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Executive Summary

Background

The invasive bivalve, Asian clam (Corbicula fluminea) is established and shows signs of spreading in Lake
Tahoe. In 2002, low density populations (2-20 individuals per m?) were observed in the south eastern
portion of the lake, and in 2009 densities up to 5000 individuals per m? have been measured. Through
extensive field collection and laboratory experimentation, the University of California Davis (UCD) and
University of Nevada Reno (UNR) science teams have found that this expanding population comprises
the majority of benthic community biomass in regions where it has established, is associated with
filamentous algal blooms, and through shell deposition, has negatively impacted the aesthetic value of
the Lake Tahoe nearshore. In response to this nearshore invasion, federal and state agencies
collaborated with UCD and UNR to develop a short term Asian clam management plan and implement a
series of studies to understand the distribution, life history and reproductive strategies of this species in
relation to population control. Additionally, a series of non-chemical management strategies (i.e., diver
assisted suction removal and bottom barriers) had been tested in small scale pilot projects in Lake
Tahoe. Findings from this previous research showed that Asian clam populations can be reduced
through the use of bottom barriers, which is less costly than diver assisted suction removal. Asian clam
were shown to be distributed mostly in south eastern portion of the lake, with some low density
satellite populations in other locations, including Emerald Bay. Asian clam mostly populated the
nearshore zone at depths of 2 - 10 m, but low density populations were also located at depths between
10 and 50 m, and one individual was recovered from 70 m water depth; deeper than the scientific

literature has previously described or studied.

Bottom barriers provide a promising method for reducing Asian clam populations but fundamental
unknowns present obstacles to recommending the large scale adoption of this methodology. In addition,
the relationship between deepwater clam populations and shallower nearshore populations (where
management through the use of bottom barriers is likely to occur), as well as the growth, life history or
reproductive strategies of this species in a temperature limited environment was also unknown. Finally,
the recolonization rates of Asian clam--given propagule pressure from advective transport of juveniles
via water currents, and diffusive spread of adjacent populations (including the recently observed deep
water beds) are presently not quantified. In order to understand the feasibility of implementation for
Asian clam treatment in Lake Tahoe given economic costs, and more importantly, these relationships

need to be clarified.



The major objectives of this research were to (1) understand the life history (including reproduction and
growth) of deepwater clam populations and their response to habitat, water currents and nearshore
clam populations as a potential habitat for viable populations, (2) develop the relationship between
treatment site selection (i.e., low population density site versus high density population center site) and
rate of Asian clam recolonization rates, and (3) estimate recolonization following a rubber bottom

barrier application and perform a cost efficiency analysis based on recolonization rate and site selection.
Research findings

Through field based collections coupled with laboratory experimentation, we found that Asian clams are
capable of significant growth and reproduction in the nearshore zone of Lake Tahoe. Reproductively
viable individuals were observed at water depths down to 20 m, and also grew and survived in
conditions at 50 m water depths. Asian clam mortality rates were significantly higher and shell
production rates were significantly lower for Asian clam individuals at deep water depths (50 m)
compared to those observed at 5 m water depths, suggesting that populations can exist in deep water,

but with much less productivity than those observed in the nearshore zone.

Through a combination of field and laboratory based studies, the vertical transport of pediveliger larvae
in the water column and advection of adult individuals was investigated. Water flow conditions within
Lake Tahoe were measured to understand if passive transport of adults was possible. During storm
events, peak horizontal velocities of 25 cm s™ and peak vertical (downwards) velocities of 4 cm s™ were
measured directly. Laboratory experimental runs were conducted with individual adult clams (5-24 mm
shell length) in a hydraulic flume over the range of observed field velocities. These experiments
demonstrated entrainment of individuals up to 15 mm in size during typical storm events and all size
classes during peak storm events. This work shows that passive transport of adult Asian clam individuals
a potential dispersal mechanism for Asian clam in Lake Tahoe, transporting adults and juveniles from

shallow depths to deeper zones, and potentially vice versa.

Building upon previous investigations of the use of bottom barriers to reduce Asian clam populations, a
large scale barrier treatment (two half-acre plots) was implemented from 2009 - 2010. After this barrier
treatment, the treatment and control plots were monitored for a one year period in order to understand
the impact to and recolonization rates of Asian clams and benthic macroinvertebrate communities.
These measured recolonization rates were then used to parameterize population growth models to

understand the frequency of bottom barrier treatment, with respect to achieving population densities



observed in 2010, or what is considered here as the "baseline condition". It was found that Asian clam
populations are significantly reduced during bottom barrier treatment, with up to 95 - 99% mortality
observed. Native macroinvertebrate communities are also significantly reduced, but after a one year
period, both Asian clams and macroinvertebrate communities demonstrated rapid recolonization in the
treatment plots. Dependent on region, Asian clam recolonization rates varied, and follow-up
measurements by the University of Nevada Reno in Marla Bay indicated that Asian clam abundances in
treatment plots were not different than those observed in control plots 22 months after bottom barrier
removal (although control plot populations are lower than they were prior to barrier treatment). Costs
of Asian clam treatment in Lake Tahoe were approximately $210,000 per acre. An exercise considering a
hypothetical 100 acre area for treatment indicated that total costs of treatment for this area can range
from $2 to $26 million and will never achieve eradication, nor the maintenance of low density

populations of Asian clams in Lake Tahoe.
Management recommendations

All studies presented herein were conducted over a two-year period, and recolonization rates are based
on a one-year time period following barrier treatment. These time scales are not necessarily realistic
representations of the population dynamics of aquatic species, native or otherwise. This is to say, it may
take a short amount of time for abundances of one or a few taxa to recover after a disturbance or
control treatment, but the native biodiversity of the entire benthic community may take longer to
recover than single taxonomic groups (Wittmann et al. 2012a). Within the time constraints of this study
we have provided the first estimates of recolonization of Asian clam after ethylene propylene diene
monomer (EPDM) barrier treatment; however, we caution that the dynamics of species are complex and
have a great deal of uncertainty associated with habitat and other climate variables not represented in
this study. We recommend the continuation of a long term experimental and monitoring program that
applies to Asian clam management, especially with regard to the continued measurement of clam
recolonization in the two half-acre treatment areas. Until more information with respect to Asian clam
population growth, as well as information about the recovery of the benthic community as a whole, it is

difficult to understand the efficacy of a large scale treatment program.
Conclusion

The experimental Asian clam research program at Lake Tahoe is a novel endeavor for this type of

invasive species management, and has provided a lot of information and insight to managers within the



basin as well as to scientists and managers outside of the region. Continuing to collect and provide this
type of information will continue to support the integration of science and management at Lake Tahoe

as a model for invasive species program both nationally and globally.



Background

Asian clam (Corbicula fluminea) is the first and only to date molluscan aquatic invasive species (AlS) to
have established in Lake Tahoe. Where populations are dense, Asian clams dominate the biomass of
native benthic macroinvertebrate communities, impact water quality through concentrated nutrient
excretion and benthic algal blooms, and alter the aesthetic values of nearshore regions through shell
deposition on shorelines. Fortunately, Asian clam is in the early invasion stage, i.e., it has not fully
dispersed to all available suitable habitats in Lake Tahoe. A biological invasion in its early stages allows
for the study of dispersal mechanisms, impacts to native communities and may also provide for an
opportunity to consider control and management of a species before it has completely invaded an

ecosystem.

