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CHAPTER I 

INTRODUCTION 

The stmggle for survival in the face of a changing environment often is dramatic 

and obvious. The dinosaurs failed to adapt and became extinct at the beginning of the 

Cretaceous, for example, while the mammals radiated and diversified (Raup, 1988). Not 

all evolution, however, occurs on such a grand scale and with such profound 

implications. Evolution also takes place on small scales (Brandon, 1990). While these 

small struggles may have little or no implication for future species, if preserved in the 

fossil record they can still serve an important purpose. These records yield information 

about the forces that drive adaptation £ind speciation on large scales (Mayr, 1976). While 

the evidence of evolution may take many forms, it is commonly found in the physical 

remains of organisms caught in the process of adapting to changing environmental 

conditions. The fossil remains, then, may be interpreted to reveal the nature of the 

stmggle. This battle for survival has been recorded in the subfossil muskrats (Ondatra 

zibethicus) of Lubbock Lake. 

The Site 

Lubbock Lake Landmark (Johnson, 1987a) is a well-stratified late-Quatemary site 

in Yellowhouse Draw on the Southem High Plains of Texas (Figures 1.1, 1.2). The site 

is well-known for its documentation of cultural change, and extensive faunal record for 

the last 12,000 years. Muskrats, an important part of the paleoecosystem, were prevalent 
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Figure 1.1. The location of Lubbock Lake and the extent of the Southem High Plains 
(adapted from HoUiday, 1997). 
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Figure 1.2. The boundaries of Lubbock Lake Landmark (41LU1) and the Lubbock Lake 
Landmark State Historical Park (adapted from Johnson, 1987a). 
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at Lubbock Lake in the late-Pleistocene and early-Holocene, but declined as the 

paleoclimate became warmer and drier and surface water became less available. By 

8,500 B.P., muskrats were no longer present on the Southem High Plains and do not 

inhabit the region today (Johnson, 1987a; Davis and Schmidly, 1994). The detailed 

stratigraphy and well-known paleoclimatic and paleoenvironmental history of Lubbock 

Lake create an excellent opportunity to study the response to climatic change through an 

evaluation of muskrat morphological evolution. 

Research Goal and Objectives 

The goal of the research on the Lubbock Lake muskrat populations is to 

investigate possible microevolution as a result of climatic and environmental changes. 

The research has several objectives focusing on the morphology of the muskrat lower 

first molar (Mi) (Figure 1.3). These objectives involve analyzing evolutionary trends for 

the muskrats as witnessed by changes in the Mi. The first objective is to document 

variability in the Mi of successive muskrat populations at Lubbock Lake. The second 

objective is quantifying morphological changes discovered through the use of statistical 

methods. The third objective is to determine how this morphological change affects 

taxon designation for the populations at either the species or subspecies level. The fourth 

objective is to provide an overall view of muskrats in the region during the late-

Pleistocene and early-Holocene. Muskrat populations from other Southem Plains 

localities are compared to the Lubbock Lake populations to support information from the 
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Figure 1.3. The lower first molar (M,) of a muskrat from Lubbock Lake (TTU-A-39417) 



Lubbock Lake muskrats and refine the phylogeny of Southem Plains muskrats. Analysis 

of regional muskrats will afford a clearer understanding of the paleoenvironment of the 

area and, in conjunction with the Lubbock Lake data, provide a regional picture of the 

muskrats during the late-Pleistocene and early-Holocene. Other than mentioning the 

existence of muskrat molars, little work has been done on muskrat for the Southem 

Plains (Lundelius, 1972; Dalquest, 1992). 

The fifth objective is to gain an understanding of modem molar variation relevant 

to variation foimd in the Lubbock Lake populations. Of the 16 recognized modem 

subspecies of muskrat, the four closest geographically (Ondatra zibethicus zibethicus, 

O.z. osoyoosnesis, O.z. cinnamominus, and O.z. ripensis) are studied. These subspecies 

occupy diverse environments encompassing river, plains, and mountain habitats. This 

diversity of habitat should provide for adaptive differences between the subspecies. 

Different climates cause subspecies to vary morphologically (Nelson and Semken, 1970; 

Brown and Lee, 1968; Purdue, 1980), and the analysis of modem subspecies will indicate 

if this variation applies to the Lubbock Lake populations. 

The sixth objective is to gain an understanding of the biology and phylogeny of 

the muskrat by reviewing the literature. The behaviors reviewed focus on response to 

drought, fluctuating water level, and predation, as these were pressures affecting the 

Lubbock Lake muskrat populations (Johnson, 1987a). Biological traits related to the 

microevolution of muskrats (such as fertility, diet, and gestation) provide a basis for 

explaining changes found within the Lubbock Lake populations. Trends found in the 

overall evolution of the muskrat lineage in North America, as well as the recent 
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microevolution of muskrats in Europe, may provide information useful in taxon 

designation for the Lubbock Lake populations. 

Significance 

The Lubbock Lake muskrat collection contains over 1,100 cataloged elements 

including 112 MiS. This collection represents the largest collection of subfossil muskrats 

on the Southem Plains (Dalquest and Shultz, 1992). They also appear to be the largest 

subfossil collection of muskrats in the U.S. As muskrats are indigenous to North 

America, the Lubbock Lake collection may be the largest known fossil or subfossil 

collection in the world. This unparalleled sample size allows reliable population 

parameters to be estimated. The well-dated strata and established paleoenvironments 

provide good indications for the conditions prevalent during muskrat occupation. The 

Lubbock Lake populations, therefore, are a significant resource in the study of muskrats. 

The modem muskrat is one of the best studied mammals of North America 

(Martin, 1979). The lineage is well documented in the fossil record, and represents one 

of the best-known examples of anagenic speciation (Martin, 1979). The muskrats of the 

late-Pleistocene and early-Holocene are not as well-documented as those of earlier and 

modem time periods (Nelson and Semken, 1970; Martin, 1979; Hollister, 1911; 

Errington, 1963), perhaps due to a lack of specimens. The pattem in many faunal 

analyses has been simply to report the presence of muskrat and interpret a permanent 

water source from this occurrence (Ludelius, 1972; Slaughter and Ritchie, 1963; 

Slaughter and Hoover, 1963). Not only has this interpretation undemtilized the 



information to be gained from muskrat remains, it is also incorrect as muskrats may live 

in the absence of water for short durations (Boyce, 1978). There are no known 

collections of muskrat that have been documented from successive populations that are 

recorded in stratigraphy as well-dated as Lubbock Lake. 

The late-Pleistocene and early-Holocene witnessed an important transition from 

ice-age faunas to more modem faunas. The climatic and environmental changes that 

affected the better known animals of this period (such as mammoth and bison) may best 

be studied in the smaller mammals present during this transitional period. Small 

mammals reproduce more rapidly, allowing for a quicker response to environmental 

change (Brandon, 1990). A pair of mating muskrats can produce ca. 35 progeny in a year 

if conditions are favorable (Wilner et al., 1980). The successive muskrat populations of 

Lubbock Lake provide for the rare opportunity to record environmental change already 

well-documented by other means. 

Accurate dental parameters produced by this research allow for greater 

confidence in the determination of species or subspecies of Ondatra from any locality, 

thus providing a valuable tool for future paleobiological research. Current methods rely 

on ratios to distinguish between populations. Indices dependent on ratios, however, 

inherentiy are unreliable (Gould, 1966; Glantz, 1981). For this reason, more detailed 

measurements of the Mj from Ondatra zibethicus provide a new and more accurate 

method of determining taxon designation. 
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CHAPTER II 

BACKGROUND 

Overview of the Muskrat 

A general overview of the biology and behavior of modem muskrat provides a 

foundation for understanding late-Pleistocene and early-Holocene muskrats. Knowing 

how muskrats live and behave today allows for models of past muskrat behavior and 

lifeways to be constmcted. This review includes muskrat ecology, behavior, and 

morphology, with a specific focus on the lower first molar (Mi). The paleoecology of 

Lubbock Lake will also be presented for the period of muskrat habitation. 

Classification 

The muskrat is classified in the order Rodentia, suborder Myomorpha, 

superfamily Muroidea, family Muridae (mice and voles), subfamily Microtinae (voles, 

lemmings, and muskrats), and the genus Ondatra (Ellerman, 1966; Alderton, 1996). 

Some researchers split the murids, placing muskrats in the family Cricitidae (Hillson, 

1986). The murids have molars based on a cup and loph form, while cricitid molars are 

highly variable and are based on a plan of two parallel, mesiodistally-aligned rows of 

cusps (Hillson, 1986). Many authorities, however, do not consider the differences 

between Muridae and Cricitidae worthy of warranting familial distinction (Jones and 

Manning, 1992; Wilner et al, 1980; Nowak and Paradiso, 1983; Alderton, 1996). Both 

taxa have Old and New World representatives with tooth morphology the basic 



distinction between the groups (Jones and Manning, 1992). In current taxonomy, the 

species Ondatra zibethicus (Linnaeus) is the only modem species. Subspecies 

designation is given to 16 geographic populations of modem O. zibethicus (Figure 2.1). 

The subspecies classification is based largely on differing pelage coloring and size 

variations (Hollister, 1911). One extinct subspecies of muskrat has also been named 

(Lawrence, 1942). This subspecies is Ondatra zibethicus floridanus from the 

Ichetucknee River of Florida, and represents a very large variety (ca. l,600g) of muskrat 

that lived at the height of the Wisconsin glaciation. 

General Characters 

The muskrat, largest of the microtine rodents, essentially is a large vole adapted 

to a semi-aquatic lifestyle. The head is large and flattened with small eyes and rounded 

ears (Wilner et al., 1980). The tail is flattened laterally, long, and scaled. The hind feet 

are partially webbed and much larger than the forefeet (Wilner et al, 1980). Extemal 

and cranial measurements indicate no sexual dimorphism (Wilner et al, 1980) and sexual 

variation in general is absent (Hollister, 1911). The dental formula for muskrats is 1/1, 

0/0, 0/0, 3/3. The incisors are ever-growing and there is a broad diastema separating the 

incisors from the cheek teeth (Jones and Manning, 1992). The color of pelage ranges in 

different subspecies from black, to light brown, to reddish brown, and even white or 

silver (Hollister, 1911). 

The weight of adult muskrats varies from 700 to l,800g (Errington, 1963). 

Muskrat body size is largest in regions of high annual precipitation and low seasonality in 
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rainfall pattems, and also is affected by the predictability of precipitation from year to 

year (Boyce, 1978:9). Boyce (1978:9) proposes two explanations for this relationship 

between rainfall and body size: (1) smaller body size enhances survivability through 

extended droughts because smaller body size requires less food; and (2) small body size 

is a response to low food availability as a result of poor survivorship and germination of 

muskrat food plants in areas of fluctuating water levels. Small body size becomes 

adaptively favorable when the resources required for normal growth and maintenance are 

reduced (Ealey, 1967). In addition to water availability, climatic seasonality and 

longitude correlate to muskrat body size. This correlation of body size to longitude is 

found in many species, with cold-adapted species tending to be larger (Brown and Lee, 

1969; Boyce, 1978; Purdue, 1980; James, 1970). 

Ecology 

Muskrats inhabit an extensive and varied range, with populations occupying 

arctic tundra environments to Gulf Coast marshes. The environments share shallow and 

relatively stable water levels and the appropriate vegetation for food and lodging. 

Muskrats generally inhabit any stream, creek, marsh, or pond where these conditions are 

present (Dauphine, 1965). Muskrats range over most of North America (Figure 2.1). 

They were introduced to Europe in the 1920s, and now have viable populations 

throughout the continent (Danell, 1978). Scandinavia, Russia, Japan, China, and the 

mainland and islands of the southem tip of South America also support muskrat 

populations (Danell, 1978; Wilner et al, 1980; Pine et al, 1973; Alderton, 1996). 
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Figure 2 1 Distribution of the subspecies of Ondatra zibethicus in North America: (1) 
O z albus- (2) O.z. aquihnis; (3) O.z. bemardi; (4) O.z. cinnamominus; (5) O.z. 
Roidmani- (6) O.z. macrodom; (7) O.z. mergens; (8) O.z. occipitalis; (9) O.z. 
osoyoosensis; (10) O.z. pallidus: (U) O.z. ripensis; (12) O.z. rivalicus; (13)0.2. 
spatulatus' (\4) O.z. zalaphus; (15) O.z. zibethicus; (\6) O.z. obscurus; (17) introduced 
O.z. zibethicus (adapted from Wilner et al, 1980; Anderson, 1972; Banfield, 1974; Hall 
and Kelson, 1959; Yocum andEley, 1972). 
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Muskrats are herbivorous and subsist largely on plant material in and around 

water sources (Table 2.1) (Bellrose, 1950). Muskrats may consume plant material in 

such quantity as to have a detrimental impact on the vegetation of the area (Wilner et al, 

1980). The presence of cattle or bison may be harmful to muskrat feeding as these 

animals graze on and trample stands of marsh plants during low water periods (Boyce, 

1978). While muskrat have definite preferences, they are versatile in their food habits. 

Muskrats, on occasion, consume animals such as crayfish, frogs, snails, and fish (Sather, 

1958; Bellrose, 1950). Animal material is typically consumed during periods of low 

plant availability (Dauphine, 1965). In periods of drought, woody plants and the bark of 

trees also may be eaten (Errington, 1963). 

Table 2.1. Plants commonly eaten and utilized by modem muskrats 
(Sather, 1958; Errington, 1961, 1963; Bellrose, 1950; Neal, 1968). 

Common Name 
sedge 
cattail 
bullmsh 
bur reed 
pondweed 
arrowhead 
duckweed 
smartweed 
willow 
lotus 
reed 
wild rice 

Genera 
Carex 
Typha 
Scirpus 
Sparganium 
Potamogeton 
Sagittaria 
Lemna cf minor 
Polygonum 
Salix 
Nelumbo 
Phragmites 
Zizania 

Local habitat determines the type of dwelling muskrats use. Muskrats either build 

lodges or dig burrows, dependent upon the environment (Dauphine, 1965). "Pushups" 

are another type of dwelling seen over icecracks (MacArthur and Aleksiuk, 1979). 

13 



Burrows may be dug on high, solid banks near the waters edge (Dauphine, 1965). 

Lodges are constmcted in shallow, marshy areas that lack suitable banks for burrowing, 

and usually are constmcted on firm substrate. These lodges come in two basic types: 

dwellings and feeding houses. Feeding houses generally are about 60cm (2 feet) above 

water and much smaller than dwellings that rise 120 to 150cm (4 to 5 feet). Constmction 

materials typically are the dominant emergent plants in the surrounding environment 

(Sather, 1958; Wilner et al, 1980). Many entrances to the lodge can exist, generally 

below the water line. The average depth of water around these stmctures ranges from 42 

to 100cm (17 to 40 inches) (Sather, 1958). The highest concentration of lodges occurs at 

approximately 30cm (1 foot) of water (Bellrose, 1950). 

While muskrats are prey for many predators, today humans are the leading cause 

of muskrat mortality. Muskrats are the most valuable semi-aquatic, fiirbearing mammal 

in North America, with industry totals in the millions of dollars (Wilner et al, 1980). 

Muskrat pelts have been an important trade item and since 1971 pelt harvests have 

continued to rise in value (Deems and Pursley, 1978). Muskrat populations are able to 

tolerate harvests of up to 85% and maintain stable numbers from year to year (Errington, 

1963). Muskrat also are hunted by humans prehistorically (Johnson, 1987c; Guilday and 

Parmalee, 1965). 

Raccoons (Procyon lotor), feral dogs (Canis domesticus), coyotes (Canis latrans), 

and mink (Mustela vison) are natural predators of the muskrat in the U.S., while red fox 

(Vulpes vulpes), polecat (Putoriusputorius), mink, and stoat (Mustela erminea) are 

predators in Europe (Wilner et al, 1980; Danell, 1978; Troostwik, 1976; Zlobin, 1973; 
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Sather, 1958). Muskrats appear less frequently in avian diets, but remains have been 

recovered from the pellets of great homed owls (Bubo virginianus), bald eagles 

(Haliaeetus leucocephalus), and a variety of hawks (Buteo) (Wilner et al, 1980). Also 

affecting muskrat mortality are a variety of parasites and diseases. The frequent 

endoparasites are trematodes and nematodes, while the dominant ectoparsites are ticks 

and mites (Acarina) (McKenzie and Welsh, 1979; Good, 1973; Sather, 1958). 

Intraspecific confrontations affect the stmcture of populations and mortality. 

Conflict is generally a factor of over-crowded conditions and competition for resources 

(Dauphine, 1965). The period of highest conflict is during and just before breeding 

season. Males establish dominance through fighting, and both sexes will defend marked 

territory. Females prove particularly aggressive when defending breeding grounds and 

will often attack any intmder (Errington, 1963). Low ranking males may be forced from 

the area into less favorable conditions, and the optimum burrow sites are often inhabited 

by older and larger muskrats (Steiniger, 1976). 

Form and Function 

Muskrats have mean litter sizes ranging from 4 to 9 young with the most common 

being 6 or 7 (Wilner et al, 1980; Dauphin, 1965). Litters are bom 2 to 4 times per year 

with muskrats in poor quality habitats generally having smaller litters (Wilner et al, 

1980). Gestation is 29 days and the estms cycle is approximately 30 days (Dauphine, 

1965). Peak reproductive activity for most muskrats is in the spring months, although 

muskrats from southem latitudes breed all year with peaks in the winter (Wilner et al, 
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1980). Most muskrats become sexually active in the first spring after their birth. A small 

percentage of immature animals are reported to participate in precocial breeding activity 

(Wilner et al, 1980; Errington, 1961). 

Prior to mating, muskrats release the musky scents for which they are named. 

These scents are released from glands in the perineal region (Alderton, 1996). Muskrats 

pair bond but are prone to promiscuity (Errington, 1963). Mating occurs in partially 

submerged conditions. The mother is the sole care giver under normal conditions, with 

the father providing care only in the event of the mother's death (Errington, 1963). 

Young are bom in the nest chambers of the house, or in the nest of coots (Fulica 

americana) and diving ducks (Wilner et al, 1980; Errington, 1963). 

Neonates are hardy and can tolerate temperature of 0°C. They are pink to gray in 

color, sparsely covered with soft fur, and have a rounded tail (Errington, 1963). While 

they are blind at birth, eyes open around day 14 and they are active and able to swim. 

Incisors empt on day 6 or 7 and the young muskrats are weaned by the end of the fourth 

week. Sex ratios favor males over females, with males accounting for approximately 

55% of all age groups (Beer and Tmax, 1950). The life span of a muskrat is 3 to 4 years 

(Errington, 1963). 

Behavior 

Muskrats have relatively small home ranges. Studies of radio-collared muskrats 

placed the majority of animals within 15m of their primary dwelling, with most feeding 

taking place inside 10m (Wilner et al, 1980). Larger home ranges are associated with 
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poor habitats (Neal, 1968). Spring and fall are periods of increased movement. Unmated 

males are the primary agent in the shifting and dispersal of muskrat populations, 

occasionally wandering great distances. The ability of some muskrats to monopolize 

certain habitats also affects the distribution of the overall population (Messier et al, 

1990). 

The muskrat is very territorial and tends to remain close to home (Sather, 1958). 

