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ABSTRACT 

TESTING THE USE OF MOLLUSCS TO INFER CLIMATE WITH SPECIAL REFERENCE TO THE 
LATE CENOZOIC MOLLUSCS OF THE MEADE BASIN, SOUTHWEST KANSAS 

Brian W. Steffen 

November 4, 20 I 0 

Twenty-six fossil assemblages of land and freshwater molluscs from the Pliocene to the present, 

were collected from locations near the town of Meade, Kansas, U.S.A. and were analyzed (along with the 

extant molluscan fauna of Meade County, Kansas) to look for changes in molluscan diversity through time. 

The fossil assemblages were analyzed for two reasons: I) to test the hypothesis that diversity 

(measured as taxonomic richness, dominance, turnover and habitat type) did not change through the five 

million years of this study (HOI); and 2) to test the hypothesis that there is no relationship between the 

taxonomic composition of a molluscan assemblage and the local climate (H02)' The latter hypothesis was 

tested by re-examining prior molluscan paleoecological studies, by analyzing the molluscan assemblages 

collected for this study and through ordination analysis. 

The results of the first analysis clearly showed that the taxonomic structure of the assemblages 

changed through time (HOI was falsified), but the changes appeared to be random fluctuations. Richness 

ranged from 7 taxa (in assemblages AGO, FAL, RYA, SPA) to 30 (C03B) with r2 = 0.237. Dominance 

ranged from 1.40 (SPA) to 9.66 (RTA) with r2 = 0.113. The Habitat Ratio ranged from -0.43 (FAL) to 1.00 

(X I E) with r2 = 0.029 and Turnover ranged from 0.17 (AGO, F AL) to 1.00 (RNT), when each assemblage 

was compared to RNT (r2 = 0.024). No discernable long-tern trend in taxonomic diversity or community 

composition was observed. 

The results of the second analysis indicate that molluscs, as a group, are not as useful as climate 

indicators as previously supposed. Today, both land and freshwater mollusc species are broadly 

geographically distributed and thus are found in a variety of locations with different local climates and 
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vegetation. Previously, Miller (1975, 1976) grouped molluscan species with similar environmental 

tolerances into four units called Climate Groups and used them to infer the past climatic conditions of a 

region. However, only a weak climate signal was detected (ANOY A found significant differences among 

the Groups for minimum temperature [p < 0.0001], maximum temperature [p < 0.0001] and annual 

precipitation [p = 0.0082]), after the previous results were reanalyzed using the methods of this study. The 

fossil molluscan assemblages collected for this study displayed no climate signal (ANOY A found no 

significant differences among the assemblages for minimum temperature [p = 0.0714] or precipitation [p = 

0.691] but did find a difference in maximum temperature [p = 0.0207]. A subsequent Tukey-Kramer HSD 

test failed to find significant differences among assemblages). Finally, the results from ordination analysis 

of my data did not show a strong relationship between the climate variables used in this study (minimum 

and maximum temperatures, annual precipitation) and the current geographic distribution of molluscan 

taxa. 

One should proceed with caution if molluscs are to be used to interpret climate. The results of this 

study do not provide a strong endorsement for using molluscs as paleoclimate indicators. This finding is 

counter to the prevailing wisdom among paleontologists. More work needs to be done in the area of 

molluscan biogeography and physiology to see if the conclusions herein hold up and to better understand 

molluscan biology in general. 
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INTRODUCTION 

Background and Justification 

Climate change effects have important implications for the health of the biosphere. While 

ecologists document and debate the potential effects of climate change on ecological communities, 

paleoecologists can contribute to the discussion by studying the history of animal assemblages in relation to 

climate change. The discipline of paleoecology is in a unique position to examine how taxa respond to 

climate change, because paleoecologists can track organisms over long periods of time. 

This study examines the changes in the diversity and biogeography of freshwater and land 

molluscan assemblages of the Meade Basin, southwest Kansas over the past five million years. This time 

period spans three geological epochs: the Pliocene (S.33 million years ago [Ma] to 2.S88Ma), Pleistocene 

(2.S88Ma to 0.01 Ma) and Holocene (0.01 Ma to present) (Ogg et al., 2008). It should be noted that the 

debate over the age of the Plio-Pleistocene boundary has not yet been formally resolved. The boundary is 

currently set at either 2.S88Ma or 1.806Ma (Ogg et al., 2008). During this time period, three major 

geological events occurred which dramatically altered the climate. Both freshwater and land molluscs of 

North America thus had to contend with climate change over time, due to the effects of these overlapping 

geologic events. 

The first geologic event was a rise of the Rocky Mountains; the Rockies attained their current 

height and morphology within the study period. McMillan et al. (2006) documented the onset of mountain 

basin-fill erosion beginning 8Ma, and suggested isostatic adjustments and faulting as the probable cause. 

This final rise of the Rocky Mountains may have extended a rain shadow over the study area. The second 

major event consisted of three episodes of volcanic eruptions from the Yellowstone supervoJcano, dated to 

approximately 2.003Ma, 1.293Ma and 0.602Ma (Gansecki et al., 1998). These eruptions deposited thick 

ash layers over a large part of the Rocky Mountains and Great Plains. The third and most recent event 

consisted of an oscillating series of cold (glacial) and warm (interglacial) periods. There have been 



approximately 17 glacial-interglacial oscillations within the last 1,650,000 years (Morrison, 1991). 

In order to examine climate effects on prehistoric molluscan assemblages, a comparative dataset 

from modem species is needed that reflects the current local climate. This dataset can be produced by 

examining the ecological requirements of extant molluscs. One of the reasons molluscs are assumed to be 

limited in their biogeographic distributions is their inability to tolerate all conditions in their physical 

environment-some locations are too hot or too cold, too wet or too dry to make a living in that area. This 

aspect of biogeography is reflected in the "Hutchinsonian" concept of the niche as an n-dimensional 

hypervolume (where n represents the number of biotic and abiotic variables which limit the biogeographic 

distribution of an organism [Hutchinson, 1957]) and the "Gleasonian" concept of an open community 

(where different species of a community have different environmental tolerances and can act independently 

of one another to climate changes [Gleason, 1926]). Possible responses by molluscs to climate change 

include: 1) follow their preferred climate as it moves across the landscape; 2) remain in place and employ 

physiological and/or behavioral strategies to accommodate the changing climate; or 3) extirpation or 

extinction as climatic conditions become intolerable. 

While changes in climate could be expected to influence molluscan distributions, it must be 

remembered that molluscs are part of a wider community of organisms that are all reacting to climate 

changes. Thus the interaction of species might produce changes in biogeography which are different from 

what might be expected from climate alone (Davis, 1998). Importantly, species biogeographic distributions 

can be affected by more than just climate variables (Allen and Cheatum, 1961). Also, paleoclimate 

interpretations should not be based only on molluscan fossils. Additional useful information can be 

collected in the field, at the outcrop, including strata lithology and sedimentary structures, presence/absence 

of paleosols and the identity and abundances of co-occurring plant and vertebrate fossils (Frye and 

Leonard, 1967). These techniques and assumptions have been employed by many authors to interpret 

paleoclimate. Biotic factors that could influence molluscan biogeography and diversity, such as 

competition, predation, parasitism and disease were not investigated in this study. It is the abiotic 

(climatic) factors and their impacts on molluscan biodiversity and biogeography are the sole focus here. 

Molluscan anatomy, physiology and their seemingly sedentary behavior suggest molluscs could be 

influenced by climate, making them potentially useful for making paleoenvironmental interpretations: the 
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argument is that their soft, permeable bodies make them sensitive to changes in environmental moisture, 

while their ectothermic physiology makes them sensitive to changes in environmental temperature. 

Therefore, a collection of molluscan species living in a location should reflect the conditions of temperature 

and moisture at that location. 

In order to use molluscs as environmental indicators, their tolerances for temperature, moisture 

and other environmental parameters must first be identified. Unfortunately, a survey of the literature 

relevant to the biogeography offreshwater and land molluscs of the United States does not provide much 

useful information. Although some studies provide precise water chemistry data, or air and/or water 

temperature data for specific collection sites (for example, Basch et at., 1961; Branson, 1966; Jokinen, 

1992; among others), such studies are not common. More often, biogeographic publications provide little 

or no data on the temperature, precipitation or other conditions where molluscs were collected. Some 

publications do provide vague habitat information under the banner of "ecology" or some similar label. For 

example, Cheatum and Fullington (1973, p. 18) identify Gastrocopta pentodon as "[a] snail of well-drained 

woodland areas and of meadows associated with sparse vegetation. Leaf litter and other objects serve as 

cover." Aspects of temperature, precipitation and the species of vegetation that generated the leaf litter 

were not discussed. Environmental assessments such as these are of limited use as they could be applied to 

many species of land snails. 

To more accurately estimate the temperature, precipitation and other environmental parameters 

which might limit molluscan distributions, two databases were compiled for freshwater and land molluscs 

of the United States. The first, called the Climate Database (CD), was a compilation of the temperature, 

precipitation, vegetation and elevation data of each county in the United States over a roughly 20 year 

period. The second database, called the Molluscan Biogeography Database (MBD), records extant 

freshwater and land molluscan distributions by county and is a composite of collection records over a 169 

year period. I used these databases (instead of the climatic/environmental assessments from the published 

literature) to estimate the climate tolerances of molluscan taxa collected for this study and, by extension, 

the paleoclimate of southwestern Kansas. 

The reliability of climate interpretation from fossils rests on at least three assumptions: 1) species 

biogeographic ranges are limited by tolerances for environmental parameters; 2) the environmental 
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tolerances limiting a given species are known; and 3) species environmental tolerances have not changed 

over time. We tentatively accept assumption I, because molluscan species appear to be limited in their 

biogeographic distribution, which is reflected in the recognition of molluscan provinces (Burch, 1962; 

Baxter, 1987; Metcalf, 1997), some of which are more easily delineated than others. Whether these 

molluscan provinces are solely climate-based, are due to a lack of dispersal ability/opportunity or are due to 

interactions with other organisms is difficult to determine. Concerning assumption 2, most taxa examined 

in this study are extant and their environmental tolerances could be inferred through the use of the CD and 

the MBD; therefore assumption 2 is satisfied. In addressing assumption number 3, a uniformitarian 

approach was employed. 

Uniformitarianism asserts that present processes (in this case climatic processes) serve as a 

reliable guide to past processes (Scott, 1963). In the context of paleoecology, it is assumed that if a given 

extant species has certain environmental tolerances, then its fossil con specifics also had those same 

tolerances-evolution did not endow extant individuals with new environmental tolerances that their fossil 

conspecifics did not have (Scott, 1963). However, while uniformitarianism is a useful assumption, it is 

difficult to prove. For example, if we consider a hypothetical, extant, cold-adapted species, we would 

expect it to live at high latitudes and/or high elevations where cold conditions exist. If we find fossils of 

the same species residing at low latitudes/elevations, we could conclude two very different outcomes: 1) 

the species has evolved adaptations to cold environments from an initial warm climate preference and 

moved into the high elevationllatitude areas; or 2) the species did not evolve new tolerances but has tracked 

its preferred cold climate from the low latitudes/elevations to higher latitudes/elevations as the cold climate 

moved across the landscape through evolutionary time. Ifwe could not distinguish between these two 

outcomes, then the presence of a given species in an assemblage is not sufficient to infer climate. 

However, if we have independent evidence of cold climates at the low latitudes/elevations (as from 

temperatures recorded in 180 / 160 ratios or other animal groups) and this time corresponds to the arrival of 

the presumably cold-adapted fossil mollusc in the region, then we can reasonably assume that the mollusc 

has not evolved new tolerances, but merely migrated with its preferred climatic regime. If evolutionary 

changes are not occurring, then the mollusc would be a useful guide to the climate of the region. Using a 

uniformitarian approach and armed with the knowledge of the environmental tolerances of extant 
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populations of the molluscan species that comprise the fossil assemblages, fossil molluscs were identified 

from the Meade Basin of Kansas and their biodiversity tracked through approximately five million years. 

The major concerns of this study were to determine if extant molluscs are sensitive to climate 

variables and to determine if molluscan communities from southwestern Kansas changed through time in 

ways that are indicative of climate change. 

Previous Work: Using Molluscs as Environmental Indicators 

Several researchers have used fossil molluscs as environmental indicators or have advocated their 

use. As previously noted, the extant species are used as environmental analogues for fossil conspecifics 

(Allen and Cheatum, 1961). Therefore, the co-occurrence of molluscan taxa in a fossil deposit presumably 

reflects the climate conditions the fossils lived under when they were live (Allen and Cheatum, 1961; Frye 

and Leonard, 1967). For example, Devore (1975) used fossil molluscs to interpret the climate of a fossil 

deposit called the sloth locality in Meade County, Kansas. The existence of Physa skinneri, Valvata 

tricarinata and Pupilla muscorum in this fossil deposit was used to infer cool conditions, as these species 

are found at more northern latitudes today and, according to Devore (1975), do not currently extend their 

range into southwest Kansas. Other northern species present at the sloth locality are Stagnicola caperata, 

Gyraulus circumstriatus, Vallonia gracilicosta and Stenotrema leai. There are southern species present in 

this fossil deposit as well, including Physa anatina, Gastrocopta cristata and Vallonia parvula, which were 

used to suggest that the temperature of the sloth locality was more moderate than today's climate in Meade 

County, thus allowing for the coexistence of northern and southern species in the same deposit (Devore, 

1975). 

Wells and Stewart (1987) also used molluscs to infer paleoclimate of western Kansas and the 

Great Plains. The authors note that snail species which were wide-spread over the Plains during the most 

recent glacial advance, are restricted today to either the eastern deciduous forest (Hendersonia occulta, 

Helicodiscus parallelus) or mountainous areas (Oreohelix strigosa, Discus shimekii, Columella alticola) 

(Wells and Stewart, 1987). These range shifts from Plains to forest/mountain was interpreted to reflect a 

shift in climate at the end of the Pleistocene from a glacial climate (cooler, wetter) to the nonglacial climate 

of the Holocene (present) (Wells and Stewart, 1987). 
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In the preceding studies, the existence of particular molluscs in a fossil assemblage is sufficient to 

establish paleoclimate. The work by Miller is more quantitative in that not only are species identities 

recorded, but the various species are grouped into Climate Groups (explained in more detail below) and the 

proportions of these Climate Groups are used to infer climate. For example, Miller and Kay's (1981) 

analysis of the Kanopolis local fauna of Ellsworth County, Kansas, compared with the present molluscan 

assemblage of the same area, indicated that the fossil fauna was dominated by northern species. The 

Kanopolis fossil fauna has a 13-fold increase in numerical abundance of northern species and an eight-fold 

increase in percent abundance of northern species, relative to the extant molluscan assemblage of Ellsworth 

County. This data is used to interpret paleoclimate by suggesting that the fossils lived under cooler 

conditions with more evenly distributed moisture than currently exists in Ellsworth County. Similarly, the 

Hall Ash Pit molluscan fauna can be compared to the modern molluscs of Jewel County, Kansas (Miller 

and Eshelman, \985). The fossil deposit has a greater proportion of northern and eastern species than 

presently exists in Jewel County. This was interpreted to mean that the climate experienced by the fossils 

was cooler and wetter than at present. 

More examples of paleoclimate studies using molluscan fossils as environmental indicators could 

be cited but the techniques are similar to those studies cited above. If you accept the assumption that 

current molluscan biogeography can be used to interpret past climate, then the paleoclimate interpretations 

and habitat reconstructions which follow from that assumption are reasonable and could be true. However, 

such studies never provide a test to determine if climate variables are really influencing where molluscs 

live-that is, the hypothesis that molluscs are living where we find them today, because their physiological 

constitution and/or life history requires that they live under the climate conditions at those locations, is 

never tested (in spite of the fact the link is often asserted or invoked to be true). It is possible that other 

biotic or abiotic factors operate in conjunction with climate factors, to limit where molluscs can live. Just 

how important climate variables like temperature and precipitation are to molluscan species has yet to be 

experimentally determined for most species in the United States. 

Furthermore, precise knowledge of extant molluscan biogeography of the United States has been 

lacking: the first detailed, national maps of land gastropod distributions were not published until 1985 by 

Hubricht (1985) and maps comparable in scope and detail for freshwater species have apparently never 
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been published. Accurate knowledge of biogeographic distributions is necessary if molluscs are to be used 

to reconstruct the paleoclimate history of the United States. 

Because Miller's work on paleoclimate is more quantitative than some paleoclimate studies, his 

methods deserve a closer look. Miller (1975) studied seven molluscan assemblages collected from Meade 

County, Kansas and nearby Harper County, Oklahoma. These assemblages ranged in age from 30,000 to 

10,500 years before present (BP) ("present" is usually defined, for radiometric dating purposes, as the year 

1950 [Ogg et at., 2008]). These seven assemblages were composed of 61 molluscan species, all extant, 

although not all are found in Kansas today. Miller (1975) divided molluscan species into four Climatic 

Groups: Group-I was composed of northern species whose southern biogeographic limits are presumably 

controlled by high summer temperatures. Group-II was composed of southern molluscan species whose 

northern ranges are believed to be limited by low winter temperatures. Group-III species were eastern 

species with their western limit possibly controlled by the available moisture. Species in Group-IV were 

those with inadequate biogeographic range data or have distributions controlled by factors other than 

climate or were species considered to be eurythermic and/or euryhydric (Miller, 1975). Eurythermic or 

euryhydric species are not suitable for climate reconstructions. Each fossil assemblage contains species 

from each Climate Group, in varying proportions. The relative proportions ofthe four Climate Groups 

within an assemblage reflected the local climate of southwest Kansas when the fossils were alive. 

Using these Climate Groups, Miller (1975) determined that the overall climate change of 

southwest Kansas from approximately 27,000BP to I 0,800BP was one of increasingly warm summers, as 

reflected in a decline in proportion of Group-I species in most assemblages. A loss of freshwater species 

from Groups-I, II and III suggests a drying climate through this time as well. Specifically, the Jones 

assemblage (approximately 27,000BP) had the coolest and wettest climate of the assemblages examined by 

Miller (1975). This cool, wet period is suggested by the presence of a diverse number of Group-I species 

including abundant freshwater species. From Classen (16, I OOBP) to Robert (II, I OOBP) assemblages, the 

climate of southwest Kansas became warmer and drier, as indicated by a decline in Group-I species 

(especially freshwater species), along with a concurrent expansion of Group-II species. The Boyd 

assemblage (l0,790BP) demonstrated a brief reversal of climatic trends through an increase in Group-I 

freshwater species and a decrease in Group-II and III species. This change reflected a return to cooler 
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summers and more extreme winters than previously encountered. Since the time of the Boyd assemblage, 

the molluscan biodiversity has continued to decline to the present. During this time, there has been a great 

reduction in Group-I species and a greater prevalence of Group-IV species in the extant molluscan 

assemblage, suggesting a continuation of the warming trend (Miller, 1975). 

A second, similar study by Miller (1976), expanded on his previous study by analyzing 21 

molluscan assemblages from the Meade area. The 21 assemblages contained 106 molluscan taxa from the 

mid-Pliocene through the late Pleistocene, 92 of which are extant. Miller (1976) divided these species into 

the same four Climate Groups based on their environmental tolerances, except that Group-IV now included 

extinct taxa. The assemblages were plotted on a ternary diagram to look for groupings with ecological 

significance. Ternary diagrams are graphs often used by petrologists, mineralogists and soil scientists, but 

these diagrams can accommodate biological and paleontological data (Ehlers, 1972; Hammer and Harper, 

2006). When using these graphs, plotted points form clusters if their compositions are similarly 

proportioned. Dissimilar points plot farther apart. 

According to Miller's (1976) Figure 1, the 21 fossil assemblages formed two groups, designated 

as either glacial (assemblages with more than 50% Group-I molluscs) or nonglacial (assemblages with less 

than 50% Group-I molluscs). The glacial assemblages were more tightly clustered, indicating that the 

proportion of northern, southern and eastern species did not vary much from assemblage to assemblage 

through time, although the species composition may have changed. According to Miller (1976), glacial 

assemblages included the Boyd, Robert, Classen, Bar-M-I1, Bar-M-I, Jones, Bird, Mount Scott, Butler 

Spring, Adams, Doby Springs, Berends and Cudahy assemblages. The nonglacial assemblages were more 

dispersed, indicating that the ecological proportions varied more through time. Species composition likely 

varied as well. Nonglacial assemblages included the Recent, Jinglebob, Cragin Quarry, Spring Creek, 

Sanders, Bender, Rexroad and Saw Rock Canyon assemblages (Miller, 1976). Miller's (1975, 1976) 

concept of Climate Groups will be investigated in this study as a test of its ability to estimate paleoclimate. 

Study Hypotheses 

In order to test the assertion that changes in molluscan diversity reflect climate change, it was 

necessary to test two different hypotheses. The first null hypothesis (HOI) is that there is no change in 
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diversity, evaluated as richness, dominance, turnover and habitat type, through time-assemblages display 

stasis. The alternative hypothesis (HAl) is that changes in diversity do take place, either systematically or 

randomly. Diversity stasis might reflect an unchanging climate for southwest Kansas through the five 

million year study period. A systematic change in biodiversity, such as a change in richness, dominance or 

the identity of the taxa present, etc., presumably indicates changes in climate through this time. The pattern 

of such change can be an important indicator for how climate changed: for example, glacial-interglacial 

cycles should produce cyclical changes in species composition of the assemblages-cold climate taxa 

yielding to warm climate taxa, which in turn give way to cold climate taxa, etc. A pattern of random 

biodiversity change through this time would suggest that something other than climate is controlling 

molluscan community composition. 