In collaboration with federal and state agencies and organizations (TRPA, TRCD, USFWS, USACE, CDFG,
USDA-ARS, CA State Parks, LRWQCB, NDEP, NDOW, NDSL, TWSA) and funding from sources including
SNPLMA science and capital funds, CTC, USACE, USBR, LRWQCB Clean up and Abatement, and NDSL
license plate funds our researchers from UC Davis (UCD) and UN Reno (UNR) have intensively
researched the lakewide distribution, life history, and impacts to water quality and native ecosystems of
Asian clam. As part of this larger collaborative effort, researchers also previously experimented with
non-chemical control strategies specific to the Lake Tahoe environment (using small-scale test plots 10-
20 m?) (Wittmann et al. 2012b). These investigations have led to two key observations. First, by applying
benthic barriers (45 mil EPDM sheets placed upon clam beds), it is possible to reduce dissolved oxygen
concentrations within the sediment column to levels fatal to Asian clam. The second key observation
relates to Asian clam distribution in Lake Tahoe: populations have generally continuous, yet patchy,
distribution along the southeastern portion of the lake with smaller satellite populations occurring in
discrete locations both horizontally--Emerald Bay, Camp Richardson, Glenbrook, and vertically--at

greater water depths than previously observed (up to 70 m) (Forrest et al. 2012).

These past findings have implications for the management of Asian clam and the ecology of native
species impacted by Asian clams. First, they demonstrate that it is possible to artificially cause mortality
of Asian clams in Lake Tahoe. However, the observed spatial distribution leads to the question: Will
recolonization of treated areas rapidly negate the benefits of treatment? Such recolonization may come
from a variety of mechanisms including advective transport of both juveniles and adults by lake currents
(Williams and McMahon 1986a, McMahon 1999), “diffusive spread” of clams from areas of high

concentration to adjacent areas of low concentration, or some combination of the two mechanisms.



None of these mechanisms have been studied or quantified in Lake Tahoe and this remains an
outstanding informational gap to know whether effective control is possible, and if so, how much it

would cost.

The need for a science based strategy for the prevention of further spread and the control of existing
populations is clear and timely. The understanding of deep water clam populations and the
recolonization rates for treatment areas in different regions of the lake are imperative for the
conservation of Lake Tahoe’s native species and the pursuit of an effective AIS management program.
The proposed research is intended to guide existing management pursuits at Lake Tahoe and other

locations.

The primary goal of this research is to evaluate the practical feasibility, the ecological impacts, and the
economic costs of large-scale deployment of benthic barrier to control Asian clam at Lake Tahoe. This
will be through the study of the natural environmental limitations of Asian clam in Lake Tahoe as well as
the human-mediated limitations to Asian clam in Lake Tahoe (i.e., control strategies), and subsequent
recolonization. The following report is organized through the three main subjects: (I) Asian clam growth,
reproduction and transport in deep and shallow zones of Lake Tahoe. In this section we explore the
effect of depth, habitat and environmental conditions on the reproduction and growth rates of Asian
clams in Lake Tahoe. We also use a series of field and laboratory experiments to understand the
transport of Asian clam juvenile and adult individuals as a result of entrainment on water currents. In
section (II) we look at Large scale bottom barrier treatment: Recolonization of Asian clams in low and
high density regions of Lake Tahoe and finally in section (Ill) we model the return rate or recolonization
into the near-future and look at the economic efficiency of Asian clam recolonization rates after bottom
barrier treatment which is based on monitored recolonization rates and costs incurred as a result of
bottom barrier treatment and monitoring from this large scale, one acre experiment. Based on this
research, we provide management recommendations for consideration by the Lake Tahoe Asian clam

working group and all stakeholders concerned with Lake Tahoe.



I. Asian clam growth, reproduction and transport in deep and shallow zones of

Lake Tahoe

Introduction

Through benthic grab sampling and the lakewide deployment of an autonomous underwater vehicle
(AUV) taking high resolution imagery of the lake bottom, the UCD-UNR research team have
demonstrated that Asian clam are mostly distributed in the southeastern portion of Lake Tahoe
(populations variably distributed from Cave Rock to the East Channel of the Tahoe Keys; Forrest et al.
2012). Newly discovered satellite populations in the southern portion of Glenbrook Bay, Camp
Richardson and at the mouth of Emerald Bay showed very low density (1-10 individuals/m?) compared
to Marla Bay (up to 10,000 individuals/m?). However, Asian clams are located in water depths ranging
from 2 to 70 m water depth in regions of the Lake. Typically Asian clams are restricted to shallow,
nearshore lentic systems mostly due to limitations in dissolved oxygen concentrations (McMahon 1999),
however, there have been deepwater (80-100 m) occurrences of Asian clam observed in Lake Mead
(Peck et al. 1987, Wittmann et al. 2011), and now in Lake Tahoe. Currently there are no published
findings of Asian clam growth, reproduction or life history strategies at depths greater than 10 min

lakes.

In the nearshore regions of Lake Tahoe, Asian clam have been observed to impact biotic and abiotic
factors of the ecosystem. Where Asian clam occurs, it can dominate the biomass of benthic
macroinvertebrate community, which includes including native pea clams (Pisidium spp.), gastropods
(Physella sp. and Planorbidae), chironomids, oligocheates and other taxonomic groups (Wittmann et al.
2012a). Using Lake Tahoe water in a laboratory experimental setting, an individual Asian clam was
capable of filtering over 15-20 liters of lake water (and feeding on phytoplankton) in a 24 hour period
(Wittmann et al. 2013). Laboratory experiments by UCD and UNR have shown that the subsequent
excretion of nitrogen and phosphorus from this feeding stimulates the growth of filamentous algal
species Zygnema sp. and Cladophora glomerata, which have been observed in association with Asian
clam beds in Lake Tahoe (Wittmann et al. 2013, Forrest et al. 2012). These algal species have potential
impacts on Lake Tahoe nearshore water clarity, ecology as well as human recreational use of the Tahoe
nearshore zone. Additionally, these filamentous algal species are known in other systems to be
associated with invasive bivalves (Davies and Hecky 2005), and increased levels of E. coli and bacteria

(Byappanahalli et al. 2003).



Reproduction of Asian clam can be prolific as a result of hermaphroditism, rapid reproductive maturity,
and variable larval incubation periods as short as six days, normally upward to two weeks or as lengthy
as 60 days in a wide range of environmental conditions (King et al. 1986, Kraemer and Galloway 1986,
McMahon 2000, Rajagopal et al. 2000). Asian clam eggs are protectively held in the inner demibranches
of the ctenidia (gills) after release from gonads, then fertilized, and embryos are brooded in the same
structure. This may result in an annual fecundity rate of as many as 68,000 juveniles per individual
(Aldridge and McMahon 1978). Temperature initiates multiple stages of reproduction, and Asian clams
generally have a bivoltine (two broods in one year) reproductive cycle in response to temperature
regimes in rivers, lakes, and reservoirs (Aldridge and McMahon 1978, Rajagopal et al. 2000, Mouthon
and Parghentanian 2004). An initial spawn commonly occurs during the spring after threshold
temperatures have been reached (at least 16—-18 °C for at least 10 degree-days); however, once
temperatures exceed 27-28 °C, reproductive output is restricted (McMahon 2000, Mouthon 2001a,
Mouthon 2001b). A subsequent, weaker spawn may occur after a return to lower temperatures
(Aldridge and McMahon 1978, Kennedy and VanHuekelem 1985, Rajagopal et al. 2000, Mouthon and
Parghentanian 2004).