Even during adverse conditions such as drought or heavy predation, the muskrat is slow 

to leave for a more favorable environment (Errington, 1939). Muskrats have been known 

to live in the apparent absence of water for weeks and are hesitant to leave home ranges 

during drought conditions (Boyce, 1978). Muskrats prefer to change their living routines, 

such as switching to less preferred foods, to adjust for a drying environment (Errington, 

1939; Boyce, 1978). An increase in intraspecific strife, vulnerability to predation, and 

loss to hunger and cold in winter occurs when muskrats wander randomly (Errington, 

1939). Although muskrats may experience heavy mortality or even total demise by not 

migrating, they generally survive at a rate higher than those that attempt to disperse 

(Errington, 1939:185). However, in response to extreme environmental conditions (such 

as flood or drought), larger portions of the population may disperse at any time of the 

year (Errington, 1939; Bellrose and Brown, 1941). 

Muskrats primarily are noctumal, but may be active during the day (Stewart and 

Bider, 1977). Peak periods of daily activity are late-aftemoon and late-evening (Stewart 

and Bider, 1977). Greater movement occurs during days with rainfall (Wilner et al, 

1980). 
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The biological data indicate that muskrats are excellent animals to study for 

adaptation. First, they reproduce rapidly and frequently. Second, they tend to remain in 

home ranges even during periods of poor environmental conditions rather than migrate to 

better areas. These traits allow for changes in the genetic makeup to be passed quickly to 

subsequent generations with minimal gene flow. Lastly, muskrats live near water sources 

that provide conditions under which their remains may be preserved. 

The Lower First Molar 

Research focuses on the Mi for three reasons: (1) it is the most well-known 

indicator of different climatic regimes for the genus Ondatra (Nelson and Semken, 1970; 

Martin, 1993; Lewis and Johnson, 1998); (2) it is the most common element in the 

Lubbock Lake collection; and (3) it frequently is the most common element in other 

muskrat collections (Martin, 1979; Dalquest and Schultz, 1992). This review of 

morphology and paleoenvironmental significance provides the framework for detailed 

discussion about and interpretations based on the Lubbock Lake molars. 

Morphology 

Modem muskrat MiS are comprised of an anterior loop, a posterior loop, and 

seven triangles distributed along the labial and buccal surfaces of the tooth (Figure 2.2). 

The triangles are separated by re-entrant angles. Cementum accumulates in tiie re

entrant angles during the life of the muskrat. Dentine tracks are left on the buccal and 

lingual sides of the tooth as a result of dentine wearing through the enamel. The dentine 
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Figure 2.2. Terminology used in describing the occlusal surface of the Mi: AL = anterior 
loop; ACC = anteriorconid complex; T = triangle; BSA = buccal salient angle; BRA = 
buccal re-entrant angle; LSA = lingual salient angle; LRA = lingual re-entrant angle; PL 
= posterior loop; TTC = trigonid-talonid complex (adapted from Martin, 1987; Viriotet 
al, 1993). 

tract is the area on the sides of the molars where dentine is exposed. This exposure is a 

result of ligaments holding the tooth in place due to increased hypsodonty (the continual 

growth of the tooth) (Hillson, 1986). Dentine tract height is used to determine age and 

species in modem and fossil muskrats (Nelson and Semken, 1970; Semken, 1966). 

Ontogeny 

Molars generally empt by the 15th day after birth. Immature teeth are recognized 

by indentations and convex or concave surfaces of the triangles (Figures 2.3, 2.4). Re

entrant folds are present in the anterior loop, giving a crenulated appearance (Viriot et 

al, 1993). The occlusal surface of the tooth is narrow relative to the overall width of the 

19 

1^1 



Labial side 

Buccal side 

Ondalmii islet 

Ii-fffg"̂ ! ^^ 

enamel ijrierruption 

Figure 2.3. Occlusal view of the three stages of development for muskrat molars: initial, 
intermediate, and advanced from left to right (adapted from Viroit et al, 1993). 

= cementum 

= dentine 

Figure 2.4. Side view of the three stages of molar development: initial, intermediate, and 
advanced from left to right (adapted from Viroit et al, 1993). 

tooth. Dentine converges among separate triangles, and the molar lacks a root of any 

description (Galbreath, 1954). Molar height increases for the first two to three months of 

growth. Specimens ca. 38 days old have a molar size within the range of variation for 
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mature muskrats. By the formation of the root of the tooth, no further growth generally is 

seen, and maturity is considered to have been reached (Galbreath, 1954). The immature 

period of molar development lasts from emption to approximately the 150th day of life 

(Galbreatii, 1954). 

Mature muskrats are defined by the development of roots (Figure 2.4) (Galbreath, 

1954). The lower portion of the triangles fiise togetiier to form a rounded collar at the 

base. This circular base constricts near the middle of the tooth, forming two roots. A 

third root occasionally forms by this same process. The tips of the roots remain open 

allowing nutrients to move into the tooth, and continue to grow at a rate nearly the same 

as the rate of crown wear (Galbreath, 1954). The occlusal surface looses the crenulated 

appearance and becomes less complex (Viriot et al, 1993). The mature stage of the 

molar is the period of approximately the 150th day through the 500th day of the 

muskrat's life (Galbreath, 1954). Old age is characterized by closed tips on the roots and 

at least 1/3 to 1/2 of the crown wom away (Figures 2.3,2.4) (Galbreath, 1954). The 

enamel strip that circumvents the occlusal surface becomes intermpted. Triangles 6 and 

7 tend to merge into the anterior loop, and the triangles become more rounded (Viriot et 

al, 1993). The large roots gradually constrict to form conical stmctures. An ondontrain 

islet forms when wear encircles a small area of enamel within the dentine (Figure 2.3). 

The normal rate of wear allows the teeth to last for the normal lifespan, and the loss of 

teeth in old individuals is expected to contribute to the death of the individual (Galbreath, 

1954). 
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The aging process has many characteristics related to the wear of the tooth. The 

process manifests itself by increasing the chewing surface between the immature and old 

age stages (Viriot et al, 1993). A corresponding increase in the enamel area and a 

decrease in occlusal complexity also occurs. The re-entrant angles widen from the 

central axis of the molar. This process is not necessarily a smooth transition, but rather 

occurs in stages with abmpt changes (Viriot et al, 1993). 

Evolution 

Fossil Evidence 

Available fossil evidence indicates that muskrats are endemic to North America 

and likely originated in the northem latitudes. The agreed upon ancestor is Pliopotamys 

minor, first found at the Hagerman site in Idaho (Martin, 1989; Zakrzewski, 1969). This 

first muskrat species dates to ca. 3.5 million years ago, however, all dates given for the 

early muskrat lineage are approximations based on associated fauna and stratigraphy 

(Table 2.2) (Martin, 1993; Nelson and Semken, 1970). The species has a highly 

crenulated anterior loop, followed by five distinct altemating triangles and a posterior 

loop (Figure 2.5). Martin (1993) suggests that all muskrats in the lineage should be 

placed in the genus Ondatra and species zibethicus, with all other taxa designation at the 

subspecies level. However, conventional taxa designations are followed, with two genera 

and six species recognized. 

Better separation is seen in triangles 4 and 5 in relation to the anterior loop of 

Plioptamys meadensis. Labial triangles are smaller in comparison with lingual triangles 
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in both species of Pliopotamys (Hibbard, 1959). Plioptamys meadensis appears in the 

fossil record ca. 3 million years ago (Martin, 1993). The cooling temperature of the 

Pleistocene allowed for the southem progression of muskrats (Martin, 1989). 

Competition with another aquatic rodent, Neofiber, may have limited the early muskrat's 

southerly movement. The round-tailed water rat Neofiber is indigenous to the southem 

areas of Nortii America (Martin, 1989). 

The first appearance of Ondatra idahoensis is ca. 2 million years ago (Martin, 

1979). Cementum is first seen in the re-entrant angles of the molars with the appearance 

of the genus Ondatra. The anterior loop is smoother, and the crenulated appearance seen 

Table 2.2. Proposed sequence of the muskrat lineage with 
approximate dates of first occurrence (adapted from Martin, 1993). 

Species Approximate Date 
.ImyB.P. 
.4 my B.P. 

l-.6myB.P. 
2.5 my B.P. 
3 my B.P. 

3.5 my B.P. 

Ondatra zibethicus 
Ondatra nebracensis 
Ondatra annectens 
Ondatra idahoensis 
Plioptamys meadensis 
Plioptamys minor 

A B O D E 

Figure 2.5. MiS of muskrat species arranged in chronologic sequence with the oldest at 
the left: (A) Pliopotamys minor; (B) P. meadensis; (C) Ondatra idahoensis; (D) O. cf 
annectens; (E) O. annectens; (¥) O. nebracensis; (G) O. zibethicus (adapted from 
Martin, 1979). 
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in Pliopotamys is lost. By ca. 1 million years ago, O. annectens replaces O. idahoensis in 

the geologic record (Martin, 1979). 

The amount of cement in the re-entrant angles increase in Ondatra annectens, and 

the posterior portion of the anterior loop opens into triangles 6 and 7 (Martin, 1984). 

Ondatra nebracensis is associated with the lUinoan and emerges ca. .5 million years ago. 

Ondatra zibethicus appears in the last 100,000 years and is the species of modem and 

Wisconsin-age muskrats (Martin, 1984). Ondatra nebracensis appears intermediate in 

size between O. annectens and O. zibethicus based on molar measurements (Dalquest, 

1992). Long-range trends for molars within the lineage are: (1) increased size of molars; 

(2) increased hypsodonty and dentine tract height; and (3) increased crown complexity of 

the Ml (Martin, 1979). Some researchers propose that the differences between O. 

zibethicus and O. nebracensis are merely differences related to characteristics of old age 

(Stephens, 1960; Martin, 1993), and suggest these two species be subsumed into one 

species. This view, however, is not followed by many researchers (Semken, 1966; 

Martin, 1979). 

The transformation from Pliopotamys minor through Ondatra zibethicus is one of 

the best-documented species to species transformations in the mammalian fossil record 

(Martin, 1989). The fossil species are defined primarily on characteristics of the Mi. 

Stephens (1960), however, suspects that O. annectens may have been a divergent lineage, 

with O. idahoensis leading to O. nebracensis. This split in the lineage is based on 

differences in the molars (Stephens, 1960). Hibbard and Dalquest (1966) also reported a 

fragment of a larger, more modem muskrat molar among the teeth of O. annectens in the 
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Vera local fauna, thus creating the appearance of two contemporaneous species. 

Contamination, however, is likely responsible for this anomaly (Dalquest, 1992). The 

scenario of a split lineage has been dismissed by most researchers in favor of a single, 

anagenic lineage (Semken, 1966; Martin, 1979, 1984; Schultz et al, 1972). 

Other significant changes are suggested for the muskrat lineage. The proposed 

weight of the muskrat has changed from ca. 120g in Plyoptamys minor, to ca. l,600g in 

Wisconsin-age Ondatra zibethicus, to an average 840g in modem O. zibethicus (Martin, 

1993). A host of other characteristics have been extrapolated, such as basal metabolic 

rate, life span, and number of offspring (Martin, 1993). All these values are based on 

body weight, that in tum is estimated from molar size. This type of speculation involves 

assumptions based on other assumptions, limiting confidence in the final results. 

Rate of Evolutionary Change 

The evolution of the muskrat lineage demonstrates a progressive rate of change 

with the last quarter of total time of evolution much faster (Martin, 1993). This pattem is 

emphasized when dentine tract is analyzed as a measure of hypsodonty. A more gradual 

pattem is found for crown complexity characteristics. The most obvious changes for 

crown complexity are found in the first quarter of total evolution of the muskrat lineage 

(Martin, 1993). The enamel histology also shows an increase in the amount of lamellar 

enamel with time, and coincides with the greatest increase in hypsodonty (Martin, 1993). 
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Process of Molar Evolution 

The morphological change of molars of muskrat and other microtine species 

(Figure 2.6) is accomplished by the addition of salient angles in the more advanced 

species (Gutherie, 1964). The Mi changes by adding to the anterior portion of the tooth. 

This tendency to change causes the anterior complex to be the most variable portion of 

the Ml. The addition of triangles is accomplished by further penetration of re-entrant 

angles in the anterior loop. The posterior loop abuts the anterior portion of the M2, 

preventing such variability (Gutherie, 1964). The different types of molars found in the 

Microtus lineage are linked to changes in diet (Gutherie, 1964). This pattem found in 

Microtus may serve as a model for changes in muskrat molars. 

B 

Figure 2.6. Tooth crown variations found in two species of Microtus: (A) M 
paroperarius; and (B) M. pennsylvanicus. The more variable areas of the tooth are 
highlighted (adapted from Gutherie, 1964). 

The phylogenetic change of molar appearance bears close resemblance to the 

ontogeny of the muskrat molar, suggesting that tiie observed evolutionary change has 

been heterochronic. The immature stage of development is characterized by the 
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crenulated anterior loop, larger buccal triangles, smaller width of occlusal surface to 

overall molar width, and lack of cementum. These features are also common to 

Pliopotamys. Subsequent muskrat species also bear resemblance to the developmental 

stages of the molar (Figures 2.3, 2.5). This type of correlation may suggest that the molar 

evolved by adding stages on to the developmental process in successive generations. 

This type of change in morphology is termed peramorphosis, and indicates the latter 

species developed by going beyond tiie ancestral adult condition (Klingenberg and 

Spence, 1993). This indication is based on a visual and subjective inspection of the 

molar and molar sketches, and no attempt is made to quantify this suspected link between 

the ontogenetic and phylogenetic trajectory of molar development. A lack of eariy 

muskrat specimens precludes an intensified analysis. 

Molar Variation Due to Climate 

The chronocline of molar morphology proposed by Semken (1966) estabhshed 

the importance of muskrat molars in late-Kansan and post-Kansan deposits. Research on 

the length to width ratio of these MiS revealed that interglacial muskrats have a 

significantly lower ratio than do glacial muskrats (Nelson and Semken, 1970). This 

information was subsequently applied to research on modem muskrats and found 

southem populations to exhibit lower length/width ratios than northem populations 

(Nelson and Semken, 1970). The data indicate that length/width ratios give reliable 

estimations on the relative temperature regimes of muskrat populations (Nelson and 
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Semken, 1970). This variability in molars due to temperature differences is used as the 

model for investigating the Lubbock Lake subfossil muskrats. 

Occurrence on the Southem Plains 

Although muskrat remains are a relatively common occurrence in North 

American Pleistocene deposits, these remains usually are in the form of isolated teeth, 

lower jaws, and skull fragments (Ludelius, 1972; Dalquest and Schultz, 1992). 

Considering that muskrats live in muddy areas that should aid in preservation, complete 

skeletons are unusually rare. The isolated remains may be a result of predation by birds 

of prey or other mammals (Dalquest and Schultz, 1992). The methods used in 

excavation at Lubbock Lake allow for recovery of all skeletal materials, and several 

relatively complete skeletons are known (Johnson, 1987a). 

While modem muskrat do not inhabit the Southem High Plains today, in the past 

they are pervasive (Figure 2.7). The first occurrence of Ondatra on the Southem Plains 

apparently is O. annectens. Ondatra nebracensis, the species intermediate between O. 

annectens and the modem O. zibethicus, is found on the Southem Plains, but has not 

been recovered from the Southem High Plains (Figure 2.7, Table 2.3) (Dalquest and 

Schultz, 1992). Of the five Southem High Plains localities with muskrat remains, only 

the Blackwater Draw locality has a muskrat molar (1) suitable for analysis from the late-

Pleistocene or early-Holocene. The four molars from Howard Ranch brings the total 

number of molars from outside Lubbock Lake on the Southem Plains for the time period 

of interest to five (Figure 2.7). These five molars do not constitute a suitable sample size 
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OKLAHOMA 

M =0. zibeihiais I = Lubbock Lake 
• =0. annectens 2 = Blackwater Draw 

J^'=0. nebracensis 3 = Howard Ranch 
• = Soutkern High Plains 

Figure 2.7. Recorded occurrence of fossil muskrats in northwestem Texas and eastem 
New Mexico (adapted from Dalquest and Schultz, 1992). 

Table 2.3. Recorded occurrences of Ondatra on the Southem Plains (Dalquest and 
Schultz, 1992; Johnson, 1987; Haynes, 1995:386). 

Locality Age in Years B.P. Dating Method Ondatra Species 
Bull Draw 
Deadman 
Mayfield Ranch 
Vera 
Merchant Ranch 
Lubbock Lake 
Howard Ranch 
Easley Ranch 
Beck Creek 
Blackwater Draw 
Sanford-Big Creek 

ca. 610,000 
ca. 610,000 
ca. 610,000 
ca. 610,000 
ca. 200,000 

ca. 11,100-8,500 
ca. 16,775-19,098 

ca. 35,000 
ca. 50,000 

ca. 11,800-11,000 
ca. 100,000-25,000 

stratigraphy 
stratigraphy 
stratigraphy 
stratigraphy 

fauna correlation 
radio carbon 
radio carbon 

fauna correlation 
stratigraphy/fauna 

radio carbon 
fauna correlation 

annectens 
annectens 
annectens 
annectens 

cf nebracensis 
zibethicus 
zibethicus 
zibethicus 
zibethicus 
zibethicus 

cf zibethicus 

for statistical comparison. In addition, the dates from these samples are not as precise as 

the Lubbock Lake dates, making correlation with any one Lubbock Lake population 
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difficult. These molars do, nonetheless, provide some morphological data for 

comparison with the Lubbock Lake population. 

Paleoenvironment and Stratigraphy 

Lubbock Lake Overview 

Remains from the muskrat populations at Lubbock Lake are found in substrata 

IB, 2A, 2B, and 2s (Figure 2.8). Lubbock Lake is a well-known archaeological site that 

has well-dated stratigraphy and an extensively studied paleoenvironment (Johnson, 

1987a). These factors allow for the deeper understanding of the conditions present 

during the time muskrats lived at Lubbock Lake. The detailed information on the 

stratigraphy and paleoenvironment available from Lubbock Lake permit an excellent 

opportunity to reveal the adaptive pressures to which the muskrats were subjected, and 

examine muskrat response to climatic change. 

10,000 BP 

11,000 BP 

0 0 * 0 • Q 0* 0 0 • 0 0 * " 0 0 * 0 0 • » 0 

Bedrock 

Figure 2.8. Simplified view of muskrat bearing substrata from Lubbock Lake (adapted 
from Holliday and Allen, 1987). 
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Substratum IB 

Stratum 1 represents a cool and humid climate where a meandering stream 

dominates the environment. Deposition in stratum 1 ended ca. 11,000 B.P. The exact 

time deposition began in stratum 1 is less well-known, but is suspected to be several 

thousand years before deposition ended (Holliday and Allen, 1987). The muskrat 

remains from stratum 1 occur primarily in substratum IB, radiocarbon dated to 11,100 

B.P. (Holliday et al, 1983). A few fragmentary remains are known from substratum IC 

and from the contact between stratum 1 and overlaying stratum 2. These remains are 

scant, lack MiS and, therefore, do not provide information conceming the adaptation of 

muskrats. The sediment of substratum IB is loamy sand deposited by the meandering 

stream (Holliday, 1985; Holliday and Allen, 1987). 

The climatic conditions present during the deposition of substratum IB are cooler 

and more moist than subsequent regimes. The mean annual temperature is ca. 13°C 

(55^^), with ca. 70 to 80cm of rain fall per year (Figure 2.9). This type of climatic 

regime limits the seasonal change through the year and keeps conditions more maritime. 

