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ABSTRACT 

This study examined the relationship between 

microhabitat use and growth of age-0O smallmouth bass in the 

North Anna River. The study objectives were to describe 

microhabitat use during summer, assess the profitability of 

microhabitats, and determine if and how microhabitat use 

could determine which individuals gained a growth advantage. 

Age-O smallmouth bass changed ‘their microhabitat use as 

they passed through stages of ontogenetic development and 

became familiar with their environment. More than 30% of 

the area available to brood larvae contained mean water 

column velocities greater than 4 cm/s and no cover. More 

than 80% of larvae observed after dispersing from the nest 

site occupied areas approximately one m deep with velocities 

near 0 cm/s, or large cover objects that created low 

velocity shelters throughout the water column. By six weeks 

after dispersal (when all juveniles were > 40 mm), more than 

50% of juveniles occupied depths less than 60 cm and focal 

point velocities > 3 cm/s, and microhabitat use by large and 

small juveniles did not differ. In these shallow 

microhabitats with moderate to fast current velocities, 

juveniles foraged at a higher rate (5.1 bites/min on 

average) than in deeper and slower velocity areas (1.3 

bites/min). When these foraging rates were translated into 

estimates of energetic profit, juveniles in the shallow-fast 

microhabitats gained approximately 5 j/min more than 

juveniles foraging in other microhabitats. Microhabitat use



was the only aspect of behavior that affected the foraging 

rate or energetic profit gained by juvenile smallmouth bass. 

I examined daily rings on otoliths to track the growth 

of individual smallmouth bass through time. Temperature 

affected growth rates below 22-23°C, so that individuals 

spawned later grew in warmer thermal regimes and grew 

relatively fast during early life stages. However, 

individuals that spawned early and grew slowly in cooler 

temperatures did not suffer higher mortality and compensated 

for their slow growth by accumulating growth over a longer 

period of time. Above 22-23°C, relative growth rates were 

not consistent through time; a fast growing individual 

during one life stage could grow relatively slow during the 

next. If growth above the temperature threshold depended on 

foraging success and foraging success depended on 

microhabitat use, then few individuals were consistently 

occupying the most profitable microhabitats. 

In experiments in an artificial stream, juvenile 

smallmouth bass assessed the potential profitability of an 

area by the foraging rate they achieved there. They usually 

did not remain in an area unless they foraged well at the 

time they searched it, and did not appear to associate 

habitat characteristics with profitability. In the river, 

most of the microhabitats available were relatively 

unprofitable, so an individual that abandoned a profitable 

area might (depending on its foraging behavior) spend 

Significant time in unprofitable microhabitats and 

consequently reduce its growth rate. Increasing the 

availability or density of food resources may improve growth 

of juvenile smallmouth bass in the North Anna River by 

increasing the rate at which juveniles encounter profitable 

microhabitats and elevating their intake rates in profitable 

areas.



ACKNOWLEDGEMENTS 

"Loveliness unfathomable, as ever a lover saw in his young 
bride's eye! Tell me not of thy teeth-tiered sharks, and 
thy kidnapping cannibal ways. Let faith oust fact; let 
fancy oust memory; I look deep down and do believe." 

Herman Melville 

Plying the hostile waters of smallmouth bass biology 

would have proved a more harrowing experience without the 

guidance of Donald Orth, whose advice and friendship 

fostered my interest in the unfathomable. Additional 

navigational checks were provided by my advisory committee 

of Paul Angermeier, Alan Heath, John Ney, and Jackson 

Webster, who spent many hours critically reviewing my 

research. I thank the Electric Power Research Institute, 

and Virginia Power Company for funding this project and 

allowing me to work with Robert Graham, Donald DeAngelis, 

Henriette Jager, Ray Newman, Michael Sale, Denise Schmoyer, 

Webster Van Winkle, and Kirk Winemiller, each of whom 

contributed to my academic and professional development. 

The crew of Robert Easton, Thomas Groshens, Joseph 

Lukas, Edmund Pert, and Robert Vadas not only helped me 

collect data, but served as my second (and far more hostile) 

advisory committee. Thanks dudes. Further assistance in 

the field and laboratory was provided by Will Adams, Todd 

Greenwood, Ian Jezorek, Anne Sienwell, and (that most 

amenable of Jane's Addiction fans) Brian Wells. Peter 

Arnett and a great guy I know only as Lenny allowed me to 

access the river from their property, and their cooperation 

made this whole study possible. Scott Gordon and Joseph 

Stoeckel were remarkably helpful during the laboratory 

studies. I thank William Ensign, Yadvendradev Jahla, and 

iv



Michael Tonkovich for always coming up with a new way of 

looking at things, and Renee Speenburgh for feeding me. 

My parents gave me life, love, siblings, and several 

headaches, and I never could have accomplished anything 

without their support. Many people have put wind in my 

sails when I sat on a lee shore during the last ten years. 

Among the most important were Michael and Kathleen Caterina, 

Tom and Cindy Clements, Leo Francis Faucette Jr., Dr. Ruth 

Golas, Dr. Evan Heald, William and Vicki Lantz, Laura May 

(and her menagerie), Kim Mockbee, and Kathy Murphy. I thank 

them all and salute collectively those who have raised high 

the banner of 6UK, subscribing to her high ideals of life, 

loyalty, and a firm belief in the divinity of Joe Paterno.



TABLE OF CONTENTS 

INTRODUCTION TO THE DISSERTATION... 2... cc eee ence eee cece: 

CHAPTER 1: Temporal Variation in Microhabitat Use by 
Age-0O Smallmouth Bass in the North Anna River, Virginia... 

INtroduction....cccccccscccccccvvcecvee ccc ec cw er cee eee ec ee 

Methods........ weer ec wer wee reer ee cee ee ee ee eee eee ee eee cece 

Study Site... .. cee ecw we ee eer cree ween cee ee reer cee 
Quantifying microhabitats used by larvae in broods.. 
Quantifying microhabitat use by dispersed larvae.... 
Quantifying microhabitat use by juveniles........ eee 
Statistical analySiS..... ccc www ee were ence reece ceee 

RESULTS... cece reece creer cence cere ence nerve rescee cee eee ee 
Chronology of spawning and larval dispersal during 
LT9OGO-9D1.. . ccc w cc eee eee wenn cece rr eer e were rene occ eee . 

Habitat use by brood larvae and dispersed larvae.... 
Microhabitat use by dispersed larvae and juveniles.. 
Microhabitat use by large and small individuals..... 
Spatial habitat use by juveniles............. ce eee ee 

DISCUSSION... cece cree ccc creer ncn c ere c reece sre ncccccccees 
Microhabitat use during larval develiopment.......... 
Microhabitat use by juveniles..............6.. cece eee 
Implications of resultS.... ccc cece ccc r ccc recs veces 

CHAPTER 2: Energetic Profitability of Microhabitats Used 
by Age-O Smallmouth Bass in the North Anna River, 

a9 fa is ake By 0 - W : 

Introduction... .cccccvccvcccvcvcvsccscvccessvccsececececcvevece 

MethodS... 2... cc wee cer cc vec vce c ese e reese rece reece ccc cece ce 

Study site.......... wee cee ec eee eee eee eeeeees 
Field observations of foraging and habitat use...... 
Analysis of foraging activity.......... cece eceees oes 
Analysis of energy intake and expenditure........... 
Statistical analySiS........ ccc rece crc e ccc r erences 

Effect of confounding variablesS.............06. 
Relationship between microhabitat and 
energetic Profit... ccc cece c cee ce even cccccces coe 
Relationship between behavior and energetic 
profit............ Cece eee rec eer c eee ce even eee 

ReESuULtS..... cece ere vc vcccee eee e cco ee peer r creer veces eee eee 
Juvenile use of the water column................ cee 
Summary of factors affecting rate of energetic gain. 
Tests of possible confounding variables............. 
Summary of habitat variables.......... cee ee eee eee oe 
Independent habitat variables and energetic profit.. 
Principal components and energetic profit....... wae 

vi 

42 

42 
44 
44 
45 
47 
48 
53 
53 

54 

56 
57 
57 
57 
60 
60 
60 
63



Hydraulic ratios and energetic profit............... 69 
Behavioral variables and energetic profit....... wee. 69 

Discussion...... cme e emcee ce ree reer e ese ese sere sesesesee 70 
Factors determining energetic profit of 
Microhabitats.... weer re ev cece ee srecsscscccsscees 70 
Profitability of microhabitats for drift-feeding 
salmonids and benthic feeding smallmouth bass....... 72 
Assumptions affecting estimates of energetic profit. 74 
Implications for microhabitat use................2..- 76 

CHAPTER 3: Effect of Early Growth Rate on Subsequent 
Growth and Survival of Age-0 Smallmouth Bass............. 79 

Introduction......... co ee eens emcee ere rr cer cer cere vrseccees 19 
MethodS...... ccc reece rccccvcces cece ee ee ewe cece cece ene - 81 

Site description........seeeeee cece we wee eee reece nee 81 
Sample collection......... eer e cece er ree cr reece ese eee 82 
Otolith removal and preparation........ ec eee cence --- 83 
Procedures for counting and measuring............ oe. 83 
Estimating gQrowth.......cc cece cc ccccccceccccsscecese 84 

ResultsS.......cc.ccccces cece ees ec weer creer rrr reece err ecce OF 
Spawning chronology and general characteristics of 
growth........ Seem wee cece cere reer cere eees cece eee 87 
Relationship between otolith size and length ....... 89 
Relationship between larval growth and survival..... 89 
Correlation of otolith growth among periods......... 94 
Relationship of otolith growth and mean temperature. 96 
Relationship of degree days and growth with 
SWIiM-UP Gate... ewww e ever esvvvscvcces cece cece eee ~. 96 
Juvenile size near the end of the growing season.... 99 

DISCUSSION... . cee rec er ccc rrr cee vec eveces cece eee eens ooee 99 
Larval growth and survival............. cece eee ooeee e101 
Timing, temperature, and growth rates............06. 102 

LODO. Cc wc cw wwe ere eee reer rere reer ere vce se sces eee e103 

1991....... Cece e rc e rere e sere er ees ces esses ecvene 105 

Results of these scenarios and a conceptual model 
OF Growth... crew ener ns caccscressvssesscces cee e eee 106 

CHAPTER 4: Effect of Foraging Success and Hunger on 
Foraging Behavior of Juvenile Smallmouth Bass............110 

Introduction....... sec c ce eees emcee ccc reer ee reer scenes -..110 
Methods...... cece ewer merce veces cece cree cere r rere ccc eevee e ell 

Fish collection and maintenance..........02-eeeee0ee2114 
Experimental stream....... ccc cece eee ccc cee ecees oe ee e115 
1. Effect of foraging success on foraging behavior.117 

Experimental trials........ rr wees ~.117 
Foraging indices and statistical analyses......119 

vil



2. Effect of hunger on foraging behavior........... 120 
Experimental trialS..... cc cece rec ccc ccc re screens 120 
Foraging indices and statistical analyses......122 

RESultsS... eee ccc wr reer rece vcvccccee a 123 

General description of foraging behavior............ 123 
1. Effect of foraging success on foraging behavior.126 

Number of patches uSed...... cece erence cccccces 126 
Number of switches between patches............. 126 

Use of riffle-pool complexes................06. 128 
2. Effect of hunger on foraging behavior...........131 

Discussion..........-.- cece ec eee emer reece re eeee oe 0022132 
Spatial and temporal variation in food availability.134 
Individual variation in foraging behavior...... oe 002137 
CONCLUSIONS... eee wee c eee vves rn ---141 

SUMMARY AND MANAGEMENT IMPLICATIONS...........22cccescaee 143 

LITERATURE CITED... . cc eee c eer c ccc cee r rence rcv eve ccevec ee ld] 

APPENDICES....... eee ceee cee ceees a 169 

VITA...... eoeegsegesee# oee5u545§5uese#e#ee#e#eexs54#b#ee#»5oueees#sse eoeee#ee3s3ree oee3s85eeeese#e#fe#srkeee@ ~e-174 

villi



LIST OF FIGURES 

Figure 1.1. Location of study sites on the North Anna 
River in eastern Virginia. The upstream site was 
approximately 400 m long, and the downstream site 
was approximately 650 m long........ccecereeeeervveee 8 

Figure 1.2. Example of habitat quantification in brood 
sites. Outline of the brood site is based on 
markers placed at the four corners. 
Upstream/downstream boundaries divide the brood 

site into three sections (upstream, middle, 
downstream). Sections were subdivided laterally at 
points along transects where noticeable changes in 
depth, mean velocity, substrate occurred. Area of 
habitat blocks was used to estimate overall habitat 
availability............. cet meee ee eee eee eee eeane -. 13 

Figure 1.3. Temperature (thin line, °C) and discharge 
(thick line, m/s) in the North Anna River during 
the growing seasons (April 1 - August 30) of 1990 
and 1991....... 2... eee ere cone Comer memes een nse ccacene 19 

Figure 1.4. Mean velocity (cm/s) and substrate 
composition of 24 brood sites (9 in 1990, 15 in 
1991) compared to mean velocities and substrates 
used by larval smallmouth bass that had dispersed 
from brood sites, 1990 and 1991... ccc cee eee eee eee es 20 

Figure 1.5. Frequency of depths (cm) in brood sites 
compared to frequency of depths used by larval 
smallmouth bass that had dispersed from brood 
Sites, 1990 and 1991... cece cw ee eee cee cence cece eses 22 

Figure 1.6. Estimated total lengths (mm) of dispersed 
larval and juvenile smallmouth bass observed during 
habitat use surveys, 1990 and 1991......... cece evens 23 

Figure 1.7. Box plots representing distributions of 
depths (cm) and mean velocities (cm/s) used by 
dispersed larval and juvenile (all plots not 
labeled as larval) smallmouth bass, 1990 and 1991... 24 

Figure 1.8. Box plots representing distributions of 
focal point velocities (cm/s) and distance from the 
bottom (cm) where dispersed larval and juvenile 
(all plots not labeled as larval) smallmouth bass 
were observed, 1990 and 1991...... cece eee cece ee cee 27 

ix



Figure 1.9. Substrate and cover used by dispersed 
larval and juvenile (all plots not labeled as 
larval) smallmouth bass, 1990 and 1991. (OM= 
organic matter, S/C=silt/clay, SND=sand, SGV=small 
gravel, GVL=gravel, PBL=pebble, CBL=cobble, 
BLD=boulder/fractured bedrock, FBD=flat bedrock, 
NON=none, OVH=overhead, out-of-stream, VS=velocity 

shelter, UB=undercut bank, RC=rock crevice, LWD= 
large woody debris, RW=rootwad, AV=aquatic 
vegetation, MULT=multiple)....... ccc cree reece renee - 29 

Figure 1.10. Locations of juvenile smallmouth bass in 
the lowest section of the downstream study site 
during two periods of the 1990 growing season....... 33 

Figure 1.11. Locations of juvenile smallmouth bass in 
the middle section of the downstream study site 
during three periods of the 1991 growing season. 
The bottom of this section adjoins the top of the 
section in Figure 1.10... ccc ccc enc r crc cca escccesse 34 

Figure 2.1. Box plots of percent time occupied and 
foraging rates (bites/min) at the bottom, middle, 
or surface portions of the water column. 
Individuals that did not enter the bottom or 
surface portion of the water column were not 
included in the box plots of foraging rates......... 58 

Figure 2.2. Foraging rates of individuals observed at 
different times of the day............. cece csccces 6] 

Figure 2.3. Relationship of factor scores generated 
from the principal component analysis on all 
habitat variables to the mean values of depth and 
mean water column velocity in areas occupied by 
juvenile smallmouth baSS.... cece w ccc c ee eee eee cc ees 65 

Figure 2.4. a) Scatter plot of estimated rates of net 
energy gained (J/min) versus factor scores 
generated from the first principal component. b) 
Scatter plot of foraging rate (bites/min) versus 
net energy Gained... ... ce ww cere cer cevesreesceseces -- 66 

Figure 2.5. a) Scatter plot of observed tail-beat 
frequencies versus estimated respiration rates 
(J/min). b) Scatter plot of factor scores 
generated from the second principal component 
versuS reSpiration rateS.... cc cece ccc cece ccc ccc cccee 68



Figure 3.1. Water temperature (thin line, °C) and 
discharge (thick line, m°’/s) in the North Anna 
River, during the 1990 and 1991 growing season 
(April 1 - August 30). Shaded regions define when 
larval smallmouth bass swam-up.......... cee eee eee eee 88 

Figure 3.2. Range of absolute otolith growth (OG) and 
mean temperatures experienced during each growth 
period by age-0O smallmouth bass that survived to 
the juvenile stage, 1990 and 1991................06. 90 

Figure 3.3. Absolute growth of otoliths compared 
between larvae collected before mass mortality 
occurred and age-0 juveniles collected later in the 
growing season, 1990 and 1991................. ceeeee 93 

Figure 3.4. Size distributions of juvenile smallmouth 
bass observed between August 7-15, 1990, and August 
2-4, 1991. Juveniles were grouped in 5-mm 
categories based on their estimated total length....100 

Figure 3.5. In 1990, spawning occurred when 
temperatures had stabilized above 25°C. Growth 
rates were high and unrelated to thermal regime. 
In 1991, bass spawned when temperatures were low 
and increasing. Growth was slow and individuals 
experiencing the warmest thermal regimes grew 
fastest, but early spawned juveniles accumulated 
slow growth over time. Rapid growth in 1990 
compensated for the longer growing season of 1991...104 

Figure 3.6. Conceptual model of how the mechanism of 
mortality, time of spawning, and temperature regime 
interact to affect the probability that individuals 
will survive to the end of their first growing 
season. In systems where larval mortality depends 
on size, larvae that grow fast should experience 
less mortality. If spawning occurs while 
temperatures are less than 22-23°C, individuals 
that grow in the coldest temperatures (typically 
spawned earliest) should grow slowest and 
experience the highest mortality. If spawning 
occurs in temperatures higher than 22-23°C, then 
growth does not depend on temperature, and either 
early or late spawned individuals may grow fast and 
survive. In systems where mortality does not 
depend on size, all individuals have an equal 
chance of surviving to the end of the growing 
season regardless of when they were spawned or how 
fast they Grew... .. ccc ewe ccc ccc reer nerves scsecees -108



Figure 4.1. Experimental arena for testing the effects 
of foraging success on search strategy of juvenile 
smallmouth bass. Pools approximated the low- 
velocity conditions of the tanks in which juveniles 
were held before being placed in the arena. The 
large black boxes represent obstructions I placed 
in the arena to reduce the width and depth of the 
adjacent section of the stream channel. Velocities 
were raised in these constricted sections of the 
riffle-pool complexes by spraying water from the 
jets........ cee eee meee ee reer reece meee ere nen eee eses 116 

Figure 4.2. Box plots of number of patches used by 
juvenile smallmouth bass during control- and 
treatment-group trials of Experiment 1 (n=10 for 
both groups). Treatment-group juveniles received 
food in riffles during the morning trial, but 
received no food in any patch during the afternoon 
CLLAl. cc ccc cece cece ee wee err weer eer n cere seeensceces 127 

Figure 4.3. Box plots of number of switches between 
patches made by juvenile smallmouth bass during 
control- and treatment-group trials of Experiment 1 
(n=10 for both groups). Treatment-group juveniles 
received food in riffles during the morning trial, 
but received no food in any patch during the 
afternoon trial.......... cee neces cen eceee cece ee 2.129 

Figure 4.4. Box plots of percent time spent in riffle- 
pool complexes by juvenile smallmouth bass during 
control- and treatment-group trials of Experiment 1 
(n=10 for both groups). Treatment-group juveniles 
received food in riffles during the morning trial, 
but received no food in any patch during the 

afternoon trial........ emcee wee wee reer were erence -.-130 

Figure 4.5. Box plots of the number of patches used, 
switches enacted, percent time spent in riffle-pool 
complexes, and time of first switch observed for 
satiated and hungry juveniles during Experiment 2 
(n=14 for both hungry and satiated groups).......... 133 

xii



LIST OF TABLES 

Table 1.1. Results of statistical tests for differences 

in use of habitat variables by juvenile smallmouth 
bass during different periods of the growing 
seasons of 1990 and 1991 in the North Anna River. 
The alpha level for rejection of the null 
hypothesis was set at 0.025.......... cece eee ec wees 26 

Table 1.2. Results of statistical tests for differences 
in use of habitat variables by the largest and 
smallest 50% of observed smallmouth bass during 
periods of data collection in 1990-1991. The alpha 
level for rejection of the null hypothesis was set 
at 0.025... eees#oesseseees#se3#»8oeteee#etke#erees oeeeese#seeco#oeeseeees#s&s+o#7e#e<e«* eee#e#se# 31 

Table 2.1. Values of variables (and sources) used to 
calculate the average energetic content of a prey 
item ingested by a juvenile smallmouth bass......... 52 

Table 2.2. Observed values of morphological and 
behavioral variables used to estimate energetic 
profit for 43 fish and characteristics of the 
habitats they occupied during observations (pu = 
sample mean, s° = sample variance, MVel = mean 

water-column velocity) ... ccc ccc cece eee cece nrc ccc ceee 59 

Table 2.3. Significant linear relationships detected 
between variables describing habitat 
characteristics (mean depth, mean velocity, 
principal components, Reynolds number, and Froude 
number) and factors affecting estimates of 
energetic profit gained in the habitat (energetic 
profit, foraging rate, tail-beat frequency, 
respiration rate). Principal components are 
explained in Table 4....... cece cece sees cee eee oseee 62 

Table 2.4. Factor pattern of the three components 
retained by the principal component analysis 
performed on statistics summarizing habitat data 
(N=43) ccc ccc cece ccc cc ee ccc cece cece e ee ee cece cece wee. 64 

Table 3.1. Summary statistics of the total length (mm) 
and weight (g) for juvenile smallmouth bass 
collected from the North Anna River during 1990 and 
LOOT. Cc cc ccc wc cee ccc weer ce cee rere reese een e see cenns 91 

Xiii



Table 3.2. Linear regressions describing relationship 
between the long radius of the otolith (OR, 
microns) and total length (TL, mm) of smallmouth 
bass that otoliths were removed from (all 
P<0.00001). Separate models were developed for 
larval and juvenile smallmouth bass collected 
Guring 1990 and 1991... . ccc ccc cc ee ec cee cee ee ewe 92 

Table 3.3. Results of Pearson's correlation analysis of 
absolute otolith growth among growth periods during 
1990 and 1991............ oc ee ere see cere cc ereee 2) 

Table 3.4. Pearson correlation coefficients resulting 
from comparisons between absolute otolith growth 
with degree days for each growth period during 1990 
and 1991. During each year, the sample sizes for 
the first three growth periods were equal (n=54 in 
1990, n=76 in 1991), but were lower for comparisons 
during Days 25-50 (n=26 in 1990, n=53 in 1991)...... 97 

Table 3.5. Results of Pearson's correlation analyses of 
swim-up date with total degree days accumulated, 
and total length (TL) of juveniles at the time of 
collection. Comparisons were made among juveniles 
collected during each sampling period (indicated by 
month) of 1990 and 1991............ eee ec ere cere reese 98 

Table 4.1. Mean number of patches used each hour, 
Switches made each hour, and percent time spent in 
riffle-pool complexes during each hour of each 
trial for juveniles in control and treatment groups 
of Experiment 1. Variances associated with means 
are presented in parentheSes........cceeeceeeeeeeeeel24 

Table 4.2. Mean number of patches used each hour, 
Switches made each hour, percent time in riffle- 
pool complexes, and time to first switch observed 
for satiated and hungry juveniles in Experiment 2. 
Variances associated with means are presented in 
ParenthesSeS. 2... cece ccc cece were ere rc cere ere se rescence 125 

xXiv



INTRODUCTION TO THE DISSERTATION 

Because streams in the United States frequently have 

their flows altered by hydropower facilities and off-stream 

withdrawals, aquatic resources in streams are often 

threatened by rapidly fluctuating flows, periodic 

dewatering, and reduced quantity and quality of instream 

habitat (Bain and Boltz 1989). To reduce the impact of 

altered stream-flow on fish populations, many resource 

agencies have used the Instream Flow Incremental Methodology 

(IFIM) to determine the relationship between discharge and 

the availability of useable habitat for different species of 

fish (Bovee 1982). A critical assumption of the habitat 

simulation component of IFIM is that habitat availability is 

related to the standing stock of fish. Managers use the 

results of these simulations to estimate the amount of 

usable habitat they must preserve to maintain a desired 

carrying capacity. However, accumulated evidence indicates 

that the size of a fish population in a stream is not always 

a simple function of habitat availability (Orth and Maughan 

1982, Scott and Shirvell 1987). 

Because habitat availability frequently does not relate 

to population density, some researchers and resource 

managers have questioned the usefulness of IFIM as a tool 

for conserving fisheries resources (Granholm et al. 1985, 

Mathur et al. 1985, Scott and Shirvell 1987). Despite this 

shortcoming, it is generally agreed that the physical > 

habitat simulation component of IFIM does adequately assess 

the impacts of flow alterations on the availability of 

habitat for fish (Orth 1987, Gore and Nestler 1988) and is 

frequently used for this purpose (Reiser et al. 1989). What 

the methodology lacks is a firm understanding of how changes 

in habitat availability directly or indirectly impact 

population densities.



Most theories that link habitat availability to 

population regulation assume that habitat selection is an 

optimal foraging process (Rosenzweig 1991). Fish appear to 

adhere to this assumption because they tend to occupy 

habitats where they can maximize feeding rates while 

minimizing their risk of mortality (Werner et al. 1983a, 

1983b). If feeding and mortality rates depend on habitat 

use, then the carrying capacity of a population will be 

defined at the life stage where competition for critical 

habitat is most intense (i.e. when the number of 

individuals/area of available habitat is maximized), because 

competition for resources tends to decrease the relative 

fitness that can be attained in a habitat (Morris 1987, 

1988). Among fish, feeding and mortality rates may be most 

affected by competition during the larval and juvenile life 

stages (May 1974, Shephard and Cushing 1980, Elliott 1989a, 

1989b, 1990), because at that time their densities are 

highest and individuals are most susceptible to mortality. 

Therefore, to understand the effect of habitat alterations 

on population densities of fish it is necessary to examine 

relationships between habitat availability and first-year 

recruitment of stream fish. 

The smallmouth bass (Micropterus dolomieu) is a 

relevant fish species to examine in this context. The 

species commonly occurs in warmwater streams of the United 

States, and its life history strategy suggests that density- 

dependent regulation of the spawning stock should occur 

during the first year of life (Williams 1984, Winemiller and 

Rose 1992). Furthermore, the microhabitat use of larval and 

juvenile smallmouth bass differs from the habitat use of 

adults (Orth and Maughan 1982, Leonard and Orth 1988, Forbes 

1989, Aadland et al. 1991). Discharges that reduce habitat 

availability for age-0 individuals might not reduce 
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availability for adults, so a change in discharge could 

affect population densities without affecting the amount of 

living space for adults. To increase spawning populations 

of smallmouth bass, managers may have to focus their efforts 

on increasing the amount of microhabitat available to age-0O 

individuals. But by what mechanism would increasing the 

availability of microhabitats improve survival of age-0 

smallmouth bass? 

Modelling simulations indicate that any factor that 

promotes growth rate of age-0O smallmouth bass should 

increase their survival through periods of high predation 

mortality (DeAngelis et al. 1991) and over winter (Shuter et 

al. 1980). Certain habitat characteristics can promote 

foraging success of age-0 smallmouth bass (Simonson and 

Swenson 1990), so individuals that occupy microhabitats with 

these characteristics should theoretically exhibit higher 

growth and survival rates than individuals in less suitable 

areas (Jager et al. in press). By identifying microhabitats 

that promote growth of age-0 smallmouth bass at each life 

stage, it may be possible to increase population densities 

by regulating discharge so that the availability of these 

profitable microhabitats is increased. 

The purpose of this study was to determine how 

microhabitat use affected growth rates of age-0O smallmouth 

bass in a warmwater stream. The site selected for this 

study was the North Anna River, a major tributary of the 

York River in Eastern Virginia. Detailed descriptions of 

the river are included in the following sections. The site 

was selected for several reasons: .it supports a reproducing 

population of smallmouth bass, flows in the river are 

altered by a dam in the upstream section, and clarity in the 

river is good, which permitted me to observe behavior of 

age-0O smallmouth bass in various microhabitats. 
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The first objective of this study was to accurately 

describe the microhabitat use by age-0 smallmouth bass from 

the time they leave the nest until late into their first 

growing season. By obtaining a detailed description of 

microhabitat use during all early life stages, I tried to 

identify habitat characteristics that could affect foraging 

success, growth, and survival during each stage. My next 

objective was to assess the profitability of microhabitats 

occupied by age-0 smallmouth bass. Then I examined growth 

rates of individuals throughout the summer to determine if 

growth at any time was related to growth earlier in life. 

If certain microhabitats were more profitable and certain 

individuals maintained growth advantages through time, it 

would imply that a limited amount of profitable 

microhabitats were available and only a few individuals 

exploited those areas. Finally, I examined the foraging 

behavior of age-0 smallmouth bass to determine if aspects of 

foraging behavior could determine which individuals grew 

fastest. From all these results I hoped to determine if 

manipulation of microhabitat availability could increase the 

growth rates of age-0O smallmouth bass in the North Anna 

River, and if increasing growth rates would enhance 

recruitment.



CHAPTER 1 

Temporal Variation in Microhabitat Use by 

Age-0 Smallmouth Bass in the North Anna River, Virginia 

Introduction 

Fisheries managers try to identify critical instream 

habitats based on observations of microhabitat use by stream 

fishes. However, stream fishes may change their 

microhabitat use during different seasons (Rimmer et al. 

1983, 1984, Johnson and Kucera 1985, Grossman and Freeman 

1987, Hillman et al. 1987), in response to changes in 

availability of one or more habitat variables (Morantz et 

al. 1987, McMahon and Hartman 1989, Shirvell 1990, Burgert 

et al. 1991), or in response to the presence of predators 

(Power 1987, Gotceitas 1990, Harvey 1991), or competitors 

(Fausch and White 1981). Stream fishes may also alter their 

microhabitat use as they progress through stages of 

ontogenetic development (Baltz et al. 1991). 

For most fishes, rapid anatomical and physiological 

changes occur during the larval and early juvenile stages of 

development. These changes alter how larval and juvenile 

fish function in their environment, and subtle variations in 

either the rate of ontogenetic development or environmental 

conditions can correspondingly alter their mortality rates 

(May 1974, Houde 1989). Larval and juvenile fish do not 

necessarily remain in prevailing environmental conditions 

but may actively seek out better nursery habitats where they 

can most successfully forage and avoid predators (Bohelert 

and Mundy 1988). Whenever microhabitat characteristics vary 

spatially and temporally, microhabitat use by larval and 

juvenile fish could exert a particularly strong influence on 

growth and survival.



Size affects how larval and juvenile fish function in 

their environment (Miller et al. 1988) and may therefore 

affect their microhabitat use. Generally, as fish grow in 

size their swimming ability improves (Webb and Weihs 1986), 

vulnerability to predators declines (Luecke et al. 1990), 

and the size of their preferred prey increases (Crowder et 

al. 1987). Size could affect microhabitat use of larval and 

juvenile fish in streams if larger individuals exploited 

resources in areas that smaller individuals could not enter. 

In that instance, faster growing individuals could gain a 

Significant growth and survival advantage over the other 

members of their cohort. 

Few examinations of microhabitat use by juvenile fishes 

in streams have compared use of habitat variables during 

different periods of ontogenetic development. For example, 

studies of microhabitat use by smallmouth bass generally 

assumed all young-of-the-year occupied similar habitats 

(Sechnick et al. 1986, Bain et al. 1988, Leonard and Orth 

1988, Lobb and Orth 1991), or divided age-0 fish into 

categories based arbitrarily on size (Aadland et al. 1989). 

However, age-0O smallmouth bass pass through several 

stages of morphological development (Meyer 1970) that could 

affect their preference for certain microhabitat variables. 

Additionally, during the period when male smallmouth bass 

guard their progeny, adult habitat preferences may affect 

microhabitat use by larval smallmouth bass (Ridgeway 1988). 

No studies have tracked the microhabitat use of a cohort of 

smallmouth bass from spawning through the first months of 

the growing season or determined if large and small 

individuals consistently occupy different microhabitats. 

The primary objective of this study was to quantify the 

microhabitat use by smallmouth bass in the North Anna River, 

Virginia, during all biologically significant stages of 
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their first growing season. I examined microhabitat use 

when larvae were guarded by their male parent, after larvae 

lost the protection of the male, and as juveniles dispersed 

throughout the river. I also tested the hypothesis that 

within periods when microhabitat use was sampled, large 

individuals occupied different microhabitats than small 

individuals. 

Methods 

Study Site 

The North Anna River forms part of the York River basin 

and flows through both the Piedmont and Coastal Plain 

Physiographic Provinces of eastern Virginia (Figure 1.1). 

In 1972, Virginia Power and Electric Company (VEPCO) 

impounded the river approximately 64 km from its headwaters 

to create a cooling-water reservoir (Lake Anna) for a 

nuclear power plant. The dam maintains a minimum discharge 

of 1.13 m/s from the epilimnion of Lake Anna into the 

river. This discharge usually becomes the average discharge 

in the river during the dry summer months. Comparisons of 

discharge records between the North Anna and the unregulated 

South Anna River suggest that after heavy rains in the 

summer, the dam maintains an elevated discharge in the North 

Anna for several days longer than would naturally occur. 

Simmons and Voshell (1978) and Kondratieff and Voshell 

(1980) described the habitat types, water quality, and 

benthic macroinvertebrates communities in the river after 

impoundment. Deciduous trees grow on the river's banks and 

form a dense, overhanging canopy along most of the 

shoreline. Immediately below the dam, the river primarily 

consists of long pools (average width approximately 30 m) 

underlain with sandy substrate. Largemouth bass 

(Micropterus salmoides) are the most numerous piscivore in 
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Figure 1.1. Location of study sites on the North Anna 
River in eastern Virginia. The upstream site was 
approximately 400 m long, and the downstream site was 
approximately 650 m long.



this section but smallmouth bass become more numerous 

approximately 16 km downstream from the dam (VEPCO 1986). 

At this point the river widens (average width approximately 

40 m), and riffle habitats and bedrock substrate occur more 

frequently than in the upstream section. Smallmouth bass 

reproduce in this section and their growth rates in the 

river rank among the highest growth rates recorded for 

smallmouth bass in Virginia (King et al. 1991). 

At minimum discharge, water depths in the river are 

usually less than 2.5 m but exceed 3.0 m in some pools. 

Visibility in the river regularly exceeds 3.0 m, and the 

exceptional clarity promotes growth of attached algae and 

submerged macrophytes throughout much of the river. The 

river contains at least 12 species of fish that could serve 

as prey for most size classes of smallmouth bass, but 

redbreast sunfish (Lepomis auritus) are the most numerous 

and widely distributed. 

Nesting densities of smallmouth bass were low in the 

North Anna River during 1990 and 1991, so I searched for 

broods of larval smallmouth bass throughout a reach of the 

river that extended 8 km south from the Route 603 bridge in 

Hanover County. This reach was within the lower section of 

the river where smallmouth bass were the dominant piscivore. 

Larvae metamorphosized into juveniles at approximately 20 mm 

total length, when they acquired their full fin-ray and 

scale compliment (Meyer 1970), and after they had dispersed 

from brood sites. After juvenile smallmouth bass dispersed 

throughout the river, I monitored the microhabitat use of 

juveniles in two study sites on the river. An upstream site 

(approximately 405 m long, average width 29 m) was located 

approximately 0.8 river km downstream from the Route 603 

bridge in Hanover County (Figure 1.1). This site lies 

within the portion of the river where fast water habitats 
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and bedrock substrate increase in abundance. The other site 

was located approximately 4 km downstream of the first, 

beginning at the Route 601 Hanover County bridge and 

extending upstream approximately 640 m (average width 38 m). 

At this point in the river, bedrock is the most common 

substrate. 

Quantifying microhabitats used by larvae in broods 

Quantifying microhabitat use at different larval stages 

presented some problems because the behavior of male parents 

determined what microhabitats were available to the larvae. 

After leaving the nest, larvae occupied an area guarded by 

the male parent, and he prevented them from leaving that 

area. Individual larvae did not remain in one place or seek 

preferred microhabitats within the brood site, but were 

forced to move throughout the site in response to changes in 

density of their siblings or the appearance of predators 

(personal observation). Male parents gradually decrease the 

intensity with which they guard broods until they abandon 

their larvae (Ridgeway 1988), and larvae then disperse from 

the brood site. At dispersal, all microhabitats in the 

river are (theoretically) available to larvae, and because 

larvae disperse into a larger area, their microhabitat use 

is less affected by density of conspecifics. Therefore, my 

comparison of microhabitat use between brood and dispersed 

larvae equated to a comparison of what microhabitats were 

available in brood sites to what microhabitats were used by 

dispersed larvae outside of the brood area. 

Rather than estimating microhabitat availability within 

brood areas by measuring habitat variables at randomly 

selected points, I attempted to estimate microhabitat 

availability based on area. I visually examined brood 

areas, and delineated blocks within which microhabitat 
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variables did not substantially vary. The method I employed 

(described below) insured that I could rapidly quantify all 

visible changes in any microhabitat variable within a brood 

site without having to measure microhabitat characteristics 

at a large number of randomly selected points. The time 

factor was important because broods swam-up during a short 

period, and I wanted to quantify the available habitat in as 

many brood sites as possible before larvae dispersed. The 

method also enabled me to estimate the amount of brood area 

associated with each incremental change of microhabitat 

variables. The major disadvantage of this method was that 

it prohibited direct statistical comparison of the 

microhabitat availability in brood sites with microhabitat 

use of dispersed larvae. 

I searched for smallmouth bass nests and broods of 

larvae by snorkeling in the river during the springs of 1990 

and 1991. Temperature affects the developmental rate of 

larval smallmouth bass (Webster 1948, Shuter et al. 1980) 

and the thermal regime of the North Anna requires larvae to 

remain on the nest for 3-5 days after hatching. I attempted 

to quantify the habitat characteristics of these brood areas 

3-7 days after larvae first left the nest (swim-up). 

When possible I verified the exact date of swim-up by 

locating a nest prior to swim-up and monitoring it each day 

until larvae left the nest. From each of these broods I 

collected 5-10 larvae, preserved them on ice, and measured 

their total length (TL, mm) the same day using a dissecting 

microscope equipped with an ocular micrometer. Larvae 

collected from nests were 9-14 mm in TL, 3-7 days after 

swim-up. When a brood was not located before swim-up, the 

brood site habitat was only quantified when the larvae were 

9-14 mm in TL. 
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At each brood site, a snorkeler placed markers at the 

points furthest upstream and closest to each shore where 

brood larvae were observed. The points where larvae 

occurred closest to each shore and furthest downstream were 

also marked and these points delineated the corners of a 

four-sided polygon that outlined the brood area. For each 

corner, the distance and bearing to at least one other 

corner was recorded, and in each area there was at least one 

corner for which the distance and bearing to at least two 

other corners was recorded. These measurements were used 

later to estimate the size of each brood site and 

availability of habitat within then. 

Transects were oriented along the longest side of the 

brood site that paralleled stream flow. If the longest side 

was less than 25 m, transects were placed at 25%, 50%, and 

75% of the distance between the upstream and downstream 

corners on both sides (Figure 1.2). If the longest side was 

greater than 25 m, transects were placed at 20%, 40%, 60%, 

and 80% of the distance between the upstream and downstream 

corners. 

I visually inspected microhabitat along each transect 

and stopped every two meters or at every point where the 

depth, water velocity, or the substrate noticeably changed. 

The width of blocks therefore varied depending upon the 

frequency of changes in microhabitat characteristics. At 

the center of each block, I recorded the depth (m), mean 

water column velocity (0.6 of depth, cm/s), and visually 

described the most common substrate type and all available 

cover objects in the block. Velocity was measured with a 

pygmy current meter mounted on a metric wading rod. 

Substrate descriptions were based on a modified Wentworth 

scale (Appendix 1) described by Bovee (1982). 
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Figure 1.2. Example of habitat quantification in brood 
sites. Outline of the brood site is based on markers 
placed at the four corners. Upstream/downstream 
boundaries divide the brood site into three sections 
(upstream, middle, downstream). Sections were subdivided 
laterally at points along transects where noticeable 
changes in depth, mean velocity, substrate occurred. 
Area of habitat blocks was used to estimate overall 
habitat availability. 
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Microhabitat availability was based on the estimated 

area of each of these blocks. The outline of each brood 

site was drawn based on the distances and bearings recorded 

at the corners. If three transects were placed in the brood 

area, lines were drawn connecting the sides paralleling the 

flow at 33% and 66% of the distance between the upstream and 

downstream corners. If the brood site required four 

transects then the lines were drawn connecting points at 

25%, 50%, and 75% of the distance between the upstream and 

downstream corners. These lines represented the upstream 

and downstream boundaries of the blocks identified along 

each transect. Through each point along a transect where I 

detected changes in habitat characteristics I drew a 

vertical line (parallel to the stream flow) that connected 

the upstream and downstream boundaries and delineated the 

outline of each habitat block (Figure 1.2). 

The area of each block was estimated using a digital 

planimeter. To determine the percent composition of all 

brood sites for each microhabitat characteristic, I summed 

the areas of blocks that contained identical depths, 

velocities, substrate or cover types and divided these by 

the total area quantified. The influence (or "weight") of 

an individual block on the distributions of habitat 

variables depended on the area the block encompassed. 

Quantifying microhabitat use by dispersed larvae. 

I revisited broods 3-7 days after male abandonment and 

quantified the microhabitat used by dispersed larvae. 

During both 1990 and 1991, spawning densities were low 

enough that I could always establish the brood from which 

larvae dispersed (i.e. no two broods were located in close 

proximity to each other). When I located the larvae that 

dispersed from a brood, I marked the position of up to 15 
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individuals per brood and recorded their estimated position 

in the water column. By limiting the number of larvae 

sampled per brood, I reduced the influence that the 

microhabitat use of larvae from any one brood would have on 

the combined use distribution of all dispersed larvae. 

At each point where dispersed larvae were observed, I 

recorded the depth and mean and focal-point (nose) 

velocities, and I visually estimated the most common 

substrate type and all cover objects within a 1-m radius. I 

collected 2-3 individuals from each brood of dispersed 

larvae, preserved them on ice, and measured their TL the 

same day. Total lengths were measured using a dissecting 

microscope equipped with an ocular micrometer. 

Quantifying microhabitat use by juveniles. 

Underwater observation is an effective means of 

locating fish for habitat use studies in clear water and 

deep habitats (Cunjak et al. 1988, Heggenes et al. 1990), 

which both commonly occur in the North Anna River. In each 

of the two study sites, two snorkelers searched for juvenile 

smallmouth bass two weeks, six weeks, and (in 1991) ten 

weeks after larvae dispersed from the brood sites. 

