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This dissertation has two overall objectives: first, to demonstrate the utility of 

paleozoological data for ongoing and future mussel-conservation efforts in Texas and second, to 

evaluate whether simple measures of habitat (e.g., water depth, velocity and particle size) are 

important for demonstrating the within-habitat spatial separation of mussels.  Although these 

topics may seem disparate, both are important for increasing our understanding of unionid 

ecology and biogeography.   

Chapters 1 through 3 examine the use of paleozoological data for mussel conservation.   

Although these types of data are not new they have rarely been used in mussel conservation 

efforts within Texas.  This is unfortunate because paleozoological data can provide an excellent 

record of the mussel fauna prior to wide-scale modern impacts and in areas where historical 

survey data are lacking.   

Chapter 4 examines whether assessments of microhabitat for mussels using simple 

measures of habitat (e.g., water velocity, depth and particle size) are useful.  Recent studies have 

suggested that these measures do not explain the mussel distribution in flowing streams.  If this 

is correct, instream flow studies using this approach need to be revised.  Results of Chapter 4 

indicate that mussels in the lower Brazos River basin are constrained in distribution by the 

availability of heterogenous substrate.   

Appendix A, details the first account of a living population of Truncilla macrodon, which 

is a candidate species for the Endangered Species Act (ESA).  The population was found while 

conducting mussel instream flow studies in the lower Brazos River basin.   
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CHAPTER 1

LATE HOLOCENE BIOGEOGRAPHY OF UNIONIDS IN NORTH TEXAS1

Introduction

Freshwater mussels or unionids have experienced a dramatic decline in both numbers

and distribution throughout the United States.  In fact, it has been estimated that of the 297

species native to North America, 12 % percent thought to be extinct and 23 percent are

considered threatened or endangered (Galbraith et al. 2008 and references therein). Unionids are

long-lived, sedentary organisms that spend a portion of their lives as ectoparasites on fish

(Vaughn and Taylor 1999, Galbraith et al. 2008).  Because of these biological characteristics,

anthropogenic impacts such as overharvesting, urban sprawl, stream impoundments, intensive

agriculture practices, introduction of alien species, and apathetic land-management policies have

reduced or eliminated many unionid populations (Neck 1982a, Bogan 1993, Strayer 1999a,

Vaughn and Taylor 1999, Watters 1999, Lydeard et al. 2004). Unfortunately, the temporal and

spatial scales of these impacts have not been well documented (Régnier et al. 2009).  Notable

exceptions include studies of freshwater mussel faunas in areas of the Southeast (Parmalee et al.

1980, 1982, Parmalee and Hughes 1993, 1994, Peacock and Chapman 2001, Parmalee and

Polhemus 2004, Peacock and Mistak 2008).

Historic records are often used to describe early flora and fauna and for illustrating how

modern ecosystems differ from past ones.  For freshwater mussels, historical data are typically

used to measure taxonomic turnover at multiple ecological scales (e.g., community and species

levels) following land use changes and impoundments (Parmalee and Hughes 1993, Vaughn

2000, Garner and McGregor 2001, Parmalee and Polhemus 2004, Poole and Downing 2004,

1 This entire chapter is reproduced from Randklev et al. (2010b), with permission from the Ecological Society of
America.



2

Sickel et al. 2007).  However, assessment of modern environmental impacts including those on

streams can be problematic if historical records are either short in temporal scale and/or have

poor spatial resolution (Lyman 1995, Lyman and Wolverton 2002, Humphries and Winemiller

2009). For example, modern unionid surveys often focus on the same habitat type (e.g., shoals

or riffles) from a small number of sampling localities (Randklev et al. 2007, Sickel et al. 2007,

Chapman and Smith 2008).  Moreover, discontinuities in suitable habitat, patchy distributions of

individuals relating to dispersal limitation, and low levels of species abundance may also affect

historical and modern survey data (Hurlbert and White 2005 and references therein). In addition,

large scale impacts such as impoundments, channelization, and changes in land use undoubtedly

affect regional and local taxonomic composition of the unionid community and therefore

influence biogeographic inferences (Rahel 2002, 2007). As a result, it is likely that historical

records are representative of modern human impacts on streams rather than community

composition prior to these impacts. The question thus arises as to whether or not historical and

modern records alone are adequate for reconstructing biogeographic ranges and zoogeographic

provinces and, more importantly, for guiding wildlife management decisions.

In north central Texas, specifically within the upper Trinity River drainage, little is

known regarding the biogeographic distribution of freshwater mussels (Neck 1990).  The few

historical records that exist for this area are from the Elm Fork of the Trinity River near Dallas

(Singley 1893, Strecker 1931, Read and Oliver 1953, Read 1954, Flook and Ubelaker 1972,

Neck 1990) and the Clear and the West Forks of the Trinity River near Fort Worth (Mauldin

1972).  Modern surveys within the upper Trinity River drainage have focused on reservoirs and

nearby rivers (Howells 2006).  Early accounts from the journals kept by Athanase de Mézières

during the late 1700s describe the valley of the West Fork of the Trinity River near Fort Worth as
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containing “numerous springs and creeks” lined with “rock and gravel” substratum (Garrett

1972). For example, de Mézières recorded that wild game such as buffalo (Bison bison), deer

(Odocoileus virginianus), pronghorn (Antilocapra americana), turkey (Meleagris gallopavo),

geese (Branta canadensis) and cranes (Gruidae) were in such abundance that hunting was not

only for subsistence but also for improving marksmanship (Garrett 1972).  For the Trinity River

near Dallas historical records indicate that the “river was deep” with a substratum composed of

“solid gravel” rather than mud as is generally believed today (Dallas Daily Times Herald,

August 24, 1891).  In contrast, modern commentators describe streams in the upper Trinity River

basin as predominately intermittent.  For example, Strecker (1931:60) states “above Dallas the

flow is intermittent, the main stream not being formed until the union of the headwater tributaries

in the central part of Dallas County.”  Read (1954:35) describes the Trinity River and associated

tributaries in Dallas County as being “sluggish, with the flow of water drastically reduced during

the summer months.”  Modern unionid studies (Neck 1982b, 1990) for the upper Trinity River

drainage report similar observations.

The biogeographic distribution of unionids in the Trinity River has been divided into

‘upland’ and ‘lowland’ components based on the assumption that modern habitat conditions for

this drainage represent those of the past (Table 1). That is, studies assume that modern habitats

are analogous to pre-modern environmental conditions. Therefore, it has been argued that the

Trinity River “above Dallas” does not contain species typical of east Texas streams because of

low precipitation and intermittent conditions as well as changes in water chemistry associated

with limestone and chalk surface geology (Neck 1982b).  Further, recent studies have suggested

that differences in mussel fauna between the upper and lower Trinity River basins are related to

unsuitable pre-impoundment conditions in the upper drainage (Neck 1990). These studies
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hypothesize that the dearth of lowland species in the upper Trinity River basin is predicated on

the absence of suitable habitat (e.g., perennial, sandy bottom streams) prior to modern human

impacts.

TABLE 1. List of “lowland” species (Neck 1990) thought to distinguish upper from lower
unionid faunas in the Trinity River.

In summary, classification of the Trinity River into two faunal areas stems from a small

number of early surveys near Dallas after the construction of impoundments on the Clear, West

and Elm Forks of the Trinity River (Strecker 1931, Neck 1990).  Thus it is likely, that early

attempts to characterize the unionid zoogeography in the upper Trinity River drainage using only

a few historical surveys do not accurately reflect pre-impoundment mussel distributions or

habitat. Because of the limitations of early historical records zooarchaeological data are used to

evaluate the unionid zoogeography of the upper Trinity River drainage; results of this study

indicate that one lowland species was present in the upper Trinity River drainage during the late

Holocene.

Species Common name

Fusconaia flava Wabash pigtoe

Megalonaias nervosa Washboard

Plectomerus dombeyanus Bankclimber

Strophitus undulatus Squawfoot

Truncilla donaciformis Fawnsfoot

Truncilla macrodon Texas fawnsfoot



5

Study Area

The upper Trinity River drainage is located in north central Texas and is characterized by

a humid subtropical climate that is continental and therefore subject to wide fluctuations in

temperature and precipitation (Neck 1990).  In 2008, the average monthly temperature varied

from 8.3 ºC in January to 31.7 ºC in July.  Extreme temperatures recorded for 2009 were -5 ºC

and 40.6 ºC.  Annual precipitation in 2008 was 688.3 mm, but the annual average is 882.1 mm

(Office of the State Climatologist for Texas 2009).  The major river systems in this drainage

(Figure 1) are the Clear Fork of the Trinity River, which originates in Parker County, the West

FIGURE 1. Map of the Trinity River, black dots indicate locations of archaeological sites on the
West (41TR114) and Clear Forks (41TR205) of the Trinity River and Denton Creek (41DL8).
The orange circle indicates a modern record for Fusconaia cf. flava and Truncilla donaciformis
(Randklev and Lundeen unpublished data). Red circles denote major cities.  Abbreviated names
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correspond to reservoirs: BL - Benbrook Lake; EL - Eagle Mountain Lake; GL - Grapevine
Lake; LL - Lake Lewisville; LW - Lake Worth.  Dates of impoundment are listed in Table 2.

Fork of the Trinity with its headwaters in Archer County, the Elm Fork which originates in

Montague County, the East Fork which arises in Grayson County, and Denton Creek, a major

tributary of the Elm Fork, with its source in Montague County (Dowell and Breeding 1967,

Mauldin 1972, Huser 2000).  In general, river discharge is low for these rivers but can rapidly

rapidly fluctuate as a consequence of surface runoff following heavy local rainfall or

impoundment release; the former is a partial byproduct of intense urbanization that has occurred

in this basin.  For example, median discharge for the West Fork of the Trinity River near Fort

Worth (USGS gauging station 08048000) is 0.7 m3/s whereas for the Elm Fork of the Trinity

River near Lewisville (USGS gauging station 08053000) median discharge is 5.3 m3/s (Figure

1). Extreme discharge volumes for both localities are 141 m3/s and 49.3 m3/s, respectively.  All

watercourses for this study area are now impounded for flood control and commercial and

residential purposes (Table 2). Because the East Fork is located east of Dallas it is not

considered part of the upper faunal component for the Trinity River and thus is excluded from

TABLE 2. Dates of impoundment for watercourses near archaeological sites in the upper Trinity
River drainage.

River Date of impoundment Archaeological site

Clear Fork of the Trinity River 1950 41TR205 and 41TR170

West Fork of the Trinity River 1914 and 1932 41TR114

Denton Creek 1952 41DL8

Elm Fork of the Trinity River 1928 and 1954 see Denton Creek
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further analysis. In general, the Trinity River mussel fauna is typical of those from the West

Gulf Province, which includes rivers that drain south and west of the Mississippi drainage (Neck

1982b, 1990, Howells et al. 1996).

Materials and Methods

Faunal remains from three archaeological sites dating between 2,500 and 600 years

before the present (Wolverton et al. 2010) were analyzed to determine whether lowland

component species were present in the upper Trinity River drainage during the late Holocene.

These samples were selected based on availability and presence of unionid remains.

Archaeological sites are located near the Clear Fork (official State of Texas archaeological site

number 41TR205) and West Forks (41TR114) of the Trinity River and Denton Creek (41DL8) in

north Texas (Figure 1); all three rivers are currently impounded (Table 2). The Elm Fork was

not considered because zooarchaeological data are absent for this river. However, 41DL8 is

located upstream from the confluence of Denton Creek with the Elm Fork and thus is used as a

surrogate for mussel communities that existed in the Elm Fork during the late Holocene. For

each sample, taxonomic identifications were made using published guides (Howells et al. 1996,

Parmalee and Bogan 1998) and through comparison to reference specimens housed at the Elm

Fork Natural Heritage Museum at the University of North Texas. Unionid remains were counted

using two quantitative units—NSP (number of specimens [identified and unidentified umbos])

and NRE (non-repetitive elements [identified umbos]) (Mason et al. 1998, Giovas 2009).  A non-

repetitive element is an exoskeletal part that occurs but once per individual mollusk, such as a

left or right valve for unionids (Mason et al. 1998). Only right and left valves using umbo

fragments (NRE) were identified.
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The population abundances of species that inhabited the upper Trinity River drainage

during the late Holocene will never be known. Here, the relative abundance of unionid remains

from the archaeological sites is used to interpret, at nominal and ordinal scales, the lowland

species in the upper Trinity.  The absence of zooarchaeological remains of a particular species

from this basin should not be taken as evidence that it was not present because taphonomic (e.g.,

preservation) processes, insufficient sampling, and past human predation behaviors may affect

species representation (Peacock 2000).  For example, interspecific variability in shell properties

such as shape and density influence whether or not shell remains will preserve (Kosnik et al.

2009, Wolverton et al. 2010).  The more spherical and/or dense the shell of a species, the more

likely diagnostic features will be preserved.  Thus, abundances of remains may be the result of

preservation bias rather than representative of unionid abundances in the late Holocene aquatic

environment. To evaluate whether this is the case for the zooarchaeological assemblages

examined here, shell shape and density for species thought not to have occurred in the upper

Trinity River basin were assessed (see below). Because identifiablity of specimens is related to

preservation the ratio of NRE to NSP (the higher the value the larger the number of identifiable

umbos in a sample) is calculated to assess the degree of fragmentation for each archaeological

shell assemblage (Lyman 1994, Wolverton 2002, Lyman 2008a).  Finally, it is commonly

understood that species richness increases with sample size (Grayson 1984, Lyman 2008b),

therefore small archaeological samples may not accurately reflect prehistoric unionid community

composition and relative abundances of species.  To assess sample size bias the total NRE per

taxon (all three archaeological sites summed) was compared with the number of sites in which a

given species occurs (see Lyman 2008a and 2008b:114-119 for further details). If ubiquity
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(number of sites in which a taxon occurs) increases with sample size, then the latter is potentially

affecting species richness and composition.

Results

Fifteen unionid species were identified from three archaeological sites in the upper

Trinity River drainage. Plectomerus dombeyanus (Valenciennes 1827) is considered a member

of the Trinity River lowland component (Table 1).  Shells of this species were recovered at

archaeological sites on the Clear and West Forks of the Trinity River and on Denton Creek,

suggesting a ubiquitous distribution during the last 2,500 years (Table 3).  The absence of the

remaining lowland species in these zooarchaeological assemblages is unexpected given that

these species and P. dombeyanus are thought to be ecologically similar (Neck 1990).  However,

their absence in late Holocene assemblages is explained by two separate factors, differential

preservation and sample size.

Taphonomic analysis of unionid remains suggests that for certain species preservation is

unlikely. This is because shell shape and density mediate fragmentation and therefore

identifiability.  The valves of those species that are present and abundant in these assemblages

are spherical and/or dense. Amblema plicata (Say 1817), P. dombeyanus and Fusconaia sp. have

robust shells and are common (relative abundance per assemblage is 29 to 65%) compared to

species with fragile shell morphology such as Toxolasma texasiensis (I. Lea 1857) and

Uniomerus tetralasmus (Say 1831) (relative abundance 0 to 6%). Species with shells that are

rectangular in outline and low density, such as the lowland species Truncilla macrodon (I. Lea

1859) and Truncilla donaciformis (I. Lea 1828), are less likely to preserve (Wolverton et al.

