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Bivalve Effects on the Food Web Supporting Delta Smelt—
A Long-Term Study of Bivalve Recruitment, Biomass, and 
Grazing Rate Patterns with Varying Freshwater Outflow 

By Jeff S. Crauder1, Janet K. Thompson1, Francis Parchaso1, Rosa I. Anduaga1, Sarah A. Pearson1, Karen 
Gehrts2, Heather Fuller2, and Elizabeth Wells2 

Executive Summary 
Phytoplankton is an important and limiting food source in the Sacramento-San Joaquin Delta 

(the Delta) and San Francisco Bay; the decline of phytoplankton biomass is one possible factor in the 
pelagic organism decline and specifically in the decline of the protected delta smelt. The bivalves 
Corbicula fluminea and Potamocorbula amurensis have been shown to control phytoplankton biomass 
in several locations throughout the system, and their distribution and population dynamics are therefore 
of great interest. We were able to describe the distribution and dynamics of bivalve biomass through use 
of samples collected by the California Department of Water Resources (DWR) as part of a monitoring 
program from 1977 to 2013. As one element of DWR’s and the Bureau of Reclamation’s Environmental 
Monitoring Program (EMP), the DWR benthic monitoring program examines the impact of water 
project operations on the estuary as prescribed by a series of Water Rights Decisions mandated by the 
State Water Resources Control Board (SWRCB). The availability of multidecade samples allowed us to 
examine long-term trends in biomass, recruitment, and size of bivalves at the 15 stations sampled. 

Biomass and grazing rate had the same basic trends, and the conclusions that we apply to 
biomass can be applied to grazing rate data. During winter of most years, Potamocorbula biomass was 
low at all locations and was near zero in the shallow San Pablo Bay station. The Potamocorbula 
biomass at shallow stations consistently peaked during summer and fall, but there was no consistent 
peak season in the deep stations. Corbicula had a much less consistent seasonal biomass pattern than 
Potamocorbula. However, some interannual patterns were consistent between stations. Corbicula 
biomass at three stations declined after 2003 (C9, D16, and D28). The Franks Tract (D19) Corbicula 
biomass had a baseline shift up (that is, all values were > 0) in 1985 until DWR ceased sampling at the 
station in 1995. Two other stations showed a similar increase in baseline but at different times; D24 
shifted up after 2007 and D11 shifted up in 1991. 

Potamocorbula recruitment (any bivalve ≤ 2.5 millimeters [mm] in length) occurred anytime 
between spring and fall, with bivalves at the most downstream stations in San Pablo Bay recruiting in 
spring and animals at the most upstream stations recruiting in fall. The bivalves at the stations between 
these endpoints recruited in (1) spring or (2) summer and fall (Carquinez Strait), or in some combination 
of two of those three seasons in Grizzly Bay. The few locations where Potamocorbula and Corbicula 
overlapped showed recruitment abundance opposing each other, with Potamocorbula recruits peaking 
                                                 
1U.S. Geological Survey 
2California Department of Water Resources 
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during the more saline time of year and Corbicula recruits peaking during periods of lower salinities. 
Corbicula recruits were present throughout most of the year with some peaks in abundance, but the 
patterns were not seasonally consistent at any station. 

Mean size peaked in both bivalves in late summer and early fall and never got above a certain 
size; maximum size depended on location. The mean size of both bivalves has decreased over the years, 
with the size distributions throughout the Delta now skewed toward smaller, younger Corbicula (< 10 
mm). The mean size of Potamocorbula has also become skewed toward the small, younger bivalves, 
with sizes in the range of 2–8 mm. The mean size of Potamocorbula increased from spring to fall and 
decreased in winter. A similar generalization is not possible with Corbicula because seasonal patterns in 
size varied depending on station location. Station D24 on the Sacramento River was the only location 
with an increase in Corbicula mean size over the sampling period. 

The largest mean sized Potamocorbula were seen in the channel areas, where sizes of 15 mm 
were common at stations D41C, 8.1, and D6; sizes in excess of 15 mm were observed at all three D4 
stations during the mid 1990s. The mean size of Potamocorbula in the shoals was ≈5–7 mm in most 
years in Grizzly Bay (D7) and San Pablo Bay (D41A), with an increase to > 10 mm at D7 in the wet 
years. 

The largest mean sized Corbicula were in the southern Delta (C9 ≈25 mm during 1996–97 and 
2012–2013), and the smallest average sizes were in the San Joaquin River (P8 and D16). Corbicula at 
the upstream Sacramento River station (D24) and in the southern Delta (C9) showed similar interannual 
patterns in average size although the animals at C9 were consistently larger than those at D24 were. 
Corbicula in Franks Tract (D19) and the Old River (D28A) south of Franks Tract were also similar in 
size and in interannual patterns. 

At the few stations where Potamocorbula and Corbicula co-occur, it appears that they did not 
hinder each other’s growth. Both bivalves had large animals at D4, where Corbicula size increased 
coincident with the presence of Potamocorbula in 1987. Corbicula were observed in wet years prior to 
Potamocorbula’s invasion at D7 (Grizzly Bay) and were capable of growing to significant size in wet 
years (> 20 mm in 1986). 

Introduction 
The State Water Resources Control Board (SWRCB) sets water quality objectives to protect 

beneficial uses of water in the Sacramento-San Joaquin Delta (the Delta) and Suisun and San Pablo 
Bays. To meet these objectives, the SWRCB establishes mandated standards in the water rights permits 
issued to the Department of Water Resources (DWR) and Bureau of Reclamation (Reclamation). Water 
Rights Decisions (D-1379, D-1485, and D-1641) have established water quality requirements and 
provided terms and conditions for a comprehensive monitoring program to determine water quality 
conditions and changes in environmental conditions within the estuary. The benthic monitoring program 
is one element of DWR and Reclamation’s Environmental Monitoring Program (EMP) wherein the 
impact of water project operations on the estuary are determined. These impacts are determined by 
changes in benthic fauna presence, abundance and distribution of the benthos associated with physical 
factors in the estuary, and the detection of newly introduced species in the estuary. This benthic 
monitoring program is the backbone of this study, and we are using samples collected from 1977 
through 2013 to examine how the biomass and grazing rate of the bivalves have changed in time and 
space. 

