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INTRODUCTION

Headwater streams are key locations for nutrient
and organic matter processing within watersheds due
to their large substrate surface area relative to water
volume, a feature that exerts a strong effect on the
downstream export of nutrients and organic matter
(Peterson et al. 2001). Microbial biofilms associated
with these surfaces are responsible for much of the
nutrient uptake and transfer to higher trophic levels in

headwater streams (Dodds et al. 2000). Stream biofilms
are composed of a consortium of algae, bacteria, meio-
fauna and detritus embedded in a polysaccharide
matrix (Haack & McFeters 1982, Lock et al. 1984), the
structure of which can alter the exchange of stream
water nutrients. Variation in access to substrates for
microbial activity can occur across the biofilm interior
and perimeter, and the dependency of heterotrophic
bacteria on organic carbon supplies from algae and
cyanobacteria can be relatively high (Murray et al.
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1986, Neely & Wetzel 1995). These attached communi-
ties, however, do respond readily to external forces
such as nutrient availability in stream water (Bothwell
1985, Lohman et al. 1991, Stelzer & Lamberti 2001).

Although phototrophic components of stream bio-
films readily respond to nutrient additions, the extent
of nutrient cycling in headwater streams is typically
dependent upon the availability of dissolved organic
matter (DOM) for heterotrophic use (Bernhardt &
Likens 2002). The quantity and quality of DOM can
vary within and among streams (Volk et al. 1997) and
can greatly affect microbial biomass (Warren et al.
1964, Bott et al. 1984) and activity (Kaplan & Bott
1983), as well as biogeochemical cycling in streams.
Dissolved organic carbon (DOC) quality and quantity,
for example, control nutrient cycling in both the sub-
surface (Findlay et al. 1993, Sobczak et al. 1998, Baker
et al. 1999) and surface environment, stressing the
important link between C and N cycling in forested
streams (Bernhardt & Likens 2002). Autochthonous
sources of DOC can be more bioavailable than some
allochthonous sources (Battin et al. 1999), supporting
the evidence that heterotrophic bacteria in streams
readily degrade algal exudates (Cole et al. 1982,
Kaplan & Bott 1989). The proportion of bioavailable
DOC represented by identifiable components in
stream water, however, is low relative to other aquatic
ecosystems and may reflect the larger contribution of
highly degraded allochthonous DOC, particularly in
forested streams (Benner 2003).

DOC source and composition probably influence the
linkage between bacteria and algae, thereby affecting
the function of stream biofilms. A limited number of
studies have examined algal–bacterial interaction
within biofilms (Murray et al. 1986, Espeland & Wetzel
2001, Scott et al. 2008) particularly in streams (Romani
& Sabater 2000, Scott et al. 2008, Lyons & Ziegler
2009). Algal exudates in stream biofilms can stimulate
bacterial activity (Romani & Sabater 2000, Ishida et al.
2007). On the other hand, increased algal–bacterial
coupling could lead to greater release of DOC through
microbial reworking of terrestrial organic matter stim-
ulated by algal exudates. These potentially interacting
mechanisms highlight our lack of understanding of
variation in DOC and nutrient cycling within headwa-
ter stream biofilms, and of the influence these biofilms
exert on stream water DOC source and composition.

As part of a larger study characterizing the source,
composition and bioavailability of DOC in 2 contrast-
ing Ozark streams, recent studies reported low
bioavailability of DOC in a stream heavily influenced
by surrounding agricultural lands (Moore Creek)
despite luxurious algal growth (Brisco & Ziegler 2004,
Ziegler & Brisco 2004). These experiments suggested
that elevated nutrient concentrations probably sup-

ported increased levels of microbial activity, resulting
in a larger pool of refractory DOC relative to pools of
DOC in a more nutrient-deplete stream surrounded by
intact forests (Huey Hollow) (Brisco & Ziegler 2004,
Ziegler & Brisco 2004). Increased nutrient availability
can stimulate microbial degradation of terrestrial
organic matter and subsequently increase the release
of humics (Kaplan & Newbold 1993) and the uptake of
more labile DOC (Moran & Hodson 1989). The varia-
tion in source and bioavailability of DOC in Moore
Creek and Huey Hollow suggests that different pro-
cesses may be responsible for the release and process-
ing of DOC in these streams. In the present study, we
expand on our previous findings at Moore Creek and
Huey Hollow by further characterizing DOC dynamics
in the epilithic biofilms within these 2 headwater
streams. Large advances in our understanding of car-
bon cycling within marine pelagic and benthic micro-
bial communities have been gained through the use of
13C-labeling or probing (Boschker & Middelburg
2002). Here, we employ a 13C-labeling approach to
specifically assess: (1) the relative role of the epilithic
biofilm (BF) in generating DOC, (2) potential sources of
DOC released from epilithic biofilms, and (3) how the
exchange of C between algae and bacteria varies
within the epilithic biofilms of these 2 streams.

MATERIALS AND METHODS

Study sites. Samples were collected from and incu-
bated at mid-stream sites in 2 headwater streams
located in northwest Arkansas, USA. The forested and
less affected stream used in the present study, Huey
Hollow, is approximately 5.6 km in length and drains
an 1130 ha watershed, dominated by hardwood decid-
uous forest, and is underlain by limestone. Moore
Creek, the more nutrient-affected stream, is approxi-
mately 8.4 km long, drains a 2120 ha watershed domi-
nated by agricultural pasture and is underlain by shale
and sandstone. The substrate of both streams is pri-
marily bedrock and small boulders, and the soils are
ultisols, primarily of the order Typic Hapludults. Moore
Creek was chosen as an affected stream based on
nutrient monitoring and continuous flow and dis-
charge data. Both streams have been part of ongoing
studies of the factors regulating stream DOM source
and cycling (Brisco & Ziegler 2004, Ziegler & Brisco
2004).

Field enclosure experiments. We performed experi-
ments at each of the 2 stream sites in winter, spring
and late summer 2003. Two 30 l carboys of stream
water were collected and spiked with a solution of
NaH13CO3 (~5000‰) to increase the δ13C-dissolved
inorganic carbon (DIC) of the stream water to approxi-
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mately 800 to 1000‰ while increasing the ambient
DIC concentration by less than 20%. The carboys were
stored in the dark overnight at ambient temperature to
allow the inorganic carbon pool of the water to equili-
brate. The following morning rock substrate, represen-
tative of the typical size, surface area and biofilm colo-
nization of the natural substrate, was collected from
the stream and randomly distributed into 3 transparent
and 3 opaque 12 l polycarbonate enclosures. These
polycarbonate enclosures were previously tested using
low-DOC deionized (DI) water incubated with circula-
tion for 24 h and found to be free of detectable DOC
contamination. An additional set of rocks, immediately
sub-sampled from those used in the enclosures, were
collected for initial biofilm properties (total mass, %C,
%N, δ13C, δ15N, phospholipid fatty acid [PLFA] concen-
tration and PLFA δ13C) by scrubbing with a brush, rins-
ing with distilled water and storing the slurry in clean
amber plastic bottles on ice until transported to the lab-
oratory where samples were lyophilized. The 13CDIC

