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Epilithic bacterial responses to variations in algal biomass and labile
dissolved organic carbon during biofilm colonization
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Abstract,  This shady experitnentally examines potental shifts in epilithic bacterial biomass and
productivity in respomse to variations ir, epilithic algal biomass and labile dissolved organic carbon
(DOWC) during stream biofilm colonization. I predicted that gpilithic bacteria wottld respond positively
to atlochthonms DOC early in biofilm colonization and respond positively to increased algal biomass
late in biofilm eolonization. Using once-through, expetimantal-siream chanmels, 2 2 ® 2 factorial
design was employed in which light (shaded ve. non-shaded) and labile DOC {ghuenee-amended ve.
ambient) were mardpulated, Ceramic tiles were used as substrates for hiofilm colenization and were
sampled at different colonization stages- Shading significantly reduced ¢hiorophyll &, live-algal bio-
vohame, and ash-free dry mass thronghout colonization, Bacteria) biomass ncreased significantly
during Bioflm colonization, bul was not significantly different armong treatpents. Incorporation of
[ELJthymidine into bacterial DNA, vwhich was messured s a surTogate for bacterial productivity, was
significantly greatir in the ghucose-amended channels throughout colonization, but it increased in fhe
unshaded, armbient treatment in late colorizaton as well. These results suggest that lakile DO in
the water colums can potentially function as 4 cantrol for epilithic bacteria throughout biefilm col-
omization, whereas epilithic algae can stimulate bactetia fate in bicfilm colonization n productve

stream ecosystems.

Koy words:  epilithic bacteriz, epilithon, stresm biofilm, bacterial productivity, stream ecosyetem,

_ dissolved organic catbon.

Interactions between bacteria and algae have
been, well documented in plankionic aguatic
ecosystems (see Cole 1982, Cole et al. 1988,
White et al. 1991). Howevet, the strength of the
Jink between epilithic bacteria and algas in lotic
systems continues to be debated (Haack and
McFeters 1982a, Goulder 1988, Kaplan and Bott
1989, Stock and Ward 1989, Hudson et al. 1992,
Findlay et al. 1993). A strear biofilm {t:e, epi-
lithom) is a diverse assemblage of autotrophic
and heterotrophic microorganisms embedded
in a polysaccharide and glyco-protein matrix at-
tached to streamn subsirates (zee Rounick and
Winterboura 1983, Lock et al 1984). In many
streams, biofilms play important, if not cenfral
soles, in stream ecosystem function; they can
greatly influence stream primary production
(Mirshall 1978, Lock 1981), secondary produc-
tiom, (Fuller et al. 1986, Mayer and Likens 1987,
Winterbouen 1990), decomposition (Ladd et al.
1982, Ford and Lock 1987}, and nuirient reten-
ton (Paul and Duthie 1988, Mulholland et al.
1991},

Although the importance of biofilms

1 Present address: Ingtitute of Beosysterm Studies,
Box AB, Millbrook, MNew York 12545 TISA.

stream-ecosystern function is well eztablished,
research on microbial controls within stream
biofilms is less developed, and often ambiguous
(see review by Lock 1993). Several studies have
suggested that epilithic bacteria can rely on ex-
udates from epilithic algae (Haack and McFeters
1982a, 1962b, Goulder 1938, Faplan and Bott
1989). Mechanisms postulated for a bactsrial-
algal linkage include: 1) the presence of 2 nu-
prtenterich, microzone or phycosphere surrotnd-
ing live algal cells (Cole 1982), 2) algal senes-
cence within the epilithon (Haack and McFeters
1982b}, 3) the formation of a diffusional barrier
in thick bicfilms which excliudes organic matter
from the water column (Lock 1981, Peterson and
Grimm 1092), and 4) algal-generated diel
changes in the availability of dissolved prgaric
carbon (DOC) (Kaplar and Bott 1989), Adthough
several studies have shown 2 bacterial-algal
linkage, others (Bott et al 1984, Ford and Lock
1087, Findlay et al 1993) have demonstrated
that benthic bacteria ¢can be supported by al-
lochtheneus DOC,

