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Abstract

There is growing concern over the impacts of Waste Water Treatment Plant (WWTP) effluent to
overall stream health and function. Freshwater mussels are routinely utilized as biological indicators of
water quality due to their sessile lifestyle and filter feeding abilities. In order to better understand how
freshwater mussels may be affected by WWTP effluent, a caged experiment was performed upstream
and downstream of a WWTP with tertiary treatment discharging to Wilbarger Creek in Manor, TX.
Both native Amblema plicata and non-native Corbicula fluminea received a 72 day in-stream exposure
period. Native A. plicata showed significantly lower mass and condition indices and exhibited lower
oxygen consumption rates below the discharge compared to the upstream reference site. Juvenile C.
fluminea exhibited much lower growth and survival rates below the discharge, whereas all mussels
above the discharge survived and grew substantially. Results suggest that freshwater mussels’
survival, growth, and reproduction may be negatively impaired after exposure to high quality WWTP
effluent. Elevated constituents of copper, potassium, magnesium, and zinc in the water column
directly downstream of the discharge may be related to observed detrimental impacts. Although
wastewater treatment facilities are a necessary component of urban communities, and are ultimately
beneficial to the environment at the large scale, consideration of their ecosystem impacts on
biodiversity and conservation must be taken into account when planning their location and operation.

Introduction

There are many ways in which growing urban populations negatively impact stream
ecosystems. One of these ways is the discharge of wastewater treatment plant (WWTP) effluent
into streams and rivers (Paul and Meyer, 2001). Depending on the level of treatment performed
on the wastewater, WWTP effluent can contain high levels of nutrients, bacteria, metals,
pesticides, polycyclic aromatic hydrocarbons, endocrine disruptors and other pharmaceutical
chemicals (Ciccotelli and Colombo, 1998; Kolpin ef al., 2002). With many WWTPs discharging
into small streams, their effluent can comprise a significant portion of stream baseflow. In many
arid and semi-arid environments, WWTP effluent can supply 90% or more of stream flow during
droughts or dry periods (Brooks ef al. 2006), with minimal fresh water instream flow to dilute
the effluent. The impact of this effluent on stream ecosystems can vary depending on the quality
and amount of effluent and the physical and biological characteristics of the receiving stream.

SR-13-02 Page 1 of 24 November 12, 2012



Generally, WWTP discharge can result in eutrophication, increased community respiration rates
and biological oxygen demand, increased organic matter decomposition rates, reduced nutrient
uptake, feminization of fish and invertebrates, reduced fitness in biological organisms, and
reduced overall biological diversity (Gucker et al. 2006).

Freshwater mussels are among the most threatened groups of aquatic organisms. Five
central Texas species found in the Colorado River basin are currently being assessed for federal
protection under the Endangered Species Act. As sessile filter feeders, they absorb many of the
toxins present in the water and cannot move to areas with lower concentrations of pollutants.
Most mussel species are relatively intolerant of elevated nutrient and toxin concentrations,
especially during their larval and juvenile life stages, and have been shown to be harmed by
WWTP effluent (Ciccotelli and Colombo, 1998). Because of these characteristics, freshwater
mussels have been effectively used as biomonitors to indicate overall water quality (Hellou and
Law, 2003; Martel et al., 2003; Gangloff et al., 2009). The goal of this study was to determine if
effluent from a WWTP with tertiary treatment has a negative impact on native freshwater
mussels and non-native clams in a Central Texas intermittent stream. Growth, condition indices,
respiration, and excretion of the native threeridge mussel (dmblema plicata) and growth and
survivorship of the non-native Asian clam (Corbicula fluminea) were measured after 72 days of
exposure to WWTP effluent. Additionally,

Methods

Site Description

The study was conducted on Wilbarger Creek, a third order tributary of the Colorado
River located in eastern Travis County, Texas (30°20'47.23"N, 97°32'56.74"W) that has a
watershed of approximately 470 km®. Soils within the watershed are predominately dense clay,
and land use is mainly pasture and cultivated agriculture, although the watershed also drains the
rapidly growing towns of Pflugerville, Manor, and Elgin. Wilbarger Creek is a seasonally
intermittent stream; however, many sections have become perennial due to supplemental effluent
additions. Under drought conditions these sections may become completely dominated by
undiluted wastewater effluent. Discharge at the Elgin gauge ranged from 1 ft*/s to 8,950 ft'/s
during the study period of February 24 through May 22, 2012. There are eight active municipal
WWTPs that cumulatively discharge an estimated 1.95 million gallons of effluent per day (mgd)
into Wilbarger Creek, but are permitted to discharge up to 12.4 mgd. There are two additional
WWTPs permitted, but not yet built, that will add up to 15.9 mgd of additional effluent, more
than doubling the current allowed discharge.

In order to investigate the effects of municipal wastewater effluent on freshwater mussels
of Wilbarger Creek, we chose four sites near the Wilbarger Creek Wastewater Treatment Facility
(TPDES Permit No. WQ0012900001) located in and operated by the city of Manor, TX (Figure
1). Current discharge is up to 0.5 mgd, with future permitted discharge up to 2 mgd (see Table 1
for effluent constituent limitations). In January 2012, we conducted an initial water quality
analysis at the discharge and at four sites up to 14.3 km downstream to map the effluent plume,
and we used this data to determine our site locations (Table 2). Based on the preliminary WQ
results and the literature, it was determined that a distance of greater than 3.7 km downstream of
the discharge should be a sufficient to minimize effluent impacts on water quality of Wilbarger
Creek (Goudreau ef al. 1993). Site 1 was located approximately 160 meters upstream of the
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discharge, Site 2 approximately 50 meters below the discharge, Site 3 approximately 0.61 km
downstream of the discharge, and Site 4 approximately 3.85 km downstream of the discharge
(Figure 1). Sites 1, 2, and 3 were similar to each other and dominated by run habitat, whereas
Site 4 was characterized by run and riffle habitat types (see Table 3 for a full site description). In
order to minimize the influence of different habitat types on the results of the study, we separated
Site 4 into run and riffle habitats and only used run habitat data to compare results between sites.