These circumstances promoted a greater diversity of species than later periods. 

Several plant species are indicated from seeds recovered during excavation (Table 2.4). 

The species from substratum IB indicate a hydric environment (Thompson, 1987). 

Pollen remains verify grasslands in the area and indicate nearby parklands are associated 

with the stream (Bryant and Schoenwetter, 1987). The presence of seepweed generally 

indicates saline or alkaline soils in modem populations (Corell and Johnston, 1970). 

Evidence for these conditions in stratum 1, however, is lacking. Two possibilities are 
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Figure 2.9. Aimual precipitation and temperature trends for the duration of muskrat 
occupation at Lubbock Lake (Peirce, 1987). 

Table 2.4. Flora found in muskrat bearing substrata at Lubbock Lake 
(Thompson, 1987; Bryant and Schoenwetter, 1987). 

Common Name Genera IB 2A 2B 2s 
netleafhackberry 
chara 
goosefoot 
msh 
spikemsh 
horsetail 
gaura 
gromwell 
devils-claw 
bullmsh 
buffalo bur 
seepweed 
cattail 

Celtis reticulata 
Chara sp. 
Chenopodium sp. 
Cyperaceae 
Eleocharis sp. 
Equisetum 
Gaura sp. 
Lithosperm sp. 
Proboscidae sp. 
Scirpus sp. 
Solanum rostratum 
Suaeda sp. 
Typha sp. 

X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X X 

X 

X 

X X 

X 

available that would explain this anomaly: (1) past species did not require saline or 

alkaline conditions; or (2) the seeds were carried or washed in from localized saline or 

alkaline habitats (Thompson, 1987). 

A large number and variety of vertebrates (Tables 2.5-2.9) inhabit the stream 

environment of substratum IB. While some are predators of the muskrat, other species 
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Table 2.5. Mammals found in muskrat bearing substrata (Johnson, 1987b) 

Common Name 
shrew 
desert shrew 
extinct giant armadillo 
cottontail 
blacktail jackrabbit 
Richardson's ground squirrel 
thirteen-lined ground squirrel 
Mexican ground squirrel 
blacktail prairie dog 
valley pocket gopher 
plains pocket gopher 
hispid pocket mouse 
pocket mouse 
Ords kangaroo rat 
plains harvest mouse 
cactus mouse 
white footed and pygmy mice 
northem grasshopper mouse 
hispid cotton rat 
southem plains woodrat 
meadow vole 
prairie vole 
southem bog lemming 
coyote 
gray wolf 
kit fox 
short-faced bear 
Columbian mammoth 
extinct stout-legged horse 
extinct small stilt-legged 
extinct peccary 
extinct camel 
extinct llama 
deer 
extinct antelope 
pronghom antelope 
extinct bison 

Genera 
Blarina sp. 
Notiosorex crawfordi 
Holmesina septentrional is 
Sylvilagus sp. 
Lepus californicus 
Spermophilus richardsonii 
Spermophilus tridecemlineatus 
Spermophilus mexicanus 
Cynomys ludovicianus 
Thomomys bottae 
Geomys bursarius 
Perognathus cf hispidus 
Perognathus spp. 
Dipodomys ordii 
Reithrodontomys montanus 
Peromyscus cf. eremicus 
Peromyscus spp. 
Onychomys leucogaster 
Sigmodon hispidus 
Neotoma cf micropus 
Microtus pennsylvanicus 
Microtus ochrogaster 
Synaptomys cooperi 
Canis latrans 
Canis lupus 
Vulpes macrotis 
Arctodus simus 
Mammuthus columbi 
Equus mexicanus 
Equus francisci 
Platygonus compressus 
Camelops hesternm 
Hemiaucheina 
Odocoileus sp. 
Capromeryx sp. 
Antilocapra americana 
Bison antiquus 

IB 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2A 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2B 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2s 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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Table 2.6. Reptiles found in muskrat bearing substrata (Johnson, 1987b). 

Common Name 
snapping turtle 
yellow mud turtle 
extinct Wilson's tortoise 
extinct tortoise 
pond slider 
extinct Carolina box turtle 
softshell turtle 
Great Plains skink 
racer 
worm snake 
com snake 
westem hook-nosed snake 
westem hog-nosed snake 
common king snake 
milk snake 
green or diamondback water snake 
water snake 
rat, worm or bull snake 
patch-nosed snake 
ground snake 
checkered garter snake 
ribbon snake 
common garter snake 
lined snake 
rough earth snake 
copperhead snake 
westem diamondback rattle snake 

Genera 
Chelydra serpentina 
Kinosternon flavescens 
Geochelone wilsoni 
Geochelone sp. 
Chrysemys scripta 
Terrapene Carolina 
Trionyx 
Eumeces obsoletus 
Coluber constrictor 
Carphophis amoenus 
Elaphe guttata 
Gyalopion canum 
Heterodon nasicus 
Lampropeltis getulus 
Lampropeltis triangulum 
Nerodia sp. 
Nerodia 
Elaphe or Pituophis sp. 
Salvadora 
Sonora semiannulata 
Thamnophis cf marcianus 
Thamnophis proximus 
Thamnophis cf sirtalis 
Tropidoclonion lineatum 
Virginia cf striatula 
Agkistodon contortrix 
Crotalus atrox 

IB 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2A 2B 2s 
X X 

X X X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X X 

X 

X 

Table 2.7. Amphibians found in muskrat bearing substrata (Johnson, 1987b). 

Common Name 
tiger salamander 
spadefoot toad 
cricket frog 
plains toad 
Friesenhahn Cave toad 
toad 
bullfrog 
pickerel frog 
leopard frog 

Genera 
Ambystoma tigrinum 
Scaphiopus 
Acris crepitans 
Bufo cognatus 
Bufo woodhousei bexarensis 
Bufo 
Rana catesbeina 
Rana palustris 
Rana pipiens 

IB 
X 

X 

X 

X 

X 

X 

X 

X 

X 

2A 

X 

X 

2B 
X 

X 

X 

2s 
X 

X 

X 
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Table 2.8. Fish found in muskrat bearing substrata (Johnson, 1987b). 

Common Name Genera IB 2A 2B 2s 
garfish 
quillback 
bullhead 
black bullhead 
channel catfish 
white bass 
sunfish 
green sunfish 
warmouth 
logperch and blackside darter 

Lepisosteus sp. 
Carpiodes cyprinus 
Ictalurus sp., cf Ameiurus 
Ictalurus melas 
Ictalurus punctatus 
Morone chrysops 
Lepomis sp. 
Lepomis cyanellus 
Lepomis gulosus 
Percina sp. 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Table 2.9. Birds found in muskrat bearing substrata (Johnson, 1987b). 

Common Name 
eared grebe 
pied-billed grebe 
Canada goose 
snow goose 
mallard duck 
gadwall or pintail duck 
pintail duck 
northem shoveler 
American green-winged teal 
duck 
teal 
mddy duck 
American marsh harrier or hawk 
turkey 
Virginia rail 
commom gallinule 
American coot 
mountain plover 
burrowing owl 
common nighthawk 
northen flicker 
homed lark 
common raven 
northem (common) mockingbird 
vesper sparrow 

Genera 
Podiceps cf nigricollis 
Podilymbus cf podiceps 
Branta canadensis 
Anser "Chen " caerulescens 
Anas platyrhynchos 
Anas strepera or A. acuta 
Anas acuta 
Anas cf clypeata 
Anas crecca carolinensis 
Anas 
Anas 
Cf Oxyura jamaicensis 
Circus cyaneus 
Meleagris sp. 
Rallus limicola 
Gallinula chloropus 
Fulica americana 
Charadrius ('Eupoda ") 
Athene cf cunicularia 
Chordeiles cf minor 
Calaptes auratus 
Cf. Eremophila alpestris 
Corvus corax 
Mimus polyglottis 
Cf Pooecetes gramineus 

1? 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2A 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2B 2s 
X 

X 

X 

X 

X X 

X 

X 

X 

X 
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are prey or competitors for resources with the muskrats. In addition to camivore 

predation, indications of butchery show that Paleoindian populations were preying on the 

muskrat (Johnson, 1987c). Many species present in substratum 1 indicate a cool, moist 

climate, greater annual temperature fluctuation, and increased seasonality (Johnson, 

1987b). 

The gastropods found in substratum IB (Table 2.10) indicate a northeastem 

woodland or moist component to the faunal assemblage (Pierce, 1987). Many of the 

species characterizing this cool, moist climate disappear by the end of deposition in 

stratum 1. An absence of montane species substantiates the lack of conifers in the area, 

while the presence of a unionid clam verifies through-flowing water during deposition 

(Pierce, 1987). The appearance of a small percentage of lucustrine gastropods during the 

period indicate the gradual change to a marshy environment (Peirce, 1987). 

Substratum 2A 

As the climate warms and dries, the stream of substratum IB gives way to a series 

of ponds. The sediments from these ponds begin with substratum 2 A. Substratum 2A 

dated from ca. 10, 800 to ca. 10,000 B.P. (Holliday et al, 1983, 1985). During this 

period, the climate continues to deteriorate, and ponds become shallower and eventually 

tum into a fresh-water marsh (Johnson, 1987a). The mean annual temperature rises from 

ca. 13°C (55T )̂ to ca. 16''C (61^^) from substratum IB to 2A (Pierce, 1987; Johnson, 

1987a). The mean annual rainfall, meanwhile, falls from ca. 75cm per year to ca. 55cm 

per year during tiiis time (Pierce, 1987; Johnson, 1987a). This drastic change in 
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environment causes many species to disappear from the archaeological record at 

Lubbock Lake, and provides the force for an adaptive response by the remaining taxa. 

Table 2.10. Invertebrates found in muskrat bearing substrata (Peirce, 1987). 

Genera (Terrestrial) IB 2 
Carychium exiguum x 
Pupoides albilabris x 
Gastrocopta cristata x x 
Gastrocopta pentodon x x 
Vertigo ovata x x 
cf Succinea x 
Oxyloma, cf Q. retusa x x 
Discus cronkhitei x 
Hawaii minuscula x x 
Euconulus fulvus x 
Genera (Aquatic) IB 2 
Promenetus exacous x 
Gyraulus parvus x x 
Gyraulus circumstriatus x 
Physa anatina x x 
Lymnaea palustris x 
Lymnaea humilis x 

The sediment in substratum 2A is composed of a thick layer of diatomite (local 

bed 1) overiain by a peat lens (local bed 2). Subsequent altemating layers (local beds) of 

diatomite and peat in 2 A vary in different areas of the Landmark (Holiday and Allen, 

1987). The diatomite layers represent periods of standing water, while the interbedded 

layers of peaty muds are interpreted as periods when water was just below the surface 

(Holliday and Allen, 1987). These conditions likely would have necessitated a change in 

lodging type for the muskrats, who would have probably forgone beach borrows in favor 

of lodges in shallow water. 
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The plant remains found in substratum 2A indicate a hydric environment (Table 

2.4) (Thompson, 1987), with many of the species found likely utilized by muskrats for 

food and lodging (Errington, 1963). The plant species are consistent with the 

stratigraphic evidence of ponds. 

The number of vertebrate species represented in substratum 2A is less than IB 

(Tables 2.5-2.9). Many species of reptiles, amphibians, and mammals in particular 

become extinct or retract their range by the beginning of deposition in substratum 2 A. 

Several predators of the muskrat remain, however, including wolf, coyote, and raptorial 

birds (Johnson, 1987b), and human utilization of the muskrat continues (Johnson, 

1987c). In addition, several small mammal and reptile species are probable competitors 

for the muskrat's resources, with prey species represented by several varieties offish and 

gastropods. The change in species reflects the changing climate and environment, and 

emphasizes the environmental pressure under which the muskrat lived. 

Substratum 2B 

Substratum 2B overlays 2A and consists of a homogeneous layer of organic silt 

and clay. This substratum is divided into upper 2B and lower 2B cienega. Phytoliths and 

diatoms are abundant, and lens of silicified plant remains are common (Holliday and 

Allen, 1987). Deposition begins about 10,000 B.P., forming substratum 2B cienega, a 

peaty mud deposit. Upper 2B begins deposition ca. 9,500 B.P. and ends ca. 8,500 B.P. 

(Holliday and Allen, 1987). Substratum 2B as a whole represents a slowly agrading bog

like environment with little or no standing water. 
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Floral diversity of substratum 2B is decreased compared to the underlying, older 

sediments (Table 2.4). A continued hydric environment is indicated, and pollen evidence 

follows that of substratum 2A (Thompson, 1987). The mean annual temperature rises 

from ca. 16°C (61^) to ca. 19°C (66°F) from substratum 2A to 2B (Peirce, 1987; Johnson 

1987a). The mean annual rainfall, meanwhile, falls from ca. 55cm per year to ca. 40cm 

per year (Peirce, 1987; Johnson, 1987a) 

The substratum 2B vertebrate fauna shows a change in variety of species (Tables 

2.5-2.9). The only fish recovered is the bullhead, a substantial decrease from the five 

species in substratum 2A, and the six from IB. Fewer reptiles are found in substratum 

2B, while birds and amphibians remain relatively stable (Johnson, 1987a). In contrast, a 

large increase, from 13 to 19 species, is seen in the mammalian fauna. As with preceding 

substrata, prey, predators, and competitors of the muskrat are all present (Johnson, 

1987b). The muskrat remains a prey item for human populations and the carnivores of 

substratum 2B (Johnson, 1987c). 

Substratum 2s 

Substratum 2s contains the largest quantity of muskrat molars (43) from any 

Lubbock Lake substrata. Substratum 2s is a near-shore interface deposit of 2A and 2B. It 

consists of slopewash composed of sand and gravel-sized particles of quartz and 

carbonate interbedded with organic-rich lenses of lacustrine sediment (Johnson and 

Holliday, 1985). The lacustrine sediment is deposited as a result of transgressions of 2A 
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and 2B. The lenses of sand and gravel often are convoluted complexly, possibly due to 

the discharge of local springs (Holliday and Johnson, 1985). 

The 1936 dredging at the Lubbock Lake Landmark has isolated the area where 2s 

occurs. Because 2A and 2B cannot be traced to their interface with 2s, 2s cannot be 

correlated directly with them (Holliday et al, 1985). Substratum 2s is correlated with 2A 

and 2B, however, based on radiocarbon dating, geomorphology, and local faunas. 

Radiocarbon dating of interbedded lacustrine sediments have provided ages of ca. 9,780 

B.P. for the upper local bed and ca. 9,950 B.P. for the lower local bed (Holliday and 

Johnson, 1985). The deposits that make up the interbedded sand lenses of 2s may have 

come from eroding Pleistocene deposits (Elias, 1995). The interbedded lacustrine 

deposits, however, show no signs of disturbance or redeposition (Johnson, personal 

communication, 1997). 

Bullmsh seeds are found in large quantities in substratum 2s, supporting the view 

that 2s is a shore facies of a pond deposit (Table 2.4). Buffalo bur, netieaf hackberry, and 

some species of devil's-claw generally are associated with moist lowland localities 

(Thompson, 1987). The guara is normal found in dry, sandy soil (Thompson, 1987). 

The variety offish, amphibian, and bird species represented in substratum 2s is 

limited. Reptiles and mammals, however, are numerous and closely follow the species 

found in substrata 2A and 2B. The gastropod species found are consistent with a 

lucustrine environment (Tables 2.4-2.7). Human utilization of the muskrat continued for 

the duration of muskrat habitation at Lubbock Lake (Johnson, 1987c). 
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Stratum 2 

The stratum 2 gastropods as a whole are almost exclusively lucustrine and marsh 

species (Pierce, 1987). A decrease is seen in the number of permanent water species and 

some northem species vanish by the end of deposition of stratum 2. Gyraulus 

circumstriatus is characteristic of temporary ponds and is associated with northem 

climates. The remaining gastropod fauna of stratum 2 indicate environmental conditions 

similar to the present, or perhaps a bit cooler (Pierce, 1987). The fauna is representative 

of a permanent, shallow, well-vegetated, spring-fed pond or oxbow (Pierce, 1987). The 

cool spring water would have allowed the northem species to persist in the warming 

environment, while the absence of terrestrial species indicates flooding was a rarity 

(Pierce, 1987). 

The paleoenvironments of the various muskrat-bearing strata are all consistent 

with habitats known to support healthy populations of modem muskrat (Errington, 1963). 

Aquatic plants and small fish, mammals, and gastropods are present for the duration of 

muskrat habitation, providing food and raw material for shelter. Enough water is present, 

either permanently or temporarily, on a year-round basis to allow the muskrats to survive. 

The pressures of a changing climate and habitat, however, provide the force for 

evolution. The environment of the muskrat was not static, as witnessed from the 

changing hydrology, flora, and fauna of the involved substrata. The added pressure from 

predators such as the camivores, birds of prey, and humans, also provide the opportunity 

for selection and, therefore, adaptation. 
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CHAPTER III 

METHODS AND THEORY 

Theoretical Perspectives 

Evolutionary Theory 

The definition of evolution from an organismic approach is a change in 

phenotype over generational time (Brandon, 1990). The method and rate of evolution 

has been modeled in several different ways, with the evolutionary models most discussed 

in current Quatemary evolution literature being punctuated equilibrium, phyletic 

gradualism, mosaic evolution, and staircase evolution (Martin and Bamosky, 1993:6; 

Mayr, 1997; Carroll, 1998). The processes of evolution assumed to be at work are 

different in these models, with the result being a statistical pattem emerging from the 

data. The pattems that emerge are representations of morphological change on 

population means (Figure 3.1). 

Martin (1979) suggests that the changes in muskrat dentition do not follow the 

pattem of phyletic gradualism. The rate of change in dentine tract height and overall 

tooth size is not constant, with more recent populations changing more quickly than past 

populations (Martin, 1979). The most common type of pattem seen in Quatemary rodent 

studies on molar morphology is a complex mosaic pattem of episodic phyletic evolution 

(Martin, 1993). The processes of evolution at the microevolutionary level generally are 

listed as genetic drift, mutation, gene flow, and natural selection (Brandon, 1990; Mayr, 

1997). Molar morphology itself need not be adaptive to be affected by these processes, 
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but it does have to be integrated with other components of the skull (skeletal, muscular, 

etc.), some of which may be adaptive either singly or as a complex. 

Components of 
Punctuated -
Equilibrium 

A. Stasis 

Types of 
Gradualism 

C. Constant-Rate 
Change 

B. Stairstep Change 

D. Variable-Rate 
Change 

E. Mosaic Change (more than one character) 
length width length width 

exampkl. example 2. 

Figure 3.1. The pattems of morphological change (dot and bar represent means and 
variation within a sample): (A) stasis: no directional change; (B) stairstep change: 
sudden shift of mean with stasis above and below; (C) constant-rate change: 
unidirectional change at a relatively constant rate; (D) variable-rate change: 
unidirectional change at a variable rate; (E) mosaic change: two or more characters 
undergoing change of differing pattems, such as length showing constant-rate change and 
width showing stairstep change (example 1), or length and width both showing stairstep 
change, but at different times (example 2) (adapted from Martin and Bamosky, 1993). 