(DI13C) enriched stream water was measured and dis-
pensed into each enclosure. Stream water was circu-
lated within the individual enclosures using silicone
tubing and individual peristaltic pumps. After 15 min
of circulation, initial measurements of temperature,
dissolved oxygen (DO) and pH were taken withYSI-
550A and YSI-63 meters (YSI). Initial water samples
were also collected for measurements of DIC, DOC,
ammonium (NH4

+), nitrate plus nitrite (NO3
– + NO2

–),
soluble reactive phosphate (SRP), δ13CDOC and δ13CDIC.
The pumps were then restarted and the enclosures
were allowed to incubate in situ for 7 to 9 h, after which
final measurements and samples for temperature, DO,
pH, DIC, DOC, NH4

+, NO3
–, SRP and δ13CDOC were col-

lected. After final water sampling was complete, the
entire biofilm community from each enclosure was col-
lected for final biofilm properties as described above
for the initial biofilm sample. The substrate from each
enclosure was carefully rinsed with ambient stream
water before collecting the biofilm to remove remain-
ing 13CDIC associated with the enclosure stream water.
Solar radiation measurements (photosynthetically
active radiation [PAR], UVA and UVB) were taken at
the top of the enclosures at the beginning of the incu-
bation, within 1 h of solar noon, and end of the experi-
ment with an IL1700 radiometer with SUD033 (PAR
and UVA) and SUD240 (UVB) detectors (International
Light).

To determine the importance of stream water respi-
ration and net primary production (NPP), twelve
300 ml BOD bottles were filled with stream water at
the beginning of the incubation period. Four of the bot-
tles were immediately fixed for DO determination by
Winkler titration and the remaining bottles, half of
which were wrapped with foil, were incubated in situ

at a depth approximately equivalent to mid-depth in
the enclosures. Following a 7 to 9 h incubation, these 8
light and dark bottles were also fixed for Winkler titra-
tion and transported back to the laboratory. All 12 bot-
tles were analyzed for DO within 24 h using an auto-
mated titrator with potentiometric endpoint detection.

Enclosure experiment flux measurements. The
experiments were designed to assess differences in the
function of epilithic biofilms, specifically C cycling,
between the 2 contrasting streams. Because of the high
spatial variability of benthic substrate surface area,
flux measurements per unit stream area or stream
reach could not be adequately determined from the
enclosure experiments. All flux measurements were,
therefore, normalized to biofilm carbon (CBF) (e.g. net
flux of DIC is reported in mmol C mol CBF

–1 h–1) to
enable comparison of flux rates associated with the
biofilm communities between the study sites and
across seasons.

To track the fate of autotrophic C within the enclo-
sures, we determined the proportion of C derived from
that fixed during the incubation (termed ‘newly-fixed
C’ throughout) for the bulk biofilm and DOC released
in each enclosure. The quantity of CBF(newly-fixed) was
determined using:

(1)

Total CBF(newly-fixed) = F CBF(newly-fixed) × CBF(final) (2)

where FCBF(newly-fixed) is the fraction of CBF derived from
newly-fixed C during the incubation, δ13CBF(initial) and
δ13CBF(final) refer to the δ13C of the biofilm at the start of
and after the incubation period, respectively, and
δ13CDIC(initial) refers to the δ13C of the DIC in the enclo-
sure at the start of the incubation. Net DOC flux was
estimated by the difference between initial and final
DOC concentrations within enclosures during the
course of the incubation. The fraction of net DOC flux
from newly-fixed C during the incubation was esti-
mated for all positive fluxes (release of DOC into
stream water) by comparing the release of DOC
derived from newly-fixed carbon with total net DOC
release using the formula:

(3)

(4)
where F CDOC(newly-fixed) is the fraction of the DOC in the
enclosure at the end of the incubation that was derived
from newly-fixed C, and δ13CDOC(initial) and δ13CDOC(final)

%C =
[C ] C

DOC(newly-fixed)
DOC (final) DOC(newl× F yy-fixed)

DOC[C ]Δ
× 100

FC =
C C

DOC(newly-fixed)
DOC(final) DOC(iδ δ13 13− nnitial)

DIC(initial) DOC(initial)C Cδ δ13 13−

FC
C C

BF(newly-fixed)
BF(final) BF(init=

−δ δ13 13
iial)

DIC(initial) BF(initial)C Cδ δ13 13−

287



Aquat Microb Ecol 55: 285–300, 2009

are the δ13C of the DOC at the start and end of the
incubation, respectively. The estimates of the fraction
of newly-fixed C may be conservative because the iso-
topic fractionation associated with the uptake and fixa-
tion of the DIC during the incubations was not
included in our calculations. This factor can be gov-
erned by stream flow (France 1995). However, this
source of error probably represents a small part of the
change in δ13C of newly-fixed C, given that δ13CDIC

pool was approximately 50 times the level of fractiona-
tion expected.

PLFA analysis. Total lipid extraction and lipid class
separation were performed on biofilm samples to
determine the concentration and δ13C of individual
PLFAs. The biofilm slurries collected were shell frozen,
lyophilized and picked through by hand to remove vis-
ible invertebrates and large pieces of terrestrial detri-
tus. Lyophilized biofilms were extracted and lipid class
separated according to White & Ringelberg (1998) and
saponified and derivatized to fatty acid methyl esters
(FAMEs) according to Dobbs & Findlay (1993). FAMEs
were quantified by gas chromatography (GC) using a
flame ionization detector (Agilent 6890) and identified
with a GC-MS (Agilent 6890 and Agilent 5970inert mass
selective detector). The δ13C of individual PLFAs was
determined by analyzing the FAMEs on a GC (Agilent
6890) interfaced via a GC/CIII (ThermoFinnigan) with
a DeltaPlus isotope ratio mass spectrometer (Ther-
moFinnigan). A correction for the addition of the
methyl carbon from the BF3-methanol derivatization
was calculated for each fatty acid by mass balance
from the analysis of a mixture of 8 free and methylated
fatty acids of known isotopic composition with each set
of 6 samples. Stable isotopic ratios were measured rel-
ative to high purity, calibrated, and reference gas stan-
dards expressed relative to international standard
PDB. All GCs used the same parameters and capillary
column (50 m SGE BPX-70).

Polyunsaturated PLFAs (PUFAs; 16:2ω4, 16:2ω6,
18:2ω6, 18:3ω3 and 20:5ω3) were attributed primarily
to algae in the biofilms analyzed with 18:3ω3 and
20:5ω3 primarily attributed to green algae and
diatoms, respectively (Wood 1988, Findlay & Dobbs
1993). Terminally branched fatty acids (i15:0 and
a15:0) were attributed to heterotrophic bacteria since
they are not commonly found in cyanobacteria (Parker
et al. 1967, Ahlgren et al. 1992). Likewise, PLFA 16:1ω7
was used to track changes in the contribution of
cyanobacteria due to its high concentration in many
freshwater cyanobacteria (Sallal et al. 1990, Ahlgren et
al. 1992). Individual PLFA concentrations were con-
verted to nmols or µmol CPLFA and used to calculate the
flow of newly-fixed C into the total pool of CPLFA

(CPLFA(newly-fixed)) and individual PLFAs extracted from
the biofilms from each enclosure. The calculation of

newly-fixed C into individual fatty acids during the
course of incubation was used to follow autotrophic C
through the microbial biofilm community. The quantity
of CPLFA(newly-fixed) was determined by the change in
δ13CPLFA between the initial and final biofilm samples
according to the following equations, which assume a
negligible change in the total quantity of individual
PLFAs in the biofilm community of each enclosure dur-
ing the 7 to 9 h incubation:

(5)

CPLFA(newly-fixed) =  F CPLFA(newly-fixed) × CPLFA (6)

CPLFA(newly-fixed) as % of total CPLFA =  

(7)

where F CPLFA(newly-fixed) is the fraction of CPLFA (either
total CPLFA or individual CPLFA) derived from C fixed
during the incubation, δ13CPLFA(initial) and δ13CPLFA(final)

are the δ13C of the total (or individual) PLFAs at the
start and end of the incubation, respectively, and CPLFA

refers to the quantity of C (nmol or µmol C) in the total
biofilm PLFAs or individual PLFAs extracted from an
individual enclosure. Newly-fixed C was determined
using the equations above for the total biofilm CPLFA,
individual phototrophic CPLFA (18:3ω3, 20:5ω3, 16:1ω7),
bacterial CPLFA (sum of i15:0 and a15:0) and for general
PLFA 16:0. Additionally, the sum of i15:0 and a15:0
relative to the sum of PUFAs was used as a relative
measure of newly-fixed C incorporated by hetero-
trophic bacteria relative to C fixed by algae during the
light enclosure incubations.

Analytical methods. DOC was measured by high
temperature combustion and DIC was measured in
HgCl2 preserved samples with a Shimadzu TOC 5050
carbon analyzer (Shimadzu Scientific Instruments).
Concentrations of NH4

+ were determined using the
phenol–hypochlorite method and NO3

– + NO2
– was

determined using the standard cadmium reduction
method modified for small samples. SRP was deter-
mined using the standard colorimetric method. Sam-
ples for δ13CDOC and δ13CDIC were analyzed at the Col-
orado Plateau Stable Isotope Laboratory at Northern
Arizona University using an Aurora 1020 TOC
analyzer (O.I. Analytical) coupled to a Delta Plus XL
isotope ratio mass spectrometer (IRMS; Thermo Scien-
tific). Biofilm samples were shell frozen and lyophil-
ized before isotopic analysis. Biofilm %C, %N, δ13C
and δ15N were determined at the University of
Arkansas Stable Isotope Laboratory on a 2500N ele-
mental analyzer (Carlo Erba) interfaced with an IRMS
via a Deltaplus Conflo II interface (Thermo Scientific)
and standardized to peach leaf (NIST-1547) and

FC C

C
PLFA(newly-fixed) PLFA

PLFA

×
× 100

FC =
C C

PLFA(newly-fixed)
PLFA(final) PLFδ δ13 13− AA(initial)

DIC(initial) PLFA(initiaC Cδ δ13 13− ll)
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acetanilide (Costech Analytical Technologies) stan-
dards. 13C and 15N values are reported as δ values (‰)
using the international reference standards Vienna
PDB (R = 0.011237) and air (R = 0.0033676), respec-
tively.

Statistical analysis. Paired t-tests were used to
determine whether initial and final measurements,
such as nutrient or DOC concentrations, from the
enclosures were significantly different before using
them in the net release or uptake calculations. Mea-
surements of uptake rates of DIC from the enclosure
incubations were further analyzed to test study stream
and season effects on rates of net primary production
(NPP), using a Generalized Linear Model (GLM [Lind-
sey 1997]; JMP 7.1, SAS) with the following equation:

NPP (µmol C mmol CBF h–1)
= α + season + stream + season × stream + ε (8)

where NPP refers to the rate of NPP measured as DIC
uptake and stream refers to the study stream. Chi-
square (χ2) statistics from analysis of deviance within
the framework of the GLM (Lindsey 1997) was used to
declare significance. Signficance levels for all tests
were α = 5%.

As expected from previous studies at these stream
sites, NPP varied with stream site and season. Given
this, and that (1) we expected NPP to be the main fac-
tor regulating the input of newly-fixed C into the pools
studied, and (2) the limited number of factors that
could be tested using these in situ enclosure incuba-
tions, season was not used as an explanatory factor
when assessing variation in C flow rates. Since NPP
and biofilm biomass were primary factors presumed to
regulate C flow rates, such as net DOC release, analy-
ses were conducted using total C released or incorpo-
rated (as µmol or nmol C) in each individual enclosure,
rather than rates provided per unit biofilm biomass per
unit time.

To assess how the proportion of total enclosure NPP
retained within the epilithic biofilms varied between
the 2 study streams (stream), a GLM with the following
equation was used:

CBF(newly-fixed) (µmol C)
=  α + NPP + stream + NPP × stream + ε (9)

where α and ε are the constant and error terms, respec-
tively. To determine whether nutrient and light avail-
ability further contributed to the variation in the
newly-fixed C retained by the biofilm, a second GLM
with the following equation was used:

CBF(newly-fixed) (µmol C)  =  α + NPP + stream
+ NPP × stream + DIN + DIP + L + C:NBF + ε (10)

where DIN = stream water ammonium plus nitrate
concentration, DIP = stream water soluble reactive

phosphate concentration, C:NBF = biofilm C:N ratio,
and L = sum of UVA + UVB + PAR light measured at
solar noon in mW m–2. Because UVA, UVB and PAR
were correlated, there was no way to distinguish
between the influence of UV and PAR light level;
therefore, total light was used to assess the influence of
light availability in general. To avoid inflating the Type
I error due to repeated testing, no tests were per-
formed on the NPP, stream, or stream × NPP in the sec-
ond set of GLM analyses (Hoffmann 2004). The influ-
ence of biofilm biomass (CBF) and NPP was presumed
to be the most important factor regulating net release
of CDOC from these biofilms. Therefore, to assess the
influence of NPP and CBF on the net release of CDOC

from biofilms in the light enclosures, a GLM with the
following equation was used:

Net release of CDOC (µmol C) 
=  α + NPP + CBF + NPP × CBF + ε (11)

To determine whether the proportion of NPP
released as DOC was different by site and whether
that difference was driven by what we presumed to be
key factors, we assessed the influence of stream site,
nutrient and light availability on the net release of
CDOC as a proportion of NPP (µmol C:µmol C ratio) in
the light enclosure incubations using a GLM with the
follow equation:

Net release of CDOC as a proportion of NPP
= α + stream + DIN + DIP + C:NBF + L + e

(12)

The present study was designed to assess the differ-
ence in C-flow between 2 contrasting streams where
physiochemical attributes represented the range typi-
cal of the region. Therefore, to assess the influence of
stream site and NPP on the distribution and flow of
newly fixed carbon in the biofilms studied, a set of
GLMs with the following equation was used:

Y =  α + NPP + stream + NPP × stream + ε (13)

where Y is the response variable tested (each sepa-
rately) for net release of newly-fixed C as DOC
(CDOC(newly-fixed)), newly-fixed C into 18:3ω3 as relative
measure of C flow into green algae (CGA(newly-fixed)),
newly-fixed C into 16:1ω7 as relative measure of C
flow into cyanobacteria (CCY(newly-fixed)), newly-fixed C
into ia15:0 as relative measure of C flow into heterotro-
phic bacteria (CHB(newly-fixed)), or the ratio of CHB(newly-

fixed) to newly-fixed C into the sum of all PUFAs (i.e.
CHB(newly-fixed):CPUFA(newly-fixed) ratio), which was used to
assess the quantity of newly-fixed C in heterotrophic
bacteria relative to algae in these biofilms. A second
set of GLMs to assess the role of inorganic nutrient and
light availability beyond any NPP or stream effect on
these C flow measures with the following equation was
used:
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Y =  α + NPP + stream + NPP × stream + DIN
+ DIP + C:NBF + L + e

(14)

where Y, the response variable tested, was again CDOC,
CDOC(newly-fixed), CGA(newly-fixed), CCY(newly-fixed), CHB(newly-

fixed) or CHB(newly-fixed):CPUFA(newly-fixed). To avoid inflating
the Type I error, no p-values were calculated or tested
on stream, NPP, or stream × NPP in the second set of
GLMs (Hoffmann 2004).