Large changes that have occurred in San Francisco Bay (hereafter Bay) and the Delta over the 
past several decades have fueled the interest in bivalve grazing rates and biomass. Four species of fish, 
many macrozooplankton species, and the native mysid shrimp (Neomysis mercedis) have shown large 
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population declines in the San Francisco Bay estuary (Baxter and others, 2008). Although all of these 
reductions in abundance of species are problematic, the decline of the delta smelt, Hypomesus 
transpacificus, is of most concern because of its protected status under the Endangered Species Act 
(ESA). One of the suggested causes for ecological decline—the pelagic organism decline (POD)—is the 
reduction of phytoplankton in the northern estuary coincident with the introduction of the exotic, filter-
feeding bivalve Potamocorbula amurensis (hereafter Potamocorbula) in 1987. Phytoplankton biomass 
immediately declined when Potamocorbula invaded, and since that time, net phytoplankton growth 
rates have remained very low (Alpine and Cloern, 1992; MacNally and others, 2010). The 
phytoplankton biomass in the northern estuary and the western Delta is now chronically low and is 
considered a contributor to, if not a major cause of, the POD (Baxter and others, 2008; Hammock and 
others, 2015). 

If we consider the northern San Francisco Bay and the Delta as the habitat for the POD species, 
two large bivalve species inhabit the area—an estuarine bivalve, Potamocorbula, and a freshwater 
bivalve, Corbicula fluminea (hereafter Corbicula). Both bivalves can limit the availability of 
phytoplankton biomass to other members of the food web in the estuary (Kimmerer and Thompson, 
2014; Lopez and others, 2006; Lucas and others, 2002; Lucas and others, 2009; Thompson and others, 
2008). In addition, Potamocorbula can filter zooplankton nauplii and ciliates out of the water column 
(Kimmerer and others, 1994; Greene and others, 2011), and Corbicula can filter ciliates (Scherwass and 
others, 2001) and glochidia (Scherwass and Arndt, 2005) from the water column. We therefore 
hypothesize that both bivalves may reduce the food supply to delta smelt and other fish species on at 
least two levels of the food web. For example, any direct reduction in zooplankton through filtration by 
bivalves, or indirect reduction in zooplankton owing to food limitation, can affect delta smelt, which 
feed mostly on calanoid copepods throughout their lives (Nobriga, 2002). 

We are interested in the dynamics of both species of bivalve and specifically want to describe 
their temporal and spatial distributions to begin exploring possible controls on their distributions. 
Because Corbicula and Potamocorbula have varying (almost opposite) salinity limits, we expect that 
the primary limit for both species will be physiological. Other factors that are likely to affect the 
bivalve’s distribution include (1) physical habitat, which is important for reproductive and recruitment 
success but can also be a stress to adults; (2) food availability, which may limit both species at all ages 
in this food-limited estuary (Kimmerer and Thompson, 2014); and (3) available predators, which are 
poorly understood. 

In this report, we summarize the temporal variability of Corbicula and Potamocorbula in the 
north Bay and Delta by examining time series of biomass, grazing rate, recruit density, and average 
length of bivalves in samples from 15 monitoring stations. These bivalves are from benthic samples 
collected as part of the monitoring program conducted by the California Department of Water Resources 
Environmental Monitoring Program (http://www.water.ca.gov/bdma/) between 1977 and 2013.  
We specifically address the following questions in this paper: 

1. How do Potamocorbula and Corbicula populations at a specific location respond to seasonal and 
interannual changes in salinity? How does salinity variability influence successful recruitment of 
these bivalves? 

2. Is the magnitude of the grazing rate such that we would expect the feeding of the bivalves to 
limit seasonally the biomass of phytoplankton, copepods, bacteria, and microzooplankton? 

Project Background and the Conceptual Model 
All POD models have recognized that food limitation may be contributing to the decline of delta 

smelt (Baxter and others, 2008). The new, spatially explicit conceptual model for 2011 (as described in 
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“Draft Plan: Adaptive Management of Fall Outflow for delta smelt Protection and Water Supply 
Reliability”) highlights the importance of the biotic habitat as well as the abiotic physical habitat as 
measured by the position of X2 (kilometers [km] upstream of the Golden Gate Bridge) (Jassby and 
others, 1995). The longitudinal salinity distribution helps determine the available habitat for each 
bivalve and thus, ultimately, what the potential for limiting grazing rates is along the longitudinal 
gradient. We will use the position of X2 as our measure of salinity distribution and expect that 
Corbicula and Potamocorbula will overlap in the region of X2. This overlap is expected because the 
physiological limit for new recruits of both species is a salinity of 2. The X2 position is not a precise 
measurement but represents the distance upstream from the Golden Gate Bridge, where a daily average 
salinity at 1 meter (m) above of the bottom is 2 (Jassby and others, 1995); therefore, the actual 
occurrence of a salinity of 2 is within an area upstream and downstream of the calculated X2 values. 
The X2 position moves up and down the estuary with tides and with seasons. We know that the abiotic 
habitat increases in complexity, and the potential for local food production increases where delta smelt 
habitat coincides with the shallow water (≤ 3 m) of Suisun Bay, Grizzly Bay, Honker Bay, and Suisun 
Marsh (fig 1). A critical component of food production, the phytoplankton biomass, is controlled by a 
combination of light and nutrient availability, residence time, and benthic and pelagic grazing losses 
(Kimmerer and others, 2012). Therefore, the high turbidity of the system limits positive net production 
to shallow areas, where accelerated vertical mixing rates expose phytoplankton cells to more light than 
in the channel (Cloern and others, 1985). Grazing losses to bivalves may also be greater in shallow 
water because increased mixing rates afford the bivalves more access to pelagic food. However, 
Thompson and others (2008) and Lucas and others (2009) have also shown that clams in the deep water 
(≥ 5 m) can have very high grazing rates and can depress the phytoplankton biomass that is transported 
from the shallows to this habitat. 

The questions of how food availability for delta smelt has changed during the POD years and 
what factors are responsible for those changes have not been resolved. We know that the variability in 
salinity has decreased in late summer and fall during the POD and that delta smelt mostly live in the low 
salinity zone (LSZ) during this period. Several components of the LSZ food web, including the success 
and distribution of bivalves, may be affected by this change in salinity. 

We analyzed bivalve grazing effects at all monitoring stations with available samples. We also 
examined bivalve recruitment patterns to understand how increasing freshwater flow can influence the 
distribution of each species. 

