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Biology 

(ABSTRACT) 

Growth rates, age-frequency distributions, and mortality rates of six 

mussel species were examined at four sites in the Clinch River, Virginia and 

Tennessee, to identify potentially impacted sites in the upper river. The 

bioaccumulation of copper in mussel shells also was examined as a possible 

contributing factor to the declining mussel fauna. 

Higher growth rates observed at Hackneys site, river kilometer (RK) 

433.7, may have been due to the discharge of domestic sewage from the town 

of Cleveland into the Clinch River. However, a sewage treatment facility was 

constructed in 1986 which removed the source of enrichment. Growth rates 

of female Lampsilis fasciola were significantly less than growth rates of male 

L. fasciola after 3 years of age, probably due to the onset of sexual maturity. 

Age-ciass distributions revealed an absence of recruited juveniles at the 

Slant site (RK 359.3) after 1977 to 1979 for four mussel species examined. 

Substantial erosion of stream banks in tributaries of the Clinch River and



deposition of sediment in the Clinch River were observed at Slant, indicating a 

potential cause of decline. Mean annual mortality rates of adult mussels were 

extraordinarily high for all species at all sites, which confirms the overall decline 

of freshwater mussels in the upper Clinch River. 

There were no statistically significant differences in accumulation of 

copper in shells of L. fasciola among sites or sexes. Although Appalachian 

Power Company’s Clinch River Plant (CRP) had a history of high copper levels 

in the effluent discharge, it is apparently not the cause of reduced recruitment 

at the Slant site, located 72 km downstream. As indicated by this research, 

water quality or habitat conditions of the upper Clinch River continue to be 

insufficient to sustain freshwater mussels. The CRP has improved the effluent 

discharge to contain less than 12 wg Cu/L, which should improve conditions 

directly downstream; however, erosion of stream banks, sewage treatment 

facilities, and agricultural and urban runoff, continue to contribute to the demise 

of a rich freshwater mussel fauna.
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Chapter One 

INTRODUCTION 

The Clinch River, a tributary of the Tennessee River, holds one of the 

most diverse mussel faunas remaining in the world today. There are 45 species 

found there, of which 21 are endemic to the Cumberland region and 11 are 

federally listed as endangered species (Jacobson 1990). Due to this unique 

endemism and diverse mussel fauna, surveys of the mussels in the Clinch River 

and its’ tributaries date back for 135 years and extensive research since the 

late 1960’s (Ortmann 1918, Ortmann 1920, Stansbery 1973, Bates and Dennis 

1978, Neves and Zale 1982, Zale and Neves 1982a, Zale and Neves 1982b, 

Ahlstedt 1986, Neves and Widlak 1987, Bruenderman 1989, Dennis 1989, 

Neves and Odom 1989, Goudreau et al. 1993). As early as 1858 researchers 

were concerned with the changing mussel fauna in the Clinch River; however, 

concerns have intensified and rates of decline increased in recent years. 

Freshwater mussels are relatively sedentary, long-lived organisms with 

complex life cycles, leaving them particularly vulnerable to anthropogenic 

disturbances (Neves 1991). River reaches of the upper Clinch River, above 

Norris Reservoir, have remained unaltered by impoundment and relatively 

undeveloped. One major power plant, coal mines, small towns, and crop and



dairy farms are found along the river, each potentially contributing to mussel 

decline. 

An examination of mussel population demographics such as growth 

rates, recruitment, and mortality rates provide insight to the response of 

mussels to human perturbations. Enhanced growth rates may indicate 

enrichment from town sewage runoff or cattle inputs. Decreased growth rates 

and high adult mortality may indicate impairment from point and non-point 

source discharges from the power plant, coal mines, and road or agricultural 

runoff. Missing cohorts may indicate impairment at specific points in time due 

to reduced recruitment of juveniles or high mortality. 

Annual formation of growth bands in shells of freshwater mussels in 

temperate climates has been extensively studied and accepted by most 

researchers as an accurate estimation of age (Chamberlain 1931, Negus 1966, 

Lutz and Rhoads 1977, Neves and Moyer 1988). The thin-section aging 

technique (Clark 1980) provides a means of aging such that growth rates, 

recruitment of juveniles, and mortality rates of adults may be compared among 

sites, species, and males and females within species (Neves and Moyer 1988). 

In addition, it is believed that the presence of growth bands may provide an 

historical record of environmental perturbations, limited only by the lifespan and 

location of the mussels (Imlay 1982).



Appalachian Power Company’s Clinch River Plant (CRP) is an electric 

power generating plant located in Carbo, Virginia on the upper Clinch River. 

Between 1967 and 1970, two catastrophic spills occurred at the CRP which 

peaked awareness of environmental impact on the Clinch River. The first spill 

in June 1967 was caused by the collapse of a dike wall surrounding a fly ash 

settling pond. A 490,000 m® slug entered the Clinch River during low flow 

conditions and traveled 145 km downstream, killing over 200,000 fish 

(Crossman et al. 1973). The Virginia State Water Control Board reported that 

the spill removed all bottom-dwelling "fish-food” organisms for 5 to 6 km below 

the site; all mollusks for 18 km downstream; and reduced the number of "fish- 

food" organisms for 124 km downstream. Three years later in June 1970, a 

second spill occurred at the CRP which released an undetermined amount of 

sulfuric acid to the river. The acidic slug traveled 22 km downstream, killing 

~ 5,300 fish in it’s path (Crossman et al. 1973). 

In addition to the two spills from the CRP, the power plant discharge had 

a history of high copper and zinc levels. Exposure to copper has been shown 

to accumulate in the soft tissues and significantly retard growth of the Asian 

clam (Belanger et al. 1990) and may be a contributing factor to native mussel 

declines. Therefore, in 1987, the CRP began to address the problem by 

implementing a program to reduce heavy metals in the effluent. In 1988 and 

1989 levels of zinc and copper were reduced by 75% and 30%, respectively



(Clements et al. 1992). In 1993, an additional treatment facility was 

constructed to reduce copper and zinc in the effluent to below background river 

levels (personal communication with D. S. Cherry). 

Study sites 

The upper Clinch River, ~300 kilometers, flows in a southwesterly 

direction from Tazewell, Virginia to Norris Reservoir, Tennessee. It increases 

from a third order stream at it’s headwaters, to a sixth order stream at the 

Tennessee border. 

Four study sites were chosen for this research based on river location 

and availability of muskrat foraging midden shells (Figure 1.1). Site 1, 

Pounding Mill, is the most headwater site of this study, located in Tazewell 

County, Virginia at Clinch River Kilometer (CRK) 527. Four mussel species 

were commonly found in muskrat middens, with Vi//osa iris dominating the 

species composition. Site 2, Hackneys, is located 2.4 km above the CRP (CRK 

433.7), with 14 species comprising the mussel assemblage (Ahistedt 1986). 

Site 3, Slant, is the first study site below the power plant, located ~72 km 

downstream (CRK 359.3) with 23 species found at this site between 1978 and 

1983 (Ahlistedt 1986). Site 4, Kyle’s Ford, is a very prolific mussel bed located 

south of the Virginia/Tennessee border (CRK 304). As many as 33 species are 

found at Kyle’s Ford with 31 mussels/m? (Ahlstedt 1986).



Study Objectives 

The objectives of this study were to use growth rates, recruitment, and 

mortality rates as indicators of the ecological integrity (structural/functional) of 

four mussel assemblages in the upper Clinch River and to determine if 

historically high copper levels have affected these sites. This thesis is 

partitioned into four subsequent chapters: 1) Chapter Two -- Growth rates, 2) 

Chapter Three -- Age-frequency distributions, 3) Chapter Four -- 

Bioaccumulation of copper in mussel shells, and 4) Chapter Five -- Summary 

and Conclusions. Chapter 2 compares growth rates of six mussel species 

among study sites to identify impaired or enriched mussel assembiages in the 

upper Clinch River. Chapter 3 examines age-class distributions of 16 

populations of mussels at the four study sites to identify periods of low and 

high recruitment of juveniles and reaches of high adult mortality. Chapter 4 

addresses the correlation between accumulation of copper in mussel shells and 

reduced recruitment below the CRP. Chapter 5 summarizes the results of these 

studies and discusses the overall implications of the declining mussel fauna in 

the Clinch River. Each data chapter is complete with an abstract, introduction, 

materials and methods, results, discussion and literature cited. Tables and 

figures are included at the end of each chapter.
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Chapter Two 

GROWTH RATES 

Abstract: 

Growth rates of 6 freshwater mussel species were 

determined to identify enriched or impaired mussel assemblages 

at 4 sites in the upper Clinch River. Growth rates between males 

and females of a sexually dimorphic species, Lampsilis fasciola, 

also were evaluated. The thin-section aging technique was used 

to determine total shell lengths-at-age and back-measured shell 

lengths-at-age. Shell lengths-at-age were fitted to the von 

Bertalanffy growth model and compared among sites and sexes. 

Five of the mussel species had higher growth rates at the 

Hackneys site when compared to other sites. The source of 

enrichment was presumed to be the town Cleveland, Virginia 

located approximately 5 km upstream of the site. Prior to June 

1986, Cleveland had no sewage treatment facility, which resulted 

in the release of untreated sewage directly in the Clinch River. 

Since that time, a sewage treatment plant has been established 

which is likely contributing a new source of impact to mussels 

downstream. Secondly, male L. fascio/a exhibited higher growth 

10



rates than female L. fascio/a at all sites. L. fasciola is known to 

reach sexually maturity in the Clinch River by age 4; therefore, 

females may begin to put more energy into reproduction and less 

into shell growth which results in an asymptotic growth pattern. 

Growth rates of freshwater mussels in the Clinch River indicated 

no impairment at the 4 sites examined. 

Introduction: 

A correlation between shell morphology and growth rates of freshwater 

mussels and their habitat has been documented by many researchers (Ortmann 

1920, Ball 1922, Eagar 1948, Bailey and Green 1988). Shell size, measured 

as anterior to posterior length, is positively correlated to stream size and 

negatively correlated to river velocity, such that total shell length increases 

from river headwaters toward the river mouth, with largest forms found in lakes 

(Tevesz and Carter 1980). Ortmann (1920) documented this phenomenon in 

the Clinch River and found that species of more primitive genera; Fusconaia, 

Amblema, Quadrula, Lexingtonia and Pleurobema, exhibited a correlation 

between obesity (shell thickness/shell length) and location in the river. 

However, he concluded that "comparatively few [genera exhibit this 

phenomenon] while others positively do not show it". Bailey and Green (1988) 

found a positive correlation between growth rate of Lampsilis radiata and the 
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degree of exposed habitat characteristic of turbulent waters and sandy 

sediments. 

Numerous factors such as 1) road and agricultural runoff, 2) industrial 

discharges, 3) habitat destruction or loss, and 4) siltation have potentially 

contributed to diminishing density and diversity of freshwater mussels for 

nearly a century (Ortmann 1918, Bates 1962, Negus 1966, Neves and Zale 

1982, Aldridge et al. 1987). Small amounts of organic pollution may enrich 

mussel communities resulting in enhanced growth and high densities, but too 

much organic pollution can cause eutrophication increasing vegetative growth 

and siltation and posing a threat to mussel assemblages (Fuller 1974). 

Wastewater treatment plants, developed to reduce eutrophication, can release 

chlorine and ammonia into receiving systems which have detrimental effects on 

mussel assemblages (Goudreau et ai. 1993). It was thus hypothesized that low 

level anthropogenic insults may stimulate or inhibit growth of freshwater 

mussels which would provide a means of identifying potentially impacted sites. 

