
Dynamics of Crab Larvae (Anornura, Brachyura)
Off the Central Oregon Coast, 1969-1971

by

Robert Gregory Lough

A THESIS

submitted to

Oregon State University

in partial fulfilLment of
the requirements for the

degree of

Doctor of Philosophy

June 1975



APPROVED:

Signature redacted for privacy.

Signature redacted for privacy.

Dean of Sc1of OceanograpIy

Signature redacted for privacy.

Dean of Graduate School

Date thesis is presented June 3, 1974

Typed by Opal Grossnicklaus for Robert Gregory Lough

AssocijPtJessor of Octnography
in charge of major



AN ABSTRACT OF THE THESIS OF

ROBERT GREGORY LOUGH for the DOCTOR OF PHILOSOPHY
(Name of student) (Degree)

in OCEANOGRAPHY presented on June 3. 1974
(Major) (Date)

Title: DYNAMICS OF CRAB LARVAE (ANOMIJRA, BRACHYURA)

OFF THE CENTRAL OREGON COASI l969-l9

Abstract approved:
( Signature redacted for privacy.

Bimonthly plankton samples were collected from 1969 through

1971 along a transect off the central Oregon continental shelf (44°

39. l'N) to document the species of crab larvae present, their season-

ality, and their onshore-offshore distribution in relation to seasonal

changes in oceanographic conditions. A comprehensive key with

plates is given for the 41 species of crab larvae identified from the

samples.

Although some larvae occur every month of the year, the larvae

of most species were found from February through July within ten

nautical miles of the coast. Sea surface temperatures reached their

highest annual values in May-June, coincident with the period of peak

larval abundance. Many species of larvae which appeared in late

winter-early spring of 1970 appeared later and more abundantly in

late spring-early summer during 1971, apparently because of the



colder winter-spring the latter year. The highest densities of crab

larvae (Pachycheles pubescens, Fabia subquadrata, Pinnixa littoralis,

Cancer oregonensis, Pugettia spp., and Pagurus ochotensis) were

observed at stations one and three miles from shore. Adults of these

speci.es inhabit the intertidal and sublittoral zone. The major mech-

anism retaining larvae within three to five miles of the coast is be-

lieved to be the strong onshore component of the surface currents

regardless of the season. The behavior of the larvae in determining

their position in the water column and the conservative effect of

tidal currents also play an important role in their nearshore reten-

tion. Evidence is given relating the transport of the more abundant

larvae to the intensity of coastal upwelling, although offshore trans-

port is generally limited to within ten miles of the coast, Those few

nearshore species (Cancer oregonensis, Cancer magister, Pugettia

spp., Lophopanopeus beilus Emerita analoga), whose larvae are

found consistently offshore (beyond ten miles), usually occur in

comparatively high densities during late-spring and summer when

the prevailing sea surface flow is offshore, have a relatively long

pelagic life, and may exhibit a strong photopositive response during

the early mega.lopa stage.

The larval dynamics of the economically important Dungeness

crab, Cancer magister, were given special attention. An apparent

mass mortality occurred in the early zoeal stages during the 1971



season. This was associated with sea surface salinity and tempera-

ture in analyses of covariance, but larval survival predicted through

response surface techniques and gut-fullness analysis did not sub-

stantially explain their sparseness. Multiple regres sion analyses

indicated that environmental conditions during the critical larval

period explained 60-70% of the variability in crab landings for some

ports four years later. February precipitation, indicative of coastal

surface salinity, for southern Oregon and northern California coastal

stations was the environmental variable most highly predictive of

crab landings for ports of southern Washington and northern Oregon.

The evidence suggests that a prime factor limiting the strength of

the Dungeness crab's harvestable year-class four years later is low

salinity during the early larval phase in February.

Various pairs of species whose larvae are similar in morphol-

ogy, seasonal occurrence, and distribution are compared and con-

trasted in their pelagic niches. The role of the pelagic larva as a

dispersal mechanism, the contribution f its morphology and behavior

to the success of the species, and reproductive strategies such as

brood size, number, and timing are discussed.
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DYNAMICS OF CRAB LARVAE (ANOMURA, BRACHYURA)
OFF THE CENTRAL OREGON COAST, 1969-19 71

I. INTRODUCTION

The pelagic larvae of marine invertebrates are functional

adaptations to the multiple requirements of habitat, development,

and dispersal. The Decapoda, in particular, exemplify this process

with their diverse assortment of developmental patterns. Their

diverse and specialized larval forms, adapted for a planktonic exis-

tence, illustrate how different species have evolved different means

of maintaining population equilibrium.

A general review of marine invertebrate larvae has been made

by Thorson (1946) and Mileikovsky (1971, 1972). Decapod larval life

has been reviewed extensively by Gurney (1942). Important surveys

on the morphology and distribution of decapod Larvae have been given

for the Puget Sound area by Hart (1935, 1937, 1960, 1965, 1971), for

Japanese waters by Aikawa (1929, 1933, 1935, 1937, 1941) and Kurata

(1960; 1963a, b; 1964a, b, c; 1968), for the Kamchatkan Shelf by

Makarov (1966, 1969), for the Indian coast by Prasad (1954) and

Menon (1940), for the Adriatic Sea by Kurian (1956), for the Mediter-

ranean Sea by Bourdillon-Casanova (1956, 1960) and Seridji (1968),

for the North Sea by Rees (1952, 1954, 1955) and Lebour (1927; 1928a,

b; 1930; 1931; 1943a, b; 1946), for the Sound (resund) by Thorson

(1946), for tropical west Africa by Lebour (1959), for Bermuda by



Lebour (1944, 1950), for the North Carolina estuaries by Williams

(1969, 1971) and Dudley and Judy (1971), and for the Chesapeake Bay

by Sandifer (1972; l973a, b, c), and Sandifer and Van Engel (1971,

1972).

Adults of the Decapoda are numerous and successful as a faunal

group, so that their larvae have been studied for a general understand-

ing of their life-cycles and ecology. Relative larval density has been

utilized as an indicator of the annual reproductive cycle of benthic

invertebrates (Giese, 1959), The initiation and duration of the plank-

tonic stage have been determined from plankton surveys in an attempt

to establish a relationship between the reproductive process and envi-

ronmental factors.

Knowledge of larval distribution also may be used to estimate

the adult spawning grounds, and conversely; the dispersion of larval

stages from a known location of spawning adults can be used as an

indicator of local water currents. Despite studies which report

larvae collected in plankton samples far at sea, most larvae pro-

duced on the continental shelf remain there because they are caught

in a system of eddies and countercurrents (Chittleborough and Thomas,

1969; Johnson, 1939, 1960; Lebour, 1950; Knudsen, 1960; Thorson,

1950, 1961; Mileikovsky, 1968a, b; Makarov, 1966, 1969; Efford,

1970; Longhurst, 1967; Longhurst and Seibert, 1971: Ritz, 1972),

It is well known that many species of economically important
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marine resources fluctuate greatly in numbers and location. These

fluctuations may be explained in part by changes occurring in the

larval populations. That the larval stage is the most critical period

for the majority of marine animals was originally emphasized by

Hjort (1914, 1926) for fish larvae and by Thorson (1946) for marine

invertebrate larvae. Survival through this period is usually consid-

ered the major factor in determining the strength of the year class,

However, the causes or extent of larval mortality are still relatively

unknown.

This study is the first comprehensive, long-term investigation

of decapod larvae for the eastern North Pacific. The objectives of

this study are to document the kinds of crab larvae (Anomura, Brachy-

ura) found off the central Oregon coast, their seasonality and onshore-

offshore distribution in the plankton, and to compare and contrast

their larval dynamics in relation to seasonal changes in oceanographic

conditions. Particular attention was given to assessing the larval

population of the Dungeness crab, Cancer magister, as it supports

one of the most important fisheries in the Pacific Northwest.
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IL METHODS

Sampling Program and Gear

This study was conducted primarily on a trackline off Newport,

Oregon (44° 39. 1N latitude)? across the continental shelf and slope

(Figure 1). The 12 sampling stations are designated on the Newport

Hydrographic-line (NH) in Table 1, and correspond in distance to

nautical miles from the coast. Plankton samples initially were col-

lected a.t stations 1, 3, 5, and 10 nautical miles directly off the

Yaquina Bay estuary. These four inshore stations constituted the

main series of samples from June, 1969, through August, 1971. The

sampling line was moved four km (2. 2 miles) to the Oregon State

University School of Oceanography? s Newport Hydrographic-line,

located off Yaquina Head, starting with the 20 October 1970 cruise.

This was done to move the sampling line out of the direct influence

of the Yaquina Bay effluent. With the 3 February 19 71 cruise, the

sampling program was extended offshore to NH6O by five or ten mile

increments.

Generally, the R/V Pauite was used during the summer to

sample the nears hore stations and the R/V Cayuse was used during

the remainder of the year. Samples were taken from the R/V Yaquina

ou three occasions in cooperation with othercruises,

A 0.2 m (mouth) diameter bongo-net sampler (Posgay etal.,



Figure 1. A topographic nap of the study area showing the general bottom features along the
Newport Hydro-line (NH). Bottom contours are in fathoms.



Table 1. Location of plankton sampling stations and bottom depths
along the Newport Hydro-line (NH).

6

Latitude 44° 39. 1N
Station Longitude Depth (m)

NHOJ 124°05.4'W 20

NHO3 124°08.6'W 46

NHO5 124°10.71W 59

NH1O l24°l7.7W 85

NH15 124°24.7W 95

NHZO 124°31.7'W 142

NHZ5 124°38.7'W 330

NH3O 124°45.7'W 220

NH35 124°52.7'W 340

NH4O 124°59.7'W 1,060

NF50 l25°l3.7W 1,300

NH6O 125°27.7W 2,850
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1968) was used exclusively from 22 June 1969 through 20 October 1970.

The two cylinder-cone nets, 1. 8 m in length, were constructed of

0. 233 mm and 0. 571 mm nylon mesh and had an effective straining

surface (pore size area) to mouth area ratio of near 10 to 1, A 30 lb

lead ball or a 1 5 lb fin depressor was attached to the sampler line,

The depth of the tow was initially estimated from the wire angle. A

time-depth recorder, limited to 250 m, was used on all tows after

the 29 December 1969 cruise.

A larger (0. 7 m) diameter bongo-net sampler was used in

tandem with the smaller (0.2 m) diameter bongo-nets startingwith

the 4 November 1970 cruise to sample a-greater volume of water and

to reduce avoidance by the larger larvae. The 0. 7 m bongo-nets had

a net length of 5. 1 in, were constructed of 0, 571 mm nylon mesh,

and had an effective straining area ratio of 8 to 1. Both bongo-net

samplers were equipped with TSK flow meters mounted on brackets

18 cm from the rim of the inside frame. A locally-built multiplane

kite-otter wire depressor (Ca. 80 lb), modified after Colton (1959),

was used to produce the desired wire anglle ratio of 2 to 1. The tan-

dem bongo-net arrangement could be used only aboard the larger

vessels Cayuse and Yaquina.

The objective of the sampling was to make. high speed, oblique,

plankton tows. The water column was sampledin equal stepped inter-

vals from 150 m, orin shallower areas from bottom to surface. The
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wire was let out and retrieved at 50-75 m per minute while the vessel

was underway at 2-3 knots. Most of the samples represent daylight

tows ranging in duration from 10 to 25 minutes. The longer tows

generally were made on stations beyond five miles. A ten minute tow

with the 0. 2 m bongo-nets filtered approximately 35 m3 of water on

a side, while one side of the 0, 7 m bongo-nets filtered about 350 m

of water.

The program initially used an Electrodless Induction Salinome-

ter to read temperature and salinity at surface and 12-15 m. A BT-

cast or reversing thermometer attached to a Nansen bottle was usually

made at each station near bottom or to 1 50 m depth. Surface bucket

temperatures also were taken at each station to calibrate the BT

readings. Salinity samples were collected on the surface and near

bottom or to 1 50 m depth by a Nansen or N. I. 0. bottle and analyzed

by a Hytech Salinometer or C. S. I. R. 0. Inductive Coupled Salinometer.

Salinity, temperature, and depth (STD) data from a real-time printout

computer on board the Cayuse or Yaquina was availb1e for several

cruises.

The Nekton Cruise, Y7004-B, of 11-12 April 1970 at NH45 was

included in this study as it is one of the few cruises that sampled the

offshore plankton during 1970, The objective of this cruise was to

identify those organisms associated with sound scattering layers in

the upper 1 50 m of sea water and, if possible, to follow their



day-night migration patterns. Six successive integrated tows of

approximately 45 minutes each were taken to a depth of 1 50 m (total

timex 1852-2355). A standard six-foot Isaacs-Kidd midwater trawl

(IKMT) with a 2.9 m2 mouth opening (1 l/2 mesh with a 1/4" linear

nylon liner) was used for this series. The second series of eight

samples alternately sampled from surface to 1 50 rn and from 1 50 m

to surface with an eight-bar electronic multiple plankton sampler

(EMPS) attached to the IKMT (Pearcy and Mesecar, 1970) (total

time: (0134-0514). The cylinder-cone nets were approximately 115"

in length with a mouth diameter of 1 7" and made of 0. 571 mm nylon

mesh. Another series also used the EMPS to sample eight discrete

layers from the surface to 330 m depth covering three bands of

scatters (total time: 0640-1113). Scattering layers were located

using 12 and 38. 5 kHz echo-sounders. One automated temperature,

salinity, depth (STD) cast was taken.

Processing of Plankton Samples

Plankton samples were immediately preserved in 5-10%

formalin and later buffered with sodium borate. Generally, the

entire sample was sorted, however, many required subsampling

with an 8 cm diameter plankton splitter (Longhurst and Seiburt,

1967). Approximately 22% of the 0.2 m bongo-net samples and 39%

of the 0. 7 m bongo-net samples required subs ampling. Those

9
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samples which required splitting were usually from stations NHO1

and NHO3.

All crab larvaewere removed from the samples and identified

as far as possible on external characteristics alone. Initially, it

was necessary for positive identification to dissect most of the larval

stages for setal analysis. A temporary slide mount was made using

glycerine containing acid fuchsin. Drawings of whole mounts and

vrious appendages were made with the aid of a camera lucida

attached to a Wild M-50 or M-.Z0 microscope.

Catches of Larvae were first converted by computer to number

per 1000 m3 of sea water and ordered in a format by species and

station. Graphs of stage density against time were plotted for the

more predominant species with the aid of a CalComp plotter using

the Oregon State University CDC3300 computer.

Laboratory Culture of Larvae

The identification of many larval stages has been established

by rearing from the eggs of a known female. Also, various serial

stages have been confirmed by making plankton tows, sorting out the

crab larvae, and rearing them until some passed to the next stage.

Gravid females obtained from the intertidal area or trawis were

maintained in the laboratory at ambient sea water temperature until

hatching. Larvae then were collected and cultured in filtered,
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full-strength sea water; fed newly hatched Artemia nauplil and trans-

ferred to clean sea water every two or three days. Most of the larvae

were maintained in a 100 C water bath having a light-dark cycle of 12

hours. Those larvae reared under different conditions are so denoted

in the text. Larvae obtained from live plankton tows were handled

in the same manner.



Ifl. STUDY AREA

Geology

The continental shelf along the centri Oregon coast varies in

width from 16 miles at 45°00'N to 40 miles at 44° 12. 7'Nwith a slope

of 00 09' to 0° 22' and extends to a depth -of 80 to- 95 fathoms at its

outer edge (Byrne, 1962). Numerous shoals are present on the shelf

which support fauna associated with rocky areas. Of particular

importance are Stonewall Bank and Heceta Bank which lie to the

southwest of Yaquina Bay (see Figure 1), The continental slope has

an inclination varying from 1 ° 12' to 4° 18' and extends out to about

1000 m (5, 468 fathoms) depth. Numerous hills and small seamounts

dominate the slope along the study area. The Cascadia Abyssal

Plain begins at approximately 50 to 60 miles off Newport.

The sediment characteristics along the central Oregon coast

consist of well.-sorted, fine, detrital sands covering the inner conti-

nental shelf (0-50 fathoms) grading into poorly sorted, gluaconite-

rich clayey silt on the outer shelf (50-100 fathoms) (Byrne and

Maloney, 1965). The slope sediments are primarily clayey silts

with small percentages of biogenous components while silty clay

predominates on the Abyssal plain (> 1 500 fathoms).

Carey (1965) has associated benthic faunal zones with the change

in sediment characteristics off central Oregon.

12



Coastal Currents

The surface waters along the U, S. west coast are dominated

by the California current; a slow, broad, and sh.allow current flowing

equatorward(Wooster and Reid, 1963). It has amaximum width of

300 miles and an average speed of 0. 2 knots, The nearshore currents

vary seasonally and are dependent upon wind direction and strength.

During the fall and winter months when the winds are predominantly

from the southwest, a subsurface countercurrent flowing northward

along the coast develops into the Davidson current. Drift bottle

studies by Wyatt etal. (1972), Burt and Wyatt (1964) and Schwartzlose

(1964) indicate that the Davidson current first develops along the

Oregon-Washington coast in September reaching maximum speeds

between 0. 5 and 2 knots within 20 miles of the coast during the month

of November. The strongest prevalence of northward flow occurs in

December and January. Themain flow of the Davidson current is

believed to occur within 100 miles of the coast and commonly extends

to 48° -50° N. Direct current measuremeats of the subsurface north-

ward flow have been made by Collins and Pattuilo (1970), Stevenson

etal. (1969), Collinsetal. (1968), and Smith etal. (1971).

The inshore appearance of the warm water copepod, Acartia

danae, during the months from October to May is believed to be an

indicator of Davidson current waters (Cross and Small, 1967). The

13
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use of other species of animals asindicators of the seasonal change

of Oregon coastal waters has been reviewed by Pearcy (1972),

The major change in the surface currents from northward to

southward occurs in March and April(Wyatt etal., 1972). The

direction of surface flow is variable during these months depending

in part upon the wind.

The phenomenon of coastal upwelliag occurs when the north-

'.yesterly winds intensify and may persist from May to September.

As the surface waters are transported offshore and to the southwest,

cold, highsalinity waters from below a permanent pycnocline (60-100

m) are brought to the surface (Smith etal., 1966). The zone of active

upwelling occurs within 20 miles of the coast but its effects can be

observed to the edge of the slope. Although upwelling occurs regu-

larly along the coast during the summer season, the process is

sporadic, varying locally in response to the wind fields. The mean

speed of the summer surface currents was estimated as 0. 2 knots

by drift bottle data and drogues (Wyatt et al., 1972; StevensonetaL,

1969).

Besides the change in chemical properties observed during

upwelling (ParketaL, 1962), the permanent frontal layer bounded

by sigma-t surfaces of 25. 5 to 26. 0 is observed to rise, often inter-

secting the surface from 10 to 20 km(5-11 miles) offshore (Collins,

1964). Collins etal. (1968) have indicated by direct current
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measurements that the mean flow above the permanent pycnocline

was usually southward and offshore during upwelling; while below

the pycnocline the flow was northward andonshore. Mooers (1970,

p. 364-65) and Smithetal. (1971) have summarized the general flow

pattern along the central Oregon coast during the upwelling season.

Currentflow is southward in the upper 40 m of water (20 cmlsec) and

northward below this depth (10 cm/sec), The surface Ekman layer

which is about 10 to 20 m thick flows offshore, whereas the flow is

onshore in the Ekman layer within 10 to 20 m of the bottom. The

upwelled water sinks to 10 to 30 in depth. beneath the seasonal pycno-

cline and flows offshore. Within the upper part of the permanent

pycnocline at 20 to 60 in depth, the flow is onshore. The new water

mass of warm, high-salinity water formed inshore sinks to a depth

of about 40 to 80 in and flows offshore in the layer beneath the perma-

nent pycnocline. Between this layer and the bottom Ekman layer the

current flow is onshore.

The area within five miles of the coast has not been studied in

much detail but is believed to be dominated by mixing processes

(Mooers, 1970). Tidal currents measured at the Columbia River

light vessel, five miles off the coast, were found to be rotary, clock-

wise, and semidiurnal, with a maximum velocity of 0. 25 knots and

little diurnal inequality (Mariner, 1926). Bourke etal. (1971) com-

puted the average tidal currents within three miles of the Pacific

Northwest coast by tidal prism methods. The onshore-offshore tidal
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currents reached maximum velocity of 0, 15 knots where the beach

slope is relatively flat.

Holton and Elliot (1973) and Keene (1971) have attempted to

study the physical oceanography of the nears hore area within one to

three miles of Newport, Oregon. The surface currents are generally

well correlated with the wind direction, but the tidal currents pre-

dominate when the wind is reduced. Within one-quarter mile of the

shore the surface flow is onshore, regardless of thewind direction,

Seaward of one-quarter to one- half mile the surface flow is more

offshore and parallel to the coast. Drift bottle studies by Wyatt et al.

(1971, 1972) show that the greatest returns 'of drift bottles occurred

within five miles of shore where an average return may reach as

high as 33%, Avery strong alongshore current near three to five

miles is indicated, There is some evidence given for regions of

converging and diverging cells of currents paralleling the nears hore

area. Areas of convergence are believed to aggregate planktonic

organisms. Present coastal upwelling studies are investigating this

phenomenon.

Temperature-Salinity Distribution

Oregon coastal waters are largely derived from subarcticwaters

whose characteristics have been described by Tully and Barber (1960).

The temperature and salinity characteristics off the Oregon coast
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have been summarized by Pattullo and Denner (1965).

During thewinter, rainfall arid associated river runoff are

the dominant processes modifying surface water properties, while

during the summer, the major processes are upwelling in conjunction

with heating and mixing with the Columbia River plume. Bourke (1972)

has divided the Oregon coast into homogeneous zones out to 2.5 miles.

The 1961-70 temperature-salinity modes for the Newport zonewere

9.5°C and 30.75 ppt for the winter season arid 9.5°C and 33.75 ppt

for the summer season. Maximum temperatures (13° -15° C) occur

in September and October with the cessation of upweUing. The coastal

surface waters are generally warmer and more saline during the

summer than in the winter except within 1 5 miles of the coast where

upwelled water may depress the temperature. Surface temperatures

increase with distance offshore in both seasons, but the gradient is

four times larger in summer than winter. Surface salinities decrease

with distance from shore in summer and increase in the winter.

Along the Oregon coast, surface temperatures increase towards the

north in the summer but reverse in winter. Salinity generally in-

creases towards the south in both seasons, but gradients are twice

as large in summer as in winter.

Surface temperature and salinity measurements at shore sta-

tions along the Oregon coast show greater variability than offshore

stations as they are more affected by seasonal heating, cooling and
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river runoff(Bourkeetal., 1971). Surface temperatures range

from 7. 6 ° to 1 7. 7 ° C with more variability observed during the

summer than winter. Average salinities are higher in the summer

(33. 5 ppt) than in the winter due to upwelling.

During the winter season the subsurface temperatures are

isothermal to 50 m and a halocline is present to 100 m. In the sum-

mer, however, a strong thermocline exists to 30 m depth and a

strong halocline is present to 75 m (Bourke, 1972). The seasonal

summer pycnocline, which is formed by the thermocline and halo-

dine, is derived from summer heating and mixing of the surface

waters with the Columbia River plume.

The Columbia River is the major river of western North Amer-

ica and contributes 60 to 90% of the fresh water entering the sea

between the Straits of Juan de Fuca and San Francisco Bay (Barnes

etal., 1972). The Columbia River discharge reaches its seasonal

peak from May through July with a smaller peak in February. Its

distinctive low-salinity and high-temperature plume extends to

near 40 m depth and can be traced by its 32. 5 ppt isopleth which

can be found at times to reach 600 km (3Z4 miles) seaward. During

the summer season the prevailing winds and currents carry the

plume southwesterly to off the Oregon-California border. By late

summer-early fall, the combined effects of reduced river flow and

the seasonal wind change destroys the plume characteristics off
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Oregon. The prevailing southwesterly winds drive the plume

northward along the Washington coast during, the winter.

The Yaquina Bay discharge appears to follow the same seasonal

cycle as the Columbia River, however, the average discharge is con-

siderabJ.y less (Burt and Marriage, 1957).

Hydrographic Features During 1969-19 71

Bakun (1973) has computed indices of coastal upwelling intensity

for selected locations along the west coast of North America based

on offshore Ekman surface wind transport from monthly mean surface

atmospheric pressure data. These indices are used in this study to

evaluate near shore hydrographic conditions for the sampling period,

1969 through 1971. Monthly and quarterly indices were selected from

45° N, 15°W and are given in Table 2. The upwelling index for

each period represents the number of metric tois per second per 100

meters of coastline upwelled through the bttoni of the Ekman layer.

Positive values indicate periods of coastal upw1ling whereas nega-

tive values indicate downwelling, The anomaly values were computed

as deviations of the upwelling index for the 20 year period, 1948-1967.

The years 1969 through 1971 appear to be a period of decreas-

ing extremes when values tend to oscillate more closely around the

midpoint compared to the previous four years or so. The year 1970

can be considered the least anomalous of the three year period and



Table 2. Coastal upwelling indices from Bakun (1973) at 45° N, 125°W by month and quarter, 1969-1971.

Month Index Anomaly Month Index Anomaly Month Index Anomaly

6901 -45 48 7001 -98 -4 7101 -32 62
6902 -93 -46 7002 -71 -24 7102 -16 32
6903 -2 13 7003 1 16 7103 -49 -33
6904 -21 -31 7004 25 16 7104 -2 -ii
6905 13 -22 7005 33 - .1 7105 66 32
6906 61 13 7006 46 -2 7106 13 -36
6907 106 32 7007 71 -3 7107 65 -9
6908 46 -5 7008 73 23 7108 24 -27
6909 6 -11 7009 11 -5 7109 8 -8
6910 -14 6 7010 -7 13 7110 1 21
6911 -53 21 7011 -54 19 7111 -40 34
6912 -157 64 7012 -106 -12 7112 -27 66

Quarter Index Anomaly Quarter Index Anomaly Quarter Index Anomaly

6901 -45 7 7001 -56 -3 7101 -33 20
6902 17 -13 7002 35 4 7102 26 -5
6903 53 6 7003 52 5 7103 33 -15
6904 -75 -13 7004 -56 6 7104 -22 40



most typical over a 20 year span. The year 1971 is considered the

most anomalous during the sampling period (cf. Kukia and Kukia,

19 74).

January and February of 1970 show significantly greater nega-

tive indices than the same period in 1971. High negative values are

indicative of strong downwelling along the coast which Bakun (1973)

states would accelerate the northward flow or decelerate the south-

ward flow. In either case, more offshore surface water would be

transported onshore. During the March transition period, the 1970

index was normal (+1), however, during 1971 an anomalously high

negative index (-49) occurred. This indicates that downwelling and

subsequent onshore transport of surface waters was more intense

during March of 1971 than 1970. DownweUing also was more intense

during March of 1971 than in the previous two months of that year.

Drift bottle data compiled by Wyatt et al, (1971) report a 14. 7% return

for bottles released off Newport from 25 February to 3 March1970.

By contrast, a 28. 6% return occurred during 6-9 March 1971. The

average percent return of drift bottles on all, stations west of Newport,

1961 to 1971, during both February and March was 18% (Wyatt etal.,

1972). High percentages of returns (near 30%) were observed only

during February and March of 1961, 1962, 1963, and 1967.

April of 1970 shows high positive index values indicative of

upwelling processes, whereas downwelling was still in process during

21
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the same month in 1971. However, by May of 1971 the upwelling

intensity was twice the magnitude of that in 1970,

Thequarterly index values indicate that tb summer upwelling

period along the Oregon coast from June through August is of the same

magnituLde in 1969 and in 1970, but of considerably less intensity in

1971, Upwelling started somewhat later in 1969 but during June and

July it was more intense than during the same period in the other two

years. The 1970 summer monthly indices were all fairly high and

consistent, indicating a rather uniform period of upwelling. The 1970

upwelling continued into September whereas the 1969 and 1971 upwell-

ing seasons were somewhat shorter and more erratic,

The September and October transition period, when the prevail-

ing winds shift from the north to the soujth, is reflected in the index

values. The greater negative indices for the fall months of 1969

compared to 1970 and 1971 is indicative of more onshore transport

of surface waters and downwelling during this period.

Surface temperatures and salinities taken on Early Life History

cruises from June, 1969, through August, 1971, at stations NHO1,

NHO3, NHO5, and NH1O are presented in Figures 2 and 3. Tempera-

tures were highest from May through October, peaking in September.

More variability was evident during the summer due to surface heating

interrupted by local upweljing of near 7°C bottom water. Tempera-

tures ranged annually from about 7 0 to 1 70 C. Surface salinity values
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Figure 2. Surface temperature in degrees centigrade at stations NHOL, NHO3, NHOS, and NH1O from
June 1969 through August 1971.
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were generally low during the winter and high in the summer reflect-

ing the seasonal change in precipitation and upwelling during these

periods. The annual range of salinity was about 25 to 35 ppt. Low

salinity values from November through April at stations NHO3 and

NHO5 were probably associated with the Yaquina Bay plume which

flows north along the coast during the winter (Kuim and Byrne, 1966).

The low salinity values at NH1O during the winter were probably due

to local precipitation.

The summer temperature regime of 1970 appeared consistently

colder than during 1969 and 1971 (Figure 2). By contrast, the 1971

summer temperatures were higher than 1970 and 1969. These obser-

vations are consistent with Bakun's (1973) upwelling indices. The

Oregon State University Albacore Central Bulletins also stated that

upwelling started earlier during 1970 and was more widespread in area

than during 1969. In 1971, upwelling started in May but subsided

until July as corroborated by the surface tempeiatures and salinities.

Wyatt and Gilbert's (1970, 1971, 1972) surface temperature data com-

piled at the Oregon State University Marine Science Center dock show

that May, June, July, and August of 1969 were significantly warmer

than those months in 1970. May, June, and July of 1971 had mean

monthly temperatures similar to those months in 1970, however,

August of 1971 was significantly warmer than 1970, Gonor and Thum

(1970) and Gonor etal. (1970) also reported Agate Beach surf



temperatures consistently higher during the summer of 1969 than

1970.

Fall of 1969 also had warmer surface temperatures than during

1970. The upwelling indices for fall Qf 1969 indicated a very strong

onshore transport of warm offshore waters. Agate beach surface

temperatures were reported by Gonor and Thum(1970) and Gonor

etal. (1970) to have a mean temperature for the month of October of

12.53°C and 11.04° C during 1969 and 1970, respectively, Wyatt and

Gilbert's (1970, 1971, 1972) data also show that the mean monthly

temperatures for September and October of 1969 were significantly

warmer than for the same months in 1970 and 1971,

The winter of 1971 was generally more severe than that of 1970,

Climatological records (U, S. Environmental Service, Climatological

Data: Oregon 1970, 1971)for Newport, OregQn, show monthlymean

air temperatures for February and March, 1971, to be significantly

lower than the same months during 1970, Total precipitation also was

greater during March of 1971 than 1970, Ocean surface temperatures

consequently were much colder during this period in 1971 than 1970.

Gonor etal. (1970) and Gonor and Elvin (1971) reported the

following Agate Beach mean surf temperatures:

February March

1970 11.9°C 11.8

1971 9.3 9.0
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Wyatt and Gilbert (1971, 1972) reported monthly mean surface tem-

peratures at the Oregon State University Marine Science Center dock

within Yaquina Bay to be:

February March

1970 10.54°C 10.43

1971 9.45 8,81

Temperature and salinity measurements also were taken at

stations out to NH6O from February through August, 1971. The rela-.

tively low salinities and high temperatures of the Columbia River

plume were most noticeable beginning in early June at stations NH35

to NH6O.



[V. OREGON FAUNA AND LARVAL IDENTIFICATION

The Decapoda of the Oregon shelf constitute a very diverse and

successful group of animals. Nearly 100 species of crabs of the sub-

order Reptantia have been recorded from eastern North Pacific wa-

ters. As the adult fauna off Oregon is not well documented, a species

list was compiled in Table 3 from personal observations and the works

of Garth (1958), Haig (1960), Hart (1930, 1940, 1953, 1963, 1971b),

Makarov (1938), McCauley (1972), Menzies (1948), Rathbun(1910,

1918, 1925, 1930, 1937), andScbmitt(1921),

Despite their ecological and morphological diversity, the

greater part of this group retains a pelagic larval phase in their

life-cycle. A list is given in Table 4 of the 41 species of crab larvae

and their stages collected in the plankton off the central Oregon coast

from 1969 through 1971. The larvae of many of these species are

s eldom caught in pl.nkton samples as the adults are uncommon or

rare. However, those larvae that are found off the Oregon coast

are usually very abundant and during certain times of the year may

comprise the bulk of the zooplankton, both in numbers and biomass.

It was felt that the best and most useful method of dealing with

larval identification was to formulate keys incorporating information

from published descriptions and personal observations. The follow-

ing larval keys are primarily restricted to those larvae found in the
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Early-Life History program samples collected pff Newport, Oregon,

out to 60 miles. Ten farniles are represented, evenly divided among

the Anomura and Brachyura. The keys assume that one has a general

working knowledge of the Anomuran and Brachyuran families from

Hart's (1971b) key. Zoea and megalopa, as referred to in this study,

are defined by Williamson (1957, 1969) as those larval stages having

thoracic and abdominal swimming appendages, respectively.

This study represents a preliminary investigation of crab larvae

found off the central Oregon coast. The species names and serial

stage associations are sometimes based on inferences and should not

be considered absolute in all cases. There is, particularly, a ques-

tionable gap between some zoeal and megalopa stages. Positive iden-

tification is possible only through laboratory rearing from a known

adult and/or capturing live larvae and letting them molt to the next

stage. This information is prefaced later in the text when available.