Although past studies have examined the co-
variation of epilithic bacteria and algae, few
have used 2 feld-based experimental approach
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(Kaplan and Boit 1989, Steinman and Farker
1990, Findlay et al 1993) and adequately as-
sessed the role of biofitm colonization, Thick-
mess of a biofilm can infiuence storage product
deposition (eg., glycogen and poly-beta-hy-
droxyalkanoate production) by prokaryotes
within the biofilm, regardless of stream water
chemiziry (Blenkinsopp et al. 1991). In addition,
a thick polysaccharide matrix may exclude ex-
ogencus DOC and serve as a potential carbon
source for bacteria, even in the absence of an-
dogenous DOC production (Freeman and Lock
1995). In a study that investigated the role of
nutrient eyeling and grazing in regulating pe-
siphyton, Mulholland et al, (1991) proposed a
conceptual model which suggests that under
rufrient-limited conditions a thin, disturbed
biofilmn should rely primarily on matrients from
the watgr ¢colimn, whereas a thick, mature big-
film should rely prismarly en nutrients recycled,
within the biofilm. Collectively, these papers
(Blenkinsopp et al. 1991, Mulhoiland et al. 1991,
Freeman and Lock 1995} suggest that the degres
to which epilithic bacteria and algae covary in
stream biofilms may be inflrenced by a biofilm’s
successional stage in colonization.

I hypothesized that epilithic bacteria readily
respond, as measured by increased backerial
biomass and productvity, to labile DOC early
in biofilem colonization when algal biomags and
productivity (areal) are Jow. Increased algal pro-
ductivity in later successional stages of biofilm
colonization should lead to a greater effect on
epilithic bacteria. Thus, the strength of a possi-
ble algal-hacterial linkage should increase with
the maturity of the biofilm. To test this hypoth-
esis | compared the responses of epilithic bac-
teria in biofilms containing low aped high algal
biomass to pulses of glucose during different
stages in biofilm colonization in & controlled,
replicated experiment.

Methads
Study stte and experimental streams

I constructed once-thzough, experimental-
stream, charnels beside a Srd-order secion of
Augusta Creek i the Kellogg Biolomical Sta-
tion’s Experimental Forest in southwest Michi-
gan. Augusta Creek contains moderate to high
concentrations of nifrate, sulfate, carbonate bi-
carbonate, and bage cations (Wetzel and Manny
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1577, Hedin and Brown 1994). The watershed
containg natural wetands, deciduous forests,
and agricultural fields. DOC in the 3ed-order
section. of the creek is ~3 mg /L and chows low
diel variability (Hedin and Brown 1994).

I used experimental-stream channels to pro-
vide replication and to assure the development
of mature biofilms. Water from Augusta Creek
was pumnped with a high velume, centrifugal
pump {Teel Industrial Series, model 1P5514,
2ZHF) through PVC piping into a 1700-L opaque,
fiberglass reservoir, The reservoir enabled water
to be gravity fed from a constant head into the
experimental channels via PVC pipes mounted
tr the base of the reservoir (Fig. 1A). Adjustable
plastic ball valves regulated flow into channels.
Vinyl rain-guitters (3 m long, 10 cm wide, 10 cm
high) mounted on, elevated supports served as
experimental channels. Long chammels were
used to assure homogeneous fow in sampling
secHons. Charmels were lined with white (non-
glazed) ceramic tiles (tle axea = 6.5 cm?), which
served as the substrate for bioflm colonization.
Periphyton that colonizes clay tiles has been
shown to be representative of communities that
colonize natural substrates (Tuchrnan and Ste
vensan 1980, Lamberti and Kesh 1985). In ad-
dition, clay tiles aid in quantifying the biofilm
compnuraty, The channel botloms were gotn-
pletely covered with Hles to minimize boundary
layer variation, Fluorescent, inert dve injecticms
pricy o expericnentation demonstrated even
flow across tiles. Charmel discharge was moni-
tored bwice daily throughout the experiment by
measuring the rate at which the effiuent from
each channel filled a 19-L bucket White chan-
nels and white tiles were vsed to mindmize heat
absorption duting the inital stages of epilithon
colomization.

