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ABSTRACT f

Corbicula fluminea was studied in the Delta-Mendota Canal, California from September v
1972 through November 1974. Clams inhabit thin incrustations on the concrete side-lining and .
disjunct sediment bars on the Cana! bottom. Densities in the sediment bars typically are .
10.000-20,000 clams/m?. Two peaks (spring and late summer-fall) in spawning activity result e
in the appearance of two size classes annually. Larvae are brooded about one month and are L
released as pediveligers or juveniles. The side-lining incrustations are produced by the tube-
building amphipod, Corophium spinicorne, and the colonial hydrozoan, Cardylophora lacus-
tris. and are the principal habitat for recently set clams. The sediment bars are seasonally
unstable and are an unfavorable habitat for larvae and small juveniles. These stages are initially
recruited to the side-lining incrustations and secondarily recruited to the bottom as they reach
lengths of 4-12 mm. Clams in bottom sediment bars attain lengths of over 40 mm and live at
least into their fourth year. Growth of C. fluminea is restricted to the months between March
and October when water temperatures are above 14°C. The high densities observed in the
sediment bars appear to result, at least in part, from hydraulic accumulation.
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POPULATION DYNAMICS OF
THE ASIATIC CLAM,
Corbicula fluminea (MULLER), IN THE
CONCRETE-LINED DELTA-MENDOTA CANAL OF
CENTRAL CALIFORNIA

LARRY L. ENG

INTRODUCTION

The Asiatic clam, Corbicula fluminea (Muller) (C. manilensis of recent
authors) has successfully invaded western, southern and eastern United
States during the last forty years (Sinclair, 1971). Evaluation of its eventual
impact in both human and biological terms has been limited historically by
ignorance of its biology. Published accounts typically rely heavily on biolog-
ical studies of the genus in Asia (Sinclair and Isom 1963; Sinclair 1971)
which may not be directly applicable to populations in the United States.
Knowledge of the biology and population dynamics of the Asiatic clam in
this country remains patchy and largely unknown. ‘

Corbicula fluminea appears to thrive in highly modified or man-made
habitats such as the large concrete-lined canals of central and southern
California (Ingram, 1959; Hanna, 1966). The Delta-Mendota Canal (DMC),
one of the larger canals in the U.S. Bureau of Reclamation’s Central Vailey
(California) Project, has supported dense populations of C. fluminea since
shortly after it began operation in 1951 (Prokopovich, 1968). These Cor-
bicula populations, reaching 10,000 to 20,000 clams/m?, were considered
instrumental in the biodeposition of extensive sediment bars which reduced
delivery capacity and required expensive dewatering and dredging operations
(Prokopovich and Hebert. 1964: Prokopovich. 1969).

Previous data on C. fluminea in the DMC were collected incidental to
geologic studies of DMC sediments during periodic winter dewaterings
(Swain and Prokopovich, 1969; Prokopovich, 1970). These studies consis-
tently indicated that the DMC was highly productive habitat for C. fluminea,
although the high frequency of empty valves in sediments led Prokopovich
{1970) to describe the canal as a ‘“‘clam cemetery’”. Data limited to winter
dewatering periods were inadequate to answer basic questions about the
biology and population dynamics of these clams. Year round information
was necessary to plan adequate procedures to minimize the fouling problems
in future DMC operations.

This study was undertaken to provide that information. A dewatering and
dredging operation during November-December 1972 enabled initiation of
sampling in ‘‘cleaned’ canal. The objectives were (1) to document the rein-
festation of the DMC by Corbicuia following the dredging operation; (2} to
contribute to knowledge of Corbicula in the United States by examining
aspects of its biology and population dynamics in the DMC; (3) to determine

%
|
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factors contributing to the high clam densities encountered in the DMC.

THE STUDY AREA -

The DMC is located on the western side of the San Joaquin Valley and
extends from the Sacramento-San Joaquin Delta near Tracy, California to
Mendota Pool on the San Joaquin River about 48 km west of Fresno (Fig. ).
The DMC conveyance system includes an unlined intake channel, the Tracy
Pumping Plant and the 182 km, mostly concrete-lined (153 km) canal. Water
is lifted about 60 m by the pumping plant and delivered through three dis-
charge tubes to the beginning of the concrete-lined section (km 5.6).

The canal is about 30.5 m wide at the top and 14.6 m at the bottom with a
maximum water depth of about 5.5 m. It has a constant slope of 0.00005 (4.7
cm/km) and a designed capacity of 130 m*/sec. Mean velocity is 1.2 m/sec.
Water level is controlled by 21 check structures which subdivide the DMC
into pools (Swain and Prokopovich, 1969).

The immediate source of DMC water is the organically productive
Sacramento-San Joaquin Delta. There are two primary components of Delta
water at the canal intake (Ball and Lentz, 1973): 1. Sacramento River water,
relatively low in total dissolved solids (TDS) and delivered via the Delta
Cross Channel (Fig. 1), predominates during high tides; San Joaquin River
water, relatively high in TDS and delivered via Grant Line Canal and Old
River, is the major component during low tides. As a rule, excursion of -
Sacramento River water by high tides results in a decrease in dissolved solids
of DMC water; whereas, excursion of San Joaquin River water at low tides
increases TDS. Canal water thus consists of several masses of different

Figure 1. The Deita-Mendota Canal and associated water systems, Central California.
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Figure 2. ypxcal sediment bar on the invert of the Delta-Mendota Canal as seen when it
was dewatered.

salinity (and productivity) with a residence time of about 2.5 days (Anon.,
1973).

Disjunct sediment bars (Fig. 2) occur on the canal bottom. These bars
constitute the primary habitat for Corbicula fluminea in the DMC. Sediment
composition is typically silt and clay (about 20% by weight), inorganic sand
with some admixtures of shell fragments and peaty debris (about 50%) and
gravel and clam valves (about 30%). Virtually all of the gravel-sized fraction
is living and relict (empty valves) C. fluminea (Prokopovich, 1973).

