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The life cycle of Callianassa cali.forniensis Dana, 1854, was

studied in the tidal estuary, Yaquina Bay, Oregon. At this latitude

it is largely restricted to intertidal sandy mudflats under predomin-

ately marine influence. Salinity and temperature appear to deter-

mine its distribution to a greater extent than does sediment type.

Vertical movement within the sediment is related to the tides on a

day to day basis and to temperature on a seasonal basis. Large-

scale breeding generally begins in the spring, and ovigerous females

may be plentiful in the cooler layers of mud until August. It is not

clear what triggers larval release, but temperature and tidal condi-

tions seem to be important. All five zoeal stages are found in the

plankton from the mouth of the bay to three miles offshore during

late spring and summer. Nearshore waters appear to act as a
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larval reservoir along this part of the coast, and successful larval

settlement may depend upon high-tide transport into a bay.
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THE GHOST SHRIMP, CALLIANASSA CALIFORNIENSIS
DANA, 1854, IN YAQUINA BAY, OREGON

INTRODUC TION

The ghost shrimp, Callianassa californiensis Dana, 1854, is

an important member of the infauna of estuarine sediments along the

west coast of North America from Alaska'to Mexico (Ricketts, 1968),

yet many of the details of its life cycle and general biology have not

been worked out. An anomuran decapod, the ghost shrimp is charac-

terized by a pale pink shrimp-like body with a large, broad abdomen;

a first pair of legs with dissimilar, or very unequal (depending on the

sex), but well developed chelipeds; and a rudimentary rostrum

(Schmitt, 1921). Recently, le Veille (1971) has done an extensive

laboratory study of the morphology and behavior of C. californiensis.

Mudflats inhabited by ghost shrimp are characteristically pock-

marked with burrow entrances, each surrounded by a mound of sand

and fe cal pellets. Callianas sa californiens is excavates Y-branching

tunnels approximately one meter in depth (MacGinitie, 1934) in suit-

able sandy mud, free from Zostrea (Stevens, 1929). In so doing, it

ingests sediment, acting in a capacity analogous to that of the earth-

worm in the terrestrial environment, facilitating the penetration of

surface water and oxygen into the mud and plowing under much of the

organic material accumulated on the sediment surface. These
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activities result in the deposition of from 20 to 50 ml of mud around

a burrow opening every twenty-four hours. Based on a population

from Elkhorn Slough, California, where warmer seasonal tempera-

tures may permit a longer annual period of activity, this amounts to

a turning over of the entire sediment column to a depth of 30 cm

every eight months (Mac Ginitie, 1934).

Intertidal species of the genus Callianassa are also widespread

in north temperate regions of the Atlantic coast (Yonge, 1953). De-

tails of their general functional morphology may be found in the work

of Stevens (1928). The potential trophic significance of a population

of Callianassa inhabiting a Georgia beach has been investigated by

Frankenberg (1967), who estimated that the shrimp produced 11, 700

g C/day in the form of fecal pellets.

An economically disagreeable side-effect of mud-shrimp acti-

vities is the damage done to commercial oyster beds. Ostrea lurdia

Carpenter, 1863, will not attach to brush as will other species of

oyster (Stevens, 1928); consequently, the commercial beds in Puget

Sound are constructed intertidally with a retaining wall at the outer

edge to keep the oysters under water at low tide. Callianassa's

branching tunnels effectively drain the water out of these ponds.

Moreover, their digging not only suspends enough silt to interfere

with respiration and bury spat, but makes the ground too soft even

for adult oysters (Lindsay, 1961). Further offense results when



ghost shrimp territory overlaps intertidal razor clam beds seriously

interfering with sport digging (Tegelberg, Magoon, and Leboki, 1969).

(jn the other hand, Callianassa has some value as bait (Marriage,

1958).

Very little work, however, has been devoted to obtaining as

comprehensive a view of the life history of Callianassa sp. as seems

essential to the wise management of estuarine resources. Taxonomic

work (Stevens, 1928, 1929; Hart, 1937; Gurney, 1942; Kurata, 1965)

remains confused; some natural history observations have been made

(MacGinitie 1934, 1935); and fisheries research has emphasized how

best to poison them (Wash. Dept. Fisheries, 1970). The most per-

tinent aspects in need of investigation are those factors which stimu-

late spawning, egg maturation, and larval release in nature, as well

as those factors which influence the distribution of the larvae.

Although it is an adequate swimmer, the adult ghost shrimp,

once having constructed a burrow, remains in it, free from preda-

tion (MacGinitie, 1935). Before settling to the bottom, however,

larval ghost shrimp spend several weeks in the plankton, passing

through five zoeal stages, and it is during this time that predation

and the physico-chemical parameters of the environment exert their

most pronounced effect on population size (Thorson, 1950). Larvae

are carried by the female to the zoeal stage when they hatch, pre-

sumably in the burrow, and must escape to the water above. Newly
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hatched decapod larvae are voracious carnivores, even cannibalistic

(Gonor, 1969), and their immediate escape into water of tolerable

temperature and salinity would seem imperative. The tidal cycle,

therefore, may have a significant effect upon their release. The

daily dynamics of planktonic larvae have been shown to reflect a daily

spawning and hatching rhythm of bottom invertebrates as a function

of tidal cycle (Mileikovsky, 1970). Lunar periodicity has also been

demonstrated to affect spawning rhythms (Korringa, 1947), although

water temperature may over- ride these periodicitie s (Mileikovsky,

1970).