The objectives of this phase of the study were: 1) to explore a 

correlation between growth rates of six freshwater mussel species and 

longitudinal river position, 2) to identify potentially impacted mussel 

communities based on their enhanced or impaired growth rates, and 3) to 

compare growth rates of males and females of sexually dimorphic Lampsilis 

fasciola. 
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Materials and Methods: 

Shells collected in muskrat middens provided by R. J. Neves, J. L. Farris, 

G. W. Church and recently collected midden shells were used for growth rate 

determinations. Middens were collected from Pounding Mill at Clinch River 

Kilometer (CRK) 527 during the summers of 1992 and 1993, from Hackneys 

(CRK 433.7) in fall 1988 and summers 1992 and 1993, from Slant (CRK 

359.3) during 1986, and from Kyle’s Ford (CRK 304) in fall 1991 and summers 

1992 and 1993. 

Three to six freshwater mussel species; Medionidus conradicus 

(Cumberland moccasinshell), Vi//losa iris (rainbow), Lampsilis fasciola (wavy- 

rayed lampmussel), Fusconaia cor (shiny pigtoe), Actinonaias pectorosa 

(pheasantshell), and Elliptio dilatata (spike), were removed from middens at 

these sites, sectioned and aged to compute growth rates (Moyer 1984). L. 

fasciola is a sexually dimorphic species; therefore, males and females were 

separated based on shell morphology (Tevesz and Carter 1980). A size range 

(1 - 2 mm increments) of left valves for each species at each site was 

measured to the nearest 0.01 mm; the right valves were retained for metal 

concentration analysis (Chapter Four). 

Left valves were sectioned using a Buehler lsomet low speed diamond 

saw. Imperfections were removed from the surface of the sectioned valve by 

grinding with 400 wm and 600 ym grit sizes. Valves were bonded to 
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petrographic micro-slides with Ward’s Bioplastic epoxy and cut again to make 

the thin section. The thickness of each section was adjusted to approximately 

280 wm using a thin-section grinding wheel. The thin sections were then 

polished on a Buehler polishing wheel to remove all imperfections. Each slide 

was viewed under a stereoscope and aged by counting internal annuli (Lutz and 

Rhoads 1980, Neves and Moyer 1988). Annuli were marked with a pencil on 

the thin sections at the external surface of the shell to determine shell length 

at each age (back-measured length-at-age) on right valves (Moyer 1984). Back- 

measurements were made by placing the cut left valve on the thin section and 

marking annuli on the valve. The cut left valve was overlaid on the 

corresponding right valve, and annuli were marked and measured to the nearest 

0.01 mm. 

Total shell lengths-at-age and back-measured shell lengths-at-age were 

fitted to the von Bertalanffy asymptotic growth equation (1): 

L, = L.(1 _ eK lt fo) 

L, = length at time t 

L.. = theoretical maximum length 

k = growth constant 

t = theoretical time when L = O 

which is the best model for estimates of freshwater mussel growth (Moyer 

1984). Predicted shell lengths-at-age from the growth model and observed 

shell lengths-at-age were compared by regression analysis as a measure of 

goodness of fit. Although the von Bertalanffy model is widely accepted as a 
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�m�o�d�e�l� �f�o�r� �f�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l� �g�r�o�w�t�h�,� �t�h�e� �b�e�s�t� �s�t�a�t�i�s�t�i�c�a�l� �c�o�m�p�a�r�i�s�o�n� �m�e�t�h�o�d� 

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

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

�d�i�f�f�i�c�u�l�t� �(�G�a�l�l�u�c�c�i� �a�n�d� �Q�u�i�n�n� �1�9�7�9�)�.� �T�h�e�r�e� �h�a�v�e� �b�e�e�n� �s�u�g�g�e�s�t�i�o�n�s� �o�f� �u�t�i�l�i�z�i�n�g� 

�a� �f�o�u�r�t�h� �p�a�r�a�m�e�t�e�r�,� �w� �=� �L�,�*�k�,� �t�o� �i�m�p�r�o�v�e� �t�h�e� �r�o�b�u�s�t�n�e�s�s� �o�f� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� 

�a�n�a�l�y�s�i�s� �(�G�a�l�l�u�c�c�i� �a�n�d� �Q�u�i�n�n� �1�9�7�9�,� �B�r�u�e�n�d�e�r�m�a�n� �1�9�8�9�)�;� �h�o�w�e�v�e�r�,� �o�n�e� 

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

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

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

�e�q�u�a�t�i�o�n� �a�s� �f�o�l�l�o�w�s� �(�2�)�:� 

�L�y� �=� �(�L�i�+�B�y�*�Z�)� �(�1�-�e� �0� �6�7�7�8�2�)� �1� �(�%�0�*�B�2�*�2�)�)� �)� 

�f�o�r� �2� �s�i�t�e� �c�o�m�p�a�r�i�s�o�n�s� �a�n�d� �(�3�)�:� 

�L�,� �=� �(�L�.�+�B�,�*�Z�,�+�C�,�*�Z�,�)� �(�t�e�e� �(�F�F�B� �2�1�4�0�4� �#�2�)� �(�t�-� �(� �t�9�+�B�y�*�Z�,�+�C�z�+�Z�p�)�)� �y� 

�f�o�r� �3� �o�r� �4� �s�i�t�e� �c�o�m�p�a�r�i�s�o�n�s� �u�t�i�l�i�z�i�n�g� �a� �S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� �S�y�s�t�e�m� �(�S�A�S�)� 

�n�o�n�l�i�n�e�a�r� �p�r�o�c�e�d�u�r�e� �(�A�p�p�e�n�d�i�x� �A�)�.� �Z� �i�s� �a� �d�u�m�m�y� �v�a�r�i�a�b�l�e� �w�i�t�h� �a� �v�a�l�u�e� �o�f� �O� �o�r� 

�1�,� �a�n�d� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �B� �a�n�d� �C� �r�e�p�r�e�s�e�n�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �m�o�d�e�l� �p�a�r�a�m�e�t�e�r�s�:� 

�L�.�.�,� �k� �a�n�d� �t� �f�o�r� �e�a�c�h� �s�i�t�e� �(�C�h�i�s�m� �e�t� �a�l�.� �1�9�9�2�)�.� �P�a�i�r�w�i�s�e� �c�o�m�p�a�r�i�s�o�n�s� �(�f�-�t�e�s�t�)� 

�b�e�t�w�e�e�n� �t�h�e� �S�u�m�s� �o�f� �S�q�u�a�r�e� �E�r�r�o�r� �(�S�S�E�)� �o�f� �e�q�u�a�t�i�o�n� �1� �a�n�d� �t�h�e� �S�S�E� �o�f� �e�q�u�a�t�i�o�n� 

�2� �o�r� �3� �w�e�r�e� �m�a�d�e� �t�o� �d�e�t�e�c�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �g�r�o�w�t�h� �r�a�t�e�s�.� �D�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� 

�d�e�t�e�c�t�e�d� �a�m�o�n�g� �t�w�o� �s�i�t�e�s� �w�i�t�h� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �(�a�=�0�.�0�5�)�,� �a�m�o�n�g� �t�h�r�e�e� �s�i�t�e�s� 
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�w�i�t�h� �9�9�%� �c�o�n�f�i�d�e�n�c�e� �(�a�=�0�.�0�1�)�,� �a�n�d� �a�m�o�n�g� �f�o�u�r� �s�i�t�e�s� �w�i�t�h� �9�9�.�2�%� �c�o�n�f�i�d�e�n�c�e� 

�(�a�=�0�.�0�0�8�)�.� 

�U�n�i�t�e�d� �S�t�a�t�e�s� �E�n�v�i�r�o�n�m�e�n�t�a�l� �P�r�o�t�e�c�t�i�o�n� �A�g�e�n�c�y� �(�U�S�E�P�A�)� �S�T�O�r�a�g�e� �a�n�d� 

�R�E�T�r�i�e�v�a�l� �(�S�T�O�R�E�T�)� �d�a�t�a�b�a�s�e� �w�a�s� �o�b�t�a�i�n�e�d� �f�o�r� �a� �s�a�m�p�l�i�n�g� �s�t�a�t�i�o�n� �3�.�2� �k�m� 

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

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

�r�a�t�e�s�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�e�t�w�e�e�n� �2� �a�n�d� �9� �t�i�m�e�s� �a� �y�e�a�r� �f�r�o�m� 

�1�9�7�6� �t�o� �1�9�7�9� �a�n�d� �b�e�t�w�e�e�n� �5� �a�n�d� �1�0� �t�i�m�e�s� �a� �y�e�a�r� �f�r�o�m� �1�9�9�2� �t�o� �1�9�9�3�.� 

�R�e�s�u�l�t�s�:� 

�M�e�d�i�o�n�i� �n�r�a�d�i� 

�M�.� �c�o�n�r�a�d�i�c�u�s� �o�c�c�u�r�r�e�d� �a�t� �t�h�r�e�e� �o�f� �t�h�e� �f�o�u�r� �s�t�u�d�y� �s�i�t�e�s�:� �P�o�u�n�d�i�n�g� �M�i�l�l�,� 

�H�a�c�k�n�e�y�s�,� �a�n�d� �K�y�l�e ��s� �F�o�r�d�.� �S�p�e�c�i�m�e�n�s� �r�a�n�g�e�d� �f�r�o�m� �5� �t�o� �2�4� �y�e�a�r�s� �o�l�d� �a�n�d� 

�2�7�.�9�0� �t�o� �5�0�.�8�8� �m�m� �i�n� �t�o�t�a�l� �s�h�e�l�l� �l�e�n�g�t�h� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l�,� �3� �t�o� �1�8� �y�e�a�r�s� �a�n�d� 

�2�5�.�8�9� �t�o� �6�2�.�2�9� �m�m� �a�t� �H�a�c�k�n�e�y�s�,� �a�n�d� �2� �t�o� �1�7� �y�e�a�r�s� �a�n�d� �2�2�.�4�2� �t�o� �5�5�.�1�5� �m�m� 

�a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�1�)�.� �S�a�m�p�l�e� �s�i�z�e�s� �o�f� �s�h�e�l�l�s� �t�h�i�n�-�s�e�c�t�i�o�n�e�d� �a�n�d� �b�a�c�k�-� 

�m�e�a�s�u�r�e�d� �f�o�r� �g�r�o�w�t�h� �r�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e�r�e� �w�a�s� �a� 

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

�(�R�?�=�0�.�9�8�)� �a�t� �e�a�c�h� �s�i�t�e� �(�A�p�p�e�n�d�i�x� �B�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �e�q�u�a�t�i�o�n�s� �f�o�r� �M�.� �c�o�n�r�a�d�i�c�u�s� �o�f� �a�g�e�s� �1� �t�o� �2�4� 

�w�e�r�e�:� 
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�L�,� �=� �5�2�.�8�4�(�1�-�e�°�2�2�"�°�2�4�)� �R�?�2� �=� �0�.�9�9� �P�o�u�n�d�i�n�g� �M�i�l�l� �N�=�2�9� 
�L�,� �=� �6�0�.�9�0�(�1�-�e�°�1�%�"�*�°�'�2�)�)� �R�?� �=� �0�.�9�9� �H�a�c�k�n�e�y�s� �N�=�5�2� 
�L�,� �=� �5�7�.�0�5�(�1�-�e�°� �+�9�8�4�)� �R�?� �=� �0�.�9�8� �K�y�l�e ��s� �F�o�r�d� �N�=�4�6� 

�G�r�o�w�t�h� �r�a�t�e� �o�f� �M�.� �c�o�n�r�a�d�i�c�u�s� �a�t� �H�a�c�k�n�e�y�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� 

�P�o�u�n�d�i�n�g� �M�i�l�l� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �(�a�=�0�.�0�1�,� �p�<�0�.�0�0�1�)�;� �h�o�w�e�v�e�r�,� �t�h�e� �g�r�o�w�t�h� �r�a�t�e�s� 