The assumptions of homogeneous and normal errors
for each GLM (Lindsey 1997) were checked by plotting
residuals versus fits and by plotting residuals as prob-
ability plots. In cases where the violations were most
evident a GLM entailing the same structural model but
with a different error structure was used. The expo-
nential error distribution was found to produce accept-
able residuals in those cases where normal error
assumptions were violated (Eqs. 11 & 12; Eqs. 13 & 14
applied only to response variables CGA(newly-fixed) and
CHB(newly-fixed):CPUFA(newly-fixed)). Chi-square statistics
from analysis of deviance within the framework of the
GLM was used to declare significance. The exponen-
tial distribution is a special case of the gamma distrib-
ution and, like the gamma distribution, its effect is to
reduce the weight given to observations exhibiting
greater error (Lindsey 1997). In the few GLMs using
the exponential error distribution, the deviance resid-
ual by predicted plot was assessed to determine
whether the assumptions of the model were met before
χ2 and p-values were calculated and used (Hoffmann
2004). All GLMs were calculated using JMP 7.1 (SAS).
All analyses employed an alpha level of 5%.

RESULTS

Study site conditions

Mean water temperatures during the incubation
experiments ranged seasonally from a winter low of 6.8
and 9.0°C to a summer high of 20.8 and 21.9°C at the

mid-reach study sites in Moore Creek and Huey Hol-
low, respectively. Stream water pH remained slightly
alkaline at both study sites and ranged between 7.7
and 7.9. Concentrations of DO were highest in winter
in both streams, but were lowest in the summer in
Huey Hollow and during the spring sampling and
experiment in Moore Creek (Table 1). Conductivity
was generally 2 to 3 times higher at Moore Creek rela-
tive to Huey Hollow, partly due to greater nutrient and
DOM concentrations. Surface UV and PAR light levels
at Moore Creek were highest in summer and repre-
sented roughly 80 to 90% of open sky measurements
made at solar noon throughout the year, probably due
to the lack of a riparian zone and canopy cover. High-
est light levels were found in spring at the Huey Hol-
low site (Table 1), where canopy cover was extensive
in summer and where surface site measurements
ranged from 15 to 90% of open sky measurements
throughout the year.

Dissolved inorganic nitrogen (DIN) concentrations
were generally higher at Moore Creek than at Huey
Hollow (Table 1). Highest levels at Moore Creek were
observed in winter, probably reflecting lower produc-
tivity levels at that time. Summer DIN levels, however,
were lower at Moore Creek, probably due to higher N
demand. Biofilms in this stream supported higher rates
of primary production (Table 2), probably supported
by much higher light and P availability. In contrast to
DIN concentrations, SRP was consistently higher in
Moore Creek, particularly in spring when fertilizer
application and runoff is greatest in the region
(Table 1). DOC concentrations were typically 10-fold
higher at Moore Creek and ranged from 284 to
644 µM, compared with 19 to 80 µM in Huey Hollow
(Table 1). These values are similar to those measured
in previous studies of these streams (Brisco & Ziegler
2004, Ziegler & Brisco 2004). In both streams, DOC
concentrations were highest in spring and summer.
The δ13CDOC ranged from –25.6 to –24.7‰ at Moore
Creek and from –28.2 to –27.0‰ at Huey Hollow, con-
gruent with more algal sources of DOC in Moore
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Site T DO Cond DIN SRP DOC UVA UVB PAR
(°C) (mg l–1) (µS) (µM) (µM) (µM) (mW m–2) (µW m–2) (mW m–2)

Moore Winter 6.8 9.5 157.4 24.3 ± 2 8.7 ± 1.1 284 ± 7 1.6 10.5 23.2
Creek Spring 15.2 4.7 177.1 3.0 ± 0.5 11.5 ± 0.3 644 ± 4 2.6 63.0 35.8

Summer 20.8 6.5 189.5 1.3 ± 0.2 1.2 ± 0.1 613 ± 5 3.9 72.2 39.3

Huey Winter 9.0 8.6 27.5 3.5 ± 0.3 0.3 ± 0.01 19 ± 1 1.0 12.8 11.1
Hollow Spring 13.7 7.2 53.4 1.5 ± 0.3 0.3 ± 0.04 61 ± 4 1.4 21.9 22.2

Summer 21.9 5.1 70.2 3.6 ± 0.7 0.3 ± 0.03 80 ± 3 0.9 23.3 17.1

Table 1. Environmental variables at Moore Creek and Huey Hollow. Average water temperature (T), dissolved oxygen (DO),
conductivity (Cond), dissolved inorganic nitrogen (DIN ± SD; sum of nitrate-, nitrite-, and ammonium-nitrogen), soluble reactive
phosphorus (SRP ± SD), dissolved organic carbon (DOC ± SD), irradiance of ultraviolet light as UVA (320–400 nm) and 
UVB (280–320 nm), and photosynthetically active radiation (PAR) measured within 1 h of solar noon at the enclosure surface
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Creek relative to Huey Hollow as found in a previous
study (Ziegler & Brisco 2004).

The molar C:NBF ranged from 7.1 to 9.3 in Moore
Creek and from 8.4 to 10.4 in Huey Hollow, with lower
ratios found in Moore Creek in winter and spring
(Table 2). The chlorophyll a (chl a):C ratio was higher
in Moore Creek, where it ranged from 6.7 (summer) to
22.2 (winter), compared with 5.4 (summer) and 8.2
(winter) in Huey Hollow (Table 2). The chl a :C ratio
was more variable in the Moore Creek biofilm sam-
ples. The δ13C of the biofilm also varied seasonally in
Moore Creek, ranging from –25.6 to –19.3‰, in con-
trast to the relatively stable range of –24.8 to –22.3‰ in
Huey Hollow (Table 2). The δ15N of the biofilms from
the 2 sites ranged from 5.9 to 8.2‰ in Moore Creek
and from –1.0 to –0.5‰ in Huey Hollow, indicating the
greater contribution of manure to N in Moore Creek
(Table 2).