Because the assertion that molluscan species are geographically limited by climate has been 

largely assumed rather than empirically tested, the purpose of the second part of this study is to provide 

such a test. The second null hypothesis (H02) is that there is no relationship between molluscan species 

composition and climate variables. The alternative hypothesis (HA2) states that a relationship between 

molluscan species and climate exists. This hypothesis will be investigated via multiple routes, including re

examining Miller's (1975, 1976) Climate Groups, examining the fossil assemblages collected for this study 

and statistically via nonmetric multidimensional scaling (NMS). In addition, maps of extant species' 

current biogeographic ranges (by county) and maps of current climate variables (also by county), for all 50 

states were generated. 
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METHODS 

Procedures for Sample Collecting 

A total of27 samples were examined in this study. Twenty-five of these samples were collected 

from strata of southwest em Kansas during the 2005 summer field season. Most samples were collected 

from private property near the town of Meade (lat 37°17'08" N., long 100°20'23" W. [United States 

Geological Survey {USGS}, 2006]), in a geological structure called the Meade Basin (Martin et al., 2000). 

This area was chosen for analysis because it has one of the most complete sedimentary sequences of the 

late Cenozoic known in North America (Miller, 1975). 

The outcrops of sedimentary strata examined in this study are Pliocene through Pleistocene in age 

(Miller, 1975; Martin et al., 2008) and are composed of unlithified sediments, with grain sizes ranging from 

clay to sand in varying proportions. Sample locations were found by Dr. Robert A. Martin and his 

colleagues, Jim Honey and Pablo Pelliez-Campomanes, who have worked in this area for many years. 

Outcrops are usually erosional features caused by rain and surface runoff eroding escarpments into the 

landscape. The cliff faces produced by erosion expose mUltiple sedimentary strata that are distinguishable 

by sediment color, grain size and/or coherency. Prior to sample collection, the weathered face of the 

stratum was removed until unweathered sediments were revealed. This was done to remove shells which 

may have slumped down from higher stratigraphic levels. Samples were removed from the strata with a 

shovel and/or a stout knife. Enough sediment was removed at each location to fill two 4L bags. Loose 

sediment was deliberately avoided when filling the bags; clods were collected instead because shells would 

be better protected during transport and handling if they were incased in sediment blocks. The samples 

were transported to Murray State University for processing. 

Two of the 27 samples were not collected by me: Bird-2 (B02) and Recent (RNT). The B02 

sample was collected by Dr. Martin, independent of my study and was added to my study to fill in a 

temporal hole in my data set. Its processing protocols do not match my protocols outlined below. 
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Meade County's extant molluscan assemblage (which constitutes the RNT sample) was obtained 

from the published literature. Data on the fingernailcalms/peaclams of Meade County came from Leonard 

(1943) who found Sphaerium and Pisidium in Crooked Creek, which runs through the county. Gastropod 

data for Meade County came from Leonard's (1959) gastropod range maps in Kansas. Only those species 

specifically marked with a symbol in Meade County were recorded as part of the extant assemblage for 

Meade County. 

Figure I shows a composite stratigraphic column of the Meade Basin and presents the most recent 

biostratigraphic hypothesis for the Meade Basin (Martin et al., 2008). Table I gives a complete list of the 

samples (and assemblages) examined in this study. The samples are displayed in stratigraphic order with a 

few qualifications: the age of BOL is not known, thus its stratigraphic position is approximate, and C03A, 

CH4 and CHY are probably temporally equivalent. The numeric ages provided are estimates derived from 

published data (Figurel). RNT, the extant assemblage, must have an age ofOMa. Ages for RTB, RTA, 

CL 1, and B02 were derived from corresponding assemblages from Miller (1975), while the age for CL2 

was found in Martin et at. (2008). Ages for M35, SPB, and SPA are not known with certainty. M35 was 

assigned an age ofO.25Ma, and SPB and SPA are arbitrarily assigned 0.30Ma, although they may be 

younger. C03B is dated at 0.64Ma because it is directly below the dated Lava Creek B ash (Figure I). 

CR7 is younger than C03B but the exact age is unknown. It is believed to be close in age to C03B as it 

lies directly above the Lava Creek Bash (R. A. Martin, oral communication), so an arbitrary age ofO.60Ma 

was assigned to CR7. Samples C03A, CH4, CHY, PMA, BI B, XIE, X2B, RIA, RYA, TFC, FAL, and 

AGO can be found in Figure I. The ages assigned to these samples are the mean (rounded to the nearest 

hundredth place) of the beginning and ending date of the magnetic polarity event within which the samples 

exist. This method of assigning ages often resulted in multiple samples with the same age, implying that 

they were formed at the same time, which may not be the case. To give each sample a unique age, a 

"dummy digit" was placed in the thousandths place. The value of this dummy digit varied with the 

stratigraphic position of the sample-older samples were assigned larger dummy digits, younger samples 

were assigned smaller dummy digits. Some samples (BOL, JQB, JQA and RFX) do not occur in the 

literature and their numeric ages are unknown. Their approximate age and relative order are known via 

stratigraphic and biostratigraphic information. Numeric ages were assigned to these samples by calculating 

II 



the mean of the ages of the assemblages immediately before and after them. 
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Figure l. Meade Basin Stratigraphy. The geologic time scale for the Meade Basin (modified Figure 1 
from Martin et al. [2008]) showing mammalian (and some molluscan) assemblages. MPTS-magnetic 
polarity time scale; Geol.-geological; RZ-rodent zones; N, n-normal magnetic polarity; R, r-reversed 
magnetic polarity. 
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Table 1. Study Samples. Samples are in stratigraphic order. Time is in millions of years (Ma) before 
present. See text for a discussion on how dates were derived. IApproximate stratigraphic location, actual 
position is unknown. 2Samples are possibly temporally equivalent. 

SAMPLE/ ASSEMBLAGE SYMBOL EPOCH AGE (Ma) 
Recent RNT Holocene 0 

Robert-B RTB Pleistocene 0.011 
Robert-A RTA Pleistocene 0.012 
Bob Dole l BDL Pleistocene 0.013 
Golliher-B CL2 Pleistocene 0.014 
Golliher-A CLI Pleistocene 0.02 

Bird-2 BD2 Pleistocene 0.03 
Jim's Quarry-B JQB Pleistocene 0.141 
Jim's Quarry-A JQA Pleistocene 0.142 

Unnamed M35 Pleistocene 0.25 
Scorpion-B SPB Pleistocene 0.301 
Scorpion-A SPA Pleistocene 0.302 

Couch Ranch Above Ash CR7 Pleistocene 0.60 
Lava Creek BAsh C03B Pleistocene 0.64 

CO-3A Below Ash2 C03A Pleistocene 0.711 
Couch-42 CH4 Pleistocene 0.712 
Cudahl CHY Pleistocene 0.713 
Paloma PMA Pliocene 2.81 

Bender-IB BIB Pliocene 3.28 
XIT-IE XIE Pliocene 3.881 
XIT-2B X2B Pliocene 3.882 

Raptor-IA RIA Pliocene 3.883 
Ripley-A RYA Pliocene 3.884 
Red Fox RFX Pliocene 4.14 

Taylor's Fox Canyon TFC Pliocene 4.39 
Fallen Angel FAL Pliocene 4.711 

Argonaut AGO Pliocene 4.712 

Procedures for Sample Processing: Drying and Washing 

Sample drying and washing were conducted on the campus of Murray State University and at 

Murray State University's Hancock Biological Station. Samples were processed using procedures similar 

to those of Hibbard (1949) and McKenna et af. (1994) but modified to accommodate the smaller volume of 

sediment processed in this study. Each sample was spread out on its own 61 cm x 70cm plastic sheet and 

air-dried for one week, after which the samples were sufficiently dry for further processing. All samples 

were dried concurrently. Each sample was then loaded into its own 49L trash bag for storage until it could 

be washed. After drying and prior to bagging, a clod of sediment was removed from each sample to serve 

as an example of the prewash sediment texture. Each clod was placed in its own 59ml container and 

labeled. 

Dried sediment samples were washed individually. The chosen sample was loaded into an II L 
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tub and enough tap water was added to cover the sample to a depth of approximately 2cm. The sample was 

then left to soak overnight. (Soaking was necessary to disaggregate the sediment grains, turning the sample 

into mud.) The following day, the sample was transported to the boat dock of the Hancock Biological 

Station on Kentucky Lake for washing. A ladle was used to divide the sample into 200ml subsamples by 

scooping the mud into a beaker. Each subsample was washed individually by pouring it into a stacked set 

of sediment sieves to separate fossils from mud. The sieves used were circular, brass, US Standard Sieves, 

made by the Dual Manufacturing Company (Chicago, Illinois), with mesh sizes #16 (1.19mm) and #35 

(0.50mm), both with an internal diameter of20.5cm. A hose and pump provided water from Kentucky 

Lake which was flushed over the sample to remove fine sediment, leaving fossils and coarse sediment 

behind. The fossils and remaining sediment from each subsample were unloaded onto their own 61cm x 

70cm plastic sheet. The sieves were then cleaned and reused for the next subsample. This process was 

repeated until the entire sample was washed, producing several subsamples from each sample. Each 

subsample was washed separately and the recovered fossils and coarse sediment were kept separate. 

When using water from a natural source for washing, there is the possibility of contamination by 

snails from the water source itself. To determine if contamination occurred, two sieves (#35 and #230 

[0.06mm]) were set up in a similar manner to that used for washing. A hose was placed in such a way that 

lake water discharged into the sieves for 30 minutes. Afterwards the sieves were rinsed onto plastic sheets 

to check for contaminating shells. No shells were found. 

The fossils and coarse sediment from each subsample of a sample were dried in a greenhouse. On 

a table, each plastic sheet was spread out and left to air-dry for one day. After drying, each subsample was 

loaded into its own 946ml plastic lunch bag for storage. All the bagged subsamples of the same sample 

were placed together in a 4L plastic bag and labeled. These procedures were repeated for all subsequent 

samples. 

Sample C03B would not wash in the manner outlined above, as most sediment grains would not 

disaggregate upon soaking. To partially rectify this, the sample was divided into approximately 200cm3 

subsamples by breaking clods into smaller pieces with a rock hammer. Only a small proportion of the 

sediment was removed upon washing, but many shells were released from the sediment. An unknown 

number of shells remained trapped in the clods which did not disaggregate and are not accessible for study. 
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The drying process was the same as for all other samples. 

Procedures for Sample Processing: Fossil Picking 

Fossil picking began at Murray State University in 2005 and was finished at the University of 

Louisville by 2010. Once a sample was chosen to work on, each subsample of that sample was picked 

individually. A small portion of the washed and dried subsample was removed from its bag with a small 

beaker and poured into a petri dish. The petri dish was then examined through a stereomicroscope under 

lOX or 30X magnification as needed. Sediment and fossils were manipulated as necessary with a curved 

dissecting needle and a ~O-size paintbrush. 

To "pick" a fossil, paintbrush bristles were moistened with water and touched to a shell, which 

then adhered to the bristles. Usable shells were thus removed from unusable shell fragments and coarse 

sediment and placed in the wells of a spot plate. Each well received a different shell morphology-pupoid, 

discoid, conispiral, etc. When full, the contents of each well were transferred to IOmm x 75mm test-tubes 

for temporary storage. After the sediment in the petri dish was fully picked for shell material, it was 

transferred to ajar for temporary storage. Another small portion of the same subsample was obtained and 

the process was repeated until the subsample was completely picked through. When finished with a 

subsample, the picked sediment was returned to its plastic bag for permanent storage. Another subsample 

from the same sample was chosen for picking and the process was repeated until the entire sample was 

completed. 

Once a subsample was finished, each shell was identified and counted. Complete, adult shells 

were the most useful for identification, but identifiable shell fragments and juveniles distinctive enough to 

be identified were also collected. For gastropods, an identifiable fragment often included a complete 

aperture or spire. No gastropod opercula were recovered. Identifiable bivalve fragments contained the 

hinge. Each taxon of mollusc for a given sample was loaded into its own 7ml vial for permanent storage, 

thus freeing the test-tubes to be reused (all the shells of a taxon from each subsample were combined in 

these vials for that sample). The contents of the vials were labeled with the name of the sample and 

mollusc. 

Virtually all the complete shells picked were less than 5mm in greatest dimension-within the 
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"small" shell group of Burch (1982) (I Omm or less). There appeared to be a taphonomic bias against the 

preservation of larger shells (that is, shell consumption by small animals, chemical dissolution, overburden 

pressure, etc., have operated to crush larger shells but spare the smaller shells). With rare exceptions, 

larger shells were only present as fragments that contained no taxonomically useful characters. 

Construction of the Climate Database (CD) 

Climate and related data were collected for all counties and similar political subdivisions in all 50 

states of the United States and the United States capital. Counties were chosen as the basis of the CD to 

follow Hubricht (1985), who used counties as his unit of biogeography. The list of counties was dictated 

by a file which was downloaded into ArcMap® version 9.1. The CD (and MBD, see below) was joined to 

the file in ArcMap®. To do this, the databases needed to use the same list of counties. The CD exists as a 

Microsoft® Excel® spreadsheet with climate and related attributes as column labels and states and counties 

as row labels. 

Forty-eight states are divided into counties as their political subdivisions, so their use in the CD 

was straight-forward (National Oceanic and Atmospheric Administration [NOAA], 1978a, b; Rand 

Mc.Nally, 2009a, b, c). However, the remaining two states require some explanation: Louisiana is divided 

into political subdivisions called parishes (Rand Mc.Nally, 2009a, b, c) and Alaska is divided into two 

types of subdivisions called boroughs and census areas (Rand Mc.Nally, 2009a, b). Alaska's 28 

subdivisions are not often depicted on maps; for this reason they are listed here: Aleutians East, Aleutians 

West, Anchorage, Bethel, Bristol Bay, Denali, Dillingham, Fairbanks North Star, Haines, Hoonah-Angoon, 

Juneau, Keni Peninsula, Ketchikan Gateway, Kodiak Island, Lake and Peninsula, Matanuska-Susitna, 

Nome, North Slope, Northwest Arctic, Prince of Wales-Outer Ketchikan, Sitka, Skagway, Southeast 

Fairbanks, Valdez-Cordova, Wade Hampton, Wrangell-Petersburg, Yakutat, Yukon-Koyukuk. The 

interested reader can consult USGS (2006) and/or Rand Mc.Nally (2009a, b) for the locations of Alaska's 

boroughs and census areas. For the purposes of the CD, parishes, boroughs, census areas and counties were 

regarded as equivalent units-hereafter called "counties." In addition, some states have independent cities 

which are not part of any county (for example the city of St. Louis, Missouri, is a distinctly different 

political entity from St. Louis County, Missouri, which contains the city); these cities were regarded herein 
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as counties in their own right. Lastly, the capital of the United States was regarded as its own "state" 

(District of Columbia) containing one "county" (Washington), identical to its state. In total, the CD 

contains 3142 counties. 

Within each county, one "reference city" was chosen to represent its county. Two sources 

(NOAA [1978a, b] and USGS [2006]) were employed in the choice of reference cities. A given reference 

city was selected if it could be identified in both sources. An attempt was made to choose reference cities 

which were centrally located within their counties, but exceptions were sometimes necessary. Some 

counties mapped by NOAA (I 978a) did not display any cities. In those cases, reasonable reference cities 

were chosen using USGS (2006) only. In other cases, no centrally located cities could be found in both 

sources, so more peripherally located cities were chosen instead. The reference city chosen for the United 

States capital was Washington D. c., which was identical to both its county and state. Independent cities 

were used as their own reference cities. For every reference city, latitude and longitude data was collected 

from USGS (2006). 

Data for climate and related variables (elevation, temperature, precipitation and vegetation) were 

collected at the reference cities' locations and assumed to apply throughout their respective counties (the 

smaller the county, the more likely this assumption was true). Elevation data was collected in feet using 

USGS (2006), and converted to meters. Temperature and precipitation data were collected in English units, 

and converted to metric equivalents (degrees Fahrenheit to degrees Celsius, inches to centimeters). 

Temperature data were collected from maps of mean minimum temperatures for January and mean 

maximum temperatures for July (NOAA, 1978a, b). Precipitation data were collected from maps of mean 

annual values (NOAA, I 978a, b). NOAA's ( 1978a, b) maps contain data compiled from the 1930s through 

the 1950s, and sometimes through 1970. Where isotherm and isohyetallines on these maps touched or 

crossed reference cities, the value of that "isoline" was assigned to that reference city and, by extension, to 

its county as a whole. Where reference cities were located between two isolines, the mean value of the 

isolines was assigned to that reference city and county. On rare occasions, the maps were not sufficient by 

themselves, so data were collected from published tables (NOAA, 1 978a) and/or from USGS (2006) for the 

nearest useable source. 

Vegetation data for the CD was recorded as ecoregions, which are defined by Bailey {I983, 1995, 
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2005) as geographic areas within which ecosystems occur in spatial patterns determined by differences in 

the distribution of climate and vegetation. Bailey (1983) outlines a hierarchical system of nested 

"c1imatofloral," geospatial units (Table 2). 

Table 2. Examples of Ecoregions. Ecoregion units based on Bailey (1983, 1995, 2005) and United States 
Fish and Wildlife Service (1982a, b), with examples. 

ECOREGION UNIT 
Domain (broadest) 

Division 
Province 

Section (narrowest) 

EXAMPLE 
Humid Temperate Domain 

Prairie Division 
Tall-grass Prairie Province 

Bluestem-Grama Prairie Section 

CODE 
2000 
2500 
2530 
2533 

Domains are groups of similar climates and cover the broadest areas. Divisions are subdivisions 

of Domains and are defined by differences in local climate (spatially and/or seasonally) as well as by the 

vegetation that area can support. A Province is a subdivision of a Division and is defined primarily by the 

identity of the climax vegetation existing over that area. Finally, a Section is a subdivision ofa Province 

and is identified by local differences in floral species of the climax vegetation (Bailey, 1983). Data on 

vegetation were collected using United States Fish and Wildlife Service (USFWS) maps (1 982a, b) which 

used the ecoregion convention mentioned above. The location of each reference city was estimated on 

these maps and the ecoregion Section (rarely Province), hereafter called "vegetation," identified at that 

location was recorded for the reference city and assumed to represent the vegetation of its county as a 

whole. (Again, the smaller the county, the more likely this assumption was true.) Appendix I lists all the 

alphanumeric codes for the vegetation units which occur in the CD, as well as their names (USFWS, 1982a, 

b). 

Table 3 displays climate and related data collected for Meade County, Kansas, as an example of 

the information contained in the CD. For comparison, similar data for the town of Meade, Kansas, for the 

year 2008 are: mean minimum daily temperature for January = -4.6°C, mean maximum daily temperature 

for July = 36.2°C and minimum estimate of the total precipitation for the year = 53.90cm (derived from 

NOAA [2009]). 
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Table 3. Climate of Meade County, Kansas. Climate and related variables and data recorded for Meade 
County, Kansas, as an example of the data recorded for the entire United States. 

State 
County 
Reference City 
Latitude (N) 
Longitude (W) 
Elevation (m) 

VARIABLE 

Mean Minimum January Temperature (0C) 
Mean Maximum July Temperature (0C) 
Mean Annual Precipitation (cm) 

DATA 
Kansas 
Meade 
Meade 

37°17'08" 
100°20'23" 

761 
-6 
36 
46 

Ve etation 2533 (Bluestem-Grama Prairie Section) 

Construction of the Molluscan Biogeography Database (MBD) 

The MBD, and the maps generated from it, was modeled after the biogeographic range maps 

published by Hubricht (1985). Biogeography records were obtained entirely from the literature; no 

museum specimens were examined and no specimens were field-collected. 

The MBD exists as a Microsoft® Excel® spreadsheet with taxa as column headings and states and 

counties as row headings. The MBD was constructed using the same county list as the CD. Each cell is 

occupied either by a I (the taxon is known from the literature to exist in the indicated county) or a 0 (the 

taxon has not been recorded in that county). If a publication claimed that a mollusc (gastropod or bivalve, 

freshwater or land) was collected somewhere in a county, then the mollusc was assumed to occur 

everywhere in that county; this assumption deliberately ignores differences in microclimate and 

macroclimate which may be important to molluscan species distributions. No distinction was made 

between native and introduced occurrences, except for Hawaiian members of the Physidae, Succineidae 

and Pisidiidae. The presence of these families in Hawaii was recorded in the MBD only if one or more 

member species are regarded by the literature to be native to the Hawaiian Islands or the species also have 

ranges in the continental United States. Biologically, a I recorded in the MBD, reflects the existence of 

that mollusc in that county; however, a 0 reflects either \) the true absence of that mollusc from that 

county; 2) the mollusc exists in that county but was not collected from that county at the time of the 

publications' print dates; or 3) a publication identifying the mollusc as present exists but was not located 

for use in this study. 

