1.3 mg/L) and in the reference stream (am-
monia 5 6.7 vs. 1.7 mg/L, nitrate 5 14.5 vs. 3.1 mg/
L, and SRP 5 4.6 vs. 3.1 mg/L).

DISCUSSION

Effect of leaf exclusion on wood microbial biofilms

Microbial respiration rates and fungal biomass were
much higher in the litter exclusion stream than in the
reference stream, however, the differences were much
greater in experiment 1 compared to experiment 2. Ex-
periments 1 and 2 were conducted during two different
seasons. In autumn, leaf litter is the predominant or-
ganic matter source in Appalachian mountain streams.
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FIG. 7. Identification of groundwater inflow for (A) the
leaf exclusion stream and (B) the reference stream. Filled
circles (v) represent samples from thalweg, and triangles (,)
represent samples from areas of groundwater inflow.

In spring, most leaf litter has decomposed and wood
is the primary particulate organic matter substrate for
heterotrophic microbial colonization. Respiration rates
on wood in the reference stream in autumn were sig-
nificantly lower than in spring. In contrast, microbial
respiration rates in the litter exclusion stream did not
differ significantly between autumn and spring. Sea-
sonal differences in respiration in the reference stream
suggest that not just stream temperature, but also the
lower biomass of decaying leaves may have affected
microbial activity on wood.

Seasonal trends in fungal biomass were different
than those for microbial respiration. Fungal biomass in
both streams was lower in spring compared to autumn
by almost an order of magnitude. Temperature is known
to affect fungal colonization. Suberkropp (1984) iden-
tified two major patterns in the structure and function
of fungal communities: a summer assemblage, which
grows between 58 and 408C with an optimum of 258–
308C and a winter assemblage, which grows between
18 and 308C with an optimum of 208C. Our study
streams are groundwater-fed headwater streams, show-
ing temperature regimes conducive for year-round
dominance of a winter assemblage. For this reason,
decreases in fungal biomass from autumn to spring may
not be a result of shifts in community structure that
are linked to temperature optima. Alternatively, fungal

biomass may have declined as a result of an increased
proportion of resources being allocated to conidial pro-
duction at the expense of hyphal growth (e.g., Baldy
et al. 1995). As these reproductive structures are en-
trained in the water column, their biomass would not
be included in our measurements of fungal biomass.
Our study was limited to general assays of fungal bio-
mass (ergosterol) and further study of fungal com-
munity species composition and seasonal trends in fun-
gal and bacterial biomass on wood in headwater
streams would clarify the interaction between fungi and
bacteria.

Effect of wood type on microbial biofilms

The effect of litter exclusion on microbial biofilms
was the same for the two wood types we tested. There
were no significant differences in microbial respiration
and fungal biomass between oak and poplar sticks.
These results imply that the two wood types used in
this study provide similar colonization substrates for
microbes. In the only other study to compare microbial
colonization on different wood types, Shearer and Von
Bodman (1983) monitored fungal colonization on twigs
from cherry, oak, silver maple, and sycamore trees that
were placed in an Illinois stream for 30 mo. There were
no differences in colonization among wood types, and
of the 33 species of ascomycetes collected, four species
were dominant colonizers. In our study, we were unable
to culture any fungi in the laboratory and therefore
could not identify them. If there is no specificity in
species composition by wood type, functional prop-
erties such as respiration rates and fungal biomass may
also remain nonspecific. Although overall microbial ac-
tivity may be similar between wood types, microbial
colonization seems to be initially sensitive to differ-
ences between oak and poplar sticks. On the first two
collection dates (days 29 and 55) poplar had signifi-
cantly higher respiration rates, but by day 55 there were
no differences between wood types.

In contrast to the lack of difference in respiration
rates on different wood types, there were significant
differences in breakdown rates in the exclusion stream:
poplar sticks decomposed faster than oak (Fig. 4A).
Faster breakdown of poplar may have been a result of
a lower lignin : nitrogen ratio than for oak (Melillo et
al. 1983). Melillo et al. (1983) found that chemically
labile wood types (i.e., low percentage lignin, low lig-
nin : nitrogen ratio) had faster decomposition rates. Ad-
ditionally, wood decomposition is strongly influenced
by surface area : volume ratios, which in turn influences
oxygen diffusion rates and sediment accumulation
(Triska and Cromack 1980, Aumen et al. 1983, Gol-
laday and Webster 1988). Wood strips used in this study
were very thin (;1 mm) and therefore had very high
surface area : volume ratios. Our breakdown rates were
faster (0.0015–0.0085 d21) than those reported by Mel-
illo et al. (1983) for wood chips from a variety of
species (0.0007–0.0033 d21), Golladay and Webster
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(1988) for small woody debris in Coweeta streams
(0.0004–0.0008 d21), and Golladay and Sinsabaugh
(1991) for birch ice cream sticks (0.0016–0.0019 d21).

