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The population dynamics of Acartia californiensis in Yaquina Bay,

Oregon was studied by an integrated field and laboratory approach in

1972, 1973 and 1974. The planktonic phase (June - November) was

characterized by well defined, persistent cohorts through time. Cohort.s

were recognizable as distinct pulses in abundance at each copepodite

stage and the adult stage. Generaticr. lengths typically ranged between

14-20 days.

Several hypotheses to account for the unexpected persistence of

cohorts were tested. These hypotheses included: a) periodic food

limitation; b) tidal flushing; c) interspecific competition with

Acartia claus!; and d) intense, size-selective predation on adult

stages by planktivorous fishes.

Measurements of chlorophyll 1evis (i.e. phytopiankton standing

stocks) and primary productivity rates provided indirect evidence that

food levels are seldom limiting for either development and growth or

fecundity of A. californiensis.

relatively stable (ca 5-6 mg

Chlorophyll levels remained high and

with. little evidence of grazing

pressure during the summer population explosion of A. californiensis.

No clear correlation was demonstrated between low level fluctuations
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of chlorophyll and tidal periodicity. Food quality remained high

based on the measure of production per unit chlorophyll (assimilation

ratios 6).

Comparison of predicted and observed field development rates of

A. californiensis provided a second and more direct test of the

adequacy of food supplies. Field development rates, estimated from

midpoints of area under the curve for successive copepodite stages,

were linear within a cohort (least squares regression, r2O.95),

implying isochronal development between stages. Predicted development

(Blehrâdek temperature function) was either slightly longer than or

equal to observed development times, demonstrating that field develop-

ment was essentially temperature dependent and likely not food limited.

Tidal flushing removed a maximum of 3.4-8.7% of the population per

day based on a numerical flow model which assumed passive behavior.

However, utilization of the landward flowing countercurrent and

residence in the null zone of the estuary (area of longest advection

time) probably minimized tidal flushing losses.

Competition with A. clausi was concluded to be insignificant

because of differences in position in the estuary of population centers,

physiology, and probably grazing behavior in an apparently non-limiting

food environment. However, A. clausi probably captures a significant

fraction of A. californiensis nauplii daily.

Naupliar mortality substantially increased with time of season.

This seasonal decline possibly resulted from increasing predation from

A. clausi although no data are available. In contrast, copepodite

mortality was highest in the early and late season, but very low during

the mid-season. This pattern is attributed to low survival during

marginal physical conditions for growth and low predation during

favorable physical conditions.

Abundance cycles of adults were primarily controlled by intense,

size-selective predation by visual plariktivores. Predators included

Engraulis mordax (northern anchovy), Atherinops affinis (top smelt),

ypomesus pretiosus (surf smelt) , Alosa sapidissirna (American shad),

and Ciupea ns (Pacific herring). Gut contents revealed a feeding

electivity for adult females, neutral electivity for the smaller males,



and selection against copepodites. Cohort persistence was concluded

to result primarily from the short life expectancy of adult females

(3-6 days), with minor reinforcement from spring tides.

The winter and spring months are passed as resting eggs in the

sediments. Experimental results indicated that dormancy in A. califor-

niensis eggs is induced by temperatures below 15°C in two ways 1)

cold-adapted females spawn true resting eggs, which exhibit major

differences in hatching and survival rates from non-dormant eggs under

similar conditions; 2) non-dormant eggs spawned above 15°C may become

dormant and have short-term viability at temperatures below 15°C.

Salinity does not induce dormancy.

Hatching results of field-collected resting eggs at naturally

occurring temperature-salinity combinations demonstrate that termina-

tion of dormancy is also primarily temperature dependent. Salinity,

however, regulates rate and success of hatching. In addition, heavy

naupliar mortality occurs following hatching at low salinities.

Substantial hatching may occur in the field over much of the year.

Since subsequent survival and population growth depend on the presence

of favorable temperature and salinity conditions, nauplii which hatch

during the salinity winter and spring months in Yaquina Bay must be

lost. This phenomenon is viwed as a "leaky' population diapause.
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POPULATION DYNAMICS AND COHORT PERSISTENCE
OF ACARTIA CALIFORNIENSIS (COPEPODA: CALANOIDA)

IN YAQUINA BAY, OREGON

Section I. INTRODUCTION

Calanoid populations in estuaries are typically characterized by

pronounced, short-term fluctuations in abundance in both time and

space. This population trait is imposed on planktoriic life in the

highly variable environment of steep physical gradients (salinity,

temperature, etc.). It is the understanding of this characterization

that has been the basic goal of research described herein. Measures

of abundance, however, are a static population attribute and merely

reflect previous differences in population birth and death rates.

Therefore, emphasis has been placed on investigating major physical

and biological processes by which estuarine copepod populations are

regulated.

Physiological mechanisms, for example, have evolved that counter-

act the effect of tidal hydraulics which act to flush planktonic forms

out of the estuaries. Persistence of Acartia, Eurytemora and other

calanoids in estuaries is achieved in part by high growth rates, short

generation lengths, and high fecundity. Survival during adverse

conditions is insured through the production of resting eggs (Zillioux

and Gonzalez, 1972; Kasahara, Uye and Onb& 1975; Uye and Fleminger,

1976). The eggs remain dormant in the bottom sediments until

conditions are again suitable for planktonic survival.

Zooplankton populations in estuaries are often restricted to

relatively narrow, particularly suitable zones (Johnson and Miller,

1974). Cronjn et al. (1962), for example, described distinct zones

of species habitat in terms of salinity, temperature and oxygen

gradients along the 122 km length of the Delaware estuary. The upper

reaches were dominated by Cyclops viridis (O-5°/oo salinity and two

Eurytemora species (O_150/oo) while the mid estuary was dominated by

Acartia tonsa (1O-20°/oo) and Pseudodiaptomus coronatus 15_2O0/oo).
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0
Downbay (ca 18-30 /oo), the dominant species were Temora longicornis,

Lahidocera aestiva and Centropages sp.

The "confined" distributions of ca].anoid populations endemic to

the middle or upper portion of an estuary provide an excellent oppor-

tunity to study their population dynamics and investigate the

mechanisms by which retention in the estuary is achieved. Such

studies are less easily done on zooplankton populations inhabiting the

lower estuary, since their field distribution typically extends beyond

the estuary mouth into the coastal waters. As a result, these latter

populations mix with coastal stocks subject to significantly different

environmental regimes

This study involves the population dynamics of one such endemic

population: that of Acartja californiensis in the upper reaches of

Yaquina Bay estuary, Oregon. A. californiensis, a newly described

species (Trinast, 1976), displays close affinities to A. tonsa in both

physiological and morphological features. Earlier studies in Yaquina

Bay (Zimmerman, 1972; Frolander etal., 1973; Johnson and Miller, 1974;

Miller et al., 1977) identified the species as A. tonsa in the belief

that it represented a smaller, ecophenotypic variant of the larger

offshore A. tonsa present in the northerly Davidson Current during the

winter months.

Acartia californiensis is a warmer water species with a distribu-

tion apparently limited to estuaries and coastal lagoons. Yaquina Bay

represents the northernmost known range. Populations in Californian

waters have been reported in Elkhorn Slough of Monterey Bay (Pace,

1978), San Francisco Bay (Ann Hutchinson, personal comm.), Newport Bay

(Trinast, 1976), Los Penasquitos Lagoon and Mission Bay (Abraham

Fleminger, personal comm.). In addition, A. californiensis has been

collected in Black Warrior Lagoon, Baja California (A. Fleminger,

personal comm.).
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Statement of the Problem

The general zooplanktology of Yaquina Bay estuary is known from

the work of Frolander (1964), Zimmerman (1972) and Frolander et al.

(1973). The lower estuary is dominated by two species groups which are

shared with the nearshore oceanic waters (Miller, 1972; Frolander et

al. 1973). Alternations between cold north to south currents along

the Oregon coast during the summer and the warm south to north flowing

Davidson Current during winter months result in a 'summer-northern'

assemblage and a 'winter-southern' assemblage of copepods. The spring-

summer population is typified by the species Acartia clausi, Acartia

longiremis and Pseudocalanus cf. gracilis. These species are present

in the lower estuary year around, but are numerically dominant during

the spring-summer months. During the winter, A. clausi becomes co-

dominant with several species of southern and offshore affinities, the

most important being Paracalanus parvus, Ctenocalanus vanus and

Corycaeus anglicus. These latter three species are typically absent

from the estuary during most summers.

The seasonal cycle of the dominant copepods inhabiting the middle

and upper estuary is quite different from that of the lower estuary.

During an 18 month field study (weekly sampling) in 1969-1970,

Zimmerman (1972) found that A. clausi was numerically dominant in the

middle estuary throughout the spring and early summer. However, as

water temperatures increased, a congeneric Acartia species (tentatively

identified as A. "tonsa") appeared in May-June. This species subse-

quently underwent a population explosion during the months of July,

August and September, followed by a rapid decline to complete disap-

pearance by November. During the population explosion, A. "tonsa"

replaced A. clausi as the most important species.

An extensive field sampling program with laboratory experimenta-

tion was subsequently done in 1972 to more fully document the spatial

and temporal changes in abundance arid factors governing those changes

(Johnson, 1974). Field sampling was done twice weekly at five

stations to insure that the entire population was sampled on a

frequent basis.



The basic pattern reported by Zimmerman (1972) was found repeated

in 1972. Flowever, the three and four day sampling intervals provided

much higher resolution of the population changes. Of particular

interest was the new observation that cyclic cohorts of two-three weeks

duration persisted throughout the summer and fall months. In each of

the six well-defined cohorts observed, a larger pulse of juveniles

preceded a smaller adult peak by four to seven days. These data are

presented in later sections.

The persistence of well-defined cohorts throughout the seasonal

cycle was unexpected for several reasons. Experimental lab work had

demonstrated that adult female A. californiensis have a high daily

fecundity (ca 30-35 eggs/day) over a life span of 30-40 days in the

absence of predation (Johnson, 1974). In addition, while molting rates

are isochronal (i.e., equal time duration per molt) at a given temper-

ature, individuals exhibit a substantial range in the time required to

reach adulthood (Johnson, 1974; Miller etal., 1977). Therefore, given

significant differences in development rates, continuous reproduction

at high rates, and the potential for spawning over a period far in

excess of the observed field generation lengths, the net effect should

be rapid smearing of the "boundaries" of successive cohorts until no

distinct detail remains. The proportion of different life cycle stages

should approach constancy. This did not happen.

Persistent fluctuations in population abundance and age structure

through time must be a result of environmental and biological parame-

ters which induce changes in the birth and death rates. Therefore, an

adequate explanation of the population dynamics of A. californiensis

requires a study of those factors influencing birth and death processes

within the population.

Several hypotheses may be advanced for the major factor(s)

affecting fecundity and/or mortality rates of A. caj.iforniensis and

thus giving rise to persistence of distinct cohorts. Among the most

important possibilities are: a) Tidal flushing of the population from

the estuary, with heaviest losses occurring fortnightly during the

stronger spring tide series. Cohorts would be perpetuated if. losses
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exceeded recruitment rates during such periods. Highest population

abundances would therefore coincide with the neap tides approximately

every two weeks; b) Possible fortnight cycles in abundance of the

phytoplankton standing crop in response to regenerated nutrient input

from tidal resuspension of bottom sediments and organic debris during

spring tides. Fecundity of copepods, for example, is correlated with

food quality and quantity (Nassogne, 1970; Gaudy, 1971; Valentin,

1972; Parrish and Wilson, 1978; Checkley, 1978); c) Potential intense

interspecific competition with the ecologically similar species, A.

clausi, for available resources of food and space. In addition, A.

clausi may impact A. californiensis population dynamics through preda-

tion of juvenile stages. However competition is viewed as the least

likely of these mechanisms to generate persistent cohorts7 d) Intense

size-selective predation on adult stages by migratory p1anktiorous

fishes. Short life expectancy of adult females would limit the dura-

tion of egg production and thus generate successive pulses of maximum

egg production. These egg pulses would in turn produce distinct

cohorts of juveniles and adults.

An integrated experimental and field approach was used to irivesti-

gate these hypotheses and identify the major factors affecting the

seasonal population dynamics of A. californiensis. In brief, this

effort included the collection of two additional years of twice-weekly

field sampling to determine if patterns observed in 1972 occur

normally. Tidal flushing effects were investigated by application of

results predicted by a hydraulic model developed by Reed (1978) for

Yaquina Bay. Timing of spring tides was correlated with the timing of

peak levels of chlorophyll, phaeophytin and A. californiensis abundance

(i.e. cohorts). In addition, tidal effects were removed from calcula-

tions of population density changes by determining total population

size (possible for confined populations) after correcting for tide

height and volume.

Food quantity and quality were assessed by two independent

methods. The first was indirect, and consisted of monitoring levels

of chlorophyll a (1973-1974) and rates of primary productivity (1974).

Comparison of observed and predicted field development rates of A.



californiensis provided a second and more direct test of the adequacy

of food supplies.

Field distribution and population cycles of A. clausi were compared

with those of A. californiensis to estimate possible interspecific com-

petition effects. Field cohorts of A. californiensis were analyzed by

methods developed by Rigler and Cooley (1974) and Landry (1978a) for

deterntination of in Situ mortality rates. Pn estimate of mortality due

to planktivorous fishes was attempted by river seining and examination

of gut contents. Finally, the role of resting eggs in the seasonal

appearance and disappearance of the population was investigated. De-

tails of the methods used are provided in the appropriate sections.
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Section II. PHYSICAL CHARACTERISTICS OF YAQUINA BAY

Location and General Description

Yaquina Bay estuary, a typical drowned river valley estuary, is

located 185 km south of the Columbia River on the central Oregon coast

at 44°35N latitude and l24°04W longitude (Figure 1). The total

drainage area is small, consisting of approximately 632 km2 of the

western slope of the coast range (Goodwin et al., 1970). Yaquina River

is the major tributary, with the head of tidewater at Elk City (35 kin

upstream) at the confluence of Yaquina River and Elk Creek. Elk Creek

forms the only other important tributary for the estuary.

The lower estuary is dredged regularly to maintain a minimum mid-

channel depth of 8 meters. Above Yaquina to the community of Toledo,

a channel depth of approximately 4 meters is maintained by rather

infrequent dredging.

Climatic Conditions

The hydrography of Yaquina Bay estuary is greatly influenced by

the monsoonal climate of the Pacific Northwest coastal region. Summers

are characteristically cool and dry, with mild to strong onshore winds

out of the northwest (April-September). Frictional surface stress of

these northerly winds, coupled with the right-deflection of the

Coriolis "force', causes a net westerly Ekman transport of warmer sur-

face coastal waters and a subsequent upwelling of cold, nutrient-rich

water (Peterson etal., 1979; Smith, 1974>. As a consequence, high

biological productivity occurs along the Oregon coast. During periods

of intense upwelling, the cold, nutrient-rich water is often flushed

into the estuary by tidal action arid can cause significant changes in

temperature and salinity profiles in the entire estuary.

