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Abstract:

An ecological study was performed to assess the microbial dynamics of an algal-bacterial mat
community. The oligotrophic nature of the stream in which the mat existed made it possible to examine
these processes in a more structured manner than has been previously attempted. The mat grew on the
surfaces of rocks in the streambed, its initial formation resulting from the colonization of those surfaces
by microorganisms transported from the feeder reservoir.

The activity and biomass of the diatom-dominated phototrophic population increased until an apparent
climax stage was reached in mid-August. This proliferation was followed by an abrupt decline,
apparently resulting from a sudden drop in silica concentrations in the stream water. The algae
appeared to be actively excreting organic products of photoassimilation into their surrounding
environment, with the actual percentage of total fixation released by the cells determined by the
physiological states of the phototrophic population. Results demonstrated the utilization of algal
extracellular products by the sessile bacteria. During the course of the season, bacterial activity with
respect to algal products reached a maximum when phototrophic activity was highest. Time-course
results suggested there was a direct flux of organic nutrients from algal to bacterial cells. Bacterial
uptake rates of algal release compounds were very high in the light when the phototrophs were actively
excreting. In the dark, these rates slowed considerably despite the fact that there was still an abundance
of soluble organics in the surrounding medium. The bacterial population of the Pine Creek mat also
possessed a high degree of specificity for algal products, and showed little metabolic activity on other
soluble organic compounds during the time in which algae were actively excreting. With the decline in
activity of the phototrophic population, the sessile bacteria became nutrient limited with respect to
excreted organic compounds and possibly oxygen, leading to a situation in which algal lysis products
became their major nutrient source. The continued heterotrophic activity of the bacteria may have then
weakened the structure of the mat, facilitating its removal from the substratum by the shear force of the
stream water.
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ABSTRACT

An ecological study was performed to assess the microbial dyna-
mics of an algal-bacterial mat community. The ol|gotroph|c nature
of the stream in which the mat existed made it possible to examine
these processes in a more structured manner than has been previously
attempted. The mat grew on the surfaces of rocks in the streambed,
its initial formation resulting from the colonization of those’ sur-
faces by microorganisms transported from the feeder reservoir. .

The activity and. biomass-of the diatom-dominated phototrophic
population increased until an apparent climax stage was reached in
mid~August. This proliferation was followed by an abrupt decline,
apparently resulting from a sudden drop in silica concentrations in
the stream water. The algae appeared to be actively.excreting.or-
ganic products of photoassimilation into their surrounding environ-
ment, with the actual percentage of total fixation released by. the
cells determined. by. the physiological states of the phototrophic
population. Results demonstrated the utilization of algal extra-
cellular products by the sessile bacteria. During the course of
the season, bacterial activity with respect to algal products reached
a maximum when phototrophic activity was highest. Time-course results
suggested there was a direct flux of organic nutrients from algal to
bacterial cells. Bacterial uptake rates of algal release compounds
were very high in the light when the phototrophs were actively ex- . -
creting.. In the dark, these rates slowed considerably despite the
fact that there was still an abundance. of soluble organics in the
surrounding medium. - The bacterial population of the Pine Creek mat
also possessed a high degree of specificity for algal products, and
showed 1little metabolic activity on other soluble organic compounds
during the time.in which algae were actively excreting. .With the
decline in activity of the phototrophic population, the sessile bac-
teria became nutrient limited with respect to excreted organic com-
pounds and possibly oxygen, leading to a situation in which algal
lysis products became their major nutrient source. The continued
heterotrophic activity of the bacteria may have then weakened the
structure of the mat, facilitating its removal from the substratum.
by the shear force of the stream water. :




INTRODUCT{ON

The ability of bécteria to adHere to surfaces has been appre-
ciated since the early 1940's when Zobell (82),demonstrated their
attachment to a widé_varie£y of subétrafes. The potential importance
of adherent populations was largely ignored however; owing to‘the fact -
that they could seldom be detected,.obsefved or manipulafed effeCj
: tfvély usin§ traditional microbiologicél methods. Ddring_the past
decade a great deal of attention has been focused on this falternative”
microbial.existence and has led to the development of many new
analytical techniques for studying adherent mi;rébial pqpulatipns,
increasing our knowledge of the processes Ieadfng to and occurfiné
within these consortia.

Microorganisms.attacﬁ to a sélid substrate in reéponse to
the transport, adsorption, and accumu]ation‘bf orgénic‘and.inorganic
compounds at the surFa;ejwater in£erface (49,50,59), and is en-
hanced in low nutrient environmeﬁts (35,38,51). This "initial
sorption'' soon becomes what hés been termed irreversible as the
microbial cells produEe copious quantitie§ of extracellular polymeric
material which binds tHem to the subétratg'(15,16,72).

SeQeral researchers haQe obtained evidence which sugges;s'that
l attachment to a surfdce can stimulate microbial activity and dewth
(35,38,48,82). This property hés been exploited in development of
wastewater treatment reactors utilizing microbial b}ofilms fo remove

organic matter from the water.
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There are also serious consequences assocfated with the éb%]ity
of microorganisms to immobilize themselves on a surface. These would
inélude cﬁrrosionlof pipes resuiting from anaerobic sﬁlfate reduétipn;
‘fiuid frictional resisfance that occurs when a biéfilm forms on thp
hulls or in water distribution sys;emﬁ, accelerated decompos}tjon of
man-made objects in marine environmenfs, and heat transfer resistance
in the heat exchénger systems of power.géneratfng-étations.

The éfficiency with whiﬁh biofilms can remove‘organics from water
iﬁ wastewater treatment plants suggested that sessile microbial popu-
lations may also assume an active fole in stream purification processes.
This has been confirmed by Ladd, e£ al. (43) anq Harrfson, et al. (33)
who have found that- in addition to being numerically dominaﬁf,-séssi]é‘
bacteria are also much more active with respect to the removal of dis-
solved organiﬁ compounds from the water than their planktonic couﬁter-
parts. |

‘A key feature of sessile microbial communities in natUréf aquatic‘
environments exposed tq-light is the présence of phototrophic organj'
isms, which are intimately associated with the bacterial population:
in a dense polymeric slime matrix. The importance of thfﬁ associa;
tion is refiécted in the fact that these a]ga]-bactekia].communftie§
are able to flourish in extreme eﬁvironments otherwise considered to
be unguitable for survival. Their pre;éncé has been deménstrated in

habitats ranging from the hot springs of thermal areas (11) to the
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cold, oligotrophic waters of mountain streams (54). Further, it has
been shown that algal-bacterial mats are able to support thé growth
of fastidﬁous organiéms such as the coli?orm group (54),'selected
enteric pathogens (69), and even'Legionella (67) in extremely.dilute
aquatic systems. Theée microorganisms are typfca]ly unable to squiQe
in éuch envfronments; their proliferation in and releaée from micro-
bial mats leads to unexpectedly high 1eve1§ in the water column and
could give false indications of poor water quality.

The relationships betwegn phototrophs and bécteria that provide
them with an apparent competitive survival advantage is a subject that
has been examined using several'different approaches. Microscopic
examina;ions'(SB)‘haQeﬂillustfated the close bhysical aéébéiations that
can-occur between algae and bacteria, with the latter microorgéﬁism. |
often attached diﬁectly to the algal cells. Seasona] monitorinés;éf
various aquatic environments often reveal close correlations betweeq
the two types (1,27,39), wfth the magnitude of the bacterial bopula-
tion increasfng in response to algal blooms.

The excretion of.solﬁble organic intermediates of primary prodqc-
tion by algae was first demonstrated by Tolbert and Zill (68) and sub-
sequently confirmed in several laboratqries (2&,5j,6§,75).' The dis-
covery that bacteria co-cultured with algae possesg higher growth
rates than those grown in pure culture (46) suggested that bacteria

may possess metaboljc machinery capable of using these extracellular
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compounds. A number of researchers (13;%3,55,775 have been .able to

demonstrate bacterial uptake of compounds thouéht tb be-algal excre-

tion products, and.most of these reports also describe the kinetics
- of this utilization proceés., | |

Uéfng radiotracer techniqués, Nalewajko and Lean (57),‘McFeters,

‘ et al. (54), and Bauld and Brock (3) were able to dembhstratg the
14

}direct incorporation of

.

“terial biomass in batch cultures. Bell (4) showed that the rates of

C-élgal extracellular products into bac-

: \upfake and incorporation of these products by bacteria incréased in
response to algal blooms.
All of the studies just mentioned concerning algal-bacterial re-
 :I.lationships were performed either in planktonic envirohménts or in
batch cultures ynder laboratory conditions. Their results suggesf
..that there ig a symbiofic relationship occurring émong algae and bac-
teria in aquat{c environments, with the bacteria using algal extra-
cellular products of photoasﬁimilafion as é primary nutrieét source.
SLEh a symbijosis allows bacteria to proliferate in the commonl& nut-
rient-deficient planktonic waters of aquatic environments.
The benefits ascribed to bacteria that associate with afgae in
a sessile mat community are probably even.gféat;r. The copious-aﬁounts
of éxtracellﬁlar'polymeric materfal in these systems notonly provfde
aﬁ:fAea1 attachment suBsfrate, but may.also'serve as a méans to con-

centrate and hold nutrients and provide a stable midroenVir@nmeht for
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both the algal and bacterial cells in a flowing environment.

Unfor;unately, there is a paucity of data des;ribing the ecolo-
gical fnteractions occurring among phototrophic and heterotfophic
organisms in a microbial mat communfty, primarily because the alloch-
thonous.nutrient input of most aquatic:environménté imposes a stFuc-
tﬁﬁal and trophic_complexit9 upon them that . cannot be adequately re-
solQed by preseﬁt methods. This requiréé that researchers performing
studies in such environments view the sgssilé mat commuhfty fn an un-
structured manner, making numeroﬁs aséumptions which simblffy fhe
system to allow reasonable analysis of the experimental results (43).

The study of microhial ecological dynamics between sessile algae

and bacteria would be greatly facilitated by examining these hrocesses,

in a mat community whosé orgaﬁismal and structural diversf£y is sig-
nificantly reduced. Such communities are often found in extfeme'enf
Qironments where low nutrient léveis and adverse temperatures limit
the number of organisms.capab1e of survaéf and grthh. Brock (11)
used this rationale during his studies of algal-bacterial mat commun-
ities in the thermal springs of Yellows;one National Park.. The ma jor
limitation to studieslsuéh as-tHis is the.;onstancy of the environ-
ments; tﬁey are models of exfrémely'gtab1e‘ecosystems which make ft
difficult to test the effects of changing environmental'pérameters

on processes occurring within the mat.

The present study examined the ecological dynamics of a microbial
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mat community that exists in a.high albine étrgam'environmentvchargc-
terized by cold temperatﬁfes and very low nﬁtrient loading. These
extreme ¢ondi£ions.reduced the trophic complexity of the mat cohmunity.
to what aﬁpeared'tg be a delicate réTationship between: the §1gal‘and '
bacterial cémponents wHiqh comprised a'majorfty*of its biblogfca] com-
position. Fﬁétﬁef, dﬁe.to the short dﬁratiqn‘of warm'ﬂeather in this
geographical Setting, the mat existed in the streambed.onIQ for a few
months of the year. During this time the community uﬁderwent a ‘
striking evolution, increasing in.biomass‘aﬁd activity until an éppa-
rent climax stage was reached, and then losing this activity beforéA
its virtual disappearance in autumn. |t was thus possible to follow
the.processes occufring within the mat from initial colonization to
its eventual decline ‘and release from roéké in the stfeambed; wifhiql'
the context of changing environmental parameters.

Objectives of research

1. To observe seasonal patterns of growth and activ}ty among
the constituént microorganisms of the Piné Créek algal;‘
bacterial matvqommunify. |

2. To relate these patte%ns to changes occurring in the mat as
a whole and in ;heir physico-chemital'énvirénmeﬁt; :

3. To determine the ecological rélation;hips that exfgt.bethen
algae and bacteria in the éessile mat commﬁhity.

L. To develop a model of carbon f1ow through the trophic levels
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of an a]gal-bacterial mat community.




MATERfALS AND METHODS

Study site. The site used for these investigations was-the out-
let stream of Pine Creek Lake, a cirque lake situated in an alpine
environment at 9000 feet (2740m) in the Absaroka ﬁountains, Fen>miles
south of Livingston, Montana. The deep, oligotfbphic-lake'was fed
primarily froﬁ springs and snow ruﬁofff - There was little fiéctuation :
ip its léQels from hydrologi; events because of its large vo]umé, and -
ﬁtream flow remained constant throughout the study periods. The
drainage area sﬁrrodpdiné the lake consisted almost entirely of rock
with very lfttle Qege;ative material, résulting in low lgvels of
allochthonous organic'iﬁput. The algal-bacterial mat‘commﬁnity selec;
ted for étudfes existed in g V-shaped unshaded portion of the outlet
stream with approximate dimensions of 6m x 2m. The communfty was en-
t}rely epilithiq iﬁ nature, existing on fhefupper side of f\ét.rock§.
‘.which appeared to be uniform in'composi;ion and structﬁre; The wéter
column ovér the mat cémmunity varied from approximately 6-18 inches
in depth. The only'variation'in.the sunlight incident on the.mat re-
;ulted from the angle:of a given rock upon which the:community exié;ed.
The‘overali gross appearance of the mat was not entirely uniform
throbghout the stream, with differences most likely'the reshlt of in;
cident sun]jght éngles and variations of fjuid shéar gtreﬁs.' | .

‘Chémical determinations. Alkalinity and dissolved oxygén were

both determined in the field with an accuracy of 0.05 mg/] uging a

hand-held'digftal titrator and reagents -purchased from Hach Chemical
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Company (Loveland, CO) according to their methods manual (32). pH
determinations were also made on site to p}event carbon dioxide loss
with change in elevatién. Measurements were obtaiﬁed electronicaliy'
with a Model 609 digital field pH meter fitted wfth'a 150C combination
polymer electrode (EXTECH, Boston, MA). ‘Samples for conductivity
measurements were collected in ac}d-Washed Nalgene bottles and analyzed -
at the.laboratory wfth a Model MC-1 Lecéro mho-meter’(Lab-line,.Me]rOSe
Park, IL). A1l conductivity measurements were adjusted t§ 25C, with
an accuracy of 0.05 umhos.

Water samples were collected from the stream .for énalysis of
nitrétes, nitrites, reactive phosphorous, and silica accordfng to
procedures outlined in Standard Methods for Water and Wastewater
Analysis.(2). Colorimetric procedures werevused for gnalysig (31)
using reagents purcha§ed fromlHach.