Biological incrustations on the concrete side-lining (slopes) between km
5.6 and 32.0 (Fig. 3) provide another habitat for Asiatic clams on the canal.
These incrustations, formed by the tube-building amphipod, Corophium
spinicorne Stimpson, and the colonial hydrozoan, Cordylophora lacustris
Allman, were usually less than 6 mm thick.

MATERIALS AND METHODS

Both the amphipod/hydrozoan incrustations on the concrete side-lining
(seven stations) and the sediments on the bottom (nine stations) were sam-
pled at four week intervals from January 1973 until the DMC was again
dewatered in November 1974. Biweekly plankton samples were taken. at
three stations to corroborate data on the frequency and duration of reproduc-
tive activity. Table 1 locates the stations by kilometer from the source and
identifies the type(s) of sample(s) collected at each.

The engineering term ““invert” will be used hearin to distinguish - the
concrete-lined bottom from the earth-lined bottom and the concrete-lined
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Figure 3. Typical side-fining station (km 6.9
panels are approximately 2.6 m square.

) exposed during dewatering. Concrete

side slopes: Invert sample sites were selected because of the historical pres-
ence of sednment bars (Prokopovich, 1968) and the proximity of bridges from
which samglmg could be accomplished. A special grab was developed to
sample the lflven sediments. Essentially a modified Ekman grab with a 30
}f]oo(dhandle in detachable ten foot sections, it is closed hydraulically with a
and operated power pack generating 800 Ibs/in?
e operal g /in* and samples a surface area
Samples were taken along a transect at on bar width, the actual humber of
samples taken at each site varied among trips from 0-5. A specific spot along
any transect was never sampled on two consecutive trips. Since clams are

- rarely found in anaerobic sediments encountered more than S-10 cm below

Zilometer Type (s) of Sample(s) Kilometer Tyoe(s) of Sample(s)
) 0.1 P 31.2 s
5.6 S 59.2 B
6.9 S 81.3 B
091 S,B 103.5 B
12.0 S 125.0 B,P
17.1 S,B 167.7 B,P -
22.5 S,B 177.2 B

Table 3. Location of stations (kilometers from DMC source at Old River) and type(s) of

sample(s) taken at each. = side-lining i -
plankton). (S = side-lining incrustations, B = bottom of canal, P =

f

e TRy
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Figure 5. Corbicula fluminea from the Delta-Mendota Canal. Clam at left is typical of
clams from earth-lined reaches. Clams in center and at right are from bottom sediments

in concrete-lined reaches.

mm and are without umbonal erosion (Fig. 5). Both live clams and relict
valves in the earth-lined reach are frequently incrusted by the freshwater
entoproct, Urnatella gracilis Leidy. __

Side-Lining Incrustation Populations

Corbicula fluminea was not present in the amphipod/hydrozoan incrusta-
tions when sampling began in January 1973; however, by fall and winter
1973-74, it had attained densities exceeding 21 clams/70 cm’ sample
(3000/m?) (Fig. 6). Populations declined during spring and by early summer
1974 ranged between 0.26 and 1.69 clams/70 cm? (37-241/m?). Clam den-
sity was rapidly increasing when the DMC was dewatered in November 1974
(Fig. 6).

The decline of these populations during spring appears to result from a
combination of physical displacement and clam behavior. During winter,
incrustations become loosely compacted and unstable. Extensive sloughing
occurs locally. Deterioration of incrustations corresponds with a winter de-
cline in the density of the colonial hydrozoan, Cordylophora lacustris (Eng,
1975). Seasonally reduced water velocity (Table 2) allows the accumulation
and persistence of less compact incrustations. Subsequent increased pump-
ing during late winter and spring removes the weakened incrustations and
associated clams from the slopes.

The concrete slope underlying the incrustations is an impenetrable barrier
to clams. Larger clams are more exposed and become increasingly vulner-
able to displacement by water current. Attempts by growing clams to remain
buried result in net downward movement with ultimate loss from side-lining
populations. This downward movement may be accentuated in autumn as
water temperature declines. Annandale et al. (1919) reported that at least one
Corbicula species, C. fluminalis, burrows deeper into the substrate during

the winter.

Slone Clams/n, 78 om'

Yo, ot
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Figure 6. 'Densit.y of Corbicula fluminea in am
concrete-lined side slopes of the Delta-Mendota Canal. Horizontal lines are sample

1973

means. Vertical lines are standard errors of th

confidence limits.

1974

phipod/hydrozoan incrustations on the

e means. Broken lines enclose 95%

w;ter Stations (km)
Date (m“/sec) 9.1 17.1 22.5 59.2 81.3 103.5 125.0
at head
1973
1/23 <1 - -
2/21 1 - - - - - - 33
Zﬁg 1 gg 4.9 0 2.1 1.8 5.8 3‘3
. 5.2 0 2.4 2.1 .
4730 119 2.1 24 0 1.8 0.6 g:g gg
/ 113 0 2.4 0 0 0 46 3.7
6/25 133 0 0 0 0 0 46 2.7
7/23 133 0.6 0 o 0 0 0 3.3
8/20 133 3.3 0 0 0 0 0 ¢
N7 116 0 €4 o0 0 0 5.2 o
lgﬁg % 3.7 &1 0 12 o0 16 4.8
. 7.3 0 1.2 o .
12/11 31 49 70 1.2 132 o & e
1974 ‘
1/08 25 6.1 82 o
. . tr [4] .
g;gg 1;:13 g.g 8.2 0 1.2 o9 gg 2'3
. 5.8 0 0 0 .
4/02 85 tr 55 0 tr 0 39 34
3730 98 0 5.2 o0 0 0 4.0 3.3
5/28 134 6 46 o0 0 o 4.0 2.7
7423 }g; g 43 0 1.2 © 5.8 1.8
46 0 tr 0 0
8/20 133 0o 3.0 a6 o
: 0 tr 0 4.6
Igﬁg »?gs o 48 0 0 0 5.2 227
10715 2 0 52 o0 0 6 3.7 3.0

Table 2. Seasonal changes in water delivery through the Delta-Mendota Canal and

width (m) of sediment bars at established stations. tr = trace.
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Invert Sediment Bar Populations

The density of Corbicula fluminea in invert sediment bars was variable
(Table 3) ranging from 0 to 4248/400 cm? sample (131,200/m?). Highest
densities were at upstream locations where small clams predominated.