Stream Monitoring

Habitat surveys were performed by taking four transects at each site at the end of
February approximately two weeks prior to beginning the instream impact studies. Flow data
were collected using a Flow-Mate Model 2000 Water Current and Flow Meter (Flow-Tronic,
Welkenraedt, Belgium), depth using a standard USGS wading staff, wetted and bankfull width
using a 50-meter tape, and canopy cover using a convex forest densiometer. Water quality
parameters were collected at each site on three occasions between early March and mid-June. All
surface water quality monitoring was done in accordance with the City of Austin, Water
Resource Evaluation Standard Operating Procedures Manual (COA 2010). Water samples were
collected from the top one-third of the water column, being careful not to get surface debris or
bottom sediments into the container. All samples were iced to at least 4°C during transport to the
lab and kept out of sunlight, making sure to meet holding times for each requested analysis. All
routine water chemistry analysis was performed by the Lower Colorado River Authority (LCRA)
a National Environmental Laboratory Accreditation Program (NELAP) accredited laboratory
located at 3505 Montopolis Drive in Austin, TX. Analyzed parameters are listed in Table 4. In
addition, dissolved oxygen, water temperature, conductivity, and pH were sampled during every
field visit using a Hydro Tech Hydrolab MiniSonde 4a v2.06. All City of Austin sondes receive
routine maintenance and are pre/post calibrated after every sampling event (COA 2010).

In addition to the routine parameters listed above additional water quality monitoring was
performed, following completion of the field sampling portion of the study, in order to better
explain the treatment effects observed. These additional water quality parameters were measured
once on June 12, 2012 by the LCRA laboratory and are listed in table 5. A portion of the samples
were filtered in the field using a Geotech Geopump 2 with Masterflex platinum coated silicon
tubing and a Geotech 0.45 micron high capacity disposable filter. In-situ chlorine was also
measured in the field using a Hach DR/2000 Spectrometer in accordance with USEPA method
330.5.
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Figure 1. Map of four selected sampling sites in addition to the WWTP Outfall location.
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Table 1. Discharge limitations of effluent from the Wilbarger Wastewater Treatment Facility
at 0.5 MGD discharge stage.

Daily Average . .

Effluent Characteristic (me/L) 7-Day Avg. (mg/L) Daily Max (mg/L) Single Grab (mg/L)
Flow, MGD Report N/A Report N/A
Carbonaceous Biochemical
Oxygen Demand (5-day) 3 10 20 30
Total Suspended Solids 5 10 20 30
Ammonia Nitrogen 2 5 10 15
Total Phosphorus 1 2 4 6
Total Dissolved Solids Report N/A Report N/A

Table 2. Preliminary water quality test results used to determine site locations.

Distance Cond DO Temp  TSS Total E. coli Ammonia  Nitrate
from outfall

uSfem)  PH (mg)  (°C)  (mgry Phosphorow - (mpnfte oyt i)

(km) s (mg/L) 100ml)

0 1215 8.02 9.15 18.02 <1 0.192 582 0.011 13.2
0.61 842 8.04 10.17 10.74 20.3 0.051 344 0.026 3.68
5.79 851.5 8.11 9.35 11.43 25 0.074 226 0.035 343
10.21 808 8.15 10.4 10.66  26.5 0.072 192 0.037 3.32
14.33 760 8.12 9.6 10.85 20.3 0.181 323 0.056 2.93

Table 3. Physical measurements and description of sites used in study.

Distance
downstream of ~ Habitat Mean Mean wetted Mean bankfull Mean canopy
Site discharge (km) type Substrate  depth (m)?  width (m)“ width (m)“ cover (%)”
0.49 +
1 -0.16 Run silt 0.09 6.8+0.17 9.0+0.41 64.5+10.33
0.46 +
2 0.06 Run silt 0.14 6.0+0.23 9.5+0.65 76.5+ 1591
0.77 +
3 0.61 Run silt 0.19 54+0.78 7.0+£0.71 0
silt/grvl/c 0.57 +
4 3.65 Run obl 0.19 5.4+0.48 13.0£2.01 77.6 £9.81
“Value = SE

” Only run habitat data from Site 4 are included
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Table 4. Routine core laboratory parameters for water samples. Analysis methods and
analytical costs.

Lab Parameter Analytical Method Cost per sample
Ammonia-Nitrogen (mg/L) EPA 350.1 $10.00
Nitrate+Nitrite-Nitrogen (mg/L) EPA 353.1 $12.00
Total Orthophosphorus (mg/L) EPA 300.0 $12.00
Total Suspended Solids (mg/L) EAP 160.2 $8.00
Escherichia coli (cfu/100mL) SM 9223 B $25.00

Table 5. List of sampled constituents measured for detailed Water Quality analysis

Volume/Type Analytes Preservative

125 mL, plastic E. coli Na2S04

1 L amber glass Caffeine none

1L TSS, VSS none

500 mL Alk, Br, Cl, F, OP, SO4 none (total)

250 mL NH3, NO3, TKN, TOC, TP H2S04 (total)

250 mL Al, Ba, Ca, Cu, Fe, Pb, Zn HNO3 (filtered in field)
250 mL As, B, Mg, Na, Sr, K HNO3 (total)

Experiment on Mussel Growth and Physiological Status

To study the effects of the wastewater effluent on freshwater mussels, we measured
several physical and physiological parameters (Table 8; Table 9; Figure 3) of native Amblema
plicata and non-native Corbicula fluminea both before and after in-situ exposure to Wilbarger
Creek water at our four sites. Amblema plicata is a common and widespread mussel found
throughout the eastern two-thirds of Texas. As previous mussel surveys in the study area showed
a very low density of native mussels, we collected the A. plicata used in our study from a
location on the Guadalupe River near Victoria, TX, known to have a high density of mussels.
Fifty-six A. plicata of similar size (mean shell length 84.3 + 3.53 mm) were collected by hand
searching at the end of February 2012, placed into a large (89 L) aerated cooler filled with river
water (20° C), and transported back to our lab (approximate drive time 2 hours). The mussels
were maintained in aerated river water and allowed to acclimate at room temperature (21° C)
overnight. The following day, we removed approximately 15 L of river water from the cooler
every hour for four hours and replaced it with artesian spring water, warmed to room
temperature, from the Edward’s Aquifer formation that is piped into our lab.