Collection and preparation of mat for analysis. Samples were

takep from several rocks in the stream to ensure that a repfegentative‘
and‘uniForh sample was obtained. The epilithic filh was removed jh._
'part'by scraping the rock surfaces with a sterile X-ACfO knifé bladé, :
uéing a 9-cm2 plastic template to obtain a éection of known a?ea.
Residdal material was remoyed using'a small nylon brﬁsh, followed by
aspiration with sterile pasteur. pipettes and small amounts of filtered
‘stream water (0.22 um, Type GSWP, Millipore Corp., Boston, MA). Visual -

inspection indicated that this method was reproducible and succeeded




10
in removing virtual]y all of the mat community from the smrface of
the rocke. Once removee,.sampYes were placed'in,sterile poi*propylene
scnntlllatlon vials and stored at or below ambient temperature in
the dark. After returning to the laboratory (3 hrs. )} the cohesive
. mat materfal was diluted with filtered stream water and disaggregated
using a Sorvall Omnimixer (Sormall Inc., Newten, CT). Optimal dis-
aggregation was achieved by agitating the samples at approximately'3/4
maxfmum epeed for two minutes. The mixing chamber was immersed in an
ice water bath to avoid frictional heating. The resulting suspension
‘was then further diluted with filtered stream water to a final workihg
concentration of ab0ut'6.3-7.0‘ml H,0 per'cm2 of mat-materféi.

Planktonic samplings for bacterial enumeration. Water samples

were taken at points both upstream and downstream from the mat using

20 ml poly ¢ scintillation vials (Beckman 1nstrumehts,.lrv%ne, CA) and

sterf]e 250 ml Nalgene bottlee for totel counts.and viable counfs,
respectimely. Samples for total counts were smpp]emented w}th forma-
lin (2%) to fix the bacterial cells and prevent their attachment to
the walls of the container. With this preeedure, it was found that
samples could be stored for two weeks withqut a loss in numbere.
Collections were at approximately the same time of'day fer each samp-
ling date to avoid any pOSSIb]e variations in the data resultlng from
daily bacterial release patterns assocnated with the mat.

Bacterial énumeration
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1. Total bacteria. Epufluorescence m:croscopy (36) was
used to enumerate the’total number of bacteria present within the mat.
Serial dilutions of the 'mat suspensuoﬁ were made in reagent grade
water (M}lli-Q; Millipore Corp.) supplemented with 2% formalin. This
fixed the cells and brought them to a proper concentrafion for counting.
Cells were enumerated usfng a Leitz Ortholux il uﬁfVersal microscope
equipped with a 100 watt mercury lamp. A blank (filtered;'formafinized
water) was also prepared for each set of prebarations and the counts
from this filter, uéually 1-2% of the replicate samples, were gﬁb-
tracted as background. Twenty fields were counted from a diltution
that gave concentratfons of 30-100 bacterial cells per field. The
~arithmetic means of these counts were used to determine ‘the total
numbers énd 95% confidence intervals of bacterial cells presehf ac-
cording to the folloW%ng formulas:

Totai bacteria'= (Avg. #/fieid - avg. #/bfank) x f.f. g'd.f.

where f.f.
d.f.

total number of fields per filter (ll 942)
dilution factor of suspension

Confidence interval = 2 SDm/ n

where SDm = standard deviation of.thé mean value.
n = number of samples used to obtain the mean

Thié gave the total number of bacteria per ml in the plankténic éamf
ples; for eplllthlc samples the counts were adjusted to cells per cm2
according to thelr initial dilutions Wlth filter sterilized stream

water. The dimensions of randomly selected bacteria on fi]ters‘pre-
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" pared for épifluorescence microscopy were &eterminedfusing a cali;
brated ocular micrometer. These measureménts were .used to determ}ﬁe
Qolume, from which bacterial carbon'was calculated stng consfants
published by Geesey et al. (27).

2. Viablé'bactérfa. Samples to be analyzed for viable

bacteria were sérially diluted with sterilé peptone dilution broth (2)‘
and collected onto Millipore 0.45 um (Type HCWG) filters, which were -
then placed on Plate Count Agar (Difco) in S_Cﬁ petri dishes. Thfs
procedﬁré wés sometiﬁes repeated.ﬁsing 0.1 étrength Pjate Cbunt Agar
as the growth medium; incubation for all samples was six days at-lHC
or 25C. All visible colonies were counted, averaged, corrected fdr.
dilution, and reported aﬁ colony forming units per ml.

The same methods were used for enumeration of coliform bacteria;
but iﬁ this case the growth medium consisted of m-Endo broth'(D}fco)
‘added to filter pads. After 2&-&8_h}s incubation,.thése colonies
poééeséing a green metallic sheen weré enumerated and récdrded as
coliform\bacferia.

Cthrophylf determinations. The planktonic pHototrophic popula-

tion was collected by passing 2 litér§ of !ake‘water through Millipore
0.45 um (Type HAW?) filters under vacuum. The filters were then placed
. in 5 cm plastic petri dishes and immediately wrapped in alﬁminﬁm foil
to breQent photodecomposition.ofvthg-chlorobhyll pigmentﬁ; ‘Thfé fil-

tration process was also used in collecting the . phototrophic popula-
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tion of the mat after its initial suspenslon in filtered stream'
water. Slnce analysis of the chlorophylls mas not'lmmedlate, samples
were stored at -80C and subsequently thawed at 5C ln'a desiccator
containing sillca gel. After the dried filters were placed in 15 ml
centrifuge tubes.and dissolyed in 5 ml 90% acetone, the algal cells
.Were broken by sonication with a Model W- 225R cell dlsruptor (Heat
Systems Ultrasonlcs,.lnc., Plaxnvnew, NY). Maximum energy was used
with an 80% pulse tor 30 minutes; the water bath temperature was main-
tained at 10C with a refrlgerated clrculatlng pump (Haake, Berlin,
Germany)’. After dlsruptlon, the samples were adJusted to a final
volume of 8 ml with 90/ acetone and steeped at hC for 48 hours All
procedures were carried out in the dark. When extraction of the chloro-
phyll pigments was complete, the samples were centrifuged for 15
minutes at 500g. Allquots of the supernatant solution were analyzeo
spectrophotometrically'(Varian Techtron 635l at 750 and 663 hm. The
remalning solution was then acidified wlth HCl't0'0.03N andlcehtrlﬁA
fuged as before. Aliquots were again analyzed at 750 and 663 nm;
Total chlorophyll a content of the samples, correcteo for pheophytin,
was calculated. accordlng to formulas publlshed in Standard Methods (2)
Algal carbon was calculated by multiplying chlorophyll a values by
60 (28). ' |

Total'orgahic'carbon'(TOC). Stream water was collected in acid-

washed glass bottles for analysis. Organic carbon concentrations were
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determfned from tripl}cate samples stng the Totai Carbon System,
Model 0524B (Oceanography International, College Station, TX).I.AII
glaésware used in the procedﬁres was wéshéd fﬁ chromic acid and rinsed
with organic-free wéter. Mat suspenéion'alfquots‘were also analyzed
as above and converted to Qalueé of organic carbon bér unif-area o%
mat surface.

Primary productivity by mat phototrophs. Aliquots of mat sﬁs-

'pensions (10 ml) were dispensed into sterile glass vials, and 1 ml

NaH”‘CO3 (sp. act. 10 uCi/ml, 10 ug/uCi, New England Nuclear, Boston,

MA) was added to each of the triplicate samples and one foil wrapped
control. The sambleé were incubated f9r 12 hpurs at temperatures .
identical to that of the s;reaﬁ at the time of-col}ect}on.ﬁnder con-
stant fllﬁminatidn‘(65 UE-m-z-sec-]); Jncubat}oﬁg were terminated

with the addition of 0.2 ml_HZSOA,'and f“toz was driQen off by bubbliné

air through the suspénsion for 30 minutes. Fratt?oné (0.25 ml),gf

this reaction mixture were removed from the vials and added to 10 ml

. Aquasol scintillation cocktail (Néw England Nuclgar). This me t hod

detected both 1h

C fixed into cellular material of the photdtropﬁs and
that gxcfeted into thé.ﬁﬁlture med i um. ‘Sampleé were analyzed with a
Packard Tri-Carb 460CD égint%llatfon coﬁnter. Count; were conQerted
to dpm by either external standard or channelé-ratfé methods and cor-

rected for machiné efficiency, background and controlﬁ.. The ffactfon

of ]hCOZ converted Biélogically was adjusted to total carbon fixation
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by calculating the ratio of the ]hc added to the ﬁystem.as bicarbonate

to the total inorganic carbon pool; determined from alkal}nfty, pH,

and temperature measurements for each sampling date.

Bacterial metabOI}c aﬁtiVity assays. The mepabo]ic activity of
the seésile bacter}al populations was assayed by preQiougly deﬁcribed
heterotrophic potential methods (43,79,80). Aliquotg of mat Euspen- |
sion (10 ml) were dispensed into 25 ml Erlenmeyer flasks. A serum
stopper was used £o geal each reaction vessel; théée were fftted'wfth
a plastic stem and cuyp assembly (Kontes GlasS, Vineland, NJ) that held
a fanned piece of‘filter paper inside éach Qessél. L-[]hC(U)j;'
glutamate (232.0 mti/mmol, New Engiand Nuclear).was added to dupli-
cate suspensions and poisoned control (chlz, 50 mg/1) fn'fivg con-
centrations ranging from 0.127 ug/1 to 2.54 ug/1. Experfments Were
aléo performed using I-Ihc-glycolate (sp. act. 5 me/mmol;'lCN
Pharmacéuticals, Jhc.) over a similar rénge of concentrations. Dark
incubations were carried out for 12 hoursAat a tempé}atﬁré fdénticaf
to. that of the Syréam at sampling ;ime; Reactions Qgre fermfnafed v
with.the addition of 0.2 ml 50%:H2504 to the §uspen§ioh;, and
B-phenethylamine (0.15 ml) was }njected through the gtopperS'éﬁto -
the filter paper.wicks to trap H*C(')Z resuitiﬁg from bac;er}al meté-
bolic act}vity. After agitation on'a'fbtary sHaker for one?hdﬁf; the.
paper wicks were removed aﬁq placed in lb.ml éﬁkntflla;ioq cocktéfl’:

(Toluene with Sglé,S-dipheﬁyloxazole (PPO) per liter). :Cellé“frém“
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the éuspension were collected Snto Milliporé 0;22'um (Type‘GéWP)
membrane filters'which were sﬁbsequently_dissolved fn Celiosolve
‘(Z-éthdxyethanol, Sargent-Welch) and added to 10‘ﬁf Aqﬁaéol; "The
activity of each fraction was determinea in the éame way as that for
primary. productivity meaéﬁrémenté.’ Tﬁe mathematical operéfionﬁ,in-
QolQed in conQerﬁion of the raw data to estimates éf rate§ of bac-

terial metabolic activity follow.

Hetérotrophic potential theory. 1t has been suggested (h3}79;80)
that the rate of uptake of agﬁQensubstrate by a heterogeneous pop-
ulation of microorganisms is describable fn terms-of Michaelis-Menten

kinetics:

_ Vmax-S -
"R M

Where v = the velocity of uptake at substrate concentration $
Vmax = the maximal uptake velocity attainable; i.e., when
all the enzymes of the rate-limiting process are
saturated

S = the substrate concentration of the system

K, = the transport constant, or the substrate concentration
when uptake velocity is exactly one-half of .maximum

Using thié equatfon, a plot of Q VS; S giQes a sétﬁratioﬁ'lfmfted,
hyperbolic function when the cells actively transport the éubétrate
in'eésentially one direction across the membrane.

Addftfonal information ié obtained by pekformfng a'LineweaQer-

Burke transformation of equation T:
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2Kk vl Us (2
Vmax  Vmax -
This equation i§ in slope-intercept form and plots as a stréight line
iwith ascending slope when the data conforh.to kinetic assumptions.
Eqﬁation 2 can be expanded to include both the ﬁnknown natural con-

centration (Sn) and.known éﬁbétréte (A) added to the syétem:

‘Sn.+ A _ K +Sn 1

v Vmax Vmax *

- The turnover time (Tn) of a given substrate is a term which describes
the time required for the substrate to be completely removed from the

.éystem by the natﬁral population. It is described by the equat}on:

Th = Eﬂ;iéﬂ = t/f
vn

the fraction of isotope added to the experimental
system that is assimilated or mineralized durlng the
incubation period

Where f

t = the incubation time in hours

Equations 3 and 4 are then'combined to give:

SR Sn i
= g 90 —.
t/f = s * Vmax

In the‘methods used here, ]hc-élutémate_was addeﬁ to samplés.
of mat homogenate in varying concentrations. The rat}oé Qf t/f were
‘determined after termination of the experiment and plotted against A.
" This plotted as'a straight line under the conditions mentfonéd-pre:

viously, with the x-intercept as -(Kt + Sn) and the slope as 1/Vmax.

The y-intercept, where A = 0, represents the tuknovef-time'of the
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natural glutamate pool {Sn).

Mat strﬁcturé'analySis. The étru;turé and composition of thel
epilithic mat was examined By scanning electron microgcopy_(SEM) using .
SeQeral strategies. Fully established communities were obtained.by
removing small chips from rocks -existing in the streambed. Chips'
were alﬁo taken from tefreétrial rockg of an.fdenticaT‘na£ﬁre,'
attached to a-plexfglass sltide with the newly exposéd sﬁrfaqe facfng
up, and placed in the stream to allow colonization By_mictborganiéms
fn the.stream. The last method employed a polycarbonate.mémbrahé
as the colonization 5ub§trate. This material was held between qu.
sheets of plexiglass, 6ne of which was cut out to expose the membrané
to the flowing water.. Samples from both types of colonizing sub-
strates were perfodically removed using?a scalpel and'forceps, and
'fmmediately placed in 0.667M cacodylate buffer containing 10% EM
gfadé glutaraldehyde for fixation. .They were latér’transferred to

~an acetone series for dehydratfpn,_followed'by critical point drying
and sputter coating. The instrument used for obserQation was a JEM
100CX Electron Microscope with an ASID-40 scanning attachment.

Carbon flﬁx experiments. The general procedure for these exper-

iments is illustrated in Figure 1. Mat material, removed from rocks
as described previously, was placed in a sterile Nalgene jar con-
taining a small amount of filtered stream water and agitated by hand

to make a thick suspension. Aliquots (7 ml) of this suspension were




Removal of mat from rocks

H‘L'co3 addition

3 hrs light 3 hrs light
In situ incubation 21 hours dark

Formalin fixation

Acidification
14
CO2 removal

with N2

Disaggregation of mat into cells

Size-differential Filtration

1) 5.0ym - algal fixation of ll’(:OZ

2) 0.2um - bacterial incorporation of algal fixation products.

3) filtrate - algal excretory products.

Figure 1. Schematic of generalized procedure for carbon flow experiments.