NPP and respiration in enclosures

Biofilm community NPP was estimated from the up-
take of DIC normalized to total CBF in the light enclo-
sure incubations. Changes in DO in the light enclosures
were not used to estimate NPP because midday DO lev-
els were often at saturating levels and the presence of
bubbles on the substrate suggested production of O2

not accounted for in our measurements during the
spring and summer incubations. In the dark enclosure
incubations, however, changes in DO were used to esti-
mate community respiration (R) because DO levels re-
mained below saturation throughout the incubation.
Significant changes in DO (as opposed to DIC) re-
mained linear during the dark incubation periods. Light
and dark BOD bottles were also incubated in situ to es-
timate the contribution of stream water metabolism to

the enclosure estimates. Changes in DO in the light
bottle incubations were only significant at Moore Creek
during the summer, and, when scaled up to the volume
of stream water in each of the enclosures, the stream
water NPP represented 0.05% of the total enclosure
NPP (data not shown).

The rate of NPP in the light enclosures varied from
22 to 101 µM C h–1 in Moore Creek and from 11 to
21 µM C h–1 in Huey Hollow. CBF-normalized NPP var-
ied significantly with site (χ2

1,12 = 22.22, p < 0.0001),
season (χ2

2,12 = 28.11, p < 0.0001), and site × season
(χ2

2,12 = 13.21, p < 0.0014), with highest values in
Moore Creek ranging from 4.0 in winter to 11.3 mmol
C mol CBF

–1 h–1 in summer, and lowest values in Huey
Hollow ranging from 1.2 in spring to 5.6 mmol C mol
CBF

–1 h–1 in summer (Table 2). We estimated NPP on an
aerial basis, assuming that Moore Creek and Huey
Hollow had average periphyton biomasses of 3 g m–2

as reported for other Ozark streams (Petersen & Fem-
mer 2002). Applying the CBF from the enclosure incu-
bations, these estimates of NPP ranged from 0.4 to 1.0
mmol C m–2 h–1 in Moore Creek and 0.1 to 0.7 mmol C
m–2 h–1 in Huey Hollow and are within the range
reported for other headwater streams of the southern
USA (Webster et al. 1983).

Net production of DIC was not significant in any of
the dark enclosure incubations, probably due to small
changes relative to a large DIC background concentra-
tion and, perhaps, simultaneous chemoautotrophy.
However, DO consumption in the dark enclosure incu-
bations was significant in summer in Moore Creek
(1.2 ± 0.4 mmol C mol CBF

–1 h–1, mean ± SD) as well as
in spring (0.2 ± 0.08 mmol C mol CBF

–1 h–1) and summer
(2.0 ± 0.8 mmol C mol CBF

–1 h–1) in Huey Hollow, sug-
gesting that biofilm heterotrophic activities were
greatest in summer at both sites. Additionally, these
data suggest that the Huey Hollow biofilms were prob-
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Site C:NBF Biofilm δ13CBF δ15NBF NPP Net Net release % CDOC

chl a:C ‰ ‰ release of CDOC as derived from  
of CDOC % of NPP newly-fixed C

Moore Creek
Winter 7.4 ± 0.2 22.2 ± 4 –21.9 ± 0.2 5.9 ± 0.4 4.0 ± 0.4 1.1 ± 0.3 27 ± 11 6.5  ± 1.2
Spring 7.1 ± 0.7 10.8 ± 1 –25.6 ± 0.8 8.2 ± 0.3 8.3 ± 0.7 0.7 ± 0.0 8 ± 0.2 5.5 ± 0.5
Summer 9.3 ± 0.6 6.7 ± 2 –19.3 ± 1.0 7.5 ± 0.6 11.3 ± 0.7 3.0 ± 0.0 27 ± 1.4 14.9 ± 6.8

Huey Hollow
Winter 8.4 ± 0.8 8.2 ± 0.3 –22.7 ± 0.3 –1.0 ± 0.6 3.2 ± 0.7 0.7 ± 0.0 23 ± 6 0.7 ± 0.1
Spring 10.4 ± 0.3 NA –22.3 ± 0.8 –0.5 ± 0.9 1.2 ± 0.3 0.5 ± 0.1 45 ± 7 0.7 ± 0.5
Summer 8.4 ± 0.4 5.4 ± 0.8 –24.8 ± 0.6 –0.9 ± 0.4 5.6 ± 0.7 1.0 ± 0.2 18 ± 7 1.9 ± 0.8

Table 2. Light enclosure incubations conducted at the 2 study streams during all 3 seasons. Epilithic biofilm molar C:N ratio
(C:NBF), chl a:C ratio (µg chl a mg C–1), and C (δ13CBF) and N (δ15NBF) isotopic composition. Net primary production (NPP) and net
release of CDOC are given as total C fixed or released per unit biofilm C (CBF) per hour (mmol C mol CBF h–1). Also given are net
release of CDOC as % of NPP and % net CDOC release derived from newly-fixed C. All values are mean ± SD (n = 6 for all 

biofilm characteristics, n = 3 for light enclosure rate measurements)
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ably more heterotrophic than those at Moore Creek.
Stream water community respiration rates, measured
as DO consumption in dark BOD bottles, were all
below the level of detection, except in summer at both
Moore Creek and Huey Hollow, when rates, scaled up
to the enclosure volumes, represented 0.3% and 0.1%
of dark enclosure R for Moore Creek and Huey Hollow,
respectively (data not shown).

Net nutrient release and uptake rates

Significant net changes in DIN or SRP concentrations
over the course of the incubation were not detected in
most enclosures. In Moore Creek, net release of SRP
(15.2 µmol P mol CBF

–1 h–1) occurred in the light incu-
bations in summer. Net uptake of ammonium occurred
in the dark incubations in summer (–6.7 µmol N mol
CBF

–1 h–1), net uptake of nitrate occurred in the light in
spring (–12.1 µmol N mol CBF

–1 h–1) and in the dark in
summer (–2.1 µmol N mol CBF

–1 h–1), while net uptake
of SRP occurred only in the dark during the spring and
summer in Moore Creek. In Huey Hollow, nutrient
uptake–release rates were dominated by net ammo-
nium uptake, which ranged from –4.2 in spring to
–31.7 µmol N mol CBF

–1 h–1 in summer, following the
trend in NPP in the light enclosures. Similar but lower
net ammonium uptake rates were observed in the dark
incubations in spring (–2.2 µmol N mol CBF

–1 h–1) and
summer (–21 µmol N mol CBF

–1 h–1) in Huey Hollow,
congruent with differences in R measured at those
times. Net uptake of SRP in Huey Hollow, however,
only occurred in the dark in winter (–5.0 µmol P mol
CBF

–1 h–1) and summer (–1.5 µmol P mol CBF
–1 h–1).