The molluscs that resided in lentic freshwater bodies (lakes, ponds, reservoirs, ephemeral puddles, 
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etc.), were recorded as present in the county in which the water body exists. A species was assumed to 

occur throughout the entire lentic water body, unless otherwise noted in the literature. In those cases where 

a lentic water body forms the boundary for two or more counties, geographic information provided by the 

publications' authors (local town, named bay, stream inlet/outlet, island, etc.) identified the county to which 

the molluscan species was recorded. If an author provided no geographic information, then the mollusc 

was assigned to all counties whose borders extend into the lentic water body. Lotic water systems (streams, 

canals, ditches, etc.) were treated in the following manner: publications, or records within publications, 

which identified molluscs as existing in a particular lotic system but without providing additional 

geographic information were not used. When authors recorded mollusc occurrences relative to a locatable 

geographic point (dam, falls, tributary mouth, town, etc.), the county in which these geographic points exist 

was located and the mollusc recorded as present in that county. Where a lotic system forms the boundary 

for two counties and which county is intended by the publications' authors is not clear, the mollusc was 

recorded as present in both counties. 

The literature displayed multiple ways to report biogeographic data. Some publications simply 

listed county occurrences without providing specific location information (for example, Hubricht [1965]). 

With these publications, a 1 was recorded in the MBD if presence was indicated. Other publications 

provided location information in the form of coordinates (as in Metcalf and Smartt [1997]). In these cases, 

the county in which the coordinates existed was identified and a 1 was entered in the MBD without 

consideration ofthe actual location provided. Some publications displayed biogeographic information as 

symbols on maps to indicate the approximate locations where molluscs were collected (as in Leonard 

[1959]). The county in which the symbol was displayed was identified and a 1 was entered into the MBD. 

In those instances where the symbol was centered on the border defining two counties and no additional 

information was available to indicate which county was intended, that mollusc was recorded as present in 

both counties. Other publications identified molluscs collected relative to a geographic feature, such as a 

town, bridge or road (for example, Branson [1973]). In these cases, the county in which the feature resides 

was identified and the mollusc was assigned to that county in the MBD. A few publications displayed 

species occurrences on maps by "inking-in" counties in which a particular species is known to occur 

(similar to Hubricht [1985]). Several publications provided biogeographic information in more than one 
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format. 

Only two usable publications could be located which dealt specifically with the molluscs of the 

United States capital: Lehnert (1885) and Richards (1934). Both references referred to species collected in 

Washington O. C. itself, as well as in the "vicinity," usually without specifying which species were 

collected in the capitol and which were collected in the vicinity. With respect to these two publications, it 

was assumed that all recorded species were collected within the boundaries of Washington O. C. and were 

recorded as such in the MBO. 

Special biogeographic problems are associated with Hawaii. Hawaiian publications (and some 

publications from other states) identified molluscs as present on islands rather than in counties. This was 

remedied by identifying the county in which the indicated island existed and attributing the molluscs to that 

county (Table 4). The Island ofMoloka'i provided a complication because it is divided between two 

counties. Species distributions for the relevant counties of Moloka'i Island were addressed as follows: if a 

species was recorded as present on Moloka'i Island, the species was then recorded as present in both 

Kalawao and Maui Counties. However, if a species was recorded on any other island within Maui County, 

then the species was recorded as present in Maui County only and not in Kalawao County. If collection 

sites on Moloka'i Island were listed as coordinates or as a reference to a locatable geographic feature (city, 

river, etc.) which specified in which county, Maui or Kalawao County, the collections were made, then this 

information was used to place the mollusc in the appropriate county in the MBO. 

Table 4. Hawaiian Counties. Hawaii's counties and the major islands they contain (United States 
Geological Survey, 2006; Rand Mc.Nally, 2009c). 

HAW AllAN COUNTIES 
Hawaii 

Honolulu 
Kalawao 

Kauai 
Maui 

MAJOR ISLANDS 
Hawai'i 
O'ahu 

Moloka'i (part) 
Kaua'i, Ni'ihau 

Kaho'olawe, Uina'i, Maui, Moloka'i (part) 

Publications or records within publications that identified molluscs as present in large, vague, 

geographic areas such as whole states, parts of states, stream drainages, ecoregions, faunal zones, etc., and 

did not provide additional location information like coordinates, names of local towns, lakes, county 
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names, etc., were not used because it was difficult to accurately integrate this information into the MBD. 

This procedure may have the negative effect of underestimating species richness within a given county, but 

has the positive effect of ensuring greater spatial accuracy for the species which are recorded. 

Some authors distinguish between different categories of "presentness." Any mollusc recorded as 

having been collected alive from a county was recorded as present in the MBD. Any mollusc recorded as 

present in a fossillsubfossil condition was not recorded. Publications, and records within publications, that 

listed shells as Pleistocene in age or older were not used. However, biogeographic records for empty shells 

stated as recent, living, extant or historical (interpreted to mean that the animals were alive in a given area 

within a few decades prior to the publications' print dates) were included in the MBD. Any shell that was 

explicitly stated to have been transported to the location where it was collected (a "drift" shell) was 

interpreted as not present (this step was taken because transported shells may have come from an area with 

a different local climate than the location where the shell was finally recorded). If a mollusc shell was 

recorded as collected from a location but there was no mention of the shell being a fossil and/or transported 

or whether it was collected alive or as an empty shell, then that mollusc was recorded as present in that 

county. Some biogeographic literature is difficult to interpret; where information was unclear, reasonable 

interpretations were made of the authors' intentions concerning geographic locations, using USGS (2006), 

Rand Mc.Nally (2009c) and my own intuition. 

Taxa in the MBD were recorded at the species level with the exception of the Physidae, Pisidiidae 

and Succineidae, which were recorded to family. All subspecies of a species mentioned in the literature 

were recorded together under the species rank. Molluscs identified to the family level were recorded as 

follows: ifany member of these families was located in a county, then the entire family was identified as 

present in that county without specifying the actual species. This convention was used to match the lack of 

specificity in identifying fossil members of these same families (see below). 

The molluscs listed in the MBD are the same as the fossils picked from the investigated samples, 

minus extinct taxa and Euchemotrema sp., for a total of 62 taxa. This database should be regarded as a 

work in progress, as new information will be added as it becomes available. The molluscan biogeographic 

references consulted to construct the MBD are cited in Appendix 2, in addition to the References section. 

Appendix 2 also displays a graph depicting the frequency of publication dates (by decade) for the literature 
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used in constructing the MBD. These publications do not represent a random sample of all available 

biogeographic literature, but their inclusion in the MBD was based on usefulness of the biogeographic 

information provided, not publication date. 

Gastropod and Bivalve Taxonomy 

The collected fossil molluscs were identified in part by using published taxonomic keys, 

especially Burch (1962, 1982). Additional help with identification was provided by Drs. James L. Theler, 

Robert T. Dillon, Jr. and James E. Alexander, Jr., who collectively checked the taxonomic assessments of 

most taxa. The names assigned to fossil gastropods were mostly derived from available keys (Burch, 1962, 

1982). However, where necessary, the species names were updated to reflect current taxonomic 

understanding using the Integrated Taxonomic Information System-ITIS (2006) as the nomenclatural 

standard. See Appendix 3 for the complete taxonomic listing of all taxa examined in this study. 

Although attempts were made to use available taxonomic keys, several issues prevented rigorous 

application of this technique and instead required identification of shells by visual comparison with 

published figures: I) many taxonomic keys use characters from soft anatomy which are not available from 

fossils; 2) some characters of extant shells (such as transparency) were unusable because fossil shells were 

opaque and shell color was altered from the natural state by various chemical influences; 3) on occasion the 

current biogeography was used by a few keys to distinguish shells: current biogeography may not bear any 

relation to fossil biogeography; and 4) although some shells escaped breakage, a large number of shells 

exhibited some degree of shell loss. Attempts were made to collect the best of the broken shells, but the 

fact that some specimens were represented by fragments meant that published accounts of shell size or 

whorl count could not be used reliably in their identification. 

Fossil shells were identified to the species level whenever possible (subspecies were not 

recognized). A few exceptions were necessary: peaclamslfingernailclams were collected from several 

samples but were only identified to the family level-Pisidiidae (= Sphaeriidae of older literature). 

Succineid gastropods were only identified to family (Succineidae) because their shells are morphologically 

variable and thus are not taxonomically useful (Miles, 1958). Lastly, physid shells were only identified to 

family (Physidae) for two reasons: most shells were those of juveniles, which lack the characters needed to 
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identify them to species, and because the taxonomy of this group is in flux. Crossbreeding experiments 

among many extant species of physids have demonstrated interfertility among several currently 

distinguishable species, necessitating synonymy, while preserving the identity of others (Dillon, 2009; 

Dillon et al., 2002, 2005, 2007). 

There are two species of slug relevant to this study: the extant Deroceras laeve, native to North 

America (Taylor, 1954; Chichester and Getz, 1973), and the extinct Deroceras aenigma (Leonard, 1950). 

According to the literature, these two species can be distinguished by shell morphology. D. aenigma shells 

are said to be larger and "heavier" than D. laeve shells (Leonard, 1950; Taylor, 1954), but the literature is 

not consistent. Leonard (1950) measured the holotype of D. aenigma to be 4.0mm x 2.5mm but provided 

no corresponding measurements for D. laeve. Taylor (1954), in contrast, measured shells identified as D. 

aenigma to be 5.0mm x 3.0mm and D. laeve to be 4.0mm x 2.5mm. Given the overlap in size, it is possible 

that these two species of Deroceras are conspecific with variable shell morphology. In this case, the name 

D. laeve has priority under Article 23 of the International Code of Zoological Nomenclature (International 

Commission on Zoological Nomenclature [ICZN], 1999) and should be applied to all shells previously 

identified as D. aenigma. This convention was pursued here, although by this action, formal alteration of 

the taxonomic status of D. aenigma is not advocated. 

Lastly, in the construction of the MBO, the taxonomic names used were the same as those applied 

to the collected fossils, derived from recent publications and often confirmed by experts. Many of the 

molluscan biogeographic publications are decades-old and employ names available at the time of 

publication. Many species used in this study have been repeatedly renamed or had their spellings changed 

due to error or to the necessary changing of suffixes to accomplish genus-species gender agreement. 

Additionally, some species were synonyms. The older names were used in the construction of the MBO if 

they could be related to the current name in a single published work. Using this criterion, some synonyms 

might have been missed if a publication which directly related the old name to the current name was not 

found. Appendix 4 lists the taxa and synonymous names used in the construction of the MBO. This 

Appendix is not intended to be a complete listing of all synonymous names; only those names actually 

encountered during the construction of the MBO are included. 
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ST A TISTICAL PROCEDURES AND MAPPING 

The fossil assemblages were analyzed to examine the climate signals provided by the fossils. Data 

for RNT were in the form of a categorical variable (presence/absence), rather than as counts of shells; as 

such it was not usable in some of the statistical analyses employed herein. The shells collected from all 

other samples were counted so they could be used in the equations that require abundances. 

Each gastropod shell counted represents an individual animal. This is not true with bivalves 

which have two identical shells for each animal. The count of bivalve shells in a given sample was divided 

in half and the quotient rounded to the nearest whole number. This number was used as the estimated 

count of bivalves in the sample and was used in all relevant statistical analyses. 

Statistical operations were conducted at the species rank except for the Pisidiidae, Succineidae and 

Physidae. For the purpose of analysis, these families were treated as species unless otherwise noted. 

Stasis in Community Structure: Testing HOJ via Alpha Diversity Statistics 

The assemblages were analyzed at the alpha diversity level to look for trends in community 

structure through time. Alpha diversity refers to community structure within a habitat (Magurran, 2004) 

and was examined via taxonomic richness and dominance. 

Taxonomic richness (S) is the count of taxa present in an assemblage (Krebs, 1999; Magurran, 

2004; Hammer and Harper, 2006) at a specified taxonomic rank. Richness is usually reported at the species 

level but any taxonomic rank may be used. Herein, the species rank was used (with the Physidae, 

Pisidiidae and Succineidae treated as species). 

Taxonomic dominance was analyzed using the reciprocal form of Simpson's Index of Dominance 

(1ID), based on Krebs (1999): 

liD = JI(Ep/) (Equation 1) 
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where Pi is the proportion of the i-th taxon within its assemblage. This form of Simpson's Index increases 

in value with increasing taxonomic evenness and ranges from a minimum value of I, when a single taxon is 

present, to S when all taxa are equally common, (Krebs, 1999; Magurran, 2004; Hammer and Harper, 

2006). Simpson's Index of Dominance was chosen over the popular Shannon-Weaver/Wiener Index 

because of the different emphasis the equations place on rare taxa. It is my opinion that rare taxa should 

receive less consideration when conducting an environmental analysis, due to their transient nature. That 

is, the rare species are likely accidentally introduced to an assemblage, either ecologically or taphonomic\y, 

and do not likely reflect local environmental conditions. Accordingly, Simpson's Index of Dominance was 

chosen because it tends to discount rare taxa (Magurran, 2004; Hammer and Harper, 2006). 

Stasis in Community Structure: Testing HOI via Beta Diversity Statistics 

Beta diversity represents taxonomic similarity between two samples. When these samples are of 

different historical periods, it is known as turnover (Magurran, 2004). Taxonomic turnover among 

assemblages was analyzed using the Jaccard Index (Krebs, 1999; Martin and Fairbanks, 1999; Magurran, 

2004; Hammer and Harper, 2006). The form of the Jaccard Index used in this study is based on Martin and 

Fairbanks (1999): 

J = a/(a + b + c) (Equation 2) 

where a is the number of taxa common to both compared samples, b is the number of taxa unique to one 

sample and c is the number of taxa unique to the other sample (Krebs, 1999; Magurran, 2004). The index 

ranges from a minimum value of 0, indicating no taxa in common, to I where every taxon is in common. 

When comparing the taxa of samples with unequal richness, the maximum value will never be reached. 

Stasis in Community Structure: Testing HOI via Habitat Ratio 

All samples were analyzed to examine the environmental conditions which existed when the 

fossils were alive. An equation was devised to estimate how wet or dry the environment of southwest 

Kansas was at various points in history. Every taxon of every sample was identified as being either a 
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freshwater or land taxon, based on the opinion of published sources, especially Burch (1962, 1982). 

Extinct species were identified as either freshwater or land taxa by assigning them to the same category as 

the extant members of their respective genera. Next, within each assemblage, the number of freshwater 

taxa (F) and land taxa (L) were independently summed. F and L of each assemblage were then related 

according to the following equation, called the Habitat Ratio (Hr): 

Hr = (L - F)/(L + F) (Equation 3) 

Negative values, where L < F, suggests that the environment in which the molluscs lived was tending to be 

wet, that is a lentic or lotic system or a terrestrial area with abundant meteoric water, at least seasonally, 

during the segment of history in which the fossil deposit was forming. Thus, all assemblages scoring 

negative values are defined to be "freshwater" assemblages. Positive values, where L > F, suggest drier 

terrestrial conditions and are defined as "land" assemblages. Hr will yield a maximum value of 1 when the 

assemblage is composed entirely ofland taxa and will yield a minimum value of -1 when the assemblage is 

composed entirely of freshwater taxa. A value of 0 results when L = F and is not clearly assignable to 

either freshwater or land categories. 

Species Composition and Climate: Testing H02 via Biogeography and Climate Variables 

The first step to analyzing molluscan taxa for a climate signal was to employ the MBO and CO in 

the production of maps. The MBO and CD were joined with an ArcMap@ database consisting of a list of 

all counties in the United States. This joining was necessary because ArcMap's@ database contains the 

relevant spatial information needed by the program to place the information in the MBO and CD on the 

program's computerized base map of the counties of the United States. For every taxon, a biogeographic 

range map of the contiguous states was constructed. For taxa also occurring in Alaska and/or Hawaii (and 

only for those taxa), biogeographic range maps for these states were constructed as well. Maps were also 

generated for elevation, mean minimum temperature for January, mean maximum temperature for July and 

mean annual precipitation. The maps can be found in the Climate and Biogeographic Plates section of this 

study. 
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The observed biogeographic ranges are influenced by several nonecological factors: I) not all 

states received the same thoroughness in collecting and publishing-some states were more completely 

studied than others; 2) relevant publications which could have filled in empty regions may exist but were 

not located for use in this study; 3) taxonomic disagreements among malacologists affected how molluscs 

are reported in the literature and thus how molluscs are recorded in the MBO; 4) any failure to recognize 

older, now synonymous names in the older literature resulted in molluscs being under-reported in the 

MBO; and 5) human error in the construction of the MBO. Points 4 and 5 were addressed by being as 

methodical as possible when collecting and reporting data in the MBO but, for all these reasons, the 

biogeographic range maps displayed in this study likely display the minimum biogeographic ranges of the 

taxa and should be regarded as tentative. An additional caution: the larger counties on these maps tend to 

attract more attention and it is tempting to give them more importance than smaller counties. However, 

because of the procedures set out in the Methods section, each county represents a single data point, 

regardless of surface area; thus Yukon-Koyukuk County (377,88 I km2
), Alaska, Coconino County 

(48,218km\ Arizona and Kent County (440km\ Rhode Island, all display the same amount of 

information and should be regarded as equivalent units. 

The biogeographic range maps produced in this study were constructed by adhering rigorously to 

the procedures established in the Methods section. It is noted that malacologists currently active are likely 

to know, from study or personal experience, places where a taxon can be found but which is not recorded 

herein on a biogeographic range map. For example, Alaska is known to have a rich molluscan fauna (Oall, 

1905; Baxter, 1987) but this state is under-represented in this study because few publications could be 

found which provide location data in a format which could be integrated into the MBO. To address this 

problem, I am always searching for molluscan publications which contain biogeographic information (of 

any gastropod species in the United States-snail or slug, land or freshwater, native or exotic) so updated 

maps can be produced in the future. 

The estimated climate tolerances of each taxon of the MBO were derived from the relevant 

climate and related information contained in the CO. For each taxon, means and ranges were calculated for 

elevation, temperature and precipitation data from all counties in which a given taxon is known to occur. 

The range consists of the smallest and largest value ofa given climate variable among all the counties in 
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which that taxon resides. Mean values for a climate variable were calculated from all the relevant data 

from every county in which the taxon now resides. A list of all vegetation types occupied by each taxon 

was also compiled. Means and ranges for the climate and related data were calculated using Microsoft® 

Excel®. 

These data were applied to Miller's (1975, 1976) four Climate Groups to test for climate 

differences among them, evaluated as minimum temperature, maximum temperature and annual 

precipitation. If climate differences can be found, this will suggest that the Climate Groups do reflect the 

local climate. The four Climate Groups were evaluated by a one-way ANOV A (JMP [SAS Institute Inc., 

2003]) to test the hypothesis of no difference among Climate Groups for climate variables. A Tukey

Kramer HSD parametric test (via JMP) was then conducted to determine where differences exist. Miller 

(1975, 1976) did not accept that the species in Group-IV were suitable for use in climate studies; therefore 

Group-IV served as a control. Only those Climate Groups that are significantly different from Group-IV 

provide an ecologically meaningful climate signal. 

The fossil molluscan assemblages collected for this study were also analyzed via a one-way 

ANOV A (via JMP) to test for differences among the assemblages for minimum temperature, maximum 

temperature and annual precipitation. Tukey-Kramer HSD parametric test (via JMP) followed to determine 

which assemblages differed for a given climate variable. In this case, the control assemblage was an 

"assemblage" of 15 randomly selected molluscan species, referred to as the "Random assemblage." The 

Random assemblage was composed of the following species: Amnicola granum, Cincinnatia 

cincinnatiensis, Ferrissiafragilis, Fossaria humilis, Fossaria modicella, Gastrocopta cristata, Gastrocopta 

holzingeri, Gyraulus circumstriatus, Gyraulus parvus, Hawaiia minuscula, Helicodiscus singleyanus, 

Pupilla blandi, Pupilla muscorum, Strobilops labyrinthicus and Zonitoides arboreus. Only those 

assemblages which were significantly different from the Random assemblage would provide ecologically 

meaningful climate information. 

Species Composition and Climate: Testing H02 via Multivariate Statistics 

The hypothesis that molluscan species and climate variables are associated was also examined via 

multivariate statistics. I used a distance-based ordination method, nonmetric multidimensional scaling 
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(NMS, using PC-ORD [McCune and Mefford, 2006]), to look for groups of counties and molluscan taxa 

which have climate significance. This ordination method minimizes the stress ("stress" here meaning the 

measure of the poorness of fit between the ordination outcome and measured ecological distances). 

Two large data matrices were created, the first matrix with 2486 rows of counties and 62 columns 

of presence/absence data of molluscan taxa, and the second matrix with 2486 rows of counties and 3 

columns of climate variables (minimum temperature, maximum temperature and precipitation). A 

subsequent matrix of all pairwise Euclidean distances among samples was generated; the distance measure 

used was S0rensen (Bray-Curtis). Ordination was then conducted on this final matrix, with six dimensions 

chosen. 

NMS was run slowly and thoroughly in autopilot mode. The program ran 250 runs of real data 

and 250 runs of randomized data. A three-dimensional solution was recommended by the outcome. The 

stability criterion was 0.00001, with 15 iterations to evaluate stability. Maximum number of iterations was 

500. Starting coordinates were randomly generated and the step length was 0.20. 
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RESULTS 

Appendix 5 displays the taxa found in every assemblage examined in this study and includes the 

number of shells collected for each taxon within each assemblage. Application of the statistical procedures 

mentioned in the Statistical Procedures and Mapping section to this raw data yields the data displayed in 

Table 5. 

Table 5. Molluscan Diversity. Data for Meade Basin molluscan assemblages, derived from the raw data 
of Appendix 5. S-taxonomic richness, Hr-habitat ratio, JlD-Simpson's dominance, J-Jaccard Index 
showing every assemblage compared to RNT, asterisk (*)-no data. 