A pronounced variation in the size frequency distribution of C. fluminea
occurs within the Canal. In November 1972 clams larger than about 15 mm
were relatively uncommon between the Canal head (km 5.6) and km 24.0
but dominated downstream samples (Fig. 7). By contrast, clams less than 15
mm dominated samples upstream from km 24, but with the exception of km

" 125, were virtually absent from downstream sites.

An extensive sediment bar, covering the invert to depths of from 0.3-1.0 m
between km 21 and km 24, roughly separated the reaches where small size
classes predominated from those dominated by larger clams. The length-
frequency distribution of clams at km 22.5 was intermediate between those
at upstream and downstream sites (Fig. 7). The infrequency of smaller clams
downstream suggests that clams are recruited from upstream by drift on or

. near the bottom and that the bar transecting the invert was an effective

barrier to further downstream transport.

If this hypothesis were true then elimination of upstream ‘‘barrier”’ bars
should allow recruitment of small clams throughout the Canal. Supportive
evidence was obtained during the November 1974 dewatering. No **barrier”

bars had developed during the two year period and small clams were present .

throughout the dewatered reaches (Fig. 7) while larger clams were again
uncommon at upstream sites. The disappearance of clams from Pool 1 (km
5.6-19.2) before they reach 15-20 mm implies that the entire population, at
least in this portion of the DMC, is transient. This possibility was not
considered by earlier authors (Prokopovich, 1968, 1970; Swain and Pro-
kopovich, 1969) whe attributed the paucity of larger clams in the upper
reaches to a mass mortality at about 10 mm. No evidence for size specific
mortality was observed during this study; however, ample evidence for net
downstream transport of clams and associated sediments was observed
(Eng, 1977).

Reappearance of small clams at km 125 may be explained by recruitment
through the O’Neill Forebay Canal which enters the DMC at km 111.5. This
canal, which connects the DMC with O’Neill Forebay and the California
Aqueduct system is the only juncture of the DMC with another water system
between its source in the Sacramento-San Joaquin Delta and its terminus at
Mendota Pool (Fig. 1).

The width of sediment bars at all stations fluctuated markedly during the
study and each disappeared at least once during the first year after dewater-
ing (Table 2). The stability of these bars was inversely related to the volume
of water pumped through the Tracy Pumping Plant.

Downstream movement of clams and associated sediments may occur
through bed-load transport. Bruun and Lackey (1962) describe bed-load
transport as the intermittent sliding and rolling of coarse sand and gravel

L. L. EnG 49

Station 1973 1974

N X s- N X
X S)-(

9.1 km 19 1624.89 425.0663 13 1778.15 814.6010
7.1 km 25 836.28 257.2287 39 522.10 111.222%
59'? km 11 77.63 41.0966 8 71.37 35.5029
103.5 km 27 208.1 33.7743 40 502.97 59.9518
125.0 km 34 561.82 211.5523 34 492.29 63.2669

Table 3. Mean density (#/400 cm?) of Corbi
cula manilensis in
invert of the Delta-Mendota Canal. N = number of samples. sediment bars on the

1972 1974
km 5.6

10
M]
0 —
km 9.1 20 o 8.3
= 3360 10 N = a2
204 - "
Ckm 171 20‘ y
= 678
0-

S Tkmo22.5 A VA
10

§ 0 /\,,/\/"\]54 20 1 km 21.9

& ] ] . " N =288

3 kmsg.2  °

= 4

g N= 105 0 —
10- 10 | km 59.1
04 /L 231
20 T 13 20 3 —
104 km 81.5
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10- ./\v\/\km w054 o 1054
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LENGTH (mm)

Figure 7. Length- -frequency distribution of Corbicula fluminea from different invert sites

during the 1972 and 1974 dewaterings of th
kilometers from the Canal source. o ® Delta-Mendota Canal. km = distance in
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REPRODUCTION

Spawning activity of Corbicula fluminea in the DMC peaks biannually.
Brooding occurs from mid-April through May and from mid-August through
September (Fig. 9). In 1974 the frequency of sperm-bearing clams peaked
prior to both spawning peaks; however, a third increase in sperm-bearing
clam frequency (September-October) was not followed by increased spawn-
ing activity (Fig. 9). Ova at all stages of development are present from
February through October (no data available for November-January). In the
Sacramento-San Joaquin Delta, Heinsohn (1958) found C. fluminea bearing
mature ova throughout the year. Since mature ova are apparently present
year round, it is tempting to hypothesize that, under favorable conditions,
spawning is dependent upon spermiogenesis and that seasonally declining
conditions preclude late fall spawning in the DMC. Such a hypothesis
should be testable. If it proves true, it may be possible to anticipate spawn-
ing by monitoring the frequency of sperm-bearing clams in a population.
Such predictability might be useful in coordinating control operations.