The first key attempts to separate the zoeal larvae of the

Anomura and Brachyura to family level by combining and restructur-

ing the works of Hart (1971b) and Makarov (1966). Subsequent keys

attempt to separate larval stages and species from published descrip-

tions and personal observations. The anomura.n megalopa closely

resemble the adults and can be easily identified to family; keys are

given to identify megalopa species when possible.

Separate keys are given for the pagurid zoea and megalopa.
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The first step in identification from plankton samples is the separa-

tion of the four zoeal stages based on the key of Pike and Williamson

(1958). Nine species were identified from the zoea larvae found in

the collections and are distinguished by the following characters:

carapace shape and relative length of anterior and posterior proces-

ses; antennal shape, length, and setation or spination; telson shape and

spination; uropod shape and setation; zoeai size .length from tip of

rostrum to posterior margin of telson, excluding spines). Seven

species of megalopa were identified based on the following characters:

size, shape, and ornamentation of chelipeds; relative antennal length,

shape and spination of scale: telson and uropod shape and setation;

carapace length and breadth; and total length from rostral tip to

posterior margin of telson.

The initial stage of lithodid larvae can be separated using the

pagurid key; however, two species of lithodids found in the samples

do not develop uropods and other characters have to be considered.

A single key is given for all zoeal stages as species can be identified

by their distinctive carapace shape. Another key is given for the

megalopa larvae.

A key is given for all the brachyuran megalopae found in the

plankton off the central Oregon coast. It is based on the outline given

in Lebour's (1928b) monograph on British Brachyura. Generalized



figures and body parts were drawn with the aid of a camera lucida

and are included with some of the keys.
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Table 3. Species, List of Oregon Anomura and Brachyura Decapoda.

Order DECAPODA

Suborder Reptantia

Section Anomura

Family Galatheidae

Family Porcellanidae Pachychele s pubes cens Holmes
Pachycheles rudis Stimpson
Petrolisthes cinctipes (Randall)
Petrolisthes eriomerus Stimpson

Family Paguridae
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Munida quadrispina Benedict
Munidiopsis bairdii Benedict
Munidiopsis beringana Benedict
Munidiopsis cascadia Weills
Munidiopsis crassa Smith
Munidiopsis granDsa Alcock
Munidiopsis latiros tris Faxon
Munidiopsis quadrata Faxon
Munidiopsis subsquanamosa Henderson
Munidiopsis verrilli Benedict

Orthopagurus minimus (Holmes)
Orthopagurus schmitti (Stevens)
Pagurus alaskensis (Benedict)
Pagurus arniatus (Dana)
Pagurus beringanus (Benedicl)
Pagurus brandti (Benedict)
Pagurus capillatus (Benedict)
Pagurus confragosus (Benedict)
Pagurus dalli (Benedict)
Pagurus gilli (Benedict)
Pagurus granosimanus (Stimpson)
Pagurus hirsutiusculus (Dana)
Pagurus ochotensis Brandt
Pagurus quaylei Hart
Pagurus samuelis (Stimpson)
Pagurus setosus (Benedict)
Pagurus tanneri (Benedict)

uristes parvus (Holmes)
Paguristes ulreyi Schmitt
Paguristes turgidus (Stimpson)



Family Lithodidae

Family Hippidae

Section Brachyura

Family Majidae

Family Cancridae

Parapagurus mertensii (Brandt)
Parapagurus pilosimanus Smith
Pylopagurus minimus (Holmes)

Acantholithodes hispidus (Stimpson)
Cryptolithodes sitchensis Brandt
Cryptolithodes typicus Brandt
Hapalogaster rebnitzkii Schalfeew

paloaster mertensii (Brandt)
Lithodes couesi Benedict
Lopholithodes foraminatus (Stimpson)
Lopholithodes mandtii Brandt
Oedignathus inermis (Stimpson)
Par alomis multispina (Benedict)
Paralomjs verrilli (Benedict)
Phj(llolithodes papillos us (Brandt)
Rhinoljthodes wosnessenskjj Brandt

Emerita analoga (Stimpson)

Chionoecetes angulatus Rathbun
Chionoecetes bairdi Rathbun
Chionoecetes tannerj Rathbun
Chorila. longipes Dana
Mimulus foliatus Stimpson
Mursia gaudichaudii (MilneEdwards)
Oregonia gracilis Dana
Pugettia gracilis Dana
Pugettia productus (Randall)
Pugettia richii Dana
Scyra acutifrons Dana

Family Atelecyclidae Telmes sus cheiragonus (Tile sius)

Cancer antennarius (Stirnpson)
Cancer anthonyi Rathbun
Cancer gracilis Dana
Cancer gibbosulus (De Haan)
Cancer magister Dana
Cancer. oregonensis (Dana)
Cancer productus Randall
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Family Xanthidae

Family Grapsidae

Family Pinotheridae

Lophopanopeus bellus bellus (Stimpson)
Lophopanopeus bellus diegensis Rathbun

Hemigrapsus nudus (Dana)
Hemigrapsus ore gonensis (Dana)
Pachygrapsus crassipes (Randall)
Planes cyaneus Dana
Planes marinus Rathbun

Fabia subquadrata (Dana)
Pjnnj.xa. faba (Dana)
Pinnixa. littoralis Holmes
Pjnnjxa occidentaljs Rathbun
Pinnj.xa. schrriitti Rathbun
Pinnjxa tubicola Holmes
Pinnotheres concharum (Rathbun)
Scieropax granulata Rathbun
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Table 4. Species list of crab larvae found in plankton collections off
the central Oregon coast.

Galatheidae

Porce11nidae

Paguridae

Lithodidae

Hippidae

Maj idae

Cancridae

Munida quadrispina

Petrolj.sthes eriomerus
Pachycheles rudis
Pachycheles pubescens

Pagurus granosimanus
Pagurus ochotensis
Pagurus sp, C
Orthopagurus scbmitti
Pagurus beringanus
Pagurus tanneri
Paguristes turgidus
Pagurus sp. I
Pagurus sp, J
Pagurus hirsutiusculus

Oedignathus inermis
Hapalogaster mertensii
Lopholithodes sp. C
Lopholithodes sp. D
Lopholithodes sp. E.

Emerita analoga

Chionoecetes tanneri
Oregonia gracilis
Pugettia spp,
Pugettia richii
Pugettia productus
Pugettia sp. A

Cancer magister
Cancer oregonensis
Cancer antennarius

Zoea 1-5

Zoea 1-2,

Zoea 1-2,

Zoea 14,
Zoea 1-4,
Zoea 1-4,
Zoea 1-4,
Zoea 1-4,
Zoea 1-4

Zoea 1-4
Zoea 4,
Zoea 1-2

Zoea 1-2,
Zoea 1-2,
Zoea 1-2

Zoea 1-5,
Zoea 1-5,

Megalopa
Megalopa
Megalopa

Meg al op a
Megalopa
Megalopa
Megalopa
Megalopa

Megalopa

Me galop a

Zoea 1-4, Megalopa
Zoea 1-4, Megalopa
Zoea 1,3,4, Megalopa
Zoea 2-4, Megalopa
Zoea 3

Zoea 1-5

Me galop a
Me gal op a

Meg al op a
Me gal op a
Megalopa

Megalopa
Megalopa
Me galopa
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Xanthidae Lophopanopeus bellus Zoea 1-4, Megalopa

Family Species Stage Collected



G raps i d ae

Pinnotl-ierjdae

Hemigrapsus nudus
Hemigrapsus oregonensis
Pachygrapsus crassipes

Fabia subquadrata
Pinnixa littoralis
Pinnjxa sp. A
Pinnjxa sp. B
Pinnj.xa sp. C
Pinnjxa sp. D
Pinnixa sp. E
Pinnotheres sp. A

Zoeal-5, Megalopa
Zoea 1-5, Megalopa
Zoea 1-5, Megalopa

Zoea 1-5,
Zoea 1-5,

Megalopa
Megalopa
Megalopa
Megalopa
Meg alop a
Me gal op a
Me gal op a
Mega].opa

36

Family Species Stage Collected



Key to Families of Anomuran and Brachyuran Zoeal Larvae
Found in the Plankton off the Central Oregon Coast

la. Telson more broad and flattened; uropod development in late
stage larvae (may be rudimentary or absent in a few rarer
species); 3 swimming maxillipeds (3rd maxilliped may be
rudimentary in early zoea) (Anomura) 2

lb. Telson forked and armed with spines; no uropod development
in any zoeal larvae; 2 swimming maxillipeds

(Brachyura) 6

Za. Rostrum and posterior margin of carapace serrate
GALATHEIDAE

2b. Rostrum and posterior margin of carapace not serrate. . . . 3

Rostrum more than twice as long as carapace and posterior
processes as long as carapace; telson with long posterior
plumose setae PORCELLANIDAE

Rostrum shorter than carapace, posterior processes shorter
or absent; telson with spines 4

Telson posterior margin rounded with numerous minute
spines HIPPIDAE.

Telson more triangular shape with stout, elongate spines . . 5

Uropods broad and blade-like, setae distributed along inner
margin of exopodite, apical spine(s) present; posterior
processes of carapace generally close together separated
by shallow notch with parallel edges; slezder appearance .

PAGURIDAE

Uropods reduced to stubby appearance or absent in a few rarer
species, 3-5 apical setae on exopodite, no apical spine( ?);
posterior processes of carapace generally farther apart, notch
between them is wide with sloped diverging edges; stout appear-
ance LITHODIDAE

Carapace with lateral spines 7

Carapace without lateral spines MAJIDAE
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Telson with lateral spines 8

Telson without lateral. spines ...........GRAPSIDAE
Antenna propodite smooth 9

Antenna propodite spinulate 10

Abdominal 5th segment expanded PINNOTHERIDAE

Abdominal 5th segment not expanded ......XANTHIDAE

lOa. Telson with single lateral spine on each fork; 5 zoeal
stages CANCRIDAE

lob. Telson with two lateral spines on each fork; 2 zoeal stages.
MAJIDAE
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Larval Key to Family Galatheidae

la. Uropods absent ......... ,..... . 2

lb. Uropods present . .,....,,.... . . 3

Za. Telson posterior margin with 5 plumose setae; 3rd
maxilliped rudimentary Zoea I

Zb. Telson posterior margin with 6 plumose setae; 3rd
maxilliped functional ......... Zoea 2

Inner uropods naked; pleopods absent . . . . . . . . . Zoea 3

Inner uropods with setae; pleopods absent . Zoea 4

Pleopods present . . . ........ . . . . . . . Zoea 5
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Larval Key to Family P.orcellanidae

la. Carapace anterior and posterior processes extremely
elongate Zoea stage......... . . 2

lb. Carapace flattened without elongate processes; closely
resembles adult Megalopa stage . . . . 4

Za. Pleopods absent, . . . , . . . . Zoea 1 . . . . . . . . . 3

Zb. Pleopods present and free . . Zoea 2 ......... . . . 3

Terminal brushes of heavy spines on all 5 pairs of telson
setae . .................. . , . , , Petrolisthesspp,

Terminal brushes of heavy spines on only outer two pairs of
telson setae Pachycheles spp.

Chelipeds heavy and broad ............. ,.,..,.,.. 5
Chelipeds long and slender ......6
Carpus of cheliped wi th two or three proriinent heavy spines
on interior margin . . . . . ......Pachycheles pubescens

Carpus of chelipedwith single prqminent spine on interior
margin . . . ........ . . . . .......Pachycheles rudis

Carpus of cheliped with single small but distinct spine on
inner margin . , . . . . . , . . . . . . . letrolisthes cinctipes

Carpus with two to three small but definite spines on inner
margin . . . . . . . , , Petrolisthes eriomerus
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Larval Key to 'amily Paguridae

I, Paguridae: key to zoea larvae

la. Uropods absent; telson and 6th abdominal segment fused . . 2

lb. tlropods present; telson and 6th. abdominal segment
articulated 3

Telson spines usually 6+6; 4 swimming setae on maxillipeds;eyes fixed ........... . . Zoea 1 . . . . . . . . . A

Telson spines usually 7+7; more tlaan 4 swimming setae on
maxillipeds; eyes movable. . Zoea 2 . B

Pleopods absent, or small buds. . Zoea 3 ............ C
Pleopods present Zoea 4 D



A. Paguridaeg key to zoea 1

la. Carapace posterior processes shqrt, end in small point or
hook

lb. Carapace posterior processes more elongate, end in a distinct
point 5

Za. Antennal exopodite markedly broad and shorter than rostrum;
telson shape more triangular 3

2b. Antennal exopodite usually not as broad but more tapered, and
equal or slightly less in length than rostrum; telson shape
more rectangular. . . ..........................4
Larger size, total length (t, 1.) = 2, 68 mm; teison with
broader base. , . . . Fig. 7C .......Orthopagurus scbmitti

Smaller size, t. 1. = 2. 20 mm; telson base not as broad .

Fig. 8C Pagurus beringanus

Telson base more square with very small notch; larger size,
t. 1. = 2. 28 mm. . . . Fig. 4C Pagurus granosimanus

Telson base with distinct notch separating two convex halves;
smaller size, t. 1. 2. 20 mm

Fig, 11C ......Pagurus hirsutiusculus

Antennal endopodite with distinct double-pronged spine at
apical end; antennal exopodite with distinct short spines;
carapace with prominent mid-ridge; t. 1. = 5. 36 mm

Figs. 9C & D .......Pagurus tanneri

Antennal endopodite and exopodite not as above 6

Telson base narrow with notch separating two convex halves;
antennal exopodite slender; carapace posterior processes
comparatively short; t. 1. = 2, 96 mm

Fig, 5C .........Pagurus ochotensis

Te].son broader at base with distinct notch separating more of
a straight-edged base; antennal exopodite broader, carapace
posterior processes more elongate; larger size, t. 1. = 3. 36
mm Fig. 6C ............Pagurus sp. C
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6c. Carapace posterior processes very elongate with widely
diverging edges, almost lithodid-like appearance; largest
pagurid, t.1. 6, 70 mm . Fig. 1 OC ........ Pagurus sp. I



B. Fag uridae: key to zoea 2

1 a. Antennal exopodite broad, shorter than rostrum ..,,.,,, 2
lb. Antenna]. exopodite tapered, more elongate-, length as long as

rostrum 3

Za. Larger size, total length (t, 1. ) = 3. 64 mm; telson with broader
base Fig. 7D Orthopagurus schmitti

2b. Smaller size, t. 1. = 2. 64 mm; telson base not as broad .

....Fig. 8D Pagurus beringanus

Carapace posterior processes short, end in a small point or
hook 4

Carapace posterior processes more elongate, end in a distinct
point 5

Telson base square, no notch, with 6+6 spines, the 4th spine
longest; larger size, t, 1. = 2, 60 i-nm.

Fig. 4D , ......Pagurus granosirnanus

Telson base with notch separating two convex halves, usual
7+7 spines with the 5th spine longest; smaller size, t. 1. =
2.60rnm Fig. ilD Pagurus hirsutiusculus

Antenna]. endopodite with distinct double-pronged spine at
apical end; antenna]. exopodite with distinct short spines;
carapace with prominent mid-ridge; t. 1. = 7. 20 mm

Fig. 9E Pagurus tanneri

Antennal exopodite and endopodite not as above .........6
Telson base with notch separating two convex halves

Fig. 5 D ......., Pagurus ochotensis
Telson base broader and concave, no notch 7

Carapace posterior processes very elongate with widely
diverging edges; almost lithodid-like appearance; largest
species, t. 1. = 7. 60 mm . . . . Fig. 1 OD Pagurus sp. I

Carapace posterior processes not as elongate, edges parallel;
smaller size, t. 1. = 4. 80 mm . . Fig. 6D Pagurus sp. C
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C. Paguridae: key to zoea 3
la. Two primary setae on uropod inner margin; uropods

narrow 2

lb. More than two primary setae on uropod inner margin;
uropods broader

Za. Telson posterior margin with 5+5 spines, the 4th spine longest;
no additional secondary setae on uropod inner margin; larger
size, total length ( t. 1. ) = 4. 1 2 mm........, Fig. 4E Pagurus granosimanus

2b. Telson posterior margin with usual 7+7 spines, the 5th spine
longest; 1 additional small secondary seta on inner margin
of uropods; smaller size, t. 1. 3. 68 mm

.........Fig. liE .....Pagurus hirsutiusculus
Telson posterior margin square; antennal exopodite broad;
carapace posterior processes short; stout appearance . . . 4

Telson posterior margin concave; antennal exopodite elongate;
carapace posterior processes elongate; slender
appearance ..................................5
Uropod inner margin with 5 setae; larger size, t. 1. 5.40 mm

.........Fig. 7E .......Orthopagurus scbmitti
Uropod inner margin with 3 setae; smaller size, t. 1.
3.28 mm ......, Fig. 8E . . . . . . . Pagurus berinanus

Antennal endopodite with distinct double-pronged spine at
apical end; antennal exopodite with distinct short spines;
uropod inner margin with 5 setae; carapace with prominent
mid-ridge; t. 1. = 8.96 mm. . Fig. 9F . , . . . Pagurus tanneri

Antennal exopodite and endopodite not as above ..........6
6a. Uropod inner margin with 5 long setae; carapace posterior

processes very elongate with widely diverging edges; almost
lithodid-like in appearance; largest species, t. 1. .= 9. 60 mm..........Fig, 1OE ...........Pagurus sp. I
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Uropod inner margin with 3 setae; carapace posterior
processes comparatively short with small central notch;
smaller size, t. 1. 5 .60 mm .....................

..Fig. 5E .........Pagurus ochotensis
IJropod inner margin with 4 setae, the 4th seta weakly
developed; carapace posterior processes intermediate in
length; intermediate size, t. 1. 6. 08 mm

Fig. 6E .............Pagurus sp. C
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ID. Paguridae: key to zoea 4

la. Two primary setae on uropod inner margin; uropods
narrow 2

lb. More than two primary setae on uropod inner margin;
uropods broader 3

Telson posterior margin with 5+5 spines, 4th spine longest;
no additional secondary setae on uropod inner margin; larger
size, total length (t. 1.) 5. 60 mm

.........Figs. 4A & B, F. . Pagurus granosimanus

Telson posterior margin with. usual 7-1-7 spines, 5th spine
longest; 2 small secondary setae on inner margin of uropods;
smaller size, t.l. 4.08 Figs. hA & B, F

Pagurus hirsutiusculus

Telson posterior margin square; antennal exopodite broad;
carapace posterior processes short; stout appearance . . . . 4

Telson posterior margin concave; antennal exopodite elongate;
carapace posterior processes elongate; slender
appearance 6

Uropod inner margin with 6 setae; larger size, t. 1. =
6. 80 mm Figs. 7A & B, F. . Orthopagurus schmitti

tlropod inner margin with 3 setae; smaller size ........5
Lateral spines on 5th abdominal segment short; antennae
broader; smaller size, t.l. 3.92 mm

Figs. 8A& B, F. . . . Pagurus beringanus

Lateral spines on 5th abdominal segment elongate extending to
6th segment; antennae more slender; larger size, t. 1.
5. 32 mm Pagurus sp. J

Antennal endopodite with distinct double-pronged spine at
apical end; antennl exopodite with distinct short spines;
uropod inner margin with 5 setae; carapace with prominent
mid-ridge; t. 1. = 9.36 nun .......................

Figs. 9A & B, G ......Pagurus tanneri

Antennal exopodite and endopodite not as above 7
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Uropod inner margin with 7 long setae; carapace posterior
processes very elongate with widely diverging edges; almost
lithodid-like in appearance; largest species, t. 1. 12.75 mm

.........Figs. 1OA & B, F Pagurus sp.I

Uropod inner margin with 4-5 setae ................8
Uropod inner margin with 4 setae, 4th seta weakly developed;
carapace posterior processes comparatively short with small
central notch; smaller size, t. 1. 8,88 mm ............

Figs. 5A & B, F . . Pagurus ochotensis

Uropod inner margin with 4-5 setae, 5th seta if present,
weakly developed; carapace posterior processes more elongate;
telson posterior margin more convex; larger size, t. 1.
8.96mm Figs. 6A & B, F Pagurus sp. C



LI. Paguridae: key to megalopa

1 a. Telson posterior margin with 6 setae; right uropod smaller
than left; left cheliped smaller than right, chela smooth,
moderately broad and hairy; carapace size (length x breadth) =
1. 64 x 1. 40 mm; total length (. L) 3. 40 mm ...........

Figs. 4G-I . . . . Pagurusgmanus
lb. Telson posterior margin with 10 setae; left uropod slightly

smaller than right; both chelipeds about equal size, narrow,
heavily toothed and hairy; antennal scale scimitar shaped;
carapace size 1.16 x 1.00mm; t. 1. = 2.36mm

Figs. 1ZD-F ......Paguristes turgidus

1 c. Telson posterior margin with & setae . . ............2
Za Telson and uropods comparatively small and reduced; compara-

tively small chelipeds with few, hairs, no teeth, and smooth
surface; carapace size 1.32 x 1.00 mm; t. 1. = 2.36mm.........Figs. hG-I , . . Pagurus hirsutiusculus

2b. not as above 3

Uropods nearly equal in size; telson posterior margin rounded;
chela broad with blunt tips, serrated margins 4

Uropods unequal, left slightly larger; telson more rectangular;
chela long and narrow with pointed tips, margins not
serrated 5

Larger size, carapace size 1.84 x 1.80mm, t. 1. = 4.36 mm;
antennal scale with 6'spines; chela and carpus margins heavily
toothed Figs. 7G-I .....Orthopagurus schmitti

Smaller size, carapace size = 1. 52 x 1. 36 mm, t. 1. 3. 12mm;
antennal scale with 4 spines; chela and carpus margins not as
heavily toothed. . . . Figs. 8G-I . . . . Pagurus beringanus

5a. Antennae short, not reaching beyond chelipeds; antennal scale
with 7 spines; carpus of right cheliped inner margin with sev-
eral small teeth and short spines; telson with rounded poster-
ior margin; carapace size = 1. 60x 1. 20 mm t. 1. = 3. 28 mm

Figs. 1ZA-C Pagurus sp. J
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Sb. Antennae long, reaching beyond chelipeds ...........6
Larger size, carapace size Z. 40 x 2. 28 mm, t. 1, = 5. 20 mm;
telson more rectangular; uropods more elongate with narrower
tips; chelipeds longer, and narrower, inner margin of right
carpus withca. 6 distinct teeth and several long spines; anten-
nal scale with 9 spines

Figs. 6G-I .........Paurus sp. C

Smaller size, carapace size = 1. 88 x 1. 64 mm, t. 1. = 4. 40
mm; telson posterior margin more runded; uropods stouter,
tips broader; chelipeds shorter and stouter, inner margin of
right carpus -with ca. 4-5 moderate sized spines; antennal
scale with 6 spines

Figs. 5G.-I .......Pagurus ochotensis



A,B) LO

c-lI 0.5

Figure 4. Pagiirus granosimanus A & B: zoea 4, generalized; C-F: telson (ventral view), zoca 1-4,
respectively; G-I: right and left cheliped, telson of negalopa (dorsal view). Scales in
millimeterS
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Figure 5. Pagurus achotensis. A & B: zoea 4, generalized; C-F: telson (ventral view), zoea 1-4,
respectively; G-I: right and left cheliped, telson of megalopa (dorsal view). Scales
in snillinieter.
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Figure 6. Pagvrus sp. C. A & B: zoea 4, generalized; C-F: telson (ventral view), zoea 1-4,
respectively; G-I: right and left cheliped, telson of megalopa (dorsal View). Scales
in millimeter.

53



A,B
0.5

Figure 7. Orthopagurus schmitti. A & B: zoea 4, generalized; C-F: telson (ventral view), zoea
1-4, respectively; C-I: right and left cheliped, telson of megalopa (dorsal view).
Scales in millimeter.
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Figure 8. Pagurus beringanus. A & B: zoea 4, generalized; C-F: telson (ventral view), zoea 1-4,
respectively; C-I: right and left theliped, tlson of megalopa (dorsal view), Stales
in millimeter,
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Figure 9. Paurus tnneri, A & B: zoea 4, generalized; C: telson (ventral view), zoea I 0
right antenna, zoea 1; E-G: telson (ventral view), zoea 2-4, respectively. Scales
in millimeter.



Figure 10. Paprus sp. I. A & B; zoea 4, generalized; C-F: telson (ventral view), zoea 1-4,
respectively, Scales in millimeter.
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Figure 11. Pagurus hirsutiusculus, A & B: zoea 4, generali2ed; C-F: telson (ventral view), zoea
1-4, respectively; C-I: right and left cheliped, telson of xnegalopa (dorsal view).
Scales in millin,eter.
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Figure 12. Paguridae. A-Cr right and left cheliped, telson of Pagurus sp. J. megalopa (dorsal
view). D-F: right and left cheliped, telson of Paguristesturgidus megalopa (dorsal)
view). Scale in millimeter.
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Larval Key to Family Lithodidae

I. Lithodidae: key to zoea

la. Carapace posterior processes short and hooked ventraily;
short lateral spines on 5th abdominal segment; uropods; zoea 3
with 3 setae, zoea 4; with 5 setae

Figs. l3A-F Oedignathus inermis

lb. Carapace posterior processes elongate and pointed posteriorly;
elongate lateral spines on 5th abdominal segment. . . . . . . 2

Za. Uropods present in zoea 3 & 4 3

Zb. Uropods absent in zoea3 & 4 4

Carapace with distinct mid-dorsal crest; uropods in zoea 3 & 4(?)
reduced to buds with 2 short setae and 1 small spine( ?) . .

Figs. 16C-E Lopholithodes sp. E

Carapace without distinct mid-dorsal crest; uropods not as
reduced, zoea 3 with 3 long setae and I short spine( ?), zoea 4
with long setae and 1 short spine( ?)

Figs. MA-F . . Hapalogaster mertensii

4a. Carapace anterior and posterior processes extremely elongate,
posterior processes extending to telson; carapace processes
lightly spinulose on tips; distinct spines on antennae; telson
posterior margin very concave shaped;

Figs. 15A-D . Lopholithodes sp. C

4b, Carapace anterior and posterior processes comparatively short;
antennae short and broad, no spines; telson posterior margin
composed of two convex semicircies

Figs. 16A, B, F, C, . Lopholithodes sp. D

60



II. Lithodidae key to megalopa

la. Body surface and appendages relatively smooth or with few
scattered spines; uropods present

lb. Body surface and appendages extremely spiny; uropods not
present or reduced to minute buds

Za. Uropods with 6 setae; telsonmore square with rounded edges,
posterior margin with 10 setae; carapace smooth, no visible
rostrum; chela broad and stout, few hairs or spines, inner
margin with several small teeth; smaUr size, carapace size
(length x breadth) = 1. 76 x 1, 72 mm, tqtal length (t. 1. ) =
3.40mm Figs. 13 0-I . Oedignathus inermis

2b. Uropods with 5 setae; telson more rectangular, posterior
margin with 8(?) short, fine setae; carapace withmore long
hairs and distinct short pointed rostrum extending slightly
beyond eyes; chela long and narrow, inner margin heavily
toothed; all appendages covered with long stiff hairs; larger
size, carapace size = 2. 52 x 1.84mm, t. 1. 4.44mm .

Figs. 14 G-I . Hapalogaster mertensii

3a, Telson reduced, rounded shape, posteriQr margin with 8-10
short fine setae; no uropods visible; smaller size, carapace
size = 2. 12 x 1.52mm, t. 1. = 4. 20mm . . . .

Figs. 16H-J . . . .Lopholithodes sp. D

3b. Telson more square, posterior margin with 8 long setae;
uropods reduced to minute buds; larger size, carapace size =
2. 80 x 2. 12 mm, t. 1. 4. 80 mm

Figs. 15E-G . . Lopholithodessp. C
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Figure 13. Oedignathus iermis. A & B: zoea 4, generalized; C-F: telson (vetra1 view), zoea 1-4,
respectively; C-I: right and left cheliped, telson of megalopa (dral View). Scales ii
millimeter.
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Figure 14. Hapalogaster merteusii. A & B: zoea 4, generalized; C-F: telson (ventral view), zoes 1-4,
respectively; C l H: right and left chelipeciof inegalopa (dorsal view); 1: telson of megalopa
(ventzal view), Scales in millimeter.
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Figure 15. Loho1ithodes sp. C. A: zoea 4, geueraized; B-1 telsQn (ventral view), ea 1,
3,4, respectively; E & F: right and left cheliped of niegalopa (dorsal view); C:
telson of rnegsslopa (ventral view). Scales in snilUmter.
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Figure 16. Lopholithodes sp. D. A & B: zea 4, generalized; F C G teleon (ventral view) zoea
2 & 4, respectively; H C I: right and left cheliped of megalopa (dorsal view); J: telson
of meglopa (ventral view), Lopholithodes sp. E. C & D zoca 3, generalized; E:

telson of zoea 3 (ventral view). Scales in millimeter,



Larval Key to Family Hippidae

'a. Uropods absent 2

lb. Uropods present 3

Lateral carapace spines absent; 4 swimming setae on
maxillipeds Zoea 1

Lateral carapace spines present; 6 swimming setae on
maxillipeds ................Zoea 2
Uropod endopodites absent; 8, or more swimming setae on
maxillipeds; pleopods absent , Zoea 3

Uropod endopodites developing buds; 8, or more swimming
setae on maxillipeds; pleopods absent Zoea 4

Pleopods present; uropod endopodites elongate; 8, or more
swimming setae on maxillipeds Zoea 5
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Zoea Larval Key to Family Majidae

Majidae: key to zoea

'a. Pleopods absent; maxilliped exopodites with 4 swimming
setae Zoea 1 2

lb. Pleopods present; maxilliped exopodites with 6 swimming
setae Zoea 2 2

Carapace lateral spines absent; telson inner margin not
notched, 6 equal spines in both zoea 1 and 2; lateral telson
spines small; lateral knob on 2nd abdominal segment only

Figs, 19A-D Pugettia spp.

Carapace with lateral spines; telson inner margin notched
with 3+3 unequal spines in zoea 1 and 4+4 spines in zoea 2;
lateral telson spines strongly developed; lateral knobs on
2nd and 3rd abdominal segments 3

Larger size: zoea 1, carapace rostral-dorsal spine length =

4. 48 mm, total length = 4. 48 mm; zoea 2, carapace rostral-
dorsal spine length = 5. 60 mm, total length = 6. 80 mm; telson
inner margin notch deep and distinct; rostral spine and antennae
equal in length; distinct small spine on anterior portion of
eyestalks, more developed in zoea 1

Figs. 1. 7A, , D-G. . Chionoecetes tanneri

Smaller size: zoea 1, carapace rostral-dorsal spine length =

3. 52 mm, total length = 4. 00 mm; zoea 2, carapace rostra.l.-
dorsal spine length = 4. 12 mm, total length = 5. 12 mm; telsorz
inner margin notch shallow; rostral spine slightly longer than
antennae; no spine on anterior portion of eyestalks

Figs. 18A-F Oregoniagracilis

67



1.0

0.5

Figure 17. Chionoectes tanneri. A-C: zoea 1, 2, and megalopa, respectively; D & E: abdo-
men (dorsal view) and antenna of zoea 1; F & C: telson (dorsal view) and antenna of
zoea 2. Scales in millimeter.
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Figure 18. Oregonia gracilis. A: zoea 1; B & C: zoea 2; D & F: abdomen (dorsal view) and
antenna of zoea 1; F & C: abdomen (dorsal view) arid antenna of zoea 2; 1-1 & I:
carapace outline of megalopa. Scales in millimeter.
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1igure 19. Pugettia spp. A & B: zoea 1; C & D: zoea 2, whole mount and abdomen (dorsal view);
£ & F: carapace outline of Pugettia productus megalop; C & J-I: carapace outline of
Puettia sp. A megalopa. Scale in millimeter.



Zoea Larval Key to Family Cancridae

Cancridae: key to zoea

la. Pleopods present 7

lb. Pleopods absent 2

Za. Maxilliped exopodites with 4 swimming setae . . Zoea 1 . . 3

Maxilliped exopodites with 6 swimming setae . . Zoea 2 . . 4

Maxilliped exopodites with 8 swimming setae . . Zoea 3 . . 5

Telson broad with flared elongate spines, inner margin
of furca with 3+3 spines; carapace rostral-dorsal spine
length (r. -d. 1. ) = 2.12 mm; total length (t. 1. ) 2.64 mm

Fig. 20L (Zoea 1)
Cancer magister

Telson more slender, lateral spines short and not flared,
inner margin of furca with 3+3 spines; r. -d. 1. = 1.64mm;
t.l. 2.24mm . . . Figs. ZOA & C . . (Zoea 1)

Cancer oregonensis (Cancer productus)

Telson inner margin with 4+4 spines; telson broad with flared,
elongate lateral spines; r. -d. 1. 2. 90 mm; t. 1. 3. 44 mm

Fig. ZOM , .(Zoea 2). . Cancer magister

Telson inner margin with 3+3 spines; telson more slender,
lateral spines short and not flared; r. .-d. 1. = 2. 60 mm;
t. 1. = 3.28 mm . . . Figs. ZOB & 1 . . . (Zoea 2) .......