Snorkelers moved upstream and searched for juveniles within 

three meters on either side of four transects that extended 

the length of the study site. Of the four total transects, 

two were located three meters from either shore and two were 

located nine meters from either shore. Snorkel surveys were 

only conducted between 0800 and 1200 hours when visibility 

in the river exceeded 2.5 m, and the dam was releasing 1.13 

m/s. All four transects could be searched in one morning 

in the upstream site but only two transects could be 

searched in one morning in the downstream site. 
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�u�s�e� �b�y� �j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �t�w�o� �w�e�e�k�s� �a�f�t�e�r� �d�i�s�p�e�r�s�a�l�,� �a�n�d� �u�s�e� 

�b�y� �j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �t�w�o� �w�e�e�k�s� �a�f�t�e�r� �d�i�s�p�e�r�s�a�l� �w�i�t�h� �u�s�e� �b�y� 
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�j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �s�i�x� �w�e�e�k�s� �a�f�t�e�r� �d�i�s�p�e�r�s�a�l�.� �I�n� �1�9�9�1�,� �I� 

�c�o�l�l�e�c�t�e�d� �d�a�t�a� �o�n� �h�a�b�i�t�a�t� �u�s�e� �o�f� �j�u�v�e�n�i�l�e�s� �a�t� �1�0� �w�e�e�k�s� �a�f�t�e�r� 

�d�i�s�p�e�r�s�a�l� �b�u�t� �d�i�d� �n�o�t� �c�o�m�p�a�r�e� �i�t� �s�t�a�t�i�s�t�i�c�a�l�l�y� �t�o� �s�a�m�p�l�e�s� 

�f�r�o�m� �o�t�h�e�r� �p�e�r�i�o�d�s� �b�e�c�a�u�s�e� �t�h�e� �s�a�m�p�l�e� �s�i�z�e� �a�t� �1�0� �w�e�e�k�s� �w�a�s� 

�r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� �(�N�=�4�8�)�.� 

�I� �w�a�s� �i�n�t�e�r�e�s�t�e�d� �i�n� �c�o�m�p�a�r�i�n�g� �l�o�c�a�t�i�o�n� �a�n�d� �d�i�s�p�e�r�s�i�o�n� 

�o�f� �a�l�l� �h�a�b�i�t�a�t� �u�s�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� �c�o�u�l�d� �t�h�e�r�e�f�o�r�e� �n�o�t� �u�s�e� 

�a� �m�u�l�t�i�p�l�e� �c�o�m�p�a�r�i�s�o�n� �t�e�s�t� �t�h�a�t� �f�o�c�u�s�e�d� �o�n�l�y� �o�n� �l�o�c�a�t�i�o�n� 

�d�i�f�f�e�r�e�n�c�e�s� �(�i�.�e�.� �A�N�O�V�A�,� �K�r�u�s�k�a�l�l�-�W�a�l�l�i�s� �t�e�s�t�s�)�.� �I�n�s�t�e�a�d� �I� 

�u�s�e�d� �t�w�o�-�s�a�m�p�l�e�,� �n�o�n�p�a�r�a�m�e�t�r�i�c� �a�n�a�l�y�s�e�s� �t�o� �t�e�s�t� �f�o�r� �o�v�e�r�a�l�l� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �d�i�s�t�r�i�b�u�t�i�o�n�s�.� �B�e�c�a�u�s�e� �t�w�o� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� 

�m�a�d�e� �f�o�r� �e�a�c�h� �v�a�r�i�a�b�l�e�,� �I� �s�e�t� �t�h�e� �a�l�p�h�a� �l�e�v�e�l� �f�o�r� �r�e�j�e�c�t�i�o�n� 

�a�t� �0�.�0�2�5� �t�o� �p�r�o�v�i�d�e� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �i�n� �d�e�t�e�c�t�e�d� �d�i�f�f�e�r�e�n�c�e�s� 

�f�o�r� �e�a�c�h� �v�a�r�i�a�b�l�e�.� 

�K�o�l�o�m�o�g�o�r�o�v�-�S�m�i�r�n�o�v�,� �t�w�o�-�s�i�d�e�d� �t�e�s�t�s� �w�e�r�e� �u�s�e�d� �t�o� �t�e�s�t� 

�f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �u�s�e� �o�f� �d�e�p�t�h�,� �d�i�s�t�a�n�c�e� �o�f�f� �t�h�e� �b�o�t�t�o�n�,� 

�a�n�d� �v�e�l�o�c�i�t�y� �v�a�r�i�a�b�l�e�s� �b�y� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �a�n�d� �j�u�v�e�n�i�l�e�s� 

�o�b�s�e�r�v�e�d� �t�w�o�,� �s�i�x�,� �a�n�d� �t�e�n� �w�e�e�k�s� �a�f�t�e�r� �d�i�s�p�e�r�s�a�l�.� �I� �t�e�s�t�e�d� 

�f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�u�b�s�t�r�a�t�e� �a�n�d� �c�o�v�e�r� �u�s�e� �a�m�o�n�g� �s�t�a�g�e�s� �o�f� 

�d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �a�n�d� �j�u�v�e�n�i�l�e�s� �u�s�i�n�g� �t�w�o�-�s�i�d�e�d� �G�-�t�e�s�t�s�.� 

�F�o�r� �e�a�c�h� �s�t�a�g�e� �o�f� �h�a�b�i�t�a�t� �u�s�e� �b�y� �j�u�v�e�n�i�l�e�s�,� �I� �c�o�m�p�a�r�e�d� 

�t�h�e� �u�s�e� �o�f� �a�l�l� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �b�y� �t�h�e� �l�a�r�g�e�r� �a�n�d� �s�m�a�l�l�e�r� 

�h�a�l�v�e�s� �o�f� �t�h�e� �s�a�m�p�l�e�.� �I� �t�e�s�t�e�d� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �d�e�p�t�h� �a�n�d� 

�v�e�l�o�c�i�t�y� �v�a�r�i�a�b�l�e�s� �b�e�t�w�e�e�n� �p�e�r�i�o�d�s� �u�s�i�n�g� �t�w�o�-�t�a�i�l�e�d� 

�K�o�l�o�m�o�g�o�r�o�v�-�S�m�i�r�n�o�v� �t�e�s�t�s�,� �a�n�d� �t�e�s�t�e�d� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�s�u�b�s�t�r�a�t�e� �a�n�d� �c�o�v�e�r� �v�a�r�i�a�b�l�e�s� �u�s�i�n�g� �t�w�o�-�t�a�i�l�e�d� �G�-�t�e�s�t�s�.� 

�A�l�p�h�a� �l�e�v�e�l�s� �f�o�r� �r�e�j�e�c�t�i�o�n� �w�e�r�e� �s�e�t� �a�t� �0�.�0�2�5� �t�o� �p�r�o�v�i�d�e� �9�5�%� 

�c�o�n�f�i�d�e�n�c�e� �i�n� �d�e�t�e�c�t�e�d� �d�i�f�f�e�r�e�n�c�e� �f�o�r� �e�a�c�h� �v�a�r�i�a�b�l�e�.� 

�R�e�s�u�l�t�s� 

�C�h�r�o�n�o�l�o�g�y� �o�f� �s�p�a�w�n�i�n�g� �a�n�d� �l�a�r�v�a�l� �d�i�s�p�e�r�s�a�l� �d�u�r�i�n�g� �1�9�9�0�-�9�1�.� 
�S�u�c�c�e�s�s�f�u�l� �s�p�a�w�n�i�n�g� �i�n� �1�9�9�0� �m�a�y� �h�a�v�e� �b�e�e�n� �d�e�l�a�y�e�d� �b�y� �a� 

�s�e�r�i�e�s� �o�f� �h�i�g�h� �f�l�o�w�s� �a�n�d� �a� �d�r�o�p� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �b�e�l�o�w� �1�5�°�C� �o�n� 
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�d�a�y� �1�0�7� �(�F�i�g�u�r�e� �1�.�3�)�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �I� �d�i�d� �n�o�t� �o�b�s�e�r�v�e� �f�r�e�e�-� 

�s�w�i�m�m�i�n�g� �l�a�r�v�a�e� �i�n� �t�h�e� �r�i�v�e�r� �u�n�t�i�l� �c�a�l�e�n�d�a�r� �d�a�y� �1�3�9� �(�1�9� 

�M�a�y�)�.� �B�e�t�w�e�e�n� �d�a�y�s� �1�3�9� �a�n�d� �1�4�6� �(�2�6� �M�a�y�)�,� �I� �c�o�l�l�e�c�t�e�d� �d�a�t�a� 

�o�n� �f�i�v�e� �b�r�o�o�d� �s�i�t�e�s�.� �B�e�f�o�r�e� �l�a�r�v�a�e� �c�o�u�l�d� �d�i�s�p�e�r�s�e� �f�r�o�m� �t�h�e� 

�b�r�o�o�d� �s�i�t�e�s�,� �a� �l�a�r�g�e� �f�l�o�o�d� �(�>� �1�2�0� �m�°�/�s�)� �l�a�s�t�i�n�g� �f�r�o�m� �d�a�y� �1�4�8� 

�(�2�8� �M�a�y�)� �t�o� �d�a�y� �1�5�6� �(�5� �J�u�n�e�)� �d�e�s�t�r�o�y�e�d� �m�o�s�t� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�l�a�r�v�a�e� �i�n� �t�h�e� �r�i�v�e�r�.� �F�r�e�e� �s�w�i�m�m�i�n�g� �l�a�r�v�a�e� �w�e�r�e� �n�e�x�t� 

�o�b�s�e�r�v�e�d� �o�n� �d�a�y� �1�6�0� �(�9� �J�u�n�e�)�,� �a�n�d� �b�e�t�w�e�e�n� �d�a�y� �1�6�0� �a�n�d� �1�7�4� 

�(�2�3� �J�u�n�e�)� �I� �c�o�l�l�e�c�t�e�d� �d�a�t�a� �o�n� �f�o�u�r� �m�o�r�e� �b�r�o�o�d� �s�i�t�e�s�.� �I�n� 

�t�o�t�a�l�,� �I� �q�u�a�n�t�i�f�i�e�d� �m�i�c�r�o�h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �9�4� 

�b�l�o�c�k�s� �(�a�v�e�r�a�g�e� �a�r�e�a� �=� �4�.�1� �m�*�)� �t�h�a�t� �c�o�m�p�r�i�s�e�d� �3�4�2� �m�°� �o�f� 

�b�r�o�o�d� �s�i�t�e� �h�a�b�i�t�a�t� �(�a�v�e�r�a�g�e� �b�r�o�o�d� �a�r�e�a� �=� �3�7�.�5� �m�°�)�.� �B�e�t�w�e�e�n� 

�G�a�y� �1�7�1� �(�2�0� �J�u�n�e�)�,� �a�n�d� �1�8�1� �(�3�0� �J�u�n�e�)� �I� �c�o�l�l�e�c�t�e�d� �d�a�t�a� �o�n� �9�3� 

�l�a�r�v�a�e� �t�h�a�t� �d�i�s�p�e�r�s�e�d� �f�r�o�m� �t�h�e�s�e� �f�o�u�r� �b�r�o�o�d�s� �a�n�d� �f�r�o�m� �t�w�o� 

�o�t�h�e�r� �g�r�o�u�p�s� �o�f� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �t�h�a�t� �w�e�r�e� �n�o�t� �l�o�c�a�t�e�d� �u�n�t�i�l� 

�a�f�t�e�r� �t�h�e�i�r� �m�a�l�e� �p�a�r�e�n�t� �h�a�d� �a�b�a�n�d�o�n�e�d� �t�h�e� �b�r�o�o�d� �s�i�t�e�.� 

�O�n� �d�a�y� �1�0�5� �(�1�5� �A�p�r�i�l�)� �o�f� �1�9�9�1�,� �I� �o�b�s�e�r�v�e�d� �s�m�a�l�l�m�o�u�t�h� 

�l�a�r�v�a�e� �o�n� �t�h�r�e�e� �n�e�s�t�s� �b�u�t� �d�i�d� �n�o�t� �q�u�a�n�t�i�f�y� �h�a�b�i�t�a�t� �i�n� �t�h�e�s�e� 

�b�r�o�o�d� �s�i�t�e�s� �o�r� �o�b�s�e�r�v�e� �f�r�e�e� �s�w�i�m�m�i�n�g� �l�a�r�v�a�e� �f�r�o�m� �t�h�e�s�e� 

�n�e�s�t�s�.� �B�e�t�w�e�e�n� �d�a�y� �1�2�3� �(�3� �M�a�y�)� �a�n�d� �1�5�1� �(�3�1� �M�a�y�)�,� �I� 

�c�o�l�l�e�c�t�e�d� �d�a�t�a� �o�n� �1�5� �b�r�o�o�d� �s�i�t�e�s� �(�a�v�e�r�a�g�e� �b�r�o�o�d� �a�r�e�a� �=� �6�3�.�8� 

�m�*�)� �t�h�a�t� �c�o�v�e�r�e�d� �a� �t�o�t�a�l� �a�r�e�a� �o�f� �9�3�9� �m �� �t�h�a�t� �I� �d�i�v�i�d�e�d� �i�n�t�o� 

�1�5�0� �b�l�o�c�k�s� �o�f� �h�o�m�o�g�e�n�e�o�u�s� �m�i�c�r�o�h�a�b�i�t�a�t� �(�a�v�e�r�a�g�e� �b�l�o�c�k� �=� �6�.�3� 

�m�*�)� �.� �D�a�t�a� �o�n� �1�5�5� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �f�r�o�m� �1�0� �o�f� �t�h�o�s�e� �b�r�o�o�d� 

�s�i�t�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�e�t�w�e�e�n� �d�a�y�s� �1�2�7� �(�7� �M�a�y�)� �a�n�d� �1�3�4� �(�1�4� 

�M�a�y�)�.� �I� �d�i�d� �n�o�t� �o�b�s�e�r�v�e� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �f�r�o�m� �t�h�e� �o�t�h�e�r� 

�f�i�v�e� �b�r�o�o�d�s�.� 

�H�a�b�i�t�a�t� �u�s�e� �b�y� �b�r�o�o�d� �l�a�r�v�a�e� �a�n�d� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e�.� 

�I�n� �b�o�t�h� �1�9�9�0� �a�n�d� �1�9�9�1�,� �m�o�r�e� �t�h�a�n� �3�0�%� �o�f� �t�h�e� �a�r�e�a� �i�n� 

�b�r�o�o�d� �s�i�t�e�s� �c�o�n�t�a�i�n�e�d� �m�e�a�n� �v�e�l�o�c�i�t�i�e�s� �h�i�g�h�e�r� �t�h�a�n� �4� �c�m�/�s�,� 

�a�n�d� �n�o� �l�a�r�g�e� �c�o�v�e�r� �o�r� �s�u�b�s�t�r�a�t�e� �(�F�i�g�u�r�e� �1�.�4�)�.� �L�e�s�s� �t�h�a�n� �7�%� 

�o�f� �t�h�e� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �o�b�s�e�r�v�e�d� �i�n� �e�i�t�h�e�r� �1�9�9�0� �o�r� �1�9�9�1� 
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�(�m�/�s�e�c�)� �1�9�9�0� �(�°�C�)� 
�3�5� 

�1�2�0�;� 

�7�2�5� 

�8�0�>� �y�e� �I� 

� � 

� � � � � � � � 
� � � � 
� � 

� � � � 

�7�1�5� 
�4�0� 

�0� �+ � � ��+� �W�o�  ��M� �I�5� 
�9�0� �1�1�0� �1�3�0� �1�5�0� �1�7�0� �1�9�0� �2�1�0� �2�3�0� �2�5�0� 

�1�9�9� �1� 
�1�2�0� �3�5� 

�8�0�;� �7�2�5� 

�4�0� �1�1�5� 

�9�0� �1�1�0� �1�8�0� �1�5�0� �1�7�0� �1�9�0� �2�1�0� �2�3�0� �2�5�0� 

�D�a�y� �o�f� �Y�e�a�r� 

�F�i�g�u�r�e� �1�.�3�.� �T�e�m�p�e�r�a�t�u�r�e� �(�t�h�i�n� �l�i�n�e�,� �°�C�)� �a�n�d� �d�i�s�c�h�a�r�g�e� 
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�o�c�c�u�p�i�e�d� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�i�t�h� �a�l�l� �t�h�o�s�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�W�h�i�l�e� �s�o�m�e� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �d�u�r�i�n�g� �b�o�t�h� �y�e�a�r�s� �o�c�c�u�p�i�e�d� �a�r�e�a�s� 

�w�i�t�h� �m�e�a�n� �v�e�l�o�c�i�t�i�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �4� �c�m�/�s�,� �m�o�s�t� �o�f� �t�h�e�s�e� 

�i�n�d�i�v�i�d�u�a�l�s� �w�e�r�e� �s�h�e�l�t�e�r�e�d� �b�y� �w�o�o�d�y� �c�o�v�e�r� �o�r� �s�h�e�l�v�e�s� �o�f� 

�f�r�a�c�t�u�r�e�d� �b�e�d�r�o�c�k�.� 

�L�e�s�s� �d�i�s�t�i�n�c�t� �a�n�d� �l�e�s�s� �c�o�n�s�i�s�t�e�n�t� �d�i�f�f�e�r�e�n�c�e�s� �e�x�i�s�t�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �d�e�p�t�h� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �b�r�o�o�d� �s�i�t�e�s� �a�n�d� �d�e�p�t�h�s� �u�s�e�d� 

�b�y� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e�.� �I�n� �1�9�9�0�,� �7�4�%� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� �b�r�o�o�d� 

�a�r�e�a� �w�a�S� �7�6�-�1�2�5� �c�m� �d�e�e�p�,� �b�u�t� �6�7�%� �o�f� �t�h�e� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� 

�o�c�c�u�p�i�e�d� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�a�t� �w�e�r�e� �1�2�6�-�1�7�5� �c�m� �d�e�e�p� �(�F�i�g�u�r�e� 

�1�.�5�)�.� �I�n� �1�9�9�1�,� �5�9�%� �o�f� �t�h�e� �b�r�o�o�d� �a�r�e�a� �o�b�s�e�r�v�e�d� �w�a�s� �g�r�e�a�t�e�r� 

�t�h�a�n� �1�0�0� �c�m� �d�e�e�p� �b�u�t� �8�0�%� �o�f� �t�h�e� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �u�s�e�d� �d�e�p�t�h�s� 

�l�e�s�s� �t�h�a�n� �1�0�0� �c�m�.� �D�u�r�i�n�g� �b�o�t�h� �y�e�a�r�s�,� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� 

�o�c�c�u�p�i�e�d� �a� �n�a�r�r�o�w�e�r� �r�a�n�g�e� �o�f� �d�e�p�t�h�s� �t�h�a�n� �w�a�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�b�r�o�o�d� �s�i�t�e�s�.� 

�M�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �b�y� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �a�n�d� �j�u�v�e�n�i�l�e�s�.� 

�D�u�r�i�n�g� �b�o�t�h� �y�e�a�r�s�,� �I� �c�o�l�l�e�c�t�e�d� �d�a�t�a� �o�n� �m�i�c�r�o�h�a�b�i�t�a�t�s� 

�u�s�e�d� �b�y� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �r�a�n�g�i�n�g� �b�e�t�w�e�e�n� �1�5� �a�n�d� �1�2�0� �m�m� �T�L� 

�(�F�i�g�u�r�e� �1�.�6�)�.� �O�n�l�y� �1�3� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �t�w�o� �s�t�u�d�y� �s�i�t�e�s� �o�n� �d�a�y� �1�8�4� �(�3� �J�u�l�y�,� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�o� �w�e�e�k�s� �a�f�t�e�r� �d�i�s�p�e�r�s�a�l�)�.� �I� �c�o�l�l�e�c�t�e�d� 

�m�i�c�r�o�h�a�b�i�t�a�t� �d�a�t�a� �o�n� �3�0� �j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �o�u�t�s�i�d�e� �o�f� �t�h�e� 

�s�t�u�d�y� �s�i�t�e�s� �d�u�r�i�n�g� �d�a�y�s� �1�8�6�-�1�9�4� �(�5�-�1�3� �J�u�l�y�)�.� �B�e�t�w�e�e�n� �d�a�y�s� 

�1�9�5�-�1�9�9� �(�1�4�-�1�8� �J�u�l�y�)�,� �7�7� �j�u�v�e�n�i�l�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� 

�s�t�u�d�y� �s�i�t�e�s�.� �T�h�e� �u�s�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �d�i�d� 

�n�o�t� �s�t�a�t�i�s�t�i�c�a�l�l�y� �d�i�f�f�e�r� �(�a�l�l� �P� �>� �0�.�2�0�)� �b�e�t�w�e�e�n� �j�u�v�e�n�i�l�e�s� 

�o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �d�a�y�s� �1�8�5�-�1�9�4� �a�n�d� �d�a�y�s� �1�9�5�-�1�9�9�,� �s�o� �I� �c�o�m�b�i�n�e�d� 

�a�l�l� �1�2�0� �o�f� �t�h�e�s�e� �j�u�v�e�n�i�l�e�s� �i�n�t�o� �o�n�e� �s�a�m�p�l�e� �(�t�h�e� �J�u�l�y� �1�9�9�0� 

�s�a�m�p�l�e�)�.� 

�A�s� �t�h�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s� �o�f� �1�9�9�0� �a�n�d� �1�9�9�1� �p�r�o�g�r�e�s�s�e�d�,� 

�j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �m�o�v�e�d� �i�n�t�o� �s�h�a�l�l�o�w�e�r� �m�i�c�r�o�h�a�b�i�t�a�t�s� 

�(�F�i�g�u�r�e� �1�.�7�)�.� �(�S�e�e� �A�p�p�e�n�d�i�x� �2� �f�o�r� �b�o�x� �p�l�o�t� �f�o�r�m�a�t�)�.� �D�u�r�i�n�g� 
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�t�h�e� �m�e�a�n� �f�o�c�a�l� �p�o�i�n�t� �v�e�l�o�c�i�t�i�e�s� �u�s�e�d� �b�y� �a�g�e�-�0� �b�a�s�s� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �t�h�e� �a�v�e�r�a�g�e� �i�n�d�i�v�i�d�u�a�l� �h�a�d� �t�o� �s�w�i�m� �o�n�e� �b�o�d�y� �l�e�n�g�t�h�/�s� �o�r� 

�l�e�s�s� �t�o� �m�a�i�n�t�a�i�n� �t�h�e�i�r� �p�o�s�i�t�i�o�n�.� 

�D�u�r�i�n�g� �b�o�t�h� �y�e�a�r�s�,� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �w�e�r�e� �f�o�u�n�d� �f�u�r�t�h�e�r� 

�f�r�o�m� �t�h�e� �b�o�t�t�o�m� �t�h�a�n� �j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �1�4�-�2�0� �d�a�y�s� �l�a�t�e�r� 

�(�F�i�g�u�r�e� �1�.�8�)�.� �I�n� �1�9�9�0�,� �t�h�e� �m�e�a�n� �d�i�s�t�a�n�c�e� �o�f� �d�i�s�p�e�r�s�e�d� 

�l�a�r�v�a�e� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �w�a�s� �2�3� �c�m� �a�n�d� �j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �t�w�o� 

�w�e�e�k�s� �l�a�t�e�r� �a�v�e�r�a�g�e�d� �1�4� �c�m� �o�f�f� �t�h�e� �b�o�t�t�o�m�.� �F�o�r� �t�h�e� �s�a�m�e� 

�l�i�f�e� �s�t�a�g�e�s� �i�n� �1�9�9�1�,� �a�v�e�r�a�g�e� �d�i�s�t�a�n�c�e� �o�f�f� �t�h�e� �b�o�t�t�o�m� 

�d�e�c�r�e�a�s�e�d� �f�r�o�m� �1�9� �t�o� �1�3� �c�m�.� �D�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �d�i�s�t�a�n�c�e�s� �o�f�f� 

�t�h�e� �b�o�t�t�o�m� �d�i�f�f�e�r�e�d� �b�e�t�w�e�e�n� �t�h�e�s�e� �t�w�o� �l�i�f�e� �s�t�a�g�e�s� �i�n� �b�o�t�h� 

�y�e�a�r�s� �(�a�l�l� �P� �<� �0�.�0�0�6�,� �T�a�b�l�e� �1�.�1�)�.� �B�y� �J�u�n�e� �1�9�9�1�,� �t�h�e� �m�e�a�n� 

�d�i�s�t�a�n�c�e� �o�f�f� �t�h�e� �b�o�t�t�o�m� �i�n�c�r�e�a�s�e�d� �t�o� �2�3� �c�m� �a�n�d� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �J�u�n�e� �d�i�f�f�e�r�e�d� �s�t�a�t�i�s�t�i�c�a�l�l�y� �f�r�o�m� �t�h�a�t� 

�o�b�s�e�r�v�e�d� �i�n� �M�a�y� �(�P� �<� �0�.�0�0�0�6�)�.� �A�g�e�-�0�O� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �w�e�r�e� 

�o�c�c�a�s�i�o�n�a�l�l�y� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �s�u�r�f�a�c�e�,� �b�u�t� �m�o�r�e� �t�h�a�n� �9�0�%� �o�f� 

�a�l�l� �i�n�d�i�v�i�d�u�a�l�s� �o�c�c�u�p�i�e�d� �t�h�e� �b�o�t�t�o�m� �h�a�l�f� �o�f� �t�h�e� �w�a�t�e�r� 

�c�o�l�u�m�n�.� 

�S�u�b�s�t�r�a�t�e� �a�n�d� �c�o�v�e�r� �u�s�e� �o�f� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �v�a�r�i�e�d� 

�l�i�t�t�l�e� �o�v�e�r� �t�i�m�e� �i�n� �e�i�t�h�e�r� �y�e�a�r� �(�F�i�g�u�r�e� �1�.�9�)�.� �F�r�a�c�t�u�r�e�d� 

�b�e�d�r�o�c�k�/�b�o�u�l�d�e�r� �w�a�s� �a�l�w�a�y�s� �t�h�e� �m�o�s�t� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� 

�s�u�b�s�t�r�a�t�e� �t�y�p�e� �(�5�3�-�8�9�%� �o�f� �u�s�e� �d�u�r�i�n�g� �a�l�l� �s�a�m�p�l�i�n�g� �p�e�r�i�o�d�s�)� 

�a�n�d� �s�a�n�d� �w�a�s� �u�s�u�a�l�l�y� �t�h�e� �o�n�l�y� �o�t�h�e�r� �r�e�g�u�l�a�r�l�y� �u�s�e�d� �s�u�b�s�t�r�a�t�e� 

�(�5�-�2�7�%� �o�f� �u�s�e�)�.� �S�u�b�s�t�r�a�t�e�s� �o�t�h�e�r� �t�h�a�n� �f�r�a�c�t�u�r�e�d� �b�e�d�r�o�c�k� �a�n�d� 

�s�a�n�d� �d�o� �n�o�t� �c�o�m�m�o�n�l�y� �o�c�c�u�r� �i�n� �t�h�i�s� �p�o�r�t�i�o�n� �o�f� �t�h�e� �r�i�v�e�r� 

�(�G�r�o�s�h�e�n�s� �1�9�9�3�)�.� �I�n� �1�9�9�0�,� �1�9�.�6�%� �o�f� �t�h�e� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� 

�u�s�e�d� �p�o�i�n�t�s� �w�h�e�r�e� �c�o�b�b�l�e� �w�a�s� �t�h�e� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e�,� �a�n�d� 

�c�o�n�s�e�q�u�e�n�t�l�y� �t�h�e�i�r� �s�u�b�s�t�r�a�t�e� �a�n�d� �c�o�v�e�r� �u�s�e� �d�i�f�f�e�r�e�d� �f�r�o�m� 

�t�h�a�t� �o�f� �j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �i�n� �J�u�l�y� �(�b�o�t�h� �P� �<� �0�.�0�0�1�)�.� �N�o� 

�o�t�h�e�r� �c�o�m�p�a�r�i�s�o�n�s� �d�e�t�e�c�t�e�d� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �a�g�e�-�0� 

�i�n�d�i�v�i�d�u�a�l�s� �i�n� �t�h�e�i�r� �s�u�b�s�t�r�a�t�e� �o�r� �c�o�v�e�r� �u�s�e� �(�a�l�l� �P� �>� �0�.�0�5�)�.� 

�M�o�s�t� �l�a�r�v�a�e� �u�s�e�d� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�h�e�r�e� �r�o�c�k� �c�r�e�v�i�c�e�s� �w�e�r�e� 

�p�r�e�s�e�n�t� �(�4�6�.�2�-�9�5�.�0�%� �o�f� �u�s�e� �d�u�r�i�n�g� �a�l�l� �s�a�m�p�l�i�n�g� �p�e�r�i�o�d�s�)�.� 
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�L�a�r�g�e� �w�o�o�d�y� �d�e�b�r�i�s� �w�a�s� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� �d�u�r�i�n�g� �a�l�l� �s�a�m�p�l�i�n�g� 

�p�e�r�i�o�d�s� �(�1�8�.�7�-�4�7�.�3�%� �o�f� �u�s�e�)�,� �a�n�d� �i�n� �1�9�9�1� �a� �h�i�g�h� �p�r�o�p�o�r�t�i�o�n� 

�o�f� �i�n�d�i�v�i�d�u�a�l�s� �u�s�e�d� �a�q�u�a�t�i�c� �v�e�g�e�t�a�t�i�o�n� �(�2�0�.�6�-�4�7�.�1�%�)�.� �A� 
�s�i�g�n�i�f�i�c�a�n�t� �n�u�m�b�e�r� �o�f� �i�n�d�i�v�i�d�u�a�l�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �w�i�t�h�i�n� �1�m� 

�o�f� �m�u�l�t�i�p�l�e� �c�o�v�e�r� �t�y�p�e�s� �(�9�.�7�-�6�4�.�3�%� �d�u�r�i�n�g� �a�l�l� �s�a�m�p�l�i�n�g� 

�p�e�r�i�o�d�s�)�.� 

�M�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �b�y� �l�a�r�g�e� �a�n�d� �s�m�a�l�l� �i�n�d�i�v�i�d�u�a�l�s�.� 

�D�u�r�i�n�g� �a�l�l� �p�e�r�i�o�d�s� �o�f� �j�u�v�e�n�i�l�e� �m�i�c�r�o�h�a�b�i�t�a�t� �s�a�m�p�l�i�n�g� 

�i�n� �1�9�9�0� �a�n�d� �1�9�9�1�,� �t�h�e� �l�a�r�g�e�r� �h�a�l�f� �o�f� �t�h�e� �a�g�e�-�0�O� �c�o�h�o�r�t� 

�o�c�c�u�p�i�e�d� �t�h�e� �s�a�m�e� �d�e�p�t�h�s�,� �m�e�a�n� �v�e�l�o�c�i�t�i�e�s�,� �a�n�d� �n�o�s�e� 

�v�e�l�o�c�i�t�i�e�s� �a�s� �t�h�e� �s�m�a�l�l�e�s�t� �h�a�l�f� �o�f� �t�h�e� �c�o�h�o�r�t� �(�a�l�l� �P� �>� �0�.�0�6�,� 

�T�a�b�l�e� �1�.�2�)�.� �N�e�i�t�h�e�r� �l�a�r�g�e�r� �o�r� �s�m�a�l�l�e�r� �j�u�v�e�n�i�l�e�s� �e�x�h�i�b�i�t�e�d� 

�c�o�n�s�i�s�t�e�n�t� �t�r�e�n�d�s� �i�n� �e�i�t�h�e�r� �y�e�a�r� �f�o�r� �a�n�y� �o�f� �t�h�e�s�e� �h�a�b�i�t�a�t� 

�v�a�r�i�a�b�l�e�s� �(�A�p�p�e�n�d�i�c�e�s� �3�-�5�)�.� 

�C�o�m�p�a�r�i�s�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �l�a�r�g�e�s�t� �a�n�d� �s�m�a�l�l�e�s�t� �2�5�%� �o�f� �t�h�e� 

�a�g�e�-�0�O� �c�o�h�o�r�t� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a�t� �s�o�m�e� �t�i�m�e� �d�u�r�i�n�g� �b�o�t�h� �y�e�a�r�s�,� 

�s�m�a�l�l� �j�u�v�e�n�i�l�e�s� �o�c�c�u�p�i�e�d� �s�h�a�l�l�o�w�e�r� �d�e�p�t�h�s� �t�h�a�n� �l�a�r�g�e�r� 

�j�u�v�e�n�i�l�e�s�.� �D�e�p�t�h� �d�i�s�t�r�i�b�u�t�i�o�n�s� �d�i�f�f�e�r�e�d� �b�e�t�w�e�e�n� �t�h�e� �l�a�r�g�e�s�t� 

�a�n�d� �s�m�a�l�l�e�s�t� �2�5�%� �o�f� �t�h�e� �c�o�h�o�r�t� �d�u�r�i�n�g� �J�u�l�y� �o�f� �1�9�9�0� �(�P� �<� 

�0�.�0�0�7�)� �a�n�d� �J�u�l�y� �o�f� �1�9�9�1� �(�P� �<� �0�.�0�3�)�.� �D�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �m�e�a�n� 

�a�n�d� �f�o�c�a�l� �p�o�i�n�t� �v�e�l�o�c�i�t�i�e�s� �d�i�d� �n�o�t� �d�i�f�f�e�r� �b�e�t�w�e�e�n� �t�h�e� 

�l�a�r�g�e�s�t� �a�n�d� �s�m�a�l�l�e�s�t� �2�5�%� �o�f� �t�h�e� �c�o�h�o�r�t� �d�u�r�i�n�g� �e�i�t�h�e�r� �y�e�a�r�.� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �s�h�o�u�l�d� �b�e� �i�n�t�e�r�p�r�e�t�e�d� �c�a�u�t�i�o�u�s�l�y�,� �b�e�c�a�u�s�e� �t�h�e� 

�s�a�m�p�l�e� �s�i�z�e�s� �u�s�e�d� �i�n� �t�h�e� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� 

�(�a�l�l� �N� �<� �3�5�)�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e�s�e� �c�o�m�p�a�r�i�s�o�n�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�s�m�a�l�l� �i�n�d�i�v�i�d�u�a�l�s� �w�e�r�e� �n�o�t� �l�e�s�s� �l�i�k�e�l�y� �t�o� �e�x�p�l�o�r�e� �p�r�e�v�i�o�u�s�l�y� 

�u�n�u�s�e�d� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�a�n� �l�a�r�g�e� �i�n�d�i�v�i�d�u�a�l�s� �w�e�r�e�.� 

�S�p�a�t�i�a�l� �h�a�b�i�t�a�t� �u�s�e� �b�y� �j�u�v�e�n�i�l�e�s�.� 

�D�u�r�i�n�g� �b�o�t�h� �y�e�a�r�s�,� �j�u�v�e�n�i�l�e�s� �c�o�n�c�e�n�t�r�a�t�e�d� �i�n� �p�o�o�l�s� 

�d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �2�-�4� �w�e�e�k�s� �a�f�t�e�r� �d�i�s�p�e�r�s�a�l�,� �b�u�t� �6�-�8� �w�e�e�k�s� 

�a�f�t�e�r� �d�i�s�p�e�r�s�a�l� �t�h�e�y� �d�i�s�t�r�i�b�u�t�e�d� �t�h�e�m�s�e�l�v�e�s� �m�o�r�e� �e�v�e�n�l�y� 

�3�0



�T�a�b�l�e� �1�.�2�.� �R�e�s�u�l�t�s� �o�f� �s�t�a�t�i�s�t�i�c�a�l� �t�e�s�t�s� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 
�u�s�e� �o�f� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �b�y� �t�h�e� �l�a�r�g�e�s�t� �a�n�d� �s�m�a�l�l�e�s�t� �5�0�%� �o�f� 
�o�b�s�e�r�v�e�d� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �d�u�r�i�n�g� �p�e�r�i�o�d�s� �o�f� �d�a�t�a� �c�o�l�l�e�c�t�i�o�n� 

�T�h�e� �a�l�p�h�a� �l�e�v�e�l� �f�o�r� �r�e�j�e�c�t�i�o�n� �o�f� �t�h�e� �n�u�l�l� �i�n� �1�9�9�0�-�1�9�9�1�.� 
�h�y�p�o�t�h�e�s�i�s� �w�a�s� �s�e�t� �a�t� �0�.�0�2�5�.� 

�C�o�m�p�a�r�i�s�o�n� 

�J�u�l�y� �1�9�9�0� 

�A�u�g�u�s�t� �1�9�9�0� 

�M�a�y� �1�9�9�1� 

�J�u�n�e� �1�9�9�1� 

�D�e�p�t�h� 

�K�S�=�0�.�1�5� 
�P�>�0�.�5�3� 

�K�S�=�0�.�1�0� 
�P�>�0�.�9�8� 

�K�S�=�0�.�1�8� 
�P�>�0�.�6�3� 

�K�S�=�0�.�3�1� 
�P�>�0�.�0�5� 

�3�1� 

�M�e�a�n� 

�V�e�l�o�c�i�t�y� 

�K�S�=�0�.�1�1� 
�P�>�0�.�9�7� 

�K�S�=�0�.�1�4� 
�P�>�0�.�9�2� 

�K�S�=�0�.�2�6� 
�P�>�0�.�1�9� 

�K�S�=�0�.�2�5� 
�P�>�0�.�2�5� 

�N�o�s�e� 

�V�e�l�o�c�i�t�y� 

�K�S�=�0�.�1�0� 
�P�>�0�.�9�8� 

�K�S�=�0�.�2�0� 
�P�>�0�.�4�1� 

�K�S�=�0�.�1�3� 
�P�>�0�.�9�8� 

�K�S�=�0�.�2�5� 
�P�>�0�.�1�9



�a�m�o�n�g� �h�a�b�i�t�a�t� �t�y�p�e�s� �(�F�i�g�u�r�e�s� �1�.�1�0� �a�n�d� �1�.�1�1�)�.� �I�n� �1�9�9�0�,� �7�6�.�1�%� 

�o�f� �t�h�e� �j�u�v�e�n�i�l�e�s� �w�e�r�e� �i�n� �d�e�e�p� �p�o�o�l�s� �i�n� �J�u�l�y�,� �b�u�t� �i�n� �A�u�g�u�s�t� 

�5�8�%� �o�f� �t�h�e� �j�u�v�e�n�i�l�e�s� �o�c�c�u�p�i�e�d� �r�u�n�s� �o�r� �r�i�f�f�l�e�s�.� �I�n� �M�a�y� �1�9�9�1�,� 

�8�3�.�9�%� �o�f� �j�u�v�e�n�i�l�e�s� �w�e�r�e� �l�o�c�a�t�e�d� �i�n� �d�e�e�p� �p�o�o�l�s�,� �b�u�t� �6�0�.�8� �%� �o�f� 

�j�u�v�e�n�i�l�e�s� �i�n� �J�u�n�e� �a�n�d� �4�8�.�9�%� �o�f� �t�h�e� �j�u�v�e�n�i�l�e�s� �i�n� �A�u�g�u�s�t� 

�o�c�c�u�p�i�e�d� �r�u�n�s� �a�n�d� �r�i�f�f�l�e� �a�r�e�a�s�.� �J�u�v�e�n�i�l�e�s� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� 

�o�c�c�u�p�y� �s�h�o�r�e�l�i�n�e�s� �m�o�r�e� �t�h�a�n� �m�i�d�-�c�h�a�n�n�e�l� �a�r�e�a�s� �i�n� �a�n�y� �h�a�b�i�t�a�t� 

�t�y�p�e�.� �O�b�s�e�r�v�e�d� �c�h�a�n�g�e�s� �i�n� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �p�r�o�b�a�b�l�y� 

�o�c�c�u�r�r�e�d� �b�e�c�a�u�s�e� �l�a�r�g�e� �n�u�m�b�e�r�s� �o�f� �j�u�v�e�n�i�l�e�s� �m�o�v�e�d� �o�u�t� �o�f� 

�p�o�o�l�s� �a�n�d� �i�n�t�o� �r�i�f�f�l�e�s� �a�n�d� �r�u�n�s�.� 

�D�i�s�c�u�s�s�i�o�n� 

�D�u�r�i�n�g� �1�9�9�0� �a�n�d� �1�9�9�1�,� �a�g�e�-�O� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �i�n� �t�h�e� 

�N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �e�x�h�i�b�i�t�e�d� �t�w�o� �d�i�s�t�i�n�c�t� �c�h�a�n�g�e�s� �i�n� 

�m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �o�v�e�r� �a� �r�e�l�a�t�i�v�e�l�y� �s�h�o�r�t� �p�e�r�i�o�d� �o�f� �t�i�m�e� �(�<�1�0� 

�w�e�e�k�s�)� �d�u�r�i�n�g� �w�h�i�c�h� �h�a�b�i�t�a�t� �a�v�a�i�l�a�b�i�l�i�t�y� �r�e�m�a�i�n�e�d� �c�o�n�s�t�a�n�t�.� 

�F�i�r�s�t�,� �l�a�r�v�a�e� �s�o�u�g�h�t� �o�u�t� �l�o�w� �v�e�l�o�c�i�t�y� �m�i�c�r�o�h�a�b�i�t�a�t�s� �a�f�t�e�r� 

�d�i�s�p�e�r�s�a�l�,� �a�n�d� �4�-�6� �w�e�e�k�s� �l�a�t�e�r� �m�o�s�t� �j�u�v�e�n�i�l�e�s� �m�o�v�e�d� �o�u�t� �o�f� 

�t�h�o�s�e� �l�o�w� �v�e�l�o�c�i�t�y� �a�r�e�a�s� �a�n�d� �i�n�t�o� �s�h�a�l�l�o�w�e�r� �m�i�c�r�o�h�a�b�i�t�a�t�s� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �r�i�f�f�l�e�s� �a�n�d� �r�u�n�s�.� �W�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �v�a�r�i�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �t�i�m�e�s� �w�h�e�n� �m�i�c�r�o�h�a�b�i�t�a�t� �d�a�t�a� �w�a�s� �c�o�l�l�e�c�t�e�d� �(�>� 

�5�°�C�c�)� �a�n�d� �m�a�y� �h�a�v�e� �e�n�c�o�u�r�a�g�e�d� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �t�o� �c�h�a�n�g�e� �t�h�e�i�r� 

�m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e�.� �W�h�e�n� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e�s� �i�s� 

�a�v�a�i�l�a�b�l�e� �i�n�a� �s�t�r�e�a�m� �(�e�.�g�.� �w�h�e�r�e� �a� �c�o�l�d� �w�a�t�e�r� �t�r�i�b�u�t�a�r�y� 

�j�o�i�n�s� �a� �w�a�r�m�e�r� �s�t�r�e�a�m�)� �f�i�s�h� �m�a�y� �o�c�c�u�p�y� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�i�t�h�i�n� 

�a� �n�a�r�r�o�w� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �a�n�d� �d�e�m�o�n�s�t�r�a�t�e� �n�o� �p�r�e�f�e�r�e�n�c�e� �f�o�r� 

�o�t�h�e�r� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �(�B�a�l�t�z� �e�t� �a�l�.� �1�9�8�7�)�.� �S�t�r�e�a�m� �f�i�s�h� 

�m�a�y� �a�l�s�o� �c�h�a�n�g�e� �t�h�e�i�r� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �w�h�e�n� �w�a�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �d�r�o�p� �b�e�l�o�w� �o�r� �e�x�c�e�e�d� �s�o�m�e� �c�r�i�t�i�c�a�l� �p�o�i�n�t� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t�l�y� �a�f�f�e�c�t� �f�i�s�h� �m�e�t�a�b�o�l�i�s�m� �o�r� �b�e�h�a�v�i�o�r� �(�R�i�m�m�e�r� �e�t� 

�a�l�.� �1�9�8�3�,� �1�9�8�4�,� �S�m�i�t�h� �a�n�d� �L�i� �1�9�8�3�,� �J�o�h�n�s�o�n� �a�n�d� �K�u�c�e�r�a� �1�9�8�5�,� 
�H�i�l�l�m�a�n� �e�t� �a�l�.� �1�9�8�7�)�.� �H�o�w�e�v�e�r�,� �I� �c�o�l�l�e�c�t�e�d� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� 

�d�a�t�a� �i�n� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �r�i�v�e�r� �t�h�a�t� �w�e�r�e� �d�o�w�n�s�t�r�e�a�m� �f�r�o�m� �t�h�e� 
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�t�h�e�r�m�a�l� �i�n�f�l�u�e�n�c�e�s� �o�f� �t�h�e� �r�e�s�e�r�v�o�i�r�,� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� �t�h�e� 

�r�i�v�e�r� �v�a�r�i�e�d� �w�i�t�h�i�n� �t�h�e� �r�a�n�g�e� �c�o�n�s�i�d�e�r�e�d� �g�o�o�d� �t�o� �o�p�t�i�m�a�l� �f�o�r� 

�g�r�o�w�t�h� �o�f� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �(�H�o�r�n�i�n�g� �a�n�d� �P�e�a�r�s�o�n� 

�1�9�7�3�,� �D�e�A�n�g�e�l�i�s� �a�n�d� �C�o�u�t�a�n�t� �1�9�7�9�,� �W�r�e�n�n� �1�9�8�0�)�.� �T�h�e�r�e�f�o�r�e�,� 

�i�t� �i�s� �u�n�l�i�k�e�l�y� �t�h�a�t� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �a�l�t�e�r�e�d� �t�h�e�i�r� 

�m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �i�n� �r�e�s�p�o�n�s�e� �t�o� �c�h�a�n�g�e�s� �i�n� �t�e�m�p�e�r�a�t�u�r�e�.� �I�t� 

�i�s� �m�o�r�e� �l�i�k�e�l�y� �t�h�a�t� �m�o�r�p�h�o�l�o�g�i�c�a�l� �o�r� �p�h�y�s�i�o�l�o�g�i�c�a�l� 

�t�r�a�n�s�i�t�i�o�n�s� �b�e�t�w�e�e�n� �s�t�a�g�e�s� �o�f� �o�n�t�o�g�e�n�e�t�i�c� �d�e�v�e�l�o�p�m�e�n�t� �e�i�t�h�e�r� 

�f�o�r�c�e�d� �o�r� �e�n�a�b�l�e�d� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �t�o� �s�h�i�f�t� �t�h�e�i�r� 

�m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e�.� 

�M�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �d�u�r�i�n�g� �l�a�r�v�a�l� �d�e�v�e�l�o�p�m�e�n�t�.� 

�T�h�e� �m�o�s�t� �d�i�s�t�i�n�c�t� �c�h�a�n�g�e� �i�n� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �t�h�a�t� �I� 

�o�b�s�e�r�v�e�d� �o�c�c�u�r�r�e�d� �a�s� �l�a�r�v�a�l� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �d�i�s�p�e�r�s�e�d� �f�r�o�m� 

�b�r�o�o�d� �s�i�t�e�s� �(�w�h�e�n� �l�a�r�v�a�e� �w�e�r�e� �1�4�-�1�8� �m�m�,� �T�L�)�.� �T�h�i�s� �s�h�i�f�t� 

�c�o�i�n�c�i�d�e�d� �w�i�t�h� �r�a�p�i�d� �m�o�r�p�h�o�l�o�g�i�c�a�l� �a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �c�h�a�n�g�e�s� 

�(�M�e�y�e�r� �1�9�7�0�,� �W�a�l�l�a�c�e� �1�9�7�2�)�,� �a�n�d� �t�h�e� �s�h�i�f�t� �o�c�c�u�r�r�e�d� �a�f�t�e�r� 

�m�a�l�e� �p�a�r�e�n�t�s� �a�b�a�n�d�o�n�e�d� �t�h�e�i�r� �b�r�o�o�d�s�.� �T�h�e� �c�o�m�b�i�n�e�d� �e�f�f�e�c�t�s� 

�o�f� �m�a�l�e� �a�b�a�n�d�o�n�m�e�n�t� �a�n�d� �o�n�t�o�g�e�n�e�t�i�c� �m�a�t�u�r�a�t�i�o�n� �m�a�y� �h�a�v�e� 

�t�r�i�g�g�e�r�e�d� �t�h�e� �o�b�s�e�r�v�e�d� �c�h�a�n�g�e� �i�n� �l�a�r�v�a�l� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e�.� 

�B�y� �r�e�m�a�i�n�i�n�g� �i�n� �t�h�e� �b�r�o�o�d� �s�i�t�e� �b�e�f�o�r�e� �m�a�l�e� �a�b�a�n�d�o�n�m�e�n�t�,� 

�l�a�r�v�a�e� �r�e�c�e�i�v�e�d� �p�r�o�t�e�c�t�i�o�n� �f�r�o�m� �p�r�e�d�a�t�o�r�s�.� �P�r�e�d�a�t�o�r�s� �c�a�n� 

�q�u�i�c�k�l�y� �d�e�c�i�m�a�t�e� �u�n�g�u�a�r�d�e�d� �l�a�r�v�a�e� �(�N�e�v�e�s� �1�9�7�5�)� �p�a�r�t�i�c�u�l�a�r�l�y� 

�w�h�e�n� �l�a�r�v�a�e� �h�a�v�e� �b�e�e�n� �f�r�e�e�l�y� �s�w�i�m�m�i�n�g� �f�o�r� �l�e�s�s� �t�h�a�n� �o�n�e� �w�e�e�k� 

�(�B�r�o�w�n� �1�9�8�4�)�.� �W�h�i�l�e� �m�u�c�h� �o�f� �t�h�e� �a�r�e�a� �i�n� �b�r�o�o�d� �s�i�t�e�s� 

�c�o�n�t�a�i�n�e�d� �n�o� �c�o�v�e�r�,� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �u�s�e�d� �b�y� �d�i�s�p�e�r�s�e�d� 

�l�a�r�v�a�e� �w�e�r�e� �u�s�u�a�l�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �f�r�a�c�t�u�r�e�d� �b�e�d�r�o�c�k� �o�r� 

�l�a�r�g�e� �w�o�o�d�y� �d�e�b�r�i�s�.� �A�f�t�e�r� �l�o�s�i�n�g� �t�h�e� �p�r�o�t�e�c�t�i�o�n� �o�f� �t�h�e�i�r� 

�m�a�l�e� �p�a�r�e�n�t�,� �l�a�r�v�a�l� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �m�a�y� �h�a�v�e� 

�c�o�n�g�r�e�g�a�t�e�d� �a�r�o�u�n�d� �l�a�r�g�e� �c�o�v�e�r� �o�b�j�e�c�t�s� �t�o� �a�v�o�i�d� �p�r�e�d�a�t�o�r�s�.� 

�M�o�s�t� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �u�s�e�d� �l�a�r�g�e� �c�o�v�e�r� �o�u�t�s�i�d�e� �o�f� �t�h�e� 

�b�r�o�o�d� �s�i�t�e� �r�a�t�h�e�r� �t�h�a�n� �o�b�j�e�c�t�s� �w�i�t�h�i�n� �t�h�e� �b�r�o�o�d� �s�i�t�e�.� 