Experimental design

A completely randomized block destsn (3
replicate blocks), with a 2 » 2 fackorial design
{12 channels total} in which light (shade vs. non-
shade) and labile DOC (ghicose-amended wva.
ambient) were manipulated, was emploved dur-
ing 2 separate colonization periods in August
and September 1952, Experimental dhannels
served as experimental units and individual
tiles within chanmels served as samples. Light
was mantpulated by shading select channels
with hardware cloth throvghout biofilm colo-
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fio. 1. A—-Schematic diagram of the experimental-styeam channel arrangement, B.—-Schematic diagram of

the upstream section af a channel.

nization {~90% of photosyntheticaily active ra-
diation was blocked), The shading ireatment
was designed to establish comtrasting amounts
of epilithic-algal biornass. DOC was manipulat-
ed with periodic glucose additions during bic-
fim colonization. Stream-water DOC was ele-
vated from ~3 mg/L to 10 mg/L with the ad-
dition of glucose. Bach charnel contained 3 mix-
ing chamber upstream of the samphng sschon
{see Fig. 1B).

Glucose was selected as the additional DOC
source for several reasons: 1} glucose is extreme-
ly labile and used by miczobes to synthesize

many other compouncs necessary for growth
(zee Chapelle 1952, Meidhatdt et al. 1990), 2) it
is found naturally in streams (albeit, in low con-
centtations} (sse Thurman 1985), 3) it ensures
contrasting amounts of bioavailable DOC, 4) it
is less likely to stimulate algal growth than oth-
er possible labile carbon sources which can also
include aubstantial amourtts of inorganic rritri-
ents (e, leaf leachates, algal exudates, scil
pora-water), and 5) unlike other potential car-
bon sources, it does not provide an exogenows
source of iymidine that could potentially con-
found bacterial productivity estimates {see Lab-
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eratpry protocol below), T added ghucose for 72 b
before each biofilm sampling to provide ample
time for changes in physiology or composition
{or boih) in the epilithic-bacterial COmmIity.
Giucose was not added throughout the entire
experimert in an atternpt to avoid the formation
of a monoculture or unnatural bacterial corn-
mmunity. Further, the experiment aimed to eval-
uate the response, rather than the acclimation,
of the biofilm’s bacterial assemblage to elevated
P0C,

The sampling regime was designed to estab-
lish biofilms at different colonization stages.
Biofilm comprumities were sampled on days 3,
10, and 25; these dates were representative of
early, Intermediate, and late (mature comomini-
ty) celonizationial stages. On each sampling day,
I randomly removed 20 tiies from the same sec-

" tion of each experimental charmel. The sampled
tiles were immediately replaced to aveid flow
disturbance (Stevenson 1983) and their place-
ment was marked to prevent re-sampling. Sam-
Pled tiles were randomly placed in individual,
pre-labelled sterilized bags and placed in the
dark on ice. For each of the 12 chanmels, tiles
were sampled to estmate ash-free dry mass
(AFDM) (n = 5), chlorophyll & {n = 5), live-di-
atom biovolume (n = 3), bacterial biomags (1 =
3), and [*H}thymidine uptake (# = 4).

Laboratory protocol

AFDM.—Samples (i, tles) were stored fro-
zen. Tiles were scraped with a razor blade and
rinsed with distilled water into individual alu-
minum weighing-pans. The difference between
dry weight (24 h at 60°C) and ashed weight (1
h at 450°C) was measured, AFDM was fiot mea-
sured on the first sarmnpling date

Chiorophyll a.—Samples were frozen for 24 h
to Iyse colls. Tiles were scrubbed in buffered
0% acetons to exiract pigments and filtered for
fluorometrie analysis. Chlorophyll 2 was then
determined by the procedures cutlined in
APHA (1985: Methods 1003C and 1002G) and
converted to pg/om?

Live-alzgal bivoolume —Samples were fixed with
a 2% M3 schution. (0.05% KT, 1% fodine, 5% gla~
cial aeetic acid, 25% formalin), scraped from the
tile with a razor blade, and sonicated for 5 min.
Sub-samples were pipetted onto 2Z-mm? slass
coverslips. The coverslips were ajr dried and
permanently mounted on glass slides using Hy-
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rax medivm. The algal agsermblage was dopmi-

hated by diatoms. Diatom counts were done at

1250% magnification on a Zeiss microscope
equipped with phase condrast llumination,
Frustules im which internal protoplasm was
readily apparent were designated as “live”. For
each sample, =100 live diatoms were counted.
Cell volumes were estimated for the 10 most
common species based on simple geometric
shapes. Live-algal biovolume was quantified by
summing each species’ live density mulliplied
by its cell volumne.

