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Abstract. Microbial respiration on sticks and leaves, measured as rate of oxygen uptake, was 

compared among four sites (2nd-4th order) along Ball Creek/Coweeta Creek, Coweeta Hydrologic 
Laboratory, North Carolina. Senescent rhododendron and birch leaves were placed in the stream 
at each site on 21 October 1990. Microbial oxygen uptake rates were measured for both leaf species 
beginning 15 December 1990 and continuing monthly until leaves were no longer intact (birch- 
2 mo, rhododendron-7 mo). Oxygen uptake rates also were measured monthly for 1 yr on sticks 

(1-3 cm diameter) collected from the stream at each site. Oxygen uptake rates (mg O2/hr) were 
calculated on the basis of surface area and ash-free dry mass (AFDM). Mean respiration rates per 
unit surface area of substrate were highest for sticks, followed by rhododendron, then birch, in- 

dicating that substrate stability and persistence may affect microbial respiration in streams. When 

expressed on an AFDM basis, respiration rate was highest for birch, followed by rhododendron, 
then sticks. Respiration rates were significantly correlated with temperature for both rhododendron 
leaves and sticks on both an AFDM and surface area basis. Respiration rates on rhododendron also 
increased with exposure time. Rhododendron leaves represent a long-lasting leaf source for micro- 
bial activity in streams. Differences in respiration rates among sites, for both rhododendron leaves 
and sticks, can be explained primarily by differences in water temperature. The high respiration 
rate per unit surface area on sticks suggested that small woody debris can play a significant role as 
a substrate for microbial metabolism. 
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Forested headwater streams are heavily shad- 
ed and depend primarily on riparian organic 
matter inputs to fuel stream processes (Fisher 
and Likens 1972, Minshall et al. 1983). Leaves 
and wood are the major energy inputs to for- 
ested headwater streams and are broken down 

by both abiotic (leaching and physical frag- 
mentation) and biotic processes (microbial and 
macroinvertebrate consumption). Microorgan- 
isms mediate the biotic component of organic 
matter processing through metabolism, and their 

presence may increase the palatability and nu- 
tritional quality of the substrate as a food source 
for macroinvertebrates (Cummins 1974). Initial 
stages of microbial colonization of organic mat- 
ter usually are dominated by fungi, primarily 
aquatic hyphomycetes (Barlocher and Kendrick 
1974, Suberkropp and Klug 1976). As fragmen- 
tation occurs, fungal biomass typically declines 

(Suberkropp and Klug 1981), and bacterial 
numbers increase during the later stages of de- 
cay (Suberkropp and Klug 1976). 

In our study, microbial respiration on leaves 
and sticks was examined at four sites along a 
mountain stream. Stream size, stream temper- 

ature, and discharge usually increase down- 
stream, whereas organic matter retention de- 
creases (Vannote et al. 1980). Higher 
temperatures increase rates of organic matter 
breakdown by increasing microbial metabolism 
(Petersen and Cummins 1974, Suberkropp and 

Klug 1974), and respiration rates were found to 
increase with temperature by McIntire and 

Phinney (1965) and Cuffney et al. (1990). Nai- 
man (1983) reported that respiration on coarse 

particulate organic matter (CPOM) expressed 
on an ash-free dry mass (AFDM) basis in lst- to 
3rd-order streams in Oregon was best predicted 
by temperature. Bott et al. (1985) also found that 
differences in respiration rates among Michi- 

gan and Pennsylvania streams were best ex- 

plained by temperature. In contrast, some other 
studies showed that respiration per gram of or- 

ganic matter did not change with increasing 
stream size (Naiman and Sedell 1980, Minshall 
et al. 1983, Naiman 1983). 

The studies referred to above focused pri- 
marily on fine particulate organic matter (FPOM) 
and leaves, even though woody debris can also 
be abundant in forested headwater streams (e.g., 
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FIG. 1. Basin study sites located at Coweeta Hy- 
drologic Laboratory, Macon Co., North Carolina. Four 
sites (marked by arrows) were: Catchment 27 (C27), 
Upper Ball Creek (UBC), Lower Ball Creek (LBC), and 
Coweeta Creek (CC). 

Triska and Cromack 1980). Because wood de- 

composes much more slowly than leaves, stud- 
ies of energy dynamics in streams have gen- 
erally ignored the importance of wood in carbon 

cycling (Triska and Cromack 1980), even though 
microbial colonization of wood may be exten- 
sive in streams (Aumen et al. 1983, Aumen et 
al. 1990). 

In this study, we ask whether microbial res- 

piration on organic substrata changes along a 

stream-size gradient. Respiration rates were 
measured in situ over the course of a year at 
four sites (2nd-4th order) at elevations of 1070 
to 625 m. Substrata representing three kinds of 

organic matter available to microbial colonists 
were used: rapidly decomposing leaves (birch); 
slowly decomposing leaves (rhododendron); 
and sticks (a highly refractory substrate). Res- 

piration-rate estimates were then extrapolated 
to stream area so that ecosystem-level patterns 
of respiration could be compared among sites. 

