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APPENDIX 1. METHODS USED FOR ANALYZING VARIABLES

The following are detailed descriptions of the data incorporated in a multiple logistic regression

which was used to differentiate successful and failed molluscan invaders of San Francisco Bay,

California, USA.  Additionally, an outline of the mathematical combinations approach used is

included.  Literature Cited includes all references from Appendices 1 & 2.

Categorical and ranked variables

Salinity zone classes

Typically, organisms do not span the entire salinity spectrum from 0 to 35 ‰.  Instead, some

species are confined to estuaries (true estuarine species) while others are primarily marine or
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freshwater organisms that stray into parts of the estuary.  Animals are often described as

stenohaline (occurring in a narrow range of salinities) or euryhaline (occurring in a wide range of

salinities).  Species were assigned to 4  categories based on each one’s range of salinity tolerance

and whether the organism is confined to estuarine conditions.  The 4 categories included: (1)

stenohaline-marine (a salinity range spanning 15 ‰ or less and including marine conditions of

32 ‰ or more), (2) stenohaline-estuarine (a salinity range spanning 15 ‰ or less, but confined to

estuarine conditions), (3) euryhaline-marine (a salinity range spanning 16 ‰ or more, including

marine conditions), and (4) euryhaline-estuarine (a salinity range spanning 16 ‰ or more, but

confined to estuarine conditions). Salinity zone was dummy coded with stenomarine as the

reference category.

Developmental mode

Each species was categorized according to its developmental mode.  Bivalves and gastropods

were listed as either planktonic developers (i.e. with planktonic eggs and/or larvae) or direct

developers that lack a planktonic stage. Direct developer = 1, planktonic = 0.

Feeding mode

Bivalves were divided into suspension feeders, deposit feeders, or suspension and deposit feeders

(i.e. organisms that can feed both ways).  Feeding modes varied more broadly among gastropods

and ranged from carnivores and ectoparasites to herbivores, scavenger/detritivores, and

suspension feeders. Due to the possibility of multiple feeding modes, species were scored

according to the presence or absence of each mode.
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Substrate preference

Molluscs were divided into 3 substrate utilization categories: hard, soft, or both hard and soft

substrates. Due to the possibility of multiple substrate usage, species were scored according to

the presence or absence of each substrate preference.

Substrate and depth diversity

In addition to the general categorical substrate designation (soft, hard, soft and hard substrates),

the diversity of benthic substrates (e.g. sand, mud, oyster shells, rock, wood, etc.) where each

species naturally occurs was compiled and the range of substrates approximated by numerical

index (1–5), where the index equals the number of substrates occupied.  Species with very

narrow substrate requirements received low numbers and generalists were assigned higher index

values. Similarly, an index for depth diversity was assigned to each species (1–4).  Subtidal

species with broader depth ranges were given higher rankings than subtidal species with

narrower depth distributions.  Diversity scores are based on presence in various depth intervals.

Species were given 1 point for each of the following categories: intertidal, 0–25 m depth,

>25–100 m depth, >100 m depth (e.g. a species that occurs intertidally and subtidally to a depth

of 35 m received a depth diversity index of 3, where the index equals the number of categories

occupied).

Tidal height distribution

The occurrence with respect to tidal height was categorized for each molluscan species as

intertidal, subtidal, or both.  Species were therefore scored according to the presence or absence

in each category.
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Benthic placement

Each bivalve species was designated as either infaunal or epifaunal (0 or 1). Being mobile

organisms, gastropods were not categorized for benthic placement.

Biogeographical faunal province of origin

Oyster associates were classified into 3 categories, according to their biogeographical faunal

provinces of origin.  These faunal provinces are based on the western Atlantic shallow water

mollusc categorizations of Franz & Merrill (1980a,b).  Franz & Merrill’s Boreal and Arctic

categories have been combined here as ‘Northern.’  The 3 faunal provinces used are as follows:

(1) Northern = species whose northern and southern geographic boundaries lie to the north of

Cape Cod, MA, and Cape Hatteras, NC, respectively.  The Northern category encompasses

species that are considered arctic or boreal.  (2) Northern Transhatteran = species ranging to the

north of Cape Cod and to the south of Cape Hatteras, NC.  (3) Southern Transhatteran = species

with northern limits do not extend north of Cape Cod and southern geographic boundaries that

extend south of Cape Hatteras.  The native faunal group was dummy coded with Northern-

TransHatteran as the reference category.

Amphi-Atlantic distribution

Species whose natural distribution includes the eastern and western Atlantic are amphi-Atlantic

species.  Each species was categorized as either amphi-Atlantic or not (1 or 0).  Species believed

non-native to the western Atlantic (i.e. introduced by humans in historical times) are not treated

as amphi-Atlantic species.
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Continuous numerical variables

Latitudinal range

The spatial distribution along the western Atlantic coast was determined for each of the

molluscan species analyzed; southern limit, northern limit are reported in terms of degrees

latitude.  In general, the geographic extents of bivalve species were based on distribution

descriptions from Abbott (1974).  Northern and southern geographic ranges were converted to

latitude for analysis.  The latitudinal ranges of gastropods were taken from the Academy of

Natural Science of Philadelphia’s online database Malacolog 4.1 (Rosenberg 2005).  In a few

instances, published accounts of a species’ range that superseded the above references were used.