The process of evolution usually requires geographic dismption of the original 

gene pool. The result is two or more reproductively isolated breeding populations 

(Gingerich, 1985). The conditions at Lubbock Lake during the duration of muskrat 

occupation can be viewed as a period of increasing isolation effectively producing 

geographic isolation for many of the species present. The transition from stream to 

marsh indicates that migration of aquatic mammals would have been increasingly 

43 



difficult. The behavior of modem muskrats also suggests a tendency to avoid migration 

during periods of adverse conditions, creating a behavioral barrier to movement 

(Errington, 1939). 

Natural Selection 

The premise of a response in morphology to a changing environment is dependent 

upon natural selection. The first condition of evolution by natural selection involves 

differential survivorship (Brandon, 1990; Mayr, 1976). For differential selection to 

occur, variation must exist. The second condition of natural selection requires that the 

traits selected be heritable. As the genotypes of offspring tend to resemble the genotypes 

of parents, the traits selected for may be passed to the offspring. These genotypic 

differences then are translated into phenotypic differences in the offspring during 

epigenisis (Brandon, 1990; Williams, 1975). The third condition of natural selection 

requires that different variants leave different numbers of offspring in succeeding 

generations (Brandon, 1990; Lewontin, 1978). The probability of successfully 

contributing genes to the next generation is the tme nature of natural selection (Mayr, 

1976). It is recombination rather than mutation that drives natural selection. While 

mutation operates at the genetic level, natural selection is concemed with phenotype 

(Mayr, 1976). Phenotypes vary around the mean and under normal conditions the mean 

is the most successftil phenotype. Under the effects of a selective force, however, 

variability in the population is available to respond to the force (directive selection) 
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(Mayr, 1976:38). Any trait will be selected for that adds to the probability of survival 

and reproductive success (Mayr, 1976:38). 

The ecology of the muskrats effects the adaptive forces at work in natural 

selection. The populations of plants and animals in the muskrats environment impact the 

behavior and biology of the muskrats (Errington, 1963). Over time, the ecology may 

reach a relative state of equilibrium, where competition and predation are relatively 

constant factors, and the forces of population growth, mutation, and dispersal are 

balanced. If ecological aspects of the muskrats habitat change in a constant or 

directional manner over many generations, the balance will shift (Carroll, 1998). 

Changes in any part of the environment may trigger an adaptive response in the muskrat 

by altering food sources, predators, lodging, or the availability of water. These changes 

may also trigger dispersal leading to geographical spread of the muskrat and a 

diversification of habitats (Carroll, 1998). Any significant or long-lasting change in the 

ecology may be expected to produce changes in the behavior of the muskrat (Errington, 

1963) and ultimately in the morphology of the muskrat (Nelson and Semken, 1970; 

Lewis and Johnson, 1998). 

Variation 

Mammalian tooth morphology is a heritable trait (Hillson, 1986). Variation, a 

requirement for natural selection, in muskrat tooth morphology is well-documented 

(Hollister, 1911; Martin 1978; Nelson and Semken, 1970). If the variation in muskrat 

tooth morphology leads to differential reproductive success, then the conditions for 
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natural selection are met. The differences in tooth morphology found in modem and 

fossil muskrat populations suggest that tooth morphology does lead to differential 

reproductive success in muskrats (Nelson and Semken, 1970). It is possible, 

nevertheless, for phenotypic responses to environment to be misinterpreted as genotypic 

adaptation. This separation of genotypic and phenotypic pattems of variation may not be 

necessary, however, to understand the pattems of adaptation to ecological variables 

because phenotypic responses are known to be in the same direction as adaptive genetic 

variation (Boyce, 1978:2). 

When analyzing past populations for morphological variation, certain 

assumptions about the nature of variation are made. When variation in fossil populations 

is compared to variation in modem relatives, the degree of variation is assumed to be 

relatively similar between the populations (Martin, 1993). That variation in a species 

may not be static fiirther complicates this comparison of past populations to their modem 

descendants. Amounts of intraspecific variation may have been higher or lower in the 

past. Conditions favoring rapid adaptation have been suggested to decrease the amount 

of variation in a population (Guthrie, 1964). 

If a population varies significantiy from other populations in the phyletic 

sequence, the population may require a different taxon designation. Comparison to 

modem samples must be accomplished to determine significance of the variation. 

Martin (1993:232) defines significance for these purposes as morphological change in a 

phyletic sequence where the variability of the sequence is notably greater than the 

interspecific morphological variation and/or at least equal to interspecific variation as 
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demonstrated by the closest living relative of the taxon under investigation. When the 

range of variation of the fossil population falls outside the norms of the modem 

population, the fossil population generally is given a new name at the proper taxonomic 

level (Martin, 1993:230). The population designation is problematic when dealing with 

collections like the Lubbock Lake muskrats as each designated 'population' actually 

consists of many generations and may span hundreds of years. However, in the event that 

the coefficients of variation are not dramatically different between the fossil and modem 

populations, the assumption that the fossil population represents a tme population is not 

unreasonable (Martin, 1993). 

Evolution in the Quatemary 

The Quatemary Period represents a time of fluctuating climates and environments 

(Brooks, 1970). This type of environmental uncertainty allows for the possibility of 

widespread adaptation. The last deglaciation of the Quatemary had profound affects on 

the evolution of North American fauna (Graham and Mead, 1987). The climatic changes 

on the Southem Plains at the end of the Quatemary saw a shift from an equable climate 

to a pattem of increased climatic fluctuation common to continental weather regimes. 

The extremes of this continental pattem are the limiting factor for biological organisms 

rather than the means, as related to both temperature and moisture (Graham and Mead, 

1987). The trend seen in the change between Pleistocene and Holocene faunas is that the 

southem limit of species underwent the largest amount of adjustment, while northem 
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limits essentially were unchanged (Graham and Mead, 1987). Due to extremes in 

summer temperature, some species were forced northward. 

Modem species often are represented in the Quatemary record, allowing for 

comparisons and modeling with direct ancestors (Martin and Bamosky, 1993). The 

effects of paleoclimatic change can be analyzed for effects on morphological or 

behavioral changes in a lineage. Skeletal material must be abundant to document this 

change with accuracy, and the stratigraphic record must be complete. Samples of 

populations must be closely spaced in the stratigraphic record for testing the continuity or 

discontinuity of morphological evolution either within or between species (Gingerich, 

1985). A precise chronological framework is a necessity for evaluating evolutionary 

changes. The Quatemary allows for the use of accurate radiocarbon dating for the last 

40,000 years and potassium-argon dating from the beginning of the Pleistocene up to ca. 

35,000 B.P. (Rapp and Hill, 1998). These dating techniques increase the temporal 

precision of observed change in this period. Cultural assemblages also may be used to 

date strata and faunas. Caution must be exercised, however, to avoid a circular method 

of dating, whereby faunas are used to date strata, that in tum are used to date faunas. 

Cultural assemblages are limited further since they are geographical and time 

transgressive in nature (Graham and Semken, 1987). 

Quatemary changes in dentition are known to document transitions from ancestral 

to extant character complexes (Martin and Bamosky, 1993:2). The complex nature of 

mammalian teeth allow most species to be identified by dentition alone and make teeth 

an excellent tool for studying evolution and taxonomy (Gingerich, 1985,1993). The 
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gradual but consistent changes in microtine rodent teeth generally are viewed as reliable 

indicators of age in North American Quatemary faunas (Graham and Semken, 1987:5). 

The muskrat lineage provides an excellent example of a documented morphological 

change of dentition (Martin, 1979). 

The Archaeological Record 

The study of past species can be problematic. Modem species often are 

designated through traits not easily observed in most fossil and subfossil populations. 

Traits such as pelage coloring and other non-skeletal characteristics generally are not 

preserved. Research, therefore, must attempt to establish osteological parameters for 

taxa designations. The variation within a taxon, however, may not allow for conclusive 

distinctions (Graham and Semken, 1987). Research has been successful, nonetheless, in 

describing muskrat subspecies with quantitative methods (Hollister, 1911; Gould and 

Kreeger, 1948). This skeletal description has not addressed the dentition of the muskrat 

sufficientiy, however, and designating subspecies based on molar morphology has not 

been attempted. 

When dealing with archaeological specimens, several considerations must be 

addressed. The techniques used in the recovery of the specimens is a critical factor. 

Differing techniques may lead to vastiy differing conclusions about tiie past (Schiffer, 

1987). An example of different techniques affecting interpretations of the past is the 

paucity of muskrat material for all sites on the Southem Plains except Lubbock Lake. 

Blackwater Draw shares a similar environment with Lubbock Lake during the late-
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Pleistocene, yet has only a single Mi (Lundelius, 1972; Holliday, 1997). What was 

probably a large and thriving population of muskrats for thousands of years is virtually 

missing. In contrast, Lubbock Lake has a wealth of not only muskrat material, but also 

many smaller organisms (Johnson, 1987c). The distribution of subfossil muskrats on the 

Southem Plains likely reflects different methodologies of excavation rather than the 

spatial distribution of past muskrat populations. On the Southem Plains, only a handful 

of unbroken muskrat M,s exist from the late-Pleistocene and early-Holocene for reliable 

analysis. Without the knowledge of differing recovery techniques, a distorted picture of 

the paleoenvironment would appear. 

Breakage and damage of the material during collecting is another potential 

problem for excavated material. Screening for small mammal bones can be a destmctive 

process even when care is taken. Bones broken in-situ during removal obviously are 

modified by the excavation process (Andrews, 1990). The use of microrecovery through 

water processing with fine-mesh screens and careful excavation techniques can help to 

maximize the information gained in the excavation process, and limit the loss of data. 

Taphonomic Processes 

Taphonomic processes affect material in the archaeological record. Osteological 

material may undergo several modifications that could affect analysis (Rackham, 1994). 

Predation is a major cause of death among small mammals, and many predators produce 

small bone accumulations (Lyman, 1994; Hoffman, 1988; Rackham, 1994). This process 

may affect random sampling, and introduces remains of foreign individuals into the local 

50 

m^^^mmmmam^m^m^mtmauttitm^iiimii^maikt-tl 



population. Passing through the digestive system also may affect bone by demineralizing 

it or removing enamel (Andrews, 1990). 

Modifications occurring shortly after death include the effects of scavenging, 

decay, and trampling. Scavenging is similar in effect to predation in that the animal may 

be removed and deposited in a different area. Bones may be gnawed on for calcium, 

phosphorous, or for sharpening incisors, causing damage or destroying the material 

(Andrews, 1990). Decay of soft tissues leaves the bones exposed to the environment. 

Small bones may be swept away in water currents and deposited large distances from the 

point of origin. Trampling may disperse and break bones, particularly small mammal 

bones that are fragile. Damage may include scratching, scraping, or gouging (Lyman, 

1994). The most dramatic affect of trampling is the absence of the skull. Experiments 

have shown that skulls generally are the first element to be broken in a trampled area 

(Andrews, 1990). 

Bones left exposed to the environment may undergo weathering. The effects on 

small mammal bones generally include splitting and chipping. Differential contracting 

between enamel and dentine, for example, may cause fissures that split the tooth apart in 

time (Lyman, 1994). Continued weathering can cause flaking and loss of segments of the 

bone. Bones can remain exposed for years, however, before the effects of weathering are 

noticeable. Even after three years of exposure, studies show the effects on small 

mammal bones to be minimal (Andrews, 1990). Climate can either speed or slow this 

process, with damp environments tending to have a faster weathering rate. Exposure also 

leaves bones susceptible to buming (Lyman, 1994). 
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Burial protects bones from the worst effects of weathering, but can subject the 

material to physical damage and chemical erosion due to materials in the sediment. This 

damage may be in the form of etching from highly acidic soils, root marks from plants, 

and corrosion (the process of being eaten or wom away) from high organic acids and 

humidity (Lyman, 1994). These processes may cause decay of the surface or the creation 

of channels. The effects of burial generally affect the entire bone more or less equally, 

with the complete surface being altered. Bones softened in the ground may also be 

subject to breakage due to freezing (Andrews, 1990). 

Methodology 

The Model 

Previous studies of muskrat molars indicate a correlation between the length to 

width ratio of the molar and the climate the muskrats inhabit. Muskrats from cooler 

climates show a progressively larger molar ratio when compared to muskrats from 

warmer climates. This trend is supported with research from modem muskrat and data 

from fossil muskrat of glacial and interglacial periods (Semken, 1966; Nelson and 

Semken, 1970; Martin, 1979). The studies use well-dated samples of reliable size to 

draw these conclusions. While clinal variation of species is common and not limited to 

muskrats, muskrats are used as an example of this phenomenon frequently (Carroll, 

1998). The data gathered and the conclusions supported in these studies of clinal 

variation of muskrats serve as the model for the research on the MiS of the Lubbock Lake 

muskrat populations and the corollary study of modem subspecies. The model allows for 
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an expected outcome in the Lubbock Lake analysis and serves to guide the methods used 

m testing the molars. The objectives of this research do not include modifying the 

model, although research on the Lubbock Lake molars provides the opportunity to test 

the effects of climatic change on molar morphology on a large sample. While a negative 

result will not invalidate the model, a positive resuh will support and possibly refine it. 

Research Hypothesis 

The null hypothesis (Ho) in biological terms states that the four muskrat samples 

from the Lubbock Lake Landmark show no variation among each other based on molar 

morphology. If the four samples all are from the same population, then the statistics for 

each sample should vary only randomly. The altemative hypothesis (Ĥ ,̂) states that 

significant variation does exist between the samples of muskrats. If this variation is non-

random, the samples can be assumed reliably to have come from different populations. 

This hypothesis is a two-tailed test of the population parameters. While a two-tailed test 

is less powerful than a one-tailed test, it holds the highest chance of finding an effect 

(Glantz, 1981). As no reliable evidence is known a priori to suggest definitively which 

direction any variation may be, the two-tailed test is pmdent. 

Assumptions 

Four assumptions are made conceming the Lubbock Lake samples that, if 

incorrect, may bias the results. The first assumption is that the materials recovered from 

Lubbock Lake originated there and were not carried in by humans, animals, water, or any 
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other means. If this assumption is not tme, the samples are not representative of the 

fauna from Lubbock Lake. Materials originating from outside Lubbock Lake would give 

misleading information about the muskrats and the paleoenvironment. This assumption 

does not include the voluntary movement of muskrats from another area into the 

Lubbock Lake area, or vice versa. This type of movement would be considered part of 

the natural fluctuation of the populations. The assumption is only concemed with the 

introduction of muskrat material via a method contrary to the natural, free movement of 

muskrats. No evidence exists to contradict this assumption (Johnson, 1987a). 

The second assumption is that individuals from designated substrata have a higher 

degree of relatedness to each other than with samples from other substrata (i.e., substrata 

have not been disturbed). Defining any one group in a paleontological context already is 

problematic, since each designated 'potential population' actually covers a period of time 

(ranging up to hundreds of years for the Lubbock Lake populations). The populations are 

not all interbreeding individuals from the same group. This heterogeneity of populations 

alone may be expected to cause a higher degree of variation and standard deviation 

within groups than modem populations exhibit. If the variable populations are 

complicated further by the strata being disturbed, the comparison of samples would be 

misleading. The result would be the acceptance of the null hypothesis (no variation) 

when variation is present between the time periods (a type II error). Previous research 

suggests that the strata have not been disturbed in substrata relevant to the muskrat 

specimens (Johnson, 1987a; Holiday, 1985; Holiday and Allen, 1987, 1985). 
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The third assumption is that a random sample of the muskrats is represented in 

the archaeological record. The muskrats have come from several excavation areas within 

the Lubbock Lake Landmark. These areas are not chosen with the objective of finding 

muskrats randomly. The assumption must be that the areas producing muskrat remains 

are not biased in some way against a random sample of muskrat. An example of 

potential bias is if Clovis hunters were selecting a certain size muskrat for capture, and it 

were these selected muskrats found during excavation. The measurements would, 

thereby, appear larger than the tme population parameters and lead to a type I error (the 

appearance of variation when none is present). If the muskrats represent prey 

assemblages of either humans or other camivores, the paleoecological value of the 

assemblage is decreased as the assemblage represents the tastes or abilities of the 

predator more than the original population (Andrews and Evans, 1983). Many of the 

Lubbock Lake muskrats are associated with culturally modified bone assemblages, and 

several muskrat bones bear cut marks indicating butchery (Johnson, 1987c). Each 

population studied exhibits a range of ages (from juvenile to old age) and lacks any 

indication of having passed through the digestive system of a predator, suggesting 

negligible selective hunting or predator involvement. The Lubbock Lake muskrats, 

therefore, are analyzed as random. 

The last assumption is that all measurements are independent of each other. No 

reason exists to assume measurements of any molar should affect the measurements of 

another molar and, therefore, the data can be assumed to be independent of each other. 
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The Lubbock Lake samples should provide reliable data provided these four assumptions 

are valid. No a priori knowledge exists to suggest any of the assumptions are ill-founded. 

Populations Studied 

In addition to the Lubbock Lake populations at the focus of this research, samples 

of four modem subspecies also are measured: Ondatra zibethicus zibethicus (70 

specimens), O.z. cinnamominus (40 specimens), O.z. ripensis (51 specimens), and O.z. 

osoyoosensis (25 specimens). The O.z. zibethicus specimens are from Illinois; O.z. 

osoyoosensis from Colorado and Utah; O.z. ripensis from southwestem Texas; and O.z. 

cinnamominus primarily from Colorado and northem Texas, with some specimens from 

North Dakota, Wyoming, and British Columbia. These subspecies geographically 

represent the four nearest modem subspecies to Lubbock Lake, and also represent 

populations from northem environments, southem environments, mountain habitats, 

marsh habitats, and river habitats. The geographical expanse covered by these subspecies 

runs from east coast to west coast, and from Canada to southwestem Texas. A good 

cross section of modem variation should be represented in these differing subspecies. 

The few subfossil specimens located from outside Lubbock Lake come from two 

Southem Plains localities, that of Blackwater Draw Locality #1 (Lundelius, 1972), and 

Howard Ranch (Dalquest and Schultz, 1992). The specimens from both localities date to 

the late-Pleistocene. 
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Pilot Study 

The pilot study is performed on the Lubbock Lake populations (45 total molars in 

four groups) as an initial test for variation. Trends are examined but not tested for 

statistical significance. The analysis of the muskrat molars relies on quantitative 

methods using various measurements on the occlusal surface of the molars. The 

measurements of length and width on the Lubbock Lake populations are taken using 

sliding calipers (Lewis and Johnson, 1998) in accordance with methods used in previous 

studies (Semken, 1966; Nelson and Semken, 1970). In following with past studies, 

measurements are taken at the girtii of the molar, with the most extreme points used for 

both the length and width measurements. Samples having broken triangles or loops, or 

other significant damage, are omitted from all analysis. Molars are either clean of matrix 

or the measurements are unaffected by the remaining matrix for all data collected. The 

molars are randomized to preclude any bias in measurement. The randomization is 

accomplished by placing all material individually into identical self-closing polythylene 

bags and thoroughly mixing them. Molars are then placed in a box and drawn out for 

measurement. 

Multivariate Analysis 

The multivariate analysis of the Lubbock Lake, modem subspecies, and Southem 

Plains molars is the principal tool in this research. Morphometric analyses quantify 

biological shapes, and the two most important information sources for this are geometric 

location and biological homology of landmarks (Bookstien, 1982). The most common 
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method for quantitative definition of biological forms is the use of measurements 

between defined morphological landmarks (O'Higgens and Johnson, 1988). 

