Chapter 5

Biological Branching
Patterns

CURRENT SCIENCE RESEARCH HAS NO BOUNDARIES AND KNOWS NO
LIMITS. Scientists find fractals everywhere and follow the trail of these
fascinating patterns across many sciences physics chemistry iology
astronomy and earth science n this chapter we do the same tracing
the ro gh edges of acterial colonies the scraggly o tlines of termite
t nnels and the spread of root systems arlier chapters have shown
that physical and chemical systems formed and driven y random pro
cesses can e very dynamic  re living systems even more dynamic

o patterns created y acteria termites and ants res It from their
social nat re or are these patterns too the res It of random processes

e try to answer these estions y applying the analysis of previo s
chapters

n this section yo will st dy shapes of acterial colonies grown nder
vario s n trient conditions he primary estions are these hy
are the shapes of acterial colonies grown nder starvation conditions
similar to patterns of non living systems s ch as electrochemical de
position and visco s fingering  an we nderstand these shapes from
o 1 e perience with random wal s and di sion



he growth of acterial colonies re ect a ¢ rrent research  estion
oes the growth pattern of the colony res 1t from p rposef 1 collective
social ehavior y the acteria rcanit e e plained y the physics
of random processes as with a random wal er model o will reach
yo r own concl sions a o t whether the acterial colony shapes yo
o tain are determined primarily y simple physics or whether social
interactions among the acteria are necessary to create the o served
patterns
Standard la oratory practice is to grow a acterial colony on a at
gelatino s s rface with a rich so rce of n trition n this e periment
y contrast the acterial colonies are grown nder varying n tritional
conditions that approach the starvation threshold he gel resides in a
ro nd at dish astandard petridish a o t centimeters in diameter
o start growing the colony yo sho 1d p t a small drop of acteria
in the center of the gel  hen yo cover the petri dish and place it in
an inc ator at a standard temperat re and st dy the pattern of the
colony as it grows o tward over a period of days and wee s

hy wo Id scientists in partic lar
those in a hospital want grow acteria

hat happens when the acteria are forced to grow in starvation
conditions an they h nt for food hat determines whether they
receive n trition o acteria cooperate among themselves hat
determines the shape of the colony hat shape is optimal for s rvival
s the shape we see the optimalone  nd whata o tthen trients o
they remain stationary in the gel waiting for the acteria to come and
gra e rdothey di sethro gh the gel to areas of low concentration
where acteria have eaten the n trients

Spec late a o t answers to the a ove
estions efore eginning the e periment
Iso s etch the shape yo e pect the colony
to have as it grows  an yo draw analogies

etween growth of acteria in this e periment
and the growth of a di sion limited aggrega
tion in the program




here is of co rse an innate tendency to thin di erently a o t
living organisms thana o t dead o ects t now we are well aware
that non living materials can grow into ea tif 1 ela orate patterns
So here are some more  estions

s there an advantage to drawing an
analogy etween acteria and non living mat
ter  ist the advantages and disadvantages of

pro ecting onto acteria yo r own e pecta

tions a o t how living organisms ehave oes

it ma e sense to as what acteria to do
to do to do

hen yo did the electrodeposition e periment yo pro a ly had
an internal mental model for what was happening o  imagined
copper ions moving thro gh sol tion o pict red them attaching
to the growing aggregate and eingred ced ie adding two electrons
o reasoned a o t the applied electric field and its a ility to drive
ions thro gh the sol tion and electrons thro gh the e ternal circ it
nd when yo compared yo r res Its to those of the
sim lation yo drew analogies etween the sim lation and the
e periment
norder to ild a mental model to analy e the acteria e periment
yo need certain facts a o t acteria and their ehavior o may also
find it sef 1 to adopt some of the code words scientists se to disc ss
these e periments  hese words incl de

the iology synonym for mo ile

shorthand for motion of acteria in response to chem
icals in their environment

defined in the ele Shaw cell e periment ands n
as the di c¢ lty with which one id moves thro gh a narrow
t e or penetrates another i id

a whip li e organelle little organ that many acte
ria se to propel themselves pl ral



mong the acteria we recommend for this e periment are
and
Il are rod li e in shape with dimensions

micrometers m in length and m in width  hey occ r commonly
are s ally fo nd in the h man digestive tract soil and npaste ri ed
dairy prod cts o grow and yo need to inc ate
the agar plates at grows at room temperat re yp
ically all three strains of acteria m ltiply every = min tesif ade ate
n trition is availa le

acteria respond di erently to starvation conditions
retreats into a dormant mode y forming thic coated cells
that can withstand conditions that wo 1d ic ly ill the normal active
cell n contrast and die

he wild strain of each of these acteria ie the most commonly
o served strain in nat re is it moves  ach is
that is has vario s n m ers of little whip li e arms  nder a micro
scope acteria growing on agar near the colony loo 1i e many tadpoles
swimming randomly t is not far fetched to descri e each acteri m
as e ec ting a random wal one restricted to the neigh orhood of the
colony acteria also e crete a  id which can enhance their a ility to
move on the agar s rface

n o re periments n trients are s pplied to acteria y dispersing
them in a gelatin li e material made from agar  gar is a long chain
molec le made from seaweed hen dissolved in water at s ciently
high concentrations it ca ses the sol tion to gel n this way agar is
m ch li e gelatin trient molec les di se thro gh agar gel nearly
as ic ly as thro gh water