Although temperature is the primary cue for initiation of reproduction, food availability is also important
for embryo development and successful brooding (Doherty et al. 1987, Mouthon 2001b). Overall food
availability has been found to enhance gonad development and fecundity, and increases both the brood
size and individual size of developing embryos (Beekey and Karlson 2003). To support growth and
reproduction, two feeding strategies are used: suspension feeding from the water column and deposit
feeding in the substrate. Suspension feeding rates of C. fluminea are variable but can be high, between
300-2,500 L/h (McMahon and Bogan 2001). In the absence of suspended food, such as that seen in
oligotrophic ecosystems, C. fluminea can ingest sediment particulate organic matter (SPOM) through
deposit feeding (Reid et al. 1992), consuming upward of 50 mg/day and doubling growth rates
(McMahon and Bogan 2001).

Successfully managing invasive species requires an understanding of whether the effects of species
removal are long lasting and enable ecosystem recovery or rehabilitation. These aspects are highly
dependent on the recruitment potential or recolonization rate of the introduced species after a
management action. The presence of deepwater populations has implications for the management of
populations in the nearshore for the following reasons: (1) reproductively viable growing populations

may pre-empt management actions at depths where management actions to reduce or remove Asian
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clams are not possible, and (2) Asian clam populations at deeper depths can potentially serve as a
potential source of recruitment for populations (in managed or unmanaged areas) in the nearshore
zone. Understanding the reproduction, growth and transport of individuals between nearshore and
offshore regions will contribute to the ongoing discussion of Asian clam management in Lake Tahoe. The
results will also inform whether these deepwater clams may be impacting endemic species of concern—
such as the blind amphipod (Stygobromus tahoensis, Stygobromus laciocolus), the stonefly (Capnia
lacustra) as well as deepwater macrophyte beds that are known to provide habitat for these and other

native species.

The objective of this chapter (I) was to understand the growth, reproduction of Asian clams at water
depths greater than 10 m, relative to those observed for populations in the nearshore zone and to
understand mechanisms of Asian clam transport between deep and shallow zones. To investigate
factors that influence the reproductive efforts (timing and overall fecundity) of Asian clam in Lake Tahoe
a combination of field experiments, dissections of clams, and information gathered from a literature
review, the following hypotheses were tested (1) temperature would have the greatest influence on the
timing of reproductive initiation; (2) food availability, represented by a coarse proxy of total organic
carbon (TOC) and SPOM, would influence overall reproductive effort; and (3) reproductive efforts would
be similar in both shallow (5 m) and deep (20 m) populations, resulting in a source of veligers for
populating the nearshore environment. This section is titled Reproduction and Population Structure of

Asian clams in Lake Tahoe.

To investigate growth of Asian clam in Lake Tahoe, we carried out a one-year in situ field experiment to
compare the relative growth and survival rates of Asian clams at shallow (5 m) and deep (50 m) depths.

This section is titled Asian clam shell production in shallow and deep water depths.

In order to understand transport mechanisms of Asian clams between deep (25 m) and shallow (5 m)
regions, we monitored the pelagic community to quantify the abundance of Asian clam juveniles that
may be transported within the water column. In addition, we carried out a study investigating the

passive hydrologic transport as a function of water column currents and vertical thermal structure of
Asian clam in the near-shore region of Lake Tahoe using field- and laboratory-based techniques. This

section is titled Asian clam transport between shallow and deep zones.
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A. Reproduction and Population Structure of Asian clams in Lake Tahoe!

Methods

Four sites with established Asian clam populations were sampled: Lakeside, Marla Bay, and Nevada
Beach each at a depth of 5 m and at a depth of 20 m (hereafter referred to as LS5, MB5, NV5, and
NV20). At Lakeside, there is a wide, shallow shelf with approximately 1.3 km from shoreline to the
greatest depth of 5 m before dropping off. The bottom substrate here is nearly equal amounts of
medium sand (0.50—0.30 mm) and very fine sand (0.062 mm), with the small remainder in the range of
fine cobble (64 mm) to clay (<0.003 mm), determined by the Wentworth particle size distribution
(Brakensiek et al. 1979, Gordon et al. 1992). Marla Bay is approximately 1.5 km wide with a maximum
depth of 5 m before a steep drop toward profundal depths at the edge of the bay, approximately 0.50
km from the shoreline. At Nevada Beach the bottom extends approximately 110 m from the shoreline to
a depth of 5 m, followed by a slope to greater depths. The substrate is dominated by medium sand
(0.50—-0.30 mm) at both Marla Bay (>50%) and Nevada Beach (>75%), with the remaining particle sizes

ranging from very fine gravel (4.00 mm) to very fine sand.

Asian clams were collected using a petite Ponar grab (area, 225 cm?) biweekly from May through August
(late spring to summer) and monthly from September through November (fall) 2010. Lake water was
collected near the water—substrate interface using a Van Dorn sampler and measured for in situ
temperature using a hobbyist digital thermometer (Coralife ESU Digital Thermometer). In situ point
measurements for temperature were validated against a continuous temperature data logger that
indicated a clear relationship among the measurements to describe seasonal patterns in temperature
(Denton, unpubl. data). Total organic carbon (TOC) in the overlying lake water was analyzed with an
elemental analyzer (Shimadzu TNPC-4110C). SPOM (suspended particulate organic matter) was
gathered from a thin scraping of the surface sediment (<1 cm in depth) obtained from the Petite Ponar
sample, and measured as loss on ignition (Froelich 1980). Environmental conditions were analyzed by a
1-way ANOVA for temperature and TOC for site and date independently, and 2-way ANOVA analyzed

SPOM by site by date, and a pairwise difference was determined with Tukey’s HSD post hoc analysis.

! Portions of this work have been published in the peer reviewed literature. Please see: Denton, M., S. Chandra, M.
E. Wittmann, J. E. Reuter, and J. G. Baguley. 2012. Reproduction and population structure of Corbicula
fluminea in an oligotrophic, subalpine Lake. J. Shellfish Res 31(1):145-152.
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All Asian clam samples were held in 18-L field buckets with sediment and lake water, stored at 10 °C,
and processed in the laboratory within 24 h of collection. Samples were elutriated in the laboratory and
sieved through 90-mm mesh to retain the smallest individual clams and to calculate abundance
(measured as clams per square meter) for each sampling period and location. All grabs were combined
into a single sample per site per date; therefore, variations in dates by individual sites were not

determined.

Reproductive Effort

To quantify eggs and developed fertilized larval forms (hereafter referred to as veligers), we dissected
the gills of approximately 40 clams (shell length, 13 £ 1 mm) per site across sampling dates. Clams
between 11 mm and 19 mm were dissected occasionally when the target size class was not met
completely. Clams were measured for shell length with digital calipers to the nearest 0.01 mm prior to
dissection. Ctenidia were squash mounted and examined under 100X magnification light microscopy
(Morton 1977, Britton and Morton 1982). Developmental stages were determined based on the
descriptions from Kraemer and Galloway (1986). Because these data were determined to be distributed
non-normally (Anderson-Darling normality test), they were log10 transformed and analyzed by a 2-way
ANOVA of site by date. Pairwise differences were determined with a Tukey HSD post hoc analysis. Mean
values and standard error with sample size are reported. All statistical analyses were performed using

SAS 9.2 (SAS Institute, Inc., Cary, NC) and Minitab 15.1 (Minitab, Inc., State College, PA).