After four hours, we removed each mussel from the cooler and gently scrubbed its shell
with a soft plastic-bristle brush to remove any periphyton and/or algae. Each mussel was then
patted dry with a paper towel, allowed for the shell to air dry, and marked with an individually
numbered tag (The Bee Works, Orillia, ON, Canada) affixed to the left valve with cyanoacrylate
gel glue. We then measured length, width, and thickness to two decimal places using digital
Vernier calipers (ThermoFisher Scientific, Waltham, MA, U.S.A.) and measured total wet mass
to one decimal place using an Ohaus ScoutPro digital balance (Ohaus Corporation, Pine Brook,
NJ, U.S.A.). We calculated an initial live mussel body condition index as the whole wet mass of
the mussel divided by shell length (BCI-wet). This ratio is commonly used to measure growth
and nutritive status in live bivalves (Vaughn et al. 2007). When all measurements were
complete, each mussel was placed into a second insulated cooler filled with 100% spring water
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held at room temperature and circulated and aerated with a power head and air stones. Total air
exposure time for each mussel was approximately 15 minutes. For the remainder of the time the
mussels remained in the lab (8 days), they were maintained in the cooler with the lid propped
slightly open, with half of the water changed out daily.

Mussels were allowed to recover from handling stress for 24 hours before beginning
initial physiological status measurements. Initial physiological status (Table 8) of the A. plicata
was measured by placing each individual in a 730 mL clear acrylic closed-cell respiration
chamber containing a magnetic stir bar, filled with spring water filtered through a 1 um glass
fiber filter, and placed on a magnetic stirrer. Oxygen concentration inside the chamber was
measured every 20 seconds by a model 1302 oxygen sensor (Strathkelvin Instruments, North
Lanarkshire, Scotland) inserted through the top of the chamber and connected to a Strathkelvin
model 782 interface unit. The data was downloaded at the end of each day, analyzed using the
Strathkelvin software, corrected for water volume, temperature, and readings from control
chambers, and normalized by total mussel wet biomass including the shell.

After removing each mussel, water was filtered from the chamber through a 1 pm glass
fiber filter and frozen (125 mL sample) for later ammonia concentration analysis using a Cary 50
spectrophotometer (Varian Inc., Palo Alto, CA, U.S.A.) set at 630 nm. Results were calibrated
using blanks as zero and known standards and normalized for total live mussel biomass. O:N
ratios of the mussels were determined using the simultaneous rate of oxygen consumption and
ammonia excretion during each 1-hour trial in the chambers. O:N ratios have been used to
measure stress in bivalves (Aldridge et al., 1987 and 1995; Naimo et al., 1992), and indicate
whether the animal is predominately metabolizing carbohydrates, lipids, or proteins.

Juvenile C. fluminea were used to compare growth rates between sites, as they are known
to grow up to 0.95 mm in length per week under warm water conditions (Welch and Joy, 1984)
and adult unionid mussels are unlikely to exhibit measureable growth in length over the course
of a short-term study. Two days prior to beginning the field portion of the study, we collected 80
juvenile C. fluminea (mean length + SE 8.72 + 0.05 mm, mean mass 0.15 + 0.004 g) upstream of
the WWTP discharge at Site 1 on Wilbarger Creek by sifting substrate through a 2 mm mesh
sieve. The C. fluminea were transported back to the lab in buckets of stream water (travel time
approximately 45 minutes), where they were randomly assigned to one of sixteen groups and
held in individual containers of aerated stream water. We used the average length and mass of
the mussels in each group to measure response to the effluent, as they were too small to mark
individually for re-measurement.

Experimental cages were constructed out of 27.3 x 37.6 x 42.7 cm plastic milk crates
completely covered in 2.5 cm wire poultry mesh to prevent predation by fish or mammals. Two
mm plastic canvas mesh was attached to the bottom half of the crate’s sides using non-toxic hot
glue, and filled the crates halfway with pea gravel for substrate. We constructed 8.5 % 8.5 x 8.5
cm cubes out of the 2 mm plastic canvas mesh to hold the C. fluminea, which were also filled
halfway with pea gravel. Mussels were transported to the field sites in an 89 L cooler filled with
spring water, half of which was replaced with stream water (19° C) from above the discharge
upon our arrival to acclimate the mussels to ambient stream conditions. Four cages were placed
in the middle of the channel at each site approximately 2 m apart in a checkerboard pattern and
each cage was anchored with two 61 cm and one 122 cm long 0.95 cm diameter steel concrete
reinforcement rods. We placed one plastic mesh cube containing a group of five C. fluminea in
each cage, and buried three 4. plicata halfway in the gravel substrate of each cage in their natural
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infaunal orientation. Cages were checked every two weeks to remove any accumulated debris
and to ensure the cages had not been moved or lost by high flows.

Near the end of May, cages were collected and brought back to the lab in the 89 L cooler
filled with stream water (25° C) from above the discharge. The total instream exposure time was
72 days. Lengths and masses of each C. fluminea were measured upon returning to our lab
following the same methods as at the beginning of the study. All 4. plicata were acclimated and
re-measured using the same parameters and procedures as at the beginning of the study. In
addition to re-measuring the initial parameters, soft tissue of each 4. plicata was also dried at 63°
C for 48 hours to use in calculating a more accurate body condition index based on the
proportion of the available internal shell cavity volume to actual soft tissue occupying that cavity
(BClI-dry) (Crosby and Gale, 1990). We calculated BCI-dry using dry soft tissue weight (g) X
1000/internal shell cavity volume (ml), and are assumed to be the most accurate measure of
assessing the nutritive and stress status of bivalves (Crosby and Gale, 1995).