The intertidal mud flats in the lower portion of Yaquina Bay,

Oregon, are densely populated by one species of ghost shrimp,

Callianassa californiensis, concentrated between the plus two- and

four-foot tidal levels, but extending to the upper edge of sandy mud

reached by mean high water. I have studied this population in sev-

eral ways over the past year in an effort to elucidate the basic com-

ponents of its dynamics. Information on larval distribution and

abundance has come from plankton tows. The vertical distribution

and reproductive condition of the adult population has been monitored

with respect to temperature for nine months, and all available physi-

cal data have been examined for significant correlations. It is hoped

that the information obtained will provide a clue to the role of these

organisms in the overall trophic dynamics of the estuary and thus



aid in the prediction of consequences following proposed alterations

of the environment or the application of control methods.



STUDY SITES

All study sites for this project were on the Oregon coast. Ob-

servations were made in Yaquina Bay. Tillamook Bay and Netarts

Bay were also sampled to observe differences which might be related

to their differing physical characteristics, and to confirm that the

populations of C. californiensis found in them were reproductive.

Yaquina Bay (lat. 440 361N) is located approximately midway

between Washington and California on the Oregon coast (Figure 1).

Tillamook and Netarts Bays are approximately 106 and 93 kilometers

north of Yaquina Bay. The lower part of the Yaquina River estuary

consists primarily of a broad expanse of shallow flats, covering about

700 hectares, through 'which a ship channel is continuously main-

tamed. Above this basin the bay narrows gradually to the dimensions

of the Yaquina River which drains 144 square kilometers of the

Oregon Coast Range. Salinity characteristics may be seen in Figure

2 which shows the five-day-average minimum salinity expected at

least 60 days during a year at various locations (Burt and McAlister,

1959).

An estuary is one of the most dynamic and productive environ-

mental systems on earth. A deep respect for and a clear understand-

ing of the physical, chemical, and biological processes which sustain

it are essential to the preservation and 'wise future use of this
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limited resource.

Pritchard (1955) developed a system for classifying estuaries

according to circulation pattern and salinity distribution. The physi-

cal characteristics of an estuary depend largely on the flow ratio',

the ratio of the volume of river flow to that of the tidal prism over a

tidal cycle. Burt et al. (1959) have classified Yaquina Bay by this

system. Due to the seasonal movement of the subtropical high pres-

sure area over the northeast Pacific, rainfall on the Oregon coast

tends to be concentrated during the winter half of the year; peak river

runoff during January and February converts the bay from its usual

well mixed condition to a partially mixed one. During this period

water near the bottom is always more saline than surface water;

the strongest ebb currents occur at the surface, and the strongest

flood currents are found nearer the bottom where there is a net up-

stream flow. Under conditions of low discharge and vertically homo-

genous salinity which persist throughout most of the year, tidal move-

ments may be superimposed on a slow net drift outward at all depths,

and salt moves upstream by diffusion and tidal "overmixing' (Burt,

and Queen, 1957), the latter serving to maintain vertical homogeneity.

The tide in the Yaquina estuary is the mixed semidiurnal type

characteristic of this coast. Slack water follows high or low tide by

no more than thirty minutes, but maximum currents lag mid-tide up

to one hour (Neal, 1966). Summer tidal current velocities are



greater on the flood than on the ebb (Goodwin, Emmett, and Glenne,

1970).

Two distinct depositional environments exist in the lower basin.

The South Beach flats consist of sediments characteristic of the

marine realm, fine to very fine sand; the Sally' s Bend flats on the

north side display sediments characteristic of the fluviatile realm,

silty sand to sandy silt (Kuim and Byrne, 1966). The distribution

of temperature, salinity, oxygen, and other physical and chemical

properties responds to the predominance of oceanic or brackish

water over the two mud flats. Callianassa californiensis is a marine

animal, and although it may escape the effects of lowered salinity

to some extent by burrowing (Kinne, 1963), its distributin is largely

confined to the South Beach mud flats, where more marine conditions

prevail, and few animals are found on the north shore or higher than

buoy 18 (Figure 2) along the longitudinal axis of the bay. This fact

takes on added significance when combined with the postulate of

Dirnick, Englund, and Long (1942) that native oyster cultivation in

Yaquina Bay is limited at the upper end of its salinity range by preqa-

tor tolerances. Although Callianassa is not a direct predator of

oysters, its habits are likely to exclude oysters from its range.

Tillamook Bay (lat. 450 27' N) is similar to Yaquina Bay hydro-

graphically although its tidelands cover three times more area

(Marriage, 1958). It is stratified in January, but the generally
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shallow bathymetry prevents even partial stratification at most other

times (Burt, etal., 1949). Netarts Bay (lat. 450 25' N), on the other

hand, is essentially a tidal lagoon, having a very limited supply of

fresh water and a "choked" connection with the ocean (Glanzman,

Glenne, and Burgess, 1971). It is essentially well mixed throughout

the year (Burt, etal., 1959).
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BENTHIC STAGES

Preliminary data from plankton tows indicated that tempera-

ture might control breeding and larval release. Mud flat sampling

was, therefore, centered around mud temperature profiles and cor-

responding observations of shrimp depth, activity, and reproductive

condition..