Epilithic bacterial biomass—Samples were pre-
served with filtered (pote size = 0.22 um) 5%
formalin, scraped from tiles with a sterile razor
blade, and sonicated to further disrupt aggre-
gates. Sub-garnples were stained for 20 min in
the dark on ice with DAP! (4'é-diamiding-2-
phenylindole, 20 pg/ml, Sigma) dilated to
vield a final concentration of 2 pg/mL. This
concentration has been found to maximize di-
rect cell counts, bui avoids over-staining in
strearn benthic samples (Faack et al. 1988). Por-
tons (0.25-3.0 mL) of stained sub-samples were
filtered onto pre-stained black, 25-mm diameter,
0.2-pm pore size, polycarbonate membrane fil-
ters which, were backed with 25.rixn, 0.45-pwm
Millipora filters. Blanks were xoutinely prepared
to assure that only the samples were comtribut-
g to the bacteria being counted. Bacteria were
observed with a Leitz Laborhax II microscope,
equipped with an FBO 50-W mercury light
source, Leitz wide-band TTV filter set A (excita-
tion filkey 340-3580 nm, mireor 400 nm, and bar-
rier filtex 430 nmy, a 100/1.25 oil immersion cb-
jective, and 15% oculars. At least 20 cells were
counted /field; 10 fields were counted for each,
sample. Past work has shown that 80% of the
technique’s variance is caused by variancs in mi-
croscope fields as opposed to vagancs in' filters
or sub-samples (Firchman et al 1982); hence,
emphasis was placed on multiple fisld counts
per filter per sample. Bacterial cells were divid-
ed into 10 arbitrary size classes (2 coced, 4 nar-
row rods, and 4 wide rods) to account for size
differences among morphologies (see HMaack ot
al. 1988). Cell volumes were calculated using
simple geometsic shapes. Volumes of coccd were
caleulated as spheres, and rods were assumed
to be cylinders capped with half spheres. Bac-
terial Biomass as wg C/om? wap estimated for
each of the 10 size classes as mean cells/em? X
cell volume ¢ (5.6 > 10~ 2 C)/ pm® of bacterial
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hiovolume (Bratbak 1985, Haack ot al. 1958). The
sumnmation of bacterial biomass for the 10 size
classes represents bacterial biomass for the sam-
ie.

P Most studies report bacterial abundance (in-
stead of converting to bacterial biomass) or sim-
ply use an average cell gize for corverting bac-
terial abundance into biomass. These approach-
es may not detect a bacterial response attributed
to changes in cell size, Few studies report bio-
mass estimates derived from cell counts m
which all cells were measured, becanse of the
time required to obtain an adequate sample size.
An alternative approadh is to devise a set of size
classes that sepresents the range in cell size en-
countered so that bacteria can be quickly seg-
regated into these size classes while counting 2
large number of samples with large sample
sizes. This approach is a logical compromise be-
tween the 2 methods described abave for stud-
jes in which a large number of samples must be
processed.

Epilithic [*HIfkymidine uptake—Incorporation
of *H]thymidine (TdR) into bacterial DINA, was
measured a5 a surrogate for bacterial productiv-
ity (Findlay et al. 1984). On gach sampling day,
4 tles from each experimental channel were
tzken to the laboratory; each tile was in 20 mL
of channel water on ice to minimize changes in
biofilm chemistry and reduce celtular activity
before incubation. To initiate incubation, 1 nmo-
le of TAR {20 pCi/nenole} was added to each
sample. Two of the 4 samples from each channel
were “killed” with 5% fltered formalin imume-
diately after fhe addition of TdR. The remairing
2 samples were “killed” following a 1-h ineu-
bation, Samples were incubated at stream term-
perature (17°C) on a mechanical shaker Follow-
ing incubation, the naturally sloughed portion
of the biofilm from each, tile was collected on a
0,45-pm filter. Bach tile and filter were zinsed 3
times with 5% formalin lo remove Urncorpo-
cated TdR. Bach filter was frozen with its rep-
resentative tle until extraction.