acteria respond to chemical signals  ne famo se ample is that of
slime mold  nder starvation conditions the acteria release chemicals
that res 1t in a chemotactic response the acteria come together into a

single colony and form a spherical growth called a tos r

vive the adverse conditions n iology prono nced ta iss

refers to motion y an organism in response to a stim 1 s

is motion in response to a chemical stim 1 s is motion

in response to light hese terms are similar to and
however a response can incl de growth as well as

motion



hile it is nown that acteria comm nicate chemically it is dif
fic It to isolate the chemicals they se or to disting ish p rposef |
organi ation res lting from this chemical comm nication s an e
ample of the distinction in electrochemical deposition ea tif 1 pat
terns emerge as the ions aggregate moreover the atoms comm nicate
chemically n spite of this we do not say that copper atoms ehave
socially

s part of yo r data analysis yo will meas re the fractal dimension
of the s rface or perimeter of the acterial colony he estion is
whether the colony interface may re ect social interactions or whether
the spread of the colony is e ectively random

random s rface can e generated y the following random wal
e ercise  n a piece of graph paper draw a hori ontal line across the

middle hisisyo r line a e amar at the left most point of
the a is  his is yo r origin Oove yo T mar er over
one nit to lip a coin f heads res lts move p to

if tails move down to ove yo r mar er over to lip
the coin f it is heads move p one if tails move down one

epeat this process moving yo r mar er over one nit on the a is
each time the a isrepresents time and p or down one nit in the
direction depending on the res 1t of the coin ip or e ample if
yo ip then the connected points ma e a graph li e
ig re
he res It is a random s rface onnect yo r points with dar
magic mar er scan it into the comp ter with a contrast setting so that
the grid vanishes and find the dimension sing the
program
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ig re eneration of a random s rface sing coin ips heads
or tails his s rface res lts from the se ence

hat is the fractal dimension of yo r
ro gh s rface

hat happens to the s rface if we
change to the following r le ip two coins
move p only if yo get two heads and move
down only if yo get two tails

common model of molec les in gases and li ids shows particles
constantly in motion dancing aro nd d e to thermal dist r ances n
a niform gas or li id nothing changes on average eca se of this
motion on average e al n m ers of molec les move in and o t of
a given vol me Since the motion is random li e that of a random
wal er there is no c¢ rrent no directed ow of molec les in a
given direction  his is a pict re of a medi m thatis ate ili ri m

ow e tend this mental model to the case in which a concentration
di erence e ists or e ample s ppose we have a arrier etween two
containers of water  he container on the left has salt dissolved in the
water the one on the right is p re distilled water e now raise this

arrier caref lly so as not to ca se id motion



hat happens to the saltiness on the
two sides of the cham er sthere anet
motion of salt ions from one side to the other
hy  oes the random wal of the molec les
in sol tion contri te to this

hen a concentration di erence occ rs etween regions of the same
medi m that medi m is no longer in e ili ri m  he res It is a net
di sion of particles from the high concentration region to the low

concentration region

n the e periment

s the acterial colony grows it eats
the n trients that are located closest to it near
its interface with the gel his res Its in a
lowered concentration of n trient near the in
terface t the agar gel egan as a homoge
neo s medi m with a niform concentration of
n trients hat happens to the n trients in
the gel o they di se toward the depleted
region ill the colony still e a le to contin e
to feed even if it does not grow

ands n yo will e growing acteria nder

vario s n tritional conditions n ands n yo will prepare agar
plates to grow the acteria and in ands n  yo will create strea
plates to prod ce individ al colonies of genetically identical acteria



0 minimi e contamination of yo r e periment y the acteria that
live on and aro nd s please

ash yo r wor area with a disinfectant detergent eg
vesphene efore eginning yo r e periment

ash yo r hands and wear gloves for the e periment
or within cmofa nsen rner ame

t the end of yo r e periment wash yo r wor area and yo r
hands

his e periment re ires the following s pplies and e ipment

inc ator if availa le
a toclave for sterili ation
nsen rner with t ing gas s pply
alance prefera ly acc rate to g
petri dishes
la oratory gas lighter stri er
scissors
mar ers or wa pencils
nylon gloves
goggles
al min m foil
a toclave gloves

€a ers



grad ated cylinders

inoc lating needles and loops
weighing dishes

glass stirring rods

parafilm

a toclave tape optional

acto gar

acto eptone
di asic potassi m phosphate
mono asic potassi m phosphate
Sodi m hloride a 1

distilled water

acto gar
acto ryptone

Sodi m hloride a 1
east e tract

distilled water

acterial samples s ch as
it ntero acter aerogenes

and



acteria can e p rchased from s pply companies eg  arolina
iological S pply ompany or ifco a oratories Specific acteria
can sometimes e o tained from stoc centers s tilis is availa le
from the acill s enetic Stoc  enter at hio State niversity and
coli is availa le from the stoc center at ale mniversity oth stoc
centers provide the acteria free to ed cational instit tions See the
ellow ages at the end of the oo for information on s ppliers

acteria grow on n trient agar  he form las in this te t are given for
one liter sol tions smaller vol mes than a liter can e made y scaling
down the antity of each ingredient y the same ratio as the vol mes
or instance if the form la for one liter of n trient agar calls for