Statistical Analysis

In order to determine the overall effect of site on the physical and physiological status of
A. plicata, a Multiple Analysis of Covariance (MANCOVA) test was conducted with our seven
measured parameters as dependent variables, site as factor variable, and pre-exposure whole wet
mass as covariate (Vaughn et al. 2007). For parameters that were measured both before and after
the field study (wet mass, BCI-wet, oxygen consumption, ammonia excretion, and O:N ratio), we
used the percent change in those parameters from pre-exposure to post-exposure in our analysis,
and for parameters only measured post-exposure (dry tissue mass and BCI-vol), we used the
recorded data from that single time. We followed the MANCOVA with one-way ANCOVA tests
on each individual parameter, again with pre-exposure whole wet mass as covariate. When a
significant difference was found during the ANCOVA test, Fisher’s LSD test was used to
identify differences between the sites. A paired T-tests was also conducted on the pre- and post-
exposure measurements for each site to determine significant changes over time. Our
experimental units for the statistical analyses of 4. plicata were the sixteen cages, with
measurements of individual mussels within each cage averaged to obtain an overall value for that
cage. Due to the high mortality of C. fluminea at Sites 2 and 3, statistical analyses for those
parameters were not conducted. All analyses were conducted in SPSS with an alpha level of
0.05. Data was tested for normality and homogeneity of variance using Kolmogorov—Smirnoft
and Levene’s tests, respectively.

Results

Water Quality

Other than conductivity, there were no significant spatial or temporal differences in water
quality parameters measured throughout the study period (Table 6). Although nitrogen and
phosphorous concentrations were elevated at the effluent discharge, there were not enough data
collection points to make statistical comparisons between the effluent and other sites. The
effluent discharge had significantly higher conductivity levels than all other measured sites
(Table 6); however, this difference is considered negligible because its contributions to overall
stream conductivity levels were minimal. Of the 28 parameters measured after the completion of
the study (Table 5) only copper, magnesium, potassium, and zinc had any detectable elevated
differences between the upstream reference, effluent discharge, and farthest downstream
comparison site (Table 7).
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Table 6. Water quality parameters as measured throughout the study period.

Site (distance downstream Conductivity Dissolved Temperature Ammonia Nitrate/Nitrite
from discharge) (uS/cm) pH Oxygen (mg/L) (°C) As N (mg/L) As N (mg/L)
Site 1 (-0.16 km)
Maximum 1190 8.03 7.65 27.35 0.049 4.29
Minimum 877 7.75 5.15 19.51 0.008 0.024
Mean (+ SE) 993+ 71 7.9 £0.06 6.3+0.6 234+1.6 0.03 +£0.008 1.8+1.0
Effluent (0 km)
Maximum 1677 8.02 9.15 27.42 0.626 19.9
Minimum 1215 7.75 7.54 18.02 0.011 132
Mean (£ SE) 1475 £ 86 7.8 £0.05 7.9+0.3 24.1+£1.7 0.3+0.3 16.5+34
Site 2 (0.05 km)
Maximum 1093 8.00 7.83 24.55 0.084 4.05
Minimum 967 7.86 6.37 19.84 0.008 1.57
Mean (+ SE) 1049 + 41 7.9 £0.04 6.9+04 22.7+1.5 0.04 £0.02 2.6+0.7
Site 3 (0.6 km)
Maximum 1063 8.04 10.17 25.33 0.111 3.68
Minimum 842 7.85 5.52 10.74 0.026 2
Mean (+ SE) 988 £ 48 7.9 +£0.04 6.1+1.1 22.7+3.2 0.06 +0.02 2.8+04
Site 4 (3.85 km)
Maximum 1320 8.05 7.45 26.49 0.045 6.87
Minimum 978 7.63 4.14 19.24 0.026 2.79
Mean (+ SE) 1108 +74 7.9 +£0.09 5.8+£0.7 235+1.6 0.04 + 0.004 41+04
Site (distance downstream Total Phosphorus ~ Orthophosphorus ~ Total Suspended Chlorine E. coli Bacteria
from discharge) As P (mg/L) As P (mg/L) Solids (mg/L) (mg/L) (MPN/100 mL)
Site 1 (-0.16 km)
Maximum 0.139 0.053 75.7 0.36 727
Minimum 0.083 0.004 314 0.1 131
Mean (+ SE) 0.1 £0.01 0.02+0.01 483 +9.8 0.2+0.07 381.0+129.3
Effluent (0 km)
Maximum 1.41 1.18 1 0.66 582
Minimum 0.192 118 <1 0.66 23
Mean (+ SE) 0.8+0.6 1.2+0 1.0£0 0.7£0 302.5+£279.5
Site 2 (0.05 km)
Maximum 0.261 0.148 56.5 0.1 345
Minimum 0.058 0.004 243 0.1 42
Mean (£ SE) 0.2+0.07 0.1 £0.05 40.9+9.3 0.1+0 169.7 £90.7
Site 3 (0.6 km)
Maximum 0.179 0.071 69 0.1 344
Minimum 0.051 0.028 20.3 0.1 36
Mean (+ SE) 0.1+0.03 0.06 £0.01 458+ 134 0.1£0 179.0 £ 63.5
Site 4 (3.85 km)
Maximum 0.341 0.68 62.5 0.1 651
Minimum 0.062 0.028 11 0.1 30
Mean (+ SE) 0.2 +0.06 0.3+0.1 339+11.4 0.1 £0.003 304.3 £130.6

SR-13-02 Page 9 of 24 November 12, 2012



Table 7. Contaminants detected in elevated concentrations downstream of the Manor WWTP
effluent discharge.