ASSEMBLAGE SYMBOL AGE (Ma) S Hr liD J 

RNT 0 20 0 * 1.00 
RTB 0.011 24 0.67 8.67 0.29 
RTA 0.012 22 0.45 9.66 0.31 
BDL 0.013 16 0.38 2.77 0.29 
CL2 0.014 12 0.67 2.80 0.19 
CLl 0.020 13 0.54 5.69 0.18 
BD2 0.030 9 0.56 1.98 0.21 
JQB 0.141 15 0.20 8.62 0.35 
lQA 0.142 24 0.17 7.60 0.38 
M35 0.250 8 -0.25 1.73 0.27 
SPB 0.301 9 0.11 1.53 0.21 
SPA 0.302 7 0.71 1.40 0.23 
CR7 0.600 19 -0.05 3.15 0.39 

C03B 0.640 30 0.20 4.92 0.35 
C03A 0.711 17 0.65 7.79 0.19 
CH4 0.712 16 0.75 3.96 0.20 
CHY 0.713 29 0.59 4.67 0.20 
PMA 2.810 19 0.16 2.26 0.34 
BIB 3.280 11 0.64 2.47 0.29 
X1E 3.881 13 1.00 7.16 0.18 
X2B 3.882 13 0.54 2.05 0.38 
RIA 3.883 9 -0.11 2.79 0.26 
RYA 3.884 7 0.14 2.31 0.23 
RFX 4.140 9 -0.11 2.79 0.26 
TFC 4.390 9 0.11 2.12 0.26 
FAL 4.711 7 -0.43 2.48 0.17 
AGO 4.712 7 0.71 4.05 0.17 
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Graphs generated from the data in Table 5 show a gap in data points from approximately 2.5Ma to 

l.OMa. This gap is produced because there are no mollusc-bearing strata dating from this time available for 

study in the Meade area. 

Alpha Diversity 

As shown in Figures 2, and 3, alpha diversity measures (taxonomic richness and dominance) 

revealed that considerable difference among assemblages existed, thus the hypothesis of stasis (HoI) is 

falsified. There was a slight trend of increased richness through time with a peak approximately 0.64Ma 

(C038, S = 30), and a subsequent decrease through time to the present day. This trend was very weak (r2 = 

0.237); there was a large amount of variation in richness among assemblages. Fossil assemblages closely 

temporally spaced show this variation; for example, assemblages RY A through X I E were similar in age 

(3.88Ma) but showed a richness range 0f7 to 13 taxa. Collectively, all the assemblages younger than 

1.0Ma show a richness range from 7 to 30 taxa. 
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Figure 2. Taxonomic Richness Through Time. Taxonomic level is species except for the following 
included taxa: Physidae, Succineidae and Pisidiidae. Raw data for this graph are given in Table 5. r2 = 

0.237. 

Taxonomic dominance does not display either stasis through time (therefore HOI is falsified) or 
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any sense of gradual modernization (Figure 3). Even closely temporally-spaced fossil assemblages 

fluctuated in dominance, which is reflected in the low r2 value (r2 = 0.113). The values for all the 

assemblages are relatively low. Given that dominance values could be as high as the taxonomic richness 

for that assemblage, the low values indicate that most assemblages are composed of one or a few abundant 

taxa and several rarer ones. The assemblage AGO displays the least amount of dominance (4.7IMa, liD = 

4.05), compared to its richness (S = 7), indicating a more equal distribution of individuals among taxa 

occurred within this assemblage. 
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Figure 3. Taxonomic Dominance Through Time. Taxonomic level is species except for the following 
included taxa: Physidae, Succineidae and Pisidiidae. Raw data for this graph are given in Table 5. r2 = 

0.113. 

Beta Diversity 

The results for beta diversity are given in Table 5. The Jaccard Index column displays data 

derived by comparing each assemblage to RNT. When compared with itself, RNT yields a value of 1.00, 

the maximum value possible. These results are graphed in Figure 4. Appendix 6 gives Jaccard Index 

values for all possible combinations of assemblages. 

As was seen for both richness and dominance, beta diversity displayed neither stasis (HOI rejected) 

nor gradual modernization through time. As observed with the alpha diversity metrics, turnover shows a 

wide variation in values, even among assemblages which are closely temporally spaced. For example, 
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assemblages RY A through X I E range from 0.18 to 0.38, which is nearly equivalent to the total range of 

turnover values displayed in Figure 4. This variation in values is reflected in the low values for r2 (r2 = 

0.024). Overall, turnover values were very low, as can be seen from Appendix 6, indicating little 

taxonomic similarity among assemblages: the greatest similarity was seen between RFX/RIA (J= 0.64) 

while the least similarity is between SPBIJQB (J = 0.04). It should be noted that most of the taxa observed 

as fossils are still extant in the United States, thus changes in turnover are not due to the origination of new 

species. Also, only four fossil species are extinct, so extinction is similarly not an important factor in the 

beta diversity patterns observed in this study. Changes in turnover are best interpreted as changes in the 

biogeographic ranges of the individual taxa within each assemblage. 
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Figure 4. Taxonomic Turnover Through Time. RNT is compared with every assemblage except itself. 
Taxonomic level is species except for the following included taxa: Physidae, Succineidae and Pisidiidae. 
Raw data for this graph are given in Table 5. r2 = 0.024. 

The Habitat Ratio 

Figure 5 provides the Habitat Ratio for the Meade Basin fossil assemblages. According to this 

metric, assemblages FAL, RFX, RIA, CR7 and M35 are all freshwater assemblages. RNT, with a value of 

0, indicates a 50:50 ratio of freshwater to land taxa. As such, RNT could just as easily be defined as a 

freshwater assemblage as a land assemblage. All other assemblages are land assemblages with X I E 

scoring a value of 1.00, indicating there were no freshwater taxa in this assemblage. 
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The fact that the proportions of freshwater and land taxa changed throughout the five million years 

of this study is further evidence refuting HOb although no overall habitat progression was observed. As 

with the alpha and beta diversity statistics, the Habitat Ratio displays a large amount of variation, even 

among closely spaced assemblages: AGO and FAL are close in age (4.7IMa) but score 0.71 and -0.43, 

respectively, by the Habitat Ratio. These values indicate that although deposited nearly concurrently, AGO 

and F AL habitats were very different. The Habitat Ratio fails to identify as freshwater, those assemblages 

with bivalves. Bivalves can be found in RNT, RTB, RTA, BOL, CLI, lQB, lQA, M35, CR7, C03B, CHY 

and PMA, but of these assemblages only CR7 and M35 were identified as freshwater assemblages. 
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Figure 5. Molluscan Habitat Ratio. Raw data for this graph are given in Table 5. Assemblages scoring 
negatively are freshwater assemblages; assemblages scoring positively are land assemblages. r2 = 0.029. 

Mapping Biogeography and Climate Variables 

Appendix 7 summarizes climatic variables that each taxon exists under; this appendix is a 

combination of data contained in both the CO and MBO. To calculate means and ranges, every county in 

which a given taxon was known to occur (from the MBO) was used and no weighting technique was 

applied. The value for means and ranges of elevation, temperature and precipitation, as well as the list of 

vegetation types, constitutes the estimated range of environmental conditions that each taxon can tolerate. 
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It must be noted that although the molluscs can be found in counties having the values displayed in 

Appendix 7 and thus "live" under these climate conditions, molluscs may not necessarily be active and may 

hibernate or aestivate through the harsher conditions. For example, Deroceras laeve occurs in North Slope 

County, Alaska, where it can reach a January temperature of -31°C; it is unlikely that this slug is actually 

active at this temperature. Also, the temperature data reported in the CD is air temperature, not water 

temperature. Freshwater molluscan taxa do not experience temperatures as low as -31°C, unless they are 

hibernating in the muddy bottom of a completely frozen aquatic system. Generally, freshwater molluscs 

live in aquatic systems that do not completely freeze, and thus live under the ice in a layer of water warmer 

than O°C, irrespective of air temperature. Therefore temperature data in the CD does not pertain to the 

freshwater taxa in the same way they do for land taxa. Similar relationships hold for precipitation data; 

freshwater taxa are always found under water, so the amount of precipitation a county receives is not 

relevant to them, with the exception of those individuals that live in aquatic systems prone to desiccation. 

Although the biogeographic data in the MBD are incomplete, additional records, while changing the 

appearance of the biogeographic maps, would little change the means and ranges of climate variables. 

One ofthe primary assumptions for this study is that molluscs can be used for interpreting climate 

patterns. To do this, molluscan biogeography must be limited by climate. This assumption was tested in a 

variety of ways including applying the climate tolerances of Appendix 7 to Miller's (1975,1976) Climate 

Groups, applying climate tolerances to the fossil assemblages collected for this study and through 

ordination statistics based on tolerances among extant animals. As noted in the Introduction, the criteria 

which Miller (1975, 1976) relied upon to place species into his Climate Groups were not provided in his 

two studies, and membership in a Group is " ... admittedly somewhat arbitrary since some species are not 

clearly assignable to one group (Miller, 1975, p. 14)." However, the biogeographic range maps and data 

herein can be compared to Miller's (\ 975, 1976) verbal descriptions of climate restrictions to infer 

reliability of the Climate Group method. 

When examining the biogeographic range maps produced for this study, it is important to keep in 

mind that these ranges are likely the minimum ranges for the various taxa, due to the way the MBD was 

constructed (see Methods). In discussing the distribution of molluscan species, it will often be convenient 

to refer to sections of the country, rather than to individual states. In these cases, the regional subdivisions 
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of Ginsburg et al. (1983) will be used as a standard, with reasonable modifications (see Table 6). 

Table 6. Divisions of the United States. Regional subdivisions of the United States following Ginsburg et 
al. (1983) with modifications. 

REGIONAL 
INCLUDED STATES 

SUBDIVISION 
Contiguous Pacific States California, Oregon, Washington 

Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, 
Midwest States Missouri, Nebraska, North Dakota, Ohio, South Dakota, 

Wisconsin 
Mountain States Colorado, Idaho, Montana, Nevada, Utah, Wy~ming 

Noncontiguous Pacific 
Alaska, Hawaii 

States 

Northeast States 
Connecticut, Maine, Massachusetts, New Hampshire, New 
Jersey, New York, Pennsylvania, Rhode Island, Vermont 

Alabama, Arkansas, Delaware, District of Columbia, 

Southeast States 
Florida, Georgia, Kentucky, Louisiana, Maryland, 

Mississippi, North Carolina, South Carolina, Tennessee, 
Virginia, West Virginia 

Southwest States Arizona, New Mexico, Oklahoma, Texas 

Miller (\ 976) considered Cionella lubrica, Discus whitneyi, Gastrocopta holzingeri, Gyraulus 

circumstriatus, Gyraulus dejlectus, Nesovitrea electrina, Promenetus exacuous, Punctum minutissimum, 

Pupilla blandi, Pupilla muscorum, Stagnicola exilis, Strobilops labyrinthicus, Vallonia cyclophorella, 

Vallonia gracilicosta, Vallonia pulchella, Valvata tricarinata and Vertigo elatior to be Group-I species-

northern species, limited in their southern distribution by high temperatures (other species were also placed 

in Climate Group-I but only those in common with this study are listed above). Of the species on this list, 

only S. exilis could truly be called a northern species, as it occurs exclusively in Midwest States north of the 

Missouri and Ohio Rivers. The biogeographic ranges of the other species are more variable. Valvata 

tricarinata and G. dejlectus both are mostly northern in distribution but both have rare occurrences 

scattered south of the Missouri and Ohio Rivers into the Southwest, Southeast and Mountain States. 

Strobilops labyrinthicus occurs in almost every state of the Midwest, Northeast and Southwest States, with 

additional occurrences in Oklahoma, Texas and Wyoming. Gastrocopta holzingeri and V gracilicosta are 

both poorly represented in the Northeast States. Vallonia gracilicosta is also poorly represented in the 

Midwest States but is better represented in the Mountain and Southwest States while, G. holzingeri is best 
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represented among the Midwest and Southwest States. Vallonia cyclophorella and P. blandi could both be 

best described as western species, as both are very prevalent in the Mountain States and into the Southwest 

States and, for V. cyclophorella, the Contiguous Pacific States as well. The remaining species of this list 

are very widely distributed in the east-west direction; all except P. muscorum and V. elatior can be found in 

both California and the Northeast States. Discus whitneyi occurs in southern Alaska-the only species on 

this list which does so. These remaining species (D. whitneyi, N. electrina, C. lubrica, P. exacuous, G. 

circumstriatus, P. minutissimum, V. pulchella, V. elatior and P. muscorum) usually tend to be heavily 

concentrated in Midwest and Northeast States-generally north of the Missouri and Ohio Rivers-and 

again in the Mountain and Southwest States. No species in this list occurs in Hawaii. 

All of these species except S. exilis are very broadly distributed outside of what would usually be 

recognized as northern states. However, it could be argued, as Miller {I 975) does, that those occurrences 

west of the Great Plains are in high elevation areas having a climate similar to actual northern states. To 

(informally) evaluate this assertion, data from six counties within the biogeographic range of D. whitneyi 

were taken from the CD: three counties regarded as "mountainous" and three regarded as "northern" 

(Table 7). 

Table 7. County Summary for Group-I. Selected mountainous and northern counties within the 
biogeographic range of Discus whitneyi. Ref City-reference city, Lat-Iatitude, Long-longitude, 
Elevtn--elevation, MinT-mean minimum temperature for January, MaxT -mean maximum temperature 
for July, Precip--mean annual precipitation. 

ATTRIBUTE MOUNT AINOUS COUNTIES NORTHERN COUNTIES 
State Montana Wyoming New Mexico Michigan Minnesota Maine 
County Beaverhead Albany Taos St. Joseph Cook Kennebec 
Ref City Jackson Laramie Red River Three Rivers Grand Portage Augusta 
Lat (N) 45°22'05" 41 °18'41" 36°42'29" 41 °56'38" 47°57'50" 44°18'38" 
Long (W) 113°24'32" 105°35'28" 105°24'20" 85°37'57" 89°41 '05" 69°46'46" 
Elevtn (m) 1974 2185 2637 245 191 38 
MinT (0C) -18 -14 -17 -7 -16 -12 
MaxT (0C) 27 26 26 31 22 27 
Precip (cm) 33 25 41 91 63 107 
Vegetation M3112 M3113 M3113 2212 2111 2114 

The counties in Table 7 were chosen via judgmental sampling (Krebs, 1999) but if they can be 

regarded as typical for their respective groups, then some generalizations can be made. Northern counties 

appear to be slightly warmer (-16°C to 31°C) than mountainous counties (-18°C to 27°C) but there is 
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enough overlap to lend support to Miller's (1975) assertion that the two groups are thermally equivalent. 

However, it is important not to push the similarity between mountainous and northern regions too far. As 

can be seen from Table 7, northern counties are much wetter than mountain counties, while mountain 

counties are higher in elevation than northern counties. 

Table 8 displays the climate tolerances for the Group-I species in common between Miller (1976) 

and this study (from Appendix 7). The "Grand Values" ("Grand Ranges" and "Grand Means") displayed at 

the bottom of Table 8 are a summary of this data: the lowest minimum value and highest maximum value 

for minimum/maximum temperature and precipitation are listed as the Grand Ranges for Climate Group-I. 

All of the means for the included taxa were used to calculate the Grand Means for the Group. Together, the 

Grand Values represents the estimated climate of southwest Kansas that fossil members of Group-I species 

lived under when they were alive. As can be seen, the estimated climate tolerance of individual species is 

similar from one species to the next. 
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Table 8. Group-I Climate. Summary of the environmental tolerances for Group-I species of Miller (1975, 
1976) and this study. Species names are abbreviated see Appendix 3 for the full names. MinT-mean 
minimum temperature for January, MaxT -mean maximum temperature for July, PRECIP-mean annual 
precipitation, R-range displayed using the format "smallest value;largest value", M-mean value. Grand 
Values are the estimated climate for this group. 

TAXA 
MinT (DC) MaxT (DC) PRECIP (cm) 

R M R M R M 
C. lubrica -24;6 -8 21 ;39 29 5;147 87 

D. whitneyi -24;3 -9 12;39 29 5;274 83 
G. holzingeri -24;4 -9 24;38 32 25;147 78 

G. circumstriatus -24;8 -12 22;39 30 5;112 57 
G. dejlectus -24;3 -10 24;36 29 38;127 90 
N. electrina -24;1 -9 21;38 29 15;213 90 
P. exacuous -24;-1 -12 25;36 29 25;127 80 

P. minutissimum -24;11 -5 21;37 30 25;168 100 
P. blandi -22;-1 -11 22;38 30 15;96 40 

P. muscorum -23;1 -10 22;37 29 15;127 72 
S. exilis -24;-7 -14 26;32 29 53;96 76 

S. labyrinthicus -24;16 -5 21;37 31 28;168 102 
V. cyclophorella -22;3 -10 23;39 30 5;84 38 

V. gracilicosta -24;-1 -11 24;38 31 15;112 49 
V. pulchella -24;9 -8 21;39 30 5;183 86 

V. tricarinata -24;3 -12 25;36 29 33;137 80 
V. elatior -24;-3 -12 24;37 29 15;122 78 

Grand Values -24;16 -10 12;39 30 5;274 76 

Miller's (1976) Group-II species represented in this study are: Gastrocopta cristata, Gastrocopta 

pellucida, Gastrocopta procera, Helicodiscus singleyanus and Vallonia perspectiva. These species are 

identified by Miller (1976) as southern species, limited by cold winter temperatures. All of the species in 

this list can be found concentrated in Southwest States, with greater or lesser expansions into other sections 

of the country. None of the species on this list occur in Alaska or Hawaii. The "most southern" species on 

this list is G. pellucida, which has nearly all of its occurrences south of a line coincident with the northern 

boundaries of Arizona, New Mexico and Oklahoma (lat 37D OO'N. [Rand Mc.Nally, 2009c)), drawn coast-

to-coast. This species can be found from southern California to North Carolina, with a few, isolated, 

occurrences farther north. Gastrocopta cristata, H. singleyanus and V. perspectiva can all be found 

concentrated in Southwest States, with a smaller concentration in mainland Virginia, Maryland and the 

Delmarva Peninsula. All three ofthese species can be found in scattered occurrences in the Midwest and 

Southeast States, with V. perspectiva showing a concentration in the northern Minnesota and the Dakotas. 

Gastrocopta procera is more unusual in that it is very broadly distributed among the Midwest, Southwest 
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and Southeast States, and occurs as far northeast as Long Island. For the species occurring on this list, the 

concentration of occurrences among the Southwest States, fit with a southern designation for these species, 

but the occurrences elsewhere do not, especially for V. perspectiva and G. pro cera whose distributions are 

highly atypical for the Group. Species occurrences along the Atlantic Coast are thought to be due to the 

moderating effect the Atlantic Ocean has on temperatures along the coast (Miller, 1975). Miller (1975) 

seems to be suggesting that "coastal" counties have a similar climate to "southern" counties. To 

(informally) examine this suggestion, climate data for six counties which occur within the biogeographic 

range of G. cristata were taken from the CD: three counties regarded as southern and three as coastal 

(Table 9). 

Table 9. County Summary for Group-II. Selected southern and coastal counties within the biogeographic 
range of Gastrocopta cristata. Ref City-reference city, Lat-Iatitude, Long-longitude, Elevtn
elevation, MinT-mean minimum temperature for January, MaxT -mean maximum temperature for July, 
Precip--mean annual precipitation. 

ATTRIBUTE SOUTHERN COUNTIES COAST AL COUNTIES 
State New Mexico Texas Texas Delaware Maryland Virginia 
County Luna Brewster Hidalgo New Castle Worcester Northampton 
Ref City Deming Terlingua Weslaco Wilmington Snow Hill Nassawadox 
Lat (N) 32°16'07" 29°19'18" 26°09'34" 39°44'45" 38°10'37" 37°28'29" 
Long (W) 107°45'29" 103°36'58" 97°59'27" 75°32'49" 75°23'34" 75°51 '30" 
Elevtn (m) 1322 884 24 30 4 11 
MinT (0C) -3 2 11 1 -2 1 
MaxT (0C) 34 33 36 24 31 31 
Precip (cm) 25 33 61 114 127 107 
Vegetation 3211 3212 2523 2214 2320 2320 

The counties in Table 9 were chosen via judgmental sampling (Krebs, 1999) but if they can be 

regarded as typical for their respective groups, then some generalizations can be made. Elevation differs 

between the two groups with coastal counties lower in elevation than southern counties. Coastal counties 

are much wetter than southern counties. However, it is temperature again which is relevant to Miller's 

(1975) Group-II concept. Southern counties appear warmer (-3°C to 36°C) than coastal counties (-2°C to 

31°C) but this difference is not great and may be similar enough to lend support to Miller's (1975) 

suggestion that species occurrences along the Atlantic Coast may well experience similar temperatures to 

southern counties. 

Table 10, a listing of Miller's (1976) Group-II species, is similar to Table 8 in construction and 
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purpose. There is greater variation in climate variables within this table, but when comparing the Grand 

Values for Table 10 with the Grand Values in Table 8, it can be seen that there is very little difference 

between them. The means suggest that Group-II climate is somewhat warmer and wetter than Group-I, but 

this difference is slight. 

Table 10. Group-II Climate. Summary of the environmental tolerances for Group-II species of Miller 
(1975, 1976) and this study. Species names are abbreviated see Appendix 3 for the full names. MinT
mean minimum temperature for January, MaxT-mean maximum temperature for July, PRECIP-mean 
annual precipitation, R-range displayed using the format "smallest value;largest value", M-mean value. 
Grand Values are the estimated climate for this group. 