Results

Environmental Conditions

At all sites, temperatures were less than 8.0 °C on May 11, with the greatest increase in temperature
from June 16-28 (Figure 1). Seasonal high temperatures were recorded at each site on July 20. A
temporary decrease in temperatures on August 30 was associated with a cold front that passed through
the Tahoe basin at that time. Temperatures were significantly different over dates (P < 0.0001) but not
sites (P = 0.659). TOC concentrations were not significantly different among sites (P = 0.549). Mean
concentrations (*SE) across all dates (n = 10) at each site were 10.7 £ 0.5 mg/L (LS5), 10.7 + 0.4 mg/L
(MB5), 10.9 + 0.5 mg/L (NV5), and 10.7 £ 0.5 mg/L (NV20). There was a significant site-by-date
interaction in SPOM (P < 0.0001). A Tukey post hoc analysis determined that LS5 (6.8 + 3.3mg/mg) and
NV20 (6.1 + 4.4 mg/mg) had greater concentrations of SPOM than MB5 (4.6 + 2.9 mg/mg) and NV5 (3.6

+ 1.1 mg/mg) during the season (Figure 2).
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Figure 1. Temperatures at the water-substrate interface by sampling date and site. Documented threshold
temperatures required for reproduction are noted with the vertical bars indicating when those temperatures were
recorded at respective field sites in Lake Tahoe. A, the onset of spermatogenesis, B, fertilization occurs, C, initial

release of veligers.

Reproductive Activity

A total of 1,875 clams were dissected to determine their reproductive status and activity. The mean
shell length at each site during the entire sampling period was 13.68 + 1.3mm (LS5, n=461), 13.33 £ 0.7
mm (MB5, n =479), 13.91 + 1.0 mm (NV5, n =478), and 13.74 + 1.2 mm (NV20, n = 457). Eggs were
present in the demibranches on all sampling dates from May 11 to November 5 (Figure 3). Egg
abundances observed had a significant site-by-date interaction (P < 0.0001), and a Tukey post hoc
analysis determined that the greatest abundance occurred on August 30. Veligers were detected in the
middle to end of summer and occurred in low abundance on August 16, and were in high abundance on
August 30 and September 13. These sampling dates were +27, +41, and +55 days after the critical
temperature threshold needed to initiate a spawning of brooding veligers (King et al. 1986, Kraemer and
Galloway 1986). There was a significant site-by-date interaction of brooding veliger abundance, and a
Tukey post hoc analysis showed that August 30, September 13, and October 8 had the greatest
abundance of veligers present, and the veliger abundance at shallow locations was significantly greater

than NV20 (P < 0.0001). Across all 3 shallow sites, there were similar levels of reproductive effort, with a
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mean veliger abundance per clam (£SE) of 10 + 2 (n = 603), with ranges of 286 + 28 (n = 25 for clams
with 2100 veligers) and 20+ 2 (n = 78 for clams with <100 veligers), and 498 clams had no veligers
present in samples from mid-August through early November. NV20 had a mean abundance of 3+ 1

veligers across 4 clams, with 196 clams having no veligers present in samples during the same period.

Population Structure

Overall population abundance was significantly different by site over all sampling dates (P = 0.0013),
with abundance at NV20 (2,541 + 291 clams/m?) significantly greater than the shallow sites (Figure 4).
The distribution of Asian clam was heterogeneous along the bottom at each site. Across sites for all
sampling dates, there was a significant difference in the number of grabs obtained to meet the needs of
dissection (P=0.0014), with LS5 requiring the greatest number of samples over the dates (9 + 3 grabs
per date), MB5 and NV5 requiring fewer but nearly equal numbers of grabs (7 + 2 and 7 + 1 grabs per
date, respectively), and NV20 requiring the fewest (5 + 2 grabs per date, n = 12; SD is noted because SE

values were less than 1).
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Size class distribution of Asian clam by site suggests differences in population structure (Figure 4). Size

class distributions in LS5 were variable, but no one size class (or group of size classes) dominated the

population structure throughout the sampling season. Size classes between 13 mm and 17 mm

represented a majority of the populations in MB5, with clams occasionally reaching a shell length of 22
mm. Shell lengths of <4 mm were absent from these samplings. At NV5, the <4-mm size class was

present in all samplings with very low presence during June 16 and November 5. The 13—17 mm size

class was large throughout the sampling dates, and clams disappeared from the population after 22 mm.

The <4 mm size class at NV20 was present on June 16 and September 13. For a majority of the other
samplings, this size class was completely absent, with a minimal presence on August 2, October 8, and

November 5. As in the other locations, the largest size class was the 13—17 mm group.
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Discussion

Asian clam in Lake Tahoe are univoltine (i.e., have one spawning event per year), with reproduction in
the late summer and low abundance of brooding veligers. There was a longer than expected delay
between threshold temperatures for required reproduction based on previously published literature
and empirical observations of brooding veligers made during dissections. Given that oogenesis occurs
independently of temperature (Kraemer and Galloway 1986), we expected eggs to be present during all
dissections. Because spermatogenesis and fertilization require minimum temperature thresholds to be
met (10°C and 14°C, respectively), brooding veligers should not have been present until temperatures
were at least 14 C for 10 consecutive degree-days (Kraemer and Galloway 1986). Temperatures across
all shallow sampling sites reached this threshold by July 20, with a mean of 19.7 £ 0.4°C. A typical cycle
of initial fertilization, larval maturity, to release of veligers is 6—14 days (Kraemer and Galloway 1986),

with release occurring at least 16.0°C.

In other systems, Asian clam are observed to be bivoltine, with the first spawn occurring in late spring to
early summer, and resuming in late summer. This pattern has been attributed to metabolic declines
resulting from temperature increases greater than 27.5°C (Aldridge and McMahon 1978, Mouthon
2001a). When spawning did occur in Lake Tahoe after a 4-week delay, the overall abundance of veligers
observed in the shallow sites (10 + 2 veligers per clam) was much lower than the veliger abundance
observed in more productive reservoir or riverine ecosystems. In these ecosystems, veliger
reproductive efforts range from 588 to 735/clams per day in spring and fall (Aldridge and McMahon
1978) and 1,800 to 1,200/clams per day from late June and early October, respectively (Doherty et al.
1987).

Recent studies have shown that Lake Tahoe’s surface waters are warming at a faster rate than ambient
air temperatures (Coats et al. 2006). In the future, this increase in water temperatures may expand the
spawning potential of Asian clam to an increased number of veligers, earlier initiation of reproductive
development, and a longer fertilization and release period (Wittmann et al. 2013). It is unlikely,
however, that a bivoltine spawning event will occur in Lake Tahoe because current temperature
warming forecasts for the nearshore do not suggest an increase in temperature that would stop and
reinitiate spawning, as found in warmer ecosystems. Alternatively, warming of the lake in the winter

prior to the spawning cycle could enhance the reproductive success of Asian clam (Weitere et al. 2009).