Measurements used for multivariate morphometric analyses for this study are taken with 

a microscope and computer imaging system using Image-Pro software insuring the 

highest precision and accuracy possible. The molars are oriented such that the labial 

surfaces of the teeth are perpendicular to the ground, and are held in place by sand during 

measurement (Figure 3.2). The sand allows the variety of mounted molars, and 

unmounted molars and mandibles to be adjusted properly and measured with equal 

precision. This procedure standardizes the measuring position and minimizes the effect 

of uneven wear being recorded as increased length. The occlusal surface of each tooth is 

scanned into the computer system where it is displayed on a monitor. A cursor is used to 

designate landmarks on the image of the molar. Forty-one landmarks and 

pseudolandmarks are established on the Mi to record the occlusal boundary (Figure 3.3). 

Figure 3.2. The microscope imaging system is positioned directiy above the tooth, that is 
supported by sand and oriented such tiiat the labial edge is perpendicular to the ground. 
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Figure 3.3. The 41 landmarks and pseudolandmarks designated along the boundary of 
the molars. 

Landmarks represent homologous features in common for all molars being 

analyzed (Rohlf and Marcus, 1993). Pseudolandmarks represent points located at the 

ends of stmctures, points at extremes of curvature, or arbitrary points along the boundary 

that complete the outline of the molar, and are not homologous (Rohlf and Marcus, 

1993). It is essential to morphometric analyses that landmarks represent equivalent 

features between specimens, and homologous landmarks are used whenever possible for 

multivariate analysis (Table 3.1) (O'Higgens and Johnson, 1988). The 41 landmarks are 

composed of 18 homologous features and 23 pseudolandmarks defining the molar 

boundary. This imaging system method improves upon the subjective methods (judging 

the most extreme points by eye) used in the past for the collection of measurements 

(Semken, 1966). 

Measurements of the Mj of modem subspecies and regional subfossil material is 

taken using both calipers and the computer and microscope imaging system. Both 

methods are used to obtain length and width measurements, dependent upon the 

condition of the specimen. This method is necessary because many of the molars are 
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Table 3.1. Homologous landmarks and pseudolandmarks used to 
define the molar boundary. 

Landmark 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Homologous 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
no 
no 
no 
yes 
no 
yes 
no 
no 
yes 
no 
no 
no 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
yes 

Feature 
first lingual salient angle 

border definition 
first lingual re-entrant angle 

border definition 
second lingual salient angle 

border definition 
second lingual re-entrant angle 

border definition 
third lingual sahent angle 

border definition 
third lingual re-entrant angle 

border definition 
fourth lingual salient angle 

border definition 
fourth lingual re-entrant angle 

border definition 
fifth lingual salient angle 

border defmition 
fifth lingual re-entrant angle 

sixth lingual salient angle 
anterior cap defmition 
anterior cap definition 
anterior cap definition 
anterior cap definition 

fifth buccal sahent angle 
fourth buccal re-entrant angle 

border definition 
fourth buccal sahent angle 

border definition 
third buccal re-entrant angle 

border definition 
third buccal sahent angle 

border definition 
second buccal re-entrant angle 

border definition 
second buccal salient angle 

border definition 
first buccal re-entrant angle 

border definition 
first buccal salient angle 

posterior extreme 
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imbedded in complete mandibles making accurate caliper measurements impossible. 

Caliper measurements are taken when possible for length and width in order to compare 

the results with previous research based on caliper measurements (Nelson and Semken, 

1970). A comparison of caliper measurements with the imaging system measurements 

shows a substantial amount of variation present in measurements obtained with calipers. 

The average difference in length measurements is ca. 2%, with the majority of caliper 

errors underestimating the length of the tooth. Width measurements are more accurate, 

with the difference between calipers and imaging system data being negligible. The 

molars that are in the complete mandibles accounted for the majority of the 

disagreements between the two measuring methods. 

Chewing food causes continual attrition of the tooth (Morris, 1972) and could 

bias a study of muskrat phylogeny by altering molar dimensions. An abundance of wom 

molars in a population could skew the paleoenvironmental assessment as different shapes 

are associated with different climates (Nelson and Semken, 1970). In an attempt to limit 

the effects of wear, all molars are given an age designation of one, two, or three 

corresponding to the three recognized age categories of muskrat molars, immature, adult, 

and old age, respectively (Galbreath, 1954). These terms are replaced in favor of lightly 

wom, moderately wom, and highly wom, as wear pattems may vary with the type of food 

available and general variation in the molar throughout populations and time. The 

designation of developmental categories based on molar wear, therefore, is presumptive. 

The lightly wom teeth in this analysis exhibit the traits associated with immature modem 

muskrats. The highly wom molars, however, may have been affected by differential wear 
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making age designation less certain. Teeth found to be wom excessively or obviously 

immature are eliminated from statistical analysis in an effort to minimize the effects on 

the data of uneven wear and incomplete development. 

Univariate and Bivariate Analvses 

Descriptive Statistics 

Statistics describing the means and standard deviations for sample observations 

(descriptive statistics) estimate the location and amount of variability among members of 

a population (Glantz, 1997). Descriptive statistics are generated to estimate population 

parameters for each substratum and subspecies in the analysis using SAS (Statistical 

Analysis System) univariate. Initial molar variation is tested by measuring the length and 

width of the Mi's, and comparing the ratios generated by dividing the length by the width 

(Lewis and Johnson, 1998). 

Regression Analysis 

Regression allows for the estimation of the relationship of one variable with 

another by expressing the one variable in terms of a linear function of the other (Sokal 

and Rohlf, 1981). Regression is used when the two variables being studied are felt to 

have a cause-and-effect relationship. The relationship between the length and width of 

molars can be expected to conform to this assumption. Regressional analysis is 

performed using SAS on the length and width of the molars. 
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Regression lines are estimated for all populations being studied. Two sets of six 

student t-tests are performed on the Lubbock Lake populations to compare trend lines for 

significance (Figure 3.4). The first set of tests is performed using length as the dependent 

variable, and a second set with width as the dependent variable. A critical value (a) of 

.05 is used, but modified to account for the number of tests performed. The a is 

modified for multiple tests by dividing it by six in accordance with the Bonferroni 

correction resulting in a value of .008 (Glantz, 1981). These tests are performed by hand 

because available statistical software does not accommodate this type of test. This 

student t-test is not performed with the modem subspecies. Instead, an analysis of 

covariance (ANCOVA) test is used as ANCOVA is more accurate for testing significance 

between large numbers of populations (Sokal and Rohlf, 1981). 

Sbl-b2 

Figure 3.4. Formula used to compare slopes for the different groups of muskrats, where b 
is slope and s standard error (Glantz, 1981). 

Analysis of Covariance 

The main significance test in ANCOVA is the homogeneity of the Y-intercept for 

all groups (Sokol and Rohlf, 1981). Testing the parallelism of slopes for length and 

width for all groups eliminates the dependence of one variable, and allows the data to be 

tested in its relationship of two variables (Sokol and Rohlf, 1981). The observations are 

grouped according to a single criterion that in this analysis is population. As previous 

63 

j ^ i 



tests have indicated a high degree of correlation between molar length and molar width, 

molar length is used as a covariate to improve the power of the statistical test (Strauss, 

1997). 

ANCOVA is performed using SAS on the four Lubbock Lake populations and the 

four modem subspecies together. A one-way analysis of covariance is accomplished. 

The one-way indicates that the observations are classified into groups according to a 

single criterion, that in this case is population (Strauss, 1997). The ANCOVA tests molar 

width (the dependent variable) for homogeneity among group means (Sokol and Rohlf, 

1981). Before the means are tested, however, they are adjusted for the groups differences 

in the independent variable (length for the muskrat molars) (Sokol and Rohlf, 1981). 

This independent variable is the covariate. The adjustment is accomplished through 

linear regression and, tiierefore, all regression lines are assumed to have a common slope. 

Multivariate Analvses 

The multivariate analysis is performed on three sets of morphological data from 

the molars. The first set of data focuses on the interior angles of the tooth. The interior 

of the tooth should be ontogenetically stable as wear does not change the relationships 

between the landmarks involved. A series of 14 measurements are analyzed through 

multivariate methods to determine measurements undergoing the most change respective 

of overall size of the tooth (Figure 3.5). The second set of multivariate tests focuses on 

the exterior portions of the tooth. The exterior of the molar is not as stable as the 

interior, and is subject to wear during the life of the muskrat. A total of 12 measurements 
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Figure 3.5. Measurements taken for the multivariate analysis of the molar interior. 
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are compared for the exterior analysis (Figure 3.6). The third set of tests examines the 

lengths of the seven individual triangle borders, and is accomplished with the use of 

landmarks and pseudolandmarks (six per tooth) that outline the triangles of the molar 

(Figure 3.7). The anterior loop is omitted from this analysis due to an apparently higher 

rate of wear than the remainder of the tooth. These triangle lengths then are compared 

between the populations. The statistical methods used in the three sets of comparisons 

are principal component analysis, discriminant analysis, and "size-free" discriminant 

analysis. Multivariate analyses are performed using MATLAB 4.0 software with 

programs written by Richard Strauss (Biological Science, Texas Tech University). 

Principal Component Analysis 

The objective of principal component analysis (PCA) is to reduce the 

dimensionality of a data set containing a large number of interrelated variables without 

losing the variation present in the data (Sokol and Rohlf, 1981). This reduction is 

achieved by creating a new set of variables (the principal components) that are not 

correlated and are ordered so that the first few contain the majority of the variation 

present in all of the original variables (JoUiffe, 1986). While PCA does not ignore 

correlation and covariance, it focuses on variance. The first three principal components 

are used for interpretation by convention. The first principal component (PCI) generally 
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Figure 3.6. Measurements taken for the multivariate analysis of the molar exterior. 
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Figure 3.7. Highlighted areas outline individual triangles used for the multivariate test of 
triangle shapes. 

accounts for the largest amount of variation, with each successive PC accounting for the 

majority of variation not accounted for by the previous PCs. The best results are found in 

highly correlated data sets (Manly, 1997). The PCA involves finding the eigenvectors 

(the major and minor axes) and corresponding eigenvalues (the variances of the principal 

components) of the sample covariance matrix (Manly, 1997). As this method is 

exploratory, assumptions about the normality are not necessary (Manly, 1997). 

Interpretation of PCA is based on the vector coefficients for individual variables, and 

eigenvalues for amount of among-group variance accounted for by each PC. An 

ANOVA is performed on all PCI vectors to test for between-group variance. 
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Discriminant Analysis 

Discriminant function analysis (DFA) is a procedure that identifies relationships 

between qualitative criterion variables and quantitative predictor variables and 

determines boundaries between groups of objects. The boundaries are defined by the 

variable characteristics that discriminate or distinguish the objects in respective criterion 

groups (Kachigan, 1982). The DFA identifies which variables are related to the criterion 

variable, and predicts values on the criterion variable when given values on the predictor 

variables (Kachigan, 1982). The DFA is essentially an adaptation of regression analysis 

(Kachigan, 1982). Data generally are in the form of a number of objects classified into 

two or more criterion groups that are on each of a number of predictor variables. The 

DFA identifies the discriminant functions (vectors of among-group variance) that 

maximally separate the groups analyzed. The DFA is based on linear combinations of all 

the original variables. The assumptions for DFA are that the predictor variables differ in 

mean value from group to group, that the variance is the same in different groups, and 

that the correlation between any two predictor variables is the same in the respective 

populations from which the altemative criterion groups have been sampled (Kachigan, 

1982). Interpretation of DFA is based on the vector coefficients for individual variables 

and eigenvalues for amount of among-group variance accounted for by each discriminant 

function. The criterion groups are the eight muskrat populations, while the predictor 

variables are the individual measurements. The molar groups are not tested for 

compliance with the assumptions for DFA. An ANOVA is performed on all DFl vectors 

to test for between-group variance. 
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A "size-free," or size invariant, discriminant analysis is also accomplished. With 

this method, the pooled with-in group PCI is used as a size vector for comparison. All 

characters then are regressed independently on tiiis size vector, with the residuals then 

being used in a DFA. The assumptions for size-free DFA are that size represents the 

major source of variation, variation about the size variation is homoscedastic 

(homogeneity of variance), the size vector accounts for all the size variation, all groups 

have the same covariance stmcture, and that all characters are log-linearly related to the 

size vector. The molars are not tested to insure all assumptions are valid. Scores, size-

free discriminant functions (SF), and eigenvalues are generated for interpretation. An 

ANOVA is performed on all SFl vectors to test for between-group variance. 

Cluster Analvsis 

Cluster analysis uses a group of techniques that partition a set of objects into 

relatively homogeneous subsets based on inter-object similarity (Kachigan, 1991). The 

dendrogram is a diagram representing the heirarchical organization of data (Aldenderfer 

and Blashfield, 1984) and is used to display the results of the cluster analysis. Selected 

measurements from the multivariate analysis are used to establish similarity between the 

different populations studied, and determine the distance between the groups. The means 

of the characters are grouped according to similarity among the muskrat populations 

resulting in a dendrogram illustrating the relationships of the traits used. Clusters are 

formed sequentially in a hierarchical or 'nested' fashion where smaller clusters occur 

within larger ones (Kachigan, 1991). The distance between each individual group and all 
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other groups is calculated and clusters are then formed by agglomeration or division 

(Manly, 1994). An unweighted pair-group hierarchical cluster analysis of the distance 

matrix is used to generate the dendrogram using MATLAB 4.0 software with a program 

written by Richard Strauss (Biological Science, Texas Tech University). 

Evolutionary Rate 

The rate of evolution is computed and compared to other Quatemary fauna. The 

rate of change is only calculated between the substrata 2A population and the upper 2B 

population for the change in mean length of the Mi (Figure 3.8). These substrata are 

used due to the directional change between them in length and width found in the pilot 

study that suggests a continuous lineage more so than when the IB population is included 

(Lewis and Johnson, 1998). The IB population may represent a different subspecies, and 

therefore would not be appropriate for a test in evolutionary rate. The initial dimension 

(2A length) is subtracted from the final dimension (upper 2B length), and divided by the 

elapsed time. Linear measurements are transformed to natural logarithms to minimize 

the effects of absolute size and allow comparisons between different species (Carroll, 

1998). The results of this calculation between the substrata 2 A population and the upper 

2B population are compared to other Quatemary rodent evolution rates. 

d ^ In x? - In xi 
t 2 - t i 

Figure 3.8. The formula for the standard unit called the darwin (d) used to quantify rates 
of morphological evolution. Natural-log measurements are represented as In X2 and In xi. 
Time, in millions of years, is represented with Xi and ti (Haldane, 1949). 
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CHAPTER IV 

RESULTS 

Pilot Studv 

The model used in the analysis of the Lubbock Lake populations states that molar 

length/width ratios are large for muskrats in cool climates, while muskrats from warm 

climates exhibit smaller ratios (Semken, 1966; Nelson and Semken, 1970). Initial 

findings with the Lubbock Lake samples are in agreement with this model. The ratio for 

the oldest sample of muskrats, those living in the cool climate, are significantly higher 

than those from subsequent substrata. Each successive substratum shows this movement 

toward a smaller, warmer ratio. The ratio of the substratum IB muskrats appears 

intermediate to those of fossil muskrats of the Wisconsin Period and modem northem 

muskrats from Michigan (Figure 4.1). The substratum 2A ratio is near the ratio found in 

recent muskrat populations from Michigan. This trend toward smaller ratios continues as 

both of the 2B samples bear a close resemblance to recent muskrats from Alabama and 

central Texas (Nelson and Semken, 1970). The results of the pilot study indicate that 

variability is present and directional between the Lubbock Lake populations. 

Stratigraphically older muskrats from the cool climate (IB) exhibit large ratios. The 

ratios become progressively smaller in each overlaying substrata until the last population 

(upper 2B) shows a small ratio fitting to the warmer habitat with which it is associated 

(Johnson, 1987a; Lewis and Johnson, 1998). 
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Figure 4.1. Mi ratios of muskrat populations from the Wisconsin Period, modem 
Michigan and Alabama, and the four Lubbock Lake samples. 

Statistical Analvsis 

Descriptive Statistics 

Descriptive statistics are calculated for the measurements of Mi length and width 

from modem subspecies and the Lubbock Lake populations (Tables 4.1,4.2). The 

substratum IB population has a near modem mean molar length tiiat is comparable to the 

modem subspecies of Ondatra zibethicus cinnamominus and O.z. osoyoosensis. The 

mean width of the IB molars, however, is below what would be expected in the modem 

subspecies analyzed. The result is that IB has the largest length to widtii ratio of any of 

the populations studied, with the next closest ratio observed found in the subspecies O.z. 

ripensis (Figure 4.2). The O.z. ripensis lives exclusively in riverine habitats and the IB 

population is from a stream setting (Holliday, 1985; Holliday and Allen, 1987). 
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Table 4.1. Descriptive statistics for the Lubbock Lake populations (Holliday and Allen, 
1987; Holliday e ta l , 1985). 

Pop. 
IB 
Length 
Width 
2A 
Length 
Width 
2B cienega 
Length 
Width 
upper 2B 
Length 
Width 

Mean 

7.09 
2.89 

6.79 
2.87 

7.01 
3.04 

7.13 
3.11 

Median 

7.25 
2.90 

6.75 
2.85 

7.03 
3.08 

7.05 
3.15 

Ratio 

2.47 

2.37 

2.31 

2.30 

Std 

.43 

.14 

.66 

.29 

.49 

.25 

.38 

.15 

Range 

6.4-7.5 
2.6-3.0 

5.7-7.9 
2.4-3.3 

6.2-7.6 
2.6-3.4 

6.7-7.6 
2.9-3.3 

Sample 

7 

16 

14 

8 

Date Range BP 

11,100 

10,800-10,000 

10,000-9,500 

9,500-8,500 

Table 4.2. Descriptive statistics for the modem subspecies studied. The O.z. 
cinnamominus statistics are based on both Texas and Colorado populations combined. 

Subspecies Mean Median Ratio Std Range Sample 
zibethicus 
Length 
Width 
cinnamominus 
Length 
Width 
ripensis 
Length 
Width 
osoyoosensis 
Length 
Width 

7.40 
3.09 

6.90 
3.00 

7.22 
2.97 

7.10 
2.98 

7.3 
3.0 

7.0 
3.1 

7.2 
2.9 

7.2 
3.0 

2.40 

2.28 

2.44 

2.39 

.45 

.21 

.36 

.21 

.32 

.15 

.48 

.20 

6.7-8.6 
2.7-3.6 

6.1-7.6 
2.6-3.4 

6.3-7.9 
2.5-3.3 

6.2-7.8 
2.6-3.3 

70 

40 

51 

25 

The ratio of the 2A population molars appears comparable to the subspecies O.z. 

cinnamominus (Colorado population) and O.z. osoyoosensis (Figure 4.2). The length and 

width separately, however, are well below the modem size, making the 2A population the 

smallest with regard to absolute molar proportion (Tables 4.1,4.2). Small molars are a 
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characteristic associated with early muskrat species that display increasingly larger 

molars through evolutionary time. This trend toward larger molars is found also in all 

Lubbock Lake populations except IB. 

Length/Width Ratios 
2 65 
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1 

^ » - — 

1 ; 
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TX cirm u2B 2Bc CO cinn 2A osoyo abeth ripen 1B 

Populations 

Figure 4.2. Mean length/width ratios, with muiimum and maximum population ranges 
for the Lubbock Lake and modem subspecies populations. 