Copper (pg/L) Magnesium (mg/L) Potassium (mg/L) Zinc (ng/L)

Site 1 1.9 10.7 5.94 10.1
Effluent 5.5 15.9 19.9 66.2
Site 4 2.1 11.3 11.6 23.1

Physical and Physiological Response by A. Plicata

Results of MANCOVA testing of physical fitness of 4. Plicata showed a significant
overall difference between sites (Table 8). There were significant differences between sites for
all four physical parameters: percent change in whole wet mass, percent change in BCI-wet,
BClI-dry, and dry tissue mass (Table 8). Mussels at Site 1 above the discharge consistently
showed the greatest increase in physical and physiological status compared to those downstream
of the discharge (Table 9). In contrast to the physical parameters, there were no significant
ANCOVA results among oxygen consumption, ammonia excretion, and O:N ratio (Table §;
Figure 2E-G). This is likely due to high variability in the responses of individual mussels at all
sites (Table 9).

Table 8. Results of MANCOVA and ANCOVA tests on A. plicata data. Tests on whole wet
mass, BCI-wet, oxygen consumption, ammonia excretion, and O:N ratio were performed on the
percent change from pre- to post-exposure measurements. Tests on BCI-dry and dry tissue mass
were performed on data collected post-mortem. MANCOVA was analyzed using all seven
measured parameters as dependent variables. Both MANCOVA and ANCOVA tests were run
with the average pre- and post-exposure mussel whole wet mass as covariate.

df (num, den) F P Value
MANCOVA (all 7 parameters) 21,63 3.858 0.046
Whole Wet Mass (% change) 3,11 8.706 0.003
BCI-wet (% change) 3,11 9.88 0.002
Oxygen consumption (%
change) 3,10 2.278 0.142
Ammonia excretion (% change) 3,11 0.577 0.642
O:N ratio (% change) 3,8 0.362 0.782
BClI-dry 3,11 18.666 <0.000
Dry tissue mass (g) 3,11 27.14 <0.000
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Table 9. Mean A. plicata pre- and post-exposure measurements and percent change (= SE) for
the physical and physiological parameters measured in our study for each site.

Site 1 Site 2 Site 3 Site 4
0.16 km above 0.05 km below 0.61 km below 3.65 km below
Total mean wet
mass, g (£ SD)
0 days 124.56 £ 4.45 131.67 £5.53 112.08 £3.02 122.76 £ 2.06
72 days 127.57 £4.14 131.73 £5.41 113.53 £2.77 123.39 £ 1.90
% Change 2.58+£0.58 * 0.08 £0.22 1.32+0.28 * 0.50 + 0.40
Mean BCI-wet (+
SD)
0 days 1.48 £0.04 1.52+£0.05 1.35+£0.04 1.46 £0.02
72 days 1.52+0.04 1.52+0.05 1.36 £ 0.04 1.46 £0.01
% Change 2.38 £0.46 ** -0.01 £0.42 1.26 £0.42 0.05+0.41
Mean oxygen
consumption rate,
ug/h/g whole wet
mass (£ SD)
0 days 7.50+£0.35 7.74 £0.86 7.53+0.84 7.28£0.45
72 days 12.01 £ 0.64 8.20+1.34 9.64+£0.73 9.74 £ 0.94
% Change 71.39+14.52 * 13.54 +£22.04 19.53+£10.95 51.89 + 18.67
Mean ammonia
excretion rate,
ug/h/g whole wet
mass (£ SD)
0 days 2.51+0.38 2.27+0.15 2.06 +£0.34 2.08+0.13
72 days 2.07+0.19 1.55+0.16 1.78£0.17 1.97+0.23
% Change -5.75+15.14 -27.35+11.89 -6.48 £ 8.23 -3.93+£10.25
Mean O:N ratio (+
SD)
0 days 3.41+£0.49 3.43+0.36 425+0.77 3.46+£0.37
72 days 5.36+0.60 5.10+£1.18 5.55+0.86 5.35+0.81
% Change 73.92 + 44.64 60.17 £ 48.71 3642+ 13.73 * 81.92 +44.60
Mean tissue dry
mass, g (+ SD)
72 days 529+0.18 3.98+0.18 337+0.15 3.60 +£0.23
Mean BCI-dry (£
SD)
72 days 113.96 £ 1.91 80.39+2.41 78.87 £3.52 78.11 £6.04

Significant results of t-tests comparing pre- and post-exposure data indicated by asterisks

(* Indicates p-value of < 0.05, ** indicates p-value of < 0.01)
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Figure 2. Physical (A-D) and physiological (E-G) responses of A. Plicata after 72 days exposure
to WWTP Effluent at 4 site locations in Wilbarger Creek. Columns with the same letter were not
significantly different from each other at the p=0.05 level.
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Survival and Growth of C. fluminea

Survival and growth of the C. fluminea differed greatly between upstream and
downstream sites. Survivorship ranged from 100% above the discharge at Site 1 to 0% below the
discharge at Sites 2 and 3, with Site 4 showing intermediate survivorship of 37.8% (Fig. 3A).
Growth in whole wet mass at Site 1 increased from an average of 0.16 £ 0.01 g/mussel pre-
exposure to 0.41 = 0.007 g/mussel post-exposure. Mussels at Site 4 increased slightly from 0.15
+ 0.008 g/mussel to 0.17 £ 0.01 g/mussel (Fig. 3B). Growth in length at Site 1 increased from
8.85 = 0.13 mm/mussel to 11.94 = 0.11 mm/mussel. At Site 4, mussels increased slightly from
8.59 + 0.08 mm to 9.37 £ 0.14 mm (Fig. 3C). In addition to the five C. fluminea we placed in
each cage at Site 1, we found a total of 33 additional juvenile C. fluminea in the cages upon
retrieval. These new individuals were easily identifiable as recruits due to their smaller size than
the five original ones we started with. No additional C. fluminea were found at any other site.