In other systems, food availability has been observed to be a significant contributor to spawning events

of Asian clam to meet the energetic demand of brooding (Mouthon 2001b). Asian clam brood veligers
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within the inner demibranches of the gills, which have secretory cells believed to provide nutrients to
developing embryos (Britton and Morton 1982, Doherty et al. 1987). Although other studies reported
chlorophyll a concentrations in systems with successful Asian clam populations ranging from 3 to 100
mg/L (Cohen et al. 1984, Mouthon 2001b, Mouthon and Parghentanian 2004), chlorophyll a
concentrations in Lake Tahoe range from 0.5-1.5 mg/L (TERC 2010). These low concentrations could
limit Asian clam growth and could reduce nourishment for brooding embryos. TOC at the water—
substrate interface suggests similarly low food concentrations from this source. Although there were
significant site-by-date differences for SPOM, overall reproductive effort was not significantly different
among the sites, suggesting that variable concentrations of SPOM and TOC are not predictors of the
fecundity of Asian clam in Lake Tahoe. Further investigation of food availability—in particular, food
quality—is needed to understand its role in Lake Tahoe clam reproductive effort with respect to water

temperature.

In determining the similarities, if any, of reproductive effort between the shallow (5 m)- and deep (20
m)-water populations, an interesting observation is the low count of veligers seen in dissections from
NV20, the deeper water site. Veligers were found on only one sampling date (August 30), with just 13
veligers seen in four clams. However, this site has the highest overall abundance among sites, with
significant increases in observed abundance in the late summer. Population size structure at this site
indicated an increase in abundance is toward the larger size classes (>13 mm) rather than recruitment of
juveniles (<4 mm; Fig. 4). This suggests that deep-water (20 m) populations are not reproductively
active, and therefore are potentially a sink of clams rather than a source. If this is the case, clams would

be transported from the shallow depths to these deeper populations.

Movement of clams to this deeper region may occur in two ways. One documented means of dispersal
for Asian clam is via floatation. Prezant and Chalermwat (1984) found that clams up to 14 mm, when
exposed to a current of 10-20 cm/sec, would push off the substrate with their foot while extending both
siphons. They excrete a long mucus thread that allows them to be lifted and carried in the water column
until the current subsides. Another possibility is that wind-driven waves or convectively driven currents
may transport clams from shallow depths to deeper locations. Redjah et al. (2010) found that the clam
Mya arenaria, up to 20 mm, was displaced when subjected to turbulence in a level experimental flume
with a high wave current flow. In addition, in a sandy substrate similar to the NV5 and NV20 sampling
sites, St-Onge and Miron (2007) found that between 40-90% of M. arenaria were eroded (transported)

at stream velocities of 29-35 cm/s. These current magnitudes are at the extreme upper end of currents
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observed in Lake Tahoe. With an approximate horizontal distance of 60 m between the 5-m and 20-m
depth at Nevada Beach, an estimated slope of 18 degrees, and documented populations of clams at 10
m and 15 m (unpublished samplings for 2008 and 2009), it is conceivable that lake currents could

transport both juvenile dispersers and adult clams along the slope to deeper depths.

Throughout the 2010 sampling period, the juvenile size class (<4 mm) appeared sporadically across all
sites and was probably a result of carryover from reproduction in 2009. Unlike other systems that show
a pyramid-shape size class population structure, with less than 4 mm as the dominating the population
(Hall 1984, Mouthon and Parghentanian 2004), the Lake Tahoe population contained more individuals in
the 10-17 mm size classes, with a sharp decline in abundance of larger individuals in the range of 19-23
mm. Joy (1985) reported no shell growth for Asian clam for water temperatures between 0° C and 13 °C.
Given that newly released veligers are 0.2 mm, and depending on the previous season’s release period,
it is conceivable that the 2009 spawn would appear as a new size class the following midsummer 2010.
Temperatures in this study were less than 13 °C by November; therefore, juveniles spawned in the 2010

season would likely not experience shell growth until May 2011 or June 2011.
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B. Asian clam shell production in shallow and deep water depths

Methods

To compare survival, mortality and growth of Asian clams in shallow and deep depths, an in situ growth
chamber experiment was carried out in Marla Bay and Nevada Beach in Lake Tahoe from June 2010
through May 2011. At each location, one chamber each was placed on the lake bottom in the shallow
nearshore zone at 5 m water depth and in the deepwater zone at 50 m water depth. Specific locations
of the Asian clam growth chambers are provided (Table 1). The chamber dimensions were as follows:
base diameter = 1.06 m, cylinder height = 0.95 m and the sides of the chamber were composed of % inch
mesh to permit the flow of lake water and to prevent predation from crayfish or other fish (Figure 5).
Upon placement of the chamber, the bottom 4 — 6 inches was filled with benthic materials (sediments,
algae, macroinvertebrates) collected from the area immediately adjacent to the chamber to simulate

the surrounding benthic habitat.

Figure 5. View from above of Asian clam growth chamber placed on the lake bottom at 5 m depth. Base diameter =
1.06 m, cylinder height = 0.95 m.

At the onset of the experiment (June 16, 2010), Asian clams (n = 40) ranging in size from 4 to 19 mm
were marked with unique identifiers and placed in each chamber. Shell length, or, the greatest
anteroposterior dimension across the valves were measured with digital calipers to the nearest 0.01

mm. Every 1 — 4 months until May 2011 the chambers were recovered from the lake bottom, marked
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clams were retrieved, shell length measured, and if viable, placed back into the growth chamber and

returned to the lake bottom. If marked individuals were deceased, mortality was recorded.

Table 1. Location of Asian clam growth chambers in Marla Bay, NV and Nevada Beach, NV at Lake Tahoe. Growth
chambers were deployed from June 2010 through May 2011.

Location Longitude Latitude
Marla Shallow (5 m) 38 59.429 11957.534
Marla Deep (50 m) 3859.526 119 57.646
Nevada Shallow (5 m) 38 58.586 119 57.204
Nevada Deep (50 m) 38 58.487 119 57.296
Results

Asian clams were grouped based on shell size class (mm): 5.0-7.0,7.1-9.0,9.1--11.0, 11.1 - 14.0, and
14+ in both the deep (50 m) and shallow (5 m) locations. Asian clam growth and mortality was sampled
on five occasions including experiment initialization (6/16/10) and on 8/19/10, 10/15/10, 2/3/11 and
5/18/11 at Nevada Beach and five occasions at Marla Bay (6/20/2010, 8/20/2010, 11/8/2010, 2/3/11
and 5/18/2011). At shallow sites, mean annual shell production rates between Nevada Beach (0.0036
mm d*) and Marla Bay (0.0036 mm d!) were not significantly different from one another (t = -0.4023, p
=0.34, df = 9). The smallest size class grouping (5 — 7 mm) showed the greatest mean shell production
rates in the shallow zones (0.06 + 0.02 mm d™) during the summer period (Jun — Aug). Positive shell
production at both sites was observed from May through early January, however shell production
ceased during colder water temperature periods (5 — 13° C) from late January through late May. There
was some evidence of adsorption (negative shell production) in shallow zones, but none of the values
indicated were outside the margin of error specified on caliper sets used in the field. Maximum shell
production in the shallow zone occurred in the June — August period when average water temperatures
ranged from 14 — 17 °C. After this period, peak temperatures reached 20° C and shell production
reduced dramatically—likely in response to a shift of energy toward spawning. Shallow zone populations
had an average annual mortality of 64%, with 21% of individuals growing to a larger size class and 14%

of individuals remaining in the same size class. In Marla Bay, 5 clams were found dead on the first
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chamber recovery (8/20/10), 2 on 11/8/10, 16 on 2/3/11 and 5 more on 5/18/11. At Nevada Beach, 4
clams were found dead on 8/19/10, 2 on 10/15/2010, and 11 on 2/3/11 and 6 on 5/18/11.