Study Site 

The stream was at Coweeta Hydrologic Lab- 

oratory (Macon County, North Carolina, USA) 
in the eastern part of the southern Appalachian 
Mountains. The climate is wet and mild with 
most precipitation in the form of low intensity 
rainfall (Swank and Crossley 1988). The forest 
is dominated by oaks (Quercus spp.), red maple 
(Acer rubrum), tulip poplar (Liriodendron tulipi- 
fera), dogwood (Cornus florida), and rhododen- 
dron (Rhododendron maximum) (Swank and Cros- 

sley 1988). 
Four 100-m reaches were chosen along Ball 

Creek near the base of Catchment 27 (C27), a 
2nd-order stream, to Coweeta Creek (CC), a 
4th-order stream formed by the confluence of 
Ball Creek and Shope Fork (Fig. 1). Upper Ball 
Creek (UBC) and Lower Ball Creek (LBC) were 
the mid-elevational sites. Altitude ranged from 
1070 m at C27 to 675 m at CC. Stream gradient, 
width, canopy condition, substratum composi- 
tion, and mean annual discharge are shown in 
Table 1. 

TABLE 1. Characteristics of study sites along Ball Creek-Coweeta Creek. 

C27 UBC LBC CC 

Stream order 2 3 3 4 
Elevation (m) 1070 922 721 675 
Distance from source (m) 950 2600 3850 5550 
Gradient (m/m) 0.16 0.17 0.04 0.02 
Width (m) 2-5 3-5 4-5 7-8 

Canopy heavy shade heavy shade medium shade partially open 
canopy 

Substratum cobble, variable bedrock mostly large mostly large 
boulder to sand cobble cobble 

Mean annual discharge (L/s)a 20.5 96.8 148.8 590.4 

Drainage area (ha) 38.8 206.8 380.5 1561.6 

a Calculated from Coweeta Hydrologic Laboratory Forest Service data. 
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Methods 

Microbial respiration rates, as indicated by 
oxygen uptake, were measured monthly at each 
of the four sites. Respiration rates were deter- 
mined on two leaf types, sweet birch (Betula 
lenta) and rhododendron (Rhododendron maxi- 
mum), and sticks taken from the stream. Rho- 
dodendron and birch leaves were collected just 
prior to abscission in autumn 1990, air dried, 
and placed by species into litter bags (5 mm 
mesh size). Bags were placed in a random array 
on the stream bed in riffle areas at each of the 
four sites on 27 October 1990. Microbial respi- 
ration was measured monthly starting Decem- 
ber 1990 using leaves from randomly selected 
bags and continued until no intact leaf material 
remained (2 mo for birch, 7 mo for rhododen- 
dron). Microbial respiration also was measured 
monthly for one year on randomly collected 
decomposing sticks (1-3 cm diameter) taken 
from the stream at each site. Sticks decay slowly 
and have a long residence time in Coweeta 
streams (Golladay and Webster 1988). Thus it 
was not practical to introduce fresh sticks and 
wait for them to attain a state of decomposition 
comparable to that of most sticks in the stream. 
Leaves and sticks were incubated at each site 
except in December, January, and February, 
when temperature differences among sites were 

very small (no measurable difference) and all 
collections were incubated at Upper Ball Creek. 

After invertebrates and excess silt had been 
removed, leaves (removed from bags) or sticks 
were placed in respiration chambers containing 
stream water, and oxygen change was measured 
over a 3-5-h period. Respiration chambers were 
constructed from opaque PVC pipe (23 cm di- 
ameter, 30.5 cm length, 1.6 L volume) equipped 
with recirculating pumps and YSI Model 5739 

polarigraphic oxygen probes. Dissolved oxygen 
probes were connected to a multi-channel sig- 
nal conditioner that determined oxygen con- 
centration (Tank and Musson 1993). Six respi- 
ration chambers of replicate samples were run 
simultaneously for each incubation, and the data 
were recorded on a Campbell 21x datalogger. 
A chamber containing stream water only was 
included with each incubation to determine 
whether the probe consumed significant 
amounts of oxygen or if water column respi- 
ration was appreciable. Dissolved oxygen con- 
centration decreased linearly over the incuba- 

tion, and the rate of oxygen consumption was 
therefore determined as the change in oxygen 
concentration (mg/L) over time (min). 