grams of agar se grams to prepare milliliters of sol tion o
vary the n trient levels in this e periment vary the acto eptone
levels in the sol tion  he form la for the n trient agar with g

of acto eptone is

liter of distilled water
grams iter acto gar

g al

g acto eptone

or strea plates yo can se a concentration of g acto
eptone here are many other inds of n trient agar that can e
sed to o tain individ al colonies Since acteria grow di erently on
di erent indsofn trient agar yo may find that one wor s etter than
another for yo ne standard n trient agar is ria ertani



liter of distilled water
g acto gar

g al

g acto ryptone

g east tract

or this proced re yo will e sing an a toclave n a toclave is
designed to prod ce temperat res and press res that will completely
sterili e o ects t is important that yo se gloves designed for se
with the a toclave so that yo do not in re yo rself

eigh o t the ingredients from either list and place them in a

ea er lso place in the ea er a glass stirring rod to e ster
ili ed he stirring rod will e sed after a toclaving gar
will not dissolve into sol tion ntil the sol tion has een heated

over the ea ers with al min m foil shiny side facing the in
side of the ea er and p t the n trient agar in an a toclave

he time necessary to sterili e the sol tion depends on yo r par
tic lar a toclave t is a good idea to place a toclave tape on
yo r ea ers if it is availa le toclave tape has stripes on it
that are originally light colored tt rn lac when e posed to
the temperat re and press re needed for sterili ation h s yo
can e ass red that the sterili ation process was s ccessf 1 if the
stripes on the a toclave tape change color

fter sterili ation is complete remove the ea ers wearing a to
clave gloves emem er that the a toclave operates at
and a steam press reof 1 spers areinch psi he
sol tion which comes o t is very hot e caref |

fter removal from the a toclave allow the ea ers to cool
eno gh that they can e comforta ly handled while wearing vinyl
gloves fthe agar is allowed to cool too m ch it will egin to so
lidify f the n trient agar is po red while it is too hot there will



e e cessive condensation on the cover of the petri dish  oist re
on the cover will adversely e ect res lts of later steps

Stir the n trient agar sing the stirring rod which was a toclaved
with the agar  hen po r agar into the petri dish ntil the agar

st covers the ottom of the dish appro imately  ml lace
the petri dish cover on the petri dish immediately and allow the
agar to solidify f lly gel fter the plate of agar has solidified
t rn the plates pside down and let them sit for ~ ho rs at room
temperat re to dry  rying eliminates e cess water in the agar
and red ces the amo nt of condensation

It res ordered from a s pply company or stoc center will pro a ly
not consist of genetically identical acteria he acteria will all e of
the same species and availa le as a single strain ~ owever random
m tations may still e ist d e to the large n m er of acteria present

0 o tain a so rce of genetically identical acteria strea plates are
sed Strea ing a plate allows the acteria to e spread o t so that a
single acteri m can e isolated from all other acteria  his techni e
is called strea ing for individ al colonies Since acteria are so small
yo will not e a le to see that isolated acteri m owever that
acteri m will reprod ce itself y inary fission typical division time
ison the order of min tes res ltingin acteria which are genetically
identical to the original acteri m and to each other  hese acteria
are visi le as a small ro nd colony growing where there had een one
isolated acteri m  his method allows yo to se the individ al colony
repeatedly and e pect similar res Its
here are several accepta le strea plate methods he method
descri ed here is called the strea and is one of the easiest

ight a nsen rner in yo r ench space 0 maintain sterile
conditions inoc lation sho 1d occ r within cm of the ame
ait seconds efore opening the petri dish and inoc lating
his gives the ame time to sterili e the local air  emem er



ig

that yo want to achieve sterile conditions o not wor with the
plate close to yo r face  his will violate the sterile environment

se a mar er or wa pencil to draw a  on the ottom of a
plate of n trient agar  his divides the plate into three sections

ig re ne section covers one half the plate  he other half
is divided into two  arters

re raw a on the ottom of yo r petri dish as shown

Sterili e the inoc lating loop ig re y holding its tip in
the ame ntil it t rns red

ift p the lid of the plate yo will e inoc lating and po e the
inoc lating loop thro gh the agar close to the side of the petri
dish to cool it  his prevents the heat from illing the acteria
sample yo want to se  he heat will not harm the agar ry
to lift the lid of the plate p only as m ch as is necessary to p t
the loop inside fyo completely remove the lid it can ecome
contaminated with acteria from the environment

o ch the loop to the edge of the colony growing on the plate
hen ta e the loop and place the lid sec rely ac on the plate



ig re ire innoc lating loop and needle sed in this e periment

Set the plate yo will e strea ing so that its ottom is sitting on
the ench top and yo can see the clearly he largest section
sho Id e at the top aref lly lift p the lid and to ch the inoc

lating loop to the pper left hand corner of the largest section
of the plate ove the loop from left to right ac and forth
across the s rface of the agar See ig re Since n trient agar
is a gel with properties similar to ello do not p sh down with
the loop or yo will go ge the agar

eplace the lid of the petri dish and ame the loop again to

ill any remaining acteria on it otate the plate degrees
co ntercloc wise aref lly lift the lid slightly and to ch the
loop into the left side of the plate which contains the area yo
strea ed in the previo s step ove the loop across the s rface
of the agar ntil it is in the smaller section in the pper right of
the plate ithin that arter of the plate move the loop ac
and forth across the agar s rface ig re