Mean annual shell production in the deep water chambers were significantly less than those observed in
the shallow chambers. In Nevada Beach, the shell production rate for all size classes over the entire
experimental period was 0.0004 (£S.E. 0.00021) mm d™* which was not significantly different from shell
production rates observed in Marla Bay (0.0005 +S.E. 0.00012) mm d™. In Marla Bay, average shell
production rates for the summer period (June - August 2010) at the deep water depth were 0.0007
(0.0003) mm d, 0.0006 (+0.0001) mm d* from August - November, 2010 and 0.0003 (+0.0001) mm d™
from November through February 2011. As all but one clam had died prior to the May sampling, no shell
production rate could be calculated. At Nevada Beach average shell production rates for the summer
period (June - August 2010) at the deep water depth were 0.0001 (+0.0003) mm d™, 0.0007 (+0.0004)
mm d* from August - November, 2010 and 0.0003 (+0.0001) mm d* from November through February
2011. Figures 6 and 7 show the observed shell production rates for Nevada Beach shallow versus

Nevada Beach deepwater growth chambers.
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Figure 6. Asian clam summer growth at Nevada Beach at shallow (5 m) and deep (50 m) water depth from June -
August 2010. One standard error indicated on each bar which represents the average shell growth per day per size
class grouping.
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Annual mortalities observed in the deep (50 m) growth chambers at both Marla Bay and Nevada Beach
were significantly higher than those observed in shallow zones. At Marla Bay, 1 out of 40 clams survived
at the end of the experimental period, and in Nevada Beach there was no survival. In Marla Bay, all
clams survived the first two months (6/16 - 8/20), and only two were deceased on the 11/4/10
sampling. Seven more individuals were dead on 2/3/11 and on 5/18/2011 all but one clam had expired.
In Nevada Beach, 6 clams were found dead on 8/20/2010, 3 dead on 11/4/10 and on the final sampling
(5/18/2011) all clams were dead.
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Figure7. Asian clam late summer and early autumnal growth at Nevada Beach at shallow (5 m) and deep (50 m)
water depth from September - October 2010. One standard error indicated on each bar which represents the
average shell growth per day per size class grouping.

Discussion

As expected, Asian clam survival and shell production rates are higher at the shallow depth zone (5 m)
than in the deeper depth zone (50 m). Possible mechanisms for these observed differences are likely
due to differences in temperature, productivity and food availability. Shell production was positive, but
very reduced for individuals at the 50 m depth zone, and in some cases showed a significant level of
adsorption (e.g., shell dissolution or shrinkage in length). These observations of greater shell production

rates and lesser mortality rates in the warmer summer and autumnal periods suggest that physical and
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biological drivers necessary for Asian clam survival and growth are adequate, at that time. The nearly
100% mortality observed at the 50 m depth for both Marla Bay and Nevada Beach experimental
populations suggest that the winter period significantly impacts not only Asian clam growth, but also
survival. Further research is necessary to understand the mechanisms behind limitations to the

population during this period.

Asian clams have been repeatedly observed with densities ranging from 46 - 699 clams/m” at 40 - 70 m
and greater water depths in Lake Tahoe at Marla Bay and Nevada Beach (Wittmann et al. 2013). This
experiment has shown that while Asian clam populations are capable of survival of growth at water
depths outside of the immediate nearshore zone (e.g., water depths ranging from 20 - 50 m), the
potential for high density populations in this region is likely low, given the high rates of mortality
observed. Asian clams are fecund at 20 m water depth in Nevada Beach and Marla Bay (see previous
section), suggesting that reproduction is possible in regions greater than 5 m water depth, where
highest abundances are observed. Temperatures required for Asian clam reproduction (as reported in
the peer-reviewed literature) are not observed in Lake Tahoe at water depths that are greater than 40
m. This suggests that the possibility for Asian clam presence and persistence at deeper depths is
potentially supplemented by advective transport of adults or juveniles produced at shallower depth
zones (see next section). Also, because TOC/SPOM were unexpectedly not significant explanatory
variables for Asian clam growth or reproduction in Lake Tahoe, further investigation of the relationship
between Asian clams and food availability in Lake Tahoe will help to clarify the relationship between
depth limitations of these populations. Finally, increased understanding of the sensitivity of Asian clam
reproduction and growth to temperature will clarify some of the observations of Asian clam presence at
depth in Lake Tahoe and inform the potential for future increases in population densities within the
lake. For example, increasing water column temperatures as a result of global climate change may
contribute to the range expansion of reproducing populations of Asian clams that previously were

limited to shallower depth zones (Wittmann et al. 2013).
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C. Asian clam transport between shallow and deep zones

Introduction

Since its introduction in Lake Tahoe, Asian clam population has spread to several disparate locations
within the lake (Forrest et al. 2012) with population densities of greater than 5000 individuals m™
(Wittmann et al. 2012b). Asian clam disperse through several mechanisms: (1) pediveliger water column
dispersal during their larval stage (Williams and McMahon 1986a, 1986b; Jennings and Hunt 2009); (2)
adult generation of viscous-mucous threads through their exhalent siphon, which act as drag lines in the
water column motion (Prezant and Chalermwat 1984); (3) anthropogenic and animal based transport
vectors (McMahon 1999); and, (4) passive hydraulic transport of individuals (i.e., entrainment along the
lakebed; Williams and McMahon 1986a, 1989). While pediveliger dispersal is known to be a significant
transport mechanism for population expansion (McMahon 1999), it has been hypothesized that passive

transport will potentially play an important role in this system.

While Asian clam individuals spend much of their life burrowed into the substrate at depths up to tens
of centimeters (McMahon and Wilson 1981), Williams and McMahon (1989) showed that juvenile and
adult individuals migrate to the substrate surface when exposed to environmental stressors. Examples
of such stressors include low water temperatures (Johnson and McMahon 1991) or lack of oxygen
(Johnson and McMahon 1998; Williams and McMahon 1989; Wittmann et al. 2012b). While on the
surface, the latter three transport mechanisms will influence adult individuals who would be otherwise
protected. Recent studies of population demography in Lake Tahoe have shown significant deepwater
populations at 20m water depth (Denton et al. 2012) suggesting that passive hydraulic transport is a
potential transport mechanism for Asian clam in Lake Tahoe. This non-diffusive transport could result

from entrainment of individuals through significant surface forcing events.

In contrast to field-based studies where substrate properties and water column flow characteristics can
vary significantly, flume experiments offer a tightly controlled alternative. While flume experiments
have been used to examine bed shear entrainment of other bivalve species (e.g., Olivera and Wood
1997; de Montaudouin et al. 2003; Jennings and Hunt 2009), to the knowledge of the authors, no such
studies have been performed on juvenile and adult Asian clam. Research in this field could address
guestions, amongst others, of the critical flow velocity required for passive transport, behavior of an
individual being transported, and distances individuals are transported downstream with varying

benthic conditions (e.g., Kappes et al. 2012). This research would be applicable to this particular
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ecosystem but could be eventually expanded to other bivalve species that burrow, both native and

invasive.

This work details a two-part study investigating the passive hydrologic transport of Asian clam in the
near-shore region of Lake Tahoe using field- and laboratory-based techniques. The next section
describes the study site within the lake, field instrumentation and laboratory methods. Observations of
water column currents and vertical thermal structure from September 2010 to March 2011 are
subsequently presented. Currents of similar magnitude observed in the field were then established in a
flume setting® and transport of individuals of all size classes from 5 — 24 mm were measured. The
results from this experiment positively infer that the observed currents through the fall and winter

months are a potentially important transport mechanism within the lake.