2010). Because it is doubtful that their remains would survive, the presence of these two

lowland species in the upper Trinity River basin during the late Holocene cannot be ruled out.
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TABLE 3. Taxonomic list, relative abundance, and NRE (∑ left and right umbos) recovered
from archaeological sites located in the upper Trinity River drainage.  Sites are: Denton Creek -
41DL8 (DC); West Fork - 41TR114 (WF); Clear Fork – 41TR205 (CF).

Species
DC WF CF

NRE % NRE % NRE %

Amblema plicata 31 29.8 10 14.7 38 17.9

Fusconaia sp. 9 8.7 25 36.8 4 1.9

Lampsilis sp. 2 1.9 3 4.4 58 27.4

Lampsilis hydiana 8 7.7 1 1.5 4 1.9

Lampsilis teres - - 1 1.5 4 1.9

Ligumia sp. - - - - 31 14.6

Ligumia subrostrata 1 1.0 - - 19 9.0

Obliquaria reflexa 2 1.9 - - - -

Plectomerus sp. 1 1.0 5 7.4 7 3.3

Plectomerus dombeyanus 11 10.6 9 13.2 19 9.0

Pleurobema sp. - - - - 2 0.9

Pleurobema riddellii 2 1.9 - - 1 0.5

Potamilus sp. 2 1.9 - - - -

Potamilus purpuratus 2 1.9 2 2.9 1 0.5

Quadrula sp. 6 5.8 4 5.9 1 0.5

Quadrula apiculata 1 1.0 - - - -

Quadrula mortoni 14 13.5 - - 2 0.9

Quadrula nobilis 1 1.0 - - - -

Quadrula verrucosa - - 8 11.8 9 4.2

Toxolasma sp. - - - - 6 2.8

Toxolasma texasiensis 3 2.9 - - 1 0.5

Truncilla sp. 2 1.9 - - - -

Truncilla truncata 3 2.9 - - 2 0.9

Uniomerus tetralasmus 3 2.9 - - 3 1.4

Total (NRE) 104 68 212

Unidentifiable umbos 112 209 272

Total Assemblage (NSP) 216 277 484

% NRE to NSP 48.1 24.5 43.8
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Although Neck (1990) assigned one of these species, T. macrodon, to the Trinity River drainage,

historical and modern biogeographic data only indicate the presence of this species in the

Colorado and Brazos river drainages (Howells et al. 1996, Randklev et al. 2010a, cf. Strecker

1931).  The late Holocene distribution of T. macrodon is not clear.

Members of two other lowland species, Megalonaias nervosa (Rafinesque 1820) and

Strophitus undulatus (Say 1817), exhibit low-density and non-spherical shell morphology in this

region. M. nervosa, in particular, exhibits more robust shell morphology in the southeastern

United States than in Texas, and shell density for M. nervosa tends to increase from the Brazos

River drainage eastward (Randklev et al. unpublished data) making its preservation unlikely in

sites within the upper Trinity drainage.  The absence of M. nervosa is not surprising given the

high degree of fragmentation (see discussion below) and small sample size for all three

zooarchaeological assemblages.  In general, that several lowland species are absent from these

zooarchaeological assemblages may reflect poor preservation rather than their late Holocene

biogeographic distributions.

In contrast, valves of Fusconaia flava (Rafinesque 1820) are both dense and spherical in

shape, which increases their likelihood of preservation.  In fact, individuals belonging to

Fusconaia sp. were found at all three archaeological sites.  Unfortunately, few modern

specimens of F. flava have been collected in Texas (e.g., Singley 1893, Strecker 1931) and as a

result the taxonomic (biological) status of this species is unclear (Howells et al. 1996, Howells

2009).  Nevertheless, individuals belonging to Fusconaia sp. were present in the upper Trinity

River basin during the late Holocene, which supports the interpretation that the upper Trinity

contained lowland species during the late Holocene.
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In addition to variability in shell preservation, small sample size may account for why

lowland species are absent from these zooarchaeological assemblages especially if lowland

species were rare in streams during the late Holocene.  The relationship between log NRE

(sample size) and log ubiquity (number of sites that produced a species) is positive (Figure 2),

which is to be expected because as sample size increases, the number of sites that produced

unionid remains of a particular species should also increase (Lyman 2008b).  Had sample sizes

been larger for each site, it is likely that they would have produced not only more individuals but

more species; this is especially the case for 41TR114, which produced only 68 NRE (Table 3).

FIGURE 2. The relationship between unionid NRE (sample size) and ubiquity of fifteen taxa for
three archaeological sites in the upper Trinity River basin.  The log of taxonomic abundance (all
three zooarchaeological assemblages summed) or log NRE is graphed against log Ubiquity
(number of sites that produced a given unionid species). The best fit line is shown for reference
(r2 = 0.65, p < 0.05).  Initials correspond to species: AP – Amblema plicata; FS – Fusconaia sp.;
LH – Lampsilis hydiana;  LS – Ligumia subrostrata; OR – Obliquaria reflexa; PD –
Plectomerus dombeyanus; PP – Potamilus purpuratus; PR – Pleurobema riddellii; QA –
Quadrula apiculata; QN – Quadrula nobilis;  QM – Quadrula mortoni; QV – Quadrula
verrucosa; TT – Truncilla truncata; TX – Toxolasma texasiensis; UT - Uniomerus tetralasmus.
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Species richness is greatest at sites where identifiabilty (ratio of NRE to NSP) is highest

(Table 3).  However, for those sites (41DL8 and 41TR205) with high identifiability, it is likely

that a number of taxa are missing given small sample size.  For these two sites five taxa are

present in one assemblage (41DL8) but absent (41TR205) from the other.  Although remains of

those species are present at 41DL8, they represent only 7.7 percent of the assemblage with none

of the five species with a relative abundance above 2 percent.  That is, species absent from

41TR205 are rare at 41DL8.  It is commonly assumed that similarly aged archaeological sites

located adjacent to similar habitats should produce assemblages comprising the same mussel

species (Peacock 2000).  Aside from the five rare species that are represented at 41DL8, the two

shell faunas share a similar suite of species.  It appears that sample size drives species

representation and abundance in these assemblages in addition to differential preservation (see

above).  As a consequence, the absence of other lowland species within these assemblages

cannot be taken as evidence of their absence in the study area during the late Holocene.

Discussion

Presence of P. dombeyanus at all three archaeological sites represents an extralimital

record for this region because this species is thought never to have inhabited the upper Trinity

(Figures 1 and 3). Habitat requirements for this species suggest that unlike post-impoundment

observations from the early 1930s, the upper Trinity River and associated tributaries were not

intermittent but were in fact slow moving, sand-bottomed rivers that maintained flow; other

species found at these and other archaeological sites support this conclusion (Randklev and

Wolverton 2009a,b, Wolverton and Randklev 2009). Habitat suitable for lowland species was

present near these archaeological sites during the late Holocene; therefore, it is plausible that

other lowland species were also present.  Whether or not this is true is unclear given the small
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number of known local paleozoological mussel assemblages. However, during the late 1890s

J.A. Singley collected M. nervosa from the West Fork of the Trinity River near Fort Worth,

Texas (collections at University of Texas Invertebrate Paleontological Laboratory).  Moreover,

live individuals of both Fusconaia cf. flava and T. donaciformis have been collected in the East

Fork of the Trinity River (Figure 1) approximately 70 km (42 miles) from Dallas (Randklev and

Lundeen, unpublished data).

FIGURE 3. Distribution of Plectomerus dombeyanus, grey-shaded counties indicate modern and
historical records, pink-shaded counties indicate areas containing archaeological sites with P.
dombeyanus, and green-shaded counties indicate historical records for P. dombeyanus near the
upper Trinity River drainage.  R.G. Howells unpublished data.
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Although travel of such distances by unionids seems impossible, large river mussels such

as Neck’s (1990) lowland species are known to parasitize highly mobile fish (see Howells et al.

1996 for host fish).  For example, A. plicata and Quadrula quadrula (Rafinesque 1820) both use

the flathead catfish, Pylodictus olivaris (Rafinesque 1818), as a host; this fish can travel

hundreds of kilometers (Berg et al. 2007 and references therein).  Read (1954) speculated that

mussel communities in the Trinity near Dallas were a product of fish dispersal originating

southeast and east of the upland component.  The presence of P. dombeyanus in the upper Trinity

River during the late Holocene implies that large river fish were also present; known host fish for

other species documented from these archaeological sites supports this assertion.  Because

habitat and host fish were available during the late Holocene, the question arises as to why

lowland species are absent from the upper Trinity today.

Zoogeography of freshwater mussels is largely dependent on the distribution of their fish

hosts because their dispersal is mediated by the movement of fishes bearing glochidia (Watters

1992).  A major factor affecting the biogeography of unionids are impoundments that impede the

longitudinal movement of host fishes, thereby preventing, particularly, upstream dispersal of

unionids (Watters 1996). In a survey of an impounded river in Kansas, Dean et al. (2002) found

differences in mussel distribution upstream and downstream of low head dams that they attribute

to restricted movement of host fishes.  For unionids upstream from impoundments, loss of

connectivity with downstream populations and habitat changes associated with a lentic

environment are responsible for changes in community structure (Bates 1962, Parmalee and

Hughes 1993, Blalock and Sickel 1996, Watters 1996, Brainwood et al. 2008).  Impoundments

also affect downstream mussel communities by altering the seasonality of flow, changing

temperature regimes, influencing deposition and movement of sediment and patterns of scour,
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and altering the availability of organic material for mussels (Vaughn and Taylor 1999 and

references therein).  For the study area, the Clear, Elm, and West Forks of the Trinity River and

Denton Creek were impounded within approximately 40 years (Dowell and Breeding 1967). The

short timeframe in which these rivers were impounded suggests it is likely that unionid

distribution in the upper Trinity River drainage has been dramatically affected by impoundments.

Adding to problems associated with impoundments are the effects of effluent from

wastewater treatment plants and of industrial processes on mussel communities.  During the

early 1890s, raw sewage was emptied directly into the Trinity such that a reporter from the

Dallas Times-Herald wrote that “for ten miles down from Dallas, the river is in horrible

condition.  Its banks are strewn with filth, the surface of the water is covered with filth, the river

is full of filth for miles, it is nothing less than a contaminating slough of filth” (Dallas Daily

Times Herald, October 3, 1891). Strecker (1931), surveying the Trinity River near Dallas,

observed the deleterious effect of industrial effluent on mussel populations; at least one species

was thought to have been locally extirpated as a result of these impacts. Read and Oliver (1953)

revisited the Trinity near Dallas and reported that pollution had greatly increased and that no live

mussels were found.

The modern mussel community composition in the upper Trinity River drainage likely

represents an extirpation gradient along which changes in flow and physiochemical parameters

associated with impoundments have eliminated intolerant unionid species. Because streams are

linear systems, effects of these physiochemical parameters should be less pronounced with

increased distance downstream from the impoundment. Vaughn and Taylor (1999) found that

unionid species richness and abundance increased with linear distance from an impoundment,

which they attribute to increases in the least abundant and/or most sensitive species progressively
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downstream. All species are impacted by impoundments but those that are rare have a higher

propensity for local extirpation (Kinsolving and Bain 1993, Vaughn and Taylor 1999).  In the

upper Trinity River drainage, the close proximity of impoundments to one another coupled with

the short period of time over which they were constructed has dramatically influenced unionid

distribution. The mussel fauna for this basin has undoubtedly been influenced by other impacts,

such as environmental contamination, but such effects tend to be local in scale whereas as the

effects of impoundments are much more geographically extensive (Vaughn and Taylor 1999 and

references therein). Therefore, the general distribution patterns observed by Neck (1990) reflect a

continuum of species-specific responses to impacts associated with impoundments instead of

distinct zoogeographic components.

There is another factor that must be considered in efforts to explain the disparity between

late Holocene and modern unionid zoogeography of the Trinity River. Prior to 1931, little was

known about the distribution of unionids in the upper Trinity River drainage.  Since then surveys

have focused on reservoirs and nearby streams (see discussion above). These surveys provide

useful information but there are still many portions of the upper Trinity and its associated

tributaries that have not been studied, especially remote areas not easily accessed (e.g., Randklev

et al. 2010a).  Thus, the absence of lowland species described by Neck (1990) is potentially an

artifact of insufficient sampling of rare species that are likely intolerant to acute changes that

have occurred in this region.  This underscores the challenge of choosing appropriate temporal

and spatial benchmarks for ecological restoration, biological conservation, and biogeographical

inference (Hunter 1996, Callicott 2002, Lyman 2006, Humphries and Winemiller 2009).
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Conclusion

Upper Trinity River faunal components were predicated on surveys following wide scale

impoundment.  As a result, historical biogeography for this area is confounded by modern human

impacts on streams, and does not reflect unionid diversity as it existed prior to these impacts.

Moreover, these faunal components lack both spatial and temporal coverage needed to accurately

account for mechanisms responsible for unionid distributions in this drainage.  Neck’s (1990)

faunal zones lack the needed time depth to offer a meaningful regional benchmark for the

freshwater bivalve community.  Zooarchaeological datasets add a much broader spatial and

temporal perspective on the presence of individual species as well as a means to test modern

biogeographic paradigms.  Moreover, because unionids are imperiled, the lack of knowledge

regarding distributions for modern unionid populations is considered a major impediment to

mussel conservation (National Native Mussel Conservation Committee 1998, Régnier et al.

2009).  This is undoubtedly the case, but without knowledge of prehistoric distributions it is

difficult to evaluate modern species declines (Frazier 2010, Humphries and Winemiller 2009).

The results of this study underscore this point.  Zooarchaeological data are not without

constraints but when evaluated critically can offer much needed information with respect to

ecosystems and how they change over time either through nonhuman catalysts or anthropogenic

impacts.
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CHAPTER 2

CONSERVATION IMPLICATIONS OF THE LATE HOLOCENE UNIONID FAUNA

Introduction

Historically, North America, with nearly 300 species, contained the most diverse and

abundant population of freshwater mussels in the world (Neves 1993).  Unfortunately, habitat

destruction stemming from sedimentation, impoundment of streams and rivers, release of

environmental contaminants, and the introduction of invasive species has reduced this number

(Neck 1982a, Strayer 1999a, Lydeard et al. 2004).  Current estimates suggest that 12 percent of

the mussel species endemic to North America are now extinct and 23 percent are threatened or

endangered (Galbraith et al. 2008 and references therein).  The 52 species described in Texas

have also been impacted, and many local streams and rivers are unable to support mussel

populations at levels that existed in the past (Howells et al. 1996, 1997).  As a consequence, 15

Texas species have recently been listed as threatened, and nine of these are now being petitioned

for protection under the Endangered Species Act (ESA) (Texas Parks and Wildlife Department

[TPWD] 2009).

Listing a species under the ESA requires that decisions are made using the “best scientific

and commercial (trade) data available” (Nicholopoulos 1999:8). For these species, “substantial

information” using biological and biogeographic (past and present) data must demonstrate one of

the following: 1) the destruction, modification, or curtailment of habitat or range; 2)

overutilization for commercial, recreational, scientific, or educational purposes; 3) population

decline related to disease or predation; 4) inadequacy of existing regulatory mechanisms for

protecting existing populations; and 5) natural or manmade factors affecting a species’ continued

existence (United States Fish and Wildlife Service [USFWS] 2009).  Presumably, this would
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also be the case for conservation listings at state or local levels.  Unfortunately, for both rare and

common species, modern and historical data regarding ecological preferences and biogeographic

distributions are incomplete at best (Brown and Lomolino 1998; National Native Mussel

Conservation Committee [NNMCC] 1998).