Temperatures were taken with a 40 inch (102 cm) soil thermo-

meter read to the nearest 0.25°F., then converted to the nearest

0.2°C. The usual depths recorded were approximately 61 cm, 46

cm, 32 cm, 16 cm,, and 2. 5 cm. Readings at intermediate depths

were taken if a steep gradient coincided with the center of shrimp

distribution and readings below 65 cm, were taken whenever condi-

tions permitted. Initially, several profiles were done along a tran-

sect perpendicular to the water, and the distribution and abundance

of shrimp noted at each station; it became apparent, however, that

one or two profiles representative of the area where the majority of

organisms were found were sufficient.

The location of these areas with respect to tidal height and

local topography is diagrammed in Figure 3. Stations B and C were

sampled at least monthly from September 1970 through June 1971

at various tidal stages.
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Figure 3. Topographic location of mud flat sampling sites. Mud is

saturated i.th water below the hydraulic surface.

Shrimp were dug 'with a clam gun, an aluminum cylinder, 70

cm long, 'with a diameter of 10 cm., a cross-bar handle, and a thumb-

hole in the top. In this way a more or less coherent core of sedi-

ment was removed to a depth of less than 60 cm,, and the associated

shrimp could be picked out at depths estimated to the nearest 5 cm.

Field measurements of especially small shrimp were taken to estab-

lish some correlation between size and depth.

Reproductive condition was monitored by counting ovigerous

females; the stage of development of the eggs is easily determined

by color, bright coral when first laid, pale orange in intermediate

stages, and gold with black eyes just prior to hatching.

Shrimp abundance is exceedingly difficult to quantify owing to
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their mobility and the depth of their burrows, which makes complete

excavation impractical. Furthermore, the population is clearly more

accessible in spring and summer than in winter (Figure 4).

30

20

'V

4,

0
Sept. Oct. Nov. Dec. Jan. Feb. Mar. April May June July

Month

Figure 4. Seasonal variation in number of shrimp found above 65
cm depth in sediment, 1970-1971.

If the number of shrimp found under the surface represented by an

average June core is multiplied by the appropriate factor, a number

on the order of 3 to 6 million shrimp per acre is obtained for Yaquina

Bay. Chambers (1969) reported an estimate of 1/2 to 3 million

shrimp per acre in the Willapa Bay and Grays Harbor area of Wash-

ington where commercial oyster beds are infested. I did not try the

less direct method of counting burrow openings in randomly selected

areas because it is not known how many openings represent a siig1e
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burrow; for example a species of Callianassa inhabiting a Georgia

beach, has from two to ten openings per burrow (Frankenberg, 1967).

There is no simple relationship between shrimp abundance and

temperature at a given location (Figure 5). There does seem to be

an optimal range between 100 and 110 C for the upper layer, from

depths of 16 to 30 cm; the most shrimp were found here in April, then

the numbers declined as temperatures rose. Below 30 cm, however,

shrimp abundance increased dramatically as the average temperature

warmed from 100 to 13°C Clearly temperature is not the only fac-

tor controlling vertical distribution or abundance.

The geographical distribution of adult C. áalifôrniensis appears to

be related more to salinity and temperature tolerances than to pre-

ference for a certain sediment type. They are found in sediments

ranging from the open ocean beach sand of Copalis Beach, Washing-

ton (Tegelberg etal., 1969) to the dense, clayey mud of Netarts Bay,

Oregon. In bays with significant fresh water input such as Tillarnook

and Yaquina Bays, however, they are most abundant at the seaward

end on the south shore; whereas, in the predominantly salt water

environment of Netarts Bay they show no such preference. The re-

striction to the upper intertidal zone in Oregon bays may be due to

competition with Upogebia pugettensis (Dana, 1852) because C. Calif-

orniensis is found to extend much farther into the sublittoral zone

south of Upogebia's range (le Veille, 1971).
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Vertical distribution proved to be dependent upon both the physi-

cal properties of the sediment and upon daily and seasonal environ-

mental variations. Unfortunately, the suction created by the clam

gun when a column was withdrawn almost invariably pulled shrimp

out of surrounding tunnels, leaving them swimming in the hole; so,

although these animals could be counted and examined, it was not

possible to say from exactly what depth they came. Horizontal tun-

nels are rare above 25 cm, however, and it was assumed that shrimp

found swimming were from burrows below 25 cm and above 50 cm,

the normal depth of a core in Yaquina Bay.

In general, burrows will be deeper in dead or slow water where

the action of the currents does not close the openings (MacGinite,

1935). Depth is also related to oxygen availability at low tide. Oxy-

gen tensions in sediments are a function of the degree of vertical

mixing that occurs, as well as being related to the amount of oxygen

demanding material present. Mixing depends on hydraulic factors,

burrowing by organisms, particle size, and the presence or absence

of surface algae, all of which influence the permeability of the mud

(Bella, 1970). In fine sediments, such as those on the eastern edge

of Netarts Bay, C. californiensis was found much shallower (10 to

25 cm) than in the muddy sand of Yaquina Bay.