Methods
Site Description

Field measurements of water temperature and velocities were made at the 25 m and 50 m isobaths at
Nevada Beach (Figure 8 — star) to examine the potential for passive downslope clam transport resulting
from water currents. This site was chosen as it had an established population of Asian clam. In addition,
the position of this site on the terminus of the south shore shelf break is ideal for capturing mixing
events coming off the south shore near-shore region. Meteorological measurements were made at
Timber Cove (Figure 8 — square) to determine surface forcing acting on the lake surface at the field site.
The closest measurements of near bed velocity profiles to the field site were made at the entrance to

Emerald Bay (Figure 8 — Insert).

2 per the original proposal, field measurements of Asian clam juveniles through plankton sampling was
intended to provide information about water column based transport of individuals. On eight separate
sampling occasions during Asian clam reproductive period (June - September 2010), plankton tows were
conducted from 5 - 60 m sampling depths at Marla Bay, Nevada Beach and Glenbrook (control site).
Only one Asian clam veliger was recovered through these samplings. As a result, we replaced field
experimentation of juvenile transport to a laboratory based setting, using the flume experiment
described herein. Plankton tow results are provided in the Appendix.
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Figure 8. Location map of Lake Tahoe its relative position along the California / Nevada border as shown (see
inset). Areas of C. fluminea populations along the southeast portion of the lake (see inset — box) and Emerald Bay
as indicated. Position of instrument moorings located at Nevada Beach (star) with 10m contours down to 50m
depth (pale gray) and 100m contours beyond (dark grey). Meteorological measurements were made at a station in
Timber Cove (square).

Field Instrumentation

The thermistor chain at the 25 m isobath consisted of a combination of fifteen RBR TR-1050 and TR-
1060 single channel temperature loggers (resolution and accuracy of 0.002 °C and 5 x 10 °C). These
loggers were placed at 0.5 m — 1.5 m intervals from 1 m — 15 m height above the lakebed. Ten similar
loggers were deployed on the thermistor chain located at the 50 m isobath with similar spacing from 3
m — 14 m height above the lakebed. The relative additional use of sensors at the 25 m isobath was to

help resolve any generated shallow flows.

Current velocities at the 25 m isobath were measured with an upward looking RDI-1200 kHz ADCP
Workhorse Monitor (velocity resolution of 0.1 cm s™). The selected bin size was 1 m and the averaging
interval was 15 minutes. At the given settings, measurements were expected to the surface; however, as
a result of cooler temperatures and the high water clarity typical of Lake Tahoe, correlation fell below

threshold at 10—15 m above the lakebed. An upward looking RDI-600 kHz Workhorse Monitor (same
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velocity resolution and user settings) was installed at the deeper mooring. Measurements were
expected to the surface here as well but, for the same reasons, were only made to heights of 35-40 m
above the lakebed. Although this limitation was unexpected, both ADCPs were able to resolve near
bottom flows, the focus of the current study. In addition to these ADCP moorings, water velocities were
also measured from 0.1-1.2m above the lakebed at 0.02m bins from 08 February 2012 — 16 April 2012
using a Nortek Aquadopp HR profiling Acoustic Doppler Velocimeter (ADV). These velocity
measurements were made in ~ 4.5m of water and were averaged over a 10 min interval. Although this
secondary study was conducted at a different location, the substrates had similar grain size distributions

(unpublished data) and so were hypothesized to be directly comparable.

Water column properties and surface forcing were also monitored during this period. Vertical
conductivity-temperature-depth (CTD) profiles were collected on a monthly basis at two stations at the
north end of the lake with a Seabird Electronics SBE19pl/us (temperature resolution and accuracy of <
0.0001°C and + 0.005°C). Meteorological data (i.e., wind speed and direction, air temperature, relative
humidity, and net shortwave and longwave radiation) are measured at several stations around the lake
at 10 min sampling intervals. The nearest meteorological station to the study site is located in Timber

Cove ~ 4 km to the south (Figure 8 — square).
Experimental Instrumentation and Setup

The hydraulic flume used in this experiment consisted of a holding reservoir, flume body, and substrate
bed (Figure 9). The approximate volume of the reservoir was ~0.175 m>, and was filled with freshly
collected water from Lake Tahoe daily during experimentation. Dimensions of the flume body were
0.30m x 0.15m x 2m in depth, width and length respectively (before modification). In addition to the
typical baffles used in the inflow, three flow controls were placed across the width of the flume (Figure
9; vertical dashed lines). Two flow controls (0.14m tall) were used to hold sediment were placed at
0.29m and 1.32m downstream of the inflow that, given their thickness, yielded an effective sediment
substrate length of 1.24m. The third, higher (0.20m tall) flow control was placed at 1.46m downstream
of the inflow to keep clams from being carried into the outflow and to maintain a minimum water level
in order for the Acoustic Doppler Velocimeter (ADV) to function properly at the middle of the substrate

bed (Figure 9).

A SonTek ADV was used to measure horizontal velocities in the flume at a point ~0.90m downstream of

the inflow. During the experiments, individual clams were placed directly underneath the ADV to
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measure flows at that point in the water column. As configured, the ADV had a sample rate of 25 Hz and

a velocity range scale of + 10 cm s™ allowing velocities of £ 60 cm s to be estimated.

ADV

1l

1y —» e\/ Clam starting point

Baffles Sediment Trap

Figure 9. lllustration of the recirculating flume used in this study with the main component, including the reservaoir,
flume body and substrate bed, indicated. Flow controls were added to prevent sediment and clam transport out of
the flume.

Sediment (0.026 m?®) collected from Nevada Beach (Figure 8 — Insert) was used to fill the sediment bed
(Figure 9). Sediments were rinsed with tap water to prevent reduced visibility in the water due to
entrained fine particles and organic material. Temperature control in the experimental flume was
difficult due to a short recirculation time, pressure build up in the inlet hose when the flow valve was
restricted, and heat conducted from the pump housing. Even with the addition of bags of ice in the
flume reservoir (Figure 9), the combined effect of these three factors limited the ability to maintain the

water temperature at the 18 °C (+1 °C) set point during the experimental runs.

In addition to the flume supply, a small aquarium was used to maintain a live stock of clams during the
experiments. Clams were collected from Lake Tahoe three times over the course of the study, and no
single batch of clams was kept or used for more than 7 days from the time of extraction before being
discarded. Due to the ability of Asian clam to filter large volumes of water in relatively short periods of
time (0.003-0.013 m® clam™ h™ at temperatures between 16-30°C; Foe and Knight 1986) it was
assumed that such a large group of clams would exhaust their resources in the aquarium within 24
hours. Under no flow conditions, fresh individuals did attempt to burrow but they increasingly remained

on the surface as they became stressed over the days.
Experimental Design

In each experimental run, two clams were placed in the flume side-by-side directly under ADV antennae

before water circulation began. Almost immediately, flow would become constant and the distance that
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individuals were displaced were recorded until they stopped moving for more than 5 minutes, or began
to burrow, as they would no longer be transported. Generally, individuals would attempt to burrow
while being transported; however, once movement stopped (i.e., lodged in the sediment grains), they
would begin to burrow. The periodic displacement of individuals, in a manner analogous to particle
saltation, was recorded for each interval of downstream movement the clam underwent (i.e., if the clam
moved 10 cm, stopped for a moment, and then traveled 5 cm more, two values of transported distance
would be recorded with little to no lateral movement observed). At this time, the experiment was
stopped and reset with different individuals ranging 5-24 mm in shell length. In total, approximately 240

individuals were tested in this manner.