Winter months (October-March) are characterized by heavy rainfall,

with winds most frequently from the southwest. over 79% of the annual

174 cm ( 12) total rainfall at Newport falls during this period
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(averaged over 1938-1969; Hoibrooke, 1970). Following minimal rainfall

of 2-5 cm in July and August, the monsoon rains typically commence in

October (Figure 2) arid steadily increase to an average maximum of 26-29

cm per month during December and January. Heavy rains then gradually

decrease in frequency and terminate by April or May.

The seasonal stream flow of Yaquina River is highly correlated

with te seasonal pattern of precipitation. Stream flow, in turn,

regulates to a large extent the hydrography and flushing rate of the

estuary. Incomplete stream flow records near Elk City during 1937 to

1963 (Figure 2) demonstrate this close coupling, with average minimal

(1.2 m3 s1) and maximal (34.8 m3 m1) flows occurring in August and

February, respectively (Oregon State Water Resources Board, 1965).

However the increase in stream flow lags approximately one month behind

the onset of the fall monsoon rains. This occurs because most of the

early rainfall is soaked up by the undersaturated soil in the drainage

basin (Kuim and Byrne, 1966). Once the soil is saturated, river runoff

quickly increases. Stream flow also increases significantly in May

while rainfall continues to decrease. This is apparently the result of

melting snow at the highest elevations in the drainage basin.

Given the close coupling of stream flow with rainfall, seasonal

precipitation patterns (e.g. timing and intensity of fall monsoon)

during the three study periods must be considered because of potential

importance in influencing the population dynamics of A. califorriienSis

via flushing. Precipitation totals (cm) over five-day intervals are

presented in Figure 3. Monthly precipitation (cm) is compared against

the average rate over 1938-1969 in Figure 4. Data are from U.S. Dept.

of Commerce (NOAA) climatological records for Newport, Oregon in 19 72-

1974.

Rainfall during the entire summer-fall of 1972 was minimal

(Figures 3, 4) and below average with the minor exception of September

when a major storm occurred after the 15th. This pattern of below

average rainfall was largely repeated in 1974. With the exception of

July (8.4 cm vs 2.0 cm) very little precipitation fell until November.

Monsoon rains then commenced and were significantly above normal (32.3

cm vs 23.8 cm).
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In contrast, the fall period of .1973 (Figure 4) was anomalously

wet compared either to the long term average or to 1972 and 1974. Heavy

monsoonal rains commenced in September, a month earlier than normal and

two months earlier than in 1972 or 1974. Rainfall continued to increase

in volume thereafter throughout October and November.

Tidal Conditions

Tides in Yaquina Bay estuary are mixed and semi-diurnal. The mean

tidal range between MHW and MLW is 1.8 m while the mean diurnal range

between MHHW and MLLW is 2.5 m. Extreme spring tides have a diurnal

range of 3.8 m. Mean tidal level (half tide level) occurs at 1.3 m

(Tide Tables, West Coast of North and South America).

The volume of the estuary is 55.2 x 106m3 at M}IHW and 26.3 x 106m3

at MLLW (Zimmerman, 1972). Surface area ranges between 17.1
2

at w

and at MLN (Johnson, 1972). The large differences in volume

and surface area between high and low water are largely caused by the

filling and emptying of the large embayment that opens 3.2 kin from the

mouth of the estuary (Figure 1). The tidal prism at Station 15 in the

eastern portion of the embayment is 21.4 x 106m3, and the cross-

sectional area at 4HHW is 72% greater than that at MLLW (Goodwin et al.,

1970). The planktology at Station 15 is very similar to coastal waters

(Frolander et al., 1973) because of this high flushing rate.

In contrast, tidal currents and exchange rates are much lower in

the study region between Station 21 and Toledo (Table 1). Stations 21

and 45, for example, have much smaller tidal prisms of 13.0 x 106513 and

5.1 x l06m3 in the constricted region of the Yaquina River (Goodwin

etal., 1970). As a result, the planktology above Station 21 reflects

the increasing influence of the fluvial regime.

The study of Goodwin et al. (1970) also demonstrates that the

lowest tidal currents for both maximum flood and ebb tides occurs in

the vicinity of Station 45 (Table 1).. Above Station 45, tidal flood

currents again increase. 7s will be seen later, the population center

of A. californiensis occurs in this general region.



Table 1. Comparison of mean tidal conditions (cross-sectional area, tidal prism and currents)
at several sites in Yaquina Bay estuary, July 21, 1969 (after Goodwin etal. 1970).
The region between River Bend (Station 21) and Mill Creek includes the entire field
distribution of Acartia californiensis.

Distance Cross Sect. Tidal Max. !ax.
Recording Station Upbay Area** Prism Floodtide Ebbtide

(km) (m2) (in3) (cm s) (cm s1)

Newport 3.1 3,300 25.5x106 58.5 22.9

Station 15 4.4 4,180 21.4xl06 -- --

*Rjver Bend
6

("Station 21') 8.8 1,910 13.OxlO 42.7 33.5

*Georgja Pacific Dock
("Station 45") 17.2 830

6
5.lxlO 16.5 16.8

Mill Creek
(4.3 kin above Toledo) 24.4 340

6
l.9x10 21.9 32.0

Head of Tidewater 41.9 -- -- 24.7 39.6

*cy5 21 and 45 are in the respective vicinities and are considered equivalent to the sampling
stations of Goodwin et al. (1970).

*kCro$s_sectjonal area at mean tide level.

H
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Salinity Structure

The Yaquina estuary alternates seasonally between a partly-mixed

(type B) and well-mixed (type D) circulation pattern (Burt and

McAlister, 1959). This classification is based on vertical salinity

gradients and follows the system of pritchard (1955) During the

winter months, the heavy freshwater runoff (Figure 2) causes the devel-

opment of a partly-mixed stratified system (type B) with a well defined

salt wedge. The vertical salinity gradient typically varies between

40/00 and 200/00. During such conditions, the net outflow volume in

the upper layer is many times the volume of the freshwater inflow

because of upward entrainment of saltwater into the freshwater layer

(Pritchard, 1955). A compensating landward movement of saltwater

occurs at depth to compensate for losses upward into the freshwater.

During this period, however, the heavy freshwater runoff restricts the

intrusion of the salt wedge to approximately Toledo (20 kra) at high

tides (Walker, 1974).

As freshwater flow decreases to lowest levels during June to

October, the estuary becomes vertically well mixed with an approximate

maximum vertical salinity gradient of 3°/oo. During this period, the

flushing rate is very low relative to winter conditions and the head

of the salt wedge extends inland approximately 42 km. However, signi-

ficant variations in vertical and horizontal gradients occur during

tidal advection of cold, dense water into the estuary during coastal

upwelling events. These variations increase in magnitude upstream and

are most extreme at the head of the estuary (see Figures 5-7).

Water Temperatures

The shallowness and small volume of the upper Yaquina Bay estuary

preclude the seasonal storage of vast quantities of solar energy

typical of large bodies of water. As a result, water temperatures in

the upper estuary closely mirror the seasonal climate. Lower bay

temperatures have a much smaller annual range because of the high daily
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exchange rate with coastal waters. Water temperatures at Station 15 in

the large embayinent range from 7.50C in January to 120C in July. In

contrast, temperatures at Station 39 fluctuate from approximately 3°C

in January to 22°C in July. Short-term variations are caused by tidal

mtxing of colder downbay or coastal upwelled waters into the upper bay.

Collection of Physical Data

Salinity and temperature data were routinely collected during the

twice-weekly (Monday, Thursday) cruises for zooplankton sampling

throughout June to November in 1972, 1973 and 1974. An open-closing

N.I.O. bottle with a reversing thermometer was used to collect water

samples and record ambient temperature at 0.5 m above the bottom.

Surface temperature was recorded with a hand-held thermometer while

salinity samples were obtained with a bucket. Salinity samples were

later analyzed in the laboratory with an inductive salinometer.

Field sampling was typically done between 0900 and 1600 hours

without regard to the stage of the tide because of vessel schedule

requirements. This resulted in alternate sampling at high tide and low

tide in successive weeks because of the approximate 52 minute daily

progression of the tides. This introduced an artifical two week cycle

into the physical data.

Results and Discussion

Salinity data collected during 1972-1974 showed t.he estuary to be

generally well-mixed from late June to October with a vertical gradient

less than 30/co. This feature is in general agreement with Burt and

McAlister's (1959) classification of the estuary as a Type D during the

summer. However the vertical gradient exceeded 3°/oo on many occasions,

indicating stronger than normal counterdrift advection (landward) at

depth. Typically the largest vertical gradient developed during the

neap tides.

The fortnightly periodicity seen in the salinity data (Figures 5-

7) is the effect of the progression of tidal stage during a fixed
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sampling schedule, as noted above. This sampling artifact is easily

removed by mentally drawing a line through the approximate midpoints of

successive highs and lows. However the fluctuations as plotted are

valuable in demonstrating the basic diurnal range experienced fort-

nightly at a station.

Mean salinity showed a similar seasonal pattern during each of the

three summers (Figures 5-7, 11). This is most easily seen in Figure ii

where the three years of data for Station 39 are compared. With the

exception of October and November, the observed range in salinity for

a given time period (ignoring fortnight cycles) was approximately

5°/oo or less.

The seasonal increase at all stations (Figures 5-7) during the

summer months occurs in response to decreasing river flow (see Figures

2-4) and a corresponding upbay intrusion of the salt wedge. Salinity

values at Station 21 increased the least (from Ca 270/00 to 32.50/00),

reflecting the strong oceanic influence. Station 39, more representa-

tive of estuarine conditions, increased from ca lO_l50/oo in June to

26-29°/co in August-September. The seasonal range at Station 57

(Toledo), a station under moderate to strong fluvial influence, was

much more pronounced, ranged from ca O-5°/oo in June to 20°/oo in mid-

summer.

Salinity concentrations in 1972 and 1974 (Figures 5, 7, 11)

remained high and relatively stable throughout August to October, and

then began to decline gradually in November. In sharp contrast, salin-

ity levels in 1973 (Figures 6, 11) began to decline in early October

and then declined precipitously in late October. The pattern seen in

1972 and 1974 reflects the drier-than-normal falls when rains did not

commence until late October (Figure 4). However during the anomalously

wet fall of 1973, the rainy period commenced in September. Approximate-

ly a one-month lag followed in both cases before increased river flow

began to dilute the brackish bay water and erode the head of the salt

wedge (see also Figure 2).

With respect to temperature profiles, vertical gradients in the

shallow upper estuary (4-6 in) were small and of the same magnitude
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throughout the study. Typically the.vertical gradient was less than

1.5°C. However, on some occasi.ons,a maximum gradient of 2.5°C was

observed.

Water temperatures exhibited an artificial, short-term oscillation

pattern like that of salinity (Figures 8-li). Unlike salinity, ampli-

tudes were greatest downbay at Station 21 and smallest upstream at

Toledo. The range between successive highs and lows at Station 21, for

example, was 4-70C while it was only 1-2°C at Toledo. The greater

amplitude at Station 21 is largely the effect of the fortnightly spring

tides which alternately introduce cold downbay water far up the estuary

or allow warmer upbay water to flow farther into the lower bay than

usual.

On a seasonal basis, mean temperatures increased at all stations

to a maximum in late July or early August and then gradually declined

again at a relatively uniform rate (with some exceptions) throughout

the fall months. Maximum temperatures at Station 39 reached 21-220C

as compared to 14-16°C at Station 21 and 22-23°C at Toledo.

A three-year comparison of water temperatures at Station 39

(Figure 11) demonstrates that differences between the three summers

were minimal (1-3°C range between summers in a given week), and likely

of little consequence in the biology and population dynamics of A.

californiensis between years. However one important exception did

occur in late september of 1972 when temperature decreased below 15°C

for approximately a week before again warming above 15°C. This one

event, not seen in either 1973 or 1974, resulted in a pronounced effect

on the population dynamics by inducing early production of resting

eggs. This is discussed in greater detail in Section IV.
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Section III. PHYTOPLANKTON STANDING CROP AND PRODUCTIVITY

Mi analysis and explanation of the population dynamics of Acartia

californiensis requires basic information on the population character-

istics of both its prey and the predators that prey upon it. It must

be determined whether the population is primarily controlled from

'below" by availability and quality of the phytoplankton, or if control

is from "above" by predators, such as planktivorous fishes. The

question of predation will be discussed in Section VII.

The hypothesis that A. californiensis may be periodically food

limited is testable, in part, by measuring chlorophyll a concentrations.

This pigment provides information on vertical and horizontal distribu-

tions of phytoplankton biomass (Vollenweider, 1969; Berman and Eppley,

1974). In addition, chlorophyll can be used to give some indication of

the photosynthetic capacity (i.e. relative health) of the phytoplankton

standing crop. Nutrient availability, for example, in upper waters

affects both chlorophyll (Thomas, 1970) and production/chlorophyll

ratios (Curl and Small, 1965; Glooschenko and Curl, 1971).

The productivity of waters in the upper estuary cannot be deter-

mined solely on the basis of the phytoplankton present at any one time,

since rates of growth and turnover per unit time must be also known.

A small standing stock of phytoplankton may actually support a large

herbivore population if the photosynthetic rates are high. This has

been shown, for example, for the phytoplankton community in the open

Subarctic Pacific waters (Heinrich, 1962; Parsons, 1965; Larrance,

1971). Therefore, primary productivity estimates were made during the

final year of the three year study in an attempt to correlate standing

stock with rates of production.

Methods

Chlorophyll Pigments

One-liter water samples were collected for chlorophyll analysis

from the surface water at all five stations twice weekly in 1973 and
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1974. Upon filling the polynalgene containers, 1-3 drops of MgCO3 were

added. The bottles were then stored in the dark in ice to await return

to the Laboratory (4 hours maximum).

Phytoplankton were removed by filtration through 0.45 j.un millipore

membrane filters immediately upon return to the laboratory. However,

the membrane pore size was increased to 0.80 m in 1974 because of

serious clogging problems experienced in 1973 with the finer pore size.

When clogging did occur, a second or even third filter was used unti].

one liter of water had been filtered. After filtration, a small amount

of MgCO3 slurry was added to the filter surfaces. Pigments were

extracted from the filtered samples in 90% acetone for one minute

using a Sorvall high speed homogenizer. Previous work by Glooschenko

et a].. (1972) has shown that all pigments are extracted by this method.

Extracts were increased in volume to 35 ml acetone and centrifuged for

ten minutes at 10,000 rpm. Absorbance of the supernatant was deter-

mined with a Bausch and Lomb Spectronic 505 spectrophotometer (10 cm

length cuvette cells) at wavelengths of 480, 510, 630, 645, 665 and

750 run. Samples were then acidified with 6N HCL and absorbance re-

measured at 665 and 750 nm for evaluation of phaeo-pigments. The

equations of Strickland and Parsons (1972) were used to calculate the

concentrations of chlorophyll a, b, c and phaeo-pigments. Only results

for chlorophyll a and phaeophytin are reported here.