Alkaline extyact (20 mlL of 0.3N MNaOH + 1%
SPS + 28 mM EDTA) was added to frozen sam-
ples which were then mechanically shaken at
5%C for 18 h (Findlay et al. 1984). A 5-mlL ali-
quot of the supernatant was chilled to 0°C, neu-
tralized with 1 mL of 3N HCL, and acidified
with TCA fo a final coneentration of 5%. Cartier
DNA. (0.1 mg) was added to aid the precipita-
fion of DNA during centrifugation (13,000 % g
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for 15 mitn at 4°C). The supermnatant, which con-
tained the hydrolyzed RNA, was aspirated. Ad-
ditional cold 5% TCA was added to the pellet,
the sample was re-centtifuged, and the super-

natant was aspirated again. DNA was hydrao-,

lyzed from the pellet in 5% TCA for 30 min at
95°C. A 1-mL aliquot of the supernatant was 1a-
dioassayed (to obtain dpm in TINA). Differences
i dpm between the samples that were mnme-
diately “killed” amd those ineubated for 1 b
{"“live”) were used as the dpm {correctad dpm)
ix the DNA for each experimental channel. Live
samples routinely incorporated »10% the TdR
incorporated by the kiiled controls. In addition,
past work has demonstrated that uptake of TR
is Hinear for short incubations ranging from sev-
eral minutes to several hours (Findlay et al.
1984, Sobezak, unpublished data). lsotope dilu-
Hon was examined using tiles that had been col-
onized for 10 d in ambient stream conditions.
Five levels (at least 3 replicate tiles each) of cold
fhymidine ranging from 0.5X to 10X labelled
TdR concentration were used (see Findlay et al
1984). Exogenous thymidine ‘was egtimated as
225 nmol/L. Isotope dilutions were not esii-
mated for additional colonization conditions or
dates because of fime and expense considera-
tions, Bacterial productivity is directly related to
TdR uptake by means of two CORIVersion factors:
1) bacterial cells per nmole TdE incorporated
into DNA and 2) isotopic dilutbon. Because 150~
topie dilution among treatments andd sampling
dates was not estimated independently, TdR up-
iake (dpm em—* W7t is not converted to hagterial
producivity.

Siatistical analysis

Analysis of variance with repeated measures
{ANOVAR) was conducted to test main effects
of 2 levels of light {shaded vs. nem-shaded),
main effects of 2 levels of DOC {glucose-amend-
ed ve. ambient), change over tme {3 sampling
dates), and interactions among the for each of
the 5 dependent variables of intercst: chloro-
phyll 2, AFDM, live-algal biovolume, bacterial
biomass, and TdR uptake (SYSTAT 5.2.1, Evans-
ton, Tlinpis). All variables were natural-tog
Iransformed to eliminate correlations of means
and variances associated with comparing sam-
ples from different colonization times. Because
the experimental channels are the experimental
snits, the means of samples within 2 charnel

FAGE A5
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Tasls 1. Summary of ANCVARs (p valnes) for the following dependent variables: AFDM, chleraphyll a
[Chl a), LABY, bacterial biomass (BB), and [*H]thymidine uptaks (TAR), AL data were natural-log transformed.

Statistica designated by * = p = 0.05 * = p = 0,01,

Source of warfation (df) AFDM Chl a LABV BE Tl
Between subjects
Block (2} 0.158 0.395 0.352 0027 0.062
Glueose (1) 0.084 0.274 0.723 0.491 = 0001+
Shade (1) 20,001 =0.001% =0,001% 3,930 0437
Shade * Glucose (1) 2.105 0436 0.777 0.593 0.047
Error (&)
Within subjects
Time (1) =0.001% <0001+ 0.092 ={.001** <{.001**
Block = Time (1) 0.7586 0.543 0.124 Q.00a%* 0.034*
Glucose X Time (1) {.758 0.067 0.260 0.399 0,002
Fhade ® Time (1} =0.001% =0,001** 0.013* D522 0072
Shade X Glurose x Time (1) 0.474 183 0.989 0.140 0240

Error (6)

were used in the analyses. Power analyses were
aonducted for each repeated measure (ie, each
sarnpling day) for ANOVARs in which no sig-
nificant main effacts were detected. Power is a
function of the pre-set alpha value, effect size
(magnitnde of differences betwesn means),
sample size, and sample variance. If power is
low, then the beta error is high. Thus, when
powes iz low, negative results (non-refection of
rzll hypothesis) are ambiguous.

