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Abstract— This research established visualization and growth
methods that were initially developed for smooth, nonporous
materials for application to rough, porous materials for the
purpose of evaluating sparse biofilms. The basic concept of using
fluorochromes and confocal laser scanning microscopy (CLSM)
to visualize and quantify biota established using smooth surfaces
has been extended to topographic surfaces by using additional
analyses described herein. The study established that rough,
opaque, porous surfaces like mortar colonized with biota can be
visualized using CLSM and topographic relief of rough surfaces
can be identified by collecting light reflected off the material
surface. Volumes of biomass per unit area of surface can be
established using optical sectioning to generate image stacks and
simple stochastic modeling. Thus, growth accumulation on rough
surfaces can be visualized and measured.

Index Terms— Confocal Laser Scanning Microscopy, Crack
Dating, Forensic Engineering, I nfrastructure Health

Microbiological dating of a crack’s age depends nupo
establishing a viable, repeatable protocol for afizing and
quantifying biomass from all types of constructgmfaces.
Determination of crack age is an important forensi
issue. Each year millions of dollars are spenadaitration
and litigation arising from damage claimed to hdeen
produced by some recent adjacent construction igctv
some recent natural phenomenon. A protocol suttisisan
be used to estimate the time crack surfaces haredeosed
to the natural environment. With the ability to eletine a
timeline of cracking, a link between the allegedndge and
potential causation may be established. This dffgerensic
technique can mitigate excessive litigation asdediavith
damage claims due to construction activities, sigchlasting,
pile driving or use of heavy equipment or natutampomena,
such as earthquakes or hurricanes [1].

Before the biomass accumulation method of datimglea
utilized in the field, several principles must texified in the
laboratory, namely the development and cultivatibaparse
zero-shear biofilms, verification of visualizatiof biota on
representative building surfaces and verificatibalality to
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qguantify one-dimensional growth over time in the
laboratory. The work presented herein focuses on
colonization and visualization of sparse biofilmmsarough,
porous material.

Methods were developed to sparsely colonize susface
cultivate these biota under zero-shear feedingitiond and
visualize and quantify sparse biomass accumulaticther
semi-optimal conditions [2]. Semi-optimal conditiorare
used to bridge the gap between optimal laboratongitions
(frequent, large quantity of fresh nutrients) atigairophic
conditions (nutrient sources severely limited angfovided
intermittently). The semi-optimum conditions were
maintained so that the growth was scaled from lmrqn
(months, in many cases) to days in the laboratdthe
technique described herein does not precisely mivataral
conditions because of the desire for sustainedmiefind the
need to utilize liquid cultures and nutrients tohiage
sustainability. The technique does provide a cdiatote
technique to establish sparse biofilms, provideitéith
nutrition and, ultimately, develop methods to vige and
quantify the sparse biofilms directly on the deposi
surfaces of interest.

Confocal laser scanning microscopy (CLSM) was chose
?or visualization and quantification of these spabsofilms
because it enables 3-dimensional (3D) visualizatibhiota
directly on an accumulation surface which may beque and
have an irregular topography. Because confocalasiopy
enables examination of optical sections within Khic
specimens, 3D analysis of biofilms is possible liyiaating
the out-of-focus signals. The sparse biofilms gateal in this
study were thin, often only one microorganism tHiti2um),
but the surfaces of mortar samples have significaligf on
such a scale, requiring the ability to take stawfkisnages at
regular, small intervals to fully characterize theface and
the biofilm deposition on it. Examination of theta directly
on the accumulation surface allows for examinatiérthe
in-situ distribution of the biofilm, which can yatladditional
information about the structure of such dispersed,
nutrient-starved biofilms [3]. To visualize bionsasising
CLSM, acridine orange stain was used. Acridine geais a
nucleic acid stain that interacts with both DNA and
RNA. Acridine orange was found to be suitabletfas type
of work because of its strong, fade-resistant sigmal its
ability to be detectedover the signal from autofészing
mortar.

Confocal microscopy can also be used to charaetéhiz
surface of a rough, opaque material, such as thatootar
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[4][5]. By collecting reflections of white light af
accumulation of wavelengths from approximately 40 to
700 nm) off the examination surface, a topograptap of the
surface can be developed by calculating the refit¢tie stack
of images over the analysis area at the same thme
fluorescence is collected.