Methods 
Stations and Samples 

The California Department of Water Resources Environmental Monitoring Program 
(http://www.water.ca.gov/bdma/) sampled 15 stations throughout the San Francisco Bay and 
Sacramento-San Joaquin Delta between 1977 and 2013 (fig. 1). Sampling occurred at various intervals 
until midway through 1980, when samples were collected at near monthly intervals. During 2004 and 
2005, samples were collected quarterly. Station 8.1 is a U.S. Geological Survey (USGS) station that was 
a precursor to DWR sampling at site D6; it is in close approximation to but not in the same location as 
DWR site D6. Station 8.1 was sampled from 1988 to 2007, and DWR began sampling at D6 in 1996; 
the USGS measured bivalves through 2007 from station 8.1 and then finished the time series with 
samples from D6. From 1977-95, a single sample was archived of the 3–4 collected each month at each 
station. After 1996, three to four samples were collected and archived at each station (table 1). We 
measured all available bivalve samples except for those collected in 2003, when all samples were lost 
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(2003 appears as holes in the data). Station D4 was collected as an across channel transect, shown as 
D4C, D4L, and D4R. Samples were collected in the channel (D4C) from 1977 to 1995, in the left shoal 
(D4L) from 1976 to present, and in the right shoal (D4R) from 1977 to 1995. 

Field Collection Methods 
California Department of Water Resources Environmental Monitoring Program uses a 0.052-m2 

(square meter) ponar dredge to sample the bottom area to a depth that varies with the type of sediment 
and the ability of the dredge to penetrate it. At all sites, DWR collected an extra sample to determine the 
monthly length-to-weight (ash-free dry weight, [AFDW]) relation of the bivalve species. Each sample 
was sieved through a U.S. Standard No. 30 stainless steel mesh screen (0.595-mm openings) and 
preserved in a solution of approximately 10–20 percent buffered formaldehyde (depending on the 
substrate) with rose bengal dye added for laboratory analysis. We received sorted samples from DWR 
after their routine laboratory analyses were completed. 

Analytical Methods 

Measuring Bivalves  
USGS personnel measured the bivalves to the nearest millimeter using a video image analyzer 

with HLImage++ software (http://www.wvision.com/) and handheld calipers (for the larger animals, > 5 
mm). The USGS has used this technique for over 20 years. Bivalves were then returned to DWR for 
archiving. Biomass estimates were based on relations between shell length and dry tissue weight that 
were calculated by DWR and the USGS during each field sampling using the standard techniques 
described in Thompson and others (2008). 

Estimating Grazing Rates 
Grazing rates were calculated using the method described in Thompson and others (2008) for 

Potamocorbula and in Lopez and others (2006) for Corbicula. Pumping rates were adjusted for 
temperature and are provided as conservative rates (corrected for concentration boundary layer). 
Community pumping rates (PR) were based on published relations: Potamocorbula, 400 liters (L) per 
gram (g) of ash free dry weight (AFDW) per day (d) (Lg-1d-1 )(Cole and others, 1992; AFDW=dry 
weight−ash weight). Community pumping rates were converted to grazing rates (GR) by reducing PR to 
adjust for the presence of a concentration boundary layer. This adjustment was based on O’Riordan and 
others’ (1995, figure 7b) refiltration relationship, nmax=2.5/(s(d0)-1), where nmax is the maximum 
refiltration proportion. The refiltration proportion (nmax) is the proportion of water previously filtered by 
a square meter of bivalves (GR=PR(1−nmax)). The distance between siphon pairs (s) is a measure of 
animal density, and d0 is the average diameter of the excurrent siphon of the animals collected at each 
site (a measure of animal size). The diameter of the excurrent siphon was changed throughout each year 
to reflect the change in average size of animals as the year progressed, and the distance between siphon 
pairs was based on density of animals observed in our benthic sampling assuming equidistant spacing 
within the 0.05-m2 grab. Benthic grazing rates calculated in this manner represent the minimum grazing 
rates because they assume that the near bottom boundary layer is depleted of phytoplankton, and mixing 
of the water column is inadequate to replenish that lower layer with biomass. We assumed all bivalves 
grazed continuously. 

Dry weight was used to estimate temperature-corrected pumping rates for Corbicula. Pumping 
rate, expressed as a unit of weight (PRwt), was derived from data published by Foe and Knight (1986) 
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for Corbicula fluminea from the Delta: PRwt milliliters (mL) per milligram (mg) of ash free dry mass 
(AFDM) per hour (hr) (mL (mg AFDM)−1 hr−1)=0.4307 e0.1113(temp), valid for temperatures between 16 
and 30 °C. Pumping rate for each individual is calculated as PR (L d−1) = (PRwt) (AFDM). Calculated 
pumping rates were converted to grazing rates assuming a maximum effect of a concentration boundary 
layer (CBL) by decreasing pumping rate using the refiltration relationship, nmax=3 (s(d0)-1)-1 derived by 
O’Riordan and others (1995) for a similar bivalve (Venerupis japonica, a bivalve with similar pumping 
rates [≈8 mL mg−1 hr−1] as Corbicula fluminea). 

Data Analysis 

Data were analyzed and geographic plots were made using the analysis program Tableau 9.0 
(http://www.tableau.com/). Data are shown in graphs (figs. 2–156) as well as listed in appendixes 1–20. 

Results 
We begin by showing median biomass, grazing rate, and recruitment for each monitoring station 

(fig. 1) for the period before and after Potamocorbula invaded, when the bivalve presence greatly 
changed in the north San Francisco Bay and Delta. Median biomass prior to 1987 was mostly 
concentrated in the central and southern Delta in Franks Tract and Old River (fig. 2) and consisted 
entirely of Corbicula. Biomass distribution shifted after Potamocorbula invaded in1987, and after some 
stations were dropped in 1995 (D19C, D11, and D4C), others were started in 1996 (D41A, D41C, D6, 
8.1, D16, D24, C9, and P8). There is much higher biomass in Suisun Bay now, than seen in the decade 
before (fig. 3), which is a function of Potamocorbula invading and the addition of new stations to 
northern San Francisco Bay. A new station on the Sacramento River (D24) revealed that Corbicula 
arefound in large numbers on that section of the river, whereas the two stations added on the San 
Joaquin River at the same time had much smaller populations of Corbicula than were seen in either the 
Delta or the Sacramento River stations. Grazing rate is a nonlinear function of biomass, particularly 
when the biomass is large, but figures 4 and 5 show median grazing rate patterns similar to those 
displayed by median biomass. We observed no relation between the median number of recruits and 
biomass for either bivalve (figs. 6–7). 

We summarize the temporal variability of Corbicula and Potamocorbula in the Bay and Delta 
by examining time series of biomass, grazing rate, recruit density, and average length of bivalves in 
samples from 15 monitoring stations (fig. 1). We will focus on how Potamocorbula and Corbicula 
biomass and grazing rate at a specific location vary seasonally and interannually. We will also examine 
variability and trends, if visible, in successful recruitment and growth of these bivalves. We define 
recruitment for our purposes as any bivalve ≤ 2.5 mm in length. Data have been broken down into 
sections where visible breaks in the data can be observed (that is, the introduction of Potamocorbula in 
1987, massive floods of water in 1996, and the POD in 2004); this will allow the reader to see the data 
in more detail. These ecological events or breaks correspond to potential changes in bivalve biomass, 
grazing rate, and recruitment. We briefly describe what distinguishes the populations at each station and 
then summarize general patterns that we have observed in the following sections. 