Dissolved organic carbon release and 13C-labeling

Net release of DOC into the stream water occurred
in all light enclosure incubations. Since net changes in
DOC concentrations within the dark enclosures were
not significant (all p-values > 0.1), these data were not
used or reported further. In Moore Creek, the net DOC
release exhibited a wider range from 6.3 to 21.8 µM C
h–1, while it ranged from 3.6 to 5.0 µM C h–1 in Huey
Hollow. We assume that the net release of DOC from
stream water particulate organic matter was minimal
relative to the biofilm source, given the small fraction
of NPP measured in the stream water used in these
enclosure incubations. Biofilm-normalized values of
the net DOC release rates were more similar among
seasons and between the 2 sites (Table 2). NPP was the
only variable in the first GLM that exhibited a signifi-
cant effect on total net DOC release in µmol C (χ2

1,14 =
9.2574, p = 0.0157; Fig. 1), while CBF (p = 0.8060), CBF ×

NPP (p = 0.5395), the effects of stream site (p = 0.8507),
C:NBF (p = 0.9395), DIN (p = 0.7671), DIP (p = 0.3557)
and light (p = 0.8678) did not exhibit any significant
effect on net DOC release. The net release of DOC in
the light incubations represented between 8 and 27%
of NPP and 18 and 45% of NPP at Moore Creek and
Huey Hollow, respectively (Table 2). Net DOC release
as a proportion of NPP varied significantly with stream
site (χ2

1,12 = 10.7359, p = 0.0051), stream water DIN
(χ2

1,12 = 12.7912, p = 0.003), DIP (χ2
1,12 = 12.2677, p =

0.0005) and surface light (χ2
1,12 = 12.2691, p = 0.0005),

suggesting that these factors contributed to the site dif-
ferences such that net DOC release as a proportion of
NPP decreased with increasing DIN and increased
with light level in Huey Hollow while it decreased with
increasing DIP in Moore Creek (Fig. 2). C:NBF (p =
0.0545), however, did not exhibit a significant effect on
net DOC release as a proportion of NPP in the second
GLM. The released quantity of CDOC(newly-fixed), as
determined from 13C-labeling of the DOC, varied sig-
nificantly with site (χ2

1,14 = 12.9041, p = 0.0003), rang-
ing from 5.5 to 14.9% of the net DOC flux in Moore
Creek compared to a range from 0.7 to 1.9% in Huey
Hollow (Table 2). The quantity of CDOC(newly-fixed) also
varied significantly with DIP (χ2

1,9 = 18.2524, p <
0.0001) with decreasing quantities of CDOC(newly-fixed)

with increasing DIP in Moore Creek (Fig. 3), while
C:NBF (p = 0.3217), DIN (p = 0.2554), and light (p =
0.9224) exhibited no significant effect in the GLM for
the quantity of CDOC(newly-fixed) released.
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Biofilm PLFA composition and 13C-labeling

Bulk biofilm was enriched with 13C following the in
situ incubations of the light enclosures while the δ13C
of bulk biofilm following the dark incubations were
not significantly different from the initial δ13C values.
The variation in CBF(newly-fixed) was significantly influ-
enced by NPP (χ2

1,14 = 30.3954, p < 0.0001; mmol C),
as expected, and by DIP (χ2

1,9 = 11.0384, p = 0.0094)
such that greater retention of CBF(newly-fixed) occurred
with increasing DIP. Stream site (p = 0.7088), C:NBF

(p = 0.7371), DIN (p = 0.2335) and light (p = 0.3039),
however, did not exhibit significant effects on
CBF(newly-fixed) in the 2 GLMs used. The least squares
regression of CBF(newly-fixed) versus NPP exhibited an r2

= 0.878 and slope = 0.66. This suggested that net
uptake of new C into these biofilms represented
roughly 66% of total enclosure NPP over the course
of the study. However, the sum of the CBF(newly-fixed)

and CDOC(newly-fixed) following the light enclosure incu-
bations ranged between 50 and 97% of NPP as mea-
sured by DIC uptake in the light enclosures, suggest-
ing losses of fixed C during sample processing. The
most likely loss was in the recovery of the epilithic
biofilms following the incubations. Loosely associated
or colloidal components of the biofilm would have
been lost from our collections since all substrates
were rinsed thoroughly with ambient, unlabeled
stream water on site before being scrubbed to collect
the attached biofilms. Additionally, some biofilm com-
ponents may have remained embedded in the miner-
als of the rock substrate. Due to these potential

losses, results are related to NPP measured as the net
uptake of DIC, as opposed to C fixed into biofilm and
DOC as determined from the 13C-labeling following
the light incubations.
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There were 39 individual PLFAs detected and iden-
tified from the biofilm samples. The most abundant
PLFAs were 16:0 and 16:1ω7, with 16:0 ranging up to
54.3% (weight % of total PLFAs) in Moore Creek and
40.2% in Huey Hollow, and 16:1ω7 reaching 26.3% in
Moore Creek and 15.8% in Huey Hollow. These maxi-
mum values were attained during the winter. The
other most common PLFAs at both sites were 18:1ω9,
18:1ω7, 18:2ω6 and 18:3ω3, all of which ranged up to
between 10.7 and 13.5%. Other PLFAs detected at or
greater than 2% included 14:0, i15:0, a15:0, 16:2ω6,
16:2ω4, 18:0, cy19:0, 20:5ω3 and 23:0.

We determined the quantity of newly-fixed C in each
individual PLFA to assess the relative activity of
autotrophic groups and the use of newly-fixed C by
bacteria in the biofilms. The quantity of newly-fixed C
into the ubiquitous PLFA 16:0 exhibited a stream site
(χ2

1,14 = 7.2883, p = 0.0069), NPP (χ2
1,14 = 13.5080, p =

0.0002) and stream site × NPP (χ2
1,14 = 5.8077, p =

0.0160) effect, indicating that newly-fixed C in biofilm
PLFAs as a proportion of NPP was greater in Huey Hol-
low compared to Moore Creek (Fig. 4). Further, newly-
fixed C into the PLFA 16:0 exhibited a DIP effect
(χ2

1,9 = 21.4022, p = 0.0005) such that greater newly-
fixed C in 16:0 occurred with increased concentration
of DIP. The effects of C:NBF (p = 0.5106), DIN (p =
0.4749) or light (p = 0.2867) on newly-fixed C into the
PLFA 16:0, however, were not significant. The quantity
of newly-fixed C in 18:3ω3 exhibited an effect with
stream site such that it was significantly greater in
Moore Creek compared to Huey Hollow (χ2

1,14 =
7.5330, p = 0.0262), but exhibited no C:NBF (p =
0.5201), DIN (p = 5490), DIP (p = 0.9412) or light (p =
0.0917) effect, making it difficult to assess the physio-
chemical factors that probably contributed to the dif-
ference between the 2 study streams. The δ13C of
diatom PLFA 20:5ω3 was only resolved in the Moore
Creek incubations because concentrations were too
low in the Huey Hollow samples. Newly-fixed C in
16:1ω7 (CCY(newly-fixed)), common in cyanobacteria, did
not exhibit any stream (p = 0.3749) or NPP (p = 0.2795)
effects, nor DIN (p = 0.7433), C:NBF (p = 0.1237) or light
(p = 0.6936) effects, but did vary significantly with DIP
(χ2

1,9 = 22.6456, p = 0.0004; Fig. 5) such that CCY(newly-

fixed) increased with DIP. Newly-fixed C in the bacterial
PLFA ia15:0 (CHB(newly-fixed)) exhibited a significant
stream site (χ2

1,14 = 14.5628, p = 0.0035), NPP (χ2
1,14 =

15.5028, p = 0.0027) and stream site × NPP (χ2
1,14 =

9.7946, p = 0.0135) effect, where the quantity of
CHB(newly-fixed) relative to NPP in Huey Hollow was
about 4 times higher compared with Moore Creek (Fig.
6a). Further, CHB(newly-fixed) exhibited a significant DIP
(χ2