For unionids, absence of basic biological data stymies conservation efforts.  As a result, a

national strategy was established in 1997 to help organizations identify tasks needed for the long-

term conservation of mussels (NNMCC 1998).  Included in this framework was a call for an

increase in sampling effort as well as for gathering and disseminating historical records to better

understand the current status of mussel populations.  However, this strategy does not mention the

potential of paleozoological datasets for examining the long-term history of unionids.  The

potential value of such data is very high because historic and modern datasets are often limited to

some degree or biased temporally and spatially.  It is therefore questionable whether modern

datasets provide adequate baselines from which to infer biogeographic distributions and to

measure species declines for the purposes of conservation and restoration.  This is not to say that

modern and historic accounts are not important but rather that they are insufficient to determine

the long-term ecological processes responsible for mussel distributions (Humphries and

Winemiller 2009, Peacock 2010, Randklev et al. 2010b, see also Lyman and Wolverton 2002 for

a non-mollusc example).

Given that conservation efforts tend to be driven by recent, and often limited, historical

accounts, the extent or magnitude of the decline of poorly known species such as unionids may

not be fully recognized by conservation biologists.  As a result, the status of a given mussel

species may be far worse than is apparent, regardless of whether it is considered to be rare or

common (Régnier et al. 2009).  Mussel conservation efforts would benefit from information
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concerning the long-term history of unionids because of the high stakes involved in conservation,

such as local extirpation.  Paleozoological datasets could provide insight on 1) the distributions

of threatened species prior to large-scale impacts (e.g., impoundments) and the degree to which

their ranges have changed; 2) the ecological characteristics of those species that have

experienced the greatest declines; and 3) locations of prehistoric hotspots for threatened species,

and whether or not these locations have been recently sampled.  In this chapter, I discuss

zooarchaeological data from the upper Trinity River drainage that pertain to several species

recently listed for protection, thereby providing information that can inform ongoing

conservation efforts.

Background

The upper Trinity River drainage is located in north central Texas and is characterized by

a humid subtropical climate that is also continental and therefore subject to wide fluctuations in

temperature and precipitation (Neck 1990).  The major river systems in this drainage (Figure 4)

are the Clear, West, Elm, and East Forks of the Trinity River (Huser 2000).  All of these

watercourses are now impounded for flood-control, and commercial and residential purposes

(Randklev et al. 2010b).  In general, most of the upper Trinity River drainage is heavily

urbanized, which has resulted in groundwater depletion (Garrett 1972). As a result, instream

flow is typically low but can rapidly fluctuate as a consequence of surface runoff following

heavy local rainfall or impoundment release.  In combination with these events is the discharge

of environmental contaminants from both point (i.e. wastewater treatment plants) and non-point

sources (i.e. runoff, septic tanks, and illegal dumping), which has impacted not only the biota

within the upper Trinity, but has also affected how the river is managed and used (Ward et al.

2001, 2002, Coogan et al. 2007, Coogan and LaPoint 2008).
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FIGURE 4. Map of the Trinity River. Black dots indicate locations of archaeological sites on the
West (41TR114 and 41TR198) and Clear Forks (41TR205) of the Trinity River, Denton Creek
(41DL8), and Rowlett Creek (41DL203).  The yellow circle indicates modern records for
Fusconaia cf. flava (Randklev and Lundeen unpublished data). Red circles denote major cities,
while the green circle denotes a single valve of Pleurobema riddellii collected from an
archaeological site (41WS38) in the upper West Fork drainage.
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The Trinity River mussel fauna is typical of those from the West Gulf Province, which

includes rivers that drain to the south and west of the Mississippi drainage (Neck 1982b, 1990,

Howells et al. 1996).  However, very little is known about the distribution or abundance of

mussel species in the upper Trinity River drainage (Neck 1990).  The few historical records that

exist are from the Elm Fork of the Trinity and the Trinity River at the confluence of its forks near

Dallas (Singley 1893, Strecker 1931, Read and Oliver 1953, Read 1954, Flook and Ubelaker

1972; Neck 1990), and from the Clear and West Forks of the Trinity River near Fort Worth

(Mauldin 1972); these records include data on reservoirs associated with these drainages.

Modern accounts have focused on both reservoirs and rivers (Howells 2006).  Historical records

indicate two species now considered to be threatened (Table 4) occurred in this drainage:

Potamilus amphichaenus and Pleurobema riddellii (Howells et al. 1996). Lampsilis satura

(Read 1954, Neck 1990), Quadrula houstonensis (Strecker 1931, Read 1954) and Truncilla

macrodon (Strecker 1931) have also been reported from this area, but recent studies have

dismissed these accounts as misidentifications (Howells 2000, 2002, Randklev et al. 2010a).  Of

the 15 threatened species, only P. amphichaenus has been collected in recent years in the upper

Trinity (Neck and Howells 1994, Howells et al. 1996, Howells 2000).

Given the limited number of mussel surveys conducted in the upper Trinity River

drainage, the distribution and, more importantly, the status of each of the 15 species recently

listed as threatened is poorly known.  Therefore, the resolution of modern or historic accounts as

benchmarks for assessing species distributions and measuring species declines is limited.

Fortunately, there are sufficient zooarchaeological data available to allow a detailed examination

of unionid biogeography prior to historical and modern impacts in this drainage.  Thus, my goal
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is to examine the paleozoological evidence to determine if threatened mussels were found in the

upper Trinity so that their range decline can be more comprehensively measured.

TABLE 4. Summary of status listings of 15 mussels recently placed on the threatened list in
Texas.  The conservation status of each species is designated by the following conservation, state
and federal agencies:  International Union for Conservation of Nature (IUCN); NatureServe
(NS); U.S. Fish and Wildlife Service (USFWS); American Fisheries Society (AFS; given by
Williams et al. 1993); and Texas Parks and Wildlife (TPWD).  Abbreviations for the
conservation status are as follows: C (candidate for listing); CI (critically imperiled); CR
(critically endangered); EN (endangered); I (imperiled); LR/NT (lower risk/near threatened); NR
(not ranked); PE (possibly extinct); SC (special concern); T (threatened); and U (under review).
Asterisks denote mussel species reported in the upper Trinity River drainage.  For definitions of
status listings see IUCN 2009, NS 2009, USFWS 2009, Williams et al. 1993 and TPWD 2003.

Species Common name IUCN NS USFWS AFS TPWD
Fusconaia askewi Texas pigtoe LR/NT I - SC T
Fusconaia lananensis Triangle pigtoe LR/NT CI - SC T
Lampsilis bracteata Texas fatmucket LR/NT CI U SC T
Lampsilis satura Sandbank pocketbook LR/NT I - SC T
Obovaria jacksoniana Southern hickorynut LR/NT I - SC T
*Pleurobema riddellii Louisiana pigtoe LR/NT CI - SC T
Popenaias popeii Texas hornshell CR CI C T T
*Potamilus amphichaenus Texas heelsplitter EN CI U T T
Potamilus metnecktayi Salina mucket - CI U T T
Quadrula aurea Golden orb - CI U SC T
Quadrula houstonensis Smooth pimpleback LR/NT I U T T
Quadrula mitchelli False spike CR PE U T T
Quadrula petrina Texas pimpleback - I U T T
Truncilla cognata Mexican fawnsfoot NR CI U EN T
Truncilla macrodon Texas fawnsfoot - I U EN T

Materials and Methods

To document the biogeography of threatened mussels prior to modern human impacts, I

analyzed faunal remains from five archaeological sites dating between 2,500 and 600 years

before the present (Randklev and Wolverton 2009a,b).  Zooarchaeological collections were

selected based on their availability and on the presence of unionid remains.  Archaeological sites
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were located near the Clear Fork (official State of Texas archaeological site number 41TR205)

and West Fork (41TR114 and 41TR198) of the Trinity River, as well as on Denton Creek

(41DL8) and Rowlett Creek (41DL203) in north Texas (Figure 4); with the exception of the

latter, all rivers are now impounded.  For each zooarchaeological shell fauna, species

identifications were made using freshwater mussel guides (Howells et al. 1996, Parmalee and

Bogan 1998) and through comparison to reference specimens in the Joseph Britton Freshwater

Mussel Collection housed at the Elm Fork Natural Heritage Museum, University of North Texas.

Identified unionids were counted using two quantitative units: the number of specimens (both

taxonomically identified and unidentified umbos; NSP) and the number of non-repetitive

elements (number of identified umbos; NRE; Mason et al. 1998, Giovas 2009).

The absolute abundances of unionids that existed in the upper Trinity River drainage

during the late Holocene will never be known.  This is because archaeological assemblages are

often biased to some degree by cultural harvesting preferences, differential preservation and

differences in recovery techniques (Peacock 2000).  As a result, the absence of a particular

species from an archaeological site is not necessarily evidence that it was not present at that site

(Lyman 2008a).  For example, shell properties such as shape and density affect how well the

shell is preserved and therefore whether it can be identified (Kosnik et al. 2009, Wolverton et al.

2010).  In highly fragmented assemblages, taxa with spherical and/or dense shells occur more

often and are therefore proportionally more abundant.  In these cases, species representation may

be the result of post-depositional preservation factors rather than a clear reflection of the late

Holocene aquatic environment.

To evaluate whether preservation biases influenced shell assemblages from the upper

Trinity River, the proportion of taxonomically identifiable umbos from each archaeological site
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was calculated (see Peacock and Chapman 2001).  On the presumption that fragmentation

influences identifiability, the ratio of NRE to NSP was enumerated; the higher the value of this

ratio, the larger the number of identifiable umbos and the less fragmented and better preserved

the assemblage (Lyman 1994, Peacock and Chapman 2001, Wolverton 2002).

Taxa may be under-represented or absent in an assemblage not only because of poor

preservation, but because of lack of recovery. The probability of recovering a given taxon is

determined in part by its abundance in the sampled community.  Therefore, taxa that tend to be

rare on the landscape are typically absent from shell assemblages with small sample sizes, all

else being equal (Lyman 2008a).  To assess possible recovery bias, the total number of identified

specimens (left and right valves combined) was graphed against the number of threatened taxa

(NTAXAthreatened) for all five archaeological sites (see Lyman 2008a, 2008b:149 -152 for further

details).  If threatened taxa are rare in or absent from small assemblages but present or abundant

in large assemblages, then their absence from or rarity in drainages with small assemblages may

be an artifact of archaeological sampling rather than a measure of their occurrence in a drainage.

Results

Nineteen unionid species were identified in the five zooarchaeological assemblages

(Table 5).  Of the taxa considered to be threatened in Texas (Table 4), shells of Lampsilis cf.

satura were recovered only from site 41TR198 located in the West Fork of the Trinity River near

Forth Worth, which is outside of its modern range (Figure 5a). Pleurobema riddellii was

collected at archaeological sites on the Clear and West Forks of the Trinity River and on Denton

and Rowlett Creeks, suggesting a ubiquitous distribution over the last 2,500 years (Figure 5b).

Zooarchaeological specimens of P. riddellii in the Clear and West Forks of the Trinity River
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TABLE 5. Taxonomic list, relative abundance, and number of unionids (NRE) recovered from
archaeological sites located in the upper Trinity River drainage.  Site abbreviations are as
follows: Denton Creek - 41DL8; Rowlett Creek- 41DL203; West Fork - 41TR114 and 41TR198;
and Clear Fork - 41TR205.

Species
41DL8 41TR114 41TR198 41TR205 41DL203

No. % No. % No. % No. % No. %
Amblema plicata 31 29.8 10 14.7 253 8.7 38 17.9 80 41.9
Arcidens confragosus - - - - 2 0.1 - - - -
Fusconaia cf. flava 9 8.7 25 36.8 1394 47.8 4 1.9 4 2.1
Lampsilis sp. 2 1.9 3 4.4 6 0.2 58 27.4 8 4.2
Lampsilis hydiana 8 7.7 1 1.5 61 2.1 4 1.9 6 3.1
Lampsilis cf. satura - - - - 9 0.3 - - - -
Lampsilis teres - - 1 1.5 34 1.2 4 1.9 22 11.5
Leptodea sp. - - - - 5 0.2 - - - -
Ligumia sp. - - - - 1 0.0 31 14.6 - -
Ligumia cf. subrostrata 1 1.0 - - 3 0.1 19 9.0 - -
Obliquaria reflexa 2 1.9 - - 27 0.9 - - - -
Plectomerus sp. 1 1.0 5 7.4 - - 7 3.3 - -
Plectomerus dombeyanus 11 10.6 9 13.2 417 14.3 19 9.0 8 4.2
Pleurobema sp. - - - - 3 0.1 2 0.9 - -
Pleurobema riddellii 2 1.9 - - 259 8.9 1 0.5 3 1.6
Potamilus sp. 2 1.9 - - 8 0.3 - - - -
Potamilus purpuratus 2 1.9 2 2.9 5 0.2 1 0.5 - -
Quadrula sp. 6 5.8 4 5.9 - - 1 0.5 - -
Quadrula apiculata 1 1.0 - - 5 0.2 - - - -
Quadrula mortoni 14 13.5 - - 224 7.7 2 0.9 - -
Quadrula nobilis 1 1.0 - - 2 0.1 - - - -
Quadrula verrucosa - - 8 11.8 117 4.0 9 4.2 2 1.0
Toxolasma sp. - - - - - - 6 2.8 1 0.5
Toxolasma texasiensis 3 2.9 - - 2 0.1 1 0.5 2 1.0
Truncilla sp. 2 1.9 - - - - - - - -
Truncilla cf. donaciformis - - - - 2 0.1 - - - -
Truncilla truncata 3 2.9 - - 76 2.6 2 0.9 - -
Uniomerus tetralasmus 3 2.9 - - - - 3 1.4 55 28.8
Total (NRE) 104 68 2915 212 191
Unidentifiable umbos 112 209 4380 272 1145
Total Assemblage (NSP) 216 277 7295 484 1336
% NRE to NSP 48.1 24.5 40.0 43.8 14.3
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FIGURE 5. Map showing the general historical and modern distributions for the following
species: A) Lampsilis satura; B) Pleurobema riddellii; and C) Fusconaia flava.  The solid black
line for all three maps is taken from Howells et al. (1996) and indicates historically known or
potential ranges.  Dashed lines for maps A and C indicate known ranges for Lampsilis cardium
and Fusconaia askewi. Historic records are from published accounts dating between 1892 and
1991; Modern records are from published and unpublished accounts dating between 1992 and
the present; Prehistoric records date between 2,500 to 600 years before the present.
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(41TR198, 41TR205 and 41WS38) are outside its current distribution (Figures 4 and 5b).

Potamilus amphichaenus is absent from all shell assemblages in the upper Trinity River

drainage, which is puzzling given its historical and modern occurrence there.  However, sample

size effects and post-depositional destruction of shells may explain the absence of this species

(see below). Fusconaia cf. flava occurs at all five archaeological sites, which are within the

modern range of this species (Figure 5c).  This species is not listed for protection because of

uncertainties regarding its taxonomic status.  However, it has been suggested that if ongoing

genetic studies confirm its taxonomic validity, it should be listed as threatened (Howells 2009).