Cancer oregonensis (Cancer productus)

Telson inner margin with 4+4 spines; r. -d. 1.
3. 36 wm, t. 1. 3. 80 mm . . . Figs. 20C I

(Zoea 3) Cancer oregonensis

Telson inner margin with 5+5 spines 6

6a. Larger size, r. -d. 1. 4.48 mm, t. 1. 5. 12 mm
Fig. ZoN . (Zoe 3) . . Cancer magister
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6b. Smaller size, t. 1. = 3. 5 mm . . .(specimen not seen, data
from Trask, 1970) . . . (Zoea 3) Cancer productus

Pleopods composed of 1 segment; maxilliped exopodites with
10 swimming setae. . . . Zoea 4 8

Pleopods composed of 2 segments; maxilliped ezopodites with
11-13 swimming setae, . Zoea 5 ........
Larger size, r. -d. 1. 6. 40 mm, t. 1. = 7. 44 mm . .Fig, 20 0

(Zoea 4) .......Cancer maister
Smaller size, r. -d. 1. = 4. 48 mm, t. 1. 5. 20 mm

Figs. 20D& J . . . . (Zoea 4)
Cancer oregonensis (Cancer productus)

Larger size, r. -d. 1. 9. 44 mm, t. 1. = 10. 40 mm; 2nd
maxilliped exopodites with 13 swimming setae . Fig. 20P............(Zoea5) , ......Cancerma.gjster
Smaller size 10

1 Oa. 2nd maxilliped exopodites with 11 swimming setae; r. - d. 1. =
5. 28 mm, t, 1. = 5. 92 mm Figs. ZOE & K

...., . .......(Zoea 5) ......Cancer oregonensig
lOb. 2nd maxilliped exopodites with 13 swimming setae; t. 1.

5. 5 mm . . . (specimen not seen, data from Trask, 1970).
(Zoea5) . . Cancer productus
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L M \ N o \ /
Pgure 20 Cancer spp A-P zoea 1-5 and megalopa of Cancer oregonensis C-K teJsoi (dorsal view)

zoea 1-5 C oregonensis L-P telson (dorsal view) zoea 1-5 C niagister Scales in mills-
meter.



Zoea Larval Key to Family Xanthidae

Xanthidae: key to zoea

'a. Pleopods present ,..... 3
lb. Pleopods absent . . . . . . 2

Maxilliped exopodites with 4 swimming setae; telson inner
margin with 3+3 spines . . . Fig. 21A . Zoea 1

Maxilliped exopodites with 6-7 swimming setae; telson
inner marginwith 3+3 spines . . . Fig. 21B . . . Zoea 2

3a. Telson inner margin with 3+3 spines; pelopods composed of
1 segment; maxilliped exopodites with 8-9 swimming setae........, ......... Fig, 21C .,,.,,Zoea3

3b. Telson inner margin with 4+4 spines; pleopods composed of
2 segments; maxilliped exopodites with 9-11 swimming
setae . . , . , . . , . ,...., Figs. 21D &E. .. . Zoea 4
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Figure 21. Lophopanopeus bellus A-D abdomen (dorsal view), zoea 1-4, respectively; E: zoea
4; F & C: carapace outline of megalopa Scale in millimeter.
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Zoea Larval Key to Family Grapsidae

Grapsidae: key to zoea

la. Pleopods present; telson inner margin with 5+1 spines . . 4

lb. Pleopods absent; telson inner margin with fewer spines
than above . . . . . . , 2

2a, Telson inner margin with 3+3 spines . . . . . . . 3

2b. Telson inner margin with 4+4 spines; maxilliped exopodites
with 8 swimming setae . . . Figs. 22C, I . . . . . . . Zoea 3

Maxilliped exopodites with 4 swimming setae . . . . . . . .

Figs, 22A, G . , . . . . . Zoea 1

Maxilliped exopoclites with 6 swimming setae . . . . . . . .......... . . . . . Figs. 22B, Fl . . . . . , . Zoea 2

Maxilliped exopodites with 10 swimming setae; pleopods
composed of 1 segment , . , . Figs. ZZD, J . . . . , . . Zoea 4

Maxilliped exopodites with 12 swimming setae; pleopods
composed of 2 segments . , . Figs. 22E, K . . . , . . . Zoea 5
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Figure 22. Crapsidae. Pachygrapsus crassipes, A-L. A-F; zoea 1-5 and megalopa; C-K: abdomen
(dorsal view), zoea 1-5, respectively; L: telson of snegalopa. M: telson (ventral view),
Hemigrapsus nudus niegalopa; N: telson (ventral view), Heniigrapsus oregonensis megalopa.
Scales in millimeter.
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Zoea Larval Key to Family Pinnotheridae

Pinnotheridae: key to zoea

'a. Pleopods present 6

lb. Pleopods absent 2

Za. Maxilliped exopodites with 4 swimming setae. , Zoea 1 . . . 3

2b. Maxilliped exopodites with 6 swimming setae, . Zoea 2. . . 4

Zc. Maxilliped exopodites with 8 swimming setae. . Zoea3. . S

Larger size: distance between tips of rostral and dorsal
carapace spines l.4O-l.54mm(n=5) . . .Fig. 23A .

(Zoea 1) Fabia subquadrata

Smaller size: 1.02-1.16 mm,(Zoea 1) . . Pinnixa littoralis

Larger size: 2.16-2.36 mm . . Fig. 23B
(Zoea 2) , . . F. subquadrata

Smaller size: 1.64-1.74 mm.(Zoea 2) . , . . . , P. littoralis

5a. Larger size: 3. 44-3. 64 mm. . Fig. 23C . . , ..........
(Zoea3) ... F, subquadrata

Sb. Smaller size: 2.40-2.46 rnm,(Zoea 3) . , . . . P. littoralis

Pleopods composed of 1 segment . . Zoea 4 . . . . . . 7

Pleopods composed of 2 segments Zoea 5 , .......8
Larger size: 5. 17-5. 58 mm; maxilliped exopodites with 9-10
swimming setae Fig. 23D (Zoea 4) F. subquadrata

Smaller size: 3.44-3.52 mm; maxilliped exopodites with 9-10
swimming setae ....(Zoea 4) .........P. littoralis
Larger size: 6.60-7.lOmm; maxilliped exopodites with 11-12
swimming setae Figs. 23E-G (Zoea 5) F, subquadrata

Smaller size: 3.76-4.84 mm; maxilliped exopodites with 9-10swfrnming setae (Zoea 5) . . . P. littoralis
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Figure 23, Fabia sub quadrata. A-Er zoea 1-5; F & G: abdomen (dorsal view) and aitenna of
zoea 5. Scales in millimeter.
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Figure 24, Pinnotheridae megalopae. A: Fabia subquadrata; B: carapace outline of Pinoixa
s, B; C: carapace outline of Pinnixa sp. C; D. carapace outline of Pinnixa sp.
D, E: carapace outline of Pinnixa littoralis; F: Pinnotheres sp. A, generalized.
Scales in millimeter.
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Key to Brachyuran Megalopae Found in the Plankton off the
Central Oregon Coast

la. Setae on last joint of last leg

lb. Setae absent from last joint of last leg .

Za. Three very slightly developed setae on last joint of last leg,
setal length less than length of last leg joint; carapace rostrum
blunt and squarish with Ca, 4+4 elongate hairs; carapace size
(length x breadth)* = 1. 68 x 1, 44 mm; total length** (t, 1,
3.08mm; pleopod exopodites: 16, 16, 15, 13, & 8 setae;
pleopod endopodites: 3 hooked setae; (Hart, 1935), .

Figs. 21 F & C . . XANTHIDAE Lophopanopeus bellus

2b. Three well-developed setae on last joint of last leg, setal
length more than length of last joint of last leg . . . 3

Carapace with 2 anterio-laterai elongate spines and elongate
posterior spine; pleopods elongate; small size: carapace =
0.94 x 0.92 mm, t. 1. 1.96 mm . . . Fig. 24F . . . .

PINNOTHERIDAE Pinnotheres sp. A

Carapace with posterior spine and broad pointed rostrum
CANCRIDAE .. .. .. .. .,... . . 4

Carapace without posterior spine, rostrum blunt . .

GRAPSIDE,.,. ..,.., . 6

Carapace with single pair of small lateral spines; carapace
3. 6 x 2, 0 mm; t. 1. = 6.0 mm; pleopod exopodites 21, 19, 19,
19, & 12 setae; pleopod endopodites: 3-4 hooked setae; (spe-
cimen not seen, data from Trask, 1970). . . Cancer productus

Carapace without small pair of lateral spines . . . . . . 5

5a. Largest cancrid, carapace = 6. 80 x 4. 00 mm, t. 1, 11. 00 mm;
pleopod exopodites: 32, 32, 32, 28, & 22 setae; pleopod
endopodites: 4-5 hooked setae; (Poole, 1966) . .

Cancer magister

Sb. Intermediate size, carapace = 3.36 x 2,40 mm, t. 1. 6,00 mm;
pleopod exopodites: 22, 22, 22, 22, & 11-12 setae; pleopod
endopodites: 4-5 hooked setae . . . . Fig, 20F . . . .

Cancer oregonensis
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5c. Smallest cancrid, carapace = 2. 40 x 1, 60 mm, t. 1, 4. 48 mm;
pleopod exopodites: 17-18, 17-18, 17-18, 16, & 9-10 setae;
pleopod endopodites: 4, 3, 3, 2 hooked setae

Cancer antennarius

Telson posterior margin with setae; carapace with single pair
of small lateral spines 7

Telson posterior margin smooth, no setae; carapace lateral
spines absent; carapace 1. 72 x 1. 24 mm; t. 1. 3. 16 mm;
pleopod exopodites: 18-20, 18-20, 18-20, 18-20, & 8 setae;
pleopod endopodites: 2 hooked setae; (Hart, 1935). . . .

Fig. 22N . . , . . Hemigrapsus oregonensis

Telson posterior margin with ca, 14 setae of variable length;
carapace 1. 80 x 1 .48 mm; t. 1. = 3. 32 mm; pleopod exopodites:
18, 19, 20, 18, & 10 setae; pleopod endbpodites: 2 hooked
setae; (Hart, 1935). . . .Fig. 22M Hemigrapsus nudus

Telson posterior margin with 2-3 short medial setae; carapace =
1.96x 1.88 mm; t.l. 3.76 mm; pleopod exopodites: 20, 19-21,
20, 19, & 10 setae; pleopod endopodites: 2 hooked setae

Figs.22F& L. , . Pachygrapsus crassipes

Rostrum blunt and small; carapace may be serrated on lateral
edges or regular, surface smooth or rough, shape generally
laterally elongated; abdomen may be tucked under cephalothorax
in a groove . .. . . . PINNOTHERIDAE 12

Rostrum pointed; carapace with knobs and/or spines, shape is
anterior-posteriorly elongated; abdomen not normally tucked
under cephalothorax, no ventral groove . . .MAJIDAE . . . . 9

Carapace with posterior bump, no spine; rostrum bent down
to give a blunt appearance io

Carapace with single posterior spine: rostrum pointed. . . 11

Carapace with 2 posterior spines, nearly adjoined at base;
rostrum pointed; carapace with 2 anterio-lateral spines and
2 mid-dorsal spines; carapace 3. 60 x 3. 00 mm; t. 1.
6.64 mm; pleopod exopodites: 20-21, 20-21, 19-20, 19-2l( ?),
& 7 setae; pleopod endopodites: 5-6, 4, 4, 4, hooked setae

Fig, 17C . . . . . . . . . . Chionoecetes tanneri
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lOa. Larger species, carapace = 1.64 x 1.24 mm, t. I. = 2.92 mm;
pleopod exopodites: 12, 12, 11, 9, & 5 setae; pleopod
endopodites: 2 hooked setae . ..... . Figs. 19E & F .

Pugettia productus

lob. Smaller species, carapace = 1.24 x 0.88 mm, t. 1. 2.32 mm;
pleopod exopodites: 12, 12, 11-12, 9, & 4 setae; pleopod
endopodites: 2 hooked setae...........Pugettia gracilis

ha. Carapace with mid-dorsal spine beset by 4 knobs; carapace
2.20 x 1.36 mm; t, 1. = 3. 56 mm; pleopod exopodites: 12, 12,
12, 9, & 4 setae; pleopod endopodites 2 hooked setae

Figs. 19G & H ......., . Pugettia sp. A

lib. Carapace, in addition to single elongate posterior spine, has
3 pairs of spines located anterio-lateral, mid-dorsal, and
posterior-lateral; carapace 2.96 x 1. 64 mm; t. 1. = 5. 00 mm;
pleopod exopodites: 13-15, 14, 14, 11, & 4 setae; pelopod
endopodites: 3-4, 3-4, 3, 2-3 hooked setae; (Hart, 1960).

Figs. 18H & I Oregonia gracilis

iZa. Carapace lateral edges toothed, surface may be grooved and
covered with fine bumps 1 3

l2b. Carapace lateral edges not toothed or serrated, surface
smooth 16

Carapace lateral edges heavily toothed and serrated,
surface granular and grooved 14

Carapace with small anterior-lateral flange, surface relatively
smooth and ungrooved 15

Largest pinnotherid, carapace = 2.44 x 3.80 mm, t. L = 4. 24 mm;
carapace more rectangular shaped

Fig. 24A Fabia subquadrata

Smaller size, carapace = 1.88 x 2.84 mm, t. I. = 3.72 mm;
carapace more elliptical . . . Fig. 24B Pinnixa sp. B

15a. Carapace posterior-lateral flange serrated; chela broad and
stout; distinct serrated flange on inner margin of merus;
carapace = 1. 40 x 2. 04 mm; t. 1. = 2.92 mm. . . . ........

Fig. 24D Pinnixa sp. D
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1 5b. Carapace posterior-lateral flange not serrated, but with
single tooth; chela small and slender; merus flange lightly
serrated; carapace = 1. 42 x 2. 36 mm; t. 1, = 2. 80 mm

Fig. 24C Pinnixasp, C

Larger species, carapace 1. 52 x 2. 36 mm, t.l, = 2.80 mm
Pinnixa sp. A

Intermediate size, carapace = 1. 36 x 1. 80 mm, t. 1. = 2. 32 mm
Fig. 24E ............Pinnixa littoralis

Smallest species, carapace = 0. 90 x 0, 88 mm, t. 1. = 1. 54 mm;
long hairs on posterior segments of 3rd and 4th walking legs........................... . . Pinnixa sp. E

*Carpace length measured from most anterior visible part of rostrum
to most posterior part of carapace, excluding posterior spine if
present.

**Ltal length measured from most anterior visible part of rostrum
to posterior edge of telson, excluding spines or setae if present.



V. SAMPLING VARIABILITY AND BONGONET COMPARISONS

An estimate of the reliability of the sampling technique is

needed before one can evaluate seasonal and geographic variations of

crab larvae. It is also necessary to consider the difference in

catchability of the 0. 2 m and 0, 7 m bongo-net samplers and the two

sizes of mesh (0. 233 mm, 0. 571 mm).

Wiebe (1968) states that there are three sources of error in

sampling zooplankton by nets: (1) active avoidance of the sampling

device by the organism; (2) mechanical problems inherent in the gear;

and (3) non-random spatial distribution of the organisms. His study

showed that in general, the largest net gives the most accurate and

precise results. McGowan and Fraundorf(1966) have previously

shown that the larger the net diameter, the greater the number and

diversity of zooplanktori caught.

Variability estimates and sampler comparisons made in this

study follow.

Six Replicate Tows on Station NHO3

Six replicate step tows of 13-14 minutes duration were made at

station NHO3, in the early morning of 2 June 1971. Analysis of vari-

ance techniques were used to estimate the variance of a single obser-

vation for the samplers in the manner of Wins or and Clark (1940).

85
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The 95% confidence limits for individual species or stages from the

0.2 m bongo-net sampler are 2, 12 to 4, 733% and 3. 18 to 3, 146% for

the 0. 571 and 0. 233 mm mesh sizes, respectively (Tables 5 and 6).

Confidence limits for both sides of the 0.7 m bongo-nets (0, 571 mm

mesh)are: 4.31 to 2, 234% and 4.03 to 2,484% (Tables 7 and 8). These

confidence limits for a single observation are much wider than those

for organisms reported by Wiebe and Holland (1968) due to the low

numbers of crab larvae caught that day.

A comparison of the total estimated number and kinds of crab

larvae caught by the four samplers is given in Table 9. The 0,7 m

bongo-net sampler caught 1. 4 times as many crab larvae and 1. 9

times as many kinds of crab larvae as the 0. 2 m sampler. However,

when comparing only positive occurrences between the two sizes of

samplers and when combining samples from both mesh sizes, the

0. 7 m sampler caught only slightly more larvae (1. 1 times) than the

0. 2 m sampler. A two-sample rank test substantiated the fact that

there was no significant difference between the total number and kinds

of crab larvae caught per tow by either mesh size of the 0. 2 m sam-

pier. Nor was there any significant difference between the total num-

ber and kinds of crab larvae caught by the two sides of the 0, 7 m

sampler.

A non-parametric coefficient of concordance test (Tate and

Clelland, 1957) among the four samplers indicated a significant
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(W = 0.41, m = 5, n = 6, 5 % level) degree of concordance ketween

the total number of crab larvae caught and increasing depth of tow.

The range of all six replicate tows was 37 to 44 in with a mean of

41. 2 in. Also, a significant degree of concordance (W = 0. 57, in 4,

n = 6, 1 % level) was found among the total number of crab larvae

caught and time of tow. The earlier (daylight) tows caught more

crab larvae thanthe later tows. Spearman's rank correlation coeffi-

cients (Tate and CleLland, 1957) for the individual samplers showed

only the 0. 7 m bongo-nets as having reasonably good values (r

-0. 71 7, -0. 771) between the total larval catch and time of tow, An

explanation for the decrease in larval abundance over the sampling

period may be associated with the fact that the sun broke through

heavy cloud cover during tows 5 and 6.

The larvae of Cancer oregonerisis appear to show an interesting

behavioral response with time of tow. All stages of larvae shown in

Table 10 decrease in abundance with time of tow, except for zoea 5,

which increases with time. Regression analyses performed on log

transformed values show that the correlation coefficients (r) and

slopes (b) are significant for zoea 1, 2, 3, and 5.

Replicate Tows on Six Cruises During the Summer of 1971

On six cruises during the summer of 1971 duplicate (2) tows

were taken on staticn s NHO1, NHO3, NHO5, and NH1 0. Only one side
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of each bongo-net sampler (0. 571 mm mesh) was sorted and analyzed,

The 95% confidence limits for a single observation calculated with

both size samplers for the 24 kinds of crab larvae caught are given

in Table 11. These confidence limits are more representative of

the entire sampling program than the limits calculated for the six

replicate tows on 2 June 1971 at NHO3. Significant differences in

larval abundance between stations could be determined by analysis

of variance in most cases where larvae were numerous. The 0. 7 m

bongo-nets gave smaller confidence limits for larval catches and

were much superior in establishing signficant differences between

stations than the 0. 2 m bongo-nets.

Day-Night Sampling Variability

Most of the nearshore samples (NI-101 toNH1O) were taken

during daylight hours; only 8. 6% of the 0. 2 m bongo-net samples

(0. 571 mm mesh) were taken at night, between the hours of 1800 and

0600. As only the 0,7 m bongo net samples beyond NH1O were sorted,

more (26. 7%) of these samples were collected at night. Day-night

differences in plankton sampling is a well established phenomenon due

to vertical migration and/or avoidance by the organisms. An esti-

mation of the variability between day and night sampling of crab

larvae is important for seasonal and spatial comparisons.

On two crusies during the summer of 1971, day-night duplicate



89

(2) tows were made at stations NHO1, NHO3, and NHO5. Only single

day-night tows were made on another cruise at the same stations, A

day-night comparison of the more predominant crab larvae caught by

the two different bongo-net samplers is given in Tables 12 and 13.

Day-night differences in the kinds of crab larvae caught using the

two sizes of bongo-net samplers are summarized in Table 14. Also,

day-night differences in the number of Cancer orqgonensis megalopa

caught on five offshore stations are given in Table 1 5.

Thirty of 47 kinds of crab larvae caught were more abundant at

night than during the day for both bongo-net samplers. However, no

statistically significant day-night difference was found. Day-night

differences in larval abundance were greater for the 0. 2 m bongo-net

sampler than the 0. 7 m bongo-net sampler.

It appears that earlyzoeal and megalopa stages are caught more

abundantly at night while late zoeal stages are more catchable during

the day. This trend is consistent with the data given in Table 10 for

the larvae of Cancer oregonensis . Perhaps the late zoeal stages

have a different behavioral response to light than the early zoeal and

megalopa stages.

The five day-night Qffahore tows of C. oregonensis show that

1.3 times as many megalopae were caught atnight as during the day.

But within five miles of shore 2. 1 times as many megalopa larvae

were caught in night versus day tows using the same 0. 7 m bongo-net
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sampler.

There was a nearly equal distribution in the number of kinds of

crab larvae caught between day and night samples using the 0. 7 m

bongo-nets; however, using the 0. 2 m bongo-nets, significantly more

kinds of larvae were caught at night.

Nekton Cruise Y7004-B

The results of the Nekton Cruise Y7004-B showed that some

species of larvae were found in relatively low densities offshore as

far as station NH45 during early April of 1970, They were most likely

to occur in the surface waters above 120 m, the depth of the therrno-

dine and halocline, and are probably associated with the first sound

scattering layer at 25-90 m depth.

Four species of larvae were identified from the samples and

their relative abundances were calculated: Cancer magister, 89, 8%;

Cancer oregonensis, 1.2%; Chionoecetes tanneri, 5.7%; and Emerjta

analoga, 2.6%. Those larvae caught were predominantly of late

developmental stages. Zoea 5 and megalopa of C. magister, the most

abundant of any larvae, occurred in densities less than 19/1 000 m3.

Other stages and species of larvae occurred in very low densities.

During the first series of six tows (1852-2355), there was no

significant change in abundance of any species or stage of larvae

over the sampling period. In the second series of samples (0l34-0514,
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more larvae were caught towing from surface to 1 50 m than from

1 50 m to surface and the total number of larvae decreased with time

for both alternate types of tows. A Mann-Whitney two sample rank

test (Tate and Clelland, 1957) failed to reject the null hypothesis that

for the first two series of tows there was no significant difference

between the number of C. magister megalopae, or the total number

of larvae caught. The coefficients of variation (standard deviation!

mean) for the total number of larvae were about the same for the

first two series of tows (1. Z5 and 1.31, respectively) indicating a

somewhat patchy distribution of the larvae in the upper 1 50 m of

water at night. Too few larvae were caught during the third series

of tows (0640-1113) to make any further conclusions concerning

their depth distribution.



Table Estimation of 95% confidence intervals for a single observation using the 0.2 m bongo-net
sampler, 0. 571 mm mesh size. Series of six replicate tows, 13-14 minutes duration at
station NH03, 2 June 1971, 0846-1106. Depth to bottom 45 m. Average maximum depth
of all tows 41 m. Ship's speed ca. 2. 5 knots. Organisms used in calculations: Pagurus
granosimanus, zoea 4, megalopa; Pagurtis ochotensis, zoea 4, megalopa; Cancer
oregonensis, zoea 4.

Analysis of Variance TableSource of Degrees of Sum of Mean F-level Parameters
Variation Freedom Squares Square Estimated

Species 4 0.8252 0.2063

Tows 5 2.4439 0.4888

Speciesx Tows 20 14. 6079 0. 7304

Total 29 17. 8770

0 =0.7304
25°T + °E = 0.4888

2
0

± 4 = 0. 7304, ro. 734 = 0. 8546

95% confidence limits antilog 1.96 (0. 8546) = 47.33
Lower confidence limit = 1/47.33 x 100 2. 12%

Upper confidence limit 47. 33 x 100 4, 733%

0. 2825

0. 6692

2 2
6o +

2 2
ST+ crE

2



Table 6. Estimation of 95% confidence intervals for a single observation using the 0. 2 m bongo-net
sampler, 0. 233 mm mesh size. Series of six replicate tows, 13-14 minutes duration at
station NHO3, 2 June 1971, 0846-1106. Depth to bottom 45 m. Average maximum depth of
all tows 41 m. Shipr s speed ca. 2. 5 knots. Organisms used in calculations: Pagurus
granosimanus, zoea 4, megalopa; Pagurus ochotensis, zoea 4; Orthopagurus scbmitti,
megalopa; Cancer magister, megalopa.

= 0

+ 2E = 0.5841, 0. 5841 = 0.7642

95% confidence limits = antilog 1.96 (0. 7642) = 31.46
Lower confidence limit = 1/31.46x 100 3.18%
Upper confidence limit = 31.46 x 100 = 3,146%

Analysis of Variance Table
Source of Degrees of Sum of Mean F-level Parameters
Variation Freedom Squares Square Estimated

Species 4 0.5136 0.1284 0.2199 6o + cr

Tows 5 2. 4900 0.4980 0. 8526 5Of+ o

Species x Tows 20 11.6817 0. 5841

Total 29 14. 6854

cr = 0. 5841

54 + cr = 0. 4980



Table 7. Estimation of 95% confidence intervals for a single observation using the 0. 7 m bongo-net
(E) sampler, 0. 571 mm mesh size. Series of six replicate tows, 13-14 minutes duration
at station NHO3, 2 June 1971 , 0846-1106. Depth to bottom 45 m. Average maximum depth
of all tows 41 m. Shipr s speed ca, 2. 5 knots, Two 1/4 subsarnples analyzed from each tow
sample. Organisms used in calculations: Pagurus granosimanus, zoea 4, megalopa;
Pagurus ochotensis, zoea 4, megalopa; Pagurus sp. K, megalopa; Orthopagurus schmitti,
zoea 4, megalopa; Pugettia spp., zoea 1; Cancer magister, megalopa; Cancer oregonensis,
zoea 3, 4, 5.

Analysis of Variance TableSource of Degrees of Sum of Mean F-level Parameters
Variation Freedom Squares Square Estimated

Species 11 18,3924 1.6720 3.4412** 6o-+2o-+o-

Tows 5 0.9134 0.1827 0.3760 12cr+2cr+o2

Species x Tows 55 26. 7174 0. 4858 5. 5079** 2o + cr

Subsample 72 6,3575 0.0882 crError
Total 143 52.3807

**1% level of significance, F species (11, 55, .99) = 2.59, F species x tows (55, 72, .99) 1.82
cr = 0. 0882 95% confidence limits = antilog 1.96 (0. 6970)

= 23. 24
2cr + cr 0.4858, = 0,1988, 2o + 0.4858 Lower confidence limit 1/23. 24 x 100 4.31%
l2 + 2 + = 0. 1827, = 0 Upper confidence limit 23. 24 x 100 = 2, 234%

+ + = 0.4858, 0.4858 = 0,6970



Table 8. Estimation of 95% confidence intervals for a single observation using the 0. 7 m bongo-net (F)
sampler, 0. 571 mm mesh size. Series of six replicate tows, 13-14 minutes duration at sta-
tion NHO3, 2 June 1971, 0846-1106. Depth to bottom 45 m. Average maximum depth of all
tows 41 m. Ship's speed ca. 2.5 knots. Two 1/4 subsamples analyzed from each tow,
Organisms used in calculations: Pagurus granosimanus, zoea 4, megalopa; Pagurus
ochotensis? zoea 4, megalopa; Pagurus sp. K, megalopa; Orthopagurus schmitti, zoea 4,
megálopa; Pugettia spp., zoea 1; Cancer magister, megalopa; Cancer oregonensis, zoea 3,
4, and megalopa.

Species 11 15,8401 1.4400 3,8636**

Tows 5 4. 4486 0.8897 2.3871*

Species x Tows 55 20. 5011 0.3727 2. 7464**

Subsample 72 9. 7730 0. 1357
Error
Total 143 50. 5628

2 2 2
6cr5 +ZoR+CTE

12cr +2cr+cr

2°R +cTE
2

**1 % level of significance, F species (11, 55, . 99) = 2. 59,*F tows (5, 55, .95) = 2. 38,F species x tows
(55, 72, .99) = 1.82

= 0. 1357 95% confidence limits = antilog 1.96(0. 7118)
24.84

+ = 0.3727, = 0. 1185, 2cr + 0.4720 Lower confidence limit = l/24.84x 100 4.03%
iz4 + 2cr + 0.8897, cr'= 0. 0348 Upper confidence limit 24.84x 100 = 2,484%

+ cr + cr 0.5068, T0. 5068 = 0.7118

Analysis of Variance Table
Source of Degrees of Sum of Mean F-level Parameters
Variation Freedom Squares Square Estimated



Table 9. A comparison of the total estimated number and kinds of crab larvae caught by four samplers during six replicate step tows of 13-14
minutes duration at station NHO3, 2 June 1971, 0846-1106. Depth to bottom 45 m. Average depth of all tows 41 in. Ship's speed
ca. 2. 5 knots.

Total Estimated Number of Crab Larvae Per 1000 in3
Bongo-net Sampler

O.2m,0.57l mm mesh

0. 2m,0. 233 mm mesh

0. 7 rn,O. 571 mm mesh split 1
split 2

0.7 rn,0. 571 mm mesh split 1
split 2

The 0.7 in bongo-net sampler caught 1.4 times as many crab larvae as the 0. 2 in sampler.

Tow 1 Tow 2 Tow 3 Tow 4 Tow 5 Tow 6 Total X

517 491 368 517 255 295 2,443 407

353 580 563 319 136 420 2, 371 395

763 760 924 82 287 419 3, 325 539
774 1, 169 129 461 417 346 3,296 549

786 702 869 414 203 388 3, 362 560
940 755 896 513 351 325 3, 780 630



The 0. 7 m bongo-net sampler caught 1. 9 times as many kinds of crab larvae as the 0. 2 m sampler.

Table 9 (continued)

Number of Kinds of Crab Larvae
Bongo-net Sampler Tow 1 Tow 2 Tow 3 Tow 4 Tow 5 Tow 6 Total X

0. 2m, 0.571 mm mesh 10 16 10 14 7 4 61 10

°.2in,O. 233 mm mesh 9 17 14 11 4 10 65 11

O.7m,O. 571 mm mesh split 1 22 27 29 22 13 15 128 21
sp1it2 25 26 20 21 15 11 118 20

O.7m,O.571 mm mesh split 1 22 24 23 22 9 14 114 19
split 2 24 27 24 25 15 15 130 22



**F. 99(1, 5) = 16. 26, *F. 95(1. 5) = 6.61

Table 10. The total estimated number
samples combined from both
(r), slope (b) of regression

of Cancer oregonensis larvae caught for each of six replicate tows at station NHO3, 2 June 1971, Sub-
sampler. Tow information same as in Table 9. The correlation coefficient
for the regression analyses of stage against time of tow.

sides of the 0. 7 m bongo-net
line, and F-value (F) are given

Stage Tow 1 Tow 2 Tow 3 Tow 4 Tow 5 Tow 6 r b F

Zoea 1 154 298 83 50 0 0 . 90 -.021 17. 727**

Zoea 2 218 189 73 17 0 9 .86 -.016 11.577*

Zoea3 381 179 110 83 56 9 .94 -.011 30.754**

Zoea4 335 351 422 149 111 281 .55 -.003 1.749

Zoea 5 9 18 55 91 65 127 . 93 +. 009 23. 459**

Megalopa 64 9 28 8 19 27 . 24 -.002 . 239



Table 11. The 95% confidence limits for a single observation based on one-way analyses of variance of replicate tows taken at stations NHOI, NHO3,
NHOS between 12 June 1971 and 20 August 1971. Samples include both day and night tows. (Z = zoea, M = megalopa)

Species Stage

SMALL BONGOS* LARGE BONGOS**
Sample
size

Lower
limit

(%)

Upper
limit
(%)

Significance
level

(%)

Sample
size

Lower
limit

(%)

Upper
limit

(%)

Significance
level

(%)

Pachycheles spp. Z2 26 3 3, 561 1 26 11 910 1

Pagurusgranosirnanus 21 8 4 2 499 N. S. 12 5 1, 972 N. S.

Z2 12 < 1 1z; 370 N. S. 12 5 2, 174 5

23 14 11 908 5 12 18 556 5

Z4 16 6 1,644 5 22 29 350 1

M 10 5 2,065 N.S. 30 4 2,393 N.S.

Pagurusochotensis Z4 14 9 1,122 5 30 10 1,007 1

M 16 <1 15,790 N.S. 28 6 1,605 N.S.

Pagurus sp. C Zi 10 4 Z, 704 N. S. 12 6 1, 681 5

Z4 10 12 839 N.S. 22 25 405 1

Orthopagurus schmitti 23 10 2 6, 310 N. S. 12 5 1, 954 N. S.

Z4 14 8 1 283 5 16 16 632 1

M 32 7 1, 369 N. S. 34 10 1, 013 1



Table 11. (continued)

*0. 2 m bongo-net sampler, 0. 571 mm mesh **Q. 7 m bongo-net sampler, 0. 571 mm mesh

Small Bongos: 5 of 24 stages a 1% level significant difference between stations; 4 of 24 stages a 5% level significant difference between stations;
15 of 24 stages no significant difference between stations.

Large Bongos: 13 of 24 stages a 1% level significant difference between stations; 6 of 24 stages a 5% level significant difference between stations; 05 of 24 stages no significant difference between stations.

Species

/
Stage

SMALL BONCOS* LRCE BONCOS**
Sample

size
Lower Upper
limit limit

(%) (%)

Significance
level

(%)

Sample
size

Lower
limit
(%)

Upper
limit

(%)

Significance
level
(%)

Pugettia spp. Z2 16 4 2, 449 N. 5. 32 18 562 1

Pugettia productus M 20 2 835 N. 5. 34 5 1, 893 N. S.

