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Abstract 

Zebra mussels were first observed in Texas in 2009 in a reservoir (Lake Texoma) on the Texas-Oklahoma border. In 2012, an established 
population was found in a near-by reservoir, Ray Roberts Lake, and in June 2013, settled mussels were detected in a third north Texas 
reservoir, Lake Lewisville. An established population was detected in Belton Lake in September 2013. With the exception of Louisiana, 
these occurrences in Texas mark the current southern extent of the range of this species in the United States. Previous studies indicate that 
zebra mussel populations could be affected by environmental conditions, especially increased temperatures and extreme droughts, which are 
characteristic of surface waters of the southern and southwestern United States. Data collected during the first three years (2010–12) of a 
long-term monitoring program were analyzed to determine if spatio-temporal zebra mussel spawning and larval dynamics were related to 
physicochemical water properties in Lake Texoma. Reproductive output of the local population was significantly related to water 
temperature and lake elevation. Estimated mean date of first spawn in Lake Texoma was approximately 1.5 months earlier and peak veliger 
densities were observed two months earlier than in Lake Erie. Annual maximum veliger density declined significantly during the study 
period (p < 0.0001). A population crash occurred as a result of thermal stress and variability of lake elevation. In summer 2011, water 
temperatures peaked at 34.3°C and lake elevation declined to the lowest level recorded during the previous 18 years, which resulted in 
desiccation of substantial numbers of settled mussels in littoral zones. Veliger spatial distributions were associated with physicochemical 
stratification characteristics. Veligers were observed in the deepest oxygenated water after lake stratification, which occurred in late spring. 
Results of this study indicate environmental conditions can influence variability of population sizes and spatial distributions of zebra mussels 
along the current southern frontier of their geographic range. Although the future population size trajectory and geographic range are 
uncertain, increased temperatures and intermittent, extreme droughts likely will affect spatio-temporal dynamics of established populations if 
zebra mussels spread farther into the southern and southwestern United States. 
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Introduction 

Less than two decades after introduction into 
North America, zebra mussels (Dreissena 
polymorpha [Pallas, 1771]) achieved rapid 
transcontinental spread (Strayer 2009). By 2009, the 
southern extent of zebra mussel distribution in the 
United States included Texas. Incipient detection 
of zebra mussel adults in Texas was in April 
2009 in Lake Texoma, a reservoir in the Red 
River Basin along the Texas-Oklahoma border 
(Texas Parks and Wildlife Department 2009). In 
July 2012, zebra mussels were detected in Ray 

Roberts Lake, a reservoir in the Trinity River 
basin near the Dallas-Fort Worth metropolitan 
area (Texas Parks and Wildlife Department 2012). 
Both populations are now established. Introduction 
of zebra mussels into these reservoirs was most 
likely by overland transport because no upstream 
source populations have been detected. In June 
2013, zebra mussels were detected in a third 
reservoir in north Texas, Lake Lewisville (Texas 
Parks and Wildlife Department 2013a). In 
September 2013, an established population was 
detected in Belton Lake near Temple, Texas 
(Texas Parks and Wildlife Department 2013b). 
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The recent southward spread of zebra mussels 
into Texas exemplifies the potential for this 
species to become established in warm waters of 
the southern United States (Strayer 1991; Allen 
et al. 1999). 

Invasion opportunities for zebra mussels are 
enhanced in areas containing multiple freshwater 
impoundments where invaded reservoirs can 
function as invasion hubs for the secondary spread 
of propagules (Muirhead and MacIsaac 2005; 
Johnson et al. 2008). The Dallas-Fort Worth 
metropolitan region has numerous reservoirs and a 
network of intra- and interbasin raw water 
transfers that allow movement of water between 
reservoirs in the region. In addition to more 
common transport vectors (overland boat movement 
and downstream transport from infested source 
waters), a network of water transfers could 
further facilitate local and regional spread. Rapid 
colonization of non-infested waters by dreissenid 
mussels can be facilitated by life-history 
characteristics including high larval and juvenile 
growth rates, high fecundity, and early sexual 
maturity (Sprung 1992). Although zebra mussels 
(McMahon 1996) and many other non-native 
species (Colautti et al. 2006) are generally more 
likely to establish populations in water bodies 
that experience perturbations, life history traits 
of zebra mussels could be less suited to environ-
ments that have extreme levels of environmental 
disturbance. For example, water bodies that 
experience intermittent, extreme drought could 
be more resistant to establishment of zebra mussel 
populations due to decreases in predictability of 
environmental conditions, resource availability, 
and mortality factors (Winemiller 2005). 

Results from some studies indicate the 
southern extent of zebra mussel distribution in 
North America could be limited by environ-
mental conditions, especially temperature 
(Strayer 1991; McMahon 1996; Drake and 
Bossenbroek 2004). However, there is no 
consensus on how zebra mussels will respond to 
environmental conditions in surface waters of the 
southern United States (Mackie and Schloesser 
1996; Bossenbroek et al. 2007; Whittier et al. 2008). 
Additionally, zebra mussels have measurable 
genetic variance (mean heterozygosity 27.0–
43.5%) for traits that enhance invasiveness, which 
confounds predictions of the potential southern 
distribution of this species (Marsden et al. 1995). 
Matthews and McMahon (1999) and Morse 
(2009) found that zebra mussel populations near 
the current southernmost geographic extent 
(Oklahoma and Texas) exhibit increased upper 

thermal tolerances relative to those found at 
higher latitudes (Minnesota and New York). 
Increased upper thermal tolerances could facilitate 
geographic spread of zebra mussels farther into 
warmer waters of the southern and southwestern 
United States. 

Environmental conditions can influence zebra 
mussel reproductive phenology, larval (donor 
propagule) survival (Borcherding 1991), and 
development time (Sprung 1987, 1989). For 
example, Sprung (1987) and Ram et al. (1996) 
found that water temperature can trigger spawning 
in zebra mussels. Spatial distributions of planktonic 
larvae (veligers), and subsequently, settled juveniles, 
are associated with temperature, dissolved oxygen, 
and wind speed and can affect invasion and 
population dynamics (Garton and Haag 1993; 
Martel et al. 1994). Influence of environmental 
conditions on population-level characteristics of 
zebra mussels (e.g. population size, reproductive 
phenology, and veliger spatial distributions) can 
subsequently affect transport, establishment, 
rates of local and regional spread, and severity of 
invasive effects (Dorgelo 1993; Nalepa et al. 
1995; Strayer et al. 2011). 