�A�g�o�n�i�s�t�i�c� �i�n�t�e�r�a�c�t�i�o�n�s� �a�m�o�n�g� �l�a�r�v�a�e� �i�n� �t�h�e� �b�r�o�o�d� �s�i�t�e� �m�a�y� 
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�h�a�v�e� �n�e�c�e�s�s�i�t�a�t�e�d� �d�i�s�p�e�r�s�a�l�.� �P�r�e�v�i�o�u�s� �r�e�s�e�a�r�c�h� �i�d�e�n�t�i�f�i�e�d� 

�a�g�g�r�e�s�s�i�v�e� �b�e�h�a�v�i�o�r� �a�s� �a� �f�a�c�t�o�r� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�i�s�p�e�r�s�a�l� �o�f� 

�l�a�r�v�a�l� �s�a�l�m�o�n�i�d�s� �(�C�h�a�p�m�a�n� �1�9�6�2�)� �a�n�d� �c�e�n�t�r�a�r�c�h�i�d�s� �(�E�l�l�i�o�t� 

�1�9�7�6�,� �B�r�o�w�n� �1�9�8�5�)�.� �A�g�o�n�i�s�t�i�c� �b�e�h�a�v�i�o�r� �b�e�g�a�n� �s�o�o�n� �a�f�t�e�r� 

�s�w�i�m�-�u�p� �a�n�d� �f�o�r�c�e�d� �m�a�n�y� �l�a�r�v�a�e� �t�o� �a�b�a�n�d�o�n� �l�o�w� �v�e�l�o�c�i�t�y� �a�r�e�a�s� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �c�o�v�e�r� �i�n� �t�h�e� �b�r�o�o�d� �s�i�t�e� �(�p�e�r�s�o�n�a�l� 

�o�b�s�e�r�v�a�t�i�o�n�)�.� �A�f�t�e�r� �l�o�s�i�n�g� �t�h�e� �p�r�o�t�e�c�t�i�o�n� �o�f� �t�h�e� �m�a�l�e� 

�p�a�r�e�n�t�,� �l�a�r�v�a�e� �m�a�y� �h�a�v�e� �b�e�n�e�f�i�t�t�e�d� �b�y� �m�o�v�i�n�g� �f�a�r� �f�r�o�m� �t�h�e�i�r� 

�s�i�b�l�i�n�g�s�.� �I� �i�d�e�n�t�i�f�i�e�d� �o�n�e� �g�r�o�u�p� �o�f� �2�6� �l�a�r�v�a�e� �t�h�a�t� �i�n� �t�h�r�e�e� 

�d�a�y�s� �d�i�s�p�e�r�s�e�d� �o�v�e�r� �a� �w�i�d�e� �a�r�e�a� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�0� �m� �u�p�s�t�r�e�a�m� 

�f�r�o�m� �t�h�e�i�r� �b�r�o�o�d� �s�i�t�e�.� 

�L�a�r�g�e� �c�o�v�e�r� �o�b�j�e�c�t�s� �n�o�t� �o�n�l�y� �p�r�o�v�i�d�e�d� �p�r�o�t�e�c�t�i�o�n� �f�r�o�m� 

�p�r�e�d�a�t�o�r�s� �b�u�t� �a�l�s�o� �c�r�e�a�t�e�d� �u�n�i�q�u�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �a�s�s�o�c�i�a�t�e�d� 

�w�i�t�h� �t�h�e� �c�o�v�e�r� �(�S�h�i�r�v�e�l�l� �1�9�9�0�)�.� �L�a�r�v�a�e� �m�a�y� �h�a�v�e� �b�e�e�n� 

�a�t�t�r�a�c�t�e�d� �t�o� �t�h�e�s�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �f�o�r� �r�e�a�s�o�n�s� �o�t�h�e�r� �t�h�a�n� 

�p�r�o�t�e�c�t�i�o�n�,� �s�p�e�c�i�f�i�c�a�l�l�y� �l�o�w� �w�a�t�e�r� �v�e�l�o�c�i�t�i�e�s� �t�h�r�o�u�g�h�o�u�t� 

�m�u�c�h� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� �I� �f�r�e�q�u�e�n�t�l�y� �o�b�s�e�r�v�e�d� �d�i�s�p�e�r�s�e�d� 

�l�a�r�v�a�e� �u�s�i�n�g� �a�s� �m�u�c�h� �a�s� �5�0�%� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �i�n� �t�h�e�i�r� 

�c�h�o�s�e�n� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� �L�a�r�v�a�e� �w�o�u�l�d� �h�a�v�e� �h�a�d� �l�i�m�i�t�e�d� 

�m�o�b�i�l�i�t�y� �i�n� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �i�n� �p�o�r�t�i�o�n�s� �o�f� �b�r�o�o�d� �s�i�t�e�s� 

�w�h�e�r�e� �v�e�l�o�c�i�t�i�e�s� �e�x�c�e�e�d�e�d� �4� �c�m�/�s� �(�L�a�r�i�m�o�r�e� �1�9�7�5�)�.� 

�B�e�c�a�u�s�e� �l�a�r�v�a�l� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �d�i�s�p�e�r�s�e�d� �o�v�e�r� �l�o�n�g� 

�d�i�s�t�a�n�c�e�s� �t�o� �s�e�e�k� �o�u�t� �l�o�w� �v�e�l�o�c�i�t�y� �h�a�b�i�t�a�t�s�,� �I� �d�r�e�w� �s�o�m�e� 

�c�o�n�t�r�a�d�i�c�t�o�r�y� �c�o�n�c�l�u�s�i�o�n�s� �a�b�o�u�t� �t�h�e�i�r� �s�w�i�m�m�i�n�g� �a�b�i�l�i�t�y�.� 

�B�e�f�o�r�e� �d�i�s�p�e�r�s�a�l�,� �l�a�r�v�a�e� �a�t�t�a�i�n�e�d� �a� �s�i�z�e� �(�a�v�e�r�a�g�e� �T�L� �=� �1�6� 

�m�m�)� �w�h�e�r�e� �t�h�e�i�r� �s�w�i�m�m�i�n�g� �a�b�i�l�i�t�i�e�s� �a�l�l�o�w�e�d� �t�h�e�m� �t�o� �m�o�v�e� 

�t�h�r�o�u�g�h� �a�r�e�a�s� �w�i�t�h� �m�e�a�n� �w�a�t�e�r�-�c�o�l�u�m�n� �v�e�l�o�c�i�t�i�e�s� �g�r�e�a�t�e�r� �t�h�a�t� 

�1�5� �c�m�/�s�.� �Y�e�t� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �a�s� �l�a�r�g�e� �a�s� �2�0� �m�m� �T�L� �h�a�v�e� 

�l�i�m�i�t�e�d� �m�o�b�i�l�i�t�y� �i�n� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �w�h�e�n� �v�e�l�o�c�i�t�i�e�s� �e�x�c�e�e�d� 

�4� �c�m�/�s� �(�L�a�r�i�m�o�r�e� �1�9�7�5�)�,� �s�o� �l�a�r�v�a�e� �w�e�r�e� �p�r�o�b�a�b�l�y� �r�e�s�t�r�i�c�t�e�d� 

�t�o� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �w�h�e�n� �m�o�v�i�n�g� �t�h�r�o�u�g�h� �a�r�e�a�s� 

�c�o�n�t�a�i�n�i�n�g� �v�e�l�o�c�i�t�i�e�s� �4� �c�m�/�s� �o�r� �h�i�g�h�e�r�.� �M�y� �r�e�s�u�l�t�s� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�h�i�l�e� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �w�e�r�e� �c�a�p�a�b�l�e� �o�f� 
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�o�c�c�u�p�y�i�n�g� �a�n�d� �m�o�v�i�n�g� �t�h�r�o�u�g�h� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �v�e�l�o�c�i�t�i�e�s� �(�b�y� 

�r�e�s�t�r�i�c�t�i�n�g� �m�o�v�e�m�e�n�t� �t�o� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�)�,� 

�t�h�e�y� �p�r�i�m�a�r�i�l�y� �u�s�e�d� �a�r�e�a�s� �w�h�e�r�e� �t�h�e�y� �c�o�u�l�d� �m�o�v�e� �v�e�r�t�i�c�a�l�l�y� 

�t�h�r�o�u�g�h�o�u�t� �m�u�c�h� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� 

�A� �c�h�a�n�g�e� �i�n� �f�o�r�a�g�i�n�g� �a�b�i�l�i�t�y� �m�a�y� �h�a�v�e� �e�n�c�o�u�r�a�g�e�d� �l�a�r�v�a�e� 

�t�o� �u�s�e� �h�a�b�i�t�a�t�s� �w�h�e�r�e� �t�h�e�y� �c�o�u�l�d� �m�o�v�e� �e�a�s�i�l�y� �t�h�r�o�u�g�h�o�u�t� �t�h�e� 

�w�a�t�e�r� �c�o�l�u�m�n�.� �B�y� �t�h�e� �t�i�m�e� �t�h�e�y� �d�i�s�p�e�r�s�e�d�,� �m�o�s�t� �l�a�r�v�a�e� �c�o�u�l�d� 

�e�a�t� �i�n�v�e�r�t�e�b�r�a�t�e�s� �t�h�a�t� �w�e�r�e� �t�w�o� �m�m� �w�i�d�e� �(�E�a�s�t�o�n� �a�n�d� �O�r�t�h� 

�1�9�9�2�)� �w�h�i�c�h� �m�e�a�n�t� �t�h�e�y� �w�e�r�e� �n�o� �l�o�n�g�e�r� �r�e�s�t�r�i�c�t�e�d� �t�o� �o�n�l�y� 

�s�m�a�l�l� �i�n�v�e�r�t�e�b�r�a�t�e� �p�r�e�y� �(�e�.�g�.� �c�h�i�r�o�n�o�m�i�d�s�)�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

�t�h�e�i�r� �a�b�i�l�i�t�y� �t�o� �p�u�r�s�u�e� �a�n�d� �c�a�p�t�u�r�e� �m�o�b�i�l�e� �p�r�e�y� �h�a�d� �p�r�o�b�a�b�l�y� 

�i�m�p�r�o�v�e�d� �(�D�r�o�s�t� �e�t� �a�l�.� �1�9�8�8�,� �O�s�s�e� �a�n�d� �D�r�o�s�t� �1�9�8�9�)�.� �W�h�e�n� 

�l�a�r�v�a�e� �o�c�c�u�p�i�e�d� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �b�r�o�o�d� �s�i�t�e� �w�h�e�r�e� �h�i�g�h� 

�v�e�l�o�c�i�t�i�e�s� �r�e�s�t�r�i�c�t�e�d� �t�h�e�m� �t�o� �t�h�e� �b�o�t�t�o�m�,� �t�h�e�y� �c�o�u�l�d� 

�e�n�c�o�u�n�t�e�r� �s�m�a�l�l�,� �s�l�o�w� �m�o�v�i�n�g� �c�h�i�r�o�n�o�m�i�d�s� �(�W�a�r�d� �1�9�9�2�)�.� 

�M�i�c�r�o�h�a�b�i�t�a�t�s� �c�o�n�t�a�i�n�i�n�g� �s�l�o�w� �v�e�l�o�c�i�t�i�e�s� �t�h�r�o�u�g�h�o�u�t� �a� �l�a�r�g�e� 

�s�e�c�t�i�o�n� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �a�t�t�r�a�c�t� �l�a�r�g�e�r� �m�i�c�r�o�c�r�u�s�t�a�c�e�a�n�s� 

�a�n�d� �l�a�r�v�a�l� �i�n�s�e�c�t�s� �(�B�r�o�w�n� �e�t� �a�l�.� �1�9�8�9�,� �S�h�i�o�z�a�w�a� �1�9�9�1�)�.� �I�n�a� 

�l�o�t�i�c� �e�n�v�i�r�o�n�m�e�n�t�,� �l�a�r�v�a�l� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �l�e�s�s� �t�h�a�n� �1�5� �m�m� �T�L� 

�(�a�v�e�r�a�g�e� �T�L� �a�t� �d�i�s�p�e�r�s�a�l� �=� �1�6� �m�m�)� �c�o�n�s�u�m�e� �p�r�i�m�a�r�i�l�y� 

�c�h�i�r�o�n�o�m�i�d�s�,� �b�u�t� �t�h�e�y� �e�a�t� �m�o�r�e� �c�o�p�e�p�o�d�s� �a�n�d� �l�a�r�v�a�l� �i�n�s�e�c�t�s� 

�a�f�t�e�r� �t�h�e�y� �e�x�c�e�e�d� �1�5� �m�m� �T�L� �(�E�a�s�t�o�n� �1�9�9�2�)�.� 

�B�r�o�o�d� �s�i�t�e� �h�a�b�i�t�a�t�s� �i�n� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �w�e�r�e� �d�e�e�p�e�r� 

�a�n�d� �c�o�n�t�a�i�n�e�d� �f�a�s�t�e�r� �v�e�l�o�c�i�t�i�e�s� �t�h�a�n� �a�r�e� �t�y�p�i�c�a�l�l�y� �r�e�p�o�r�t�e�d� 

�i�n� �s�t�u�d�i�e�s� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �b�y� �l�a�r�v�a�l� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�(�D�o�w�l�i�n�g� �1�9�8�7�,� �A�a�d�l�a�n�d� �e�t� �a�l�.� �1�9�8�9�,� �S�i�m�o�n�s�o�n� �a�n�d� �S�w�e�n�s�o�n� 

�1�9�9�0�)�.� �T�h�e� �v�a�s�t� �m�a�j�o�r�i�t�y� �o�f� �d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �o�c�c�u�p�i�e�d� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�a�t� �m�o�r�e� �c�l�o�s�e�l�y� �m�a�t�c�h� �l�i�t�e�r�a�t�u�r�e� 

�d�e�s�c�r�i�p�t�i�o�n�s�:� �l�o�w� �v�e�l�o�c�i�t�y� �h�a�b�i�t�a�t�s� �w�i�t�h� �l�a�r�g�e� �s�u�b�s�t�r�a�t�e� �o�r� 

�c�o�v�e�r� �o�b�j�e�c�t�s� �p�r�e�s�e�n�t�.� �C�o�n�t�r�a�r�y� �t�o� �s�o�m�e� �r�e�p�o�r�t�s�,� �b�r�o�o�d� �a�n�d� 

�d�i�s�p�e�r�s�e�d� �l�a�r�v�a�e� �w�e�r�e� �f�r�e�q�u�e�n�t�l�y� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �m�i�d�c�h�a�n�n�e�l� 

�a�n�d� �n�o�t� �e�x�c�l�u�s�i�v�e�l�y� �i�n� �v�e�g�e�t�a�t�e�d� �s�h�o�r�e�l�i�n�e� �h�a�b�i�t�a�t�s� �n�e�a�r� 

�w�h�e�r�e� �t�h�e�y� �w�e�r�e� �s�p�a�w�n�e�d� �(�F�l�o�y�d� �e�t� �a�l�.� �1�9�8�4�)�.� 
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�M�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �b�y� �j�u�v�e�n�i�l�e�s�.� 

�P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �o�f� �h�a�b�i�t�a�t� �u�s�e� �b�y� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� 

�b�a�s�s� �h�a�v�e� �c�l�a�s�s�i�f�i�e�d� �t�h�e�m� �a�s� �o�c�c�u�p�a�n�t�s� �o�f� �m�o�d�e�r�a�t�e�l�y� �d�e�e�p� 

�r�u�n� �h�a�b�i�t�a�t�s� �(�L�e�o�n�a�r�d� �a�n�d� �O�r�t�h� �1�9�8�8�)�,� �s�h�a�l�l�o�w�,� �s�l�o�w� �h�a�b�i�t�a�t�s� 

�(�S�e�c�h�n�i�c�k� �e�t� �a�l�.� �1�9�8�6�)�,� �s�h�a�l�l�o�w� �h�a�b�i�t�a�t�s� �o�f� �v�a�r�i�a�b�l�e� 

�v�e�l�o�c�i�t�y� �(�A�a�d�l�a�n�d� �e�t� �a�l�.� �1�9�9�1�)�,� �a�n�d� �s�h�a�l�l�o�w�,� �s�l�o�w� �m�a�r�g�i�n�s� �o�f� 

�r�i�f�f�l�e�s� �a�n�d� �p�o�o�l�s� �(�B�a�i�n� �e�t� �a�l�.� �1�9�8�8�,� �L�o�b�b� �a�n�d� �O�r�t�h� �1�9�9�1�)�.� 

�T�h�e�s�e� �d�e�s�c�r�i�p�t�i�o�n�s� �m�a�y� �h�a�v�e� �d�i�f�f�e�r�e�d� �b�e�c�a�u�s�e� �m�i�c�r�o�h�a�b�i�t�a�t� 

�a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �s�i�z�e� �o�r� �d�e�v�e�l�o�p�m�e�n�t�a�l� �s�t�a�g�e� �o�f� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �v�a�r�i�e�d� �a�m�o�n�g� �s�t�u�d�i�e�s�.� �I� �t�r�a�c�k�e�d� �a�g�e�-�0� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e�i�r� �o�n�t�o�g�e�n�e�t�i�c� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� 

�o�b�s�e�r�v�e�d� �t�h�e�m� �i�n�h�a�b�i�t�i�n�g� �s�h�a�l�l�o�w�,� �s�l�o�w� �m�i�c�r�o�h�a�b�i�t�a�t�s� �b�u�t� 

�o�n�l�y� �a�f�t�e�r� �t�h�e�y� �s�p�e�n�t� �s�e�v�e�r�a�l� �w�e�e�k�s� �o�c�c�u�p�y�i�n�g� �d�e�e�p�e�r� 

�h�a�b�i�t�a�t�s� �e�a�r�l�i�e�r� �i�n� �t�h�e�i�r� �d�e�v�e�l�o�p�m�e�n�t�.� �U�n�t�i�l� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�f�o�u�r� �w�e�e�k�s� �a�f�t�e�r� �d�i�s�p�e�r�s�a�l�,� �j�u�v�e�n�i�l�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �b�o�t�h� 

�a�l�o�n�g� �t�h�e� �r�i�v�e�r�'�s� �m�a�r�g�i�n� �a�n�d� �i�n� �m�i�d�-�c�h�a�n�n�e�l� �p�o�o�l� �a�r�e�a�s� �u�s�i�n�g� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�a�t� �r�e�s�e�m�b�l�e�d� �t�h�o�s�e� �o�c�c�u�p�i�e�d� �b�y� �d�i�s�p�e�r�s�e�d� 

�l�a�r�v�a�e�.� 

�J�u�v�e�n�i�l�e�s� �m�a�y� �h�a�v�e� �g�a�i�n�e�d� �a�n� �e�n�e�r�g�e�t�i�c� �a�d�v�a�n�t�a�g�e� �b�y� 

�c�h�a�n�g�i�n�g� �t�h�e�i�r� �h�a�b�i�t�a�t� �u�s�e�.� �W�h�e�n� �j�u�v�e�n�i�l�e�s� �m�o�v�e�d� �i�n�t�o� 

�s�h�a�l�l�o�w�e�r� �m�i�c�r�o�h�a�b�i�t�a�t�s�,� �t�h�e�y� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� �l�o�c�a�t�i�o�n�s� �t�h�a�t� 

�b�o�r�d�e�r�e�d� �h�i�g�h� �v�e�l�o�c�i�t�y� �a�r�e�a�s� �(�i�.�e�.� �r�i�f�f�l�e�s� �a�n�d� �r�u�n�s�)�.� �T�h�e�s�e� 

�a�r�e�a�s� �p�r�o�b�a�b�l�y� �c�o�n�t�a�i�n�e�d� �h�i�g�h�e�r� �d�e�n�s�i�t�i�e�s� �o�f� �a�q�u�a�t�i�c� �i�n�s�e�c�t� 

�l�a�r�v�a�e� �f�r�o�m� �t�h�e� �O�r�d�e�r� �E�p�h�e�m�e�r�o�p�t�e�r�a� �(�S�i�m�m�o�n�s� �a�n�d� �V�o�s�h�e�l�l� 

�1�9�7�8�,� �G�e�o�r�g�i�a�n� �a�n�d� �T�h�o�r�p� �1�9�9�2�,� �W�a�r�d� �1�9�9�2�)�,� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� 

�i�d�e�n�t�i�f�i�e�d� �a�s� �t�h�e� �p�r�i�m�a�r�y� �p�r�e�y� �o�f� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�G�u�r�i�n�g� �l�a�t�e� �s�u�m�m�e�r� �(�S�t�e�w�a�r�t� �1�9�7�8�,� �A�n�g�e�r�m�e�i�e�r� �1�9�8�2�,� �E�a�s�t�o�n� 

�a�n�d� �O�r�t�h� �1�9�9�2�)�.� 

�J�u�v�e�n�i�l�e�s� �e�x�p�a�n�d�e�d� �t�h�e� �r�a�n�g�e� �o�f� �f�o�c�a�l� �p�o�i�n�t� �v�e�l�o�c�i�t�i�e�s� 

�t�h�e�y� �o�c�c�u�p�i�e�d� �i�n� �t�h�e�s�e� �m�i�c�r�o�h�a�b�i�t�a�t�s�,� �b�u�t� �t�h�r�o�u�g�h�o�u�t� �a�l�l� 

�t�h�e�i�r� �s�t�a�g�e�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �s�w�a�m� �i�n� �v�e�l�o�c�i�t�i�e�s� �t�h�a�t� �r�e�q�u�i�r�e�d� 

�t�h�e�m� �(�o�n� �a�v�e�r�a�g�e�)� �t�o� �m�o�v�e� �o�n�e� �b�o�d�y� �l�e�n�g�t�h�/�s� �t�o� �m�a�i�n�t�a�i�n� 

�p�o�s�i�t�i�o�n�.� �A�s� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �g�r�o�w� �t�h�e�i�r� �s�w�i�m�m�i�n�g� 
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�a�b�i�l�i�t�y� �i�m�p�r�o�v�e�s� �(�S�i�m�o�n�s�o�n� �a�n�d� �S�w�e�n�s�o�n� �1�9�9�0�)� �a�n�d� �t�h�e� �u�s�e� �o�f� 

�h�i�g�h�e�r� �f�o�c�a�l� �p�o�i�n�t� �v�e�l�o�c�i�t�i�e�s� �p�r�o�b�a�b�l�y� �r�e�f�l�e�c�t�s� �t�h�i�s� 

�i�m�p�r�o�v�e�m�e�n�t�.� �A�f�t�e�r� �e�x�p�e�r�i�e�n�c�i�n�g� �a�n� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �s�w�i�m�m�i�n�g� 

�a�b�i�l�i�t�y�,� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �p�r�o�b�a�b�l�y� �o�c�c�u�p�i�e�d� �h�i�g�h�e�r� 

�v�e�l�o�c�i�t�i�e�s� �w�i�t�h�o�u�t� �e�x�p�e�n�d�i�n�g� �m�o�r�e� �e�n�e�r�g�y� �t�h�a�n� �t�h�e�y� �e�x�p�e�n�d�e�d� 

�i�n� �s�l�o�w�e�r� �v�e�l�o�c�i�t�i�e�s�.� 

�S�i�z�e� �i�s� �c�o�n�s�i�d�e�r�e�d� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� �a�f�f�e�c�t�i�n�g� 

�m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �f�o�r� �s�e�v�e�r�a�l� �s�p�e�c�i�e�s� �(�H�e�g�g�e�n�e�s� �1�9�8�8�,� 

�S�h�i�r�v�e�l�l� �1�9�9�0�,� �B�a�l�t�z� �e�t� �a�l�.� �1�9�9�1�)�.� �S�m�a�l�l�m�o�u�t�h� �b�a�s�s� �u�s�e�d� 

�d�i�f�f�e�r�e�n�t� �h�a�b�i�t�a�t�s� �a�t� �d�i�f�f�e�r�e�n�t� �s�i�z�e�s� �o�v�e�r� �t�i�m�e� �b�u�t� �l�a�r�g�e� 

�a�n�d� �s�m�a�l�l� �j�u�v�e�n�i�l�e�s� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�h�e� �s�a�m�e� �p�e�r�i�o�d� 

�g�e�n�e�r�a�l�l�y� �o�c�c�u�p�i�e�d� �t�h�e� �s�a�m�e� �t�y�p�e�s� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� �T�h�e� 

�l�a�c�k� �o�f� �a� �s�i�z�e�d�-�b�a�s�e�d� �d�i�f�f�e�r�e�n�c�e� �i�n� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �e�m�p�l�o�y�e�d� �a� 

�c�o�m�p�l�i�c�a�t�e�d� �p�r�o�c�e�s�s� �f�o�r� �s�e�l�e�c�t�i�n�g� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� �A�s� �t�h�e�i�r� 

�s�w�i�m�m�i�n�g� �a�n�d� �f�o�r�a�g�i�n�g� �a�b�i�l�i�t�i�e�s� �i�m�p�r�o�v�e�d�,� �j�u�v�e�n�i�l�e�s� �d�i�d� �n�o�t� 

�i�m�m�e�d�i�a�t�e�l�y� �e�x�p�l�o�r�e� �u�n�f�a�m�i�l�i�a�r� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� �H�a�b�i�t�a�t� 

�a�v�a�i�l�a�b�i�l�i�t�y�,� �l�o�c�a�t�i�o�n� �o�f� �j�u�v�e�n�i�l�e�s�,� �a�n�d� �t�h�e� �p�r�e�d�i�s�p�o�s�i�t�i�o�n� 

�o�f� �j�u�v�e�n�i�l�e�s� �t�o� �a�b�a�n�d�o�n� �k�n�o�w�n� �a�r�e�a�s� �c�o�u�l�d� �a�l�l� �a�f�f�e�c�t� �t�h�e� 

�p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �a�n�y� �i�n�d�i�v�i�d�u�a�l� �w�o�u�l�d� �e�n�c�o�u�n�t�e�r� �s�h�a�l�l�o�w� 

�h�a�b�i�t�a�t�s� �o�n� �t�h�e� �m�a�r�g�i�n�s� �o�f� �r�i�f�f�l�e�s� �a�n�d� �r�u�n�s�.� �O�f� �t�h�e�s�e� �t�h�r�e�e� 

�f�a�c�t�o�r�s�,� �o�n�l�y� �t�h�e� �p�r�e�d�i�s�p�o�s�i�t�i�o�n� �t�o� �m�o�v�e� �w�a�s� �l�i�k�e�l�y� �t�o� �h�a�v�e� 

�b�e�e�n� �a�f�f�e�c�t�e�d� �b�y� �s�i�z�e�,� �a�n�d� �s�t�u�d�i�e�s� �o�f� �s�a�l�m�o�n�i�d�s� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �s�i�z�e� �m�a�y� �n�o�t� �a�f�f�e�c�t� �h�o�w� �l�i�k�e�l�y� �a� �f�i�s�h� �i�s� �t�o� �a�b�a�n�d�o�n� �a� 

�K�n�o�w�n� �a�r�e�a� �(�G�r�a�n�t� �a�n�d� �N�o�a�k�e�s� �1�9�8�7�)�.� 

�F�i�s�h� �l�o�c�a�t�i�o�n� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �a�f�f�e�c�t�e�d� �b�y� �a� �s�i�z�e�-�b�a�s�e�d� 

�d�o�m�i�n�a�n�c�e� �h�i�e�r�a�r�c�h�y�,� �b�u�t� �j�u�v�e�n�i�l�e� �s�t�r�e�a�m� �f�i�s�h�e�s� �d�o� �n�o�t� 

�a�l�w�a�y�s� �e�s�t�a�b�l�i�s�h� �h�i�e�r�a�r�c�h�i�e�s� �b�a�s�e�d� �o�n� �s�i�z�e� �(�F�a�u�s�c�h� �1�9�8�4�)�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �d�e�n�s�i�t�i�e�s� �o�f� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �i�n� �t�h�e� 

�r�i�v�e�r� �w�e�r�e� �l�o�w� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �a�m�o�u�n�t� �o�f� �h�a�b�i�t�a�t� �a�v�a�i�l�a�b�l�e� 

�d�u�r�i�n�g� �b�o�t�h� �y�e�a�r�s�,� �s�o� �j�u�v�e�n�i�l�e�s� �w�o�u�l�d� �p�r�o�b�a�b�l�y� �g�a�i�n� �l�i�t�t�l�e� 

�e�n�e�r�g�e�t�i�c� �a�d�v�a�n�t�a�g�e� �b�y� �d�e�f�e�n�d�i�n�g� �t�h�e�i�r� �h�i�e�r�a�r�c�h�i�c�a�l� �s�t�a�t�u�s� 

�(�F�e�l�d�m�e�t�h� �1�9�8�3�)� �o�r� �f�i�g�h�t�i�n�g� �o�v�e�r� �a�v�a�i�l�a�b�l�e� �r�e�s�o�u�r�c�e�s� �(�M�e�s�i�c�k� 
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�1�9�8�8�)�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�a�t�t�e�r�n� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �I� 

�o�b�s�e�r�v�e�d� �p�r�o�b�a�b�l�y� �r�e�s�u�l�t�e�d� �f�r�o�m� �a�c�t�i�v�e� �h�a�b�i�t�a�t� �s�e�l�e�c�t�i�o�n� 

�r�a�t�h�e�r� �t�h�a�n� �f�o�r�c�e�d� �u�s�e� �i�n� �r�e�s�p�o�n�s�e� �t�o� �a�g�g�r�e�s�s�i�o�n� �f�r�o�m� 

�c�o�n�s�p�e�c�i�f�i�c�s�,� �a�n�d� �a�p�p�a�r�e�n�t�l�y� �l�a�r�g�e� �a�n�d� �s�m�a�l�l� �j�u�v�e�n�i�l�e�s� �d�i�d� 

�n�o�t� �s�e�l�e�c�t� �d�i�f�f�e�r�e�n�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�o� �o�c�c�u�p�y�.� 

�T�h�e� �p�a�t�t�e�r�n� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �t�h�a�t� �a�g�e�-�0�O� �s�m�a�l�l�m�o�u�t�h� 

�b�a�s�s� �e�x�h�i�b�i�t�e�d� �m�i�g�h�t� �b�e� �i�n�t�e�r�p�r�e�t�e�d� �a�s� �t�h�a�t� �o�f� �a� �h�a�b�i�t�a�t� 

�s�p�e�c�i�a�l�i�s�t� �(�c�o�n�s�t�r�a�i�n�e�d� �b�y� �l�i�m�i�t�e�d� �s�w�i�m�m�i�n�g� �a�b�i�l�i�t�y�)� �t�h�a�t� 

�g�r�a�d�u�a�l�l�y� �b�e�c�o�m�e�s� �m�o�r�e� �o�f� �a� �g�e�n�e�r�a�l�i�s�t�.� �J�u�v�e�n�i�l�e�s� �e�x�p�a�n�d�e�d� 

�t�h�e� �r�a�n�g�e� �o�f� �m�e�a�n� �a�n�d� �f�o�c�a�l� �p�o�i�n�t� �v�e�l�o�c�i�t�i�e�s� �t�h�e�y� �o�c�c�u�p�i�e�d� 

�a�n�d� �b�e�c�a�m�e� �l�e�s�s� �d�e�p�e�n�d�e�n�t� �o�n� �l�a�r�g�e� �c�o�v�e�r� �o�b�j�e�c�t�s�.� �T�h�e� 

�o�b�s�e�r�v�e�d� �d�e�c�r�e�a�s�e� �i�n� �d�e�p�t�h� �u�s�e� �p�r�i�m�a�r�i�l�y� �r�e�s�u�l�t�e�d� �f�r�o�m� 

�m�o�v�e�m�e�n�t� �o�f� �j�u�v�e�n�i�l�e�s� �o�u�t� �o�f� �p�o�o�l�s� �a�n�d� �i�n�t�o� �r�i�f�f�l�e�s� �a�n�d� 

�r�u�n�s�.� �H�o�w�e�v�e�r�,� �j�u�v�e�n�i�l�e�s� �n�e�v�e�r� �c�o�m�p�l�e�t�e�l�y� �a�b�a�n�d�o�n�e�d� �p�o�o�l�s�.� 

�I�n� �o�r�d�e�r� �t�o� �f�u�r�t�h�e�r� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �h�a�b�i�t�a�t� 

�s�e�l�e�c�t�i�o�n� �a�n�d� �t�h�e� �d�e�t�a�i�l�s� �o�f� �h�a�b�i�t�a�t� �p�a�r�t�i�t�i�o�n�i�n�g� �b�y� 

�j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�,� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �e�n�e�r�g�e�t�i�c� 

�p�r�o�f�i�t�a�b�i�l�i�t�y� �a�n�d� �t�h�e�i�r� �p�r�o�c�e�s�s� �o�f� �h�a�b�i�t�a�t� �e�v�a�l�u�a�t�i�o�n� �m�u�s�t� 

�b�e� �e�x�p�l�o�r�e�d� �i�n� �g�r�e�a�t�e�r� �d�e�t�a�i�l�.� �I�n� �C�h�a�p�t�e�r� �2� �I� �e�x�p�l�o�r�e� 

�w�h�e�t�h�e�r� �m�i�c�r�o�h�a�b�i�t�a�t�s� �d�i�f�f�e�r� �i�n� �t�h�e�i�r� �e�n�e�r�g�e�t�i�c� 

�p�r�o�f�i�t�a�b�i�l�i�t�y� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�e�n�a�c�t�e�d� �t�h�e�i�r� �f�i�n�a�l� �h�a�b�i�t�a�t� �s�h�i�f�t� �b�e�c�a�u�s�e� �t�h�a�t� �s�h�i�f�t� �w�a�s� 

�e�n�e�r�g�e�t�i�c�a�l�l�y� �p�r�o�f�i�t�a�b�l�e�.� 

�I�m�p�l�i�c�a�t�i�o�n�s� �o�f� �r�e�s�u�l�t�s�.� 

�T�h�e� �o�b�s�e�r�v�e�d� �t�e�n�d�e�n�c�y� �o�f� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �t�o� 

�c�h�a�n�g�e� �t�h�e�i�r� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �o�v�e�r� �a� �r�e�l�a�t�i�v�e�l�y� �s�h�o�r�t� �t�i�m�e� 

�m�a�y� �n�e�c�e�s�s�i�t�a�t�e� �s�o�m�e� �c�h�a�n�g�e�s� �i�n� �o�u�r� �c�o�n�c�e�p�t� �o�f� �s�t�r�e�a�m� 

�h�a�b�i�t�a�t� �m�a�n�a�g�e�m�e�n�t� �f�o�r� �t�h�e� �s�p�e�c�i�e�s�.� �M�o�s�t� �i�n�s�t�r�e�a�m�-�f�l�o�w� 

�a�s�s�e�s�s�m�e�n�t�s� �t�h�a�t� �i�n�c�l�u�d�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �(�e�.�g�.� �L�e�o�n�a�r�d� �a�n�d� 

�O�r�t�h� �1�9�8�8�,� �A�a�d�l�a�n�d� �e�t� �a�l�.� �1�9�9�1�)� �a�t�t�e�m�p�t� �t�o� �i�d�e�n�t�i�f�y� �f�l�o�w�s� 

�t�h�a�t� �i�n�s�u�r�e� �a�d�e�q�u�a�t�e� �r�e�c�r�u�i�t�m�e�n�t� �b�y� �p�r�o�v�i�d�i�n�g� �e�n�o�u�g�h� 

�c�r�i�t�i�c�a�l� �h�a�b�i�t�a�t� �s�o� �t�h�a�t� �r�e�s�o�u�r�c�e� �c�o�m�p�e�t�i�t�i�o�n� �w�i�t�h�i�n� �t�h�e� 
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�a�g�e�-�O� �c�o�h�o�r�t� �i�s� �m�i�n�i�m�i�z�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �s�t�u�d�y� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �o�c�c�u�p�y� �a� �v�a�r�i�e�t�y� �o�f� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e�i�r� �f�i�r�s�t� �g�r�o�w�i�n�g� �s�e�a�s�o�n�.� �I�t� �i�s� 

�i�m�p�r�a�c�t�i�c�a�l� �t�o� �s�u�g�g�e�s�t� �m�o�n�i�t�o�r�i�n�g� �a�g�e�-�0�O� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� 

�a�l�t�e�r�i�n�g� �f�l�o�w�s� �t�o� �p�r�o�v�i�d�e� �c�r�i�t�i�c�a�l� �m�i�c�r�o�h�a�b�i�t�a�t� �f�o�r� �e�a�c�h� 

�l�i�f�e� �s�t�a�g�e�.� �T�h�e�r�e�f�o�r�e�,� �m�a�n�a�g�e�r�s� �m�a�y� �h�a�v�e� �t�o� �i�d�e�n�t�i�f�y� �f�l�o�w� 

�r�e�g�i�m�e�s� �t�h�a�t� �s�u�p�p�o�r�t� �a� �v�a�r�i�e�t�y� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s� �s�o� �a�g�e�-�0� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �c�a�n� �e�f�f�e�c�t� �m�i�c�r�o�h�a�b�i�t�a�t� �s�h�i�f�t�s� �a�t� �c�r�i�t�i�c�a�l� 

�s�t�a�g�e�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t�.� 
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�C�H�A�P�T�E�R� �2� 

�E�n�e�r�g�e�t�i�c� �P�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �M�i�c�r�o�h�a�b�i�t�a�t�s� �U�s�e�d� �b�y� 

�A�g�e�-�0� �S�m�a�l�l�m�o�u�t�h� �B�a�s�s� �i�n� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r�,� �V�i�r�g�i�n�i�a� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�I�n� �s�t�r�e�a�m�s�,� �c�o�m�p�l�e�x� �i�n�t�e�r�a�c�t�i�o�n�s� �o�f� �w�a�t�e�r� �v�e�l�o�c�i�t�y� �w�i�t�h� 

�d�e�p�t�h� �a�n�d� �s�u�b�s�t�r�a�t�e� �c�a�u�s�e� �t�h�e� �p�h�y�s�i�c�a�l� �e�n�v�i�r�o�n�m�e�n�t� �a�n�d� 

�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �r�e�s�o�u�r�c�e�s� �t�o� �v�a�r�y� �i�n� �s�p�a�c�e� �a�n�d� �t�i�m�e� 

�(�S�t�a�t�z�n�e�r� �e�t� �a�l�.� �1�9�8�8�)�.� �F�i�s�h� �o�c�c�u�p�y�i�n�g� �d�i�f�f�e�r�e�n�t� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �i�n� �s�t�r�e�a�m�s� �m�u�s�t� �c�o�n�t�e�n�d� �w�i�t�h� �d�i�s�s�i�m�i�l�a�r� 

�p�h�y�s�i�c�a�l� �s�t�r�e�s�s�e�s�,� �s�o� �i�n�d�i�v�i�d�u�a�l�s� �o�f� �t�h�e� �s�a�m�e� �s�p�e�c�i�e�s� �t�h�a�t� 

�u�s�e� �d�i�s�s�i�m�i�l�a�r� �m�i�c�r�o�h�a�b�i�t�a�t�s� �c�a�n� �e�x�h�i�b�i�t� �c�o�n�s�i�d�e�r�a�b�l�e� 

�v�a�r�i�a�t�i�o�n� �i�n� �t�h�e�i�r� �b�e�h�a�v�i�o�r� �a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �p�e�r�f�o�r�m�a�n�c�e�.� 

�S�o�m�e� �p�h�y�s�i�c�a�l� �h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�e�.�g�.� �t�e�m�p�e�r�a�t�u�r�e� �o�r� 

�o�x�y�g�e�n� �t�e�n�s�i�o�n�)� �d�e�l�i�n�e�a�t�e� �c�o�n�s�t�r�a�i�n�t�s� �w�i�t�h�i�n� �w�h�i�c�h� �a� �f�i�s�h� 

�c�a�n� �f�u�n�c�t�i�o�n� �m�e�t�a�b�o�l�i�c�a�l�l�y� �(�U�l�t�s�c�h� �e�t� �a�l�.� �1�9�7�8�,� �C�r�o�w�d�e�r� �a�n�d� 

�M�a�g�n�u�s�o�n� �1�9�8�3�)�,� �b�u�t� �w�i�t�h�i�n� �t�h�o�s�e� �c�o�n�s�t�r�a�i�n�t�s�,� �o�t�h�e�r� �h�a�b�i�t�a�t� 

�a�t�t�r�i�b�u�t�e�s� �a�f�f�e�c�t� �t�h�e� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �t�h�a�t� �i�n�d�i�v�i�d�u�a�l�s� �c�a�n� 

�o�b�t�a�i�n� �(�F�a�u�s�c�h� �1�9�8�4�,� �F�a�c�e�y� �a�n�d� �G�r�o�s�s�m�a�n� �1�9�9�0�)�.� �T�h�e�r�e�f�o�r�e�,� 

�s�e�l�e�c�t�i�o�n� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s� �c�a�n� �s�u�b�s�t�a�n�t�i�a�l�l�y� �i�n�f�l�u�e�n�c�e� �t�h�e� 

�e�n�e�r�g�y� �g�a�i�n� �o�f� �i�n�d�i�v�i�d�u�a�l� �s�t�r�e�a�m� �f�i�s�h� �a�n�d� �m�a�y� �r�a�n�k� �a�m�o�n�g� �t�h�e� 

�m�o�s�t� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �g�r�o�w�t�h� �o�f� �s�t�r�e�a�m� �f�i�s�h�e�s�.� 

�H�o�w�e�v�e�r�,� �p�h�y�s�i�c�a�l� �v�a�r�i�a�b�l�e�s� �i�n�t�e�r�a�c�t� �w�i�t�h� �b�i�o�l�o�g�i�c�a�l� 

�f�a�c�t�o�r�s� �t�o� �i�n�f�l�u�e�n�c�e� �t�h�e� �r�e�l�a�t�i�v�e� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� 

�m�i�c�r�o�h�a�b�i�t�a�t�s�.� �S�o�m�e� �f�i�s�h� �s�p�e�c�i�e�s� �e�x�h�i�b�i�t� �m�o�r�p�h�o�l�o�g�i�c�a�l� 

�a�d�a�p�t�a�t�i�o�n�s� �t�h�a�t� �r�e�d�u�c�e� �t�h�e� �e�n�e�r�g�e�t�i�c� �c�o�s�t� �o�f� �o�c�c�u�p�y�i�n�g� 

�h�a�b�i�t�a�t�s� �w�i�t�h� �h�i�g�h� �w�a�t�e�r� �v�e�l�o�c�i�t�i�e�s� �(�W�e�i�h�s� �a�n�d� �W�e�b�b� �1�9�8�3�,� 

�F�a�c�e�y� �a�n�d� �G�r�o�s�s�m�a�n� �1�9�9�2�)�.� �S�t�r�e�a�m� �f�i�s�h� �a�l�s�o� �m�o�d�i�f�y� �t�h�e�i�r� 

�f�o�r�a�g�i�n�g� �b�e�h�a�v�i�o�r� �i�n� �d�i�f�f�e�r�e�n�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �i�n� �o�r�d�e�r� �t�o� 

�s�t�a�b�i�l�i�z�e� �m�e�t�a�b�o�l�i�c� �c�o�s�t�s� �(�G�o�d�i�n� �a�n�d� �R�a�n�g�e�l�y� �1�9�8�9�)�,� �o�r� 

�e�x�p�l�o�i�t� �d�i�f�f�e�r�e�n�t� �r�e�s�o�u�r�c�e�s� �(�G�r�a�n�t� �a�n�d� �N�o�a�k�e�s� �1�9�8�7�)�.� 

�B�e�c�a�u�s�e� �s�o�m�e� �f�i�s�h� �c�a�n� �c�h�a�n�g�e� �s�t�r�a�t�e�g�i�e�s� �t�o� �i�m�p�r�o�v�e� �t�h�e�i�r� 

�f�o�r�a�g�i�n�g� �s�u�c�c�e�s�s� �i�n� �a� �v�a�r�i�e�t�y� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s�,� �i�t� �i�s� 
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�p�o�s�s�i�b�l�e� �t�h�a�t� �s�o�m�e� �s�t�r�e�a�m� �f�i�s�h� �m�a�y� �f�o�r�a�g�e� �e�q�u�a�l�l�y� �w�e�l�l� �i�n� 

�a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�h�e�r�e� �t�e�m�p�e�r�a�t�u�r�e�,� �o�x�y�g�e�n� �c�o�n�s�t�r�a�i�n�t�s�,� �o�r� 

�h�i�g�h� �w�a�t�e�r� �v�e�l�o�c�i�t�i�e�s� �d�o� �n�o�t� �e�x�c�l�u�d�e� �t�h�e�m�.� �I�f� �t�h�i�s� �w�e�r�e� 

�t�r�u�e� �i�t� �w�o�u�l�d� �n�o�t� �m�e�a�n� �t�h�a�t� �a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�e�r�e� �e�q�u�a�l�l�y� 

�p�r�o�f�i�t�a�b�l�e� �b�e�c�a�u�s�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �w�o�u�l�d� �s�t�i�l�l� �b�e� �a�f�f�e�c�t�e�d� �b�y� 

�v�a�r�i�a�t�i�o�n� �i�n� �f�o�o�d� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�c�o�m�p�e�t�i�t�o�r�s� �(�W�e�r�n�e�r� �e�t� �a�l�.� �1�9�8�3�b�)�.� �H�o�w�e�v�e�r�,� �i�f� �i�n�d�i�v�i�d�u�a�l�s� 

�f�o�r�a�g�e� �a�t� �s�i�m�i�l�a�r� �r�a�t�e�s� �a�n�d� �w�i�t�h� �s�i�m�i�l�a�r� �m�e�t�a�b�o�l�i�c� �c�o�s�t�s� �i�n� 

�a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t�s�,� �t�h�e�n� �o�t�h�e�r� �f�a�c�t�o�r�s� �(�e�.�g�.� �p�r�o�t�e�c�t�i�o�n� �f�r�o�m� 

�p�r�e�d�a�t�o�r�s�)� �m�a�y� �a�f�f�e�c�t� �t�h�e�i�r� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �m�o�r�e� �t�h�a�n� 

�e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �d�o�e�s�.� 

�I�n� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r�,� �I� �d�e�s�c�r�i�b�e�d� �h�o�w� �a�g�e�-�0� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �i�n� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �g�r�a�d�u�a�l�l�y� �m�o�v�e� �o�u�t� 

�o�f� �d�e�e�p� �p�o�o�l�s� �a�n�d� �i�n�t�o� �s�h�a�l�l�o�w� �m�i�c�r�o�h�a�b�i�t�a�t�s� �d�u�r�i�n�g� �t�h�e� 

�f�i�r�s�t� �4�-�6� �w�e�e�k�s� �a�f�t�e�r� �t�h�e�y� �l�e�a�v�e� �t�h�e�i�r� �n�e�s�t�s�.� �T�h�e� �o�b�s�e�r�v�e�d� 

�s�h�i�f�t� �a�p�p�e�a�r�e�d� �t�o� �o�c�c�u�r� �a�s� �a�g�e�-�0�O� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �a�b�a�n�d�o�n�e�d� 