The substratum 2B cienega and upper 2B molars are both below the majority of 

length/width ratios of the modem subspecies studied, with only the Texas population of 

O.z. cinnamominus possessing a smaller ratio (Figure 4.2). The mean molar width of 

both 2B populations is large compared to the other populations (Tables 4.1, 4.2). Upper 

2B has the largest molar width and smallest length/width ratio of any population studied 

with the exception of the Texas O.z. cinnamominus population. Small ratios are 

associated with muskrats from warm climates. 

The modem range for the subspecies O.z. ripensis is southwestem Texas and 

eastem New Mexico, yet it has a very "cold" ratio compared to the other, more northem 

subspecies. With ripensis excluded, the modem populations show the expected large 
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ratios for the cold adapted muskrats (considered O.z. zibethicus from Illinois and O.z. 

osoyoosensis from the Rocky Mountains and Canada), while the O.z. cinnamominus 

subspecies found in the Great Plains shows a "warmer" ratio. The O.z. cinnamominus 

subspecies were collected primarily from two areas, Texas and Colorado, and display a 

significant size difference between the two regions (Figure 4.2). The Texas population 

exhibits the smaller, warmer ratio, while the Colorado population has a larger ratio. This 

difference fiirther supports the model of molar ratio variation due to different climatic 

regimes. 

Analysis of Regional Localities 

Five molars from other Southem Plains localities were analysed; four from 

Howard Ranch and one from Blackwater Draw Locality #1 (BWDl) (Figure 2.7). The 

BWDl molar is damaged (missing most of the posterior loop), one of the Howard Ranch 

molars is from a juvenile, and another is a very young adult. The BWDl molar is from 

the Gray Sand sediments (unit B in Haynes, 1995) and is equivalent to substratum IB at 

Lubbock Lake (Holliday, 1997; Lundelius, 1972). The Howard Ranch molar is from gray 

clay associated with a lake bed, and shares no equivalent at Lubbock Lake (Dalquest, 

1992). 

While the sample sizes preclude meaningfiil statistical analysis, the mean ratios 

for the two populations are compared to the means from modem subspecies and the 

Lubbock Lake populations (Figure 4.3). The Howard Ranch population has a ratio most 

similar to modem subspecies O.z. zibethicus and O.z. osoyoosensis, indicative of a cool 
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climate. The BWDl specimen has an identical ratio as the mean of the Lubbock Lake 

2A population. Due to the small sample size and damage to the molars from Howard 

Ranch and BWDl, no further analysis of the molars is possible. 

2.5 

2.45 

2.4 -I-

o 2.35 

Length/Width Ratios 

TX cinn u2B 2Bc CO cinn BWD 2A osoyo 

Populations 

HR zibeth ripen IB 

Figure 4.3. LengthAVidth ratios for Blackwater Draw (BWD) and Howard Ranch (HR) 
molars compared to Lubbock Lake populations and modem subspecies. 

Regression 

Length and width plots with regression trend lines are generated for the four 

Lubbock Lake populations and the four modem subspecies (Figures 4.4, 4.5). Predictive 

regression is used to test the eight groups for significant differences in slope and intercept 

with both length and width as tiie dependent variable (Tables 4.3, 4.4). The intercept 

shows significant variation for the 2B cienega, O.z. cinnamominus, O.z. ripensis, and O.z. 

zibethicus populations when length is used as the dependent variable, while no 

populations are significant for intercept with width as the dependent variable. The slopes 
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show significant variation for all populations with both length and width as the 

dependant variable. 

The slopes of the Lubbock Lake trend lines are fiirther tested using pair-wise 

student t-tests (Table 4.5). While significant results are not found in any tests using 

width as the dependent variable, tests of a dependent length show highly significant 

resuhs in three of the six tests. Substratum IB is significantly different when compared 

to substrata 2A and 2B cienega. Significant results also are found in relation to 2A and 

2B cienega. The lack of a significant relationship between IB and upper 2B, the most 

distant temporally and in length/width ratio, may be a result of the small sample sizes of 

both groups. 
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Figure 4.4. Length/width plots and regression lines for the Lubbock Lake populations. 
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Figure 4.5. Length/width plots and regression lines for each modem population studied. 

Table 4.3. Results of predictive regression with length as dependent 
variable. 

Population 
IB 
2A 
2B cienega 
upper 2B 
O.z. zibethicus 
O.z. cinnamominus 
O.z. ripensis 
O.z. osoyoosensis 

Slope 
2.73 
2.21 
\.ll 
2.02 
1.83 
1.23 
1.56 
2.05 

STDy.x 
.04 
.02 
.03 
.05 
.05 
.07 
.05 
.05 

Intercept p>t 
.4000 
.1800 
.0200 
.6400 
.0001 
.0001 
.0002 
.1500 

Slope p>t 
.0001 
.0001 
.0001 
.0100 
.0001 
.0001 
.0001 
.0001 
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Table 4.4. Results of predictive regression with width as dependent variable. 

Population 
IB 
2A 
2B cienega 
upper 2B 
O.z. zibethicus 
O.z. cinnamominus 
O.z. ripensis 
O.z. osoyoosensis 

Slope 
.34 
.43 
.49 
.34 
.41 
.40 
.33 
.38 

STDy.x 
.005 
.004 
.010 
.010 
.010 
.020 
.010 
.010 

Intercept p>t 
.13 
.61 
.31 
.36 
.77 
.52 
.09 
.34 

Slope p>t 
.0001 
.0001 
.0001 
.0100 
.0001 
.0001 
.0001 
.0010 

Table 4.5. Results oft-test on the slopes of the Lubbock Lake populations. 

Substrata 
1B-2A 
1B-2BC 
1B-U2B 
2Bc-u2B 
2A-U2B 
2A-2BC 

D 

24 
20 
14 
20 
24 
30 

a 
0.008 
0.008 
0.008 
0.008 
0.008 
0.008 

t-critical 
2.90 
2.90 
3.10 
2.90 
2.85 
2.90 

t-obs(length) 
20.96 
26.83 
1.164 

-0.098 
0.432 
20.37 

t-obs( width) 
-2.050 
-2.110 
-0.043 
1.320 
1.117 
-1.090 

Analysis of Covariance 

The one-way analysis of covariance produced results indicating highly significant 

variation. The four Lubbock Lake and four modem subspecies are tested together (all 

eight populations) and separately (modem alone, and Lubbock Lake alone) (Table 4.6). 

The test results indicate that significant variation exists in relation to size rather than 

shape. By testing the average linear regression slope, the significant results indicate that 

it is the placement along the slope that is varying among the populations rather than the 

slope itself Previous studies using only ratios of length and width indicate that the 

difference between molars lay more in the shape rather than the size (Nelson and 
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Semken, 1970). Ratios generally are used to reduce variation due to size in favor of 

concentrating on shape differences. The one-way analysis of covariance results indicate 

that size is the controlling factor for significant variation among the populations for tests 

of the length and width. 

Table 4.6. Results of ANCOVA for the modem subspecies, 
Lubbock Lake populations, and all populations combined. 

Populations Tested DF F p>F 
Modem subspecies 184 28.90 0.0010 
Lubbock Lake Populations 47 5.3 0.0040 
All Populations 210 52.73 0.0001 

Multivariate Morphometric Analysis 

A PCA is performed on three sets of data: inner measurements; outer 

measurements; and triangle measurements. The PCAs produce score plots, 

eigenvectors, and eigenvalues that can be interpreted with respect to biological variation. 

The PCI axis (a general vector) was formed to represent a size variable, while the PC2 

and PC3 axes are bipolar vectors and represent shape variation. The Lubbock Lake 

populations are represented in all figures by number 1 for substratum IB, 2 for 2A, 3 for 

2B cienega, and 4 for upper 2B. Modem populations are represented by 5 for Ondatra 

zibethicus cinnamominus, 6 for O.z. osoyoosensis, 1 for O.z. ripensis, and 8 for O.z. 

zibethicus for all figures. Only the centroids of the plots are displayed (represented by 

the + symbol) and labeled with the appropriate number correlating to its population. 

While all the individual scores values are not plotted, outlines (hulls) for all scores are 

displayed and labelled for each group. 
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No significant trends for shape are recognized for the inner, outer, or triangle 

PC1/PC2 plots. The distributions along the PCI axis in the PC1/PC2 plots for all three 

tests indicate a variation in size (Figures 4.6-4.8). The Lubbock Lake populations show a 

trend toward smaller size in each of the PC1/PC2 plots, although substantial overiap 

occurs. The variation in PCI is tested statistically by an ANOVA with significant results 

(F = 2.5, p = .018, degrees of freedom = 7, 204, 211) for the inner measurements. The 

plot for the outer measurements is skewed toward smaller size due to the effects of wear 

on this part of the tooth. The variation in PCI for the analysis of the triangles is tested 

showing significant differences (F = 4.7, p = .00007, df = 7, 204, 211). A slight bias 

toward smaller size in PCI is attributed to the use of measurements using some outer 

landmarks that are subject to wear. Vector correlations and percent of total veiriation 

show PCI as accounting for the majority of variation in all three tests (inner, outer, and 

triangle) performed (Tables 4.7-4.9). 

The PC2 and PC3 are both bipolar vectors expressing shape. Plots of PC2 on 

PC3 for the inner and outer measurements display no pattems (Figures 4.9, 4.10). The 

test of triangles, however, shows a distinct split between modem subspecies and the 

Lubbock Lake populations based primarily on PC3 (Figure 4.11). Within the Lubbock 

Lake populations, a directional change through time, from substrata IB through upper 

2B, can be distinguished along both the PC2 and PC3 axes. Tests of ANOVA retum no 

significant resuhs for these vectors. 
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Figure 4.6. Plots of scores PCI and PC2 for analysis for inner measurements 

14.2 14.4 14.6 14.8 15 15.2 15.4 15.6 15.8 16 
PC1 

Figure 4.7. Plots of scores PCI and PC2 for analysis for outer measurements. 
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Figure 4.8. Plots of scores PCI and PC2 for analysis for triangle measurements. 

Table 4.7. Vector correlations and percent of variance for 
PCI, PC2, and PC3 for the test of inner measurements. 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

Vector Correlations 
Measurement 

Total Variation (%) 

PCI 
0.77 
0.79 
0.68 
0.52 
0.76 
0.76 
0.44 
0.56 
0.57 
0.63 
0.68 
0.79 
0.88 
0.81 

48.86 

PC2 
0.23 
0.15 
0.23 
0.28 
0.14 
0.24 
0.53 
0.29 
0.13 
0.22 
0.23 
-0.60 
0.31 
0.48 
15.52 

PC3 
0.21 
0.20 
0.39 
-0.37 
0.24 
0.35 
-0.39 
0.27 
0.30 
0.45 
-0.54 
-0.06 
0.15 
0.05 
10.73 
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Table 4.8. Vector correlations and percent of variance for 
PCI, PC2, and PC3 for the test of outer measurements. 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

Vector Correlations 
Measurement 

Total Variation (%) 

PCI 
0.84 
0.91 
0.90 
0.84 
0.55 
0.83 
0.86 
0.80 
0.61 
0.72 
0.79 
0.73 

62.71 

PC2 
0.28 
0.19 
0.19 
0.26 
0.28 
0.14 
-0.23 
-0.08 
-0.52 
0.30 
-0.46 
0.11 
8.87 

PC3 
0.09 
-0.01 
0.01 
0.06 
0.18 
-0.15 
-0.18 
-0.24 
0.58 
0.26 
-0.29 
0.02 
6.49 

Table 4.9. Vector correlations and percent of variance for 
PCI, PC2, and PC3 for the test of triangle measurements. 

Vector Correlations 
Measurement PCI PC2 PC3 

A 
B 
C 
D 
E 
F 
G 
Total Variation (%) 

0.87 
0.91 
0.89 
0.83 
0.78 
0.86 
0.86 
72.14 

0.05 
0.15 
-0.05 
-0.30 
-0.50 
0.35 
0.38 
10.93 

0.33 
0.30 
0.32 
0.25 
-0.36 
-0.26 
-0.23 
8.76 
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PCS 

PC2 

Figure 4.9. Plots of scores PC2 and PC3 for analysis for inner measurements. 

PCS 

Figure 4.10. Plots of scores PC2 and PC3 for analysis for outer measurements. 
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PCS 

Figure 4.11. Plots of scores PC2 and PC3 for analysis for triangle measurements. 

Plots of PCI on PC3 for the inner and outer measurements display no apparent 

pattems between the Lubbock Lake populations and the modem subspecies (Figures 4.12, 

4.13). The Lubbock Lake populations, however, are distributed along the PCI axis in 

stratigraphic sequence in both the plots. The plot for the test of triangles shows a distinct 

split between modem subspecies and the Lubbock Lake populations based primarily on 

PC3 (Figure 4.14). Within the Lubbock Lake populations, a directional change through 

time, from substrata IB through upper 2B, can be distinguished along both the PCI and 

PC3 axes. 
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PCS 

Figure 4.12. Plots of scores PCI and PC3 for analysis of inner measurements. 
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Figure 4.13. Plots of scores PCI and PC3 for analysis of outer measurements. 
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9.6 9.8 10 10.2 10.4 10.6 10.8 11 11.2 

PC1 

Figure 4.14. Plots of scores PCI and PC3 for analysis of triangle measurements. 

The DFA produced score plots, eigenvectors, and eigenvalues that are interpreted. 

Score plots are accomplished for DFl on DF2, and for DF2 on DF3 for the tests of the 

inner, outer, and triangle measurements (Figures 4.15-4.17). The distributions for all 

three tests along the DFl axis in the DF1/DF2 plots indicate a variation in size. As with 

the PCA plots, the centroids of the Lubbock Lake populations appear clustered in the test 

of triangles, while the modem subspecies are tightly grouped in a separate cluster. 

The plots of DF3 on DF2 show a separation between the Lubbock Lake 

populations and the modem populations in the analysis of inner measurements, although 

substantial overlap occurs. No pattems in the DF2 on DF3 plots are noticed in the test of 

outer and triangle measurements (Figures 4.18-4.20). Vectors are bipolar for all three 
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discriminant functions of the inner and outer tests indicating a shape relationship, with 

DFl containing the highest percentage of variation (Tables 4.10, 4.11). The DFl vector 

for the test of triangles is a general vector indicating a size relationship, while the 

remaining vectors are bipolar and associated with shape variation (Table 4.12). The 

majority of variation is accounted for with the DFl vector. 

The "size-free" discriminant analysis produces a score plot, eigenvectors, and 

eigenvalues that are interpreted. Score plots are accomplished for SFl on SF2 (Figures 

4.21-4.23). The plots for all three tests are very similar to the discriminant plots for 

DF1/DF2, with only minor changes in centroid placement and score outlines. This minor 

change indicates that shape change is minimal, with size effectively eliminated as a 

factor. All vector components are bipolar and the vector correlations are highly variable 

between different measurements. The percent of variation found for each SF is similar to 

the discriminant analysis, with SFl again accounting for the majority of variation (Tables 

4.13-4.15). 

Cluster Analvsis 

Two dendrograms, the first based on the intemal measurements of the Mi and the 

second based on all measurements (inner, outer, and triangle), are generated. The 

relationships between the Lubbock Lake populations, and between the Lubbock Lake 

populations and the modem subspecies, are illustrated based on the measurements of the 

molar (Figures 4.24, 4.25). The inner measurements are used due to the observed high 

reliability in the landmarks on which these measurements are based. The second 
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DF2 

Figure 4.15. Plots of scores DFl and DF2 for of inner measurements 

DF2 

DF1 

Figure4.16. Plots of scores DFl and DF2 for of outer measurements. 
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DF1 

Figure 4.17. Plots of scores DFl and DF2 for of triangle measurements. 

DPS 

DF2 

Figure 4.18. Plots of scores DF2 and DF3 for inner measurements. 
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Figure 4.19. Plots of scores DF2 and DF3 for outer measurements. 

DPS 

Figure 4.20. Plots of scores DF2 and DF3 for of triangle measurements. 
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Table 4.10. Vector correlations and percent of variance for 
DFl, DF2, and DF3 for the test of inner measurements. 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

Vector Correlations 
Measurement 

Total Variation (%) 

DFl 
0.04 
0.10 
0.36 
-0.53 
0.29 
0.04 
0.12 
-0.37 
0.02 
0.01 
0.00 
0.26 
0.00 
0.14 
35.02 

DF2 
0.57 
0.46 
0.48 
0.30 
0.41 
0.27 
0.54 
0.43 
0.17 
-0.05 
-0.04 
0.36 
0.58 
0.54 

25.56 

DF3 
0.19 
0.32 
-0.34 
-0.04 
0.31 
0.04 
-0.32 
-0.04 
0.13 
-0.23 
0.16 
0.22 
0.01 
-0.03 
16.20 

Table 4.11. Vector correlations and percent of variance for 
DFl, DF2, and DF3 for the test of outer measurements. 

Vector Correlations 
Measurement 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
Total Variation (%) 

DFl 
0.19 
0.28 
0.47 
0.40 
0.38 
-0.12 
-0.10 
0.26 
0.14 
0.14 
0.15 
0.14 

41.06 

DF2 
0.28 
0.30 
0.33 
0.59 
0.63 
0.18 
0.46 
0.28 
0.07 
0.12 
0.10 
0.29 

21.86 

DF3 
0.30 
0.09 
0.16 
0.10 
0.18 
0.21 
0.00 
0.43 
0.23 
-0.20 
0.25 
-0.07 
12.32 
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Table 4.12. Vector correlations and percent of variance for 
DFl, DF2, and DF3 for the test of triangle measurements. 

Vector Correlations 
Measurement DFl DF2 DF3 

A 
B 
C 
D 
E 
F 
G 
Total Variation (%) 63.24 16.03 14.81 

0.70 
0.61 
0.70 
0.57 
0.32 
0.03 
0.06 

-0.09 
-0.17 
0.26 
0.04 
0.38 
0.11 
-0.04 

0.19 
-0.01 
-0.06 
-0.49 
-0.05 
0.03 
-0.05 

SF2 

Figure 4.21. Plots of scores SFl and SF2 for analysis of inner measurements. 
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Figure 4.22. Plots of scores SFl and SF2 for of outer measurements. 

SF2 

SF1 

Figure 4.23. Plots of scores SFl and SF2 for of triangle measurements. 
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Table 4.13. Vector correlations and percent of variance for 
SFl, SF2, and SF3 for the test of inner measurements. 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

Vector Correlations 
Measurement 

Total Variation (%) 

SFl 
0.08 
-0.01 
-0.37 
0.70 
-0.31 
0.06 
-0.06 
0.54 
0.05 
0.06 
0.08 
-0.29 
0.23 
-0.08 
36.76 

SF2 
0.41 
0.18 
0.36 
0.02 
0.14 
-0.10 
0.47 
0.21 
-0.13 
-0.44 
-0.50 
0.05 
0.47 
0.37 

23.97 

SF3 
-0.24 
-0.40 
0.51 
0.12 
-0.38 
0.07 
0.35 
0.10 
-0.06 
0.44 
-0.08 
-0.24 
0.12 
0.15 
16.91 

Table 4.14. Vector correlations and percent of variance for 
SFl, SF2, and SF3 for the test of outer measurements. 