Substantial long-term economic and environ-
mental effects of this species have been well-
documented during the previous 20 years (see 
Strayer 2009; Higgins and Vander Zanden 2010, and 
references therein). A meta-analysis of national 
economic data estimated costs associated with 
zebra mussel infestations through direct damages 
and control measures were $1 billion annually 
(Pimentel et al. 2005). Effects of zebra mussels 
on ecosystems are also substantial. Zebra mussels 
have been associated with alterations of abiotic 
resources (nutrient cycling and physical habitat), 
trophic interactions, species abundances, community 
composition, and ecosystem functioning (Strayer 
2009; Higgins and Vander Zanden 2010). Severity 
of economic and environmental effects associated 
with zebra mussels can be related to the size and 
persistence of their populations (Strayer et al. 
2006). Effects of established populations of 
zebra mussels in north Texas include cessation 
of interbasin water transfer from the North Texas 
Municipal Water District Lake Texoma Pump 
Station. During water transfer, water from Lake 
Texoma is pumped into Sister Grove Creek, 
which flows into Lavon Lake (both in the Trinity 
River basin) where, normally, it is utilized as a 
potable water supply. Water transfer was halted 
in August 2009 when zebra mussels were 
discovered in Sister Grove Creek (T. Kilpatrick, 
pers. commun.). Lake Texoma constitutes 28% of 
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the total water supply for North Texas Municipal 
Water District, which services 1.6 million residents 
in the Dallas-Fort Worth metropolitan region. 

The sizes of zebra mussel populations 
typically fluctuate over time. Simulation models 
indicate zebra mussel populations can follow 
several trajectories including a stable cycle or a 
boom-bust pattern (Casagrandi et al. 2007). 
Using long-term empirical studies, Burla and 
Ribi (1998) and Strayer et al. (2011) found that 
some populations follow a four- or five-year 
stable cycle. Nalepa et al. (2006) found that some 
populations follow irregular or chaotic trajectories. 
Some populations have been found to follow a 
boom-bust pattern and they either stabilize at a 
low population size after an initial boom or are 
eventually extirpated from the local environment 
(Stanczykowska and Lewandowski 1993). Water 
bodies that experience localized extirpation of 
zebra mussel populations could be susceptible to 
future invasions if more propagules are introduced. 
After a population crash, recovery to pre-crash 
population sizes can occur in one year if 
conditions are suitable (Ramcharan et al. 1992a). 
Stanczykowska and Lewandowski (1993), Burla 
and Ribi (1998), and Strayer et al. (2011) found 
that interannual fluctuations of population sizes 
of zebra mussels were related to environ-mental 
conditions. Cope et al. (1997) found that patterns 
of zebra mussel abundance could be linked to 
spatial gradients of physicochemical water 
properties. Ramcharan et al. (1992a) found that 
variable zebra mussel populations occurred more 
frequently in lakes with smaller surface areas, 
higher calcium concentrations, and lower 
phosphate concentrations. Ilarri et al. (2011) 
found that population crashes of invasive bivalves 
result from chronic exposure to increased 
temperatures or low dissolved oxygen levels. 
Additionally, water drawdowns can cause 
substantial reductions of zebra mussel population 
sizes in reservoirs (Severson 2010), rivers 
(Tucker et al. 1997), and wetlands (Bowers and 
de Szalay 2005). Extreme drought can reduce 
zebra mussel population sizes by increasing 
water temperatures, and by reducing flows, 
dissolved oxygen levels, and water levels 
(Boeckman 2011). Frequency, intensity, and 
duration of population size booms could influence 
invasion-related economic and environmental 
effects and could influence management and 
control strategies. For example, temporary relocation 
of imperiled or sensitive native freshwater 
mussels during brief zebra mussel population 
booms could prevent localized extirpation of the 

native species (Cope and Waller 1995; Strayer 
2009). 

Long-term datasets are necessary to detect 
temporal patterns of population dynamics and to 
determine drivers of population size cycles (Lucy 
2006; Strayer et al. 2011). Research conducted 
on zebra mussel populations that occur in Texas 
is important, but is currently lacking. This region 
could serve as a better predictor for spread and 
population dynamics of zebra mussels in the 
southern and southwestern United States than 
could research conducted on populations found 
at higher latitudes. For this study, biological and 
environmental data were collected by the United 
States Geological Survey (USGS) in cooperation 
with North Texas Municipal Water District, 
Dallas Water Utilities, Greater Texoma Utility 
Authority, and City of Sherman Water Utilities 
as part of the Zebra Mussel Monitoring Program 
for North Texas (ZMMP) (Churchill and Baldys 
2012). ZMMP was designed to assess water 
quality and zebra mussel occurrence, distribution, 
and spawning and larval dynamics in north 
Texas waters. Spawning and larval dynamics 
were determined by quantification of veliger 
density, which allows a direct measure of 
reproductive output of populations and can be 
used to estimate the size and spatio-temporal 
dynamics of reproductive populations (Burla and 
Ribi 1998). Objectives of the current study were 
to analyze data collected during the first three 
years of the ZMMP (2010–12) to determine if 
temporal dynamics and spatial distributions of the 
local zebra mussel population were related to 
physicochemical environmental conditions in 
Lake Texoma. This is the first long-term study to 
assess zebra mussel spawning and larval dynamics 
in Texas. 

Methods 

Study area 

Lake Texoma is a monomictic impoundment of 
the Red and Washita Rivers. At conservation 
pool elevation, it has a surface area of 302.2 km2 
and a volume of 3.1 (106 m3). It is impounded by 
Denison Dam and composes part of the Texas–
Oklahoma border. Lake Texoma is heavily used 
by recreational boaters and fishermen, and is 
nationally recognized for its striped bass fishery 
(Schorr et al. 1995). Lake Texoma also serves as 
a drinking water source for residents in the 
Dallas-Fort Worth metropolitan area. North 
Texas   Municipal   Water   District  and    Greater 
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Figure 1. Zebra mussel sightings in North America and area of interest including study site at Lake Texoma, raw water interbasin transfer 
pipeline, and selected reservoirs used for drinking water supply for residents of the Dallas-Fort Worth metropolitan area. Year of first 
detection of settled zebra mussels is denoted, where applicable. 

 
Texoma Utility Authority withdraw water from 
Lake Texoma at the Lake Texoma Pump Station 
(LTPS) near the western shore of the main lake 
zone (Figure 1). The study site (USGS station 
335048096374300) is near the LTPS. This site 
was added to ZMMP in April 2010 because it is 
a potential point source interbasin transport 
vector for zebra mussels. 

Site visits 

A total of 65 visits were made to the study site 
during 2010–2012. To determine baseline 
seasonal reproductive dynamics, eight visits 
were made between April 2010 and April 2011. 