�r�e�l�a�t�i�v�e�l�y� �u�n�p�r�o�f�i�t�a�b�l�e� �p�o�o�l�s� �w�h�e�r�e� �t�h�e�y� �b�e�g�a�n� �l�i�f�e�,� �a�n�d� 

�b�e�g�a�n� �o�c�c�u�p�y�i�n�g� �a�r�e�a�s� �c�l�o�s�e� �t�o� �r�e�l�a�t�i�v�e�l�y� �p�r�o�d�u�c�t�i�v�e� �r�i�f�f�l�e�s� 

�a�n�d� �r�u�n�s�.� �I�t� �i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �o�b�s�e�r�v�e�d� 

�m�i�c�r�o�h�a�b�i�t�a�t� �s�h�i�f�t� �w�a�s� �i�n�d�u�c�e�d� �b�y� �p�r�e�d�a�t�o�r�s� �o�r� �o�c�c�u�r�r�e�d� �a�s� 

�i�n�d�i�v�i�d�u�a�l�s� �d�e�v�e�l�o�p�e�d� �m�o�r�p�h�o�l�o�g�i�c�a�l�l�y� �a�n�d� �e�n�t�e�r�e�d� �a�r�e�a�s� �t�h�a�t� 

�t�h�e�y� �p�r�e�v�i�o�u�s�l�y� �c�o�u�l�d� �n�o�t� �i�n�h�a�b�i�t�.� �E�a�c�h� �o�f� �t�h�e�s�e� �m�e�c�h�a�n�i�s�m�s� 

�w�o�u�l�d� �l�i�n�k� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �t�o� �s�u�b�s�e�q�u�e�n�t� �g�r�o�w�t�h� �o�r� �s�u�r�v�i�v�a�l� 

�o�f� �a�g�e�-�0�O� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�,� �b�u�t� �t�h�e� �o�u�t�c�o�m�e�s� �c�o�u�l�d� �d�i�f�f�e�r� 

�S�i�g�n�i�f�i�c�a�n�t�l�y� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�e�t�h�e�r� �o�n�e� �o�r� �a�l�l� �o�f� �t�h�e�s�e� 

�m�e�c�h�a�n�i�s�m�s� �a�c�t�u�a�l�l�y� �m�o�t�i�v�a�t�e�d� �m�o�v�e�m�e�n�t�.� 

�U�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �a�d�a�p�t�i�v�e� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� 

�m�i�c�r�o�h�a�b�i�t�a�t� �s�h�i�f�t� �c�o�u�l�d� �r�e�v�e�a�l� �l�i�n�k�s� �b�e�t�w�e�e�n� �h�a�b�i�t�a�t� 

�s�e�l�e�c�t�i�o�n� �a�n�d� �r�e�c�r�u�i�t�m�e�n�t� �s�u�c�c�e�s�s� �o�f� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �i�n� �t�h�e� 

�N�o�r�t�h� �A�n�n�a� �R�i�v�e�r�.� �I�f� �j�u�v�e�n�i�l�e� �b�a�s�s� �w�e�r�e� �m�o�v�i�n�g� �i�n�t�o� �m�o�r�e� 

�p�r�o�f�i�t�a�b�l�e� �a�r�e�a�s�,� �t�h�e�n� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �p�r�o�f�i�t�a�b�l�e� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �c�o�u�l�d� �d�e�t�e�r�m�i�n�e� �h�o�w� �m�a�n�y� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�c�o�u�l�d� �e�x�i�s�t� �i�n� �t�h�i�s� �s�y�s�t�e�m� �(�M�o�r�r�i�s� �1�9�8�8�,� �K�w�a�k� �e�t� �a�l�.� �1�9�9�2�)�.� 

�4�3



�I�f� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �o�b�t�a�i�n�e�d� �e�q�u�a�l� �e�n�e�r�g�e�t�i�c� �g�a�i�n�s� 

�i�n� �a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t�s�,� �t�h�e�n� �t�h�e� �s�h�i�f�t� �m�a�y� �b�e� �a� �s�u�r�v�i�v�a�l� 

�r�e�s�p�o�n�s�e�,� �a�n�d� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �p�r�e�d�a�t�o�r�s� �o�r� �c�o�m�p�e�t�i�t�o�r�s� �m�a�y� 

�i�n�f�l�u�e�n�c�e� �c�a�r�r�y�i�n�g� �c�a�p�a�c�i�t�y� �a�l�o�n�g� �w�i�t�h� �m�i�c�r�o�h�a�b�i�t�a�t� 

�a�v�a�i�l�a�b�i�l�i�t�y�.� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�r�e�l�a�t�i�v�e� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �o�b�t�a�i�n�e�d� �b�y� �a�g�e�-�0�O� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�f�o�r�a�g�i�n�g� �i�n� �d�i�f�f�e�r�e�n�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �o�f� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r�.� 

�T�h�e� �n�u�l�l� �h�y�p�o�t�h�e�s�i�s� �I� �t�e�s�t�e�d� �w�a�s� �t�h�a�t� �a�l�l� �i�n�d�i�v�i�d�u�a�l�s� �c�o�u�l�d� 

�o�b�t�a�i�n� �s�i�m�i�l�a�r� �e�n�e�r�g�e�t�i�c� �g�a�i�n�s� �i�n� �a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t� �t�y�p�e�s�.� 

�I�f� �t�h�i�s� �h�y�p�o�t�h�e�s�i�s� �w�e�r�e� �r�e�j�e�c�t�e�d�,� �t�h�e�n� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� 

�j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �s�h�i�f�t�e�d� �t�h�e�i�r� �u�s�e� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s� 

�b�e�c�a�u�s�e� �t�h�e�y� �s�o�u�g�h�t� �h�i�g�h�e�r� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�s�.� �I�n� �t�h�e� �c�o�u�r�s�e� 

�o�f� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �r�e�l�a�t�i�v�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�b�t�a�i�n�e�d� �i�n� �v�a�r�i�o�u�s� 

�h�a�b�i�t�a�t�s�,� �I� �m�o�n�i�t�o�r�e�d� �t�h�e� �f�o�r�a�g�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �b�e�h�a�v�i�o�r�a�l� �a�d�a�p�t�a�t�i�o�n�s� 

�e�n�a�b�l�e�d� �i�n�d�i�v�i�d�u�a�l�s� �t�o� �o�b�t�a�i�n� �s�i�m�i�l�a�r� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�s� �i�n� 

�a�i�f�f�e�r�e�n�t� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� 

�M�e�t�h�o�d�s� �.� 

�S�t�u�d�y� �S�i�t�e�.� 

�D�a�t�a� �f�o�r� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �o�b�s�e�r�v�a�t�i�o�n�s� �o�f� 

�4�3� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �v�i�d�e�o�t�a�p�e�d� �i�n� �t�h�e� �N�o�r�t�h� �A�n�n�a� 

�R�i�v�e�r�,� �V�i�r�g�i�n�i�a�,� �b�e�t�w�e�e�n� �J�u�l�y� �1�9� �a�n�d� �A�u�g�u�s�t� �2�1�,� �1�9�9�1�.� �T�h�e� 

�h�y�d�r�o�l�o�g�y� �a�n�d� �b�i�o�l�o�g�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �N�o�r�t�h� �A�n�n�a� 

�R�i�v�e�r� �w�e�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �m�e�t�h�o�d�s� �s�e�c�t�i�o�n� �o�f� �C�h�a�p�t�e�r� �1�.� 

�A�l�l� �o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �f�i�l�m�e�d� �i�n� �a� �r�e�a�c�h� �o�f� �t�h�e� �r�i�v�e�r� 

�e�x�t�e�n�d�i�n�g� �6�4�0� �m� �u�p�s�t�r�e�a�m� �f�r�o�m� �t�h�e� �6�0�1� �H�a�n�o�v�e�r� �C�o�u�n�t�y� �b�r�i�d�g�e�.� 

�T�h�e� �r�i�v�e�r� �a�v�e�r�a�g�e�d� �3�8� �m� �w�i�d�e� �i�n� �t�h�i�s� �s�e�c�t�i�o�n�,� �m�a�x�i�m�u�m� �d�e�p�t�h� 

�w�a�s� �2�.�5� �m�,� �a�n�d� �b�e�d�r�o�c�k�,� �b�o�u�l�d�e�r�s�,� �a�n�d� �s�a�n�d� �w�e�r�e� �t�h�e� �m�o�s�t� 

�c�o�m�m�o�n� �s�u�b�s�t�r�a�t�e� �t�y�p�e�s�.� �T�h�e� �s�t�u�d�y� �s�i�t�e� �w�a�s� �d�i�v�i�d�e�d� �i�n�t�o� 

�e�i�g�h�t� �s�e�c�t�i�o�n�s� �b�a�s�e�d� �o�n� �g�e�n�e�r�a�l� �h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�4� 

�p�o�o�l�s�,� �3� �r�i�f�f�l�e�s�,� �a�n�d� �1� �r�u�n�)�.� 

�4�4



�F�i�e�l�d� �o�b�s�e�r�v�a�t�i�o�n�s� �o�f� �f�o�r�a�g�i�n�g� �a�n�d� �h�a�b�i�t�a�t� �u�s�e�.� 

�A� �s�e�c�t�i�o�n� �o�f� �t�h�e� �s�t�u�d�y� �s�i�t�e� �w�a�s� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �a�n�d� �a� 

�s�n�o�r�k�e�l�e�r� �s�e�a�r�c�h�e�d� �t�h�a�t� �s�e�c�t�i�o�n� �f�o�r� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� 

�b�a�s�s�.� �A�f�t�e�r� �l�o�c�a�t�i�n�g� �a� �j�u�v�e�n�i�l�e�,� �t�h�e� �s�n�o�r�k�e�l�e�r� �o�b�s�e�r�v�e�d� �t�h�e� 

�i�n�d�i�v�i�d�u�a�l� �f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �m�i�n�u�t�e� �b�e�f�o�r�e� �v�i�d�e�o�t�a�p�i�n�g�.� 

�P�r�e�l�i�m�i�n�a�r�y� �o�b�s�e�r�v�a�t�i�o�n�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �j�u�v�e�n�i�l�e�s� �g�e�n�e�r�a�l�l�y� 

�i�g�n�o�r�e�d� �s�n�o�r�k�e�l�e�r�s� �a�f�t�e�r� �3�0� �s�e�c�o�n�d�s� �o�f� �v�i�s�u�a�l� �c�o�n�t�a�c�t�,� �a�n�d� 

�t�h�e�i�r� �b�e�h�a�v�i�o�r� �a�f�t�e�r� �1� �m�i�n�u�t�e� �o�f� �u�n�d�e�r�w�a�t�e�r� �o�b�s�e�r�v�a�t�i�o�n� �d�i�d� 

�n�o�t� �d�i�f�f�e�r� �f�r�o�m� �t�h�e�i�r� �b�e�h�a�v�i�o�r� �a�f�t�e�r� �1�0� �m�i�n�u�t�e�s� �o�f� 

�o�b�s�e�r�v�a�t�i�o�n�.� �T�h�e� �s�n�o�r�k�e�l�e�r� �w�o�u�l�d� �v�i�s�u�a�l�l�y� �e�s�t�i�m�a�t�e� �t�h�e� 

�t�o�t�a�l� �l�e�n�g�t�h� �(�T�L�)� �o�f� �t�h�e� �j�u�v�e�n�i�l�e� �t�o� �w�i�t�h�i�n� �5� �m�n�.� �D�u�r�i�n�g� 

�t�h�e� �p�e�r�i�o�d� �o�f� �d�a�t�a� �c�o�l�l�e�c�t�i�o�n�,� �8�0�%� �o�f� �t�h�e� �j�u�v�e�n�i�l�e�s� �i�n� �t�h�i�s� 

�s�i�t�e� �w�e�r�e� �b�e�t�w�e�e�n� �6�0� �a�n�d� �9�0� �m�m� �T�L�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �l�e�n�g�t�h� 

�e�s�t�i�m�a�t�e�s� �t�o� �a�c�t�u�a�l� �l�e�n�g�t�h�s� �o�f� �f�i�s�h� �t�h�a�t� �w�e�r�e� �c�a�p�t�u�r�e�d� �b�y� 

�e�l�e�c�t�r�o�s�h�o�c�k�i�n�g� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �s�n�o�r�k�e�l�e�r�s� �c�o�u�l�d� �c�l�a�s�s�i�f�y� 

�j�u�v�e�n�i�l�e�s� �i�n�t�o� �t�h�e� �c�o�r�r�e�c�t� �5�-�m�m� �c�a�t�e�g�o�r�y� �9�0�%� �o�f� �t�h�e� �t�i�m�e�.� 

�A�f�t�e�r� �o�n�e� �m�i�n�u�t�e� �o�f� �v�i�s�u�a�l� �c�o�n�t�a�c�t�,� �t�h�e� �s�n�o�r�k�e�l�e�r� �w�o�u�l�d� 

�b�e�g�i�n� �r�e�c�o�r�d�i�n�g� �t�h�e� �a�c�t�i�o�n�s� �o�f� �t�h�e� �s�e�l�e�c�t�e�d� �j�u�v�e�n�i�l�e�.� 

�O�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �v�i�d�e�o�t�a�p�e�d� �w�i�t�h� �a� �r�e�m�o�t�e� �v�i�d�e�o� �s�y�s�t�e�m� 

�w�h�i�c�h� �c�o�n�s�i�s�t�e�d� �o�f� �a� �r�e�m�o�t�e� �c�a�m�e�r�a� �a�n�d� �a� �s�u�r�f�a�c�e� �m�o�n�i�t�o�r�.� 

�T�h�e� �r�e�m�o�t�e� �c�a�m�e�r�a� �w�a�s� �e�n�c�a�s�e�d� �i�n� �a� �c�a�m�o�u�f�l�a�g�e�d�,� �w�a�t�e�r�p�r�o�o�f� 

�h�o�u�s�i�n�g� �a�n�d� �r�e�c�o�r�d�e�d� �3�0� �f�r�a�m�e�s�/�s� �t�h�r�o�u�g�h� �a� �6�-�m�m� �w�i�d�e�-�a�n�g�l�e� 

�l�e�n�s�.� �T�h�e� �t�i�m�e� �a�n�d� �d�a�t�e� �o�f� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� 

�v�i�d�e�o�t�a�p�e� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �e�a�c�h� �o�b�s�e�r�v�a�t�i�o�n�.� �T�h�e� �s�n�o�r�k�e�l�e�r� 

�f�o�l�l�o�w�e�d� �t�h�e� �j�u�v�e�n�i�l�e� �w�i�t�h� �t�h�e� �r�e�m�o�t�e� �c�a�m�e�r�a� �w�h�i�l�e� �a�n�o�t�h�e�r� 

�o�b�s�e�r�v�e�r� �w�a�t�c�h�e�d� �t�h�e� �s�u�r�f�a�c�e� �m�o�n�i�t�o�r� �a�n�d� �t�o�l�d� �t�h�e� �s�n�o�r�k�e�l�e�r� 

�h�o�w� �t�o� �m�o�v�e� �t�h�e� �c�a�m�e�r�a� �t�o� �k�e�e�p� �t�h�e� �j�u�v�e�n�i�l�e� �c�e�n�t�e�r�e�d� �i�n� �t�h�e� 

�p�i�c�t�u�r�e�.� �T�h�e� �s�u�r�f�a�c�e� �o�b�s�e�r�v�e�r� �a�l�s�o� �t�o�o�k� �n�o�t�e�s� �d�e�f�i�n�i�n�g� �t�h�e� 

�b�o�u�n�d�a�r�i�e�s� �o�f� �t�h�e� �a�r�e�a� �t�h�a�t� �t�h�e� �j�u�v�e�n�i�l�e� �o�c�c�u�p�i�e�d� �d�u�r�i�n�g� �t�h�e� 

�o�b�s�e�r�v�a�t�i�o�n�.� �I�f� �t�h�e� �s�n�o�r�k�e�l�e�r� �l�o�s�t� �c�o�n�t�a�c�t� �w�i�t�h� �t�h�e� 

�j�u�v�e�n�i�l�e� �b�e�f�o�r�e� �t�a�p�i�n�g� �f�o�r� �f�i�v�e� �m�i�n�u�t�e�s�,� �t�h�e�n� �t�h�e� 

�o�b�s�e�r�v�a�t�i�o�n� �w�a�s� �d�i�s�c�a�r�d�e�d�.� �I�f� �c�o�n�t�a�c�t� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �f�o�r� 

�f�i�v�e� �m�i�n�u�t�e�s�,� �t�h�e�n� �v�i�d�e�o�t�a�p�i�n�g� �o�f� �t�h�e� �j�u�v�e�n�i�l�e� �c�o�n�t�i�n�u�e�d� �f�o�r� 
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�a� �m�a�x�i�m�u�m� �o�f� �a�n�o�t�h�e�r� �f�i�v�e� �m�i�n�u�t�e�s� �(�1�0� �m�i�n�u�t�e�s� �t�o�t�a�l�)� �o�r� 

�u�n�t�i�l� �v�i�s�u�a�l� �c�o�n�t�a�c�t� �w�a�s� �l�o�s�t�.� 

�A�f�t�e�r� �v�i�d�e�o�t�a�p�i�n�g�,� �I� �m�a�r�k�e�d� �f�o�u�r� �c�o�r�n�e�r�s� �o�f� �t�h�e� �a�r�e�a� 

�o�c�c�u�p�i�e�d� �b�y� �t�h�e� �j�u�v�e�n�i�l�e�,� �a�n�d� �t�h�e�n� �m�a�r�k�e�d� �t�h�e� �c�o�r�n�e�r�s� �o�f� 

�b�l�o�c�k�s� �w�i�t�h�i�n� �t�h�a�t� �a�r�e�a� �t�h�a�t� �v�i�s�i�b�l�y� �d�i�f�f�e�r�e�d� �i�n� �h�a�b�i�t�a�t� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�i�.�e�.� �d�e�p�t�h�,� �w�a�t�e�r� �v�e�l�o�c�i�t�y�,� �a�n�d� �s�u�b�s�t�r�a�t�e� 

�t�y�p�e�)�.� �D�u�r�i�n�g� �p�r�e�l�i�m�i�n�a�r�y� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�,� �I� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� 

�b�y� �s�t�r�a�t�i�f�y�i�n�g� �s�a�m�p�l�i�n�g� �a�m�o�n�g� �v�i�s�i�b�l�y� �d�i�f�f�e�r�e�n�t� �a�r�e�a�s� �a�n�d� 

�q�u�a�n�t�i�f�y�i�n�g� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �a�t� �o�n�e� �p�o�i�n�t�/�m�*� �i�n� �a� �2�5�-�m�*� 

�a�r�e�a�,� �I� �o�b�t�a�i�n�e�d� �m�e�a�n�s� �a�n�d� �v�a�r�i�a�n�c�e�s� �t�h�a�t� �w�e�r�e� �n�o�t� 

�S�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �m�e�a�n�s� �a�n�d� �v�a�r�i�a�n�c�e�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �n�o�n�s�t�r�a�t�i�f�i�e�d� �r�a�n�d�o�m� �s�a�m�p�l�i�n�g� �o�f� �f�i�v�e� �p�o�i�n�t�s�/�m�*� �(�a�l�l� �P� 

�>� �0�.�5�0�)�.� �I� �m�e�a�s�u�r�e�d� �t�h�e� �d�i�s�t�a�n�c�e� �t�o� �t�h�e� �n�e�a�r�e�s�t� �0�.�5� �m�,� �a�n�d� 

�b�e�a�r�i�n�g� �t�o� �t�h�e� �n�e�a�r�e�s�t� �d�e�g�r�e�e� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�n�e�r�s� �o�f� �h�a�b�i�t�a�t� 

�b�l�o�c�k�s�.� �E�a�c�h� �b�l�o�c�k� �w�a�s� �l�a�t�e�r� �d�r�a�w�n� �b�a�s�e�d� �o�n� �t�h�e�s�e� 

�m�e�a�s�u�r�e�m�e�n�t�s�,� �a�n�d� �t�h�e� �t�o�t�a�l� �a�r�e�a� �o�f� �t�h�e� �b�l�o�c�k�s� �w�a�s� �e�s�t�i�m�a�t�e�d� 

�w�i�t�h� �a� �d�i�g�i�t�a�l� �p�l�a�n�i�m�e�t�e�r�.� �A�r�e�a�s� �o�f� �a�l�l� �h�a�b�i�t�a�t� �b�l�o�c�k�s� �w�e�r�e� 

�a�d�d�e�d� �t�o� �o�b�t�a�i�n� �a� �t�o�t�a�l� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �a�r�e�a� �u�s�e�d� �b�y� �e�a�c�h� 

�j�u�v�e�n�i�l�e� �d�u�r�i�n�g� �f�i�l�m�i�n�g�.� 

�I�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �v�i�d�e�o�t�a�p�i�n�g�,� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �w�e�r�e� 

�q�u�a�n�t�i�f�i�e�d� �a�t� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �p�o�i�n�t�s� �(�a� �s�t�o�p�w�a�t�c�h� 

�s�i�m�u�l�a�t�e�d� �a� �r�a�n�d�o�m� �n�u�m�b�e�r� �g�e�n�e�r�a�t�o�r�)� �a�l�o�n�g� �r�a�n�d�o�m�l�y� �p�l�a�c�e�d� 

�t�r�a�n�s�e�c�t�s� �w�i�t�h�i�n� �e�a�c�h� �h�a�b�i�t�a�t� �b�l�o�c�k�.� �T�r�a�n�s�e�c�t�s� �w�e�r�e� �p�l�a�c�e�d� 

�p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �f�l�o�w� �a�t� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �p�o�i�n�t�s� �a�l�o�n�g� 

�t�h�e� �l�o�n�g�e�s�t� �s�i�d�e� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �f�l�o�w�.� �A�n� �i�n�i�t�i�a�l� �s�a�m�p�l�e� 

�p�o�i�n�t� �w�a�s� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �w�i�t�h�i�n� �t�h�e� �f�i�r�s�t� �m�e�t�e�r� �o�f� �e�a�c�h� 

�t�r�a�n�s�e�c�t�,� �a�n�d� �r�e�m�a�i�n�i�n�g� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �a�t� �1�-�m� �i�n�t�e�r�v�a�l�s� 

�a�l�o�n�g� �e�a�c�h� �t�r�a�n�s�e�c�t�.� �I� �s�e�l�e�c�t�e�d� �o�n�e� �p�o�i�n�t� �f�o�r� �e�v�e�r�y� �m�?� �i�n� 

�a�r�e�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �l�e�s�s� �t�h�a�n� �2�5� �m�n ��,� �a�n�d� �s�e�l�e�c�t�e�d� �2�5� 

�e�.� �_�A�t� �e�a�c�h� �r�a�n�d�o�m�l�y� �p�o�i�n�t�s� �i�n� �a�r�e�a�s� �l�a�r�g�e�r� �t�h�a�n� �2�5� �m� 

�s�e�l�e�c�t�e�d� �p�o�i�n�t�,� �I� �m�e�a�s�u�r�e�d� �t�h�e� �d�e�p�t�h� �(�c�m�)�,� �m�e�a�n� �w�a�t�e�r� �c�o�l�u�m�n� 

�v�e�l�o�c�i�t�y�,� �a�n�d� �d�e�s�c�r�i�b�e�d� �t�h�e� �d�o�m�i�n�a�n�t� �s�u�b�s�t�r�a�t�e� �t�y�p�e�.� �M�e�a�n� 

�w�a�t�e�r� �c�o�l�u�m�n� �v�e�l�o�c�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �p�y�g�m�y� �c�u�r�r�e�n�t� 
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�m�e�t�e�r� �a�t� �0�.�6� �o�f� �d�e�p�t�h� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e�.� �S�u�b�s�t�r�a�t�e� �t�y�p�e�s� 

�w�e�r�e� �d�i�v�i�d�e�d� �i�n�t�o� �a� �c�a�t�e�g�o�r�i�e�s� �b�a�s�e�d� �o�n� �a� �m�o�d�i�f�i�e�d� �W�e�n�t�w�o�r�t�h� 

�s�c�a�l�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �M�e�t�h�o�d�s� �s�e�c�t�i�o�n� �o�f� �C�h�a�p�t�e�r� �1� 

�(�A�p�p�e�n�d�i�x� �1�)�.� 

�A�n�a�l�y�s�i�s� �o�f� �f�o�r�a�g�i�n�g� �a�c�t�i�v�i�t�y�.� 

�T�o� �d�e�t�e�r�m�i�n�e� �w�h�e�r�e� �j�u�v�e�n�i�l�e�s� �o�b�t�a�i�n�e�d� �t�h�e�i�r� �h�i�g�h�e�s�t� 

�f�o�r�a�g�i�n�g� �s�u�c�c�e�s�s�,� �t�w�o� �o�b�s�e�r�v�e�r�s� �r�e�v�i�e�w�e�d� �e�a�c�h� �t�a�p�e�d� 

�o�b�s�e�r�v�a�t�i�o�n� �a�n�d� �r�e�c�o�r�d�e�d� �w�h�e�r�e� �a�n�d� �h�o�w� �e�a�c�h� �j�u�v�e�n�i�l�e� �u�s�e�d� 

�d�i�f�f�e�r�e�n�t� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� �R�e�c�o�r�d�e�d� �s�e�q�u�e�n�c�e�s� 

�w�e�r�e� �v�i�e�w�e�d� �a�t� �n�o�r�m�a�l� �s�p�e�e�d� �(�3�0� �f�r�a�m�e�s�/�s�)�,� �a�n�d� �o�b�s�e�r�v�e�r�s� 

�r�e�c�o�r�d�e�d� �t�h�e� �d�u�r�a�t�i�o�n� �o�f� �s�e�q�u�e�n�c�e�s� �d�u�r�i�n�g� �w�h�i�c�h� �j�u�v�e�n�i�l�e�s� 

�r�e�m�a�i�n�e�d� �i�n� �t�h�e� �v�i�e�w� �o�f� �t�h�e� �c�a�m�e�r�a� �a�n�d� �o�c�c�u�p�i�e�d� �t�h�e� �s�a�m�e� 

�p�o�s�i�t�i�o�n� �i�n� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� �I� �c�o�n�s�i�d�e�r�e�d� �j�u�v�e�n�i�l�e�s� �t�o� �b�e� 

�u�s�i�n�g� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �w�h�e�n� �t�h�e�y� �w�e�r�e� �w�i�t�h�i�n� 

�0�.�2�5� �b�o�d�y� �l�e�n�g�t�h�s� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �o�r� �w�h�e�n� �t�h�e�y� �w�e�r�e� 

�o�r�i�e�n�t�e�d� �d�o�w�n�w�a�r�d� �w�i�t�h� �t�h�e�i�r� �e�y�e�s� �s�e�a�r�c�h�i�n�g� �t�h�e� �s�u�b�s�t�r�a�t�e�.� 

�W�h�e�n� �j�u�v�e�n�i�l�e�s� �w�e�r�e� �w�i�t�h�i�n� �0�.�2�5� �b�o�d�y� �l�e�n�g�t�h�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� 

�o�r� �s�e�a�r�c�h�i�n�g� �t�h�e� �s�u�r�f�a�c�e�,� �I� �r�e�c�o�r�d�e�d� �t�h�a�t� �t�h�e�y� �w�e�r�e� �u�s�i�n�g� 

�t�h�e� �t�o�p� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� �A�t� �a�l�l� �o�t�h�e�r� �t�i�m�e�s� �I� 

�c�o�n�s�i�d�e�r�e�d� �j�u�v�e�n�i�l�e�s� �t�o� �b�e� �u�s�i�n�g� �t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �w�a�t�e�r� 

�c�o�l�u�m�n�.� 

�A�f�t�e�r� �r�e�c�o�r�d�i�n�g� �t�h�e� �d�u�r�a�t�i�o�n� �o�f� �e�a�c�h� �s�e�q�u�e�n�c�e�,� �w�e� 

�r�e�w�o�u�n�d� �t�h�e� �t�a�p�e� �t�o� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �s�e�q�u�e�n�c�e�,� �r�e�v�i�e�w�e�d� 

�a�l�l� �p�o�s�s�i�b�l�e� �f�e�e�d�i�n�g� �a�t�t�e�m�p�t�s� �a�t� �0�.�1� �n�o�r�m�a�l� �s�p�e�e�d�,� �a�n�d� 

�c�o�u�n�t�e�d� �t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �b�i�t�e�s�.� �W�h�i�l�e� �j�u�v�e�n�i�l�e�s� �m�a�y� �n�o�t� 

�h�a�v�e� �i�n�g�e�s�t�e�d� �p�r�e�y� �e�a�c�h� �t�i�m�e� �t�h�e�y� �t�o�o�k� �a� �b�i�t�e�,� �t�h�e� �n�u�m�b�e�r� �o�f� 

�f�e�e�d�i�n�g� �a�t�t�e�m�p�t�s� �t�a�k�e�n� �b�y� �a� �f�i�s�h� �i�s� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� 

�a�m�o�u�n�t� �o�f� �p�r�e�y� �i�n� �i�t�s� �s�t�o�m�a�c�h� �(�G�r�a�n�t� �1�9�9�0�)�.� �F�o�r� �e�a�c�h� 

�o�b�s�e�r�v�a�t�i�o�n� �w�e� �c�a�l�c�u�l�a�t�e�d� �t�h�e� �t�o�t�a�l� �t�i�m�e� �t�h�e� �j�u�v�e�n�i�l�e� �s�p�e�n�t� 

�a�t� �t�h�e� �t�o�p�,� �m�i�d�d�l�e�,� �a�n�d� �b�o�t�t�o�m� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�,� �t�h�e� 

�t�o�t�a�l� �n�u�m�b�e�r� �o�f� �b�i�t�e�s� �i�n� �e�a�c�h� �p�o�r�t�i�o�n�,� �a�n�d� �t�h�e� �b�i�t�e�s�/�m�i�n�u�t�e� 

�i�n� �e�a�c�h� �p�o�r�t�i�o�n�.� 
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�A�n�a�l�y�s�i�s� �o�f� �e�n�e�r�g�y� �i�n�t�a�k�e� �a�n�d� �e�x�p�e�n�d�i�t�u�r�e�.� 

�T�h�e� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �a� �m�i�c�r�o�h�a�b�i�t�a�t� �d�e�p�e�n�d�s� 

�o�n� �t�h�e� �n�u�m�b�e�r� �o�f� �p�r�e�y� �t�h�a�t� �a�n� �i�n�d�i�v�i�d�u�a�l� �c�a�n� �c�o�n�s�u�m�e� �w�h�i�l�e� 

�i�n� �t�h�a�t� �m�i�c�r�o�h�a�b�i�t�a�t� �a�n�d� �t�h�e� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �t�h�a�t� �t�h�e� 

�i�n�d�i�v�i�d�u�a�l� �m�u�s�t� �e�x�p�e�n�d� �w�h�i�l�e� �f�o�r�a�g�i�n�g� �(�F�a�u�s�c�h� �1�9�8�4�,� �K�a�c�e�l�n�i�k� 

�a�n�d� �H�o�u�s�t�o�n� �1�9�8�4�)�.� �F�o�r� �f�i�s�h�e�s� �t�h�a�t� �f�e�e�d� �o�n� �b�e�n�t�h�i�c� �o�r� �w�a�t�e�r� 

�c�o�l�u�m�n� �i�n�v�e�r�t�e�b�r�a�t�e�s�,� �a� �s�i�g�n�i�f�i�c�a�n�t� �p�r�o�p�o�r�t�i�o�n� �o�f� �t�h�e� �e�n�e�r�g�y� 

�e�x�p�e�n�d�e�d� �w�h�i�l�e� �f�o�r�a�g�i�n�g� �m�a�y� �b�e� �a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �a�c�t�i�v�i�t�y� 

�c�o�s�t�s� �(�B�o�i�s�c�l�a�i�r� �a�n�d� �L�e�g�g�e�t�t� �1�9�8�9�)�.� �T�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e� 

�e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �g�a�i�n�e�d� �b�y� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�v�a�r�i�e�d� �a�m�o�n�g� �m�i�c�r�o�h�a�b�i�t�a�t�s�,� �I� �s�u�b�t�r�a�c�t�e�d� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� 

�e�n�e�r�g�y� �t�h�a�t� �j�u�v�e�n�i�l�e�s� �e�x�p�e�n�d�e�d� �w�h�i�l�e� �f�o�r�a�g�i�n�g� �f�r�o�m� �a�n� 

�e�s�t�i�m�a�t�e� �o�f� �t�h�e� �t�o�t�a�l� �e�n�e�r�g�y� �i�n�g�e�s�t�e�d� �d�u�r�i�n�g� �t�h�e� �s�a�m�e� 

�p�e�r�i�o�d�.� 

�T�h�e� �d�u�r�a�t�i�o�n� �o�f� �e�a�c�h� �f�i�l�m�e�d� �o�b�s�e�r�v�a�t�i�o�n� �v�a�r�i�e�d� �(�b�e�c�a�u�s�e� 

�t�h�e� �t�i�m�e� �e�a�c�h� �f�i�s�h� �w�a�s� �o�u�t� �o�f� �v�i�e�w� �v�a�r�i�e�d�)�,� �s�o� �I� �r�e�d�u�c�e�d� 

�e�s�t�i�m�a�t�e�s� �o�f� �t�o�t�a�l� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �g�a�i�n�e�d� �t�o� �p�r�o�f�i�t� 

�g�a�i�n�e�d�/�m�i�n�.� �E�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �o�b�t�a�i�n�e�d� �b�y� �e�a�c�h� �j�u�v�e�n�i�l�e� 

�d�u�r�i�n�g� �t�h�e� �t�i�m�e� �t�h�e�y� �w�e�r�e� �f�i�l�m�e�d� �w�a�s� �e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �a� 

�f�o�r�m�u�l�a� �a�d�a�p�t�e�d� �f�r�o�m� �a� �g�e�n�e�r�a�l�i�z�e�d� �b�i�o�e�n�e�r�g�e�t�i�c�s� �m�o�d�e�l� �f�o�r� 

�f�i�s�h� �(�R�i�c�e� �e�t� �a�l�.� �1�9�8�3�)�:� 

�G� �=� �[�C�+� �(�1�-�(�R�g�p�p�t�F�+�U�)� �)� �-�R�e�s�e�a�y� �/� �(�1�)� 
�w�h�e�r�e� �G� �=� �r�a�t�e� �o�f� �e�n�e�r�g�y� �g�a�i�n� �(�J�/�m�i�n�)�,� �C� �=� �t�o�t�a�l� �c�o�n�s�u�m�p�t�i�o�n� 

�d�u�r�i�n�g� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �(�J�)�,� �R�y�,� �=� �t�h�e� �p�r�o�p�o�r�t�i�o�n� �o�f� 

�c�o�n�s�u�m�p�t�i�o�n� �u�s�e�d� �f�o�r� �s�p�e�c�i�f�i�c� �d�y�n�a�m�i�c� �a�c�t�i�o�n�,� �F� �=� �t�h�e� 

�p�r�o�p�o�r�t�i�o�n� �o�f� �c�o�n�s�u�m�e�d� �e�n�e�r�g�y� �e�g�e�s�t�e�d�,� �U� �=� �t�h�e� �p�r�o�p�o�r�t�i�o�n� �o�f� 

�c�o�n�s�u�m�e�d� �e�n�e�r�g�y� �e�x�c�r�e�t�e�d�,� �R�.�,�,�,� �=� �e�n�e�r�g�y� �u�s�e�d� �f�o�r� �s�t�a�n�d�a�r�d� 

�a�n�d� �a�c�t�i�v�e� �m�e�t�a�b�o�l�i�s�m� �(�J�)�,� �a�n�d� �t� �=� �t�i�m�e� �o�b�s�e�r�v�e�d� �(�m�i�n�)�.� �I� 

�u�s�e�d� �c�o�n�s�t�a�n�t� �v�a�l�u�e�s� �f�o�r� �R�,�,� �(�0�.�1�7�)�,� �F� �(�0�.�1�5�)�,� �a�n�d� �U� 

�(�0�.�0�8�8�)�,� �a�n�d� �b�a�s�e�d� �m�y� �e�s�t�i�m�a�t�e�s� �o�n� �v�a�l�u�e�s� �r�e�p�o�r�t�e�d� �f�o�r� 

�s�p�e�c�i�e�s� �t�h�a�t� �w�e�r�e� �f�e�d� �i�n�v�e�r�t�e�b�r�a�t�e� �d�i�e�t�s� �b�e�c�a�u�s�e� �I� �a�s�s�u�m�e�d� 

�j�u�v�e�n�i�l�e�s� �o�n�l�y� �a�t�e� �i�n�v�e�r�t�e�b�r�a�t�e�s� �(�s�e�e� �b�e�l�o�w�)�.� �R�o�e�l�l� �a�n�d� 

�O�r�t�h� �(�i�n� �p�r�e�s�s�)� �u�s�e�d� �t�h�e� �v�a�l�u�e� �o�f� �0�.�1�7� �f�o�r� �R�,�,� �o�f� �s�m�a�l�l�m�o�u�t�h� 
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�b�a�s�s� �b�a�s�e�d� �o�n� �t�h�e� �v�a�l�u�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �b�l�u�e�g�i�l�l�s� �(�L�e�p�o�m�i�s� 

�m�a�c�r�o�c�h�i�r�u�s�)� �e�a�t�i�n�g� �m�a�y�f�l�y� �n�y�m�p�h�s� �(�P�i�e�r�c�e� �a�n�d� �W�i�s�s�i�n�g� �1�9�7�4�)�.� 

�E�l�l�i�o�t�t� �(�1�9�7�6�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �v�a�l�u�e� �o�f� �F� �f�o�r� �b�r�o�w�n� �t�r�o�u�t� 

�(�S�a�l�m�o� �t�r�u�t�t�a�)� �e�a�t�i�n�g� �i�n�v�e�r�t�e�b�r�a�t�e�s� �w�a�s� �0�.�1�5�,� �a�n�d� �R�i�c�e� �e�t� 

�a�l�.� �(�1�9�8�3�)� �d�e�r�i�v�e�d� �a� �v�a�l�u�e� �o�f� �0�.�0�8�8� �f�o�r� �U� �o�f� �l�a�r�g�e�m�o�u�t�h� 

�b�a�s�s�.� 

�E�n�e�r�g�y� �l�o�s�t� �t�o� �s�t�a�n�d�a�r�d� �a�n�d� �a�c�t�i�v�e� �m�e�t�a�b�o�l�i�s�m� �w�a�s� 

�e�s�t�i�m�a�t�e�d� �f�o�r� �e�a�c�h� �j�u�v�e�n�i�l�e� �u�s�i�n�g� �a� �f�o�r�m�u�l�a� �a�d�a�p�t�e�d� �f�o�r� 

�p�r�e�d�i�c�t�i�n�g� �d�a�i�l�y� �r�e�s�p�i�r�a�t�o�r�y� �l�o�s�s�e�s� �o�f� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�b�y� �S�i�m�o�n�s�o�n� �a�n�d� �S�w�e�n�s�o�n� �(�1�9�9�0�)�:� 

�R�e�s�e�a�y� �=� �A�r�H�?� �e�M� �-�e�%�-� �(�£�/�1�4�4�0�)� �+�4�,�1�8�4� �(�J�/�g�)� �(�2�)� 
�w�h�e�r�e� �a� �=� �i�n�t�e�r�c�e�p�t� �f�o�r� �r�e�s�p�i�r�a�t�i�o�n� �(�0�.�0�3� �g�-�g� �w�w� �d�a�)�,� �W� �=� 

�w�e�t� �w�e�i�g�h�t� �(�g�)�,� �b� �=� �w�e�i�g�h�t�-�d�e�p�e�n�d�e�n�t� �e�x�p�o�n�e�n�t� �f�o�r� 

�r�e�s�p�i�r�a�t�i�o�n� �(�-�0�.�2�1�/�g� �w�w�)�,� �m� �=� �t�e�m�p�e�r�a�t�u�r�e�-�d�e�p�e�n�d�e�n�t� 

�c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �r�e�s�p�i�r�a�t�i�o�n� �(�0�.�0�3�1�3�/�°�C�)�,� �T� �=� �w�a�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �(�°�C�)� �o�n� �t�h�e� �d�a�y� �o�f� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n�,� �g� �=� 

�c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �s�w�i�m�m�i�n�g� �s�p�e�e�d� �d�e�p�e�n�d�e�n�c�e� �o�f� �r�e�s�p�i�r�a�t�i�o�n� 

�(�0�.�0�1�9�6� �s�/�c�m�)�,� �a�n�d� �s� �=� �a�v�e�r�a�g�e� �s�w�i�m�m�i�n�g� �s�p�e�e�d� �(�c�m�/�s�)� �d�u�r�i�n�g� 

�t�h�e� �o�b�s�e�r�v�a�t�i�o�n�.� �A�l�l� �c�o�n�s�t�a�n�t�s� �w�e�r�e� �d�e�r�i�v�e�d� �f�o�r� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �(�S�h�u�t�e�r� �a�n�d� �P�o�s�t� �1�9�9�0�)� �e�x�c�e�p�t� �m� �a�n�d� �g� �w�h�i�c�h� 

�w�e�r�e� �d�e�r�i�v�e�d� �f�o�r� �j�u�v�e�n�i�l�e� �l�a�r�g�e�m�o�u�t�h� �b�a�s�s� �(�R�i�c�e� �e�t� �a�l�.� 

�1�9�8�3�)�.� �T�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �e�q�u�a�t�i�o�n� �2� �a�p�p�l�i�e�d� �t�o� �a� �2�4�-�h� 

�(�1�4�4�0� �m�i�n�)� �d�a�y�,� �s�o� �I� �m�u�l�t�i�p�l�i�e�d� �t�h�e� �i�n�i�t�i�a�l� �r�e�s�u�l�t� �b�y� �t�h�e� 

�p�r�o�p�o�r�t�i�o�n� �o�f� �t�h�e� �d�a�y� �t�h�a�t� �I� �o�b�s�e�r�v�e�d� �t�h�e� �j�u�v�e�n�i�l�e� �o�n� 

�v�i�d�e�o�t�a�p�e�.� �M�e�a�n� �d�a�i�l�y� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �u�s�e�d� �i�n� �e�q�u�a�t�i�o�n� �2� 

�w�e�r�e� �m�e�a�s�u�r�e�d� �b�y� �a� �t�h�e�r�m�o�g�r�a�p�h� �m�a�i�n�t�a�i�n�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3� �k�m� 

�u�p�s�t�r�e�a�m� �f�r�o�m� �t�h�e� �s�t�u�d�y� �a�r�e�a�.� �T�e�m�p�e�r�a�t�u�r�e�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� 

�2�5� �a�n�d� �3�0�°�C�.� �W�e�i�g�h�t� �o�f� �e�a�c�h� �j�u�v�e�n�i�l�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �a� 

�l�e�n�g�t�h�-�w�e�i�g�h�t� �r�e�l�a�t�i�o�n�s�h�i�p� �(�P� �<� �0�.�0�0�0�1�,� �R�*� �=� �0�.�8�9�)� �d�e�v�e�l�o�p�e�d� 
�f�r�o�m� �8�0� �j�u�v�e�n�i�l�e�s� �(�2�7�-�7�0� �m�m� �T�L�)� �t�h�a�t� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�e�t�w�e�e�n� 

�J�u�n�e� �1� �a�n�d� �J�u�l�y� �9�,� �1�9�9�1�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �f�o�r�m�u�l�a� �w�a�s�:� 

�W� �=� �0�.�0�0�0�2�6�-�L�*�°�*�!� �(�3�)� 
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�w�h�e�r�e� �W� �=� �w�e�t� �w�e�i�g�h�t� �(�g�)�,� �a�n�d� �L� �=� �e�s�t�i�m�a�t�e�d� �t�o�t�a�l� �l�e�n�g�t�h� 

�(�m�m�)� �.� 

�T�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�i�e�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� 

�e�n�e�r�g�e�t�i�c� �c�o�s�t� �o�f� �a�c�t�i�v�i�t�y� �f�o�r� �s�e�v�e�r�a�l� �s�p�e�c�i�e�s� �(�F�e�l�d�m�e�t�h� �a�n�d� 

�J�e�n�k�i�n�s� �1�9�7�3�,� �F�e�l�d�m�e�t�h� �1�9�8�3�,� �P�u�c�k�e�t�t� �a�n�d� �D�i�l�l� �1�9�8�4�,� �1�9�8�5�)� 

�a�n�d� �I� �u�s�e�d� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �s�w�i�m� �s�p�e�e�d� 

�v�a�r�i�a�b�l�e� �(�s�)� �o�f� �e�q�u�a�t�i�o�n� �2�.� �D�u�r�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �r�e�v�i�e�w� �o�f� 

�t�h�e� �f�i�l�m�s�,� �o�b�s�e�r�v�e�r�s� �c�l�a�s�s�i�f�i�e�d� �s�e�q�u�e�n�c�e�s� �a�s� �e�p�i�s�o�d�e�s� �w�h�e�r�e� 

�f�i�s�h� �w�e�r�e� �f�o�r�a�g�i�n�g� �(�i�.�e�.� �s�e�a�r�c�h�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �o�r� �s�u�b�s�t�r�a�t�e�,� 

�o�r� �a�d�r�i�f�t� �f�e�e�d�i�n�g� �a�t� �a� �p�o�i�n�t� �i�n� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�)� �o�r� �c�r�u�i�s�i�n�g� 

�(�i�.�e�.� �m�o�v�i�n�g� �w�i�t�h�o�u�t� �s�p�e�c�i�f�i�c�a�l�l�y� �s�e�a�r�c�h�i�n�g� �f�o�r� �f�o�o�d�)�.� 

�B�e�c�a�u�s�e� �s�w�i�m�m�i�n�g� �s�p�e�e�d�s� �m�a�y� �v�a�r�y� �d�u�r�i�n�g� �t�h�e�s�e� �t�w�o� �t�y�p�e�s� �o�f� 

�m�o�v�e�m�e�n�t�,� �I� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �2�0�,� �2�-�s� �s�e�g�m�e�n�t�s� �f�r�o�m� �t�h�e� 

�f�o�r�a�g�i�n�g� �a�n�d� �c�r�u�i�s�i�n�g� �s�e�g�m�e�n�t�s� �o�f� �e�a�c�h� �o�b�s�e�r�v�a�t�i�o�n�.� �I� 

�r�e�v�i�e�w�e�d� �e�a�c�h� �f�r�a�m�e� �o�f� �t�h�e� �2�-�s� �s�e�g�m�e�n�t�s� �a�n�d� �c�o�u�n�t�e�d� �t�h�e� 

�n�u�m�b�e�r� �o�f� �t�a�i�l�-�b�e�a�t�s� �t�a�k�e�n�.� �T�h�e� �n�u�m�b�e�r� �o�f� �t�a�i�l�-�b�e�a�t�s� �t�a�k�e�n� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �c�o�u�n�t�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� �t�i�m�e�s� �t�h�e� �t�r�a�i�l�i�n�g� 

�e�d�g�e� �o�f� �t�h�e� �c�a�u�d�a�l� �f�i�n� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �m�i�d�l�i�n�e� �o�f� �t�h�e� 