No effort was made to sample at exactly the same tidal stage

each time, but the effect of tidal height was noted on several
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occasions (Figure 6).
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Figure 6. Effect of tidal height on vertical shrimp distribution.

As expected, shrimp movement is largely a response to the tide on a

day to day basis (MacGinitie, 1935). There is a tendency for shrimp

to move down as the tide goes out; during a tidal cycle Bella (1970)

observed a drop of about six inches in the hydraulic surface (level of

saturation) in the area where shrimp are most abundant (Figure 3).

At higher elevations this drop may be as much as one and a half feet,

which may partly explain why shrimp are so much harder to find in

these areas at low tide. Shrimp may also move in order to maintain

their position within a preferred temperature and salinity range, al-

though it is more likely that these reactions follow a seasonal rather

than a daily pattern. The seasonal range of water temperature and

salinity on the bottom in the area inhabited by C. californiensis is

on the order of 6°C (from 90 to 15° C) and 7 ppt (from 27 to 34 ppt).
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Temperatures and sali.nities below 30 cm, where the majority of

shrimp are found, do not vary much over the duration of a tidal cycle

(Figure 7). Over the nine-month period a seasonal effect became

evident; by mid-winter shrimp were very scarce in the upper 50 cm

of sediment. February temperatures below 60 cm were at least

three degrees Centigrade warmer than those between 30 and 50 cm,

where shrimp are customarily found in the summer, but it is not

known whether the animals were deeper or had moved out of the area

temporarily (Figure 8).

Temperature °C

4.00 5.00 6.00 7.00 8.00

:

3 shrimp

J N
SO \ Approximate core depth

Figure 8. Vertical distribution of shrimp and temperature
February 28, 1971.
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Wind and wave action tend to close burrow openings at this time of

year; so, the reduced number of holes visible may not be taken as an

accurate index of occupancy. Migration of estuarine forms to deeper

water in the winter is well documented in Crustacea (Kinne, 1963).

Those shrimp which were dug during the winter appeared totally in-

active, and it seems likely that very little intertidal burrowing goes

on during this time as has been suggested (Lindsay, 1961).

One of the principal objectives in the mud flat study was to ob-

serve the relationship between average mud temperature and repro

ducti.ve condition of females (Figure 9). A positive relation. appears

to exist.

100

80

w

60
o

20

Average mud temperature from 30 to 60 cm. -

Figure 9. Relation of female reproductive condition to mud
temperature.

Some ovi.gerous females are present all year (MacGinitie, 1935), as

inferred from the presence of small numbers of stage I larvae in the
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plankton in all seasons, but significant numbers do not appear until

spring. Ovigerous females are most abundant in June and July and by

mid-August are likely to be quite scarce again. The internal factors

controlling the onset of large scale breeding are, no doubt, far more

complex tha.n simple temperature dependence would imply; neverthe-

less, the initial spring warming, before the onset of upwelling, does

seem to be closely connected with this process. Evidence from

plankton tows also supports the idea that the spring increase in bottom

water temperatures may stimulate breeding and larval development.

Kinne (1963) stated that the rising temperatures of spring induce

,'maturation of the gametes of most marine and brackish water organ-

isms, and that actual spawning usually takes place wheu a specific

temperature level is reached. It is not possible to say from field

data whether a particular temperature or simply a certain amount of

change is required to stimulate mass spawning in C. californiensis.

MacGini.ti.e (1935) reported that the lowest winter temperature re-

corded at 16 cm was 12° and 13° C in Elkhorn Slough, California;

similar temperatures may not even be reached until spring in Yaquina

Bay sediments. It is not known how much time may elapse between

breeding and the appearance of fertilized eggs; reproductive condi-

tion was gauged by the latter. It is reasonable to assume, however,

that northern popu1tions of C. californiensis are adjusted to a some-

what different physical regime from those living in California
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(Hedgpeth, 1966).

Although no absolute temperature requirements can be given

which will apply to the species as a whole, it was noted that egg-

bearing females were most often found in the lower third of the core.

At least 60% and more commonly 70 to 80% of all ovigerous females

were found below 40 cm; on the other band, females without eggs, or

those which had recently shed their eggs, were, almost without ex-

ception, found above 40 cm. Males showed no distinct preference,

and immatures, whose sex was not readily identifiable, were generally

found in the uppermost part of the profile. No absolutely character-

isti.c temperatures can be assigned to these zones, although tt is

evident that egg-bearing animals preferred cooler depths. This

tendency is especially 'wélli.11ustrated by their predominance in the

cool layer between 45 and 60 cm during May, 1971 (Figure 10).

Kinne (1963) noted that for many marine animals the tolerable temp-

erature range is restricted during early ontogeny.