Shape and density mediate fragmentation and therefore whether a unionid shell (or

fragment thereof) can be identified taxonomically. Species with shells that are rectangular in

outline and low in density are less likely to be preserved compared to species that are spherical

and relatively dense (Wolverton et al. 2010).  Shells of P. amphichaenus are thin as well as

elongated and are therefore prone to fragmentation.  As a result, it is unlikely that remains of this

species would survive; its presence in the upper Trinity River drainage during the late Holocene

cannot be ruled out.  Shells of Lampsilis cf. satura are thin but are more spherical in shape,

which increases the likelihood that they will be preserved.  However, this species only occurred

at one site (41TR198) which also had the largest number of identifiable valves. This suggests

that its presence is a function of sample size (see below). Fusconaia cf. flava and P. riddellii are

dense and spherical in shape and thus their remains are more likely to be preserved.  Both species

are present in a number of shell assemblages in the upper Trinity River drainage. However, P.

riddellii was absent from 41TR114 (West Fork of the Trinity River), which had the lowest

number of identifiable valves.  Thus, its absence is probably the result of sampling error.
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The probability of discovery of a taxon, assuming it occurred in the region in the past,

should increase with larger sample size and/or better preservation (Wolff 1975, Lyman 2008a).

Figure 6a emphasizes this point for shell assemblages in the upper Trinity drainage; as sample

size (log NRE) increases, so does the NTAXAthreatened in an assemblage.  For example, Lampsilis

cf. satura only occurs at site 41TR198, which produced the largest number of identified valves

(Table 5).  This suggests that if each assemblage had sample sizes similar to that of 41TR198, it

is likely that they would have produced shells of more species that are now considered

threatened.  Therefore, the presence of Lampsilis cf. satura at sites with small sample sizes

cannot be ruled out.  Similarly, the absence of P. amphichaenus from 41TR198 and its presence

in historical and modern accounts suggests that larger zooarchaeological samples may reveal that

it inhabited the upper Trinity River drainage during the late Holocene.

The intensity of fragmentation of shells in a particular assemblage may also explain the

absence of a species. To determine whether or not this is the case with the threatened species,

the relationship between percent NRE: NSP and the richness of threatened taxa for each

archaeological site were graphed.  Figure 6b suggests that, in general, a higher number of

threatened species are identified when shells are less fragmented.  Moreover, fragmentation

exacerbates the influence of sample size on measures of NTAXA when assemblages are small.

As a result, the absence of threatened species from shell assemblages with small sample sizes

and high fragmentation rates is likely not evidence of their absence from the upper Trinity River

drainage during the late Holocene.

In summary, the valves of threatened species that were present and abundant in the upper

Trinity River drainage were spherical and/or dense, which indicates differential preservation

according to interspecific variability in shell robustness.  For threatened species that are thin-
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shelled, presence in the upper Trinity River appears to be a function of sample size.  Small

sample size and differential preservation may have biased the occurrence of threatened species in

shell assemblages for this drainage.  Thus, the late Holocene presence of P. amphichaenus and

Lampsilis cf. satura within the upper Trinity River cannot be ruled out.

FIGURE 6. A) Relationship between total unionid NRE (sample size) and NTAXAthreatened of
Fusconaia sp., Lampsilis satura and Pleurobema riddellii for five archaeological sites in the
upper Trinity River basin.  The simple best fit line is shown for reference (r2 = 0.66, p < 0.05). B)
Relationship between percent NRE:NSP and the occurrence of threatened taxa for five
archaeological sites in the upper Trinity River basin.  Archaeological sites are: 41TR205 (Clear
Fork), 41DL8 (Denton Creek), 41DL203 (Rowlett Creek), 41TR114 (West Fork) and 41TR198
(West Fork
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Discussion

Lampsilis satura is only known to occur in rivers east of the Trinity River drainage

(Howells et al. 1997).  Accounts of this species in the upper (Read 1954, Neck 1990) and lower

Trinity River (Batchel 1940) exist, but they have been dismissed as misidentifications (Howells

2000, 2002). Lampsilis cf. satura was found at site 41TR198, which is located near the West

Fork of the Trinity River.  Specimens from this site had a hinge line that forms an S shape that is

characteristic of L. satura, but their umbos were less elevated, which is atypical for this species

(Robert G. Howells, personal communication 2009).  This morphological abnormality is

important because Lampsilis cardium, a closely related species, is found nearby in the Red River

drainage (dashed line in Figure 5a). Lampsilis cardium is morphologically similar to L. satura

and genetic studies have failed to demonstrate differences between the two (Howells 2009).

Umbos of L. cardium can range from full-and-high to low-and-small, and individuals from site

41TR98 resemble the latter. However, the hinge line for L. cardium is J shaped rather than S

shaped (Howells et al. 1996).  Therefore, the individuals collected from site 41TR198 may

represent a morphologically distinct population of L. satura that inhabited the upper Trinity

River drainage.

Historically, P. riddellii ranged from the Trinity River east into Louisiana (Vidrine 1993,

Howells et al. 1996, 1997).  This species was recorded during the late 1800s and early parts of

the 1900s in the Elm Fork of the Trinity and in the main course of the Trinity River near Dallas

(Singley 1893, Strecker 1931) and is now considered to have been extirpated from these

watercourses because of habitat degradation (Strecker 1931, Read and Oliver 1953).  Modern

surveys have failed to record this species in this drainage (Howells et al. 1997, Howells 2009).

The limited historical sampling effort in the Trinity drainage makes it difficult to infer the
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distribution of this species prior to wide-scale human impacts (Randklev et al. 2010b).  In spite

of the paucity of historical records, range maps for P. riddellii have excluded large portions of

this drainage (Figures 4 and 5b).  Paleozoological data indicate that this species inhabited the

Clear and West Forks of the Trinity River, outside of its current range.  This species also

occurred in the Elm Fork (41DL8) and East Fork (41DL203) drainages, indicating that it was

widely distributed in the upper Trinity River drainage during the late Holocene.  However, the

low relative abundance of this species in the studied assemblages suggests that it may have been

rare, since shells of P. riddellii are dense and spherical in shape and thus should be resistant to

fragmentation. The presence of this species in assemblages with varying preservation histories

underscores this point.  Given the observed paleozoological distribution of P. riddellii, it is likely

that changes brought about by an increase in the modern human population eliminated late

Holocene populations.

Data from shell assemblages in the upper Trinity River drainage indicate that Fusconaia

flava was abundant during the late Holocene.  This species has the highest proportional

abundance of any species in archaeological sites near the Clear and West Forks of the Trinity

River.  For shell assemblages from sites on Denton and Rowlett Creeks, this species was less

abundant, which suggests that instream habitat near these sites may have been marginal (Table

5). Historic accounts of Fusconaia chunii, later synonymized with F. flava (Howells et al.

1996), in the upper Trinity River drainage were reported in the Elm Fork (Strecker 1931) and in

the main stream of the Trinity River near Dallas (Singley 1893, Strecker 1931).  However,

Vidrine (1993) hypothesized that these accounts may in fact have been records of Fusconaia

askewi.  These two species overlap in range (Figure 5c) and have similar morphologies.

However, individuals collected from shell assemblages in the upper Trinity River drainage do
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not resemble modern specimens of F. askewi.  Rather, they compare well with individuals of

Fusconaia chunii collected by J.A. Singley in the late 1800s from the Trinity River near Dallas

(reference specimens housed at the University of Texas Invertebrate Paleontological Museum).

Read (1954) reported observations of Fusconaia undata from Parsons Slough near Dallas, but

this account is not listed in current taxonomic references (Howells et al. 1996).  Recent studies

have indicated that F. undata is an ecophenotype of F. flava and the species has therefore been

synonymized with F. flava (Graf 1997).  Modern surveys have reported live individuals of

Fusconaia cf. flava from the East Fork of the Trinity River (Figure 4) approximately 70 km (42

miles) from Dallas (Randklev and Lundeen, unpublished data).  Given this record, as well as data

from shell assemblages in the upper Trinity River and historic accounts, it is reasonable to

assume that this species was present during the late Holocene and could still persist in this

drainage.

Conservation Status

Paleozoological occurrences of threatened unionid species throughout the upper Trinity

River drainage suggest that the geographic range of these species was more extensive than has

been historically documented.  Individuals resembling Lampsilis satura were found in the upper

Trinity River drainage, indicating that this species had a much larger pre-industrial range (Figure

5a).  This species now appears to be restricted to the Sabine, Neches and Angeline Rivers of east

Texas (Karatayev and Burlakova 2007, 2008, Howells 2009, Randklev et al. 2010c). Only a few

live individuals have been collected in these drainages, which suggests that the species has

become exceedingly rare. Paleozoological data also indicate that P. riddellii was more widely

distributed in the past.  This species was collected from shell assemblages near the Clear and

West Forks of the Trinity River, outside of its modern range (Figure 5b).  Today, this species is
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considered to have been extirpated from the upper Trinity River drainage (Howells 2009).  Since

the mid-1990s, live individuals of P. riddellii have only been collected from the Neches and

Angelina Rivers (Karatayev and Burlakova 2007, 2008, Howells 2009), which underscores the

range contraction of this species.  For both L. satura and P. riddellii, no large populations are

known to occur anywhere in Texas (Howells 2009). Fusconaia cf. flava was present and, in

general, abundant at all five archaeological sites in the upper Trinity River drainage (Table 5).

Shell assemblages in the upper Trinity containing this species are within its modern range

(Figure 5c).  Live individuals have been collected from a number of sampling localities in east

Texas, including the East Fork of the Trinity River.  However, confusion with other pigtoes in

Texas and the taxonomic uncertainty of Fusconaia cf. flava make it difficult to establish its

conservation status (Howells 1997, 2009).

In summary, comparisons between paleozoological data from the upper Trinity River

drainage and historical and modern accounts throughout Texas indicate that both L. satura and P.

riddellii have experienced severe range curtailment and appear to be in serious trouble.  The

status of Fusconaia cf. flava is less clear given its taxonomic uncertainty.  Nevertheless, this

species has not been collected in recent years in the Trinity River and its associated tributaries

north of Dallas. The decline of these species and others listed by TPWD highlights the historical

and continued degradation of freshwater ecosystems in Texas. For the upper Trinity River

drainage, this situation is exacerbated by wide-scale urbanization that has likely reduced or

eliminated sensitive biota.
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Potential Reasons for Decline

Landscape modifications stemming from unbridled human population growth is one of

the main factors contributing to the decline of freshwater mussels throughout North America

(Poole and Downing 2004).  Other factors include impoundments, groundwater depletion,

environmental contaminants, sedimentation, losses of host fishes, and the homogenization of

freshwater fauna through non-native introductions (Bogan 1993, Neves 1997, Brim Box and

Mossa 1999, Rahel 2002).  The upper Trinity River drainage provides a crossroads for many of

these factors.  Specific causes for the decline of mussel populations within the upper Trinity

River have not been identified, though there are several factors that have likely influenced these

populations.

Beginning in the early 1900s, impoundments were constructed on the East, Elm, West

and Clear Forks of the Trinity River to increase flood control, to provide drinking water, and to

supply irrigation water (Hodge 2005, Gard 2009).  The zoogeography of freshwater mussels is

largely dependent on the distribution of their fish hosts because the dispersal of mussels is

mediated by the movement of fishes bearing glochidia (Watters 1992, 1996).  As a result,

impoundments have contributed to mussel declines by impeding the longitudinal movement of

host fishes.  Impoundments also affect downstream mussel communities by altering the

seasonality of flow, changing temperature regimes, influencing the deposition and movement of

sediments and patterns of scour, and altering the organic materials available to mussels (Vaughn

and Taylor 1999 and references therein).  For the study area, the Clear, Elm, East and West

Forks of the Trinity River and Denton Creek were impounded within approximately 55 years

(Randklev et al. 2010b). The short timeframe makes it likely that unionid populations were

acutely impacted.
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Similarly, impoundments and groundwater depletion have caused water flow in many of

the tributaries and sections of the upper Trinity River to become intermittent during warm

summer months and periods of low rainfall.  During these episodes, rapid changes in water depth

may strand unionids, which causes high instances of mortality due to desiccation and increased

predation by riparian vertebrates (Lundeen and Randklev, personal observations 2009).  Sections

of the upper Trinity River drainage that remain perennial do so as a result of wastewater

treatment plant discharge. Discharge of effluent is associated with risks; studies in the upper

Trinity River drainage have demonstrated the deleterious effects of personal care products and

pharmaceuticals on growth rates of aquatic biota (Coogan et al. 2007, Coogan and LaPoint

2008).  Moreover, there is a growing body of literature that suggests these products may inhibit

the recruitment, and therefore the long-term sustainability, of existing mussel populations (Cope

et al. 2007).

In addition, the release of pesticides, herbicides, and industrial and human-related wastes

has played a role in the degradation of the upper Trinity River drainage.  The magnitude of these

impacts is such that the United States Public Health Service has described the upper Trinity

River as “septic” (Gard 2009).  Because these compounds are persistent at biologically relevant

concentrations for long periods of time, there is currently a ban prohibiting the removal and

consumption of fish from portions of the Clear and West Forks and the Trinity River below

Dallas (Ward et al. 2001, 2002).  For unionids, these toxins seem to have the greatest effects on

younger individuals, either causing immediate mortality or preventing the attachment of juvenile

mussels to host fish (Howells et al. 1996 and references therein).  These environmental

contaminants may therefore affect the long-term viability of mussel populations, especially for

potentially sensitive species such as those listed by TPWD.  Unfortunately, the effects of
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urbanization on this drainage are not strictly a modern phenomenon.  During the early 1890s,

raw sewage was emptied directly into the Trinity River such that a reporter from the Dallas

Times-Herald wrote that “for ten miles down from Dallas, the river is in horrible condition.  Its

banks are strewn with filth, the surface of the water is covered with filth, the river is full of filth

for miles, it is nothing less than a contaminating slough of filth” (Dallas Daily Times Herald

[DDTH], 3 October 1891: pp. 7).  Unionids are some of the most pollution-sensitive species

occurring in freshwater environments (Ortmann 1909, Van Hassel and Farris 2007).  Thus, the

effects of these environmental contaminants, combined with the intense urbanization of the

upper Trinity River drainage, have undoubtedly impacted the mussel fauna and have likely

played a role in the decline of mussel species that are now considered to be threatened.

Along similar lines, the absence of detailed historical accounts prior to modern impacts

may also explain the disparity between prehistoric and modern / historical records.  Early records

for this drainage were gathered after impoundments were built and during periods of release of

environmental contaminants into the upper Trinity River drainage, therefore these records do not

accurately reflect mussel distributions prior to these impacts. More importantly, for species that

are sensitive to environmental change it is unlikely that historical data accurately record

distributions.  A recent study of Plectomerus dombeyanus in this drainage using

zooarchaeological data has demonstrated range curtailment, yet this species is considered

tolerant of human impacts (Randklev et al. 2010b). While P. dombeyanus is not “threatened,”

the results of the study underscore two points:  First, historical and to some degree modern

sampling efforts for the upper Trinity River drainage have been insufficient; second, change in

unionid distributions in this drainage appears to be related to modern human impacts.
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Unfortunately, for other rivers in Texas such changes have not been fully documented because

data on the long-term history of mussels have been largely ignored.

Management Implications

The unionids discussed here are among the most threatened in the state of Texas. Their

future depends, at least partially, on knowledge of both their past and present distributions.

These results have two main implications for ongoing efforts to list these species under the ESA.