Al clams examined during the spring 1974 peak contained marsupial
larvae. During the second peak only 20% were brooding (Fig. 9). Heinsohn
(1958) reported spring and fall spawning efficiencies of 100% and 60%
respectively. By contrast, Aldridge and McMahon (1976) reported reproduc-
tive activity of Texas populations to be greater during the second (fall) peak.

Heinsohn (1958) reported that the juvenile stage is reached before clams
are released from the marsupium and suggested release of trochophores and
veligers represents aborted broods. Sinclair and Isom (1963), on the other
hand, found larvae released as 0.20-0.25 mm veligers which they described
as free-living but functionally benthic. Sinclair (1971) later reported that
larvae are released as planktonic early-veligers which become benthic within
48 hours. In DMC populations, the pediveliger stage is reached before
release and it appears that both pediveligers and very early juveniles are
released. For simplicity in the following discussion these two stages will be
jointly termed *‘larvae” . It appears that release may be accomplished at any
one of several life history stages. Whether one stage may be designed as
typical or if the stage depends on the vagaries of geography, season, climate,
etc. remains to be determined. Alternately, the possibility that more than one
Corbicula species has been introduced into the United States (J.P.E. Morri-
son, personal communication 1972; Morton, 1977) should be further investi-
gated.

Whatever the initial free-living stage, it is commonly transported in the
turbulent waters of rivers and canals (Sinclair and Isom, 1963). The initial
appearance of “‘larvae’” in DMC plankton (Fig. 9) indicates a marsupial
existence of about one month. These ““larvae’ are 0.20-0.25 mm (the same
as marsupial larvae). Occasional abnormal veligers less than 0.2 mm are
observed and juveniles up to 2 mm may be collected in the turbulent waters
near the canal head. Since larvae have not been reported from the plankton of
lentic habitats and growth is not apparent for “‘larvae” in DMC plankton, |
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suspect that planktonic existence is not an absolute requirement for this
‘pecies. An opportunistic planktonic habit would have significant advan-
tages for dispersal and, at least in the DMC, allow colonization of habitats
unavailable to larger juveniles and adults.

Biannual reproductive modes have also been reported for Corbicula popu-
!u'lions in the Sacramento-San Joaquin Delta (Heinsohn, 1958), the Philip-
pines (Villadolid and del Rosario, 1930), Texas (Aldridge and McMahon,
1976) and Hong Kong (Morton 1977). In Kentucky, however, populations
have but a single annual reproductive period (Bickle, 1966). »

Spawning in the DMC is limited to months (April-October) when water
fcmperatures are above 16°C. Similar temperatures are required for spawning
in Georgia (Gardner er al., 1976). Early workers suggested that certain
bivalve species required specific “critical” temperatures for spawning (Or-
ton. 1926). More recent studies suggest that spawning can be triggered by a
combination of factors in physiologically ripe bivalves and that critical
temperatures are those which allow maturation of gonads (Fretter and
Graham, 1964). Morton (1977) reported that both rising spring and falling
autumn temperatures triggered reproductive activity in Hong Kong C.
fluminea. Corbicula fluminea in the DMC begins spring reproductive activ-
ity as water temperatures rise, but the second spawning occurs while tem-
peratures are at summer highs.

Corbicula spawns later in the northern part of its range where spring
\\'armipg begins later (Table 4). California and Texas populations (biannual
spawning periods) begin spawning in mid-April while Kentucky populations
isingle, mid-summer spawning) are still experiencing water temperatures
well under 10°C (Bickle, 1966). While data from additional regions are
required for confirmation, it appears that biannual spawnings may be ex-
pected provided thermal conditions are favorable. ' '

lL-cation No. of Annual

Spawnings

Spawning
(presence of
marsupial larvae

Veliger First 1 mm

Reference
Release Recruits

‘~lta-Mendota 2

S April-ilay Vay~June June-July En
1 g 1977
aral, Calif. Aug-Sept Sept-Oct QOct-Nov
"'lorado River ? -
vaednes oaery ? May-June ? ? Pearson 1981
tltamaha River, ?
i April-Nov ? ? Gardner et al 1976
.‘\\:::‘A:linmnn, 2 April-July ? ? Aldridge & VcMahon
Trxas Aug-Nov 1976
Iernesse ?
e ? ? July-Nov ? Sinclair & Isom
1963
“*10 River,
Sontucky 1 ? ? August Bickle 1966

Table 4. Reproductive activity of Corbicula in the United States.
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RECRUITMENT

Length-frequency distributions of Corbicula fluminea. in the side-lining
incrustations are primarily unimodal and skewed to the right with maximum
length infrequently exceeding 12 mm (Fig. 10). Populations in invert sedi-
ment bars are, in contrast, polymodal with maximum length commonly over
30 mm (Fig. 11). Invert populations exhibit progressive increases in class
modes and a biannual appearance of new size classes. The differences be-
tween length-frequencies of side-lining and invert populations are fundamen-
tally related to the recruitment process of C. fluminea in the DMC.

Side-Lining Incrustations

Side-lining incrustations were exposed for nearly two months during de-
watering and dredging operations in November and December 1972. As a
result, no live clams were present in January 1973. In February 1973, 1-2
mm Corbicula appeared in the incrustations (Fig. 10) indiciating that small
juveniles as well as larvae are recruited to this habitat. ““Larvae’ released in
May-June (Fig. 9) appeared in samples as 1 mm juveniles about two months
later (Figs. 10, 12); however, growth is retarded during late autumn and
winter so only those ‘“‘larvae” released early in the fall appear in benthic
samples before spring.

Recruitment occurs during all months but May and/or June (Fig. 10) with
two seasonal peaks (fall and spring) observed (Fig. 12). The fall peak results
from continued recruitment of I mm clams and seasonally retarded growth.
The spring peak parallels increased canal operation and includes recruitment
of larvae and small juveniles which overwinter in the source area. The
availability of potential late winter-early spring recruits is of major impor-
tance in the initial reinfestation of the canal following winter dewatering
operations. Without this ‘‘recruitment reservoir’ repopulation of the side-
lining would be delayed several months until after spring reproduction.
These recruits also provide replacements for clams displaced during winters
when the DMC remains filled.