The age structure of the population may be inferred from size

frequency observations. MacGinitie (1935) noted that specimens

smaller than 3/4 inch occurred less than one time in a hundred and

that dead ones were even rarer. This information was construed

to mean that C. californiensis has a long life, on the order of ten

years. Data from Yaquina Bay support these observations. The

average adult shrimp is from 5 to 8 cm long; the two
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Figure 10. Vertical distribution of temperature and ovigerous females in sediment
at four foot tidal level, May, 1971.
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smallest shrimp found 'were 1.7 cmlong:irom the anterior

edge of the carapace to the posterior edge of the telson, and were

found in the top 20 cm'where few adults are ever seen. No dead

shrimp were observed. Successful recruitment apparently is not

very large in an average year, but once established in their burrows,

shrimp have no known natural enemies. Sieving the surface mud in

search of juvenile shrimp to bridge the size gap between the largest

larvae (about 8 mm) and the smallest observed mud-dwellers (17

mm) was fruitless. Either too few settle to be readily discovered or

the timing 'was wrong. The smallest observed egg-bearing female

was 4 cm long. It is not clear whether shrimp may mature repro-

ductively during the same season in which they settle, but ovigerous

females of this size were uncommon.
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PELAGIC STAGES

Study of the planktonic stages was directed towards several

ends. Initially, it was aimed at identifying all five zoeal stages from

the plankton. After this was done, a study of the general pattern of

larval abundance in the bay was made forn plankton collected over a

four year period (1967 - 1970). The ultimate aim of this study was

to identify those factors which seemed to trigger larval release and

influence larval distribution. A pizz1ing lack d stages Other than tage 1

in these samples led to an examination of plankton taken with a dif-

ferent type of sampler towing a larger mesh net 1. e. the Bongo net

(see below). Several difficulties were encountered in putting tcigether

a coherent picture of larval distribution from data collected by three

combinations of net size and sampler. Interpretation of the data re-

quired an evaluation of these difficulties as well as an examination of

the physical aspects of the lower bay and coastal region where the

larvae are found. A.s detailed data are not available for much of this

area, the conclusions reached are to some extent speculative and

suggest several directions for future work.

Larval Identification

Early in this project an attempt at larval rearing was made to

verify the identity of the larvae. Ovigerous females whose eggs



'were eyed, or just about to hatch, were collected in July, 1970.

They were kept in semi-darkness, at 15°C in filtered seawater with

some sediment for burrowing and food. The attempted rearing of

larvae was not successful, although one larva did survive for several

days, confirming the identification of stage I from the plankton. Hart

(1970) has reared larvae of several species of Callianassa from this

coast, however, and was kind enough to tell me what characteristics

might be used in separating the five stages. Descriptions and draw-

ings of the five zoeal stages were ultimately made from plankton col-

lections (Figure 11). In the absence of other distinguishing character-

istics, length is a good indicator of developmental stage, as there

seem to be discontinuities between successive stages. Generic char-

acteristics include a prominent dorsal spine on the second -abdominal

somite, coupled with a stout median spine on the posterior edge of the

telson, and, for all stages except I, a long, dorso-ventrally flattened,

laterally serrated rostrum. The following descriptions utilize lim-

ited characteristics and do not include morphological variations.

They should be supplemented ith other features if possible.

Stage I (length 2. 8 to 3. 6 mm) has a cylindrical rostrum, ses-

sile eyes, and a simple, flared telson with seven spines on either

side of the median tooth. The second spine is reduced to a hair in

all anomurans. All stages beyond stage I have progressively longer

eye- stalks.
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I

Figure 11. Larval stages of
Caflianassa californiensis.



The exopodite of the uropod is present on stage II (length 3. 8 to

4. 4 mm) and one more spine has been added on either side of the cen-

ter of the telson.

By stage III, (length 4. 7 to 5. 2 mm), both the exopodite and the

endopodite of the uropod are present, but only the former bears

setae.

On stage IV, (length 5. 5 to 6. 3 mm), both sections of the wo-

ped bear setae, and three pleopods no longer than an abdominal somite

are visible.

Stage V, (length 6. 8 to 7. 5 mm) has bi.ramous pleopods which

extend well beyond the end of the abdominal somite on which they are

borne.

Plankton Sampling

Dr. Herbert Frolander (1964) has collected weekly quantitative

plankton samples simultaneously with physical data at a series of

stations in Yaquina Bay for ten years (Figure 2). These unpublished

data were used in the assessment of annual and seasonal variations in

larval abundance and distribution- with respect to tide, temperature,

and prevailing current systems, both in the bay and offshore. Most

of this sampling has been done with a Clarke-Bumpus (CB) plankton

sampler, as modified by Faquette and Frolander (1957), with a mouth

diameter of 12. 5 cm towing a #6 mesh net (aperture 0. 239 mm) in an
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oblique step-tow from bottom to surface. During 1969 and 1970

simultaneous tows were taken with a Bongo sampler (Posgay, Marak,

and Hennemuth, 1968), which has a mouth diameter of 20. 3 cm, tow-

ing both a #6 and #0 net (aperture 0. 571 mm). Sampling of offshore

waters had been sporadic, but starting in June, 1969 plankton has

been collected at stations 1, 3, 5, and 10 nautical miles from the

coast along the previously established Newport hydrographic line,

at least monthly using Bongo gear (Figure 21). These stations are

designated NH-i, NH-3, NH-5, and NH-b. All samples were pre-

served in 10% buffered formalin.