6l
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then added to each of several 250 ml media bottles (Wheaton Scientiffc,

‘Mfllellé, NJ) containing 193 ml filtered stream water. Controls .
were killed with 7 ml formalfn.' A lfve, foil wrapped dark éoqtrol
was also prepared to check for dark C02 upFake by the heterotfobhi;_
popﬁlation. The flaéké were sealed with cap§ fifted'with butyl septa
(Wheaton). After 15 minutes in situ preincubation; 0.1 ml NaH]h603

(as before)'was added to each reaction vessel. After 3 hours in situ

incﬁbatfon,~half of the ler replicates were terminated with 7-ml
forma]fn.. The remaining vegselé were wrapped in fofl, retﬁrned to

the laboratory at ambient temperatﬁre, and forma]ini;ed after an
add{tional 21 hopré of dark fncubation.  Ali samples were then acidi-
fied with 1 ml 50% HC1 and flushed for 3 hours with nitrogen. The

CO2 in the gas headspace was trapped in é ml Oxifluor-CO2 (New-England
Nuclear). Activity of the samples was analyzed, corrected for effi-
ciency;.and ;onvertgd to dpm as before. The remaining ghspension'was
homogeﬁized with a S&rval] Omnimixer to break ﬁp the coﬁegivé, closely
associated organisms of the mat} 10 m! duplicate aliquots of thig
suspensfon were separated intq two size fractions uéipg 5.0 and 0.2 um
memBrane filte?s in series (Nuclepore, Plea;anton, CA).s Th%ﬁ process
of differential filtration was previously used to separate photo-
torphic and heterotroph%c populations arié{ng from planktoh}c environ-
ments (6,19). Observations with epifluorescence mfcro§copy iﬁd}cated

that the 5.0 um Filter§ Succeeded in retaining virually all of.the
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phototrophfc cells. Samples to which a labelled 6rganic substrate
was added were processed fn an identical manner to determine the per-
centage of heterotrophic activity retained on 5.0 um filters, as
microscop}c obﬁervations indicated that approximately 15% ofvthe bac-
terial cells were being retained by the large pore ﬁize ff]ter. The
filtrate was collected in order to anal?ze the cohcentratfon of' label-
led solﬁb]e organic compounds, and each filter was r}nsed three' times
with 10 ml portions of Mflli-Q water. The filters were placed ‘in po]y
q Scfntfllation vials to which 10 ml Filter Count scintilla£ion cock-
tai!:(Packard lnstrﬁments, Downers Grove, L) was added.. 1 ml aliquqté

of the filtrate were added to 5 ml Aqﬁasol.' A1l samples were analyzed

‘for activity as before. After correction for errors related to the

efficiency of separation of the algal and bacterial compdnents.by

the filter system employed, the disintegrations retained on 5.0 um
filters were reported as phototrophic incorporation; those detected
on 0.2 um filters were reported as heterotrophic.prédﬁ;tiQity at the
expense of so!ﬁble organic prodﬁéts egcreted by the phototrophs.
Di§integrations in the %iltrgte fractfon‘were assumed to be algal
products not utilized by the bacterial population, since the flushing
procedure succeeded in remoQing 100% of the activify resultiné from
dissolved IQCQZ;

Bacterial identification and temperature relations. Several

different bacterial colonies from Standqrd Plate Count and m=Endo
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plates were iéo]ated on tryptic ﬁqy agar (Difco) sﬁhplemented w[th:
glucoge'(OJOS%) and yeast éxtract (0.3%) at 25C and mafnta}ned‘én
Stock Culture Agar (Difco) slants. “Identifications were made accord-
ing to the scheme of LeChevaII}er et al. (44). léoiateé were grown
fn mechgnically ﬁixed TGY broth cultﬁreé at temperatﬁresAof 5¢C, 15C,.

and 25C to determine their optimal growth temperatures and growth

_rates at suboptimal temperatures. Growth was monitored with a nephe~

lometer'(Turhér Designs, Mt. View, CA), and generation times were cal-
culated by:

u = In 2
gt

Where 1 = the slobe of the semilog plot

gt = the generation time in hours

ATP measurements. Fractions of the mat hompgénéfe were collected
onto polycarbonate filters (Nuclepore,'OaAS um, 3.0 um, 5.@ um) - and
allowed to equilibrate on the filters for 15 minuteﬁ'at ambient tem-
perature, after which they were stored at -80C. The frozen samples

weré placed in boiling 0.02 M Tris (hydroxymethylaminomethane) buffer

for 5 minutes to release ATP. ATP concentration was determined by

reaction with firefly luciferin-luciferase enzyme measured on a Model

" 760 Luminescence Biometer (DuPont, Wilmington, DE). A1l ATP reagents

were purchased from Packard (Downer's Grove, IL.). Values obtained in

this manner were then converted to values for a 'specific area of mat .-
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material for comparison with chlorophyl} a measurements:




RESULTS

Environmental Parameters of Pine Creek.

SeQeral chemicé]land physical properfie; of the étfeam water; mon-
itored err the course of two ygars; are sﬁmmarized.in Table 1. - Alka-
lin}ty levels were quite steady throughout the season, with values -
near 10Amg/l‘a§ Cac03. DisgolQed oxygeq was \ikewiée pregent a£
Qalues approaching 9 mg/1 throﬁghoﬁt the stﬁdy seasons. -fheidxygen
yalﬁes represent fﬁll saturation for all dates except fhose where the
£emperature of the stream water fell below 7C.' Conductivfty values
showed a rising trend as water temperatures increased, but never ex-
ceeded 35 umhos. The pH of the stream water was always: above neﬁfra-
1ity and rose Steadily to a.maximﬁm value of 8.60 in Augﬁﬁt.

rn‘additfon to these parameterg, the levels of nitrateS, nitrites,
and reactfve phosphorﬁs in the ﬁtream water were evaluated peribdida]ly.
A1l three species were consistently present at very.low concentrations
( 0.1 mg/1) throughout the season, with no apparent Fluctuaéioh;.

The-bfélogical measurements were élwayS performed on clear,  sunny
days to reduce the variability of ligHt in the experimental'sistems.

As a result, light intensity was fea§onably steady thréughouf the
season, Qarying tess than 10% throughout the stﬁdy periods;

Only two of the measured parameters appeared to vary,substan{ia1ly
over the course of the season. The stream water temperatﬁﬁe rose fﬁom
1.5C. at the start of the study per}bdé to a maximum.of ]2-13C‘béfore

dropping again in,late'summér. Silica concentrations in the stream
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.Table 1. Summary of several. chemlcal and physucal propertnes of Pnne Creek durlng
' . the course of a study sedson.
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water during 1981 were comparatively high in June and Jﬁly, but began
to decline fn Aﬁgﬁﬁt, reaching extremely low levels that persisted

through the rest of the sampling season.

Mat Structure and Composition

It was neceésary'to de£ermine the physical ﬁtructure and compo-
sitfon of the epilithic mat commﬁnity in order to accﬁrate]y assess
the ecological relafionships that occurred among the constituent micro-
organismé. These determjnatibns were'méde by }) charaéterizatioﬁ of
the phototrophic populatioh, 2) ‘scanning electron énd phase contrast
microscopic observations, and 3) total organic carbon (TOC) ‘analysis
of the mat. |

1. Characterization of the phototrophic population.

The abundance and composition of the phototrophic population
for selected dates of the 1980 season are presented in Table 2. The
percent volumelQalues represent the estimated contribution qf each
group to the total algé] volﬁme in the sample. Li?ing algae aécounted'
for 80-90% of the volume of the mat, the remainder consisted of diatom
stalks, detritus, and exopolysaccharide material. The Shannon-Weaver
di§ersity index (76) values were moderately low, indicating that the
ﬁﬁmber of algal species present in the mat waé limited to a few major
tyﬁeg. Thelorganismﬁ which were identified are éonsideréd to be
indicatorg of cool, higH‘elevation wéters of moderate hérdnesﬁf-

2. Total Organfc Carbon” (TOC) Analysis.




Table 2. Organismal structure of the phototrophic population in the Pine Creek mat
community for selected 1980 sampling dates. Data.compiled by Dr. L. Bahls,
Montana Department of Health and Environmental Sciences.

DATE TOTAL TAXA  TAXA COUNTED DIVERSITY(a) TAXA - DIVISION % VOLUME
8/12/80 30 17 . 2.56 diatoms Bacillariophyta 85
' Mougeotia Chlorophyta : 5
Microcoleus Cyanophyta
Stigeoclonium €hlorophyta 5
8/19/80 24 _ 16 . 2.57 diatoms  _ Bacillariophyta 94
Microcoleus Cyanophyta 6
unknown Cyanophyta
8/26/81 28 - 17 . 2.46 diatoms BaciJlaEiéphyta 99

Microcoleus Cyanophyta ' 1

LT
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" The approximate composition of the mat communitf was deter-
'mfned agsﬁming that there were tBreg major components - algal cells,
bacterial cells, and extracellular polymeric material. Algal carbon
wa§ estimated from chloroph*ll a values,. bacterial ca;bon was calcu-
lated from biomass determinationé with epifluores;ence microscopy, and
exféacellﬁlar'polymeffc material was taken‘to be the difference be-
tween cellular biomass and total orgapic carbon levels. The means ﬁsed
in these calculations'w¢re shown to be accurate estimations of the
data from 95% COnfidencé intervals. The resﬁlts listed, in Table 3,
indicate tha; the exffacéllular material is the largest organic com-
ponent of éhe mat communijty. Algalrbiohass was second in magnftude,‘
although éignificantly less than the polymeric méterial, and bacteria .
contributed less fhan 2% of the fotal mat carbon, despite‘being
nﬁmerically dominant. These values are similar to those repofted by
Geesey et al. (27).For a woodland stream‘community. The gengra] struc-
ture of epilithic biofilms in streams suggeéted by these data is
éupported by measurements of 1aBoratofy biofilms, desbite the'fact
that the latter system§ have no phototrophic component. [n a con-
tinuous.culture appératus, Tru]ear'(unpubl}shed data) found that the
extracellular glycoca]yx material produced by bacteria in a laboratory
%grown film aécounted for approximately 80% of the total carbon pFeseht

_in the Film.
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Table 3. . Breakdown of the Pine Creek'mat-commUnity into.algal, - -
: bacterial, and extracellular slime polymer carbon, and

the contribution of each component to total mat carbon

< during 1981, - I '

EXTRACELLULAR

ALGAL CARBON BACTERIAL CAREON POLYMER' CARBON
DATE mgecm 2 % total mgecm 2 % total mgjcm--z % total
6/25/81 . 0.218 31.6° 0.008 1.2 o.keh 67{2
7/8)81 0.104  17.6 0.009 L5 0.477 - 0.8 |
7721781 0.296 ué.3 ~ 0.010 1.5 . 0.394 356;3
7/28/81 . 0.285 e 0.603,'. 0.2 0.842 .5
8/11/81 . 0.222  22.0 0.005 0.5,  0.782 7.5
s 077 19.0 0.0k 0.4 0.749  80.5 .

9/2/81° 0.058  10.0 0.00] 0.2 0.521 89.8
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TheITOC‘leQels of the mat during the }581 season areAijlusffated
in Figure 2, aloné wfth the results of chlorophyll E_measﬁrémentﬁ., The -
trends obsérvea for tﬁeée‘two paramefers were nearly pérallel, and
éﬁpport the idea that a close relationship exists bétwgénAthe algél
popﬁlation and the total biomaés of the mat.
3. SEM analysis. |
The mat .intact community of Pine Creek was examined with
scanningnelectrOn microscopy to determine a) colonization éequences,
b) successional patterns, and c) attachment mechanisms. These proces-
ses were obsgrQed on both natural (deﬁuded rock chfpé) and arfificiaif
(polycarbonate filter>materia1) substrate; placed'in the étreambed
para1le1,to the flow. 'Although~inifia1 co]onizatiqn'wag mofe éagiiy
observed on the artificial sﬁbstratum, the process was quite ;low éﬁd
non-uniform relative to the natural substratum. Thfs wag'most_likely
_ due to the hydrophobic properties of the filter mager5al (82);
a. Colonization seéuences.
Figure 3 shows photomicrographélcontrasting the Pine
Creek mat at early and.late stages of development. Diatomsiappeared‘\
to be the primary colonizing organism; bacteria were also found in
early colqnization stages, but were most éffen associated with a
diatom cell rather than individually sorbed to the subsfrétum. After
the initial colonizers became attached, thé Bipmass and d%Qérsity of .

the mat community pfoliferated rapidly. The surface of the colohizing‘
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Figure 3.

Scanning electron micrographs of the Pine Creek mat
community contrasting A) early colonization stages -
and B) structure at climax of mat's development.

: b
Bars represent 10 im.
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.mat community took on an organismal structure resembling that observed

34
gubstratum became covered with a dense pqumeric material appékently
produced by the sorbed organisms. At'the'béak of the mat’s growth.
the organisms, esﬁeqial]y bacteria, wé;e deeply embedded within‘thié_
extracel]ujar material (Figure 4).
b. Successional pattern§.

The visual data obtained from these SEM Qbﬁerva£ions did
not allow for any systematic determinétidns of succéssion;l patterns
among phototrophic organisms within the mat, but seasonal trendé were
readilf apparent. Cyclotella cel]s_weré observed in low magnitﬁde

throughout most of the season. Cells resembling Navicula and Cyﬁbellé

were the most abundant-organisms during intial colonization (F%gﬂres
3a, 5a). Their prominence gave way to.a bloom of cells teﬁ;ati?ely
identified as Fragilaria (Figure Sb), which were prominent during the
latter part of July. Stalked diatom; appeared suddenly in.August‘as
a dense bloom, but dfsappeared shortly thereafter as the'mat_began to

release from the rock substratum. Beyond this point the attenuated

in Jﬁne.
c. Attachment procésses.
The attachment of mic}obrganisms to surfaces.hag re-
ceived a great deal qf attention in recent years and the mechanisms
}nvolved in this process, though not completely Qelineated, haQe been

extensively studied (49,51,59). 1t was therefore not the intent of
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Figdfe'ﬁ. Orientation.of mfcroorganisms within the extraceflulaﬁ7
"polyméric slime matrix of the Pine Creek mat. A. SEM; -

bar = 1.0 um. B. Phaée-cbntrast microgréph;<bar'a%10 umf










Figure 5.

Seasonal succession of phofotrophs within the mat. A.

" Sample obtained on 6-25-81 demonstrating abundénde'éf

Cymbella and Navicula. B. Sample taken on 8-21-81
) ' ) '
i]lustfating a bloom of organisms believed to be

Fragilaria. Bars = 10 um.:
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this stﬁdy to give a detailed analysis of attachment processes by
microofganiéms in P}ne Creek, but rather tb examine adhégfon ag dne
step in the complete cycle of colonization, proliferation, and re-
moval of a seééile microbial community.

There were no apparent holdfast étrdctﬁres meaiatfng diétqm ad-
sorption to the éurfaces. In fact, there was seldom any extréeellulaf'
material assdciatéd wfth'the;e organismé, leaving the details of their

siliceous outer structures readily resolvable. Whether this bears

any‘significance or was-merely an artifact of the dehydfation pro-
cesses used fn sample preparation is not known. Methods in which the
extracellular material is left largely intact foF microscopic ob-
servation have been described (47), but these were not attempted in
this inQestigation. However, bacteria sorbed to the surféces of sub-
strateé did possess ''structures'' which appeared to be mediatfng
attachment. Theﬁe were visible as fiﬁger-like project}oné éf material
.extending from the cell to the substrate surfaceA(Figurel6). Similar
structures were apparent dn'bactefia sofbed to surfaces other than’
rock, such és‘detrital matter or phototrophié drganfsms; Bacteria
not‘e*isting directT* én a surface, but rather within the comélex.
structure of the mat were usually completely embedded withfn this
extracellular material.

Bactérial enumérations.