�b�o�d�y� �a�n�d� �d�i�v�i�d�i�n�g� �t�h�a�t� �n�u�m�b�e�r� �b�y� �t�w�o�.� �I�f� �a�n� �i�n�d�i�v�i�d�u�a�l� 

�s�p�e�n�t� �l�e�s�s� �t�h�a�n� �4�0� �s� �e�i�t�h�e�r� �f�o�r�a�g�i�n�g� �o�r� �c�r�u�i�s�i�n�g� �I� �c�o�u�n�t�e�d� 

�a�l�l� �t�a�i�l�-�b�e�a�t�s� �t�a�k�e�n� �w�h�i�l�e� �f�o�r�a�g�i�n�g� �o�r� �c�r�u�i�s�i�n�g�.� �T�h�e� 

�a�v�e�r�a�g�e� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y� �f�o�r� �o�t�h�e�r� �j�u�v�e�n�i�l�e�s� �w�a�s� 

�e�s�t�i�m�a�t�e�d� �a�s�:� 

�T�.� �=� �(�(�T�e�°�£�,�)�+�(�2�,�°�S�)� �/�(�£�,�+�E�,�)� �J� �(�4�)� 
�w�h�e�r�e� �T�,� �=� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y� �(�b�e�a�t�s�/�s�)� �d�u�r�i�n�g� �t�h�e� �t�o�t�a�l� 

�o�b�s�e�r�v�a�t�i�o�n�,� �T�,� �=� �a�v�e�r�a�g�e� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y� �w�h�i�l�e� �f�o�r�a�g�i�n�g� 

�(�b�e�a�t�s�/�s�)�,� �£�,� �=� �t�o�t�a�l� �t�i�m�e� �s�p�e�n�t� �f�o�r�a�g�i�n�g� �(�s�)�,� �T�,� �=� �a�v�e�r�a�g�e� 

�t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y� �w�h�i�l�e� �c�r�u�i�s�i�n�g� �(�b�e�a�t�s�/�s�)�,� �a�n�d� �c�,� �=� �t�o�t�a�l� 

�t�i�m�e� �s�p�e�n�t� �c�r�u�i�s�i�n�g�.� 

�I� �e�s�t�i�m�a�t�e�d� �t�h�e� �s�w�i�m�m�i�n�g� �s�p�e�e�d� �t�e�r�m� �o�f� �e�q�u�a�t�i�o�n� �2� �u�s�i�n�g� 

�t�h�e� �f�o�r�m�u�l�a� �d�e�v�e�l�o�p�e�d� �b�y� �B�a�i�n�b�r�i�d�g�e� �(�1�9�5�8�)�:� 

�S� �=� �0�.�0�7�5�-�L�+� �(�T�,�-�1�.�3�3�)� �(�5�)� 
�w�h�e�r�e� �L� �=� �t�o�t�a�l� �l�e�n�g�t�h� �(�m�m�)�,� �a�n�d� �T�,� �=� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y� 

�5�0



�(�b�e�a�t�s�/�s�)� �d�u�r�i�n�g� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n�.� �T�h�i�s� �f�o�r�m�u�l�a� �a�c�c�u�r�a�t�e�l�y� 

�p�r�e�d�i�c�t�e�d� �t�h�e� �s�w�i�m�m�i�n�g� �s�p�e�e�d� �o�f� �a� �v�a�r�i�e�t�y� �o�f� �s�p�e�c�i�e�s� �(�e�.�g�.� 

�C�a�r�a�s�i�u�s� �a�u�r�a�t�u�s� �a�n�d� �O�n�c�o�r�h�y�n�c�h�u�s� �m�y�k�i�s�s�)� �o�f� �a�l�l� �s�i�z�e� 

�c�l�a�s�s�e�s� �(�e�.�g�.� �j�u�v�e�n�i�l�e�s� �a�n�d� �a�d�u�l�t�s�)� �f�r�o�m� �o�b�s�e�r�v�e�d� �t�a�i�l�-�b�e�a�t� 

�f�r�e�q�u�e�n�c�i�e�s�.� �P�u�c�k�e�t�t� �a�n�d� �D�i�l�l� �(�1�9�8�4�)� �v�e�r�i�f�i�e�d� �t�h�a�t� �t�h�e� 

�f�o�r�m�u�l�a� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t�e�d� �t�h�e� �s�w�i�m� �s�p�e�e�d� �o�f� �j�u�v�e�n�i�l�e� �c�o�h�o� 

�s�a�l�m�o�n� �(�O�n�c�o�r�h�y�n�c�h�u�s� �k�i�s�u�t�c�h�)�,� �b�u�t� �t�h�e� �f�o�r�m�u�l�a� �h�a�s� �n�o�t� �b�e�e�n� 

�v�e�r�i�f�i�e�d� �f�o�r� �j�u�v�e�n�i�l�e� �c�e�n�t�r�a�r�c�h�i�d�s�.� 

�T�o� �e�s�t�i�m�a�t�e� �t�h�e� �t�o�t�a�l� �j�o�u�l�e�s� �e�a�c�h� �j�u�v�e�n�i�l�e� �c�o�n�s�u�m�e�d� 

�w�h�i�l�e� �b�e�i�n�g� �f�i�l�m�e�d�,� �I� �m�u�l�t�i�p�l�i�e�d� �t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �b�i�t�e�s� 

�b�y� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �a�v�e�r�a�g�e� �j�o�u�l�e�s� �c�o�n�t�a�i�n�e�d� �i�n� �a� �s�i�n�g�l�e� 

�p�r�e�y� �i�t�e�m�.� �I� �a�s�s�u�m�e�d� �j�u�v�e�n�i�l�e�s� �a�t�e� �o�n�l�y� �m�i�c�r�o�c�r�u�s�t�a�c�e�a�n�s� �o�r� 

�l�a�r�v�a�l� �a�q�u�a�t�i�c� �i�n�s�e�c�t�s� �(�b�e�c�a�u�s�e� �I� �d�i�d� �n�o�t� �o�b�s�e�r�v�e� �t�h�e�m� 

�e�a�t�i�n�g� �e�i�t�h�e�r� �f�i�s�h�,� �c�r�a�y�f�i�s�h�,� �o�r� �m�o�l�l�u�s�k�s�)� �a�n�d� �a�t�e� �o�n�e� �p�r�e�y� 

�i�t�e�m� �e�a�c�h� �t�i�m�e� �t�h�e�y� �t�o�o�k� �a� �b�i�t�e�.� �I� �e�s�t�i�m�a�t�e�d� �t�h�e� �p�e�r�c�e�n�t�a�g�e� 

�o�f� �f�o�u�r� �c�a�t�e�g�o�r�i�e�s� �o�f� �a�q�u�a�t�i�c� �i�n�v�e�r�t�e�b�r�a�t�e�s� �t�h�a�t� �o�c�c�u�r�r�e�d� �i�n� 

�t�h�e� �d�i�e�t� �o�f� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �N�e�w� 

�R�i�v�e�r�,� �W�e�s�t� �V�i�r�g�i�n�i�a� �(�E�a�s�t�o�n� �1�9�9�2�)�.� �P�r�e�y� �w�e�r�e� �g�r�o�u�p�e�d� �i�n�t�o� 

�f�o�u�r� �c�a�t�e�g�o�r�i�e�s� �b�a�s�e�d� �o�n� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e�i�r� �c�a�l�o�r�i�c� 

�c�o�n�t�e�n�t�,� �a�v�e�r�a�g�e� �v�o�l�u�m�e�,� �o�r� �f�r�e�q�u�e�n�c�y� �o�f� �o�c�c�u�r�r�e�n�c�e� �i�n� �t�h�e� 

�d�i�e�t�s� �o�f� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �(�T�a�b�l�e� �2�.�1�)�.� �T�h�e� �a�v�e�r�a�g�e� 

�e�n�e�r�g�e�t�i�c� �c�o�n�t�e�n�t� �o�f� �a� �p�r�e�y� �i�t�e�m� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s� �a� 

�w�e�i�g�h�t�e�d� �a�v�e�r�a�g�e� �o�f� �t�h�e� �f�o�u�r� �c�a�t�e�g�o�r�i�e�s�:� 

�4� 

�K�=� �[�£�2� �a�j�,�*�V�,�-�k�,�+�E�,�]�+�4�.�1�8�4�(�J�/�k�c�a�l�)� �(�6�)� 
�i�=�1� 

�w�h�e�r�e� �K� �=� �j�o�u�l�e�s� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� �a�v�e�r�a�g�e� �p�r�e�y� �i�t�e�m� 

�c�o�n�s�u�m�e�d�,� �i� �=� �t�h�e� �c�a�t�e�g�o�r�y� �o�f� �a�q�u�a�t�i�c� �i�n�v�e�r�t�e�b�r�a�t�e�,� �a�,� �=� �t�h�e� 

�a�v�e�r�a�g�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �c�a�t�e�g�o�r�y� �i� �i�n� �t�h�e� �d�i�e�t�,� �V�,� �=� �t�h�e� 

�a�v�e�r�a�g�e� �w�e�t� �v�o�l�u�m�e� �(�m�m�?�)� �o�f� �a� �p�r�e�y� �i�t�e�m� �i�n� �c�a�t�e�g�o�r�y� �i�,� �k�,� �=� 

�s�p�e�c�i�f�i�c� �c�o�n�s�t�a�n�t� �f�o�r� �c�o�n�v�e�r�t�i�n�g� �w�e�t� �v�o�l�u�m�e� �t�o� �d�r�y� �w�e�i�g�h�t� 

�5�1



�T�a�b�l�e� �2�.�1�.� �V�a�l�u�e�s� �o�f� �v�a�r�i�a�b�l�e�s� �(�a�n�d� �s�o�u�r�c�e�s�)� �u�s�e�d� �t�o� 
�c�a�l�c�u�l�a�t�e� �t�h�e� �a�v�e�r�a�g�e� �e�n�e�r�g�e�t�i�c� �c�o�n�t�e�n�t� �o�f� �a� �p�r�e�y� �i�t�e�m� 
�i�n�g�e�s�t�e�d� �b�y� �a� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�.� 

� � � � 

�C�a�t�e�g�o�r�y� �o�f� �P�e�r�c�e�n�t�a�g�e� �A�v�e�r�a�g�e� �m�g� �/�m�m�?�*� �A�v�e�r�a�g�e� 
�I�n�v�e�r�t�e�b�r�a�t�e�s� �i�n� �D�i�e�t�?� �V�o�l�u�m�e� �(�m�m�?�)� �3� �D�r�y� �W�e�i�g�h�t� �K�c�a�l�/�m�g�q� 

�C�h�i�r�o�n�o�m�i�d�a�e� �1�7� �0�.�1�5� �0�.�2�°� �5�.�2�4�8�°� 

�O�t�h�e�r� �A�q�u�a�t�i�c� �5� 
�I�n�s�e�c�t�s� �7�0� �1�.�6�6� �O�.�1� �5�.�2�0�0�"� 

�A�m�p�h�i�p�o�d�a� �a�n�d� 
�I�s�o�p�o�d�a� �7� �1�.�3�9� �0�.�1�°� �3�.�7�7�6�°� 

�M�i�c�r�o�c�r�u�s�t�a�c�e�a� �6� �0�.�1�8� �0�.�1�°� �5�.�3�3�5�"� 

� � 

 ��I�n�c�l�u�d�e�s� �l�a�r�v�a�l�:� �E�p�h�e�m�e�r�o�p�t�e�r�a�,� �O�d�o�n�a�t�a�,� �H�e�m�i�p�t�e�r�a�,� 
�M�e�g�a�l�o�p�t�e�r�a�,� �T�r�i�c�h�o�p�t�e�r�a�,� �C�o�l�e�o�p�t�e�r�a�,� �a�n�d� �D�i�p�t�e�r�a� �o�t�h�e�r� �t�h�a�n� 
�C�h�i�r�o�n�o�m�i�d�a�e�.� 
�E�a�s�t�o�n� �1�9�9�2�.� 

�s�k�a�s�t�o�n� �(�u�n�p�u�b�l�i�s�h�e�d� �d�a�t�a�)�.� 
�*�s�t�i�t�e�s� �a�n�d� �B�e�n�k�e� �1�9�8�9�.� 
�C�u�m�m�i�n�s� 

�S�c�u�m�m�i�n�s� 
�C�u�m�m�i�n�s� 
�C�u�m�m�i�n�s� 

�*�c�u�m�m�i�n�s� 

�a�n�d� �W�u�y�c�h�e�c�k� 
�a�n�d� �W�u�y�c�h�e�c�k� 
�a�n�d� �W�u�y�c�h�e�c�k� 
�a�n�d� �W�u�y�c�h�e�c�k� 
�a�n�d� �W�u�y�c�h�e�c�k� 

�1�9�7�1�.� 
�1�9�7�1�.� 
�1�9�7�1�.� 
�1�9�7�1�.� 
�1�9�7�1�.� 

�M�e�a�n� 
�M�e�a�n� 
�M�e�a�n� 
�M�e�a�n� 

�5�2� 

�o�f� �e�i�g�h�t� �s�p�e�c�i�e�s�.� 
�o�f� �3�1� �s�p�e�c�i�e�s�.� 
�o�f� �f�o�u�r� �s�p�e�c�i�e�s�.� 
�o�f� �2�7� �s�p�e�c�i�e�s�.



�(�m�g�)�,� �a�n�d� �E�,� �=� �e�n�e�r�g�e�t�i�c� �c�o�n�t�e�n�t� �(�K�c�a�l�/�m�g�)� �o�f� �a� �p�r�e�y� �i�t�e�m� �i�n� 

�c�a�t�e�g�o�r�y� �i�.� 

�I� �e�s�t�i�m�a�t�e�d� �a�v�e�r�a�g�e� �v�o�l�u�m�e�s� �f�r�o�m� �m�e�a�s�u�r�e�m�e�n�t�s� �t�a�k�e�n� �o�n� 

�5�0�0� �p�r�e�y� �i�t�e�m�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �s�t�o�m�a�c�h�s� �o�f� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �(�E�a�s�t�o�n�,� �u�n�p�u�b�l�i�s�h�e�d� �d�a�t�a�)�,� �o�b�t�a�i�n�e�d� 

�e�s�t�i�m�a�t�e�s� �o�f� �m�g� �w�e�t�-�w�e�i�g�h�t�/�m�m� �f�r�o�m� �C�u�m�m�i�n�s� �a�n�d� �W�u�y�c�h�e�c�k� 

�(�1�9�7�1�)� �a�n�d� �S�t�i�t�e�s� �a�n�d� �B�e�n�k�e� �(�1�9�8�9�)�,� �a�n�d� �u�s�e�d� �c�a�l�o�r�i�c� �v�a�l�u�e�s� 

�r�e�p�o�r�t�e�d� �i�n� �C�u�m�m�i�n�s� �a�n�d� �W�u�y�c�h�e�c�k� �(�1�9�7�1�)�.� �M�y� �c�a�l�c�u�l�a�t�i�o�n�s� 

�d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �K� �=� �2�.�8�2� �J�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �c�o�n�s�u�m�p�t�i�o�n� 

�t�e�r�m� �o�f� �e�q�u�a�t�i�o�n� �1� �w�a�s� �e�s�t�i�m�a�t�e�d� �a�s�:� 

�C� �=� �2�.�8�2�:�B� �(�7�)� 
�w�h�e�r�e� �B� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �b�i�t�e�s� �t�a�k�e�n� �d�u�r�i�n�g� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�e�s�.� 

�E�f�f�e�c�t� �o�f� �c�o�n�f�o�u�n�d�i�n�g� �v�a�r�i�a�b�l�e�s�.� 

�D�i�f�f�e�r�e�n�c�e�s� �i�n� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� 

�c�o�u�l�d� �h�a�v�e� �b�e�e�n� �c�a�u�s�e�d� �b�y� �f�a�c�t�o�r�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�a�t�a� 

�c�o�l�l�e�c�t�i�o�n�.� �W�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �f�i�s�h� �s�i�z�e� �c�o�u�l�d� �h�a�v�e� 

�d�i�r�e�c�t�l�y� �a�f�f�e�c�t�e�d� �f�o�r�a�g�i�n�g� �r�a�t�e�s� �o�r� �f�i�s�h� �a�c�t�i�v�i�t�y�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �d�u�r�a�t�i�o�n� �o�f� �e�a�c�h� �o�b�s�e�r�v�a�t�i�o�n� �c�o�u�l�d� �h�a�v�e� 

�i�n�f�l�u�e�n�c�e�d� �e�s�t�i�m�a�t�e�s� �o�f� �f�o�r�a�g�i�n�g� �r�a�t�e� �o�r� �s�w�i�m� �s�p�e�e�d�,� �w�i�t�h� 

�b�r�i�e�f� �o�b�s�e�r�v�a�t�i�o�n�s� �i�n�f�l�u�e�n�c�e�d� �m�o�r�e� �b�y� �s�h�o�r�t� �t�e�r�m� �v�a�r�i�a�t�i�o�n�,� 

�a�n�d� �l�o�n�g�e�r� �o�b�s�e�r�v�a�t�i�o�n�s� �d�a�m�p�e�n�i�n�g� �t�h�e� �e�f�f�e�c�t�s� �o�f� �e�x�t�r�e�m�e� 

�v�a�r�i�a�t�i�o�n�.� �I� �u�s�e�d� �l�e�a�s�t� �s�q�u�a�r�e�s� �r�e�g�r�e�s�s�i�o�n�s� �a�n�d� �m�u�l�t�i�p�l�e� 

�r�e�g�r�e�s�s�i�o�n�s� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�e�m�p�e�r�a�t�u�r�e�,� �t�o�t�a�l� �l�e�n�g�t�h�,� �a�n�d� 

�d�u�r�a�t�i�o�n� �o�f� �o�b�s�e�r�v�a�t�i�o�n�s� �a�f�f�e�c�t�e�d� �e�s�t�i�m�a�t�e�s� �o�f� �f�o�r�a�g�i�n�g� �r�a�t�e� 

�o�r� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y�.� �I�f� �n�o� �r�e�l�a�t�i�o�n�s�h�i�p� �e�x�i�s�t�e�d� �I� 

�a�s�s�u�m�e�d� �t�e�m�p�e�r�a�t�u�r�e�,� �f�i�s�h� �s�i�z�e�,� �a�n�d� �d�u�r�a�t�i�o�n� �o�f� �o�b�s�e�r�v�a�t�i�o�n� 

�d�i�d� �n�o�t� �c�o�n�s�i�s�t�e�n�t�l�y� �b�i�a�s� �m�y� �e�s�t�i�m�a�t�e�s� �o�f� �n�e�t� �e�n�e�r�g�e�t�i�c� 

�g�a�i�n�.� 
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�R�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �m�i�c�r�o�h�a�b�i�t�a�t� �a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�I� �u�s�e�d� �l�e�a�s�t�-�s�q�u�a�r�e�s� �r�e�g�r�e�s�s�i�o�n� �a�n�d� �m�u�l�t�i�p�l�e� �r�e�g�r�e�s�s�i�o�n� 

�a�n�a�l�y�s�e�s� �t�o� �t�e�s�t� �t�h�e� �n�u�l�l� �h�y�p�o�t�h�e�s�e�s� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� 

�e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �g�a�i�n�e�d� �b�y� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �w�a�s� �n�o�t� �r�e�l�a�t�e�d� 

�t�o� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s�.� �F�a�c�t�o�r�s� �t�h�a�t� �a�f�f�e�c�t� �e�n�e�r�g�e�t�i�c� 

�p�r�o�f�i�t�a�b�i�l�i�t�y� �c�o�u�l�d� �r�e�l�a�t�e� �t�o� �i�n�d�i�v�i�d�u�a�l� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s�,� 

�m�u�l�t�i�p�l�e� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s�,� �o�r� �h�y�d�r�a�u�l�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�t�h�a�t� �a�r�e� �a� �f�u�n�c�t�i�o�n� �o�f� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s�.� �T�h�e�r�e�f�o�r�e�,� �I� 

�e�x�e�c�u�t�e�d� �t�h�r�e�e� �s�e�t�s� �o�f� �a�n�a�l�y�s�e�s� �t�h�a�t� �e�x�a�m�i�n�e�d� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�b�e�t�w�e�e�n� �m�y� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �a�n�d� �t�h�e� 

�h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �l�i�s�t�e�d� �a�b�o�v�e�.� �E�a�c�h� �s�e�t� �o�f� �a�n�a�l�y�s�e�s� 

�e�x�a�m�i�n�e�d� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� 

�v�a�r�i�a�b�l�e�s� �t�h�a�t� �d�i�r�e�c�t�l�y� �a�f�f�e�c�t�e�d� �m�y� �e�s�t�i�m�a�t�e�s� �o�f� 

�p�r�o�f�i�t�a�b�i�l�i�t�y�:� �f�o�r�a�g�i�n�g� �r�a�t�e�,� �r�e�s�p�i�r�a�t�o�r�y� �r�a�t�e�,� �a�n�d� �t�a�i�l�-� 

�b�e�a�t� �f�r�e�q�u�e�n�c�y�.� 

�M�i�c�r�o�h�a�b�i�t�a�t� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �f�o�r� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �w�a�s� 

�s�u�m�m�a�r�i�z�e�d� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �m�e�a�n�,� �v�a�r�i�a�n�c�e�,� �a�n�d� �m�a�x�i�m�u�m� �o�f� 

�d�e�p�t�h� �a�n�d� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �a�n�d� �t�h�e� �m�o�d�a�l� �s�u�b�s�t�r�a�t�e� 

�t�y�p�e�.� �T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �i�n�d�i�v�i�d�u�a�l� �h�a�b�i�t�a�t� 

�v�a�r�i�a�b�l�e�s� �o�n� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�,� �I� �t�e�s�t�e�d� �f�o�r� �l�i�n�e�a�r� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �g�a�i�n�e�d� �b�y� �j�u�v�e�n�i�l�e�s� 

�a�n�d� �t�h�e� �m�e�a�n� �v�a�l�u�e� �o�f� �d�e�p�t�h� �a�n�d� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �i�n� �t�h�e� 

�a�r�e�a�s� �t�h�e�y� �o�c�c�u�p�i�e�d�.� �B�e�c�a�u�s�e� �m�o�s�t� �o�f� �t�h�e� �r�i�v�e�r� �i�s� 

�u�n�d�e�r�l�a�i�n� �b�y� �b�e�d�r�o�c�k� �(�s�e�e� �C�h�a�p�t�e�r� �1�)�,� �s�u�b�s�t�r�a�t�e� �t�y�p�e� �b�y� 

�i�t�s�e�l�f� �w�a�s� �u�n�l�i�k�e�l�y� �t�o� �a�f�f�e�c�t� �r�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �g�a�i�n�,� �s�o� �I� 

�d�i�d� �n�o�t� �i�n�c�l�u�d�e� �s�u�b�s�t�r�a�t�e� �t�y�p�e� �a�s� �a�n� �i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r� 

�i�n� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s�.� 

�W�h�e�n� �s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �t�o�g�e�t�h�e�r� �t�h�e�y� 

�c�o�u�l�d� �d�i�f�f�e�r�e�n�t�i�a�t�e� �s�e�v�e�r�a�l� �t�y�p�e�s� �o�f� �l�o�t�i�c� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� 

�H�o�w�e�v�e�r�,� �c�o�l�l�i�n�e�a�r�i�t�y� �a�m�o�n�g� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �c�o�m�p�l�i�c�a�t�e�d� 

�t�h�e� �u�s�e� �o�f� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� �t�o� �e�x�a�m�i�n�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �t�o� �m�u�l�t�i�p�l�e� �h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�O�t�h�e�r� �t�h�a�n� �m�o�d�a�l� �s�u�b�s�t�r�a�t�e�,� �a�l�l� �o�f� �t�h�e� �s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s� 

�5�4



�(�m�e�a�n�,� �v�a�r�i�a�n�c�e�,� �a�n�d� �m�a�x�i�m�u�m�)� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �d�e�p�t�h� �a�n�d� 

�v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �h�i�g�h�l�y� �c�o�r�r�e�l�a�t�e�d� �(�a�l�l� �P�e�a�r�s�o�n�'�s� 

�r� �>� �0�.�5�9�)� �w�i�t�h� �a�t� �l�e�a�s�t� �o�n�e� �o�t�h�e�r� �s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�.� �R�a�t�h�e�r� 

�t�h�a�n� �u�s�i�n�g� �c�o�r�r�e�l�a�t�e�d� �s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s� �a�s� �i�n�d�e�p�e�n�d�e�n�t� 

�v�a�r�i�a�b�l�e�s� �i�n� �m�u�l�t�i�p�l�e� �r�e�g�r�e�s�s�i�o�n�s�,� �I� �u�s�e�d� �p�r�i�n�c�i�p�a�l� 

�c�o�m�p�o�n�e�n�t�s� �t�o� �s�u�m�m�a�r�i�z�e� �m�u�l�t�i�v�a�r�i�a�t�e� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� 

�m�i�c�r�o�h�a�b�i�t�a�t�s�,� �a�n�d� �e�x�a�m�i�n�e�d� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� 

�p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y�.� 

�P�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s� �a�n�a�l�y�s�i�s� �(�P�C�A�)� �w�a�s� �u�s�e�d� �t�o� �c�r�e�a�t�e� 

�a�r�t�i�f�i�c�i�a�l� �v�a�r�i�a�b�l�e�s� �t�h�a�t� �d�e�s�c�r�i�b�e�d� �l�a�r�g�e�r� �p�r�o�p�o�r�t�i�o�n�s� �o�f� 

�t�h�e� �o�v�e�r�a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t� �v�a�r�i�a�t�i�o�n� �t�h�a�n� �a�n�y� �o�n�e� �o�f� �t�h�e� 

�s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s� �(�J�o�h�n�s�o�n� �a�n�d� �W�i�c�h�e�r�n� �1�9�8�8�)�.� �P�r�i�n�c�i�p�a�l� 

�c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �u�n�c�o�r�r�e�l�a�t�e�d�,� �a�n�d� �e�a�c�h� �c�o�m�p�o�n�e�n�t� 

�i�n�c�o�r�p�o�r�a�t�e�d� �s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s� �t�h�a�t� �v�a�r�i�e�d� �a�l�o�n�g� �t�h�e� �s�a�m�e� 

�m�u�l�t�i�v�a�r�i�a�t�e� �p�l�a�n�e�.� �A�l�l� �c�o�m�p�o�n�e�n�t�s� �w�i�t�h� �e�i�g�e�n�v�a�l�u�e�s� �g�r�e�a�t�e�r� 

�t�h�a�n� �1�.�0� �(�m�e�a�n�i�n�g� �t�h�e�y� �e�x�p�l�a�i�n�e�d� �m�o�r�e� �v�a�r�i�a�t�i�o�n� �t�h�a�n� �a�n�y� �o�n�e� 

�o�f� �t�h�e� �o�r�i�g�i�n�a�l� �v�a�r�i�a�b�l�e�s�)� �w�e�r�e� �r�e�t�a�i�n�e�d�.� �T�h�e� �o�r�i�g�i�n�a�l� 

�s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s� �w�e�r�e� �m�u�l�t�i�p�l�i�e�d� �b�y� �s�c�o�r�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�s� 

�g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �P�C�A� �t�o� �c�r�e�a�t�e� �a� �d�a�t�a� �s�e�t� �o�f� �f�a�c�t�o�r� �s�c�o�r�e�s� 

�r�e�p�r�e�s�e�n�t�i�n�g� �l�i�n�e�a�r� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �a�n�d� �t�h�e� 

�s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s�.� �E�a�c�h� �o�f� �t�h�e� �r�e�t�a�i�n�e�d� �c�o�m�p�o�n�e�n�t�s� �w�a�s� 

�u�s�e�d� �a�s� �a�n� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�,� �a�n�d� �t�h�e�i�r� �c�o�r�r�e�s�p�o�n�d�i�n�g� 

�f�a�c�t�o�r� �s�c�o�r�e�s� �w�e�r�e� �t�h�e� �d�a�t�a� �p�o�i�n�t�s� �u�s�e�d� �t�o� �r�e�l�a�t�e� �h�a�b�i�t�a�t� 

�v�a�r�i�a�b�l�e�s� �t�o� �e�n�e�r�g�e�t�i�c� �g�a�i�n� �o�r� �r�e�s�p�i�r�a�t�o�r�y� �r�a�t�e�.� �M�a�l�l�o�w�'�s� 

�C�p� �c�r�i�t�e�r�i�o�n� �(�D�a�n�i�e�l� �a�n�d� �W�o�o�d� �1�9�8�0�)� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� 

�w�h�i�c�h� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �b�e�s�t� �e�x�p�l�a�i�n�e�d� 

�t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �a�n�d� �t�h�e� 

�p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s�.� 

�I� �u�s�e�d� �t�w�o� �h�y�d�r�a�u�l�i�c� �r�a�t�i�o�s� �t�h�a�t� �i�n�c�o�r�p�o�r�a�t�e�d� �d�e�p�t�h� �a�n�d� 

�v�e�l�o�c�i�t�y� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �i�n�e�r�t�i�a� �o�f� 

�f�l�o�w�i�n�g� �w�a�t�e�r� �a�n�d� �i�n�e�r�t�i�a�-�e�r�o�d�i�n�g� �f�o�r�c�e�s� �w�i�t�h�i�n� �a� �h�a�b�i�t�a�t� 

�(�V�o�g�e�l� �1�9�8�1�)�.� �B�o�t�h� �o�f� �t�h�e� �r�a�t�i�o�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �e�a�c�h� 

�p�o�i�n�t� �w�h�e�r�e� �h�a�b�i�t�a�t� �w�a�s� �q�u�a�n�t�i�f�i�e�d�,� �a�n�d� �m�e�a�n� �r�a�t�i�o�s� �w�e�r�e� 
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�c�a�l�c�u�l�a�t�e�d� �f�o�r� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �b�a�s�e�d� �o�n� �t�h�e�i�r� �h�a�b�i�t�a�t� �u�s�e�.� 

�T�h�e� �r�a�t�i�o� �o�f� �i�n�e�r�t�i�a�l� �f�o�r�c�e�s� �t�o� �v�i�s�c�o�u�s� �f�o�r�c�e�s� �(�R�e�y�n�o�l�d�s� 

�n�u�m�b�e�r�)� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�R�e� �=� �p�d�U�/�u� �(�8�)� 
�a�n�d� �t�h�e� �r�a�t�i�o� �o�f� �i�n�e�r�t�i�a�l� �f�o�r�c�e�s� �t�o� �g�r�a�v�i�t�a�t�i�o�n�a�l� �f�o�r�c�e�s� 

�(�F�r�o�u�d�e� �n�u�m�b�e�r�)� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�F�r� �=� �U�'�/�g�d� �(�9�)� 
�w�h�e�r�e� �U� �=� �t�h�e� �m�e�a�n� �w�a�t�e�r�-�c�o�l�u�m�n� �v�e�l�o�c�i�t�y� �(�m�/�s�)�,� �d� �=� �d�e�p�t�h� 

�(�m�)�,� �p� �=� �d�e�n�s�i�t�y� �o�f� �w�a�t�e�r� �(�k�g�/�m�)� �,� �M�B� �=� �k�i�n�e�m�a�t�i�c� �v�i�s�c�o�s�i�t�y� 

�o�f� �w�a�t�e�r� �(�m�*�/�s�)�,� �a�n�d� �g� �=� �t�h�e� �g�r�a�v�i�t�a�t�i�o�n�a�l� �c�o�n�s�t�a�n�t� �(�9�.�8�1� 

�m�/�s�*�)�.� �B�o�t�h� �p� �a�n�d� �p� �w�e�r�e� �a�d�j�u�s�t�e�d� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�a�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �(�S�t�r�e�e�t�e�r� �a�n�d� �W�y�l�i�e� �1�9�8�5�)�.� 

�R�e�y�n�o�l�d�s� �n�u�m�b�e�r� �i�n�c�r�e�a�s�e�s� �a�s� �e�i�t�h�e�r� �d�e�p�t�h� �o�r� �v�e�l�o�c�i�t�y� 

�i�n�c�r�e�a�s�e�s�,� �a�n�d� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�i�t�h� �h�i�g�h� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� �h�a�v�e� 

�a� �l�a�r�g�e� �m�a�s�s� �o�f� �w�a�t�e�r� �f�l�o�w�i�n�g� �t�h�r�o�u�g�h� �t�h�e�m� �a�n�d� �h�i�g�h� 

�t�u�r�b�u�l�e�n�c�e� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� �T�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� 

�i�n�c�r�e�a�s�e�s� �a�s� �v�e�l�o�c�i�t�y� �i�n�c�r�e�a�s�e�s� �o�r� �d�e�p�t�h� �d�e�c�r�e�a�s�e�s�,� �a�n�d� �h�i�g�h� 

�F�r�o�u�d�e� �n�u�m�b�e�r�s� �o�c�c�u�r� �i�n� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�h�e�r�e� �s�u�r�f�a�c�e� 

�t�u�r�b�u�l�e�n�c�e� �a�n�d� �w�a�t�e�r� �m�o�m�e�n�t�u�m� �i�s� �h�i�g�h� �(�r�e�l�a�t�i�v�e� �t�o� �t�h�e� �f�o�r�c�e� 

�o�r� �g�r�a�v�i�t�y�)�.� �T�h�e�r�e�f�o�r�e�,� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�i�t�h� �v�e�r�y� �d�i�f�f�e�r�e�n�t� 

�d�e�p�t�h�s� �o�r� �m�e�a�n� �w�a�t�e�r� �c�o�l�u�m�n� �v�e�l�o�c�i�t�i�e�s� �m�a�y� �h�a�v�e� �s�i�m�i�l�a�r� 

�R�e�y�n�o�l�d�s� �o�r� �F�r�o�u�d�e� �n�u�m�b�e�r�s� �b�e�c�a�u�s�e� �t�h�e�i�r� �h�y�d�r�a�u�l�i�c� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�r�e� �s�i�m�i�l�a�r�.� �I� �u�s�e�d� �t�h�e�s�e� �r�a�t�i�o�s� �a�s� 

�i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �i�n� �s�i�m�p�l�e� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n�s� �t�o� �t�e�s�t� 

�f�o�r� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �t�h�e� �h�y�d�r�a�u�l�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� 

�e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y�.� 

�R�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �b�e�h�a�v�i�o�r� �a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�B�e�s�i�d�e�s� �m�i�c�r�o�h�a�b�i�t�a�t�,� �t�h�e� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �g�a�i�n�e�d� �b�y� �a�n� 

�i�n�d�i�v�i�d�u�a�l� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �a�r�e�a� �(�m�°�)� �t�h�e�y� 

�s�e�a�r�c�h�e�d�,� �o�r� �t�h�e� �p�e�r�c�e�n�t� �t�i�m�e� �t�h�e�y� �s�p�e�n�t� �a�c�t�i�v�e�l�y� �f�o�r�a�g�i�n�g� 

�o�r� �m�o�v�i�n�g� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� �I� �u�s�e�d� �l�e�a�s�t� �s�q�u�a�r�e�s� 

�r�e�g�r�e�s�s�i�o�n� �t�o� �t�e�s�t� �t�h�e� �n�u�l�l� �h�y�p�o�t�h�e�s�i�s� �t�h�a�t� �t�h�e�s�e� �b�e�h�a�v�i�o�r�a�l� 
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�v�a�r�i�a�b�l�e�s� �w�e�r�e� �n�o�t� �r�e�l�a�t�e�d� �t�o� �t�h�e� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� 

�p�r�o�f�i�t�.� �A�s� �w�i�t�h� �t�h�e� �a�n�a�l�y�s�e�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�,� �I� �a�l�s�o� 

�e�x�a�m�i�n�e�d� �h�o�w� �b�e�h�a�v�i�o�r�a�l� �v�a�r�i�a�b�l�e�s� �r�e�l�a�t�e�d� �t�o� �f�o�r�a�g�i�n�g� �r�a�t�e�,� 

�r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�,� �a�n�d� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y�.� 

�R�e�s�u�l�t�s� 

�J�u�v�e�n�i�l�e� �u�s�e� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� 

�A�l�l� �i�n�d�i�v�i�d�u�a�l�s� �s�p�e�n�t� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e�i�r� �t�i�m�e� �i�n� �t�h�e� 

�m�i�d�d�l�e� �o�r� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �(�F�i�g�u�r�e� �2�.�1�)�.� 

�O�n�l�y� �1�2� �i�n�d�i�v�i�d�u�a�l�s� �u�s�e�d� �t�h�e� �t�o�p� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �a�n�d� 

�n�o�n�e� �o�f� �t�h�o�s�e� �r�e�m�a�i�n�e�d� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �f�o�r� �l�o�n�g� �d�u�r�a�t�i�o�n�s�.� 

�M�o�s�t� �j�u�v�e�n�i�l�e�s� �t�h�a�t� �v�e�n�t�u�r�e�d� �t�o� �t�h�e� �s�u�r�f�a�c�e� �f�e�d� �a�t� 

�r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �r�a�t�e�s�,� �b�u�t� �b�e�c�a�u�s�e� �t�h�e�y� �r�e�m�a�i�n�e�d� �t�h�e�r�e� �f�o�r� 

�s�h�o�r�t� �p�e�r�i�o�d�s� �t�h�e� �e�s�t�i�m�a�t�e�d� �a�m�o�u�n�t� �o�f� �f�o�o�d� �t�h�e�y� �i�n�g�e�s�t�e�d� �a�t� 

�t�h�e� �s�u�r�f�a�c�e� �w�a�s� �r�e�l�a�t�i�v�e�l�y� �l�o�w�.� �J�u�v�e�n�i�l�e�s� �l�o�c�a�t�e�d� �m�o�s�t� �o�f� 

�t�h�e� �f�o�o�d� �t�h�e�y� �i�n�g�e�s�t�e�d� �b�y� �s�e�a�r�c�h�i�n�g� �t�h�e� �s�u�b�s�t�r�a�t�e� �o�r� 

�v�e�g�e�t�a�t�i�o�n� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �s�u�b�s�t�r�a�t�e�.� �J�u�v�e�n�i�l�e�s� �r�a�r�e�l�y� �f�e�d� 

�i�n� �t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�,� �a�n�d� �w�h�e�n� �t�h�e�y� �d�i�d� �t�h�e�y� 

�p�r�i�m�a�r�i�l�y� �f�e�d� �o�n� �i�t�e�m�s� �a�t�t�a�c�h�e�d� �t�o� �l�e�a�v�e�s� �o�f� �r�o�o�t�e�d� 

�m�a�c�r�o�p�h�y�t�e�s�.� 

�S�u�m�m�a�r�y� �o�f� �f�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �r�a�t�e� �o�f� �e�n�e�r�g�e�t�i�c� �g�a�i�n�.� 

�J�u�v�e�n�i�l�e�s� �r�a�n�g�e�d� �b�e�t�w�e�e�n� �4�5�-�1�0�0� �m�m� �i�n� �T�L� �(�m�e�a�n� �=� �7�7�.�1�)�,� 

�o�b�s�e�r�v�e�d� �f�o�r�a�g�i�n�g� �r�a�t�e�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �0�-�2�0� �b�i�t�e�s�/�m�i�n� �(�m�e�a�n� 

�=� �2�.�1�)�,� �a�n�d� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�i�e�s� �r�a�n�g�e�d� �b�e�t�w�e�e�n� �6�5�-�2�5�5� 

�b�e�a�t�s�/�m�i�n� �(�m�e�a�n� �=� �1�7�8�,� �T�a�b�l�e� �2�.�2�)�.� �F�o�r�a�g�i�n�g� �r�a�t�e�s� 

�t�r�a�n�s�l�a�t�e�d� �t�o� �e�n�e�r�g�e�t�i�c� �i�n�t�a�k�e� �r�a�t�e�s� �b�e�t�w�e�e�n� �0�-�5�6�.�4� �J�,� �a�n�d� 

�e�s�t�i�m�a�t�e�d� �s�w�i�m� �s�p�e�e�d�s� �f�r�o�m� �o�b�s�e�r�v�e�d� �T�L�'�s� �a�n�d� �t�a�i�l�-�b�e�a�t� 

�f�r�e�q�u�e�n�c�i�e�s� �r�a�n�g�e�d� �f�r�o�m� �0�-�2�3� �c�m�/�s�.� �E�s�t�i�m�a�t�e�s� �o�f� �r�e�s�p�i�r�a�t�o�r�y� 

�r�a�t�e�s� �r�a�n�g�e�d� �f�r�o�m� �0�.�3�-�1�.�2� �J� �(�m�e�a�n� �=� �0�.�7�3�)�,� �a�n�d� �e�s�t�i�m�a�t�e�s� �o�f� 

�n�e�t� �e�n�e�r�g�y� �g�a�i�n�e�d� �r�a�n�g�e�d� �f�r�o�m� �-�1�.�2�-�3�6�.�7� �J�/�m�i�n� �(�m�e�a�n� �=� �3�.�3�2�)�.� 
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�B�i�t�e�s� �/� 

� � 

� � � � 
� � 

�%� �T�i�m�e� �|� �|� �~� �W�N� �m�i�n� 

�1�0�0� �.� �4�0� 

�7�5�+� �1�3�0� 

�5�0�,� �.� �1�2�0� 

�2�5�7� �7�1�0� 
�f� 

�.� �:� 
�0� �N�*�4�3� �N�=�#�4�0� �N�*�4�3� �N�#�4�3� �N�=�4�3� �N�#�1�2� �0� 

�B�o�t�t�o�m� �M�i�d�c�o�l�u�m�n� �S�u�r�f�a�c�e� 

�F�i�g�u�r�e� �2�.�1�.� �B�o�x� �p�l�o�t�s� �o�f� �p�e�r�c�e�n�t� �t�i�m�e� �o�c�c�u�p�i�e�d� �a�n�d� �f�o�r�a�g�i�n�g� 
�r�a�t�e�s� �(�b�i�t�e�s�/�m�i�n�)� �a�t� �t�h�e� �b�o�t�t�o�m�,� �m�i�d�d�l�e�,� �o�r� �s�u�r�f�a�c�e� �p�o�r�t�i�o�n�s� 

�I�n�d�i�v�i�d�u�a�l�s� �t�h�a�t� �d�i�d� �n�o�t� �e�n�t�e�r� �t�h�e� 
�b�o�t�t�o�m� �o�r� �s�u�r�f�a�c�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �w�e�r�e� �n�o�t� 
�o�f� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n�.� 

�i�n�c�l�u�d�e�d� �i�n� �t�h�e� �b�o�x� �p�l�o�t�s� �o�f� �f�o�r�a�g�i�n�g� �r�a�t�e�s�.� 
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�T�a�b�l�e� �2�.�2�.� �O�b�s�e�r�v�e�d� �v�a�l�u�e�s� �o�f� �m�o�r�p�h�o�l�o�g�i�c�a�l� �a�n�d� �b�e�h�a�v�i�o�r�a�l� 
�v�a�r�i�a�b�l�e�s� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �f�o�r� �4�3� �f�i�s�h� �a�n�d� 
�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�e�y� �o�c�c�u�p�i�e�d� �d�u�r�i�n�g� 
�o�b�s�e�r�v�a�t�i�o�n�s� �(�s�f� �=� �s�a�m�p�l�e� �m�e�a�n�,� �s�°� �=� �s�a�m�p�l�e� �v�a�r�i�a�n�c�e�,� �M�V�e�l� �=� 
�m�e�a�n� �w�a�t�e�r�-�c�o�l�u�m�n� �v�e�l�o�c�i�t�y�)�.� 

� � 

�T�L� �B�i�t�e�s� �T�a�i�l�-�b�e�a�t�s� �4� �o�f� �D�e�p�t�h� �y�u� �o�f� �M�V�e�l� �s�¢� �o�f� �D�e�p�t�h� �s�@� �o�f� �M�V�e�l� �M�a�x�i�m�u�m� �M�a�x�i�m�u�m� �M�o�d�a�l� 
�(�m�m�)� �=� �(�#�/�m�i�n�)� �_�G�#�/�m�i�n�)� �(�c�o�m�)� �(�c�m�/�s�)� �(�e�m�)� �(�c�m�/�s�)� �D�e�p�t�h� �M�v�e�l�_� �S�u�b�s�t�r�a�t�e� 

�7�0� �2�.�3� �6�5�.�0� �7�8�.�6� �0�.�0� �1�1�9�8�.�9� �0�.�0� �1�1�5� �0� �B�e�d�r�o�c�k� 
�6�5� �3�.�0� �1�4�3�.�0� �6�1�.�7� �3�.�4� �1�7�9�.�4� �2�.�1� �8�6� �6� �B�e�d�r�o�c�k� 
�6�5� �5�.�1� �1�2�8�.�5� �7�8�.�0� �4�.�0� �5�4�7�.�9� �1�4�.�5� �1�0�8� �1�1� �B�e�d�r�o�c�k� 

�6�5� �0�.�3� �2�2�0�.�0� �7�3�.�2� �1�0�.�3� �3�3�1�.�8� �8�.�5� �1�0�6� �1�6� �B�e�d�r�o�c�k� 
�9�0� �0�.�2� �1�3�3�.�5� �7�3�.�2� �1�0�.�3� �3�3�1�.�8� �8�.�5� �1�0�6� �1�6� �B�e�d�r�o�c�k� 
�4�5� �3�.�2� �1�9�4�.�0� �4�0�.�3� �5�.�2� �2�4�3�.�4� �6�.�5� �7�2� �1�0� �B�e�d�r�o�c�k� 
�8�0� �3�.�3� �2�5�5�.�0� �7�6�.�3� �1�9�.�8� �7�3�8�.�6� �1�8�.�2� �1�2�1� �3�1� �B�e�d�r�o�c�k� 
�5�5� �0�.�5� �1�9�5�.�0� �4�1�.�8� �1�.�3� �4�8�9�.�3� �2�.�6� �7�0� �4� �B�e�d�r�o�c�k� 
�6�5� �0�.�4� �1�4�9�.�0� �4�1�.�8� �1�.�3� �4�8�9�.�3� �2�.�6� �7�0� �4� �B�e�d�r�o�c�k� 
�5�5� �1�.�7� �1�5�9�.�0� �3�7�.�9� �0�.�0� �1�1�0�.�4� �0�.�0� �5�4� �0� �B�e�d�r�o�c�k� 
�8�5� �0�.�1� �1�6�6�.�0� �3�7�.�9� �0�.�0� �1�1�0�.�4� �0�.�0� �5�4� �0� �B�e�d�r�o�c�k� 
�7�0� �2�.�4� �2�2�0�.�0� �5�1�.�6� �1�6�.�6� �4�4�5�.�3� �5�5�.�0� �8�0� �3�0� �B�e�d�r�o�c�k� 
�8�5� �1�.�6� �1�7�9�.�0� �5�4�.�8� �5�.�6� �3�3�2�.�4� �1�7�.�2� �8�2� �1�5� �B�e�d�r�o�c�k� 
�6�5� �5�.�9� �2�0�4�.�0� �4�9�.�2� �1�0�.�1� �1�7�2�.�5� �7�8�.�3� �6�7� �3�3� �B�e�d�r�o�c�k� 
�7�5� �0�.�4� �2�2�9�.�5� �5�8�.�3� �1�1�.�9� �4�0�3�.�4� �1�8�.�1� �8�5� �1�7� �B�e�d�r�o�c�k� 
�7�0� �1�.�1� �1�6�7�.�5� �6�8�.�3� �1�.�5� �2�5�1�.�4� �2�.�6� �9�0� �3� �B�e�d�r�o�c�k� 
�7�5� �2�.�8� �1�3�0�.�5� �5�2�.�6� �6�.�2� �1�2�6�.�6� �4�.�2� �6�8� �1�1� �S�a�n�d� 
�8�5� �2�.�1� �2�2�8�.�0� �6�9�.�8� �4�.�2� �1�1�9�3�.�8� �1�1�.�8� �1�1�0� �1�1� �S�a�n�d� 
�9�0� �2�0�.�0� �2�4�7�.�0� �4�9�.�1� �1�3�.�6� �1�5�1�.�3� �1�1�8�.�0� �6�7� �4�1� �B�e�d�r�o�c�k� 
�7�0� �3�.�6� �1�7�8�.�5� �3�2�.�8� �3�6�.�5� �3�1�.�4� �3�0�5�.�1� �4�1� �5�6� �B�o�u�l�d�e�r� 