II. MATERIALS AND METHODS

A. Mortar asa Testing Surface

Mortar was selected as a testing surface becaitserofigh
surface and porous nature. These properties weéréofbe
some of the most challenging that could be encoedta a
natural accumulation analysis. Thus the methods
visualization and quantification developed for sthoo
non-porous surfaces had to be tested and verifisdféicient
for these additional material properties [2]. Theximum
topographic relief of mortar in this study was deti@ed to be
approximately 2 mm, or half of the diameter of theest
grain size of the concrete sand. If the same ggatoapplied
to concrete, where coarse aggregate is used, themoa
relief for concrete would be in the 12.5 mm rangé
comparison of the relative roughness of mortar @ntrete
with cement paste and glass is shown in Fig. 1ilé/gtudies
of a material with such a topographic relief of cate are
feasible, they are very time consuming and, indhge, would
not provide additional information beyond that lo¢ tmortar
samples. In the interest of time management, eognand
information yield, mortar was selected as the fitesting
material.

Use of a cementitious material for these studiéseda
concern with the ability to colonize an alkalinerfage.
Cementitious materials are known to have pH lexeshging
from 11-14 [6]. To determine if the pH causes g ia
colonization, a pH study was performed on freshiyned
cement paste samples. Two cement paste mixespoared
and moist cured for 7 days. After the moist ctiie,samples
were exposed to the natural environment and thewpsl
measured every day using phenolphthalein and waler
indicator. Phenolphthalein measures pH by a sicgler
change. High pH surfaces turn a bright magentdlewh
surfaces with pH less than 9 are clear. A pHieas 9 is a
critical threshold in the study of concrete and estitious
materials because it indicates that the cementixmbas
completely neutralized through a chemical processwa as
carbonation. Studies have shown that more precetbads
of pH measurement in cementitious materials arenooe
precise than those obtained using phenolphthafgin [

Universal indicator has color gradations varyingnir
purple to green, where purple is high pH and gisemrutral
pH (less than 8). The universal indicator was usexValuate
the degree of change over the time and was emplayeal
means to provide trend data and verify the time
neutralization obtained with phenolphthalein. Resof the
pH measurements for both cement mixes are showigir®.
This fig. shows the surface of the cementitious emals
neutralize within days of being freely exposed.e Bxpected
accuracy of the biomass accumulation method is©erotder
of weeks to months, which is far greater than theegal days
necessary to make the surface an appropriate ek
site.
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Fig. 1. lllustrative comparison of elevation cr@gxtion
for various materials. Roughness was estimated
determining the maximum particle diameter and dingd
by 2.
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Fig. 2. The mortar surface fully carbonates (alest
than 9) quickly when exposed to air, thus not indgi@
significant lag between exposure and neutrality.

B. Sparse Biofilm Development

As discussed in previous publications [1][2], spab®film
colonization requires consideration of cell densityverage
consistency and repeatability. As in studies cotetli on
glass samples, Pseudomonas putida, a common
soil-inhabiting bacterium, was chosen as the remtasive

icroorganism.P.putida was ideal for this work because of
Its relative safety in an aerosol form, its simiteghavior to
other species in thieseudomonas family and its capability to
form biofilms [8]. Becaus®.putida can be found in locations
of fluctuating nutrient availability, like soil, teratory
conditions were developed to make the nutrient igions
small relative to its some of the more typical mutt-rich
environments.

Preparation for &.putida liquid culture followed standard
microbiological laboratory methods [9] to ensurepare
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culture at the desired cell concentration and cbeiscy. A
stock culture was obtained [10] and plated on aantragar
(Nutrient Broth and Agar 15g/L, Difco Laboratori€troit,
MI). One colony was removed with an inoculationpgcand
placed in 100mL of a full concentration nutrientothr
solution. The liquid culture was incubated at Jd@rand
28°C for 24 hours. A small sample of the full centration
liquid culture was taken for serial dilution andcag@ count
quantification [11]. The full concentration liquadilture was
diluted to 5% of the original concentration. Agamsmall

for the purpose of visualization and quantificatiolts
potential effects on environmental samples wilbberessed
in field studies to be conducted.
1) Controllable Acceleration of Growth

Once samples were sprayed with the inoculum, thengw
prepared for incubation. Samples were first fetth widiluted
nutrient broth solution. The nutrient broth wasutid to
avoid excessive deposition of concentrated nusiemnt the
sample surfaces as the fluid evaporated off théaser A
dilution of 50% below the manufacturer's recommeiates

sample was taken for serial dilution and plate tourf7.5 g/L instead of 15 g/L) was sufficient to prdeireduced

guantification to verify the dilution to 5%.