Biomass 
We examine how Potamocorbula and Corbicula biomass changed over time as well as 

seasonally (figs. 8–44). Biomass at most sites in San Francisco Bay and the Sacramento-San Joaquin 
Delta averaged at least 5 grams per square meter (g m-2), with the highest average Corbicula biomass 
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over the entire period being observed north at D24 (Rio Vista) and in the central Delta (table 2). The 
highest average Potamocorbula biomass was in Suisun Bay. 

Potamocorbula Biomass 
D6 (Carquinez Strait, on shelf, fig. 8)—There was no clear seasonal pattern, although most peaks 
occurred in spring, summer, and (or) fall, and minimum biomass occurred in winter of most years. 
D41A (San Pablo Bay, shoal, figs. 9–11)—Biomass was seasonal with high biomass in late 
summer/early fall (August–October) until 2004. Potamocorbula biomass remained low from 2004–
2010, when high seasonal biomass returned in the fall of 2010 and continued through 2012. The 
biomass plot of 2013 shows the population in decline again with a small peak in biomass and the 
population disappearing earlier than in the previous three years. 
D41C (San Pablo Bay, deep, figs. 12–13)—Seasonal trends in biomass were present, with high 
biomass in late summer and early fall for the first three years until 1999. Potamocorbula biomass rarely 
recovered to those high levels seen in the earlier years except in 2006. 
USGS 8.1 (Carquinez Strait, deep, figs. 14–16) —Early in the Potamocorbula invasion, this station 
had extremely high biomass, which leveled out after 1990. Since then, the pattern has been mixed. 
When biomass peaks occurred, they seemed to do so in late spring and (or) late fall. Minimum biomass 
values occurred most often in December and January. 

Corbicula Biomass 
C9 (southern Delta, figs. 17–18)—Biomass peaks were high the first four years and declined after 1999 
with the only exception being one month in 2001. Although the biomass was lower after the first 4 
years, the baseline moved upward in 2009 (that is, there were very few zeros and never any zeros for 2 
consecutive months). The baseline may have been declining at the end of 2013. 
D16 (San Joaquin River near Franks Tract, figs. 19–20)—Biomass patterns differed before and after 
2002. Peaks in biomass prior to 2002 were 5–10 times higher than those observed after 2002. 
D19 (Franks Tract, figs. 21–22)—Peak Corbicula biomass usually fell between 40 and 60 g m−2 with 
the exception of 1986. The baseline shifted upward during 1986 and stayed elevated through the end of 
the sampling in 1995. 
D24 (Sacramento River upstream of Rio Vista, figs. 23–24)—Corbicula biomass was mostly 
seasonal, with peaks in late spring or early summer in most years with an additional peak in late fall of 
some years. The biomass increased after 2002, and both the peaks and the baseline steadily increased 
between 2006 and 2013. 
D28 (Old River, middle Delta, figs. 25–28)—D28 is one of the longest sampled stations, and the 
biomass was quite variable but mostly peaked at > 50 g m-2 until 2002. Prior to that time, any decrease 
was followed by a bounce back to prior biomass levels. After 2002, the biomass values never returned 
to their previous levels. 
P8 (San Joaquin River near Rough and Ready Island, figs. 29–30)—Biomass was low throughout 
the entire study period at this station with the exception of 1997, a wet year. 

Overlap Biomass (Stations Where Corbicula and Potamocorbula Co-Occur)  
D4C (Collinsville, center of channel near the confluence of Sacramento and San Joaquin Rivers, 
figs. 31–32)—Corbicula biomass peaked between 1985 and 1989. Corbicula biomass then decreased 
after 1989 and remained relatively low through 1995 when DWR discontinued sampling. 
Potamocorbula had a small (< 10 g m-2) but persistent biomass presence beginning in 1987. 
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D4L (Collinsville, left side of channel near the confluence of Sacramento and San Joaquin Rivers, 
figs. 33–36)—D4L is one of the stations that has been sampled the longest (1977 to present). Corbicula 
biomass was low through 1996, increased briefly through 2001, and then declined in 2002. From 2005, 
peak biomass was low, but the baseline shifted upward, a trend that persisted through 2013. 
Potamocorbula biomass was low throughout the study period with the exception of 1993–1994, when 
biomass was elevated for short time periods. 
D4R (Collinsville, right side of channel near the confluence of Sacramento and San Joaquin 
Rivers, figs. 37–38)—Corbicula biomass was low throughout the sampling period. Potamocorbula 
biomass was low from 1987–1990 then dramatically increased from 1991–1994. 
D7 (shoals of Grizzly Bay, figs. 39–42)—Corbicula biomass was high from 1984–1987, and then 
Corbicula essentially disappeared after Potamocorbula invaded. Potamocorbula biomass showed strong 
seasonal peaks in fall throughout the study period with biomass minima occurring in late winter/early 
spring of every year. The regular seasonal pattern did not stabilize until after the 1987–1992 drought. 
Potamocorbula peak biomass was lower during wet years. 
D11 (Sherman Lake, figs. 43–44)—Corbicula biomass was low from 1977–1989 and then showed an 
upward trend through the end of the sampling period which ended in 1995 for this station. Annual 
increases occurred in Corbicula biomass in the spring from 1990–1995. Potamocorbula biomass was 
low throughout the sampling period. 

Biomass Summary 
Potamocorbula biomass was low in winter at all locations and near zero in the shallow San 

Pablo Bay station in winter. The Potamocorbula biomass at shallow stations consistently peaked in 
summer and fall, but there was no consistent peak season in the deep stations. Corbicula had a much 
less consistent seasonal biomass pattern than Potamocorbula. However, some interannual patterns were 
consistent between stations. Corbicula biomass at three stations declined after 2003 (C9, D16, and 
D28). The Franks Tract (D19) Corbicula biomass had a baseline shift up (that is, all values were > 0) in 
1985 until DWR ceased sampling the station in 1995. Two other stations showed a similar increase in 
baseline but at different times; D24 shifted up after 2007, and D11 shifted up in 1991. 

Grazing Rate 
Grazing rates (figs. 45–81) have the same basic patterns as biomass, and the same descriptions 

and conclusions that we applied to biomass can be applied to grazing rate data. Grazing rate has a 
nonlinear relationship with biomass; high biomass will have lower grazing rates than might be expected 
owing to the formation of the concentration boundary, which is stronger with higher bivalve abundance 
and biomass. The concentration boundary layer, as explained earlier, decreases the effectiveness of the 
bivalves’ feeding and reduces grazing rates. The pumping rate is a function of temperature, so grazing 
rates tend to be lower in winter months than one would expect if the relationship with biomass were 
linear. In this case, the lower temperatures slow down the pumping rate, resulting in lower grazing rates.  