TAXA 
MinT (0C) MaxT (0C) PRECIP (cm) 

R M R M R M 
G. cristata -10; II -2 24;38 34 15;127 74 

G. pellucida -14;16 1 27;41 34 5;168 82 
G. procera -16; II -3 26;38 33 18;168 91 

H. singleyanus -16; II -3 24;38 33 15;152 82 
V. perspectiva -23;3 -9 27;38 31 15;147 68 
Grand Values -23;16 -3 24;41 33 5;168 79 

Group-III species are eastern species and are suggested to be limited in their westward expansion 

by moisture availability (Miller, 1976): Carychium exiguum, Gastrocopta armifera, Gastrocopta 

contracta, Gastrocopta tappaniana, Helicodiscus parallelus, Laevapexfuscus and Planorbula armigera. 

The biogeographic ranges of the species on this list appear to fit their designation as eastern species. These 

species tend to terminate their ranges on the Great Plains with only scattered occurrences farther west and 

no occurrences in Alaska or Hawaii. All the species on this list are found throughout the Midwest, 

Northeast, Southwest and Southeast States, with extremely few occurrences in the Mountain States and no 

occurrences in the Contiguous Pacific States. Within the areas they do occur however, species distributions 

differ. Some like G. contracta, H. parallelus, G. armifera and G. tappaniana, are common and broadly 

distributed throughout their biogeographic range. Carychium exiguum, L. fuscus and P. armigera tend to 

be rarer and are generally restricted to areas north of the Missouri and Ohio Rivers. 

The climate tolerances for Group-III species can be found in Table II. Again, it can be seen that 

the component species are broadly similar in their climate requirements. Comparison of Grand Values and 

Means to the other two similar Tables shows very similar temperatures to Groups-I and II. However, 

Group-III appears to suggest a much wetter climate. 
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Table 11. Group-III Climate. Summary of the environmental tolerances for Group-III species of Miller 
(1975, 1976) and this study. Species names are abbreviated see Appendix 3 for the full names. MinT
mean minimum temperature for January, MaxT -mean maximum temperature for July, PRECIP-mean 
annual precipitation, R-range displayed using the format "smallest value;largest value", M-mean value. 
Grand Values are the estimated climate for this group. 

TAXA 
MinT (0C) MaxT (OC) PRECIP (cm) 

R M R M R M 
C. exiguum -24; 16 -7 21;37 30 25;157 93 
G. armifera -23;7 -5 26;37 32 25;168 96 
G. contracta -24;16 -4 24;38 32 25;168 102 

G. tappaniana -24;14 -4 21;37 32 25;168 99 
H. parallelus -24;13 -4 21;38 31 15;168 104 

L.fuscus -22;6 -6 26;34 30 61;168 101 
P. armigera -24;11 -10 25;36 29 43;127 88 

Grand Values -24;16 -6 21;38 31 15;168 98 

According to Miller (1975, 1976), Group-IV species are not useful for climate determination for a 

variety of reasons, including poorly-known biogeographic ranges, extremely broad biogeographic ranges, 

or are known not to be limited by climatic factors, or are extinct. Species in this study which are in 

common with Miller's (1976) Group-IV are: Deroceras laeve, Euconulusfulvus, Ferrissiafragilis, 

Fossaria dalli, Fossaria obrussa, Gyraulus parvus, Hawaiia minuscula, P1anorbella trivolvis, Pupoides 

albilabris, Vallonia parvula, Vertigo milium, Vertigo ovata and Zonitoides arboreus. Extinct species 

Promenetus kansasensis and Gastrocopta scaevoscala do not have biogeographic range maps in this study. 

As mentioned in the Methods section, the extinct Deroceras aenigma and the extant D. laeve are 

considered synonymous in this study. In Miller's (1975, 1976) studies, species of the Physidae, 

Succineidae and Pisidiidae were distributed among the climate groups. In this study, all such species were 

analyzed together at the family rank for reasons given in the Methods section. As such, the Physidae, 

Succineidae and Pisidiidae are recognized herein as Group-IV taxa. In keeping with Miller's (1975, 1976) 

assessment, the species in this list are very broadly distributed throughout the United States with some 

having occurrences in Alaska and/or Hawaii. The record holder is Z. arboreus which, in this study, occurs 

in every state except Alaska and is known to occur in 1527 counties, far more counties than any other taxon 

examined in this study. Table 12 shows the climate tolerances for Group-IV species. The Grand Values 

for this group are comparable to the Grand Values for the previous three Groups. 
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Table 12. Group-IV Climate. Summary of the environmental tolerances for Group-IV species of Miller 
(1975, 1976) and this study. Species names are abbreviated see Appendix 3 forthe full names. MinT
mean minimum temperature for January, MaxT -mean maximum temperature for July, PRECIP-mean 
annual precipitation, R-range displayed using the format "smallest value;largest value", M-mean value. 
Grand Values are the estimated climate for this group. 

TAXA 
MinT (0C) MaxT (0C) PRECIP (cm) 

R M R M R M 
D.laeve -31;23 -5 8;39 30 5;348 95 
E.fulvus -24;4 -8 12;39 30 5;274 83 

F. fragilis -16;4 -5 21;34 31 43;274 109 
F. dalli -23;-1 -8 26;36 33 15;107 73 

F. obrussa -24;8 -to 19;37 30 15;142 73 
G. parvus -31 ;16 -10 8;39 30 5;183 74 

H. minuscula -24;23 -3 19;41 32 5;348 100 
P. trivolvis -33;16 -8 21;39 31 5;157 83 

P. albilabris -16;12 -3 24;42 32 5;168 99 
V. parvula -22;4 -7 26;37 33 28;127 75 
V. milium -23;16 -3 23;37 32 28;165 105 
V. ovata -24;16 -5 18;39 31 5;178 97 

Z. arboreus -24;23 -4 19;41 31 5;348 100 
Grand Values -33;23 -6 8;42 31 5;348 90 

The results of the one way ANOV A for minimum temperature suggested a significant difference 

(p < 0.0001) exists among the four Climate Groups. The Tukey-Kramer HSD test found differences in 

minimum temperature between Groups-II1I, IIIII and IVII (Figure 6). 
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Figure 6. ANOV A Results for Climate Groups. Graph depicting the results of a one way ANOV A and a 
Tukey-Kramer HSD test for differences in minimum temperature, maximum temperature and annual 
precipitation among the four Climate Groups. Bars bearing different letters are significantly different from 
one another. Error bars show standard error. 

These ANOV A results are surprising, given the apparent environmental similarity among various 

taxa. The most important comparisons are with Climate Group-IV. Miller (1975, 1976) determined that 

Group-IV taxa were unsuitable for climate reconstructions; therefore Group-IV serves as a control. Despite 

the significant ANOV A, only those Groups that are significantly different from Group-IV suggest a real 

climate signal. For minimum temperature, only Climate Group-I displays a significant difference from 

Group-IV. Other Groups cannot be distinguished from Group-IV, thus they don't provide meaningful 

climate information. The null hypothesis that there is no relationship between minimum temperature and 

species composition (H02) is rejected, but there is not a strong minimum temperature signal. 

For maximum temperature, a one way ANOV A was also significant (p < 0.0001). The subsequent 
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Tukey-Kramer HSD test found differences in maximum temperature between Groups-II1I, II1I11, II1IV and 

IVII (Figure 6). Only Climate Groups-I and II were significantly different from Group-IV, suggesting a 

real climate signal. The results support a weak relationship between maximum temperature and species 

composition. 

The one way ANOV A did find a significant difference (p = 0.0082) in precipitation among the 

four Climate Groups. A Tukey-Kramer HSD test found differences in precipitation between Groups-I11/I. 

All other pairings displayed no differences in precipitation (Figure 6). Since none of the Climate Groups (I, 

II or III) display a significant difference between themselves and Group-IV, there is no climate signal for 

precipitation-the difference between Groups-I and III, while mathematically significant is not ecologically 

meaningful. 

The new biogeographic range maps produced for this study show that many species previously 

indentified by Miller (1976) as northern or southern are in fact much more broadly distributed, suggesting 

placement in Miller's (1976) Climate Group-IV. This regrouping of species, in light of subsequent 

knowledge of their current distributions, would undermine the concept of Climate Groups. There are 

additional species examined in this study which were not part of Miller's (1975, 1976) Climate Groups. 

Biogeographic range maps were also produced for these species, and their climate tolerances can be found 

in Appendix 7. Climatic interpretations in this study were based on the biogeographic ranges of all the 

species examined in this study. 

Table 13 displays the Grand Means and Grand Ranges for each fossil assemblage examined in this 

study. (Data for the individual species within each assemblage used to compile the Grand Values are not 

shown but can be found in Appendix 7; data for the three families were not used in the compilation of 

Grand Ranges or calculation of Grand Means, because the broad biogeographic ranges at that taxonomic 

level would bias the climate towards more eurythermicleuryhydric conditions.) For each fossil assemblage, 

the lowest minimum value and highest maximum value for each climate variable is listed as the Grand 

Range for the assemblage. All of the means for the included taxa were used to calculate the Grand Mean 

for the assemblage. These Grand Values constitute the estimated climate that existed in southwest Kansas 

for each assemblage when the fossils were alive. For comparison, a Random assemblage has been added, 

composed of IS randomly selected molluscan taxa (see the Statistical Procedures and Mapping section for 
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the list of included species). 

Table 13. Fossil Assemblage Climate. Grand Values for the fossil molluscan assemblages used in this 
study. MinT-mean minimum temperature for January, MaxT -mean maximum temperature for July, 
PRECIP-mean annual precipitation, R-range displayed using the format "smallest value;largest value", 
M-mean value. The Random assemblage is composed of 15 species selected randomly from Appendix 7. 

ASSEMBLAGES 
MinT (0C) MaxT COC) PRECIP (cm) 

R M R M R M 
Random -31 ;23 -7 8;41 31 5;348 84 

RNT -33;23 -6 8;42 32 5;348 83 
RTB -33;23 -6 8;41 31 5;348 88 
RTA -33;23 -6 8;41 31 5;348 86 
BOL -31 ;23 -7 8;39 31 5;348 83 
CL2 -24;23 -2 8;42 32 5;348 89 
CLI -31 ;23 -8 8;39 30 5;348 83 
B02 -31 ;16 -8 8;39 31 5;183 76 
JQB -31 ;23 -6 8;42 31 5;348 87 
JQA -31 ;23 -7 8;42 31 5;348 86 
M35 -31 ;23 -7 8;41 31 5;348 79 
SPB -31 ;23 -8 8;39 31 5;348 77 
SPA -31 ;23 -5 8;39 31 5;348 82 
CR7 -31 ;23 -6 8;42 31 5;348 89 

C03B -33;23 -7 8;41 31 5;348 87 
C03A -31 ;23 -7 8;39 31 5;348 84 
CH4 -31 ;23 -7 8;41 31 5;348 82 
CHY -31 ;23 -7 8;41 31 5;348 89 
PMA -31 ;23 -4 8;41 31 5;348 90 
BIB -31 ;23 -4 8;41 32 5;348 93 
XIE -31 ;23 -4 8;41 32 5;348 95 
X2B -31 ;23 -4 8;42 32 5;348 83 
RIA -24;23 -5 8;41 32 5;348 74 
RYA -24;23 -5 19;41 32 5;348 88 
RFX -24;23 -5 19;41 32 5;348 75 
TFC -31 ;23 -7 8;41 31 5;348 87 
FAL -31 ;16 -7 8;39 31 5;183 70 
AGO -31 ;23 -2 8;41 33 5;348 90 

The data in Table 13 shows that the climate suggested by each fossil assemblage varies very little 

through the study period. When examined sequentially, there is almost no change in temperature from one 

fossil assemblage to the next but precipitation can change. A one way ANOV A (via JMP) was applied to 

the 28 assemblages summarized in Table 13 to test the hypothesis that there is no difference among the 

assemblages for the various climate variables. No significant differences were found among the 28 

assemblages for minimum temperature (p = 0.0714) or precipitation (p = 0.691). However, the ANOVA 

did find a significant difference for maximum temperature (p = 0.0207) but the subsequent Tukey-Kramer 
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HSO test failed to find any differences among the assemblages. The climate data from fossil molluscan 

assemblages indicates that either a nearly static climate has existed through the five million years of this 

study (which is known not to be true, see the oxygen isotope graph in Appendix 8) or that molluscan taxa 

are not limited by climate. The data in Table 13 supports H02. 

Multivariate Statistics 

The results of the application ofNMS to the data contained in the CO and MBO are presented in 

Figure 7. 
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Figure 7. Ordination Results for Counties. Plot of counties of the United States and the extant molluscan 
taxa examined in this study. Triangles-counties, dots-molluscan taxa. 
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In this figure, triangles represent the counties of the United States. Only those counties which contained at 

least one molluscan taxon are included, thus 2486 counties are displayed on the graph of ordination space. 

Sixty-two extant species are plotted on the same graph with dots. Ordination space is here represented by 

Axes I and 2 (~ for Axis I = 0.230, r2 for Axis 2 = 0.198). 

The counties are plotted based on similarities of taxonomic composition, moderated by similarities 

of minimum temperature, maximum temperature and annual precipitation. Counties with similar values 

plot close together while counties with different values plot farther apart. The molluscan taxa are plotted 

by the same climate variables. Vegetation and elevation were not used in this analysis for the following 

reasons: I) the vegetation variable contained too many categories for PC-ORO to handle and 2) elevation 

was removed because it was logically correlated with temperature and possibly precipitation, likely 

yielding spurious results. 

The pattern displayed by the counties in Figure 7 is globular, suggestive of low significance. 

Climate vectors, when overlaid on the graph, barely radiate away from the origin (r = 0.010, 100%): the 

precipitation vector is nearly parallel to Axis I and points in the negative Axis I direction, the minimum 

temperature vector trends negatively on Axis I and positively on Axis 2 and the maximum temperature 

vector is nearly parallel to Axis 2 and trends positively. The regression line for minimum temperature 

decreases in the positive Axis I direction (r = -0.303) and increases in the positive Axis 2 direction (r = 

0.177), the regression line for maximum temperature decreases in the positive Axis I direction (r = -0.014) 

and increases in the positive Axis 2 direction (r = 0.211) and the regression line for precipitation decreases 

in the positive Axis I direction (r = -0.356) and increases in the positive Axis 2 direction (0.126). Due to 

the low significance of the ordination data, there are no groupings in ordination space which can be 

explained by similarity in taxonomic composition, temperature or precipitation, therefore supporting Hm. 

Figure 8 was constructed to display the position of the molluscan taxa in ordination space without 

the obscuring counties. Statistical and climatic implications are the same as in Figure 7. 
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Figure 8. Ordination Space for Molluscs. Graph of the same ordination space seen in Figure 7 but with 
counties removed for clarity. Square-land molluscs, dots-freshwater molluscs. Minimum temperature 
increases in the negative Axis I direction, maximum temperature increases in the positive Axis 2 direction 
and precipitation increases in the negative Axis I direction. 

Although the graph does not display significant trends in climate for the ordination space, 

freshwater and land taxa group separately: most land taxa plot negatively along Axis I and positively 

along Axis 2, while most freshwater taxa plot positively along Axis I and negatively along Axis 2. The 

separation of taxa into freshwater and land groups is unexpected as PC-ORD was not told which taxa were 

freshwater and which were land taxa. The land taxa plot slightly warmer and wetter in ordination space 

while the freshwater taxa plot slightly cooler and drier in ordination space. This result is unexpected and 

perplexing as many of these taxa co-occur in the same counties at the same time. 
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DISCUSSION 

The initial purpose of this study was to use fossil molluscan assemblages from the Meade Basin of 

southwest Kansas to provide an estimate of past climate conditions. As the study progressed, it became 

apparent that it was necessary to provide a test of the general proposition that there were significant climate 

signals among the extant taxa that could be applied to fossil molluscan assemblages. The results were 

mixed. Alpha and beta diversity statistics did reveal that molluscan assemblages of southwest Kansas 

changed in taxonomic composition and relative abundances through time, but the changes appeared to be 

randomly directed. Statistical support for climate differences among Miller's (I 975, 1976) Climate Groups 

was found, which suggests that the technique might be useful in paleoecology, but the fossil assemblages 

collected for this study provided little indication of climate flux. Collectively, the results did not provide 

strong support for using molluscs as environmental indicators for interpreting paleoclimate. Instead, what 

was found is that mollusc species are very broadly distributed within the United States: a species can be 

found living under a variety of different temperature and precipitation regimes, different vegetation types 

and at mUltiple elevations. In short, molluscan species tend to be eurythermic and/or euryhydric, and thus 

are not suitable for climate reconstructions. 

The use of molluscs as climate indicators appears to rest on some misconceptions of molluscan 

biology, such as: 1) molluscan biogeography is sufficiently known, therefore the climate they live under is 

sufficiently known; 2) molluscs have very limited powers of dispersal; and 3) molluscan physiology is 

tuned to narrow tolerances for temperature and moisture. Assumptions about molluscan biogeography are 

important because, from a paleontologist's perspective, it is the starting point for any attempt at climate 

reconstruction using animals as climate indicators-where the taxon of interest occurs or does not occur 

has implications for the climate that taxon can tolerate. It is therefore essential to have accurate 

biogeographic range records for molluscan species, if they are to be used to estimate paleoclimate. 

Unfortunately, such detailed national maps were not available until recently and highly idealized national 
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range maps have been used instead. 

For many decades there has been detailed biogeographic information at the county level or lower 

for individual states. However this information was distributed among many different papers published 

over many years (see Appendix 2), which made it very difficult to view the details of molluscan 

biogeography from a national perspective. It appears that the first attempt to make national maps of 

molluscan biogeography with county level resolution was not until 1985, with the production of Hubricht's 

(1985) maps of the eastern United States. However, Hubricht's (1985) maps were not truly national as 

almost all of his maps end with the states of the Great Plains. Even before 1985, it was known that some 

molluscan species found in the eastern part of the country also occur west of the Continental Divide, 

including (for some species) Alaska and Hawaii. Moreover, Hubricht (1985) only mapped land species, 

not freshwater species. As yet, there are no known national biogeographic range maps for freshwater 

species using county level resolution. The second attempt to make a national map of molluscan 

biogeography at the county level ofresolution was done in 2010 by Nekola and Coles (2010), but they also 

did not include all 50 states, and they only mapped the land gastropod family Pupillidae. Molluscan 

biogeography is not static: intentionally or not, humans have been important vectors aiding in the spread of 

molluscan species beyond their "natural" ranges. This human-aided dispersal has made old biogeographic 

range maps obsolete; ifany large section ofa biogeographic range is missing, erroneous assessments of 

climate tolerances for that species could result. This must be taken into consideration when using 

biogeographic ranges to infer climate tolerances. 

Additionally, in the paleontological literature, there is the implied assumption that there is a 

"typical" area for a given molluscan species to exist, and other occurrences elsewhere can be considered as 

unusual or anomalous (and therefore unimportant). In this way, an entire species can be labeled as 

exclusively "warm weather," "boreal," or some other climate-based label, even though stable populations 

of the species were known to be present in other habitats. An example of this approach comes from Frye 

and Leonard (1967) concerning Zonitoides arboreus, which according to them, has " ... fairly well-known 

and limited ecological requirements and thus are of considerable use in interpreting past ecologies. For 

example, such species as ... Zonitoides arboreus, ... are known to live in forests or in forest-border 

situations and rarely, or never, in prairie habitats; ... The compete absence of these and related species in 
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the Great Plains, ... leads to the conclusion that the Great Plains region in general was not forested in late 

Cenozoic time (Frye and Leonard, 1967, p. 433)." Thus, according to the authors, Z. arboreus is indicative 

offorested areas, the locations in unforested habitats being unimportant and not useful for paleoecology. 

A look at the biogeographic range map in this study for Z. arboreus shows that this species is 

virtually continental in distribution and lives in a variety of vegetation types (Appendix 7). True, it is rare 

on the Great Plains, but it does occur there. This broad distribution is certainly not expected of a species 

with "limited ecological requirements" as suggested by Frye and Leonard (1967). Because Z. arboreus can 

be found under virtually all climate conditions in the United States and can live at different elevations and 

in nearly all the vegetation types as well, it is not a good candidate for reconstructing paleoclimate, as 

Miller (1975, 1976) understood. (It should be noted that Z. arboreus was not recorded from Alaska in this 

study. However, the species was reported from Alaska [Baxter, 1987], but publications which provided 

that location data in a form suitable for use in the MBD could not be found.) In this study it was assumed 

that there are no typical areas for a given molluscan species; every known occurrence was given equal 

importance because wherever a mollusc can make a living, the climate of that area is tolerable to it and is 

part of the climate tolerance for the species as a whole. 

In general, dispersal can be assigned to two different categories: 1) slow gradual diffusion, where 

the population gradually moves across the landscape over time, and 2) jump dispersal, where the population 

spreads much more rapidly, possibly crossing inhospitable terrain (Pie lou 1979). If molluscan species are 

not limited in their distribution by slow diffusion dispersal, (the second assumption), then how is it that 

freshwater and land molluscs can travel the great distances necessary to produce the observed alpha and 

beta biodiversity patterns in this study? There are several possibilities, including active dispersal through 

transgenerational migration and passive transportation via several vectors: 1) floods (which are the cause 

of the drift shells, mentioned in the biogeographic literature); 2) other animals; and 3) violent storms. 

Transportation via human action, prevalent in the modem world, is not a concern in paleoecology. 