�1�0�0� �1�.�5� �1�1�0�.�0� �1�0�2�.�9� �4�.�3� �1�7�3�.�8� �2�.�9� �1�7� �7� �B�e�d�r�o�c�k� 
�9�0� �1�.�2� �1�6�3�.�0� �6�8�.�2� �3�.�8� �1�9�4�.�4� �6�.�6� �9�0� �1�2� �B�e�d�r�o�c�k� 

�7�0� �1�.�9� �1�5�4�.�0� �6�4�.�8� �2�.�8� �1�5�9�.�8� �3�.�0� �8�2� �7� �B�e�d�r�o�c�k� 
�8�5� �0�.�3� �1�5�6�.�0� �5�0�.�9� �6�.�1� �1�7�1�.�7� �1�9�.�2� �7�5� �1�2� �B�e�d�r�o�c�k� 
�9�5� �1�.�0� �1�2�6�.�0� �8�6�.�2� �3�.�8� �1�5�5�.�5� �3�.�5� �1�0�3� �6� �G�r�a�v�e�l� 
�7�0� �1�.�6� �1�4�6�.�0� �3�9�.�9� �6�.�2� �2�0�4�.�5� �8�.�2� �6�4� �1�2� �B�e�d�r�o�c�k� 
�8�5� �2�.�0� �2�1�2�.�0� �6�1�.�4� �2�1�.�5� �1�3�5�.�6� �5�4�.�1� �7�6� �2�7� �B�e�d�r�o�c�k� 
�9�0� �4�.�4� �1�5�9�.�5� �5�0�.�8� �1�2�.�8� �4�6�4�.�4� �6�7�.�5� �9�0� �2�6� �B�e�d�r�o�c�k� 
�7�5� �5�.�9� �2�0�5�.�0� �4�9�.�5� �1�7�.�0� �1�6�1�.�5� �1�9�.�4� �7�3� �2�3� �B�e�d�r�o�c�k� 
�9�5� �0�.�0� �2�7�1�.�0� �5�6�.�4� �1�1�.�2� �6�3�4�.�0� �5�5�.�7� �B�6� �2�5� �B�e�d�r�o�c�k� 
�7�5� �0�.�0� �2�0�8�.�0� �5�6�.�4� �1�1�.�2� �6�3�4�.�0� �5�5�.�7� �8�6� �2�5� �B�e�d�r�o�c�k� 
�8�5� �1�.�3� �2�0�0�.�0� �5�2�.�7� �1�6�.�3� �1�3�5�.�2� �4�3�.�6� �6�4� �2�5� �B�o�u�l�d�e�r� 

�7�0� �0�.�1� �6�5�.�0� �4�8�.�3� �0�.�7� �1�2�2�.�2� �1�.�6� �6�0� �3� �B�o�u�l�d�e�r� 
�8�0� �4�.�3� �2�2�0�.�0� �2�8�.�1� �1�3�.�7� �5�9�.�1� �6�3�.�8� �4�1� �2�7� �B�e�d�r�o�c�k� 
�7�0� �1�.�2� �2�4�3�.�0� �8�0�.�1� �1�1�.�6� �2�7�2�.�1� �1�3�.�8� �1�0�9� �1�8� �B�e�d�r�o�c�k� 
�8�5� �2�.�0� �2�2�2�.�0� �5�2�.�7� �1�7�.�3� �1�6�8�.�0� �2�9�.�5� �6�4� �2�5� �B�o�u�l�d�e�r� 
�9�5� �0�.�3� �1�8�7�.�0� �4�9�.�1� �8�.�6� �5�8�.�8� �.� �3�.�4� �6�7� �1�2� �B�e�d�r�o�c�k� 
�9�0� �1�.�5� �1�7�7�.�0� �5�3�.�6� �8�.�1� �5�5�.�6� �2�.�8� �6�7� �1�1� �B�o�u�l�d�e�r� 
�9�5� �0�.�6� �1�4�7�.�0� �4�5�.�3� �5�.�9� �4�3�7�.�5� �1�5�.�7� �8�4� �1�3� �S�a�n�d� 
�7�0� �0�.�2� �1�7�0�.�0� �6�8�.�3� �6�.�2� �3�1�8�.�8� �1�1�.�9� �1�0�0� �1�4� �B�e�d�r�o�c�k� 
�7�5� �1�.�5� �1�1�6�.�0� �6�3�.�1� �2�.�8� �2�0�0�.�7� �1�.�4� �8�5� �5� �S�a�n�d� 
�7�0� �0�.�0� �2�2�0�.�0� �4�8�.�8� �1�.�9� �2�8�7�.�4� �1�2�.�1� �7�2� �1�1� �B�e�d�r�o�c�k� 
�7�5� �3�.�7� �2�5�3�.�0� �4�6�.�8� �1�6�.�3� �4�0�8�.�6� �2�5�.�1� �7�0� �2�4� �B�e�d�r�o�c�k� 

� � 
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�T�e�s�t�s� �o�f� �p�o�s�s�i�b�l�e� �c�o�n�f�o�u�n�d�i�n�g� �v�a�r�i�a�b�l�e�s�.� 

�W�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y� �r�a�n�g�e�d� �f�r�o�m� �2�5�-� 

�3�0�°�C�.� �T�e�m�p�e�r�a�t�u�r�e�,� �t�o�t�a�l� �l�e�n�g�t�h�,� �a�n�d� �t�h�e� �t�o�t�a�l� �t�i�m�e� �e�a�c�h� 

�j�u�v�e�n�i�l�e� �w�a�s� �o�b�s�e�r�v�e�d� �d�i�d� �n�o�t� �l�i�n�e�a�r�l�y� �r�e�l�a�t�e� �t�o� �f�o�r�a�g�i�n�g� 

�r�a�t�e� �o�r� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y� �w�h�e�n� �e�x�a�m�i�n�e�d� �i�n�d�e�p�e�n�d�e�n�t�l�y� �o�r� 

�a�s� �m�u�l�t�i�p�l�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �(�a�l�l� �P� �>� �0�.�2�7�)�.� �F�e�e�d�i�n�g� 

�r�a�t�e�s� �v�a�r�i�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �d�a�y� �b�u�t� �d�i�d� �n�o�t� �c�o�n�s�i�s�t�e�n�t�l�y� 

�i�n�c�r�e�a�s�e� �a�t� �a�n�y� �p�a�r�t�i�c�u�l�a�r� �t�i�m�e� �o�f� �d�a�y� �(�F�i�g�u�r�e� �2�.�2�)�,� 

�a�l�t�h�o�u�g�h� �t�h�e�y� �m�a�y� �h�a�v�e� �d�e�c�r�e�a�s�e�d� �s�o�m�e� �a�f�t�e�r� �1�6�0�0� �h�o�u�r�s�.� �I�n� 

�g�e�n�e�r�a�l�,� �t�h�e� �m�a�n�n�e�r� �i�n� �w�h�i�c�h� �d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �d�i�d� �n�o�t� 

�c�o�n�s�i�s�t�e�n�t�l�y� �b�i�a�s� �t�h�e� �r�e�s�u�l�t�s� �i�n� �a� �w�a�y� �t�h�a�t� �c�o�u�l�d� �a�l�t�e�r� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �d�e�t�e�c�t�e�d� �b�e�t�w�e�e�n� �n�e�t� �e�n�e�r�g�y� �g�a�i�n� �a�n�d� �h�a�b�i�t�a�t� 

�o�r� �b�e�h�a�v�i�o�r�a�l� �v�a�r�i�a�b�l�e�s�.� 

�S�u�m�m�a�r�y� �o�f� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s�.� 

�M�o�s�t� �o�f� �t�h�e� �a�r�e�a�s� �o�c�c�u�p�i�e�d� �b�y� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�w�e�r�e� �u�n�d�e�r�l�a�i�n� �b�y� �b�e�d�r�o�c�k�,� �b�u�t� �d�e�p�t�h�s� �a�n�d� �v�e�l�o�c�i�t�i�e�s� �v�a�r�i�e�d� 

�m�o�r�e� �n�o�t�i�c�e�a�b�l�y� �a�m�o�n�g� �o�c�c�u�p�i�e�d� �a�r�e�a�s� �(�T�a�b�l�e� �2�.�2�)�.� �M�e�a�n� 

�d�e�p�t�h�s� �r�a�n�g�e�d� �b�e�t�w�e�e�n� �2�8�.�1�-�1�0�2�.�9� �c�m� �(�m�e�a�n� �=� �5�6�.�9�)� �i�n� 

�m�i�c�r�o�h�a�b�i�t�a�t�s�,� �a�n�d� �t�h�e� �m�e�a�n� �o�f� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �v�a�r�i�e�d� 

�f�r�o�m� �0�-�3�6�.�5� �c�m�/�s� �(�m�e�a�n� �=� �8�.�7�)�.� �I�n� �t�h�r�e�e� �c�a�s�e�s�,� �h�a�b�i�t�a�t� 

�v�a�r�i�a�b�l�e�s� �w�e�r�e� �i�d�e�n�t�i�c�a�l� �f�o�r� �t�w�o� �j�u�v�e�n�i�l�e�s� �b�e�c�a�u�s�e� �b�o�t�h� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �u�s�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �a�r�e�a�s�.� 

�I�n�d�e�p�e�n�d�e�n�t� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� �a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�M�e�a�n� �d�e�p�t�h� �w�a�s� �n�o�t� �l�i�n�e�a�r�l�y� �r�e�l�a�t�e�d� �t�o� �f�o�r�a�g�i�n�g� �r�a�t�e�,� 

�t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y�,� �r�e�s�p�i�r�a�t�o�r�y� �r�a�t�e�,� �o�r� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� 

�g�a�i�n�e�d� �b�y� �i�n�d�i�v�i�d�u�a�l�s� �(�a�l�l� �P� �>� �0�.�2�3�)�.� �M�e�a�n� �v�e�l�o�c�i�t�y� �w�a�s� 

�p�o�s�i�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� �f�o�r�a�g�i�n�g� �r�a�t�e�,� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y�,� 

�a�n�d� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e� �(�a�l�l� �P� �<� �0�.�0�5�,� �T�a�b�l�e� �2�.�3�)�,� �b�u�t� �w�a�s� �n�o�t� 

�r�e�l�a�t�e�d� �t�o� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �(�P� �>� �0�.�0�5�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �j�u�v�e�n�i�l�e�s� �f�e�d� �m�o�r�e� �f�r�e�q�u�e�n�t�l�y�,� �a�n�d� �i�n�c�r�e�a�s�e�d� 

�t�h�e�i�r� �a�c�t�i�v�i�t�y� �a�n�d� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�s� �i�n� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�i�t�h� 
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�B�i�t�e�s�/�m�i�n� 
�2�5�,� � � 

� � � � 

� � 
� � 

�1�0�-� 

�o�O� �0� 

�S�r� �E� 

�|�  �� �O�o� �E� �°� �E� �R� �O� 
�0�!� �@� �o�o� �_�&� �=� �a� �O�o� �i� �o�O� �f�g� �!� 

�6�0�0� �8�0�0� �1�0�0�0� �1�2�0�0� �1�4�0�0� �1�6�0�0� �1�8�0�0� �2�0�0�0� 

�|� �T�i�m�e� �o�f� �D�a�y� �(�h�o�u�r�)� 

�S�u�n�r�i�s�e� �S�u�n�s�e�t� 

�F�i�g�u�r�e� �2�.�2�.� �F�o�r�a�g�i�n�g� �r�a�t�e�s� �o�f� �i�n�d�i�v�i�d�u�a�l�s� �o�b�s�e�r�v�e�d� �a�t� 
�d�i�f�f�e�r�e�n�t� �t�i�m�e�s� �o�f� �t�h�e� �d�a�y�.� 
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�T�a�b�l�e� �2�.�3�.� �S�i�g�n�i�f�i�c�a�n�t� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p�s� �d�e�t�e�c�t�e�d� 
�b�e�t�w�e�e�n� �v�a�r�i�a�b�l�e�s� �d�e�s�c�r�i�b�i�n�g� �h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�m�e�a�n� 
�d�e�p�t�h�,� �m�e�a�n� �v�e�l�o�c�i�t�y�,� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s�,� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�,� 
�a�n�d� �F�r�o�u�d�e� �n�u�m�b�e�r�)� �a�n�d� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �g�a�i�n�e�d� 
�i�n� �a� �m�i�c�r�o�h�a�b�i�t�a�t� �o�r� �f�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �e�s�t�i�m�a�t�e�s� �o�f� 
�e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �(�f�o�r�a�g�i�n�g� �r�a�t�e�,� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y�,� 
�r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�)�.� �P�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s� �a�r�e� �e�x�p�l�a�i�n�e�d� �i�n� 

� � 

�T�a�b�l�e� �2�.�4�.� 

�H�a�b�i�t�a�t� �E�n�e�r�g�e�t�i�c� 
�V�a�r�i�a�b�l�e� �V�a�r�i�a�b�l�e� �R�e�l�a�t�i�o�n�s�h�i�p� �P�<� �R�?� 

�V�e�l�o�c�i�t�y� �F�o�r�a�g�i�n�g� �R�a�t�e� �1�.�0�0�+�0�.�1�3�V� �0�.�0�5� �0�.�0�9� 
�(�c�m�/�s�)� �(�b�i�t�e�s�/�m�i�n�)� 

�T�a�i�l�b�e�a�t�s� �0�.�6�5�+�0�.�0�0�9�V� �0�.�0�4� �0�.�1�0� 
�(�#�/�m�i�n�)� 

�R�e�s�p�i�r�a�t�i�o�n� �1�5�0�.�0�0�+�3�.�4�2�V� �0�.�0�0�0�4� �0�.�2�7� 
�(�J� �/�m�i�n�)� 

�P�r�i�n�c�i�p�a�l� �P�r�o�f�i�t� �2�.�8�5�+�2�.�1�7�P�C�1� �0�.�0�0�7� �0�.�1�7� 
�C�o�m�p�o�n�e�n�t� �1� �(�J�/�m�i�n�)� 

�F�o�r�a�g�i�n�g� �R�a�t�e� �2�.�1�4�+�1�.�3�2�P�C�1� �0�.�0�0�6� �0�.�1�7� 
�(�b�i�t�e�s�/�m�i�n�)� 

�T�a�i�l�b�e�a�t�s� �1�7�9�.�6�4�+�1�9�.�9�2�P�C�1� �0�.�0�0�6� �0�.�1�7� 

�(�#�/�m�i�n�)� 

�P�r�i�n�c�i�p�a�l� �R�e�s�p�i�r�a�t�i�o�n� �0�.�7�3�+�0�.�0�7�P�C�2� �0�.�0�4� �0�.�1�1� 
�C�o�m�p�o�n�e�n�t� �2� �(�J� �/�m�i�n�)� 

�F�r�o�u�d�e� �T�a�i�l�b�e�a�t�s� �1�5�4�.�2�+�6�2�2�.�1�5�F� �0�.�0�0�0�9� �0�.�2�4� 
�(�#�/�m�i�n�)� 

�R�e�y�n�o�l�d�s� �T�a�i�l�b�e�a�t�s� �1�4�6�.�3�+�(�6�.�2�0�E�-�7�)�R� �0�.�0�1� �0�.�1�4� 
�(�#�/�m�i�n�)� 

�R�e�s�p�i�r�a�t�i�o�n� �0�.�6�3�+�(�1�.�9�5�E�-�9�)�R� �0�.�0�0�0�2� �0�.�3�0� 
�(�J�/�m�i�n�)� 
� � 
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�h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s�,� �b�u�t� �d�i�d� �n�o�t� �a�c�q�u�i�r�e� �m�o�r�e� �n�e�t� �e�n�e�r�g�y� �b�y� 

�e�n�t�e�r�i�n�g� �h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s�.� 

�P�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�T�h�e� �P�C�A� �e�x�t�r�a�c�t�e�d� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s� �t�h�a�t� �e�x�p�l�a�i�n�e�d� �8�5�%� 

�o�f� �t�h�e� �t�o�t�a�l� �v�a�r�i�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �s�u�m�m�a�r�y� �s�t�a�t�i�s�t�i�c�s� �t�h�a�t� 

�q�u�a�n�t�i�f�i�e�d� �m�i�c�r�o�h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e� �f�i�r�s�t� �o�f� �t�h�e�s�e� 

�c�o�m�p�o�n�e�n�t�s� �(�P�C�1�)� �w�a�s� �p�o�s�i�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� �a�l�l� �v�e�l�o�c�i�t�y� 

�v�a�r�i�a�b�l�e�s� �a�n�d� �n�e�g�a�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� �a�l�l� �d�e�p�t�h� �v�a�r�i�a�b�l�e�s� 

�(�T�a�b�l�e� �2�.�4�)�.� �T�h�e� �s�e�c�o�n�d� �c�o�m�p�o�n�e�n�t� �(�P�C�2�)� �w�a�s� �p�o�s�i�t�i�v�e�l�y� 

�r�e�l�a�t�e�d� �t�o� �a�l�l� �d�e�p�t�h� �a�n�d� �v�e�l�o�c�i�t�y� �v�a�r�i�a�b�l�e�s� �(�t�h�o�u�g�h� �w�e�a�k�l�y� 

�s�o�)� �a�n�d� �t�h�e� �t�h�i�r�d� �c�o�m�p�o�n�e�n�t� �(�P�C�3�)� �w�a�s� �p�o�s�i�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� 

�t�h�e� �m�o�d�a�l� �s�u�b�s�t�r�a�t�e� �t�y�p�e�.� �W�h�e�n� �v�i�e�w�e�d� �o�n� �a� �s�c�a�t�t�e�r� �p�l�o�t�,� 

�a�r�e�a�s� �t�h�a�t� �s�c�o�r�e�d� �h�i�g�h� �o�n� �P�C�l�1� �t�e�n�d�e�d� �t�o� �c�o�n�t�a�i�n� �s�h�a�l�l�o�w�e�r� 

�d�e�p�t�h�s� �a�n�d� �h�i�g�h�e�r� �w�a�t�e�r� �c�o�l�u�m�n� �v�e�l�o�c�i�t�i�e�s� �(�F�i�g�u�r�e� �2�.�3�)�,� �a�n�d� 

�a�r�e�a�s� �t�h�a�t� �s�c�o�r�e�d� �h�i�g�h� �o�n� �P�C�2� �t�e�n�d�e�d� �t�o� �b�e� �d�e�e�p�e�r� �a�n�d� 

�c�o�n�t�a�i�n�e�d� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �v�e�l�o�c�i�t�i�e�s�.� 

�F�o�r�a�g�i�n�g� �r�a�t�e� �a�n�d� �n�e�t� �e�n�e�r�g�y� �g�a�i�n� �w�e�r�e� �p�o�s�i�t�i�v�e�l�y� 

�r�e�l�a�t�e�d� �t�o� �P�C�1� �(�b�o�t�h� �P� �<� �0�.�0�0�7�,� �T�a�b�l�e� �2�.�3�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� 

�j�u�v�e�n�i�l�e�s� �o�c�c�u�p�y�i�n�g� �t�h�e� �s�h�a�l�l�o�w�e�s�t�,� �h�i�g�h�e�s�t� �v�e�l�o�c�i�t�y� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �(�a�n�d� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�a�t� �v�a�r�i�e�d� �m�o�s�t� �i�n� 

�d�e�p�t�h� �a�n�d� �v�e�l�o�c�i�t�y�)� �f�o�r�a�g�e�d� �m�o�s�t� �f�r�e�q�u�e�n�t�l�y� �a�n�d� �g�a�i�n�e�d� �t�h�e� 

�h�i�g�h�e�s�t� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �(�F�i�g�u�r�e� �2�.�4�a�)�.� �N�o� �o�t�h�e�r� �s�i�n�g�l�e� 

�c�o�m�p�o�n�e�n�t� �o�r� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s� �i�m�p�r�o�v�e�d� 

�t�h�e� �f�i�t� �o�f� �t�h�e� �m�o�d�e�l� �t�o� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� �T�h�e� 

�r�a�t�e� �o�f� �n�e�t� �e�n�e�r�g�y� �g�a�i�n� �w�a�s� �v�e�r�y� �h�i�g�h�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� 

�f�o�r�a�g�i�n�g� �r�a�t�e� �(�P�e�a�r�s�o�n�'�s� �r� �=� �0�.�9�9�,� �P� �<� �0�.�0�0�1�)�,� �w�h�i�c�h� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �w�e�r�e� 

�p�r�i�m�a�r�i�l�y� �a� �f�u�n�c�t�i�o�n� �o�f� �i�n�t�a�k�e� �r�a�t�e� �(�F�i�g�u�r�e� �2�.�4�b�)�.� 

�I�f� �I� �d�e�l�e�t�e�d� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �t�h�a�t� �g�a�i�n�e�d� �a�n� �e�s�t�i�m�a�t�e�d� �3�2� 

�J�/�m�i�n� �f�r�o�m� �t�h�e� �s�a�m�p�l�e�,� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� �s�t�i�l�l� 

�d�e�t�e�c�t�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �p�o�s�i�t�i�v�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� 

�f�i�r�s�t� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t� �a�n�d� �t�h�e� �r�a�t�e� �o�f� �n�e�t� �e�n�e�r�g�e�t�i�c� �g�a�i�n� 
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�T�a�b�l�e� �2�.�4�.� �F�a�c�t�o�r� �p�a�t�t�e�r�n� �o�f� �t�h�e� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s� �r�e�t�a�i�n�e�d� 
�b�y� �t�h�e� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t� �a�n�a�l�y�s�i�s� �p�e�r�f�o�r�m�e�d� �o�n� �s�t�a�t�i�s�t�i�c�s� 
�s�u�m�m�a�r�i�z�i�n�g� �h�a�b�i�t�a�t� �d�a�t�a� �(�N�=�4�3�)�.� 

� � 

�S�t�a�t�i�s�t�i�c� �C�o�m�p�o�n�e�n�t� �1� �C�o�m�p�o�n�e�n�t� �2� �C�o�m�p�o�n�e�n�t� �3� 

�M�e�a�n� �D�e�p�t�h� �-�0�.�6�3�8� �0�.�6�1�9� �0�.�0�6�7� 
�M�e�a�n� �V�e�l�o�c�i�t�y� �0�.�8�0�2� �0�.�5�0�8� �0�.�0�0�2� 
�D�e�p�t�h� �s�°� �-�0�.�4�4�3� �0�.�5�4�9� �-�0�.�0�6�1� 
�V�e�l�o�c�i�t�y� �s�°� �0�.�8�5�4� �0�.�3�4�2� �-�0�.�0�6�7� 
�M�a�x�i�m�u�m� �D�e�p�t�h� �-�0�.�7�0�2� �0�.�6�8�2� �0�.�0�8�6� 
�M�a�x�i�m�u�m� �V�e�l�o�c�i�t�y� �0�.�8�3�0� �0�.�5�1�0� �0�.�0�4�9� 
�M�o�d�a�l� �S�u�b�s�t�r�a�t�e� �0�.�0�9�2� �-�0�.�0�7�0� �0�.�9�8�9� 

�E�i�g�e�n�v�a�l�u�e�s� �3�.�1�6�5� �1�.�7�8�8� �1�.�0�0�1� 

�P�r�o�p�o�r�t�i�o�n� �o�f� 
�s�*� �E�x�p�l�a�i�n�e�d� �0�.�4�5�2� �0�.�2�5�6� �0�.�1�4�3� 
� � 
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�4�0� 
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�-�2� �-�1� �0� �1� �2� �8� �4� �5� 
�P�r�i�n�c�i�p�a�l� �C�o�m�p�o�n�e�n�t� �1� 

�F�a�c�t�o�r� �S�c�o�r�e�s� 

� � 

� � 

� � 

� � � � 
� � 

�b� 
�4�0� 

�P�e�a�r�s�o�n�'�s� �0� 
�3�0� �C�o�r�r�e�l�a�t�i�o�n� �=� �0�.�9�9� 

�P� �<�«� �0�.�0�0�1� 

�2�0�+� 

�1�0�+� �o� 
�O�o� 

�0� 
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�F�i�g�u�r�e� �2�.�4�.� �a�)� �S�c�a�t�t�e�r� �p�l�o�t� �o�f� �e�s�t�i�m�a�t�e�d� �r�a�t�e�s� �o�f� �n�e�t� 
�e�n�e�r�g�y� �g�a�i�n�e�d� �(�J�/�m�i�n�)� �v�e�r�s�u�s� �f�a�c�t�o�r� �s�c�o�r�e�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� 
�t�h�e� �f�i�r�s�t� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�.� �b�)� �S�c�a�t�t�e�r� �p�l�o�t� �o�f� �f�o�r�a�g�i�n�g� 
�r�a�t�e� �(�b�i�t�e�s�/�m�i�n�)� �v�e�r�s�u�s� �n�e�t� �e�n�e�r�g�y� �g�a�i�n�e�d�.� 

�6�6



�(�P� �<� �0�.�0�0�7�,� �R�?� �=� �0�.�1�7�)�.� �W�h�e�t�h�e�r� �c�o�m�p�u�t�e�d� �w�i�t�h� �t�h�e� �o�u�t�l�i�e�r� 

�i�n�c�l�u�d�e�d� �o�r� �n�o�t�,� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �p�r�e�d�i�c�t�e�d� �n�e�t� �e�n�e�r�g�y� �g�a�i�n�e�d� 

�e�q�u�a�l�l�y� �w�e�l�l� �f�o�r� �a�l�l� �v�a�l�u�e�s� �o�f� �t�h�e� �f�i�r�s�t� �c�o�m�p�o�n�e�n�t�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �d�e�t�e�c�t�e�d� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e� �o�f� �e�n�e�r�g�y� �g�a�i�n� 

�i�n� �s�h�a�l�l�o�w�,� �f�a�s�t� �h�a�b�i�t�a�t�s� �w�a�s� �n�o�t� �d�e�p�e�n�d�e�n�t� �o�n� �a� �s�i�n�g�l�e� 

�i�n�f�l�u�e�n�t�i�a�l� �o�b�s�e�r�v�a�t�i�o�n� �o�r� �a� �t�i�g�h�t� �c�l�u�s�t�e�r� �o�f� �s�a�m�p�l�e�s� �a�t� �t�h�e� 

�e�x�t�r�e�m�e� �v�a�l�u�e�s� �o�f� �t�h�e� �f�i�r�s�t� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�.� 

�B�e�c�a�u�s�e� �t�h�e� �e�s�t�i�m�a�t�e�s� �o�f� �n�e�t� �e�n�e�r�g�e�t�i�c� �g�a�i�n� �w�e�r�e� �h�i�g�h�l�y� 

�d�e�p�e�n�d�e�n�t� �o�n� �e�s�t�i�m�a�t�e�s� �o�f� �c�o�n�s�u�m�p�t�i�o�n�,� �t�h�e� �d�e�t�e�c�t�e�d� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �e�n�e�r�g�y� �g�a�i�n� �a�n�d� �P�C�l� �d�e�p�e�n�d�e�d� �o�n� �t�h�e� 

�a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �o�n�e� �f�o�o�d� �i�t�e�m� �w�a�s� �c�o�n�s�u�m�e�d� �e�a�c�h� �t�i�m�e� �a� 

�j�u�v�e�n�i�l�e� �t�o�o�k� �a� �b�i�t�e�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �r�e�m�a�i�n�e�d� �p�o�s�i�t�i�v�e� �i�f� 

�I� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �2�2� �j�u�v�e�n�i�l�e�s� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� �P�C�l� �s�c�o�r�e�s� 

�a�t�e� �a� �f�o�o�d� �i�t�e�m� �d�u�r�i�n�g� �o�n�l�y� �6�6�%� �o�f� �t�h�e�i�r� �b�i�t�e�s� �(�P� �<� �0�.�0�3�)�.� 

�N�o� �r�e�l�a�t�i�o�n�s�h�i�p� �w�a�s� �d�e�t�e�c�t�e�d� �i�f� �I� �a�s�s�u�m�e�d� �t�h�e� �s�a�m�e� �g�r�o�u�p� �o�f� 

�j�u�v�e�n�i�l�e�s� �a�t�e� �a�n� �i�t�e�m� �d�u�r�i�n�g� �5�0�%� �o�f� �t�h�e�i�r� �b�i�t�e�s� �(�P� �>� �0�.�1�0�)�.� 

�W�h�i�l�e� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�i�e�s� �i�n�c�r�e�a�s�e�d� �i�n� �s�h�a�l�l�o�w�,� �f�a�s�t� 

�h�a�b�i�t�a�t�s� �(�P� �<� �0�.�0�0�6�,� �T�a�b�l�e� �2�.�3�)�,� �r�e�s�p�i�r�a�t�o�r�y� �r�a�t�e�s� �d�i�d� �n�o�t� 

�(�P� �>� �0�.�3�9�)�.� �T�h�i�s� �r�e�s�u�l�t� �w�a�s� �s�o�m�e�w�h�a�t� �c�o�n�f�u�s�i�n�g�,� �b�e�c�a�u�s�e� 

�b�o�t�h� �v�a�r�i�a�b�l�e�s� �i�n�c�r�e�a�s�e�d� �i�n� �h�i�g�h� �v�e�l�o�c�i�t�y� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� 

�H�o�w�e�v�e�r�,� �w�h�i�l�e� �r�e�s�p�i�r�a�t�i�o�n� �e�s�t�i�m�a�t�e�s� �i�n�c�r�e�a�s�e�d� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�i�e�s� �(�P� �<� �0�.�0�2�)�,� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �d�i�d� �n�o�t� �e�x�p�l�a�i�n� �a� �l�a�r�g�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �t�h�e� 

�v�a�r�i�a�t�i�o�n� �i�n� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�s� �(�R�?� �=� �0�.�1�4�,� �F�i�g�u�r�e� �2�.�5�a�)�,� �s�o� 

�t�h�e� �t�w�o� �v�a�r�i�a�b�l�e�s� �c�o�u�l�d� �r�e�l�a�t�e� �t�o� �h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�d�i�f�f�e�r�e�n�t�l�y�.� 

�T�h�i�s� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �w�a�s� �r�e�i�n�f�o�r�c�e�d� �b�y� �t�h�e� �s�i�g�n�i�f�i�c�a�n�t� 

�r�e�l�a�t�i�o�n�s�h�i�p� �d�e�t�e�c�t�e�d� �b�e�t�w�e�e�n� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e� �a�n�d� �P�C�2� �(�P� �<� 

�0�.�0�4�,� �T�a�b�l�e� �2�.�3�)�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�r�e�s�p�i�r�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� �a�s� �b�o�t�h� �d�e�p�t�h� �a�n�d� �v�e�l�o�c�i�t�y� �i�n�c�r�e�a�s�e�d� 

�(�F�i�g�u�r�e� �2�.�5�b�)�,� �a�l�t�h�o�u�g�h� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�y� �d�i�d� �n�o�t� �(�P� �>� 

�0�.�0�7�)�.� �N�e�t� �e�n�e�r�g�y� �g�a�i�n� �a�n�d� �f�o�r�a�g�i�n�g� �r�a�t�e� �w�e�r�e� �n�o�t� �r�e�l�a�t�e�d� 
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�1�.�5� 
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�1�.�2�5�+� �P�<� �0�.�0�2� �o�O� 

�R�?�=� �0�.�1�4� �4� �O� 
�1�7� �o� �-�-� �O�o� �a�o� �e� �O�o� �g�t� �_�-�O� 

�0�.�7�5�+�-� �e�e� �F�O� �4� 
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�0�.�5�"� �B� �o� �p�o �� 
�O� 

�0�.�2�5�-� 

�O� �!� �i� �J� 

�5�0� �1�0�0� �1�5�0� �2�0�0� �2�5�0� �3�0�0� 

�T�a�i�l�-�b�e�a�t�s� �(�#�/�m�i�n�)� 

�b� 
�1�.�5�)� 

�0�.�7�3� �+� �0�.�0�7�(�X�)� 
�1�.�2�5�+� �P�<� �0�.�0�3�5� �o� 

�R�?�=� �0�.�4�1� �|� �a�0� 
�1� 

�|� �g�O� �0� �"�5� �o�n�e� �a� �l�e�e� �O�Q� 

�0�.�7�5�°� �a�e� 
�:�  ��o�e� �o�O� �g�e� �o�o� �a� �m� �o�O� 

�0�.�5�"� �o� �Z� �o� �O�Q� 
�|� �O�o� 

�0� �5�)� �o� 

�0�)� �J� �!� �I� �!� �|� 

�-�3� �-�2� �-�1� �0� �1� �2� �3� 

�P�r�i�n�c�i�p�a�l� �C�o�m�p�o�n�e�n�t� �2� 

�F�a�c�t�o�r� �S�c�o�r�e�s� 

�F�i�g�u�r�e� �2�.�5�.� �a�)� �S�c�a�t�t�e�r� �p�l�o�t� �o�f� �o�b�s�e�r�v�e�d� �t�a�i�l�-�b�e�a�t� 
�f�r�e�q�u�e�n�c�i�e�s� �v�e�r�s�u�s� �e�s�t�i�m�a�t�e�d� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�s� �(�J�/�m�i�n�)�.� �b�)� 
�S�c�a�t�t�e�r� �p�l�o�t� �o�f� �f�a�c�t�o�r� �s�c�o�r�e�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �t�h�e� �s�e�c�o�n�d� 
�p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t� �v�e�r�s�u�s� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�s�.� 

�6�8



�t�o� �P�C�2� �(�b�o�t�h� �P� �>� �0�.�3�8�)�,� �a�n�d� �n�o�n�e� �o�f� �t�h�e� �e�n�e�r�g�e�t�i�c� �v�a�r�i�a�b�l�e�s� 

�w�e�r�e� �r�e�l�a�t�e�d� �t�o� �P�C�3� �(�a�l�l� �P� �>� �0�.�5�0�)�.� 

�H�y�d�r�a�u�l�i�c� �r�a�t�i�o�s� �a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� �r�a�n�g�e�d� �b�e�t�w�e�e�n� �0�-�1�.�8�2�-�1�0�°� �(�m�e�a�n� �=� 

�5�.�3�7�-�1�0�7�)�,� �a�n�d� �F�r�o�u�d�e� �n�u�m�b�e�r�s� �r�a�n�g�e�d� �b�e�t�w�e�e�n� �0�-�0�.�2�0� �(�m�e�a�n� �=� 

�0�.�0�4�)�.� �M�e�a�n� �v�e�l�o�c�i�t�y� �w�a�s� �h�i�g�h�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �b�o�t�h� 

�R�e�y�n�o�l�d�s� �(�r�=�0�.�8�9�,� �P� �<� �0�.�0�1�)� �a�n�d� �F�r�o�u�d�e� �n�u�m�b�e�r�s� �(�r�=�0�.�9�8�,� �P� �<� 

�0�.�0�1�)�,� �a�n�d� �e�n�e�r�g�e�t�i�c� �v�a�r�i�a�b�l�e�s� �e�x�h�i�b�i�t�e�d� �r�e�l�a�t�i�o�n�s�h�i�p�s� �w�i�t�h� 

�t�h�e�s�e� �h�y�d�r�a�u�l�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�h�a�t� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� 

�e�x�h�i�b�i�t�e�d� �w�i�t�h� �m�e�a�n� �v�e�l�o�c�i�t�y�.� �N�e�i�t�h�e�r� �h�y�d�r�a�u�l�i�c� �v�a�r�i�a�b�l�e� 

�w�a�s� �r�e�l�a�t�e�d� �t�o� �n�e�t� �e�n�e�r�g�e�t�i�c� �g�a�i�n� �o�r� �f�o�r�a�g�i�n�g� �r�a�t�e� �(�a�l�l� �P� �>� 

�0�.�0�5�)�,� �b�u�t� �b�o�t�h� �w�e�r�e� �p�o�s�i�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�a�i�l�-�b�e�a�t� 

�f�r�e�q�u�e�n�c�y� �(�b�o�t�h� �P� �<� �0�.�0�0�0�9�,� �T�a�b�l�e� �2�.�3�)�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

�R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� �w�e�r�e� �r�e�l�a�t�e�d� �t�o� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�s� �(�P� �<� 

�0�.�0�1�,� �T�a�b�l�e� �2�.�3�)�.� �L�o�g� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� 

�d�i�d� �n�o�t� �i�m�p�r�o�v�e� �a�n�y� �o�f� �t�h�e� �r�e�g�r�e�s�s�i�o�n�s� �i�n�v�o�l�v�i�n�g� �t�h�a�t� 

�v�a�r�i�a�b�l�e�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �i�n� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� 

�w�h�e�r�e� �I� �o�b�s�e�r�v�e�d� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�,� �t�h�e�s�e� �h�y�d�r�a�u�l�i�c� 

�i�n�d�i�c�e�s� �d�i�d� �n�o�t� �a�c�c�o�u�n�t� �f�o�r� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� 

�m�i�c�r�o�h�a�b�i�t�a�t�s�.� 

�B�e�h�a�v�i�o�r�a�l� �v�a�r�i�a�b�l�e�s� �a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�J�u�v�e�n�i�l�e�s� �e�x�h�i�b�i�t�e�d� �w�i�d�e� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �a�r�e�a� �t�h�e�y� 

�o�c�c�u�p�i�e�d� �(�r�a�n�g�e�:� �2�.�3�-�6�5�.�3� �m�*�,� �m�e�a�n� �=� �1�6�.�9� �m�°�)� �,� �a�n�d� �p�e�r�c�e�n�t� 

�t�i�m�e� �t�h�e�y� �s�p�e�n�t� �m�o�v�i�n�g� �a�m�o�n�g� �f�o�r�a�g�i�n�g� �s�i�t�e�s� �(�r�a�n�g�e�:� �2�2�-�1�0�0�%�,� 

�m�e�a�n� �=� �5�7�%�)�,� �o�r� �a�c�t�i�v�e�l�y� �s�e�a�r�c�h�i�n�g� �f�o�r� �f�o�o�d� �(�r�a�n�g�e�:� �0�-�7�9�%�,� 

�m�e�a�n� �=� �4�3�%�)�.� �H�o�w�e�v�e�r�,� �n�o�n�e� �o�f� �t�h�e� �e�n�e�r�g�e�t�i�c� �v�a�r�i�a�b�l�e�s� �w�e�r�e� 

�r�e�l�a�t�e�d� �t�o� �t�h�e�s�e� �b�e�h�a�v�i�o�r�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�a�l�l� �P� �>� �0�.�0�6�)�.� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �s�e�a�r�c�h�i�n�g� �t�h�e� �b�e�n�t�h�o�s� �f�o�r� �f�o�o�d� 

�c�o�u�l�d� �b�e� �a�s� �e�n�e�r�g�e�t�i�c�a�l�l�y� �c�o�s�t�l�y� �a�s� �m�o�v�i�n�g� �t�h�r�o�u�g�h� �t�h�e� �w�a�t�e�r� 

�c�o�l�u�m�n� �a�m�o�n�g� �f�o�r�a�g�i�n�g� �s�i�t�e�s�,� �a�n�d� �t�h�a�t� �f�o�r�a�g�i�n�g� �s�u�c�c�e�s�s� �d�i�d� 

�n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �d�e�p�e�n�d� �o�n� �f�o�r�a�g�i�n�g� �(�i�.�e�.� �s�e�a�r�c�h�i�n�g�)� �e�f�f�o�r�t�.� 

�6�9



�D�i�s�c�u�s�s�i�o�n� 

�F�a�c�t�o�r�s� �d�e�t�e�r�m�i�n�i�n�g� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s�.� 

�T�h�e� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� 

�p�r�i�m�a�r�i�l�y� �f�e�d� �o�n� �b�e�n�t�h�i�c� �p�r�e�y� �o�r� �p�r�e�y� �a�t�t�a�c�h�e�d� �t�o� �r�o�o�t�e�d� 

�v�e�g�e�t�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �f�o�r�a�g�i�n�g� �s�t�r�a�t�e�g�i�e�s� �v�a�r�i�e�d� �a�m�o�n�g� 

�i�n�d�i�v�i�d�u�a�l�s�,� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�e�y� �o�c�c�u�p�i�e�d�,� 

�t�h�e�i�r� �a�v�e�r�a�g�e� �s�w�i�m�m�i�n�g� �s�p�e�e�d�,� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �a�r�e�a� �t�h�e�y� 

�m�o�v�e�d� �w�i�t�h�i�n�,� �a�n�d� �t�h�e� �t�i�m�e� �t�h�e�y� �a�c�t�i�v�e�l�y� �s�e�a�r�c�h�e�d� �f�o�r� �f�o�o�d�.� 

�W�h�i�l�e� �v�a�r�i�a�t�i�o�n� �i�n� �a�n�y� �o�n�e� �o�f� �t�h�e�s�e� �a�s�p�e�c�t�s� �m�i�g�h�t� �a�f�f�e�c�t� 

�e�i�t�h�e�r� �i�n�t�a�k�e� �r�a�t�e� �o�r� �e�n�e�r�g�y� �e�x�p�e�n�d�i�t�u�r�e�,� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� 

�w�a�s� �t�h�e� �o�n�l�y� �f�a�c�t�o�r� �i�n� �t�h�i�s� �s�t�u�d�y� �t�h�a�t� �c�o�n�s�i�s�t�e�n�t�l�y� 

�i�n�f�l�u�e�n�c�e�d� �t�h�e� �e�s�t�i�m�a�t�e�d� �r�a�t�e�s� �o�f� �n�e�t� �e�n�e�r�g�y� �g�a�i�n�.� 

�D�i�f�f�e�r�e�n�t� �m�o�d�e�s� �o�f� �b�e�n�t�h�i�c� �f�o�r�a�g�i�n�g� �(�e�.�g�.� �s�p�e�n�d�i�n�g� �a� �l�o�n�g� 

�p�e�r�i�o�d� �s�e�a�r�c�h�i�n�g� �a� �s�m�a�l�l� �a�r�e�a� �a�s� �o�p�p�o�s�e�d� �t�o� �s�e�a�r�c�h�i�n�g� 

�s�e�v�e�r�a�l� �s�m�a�l�l�e�r�,� �d�i�s�p�e�r�s�e�d� �a�r�e�a�s� �o�v�e�r� �t�h�e� �s�a�m�e� �p�e�r�i�o�d� �o�f� 

�t�i�m�e�)� �c�o�u�l�d� �n�e�t� �s�i�m�i�l�a�r� �e�n�e�r�g�e�t�i�c� �g�a�i�n�s� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t� �i�n� �w�h�i�c�h� �t�h�e�y� �w�e�r�e� 

�e�m�p�l�o�y�e�d�.� 

�T�h�i�s� �s�t�u�d�y� �w�a�s� �n�o�t� �s�p�e�c�i�f�i�c�a�l�l�y� �d�e�s�i�g�n�e�d� �t�o� �d�e�f�i�n�e� �t�h�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �p�r�o�f�i�t�a�b�l�e� �a�n�d� �u�n�p�r�o�f�i�t�a�b�l�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� 

�i�n� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r�,� �b�u�t� �t�h�e� �d�a�t�a� �s�u�g�g�e�s�t�e�d� �s�o�m�e� 

�g�e�n�e�r�a�l�i�z�a�t�i�o�n�s�.� �J�u�v�e�n�i�l�e�s� �t�h�a�t� �o�c�c�u�p�i�e�d� �a�r�e�a�s� �l�e�s�s� �t�h�a�n� �6�0� 

�c�m� �d�e�e�p� �w�i�t�h� �a�v�e�r�a�g�e� �v�e�l�o�c�i�t�i�e�s� �h�i�g�h�e�r� �t�h�a�n� �1�0� �c�m�/�s� �a�l�w�a�y�s� 

�a�t�t�a�i�n�e�d� �p�o�s�i�t�i�v�e� �r�a�t�e�s� �o�f� �n�e�t� �e�n�e�r�g�e�t�i�c� �g�a�i�n�,� �s�o� �a�r�e�a�s� �w�i�t�h� 

�t�h�e�s�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �m�i�g�h�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �p�r�o�f�i�t�a�b�l�e�.� 

�J�u�v�e�n�i�l�e�s� �t�h�a�t� �o�c�c�u�p�i�e�d� �a�r�e�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �7�0� �c�m� �d�e�e�p� �a�n�d� 

�c�o�n�t�a�i�n�i�n�g� �a�v�e�r�a�g�e� �v�e�l�o�c�i�t�i�e�s� �l�e�s�s� �t�h�a�n� �5� �c�m�/�s� �a�l�w�a�y�s� 

�a�t�t�a�i�n�e�d� �p�o�s�i�t�i�v�e� �n�e�t� �e�n�e�r�g�y� �g�a�i�n�s� �a�s� �w�e�l�l�.� �H�o�w�e�v�e�r�,� 

�j�u�v�e�n�i�l�e�s� �i�n� �t�h�e� �s�h�a�l�l�o�w�,� �f�a�s�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �(�n�=�9�)� �a�v�e�r�a�g�e�d� 

�7�.�8�6� �J�/�m�i�n� �o�f� �n�e�t� �e�n�e�r�g�y� �g�a�i�n�,� �w�h�i�l�e� �t�h�o�s�e� �i�n� �t�h�e� �d�e�e�p�,� �s�l�o�w� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �(�n�=�7�)� �a�v�e�r�a�g�e�d� �2�.�1�3� �J�/�m�i�n�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �e�n�e�r�g�e�t�i�c� �g�a�i�n� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �m�e�e�t�i�n�g� �t�h�e� �s�h�a�l�l�o�w�,� �f�a�s�t� �c�r�i�t�e�r�i�a� �w�e�r�e� �t�h�e� 

�7�0



�m�o�s�t� �e�n�e�r�g�e�t�i�c�a�l�l�y� �p�r�o�f�i�t�a�b�l�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �i�n� �t�h�e� �r�i�v�e�r�.� 