Figure 3. C. fluminea growth and survival after 72 days of exposure to effluent discharge in
Wilbarger Creek at for sampling locations. (A) Mean whole wet mass in grams at beginning
(black bars) and end (gray bars) of the study; (B) mean total length in millimeters at beginning
(black bars) and end (gray bars) of the study; (C) mean percent survivorship at end of study.
Error bars represent + 1 standard error.
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Discussion

Results of this study suggest that the effluent from the Wilbarger WWTP could have a
significant negative impact on the ecology of Wilbarger Creek downstream of its discharge for at
least 3.85 km. Native 4. plicata showed significantly lower mass and condition indices below the
discharge compared to the upstream reference site after 72 days exposure. 4. plicata from
downstream sites also exhibited lower oxygen consumption rates than those from the reference
site, indicating a lower overall metabolism rate. The juvenile C. fluminea also exhibited much
lower growth and survival rates below the discharge, whereas all mussels above the discharge at
Site 1 survived and grew substantially.

Effluent effects on distribution and mortality

The results of this study add to the growing body of knowledge suggesting the negative
effects of wastewater effluent to bivalves. Horne and McIntosh (1979) found that mussel
abundance declined from an average of 7.1 mussels/m” upstream of discharge from a WWTP
with secondary treatment on the Blanco River in Texas to 0.0 mussels/m” immediately
downstream, and density increased to only 0.2 mussels/m” at 2 km downstream. Horne and
Mclntosh (1979) also found zero survival of three species of native mussels (including Amblema
plicata) after 28 days of exposure in cages to diluted effluent downstream of the discharge, with
Corbicula showing 50% survival downstream. Horne and Mclntosh (1979) attributed this decline
to elevated concentrations of ammonia and potassium in the diluted effluent (6.8 and 7.8 mg/L,
respectively). Single sample ammonia concentrations in our study never exceeded 0.11 mg/L at
any of our test sites, which is only slightly higher than the lowest reported acute LCs
concentration (concentration of the chemical required to kill 50% of the test animals in a given
time) for juvenile C. fluminea which are more sensitive to ammonia than native unionid mussels
(Augsburger et al., 2003; Mummert ef al., 2003). Although ammonia toxicity studies using A.
plicata have not been conducted, the concentrations of ammonia measured in our study are
below the 0.3-0.7 mg/L range recommended by Augsburger et al. (2003) as safe for continuous
exposure to all life stages of freshwater mussels, including glochidia which are typically more
sensitive to contaminants than adults. Freshwater mussels are known to be sensitive to potassium
(Imlay, 1973; Horn and McIntosh, 1979; Dietz and Burns, 1990), and potassium has been
investigated as a possible biocidal compound to control Asian clam and zebra mussel (Dreissena
polymorpha) infestations (Dietz and Byrne, 1990; Fisher et al., 1991). Imlay (1973) found
potassium concentrations of 11 mg/L toxic to 90% of freshwater mussels tested between 36-52
days, and that 7 mg/L was lethal to two species after 8 months exposure. Based on his findings
and an analysis of freshwater mussel distribution and potassium concentrations in 49 rivers, he
recommended potassium levels should not exceed 4-10 mg/L for mussels. We measured
potassium concentrations of 19.9 mg/L in the effluent and 11.6 mg/L 3.85 km downstream at
Site 4, whereas concentrations upstream of the discharge at Site 1 were 5.9 mg/L. While these
concentrations may explain the differences we found in growth of A. plicata, they are much
lower than acute concentrations (120 mg/L) reported to induce shell gaping (a stress response)
for C. fluminea (Anderson et al., 1976).

Goudreau et al. (1993) also found greatly reduced densities of unionid mussel and C.
fluminea below two WWTPs on the Clinch River in Virginia compared to upstream sites, but no
differences in density above and below communities served by on-site septic systems. The
Goudreau et al. (1993) study suggested that mussels had been eliminated below the WWTP
discharges and glochidia from above the discharges were prevented from recolonizing
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downstream areas by some chemical pollutant in the effluent, most likely unionized ammonia
and chlorine. Goudreau et al. (1993) water quality analyses revealed that total residual chlorine
at sites just below the WWTPs regularly exceeded the 24 hour LCsj of 0.084 mg/L they
established through laboratory testing. While instream ammonia levels only exceeded the
Goudreau et al. (1993) determined LCs of 0.284 mg/L on one occasion at one site, they
hypothesized that sublethal concentrations of both chlorine and ammonia could prevent the
glochidia’s ability to successfully infest host fish and complete their life cycle. Gangloff et al.
(2009) found similar differences in mussel abundance above and below a WWTP on Parkerson
Mill Creek in Alabama, and also reported increased mortality (78%) and decreased condition of
caged mussels downstream of the WWTP. Gangloff ef al. (2009) hypothesized that chlorine
and/or other untested compounds were driving these differences (although not measured in their
study, the WWTP being investigated had been frequently cited for high levels of chlorine).
While ammonia concentrations at our sites only exceeded 0.284 mg/L in the undiluted effluent,
total residual chlorine at all sites on all sampling dates was higher than Goudreau et al. (2009)
LCsp of 0.084 mg/L. However, we found the highest mean concentration of chlorine (0.165
mg/L) upstream of the discharge at Site 1, where growth of both 4. plicata and C. fluminea was
highest and where we also noted the presence of many small juvenile C. fluminea, suggesting
that chlorine from the Wilbarger WWTP is not significantly impacting mussels and clams there.