Resulfs
AFDM

AFDM was significantly reduced (7 < 0.001)
in the shaded vs. non-shaded treatrments overall
(Table 1, Fig. 2A) A npearly 10-fold difference
was observed between the shaded and non-
shaded treatments on day 25. A significant (p <
(.001) shade » Hme effect occwrred ag well,
COverall, AFDM was not significantly affected (»
= (L08) by the glucose treatment,

Chiorophyll a

Throughout colonization, dhlorophyll 2 was
sigrificantly recduced (p < 0.001) in the shaded
vs. non-shaded treatments (Table 1, Fig. 2B). A
significant shade * time effect (7 < .001) oe-
curred as well, indicating that the effect of am-
bientt light increased throughout biofilm, coloni-
zation. Differences were evident on all sampling

days, regardless of colonization fne A nearly
i0-fold difference was observed between the
shaded and nop-shaded treatments on day 25,
Chlorophyll ¢ was not significantly affected (p
= 0.27) by the glacose treatment when all sam-
pling dates were analyzed together (Table 1),
however, if day 25 iz analyzed independently,
chlorophyll 2 significantly decreased (p < 0,05)
in rgsponse to the glucese tredtment. Crverall,
chlorophyll a levels inereased throughout colo-
nization time in the noneshaded channels (Fig.
2B). These results are consistent with those for
AFDM.

Lize-algal iovohune (LABV)

Consistent with the AFDM and chlorophyll &
results, LABY was significantly reduced fp =
0.001) in the shaded treatments (Table 1, Fig.
2C). Howevar, LABV did not increase gigmifi-
canily through colonization time (p = 0.09) (Ta-
ble 1, Fig. 2C). Initial colonists had less chloro-
phyll a/LABV than the diatom assemblages that
were sampled later in biofiln colonization. A
nearly 10-fold difference between shaded and
nen-shaded treatments was cbserved on days
10 and 25 for TLABV. The benthic algal assem-
blage was dominated by diatoms. Syredre wlna
and Mitzschin linearis, both Jarge diatoms, dom-
inated LABV in all treatments on all 3 sampling
dates (Fig. 3). Synedra ulirg represented ~50% of
LABY, regardless of treatment or sampling data,
whereas Nitzschia linearis represented between

FAGE A6
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5-| A were detected for the ANOVAR, power analyses

were conducted for each repeated measure (ie,
for each sampling day). The power was Low
{~0.14-0.28) primarily because the cffect sizes
were low compared to the standard deviations
{Cohen 1588). However, if differences between
means had besn larger (e.g., effect sizes = .80,

— then power wonld have been considerably high-
' er, even with the reported variance within rep-
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showed a significant glucose ¥ Hme interaction
as well (p < 0.01} (Table 1, Fig. 4B). A glucose
effect is evident early in colonization, especially
on day 3 (Fig. 4B), On day 3, treatiments receiv-
Ing labile DOC showed more than 5-fold in-
creases in TdR uptake. The glucoss effect is less
evident on day 10 when TdR uptake in the gh-
cose amended channgls decreases slightly. On
day 25, the channels that were shaded and not
amended with DOC had a TdR uptake one-
third that of charmels with either high algal
abundance or labile DOC (Fig. 4B).

Discussion
Aloal response

The manipulation of light and lakile DOC re-
sulted in conlrasting environments for biofilm
development. The shade treatment reduced al-
gal biomass as was evident from estimates of
AFDM, chlorophyll a, and LABV (Fig. 2). Con-
vizsely, the labile DOC treament did not sig-
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nificantly alter these parameters, sxcept for
chlorophyll @ on day 25. A possible mechanistm
for the modest chlorophyll 2 inhibition by glu-
cose on day 25 is not apparent, and the differ-
ence between the unshaded and shaded treat-
ments is large Hence, the discrepancy in chlo-
rophyll 2 between the two unshaded treatents
on day 25 does not appear to confound treat-
ments within the factorial experimental design.

LABY was dominated by Synedra wlne and
Nitzgehia linearis on all 3 sampling dates; how-
ever this dominance is less conspicuous on day
25 when additional species contributed ~25% of

- the LABY (Fig. 3). Synedra whna and Nitzschin

lingaris are relatively large diatorns and may
have settled into the Boundary layer and be-
come embedded in the biofilm matrix more
readily than smaller diatom species (Oemke angd
Burton 1986, Steinman and Melntire 1986).
Once embedded into the biofilen matrix, Symedra
ulna and Nitzschin linearis may out-compele oth-
er diatom species for light because of their size,
and motility in the case of Nitzschia lingaris. Al-
though these dominant species constitists most
of the live-algal biovolume and most likely are
respongible for a large pertion of the chlorophyll
&, their large individual size may not be as con-
ducive to supporting benthic bacteria as smaller
diatoms because of their relatively small surface
area/volume ratio, Further, diatom assemblages
consisting of smaller diatoms may have larger
chlorophiyll a/LABY ratios. This effect of size
may explain the absence of an increase in LABV
in the unshacded treatments between day 10 and
day 25, evem though AFDM and chlorophyll a
increased more thap, 2-fold.