Cancer magister M 10 3 3, 227 N. 5. 32 27 370 1

Cancer oregonensis Zi 12 18 563 1 16 35 289 1

Z2 12 44 230 1 20 3 3,711 5

Z3 10 < 1 17, 240 N. S. 24 4 2, 261 5

M 38 5 2, 073 N. S. 58 17 606 1

Fabia subqadrata Z5 38 3 4, 054 1 38 13 764 1

M 24 2 4, 351 N. 5. 30 23 439 1

Pinnixa littoralis Z4 12 1 7, 384 N. S. 14 6 1,749 5

Z5 16 13 752 1 26 15 662 1

X 7 4,192 13 1,792



Table 12. A compañson of 15 day-night tows of the more predominant crab larvae caught at stations NHO1, NHO3, NHO5 between 28 June 1971 and
20 August 1971 using the 0. 2 m bongo-net sampler, 0. 571 mm mesh. (Z = zoea, M = megalopa)

Species Stage

DAY TOWS NIGHT TOWS
N/ DNumber

positive
tows

Total larvae
per

15, 000 in3

Number
positive

tows

Total larvae
per

15 000 in3

Petrolisthes spp, Zi

Z2

3

0

206

0

2

4

782

893

3.8

893/0
Pachycheles spp. Zi 5 16, 198 8 122, 871 7.6

Z2 6 5, 688 6 144, 301 25. 4

M 4 98 6 1,557 15.9
Pagurus granosimanus Zi 2 132 6 1,187 9.0

Z2 4 614 4 489 0.8

Z3 5 986 7 2,038 21
Z4 4 249 7 7,594 30.5

M 0 0 1 19 19/0
Pagurus ochotensis Zi 2 97 3 912 9.4

Z2 2 58 3 468 8.1
Z3 4 256 3 207 0.8

Z4 2 303 2 36 0.2
M 1 40 4 228 57



Table 12. (continued)

Species

DAY TOWS
Number Total larvae
positive per

Stage tows 15, 000 in3

NIGHT
Number
positive

tows

TOWS
Total larvae

per
15, 000 m3

N/P

Pagurus sp. C zi 3 466 3 265 0. 6

Z3 1 40 2 38 0.95
Z4 1 40 1 24 0. 6

Orthopagurus schmitti Zi 0 0 0 0 0

Z2 1 20 2 38 1.9
Z3 a 80 2 57 0.8
Z4 2 627 3 92 0. 2

M 7 156 9 714 4. 6

Emerita analoga Zi 1 56 2 48 0. 9

Pugettia spp. Zi 5 1, 927 7 1,527 0.8

Z2 4 358 5 1,607 4. 5

M 5 329 5 1,061 3. 3

Oregonia gracilis M 20 2 39 1.6
Cancer magister M 2 58 4 91 1.6
Cancer oregonensis Zi 4 3, 185 4 7, 504 2.4

Z2 4 824 4 1, 969 2.4
Z3 0 0 2 773 773/0

Z4 3 60 3 497 8.3
Z5 3 118 4 76 0.7



0. 2 in sampler: 30 of 47 kinds of crab larvae caught more abundantly at night than day.

Table 12. (continued

Species Stage

DAY TOWS NIGHT TOWS

N/ DNumber
positive

tows

Total larvae
per

15, 000 m3

Number
positive

tows

Total larvae
per

15, 000 m3

Cancer oregonensis M 7 665 8 2, 709 4. 1

Lophopanopeus bellus Z1 5 3, 550 5 6, 512 1. 9

Z2 1 76 1 19 0.3
Hemigrapsus nudus Z5 1 19 2 67 3. 6
Pachygrapsus crassipes M 1 20 0 0 0/20
Fabia subquadrata Z5 7 2, 173 7 666 0. 3

M 4 139 7 429 3.1
Pinnjxa littoralis Zi 1 76 2 1, 463 19. 3

Z2 3 1,655 3 5,444 3.3
Z3 2 1,128 3 1,819 1.7
Z4 4 1,612 3 843 0.6
Z5 5 1,788 4 882 0.5
M 1 20 2 112 5.6



Table 13. A comparison of 15 day-night tows of the more predominant crab larvae caught at stations NHO1, NHO3, NHO5 between 28 June 1971 and
20 August 1971 using the 0. 7 in bongo-net sampler, 0. 571 mm mesh. (Z = zoea, M = inegalopa)

DAY TOWS NIGHT TOWS
Number Total larvae Number Total larvae N/D
positive per positive per

Species Stage tows 15, 000 m3 tows per 15, 000 in

0

Petrolisthes spp. Zi 3 468 3 125 0.4
Z2 4 284 5 631 2.2

Pachycheles spp. Zi 4 21, 109 5 87, 489 4. 2

22 6 9,351 8 116,395 12.5

M 9 144 9 1,026 7.1
Pagurus granosimanus 21 5 1, 052 3 332 0. 3

Z2 4 1,204 4 315 0.3
Z3 5 1,857 5 1,448 0.8
Z4 6 668 7 3,995 6.0
M 5 18 4 58 3.2

Pagurus ochotensis Zi 4 468 5 2, 206 4. 7

Z2 3 223 5 1,478 6.6
Z3 3 159 4 782 4.9
Z4 6 161 5 56 0.4
M 4 28 9 232 8.3

Pagurus sp. C 21 3 501 4 708 1. 4

Z3 2 25 3 35 1.4

24 4 74 5 33 0.5



Tabie13. (continued)

Species Stage

DAY TOWS NIGHT TOWS

N/DNumber
positive
tows

Total larvae
per

15, 000 m3

Number
positive

tows

Total larvae
per

15, 000 m

Orthopagurus schmitti Zi 1 30 3 179 6. 0

22 4 163 2 61 0.4
Z3 3 44 1 30 0.7
Z4 3 668 1 14 0.02
M 10 234 9 954 4.1

Emerita analoga Zi 4 197 2 269 1.4
Pugettia spp. 21 6 2,528 7 2, 605 1.0

Z2 8 454 7 611 1.4
M 6 59 8 1,401 23.8

Oregonia gracilis M 3 14 6 55 3. 9
Cancer magister M 3 6 14 199 33. 2

Canner oregonensis ZI 5 7, 295 5 4, 163 0. 6

22 3 2,485 4 1,698 0.7
Z3 4 80 8 546 6.8

Z4 6 83 5 88 1.1
25 6 151 6 75 0.5
M 14 1,454 14 3,049 2.1



Table 13. (continued)

0. 7 in sampler: 30 of 47 kinds of crab larvae caught more abundantly at night than day.

Species Stage

DAY TOWS NIGHT TOWS

N/flNumber
positive

tows

Total larvae
per

15, 000 m3

Number
positive

tows

Total larvae
per

15, 000 m3

Lophopanopeus bellus Z1 5 3,769 5 6,064 1.6

Z2 1 2 4 613 306.5
Hemigrapsus nudus Z5 2 32 3 47 1. 5

Pachygrapsus crassipes M 3 6 2 86 14. 3

Fabia subquadrata ZS 8 3, 114 8 794 0. 3

M 7 281 10 677 2.4
Pinnixa littoralis Z1 2 450 3 385 0. 9

Z2 4 2,634 3 3,555 1.4
Z3 2 2,741 3 1,138 0.4
Z4 3 1,683 5 1,219 0.7
Z5 8 2,093 6 1,859 0.9
M 0 0 2 87 87/0



Small Bongos: 12 of 15 tows caught more kinds
Large Bongos: 8 of 15 tows caught iiore kinds

of crab larvae at night than day.
of crab larvae at night than day.

Table 14. A comparison of the number of kinds of crab insvae iii day versus night catches by two different size bongo-net samplers.

SMALL BONGOS* LARGE BONGOS**
Date Station Tow Day Night N/D Day Night N/D

06/28-29/71 NHO1 1 20 28 1.4 31 41 1.4
2 25 30 1.2 32 42 1.4

NHO3 1 15 16 1.1 13 20 1.6
2 7 9 1.3 16 14 0.9

NHO5 1 5 4 0.8 19 15 0.8
2 3 6 2.0 13 13 1.0

08/02-03/71 NHO1 1 23 36 1.6 30 40 1.4
2 23 30 1.3 34 32 0.95

NHO3 1 10 10 1.0 11 19 1.7
2 6 6 1.0 14 16 1.2

NHOS 1 3 2.0 6 7 1.2
2 2 3 1.5 4 6 1.5

08/19-20/71 NHO1 1 8 12 1. S 26 26 1.0
2 11 is - -

NHO3 1 2 6 3.0 7 6 0.9
2 2 9 -

NHO5 1 1 2 2.0 4 3 0.8
2 1 3- - -

Total 153 204 1.33 260 300 1.15
*0. 2 m bongo-net sampler, 0. 571 mm mesh; *0 7 m bongo-net sampler, 0. 571 nun mesh



Table 15. A comparison of Cancer oregonensis megalopae caughtin day versus night offshore tows

Day Tows Night Tows
Date Station No. /1000 m3 No. /100 m3

06/28-29 /71 NH2O 9.4 15.4

NH25 0 132.0

NH3O 16.7 41.9

NH35 72.0 24.6

NH4O 85. 2 27. 6

*0. 7 m bongo-net sampler, 0. 571 mm mesh

N/D

Total 183. 5 241. 5 1.3



VI. SYNOPSIS OF REPRODUCTIVE ACTIVITY AND LARVAL
DISTRIBUTION AND ABUNDANCE

Family Cancridae

The Dungeness crab, Cancer magister, occurs along the Pacific

coast from Unalaska to lower California and ranges from mean low

water to 50 fathoms (Schmitt, 1921). Although it prefers sandy or

sandy-mud bottoms, specimens have been found on all bottom types

within estuaries and on the continental slope. Adult females generally

reach maturity by their second or third year and may produce three

or four broods during a life-span (McKay, 1942; Cleaver, 1949;

Butler, 1960). Egg-carrying females are found in Oregon waters

from October to March with essentially one brood produced per year

(Waldron, 1958). Field observations (Waidron, 1958) and laboratory

rearings by Poole (1966) and Reed (1969) indicate that larvae hatch

off northern California and Oregon from January through March and

are present in the nears hore waters through July for a total estimated

larval life of 128 to 158 days. All members of this family have

pelagic larvae that pass through five zoeal and one megalopa stage

before settlement.

Adult Cancer oregonensis occur from the Aleutian Islands to

lower California and range from low water to 238 fathoms (Schmitt,

1921). This species is commonly found in under-rock habitat, In his

109
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study of its reproductive activity in the Puget Sound area, Was hing-

ton, Knudsen (1964) concluded that eggs are deposited in the last

weeks of Noverriber and are carried until the middle of February

when hatching is completed. He indicated the possibility of a second

brood during April-June for some individuals.

The smallest cancrid megalopa found in the samples is appar-

ently that of Cancer antennarius, Mir (1961) described only the first

zoeal stage from ovigerous females collected in the fall along the

northern California coast, This species is distributed from Queen

Charlotte Sound, British Columbia, to Magdalena Bay, Lower Cali-

fornia, in shallow water to seven fathoms.

Poole (1969) has described the larvae of Cancer magister from

laboratory rearing; Trask (1970), the larval stages of Cancer pro-

ductus; and Mir (1961), the first zoeal stage of Cancer magister,

Cancer antennarius, and Cancer anthonyi, In this study all stages

of C. magister were available from laboratory rearing. Preliminary

dissections separated the samplesl cancrid larvae into C. magister

and ç. oregonensis zoeal groups on the basis of external characters

and appendage setal counts, Subsequently, only external characters

were used to separate the two zoeal groups from the samples and

these are given in the larval keys. Larvae of C. productus, whose

adults are common in the near shore area, were not observed in the

samples. According to Trask's (1970) descriptions, the average
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difference in size between the larvae of C. productus and C. magister
increases with development. The larvae of C. magister become in-

creasingly larger in size from the third zoea through the megalopa,

a difference which readily serves to distinguish them in plankton

samples. The second zoeal stage of C. magister has 4+4 spines on

the inner margin of the telson' s furca, whereas the second zoeal

stage of C. productus has only 3+3 spines. The telson of the first

stage zoea ofC, magister is broader and the lateral furcal. spines

are distinctly longer and more flared compared to the telson and

lateral furcal spines of C. productus first stage zoea. Therefore,

any zoeal larvae of C. productus which might have occurred in the

samples were probably identified as those of C. oregonensis.

According to the description of the megalopa of C. productus given

by Trask (1970), the megalopa of this species would have been readily

identifiable by its small lateral carapace spines had it occurred in

the samples. Both zoeal stages 3 and 5 and megalopa of C. productus

have been included in the cancrid larval keys, Larvae of C. magister

appear to be morphologically distinct from those of other cancrids.

Cancer magister

Distribution and Abundance

Two Cãicer magster larval seasons were encompassed by this

sampling program (Figures 25-28). Zoea 1 larvae made their first
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substantial appearance during the first season on 29 January 1970

at stations NHO3, NHO5, and NH1 0 with maximum densities ranging

from 1000 to 3000/1000 m3, The subsequent zoeal stages were found

most abundantly at stations NHO5 and NH1O, Eew zoea 4 and no zoea

5 stages were found at any of the four inshore stations. In general,

the number of larvae captured decreased from zoea 1 through 5.

However, large numbers of megalopae were found at stations NHO1,

NHO3, and NH05, suggesting a general inshore transport of larvae

during this season. Maximum densities of the megalopae ranged

from 1000 to 8000/1 000 m3, densities comparable to those of the

zoea 1 stage found earlier in the year. Few megalopae appeared

in the water column after 22 May 1970 and none after 16 July 1970.

This indicates that the length of the larval period in the plankton is

approximately 130 days (89 to 143 days). The summer upwelling

conditions did not appear to have any effect on the larvae since the

bulk of the megalopae had settled before the onset of intense upweiling,

The major appearance of zoea 1 larvae during the second sea-

son occurred at about the same time (18 January 1971.) and stations

(NHO3, NHO5, NH1O), and at about the same densities (1000 to 2000/
31000 m ). However, the density of the larvae appeared to decrease

more rapidly at zoeal stages 2 and 3, and virtually no larvae of any

stage were found after zoea 3. The 30 March 1971 cruise was the

last sampling period which caught any significant number of larvae.
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Very few megalopae were found at any station throughout the summer

in day or night samples. The 1971 late-winter period, previously

described in detail, had a greater onshore transport of surface waters,

colder temperatures, and more precipitation than the same period in

1970.

C. magister was the most abundant crab larvae caught at sta-

tion NH45, 11-12 April 1970 (Nekton Cruise Y7004-B). Its megalopae

had the highest densities of any larval stage with 19/1000 m3, followed

by zoea 5 at 12/1000 m3. Fewer zoea 4and 3 were present, Scat-

tered occurrences of all larval stages were present the following

year, 1971, to 60 miles offshore in the 0.7 rn bongo-net samples.

Megalopae and zoea 3-5 predominated offshore with densities usually

less than 200/1000 m3, suggesting that these larvae had originated

nearshore and subsequently drifted offshore. Larvae present at

stations NH35 to NH 60 are under the influence of the Columbia River

plume as indicated by the warmer temperatures and lower salinities

measured at these stations during the sampling period.

In examining the progression of developmental stages over a

season one notes that the peak in density of the megalopa population

departs from the linear slope of the previous oea1 stage peaks. This

apparent lag of the megalopa appears to be common to the general

growth curve for this species and also for Cancer productus. Poole

(1966) reared C. magister at 11°C and found that the average time
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spent in each stage, zoea 1 through megalopa, was 18. 2, 11. 2, 13. 6,

14. 6 and 22. 4 days, respectively, Likewise, Trask (1970) reared

C. productus at the same temperature and found that 19, 17, 15, 21,

and 25 days are spent in each stage, zoea 1 through megalopa, respec-

tively.

Larval Population Analyses Between 1970 and 1971

If we assume that the total number of C. magister larvae com-

bined over the four inshore stations (NHO1, NHO3, NHO5, NHIO) is

representative of the total population on a local basis, then the ques-

tion may be asked whether there is a significant difference in the

population means between the two years, 1970 and 1971, and can a

difference be explained using the concomitant observations of time,

temperature, and salinity?

An analysis of multiple covariance was used to test this hypothe-

sis on two sets of data for C. magister larvae. The first set of data

compares the sampling period from 29 January 19 70-29 July 1970

with that of 18 January 19 71-21 July 1971. This period includes, for

these two years, the first major larval release through the time at

which no megalopae were present in the water column. Larval density

estimates from both sizes of mesh of the 0. 2 m bongo-net sampler

were used in the analysis.

The mathematical model used for the initial analysis was of



the form:

Y = b + b(y) + b1 (t) + b2(T) + b3(S) + b4(T2) + b5(S2) + b6(TxS)

where, Y = log1 0(X+1) number of larvae per 4000 m3 of water, b = a

mean effect, y = a year effect, t a time effect (days elapsed since

1 January), T = linear effect of sea surface temperature ( C), S =

linear effect of sea surface salinity (ppt), T2 quadratic effect of

temperature, S2 = quadratic effect of salinity, and T x S = interaction

effect between temperature and salinity.

The coefficients (b' s) in the model were estimated by the Oregon

State University Statistical Program Library *BMDO5V, a general

linear hypothesis testing computer program. Various hypotheses can

be specified by the user to test the importance of the individual

parameters in the model.

A summary of the analysis on the initial run is given in Table

16. A highly significant difference 1 % level) was found between

yearly means (y) after being adjusted fer all the covariates in the

model, however, only time (t) was found to be highly significant in

explaining the yearly difference, That is, the appearance of larvae

in the plankton was of shorter duration in 1971 than 1970, Subse-

quently, a new model was generated using only time (t) as a covariate:

119

Y = b + b(y) + b1(t).
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The importance of time (t) was again found to be highly signifi-

cant in explaining the difference between yearly (y) population means

of C. magister larvae (Table 17).

The second data set compares the sampling period 29 January

1970-2 May 1970 with 18 January 1971-14 May 1971. The period

selected compares the larval period prior to summer upwelling,

eliminating the erratic surface temperature and salinity fluctuations.

Most of the C. magister larvae are megalopae by early May0

The same full model was used in the initial run for the second

data set and is presented in Table 18. There was a significant differ-

ence (5% level) between yearly means (y) after being adjusted for

all the covariates in the model. The covariates time (t), the linear

effect of temperature (T), and the interaction effect of temperature

and salinity (TxS) were all significant.

The initial model was reduced to the following form:

Y =b +b(y) +b1(t) +b2(T) +b3(S) +b4(TxS)

which greatly increased the significance of the parameters in the

final model (Table 19). A highly significant difference (1% level)

was found between yearly means (y) after being adjusted for all the

covariates. in explaining the difference between yearly means of

C. magister larvae, the covariate time (t) was most significant

(1% level) followed by the linear effects of temperature (T) and



Table 16. A comparison of the total number of Cancer magister larvae for the years 1970 and 1971
(January through July) by analysis of multiple covariance (full model).

Source of Degrees of Sum of
Variation Freedom Squares

t
T
S
T2
S2
TxS
y (adjusted)
Residual

**F .99 (1,44) = 7.12
Fitted model: Y = -11. 313 + 0. 470(y) - 0. 018(t) - 5. 076(T) + 2. 576(S) + 0. 043( T2) - 0. 060(S2) + 0. 1 27( TxS)

Year Mean Y t

1 12.983
1 1.323
1 0.120
1 0.513
1 0.296
1 1.303
1. 9.074

44 37. 887

10.36

10.01

Mean Square F-level

1 2. 983
1. 323
0. 1 20
0.513
0, 296
1.303
9.074
0. 861

Mean of Covariates

32. 23

31. 71

109.05
102. 74

15. 079**
1. 537
0. 140
0. 594
0. 344
1.513

10. 538**

S2 TxS

1040.49 333. 13

1007.00 316. 70

1970 2.19518 124. 21

1971 1.57263 109.38

T S T2



Table 17. A comparison of the total number of Cancer magister larvae for the years 1970 and 1971
(January through July) by analysis of multiple covariance (reduced model).

Source of
Variation

Degrees of
Freedom

Sum of
Squares

Mean Square F-level

t

y(adjusted)

Residual

**F .99 (1,49) = 7,17

Fitted model: Y 3. 856 + 4

1

1

49

366(y) - 0. 017(t)

45.149

9.448

42. 271

45.149

9. 448

0, 863

52.

11.

336**

218**



Table 18. A comparison of the total number of Cancer magister larvae for the years 1970 and 1971
(January to May) by analysis of multiple covariance (full model).

Mean of Covariates
Year MeanY t T S T

1970 2.80494 90.56 10.35 31.76 107.91 1010.36
1971 2.09844 80.13 9.59 31.28 92.82 979.08

TxS

328.08

299. 81

Source of
Variation

Degrees of
Freedom

Sum of
Squares

Mean Square F-level

t 1 6.807 6.807 7,073*
T 1 5. 277 5. 277 5,483*
S 1 0.156 0.156 0.162
T2 1 0.018 0,018 0.019

1 0.012 0.012 0.012TxS 1 5.183 5.183 5.385*
y (adjusted) 1 6. 260 6. 260 6. 504*Residual 26 25,023 0.962

*F .95 (1, 26) = 4.22

Fitted model: Y = 180. 944 + 0. ?12(y) - 0. 024(t) - 20. 294(T) - 4. 907(S) -0.037(T 0. 022(S + 0. 656(TxS)



Table 19. A comparison of the total number of Cancer magister larvae for the years 1970 and
1971 (January to May) by analysis of multiple covariance (reduced model).

*F .95 (1, 28)= 4,20, ** F .99 (1, 28) = 7.64

Fitted model: Y 201. 891 + 0. '?O5(y) - 0.023(t) - 20. 547(T) - 6.148(S) + 0. 641(TxS)

Source of
Variation

Degrees of
Freedom

Sum of
Squares

Mean Square F-level

1 7. 629 7. 629 8. 530**
T 1 5. 859 5. 859 6. 551*
S 1 5. 230 5. 230 5. 845*
TxS 1 5. 774 5. 774 6. 456*
y (adjusted) 1 8. 650 8. 650 9. 672**
Residual 28 25. 043 0. 894
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salinity (S), and the interaction effect of temperature and salinity

(TxS) at the 5% level,

The foregoing analyses support the contention that there was a

significant difference between the C. magister larval populations of

1970 and 1971. Fewer larvae appeared in 1971 and they appeared in

the plankton for a shorter period of time suggesting widespread larval

mortality. This apparentlarval mortality was significantly associated

by these analyses with the colder surface temperatures and lower

salinities that occurred during the winter of 1971. The direct effects

of temperature and salinity on larval survival will be explored in the

next section.

Temperature-Salinity Tole rance of Laboratory-Reared Larvae

A laboratory study by Reed (1969) determined the effects of

temperature and salinity on the larval survivaL of C. magister. How-

ever, it was necessary to extrapolate from Reed s data in order to

derive better estimates of larval survival at the low temperatures

that occurred during the 1971 season. The response surface technique

used in the analysis of his data is not only valuable in its predictive

role, butalso visually represents any change in response at various

stages of development. Details of this response surface technique

and its application to the study of marine ecology are discussed by

Alderdice (1972).
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A multiple regression analysis was applied to ReecPs (1969)

survival data of C. magister after 20, 30, 40, and 50 days of culture

at experimental conditions (Table 20), The mathematical model used

in the analysis was of the form:

Y b0 + b1 (S) + b2(T) + b3(S2) + b4(T2) + b5(SxT)

where, Y = percentage survival, b0 = a constant, S linear effect of

salinity, T linear effect of temperature, S2 quadratic effect of

salinity, T2 quadratic effect of temperature, and S x T interac-

tion effect between salinity and temperature.

The coefficients (bi s) in the model were estimated by the Oregon

State University Statistical Program Library *STEP, a stepwise

multiple regression computer program. F-levels were set equal to

zero to enter and remove variables. This allowed all variables to

come into the equation by a forward selection process, their order

of insertion being determined by using the partial correlation coeffi-

cient as a measure of their importance. The contribution a variable

makes in reducing the variance of the equation can also be considered

by examining the various values given as the program proceeds. One

of the more useful values is the square of the multiple correlation

coefficient, R2, defined as the sum of squares due to regression

divided by the total sum of squares corrected for the mean. It is

often stated as a percentage, 100R2. The larger R2 is, the better
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the fitted equation explains the variation in the data. Its values can

be compared at each stage of the regression program. Also, a t-test

is made, indicating the equality of the individual regression coeffi-

cients to zero and their level of significance.

The calculated regression coefficients from a particular equa-

tion are fitted by computer to a full quadratic equation in temperature

and salinity in order to print a contour diagram of the response

surface. Temperature and salinity scales on all plots were set to

range beyond the experimental conditions in order to facilitate

response comparison and to allow the overall form of the surface

to be visualized. Contours extrapolated beyond the experimental

data lie outside the dotted lines.

A summary of the multiple regression analyses on survival

after the various periods of rearing and the response surfaces are

given in Table 21 and Figure 29. The analyses indicated that after

20 days of rearing under the experimental, conditions the linear and

quadratic effects of salinity (S, S2) were the two most important

variables in the model, The linear effect of temperature (T) and

the interaction effect of salinity and temperature (Sx T) were of

lesser importance but still contributed significantly to the model.

Analyses of the later rearing periods of C. magister emphasized the

effect of temperature and showed the decreasing importance of both

salinity and the interaction effect of salinity and temperature. This
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Table 20. Percentage
temperature

of Cancer niagister larvae surviving in 20
(Reed, 1969).and salinity combinations

Temperature
Salinity 6l°C 100°C 13.9°C 17.8°C 21.7°C

20 days

30ppt 83 91 88 84 15
25 ppt 59 100 95 84 48
20ppt 0 79 76 56 0l5ppt 0 0 0 0 0

30 days

30ppt 73 87 88 79 12
25 ppt 43 95 95 79 25
Zoppt 0 74 69 48 0l5ppt 0 0 0 0 0

40 days

3oppt 66 83 88 71 5
25ppt 7 95 95 71 10
2oppt 0 51 65 0 0l5ppt 0 0 0 0 0

50 days

3oppt 47 74 88 60 4
25ppt 0 94 91 60 0
Z0ppt 0 34 51 24 0l5ppt 0 0 0 0 0



Table 21. Multiple regression analyses of Cancer Inagister larval survival in 20 temperature and salinity combinations.
Regression
Step Number Variable 2

R F-level
Degrees of
Freedom

Significance
Level Coefficients T-value

Significance
Level

20 days

1 S . 505 18. 378 (1, 18) 1% 29. 4369 4. 069 1%

2 S2 . 591 3.723 (2, 17) 5% .4720 3.040 1%
3 T2 . 659 3. 030 (3, 16) N.S. .7068 4.635 1%
4 T .834 15.819 (4,15) 1% 23. 4636 559 1%

5 S x T . 865 3. 272 (5, 14) 5% - .2277 1.809 N.S.
Constant -457. 6092

30 days

1 S . 417 12. 878 (1, 18) 1% 18. 3726 2.026 N. S.
2 T2 . 529 4. 044 (2, 17) 5 - . 6903 3. 611 1%

3 T . 702 9. 290 (3, 16) 1% 23. 0272 3. 569 1%

4 S x T . 744 2.443 (4, 15) N. S. . 2503 1. 586 N. S.

768 1. 446 (5, 14) N. S. - . 2340 1. 202 N. S.
Cons tant -335. 2887



Table 21. (continued)

Re gress ion
Step Number 2 Ui zgnmcance

Variable R F-level Freedom Level Coefficients T-value
Significance

Level

Constant -313. 8493

50 days

1 S 373 10. 717 (1, 18) 1% 13. 4195 1.687 N. S.
2 T2 .432 1.75k (2, 17) N.S. - .8265 4.931 1%
3 T . 757 21. 339 (3, 16) 1% 25. 7928 4. 359 1%
4 S x T . 778 1. 451 (4, 15) N. S. . 1662 1. 201 N. S.
s S2 .791 . 901 (5, 14) N. S. 1620 . 949 N. S.

Constant -305.. 2337

40 days
1 S .416 12.830 (1,18) 1% 14. 3243 1.602 N.S.
2 T2 .491 2.511 (2,17) N.S. .8113 4.305 1%
3 T .744 15.824 (3,16) 1% 25.5095 4.011 1%
4 S x T . 768 1. 509 (4, 15) N. S. - . 1892 1. 217 N. S.
5 S2 .779 .713 (514) N.S. - .1620 .844 N.S.
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Figure 29. Response surface estimation of percent survival of Cancer

magister larvae after (A) 20 days, (B) 30 days, (C) 40 days,
and (D) 50 days of development at 20 different temperature
and salinity combinations.
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Table 22. An analysis of covariance between the 20 and 50 day survival polynomials of Cancer magisterlarvae, Null hypothesis: No significant difference between 20 and 50 survival polynomials.

a.Not Significant F .95(6, 25) = 2.44

Source of Variation Degrees of
Freedom

Sum of
Squares

Mean Square F- level

Polynomial 1: 20 day survival 14 421 7. 780

Polynomial 2: 50 day survival 14 5096. 684
Total: Polynomial 1 and 2 28 9314. 464 332. 659

Polynomial 3: Combined 20 and 50
day survival -

34 13287.052

Difference: Polynomial 3 and
total

6 3972. 588 662. 098 1.
99a
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trend is more evident when one compares the response surface plots

from 20 through 50 days of rearing. After 20 days of rearing the

response surface contours are nearly circalar, with a slight tilt to

the main axis, indicating a small interaction effect. The axis of the

contours tilts progressively towards the temperature axis until, at

50 days of rearing, the contour axis is almost perpendicular to the

temperature axis. Also, the survival contours progressively con-

strict about the temperature axis with time showing the narrowing

of the temperature range tolerated by the larvae. Maximum survival

(80% contour) at 20 days is predicted to occur between temperatures

and salinities of 6.50 to 17.5°C and 21.5 to 35.0 ppt, while at 50

days, maximum survival is predicted to occur between 9,00 to 15.00

C and above 28, 5 ppt. The area of maximum survival (80% contour)

shifts somewhat during the 20 to 50 day periodfrom an initial low

salinity -wide temperature range to a high salinity - low temperature

tolerance. However, when the 20 and 50 day survival polynomials

were tested by an analysis of covariance Ostle, 1963, p. 205), they

were not found significantly different in their response (Table 22).

In summary, salinity exerts an immediate effect onC. magister

larval survival, while the effect of temperature becomes increasingly

important with time,

Survival at a given temperature, salinity, and time can be

estimated using the fitted equations, All of the fitted equations for
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the four time periods explained a significant 77-87% of the variance

in the data. The lowest surface temperature and salinity reported

for any sampled station during the 1971 season was 7.4°C and 25. 17

ppt. After 20 days at this combination 76. 8% survival is predicted;

after 50 days, 44. 6% survival. The monthly mean surface tempera-

ture and salinity compiled at the Oregon State University Marine

Science Center dock, Newport, Oregon, is reported by Wyatt and

Gilbert (1972) for March 1971 to be 8.81 C and 30. 12 ppt. Survival

of 92. 3% is predicted at this temperature and salinity combination

after 20 days, and 71.0% survival after 50 days. The direct effect

of these temperatures and salinities found off the central Oregon

coast on the survival of C. magister larvae appears to be minimal.

Forty-five percent survival would still occur, even after an unreal-

istic period of 50 days at non-conservative temperatures and salini-

ties.

Gut-Fullness Analysis of Planktonic Larvae

The physical appearance of C. magister larvae was examined

for clues to the difference in the larval populations between the two

seasons, 1970 and 1971. Whatever happened to the larvae occurred

early in their development during the months of February and March,

1971, as a marked decrease in the total larval population was ob-

served by the second zoeal stage. Those larvae examined from the
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1971 season appeared more flaccid with a soft exoskeleton, had less

eye pigmentation and were more transparent compared to the larvae

caught during the 1970 season. However, these features of appear-

ance could not be readily quantified. Further examination indicated

a possible difference on a population basis in the amount of food in

their guts among stages, stations, and years. Differences in larval

gut-fullness may indicate good versus poor food availability, or

possibly a dying larval population weakened by some factor in their

environment other than food.

Food and/or feces in the guts could readily be seen through the

body wall up to the fourth or fifth zoeal stage and a close estimation

of the percentage fullness could be made by noting the proportion of

gut segments filled with food. The larval body can be divided into

eight equal segments; the thorax constituting twice the length of an

abdominal segment. The food or feces was considered to be of the

same approximate diameter and could be estimated to within 3% of

the total gut length. A sample size of 30 larvae was necessary before

any significant difference could be considered.

The 0. 2 m bongo-net samples were used to compare the 1970

and 1971 larval seasons at stations NHO1, NHO3, NHO5, and NH1O,

Samples were combined with both meshes of the 0. 2 m bongo-nets,

Only whole larvae were used and usually the entire sample was

analyzed, Specimens from the 0. 7 m bongo-net samples were used
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to compare inshore-offshore larval gut-fullness between the 12

stations, NHO1 through NH6O, for the 1971 season.

Zoea 1 larvae from the 1970 season showed maximum mean per-

centage gut-fullness at stations NHO3 and NH1O compared to those

from NHO1 and NHO5 (Table 23). A general decrease in gut-fullness

was observed with increasing stage of development. Surprisingly, all

zoeal stages of larvae caught during the 1971 season showed an in-

crease in gut-fullness over those of the 1970 season. The notable

exception occurred for zoea 1 larvae at station NHO3, where the 1971

gut-fullness is significantly lower than that for the 1970 season.