Water temperature was recorded during in- 
cubations with a Radio Shack thermistor con- 
nected to the datalogger. In addition, stream 
temperature was recorded every 2 h from De- 
cember 1990 to December 1991 at the two mid- 
dle elevation sites, UBC and LBC, using Ryan 
recording thermographs (J. B. Wallace, Univer- 
sity of Georgia, unpublished data). At C27 and 
CC, thermographs were operating from June 
1990 to December 1991. Missing temperature 
data were estimated by regressing available 
temperature data for C27 against UBC data and 
CC against LBC data (r2 = 0.99 for both). 

After each incubation, a penetrometer was 
used to estimate leaf softness (Feeney 1970, Sub- 
erkropp and Klug 1981) by determining the 
weight needed to push a 5 mm diameter rod 
through the leaf matrix. Eight measurements 
were made for each leaf sample incubated. Total 
leaf surface area (m2) was measured on photo- 
copies of leaves using a digitizer. Stick surface 
area was estimated from length and diameter 
measurements. Sticks were assumed to be cy- 
lindrical and leaves to be two-dimensionally 
smooth, thereby underestimating true surface 
area. All organic material from each chamber 
was oven dried (48 h for leaves, 1 wk for sticks) 
at 50?C and weighed. Leaf and stick samples 
were then ground, and subsamples were 
weighed and ashed for 35 min at 550?C. The 
ash was re-wetted, dried at 50?C, and re-weighed. 
AFDM was calculated as oven dry weight minus 
ash weight for each chamber. Respiration rates 
per chamber were expressed on an AFDM and 
surface area basis. In addition, standing stocks 
of benthic CPOM (leaves) and wood (small sticks 
>1 cm and <3 cm in diameter) were estimated 
for each of the four sites, on seven occasions, 
from April 1991 to July 1992 (E. F. Benfield, J. 
R. Webster, J. J. Hutchens, and J. L. Tank, Vir- 
ginia Polytechnic Institute and State Universi- 
ty, unpublished data). 

Results 

Comparison of respiration rates among substrate types 

Mean respiration rates for each substrate 
are given in Table 2. Birch leaves were skele- 
tonized after 77 d incubation so only two 
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TABLE 2. Mean (?1 SD) respiration rates for each 
organic matter type. Respiration is expressed per unit 
surface area and per g AFDM. 

mg 02 
mg 02 g AFDM-1 

Substrate m-2 h-1 h-1 

Birch (2 mo)a C27 1.48 (0.35) 0.14 (0.03) 
UBC 1.01 (0.10) 0.10(0.02) 
LBC 1.31 (0.02) 0.13(0.01) 
CC 1.04 (0.11) 0.10 (0.02) 
Meand 1.23 (0.26) 0.12 (0.02) 

Rhododendron C27 4.44 (1.30) 0.08 (0.03) 
(7 mo)b UBC 3.58 (0.99) 0.07(0.03) 

LBC 5.06 (1.29) 0.10 (0.04) 
CC 4.64 (1.23) 0.10 (0.03) 
Meand 4.42 (1.30) 0.09 (0.03) 

Sticks (12 mo)c C27 11.84 (4.61) 0.01 (0.006) 
UBC 11.47 (5.13) 0.01 (0.005) 
LBC 11.09 (3.62) 0.01 (0.004) 
CC 15.58 (6.66) 0.02 (0.007) 
Meand 12.52 (5.36) 0.01 (0.006) 

a Incubation temperature range = 6.6-9.9?C. 
b Incubation temperature range = 4.6-16.7?C. 
c Incubation temperature range = 4.6-18.4?C. 
d Mean is based on all samples for that substrate 

type (birch: n = 11, rhododendron: n = 66, sticks: 
n = 97). 

monthly measurements could be made. The 

range in birch respiration rates was 0.95-1.83 

mg 02 m-2 h-1 when expressed per unit surface 
area and 0.08-0.17 mg 02 g AFDM-1 h-1 when 

expressed per g AFDM. Rhododendron leaves 
were incubated in the stream for 243 d (7 
monthly incubations) before fragmentation 
made it impossible to measure respiration. 
Ranges in respiration rates for rhododendron 
were 1.87-6.84 mg 02 m-2 h-1, or 0.03-0.16 mg 
02 g AFDM-1 h-1. Respiration rates for sticks 
taken from the streams each month for a year 
had a range of 2.93-28.91 mg 02 m-2 h-1, or 
0.01-0.03 mg 02 g AFDM-1 h-1. 

When microbial respiration was expressed on 
the basis of AFDM, both leaf types showed res- 
piration rates of about 0.1 mg 02 g h-~. How- 
ever, when expressed on a surface-area basis, 
microbial respiration rates for rhododendron 
were 2-5 x higher than those for birch leaves. 
In general, respiration expressed per unit sur- 
face area varied over a larger range for all or- 
ganic matter types than did respiration per 
AFDM. Mean microbial respiration rates for 

sticks per unit surface area were 10x greater 
than those for birch leaves and 3 x greater than 
rhododendron (Fig. 2). When expressed on an 
AFDM basis, the trend was reversed; birch leaves 
had highest respiration, followed by rhododen- 
dron, then sticks (Fig. 2). 