�T�h�e�s�e� �m�i�c�r�o�h�a�b�i�t�a�t�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �a�s� �t�h�e� �a�r�e�a�s� 

�t�h�a�t� �s�u�p�p�o�r�t� �t�h�e� �h�i�g�h�e�s�t� �d�e�n�s�i�t�i�e�s� �o�f� �l�a�r�v�a�l� �a�q�u�a�t�i�c� �i�n�s�e�c�t�s� 

�i�n� �s�t�r�e�a�m�s� �(�K�o�n�d�r�a�t�i�e�f�f� �a�n�d� �V�o�s�h�e�l�l� �1�9�8�0�,� �G�o�r�e� �a�n�d� �J�u�d�y� 

�1�9�8�1�,� �O�r�t�h� �a�n�d� �M�a�u�g�h�n� �1�9�8�3�)�.� �.� 
�A� �s�i�g�n�i�f�i�c�a�n�t� �r�e�s�u�l�t� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�h�a�t� �t�h�e� 

�r�e�l�a�t�i�v�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s� �c�o�u�l�d� �o�n�l�y� �b�e� 

�p�r�e�d�i�c�t�e�d� �i�f� �b�o�t�h� �d�e�p�t�h�s� �a�n�d� �w�a�t�e�r� �v�e�l�o�c�i�t�i�e�s� �w�e�r�e� �e�x�a�m�i�n�e�d�.� 

�I� �a�t�t�e�m�p�t�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �v�a�r�i�a�t�i�o�n� �i�n� �d�e�p�t�h� �a�n�d� �v�e�l�o�c�i�t�y� 

�u�s�i�n�g� �h�y�d�r�a�u�l�i�c� �r�a�t�i�o�s� �a�n�d� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t�s�,� �b�u�t� �F�r�o�u�d�e� 

�a�n�d� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� �d�i�d� �n�o�t� �r�e�l�a�t�e� �t�o� �n�e�t� �e�n�e�r�g�e�t�i�c� �g�a�i�n� 

�b�e�c�a�u�s�e� �t�h�e�y� �d�i�d� �n�o�t� �i�n�c�o�r�p�o�r�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �d�e�p�t�h� 

�a�d�e�q�u�a�t�e�l�y�.� �T�h�e� �f�i�r�s�t� �p�r�i�n�c�i�p�a�l� �c�o�m�p�o�n�e�n�t� �(�P�C�1�)� �w�a�s� �t�h�e� 

�o�n�l�y� �v�a�r�i�a�b�l�e� �t�h�a�t� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �b�e�t�w�e�e�n� �d�e�e�p� �m�i�c�r�o�h�a�b�i�t�a�t�s� 

�w�i�t�h� �s�l�o�w� �v�e�l�o�c�i�t�i�e�s� �a�n�d� �s�h�a�l�l�o�w� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�i�t�h� �h�i�g�h�e�r� 

�v�e�l�o�c�i�t�i�e�s�,� �a�n�d� �i�t� �w�a�s� �t�h�e� �o�n�l�y� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e� �t�h�a�t� �w�a�s� 

�r�e�l�a�t�e�d� �t�o� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�J�u�v�e�n�i�l�e�s� �f�o�r�a�g�e�d� �m�o�r�e� �f�r�e�q�u�e�n�t�l�y� �i�n� �h�i�g�h� �v�e�l�o�c�i�t�i�e�s� 

�(�r�e�g�a�r�d�l�e�s�s� �o�f� �d�e�p�t�h�)�,� �b�u�t� �n�o�t� �f�r�e�q�u�e�n�t�l�y� �e�n�o�u�g�h� �t�o� �i�n�d�i�c�a�t�e� 

�t�h�a�t� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �w�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �v�e�l�o�c�i�t�y� 

�a�l�o�n�e�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �p�r�o�f�i�t�a�b�i�l�i�t�y� �d�i�d� �n�o�t� �d�i�r�e�c�t�l�y� 

�r�e�l�a�t�e� �t�o� �v�e�l�o�c�i�t�y� �b�e�c�a�u�s�e� �e�n�e�r�g�y� �l�o�s�t� �t�o� �r�e�s�p�i�r�a�t�i�o�n� �a�l�s�o� 

�i�n�c�r�e�a�s�e�d� �i�n� �h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s�,� �t�h�e�r�e�b�y� �n�u�l�l�i�f�y�i�n�g� �g�a�i�n�s� 

�a�m�a�s�s�e�d� �t�h�r�o�u�g�h� �i�n�c�r�e�a�s�e�d� �f�o�r�a�g�i�n�g�.� �T�h�i�s� �e�x�p�l�a�n�a�t�i�o�n� �i�s� 

�i�n�t�u�i�t�i�v�e�l�y� �a�p�p�e�a�l�i�n�g�;� �j�u�v�e�n�i�l�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e�i�r� �t�a�i�l�-�b�e�a�t� 

�f�r�e�q�u�e�n�c�i�e�s� �w�h�e�n� �s�w�i�m�m�i�n�g� �i�n� �h�i�g�h� �w�a�t�e�r� �v�e�l�o�c�i�t�i�e�s�,� �a�n�d� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�c�r�e�a�s�e� �i�n� �r�e�s�p�i�r�a�t�o�r�y� �c�o�s�t�s� �n�u�l�l�i�f�i�e�d� 

�e�n�e�r�g�e�t�i�c� �g�a�i�n�s� �a�c�h�i�e�v�e�d� �t�h�r�o�u�g�h� �e�l�e�v�a�t�e�d� �c�o�n�s�u�m�p�t�i�o�n�.� 

�H�o�w�e�v�e�r�,� �o�t�h�e�r� �r�e�s�u�l�t�s� �r�a�i�s�e�d� �s�o�m�e� �d�o�u�b�t� �a�b�o�u�t� �t�h�e� 

�S�i�m�p�l�e� �e�x�p�l�a�n�a�t�i�o�n� �t�h�a�t� �j�u�v�e�n�i�l�e�s� �h�a�d� �t�o� �s�w�i�m� �f�a�s�t�e�r� �a�n�d� 

�e�x�p�e�n�d�e�d� �m�o�r�e� �e�n�e�r�g�y� �i�n� �f�a�s�t�e�r� �v�e�l�o�c�i�t�i�e�s�.� �W�h�i�l�e� �t�a�i�l�-�b�e�a�t� 

�f�r�e�q�u�e�n�c�y� �w�a�s� �r�e�l�a�t�e�d� �t�o� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e�,� �i�t� �d�i�d� �n�o�t� 

�e�x�p�l�a�i�n� �a� �l�a�r�g�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �t�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �r�e�s�p�i�r�a�t�i�o�n�.� 
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�I�n� �f�a�c�t�,� �r�e�s�p�i�r�a�t�o�r�y� �e�s�t�i�m�a�t�e�s� �d�i�d� �n�o�t� �i�n�c�r�e�a�s�e� �i�n� �s�h�a�l�l�o�w�-� 

�f�a�s�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �(�i�.�e�.� �a�r�e�a�s� �w�i�t�h� �h�i�g�h� �P�C�l� �s�c�o�r�e�s�)�,� �e�v�e�n� 

�t�h�o�u�g�h� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�i�e�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �i�n� 

�t�h�o�s�e� �a�r�e�a�s�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �i�n�c�r�e�a�s�e�d� 

�r�e�s�p�i�r�a�t�o�r�y� �e�s�t�i�m�a�t�e�s� �i�n� �h�i�g�h�-�v�e�l�o�c�i�t�y� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�e�r�e� 

�n�o�t� �e�n�t�i�r�e�l�y� �c�a�u�s�e�d� �b�y� �e�l�e�v�a�t�e�d� �t�a�i�l�-�b�e�a�t� �f�r�e�q�u�e�n�c�i�e�s�,� �b�u�t� 

�w�e�r�e� �m�o�r�e� �c�o�n�s�i�s�t�e�n�t�l�y� �a�f�f�e�c�t�e�d� �b�y� �a� �f�a�c�t�o�r� �s�u�c�h� �a�s� �j�u�v�e�n�i�l�e� 

�s�i�z�e�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �a�l�l� �e�s�t�i�m�a�t�e�s� �o�f� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e� �w�e�r�e� 

�l�e�s�s� �t�h�a�n� �1�.�3� �J�/�m�i�n�,� �w�h�i�c�h� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �r�e�s�p�i�r�a�t�o�r�y� �l�o�s�s�e�s� 

�i�n� �a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�e�r�e� �l�o�w� �r�e�l�a�t�i�v�e� �t�o� �m�a�n�y� �o�f� �t�h�e� 

�e�s�t�i�m�a�t�e�s� �o�f� �c�o�n�s�u�m�p�t�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� 

�h�a�b�i�t�a�t�s� �f�o�r� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �p�r�i�m�a�r�i�l�y� �d�e�p�e�n�d�e�d� �o�n� 

�f�o�r�a�g�i�n�g� �r�a�t�e�s� �a�n�d� �n�o�t� �r�e�s�p�i�r�a�t�o�r�y� �l�o�s�s�e�s�.� �F�o�r�a�g�i�n�g� �r�a�t�e�s� 

�c�e�r�t�a�i�n�l�y� �i�n�c�r�e�a�s�e�d� �i�n� �h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s�,� �b�u�t� �t�h�e�y� �i�n�c�r�e�a�s�e�d� 

�m�o�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n� �h�i�g�h�-�v�e�l�o�c�i�t�y� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�a�t� �w�e�r�e� 

�a�l�s�o� �s�h�a�l�l�o�w�.� �T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �h�a�b�i�t�a�t� �v�a�r�i�a�b�l�e�s� 

�a�n�d� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �f�o�r� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �w�a�s� �n�o�t� 

�e�x�a�c�t�l�y� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �c�o�n�c�e�p�t�u�a�l� �m�o�d�e�l� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t� 

�p�r�o�f�i�t�a�b�i�l�i�t�y� �d�e�v�e�l�o�p�e�d� �f�o�r� �d�r�i�f�t�-�f�e�e�d�i�n�g� �s�a�l�m�o�n�i�d�s� �i�n� 

�s�t�r�e�a�m�s�.� 

�P�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s� �f�o�r� �d�r�i�f�t�-�f�e�e�d�i�n�g� �s�a�l�m�o�n�i�d�s� 

�a�n�d� �b�e�n�t�h�i�c� �f�e�e�d�i�n�g� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�.� 

�T�h�e� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �a� �m�i�c�r�o�h�a�b�i�t�a�t� �i�s� 

�d�e�f�i�n�e�d� �a�s� �t�h�e� �t�r�a�d�e�-�o�f�f� �b�e�t�w�e�e�n� �e�n�e�r�g�y� �e�x�p�e�n�d�e�d� �w�h�i�l�e� 

�f�o�r�a�g�i�n�g� �i�n� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �i�n�t�a�k�e� �r�a�t�e� 

�(�J�e�n�k�i�n�s� �e�t� �a�l�.� �1�9�7�0�,� �B�a�c�h�m�a�n� �1�9�8�4�,� �C�r�o�w�d�e�r� �a�n�d� �M�a�g�n�u�s�o�n� 

�1�9�8�3�,� �F�a�u�s�c�h� �a�n�d� �W�h�i�t�e� �1�9�8�1�,� �F�a�u�s�c�h� �1�9�8�4�)�.� �F�o�r� �d�r�i�f�t�-� 

�f�e�e�d�i�n�g� �s�a�l�m�o�n�i�d�s�,� �r�a�t�e�s� �o�f� �b�o�t�h� �i�n�t�a�k�e� �r�a�t�e� �a�n�d� �e�n�e�r�g�y� 

�e�x�p�e�n�d�i�t�u�r�e� �d�e�p�e�n�d� �o�n� �t�h�e� �v�e�l�o�c�i�t�y� �t�h�e�y� �o�c�c�u�p�y�.� �B�o�t�h� 

�j�u�v�e�n�i�l�e� �a�n�d� �a�d�u�l�t� �s�a�l�m�o�n�i�d�s� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �i�n�t�a�k�e� �r�a�t�e� �o�f� 

�d�r�i�f�t�i�n�g� �i�n�v�e�r�t�e�b�r�a�t�e�s� �a�s� �t�h�e�y� �o�c�c�u�p�y� �i�n�c�r�e�a�s�i�n�g�l�y� �f�a�s�t�e�r� 
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�w�a�t�e�r� �v�e�l�o�c�i�t�i�e�s� �(�S�m�i�t�h� �a�n�d� �L�i� �1�9�8�3�,� �F�a�u�s�c�h� �1�9�8�4�,� �H�u�g�h�e�s� �a�n�d� 

�D�i�l�l� �1�9�9�0�)�,� �a�n�d� �e�x�p�e�n�d� �m�o�r�e� �e�n�e�r�g�y� �t�o� �m�a�i�n�t�a�i�n� �t�h�e�i�r� �f�e�e�d�i�n�g� 

�p�o�s�i�t�i�o�n� �(�B�r�e�t�t� �1�9�7�3�,� �P�u�c�k�e�t�t� �a�n�d� �D�i�l�l� �1�9�8�4�,� �D�a�b�r�o�w�s�k�i� �1�9�8�6�,� 

�F�a�c�e�y� �a�n�d� �G�r�o�s�s�m�a�n� �1�9�9�0�)�.� �H�o�w�e�v�e�r�,� �b�o�t�h� �a�d�u�l�t� �a�n�d� �j�u�v�e�n�i�l�e� 

�s�a�l�m�o�n�i�d�s� �d�e�c�r�e�a�s�e� �t�h�e�i�r� �a�t�t�a�c�k� �d�i�s�t�a�n�c�e� �i�n� �h�i�g�h� �v�e�l�o�c�i�t�i�e�s�,� 

�s�o� �b�y� �m�o�v�i�n�g� �i�n�t�o� �h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s� �s�a�l�m�o�n�i�d�s� �g�e�n�e�r�a�l�l�y� 

�i�n�c�r�e�a�s�e� �t�h�e�i�r� �e�n�e�r�g�e�t�i�c� �i�n�t�a�k�e� �m�o�r�e� �t�h�a�n� �t�h�e�i�r� �e�n�e�r�g�y� 

�e�x�p�e�n�d�i�t�u�r�e�s� �(�G�o�d�i�n� �a�n�d� �R�a�n�g�e�l�y� �1�9�8�9�,� �H�u�g�h�e�s� �a�n�d� �D�i�l�l� �1�9�9�0�)�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s� �f�o�r� �d�r�i�f�t�-� 

�f�e�e�d�i�n�g� �s�a�l�m�o�n�i�d�s�,� �l�i�k�e� �b�e�n�t�h�i�c�-�f�e�e�d�i�n�g� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�,� �i�s� 

�d�e�f�i�n�e�d� �b�y� �t�h�e� �c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e� �a�c�h�i�e�v�e�d� �i�n� �t�h�e� 

�m�i�c�r�o�h�a�b�i�t�a�t�.� 

�B�u�t� �t�h�e� �h�a�b�i�t�a�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�p�r�o�f�i�t�a�b�i�l�i�t�y� �f�o�r� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �d�i�f�f�e�r�e�d� �f�r�o�m� 

�t�h�o�s�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�r�o�f�i�t�a�b�i�l�i�t�y� �f�o�r� �d�r�i�f�t�-�f�e�e�d�i�n�g� 

�s�a�l�m�o�n�i�d�s�.� �J�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �n�e�t�t�e�d� �t�h�e�i�r� �h�i�g�h�e�s�t� 

�e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �i�n� �a�r�e�a�s� �t�h�a�t� �w�e�r�e� �b�o�t�h� �s�h�a�l�l�o�w� �a�n�d� 

�c�o�n�t�a�i�n�e�d� �h�i�g�h� �v�e�l�o�c�i�t�i�e�s�,� �n�o�t� �a�r�e�a�s� �t�h�a�t� �s�i�m�p�l�y� �c�o�n�t�a�i�n�e�d� 

�h�i�g�h� �v�e�l�o�c�i�t�i�e�s�.� �S�h�a�l�l�o�w�-�f�a�s�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �m�a�y� �h�a�v�e� �b�e�e�n� 

�m�o�s�t� �p�r�o�f�i�t�a�b�l�e� �f�o�r� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �b�e�c�a�u�s�e� 

�s�u�b�m�e�r�g�e�d� �v�e�g�e�t�a�t�i�o�n� �g�r�e�w� �w�e�l�l� �i�n� �t�h�o�s�e� �a�r�e�a�s�,� �a�n�d� �t�h�i�s� 

�v�e�g�e�t�a�t�i�o�n� �f�r�e�q�u�e�n�t�l�y� �s�u�p�p�o�r�t�s� �h�i�g�h� �d�e�n�s�i�t�i�e�s� �o�f� �b�e�n�t�h�i�c� 

�i�n�v�e�r�t�e�b�r�a�t�e�s� �(�W�a�r�d� �1�9�9�2�)�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�r� �p�r�o�x�i�m�i�t�y� �o�f� 

�a�q�u�a�t�i�c� �v�e�g�e�t�a�t�i�o�n� �m�a�y� �t�h�e�r�e�f�o�r�e� �b�e� �a�n� �i�m�p�o�r�t�a�n�t� �v�a�r�i�a�b�l�e� �t�o� 

�i�n�c�l�u�d�e� �i�n� �f�u�t�u�r�e� �e�v�a�l�u�a�t�i�o�n�s� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �b�y� �a�g�e�-�0� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s�.� 

�A�n�o�t�h�e�r� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �a�n�d� 

�s�a�l�m�o�n�i�d�s� �w�a�s� �t�h�a�t� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �e�x�h�i�b�i�t�e�d� 

�S�i�m�i�l�a�r� �f�o�r�a�g�i�n�g� �b�e�h�a�v�i�o�r� �(�i�.�e�.� �b�e�n�t�h�i�c� �f�o�r�a�g�i�n�g�)� �i�n� 

�d�i�s�s�i�m�i�l�a�r� �m�i�c�r�o�h�a�b�i�t�a�t�s�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e�y� �m�a�i�n�t�a�i�n�e�d� 

�S�i�m�i�l�a�r� �r�e�s�p�i�r�a�t�o�r�y� �c�o�s�t�s� �i�n� �a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�i�t�h�o�u�t� 

�m�o�d�i�f�y�i�n�g� �t�h�e�i�r� �b�e�h�a�v�i�o�r�.� �S�i�m�i�l�a�r� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� 

�o�b�s�e�r�v�e�d� �f�o�r� �o�t�h�e�r� �b�e�n�t�h�i�c�-�f�e�e�d�i�n�g� �s�p�e�c�i�e�s� �(�F�a�c�e�y� �a�n�d� 
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�G�r�o�s�s�m�a�n� �1�9�9�2�)�,� �s�o� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �v�e�l�o�c�i�t�y� �a�n�d� 

�e�n�e�r�g�y� �e�x�p�e�n�d�i�t�u�r�e� �f�o�r� �f�i�s�h� �t�h�a�t� �a�r�e� �p�r�i�m�a�r�i�l�y� �b�e�n�t�h�i�c� 

�f�o�r�a�g�e�r�s� �m�a�y� �d�i�f�f�e�r� �f�r�o�m� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �o�b�s�e�r�v�e�d� �f�o�r� 

�s�a�l�m�o�n�i�d�s�.� �S�a�l�m�o�n�i�d�s� �a�p�p�e�a�r� �t�o� �s�h�i�f�t� �b�e�t�w�e�e�n� �d�r�i�f�t� �f�e�e�d�i�n�g� 

�a�n�d� �b�e�n�t�h�i�c� �f�o�r�a�g�i�n�g� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �m�i�c�r�o�h�a�b�i�t�a�t� �t�h�e�y� 

�o�c�c�u�p�y� �(�G�r�a�n�t� �a�n�d� �N�o�a�k�e�s� �1�9�8�7�)�.� 

�A�s�s�u�m�p�t�i�o�n�s� �a�f�f�e�c�t�i�n�g� �e�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�.� 

�T�h�e� �a�s�s�u�m�p�t�i�o�n�s� �I� �m�a�d�e� �i�n� �t�h�e� �c�o�u�r�s�e� �o�f� �e�s�t�i�m�a�t�i�n�g� 

�e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �a�r�e� �c�e�r�t�a�i�n�l�y� �s�u�b�j�e�c�t� �t�o� �d�i�s�p�u�t�e�.� 

�E�s�t�i�m�a�t�e�s� �o�f� �r�e�s�p�i�r�a�t�o�r�y� �c�o�s�t�s� �d�e�p�e�n�d�e�d� �o�n� �e�s�t�i�m�a�t�e�s� �o�f� 

�a�v�e�r�a�g�e� �s�w�i�m�m�i�n�g� �s�p�e�e�d� �d�u�r�i�n�g� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n�,� �b�u�t� �i�t� �w�a�s� 

�e�v�i�d�e�n�t� �t�h�a�t� �s�w�i�m�m�i�n�g� �s�p�e�e�d� �v�a�r�i�e�d� �s�u�b�s�t�a�n�t�i�a�l�l�y� �w�i�t�h�i�n� �e�a�c�h� 

�o�b�s�e�r�v�a�t�i�o�n� �p�e�r�i�o�d�.� �T�h�e� �s�w�i�m�m�i�n�g�-�s�p�e�e�d� �m�e�t�h�o�d� �o�f� �e�s�t�i�m�a�t�i�n�g� 

�r�e�s�p�i�r�a�t�o�r�y� �c�o�s�t�s� �i�s� �t�y�p�i�c�a�l�l�y� �a�p�p�l�i�e�d� �t�o� �s�p�e�c�i�e�s� �t�h�a�t� 

�e�x�h�i�b�i�t� �s�t�e�a�d�y� �s�w�i�m�m�i�n�g� �(�e�.�g�.� �D�a�b�r�o�w�s�k�i� �1�9�8�6�,� �F�a�c�e�y� �a�n�d� 

�G�r�o�s�s�m�a�n� �1�9�9�0�,� �K�a�u�f�m�a�n�n� �1�9�9�0�)�,� �a�n�d� �t�h�e� �a�c�t�u�a�l� �m�e�t�a�b�o�l�i�c� 

�c�o�s�t�s� �o�f� �n�o�n�-�s�t�e�a�d�y� �s�w�i�m�m�i�n�g� �m�a�y� �b�e� �m�u�c�h� �h�i�g�h�e�r� �t�h�a�n� �m�y� 

�e�s�t�i�m�a�t�e�s� �(�W�e�b�b� �1�9�9�1�)�.� �H�o�w�e�v�e�r�,� �a�l�l� �t�h�e� �s�w�i�m� �s�p�e�e�d� 

�e�s�t�i�m�a�t�e�s� �w�e�r�e� �l�e�s�s� �t�h�a�n� �3�.�0� �b�o�d�y�-�l�e�n�g�t�h�s�/�s�,� �w�h�i�c�h� �i�s� 

�c�o�n�s�i�d�e�r�e�d� �a� �s�u�s�t�a�i�n�a�b�l�e� �s�p�e�e�d� �f�o�r� �m�o�s�t� �f�i�s�h�e�s� �(�V�i�d�e�l�e�r� �a�n�d� 

�W�a�r�d�l�e� �1�9�9�1�)�,� �a�n�d� �p�r�o�b�a�b�l�y� �r�e�p�r�e�s�e�n�t�s� �a� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� 

�m�e�t�a�b�o�l�i�c� �c�o�s�t�.� 

�E�s�t�i�m�a�t�e�s� �o�f� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �a�l�s�o� �d�e�p�e�n�d�e�d� �o�n� �t�h�e� 

�e�s�t�i�m�a�t�e�d� �e�n�e�r�g�e�t�i�c� �c�o�n�t�e�n�t� �o�f� �t�h�e� �a�v�e�r�a�g�e� �f�o�o�d� �p�a�r�t�i�c�l�e�,� 

�w�h�i�c�h� �i�n� �t�u�r�n� �a�s�s�u�m�e�d� �t�h�a�t� �f�o�o�d� �h�a�b�i�t�s� �o�f� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �i�n� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �r�e�s�e�m�b�l�e�d� �t�h�o�s�e� �o�f� 

�j�u�v�e�n�i�l�e�s� �i�n� �t�h�e� �N�e�w� �R�i�v�e�r�.� �S�t�u�d�i�e�s� �o�f� �t�h�e� �f�o�o�d� �h�a�b�i�t�s� �o�f� 

�a�g�e�-�0�O� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �f�r�o�m� �t�h�r�o�u�g�h�o�u�t� �e�a�s�t�e�r�n� �a�n�d� �m�i�d�w�e�s�t�e�r�n� 

�U�.�S�.� �(�L�a�c�h�n�e�r� �1�9�5�0�,� �S�t�e�w�a�r�t� �1�9�7�8�,� �G�e�o�r�g�e� �a�n�d� �H�a�d�l�e�y� �1�9�7�9�,� 

�A�n�g�e�r�m�e�i�e�r� �1�9�8�2�,� �B�u�y�n�a�k� �e�t� �a�l�.� �1�9�8�2�)� �h�a�v�e� �r�e�p�o�r�t�e�d� �v�a�r�y�i�n�g� 

�p�e�r�c�e�n�t�a�g�e�s� �o�f� �a�q�u�a�t�i�c� �i�n�v�e�r�t�e�b�r�a�t�e�s� �i�n� �t�h�e� �d�i�e�t�s�.� �H�o�w�e�v�e�r�,� 

�a�l�l� �s�t�u�d�i�e�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �l�a�r�v�a�l� �a�q�u�a�t�i�c� �i�n�s�e�c�t�s� �w�e�r�e� �t�h�e� 
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�m�o�s�t� �f�r�e�q�u�e�n�t�l�y� �o�c�c�u�r�r�i�n�g� �f�o�o�d� �i�t�e�m� �i�n� �l�a�t�e� �s�u�m�m�e�r�,� �a�n�d� 

�c�h�i�r�o�n�o�m�i�d�s� �a�n�d� �m�i�c�r�o�c�r�u�s�t�a�c�e�a�n�s� �w�e�r�e� �a� �m�o�r�e� �m�i�n�o�r� �c�o�m�p�o�n�e�n�t� 

�o�f� �t�h�e� �d�i�e�t�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�e�l�a�t�i�v�e� �p�r�o�p�o�r�t�i�o�n�s� �I� �a�s�s�u�m�e�d� 

�f�o�r� �e�a�c�h� �c�a�t�e�g�o�r�y� �i�n� �t�h�e� �d�i�e�t� �w�e�r�e� �s�u�p�p�o�r�t�e�d� �b�y� �d�a�t�a� 

�c�o�l�l�e�c�t�e�d� �i�n� �a� �n�u�m�b�e�r� �o�f� �s�y�s�t�e�m�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �g�e�o�g�r�a�p�h�i�c� 

�r�a�n�g�e� �o�f� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�.� 

�I�f� �i�t� �w�e�r�e� �n�o�t� �v�a�l�i�d�,� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �o�n�e� �i�t�e�m� �w�a�s� 

�i�n�g�e�s�t�e�d� �w�i�t�h� �e�a�c�h� �b�i�t�e� �c�o�u�l�d� �a�l�s�o� �a�f�f�e�c�t� �t�h�e� �e�s�t�i�m�a�t�e�s� �o�f� 

�e�n�e�r�g�e�t�i�c� �i�n�t�a�k�e�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �o�b�s�e�r�v�e�d� �f�o�r�a�g�i�n�g� �r�a�t�e�s� 

�w�i�t�h� �e�s�t�i�m�a�t�e�s� �o�f� �f�o�r�a�g�i�n�g� �r�a�t�e�s� �n�e�c�e�s�s�a�r�y� �t�o� �o�b�t�a�i�n� �m�a�x�i�m�u�m� 

�c�o�n�s�u�m�p�t�i�o�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �w�a�s� �a�t� �l�e�a�s�t� 

�p�o�s�s�i�b�l�e�.� �F�o�r� �t�h�e� �a�v�e�r�a�g�e� �s�i�z�e�d� �j�u�v�e�n�i�l�e� �I� �o�b�s�e�r�v�e�d� �(�8�0� �m�m� 

�T�L�)�,� �t�h�e� �m�a�x�i�m�u�m� �c�o�n�s�u�m�p�t�i�o�n� �p�o�s�s�i�b�l�e� �i�n� �a� �d�a�y� �w�a�s� �0�.�6�7� 

�g�/�d�a�y� �(�S�h�u�t�e�r� �a�n�d� �P�o�s�t� �1�9�9�0�)�.� �I�f� �t�h�e� �a�v�e�r�a�g�e� �p�r�e�y� �i�t�e�m� 

�w�e�i�g�h�e�d� �0�.�1�3�2� �m�g� �(�b�a�s�e�d� �o�n� �t�h�e� �d�a�t�a� �i�n� �T�a�b�l�e� �2�.�1�)�,� �a�n�d� �a�n� 

�i�n�d�i�v�i�d�u�a�l� �c�o�n�s�u�m�e�d� �a�n� �a�v�e�r�a�g�e� �o�f� �o�n�e� �i�t�e�m� �p�e�r� �b�i�t�e�,� �t�h�e�n� 

�t�h�e� �i�n�d�i�v�i�d�u�a�l� �w�o�u�l�d� �h�a�v�e� �t�o� �a�v�e�r�a�g�e� �5�.�9� �b�i�t�e�s�/�m�i�n� �f�o�r� �1�4� 

�h�o�u�r�s� �t�o� �a�c�h�i�e�v�e� �m�a�x�i�m�u�m� �c�o�n�s�u�m�p�t�i�o�n�.� �O�n�l�y� �o�n�e� �i�n�d�i�v�i�d�u�a�l� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �e�x�c�e�e�d�e�d� �t�h�a�t� �r�a�t�e�,� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� 

�f�o�r�a�g�i�n�g� �r�a�t�e� �(�2�.�1� �b�i�t�e�s�/�m�i�n�)� �w�a�s� �w�e�l�l� �b�e�l�o�w� �t�h�e� �r�a�t�e� 

�n�e�c�e�s�s�a�r�y� �t�o� �r�e�a�c�h� �m�a�x�i�m�u�m� �c�o�n�s�u�m�p�t�i�o�n� �i�n� �a� �1�4� �h�o�u�r� �d�a�y�.� 

�T�h�i�s� �c�o�m�p�a�r�i�s�o�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�I� �o�b�s�e�r�v�e�d� �w�e�r�e� �n�o�t� �c�o�n�s�u�m�i�n�g� �m�o�r�e� �f�o�o�d� �t�h�a�n� �t�h�e�y� �c�o�u�l�d� 

�c�o�n�s�u�m�e� �b�a�s�e�d� �o�n� �m�y� �e�s�t�i�m�a�t�e�s� �o�f� �f�o�r�a�g�i�n�g� �r�a�t�e�s� �a�n�d� �t�h�e� 

�e�n�e�r�g�y� �c�o�n�s�u�m�e�d� �d�u�r�i�n�g� �a�n� �a�v�e�r�a�g�e� �b�i�t�e�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� 

�e�s�t�i�m�a�t�e� �o�f� �5�.�9� �b�i�t�e�s�/�m�i�n� �f�o�r� �a� �j�u�v�e�n�i�l�e� �t�o� �a�c�h�i�e�v�e� �m�a�x�i�m�u�m� 

�c�o�n�s�u�m�p�t�i�o�n� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �m�e�a�n� �f�o�r�a�g�i�n�g� �f�r�e�q�u�e�n�c�y� 

�o�b�s�e�r�v�e�d� �f�o�r� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �f�e�e�d�i�n�g� �i�n� �t�h�e� 

�M�i�s�s�i�s�s�i�p�p�i� �R�i�v�e�r� �(�5� �b�i�t�e�s�/�m�i�n�)� �a�n�d� �g�r�o�w�i�n�g� �a�t� �a� �r�a�t�e� 

�c�o�n�s�i�d�e�r�e�d� �n�e�a�r� �"�o�p�t�i�m�a�l�"� �(�S�i�m�o�n�s�o�n� �a�n�d� �S�w�e�n�s�o�n� �1�9�9�0�)�.� 

�T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t� �a�n�d� �P�C�l� 

�r�e�m�a�i�n�e�d� �p�o�s�i�t�i�v�e� �w�h�e�n� �t�h�e� �i�n�t�a�k�e� �r�a�t�e� �f�o�r� �j�u�v�e�n�i�l�e�s� �i�n� �t�h�e� 

�2�2� �a�r�e�a�s� �t�h�a�t� �s�c�o�r�e�d� �h�i�g�h�e�s�t� �o�n� �P�C�1� �w�a�s� �l�o�w�e�r�e�d� �t�o� �t�w�o� �i�t�e�m�s� 
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�f�o�r� �e�v�e�r�y� �t�h�r�e�e� �b�i�t�e�s�.� �T�h�i�s� �t�e�s�t� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �f�o�r�a�g�i�n�g� 

�r�a�t�e�s� �i�n� �s�h�a�l�l�o�w�-�f�a�s�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �w�e�r�e� �h�i�g�h� �e�n�o�u�g�h� �t�o� �m�a�k�e� 

�t�h�o�s�e� �h�a�b�i�t�a�t�s� �m�o�r�e� �p�r�o�f�i�t�a�b�l�e�,� �e�v�e�n� �i�f� �t�h�e� �n�u�m�b�e�r� �o�f� �b�i�t�e�s� 

�t�a�k�e�n� �w�a�s� �n�e�g�a�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �r�a�t�e� �o�f� �e�n�e�r�g�e�t�i�c� 

�i�n�t�a�k�e�.� �T�h�i�s� �i�s� �s�i�g�n�i�f�i�c�a�n�t� �b�e�c�a�u�s�e� �e�v�i�d�e�n�c�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� 

�t�h�e� �n�u�m�b�e�r� �o�f� �b�i�t�e�s� �t�a�k�e�n� �w�a�s� �p�o�s�i�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� 

�e�n�e�r�g�e�t�i�c� �i�n�t�a�k�e�.� �N�o�t� �o�n�l�y� �d�o� �f�i�s�h� �t�h�a�t� �b�i�t�e� �m�o�r�e� 

�f�r�e�q�u�e�n�t�l�y� �t�e�n�d� �t�o� �c�o�n�s�u�m�e� �m�o�r�e� �p�r�e�y� �i�t�e�m�s� �(�G�r�a�n�t� �1�9�9�0�)�,� �b�u�t� 

�t�h�e� �j�u�v�e�n�i�l�e�s� �I� �s�a�w� �b�i�t�i�n�g� �m�o�r�e� �f�r�e�q�u�e�n�t�l�y� �w�e�r�e� �f�o�r�a�g�i�n�g� �i�n� 

�s�h�a�l�l�o�w�-�f�a�s�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �c�o�n�t�a�i�n�i�n�g� �m�o�r�e� �l�a�r�v�a�l� 

�E�p�h�e�m�e�r�o�p�t�e�r�a� �a�n�d� �T�r�i�c�h�o�p�t�e�r�a� �(�W�a�r�d� �1�9�9�2�)�,� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� 

�m�o�r�e� �e�n�e�r�g�y�/�i�n�d�i�v�i�d�u�a�l� �t�h�a�n� �o�t�h�e�r� �f�o�o�d� �i�t�e�m�s� �(�T�a�b�l�e� �2�.�1�)�.� 

�W�h�e�n� �d�r�i�f�t� �f�e�e�d�i�n�g�,� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�c�o�n�c�e�n�t�r�a�t�e� �t�h�e�i�r� �f�o�r�a�g�i�n�g� �e�f�f�o�r�t�s� �a�t� �d�a�w�n� �a�n�d� �d�u�s�k� �w�h�e�n� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �d�r�i�f�t� �a�r�e� �h�i�g�h�e�s�t� �(�S�t�e�w�a�r�t� �1�9�7�8�)�.� �B�e�c�a�u�s�e� 

�I� �c�o�u�l�d� �n�o�t� �v�i�d�e�o�-�t�a�p�e� �j�u�v�e�n�i�l�e�s� �a�t� �d�a�w�n� �a�n�d� �d�u�s�k� �(�d�u�e� �t�o� 

�l�o�w� �l�i�g�h�t� �l�e�v�e�l�s�)�,� �I� �c�a�n� �n�o�t� �d�e�f�i�n�i�t�e�l�y� �s�t�a�t�e� �t�h�a�t� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �i�n� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �n�e�v�e�r� �s�w�i�t�c�h�e�d� �t�o� �a� 

�d�r�i�f�t� �f�e�e�d�i�n�g� �m�o�d�e� �a�t� �d�a�w�n� �o�r� �d�u�s�k�.� �H�o�w�e�v�e�r�,� �I� �o�b�s�e�r�v�e�d� 

�j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �a�t� �d�u�s�k� �o�n� �s�e�v�e�r�a�l� �o�c�c�a�s�i�o�n�s� �a�n�d� 

�n�e�v�e�r� �n�o�t�i�c�e�d� �t�h�e�m� �m�o�v�i�n�g� �i�n�t�o� �n�e�w� �m�i�c�r�o�h�a�b�i�t�a�t�s� �o�r� 

�s�w�i�t�c�h�i�n�g� �f�o�r�a�g�i�n�g� �m�o�d�e�s� �a�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �i�f� �t�h�e�y� �w�e�r�e� 

�d�r�i�f�t� �f�e�e�d�i�n�g�.� 

�I�m�p�l�i�c�a�t�i�o�n�s� �f�o�r� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e�.� 

�G�i�v�e�n� �t�h�a�t� �s�h�a�l�l�o�w�-�f�a�s�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �y�i�e�l�d�e�d� �a� 

�h�i�g�h�e�r� �e�n�e�r�g�e�t�i�c� �g�a�i�n� �t�o� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s�,� �o�p�t�i�m�a�l� 

�f�o�r�a�g�i�n�g� �t�h�e�o�r�y� �w�o�u�l�d� �p�r�e�d�i�c�t� �t�h�a�t� �j�u�v�e�n�i�l�e�s� �s�h�o�u�l�d� �o�c�c�u�p�y� 

�s�h�a�l�l�o�w�,� �f�a�s�t� �m�i�c�r�o�h�a�b�i�t�a�t�s� �m�o�r�e� �f�r�e�q�u�e�n�t�l�y� �t�h�a�n� �d�e�e�p�,� �s�l�o�w� 

�h�a�b�i�t�a�t�s� �(�C�r�o�w�d�e�r� �a�n�d� �M�a�g�n�u�s�o�n� �1�9�8�3�,� �W�e�r�n�e�r� �e�t� �a�l�.� �1�9�8�3�b�)�.� 

�T�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �1� �s�u�p�p�o�r�t� �t�h�i�s� �p�r�e�d�i�c�t�i�o�n� 

�b�e�c�a�u�s�e� �j�u�v�e�n�i�l�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e�i�r� �u�s�e� �o�f� �s�h�a�l�l�o�w� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �a�n�d� �e�x�p�a�n�d�e�d� �t�h�e� �r�a�n�g�e� �o�f� �v�e�l�o�c�i�t�i�e�s� �t�h�e�y� 
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�o�c�c�u�p�i�e�d� �a�s� �t�h�e� �s�u�m�m�e�r�s� �o�f� �1�9�9�0� �a�n�d� �1�9�9�1� �p�r�o�g�r�e�s�s�e�d�.� �T�h�e� 

�c�h�r�o�n�o�l�o�g�y� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �s�o�m�e� 

�i�n�d�i�v�i�d�u�a�l�s� �e�n�t�e�r�e�d� �t�h�e� �m�o�s�t� �p�r�o�f�i�t�a�b�l�e� �h�a�b�i�t�a�t�s� �e�a�r�l�i�e�r� 

�t�h�a�n� �o�t�h�e�r�s� �b�u�t� �a�f�t�e�r� �s�e�v�e�r�a�l� �w�e�e�k�s� �o�f� �e�v�a�l�u�a�t�i�n�g� �a�v�a�i�l�a�b�l�e� 

�m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �j�u�v�e�n�i�l�e�s� �e�n�t�e�r�e�d� �a�r�e�a�s� �t�h�a�t� 

�w�e�r�e� �l�i�k�e�l�y� �t�o� �y�i�e�l�d� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �e�n�e�r�g�e�t�i�c� �p�r�o�f�i�t�s�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �s�t�u�d�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �m�i�c�r�o�h�a�b�i�t�a�t� 

�u�s�e� �b�y� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �c�o�u�l�d� �d�i�r�e�c�t�l�y� �a�f�f�e�c�t� �t�h�e�i�r� 

�g�r�o�w�t�h� �r�a�t�e� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �y�e�a�r�.� �A�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�t�h�a�t� �g�r�o�w� �q�u�i�c�k�l�y� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �c�h�a�n�c�e�s� �o�f� �s�u�r�v�i�v�i�n�g� �t�o� 

�m�a�t�u�r�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �f�i�t�n�e�s�s� �w�i�t�h�i�n� 

�t�h�e� �p�o�p�u�l�a�t�i�o�n� �(�W�e�r�n�e�r� �e�t� �a�l�.� �1�9�8�3�a�,� �R�o�z�e�n�w�e�i�g� �1�9�9�1�)�,� �s�o� �a�n� 

�i�n�d�i�v�i�d�u�a�l�'�s� �f�i�t�n�e�s�s� �m�a�y� �d�e�p�e�n�d� �u�p�o�n� �i�t�s� �a�b�i�l�i�t�y� �t�o� �i�d�e�n�t�i�f�y� 

�a�n�d� �o�c�c�u�p�y� �p�r�o�f�i�t�a�b�l�e� �h�a�b�i�t�a�t�s�.� �A�c�c�u�m�u�l�a�t�e�d� �e�v�i�d�e�n�c�e� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�i�s� �i�s� �t�h�e� �c�a�s�e� �f�o�r� �d�r�i�f�t�-�f�e�e�d�i�n�g� �s�a�l�m�o�n�i�d�s�.� 

�S�a�l�m�o�n�i�d�s� �e�s�t�a�b�l�i�s�h� �d�o�m�i�n�a�n�c�e� �h�i�e�r�a�r�c�h�i�e�s� �w�h�e�r�e� �d�o�m�i�n�a�n�t� 

�i�n�d�i�v�i�d�u�a�l�s� �e�x�c�l�u�d�e� �c�o�m�p�e�t�i�t�o�r�s� �f�r�o�m� �t�h�e� �m�o�s�t� �p�r�o�f�i�t�a�b�l�e� 

�p�o�s�i�t�i�o�n�s�,� �s�u�b�s�e�q�u�e�n�t�l�y� �g�r�o�w� �f�a�s�t�e�r�,� �a�n�d� �m�a�i�n�t�a�i�n� �t�h�a�t� 

�g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e�i�r� �s�i�z�e� �a�n�d� �s�w�i�m�m�i�n�g� 

�a�b�i�l�i�t�y� �s�o� �t�h�e�y� �c�a�n� �b�e� �t�h�e� �f�i�r�s�t� �t�o� �i�n�v�a�d�e� �e�v�e�n� �m�o�r�e� 

�p�r�o�f�i�t�a�b�l�e� �p�o�s�i�t�i�o�n�s� �i�n� �h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s� �(�W�a�n�k�o�w�s�k�i� �a�n�d� 

�T�h�o�r�p�e� �1�9�7�9�,� �A�b�b�o�t� �e�t� �a�l� �1�9�8�5�)�.� 

�B�u�t� �a� �k�e�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �b�e�n�t�h�i�c�-�f�e�e�d�i�n�g� �s�m�a�l�l�m�o�u�t�h� 

�b�a�s�s� �a�n�d� �d�r�i�f�t�-�f�e�e�d�i�n�g� �s�a�l�m�o�n�i�d�s� �i�s� �t�h�a�t� �s�a�l�m�o�n�i�d�s� �i�d�e�n�t�i�f�y� 

�a�n�d� �d�e�f�e�n�d� �s�p�e�c�i�f�i�c� �f�o�c�a�l� �p�o�i�n�t�s� �i�n� �a� �s�t�r�e�a�m� �t�h�a�t� �c�o�n�v�e�y� 

�f�o�o�d� �a�t� �r�e�l�a�t�i�v�e�l�y� �s�t�a�b�l�e� �r�a�t�e�s�,� �a�n�d� �t�h�e�y� �o�c�c�u�p�y� �t�h�o�s�e� 

�p�o�s�i�t�i�o�n�s� �f�o�r� �l�o�n�g� �p�e�r�i�o�d�s� �o�f� �t�i�m�e� �(�M�c�N�i�c�o�l� �a�n�d� �N�o�a�k�e�s� �1�9�8�1�,� 

�B�a�c�h�m�a�n� �1�9�8�4�,� �F�a�u�s�c�h� �1�9�8�4�,� �S�t�r�a�d�m�e�y�e�r� �a�n�d� �T�h�o�r�p�e� �1�9�8�7�)�.� �T�h�e� 

�s�i�z�e� �o�f� �d�e�f�e�n�d�e�d� �f�e�e�d�i�n�g� �t�e�r�r�i�t�o�r�i�e�s� �c�a�n� �v�a�r�y� �w�i�t�h� �c�h�a�n�g�e�s� 

�i�n� �f�o�o�d� �a�b�u�n�d�a�n�c�e� �(�D�i�l�l� �e�t� �a�l�.� �1�9�8�1�)�,� �o�r� �c�h�a�n�g�e�s� �i�n� �t�h�e� 

�d�e�n�s�i�t�y� �o�f� �c�o�m�p�e�t�i�t�o�r�s� �(�L�i� �a�n�d� �B�r�o�c�k�s�e�n� �1�9�7�7�,� �F�a�u�s�c�h� �a�n�d� 

�W�h�i�t�e� �1�9�8�1�)� �b�u�t� �t�h�e� �r�e�l�a�t�i�v�e� �f�o�c�a�l� �p�o�i�n�t�s� �r�e�m�a�i�n� �t�h�e� �s�a�m�e�.� 
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�W�h�i�l�e� �d�r�i�f�t�i�n�g� �f�o�o�d� �r�e�s�o�u�r�c�e�s� �a�r�e� �r�e�p�l�e�n�i�s�h�e�d� 

�c�o�n�t�i�n�u�o�u�s�l�y� �a�t� �a� �f�o�c�a�l� �p�o�i�n�t�,� �i�t� �m�a�y� �t�a�k�e� �s�e�v�e�r�a�l� �d�a�y�s� �t�o� 

�r�e�p�l�e�n�i�s�h� �d�e�p�l�e�t�e�d� �b�e�n�t�h�i�c� �r�e�s�o�u�r�c�e�s�.� �T�h�e�r�e�f�o�r�e�,� �b�e�n�t�h�i�c� 

�f�o�o�d� �r�e�s�o�u�r�c�e�s� �i�n� �a�l�l� �m�i�c�r�o�h�a�b�i�t�a�t�s� �f�l�u�c�t�u�a�t�e� �b�o�t�h� �s�p�a�t�i�a�l�l�y� 

�a�n�d� �t�e�m�p�o�r�a�l�l�y� �(�A�n�g�e�r�m�e�i�e�r� �1�9�8�5�)�,� �a�n�d� �b�e�n�t�h�i�c� �f�e�e�d�e�r�s� �c�a�n� 