In the bay, bottom temperatures were determined by a revers-

ing thermometer mounted on the Nansen bottle used to collect water

samples for salinity and oxygen analysis. Salinities were determined

with a Hytech inductive salinometer, and subsamples were treated

with magnesium sulfate and potassium iodide and analyzed for oxy-

gen within twenty-four hours using the method of Strickland and

Parsons (1961).

Counts were made for 1967 through July 8, 1971 by separating

all larvae under low power and classifying them by stage. In the

case of extremely dense samples, a Folsom splitter (Miller, 1971)

was used to get a sub-sample of manageable size. At least one hun-

dred larvae were counted when possible. Statistical analyses of

these data were judged impractical due to the variability of conditions
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under which samples were collected and due to the lack of replication.

Data collected over a twenty-four hour period at a single station in

Yaquina Bay on March 21-22, 1967 have been used to assess the

significance of weekly bay values. A.n attempt was also made to set

confidence limits on stage frequencies (expressed as a percent of the

total) in offshore waters by a comparison of catches from the two

nets towed by the Bongo sampler (Figure 12).

Obtaining meaningful results with respect to the larval distri-

bution and abundance of C. ca].ifornjensis from data which was not

collected to furnish this information has proved challenging. For

1967 and 1968 only CB data were available, and these had been col-

lected without respect to tidal stage. Depending ónthe tidal stage,

the number of larvae per cubic meter may range over an order of

magnitude at a given location (Figure 13). The practice of sampling

five stations and proceeding up or down the bay in opposition to the

tidal current would seem to assure that a larval peak will not be

completely missed if it is there the day sampling is conducted. Daily

dynamics, however, are obviously poorly represented by 'weekly

samples, and it is nearly impossible to pinpoint times of larval re-

lease with respect to tidal phase or lunar period. Furthermore, the

CB proved less than adequate at collecting a quantitative sample over

the size range represented by C. cali.forniensi.s larvae, and the

graphs of CB data Figures 14- 18) should be taken to reflect only



31

the dynamics of stage I in thebay. The conclusion that stage I C.

californi.ensis larva approach the upper limits of the quantitative capa-

bility of a CB towing a #6 mesh net, and that older stages effectively

avoid this gear was substantiated by examination of Bongo samples

taken with #6 and #0 nets.

It is not the purpose of this paper to compare capture efficien-

cies between these two devices, involving a total of three combina-

tions of mouth diameter and mesh size. It has been noted that the

use of finer nets results in an underestimate of species abundance

and diversity greater than would be expected on the basis of mouth

diameter alone (McGowan and Frauridorf, 1966). It has been further

noted that while small nets are avoided more effectively than large

ones, avoidance is less in denser populations (Fleminger and Clutter,

1965). The situation may be further complicated for the Bongo sam-

pler by turbulent interaction between the two different nets. However,

it has been said that "variations of 10% or 20% have no significance

in plankton statistics" (Ruttner, 1970:124). Given a 20% variability

(Figure 12), the only fact which can be stated with certainty is that

the finer #6 net consistently catches more stage I larvae than the

coarser, #0, net. The other four stages generally occur in the same

relative abundances in Bongo tows, and the variation is larger in the

less dense populations.
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Figure 12. Comparison of Bongo catches - #0 mesh versus #6
mesh under different conditions of larval density
(20% variability indicated),

Larval Distribution

A characteristic pattern may be seen in the number of larvae

taken by the CB net in the bay and in their relationship to bottom

temperatures at buoy 15, roughly the center of parental distribution.

Temperatures hover between 8° and 9° C from December until Feb-

ruary; larval densities are minimal, on the order of 0. l/M3, as

they have been since October. As the water warms toward 10° C in

late February or March, larval density increases ten to twenty times,

still amounting to a catch of only ten or twenty individuals per tow,

however. Water temperatures remain more ox less constant
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or rise slightly during March and April, and it is probably at this

time that the first major brood of zoea is released. Evidence for

this supposition is twofold: 1) during the twenty-four hour series

conducted at buoy 21 in March, 1967, the high high tide brought a

swarm of stage I larvae up to one hundred and fifty times denser than

winter levels and almost completely missed by weekly sampling pro-

cedures two days later, and 2) larvae are very rare in offshore sam-

ples until this time of year (Figures 19, 20).

Heavy mortality and/or flushing occurs soon after hatching,

leaving only a trace of the cohort; if conditions are favorable for

survival, however, older stages may begin to appear in the plankton

within a couple of weeks. Only stage I is observed in fall and winter

samples.

Beginning in May bottom temperatures start to reflect the tidal

stage and well mixed condition of the bay by being 2° to 3° C warmer

on the ebb than on the flood tide. These oscillations are frequently

inversely related to the abundance of larvae found in the bay on a

given day; so that warmer bottom temperatures, indicating a low

tide, coincide with low numbers of larvae. This suggests, as might

be expected, that they are carried in and out of the bay with the tide

Further ramifications of these movements will be discussed later.