To determine spatio-temporal distributions of 
zebra mussel veligers near LTPS, visits for 
discrete-depth sampling (n = 5) were conducted 
on May 4, May 25, June 15, September 20, and 
October 13, 2011. Veliger densities typically peak 
during spring and autumn (at the time of the 
primary and secondary spawns, respectively) in 
lakes of the central United States (Severson 
2010; Boeckman 2011). Therefore, baseline and 
discrete-depth sampling were concentrated during 
these reproductive periods. Based on published 
data (Fraleigh et al. 1993; Garton and Haag 
1993) and on baseline data collected during 2010, 
veliger densities were expected to decrease 
substantially by mid-summer, so no samples 
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were collected during summer 2011. To quantify 
overwinter persistence of veligers and annual 
patterns of reproductive output, weekly water 
samples (n = 49) were collected between October 
2011 and October 2012. Baseline sampling 
resumed for three visits between October and 
December 2012. 

Environmental data 

Discrete measurements of selected water quality 
properties (temperature, dissolved oxygen [DO], 
pH, and specific conductance) were made from 
the surface (0.3-m depth) to a minimum of 15.2 m 
at 1.5-m intervals using a YSI 6920 V2-2 
datasonde (Xylem Analytics, Yellow Springs, 
OH, USA) during each visit to the study site. 

Other discrete data recorded during sample 
collection included wind speed, water transparency, 
and lake elevation. The accuracy of the in situ 
wind speed measurements was likely 
compromised by the proximity of the study site 
to the LTPS. Therefore, wind speed data were 
taken from a nearby weather station in Sherman, 
TX (station KGYI; Weather Underground 2013). 
Mean wind speed data were reported for the 
duration of each visit to the study site during 
discrete-depth sampling in 2011 (n = 5). Water 
transparency was measured with a Secchi disk. 
Lake elevation (in feet above the National 
Geodetic Vertical Datum of 1929; NGVD29) for 
Lake Texoma were from United States Army 
Corps of Engineers site 07331500 Lake Texoma 
near Denison, TX (United States Geological 
Survey 2013). 

Continuous water temperature was recorded at 
15-minute intervals by using submersible data 
loggers (Onset Computer Corporation, Bourne, 
MA, USA) at 1.5-m depth intervals (from 1.5 to 
16.8 m) near the study site beginning April 2011. 
Water temperatures at the shallowest depth (1.5 
m) were considered surface values for the period 
of continuous data collection. Temperature data 
were downloaded and were processed and stored, 
along with other data, in the USGS National 
Water Information System database (United 
States Geological Survey 2013). 

Biological data 

Two types of water samples were collected to 
estimate veliger density. Composite water 
samples (n = 60) were collected by lowering a 
plankton tow net and collection cup with 64-µm 
mesh (Aquatic Research Instruments, Hope, ID, 

USA) to a depth of 15.2 m and conducting a 
vertical tow to the surface. Approximately 1,000 
L of water were filtered during each vertical, 
composite tow. At least three replicate samples 
were collected during each visit to the study site. 
Discrete-depth water samples (n = 5, during 
2011 only) were collected by using a low-flow 
centrifugal pump at a constant flow rate of 23 
liters per minute. Water was drawn through a 
1.9-cm-diameter reinforced polyvinyl chloride 
(PVC) hose that was lowered to six discrete 
depths (0.3, 3.0, 6.1, 9.1, 12.2, and 15.2 m). 
Pump outflow was passed through a plankton 
tow net and collection cup with 64-µm mesh. 
Approximately 500 L of water were filtered at 
each depth. Samples (retained in collection cup) 
from composite and discrete-depth tows were 
rinsed into 250-ml polyethylene bottles and 
preserved in 50% ethanol. Preserved samples 
were transported to the USGS North Texas 
Program-Fort Worth laboratory and transferred 
to 1-L Imhoff settling cones for a minimum of 12 
hours. The settled, organic partition of each 
sample was transferred to a 50-ml centrifuge 
tube through the bottom of the settling cone. 
Sample volume in each tube was recorded. Each 
sample was thoroughly-mixed by pipetting until 
organic matter was fully suspended. For each 
sample, five 1-ml replicate aliquots were pulled 
from the sample tube, placed into a Sedgewick-
Rafter counting cell, and analyzed by using 
cross-polarized light microscopy (Johnson 1995). 
Following the methodology of Hosler (2011), 
veliger density (number of veligers per liter, #/L) 
for each sample was determined by calculating 
mean veligers in five aliquots, multiplying by 
sample volume, and dividing by filtered volume 
(500 or 1,000 L, depending on plankton tow 
method). Veliger densities were reported as 
mean of replicates ± standard deviation (SD) 
unless indicated. Mean veliger densities at all six 
depths (pooled data) for each of five discrete-
depth sample collections were used during 
comparisons to vertical, composite samples. 

An attempt was made to estimate the date of 
first spawn (DOFS) for the zebra mussel population 
in Lake Texoma. Data used to estimate DOFS 
were veliger densities that occurred between the 
most recent date of non-detect (prior to initial 
annual detection) and the date of maximum 
reported veliger density, and all inclusive data. 
Data were plotted as x = date and y = veliger 
density. A best-fit curvilinear line, similar in 
shape to an exponential increase from y = 0, that 
connected all data points from data collected 
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during spring 2012 was fitted by eye. Because 
veliger densities were determined weekly during 
2012, the best-fit line for data collected during 
2012 was used as a baseline for generating best-
fit lines for other years. DOFS during each year 
was the date (x-coordinate) when the best-fit line 
deviated from the x-axis. These methods were 
used to estimate DOFS for two comparable 
studies from Lake Erie (Fraleigh et al. 1993; 
Garton and Haag 1993). 

Settlement rates of zebra mussels are 
correlated with veliger densities (Martel et al. 
1994). Settlement often begins shortly after 
veliger densities peak during spring (Lucy 2006). 
Therefore, the duration between DOFS and peak 
veliger density provides an estimate of the mean 
length of time individuals of a given cohort 
remain in their planktonic larval stage (i.e. 
cohort development time, CDT). Sprung (1987) 
and Lucy (2006) found that development time of 
veligers was correlated with temperature. To 
determine if CDT was related to the rate of daily 
water temperature increase (RTI) during spring, 
the mean daily RTI was calculated for a 
minimum 42-day period that approximates CDT 
for each year. 