Start here

End here
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ig re o ch the inoc lating loop to the pper left hand corner
and then move it across the agar from left to right as shown

epeat TE as shown in ig re

eplace the lid of the petri dish and ame the loop again to ill
any remaining acteria on it

Seal the petri dish with a layer of parafilm aro nd the edge  his
eeps the agar from drying o t while it is in the inc ator nc
ate the strea plate at ntil yo can see individ al colonies

a es reto eep an open ea er of water in the inc ator e

riodically chec that the ea er has water in it donot letitr n

dry  he water will maintain a constant level of h midity

in the inc ator See ig re

nce yo have a strea plate with individ al colonies yo sho Id
inoc late from an individ al colony n trient agar plates containing
vario s concentrations of n trients



Streak bacteria
into second area

Touch inoculating
loop here

Previoudly streaked

ig re o ch the loop to the area previo sly strea ed and then
move the loop across the agar as shown

s in plate strea ing light a nsen rner in yo r ench space
and wor within cm of the ame to maintain sterile condi
tions  gain wait  seconds efore opening the petri dish and
inoc lating

se a mar er or wa pencil to place a dot in the center of the
o tside ottom of the petri dish of n trient agar ow t rn the
plate over so that the ottom is sitting on the ench top otice
that yo can see the dot yo st made thro gh the agar  his
will help yo place the acteria on the s rface of the n trient
agar s center

Sterili e the inoc lating needle y placing the tip of the needle in
the ame eep the tip there ntil the metal t rns red

hoose a strea plate containing an individ al colony ift p
the lid of the strea plate yo will e inoc lating from and po e
the inoc lating needle into the agar close to the side of the plate
to cool it  his prevents the heat from illing the acteria sample



Touching inoculating Streak into third area

loop here
S
Previously
streaked
ig re o ch the loop on the previo sly strea ed area  hen move

the loop across the agar onto the third area as shown

yo want to se he heat will not harm the agar ift the lid of
the plate p only as m ch as is necessary to p t the needle inside
f yo completely remove the lid it may ecome contaminated
with acteria from the environment

o ch the inoc lating needle to an individ al colony growing on
the plate a e care not to sta the inoc lating needle down into
the agar  hen remove the inoc lating needle from the plate and
place the lid sec rely ac on the plate

aref lly lift p the lid of the plate yo are inoc lating onto

o ch the inoc lating needle to the very center of the s rface of
the n trient agar he dot yo drew on the ottom sho ld ma e
it easier to locate e caref 1that yo donotsta the inoc lating
needle into the n trient agar

lace the lid on the plate and ame the inoc lating needle to ill
any remaining acteria

Seal the plate with a layer of parafilm aro nd the edges  his
eeps the n trient agar from drying o t while it is in the inc a
tor a es reto eep anopen ea er of water in the inc ator
eriodically chec that the ea er has water in it do not let



Previously Streaked Individual Colony
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ig re nc ate the strea plate ntil yo can see individ al
colonies aes reto eep an open ea er of water in the inc a
tor
itr ndry he water will maintain a constant level of h midity
in the inc ator
hen disposing of nwanted ac
terial colony plates yo m st first a toclave
them  his will ill the acteria and ma e the
plates safe for disposal in a reg lar trash ag
s mentioned a ove and are all

commonly occ rring acteria n fact we are s rro nded y so many
di erent acteria in o r environment that to grow a single strain re

ires caref 1 attention to avoid infecting the acteria
yo are growing with another strain Iways ta e standard la ora
tory preca tions and wear gloves when handling the acteria and agar
plates



ollow the instr ctionsin ands n  toma e yo r agar plates

ollow the instr ctionsin ands n  toinoc late and inc ate
yo r agar plates

n addition to the single point inoc lation e periments descri ed

in ands n do an e periment in which two colonies compete
on a single plate  n each of two plates inoc late at two points
separated y centimeter on one plate and y centimeter on

the other plate

eas re the diameter of each acterial colony daily and record it
on a chart inyo rla oo

ecord a digital image of the colony with a digital camera or
scanner t may loo somethingli e ig re

ig re Sample oli aterial colonies grown nder starvation
conditions



sing the program find the dimension of
the colony  ow does the dimension vary as n trient concentra
tion varies in the plates eas re oth the glo al dimension of
the aggregate the dimension of the entire colony incl ding the
interior and the s rface fractal dimension the fractal dimension
of the edge of the colony

ow does the glo al dimension compare with that of a di sion
limited aggregate

ow does the s rface dimension compare with that e pected from
arandom wal ompare the dimension o tained with that fo nd
in ands n f the dimension di ers from that of a random
wal er model does it ehave as yo wo Id e pect with acteria
that are socially cooperative rite a short paragraph e plaining
why or why not

lot the radi s of the aggregate vers s time and find the growth
velocity s this also a f nction of n trient level

s the growth of the colony limited y di sion of n trients S p
pose that a n trient molec le moves an average distance in a
time according to the where called
the has the appro imate val e cm sec

n average how far can a n trient molec le di se in one ho r
ne day  ow does that compare to the initial and final growth
velocities yo o served for the acterial colony