Sometime in May or June the effects of coastal upwelling begin

to be felt in the estuary (Bourke, 1969); temperatures are often
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indicative, but a characteristic of at least 25. 5 and low oxygen

values serve as confirmation. At this point the larval dynamics be-

come more complex. In three of the four years the largest larval

hauls in the bay were made on days when upwelling effects were parti-

cularly noticeable there, If upwelling is not apparent in the bay, as it

was not until mid-July, 1969, then there is no single large peak, but

a series of three or four smaller peaks about four to eight weeks

apart. The mechanism behind these phenomena was obscured initi-

ally by the lack of off- shore data.

In the search for a connection between temperature and larval

release it had been tentatively assumed that a change of some kind

was invoved. In the case of spawning by benthic invertebrates with

pelagic larvae, thermal stimulation has been shown to be very im-

portant; either rising or falling temperatures may elicit a response

(Orton, 1920; Carriker, 1961). Since pelagic larvae serve primarily

as agents of dispersal, and since C. californiensis is a marine spe-

cies, it was proposed that the rising temperatures accompanying an

outgoing tide in a well mixed estuary might stimulate larval release.

Such a mechanism has been observed in similar circumstances

(Mileikovsky, 1970). If well timed, the larvae might then be carried

seaward, but not entirely out of the bay before the tide changed.

Thereafter, they might slosh back and forth, remaining more or less

within the confines of the bay until settling.
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The maintenance of an endemic population obviously requires

a balance between the biological processes of reproduction and mortal-

ity and the physical processes of advection and dispersion (Barlow,

1955). The assumption, which later proved faulty, was that tidal

flushing of larvae constituted an ultimate loss to the system. The

implication of maximum larval abundance coinciding with the pene-

tration of upwelled water into the bay was that falling temperatures

had stimulated larval release. A close examination of the physical

set-up reveals a crucial inconsistency, however; in these cases the

most dense concentration of larvae was invariably near the mouth of

the bay, often at the bridge. If it were the influence of cold water

influx on a rising tide which stimulated larval release, one would not

expect great numbers of larvae in the mouth of the bay at high tide.

The other anomolous feature of the CB data was the almost total lack

of older stages.

In the course of sorting the Bongo samples it became apparent

that the picture drawn from CB data represented only a fraction of

the whole story. Larval swarms, including all stages, in densities

up to two orders of magnitude greater than those found in the bay

were observed from one to three miles offshore; larvae were rare

further out. Stages III, IV, and V were generally more abundant at

NH-3, while stages I, and II predominated at NH-i on a given day

(Figures 19 and 20). The frequency of stages, expressed
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as a percent of the total, showed an orderly seasonal progression

of generations, indicating the hatching and survival to settling of

about four broods. Each cycle lasts approximately six weeks, and

the whole period runs from March to October. Egg-bearing females

cease to be abundant in A.ugust, and the final appearance of late stage

larvae occurs six to eight weeks later. Data from Bongo collections

in the bay showed similar trends; the number of larvae is, however,

much smaller.

The connection between the two populations, offshore and bay,

is clearly not one of simple tidal exchange. Judging from stage fre-

quency ratios and abundance, those larvae present offshore at low

tide do not appear to any appreciable extent in the bay with the high

tide. In fact, the densest patch ever observed anywhere was three

miles offshore on a high tide. Since all tows were done against the

tide, beginning offshore and ending in the bay on a given day, there

are no data to indicate whether or not Yaquina Bay larvae might end

up at NH-i or NH-3 on an ebb tide. Current considerations make it

unlikely that this would happen, however, as the offshore surface

water movement is generally south during the spring and summer

(Maughan, 1963), and the NH-line is located about 4 km north

(lat. 44° 39. P N) of the entrance to the bay.

The use of stage-frequency ratios to identify and trace a patch

of larvae is not without hazard. Vertical stratification of stages
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leading to differential horizontal movement cannot be discounted

(Ketchum, 1954). It might be expected, for example, that stage V

larvae would prefer proximity to the bottom as they approached post-

larval settlement. There is no direct evidence to support this supposi-

tion. The only case of a clear connection between a water layer and

larval distribution was observed in the March 21, 1967 experiment

in the bay when larval abundance was correlated with the penetration

of high salinity water to buoy 21 (Figure 13).

The current regime within three miles of the coast is the re-

sultant of many forces, and current speed and direction are, there-

fore, highly variable (Bourke, 1971). The strength of wind driven

and other nontidal currents is frequently sufficient to distort the ef-

fects of the tidal current. In general, the California Current, a

broad, slow, shallow, southward flowing stream, attains maximum

strength during the summer when surface winds are consistently

from North-Northwest, and the Davidson Current, a narrower,

faster, seasonal northward flowing current, develops off the Oregon-

Washington coast during the fall and disappears by May. On a

smaller scale, a study of nearshore currents revealed that these cur-

rents may reflect changing forces on a time scale of about one hour

(Neal, Keene, and Detweiler, 1969). This study inferred the pres-

ence of an eddy within the region enclosed by the north jetty of

Yaquina Bay, Yaquina Head, and a broken offshore reef (Figure 21).
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During upwelling longshore currents in this area were predominantly

to the south with a speed of 10 to 50 ft 1mm (5 to '25 cm/sec). Sta-

tion NH-i is outside this area, however, and while it may be that

larvae riding an outgoing tide might get caught in this eddy and slowly

leak out to the open ocean north of the bay, it is more plausible to

assume that they have mostly come from other bays to the north.