Statistical analyses 

Statistical analyses were conducted using SAS 
9.3 (SAS Institute, Inc., Cary, NC, USA) or 
SigmaPlot 12 (Systat Software Inc., San Jose, CA, 
USA). Mean water quality measures of data from 
all depths were used during analyses of temporal 
patterns. Data were partitioned three separate 
ways; all data pooled (65 sampling events), data 
collected during spring (14 sampling events), 
and data collected on similar dates during each 
year of the study (7 sampling events per year). 
Spring data were from visits to the study site 
between the first annual sample date (for 2010 
and 2011) or the date when water temperature 
increased to greater than 12°C (for 2012) and the 
date when peak veliger densities were observed 
during each year. Data from all three years were 
combined. Borcherding (1991) found that 
gametogenesis in lotic systems begins when 
water temperatures are 10–12°C during spring. 
Spring data, which incorporate pre- and post-
spawn veliger densities, were used to determine 
which environmental factors were associated 
with gametogenesis and primary spawning 
patterns. Data were also partitioned by year 
because temporal patterns were observed during 
the study. In 2010, there were seven sampling 

events. Because sampling frequency changed 
during each year of the study, dates for analyses 
of 2011 and 2012 data were selected to 
approximate those used during 2010 (seven 
events each year). 

Pearson product-moment correlation 
coefficients were used to screen for collinearity 
between pairs of environmental variables 
(Naddafi et al. 2010), then Akaike’s information 
criteria (AIC) were used to determine best-fit 
models for predicting veliger density from the 
remaining set of environmental variables 
(Burnham and Anderson 2002). 

Data were analyzed for normality and 
homoscedasticity. Data were normalized by using 
natural log transformation when necessary (Smylie 
1994). Parametric analyses on ranked data were 
used when parametric assumptions were violated. 
Results were considered significant at p < 0.05. 

Pearson correlation coefficients were calculated 
for each pair of environmental variables. 
Collinear variables (p < 0.05) were not used 
during subsequent analyses (Naddafi et al. 2010). 
DO was significantly negatively correlated with 
water temperature in all data groupings (pooled, 
spring, and by year). Water temperature was 
retained instead of DO because of its importance 
in zebra mussel reproductive dynamics (Ram et al. 
1996; Matthews and McMahon 1999). Veliger 
density was regressed against environmental 
variables using all-possible multiple regression 
model analysis. Candidate models were analyzed 
using corrected AIC (AICc) scores. Differences in 
AICc scores between the best-fit model and the 
given model (ΔAICc) were used to identify 
models that have substantial support. ΔAICc < 2 
indicates a model that has substantial support 
(Burnham and Anderson 2002). Weighted AICc 
scores (wAICc) were calculated to determine the 
best model(s) out of the subset of candidate models 
with ΔAICc < 2. Evidence ratios (wAICci/wAICcj) 
were calculated  to determine  to what extent    the 
best-supported model was better than other 
candidate models (Burnham and Anderson 2002). 
Model averaging was done on all variables to 
determine the importance of variables selected in 
multiple regression models. The model inference 
sampling method was unrestricted with 
replacement and was run 1,000 times (SAS 
Institute Inc., Cary, NC, USA). Variables 
selected in at least 20% of the samples (n ≥ 200) 
were used during refit analysis. Refit analysis 
was run 1,000 times. During each run, a best-fit 
model  was  generated  and  selected  variables    were 
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Figure 2. Mean veliger density observed during visits to the study site (n = 65) and continuous lake elevation of Lake Texoma from April 
15, 2010 to December 31, 2012. Water temperatures at three depths (1.5, 7.6, and 15.2 m below water surface) observed during periods of 
discrete (April 15, 2010 to April 14, 2011) and continuous (May 4, 2011 to December 31, 2012) data collection. Primary (P) and secondary 
(S) spawning events are denoted when observed. Symbols for shallower depths are plotted where temperatures overlap. Error bars for veliger 
densities are omitted when they were smaller than mean symbol. 

 
recorded. The variable selection percentage 
describes how often variables were included in 
best-fit models during 1,000 runs and represents 
a quantitative measure of variable importance. 

To determine if spatial distributions of veligers 
were influenced by wind-driven mixing, veliger 
density data from discrete-depth samples (n = 5 
dates) were grouped by wind speed (Fraleigh et 
al. 1993). Veliger density data from the surface 
to the 6.1-m depth were grouped into two wind 
speed categories (< 12 kph and > 12 kph). Analyses 
were repeated after regrouping the data into two 
alternate wind speed categories (< 21 kph and > 
21 kph). 

Results 

Temporal dynamics 

Veliger density maxima declined significantly 
between each year during the study period 
(parametric ANOVA on ranked data, p < 0.0001; 
Figure 2). Observed veliger densities peaked during 
late spring and were lowest during summer and 
winter each year. In 2010, maximum recorded 

mean veliger density was 42 ± 16/L (mean ± SD) 
and was observed on June 14. Maximum mean 
density measured during 2011 was 22 ± 9.5/L 
(May 25), which was 52% of the 2010 maximum 
density. In 2012, observed mean veliger density 
peaked at 3.3 ± 0.4/L (June 11), which represents 
a 92% decline from the 2010 maximum. 

Secondary spawns were detected in 2010 and 
2012 (Figure 2). Maximum mean veliger     density 
during the secondary spawn in 2010 was 5.7 ± 
1.5/L (October 6), whereas in 2012 it was 1.2 ± 
0.2/L (September 25). Secondary veliger density 
maxima were 13.6% and 36.4% of the primary 
maxima in 2010 and 2012, respectively. In both 
years, maximum veliger densities during secondary 
spawns were observed after lake turnover when 
water temperatures were homogenous (24–25°C) 
throughout the vertical water column. Veligers 
were detected year-round during 2011/2012; 
however, densities were very low on most dates 
in winter/early spring (Figure 2). 

Temporal dynamics of zebra mussels in Lake 
Texoma were most significantly related to water 
temperature   and  lake elevation.  Multiple  regressions 
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Figure 3. A: Models developed by regressing water temperature on day for data collected during a minimum 42-day period approximating 
primary cohort development time (CDT, see text) for each year. Slopes represent daily rates of water temperature increase (RTIs) for each 
year. B: Model developed by regressing CDTs on RTIs for each year. Adjusted coefficients of determination (r2) are shown for both plots. 

Table 1. Ranking of candidate regression models predicting zebra mussel veliger density in Lake Texoma. POOLED = pooled data from all 
65 dates; Spring = data from 14 dates between the first annual sample date (for 2010 and 2011) or the date when water temperature increased 
to greater than 12°C (for 2012) and the date when peak veliger densities were observed during each year (data from all three years were 
combined); 2010, 2011, 2012 = data from seven dates each year. Explanatory variables include water temperature (temp; °C), pH, specific 
conductance (SC), water transparency (Secchi; m), and lake elevation (elev; feet above NGVD29). Corrected Akaike's information criteria 
(AICc), difference in AICc values between the best-supported model and the given model (ΔAICc), Akaike weights (wAICc), evidence 
ratios (best-supported model compared to other candidate models), and adjusted coefficients of determination (R²) are shown. Models with 
ΔAICc < 2 are shown. 