�n�o�t� �c�o�n�c�e�n�t�r�a�t�e� �t�h�e�i�r� �e�f�f�o�r�t�s� �i�n� �a� �s�m�a�l�l� �a�r�e�a� �f�o�r� �a�n� 

�e�x�t�e�n�d�e�d� �t�i�m�e�.� �A�s� �b�e�n�t�h�i�c� �f�e�e�d�e�r�s�,� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�t�e�n�d� �t�o� �e�m�p�l�o�y� �t�h�e� �m�o�b�i�l�e� �s�t�r�a�t�e�g�y� �d�e�s�c�r�i�b�e�d� �b�y� �G�r�a�n�t� �a�n�d� 

�N�o�a�k�e�s� �(�1�9�8�7�)� �i�n� �w�h�i�c�h� �i�n�d�i�v�i�d�u�a�l�s� �d�o� �n�o�t� �f�o�c�u�s� �t�h�e�i�r� 

�e�f�f�o�r�t�s� �o�n� �a� �s�i�n�g�l�e� �p�o�s�i�t�i�o�n� �b�u�t� �i�n�s�t�e�a�d� �s�e�a�r�c�h� �a� �w�i�d�e� �a�r�e�a�.� 

�J�u�v�e�n�i�l�e�s� �c�o�u�l�d� �i�m�p�r�o�v�e� �t�h�e�i�r� �f�o�r�a�g�i�n�g� �s�u�c�c�e�s�s� �b�y� 

�c�o�n�c�e�n�t�r�a�t�i�n�g� �t�h�e�i�r� �e�f�f�o�r�t�s� �i�n� �a�r�e�a�s� �w�i�t�h� �p�r�o�f�i�t�a�b�l�e� �h�a�b�i�t�a�t� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �b�u�t� �c�o�m�p�e�t�i�t�o�r�s� �o�r� �a�b�i�o�t�i�c� �f�a�c�t�o�r�s� �c�o�u�l�d� 

�c�a�u�s�e� �f�o�o�d� �r�e�s�o�u�r�c�e�s� �t�o� �v�a�r�y� �s�o� �m�u�c�h� �t�h�a�t� �t�y�p�i�c�a�l�l�y� 

�p�r�o�f�i�t�a�b�l�e� �a�r�e�a�s� �f�r�e�q�u�e�n�t�l�y� �b�e�c�o�m�e� �u�n�p�r�o�f�i�t�a�b�l�e� �(�W�e�r�n�e�r� �a�n�d� 

�H�a�l�l� �1�9�7�9�,� �P�e�c�k�a�r�s�k�y� �1�9�8�3�,� �P�o�f�f� �a�n�d� �W�a�r�d� �1�9�8�9�)�.� �I�f� 

�m�i�c�r�o�h�a�b�i�t�a�t� �p�r�o�f�i�t�a�b�i�l�i�t�y� �v�a�r�i�e�d�,� �j�u�v�e�n�i�l�e�s� �m�a�y� �h�a�v�e� 

�r�e�e�n�t�e�r�e�d� �m�i�c�r�o�h�a�b�i�t�a�t�s� �t�h�a�t� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �l�e�s�s� �p�r�o�f�i�t�a�b�l�e� 

�(�i�.�e�.� �d�e�e�p� �p�o�o�l�s�)� �a�s� �t�h�e�y� �s�e�a�r�c�h�e�d� �f�o�r� �a�n�o�t�h�e�r� �a�r�e�a� �w�h�e�r�e� 

�t�h�e�y� �c�o�u�l�d� �f�o�r�a�g�e� �s�u�c�c�e�s�s�f�u�l�l�y� �(�W�e�r�n�e�r� �e�t� �a�l�.� �1�9�8�3�b�)�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �a� �m�o�b�i�l�e�,� �b�e�n�t�h�i�c� �f�e�e�d�i�n�g� 

�j�u�v�e�n�i�l�e� �w�o�u�l�d� �g�a�i�n� �a� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e� �b�e�c�o�m�e�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�m�i�c�r�o�h�a�b�i�t�a�t� �a�v�a�i�l�a�b�i�l�i�t�y�,� �s�p�a�t�i�a�l� �a�n�d� �t�e�m�p�o�r�a�l� �v�a�r�i�a�b�i�l�i�t�y� 

�o�f� �t�h�e� �f�o�o�d� �r�e�s�o�u�r�c�e�,� �a�n�d� �t�h�e� �b�e�h�a�v�i�o�r�a�l� �m�e�c�h�a�n�i�s�m�s� �e�m�p�l�o�y�e�d� 

�w�h�i�l�e� �s�e�a�r�c�h�i�n�g� �f�o�r� �a� �p�a�t�c�h�y� �r�e�s�o�u�r�c�e�.� �I�f� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� 

�o�f� �f�o�o�d� �r�e�s�o�u�r�c�e�s� �w�a�s� �e�x�t�r�e�m�e�l�y� �v�a�r�i�a�b�l�e� �(�e�v�e�n� �i�n� �p�r�o�f�i�t�a�b�l�e� 

�m�i�c�r�o�h�a�b�i�t�a�t�s�)�,� �t�h�e�n� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �a�l�l� �i�n�d�i�v�i�d�u�a�l�s� 

�w�o�u�l�d� �e�x�p�e�r�i�e�n�c�e� �p�e�r�i�o�d�s� �o�f� �s�l�o�w� �g�r�o�w�t�h�,� �a�n�d� �s�t�o�c�h�a�s�t�i�c� 

�a�b�i�o�t�i�c� �f�a�c�t�o�r�s� �c�o�u�l�d� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �(�i�f� �a�n�y�)� �i�n�d�i�v�i�d�u�a�l�s� 

�g�a�i�n� �a� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e�.� 
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�C�H�A�P�T�E�R� �3� 

�E�f�f�e�c�t� �o�f� �E�a�r�l�y� �G�r�o�w�t�h� �R�a�t�e� �o�n� �S�u�b�s�e�q�u�e�n�t� �G�r�o�w�t�h� �a�n�d� 

�S�u�r�v�i�v�a�l� �o�f� �A�g�e�-�0� �S�m�a�l�l�m�o�u�t�h� �B�a�s�s� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�L�a�r�v�a�l� �a�n�d� �j�u�v�e�n�i�l�e� �f�i�s�h� �t�y�p�i�c�a�l�l�y� �e�x�p�e�r�i�e�n�c�e� �h�i�g�h� 

�m�o�r�t�a�l�i�t�y� �r�a�t�e�s�,� �b�u�t� �l�a�r�v�a�l� �c�o�h�o�r�t�s� �t�h�a�t� �g�r�o�w� �a�t� �d�i�f�f�e�r�e�n�t� 

�r�a�t�e�s� �e�x�p�e�r�i�e�n�c�e� �d�i�s�s�i�m�i�l�a�r� �s�u�r�v�i�v�a�l� �r�a�t�e�s� �(�H�o�u�d�e� �1�9�8�9�,� 

�L�u�e�c�k�e� �e�t� �a�l�.� �1�9�9�0�)�.� �I�n�d�i�v�i�d�u�a�l� �l�a�r�v�a�e� �t�h�a�t� �g�r�o�w� �r�e�l�a�t�i�v�e�l�y� 

�f�a�s�t� �m�a�y� �g�a�i�n� �a� �s�u�r�v�i�v�a�l� �a�d�v�a�n�t�a�g�e� �o�v�e�r� �s�l�o�w�e�r� �g�r�o�w�i�n�g� 

�m�e�m�b�e�r�s� �o�f� �t�h�e�i�r� �c�o�h�o�r�t� �(�M�i�l�l�e�r� �e�t� �a�l�.� �1�9�8�8�,� �P�e�r�s�s�o�n� �a�n�d� 

�D�i�e�h�l� �1�9�9�0�)�.� �T�h�i�s� �e�a�r�l�y� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e� �m�a�y� �r�e�s�u�l�t� �f�r�o�m� 

�i�n�i�t�i�a�l� �s�i�z�e� �d�i�f�f�e�r�e�n�c�e�s� �o�f� �l�a�r�v�a�e� �a�t� �t�h�e� �t�i�m�e� �o�f� �h�a�t�c�h�i�n�g� 

�(�W�e�s�t� �a�n�d� �L�a�r�k�i�n� �1�9�8�7�)� �o�r� �f�r�o�m� �i�n�d�i�v�i�d�u�a�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�f�o�r�a�g�i�n�g� �s�u�c�c�e�s�s� �o�r� �p�r�e�v�a�i�l�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �d�u�r�a�t�i�o�n� �o�f� �t�i�m�e� �t�h�a�t� �i�n�d�i�v�i�d�u�a�l� �l�a�r�v�a�e� �a�n�d� 

�j�u�v�e�n�i�l�e�s� �m�a�i�n�t�a�i�n� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e�s� �i�s� �a� �s�u�b�j�e�c�t� �o�f� 

�s�p�e�c�u�l�a�t�i�o�n�.� 

�D�u�r�i�n�g� �t�h�e�i�r� �f�i�r�s�t� �g�r�o�w�i�n�g� �s�e�a�s�o�n�,� �i�n�d�i�v�i�d�u�a�l�s� �t�h�a�t� 

�g�a�i�n� �a�n� �e�a�r�l�y� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e� �u�s�u�a�l�l�y� �b�e�g�i�n� �f�e�e�d�i�n�g� �o�n� 

�h�i�g�h�-�e�n�e�r�g�y� �p�r�e�y� �i�t�e�m�s� �(�e�.�g�.� �l�a�r�v�a�l� �f�i�s�h�)� �s�o�o�n�e�r� �a�n�d� �t�h�e�r�e�b�y� 

�f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �g�r�o�w�t�h� �r�a�t�e� �(�K�e�a�s�t� �a�n�d� �E�a�d�i�e� �1�9�8�5�)�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �l�a�r�g�e� �i�n�d�i�v�i�d�u�a�l�s� �a�r�e� �f�r�e�q�u�e�n�t�l�y� �t�h�e� �f�i�r�s�t� 

�m�e�m�b�e�r�s� �o�f� �a� �c�o�h�o�r�t� �t�h�a�t� �a�r�e� �m�o�r�p�h�o�l�o�g�i�c�a�l�l�y� �c�a�p�a�b�l�e� �o�f� 

�e�x�p�l�o�i�t�i�n�g� �n�e�w� �h�a�b�i�t�a�t�s� �i�n� �w�h�i�c�h� �t�h�e�y� �m�a�y� �f�o�r�a�g�e� �m�o�r�e� 

�e�f�f�i�c�i�e�n�t�l�y� �(�L�a�y�z�e�r� �a�n�d� �C�l�a�d�y� �1�9�8�7�,� �E�h�l�i�n�g�e�r� �1�9�9�0�)�.� �S�m�a�l�l� 

�i�n�d�i�v�i�d�u�a�l�s� �m�a�y� �l�o�c�k� �t�h�e�m�s�e�l�v�e�s� �i�n�t�o� �a� �c�y�c�l�e� �o�f� �s�l�o�w� �g�r�o�w�t�h� 

�b�y� �s�p�e�c�i�a�l�i�z�i�n�g� �o�n� �s�m�a�l�l�,� �l�o�w�-�e�n�e�r�g�y� �p�r�e�y� �i�t�e�m�s� �w�h�i�c�h� 

�p�r�o�m�o�t�e� �s�l�o�w�e�r� �g�r�o�w�t�h� �a�n�d� �t�h�i�s� �s�u�b�s�e�q�u�e�n�t�l�y� �i�n�c�r�e�a�s�e�s� �t�h�e� 

�t�i�m�e� �t�h�a�t� �t�h�e�s�e� �i�n�d�i�v�i�d�u�a�l�s� �a�r�e� �m�o�r�p�h�o�l�o�g�i�c�a�l�l�y� �u�n�a�b�l�e� �t�o� 

�c�a�p�t�u�r�e� �h�i�g�h�-�e�n�e�r�g�y� �p�r�e�y� �(�W�a�l�t�o�n� �e�t� �a�l�.� �1�9�9�2�)�.� �T�h�e�s�e� 

�r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �i�n�d�i�v�i�d�u�a�l�s� �t�h�a�t� �g�a�i�n� �a�n� �e�a�r�l�y� �g�r�o�w�t�h� 

�a�d�v�a�n�t�a�g�e� �a�r�e� �l�i�k�e�l�y� �t�o� �m�a�i�n�t�a�i�n� �t�h�a�t� �a�d�v�a�n�t�a�g�e�,� �r�e�d�u�c�e� 

�7�9



�t�h�e�i�r� �s�u�s�c�e�p�t�i�b�i�l�i�t�y� �t�o� �p�r�e�d�a�t�i�o�n� �a�n�d� �s�t�a�r�v�a�t�i�o�n� �m�o�r�t�a�l�i�t�y�,� 

�a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �a�r�e� �m�o�r�e� �l�i�k�e�l�y� �t�o� �r�e�c�r�u�i�t� �t�o� �t�h�e� �s�p�a�w�n�i�n�g� 

�p�o�p�u�l�a�t�i�o�n�.� 

�H�o�w�e�v�e�r�,� �m�u�c�h� �o�f� �t�h�e� �e�v�i�d�e�n�c�e� �s�u�p�p�o�r�t�i�n�g� �s�i�z�e�-�d�e�p�e�n�d�e�n�t� 

�g�r�o�w�t�h� �a�n�d� �m�o�r�t�a�l�i�t�y� �o�f� �a�g�e�-�0� �f�i�s�h� �d�o�e�s� �n�o�t� �c�o�n�s�i�d�e�r� �h�o�w� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �s�t�o�c�h�a�s�t�i�c�i�t�y� �a�f�f�e�c�t�s� �t�h�e�s�e� �p�r�o�c�e�s�s�e�s�.� �I�n�a� 

�h�e�t�e�r�o�g�e�n�e�o�u�s� �e�n�v�i�r�o�n�m�e�n�t�,� �l�a�r�g�e� �i�n�d�i�v�i�d�u�a�l�s� �m�a�y� �h�a�v�e� �t�h�e�i�r� 

�c�o�m�p�e�t�i�t�i�v�e� �a�d�v�a�n�t�a�g�e�s� �e�l�i�m�i�n�a�t�e�d� �b�y� �s�p�a�t�i�a�l� �a�n�d� �t�e�m�p�o�r�a�l� 

�s�h�i�f�t�s� �i�n� �f�o�o�d� �r�e�s�o�u�r�c�e�s�.� �I�n� �s�u�c�h� �c�a�s�e�s�,� �f�o�r�a�g�i�n�g� �s�u�c�c�e�s�s� 

�m�a�y� �d�e�p�e�n�d� �m�o�r�e� �o�n� �t�h�e� �a�b�i�l�i�t�y� �o�f� �i�n�d�i�v�i�d�u�a�l�s� �t�o� �l�o�c�a�t�e� 

�r�e�s�o�u�r�c�e�s� �(�a�n� �a�b�i�l�i�t�y� �t�h�a�t� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �s�i�z�e� 

�d�e�p�e�n�d�e�n�t�)� �r�a�t�h�e�r� �t�h�a�n� �t�h�e� �a�b�i�l�i�t�y� �t�o� �c�a�p�t�u�r�e� �o�r� �d�e�f�e�n�d� 

�r�e�s�o�u�r�c�e�s� �(�a�b�i�l�i�t�i�e�s� �t�h�a�t� �a�r�e� �f�r�e�q�u�e�n�t�l�y� �s�i�z�e�-�d�e�p�e�n�d�e�n�t�)�.� 

�A�g�e�-�O� �f�i�s�h� �i�n� �s�t�r�e�a�m�s� �m�a�y� �b�e� �p�a�r�t�i�c�u�l�a�r�l�y� �s�u�s�c�e�p�t�i�b�l�e� �t�o� 

�t�h�e�s�e� �i�n�f�l�u�e�n�c�e�s� �b�e�c�a�u�s�e� �s�t�r�e�a�m�s� �a�r�e� �h�i�g�h�l�y� �v�a�r�i�a�b�l�e� 

�e�n�v�i�r�o�n�m�e�n�t�s� �(�A�n�g�e�r�m�e�i�e�r� �1�9�8�5�,� �S�t�a�t�z�n�e�r� �e�t� �a�l�.� �1�9�8�8�)�,� �a�n�d� 

�m�a�n�y� �s�t�r�e�a�m� �f�i�s�h� �d�e�m�o�n�s�t�r�a�t�e� �l�i�m�i�t�e�d� �m�o�b�i�l�i�t�y� �(�a�n�d� �t�h�e�r�e�f�o�r�e� 

�l�i�m�i�t�e�d� �a�b�i�l�i�t�y� �t�o� �s�e�a�r�c�h� �f�o�r� �r�e�s�o�u�r�c�e�s�)� �d�u�r�i�n�g� �t�h�e�i�r� �f�i�r�s�t� 

�g�r�o�w�i�n�g� �s�e�a�s�o�n� �(�S�h�u�c�k� �1�9�4�5�,� �H�e�g�g�e�n�e�s� �e�t� �a�l�.� �1�9�9�1�)�.� 

�I�n� �C�h�a�p�t�e�r�s� �1� �a�n�d� �2�,� �I� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �a�g�e�-�0�O� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �c�h�a�n�g�e� �t�h�e�i�r� �u�s�e� �o�f� �m�i�c�r�o�h�a�b�i�t�a�t�s� �i�n� �t�h�e� 

�N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �a�s� �t�h�e�y� �p�r�o�g�r�e�s�s� �t�h�r�o�u�g�h� �s�t�a�g�e�s� �o�f� 

�o�n�t�o�g�e�n�e�t�i�c� �d�e�v�e�l�o�p�m�e�n�t�.� �T�h�e� �f�i�r�s�t� �i�n�d�i�v�i�d�u�a�l�s� �t�o� �e�n�t�e�r� 

�p�r�e�v�i�o�u�s�l�y� �u�n�u�s�e�d� �(�a�n�d� �e�n�e�r�g�e�t�i�c�a�l�l�y� �p�r�o�f�i�t�a�b�l�e�)� �h�a�b�i�t�a�t�s� 

�m�a�y� �g�a�i�n� �a� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e� �o�v�e�r� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �a�g�e�-�0� 

�c�o�h�o�r�t�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �i�t� �i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �t�h�a�t� �i�n�d�i�v�i�d�u�a�l�s� 

�g�a�i�n� �o�n�l�y� �s�h�o�r�t�-�t�e�r�m� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e�s� �w�h�e�n� �t�h�e�y� �e�n�t�e�r� 

�p�r�o�f�i�t�a�b�l�e� �h�a�b�i�t�a�t�s� �b�e�c�a�u�s�e� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �s�t�o�c�h�a�s�t�i�c�i�t�y�.� 

�G�r�o�w�t�h� �a�d�v�a�n�t�a�g�e�s� �m�a�y� �a�l�s�o� �r�e�s�u�l�t� �l�e�s�s� �f�r�o�m� �t�h�e� �a�c�t�i�o�n�s� 

�o�f� �j�u�v�e�n�i�l�e�s� �t�h�a�n� �f�r�o�m� �b�e�h�a�v�i�o�r�a�l� �d�e�c�i�s�i�o�n�s� �m�a�d�e� �b�y� �s�p�a�w�n�i�n�g� 

�a�d�u�l�t�s�.� �A�d�u�l�t�s� �t�h�a�t� �s�p�a�w�n� �e�a�r�l�y� �m�a�y� �p�r�o�v�i�d�e� �t�h�e�i�r� �o�f�f�s�p�r�i�n�g� 

�w�i�t�h� �a� �s�i�z�e� �a�d�v�a�n�t�a�g�e� �o�v�e�r� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �c�o�h�o�r�t� �d�u�r�i�n�g� �a�n� 

�e�a�r�l�y� �p�e�r�i�o�d� �o�f� �d�e�v�e�l�o�p�m�e�n�t�.� �C�o�n�v�e�r�s�e�l�y�,� �w�a�r�m�e�r� �t�h�e�r�m�a�l� 
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�r�e�g�i�m�e�s� �m�a�y� �p�r�o�v�i�d�e� �l�a�t�e�-�s�p�a�w�n�e�d� �l�a�r�v�a�e� �w�i�t�h� �a� �g�r�o�w�t�h� 

�a�d�v�a�n�t�a�g�e� �t�h�a�t� �o�v�e�r�w�h�e�l�m�s� �t�h�e� �g�r�o�w�t�h� �h�e�a�d�-�s�t�a�r�t� �t�h�a�t� �e�a�r�l�y�-� 

�s�p�a�w�n�e�d� �i�n�d�i�v�i�d�u�a�l�s� �g�a�i�n�e�d� �o�r� �t�h�e� �g�r�o�w�t�h� �a�d�v�a�n�t�a�g�e�s� �a�m�a�s�s�e�d� 

�b�y� �i�n�d�i�v�i�d�u�a�l�s� �o�c�c�u�p�y�i�n�g� �t�h�e� �m�o�s�t� �p�r�o�f�i�t�a�b�l�e� �h�a�b�i�t�a�t�s�.� 

�U�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �f�a�c�t�o�r�s� �t�h�a�t� �d�e�t�e�r�m�i�n�e� �h�o�w� �s�o�m�e� 

�i�n�d�i�v�i�d�u�a�l�s� �g�a�i�n� �a� �s�i�z�e� �a�d�v�a�n�t�a�g�e� �d�u�r�i�n�g� �t�h�e�i�r� �f�i�r�s�t� �g�r�o�w�i�n�g� 

�s�e�a�s�o�n� �m�a�y� �i�m�p�r�o�v�e� �m�a�n�a�g�e�m�e�n�t� �e�f�f�o�r�t�s� �t�o� �s�t�a�b�i�l�i�z�e� 

�r�e�c�r�u�i�t�m�e�n�t� �o�f� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �p�o�p�u�l�a�t�i�o�n�s�.� 

�T�h�e� �p�r�i�m�a�r�y� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �q�u�a�n�t�i�f�y� �a�n�d� 

�c�o�m�p�a�r�e� �g�r�o�w�t�h� �r�a�t�e�s� �o�f� �i�n�d�i�v�i�d�u�a�l� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �i�n� �t�h�e� 

�N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �d�u�r�i�n�g� �e�a�r�l�y� �l�i�f�e� �s�t�a�g�e�s�.� �B�y� �e�x�a�m�i�n�i�n�g� 

�d�a�i�l�y� �r�i�n�g�s� �d�e�p�o�s�i�t�e�d� �o�n� �o�t�o�l�i�t�h�s� �(�B�r�o�t�h�e�r�s� �e�t� �a�l�.� �1�9�7�6�)�,� �I� 

�w�a�s� �a�b�l�e� �t�o� �c�o�m�p�a�r�e� �t�h�e� �r�e�l�a�t�i�v�e� �g�r�o�w�t�h� �r�a�t�e�s� �o�f� �i�n�d�i�v�i�d�u�a�l�s� 

�t�h�r�o�u�g�h� �t�i�m�e�.� �I� �a�l�s�o� �t�r�i�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �i�n�d�i�v�i�d�u�a�l� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �g�r�o�w�t�h� �r�a�t�e� �w�e�r�e� �i�n�f�l�u�e�n�c�e�d� �m�o�r�e� �b�y� 

�i�n�d�i�v�i�d�u�a�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�o�n�s�u�m�p�t�i�o�n� �a�n�d� �e�n�e�r�g�y� �e�x�p�e�n�d�i�t�u�r�e� 

�o�r� �b�y� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e�r�m�a�l� �r�e�g�i�m�e�.� �F�i�n�a�l�l�y�,� �I� �e�x�a�m�i�n�e�d� �t�h�e� 

�e�f�f�e�c�t� �o�f� �g�r�o�w�t�h� �r�a�t�e� �o�n� �l�a�r�v�a�l� �s�u�r�v�i�v�a�l�,� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� 

�f�a�s�t� �g�r�o�w�i�n�g� �l�a�r�v�a�e� �w�e�r�e� �m�o�r�e� �l�i�k�e�l�y� �t�o� �s�u�r�v�i�v�e� �t�h�r�o�u�g�h� �t�h�e� 

�p�e�r�i�o�d� �o�f� �m�a�s�s� �m�o�r�t�a�l�i�t�y� �t�h�a�t� �o�c�c�u�r�s� �a�f�t�e�r� �l�a�r�v�a�e� �d�i�s�p�e�r�s�e� 

�f�r�o�m� �t�h�e�i�r� �b�r�o�o�d� �s�i�t�e�s�.� 

�M�e�t�h�o�d�s�  �� 

�S�i�t�e� �D�e�s�c�r�i�p�t�i�o�n�.� 

�L�a�r�v�a�l� �a�n�d� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� 

�w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �N�o�r�t�h� �A�n�n�a� �R�i�v�e�r� �i�n� �e�a�s�t�e�r�n� 

�V�i�r�g�i�n�i�a�.� �A� �c�o�m�p�l�e�t�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �r�i�v�e�r� �i�s� �i�n�c�l�u�d�e�d� 

�i�n� �C�h�a�p�t�e�r� �1�.� �A�l�l� �c�o�l�l�e�c�t�i�o�n�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �a� �r�e�a�c�h� �o�f� 

�t�h�e� �r�i�v�e�r� �e�x�t�e�n�d�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �s�e�v�e�n� �k�m� �d�o�w�n�s�t�r�e�a�m� �f�r�o�m� 

�t�h�e� �R�o�u�t�e� �6�0�3� �b�r�i�d�g�e� �i�n� �H�a�n�o�v�e�r� �C�o�u�n�t�y� �a�n�d� �e�n�c�o�m�p�a�s�s�i�n�g� �b�o�t�h� 

�t�h�e� �s�t�u�d�y� �s�i�t�e�s� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �1�.� �L�a�r�v�a�e� �w�e�r�e� 

�c�o�l�l�e�c�t�e�d� �f�r�o�m� �a�l�l� �a�r�e�a�s� �w�h�e�r�e� �I� �o�b�s�e�r�v�e�d� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� 

�n�e�s�t�s� �i�n� �t�h�i�s� �r�e�a�c�h�,� �b�u�t� �j�u�v�e�n�i�l�e�s� �w�e�r�e� �o�n�l�y� �c�o�l�l�e�c�t�e�d� �f�r�o�m� 
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�a�r�e�a�s� �o�u�t�s�i�d�e� �o�f� �t�h�e� �t�w�o� �s�t�u�d�y� �s�i�t�e�s� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �1�,� 

�t�o� �i�n�s�u�r�e� �t�h�a�t� �I� �d�i�d� �n�o�t� �d�i�r�e�c�t�l�y� �a�f�f�e�c�t� �j�u�v�e�n�i�l�e� �d�e�n�s�i�t�i�e�s� 

�i�n� �t�h�o�s�e� �s�i�t�e�s�.� 

�S�a�m�p�l�e� �c�o�l�l�e�c�t�i�o�n�.� 

�C�o�l�l�e�c�t�i�o�n�s� �w�e�r�e� �t�i�m�e�d� �t�o� �c�o�i�n�c�i�d�e� �w�i�t�h� �l�i�f�e� �s�t�a�g�e�s� 

�d�u�r�i�n�g� �w�h�i�c�h� �a�g�e�-�0� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �e�x�h�i�b�i�t�e�d� �d�i�s�t�i�n�c�t�i�v�e� 

�b�e�h�a�v�i�o�r�s�,� �f�o�o�d� �h�a�b�i�t�s�,� �a�n�d� �h�a�b�i�t�a�t� �u�s�e�.� �B�r�o�o�d� �l�a�r�v�a�e� �w�e�r�e� 

�c�o�l�l�e�c�t�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �i�n�d�i�v�i�d�u�a�l� �g�r�o�w�t�h� 

�r�a�t�e�s� �t�h�a�t� �e�x�i�s�t�e�d� �b�e�f�o�r�e� �m�a�s�s� �m�o�r�t�a�l�i�t�y� �o�c�c�u�r�r�e�d� �a�t� 

�d�i�s�p�e�r�s�a�l�.� �A� �s�a�m�p�l�e� �o�f� �j�u�v�e�n�i�l�e�s� �w�a�s� �c�o�l�l�e�c�t�e�d� �t�w�o� �w�e�e�k�s� 

�a�f�t�e�r� �d�i�s�p�e�r�s�a�l� �t�o� �r�e�p�r�e�s�e�n�t� �i�n�d�i�v�i�d�u�a�l�s� �t�h�a�t� �h�a�d� �s�u�r�v�i�v�e�d� 

�d�i�s�p�e�r�s�a�l�,� �w�e�r�e� �m�o�r�p�h�o�l�o�g�i�c�a�l�l�y� �c�a�p�a�b�l�e� �o�f� �e�a�t�i�n�g� �a� �w�i�d�e� 

�v�a�r�i�e�t�y� �o�f� �p�r�e�y� �i�t�e�m�s� �(�E�a�s�t�o�n� �a�n�d� �O�r�t�h� �1�9�9�2�)�,� �a�n�d� �w�e�r�e� 

�b�e�g�i�n�n�i�n�g� �t�o� �e�x�p�l�o�r�e� �p�r�e�v�i�o�u�s�l�y� �u�n�o�c�c�u�p�i�e�d� �h�a�b�i�t�a�t�s� �(�s�e�e� 

�C�h�a�p�t�e�r� �1�)�.� �J�u�v�e�n�i�l�e�s� �w�e�r�e� �s�a�m�p�l�e�d� �a�g�a�i�n� �s�i�x� �w�e�e�k�s� �a�f�t�e�r� 

�d�i�s�p�e�r�s�a�l�,� �w�h�e�n� �m�o�s�t� �i�n�d�i�v�i�d�u�a�l�s� �w�e�r�e� �o�c�c�u�p�y�i�n�g� �p�r�e�v�i�o�u�s�l�y� 

�u�n�u�s�e�d� �h�a�b�i�t�a�t�s�.� 

�B�e�t�w�e�e�n� �M�a�y� �2�4� �a�n�d� �J�u�n�e� �2�9�,� �1�9�9�0�,� �I� �c�o�l�l�e�c�t�e�d� �7�8� �l�a�r�v�a�e� 

�t�h�a�t� �s�w�a�m� �o�f�f� �t�h�e� �n�e�s�t� �a�t� �l�e�a�s�t� �s�i�x� �d�a�y�s� �e�a�r�l�i�e�r� �b�u�t� �s�t�i�l�l� 

�o�c�c�u�p�i�e�d� �t�h�e�i�r� �b�r�o�o�d� �s�i�t�e�s�.� �I� �c�o�l�l�e�c�t�e�d� �a� �m�a�x�i�m�u�m� �o�f� �1�0� 

�l�a�r�v�a�e� �f�r�o�m� �e�a�c�h� �b�r�o�o�d� �(�e�i�g�h�t� �b�r�o�o�d�s� �t�o�t�a�l�)� �w�i�t�h� �a�n� �a�q�u�a�r�i�u�m� 

�n�e�t�,� �p�r�e�s�e�r�v�e�d� �t�h�e�m� �o�n� �i�c�e�,� �a�n�d� �t�r�a�n�s�p�o�r�t�e�d� �t�h�e�m� �b�a�c�k� �t�o� �t�h�e� 

�l�a�b�o�r�a�t�o�r�y� �w�h�e�r�e� �t�h�e�i�r� �t�o�t�a�l� �l�e�n�g�t�h� �(�T�L�,� �m�m�)� �w�a�s� �m�e�a�s�u�r�e�d� 

�t�h�e� �s�a�m�e� �d�a�y� �u�s�i�n�g� �a� �d�i�s�s�e�c�t�i�n�g� �m�i�c�r�o�s�c�o�p�e� �e�q�u�i�p�p�e�d� �w�i�t�h� �a�n� 

�o�c�u�l�a�r� �m�i�c�r�o�m�e�t�e�r�.� �A�l�s�o� �i�n� �1�9�9�0�,� �I� �c�o�l�l�e�c�t�e�d� �3�8� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �d�u�r�i�n�g� �J�u�l�y� �1�1�-�2�6�,� �a�n�d� �1�6� �j�u�v�e�n�i�l�e�s� �d�u�r�i�n�g� 

�A�u�g�u�s�t� �1�4�-�1�7�.� �J�u�v�e�n�i�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �u�s�i�n�g� �a� �b�a�c�k�p�a�c�k� 

�e�l�e�c�t�r�o�s�h�o�c�k�e�r�,� �t�h�e�i�r� �T�L� �w�a�s� �m�e�a�s�u�r�e�d� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� 

�c�a�p�t�u�r�e�,� �a�n�d� �t�h�e�y� �w�e�r�e� �p�r�e�s�e�r�v�e�d� �o�n� �i�c�e� �u�n�t�i�l� �t�r�a�n�s�p�o�r�t�e�d� �t�o� 

�t�h�e� �l�a�b�o�r�a�t�o�r�y�.� �B�e�c�a�u�s�e� �e�t�h�a�n�o�l� �d�e�g�r�a�d�e�s� �o�t�o�l�i�t�h� 

�m�i�c�r�o�s�t�r�u�c�t�u�r�e� �o�f� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �(�R�.� �J�.� �G�r�a�h�a�m�,� �D�.� �J�.� �O�r�t�h�,� 

�M�.� �J�.� �S�a�b�o�,� �R�.� �S�.� �E�a�s�t�o�n�,� �a�n�d� �B�.� �W�e�l�l�s�,� �p�e�r�s�o�n�a�l� 
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�o�b�s�e�r�v�a�t�i�o�n�)�,� �l�a�r�v�a�e� �a�n�d� �j�u�v�e�n�i�l�e�s� �w�e�r�e� �f�r�o�z�e�n� �t�o� �p�r�e�s�e�r�v�e� 

�t�h�e�m� �u�n�t�i�l� �I� �c�o�u�l�d� �b�e�g�i�n� �a�g�e� �a�n�d� �g�r�o�w�t�h� �a�n�a�l�y�s�e�s�.� 

�I�n� �1�9�9�1� �I� �o�b�t�a�i�n�e�d� �s�a�m�p�l�e�s� �o�f� �l�a�r�v�a�l� �a�n�d� �j�u�v�e�n�i�l�e� 

�s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �a�t� �l�i�f�e� �s�t�a�g�e�s� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �s�a�m�p�l�e�d� �i�n� 

�1�9�9�0�.� �I� �c�o�l�l�e�c�t�e�d� �7�3� �l�a�r�v�a�e� �f�r�o�m� �e�i�g�h�t� �b�r�o�o�d�s� �d�u�r�i�n�g� �M�a�y� �8�-� 

�1�5�,� �3�8� �j�u�v�e�n�i�l�e�s� �d�u�r�i�n�g� �J�u�n�e� �4�-�5�,� �a�n�d� �3�8� �a�d�d�i�t�i�o�n�a�l� 

�j�u�v�e�n�i�l�e�s� �d�u�r�i�n�g� �J�u�l�y� �2�-�9�.� �S�a�m�p�l�i�n�g� �m�e�t�h�o�d�s� �w�e�r�e� �i�d�e�n�t�i�c�a�l� 

�t�o� �t�h�o�s�e� �u�s�e�d� �i�n� �1�9�9�0�.� 

�O�t�o�l�i�t�h� �r�e�m�o�v�a�l� �a�n�d� �p�r�e�p�a�r�a�t�i�o�n�.� 

�L�a�r�v�a�l� �a�n�d� �j�u�v�e�n�i�l�e� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �w�e�r�e� �d�i�s�s�e�c�t�e�d�,� �a�n�d� 

�t�h�e�i�r� �s�a�g�i�t�t�a�l� �o�t�o�l�i�t�h�s� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �m�o�u�n�t�e�d� �i�n� 

�t�h�e�r�m�o�p�l�a�s�t�i�c� �c�e�m�e�n�t� �o�n� �g�l�a�s�s� �s�l�i�d�e�s�.� �I� �u�s�e�d� �a�n� �a�d�a�p�t�e�d� 

�m�e�t�a�l�l�u�r�g�i�c�a�l� �j�i�g� �(�N�e�i�l�s�o�n� �a�n�d� �G�e�e�n� �1�9�8�1�)� �t�o� �g�r�i�n�d� �o�t�o�l�i�t�h�s� 

�l�e�v�e�l� �a�l�o�n�g� �t�h�e� �a�n�t�e�r�i�o�r�-�p�o�s�t�e�r�i�o�r� �p�l�a�n�e�,� �u�s�i�n�g� �a�n� �a�l�t�e�r�n�a�t�e� 

�c�o�n�v�e�x�-�c�o�n�c�a�v�e� �g�r�i�n�d�i�n�g� �p�r�o�c�e�d�u�r�e� �(�G�r�a�h�a�m� �a�n�d� �O�r�t�h� �1�9�8�7�)�.� 

�B�a�s�e�d� �o�n� �t�h�e� �m�o�r�p�h�o�l�o�g�y� �o�f� �s�m�a�l�l�m�o�u�t�h� �o�t�o�l�i�t�h�s�,� �t�h�e� 

�a�n�t�e�r�i�o�r�-�p�o�s�t�e�r�i�o�r� �p�l�a�n�e� �i�s� �t�h�e� �i�d�e�a�l� �p�l�a�n�e� �f�o�r� �g�r�o�w�t�h� 

�a�n�a�l�y�s�e�s� �b�e�c�a�u�s�e� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �r�i�n�g�s� �i�s� �l�a�r�g�e�s�t� �a�l�o�n�g� 

�t�h�i�s� �p�l�a�n�e� �(�P�a�n�f�i�l�i� �a�n�d� �X�i�m�e�n�e�s� �1�9�9�2�)�.� 

�P�r�o�c�e�d�u�r�e�s� �f�o�r� �c�o�u�n�t�i�n�g� �a�n�d� �m�e�a�s�u�r�i�n�g�.� 

�I� �c�o�v�e�r�e�d� �l�a�r�v�a�l� �o�t�o�l�i�t�h�s� �w�i�t�h� �i�m�m�e�r�s�i�o�n� �o�i�l� �a�n�d� 

�c�o�u�n�t�e�d� �t�h�e�i�r� �r�i�n�g�s� �b�y� �e�x�a�m�i�n�i�n�g� �t�h�e�m� �w�i�t�h� �a� �c�o�m�p�o�u�n�d� 

�m�i�c�r�o�s�c�o�p�e� �a�t� �2�0�0�X� �p�o�w�e�r�.� �T�h�e� �d�i�a�m�e�t�e�r� �(�u�m�)� �a�n�d� �l�o�n�g�e�s�t� 

�r�a�d�i�u�s� �(�u�m�)� �o�f� �l�a�r�v�a�l� �o�t�o�l�i�t�h�s� �a�l�o�n�g� �t�h�e�i�r� �a�n�t�e�r�i�o�-�p�o�s�t�e�r�i�o�r� 

�p�l�a�n�e� �w�e�r�e� �m�e�a�s�u�r�e�d� �w�i�t�h� �a�n� �o�c�u�l�a�r� �m�i�c�r�o�m�e�t�e�r�.� �M�a�g�n�i�f�i�e�d� 

�i�m�a�g�e�s� �o�f� �j�u�v�e�n�i�l�e� �o�t�o�l�i�t�h�s� �w�e�r�e� �p�r�o�j�e�c�t�e�d�,� �a�n�d� �t�h�e�i�r� 

�d�i�a�m�e�t�e�r�s� �a�n�d� �l�o�n�g� �r�a�d�i�i� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �m�e�t�r�i�c� �r�u�l�e�r�.� 

�M�e�a�s�u�r�e�m�e�n�t�s� �i�n� �m�m� �w�e�r�e� �c�o�n�v�e�r�t�e�d� �t�o� �w�m� �b�a�s�e�d� �o�n� �c�o�m�p�a�r�i�s�o�n�s� 

�o�f� �d�i�a�m�e�t�e�r�s� �f�o�r� �1�0� �o�t�o�l�i�t�h�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �b�o�t�h� �t�h�e� �o�c�u�l�a�r� 

�m�i�c�r�o�m�e�t�e�r� �a�n�d� �f�r�o�m� �p�r�o�j�e�c�t�e�d� �i�m�a�g�e�s�.� �D�i�a�m�e�t�e�r� �m�e�a�s�u�r�e�m�e�n�t�s� 
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�o�n� �f�i�v�e� �p�r�o�j�e�c�t�e�d� �i�m�a�g�e�s� �p�r�e�d�i�c�t�e�d� �t�h�e� �d�i�a�m�e�t�e�r� �m�e�a�s�u�r�e�m�e�n�t�s� 

�o�b�t�a�i�n�e�d� �w�i�t�h� �t�h�e� �o�c�u�l�a�r� �m�i�c�r�o�m�e�t�e�r� �w�i�t�h�i�n� �1� �u�m�.� 

�R�i�n�g� �c�o�u�n�t�s� �d�o� �n�o�t� �d�i�f�f�e�r� �b�e�t�w�e�e�n� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� 

�s�a�g�i�t�t�a�e� �o�f� �i�n�d�i�v�i�d�u�a�l� �s�m�a�l�l�m�o�u�t�h� �b�a�s�s� �(�G�r�a�h�a�m� �a�n�d� �O�r�t�h� 

�1�9�8�7�)�,� �s�o� �o�n�l�y� �o�n�e� �o�t�o�l�i�t�h� �f�r�o�m� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �w�a�s� �u�s�e�d� �t�o� 

�e�s�t�i�m�a�t�e� �a�g�e� �a�n�d� �g�r�o�w�t�h�.� �R�i�n�g�s� �w�e�r�e� �c�o�u�n�t�e�d� �u�n�t�i�l� �I� 

�o�b�t�a�i�n�e�d� �t�h�e� �s�a�m�e� �r�i�n�g� �c�o�u�n�t� �t�h�r�e�e� �c�o�n�s�e�c�u�t�i�v�e� �t�i�m�e�s� �a�n�d� 

�c�o�n�c�u�r�r�e�n�t�l�y� �i�d�e�n�t�i�f�i�e�d� �r�i�n�g� �n�u�m�b�e�r�s� �6�,� �1�2�,� �2�4�,� �a�n�d� �5�0� �a�t� 

�t�h�e� �s�a�m�e� �p�o�s�i�t�i�o�n�s�.� �W�e�a�k�l�y� �d�e�f�i�n�e�d� �r�i�n�g�s� �t�h�a�t� �d�i�s�a�p�p�e�a�r�e�d� 

�w�h�e�n� �f�o�l�l�o�w�e�d� �i�n�t�o� �t�h�e� �l�a�t�e�r�a�l� �f�i�e�l�d� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� 

�s�u�b�d�a�i�l�y� �r�i�n�g�s� �(�M�i�l�l�e�r� �a�n�d� �S�t�o�r�c�k� �1�9�8�2�)� �a�n�d� �w�e�r�e� �n�o�t� 

�c�o�u�n�t�e�d�.� �I�f� �a�n� �o�t�o�l�i�t�h� �h�a�d� �s�e�v�e�n� �r�i�n�g�s� �I� �o�n�l�y� �e�s�t�a�b�l�i�s�h�e�d� 

�t�h�e� �p�o�s�i�t�i�o�n� �o�f� �r�i�n�g� �6�,� �i�f� �i�t� �o�n�l�y� �h�a�d� �1�3� �r�i�n�g�s� �I� 

�e�s�t�a�b�l�i�s�h�e�d� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �r�i�n�g�s� �6� �a�n�d� �1�2�,� �e�t�c�.� �T�h�e� 

�l�o�n�g�e�s�t� �r�a�d�i�u�s� �t�o� �e�a�c�h� �o�f� �t�h�e�s�e� �r�i�n�g�s� �w�a�s� �m�e�a�s�u�r�e�d�.� �T�h�e�s�e� 

�r�i�n�g�s� �w�e�r�e� �c�h�o�s�e�n� �a�s� �b�e�n�c�h�-�m�a�r�k�s� �o�f� �g�r�o�w�t�h�,� �b�a�s�e�d� �u�p�o�n� 

�o�b�s�e�r�v�a�t�i�o�n�s� �o�f� �d�i�s�t�i�n�c�t� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �l�i�f�e� �s�t�a�g�e�s�.� �T�h�e� 

�f�i�r�s�t� �o�t�o�l�i�t�h� �r�i�n�g� �i�s� �f�o�r�m�e�d� �a�t� �t�h�e� �t�i�m�e� �o�f� �s�w�i�m�-�u�p�,� �a�n�d� 

�b�e�t�w�e�e�n� �s�w�i�m�-�u�p� �a�n�d� �d�a�y� �s�i�x� �l�a�r�v�a�e� �o�n�l�y� �o�c�c�u�p�i�e�d� �t�h�e� �b�r�o�o�d� 

�S�i�t�e�.� �L�a�r�v�a�e� �d�i�s�p�e�r�s�e�d� �f�r�o�m� �t�h�e� �b�r�o�o�d� �s�i�t�e� �b�e�t�w�e�e�n� �d�a�y�s� �6� 

�a�n�d� �1�2�,� �a�n�d� �m�e�t�a�m�o�r�p�h�o�s�i�z�e� �b�e�f�o�r�e� �d�a�y� �2�4�.� �B�y� �d�a�y� �5�0�,� �m�o�s�t� 

�j�u�v�e�n�i�l�e�s� �h�a�v�e� �b�e�g�u�n� �o�c�c�u�p�y�i�n�g� �p�r�e�v�i�o�u�s�l�y� �u�n�o�c�c�u�p�i�e�d� 

�h�a�b�i�t�a�t�s�.� 

�E�s�t�i�m�a�t�i�n�g� �g�r�o�w�t�h�.� 

�S�m�a�l�l�m�o�u�t�h� �b�a�s�s� �d�e�p�o�s�i�t� �r�i�n�g�s� �d�a�i�l�y� �(�G�r�a�h�a�m� �a�n�d� �O�r�t�h� 

�1�9�8�7�)�,� �a�n�d� �c�u�r�r�e�n�t� �e�v�i�d�e�n�c�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e�s�e� �r�i�n�g�s� �a�r�e� 

�d�e�p�o�s�i�t�e�d� �e�v�e�n� �d�u�r�i�n�g� �p�e�r�i�o�d�s� �o�f� �e�x�t�r�e�m�e�l�y� �s�l�o�w� �g�r�o�w�t�h� 

�(�W�r�i�g�h�t� �e�t� �a�l�.� �1�9�9�1�)�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �o�t�o�l�i�t�h� 

�g�r�o�w�t�h� �a�n�d� �s�o�m�a�t�i�c� �g�r�o�w�t�h� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �s�t�r�o�n�g� �b�e�f�o�r�e� 

�o�t�o�l�i�t�h� �m�o�r�p�h�o�l�o�g�y� �c�h�a�n�g�e�s� �t�o�w�a�r�d�s� �t�h�e� �e�n�d� �o�f� �t�h�e� �f�i�r�s�t� 

�g�r�o�w�i�n�g� �s�e�a�s�o�n� �(�R�i�c�e� �e�t� �a�l�.� �1�9�8�5�,� �W�r�i�g�h�t� �1�9�9�0�)�.� �T�h�e�r�e�f�o�r�e�,� 

�m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �r�a�d�i�i� �a�t� �s�p�e�c�i�f�i�e�d� �r�i�n�g�s� �s�h�o�u�l�d� �p�r�o�v�i�d�e� 
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