Under uniform flow conditions, clams were hypothesized to be continuously transported downstream.
However, it was observed in this experiment that once individuals were arrested in the substrate, they
would often begin burrowing into the sediment bed. The initiation of the burrowing rendered all size
classes clams stationary under the range of tested flow conditions with the exception of two individuals
~7 mm in shell length. For the purposes of this study, the shape of an individual clam was defined as a
function of its length, L, height, H, and width, W. While L was recorded in this study for each clam, W
and H were not and had to be estimated based on results from other studies including Lake Tahoe.
Measurements made on 3425 individuals taken from Marla Bay determined the ratio of L:W to be
1.21+0.06 (unpublished data), and a ratio of L:H of 1.65 was taken from Araujo et al. (1993) as their

measured values of L:W were similar to the values reported here.

In addition to observations of L, direct measurements were also made of shell thickness of 30 individuals
ranging in size from 5-18 mm. By doing a linear regression of shell thickness to the associated
dimension, the ratios were determined to be LR =0.004-L +0.074, HR =0.005-H +0.145,

WR =0.007-W +0.132 and for L, H and W respectively. These ratios were then used for the

calculations of shell matter volume in subsequent sections.

Results
The ADCP mooring located at the 25 m isobath collected data from 20 September 2010 — 16 December

2010 and 07 January 2011 — 29 March 2011. Time series contours of the horizontal (Figure 10a) and
vertical (Figure 10b) velocities show periods of minimal flow (< 1 cm s™ in the horizontal and < 0.1 cm s™
in the vertical) interrupted by episodic flow events. These events reached horizontal magnitudes greater

than 25 cm s and 4 cm s™ downwards in the vertical and were generally associated with flow directions

31



towards 280° (Figure 10c). Flow directions have been averaged over the entire depth of the water
column to provide a bulk estimate of direction. Figure 10d shows the relative backscatter (i.e., the
corrected acoustic backscatter) at 1 m height above the ADCP with a threshold of 70 dB (2.5 times the

standard deviation) indicated with a horizontal line. Flow directions associated with these events are

circled in black in Figure 4c and indicated with arrows in Figures 4a and 4b. Although not exactly

orthogonal to the isobaths, the observed direction of the flow during these events is running almost
directly offshore at the location of the moorings. It should be noted that the artifact in the contoured

data in these figures at ~ 4 m height above the lakebed from 28 Sept 2010 — 10 Oct 2010 is likely the

result of a subsurface marker buoy.
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Figure 10. Time series recorded as a function of height above the 25m isobath: (a) horizontal component of
velocity; (b) vertical component of velocity; (c) averaged water column flow direction; and, (d) relative backscatter
measured at 1 m above the instrument with a threshold of 70 db (2.5 times the standard deviation) as indicated
with a horizontal line.

The ADCP mooring located at the 50m isobath collected data from 07 January 2011 — 29 March 2011

(Figure 11). For ease of comparison, Figure 11a shows a subsample of Figure 4a for this same time

period. Time series of the horizontal (Figure 11b) and vertical velocities above the 50 m isobath (Figure

11c) show similar results as Figure 10; periods of low velocities existed at similar magnitudes to those

observed nearer to shore with episodic flow events. Flow events identified in Figure 10 (black arrows),

are carried forward in Figure 11b and Figure 11c. Comparing these results, flow events appear to go to
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the full depth of the water column with a relatively uniform flow direction of 280° (Figure 11d) in a
similar fashion as the flow directions observed at the 25 m mooring. It should also be noted that there
was a shift in water velocities at the 25 m isobath (Figure 10a). Unlike the fall period where flow was
recorded to the lakebed, flow events in the late winter and early spring appear restricted to the upper
water column. In contrast, events appear to continue going to depth at the 50m isobath during late

winter and early spring.
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Figure 11. Time series recorded as a function of height: (a) horizontal component of velocity as a function of height
above the 25m isobath; (b) horizontal component of velocity as a function of height above the 50m isobath; (c)
vertical component of velocity as a function of height above the 50m isobath; and, (d) averaged water column flow
direction.

To construct idealized profiles of boundary layer flow over a range of flow conditions, the measured
velocity profiles of the Aquadopp HR were binned into 1 cm s™ bins between 5-20 cm s™*. These profiles
were subsequently sorted by retaining those with standard deviations <0.025 cm s* and then averaging
all profiles together. Figure 12 shows the profiles from each velocity bin except for the 15-16, 18—-19 and
19-20 cm s™ bins whose standard deviation of the binned profile was greater than the threshold. These
profiles illustrate how observed velocities are a fraction of the mean flow, u,. The boundary layer
thickness (Figure 12 — circles), defined as the height where the flow is 99% of u,, increased as a function

of the bulk velocity.

Thermistor chain moorings were also placed at the 25m and 50m isobaths although, due to equipment

faults, concurrent velocity and temperature measurements were not recorded at the 50m isobath. At
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the 25m isobath, measurements were made over the entire time period (Figure 13a). The thermistor
chain was deployed at the onset of autumn cooling and continued through fall overturn and the weakly
stratified winter thermal regime. Line plots of temperature are shown for 1.5m (blue line), 9m (green
line), and 15m (red line) above the lakebed. These line plots reveal five distinct periods where the water
column remains relatively unchanged: (1) stratified from 10-16 °C; (ll) weakly stratified from 8-12 °C; (lll)
very weakly stratified from 7-8 °C; (IV) slightly inversely stratified from 5.6—6 EC (inset); and, (V) well-
mixed from 4.5-5 °C. Monthly vertical profiles collected in the lake monitoring program during each of
the periods showed a cooling of the water column and a deepening of the thermocline during the first
three periods until the water column is relatively well mixed (Figure 13b). Periods of elevated flows
(indicated with arrows; recall Figures 11a and 11b) were generally associated with a decrease in the

overall temperature of the water column and more complex baroclinic responses of the system.
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Figure 12. Averaged water velocity magnitude profiles in the boundary layer for velocity bins ranging from 5-6 cm
s to 17-18 cm s™ with the heights of the boundary layer (circles) as indicated.
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Figure 13. Vertical stratification over the study period: (a) line plots of temperature at 1.5m (blue line), 9m (green
line) and 15m (red line) above the lakebed at the 25m isobath (bin averaged at 15 minute intervals), and (b)
characteristic vertical temperature profiles of each of the identified periods (i.e., 27 Sep 2010, 17 Nov 2010, 12 Dec
2010, 18 Jan 2011, 04 Mar 2011). Traces of the remaining thermistors are not shown for clarity. Arrows indicate
events where the acoustic backscatter increased in the ADCP profiles.

Inspection of wind directions (Figure 14a) and wind speeds (Figure 14b) measured at Timber Cove, NV
show three general surface forcing conditions: 1) relatively consistent, low winds (~2 m s*) from the
northwest (~330°); 2) episodic, moderate winds (> 6 m s*) from the northeast (~230°); and, 3) episodic,
elevated winds (>10 m s*) from the south (~20°). Gaps in the meteorological record were a result of
instrumentation problems (e.g., 30 November 2010) and no measurements were recorded. Periods of
elevated acoustic backscatter and elevated water velocities are shown with black arrows. For illustration
purposes, these periods are also delineated with grey bars (Figures 14a, b). Mixing events in the water
column appear qualitatively driven by winds blowing from the south, approximately parallel to shore at

the field site.
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