1. Planktonic bacteria.
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Figure 6. Atfachment,mechanisms of mat microorganisms. Bacteria
appeared to be immobilized by means of either exopoiy-
saccharide fibrils or complete burial within the slime

%

matrix of the mat. No attachment structures were

apparent for the diatoms. Bars = 1.0 um.
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The number of.viable bacteria present in the Pine.Creek
system were examined by plating aliquots of both stream water and
mat suspensions onto Standard Plate Count agar and incubating plates
for éix days at 25C. “The result; for the plaﬁktonic population are
summarized in Figure 7, and are contrasted with resﬁlts obtafned by
dfrect microscopic obserQations (Figﬁre 8a). The viable co;ht results
are characterized by two major peaks occurrfng during the season,
while diréct counts show no éuch pattern. One common feature 6f the
two data sets is that the number of bacteria in water samples- taken
downstream from the mat were consistently hfgher thén thoée téken
from pointé upstream. ‘These results can be justified on the basis
that sesﬁile bacteria grew in large numbers in the mat and were
then released inté the flowing water column. Several of these dif-
ferences were not significant (p<0.05), th this may have been'due'
to the fact that the volume of water flowing over the mat communfty
was sufficiently large to dilute those organisms when releaéed fnto
the water columﬁ. -

2, Epilithic bacteria.

The population trends for viable bacteria preﬁent wfthin
the mat are illustrated in Figure 9, a]ong with numbers of total
bacteria thr0u§hout the season. Although numbers obtained by direct
flﬁorescence micrqscopy were ;onsistently 2 orders of magnitude Higher

than viable counts in the mat (as well as in planktonic samples),
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Figure 7. Concentrations of viable bacteria in the stream water of
Pine Creek for 1980. M- Samples taken upstream from
the mat. @- Samples taken downstream from the mat.
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Figure 8. A. Seasonal pecpulation patterns of total bacteria in
samples taken upstream (0) and downstream (&) from the
mat, as determined by epifluorescence microscopy. Confi-
dence intervals are not included. B. Chlorophyll a levels
of the stream water directly upstream from the mat.
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both enﬁmeration methods .appeared to indicate a reduced bacterial
population in the mat for mést of July and Augﬁst, with a moderate
late—seaéon surge.
3. Coliform Bacteria.

The numbers of coliform bacteria in Fine Creek were moni-
tored by the membrane filtration method, using m-Endo broth as a
selective differential growth medium. Coliforms were taken to be those
colonies that formed a metallic green sheen after 48 hours incﬁba-‘ |
tion at 37C; the results of these investigat}ons for the 1980 season
are illﬁstrated in Figure 10. Very few coliforms were detected for
the majority of samplings throughoﬁt the season. One ﬁajor surge
in the population occurred in the m}ddle of June howeQef, Qith coli-
form numbers both in the mat and downétream from it riéing from
essentfally zero to approximately 150 bacteria-cm_2 and TOOle—],
respectively. Th}s peak was not aécompanied by a concomitant riée
‘in coliform numbers upstream from the mat, and within two weeks the
numbers from all sampling sites were once again at fnsigniffcant
levels.

Planktonic chlorophyll levels,

The planktonic chlorophyll a levels in the outlet stream of
Pine Creek Lake were monitored at a point directly upstream from
the mat, and were used to represent the biomass of the planktonic

phototrophic population througHout the 1980 season. As seen in
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Figure 10. Levels of coliform bacteria in Pine Creek during the

summer of 1980. Data shown represent samples taken up-
stream from (M), downstream from (@), and directly
from (&) the mat community.
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Figﬁre 8b, these leQe]élwere.extremely'low - <4 mg/m3 fof all. .

samplings - and serve to illustrate the extreme oligotrophic nature |

and Tow ﬁroductivity of the system. The bhytoplankton population c

increased sfeadi]y aé stream water temperatﬁres‘approached their
highest devels, and remained high ;s temperatﬁfes déclined in late .
gummer; These two‘paraﬁeters had anéprrelatfon (r) value of only
05ﬁ8, indicating thaf other factors were probably influencing phyto-
'planktbn groﬁth in Eine.CreekiLake. Aﬁ unéxpected peak.Th chloro-
phyl1 g_leQels'oceurfed near the ena of theléeasbn'which may have
been due. to a éucceésional chanée in the phytoplankton,:but such a

change was not documented.

Bacterial idéntification and témperathe relations.

All orgaﬁisms'isolatgd from the Pine Creek system, with qhe
exceptioq, were gram negativé rods; of these, the'ﬁajority were
pxidase negétive. No filamentdus batteria were iso{étéd,' Sizeé
.ranged from 0.7 Um to 5.7 um and 0.2 um to 1.1 um for length énd :'
width, respéctively, with an average cell volume of 0.65'uﬁ3. One
feature of particular interest in these inveétigations Waézthe fact
that éeveral of the isolates from both the mat and the stream water
produced a sticky, cohesive material.even when grown jn'pﬁre cultﬁre
‘using 'a complex medium.

: hThe isola@és'and theifhréspectfvé generation time$ at various

temperatures are presented in Table-4. .In all cases ;hé isolates




Table 4. Temperatﬁre relations of bacteria isolated from Pine Creek

Isolation Generation Time (hrs)
Isolation Sampling Temperature
Organism Date Location (°c) 5C 15C 25C
S. liguefaciens 7-23 p® 25 7.70 1.16 0.83
E. coli 11-6 M2 25 13.82 0.83 0.62
Ent. cloacae 7-16 M 25 b2 2.03 1.]#
S. liguefaciens 9-17 pb 25 12.04 2.02 1.10
S. liguefaciens 8-6 Mb 25 13.67 2.2} 1.48
Gp. 11K, biotype 1 8-6 uc 25 14.92 - 2.49
Micrococcus 7-16 M 25 - 2.78 2.02
Gp. K, biotype 1 7-23 D 25 4,60 3.31 2.34
Gp. Ve, biotype 2 8-26 M 25 - 3.11 ‘2.4
Moraxella 6-25 M 5 8.66 - 2;15
Chromobacter 6-25 U 5 7.30 - 1.16
Pseudomonas/A]caligene; : 8-11 D 5 '3.33 - 2.70
Pseudomonas/Alcal igenes 7-21 M 5 7.00 - 1.91

- a-Isolated from the mat

bDownstre_am from the mat

CUpstream from the mat
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grown at 25C had growth rates which were highest at 25C and decreased
steadilY'wfth temperature. Lag times were also conéfsteﬁtly'ronéer
at lTower temperatures. Another point of interest made evident by
thié table is that organisms isolated from theAmat community did
not pos§e§§ higher growth rates than their planktonic}coﬂnterparts.-
In addftion, the time of éeason and the stream temperature at' the
time of'samp]fng had no apparent effect on the optimal temperature
range of the Pine Creek isolates. |

SeQeral organisms were isolated from the stream at 5C'during
1981, their temperatﬁre reTatjons are also given in Table 4. Des-
pite their isdlation and maintenance at 5C, their résponse to a
wide range of tgmperatures appeared’fo be similar to those jsolated
ét 25C, posseésing significantly faster growth rates and shorter
lag times at 256 than at 5C. These properties Were'a]so-not affectéd
by isolation sites or dates. Although a.more actiQe aséeésment of
bacterial tempergture relations maf.have been obfained by measuring
metabolic activity instead of growth (66), the resulté of .these in-
vestigations indicate that the bacteria isolated from Pine Creek were
facultatively psychrophilic, and their growth and metabolic actiQity

may have been limited by the cold temperatures of the stream water.

Phototrophic growth dnd métabolism in the mat.
. Two parameters of the phototrophic population are summarized

for the 1980 season in Figﬁré 11. Chlorophyll a levels of a known
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Figure 11.

Seasonal dynaﬁics of the Pine Creek mat pho;bt}ophs in

1980. Values for chlorophyll a were determined from

single analyses. Panel B illustrates the stream water
. , \9> N

temperatures throughout the sampiing period.
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area of mat material removed from rock surfaces were used for com-
pariéon of the algal population at the various sampling dateé. These
levels were low and reasonably steady in the early part of the
§eason, increasing dramatically to values greater than 40 mg/m2
in eafly'Augﬁét, and then'fapidly declining to minimal levels below
.'l'jm'g/m2 in a matter of only two weeks. The rates of pr{mary-pro-
duction '‘by the phototrophs showed similar patterns; peak Qalues
occurred at the éaﬁe time of.the season as dfd the ch}o;ophfll a
maximum; and were significantly (p <0.05) greater with regpect to
other times of the season. THe bottom panel of Figure 11 show; the
temperature pattern of the stream w?}er during the 1980 season. The
highest Qa]ues of both chlorophyll a and primary production in the
mat community occurred at a time when the stream attained it§ warmest
temperatures. However, both parameters decreased substantially when
the stream water was at or near its maximum temperature of the Seaéon;
and chlbrophyll a values had dropped'approxfmately 5-fold while %he
stream water was near 10C.

The seasonal patterns for chlorophy}l E:and total organic carbon
in the mat during 1981 (Figure 2) re%emble those of the previous year,
but differ appreciably with respect to stream water temperatures. The
mat reached its peak biomass in 1981 while thé water was relativély_
cold (8.5C), and had almost completeiy disaﬁpeared by the time -

temperatures reached a maximum (12€) in late August.
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The rates of primary production per ﬁn?t chloropﬁyll g;weré cal-
culated for ]98] to obéain an efffcigncy meaéﬁrement for inorganic
carbon conversion by phétotrophs within the mat. Interestingly, the
resﬁ]té (ngure 12) show that maximal converéion rate§ by phototrophs
'occﬁrked not ‘when algal bioma§§ in the mat waé greafest, but. rather
at a point earlier in the season when the water was at'3C'and'jﬁ§t
beg}nning to warm. These rates remained relatively high éé the mat
biomaés increaéed, bﬁf declined sharply wﬁfle water temperatureé wére
still riéfng. As conversion efficiency decreased, so'a}d the biémass
of the photqtrophs within the mat. ‘By eariy September, actiQ}ty was
virtuél]y non-e*iétent, and algal biomass had decreased to the lowest
levels of the season.

Bacteérial metabolic activity.

Heterotrophic potential studies were performed in 1980 to deter-

mine not only the seasonal patterns of bacterial metabolic activity

in Pine Creek, but also the potential for removal of organic matter

by seésile bacteria in a prfstine environment. Leagt squares re;_
gression techniques were used to oEtain Vmax vafues for ]hc—glﬁtamate
where the data ﬁoints demonstrated linearity at the 95% leve?.

A major aSsumptidn of hetefotrophic potential inveétfgationg_is
that algal utf]ization of the labelled orgah%c substrate in the ‘dark
i§ hegligfb]e. This a#sqmption is supported by the fact that photo- -

trophs have a vefyllow affinity for these compounds requiring much -
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Figure 12. Primary production per unit biomass by the mat
phototrophs in 1981.
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higher concentratioﬁs than bacte}ia before uptake'occurs-(56,80);
In addition there ‘appears to be a lag period of several days before
the- phototrophs adapt to dark heterotrophy (5, 8) Thus the utiliza-
tion of lhc glutamate in these experlments is considered to be the
resﬁlt of bacterial metabolic activity, the seasonal patterns of
which are summarized on a unit area ba;is in the second_co]ﬁmn of
Table 5. |
1. Glutamate utilization rate;I(Vmax).
Potential glutamate utilization rates by the bacterial

population increased'to a maximum in mid-September, and then dropped

off gradually. On the other hand, the total ndmbgr of bacteria pre-

sent within this area decreaSed as Vmax was accelerating. In the |
thiﬁd column (Table 5), Vmax values have been adjusted for:the'bac-
terfal population at eaéh date to:ob;ain,speéifjc activity'fndfces.
Thi§ had the effect of accentuaging phe sﬁrge in ﬁetabolic-activity
by the heterotrophic bacteria when glutamate wa§ empléyed as the

substrate. The values seen. in the months of-July and August were

extremely low, representing an almost complete lack of uptake of the.

labelled substrate. Values in September and Octobef, on the other
hand, were higher than those reported for systems which presumably
contained higher concentrations of dissolved'organié matter (13,30,

33,43).




Table 5. Algal primary production rates. and heterotrophic uptake rates of glutamic
acid by the epilithic mat community of Pine Creek from July-November, 1980.
The specific activity index is adjusted for bacterla] numbers in the mat
at each sampling date. .

Bacterial ) Vmax Specific ' Phototrophic
Direct Counts Vmax Glutamate Activity Index Primary Production
Date . (em 2 x 108) (ug'cm-z-hr-]) (ug'cmz'hr-]-céil-]-1'1-10'12)(ug'cm-z- hr-])
772 h.35.% 0.38 | 6.76x1072 l.55x102 + 1.34x10' . 2.98x1072
7/23  0.86 t 0.09 1.90x1073 2.22x10" & 2.32x10° 3.22x1072
7/30  1.08 % 0.08 1.39x1073 1.29x10" + 1.02x10° 1.50x10"
8/6  0.83% 0.05  1.80x10°% 2.16x10% + 1.52x10] 1.92x10""
8/26  2.23% 0.02  1.86x10 8.3ux10% + 9.80x10°  9.58x107"
/7 0.26% 0.0h  1.50x10°  5.66x10" + 7.75x103 1.28x10"2
10/7°. 0.19% 0.0l 7.21x107 " | 3.27x10" + 2.52x103 2.86x1073

11/6  0.47% 0.03 1.20x10"] " 2.53x10% & 1.49x10° —-.

LS
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2. Turnover rates.

Turnover times, which were also obtained from hetero;rophic
potential calculations, are a measure of the half—life fn fhe envir-
onment of the substrate in question. These Qalues are the inverég
of heterotrophic uptake and are therefore difficult to use as an
index‘of bacter{é] metabolic qctiQity (78). In Figure 13 the inverse
of.turnover‘times have been adjusted for bacterial numbers within the
mat to give a plot of turnover rate indices for the 1980 season. This
graph illustrates fhe progreséive rise in metabolic activity of the
heterotrophic population béginn}ng in mid-ﬁummer and continﬁfng into
autuﬁn. | |

3. Relative heterotrophic activity.

The results made evident by the heterot%ophic potentiél'data

were supporfed by a separate analysis. Thé uptake and tﬁrnover of a

sfngle concentration of ]bc-glutamate (added- to the sample at zero

time) within the incubation period showed patterns similar to those of

Vmax and turnover rate indices. If adjusted for the bacterial popu-
lation at each sampling date as before, a measure of the relative
heterotrophic activity is obtained. These data, presented in Figure

14 along with the plot of chlorophyll a content of the mat, indicate

that bacterial utilization rates of glutamate increased significantly

as the season progressed. This trend appeared to follow the decline

of the phototrophic population, and suggests that changes in the
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Figure 13. Turnover rate indices of glutamate in the Pine Creek
mat during 1980, as determined from heterotrophic
potential data.
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Figure 14. Dynamics of mat microorganisms. Comparison of the
phototrophic biomass and bacterial heterotrophic
activity on glutamate during the 1980 sampling period.