Once the 5% culture was prepared, it was transfaoe
calibrated sterile plastic spray bottle. Severmattles were
calibrated for consistent spray volume and coveragsa
[2]. Samples were placed in a container for theaypg
process so that surrounding areas wouldn't be ountded
and to reduce the risk of inhaling the aerosolizgture.

Cement mortar (Portland Type I/ll cement, concested,
w/b = 0.3, 30% cement replacement with fly ash) alassen
to represent porous, rough materials for the p@wpdsthis
study. Mortar was mixed and poured into bar méldgl cm
x25cmx15.2cm (0.25inx 1in x 6 in). Afte8 days of
curing, the samples were placed in a glass bottieater to
maintain saturation and autoclaved for sterilizatid@he bars
were broken into smaller chips, with a maximum disien
no larger than 1 cm. In order to maintain the dioh the
surface for this study during colonization and fagd
capillary forces from the drying process of the taoneeded
to be negated. Mortar chips were placed in a wadth so
that capillary forces maintained saturation thraughthe
sample during incubation. Maintaining a saturasadple
prevented the liquid culture and nutrient brothnirdeing
suctioned into the sample before the culture caoldnize
the surface. Fig. 3 shows several mortar chipa imater
bath. This suctioning force is believed to berémult of the

Fig. 3. Mortar chips were incubated in a sterileter
bath to maintain saturation of the sample, thusgaréng
loss of the culture and nutrients through negative
capillarity (suction) into the sample.

need to use liquid cultures for colonization in thkoratory
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nutrient conditions, simulating those that may dend in a
soil environment. The feeding process developedttis
research needed to satisfy two criteria: maintaawth and
hydration without generating shear forces and pi@anly
limited nutrition to more closely simulate condit®
encountered on construction materials. Samples feer on
a daily basis by pipetting diluted broth onto tremsple
surface with each mortar chip receiving 50 uL p&y.dThis
feeding schedule reduced the nutrient quantity iwithe
system by a factor of 24 compared to the nutrigvitisin a
flowcell system [2]. More complex comparison oftnent
quantity used by the biofilm within the system &ybnd the
current scope of this work. After feeding, the ples were
sealed in a petri plate to maintain humid condg&iand
prevent dehydration of the biofilm even if all thoth
evaporated off the sample surfaces. Samples weobated
at room temperature (20-22°C), slightly below theimal
temperature of 26°C fd?.putida.

2) Sample Collection and Preparation for Visualization

Samples were collected at 24-hour intervals to uatel
increasing biomass coverage over time. Samples wer
collected in 24-hour intervals beginning at the etirof
incubation. After collection each sample was scigie to a
heat-fixation procedure (10 min at 46°C) to aichitaching
the biofilm to the colonization surface and in iloyging stain
receptivity. After heat fixation, samples were jeaked to an
additional fixation step. Samples were fixed byriensing in
a solution of 50% ethanol and 50% Phosphate Budfere
Saline (PBS) for one minute to dehydrate the bigfiand
then air dried. Often, structural collapse of n$
architecture is a concern when dehydrating a Iompfidut it is
not a concern for sparse biofilms because growitursc
mostly as a single-cell layer along the materiafasie, with
little growth in the z-direction.

3) Microscopy and Image Processing

After fixation, samples were stored in a steriléexdath in
a 4°C refrigerator until analysis with Confocal eaScanning
Microscopy (CLSM). CLSM was used to determine the
spatial density achieved with spray colonizatioul aerify
growth over time with the stationary feeding meth@dZeiss
ConfoCor3/510 Meta Confocal system provided exoelle
control of x, y and z positioning and automatechdgil of
images to analyze large areas without sacrificingh h
resolution. While the method of image collectioa i
straightforward, an automated process has beerogpek][2]

To prepare for CLSM analysis, samples were stawitida
fluorochrome, acridine orange, to allow visualiaatiof the
biota over the autofluorescence of mortar surfac®sveral
fluorochromes were compared, but acridine orange (1
mg/mL, Molecular Probes, #A3568) was found to leertiost
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suited for these types of analyses. Acridine oggmgved to

be a robust fluorescent stain that provided a gtron

fade-resistant signal visible over the autofluceese of the
mortar.