�a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �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� �e�a�c�h� 

�o�t�h�e�r� �(�a�=�0�.�0�1�,� �p�=�0�.�0�2�)� �(�F�i�g�u�r�e� �2�.�1�)�.� 

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

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

�t�w�o� �e�x�t�r�e�m�e� �s�i�t�e�s�,� �P�o�u�n�d�i�n�g� �M�i�l�l� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �l�o�c�a�t�e�d� �~� �2�2�4� �k�m� �a�p�a�r�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� �e�a�c�h� �o�t�h�e�r� �(�F�i�g�u�r�e� �2�.�1�)�,� �a�n�d� �p�r�e�d�i�c�t�e�d� �m�a�x�i�m�u�m� 

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

�(�T�a�b�l�e� �2�.�2�)�.� 

�V�i�l�l�o�s�a� �i�r�i�s� 

�V�.� �i�r�i�s� �o�c�c�u�r�r�e�d� �a�t� �t�h�r�e�e� �o�f� �t�h�e� �f�o�u�r� �s�t�u�d�y� �s�i�t�e�s�:� �P�o�u�n�d�i�n�g� �M�i�l�l�,� 

�H�a�c�k�n�e�y�s�,� �a�n�d� �K�y�l�e ��s� �F�o�r�d�.� �S�p�e�c�i�m�e�n�s� �r�a�n�g�e�d� �f�r�o�m� �4� �t�o� �2�0� �y�e�a�r�s� �o�l�d� �a�n�d� 

�1�7�.�9�1� �t�o� �7�7�.�2�2� �m�m� �i�n� �t�o�t�a�l� �s�h�e�l�l� �l�e�n�g�t�h� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l�,� �4� �t�o� �2�5� �y�e�a�r�s� �a�n�d� 

�2�7�.�3�5� �t�o� �7�5�.�1�5� �m�m� �a�t� �H�a�c�k�n�e�y�s�,� �a�n�d� �5� �t�o� �2�3� �y�e�a�r�s� �a�n�d� �3�2�.�7�4� �t�o� �7�0�.�5�7� �m�m� 

�a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�1�)�.� �S�a�m�p�l�e� �s�i�z�e�s� �o�f� �s�h�e�l�l�s� �t�h�i�n�-�s�e�c�t�i�o�n�e�d� �a�n�d� �b�a�c�k�-� 

�m�e�a�s�u�r�e�d� �f�o�r� �g�r�o�w�t�h� �r�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e�r�e� �w�a�s� �a� 

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

�(�R�?�=�0�.�9�5�)� �a�t� �e�a�c�h� �s�i�t�e� �(�A�p�p�e�n�d�i�x� �B�)�.� 
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�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �e�q�u�a�t�i�o�n�s� �f�o�r� �V�.� �i�r�i�s� �o�f� �a�g�e�s� �1� �t�o� �2�5� �w�e�r�e�:� 

�L�,� �=� �7�8�.�8�2�(�1�-�e�°�°�*�+�°�2�5�)�)� �R�?�2� �=� �0�.�9�7� �P�o�u�n�d�i�n�g� �M�i�l�l� �N�=�4�0� 
�L�,� �=� �7�6�.�8�8�(�1�-�e�°�'�4�*�°�8�7�)�)� �R�?�2� �=� �0�.�9�9� �H�a�c�k�n�e�y�s� �N�=�4�9� 
�L�,� �=� �6�7�.�8�9�(�1�-�e�°� �+�9�8�)� �R�2� �=� �0�.�9�5� �K�y�l�e ��s� �F�o�r�d� �N�=�3�3� 

�G�r�o�w�t�h� �r�a�t�e� �o�f� �V�.� �i�r�i�s� �a�t� �H�a�c�k�n�e�y�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �P�o�u�n�d�i�n�g� 

�M�i�l�l� �(�a�=�0�.�0�1�,� �p�<�0�.�0�0�1�)� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �K�y�l�e ��s� �F�o�r�d� �b�e�y�o�n�d� 

�6� �y�e�a�r�s� �o�f� �a�g�e� �(�a�=�0�.�0�1�,� �p�<�0�.�0�0�1�}�.� �G�r�o�w�t�h� �r�a�t�e�s� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �a�n�d� �K�y�l�e ��s� 

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

�(�a�=�0�.�0�1�,� �p�=�0�.�1�0�)�;� �h�o�w�e�v�e�r�,� �t�h�e� �g�r�o�w�t�h� �r�a�t�e� �a�t� �K�y�l�e ��s� �F�o�r�d� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�g�r�e�a�t�e�r� �t�h�a�n� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �p�r�i�o�r� �t�o� �1�7� �y�e�a�r�s� �o�f� �a�g�e� �(�a�=�0�.�0�1�,� �p�<�0�.�0�0�1�)� 

�(�F�i�g�u�r�e� �2�.�2�)�.� 

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

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

�e�x�t�r�e�m�e� �s�i�t�e�s�,� �P�o�u�n�d�i�n�g� �M�i�l�l� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �l�o�c�a�t�e�d� �~� �2�2�4� �k�m� �a�p�a�r�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� �e�a�c�h� �o�t�h�e�r� �(�F�i�g�u�r�e� �2�.�2�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �p�r�e�d�i�c�t�e�d� 

�m�a�x�i�m�u�m� �s�h�e�l�l� �l�e�n�g�t�h�s� �(�L�,�.�)� �d�i�f�f�e�r�e�d� �b�y� �~�1�1� �m�m� �a�m�o�n�g� �s�i�t�e�s�,� �w�i�t�h� �t�h�e� 

�s�m�a�l�l�e�s�t� �L�.� �a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�2�)�.� 

�F�u�s�c�o�n�a�i�a� �c�o�r� 

�F�.� �c�o�r� �o�c�c�u�r�r�e�d� �a�t� �H�a�c�k�n�e�y�s� �a�n�d� �S�l�a�n�t� �s�i�t�e�s�.� �S�p�e�c�i�m�e�n�s� �r�a�n�g�e�d� �f�r�o�m� �4� 

�t�o� �2�5� �y�e�a�r�s� �o�l�d� �a�n�d� �2�6�.�0�8� �t�o� �7�9�.�0�5� �m�m� �i�n� �t�o�t�a�l� �s�h�e�l�l� �l�e�n�g�t�h� �a�t� �H�a�c�k�n�e�y�s�,� �a�n�d� 

�1�4� �t�o� �3�0� �y�e�a�r�s� �o�l�d� �a�n�d� �5�3�.�0�7� �t�o� �7�5�.�8�1� �m�m� �a�t� �S�l�a�n�t� �(�T�a�b�l�e� �2�.�1�)�.� �S�a�m�p�l�e� �s�i�z�e�s� 

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

�1�8



�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e�r�e� �w�a�s� �a� �h�i�g�h� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �p�r�e�d�i�c�t�e�d� �a�n�d� 

�o�b�s�e�r�v�e�d� �s�h�e�l�l� �l�e�n�g�t�h�s� �p�e�r� �a�g�e� �(�R�?�=�0�.�9�9�)� �a�t� �b�o�t�h� �s�i�t�e�s� �(�A�p�p�e�n�d�i�x� �B�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �e�q�u�a�t�i�o�n�s� �f�o�r� �F�.� �c�o�r� �o�f� �a�g�e�s� �1� �t�o� �3�0� �w�e�r�e�:� 

�L�,� 
�L�,� 

�G�r�o�w�t�h� �r�a�t�e�s� �o�f� �F�.� �c�o�r� �a�t� �H�a�c�k�n�e�y�s� �a�n�d� �S�l�a�n�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� 

�7�2�.�2�6�(�1�-�e�0� �1�3�0�-�2�0�)� �R�2� �=� �0�.�9�9� �H�a�c�k�n�e�y�s� �N�=�4�3� 
�7�5�.�0�3�(�1�-�e�0�:�1�2�%�+�9�-�3�8�)� �R�2� �=� �0�.�9�9� �S�l�a�n�t� �N�=�1�8� 

�f�r�o�m� �e�a�c�h� �o�t�h�e�r� �(�a�=�0�.�0�5�,� �p�=�0�.�9�5�)� �(�F�i�g�u�r�e� �2�.�3�)�.� 

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

�l�e�n�g�t�h�s� �a�n�d� �l�o�n�g�i�t�u�d�i�n�a�l� �r�i�v�e�r� �p�o�s�i�t�i�o�n� �f�o�r� �F�.� �c�o�r�.� �G�r�o�w�t�h� �r�a�t�e�s� �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� �a�t� �t�w�o� �s�i�t�e�s� �~� �7�4� �k�m� �a�p�a�r�t� �(�F�i�g�u�r�e� �2�.�3�)�,� �a�n�d� �p�r�e�d�i�c�t�e�d� 

�m�a�x�i�m�u�m� �s�h�e�l�l� �l�e�n�g�t�h�s� �(�L�,�)� �d�i�f�f�e�r�e�d� �b�y� �~�3� �m�m� �a�t� �t�h�e� �t�w�o� �s�i�t�e�s� �(�T�a�b�l�e� �2�.�2�)�.� 

�A�c�t�i�n�o�n�a�i�a�s� �p�e�c�t�o�r�o�s�a� 

�A�.� �p�e�c�t�o�r�o�s�a� �o�c�c�u�r�r�e�d� �a�t� �t�h�r�e�e� �o�f� �t�h�e� �f�o�u�r� �s�t�u�d�y� �s�i�t�e�s�:� �H�a�c�k�n�e�y�s�,� �S�l�a�n�t�,� 

�a�n�d� �K�y�l�e ��s� �F�o�r�d�.� �S�p�e�c�i�m�e�n�s� �r�a�n�g�e�d� �f�r�o�m� �4� �t�o� �1�3� �y�e�a�r�s� �o�l�d� �a�n�d� �4�0�.�6�1� �t�o� �9�6�.�5�3� 

�m�m� �i�n� �t�o�t�a�l� �s�h�e�l�l� �l�e�n�g�t�h� �a�t� �H�a�c�k�n�e�y�s�,� �5� �t�o� �1�8� �y�e�a�r�s� �a�n�d� �5�7�.�5�5� �t�o� �1�2�2�.�7�9� �m�m� 

�a�t� �S�l�a�n�t�,� �a�n�d� �4� �t�o� �2�1� �y�e�a�r�s� �a�n�d� �3�7�.�6�4� �t�o� �9�5�.�0�4� �m�m� �a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�1�)�.� 

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

�d�e�t�e�r�m�i�n�a�t�i�o�n�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e�r�e� �w�a�s� �a� �h�i�g�h� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� 

�p�r�e�d�i�c�t�e�d� �a�n�d� �o�b�s�e�r�v�e�d� �s�h�e�l�l� �l�e�n�g�t�h�s� �p�e�r� �a�g�e� �(�R�?�=�>�0�.�9�9�)� �a�t� �e�a�c�h� �s�i�t�e� �(�A�p�p�e�n�d�i�x� 

�B�)�.� 
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�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �e�q�u�a�t�i�o�n�s� �f�o�r� �A�.� �p�e�c�t�o�r�o�s�a� �o�f� �a�g�e� �1� �t�o� �2�1� �w�e�r�e�:� 

�L�,� �=� �1�0�6�.�9�7�(�1�-�e�°� �1�8�9�.�2�5�)� �R�?� �=� �0�.�9�9� �H�a�c�k�n�e�y�s� �N�=�5�3� 
�L�,� �=� �1�4�6�.�1�0�(�1�-�¢�°�-�9�8�+�0�.�8�8�)�)� �R�2� �=� �0�.�9�9� �S�l�a�n�t� �N�=�2�7� 
�L�,� �=� �9�7�.�5�6�(�1�-�e�°� �1�8�0�.�2�8�)� �R�?� �=� �0�.�9�9� �K�y�l�e ��s� �F�o�r�d� �N�=�3�8� 