ow do yo interpret yo r res lts for the plate yo inoc lated at

two points centimeter apart s it consistent with a model

in which access to n trients is controlled y di sion hat

a o t the growth pattern on the plate inoc lated at two points

centimeter apart an yo sim late this e periment sing the
program



fyo want to preserve yo r acterial colony yo can stain it Staining
the colony ills the acteria to prevent f rther growth and ma es the
colony easier toloo at oth with the na ed eye and nder a microscope

lease note that the
methanol and acetic acid sed in the staining
sol tion are ha ardo s o prevent damage to
the m ¢ s mem rane a f me hood sho 1d e
sed loves sho 1d e worn to prevent s in
irritation and neither chemical sho 1d e in
gested e s re to eep the aterial Safety
ata Sheets provided y the chemical s pply
company o will also e wor ing with a
strong staining agent e s re to ta e preca
tions regarding s in and clothing

o will need

stirring rod

ea er
grad ated cylinder

oomassie rilliant 1 e stain availa le from Sigma

methanol
acetic acid or vinegar
distilled water
Staining Sol tion

insing Sol tion

o prepare liter of staining sol tion e s re to follow the e act
order of these steps



0a ml ea er add ml distilled water
dd ml methanol

dd ml acetic acid f acetic acid is not availa le vinegar
can e sed in its place

dd gram of oomassie rilliant  stain powder i
thoro ghly ntil the sol tion ecomes a niform 1 e

he ingredients can e scaled proportionally for smaller amo nts

of staining sol tion  se the ase proportions of distilled wa
ter methanol acetic acid
he rinse sol tion can e made y following TE S for ma ing

the staining sol tion es re not to add the stain powder to yo r rinse
sol tion

o r staining sol tion onto plate Sol tion sho ld st cover the
s rface of the n trient agar et the staining sol tion stand on
the n trient agar for appro imately = seconds  his may vary
depending on the si e and color of the colony that yo are stain

ing

o 1t sol tion o the n trient agar o r on rinse sol tion g
itate rinse sol tion for appro imately ten seconds et the rinse
sol tion stand on the n trient agar for appro imately more
seconds

o r o therinse sol tion fany rinse sol tion remains yo can
invert the plate onto a paper towel ntil it is dry

hen disposing of n
wanted acterial colony plates yo m st first
a toclave them  his will ill the acteria and
ma e the plates safe for disposal in a reg lar
trash ag




o someone sitting o t in the s n watching the ants ees and eetles
on a hot day it appears that insects roam a o t in a random fashion

he trails they leave in the d st are less orderly than what we imagine
the interiors of their nests m st loo li e ot only ants ma e nests
many other social insects do so as well n nests of s ch insects espe
cially the highly organi ed insects s ch as termites wasps and ees
decisions appear to e made cooperatively as if in a highly organi ed
society

he more primitive termites feed directly on the wood in which they
nest while advanced species of termites nest in soil and forage for dead
wood grass seed and other so rces of cell lose a ma or component of
most plant cell walls o reach this food wor ers ma et nnels thro gh
the soil constr ct covered trailways over the s rface of the gro nd or
mar e posed trails with odor for others to follow
St dying s ch insects in the wild is a tas for dedicated entomolo

gists  owever it is possi le to get a avor for the nesting and foraging

ehavior of s ch social insects sing simple apparat s  elow we de
scri e s ch an e periment sing termites

n the e periment that follows yo st dy termites forming trails
he termites are confined to sand etween two plates of acrylic plastic

as shown in ig re he plates are spaced inch centime
ter apart corresponding to the widest part of a termites ody its
head o placea ot termites at the center of the cell and from

there they forage in the sand see ing food  here is no food in the sand
altho gh yo are invited to alter the e periment to incl de food see
research activities at the end of this chapter

f ndamental estion we try to answer is whether or not we can
disting ish the termites foraging ehavior from random motion and
whether or not there is a  antitative way to eval ate the patterns of
their trails
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ig re he termite cell a op view of cell ermites are placed
at the center and move into the shaded area that is filled with sand
Side view of termite cell indicating inch centimeter spacing
etween plates

ry predicting the pattern of termite
t nnels as the termites spread o t from the cen
ter of the cell hat wo 1d this pattern loo
li e if the termites were e ec ting a random
wal starting from the center

he process of finding wild termites as opposed to domesticated ter
mites varies y geographicregion n ew ngland we go to a wooded
par and search among the remains of dead trees on the gro nd er
mites li e soft damp wood n a a hammer with a good claw or a
crow ar are sef | tools to pry or split open rotting wood o will
enco nter many di erent insects d ring yo r search in partic lar car
penter ants t withl ¢ yo will find termites he est time to find
termites is d ring warm weather n the fall termites go ndergro nd
to escape the cold winter hat can e so fine as a dayin neh nt
ing termites with yo r hatchet = n some cases it is possi le to order



termites from iological s pply companies he termites we find locally
are the species

nce a colony is fo nd collect the pieces of wood and place them in
plastic trash ags fpossi le also collect some of the earth s rro nding
the piece of wood tisa goodideato seado le ag one aginside
another to prevent tears and the s se ent escape of the termites

hen yo get the termites ac to the la oratory place the logs
in plastic trays o es or t s lined on the ottom with the dirt yo
collected e s re to drill or p nct re holes in the lid of the container
for ventilation eriodically the wood sho 1d e sprayed with water to
maintain an ade ate moist re level he greatest threat to the colony
is dehydration fyo planon eeping the termites for a period of time