Mean respiration rates indicated differences 
among birch, rhododendron, and sticks, but it 
is important to note that mean incubation tem- 
peratures were different for each substrate 
type. Birch leaves were measured only in mid- 
winter (mean incubation temperature = 9.2?C); 
rhododendron leaves were measured in winter, 
spring, and early summer (mean incubation 
temperature = 10.9?C); and sticks were mea- 
sured monthly for a year (mean incubation tem- 
perature = 12.5?C). Incubation temperatures de- 
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FIG. 2. Mean (+ 1 SD) respiration rate per unit sur- 
face area (upper) and per g AFDM (lower). Means 
from each substrate type were significantly different 
(p < 0.05). 
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FIG. 3. Respiration per unit surface area vs. incu- 
bation temperature (upper), and respiration per g 
AFDM vs. incubation temperature (lower) plotted for 
each substrate type. Each point represents a separate 
chamber incubation. 

pend on the duration and timing of 

decomposition and are therefore ecologically 
realistic. Analysis of covariance (ANCOVA) fol- 
lowed by comparisons of least squares means 
(LSM, SAS Institute 1991) showed that mean 
respiration per AFDM and per unit surface area 
of birch, rhododendron, and sticks were sig- 
nificantly different (p < 0.05) when tempera- 
ture was included as a covariate in the analysis. 

Effect of temperature on microbial respiration 

Analysis of the continuous temperature data 
showed that mean daily stream temperatures 
were significantly different along the eleva- 
tional gradient: 10.9?C at C27; 11.2?C at UBC; 
11.5?C at LBC; and 11.9?C at CC (Duncan's mul- 
tiple range test, p < 0.0001). Highest tempera- 
tures occurred in July, whereas lowest temper- 
atures were recorded in February. However, 
temperatures measured only during incuba- 

tions showed minimal site differences. C27, at 
the highest elevation, had a significantly lower 
mean incubation temperature for the 12 mo of 
data collection (11.7?C) than the other three sites, 
which all had mean incubation temperatures 
around 12.5?C (ANOVA, LSM, p < 0.0001). 

Microbial respiration increased with increas- 

ing incubation temperature for both birch and 
rhododendron leaves as well as for sticks. Re- 

gressions of respiration per unit surface area 
(m2) against temperature for sticks (r2 = 0.62, n 
= 98, p < 0.01) and rhododendron leaves (r2 = 

0.43, n = 63, p < 0.01) were significantly dif- 
ferent from zero (Fig. 3). The regression for 
birch leaves was not significant, but the tem- 

perature range over which birch leaves were 
incubated was very small. Regressions of mi- 
crobial respiration per AFDM against temper- 
ature were significant for rhododendron leaves 
(r2 = 0.59, n = 63, p < 0.01) and sticks (r2 = 0.59, 
n = 98, p < 0.01), but were not significant for 
birch (Fig. 3). Slopes of the relationships be- 
tween respiration rate and temperature were 
different between rhododendron leaves and 
sticks whether expressed on a surface-area or 
AFDM basis (ANCOVA, p < 0.0001) (Fig. 3). 

Effect of exposure time on rhododendron microbial 

respiration 

Microbial respiration rates for rhododendron 
increased with stream exposure time when ex- 

pressed per unit surface area and per AFDM 

(Fig. 4). These regressions were significantly dif- 
ferent from zero per unit surface area (r2 = 0.39, 
n = 63, p < 0.01) and per AFDM (r2 = 0.58, n = 

63, p < 0.01). Birch leaves decomposed quickly 
and trends in respiration were not statistically 
significant. 

Softness of rhododendron leaves, as mea- 
sured by decreasing resistance to penetrance 
(Fig. 5), increased with exposure time (r2 = 0.77, 
n = 63, p < 0.0001). In addition, values for the 
coefficient of variation of penetrance increased 
with time in the stream (r2 = 0.43, n = 63, p < 

0.01), illustrating the patchy nature of decom- 

position on each leaf (Fig. 5). 
Regressions of microbial respiration rates on 

rhododendron leaves (both per unit AFDM and 
surface area) vs. temperature, leaf exposure time, 
and penetrance were all significantly different 
from zero (n = 63, p < 0.0001). Respiration rates 
on rhododendron leaves expressed per unit sur- 
face area or AFDM were related most strongly 
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dodendron (per AFDM). After day 134, tem- 

perature explained most of the variability in 

respiration rates (per AFDM and surface area). 