�O�v�e�r�a�l�l� �g�r�o�w�t�h� �r�a�t�e�s� �o�f� �A�.� �p�e�c�t�o�r�o�s�a� �a�t� �H�a�c�k�n�e�y�s� �a�n�d� �S�l�a�n�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� �(�a�=�0�.�0�1� �p�=�0�.�0�5�)�;� �h�o�w�e�v�e�r�,� �t�h�e� �g�r�o�w�t�h� �r�a�t�e�s� �d�i�v�e�r�g�e� 

�b�e�y�o�n�d� �a�g�e� �1�0�.� �G�r�o�w�t�h� �r�a�t�e�s� �a�t� �H�a�c�k�n�e�y�s� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �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� �e�a�c�h� �o�t�h�e�r� �(�a�=�0�.�0�1�,� �p�=�0�.�0�4�)�;� �h�o�w�e�v�e�r�,� �g�r�o�w�t�h� 

�r�a�t�e� �a�t� �H�a�c�k�n�e�y�s� �i�n�d�i�c�a�t�e�d� �a� �t�r�e�n�d� �o�f� �f�a�s�t�e�r� �g�r�o�w�t�h�.� �G�r�o�w�t�h� �r�a�t�e� �a�t� �K�y�l�e ��s� �F�o�r�d� 

�w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �t�h�a�n� �g�r�o�w�t�h� �r�a�t�e� �a�t� �S�l�a�n�t� �(�a�=�0�.�0�1�,� �p�<�0�.�0�0�1�)� �(�F�i�g�u�r�e� 

�2�.�4�)�.� 

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

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

�t�w�o� �e�x�t�r�e�m�e� �s�i�t�e�s�,� �H�a�c�k�n�e�y�s� �a�n�d� �K�y�l�e ��s� �F�o�r�d�,� �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� �e�a�c�h� �o�t�h�e�r�,� �a�n�d� �t�h�e� �g�r�o�w�t�h� �r�a�t�e� �a�t� �K�y�l�e ��s� �F�o�r�d� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �t�h�a�n� 

�a�t� �S�l�a�n�t�,� �u�p�s�t�r�e�a�m� �(�F�i�g�u�r�e� �2�.�4�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�a�x�i�m�u�m� �s�h�e�l�l� 

�l�e�n�g�t�h�s� �(�L�,�.�)� �d�i�d� �n�o�t� �i�n�c�r�e�a�s�e� �i�n� �a� �d�o�w�n�s�t�r�e�a�m� �d�i�r�e�c�t�i�o�n�,� �f�r�o�m� �H�a�c�k�n�e�y�s� �t�o� 

�K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�2�)�.� �T�h�e� �s�m�a�l�l�e�r� �L�,� �a�t� �H�a�c�k�n�e�y�s� �(�~� �1�0�7� �m�m�)� �a�n�d� �K�y�l�e ��s� 

�F�o�r�d� �(�~�9�8� �m�m�)� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �a�t� �S�l�a�n�t� �(�~� �1�4�6� �m�m�)� �m�a�y� �b�e� �d�u�e� �t�o� 

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

�F�o�r�d� �s�i�t�e�s�.� 

�2�0



�E�l�l�i�p�t�i�o� �d�i�l�a�t�.� 

�E�.� �d�i�l�a�t�a�t�a� �o�c�c�u�r�r�e�d� �a�t� �t�h�r�e�e� �o�f� �t�h�e� �f�o�u�r� �s�t�u�d�y� �s�i�t�e�s�:� �H�a�c�k�n�e�y�s�,� �S�l�a�n�t�,� 

�a�n�d� �K�y�l�e ��s� �F�o�r�d�.� �S�p�e�c�i�m�e�n�s� �r�a�n�g�e�d� �f�r�o�m� �3� �t�o� �2�3� �y�e�a�r�s� �o�l�d� �a�n�d� �3�2�.�1�8� �t�o� �8�7�.�3�6� 

�m�m� �i�n� �t�o�t�a�l� �s�h�e�l�l� �l�e�n�g�t�h� �a�t� �H�a�c�k�n�e�y�s�,� �8� �t�o� �6�1� �y�e�a�r�s� �a�n�d� �4�7�.�8�7� �t�o� �1�0�3�.�3�2� �m�m� 

�a�t� �S�l�a�n�t�,� �a�n�d� �4� �t�o� �2�1� �y�e�a�r�s� �a�n�d� �3�5�.�5�6� �t�o� �7�5�.�4�3� �m�m� �a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�1�)�.� 

�T�w�o� �e�x�t�r�e�m�e� �o�u�t�l�i�e�r�s�,� �a�g�e�s� �4�8� �a�n�d� �6�1� �a�t� �S�l�a�n�t�,� �w�e�r�e� �o�m�i�t�t�e�d� �f�r�o�m� �g�r�o�w�t�h� �r�a�t�e� 

�c�o�m�p�a�r�i�s�o�n�s� �s�u�c�h� �t�h�a�t� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �m�a�d�e� �a�m�o�n�g� �s�i�t�e�s� �f�o�r� �a�g�e�s� �1� �t�o� �4�0� 

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

�d�e�t�e�r�m�i�n�a�t�i�o�n�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e�r�e� �w�a�s� �a� �h�i�g�h� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� 

�p�r�e�d�i�c�t�e�d� �a�n�d� �o�b�s�e�r�v�e�d� �s�h�e�l�l� �l�e�n�g�t�h�s� �p�e�r� �a�g�e� �(�R�?�=�0�.�9�9�)� �a�t� �e�a�c�h� �s�i�t�e� �(�A�p�p�e�n�d�i�x� 

�B�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �e�q�u�a�t�i�o�n�s� �f�o�r� �E�.� �d�i�l�a�t�a�t�a� �o�f� �a�g�e�s� �1� �t�o� �4�0� �w�e�r�e�:� 

�L�,� �=� �8�0�.�4�1�(�1�-�e�0�:� �1�9�+� �2�2�)�)� �R�?� �=� �0�.�9�9� �H�a�c�k�n�e�y�s� �N�=�5�5� 
�L�,� �=� �9�7�.�8�4�(�1�-�e�0�-�1�0�t�+�0�.�0�0�)� �R�2� �~� �9�.�9�9� �S�l�a�n�t� �N�=�4�5� 
�L�,� �=� �7�2�.�8�1�(�1�-�e�°� �1�8�9�°�)� �R�2� �=� �0�.�9�9� �K�y�l�e ��s� �F�o�r�d� �N�=�3�3� 

�G�r�o�w�t�h� �r�a�t�e� �o�f� �£�.� �d�i�f�a�t�a�t�a� �a�t� �H�a�c�k�n�e�y�s� �w�a�s� �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� �g�r�o�w�t�h� 

�r�a�t�e� �a�t� �S�l�a�n�t� �(�a�@�=�0�.�0�1�,� �p�<�0�.�0�0�1�)�,� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �g�r�o�w�t�h� �r�a�t�e� �a�t� 

�K�y�l�e ��s� �F�o�r�d� �(�a�=�0�.�0�1�,� �p�<�0�.�0�0�1�)�.� �G�r�o�w�t�h� �r�a�t�e� �a�t� �S�l�a�n�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� 

�t�h�a�n� �g�r�o�w�t�h� �r�a�t�e� �a�t� �K�y�l�e ��s� �F�o�r�d� �b�e�y�o�n�d� �1�0� �y�e�a�r�s� �o�f� �a�g�e� �(�a�=�0�.�0�1�,� �p�<�0�.�0�0�1�)� 

�(�F�i�g�u�r�e� �2�.�5�)�.� 

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

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

�2�1



�w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �K�y�l�e ��s� �F�o�r�d�,� �l�o�c�a�t�e�d� �~�1�2�0� �k�m� �d�o�w�n�s�t�r�e�a�m� 

�(�F�i�g�u�r�e� �2�.�5�)�,� �a�n�d� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�a�x�i�m�u�m� �s�h�e�l�l� �l�e�n�g�t�h� �(�L�,�,�)� �w�a�s� �s�m�a�l�l�e�s�t� �a�t� �t�h�e� 

�d�o�w�n�s�t�r�e�a�m� �s�i�t�e� �(�T�a�b�l�e� �2�.�2�)�.� �T�h�e� �s�m�a�l�l�e�r� �L�,� �a�t� �H�a�c�k�n�e�y�s� �(�~�8�0� �m�m�)� �a�n�d� 

�K�y�l�e ��s� �F�o�r�d� �(�~�7�3� �m�m�)�,� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �S�l�a�n�t� �(�~�9�8� �m�m�)�,� �m�a�y� �b�e� �d�u�e� �t�o� 

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

�K�y�l�e ��s� �F�o�r�d� �s�i�t�e�s�.� 

�L�a�m�p�s�i�l�i�s� �f�a�s�c�i�o�l�a� 

�L�.� �f�a�s�c�i�o�/�a� �o�c�c�u�r�r�e�d� �a�t� �a�l�l� �s�t�u�d�y� �s�i�t�e�s�:� �P�o�u�n�d�i�n�g� �M�i�l�l�,� �H�a�c�k�n�e�y�s�,� �S�l�a�n�t�,� 

�a�n�d� �K�y�l�e ��s� �F�o�r�d�.� �F�e�m�a�l�e� �s�p�e�c�i�m�e�n�s� �r�a�n�g�e�d� �f�r�o�m� �6� �t�o� �1�2� �y�e�a�r�s� �a�n�d� �2�6�.�0�4� �t�o� 

�5�8�.�1�6� �m�m� �i�n� �t�o�t�a�l� �s�h�e�l�l� �l�e�n�g�t�h� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l�,� �3� �t�o� �2�4� �y�e�a�r�s� �a�n�d� �3�9�.�3�1� �t�o� 

�8�9�.�7�8� �m�m� �a�t� �H�a�c�k�n�e�y�s�,� �1�3� �t�o� �2�0� �y�e�a�r�s� �a�n�d� �5�1�.�2�9� �t�o� �8�0�.�3�1� �m�m� �a�t� �S�l�a�n�t�,� �a�n�d� 

�4� �t�o� �1�9� �y�e�a�r�s� �a�n�d� �4�0�.�5�0� �t�o� �6�8�.�3�8� �m�m� �a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�1�)�.� �S�a�m�p�l�e� �s�i�z�e�s� 

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

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e�r�e� �w�a�s� �a� �h�i�g�h� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �p�r�e�d�i�c�t�e�d� �a�n�d� 

�o�b�s�e�r�v�e�d� �s�h�e�l�l� �l�e�n�g�t�h�s� �p�e�r� �a�g�e� �(�R�?�=�>�0�.�9�8�)� �a�t� �e�a�c�h� �s�i�t�e� �(�A�p�p�e�n�d�i�x� �B�)�.� �M�a�l�e� 

�s�p�e�c�i�m�e�n�s� �r�a�n�g�e�d� �f�r�o�m� �6� �t�o� �1�5� �y�e�a�r�s� �o�l�d� �a�n�d� �4�8�.�6�1� �t�o� �7�5�.�3�2� �m�m� �i�n� �t�o�t�a�l� �s�h�e�l�l� 

�l�e�n�g�t�h� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l�,� �3� �t�o� �2�1� �y�e�a�r�s� �a�n�d� �3�2�.�9�4� �t�o� �8�5�.�3�9� �m�m� �a�t� �H�a�c�k�n�e�y�s�,� 