se a mold inhi itor in the spray his will prevent mold from growing

on the wood which can ill the colony

o create termite t nnels in the la oratory follow this proced re

ollow the detailed instr ctions in order to constr ct yo r termite
cell e s ggest that a team of shop savvy st dents perform
this tas together

oisten a cotton all with acetone and lightly wipe the inner
s rface of the cell  llow a few min tes for evaporation  his
will remove fingerprints and any micro organisms remaining on
cell

illa ea er or other container with sand and slowly sift the sand
over the ottom of the cell ntil the s rface is evenly covered

evel the sand with the shim aro nd the o ter edges  his can

e accomplished y sing yo r top acrylic plate as a straight edge
to smooth o t the sand  old the top sheet perpendic lar to the
cell and slowly drag it across the s rface o will now when
the sand is at eca se very little sand will e displaced as the
plate is dragged along the cell

oisten the sand with water sing a spray ottle he sand
sho Id ewet t notso wet that pools of water acc m late on
the sand ot o of water is the right amo nt



Sec re the top of the cell to the ottom sing y placing olts in
each of the holes that yo drilled ighten down the olts with
the wings n ts e caref 1 not to disr pt the smoothness of the
sand

lace tape along the entire side of the cell where the top and
ottom plates meet

n the center of the ottom plate of a small petri dish drill a
hole the diameter of the hole on the top plate of the termite cell
hiswo Id e if yo strictly followed the instr ctions a ove
ape this ottom portion of the petri dish onto the top plate of
the cell with its hole coincident with the cell s hole

hen handling the ter
mites do not e pose the termites to e cessive light heat or air
for any significant length of time  his is partic larly important
if yo decide to se an overhead pro ector to display the pat
tern that forms  his wor s  t remem er that dehydration is
a threat to the s rvival of the termites and overhead pro ectors
prod ce a large amo nt of heat

a rea open a piece of wood over a tray or empty container
f there are termites they will fall harmlessly onto the tray
sing a pair of termite forceps specially designed forceps
that prevent e cess press re at the tips caref lly pic p
a termite and place it into a clean small petri dish o
can se the top of the petri dish which was taped to the
cell top  epeat this process ntil yo have ro ghly to
termites f yo have a scale availa le a o t gram of
termites is the correct amo nt

ccasionally pieces of wood will end p in the petri dish
a e s re that the pieces are removed efore proceeding

¢ o rthe termites into petri dish taped to cell and cover this
petri dish ~ hen most of the termites have entered the cell
yo can p sh the stragglers over the edge and remove the
petri dish



eep the cell in a warm  t not hot place and not in the s n

ermites are nearly lind so light sho ldn t dist r their activity

owever they dehydrate very easily and they are easily coo ed
in a strongly ill minated cell

fter a o t a day most of the termites have descended into the
damp sand ic the stragglers over the edge remove the petri
dish and cover with tape

t ta es one to three days for the pattern to develop a e fre

ent pict res at reg lar intervals fpossi le se avideo camera
to gra images lternatively trace the developing pattern as a
f nction of time on a piece of paper or scan the pattern into the
comp ter n any case eep records of the overall radi s of the
growing pattern as a f nction of time

atch the termites caref lly ermite society is divided into dif
ferent classes or castes an yo disting ish the di erent castes
and the tas s each caste carrieso t  ow do they comm nicate

ow do they ma e the t nnels o their t nnels intersect with
one another hat eeps the sand from collapsing into the t n
nels o yo see any preferred directions to their activity f so
can yo reason why they have selected these directions

0 sho 1d remove the termites from the cell if

hey have reached the edge of the sand and appear to have com
pleted a pattern ote  ver longer periods of time the pattern
may change f rther

o significant pattern was created after the first wee varies y
colony

he sand in the cell appears to e e cessively dry

nscrew and remove the top plate of the cell Imost all the
termites will remain on the sand o might find that some will
stic to the top plate f this is the case invert the top plate and
set it aside o r main concern is the large mass of termites still
in the sand



he sand sho Id still es ciently moist to e a le to incline the
ottom plate witho t the sand r nningo  fyo incline the ot
tom plate vertically the termites will fall o t of the cell o this
over the wood dirt where yo maintain yo r colony of termites
he few termites remaining can e removed with forceps

fter the termites in the ottom plate are removed remove the
termites on the top plate

lean the ottom and top plates efore sing the plates again
let them dry for ho rs he plastic plates a sor moist re
from the sand and warp slightly when they are separated  he
plastic m st e allowed to thoro ghly dry

ig re typical termite colony after several days growth

o r analysis sho Id come from yo r o servations as shown in

ig re o the termites comm nicate o yo thin this
a ects their t nneling o yo see evidence that later termites
follow a path of odors pheromones laid down y earlier ter
mites



s the pattern random the prod ct of a di sion process re

the termites e ectively allistic do they move along a single
straight line s it necessary for them to search every place in
the cell