First, it is well known that the periphery of a species’ range is often the area where organisms are

most sensitive to environmental change. As a result, “species declines should be the most

detectable at the edges of its range rather than in the center where these declines may be muted

by high abundances of that species” (Lyman 2007:107 and references therein).  For both L.

satura and P. riddellii (Figures 5a and 5b), the upper Trinity River drainage is one such area.

Therefore, the magnitude of range contraction observed for both species revealed by comparing

paleozoological data with modern and historic records is probably accurate.  This suggests that

things are worse for these species than has been realized.  As a result, these species are good

candidates for protection under the ESA.

Second, the discrepancies between historical and paleozoological records within the

upper Trinity River drainage indicate that a number of areas still need to be sampled.  In

particular, zooarchaeological shell assemblages near the Clear and West Forks of the Trinity

River and Denton Creek are taxonomically rich suggesting that a more diverse mussel

community existed in the past.  Historical and modern sampling efforts in these drainages have

been largely absent.  Thus, relict populations of threatened species may still exist in these

drainages.  If so, these populations should be identified and included in ongoing conservation

efforts.  Thus, paleozoological datasets could help direct and focus future sampling efforts for
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these species.  In sum, paleozoological research provides datasets that differ in important ways

from historical records.  As such, the former can corroborate and correct, or contradict the latter,

and thereby more validly inform conservation actions.  On the basis of the geographically small

study here, paleozoological data should be regularly consulted by those interested in the future

well-being of unionid species.
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CHAPTER 3

A BIOMETRIC TECHNIQUE FOR ASSESSING PREHISTORIC FRESHWATER MUSSEL

POPULATION DYNAMICS (FAMILY: UNIONIDAE) IN NORTH TEXAS2

Introduction

Biometry of zooarchaeological remains is becoming an increasingly important tool for

analyzing human subsistence during prehistory and for studies of paleoecology.  In North

America, biometric methods have not witnessed the same popularity in zooarchaeology as in the

Old World (e.g., von den Driesch 1976, Davis 1981, Dayan et al. 1991, Stiner et al. 1999, 2000,

Zeder 2001, 2006), though this is starting to change (see discussion in Wolverton 2008 in

reference to vertebrate faunas).  Notable exceptions include analysis of freshwater mussel faunas

in areas of the Southeast (e.g., Warren 1975, Williams and Fradkin 1999, Peacock 2000, Peacock

and Chapman 2001, Peacock and Seltzer 2008, see also Erlandson et al. 2008 for marine

shellfish).  In this chapter I expand upon a method for determining freshwater mussel size

distributions originally developed by Warren (1975) and apply the method to zooarchaeological

shellfish remains from sites on the Trinity and Brazos River drainages in north Texas (Figure 7).

The method is important because it enables zooarchaeologists to use size estimates from

fragmentary mussel specimens to assess size-age distributions that usually rely on full shell-

length measurements in modern ecological studies.  In addition, because the method works for

multiple unionid species from a variety of habitats, it has general utility for zooarchaeological

application.

2 This entire chapter is reproduced from Randklev et al. (2009), with permission from Elsevier.
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Modern studies of freshwater mussel communities often involve quantitative analyses

using size age-distributions.  Shell length is frequently used as a proxy for age and is measured

as the greatest length between the anterior and posterior margins of the shell.  Age-classes are

FIGURE 7. Map of the Trinity River drainage and the lower portion of the Brazos River
drainage.  Shaded counties indicated areas where archaeological sites are found.
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determined based on shell lengths and are graphically represented in histograms (e.g., Miller and

Payne 1988, Payne and Miller 1989, Miller and Payne 1993, Miller et al. 1994, Payne and Miller

2000, Christian et al. 2005, Haag and Warren 2007, Outeiro et al. 2008).  Modern mussel

assemblages with consistent recruitment display positively skewed, unimodal frequency

distributions.  The shapes of such distributions are described as inverted “tear-drops” (Miller and

Payne 1993, Peacock 2000). A distribution of this shape corresponds to a moderately long-lived

unionid community whose growth slows with age (Miller and Payne 1993). The size

demography for such a population is expected to comprise a small number of juveniles, grading

into a large portion of the population that is non-growing and sexually mature, which tapers off

to a few large, old individuals (Miller and Payne 1993, Peacock 2000, Bauer 2001a).  It is

important to note that unionid juveniles like other r-selected species are initially hyperabundant,

but mortality and difficulty in sampling for both early and late juvenile stages results in only a

small portion of this segment of the population depicted in the “tear-drop distribution” (Read

1954, Matteson 1955, Miller and Payne 1988, Payne and Miller 2000, Bauer 2001a, Jansen et al.

2001, Christian et al. 2005).  In addition, it is important to realize that the actual range of sizes in

zooarchaeological assemblages may not be helpful in terms of studying prehistoric mussel

ecology because size can vary phenotypically and genetically through time in a population.  Of

more interest is the shape of the size-age distribution, which relates to mussel population

structure.

Zooarchaeological unionid remains are often highly fragmented and poorly preserved.

As a result determining different age-size classes for a range of species identified in fossil

assemblages is difficult because shell length requires complete specimens.  To accommodate

problems with fragmentation and preservation, Warren (1975) provided two measurements of
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interest, pallial line-to-lateral teeth length (PLL) as a proxy for shell height, and the distance

between the posterior margin of the anterior pedal retractor scar and the anterior margin of the

posterior adductor muscle scar (APR-PAS) as an analog for shell length (Figure 8).  Unlike

conventional shell measurements, Warren’s (1975) biometric techniques use a smaller portion of

the shell and thus, are more easily applied to fragments.  Peacock (2000) expanded on

FIGURE 8. Left valve PLL and APR-PAS measurements (after Warren 1975: 48).

Warren’s (1975) biometric method, using PLL as an estimate of shell length (Figure 9). Peacock

(2000) investigated the correlation between shell length and PLL in Pleurobema decisum (I. Lea

1831), which has lateral teeth running parallel to the pallial line.  Many other unionid species
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lack such ideal morphology for application of PLL and thus new measurements are required for

broader application in zooarchaeology.  For example, species belonging to the genus Pyganodon

lack both lateral and pseudocardinal teeth, while individuals in the genus Truncilla often have

pallial lines that disappear posteriorly and lateral teeth that curve so severely that it is difficult to

take straight-line measurements.  To compound matters, environmental differences both within

and between stream and lake settings can produce ecophenotypes that alter shell morphology

(e.g., Ortmann 1920, Ball 1922, Eagar 1978, Howells et al. 1996, Watters 1994, Bauer 2001b,

Scholz and Hartman 2007) and may skew PLL measurements. Based on previous work it is

FIGURE 9. Right valve PLL measurement for P. descisum (after Peacock 2000: 192).

unclear whether or not the high degree of scaling between shell length and PLL observed in P.

decisum holds for other freshwater mussel species, varies between different species, and whether

this measurement is predictive for the same species taken from different habitats (e.g., lakes or

rivers). In this chapter, PLL and a new measurement (see below) are applied to multiple species

from a variety of modern and prehistoric settings.
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Given the potential advantages of and challenges to a broader use of proxy measures for

sizing mussel remains, the aims of this chapter are:  1) to develop a new measurement,

pseudocardinal teeth-to-pallial line length (PSP), for application to species and fragments for

which PLL is difficult to apply; 2) to develop correlative models using stepwise regression to test

the strength with which PLL and PSP predict shell length in modern species from north Texas.

Models are created for mussels inhabiting both lake and stream conditions to test whether or not

these measurements predict shell length in a variety of habitats.  And 3) to produce  PLL and

PSP frequency distribution graphs for one prehistoric unionid species from Late Holocene

archaeological sites on Hackberry Creek (Brazos River drainage) and the Clear Fork of the

Trinity River (Trinity River drainage) to demonstrate the zooarchaeological utility of this

approach.

Materials and Methods

Modern individuals of ten freshwater mussel species were selected for analysis using

PLL and PSP because those species occurred in north Texas during the late Holocene.  Modern

samples are reference collection specimens from north Texas (Figure 10) curated in the Joseph

Britton Freshwater Mussel Collection, located in the Elm Fork Natural Heritage Museum,

Denton Texas.   The ten unionid species include Amblema plicata (Say 1817), Lampsilis hydiana

(I. Lea 1838), Lampsilis teres (Rafinesque 1820), Plectomerus dombeyanus (Valenciennes

1827), Potamilus purpuratus (Lamarck 1819), Quadrula apiculata (Say 1829), Quadrula

mortoni (Conrad 1835), Toxolasma texasensis (I. Lea 1857), Truncilla truncata Rafinesque

1820, and Uniomerus tetralasmus (Say 1831).  Freshwater mussels from the Late Holocene

assemblages on the Clear Fork of the Trinity River and Hackberry Creek were identified using

field guides (Howells et al. 1996; Parmalee and Bogan 1998) and verified reference specimens.
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FIGURE 10. Map of Texas with Brazos and Trinity River drainage.  Shaded counties indicated
areas where contemporary mussels were sampled.

Problems of synonymy were rectified using Serb et al. (2003), and Turgeon et al. (1998).

Sample sizes for each species are reported in Tables 6 and 7.

To demonstrate that a tear-drop shaped size-age histogram depicts a recruiting

population, PLL measurements are applied to a modern (non-Museum) sample of mussels

[(Potamilus ohiensis (Rafinesque 1820)] from Lake Nocona in north Texas (Figure 10).  Age-

size histograms are used to demonstrate that this proxy measure is useful for illustrating

recruitment in a portion of the Lake Nocona population.  Similarly, age-size histograms are

produced for two zooarchaeological samples (Figure 7): the first site (41TR170) is on the Clear

Fork of the Trinity River and dates to roughly 1450 to 1270 BP based on radiocarbon dates of
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TABLE 6. Coefficient of determination for morphometric equations using left valves for
estimation of shell lengths using PLL and PSP measurements.  In all cases, p < 0.05 for F
statistic.  Descriptive statistics for frequency data is also given: coefficient of variation (CV),
standard error (SE), and sample mean (μ).

Species Metric Valve n r2 μ
95%

Conf. Int.
±

SE CV
(%)

Water
body County

A. plicata PLL L 14 0.99 35.9 4.6 2.4 24.5 Lotic Montgomery, TX
PSP L 14 0.98 30.0 4.0 2.1 25.7
PLL L 23 0.96 45.8 3.3 1.7 17.5 Lentic Tarrant, TX
PSP L 23 0.88 36.6 2.5 1.3 17.0

L. hydiana PLL L 24 0.93 26.4 2.1 1.1 20.1 Lotic Lampasas, TX
PSP L 24 0.95 22.1 1.6 0.8 18.1

L. teres PLL L 14 0.78 35.1 2.1 1.1 11.4 Lotic Fort Bend, TX
PSP L 14 0.83 32.8 2.4 1.2 13.7
PLL L 26 0.83 32.4 1.4 0.7 11.4 Lentic Tarrant, TX
PSP L 26 0.86 28.7 1.4 0.7 12.5

P. dombeyanus PLL L 12 0.88 42.0 4.6 2.3 19.3 Lotic Miller, AR
PSP L 12 0.89 38.0 4.6 2.3 21.3

P. purpuratus PLL L 21 0.93 54.8 4.0 2.0 17.0 Lotic Hood, TX
PSP L 21 0.91 50.4 4.2 2.1 19.4
PLL L 18 0.98 51.5 5.3 2.7 22.1 Lentic Tarrant, TX
PSP L 18 0.87 39.9 4.4 2.3 24.1

Q. apiculata PLL L 46 0.94 40.8 2.5 1.3 21.1 Lentic Harris, TX
PSP L 46 0.91 38.1 2.3 1.2 21.0
PLL L 47 0.90 40.9 1.6 0.8 13.7 Lentic Tarrant, TX
PSP L 47 0.89 38.3 1.4 0.7 12.5

Q. mortoni PLL L 43 0.88 31.0 1.4 0.7 14.8 Lotic Montgomery, TX
PSP L 43 0.90 28.2 1.2 0.6 14.2
PLL L 23 0.90 30.6 1.6 0.8 13.1 Lentic Tarrant, TX
PSP L 23 0.84 27.1 1.5 0.8 13.3

T. texasensis PLL L 17 0.93 16.5 1.2 0.6 15.8 Lotic Lampasas, TX
PSP L 17 0.92 14.5 1.1 0.6 15.9
PLL L 17 0.95 15.5 1.4 0.7 18.7 Lentic Upshur, TX
PSP L 17 0.85 14.3 1.2 0.6 18.2

T. truncata PLL L 19 0.76 28.3 2.0 1.0 15.5 Lentic Tarrant. TX
PSP L 19 0.81 25.5 1.8 1.0 15.7

U. tetralasmus PLL L 40 0.82 35.6 1.6 0.8 14.3 Lotic Tarrant, TX
PSP L 40 0.77 32.9 1.4 0.7 13.7
PLL L 15 0.93 30.7 2.4 1.2 15.3 Lotic Nueces, TX
PSP L 15 0.94 28.9 2.3 1.2 15.6
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TABLE 7. Coefficient of determination for morphometric equations using right valves for
estimation of shell lengths using PLL and PSP measurements.  In all cases, p < 0.05 for F
statistic.  Descriptive statistics for frequency data is also given: coefficient of variation (CV),
standard error (SE), and sample mean (μ).

Species Metric Valve n r2 μ
95%

Conf. Int.
±

SE CV
(%)

Water
body County

A. plicata PLL R 16 0.99 36.7 4.3 2.2 24.0 Lotic Montgomery, TX
PSP R 16 0.96 32.0 3.9 2.0 24.7
PLL R 21 0.93 45.8 3.7 1.9 19.0 Lentic Tarrant, TX
PSP R 21 0.78 39.8 3.1 1.6 18.1

L. hydiana PLL R 24 0.87 25.9 2.0 1.0 19.3 Lotic Lampasas, TX
PSP R 24 0.90 21.3 1.7 0.9 20.2

L. teres PLL R 14 0.80 35.7 2.2 1.1 11.8 Lotic Fort Bend, TX
PSP R 14 0.84 30.7 2.1 1.1 13.4
PLL R 25 0.84 32.6 1.5 0.7 11.3 Lentic Tarrant, TX
PSP R 25 0.86 27.3 1.3 0.7 12.1

P. dombeyanus PLL R 12 0.89 42.7 4.4 2.2 18.0 Lotic Miller, AR
PSP R 12 0.88 36.0 3.9 2.0 19.2

P. purpuratus PLL R 20 0.96 54.7 4.1 2.1 17.0 Lotic Hood, TX
PSP R 20 0.92 49.8 4.2 2.1 19.3
PLL R 17 0.97 51.7 5.5 2.8 22.4 Lentic Tarrant, TX
PSP R 17 0.87 39.7 4.7 2.4 24.7

Q. apiculata PLL R 46 0.94 41.1 2.4 1.2 20.4 Lentic Harris, TX
PSP R 46 0.91 37.8 2.4 1.2 22.0
PLL R 47 0.89 41.5 1.6 0.8 13.5 Lentic Tarrant, TX
PSP R 47 0.86 37.0 1.3 0.7 12.7

Q. mortoni PLL R 43 0.89 30.2 1.3 0.7 14.2 Lotic Montgomery, TX
PSP R 43 0.86 28.7 1.2 0.6 13.6
PLL R 22 0.90 30.0 1.5 0.8 12.3 Lentic Tarrant, TX
PSP R 22 0.86 27.8 1.5 0.7 12.6

T. texasensis PLL R 17 0.94 16.2 1.3 0.7 16.7 Lotic Lampasas, TX
PSP R 17 0.93 13.2 1.1 0.6 18.2
PLL R 16 0.84 15.6 1.4 0.7 18.6 Lentic Upshur, TX
PSP R 16 0.86 13.2 1.4 0.7 21.2

T. truncata PLL R 20 0.73 27.2 1.8 0.9 15.1 Lentic Tarrant, TX
PSP R 20 0.75 26.2 1.7 0.9 14.9

U. tetralasmus PLL R 40 0.85 35.5 1.5 0.8 14.1 Lotic Tarrant, TX
PSP R 40 0.77 30.6 1.5 0.7 15.4
PLL R 15 0.94 31.5 2.6 1.3 16.2 Lotic Nueces, TX
PSP R 15 0.96 27.7 2.0 1.0 14.4
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ash deposits (Lintz et al. 2008).  The second zooarchaeological sample is from a site (41HI115)

on Hackberry Creek, which dates to 2300 to 1100 BP based on uncorrected radiocarbon dates

using soil humates and mussel shell found at the site (Brown et al. 1987).