Planktonic larvae have been considered a liability to freshwater benthic
organisms (Hynes, 1970, p 356). Of all freshwater bivalves, only Corbicula
spp- and Dreissena polymorpha have larvae commonly reported as compo-
nents of the plankton. These species are, however, noted for their rapid and
successful colonization of new arcas. Initial introduction is typically through
the activities of man (Clark, 1952; Sinclair and isom, 1963); however, once
established in a new drainage, planktonic transport facilitates rapid dispersal
through the system. As noted above, a planktonic stage appears facultative
rather than obligatory in C. fluminea.

A second reproductive period occurring shortly before the end of the
growing season may enhance invasion capabilities.. In the USSR,

September-spawned Dreissena polymorpha required more than eight months |

to attain the same stage reached by summer-spawned veligers in two weeks
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Figure 11. Seasonat lengih-frequency of Corbicufa fluminea in invert sed‘.men\s at km
103.5 of the Delta-Mendota Canal, 1973-74. (Note seasonal progression of class
modes). No sediment bar was present during June, July and August 1973.
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(Kirpichenko, '1964). While not so extreme, the development of full-
spawned Corbicula fluminea in the DMC is delayed several months. De-
layed growth and development extend the time that these bivalves can be

transported in the plankton and thereby increase the opportunity for coloniza-
Invert Sediment Bars

Direct recruitment of ““‘larvae” to invert sediments is of minor importance.
Principal recruits are advanced juveniles (4-10 mm). Two recruitment classes
appear annually (Figs. 10, 11). Spring-spawned (‘‘a” class) clams are re-
cruited during late summer about 4-5 months after spawning. Recruitment of
late summer/fall-spawned (*‘b”" class) clams begins in October at upstream
stations and in January and February at downstream sites (Fig. 8). Recruit-
ment of both classes lasts several months with some overlap. Greatest den-
sity occurred during the winter 1973-74 for the 1973 ““a” class and during
the following spring and summer for 1973 *b”" clams. For each age class,
peak densities generally occur sequentially later at downstream stations
tFig. 8) suggesting recruitment from an upstream source.

The low frequency of I mm clams in the invert sediments (Fig. 12) indi-
cates poor success in ‘‘larval” recruitment. During late spring and summer
when the mean daily pumping rate through the Tracy Pumping Plant is above
3000 ft*/sec (85 m?/sec), 1 mm clams are virtually absent in invert samples
although side-lining populations are simultaneously receiving heavy.re-
cruitment (Fig. 12). Only during late fall and winter, when water deliveries
are at minimum levels and pump operation is low and intermittent, are | mm
clams significantly represented in samples. Even then, the inverse relation-

“ship between 1 mm clam densities in the side-lining incrustations and in

invert sediments (Fig. 12) suggests these clams are displaced from the slopes
rather than recruited as *‘larvae”

Several factors may account for the virtual absence of | mm clams in invert
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Figure 12. Seasonal frequency (No./0.09 m?) of 1 mm Carbicula fluminea in the Delta-
Mendota Canai. O—O side-lining incrustation density, C«+O invert sediment bar den-
sity.
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sustained high water velocity: (1) Hydraulics
“larvae”. (2) lnvert sediments are unstable
“Jarvae’’ may be crushed among larger
clams or against the concrete lining as sediments are transported through the
DMC (3) ““Larvae” settling interstitially among layers of large clams may be
suffocated by silt, feces and pseudofeces. (4) Filter-feeding by larger clams
in high density situations may actually result in “predation” upon the ““lar-
vae”. The feeding activity of dense populations (1025/m?) of the estuarine
bivalve, Scrobicula plana (da Costa) was believed responsible for the poor
settlement success of spat in Gwendraeth Estuary, South Wales (Green
1957). MacKenzie (personal communication, 1977) notes that larvae of the
American Qyster, Crassostrea virginica Gmelin, when drawn into the inhal-
ent siphons of adults, are expelled entrapped in loosely compacted
pseudofeces. Such entrapment of “‘larval” Corbicula fluminea in the dense
clam populations of the DMC would increase the likelihood of interstitial
suffocation.
Recruitment of advanced juveniles to invert sediments necessitates prior
growth at some other site. Since recruitment occurs sequentially later down-
stream, this site must be upsiream near the head of the canal or in the
Sacramento-San Joaquin Delta. |
While direct recruitment of juvenial clams from the Delta source waters |
cannot be excluded, I believe that the amphipod/hydrozoan incrusted side- |
Jining near the upper end of the DMC is the primary source of new recruits to
the invert. Recruitment to the side-lining incrustations occurs as larvae or
very small juveniles — stages which are virtually absent from the invert.
Moreover, the size at which clams disappear from these incrustations corres-
ponds 10 the size at which they appear on the invert. {ength-frequency

sediments during periods of
may prevent the settlement of
and transient at this time. The fragile

30 ~

Frequency (%)

10 15 20 B
Length (mm) ;

}
Figure 13. Typical length-frequency curves of clams from the side-lining and invert inthe ;
incrusted reaches (km 5.6-32.0) of the Delta-Mendota Canal. (Note that side-lining and |
invert curves are appraximately inverse complements of each other). Clams from side- |
lining stations at km 5.6 and 6.9 {lumped), 2/5/74 { ). Clams from inverst sedi-
ments at 9.1, 2/5/74 ( seees= ) and 3/5/74 ( wmm-w=).