Model AICc ΔAICc wAICc Evidence ratio Adjusted R² 

POOLED 
Temp, pH, Secchi 91.47 0.00 0.49 n/a 0.51 
Temp, pH 92.68 1.21 0.27 1.83 0.49 
Temp, pH, Secchi, elev 92.80 1.33 0.25 1.94 0.50 

SPRING 
Temp 33.36 0.00 0.54 n/a 0.72 
Temp, Secchi 35.00 1.63 0.24 2.26 0.72 
Temp, elev 35.07 1.71 0.23 2.35 0.72 

2010 
Elev 16.33 0.00 1.00 n/a 0.64 

2011 
Elev 17.67 0.00 1.00 n/a 0.32 

2012 
Temp, SC 8.36 0.00 1.00 n/a 0.68 

 
on pooled data yielded three candidate models with 
ΔAICc < 2 (Table 1). The model with water 
temperature, pH, and Secchi depth provided the 
best fit to the data (adjusted R2 = 0.51, n = 65, F 
= 22.79, p < 0.0001). This model was 1.8 times 
more likely than the second model to be the best-
fit model. All three models with ΔAICc < 2 
included water temperature and pH. Multiple 
regressions on spring data yielded three models 
with ΔAICc < 2. The best-supported model 

included only water temperature (adjusted r2 = 
0.72, n = 14, F = 54.76, p < 0.0001). This model 
was 2.3 times more likely than the second model 
to be the best-fit model. All three models with 
ΔAICc < 2 included water temperature. Models 
with ΔAICc < 2 included only lake elevation for 
data collected during 2010 and 2011, and included 
temperature and specific conductance for data 
collected during 2012. Water temperature was 
selected  in 95.1, 98.5, and 32.4% of best-fit  models 
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Figure 4. Top: Continuous daily mean water temperature recorded at six depths (1.5, 4.6, 7.6, 10.7, 13.7, and 16.8 m below water surface) 
using submersible data loggers in Lake Texoma from April 14, 2011 to October 31, 2011. Bottom: Mean veliger density, water temperature, 
and dissolved oxygen concentration observed at six depths (0.3, 3.0, 6.1, 9.1, 12.2, and 15.2 m below water surface) during visits to the study 
site on May 4, May 25, June 15, September 20, and October 13, 2011. Veliger densities observed on September 20 and October 13 were too 
low to visualize at the scale used. Error bars for veliger densities omitted for clarity. 

 
for pooled, spring, and 2012 data, respectively 
(Table 2). Lake elevation was selected in 64.7 
and 36.1% of best-fit models for 2010 and 2011 
data, respectively.  

These results indicate water temperature and 
lake elevation were the most important variables 
for predicting veliger density. 

The estimated DOFS in Lake Texoma was in 
mid-April each year (Table 3). In 2011 and 2012, 
veligers were first detected during the middle of 
April when mean water column temperatures 
were 16–18°C. First collection of veligers during 
2010 was observed on the second visit to the 
study site (May 18), when water temperatures 
were 20.8°C. It is likely mussels spawned shortly 
after the first visit to the study site (April 15) 
when surface water temperatures were approxi-
mately 17°C. During each year of the study, 
spring veliger density maxima were observed 
when water temperatures were approaching 26°C 

(Figure 2), the upper thermal limit for veligers 
reported by Sprung (1987). 

RTIs were highest during 2011 and lowest during 
2012 (Figure 3A). CDTs were 53 ± 7.8 days (mean 
± SD) and were significantly inversely related to 
RTIs (Figure 3B). CDTs were shortest during 2011 
and longest during 2012 indicating more rapid 
development of veligers during 2011. 

Spatial dynamics 

Discrete-depth veliger densities observed during 
2011 were significantly different over time (repeated 
measures ANOVA, F = 72.15, p < 0.0001). 
Measurements of physicochemical water properties 
on May 4 indicated the water column was well 
mixed (Figure 4, top). On May 25, maximum 
recorded veliger density (28% of veligers 
collected at all depths) was observed at the 6.1-m 
depth (38 ± 9.6/L; mean ± SD).    Stratification of 
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physicochemical water properties in the lake was 
during the beginning of June and by June 15, 
there was also a strong vertical stratification of 
veliger densities (Figure 4, bottom). Maximum 
veliger density (73 ± 12/L; 68% of total) and the 
metalimnion were observed at the 6.1-m depth. 
Water temperatures between the surface and the 
6.1-m depth differed by 1.3°C (27.5 to 26.2°C), 
whereas temperatures decreased another 4.2°C 
between the 6.1- and 15.2-m depths (26.2 to 22.0°C, 
respectively). A similar pattern was observed with 
DO concentrations. After lake turnover (September 
4), physicochemical water properties and veliger 
distributions were homogenous throughout the 
water column. Veliger densities remained very 
low (0.3/L or less) at all depths during September 
and October (no secondary spawn was observed). 

Mean wind speeds during visits to the study 
site were 20.6, 28.3, 11.4, 9.0, and 28.3 kph, in 
chronological order. No significant effect of 
wind speed on spatial distributions of zebra 
mussel veligers was found when wind speeds 
were categorized as < or > 12 kph or < or > 21 
kph (parametric ANOVA on ranked data, p = 
0.07, 0.99 (12 kph threshold) and p = 0.86, 0.46 
(21 kph threshold) for low and high wind speed 
categories, respectively). This indicates factors 
other than wind were driving spatial distributions 
of veligers. 

Discussion 

Temporal dynamics 

Sprung (1989), Borcherding (1991), and Ram et 
al. (1996) found that reproductive phenology of 
zebra mussels was associated with environmental 
factors. Karatayev et al. (1998) found that water 
temperature was the most important factor 
controlling gametogenesis and spawning in zebra 
mussels. Zebra mussel gonads attain maturity at 
11°C or greater (Borcherding 1991) and primary 
spawning occurs when temperatures are 16–18°C 
(Sprung 1989). Similar associations between 
gametogenesis/spawning and temperature were 
observed in zebra mussel populations found in 
the Great Lakes (Garton and Haag 1993), Kansas 
(Severson 2010), and Oklahoma (Boeckman 2011) 
and for invasive quagga mussel (Dreissena 
rostriformis bugensis [Andrusov 1897]) 
populations in Lake Mead in Arizona and 
Nevada (Chen et al. 2011; Gerstenberger et al. 
2011), and in Copper Basin Reservoir and Lake 
Mathews in southern California (Reid et al. 2010).  