S ppose the termites move li e randomly wal ing molec les f
the average radi s of the foraging pattern grows to ten centimeters
in one day how long wo 1d yo e pect it to ta e for the pattern
to grow to aradi sof centimeters wice aslong o 1 times
as long o yo r o servations match yo r prediction

sing yo r scanned or video capt red images meas re the fractal
dimension of the pattern at di erent times  ollow the same
steps yo  sed in hapter y first t rning yo r image into an
digital image file and then find the dimension with the
program

lant roots are classic e amples of plant life  very plant has a s
merged ranching system designed to s pport its life f nctions t
why do roots ranch nd why do they ranch at so many di erent
levels that is why are there ranches of ranches s this the most
e cient method for a plant to o tain n trition

an yo thin of reasons for the sim
ilarity etween the ranching pattern of root
systems and the patterns controlled y di
sion processes

oot growth occ rs y elongation of the root tip ells in the
growing root divide in a region of tiss e nown as the meristem at the
interior of the root  rowth egins as soon as the seedling germinates
he root that appears from the seedling or em ryonic plant is nown as
the owever if yo have ever noticed a plant or seedling
after a few wee s there is more than one vertical root these other roots




are called and ranch from the original primary root

t roots do not all grow straight in a vertical direction many parts of
the root e tend sidewise from the primary or secondary roots  hese
roots are nown as and originate from the same tiss es as
the primary root

any factors a ect the growth of plant roots  f partic lar interest

is the resistance d e to the physical arrier of the soil roperties li e
the compactness of the soil can alter root growth or e ample in com
pact soils the spaces etween soil particles arered cedin othn m er
and si e  he space si e is s ally referred to as o force
their way thro gh compact soil roots thic en and their rate of growth
elongation decreases heir ranching patterns ecome modified and
often there appears to e an increase in lateral root growth he lat
eral roots are often smaller in diameter than the primary root and
are etter a le to grow thro gh tighter pores here is m ch contro
versy a o t the variety of mechanisms plants develop in response to
soil resistance

ompare root growth and ranching
to the growth and ranching of visco s fingers
in the ele Shaw e periment of ands n
and ands n o the reasons for ranch
ing of visco s fingers apply also to roots  oes
the living root system have a p rpose that
visco s fingers don t have oes randomness
play a part in oth

any other environmental varia les a ect root growth n poorly
aerated sol tions roots tend to grow straighter shorter and to gener
ate more lateral roots n corn plants light also alters root growth
ypically 1 e light inhi its cell elongation and m ltiplication while
red light inhi its only cell elongation
n carrying o t the e periments descri ed elow yo play detec
tive and try to nderstand some of the factors that give rise to root
str ¢t re o can se what yo learned earlier a o t di sion and
ranching in non living systems Similar ranching str ct res are o
served in snow a es and d ring crystalli ation of minerals n each



case it is a di sion process that controls the rate at which growth
occ rs  he ranching pattern apparently res lts from this di sion
or growing crystals minerals di se toward the growing s rface or
snow a e growth heat is released as the ice forms and this heat m st
di se away from the growing s rface or root growth n trients m st
di se toward the growing root  hisdi sion ta es place in a sol tion
for hydroponic growth growth in fertili ed i ids and in the soil
t isdi c It to go o t into the field to do e periments on roots
eca se when plant roots are removed from the soil they are disr pted
ne sol tion to this pro lem is adopted in the e periment descri ed
elow to se a a clear walled cham er thro gh which to
0 serve roots as they grow

rhi otron is a clear walled cham er thro gh which one can o serve
roots as they grow  ere we descri e two alternative methods for st dy
ing root growth with simple rhi otrons  ethod involves the se of the
rhi otron with a stagnant sol tion s ch as water or n trient mi t re

ethod involves the se of the rhi otronin at of sol tion with a
fish tan aerator providing o ygen to the sol tion Several variations
in the concentration of n trient sol tion are possi le in performing the
root growth e periment

n addition to the materials needed to ild the rhi otron itself yo

will need the following materials

petri dish

filter paper or paper towel

Seeds peas s ash s n owers etc
trient sol tion

he seeds m st e germinated efore they are placed in the rhi

otron ermination allows the seeds to grow a large eno gh root sys

tem so that they can e s pported y the top edges of the rhi otron
therwise the seeds are too small to place on the rhi otron



Soa a few sheets of paper towel or filter paper in water

lace some of the wet sheets of paper towel in the ottom of a
petri dish and place the seeds on top of this

over the seeds with more wet paper towel and p t the cover of
the petri dish on Store in a warm dar place lacing the petri
dish in a lac gar age ag to ins late it from heat and eep it
o t of the light wor s

n a daily asis moisten the seeds and paper with water

he seeds sho ld e allowed to germinate ntil they are large
eno gh to sit at the top of the rhi otron frame s pported y
the plastic sides  he average germination times for commonly

sed seeds are  eas days arley days eans days
and omatoes days

i a sol tion of eters rofessional ertili er or
this concentration se ta lespoon fertili er with gallon of wa
ter

ill the rhi otron with the n trient sol tion so that the sol tion
reaches the top edges of the rhi otron

fter the seeds have een s ciently germinated select the
largest seeds  aref lly place the selected seeds on the top of the
rhi otron and t ¢ the roots etween the plastic pieces ore
than one germinated seed can e placed in a rhi otron

ptional  rap a strip of lac plastic gar age ag aro nd the
rhi otron a e s re that the top edges of the plastic do not
e tend past the top edge of the rhi otron