Primary Production Estimates

A series of 13 in situ experiments were performed from July 8

to October 14, 1974 at a mid-channel site 500 meters downstream of

Station 39. The interval between experiments was variable but generally

weekly.

The standard method (Strickland and Parsons, 1972) was used.

Water samples were collected with a sampling bottle from the surface

and from depths of 0.3, 0.7, 1.5, 2.5 and 4.0 m between 09:50 - 10:00

hours. Subsainpies from each depth were placed in three clear glass

productivity bottles (190 ml) and inrioculated with 2.36 ).Ci NaH14CO3.

A single darkened glass bottle was also filled with water from the

2.5 m depth and similarly innoculated. During completion of this
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process, shading cover and light-excluding black storage boxes were

used. This was done to minimize exposure of the phytoplankton to

direct sunlight and avoid possible reduction of 14C uptake by "light

shock" (Hall and Moll, 1975). The bottles were then resuspended at the

depth from which the water was originally collected.

Clear plexiglass cylinders (length = 37 cm) were used to suspend

the bottles at depth. These cylinders, developed by the 0.S.tJ. Phyto-

plankton Ecology group, are fitted with swivel eyes and top and bottom

lines which permit horizontal attachment to the mooring line. The

horizontal orientation is preferred for productivity bottles, since it

yields 10-35% higher estimates of production (reviewed by Vollenweiden,

1969)

Buoyancy of the entire string was achieved without adverse shading

effects by attaching the mooring line to the midpoint of a 1.5 m x 2.5

cm wooden staff, supported on either end by attached crabpot floats.

A small weight at the base of the line, attadhed to a heavier anchor

weight, maintained the vertical position of the line. It proved to be

a simple and effective floatation system, with the surface bottles

maintained within 2-5 cm of the surface.

Samples were incubated for 4 hours (10:00 to 14:00). No attempt

was made to correct for diel periodicity of chlorophyll content of

cells as a function of light and length of photoperiod (Small et al.,

1972; Gloosehenko etal., 1972; Prze1iri etal., 1977) because a series

of consecutive, short-term experiments could not be done throughout

the daylight period. As a result, errors may exist when values from

the single four hour period are extrapolated as representative of

daily production (see Gargas et al., 1979). However, the period from

10:00 to 14:00 is probably the most favorable of those possible. With

the exception of the surface layer, minimal deviations from maximum

rates of photosynthesis at a given depth occur during this period of

the day (see Figure 6, Glooschenko et al., 1972). In the surface there

may be photo-inhibition.

fter incubation, samples were returned to the laboratory and

filtered through 0.45 pm millipore membrane filters. Filters were

placed in 10 ml Aquasol (a xylene-based solvent fluor) in labeled
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vials. Sample activity and specific activity of the NaH'4CO3 solution

were later assayed with a Parkard Tri-Carb liquid scintillation

spectrophometer (Model .3375). Counting efficiency was determined using

a set of chemically quenched hornogenous standards. Each vial was

counted in triplicate for a maximum of 10,000 counts or 10 minutes.

Chlorophyll a, salinity, temperature, alkalinity and pH were also

determined from water samples collected during each experiment. These

values were used in the equations of Strickland and Parsons (.1972) to

calculate productivity (mgC m3 hr1). Production values were inte-

grated over depth and adjusted for time to yield production in terms of

mgC m2 hr1. This is taken to be representative of maximum production

levels, but not daily production. Relative photosynthesis (production/

biomass> of the algal population was estimated in terms of xrig carbon

fixed per tug chlorophyll a per hour.

A 30 cm, white Secchi dish. was used to estimate the depth of the

euphotic zone, i.e., the depth reached by 1% of the ambient surface

radiation. On the basis of research in turbid coastal waters, Holmes

(1970) found that the euphotic depth in meters was best approximated by

multiplying the Secchi disappearance depth by 3.5. He derived this

relationship from data showing th.e extinction coefficient of diffuse

light, k, to be approximately equal to 1.44/(Secchi depth). In more

recent work in the turbid Patuxent estuary, Keefe et al. (1976) found a

very similar relationship: k = l.43/(Secchi depth). Therefore, there

is good reason to believe that estimates by Holme's approximation are

fairly accurate.

A pyranometer at the O.S.U. Marine Science Center ship dock in

Newport measured solar radiation in the photosynthetic-active spectrum

of light (approximately 400-700 run). Radiation values in langley's

(goal cm2) were integrated over the incubation period and divided by

four hours to permit estimates of photosynthesis per langley per hour

(gcal cm
2
hr1) for each sampling period.
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Results

Phytoplankton Community

The phytoplankton community was not quantitatively sampled for

species composition and relative abundance through time. However sea-

sonal succession patterns of the diatom flora are known (Karentz and

McIntire 1977). During the spring months, large populations of the

chain forming Chaetoceros subtilis and C. socialis occur in addition

to a small (4-7 ni centric species, cylindropyxis sp. The Chaetoceros

species often clogged the plankton nets during blooms. During mid-

summer and early fall, Thalassiosira decipiens, Chaetoceros debilis and

C. radicans dominate. They are replaced in the fall-winter months by

Melosira sulcata, Amphipora alata and Suriella ovata. Cycles of the

flagellates and blue-green algae are not known for Yaquina Bay. How-

ever, on the basis of results found for other estuaries and coastal

embayments, the nannoplankton are important phytoplankton components

throughout the summer and fall (McCarthy et al., 1974; Van Valkenburg

and Flemer, 1974; Landry, 1978a; Stockner and Cliff, 1979).

Chlorophyll a Patterns

Seasonal chlorophyll trends will be considered first. As in other

aquatic systems, the classic pattern of a large spring bloom followed

by lower levels of standing stock during the summer is seen at all

stations in the upper estuary (Figures 12-13). However the typical fall

bloom, triggered by increased availability of nutrients, does not occur

every year.

The spring bloom is in the declining phase during June and has

ended at all stations but Toledo by mid-July. Chlorophyll a values

ranged upward to 40-45 mg m3 during the decline. Thereafter, the

phytoplankton biomass or standing crop stabilized and chlorophyll a

values fluctuated with a low amplitude (ca 4-7 mg m3) about an

approximate mean of 5-6 rng m3. These conditions persisted into

November.

Chlorophyll a concentrations are not uniform in the estuary but

increase with increasing distance upbay (Figure 14). As a result, part
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of the low level fluctuation seen in the chlorophyll data is an artifact

of fixed sampling during tidal progression as discussed in Section II

for temperature and salinity. The lowest mean chlorophyll concentra-

tions observed (5.5 - 6.7 mg m3) occurred downbay at Station 21,

whether averaged over the entire season or just during the period of

mid-July to mid-September. Mean values at Station 39 were 7.4 - 8.3 mg

in Highest concentrations (9.1 - 11.6 Ing m3) occurred at Toledo in

1974 and during the mid-July to mid-September period averaged over both

years. Similar trends of increasing chlorophyll a with distance up-

stream have been reported for the Patuxent River estuary (Stross and

Stottlemyer, 1965) and the Duwainish estuary (Welch and Isaac, 1967).

The short term chlorophyll oscillations seen in 1973 and 1974

(Figures 12, 13) appear on first inspection to be correlated with the

succession of neap and spring tides. This is particularly evident at

Station 21 in 1973 where spring tides generally coincided with chioro-

phyilminima. However the overall tidal-chlorophyll relationship is

unclear above Station 21. This relationship is most easily seen in

Figures 15 and 16 where the mean chlorophyll concentration for Stations

29, 39 and 45 is compared with percent phaeo-pigtuents and with the

timing of the maximum spring tides (shown by vertical arrows on

abscissa). In 1973, five of the eleven spring tides coincided with a

chlorophyll maximum while another three were associated with a period

of increasing chlorophyll. Three other spring tides occurred during

chlorophyll miniia. However, in 1974, the tidal-chlorophyll relation-

ship (Figure 16) seemed almost random since spring tides coincided with

only two periods of chlorophyll maximum and one period of chlorophyll

increase, while the other spring tides occurred during two minima, four

falling and two indeterminate periods of chlorophyll change. Thus it

is concluded that chlorophyll levels are probably not regulated by the

tides. If tidal hydralics do impose a fortnight periodicity on the

chlorophyll (i.e. phytoplankton standing crop), the relationship is

complex and partially masked by effects of other regulating factors.

In contrast, phaeophytin levels did exhibit a strong correlation

with tides during both years. Maximum peaks typically occurred during

the periods of maximum spring tides (Figures 15, 16) while minimum
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values coincided with neap tides. With few exceptions, the percentage

of phaeophytin fluctuated; between 20 to 45% with an approximate mean of

35%. During the same period, chlorophyll a decreased from 18-25 mg

in June to ca 10 ing in3 in July, and then stabilized at ca 5-6 mg

in August through November. Thus there does not appear to be a direct

relationship between the levels of chlorophyll a and the phaeopigments

present at any one tine.

On a comparative basis, chlorophyll levels in the coastal waters

off Newport are often less than 1-2 xng xn3. However, during the summer

upwelling season, the coastal waters are often more productive, and

chlorophyll concentrations may exceed 30-40 mg m3 (Glooschenko et a]..,

1972; Peterson eta].., 1979).

In comparison with other estuarine systems, the upper Yaquina Bay

estuary may be classified as moderately productive. For example,

chlorophyll a concentrations in the Beaufort Channel, North Carolina,

range between 2.0 to 9.3 mg in3 with a mean of 3.6 mg m during June to

October (Williams and Murdock, 1966). Further north, the Patuxent

estuary has an average of 8-10 tug Chl a m3 during the summer (Stress

and Stottlemyer, 1965). Similarly, Jakl&s Lagoon (San Juan Island,

Washington) has an average sunmier concentration of 10 mg Chl a in3

(Landry, 1978a). In contrast, the eutrophic and heavily polluted

Moriches Bay estuary on Long Island has chlorophyll levels ranging

between 25 to 50 mg in3 in the summer (Barlow et al., 1963).

Incident Solar Radiation

Solar energy flux (400-700 rim wave length) recorded during the

primary productivity measurements was integrated over the incubation

period of 10:00 to 14:00 hours and expressed in terms of langleys

(ly = gcal cm2) per hour. Radiation was variable during the experi-

ments (Figure 17>. Days with solar influx less than 18 ly hr1 were

dark and rainy throughout the mid-day period while 20-25 ly hr1 Was

characteristic of overcast skies with occasional sunshine. Above 25

ly hr1, conditions were clear and sunny or with very little cloud

cover. The apparent linear increase in radiation during the first four
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experiments was fortuitous and does not represent any long term weather

pattern.

EuphOtic Zone Depth

The seasonal characteristics of the euphotic zone from Stations 21

to Toledo during July to November, 1974 are presented in a 3-dimensional

format (depth? station position and date) to facilitate discussion of

the salient features (Figure 18). The deepest penetration of light

always occurred downbay at Station 21 and ranged between 5-8 m. The

euphotic depth typically decreased with distance upbay, with lowest

values observed at Toledo. This upstream gradient is partially the

result of increasing turbidity and an increasing abundance of phyto-

plankton (see Figure 14). Stross and Stottlemyer (1965) reported a

similar decrease in euphotic depth with distance upstream in the

Patuxent estuary.

On a seasonal basLs, the euphotic depth increased at all Stations

as the sutmier progressed. Largest increases occurred at Stations 29 to

Toledo while only minimum increase occurred at Station 21. Euphotic

depth at Toledo, for example, increased from 2-3 in in July to 4-7 in in

September, while increasing one meter or less at Station 21. The

seasonal increase in light penetration at the upbay stations reflects

the continually decreasing river flow during summer months and corres-

ponding decrease in sediment load.

Euphotic depth is inversely related to the strength of the tides.

Minimum light penetration coincides with the period of spring tides

(Figure 18). This is particularly evident from Station 29 to Toledo

where the strongest tidal currents resuspend large quantities of silt

from the shallow bottom (4-5 in average depth). As a result, little or

no light reaches the bottom during spring tides. However, as currents

weaken during the neap tides, the euphotic depth extends to the bottom

of the water column.

Primary Production Studies

Vertical and seasonal gradients of chlorophyll a near Station 39

during the primary production studies (July-October, 1974) are plotted
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3-dimensionally in Figure 19. Seasonal patterns of mean surface

chlorophyll a at Stations 29 to 45 (Figures 15, 16) were largely re-

peated at most depths since chlorophyll concentration was relatively

homogenous over depth. This is caused by the thorough mixing of the

water column during summer months. However a strong vertical gradient

did occur on July 29 when the surface concentration was 13.3 mg m as

compared to 7.8 mg m3 at 4.0 m.

Depth profiles of carbon uptake rates (:mgC in3 hr
1)

at the

experimental site are presented in Figures 20 .and 21. A wide range of

profiles and rates were seen during the study (see also Table 2).

Classic profiles with strong surface photoinhibition occurred during

periods of little or no cloud cover (e.g., July 29, August 26). Maximum

photosynthesis during clear skies typically occurred at 0.3 - 0.7 in

depth and reached a maximujn rate of 78-104 mgC m hr1 in July and

August. Surface photoinhibition also occurred during September and

October, but carbon fixation rates had decreased to 23-32 mgC in3 hr1.

Presumably, this decrease primarily reflects decreasing solar radiation

in the fall. During periods of rain (e.g., July 8, August 19) or heavy

cloud cover (e.g., July 18, September 3), photosynthesis was signifi-

cantly reduced, with maximal rates occurring at the surface. Overall,

the mean maximum rate was 41 mgC m3 hr1.

The only other estimates of primary productivity in the study area

were measured at Station 29 on August 9, 1963 as a class project (L. F.

Small, unpublished data; cited by NcMurray, 1977). Using the light

bottle - dark bottle oxygen technique, surface rates were 22.4 rngC In3

hr' from 08:18 to 12:35 and 20.4 mgC in3 hr from l300 to 18:00 PDT.

These values fall just below the lower range of my estimates, but no

information on cloud cover is available for further comparison.

Other carbon-14 uptake studies in the lower bay (near M.S.C. dock)

indicate that photosynthetic rates are higher in the upper estuary.

McMurray (1977) reported measurements of 0.9 to 47.1 mgC m3 hr 1

during April and May of 1974. However, Deason (1975) found a lower

range (ca 0.5 -16 mgC m3 hr) at the same site and during the same

period in 1974. A third study in the lower bay found carbon-14 fixation

rates of 45.0 mgC in3 hr1 in August arid 15.7 - 19.5 mgC in hr
1

in
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September of 1973 (Holton and Elliott, 1974). Productivity rates in

the Patuxent estuary are similarly higher in the upper reaches (Stross

and Stottleinyer, 1965).