 
Table 2. Results of multiple regression model averaging for the 
selection of significant variables for predicting zebra mussel 
veliger density in Lake Texoma. See Table 1 for data partitioning 
criteria and variable descriptions. Sampling method was 
unrestricted with replacement. Samples and refit samples were 
run 1000 times. Variables included in at least 20% of the samples 
were used during refit analysis. 

Variable Selection percentage 

POOLED 
Temperature 95.1 

pH 45.4 

Specific conductance 35.5 

Secchi 32.9 

SPRING 
Temperature 98.5 

Lake elevation 30.2 

Specific conductance 29.2 

2010 
Lake elevation 64.7 

Temperature 36.3 

Secchi 29.0 

Specific conductance 22.0 

pH 21.4 

2011 
Lake elevation 36.1 

Specific conductance 30.7 

Secchi 28.1 

pH 23.0 

2012 
Temperature 32.4 

pH 25.0 

Secchi 22.5 

Although temperatures associated with primary 
spawning events of dreissenid mussels are 
similar throughout North America (16–18°C), 
earlier annual occurrence of these conditions at 
lower latitudes is associated with earlier 
spawning and earlier peaks of veliger densities, 
which can be important for control and 
management strategies (Claudi and Evans 1993). 
In the current study, it was estimated that 
primary spawning began on April 15 (mean date, 
n = 3 years), which was 44 days earlier than for 
three studies in Lake Erie, when the mean DOFS 
was May 29 (Table 3). Sprung (1989) found that 
water temperature was inversely related to 
veliger development time, indicating higher RTIs 
are associated with reduced CDTs. For example, 
CDTs were 53 ± 7.8 days (mean ± SD) for the 
current study and 68 ± 12.9 days for studies 
conducted in Lake Erie (Fraleigh et al. 1993; 
Garton  and  Haag 1993).  Also, higher RTIs    during 
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Table 3. Salient data used to estimate annual date of first spawn (DOFS) for zebra mussel populations in Lake Texoma and Lake Erie. 

Lake State 
Estimated 

DOFS 
Date of First 

Detect 

Veliger 
density 
(v/L) 

Date of Peak 
Density 

Veliger 
density 
(v/L) 

Reference 

Lake Erie MI 6/5/1989 6/9/1989 1 08/17/1989 451 Garton and Haag 1993 
Lake Erie MI 5/17/1990 5/31/1990 123 08/02/1990 360 Fraleigh et al. 1993 
Lake Erie MI 6/2/1990 6/10/1990 7 07/25/1990 255 Garton and Haag 1993 
Lake Texoma TX 4/20/2010 5/18/2010 17.1 06/14/2010 41.6 Current study 
Lake Texoma TX 4/11/2011 4/12/2011 0.01 05/25/2011 22.4 Current study 
Lake Texoma TX 4/13/2012 4/16/2012 0.1 06/11/2012 3.3 Current study 

 
early spring could influence gametogenesis and 
DOFS (Lucy 2006). Shorter CDTs and earlier 
primary spawning resulted in maximum veliger 
densities occurring  approximately two months 
earlier in Lake Texoma than in Lake Erie (June 6 
and August 4, respectively) (Fraleigh et al. 1993; 
Garton and Haag 1993). As a result of early 
spawning and shorter CDTs, it was observed that 
young of the year (YOY) mussels found in Lake 
Texoma were able to reach maturity prior to the 
secondary spawn in autumn (C. J. Churchill, pers. 
observ.). Population generation time would be 
reduced if YOY mussels were able to reproduce 
twice during their first year (autumn and the 
following spring). Establishment of zebra mussels 
in non-infested waters could be facilitated in 
regions where YOY individuals are able to grow 
and reproduce rapidly (Jantz and Neumann 
1998). Although temperature and growth of 
zebra mussels are often positively correlated 
when temperatures are below upper thermal 
tolerance levels, chronic exposure to temperatures 
greater than upper thermal tolerance levels 
(approximately 30°C) can cause mortality (Smylie 
1994; McMahon 1996; Matthews and McMahon, 
1999; Morse 2009).  

Hincks and Mackie (1997) found that pH was 
associated with persistence of zebra mussel 
populations through its effects on survivorship. 

Using field observations and laboratory 
studies, Sprung (1987) and Ramcharan et al. 
(1992b) found that zebra mussel veliger survival 
requires a pH of 7.4–9.4 with an optimum of 8.4 
and 8.5 for rearing of larvae and minimized 
production of crippled larvae, respectively. 
Hincks and Mackie (1997) observed larval 
growth only when pH was greater than 8.3. 
Veliger density maxima during the current study 
were observed when pH was 7.9–8.3. These 
values are slightly lower than the optimum pH 

levels reported by other studies, but are within 
tolerance limits. Hincks and Mackie (1997) found 
that the probability of mortality of zebra mussels 
was reduced at low pH levels (6–8) when 
calcium levels were sufficient for physiological 
processes (greater than 50 mg/L). Minimum mean 
calcium concentrations during the current study 
(78 mg/L; United Stated Geological Survey 2013) 
were much greater than the minimum required 
levels (40 mg/L) for veliger development 
(Sprung 1987). 

Spawning and larval dynamics of D. polymorpha 
in Lake Texoma are similar to those of quagga 
mussels found in Lake Mead. For example,    quagga 
mussel veligers are present year-round in Lake 
Mead and densities are very low during the 
coldest months (February to April) (Gerstenberger 
et al. 2011). In some years, a single annual 
spawning event occurs between August and 
October (Beaver et al. 2010; Mueting et al. 2010). 
Reid et al. (2010), Gerstenberger et al. (2011), and 
McMahon (2011) observed bivoltine reproduction 
by the population with primary and secondary 
spawning occurring between April and June, and 
August and October, respectively. In contrast to 
the current study in Lake Texoma, maximum 
densities of quagga mussel veligers are observed 
from August to October in most years (secondary 
spawn) in Lake Mead (Beaver et al. 2010; 
Mueting et al. 2010; Gerstenberger et al. 2011). 