�1�0� �t�o� �3�2� �y�e�a�r�s� �a�n�d� �5�4�.�8�0� �t�o� �8�5�.�7�1� �m�m� �a�t� �S�l�a�n�t�,� �a�n�d� �4� �t�o� �1�9� �y�e�a�r�s� �a�n�d� �3�8�.�1�0� 

�t�o� �7�7�.�8�2� �m�m� �a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�1�)�.� �O�n�e� �e�x�t�r�e�m�e� �o�u�t�l�i�e�r�,� �a�g�e� �3�2� �a�t� �S�l�a�n�t�,� 

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

�a�m�o�n�g� �s�i�t�e�s� �f�o�r� �a�g�e�s� �1� �t�o� �2�1� �y�e�a�r�s�.� �S�a�m�p�l�e� �s�i�z�e�s� �o�f� �s�h�e�l�l�s� �t�h�i�n�-�s�e�c�t�i�o�n�e�d� �a�n�d� 

�2�2



�b�a�c�k�-�m�e�a�s�u�r�e�d� �f�o�r� �g�r�o�w�t�h� �r�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e�r�e� 

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

�(�R�?�=�0�.�9�9�)� �a�t� �e�a�c�h� �s�i�t�e� �(�A�p�p�e�n�d�i�x� �B�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �r�a�t�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �L�.� �f�a�s�c�i�o�l�a� �f�e�m�a�l�e�s� �o�f� �a�g�e�s� �1� 

�t�o� �2�4� �w�e�r�e�:� 

�L�,� �=� �6�0�.�8�2�(�1�-�e�°�-�2�'�#�*�+�9�1�%�)�)� �R�2� �=� �0�.�9�9� �P�o�u�n�d�i�n�g� �M�i�l�l� �N�=�1�2� 
�L�,� �=� �7�7�.�7�2�(�1�-�e�°�0� �1�8�"�*�1�-�2�%�)� �R�?� �=� �0�.�9�8� �H�a�c�k�n�e�y�s� �N�=�4�5� 
�L�,� �=� �7�3�.�2�0�(�1�-�e�°�-�1�7�#�+�9�0�)� �R�2� �=� �0�.�9�9� �S�l�a�n�t� �N�=�1�9� 
�L�,� �=� �6�9�.�8�7�(�1�-�e�°� �1�8�+�°�-�7�7�)� �R�2� �=� �0�.�9�9� �K�y�l�e ��s� �F�o�r�d� �N�=�1�5� 

�G�r�o�w�t�h� �r�a�t�e� �o�f� �L�.� �f�a�s�c�i�o�/�a� �f�e�m�a�l�e�s� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �t�h�a�n� 

�g�r�o�w�t�h� �r�a�t�e�s� �a�t� �H�a�c�k�n�e�y�s� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �(�a�=�0�.�0�0�8�,� �p�<�0�.�0�0�1�)�.� �T�h�e� �g�r�o�w�t�h� 

�r�a�t�e� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �w�a�s� �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� �t�h�a�n� �g�r�o�w�t�h� �r�a�t�e� �a�t� �S�l�a�n�t� 

�o�v�e�r� �t�h�e� �l�i�f�e�s�p�a�n� �(�a�=�0�.�0�0�8�,� �p� �=� �0�.�0�4�)�;� �h�o�w�e�v�e�r�,� �b�e�y�o�n�d� �a�g�e� �8�,� �t�h�e� �g�r�o�w�t�h� �r�a�t�e� 

�a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �4�.�8� �m�m�/�y�r� �t�o� �0�.�6� �m�m�/�y�r� �w�h�i�l�e� �g�r�o�w�t�h� �r�a�t�e� �a�t� 

�S�l�a�n�t� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �4�.�6� �m�m�/�y�r� �t�o� �1�.�2� �m�m�/�y�r�.� �G�r�o�w�t�h� �r�a�t�e� �a�t� �H�a�c�k�n�e�y�s� �w�a�s� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �g�r�o�w�t�h� �r�a�t�e�s� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �(�a�=�0�.�0�0�8�,� �p�<�0�.�0�0�1�)�,� 

�S�l�a�n�t� �(�a�=�0�.�0�0�8� �p�=�0�.�0�0�1�)�,� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �(�a�=�0�.�0�0�8�,� �p�=�0�.�0�0�4�)�.� �G�r�o�w�t�h� 

�r�a�t�e�s� �a�t� �S�l�a�n�t� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �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� �e�a�c�h� �o�t�h�e�r� 

�(�a�=�0�.�0�0�8�,� �p�=�0�.�4�5�)� �(�F�i�g�u�r�e� �2�.�6�)�.� 

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

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

�t�h�e� �m�o�s�t� �u�p�s�t�r�e�a�m� �s�i�t�e�,� �P�o�u�n�d�i�n�g� �M�i�l�l�,� �w�a�s� �l�e�s�s� �t�h�a�n� �t�h�e� �g�r�o�w�t�h� �r�a�t�e�s� �a�t� �a�l�l� 

�2�3



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

�g�r�o�w�t�h� �r�a�t�e�s� �d�o�w�n�s�t�r�e�a�m� �(�F�i�g�u�r�e� �2�.�6�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�r�e� �w�a�s� �n�o� �i�n�d�i�c�a�t�i�o�n� �o�f� 

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

�m�a�x�i�m�u�m� �s�h�e�l�l� �l�e�n�g�t�h� �(�L�,�.�)� �a�t� �t�h�e� �m�o�s�t� �u�p�s�t�r�e�a�m� �s�i�t�e�,� �P�o�u�n�d�i�n�g� �M�i�l�l� �{�~�6�1� �m�m�)�,� 

�w�a�s� �n�o�t� �s�u�b�s�t�a�n�t�i�a�l�l�y� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �m�o�s�t� �d�o�w�n�s�t�r�e�a�m� �s�i�t�e�,� �K�y�l�e ��s� �F�o�r�d� �(�~� �7�0� 

�m�m�)�,� �a�n�d� �L�,�,� �v�a�l�u�e�s� �w�e�r�e� �l�a�r�g�e�r� �a�t� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �s�i�t�e�s�,� �H�a�c�k�n�e�y�s� �(�~� �7�8� �m�m�)� 

�a�n�d� �S�l�a�n�t� �(�~� �7�3� �m�m�)� �(�T�a�b�l�e� �2�.�2�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �r�a�t�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �L�.� �f�a�s�c�i�o�/�a� �m�a�l�e�s� �o�f� �a�g�e�s� �1� �t�o� 

�2�1� �w�e�r�e�:� 

�L�,� �=� �7�8�.�0�2�(�1�-�e�°�7�0�°�-�)� �R�R�?� �=� �0�.�9�9� �P�o�u�n�d�i�n�g� �M�i�l�l� �N�=�7� 
�L�,� �=� �8�0�.�8�7�(�1�-�e�°�0�:�'�%�+�°�.�7�4�)� �R�?� �=� �0�.�9�9� �H�a�c�k�n�e�y�s� �N�=�5�2� 
�L�,� �=� �8�7�.�4�4�(�1�-�e�°� �1�3�+�°�9�2�)�)� �R�2� �=� �0�.�9�9� �S�l�a�n�t� �N�=�2�6� 
�L�,� �=� �7�3�.�8�9�(�1�-�e�°� �1�8�°�5�3�)� �R�?� �=� �0�.�9�9� �K�y�l�e ��s� �F�o�r�d� �N�=�2�0� 

�G�r�o�w�t�h� �r�a�t�e� �o�f� �L�.� �f�a�s�c�i�o�l�a� �m�a�l�e�s� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �t�h�a�n� �a�t� 

�H�a�c�k�n�e�y�s� �(�a�=�0�.�0�0�8�,� �p�<�0�.�0�0�1�)�,� �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� �S�l�a�n�t� �(�a�=�0�.�0�0�8�,� 

�p�<�0�.�0�0�1�)�,� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �K�y�l�e ��s� �F�o�r�d� �(�a�=�0�.�0�0�8�,� �p�<�0�.�0�0�1�)�.� 

�G�r�o�w�t�h� �r�a�t�e� �o�f� �m�a�l�e�s� �a�t� �H�a�c�k�n�e�y�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �S�l�a�n�t� �p�r�i�o�r� 

�t�o� �a�g�e� �1�5� �(�a�=�0�.�0�0�8�,� �p�<�0�.�0�0�1�)�,� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �K�y�l�e ��s� �F�o�r�d� 

�(�a�=�0�.�0�0�8�,� �p�<�0�.�0�0�1�)�.� �G�r�o�w�t�h� �r�a�t�e� �o�f� �m�a�l�e�s� �a�t� �S�l�a�n�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� 

�t�h�a�n� �a�t� �K�y�l�e ��s� �F�o�r�d� �b�e�y�o�n�d� �~� �8� �y�e�a�r�s� �o�f� �a�g�e� �(�a�=�0�.�0�0�8�,� �p�<�0�.�0�0�1�)� �(�F�i�g�u�r�e� �2�.�7�)�.� 

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

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

�2�4



�P�o�u�n�d�i�n�g� �M�i�l�l� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �K�y�l�e ��s� �F�o�r�d�,� �l�o�c�a�t�e�d� �~�2�2�4� �k�m� 

�d�o�w�n�s�t�r�e�a�m� �(�F�i�g�u�r�e� �2�.�7�)� �a�n�d� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�a�x�i�m�u�m� �s�h�e�l�l� �l�e�n�g�t�h� �(�L�,�,�)� �w�a�s� 

�s�m�a�l�l�e�s�t� �a�t� �K�y�l�e ��s� �F�o�r�d� �(�T�a�b�l�e� �2�.�2�)�.� 

�S�e�x�u�a�l� �d�i�m�o�r�p�h�i�s�m� �i�n� �t�h�e� �s�h�e�l�l� �o�f� �£�.� �f�a�s�c�i�o�/�a� �f�r�o�m� �t�h�e� �C�l�i�n�c�h� �R�i�v�e�r� �w�a�s� 

�r�e�a�d�i�l�y� �a�p�p�a�r�e�n�t� �(�F�i�g�u�r�e� �2�.�8�)�.� �V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �r�a�t�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �m�a�l�e�s� 

�a�n�d� �f�e�m�a�l�e�s� �a�t� �P�o�u�n�d�i�n�g� �M�i�l�l� �o�f� �a�g�e�s� �1� �t�o� �2�1� �w�e�r�e�:� 

�L�,� 
�L�,� 

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

�2� �6�0�.�8�2�(�1�-�e�0�2�7�'�"�+�9�1�2�)�)� �R�2� �=� �0�.�9�9� �f�e�m�a�l�e� �N� 
�N� 

�1� 
�7�8�.�0�2�(�1�-�e�°�°�:�2�0�%�0�-�1�1�)�)� �R�2� �=� �0�.�9�9� �m�a�l�e� �7� 

�f�e�m�a�l�e�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e�i�r� �l�i�f�e�s�p�a�n�s� �(�@�=�0�.�0�5�,� �p�<�0�.�0�0�1�)� �(�F�i�g�u�r�e� �2�.�9�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �e�q�u�a�t�i�o�n�s� �f�o�r� �m�a�l�e�s� �a�n�d� �f�e�m�a�l�e�s� �a�t� �H�a�c�k�n�e�y�s� �o�f� 

�a�g�e�s� �1� �t�o� �2�1� �w�e�r�e�:� 

�L�,� 
�L�,� 

�G�r�o�w�t�h� �r�a�t�e� �o�f� �m�a�l�e�s� �a�t� �H�a�c�k�n�e�y�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� 

�7�7�.�7�2�(�1�-�e�0� �1�8�t�+�1�-�2�4�)� �R�2� �=� �0�.�9�9� �f�e�m�a�l�e� �N�=�4�5� 
�8�0�.�8�7�(�1�-�e�°�:�1�9�+�9�-�2�4�)� �R�2� �=� �0�.�9�9� �m�a�l�e� �N�=�5�2� 