The onshore-offshore comparison showed that the greatest gut-

fullness for any larval stage occurred between stations NF105 and NH2O

(Table 24). Any zoeal stage caught within NHQ3 and farther offshore

than NH2O showed a marked decrease in gut-fullness.

A comparison was made between the gut-fullness of the larvae

caught by the different size bongo-net samplers for the 1971 season

(Table 25), The differences were divided equally between the sam-

piers even though there was a significant difference between the mean

percentage gut-fullness for the two samplers ii six out of seven

cases. These samplers therefore do not differentially capture well-

fed or poorly-fed larvae.



1 _____________
Gut-fullness is expressed as a reconverted arcsin 'Jpercentage transformed mean followed by its standard error and the number of observations inparentheses. -

2The station samples in this table represent the combined specimens from both mesh sizes of the 0 2 m bongo-net sampler.
**1% level significant difference between yearly means based on a two-sample t-test.

Table 23. A comparison of Cancer magister larval gut-fi2llness1 between the years 1970 aad 1971 at four Newport Hydro-line (NH) stations. 2

Stage Year
Station

NHO1 NHO3 NHOS NH1O

Zoea 1 1970 13. 19 - 2.74(4) 31. 23**0. 06(126) 19. 64 ± 0. 12(65) 29. 53 ± 0.07(106)
1971 14.26 ±0.34(19) 9.86 ±0.10(78) 24. 10**±0.03(241) 36. 13**±0.04(187)

Zoea 2 1970
1971

7.56 1. 97(5) 15.57 ± 0. 10(72) 12. 94 ± 0.02(269)
25.00 ± (1) 23. 29*0.24(38) 30.39'4O. 11(87)

Zoea 3 1970 10.49 ± 10. 49(2) 23.76 ± 0.09(81) 14.02 ± 0. 02(212)
1971 18.75 ± (1) 20.20** 0.09(51)

Zoea 4 1970
1971

9.40 ± 3.36(4) 15. 99 ± 1. 19(6)
19.50 1.61(7)

Zoea 5 1970
1971



Tth1e24......comparison-of-Cancermagister larval gut-fullness1 between 12 Newport Hydro-line (Nil) stations for the year 1971.2

1Gut-fullness is expressed as a reconverted arcsin ..fpercentage transformed mean followed by its standard error and the number of observations in
parentheses.

2The station samples in this table are from the 0. 7 in bongo-net sampler exclusively.

*5% level significant difference between successive station means based on two-sample t-tests.

**l% level significant difference between successive station means based on two-sample t-tests.

Station Zoea 1 Zoea 2 Zoea 3 Zoea 4 Zoea 5

NHO1 8.51* ± 1.33(9)

NHO3 10.51*'I 0.06(82) 0.79 ±0.79(2) 0.0 . (1)

NHOS 27.89**O.05(134) 17.57** ±1.09(14)

NH1O 26. 51** ±0. 07 (137) 29. 79** 0. 07(109) 45. 77* ± 0. 71(12)

NH15 23. 50** ±0.07(76) 35 11** ±0. 33(36) 60. 77**± 2. 27(8)

NH2O 34 43** ±0. 12(72) 23. 69** ±0. 13(69) 20.99 ± 0. 12(5) 25.00 ± (1) 4375 ± (1)

NH25 6. 26** ±0. 25(33) 6.41 ±0.48(20) 3.01 ± 3.01(3)
NH3O 11.51 ±0.07(56) 7. 75 ±0. 39(9) 23.41 ± 0.52(4) 25.00 ± (1)

NH35
. 12.03 ±0.99(3) 17.09 ± 0.16(5) 18.75 ± (1)

NH4O 53. 14 ± 0. 10(2) 0.0 ± (1) 6. 70 ± 6.70(2) 6.25 ± (1) 13. 92 ± 5.06(3)

NH5O 6.25 ± (1) 0.0 ± 0.0 (2) 19.39 ± 19. 39(2) 3.02 ± 1.74(8)

NH6O 0.71 ± 0.71(3) 0.13 ± 0.13(10) 0.0 ± 0.0(4) 0.0 ± 0.0(15) 0.0 0.0(3)



Table 25. A comparison between the percentage gut-fullness of Cancer magister larvae caught by
two different size bongo-net samplers.

0. 2 m Sampler 0. 7 m Sampler Significance
Stage Station X X T-value DF Level

Zoea I NHO1 22. 19 16.96 2. 67 26 5%

NHO3 18.30 18.92 2.39 158 5%

NHO5 29.34 31.87 23.00 373 1%

NH1O 36.95 30.99 397.33 322 1%
Zoea 2 NH05 28.85 24.78 3.13 50 1%

NH1O 33.47 33.08 1.56 194 N.S.
Zoea 3 NH1O 26. 71 42. 57 18. 66 61 1%

X of 0. 2 m bongo-net sampler greater than 0. 7 m sampler in 4 of 7 occurrences.
A significant difference between X's in 6 of 7 occurrences.



Relationship of Dungeness Crab (Cancer magister)
Year-Class Strength to its Larval Period

The widespread, uniformly-occurring cycles of abundance in

the Pacific Northwest's Dungeness crab, Cancer magister, have led

fishery biologists to believe that concurrent cycles of environmental

conditions were responsible. And, as the larval phase is generally

considered the most sensitive period in the life-cycle of marine

organisms, they speculated that environmental factors during this

period directly or indirectly determined the strength of the harvest-

able year-class.

Investigators attempting to assess the effects of environmental

factors on the larvae, which would lead to predictive models for crab

landings, have not had great success. Winnor (1966), through mul-

tiple correlation analyses, was able to explain 77% of the variability

in the San Francisco area crab landings using environmental condi-

tions that occurred during the larval period; namely sea surface

temperature. A somewhat greater percentage (85%) of the varia-

bility could be explained if the logarithm of the crab landings for a

larval year was included as an index of density dependent mortality."

Without knowledge of the direct effects of temperature and salinity

on larval survival, Winnor concluded that the high degree of corre-

lation with sea surface temperature reflected changes in ocean cur-

rents which transported the larvae away from habitat suitable for

143
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recruitment. His work was not expanded to include other ports; and

his predictions of future San Francisco area landings could not be

properly evaluated as the crab population collapsed after the 1961-62

season, apparently induced or aided by the introduction of the insecti-

cide DDT (Willis, 1970).

Since then, Reed (1969) completed a laboratory study of the

temperature and salinity tolerances of C. magister larvae and con-

cluded that changes in these factors off the central Oregon coast

were unable to produce large fluctuations in larval survival.

Peterson (1973) recently proposed an alternate hypothesis; that

the variability of upwelling along the North Pacific coast influences

the strength of the older year-classes through annual production

cycles. He hypothesizes that the amount of food available to the

older year-classes may influence the annual molting cycle and pre-

vent or delay entry to the harvestable size range.

In the present study, the sparseness of C. magister larvae off

the central Oregon coast during the 1971 season, compared to 1970,

was correlated with extreme temperature and salinity values that

occurred early in their development. Consequently, the hypothesis

explored in this study is that the strength of the Dungeness year-class

is largely determined by environmental conditions during the early

larval period; that is, the number of larvae surviving this critical

period is directly proportional to the size of the subsequent adult

population. The objective was to determine which factors during the

early larval period significantly contribute to fluctuations in the
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harvestable year-class in order to build a predictive model for

future crab landings in the Pacific Northwest.

Dungeriess crablandings since 1950 from the coastal ports of

northern California, Oregon, and Washington (excluding the Puget

Sound area) constitute a fairly homogeneous study period and area

for the investigation of environmental variables during the larval

phase and the effects on subsequent year-class strength. In this

region most male crabs reach legal size at about four years of age

(Cleaver, 1949). Fishing intensity around the major ports of the

Pacific Northwest is such that 90 to 100% of the legal size male crabs

have been harvested annually since 1950(cf. Poole, 1965). Thus,

we can assume that a constant proportion of the male population is

removed and that the total pounds landed each season provides a

reasonable indication of the total population.

Since the intensity of the fishing effort has varied over the years

as new fishing grounds were being discovered and exploited, it was

thought best to analyze crab landings by closely grouped ports, as

well as by state-wide averages. Data for the pounds of crabs landed

for various ports of the Pacific Northwest since the 1950-51 season

were obtained from the Pacific Marine Fisheries Commission Data

Series: Crab and Shrimp Sections.

A complete, long-term, meaningful data set of nearshore envi-

ronmental factors during the early larval period of January,
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February, and March was not available for most ports. The mean

monthly surface temperatures and salinities from the Crescent City,

California tide station were compiled from the S. I. 0. Data Series

(Anon., 1951-68) and used in the first analyses. The next best

series of data, reflective of environmental conditions, was mean

monthly air temperature and total precipitation from selected coastal

ports during the same winter months (Anon,, 1948-68). Another

recently available and important variable was Bakunls (1973) indices

of coastal upwelling at selected latitudes along the Western North

American coast 1946-1971, derived from mean monthly atmospheric

pressure fields. The negative indices that occur during the fall and

winter months indicate the amount of downwelling along the coast or

the intensity of onshore surface flow with a northward component.

Downwelling indices may indicate larval transport onshore or along-

shore, or reflect other associated oceanographicphenomena,

Preliminary sorting of the data involved computing correlation

coefficients and scatter diagrams between sea surface temperature,

salinity, air temperature, total precipitation, and downwelling indices

for the months of January, February, and March, and the various

combinations thereof, with reported crab landings; allowing for a

four year lag, the age at which most adult male crabs reach legal

catchab].e size, The most highly correlated variables for a given

time period were then used to build a predictive model by multiple



regression techniques (Draper and Smith, 1966).

The general mathematical model used in the analysis was of

the form:

Y b + b (I) + b (T) + b(s) + b4(TxS) + b5(T2) + b6(S2)0 1 2

where, b a constant; I index of coastal downwelling for a given0

latitude expressed as metric tons per second per 100 m of coastline;

T = sea surface or air temperature in degrees Fahrenheit; S sea

surface salinity or total precipitation in parts per thousand and inches,
2 2respectively; TxS an interaction effect; T and S quadratic effects

of the afore-mentjoned variables,

The computation and evaluation of the coefficients in the multiple

regression model are the same as that given in the previous section

concerning the temperature- salinity tole rance of laboratory- reared

larvae.

The preliminary analysis between Crescent City, California,

mean monthly winter sea surface temperatures and salinities, and

the crab landings at various ports showed that the highest correla-

tion coefficient was with salinity during the month of February

(Table 26), February sea surface salinity was most highly corre-

lated with landings of southern Oregon and northern California ports.

Fort Bragg, California, landings had the best correlations (r, 806)

with salinity of any port. The lowest correlations occurred with

147



148

Table 26. Correlation coefficients (r) between Crescent City, Cali-
fornia, tide station mean February sea surface salinities
and temperatures (1951 -68), and Dungeness crab landings
(1954-55 to 1971-72 seasons) four years later.

5% and 1% levels of significance (17 degrees of freedom)
0.456 and 0.575, respectively.

Ports of Landing Salinity (ppt)
r

Temperature (°F)
r

1. Fort Bragg, CA 0. 806 -0. 415
2. Eureka and Crescent City, CA . 679 - . 431
3. Totall+2 .743 - .423
4. Brookings, Gold Beach, and . 511 - .352

Port Orford, OR
5. Coos and Winchester Bays, OR .377 - .376
6. Newport. and Depbe Bay, OR . 1 04 - . 004
7. Tillamook and Garibaldi, OR . 091 - . 279
8. Astoria and Warrenton, OR .419 .336
9. Oregon total .464 .354

10. Grays Harbor, Willapa Bay, and .485 - .348
Columbia River, WA

11. Total8+10 .479 - .351
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central Oregon ports of landing. The anomalously negative correla-

tion of Tillamook and Garibaldi, Oregon, crab landings with salinity

is a result of the low fishing pressure indicated in the landing data

over the years. Sea surface temperatures were inversely related

to crab landings and showed uniformly low correlations. Logarithmic

transformation of the crab landing data did not produce any significant

improvement in the correlations for any variable,

The multiple regression analysis of Fort Bragg crab landings

with Crescent City mean February sea surface salinities, tempera-

tures, and downwelling indices is given in Table 27. Approximately

72% of the variability in Fort Bragg landings could be explained by

the model. The quadratic effect of salinity (S2) was the single most

important variable. Although the linear and quadratic effects of

temperature (T, T2) were not highly correlated with the crab landings

and contributed little to reducing variability, an interaction effect

between temperature and salinity (TxS) was somewhat significant.

That is, years of low crab landings were associated with. low salinities

and high temperatures that occurred during the February larval period

four years previous. The downwefling index (I) was not highly corre-

lated and contributed little to the overall model. The simplest and

best model for predictive purposes incorpozated only the quadratic

effect of salinity.

The preliminary analyses between mean monthlywinter air



Table 27. Multiple regression analysis of Fort Bragg, California, Dungeness crab landings (1954-S5 to 1971-72 seasons) with Crescent City, California,
mean sea surface temperatures (T) and salinities (S), and Bakun's (1973) downwelling indices (I) at 42°N latitude for the month of February
(195 1-1968).

Best model: Y = -1, 075, 252. + 1, 928. (S2)lbs crabs
landed

Re gress ion

Step Number
Variable Simple Multiple

Correlation Correlation
Coefficient, r Coefficient, R2

F-level Degrees
of

Freedom

Significance
Level

2
1 S 0.810 0.657 30.608 (1,17) 1%

2 5 806 . 668 . 529 (2, 16) N. S.

3 TxS .711 .673 197 (3, 15) N. S.

4 2
T - .415 .716 1.963 (4,14) N. S.

5 I .425 .717 .012 (5,13) N. S.

6 T - 415 (Below specified tolerance level)
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temperatures and total precipitation at selected coastal stations,

and crab landings gave the highest correlations for precipitation dur-

ing the month of February (Table 28, Figure 30). In all cases, there

is an inverse relationship between crab iandingsand total precipita-

tion during the February larval period four years later, The highest

correlations observed were between Washington-northern Oregon

ports of landing and southern Oregon-northern California stations of

precipitation, The Astoria and Warrenton, Oregon, landings had the

highest overall correlation (r .8) with southern coastal precipitation

(vide Figure 31), The lowest correlations for any ports of landing

were gen rally with reported precipitation for the northern coastal

stations. The apparent anomalous correlation oi northern crab land-

ings with outhern pre cipitation is explained later.

The utility, for predictive purposes, of the catch and precipita-

ations was tested by performing multiple regression analy-

se three ports of landing showing the greatest correlation

itation (Tables 29-31). In all cases, 60-70% of the varia-

ab landings could be explained using the variables for the

arval period of a landed year-class. Precipitation was

ingle most important variable; the downwelling index, 3ir

e, and the interaction effect made minor contributions to

riability.



5% and 1% levels of significance (19 degrees of freedom) 0. 433 and 0. 549, respectively.

Table 28. Correlation coefficients (-r) between mean February precipitation at selected Pacific Northwest coastal stations (1948-68) and Dungeness
crab landings (1951-52 to 1971-72 seasons) four years later.

Stations of Precipitation
0a

Ports of Landing
Oz.. 00 cO ZO

-4
o.

1. Fort Bragg, CA .382 .506 .546 .511 .488 .470 .312 .225
2. Eureka and Crescent City, CA . 485 . 654 582 . 602 . 650 . 736 . 479 . 476

3. Total 1 + 2 . 493 . 665 . 598 . 615 . 659 . 741 483 . 474

4. Brookings, Gold Beach and . 085 . 252 . 229 . 260 . 236 . 400 . 189 . 200
Port Orford, OR

5. Total 1 + 2 + 4 . 437 . 622 . 560 . 582 . 613 . 722 . 453 . 448

6. Coos and Winchester Bays, OR . 282 . 446 . 348 . 328 . 387 . 346 . 027 . 023

7. Newport and Depoe Bay, OR .402 .438 . 323 . 273 . 356 . 278 194 . 112

8. Tillamook and Garibaldi, OR . 328 . 276 . 383 . 343 . 393 . 377 . 303 . 180

9. Total 6 + 7 + 8 .411 .489 . 387 . 341 .424 . 355 175 .088
10. Astoria and Warrenton, OR . 644 . 774 . 790 . 683 . 792 . 572 . 543 . 322

11. Oregon total .504 .659 .596 .544 .622 .569 .369 .245
12. Grays Harbor, Willapa Bay, and 534 . 688 .700 . 640 . 718 . 636 . 559 . 346

Columbia River, WA

13. Total 10 + 12 . 566 . 717 . 731 . 659 . 746 . 633 . 565 . 347
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Table 29. Multiple regression analysis of Eureka and Crescent City, California, Dungeness crab landings (1950-Si to 1971-72 seasons) with Newport,
Oregon, total precipitation (S) and mean air temperatures (T), and Balcun's (1973) downwelling indices at 45°N latitude for the month of
February (1947-68).

Best model:
''lbs crabs 14, 048, 178. - 777, 728. (S)

landed

Regression
Step Number

Variable Simple
Correlation
Coefficient, r

Multiple
Correlation
Coefficient,

F-level

R2

Degrees
of

Freedom

Significance
Level

I S -0. 734 0. 538 23. 298 (1, 20) 1%

2 S2 - .686 .556 ,753 (2, 19) N. S.

3 T - . 225 562 . 239 (3, 18) N. S.

4 T2 - . 223 . 630 3. 136 (4, 17) N. S.

5 1 . 463 . 640 , 486 (5, 16) N. S.

6 T x S - .733 . 641 . 002 (6, 15) N. S.



Table 30. Multiple regression analysis of Astoria and Warrenton, Oregon, Dungeness crab landings (1951-52 to 1971-72 seasons) with Bandon, Oregon,
total precipitation (S) and mean air temperatures (T), and Bakun's (1973) downwelling indices (I) at 4S°N latitude for the month ofFebruary (1948-68).

Best model: 'I'5
crabs

= 4, 523, 989. - 242, 326. (S)

landed

Regress ion
Step Number

Variable Simple
Correlation
Coefficient, r

Multiple
Correlation
Coefficient, R2

F-level Degrees
of

Freedom

Significance
Level

1 S -0. 792 0. 628 32. 056 (1, 19) 1%

2 S2 - . 724 . 666 2. 065 (2, 18) N. S.

3 I . 184 . 688 1. 166 (3, 17) N. S.

4 T x S - . 767 . 705 943 (4, 16) N. S.

5 T2 - . 592 . 706 . 004 (5, 15) N. S.

6 T - .527 .709 .197 (6,14) N. S.



Table 31. Multiple regression analysis of Grays Harbor, Willapa Bay, and Columbia River, Washington, Dungeness crab landings (1951-52 to
1971-72 seasons) with Bandon, Oregon, total precipitation (S) and mean air temperatures (T), and Bakun's (1973) downwelling indices
at 45°N latitude for the month of Frebruary (1948-68).

Regression
Step Number

Variable Simple Multiple
Correlation Correlation

2Coefficient, r Coefficient, R

F-level

2Best model: Y = 20 495, 398. - 2, 275, 318. (5) + 82, 026. (Slbs crabs
landed

Degrees Significance
of Level

Freedom

1 S -0. 718 0.516 20. 222 (1, 19) 1%

2 S2 - . 629 . 603 3. 963 (2, 18) 5%

3 I 245 . 605 . 083 (3, 17) N. S.

4 T2 - .644 608 . 113 (4 16) N. S.

5 T - .056 . 614 . 230 (5, 15) N. S.

6 TxS - .687 .615 .004 (6,14) N. S.



Cancer oregonensis

Early stages of Cancer oregonensis made their first substantial

appearance in January at stations NHO1, NHO3, NHO5, and NH1O

(Figures 32-35). Maximum abundance of zoea 1 occurred at NHO1,

ranging from 1000 to 116, 000/1000 m3, The hatching period is pro-

tracted, from January through July, but two broods are indicated with

peaks in February and May-June. A general decrease in abundance

and frequency of larval stages occurred with time, Relatively few

zoea 4 and 5 stages were present at the inshore stations for either

year. The megalopa stage appeared at stations NHO1, NHO3, and

NHO5 at densities comparable to those of the preceding zoea 3. The

entire larval period extended from January through September. The

larval life of an individual brood was estimated to last 1 55 days (1 23

to 203 days), The two broods overlap and become indistinguishable

after zoea 1 so that it is difficult to determine stage modes.

It appears that more offshore transport of the early stages of

C. oregonensis occurred during the first season as zoea 2-4 were

found in greater abundance andfrequency at NHO.3 and NHO5 in 1970

compared to their abundances at these stations in the second season,

1971, The initial hatching of the first brood of the second season

was comparable to the first season in both timing and location, There

is some evidence in the data that the hatching period of the second
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brood of 1971 was delayed slightly compared to that of 1970 and that

the second hatching period in1971 also was of longer duration and

had a greater abundance of early zoea, The second brood of 1971

may have been delayed by the unusually cold February-March period

that year, Larvae n-lay have been sampled at higher densities because

they were retained closer to shore by the more intense onshore drift

component. Fewer megalopae, however, were caught the second

year. Perhaps thewarmer sea temperatures during the summer of

1971, compared to those of 1970, increased their developmental rate

resulting in an earlier settling of the megalopa stage.

The offshore cruise of 11-12 April 1970 at station NH45 may

have been too early in the season to sample larvae drifted offshore,

A few specimens of the late stages (zoea 4, 5, megalopa) were pres-

ent, usually less than 1/10, 000 m3. The following year, 1971, late

stages were frequently found from June through August on all stations

at maximum densities of 2000/1000 rn3, but usually less than 100/

1000 m3, Offshore1 the same general progression of developmental

stages occurred within the same time period as was observed inshore,

A substantial number of zoea 1-3 (300 to 2000/1000 m3) appeared

3 March 1971 at station NH25, Densities of earLy zoea at bordering

stations, NH2O and NH3O, were generally low, less than 10/1 000

This may indicate a small resident adult population near NH25, or a

bolus of inshore water carried out,
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An analysis of multiple covariance was used to test for yearly

mean differences in the total larval population of c. oregonensis

that occurred at the inshore stations NHO1, NHO3, NHO5, and NHIO

using the concomitant observations of time, surface temperature,

and salinity. A nearly equal period of time from January through

August was compared within the two years, 1970 and 1971,

The mathematical model used for the initial analysis was of

the same expanded form as that employed in the multiple covariance

analysis of Cancer magister larvae, A significant difference (5%

level) was indicated between the yearly population means (y) of

C. oregonensis after being adjusted for the covariates in the model

(Table 32). The covariates time (t) and the quadratic effect of salinity

(S2) were significant at the 1 % level; the linear effect of salinity (S)

was significant at the 5% level, An analysis of the data using a re-

dttced model, without the linear and quadratic effects of temperature
2(T, T ), only decreased the significance of the yearly population

means (Table 33).

These analyses of multiple covariance indicate a significant

difference between the 1970 and 1971 larval population means of

C. oregonensjs. That is, to refer back to the original data, greater

densities of larvae occurred from late-May through early-June during

the 1971 season than 1970, The late appearance of high densities of

larvae during the 1971 season was associated primarily with the low



Table 32, A comparison of the total number of Cancer oregonensis larvae for the years 1970 and 1971
(January through August) by analysis of multiple covariance (full model).

*F .95(1, 50) = 403, **F .99(1, 50) 7,17
Fitted model: Y 151,179 - 0. 245(y) - 0.013(t) + 3.364(T) - 11.004(S) - 0,003(T2) + 0.195(S2)

- 0.084(TxS)

Mean of Covariates
Year Mean Y t T S T2 g2 T x S

Source of
Variation

Degrees of
Freedom

Sum of
Squares

Mean Square F-level

t 1 9.490 9,490 20,950**
T 1 1.558 1558 3.440
S 1 2.658 2.658 5.867*

1 0.684 0.684 1,510
S2 1 3.618 3.618 7.987**TxS 1 1.027 1.027 2.268
y (adjusted) 1 2. 581 2. 581 5.696*
Residual 50 22.656 0.453

1970 3. 315 130,93 10.26 32.32 107,08 1045.94 330.84
1971 3.4952 109,82 10,22 31.75 108.61 1009,62 324.17



Table 33. A comparison of the total number of Cancer oregonensis larvae for the years 1970 and 1971
(January through August) by analysis of multiple covariance (reduced model).

*F .95(1, 53) = 4.02, **F .99(1, 53) = 7.14
Fitted model: Y = 165. 941 - 0. 150(y) - 0.007(t) - 10. 376(S) + 0. 166(S2)

Source of
Variation

Degrees of
Freedom

Sum of
Squares

Mean Square F-level

t 1 5.428 5.428 lO,520**

1 3.063 3.063 5.937*

1 3.154 3.154 6.113*

y (adjusted) 1 1.194 1.194 2.313

Residual 53 27.373 0.516



salinities that occurred that year.

Cancer antenna.rius

The zoeal stages of Cancer antennarius were not separated

from those of C, oregonensis, Since very few megalopae of this spe-

cies were found, one can assume that few zoea were present. C.

antennarius megalopae occurred sporadically at densities less than

200/1000 m3 during late-spring and summer primarily at stations

NHO1 and NHO3. Beyond station NH1O, only one megalopa was four

at NH4O. This species appears to have the same seasonal timing and

distributional pattern as reported for C. oregonensis,

Family Majidae

Larvae belonging to five species within the family Majidae have

been identified from the plankton samples Chionoecetes tanneri,

Oregonia gracili, Pugettia productus, Pugettia richii and Pugettia

sp. A. Members of this family have only two zoeal and one megalopa

stage. Three zoeal series were found in the plankton samples:

Pgettia spp., Oregonia graciljs, and Chionoecetes tanneri, Since

dissection of each specimen is necessary, the z&ea of Pugettia pro-

ductus and Pugettia richii were not separated. The few larvae dis-

sected indicated that zoea 2 of P. productus was slightly larger than

P. richii and that the maxilla endopodite of the former has 3 setae,

167
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whereas the latter had 2+2.

Hart (1960) has described the larvae from

laboratory rearing and Haynes (1973) has described the first zoea of

Chionoecetes bairdi, a species that has been reported as far south

as Oregon (Hosie and Gaumer, 1974). An inadequate drawing of the

first zoea and megalopa of Pugettia gracilis is given by Forss and

Coffin (1960). First zoea were obtained in the laboratory from

Pugettia productus collected in the Newport, Oregon, area0 All

the larval stages of Chionoecetes tanneri, and the first and second

zoea of Oregonia gracilis, were reared in the laboratory.

The Tanner crab, Chionoecetes tanneri is common on the

North American slope in 29 to 1,625 fathoms, ranging from the Bering

Sea to off San Diego, California (Scbmitt, 1921; Garth, 1958; Hart,

1971). Pereyra (1966) states that this species comprises a substan-

tial part of the epibenthic invertebrates found over the depth range

of 250 to 850 fathoms off the northern Oregon coast. He observed

that the majority of mature females carried eggs throughout the year

with hatching occurring predominantly in winter (January -March)0

My observations confirm his; adults collected off Coos Bay, Oregon,

in late January had well developed eggs which hatched in the labora-

tory in late February and early March.

The decorator crab, Oregonia gracili, ranges along the North

American coast from the Bering Sea to Monterey Bay, California,
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and from the intertidal to 212 fathoms (Schmitt, 1921). Knudsen

(1964) has summarized the literature and concluded that the slowly

developing eggs are carried over the major part of the year and hatch

at irregular intervals. Hart (1960) found eggs ready to hatch only in

March and April in the British Columbia area. At Newport, Oregon,

hatching in the laboratory occurred 14 April 1972 for one egg-carrying

specimen found in this study, Makarov (1966) found larvae in the

plankton from June through July on the Kamchatkan Shelf.

Pugettia productus, the Kelp crab, is commonly found in a

variety of habitats in the intertidal to nears hore region and ranges

from British Columbia to Baja California Carth, 1958). He reports

that gravid females were commonly found at Coos Bay, Oregon, in

June and July; in Sonoma County, northern CalifQrnia, from October

to February; and at Dillon Beach, California, in August and November.

Boolootjan etal. (1959) concluded that the Monterey Bay, California,

population had no distinct cycle; more than half of the mature female

population was in berry throughout the year, Their data suggests a

winter peak with a fall low period. Egg-carrying females in Puget

Sound, Washington, were found by Knudsen (1964) every month of

the year except May, September, and October, Hatching tends to

occur predominantly in August, February, and April. In the present

study, two egg-carrying females were collected at Yaquina Head,

Oregon, and the larvae from both adults hatched in the laboratory
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11 February 1971,

No information was found in the literature concerning the repro-

ductive cycle of Pugettia richii, which ranges from British Columbia

to San Diego, California,in the low intertidal area (Hart, 1953; Schmitt,

1921).

Chionoecetes tanneri

A complete series of developmentaL stages of Chionoecetes

tanneri was collected 11-12 April 1970 at station NH45 (Nekton

Cruise Y7004-B). Megalopa and zoea 2 stage larvae predominated

with typical densities of less than 6/10, 000 m3. Only two zoea 1

larvae were caught whichis to be expected if the larvae hatch in late

February and early March. Larvae hatched in the laboratory on

8 March 1971 reached zoea 2 by 10 April(7°C) and molted tomegalopa

by 6 May (9-10 C) Total larval life is estimated to be 80 days.. The

Nekton Cruise showed that at least some of the zoea 2 and megalopae

occur in the upper 150 m of water, although the bulk of the larvae may

reside at deeper levels.

Larvae were taken infrequently the following year, 1971, using

the 0. 7 m bongo-nets. Scattered occurrences of zoea 1 were observed

from the middle of February through the middle of May at stations

NH25 through NH5O, One megalopa was collected 14 May 1971 at

NHZ5 and another at NH4O, 30 June 1971



Oregonia gracilis

Larvae of Oregonia gracilis were usually present at stations

NHO1 through NHO5 from late February through June in low numbers,

Typical densities were less than lOOulO00m3; maximum densities of

zoea 1 and 2(2000 to 4000/1000 m3) occurred near the end of April,

1971, at station N-IO5. No larvae were collected beyond NHI5, The

megalopa stage generally occurred in late May and June. It was not

possible to make a reliable estimate of the duration of larval life,

Pugettia spp.

Larvae of Pugettia spp. appeared more or less continuously

over the year, but at irregular intervals and in greatest abundance at

station NHOL (Figures 36 and 37). Most of the larvae were collected

within five miles of shore; nevertheless, they were also taken infre-

quently on all stations out to NH6O. The major peak of abundance

occurred during May and June (1000 to 10, 000/1 000 m3) with possibly

a smaller peak in the fall from September through November, The

May-June peaks of 1970 and 1971 appeared comparable in their initial

timing and abundance; however, greater densities of zoea 2 and

megalopae occurred during the 1971 season. ALso, the 1969 and 1970

summer larval populations appeared more frequently offshore at sta-

tionsNHO3 and NHO5 than during the same period in 1971. This may
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be a consequence. of the greater intensity of upwelling during the

summers of 1969 and 1970, which could have resulted in greater

offshore drift of larvae. A 1970 fall peak in larval abundance is evi-

dent from the data, whereas during the fall of 1969 only a few scat.-

tered occurrences were observed. Bakuns (1973) upwelling indices

(Table 2) and surface temperatures reported for the fall of 1969

showed a greater downwelling (onshore transport of surface waters)

along the coast and warmer surface temperatures compared to those

of fall, 1970.

P. productus megalopae (2) are associated with the high peaks of

abundance, so that the majority of the zoea probably belong to this

species. Megalopae of P. richii (1) occurred in fewer numbers. The

duration of larval life for both species was estimated to range from

45 to 53 days.

A megalopa of a third unidentified Pugettia sp. A appeared

sporadically at low densities in the samples. They seemed to follow

the same general pattern as the other two members of the genus,

appearing most frequently from May through July within five miles

of shore.

Family Xanthidae

This family is composed of two subspecies which range from

Alaska to Lower California (Menzies, 1948). Lophopanopeus beilus

bellus predominates off Oregon and northward, while its counterpart,
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Lophopanopeus bellus diegensis,, has a more southern distribution,

Knudsen (1964) reports that L. bellus bellus is commonly found at

the lower portion of the intertidal zone and seems to prefer rocky,

muddy-sand areas with a noticeable water current. Two continuous

brooding periods were observed by Knudsen for populations in the

Puget Sound area, Washington. Hatching of the first brood started

in May and continued into the hatching of the second brood in Septem-

ber, The four zoeal and one megalopa stage of the northern subspe-

cies have been described by Hart (1935). Knudsen (1959) has d

scribed the larvae of the southern subspecies.

Lophopanopeus bellus bellus

Larvae of L. bellus bellus were most commonly collected at

stations NHO1 and NHO3 from March through October with, typical

densities of less than 100/1 000 m3. Few larvae were found beyond

station NHIO. Larvae hatching from two broods are indicated: larvae

of the first brood appeared from March through July, and the larvae

of the second brood appeared in September and October, During 1971,

however, no larvae appeared in the water until June. In all three

years (1969-1971) May-June was a period of major larval hatching,

but zoea 1 larvae occurred sporadically throughout the summer and

early fall. The greatest densities of zoea 1 larvae (1000 to 5000/

1000 rn3 occurred at station NHO1 in June 1971,
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The frequency and abundance with which L. bellus bellus larvae

are found offshore beyond station NHO1, can be associated with the

intensity of upwelling and downwelling along the Oregon coast, During

March and April of 1970, more larvae were collected at station NHO3

than at NHO1. Bakuns (1973) upwelling indices (Table 2) show March

and April of that year to be a period of active upwelling with a subse-

quent offshore transport of surface waters, The number of larvae

found offshore during the months of June and July decreases from

1969 to 1971 and corresponds to a similar decrease in the intensity

of u.pwelling. By contrast, March and April of 1971 continued to be

a period of downwelling or onshore transport of surface waters which

may explain why no larvae were found on any station during these

months in 1971.