Samples stained with acridine orange were exciteé b
wavelength of 488 nm. Emissions with wavelengtitsvben

522 nm and 661 nm were collected to visualize th

biota. Since mortar samples have significant topplic
relief, the location of the surface needed to temiified in
relation to the deposited biota to determine ifnk lexists
between colony location and location within theleyd and
hills of the surface. The surface and the biotalccdue
scanned simultaneously with two channel imagesfeviiee
fluorescence was collected with the fluoresceneacél and
the mortar surface was located by reflecting tlrees488 nm
laser and collecting all visible wavelengths reiecoff the
surface. For clarity on images, the signal fromfthorescent
biota was given an orange pseudo-color and theakfgom
material surface was given a white pseudo-coloages were
collected with a 63x magnification to accuratelgtitiguish
the biota signal from the autofluorescence sighti@mortar
and provide better observation of the surface lonaStack
images collected from mortar samples were singtation
images from the 63x objective, which yielded anlysis area
of approximately 20,400 uf{142.9 um x 142.9 um). The
3D mortar stacks were generated by collecting 2&gies at 1
pm intervals for either 14 or 19 um (15 or 20 inggas
shown in Fig. 4. The stacks yielded analysis vesnof
either 285,880 pfor 387,987 prh

Images containing only the fluorescence signal wel
processed using Imaged, a public domain Java ima
at
A threshold value of 100 was '

processing software
http://rsb.info.nih.gov/i}.
determined to be suitable to distinguish biota base the
8-bit images collected in this work. Pixels wittreéshold
intensities greater than 100 and less than thermami 255
(2%-1= 255) were measured as ‘on’ and the percenthtieo
‘on’ pixels over all available pixels yielded a pentage of
the image area that was occupied by biota. Celinaek were
interpolated using the 2D area covered on eachenadg
stack and multiplying it by the height of the oplisection
that the image represents. The optical sectiahknieiss of 0.9
um is approximately equal to the thickness of alsingll of
P.putida. The general linear equation is:
V=h (A1+ A2 + A3+ ...An_1+ An)

(available

@)

Where V is the interpolated volume
h is the height of the optical section
A, is the area coverage for each image
The concept of 3D volume approximation is illustchin
Fig. 5. Through this interpolation, the total cetllume is
then determined by summing the interpolated volufoes
each image pair as measured throughout the etdirk. s

Quantification of biomass accumulated on a suréarebe
evaluated qualitatively and quantitatively with thee of
microscope images obtained from the CLSM. Qualitati
analysis is useful to verify and define growth tterand

RESULTS
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Fig. 4. Stacking enables a 3D view with 2D imagir
Images are taken at specified z-intervals througtiau
depth of the sample.
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Fig. 5. Interpolation of 3D volume from 2D imageBhe
conical hill of biomass is described by the 2D immg
shown on the left taken at equal intervals of dep#tking a
cross-section of each image (A-C) and stacking
elevations gives a complete cross-section of thecabhill
of biomass at that location. Using this informatig
trapezoidal interpolation between the images pewid
volume measurement of biomass within the analysia.a

the

colony dispersion [1]. Qualitative analyses of analation
on mortar required additional imaging than thosesmoth
surfaces. The relief of the mortar surface reguaestack of
images be collected to accurately follow the sw@fand thus
the biota colonizing the surface. Images wereectdld at 1
um intervals through the relief in the particulald. Most
stacks were either 15 or 20 images thick, i.e. 1419
um. Fig. 6 presents a stack series for a mortapka These
images begin at the top elevation in the field anogress
down to the lowest elevation in the field, with taidollowing
the elevation of the surface (not shown in grayssahges).
The stack of images can be used to identify théaser
location by viewing the ‘movement’ of the reflectéght
signal through the stack. Fig. 6 presents both
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Signal progressively mo

ves outside the circle.

Because the surface signal is detected in an
increasingly wider arc as the images progress

into the stack, it is a hill.

Tap of slack

BHoitoa of stack |

" Signal moves into the box as images

progress down the stack,

indicating a valley.