�f�e�m�a�l�e�s� �b�e�y�o�n�d� �3� �y�e�a�r�s� �o�f� �a�g�e� �(�a�=�0�.�0�5�,� �p�<�0�.�0�0�1�)� �(�F�i�g�u�r�e� �2�.�1�0�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �r�a�t�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �m�a�l�e�s� �a�n�d� �f�e�m�a�l�e�s� �a�t� �S�l�a�n�t� �o�f� 

�a�g�e�s� �1� �t�o� �2�1� �w�e�r�e�:� 

�L�,� �7�3�.�2�0�(�1�-�e�°�-�1�7�#�+�9�-�0�)� �R�2� �=� �0�.�9�9� �f�e�m�a�l�e� �N�=�1�9� 
�L�,� �=� �8�7�.�4�4�(�1�-�e�°�9�-�1�5�t�+�°�-�9�2�)�)� �R�2� �=� �9�.�9�9� �m�a�l�e� �N�=�2�6� 
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�G�r�o�w�t�h� �r�a�t�e� �o�f� �m�a�l�e�s� �a�t� �S�l�a�n�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� �f�e�m�a�l�e�s� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e�i�r� �l�i�f�e�s�p�a�n�s� �(�a�=�0�.�0�5�,� �p�<�0�.�0�0�1�)�,� �w�i�t�h� �d�i�v�e�r�g�e�n�c�e� �o�f� �g�r�o�w�t�h� 

�i�n�c�r�e�a�s�i�n�g� �w�i�t�h� �a�g�e� �(�F�i�g�u�r�e� �2�.�1�1�)�.� 

�V�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �r�a�t�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �m�a�l�e�s� �a�n�d� �f�e�m�a�l�e�s� �a�t� �K�y�l�e ��s� 

�F�o�r�d� �o�f� �a�g�e�s� �1� �t�o� �2�1� �w�e�r�e�:� 

�L�,� �=� �6�9�.�8�7�(�1�-�e�°� �'�8�*�+�9�-�7�7�)� �R�?� �=� �0�.�9�8� �f�e�m�a�l�e� �N�=�1�5� 
�L�,� �=� �7�3�.�8�9�(�1�-�e�°� �*�9�°�3�)� �R�?� �=� �0�.�9�9� �m�a�l�e� �N�=�2�0� 

�G�r�o�w�t�h� �r�a�t�e�s� �o�f� �m�a�l�e�s� �a�n�d� �f�e�m�a�l�e�s� �a�t� �K�y�l�e ��s� �F�o�r�d� �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� �e�a�c�h� �o�t�h�e�r� �(�a�@�=�0�.�0�5�,� �p�=�0�.�1�1�)�;� �h�o�w�e�v�e�r�,� �m�a�l�e�s� �i�n�d�i�c�a�t�e�d� �a� �t�r�e�n�d� 

�o�f� �s�l�i�g�h�t�l�y� �f�a�s�t�e�r� �g�r�o�w�t�h� �t�h�a�n� �f�e�m�a�l�e�s� �b�e�y�o�n�d� �a�g�e� �3� �(�F�i�g�u�r�e� �2�.�1�2�)�.� 

�D�i�s�c�u�s�s�i�o�n�:� 

�M�u�s�k�r� �r� �i�o�n� 

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

�s�p�e�c�i�e�s�,� �A�.� �p�e�c�t�o�r�o�s�a� �(�L�,�=�1�1�7� �m�m�)� �a�n�d� �E�.� �d�i�/�a�t�a�t�a� �(�L�,� �=�8�4� �m�m�)�,� �s�h�o�w�n� �b�y� 

�s�m�a�l�l�e�r� �p�r�e�d�i�c�t�e�d� �m�a�x�i�m�u�m� �s�h�e�l�l� �l�e�n�g�t�h�s� �a�t� �H�a�c�k�n�e�y�s� �a�n�d� �K�y�l�e ��s� �F�o�r�d� �t�h�a�n� �a�t� 

�t�h�e� �S�l�a�n�t� �s�i�t�e� �(�T�a�b�l�e� �2�.�2�)�.� �M�u�s�k�r�a�t�s� �s�e�l�e�c�t� �f�o�r� �m�i�d�-�s�i�z�e�d� �m�u�s�s�e�l� �s�p�e�c�i�e�s�,� �5�0� �t�o� 

�7�0� �m�m�,� �a�n�d� �a�g�a�i�n�s�t� �l�a�r�g�e�r� �m�u�s�s�e�l�s� �s�p�e�c�i�e�s�,� �g�r�e�a�t�e�r� �t�h�a�n� �7�0� �m�m� �(�N�e�v�e�s� �a�n�d� 

�O�d�o�m� �1�9�8�3�9�)�;� �t�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �h�i�g�h�l�y� �p�r�o�b�a�b�l�e� �t�h�a�t� �m�u�s�k�r�a�t�s� �s�e�l�e�c�t� �f�o�r� �m�i�d�-�s�i�z�e�d� 

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

�c�l�a�s�s�e�s� �(�C�h�a�p�t�e�r� �T�h�r�e�e�)� �f�o�r� �a�l�l� �s�p�e�c�i�e�s� �p�r�e�s�e�n�t�,� �s�u�c�h� �t�h�a�t� �v�e�r�y� �f�e�w� �m�u�s�s�e�l�s� �l�e�s�s� 

�t�h�a�n� �7�0� �m�m� �w�e�r�e� �p�r�e�s�e�n�t�.� �T�h�e�r�e�f�o�r�e�,� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �o�p�t�i�m�a�l� �s�i�z�e� �c�l�a�s�s�e�s�,� 

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

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

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

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

�L�o�n�g�i�t�u�d�i�n�a�l� �p�o�s�i�t�i�o�n� �i�n� �r�i�v�e�r� 

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

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

�r�e�l�a�t�i�n�g� �t�o� �r�i�v�e�r� �p�o�s�i�t�i�o�n� �(�O�r�t�m�a�n�n� �1�9�2�0�,� �B�a�l�l� �1�9�2�2�)�,� �a�n�d� �g�r�o�w�t�h� �r�a�t�e�s� �r�e�l�a�t�i�n�g� 

�t�o� �l�a�k�e� �h�a�b�i�t�a�t�s� �(�M�c�C�u�a�i�g� �a�n�d� �G�r�e�e�n� �1�9�8�3�,� �B�a�i�l�e�y� �a�n�d� �G�r�e�e�n� �1�9�8�8�)�,� �i�t� �w�a�s� 

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

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

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

�c�h�e�m�i�c�a�l� �p�a�r�a�m�e�t�e�r�s� �(�S�t�r�a�y�e�r� �a�n�d� �R�a�l�l�e�y� �1�9�9�3�)�,� �s�u�c�h� �t�h�a�t� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� 

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

�(�1�9�8�4�)� �f�o�u�n�d� �a� �g�r�e�a�t� �d�e�a�l� �o�f� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �m�u�s�s�e�l� �g�r�o�w�t�h� �a�m�o�n�g� �1�0� �l�e�n�t�i�c� �s�i�t�e�s� 

�s�a�m�p�l�e�d�.� �T�h�e�y� �s�u�p�p�o�r�t� �f�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l� �g�r�o�w�t�h� �d�a�t�a� �a�s� �w�a�t�e�r� �q�u�a�l�i�t�y� 

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

�a� �r�e�l�i�a�b�l�e� �b�a�s�e�l�i�n�e� �g�r�o�w�t�h� �m�o�d�e�l� �(�M�i�t�c�h�e�l�l� �a�n�d� �C�o�l�l�i�n�s� �1�9�8�4�)�.� �W�i�t�h�o�u�t� �a� 
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�b�a�s�e�l�i�n�e� �g�r�o�w�t�h� �m�o�d�e�l�,� �o�n�l�y� �r�e�l�a�t�i�v�e� �c�o�m�p�a�r�i�s�o�n�s� �b�e�t�w�e�e�n� �s�i�t�e�s� �c�a�n� �b�e� �m�a�d�e� 

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

�E�n�r�i�c�h�m�e�n�t� �a�t� �H�a�c�k�n�e�y�s� 

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

�o�f� �m�u�s�s�e�l�s� �e�x�a�m�i�n�e�d� �a�t� �H�a�c�k�n�e�y�s�.� �M�M�.� �c�o�n�r�a�d�i�c�u�s�,� �V�.� �i�r�i�s�,� �E�.� �d�i�l�a�t�a�t�a�,� �L�.� 

�f�a�s�c�i�o�l�a� �(�f�e�m�a�l�e�s�)� �a�n�d� �L�.� �f�a�s�c�i�o�l�a� �(�m�a�i�e�s�)� �s�h�o�w�e�d� �e�n�h�a�n�c�e�d� �g�r�o�w�t�h� �w�h�e�n� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �o�t�h�e�r� �s�i�t�e�s�.� �C�l�e�v�e�l�a�n�d� �(�p�o�p�u�l�a�t�i�o�n� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�0�0�)� �i�s� 

�l�o�c�a�t�e�d� �4�.�8� �k�m� �u�p�s�t�r�e�a�m� �o�f� �H�a�c�k�n�e�y�s�.� �I�n� �J�u�n�e� �1�9�8�6� �a� �5�0�,�0�0�0� �g�a�l�l�o�n� �p�e�r� �d�a�y� 

�s�e�w�a�g�e� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �w�a�s� �b�u�i�l�t� �t�o� �s�e�r�v�i�c�e� �1�3�7� �h�o�m�e�s� �a�n�d� �1�0� �b�u�s�i�n�e�s�s�e�s� 

�(�U�S�E�P�A� �1�9�8�9�)�.� �P�r�i�o�r� �t�o� �1�9�8�6�,� �C�l�e�v�e�l�a�n�d� �h�a�d� �n�o� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�y� 

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

�u�n�t�r�e�a�t�e�d� �s�e�w�a�g�e� �d�i�r�e�c�t�l�y� �i�n�t�o� �t�h�e� �C�l�i�n�c�h� �R�i�v�e�r�.� 

�T�h�e� �S�T�O�R�E�T� �d�a�t�a�b�a�s�e� �f�o�r� �1�9�7�6� �t�o� �1�9�7�9� �r�e�v�e�a�l�e�d� �a�n� �a�v�e�r�a�g�e� �l�e�v�e�l� �o�f� 

�2�3�7�1� �f�e�c�a�l� �c�o�l�i�f�o�r�m�s�/�1�0�0� �m�l� �o�f� �C�l�i�n�c�h� �R�i�v�e�r� �w�a�t�e�r� �d�i�r�e�c�t�l�y� �b�e�l�o�w� �t�h�e� �t�o�w�n�.� 

�D�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r�s� �o�f� �1�9�7�6� �a�n�d� �1�9�7�7�,� �a� �m�a�x�i�m�u�m� �o�f� �6�0�0�0� �f�e�c�a�l� 

�c�o�l�i�f�o�r�m�s�/�1�0�0� �m�l� �w�a�s� �d�e�t�e�c�t�e�d� �o�n� �s�e�v�e�r�a�l� �o�c�c�a�s�i�o�n�s�.� �P�r�e�s�e�n�t�l�y�,� �t�h�e� �l�e�v�e�l� �o�f� 

�f�e�c�a�l� �c�o�l�i�f�o�r�m�s� �a�v�e�r�a�g�e�s� �2�2�3�/�1�0�0� �m�l� �o�f� �C�l�i�n�c�h� �R�i�v�e�r� �w�a�t�e�r� �f�o�r� �1�9�9�2� �a�n�d� �1�9�9�3�,� 