Passive transportation of molluscs via animal vectors, both vertebrate (birds, fish and others) and 

invertebrate (flying insects) are known from both experimental and anecdotal evidence (Darwin, 1882; 

Malone, 1965; Rees, 1965; Boag, 1986; Brown, 2007). Malacologists have long assumed that the ability of 

molluscs to be transported long distances by storms (thunderstorms, tornados and hurricanes) is possible, 
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although positive data for this is hard to find and must generally be inferred. (It is not difficult to imagine 

that the leaf litter in which gastropods reside can be blown great distances.) Rees (1965) mentions one 

confirmed instance of molluscs transported by storms in Germany: in 1892, hundreds of individuals of the 

bivalve Anodonta anatina were picked up from some source during a thunderstorm and dropped on the city 

ofPaderborn. 

Active dispersal of gastropods across great distances requires more explanation because of the 

counterintuitive nature of the claim. Baur and Baur (1992) examined the dispersal abilities of the Swiss 

land snail Arianta arbustorum. With an adult shell diameter from l6mm to 20mm, A. arbustorum is a 

medium-sized snail using Burch's (1982) definition (IOmm to 30mm). The median daily dispersal distance 

for A. arbustorum was found to be 0.58m. Using this value, the plausibility of dispersal via migration can 

be examined by asking: how far could A. arbustorum travel (by transgenerational migration) in one million 

years? Performing the following mathematical operation, we get: 

(O.58m/day)(365days/year)(1,OOO,OOOyears) = 2 J 1, 700,OOOm = 2 J J, 700km (Equation 4) 

Thus, A. arbustorum could travel 211, 700km in one million years, a distance which greatly exceeds the 

straight-line distance between Barrow, Alaska, and Miami, Florida (6,829km, estimated using USGS 

[2006]). In generating this value it was assumed that the snail moved in the same direction, at the same 

rate, for its entire life. Offspring produced by this snail continued the trek in the same direction at the same 

rate for their lifetimes as well, and so on, for many generations. With movement of this magnitude possible 

and sufficient time available, it is plausible that snails could cross long distances completely unaided. 

This assessment of trans generational migration is somewhat unrealistic for several reasons: 1) as 

indicated by Baur and Baur (\ 995), different species could be expected to travel different distances per 

time; 2) Baur and Baur (1992) state that the day-to-day movements of A. arbustorum display no preference 

for direction, except that they refuse to leave their preferred vegetation; and 3) the willingness of snails to 

move often depends on a variety of abiotic attributes, including substrate type, temperature and available 

moisture. The Baur and Baur (1992) study reflects dispersal on a daily temporal scale. However on the 

order of millions of years, the temporal scale at which climate and vegetation patterns are fluid, Equation 4 
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becomes a plausible model of land gastropod dispersal abilities in general. 

All of the transportation/dispersal scenarios discussed above demonstrate that freshwater and land 

molluscs can and do cross geographic distances in various ways, but the same studies suggest that these 

methods are unpredictable in frequency of occurrence and variable in distance traveled. However, over 

millennia, rare events can become certainties and small-scale geographic movements can sum over 

generations to involve large-scale distances. The particular species involved in these rare transportation 

events are likely randomly chosen and do not reflect any special aspects of the species' physiology or 

behavior. The major barriers to dispersal, then, are problems related to establishment in the new area-the 

local climate and vegetation must be tolerable to the invading molluscs. 

The final assumption that molluscs have narrow climate tolerances and therefore that molluscan 

composition of an area reflects the local climate is contradicted by molluscs' ability to acclimate to 

changing environmental conditions. Several studies have investigated the temperature tolerances 

freshwater gastropods have by noting the temperature at which gastropods cease to behave naturally. This 

point is defined in different but comparable ways, including the heat coma tolerance, the temperature at 

which a snail detaches from the substrate, curls its foot and becomes immobile; the critical thermal 

maxima, the temperature at which a snail retreats into its shell; escape behavior, a condition where a snail 

retreats into its shell at an elevated temperature; lack of self-righting, a behavioral response to low 

temperatures where a snail becomes immobile and is unable to right itself if pushed over. The different 

conditions for the limits of tolerances are needed because not all snail species react the same way to 

temperature extremes. As an example, McMahon and Payne (1980) found that the upper limit of thermal 

tolerances of Texas populations of the snail Physa virgata, acclimated to 20°C, could change from 35.2°e 

to 39.3°e over a six day period, before stabilizing at 38.23°e after six days. Different populations of P. 

virgata were found to differ in their maximum thermal tolerances and ranged from 35.61 °e to 40.l3°C. 

Ross and Ultsch (1980) examined two species of Goniobasis from Alabama for maximum temperature 

tolerances. At the highest acclimation temp (23°C to 24°C), G. cahawbensis reached its thermal maximum 

at 36.7°e, for upstream populations and 35.9°e for downstream populations. For G. carini/era, the 

maximum temperature was 36.2°e. Lysne and Koetsier (2006) investigated Valvata utahensis and 

Pyrgulopsis idahoensis from Idaho for both maximum and minimum temperature tolerances. It was 
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determined that V. utahensis ceased activity at temperatures greater than 31.7DC and lower than 7.3 DC 

while P. idahoensis ceased activity at temperatures greater than 33.7DC and below 9.2DC. The minimum 

temperature at which activity ceases is comparable to the temperatures that the reservoirs (from which the 

snails were collected) attain in October and November, while the maximum temperature where actively 

ceases exceeds the temperature that these reservoirs reach. 

Riddle (1990) studied the survival of three land snails from Illinois under different temperature 

conditions. Field-caught (unacclimated) animals displayed Ltemp50 values (the temperature which is lethal 

to 50% of the investigated snails) of 38.6°C for Oxyloma retusa, 44.1 °C for Gastrocopta armifera and 

37.9°C for Discus cronkhitei (= Discus whitneyi herein). Acclimation to 15°C or 30°C had an effect on the 

survivability for these species relative to the unaclimated condition, with often lower survival at low 

temperature acclimation and higher survival at higher temperature acclimation. Although not explicitly 

studied by Riddle (1990), the temperature at which 100% mortality is reached (and thus the thermal limit of 

the species studied) can be estimated from the author's Figures I, 2 and 3. Oxyloma retusa appears to 

reach 100% mortality at approximately 40°C, G. armifera will reach 100% mortality at a temperature 

greater than 45°C (the actual value cannot be estimated from the author's Figure 2) and D. cronkhitei 

reaches 100% mortality at about 39°C. 

The above results show that some snails can tolerate a wide variety of temperatures, even outside 

the range of temperatures typically seen in the environments from which they were collected. It is this 

ability to tolerate wide temperature ranges that enable snails to live in a variety of places having different 

local climates and accounts for their ability to become naturalized in locations outside of their natural 

ranges. The high level of tolerance exhibited by molluscs, along with the lack ofa clear statistical 

endorsement of the use of molluscs as environmental indicators from the present study, suggests that 

current molluscan biogeographic distributions has limited value for paleoecologic reconstructions. 

Molluscan taxa may move into and out of the study area through time, but these movements are likely in 

response to something other than climate, possibly including pressure from competitors, predators, 

parasites, or random dispersal events. 

The ordination analysis yielded an unexpected result. As Figure 8 shows, the freshwater and land 

molluscan taxa plot as separate groups. However, the data used to run the ordination did not specify which 

56 



taxon was in which group; somehow the program was able to distinguish among them using only the 

minimum/maximum temperature and precipitation data provided. Just how this happened is not clear. 

This separation in ordination space of freshwater and land taxa has important implication for 

interpreting paleoclimate because the two groups of molluscs (freshwater and land) specify opposite 

climate signals at the same time, for the same location, because the freshwater and land taxa graphed in 

Figure 8 can often be found together in the same counties or fossil assemblages. The group ofland 

molluscs in ordination space suggests a warmer and wetter climate while the group of freshwater molluscs 

suggests a cooler and drier climate. Why land taxa should show a wetter signal than freshwater taxa is not 

known, but if only land taxa are considered in an analysis, they will suggest a climate which is slightly 

warmer and wetter. However, if only freshwater taxa are considered in an analysis, they will suggest a 

climate which is slightly cooler and drier. This produces an inherent bias in paleoecologic studies if the 

molluscan assemblages studied are not balanced between freshwater and land taxa. 

Herein, Miller's (1976) Climate Groups were re-examined using the climate tolerances obtained in 

this study. Figure 9 shows the plot in ordination space of the taxa common to this study and Miller's 

(1976) study, with taxa identified by Climate Group. All environmental implications are the same as in 

Figure 8. The results from the ANOV A analysis suggested that Group-I was colder than Group-II. This is 

supported by the ordination data as most Group-I taxa plot "below" Group-II taxa. However, Group-II is 

not represented by many species and by no freshwater species. The lack of freshwater species in Group-II 

biases its climate signal towards a warmer signal than it otherwise would have. Group-III is supposed to be 

the wetter Group. However, Group-III is almost all land species and thus it is biased towards a wetter 

signal than would be the case if more freshwater taxa were present. In other words, the results of the 

ANOV A can be explained by the proportions of land and freshwater species contained within the Groups, 

and not as a true climate signal. The analysis of Miller's (1976) Climate Groups is preliminary because 

only a restricted number of species were analyzed. A more thorough test of all species in Miller's (1976) 

Climate Groups is needed to examine the validity of climate signals derived from Climate Groups. 
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Figure 9. Ordination Space for Climate Groups. Graph of the same ordination space seen in Figure 8, 
with the same climate implications. Taxa plotted are those common to this study and Miller's (1976) 
Climate Groups. Circles-land species, squares-freshwater species, diamond-land species of Group-II, 
black circles and squares-Group-I, white circles and squares-Group-III, gray circles and squares
Group-IV. 
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APPENDICES 

Appendix 1 
Vegetation Codes. Alphanumeric codes and vegetation titles of the ecoregion Provinces and Sections used 
in the Climate Database. Modified from United States Fish and Wildlife Service (1 982a, b). 

PROVINCE AND SECTION CODES 
1210 
1220 
1320 
2111 
2112 
2113 
2114 
2211 
2212 
2213 
2214 
2215 
2311 
2312 
2320 
2410 
2511 
2512 
2521 
2522 
2523 
2531 
2532 
2533 
2610 
3111 
3112 
3113 
3120 
3131 

VEGETATION 
Arctic Tundra Province 
Bering Tundra Province 
Yukon Forest Province 

Spruce-fir Forest Section 
Northern Hardwoods-Fir Forest Section 

Northern Hardwoods Forest Section 
Northern Hardwoods-Spruce Forest Section 

Mixed Mesophytic Forest Section 
Beech-Maple Forest Section 

Maple-Basswood Forest and Oak Savanna Section 
Appalachian Oak Forest Section 

Oak-Hickory Forest Section 
Beech-Sweetgum-Magnolia-Pine-Oak Forest Section 

Southern Floodplain Forest Section 
Southern Mixed Forest Province 

Willamette-Puget Forest Province 
Oak-Hickory-Bluestem Parkland Section 

Oak and Bluestem Parkland Section 
Mesquite-Buffalo Grass Section 
Juniper-Oak-Mesquite Section 

Mesquite-Acacia Section 
Bluestem Prairie Section 

Wheatgrass-Bluestem-Needlegrass Section 
Bluestem-Grama Prairie Section 
California Grassland Province 

Grama-Needlegrass-Wheatgrass Section 
Wheatgrass-Needlegrass Section 

Grama-Buffalo Grass Section 
Palouse Grassland Province 

Sagebrush-Wheatgrass Section 
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Appendix 1 Continued 

PROVINCE AND SECTION CODES 
3132 
3133 
3134 
3140 
3211 
3212 
3221 
3222 
41 \0 

A3141 
A3142 
M13\O 
M2111 
M2112 
M2410 
M2411 
M2412 
M2413 
M2414 
M2415 
M2610 
M2620 
M3111 
M3112 
M3113 
M3120 
M4210 

P3131 

P3132 

VEGETATION 
Lahontan Saltbush-Greasewood Section 

Great Basin Sagebrush Section 
Bonneville Saltbush-Greasewood Section 

Mexican Highlands Shrub Steppe Province 
Grama-Tobosa Section 

Tarbush-Creosote Bush Section 
Creosote Bush Section 

Creosote Bush-Bar Sage Section 
Everglades Province 

Wheatgrass-Needlegrass-Sagebrush Section 
Sagebrush-Wheat grass Section 

Alaska Range Province 
Douglas-fir Forest Section 

Cedar-Hemlock-Douglas-fir Forest Section 
Pacific Forest Province 

Sitka Spruce-Cedar-Hemlock Forest Section 
Redwood Forest Section 

Cedar-Hemlock-Douglas-fir Forest Section 
California Mixed Evergreen Forest Section 

Silver Fir-Douglas-fir Forest Section 
Sierran Forest Province 

California Chaparral Province 
Grand Fir-Douglas-fir Forest Section 

Douglas-fir Forest Section 
Ponderosa Pine-Douglas-fir Forest Section 

Upper Gila Mountains Forest Province 
Hawaiian Islands Province 

Juniper-Pinyon Woodland and Sagebrush-Saltbush 
Mosaic Section 

Grama-Galleta Steppe and Juniper-Pinyon 
Woodland Section 
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Appendix 2 
Appendix 2a. Molluscan Biogeography Database Citations. A list of all the publications which 
contributed to the Molluscan Biogeography Database. The full citations are in the References section. 

Adams, C. B. (1841), Adams, W. F. and Brady (1995), Ahlstrom (1930), Alexander (1947, 1952), Anderson (2005), 
Archer (1936, 1939), Aughey (1877), Baker. F. C. (l899a, b, 1900a, b, 1904, 1905, 1906a, b, 1909, 1910, 1911a, b, 
1913, 1914, 1915, 1916, 1918, 1919, 1920, 1922, 1924. 1927, 1928, 1929a, b, 1935a, b, 1942), Baker, H. B. (1922, 
1930), Basch et al. (1961), Beasley and Fullington (1978), Beetle (1954,1957,1960,1967,1973,1989), Berry (1909, 
1910, 1913, 1916a, b, 1937, 1948), Blakeslee ([n. d.)), Blatchley ([n. d.)), Bogan et al. (1982), Brady and Pearce 
(2007), Branson (1956, 1959, 1960a, b, 1961a, b, 1962a, b, 1963a, b, 1966, 1969, [1970?], 1970, 1971, 1973, 1977, 
1980a, b, 1981), Branson and Batch (1968, 1969, 1971. 1981a, b, 1982, 1983, 1988), Branson and Branson (1984, 
1991), Branson and Wallen (1955), Branson et al. (1987), Bretet and Carswell (1952), Briscoe (1963), Brooks (1931), 
Brooks and Kutchka (1937, 1938), Burch, J. B. (1952, 1954, 1955), Burch, P. R. (2002), Burky et al. (2000), Bushey 
( 1950a, b), Caffrey (1911), Cahn and Kemp (1929), Call (1885, 1886, 1887), Carpenter (I 887a, b, 1902), Chadwick 
(1906), Chamberlin and Berry (1930), Cheatum and Burt (1931), Cheatum and Fullington (1973), Clapp (1895), Clark 
(1962), Clench (1926), Clench and Boss (1967), Clench and Russell (1940), Clench and Turner (1956). Counts (1982), 
Cowie (1997), Cowie et al. (2008), Currier (1865), Cvancara (1983), Dall (1885,1917), Daniels (1909,1920), Dawley 
(1955, 1965), Dexter (1950, 1953. 1956), Dillon and Herman (2009). Dirrigl and Bogan (1995), Dourson (2007), 
Dourson and Beverly (2008), Dourson and Feeman (2006), Dundee and Watt (1961). Einsohn (1981), Elrod (l902a, b), 
Eyerdam (1933. 1939, 1940), Ferriss (1906), Flowers and Miller (1993), Franzen and Leonard, A. B. (1942), Freed 
(1957), Frest (1987), Frest and Johannes (1993, 1997a, b. 2002), Fullington and Pratt (1974), Getz (1962), Goodrich 
(1931, 1939, 1944a, b), Goodrich and van der Schalie (1944), Gordon (1985), Gordon et al. (1993), Greger (1915), 
Grimm (l959a. b, 1961, 1971, 1975), Haas (1954), Hanna (1909, 1925, 1956), Harman (1998), Harman and Berg 
(1970), Harman and Forney (1970), Harper and Wetherby (1876), Heard (1963), Heilman (1951,1952), Heilman and 
MacMillan (1958). Henderson, J. (1907, 1912, 1918. 1927), Henderson, J. B. (l907a, b), Henderson, 1., and Daniels 
(1917), Hendricks et al. (2006). Hinkley (1904a, b, 1906a. b, 1915. 1919), Hoff (1962), Hotopp (2002), Hotopp and 
Pearce (2007), Hubbard and Smith (1865), Hubricht (1950. 1951. 1952, 1953, 1960, 1963a, b, 1964a, b, 1965, 1967, 
1968a, b, 1970, 1971 a, b, c, 1972a, b, 1973, 1977, 1983, 1985), Ideker (1979), Ingersoll (1877), Jacobson and Emerson 
(1961), Jass (1980, 1986,2004), Jass and Glenn (2002), Johnson (1910). Jokinen (1983. 1992,2005), Jones (1941), 
Keyes (1888), Lapham (1860), Laursen et al. (1989), Laursen et al. (1992), Lee (2006, 2008), Lehnert (1885), Leonard, 
A. B. (1959), Leonard, A. B., and Goble (1952), Leonard. A. B .. and Leonard, A. E. (1946), Leonard, A. E. (1943), 
Lermond (1914), Levi and Levi (1950), Lewis (1860. 1876), Liechti and Mackie (1977), Lowe (1917). Lutz (1949, 
1950), Lysne and Clark (2009), Lysne and Pierce (2009), MacMillan (1949). Marsh (1887, 1888a, b, c), Martin (1999, 
2000), McDonnell et al. (2009), Meretsky et al. (2002), Metcalf (1984a, b), Metcalf et at. (1997), Miles (1958), Miller 
and Hibbard (1972), Mitchell (1899). Moretzsohn and McShane (2003), Morrison (1932), Muchmore (1959), Neck 
(1977, 1990), Nekola (2002, 2004, 2008), Nekola and Coles (2010), Nekola and Massart (2001), Nekola and Smith 
(1999), Nekola et at. (1999), Nichelson (1953), Norden (2008), Nylander (1900, 1909, 1914, 1936), Odhner (1939), 
Oliver and Bosworth (1999). Orstan (1999), Ostlie ([1990?)), Over (\915, 1928, 1942), Pace et at. (1979), Pearce 
(2008), Pearce and Evans (2008), Pearce et al. (2007), Pilsbry (1886. 1900, 1903, 1906, 1934), Pilsbry and Ferriss 
(1906a, b, 1909, 1911, 1915, 1917, 1918), Pinney (1934). Pleas (1893), Ports (1996), Price (1900), Pyron et al. (2008), 
Randolph (1896), Reeder and Miles (1976), Rehder (1949), Reigle (1963), Rhoads (1899a, b, 1904), Richards (1934), 
Roscoe (1954, 1955), Rosewater (1959), Roth and Lindberg (1981). Roth and Sadeghian (2006), Sampson (1912), 
Sargent (1896), Severns (2005), Singley (1893), Smith, A. G. (1943), Smith, D. G. (1994), Smith, M. (1906), Smith, S. 
and Prime (1870), Spamer and Bogan (1993), Steams (1900), Sterki (1900,1916), Stewart (2006), Stewart and Dillon 
(2004), Strecker (1908, 1935), Taft (1961), Taylor (1981, 1987, 1988), Taylor et at. (1977), Teskey (1954, 1955), 
Theler (1997), Theler et al. (2004), The Nautilus (1894, 1898), Thompson (1968), Tiemann and Cummings (2009), 
Tryon (1865,1868), Tucker et al. (1977), Tuthill (1963), Tuthill and Johnson (1969), Vanatta (1920), Vaughan (1892, 
1893), Waggoner et al. (2006), Walker (1899. 1906, 1915, 1928), Walker and Coolidge (1908), Wallen (1951), Wallen 
and Dunlap (1953), Walther et at. (2006), Watters et al. (2005), Wethington et al. (2009), Wheat (l907a, b), Wheeler 
(1912, 1918), Wilson (1960), Winkley (1909), Winslow (1917, 1921a, b), Wolf (1870), Wood (1982), Wood and 
Raymond (1891), Woolstenhulme (1942), Wu (1989), Wu et al. (1997). Wurtz (1940, 1948, 1949), Wurzinger (1975). 
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Publication Dates 

Appendix 2b. Biogeographic Publications by Decade. Graph depicting the frequency of publishing per 
decade for the publications li sted above. Additional summary data : total number of publications used in 
the Molluscan Biogeography Database = 395 dated publications and two undated publications, range of 
publication dates = 184 I ;20 10, mean publication year = 1948, median publication year = 1953, modal 
publication year = 1906. 
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Appendix 3 
Molluscan Taxonomy. A list of all the taxa examined in this study. Taxonomic names are from the 
Integrated Taxonomic Information System (2006), except those which are marked with a caret symbol (1\). 
Taxa with this mark are believed to be extinct and are described in Baker {I 938), Leonard {I 946), and 
Taylor (1960). 