or root growth with o ygen yo will e placing the rhi otron in a t
of water so that the sol tion may e aerated  his re ires that yo



have s  cient passage of sol tion from the inside of the rhi otron to
the o tside

n this e periment yo compare the ranching patterns that arise when
a plant is grown hydroponically with fertili er in the water to the
corresponding patterns when the plant is grown witho t fertili er in
the water ring the e periment yo ta e photographs of the root
system for meas rement of the fractal dimension inally once a wee
for months yo record the image of the root patterns for a fractal
dimensional analysis of yo r root system

hen yo record yo r o servations at each date yo sho Id incl de
inyo rta le

ength and n m er of vertical root ranches this incl des oth
primary and secondary root growth

ength and n m er of lateral root ranches

m er and length of root hairs on vertical and lateral root
growth hese are small and di c 1t to o serve so se a mag
nifying glass to find the hairs

o grow roots in a two parallel sheets of plastic en
closing a narrow sheet of water and n trients his forces roots to
grow primarily in two dimensions not three dimensions as they
wo Id nat rally isc ss ways that this might a ect the res lts

o yo e pect it will increase or decrease the fractal dimension
of the res lting root pattern hat e periment co Id yo se to
provide analysis of the f 11 dimensional nat ral root system

reate two gro ps of rhi otrons and seedlings e s re that oth
gro ps consist of the same species of seedling

a Trop sing fertili er and tap water to fill the rhi
otron s

ro p same as the control gro p  t no fertili er




se fertili er with the mi t re which can e fo nd
in any local gardening store i teaspoon of dry fertili er
in gallon appro imately fo r liters of water and fill the
rhi otron

eas re and record the root system efore yo egin the e peri
ment ndicate the age of the seedling yo are sing and meas re
the primary root secondary root and root hairs as descri ed
a ove

aref lly place seedling in the rhi otron he seedlings are del
icate so e caref 1not to dist r the roots too m ch

ry to find a reg lar time at least once a wee to ma e o serva
tions and recordings with yo r la partner

f yo have a digital camera ta e an image of yo r root system
thro gh the rhi otron cell similar to that shown in ig re

fyo have a scanner ta e a pict re of the root system and scan
the photograph  his sho 1ld e done periodically ro ghly once
a wee e s re to record root dimensions in yo r la note oo
and save all yo r images

ig re ypical root growth res lIts



eep a record of the color and si e of the leaves and stem of yo r
seedling over this period of time o may also consider chec ing
the p of yo rsol tion periodically o Id yo e pect thisto e
di erent in yo r gro ps and and wo ld yo e pect this to
change over time

fter digiti ing yo r images se the pro
gram to meas re the fractal dimension of yo r root pattern

rom yo r recorded images plot the length of the longest root of
the pattern time and find the root growth velocity plain
the possi le reasons for the shape of yo r ¢ rve  ompare any
similarities or di erences yo o serve etween gro ps and

rom yo r note oo o servations investigate f rther the growth
velocity of oth gro ps lot the length of the vertical roots vs
time and the n m er of vertical roots vs time on separate graphs

o the same plot for the length and n m er of hori ontal roots
vs time

fter a co ple of wee s yo may have several root ranchings
to co nt t is easier to plot this information if yo average the
lengths of the root ranchings and average the total n m ers of
root ranchings separately for the vertical and hori ontal growths
lot these averages on yo r graph

ow find the growth velocities of hori ontal primary and sec
ondary roots plain the similarities and di erences yo o
serve or any other o servations that yo anticipated or that s r
prised yo

hat can yo say a o t root patterns and n trient sol tions
hat di erences did yo find in root growth etween the two
di erent n trient sol tions

n m er of researchers have written comp ter programs that
sim late root growth nder conditions similar to those yo have



sed ow wo ld yo se random wal ers to create a model of
root, growth

hin of yo r own variants on the e periments of this chapter ollow
ing are a few ideas to get yo r mind going

ary the agar concentration of the gel ry g 1 a harder gel and
g 1 a softer gel hat e ect wo 1d yo predict gel concentration
will have on the colony pattern syo rreasoninga ected y estions
of n trient di sion or acterial mo ility
a e a photo display showing colony shapes as they change with
gel and n trient concentrations

a eamit reof sand with sawd st say sawd st y vol

me and se this to fill the cell sawd st is food for termites 0
the termites form a di erent pattern when they have something
to eat

t a piece of damp paper somewhere in the cell See what hap
pens if the termites locate this food

t a thin damp piece of filter or tiss e paper on the ottom
plate of the cell and cover it with sand oes this alter the
foraging pattern

ary the concentration of the n trient sol tion y trying serial
dil tions a e yo r stoc sol tion and dil te it
etc ased on the research yo have done what e ect wo Id



yo predict the n trient concentration wo ld have on the root
patterns plain yo r reasoning

o ld yo e pect aerating the rhi otron ling water thro gh
it to alter the pattern yo o served in the stagnant rhi otron

oes this have anything to do with n trient di sion f yo
have the materials follow the rhi otron set p disc ssed on o r

e site and on the accompanying and o serve root
growth nder aerated conditions

Spec late how di erent wavelengths of light might a ect root
growth  ow co 1d this ca se changes in the plant s response to
n trients

o 1d yo e pect any di erences in root growth if yo filled a
rhi otron with sand or soil or vermic lite