Potamocorbula’s pumping rates are about four times higher than Corbicula’s pumping rates. At 
the stations where the two bivalves overlap, the strength of feeding rate relative to biomass for the two 
species is affected (see figs. 68, 70, 74, and 76). Potamocorbula biomass can be about 25 percent of 
Corbicula’s biomass and have a similar grazing rate as Corbicula. 
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Recruitment 
Potamocorbula’s seasonal recruitment changed with station location. Corbicula’s recruitment 

showed less of a seasonal trend; recruitment occurred throughout the year with an occasional peak in the 
spring. We will define recruitment as any bivalve ≤ 2.5 mm in length. 

Potamocorbula Recruitment 
D6 (fig. 82)—Recruitment peaked in summer/early fall except during the wet year 2011, when 
recruitment was smaller and delayed to late fall. During dry or critically dry years on the Sacramento 
River (table 3), recruitment increased by as much as nine times that observed during other water years. 
D41A (figs. 83–85)—Recruitment occurred in late spring/summer. Recruit abundance was very low in 
2004–2009; recruits returned in 2010–2012. Recruitment in the wet year 2011 was seasonally 
anomalous with the peak occurring in fall. 
D41C (figs. 86–87)—Recruitment was annual and peaked in spring/summer until 2001, when the 
number of recruits declined, and did not recover until 2006, when there was a small peak in spring. 
8.1 (figs. 88–90)—This station is in the middle channel of Carquinez Strait, where current velocities are 
high and recruitment could be strongly influenced by the hydrodynamics. The only year with > 100 
recruits during the initial 10 years of the study was 1992. There were then major peaks in recruitment in 
fall 1999 and spring 2000 and again in fall and winter 2006. 

Corbicula Recruitment 
C9 (figs. 91–92)—Corbicula recruits were observed in most months. The most frequent season of peak 
recruitment was spring, followed by fall. The largest numbers of recruits occurred in both a wet year 
(1996) and a dry year (2002). 
D16 (figs. 93–94)—Recruits were present in most samples in this San Joaquin River channel station. 
Recruits were present through 2002 and peaked at different times of the year. Recruit abundance then 
declined and did not increase again until 2009, when we saw a small fall peak that reoccurred through 
2013. 
D19 (figs. 95–96)—Corbicula recruits were present for prolonged periods in many years, particularly 
before 1986. The number of recruits was lowest at the end of the drought, 1991–1994, and rapidly 
increased in 1995. 
D24 (figs. 97–98)—Corbicula recruitment decreased after 2002, when recruits became less abundant.. 
No consistent seasonal pattern was evident during any period, with recruits occurring equally in spring, 
summer, and fall of some years (for example, 2000). 
D28 (figs. 99–102, note the change in scale on vertical axes)—Recruit abundance is normal to high 
relative to other stations. Corbicula recruitment occurred in the spring/summer, with the most abundant 
recruitment years being 1982, 1989, and 1990. The abundance of recruits was lower in 1984–1988 and 
1994–2013 relative to the periods of maximum abundance. 
P8 (figs. 103–104)—Recruit abundance peaked in late winter/early spring and fall of most years. The 
recruit abundance was similar to that observed at C9. 

Overlap Recruitment (Stations Where Corbicula and Potamocorbula Co-Occur) 
D4C (figs. 105–106)—Corbicula recruitment peaked in spring and fall until 1986. Potamocorbula 
recruits appeared in late summer/fall of 1987 and again in 1991, after which neither bivalve had 
significant numbers of recruits. 
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D4L (figs. 107–110)—D4L is one of the longest-term monitoring stations. Corbicula recruits peaked in 
spring through 1987. Potamocorbula recruits appeared in summer 1988, and Corbicula recruit 
abundance declined with small peaks in 1990 and 1996. Corbicula recruit abundance increased from 
1996–2013 but never to the sustained levels seen in the 1980s. Potamocorbula recruits were visible in 
fall of most years but in low abundance; highest Potamocorbula recruit abundance was in their first year 
of the invasion, 1987. 
D4R (figs. 111–112)—Corbicula recruits at D4R, which is on the opposite side of the channel from 
D4L, had an interannual pattern similar to that seen at D4L but with fewer recruits. Potamocorbula 
recruit abundance was higher, started at the same time in 1987, but was more consistent than at D4L 
until 1993, when recruits at both stations declined. 
D7 (figs. 113–116)—Corbicula recruitment was low except in 1984. Potamocorbula recruitment 
occurred in late summer/early fall beginning in 1987. Recruitment greatly increased in the summer of 
2006, 2008, and 2009, and again in the spring of 2013. 
D11 (figs. 117–118)—Corbicula recruits were present through most months with the exception of 1993 
and 1994. Recruit abundance peaked in spring and fall, and the largest recruit abundance occurred in 
two drought years, 1990 and 1991. No Potamocorbula recruits were present. 

Recruitment Summary 
Potamocorbula recruitment occurs anytime between spring and fall, with bivalves at the most 

downstream stations in San Pablo Bay recruiting in spring and animals at the most upstream stations 
recruiting in fall. The bivalves at the stations between these endpoints recruit in (1)spring or (2) summer 
and fall (Carquinez Strait), or in some combination of two of those three seasons in Grizzly Bay. The 
shallow station in San Pablo Bay (D41A) had the highest peak recruit abundance (2,000 recruits/0.05 m2 
in the year 2000). The smallest recruit abundance, at a location where adults were found, was in 
Sherman Lake, where we found no recruits. San Pablo Bay shallow water Potamocorbula recruitment 
stopped after 2002 and did not restart until 2010, reflecting the declining and absent Potamocorbula 
biomass during those years at that station. The few locations where Potamocorbula and Corbicula 
overlapped show recruit abundance opposing each other, with Potamocorbula recruits peaking during 
the more saline time of year and the Corbicula recruits peaking during the periods with lower salinities. 

Corbicula were mostly present throughout the year with some peaks in abundance, but the 
patterns were not seasonally consistent at any station. The highest recruit abundance occurred at D28 on 
Old River (1,200 recruits/0.05 m2), and the lowest recruit abundances were at C9 in the south Delta at 
Clifton Court and at P8 on the San Joaquin River upstream of Stockton. Many stations showed a 
reduction in the volatility of recruit abundance; the high peaks were absent at D28 after 1993, after 1985 
at D4C, and after 1987 at D4L and D4R. 