A range of 30 to 100 days was calculated for the total larval

life. A better estimation was not possible because the data was

sporadic.

Family Grapsidae

Three species of grapsids are commonly found in the littoral

zone along the central Oregon coast: Pachygrapsus crassipes,

Hemigrapsus nudus, and Hemigrapsus oregonensis, The two Hemi-

grapsus spp. range from Alaska to the Gulf of California, while

P. crassipes northern limit is Oregon (Schmitt, 1921), P. crassipes
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and H. nudus are usually found on open rocky coasts in contrast to

H. oregonensis which prefers muddy bottoms occurring in estuaries

(Batie, 1973).

H. nudus is reported by Knudsen (1964) for the Puget Sound,

Washington, area to have a single brooding period, from January

through May, with hatching from May to the middle of June,

Boolootian etal, (1959) show that the Monterey Bay, California,

population has a peak brooding season from November through

January. At Newport, Oregon, larvae have been obtained from

brooding females near the end of February.

Brooding females of H, oregonensis were found every month

during Batie's (1973) study of a Yaquina Bay, Newport, Oregon popu-

lation. A continuous low level of production is indicated with a peak

during March, The Puget Sound population was found to have two

broods occurring somewhat later, March through August. The two

broods overlap in their hatching period from May through September

(Knudsen, 1964),

P. crassipes is reported to be in berry between March and

August in Monterey Bay (Boolootianetal,, 1959), One brood is indi-

cated with a peak in June, No information is known for Oregon popu-

lations but it seems most likely that they would follow the pattern of

the northern California population as noted for the Hemigrapsus spp,

The larvae in this family have five zoeal and one megalopa
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stage. The larvae of both Hernigrapsus nudus and Hemigrapsus

oregonensis have been described by Hart (1935). All larval stages

of H. nudus have been reared and these specimens were available for

reference. A rough description of the Pachygrapsus crassipes

megalopa is given by Hiatt (1948).

The zoea larvae of H. nudus and P. crassipes could not be

positively separated. Both these species are believed to have lateral

knobs on both the second and third abdominal segments, whereas

H. oregonensis has lateral knobs on only the second segment. Also,

setal variation from preliminary dissectionswas not significantly

different between the two species. Since the megalopa of P. crassipes

is the largest of the three species, it was assumed that the zoeal

stages also would be larger; at least in the later stages. No megaopae

of H. nudus were found in this study, therefore, the zoeal stages not

identified as 1-1. oregonensis were considered to be P. crassipes.

Pachygrapsus crassipes

Larvae of Pachygrapsus crassipes appeared sporadically in the

samples from March to September at station NHO1 and rarely beyond

NHO3. Densities of less than 1 00/1000 ra3 were typical with maximum

densities near 2500/1000 m3, In 1970, zoea 1, 2, and 3 first appeared

in March; whereas in 1971, a few zoea 1 appeared in May, but sub-

stantial numbers were not found until the middle of June. The apparent
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delay in the release of larvae during 1971 may be explained by an

unusually cold February and March of that year, The data from June

of 1969 suggests that the timing of this larval season was more simi-

lar to that of 1971. Duration in the water was approximately the

same for both 1970 and 1971. Total larval life was estimated at

100 days (74 to 142 days),

Hemigrapsus oregonensis

Larvae of Hemigrapsus oregonensis occurred sporadically in

low numbers from May to December at station NHO1 with peaks of

abundance in June and September. Larvae rarely occurred beyond

NHO1. Maximum abundance of early zoeal stages ranged from 1000

to 4000/1 000 m3 during the fall of 1970, Only one megalopa was

collected beyond one mile of shore at station NHO3 on 4 December

1970, However, numerous megalopae were collected in November,

1971, just within Yaquina Bay, Newport, Oregon.

The data suggests that the larval season of September-October,

1970, was of greater abundance, but shorter in duration than the 1969

season, No observations were made on the fall of 1971 larval period

because sampling ended in August. Larval life for this species was

estimated to last from 40 to 70 days.



Family Pinnotheridae

At least eight species of pinnotherids have been reported off

the Oregon coast (Schmitt, 1921) but only two series of developmental

stages have been identified with any reasonable certainty. The larger

of these species was identified as Fabia subquadrata, although it is

not the same species reared and described under that name by Irvine

and Coffin (1960). The smaller species is believed to be predom-

inantly larvae of Pinnixa littoralis. First stage zoea were obtained

from identified females of Fabia subquadrata and Pinnixa littoralis;

however, attempts to rear them through succeeding stages were un-

successful. Field-caught zoea 5 of both size larvae were allowed to

molt to the megalopa stage in the laboratory. Two kinds of megalopae

(P. littoraljs and Pinnixa. sp. D) were obtained in this manner from

identical appearing zoea 5 of the smaller size, Eight megalopal types

were found in the plankton samples and are given in the key to brachy-

uran megalopae. Occasional intermediate-sized zoea were observed

but they could not be positively separated from the above species on

the basis of appendage setal counts. Dis sections revealed five dis-

tinct zoeal stages for both species,

Fabia subquadrata ranges from Alaska to Laguna Beach, Cali-

fornia, as a xommensal in bivalve molluscs such as Mytilus californi-

anus, Tresus capax, and Mya arenaria. Lidrich (1970) found a 25%

180
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infestation of. this species in the mussel Mytilus californianus at

Yaquina Head, Oregon. Personal observations of this species indi-

cate a peak brooding period in the winter with laboratory hatching of

the larvae in late March and early April.

Pinnixa littoralis is distributed from Sitka, Alaska, to San

Diego, California (Schmitt, 1921). This species is commonly found

in Yaquina Bay, Oregon, clams such as Tresus capax, T. nuttalli,

and Mya arenaria.

Pearse (1966) reports that both of these commensals are sym-

patrically distributed within the host clam, Tresus capax, in the area

around Puget Sound, Washington. Both species exhibited two brood-

ing seasons; one in winter-early spring and another in late spring-

summer. The winter period is considered the more successful.

P. littoralis becomes ovigerous a month sooner than F. subquadrata

and the eggs hatch four to six weeks earlier than the later species.

Hart (in Pearse, 1966, p. 568) reports that P. littoralis took 47 days

to reach the megalopa stage in the laboratory. F. subquadrata is

believed to have a similar developmental period.

Fabia subquadrata

Fabia subquadrata showed a fairly clear developmental pattern

for 1970 and 1971 (Figures 38 and 39). Larvae were present from

February to August with greatest densities occurring at stations
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within five miles of shore. Zoea 1 were generally more abundant

at NIiOl in February and March although some could be found in May,

The data suggests two periods of larval hatching; larvae appear first

in February and March and secondarily in May. April appeared to

be a period of quiescence. With subsequent development the larval

stages overlapped each other, thus making impossible a clear separa-

tion of the two release periods. The later stages were found more

frequently at the offshore stations NHO3 and NFIQ5, suggesting an

offshore drift of the larvae during their development. Late larval

stages (zoea 4, 5, megalopa) were found farther offshore and in

greater numbers during June and July of 1970 than 1971, This cor-

responds to the greater intensity of upweUing and offshore transport

of surface water during these months in 1970. Larvae of any stage

were rarely collected beyond NH1O. Zoea 3 and 4 larvae were caught

in greater numbers than any other stage; maximum densities reached

nearly 1 o6,i 000 m3.

The two larval seasons appeared to be of similar abundance,

but their duration and peaks differed, The 1970 larval population first

appeared in March and lasted about 170 days, whereas the 1971 larval

season appeared to start somewhat earlier, in February, and lasted

somewhat later in July for a total of 200 days. The 1970 peak of

abundance occurred during early May, while the 1971 peak was not

until early June. Also, zoea 2, 3, and 4 were more numerous during
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the 1970 season. The fact that zoea 3 was the most abundant stage

found in both seasons may indicate that either the sampling intervals

were wide enough to miss the other stage modes, or that the majority

had passed to the zoea 3 stage by the time the larval population drifted

out to the sampling stations from the immediate inshore area.

Megalopae were the least abundant; perhaps they settle quickly.

Although megalopae occurred in the same approximate densities for

the two seasons, their frequency of occurrence was less in 1971.,

Total larval lifewas estimated at 90 days, ranging from 63 to 200

days.,

Pinnixa littoralis

Larvae of Pinnixalittoralis occurred most frequently within

five miles of shore and in greatest abundance at station NHO1 (Figures

40 and 41). Their appearance throughout the year was very irregular

with abundance peaks occurring almost every season. Part of this

variability may be influenced by an irregular influx of larvae from

the Yaquina Bay plume coupled with the admixture of several species

yet unseparated,

Zoea 1 larvae first appeared in February and March with their

subsequent stages over1appiig a second major hatching in May and

June. Most of the late zoea and megalopa stages disappeared from

the samples by August making a total estimated larval life of 56 days



DD5

z2,1
Dr5
D3

1

5
4
3
2
1

5
4

3
2
1

5
4

5.
4-
3-
2
1-

ME GAL OPA

1969 1970 1971

PINNIXA LITTORPLIS PT NHO1
Figure 40. Density of Pinxiixa littoralis larvae at station NHO1 from June 1969 through

August 1971 collected with the 0.2 m bongo-net sampler (0. 571 mm mesh).

i86

J J AS OND JF MAMJ J A S ON OJF MAM ,JJA

J.J SONDJ FM RMJJA ONDJ MAM JJR
EP5

J J A 5 0 N 0 J F M A M
JI

= ZOEA4

J J AS 0 ND J FM AM JJ AS ON 0 JF MA M J J

OEA3

I *8 b *8 4J .

J J A SO ND JF MA M J JASON 0 JF MR M J J A

EP2

JJRSONDJFMAMJJASONDJFMAMJ P

OEA 1



5
4

3
2
1

5
4

3
2
1

5
4

N)

D5

1

5-
14.

3-
2-
1-

L

MEGRL1PP

J J RSONDJEM JJ AS N3FFA71J"J'
1969 1970 1971

PINNIXA LJTTRLIS PT NHO3
Figure 41. Density of Pinnixa littoralis larvae at station NHO3 from June 1969 through

August 1971 collected with the 0. 2 in bongo-net sampler (0. 571 mm mesh).

187

- - . . - e q - 5-15 01 061JJFiSONDJFMRMJJASONOJFMAMJJA
OEP5

J J AS 0 NO JF M AM J J RSO NO JF M AM J JR

J J A 3 0 N D J F M A M J J A S 0 N 0 J F M A NI J J P

OEP3

J J A $ 0 N 0 J F NI A MJ JAS ON 0 J F MR M J J P

OEP2

JJA$ONDJFMAMJJRS NDJFMRMJJA
0EP 1

QO ii I 4-ifl-i- -' - .-'--. -i



(30 to 80 days) for those larvae released. in May. Lower densities

3of larvae (less than 1000/1000 m ) occurred during the winter, spring,

and summer of 1970 than 1971. Maximum densities of larvae in 1971

ranged from 10, 000 to 0, 000/1 000 m3, with most of the stages

appearing at station NHOI, By contrast, late stages appeared more

frequently and numerously at station NHO3 during April, May, and

June of 1970 than 1971. The apparent greater offshore transport of

larvae during these months in 1970 may be explained by the greater

intensity of upwelling that year. The different stages of larvae were

collected in about the same relative abundance for the two years. Few

megalopae were present at any time, They may settle quickly upon

reaching the megalopa stage, or they may be located near the bottom

during the day as 5 6 times as many megalopae were caught in night

tows.

Another period of larval abundance occurred during late summer

and fall of 1969 and 1970. Maximum densities of larvae were 1000

to 5000/1000 m3, More early stage zoea were collected during late

summer and fall of 1970 than 1969, The peak of abundance during

1969 occurred about 60 days later than the first peak in 1970. The

1970 late summer and fall season appeared to be more irregular with

possibly three peaks of abundance. The higher surface temperatures

reported for late summer and fall of 1969 may have produced a more

synchronous hatching and larval development that season.
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Pinnjxa sp. A

One or two megalopae were caught at stations NHO1 and NHO3

from mid-April to early August. The greatest number of specimens

was found 1 May 1970 at station NHOJ,

Pirrnjxa sp. B

Megalopae occurred sporadically from May through July at

stations NFIO1 to NHO5 with the greatest numbers occurring in July

at NH01.

Pinnj.xa sp. C

One or two niegalopae were found from June to August at sta-

tions NH01 to NHO5.

Pinnixa. sp. D

Megalopae appeared from the end of June to early August pre-

dominantly at station NHO1 with a few occurrences at NHO3. This

species of megalopa is considered the third most abundant of the

eight species.

Pirinixa sp. E

The smallest pinnixid megalopa was found only on 5 June 1970

at station NHO3 and 7 June1971 at NHO1.
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Pinnotheres sp. A

Several specimens of this distinctive megalopa were collected

from May to July at stations NHO1 and NHO3.

Family Galatheidae

Larvae from only one member of this family, Munida quadri-

spina, were found in the plankton samples. This species is distributed

from Sitka, Alaska, to Los Coronados, Lower California, at 50 to

638 fathoms (Schmitt, 1921). Two ovigerous females were collected

in early May, 1972, off Newport, Oregon, at 45 fathoms and held in

the 10 ° C cold laboratory. Some hatching was observed throughout

the latter part of May, but the major larval release occurred on

8 June 1972. Preliminary dis sections oI the first stage linked them

with field-caught specimens. Five developmental stages were ideriti-

fied prior to the juvenile stage. Larvae of M. quadrispina were

staged according to the key developed by Boyd (1960) for Pleuroncodes

planpes larvae.

Munida quadrispina

Highest densities of larvae occurred from May to August, 1971,

at station NH6O, followed by NH5O and NH4O. However, no stage 1

larvae were found at these stations, Several stage 1 were found at
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NH3O on 1 2 June 1971, The time interval between sampling appar-

ently missed stage 1 as stage 2 larvae had the highest density of any

stage (481 2/1000 m3, 12 June 1971). A general decrease in abundance

occurred through the 5th stage (662/1000 m3, 2 August 1971). Esti-

mated time spent in the five larval stages was 35 days (21 to 78 days).

Juveniles were frequently taken in the offshore samples during late

summer and fall.

Family Porcellanidae

Four species, comprising two genera, commonly occur in the

rocky intertidal area along the North Pacific coast: Pachycheles

ru4is, Pachycheles pubescens, Petrolisthes eriomerus, and Petrolis-

thes cinctipes (Haig, 1960). The larvae pass through two zoeal and

one xnegalopa. stage. Gonor and Gonor (1973a,b) have described the

larvae of all four species from the Oregon coast, Knight (1966)

originally described the larvae of Pachycheles rudis and MacMillan

(1972), the larvae of PacIy-cheles pubescens. :or the present study,

zoeal larvae were only separated to genus as dissection is required

for species identification. Preliminary dissections indicated that

the predominant species of the genera Pachycheles and Petrolisthes

were Pachycheles pubescens and Petrolisthes eriomerus.

Gonor and Gonor (l973a) have collected gravid females of all

four species in May and June for laboratory rearing oflarvae and
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have observed egg-carrying females at qther times of the year. They

also obtained larvae from May through September in plankton tows to

within one mile of Yaquina Bay, Newport, Oregon.

Pachycheles rudis is reported by Knudsen (1964) to brood from

December through August in the area aronnd Puget Sound, Washington.

His data suggests two or three broods per season; a winter-spring,

a spring, and a possible summer brood, The peak ofhatching for the

first brood is in April and May. MacMillan (1972) collected egg-

carrying females of this species as well as P. pubescens in October,

January, and February at Doran Park, Sonoma County, California.

Knight (1966) collected ovigerous females in late March at La Jolla,

California.

Petrolisthes eriomerus in the Puget Sound area, Washington,

have two broods; eggs of the first brood are deposited from February

through April, while those of the second brood from the middle of

May with a peak in August (Knudsen, 1964), Hatching of the first

brood occurs from May to the first week in Au.gust, while the second

brood hatches in August to early October. Boolootianetal, (1959)

report a very erratic reproductive cycle for Petrolisthes cinctipes

in Monterey Bay, California. Gravid females were collected through-

out the year.



Pachycheles pubes cens

Pachycheles pubescens larvae appeared sporadically throughout

the year in great abundance at stations NHO1 and NHO3 but rarely

beyond NH1O (Figures 42 and 43). The peak periods of abundance

generally occurred in May-June, January-February, and October-

November (l0 to io6,i000 m3) with low periods during the end of

March through most of April, and at the end of the summer in August.

The 1969, 1970, .and 1971 May-June peaks all appeared at the same

time, abundance, location, and duration. The January-February

peaks for 1970 and 1971, and the October-November peaks for 1969

and 1970 showed the same similarities.

The amount of offshore transport of the larvae did not appear

to change greatly during the sampling period investigated. Possibly

during the fall and winter of 1970-71, zoea 2 larvae were retained

closer to shore than during the previous year. Zoea 1 larvae were

the most frequently collected stage whereas the megalopac rarely

appeared in the samples. Only two specimens of P. rudis megalopae

were collected (28 June 1971 at station NHQ1), Gonor and Gonor

(1973b) report that the megalopa of the porcellanids have a true plank-

tonic life of only one to four days in laboratory culture. No reliable

estimate of the duration of larval life could be made due to the

sporadic nature of the data,
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Petrolisthes eriomerus

The same general comments for Pachycheles pubescens apply

to the Petrolisthes spp. ; however, larvae belonging to this genus are

found in less abundance. Maximum densities of larvae (1000 to 5000/

1000 m3) occurred at station NHO1 during March, June, August, and

November. Few larvae occurred at station NHO3 and were rarely

observed farther offshore. No megalopae were collected.

Family Paguridae

Although 23 species of pagurids have been reported off the

Oregon coast, little is known of their reproductive cycles, and the

early life histories of only a few species have been studied. Larvae

of this family pass through four zoeal and one megalopa stage before

becoming juveniles. MacMillan (1971), Kurata (1968), and Coffin

(1960) have described the larvae of Pagurus samuelis and Hart (1937)

has described the larvae of Pagurus beringanus, Orthopagurus

schmitti, and Paguristes turgidus. Ten species of larval pagurids

were identified from the plankton samples in this study. All larval

stages of Pagurus hirsutiusculus were reared in the laboratory and

the first zoeal stage was hatched from Pagurus ochotensis and Pagurus

tanne ri. Megalopae of Pagurus grancsimanus, Pagurus ochotensis,

Pagurus sp. C, and Pagurus sp. J were obtained in the laboratory
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from field-caught zoea 4 larvae.

The adults of those species found in this study are widely dis-

tributed from the intertidal area to the continental slope and vary in

numbers from very abundant to extremely rare. Pagurus hirsutius-

culus is one of the more common hermit crabs in the intertidal zone

and ranges from the Aleutian Islands to San Diego, California (Schmitt

1921). Egg-carrying females have been observed during the winter

at Seal Rock, Oregon, with laboratory hatching in February and mid-

March. Another common intertidal species, Pagurus samuelis, is

reported by Coffin (1960) to have the highest percentage of gravid

females with hatching larvae during the summer months in the San

Pedro region of Southern California.

Hart (1937) found berried females of Pagu.rus beringanus in

March, near Vancouver, British Columbia, and from May until

August at different points around Vancouver, with hatching the last

day of July. A fourth stage zoea and niegalopa of Orthopagurus

schmitti were collected in the plankton by her near the end of April.

Ovigerous adults have been collected in mudstone near Newport,

Oregon in May. Adults of this unique species inhabit mudstone bur-

rows or worm tubes instead of the typical snail shell. Paguristes

turgidus females with newly deposited eggs were found in July near

Nanaimo, British Columbia. These hatched in late July and early

September (Hart, 1937).
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Pagurus ochotensis is commonly distributed from Oregon to

the Bering Sea in 14 to 435 m (Makarov, 1938). A subspecies, P.

ochotensis aleuticu; overlaps in its range. There is some indication

from the larvae found in the plankton that two morphs exist, but

further work is required before a separation is possible. First

zoeal larvae were obtained in the laboratory in mid-February from

egg-carrying adults collected in the Puget Sound area. Another egg-

carrying adult was collected off Newport, OregGn, at NH23. Hatching

of the larvae occurred the latter part of March.

Most species of pagurids occur predominantly in the nearshore

area of the continental shelf, Pagurus tanneri however, is a deep-

sea form found exclusively on the slope below 3&O m (Makarov, 1938).

This species is apparently quite abundant nd ranges from Unalaska

to San Diego, California (Schmitt, 1921). A February cruise off

Newport, Oregon, collected numerous egg-carrying females at a

depth oi 658 m. The adults were maintained in running seawater

tanlcsand several larvae hatched in mid-March,

Pagurus granosimanus

Pagurus granosimanus larvae were present every month of the

year at station NHO1 and with somewhat less frequency at NHO3 and

NHO5 (Figures 44-46). Few larvae occurred at NH1O and none were

taken beyond this station during 1971, Larvae occurred most
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frequently from late winter into fall at station NHO1, where they

reached maximum densities of 10, 000 to 50, 000/1000 m3. First

stage larvae appeared at high densities in March of 1970, did not

occur through April for the most part, and reappeared at high densi-

ties again in May and continued to be abundant into the following

November. During 1971, early stage larvae first appeared at high

densities in February, and after a somewhat longer pause than in

1970, reappeared at high densities in May and June at station NHO1,

The 1971 larval period appeared to be shorter than the 1970 period.

Fewer larvae appeared offshore at stations NHO3 and NHO5 during

spring and summer of 1971 than 1970. The observed differences

between the 1970 and 1971 larval periods may be explained by differ-

ent environmental conditions reported for those years. Upwelling

indices reported by Bakun (1973) (Table 2) showed 1970 to have

greater coastal upwelling than 1971, resulting in a greater offshore

transport of surface waters.

In general, zoea 2, 3, and 4 were the most frequently caught

stages. Megalopae were collected most commonly during spring and

summer. The duration of larval life was estimated at 50 days with

a range of 26 to 81 days.
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Pagurus ochotensis

Larvae of Pagurus ochotensis were usually present from

February through October at stations NHO1 to NHO5 with zoea 1

appearing throughout the season (Figures 47 and 48). Few larvae

occurred at NH1 0 and beyond, Densities were usually less than

1000/1000 m3 although maximum densities reached near 10, 000/

1000 m3. First stage larvae appeared initially in February and

March on all stations within five miles of shore, There was a delay

until May and June when larvae were again very abundant, primarily

at station NHO1, The frequency and density of larvae during the 1970

season appeared fairly consistent, whereas during the 1971 season

a longer delay in March and April was evident with a greater peak

appearing in May-June. An unusually cold February-March during

1971, compared to 1970, may explain the longer delay. Also, larvae

appeared less frequently during the summer of 1971 than 1970, which

may be associated with the lower intensity of upwelling reported for

1971. The end of the 1969 season appeared to be intermediate in

duration and intensity compared to the 1970 and 1971 seasons,

In contrast to the early zoeal stages, most of the zoea 4 and

megalopae were centered at NHO3 and NHO5, indicating some offshore

drift during the season, Megalopae were frequently collected at NHO5

during the 1970 season but no megalopae were found at that station
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during 1971, This suggests that more offshore transport of larvae

occurred during 1970 than 1971 since earLy zoea occurred predom-

inantly at station NHOJ during both years. The 1970 upwelling season

was considered more intense than 1971 (Table 2). Length of larval

life was estimated to range from 49 to 90 days

Pagurus sp. C

Larvae of this unidentified species are commonly found in the

nearshore area. Pagurus sp. C has about the same seasonal and

distributional pattern as Pagurus ochotensis except that its larvae

are less abundant, Larvae appeared on all stations within five miles

of shore predominantly from March through August. Early stage

larvae tended to occur more at NHO1,whereas the later stages

appeared more at NHO3 and NHO5, indicating an offshore drift dur-

ing its development. Maximum densities (1000 to 2500/1 000 m3)

occurred in the early stages at station NHO1 during May to early June.

The May-June peak of 1971 was greater than that of 1970. Late stage

larvae were collected more frequently offshore during the summer of

1970 than 1971 reflecting the greater intensity of upwelling in 1970.

Megalopae were rarely collected, Two megalopae were obtained in

the laboratory from field-caught zoea 4, establishing a definite link

between the zoeal and megalopal larvae found in the samples.



Orthopagurus scbmitti

Orthopagurus scbmitti larvae occurred predominantly from

February through September within ten miles of shore but rarely

farther offshore. Zoea 1 larvae appeared in greatest numbers at

stations NHO1 and NHO3 during February-March and May-June (Fig-

ures 49 and 50). The zoea 1 February-March peak of 1970 appeared

to be greater than the 1971 peak; whereas the May-June 1971 peak

appeared to be greater than the 1970 peak. The 1971 late peak of

zoea 1 larvae may be explained by the unusually cold February and

March period of that year. Generally, larvae appeared more fre-

quently at station NHO3. Typical densities at these stations were less

than 1000/1000 m3. Maximum densities reached nearly 5000/1000 m3.

Late stage larvae were usually found more frequently at stations NHO3

than NHO1; and more frequently at the offshore stations during the

summer of 1970 than 1971, Again, this may be explained by the more

intense coastal upwelling and offshore transport of surface waters

reported for the 1970 season, Megalopae were frequently collected

from April through July at stations NFIO1 to NFW5. Total estimated

larval lifewas 100 days (61 to 155 days).

Pagurus beringanus

The larvae of Pagurus beringanus, which are similar in appear-

ance to those of Orthopagurus schmitt, also seemed to have a
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similar seasonal and spatial distribution in the plankton,, Larvae

appeared sporadically throughout the years, but predominantly from

late February through early October at stations within five miles of
3shore. Densities were usually low, less than 500/1000 m . Two

peaks of larval release seemed to occur in February-March and May-

June, primarily at station NHO1. The megalopa stage typically

occurred in May and June, A rough estimate of Larval life ranged

from 44 to 100 days.. Larvae occurred more frequently at station

NFIO1 during 1971 than 1970 or 1969, but more frequently at stations

NHO3 and NHO5 during 1970 than 1971 and 1969. Coastal upwelling

was reported to have been more intense during 1970 than during the

other two years.

Pagurus tanneri

Pagurus tanneri. larvae usually appeared in low numbers '(less

than 100/1000 m3) from February to the first part of June at all sta-

tions within 25 miles 'of shore. During 1971 the highest densities 'of

larvae occurred at stations NHO5 and NH1O. Larvae occurred

more frequently during the 1971 season both inshore and offshore

which reflects 'the greater onshore transport of surface waters that

winter and spring. No megalopa stage was found that might be iden-

tified with the zoeal stages. Duration of larval life was estimated to

be less than 117 days



Pagurus sp. I

This species has the largest zoeal larvae of any pagurid col-

lected in this study. No megalopa stage was collected which could

be identified with these zoea, A total of eight zoeal larvae were

found, A single zoea 1 was caught in March, April, and May, of

1971 at stations NHOI, NI-HO, and NH2O, respectively. One zoea 2

occurred at station NH45 on 11 April 1970, and one zoea 3 at NU1O

on 29 May 1971. The three zoea 4 larvae were all collected in June,

1971, at stations NH15, NH25, and NH3O,

Pagurus sp. J

Only the megalopa stage of Pagurus sp. J was identified from

the samples; the zoea larvae were not found or were identified incor-

rectly. Several megalopae were collected froni the middle of May

to the second of August, 1971, at stations NHO1, NHO3, and NHO5.

Paguristes turgidus

Two megalopae were collected at station NH1O; one at the end

of January, 1970, and the other near the beginning of May, 1971.

Since the zoea of this species are thalassinid in character rather

than pagurid, they were overlooked in the samples.
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Pagurus hirsutiusculus

One or two zoea 1 were collected infrequently every season,

but predominantly in winter and spring. One zaea 2 was found 2

August 1971 at station NHO1. This species has very small early

zoea which may have been overlooked in the samples., Positive iden-

tification of the larvae was made from laboratory rearing. It is

surprising that few larvae were observed as the adults are very

abundant in the rocky intertidal area. These larvae appear most

similar to P. us and P. samuelis and as a consequence

may have been included with them on occasion,

Family Lithodidae

The larval development has been described for only three spe-

cies of lithodids known to occur in this area: Hapalogaster mertensii

by Miller and Coffin (1961); Hapalogaster grebnitzkii, by Makarov

(1966); and Cryptolithodes typicus, by Hart (1965). Five series of

zoea and four megalopa types were found in the plankton samples.

The larvae of Oedignathus inermis was the only member of this

family to be identified with any reasonable certainty. The adults are

common in the rocky intertidal area around Newport, Oregon. This

species occurs along the western coast of North America from

Unalaska to Pacific Groove, California (Schmitt, 1921).
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Another larval series most resembles that of Hapalogaster

mertensii, but Miller and Coffins (1961) description of the four zoeal

and one megalopa stage is not given in sufficient detail. Makarov

(1938) provides a general description of a larval series believed to

be that of Hapalogaster grebnitzkii, which was collected in the plank..

ton from April through July on the Kamclaatkan Shelf, Both of these

species overlap in their range along the North American littoral zone,

H, grebnitzkij. ranges from the Bering Sea to Humbolt Bay, California,

while H. mertensfi has been reported only from the Aleutian Islands

to Puget Sound, Washington. Knudsen ( 1964) attempted to ascertain

the reproductive cycle of H. mertensli but he could never collect

sufficient numbers of specimens in the PugetSound area, Brooding

appeared to occur from November through April with hatching during

the middle of April. Miller and Coffin (1961) collected gravid females

for rearing experiments on several occasions between March and mid-.

April in the same area,

Two species of Lopholithodes are known toccuroff Oregon:

L. foraminatus and L, mandtii, The former species is commonly

taken in trawls off the Oregon coast; one gravid female with eggs in

the pre-zoeal stage was captured 20 December 1971 at NH23.

Hart (1965) has described the larvae of another species known

to occur in this area, Cryptolithodes typicus, This species is un-

common and its larvae would rarely be found in the plankton, Eggs
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hatched in the laboratory in March, April, and May from specimens

collected by Hart in the vicinity of Victoria, British Columbia, She

states that members of this family seem to have a slow extended

hatching period, whereas eggs of Brachyura usually hatch simultan-

eously.

Oedignathus inermis

Larvae of Oedignathus inermis were the most abundant and

frequently collected of any lithodid, Early zoea appeared from Janu-

ary through May at all stations within 15 miles Qf shore, but pre-

dominantly in February at NHO3 and NHQ5. Late stage zoea and

megalopae appeared less frequently in March and April with several

specimens observed near the end of June. Typical densitieswere

less than 100/1000 m3, however, on 22 April 1971 atstation NHO5,

densities for all zoea stages were from 100 to 3000/1000 m3, Larvae

were collected more frequently during 1971 than 1970, The duration

of larval life was estimated to be somewhat less than 104 days9

Hapalogaster mertensii

Almost all of the specimens were collected during 1971 using

the 0. 7 m bongo-net sampler. One or two larvae per haul were pres

ent in those samples taken between March and July at.stations within

ten miles of shore, Most larvae occurred at NHO3.



Lopholithodes sp C

Several of these distinctive zoea 3 and 4 were collected in March

and April, 1971, at stations NH1O and NH2O. A zoea 1 was caught at

NHZO, 1 March 1971, No zoea 2 stage was found, A single megalopa

believed to complete this series was collected 2 June 1971 at station

NHO3.

Lopholithodes sp. D

One zoea 2 larva was collected 1 March 1970 at station NHIO;

a zoea 3 and 4, atstation NHO3, 3 May 1971, A total of five megalopa

larvae were collected at station NFIO3, 27 April 1970; one, at NHO3

on 2 July 1970; and two, at NHO1, 29 May 1971.

Lopholithodes sp. E

Two specimens identified as either zoea 3 or 4were collected

22 April 1971 at station NH1O,

Family Hippidae

The sand crab, Emerita analoga, is common on wave-washed

beaches along the North American coast from Alaska to Lower Cali-

fornia (Efford, 1970), Johnson and Lewis (1942) have described five

zoeal stages prior to the megalopa, although they observed various
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substages as had Efford (1970). Boolootian etal, (1959) report that

the Monterey Bay, California, population broods from April through

October, peaking in July. Most of the larvae in Johnson's (1940)

study were caught during late summer and fall off southern California.

Efford (1965, 1970) has observed megalapae arriving on the beaches

in winter through spring for Lower Califorria populations, and during

August around Coos Bay, Oregon. Hatching cf larvae in the labora-

tory at Newport, Oregon, has been observed during late summer,

Emerita analoga

A few stage 1 larvae occurred frona August through November

at stations NHO1 to NHO5. Low densities of stage 4 and 5 (less than

200/1000 m3) appeared on all stations within ten miles of shore during

thewinter of 1970 and at station NH45, 11-12 April 1970 (Nekton

Cruise Y7004-B), No larvae were collected beyond station NHO3

during thel97l sampling period,



VII. GENERAL FEATURES OF CRAB LARVAE OFF THE
CENTRAL OREGON COAST, 1969-1971: SEASONAL

OCCURRENCE AND SPATIAL DISTRIB UTION
IN THE PLANKTON

It is generally accepted that the pelagic larvae of marine inver-

tebrates appear during periods of favorable environmental conditions,

implying that the reproductive activity of species is entrained to

one or more environmental variables (Giese, 1959). While this

hypothesis appears to be true in general, there are numerous excep-

tions noted in the literature and more importantly, no laboratory study

has conclusively related environmental factors to the annual cycle of

reproduction in crabs (Boolootianetal,, 1959;. Knudsen, 1964), Some

general conclusions can be made concerning the reproductive activity

of central Oregon crabs from the timing and distribution of their

larvae.