""1981 using both

61 .
algal component. concurrent with their decline stimulated the meta-
_“nbolic ac%fQity of the bacterial population. o
- L. Bacterial utilization of_glycoilate;v

i

Heterotrophic pofentfal studies were also performed in
]hC-glutamate and ]hc-glycollate'as'organic-sub-
strates for the sessile bacteria. The results from tests.perfqrmed

on Augﬁst 21 are listed in Table 6. On this date the maximﬁm ﬁptake

rates (Vmax) of.glycollatewere approximately 10 times higher than

. that for glutamate. The turnover time'of the natural substrate pool

was also substantially lower, indicating a shorter residence time for

‘ Tglycol]ate in the mat.

Carbon flux investigations

These experiments were designed and performed during the 1981
season to more precisely define the nutritional interactions occur-
ring between the phétotrophic and heterotrophic microorganiéms in
the Pine Creek mat community. Addition of ]hc-bicarbonate allowed
a comp]éte flow of carbon through the trophic 1e§els of the mat, and
size-differential filtration of -the system after termination se-
pérated the variobé labelled carbon pools into defined compérfments;
The results of these experiments, outlined in'Table 7 and Figbfe 15,
reveal several interesﬁing patterns among both'algai'and bacteriatl
populations.

Heterotrophic uptake of inorganfc carbon was found to be in-
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Table 6. Maximal utilization rates of two organic substrates’
by the heterotrophic bacteria in the Pine Creek mat

on 8-21-81.
Vmax - Turnover Time‘
Substrate 11M-hr_] (hrs)
IQF-Glutamate 1.56 x ]0_4 148.6 |
14

C-Glycollate 2.89 x ]0_3 10.7




Table 7. Pathways of carbon flow jp the algal-bacterial mat of Pine Creek for 1981.
Compartmentalization of ' 'C into discrete pools after H1%c0.~ addition
is also contrasted between light and light-dark incubations?

D. _
A. B. C. TOTAL % ALGAL EXTRACELLULAR
ALGAL ALGAL BACTERIAL  C TRANS-  PRODUCTS |NCORPORATED
FIXATION  EXCRETION UPTAKE FORMAT | ON BY BACTERIA
DATE (dpm) (dpm) (dpm) (dpm)
6/25 3 hrs ' : '
2h hrs’ 5026 1404 4200 10630 75.0
7/8 3 hrs 9428 50490 4223 641142a 7.7
© 24 brs 17833 442532 716k 69250 13.9
7721 3 hrs L4760 49104 - 4690 98554_ 8.7
2h hrs 65170 25047 8020 98237° 24.2
7/28 3 hrs  2h7hO_. 15656 11312 81712 24.8
24 hrs 33250°. 20800 27438 74522 - 56.9
8/11 3 hrs - 26590 51888 326ha 81742 : 5.9
~ 2b hrs 34610 30926 - 5922°" 71460 16.1
8/21 - 3 hrs 5582 0 666 6248 " 100
: " 24 hrs 6117 0 . - 666 6784 100
9/2: ' o . o0 0 0

‘a Values for 24 hour incubations were not significantly different from 3 hour samples
- at the.95% level. T ‘ .

£9
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Figure 15. Seasonal patterns of carbon flow in the Pine Creek mat.
A1l values are reported as the radioactivity contained
in each fraction of the experimental systems in 1981.




65
significant in the dark controis,‘and also in reaction vessels that
had the phototnophic populétion remoned nrior to addition of label-~
led bicarbonate. These data agree with.the results of other in-
vestigators working with pianktonié systems (6,7,19).
1. Primary production by mat phototrophs.

Phototrophic production Was taken as the total radio-
actiQity detected in all three fractions of the system féiquing
]hCOZ removal from the gas headspace of ‘the réaction vegsel (nar-
ticulate on 5.0 ym and 0.2 ym filters and filtrate). The values
for thi§ fraction (Coiumn 4) increased steadily and remained at
high IeQelg until the middle of August, when a sharp decreaée'led
to nondetectable‘Qaiues in early September. Two sets of replicates
were considered in tnese_experiments; one set was incubated in the
light for three honrs before formalin addition, the other set was
dark-incubated.for 21 hours subsequent to the iignt exposure. The
values in column 4 do not differ appreciably between the 3- an& 24~
hour sampléé, which would guggest that the inorganic carbon fixation
was a light Arivén process, witn insignificant amounts of carbon’
transformed by phototrophs in the dark. However, the radiéactivity
seen in the 5.0 um particulate fraction (algal fixation)'increased '
in"all cases during dark incuEation, indicating that éigql heteroé
trophy was probably occurring in the dark. One limitation of the

14

carbon flow system was the inability to accurately evaluate CO2
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result}ng from bacterfal respiration of algal fixation products,
nor in.thié caée could these values be reasonably estimated. ‘Thﬁé,
it ié probable thaf dark fixation was océufring to some degree in
this'éystem, and the values found in Column 4.représént an ﬁnder-
estimétion of the total carbon fixation for the incubation period.
2. Féte of photoassfmflated gompounds.

If.was assumed that the fixation p}oducts of the photo-
trophé'were eithef fncorﬁorated %ntqlcellular matter or excreted
into the ;uréounding medium, the fatter pfocess being a characteri-
stic feature of algal metabolism (23). The seasonal Qalﬁe; for

these two fractions are presented in Columns 1 and 2 of Table 7.

Both fractions show long-term seasonal patterns similar to total

fixation (Figure 15), but differ radically with respect to their

shbrt-time course results. Radioactivity in the éellular fraction

increaﬁed during thé dark incﬁbatibh, but the labelled aigél extra-
gel]ﬁlar products in the diluent Qatef decreased sighiffcantly in
the same period, and were completely absent from‘the syétémtfof-the-
last two sampling dates. |
'3; Bac;erial uptake of excreted algal products.:
The amount of soluble aigal extracellularAproducts in-

corporated into bacterial biomasé was taken to be the radioactivity
retained by a 0.2 um filter after adjustment for retehtfon of bac-'

terial cells on th¢-5,0 um prefilter. The th}rd colﬁmn of Table 7
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lists these results, and once again the seasonal trend -exhibited
a mid-season peak followed by a_gradUa1 decline charactéristic of
the phototrophic actiQity patterns. However, 24 hour sampleé—wére
significantly higher than identical saﬁples incubated for only 3
hours for all but the lTast two sampling dates. Column 5 lists the
fraction of the total pool of algal extracellular products that
was incorporated into’bacterial biomass. Again these values do not
take fnfo account the algal products thaf were mineralized to IL*COVZ
by the bacterial population, but the data éti]l indicate that a
significantly greater pqrtion of excreted algal organic products
were utilized by the.heterotrophic bacteria as time p}og;essed.
b, Light vs light-dark incubations.

| The'data obtained on July 21 were selected for an illus=
tration of the processes occurring in Fhe carbon flux system over
a 24 hour time course:(Figure 16). The labelled carbon accumulated
in all three fractiong very rapidly during the lightj}ncﬁbétion.
Incorporatfon into bacterial and algal cellular components continued
in the dark, but at rates considerably slower than those exhibited'
in the light. As bacterial incorporation of algal extraCePlula}
products resulted in an increase in radioactivity detected on the

0.2 um particulate ffaction, a concurrent loss of radioactivity

was seen in the filtrate of the bulk fluid.




Figure 16.
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Short-term carbon flow in the Pine Creek mat. Rates of
phototrophic ‘ACOZ transformation (A), lhc-soluble pro-
duct excretion by algal cells (O), and bacterial up-
take of 14C excreted compounds (O) during the course

of a single representative assay. Arrows indicate

onset of dark incubation conditions.




DISCUSSION

Based on the results of‘these studies, the folldwing mode]
for carbon flow among microorganisms in the Pine Creek mat is pro-

" ‘posed (Figure 17). €0, is transported into the mat by diffﬁsiqn and
reduced by phototrophs in the presepce}of sunlight. In addition

to incorporation‘intola]gal cells, mugh of. the photoaésimilatéd CO2
ié released within the mat as soluble organic.cémpéunds, a]ong‘Qith
oxygen. The sessile bacteria utflize both fixed élgal maferial (in

" the form of IYsié products) and excreted organics as a prima}y nu-
trient source. Bacterial uptake of these compounds leads to either
1) an -accumulation of bacterial biomass.or 2) satisfaction of bacter- "
ial maintenance ehrergy requfréments (resulting in the formation of
CO2 within the mat). Algal.extracgllﬁlar products not Qtilized by
the bacterial popﬁlation are transported outward into the stream
water, Microbiél cgllé are also continually removed from the mat by
the fluid shear force; of the stream.

This model forms the basis for much of the discussion in this
disserfation. ln:thé'following sections, the processes putlined
above will be analyzed in greater detail. The determination of
environmental pressurés responsible.for the observed seasonal ttendé

_ will also be emphasized.

1

Origins of mat community.
The epilithic mat of Pine Creek existed most prominently in the"

mouth of thé outlet stream of the lake. Because of its close proxi-
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ﬁity to the lake, it was originally assumed that the sessile or-
ganisms had a planktonic origin. This assumption was confirmed by
two observations: 1) Species divers?ty of the phototrophé, 2)AChar-
acterization of bacterial isolates.

The Shannon-Weaver diveréity index for phototrophic organisms
‘waé approxjmately 2.5, indicating a low species diversify in the
biofilm. This is normally considered'fo be characteriétic of phyto-
plankton populations in lentic (Iake) systems. Aquatic env?ﬁon-
‘ments which are strictly lotic in nature (streams and ri;eré) typi-
cally have much higher diversity witH respect to thé phototrophfc
populations (76, L. Bahls, personal communication).

The second confirmation of the original assumption lies in the
identification of bacterial isolates. Although a systematic }nvesti-
gation allowing statistical validation of the resu]té was not attemb-
ted, identical organismE'Were-iso]ated from both the planktonic and.
sessile environments. Further, they shared many phenotypic charac-
terist}cé, inc1uding growth rates and temperature range§ in pﬁre
culture, and the ability to produce extracellular po]ymeric material
that was supposedly'used in mediating attachment to the rock surfaces
of the stream benthos.

It thus appears that the sessile organisms of Pine Creek were
derived from the overlying stream water ag‘it left the lake. The

mechanisms. involved in transport and adhesion of microorganisms to
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surfaces have been described elsewhere (50,59). Despite this con-
c]hs?on, the data make it evident that the mat communit* wa§ not a.
transient phenomenon of.transport from the stream water. Compaéfson
of phototrophic and bacterial population patterns from both_énQiron-
ments:(Figures 2,8'and 9) demonstrates the'fact that both chlorophyll
a levels and total bactérial numbers in the planktonic environment
remained reasonably steady throughout the season; while these same
parameters in the mat community were undérgoing significant'flﬁctua-
tions. The conclusions drawn from these data suggest’that growth of
microorganisms in thg mat was independent of bopulafiqn patterns in
the stream water, and that'mat proliferation was not the direct
resﬁlt of increased transport of organisms from the stream Water;
Other investigaforé have published résuits which suggest that gessile
populations afe-moée-active and possess faster grbwth rates.thén'their
planktonic counterparfs.(35,38,48,82), and Bott and Brock (10) per-
formed a s;ﬁdy which supports the conclﬁsion that the increases in
bacterial numbers seen on artificiai‘subst?ates was due to actual
growth rather than transport-to the surfaces.

‘Empirical observations suggest tHat attachment by microorganisms
to the rocks in Pine Creek may occur only under certain condftions.
The. mat community was always well established by the time if.wag
posgible to reach the study site in mid-June. But once'thié cémmdnfty

was removed from a section of rock, re-colonization was very slow if
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not entirely absent, despite ;he fact that the intact mat material
wa§ rapidly proliferating. In addition, colonization of éubstrates
for SEM observation appeared to vary quantitatively depending on
what time of season fhey weré-p]aced in the stream. The spgéific
chemical and physical fgctors necessary for attachment of micro-
organisms are not known, and probably vary widely from system to
syﬁtem. Some progress has beeﬁ.made toward this'goa] in marine
environments (14), but }t is an area that.deserves more'attention'
in the future. |

Bacterial enumerations

1. Viable counts.

The results of viable bacterial enumerations from both the
water column and the epilithic mat community showea patterns that were
quite different from those of direct coﬁnts by epifluorescence micro-
§copy. In additioh,.the absolute numbers of viable bacteria we}e
consistent]y‘3-4 orders of magnitude lower thén total nﬁmber;; in-
dicétfng that only a small percéntage of the total popﬁlation wés
detected by plate counts. The use of a single growth medium (Stan-
dard Plate Count Agar) at oné incubétion temperature undoutedly
sele@ted for a few specific bacterial groups capable of grdwfh under
those conditions,.and:the patterns seen reflected the relative abuﬁ-
dance of these groups, rather than the entire bgcterial popﬁlation.

This was illustrated by the observation that bacterial counts varied
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for any given sampling date ‘when the growth medium and incubation

‘temperatures were changed. Consequently, this method of enumeration

imposes serious limitations on any conclusions %Hat may be drawn
from the results.

2. Direct counts.

a. Planktonic bacteria..

Direct microscopic counts, despite their inability to
distinguish between active and inactive cells, proQided é éqperior
analytical method with which to analyze the population dynamics
océUﬁring in the Pine Creek system and are used for all subsequent
ﬁeferences to bacterial-'populations.

The low concentrations of inorganic nutrients, and the apparent
lack of any appreciable'fluctuations in most of these parameters is
indicative of the oligoErophié nature and low productivity of Pine
Creek. But despite this, the magnitude of the bacterioplankton pop-

5_]'07

ulation was similar to numbers reported by researchers (10

bacteria/ml) studying cbnsiderably more eutrophic environments

(17,22,26).

The seasqnal pattern for the bacterial population {n the stream
water was one of steady increase throughout the seaéon, with a élighf
depression in numbers in late July and early August. Bacter}al num-
bers did not decline as the water femperature dropped during the

latter part of the year, and were higher in November than in June,
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deépite the fact that the water temperatures:for Eoth dates were
hearly identical. THis is in contrasg to results pubiished by Jones
(39), who observed that aquatic bacterial populations are positively
correlated_wi;h temperature.

Several researchers h;ve noted that planktonic bacterial pop-
ulations réspond to fluctuations in the levels of soluble 6rgani¢
carbon (1,26), whieh are often the reéulf of abnormally high runof%
during the periods Qf.heavy rainfall or ofher'major Hydrograpﬁic
events. ' The leveis of total organic carbon for Pine Creek, besides
being quite low, dia.noy experience the fluctuations characteristic
of streams in lowér and more éomplex life zones, as there was littie
allochthonous carbon‘input into the system. There was instead a
steady increase to a maximum concentrationvof ca. 4.5 mg/1 in-Aqust
of 1981, followed by a moderately sharp decline to minfma] levels
near l.5Img/1. Although there was no correlation with organic:carbon

.ievels in Pine Creek, éhe seasonal battern of the bacterioplankton
bore ' some simi]arity to that of chlorophyll a in the stream Qater.
Both parameters (Figure 8) fluctuated mildl? throughout the seaéon,
but in general exhibited steadily rfsing trends with slopes that were
approximateiy the same. :A plot of-ﬁotal bacteria against chlorﬁhhyll
a levels in the stream Watef (Figufe 18) serves to illﬁstrate the
correlation observed between the two populations (r_=‘0.68). This

trend has been observed in other aquatic systems (1,9,25,27) and
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Figure 18. Correlation of total bacterial concentrations and
chlorophyll a levels in the stream water of Pine
Creek during 1980.
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suggests that‘bactgria in the planktonic environment may‘assoéiate
themselQes with ffee-floating phytoplankton. Such a phenomenon is
well documented (26{§d,40) and is believed té represent an important
survival mechanism for bacteria existing in cold, nutrient-poor
waters‘sucH as that of Pine Creek.
b. Epilithic bacteria.