Figure 6. A series of images taken on a rough anatirface. These composite images show both tiite Vight channel
(white) and the fluorescence channel (orange). dets show the signal moving in an outward dimecthrough the depth o
the stack, indicating a hill, while the signal hetgreen box moves inward, indicating a valley.

Several other features can be identified with éhes

a hill and a valley within the image. The circle® used to
identify the location of a hill. Each circle isstkame size and
placed at the same location in each image. Exdioimaf the
signal within the circles demonstrates that thenaig
progressively moves from the center of the ciraéward,
indicating the surface location spreads as thd gtagresses.
The boxes indicate the location of a valley on sheface.
Again, all the boxes are the same size and attine $ocation
within the image. This time the signal is absastide the box
at the top of the stack and the signal progressivelves into
the center of the box, indicating the surface svenging into
the center of the box. This surface convergendiedtes that
a valley is present.

topographic maps. First, the topographic map showiig. 7
is created from the same stack series presented.i6. The
hill defined by the red circles in Fig. 6 is repreted on the
topographic map by the red color, as identifiedtHsy black
arrow on Fig. 7. The valley defined in Fig. 6 Ime tgreen
boxes is represented in the topographic map byl and
green shades in the lower left portion of Fig.déntified by
the white arrow. These maps support the visudlysiseand
interpretation described above to define the togolgy of the
mortar surface using the image stack.

Another feature that can be identified by topographaps
is material edges. Another topographic map showkig. 8
was taken at the edge of a mortar sample. The efithe

Defining the material surface topography for rougRample is marked at the image edges by the twavamma the

materials is necessary to define biomass locatitmrespect
to the material surface. The reflected light sighamployed
to create a topographic map of the area to defieedlief on
a single 2D image. Topographic maps of severaltanor
samples are presented in Figs. 7 and 8. Thesegraypiuic
maps utilize color to define the relief of the swd rather than
contour lines. Each map uses blue and green toies to
represent areas with little or no relief. Yelloarsd reds are

top and right boundary of the map. This void ifirds as
having no relief on the topographic map becauiseissigned
blue shades. This area could be interpreted amamth
portion of the sample on the topographic map, eanhterial
location must be verified. The absence of the rwtés
verified by examining the stack of images and aarifig a
lack of reflected signal in the area.

The topography of a cross-section of an image stankbe

used to define areas of higher relief. The redezfle for each geveloped by utilizing the DepthCod tool in the Zeimage
image is based on the stack thickness. For instdfig. 7 has software. This tool shows elevation views along seilected
a stack thickness of gm and the color variation is based ongcation parallel to the x- or y-axes [labeled Add® in Fig.
that 9um, while Fig. 8 has a stack thickness of89 thus the  gp]. Fig. 9 demonstrates the effectiveness ofatien views

color variation is based on that thickness. THaulescaling o determine hills and valleys within an image ktamn Fig.
of the topography function based on stack thickmétfén the g4 the image i
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presented, supporting the identification of certagations as
hills and others as valleys.

Fig. 9 demonstrates results obtained from applyhneg
DepthCod tool. The A-A line parallel to the x-agrrelates
to the elevation view at the top of the image. BaB line
parallel to the y-axis thus correlates to the diemaview
parallel to that same axis on the right side ofithege. Note
that the blue line in each elevation view is atshee depth
within the elevation, consistent with the imageptiiged in
the main window. Elevation locations were chosen t
highlight hill and valley features. The light codal arrows of
Fig. 9 identify the hill within the image, as seam the
elevation view at the top of Fig. 9b, and the deokored
arrows of Fig. 9 identify the valley shown in thievation
view on the right side of Fig. 9b.

After the material surface is located, the biota dee
located with respect to the surface. Biota locatis
determined in two ways. First, relative locatiorttod biota to
the mortar surface can be seen by examining thgrgssive
images in a stack. Because of the high magnifinatiith the
CLSM, the biota tended to be seen slightly aboeestirface.
This ‘floating’ of biomass is evident in the imad®s seeing
the fluorescence signal (biomass) on one image thad
reflected light signal (surface) at the same l@zadin the next
image in the stack shown in Fig. 6. Elevation vieas
described in Fig. 9b show the distribution of thenhass
along the entire surface. The biota distribution tbese
images is identified by noting the position of therescence
signal (orange) on the elevation view over theexd#d light
signal (white). From these elevation views in B.and the
progression of images in Fig. 6, it can be seen Wbiata
colonizing the rough mortar surfaces did not appegrefer
any particular portion of the surface. Colonizativas seen
along the ridges and valleys equally, both at fhee tof
colonization and after incubation for several days.