Qverall, the algal response extablished the de-
sired conditions necessary to test the experi-
ment’s hypothesis.

Bacterial response

TdR uptake responded to ingremsed labile
DOC early in colonization, yet responded to
both the preserice of algae (nom-shade treat
temit) and increased DOC in late colonization.
Glucose additions prior to the first sampling
date had a greater effect on TdR uptake than
algal biomasa, which was low at the time. The
modest decline in TdR uptake between days 3
and 10 in the glicose-amended treatments is
difficult to exphin; however TdR uptake in
these treatments still exceeded TAR uptake in
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the treatrents that were not aimended with gha-
coge. As algal abundance increased by day 25,
the TdR uptake supported by the epilithic algae
equalled TR uptake supported by ghcose ad-
ditions (Fig. 4). These resulis support the -
pothesis that allochthonous DOC has a maxi-
o effect on bacteria early in biofilm devel-
opment but can be equalled by algal carbon
once the biofilm approaches matutity. The fact
that high epilithic algae ptus glucose did not
Jead 1o furfher increases in TAR uptake suggests
#hat a maxitnum productivily was reached for
the given environments. It i possible that bio-
vailable carben was not limiting bacterial pro-
duction in these treatments by the final date.
Pactors other than bioavailable carbon (&g in-
organic ritrients) mey Wmit, o at, least influ-
ence, bactarial production in stream hicfilms,
but most of the literature om stream biofiling
suggasts that stream bacteria ave carbon limited
{sea Lock 1993}

Although increased bacterial biomass was
predicted in the labile-DOC-anended chanriels
early in colonization and in the nor-shaded (-
creased algae) channels late in coloruzation, sig-
nificant treatment differences were not detected.
These results were surprising, especially given
the TdR uptake results. Obvious discrepancies
in treatment effects between bacterial hiomass
and productivity were Tot anticipated; other
ctudies have demonstrated a relationship {Cale
et al. 1988, White et al. 1991, Findlay et al. 1993,
Three possible xeasons for the discrepancy be-
tween bacterial biomass and TdR uptake can be
postulated: 1} variation in isotopic dilution
among treatments and sarnpling dates, ) ac-
cumulation of non-viable cells from the water
cohumn throughout colonizatior, anl 3) density-
dependent grazing of bactetia by microotgan-
istns.

Although spatial and femporal variations in
exogenpus thymidine can influence estimates of
labelled thymidine incorporation into bacterial
DNA (Kaplan et al 1992, Chrzanowski et al
1993, Findlay 1993}, significant variation among
treatments and sampling dates 1s unlikely
this experiment because of the following rea-
sons: 1) the same water-source (Augusta Creek)
was usad for all freatments and productivity in-
cubations, 2) Augusta Creel was at baseflow
througholtt the 25-d experiment, 3) DOC addi-
tons were void of fhymidine, and 4) biofilms in
all treatments were dominated by similar dia-
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tom assemblages. Significant variation in isotop-
i dilution is mere likely to influence estimates
of bacterial produclivity in studies that compare
disparate streasns and sampling dates that span
seasons; conversely, several studies have report-
ed only modest variation in epilithic bactetial
productivity among streams and samphing
dates (Palumbo et al. 1989, Hudson et ab. 1990,
Findlay et al. 1993).