L. L ENG 359

curves o Sh’pe pO p B
f pu?atlons are a roximate mverse p
p 5S¢ COmM leme]lls to Ih()be
I(" pOpUla[lOIlS at Upstlea"\ (llll[la] leCfuI“”el" SIfCS) StalIOHS (l lg- 13)-

l}‘
’

sities p p
]]”H’ maxtimuin imnvert de]l tie C()“"”On]y occur as Slde ]”““g qQ ula
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A Nursery Area for
Corbicula fluminea
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SIZE AND AGE

Corbicula ] i i '
Sluminea populations in the DMC include several size classes
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in invert samples three to four months after recruitment to the side-lining
suggests that this estimate is reasonable. .

Growth data for clams from invert sediments were summarized by de-
veloping Ford-Walford plots (Ford, 1933; Walford, 1946) to which regression
lines were fitted using the least squares method. This line is described by the
equation

Lity = Lu(k) + Lx(I-k),
where L, = mean length at the beginning of the growing season, L+ = mean
length at the end of the growing season, L. = theoretical maximum (asymp-
totic) mean length and k = Ford’s growth coefficient (Ricker, 1975).

Annual growth data for 1974 were generally lower than for 1973'3 however,
there was no significant difference between the respective regression coeffi-
cients (t = 1.633, d.f. = 15, p < 0.1); hence, the data were p9oled fc.)r
subsequent analysis. The fitted line for the pooled growth data (Fig. 15) is
described by the equation

L. = 0.68 L, + 12.02 (r = 0.9566).

The Ford-Walford plot has been used to predict L. for molluscs (Hancock,
1965: Morton, 1977). L., can be determined graphically as the point where
the fitted line intercepts the 45° line (ie. where Ly = L, (Fig. 15). Alt?r-
nately when both [Lx(1-k)] and [k] have been determined, L. can be easily
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Figure 15. Ford-Walford pilot of pooled growth data for Corbicula fluminea in the Della-
Mendota Canal, 1973-74. Regression lines were fitted by least squares. L= |engtt§ al
beginning of growing season. L., = length at end of growing season. T'he r_nypotr.\etxcal
maximum mean length (L..) is shown by the intersection of the regression line with the

45° line.
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calculated. The predicted asymptotic mean length for Corbicula fluminea in
the DMC is about 37.6 mm (Fig. 15). Knight (1968) argues, convincingly,
that L, obtained in this manner is not a true estimate of the maximum length
attained by the population.and suggests that L, be considered simply a
descriptive summary of that data. Morton (1977) has suggested that L. may

be valuable as a descriptive parameter in comparing U.S. Corbicula popula-
tions.

Growth of C. fluminea in the DMC (Table 5) is less than reported from
other areas where comparable data are available. Elsewhere in central
California, this species reaches a mean length of about 12 mm during the first
growing season and adds an additional 15 mm during the second year (Hein-
sohn, 1958). Villadolid and del Rosario (1930) reported the mean length of
C. manilensis after one and two seasons’ growth as about 13 mm and 20-26
mm, respectively. Aldridge and McMahon (1977) found that in certain Texas
populations, spring-spawned classes reach lengths of about 29 mm by winter
and fall classes grow to about 31 mm by the next summer (11 months). In
Kentucky class size ranges similar to those of DMC populations were
reached by the end of the first season even though spawning occurred in the
summer (Bickle 1966) more than two months later.

Much published data on size/age relationships of Corbicula in the United
States have been based on limited temporal sampling (frequently from a
single collecting trip) and size classes were presumed annual (Keup er al.,
1963; Ingram et al., 1964; Gunning and Suttkus, 1966; Thomerson and
Myer, 1970). Such presumptions, in light of this and other recent studies
{Aldridge and McMahon, 1976) demonstrating that two persistent size

classes may appear annually, are inadequate. Additional life-history data
will be required to determine their validity.

DISCUSSION 'AND CONCLUSIONS

In the Delta-Mendota Canal, dense Corbicula fluminea populations in-
habit both thin biological incrustations restricted to the concrete side-lining
in the upstream 5-30 km and disjunct sediment bars distributed on the canal
bottom throughout the concrete-lined reaches. The high densities attained by

‘these populations are related to a complex of biological and physical factors.

The physical location of the DMC intake in the southern Sacramento-San
Joaquin Delta apparently creates a situation similar to that observed in
streams below lakes and reservoirs where, for short distances (usually only a
few km) below the outflow, the density of filter-feeding benthic invertebrates
is greatly increased presumably because of an enhanced food supply (Hynes
1970, pp. 256-259). Not only does C. fluminea benefit directly from in-
creased nutrients, but incrustations on the side-lining created by-dense popu-~
lations of Corophium spinicorne and Cordylophora lacustris provide a
habitat which is secondarily invaded by larval and early juvenile clams.
The thin (1-10 mm) incrustations and steep concrete-lined side-slopes
limit the size of clams which can persist in this habitat. As they grow to 4-12
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mm, clams become increasingly vulnerable to displacement by water cur-
rent. Furthermore, attempts to remain buried as they grow result in a net
down-slope movement to the invert. Displacement of larger clams from the
side-slopes provides space for subsequent recruitment, reduces competition
and thus enhances survival of those remaining. Displaced clams are recruited
to the invert sediments.

While such a supplementary habitat could benefit clam populations in any
locality, it is of critical importance in the DMC where direct recruitment
and/or survival of larvae in the invert sediments is negligible. These densely
populated and unstable sediments are an unfavorable habitat not only for
larvae but also for the fragile early juveniles. As clams mature valves be-

_ come thicker and more robust. The amphipod-hydrozoan incrustations in the
DMC provide a “‘nursery” area where C. fluminea can develop to robus!

) juveniles capable of surviving the crowded, abrasive conditions on the in-
vert. Initial recruitment of these juveniles to the invert occurs in the in-
crusted reaches. Recruitment to downstream locations occurs primarily
through hydraulic transport of juveniles and adults along the invert.