Primary production estimates for the entire water column (mgc m2

hr
1)

were computed by integrating the observed photosynthetic curve

over depth (Figures 20, 21; Table 2). The contrast between total

production on rainy or heavy cloud cover days and days with sunny skies

is particularly striking in July and August. While maximum photosyn-

thetic rates on sunny days were approximately three times higher, total

hourly production was 7-8 times greater. r1aximum production was 191-

206 mgC In2 hr1 as compared to minimum rates of 20-30 mgC m2 hr1

during rainy days. In each case, most of the production occurred above

2.0 - 2.5 m depth.

Seasonal trends in productivity and production are most easily

seen by placing the individual profiles side by side in a 3-dimensional

time series (Figure 22). Lowest production occurred during early July,

primarily as a result of rainy weather. This was followed by a period

of very high production (ca. 100 - 200 mgC m2 hrh during the end of

July through August. Thereafter production stabilized and remained

relatively uniform (4O-60 mgC m2 hr1) in September and October (see

also Table 2).

The largest peaks of net production in July and August occurred

during neap tides. This is obviously correlated with increased light

penetration at depth because of reduced sediment-caused turbidity.

However, available sunlight was also a factor, since most of the lows

also occurred during periods of low solar influx as noted above.

Daily arid seasonal production rates per m2 can be obtained by

multiplying the hourly rate (zngC m4 hrh by the respective number of

daylight hours and days (see Table 2). While recognizing the limita-

tions of this approach (as noted above), this allows a comparison with

other estuarine systems. Daily production by this method ranged from

0.27 to 2.88 gc
-2

day1 with a mean of 0.97 gC ni2 day1. This is

equivalent to 149 gC In2 from July to October. These rates are

similar to those reported for the upper Patuxent estuary (Stress and

Stottlemyer, 1965). They found daily rates of 1.1 gC m
2
while the



Table 2. Summary of solar radiation (ly hr1) and primary production data on consecutive dates at the
experimental station near Station 39 during the summer-fall of 1974.

Solar 1Primary Chlorophyll a 2Productiori/ Hourly Daily
Date Radiation Productivity (mg m3) Chi a Ratio Production Production

(ly hr1) (mgC m3 hr) (mgC m2 hr1) (mgC m2 day-)

07 08 74 16.5 23.4 8.6 2.7 30 419

07 18 74 24.5 28.2 9.3 3.0 33 453

07 29 74 35.2 103.5 13.2 *78 206 2,781

08 05 74 41.7 46.3 8.4 *55 84 1,115

08 12 74 22.8 56.3 7.6 *74 103 1,344

08 19 74 14.5 33.3 6.1 5.5 20 254

08 26 74 38.3 76.7 7.3 *10.5 191 2,363

09 03 74 23.0 23.3 4.7 5.0 27 328

09 09 74 23.6 32.2 4.6 *7.0 62 725

09 16 74 34.8 31.3 5.9 5.3 40 459

09 23 74 35.1 27.4 3.8 *7.2 67 742

10 03 74 28.3 32.1 5.3 *6.1 59 624

10 3.4 74 27.3 23.3 6.2 *3.8 39 386

X 28.1 41.3 70 5.9 73.9 923

'Maximum carbon uptake rates observed in depth profile

2Ratios during light saturation (noted by asterisks) are Assimilation Numbers
.i.

C..
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Figure 22. Vertical and seasonal patterns in productivity rates (mgC m3 hr1) near Station 39

in 1974. Spring tides indicated by vertical arrows on abscissa.
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semi-annual total production for July to December was 202.4 gC in2.

Had primary production in Yaquina Bay been estimated during November

and December, the two systems would obviously be quite comparable in

carbon production. In contrast, polluted estuaries may have daily

production rates in excess of 3.6 gC in2 (Riley, 1944).

Chlorophyll-specific production rates of the Yaquina Bay algal

population can be determined by dividing productivity rates per in3 by

the chlorophyll a content per in3 (Figure 23). The maximum ratio

((mqC hr 1)(mgCh1 a)) observed is equivalent to the maximum photo-

synthetic potential (i.e. the assimilation number) when light satura-

tion occurred at the surface. This assimilation number is typically

used as an index of the health of the population.

Production/chlorophyll a profiles (Figure 23) were similar during

the course of the experiments. With the exception of the low values

observed during early July, average maximum production/chlorophyll

ratios fluctuated between ca 5..5 and 7.5 with an overall mean of 5.9

(Table 2). Considering only days where light saturation occurred, the

mean ratio (= assimilation number) was 6.9. The small differences in

maximum chlorophyll specific production ratios throughout late July to

early October demonstrate that the turnover time of the phytoplankton

population was quite consistent through time. It also shows that

production per unti chlorophyll remained relatively stable. The large

productivity peak seen on July 29 (Figure 22), for example, resulted

from a high level of chlorophyll rather than from exceptionally high

rates of carbon fixation. The highest rates of carbon fixation occurred

on August 26 (Figure 23).

Discussion

The size of the standing crop of phytoplankton is a function of

many factors, including grazing rates and size selectivity by the

zooplankton, nutrient regeneration by zooplankton excretion, sinking of

cells out of the euphotic zone (or in this case, water column), photo-

synthetic rates, excretory and respiratory rates, and the stability of

the water column (e.g. Hobson, 1966). However field data were
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collected only on water conditions, chlorophyll levels and primary pro-

duction rates. No laboratory studies on grazing rates of A. califor-

niensis were done. Therefore the basic question of whether or not the

population dynamics of A. californjensis are primarily controlled from

beneath by the phytoplankton cannot be clearly resolved from the

results. However several lines of indirect evidence point to the

conclusion that, while some negative feedback and control obviously

exist, food probably is not limiting under most existant conditions.

Perhaps the single most important observation is that the

chlorophyll a levels remained relatively stable and uniform at an

approximate concentration of 5-6 mg m (range Ca 4-8 mg m3) through-

out late July to November of both 1973 and 1974. The population

explosion of A. californiensis began in late July at the time of the

stabilization of the phytoplankton standing crop at this level (see

Section IV). Yet, there is little evidence from the plots of chloro-

phyll (Figures 12-13, 15-16) that the phytoplankton population was

severely depressed from intense grazing pressure as successive cohorts

developed. While grazing effects are obviously important, the low

amplitude changes in chlorophyll a can be largely attributed to the

result of sampling a gradient during successive tidal stages. There

may also be periodic introduction of nutrients through either tidal

mixing or resuspension. However the correlation of chlorophyll fluc-

tuations with spring tides is unclear as rioted above.

The strong correlation between periods of maximum phaeo-pigrnents

arid the occurrence of maximum spring tIdes is undoubtedly related to

the increased resuspension of bottom sediments containing decaying

algal cells and pigment degradation products. However, phaeo-pigments

in the water column also originate through the grazing activities of

the zooplankton (Currie, 1962; Shuman and Lorenzeri, 1975). Conversion

of active chlorophyll to phaeo-pigments can occur within a few hours

during passage through the digestive tract. Thus if zooplankton were

responsible for generating the low amplitude fluctuations in chloro-

phyll through grazing, the percent phaeophytin should closely "track'

the chlorophyll levels through time. This did not occur. Rather,

mean phacophytin levels remained relatively uniform during both
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summers, while chlorophyll underwent a 3-4 fold decline in June and

July. Furthermore, phaeophytin levels, like chlorophyll a, showed

little change during the population explosion of A. californiensis

(comparison shown in Figures 37-38, Section IV). The conclusion is that

tidal resuspension is the major cause of changes in phaeophytin levels;

grazing activities of the zooplankton had little effect.

Assimilation values (production per unit chlorophyll at light

saturation) in the upper bay averaged 6.9 and ranged from 5.5 to 10.5,

with a single exception of 3.8 observed in mid-October. Similarly, if

all the production-chlorophyll ratios are averaged1 the mean ratio is

5.9 (Table 2). Ratios less than 5.0 occurred on only three days (July

8 and 18, October 14).

Low assimilation values (less than three) under conditions of light

saturation correspond to serious nutrient deficiency, while values be-

tween three and five are representative of borderline deficiency (Curl

and Small, 1965). Values above five are considered evidence of nutrient

sufficiency. Therefore, given the high assimilation ratios in upper

Yaquina Bay, it is unlikely that the phytoplankton population was

nutrient deficient during August and September, the principle months of

high A. californiensis abundance.

Seasonal patterns of dissolved nitrogen (Nitrate-N) at Stations 29

and 45 in 1974-1975 (Figure 24; data of Karentz and Mclntire, 1977) pro-

vide further evidence that nutrients were more thn adequate at all

times. Even during the summer months (1974) when Nitrate-N levels

decreased to ca 5 ug atom 1', there was still ample nitrogen available

for uptake. Therefore it is concluded that the nutritional quality of

the phytoplankton remained high throughout the summer.

Studies have shown that phytoplankton food quality and quantity can

influence the fecundity rates of copepods (e.g. Nassogne, 1970; Gaudy,

1971; Parrish and Wilson, 1978; Checkley, 1978; Peterson, 1980).

Peterson (1980), for example, found that egg production of Calanus

mnarshallae increased hyperbolically with increasing food quantity to a

maximum rate above which higher food concentrations had no effect. The

pattern was well described by an Ivlev (1961) function. Checkley (1978)

demonstrated a similar result for Paracalanus parvus.
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Food quality, as shown above, appeared high in Yaquina Bay, and

therefore unlikely to significantly affect the fecundity of A. califor-

niensis. However, additional evidence is needed to demonstrate that

food quantity was also in excess for reproductive requirements throughout

the summer; thereby permitting high, uninhibited reproduction rates.

Under such conditions, the low amphlitude fluctuations in phytoplankton

standing crop (Figures 12-13, 15-16) would not result in periodic pulses

of high egg production.

Laboratory experimentation was not done to determine minimal levels

of food required for sustained high fecundity rates. However, several

field studies have shown that chlorophyll levels can be very low and egg

production can still continue at significant rates. The first study is

that of Valentine (1972) in the oligotrophic Gulf of Marseille where

chlorophyll levels in summer rarely exceeded 1.0 mg m3 nd averaged

less than 0.4 rng m3. Even at these very low chlorophyll levels, field

estimates of fecundity of the copepod community (includes A. claus! and

Paracalanus prvus) averaged 8-13 eggs per female per day. Most of the

egg production occurred at chlorophyll levels of 0.25-0.5 mg m, with

an overall range of 4 to 23 eggs daily. This estimate is low, since

field fecundity was determined from eggs captured in plankton tows and

thus does not account for eggs sinking to the bottom (30 m depth) before

hatchictg. By comparison, A. californiensis spawns 30-35 eggs daily at

excess food levels (Johnson, 1974).

Paracalanus parvus also can produce significant numbers of eggs at

low chlorophyll levels. Checkley (1978) found that, even during periods

of serious nitrogen limitation and chlorophyll levels of only 0.1 to

0.2 nig m3, field fecundity rates off La o11a, California ranged from

ca 3 to 22 eggs per female daily, with. an approximate mean of 10 eggs

per female daily. Similarly, Harris and Paffenhôfer (1976) found that

Teinora longicornis females produced a minimum of 14 eggs per day in 67

ugC 11. This is approximately equivalent to 1.7mg Chi am3 (assuming

a carbon to chlorophyll ratio of 40:1; Berman and Eppley, 1974). Like-

wise Pseudocalanus elongatus produced viable eggs (unforunateiy not

counted) at 25 ugC 1 (ca 0.6 mg Chi a m3); Paffenhbfer and Harris,

1976).



In contrast to this general pattern, Landry (1973a) reported

fecundity levels of less than 1 egg per A. clausi female at 5 mg Chi a

in Jak1es Lagoon, based on in situ experiments. Egg production at

much higher chlorophyll levels was similarly very low (e.g., 7.1 and 13.5

eggs per female at 15 and 25 mg Chlam3, respectively). However,

these estimates are based on high experimental female densities of 100

per liter (= 100,000 i3). Therefore, cannibalism of the eggs and newly

hatched nauplii is certain to have been important. Furthermore, these

low fecundities at high chlorophyll levels are riot supported by other

field studies. Possibly it represents a situation unique to Jakie's

Lagoon. Low food quality is a distinct possibility in the relatively

stagnant lagoon waters.

Field observations of substantial fecundity at very low chlorophyll

levels (less than 1-2 mg Chi a m3) imply that the field fecundity of

A. califarniensis was probably little affected by the fluctuations in

phytoplankton levels. Minimum chlorophyll levels, for example, rarely

fell below 3.5-4.0 Ing in3, while the mean level was 5-6 mg m As a

result, phytoplankton food levels arid cycles likely had only minor

effects on the population dynamics of A. californiensis relative to

other factors. Presumably, egg production rates seen in the lab at

excess food (30-35 eggs day1; Johnson, 1974) were also typical for the

field.

An argument for non-food limitation can also be developed by

comparing the phytoplankton and zooplankton communities in upper Yaquina

Bay estuary and the upper Patuxent estuary. As seen in the above

results, the two estuaries are similar in many ways. Of particular in-

terest is the close correlation in summer chlorophyll levels (5-6 vs

8-10 ing m3), productivity rates (41 vs 44 mgC in3 hr1), and net daily
-2 -1

product.on (0.92 vs 1.1 mgC day ). In each case, the slightly

larger value corresponds to the Patuxent estuary.

However, when comparing summer standing stocks of zooplankton, it

is apparent that the Patuxent estuary has a far greater abundance of

zooplankton. Heinle (1972a, 1972b), for example, notes that summer

densities of A. tonsa (adults and immature stages) are typically

100,000 to 200,000 individuals per in3 and sometimes exceed 1,000,000 per
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in3 during April through October. In addition, the cyclopoid Oithona

breviorriis may exceed 100,000 per m3 while the harpacticoidSottolana

canadensis may at times exceed 1,500,000 per in3. Other species are also

present in much lower densities. In contrast, the total zooplankton

population (aduitsand immatures, including naup].ii) in the region

around Station 39 in Yaquina Bay rarely exceeds 150,000 per in3 and

consists almost entirely of A. californiensis and A. clausi (see Table

4, Section V).

The order of magnitude difference in zooplankton populations between

the two estuaries can not be explained by the level of available phyto-

plankton food, since there is less than a factor of 2 difference in

chlorophyll levels, etc. Therefore, granted food supplies are relatively

comparable, it would appear that other factors such as predation are

more important in Yaguina Bay.

The comparison with the Patuxent estuary can be extended even

further. Miller and Williams (1972) initially concluded that the energy

needs of the ctenophores and jellyfish in the Patuxent estuary could be

supplied by the combined standing crop of phytoplankton and 200plaflktOfl.

However, Heinle (1974) reviewed their calculations and found ctenophore

abundances were miscalculated, the result being three orders of magni-

tude too high. After revision of the energy budget, Heinle demonstrated

that the phytoplankton stocks were more than adequate for the needs cf

the ctenophores, jellyfish and copepods. Of special importance to my

study, the large population of A. tonsa was estimated to graze only 2.5

to 7.4% of the total algal biomass daily. He concludes that the data

support. his earlier hypothesis (Heirile, 1966; 1969; 1970) that copepod

populations in the Pataxent estuary are regulated by predation and not

food limited.