Effluent effects on energetic condition

In testing the effects of chronic whole effluent exposure, sublethal endpoints such as
growth, condition, and respiration are biologically appropriate because they are sensitive, holistic
measures of an organism’s well-being that incorporate the effects of toxins on a multitude of
processes at several levels of biological organization (Munkittrick and McCarthy, 1995; Ausley,
2000). Energy budgets are often used to quantify the intake and assimilation of energetic
resources by an organism and their allocation to various energy sinks such as growth,
maintenance, and reproduction (Beyers et al., 1999; Kooijman, 2000; Muller et al., 2010).
Different energy budget models have been developed such as the scope for growth model (SfG)
proposed by Warren and Davis (1967) and the dynamic energy budget model (DEB) put forth by
Kooijman (2000), but generally they assume that food taken in by an organism is either
assimilated or lost to respiration or excretion. Energy not lost is put into reserves and then
directed to somatic maintenance, growth, maturity development in juveniles, or maturity
maintenance and/or reproduction in adults. It is also generally accepted that somatic maintenance
has an absolute priority for energy over other sinks (Muller, 2010; Kooijman, 2009), and that
only when energy assimilation exceeds the basic cost of maintenance will resources be directed
toward growth or reproduction. Thus, anything that reduces food intake or assimilation rates or
increases maintenance costs will reduce the amount of energy available for growth or
reproduction (Callow and Silby, 1990; Kooijman et al., 2009; Muller et al., 2010). Exposure to
environmental toxins has been shown to both reduce feeding rate and increase maintenance costs
in fish (Kooijman and Bedeaux, 1996; Smolders et al., 2002), mussels (Widdows et al., 1995;
Donkin et al., 1997; Muller et al., 2010), and other aquatic invertebrates (Allen et al., 1995;
Billoir et al., 2007).

There are many toxins and other stressors known to affect mussels’ energetic balance.
Some studies have found strong inverse correlations between scope for growth (the amount of
energy available for growth) and pollution concentration gradients for the marine mussel Mytilus
edulis (Bayne et al., 1979; Widdows et al., 1981), and Encomio and Chu (2000) found that
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polychlorinated biphenyls (PCBs) reduced glycogen concentration (the main energy storage
molecule in bivalves) in oysters. Baker and Hornbach (2000) found that 4. plicata infested by D.
polymorpha showed lower clearance rates (a measure of food intake ability) and a lower O:N
ratio indicative of starvation. A reduction in clearance rates and condition indices has also been
shown in caged D. polymorpha exposed to both municipal and industrial effluents (Smolders et
al., 2002). A typical response of many mussel species to the presence of toxins is to tightly shut
their valves (Horne and MclIntosh, 1979; Doherty et al., 1986; Curtis et al., 2000; Valenti et al.,
2006), which limits the amount of time a mussel can filter water and ingest food. This valve-
closure response has been shown for chlorine (Valenti et al., 2006), copper (Sloof et al., 1983;
Herwig, 1989; Curtis et al., 2000; Liao et al., 2007), cadmium (Sloof et al., 1983; Tran et al.,
2003), zinc (Doherty et al., 1987; Kraak et al., 1994), and other substances. Because of the
sensitivity of valve closure and filtration rates to toxins, these behaviors have been suggested as
screening tools to detect low levels of environmental contaminants (Mouabad et al., 2001;
Gnyubkin 2009). Both copper and zinc were found in higher concentrations in the effluent and
downstream sites than at our reference site, although in lower concentrations than previously
reported to cause valve closure or reduced filtration rates. However, the elevated metal
concentration measured during this study is correlated to the pattern of growth we saw in A.
plicata and growth and survival in C. fluminea. Although not statistically significant due to wide
variation between individual mussels, mean respiration and excretion rates were much lower at
Site 2 than at other sites, which could indicate that mussels at that site kept their shells closed
more often. Valve closure is a common response by mussels to avoid adverse conditions while
simultaneously reducing metabolism by 90% or more of standard metabolic rate (Ortmann and
Grieshaber, 2003). While this behavior allows mussels to remain relatively protected from
unfavorable environmental conditions and reduce metabolic requirements for short periods of
time, it also greatly reduces their ability to ingest food needed for growth in the long-term.

In addition to reducing the amount of energy an organism takes in, exposure to pollutants
also increases the energy required for somatic maintenance by forcing the organism to allocate
resources to maintain homeostasis in the presence of stress (Callow, 1990). Kooijman and
Bedeaux (1996) found that an energetic-based model including increased maintenance costs was
the best-fit model describing the growth of zebrafish exposed to toxins. Smolders et al. (2002)
found that zebrafish showed lower condition indices and increased respiration when exposed to
high levels of wastewater effluent in laboratory tests. Smolders ef al. (2002) attributed the higher
respiration rate to increased homeostatic costs because of the effluent, and the lower condition to
the higher maintenance costs when food availability is held constant. In our study, we found the
highest respiration above the discharge at Site 1, the lowest just below the discharge at Site 2,
and geometrically increasing respiration downstream at Sites 3 and 4. Smolders et al. (2002)
found that D. polymorpha initially increased their respiration when exposed to both municipal
and industrial wastewater effluent, but later became depressed at the industrial effluent site while
rates at the municipal site remained elevated above those at the reference site. It is generally
assumed that respiration rates should increase with increasing concentrations of pollutants due to
increased metabolic requirements for maintenance (Callow, 1990). However respiration rates
have also been shown to decline when exposed to high concentrations of toxins (Widdows and
Johnson, 1989; Widdows and Donkin, 1991). This could explain our pattern of respiration in our
downstream sites, with toxin concentrations near the discharge being high enough to depress
respiration but declining enough downstream to allow recovery. We did not, however, observe
significant differences in whole wet mass or dry tissue mass between our three downstream sites,
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which may indicate differences in the amount of time the mussels closed their valves to lower
metabolic requirements.