The population patterns of the bacteria. in the sessile
mat community for the 1380 and 1981 seasons were characterized by
mid-season (July and August) values of approximately 108 belis/cm2
followed by a decrease of nearly one log by éarly autumn. As with the
planktonic popq]ation; there was no correlation of bacterial numbersand
in temperature. In fact, correlation of the sessile population with
any singlg environmental parameter is di%ficult dQe to the complexity
of the mat commﬁnity structure. Microscopic examination of the mat
has shown that the sessile bacteria tend to be intimately associated
with phototrophic organisms, suggesting that their population patterng
should correlate élosely. For the Pine Creek system no such correla-
tions were found to exist during either the 1980 or 1981 season, bh£
while the sharp fluctuations characteristic of.chloroéhyll_g were not
apparent in the bacterial population patterns, their dgcrease in
numbers in September and October appeared to follow that of the
phototrophs. This ma’_be explained by the fact that both the sessile

“ bacteria and phototréphic organisms were deeply embedded within an
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extraceilular polymeric matrix that madé up a lafge portion of the
mat. As phototrophic activity declined in August a large portion of
the mat was removed from the rock §urfaces'by the mechanical ghear
forces of the stream water. This sioughing process undoubedly trané-
ported bacteria away from the .surfaces also.

The data on sessile bacterial populaiions in Pine Créek,suggest
that there were mechanisms in force which kept the magnitﬁde'of the
bacterial popdlatidn below a certain level. In fact, no reports -
exiét in which bacterial numbers of an attached biofilm system ex-
ceed 109 cells/cmz. Three mechanisms are considered in th}s discus~
sfon: 1. Nutrient limitations. 2. 'Fluid shear force. 3. Bécter-
ial metabolism. | |

One timiting factor to the' numerical magnitudg'of.sessile bac-
terial populations may be the availability of, and compefiﬁion.For
" nutrients. ' It has been shown that for systems where the sessile pop-
ulati§n obtains its nutrients from tﬁe'overlying bhlk f}did, cell
density is a func;idn of  nutrient diffusion into the film (Trﬁlean_
unpublished). 'Thfs'maximal thickness would likely impoée an upper
1imit on the number of bacteria that could be present in a giVen‘area
of film matérial. In a biofilm such é§ éhét in Pine Creék, organic
nutrients were produééd within the mat by phototroph]q organisﬁs
in the form of excretgd soluble organic products,'and it is aéshmed

that this characteristic virtually eliminated the need for the trans-
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port of organic nutrients from the bulk fluid (seé page 101). Furfher,
resulté from carbon flﬁx experiment§ inaicated that bacterfa were not
nutfient*]imfted with reSpecf to algal products throughoﬁt much of'”
the season when the‘gntire epilithic communityAwas‘pro]fferatfng.
Déﬁp}te this, fhe numbers of bacter}a were actuall* lower af this

point than at times when carbon sources may have been scarce, sug-

.gesting that factors other than nutrient limitations determine maxi-

mﬁm‘bacterial numbers.fn seséile communftiés.

-The §hear-forces of the sfream water, maintaining‘a'film:thick;
ness compatible with the phyéiﬁal forces of £He étream, could‘play
a role in.removal of bacteria from-the‘mat community. For neafly all

sampling ‘dates in the 1980 ‘season, total bacterial counts of stream

" ‘water ‘samples obtained downstream from the mat were higher than

those taken upstream, suggesting that bacteria were being continually
removed from the mat and transported downstreami This loss may have
been compensated for by growth of the mat bacteria but because the

temperature of the stream never exceeded approximately 13C, bacterial

growth rates (see TaBle 4) were probably not high enough to overcome

the Ioéseg froh the mat brought about by méchéhical shearing.

Thé metaboliﬁm of the bacteria themselvés céﬁfd,al;o play a
role in.limiting thefr nﬁmbers w}thin the mat. The low alka]}n}ty
leQelé of the stream water, 9-11 mg/l,.indicate that~there'wa§ a low

capacity for bufFer}ng in the'syétem. If the deeper Jayefﬁ of the mat
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were anaerobic, organic acidg'produced by bacterial metabol.ism could
Tower the:pH.of thefr mfcroenQirbnment to the point where growth was
inhibited.
3. Coliform bacteria.

‘ Sthd?es exam%hing the .die-off rates of coliform and fndicaf
tor enteric bacteria in bofh.natﬁrél and']aboratdryAsettingé haé led
to thé'general opfnfon that the cold, nutrient deficient stream
waterﬁ-of alpine regioné represent an enQironment that fs.not condﬁ-
cive to the survival and growth of these organi's_ms‘('53',70)° Never-
theleﬁs;.coliform and sometfmes pathogenic bacteria are,foﬁﬁd in
surpr}sfngly high numbers in pristine mountain streams (20,54,65),
sﬁggeét}ng that certain components of theée streams are:capable of ~
éﬁpportfng,the growth of ‘fastidious orggniéms._ McFeters, et al. (54)
found that large nuﬁbers of coliform bacteria were associated with an
_epilithic algal-bacterial film that exists in the mountafn streamS
of an alpine region in Grand Teton National Park, Wyom&ng. It was
further demonstra£ed»that these bacteria fncdrporated'lébél1ed extra-
cetlular prodﬁcts of Chlorella, a repreéentétiQe algé of the_ff1m,
indicating that the phototrophic population of Fhe epilithic commun-
ity provides a-nﬁtrieﬁt-rich micrognv}ronﬁent fn which';ojiform
bacterfa'are able to proliferafé. |

The .general cdmpoéit}on of the-epiiithic mat commﬁnfty'at'Pine

Creek is not unlike that encountered in the Teton studies, and coli-
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_form bacteria were founa to exist in Pine Creek during the gumher
months. .However, fhe pgtterns seen are quite different; cofiforms‘
‘appeared in the stféam water at only one point during the 1980 season
in any appreciabie nqmberé. This was in the form of a substantial
peak in mid-July that was followed by a rapid'disappearanté to non-
. detectable fevels. Two possibilities for this occﬁrrénce are:exam-
ined in this discussion: 1, Increased transport of‘coliforms into
“the étream from the drainage. 2. Actual growfh of cdlfformg within
the mat. | |

Sudden peaks in aquatic baéteria] popufationé are often'aéso-

ciated with hydrologic'events that significantly fncrease alloch-

thonoﬁé.fnput into the stream (52). Pine CreékrdifféfsAfromféyétemsi

such as these in.that.its main feed is a large, deep reservoiry its

level, and accordingly its flow, appears to be affected only by snow-

melt in the spring. Fﬁrther, the coliform peak cccurred ohly'in
samples taken either from the mat itgelf or downstream;téampiég
taken ﬁpstream from the mat remained Tow ‘in coliform ﬁﬁmbers.‘u

It is thus hypotheéizéd‘that col}form b;ctéria'grew'almost ex=- .
clusively in the'epjlithic mat commﬁnfty of Pine Créek;'énd-that:
conditions fa&orable for their profiferation exfstéd ét only one" .-
particﬁlér stage in the development of the_mét. The Hféh'ﬁhmsers
seen }n samplés taken downstream from theimat fn.JuTy were l}kély.

the. result of mechanical shear forces exerted by the F]owing stream -
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water which transport organisms into the water columﬁ’from the mat.
The precise nature of the conditions that stimulate érowth of -
the coliforms is nét‘known. Howeve}, it should be pointed out that
although thé number of colonies exhibiting a grééq metalli;-sheen
on m-Endo broth did exhjbit a major fluctuation, the total numbers of
colonies seen oh'the%e.plates did not'vary.greatly.between éampling'

dates. This may imply thaf coliform popdTétions.did not have the

‘patterns just described, but rather that conditions within the mat

were responsible for changes in their physioldgy which were not mani-

fested on m-Endo as a typical coliform phenotypic reaction.

Phototrophic growth and'éctiVity.

The growth and metabolism of the phototrophic community, as
monftored by chlorophyT] a and primary productivity measurements,
peaked at the same time of year as did stream water temperatures

during the 1980 seaéon. These data agree'wifh the results of other

- workers (1,18,62) who also note that algal growth fol lows témpera-

ture patterns.- However, both of these parameters exhibited sharp
declines in August While.wa;er temperatpres were near the highest

1evels'recorded'for'the season. This phenomenon was repeated during

- 1981 and sUggesfed that factors other than temperature were affecting

algal growth, including the following: 1. Nitrqgen'énd phosphorous.
2. Interactions of chemical and physical parameters. 3. Lighf

and CO2 lTimitation. 4. Silica concentrations.
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Nitrogen and phosphorous‘leQels have been implicated in'govern-
ing the growth and phyéiological ststes of aquatic phototrophs
(29,37,60). Although a rigorous and systematfc-gxamination‘of thesg
parameters was hot performéd for logistfcal reasons, the samples
.fhat‘were collected and analyzed showed ni%rfteg, nitrates and phos-
phates consis£ently,present'at very low concentrations (0.1 mg/1).
'Fluctuations tha£ maf have occurred weré too small to be resolved
by the analyticai methods used,_énd as é result, algal pbpulat?on
correlations with thé;e.paréﬁeters were nhot po;sfble.

Another method.used recently to detect nutrient limjtatipns of
- phototrophic orgaﬁismszinVOIVes analyzing the chemical composition
of the cells (21,62). 'Pérry.(60) found. that the éhlorophylﬁ a:ATP
ratios of P-limited and N-1imited cul tures diffé}uby a factor of at
least five in chemostat ;tudies. The gxfreme changes obserQed in
the phototrophic'popuiation éf the Pinejtreek mat suggested thét the
use of chTorophyl1_3:ATPﬂkatTos WOﬁld provide Eetter inéight into
inorganic limftafibns Fﬁan WOqu‘chemi;al;analfgis of.ﬁhe exfremely
oligotrophic stream water. The reéults of these invest}gét}ong (data
not shown) were also incanIUSivé. CHTorophyll a:ATP fat?os.for the
mat phototrophs were approx}matély midway between those reported
by'Perry for N- and P-~limitations, and showed ho'siénif}cant devia-
tions that WOﬁld justify the changes obseFVed inlthg,photétrophjc

population of the mat in Auguét.
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Several researchers have concluded éhat in:nétura} aquatfc en-
vironments there may be an‘inteﬁactibn of two or more chemical or
physigél parameters thatjaffeét algal growth (37,73,81). Albright,
et al. (1) note in their stﬁdfég on Sub-Arctic Canadféh erer§~that
reductfons fn temperatﬁre and -photoperiod were responsible fﬁr the
decline.of the phototrophic commﬁnit}es. Maddux aﬁd Jones'(ﬁS)ﬂfdﬁnd
that nftrogen, phosphafeé, and Tight all act in concert fé inflﬁence
algal growth,.and p&stu!ate that -the interactions are probagly not
limited to £hese three parameters exclusively.

As thé phototrophé ﬁroliferated‘during the sbmmer moﬁthg; the
mat increaged to a.thickneééfthat méy have restricted penetfatioh‘of
1ight and carbon dioxide'infé its deeper layers. This'phenomgnbn
was mo;t noticeable during the 1981 seaéoh When the mat approached a
thicknésé pf approximately 2 mm.: Several_anestigatqrswhave demon=-
strated that phototrophic carbon ffxation rate§ aie inflﬁehced by CO2
concentrations (39,42,57), and its loés from the.deeper 1ayers of
?he mat may ha?e been rgflected in thé.low primary prodpctivity
values seen after mid-August. The only other ‘source of COz'for the
segsile phototrophs was that produced By bacterial respiration, but
Jones (39) reports that this accodnts ?6r'only 10% of algal con-;
sumption. |

The fact that >85% of the mat phototrbphsrﬁere diatoms suggésts

- that silfca (5102) Waé an essential inorganic nutrient. -‘Table 1 éhows
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that s{lica levelg_in the water bégan'a decline in eérly'Aﬁguét that
cont}nued ﬁntfl concentrations had dropped by nearly an order of mag-
nftudé'to lebéls which were-céngiderably lower than Qalues reported
to be the m}nimﬁm concentratfoné.féqﬂ}réd.for the support of dfétém,
growth (37). Coinciding with the redﬁctionlin siiica concéntrét}ons
was a Sharp decline in both chlorophyll gllevels.énd p;fmary produc-
tiQity rates fn the .mat community. ft fé likely then that silica_
wa§ a nutrient eésentfal.to the growth and maintenan;e of the photo- .
: trophfc popﬁlation, and its Qirtual disappearance from tHe:stream
water ‘may haQe fed‘toicondftioﬁé under whfch the diatomé were not
‘able to-éﬁrv}ve in the Pine Creek system.

Algal Exéretion

SeQeral reseérchers h§Ve demonstrated the release of sdlﬁblé

organic compounds by phototrophic organféms (23,24,51,68).  Most of
theée étﬁdieé outlined thefpﬁysiologi;al bases benind thfé phenomen-‘
on, and demonstrated the effects of numeroﬁs environméntal parameteré
on the excretion rates of pure cultures. But ‘in the complex enQ{r-
onment of a sessile stream commﬁnity, even one aé_relatiQely.simple
as Pine Creek, the behavior of algal cells with resﬁecf to:this pro-
-ceéé is largely unknown. PreQioﬁS publicationé (3,24) han reported
that,aquatfc phototrophs excrete between 3-40% of the total ca?bon
_f}xed dﬁrfng primary prodﬁction, bﬁt.do not take }ntb_accqﬁnt changes

that may occur as the physiological state of fhe'organisms is varied.
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Since the attached'bhototrophic population of ?ine Creek exhib}ts:
such dramat[c seasonat;fluctuations, it provided an‘ideal'naturaldn
" system for,the:study'ot excretion processes.