The fact that microbial respiration between oak and
poplar did not differ, but breakdown rates did, suggests
that respiration is a surface phenomenon. Through the
time period studied (before sticks fragmented), the bio-
film was not limited by substrate availability (i.e., car-
bon). Thus, while the wood was losing mass, but had
not yet started to fragment, microbial respiration ex-
pressed on a surface area basis remained constant.

Microbial assays as indicators of ecosystem function

Four aspects of microbial colonization were used to
estimate the impact of litter exclusion on microbial
colonization of wood: three were activity-based mea-
sures (microbial respiration, CBH activity, and decom-
position rates) and one was a biomass indicator (er-
gosterol). The biomass measure used in this study es-
timated only the fungal component of the microbial
community—bacterial biomass was not measured.
Studies on leaves have indicated that fungi accounted
for .90% of total microbial biomass in temperate
streams (Findlay and Arsuffi 1989, Baldy et al. 1995).
Scanning electron micrographs of wood biofilms have
shown that microbial colonization on wood is also pri-
marily fungal (Tank and Winterbourn 1995, 1996). Pre-
liminary bacterial counts using acridine orange were
conducted in the present study and very few bacterial
cells were seen. In the exclusion stream, microbial res-
piration was similar in the October and April experi-
ments, yet fungal biomass was almost an order of mag-
nitude less in April (Figs. 1 and 2). It appears as if
there may be some non-ergosterol-containing micro-
organisms that have some importance, particularly in
spring. Thus further studies comparing bacterial and
fungal biomass and production on wood in these
streams could clarify seasonal trends.

Dissolved nutrients and wood biofilm activity

Microbial biofilms on organic substrates are regu-
lated by characteristics of the substrate (Gessner and
Chauvet 1994) and environmental factors such as tem-
perature and nutrient availability (Suberkropp and
Chauvet 1995). Mellilo et al. (1982, 1983) found that
decomposition rates of wood chips and leaf litter were
inversely related to initial lignin : nitrogen ratios of the
organic substrate. Additionally, the absolute amount of
nitrogen that was ultimately immobilized by microbes
was greater on substrates with lower lignin : nitrogen
ratios (Melillo et al. 1983).

Previous research on the effect of dissolved nutrient
concentrations on heterotrophic activity has focused
primarily on the decomposition of leaf litter, indicating
that microorganisms colonizing leaf litter obtained
phosphorus from the water column (Elwood et al. 1981,
Mulholland et al. 1984). More recently, it has also been
shown that greater fungal biomass occurs in streams

with higher nitrate concentration (Suberkropp 1995).
Additionally, higher nutrient concentrations result in
faster rates of leaf decomposition (Suberkropp and
Chauvet 1995). In two other streams at Coweeta, Meyer
and Johnson (1983) attributed higher rates of fungal
sporulation, leaf decomposition, and microbial biomass
to high streamwater nitrate concentration; our results
agree with those results. We suggest that in addition
to temperature, an interaction between stream dissolved
nutrients and organic substrate availability controls the
dynamics of heterotrophic processes. Increased avail-
ability of nutrients (N 1 P) as a result of a decrease
in microbially colonized organic substrate in the ex-
clusion stream may have contributed to the generally
higher microbial activity on wood biofilms in this
stream. Addition of nitrogen and phosphorus together
increased microbial respiration and fungal biomass in
the reference stream to levels found on control sub-
strates in the exclusion stream (Fig. 6). In contrast,
nutrient addition in the exclusion stream did not sig-
nificantly increase respiration rates, indicating that the
substrates in the exclusion stream were not nutrient
limited at that time.

During both the autumn and spring experiments,
woody debris was the only large organic substrate
available for microbial colonization in the leaf exclu-
sion stream. In the reference stream, leaves were abun-
dant in autumn (424 g/m2), yet leaf litter standing
stocks had decreased by summer as a result of microbial
decomposition and invertebrate feeding (193 g/m2) (J.
B. Wallace, University of Georgia, Athens, Georgia,
unpublished data). The standing stock of microbially
colonized organic substrate was twice as high in the
autumn experiment compared to the spring experiment
and therefore the allocation of nutrients to wood vs.
leaf biofilms may have been very different. Previous
research has attributed decreases in both N and P con-
centrations in stream water during autumn to microbial
uptake (Mulholland et al. 1984, 1985, Mulholland and
Rosemond 1992). Data from short-term nutrient re-
leases in the study streams, conducted before and after
the litter exclusion, have shown that nitrogen (as am-
monia) and phosphorus (as SRP) uptake lengths are
significantly shorter indicating higher nutrient retention
in the reference stream (J. R. Webster et al., unpub-
lished data). By summer, wood was the primary large
particulate organic matter source in the reference
stream; hence, more nutrients were available for mi-
crobial uptake per unit surface area of wood due to
fewer leaves. This scenario was simulated year-round
in the leaf exclusion stream.