Shell length for P. ohiensis and the ten other north Texas freshwater mussel species from

the Elm Fork Heritage Museum collection was measured as the greatest length between the

anterior and posterior end of each articulated mussel (Figure 11). PLL measurements were taken

FIGURE 11. A) Left valve PLL (pallial line-to-lateral teeth length), PSP (pseudocardinal teeth-
to-pallial line length), and SL (shell length) measurements for A. plicata, B) Right valve PLL
(pallial line-to-lateral teeth length), PSP (pseudocardinal teeth-to-pallial line length) and SL
(shell length) measurements for A. plicata.
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by determining the distance between the center of the two left lateral teeth and the pallial line.

The line measured should be perpendicular to the lateral teeth, extending at an angle to the pallial

line (Figure 11A).  For right valves, measurements were taken as the perpendicular line between

the center of the lateral tooth and measured to the pallial line (Figure 11B).  Right and left valves

from the same species were aggregated for the Lake Nocona and the archaeological case studies.

Recorded measurements were then analyzed to determine if PLL is an accurate proxy for shell

length.  Size-age histograms were constructed for P. ohiensis to demonstrate the utility of the

PLL methodology on a known recruiting population.

In addition, PSP measurements were developed because often the entire posterior portion

of the shell is missing in archaeological contexts, which limits the utility of PLL.  PSP was taken

on left and right valves, and measured as the straight line distance between the posterior dorsal

apex of the pseudocardinal teeth and the pallial line (Figure 11).  PSP measurements were not

recorded during the survey of Lake Nocona.  All measurements were obtained to the nearest 0.01

mm and were taken using Mitutoyo CD-8"CX digital calipers.

Stepwise regression models were constructed to determine whether or not PLL and PSP

are strong predictors of shell length across multiple species.  Wilcoxon rank sum tests were used

to determine whether or not coefficients of determination differ significantly on right and left

valves and in lake and stream settings across these species.  SPSS version 16.0 was used to

compare coefficients of determination, and to construct both regression models and frequency

histograms.

Results

Linear regressions for ten modern (museum) unionid species from both lentic and lotic

habitats across Texas indicate that shell length and PLL/PSP measurements are highly correlated



52

(Tables 6 and 7).  The coefficients of determination using both measurements for all ten unionids

are high (≥ 0.73). Lampsilis teres, T. truncata and U. tetralasmus had the lowest coefficients of

determination, with r2 values at 0.78, 0.73, and 0.77 (p < 0.05 for all three cases), respectively.

Conversely, A. plicata (r2 = 0.99, p < 0.05), and P. purpuratus (r2 = 0.98, p < 0.05) had the

highest coefficients of determination.  Slight differences in r2 were also documented between left

and right valves, and water body type (e.g., lentic or lotic) for independent samples of same

species (Tables 6 and 7).  Wilcoxon signed rank tests revealed no significant difference between

r2 values for left or right valves or for lake and stream settings for each species (Table 8).

TABLE 8. Statistical results comparing coefficient of determination for left versus right valves.
Includes comparison of left and right valves based on habitat (e.g. lentic or lotic).  Non-
parametric Wilcoxon signed rank test was used for both comparisons.

Modern Case Study: Lake Nocona

A total of 49 P. ohiensis articulated shells were examined from Lake Nocona using PLL.

As with the other modern north Texas species, PLL proved to be an accurate predictor for shell

Metric Comparison n Wilcoxon
(p-value) Z

PLL left vs. right valve 17 0.82 -0.22

PSP left vs. right valve 17 0.17 -1.37

PLL lotic vs. lentic-
(left valve) 8 0.83 -0.21

lotic vs. lentic-
(right valve) 8 0.40 -0.84

PSP lotic vs. lentic-
(left valve) 8 0.18 -1.33

lotic vs. lentic-
(right valve) 8 0.13 -1.52
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length, with r2 = 0.90 (p < 0.05) (Figure 12).  Shell length for P. ohiensis ranged from a

minimum of 68.4 mm to a maximum of 154.5 mm, with the mean shell length recorded at 130.8

± 2.6 mm (mean ± SE).  PLL measurements ranged from a minimum of 36.2 mm to a maximum

of 88.4 mm, with the mean at 69.4 ± 1.4 mm.  For both shell length and PLL measurements,

coefficient of variation was low (CV ≤ 14.5 %). Graphed PLL and SL measurements for P.

ohiensis both produced a unimodal “tear-drop” shaped frequency distribution (Figure 13).  Live

unionids including juveniles and adults were observed in great abundance at the location where

spent valves were taken.  Unfortunately, these specimens were analyzed prior to development of

PSP.

FIGURE 12. Scatterplot of shell length vs. pallial-line length on modern Potamilus ohiensis from
Lake Nocona, Montague County, Texas.  Confidence intervals are ± 95%.
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FIGURE 13. Size-age distributions using frequency distribution histograms for modern
Potamilus ohiensis (n = 47), A) Size-age distribution using shell length, and B) Size-age
distribution using PLL measurements.

Prehistoric Case Study

41TR170 on the Clear Fork of the Trinity River contained 27 measurable specimens,

which were analyzed using PLL.  PLL ranged from a minimum of 25.5 mm to a maximum of

50.5 mm, with the mean length recorded at 35.7 ± 1.3 mm.  A total of 147 A. plicata valves were

measured from 41HI115 on Hackberry Creek.  Only PSP measurements were taken due to

preservation problems hindering PLL measurements on shells from this assemblage. PSP ranged

from a minimum of 21.1 mm to a maximum of 50.1 mm, with the mean PSP recorded at 35.4 ±

0.5 mm.  Regardless of the method used coefficients of variation for PLL and PSP were low (CV

≤ 19.3 %).  PLL and PSP analyses on prehistoric A. plicata from the Clear Fork of the Trinity

River and Hackberry Creek produced “tear-drop” shaped frequency distributions (Figures 14A

and 14C).  However, the distribution of A. plicata from the prehistoric assemblage near the Clear
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Fork of the Trinity River is not a unimodal distribution (Figure 14A).  This is likely the result of

small sample size (n = 27) rather than a preponderance of multiple cohorts in this assemblage.

FIGURE 14. Size-age distributions using frequency distribution histograms of PLL and PSP for
prehistoric samples of Amblema plicata from the Clear Fork of the Trinity River (sample
41TR170) (n = 27) and Hackberry Creek (sample 41HI115) (n = 147).  A) PLL distributions at
the Clear Fork of the Trinity River, B) Predicted shell length distributions using PLL
measurements at the Clear Fork of the Trinity River, C) PSP distributions at Hackberry Creek,
and D) Predicted shell length distributions using PSP measurements at Hackberry Creek.
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It is interesting to note that when PLL measurements are used to predict shell length a more

distinct tear-drop shape is produced (Figure 14B).  PSP and predicted SL measurements for

prehistoric A. plicata from Hackberry Creek are both “tear-drop” in shape (Figures 14C and

14D).  At both archaeological sites the range of variability in size of A. plicata and the shape of

its frequency distribution suggest representation of a full set of age cohorts (Figure 14).

Discussion

These results indicate that shell length is highly correlated with both PLL and PSP

measurements for all species examined (Tables 6 and 7).  Modern studies of Lake Nocona

demonstrate that a “tear-dropped” distribution characterizes unionid populations that are

recruiting (Figure 13).  Analysis of the ten modern (museum) species suggests that small sample

size and habitat (lakes and streams) have minimal impact on r2 values.  Five of the contemporary

mussels examined had at least one measurement with sample sizes less than or equal to 16

individuals (Tables 6 and 7). PLL measurements (left valves) for L. teres (n = 14) and A. plicata

(n = 14) produced r2 values of 0.78 (p < 0.05), and 99% (p < 0.05) respectively. Peacock (2000),

assessing bias in archaeological shell assemblages correlated shell length with PLL

measurements (r2 = 0.90) using only 16 individuals of P. decisum. Habitat and biogeography

also appear to have little effect on r2 values (Tables 6 and 7). Additionally, if PLL and PSP are

used to predict shell length, habitat should be evaluated to ascertain the most predictive model.

For example, A. plicata produced higher coefficient of determinations for lotic sites compared to

lentic (Table 6). However, what is noteworthy is that regardless of species, samples size or

habitat, PSL and PSP measurements are predictive for shell length and thus can be used to

evaluate long term trends in prehistoric unionid demography.
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Prehistoric PLL and PSP histograms for A. plicata follow what would be expected from a

recruiting modern population in the Clear Fork of the Trinity River and Hackberry Creek (Figure

14).  Individuals of A. plicata at both archaeological sites appear to be smaller than what has

been recorded in modern populations.  Using stepwise regression, the mean predicted shell

length for A. plicata excavated from the Clear Fork of the Trinity River (based on lotic data from

Montgomery County) is 66.2 ± 2.6 mm and the maximum shell length is 94.8 mm. Using the

same model for the Hackberry Creek sample, the mean predicted shell length for A. plicata is

77.8 ± 0.9 mm and the maximum shell length is 107.8 mm.  Mauldin (1972) surveying Eagle

Mountain Reservoir (West Fork of the Trinity River) reported a maximum shell length of 105

mm and a mean (n = 16) shell length of 78.2 mm for A. plicata.  The maximum and mean

lengths predicted from the Clear Fork site are less than that reported by Mauldin (1972), and

both archaeological sites are substantially less than the maximum shell length (148 mm) reported

for modern A. plicata in Texas (Howells et al. 1996). It is important to note that I did not

measure shell length for modern populations of A. plicata from the Clear Fork of the Trinity

River and Hackberry Creek.  However, previous studies have also documented smaller mussel

shells from archaeological sites compared to those collected in modern times (e.g., Warren 1975,

Klippel et al. 1978, Parmalee 1988, Peacock and Chapman 2001). Smaller size may relate to a

variety of causes, such as higher population density, poor quality habitat and thus low growth

rate, reduction in food availability, or selective harvest of larger older individuals by human

foragers that reduced average age and size (e.g., Stiner et al. 1999, 2000; see also discussion in

Peacock 2000 for unionids).

The lentic systems studied in this paper represent human-made reservoirs, and there were

no lakes in north Texas during the prehistoric late Holocene. However, broadly defined lentic
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systems also include backwater areas, sloughs, pools and other slow-moving microhabitats

within river systems. As a result, these data may not apply as a direct analogue for north Texas

streams, but they do show convincingly that this biometric method can be applied across

multiple habitats. Nonetheless, whether or not the method can be applied successfully in other

regions needs to assessed on a case-specific basis.

Conclusion

Freshwater mussels unlike many animal remains are well suited to withstand the test of

time, but like many other animal remains they rarely survive intact (Lyman 1994).  Prehistoric

mussel remains are ideal for describing past historical conditions and changes in biodiversity as a

result of modern impacts (Matteson 1958, 1960, Evans 1969, Warren 1975, 1991, Parmalee et al.

1980, Parmalee et al. 1982, Parmalee and Klippel 1986, Theler 1991, Parmalee and Hughes

1993, Parmalee 1994, Parmalee and Hughes 1994, Morey and Crothers 1998; Parmalee and

Polhemus 2004). Quantitative analysis with regards to shell length can provide insights into both

demography and recruitment of a population (e.g., Warren 1975, Parmalee et al. 1980, Miller and

Payne 1988, Payne and Miller 1989, Miller and Payne 1993, Miller et al. 1994, Payne and Miller

2000, Peacock 2000, Christian et al. 2005, Peacock and Chapman 2001, Haag and Warren 2007,

Outeiro et al. 2008, Peacock and Seltzer 2008). In addition to understanding prehistoric

recruitment, PLL and PSP may offer these additional advantages: First, using PLL and PSP

measurements, highly fragmented samples can be used to obtain shell-size data, thus increasing

sample size and statistical validity of paleozoological studies.  Second, bias in preservation can

be assessed by comparing mean sizes of whole shell lengths versus predicted shell lengths from

fragmented shells. Jerardino and Navarro (2008) comparing mean limpet sizes between actual

and predicted shell lengths for limpet species, found that fragmentation during preservation



59

affected mainly large shells and less smaller shells less.  Using only whole specimens in this case

would have led to the underestimation of shell size in these coastal middens.  Given the high

degree of correlation between shell length and PLL/PSP, these biometric equations can serve as

useful tools for evaluating past ecological conditions of freshwater mussel populations, and thus

expand analytical potential of zooarchaeological studies of prehistoric unionid remains
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CHAPTER 4

HABITAT UTILIZATION OF FRESHWATER MUSSELS (FAMILY: UNIONIDAE) IN

THE LOWER BRAZOS RIVER BASIN

Introduction

An important step for conserving wildlife is to identify essential features of the physical

habitat for a particular species of interest. For species that are rare or difficult to observe, it is

often difficult to define requirements that relate to its management (Howells 2009). These

requirements are especially difficult to define for freshwater mussels (Family:Unionidae), which

are sessile endobenthic organisms. This problem is exacerbated by the fact that mussels have

experienced a dramatic decline in both numbers and distribution on a global scale. This decline

is related, in part, to modern anthropogenic impacts (Neck 1982a, Bogan 1993, Strayer 1999a,

Vaughn and Taylor 1999, Watters 1999, Lydeard et al. 2004), which has led to a renewed

interest in mussel conservation over the last several years (see Strayer 2008 and Vaughn 2010 for

further details). Despite such efforts, very little is known regarding basic mussel ecology,

behavior and physical habitat requirements. This information is needed to not only maintain

existing mussel populations but also to ensure their perpetuity (Vaughn and Hakenkamp 2001,

Strayer 2008).

Traditionally, physical habitat requirements for mussel species have been characterized

using a microhabitat approach in which factors such as water depth, velocity and particle size are

measured (Strayer 1981, Salmon and Green 1983, Layzer and Madison 1985, Neves and Widlak

1987, Hollands-Bartels 1990, Strayer and Ralley 1993). In general, this approach has had mixed

success because some researchers have failed to find meaningful relationships between

traditional measures of habitat and mussel occurrence. For example, Layzer and Madison (1995)
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observed that particular hydraulic conditions (e.g., water depth, velocity, and substrate type)

limited the distribution of mussels, but these conditions were contingent on stream discharge. As

a result, they concluded that traditional measures of mussel habitat at one discharge are of

limited value in predicting suitable habitat for mussels at different discharges. Correspondingly,

some researchers (see Strayer and Ralley 1993 and Strayer 2008 for further details) have

questioned the utility of measuring these variables to predict mussel occurrence. In contrast,

studies by Huehner (1987), Salmon and Green (1983), Johnson and Brown (2000), Leff (1990),

and Brim Box and Mossa (1999) have observed an association between traditional measures of

habitat and mussel occurrence.