Effect of site differences in microbial respiration rates 
on rhododendron leaves and sticks 

20 Mean microbial respiration rates for leaves 
and sticks calculated for each site showed no 

0 general longitudinal trends (Table 2). However, 10 
rhododendron respiration per surface area at 

5 UBC was significantly lower than at all other 
a sites (LSM following ANOVA, p = 0.0064) and 

respiration per AFDM at UBC was lower than 
C at LBC and CC (LSM, p < 0.01). When temper- 

ature or exposure time was included in the anal- 

ysis along with site, the statistical model was 

significant, and mean respiration rates (per sur- 
face area and AFDM) for UBC were again lower 
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FIG. 4. Leaf respiration rate per unit surface area 

(upper), and respiration rate per g AFDM (lower) as 
a function of exposure time. Incubation temperature 
is also plotted on the y-axis for both graphs. 

to temperature (r2 = 0.43, r2 = 0.59, respec- 
tively). The r2 values for regressions of respi- 
ration per unit surface area and AFDM against 
exposure time were similar to those for tem- 

perature (r2 = 0.39, r2 = 0.58, respectively). Pear- 
son correlation coefficients for temperature, ex- 

posure time, and penetrance demonstrated that 
all three variables were correlated (p < 0.001). 
Temperature and exposure time were most 

strongly correlated despite the fact that tem- 

perature was decreasing during the first four 
months of incubations (R = 0.77, n = 75). 

Generally, respiration (per unit surface area 
and per AFDM) increased with incubation time, 
and over the entire exposure period (243 d) tem- 
perature accounted for most of the variability 
in respiration (ANOVA, p < 0.05). Stream tem- 
perature decreased before day 134 (i.e., during 
December-March); however, respiration rate 
continued to increase and regression analysis 
indicated that exposure time accounted for most 
of the variability in respiration rates for rho- 
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than at all other sites (LSM, p < 0.0001). When 

penetrance was included in the analysis of vari- 
ance with site, respiration rates (per surface area 
and AFDM) at UBC were different only from 
LBC (LSM, p < 0.001). 

Analysis of variance using site alone showed 
that stick respiration rates per unit surface area 
at CC were higher at all other sites (LSM, p < 
0.01). When temperature was included in the 

analysis, both site and temperature had signif- 
icant effects (p < 0.0001), and mean respiration 
at CC was higher than at all other sites (LSM, 
p < 0.01). When stick respiration was expressed 
per unit AFDM, analysis of variance showed 
that respiration rates at C27 were significantly 
different from those at UBC and LBC (LSM, p 
< 0.05). When temperature was included in the 

analysis, both site and temperature had signif- 
icant effects (p < 0.0001); respiration at CC was 
different from that at LBC, and the rate at C27 
was different from those at UBC and LBC (LSM, 
p < 0.01). 

Annual standing stocks of leaves and sticks, 
calculated from weighted means from each of 
three habitat types, decreased with increasing 
stream size (except for sticks at UBC), and leaf 
biomass generally was higher than correspond- 
ing stick biomass (except at C27 where wood 
dominated annually) (Table 3A). Mean annual 
respiration rates for each site (mg 02 g AFDM-1 
h-~) for sticks and rhododendron leaves were 
applied to annual standing stocks of leaves and 
sticks to obtain estimates of respiration rates per 
area of streambed at each site (Table 3B). Leaf 
respiration rates were probably underestimated 
because we used rates for rhododendron which 
decompose more slowly than other common 
leaves found at this site. In our study, respira- 
tion rates for leaves were 6-37 x greater than 
for sticks. Wood standing stocks were highest 
at C27 (Table 3A) and therefore wood respira- 
tion contributed the most to total benthic res- 
piration at this headwater site. Annually, sticks 
accounted for 56% of the standing stock and 
contributed 14% to total respiration of coarse 
benthic organic matter (CBOM). 

Discussion 

Petersen and Cummins (1974) described a 
processing continuum in which there is a hi- 
erarchy of leaf species ranked in order of de- 
composition rate in streams. Similarly, we might 

expect respiration rates to vary as a function of 
leaf type. Findlay et al. (1986) found that a rap- 
idly decomposing leaf type (alligatorweed) had 
a greater rate of microbial respiration than did 
a more refractory leaf type (oak). Furthermore, 
leaves with different decay rates should theo- 
retically harbor peak microbial biomass after 
different lengths of exposure in a stream (Find- 
lay and Arsuffi 1989), a prediction supported by 
our results. Overall, mean respiration rate per 
unit AFDM was higher for birch leaves than 
for rhododendron leaves. The maximum res- 
piration rate for birch measured during an in- 
cubation was very close to the rhododendron 
maximum (0.17 vs. 0.16 mg 02 g AFDM-1 hr-1), 
but the birch peak occurred much earlier than 
rhododendron and at a lower temperature. 