Truly planktonic Corbicula fluminea larvae may occur in some Jocalities;
however, in DMC populations the pediveliger or juvenile stage is attained
before release from the adult marsupium is accomplished. Both pediveligers
and small juveniles (< 2 mm) are transported in the turbulent DMC waters.
Since these stages are functionaily benthic, fortuitous transport in the water
column provides an additional and effective means of dispersal.

Although spawning occurs primarily in two seasonal peaks and is limited
to April-October, **planktonic’™ stages are recruited throughout winter and
early spring. Winter-spring recruits are the product of late season spawuing.
Seasonally low temperatures retard growth and development during late au-
tumn and winter and, thereby, greatly extend the period of vulnerability to
planktonic transport. Larvae and juveniles in the source waters constitute a
“recruitment reservoir®’ which is of major importance in the initial repopula-
tion of side-lining incrustations after the periodic winter dewaterings of the
DMC. A second, late season, spawning period also occurs in Texas and may
be typical throughout the southern range of this species. '

Reproduction appears to be limited to seasons when water temperature is
above 13-16°C. Abbreviated warm water periods may limit the northward
range expansion of C. fluminea.

The DMC supports dense populations of Corbicula fluminea; however,
growth of these clams is less than that reported in other areas. Analysis of
length-frequency distributions reveals that, at least in California and Texas,
two size classes occur annually. Thus, caution should be exercised in assign-

ing age class designations for size classes of C. fluminea popuiations in

localities where supportive population data is Jacking.

Corbicula fluminea populations in the DMC are strongly affected by
water current. While flowing water enhances the total volume of nutrients
available to benthic communities and is a vehicle for recruitment, it also has
considerable negative impact. Under heavy flow conditions sediment bars
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t?ecorne ur.rstable and entire clam beds are transported downstream. Asid
from physmal abrasion during transport, it is probable that periodic'di T :
.l?unces ffnpede growth. High velocity flows may prevent “sett!ements”ur;
_ larvae” or may dislodge juveniles before théy are large enough t v
in the unstable invert sediments. 'g o e
Su;llstt::inisyc:;r;s;dxecr:dt,' the DMC is probal?ly not the ideal clam habitat
ueges! xcep ionally high population densities observed. These
ies are perceived as the results of (1) a unique habitat (amphipod/
hvdrozoan incrustations on the concrete side-lining) which allowx; P id -

growth under enhanced conditions for early life-history stages that rrapl
flble _to survive in the invert sediments; (2) recruitment of rob ’ate l““'
Juveniles displaced from these incrustations to invert sediments inutshe ?rt:
lc(:lclj:i;in Srezi:::se xacr;d §3) subseq_uent hydraulic recruitment to downstream
. ptional Corbicula fluminea densities in the DMC appear

more the product of hydraulic accumulation than biological activity. Ingé):d

it appears that in situ reproducti 1
on of C. fluminea contribu i
DM soniations. tes very little to

ACKNOWLEDGEMENTS

c 11"'1215 paper is f)ased on portions of a PhD dissertation at the Unjversity of
alifornia, _Davns, 1977. The field studies were undertaken while [ was
Research Biologist at the California Academy of Sciences. 1 wish to thank
slaffof both the Academy and U.S. Bureau of Reclamation for assistance i
collecting and logistics. 1 additionally wish to thank Dr. M. A Millelrn

Zoology Department, Uni ; .
. » University of California, Davis, who critic
viewed portions of this manuscript. . ritically re-

LITERATURE CITED

Aldridge, Qaviq W. and Robert E McMahon. 1976. Population growth and
reproduction in the life-cycle of Corbicula manilensis PhiJippgi Abstr:ct
of. paper presented at Thirty-ninth Annual Meeting, American soc' ty of
Limnology and Oceanography, June 21-24. ’ e

.—\ni?]';l:::le, N., Baini Prashad and S. W. Kemp. 1919. The mollusca of the
Record:a]t;fs](;fzzfaluchlstan and of Seistan. Indian Museum, Calcutta,

Anony.mm.Js. 1973. Delta-Mendota Canal, Central Valley Project, water
quality investigation progress report for the period April-SeptemBe’r 1973
U.S. Bureau of Reclamation, Sacramento, California, 18 pp. ‘

Anony{nozfs. 1977. Summary of the Delta-Mendota Canal (DMC) wat
quality investigation for the period February 1973 — October 1974 Rer
port, US Bureau of Reclamation, Sacramento, California, 18 PP e

Ball. Melvin D. and Kenneth M. Lentz. 1973. Water qu;{lity, investi' ation
progress report no. 1 for the period September-December, 1972 gDelta—

Mendota Canal, Central Valle i
, y Project. U.S. B mati
Sacramento, California, ii + 37 pp. e of Reclamation,



L0061 L. ENG

Behrens, David W. 1975. Use of disposable beverage containers by the

freshwater clam. Corbicula. Nautilus, 89:13.

Bickle, David. 1966. Ecology of Corbicula manilensis in the Ohio River at
Louisville, Kentucky. Sterkiana, 23:19-24.

Bryant, Gary L. 1974. A wheeled device for sampling the biota of a
concrete-lined canal. California Fish and Game, 60:97-99.

Bruun, Per and James B. Lackey. 1962. Engineering aspects of sediment
transport. Reviews in Engineering Geology, / :39-103.

Cassie, R. M. 1954. Some uses of probability paper in the analysis of size
frequency distributions. Australian J. Mar. and Freshwater Res., 5:513-
522.

Clark, K. B. 1952. The infestation of waterworks by Dreissensa
polymorpha, a fresh water mussel. J. Inst. Water Engrs., 6:370-379.