Heinle's data are not unique. Williams etal. (1968), for example,

found daily zooplankton grazing in the estuarine system at Beaufort to

be only 2-9% of the phytoplankton net photosynthesis. Similar1y

Taguchi and Fukuchi (1975) reported very low losses of phytoplankton to

zooplankton grairig in Akkeshi Bay, Japan. Other workers have shown

that a substantial fraction of the primary production in coastal waters

and estuaries is either exported out of the system or enters the benthic
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community through direct filtering and sinking out of the water column

te.g. Stepl-iens et al., 1967; Platt and Conover, 1971).

A somewhat similar observation concerns the impact of the grazing

activity of five species of copepods (including A. clausi) on naturally

occurring particles in the Bedford Basin, Nova Scotia (Poulet, 1978).

Using an electronic particle counter for grazing experiments, Poulet

calculated grazing rates and extrapolated the results to the standing

crops of zooplankton and phytoplankton. He concluded that when the total

copepod population is below 1,000,000 per in3, the amount of particulate

matter removed will be less than 30% of the standing crop. Food would

become limiting only when consumption exceeded 50% of the phytoplankton

production. However, this would require copepod densities 10-100 times

higher than observed copepod densities in Bedford Basin. As a result,

he argues that food is generally not limiting in either the coastal or

estuarine environments.

In the event that phytoplankton stocks do become limiting, copepods

can obtain additional energy from detritus (Heinle and Flemer, 1975;

Poulet, 1976, 1978; Lenz, 1977; Chervin, 1978). However, Chervin (1978)

found that, while excess food was generally available in the New York

Bight and the Hudson River estuary, detritus still formed a sizable

fraction of the total diet (26-44% in estuary; 31-81% in apex). Heinle

and Fleiner (1975) likewise argue that Eurytemora affinis must ingest a

substantial fraction of detritus. In all cases, however, detritus was

found inferior to phytoplankton as a food source.

In summary, it is concluded that A. californiensis is rarely food

limited during its population explosion and decline. On the basis of

chlorophyll measurements (and comparison with other studies), there was

always ample food. By the measure of production per unit chlorophyll,

the quality was high. As a cesult, fecundity rates were likely unaffect-

ed by minor changes in phytc.plankton levels. Therefore there is little

likelihood that the population dynamics of A. californiensis are regu-

lated from the "bottom up" or that cohorts are initiated by pulses in

egg production in response to food availability.

However as Smayda (1973) noted, chlorophyll or carbon production

cannot indicate seasonal changes in species succession nor the
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physiological differences between the species. Thus chlorophyll levels

are not a good measuie of prey suitability. Therefore additional

evidence on predicted and observed field development rates was obtained

to clearly demonstrate that food is non-limiting in Yaquina Bay. These

latter data are discussed in Section VZ.
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Section IV. ABUNDANCE AND DISTRIBUTION
OF ACARTIA CALIFORNIENSIS

This section describes and compares cycles of abundance and

distribution of the population of Acartia californiensis in the upper

Yaquina Bay estuary during 1972, 1973 and 1974. Successive cohorts were

identified as they progressed through each of the five juvenile Copepo-

dite stages and the adult stage. These cohorts form the basis for

subsequent analysis of population parameters of recruitment and mortality

using methods developed by Rigler and Cooley (1974) and Landry (11978a).

Seasonal and spatial patterns in adult sex ratios are also analyzed.

Methods

The seasonal population pattern of A. californiensis was determined

by the collection of plankton samples twice weekly during the months of

June to November at Stations 21, 29, 39, 45 and 57 (Figure 1). All

cruises were made on the 35 foot research vessel Paiute arid lasted ap-

proximately four hours during either the morning or afternoon. Sampling

was done with a 12.5 cm diameter Clarke-Bunipus sampler fitted with a 112

mesh nylon net which quantitatively sampled all copepodite stages

(Johnson, 1974). Naupliar stages were not quantitatively sampled with

a 64 net after 1972, since I was never able to clearly differentiate

between the co-occurring nauplii of A. californiensis arid A. clausi.

All plankton tows were oblique in a stepwise pattern from just

above the bottom in inidchannel to the surface. Once on station, the net

was rapidly lowered to just above the bottom (ca 4 m depth) and towed

for three minutes. Then it was raised rapidly to within 0.5 m of the

surface and towed for an additional three minutes. However, three two-

minute steps were used at Station 21, since the depth averaged eight

meters. Immediately after retrieval of the net, the plankton sample

was preserved in 5% formaldehyde. Temperature data and salinity and

chlorophyll water samples were taken just prior to each tow at the

projected midpoint of the tow.
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A calibrated prope].lor flowmeter in the mouth of the sampler was

used to estimate the quantity of water filtered. Volumes filtered were

typically 5-6 m3 per tow. The flowmeter was calibrated at the middle

and end of the sampling season, and varied less than 8%.

The numerical abundance of A. californiensis adult males, adult

females and individual copepodite stages per cubic meter (Appendices 1-3)

was determined by first subsampliiig the samples with a 1 ml Stenipel

pippette. Densities of A. claus! copepodites (not separated by stage)

and adults were also enumerated. Samples were diluted to 50-75 times

the settled volume of the plankton, depending on the amount of silt

present. After extensive stirring, successive 1 ml subsamples were

removed from center, mid-depth of the diluted sample. All individuals

were counted in each of the first three subsamples. An additional two

1 ml subsaniples were counted for stages which did not total a minimum

of 50 after the third subsample. The counts, sample dilution, flowmeter

revolutions and calibration factor were then entered on computer cards

for calculation of density per cubic meter.

Population changes in abundance of A. californiensis through time

were partially confounded by the effects of horizontal advection of t.he

population between sampling dates by the twice-daily tidal ebbs and

floods. Therefore two different methods were used to remove tidal

effects. The first of these, the "population center model', was ini-

tially used to describe the seasonal cycle in 1972 (Johnson, 1974). In

this approach, the maximum density observed on a given sampling day was

considered to be the population center, regardless of station location

in the estuary. Seasonal cycles are then represented by a plot of

maximum density values for adults and juveniles on successive sampling

dates. The merit of this approach is that optimal physical conditions

at a given time can be assumed to coincide with spatial maximum popula-

tion abundance.

The second method was much more laborious and involved the calcula-

tionof total density of A. californiensis stages in the entire estuary

as a function of tidal height, water volume and numerical abundance in

in successive estuary segments. This successfully removed the effects

of horizontal tidal movements between successive sampling dates since



the entire population habitat was sampled on each cruise, regardless of

the stand of the tide. The method permitted a quantitative analysis of

mean population growth and decline, and provided a check on the results

of the "population center model".

To calculate total volume as a function of tidal height, the

estuary between Station 21 and Toledo was first divided into 98 subsec-

tions. Subsection lengths were variable to accommodate physical

topography but generally ranged between 125 to 185 m. Subsections

involving sharp bends in the channel were further subdivided. Cross-

sectional profiles at each subsection line were plotted on graph paper,

using current U.S. Army Corp. of Engineer (Portland) charts which

provided both main channel depths and regularly spaced cross-section

profiles relative to MLLW. Interpolation was done when necessary.

Total cross-sectional area at MLLW was determined by counting the

squares "under" the curve. The mean area of two adjacent cross sections

was then multiplied by subsection length to obtain volume in m3. This

procedure was repeated in 0.5 ft. increments (since tidal data were in

feet) above and below MLLW to obtain volume estimates over the range of

-3.0 to +10.5 ft.

Volumes of the individual subsections were then summed to yield

volume estimates for the five stations at 28 different tidal heights

(Appendix 4). Section boundaries between Stations 29, 39 and 45 were

chosen at the mid-point between Station 39 and a corresponding distance

upbay for Station 45 or downbay for Station 29. This resulted in

approximately equivalent section lengths for Station 21 and Toledo since

these stations were considered to demarcate the lower and upper

boundaries of the respective station sections.

Hourly tidal height recorded at the Marine Science Center dock

during 1972-1974 was provided by the 0.S.U. Physical Oceanography staff.

A Fortran program was used to convert sampling time to tidal height

after correcting for increasing tidal lag with distance upbay (Goodwin

etal., 1970). Stations 21, 29, 39, 45 and Toledo were corrected for

17.5, 26.5, 33.0, 40.0 and 51.0 minutes lag time relative to tIewport,

respectively. Once tidal height and volume were determined, numerical

abundance of A. californiensis was obtained by multiplying the number
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per in3 observed by station tidal volume arid then sununing across stations

(Appendices 5-7).

Results

Field Distribution Patterns

The twice weekly sampling program was adequate to follow the

seasonal cycle and spatial distribution of A. californiensis in the

upper estuary during all three years. Only spatial distributions of

adults and copepodites in 1972 are presented (Figures 25-26), since the

population had very similar patterns in 1973 and 1974.

The population range always extended from Station 21 to Toledo

during the months of maximum abundance (August, September). However,

even then, relatively few adults or copepodites were ever present at

these two boundary stations. Densities at Station 21, for example,

rarely exceeded 10-20 per m3, even when sampling was done at low tide.

Densities at Toledo were somewhat higher and occasionally exceeded

1,000 per in3 during high tides in mid-summer. The bulk of the popula-

tion was limited to the region between Stations 29 and 45, with an

approximate average center at Station 39. Location of the population

center was not static at Station 39 because of the diurnal tides. It

was occasionally found downstream at Station 29 or upstream at Station

45. This tidal movement accounts for the oscillation of the abundance

contours seen in Figures 25 and 26.

Field Population Cyclesm Population Center Model

Seasonal population cycles observed at the 'apparent' population

center in 1972 (Figure 27) were largely repeated in 1973 and 1974

(Figures 28-29). During each of the three years, there was a clear

succession of six generations, with persistent alternation between peak

abundances of copepodites and adults. Typically the copepodite peaks

preceded the adult peaks by 4-7 days. However, adult cohorts were

somewhat less well defined in 1973 and 1974. Even so, the fact that

successive abundance estimates of adults and copepodites at the

population center show such a refined feature over three consecutive
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years creates confidence that the "population center model" is a valid

representation of the population cycle of A. californiensis. This also

confirmed that cohorts are a normal feature of the population dynamics

of A. californiensis in Yaquina Bay.

The seasonal cycle of growth and decline at the population center

(Figures 27-29) can be correlated with physical factors such as tempera-

ture and salinity on the premise that optimal conditions coincide with

maximum population abundance. Thus, given the population concentration

between Station 29 and Station 45 (Figures 25-26), mean temperature and

Salinity data at Stations 29 and 45 can be considered to characterize

the lower and upper range of the most favorable physical conditions for

growth and survival of A. californiensis. Data for 1972 will be used

to represent these boundary conditions for population growth (Figure 30).

Copepodites of A. californiensis appeared each year in late May

early June when water temperatures ranged between l5 and 190C (Figure

30) and at an approximate mean temperature of 17°C (Figure 11). Salin-

ities during the same period ranged from 100/00 to 25°/oo with an

approximate mean of 150/00 (Figures 11, 30). Adult and copepodite

abundances gradually increased through June and early July. A popula-

tion explosion then commenced in middle or late July and maximum adult

levels were reached in the last two weeks of August. Temperature and

salinity levels during peak adult abundance ranged from 17°-20°C and

23-32/co.

Copepodite levels remained high throughout August and September,

indicating high rates of reproduction. However, recruitment of copepo-

dites had nearly ceased by the first week of October in 1972, and by the

second or third week in 1973 and 1974. Likely most reproduction was

then in the form of dormant eggs. In all three years mean temperature

had dropped to 13°-15°C when copepodite recruitment began to fall. The

entire planktonic population was gone from the water column by December
0

at a field temperature of 9-10 C.

Salinity remained high (25-30°/oo) and relatively stable during

the fall decline of A. californiensis in 1972 and 1974. Not until

November did salinity begin to drop, following the commencement of the

rainy season. Therefore, the population decline could not have been
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caused by unfavorable salinity levels or increased losses from increased

flushing rates. Salinity levels in September and October, 1973 (Figure

6) were somewhat lower (ca l5_250/oo) because of the earlier, heavy fall

rain. However since the population disappearance occurred at essentially

the same time as in 1972 and 1974, it is clear that neither salinity

levels nor flushing rate are important factors in the population dis-

appearance. Rather, it is largely a physiological response to decreasing

temperature, as discussed in Section VIII (resting eggs).

One noteworthy difference between the A. californiensis cycles of

the three years was a two-fold reduction in area under the adult curve

(i.e.,, adult production) in 1974 relative to 1972 and 1973. Average

adult abundances in August-September, 1974 were 3,500 individuals per

m3 with a single cohort peak that reached 6,800 rn3. During the same

interval in 1972 and 1973, adult numbers averaged ca 6,000-7,000 m3,

with cohort peaks reaching 16,000 to 18,000 m3. However, copepodite

peak abundances were comparable in all three years (ca 25,000 to 30,000

in3). Therefore, it is concluded that adult mortality was particularly

severe in 1974.

Field Abundance cyles: Total Estuary Model

Total abundances of 2.. californiensis adults and copepodite stages

(1-5), corrected for tidal volume at the time of sampling, are presented

for the three years in Figures 31, 32 and 33. The plots are remarkably

similar in nearly all aspects to the plots based on abundance patterns

at the population center (Figures 27-29).

In each case, the persistent alternation of distinct copepodite and

adult peaks is seen in the same time intervals. However, features of

the successive generations are more distinct in the total estuary plots.

This is particularly true for adult peaks in 1973 and 1974 which were

somewhat smeared in the population center figures. The improved

resolution implies that the population center was differently dispersed

on some occasions from the usual.

The only major difference was a squashing of copepodite peaks

relative to adult peaks. This probably results from reproduction and

juvenile survival being highest in the region between Stations 29 and
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45, while the older adults are more dispersed from the population center.

Therefore, when total abundance per m3 is calculated over all stations,

the effect is to reduce copepôdite densities relative to that of adults.

Reduction of the copepodite peak heights relative to adult peaks

did not alter previous conclusions derived from the population center

plots except for the September 5-30 cohorts in 1973. The adult peak

(1,300 m3) on September 20 is seen at the population center (Figure 28)

to be preceded by a very strong copepodite peak (33,271 m3) on September

13. The conclusion is that copepodite mortality rates were very high

since only one of three survived to the adult peak. However, when

considering totals per estuary (Figure 32), the copepcidite peak (121 x

10 individuals) was scarcely larger than the adult peak (between 88-102

x individuals). Thus overall population mortality rates were very

low during this cohort. Both conclusions may be correct, but simply

apply to a center portion of the population in one case and the average

in the other. This type of problem must be kept in mind when using

either approach to describe population cynamics.

The high overall fidelity between the two methods for removing tidal

effects and following cyclic changes in abundance was not fully expected.