�w�i�t�h� �a� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �1�7�0�0�/�1�0�0� �m�l� �i�n� �1�9�9�2� �(�T�a�b�l�e� �2�.�3�)�.� �D�a�t�a� �a�r�e� �n�o�t� 

�a�v�a�i�l�a�b�l�e� �f�r�o�m� �1�9�7�9� �t�o� �1�9�9�2� �a�t� �t�h�i�s� �s�a�m�p�l�i�n�g� �s�t�a�t�i�o�n�.� �M�e�a�n� �l�e�v�e�l�s� �o�f� �n�i�t�r�a�t�e� 

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

�l�e�v�e�l�s� �o�f� �p�h�o�s�p�h�o�r�u�s� �h�a�v�e� �d�e�c�r�e�a�s�e�d� �b�y� �8�0�%� �i�n� �r�e�c�e�n�t� �y�e�a�r�s� �(�T�a�b�l�e� �2�.�3�)�.� 
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�T�h�e� �m�u�s�s�e�l�s� �u�s�e�d� �f�o�r� �g�r�o�w�t�h� �a�n�a�l�y�s�e�s� �l�i�v�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5� �k�m� 

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

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

�t�h�a�t� �a�n� �i�n�c�r�e�a�s�e� �i�n� �m�a�c�r�o�p�h�y�t�e� �b�i�o�m�a�s�s� �o�c�c�u�r�s� �(�F�u�l�l�e�r� �1�9�7�4�)�.� �D�o�w�n�s�t�r�e�a�m� �o�f� 

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

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

�(�F�u�l�l�e�r� �1�9�7�4�,� �H�a�w�k�e�s� �a�n�d� �D�a�v�i�e�s� �1�9�7�4�,� �A�s�t�o�n� �a�n�d� �M�i�l�n�e�r� �1�9�8�0�)�.� 

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

�o�l�d� �f�r�o�m� �t�h�e� �1�9�8�8� �c�o�l�l�e�c�t�i�o�n� �a�n�d� �l�e�s�s� �t�h�a�n� �s�e�v�e�n� �y�e�a�r�s� �o�l�d� �f�r�o�m� �t�h�e� �1�9�9�3� 

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

�t�h�e� �s�a�m�p�l�e� �o�f� �y�o�u�n�g� �i�n�d�i�v�i�d�u�a�l�s�,� �<� �7� �y�e�a�r�s�,� �i�n� �t�h�e� �1�9�9�3� �c�o�l�l�e�c�t�i�o�n� �w�a�s� �n�o�t� 

�s�u�f�f�i�c�i�e�n�t� �t�o� �c�o�n�d�u�c�t� �t�h�i�s� �s�t�u�d�y�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �e�n�r�i�c�h�m�e�n�t� �f�r�o�m� 

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

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

�S�e�x�u�a�l� �d�i�m�o�r�p�h�i�s�m� �o�f� �L�a�m�p�s�i�l�i�s� �f�a�s�c�i�o�l�a� 

�M�a�l�e� �a�n�d� �f�e�m�a�l�e� �L�.� �f�a�s�c�i�o�/�a� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�a�s�e�d� �o�n� �s�h�e�l�l� �s�h�a�p�e�.� 

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

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

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

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

�1�9�8�0�)�.� �G�r�i�e�r� �(�1�9�2�0�)� �d�e�s�c�r�i�b�e�d� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �s�e�x�u�a�l� �d�i�m�o�r�p�h�i�s�m� �i�n� �t�w�e�l�v�e� 
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�s�e�x�u�a�l� �d�i�m�o�r�p�h�i�s�m� �b�y� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�h�e�l�l� �s�h�a�p�e� �a�n�d� �o�b�e�s�i�t�y� �(�T�e�v�e�s�z� �a�n�d� �C�a�r�t�e�r� 

�1�9�8�0�)�.� �G�r�i�e�r� �(�1�9�2�0�)� �d�e�s�c�r�i�b�e�d� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �s�e�x�u�a�l� �d�i�m�o�r�p�h�i�s�m� �i�n� �t�w�e�l�v�e� 

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

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

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

�g�r�e�a�t�e�r� �d�e�g�r�e�e� �o�f� �s�h�e�l�l� �i�n�f�l�a�t�i�o�n� �(�G�r�i�e�r� �1�9�2�0�)�.� 

�G�r�o�w�t�h� �r�a�t�e�s� �o�f� �m�a�l�e� �L�.� �f�a�s�c�i�o�/�a� �w�e�r�e� �g�r�e�a�t�e�r� �t�h�a�n� �f�e�m�a�l�e� �L�.� �f�a�s�c�i�o�l�a� 

�b�e�y�o�n�d� �3� �y�e�a�r�s� �o�f� �a�g�e� �a�t� �H�a�c�k�n�e�y�s�,� �S�l�a�n�t� �a�n�d� �K�y�l�e ��s� �F�o�r�d�.� �Z�a�l�e� �a�n�d� �N�e�v�e�s� 

�(�1�9�8�2�)�,� �n�o�t�e�d� �t�h�a�t� �L�.� �f�a�s�c�i�o�l�a� �r�e�a�c�h�e�d� �s�e�x�u�a�l� �m�a�t�u�r�i�t�y� �"�i�n� �t�h�e� �f�o�u�r�t�h� �s�u�m�m�e�r� 

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

�b�e�y�o�n�g� �a�g�e� �3� �i�n� �t�h�e� �c�u�r�r�e�n�t� �s�t�u�d�y�.� �M�o�s�t� �m�u�s�s�e�l� �a�s�s�e�m�b�l�a�g�e�s� �e�x�i�s�t� �i�n� �e�n�e�r�g�y� 

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

�g�r�o�w�t�h� �o�c�c�u�r�s� �(�T�e�v�e�s�z� �a�n�d� �C�a�r�t�e�r� �1�9�8�0�)�.� �A�t� �s�e�x�u�a�l� �m�a�t�u�r�i�t�y�,� �f�e�m�a�l�e�s� 

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

�g�r�o�w�t�h�.� 

�3�0



�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�A�l�d�r�i�d�g�e�,� �D�.� �W�.�,� �B�.� �S�.� �P�a�y�n�e�,� �a�n�d� �A�.� �C�.� �M�i�l�l�e�r�.� �1�9�8�7�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� 
�i�n�t�e�r�m�i�t�t�e�n�t� �e�x�p�o�s�u�r�e� �t�o� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �a�n�d� �t�u�r�b�u�l�e�n�c�e� �o�n� �t�h�r�e�e� 
�s�p�e�c�i�e�s� �o�f� �f�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l�s�.� �E�n�v�i�r�o�n�.� �P�o�l�l�u�t�.� �4�5�:�1�7�-�2�8�.� 

�A�s�t�o�n�,� �R�.� �J�.� �a�n�d� �A�.� �G�.� �P�.� �M�i�l�n�e�r�.� �1�9�8�0�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �p�o�p�u�l�a�t�i�o�n�s� �o�f� �t�h�e� 
�i�s�o�p�o�d� �A�s�e�/�l�u�s� �a�q�u�a�t�i�c�u�s� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �p�o�w�e�r� �s�t�a�t�i�o�n�s� �i�n� �o�r�g�a�n�i�c�a�l�l�y� 
�p�o�l�l�u�t�e�d� �r�e�a�c�h�e�s� �o�f� �t�h�e� �R�i�v�e�r� �T�r�e�n�t�.� �F�r�e�s�h�w�a�t�.� �B�i�o�l�.� �1�0�:�1�-�1�4�.� 
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�C�h�i�s�m�,� �W�.� �J�.�,� �J�.� �B�.� �B�i�r�c�h�,� �a�n�d� �S�.� �W�.� �B�i�n�g�h�a�m�.� �1�9�9�2�.� �N�o�n�l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n�s� �f�o�r� 
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�E�a�g�a�r�,� �R�.� �M�.� �C�.� �1�9�4�8�.� �V�a�r�i�a�t�i�o�n� �i�n� �s�h�a�p�e� �o�f� �s�h�e�l�l� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �e�c�o�l�o�g�i�c�a�l� 
�s�t�a�t�i�o�n�:� �A� �r�e�v�i�e�w� �d�e�a�l�i�n�g� �w�i�t�h� �r�e�c�e�n�t� �U�n�i�o�n�i�d�a�e� �a�n�d� �c�e�r�t�a�i�n� �s�p�e�c�i�e�s� �o�f� 
�t�h�e� �A�n�t�h�r�a�c�o�s�i�i�d�a�e� �i�n� �U�p�p�e�r� �C�a�r�b�o�n�i�f�e�r�o�u�s� �t�i�m�e�s�.� �P�r�o�c�.� �R�.� �S�o�c�.� 
�E�d�i�n�b�u�r�g�h� �S�e�c�t�.� �B�.� �6�3�(�2�)�:�1�3�0�-�1�4�8�.� 

�F�u�l�l�e�r�,� �S�.� �L�.� �H�.� �1�9�7�4�.� �C�l�a�m�s� �a�n�d� �m�u�s�s�e�l�s� �(�M�o�l�l�u�s�c�a�:�B�i�v�a�l�v�i�a�)�.� �p�p�.� �2�1�5�-�2�5�7� �i�n� 
�C�.�W�.� �H�a�r�t�,� �J�r�.� �a�n�d� �S�.�L�.�H�.� �F�u�l�l�e�r�,� �e�d�i�t�o�r�s�.� �P�o�l�l�u�t�i�o�n� �E�c�o�l�o�g�y� �o�f� �F�r�e�s�h�w�a�t�e�r� 
�I�n�v�e�r�t�e�b�r�a�t�e�s�.� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �I�n�c�.�,� �N�Y�,� �N�Y�.� 

�G�a�l�l�u�c�c�i�,� �V�.� �F�.� �a�n�d� �T�.� �J�.� �Q�u�i�n�n� �I�l�.� �1�9�7�9�.� �R�e�p�a�r�a�m�e�t�e�r�i�z�i�n�g�,� �F�i�t�t�i�n�g�,� �a�n�d� �T�e�s�t�i�n�g� 
�a� �s�i�m�p�l�e� �g�r�o�w�t�h� �m�o�d�e�l�.� �7�r�a�n�s�.� �A�m�.� �F�i�s�h�.� �S�o�c�.� �1�0�8�:�1�4�-�2�5�.� 
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�G�o�u�d�r�e�a�u�,� �S�.� �E�.�,� �R�.� �J�.� �N�e�v�e�s�,� �a�n�d� �R�.� �J�.� �S�h�e�e�h�a�n�.� �1�9�9�3�.� �E�f�f�e�c�t�s� �o�f� �w�a�s�t�e�w�a�t�e�r� 
�t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �e�f�f�l�u�e�n�t�s� �o�n� �f�r�e�s�h�w�a�t�e�r� �m�o�l�l�u�s�k�s� �i�n� �t�h�e� �u�p�p�e�r� �C�l�i�n�c�h� 
�R�i�v�e�r�,� �V�i�r�g�i�n�i�a�,� �U�.�S�.�A�.� �H�y�d�r�o�b�i�o�l�o�g�i�a� �2�5�2�:�2�1�1�-�2�3�0�.� 

�G�r�i�e�r�,� �N�.� �M�.� �1�9�2�0�.� �S�e�x�u�a�l� �d�i�m�o�r�p�h�i�s�m� �a�n�d� �s�o�m�e� �o�f� �i�t�s� �c�o�r�r�e�l�a�t�i�o�n�s� �i�n� �t�h�e� 
�s�h�e�l�l�s� �o�f� �c�e�r�t�a�i�n� �s�p�e�c�i�e�s� �o�f� �n�a�j�a�d�e�s�.� �A�m�e�r�.� �M�i�d�/�.� �N�a�t�.� �6�:�1�6�5�-�1�7�1�.� 