Maximum zebra mussel veliger density in 
Lake Texoma (42/L in 2010) was similar to 
reported maximum densities of quagga mussel 
veligers in Lake Mead. For example, Gerstenberger 
et al. (2011) reported 29/L, Beaver et al. (2010) 
reported 33/L, and Wittmann et al. (2010) reported 
38/L. Reid et al. (2010) reported 31/L in Copper 
Basin Reservoir and 52/L in Lake Mathews (both 
are located along the Colorado River Aqueduct). 
However, maximum zebra mussel veliger density 
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in Lake Texoma was lower than reported values for 
conspecific populations in the Great Lakes, Kansas, 
and Oklahoma. For example, veliger densities in 
Lake Erie were 250-450/L in the late 1980s to 
early 1990s (Garton and Haag 1993), 270/L in El 
Dorado Lake, Kansas in 2007 (Severson 2010), 
and 480/L in Oologah Lake, Oklahoma in 2006 
(Boeckman 2011). Densities observed recently in 
Oklahoma lakes are similar to those recorded in 
Lake Erie indicating zebra mussel populations 
found at lower latitudes can be as productive as 
those found in the Great Lakes. It is possible that 
veliger densities in Lake Texoma were greater 
than 42/L prior to 2010, before the current study 
began. 

Spatial dynamics 

Spatial distributions of veligers in Lake Texoma 
were related to physicochemical stratification 
dynamics including vertical location of the 
thermocline. During May 2011, temperatures and 
DO levels throughout the water column were 
within reported physiological thresholds (less 
than 26°C and greater than 4 mg/L, respectively) 
for veligers (Sprung 1989). Physicochemical 
stratification resulted in horizontal zones with 
temperatures and DO concentrations that were 
outside physiological tolerance ranges for 
veligers. On June 15, 2011, temperatures 
exceeded 26°C for depths of 6.1 m or less, while 
DO concentrations dropped below 4 mg/L for 
depths greater than 6.1 m. Fraleigh et al. (1993), 
Smylie (1994), and Barnard et al. (2003) found 
that temperatures influence spatial distributions of 
zebra mussel larvae and recruitment dynamics of 
post-settlement individuals. Lewandowski and 
Ejsmont-Karabin (1983) and Yu and Culver 
(1999) found that veligers typically are absent from 
the hypolimnion because of hypoxic conditions. 
Unlike zebra mussel adults, which are less 
mobile, veligers are capable of more rapid active 
transport and can avoid unsuitable environmental 
conditions by altering microhabitat selection 
(Barnard et al. 2003). Actively moving to the 
coolest, oxygenated water during June 2011 
provided protection from high water 
temperatures (greater than 26°C) observed at 
shallower depths and provided sufficient DO 
levels (approximately 8 mg/L). Similar responses 
of congeneric veligers to temperature and DO 
levels at depth were observed for quagga mussels 
in Lake Mead (Chen et al. 2011). Reid et al. (2010) 
observed maximum quagga mussel veliger 
densities in the deepest epilimnetic waters during 

periods of physicochemical stratification in two 
monomictic water bodies, Copper Basin 
Reservoir and Lake Mathews. 

Annual variation in the vertical location of the 
thermocline could affect zebra mussel populations 
by mediating depths at which settlement occurs 
(Yu and Culver 1999). Therefore, vertical location 
of the thermocline could influence densities, 
sizes, and spatial distributions of mussel beds 
(Naddafi et al. 2010). In the current study, 
thermoclines were observed near the 6.1-m depth 
in 2011 (Figure 4, bottom) and near the 3.0-m 
depth in 2012 (United States Geological Survey 
2013). A shallower thermocline observed during 
2012 was associated with a vertically larger 
hypoxic zone at lower depths. Therefore, settlement/ 
recruitment zones available to veligers during 
2012 were vertically-compressed towards shallower 
depths relative to 2011. Shallower distributions 
of zebra mussels could affect reproductive 
dynamics, water temperature maxima to which 
mussels are exposed, and the likelihood of 
desiccation during the following summer especially 
if environmental conditions increase variability of 
lake levels. Boeckman (2011) found that flooding 
could have similar effects. For example, mussels 
can settle on substrates at high elevations during 
flood conditions and later be desiccated when 
lake levels recede. 

Spatial distributions of veligers are also related 
to the timing of the onset of physicochemical 
stratification. Prior to the onset of hypoxic 
conditions at depth during 2011, mussels were 
observed settled in Lake Texoma on concrete 
columns below the LTPS to a depth of at least 
18.3 m (C. J. Churchill, pers. observ.). Settled 
mussels  at these  depths were subsequently  exposed 
to chronic hypoxic conditions that occurred after 
stratification and were unlikely to survive (Yu 
and Culver 1999). Strayer et al. (2011) found 
that adult survival rates were important for 
population persistence. Hypoxia-induced 
mortality of individuals below the thermocline, 
and desiccation of adults in littoral zones, could 
have contributed to the lack of a secondary 
spawn during autumn 2011. During 2012, lake 
stratification was first observed in mid-March 
(2.5 months earlier than in 2011; Figure 2). 
Incipient hypoxic conditions at the 15.2-m depth 
were observed in mid-April, coincidentally, with 
the DOFS. Mussels were unable to settle below a 
depth of 15.2 m during 2012 because hypoxic 
conditions existed below this depth prior to 
larval development to the settling stage. 
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Figure 5. Settled mussel or veliger densities from zebra mussel populations found at different latitudes in North America. A: Hudson River, 
NY (from Strayer et al. 2011). B: El Dorado Lake, KS (from Severson 2010). C: Oologah Lake, OK (from Boeckman 2011). D: Lake 
Texoma, TX&OK from current study. A-C are reported as means from multiple sites. A is reported as settled mussel density. B-D are 
reported as veliger density. Note different axes. 

 
Implications for invasions in the southern   
United States 

Although sizes of reproducing zebra mussel 
populations could be as large in reservoirs found 
in the south central United States as they are at 
higher latitudes, populations in Kansas, Oklahoma, 
and Texas have each experienced population 

crashes shortly after establishment and initial 
peaks in population sizes (Severson 2010; 
Boeckman 2011; Figure 5B-D). Crashes of zebra 
mussel populations that occur at higher latitudes 
are often followed by a recovery to pre-crash 
levels (Strayer and Malcom 2006; Strayer et al. 
2011; Figure 5A). Several causes, including 
variability of lake levels and high water 
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temperatures, have been linked with zebra 
mussel population crashes in Kansas (Severson 
2010), Oklahoma (Boeckman 2011), and the 
Lower Mississippi River (Allen et al. 1999). 
Similar environmental conditions were 
associated with a population crash observed in 
Lake Texoma during the current study. Effects of 
environmental stressors on zebra mussel populations 
can be exacerbated during periods of drought 
which concomitantly reduce precipitation, lake 
inflows, and lake levels and increase 
temperatures and evaporation, especially during 
summer. Water bodies found in the southern 
United States experience more intermittent, 
extreme droughts than those found at higher 
latitudes (National Oceanic and Atmospheric 
Administration 2013). In El Dorado Lake, a 
substantial drought-induced reduction in lake 
level likely affected the zebra mussel population. 
Maximum veliger densities were 270/L during 
2007 (Severson 2010). In March 2007, lake 
levels decreased to 1.8 m below conservation 
pool level. During this period, substantial 
numbers of zebra mussels were desiccated. 
Maximum recorded veliger densities were less 
than 10/L in 2008 and 2009 when the study 
ended (Figure 5B). In Oologah Lake, an overall 
decrease in lake level occurred during a 16-
month period of “extreme” drought, from 
September 2005 to December 2006 (National 
Oceanic and Atmospheric Administration 2013). 
Water temperatures reached 30°C at mid-column 
depths during the period when lake levels 
decreased. Reported veliger density maximum 
peaked at 480/L during spring 2006, but 
remained less than 1/L after the reduction in lake 
level. Veliger densities stabilized at this lower 
level from September 2006 to 2010 when the 
study ended (Boeckman 2011; Figure 5C). 
Neither the El Dorado nor Oologah Lake zebra 
mussel population has recovered to pre-crash 
levels (D. K. Britton, pers. commun.). 