Despite the increased effort required to visuatlee
topography of the surface and the biota on thataser
guantification methods for volumes of biomass ctih lse
relatively simple. Quantification methods of thioth are
consistent with the 2D images collected in a sthek those
for a single image. The coverage of each imadetisrmined
with image processing software based on pixel sitgrand
threshold range [2].

To extend these 2D analyses to a 3D volume
interpretation requires a volumetric interpolatibatween
each 2D image, as illustrated in Figure 5. An ieag
containing only the fluorescence signal (orangejnialyzed
for biomass volume because it represents the beprasent
L - e - o - s - on the mortar surface. The fluorescencesignal @neaaye
then processed for aerial coverage based on pikehsity
[2]. Once all images in a stack are processedctiverage
as seen in the upper portion of the image, boulyed yalues are input into Equation 1 described _abO\m.Th

' interpolated volume between each set of imagealtslated

the arrows .
i and all the interpolated volumes are summed, amoh th

presented.  The black areas of the image are "@lided by the image area. The result is the velyrer unit
distinguishable as hills or valleys with one singhage of the area Withydimensiois o /'umz or simplified aalmllm

stack. If elevation views are gen_era';ed througgsehblack Though growth was not the primary focus of these
areas [_the two rect_angles shown in Fig. 9b a"’“g“*_” ?nd mortar investigations, it was a secondary constierao
right S'de.Of the image], it becomes casy to dﬁm’h establishing viSL_JaIization angl_ q_uantification metho
between hills and valleys. Arrows on each imageidy the Through developing the quantification methods orrtaro

black areas that are undetermlne_d in Flg._ 9a amir thsurfaces, some growth patterns were detected. pBlyiag
corresponding location on the elevation views tn Bb. The the above visualization and quantification

topographic map of the image stack [Fig. 9c] isoals

Figure 7. Topographic map for a 3D image stacke
individual images presented in Figure 6 can be used
generate a topographic map to interpret the refi¢he
material surface. The light arrow identifies thélepand
the dark arrow identifies the hil

Figure 8. Topographic map taken on an edge of|the
sample. Void space is characterized as havinglref,r
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a b

Hills or valleys?

The second black area can be defined as a valléyeon
y-axis elevation.

Figure 9. Hills and valleys are indistinguishable on the single image from a stack. Elevation views can be generated
through these black areas and each area can be defined as either a hill or a valley. The line A-A parallel to the x-axis
correlates to the elevation view at the top of the image. The B-B line parallel to the y-axis thus correlates to the
elevation view parallel to that same axis on the right side of the image. The topographic map supports the relief
identifications. Light colored arrows identify a hill and the dark colored arrows identify a valley.
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Figure 10. Volume per unit area measurements

effective in measuring biomass quantitatively omgio
surfaces. To establish stronger statistical sigaifce,
studies of this nature that cover larger areaf@fsample
need to be condud.

analyses to a number of samples over a four dapdea
growth trend can be verified. Figure 10 shows dtieation
of biomass volume per unit area over time. Thetjfieation
is no longer on a percentage scale like the aedaérage
guantification for 2D analyses. Biomass volumes yogt

area are on the order of 116h over 4 days of growth.

The same exponential best-fit lines applied to ABlyses on
glass [2] were applied to the 3D volumetric datanaortar.

Overall quality of data was expected to be lowehlie 3D
volumetric study than the 2D analyses, for two oeas First,
analysis area for stacks used in these 3D analyasnly
22,350um? as compared to an analysis area of 2,350,060
for a tiled image in 2D [2]. Second, volumes anteripolated
from 2D images and, therefore, can have a greatartainty
associated with each data point. Uncertainty ilurmetric

measurements can be improved by incorporatinggtifiith

stacked images to increase the analysis area doding the
z interval at which images are taken to reducerpoiated
volume [1].

[V. CONCLUSIONS

Volumes of biomass per unit area of surface can be
established with image stacks and simple stochastic
modeling.

Growth accumulation on rough surfaces can be
visualized and measured, though additional work
needs to be completed to establish statistical
significance of the natural growth variation with
biofilms.
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