Mean Size 
The final parameter we examined was the mean size of the clams at each station over time. The 

mean size can change with an influx of juveniles, the mortality of an older year class, or the lack of 
recruitment but continual growth of the previous year classes. We therefore expect the size to be 
dynamic. Potamocorbula also live for at most 3 years, whereas Corbicula can live 5 years, which makes 
the average size range of Potamocorbula potentially more dynamic. 



  11 

Potamocorbula Mean Size 
D6 (fig. 155)—Average size declined coincident with recruitment. The 2011 data reflect a mean size of 
a population not diluted by spring recruits in that year. Prior to the recruitment in September 2011, the 
mean size of the population was about 9 mm. 
D41A (figs. 120–122)—Unlike D6, this San Pablo Bay station had a distinct 1-month recruitment 
period, and this resulted in a regular pattern in mean size. Peaks were seen in fall in the 6–8 mm range in 
years when recruits were observed. Mean size varied greatly in years with low population abundance 
(1994–1995, 2002–2009). 
D41C (figs. 123–124)—Individuals were very large at this deep-water station, with animals exceeding 
10–12 mm some years. 
8.1 (figs. 125–127)—Recruitment at this deep-water station was very low and uneven between years; 
the average size reflects that variability. The mean size in some years fluctuated around the 4–6 mm 
range (1999–2003) and was > 10 mm in other years. 

Corbicula Mean Size 
C9 (figs. 128–129)—Maximum mean size of Corbicula was > 25 mm in 1996–1997 but declined 
thereafter until the mean size was < 10 mm from 1999–2007. The mean size then began to increase in 
2008 and was over 20 mm by 2012. 
D16 (figs. 130–131)—Mean size peaked in the > 10 mm range through 2010. The sizes declined from 
2011–2013, when recruitment (fig. 94) began to appear every year. 
D19 (figs. 132–133)—Mean size steadily increased from the 4–6 mm range from 1981 through 1983 to 
a peak of > 16 mm in 1986 and 1987. The mean size declined after 1987 but never returned to the 
smaller sizes that observed at the beginning of the record in the early 1980s. 
D24 (figs. 134–135) —Mean size decreased after 1998 from > 10 mm to a 4–6 mm range until 2006, 
when the average size began to increase and then maintained an annual mean peak size of > 12 mm after 
2006. 
D28 (figs. 136–139) —In a pattern similar to D19 before 1996, individual mean size increased from 10 
mm in 1981 to 15–20 mm in 1984 through 1987. Thereafter, the maximum mean size was mostly ≈10–
15 mm until 2002–2013, when it declined to < 10 mm. 
P8 (figs. 140–141) —Animals were small at this station, with most annual maxima < 5 mm except for 
brief eruptions in 1997–1998, 2009, and 2012. 

Overlap Mean Size (Stations Where Corbicula and Potamocorbula Co-Occur) 
D4C (figs. 142–143)—The maximum mean size of Corbicula increased from 10–15 mm before 1985 to 
> 20 from 1985 through 1995. Potamocorbula was quite large in most years at this station (> 10 mm) 
except in 1990. 
D4L (figs. 144–147)—As in the mid-channel station, the mean size of Corbicula was small (< 5 mm) 
until 1986, after which they were at least 10 mm. A strong seasonal pattern seen in most years 
disappeared in 2006 and continues through the present at this station. Potamocorbula mean size was 
very dynamic with large animals (15 mm and larger) in 1994 and 1996–1997. Potamocorbula showed 
the seasonal pattern we have seen downstream since 2007, with peak sizes occurring in summer and fall 
and minimum sizes in winter and spring. 
D4R (figs. 148–149)—Corbicula mean size was small (< 10 mm) until 1987, when the population size 
became more dynamic, with maximum mean size exceeding 20 mm in several years. Potamocorbula 
mean size was also large (> 10 mm) at this station except in 1991–1992, when it was < 10 mm. 
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D7 (figs. 150–153)—Corbicula was present until Potamocorbula came into Grizzly Bay in 1987. 
During that time, the mean size steadily increased from 1984 to 1987, where it reached a maximum of 
25 mm. Potamocorbula was less variable, and the mean size stayed under 10 mm with few exceptions. 
D11 (figs. 154–155)—Corbicula mean size was consistently < 5 mm until 1992, when the individuals 
increased in size (> 15 mm). Corbicula stayed large until 1995, when they declined to about 10 mm. 
Potamocorbula was variable and had no consistent pattern. 

Mean Size Summary 
Both clams reached a peak size in late summer/early fall and never got above a certain size 

depending on location. The data show that the mean size has decreased over the years, and the size 
distributions throughout the Delta are now skewed toward small or young Corbicula (< 10 mm). The 
mean size of Potamocorbula was skewed toward the small, or young, with sizes in the range of 2–8 mm. 
The mean size of Potamocorbula increased from spring to fall and decreased in winter. A similar 
generalization is not possible with Corbicula because seasonal patterns in size varied depending on 
station location. Station D24 on the Sacramento River was the only location with an increase in 
Corbicula mean size over the sampling period. 

The largest mean sized Potamocorbula were in the channel areas, where sizes of 15 mm were 
common at stations D41C, 8.1, and D6. Sizes in excess of 15 mm occurred at all three D4 stations in the 
mid-1990s. The average size of Potamocorbula in the shoals was ≈5–7 mm in most years in Grizzly Bay 
(D7) and San Pablo Bay (D41A), with an increase to > 10 mm at D7 in the wet years. 

The largest mean sized Corbicula occurred in the southern Delta (C9 ≈25 mm in 1996–1997 and 
2012–2013), and the smallest average sizes were observed in the San Joaquin River (P8 and D16). The 
bivalves at the upriver Sacramento River station (D24) and in the southern Delta (C9) showed similar 
interannual patterns in average size, although the animals at C9 were consistently larger than those at 
D24 were. Bivalves were largest in 1996–1997. The bivalves in Franks Tract (D19) and those in the Old 
River (D28A) south of Franks Tract were also similar in size and in interannual patterns. 

At the few stations where Potamocorbula and Corbicula overlap, it appears that they do not 
hinder each other’s growth. Both bivalves have large animals at D4, where Corbicula size increased 
coincident with the presence of Potamocorbula in 1987. Corbicula were observed in wet years prior to 
Potamocorbula’s invasion at D7 and were capable of growing to significant size in wet years (> 20 mm 
in 1986). 

Our Questions 

How do Potamocorbula and Corbicula populations at a specific location respond to seasonal and 
interannual changes in salinity? How does salinity variability influence successful recruitment of these 
bivalves? 