Vector Correlations 
Measurement 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
Total Variation (%) 

SFl 
-0.05 
-0.25 
-0.69 
-0.43 
-0.31 
0.50 
0.56 
-0.17 
-0.03 
-0.02 
0.00 
0.02 

42.34 

SF2 
0.00 
0.00 
0.15 
0.67 
0.62 
-0.24 
0.29 
-0.04 
-0.16 
-0.11 
-0.33 
0.05 

21.24 

SF3 
0.31 
-0.18 
0.11 
0.05 
0.24 
0.10 
-0.33 
0.42 
0.19 
-0.35 
0.06 
-0.36 
12.81 
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Table 4.15. Vector correlations and percent of variance for 
SFl, SF2, and SF3 for the test of triangle measurements. 

Vector Correlations 
Measurement SFl SF2 SF3 

A 
B 
C 
D 
E 
F 
G 
Total Variation (%) 

0.72 
0.53 
0.75 
0.41 
-0.07 
-0.81 
-0.71 
62.47 

0.27 
0.57 
-0.41 
0.13 
-0.48 
-0.01 
0.29 
17.35 

-0.52 
-0.20 
0.03 
0.77 
0.01 
-0.24 
-0.10 
16.11 

0.4 0.3 0.2 0.1 

2B cienega 

2A 

upper 2B 

ripensis 

osoyoosensis 

cinnamominus 

zibethicus 

— 1B 

Figure 4.24. Dendrogram illustrating the relationships among the eight populations 
studied for the 14 inner measurements. The scale represents euclidean distance. 
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2A 
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ripensis 

osoyoosensis 

cinnamominus 

zibethicus 

upper 28 

0.4 0.3 0.2 0.1 

Figure 4.25. Dendrogram illustrating the relationships among the eight populations 
studied for the 33 total measurements. The scale represents euclidean distance. 

dendrogram uses outer measurements and triangle measurements that rely at least 

partially on non-homologous psuedolandmarks and, therefore, is not as reliable. 

The dendrograms demonstrate the close relationship between the modem 

subspecies with Ondatra zibethicus ripensis and O.z. osoyoosensis showing the closest 

relationship. These two subspecies are from the westem U.S., and their borders abut 

each other and possibly overlap in New Mexico. Ondatra zibethicus cinnamominus and 

O.z. zibethicus are grouped more distantly and in a manner apparently correlated to the 

geographic distance from O.z. ripensis and O.z. osoyoosensis; O.z. cinnamominus is 

indigenous to the Plains and O.z. zibethicus to the eastem U.S. The IB population from 

Lubbock Lake is the least similar to the other populations studied based on the inner 
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measurements, and more similar to the 2A and 2B cienega populations based on all 

measurements. The remaining Lubbock Lake populations are grouped together, with the 

2A and 2B cienega populations most alike. The upper 2B population is grouped with the 

modem subspecies in the dendrogram using all measurements. The upper 2B population 

is the most recent of the Lubbock Lake population and, therefore, temporally closer to the 

modem subspecies. The results overall demonstrate a close affinity among the modem 

subspecies. The 2A and 2B cienega populations also exhibit similarit\ to each other in 

both dendrograms, while the IB and upper 2B populations are more like the other 

Lubbock Lake population than modem. 

Evolutionarv Rate 

The rate of evolution is estimated following Haldane (1942) for the change in 

molar length between the 2A and upper 2B populations and compared to other 

Quatemary rodent fauna (Table 4.16). The results of this comparison are best viewed as 

a natural-log plot of evolutionary rate against interval length (Figure 4.26). The rate of 

change in the Lubbock Lake sample is rapid, but not unprecedented. The rate of change 

found in Clethrionomys glareolus is far more rapid comparatively (Martin, 1993). The 

pattem seen in the natural-log plot follows a linear trend line with the Lubbock Lake rate 

falling near the line generated. 
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Table 4.16. Evolutionary rates for some Quatemary rodents in darwins 
(x^ = approximate) (Martin 1993). 

Species 
Clethrionomys 
Microtus pennsylvanicus 
Microtus nivalis 
Microtus nivalis 
Ondatra zibethicus 
Ondatra zibethicus 
Ondatra zibethicus 
Ondatra zibethicus 
Ondatra zibethicus (Lubbock) 
Arvicola terrestris 
Onychomys, all lineages 
Onychomys leucogaster 
Sigmodon, all lineages 

Interval (millions of years) Darwins 
0.000015 
0.015 
0.020' 
0.010 
3.75 
0.58' 
0.32' 
0.016 
0.0015 
0.35' 
3.4 
0.02' 
3.75 

>50,000 
4.47 
3.35 
5.00 
0.20 
0.68 
0.19 
12.0 
33 
0.91 
0.21 
4.43 
0.06 

NaturaNog Plot of Evolutionary Rates 

15 

5 -

y = -0.91X - 1.44 
R? = 0.90 

r AAT 

-12 -2 

Ln Interval 

Figure 4.26. Natural-log plot of evolutionary rates of several Quatemary rodents, with 
time interval plotted against darwins. The Lubbock Lake rate is indicated with an arrow 
(adapted from Martin 1993:264). 
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The Hvpothesis 

The combined results of the statistical analysis allow formal rejection of the null 

hypothesis (Ho), i.e., no variation exists among the Lubbock Lake muskrat populations 

based on M] dental morphology. If the four samples were from the same population, 

then the statistics for each sample should have varied only randomly. The altemative 

hypothesis (H^) states that significant variation does exist between the Mi samples of 

muskrats. This hypothesis can be accepted based on the significant results found with the 

statistical analysis if all assumptions conceming the data are correct. 
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CHAPTER V 

DISCUSSION 

The goal of this research is to gain an understanding of the microevolution of the 

muskrat at Lubbock Lake in response to a changing environment. The quantitative 

analysis of the muskrat molars demonstrates morphological change through time 

interpreted as microevolution, and establishes a chronocline for molar morphology at 

Lubbock Lake. This chronocline will aid in the dating of substrata and the refinement of 

the paleoenvironmental model at Lubbock Lake as muskrat are excavated in the future. 

The method used to study the Lubbock Lake molars improves upon previous 

methodology, and provides a more precise technique for quantifying microevolution of 

microtine dentition. The objectives leading to the goal of this research are discussed with 

the support of the quantitative data generated in the analysis of the Lubbock Lake 

populations, modem subspecies, and regional subfossil molars. 

Variation at Lubbock Lake 

The first objective of this research is to determine the variability in the Lubbock 

Lake populations. The quantitative analysis of the Lubbock Lake populations indicates 

pattems of variation between different substrata (Figures 4.1,4.3, 4.4). This analysis is 

supported by the significant results from the test of slopes for the molar length and width 

(Figure 4.5), as well as directional trends found in many of the score plots from the 

multivariate analysis (Figures 4.11, 4.14, 4.15,4.17,4.18, 4.21,4.23). The results allow 
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for the hypothesis of no variation (the null hypothesis) in the Lubbock Lake populations 

to be refuted. As none of the assumptions made for the analysis are found to be invalid, 

the relationships between the distinct Lubbock Lake populations can be addressed. 

Population IB 

Several lines of evidence indicate the IB population is distinct from the 

remaining Lubbock Lake populations. The IB muskrats display trends in molar length 

and width that do not fit the pattem found in the remaining populations; the populations 

from 2A and 2B increase in size over time, yet IB is absolutely larger than 2A (Tables 

4.2, 4.3). The t-test of slopes finds IB significantly different from both the 2A and 2B 

cienega populations (Table 4.5). Many of the score plots in the multivariate analysis 

(Figures 4.15-4.23) also place the IB population apart from the remainder of Lubbock 

Lake muskrats. 

A dramatic habitat shift occurs between the IB population and the 2A population, 

with the stream of IB replaced by a series of ponds for the 2A population (Holliday and 

Allen, 1987; Holliday, 1997). A notable change in flora and fauna accompany this shift 

in the hydric environment (Tables 2.4-2.10), with many species disappearing or going 

extinct (Johnson, 1987a). The effect of this alteration in flora on the muskrat is 

documented in the Lubbock Lake muskrats as differential dental microwear pattems 

(Gutierrez et al., 1999) demonstrating a change in diet. The IB molars exhibit fine-

pitting, while 2B populations have enamel pattems dominated by striations (Gutierrez et 
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al., 1999). This change in pattem is indicative of a switch from harder food items to 

softer items (Teaford, 1991). 

A gap in muskrat remains occurs during the 1B-2A interval, with the lower local 

bed of substrata 2A (LBl) producing no skeletal material. This gap is the only period 

with no remains in an otherwise continuous sequence of muskrat, suggesting the muskrat 

were absent for a short period of time (ca. 100-200 years) (Johnson and Holliday, 1985). 

The cluster analysis of 14 traits places the IB muskrats distinctly apart from the other 

Lubbock Lake populations (Figure 4.24), further supporting the idea that IB clearly is 

different from the later muskrat populations at Lubbock Lake. 

Populations from 2A and 2B 

The muskrat populations of 2A, 2B cienega, and upper 2B are a single subspecies 

undergoing evolution in a changing environment. A gradual and directional change is 

found in the univariate and bivariate analyses (Tables 4.1-4.5), and many of the 

multivariate tests (Figures 4.18-23). The 2A population means are small relative to the 

other Lubbock Lake populations and modem subspecies studied, and gradually increase 

to more modem proportions (as defined by the modem subspecies studied) up until the 

disappearance of muskrat from Lubbock Lake. None of the results of the quantitative 

analysis contradict this directional change in the 2A and 2B populations. The differences 

in the 2A and 2B populations, while statistically significant in the test of slopes (Table 

4.3), does not appear great enough to warrant their classification as different subspecies 
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at this time. The similarity among the populations found in the multivariate analysis and 

cluster analysis support this conclusion (Figure 4.24). 

With the dramatic changes in temperature, moisture, and habitat documented at 

Lubbock Lake, a possible explanation for consistent, directional change through time for 

the population means is evolution due to natural selection favoring larger molars. The 

selective force for the increasing molar size is the need to accommodate different and 

increasingly scarce food materials. The plants preferred by muskrats were becoming 

more difficult to obtain as the climate warmed and dried and the water source shrank 

(Johnson, 1987a), making the increased surface area of the molar advantageous. 

Increased surface allow provides more enamel that allows a longer life for the molar, and 

increases the area available to process food. 

The changes in molar morphology also may be secondary changes due to 

evolution in another part of the muskrat (e.g., mandible, cranium, muscles) causing 

subsequent changes in the molar morphology. Genetic drift is another possible 

explanation for the trend in molar morphological change. While these possibilities 

cannot be mled out, given the variation in molar morphology known to be caused by 

different climates (Nelson and Semken, 1970) and the fit of the Lubbock Lake molars to 

this model of morphology (Figure 4.1), adaptation of the molars due to changes in the 

climate appears to be the most parsimonious answer. 

The substratum 2 A population represents the retum of muskrats to Lubbock Lake 

after the departure of the IB population. The disappearance of the stream served to 

isolate the muskrats from other breeding populations, and limited their ability to migrate 
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as the water level continued to fall. This scenario helps explain the rapid evolution seen 

in tiie waning years of muskrat habitation (Figure 4.26) as intense natural selection 

produced generations of muskrat with wider, longer molars, and the ability to better chew 

the different varieties of vegetation. This same type of adaptation would have been 

occurring at other locations throughout the Southem High Plains as water levels fell 

throughout the region (Johnson, 1986). 

Quantification of Change 

Multivariate Methodology 

The second objective of this research is the quantification of morphological 

change. This objective is accomplished most effectively with the multivariate methods 

of principal component analysis and discriminant function analysis. These methods 

allow the molar to be described with the use of landmarks, pseudolandmarks, and 

multiple measurements to give a detailed view of changing morphology. 

The PCI from the test of the molar interior (a size vector) allows for the most 

reliable view of how the size differs between the various populations studied (Figure 5.1). 

Analysis of the individual PCI loadings shows that the labial portion of the tooth changes 

more than the buccal. The measurements associated with the lengths of individual 

triangles (re-entrant angles to re-entrant angles on the same side of the molar) show more 

change posteriorly than anteriorly. The measurements of the central area of the tooth (re

entrant angle to re-entrant angle across the molar) change more as the measurements 

progress anteriorly. The test of individual triangles agrees with the test of inner 
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measurements, showing a larger difference for the labial triangles than the buccal, and a 

larger change posteriorly than anteriorly (Figure 5.2). 

Analysis of individual PC2 loadings for the inner measurements indicates a 

substantially higher rate of shape change for the anterior, with smaller, relatively 

consistent amounts of change for the rest of the molar (Figure 5.3). The PC2 loadings for 

the test of triangles show substantially more change in the bucal triangles of the tooth, 

with minor amounts in the labial triangles (Figure 5.4). The high rates of change in the 

anterior portion of the tooth may be inflated as a result of molar wear. 

Figure 5.1. PCI loadings showing areas of the tooth with largest differences for the test 
of inner measurements. 

Figure 5.2. PCI loadings showing areas of the tooth with largest differences for the test 
of triangle measurements. 
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Figure 5.3. PC2 loadings showing areas of the tooth with largest differences for the test 
of inner measurements. 
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Figure 5.4. PC2 loadings showing areas of the tooth with largest differences for the test 
of triangle measurements. 

The loadings from the disciminant function analysis further illustrate the pattem 

of change in the molars. The DFl loadings from the test of inner measurements 

represent a bipolar vector (shape variation) and indicate that the interior of the molar has 

less change than the triangles (Figure 5.5). The change in the molar appears localized in 

re-entrant angles associated with triangles two, five, and seven. The DFl loadings from 

the test of triangles is in general agreement, but also shows substantial change in triangles 

one and three (Figure 5.6). The DF2 loadings for the test of inner measurements 
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resembles the pattem from the DFl coefficients, with little change in the interior portion 

of the molar (Figure 5.7). Consistent and relatively homogenous change is indicated for 

the remainder of the measurements. The DFl for the test of triangles indicates little 

shape difference in all but triangles two and five (Figure 5.8) 

Figure 5.5. DFl loadings showing areas of the tooth with largest differences for the test 
of inner measurements. 

Figure 5.6. DFl loadings showing areas of the tooth with largest differences for the test 
of triangle measurements. 
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Figure 5.7. DF2 loadings showing areas of the tooth with largest differences for the test 
of inner measurements. 

Figure 5.8. DF2 loadings showing areas of the tooth with largest differences for the test 
of triangle measurements. 

The general trends in morphological change related to size variation denote 

higher amounts on the lingual side triangles than on the buccal side of the molar. For the 

interior portion of the molar, more size change occurs in the anterior than in the 

posterior. Shape vectors show a tendency for variation in the anterior and posterior areas 

of the molar, while the middle of the tooth is relatively more stable. 

The morphological change in the Lubbock Lake molars is significant over a very 

short time period, as witnessed by the high evolutionary rate of 33 darwins (Figure 4.25). 

This high rate testifies to the extreme selective pressures that were exerted on the 
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muskrats of the late-Pleistocene and early-Holocene at Lubbock Lake. The species 

Clethrionomys glareolus ( a vole from Scotiand) demonstrated a rate in excess of 50,000 

darwins (Martin, 1993), far exceeding the rate seen between the 2A and upper 2B 

populations at Lubbock Lake. The explanation for tiiis extremely high rate of evolution 

in this small population of C. glareolus is a "founders effect," although this conclusion is 

suspect (Corbet, 1975). While the Lubbock Lake muskrats were already in place and a 

"founders effect" is not applicable, the isolation from other breeding populations coupled 

with the competition for dwindling resources forced the high rate of change in the 

population. It is possible that a short duration drought also may have forced the Lubbock 

Lake population through a "bottleneck," reducing variation in the population and 

allowing larger molars to spread through later generations. 

The change in the Lubbock Lake muskrat molars can be interpreted as an 

example of mosaic evolution (Figure 3.1), as different parts of the molar change at 

greatly differing rates (Figures 5.1-5.8). The high change rate at Lubbock Lake also 

supports a punctuated model of evolution defined by long periods of stasis followed by 

rapid evolution. This conclusion is supported by other studies of muskrat molar 

evolution (Martin, 1979). The rate of change found at Lubbock Lake would be unlikely 

to be sustained for a long period of time. At the Lubbock Lake rate, the muskrat molar 

would increase from an average length of ca. 7mm to over 2.5cm in just 100,000 years, 

and produce a muskrat approximately the size of a mammoth in just 1 million years. The 

assumption is that the rate was slower before the dramatic changes in climate and 
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environment at Lubbock Lake, and would likely have decreased as environmental 

changes slowed had the muskrat population not disappeared. 

Methods 

While methods using length and width to test for variation indicate differences in 

the molars, multivariate methods allow a more precise measurement of exactly where 

variation is located, and how this variation compares to other sections of the molar. 

Ratios eliminate size as a factor, and reduce the complex geometry of the muskrat 

occlusal surface to a single, dimensionless variable. A better view of how and where the 

molar varies is found using multiple variables and comparing them simultaneously. 

The manner that variability in molars is quantified is refined with the 

methodology used to study the Lubbock Lake molars. Early research of muskrat molars, 

like the pilot test of the Lubbock Lake molars, depends on measurements using the outer 

areas of the tooth (Nelson and Semken, 1970). The outer portions of the tooth are 

subject to considerable wear over the life of a muskrat. The results of this research show 

the effects that wear can have on statistical analyses, as the multivariate tests of outer 

measurements noticeably are skewed (Figures 4.13, 4.14). Small sample size frequently 

encountered in the fossil and subfossil record compounds this problem by allowing a 

single wom molar to aher dramatically the interpretation of tiie molars. The width of 

molars can be altered significantly through the course of a muskrats life, skewing any 

analysis based on the salient angles of the tooth. The use of re-entrant angles can be used 

to minimize this problem. Size designation is by its nature an arbitrary abstraction, and 
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may be defined as easily in terms of interior landmarks on the molars as by exterior 

pseudolandmarks that may change during the muskrat's life. 

Taxon Designation 

The third objective in this research is the determination of taxon designations for 

the Lubbock Lake populations. Following with the findings of the first objective, 

significant differences exist between the IB populations and all later populations at 

Lubbock Lake. The Lubbock Lake populations vary significantly from modem 

surrounding subspecies. If a population varies significantly from other populations in the 

phyletic sequence, the population may require a different taxon designation. Comparison 

to modem samples is accomplished to determine significance of the variation. 

Significance for these purposes is morphological change in a phyletic sequence where the 

variability of the sequence is notably greater than the interspecific morphological 

variation and/or at least equal to interspecific variation as demonstrated by the closest 

living relative of the taxon under investigation (Martin, 1993:232). When the range of 

variation of the fossil population falls outside the norms of the modem population, the 

fossil population generally is given a new name at the proper taxonomic level (Martin, 

1993:230). These criteria are met for the Lubbock Lake populations based on the 

statistical analysis of the Mi. 

While the cranial and post-cranial materials are not studied for the Lubbock Lake 

muskrats, the complex nature of mammalian teeth allow most species to be identified by 

dentition alone (Gingerich, 1985). The gradual but consistent changes in microtine 
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rodent teeth generally are viewed as reliable indicators of age in North American 

Quatemary faunas (Graham and Semken, 1987:5), and are used to identify different 

species of muskrat in the fossil record (Martin, 1993). Given these precedents, the 

classification of the Lubbock Lake muskrats into different taxa based solely on dental 

characteristics is reasonable. 

