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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
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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




1

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‘




N
(S
~
(o))
&
30
10
Figure 2.

38

i

1

A

|

1

1

1

1

18

2

16 30
JULY

12 26

10 24
AUG SEPT

4 12

10

Bars represent 95%

Total organic carbon (O) and chlorophyll a levels (@)
of the Pine Creek mat during 1981.
confidence intervals and, where not shown, are con-
tinued within the data points.




32




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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