Eng, Larry L. 1975. Biological studies of the Delta-Mendota Canal, Central
Valley Project, California, 11. Final Report to the U.S. Bureau of Recla-
mation, California Academy of Sciences, San Francisco, California, xviit
+ 178 pp. '

Eng, Larry L. 1977. Biology and population dynamics of the Asiatic Clam,
Corbicula manilensis (Philippi, 1841), in the Delta-Mendota Canal, San
Joaquin Valley, California. PhD dissertation, University of California,
Davis, xv + 175.

Fast, Arlo W. 1971, The invasion and distribution of the Asiatic Clam
(Corbicula manilensis) in a Southern California reservoir. Bull. Southern
California Acad. Sci., 70:91-98.

Ford, E. 1933. An account of the herring investigations conducted at
Plymouth during the years from 1924-1933. J. Mar. Biol. Assoc. UK.,
19:305-384. i

Fretter, V. and A. Graham. 1964. Reproduction. In K. M. Wilbur and C. M.
Young (eds), Physiology of mollusca, 1, Academic Press, New York,
127-164.

Fuji, Akira. 1957. Growth and breeding season of the brackish-water
bivalve, Corbicula japonica, in Zyusa-Gata Inlet. Bull. Faculty of
Fisheries, Hokkaido Univ., 8:178-184.

Gardner, J. A., W. R. Woodall, Jr., A. A. Staats, Jr. and J. E Napoli.
1976. The invasion of the Asiatic Clam (Corbicula manilensis Philippi) in
the Altamaha River, Georgia. Nautilus, 90:117-125. 7

Green, J. 1957. The growth of Scrobicula plana (da Costa) in the Gwen-
draeth estuary. J. Mar. Biol. Assoc., United Kingdom, 36:41-47.

Gunning, Gerald E. and Royal D. Suttkus. 1966. Occurrence and distribu-
tion of Asiatic Clam, Corbicula leana, in the Pearl River, Louisiana.
Nautilus, 79:113-116.

Hancock, D. A. 1965. Graphical estimation of growth parameters. Journal
du Conseil, 29:340-351.

Hanna, G. Dallas. 1966. Introduced moliusks of Western North America.
Occasional Papers, California Academy Sci., 48:48-108.

Harding, 1. P 1949. The use of probability paper for the graphical analysis

L. L.ENG 67

of polymodal frequency distributions. J. M: i 5 i i
Gl odal e s. J. Mar. Biol. Assoc., United King-
Heér;szhn,lGeorge E. 1958. Life history and ecology of the freshwater clam
rbicula flumi i iversi i ,
A, Sfluminea. Masters thesis. University of California, Berkeley, iv

Howard, Arthur D. 1922. Experi i '
, . - EXxperiments in the culture of fresh-

Bull. Bureau Fisheries, 38:63-89. eraer mussels
HjﬁZeéol:t. i\I 1970.. Population dynamics of the bivalve Scrobicula plana
a) on an intertid; at i ‘ i
o) mtertidal mud flat in North Wales. J. Animal Ecol.,

Hynes, H. B. N. 1970. The ecolo i
, . . of runn iversi
oo Pres, kv £ 555 o gy ing waters. University of To-

Ingram, Wil!i.aln M. 1959. Asiatic clams as potential. pests in California
( water supghes. J. Amer. Water Works Assoc., 57:363-370.
ngrd'm, Wl(ham M., Lowell Keup and Croswell Henderson. 1964. Asiatic
o Clams at Parker, Arizona. Nautilus, 77:121-124.
et!;lp, Lowell, W. B. quning and William M. Ingram. 1963. Extensions of
e r.ange of the Asiatic Clam to the Cincinnati reach of the Ohio Ri
Nautilus, 77:18-21. o e
Kvgnc?]enko, M. Y.' 1964. Ph_enology, population dynamics and grow.th of
reissena larvae in the Kuvibyshev Reservoir. in B. S. Kuzin (ed), Biol-
ogy and control of Dreissena. Acad. USSR, Inst. Biol. Inland Waters
¢ Z(I},O):IS_ZL" (Israel Program for Scientific Translations). ’
night, W. !968. As?lmptotic growth: an example of nonsense disguised as
mathematics. J. Fish. Res. Bd. Canada, 25:1303-1307.

Ku;le(uphr:, J:osephf H. 1966. The role of estuaries in the development and
rpetuation of commercial shri s i i
e S en @ shrimp resources. A@er. Fish. Soc. Special
Macll(enzxe, Clyde L., Ir. 1977. Personal communication concerning survi-
;13 of !arval'oyst_ers filtered by adults. National Marine Fisheries Service
(;rtheast Fisheries Center, Sandy Hook Laboratory, Highlands, New Jer:

sey. ’

McHugh, J. L. 1966. Mana i ]

, . . gement of estuarine fish i

Specinl Puti oy isheries. Amer. Fish. Soc.

Mo;ton, Bnan.. 1969. Studies on the biology of Dreissena polymorpha Pall
[l Population dynamics. Proc. Malac. Soc. London, 38:471-482. .

\ . .
lorton, Brian. 1977. The population dynamics of Corbicula fluminea

(Bivalvia: Corbiculacea) in Plover Cove R }
Longon s ot eservoir, Hong Kong. J. Zool.,

.\lo:/[ho,.Terry Y. and Kenneth K. Chew. 1972. The setting and growth of the
Wam.la Clam, Vener.upis Japonica (Deshayes), in Hood. Canal
ashington. Proc. National Shellfisheries Assoc., 62:50-58. ) ’

Orton, J. H. 1926. On the rate of jum
926. growth of Cardium edule. ¥. i
Assoc., United Kingdom, 74:239-279. . iar- Bl

Prakopovich, Nikola P 1968. Organic life in the Delta-Mendota Canal