Kingdom: Animalia 
Phylum: Mollusca 

Class: Bivalvia Linnaeus, 1758 
Order: Veneroida H. Adams and A. Adams, 1856 

Family: Pisidiidae Gray, 1857 
Class: Gastropoda Cuvier, 1797 

Order: Architaenioglossa 
Family: Viviparidae Gray, 1847 

Genus: Campeloma Rafinesque, 1819 
Species: C. decisum (Say, 1817) 

Order: Basommatophora 
Family: Ancylidae 

Genus: Ferrissia Walker, 1903 
Species: F. fragilis (Tryon, 1863) 

Genus: Laevapex Walker, 1903 
Species: L.fuscus (C. B. Adams, 1841) 

Family: Carychiidae 
Genus: Carychium O. F. Muller, 1774 

Species: C. exiguum (Say, 1822) 
Species: C. nannodes (G. H. Clapp, 1905) 

Family: Lymnaeidae 
Genus: Fossaria Westerlund, 1885 

Species: F. bulimoides (I. Lea, 1841) 
Species: F. dalli (F. C. Baker, 1907) 
Species: F. humilis (Say, 1822) 
Species: F. modicella (Say, 1825) 
Species: F. obrussa (Say, 1825) 
Species: F. parva (I. Lea, 1841) 

Genus: Stagnicola Leach, 1830 
Species: S. elodes (Say, 1821) 
Species: S. exilis (I. Lea, 1834) 
Species: S. idahoensis (J. Henderson, 1931) 

Family: Physidae 
Family: Planorbidae 

Genus: Gyraulus Agassiz, 1837 
Species: G. circumstriatus (Tryon, 1866) 
Species: G. deflectus (Say, 1824) 
Species: G. parvus (Say, 1817) 
Species: G. pattersoni (Baker, 1938Y 

Genus: Plan orb ella Haldeman, 1842 
Species: P. trivolvis (Say, 1817) 

Genus: Planorbula Haldeman, 1842 
Species: P. armigera (Say, 1821) 

Genus: Promenetus F. C. Baker, 1935 
Species: P. exacuous (Say, 1821) 
Species: P. kansasensis (Baker, 1938Y 
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Appendix 3 Continued 

Order: Heterostropha 
Family: Valvatidae 

Genus: Valvata O. F. Muller, 1774 
Species: V. tricarinata (Say, 1817) 

Order: Neotaenioglossa 
Family: Hydrobiidae Simpson, 1865 

Genus: Amnicola Gould and Haldeman, 1841 
Species: A. granum (Say, 1822) 

Genus: Cincinnatia Pilsbry, 1891 
Species: C. cincinnatiensis (Anthony, 1840) 
Species: C. mica (F. G. Thompson, 1968) 

Order: Stylommatophora 
Family: Cionellidae 

Genus: Cionella Jeffreys, 1829 
Species: C. lubrica (Muller, 1774) 

Family: Discidae 
Genus: Discus Fitzinger, 1833 

Species: D. whitneyi (Newcomb, 1864) 
Family: Helicarionidae 

Genus: Euconulus Reinhardt, 1883 
Species: E. fulvus (Muller, 1774) 

Family: Helicodiscidae 
Genus: Helicodiscus E. S. Morse, 1864 

Species: H. parallelus (Say, 1817) 
Species: H. singleyanus (Pilsbry, 1889) 

Family: Limacidae 
Genus: Deroceras Rafinesque, 1820 

Species: D. laeve (Muller, 1774) 
Family: Polygyridae 

Genus: Euchemotrema Archer, 1939 
Species: E.fraternum (Say, 1824) 
Species: Euchemotrema sp. 

Family: Punctidae 
Genus: Punctum E. S. Morse, 1864 

Species: P. minutissimum (I. Lea, 1841) 
Family: Pupillidae 

Genus: Gastrocopta Wollaston, 1878 
Species: G. armifera (Say, 1821) 
Species: G. contracta (Say, 1822) 
Species: G. cristata (Pilsbry and Vanatta, 1900) 
Species: G. holzingeri (Sterki, 1889) 
Species: G. pellucida (Pfeiffer, 1841) 
Species: G. pentodon (Say, 1822) 
Species: G. proarmifera (Leonard, 1946Y' 
Species: G. pro cera (Gould, 1840) 
Species: G. riograndensis (Pilsbry, 1916) 
Species: G. rupicola (Say, 1821) 
Species: G. scaevoscala (Taylor, 1960Y' 
Species: G. tappaniana (c. B. Adams, 1842) 
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Appendix 3 Continued 

Genus: Pupilla Leach, 1828 
Species: P. blandi E. S. Morse, 1865 
Species: P. muscorum (Linnaeus, 1758) 

Genus: Pupoides L. Pfeiffer, 1854 
Species: P. albilabris (c. B. Adams, 1841) 
Species: P. modicus (Gould, 1848) 

Genus: Vertigo O. F. Muller, 1774 
Species: V. elatior (Sterki, 1894) 
Species: V. milium (Gould, 1840) 
Species: V. ovata (Say, 1822) 
Species: V. rugosula (Sterki, 1890) 

Family: Strobilopsidae 
Genus: Strobilops Pilsbry, 1893 

Species: S. labyrinthicus (Say, 1817) 
Family: Succineidae 
Family: Valloniidae 

Genus: Vallonia Risso, 1826 
Species: V. cyclophorella (Sterki, 1892) 
Species: V. gracilicosta (Reinhardt, 1883) 
Species: V. parvula (Sterki, 1893) 
Species: V. perspectiva (Sterki, 1893) 
Species: V. pulchella (Muller, 1774) 

Family: Zonitidae 
Genus: Hawaiia Gude, 1911 

Species: H. minuscula (A. Binney, 1841) 
Genus: Nesovitrea C. M. Cooke, 1921 

Species: N. electrina (Gould, 1841) 
Genus: Zonitoides Lehmann, 1862 

Species: Z. arboreus (Say, 1816) 
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Appendix 4 
Molluscan Synonymy. A list of the taxa used in this study to build the Molluscan Biogeography Database 
and the older, synonymous names encountered in the literature. This Appendix is not intended to be a 
complete list of all synonymous names. 

CURRENT NAME USED IN 
THIS STUDY 

Amnicola granum 
Campeloma decisum 
Carychium exiguum 

Cincinnatia cincinnatiensis 
Cionella lubrica 
Deroceras laeve 
Discus whitneyi 

Euchemotrema fraternum 
Euconulus fulvus 
F errissia fragilis 

Fossaria bulimoides 
F ossaria dalli 

F ossaria humilis 
Fossaria obrussa 
Fossaria parva 

Gastrocopta armifera 
Gastrocopta contracta 
Gastrocopta holzingeri 

Gastrocopta pentodon 

Gastrocopta procera 
Gastrocopta rupicola 

Gastrocopta tappaniana 
Gyraulus circumstriatus 

Gyraulus deflectus 
Gyraulus parvus 

Hawaiia minuscula 

Helicodiscus parallelus 
Helicodiscus singleyanus 

Laevapex fuscus 
Nesovitrea electrina 

Pisidiidae 
Planorbella trivolvis 

Planorbula armigera 

Promenetus exacuous 
Punctum minutissimum 

Pupoides albilabris 
Stagnicola elodes 
Stagnicola exilis 

Strobilops labyrinthicus 
Vallonia pulchella 

Vertigo ovata 

Zonitoides arboreus 

SYNONYMS USED IN THIS STUDY 

Amnicola grana 
Campeloma integrum, Campeloma lewisi 

Carychium exigaum 
Amnicola cincinnatiensis, Cincinnatia integra 

Cochlicopa lubrica 
Deroceras gracile 
Discus cronkhitei 

Stenotrema fraternum 
Zonites fulvus 

Ferrissa novangliae. Gundlachia meekiana 
Galba bulimoides. Lymnaea bulimoides 

Lymnaea daW 
Galba humilis. Lymnaea humilis 

Galba obrussa. Limnaea desidiosa. Limnophysa desidiosa, Lymnaea obrussa 
Galba parva. Lymnaea 

Bijidaria armifera. Leucochila armifera, Pupa armifera 
Bifidaria contracta. Leucochila contracta. Pupa contracta. Pupilla contracta 

Bifidaria holzingeri 
Bifidaria pentodon. Leucochila pentodon. Pupa pentodon. Pupilla pentodon, 

Vertigo pentodon 
Bifidaria procera. Pupa procera 

Leucochila rupicola. Pupa rupicola. Pupilla rupicola 
Bifidaria tappaniana 

Planorbis circumstriatus 
Gyraulus hirsutus. Planorbis deflectus 

Planorbis parvus 
Helix minuscula. Zonites minusculus, Zonitoides minuscula, Zonitoides 

minusculus 
Helicodiscus lineata. Helicodiscus lineatus, Helix lineata. Helix lineatus 

Zonites singleyanus, Zonitoides singleyana 
A ncylusfuscus. Ferrissiafusca. Ferrissia kirtlandi 

Helix electrina, Retinella electrina 
Sphaeriidae 

Helisoma trivolvis. Planorbis trivolvis 
Planorbella armigera, Planorbis armigerus. Planorbulajenksii. Segmentina 

armigera. Segmentina wheatleyi 
Menetus exacuous. Mentus exacutus, Planorbis exacuous. Planorbis exacutus 

Helix minutissima. Punctum pygmaeum 
Pupa albilabris. Pupoides marginata. Pupoides marginatus 

Lymnaea palustris 
Limnophysa zebra. Lymnaea exilis, Lymnaea zebra 

Helix labyrinthica. Strobila labyrinthica, Strobilops labyrinthica 
Helix pulchella 
Isthmia ovata 

Helix arboreus. Hyalina arborea. Zonites arboreus, Zonitoides arborea, 
Zonitoides arboreus 
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Appendix 5 
Raw Data. A list of all samples examined in this study and the taxa recovered from those samples. The 
numbers displayed are counts of shells recovered for each taxon within the various assemblages (see text 
for a discussion on the techniques used to count gastropod and bivalve shells). The column titled "Total 
Shells" is the summation of all the shells in that assemblage. Asterisk (*)-no shells of this taxon were 
recovered in that sample, P-taxon was present but counts of shells are not available, F-freshwater taxon, 
L-Iand taxon, caret (I\}-extinct taxon. 
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JQB 
JQA 
M35 
SPB 
SPA 
CR7 

C03B 
C03A 
CH4 
CHY 
PMA 
BIB 
XIE 
X2B 
RIA 
RYA 
RFX 
TFC 
FAL 
AGO 

F 

* 
* 
* 
* 
* 
* 
* 
* 
8 

* 
* 
* 

48 
230 
* 
* 
* 

35 

* 
* 
* 
* 
* 
* 
* 
* 
* 

L 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
7 

72 
37 
8 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

L 

* 

7 

* 
* 
* 

36 

* 
* 
* 
7 

39 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

L 

* 
* 
* 
9 

* 
2 
18 

* 
* 
* 
* 
* 
* 
* 
* 
* 

176 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
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L 

P 

* 
* 
* 
\0 

* 
* 
I 
6 

* 
* 
* 
6 

* 
* 
* 
* 

24 
29 
* 

* 
* 
* 
* 
* 
* 

L 

* 
* 

* 
II 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

96 

F 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

F 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
II 

* 
* 

F 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

190 

* 
* 
* 
* 
* 
* 
* 
* 
* 

L 

* 
39 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
* 

119 

* 
* 
12 
* 
* 
* 
* 
* 
* 
* 

L 

P 
42 
17 

1942 
10 
\0 
45 
* 
4 

93 
1041 
774 
19 
84 
29 
36 

425 
252 
17 
25 
14 
5 
I 
4 
2 
I 

* 

L 

* 
* 
* 
6 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
6 

173 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

L 

* 
8 
6 
12 
* 
3 

27 
6 
10 

* 
* 
* 
* 
9 

47 
53 

843 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

L 

* 
* 
* 
* 
* 
* 
* 
12 
16 

* 
* 
* 
* 
* 
* 
* 
* 
* 
3 

* 
* 
* 
* 
* 
* 
* 
* 

L 

* 
6 
1 

* 
10 
* 
* 
* 
* 
* 
* 
* 
1 

11 
13 
50 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 



- --- -----------------------------------------------------

Appendix 5 Continued 

~ ~ ~ 
~ 

~ ~ 
;:s 

::::: ~ ~ .., ~ . c \:) .., .., .... 
;:s S .... ~ . 

.., 
riQ' -l .... 

~ > is' riQ' riQ' c :::; c c c .., '" :x ~ ;:;. t\) ~ :: 
> :: -- c ()Q ~ ;:;- \:) \:) :::.:. .: .., 

~. ~. \:) c CJ-;:s- ~. .... '" c 
t\) ~ \:) :: .., 
::::: \:) .., -- t\) .... \:) 
\:) \:) :: 

'" 
ASSEMBLAGE L F L L L L L TOTAL 

CODES SHELLS 
RNT * * * * P * * P 
RTB * * I 13 * 7 2 365 
RTA * * 5 3 * * * 134 
BDL * * * 163 183 149 * 3359 
CL2 * * * * * * 183 
CLI * * 8 3 * * * 85 
BD2 * * * I I * * 439 
JQB * 3 * * 2 * * 62 
JQA * 54 * * II * * 556 
M35 * * * * * * * 124 
SPB * * * * * * * 1299 
SPA * * * * * * 921 
CR7 * * * * * 4 * 978 

C03B 13 * * * 35 15 * 3054 
C03A 31 * * * * * * 441 
CH4 * * * * * * 2 460 
CHY 37 * 165 976 89 75 8 11545 
PMA * * * 50 I I * 7419 
BIB * * * 461 * * * 5038 
XIE * * * 166 * * * 1029 
X2B * * * * * * * 6022 
RIA * * * * * * * 631 
RYA * * * 3 * * * 699 
RFX * * * * * * * 12970 
TFC * * * * * * * 464 
FAL * * * * * * * 14585 
AGO * * * 604 * 2 * 2256 

97 



Appendix 6 
Assemblage Turnover. Jaccard Index values generated by comparing each assemblage to every other 
assemblage. The diagonal of ones (1.00) results from each assemblage being compared to itself, which 
must equal one by definition. Asterisk (*)--no data/redundant number. 

RNT RTB RTA BOL CL2 CLI B02 JQB JQA M35 SPB SPA CR7 C03B 
RNT 
RTB 
RTA 
BOL 
CL2 
CLI 
B02 
JQB 
JQA 
M35 
SPB 
SPA 
CR7 

C03B 
C03A 
CH4 
CHY 
PMA 
BIB 
XIE 
X2B 
RIA 
RYA 
RFX 
TFC 
FAL 
AGO 

1.00 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

0.29 
1.00 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

0.31 
0.53 
1.00 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

0.29 
0.38 
0.27 
1.00 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

0.19 0.18 0.21 0.35 0.38 
0.29 0.42 0.18 0.30 0.33 
0.26 0.40 0.24 0.23 0.39 
0.08 0.45 0.32 0.24 0.29 
1.00 0.14 0.11 0.23 0.24 
* 1.00 0.29 0.27 0.23 
* * 1.00 0.14 0.18 
* * * 1.00 0.39 

* * * * 1.00 

* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 

98 

0.27 
0.23 
0.30 
0.20 
0.18 
0.24 
0.21 
0.21 
0.28 
1.00 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

0.21 0.23 0.39 
0.18 0.19 0.30 
0.29 0.26 0.32 
0.19 0.28 0.21 
0.05 0.06 0.35 
0.16 0.18 0.14 
0.20 0.23 0.12 
0.04 0.10 0.21 
0.22 0.24 0.43 
0.31 0.25 0.23 
1.00 0.60 0.22 
* 1.00 0.18 
* * 1.00 
* * * 
* * * 
* * * 
* * * 
* * * 
* * * 
* * * 

* * * 
* * * 
* * * 
* * * 
* * * 

* * * 
* * * 

0.35 
0.46 
0.41 
0.31 
0.20 
0.26 
0.15 
0.29 
0.42 
0.19 
0.18 
0.16 
0.48 
1.00 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
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C03A CH4 CHY PMA BIB XIE X2B RIA RYA RFX TFC FAL AGO 
RNT 0.19 0.20 0.20 0.34 0.29 0.18 0.38 0.26 0.23 0.26 0.26 0.17 0.17 
RTB 
RTA 
BDL 
CL2 
CLl 
BD2 
JQB 
JQA 
M35 
SPB 
SPA 
CR7 

C03B 
C03A 
CH4 
CHY 
PMA 
BIB 
XIE 
X2B 
RIA 
RYA 
RFX 
TFC 
FAL 
AGO 

0.41 
0.44 
0.22 
0.21 
0.36 
0.18 
0.23 
0.28 
0.19 
0.18 
0.14 
0.20 
0.47 
1.00 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

0.38 0.36 
0.31 0.28 
0.19 0.41 
0.22 0.08 
0.26 0.35 
0.09 0.19 
0.24 0.19 
0.21 0.23 
0.09 0.16 
0.09 0.15 
0.10 0.16 
0.17 0.20 
0.35 0.44 
0.50 0.31 
1.00 0.25 
* 1.00 

* * 
* * 
* * 
* * 
* * 
* * 
* * 
* * 
* * 
* * 

0.30 0.17 0.37 0.32 0.22 0.19 
0.24 0.18 0.35 0.21 0.19 0.21 
0.40 0.17 0.21 0.21 0.19 0.21 
0.29 0.15 0.09 0.32 0.40 0.12 
0.28 0.20 0.24 0.24 0.16 0.18 
0.12 0.11 0.10 0.10 0.20 0.14 
0.31 0.24 0.12 0.33 0.20 0.10 
0.39 0.21 0.28 0.28 0.27 0.15 
0.230.120.110.310.420.15 
0.17 0.18 0.22 0.16 0.20 0.23 
0.24 0.20 0.25 0.18 0.14 0.27 
0.41 0.15 0.19 0.23 0.27 0.18 
0.36 0.11 0.26 0.23 0.22 0.12 
0.16 0.120.250.20 0.18 0.09 
0.17 0.17 0.21 0.16 0.14 0.15 
0.26 0.18 0.24 0.20 0.15 0.16 

0.14 0.27 0.11 0.24 
0.19 0.19 0.16 0.12 
0.19 0.32 0.15 0.21 
0.24 0.17 0.27 0.19 
0.10 0.22 0.11 0.18 
0.13 0.06 0.23 0.07 
0.09 0.14 0.05 0.16 
0.22 0.22 0.19 0.07 
0.21 0.21 0.36 0.07 
0.29 0.29 0.23 0.07 
0.23 0.33 0.17 0.08 
0.27 0.27 0.24 0.13 
0.18 0.26 0.16 0.16 
0.13 0.18 0.14 0.09 
0.14 0.19 0.05 0.15 
0.19 0.19 0.09 0.16 

1.00 0.30 0.19 0.33 0.33 0.24 0.27 0.33 0.24 0.30 

* 
* 
* 
* 
* 
* 
* 
* 
* 

1.00 0.26 0.33 0.18 0.38 0.33 0.25 0.06 0.29 

* 
* 
* 
* 
* 
* 
* 
* 

1.00 0.30 0.10 0.25 0.16 0.29 0.05 0.25 

* 1.00 0.47 

* * 1.00 

* * * 
* * * 
* * * 
* * * 
* * * 

99 

0.25 
0.33 

0.29 0.38 0.25 
0.64 0.38 0.60 

0.33 
0.23 

1.00 0.45 0.33 0.27 0.27 
* 1.00 0.38 0.45 0.23 
* * 1.00 0.23 0.33 

* * * 1.00 0.08 

* * * * 1.00 



Appendix 7 
Appendix 7a. Summary of taxa and their environmental tolerances. Species names are abbreviated see 
Appendix 3 for the full names. ELEVTN-elevation, MinT-mean minimum temperature for January, 
MaxT-mean maximum temperature for July, PRECIP-mean annual precipitation, n-number of 
counties a taxon is known from, R-range displayed using the format "smallest value;largest value", M
mean value. See Appendix 1 for the meaning of the Vegetation codes. 