Expressing respiration per unit AFDM is an 
inappropriate way to compare biological activ- 
ity on organic matter with different densities 
and surface area: volume ratios. Respiration 
rates per unit AFDM on rhododendron and birch 
leaves were very similar even though respira- 
tion rates on birch leaves were only measured 
during-December and January. In contrast, res- 
piration rates expressed per unit surface area 
were higher for rhododendron than for birch. 
Rhododendron leaves are much thicker than 
birch leaves, and despite decomposing more 
slowly, they supported an active microbial com- 
munity that may have been more active than 
that on birch as indicated by our respiration 
data. Rhododendron leaves may also have sup- 
ported a higher density of fungal mycelia than 
did thinner leaves like birch, and therefore had 
higher respiration rates per unit surface area. 
High microbial activity on wood has been at- 
tributed to substrate stability and persistence 
(Aumen et al. 1990, Golladay and Sinsabaugh 
1991), and perhaps this concept can also be ap- 
plied to slow-decomposing leaf species such as 
rhododendron. 

A positive relationship between respiration 
rate and stream exposure time was found for 
rhododendron but not for birch leaves, which 
decomposed very rapidly. Maximum respira- 
tion rates on birch leaves were recorded on day 
50 and had generally decreased by day 77. Find- 
lay and Arsuffi (1989) found that fungal hyphal 
biomass (82-96% of total microbial biomass) and 
spore production peaked on sycamore leaves 
within 30 d and that respiration rates tripled in 
2 wk, before declining in the third week of 
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TABLE 3. Estimates of annual standing stocks and respiration of sticks and leaves at study sites along Ball 
Creek-Coweeta Creek. A. Standing stocks are expressed in g AFDM/m2 streambed. Mean standing stocks are 
calculated as weighted means based on samples taken from each habitat type (cobble riffle, sandy reach, 
bedrock) at each site. Percentages of total standing stock of CBOM at each site are given in parentheses (E. 
F. Benfield, J. R. Webster, J. J. Hutchens, and J. L. Tank, Virginia Polytechnic Institute and State University, 
unpublished data). B. CBOM respiration is expressed in mg 02 m-2 streambed h-1. Values were calculated 
from standing stocks (g AFDM substrate/m2 streambed) and mean annual rhododendron and stick respiration 
rates (mg 02 g AFDM-1 substrate h-1) at each site (Table 2). Percentage of total CBOM respiration for each 
site is given in parentheses. 

C27 UBC LBC CC 

A. Annual standing stocks 
Sticks 76.10 (56%) 5.96 (16%) 16.67 (38%) 9.63 (34%) 
Leaves 58.85 (44%) 32.01 (84%) 27.34 (62%) 19.00 (66%) 

B. CBOM respiration 
Sticks 0.76 (14%) 0.06 (3%) 0.17 (6%) 0.19 (9%) 
Leaves 4.71 (86%) 2.24 (97%) 2.73 (94%) 1.90 (91%) 

decomposition. In contrast, rhododendron 
leaves in our study showed no decline in res- 
piration rate over 7 mo. 

Hanson et al. (1984) found that a negative 
exponential model incorporating exposure time 
and accumulated temperature best described leaf 
decomposition rates. Similarly, we found some 
interaction between rhododendron respiration 
rate and both exposure time and temperature. 
Suberkropp and Klug (1981) found the density 
of aquatic hyphomycetes to be higher for leaves 
incubated at colder stream temperatures and that 
the fungi were therefore adapted for high 
growth in autumn when substrata became 
available. We observed microbial respiration 
rates to rise over time despite initially declining 
stream temperature. This apparently anomalous 
relationship may be attributed to hyphomycete 
activity. 

Respiration on decomposing sticks found in 
the stream was higher (per unit surface area) 
than that of decomposing leaves (of known age 
and species). Stick respiration, when expressed 
on an AFDM basis, was much lower than res- 
piration rates for the two leaf types, but re- 
porting respiration on a mass basis underesti- 
mates microbial activity, which is often 
substantial and restricted to the outer surface 
of wood (Aumen et al. 1983, Petersen et al. 1989). 
When stick respiration was expressed per unit 
surface area, it was 10x higher than for birch 
and 3 x higher than for rhododendron. 

Sticks found in streams are often heavily 
grooved, providing a complex surface for col- 

onization in contrast to the relatively smoother 
surface of leaves. Small woody debris (<10 cm 
diameter) has a high surface-to-volume ratio, 
decomposes more quickly than larger wood, and 
may contribute substantially to energy flow in 
woodland stream systems (Triska and Cromack 
1980). As a microbial substrate, small woody 
debris can be thought of as an intermediate be- 
tween large woody debris and leaf litter on a 
decomposition continuum (Triska and Cromack 
1980). Organic surfaces, such as wood, are not 
just a surface for colonization (as in epilithic 
biofilms) but also provide a metabolic substrate 
(Golladay and Sinsabaugh 1991). Golladay and 
Sinsabaugh (1991) found that biofilm biomass 
was greater on white birch sticks than on leaves 
and attributed this to the greater physical sta- 
bility of wood in terms of location and resi- 
dence time in the stream. As new layers of wood 
are exposed at the surface, fresh substrate be- 
comes available for microbial colonization. In 
addition, hyphae and / or bacteria may penetrate 
further into wood than leaves as a result of 
grooves. The high respiration rates (per unit 
surface area) measured on sticks in this study 
suggest the presence of a well developed mi- 
crobial community on small woody debris in 
Coweeta streams. 