The variation in the Lubbock Lake populations does not appear significant at the 

species level. Qualitatively and quantitatively, the molars appear to be Ondatra 

zibethicus. The variation at the subspecific level, however, appears significant in the 

statistical analysis. The ANOVA, ANCOVA, and multivariate methods all indicate 

significant differences in the Lubbock Lake populations when compared to modem 

subspecies and when individual substrata are compared to other substrata (Tables 4.3-

4.6). The Lubbock Lake muskrats cannot be assigned to any modem subspecies studied. 

The modem subspecies used in this research surround the Southem Plains (Figure 2.1) 

and are the only plausible living relatives of the Lubbock Lake muskrats. As none of 

these subspecies are appropriate for the Lubbock Lake muskrats, new subspecies 

designations are necessary. 

The morphological variation between the stream-dwelling IB population and the 

later pond/marsh dwelling 2A and 2B populations requires two subspecies designations 

for the Lubbock Lake muskrats. The substratum IB muskrat population, as tentatively 

defined by the molar TTU-A20198, is designated "subspecies 1." Subsequent muskrat 

populations found within substrata 2A, 2B cienega, and upper 2B, as tentativelyd efined 

by the molar TTU-A21926, are designated "subspecies 2." 
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Southem Plains Populationf; 

The fourth objective of this analysis is to provide an overall view of the muskrat 

on the Southem Plains during the late-Pleistocene and eariy-Holocene. The remains of 

such muskrat from outside Lubbock Lake, however, are scant. The MiS studied in this 

research are the only known examples. It is difficuh to obtain a reliable picture of the 

muskrat on the Southem Plains from this material, although a few tentative conclusions 

can be drawn. 

The molar from Blackwater Draw Locality #1 (BWDl) has a ratio equal to the 

mean ratio from the 2A population from Lubbock Lake. The date for the BWDl tooth 

(ca. 11,800-11,00 B.P.) is older than the 2A range of ca. 10,800 to 10,000 B.P. (Johnson, 

1987; Haynes, 1995;386). The muskrat molar from BWDl is associated with tiie Gray 

Sand (Lundelius, 1972) deposited by spring activity (Holliday, 1997). The 2A muskrat 

from Lubbock Lake are associated with ponds and spring activity (Holliday, 1997). The 

Blackwater Draw drainage system joins the Yellowhouse Draw drainage system 

(associated with Lubbock Lake) to form Yellowhouse Canyon. As part of the same 

larger system, movement of aquatic fauna is allowed between the two localities in the 

late-Pleistocene and early-Holocene. While the dates for the two muskrat population 

from BWDl and Lubbock Lake do not concur, the similarity in morphology and 

environment, the geographic proximity of the two sites, and association of Blackwater 

Draw and Yellowhouse Draw drainage systems suggest the Blackwater Draw molar 

should be assigned to Lubbock Lake "subspecies 2." This classification places two 

muskrat subspecies on the Southem High Plains at the same time. The condition of 
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multiple subspecies is found presently in several regions, particulariy in the American 

Southwest (Wilner et al., 1980). This situation is found in northeastem New Mexico, 

where three subspecies live in the same vicinity (Figure 2.1). The two late-Pleistocene 

and early-Holocene subspecies inhabit different niches (stream and pond) allowing two 

subspecies to persist in the same region. 

The Howard Ranch molars appear similar to the "subspecies 2" and modem O.z. 

zibethicus molars in ratio size (Figure 4.3). The small sample size (4), including at least 

one juvenile, do not allow a confident statistical analysis of this population, and no 

multivariate analysis is accomplished. The environment associated with the Howard 

Ranch fauna is lacustrine and a range of ca. 16,700-19,000 B.P. based on radiocarbon 

dating is given for the deposits (Dalquest and Schultz, 1992:56). This age predates all 

Lubbock Lake populations and the BWDl population. The mean length/width ratio 

found normally is associated with cool climates (Nelson and Semken, 1970), and the 

conditions corresponding to the dates are cool and moist (Johnson, 1986; Brooks, 1970). 

The ratio appears cooler than substratum 2A, yet warmer than substratum IB. The ratio 

of the Howard Ranch molars is most homologous with the Lubbock Lake "subspecies 2," 

and the habitat associated with Howard Ranch is consistent with the ponded habitat 

associated with "subspecies 2." The early age for the Howard Ranch molars predates the 

earliest "subspecies 2" molars, however, by several thousand years. 

Three possibilities exist to explain the similarity of the Howard Ranch molars to 

"subspecies 2": (1) the Howard Ranch population represents the subspecies that moved 

southward into Lubbock Lake after the departure of the "subspecies 1" muskrat; (2) the 
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Howard Ranch population represents a different subspecies that resembles "subspecies 2" 

in molar morphology and habitat; or (3) the Howard Ranch molars analyzed do not 

represent the tme parameters of the Howard Ranch population. The Howard Ranch 

population of muskrats is best viewed as "subspecies 2" based on molar morphology, 

similar habitat, and geographic proximity in the absence of more conclusive data. This 

classification further supports multiple subspecies inhabiting different niches on the 

Southem Plains during the late-Pleistocene. 

Modem Variation 

The fifth objective of this research is to gain an understanding of modem 

variation and its relevance to the Lubbock Lake populations. The model used in this 

research is based on a morphological correlation between molar shape and climate. The 

modem subspecies studied appear to conform to this model with the exception of O.z. 

ripensis. The molars for this subspecies are large and the length/width ratio also is larger 

than expected from a population living in a warm environment (along the Pecos River in 

southwestem Texas). 

The remaining subspecies demonstrate larger ratios for populations from cooler 

climates and those from relatively warmer climates exhibit smaller ratios (Figure 4.2). In 

particular, the O.z. cinnamominus subspecies, collected primarily from Colorado and 

Wichita Falls, demonstrates this morphological variation with the Colorado population 

exhibiting a larger length/width ratio and the Wichita Falls population demonstrating a 

smaller ratio (Figure 4.2). The Lubbock Lake populations conform to the model with the 
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IB population exhibiting the largest ratio, and each successive population producing 

smaller and smaller ratios. 

The nonconformity found in the O.z. ripensis in length to width ratio raises a 

question about the climatic aspect of the model. While climate is the drive behind tiie 

molar morphology, the corresponding change in habitat may be the tme catalyst for 

actual difference in shape. The types of food the muskrat eats varies with habitat 

(Errington, 1963), and may be responsible for directing the evolution of the molar 

morphology. The O.z. ripensis subspecies exclusively inhabit river environments. Rivers 

tend to have plants along the banks rather than large amounts of submergent or emergent 

plants (Archibald, 1995). These riverine plants require woody stmctures for support that 

water plants do not require (King, 1997; Kozlowski et al, 1991) making riverine plants 

harder to chew. This harder food appears to be the reason river muskrats exhibit larger 

length to width ratios and overall molar size than expected. The type of hydric 

environment and associated flora have a potentially profound effect on molar 

morphology that is not addressed in the climatic model. Further study of river and marsh 

muskrats and the associated molar morphology may help define the extent that the water 

source effects morphology. 

A relationship between O.z. ripensis and O.z. osoyoosensis is suggested in the 

cluster analysis (Figures 4.24, 4.25). Several multivariate score plots also show an 

affinity between these two subspecies (Figures 4.6,4.8, 4.9,4.11,4.13, 4.14,4.21). The 

geographic ranges for these subspecies abut and perhaps overlap in central New Mexico 

(Figure 2.1). It is possible based on morphology and geographic proximity that these two 
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subspecies were once a single subspecies, and O.z. ripensis adapted to the more extreme 

condition in the Pecos River and southwestem Texas. This possibility could be explored 

through a more intensive analysis of the two subspecies, including morphological and 

molecular analysis. Subfossil specimens from central New Mexico also may prove 

valuable. 

Biology and Phylogenv 

The sixth objective is a review of the literature conceming the biology and 

phylogeny of the muskrat. The behavior and evolution of the Lubbock Lake muskrat 

populations is constmcted based on modem behaviors and known pattems of change in 

the lineage. While models applied to late-Pleistocene and early-Holocene populations 

founded on modem behaviors cannot be tested fully, they provide the most plausible and 

parsimonious predictions available. 

"Subspecies 1" 

The "subspecies 1" muskrat at Lubbock Lake subsisted primarily on the 

vegetation in and around the stream, and also consumed small animals when conditions 

were poor or the opportunity was available. The preferred lodging would have been 

burrows along the banks of the stream. By remaining in the water and close to their 

burrows, the muskrat sought to avoid the varied types of predators hunting at Lubbock 

Lake during their occupation (including wolf, fox, hawk, and human) for whom the 

muskrat would have been a preferred food source. 
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A cataclysmic event altered the stream of the "subspecies 1" muskrat, that 

disappear from Lubbock Lake probably to inhabit other neighboring streams. The most 

likely streams for this migration are the Brazos and White Rivers, as these are joined 

downstream from Lubbock Lake to Yellowhouse Draw. These drainage systems are also 

close enough together that muskrats could have moved overiand from water source to 

water source during wet periods. Muskrat generally restrict movement during poor 

conditions, but will migrate either in periods of favorable conditions or if extreme 

environmental condition (such as flood or drought) occur (Errington, 1939; Bellrose and 

Brown, 1941). The late-Pleistocene muskrat would have likely preferred to move 

northward rather than southward due to the increasing temperatures of the period 

(Johnson, 1986). It is also possible that the Lubbock Lake population of "subspecies 1" 

simply perished in the cataclysmic event without migrating. 

It is possible, based on morphological and environmental similarities, that a 

relationship exists between the "subspecies 1" stream muskrat and the O.z. ripensis 

muskrat currently living in the Pecos River. It is doubtful, however, that the "subspecies 

1" muskrat migrated south and are the ancestral population for the modem O.z. ripensis, 

but rather that populations of "subspecies 1" muskrat were either already living in the 

Pecos during the late-Pleistocene or that other populations outside of Lubbock Lake, 

perhaps living in eastem or central New Mexico, are the tme ancestors of the O.z. 

ripensis subspecies. 
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"Subspecies 2" 

A new subspecies of muskrat, "subspecies 2," retumed to Lubbock Lake 

approximately 100-200 years after "subspecies 1" left. The "subspecies 2" muskrat lived 

in lodges built of vegetation and earth in the ponds and marsh, and dug burrows when the 

water level fell too low to allow lodges. Although the types of plants utilized by the 

muskrat changed, the diet still consisted of vegetation in and around the water source and 

included small animals. As the climate warmed and dried and the water levels at 

Lubbock Lake fell, the muskrat dug burrows and became increasingly territorial with 

rising levels of intemal strife. Competition for plant foods and water escalated as other 

animals (such as bison) vied for the dwindling resources. Muskrat from other water 

sources did not immigrate to Lubbock Lake, nor did Lubbock Lake muskrats attempt to 

emigrate to other water sources. The act of moving from water source to water source 

would have been more dangerous than remaining in place due to the threat of predators. 

This behavior led to the rapid rate of change in the "subspecies 2" muskrat from substrata 

2A to 2B by limiting gene flow and increasing inbreeding in the Lubbock Lake 

population. The last muskrats at Lubbock Lake would have lived in deep burrows in 

seasonal water holes. Their molars, the largest of any muskrat to inhabit Lubbock Lake, 

would have been needed to process the increasingly sparse, dust-covered plants. These 

final muskrat likely died without issue (no descendants). The most likely closest living 

relative is O.z. cinnamominus based on morphological likeness, geographic proximity, 

and similarity of habitat. 
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The Ml has long been held as an important tool in the study of muskrats and for 

inferring environmental conditions (Semken, 1966; Martin, 1979; Carroll, 1998). The 

research of the Lubbock Lake muskrats reaffirms this position, and adds to the general 

knowledge of the Lubbock Lake and Southem Plains paleoenvironment and the muskrat 

in general. This study also provides further data that may be used to develop and refine 

the larger issue conceming the mode and tempo of Quatemary evolution. Each objective 

for the research of the Lubbock Lake muskrats has been met, and the ultimate goal of 

determining variation in the populations has been satisfied. 
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CHAPTER VI 

CONCLUSIONS 

This research has analyzed the variation in the Lubbock Lake muskrat populations 

and the role of changing climate on that variation, focusing on the morphology of tiie Mj. 

This variation in morphology was quantified and used to designate taxa in the Lubbock 

Lake populations. Comparisons were made with other molars from Southem Plains 

localities giving an overall view of the muskrat during the late-Pleistocene and early-

Holocene in the region. Modem subspecies also were studied to provide comparative 

data and a sample of modem variation in muskrat molar morphology. An understanding 

of the biology and phylogeny of the Lubbock Lake muskrat populations was gained 

through this research and subsequently applied to the muskrat of the late-Pleistocene and 

early-Holocene. 

The Lubbock Lake Muskrats 

Two new subspecies of muskrat were identified in accordance with significant 

morphological differences, temporal displacement, and habitat variation. The subspecies 

distinction will be valuable in future excavations at Lubbock Lake by allowing a quick 

assessment of the substrata and comparing new muskrat finds with the chronocline now 

established for Lubbock Lake. The continued study of other molars, cranial 

characteristics, and post-cranial morphology will refine and better define the Lubbock 

Lake subspecies. Increased sample size, particularly for the IB and upper 2B 
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populations, will allow for increased confidence in the interpretation of the Lubbock 

Lake muskrats. 

The Model 

The model historically used to demonstrate a correlation between muskrat molar 

morphology and climate (Nelson and Semken, 1970), has been expanded on based on the 

findings of this analysis. The effects of habitat rather than just temperature must be 

considered. The vegetation utilized by the muskrat must be one of the principal factors 

in directing molar evolution. Climate is an important element in regulating the types of 

vegetation in the muskrat habitat. Other components, however, such as water source, 

water depth, resource competitors, and soil type, also impact vegetation (King, 1997) and 

must be considered when reconstmcting the paleoenvironment from molar morphology. 

The use of multivariate methods improves upon the previous technique of relying 

on length to width ratios as the sole method to discem morphological variation in molars. 

The use of re-entrant angles minimizes the effects of ontogenetic change and wear, and 

allows for more reliable comparisons between populations. Score plots of PCA and DFA 

and regressional analysis should be employed for making distinctions among different 

muskrat species and subspecies. The use of length and width ratios alone to distinguish 

between taxa would have failed to realize the significant differences in the Lubbock Lake 

"subspecies 1." Otiier distinctions may be unrecognized in the muskrat fossil record. 
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Future Research 

Future research on the Lubbock Lake molars should continue to provide insights 

into the paleoclimate and the process of microevolution. The M2, M3, and the upper 

molars should be studied for morphological change in the same manner as the Mi to 

determine if pattems of variation can be discemed. Post-cranial material could also be 

analyzed for pattems of variation. The Lubbock Lake populations do not contain reliable 

sample sizes of post-cranial elements currently, but future excavations may increase the 

present amount. 

The morphological chronocline established for the IB to upper 2B sequence can 

be applied to the less well-known 2s substratum. The abundant molars from this 

productive substratum can now be sorted by morphology, and correlated with dated 

molars of similar morphology from other substrata. Continued analysis of variation in 

dental microwear pattems may also provide data conceming the paleohabitat and 

changes in the flora at Lubbock Lake. Lastiy, the methodology used to study the 

Lubbock Lake molars would be effective in the analysis of other species of microtine 

rodents from Lubbock Lake. 

An expanded study of the muskrat on the Southem Plains would allow a more 

accurate picture of subspecies distribution, movement, and phylogenetic relationships. 

More muskrat material is required for this type of research to progress, and it is critical 

that field researchers use screening techniques that recover and prevent damage to small 

faunal materials. 
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Future research on modem muskrats should also prove productive. The 

resemblance between the ontogenetic change in the modem muskrat molar should be 

compared to the phylogenetic pattem of change. A correlation between the ontogeny and 

phylogeny is implied in the morphology of the Mi that may provide information pertinent 

to the process of tooth evolution. Several aspects of the modem juvenile molar, such as 

lack of cementum, crenulated anterior loop, lack of a well-developed root, and general 

size all are traits common to adult muskrats of the distant past. 

Variation in modem subspecies should continue to be reviewed. The designation 

of subspecies was accomplished over 85 years ago (Hollister, 1911), and may need 

revision. The traits of pelage color and overall size are the primary characteristics used 

to delineate between subspecies. The difference in molar morphology between the two 

O.z. cinnamominus populations studied, for example, is greater than the difference 

between some modem subspecies. While this observation is based only on molar length 

to width ratios, molar morphology is a heavily-weighted trait in the distinction of fossil 

muskrat. The lack of consistency in modem molar morphology within and between 

subspecies implies an arbitrariness to the current subspecies designations, most of which 

appear based on a few more readily observable traits that may not be representative of 

tme genetic distance. Molecular analysis of the 16 subspecies would prove valuable, and 

more refined morphological definitions of the subspecies would be useful. The effects of 

different habitats, such as river versus marsh, on molar morphology also may refine the 

model of environmental influence on the muskrat. An expansion of the dental microwear 
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research done on the Lubbock Lake muskrats (Gutierrez et al., 1999) to include modem 

muskrats would explore further the effects of different habitats on tiie muskrat. 

The application of the multivariate methods used on the Lubbock Lake 

populations may be used to resolve the validity of the Ondatra nebracensis species. 

Rather than depending on length and width, a more refined analysis of the O. nebracensis 

molars may demonstrate its relationship to O. zibethicus. It has been suggested that the 

two species should be subsumed under the nomen O. zibethicus (Martin, 1993; Stephens, 

1960), and that the characteristics used to define O. nebracensis are associated with old 

age (Stephens, 1960). Given the ontogenetic similarity in molar development to the 

phylogenetic evolution of the molar, this issue should be pursued and resolved. It 

appears likely that the O. nebracensis species may, in fact, be young adult O. zibethicus 

muskrat. The validity of the fossil subspecies O.z. floridanus (Lawrence, 1942) also may 

be resolved using multivariate methods to determine whether it is actually O.z. 

zibethicus, as has been suggested (Martin, 1993). If this very large Wisconsin Period 

muskrat is found to not represent a distinct subspecies, a doubt should be cast on all 

modem muskrat subspecies classifications, and a new range of variation established for 

the muskrat taxonomic categories of species and subspecies. 

Summary 

The study of the Lubbock Lake muskrat populations allows for the rare look at a 

species undergoing evolution in the subfossil record. Due to the well-dated stratigraphy 

at Lubbock Lake, the muskrat are able to be separated chronologically into distinct 
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populations, allowing for comparison at known intervals. The conditions necessary for 

such studies of microevolution are all available at Lubbock Lake: dramatic change in the 

climate; well-dated stratigraphy; abundant remains of flora and fauna; and relative 

isolation from other breeding populations. The excavation techniques at Lubbock Lake 

have preserved the largest collection of prehistoric muskrat molars known, permitting 

reliable statistical analyses to be performed. This same circumstance may also be tme 

for other microfauna found at Lubbock Lake. 

What is leamed from this research may be applied to future discoveries at 

Lubbock Lake, at other Southem Plains localities, any study of microtine dentition, and 

research of evolutionary processes in general. This research serves as a starting-point for 

fiirther investigations into microevolution at Lubbock Lake focusing not just on muskrat, 

but also the many other species represented in this extensive faunal collection. While 

Lubbock Lake has long been heralded as a laboratory for the study of human cultural 

change, it must now be valued for the rare opportunity it presents to study the pattem and 

process of evolution. 
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