Total abundance estimates, for example, are based on plankton net esti-

mates adjusted for tidal volume at all five stations. Tidal. volume.

progressively decreases upbay, in addition to varying four fold at any

station between the -2.5 and +10.5 ft. tide heights (Appendix 4). Thus

there seemed to be a reasonable potential for obtaining significantly

different results from the population center model. However, given the

excellent replication, it is clear that the population center approach

is adequate and practical for successfully tracking estuarine popula-

tidns through time. The only major requirement is that sampling must be

frequent enough in both space and time to insure that neither the

population center nor significant abundance changes are missed.

Cohorts and Time Boundaries

Cohort time boundaries are shown in Figures 34, 35 and 36 for each

of the five copepodite stages during 1972-1974. Boundaries were not

assigned to the adult stages since they do not continue to molt
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regularly, with the result that cohort boundaries become somewhat

smeared as recruitment continues. Selection of the copepodite cohort

boundaries was largely based on the initial boundaries established for

stage Cl. Then reasonable, a one day advance was made for the succeeding

stage since molting rates in 21°C water are approximately one day in

length (.Johnson, 1974). This approach worked well in most cases.

However, on several occasions, the periods of maximum or minimum

abundances occurred on the same date over several stages. This was also

observed by Landry (].976a) in Jakie's Lagoon. As he correctly notes, it

is a result of sampling intervals being longer than stage duration

(approximately 3-4 times longer in this study). When this occurred,

boundaries were assigned by interpolating overall trends and adjusting

for the total area under the curve. Biases introduced during this

subjective process are likely insignificant, given the strongly defined

maxima and minima that demarcate successive cohorts. These data are

used in Section VI to estimate field development rates.

Before leaving Figures 34-36, a significant occurrence will be

noted that is best seen in this presentation of the seasonal population

cycles. Attention is directed to cohort VI of each year. This final

cohort was very minor in 1972 but prominent in both 1973 and 1974. Said

in another way, the final major cohort in 1972 (i.e. cohort V) occurred

20-25 days prior and one cohort earlier than that in 1973 and 1974. The

cause for the major difference is probably temperature, since production

of dormant eggs occurs below 15°C (Section VIII). A comparison of mean

temperatures at Station 39, an approximate population midpoint, reveals

that temperatures decreased below 15°C in 1972 on September 23 (Figure

11) for approximately one week before briefly warming again above 150C

for 3-4 days and then decreasing below 15°C until spring. In contrast,

water temperatures in 1973 and 1974 did not fall below 150C for another

two weeks until after October 5-6. Because of the early decrease in

water temperature in 1972, females of cohort V spawned at temperatures

below 150C during most of the cohort span (Ca September 24 to October

19). It is probable that nearly all reproduction was in the form of

resting eggs. Had the water temperature reached 15°C around October 5-

6, as in 1973-1974, it is likely that significant production would have
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also occurred in cohort VI, since females in the leading half of cohort

V (peak occurred at October 5) would have produced non-dormant eggs.

Thus, the magnitude of the final cohort is almost certainly temperature

dependent and a function of the timing of the female cohort V.

Comparison of Adult Abundance Cycles with Chlorophyll, Phaeophytin
and Tides

Additional comments can be made on the correlation of tides, phaeo-

phytin and chlorophyll patterns with population cycles of A. californieri-

sis. Adult patterns were selected as most appropriate for comparison

(Figures 37-38), since overall population abundance is a direct function

of the number of spawning females.

Comparison of the timing of spring tides (i.e. high flushing rates)

with population lows suggests that tidal losses can be a significant

factor in regulating population abundance (Figures 37-38). However the

degree of control can not be ascertained from the data. For example, in

1973 five spring tide periods coincided with population lows. Converse-

ly, two adult peaks (one being the largest peak) occurred during spring

tides (Figure 37). In 1974, the pattern was less clear (Figure 38).

Only three adult population lows occurred during spring tides as com-

pared to four population maxima (two were major peaks: August 17,

October 3).

Part of the problem in determining the role of tides in the popula-

tion dynamics of A. californjensjs lies in the fact that field generation

lengths are on the order of 14-20 days (Figures 34-36). This approxi-

mately equals development time from egg to adult, ranging from 10-16 days

at normal summer temperatures (Heinle, 1966; Johnson, 1974; pace, 1978).

Since generation length is comparable to the two week period of spring

tides, some generations will coincide with one or another tidal feature.

Another problem is that the timing of spring tides does not

influence only the adult stages, but all stages. Since tidal periodicity

and generation length are not identical, a few stages within any given

cohort will be adversely impacted by flushing. Thus high losses of late

nauplii or early copepodites, etc., could be sustained from a spring

tide series but would not be detected by comparing the timing of spring
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tides only to timing of adult maxima and minima. Despite these

uncertainties, it is probable that significant losses can occur from

flushing during maximum spring tides. A more precise estimate of these

losses, based on modeling work of Reed (1978), will be discussed in

conjunction with estimates of mortality in Section VII.

Correlations of adult abundance patterns with chlorophyll a and

phaeophytin (Figures 37, 38) are less precise than those with tides.

Little evidence can be found in Figures 37 and 38 to indicate that the

phytoplankton or phaeophytin were primarily regulated by A. californien-

sis. On several occasions, for example, population lows coincided with

spring tides, while chlorophyll levels were at a peak (e.g. August 26,

1973). This could reflect reduced grazing pressure and temporary

escapement by the phytoplankton. However, phaeophytin levels typically

were maximal at the same time; an unexpected result if grazing pressure

governed chlorophyll degradation products. The opposite relationship,

high population densities along with high chlorophyll and high spring

tides, also occurred several times (e.g. August 17 and October 3, 1974).

Thus, as concluded in SCction III, phaeophytin patterns appear to be

primarily a function of the tides, with only minor impact by the zoo-

plankton. Grazing likely has little control on chlorophyll levels as

well.

Adult Sex Ratios in Time and Space

The proportion of adult females in the population varied signifi-

cantly with both time and location in the estuary. Patterns through the

season, similar in all three years, will be considered first (Figure 39).

During June to mid-July, the percentage of females captured in the

plankton was typically well above 50%, with occasional maximum ratios of

100% females. However, there were oscillations in the sex ratio during

this period, with female ratios as low as 21% and 25% observed on two

sampling dates. The variation may reflect the low population density

which caused the sex ratio estimates to be based on small samples. Only

the basic trend of high female predominance in the early season can be

accepted with confidence.
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Once the population explosion commenced in late July, the propor-

tion of mature females decreased and remained below 50% (with few

exceptions) throughout August and September. Most of the ratios were

between 35% and 50%, with an approximate mean of 44-45% females. However

once the population decline commenced in late September or early October,

the proportion of females began to increase, reaching maximum values of

70-80% by mid-November. The fall increase of 1974 was somewhat different

in that the percentage of females rose but did not remain ahove 50%.

Adult female proportions also varied significantly along the

estuary, but spatial patterns were similar for each time period. Per-

centage of females in the adult population in each segment of the estuary

is plotted in Figure 40 for periods of optimal population growth (August-

September) and marginal growth (October). The August-September pattern

was one of high proportion of females at the population boundaries

(Station 21, 3 year range = 67-85% females; Toledo, 73-79% females) and

low proportion of females at the downbay side of the population center.

Female percentages at Station 29 were the lowest (33-41%), followed by

Station 39 (42-49%). However, on the upbay side of the population

center, mean female percentages at Station 45 were significantly greater

than 50% and ranged from 57 to 61% over the three years.

During October, the spatial pattern was largely reversed (Figure

40) with the result that proportion of females increased significantly

at Station 29 (63-72% range) and Station 39 (52-63%) while decreasing

at boundary stations. Little change occurred at. Station 45 from condi-

tions in August-September. with only minor exceptions, overall female

proportions in October were substantially greater than 50%. October,

1974 data for Station 21 are missing (Figure 4Cc), since A. californien-

sis was not observed there during that period.

The persistent pattern of female dominance during the beginning and

ending months of the annual population cycle, as well as at the boundary

stations throughout the season, implies that adult sex ratios may be

regulated by or related to population density. Heinle (1970) proposed

a similar hypothesis for a field population of A. tonsa in the Patuxent

estuary. To test this hypothesis, I followed Heinles method of

regressing the proportion of adult females against the logarithm of
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density of adult males and females plus copepodites. Abundance at the

population center (no. per m3) was used as the measure of density rather

than total number per station section to avoid a possible downbay

biasing effect that would be caused by adjustment for volume (i.e.

greater volume results in greater abundance estimates). Only data for

August and September were used. These conditions were selected to

reflect optimal field conditions and thus avoid possible deleterious

effects caused by marginal physical conditions for growth and survival.

Results are plotted in Figure 41. The slope was significantly

different from zero at the 1% level, with a correlation coefficient of

-0.7747 (r2 = 0.60). The equation for all data points is:

Proportion females (Y) = 1.114 0.151 x (total adult plus copepodite

abundance). The significant relationship persists if the single outly-

ing datum point is dropped from the calculations; r decreases slightly

to -0.6185 (r2 = 0.38) and the new equation is: Y = 1.101 - 0.148 X.

Thus there appears to be an inverse relationship between population

density and the adult sex ratio during optimal conditions for the

population.

Hein1es (1970) results for a comparable regression involving A.

tonsa were similar. Using 35 data pairs, the regression equation was:

Y = 1.754 - 0.264; with r = -0.545 and r2 = 0.36. It is therefore

possible that the demonstrated relationship between sex ratios and

density in Yaquina Bay and the Patuxent estuary is characteristic of

estuarine Acartia populations in general. Heinle further found that

the sex ratio of laboratory populations shifted in favor of females

during highest rates of harvest (i.e. periods of low abundance).

Discussion

The seasonal cycle of A. californiensis in Yaquina Bay is

characterized by its appearance in the plankton during May or June and

a subsequent population explosion in middle to late July. Following

several periods of high abundance in August and September, the popula-

tion declines as water temperatures fall below 15°C in October and

dormant egg production commences. By mid-November, the planktonic phase
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has virtually ended. Similar cycles of abundance have been reported in

Newport Bay (Trinast, 1975, 1976) and Elkhorn Slough (Pace, 1978),

California. However, the Elkhorn Slough population first appears in

March and does not completely disappear from the water during the winter

months. This reflects the warmer winter and the earlier vernal warming

of central California. Presumably the same is true for Newport Bay, but

Trinast only reported that A. californiensis dominated the plankton in

spring and summer months. The basic seasonal pattern of maximal produc-

tion in mid-summer is similar to that reported for the related species,

A. tonsa, on the east coast (e.g. Conover, 1956; Cronin etal., 1962;

Heinle, 1966; Allan etal., 1976).

During each of the three years, six clearly defined generations or

cohorts occurred in Yaquina Bay. These cohorts were recognizable as

distinct pulses at each of the copepodite stages and the adult stage.

Generation length typically ranged between 12 and 20 days. No compara-

tive information is available for the Elkhorn Slough population of A.

californiensis, since data were only collected monthly. However, cohorts

described for A. clausi in Jakle's Lagoon (Landry, 1978a) are similar in

abundance changes and number of major cohorts. At least six principle

cohorts occur there during the spring and summer. However, mean duration

was longer and ranged between 20 to 30 days.

The occurrence of distinct, recognizable cohorts or generations

progressing through time is probably a feature of many temperate and

some tropical calanoid populations. There are substantial data to

support this statement. Cohorts have now been described for numerous

species differing widely in both biology and habitat. These include

Calanus hyperboreus and C. finmarchicus from coastal Norwegian waters

(Matthews et al.; 1978), C. marshallae from Oregon shelf waters (Peterson,

1980), Centropages typicus and Temora in the Baynuls region

of France (Razouls, 1974) and Pseudocalanus minutus from Ogac Lake,

Baffin Island (McLaren, 1969). In addition, Marshall (1949; see also

review of this work in McLaren, 1978) reported distinct cohorts of

Pseudocalanus minutus, Microcalanus pygmaeus, Calanus finmarchicus,

Centropages hamatus, Temora longicornis, A. clausi and Oithona similis

in Loch Striven. Evans (1977) was able to recognize field cohorts of
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five species off Morthumberland, including A. clausi and A. longiremis.

Prid lastly, Gaudy (1972, 1976) has shown cohorts for numerous species,

including A. clausi and Paracalanus parvus, in French waters. Cohorts

have also been reported for freshwater zooplankton (Comita, 1972).

In spite of the wide spread prevalance of field cohorts, a substan-

tial range of estimates exist in the literature for the number of field

generations and length of development time to adulthood for species such

as A. tonsa and A. clausi. Differences in development time have been

previously ascribed to latitudinal temperature gradients and phytoplank-

ton food levels (Subbaraju, 1967; Gaudy, 1972). However, McLaren (l9'8)

presents good evidence that phytoplankton richness probably is not a

factor for most populations. Temperature, on the other hand, is

undoubtedly importart since it influences the rate of molting and devel-

opment (e.g. 1-leinle, 1966). Yet, temperature is an inadequate explana-

tion for widely differing estimates of development at a comparable

temperature range for a given species.

On the basis of the above field data for A. californiensis, the

problem of properly identifying field generation lengths from cohorts

appears to arise largely because of inadequate sampling frequency.

Estuarine or nearshore populations of Acartia tonsa or A. califoniensis

for example, have egg to adult development times less than two weeks at

summer temperatures (e.g. Heinle, 1966; Johnson, 1974; Pace, 1978);

therefore twice weekly sampling can only provide a maximum of four data

points to reconstruct the passage of a cohort through time. eek1v

sampling frequencies provide far less information with only two data

points, while reconstruction of cohorts is essentially impossible with

sampling intervals beyond one week. A similar point is emphasized by

Miller (In Press).

The results of sampling weekly versus twice weekly are apparent in

the field data of Landry (1978a). Cohorts are easily defined for 1973

(3-4 day sampling intervals), but boundaries were more blurred in 1974

when sampling was weekly. A similar comparison can be made for A.

californiensis in Yaquina Bay. Zimmerman (1972), sampling weekly, was

not able to recognize the boundaries of cohorts or estimate field devel-

opment time. However his results were complicated by use of a 239 m



mesh net which did not quantitatively retain adults during the summer

months (shown by Johnson, 1974) when the plankton exhibit the well known

reduction in body size as temperatures increase.

Sampling frequency is not so critical in colder offshore waters,

since development times are also reduced. Marshall (1949) obtained

excellent results based on weekly sampling in Loch Striven. Likewise

Petersen (1980) was able to trace cohorts of Calarius marshallae by

sampling weekly off Oregon during July and August of 1977. However,

comparison of the numerous references on cohorts shows that the best

information generally is collected with short-term sampling relative to

the population generation length. This means sampling the population at

least 4-5 times per generation cycle.

Chayanova (1950) recognized this need for more frequent sampling

many years ago in her work in the Black Sea, and stated that in order to

obtain further details on development and reproduction in the field,

"it is necessary. . . that the collection of plankton should be carried out

more frequently than every 5-7 days". This is particularly important

for estuarine or nearshore studies of zooplankton population dynamics

during the summer months of warm temperatures when development rates are

high.