Occurrence

A summary of the major species of crab larvae by month and

station is given in Figure 51. Densities of larvae indicated are those

of the sample with the highest order of magnitude density observed

for the bimonthly period or station, The species are arranged in

order from those inhabiting the intertidal to those of *the continental

slope. The highest densities of larvae observed were generally from

adults th3t inhabit the intertidal area (Pachycheles pubescens, Fabia
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subquadrata, Pinnixa. littoralis, Pagurus granos-imanus, Cancer

oregonensis and Pugettia sppj, followed by the shelf-inhabiting

species (Cancer rnagister, Pagurus ochotensis, Orthopagurus scbmitti,

and Pagurus sp. C). Larvae from slope-inhabiting species usually

were not found in great abundance or frequency, One readily observes

that some species of larvae occur every month of the year within ten

miles of shore, Most species of larvae appear in the plankton from

February through July with greatest abundance in May and June. The

lowest number of crab larvae occur -in December and January.

There are several species that are known to produce two broods

per year, but which do not necessarily hatch larvae during the same

seasons. The first brood of Cancer ore,gonens-is and Fabia subquad-.

rata hatch in February-March and after a short cessation in April,

hatching of the-second brood begins in May-June. Hemigrapsus

oregonensis and Lophopanopeus bellus also carry two broods but their

larvae are released later in the year; larvae frrn the first brood

appear primarily in late spring while the larvae from the second

brood appear in early fall, The larvae c4 several-species known to

have a fairly continuous process of egg deposition (Pachycheles

pubes cens, Petrolisthes eriomerus, Pinnixa littoralis-, Pagurus

granosirnanus, Pugettia spp.) appear -in the plankton throughout the

year with peaks of abundance in early winter, late spring, and fall,

Sea surface temperatures along the Oregon coast gene-rally
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warm from January through May, are erratic through the summer

due to upwelling, and then generally cool from September through

January (Figure 2; Gonor and Thum, 197U; Gonor etal., 1970). The

periods of peak larval abundance usually coincide with the highest

sea surface temperatures in May-June and September-October, before

and after coastal upwelling. The stimulus for the major release of

crab larvae in May-June, particularly for intertidal inhabitants, is

probably the seasonally high temperatures coupLed with extremely

low tides. Some intertidal animals have been reported by Gonor

(1968) to experience during this time a temperature change of 10°

to 15°C, or greater, during a tidal cycle. Several species of neritic

copepods are reported by Miller (1972) to reach their highest densi-

ties also in June within ten miles of Newport, Oregon.

Studies of decapod larvae off other coasts in approximately

the same mid-latitudes as Oregon, also show the same general sea-

sonal pattern of reproductive activity (Kurian, 1956; Bourdillon-

Casanova, 1958, 1960; Seridjii, 1968). Species of high latitudes

tend to have their main hatching period later in the summer and early

fall (Makarov, 1966; Rees, 1952, 1955), whereas species of low lati-

tudes seem to hatch predominantly in winter and spring (Prasad,

1954). Many investigators Since Orton(l920) and Thorson(1946)

have concluded that temperature is an important factor controlling

reproductive periodicity, The appearance of crab larvae off the
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central Oregon coast also appears related to seasonal warming and

the depth atwhich the adults live.

It appears that Oregon species which have more than one brood

per year whose larvae hatch in the winter, spring, fall, or continu-

ously overthe year inhabit the intertidal and continental shelf; where-

as, deep-water, slope species appear to have only one brood per year

with larvae hatching in late winter through spring, Makarov (1966)

concluded that the timing of reproduction for the decapod fauna on

the Kamchatkan Shelf was related to the depth atwhich the species

live. That is, larvae of adults inhabiting the shallower waters near

shore appear in the plankton before those living in deeper waters.

1-latching of the larvae is said to be control1ed by temperature; species

at shallow depths would experience seasonal warming and cooling

sooner and more intensely than deep-water species.

Organisms inhabiting the intertidal or littoral zone are more

exposed to the extremes of environmental change (temperature in

particular) than deep-water species, and ccrnseqently their reproduc-

tion may be more responsive or entrained to these changes. There

is evidence from the data collected off Oregon that the colder winter-

spring of 1971 (compared to that of 1970) caused a corresponding

delay in larval release, Larvae of many species (e. £ Cancer

oregonensis, Lophopanopeus bellus Pachygrapsus crassipes,

Fabia subquadrata, Pagurus granosimanus, Pagurus ochotensis,
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Pagurus sp. C, and Orthopagurus scbmitti), which were first released

in late winter-early spring of 1970, appeared more abundantly in late

spring-early summer during 1971. Also, higher sea surface temper-

a.tures during the fall of 1969 (compared to those of 1970) may have

caused a more synchronous hatching of Pinnixa littoralis larvae.

It has been observed that larvae reared in the laboratory at the higher

end of their temperature range have more synchronous development.

One might postulate from the field evidence that larval hatching

of nears hore, shallow-water crabs may be more synchronous if the

period during egg development is one of a marked temperature gradi-

ent, low to high, or vice versa. If during this period there is little

or moderate change in the range of temperature, then hatching may

be more sporadic and irregular. However, extremely abnormal,

erratic periods of temperature may also result in erratic periods of

larval release.

Distribution

The distribution of planktonic crab larvae off the central Oregon

coast is in general agreement with the known distribution of the benthic

adults. Nearly all larvae from species whose adults occur in the

nearshore area are found within ten miles of shore (85 m depth) re-

gardless of the season or intensity of hatching. And as expected,

larvae of slope species are found generally more offshore. The
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highest densities of larvae for most intertidal and shelf species occur

within three to five miles of shore and decrease dramatically between

five and ten miles from shore. Several of the nears hore species of

larvae (Cancer magister, Cancer oregonensis, Lophopanopeuffi be3.lus,

Pugettia spp., Emerita analoga) are present at stations out to 60

miles, the farthest station sampled. However, their greatest fre-

quency and densities still occur within ten miles of shore. Vogel

(1974) reports a neritic-oceanic break in phytopLankton between 15

and 20 nautical miles at approximately the 200 m depth contour along

the Oregon continental shelf. Maximum concentrations were usually

reached at ten to 12 miles of shore. SchGnzeit (1973) observed that

the highest standing stocks of herbivores occurred during the summer

upwelling season between three and five miles of the central Oregon

coast, wh.ich he believes to be an area of convergence, Processes

affecting the distribution and abundance of marine organisms within

three miles of shore, however, have not been studied in as great

detail.

All studies of decapod larvae worldwide, as well as for larvae

of marine invertebrates in general, show that the bulk of most spe'-

cies of planktonic larvae are released and retained in the nearshore

area (Chittleborough and Thomas, 1969;Johnson, 1940, 1960; Lebour,

1950; Knudsen, 1960; Thorson, 1950, 1961; Mileikovsky, 1968a, b;

Makarov, 1966, 1969; Efford, 1970; Longhurst, 1967; Longhurst and
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Seibert, 1971; Ritz, 1972; etc.). In particular, Mkarov's (1969)

study of the decapod larvae of the Kamchatkan Shelf, whose fauna

most closely resembles that of Oregon, repozted larvae to occur

predominantly.within a band along the coast from 35 to 75 'xi depth.

His offshore demarcation corresponds precisely with the ten mile

limit observed for Oregon larvae in this study.

The worldwide retention of larvae in the nearshore area has

been attributed to their being caught in a system of nearshore eddies

and countercurrents and to a lesser degree, to the activity of the larvae

themselves within the water column. As discussed above, the near-

shore system of currents off Oregon have not been studied in great

detail, but are believed to be dominated by mixing processes. Within

five miles of shore a very strong alongshore current has been re-

ported andwithin one-quarter mile of shore the surface flow is gen-

erally onshore, regardless of the wind direction (Keen, 1971; Holton

and Elliot, 1973; Wyattetal,., 1971, 1972). The.onshore-offshore

tidal currents are very strong and persistent within three miles of

the coast, especially along the flat beaches (Bourke, 1971), and

probably play an important role in the nearshore retention of larvae.

Superimposed upon the tidal oscillations are nearshore surfacecur-

rents which vary seasonally and are reflected in the spatial distribu-

tion of the more predominant crab larvae found in the study area.
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The season in which broods of larvae appear in the plankton

determines to some degree the extent of their aiongshore and offshore

dispersal along the coast. Larvae released during the fail and winter

months, during the season when southwesterly winds prevail and the

northward flowing Davidson current develops along the California and

Oregon coasts, are retained closer to shore, and their net transport

would be in a northerly direction, By contrast, larvae appearing

during the spring and summer seasons, when the prevailing winds

shift to the the Northwest, are more likely to be transported offshore

and to the southwest in the southerly flowing surface currents. Near-

shore larvae present in the newly upwelled water also would experi-

ence much colder temperatures than occur at other times of the year

which no doubt prolongs the length of larval life, The longer larvae

remain in the plankton, the greater are their chances of being trans-

ported to an unfavorable environment and the more they are subject

to planktonic predation. The length of larval life for species of crabs

found in the Pacific Northwest (Table 34) has been estimated from field

data and laboratory studies. Most species spend less than six weeks

in the pelagic phase, some spend three to four months, and a few have

been reported to prolong metamorphosis from six to nine months.

Estimations of larval life from this study are not very precise because

there were wide intervals between sampling and some species had

overlapping broods.



Table 34. Duration of pelagic larval life (Anomura, Brachyura) summarized from laboratory rearings and field surveys.

Species Developmental
time (days)

Period Evidence Temperature
( °C)

Location Reference

Munida quadrispina 35 (21-78) hatch to
juvenile

field Newport, Ore. This study

Petrolisthes eriomerus 30 hatch to
megalopa

lab 16 Anacortes, Wash. Forss and Coffin, 1960

29-36 hatch to
megalopa

lab 15 Newport, Ore. Gonor, 1970

41-51 hatch to
megalopa

lab 12 Newport, Ore. Gonor, 1970

6 1-82 hatch to
megalopa

lab 9 Newport, Ore. Gonor, 1970

Petrolisthes cinctipes 32 hatch to
megalopa

lab iS? Newport, Ore. Gonor, 1970

Pachycheles rudis 44 hatch to
megalopa

lab 15 Newport, Ore. Gonor, 1970

24 hatch to
megalopa

lab 15-18 La Jolla, Calif. Knight, 1966

Pachycheles pubescens 34-40 hatch to
juvenile

lab 14 Dillon Beach, Calif. MacMillan, 1972



Table 34 (continued)

Species Developmental
time (days)

Period Evidence Temperature

(
° C)

Locaticn Reference

Pagurus granosimanus 50 (26-81) pelagic field Newport, Ore. This study

Pagurus ochotensis 49-90 pelagic field Newport, Ore. This study

Pagurus sp. C 49-90 pelagic field Newport, Ore. This study

Orthopagurus schmitti 100 (61-155) pelagic field Newport, Ore. This study

Pagurus beringanus 40 hatch to
juvenile

lab 16? Victoria, B. C. Hart, 1937

44-100 pelagic field Newport, Ore. This study

Pagurus tanneri 117-? pelagic field Newport, Ore. This study

Pagurus hirsutiusculus 43-52 hatch to
megalopa

lab 9-10 Newport, Ore. This study

38 hatch to
megalopa

lab 16 San Pedro, Calif. Forss and Coffin, 1960

Pagurus sarnuelis 32 hatch to
juvenile

lab 17-18 San Pedro, Calif. Forss and Coffin, 1960

Oedignathus inermis 104-? pelagic field Newport, Ore. This study

Hapalogaster mertensii 44 hatch to
megalopa

lab 7-11 Anacortes, Wash. Miller and Coffin, 1961

60 hatch to
juvenile

lab 7-11 Anacortes, Wash. Miller and Coffin, 1961



Table 34. (continued)

Species Developmental
time (days)

Period Evidence Temperature
0( C)

Location Reference

Cryptolithodes typicus 24 hatch to
juvenile

lab 16? Victoria, B. C. Hart, 1965

Emerita analoga 130 hatch to
megalopa

lab 14-17 La Jolla, Calif. Efford, 1970

120 pelagic field La Jolla, Calif. Johnson, 1940

Chionoecetes tanneri 34 hatch to
zoea 2

lab 7 Newport, Ore. This study

26 zoea 2 to
megalopa

lab 9-10 Newport, Ore. This study

Oregonia gracilis 35 hatch to
megalopa

lab 16? Victoria, B. C. Hart, 1960

Pugettia productus 45-53 pelagic field Newport, Ore. This study

Pugettia richii 45-53 pelagic field Newport, Ore This study .

Pugettia gracilis 27 hatch to
niegalopa

lab 16 Anacortes, Wash. Forss and Coffin,
1960

Cancer magister 80 hatch to
megalopa

lab 11 Eureka, Calif. Poole, 1966

111 hatch to
juvenile

lab 11 Eureka, Calif. Poole, 1966

128-158 pelagic field Eureka, Calif. Poole, 1966



Table 34 continued)

t'J

Species Developmental
time (days)

Period Evidence Temperature
(°C)

Location Reference

(Cancer magister) 93 hatch to
megalopa

lab 10 Newport, Ore. Reed, 1969

49 hatch to
znegalopa

lab 13. 9 Newport, Ore. Reed, 1969

105 (94-130) hatch to
megalopa

field Newport, Ore, This study

130 (89-143) pelagic field Newport, Ore. This study

Cancer productus hatch to
megalopa

lab 11 Arcata, Calif Trask, 1970

Cancer oregonensis 120 (105-140) hatch to
megalope

field Newport, Ore. This study

155 (123-203) hatch to
megalopa

field Newport, Ore. This study

Lophopanopeus bellus 35 hatch to
juvenile

lab 16? Victoria, B. C. Hart, 1935

36 hatch to
megalopa

lab 16 Anacortes, Wash. Forss and Coffin, 1960

30-100 pelagic field Newport, Ore. This study



Table 34 (continued)

Hemigrapsus nudus 43 hatch to lab iS Newport, Ore. Gonor and Gonor,
megalopa (pers. comm.)

28-35? hatch to lab 16? Victoria, B. C. Hart, 1935
juvenile

Hemigrapsus oregonensis 28-35? hatch to lab 16? Victoria, B. C. Hart, 1935
juvenile

32 hatch to lab 16 Anacortes, Wash. Forss and Coffin, 1960
megalopa

40-70 pelagic field Newport, Ore. This study

Pachygrapsus crass ipes

Fabia subguadrata

Pinnixa littoralis

100 (74-142) pelagic field Newport, Ore. This study

54 hatchto lab 11-13 Anacortes, Wash. Irvine and Coffin,
juvenile 1960

47 hatch to lab 16? Victoria, B. C. Hart (in Pearse,
megalopa 1966, p. 568)

90 (63-200) pelagic field Newport, Ore. This study

47 hatch to lab 16? Victoria, B. C. Hart (in Pearse,
megalopa 1966, p. 568)

56 (30-80) pelagic field Newport, Ore. This study

Species Developmental Period Evidence Temperature Location Reference
time (days) (°C)
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Cancer magister appears in the nearshore area during January-

February and the bulk of its larvae usually complete their larval

development and settle before the onset of intense coastal upwelling

in June and July. The timing of the larval period of this species

minimizes the chance of larvae being carried offshore, away from

both a suitable larval environment and adult habitat. Two slope spe-

cies, Pagurus tanneri and Chionoecetes tanneri whose larvae also

appear in late winter and early spring, show some evidence of inshore

transport of larvae, However, another slope species, Munida

quadrispina, doesn't hatch until May-June when upwelling begins to

intensify and consequently the highest densities of its larvae remain

more offshore.

Many of the species exhibit a prolonged hatching season or

have two or more broods which overlap both the seasons of down-

welling and upwelling along the coast. Some degree of offshore larval

transport has been generally well correlated with Bakuns (1973)

upwelling indices during the larval lives of the more predominant

species. However, as stated previously, the bulk of the larvae for

all species remain within ten miles of the coast; the degree of on-

offshore transport is limited to only a few miles within this zone,

Toaccount for this striking phenomenon of larval retention, other

aspects of larval life need to be considered, In order to estimate

the transport of larvae within ocean currents, one must know the
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approximate vertical location and duration of the various stages

during their pelagic life. Small differences in their position in the

water column can result in different directions of net transport. A

separate study of the distribution of crab larvae within the upper 150m

of water was not undertaken, however, other studies help to elucidate

this problem. Russell (1926, 1927) has shown that many species

of decapod larvae have a pronounced diurnal vertical movement and

that the larvae of different genera have distinct depth preferences.

Kurian (1956) reports that the maximum number of decapod larvae

in the Adriatic Sea occurred within the upper 50 m depth. Bradford

(1972) shows that the greatest concentration of decapod larvae along

the New Zealand Central East coast was most often found at 22 m.

Off Newport, Oregon, Holton and Elliot (1973) report that maximum

abundance and density of ooplankton containing decapod larvae

occurred at about 15 m depth at nears hore stations during the day-

light hours. Early stage crab larvae are generally found near the

surface, whereas late stage larvae are found deeper, near the bottom

as they prepare to molt to juveniles. Differential response to pres-

sure and gravity are important for orientation of crab larvae (Hardy

and Bainbridge, 1951; Rice, 1964, 1966; Sulkin, 1973), but their

position in the water column is no doubt determined in greater part

by their behavioral response to light (Russell, 1927; Lebour, 1928b;

Atkins, 1954; Bourdillon-Casanova, 1960),



233

Thorson (1964) concludes that 90% of all decapod larvae are

photopositive in their early stages and migrate to the surface layers,

whereas in the late stages most respond negatively to light and are

found in the deeper layers. While this conclusion is generally true

for crab larvae, some brachyuran megalopae show anomalous behavior

upon molting to the megalopa stage. Cancer magister and Cancer

oregonensis rnegalopa have been observed to "swarm" near the

surface on various cruises near Newport, Oregon. The megalopae

of C. magister in particular, have been noted to swarm near the

surface by many observers (Cleavr, 1949; Gaumer, 1971). Personal

laboratory observations, as well as those by MacKay (1942) and others

substantiate the fact that C. magistermegalopa and early zoea are

photopositive in contrast to the late zoeal stages which are more

neutral or photonegative. Knudsen (1960) also observed that newly

molted megalopae of members of the xanthid family are photopositive,

while older individuals become somewhat photonegative, He reports

all zoeal stages as being photopositive, This differential response to

light would explain why the larvae of Cancer magister, Cancer

oreonensis, Lop hopanopeus bellus, Pugettia spp,, and Emerita

analoga were all found on offshore stations while larvae of other

species, such as the porcellanids and pinnotherids that are more

abundant, were not found farther offshore, Larvae residing in the

upper layers of water are more susceptible to current transport,
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The Ekman transport of surface waters due to wind stress

decreases exponentially with depth due to frictional resistance,

so that when the current has fallen to about 1/23 that of the surface,

this subsurface flow is negligible or reverse that of the surface cur-

rent (Sverdrup et al., 1942). At approximately 40 m depth off the

Oregon coast, a subsurface, inshore countercurrent exists (Mooers,

1970; Smithetaj., 1971). Species such as the porcellanid megalopae

that remain neutral or photonegative and stay in the subsurface layers

(Gonor and Gonor, 1973b) consequently are not transported any great

distance offshore.

Differential behavior of the various stages of larvae can also

account for another intriguing problem. During the two or three

larval seasons covered in this study it was observed that the late

zoeal stages of Cancer magister, Cancer oregonensis, and

Lophopanopeus belles ?tdisappearedtt or were greatly reduced in

numbers in the inshore sampling area, whereupon their megalopae

reappeared after the proper time interval in densities comparable to

those of their previously sampled early zoea. Hypotheses to explain

their disappearance and reappearanceareasfoj.jows: 1) the late zoea

were misidentified, 2) some stages are skipped in development,

3) the sampling interval missed those stages, 4) avoidance of the

samplers increases with zoeal stages of development but decreases at

megalopa stage, 5) the larvae were very dispersed at late zoeal



235

stages so that the volume of water filtered was not adequate, 6) late

stage zoea are resting on the bottom or below the depth sampled,

and 7) the late zoeal larvae are carried offshore but upon molting

to the megalopa stage are transported onshore.

The late stages of C. magister larvae were not misidentified

as they are morphologicafly distinct by this time and are nearly

twice the size of any other local cancrid species. Apparently the

late larval stages of C. magister were not skipped in their develop-

ment since zoea 4 and 5 stages were collected on the offshore stations

in late March and early April. It is not believed that the late zoeal

stages have greater swimming ability compared to the early zoea

and megalopa which wo uld permit them to avoid the samplers to a

greater degree. On the contrary, personal observations of the late

stage larvae in laboratory culture show them to be sluggish swimmers

that spend considerable time resting on the bottom of the rearing

vessel, However, the low densities of late stage larvae collected in

the offshore area indicated that the small volume of water filtered

on theirishore stations could account for their disappearance or

reduced numbers. Taking into account the differential behavioral

response to light of the various stages the following scheme is pro-

posed: Newly hatched zoeal larvae of the above three species are

strongly photopositive and swim to the surface where current trans-

port during the winter is generally onshore, They become
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progressively heavier and are less able to maintain themselves in

the surface waters and perhaps less photopositive with development

until in the late zoeal stages they are neutral or responding negatively

to light. As a consequence, the late zoeal stages reside in the deeper

layers of water, possibly within a few meters of the bottom. They are

now maximally dispersed in the nears hore area. Upon molting to the

megalopa stage they are temporarily strongly photopositive to light

and coupled with their increased powers of locomotion, they swarm

to the surface again and are congregated by the prevailing currents

usually in a band within five miles of the coast. Cancer oregonensis

megalopaewhichare found farther offshore and later during the sum-

mer upwelling season than C. magister, are consequently found in

greater densities and frequencies in the offshore area. If the late

zoeal larvae of the above species do in fact reside near the sea

bottom, the onshore drift current within 10 to 20 m of the bottom

would prevent them from being transported offshore.

This same kind of distributional pattern has been observed for

the larvae of the spiny lobster (Panulirus sp,) off Western Australia

(Chittleborough, 1970; Ritz, 1972). Various mechanisms have been

proposed by these investigators by which the offshore megalopa

population can return to the nearshore parent population. These

mechanisms require a complex behavioral pattern with the larvae

actively seeking different depths of water to take advantage of onshore
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currents for their transport, sometimes covering hundred of miles.

A species such as Cancer magister, which has a larval life of

approximately 130 days, could conceivably be transported 650 miles

along the North Pacific coast as Wyatt etal. (1972) report that the

winter surface currents based on drift bottle studies have a: mean

speed of 0. 2 knots, or a drift of 150 miles per month, However,

if the larval population resides about five meters below the surface

where the wind induced current is about one-quarter that of the

surface, then the larvae would only be transported 163 miles in a

linear distance. Larvae located in the water column below five

meters depth, particularly the later zoeal stages, would experience

relatively little transport in any direction, Holton and Elliot (1973)

reported the greatest densities of crab larvae occurred at about 15 m

depth. The fact that the adult populations are not retreating north-

ward supports the view that some larvae are retained in the same

general area as their release point. Larvae released in January-

February could conceivably be transported north along the coast in

the surface currents and after the transition period in March-April,

travel south again an equal distance in May and June. Or, taking

into consideration the fact that the older zoeal stages sink deeper

into the water column, they could conceivably travel north in the

surface currents as early zoea and travel south again as late larvae

in the underlying countercurrent. However, these mechanistic
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concepts of recruitment are too contrived and unnecessary when

stochastic processes are the general rule for species producing large

numbers of expendable young. Most investigators would agree that

the great majority of the pelagic larvae of marine invertebrates are

lost to the population, and that only a very small percentage of annual

recruits are normally required to maintain a stable population for

longer-lived adults. A species such as C magister lives four to five

years, so that a population unexploited by man would only require

recruitment every other year or so. Most of the larvae seem to

be retained in the vicinity of the parent population and those drifted

offshore are no doubt lost but usually with no great consequence.



VIII. LARVAL SURVIVAL OF Cancer magister AND ITS
RELATIONSHIP TO ADULT YEAR-CLASS STRENGTH

*

The results presented are consistent with the observed field

evidence and laboratory tolerance analysis of the larvae reported

earlier. The difference in abundance of Cancer magister larvae

between the 1970 and 1971 seasons off the central Oregon coast was

found to be significant by analyses of covariance and associated with

temperatures and salinities, The apparent larval mortality that

occurred daring the 1971 season appeared early in their development,

probably in February. The month of February along the Pacific

Northwest is generally a mid-winter quiescent period with few storms

and mild temperatures. The majority of the Dungeness crab popula-

tion have released all their larvae by late January and early February

and these larvae are undergoing development in the surface waters.

The early stages of development are generally considered the most

critical period in larval life. Intense storms which sweep the North

Pacific coast during the fall and winter bring heavy precipitation

resulting in heavy land drainage and river runoff in the nears hore

area. The larvae are still residing in the surface waters as early

zoea, so that an unusually severe storm in February could directly

expose them to reduced salinity caused by the heavy precipitation.

Daily measurements of nearshore or surf salinities have been

observed by Gonor etal, (1970) to occasionally drop below 20 ppt.

239
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Although the response surface analysis of Reed's (1969) data on

larval survival did not conclusively demonstrate that the average

range of central Oregon salinities and temperatures could account

for mass larval mortality, it did indicate that low salinity was an

important limiting factor, especially if coupled with extreme temper-

atures. A short-term exposure to extreme conditions may be the

more important consideration. The effect of heavy precipitation

resulting in low surface salinities nears hore, coupled with warmer

or colder than usual temperatures could lead directly to larval mor-

tality. 'The increased onshore transport of surface waters at this

time also could compound the effect by transporting the larvae closer

to shore where dilutions are greater. However, the crux of this

argument may depend on whether early stage larvae can avoid a low

salinity surface layer that is detrimental to them; this kind of infor-

mation from field or laboratory studies is not known. In any case,

for this counter-argument to be effective in February, early larval

ability to avoid low salinity surface layers would have to be sufficient

to overcome the increased storm-induced mixing.

The fact that 60-70% of the variability in crab landings at major

Pacific Northwest ports over 21 years was explained by environmental

conditions during the early larval period substantiates the hypothesis

that the harvestable year-class of the Dungeness crab is environ-

mentally determined during the larval period to a great degree. The
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high degree of correlation between northern coastal crab landings

and southern environmental conditions is not believed to indicate a

northerly transport of larval stocks but reflects only the fishing inten-

sity and variability of the climatological data, Arguments are given

in the previous section to show that the bulk of the larvae are retained

in the nearshore zone as the currents have a strong onshore flow, and

they are not transported any great distance along the coast in either

direction due to their subsurface distribution, If larval stocks were

transported north along the coast any considerable distance, then one

might expect years of high crab landings in northern coastal ports

to coincide with low landings in southern ports, This is not the case

upon examining the data (vide Figure 30); cycles of crab abundance

for the most part occur uniformly for all ports in the Pacific North-

west. Whatever factor(s) is affecting the Dungeness year-class., its

effect is occurring uniformly over the study area, Cycles of coastal

precipitation in this case, which are indicative of low salinity during

the early larval period, occurred uniformly over the study area,

Since both crab landings and environmental variables occurred in

relatively uniform cycles over the study area, it was felt that correla-

tion between widely separated ports of landing and environmental

conditions was justified for predictive purposes, The northern coastal

crab landings show the least consecutive yearly variation compared to

other ports and this smoothed trend is reflected most closely by
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southe rn coastal precipitation.

In addition to direct salinity effects on larval survival, precipi-

tation may also affect larval mortality indirectly by affecting the food

supply of crab larvae. Several species of southern neritic copepods

have been reported by Frolander et al. (1973) to become abundant off

central Oregon during the winter months. It is conceivable that heavy

precipitation along the southern coast could affect these food organ-

isms that are transported into the central and northern coastal areas.

A delay of a suitable food species for even two weeks would be detri-

mental to larval survival (Reed, 1969). The indirect effect of low

salinity on food production for larval crabs could very well occur all

along the North Pacific coast.

Winnor (1966) contended that variability in ocean currents trans-

porting the larvae away from a suitable substrate was the major fac-

tor determining the strength of the Du.ngeness crab year-class in the

San Francisco, California, area, Although the adults have been

found on a wide variety of bottom types within estuaries and on the

continental slope, they prefer sandy or sandy-mud bottoms (Schmitt,

1921). A suitable substrate for the survival of the new recruits

would be one that offered adequate food and protection from preda-

tors. Since most larvae are retained within the nearshore area, a

suitable sandy substrate from northern California to British Columbia

does not seem to be limiting as the nearshore zone within five to ten
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miles is composed of fairly uniform sand or sandy-muds (Bourke

etal., 1971). However, those larvae which drift offshore, and do

not return to the nears hore area at the time of recruitment, would

encounter less suitable bottom types.

Density-dependent mortality of the newly settled larvae also

was considered by Winnor to be an important contributing factor.

His correlation of the catch during year 0 to that of years 4 and 5

suggested that the larger the spawning year-class, the smaller the

offspring year-class. That is, he proposes that the larger adults

will effectively out-compete the small juveniles far limited, common

food resources and also prey upon them. In the present study,

Oregon's total crab catch for a given year, starting with 1952, was

considered as year-class 0 and correlated with subsequent year-

classes 1, 2, 3, and 4 through the 1973 catch. Their respective

correlation coeffidents (r0.446, 0.181, 0,155, 0.064) were not

highly significant. The 0 and 1 year- classes are more correlated

than the others as high or low years d crab landings tend to be con-

secutive. It seems unlikely that the adults could catch the small,

agile recruits as Winnor presumes; no laboratory observations have

demonstrated such predatory behavior. The new recruits are re-

ported by MacKay (1942.) to bury in the sand with only their eyes and

antennae protruding concealing them from predators. Nor does it

seem likely that the new recruits and the adult spawning year- classes
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are in direct competition for food. The older year-classes, how-

ever, may well compete with each other if food is limiting. During

low precipitation years, i.e. when salinity values remain within the

normal range of tolerance by the early larvae, then density-dependent

factors operating on either larvae or post-larval year-classes may

become important in determining the upper size limit of the harvest-

able year-class.

Petersons (1973) hypothesis that changes in the strength of

coastal upwelling are responsible for fluctuations in the crab catches

along the Pacific Northwest also does not seem to be substantiated.

The use of the same upwelling indices with the pro-per time lag used

by Peterson in the multiple regression analyses presented in this

study contributed less than two-percent to explaining variability

in the crab landings. Simple correlation coefficients between his

indices and crab landings for any port(s) were not highly

significant (r= <. 6) for predictive purposes. Peterson' s low but

meaningful correlation coefficients are more reflective of the long-

term cycles of environmental conditions that are presently being

investigated (cf. Lee and Charnock, 1972). Cycles, seven to ten

years or longer, in environmental factors and crab landings are

indicated in Figure 30, so that years of good or poor crab landings

tend to be consecutive.

The evidence presented in this study substantiates the hypothesis
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that environmental conditions, primarily low salinity, during the

early larval period determine to a great extent the harvestable year

class. Crab landings for several ports of the Pacific Northwest

cannow be predicted four years in advance from simple equations

using readily available climatological data. Predicted crab landings

and confidence intervals for three areas are given for the next four

years in Table 35. Based on these predictions, crab landings for

the next four years can be expected to be average to good compared

to landings over the last 21 years, providing fishing pressure remains

about the same and other factors are not introduced. Differences

between the observed and predicted values need to be properly evalu-

ated over the coming years and reassessed.



Table 35. Predicted Dungeness crab landings for selected Pacific Northwest ports based on February precipitation that occurred during the early
larval period.

Ports of Landing Season Predicted Landings 95% Limits

Eureka and Crescent City CA 1972-73 8, 487, 425 2, 497, 212 14, 477, 638

1973-74 7, 631, 925 1,664, 196 13, 599, 654

1974-75 8,487,425 2,497,212 14,477,638

1975-76 8,401,875 2,414,934 14,388,816

1976-77 11,956,091 5,649,418 18,262,764

Astoria and Warrenton, OR 1972-73 2, 740, 474 1, 282, 155 4, 198, 793

1973-74 3, 336, 595 1,851,898 4,821, 291

1974-75 3,368,097 1,881,111 4,855,083

1975-76 2,708,972 1,251,132 4,166,811

1976-77 3, 603, 153 2, 096, 349 5, 109, 957

Grays Harbor, Willapa Bay 1972-73 8, 192, 353 2, 169, 760 14, 214, 947
and Columbia River, WA

1973-74 11,315,775 5,251,627 17,379,924

1974-75 11,499,191 5,422,628 17,575,754

1975-76 8,067,208 2,044,013 14,090,403

1976-77 13,041,842 6,802, 669 19, 281,016

(lbs.) Lower Upper



DC COMPARATIVE INTERSPECIFIC LARVAL DYNAMICS

The foregoing sections on Cancer magister present evidence

strongly supporting the contention that its four-year old class strength

is largely determined by the size of its larval population at the time

of recruitment. That is, mortality factors affecting the adult popu-

lation are small and constant through the year-classes compared to

those mortality factors affecting larvae. Thus, knowledge of the

mortality processes affecting the larvae are of prime importance in

understanding fluctuations of the adult populations. The response

of pelagic larvae to flutttating environmental factors, including their

influence on interspecific relationships, is not well known. Various

species of crab larvae similar in morphology, seasonal occurrence,

and distribution are proposed to be dynamicaLly interrelated in order

to compare and contrast their pelagic niches. This framework allows

hypotheses to be explored even though in most cases the observed

interrelationships are not strongly supported by the limited data.