Obviously, there must be a source of recruits for all these popula-

tions, as the distribution of C californiensis is clearly not shrinking

southward.

Current meter studies off Depoe Bay (lat. 44° 49' N) indicate

that the flow, five miles offshore is south at 20 meters depth, but

north at 60 meters (Mooers, et al.,, 1968). The speed of this deeper

countercurrent is only about one-third that of the surface current,

but it does appear to be a persistant feature, in spite of frequent

short reversals. The'widespread existence of such a vertical cur-

rent profile would provide a mechanism for larval transport in two

directions, and could lead to the sampling of two distinct populations

in a single vertical tow.

Tidal currents are generally thought to be essentially constant

with depth in nearshore regions (Bourke, 1970). If these currents

are superimposed on a slow net seaward drift at all depths in the

bay under well mixed conditions, it appears that most larvae will

be flushed out of the bay on a low tide to go north or south depending



on their vertical distribution. High tides might carry them into the

bay, especially along the bottom at depths less than 40 meters. Bot-

torn currents over the inner continental shelf at depths of less than

40 meters have been shown to flow towards the coast, while at depths

over 40 meters the dominant flow was northward (Bourke, 1970).

The velocities of these bottom currents are on the order of one tenth

of the tidal currents measured five miles offshore; nevertheless, they

may reinforce the tidal currents under favorable conditions. The

prevalence of such conditions is reflected on days when u.pwelling

effects are particularly noticeable in the bay and large numbers of

larvae are observed near the entrance. It has been calculated that

tidal motions in Yaquina Bay are sufficient to move material enter-

ing the bay at the bridge up to fifteen nautical miles upstream in the

summer (Burt and Marriage, 1957). This transport is more than

adequate to allow for larval settlement on suitable substrate.

The dense concentration of larvae in a three to five mile wide

coastal band may be due to a divergence associated with the upwelling

front; it has been demonstrated also that zooplankters tend to accumu-

late at density interfaces (Harder, 1968). Under the influence of

northerly winds the seasonal pycnocline breaks the surface five to

ten miles offshore (Bourke, Glenne, and Adams 1971). Mooers (1970)

has postulated the following general flow pattern for the coastal up-

welling region off central Oregon during the upwelling season: the
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flow is southward in the upper 40 meters; the flow is northward be-

low 40 meters; within 10 to 20 meters of the bottom Ekman flow is

onshore; and a new water mass formed near the surface sinks be-

neath the inclined permanent frontal layer and flows offshore at a

depth of about 40 to 80 meters. This structure may grow and decay

several times in a season as the wind field fluctuates; hence, condi.-

tions in nearshore waters are rarely stable for more than a few

weeks during spring and summer. Mooers (1970) believes the region

'within five miles of the coast to be dominated by mixing processes.

A possible explanation for the appearance of more early stages at

NH-i and more late stages at NH-3 is that depth preferences tend

to segregate the two groups and the deeper water carrying the older

stages is not found at NH-i, where maximum depths are about 30

meters. Without specific information on the vertical distribution of

these larvae, however, all explanations must remain speculative.
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SUMMARY

The primary purpose of this study was to obtain a comprehen-

sive view of the life cycle of the population of C. californiensis which

inhabits Yaquina Bay, Oregon. In the process, the interrelatedness

of this cycle with many others along this coast has been suggested.

The following is a tentative model of the 4ife of the ghost shrimp

which may bear generalization for use in other areas.

Largely an estuarine, mud-dwelling species, C. californiensis

prefers regions of predominantly marine influence. Reproductively

mature animals, at least 4 cm long, are found at depths ranging

from 25 cm to more than 60 cm in the muddy sand of Yaquina Bay.

Their depth in the sediment appears to follow a seasonal pattern

related to temperature. Immature animals, ranging from 1. 7 to 3

cm in length, are uncommon and live in the upper 25 cm of sediment.

Although ovigerous females are present throughout the year,

the principal breeding period at this latitude is late spring and early

summer, depending on when and how fast the water warms. An un-

seasonably cool spring, 1971 for example, may result in prolonged

egg development and unusually low levels of larvae in the plankton

until mid-summer. Whereas, the normal pattern seems to be the

production of three or four major broods at about six-week intervals,

beginning in March and ending in August. Larvae are carried by the
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female which seems to prefer the cooler depths during this time, until

they reach the first zoeal stage. As virtually all C. californiensis

larvae are flushed out of the bay soon after their release, it is hypo-

thesized that larval hatching is triggered by the warmer temperatures

of an ebbing tide. Larval life consists of five planktonic zoeal stages,

lasts about six weeks, and is passed largely in nearshore coastal

waters. Currents within five miles of the coast are highly variable

and very complex, but it appears that larvae may be carried either

north or south depending both on their distance from shore and on

their position in the water column. Summer high tides, especially

during periods of active coastal upwelling, frequently carry a por-

tion of this offshore larval reservoir into the bay, providing an oppor-

tunity for larval settlement on suitable substrate. Judging from the

scarcity of immature shrimp, initial post-larval growth may be very

rapid and/or mature ghost shrimp live for many years under favor-

able conditions and turnover rates for the population are slow.
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