The reasons for these contrasting results are unclear, but they underscore the difficulties

in identifying and quantifying mussel microhabitats. Brim Box and Mossa (1999) argued that

the lack of correlation between mussel occurrence and substrate found in some studies was

probably the result of insufficient sample size. This presumably would affect measures of water

velocity and depth. Salmon and Green (1983) argued that in addition to sample size, coarse

measurement of environmental factors and the use of inappropriate statistical methods were the

reasons that previous attempts failed to find associations between mussels and simple

microhabitat variables. In addition to these problems is the question of whether or not previous

studies included too much habitat variability, thereby obfuscating associations between mussel

distributions and habitat. Johnson and Brown (2000) suggested that because of this problem a

traditional microhabitat approach is probably only appropriate for smaller drainages; however,

this hypothesis has yet to be tested.

In addition to these methodological issues, there are uncertainties regarding which habitat

variables are important to measure. For example, some researchers suggest that complex
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hydraulic variables such as shear stress, Reynolds number and Froude number may be better

descriptors of mussel habitat (Layzer and Madison 1995, Hardison and Layzer 2001, Steuer et al.

2008, Zigler et al. 2008). Others have concluded that substrate stability as measured by the ratio

of critical shear stress to shear stress is more informative (see Morales et al. 2006).  Additionally,

some have argued that macrohabitat variables (e.g., those operating over the scale of kilometers)

rather than traditional variables are better predictors of mussel diversity and abundance (Holland-

Bartels 1990, Strayer 1993, Di Maio Corkum 1995, Morris and Corkum 1996, McRae et al.

2004).  Given the preceding, these hypotheses suggest that there is reasonable uncertainty

regarding the association between mussel communities and their habitat.

Very little is known regarding the physical constraints mediating the distribution of

mussels in lotic systems (Strayer 2008). The number of studies with contrasting results

underscores this point. This is problematic for mussel conservation efforts because habitat

requirements for common and rare mussel species are largely unknown, or based on anecdotal

accounts. Moreover, the lack of a consensus regarding which variables to use suggests that it is

premature to discount any approach. In this chapter, traditional measures of habitat are

examined to evaluate whether they are predictive for mussel occurrence. This approach extends

the work of Salmon and Green (1983) and Strayer and Ralley (1995), in which quantitative data

on simple habitat variables (e.g., water depth, velocity and particle size) is collected and

analyzed using multivariate statistical techniques.



63

Materials and Methods

Study Area

The Brazos River originates in eastern New Mexico and is the third longest river in

Texas, traversing 1,516 km before emptying into the Gulf of Mexico near Freeport, Texas (Huser

2000). In general, the Brazos River and its associated tributaries are incised, meandering

systems with sand-bed channels and unstable banks. For the lower Brazos River, near vertical

cut banks 20 to 30 ft high are prominent along much of its length (Dunn and Raines 2001). Flow

in the Brazos River basin is regulated by impoundments constructed in the early- to mid-1900s.

As a result, discharge is typically low but can fluctuate rapidly during periods of impoundment

release. Land use in both the upper and lower Brazos River basins is predominately agricultural

and open range land for ranching. For this study, sample sites were located in the lower Brazos

River basin on Yegua Creek near S.H. 50 (YEG) and the Navasota (NAV) and Brazos Rivers

(BRA) near S.H. 105 (Figure 15).

Sampling Methods

Because it is suspected that sampling design is, in part, the reason that previous studies

failed to differentiate habitat use among mussel species, sampling effort was concentrated at

three sites with mussel densities ranging from low to high; BRA: 0.01/0.25 m2; YEG:1.94/0.25

m2; and NAV:14.11/0.25 m2. At each site, an initial non-timed search was conducted to

determine both the location of live mussels and their highest densities. Once these locations

were identified at each reach, a transect not exceeding 400 quadrats (e.g., 10 x 10 m) was

deployed. Transects were marked using four 1.83 m (6 ft) metal studded t-posts, and nylon string

was attached to demarcate the boundaries of the search area. Mussels and environmental

conditions were then sampled for 10 randomly selected quadrats within these defined transects.



64

The number of quadrats for random sampling was chosen based on the results of preliminary

sampling and a power analysis (Randklev et al. 2010c). Sampling was conducted during two

different periods (April, 2008 and September, 2009) under low river discharge conditions (see

Table 9 for a summary of environmental conditions encountered during this study).

TABLE 9. Environmental conditions encountered in sampling quadrats.

Variable Mean Standard deviation Range (min and max)

Water Depth (m) 0.2 0.1 0.1-0.3
Water velocity (m/s) 0.1 0.1 0-0.2
% pebble 14.8 18.4 0-57.0
% gravel 5.9 6.6 0-21.8
% very coarse sand 4.8 3.5 0-15.6
% coarse sand 23.8 21.8 1.6-72.4
% medium sand 40.2 21.1 13.7-84.7
% fine sand 4.8 4.6 0.8-17.4
% very sand 3.9 5.3 0.2-32.7

For each quadrat, sediment was collected and water depth and velocity were measured;

this was done before each quadrat was examined for mussels. Sediment cores were collected

from the middle of each quadrat using a 24.13 cm (9.5 inches) PVC pipe 2.54 cm (one inch) in

diameter.  The cores were collected by pushing the sampling tubes approximately 20.32 cm (8

inches) into the substrate, and end caps were used to prevent loss of sample material while

removing the PVC pipe. All cores were then placed on ice and immediately frozen.  After

thawing, sediment samples were dried for 24 hours at 200 ºC, weighed, and dry-sieved for five

minutes through a series of sieves (pebble: 2 mm, gravel: 1 mm, very coarse sand: 0.5 mm,

coarse sand: 0.25 mm, medium sand: 0.125 mm, fine sand: 0.0625 mm, and very fine sand:

0.004 mm).  Sediments that were clumped were milled using a mortar and pestle and then shaken
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for an additional five minutes.  The grades for each sieve class follow the Wentworth grade

scale. Because of the small volume of the 0.004 mm fraction in our samples, this size class was

omitted from further analysis.

Current speed and water depth were measured at the center of each quadrat using a

Marsh-McBirney© current meter. Measurements were taken following TCEQ (2003) and Gore

(2006). When the water depth was less than 60 cm, flow measurements were taken at 60% of the

depth. Conversely, when the water depth exceeded 60 cm, two measurements were made; one at

80% of the total depth and the other at 20% of the total depth. In most cases, three

measurements were taken from which the average was taken.

Data Analysis

A principal component analysis (PCA) was used to identify variables that correlated with

mussel occurrence. The correlation matrix was used to remove the effects of differences in scale

between environmental variables. Because PCA performs best when there are no outliers, and

the relationships between explanatory and response variables are linear, all environmental

variables were subjected to a square-root transformation. Because a number of environmental

variables were correlated with one another, a variance inflation value was calculated for each

predictor variable and those that had a VIF value of 3 or greater were removed. A generalized

linear model (GLM) using a binomial distribution was used to assess the relationship between

the environmental variables identified in the PCA and mussel occurrence. The reasoning for this

approach is that PCA components are constructed from new combinations of predictor variables,

such that explained variance in the data is maximized within a few key components.  As a result,

it can be difficult to assess the relationship between the original predictor and response variables.

Finally, discriminant function analysis (DFA) was used to test the hypothesis that environmental
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conditions were the same between quadrats with and without mussels and to describe

environmental differences among mussel species.

FIGURE 15. Map of study sites in the lower Brazos River basin. Sampling localities are denoted
the by the following abbreviations; BRA: Brazos River downstream of S.H. 105; NAV:
Navasota River downstream of S.H. 105; and Yegua Creek downstream of S.H. 50. The map in
the top right corner is for reference with regards to the location of our study area in the Brazos
River basin.
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Results

In total, 247 mussels representing 9 species were collected in our study area (Table 10).

Two species, Truncilla macrodon (I.Lea 1859) and Quadrula houstonensis (I.Lea 1859), are

candidate species for protection under the endangered species act (ESA) and were collected at

the BRA and NAV sample sites. The distribution of mussels both in the study area (s2/ ̅ = 19.2,

n= 57, p <0.01) and among the three sample sites for both collection periods was highly

aggregated (s2/ ̅ = 2.1-16.1, n = 8-10, p < 0.01). The exception was the BRA site, where mussel

densities were low, and therefore, the variance/mean ratio was indistinguishable from random

(s2/ ̅ = 1, n = 9-10, p > 0.01).

Of the five possible PC’s from the PCA on environmental variables measured in both

quadrats with and without mussels (Table 11), the first three accounted for 85.2% of the total

variation.  Very coarse sand (%) and fine sand (%) were correlated with PC1; medium sand (%)

and water velocity (m/s) were correlated with PC2; and water depth (m) was correlated with PC3.

Because I was interested in the environmental variables that are most explanatory for mussel

occurrence, only the first two principle components were interpreted. The first component (PC1)

represents a gradient moving from right to left (Figure 16) in which quadrats with a higher

proportion of very coarse sand relative to fine sand are located on the left hand side of the biplot.

The second component (PC2) depicts a gradient moving from top to bottom in which quadrats

with a higher proportion of medium sand and low water depth are plotted near the bottom of the

biplot. Taken together, both components suggest that mussel occurrence was greatest for

quadrats that were sampled in deep, slow water with a substrate comprised mainly of very coarse

sand rather than either medium or fine sand. Results from the GLM using a binomial

distribution indicated that the effects of % very coarse sand (G2=3.659, p<0.0001, RL
2=33.8%)
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and medium sand (G2=-3.167, p<0.001, RL
2=15.3%) on mussel occurrence were significant. This

finding suggests that the probability of mussel occurrence is greatest in quadrats with a higher

proportion of very coarse sand compared to medium sand (Figure 17).

TABLE 10. Mussel species collected in 57 0.25m2 quadrats within the study area. Asterisks
denote species used in the DFA analysis comparing microhabitat preferences among species.

Species No. individuals Sites where found

*Amblema plicata 145 NAV, YEG
*Quadrula apiculata 38 NAV, YEG
*Quadrula houstonensis 37 NAV, YEG
Quadrula verrucosa 9 NAV
Cyrtonaias tampicoensis 7 NAV, YEG
Truncilla macrodon 4 BRA, NAV
Megalonaias nervosa 3 NAV
Lampsilis teres 3 NAV
Utterbackia imbecillis 1 NAV

TABLE 11. Principal component vectors for PCA on environmental variables in the mussels
versus no mussels analysis.

Variable PC1 PC2 PC3 PC4 PC5

Very coarse sand (%) -0.566 0.377 -0.153 -0.242 0.675
Medium sand (%) 0.371 -0.623 -0.180 0.107 0.656
Fine sand (%) 0.530 0.221 0.284 -0.760 0.113
Water depth (m) 0.358 0.525 0.388 0.593 0.307
Water velocity (m/s) -0.366 -0.381 0.844 -0.038 0.083

Proportion of variance 0.396 0.314 0.142 0.107 0.041
Cumulative percent of variance 39.6 71.0 85.2 95.9 100
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FIGURE 16. PCA applied on environmental variables measured in quadrats with (1) and without
mussels (0). The first two axes explain 71% of the variation in the data (39.6% on axis 1 and
31.4% on axis 2). In general, mussel occurrence is greatest in quadrats sampled in deeper waters
with coarser substrates.

Results from the DFA indicate there were environmental differences between quadrats

with and without mussels (Pillai Trace=0.384, df=5,51, F=6.356, p<0.0001).  The most useful

discriminatory variables were % very coarse sand, water velocity (m/s) and water depth (m)

(Table 12). As with the PCA, these results indicate that mussels were found most frequently in

deep slowing moving waters with a substratum comprised primarily of very coarse sand.

Overall, the correct classification of the DFA was 78.6% for quadrats with mussels and 72.4%

for quadrats without mussels. This indicates that an ability to identify suitable mussel habitats.

For the DFA analysis comparing differences in habitat among the three most
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FIGURE 17. Logistic regression between mussel occurrence and % very coarse sand (top) and %
medium sand (bottom). For each graph, the solid red line indicates the probability of mussel
occurrence; the horizontal checkered line denotes 50% probability; and the black vertical line
denotes a threshold for either very coarse sand or medium sand and mussel occurrence. For the
top graph, the probability of mussel occurrence increases as the proportion of very coarse sand
increases in relation to medium and fine sand, whereas the bottom graph indicates that the
probability of mussel occurrence decreases as the proportion of medium sand increases in
relation to very coarse and fine sand.
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abundant species [Amblema plicata (Say 1817), Quadrula apiculata (Say 1829) and Q.

houstonensis] in our study area, no differences were found (Pillai Trace=0.121, df=10,86, F=

0.555, p=0.846). This finding indicates that habitat preferences are the same for these mussel

species or that our sample size was not large enough to statistically discern habitat preferences

between these species. Because of this result, discriminators for this portion of the DFA are not

interpreted.

TABLE 12. Summary of DFA results comparing environmental variables in quadrats with and
without mussels.

Discriminating variables Discriminant
Vector

Very coarse sand (%) 1.359
Medium sand (%) -0.028
Fine sand (%) -0.041
Water depth (m) 0.632
Water velocity (m/s) -0.759

Groups With
mussels

Without
mussels

Group centroids 1.237 -1.237

Discussion

The results of this study indicate that readily measurable environmental variables are

correlated with mussel distribution.  These findings are contrary to those of Tevesz and McCall

(1979), Strayer (1981), Holland-Bartels (1990), Strayer and Ralley (1993) and Layzer and

Madison (1995), who have argued that physical aspects of microhabitat use by mussels are of

little importance in predicting their occurrence in running waters.  These results indicate that

measuring simple habitat variables is effective for predicting where mussels occur. Some of
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these studies (Layzer and Madison 1995, Hardison and Layzer 2001) have advocated the use of

complex hydraulic measures (e.g., shear stress, Froude number, and Reynolds number) to predict

mussel occurrence.  This suggestion is somewhat confusing, given that these measures integrate

traditional habitat variables, such as water velocity, depth and particle size, which the same

studies dismiss as important for predicting viable mussel habitat. Therefore, if complex

hydraulic measures are correlated with mussel occurrence, simple measures of habitat should be

as well.  It is important to note, that complex measures of habitat are more consistent over a

wider range of flows; however, this appears to be the case only during high flows (see Layzer

and Madison 1995, Allen and Vaughn 2010). Strayer (2008) concluded that because simple

habitat measures appear to be context dependent, they are not the controlling factors responsible

for mussel distribution. The results presented here do not support this conclusion, given that

sample sites were in three different drainages. Thus, if substrate is not important, then there

should be no association between it and mussel occurrence between sample sites.