Cancer magister vs. Cancer oregonensis

Tw species of the cancrid family, Cancer magister and Cancer

oregonensis whose adult populations are numerous in the nears hore

area, presented an interesting contrast in larval dynamics during

the sampling period. Both species of larvae pass through the same

247
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number of stages and appear to occupy a similar ecological niche.

Whereas larvae of C, magister were abundant during 1970 and sparse

in 1971., the larvae of C. oreonensis appeared in greater abundance

during 1971 than 1970. Various hypotheses are proposed to explain

their contrasting larval dynamics.

Hypothesis 1: Direct effects of temperature and salinity

Sea surface temperature and salinity to a lesser degree were

important environmental factors in explaining the difference in yearly

larval population means of C. magister by analyses of multiple co-

variance. The yearly larval population means of C. oregonensis

also were significantly different primarily using the covariate salinity.

The statistical analyses of the importance of these factors in deter-

mining larval abundance may be misleading. A wide temperature

gradient during a larval season, i.e., a steep slcpe, could be statis-

tically significant, however, the range of temperatures may be well

within the tolerance limits of an organism. In contrast, the salinity

gradient during the same larval season is usually narrow resulting

in a statistically non-significant slope, which may still occur outside

the range tolerated by the larvae. Also, the erratic surface tempera-

ture and salinity fluctuations that occurred during the summer upwell-

ing may cancel the effect of a significant gradient that occurred earlier

in winter and spring. In this case the larvaL season of C. oregaiensis
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extends from January through the summer upwelling season.

Both species of larvae appear first in January-February during

the season of low sea surface salinity and temperature. The early

stages of C. magister are usually found between three and 15 miles.

offshore thus avoiding the more extreme nears hore dilutions. The

adult C. oregonensis population is located in the intertidal and sub-

littoral zone and its larvae are subject to more extreme inshore

conditions than C. mister larvae. However, the larvae of C.

oregonensis may be hardier and more tolerant of low temperatures

and salinities, and may even have an optimum temperature-salinity

range lower than that of C. magister. Also, C. oregonensis hatches

two broods of larvae, one in January-February and the other in May-

June, thereby insuring a second chance for larval development and

r e c r Ui tin e nt.

No laboratory data were available for estimating effects of

temperature and salinity on the survival of C. oregonensis lar-vae

However, C. magister larvae were reared by Reed (1969) under

various temperature- salinity combinations and he concluded that

these factors as they normally occur off the Oregon coastwould not

significantly affect survival. Response. surface techniques, using

Reed's data, predicted about 45% survival under the extreme temper-

atures and salinities that occurred during February and March of

1971. The sea surface temperatures and salinities used in the
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analysis: probably represent the most extreme long -term conditions

that the larvae could have experienced. Larvae several meters below

the surface probably are protected from extreme fluctuations of tem-

perature and salinity.

Larvae reared at suboptimal conditions have been observed to

survive for cnsiderab1e periods of time, apparently unable to success-

fully molt, These same larvae eventually die, but laboratory experi-

ments often are terminated before mortality can be observed. Subtle

changes in the flux and composition of the internal ionic constituents

can alter the molting process; larvae which appear normal in early

development may mask deficiencies that express themselves later in

development. Nevertheless, short-term exposure to extreme condi-

tions may be just as detrimental as slightly suboptimal conditions

over a long period of time (cf. Lough and Gonor, J.973a, b). Although

the nears h.ore surf salinities on a monthly average are in the range of

tolerance by the larvae, daily measurements occasionally drop below

20 ppt (GonoretaL, 1970), No larvae survived below 20 ppt salinity

in Reed's (1969) laboratory study.

Hypothesis 2: Food quality and quantity

There is a basic lack of knowledge concerning the types of food

organisms normally available and selected by these two species of

larvae and concerning the densities of the food organisms required



251

for their development. Most crab larvae are carnivorous, but

attempts to distinguish gut contents of field-caught C, magister

larvae were unsuccessful. However, preserved specimens of the

late stage zoea and megalopa of other species (Pinnotheridae)were

observed to have ingested considerable quantities of copepod eggs.

Reed (1969) found in laboratory culture that the larvae of C. magister

survived well on Artemia sauna and Balanus glandula nauplii, but

would not survive on a smaller sized veliger larvae of Mytilus edulis.

He also reported that unfedC, magister larvae would survive for

only 14 days. So, if there is a delay in the appearance of suitable

food organisms by just two weeks, most larvae would not survive.

The different larval stages may require several different sizes and

species of food organisms for complete development. Both larvae

are the same size through the second zoeal stage, but C. magister

increases in size so that its megalopa stage is twice as large as

C. oregonensis. The diverging size of lavae would help to separate

the two species ecologically, and each species could utilize a different

size-spectrum of food organisms.

Hypothesis .3: Competitors and predators

The importance of the combined or separate effects of competi-

tion and predation on the larval populations is difficult to assess.

Predation has generally been regarded as the major factor cortributing
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to larval mortality. There are some studies that do show antagonistic

effects of a mutually shared food resource, Brooks and Dadson (1965),

in a study of two species of freshwater Daphnia, concluded that the

larger species was more efficient in collecting both small and large

particles and would competitively exclude tbe smaller species as long

as size dependent predation was of low intensity. Conversely,

Schoener (1969), in a theoretical study, concluded that large pred-

ators ate an equal or a greater range of food compared to the smaller

ones as long as food was at some upper level. But, as food abundance

was reduced the optimal predator size shifted towards the smaller

predator. Similar situations could conceivably occur and explain why

C. magister larvaewere less numerous in 1971 while C. oregonensis

larvae increased.

If both cancrid species are in competition for the same food

source, then the critical timing of larval release and the existing

environmental conditions become important. If environmental condi -

tions exist such that the larvae of both species hatch simultaneously

and proceed in their developmental schedules at the same rate, then

the larvae of C. magister will be able to prey upon and competitively

exclude those of C. oregonensis, due to its increasing larval size.

However, if C. oregonensis larvae are released before those of

C. magister, and perhaps have a faster rate of development at colder

temperatures, then the larvae of C, oregonensis could conceivably
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prey upon the early larvae of C. magister and/or reduce a shared food

resource. An important feature of C, oregonensis's success may be

that it produces two broods of larvae closer to share separating the

two species in time and space.

The fact that the few C. magister larvae collected between five

and ten miles of shore had fuller guts during the L971 season than

during 1970, may indicate that predation is the prime factor causing

mortality:in the offshore area. In contrast, those larvae collected

within three miles of shore showed a decrease in gut-fullness that

might indicate that the scarcity of food is an important factor con-

tributing to mortality in the nearshore area, Of course, larvae

weakened by a lack of food or some other factor may be more subject

to predation. crooks and Dodson (1965) showed that intense predation

would eliminate the larger of two species and allow thesmallerspe-

cies to predominate.

Hypothesis 4: Oceanic currents and multiple environmental effects

Planktonic organisms have limited means of locomotion and

consequently are subject to the vagaries of oceanic currents. Changes

in the strength or timing of these currents can be ultimately respon-

sible for the success or failure of larval populations and their adult

stocks (Coe, 1956). Many investigations have documented the trans-

port of larvae to distances beyond which recruitment to the adult
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populations is not possible.

It is generally believed that factors in the environment such

as abnormally cold temperatures that extend the pelagic life of the

larval phase can be detrimental, since predation is considered to

be the prime cause of larval mortality (Thorson, 1946, 1950). A

slight temperature decrease in laboratory culture near the lower end

of their tolerance range can considerably prolong or prevent molting

of the larvae. In nature, it is assumed that the longer larvae remain

in the plankton the more they will be preyed upon, although predation

pressure during their recruitment to the benthic habitat may be just

as great, or greater (Thorson, 1966). The various mortality proc.-

esses of marine larvae have not been adequately separated or ex-

plained.

To account for the apparent differential larval mortality of

the two caricrid species, it is hypothesized that primarily the direct

effect of low salinity due to the greater precipitation during thewinter

of 1971, coupled with extreme temperatures and adverse biological

pressures resulted in the demise of C. magister. The greater on-

shore transport of surface waters during late winter of 1971, com-

pared to 1970, may have moved the bulk of the C. magister popula-

tion closer to shore, into a suboptimal environment too early in

their development. The indirect effects of these factors on food

organisms required by the larvae also may have been important.
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Conditions that were detrimental to C. magister larvae may well

have had little effect on the larvae of C. oregonensis, and may even

have promoted their survival and growth,

Fabia subquadrata vs. Pinnixa littoralis

These two species of comrnensal pinthxids provide another

example of morphologically similar larvae that coexist in the near-

shore area from late winter through summer. The early zoea of

Fabia subquadrata are slightly larger than those of Pinnixa littoralis

and become increasingly larger with development, a feature which

may help to separate the two species ecologically in the plankton.

Again, the critical timing of larval release may be the more impor-

tant feature to consider. Both species are reported to produce two

broods. The first brood of P. littoráljs hatches in March about a

month prior to that of F. subquadrata. Consequently, P. littoralis

may be able to infect an immature molluscan host before the other

species can, assuming that both species of larvae compete for the

same host and remain permanently once situated. The two broods

of F. subquadrata overlap to produce a continuous larval season

which runs from late March to August. Larvae of the second brood

of P. littoralis appear in May-June after a definite pause following

hatching of the first brood in February-March. P. littoralis larvae

also occur irregularly at other times of the year with another peak
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of abundance in the fall. Pinnixid larvae that appear in the spring

and summer during the coastal upwelling season are more subject

to offshore transport; whereas those larvae appearing in the fall and

winter during the seasons of onshore transport of surface waters,

would be retained closer to shore.

Pachygrapsus crassipes vs. Hemigrapsus oregonensjs

The larvae of these two members of the grapsid family are

both found in low numbers within one mile of shore during the months

of May and June. Pacbygrapgus crassipes larvae become increasingly

larger in size with development than those of Hemigrapsus oregonen-

515. P. crassipes is reported to have only one brood during the year

with a peak hatching period in May-June. However, some of its

larvae were observed in the plankton as early as March. On the other

hand, H. oregonensis is reported to carry two broods with their

larvae hatching predominantly in May-June and September-October,

and their appearance in the plankton confirmed this. The smaller

sized larvae of H. oreonensis may be at a competitive disadvantage

compared to the larger sized larvae of P. crassipes, but interspecific

competition can be minimized by separating the two larval populations

in time by producing a second brood of larvae and releasing them

later in the season.



Pachycheles pubes cens vs. Petrolisthes eriornerus

These two species of porcellanid larvae are nearly identical

with only slight differences in appearance and setation, Both species

of larvae occur together nearly every month of the year in the near-P

shore area with peaks of abundance in May-June and October-Novem-

ber. Both species of larvae appear to occupy a nearly identical

pelagic niche thereby possibly establishing a situation of dynamic

equilibrium. The larvae of Pachycheles pubes cens may in some way

have a competitive advantage over the larvae of Petrolisthes en-

omerus as the former species' larvae are always found in signifi-

cantly greater abundance than the latter' s.

Pagurus ochotensis vs. Pagurus sp. C

The larvae of both pagurid species closely resemble each other

and appear in the plankton nearly every month of the year within five

miles of shore. Pagurus sp, C larvae are slightly larger, somewhat

less abundant, and first appear in abundance somewhat later in the

spring than the larvae of Pagurus ochotensis. The distribution and

abundance of the two species appeared fairly consistent during the

sampling period.
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Orthopagurus scbmitti vs. Pagurus beringanus

Although the adults have distinctly different modes of life, these

larvae are very similar in appearance, seasonality, and distribution.

Orthopagurus scbmitti larvae are slightly larger and more abundant

than those of Pagurus beringanus. Both species of larvae occur pre-

dominantly within five miles of shore from February through October

with peaks of abundance in February-March and May-June.

Oedignathus inermis vs. Hapalogaster mertensii

The adults of these lithodid species overlap in their distribution

along the North American littoral zone. Their larvae are similar in

morphology, seasonality, distribution and abundance in the rearshore

area. From the limited amount of field data, the larvae of

Oedignathus inermis appear in the plankton from late January to

July, whereas Hapalogaster mertensii larvae were first observed

in late March, somewhat separating the two larval species in time.

The pairs of crab species compared and contrasted above sug-

gest that selective forces are operating to minimize interspecific

competition between the larvae. There is a tendency for the larvae

of the observed pairs to show morphological divergence with increas-

ing development, most notably in size. The degree of other diverging

morphological characters and their ecological significance must

Z58
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await ftLrther analyses. Nevertheless, it appears that among the

similar pairs of species, the species having the smaller sized larvae

produces more than one brood and its larvae are released farther

apart in time or in irregular intervals. By contrast, the species

having the larger sized larvae usually produces only one brood and

exhibits a closely synchronized hatching period, or if two broods are

produced, the releases of their larvae are closely overlapped. A

difference in the timing of broods of larvae and their release into

the plankton seems to be a much better means of reducing inter-

specific competition between species of larvae similar in morphology

and distribution than by increasing their morphological divergence

or developing larval niche differences.



X. THE ROLE OF PELAGIC LARVAE AS DISPERSAL
MECHANISMS IN REPRODUCTIVE STRATEGIES

The great majority of crabs, like most other marine bottom

invertebrates, reproduce by means of free-swimming larvae, which

undergo various developmental stages of increasing complexity in the

plankton and then settle and metamorphose into young adults. The

pelagic mode of development is considered a more primitive means

of reproduction than direct development (Jägersten, 1972).

The number of benthic invertebrate species having pelagic

larvae, or indirect development, is greatest at the equator in shallow

depth; whereas direct development is more prevalent at high latitudes

and in deeper waters beyond the continental shelf (Thorson, 1946,

1950), Species indigenous to high latitudes or the deep sea generally

produce fewer, larger eggs with more yolk content. Their larvae

undergo complete development in egg capsuLes or have only a brief

pelagic life. The decrease in pelagic development with increasing

latitude and depth is associated with a gradient of environmental fac-

tors that apparently are less advantageous for this reproductive mode.

Direct development of the young affords a certain degree of protection

against predation and food scarcity. Also, Chia (1970), using two

species of opisthobranch gastropods, found that direct development

may be more economical on an energy basis than indirect develop-

rzlent. Why then has the pelagic mode of reproduction been so
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successful that it is retained by most (70%) species of marine bottom

invertebrates? What advantages are conferred upon the pelago-

benthic life cycle that prevent evolutionary pressures from suppres-

sing one phase or the other?

Generally, species that reproduce quickly in great numbers and

discover and utilize new habitats before other species do, are best

able to take advantage of limited fluctuating resources. Species that

produce large numbers of young, such as the intertidal invertebrates,

can be considered "r" strategists; that is, their populations have a

high rate of intrinsic growth, compared to "K" strategists that are

best adapted to stable, non-fluctuating environments (cf. Pianka,

1970).

The relationship between the intrinsic rate of growth (r), the

average number of female offspring produced per female (R0), and

the mean generation time per female (T) has been expounded by

Hermans (1966) using the analytical framework of Smith (1954).

Given R0 = erT and rewriting to r z log R0/T, it can be shown that

the generation time, T, has the greatest effect on the intrinsic rate

of growth, r. Besides increasing the number of females in the popu-

lation and reducing the size of its eggs to produce more per unit

volume, the r strategist can most successfully out-compete other

species in an unpredictably fluctuating environment if it releases its

larvae at the earliest time in the life of an individual. While this
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strategy is one way of insuring the success of the species, only a

minimal number of larvae is required for recruitment, and there is

a tremendous amount of larval "wastage" to the species.

Species that have a relatively short life-span of less than a year

or two would most benefit and exhibit those characteristics of the

r-strategist. In contrast, long-lived species that require recruitment

only every other year or so, would seem to require a more balanced

strategy midway on the r-K continuum, In shallow-water boreal and

tropical seas, benthic species having long lives, iteroparity, and a

pelagic mode of reproduction seem to possess the best possible com-

bination of both r and K strategy characteristics. During periods of

relative stability in the marine environment the adult organism needs

a preponderance of K characteristics; e.,, larger size, slow

growth, specialized feeding structures; to reduce interference from

competitors. Random disturbances or periodic fluctuations in the

adult populations can be immediately offset by the production of large

numbers of pelagic larvae relatively independent of the benthic habitat.

And conversely, fluctuations in the recruitment of year-to-year larval

populations can be compensated by the fact that the adult populations

are long-lived,

Istock (1967) argues from a theoretical perspective that the

evolution of complex life cycles, involving two or more ecologically

distinct phases, are inherently unstable. Selective forces in such a
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situation would tend to eliminate or suppress one phase over the

other. Strathmann (1974) discusses some reasons why Istock's

arguments are not applicable to the life cycles of benthic inverte-

brates and argues that their complex life cycles could be stabilized

by compensating mortality between the two phases. Vance (1973a, b)

argues from a theoretical energetic point of view that the indirect

or pelagic mode of development is more efficient than direct when

planktonic food is abundant and predation in the plankton is low and!

or development times are short. Reproductive efficiency in his study

is defined as the number of metamorphosing larvae per unit energy

devoted to eggs and egg size. Environmental factors that increase

the pelagic larval period subject such larvae to increasing planktoriic

predation. However, our ability to assess comparative predation

rates on larvae between the planktonic and benthic environments is

certainly limited. More importantly, Vance has underestimated the

role of larval dispersal in determining coexisting patterns of repro-

duction. Stratbmann (1974) carries the argument further and dis-

cusses some of the advantages of larval dispersal for maintaining

these reproductive patterns, but only on a short-term basis. A dis-

cussion of the evolution of reproductive modes should in fact be con-

sidered from the long-term point of view.
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While many investigators have proposed that the primary value

of pelagic larvae is their ability to exploit the abundance of food in

the plankton, this aspect does not seem to be of primary importance

in determining the overall success of the species. Larvae of some

nears hore species are released into the plankton at all seasons of the

year and some kind of food always seems to be present. Scheltema

(1966, 1971a,b) has shownfor various species of gastropods and

Teredini.dae, that the dispersal of larvae having a long pelagic life

may be important in establishing distant populations and maintaining

genetic continuity between them. But, on a more restricted level,

perhaps the best explanation for the retention of the pelagic larva is

derived from the theoretical studies of fitness in a heterogeneous

environment by Levins (1964, 1968).

Habitats suitable for the settlement of nearshore marine inver-

tebrates are generally patchy, especially for sessile or stationary

species of rocky intertidal areas. Consequently, these populations

become clumped or patchy in their distribution, Small populations

are disadvantaged in that the reduced amount of genetic variance may

lead to extinction through their inability to adapt to environmental

change. Levins put forth the argument that gene flow among separated

populations is a mechanism adopted by the species to maintain a large

gene pooi, and that the amount of gene flow is determined by the type

of environment through natural selection,
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Levins proposed the following basic relationship to investigate

the effect of gene flow between populations in hypothetically different

environments: dP/dt = V(S-P); where P is the mean population pheno-

type; V is the additive variance for the phenotype, a constant; and S

is the optimal phenotype for a given environment. Through the use

of this relationship he concludes that gene flow allows the species to

adapt to long-term, widespread fluctuations in the environment, while

diminishing their response to more short-term, local changes. The

optimal amount of gene flow among populations increases with the

temporal variability of any given set of environmental factors and

decreases by the similarity in their habitat(s).

There is a great amount of temporal variance in environmental

factors as well as variance in the spatial gradient in the nears hore

and intertidal environments so that a resultant increase in gene flow

is desirable in populations living in these habitats. The significance

of the pelagic larva to such a species is that it facilitates a large gene

pool for the patchy, restricted adult populations, permitting greater

gene flow for adaptation to long-term, widespread environmental

changes. This appears to be the major reason why the pelagic mode

of reproduction is retained by a majority of benthic species.

In Levins' terminology, the heterogeneous environment can be

thought of as "fine- or coarse-grained" depending on the extent to

which the individuals of a species range during their lifetime. He
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considers most vertebrates as having a fine -grained environment as

they have the ability to encounter a wide variety of habitats during

their life span. Species having a coarse-grained environment without

habitat selection, terrestrial plants for example, are predicted to

have the greatest gene flow; whereas, a species having a coarse-

grained environment without habitat selection, such as terrestrial

lower invertebrates, would have the least amount of gene flow. How-

ever, I believe that marine benthic invertebrates with pelagic larvae

should be considered as having a coarse-grained environment without

habitat selection, despite the fact that some invertebrate larvae have

the ability to discriminate between substrates and to delay meta-

morphosis for a time until a suitable substrate is found (Wilson,

1953, 1968; Bayne, 1965, 1969; Crisp and Meadows, 1962; and

others). Due to the strength of the currents in most places, this

ability is quite limited in value to the great bulk of the larvae, as

many settle or die without ever coming into contact with the required

substrate.

Evidence is presented in previous sections on Cancer magister

that the strength of its four-year old year class is strongly dependent

upon fluctuations in environmental factors during the early larval

period. This implies that fluctuations in mortality factors operating

on the larvae are considerably more important in determining the

size of adult populations than those operating on the juveniles and
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adults. Because larval mortality is extremely high in the plariktonic

phase, the absolute size of the adult stocks is strongly dependent

upon the absolute size of the larval stocks at the time of recruitment.

Therefore, those species in which the juvenile-adult niches are under-

saturated, and could support more recruits, would have a selective

advantage if they produced large broods of pelagic larvae. Under

other conditions, however, large broods can result in severe intra-

specific competition between larvae. Species with large numbers of

larvae in some cases have severe competition for space upon recruit-

ment, particularly in the rocky intertidal area (vide Connell, 1961a, b,

concerning the recruitment of barnacles).

Another strategy for increasing larval brood size would be to

lengthen the time of the hatching season or to produce more than one

brood per year. Hemigrapsus oregonensis, Cancer oregonensis,

Lophopanopeus bellus Pinnixa littoralis, and most members of the

pagurid family produce two broods; which may overlap each other,

or to be widely separated in time. Most members of the Majidae and

Porcellanidae families have a continuous production of eggs through-

out the year with protracted hatching periods, The continuous release

of larvae throughout the year would seem to provide the most stable

adult population despite the fact that a great deal of energy is expended

in reproductive processes, Cohen (1966) found, through the construc-

tion of probability models, that the best way to optimize the
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reproduction of terrestrial seed plants in a randomly varying environ-

ment was to spread the risk throughout the season or year so that a

single failure would not be as detrimental to population survivaL

A disadvantage to having two overlapping broods of larvae as

opposed to widely separated broods is that the older larvae of the

first brood may prey upon the second brood or deplete limited

food resources. However, since so many species in the same group

have overlapping broods without any apparent detriment to the adult

populations, one might conclude that the competitive effects between

stages or species of larvae are minimal and that predation pressures

are uniform for all species during their pelagic period.

Examples are given in the previous section of various sympatri-

cally distributed species whose larvae are very similar morpholog-

ically and that could overlap in their pelagic niches. It appears that

with two species of similar larvae, the species having the smaller

sized larva usually has more than one brood and the larvae are re-

leased farther apart in time or in irregular interval,s; whereas the

species hying the larger larva usuaLLy has only one brood with a.

more closely synchronized hatching period, cr if there are two

broods, they are closely overlapped. This slight difference in repro-

ductive timing between crab species with larvae similar in morphology

and habitat may indicate that some competition between their larvae

does in fact occur.
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The timing of broods of larvae and their release into the plank-

ton can be an important strategy for successful development and

recruitment to the adult population. A species like Cancer magister,

which has only one brood per year, is limited in its ability to recover

from more than two or three disastrous larval seasons. By releasing

its larvae in January-February, a period of generally warming tem-

peratures and onshore transport of surface waters in the Pacific

Northwest, most larvae metamorphose by May-June, leaving the

pelagic phase before the onset of the intense summer upwelling along

the coast. Species releasing their larvae during the summer upweli-

ing season risk more offshore transport than at any other time of

the year. The large numbers of larvae usually produced by crab

species diminishes the significance of any loss from the inshore

area produced by seasonally varying oceanographic regimes. There

may be beneficial aspects of appearing in the upwellirig season as it

is a period of high productivity in the plankton. Conceivably, the

greater mixing processes resulting from upwelling in the nearshore

area, by thoroughly dispersing larvae, may also produce a greater

genetic mixing beneficial to long-term population success.

A short versus a long pelagic larval life also has certain advan-

tages and disadvantages. Some species spend only a few weeks in

the plankton while others spend three to five months or longer. A

short larval life decreases the probability of planktonic predation
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and of being transported away from a suitable habitat. A long pelagic

life, however, may increase the chance of finding a more suitable

habitat in less populated areas and increase gene flow at the cost of

the factors mentioned above. Strathrnann (1974) discusses the short-

term advantages of large-scale larval dispersal and believes as a

general principle that, for those species with a short pelagic life, a

selective advantage exists for multiple spawning which enhances

larval dispersal. Increased larval dispersal in this case is assumed

to be more advantageous to the species. than non-dispersal. The few

species of crabs (Emerita analoga, Cancer magister, C. productus,

C. oregonensis) occurring in the Oregon study area that have a rela-

tively long pelagic life, 1. e., greater than 90 days under the normal

range of environmental conditions, generally have only one brood of

larvae a year. Species of crabs with shorter pelagic lives do tend

towards multiple broods or extended hatching periods. Stratbmann's

conclusion is thus supported by this evidence. However, species with

multiple broods or extended hatching periods would seem to be spread-

ing the risk In reference to a temporally changing environment as

elaborated by Cohen (1966) previously and not for larval dispersal,

per se.

Apart from the differences in brood size, number, and timing,

the morphology and behavior of crab larvae also show diversity for

survival during the pelagic period. The most crucial event in decapod
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larval development is molting to the next stage. Laboratory studies

generally show that high mortality occurs during the molting process

(Knudsen, 1960; Gore, 1971, 1972, 1973). Larval mortality at this

time could be reduced by eliminating the number of stages or molts

required prior to settlement. A reduction in the number of larval

molts has been adopted by the porcellanids and majidids who pass

through only three larval stages instead of the five to seven as do

most other crab species. Gonor and Gonor (1973a) have observed

that the porcellanid larvae are still able toinçrease their size within

the reduced number of stages by intermolt growth, a newly recognized

phenomenon. Intermolt growth was also postulated by them to have

adaptive significance by reducing mortality risk at molt. Some spe-

cies, such as the majidids, that have only three larval stages usually

produce fewer numbers of larvae of larger size than others of com-

parable development. Species of larvae that pass through five to

seven stages may have greater mortality due to molting, but the

greater number of larvae they produce may well compensate for this

loss. Also, a greater range in the size of larvae of different stages

of a species may allow these larvae to utilize a greater size spectrum

of food particles in the environment as discussed previously.

The very elongate anterior and posterior carapace processes of

crab larvae, the porcellanid zoea in particular, may be an adaptation

for their pelagic existence as the increased surface area helps
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flotation. But perhaps they best serve as mechanical protection

against predation. The sharp carapace spines of brachyuran larvae

are adaptations that may discourage predators from foraging them

to any great degree. The pirinotherid zoea, in particular, have

extremely sharp carapace spines.

Gonor and Gonor (1973b) and Knudsen (1960) have studied and

discussed in detail the feeding and swimming behavior of larval

porcellanids arid xanthids, respectively. Crab larvae generally

require animal protein in their diet but there is no good evidence

that sight is used by the larvae to locate and actively pursue their

prey. Most crab larvae seem to deperid on random contact with prey

organisms or detritus. The megalopa stage of the porcellanid larvae

are notable in that they switch from being strictly carnivorous zoea

to filter-feeding herbivores like the adults.

Members of the galatheid family perhaps have larvae that can

filter-feed small particles at the same time they are passively

searching for small zooplankton as reported for the adults of the

more pelagic members by Longhurst et al. (1967). An organism s

ability to utilize either mode of feeding would enhance survival in an

environment where food is scarce and/or patchy.

Certain larval behavioral characteristics previously discussed

which help to increase dispersal also help to insure recruitment.

Their different responses to light at various developmental stages
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determine their location within a column of water, possibly to take

advantage of inshore or offshore transport of the surface or sub-

surface currents. Of course being able to select the proper substrate

when contact is made and to delay metamorphosis to some extent until

suitable substrate is found is an important advantage. Species of

crabs limited by other organisms, such as the comrnensal pinno-

therids and the shell-inhabiting hermit crabs, may be limited and

controlled by the population dynamics of these other species in the

community. Even if the larvae are successful in surviving the pelagic

period and landing on the proper substrate, in some cases there is

still a narrow gate to recruitment.



XI. SUMMARY

Bimonthly plankton samples were collected from June 1969

through August 1971 along a transect off the central Oregon

continental shelf (440 39. l'N) to document the species of crab

larvae present, their seasonality, and their onshore- offshore

distribution in relation to seasonal changes in oceanographic

conditions. The main series of samples were taken at one,

three, five, and ten nautical mile stations. The sampling sta-

tionswere extended out to 60 miles by five or ten mile intervals

from February through August of 1971.

This study is the first to describe from plankton series and

laboratory rearing the early life histories of many Pacific

Northwest species, including that of the slope-inhabiting Tanner

crab, Chionoecetes tanneri, Crab larvae of 41 species were

identified and a comprehensive key with plates is provided

The 9.5% confidence limits are estimated for the 0. 7 m and

0. 2 m bongo-net samplers and the two mesh sizes (0. 571 mm,

0. 233 mm) used in the sampling program. The catchability of

the samplers in day-night tcw s is also compared. In general,

the 0. 7 m bongo-net sampler with the coarser mesh collected

more kinds of larvae, had smaller confidence limits, and was

much superior in establishing significant differences between

274
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stations than the 0. 2 m bongo-net sampler.

A synopsis of the reproductive activity and larval distribution

and abundance is given for each species. Most species of

larvae occurred in the plankton from February through July

within ten miles of the coast. Larvae of the intertidal and

sublittoral species Pachycheles pubes cens, Fabia subquadrata,

Pinnjxa littoralis Cancer oregonensis, Pugettia spp., and

Pagurus ochotensis were extremely abundant (14_l06/lO0O rn3)

during certain times of the year at the one and three mile sta-

tions. Seasonal sea surface temperatures reached their highest

values .in May-June, coincidentwith the period of peak larval

abundance. The data suggests that the colder winter- spring of

1971 (compared to 1970) caused a delayin the release of many

larvae that ordinarily appear at this time.

The distribution of crab larvae aff the Oregon coast is in gen-

eral agreement with the known distribution of the adults, and

to a lesser extent with the seasonal changes in ocean currents.

Within three to five miles of the coast, a strong onshore com-

ponent of the surface currents coupled to a lesser degree with

the conservative effect of tidal ascilLations is believed to be

the major mechanism retaining larvae in the vicinity of the

nearshore parent populations. The differential behavior of

larvae during their development is an important feature in
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determining their position in the water column and subsequent

transport by coastal currents. Evidence is given relating the

transport of the predominant larvae to the intensity of coastal

upwelling or downwelling; however, the extent of onshore-

offshore transport is generally limited to within ten miles of

shore. Those few nears hore species (Cancer oregonensis,

Cancer magister, Pugettia spp,, Lophopanopeus beUus Emerita

analoga), whose larvae consistently occur offshore beyond ten

miles, usually have a combination of the following features:

(1) their larvae occur in comparatively high densities during

late-spring and summer when the prevailing surface water flow

is offshore, (2) they have a relatively Long pelagic life, and

(3) their larvae may exhibit a strong photopositive response

during the early megalopa stage which serves to prolong their

duration in the surface waters.

6. Particular emphasis was given to understanding the larval fluc-

tuations of the Dungeness crab, Cancer magister, an econom-

ically important shellfish species. During the 1970 season its

larvae appeared within 15 miles of the coast in late January

and metamorphosed to juveniles by June. During the early

stages of the 1971 season, however, an apparentmass mor-

tality occurred which was associated with the unusually severe

weather during February and March. A significant difference
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between the 1970 and 1971 larval populations was found by

analyses of covariance using time, sea surface temperature,

and salinity as covariates, Approximately 45% survival was

predicted from the direct effects of salinity and temperature

that occurred during February and March of 1971, using re-

sponse surface techniques based on experimental data. Neither

did gut-fullness analysis of planktonic larvae substantially ex-

plain the apparent mortality during the later year.

Multiple regression techniques were used to build predictive

models for Dungeness crab landings in the Pacific Northwest.

Environmental conditions during the critical larval period

explained 60-70% of the variability in crab landings for some

ports four years later, February precipitation, indicative of

coastal surface salinity, for southern Oregon and northern

California coastal stations was the variable most highly pre-

dictive of crab landings for ports of southern Washington and

northern Oregon over a 21 year period. The high degree of

correlation between northern coastal crab landings and southern

environmental conditions is not believed to indicate a northerly

transport of larval stocks, but only reflects the fishing intensity

and variability of the climatological data.

The evidence presented in this study substantiates the hypothesis

that environmental conditions, primarily low salinity, during
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the early larval period of Cancer magister determine to a

great extent the strength of the harvestable year-class in the

Pacific Northwest.

9. Various species of crab larvae similar in morphology, seasonal

occurrence, and distribution are compared and contrasted and

hypotheses are proposed to explain their larval dynamics. The

role of the pelagic larvae as a dispersal mechanism, the impor-

tance of its morphology and behavior to the success of the spe-

cies, and reproductive strategies such as brood size, number,

and timing are discussed.
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