TAXA n 
ELEVTN (m) MinT ee) MaxT (Oe) PREe[p (em) 

VEGETAT[ON 
R M R M R M R M 

A. £ranum 13 5;459 249 -[4;-2 -9 26)1 28 76;[22 100 2113211422122320 
21112112211321142211 

C. decisum 192 5;816 209 -19;5 -7 24)5 30 48; 137 102 22122213221422152311 
23202511 25122531 

21 [12112211321142211 
22122213 2214 2215 2311 

C. exiguum 267 1;1525 257 -24; 16 -7 21 ;37 30 25;157 93 23202511 251225222523 
25312532253331123113 

321132124110 
C. nannodes 109 148;1127 363 -8;2 -2 24;34 31 76;168 119 22112212221422152320 

21132114221122122213 
C. cincinnatiensis liS 5;638 271 -22) -9 25;35 31 38;127 87 22142215231223202511 

25122531 2532 
C. mica I 31;31 31 6;6 6 33)3 33 127;127 127 2311 

21112112211321142211 
22122213221422152320 
25112531253225332610 

C. lubrica 415 2;3077 424 -24;6 -8 21;39 29 5;147 87 
31113112311331403211 
32213222 M2112 M2413 

M2414 M261 0 M2620 
M3112 M3113 M3120 

P3131 P3132 
121021112113 2114 2211 
22122213221422152311 
23122320241025112512 
2521 2523 2531 2533 2610 

D.laeve 327 0;2637 361 -31;23 -5 8;39 30 5;348 95 
3111 3112 3113 3131 3133 
3221 A3141 A3142 MI3\O 

M2112 M2410 M2411 
M2412 M2413 M2414 
M2415 M261 0 M2620 
M3112 M3113 M3120 

211121122113 21142211 
22122213 2214 2215 2320 
251125122531253326\0 
31113112311331313133 

D. whitneyi 433 2;2637 478 -24) -9 12;39 29 5;274 83 314032113221 A3141 
A3142 M1310 M2112 
M2410 M2411 M2610 
M3112 M3113 M3120 

P3131 P3132 
21112112211321142211 

E. fraternum 557 5;863 263 -23;2 -7 23;36 30 61;168 100 22122213221422152312 
23202511 25122531 2533 
2111 21122113 21142211 
22122213 2214 2215 2320 
24102511251225312532 
25332610311131123113 

E·folvus 449 5;2637 549 -24;4 -8 12;39 30 5;274 83 
31313133313431403211 

321232213222 A3141 
A3142 MI310 M2112 
M2410 M2411 M2415 
M2610 M3112 M3113 
M3120 P3131 P3132 

2113 2114221122122213 
F.fragilis 52 1;1 074 193 -16;4 -5 21J4 31 43;274 109 221422152312232024\0 

251125313113 M2411 

100 



Appendix 7 Continued 

TAXA n 
ELEVTN (m) MinT (OC) MaxT (0C) PRECIP (em) 

VEGETATION 
R M R M R M R M 

2 I I I 251 I 2512 2522 2523 

F. bulimoides 103 12;2652 874 -22;8 -7 23;41 33 5;1 17 57 
253125333113 321 13212 
32213222 A3142 M31 12 

M31 13 P3131 P3132 
21 I 12113 221222142511 

F. dalli 37 167;2185 461 -23;-1 -8 26;36 33 15;107 73 25 I 2 253 I 2532 2533 3111 
3113 A3141 M3113 

21122113211422112212 
2213 2214221523112312 

F. humilis 126 1;2837 399 -21;1 I -6 18;39 31 5;1 78 91 
23202410 251125122521 
25312533311131123113 
32123221 M2410 M2414 

M3112 M31 13 
21112112211321142212 
22132214221523202511 

F. modicella 118 1;2185 358 -22;-1 -9 25;37 30 15;127 87 25 I 2 252 I 253 I 2533 3 I I 1 
31 13 3131 3134 M3 I 12 

M3113 
21 I 12112211321142212 
2213 2214 221523122320 
251 12512252325312532 

F. obrussa 205 5;2770 678 -24;8 -10 19;37 30 15;142 73 2533 3111 31123 113 3134 
A3141 A3142 M2414 
M31 12 M3113 M3120 

P3131 
21112113 2114 2212 2213 
22142215232025112512 

F. parva 152 5;3077 884 -22;-1 -10 22;36 31 15;127 69 
2531 2533 3111 3112 3113 
31313140A3141 A3142 

M2112 M3112 M3113 
M3120P3131 

21112113211422112212 
22132214221523112312 

G. armifera 640 3;2026 312 -23;7 -5 26;37 32 25;168 96 
23202511251225212522 
2523 2531 2532 2533 3111 

3112311332113212 
M3113 P3132 

211121122113 2114 2211 
22122213221422152311 

G. contracta 893 0;1491 226 -24;16 -4 24;38 32 25;168 102 23122320251125122521 
2522 2523 2531 2532 2533 

3113 321132124110 
2214 2215 2320 2511 2512 

G. cristata 139 1;2026 497 -10;11 -2 24;38 34 15;127 74 2521 2522 2523 2531 2533 
311332113212 P3132 

21112112211322122213 
22142215232025112512 

G. holzingeri 224 11;2131 398 -24;4 -9 24;38 32 25;147 78 2521 2522 2531 2532 2533 
311231133211 M3113 

P3132 

101 
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TAXA n 
ELEVTN(m) MinT (Oe) MaxT ee) PREeIP (em) 

VEGETATION 
R M R M R M R M 

22152311 23122320 
2511 251225212522 

G. pellucida 182 1;2131 469 -14;16 I 27;41 34 5;168 82 
2523 2531 2533 3112 
3113 31403211 3212 

32224110 M3113 
M3120 P3131 P3132 
2111211221132114 
221122122213 2214 
22152311 23122320 

G. pentodon 684 1;2405 249 -24;16 -4 21;39 31 5;168 \03 2511 251225212522 
25232531 25333112 
31133211 32123221 
4110 M3113 P3132 

21132211 22122213 
2214 2215 2311 2312 

G. procera 393 0;2026 342 -16; 11 -3 26;38 33 18;168 91 
2320251125122521 
2522 2523 2531 2533 
3111311231133211 

3212P3132 
G. riograndensis 6 12;1491 623 -3;11 5 28;37 34 25;66 45 25233211 3212 

2113221422152311 
G. rupicola 71 0;373 38 -8;16 7 28;34 32 76;168 133 2312232025112512 

25314110 
2111211221132114 
2211221222132214 

G. tappaniana 512 1;1341 225 -24;14 -4 21;37 32 25;168 99 
2215 2311 2312 2320 
2511 251225212522 
25232531 25333113 
31403211 32124110 
2111211321142212 
2213221425112512 

G. circumstriatus 86 15;3095 999 -24;8 -12 22;39 30 5;112 57 
2523 2532 2533 3111 

311231133221 A3141 
A3142 M3112 M3113 

P3131 
2111211221132114 

G deflectus 129 3;2105 256 -24;3 -10 24;36 29 38;127 90 
2212221322142215 
2320 2511 2531 2533 

3112M3120 
1210122021112112 
2113211422112212 
2213221422152311 
231223202511 2512 
2521 2522 2523 2531 

G. parvus 366 1;3095 606 -31;16 -10 8;39 30 5;183 74 25322533 3111 3112 
3113313132123221 
4110A3141 A3142 

M2410 M2620 M3112 
M3113 M3120 P3131 

P3132 
2111211221132114 
221122122213 2214 
2215231123122320 
2511251225212522 
2523 2531 2533 3111 

H. minuscula 826 0;2428 296 -24;23 -3 19;41 32 5;348 100 3112311331343140 
3211321232213222 
4110 M2112 M2413 

M2414 M2620 M3112 
M3113 M3120 M42\o 

P3131 P3132 
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TAXA n 
ELEVTN (m) MinT (Oe) MaxT ee) PREeIP (em) 

VEGETATION 
R M R M R M R M 

2111211221132114 
221122122213 2214 

H. paral/elus 852 1;1989 237 -24;13 -4 21;38 31 15;168 104 2215231123122320 
2511251225212523 
2531 253331123113 

32113212 M3113 P3132 
2211221222132214 
2215231223202511 

H. singleyanus 175 2;1960 408 -16;11 -3 24;38 33 15;152 82 25122521 25222523 
2531 2533 31123113 

314032113212 M3113 
P3132 

2111211321142212 
L.foscus 104 1;633 185 -22;6 -6 26;34 30 61;168 101 2213221422152311 

2312232025112531 
2111211221132114 
221122122213 2214 
2215232024102511 

N. electrina 375 2;2770 335 -24;1 -9 21 ;38 29 15;213 90 2512253125333112 
311331313211 A3141 
A3142 M2413 M2415 
M2610M3111 M3112 
M3113 P3131 P3132 
1210 122021112112 
2113 2114 22112212 
2213 2214 2215 2311 
231223202410 2511 
2512 2521 2522 2523 
2531 2532 2533 3111 

Physidae 958 0;3095 483 -31;23 -7 8;39 31 5;348 84 3112311331313133 
3134314032113212 

3221 32224110A3141 
A3142 M2111 M2112 
M2411 M2413 M2414 
M2415 M2620 M3111 
M3112 M3113 M3120 
M4210P3131 P3132 
1210 1220 13202111 
21122113 21142211 
22122213 2214 2215 
2311 231223202410 
2511251225212522 
2531 2532 2533 2610 

Pisidiidae 610 0;3095 488 -33;16 -5 839 31 5;274 90 311131123113 3120 
3131313331403212 

32214110A3141 A3142 
MI310M2111 M2112 
M2410 M2411 M2413 
M2414 M261 0 M2620 
M3112 M3113 M3120 

M4210 P3131 
1320 2111 2112 2113 
2114221122122213 
2214221523112312 
2320241025112512 

P. trivalvis 492 1;2956 414 -33;16 -8 21;39 31 5;157 83 2521 2523 2531 2532 
2533 3112 3113 3131 
3134321232214110 
A3141 A3142 M31I2 

M3113 M3120 
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Appendix 7 Continued 

TAXA n 
ELEVTN (m) MinT (Oe) MaxT ee) PREeIP (em) 

VEGETATION 
R M R M R M R M 

2111211221132114 
22122213 22142215 

P. armigera 131 1;582 226 -24;11 -10 25;36 29 43;127 88 231223202511 2512 
2522 2523 2531 2532 

2533 
2111211221132114 
22122213 2214 2215 

P. exacuous 157 5;2610 410 -24;-1 -12 25;36 29 25;127 80 2320 2511 2531 2532 
2533311231133131 
A3142 M3112 M3113 
2111211221132114 
22112212 2213 2214 
2215231123122320 
2511251225222523 

P. minutissimum 480 2;2610 315 -24;11 -5 21;37 30 25;168 100 2531 2533 3111 3112 
3113313132113212 
A3142 M2412 M2414 
M2620 M3112 M3113 
M3120 P3 131 P3132 
2511 2512 2533 3111 
3112311331313133 

P. blandi 81 259;3095 1691 -22;-1 -II 22;38 30 15;96 40 
313431403211 3212 
A3141 A3142M3112 
M31 I3 M3120 P3131 

P3132 
2111211321142212 
2213221422152320 

P. muscorum 103 2;3095 786 -23;1 -10 22;37 29 15;127 72 
2511 2532 2533 3111 
3112 3113 3140 3211 
A3141 M3112 M3113 

P3131 P3132 
2113211422112212 
2213221422152311 
2312232025112512 

P. albilabris 677 -12;2026 296 -16;12 -3 24;42 32 5;168 99 2521 2522 2523 2531 
2533311231133140 

321132123222 M3113 
P3131 P3132 

P. modicus 22 2;248 31 -6;16 10 31;34 33 96;162 133 221223114110 
2111211221132114 
2212221322142312 

S. elodes 173 13;3095 710 -23;-2 -13 22;36 29 15;142 68 2511253125323112 
3113 A3142 M2610 

M3112 M3113 P3131 

S. exilis 28 180;502 302 -24;-7 -14 26;32 29 53;96 76 
21112113 2212 2213 

2511 2531 
S. idahoensis 2 1179;1213 1196 -14;-12 -13 28;28 28 61;63 62 M2112M3111 

2111211221132114 
221122122213 2214 

S. labyrinthicus 612 1;1232 226 -24;16 -5 21;37 31 28;168 102 
2215 2311 2312 2320 
2511251225232531 
2533311231133212 

4110 

104 



Appendix 7 Continued 

TAXA n 
ELEVTN (m) MinT (OC) MaxT (OC) PRECIP (em) 

VEGETATION 
R M R M R M R M 

1210 122021112112 
2113211422112212 
2213 221422152311 
2312232024102511 
2512252125222523 
2531 2532 2533 2610 

Sueeineidae 1296 0;3095 339 -31;23 -5 8;41 31 5;348 95 
3111311231133131 
3134314032113212 

322132224110 A3141 
A3142 M1310 M2112 
M2410 M2412 M2414 
M2610 M2620 M3112 
M3113 M3120M4210 

P3131 P3132 
2213 2610 3112 3113 
3120313131333134 
31403211 3221 3222 

V cyclophorella 76 76;3077 1591 -22;3 -10 23;39 30 5;84 38 A3141 M2112 M2415 
M2610 M2620 M3112 
M3 113 M3120 P3131 

P3132 
2111211221132114 
2213 2214 25112512 
2521 2531 2532 2533 

V gracilicosta 114 10;2637 1015 -24;-1 -Il 24;38 31 15;112 49 3111311231133131 
3211 A3141 M2610 

M3112 M3113 P3131 
P3132 

2111211322122213 
2214221523202511 

Vparvu/a 165 122;2026 462 -22;4 -7 26;37 33 28;127 75 2512252125222531 
2533 3112 3113 3211 

3212 P3132 
2111211322112213 
2214221523202511 

V perspectiva 97 2;2146 656 -23;3 -9 27;38 31 15;147 68 
2521253125323112 
3113314032113212 
3222 M3120 P3131 

P3132 
2111211221132114 
221122122213 2214 
2215232025112512 

V. pu/chella 343 1;2837 354 -24;9 -8 21 ;39 30 5;183 86 
2531 2610 3111 3112 
3113 3134 3211 3212 
3221 A3141 M2414 

M2610 M2620 M3112 
M3113 P3132 

2111211221132114 
2212221322142215 

V tricarinata 154 5;1410 296 -24;3 -12 25;36 29 33;137 80 2311 231223202511 
2531 253225333112 

3113 M3112 
2111211221132114 
2211221222132214 

Ve/atior 122 6;2058 365 -24;-3 -12 24;37 29 15;122 78 2511 2531 2532 3112 
3211 M3112M3113 

P3132 
2111211321142211 
2212221322142215 

V milium 384 1;2341 204 -23;16 -3 23;37 32 28;165 105 
2311231223202511 
2512 2522 2523 2531 
2533 3112 3113 3140 

3212411OM3113 
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Appendix 7 Continued 

TAXA n 
ELEVTN (m) MinT (0C) MaxT eC) PRECIP (em) 

VEGETATION 
R M R M R M R M 

2111211221132114 
221122122213 2214 
2215 2311 2312 2320 
2511251225212522 

V. ovata 467 IJ095 286 -24;16 -5 18;39 31 5;178 97 2523 2531 2532 2533 
3113313331403211 

321232214110 M2410 
M2610 M31 13 P313I 

P3132 
2113 2211 22152311 

V. rugosula 76 1:551 125 -11;9 2 28J6 34 61;168 124 2312232025112512 
25222533 

21112112 2113 2114 
2211 22122213 2214 
2215231123122320 
2410251125122521 
2522 2523 2531 2532 
25332610 31113112 
3113312031313134 

Z. arboreus 1527 0;3095 331 -24;23 -4 19;41 31 5;348 100 3140321132123221 
3222411OA3141 A3142 

M2111 M2112 M2411 
M2412 M2413 M2414 
M2415 M261 0 M2620 
M3111 M3112M3113 
M3120 M4210 P3131 

P3132 
All Counties 3142 -12;3095 387 -33;23 -5 8;43 31 5;355 93 See Appendix I 
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Appendix 7b. Temperature Ranges and Means. Graphs of temperature ranges and means for the 
freshwater (above) and land (below) molluscan taxa examined in this study. The ranges display the most 
minimum, minimum temperature and most maximum, maximum temperature, as well as the mean 
temperature calculated from all relevant temperature data in the Climate Database for each taxon. "All 
Counties" displays similar data for the entire United States for comparison. Species names were 
abbreviated by reducing the genus name to its first letter and reducing the specific name to its first three 
letters (Fdal = Fossaria dalli). Family names were abbreviated to the first four letters. All Counties was 
abbreviated as USA. 
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Appendix 7c, Precipitation Ranges and Means. Graphs of precipitation ranges and means for the 
freshwater (above) and land (below) molluscan taxa examined in this study. The ranges display the most 
minimum precipitation and most maximum precipitation, as well as the mean precipitation calculated from 
all relevant precipitation data in the Climate Database for each taxon. "All Counties" displays similar data 
for the entire United States for comparison. Species names were abbreviated by reducing the genus name 
to its first letter and reducing the specific name to its first three letters (Fdal = Fossaria dalli). Family 
names were abbreviated to the first four letters. All Counties was abbreviated as USA. 
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Oxygen isotopes. Oxygen isotope ratio data and magnetic reversal timescale for the late Cenozoic era 
(modified from Marcolini and Martin [2008], Fig. I). The oxygen values reflect the ratio of oxygen-I 6 to 
oxygen-I 8 isotopes in the calcite skeletons of benthic marine foraminifera. Positive trends in 8180 values 
indicate cooling of the deep sea, while negative trends in 8180 values indicate a warming of the sea. In the 
figure above, there is an overall cooling trend as the 8180 ratios become positive, but with many abrupt 
fluctuations. 
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GLOSSARY OF SELECTED TERMS 

Below are several terms which are used in this study and require clarification. The definitions are 

my own, except where indicated by italics. 

Available - When used in the taxonomic sense (and only then), it indicates a name which was presumably 

constructed in accordance with the rules or customs of zoological nomenclature in effect at the time of a 

paper's publication date. Currently, to be available, a name must be constructed according to Article 1.3 

and Articles 10 through 20 of the 4'h edition of the International Code of Zoological Nomenclature (ICZN, 

1999). 

Climate/paleoclimate - In this study climate refers to the ranges and means of temperature and precipitation 

of the United States and/or the ranges and means of temperature and precipitation experienced by the 

molluscan taxa examined in this study. Included in this definition are two climate related variables: 

elevation and vegetation. All climate and related data were collected at the county level so the term climate 

is regarded herein as synonymous with the term "macroclimate." "Microclimate," as might be experienced 

by gastropods as the difference in temperature/moisture under leaf litter or on a blade of grass in full sun a 

few meters away, was not addressed in this study. Paleoclimate is just the estimation of temperature and 

precipitation conditions (macroclimate) assumed to have existed when fossils were alive. 

Extinction - The death of the last living member of a species (Bogan, 2006): "global extinction." 

Extirpation - The death of a local population of a more broadly distributed species (Bogan, 2006): "local 

extinction." 

Ma - A unit of time. Million years, the "a" stands for annum (year) (Harland et al., 1990; Ogg et aI., 

2008) and the "M" is the metric prefix for mega (106
) (Harland et aI., 1990). This unit represents an 

instant in time (a numerical date), as opposed to a temporal range, and was determined via radiometric 

(isotopic) dating techniques. Absolute dating requires numeric dates. 

Molluscan assemblage - Assemblages are equivalent to local faunas, described by Taylor (1960) as a suite 
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offossilsfound at a single stratigraphic location. Thefossils within a local fauna are temporally 

equivalent andfrom a limited geographic area. An assemblage is comprised of the fossils which remained 

after a sample was washed and picked. A molluscan assemblage is equivalent to both a molluscan 

taxocene, an assemblage of taxonomically related organisms (Hutchinson, 1978), and a molluscan 

taphocoenosis, a taphonomically altered accumulation of dead shells (Martin, 1999). Assemblages are 

examined and interpreted similarly to living communities studied by ecologists and take their names from 

the samples from which they were derived. The term assemblage is used herein as a synonym for the term 

community, as would be used in ecology. 

Molluscan fossil- An empty shell generated by the death and decay of the mollusc's soft anatomy. Fossils 

are Pleistocene or earlier in age (approximately 0.01 Ma or older). Empty shells from the Holocene 

(0.0 I Ma through the present day) were regarded as "modern," "recent," "extant" or "living" rather than as 

fossils. It is noted that not all researchers use this definition for fossils. 

Paleoecology - That subdiscipline of paleontology which applies ecological principles and techniques to 

fossils. 

Publication/literature - These two terms are used synonymously. With respect to the construction of the 

Molluscan Biogeography Database, the terms refer to articles published in scientific journals, scholarly 

books, surveys conducted on the behalf of government or other organizations, pamphlets privately printed 

by their authors, etc. Elsewhere in this study these terms are used in a more restricted sense to refer to 

journal articles published in scientific journals or scholarly books. 

Sample - A volume of sediment and the fossils contained within it, removed from an outcrop for analysis. 

Samples are analogous in principle to dredged lake-bottom samples or leaf litter samples collected by an 

ecologist, but differ in that the samples used herein were more extensively time averaged-composed of 

multiple shells from multiple cohorts/historical ages, mixed and altered by biogeochemical processes 

(Fursich and Aberhan, 1990) over geologically long time periods. 

Taphonomy - the study of the formation of fossil deposits. This involves everything from the death of an 

organism to its collection by a paleontologist. Taphonomic processes which shape fossil deposits include 

disarticulation of the body by biotic/abiotic agents, transportation/removal/deposition of body parts by 

biotic/abiotic agents, fragmentation of body parts via breakage or erosion by biotic/abiotic agents, burial 
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of body parts in sediments, chemical alteration/dissolution of body parts and mixing of body parts from 

different historical periods via bioturbation (time-averaging) (Martin, /999). Taphonomic processes are 

thus responsible for the accumulation of fossils and the destruction offossils depending on which processes 

are operating and how they operate. 
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CLIMATE AND BIOGEOGRAPHIC PLATES 

The following pages display the biogeographic range maps produced for each extant molluscan 

taxon in this study, using the data recorded in the MBO as well as maps of various climate and c1imate

related variables recorded in the CO. Each taxon has a biogeographic range map for the contiguous states 

and some taxa have range maps for Alaska and/or Hawaii as well. If a map for Alaska or Hawaii is not 

displayed for a given taxon, then that taxon does not occur in those states (as best as can be determined 

from the literature used to compile the MBO, given the procedures in the Methods section). Molluscan 

biogeographic ranges as displayed in these maps are tentative and likely depict the minimum ranges within 

the United States. The climate and climate-related variables (elevation, mean minimum temperature for 

January, mean maximum temperature for July and mean annual precipitation) are displayed on maps of the 

contiguous states, Alaska and Hawaii. 

The names of the counties on the maps can be determined by consulting USGS (2006), Rand 

Mc.Nally (2009a, b, c) or any good travel atlas or state map. Note: the boundaries of coastal counties do 

not stop at the water's edge but extend into the water for some distance. This gives coastal counties a shape 

which is different from what is expected from the shape of the coast. 
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