There is also concern regarding the use of complex habitat measures because very little

attention has been given to whether they provide reasonable estimations of the complex nature of

instream flows.  Recent studies have suggested that these equations may be context dependent

(see Lorang and Hauer 2003) and, therefore, are inappropriate for use outside of the systems for

which they were developed.  This conclusion has been drawn because some of these measures

were originally tested in flumes using quartz-density spheres of uniform size and controlled

increases in flow velocity (Lorang and Hauer, 2003). This differs from natural systems, where

bed material from a river is neither spherical nor uniform, and flow conditions may be highly

variable. Regardless, complex measures are important, as are simple measures of habitat, and

both should be measured with regard to describing habitat preferences for mussels.
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Particle size is an important predictor for mussel occurrence in the lower Brazos River

basin. The probability of mussel occurrence was greatest for quadrats with a higher proportion

of very coarse sand compared to medium sand (Figure 17). Because substrate stability is

predicated, at least partially, on grain size, it is likely that these measures of % very coarse sand

and medium sand are proxies for substrate stability during high flows; that is, quadrats with high

proportions of very coarse sand are more likely to remain stable than those with high proportions

of medium sand under the same river discharge conditions. If so, then these findings support the

notion that dense aggregations of mussels will occur only in areas where substrates are stable

(Strayer 1999b, 2008, Strayer et al. 2004, Allen and Vaughn 2010). For example, Johnson and

Brown (2000) noted that the occurrence of Margaritifera hembeli (Conrad 1838) was associated

with large particle sizes, which they concluded increased microhabitat stability. Vaughn and

Pyron (1995) reported similar findings, noting that Arkansia wheeleri (Ortmann and Walker

1912), a federally listed species, was found only at sites with coarse substrates, such as gravel

bars, which they reasoned were more stable than those comprised of mud or fine sand. These

studies, together with the results presented here, show that mussel occurrence is linked to coarse

substrata, habitats that are more stable during flood events. These findings underscore that

differences in grain size will have profound implications on mussel occurrence and that

substratum composition represents a determinant of mussel distribution, supporting the assertion

by Neves and Widlak (1987), Leff et al. (1990), and Brim Box and Mossa (1999) that bed

sediment distributions influence the composition and abundance of unionid mussel faunas.

In contrast to these results demonstrating the association between mussel occurrence and

coarser substrata, separate habitats among the three most common species could not be discerned

in this study area. This can be interpreted in several ways. First, sample size and/or spatial area
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could have been too small and, as a result, failed to capture the range of environmental

conditions that these species inhabit. Second, because “mussel beds”, were sampled it is likely

that the environmental conditions observed were, in a sense, optimal for mussel occurrence;

therefore, expectations regarding differences in habitat may be untestable due to sampling

design.  Third, an inability to distinguish microhabitat preferences for the three “common”

species examined could be because they tolerate a wide variety of environmental conditions.

Fourth, it is possible that factors other than those measured may be important in defining

microhabitat preferences for these species. Clearly if more quadrats had been sampled over a

larger spatial area, microhabitat differences would more likely have been found. Certainly, this

is likely the case for Q. houstonensis, which unlike A. plicata or Q. apiculata, is rarely abundant

or widely distributed in Texas (Howells 2009). Despite this, the overall implications of this

study are important because it provides additional evidence that stable habitats, as measured by

grain size, represent a major factor influencing mussel distributions.

From a management perspective, these results are unique because they indicate that

portions of a stream with coarser substrates should provide optimal habitat for mussels. As a

result, sections of the lower Brazos River basin with stable substrates need to be conserved

because they provide conditions under which growth and reproduction are expected to be

optimized. This point is underscored by the fact that both mussel abundance and species

richness were greatest at sites with coarser substrates. Additionally, Q. houstonensis, which is a

candidate species for the ESA, occurred only in coarser substrates within both the Navasota

River and Yegua Creek. From a practical standpoint, results from a traditional microhabitat

approach could be combined into meaningful summaries, which could then be used to define

habitat ranges for mussel species. In some cases mussels may not be found inhabiting coarser
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substrates; however, the absence of mussels should not be taken as evidence that coarse stable

substrates are not predictive for mussel occurrence because other factors (see below) may be

responsible. There is also the distinct possibility that the absence of mussels from coarser

substrata is related to colonization, which is controlled by both “natural” and human mediated

factors. Finally, while substrate size is a determinant for mussel occurrence in the lower Brazos

River basin, other factors, such as the intensity and duration of high flows, intermittency,

anthropogenic influences and host fish availability, are also important factors governing mussel

occurrence and distribution.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

Freshwater mussels (Family: Unionidae) are one of the most threatened groups of benthic

organisms in freshwater systems.  This decline is partly related to their unique life histories

which have led to extirpations in river drainages where they historically occurred.  In Texas, very

little is known regarding the distribution and abundance of many mussel species.  Thus, resource

managers are left unequipped to maintain existing populations of both threatened and common

mussel species.  The chapters presented in this dissertation provide more information and new

approaches to resource managers and ecologists in order to improve existing methods of mussel

conservation.

Chapter 1 examines whether the mussel fauna of the Trinity River is made up of two

components that reflect differences in upstream and downstream hydraulic conditions. Historical

and modern surveys from a limited number of localities were used to delineate these

zoogeographic provinces based on the absence of several species thought to occur only in the

lower Trinity River drainage. Available zooarchaeological data from the upper Trinity River

drainage indicate that at least one species considered to be absent from the upper Trinity River

basin was present during the late Holocene (roughly the last 2,500 years), suggesting that both

biogeographical provinces shared a similar mussel fauna in the recent geological past. The

discrepancy between historic and zooarchaeological species distributions is probably due to

inadequate sampling and an extirpation gradient related to impoundments that have been

constructed in this drainage. A similar pattern is likely to occur in other drainages in Texas for

which modern and/or historical data are largely absent. The results from this chapter underscore

the importance of choosing appropriate benchmarks for biogeographical inferences and of the
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spatio-temporal information provided by paleozoological data sets. In the future, such data sets

should be considered when planning surveys, assessing range contraction, or selecting sites for

reintroductions (Lyman 2006).

Chapter 2 follows an approach similar to that of Chapter 1 but differs in that

paleozoological data are used to assess range contraction in candidate mussel species. In Texas,

fifteen freshwater-mussel species are listed as threatened, of which twelve are candidates for

protection under the Endangered Species Act (ESA). Two threatened species are thought to

occur in the upper Trinity River drainage of north-central Texas: Potamilus amphichaenus and

Pleurobema riddellii. The magnitude of the decline of these species in this drainage is unknown

due to a lack of historical and modern surveys. The results presented in this chapter indicate that

P. riddellii was more widely distributed and abundant during the late Holocene (600 to 2500

B.P.) than it is today. Potamilus amphichaenus has not been found in archaeological sites in this

drainage, but its absence is likely due to underlying taphonomic factors related to preservation.

That is, species with shells that are rectangular in outline and low in density are less likely to be

preserved compared to species that are spherical and relatively dense (Wolverton et al. 2010).

Shells of P. amphichaenus are thin and elongated and are therefore prone to fragmentation. As a

result, remains of this species are unlikely to survive. Therefore, its presence in the upper Trinity

River drainage during the late Holocene cannot be ruled out. In addition, individuals resembling

Lampsilis satura have been identified from one archaeological site along the West Fork of the

Trinity River. Although not a candidate species, L. satura is considered threatened in Texas.

Currently, this species is known to occur only in rivers east of the Trinity River drainage

(Howells et al. 1997). Reports of this species in the upper and lower Trinity River exist, but they

have been dismissed as misidentifications. The presence of this species in the upper Trinity
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River during the late Holocene suggests that it was previously distributed in this drainage. It is

unlikely that shells for this species were carried into this basin, because the energetic costs

associated with preserving and transporting a given individual outweigh caloric returns (Peacock

2000).  Despite this there is this notion held by conservation biologists that mussel shells were

commonly transported from one basin to another.  This has been termed the “Flintstone

Hypothesis,” for which there is little empirical support. Finally, comparisons between

zooarchaeological and modern/historical records for P. riddellii and L. satura indicate that

conditions are worse for these species than previously realized by contemporary researchers. As

a result, these species are good candidates for protection under the ESA.

Chapter 3 provides a biometric technique for assessing prehistoric mussel population

dynamics. In zooarchaeology, biometry is useful for the analysis of mortality profiles,

taphonomy and paleoecology. For mussels, shell length is often used by contemporary

researchers to evaluate the demography of modern mussel populations, but its use for

paleozoological specimens is not feasible because complete shells are rarely preserved. In this

chapter, size-age prediction models are developed for 10 mussel species found in north Texas

using pallial line-to-lateral teeth length (PLL) and pseudocardinal teeth-to-pallial line length

(PSP) measurements as proxies for shell length. The linear-regression models presented in this

chapter demonstrate that these measurements are accurate proxies of shell length for multiple

species from a variety of habitats. Therefore, these techniques should be useful for evaluating

past ecological conditions and mussel subsistence strategies. For example, it has been

hypothesized that mussels were generally smaller during the late Holocene (Peacock 2000).

Whether this hypothesis holds true in Texas is unclear, but with larger samples, this hypothesis

could be tested using the methods developed here. If mussels were smaller in the past, then
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future studies could use isotopes to determine whether paleoenvironmental conditions were, in

part, responsible for the differences in size (see Peacock and Seltzer 2008 for further details).

Undoubtedly, other factors (such as subsistence or competition) might also be responsible, but

this example highlights the utility of these techniques for both zooarchaeological studies and

mussel-conservation efforts.

Finally, Chapter 4 examines the relationship between microhabitat variables and the

distribution of mussels in the lower Brazos River basin. Traditionally, physical-habitat

requirements for mussel species have been characterized using a microhabitat approach in which

water depth, velocity, particle size, and similar parameters are measured. However, this

approach has had mixed results, probably due to poor experimental design (see Salmon and

Green 1982). As a result, additional studies are needed to examine whether this approach is

appropriate for assessing associations between habitat and mussel abundance and distribution.

The results presented in this chapter indicate that readily measurable environmental variables are

correlated with mussel distributions. These findings are contrary to those of Tevesz and McCall

(1979), Strayer (1981), Holland-Bartels (1990), Strayer and Ralley (1993), and Layzer and

Madison (1995), who have argued that physical aspects of microhabitat use by mussels are of

little importance in predicting their occurrence in running waters. These results indicate that

measuring simple habitat variables is an effective method to predict where mussels will occur.

For the lower Brazos River basin, mussel occurrence was greatest in quadrats with higher

proportions of very coarse sand in relation to medium sand. Because substrate stability is

predicated at least partly on grain size, it is probable that the percentages of very coarse and

medium sand act as proxies for substrate stability during high flows. Therefore, quadrats with

high proportions of very coarse sand are more likely to remain stable than those with high
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proportions of medium sand under the same level of river discharge. If this is the case, these

findings support the prediction that dense mussel aggregations will occur only in areas with

stable substrates. From a management perspective, this prediction indicates that stream segments

with coarser substrates should provide, to some extent, better habitat for mussels. Therefore,

sections of the lower Brazos River basin with stable substrates must be conserved because they

provide optimal conditions for mussel growth and reproduction. This point is underscored by the

fact that mussel abundance and species richness were greatest at sites with coarser substrates.

Additionally, Q. houstonensis, a candidate species for listing under the ESA, occurred only on

coarser substrates within the Navasota River and Yegua Creek. Microhabitats that are known to

harbor this species should be preserved.
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APPENDIX 

FIRST ACCOUNT OF A LIVING POPULATION OF Truncilla macrodon3 

                                                 
3 Reproduced from Randklev et al. (2010a), with permission from the Southwestern Association of Naturalists. 
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Texas fawnsfoot, Truncilla macrodon, is a rare unionid mussel (family Unionidae)

endemic to the Brazos and Colorado rivers of central Texas (Howells et al. 1996, 1997).  Since

its original description in the mid-1800s, perhaps <300 specimens have been documented.

Moreover, <15 specimens have been found alive in >30 years. All of these were apparently

moribund, having been flood-deposited on bars just prior to collection (R. G. Howells, in litt.).

Consequently, little is known regarding the life history and habitat requirements of this species

(Howells et al. 1996).

During a recent survey in 2008, a population of T. macrodon was discovered in the

Brazos River near its confluence with the Navasota River (Grimes and Washington counties),

Texas. Observations gathered from this population within its natural habitat provide much

needed ecological information for this species.  Accordingly, the purpose of this note is to

describe preliminary physical and biological characteristics associated with this population.

The Brazos River is characterized by an annual discharge of 6 km3, a watershed of

111,000 km2, and a length of 1,516 km, making it the third largest river in Texas (Huser 2000).

The surveyed portion of the lower Brazos River is ca. 8 km SW Navasota, Texas (Figure 18).

This site is characterized by steep banks with extensive riparian vegetation (Figure 19).

Densities of mussels were quantified using a systematic sampling design with three

random starts.  Four 1.83-m long metal studded T-posts were inserted into the substrate to form

borders of a 17 by 3-m transect, while a nylon string was used to demarcate boundaries of the

search area and to mark off 0.25-m2 quadrats within the transect.  Random numbers were used to

This appendix is reproduced from Randklev et al. (2010a), with permission from the Southwestern Association of
Naturalists.



83

FIGURE 18. Map of the Brazos and Colorado rivers, solid colors represent historical collects,
patterned colors represent 2008 collection.

.

FIGURE 19. Photograph of habitat at sample site.
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determine the starting location for systematic sampling and quadrats were sampled every meter.

A 1-h timed search downstream of the transect also was used to quantify densities of T.

macrodon.  Depth and velocity of water were measured every meter along a transect running

parallel to the upstream and downstream portion of our search area.

In total, 10 live T. macrodon were collected in our study area.  Length of shells was

11.67-24.99 mm with a median length of 15.76 mm.  Interestingly, all of the individuals

collected were small, suggesting recent recruitment and successful reproduction (Figure 20).

Population densities for T. macrodon were low, with a mean of 0.06 individuals/0.25 m2 and 6

individuals/h.  Additionally, two other unionid species were observed, specifically Leptodea

fragilis and Quadrula houstonensis. Truncilla macrodon was partially buried (ca. 5-10 mm) in a

shallow pool with soft sandy sediment on the left bank of the river (Figure 19). Truncilla

macrodon was located by observing tracks in the substrate, such that one individual, for

FIGURE 20. Photograph of two live individuals of T. macrodon.
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example, was attached to a conglomeration of sand by byssal threads (Figure 21). A fine deposit

of mud layering the substratum was documented at our site, indicating a recent decrease in

discharge.  Mean daily discharge from the gauging station (48 km south of our sampling site) at

Hempstead, Texas (United States Geological Survey site 08111500), indicates that instream flow

decreased from 78.0 to ca. 14.0 m3/s.  During the survey, average depth of water was 0.16 m,

while average velocity was 0.018-0.003 m/s at the upstream and downstream portions of our

transect, respectively.

FIGURE 21. Photograph of trails made by T. macrodon; black arrows indicate mussel tracks.
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Historically, North America contained the greatest diversity of freshwater mussels, with

nearly 300 species in the United States (Neves 1993).  Modern anthropogenic impacts (e.g.,

impoundments, water pollution, and habitat fragmentation) have brought about extirpations and a

significant decline for many populations of unionids (Lydeard et al. 2004).  This also has been

the case in Texas, where many streams no longer support populations of unionids (Howells et al.,

1996, 1997).

The results of this study represent the first record of a population of T. macrodon since its

initial description in 1859 and suggest that this species has a low tolerance for anthropogenic

impacts.  It also serves as a reminder that unknown populations of rare endemic unionids do exist

and that further studies are needed to identify these elusive populations.  Additionally, because

this species has suffered dramatic reductions in geographic range (Howells et al. 1997), further

studies are needed to determine why T. macrodon has persisted in this portion of the Brazos

River.
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