The carbon flow experlments made .it- possnble to monltor thts
lmportant component of a]gal metabol;sm. Table 8 lists the fractlon
of total phototrophlc fixation that was excreted by the algal cells
aslso]uble.organlc products. Because the hacterlal respifation com-

- ponent could'not be guantified, it‘ddd not seem valid to cohpare 3:
and Zhlhour fractﬁons 'These values were always above SQ%’(for 3
hour samples)lln the perlod from 6- 25 to 8-11, during wh%ch total |
productlon rates were also comparatlvely h|gh But after.August fl,

14

'transformatlon rates of - CO by phototrophs decllned apprecuably, '
and only IO/ of the prnmary productlon metabolltes were excreted |
From an examlnatuon of Flgure 12 it is evudent that thlS was pre-
. cisely when prumary productlon rates per unit of algal biomass de-
creased abruptly from the hugh rates observed |n July. Since the',f
radlant energy of the sunlight durlng |ncubat|ons d|d not vary S|g-
nlflcantly throughout the season, the data suggest that the photo-‘
trophs became severely.streSSedlas these changes occurred.. A‘com-
paratiye analysis.of these two parameters makes.tt apparent that;the .
algal populatlon excreted the greatest amount of metabollc tnter- |

e medlates.when growth and productlon rates were highest. As cells

became stressed, -their metabolism underwent a COnservative‘shift
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Table 8. Percentage-of.total IACO phoééassimilation excreted,
' by algal cells in the Pine Creek mat during 1981,
Total ]hCOZ %2 excreted Silica concentration
assimilation by 188 soluble in stream water
Date phototrophs (dpm).. .'C compounds . - . {mg/1)
6/25 - - "1.25
7/8 6s1k2 . 85.3 0.9
7/21 98554 . 5h6 - 0.99
7/28 81712 69.7 - 1.44
-8/ 81742 . 67.5 0.24
- 8/21 6248 . 10.3 " 0.09.
9/2 0 = 00]5
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that resulted in a majority of transférmation‘pfoducts being incor-.
porated into cellular material. This is in agreement with the.
results of pure culture studies.By other inQestigators (24,68,75).
The factors cited most often aé influencing.excretofy rates in these
and other-étuqfes (57,73) were light fntenﬁity and COZ.aQailabi]ity.
The possfblé losé of .these two parameters'from the mat as {ts th}ck-
ness increased durfng the season has already been discussed.

Cell density is also ment}oned as a factor govetning'extfa-
cellular release of organic products in both pure cﬁltﬁres and
natural phytoplankton populations (3,24,75). There apbears to be an
inverse relat]onship be tween the two parameters, which is expléinéd'
in terms of an equilibrium between intra- and extracellular concen-
trations of the compounds in question. The degign of the carbon flow
system diluted the mat communiéy substantially, and may haQe been
responsible for.the relatively high excretion values obéerved for
thé phototrophs in ane Creek. |t must also be képt in mind that
the popﬁ!ations stﬁdied here were exposed to a flowfng enQirpnment.
'fofﬁsional interactions between the mat community and the ove?]ying‘
water (éee page ):may have rendered levéls of extracellular organic
products within the mat independent of cell concentration.

Bacterial activ?ty'gz_studies'gi hetgrotfophic potential.

Reéﬁlts.qf studies in 1980 illustrate the éeasohal trends of

bacterial catabolic capability in the Pine Creek mat commﬁnffy. All
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'aspect§ of heterotrophic -activity increased dramatically:with'sea-
sonal-progresgion. ‘Vmax, indicativg ofsthe maxfmal uptéke raye of &
g}Qen §ﬁbstrate by.the population, increased ;6 values in Septeﬁbefl
‘and October wHich were up to three order§ of magnitude_higher than
the lowest levels seen in Augﬁst. This is in contrast to results
obtained by Ladd,‘et al. (h35 in their étpdies on a subfé1pine

§tream éygtem in Alberta. Althoﬁgh they too note seééonal‘patterns
with regpect to heterotrophic activify, the chéngés theyfobﬁerQed
were consfderab]y legs thanithdse seéﬁ in the present-stﬁdy.r This
can be best explained by the fac; éhat their étudy.was conducted in
‘a_stream that experfenced muéh higher.allochtﬁpnoﬁs carbon loadiqé.
As a reéult, tHe adherent bacteffa]lpopulatioh'was ﬁfobably“expoged.
to elevated levels or organic.nutrienfs from the stream wéter; ﬁaking'
their -immediate mic;oeanronment less variable with respect to ;ea;
s;nal nutrient patterns. |

The low rateé of glutamate uptake by the épilitth'bactérfa’

of Pine Creek were characteristic of bacterial pobﬁlations that are
largely.in a.ldw metabolic sfatevahd pérhéps dormant. THié'ﬁhenom-
enon has been postulated as a means for.bacteria.to withstand various
forms of enQironmental stress, inclﬁding starvation (64). The cold,
.nﬁtrfént deficfent waters of Pine Creek may not have been able to
‘sﬁbport fhe'msintenance of the sessile bacterial popﬁlatién‘ét éertgjn“

times of- the year,Vin-Which case dormancy would provide a mechanism
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for survival until conditions became more favorable for_groﬁfh.

In the past,'Vmax has been considered useful for estimation of
biomass (80), -a concept that still is considered largelx valid far
laboratory cultﬁres."Our'findings agree with -later reports by '
Wright and Eﬁrnison (79) thch indicate that in a na£ura1,en§iron-
ment Vmax is not a proper estfmator of biémass. Resﬁifs fréﬁ this
work andlthoﬁe published by Wright (77) reveal that ma%ntenance
energ%es of aquafic bacteria are relatively high, with more than 65%.
of added labelled substrate being mineralized to 'hcoz., As a result,

the activity of bacterial populations can vary without a concomitant

change in their numerical magnitude.

Limitationsigt i980 data.

| ‘The data obtained from studies performed in 1980 were helpful
in determining populatfon pattérns and trénds df metabolic actfvity
.among. the microorgahisms existing within the sessile commuﬁity of
Pine Creek. However, they wefe'limited‘fn the sense that:they-pro;
vided litfle'insighf into the ecologicallihteractionS'odcurring
among the microorganisms which led to the formation of an epilithic
mat ;ommuﬁfty and determined its seasonal evolution. First, tﬁé
measurementé performed on each populatioﬁ were indépendent qf the
ther, which had éhe effect of negating any interactfve processeé.
that‘may haQe océurréd as a result'éf the close physieé] assocfa~A

tions between the algae and bacteria. The labelled ﬁﬁbstrafe used
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to'determine heterbtroph}c<actiyity was not necessarily represen-
tatlve of -the substrates normally present ‘in the mat; . and may have
glven mlslead|ng results wuth respect to bacter:al degradatnve
actnvntles. F|na11y, all actnvnty experlments of 1980 were per-
formed in. the Iaboratory under art|f|C|al 1|ght|ng cond|t|ons that

were consuderably dlfferent from those at the sampllng Iocatlon..‘AlJ'

of these factors had the effect of creatlng an assay envuronment that.

was rad|cally artlflc1al relatlve to natural condltlons, and raised
-the possnbllnty that the‘re5u1ts.were not entlrely representative of .
the processes that actually took place among the mlcroorgannsms in
the sessile communlty of P|ne Creek

- A more detailed ana1y51s of the ongeing ecolodfcalrprocessea fn
Plne Creek was obtained w:th the carbon flux experlments durlng the.

1981 season.” The addltlon of labelled carbon in an |norgan|c form

to the mat’ community clrcumvented any |nterrupt|ons of carbon flow

between the'varlous trophic levels. In situ ;ncubat]ons under natf_.
dral lighting cdnditions resulted in a system that more accurately

defined phototrophic prqddction parameters..jMoreover,,the [abelled

nutrients seen by the bacterial population were the substrates normal-

‘ly present in their environment, and were present-at concentrations

that closely approximated natural conditions; Finally,‘isolation:of”

the phototrophlc and heterotrophlc mlcroorganlsms by size- dlfferen-

tlal flltratlon, as well as retentlon of the resultlng flltrate made
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it posslble to partition“the labelled carbon lnto pools tor‘a more -
.accurate descrlptnon of carbon flow within the mat. |
Thenmethod also has - llmltatlons, foremost of Wthh s the in-

“ablllty to detect thO produced by bacter|al mlneraluzatlon. ThIS

2
leaves the assay of degradat|ve act|Vlty dependent on |ncorporat|on
values. Because the,studies inyolVe the use of lSOtopes, the'samp-4
‘Tes must_be remoyed from‘rock surtaces-and-lncuhated in closed conr
talners whlch are different'than the flowing,enVEronment'typlcally

seen by the microorganisms. Incubation times. and volumes of the

system were designed to minimize:any changes'brought about by micro-

: . bial actlvntles durlng the assay period, but. the |ntegr|ty of the mat
communlty structure was altered nonetheless. |
The separatlon of algal and bacternal populatlons employlng
fllters of varlous pore sizes is admlttedly an lmperfect one, due- to _
1) size overlaps of the two populations of interest,‘z) the inabilir
ty to completelyiseparate algal and,hacterial cells_that.were closely
enjoined wlthln the slime matrlx-of the'mat, and §)~breakage of al- - -
gal fulaments into fragments small enough to pass through the larger
pore size- fllter HOWever, the data obtauned in these experlments

nd results of other researchers (7 l9) suggest that the’ errors canl,
" be adequately compensated for, and that the corrected values are an
accurate estlmate of absolute Tevels.

In spjte'ofithe-llmitationsfdiscussed'here, the carbon flux
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-system provided a heans by which natuﬁal-comeniéies could be ob-
served with a minimum of.disruption, and allowed for a more detailed
and preciée.ana]yéfs of the ecqloéicél processes occurr%ng bgfween
phototrophic and heterotrophic populations. |

Bacterial uptake_gf phototrophic. metabolites.

Early-investigafions of aquatic'enQironments demdnstrated the
fact that bacterial cells arevoften'clqsely associated with or at-
tached to phytoplankton (59). .Thfs.apbérently symbioffﬁ rglationship
ié eQen.more pronoﬁnced in an a]ga]-bacterfal mat commﬁhity, énd |
several studies have been aimed at determinfng whether algal aﬁsqci-
ated Bacteria ére able to utilize the prodﬁcts that phototrophs have
been shown fo excrete. One'}eport demonstfated that bacteria co-
cqltured with élgae poésess higher growth rates than.cultureélefh-_
out algae (46). This and other stﬁdieg also showed that non-axenic,
algal cultures had‘low¢r'COncentrati§n§ of organic éompodnds'in the
gréwth medjﬁm than their axenic counterparts (46,55). 'Laﬁer it was
shown.that bactéria'iﬁcorporated radi&acfively labelled coﬁpoundﬁ I
"from an algal culture incubated under 15002.(3,5h){

Thé results of.aléél populatjqn and bactérja] activity measure-
ments.for the Pine Creék mat-in 1980 are suﬁmarized in Figure lﬁ, and
éugge§t.that the heterotrophic ‘bacterial popﬁlationArespoﬁded to a

decline in the phototrophic community with higher catabolic rates.
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Two mechanlsms are consldered here to explaln'this trend, 'lt’ A
change in algal excretion of:photoasslmllated_compounds; Vé.- Anh
dlncrease in algal ly5|s prodUCts.~? ) .

"The catabollc act|V|t|es of the bacterlal populatlon may have
|ncreased in .- response to quantltatlve or composntsonal changes in
"‘the soluble organic compounds excreted by the phototrophs as thelrﬂ.
actlylty'was wanlng (23). However, an examlnatlon of Table 5
.(Columns é and‘h)lreueals:thatpbacterial consumption .rates were
Ahlghest when_prlmary production was'at a seasonal minimum.'fThe-”
.ualues would indlcate that'bacteria were substrate llmlted at thfsi
.L.tnme of year w:th respect to algal extracellular products, a sntua-
tion which may have |nduced a h|gh afflnlty transport ystem.capable.‘
of scavenglng these'materlals at low concentratvons. :HoWeuer,-lt' |
. is doubtful that the |nduct|on of such a system would have a demon;
strable effect on Vmax rates, thIS change would more l|kely be re= B
'flected in a decrease of . the transport constant K |

: Based on the precedlng arguments; it. is more probable that bac-,-
' terlal catabollc actuvuty was trlggered in response to an accumula-:
,tlon of algal'lysus products in the mat. As the phototrophlc popu-

latlon decllned in August of l980 one would expect to see a release
-of lySIs products from- the cells whlch could be utlllzed by the
‘heterotrophic bacterla.‘ Geldrelch et al (28)-noted‘sharp lﬁ#;”

:creases in standard plate count denS|t|es of a man-made reservonr
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after copper sulfate treatments were used to attenuate a severe algal

bloom. These ly5|s products could have been easaly trapped wuthln"

the sllme matrix of the mat community, creating an envlronment ex=,

.tremely rlch lnibacterlal nutrients.

The carbon flux experlments performed in l98l were: the f|rst to
d|rectly demonstrate bacterlal utlllzatlon of extracellular algal

products in a sessnle communlty without preV|ous separatron of the

"two ma jor components of |nterest. Durung llght lncubatlon of the

experlmental systems there was ‘a:- concomitant rise .in both prlmary

productlon.metabolltes and bacterlal lncorporatnon of Ihc compounds.;

»

- In the-dark radloact|v1ty in- the bacterlal fractlon lncreased WIth

ltlme as flltrate radnoactnvnty decllned (Flgure l6) The seaSonal

patterns observed for these experlments were notlceably dnfferent

. from those obtalned by heterotrophlc potentlal methods. Over'the

. course of the l98l season, the act|V|ty of the heterotrophlc bacter-

ia was greatest when prlmary productlon rates were at thelr hlghest

f'ponnts of the season (F|gure l5) . The reductlons in actuvnty in the

two populatlons also appeared to co:ncnde, at least up to the ponnt

" where- algal products became l|m|t|ng to the bacteria (August 2l)
'Correlatrons such as th|s have been observed before, Bell (h) found '
: that:bacterlal‘uptake of algal extracellular products in the plank-
" ton of a lake wa's greatest durlng algal blooms, and’ others (9 39 69)v

' have shown that bacterna respond p05|t|vely to the release of extra-
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cellular metabolites by the phq;otrophs.

These results éuppoft'the theory tha¥ bacteria in ﬁlosé asso;.
ciation with algae act as carbon ‘sinks for the extraceliﬁléf inter=
medfétes of phototrophic production (3), énd'reépond.poﬁitiveiy to
the'releaée of these comboﬁnds with higher metabolic gctivity. The .
patteﬁné obsérved'also serve to f1lustrate fhé dependence of the
;eésfle bactefia on thesg excrétedhcompounds For their survival in

"the nﬁtrient deficient Wate?é of Pine Creek.

"‘Influence of hetérotigphic substrate on résults.

The epilfthfc bacter}a of Pine Creek exh%bi?ed vefy different
.patterns of heterotrdphECAaétivity in 1981 as opposed to the resuits
obta}ned by heterotrophic potential methods. {In 1980 uptake rates
of élﬁtamafe peaked iﬁ SeptemBer long after the §easonal ﬁa*imum for
primary prodhction had. occurred. Ugingvthe carbon flux syétem, max:=
imﬁm bacterial utflizatfon rates of algal eitraéellﬁ1;r‘products were

Highegt when photoassimilation ratés‘bf €0, by the algal population

' 2
reached a maximum for the year.