Oxygen consumption by organic matter is a 
result of chemical oxidation and respiration by 
organisms. Temperature affects both processes 
as well as the diffusion rate of oxygen and re- 
ducing substances across the water-substrate 
interface (Hargrave 1969). Previous studies have 
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TABLE 4. Benthic respiration rates (per g AFDM) in North American streams. All measurements were made 

by oxygen uptake in chambers. 

Respiration 
rate 

(mg 02 g 
Stream Order AFDM-' d-') Notes Reference 

McKenzie River System, 1-7 0.17 CPOM metabolism, Naiman and Sedell (1980) 
Oregon same for all sites 

Beaver Creek, Quebec 2 0.05-0.35 CPOM <10 cm diameter, Naiman (1983) 
per g dry weight 

White Clay Creek, 3 10-17 trays of natural substrate, Bott et al. (1978) 
Pennsylvania measured 1 day in August 

Beaver Creek, Quebec 2 0.11 wood <10 cm Naiman et al. (1986) 
0.11 CPOM 

C53, C54, C55 1 0.03-0.44 wood Cuffney et al. (1990) 
North Carolina 0.59-2.65 CPOM 

Ball Creek-Coweeta 1-4 2.40-3.36 birch leaves This study 
Creek, North Carolina 1.68-2.40 rhododendron leaves 

0.24-0.48 sticks <5 cm diameter 

indicated that microbial respiration rates on dif- 
ferent substrates should respond similarly to 

changes in temperature. Chamier and Dixon 
(1982) found that the same "fungal consortia" 
colonized all litter types in a particular stream, 
although Suberkropp and Klug (1976) found 
that the taxonomic composition may change 
over time. Although the rate of colonization of 
different kinds of organic matter may vary be- 
cause of differences in organic matter chemis- 

try, the positive relationship between respira- 
tion and temperature should have the same rate 
of increase. Respiration on rhododendron leaves 
and sticks was measured at a range of temper- 
atures in our study and increased with temper- 
ature, but slopes of the increase were different 
between rhododendron leaves and sticks. Be- 
cause sticks were of variable age and species, 
levels of decomposition during respiration 
measurements were unknown and this may ac- 
count for the slope differences. In addition, rho- 
dodendron leaf surface area was probably over- 
estimated during the later months of 

decomposition because we were unable to ac- 
count for areas of leaf that may have been de- 
void of epidermis as a result of invertebrate 

feeding. When digitizing we assumed that all 
leaf material present was available for microbial 
colonization. Overestimating leaf surface area 
in the later months of decomposition resulted 
in lower estimates for respiration rates during 
a period of higher temperatures. 

No general trend in respiration rates on leaves 
and sticks was seen among sites. Overall, vari- 

ability in respiration rates at the four sites, for 
both rhododendron leaves and sticks, was pri- 
marily a function of temperature and incuba- 
tion time. Other site differences (e.g., discharge, 
canopy openness, etc.) apparently did not have 

significant effects on respiration rates. Despite 
a lack of general trends, a few specific site dif- 
ferences were observed. Rhododendron leaves 
had a significantly lower mean rate of respira- 
tion at UBC (2nd order) than at the other three 
sites. This may have been a result of placing 
leaf packs in slower flowing areas where sedi- 
mentation and occasional burying of some leaf 

packs may have retarded biofilm development 
and, hence, microbial respiration. 

A different pattern was found for sticks, where 

respiration rates were significantly higher at 
the most downstream site (CC) than at the other 
three sites. This difference could have been a 
function of the age of the sticks. Discharge was 

highest at CC, and the stream was wider and 
had fewer backwater areas than upstream sites. 
It was the least retentive of the four site (J. R. 
Webster, VPI & SU, and A. Covich, University 
of Oklahoma, unpublished data), and all sticks 
found there were firmly lodged in a few large, 
long-term debris dams. Their well decomposed 
(punky and grooved) appearance suggested that 
these sticks may have had a more strongly de- 

veloped biofilm than sticks from the more tran- 
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TABLE 5. Benthic respiration rates (per m2 of streambed) in North American streams. All measurements 
were made by oxygen uptake in chambers (except where noted). 