1,9 = 10.3776, p = 0.0113) effect, such that greater
CHB(newly-fixed) occurred with higher DIP concentrations.
However, C:NBF (p = 0.2957), DIN (p = 0.0534) and

light (p = 0.4171) did not exhibit significant effects on
CHB(newly-fixed). The proportion of CHB(newly-fixed) relative
to PUFAs, as an indicator of the proportion of new C in
heterotrophic bacteria relative to algae, exhibited a
significant stream site (χ2

1,14 = 10.9788, p = 0.00955),
NPP (χ2

1,14 = 7.1351, p = 0.02945), and stream site ×
NPP (χ2

1,14 = 6.8644, p = 0.03195) effect (Fig. 6b). The
lack of a significant effect of C:NBF (p = 0.9208), DIN
(p = 0.7651), DIP (p = 0.8634) or light (p = 0.9013) made
it difficult to attribute the differences in CHB(newly-

fixed):CPLFA(newly-fixed) observed between the 2 study sites
to any specific physiochemical factors.
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C16:0(newly-fixed) exhibited a significant stream site (χ2

1,14 =
7.2883, p = 0.0069), NPP (χ2

1,14 = 13.5080, p = 0.0002) and
stream site × NPP (χ2

1,14 = 5.8077, p = 0.0160) effect, as deter-
mined by GLM, indicating that C16:0(newly-fixed) as a proportion
of NPP was greater in Huey Hollow (HH, m) relative to Moore
Creek (MC, d). Further, C16:0(newly-fixed) exhibited a DIP effect
(χ2

1, 9 = 21.4022, p = 0.0005) such that it increased with
increasing concentration of DIP. Lines represent the least 

squares regression results for MC (- - -) and HH (—)
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DISCUSSION

Source of DOC released from epilithic stream
biofilms and relationship to NPP

This study is one of the first to directly link epilithic
biofilm production to a significant in-stream source of
DOC. Net release of DOC only occurred in the light
enclosures with NPP, the one explanatory factor ex-
hibiting a significant effect on the variation in net DOC
release in our study. The higher rates of epilithic
biofilm NPP at Moore Creek probably contributed to
the elevated DOC concentrations relative to Huey Hol-
low, where both NPP and DOC were lower and where
terrestrial sources are probably more important
(Ziegler & Brisco 2004).

Variation in the net DOC release by these biofilms
may have been in response to variations in nutrient
availability, perhaps through overflow mechanisms in
the phototrophs (Myklestad et al. 1972) and/or alter-
ation of enzymatic activities and degradation of terres-
trial organic matter by heterotrophs supported by pho-
totrophic C (Espeland & Wetzel 2001). The release of
DOC from the epilithic biofilms in the present study
represented between 8 and 45% of NPP, well within
the range reported for extracellular release of DOC by
freshwater and marine planktonic communities (<1 to
50%; Hellebust 1967, Nalewajko & Schindler 1976,
Cole et al. 1982, Baines & Pace 1992). The proportion
of NPP released as DOC varied with site, suggesting
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stream site (χ2
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1,14 = 6.8644, p =
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that within-stream factors may exert control over the
proportion of DOC released. In fact, the proportion of
NPP released as DOC was greatest when N availabil-
ity was lowest and when light availability was highest
in Huey Hollow and also lowest when P availability
was lowest in Moore Creek (Fig. 2). The distinct differ-
ence was probably due in part to differences in N and
P limitation of biofilm phototrophs in the 2 streams.
More specifically, the observed increase in retention of
newly-fixed C in the bulk biofilm and ubiquitous PLFA
16:0, and the decrease in newly-fixed C released as
DOC with increasing stream water DIP, further sup-
port the idea that P limitation increased the release of
newly-fixed C from these biofilms.

Nutrient stoichiometry may be one key factor regu-
lating microbial and food web dynamics in stream
ecosystems (Frost et al. 2002, Dodds 2006), and DOC
release from the stream biofilms, as studied here, may
represent one mechanism by which biofilm communi-
ties respond to changes in stream nutrient stoichiome-
try. Further, the release of DOC from phototrophic
communities or individuals, occurring through extra-
cellular release of photosynthates or through grazing
activities, can be ecologically important to hetero-
trophs in the aquatic environment (Brock & Clyne
1984, Baines & Pace 1992), which in turn regulates
nutrient cycling. The high proportion of newly-fixed C
in the DOC released from the Moore Creek biofilms
indicates rapid release of photosynthate, probably
through a combination of exudation and inefficient or
sloppy grazing of the biofilm.

In contrast to Moore Creek, the lower proportion of
newly-fixed C released as DOC in Huey Hollow sug-
gests that biofilm activity may have been stimulated by
greater retention of newly-fixed C by the biofilm com-
munity in this stream, where far less inefficient or
sloppy feeding by grazers probably occurred. The
presence of both light and nutrient regulation of net
DOC release as a proportion of NPP in Huey Hollow
and lack of such a clear relationship in Moore Creek
(Fig. 2) is congruent with the idea that sloppy feeding
was probably not as important in regulating DOC
releases in Huey Hollow as it may have been in Moore
Creek. Rather, NPP may have stimulated overall
microbial activity in the Huey Hollow biofilms through
the exchange of photosynthates, leading to increased
degradation of terrestrial or ‘older’ autotrophic sources
of C. Mutualistic relationships between algae and bac-
teria in epiphytic and epilithic biofilms can provide a
key mechanism to support nutrient recycling and high
rates of production in aquatic environments (Haack &
McFeters 1982, Neely & Wetzel 1995). Further, extra-
cellular activities by heterotrophic bacteria can be
greater in more algal-rich stream biofilms, suggesting
that photosynthates can stimulate organic matter

degradation (Romani & Sabater 2000), even providing
an important source of nutrients to heterotrophic bac-
teria (Espeland & Wetzel 2001). The importance of this
exchange, however, is probably dependent upon graz-
ing activities that may regulate the overall retention of
newly-fixed C in these biofilms. Just as greater nutri-
ent retention and cycling is probably responsible for
the maintenance of productivity in nutrient-replete
streams (Mulholland et al. 2001), longer retention and
cycling of photosynthates may also be important to the
maintenance of microbial activity in nutrient-poor
stream biofilms. Results from the present study suggest
the need for further research on the relative impor-
tance of sloppy feeding versus biofilm algal–bacterial
interactions on DOC cycling in streams experiencing
varied stoichiometries.

Composition and activity of autotrophs in epilithic
stream biofilms

Algal community structure in streams can be more
sensitive to external forcing, such as nutrient ratios and
loading, than to bulk algal parameters such as chl a:C
or C:N ratios (Stelzer & Lamberti 2001). Little informa-
tion exists on stream algal DOC exudation, but excre-
tion of DOC from phytoplankton and the microphyto-
benthos in nearshore marine sediments appears to be
dependent upon species composition (Myklestad
1995). Epipelic species in the microphytobenthos in
nearshore marine sediments, for example, are docu-
mented to excrete up to 60% of C assimilated (Smith &
Underwood 2000), while epipsammic species have
been found to excrete little (<5%, Cook et al. 2007).
Additionally, grazing rates can both influence and be
influenced by algal composition (Elwood et al. 1981,
Haglund & Hillebrand 2005), which in turn may affect
the release of DOC through inefficient or ‘sloppy’ graz-
ing, as has been observed with leaf litter (Meyer &
O’Hop 1983).