Ag alternative explanation for the discrepan-
cios betivesn estimates of bacterial biomass and
TAR uptake is the accumulation of non-viable
bacteria in the biofilm ratrix. Rapid accumu-
\ation of bacterial cells from the water column
may, in some ¢ases, mask actual differences In
bacterial production within bioflms, Bacterial
bimass increased during colonization in alt
trestments, hence non-viable bacteria may have
accumulated in biofilms over time. Biomass es-
Himates baged on direct mucroscopic counts do
not readily differentiate bafween viable and
non-viable cells; hence, only a portion of the
hacteria counted may actually have been con-
tribufing to productivity (Palumbo et al. 1989).
If only a small percentage of the total bacteria
counted (.8 10%) was viabls, then even statis-
tically sigmificant differences in productivity
might not result in discerndble differenices in
bicinass. However, rapid tutnover of bacterial
biomass would make this explanation unlikely.
¥ TAR uptake (ie, dpm cm- b1 iz eorveried
inte bacterial cathon production (ie, pg Ccm™
h1) (see Findlay et al. 1984 and Findlay 1993),
1 can estimate a bacterial biomass tamaver Hme
{standing stock bacterial caxbon/bacterial car-
Bon productlon). For example, Of colonization
day 10 in the ambient charmels (from which iso-
topic dilution was astimated), I estimate bacte-
rial productjvity to be 0.05 wg C em~? ht and
bacterial biomass to be 2.5 g/ cm’ hence bac-
terial biomass tumover is ~2 d (50 h). In other
words, bacterial production of new biomass
would equal the standing stock of bacterial bio-
mass after ~2 d. Assuming that bacterial bio-
pass turmover requires only a few days, changes
in hioraass shotld have been detected after a 23-
4 colontzation period.

Another explanation for the absence of traat-
imemt differences in bacterial biomass 15 grazing
by rnicroorganisms within the biofilm. Grazers
can crop bacterial biomass guch, that differences
ameng trealments are not apparent when bac-
tertal biomass is viewed as a series of “snap-
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shots” in colonization time, Ciliates and micro-
flagellates can sigrificantly reduce bacterial bio-
mass in streambed sediments (Bott and Kaplan
1990) and copepods can, signifcantly reduge de-
tritally associated bacteria (Perlmutter and Mey-
er 1991). Bott and Kaplan (199C) estimated that
as much as 80% of annual benthic bacterial pro-
ductivity may be consurned by grazing meio-
fauna. The possible importance of grazers in my
study is suggested by the difference between
potential and realized accumulation of bacterial
carbon. Density-dependent grazing may have
led to similar bacterial biomass among treat-
ments, despite differences in bacterial produc-
tivity. Overall, our current understanding of the
role that meiofaunal grazers play In structuring
biofilm micrebial communities is rudimentary.

Epilithic bacterial-ulgal relationships across strem
2rOsYstenTs

Bacterial controls in most aquatic ecosystems
have been well documented (see reviews by
Cole et al 1988, White ot al 199], Sander and
Kalff 1993). In both freshwater and marine
planktonic environmments, bacterial activity and
abundance is generally thought to be regulated
by planktonic algal productivity and abum-
dance. Such a bacterial-algal relationship is less
apparent in lake sediments where bacterial
abundance appears to be regulated by alloch-
thorous carbon, while moest autochihonous car-
bon ig uged in planktondc microbial cyeling (see
cross-system comparison by Schallenberg and
Kalff 1993). Flence, benthic bacteria in lakes are
regulated primarily by inputs of more refractory
allochihonous carbon, Although our knowledge
of bacterial controls in stream ecosystems has
grown considerably in the last decade (see re-
views by Kaplan and Newbold 1993 and Lodk
1293), an analogous conceptual medel is lack-
ng.

My study suggests that DOC in the water col-
umn may be controlling hacterfa throughcorit
biofilm colonizatior, with epilithic alzae becom-
ing increasingly important in late stages of bio-
Blm development. Hence, epilithic bacteria in
bicfilms, which have colonizatun trajectories
contirmally disturbed or “re-set” bv scouring,
grazing, or fluctuating discharge, may rely pri-
marily on alloehthenons DOC, whereas com-
munities within a well-developed biofilm that
supports high algal biomass may rely o both,
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allochthonous anid autochtheneus carborn, In
more oligotrophic streams, in which even ma-
ture biofilms are relatively thin and algal-poor,
bacterial productivity may never be affected by
benthic algae (Findlay et al. 1993). An appradi-
ation of shifts in biofilm structure during colo-
nization, limitaions to algal productivity, and
natural disturbance avents will lead to a greater
understanding of temporal and spatial variation
in epilithic bacterial activity, Future work that
exarines how variations in DOC quality and
quantity regulate epilithic bacteria among
streams that span a renge of algal productivity
and stability is necessary to develop a general
meodel of bacterial-algal inkages i stream eco-
systems.
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