Respiration 
Or- rate (g 02 

Stream der m-2 d-1) Notes Reference 

McKenzie River system, 1-7 0.03-0.35 highest in lst- and Naiman and Sedell (1980) 
Oregon 2nd-order streams 

Augusta Creek, Michigan King and Cummins (1989a, 
Site 1, 1 0.6 wooded 1989b) 
Site 2, 1 0.5 wooded 
Site 3, 2 1.8 meadow 
Site 4, 3 1.9 cleared 
Site 5, 3 0.8 wooded 

Chippewa River, Michigan 3 0.3 measured over sediments Brown and King (1987) 
Beaver Creek, Quebec 2 0.02-0.23 CPOM <10 cm diameter Naiman (1983) 
White Clay Creek, 1-4 1.11-2.17 FPOM and Cladophora Bott et al. (1985) 

Pennsylvania 

Augusta Creek, Michigan 1-4 0.71-2.88 primarily Potomageton 
Hubbard Brook, 1-2 0.03-0.4 CO2 production in cham- Hedin (1990) 

New Hampshire bers, RQ = 0.85 

Artificial streams, Oregon - 0.3-2.5 laboratory streams McIntire and Phinney (1965) 
Beaver Creek, Quebec 2 0.03 wood <10 cm Naiman et al. (1986) 

0.01 benthic CPOM 

White Clay Creek, 3 2.5-3.4 trays of natural substrate Bott et al. (1978) 
Pennsylvania 

Stillhouse Brook, C54 1 2.2 trays of natural substrate T. F. Cuffney and J. B. Wal- 
Satellite Brook, C55, 1 1.9 lace, University of Georgia, 
North Carolina unpublished data 

Ball Creek-Coweeta Creek, 1-4 0.04-0.12 leavesa This study 
North Carolina 0.001-0.02 sticksa 

a Based on rhododendron leaves, and sticks <5 cm in diameter. 

sient debris dams at other sites. Other differ- 
ences in respiration rates among sites seen only 
for stick respiration per unit AFDM may be a 
result of variability in the wood density of sticks 
found at each site. Sticks supporting an equally 
developed biofilm may vary in density and 
therefore have very different respiration rates 

(per g AFDM) that would not be demonstrated 
if respiration was expressed per surface area. 

Mean daily respiration rates (per g AFDM) 
obtained in this study are compared with those 
from other North American studies in Table 4. 

Except for the study by Bott et al. (1978), res- 

piration estimates from the two Coweeta studies 
(this study, Cuffney et al. 1990) fall at the high 
end of the range. The much higher respiration 
rates for White Clay Creek, Pennsylvania (Bott 
et al. 1978), were recorded at high summer tem- 

peratures in an open-canopy reach. 
Although respiration rate may not change 

significantly with stream order, standing stocks 
of leaves or sticks often decline as stream order 
increases. Naiman (1983) found that because the 
CPOM standing stock decreased in a down- 
stream direction, community metabolism per 
unit area of stream bottom also declined. Ex- 

trapolation of our microbial respiration rates on 
sticks and rhododendron leaves to annual 

standing stocks of sticks and leaves at our four 
sites along an elevational gradient gave similar 
results. Calculated respiration rates per area of 
streambed for sticks and leaves generally de- 
creased with increasing stream size. In a study 
examining benthic metabolism in various bi- 
omes, Bott et al. (1985) also found that respi- 
ration was highest in the headwater site as a 
result of a larger standing stock of detritus. 

Respiration rates per m2 streambed for the 
Ball Creek-Coweeta Creek continuum were 

generally low compared with respiration re- 
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ported for other streams (Table 5) (Webster et 

al., in press). This difference may be due to sev- 
eral factors. First, we based our leaf respiration 
estimates on rhododendron; because other fast- 
er decomposing leaf types, with higher rates of 

respiration (e.g., birch), were not included in 
the analysis, we may have underestimated total 
leaf respiration in the stream. Second, we used 

respiration estimates for only two organic mat- 
ter types, leaves and sticks; we did not include 

respiration on fine particulate organic matter or 
aufwuchs respiration. In addition, respiration 
rate estimates from most studies in Table 5 were 
measured using trays of benthic substrata 

(leaves, sticks, FPOM, and rocks of various sizes) 
rather than separate organic matter types. 

Higher standing stocks of leaves and high 
rhododendron respiration rates per g AFDM 
resulted in the leaf respiration rate (per m2 of 

streambed) contributing more to the total CBOM 

respiration than stick respiration. Although, at 
the headwater site (C27), where wood was most 

abundant, stick respiration contributed 14% of 
total CBOM respiration. Despite low respiration 
rates per unit AFDM, wood played a significant 
role in total CBOM respiration because of its 

high standing stock. Hedin (1990) described 
wood as a "focal site of metabolic activity in 
headwater streams". He referred primarily to 
the role of debris dams in retention of fine par- 
ticulate organic matter, but his definition can 
also be applied to the metabolic activity of the 
microbial community colonizing wood itself, 

thereby expanding the importance of wood be- 

yond its structural characteristics. 
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