W±th reference to sex ratios, A. californiensis has a persistent

pattern of higher proportion of females than males during both the

beginning and ending phases of the season, as well as at the lower and

upper boundaries (Stations 21 and Toledo) of the population distribution

through time. During mid-season and at Stations 29 and 39, males were

more prevalent. Sex ratios at the population center were also shown to

be a function of density during mid-season, with the percent of females

decreasing as density of adults plus copepodites increased.

The annual recurrence of these patterns indicates persistent, stable

mechanisms of population regulation in Yaquina Bay. However, the

specific mechanisms by which adult sex ratios are governed are open to

conjecture, since many factors are known to influence sex ratios in

calanoid populations. These factors include genetic determination of

sex (e.g. Metzler, 1958; VanderHart, 1976; McLaren, 1976) , environxnen-

tally-induced changes (e.g. Takeda, 1950; Battaglia, 1958, 1960; Katona,



1970; Moraitou-Apostolopoulou, 1972), sex-selective predation (Maly,

1970), sex reversal (Cattley, 1948; Conover, 1965a,b; Heinle. 1970),

and differential mortality resulting from differences in behavior (i.e.

vertical migration, feeding, etc.), physiology, or longevity (e.g.

Bogorov. 1939; Conover, 1956; Mednikov, 1961; Corkett and McLaren, 1978).

Several of these mechanisms can be evaluated for A. californiensis

on the basis of the experimental results and conclusions of Heinle

(1970). As noted above, he reported the proportion of A. tonsa females

in both field and laboratory populations to be higher when population

densities were low. Furthermore, Hejnle demonstrated that the genetic

sex ratio of A. tonsa was unity (1:1) over a wide range of densities.

This was shown by collecting eggs from wild stock females and rearing

the individuals to adulthood under optimal conditions (i.e. no predation,

sufficient food). No evidence of early male mortality was found, as is

commonly reported for Calanus and Pseudocalanus (e.g. Bogorov, 1939;

Corkett and McLaren, 1978). Given that the genetic sex ratio was 1:1,

Heinle argued that sex reversal probably occurred in immature potential

males (presumably the earlier instars) at low densities, resulting in

increased numbers of functional adult females. This would increase

reproductive potential during adverse periods.

There is some supportive evidence for Heinle's (1970) hypothesis of

sex reversal as a mechanism for population regulation. Several other

copepod species, for example, have now been shown to have genetic sex

ratios of unity under controlled laboratory conditions. This includes

the calanoids Rhinocalanus nasutus (Mullin and Brooks, l970a),

Gladioferens impariPes (Rippingale and Hodgkin, 1974b), Pseudocalanus

species (Paffenhfer and Harris, 1976; Corkett and NcLaren, 1978), and

the harpacticoid, mphiascoides sp. (Walker, 1979). This is in accord

with genetic theory, which predicts a nec-natal sex ratio of 1:1

(Fisher, 1958; Kolman. 1961). Therefore, given the close similarities

of A. californiensis to A. tonsa, it is reasonable to conclude that the

genetic sex ratio of A. californiensis adults is also 1:1 and not under

complex genetic regulation as shown for Eurytemora (Vander.Hart, 1976;

McLaren, 1976).
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Recent experiments (Walker, 1979) published on reproductive poten-

tial and behavior of the marine harpacticoid, Amphiascoides sp. in

response to population density provides a plausible explanation for

density-dependent sex ratio regulation. Walker found that the number of

ovisacs per female was sharply repressed when females were placed in

filtered water which had initially a high density population for 7-10

days. Time between ovisacs was lengthened, in addition to a reduction

in the fertile period. Furthermore, females placed back into fresh

medium did not regain former levels of fertility. However the number of

eggs per ovisac did not change.

Walker proposed that the effects were induced by high levels of

pheromones in the water. While the sex ratios did not deviate from 1:1

in his experiments, the demonstrated importance of sex pheromones in

calanoids (Katona, 1973; Griffiths and Frost, 1976), and crustaceans in

general (reviewed by Dunham, 1978), suggests that developing juvenile

stages could respond to the level of sex pheromones duxing the develop-

ment period.

Field examples of sex reversal in calanoids have been reported, but

the data shed very little light on the possibility of population regula-

tion by such a process. The best data are those of Cattley (1948) and

Conover (1965a). Cattley found that Pseudocalanus elongatus females

parasitized by Blastodinium contortum hyalinum niolted to adults as

castrated females. Males, however, experienced a sex reversal during

the final ecdysis and became superficially mature but sterile females.

Given the sterility, such a process of creating more females obviously

would have little adaptive value to the species. However Conover

(l%5a, l965b) observed one intersex (stage C5) individual in Calanus

hyperboreus, an oceanic species with a predominately female population.

He suggested that males might be thus produced only when needed. While

other examples of sex reversal have been seen (C. B. Miller, personal

communication), the only other report is apparently that of VanderHart

(1976) for Eurytemora. Thus, there is scant field evidence to support

sex reversal as a common, density-dependent mechanism of population

regulation for A. californiensis and A. tonsa
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There is also a major problem with that hypothesis which should be

noted. A number of workers have found that copepodite stages C4 and C5,

the first to show secondary sex characteristics, occur in the plankton

in roughly a 1:1 sex ratio while the adult sex ratio may be greatly

skewed (e.g. Bogorov, 1939; Marshall, 1949; Fontaine, 1955; Conover,

1965b; McLaren, 1969; Landry, 1976a). For example, Landry found 56% of

A. clausi copepodite C4 and C5's to be females while adults averaged

only 43% during February to July. The adult percentage increased to ca

60% during September to January. Even more striking variation in adult

A. clausi sex ratios was reported in Loch Striven (Marshall, 1949). In

summer, males often outnumber the females; whereas in winter, females

constituted 92% of the adult population.

The nearly equal numbers of male and females in stages C4 and C5

are in agreement with the hypothesis that the genetic sex ratio is

actually 1:1. This implies that the time of sex determination is

during ecdysi.s of stage CS to adult, if indeed flexible determination

occurs. This is contrary to Heinle's (1970) argument for change in very

early stages. Yet, relative stability of the C4 and C5 sex ratios

through time seems to preclude early determination.

While the sex reversal hypothesis has merit and may eventually be

substantiated, simpler mechanisms can be proposed for A. californiensis

that can account for seasonal and spatial patterns in sex ratio and for

its density dependence. These are: 1) physiological differences in

degree of "hardiness" and 2) size selective (= sex selective) predation

on adults.

Physiological differences between sexes will be considered first.

Several workers have reported on the reduced male tolerance to environ-

mental conditions relative to females. Lance (1962, 1964), for example,

has shown that adult females of A. clausi, A. tonsa, A. discaudata,

Ceritropages hamatus and C. typicus all have greater tolerance to low

salinity than either males or copepodites. The difference as substan-

tial in most experiments. Likewise, in temperature acclimation tests

with the euryhaline and eurytherinal Euryteniora affjnjs, Bradley (1978)

found that females showed higher temperature tolerance and more acclima-

tion than males. Conover (1956) further found that both A. clausi and
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A. tonsa males had less food in the gut than the females and noted that

Marshall (1949) found the same for Loch Striven copepods. He also

demonstrated that A. tonsa females had much higher grazing rates than

males and expended much less energy per mg dry weight. He concluded

that males should probably be affected first by unfavorable environmental

conditions.

Therefore, given the general observation that females are more

resilient than males, it is not unexpected that A. californiensis females

dominate at both the beginning and end of the season and at the popula-

tiorx edges. These time periods and areas are marginal for population

growth. The argument reduces to the fact that females have greater

tolerance of adverse conditions and thus both greater longevity and

greater relative abundance. A similar hypothesis is suggested by

Moraitou-Apostolopoulou (1972) for differential female survival of

Temora stylifera and Centropages typicus during adverse conditions in the

Aegean Sea.

Sex selective predation would be primarily operative at the popu-

lation center where mobile predators such as planktivorous fish would

presumably concentrate for feeding activities. Adult A. californiensis

females are significantly larger than males in volume and mass (4.7-5.2

vs. 2.6-2.9 ig dry weight; Miller et al., 1977) and thus should be a

more desirable food particle for predators. There are many demonstra-

tions of size-selective predation by fishes (e.g. Brooks, 1968; Dodson,

1970; Parsons and LeBrasseur, 1970). Thus females may well be taken at

a higher rate than males, resulting in lower mean longevity and frequency

than males in the plankton. Maly (1970) demonstrated sex selective

predation for two species of Diaptoinus.

This second hypothesis will be given more substance once male and

female field mortality rates are discussed in Section VII. However,

given the premise that female abundances are largely predator controlled,

the relation of the proportion females to density (Figure 41.) during

optimal population growth is more likely a reflection of predator

pressure than of population self-regulation by a response to pheromone

levels.
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Section V. POPULATION PATTERNS OF ACARTIA CLATJSI

Introduction

Acartia clausi is the only other zooplankter of any numerical

abundance in the upper Yaquina Bay estuary throughout the annual popu-

lation cycle of A. californiensis. Since A. clausi is similar in

habitat requirements, feeding behavior and general biology, it could

compete with A. californiensis for resources. Therefore, the sympatry

of the two congeneric species was examined to estimate the importance

of A. clausi in regulating the abundance cycles of A. californiensis.

This has only been done on a limited basis by comparing abundance and

spatial patterns. In addition, pertinent information from the litera-

ture is reviewed. In some ways, the Yaquina Bay system is analogous to

the well known A. clausi-A. tonsa interaction on the east coast; in

others it is different.

The taxonomic status of A. clausi along the entire west coast is

unresolved. Bradford (1976) has undertaken a revision of the Acartia

subgenus Acartiura and redescribed A. clausi from the east coast

(specimens from the Patuxent estuary and Gulf of Maine) as Acartia

hudson ice. West coast populations of A. "clausi' (Puget Sound and

Humboldt Bay) are identical to A. hudsoni.ca, except in size and the

absence of posterior hairs on the Inetasome. Bradford has temporarily

left their status as Acartia sp. For this reason, most authors continue

to use A. clausi as the species name until revision is completed.

Species identification is further complicated by the presence of

two distinct A. clausi populations in Yaquina Bay which differ substan-

tially in appearance, size, coloration and spatial distribution

(Zimmerman, 1972; O'Connors, 1974). A downbay population has an

approximate center at the Bridge Station (Figure 1), where densities

can exceed 10,000 m3. The population extends offshore, but abundance

decreases rapidly to 200-300 m3 at 5 kin (Peterson, Miller and Hutch-

inson, 1979). The approximate upbay population center is at Station

29. These latter individuals are significantly smaller in body size,



95

more spindle-shaped, more opaque and have numerous dark red patches of

pigment at the bases of the appendages. In contrast, the larger down-

bay individuals have more pear-shaped bodies and a few large bluish

ventral patches.

Zimmerman (1972) suggested that the two populations arise from a

single population centered at Station 21 (Figure 1) during winter months.

This is possible but not required, since the upbay form also produces

large numbers of resting eggs that hatch at temperatures and salinities

comparable to those for A. californiensis (see Section VIII). It is

more likely that the smaller form represents a separate sibling species

which has established an endemic population in the upper bay. Support-

ing evidence is the fact that the upper bay form remains statistically

separable from the larger downbay form in carbon and nitrogen content,

even during the coldest months when cephalothorax lengths overlap

(O'Connors, 1974).

The occurrence of dimorphic populations of "A. clausi" is not

unique to Yaquina Bay. Petipa (1958) briefly mentioned the coexistence

of a "large" and "small" form of A. clausi in Sevastopol Bay in a

discussion of diurnal feeding. Similarly, Alcaraz (1976) reported the

overlapping distribution of the larger A. clausi Giesbrecht (downbay

population) with a closely related Acartia form confined to the upper

reaches of the Ria de Vigo estuary in northwestern Spain. On the basis

of differences in morphology, chromosome size and nucleus volume,

Alcaraz described the small form as Acartia margalefi nov. sp. A

"large" and "small" form of Pseudocalanus having significant differences

in nuclear DNA contents has also been described in two semi-landlocked

fjords on Baff in Island (Woods, 1969). However, since the taxonomy of

Pseudocalanus is still indefinite, no new species was described by

Woods. Given these observations, I believe that the upbay A. clausi

form will be eventually described as a new species. However for my

purposes here, I shall continue to refer to it as A. clausi.



Results

Summer-fall patterns of Acartia clausi abundance in the upper

estuary are presented in Figures 42 43 and 44 (see also Appendices 8-

10) in terms of total numbers of adults arid copepodites in the sampled

portion of the estuary. Numbers per cubic meter are found in Appendices

1-3 with the A. californiensis data. Cyclic cohorts are also a persis-

tent feature of the upbay A. clausi population. However the patterns

are much less distinct than those for A. californiensis (Figures 31-33).

The best evidence is seen in the plots of copepodite abundance, parti-

cularly in 1974 (Figure 44). Adult cohorts are also seen in 1973 and

1974, but the abundance pattern in 1972 is too variable to assign any

general boundaries with confidence.

Intervals between successive peak abundances from July to September

appear to average approximately 24 or 25 days with a range of 20-30

days. This agrees well with Landrys (l978a) estimate of 18-27 days

per generation for A. clausi in 3ak1e's Lagoon. However it is about

10 days longer than the average A. californiensis field generation

(x = 13.9 days, 12-20 days range; Section VI). Actual differences may

not be quite that large, since an analysis of cohort boundaries and

duration could not be done for A. clausi by the method used for A.

californiensis. That is because all copepodites were grouped as a

single category during sample counts.

Abundance estimates in 1972 (Figure 42) do not include the estuary

sections at Station 21 and Toledo (57) during the periods of June 19 to

August 17 and October 16 to November 20. These samples had been dis-

carded (after counts were made for A. californiensis) because of need

for sampling jars in 1973 arid prior to the decision to include data on

A. clausi in this work. However8 it is clear from results in 1973 and

1974 that basic patterns in 1972 were not greatly distorted by lack of

data at these two stations over the time periods noted.

The overall pattern of poorly defined cohorts for A. clausi

(Figures 42-44) probably resulted because the sampling stations did not

adequately bracket the dowithay side of the population during periods of



70

0

60

50

0

40
-
V)I

4
U

30

4d

20

10

I
II

II

SI

II

II

II

II

II
II
II
I I

II

I I

II
I

I
I

I

I
I

I I

I

I
II

I

' :-I'

II I

I111
g I I/Il

I tSA
I

\I
II

I I

I, I I

I: J

1972

ADULTS

COPEPODITES I-V

S

I

I

I'

II

II

Is

II

II

II
II
II
I I

I

II

I I

1

I I

I I

%

I I

I'
, I;

s It
I

,

51

I',',

' I
I

II I

. I

I

Ill I' I I

I' V I

/
It
..1

97

I 1 I I I I

1
15

J
5 15 2'5

115 25 5 15 25 j 5 3.5 25

JI1E JULY MUST SEPTEMBER OCTOBER NOVEMBER

Figure 42. Total abundance (x 1O-° f Acartia californiensis adults
and copepodites in the upper estuary, June to November,

1972. Abundance estimates exclude estuary sections at Sta-
tion 21 and Toledo during the periods of June 19 to Aug. 17

and Oct. 16 to Nov. 20. Vertical arrows on alscissa refer

to periods of maximtn spring tides.