The mafked'differeqceé iﬁ the results obtaiﬁed over the two
seaéonﬁ raises important questions coﬁcerning the validity of data
_obtainéd when using substrates not entirely %epresentatiVe of the
composition and concentrations produced by the natural .phototrophic

population to measure bacterial metabolic activity. SeQeral sub-

strates have been used in-the past for measurements of heterctrophic




_activity. . Among these, glucose (l3 30 33,77,80), .acetate 156550)?
:and glutamate (43 79) have been the most commonly employed Unfor-.
tunately, many of these- studles were elther performed lndependentlyf
of each" other or were not desngned to compare results obtalned wuth
two or more substrates. Wright and'Hobbie,(80) found that glucosé_,
‘transport constants uere three tlmes hlgher than those~for‘aCetate,
-wuth the dlsparlty observed attrnbuted to the complexatlon of ace=
tate in the.pH'range of their sys.temt Bacterlal uptake klnetlcs for
'both glucosedand alanlne in a benthic enygronment were obtalned.by
. Chocair and Albright (lé);.but these values were not found to he
‘signlflcantly different. | |
All'of,the-studles.just ment joned were performed in either lake
" or stream enulronments where~baeteriaiare likely to'be,assoolated
' wlth phytoplankton or sessile.(attaehed)'algal cells. Since it
appears that:these bacterial populations possess metabolchsystems
with a high degree of speclficlty for the‘extracellularrproduots of .
the phototrophlc cells (3, see page 95) it would seem that studles,h
of bacterlal metabollc actuvnty usung substrates representatlve of
these extracellular,metabolltes. would-yleld the most-aCCUrate data.’
'The'most'abundant extracellular.algal product appears;to.he'
.lecollate;(68,73;7h); other compounds are excreted in small amounts.
or not at all, depending on the specles‘belng examlned (75);1

To test whether the‘glutamate'klnetics of 1980 were.an accurate”
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'reflectlon of the metabolic status ofjthe'sessile'bacterla, the ex- .
Iperiments were:repeated:ln:l981'uslng.both lhc-glutamate and llc—
_glycollate as the test.substrates."vﬁau yaluesjfor glyCOllate on -
that day'(August 21) uere ten tlmes,higher thah,thoseffor glutamate
(Table 8), wlth apbrobrlately'lower turnoyer‘timésy

These results, together W|th the patterns observed for bacterial

utlllzatlon of _E_Sltu algal extracellular products, cast some doubt
on the'abnllty of klnettc studnes usnng substrates not typ|cal of -
those found 1n'natural systems to accurately assess the metabollc
actlyltles of the bacterial bobulatlons. As mehtloned previously, “’
glycollate appears to be the compound most representative of soluble
,algal products in aquatlc systems, and should logically be the sub-
strate of cho:ce in many environments, 'But to ensure that an lnvﬂ'

vestlgatlon produces data that accurately reflects .the actual pro-

cesses -occuring in situ, a more careful analysis of the soluble

organic regime is-required

Nutrlent flux W|th|n the mat.

{l. Dlrect flux from phototrophs to bacterla.
Based on populatloh and heterotrophic actiyity_measurements,

of both sesslle and planktonlc“bacterial populations, it has beeo
suggested that . the former_group.plays a much hore active role lh,*
stream purlflcatlon processes by reﬁoyal of organics from‘the.over-

lylng'water columhh(27;33,h3), Thls concept has been successfully
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‘employed for several years for the treatment of wastewater using

trickle filteré,:rotating biological contactors, and the like. Buﬁ

the Pine Creek environment is unique in that there is little organic

- matter (<4 mg/1) in-théhﬁtream water. This led to an early assump-

tion that transport of organics froﬁ the bulk fluid into thelmat was
neglfgfble, and that aldal brédqcts were the main source of nﬁtfi-
tfon for bacteria.withfn the mét community. This ;ppeared to be‘thel
case when the heterotrophic potential data of 1980 wa§ analyzed.
The mat bacteria did not utilize glutémate added to the:éYétem at
any appreciable rates ﬁntfl pfiméry production had virthally'ceased
(Figure 14). Two lipes of evidence 9bfained in 1981 were'uged:tq
confirm this assumption |
a. SEM obserQétfoﬁs.

Oﬁrfng Qisﬁal examinations of.the mat communitYﬁQs}ng
SEM, bacteriél cel|§VWere pr}marily bbsefvgd either on théuéukface-
of photot;ophic-cells or enclosed w}thin the slime matrfx.‘ G}Veh
thegé twolphy;ical érientafions, a]gal excretory‘prodﬁctg wéﬁld”
appear to be a major nutfieﬁt s&urcé for»the'bacteria,‘éither;throﬁghﬂ

direct flﬁx from cell to cell, or by an accﬁmﬁ!atioh within'the'p61y-;'

meric slime matrix.

b. Carbon flﬁx experiments.
Bacterial uptake of soluble algal excretdrY:perhcts

occﬁrred durfng both the']fght and dark Tncﬁbatioh periodgw' Thg'
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uptake kateg were éxtfemely high forlthe first three hours incuba-
tion, dﬁr}ng which time light-driQen photosynthesiS was occﬁrring.
When light was remo§ed from the systém;,primary production wa§ virf
tually hglted. Bacterial ﬁptaké of algal producté still pcc;rred,
bﬁt at mﬁch reduced ra;gglrglafive to the first three hoﬁrs in
wh}ch light ‘was éntering. The time-coﬁrse results of theée exper%-
ments are illustrated in Figgre 16. Dﬁfing‘light fncﬁbafion'(oﬁj
hfS.) the phototrbphé abpeared.to'Be éctfvely excreting orgah}c
prodﬁcté, and'bacter}al uptake ‘rates of these compoﬁnds.were relda-
tiQely fast. Aé the experimental §amples were gwitched-to dark con- .
ditfons, this retease of organfé matériai declined apprec%ébly;
Bacterial cellé,.Faced-with the loss of these pr}mary-hﬁtrfehtg,
turned to algal producté that were present in the bﬁlk flufd of -
the syétem; as eQidenced by the decline in,radioactithy of fhe f}14
trate.dﬁrfng:dark }ﬁtﬁbat}oné.. The uptake'rateg'of th%ﬁ secoﬁdary-
nﬁtrient éoﬁrce weréhconéfderably lower thah those for 1ight~}ﬁdﬁced .
excretion ﬁroducts,.suégesting'thét the seésile bactgr%a of E}ne
Creek were not only dependent on algal production for thejr n@tri- :
tion, bﬁf'preferentially ﬁsed'algal product§ direcﬁly aé they were_‘
exc?eted from the ce]lg. The efficiency with which thi;'remoQal
'-occﬁrred.sﬁggests that.the bacteri$~pos§es;ed éﬁ ektrémely'h}gﬁ.
'aFfinity for‘algal éxtracellulaf produétg; a phenomeﬁon-thatlhagibéen:

alluded to previously (55,80).
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2., Flux of organics from the stream water.

Ladd,'ét al. (h3)'h§Ve guggeéted that the stime matrix
repregentg a diffﬁsional barrier that impedes transpo?t of nutrients’
from the errlyiﬁg bulk flufd to the ﬁessile-organfsmé. Unfortunate-
ly, the flow reg}me of the stream channel, crqcial fn calculat}ons
" of trahéport'rateg of ‘organic compoﬁnds to benth}c gﬁrfaceg, were
not adeqﬁaté]y characterized %n thié stﬁdy. Thﬁg.it waé'impoésfble
to agcertafn the‘contr}butfoné, ff any, of the so]ﬁb]é"organicé of
- the gtream water to the  total ﬁﬁbétrate pool of the éeﬁsfle bacferfa.
Bﬂt whereas the concentration of.organfc material fn ane Creek was
extremely low (<% mg/1 TOC) even before conéfderatioh§ of d}ffﬁgional
baréieré, }tAfg conclﬁded that orgénfcs from the ;tréam watéf were
an insigﬁﬁicant nutﬁfent source for the sessile bacter}a. Indeed,
‘under theée.circﬁmétanceﬁ it is pogﬁible tﬁat there was a dfffﬁéiéh;
al transport of soluble compoﬁndé'oﬁt of the mat fnto the errly%ng
ﬁtream'water, a proceéé that woﬁld cbntradfct the acceptéd‘m§dels
of biofflm commﬁnitieg in fldwing environments.

It ghoﬁld be stressed that the low levels of organfé material .
in Pine Creek-ﬁake.it and the procesﬁes occurring w}thin somewhat
ﬁniqﬁe. Bﬁt'despite this, the data obtained from invgﬁt}gations of
Pine Creek .can easily be’applfed to more compléx env}ronments. The
diﬁc@ssions of the last two gectioné have-led to the‘conclusion§

that seééfle bacterfa exhjbit.a high gpécificity for algal extra-




102 ,
cellular productg and are in a position to use them direcfly as
they are released. This implies that whenever phototrophs &re an
fntegral part of a sessile communfty, fhe efficfenty of remoQal'of
ofganlc materlal from aquatic systems by bacteria will necessarlly
be reduced as these bacterla preferentnally utlllze the so]uble

metabolites of primary production.

Nﬁtriént'limitations of heterotrophs.

It was mentioned 1in a prgvious sectijon that competftion for
aQaf]able sﬁbstrate by the sessiie bacteria may have been a cnucfal
factor in limiting their population. Such a conclusion is warranted
in light of the fact that totai organic carbon levels of the gtream
water heQer exceeded h,mg/l.

The carbon flﬁ* exper}ments_of.1981 did make it pogsible'to
meaéuré the algal contrfbﬁtfon to thfS'substraté pool.: It'waS as-
éﬁmed that radfoactf§ity in the ffltrate Flpid reﬁuléed from thg
excretfon of solﬁble‘organfcvcompoﬁnds by phototropﬁs during‘prfmary
production. Despite the observation thgt bacteria were ﬁtil%zfng
these coﬁpoundé.dﬁrfng the incubatibn'(as evfdenced by'radioactithy
on the 0.2 um filterg), productfonuwaé far greater tHén éonsﬁmption
for a better part of the sampling seaéon, as indicated by an_exqeés
of acti§ity fn the filtrate fraction. In the latter part of Aﬁgugt,
primary~prddﬁction rate§ decreased'éignfficantly, ana the'bacterfal

population removed all extracellular products from the system almost
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immedfatély{. The low le?els of activ}ty in the_Bacteriéi fraction,
relatfvé to preQioﬁs po}nts.in thg ééason,'sﬁggeét that the'contri-
bﬁt}oné of'éolﬁble algal excretory prodﬁcts to the §ﬁb§traﬁe pool
of the mat enQTronment waé far leés’than the potentialzfdr removai'
by ghe"bacterial popﬁ]atfén; The patterns obserQea_in 1980 were
Aeésentfalfy the'samei Vmax rates fn September were mﬁch:hfghéf than:
primary prdductfon.rates by the phototrophs (Table.5). |If algal '
extracellﬁlar prodﬁcté were a primary éource of thrienté for the
bacterfa'(sée page 96), their loss would ‘indicate ‘that thé-bac;er}a

. were indeed gubéfrate timited at this point in the season.

Diéappearaﬁce of the mat community

Shortly after the decliﬁe in phototrophic activity was detected

in late August, a large portion of the mat was uniformly removed from -

rocké'ly%hg on the streambed, leavfng a tenaciéﬁg'commhnity ébéérVed
by SEM to be at %hE'mOSt only two cell layeré thfck;' EQidence 6b-’
“tained by Jorgenson,'et al.'(hf) anleerbech, et al;3(6l) éﬁggeéts‘
fhat chaﬁges:in.OXYQén lg§els withfn-the mat may have beeh regpén-g |
sible for the.abrﬁpt disappéarance of the mat. Uéfng microérobe

techniques, these researchers were able to demonstrate that biofilm’

communities which contain a phototrophic zone are saturated with oxy-

gen in that zone when illtuminated. Upon removal, dxygen'rap}dly
disappears in the deeper layers, the réte of depletion be%ng depen-

dent on diffusional transport ‘into the mat and the heterotrophic
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.dctivities of'the:sessile'bacteria.

~In the Pine Creek mat, the drop in primary production after nid-
August ‘represented a major loss of oxygen to the sessile bacteria,

whose catabolic activity (as indicated by heterotroph}c potential

‘data) 'had not diminfﬁhed;' Dﬁelto the thfckness-of the mat at thié

time (ca. ~2mm), diffusional transport from the stream water was

" probably ﬁnéble to compensate for the depletion of.oxygen under

these circumstances (12,63). The resulting anaerobiosis ‘may have _
resulted in the formation of bacterial metabolic products that
weakehed the overall mat structure (34) and -facilitated its removal

from thé substratum.by the shear forces of the sfréam water.




SUMMARY

The immobilfzation of micfoorganisms-on rock éﬁrfaces represents

a méchanfsm which enab|e§ them to éﬁrQiQe andlproliférate wfthin the
- extremely olfgotrophic waters of Pine Creek.

The mat commﬁnity fé a Qery dynamf; sygtem, exper}enbfng a
strfking evo]ﬁt%on aé_both phototrophs and;heterotrophsArespond to.
rapidly changfng enQ}ronmenta| preésﬁres. The phototroph§ appear
to be healthy and actiQely growfng aé the water temperatﬁré-of the
stream increaéeﬁ through July, with high rates of brimary prodﬁctfan
per unit bfomass and excretion of‘a‘large percentage of soluble
organic photoaséimilation prodhc£s. These acthitieé peak‘Brfefly
fn Aﬁgﬁét before dropping rap%dly, indicating a'étreéﬁed popﬁlatfén
at thié pofnt in the ﬁeason.

The heterotrophic bacteria appeér to be dependent on fhejphoto;
trophé both as an attaéhment éﬁbétrate and aéla source of organ}c_
nﬁtrientg. Bacterial cé|1§ are characteriﬁtfcale-obéerved e?ther
directly atfathed to algal ce|l§ or wfthin the denﬁe polymer}c siime'
matrfx of the mat.  The ﬁtflizatfon rates of algal éxtrécellular
prodﬁct§ by bacter}a are greatest at a point in the éeaéoﬁ when
prfmary production and excretfon rates are also at é maxfmum and thg
declines of these éctithies in Augﬁst are concomftént;

There fs also an apparent'preference for these excfetéd algal

prodﬁcts by the heterotrophic bacteria.in-the Pine Creek mat. Up-
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take rates for glutamate in late August are significantly lower than

those for glycollate, an abundant component of algal release material.

Fﬁrfher, dﬁring the period fn whfch the phototrophSawe-aét}vely‘meta-
bolizing, there }s little ﬁptake of any gTLtamate added to the exper-
fmental system. But when the decline of algal productfon in Aughst‘
resulté in a scarcify of excreted éompoﬁnds, bacterial'ﬁptaké of
glﬁtémate increééeﬁ dramatically.

Short time¥coﬁrse ;utdieﬁ of carbon flow experiments revealed a
dfrect flﬁx'of hﬁtrfenté from the phototfophs to ;he ﬁetérotrophs;
Bacter}aliﬁcorporatfon rates of soluble extraceliﬁlar produqfs are
higheﬁt in the lfght when rate§ of release from algal éellg-are'also
at a maximum.

The declfne o% actiQity in fhe phqtot;ophic populatfon appearé"
to be triggered by a sudden drop in the silica concentrations in the
stream water in Aughst, combined with the possible losg of light and
CO2 from the deeper layeré of the mat. At this pofnf the bacterial
are ﬁﬁbétraté-limited_w}th Eespect'fo éxcreted organic,prddﬁcts of

the algae, and probably tﬁrn to algal lyéis‘prodﬁcté for "their main-

tenance and growth. Bﬁt with the loss of algal okygen production from

within the mat, the heterotrophic activities of the bacteria may
create anaerobic conditions, resd!ting,in the formation of products
that weaken the overall structure of the mat and facilitate its .

" removal from the substratum by the stream water.
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