Variation in the activity of the autotrophs may have
contributed to differences in the C cycling in the
biofilms of the 2 study streams. The differential label-
ing of the autotrophic PLFAs between the 2 study
streams suggests that differences in the composition of
active phototrophs could have influenced C cycling in
these stream biofilms. The greater release of newly-
fixed C as DOC in Moore Creek, for example, may
have been supported by biofilms richer in active green
algae, as indicated by greater amounts of newly-fixed
C in the green algal PLFA 18:3ω3. The lack of any
nutrient or light control of green algal activity, as
assessed here, precludes us from being able to specify
any physiochemical regulation of green algal activities
between the 2 study streams. It is, however, congruent
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with the idea that sloppy feeding may have been more
important in Moore Creek since such inefficient graz-
ing could have superceded any physiochemical or bot-
tom-up control of green algal C. In contrast, newly-
fixed C in 16:1ω7, which is indicative of an increase in
cyanobacteria with both increased DIP and light avail-
ability, suggests some role of nutrient status in regulat-
ing the fixation and retention of C in cyanobacteria in
these biofilms. It is beyond the scope of this study to
clearly link the variation in DOC release with the com-
position of active algal communities in these biofilms.
However, the wealth of information on the effects of
nutrient enrichment on stream algal composition
(Rosemond et al. 1993, Hall et al. 2007) and inverte-
brate activities and composition (Cross et al. 2005,
Gafner & Robinson 2007), combined with the sug-
gested link to variation in C-cycling presented here,
indicates the need for targeted work to demonstrate
the potential role of inefficient grazing as a factor con-
tributing to stream water DOC fluxes. Such investiga-
tions would nicely extend those that have demon-
strated the role of invertebrate grazers and shredders
in releasing DOC from allochthonous sources in
streams (Meyer & O’Hop 1983) to autochthonous
sources.

Algal–bacterial coupling in epilithic stream biofilms

The relationship between biofilm algae and bacteria
can be quite important to the function of stream com-
munities, which are critical regulators of nutrient
cycling (Lock et al. 1984, Ishida et al. 2007). Accrual of
biofilm biomass can isolate microorganisms in the
biofilm from overlying waters, a source of new nutri-
ents and organic matter. This typically increases the
dependency of heterotrophic bacteria on organic car-
bon supplied from algae and cyanobacteria (Murray et
al. 1986, Neely & Wetzel 1995). On the other hand,
maintenance of primary production in epilithic or ben-
thic biofilms is also dependent upon internal cycling of
nutrients such that a mutualistic relationship exists
between phototrophs and heterotrophs (Wetzel 1990,
1993). Accordingly, recent studies have suggested that
algal–bacterial relationships in stream biofilms can be
greatly influenced by nutrient levels (Rier & Stevenson
2002, Scott et al. 2008). In the present study, the pres-
ence of some small net nutrient uptake rates and lack
of net release of inorganic nutrients from biofilms sug-
gest tight recycling of N and P within the biofilms stud-
ied. DOC, on the other hand, was released during light
incubations, and the proportion of newly-fixed C incor-
porated into bacterial PLFA ia15:0 suggests differences
in algal–bacterial coupling with regard to C in the 2
study streams.

It is important to distinguish between cyanobacterial
C fixation and use of photosynthate by heterotrophic
bacteria when interpreting the greater proportion of
newly-fixed C in bacterial PLFAs in the Huey Hollow
biofilms relative to those of Moore Creek. The ia15:0
PLFAs are not typically found in cyanobacteria (Parker
et al. 1967, Merritt et al. 1991, Ahlgren et al. 1992), but
have been found in some free-living species (Caudales
et al. 2000). Additions of 13C-glucose at tracer levels in
stream water in short-term dark enclosure incubations
in other nearby headwater streams confirm the hetero-
trophic origins of the PLFA ia15:0 in the epilithic
biofilms in this region (D. R. Lyon & S. E. Ziegler
unpubl. data). Furthermore, the greater proportion of
NPP incorporated as newly-fixed C into biofilm ia15:0
in Huey Hollow relative to Moore Creek (Fig. 6a) and
lack of such an increase in newly-fixed C in 16:1ω7 in
the Huey Hollow biofilms (Fig. 6c) support the inter-
pretation that heterotrophic bacteria accessed a larger
proportion of NPP in Huey Hollow.

Evidence for greater retention of newly-fixed C by
the biofilm bacteria in Huey Hollow compared with
Moore Creek suggests that photosynthates may have
stimulated greater heterotrophic activity relative to
productivity in these biofilms. Heterotrophic bacterial
activity can be linked to algal activity in biofilms, and
such mutualistic interactions may be critical to nutrient
processing and food webs in stream ecosystems (Hep-
install & Fuller 1994). The Huey Hollow biofilms exhib-
ited greater heterotrophic activity, as revealed by
greater total community respiration, in spring and
summer relative to Moore Creek, and the PLFA label-
ing results also suggest greater retention of newly-
fixed C by heterotrophic bacteria in the Huey Hollow
biofilms. The quantity of newly-fixed C in the bulk
biofilm following the light incubations was signifi-
cantly related to NPP, indicating that nearly 70% of
NPP ended up in the stream biofilms. This is congruent
with net DOC release representing between 8 and
45% of NPP. The proportion of newly-fixed C into the
PLFA 16:0, representing a ubiquitous microbial bio-
marker, relative to NPP indicated that a greater pro-
portion of newly-fixed C was retained in the microbial
biofilm biomass in Huey Hollow relative to Moore
Creek. More specifically, newly-fixed C incorporated
into biofilm heterotrophic bacterial PLFAs relative to
NPP was greater in Huey Hollow compared with that
in Moore Creek, and suggested that heterotrophic
bacteria probably accessed 4 times more of the NPP in
the Huey Hollow biofilms (Fig. 6a). This, in conjunction
with the greater proportion of newly-fixed C in hetero-
trophic bacterial PLFAs relative to algal PLFAs
(PUFAs; Fig. 6b) in Huey Hollow, clearly indicates a
tighter algal–bacterial coupling in the nutrient-deplete
versus nutrient-replete stream biofilms in the present
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study. The greater release of newly-fixed C as DOC
from the biofilms in the more nutrient-rich Moore
Creek, perhaps through exudation and inefficient or
sloppy grazing, probably decoupled heterotrophic
bacteria from newly-fixed C in those biofilms.

CONCLUSIONS

This study indicates that epilithic stream biofilms can
be important sources of DOC, and that C cycling
greatly varied between the 2 contrasting study streams
in 2 significant ways. First, a larger proportion of DOC
released from biofilms to stream water in the nutrient-
rich stream is derived from new photosynthates,
reducing the availability of this source of NPP to
biofilm heterotrophic bacteria. Second, a greater pro-
portion of NPP is retained in the heterotrophic bacter-
ial PLFAs of the biofilms in the more nutrient-deplete
stream. Nutrient enrichment of headwater streams
may greatly alter the capacity of these ecosystems to
process nutrients not only through nutrient saturation
(Hamilton et al. 2001), but also through related
changes in the internal C cycling of epilithic biofilms.
Future studies should focus on the role of nutrient
enrichment on C cycling within epilithic stream
biofilms as a means to further understand the effects of
such changes on stream biogeochemistry.
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