During parts of 2011, approximately 88% of 
Texas was in “exceptional” drought including 
much of the Red River watershed above Lake 
Texoma (National Oceanic and Atmospheric 
Administration 2013). On October 8, 2011, lake 
elevation in Lake Texoma decreased to the 
lowest level recorded since before 1995 (609.68 
feet above NGVD29; Figure 2, top). During 
summer and autumn of 2011, the reduced lake 
levels exposed and desiccated substantial 
numbers of older, reproductive zebra mussels in 
Lake Texoma (C. J. Churchill, pers. observ.). 
Mussels found in littoral zones at depths 

sufficient to prevent emersion were likely 
stressed due to high ambient temperatures. In 
Lake Mead, overall lake levels declined 15 m 
from 2007 to 2010 (United States Bureau of 
Reclamation 2013). During this period, however, 
the quagga mussel population did not experience 
a crash (Beaver et al. 2010). Because quagga 
mussels inhabit a greater range of depths and are 
found in deeper waters than zebra mussels 
(Nalepa et al. 2010), it is possible drought-
induced variability of lake levels could have less 
effect on quagga mussel populations. 

High water temperatures (Lake Texoma 
reached a maximum temperature of 34.3°C 
during summer 2011) can reduce survival of 
veligers, juveniles, and especially post-spawn 
adults, which are often in poor condition (Allen 
et al. 1999; Boeckman 2011). Stoeckmann and 
Garton (2001) found that adult zebra mussels 
exposed to physiologically-stressful conditions can 
allocate energy to reproduction at the expense of 
somatic tissue maintenance, which could 
increase the probability of post-spawn mortality. 
A reduction in adult survivorship could have 
reduced the size of the reproductive population 
of zebra mussels in Lake Texoma during 2011 
and 2012. Secondary spawning was not detected 
after reduction in lake levels and desiccation of 
settled adults in littoral zones that occurred during 
summer and autumn 2011. During the same 
period, very few zebra mussels settled on 
artificial substrates (C. J. Churchill, pers. observ.), 
likely because the veligers were thermally-
stressed. Strayer and Malcom (2006) found that 
substantial reduction in recruitment of one or 
more cohorts of zebra mussels could affect 
population size for several generations especially 
if physiologically-stressful conditions persist. 
However, recovery of population size could 
occur if conditions facilitate the development and 
recruitment of a strong cohort (Strayer and 
Malcom 2006). Post-crash recovery of populations 
can occur in one year (Ramcharan et al. 1992a) if 
a strong spring cohort matures and reproduces by 
autumn. Morse (2009) suggested post-crash 
populations could recover if the surviving 
individuals give rise to a thermally-tolerant 
population. 

It can be difficult to determine patterns and 
causes of long-term variation in population sizes 
of invasive species (Simberloff and Gibbons 
2004). Other factors that could influence persistence 
and stability of zebra mussel populations include 
calcium levels (Whittier et al. 2008), size of the 
water body (Ramcharan et al. 1992a), and 
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trophic status (Dorgelo 1993; Stanczykowska and 
Lewandowski 1993). Invasive effects associated 
with strongly-fluctuating zebra mussel populations 
are likely to be less severe relative to large, more 
stable populations that are typical of those found 
at higher latitudes. For example, Severson (2010) 
found no significant negative effects of a 
fluctuating zebra mussel population on the 
zooplankton community in El Dorado Lake. 
Strayer and Malcom (2007) found that effects of 
a cyclic zebra mussel population on native 
bivalves moderated over time in the Hudson 
River. It is possible that some water bodies in the 
southern United States could support large, stable 
dreissenid mussel populations. Stanczykowska and 
Lewandowski (1993) suggested stable populations 
could occur in lakes that are less susceptible to 
drought-induced environmental variation (e.g. 
lakes with large volume to surface area ratios or 
large and far-reaching watersheds). Also, 
persistent dreissenid populations, especially in 
lotic environments, could occur in areas that are 
supported by source propagules (Stoeckel et al. 
2004). In many water bodies of the southern and 
southwestern United States, intermittent 
reductions in lake levels either by natural (drought) 
or anthropogenic (water releases) means could 
facilitate control of dreissenid mussel popu-
lations (Tucker et al. 1997). Lake level-related 
control measures would likely have the greatest 
effect on invasive populations during summer 
when mussels are physiologically-stressed. 

Conclusions 

Results from the current study indicate water 
temperature, lake level variability, and 
physicochemical stratification regime influence 
variability of population sizes and spatial 
distributions of zebra mussels found near the 
current southern frontier of their geographic 
range west of Louisiana. These environmental 
factors, in part, were associated with a 
population crash. Continued monitoring in Lake 
Texoma will determine if the zebra mussel 
population follows a stable cycle trajectory and 
recovers to pre-crash levels, stabilizes at reduced 
densities, follows a chaotic, unpredictable 
pattern, or if the population crash results in local 
extirpation. Monitoring established populations in 
north Texas will provide data that are useful in 
understanding the influences of environmental 
conditions on spread and population dynamics of 
zebra mussels in warm waters of the southern 

United States. If zebra mussels are introduced 
into non-infested waters of the southern United 
States, it is likely environmental conditions (e.g. 
water temperatures, fluctuations in lake levels, 
and physicochemical stratification regimes) will 
affect spatio-temporal population dynamics early 
in the invasion process. High annual maximum 
water temperatures and intermittent, extreme 
drought conditions, which are more common in the 
southern United States, will likely influence 
zebra mussel populations that establish in these 
regions. It is possible that these populations will 
experience crashes in a few years after establish-
ment and initial peaks in population sizes. 
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