The addition of a conservative tracer into each
stream indicated multiple areas of groundwater input
(i.e., upwelling) into both streams (Fig. 7). Water sam-
ples from upwelling areas showed higher concentra-
tions of nitrogen and phosphorus relative to concen-
trations at the flume. In a stream without leaves (the
reference stream in late spring/summer or the litter ex-
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clusion stream year-round), nutrients may be available
over a larger streambed area due to a reduction in the
surface area of microbially colonized organic matter.
In contrast, when leaves and wood are present (e.g.,
autumn), zones of higher nutrient availability (i.e., up-
wellings) would not extend as far away from their input
point. Increased surface area of microbially colonized
organic matter may rapidly immobilize dissolved nu-
trients entering from groundwater inputs. Therefore,
the high respiration rates seen in the exclusion stream
year-round, and in the reference stream in spring, may
represent the augmentation of microbial activity due to
an increase in nutrient availability.

Our results show that the amount and spatial distri-
bution of organic substrate (wood and leaves) in a
stream may affect the interaction between nutrient con-
centrations and heterotrophic microbial activity. Past
research in both terrestrial and aquatic systems conflicts
regarding the possible role of N:P ratios and absolute
nutrient concentrations in controlling microbial pro-
duction and decomposition of organic matter. Concen-
trations of dissolved inorganic nutrients in the study
streams were very low (total inorganic nitrogen (TIN)
5 10–13 mg/L and SRP 5 1–3 mg/L; Table 1). Since
small changes in concentration of either N or P can
have large effects on N:P ratios, predicting nutrient
limitation by N:P ratios in the study streams is tenuous.
Molar N:P ratios in the two streams ranged from 29 in
the leaf exclusion stream to 7 in the reference stream,
despite changes in nutrient concentrations on the order
of only a few micrograms per liter. Additionally, with
such low concentrations of N and P, the study streams
are likely to shift between N and P limitation, both in
time and space, as a result of very small changes in
nutrient concentrations. The exclusion of leaf litter thus
appears to make inorganic nitrogen more available, but
with such low stream nutrient concentrations we might
expect a colimitation by both N and P as was dem-
onstrated by results from the nutrient-diffusing sub-
strates (Fig. 6).

Our conclusion is that in the absence of nutrient
immobilization by leaves, nutrients are more available
for other heterotrophic processes. This conclusion is
consistent with the higher biofilm activity and fungal
biomass in the litter exclusion stream and our results
from the nutrient addition experiment using diffusing
substrates. There are alternative explanations for our
results which we have not addressed experimentally.
It may be that the presence of leaves inhibits microbial
activity in the wood biofilm through leaching of tannins
or other organic chemicals. Also, the presence of leaves
increases hydraulic retention (J. R. Webster, Virginia
Tech, Blacksburg, Virginia, unpublished data) and de-
creases water velocity, which may have an effect on
wood biofilms either through nutrient delivery rates or
dissolved oxygen gradients at the water-substrate in-
terface. It is unlikely, however, that decomposing

leaves would reduce overall dissolved oxygen levels
in these shallow, turbulent streams.

Summary

The leaf exclusion stream is an experimentally ma-
nipulated ‘‘natural environment.’’ Groundwater inputs
may be less rapidly immobilized due to fewer micro-
bially colonized substrates (i.e., no leaves in the
stream), resulting in higher fungal biomass, microbial
respiration, and extracellular enzyme activity in the
exclusion stream. In the reference stream, biofilm ac-
tivity on wood was limited by N and P, and nutrients
may have been more rapidly immobilized due to higher
organic substrate surface area. In temperate forest
streams, both wood and leaves are present, in different
proportions, from October through May. The presence
of leaves in these streams may affect microbial activity
on other organic substrates (e.g., wood) through the
immobilization of a limited supply of nutrients from
overlying streamwater. In streams with low nutrient
concentrations, like those at Coweeta, there is a po-
tential competition for dissolved nutrients between
wood and leaf biofilms as microbial decomposers on
wood and leaves are both in need of nitrogen and phos-
phorus. Results from our studies imply that hetero-
trophs colonizing organic substrates may be competing
with each other for necessary nutrients that may be in
short supply, both in their substrate and in the overlying
water column. This implies that in forested headwater
streams, like those at Coweeta, a bottom-up control
may be governing detrital dynamics and ultimately car-
bon cycling. In less shaded streams, where algal pro-
duction is an important component of the ecosystem,
autotrophs may compete with heterotrophs for nutri-
ents, again implying bottom-up control on ecosystem
function.
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