In cases in which the geographic location of a range boundary was not specified precisely (e.g.

Nova Scotia), the named location’s northern and southern limits were averaged, and this was

operationally considered as the species’ range boundary.

Maximum depth

Maximum depth for living organisms was reported in meters below the water’s surface.

Salinity distribution: lower, upper limits, range

The lower salinity limits for the adult stages of bivalves and gastropods were gleaned from the

literature.  Care was taken to report only lower salinity ranges experienced by organisms in their

native habitats rather than in laboratory situations.  The extreme variability of acclimatization

regimes and tolerance endpoints (e.g. LD50, loss of ciliary movement) made comparisons among

laboratory based experiments untenable.  Each species’ upper and lower salinity tolerance limits

were reported in parts-per-thousand (‰).  Although field distributions do not necessarily indicate
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absolute tolerance limits, they probably reflect natural conditions that are typical for successful

growth and reproduction.

Shell length

Maximum adult shell length was estimated in millimeters.  Shell sizes were obtained primarily

from Abbott (1974), Gosner (1971, 1978), Rehder (1997) and Malacolog 4.1 online database

(Rosenberg 2005).  Shell sizes were log transformed to approximate better a normal distribution

before analysis.

Historical abundance (1862 to 1910 surveys)

Abundance estimates were based on historical surveys conducted in the waters surrounding New

York City and vicinity (the source of oysters shipped to the west coast of the United States and

northwestern Europe) between 1862 and 1899, corresponding to the time of peak oyster

transplantation (Smith 1862, 1887, Hubbard & Smith 1865, Perkins 1869a,b, Smith & Prime

1870, Balch 1899). In these studies, species abundance was ranked qualitatively as ‘absent’,

‘rare’, ‘uncommon’, ‘common’, and ‘abundant.’ Modifiers such as ‘very’, ‘extremely’,

‘moderately’, and ‘locally’ were sometimes applied.  While impossible to know how closely

calibrated various authors’ estimates were, all employed ranked categories to estimate

abundance.  As the author of 4 of the 6 studies used here, Sanderson Smith likely brings

consistency to the Staten Island and Long Island region estimates. To calculate a mean

abundance score for each species, a numerical ranking system was developed to describe each of

the 11 qualitative abundance categories identified in the historical surveys (Miller 2000). The

numerical rankings range from 0 (absent) to 10 (extremely abundant). Use of a linear abundance

scale is a conservative approach, underestimating the true magnitude of differences between low
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and high abundance, but allowing for a robust test of abundance as a predictor of invasion

success. Site-specific abundance estimates were compiled for each species by historical source,

including all locations surveyed, and then averaged across sources. Since abundance values are

integrated across locations for the time-period of interest, they represent an estimate of the

average relative abundance of oyster associates at the time. By extension, abundance represents

the relative availability of these organisms (both juvenile and adult life stages) for uptake as

bycatch in dredges and subsequent transport with oysters.

Mathematical combinations

Mathematical combinations are same-sized groups with unique membership.  The general

formula for calculating a combination number is C(n,k)=n!/k!(n-k)!.  The formula calculates the

number of unique ways that groups of k elements can be taken from a set containing n elements

(Anderson et al. 1994).  The following example demonstrates their use when a pool consisting of

5 letters from the alphabet is used (n = 5).

Question: If 5 letters (A, B, C, D, E) are placed in a box, what is the probability that a random

grab of 4 letters will contain the 2 letter combination AB?

The following is a comprehensive list of 4 letter combinations that can be pulled from the pool of

5 letters: ABCD, ABCE, ABDE, ACDE, and BCDE.  By inspection, one can see that AB is

included in 3 of 5 combinations.  Thus, AB could be expected to occur in 4 letter combinations

60% of the time.

Solving the problem using combinatorial mathematics requires 3 steps. (1) Calculating the total

number of 4 letter combinations that can be taken from a 5 letter set. (2) Calculating the subset of
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these 4 letter combinations that would contain 2 particular letters (AB). (3) Dividing Step 2 by

Step 1.

Step 1:

The total number of 4 letter combinations (C) chosen from 5 letters is:

5
])!45(!4[

]!5[
)4,5( ==C (1)

Step 2:

Since the combinations of interest must include the 2 letter combination AB, these letters can be

subtracted from the pool of 5 letters (A,B,C,D,E becomes C,D,E (n = 3)).  Likewise, the set size

chosen from the new pool will also decrease by 2 letters (k = 4 becomes k = 2).   The goal is to

calculate the number of 2 letter combinations that can be taken from a pool of 3 letters (C,D,E)

such that when the 2 letter combination AB is added to each, the resulting list represents the total

number of 4 letter combinations that include AB.  This can be represented in the following

equation.

3
])!23(!2[

]!3[
)2,3()24,25( === CC (2)

Therefore, there are three 2 letter combinations, that when linked to the AB combination,

represent the total number of 4 letter combinations containing AB.  These combinations are CD,

CE, DE, and become ABCD, ABCE, and ABDE when AB is added.  By inspection, these are the

same combinations as found above.
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Step 3:

The probability of choosing a combination of 4 letters that contains AB from a pool of 5 letters

is: 
)4,5(

)24,25(

C

C
 = 

)!45(!4

!5

)!23(!2

!3

 = 0.6 (3)
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