The conceptual model for the distribution of Corbicula and Potamocorbula is based on the 
physiological salinity limits of the recruits (Potamocorbula ≥ 2, Corbicula ≤ 2) and the adults 
(Potamocorbula > 0, Corbicula < 10) of each species. We use X2 to demonstrate where a salinity of 2 is 
most likely to occur during the study period with the stations designated on the figure to show their 
position in X2 space (fig. 156). Because X2 is not a specific location but rather a representation of a 
range of locations over a tidal cycle, we expect the relationship between X2 position and clam 
distribution to be approximate. Starting at the most down bay station, we see that Potamocorbula in San 
Pablo Bay appear to have not been limited by salinity since their arrival (fig. 156), and it is doubtful that 
Corbicula could live in this saline environment. Similarly, adult Potamocorbula were not likely to be 
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limited by salinity at the Carquinez Strait stations (8.1 and D6), although there were short periods in 
1995 and 2006 when the water may have been too fresh for the recruits. The salinity was sufficiently 
low in the 1980s at the Grizzly Bay station (D7) to support Corbicula, but despite the low salinities in 
1995, 1996, 2006, and 2011, we did not see Corbicula settle at this station , so something other than 
salinity may be limiting their success . The salinities were likely in the range that Potamocorbula adults 
could adjust after the species invaded in 1986. Recruits, however, were limited to the fall during the 
nondrought years (figs. 40–42); salinities were frequently < 2 in spring in nondrought years. The 
stations at Collinsville (D4R, D4C, and D4L) were at the border of the distribution of the two species 
for most of the study. Corbicula and Potamocorbula adults and recruits appeared and disappeared with 
changing freshwater flow and therefore with the position of X2. Corbicula was consistently present 
prior to Potamocorbula’s arrival and had not regained its dominance by 1996, despite the low salinity 
years 1995–1996, when two of the stations were discontinued. Potamocorbula settled and grew during 
the 1987–1992 drought in the shoals (D4R and D4L) adjacent to the channel but had a limited 
appearance at the mid-channel station (D4C). Sampling at D4L was continued and, despite many low 
flow years after 1998 (fig. 156) that moved X2 up stream, Potamocorbula never regained the biomass 
seen in the 1980s. Corbicula, however, developed a more consistent and persistent biomass presence 
(figs. 32–38). Salinity did not control distribution at the remaining stations in the Delta because the 
water at these stations was mostly fresh throughout the study. 

Is the magnitude of the grazing rate such that we would expect the feeding of the bivalves to limit 
seasonally the biomass of phytoplankton, copepods, bacteria, and microzooplankton? 

Limits on phytoplankton and zooplankton biomass by bivalve grazers is a function of a number 
of factors that control bivalve grazing rates, such as biomass, density of bivalves, and temperature, 
which can change pumping rate. Limits on phytoplankton growth rate include bivalve grazing rate, 
water depth, turbidity, residence time of the water column, and nutrients (Lucas and Thompson, 2012). 
Water depth determines the availability of pelagic food sources to bottom feeders because water column 
mixing and turnover is more frequent in shallow water. Residence time of the water column establishes 
how long the phytoplankton have to grow and be grazed before they are transported elsewhere; 
residence times in the channels or on the edge of channels in this tidal system are likely to be the 
shortest. Therefore, the locations where we would expect the bivalves to have the most influence are in 
shallow areas with relatively long residence times. We use the grazing rate turnover rate (GRTO/day, 
table 2), which is the ratio of grazing rate to water depth, to examine this dynamic. A phytoplankton 
doubling time of 3.5 days is reasonable for the northern estuary (Jassby, 2008), and thus any grazing 
rate that exceeds that rate, which is equivalent to a coupling rate of ≈0.2/day, has the potential to reduce 
the phytoplankton biomass given sufficient light and long enough residence time. The channel areas 
rarely meet the light requirements for phytoplankton growth because of high turbidity and low light, 
conditions which result in high respiration rates (Cloern and others, 1985). The channel location depths 
in this dataset are all greater than about 5 m (stations 8.1, D24, D4C, and D41C), and we will assume 
that factors other than bivalve grazing are first order controls on phytoplankton growth at these 
locations. The two stations on either side of D4C (D4R and D4L) are on the channel edge and unlikely 
to have a long enough residence time to be effective plankton growth areas, although they could reduce 
zooplankton to some unknown degree. Of the remaining stations, those with average water column 
turnover rates equal to or greater than the phytoplankton doubling rate include C9, D16, D19, D28, and 
D11 (locations with Corbicula), and also D41A, D6, and D7 (locations with Potamocorbula). Grazing 
rates that will result in no net phytoplankton growth given the water depths of each station (table 1) 
range from > 0.3 to > 0.9 m3m−2d−1. If we look at the grazing rate graphs in figures 47–81 and 
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conservatively estimate that a grazing rate > 1 m3m−2d−1 is likely to limit phytoplankton biomass, we see 
that there are periods when this is true at all stations. The two stations (D41A and D7) that are likely to 
have the most favorable conditions for phytoplankton growth (long residence time, shallow water, and 
good light) also had high grazing rates most of the time from Potamocorbula. The San Pablo Bay 
shallow station (D41A) has high bivalve grazing rates during the summer and fall periods through 2002, 
with the Potamocorbula population essentially disappearing each winter and spring. A very similar 
pattern occurred in Grizzly Bay (D7), but the winter/spring low grazing rate periods are shorter, and in 
most cases grazing rates were greater than zero. In both of these bays, we would expect to see 
phytoplankton biomass accumulate most frequently in the winter/spring period. Corbicula and 
Potamocorbula are concurrently present at D4L and D4R, which are on the edges of the main channel. 
Although neither site is likely to have high enough residence time to support phytoplankton growth, the 
bivalves on the right side of the channel (D4R) in particular had very high grazing rates in the 1990s and 
may have been significantly grazing some zooplankton biomass. The bivalves on the left side of the 
channel (D4L) have been variable, with Corbicula having sufficient grazing rates to reduce pelagic food 
resources from the mid-1990s until present. The grazing rates at D4 are certainly sufficient to reduce 
microzooplankton from the water column. The other two embayments with potential for phytoplankton 
growth were Franks Tract (figs. 57–58), where grazing rates > 1 m3m−2d−1 for several months of every 
year until sampling at this station was discontinued in 1995, and Sherman Lake, where the smallest 
bivalve populations found in an embayment occurred. In Sherman Lake, Potamocorbula and Corbicula 
were both present, but grazing rates for both were too low most of the time. The remaining stations are 
likely to have low residence times because of their location in channels. We have chosen to comment on 
these stations because (1) they are shallow enough that benthic grazing could affect the pelagic system 
and, in particular, microzooplankton and (2) all of these stations have shown a shift in grazing 
magnitude at the same time. The San Joaquin River station near Jersey Point (D16) had quite high 
grazing rates in 1996–2002, and the rates were usually well above the 1 m3m−2d−1 threshold. However, 
sometime between the 2003 period, when we do not have samples, and 2005, the grazing rate dropped 
to near zero. At this grazing rate, the bivalves at this station are unlikely to affect any portion of the food 
web with their filter feeding. We saw a similar change in grazing rate at D28 on the Old River and at C9 
near Clifton Court. Corbicula grazing rates were well in excess of the threshold at both of these 
locations until 2005, and the grazing rate has exceeded the threshold only a few periods since 2005. The 
station near Stockton (P8) on the San Joaquin River had a similar but less dramatic shift in grazing rates 
in 2002. 
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Figure 10. Graph showing Potamocorbula amurensis biomass at station D41A from 1996–2003. For station 
locations refer to table 1. 