�H�a�w�k�e�s�,� �H�.� �A�.� �a�n�d� �L�.� �J�.� �D�a�v�i�e�s�.� �1�9�7�4�.� �S�o�m�e� �e�f�f�e�c�t�s� �o�f� �o�r�g�a�n�i�c� �e�n�r�i�c�h�m�e�n�t� �o�n� 
�b�e�n�t�h�i�c� �i�n�v�e�r�t�e�b�r�a�t�e� �c�o�m�m�u�n�i�t�i�e�s� �i�n� �s�t�r�e�a�m� �r�i�f�f�l�e�s�.� �p�p�.� �2�7�1�-�2�9�3� �i�n� �E�.� 
�D�u�f�f�y� �a�n�d� �A� �J�.� �W�a�t�t�,� �e�d�i�t�o�r�s�.� �T�h�e� �S�c�i�e�n�t�i�f�i�c� �M�a�n�a�g�e�m�e�n�t� �o�f� �A�n�i�m�a�l� �a�n�d� 
�P�l�a�n�t� �C�o�m�m�u�n�i�t�i�e�s� �f�o�r� �C�o�n�s�e�r�v�a�t�i�o�n�.� �1�1�t�h� �S�y�m�p�o�s�i�u�m� �o�f� �t�h�e� �B�r�i�t�i�s�h� 
�E�c�o�l�o�g�i�c�a�l� �S�o�c�i�e�t�y�,� �1�9�7�0�.� 

�L�u�t�z�,� �R�.� �A�.� �a�n�d� �D�.� �C�.� �R�h�o�a�d�s�.� �1�9�8�0�.� �G�r�o�w�t�h� �p�a�t�t�e�r�n�s� �w�i�t�h�i�n� �t�h�e� �m�o�l�l�u�s�c�a�n� 
�s�h�e�l�l�:� �a�n� �o�v�e�r�v�i�e�w�.� �p�p�.� �2�0�3�-�2�4�8� �i�n� �D�.�C�.� �R�h�o�a�d�s� �a�n�d� �R�.�A�.� �L�u�t�z�,� �e�d�i�t�o�r�s�.� 
�S�k�e�l�e�t�a�l� �G�r�o�w�t�h� �i�n� �A�q�u�a�t�i�c� �O�r�g�a�n�i�s�m�s�.� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �U�.�S�.�A�.� 

�M�c�C�u�a�i�g�,� �J�.� �M�.� �a�n�d� �R�.� �H�.� �G�r�e�e�n�.� �1�9�8�3�.� �U�n�i�o�n�i�d� �g�r�o�w�t�h� �c�u�r�v�e�s� �d�e�r�i�v�e�d� �f�r�o�m� 
�a�n�n�u�a�l� �r�i�n�g�s�:� �a� �b�a�s�e�l�i�n�e� �m�o�d�e�l� �f�o�r� �L�o�n�g� �P�o�i�n�t� �B�a�y�,� �L�a�k�e� �E�r�i�e�.� �C�a�n�.� �J�.� 
�F�i�s�h�.� �A�q�u�a�t�.� �S�c�i�.� �4�0�:�4�3�6�-�4�4�2�.� 

�M�i�t�c�h�e�l�l�,� �H�.� �M�.� �a�n�d� �N�.� �C�.� �C�o�l�l�i�n�s�.� �1�9�8�4�.� �C�o�m�m�e�n�t� �o�n� �u�n�i�o�n�i�d� �g�r�o�w�t�h� �c�u�r�v�e�s� 
�d�e�r�i�v�e�d� �f�r�o�m� �a�n�n�u�a�l� �r�i�n�g�s�:� �a� �b�a�s�e�l�i�n�e� �m�o�d�e�l� �f�o�r� �L�o�n�g� �P�o�i�n�t� �B�a�y�,� �L�a�k�e� 
�E�r�i�e�.� �C�a�n�.� �J�.� �F�i�s�h�.� �A�q�u�a�t�.� �S�c�i�.� �4�1�:�1�0�0�1�-�1�0�0�2�.� 

�M�o�y�e�r�,� �S�.� �N�.� �1�9�8�4�.� �A�g�e� �a�n�d� �g�r�o�w�t�h� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �s�e�l�e�c�t�e�d� �f�r�e�s�h�w�a�t�e�r� 
�m�u�s�s�e�l� �s�p�e�c�i�e�s� �f�r�o�m� �S�o�u�t�h�w�e�s�t�e�r�n� �V�i�r�g�i�n�i�a�,� �w�i�t�h� �a�n� �e�v�a�l�u�a�t�i�o�n� �o�f� �m�u�s�s�e�l� 
�a�g�e�i�n�g� �t�e�c�h�n�i�q�u�e�s�.� �M�.�S�.� �T�h�e�s�i�s�,� �V�a�.� �P�o�l�y�.� �I�n�s�t�.� �S�t�.� �U�n�i�v�.�,� �B�l�a�c�k�s�b�u�r�g�,� 
�V�A�.� �1�7�6� �p�p�.� 

�N�e�g�u�s�,� �C�.� �L�.� �1�9�6�6�.� �A� �q�u�a�n�t�i�t�a�t�i�v�e� �s�t�u�d�y� �o�f� �t�h�e� �g�r�o�w�t�h� �a�n�d� �p�r�o�d�u�c�t�i�o�n� �o�f� 
�u�n�i�o�n�i�d� �m�u�s�s�e�l�s� �i�n� �t�h�e� �R�i�v�e�r� �T�h�a�m�e�s� �a�t� �R�e�a�d�i�n�g�.� �J�.� �A�n�i�m�.� �E�c�o�l�.� �3�5�:�5�1�3�-� 
�5�3�2�.� 

�N�e�v�e�s�,� �R�.� �J�.� �a�n�d� �S�.� �N�.� �M�o�y�e�r�.� �1�9�8�8�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �t�e�c�h�n�i�q�u�e�s� �f�o�r� �a�g�e� 
�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �f�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l�s� �(�U�n�i�o�n�i�d�a�e�)�.� �A�m�e�r�.� �M�a�l�a�c�o�l�.� �B�u�i�l�.� 
�6�(�2�)�:�1�7�9�-�1�8�8�.� 

�N�e�v�e�s�,� �R�.� �J�.� �a�n�d� �M�.� �C�.� �O�d�o�m�.� �1�9�8�9�.� �M�u�s�k�r�a�t� �p�r�e�d�a�t�i�o�n� �o�n� �e�n�d�a�n�g�e�r�e�d� 
�f�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l�s� �i�n� �V�i�r�g�i�n�i�a�.� �J�.� �W�i�l�d�l�.� �M�a�n�a�g�e�.� �5�3�(�4�)�:� �9�3�4�-�9�4�1�.� 
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�N�e�v�e�s�,� �R�.� �J�.� �a�n�d� �A�.� �V�.� �Z�a�l�e�.� �1�9�8�2�.� �F�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l�s� �(�U�n�i�o�n�i�d�a�e�)� �o�f� �B�i�g� 
�M�o�c�c�a�s�i�n� �C�r�e�e�k�,� �S�o�u�t�h�w�e�s�t�e�r�n� �V�i�r�g�i�n�i�a�.� �N�a�u�t�i�l�u�s� �9�6�(�2�)�:�5�2�-�5�4�.� 

�O�r�t�m�a�n�n�,� �A�.� �E�.� �1�9�1�8�.� �T�h�e� �N�a�y�a�d�e�s� �(�f�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l�s�)� �o�f� �t�h�e� �U�p�p�e�r� 
�T�e�n�n�e�s�s�e�e� �d�r�a�i�n�a�g�e�,� �w�i�t�h� �n�o�t�e�s� �o�n� �s�y�n�o�n�y�m�y� �a�n�d� �d�i�s�t�r�i�b�u�t�i�o�n�.� �P�r�o�c�.� �A�m�.� 
�P�h�i�l�.� �S�o�c�.� �5�7�:�5�2�2�-�6�2�6�.� 

�O�r�t�m�a�n�n�,� �A�.� �E�.� �1�9�2�0�.� �C�o�r�r�e�l�a�t�i�o�n� �o�f� �s�h�a�p�e� �a�n�d� �s�t�a�t�i�o�n� �i�n� �f�r�e�s�h�w�a�t�e�r� �m�u�s�s�e�l�s� 
�(�n�a�i�a�d�e�s�)�.� �P�r�o�c�.� �A�m�.� �P�h�i�l�o�s�.� �S�o�c�.�5�9�:�2�6�9�-�3�1�2�.� 

�S�t�r�a�y�e�r�,� �D�.� �L�.� �a�n�d� �J�.� �R�a�l�l�e�y�.� �1�9�9�3�.� �M�i�c�r�o�h�a�b�i�t�a�t� �u�s�e� �b�y� �a�n� �a�s�s�e�m�b�l�a�g�e� �o�f� 
�s�t�r�e�a�m�-�d�w�e�l�l�i�n�g� �u�n�i�o�n�a�c�e�a�n�s� �(�B�i�v�a�l�v�i�a�)�,� �i�n�c�l�u�d�i�n�g� �t�w�o� �r�a�r�e� �s�p�e�c�i�e�s� �o�f� 
�A�l�a�s�m�i�d�o�n�t�a�.� �J�.� �N�.� �A�m�.� �B�e�n�t�h�o�l�.� �S�o�c�.� �1�2�(�3�)�:�2�4�7�-�2�5�8�.� 

�T�e�v�e�s�z�,� �M�.� �J�.� �S�.� �a�n�d� �J�.� �G�.� �C�a�r�t�e�r�.� �1�9�8�0�.� �E�n�v�i�r�o�n�m�e�n�t�a�l� �r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �s�h�e�l�l� 
�f�o�r�m� �a�n�d� �s�t�r�u�c�t�u�r�e� �o�f� �U�n�i�o�n�a�c�e�a�n� �b�i�v�a�l�v�e�s�.� �p�p�.� �2�9�5�-�3�2�2� �i�n� �D�.�C�.� �R�h�o�a�d�s� 
�a�n�d� �R�.�A�.� �L�u�t�z�,� �e�d�i�t�o�r�s�.� �S�k�e�l�e�t�a�l� �G�r�o�w�t�h� �i�n� �A�q�u�a�t�i�c� �O�r�g�a�n�i�s�m�s�.� �P�l�e�n�u�m� 
�P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �U�.�S�.�A�.� 

�U�S�E�P�A�,� �O�f�f�i�c�e� �o�f� �W�a�t�e�r� �R�e�g�u�l�a�t�i�o�n�s� �a�n�d� �S�t�a�n�d�a�r�d�s�,� �D�e�c�e�m�b�e�r� �1�9�8�9�.� �E�c�o�n�o�m�i�c� 
�a�n�a�l�y�s�i�s� �f�o�r� �a� �v�a�r�i�a�n�c�e� �r�e�q�u�e�s�t� �f�r�o�m� �C�l�e�v�e�l�a�n�d�,� �V�i�r�g�i�n�i�a�.� �1�7� �p�p�.� 

�Z�a�l�e�,� �A�.� �V�.� �a�n�d� �R�.� �J�.� �N�e�v�e�s�.� �1�9�8�2�.� �R�e�p�r�o�d�u�c�t�i�v�e� �b�i�o�l�o�g�y� �o�f� �f�o�u�r� �f�r�e�s�h�w�a�t�e�r� 
�m�u�s�s�e�l� �s�p�e�c�i�e�s� �(�M�o�l�l�u�s�c�a�:�U�n�i�o�n�i�d�a�e�)� �i�n� �V�i�r�g�i�n�i�a�.� �F�r�e�s�h�w�a�t�.� �/�n�v�e�r�t�e�b�r�.� 
�B�i�o�l�.� �1�:�1�7�-�2�8�.� 
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