Several studies published in the last decade have examined physiological biomarkers to
measure the impact of wastewater effluent on mussels, and while most don’t investigate
energetic balances specifically, they do report effects that increase energetic costs. Gagne ef al.
(2001) found significant increases in the egg yolk protein precursor vitellogenin (Vt) in both
male and female Elliptio complanata placed in cages for two months downstream of a WWTP in
the St. Lawrence River in Canada. They also noted that soft tissue weight significantly increased
downstream of the discharge, but overall shell length did not, causing a shell growth abnormality
known as “shell-length-to-tissue-weight growth decoupling.” Gagne et al. (2001) concluded that
the estrogen-like compounds in the effluent caused the mussels to redirect energy into Vt
production at the expense of somatic growth. Blaise et al. (2003) performed a follow-up study at
the same sites as Gagne et al. (2001) using E. complanata and D. polymorpha again finding
elevated levels of Vt in both test species, along with elevated levels of metallothioneines (MT), a
stress-response protein that binds to and protects against metals. They also found higher numbers
of heterotrophic bacteria circulating throughout the hemolymph and decreased phagocytosis,
indicating an immunosuppressive effect of the effluent, as well as damage to DNA in D.
polymorpha (Blaise et al. 2003). Several other studies using E. complanata and M. edulis in
Canada found that exposure to municipal effluent resulted in depressed immune capabilities
(Akaishi et al., 2007; Bouchard et al., 2009; Farcy et al., 2011), decreased resistance to bacterial
challenge (Akaishi et al., 2007), activated detoxification mechanisms (Bouchard et al., 2009;
Farcy et al., 2011), increased mortality (Bouchard et al., 2009; Farcy et al., 2011) and lower
overall condition indices (Farcy et al., 2011), with some responses being detectable after only
one week. All of these responses require an organism to redirect resources from growth to
maintenance and repair, and although we did not specifically measure immune or reproductive
biomarkers in our study it is possible that the differences in growth and condition in the mussels
in our study could have resulted from a similar physiological responses to the effluent from the
Wilbarger WWTP.

Population level consequences

Although ecotoxicological studies typically measure the responses of individual
organisms, it is the population that is ultimately of concern. The long-term success of
populations, however, depends on the success of the individuals that comprise the population.
There are several mechanisms by which wastewater effluent can affect mussels at the population
level. The first is through direct or indirect mortality on adult mussels. Several studies have
shown increased mortality to transplanted adult mussels below WWTP discharges (Horne and
Mclntosh, 1979; Bouchard et al., 2009; Gangloff et al., 2009; Farcy et al., 2011) or to effluent in
laboratory settings (Ciccotelli et al., 1998; Akaishi et al., 2007). Fewer adult mussels not only
reduce the immediate population, but also reduce the number of potential recruits needed to
repopulate a particular area. The presence of relatively healthy mussel populations above
wastewater discharges and lack of mussels below them, as was the case in our study, indicates
that recruitment of larvae is not occurring in areas of high effluent concentrations (Horne and
Mclntosh, 1979; Goudreau et al., 1993; Gangloff et al., 2009). Mussel glochidia are known to be
among the most sensitive aquatic organisms for many environmental contaminants commonly
found in wastewater effluents (Horne and Mclntosh, 1979; Goudreau et al., 1993; Naimo, 1995;
Augsburger et al, 2003), and can be killed or immobilized at concentrations below that known to
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adversely affect adults. Glochidia exhibit the same valve-closure response to toxins as adults do,
which can reduce their likelihood of successfully attaching to the gills of a host fish. Juvenile
mussels often spend much of their time completely buried in the top layers of stream substrate
and filter pore water (Yeager ef al., 1994), which can contain higher concentrations of ammonia
and other toxins than surface water (Naimo, 1995; Augsburger et al., 2003). Effluents can also
affect mussel populations through alteration in adult reproduction. Bringolff ez al. (2010) found
that female mussels altered their lure display behavior and released more nonviable glochidia
than those in controls and that males released their spermatozeugmata prematurely in the
presence of fluoxitene, the active ingredient in Prozac that is commonly found in municipal
effluents (Kolpin et al., 2002). Another study found that exposure to effluent had reduced the
size of the seminiferous tubules in male Dreissena, reducing the sperm producing areas of the
gonads and potentially reducing fecundity (Quinn et al., 2004). Estrogen-like compounds present
in wastewater effluent have also been shown to induce feminization and skew sex ratios toward
females in caged E. complanata (Blaise et al., 2003). Altering sex ratios to proportions not seen
naturally could have dramatic long-term population effects for mussels in areas affected by
wastewater effluents. Changes in energy budgets can also affect individual fecundity and
reproductive success. Decreased food assimilation and/or increased somatic maintenance costs
caused by pollutants can reduce energy available for reproduction, reducing fecundity and
delaying maturity in juveniles (Maltby, 1999; Kooijman, 2009). An energetic-based model
predicting the response of the worm Lumbricus rubellus to copper accurately predicted severe
population declines at high concentrations of copper because juveniles were not able to reach
reproductive size and be able to reproduce (Klok and de Roos, 1996). Bayne et al. (1979) also
found reduced fecundity and egg viability in M. edulis when placed under toxic stress. These
population-level impacts of wastewater effluent can have drastic long-term consequences for
freshwater mussels, which are essentially sedentary and thus cannot move to more favorable
areas.

Conclusions

In this study, we have shown that both native and non-native mussel species can be
significantly impaired by 72 days exposure to domestic wastewater effluent for at least up to 3.85
km downstream from the effluent discharge. Native A. plicata showed significantly lower mass
and condition indices and exhibited lower oxygen consumption rates below the discharge
compared to the upstream reference site. Juvenile C. fluminea exhibited much lower growth and
survival rates below the discharge, whereas all mussels above the discharge survived and grew
substantially. Because the behavior of these chemicals is ultimately controlled by site-specific
environmental conditions and water quality characteristics, more in-situ studies investigating the
chronic effects of effluent are needed; specifically the association of elevated copper,
magnesium, potassium and zinc on reduced mussel growth and survival. Although wastewater
treatment facilities are a necessary component of urban communities, and are ultimately
beneficial to the environment at the large scale, consideration of their ecosystem impacts on
biodiversity and conservation must be taken into account when planning their location and
operation.

Recommendations

1. Evaluate the health of extant populations of freshwater mussels in Austin’s lakes and
streams; specifically monitoring for changes in survival, growth, and reproduction.
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2. Repeat the Caged Mussel experiment at Wilbarger and other creeks with WWTP
discharges around Austin to see if trends are similar in different watersheds and
repeatable over time. Include monitoring of elevated Water Quality constituents
identified during this study: copper, magnesium, potassium and zinc.

3. Additional Surveys in our larger watersheds (Onion, Barton, Dry, Gilleland, and
Wilbarger) and protected ponds and oxbows of the Colorado are warranted to rule out the
presence of rare and endangered mussels.
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