 

 
 
Figure 11. Graph showing Potamocorbula amurensis biomass at station D41A from 2003–2013. For station 
locations refer to table 1. 
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Figure 12. Graph showing Potamocorbula amurensis biomass at station D41C from 1996–2002. For station 
locations refer to table 1. 

 
 
Figure 13. Graph showing biomass at station D41C from 2004–2013. For station locations refer to table 1. 
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Figure 17. Graph showing Corbicula fluminea biomass at station C9 from 1996–2002. For station locations refer 
to table 1. 

 
 
Figure 18. Graph showing biomass at station C9 from 2004–2013. For station locations refer to table 1. 

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

1996 1997 1998 1999 2000 2001 2002

gr
am

s/
m

2 
(B

io
m

as
s)

  

Year 

Corbicula

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

gr
am

s/
m

2 
(B

io
m

as
s)

 

Year 

Corbicula





  30 

 
 
Figure 21. Graph showing biomass at station D19C from 1978–1986. For station locations refer to table 1. 

 
 
Figure 22. Graph showing biomass at station D19C from 1986–1995. For station locations refer to table 1. 
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Figure 25. Graph showing biomass at station D28 from 1976–1986. For station locations refer to table 1. 

 
 
Figure 26. Graph showing biomass at station D28 from 1986–1996. For station locations refer to table 1. 
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Figure 27. Graph showing biomass at station D28 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 28. Graph showing biomass at station D28 from 2004–2013. For station locations refer to table 1. 
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Figure 45. Graph showing grazing rate at station D41A from 1987–1996. For station locations refer to table 1. 

 
Figure 46. Graph showing grazing rate at station D41A from 1996–2003. For station locations refer to table 1. 

 
Figure 47. Graph showing grazing rate at station D41A from 2003–2013. For station locations refer to table 1.  
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Figure 55. Graph showing grazing rate at station D16 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 56. Graph showing grazing rate at station D16 from 2004–2013. For station locations refer to table 1. 
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Figure 57. Graph showing grazing rate at station D19C from 1978–1986. For station locations refer to table 1. 

 
 
Figure 58. Graph showing grazing rate at station D19C from 1986–1995. For station locations refer to table 1. 
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Figure 59. Graph showing grazing rate at station D24 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 60. Graph showing grazing rate at station D24 from 2004–2013. For station locations refer to table 1. 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

1996 1997 1998 1999 2000 2001 2002

m
3/

m
2/

da
y 

(G
ra

zin
g 

Ra
te

) 

Year 

Corbicula

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

m
3/

m
2/

da
y 

(G
ra

zin
g 

Ra
te

) 

Year 

Corbicula



  49 

 
 
Figure 61. Graph showing grazing rate at station D28 from 1976–1986. For station locations refer to table 1. 

 
 
Figure 62. Graph showing grazing rate at station D28 from 1986–1996. For station locations refer to table 1. 
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Figure 63. Graph showing grazing rate at station D28 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 64. Graph showing grazing rate at station D28 from 2004–2013. For station locations refer to table 1. 
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Figure 65. Graph showing grazing rate at station P8 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 66. Graph showing grazing rate at station P8 from 2004–2013. For station locations refer to table 1. 
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Figure 83. Graph showing recruitment at station D41A from 1987–1996. For station locations refer to table 1. 

 
 
Figure 84. Graph showing recruitment at station D41A from 1996–2003. For station locations refer to table 1. 

 
 
Figure 85. Graph showing recruitment at station D41A from 2003–2013. For station locations refer to table 1. 
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Figure 88. Graph showing recruitment at station 8.1 from 1988–1996. For station locations refer to table 1. 

 
 
Figure 89. Graph showing recruitment at station 8.1 from 1996–2003 For station locations refer to table 1. 
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Figure 93. Graph showing recruitment at station D16 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 94. Graph showing recruitment at station D16 from 2004–2013. For station locations refer to table 1. 
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Figure 101. Graph showing recruitment at station D28 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 102. Graph showing recruitment at station D28 from 2004–2013. For station locations refer to table 1. 
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Figure 119. Graph showing mean size at station D6 from 2007–2013. For station locations refer to table 1. 
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Figure 132. Graph showing mean size at station D19C from 1978–1986. For station locations refer to table 1. 

 
 
Figure 133. Graph showing mean size at station D19C from 1986–1995. For station locations refer to table 1. 
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Figure 134. Graph showing mean size at station D24 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 135. Graph showing mean size at station D24 from 2004–2013 For station locations refer to table 1. 
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Figure 136. Graph showing mean size at station D28 from 1976–1986. For station locations refer to table 1. 

 
 
Figure 137. Graph showing mean size at station D28 from 1986–1996. For station locations refer to table 1. 
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Figure 138. Graph showing mean size at station D28 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 139. Graph showing mean size at station D28 from 2004–2013. For station locations refer to table 1. 
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Figure 152. Graph showing mean size at station D7 from 1996–2002. For station locations refer to table 1. 

 
 
Figure 153. Graph showing mean size at station D7 from 2004–2013. For station locations refer to table 1. 
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Appendixes 

Potamocorbula amurensis and Corbicula fluminea data are shown in the following units:  
Biomass—grams ash-free dry mass/square meter (g/m2), a biomass of ≥ 5 g/m2 is considered high 
Grazing rate (GR)—cubic meter per square meter per day (m³/m²/d) 
Recruitment—number of bivalves ≤ 2.5 millimeters in length per square meter (#/m2) 
Mean size—mean length of bivalve in millimeters (mm) 
Number of grabs per sample—number of archived samples used in data analysis 
N/D means no data was found. 

 










































































































































































































