98

OD

0.

0

-I
U)

-

U

70

60

50

40

30

1973

ADULTS

COPEPODITES I-V

I

I

U
II

I
II

: ''
1% I I

I
i

II

: I'

:

I ii.
I iII. It

I I I uSlt It
1% I I ISfI S

I g %I tI ' SIg Iltiti it A S

I I

15 25
I I I I V I

S 15 251 5
I

15
I I I I II

25 5 15 25 J 5
1 I I I I

15 25
J

5 15 2

JtiE JULY MXUST SEPTEMBER OCTOBER NOVEMBER

Figure 43. Total abundance (x 1O°) of Acartia clausi adults and
copepodites in the upper estuary, June to November, 1973.
Vertical arrows on abscissa refer to periods of maximum
spring tides.
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low tides. This is seen in Table 3 where frequency of station occur-

rence is calculated for the maximum population abundance (i.e. popula-

tion center) for both A. clausi and A. ca3.iforniensis. The results for

A. clausi are basically the same whether using numbers m3 or totals

per estuary section. During the majority of the cruises (63-82%) , the

population center occurred at Station 29 (Appendices 8-10). However,

on 12-14% of the cruises, the population center occurred downbay at

Station 21. On these occasions, a substantial portion of the population

was even further downbay and not accounted for in the calculations of

total abundance (Figures 42-44).

On some occasions when the apparent1 population center occurred

at Station 29, the actual center was probably somewhere downstream

between Stations 29 and 21 (a distance nearly twice that from Station

29 to Station 39). In such cases, total abundance would be underesti-

mated because of increasing volume of the estuary downbay. Effects of

either missing the population center or the downbay 'half" of the

entire population can be recognized in Figures 42-44. For example,

total copepodite abundances on August 8 and 15, 1974 were 71 x 1010 and

78 x io10 individuals, respectively. However, midway between (August

12), abundance was calculated at 36 x 1010. This probably was in error

since it occurred in the middle of a cohort and sampling was done on an

ebbing neap tide.

To correct these problems, any future field study of A. clausi.

(small form) in Yaquina Bay should include a station midway between

Station 29 and Station 21 as well as one downbay of Station 21.

Sampling of A. califorriiensis, fortunately, did not suffer from an

undefined lower boundary since location of the population center was

quite evenly balanced between Stations 29, 39 and 45 (Table 3). How-

ever, an additional station between Stations 29 and 21 would have

provided valuable data.

Seasonal abundances of A. clausi adults were comparable in 1972

and 1973, averaging about 3-6 x 1010 individuals, with occasional peaks

of 10-12 x 1010 individuals in the upper estuary. This corresponds to

a general range of 3,000 - 7,000 adults per m3 at the population center



Table 3. Frequency (%) of station location fo observed maximum population abundance of Acartia claus!
and A calitorniensis during sununei-fall t 197.-19/4 comparions are made foi maximum
abundances based on: (A) numbers per m3 and (B) total numbers per estuary section.

(A) Number_per Approach:

1972

Station clausi calif.

21 16.7 0.0
29 64.3 26.2
39 19.0 47.6
45 0.0 26.2
57 0.0 0.0

Peaks Co-occur: 21.4%
1 Station Apart: 64.3%
2 Stations Apart: 14.3%

Station_Location of pulation Center

(% Frequency)

1973

claus! calif.

17.8 6.5
66.7 37.0
13.3 43.5
2.2 13.0
0.0 0.0

28.9%
62.2%
8.9%

1974

clausi calif.

7.3 0.0
58.5 32.6
29.3 39.5
4.9 27.9
0.0 0.0

37.2%
55.8%
7.0%

Me an

Frequency

claus! calif.

13.9 2.2

63.2 31.9
20.5 43.5
2.4 22.4
0.0 0.0

29.2%
60.8%
10.0%

(B) Total Number per

21 11.9 0.0 11.1 6.5 9.3 0.0 10.8 2.2

29 81.0 33.3 82,2 50.0 83.7 28.6 82.3 37.3
39 7.1 42.9 6.7 30.5 7.0 42.8 6.9 38.7
45 0.0 23.8 0.0 13.0 0.0 28.6 0.0 21.8
57 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Peaks Co-occur: 26.2% 44.4% 20.9% 30.5%
1 Station Apart: 59.5' 44.4% 58.1% 54.0%
2 Stations Apart: 14.3% 11.1% 21.0% 15.5%

H0
H



102

(Appendices 1-3; Table 4). Copepodite numbers averaged approximately

10-15 x 1O individuals in 1972 and 1973, with infrequent peaks ranging

from 40 to 65 x 1010 individuals (Ca 50,000 - 60,000 in3).

In contrast, 1974 was an exceptional year for A. clausi, with total

adult numbers averaging 10-13 x 1010(ca 15,000 - 25,000 in3) and peaks

of 40-47 x 1010 individuals (ca 50,000 - 60,000 at population center).

This represents a 3-4 fold increase in adult abundance relative to

1972 and 1973. A similar trend occurred for copepodites, with average

and Peak abundances of 35-40 x 1010 and 90-122 x 1010 individuals,

respectively. This is equivalent to peak abundances of 86,000-160,000

per in3 at tile population center. No suitable explanation has been found

to account for the pronounced increase in production observed in 1974.

Naupliar abundances of A. clausi and A. californiensis were not

estimated routinely with copepodite and adult abundances because of the

identification problem and because the 112 pm net only retained N5 and

N6 stages in any appreciable numbers. However plankton samples collect-

ed with a 65 pm mesh net on various dates in 1972 and 1974 provide some

indication of naupliar production of both species. Total nauplii per

cubic meter were determined and then apportioned to A. clausi and A.

califcrniensis on the basis of percent total adults plus copepodites

present (Table 4). Highest abundances of A. clausi nauplii on the five
- 3

Qates ranqed between 6o,000 to 99,/60 per in as compared to 11,530 to

44,690 per in3 for A. californiensis. Total Acartia sp. abundance Call

stages included) varied between 34,000 and 203,670 individuals per

(with a mean of 117,850 Acartia per

These estimates of A. clausi abundance per cubic meter in the upper

estuary (e.g. Table 4) are substantially greater than those reported by

Zimmerman (1972) and Froi.ander et al. (1973). Zimmerman found occasion-

al peaks of total adults plus copepodites in excess of 10,000 in3 at

Station 29 while typical densities were normally less than 1,000-1,500

in3. A seasonal mid-summer low in A. clausi abundance in the upper

estuary was also described by Frolander et al. (1973) . Yet it is clear

from Figures 42-44 that the mid-summer low does not happen. The dis-

crepancy resulted from the use of 239 pm mesh nets to sample the

plankton. They are too coarse to quantitatively retain even the adults



Table 4. Naupliar abundance (no. per in3) of Acartia clausi and A. californiensis at selected stations
and dates. Estimates are based on the relalive proportiors of total adults plus copepodites
in the plankton. Total Acartia densities per cubic meter are also given.

Date:
08-07-72 08-10-72 08-13-72 08-17-72 06-20-74

Station: '39' '45' '29' '39' '29' '39' '29' '39' '45' '29' '39'

7DUL'1' PLUS COPEPODITE ABUNDANCE (no._m3)
A.. clausi

Adults 4,460 10,070 6,100 4,180 17,540 7,260 1,720 12,290 10,050 30,520 23,430
Copep. 38,680 17,040 35,110 5,260 42,850 4,970 24,210 21,320 12,150 104,640 71,630
Total 43,140 27,110 41,210 9,440 60,390 12,230 25,930 33,610 22,200 135,160 95,060

A. californiensis

Adults 360 3,430 1,110 6,730 1,520 5,970 300 3,890 7,560 0 50

Copep. 4,820 19,920 3,700 6,270 2,190 5,160 200 15,650 24,310 0 150
Total 5,180 23,350 4,180 13,000 3,710 11,130 500 19,540 31,870 0 200

Sum Total 48,320 50,460 46,020 22,440 64,100 23,360 26,430 53,150 54,070 135,160 95,260

Percent (%)
A. clausi 89.3% 53.7% 89.6% 42.1% 94.2% 52.4% 98.1% 63.2% 41.1% 100.0% 99.8%

ACARTIA SPECIES NAUPLIAB 1UND1NCE (no. ni3)
Total:

Nauplii 90,010 24,900 82,050 11,610 68,990 32,910 101,600 45,420 75,880 68,510 75,640
A. clausi 80,380 13,370 73,520 4,890 64,990 17,240 99,760 28,710 31,190 68,510 75,490
A. calif. 9,630 11,530 8,530 6,720 4,000 15,670 1,930 16,710 44,690 0 150

TOTAL_ACARTIA ABUNDANCE (no m3)

138,330 75,360 128,070 34,050 133,090 56,270 128,120 98,570 129,950 203,670 170,900

I-i0
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during warmest months when the copepods experience a temperature-

dependent decrease in body size. Acartia clausi length, for example,

decreases 30% from mid-winter to mid-summer (Zin'merman, 1972).

During routine collection of 1ankton data in 1972, 1 towed two

Clarke-Bumpus samplers mounted together as bongos and equipped with 239

pm and 112 p.m mesh nets. Comparative counts of adult A. californiensis

captured by the two different meshes revealed a significant 12-32%

escapement of adult males through the 239 pm mesh net during July to

September (Johnson, 1974). The larger sized females were retained

equally well by both nets. Unfortunately no similar estimates ci net

escapement were determined at the time for A. clausi. The 239 mesh

samples were subsequently discarded to provide additional jars for the

112 im mesh samples in 1973. However, since A. oaliforniensis males

are larger than A. clausi adults of either sex, it is obvious that

losses in excess of 12-32% occurred for all stages of A. clausi. Thus

the apparent mid-summer density low of A. clausi was an artifact caused

by temperature-dependent escapement losses.

With respect to the potential role of tides in regulating popula-

tion cycles of A. clausi (Figures 42-44), the results are no clearer

than for A. californiensis. In 1972, all but one copepodite peak

coincided with a maximum spring tide. This was true as well for the

majority of the adult peaks. Just the reverse is expected if tidal

flushing during spring tides is important. However, this pattern was

replaced in 1973 and 1974 by a more random pattern of increase, maximum,

decline, and minimum associated with the maximum spring tides as found

fo A. ca1ifoniensis (Figures 37, 38). Therefore, while tides almost

certainly influence the population dynamics of A. clausi, tidal

flushing is probably not the primary factor governing the field abun-

dance cycles. A similar conclusion was reached for A. californiensis.

Additional information on the interaction of A. clausi and A.

californiensis can be obtained by comparing plots of total abundance

(aduit plus copepodites) for each species (Figures 45-47). Perhaps

the most striking feature in these p1ot is the numerical dominance of

A. clausi, eon daring the population explosion of A. californiensis.

Only in 1973 did A. californiensis attain comparable densities. In
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1972, A. claus! was generally twice as abundant; while in 1974, A.

claus! had a 9-10 fold (Or greater) supremacy in abundance during

August-October. Note also the scale change of the ordinate of Figure

47 (1974) to facilitate plotting the high densities of A. claus!. These

differences in numberical abundance between the two species were not

previously recognized because of the use of the coarser 239 m mesh nets

and the problem of net escapement resulting in the "mid-summer lows" as

discussed above. Furthermore, the differences are actually greater

than shown since the sampling program did not adequately cover the.

lower population boundary of A. clausi.

Discussion

The trophically similar Acartia claus! and A. californiensis co-

exist throughout June to November from Station 21 to Toledo and above.

As a result, both species may compete for food and other resources in

the habitat. Competition through predation is also a possibility.

This coexistence appears at first glance to violate the well known

principle of competitive exclusion (Volterra-Gause hypothesis) -

Therefore, it is necessary to examine the potential competition and

determine possible niche-separation mechanisms. The nature and degree

of competition can provide some insight into possible effects that A.

claus! may exert upon the population dynamics of A. californiensis.

With reference to th principle of competitive exclusion,

Hutchinson (1961) described the continued coexistence of species of

phytoplankton in well-mixed, relatively homogenous habitats as a

"paradox of the plankton". Suggested solutions to the paradox include

environmental fluctuations which occur too rapidly for competitive

equilibrium to be established (Hutchinson, 1961; Grenney etal., 1973);

establishment of distinct patches or temporary niches separated in

space as a result of high reproductive rates relative to physical

mixing processes (Rictherson t al., 1970); contemporneous disequili-

brium (e.g. species-specific nutrient limitations; Petersen, 1975) and

predation (e.g. Muilin, 1967; Brooks, 1968; Dodson, 1970; Picherson

et al., 1970).
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Hutchinson's "paradox of the plankton" is also considered to apply

to estuarine and coastal zooplankton assemblages (Poulet, 1978). How-

ever two or more species can coexist if changes in the environment and

the degree of spatial patchiness prevent the exclusive occupancy of a

niche by a single species (Hutchinson, 1961; Mullin, 1967; Richerson

et al., 1970; Poulet, 1978). Nechariistns of niche separation by which

zooplankton populations reduce interspecific competition were summarized

by Pejier (1962) and Mullin (1967). These mechanisms include:

(1) differences in horizontal and/or vertical distribution; (2) differ-

ences In seasonal maxirum occurrence; (3) differences in selective

feeding; and (4) periods when food is not limiting. The latter condi-

tion, of course, may result from the effects of predation on one or

both of the competing species.

Differences in spatial distribution provide an important mechanism

for reducing competition between A. clausi arid A. californiensis. The

distribution of A. clausi completely overlaps the distribution of A.

cal±fonjensjs, and on most dates, extended further upbay (See Appen-

dices 1-3). However, the population centers, corresponding to zones of

optimal conditions for growth, are typically separated in the estuary

by one station (54-61% of the time) and occasionally by two stationS

(10-16%) (see Tables 3, 4). Co-occurrence of both center at a statior.

was observed on 29-31% of the cruises, but probably reflects occasions

when both of the actual population centers were located somewhere

between sampling stations. It could also reflect field patchiness.

Spatial separation of population centers in an estuary is particu-

larly important in niche separation because environmental conditions

change rapidly in short distances. For A. claus!, generally centered

at Station 29, this represents a 2-3°C lower temperature and a 25°/oo

higher salinity than found at Station 39 where A. californiensis is

most abundant (Figures 5-7). The overall lower temperatures experienced

by A. clausi are especially significant, since generation lengths of

Acartia and other copepods increase non-linearly (more than proportion-

ally longer) with decreasing temperatures (e.g. Landry, 1978a). Thus

the much longer field generations observed for A. clausi (Ca 24-25
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days; range 20-30) relative to A. californiensis (14 days; range 12-20)

are probably the result of lower temperatures. In terms of competitive

advantages, A. californiensjs should be favored over A. clausi at

Station 39 and upstream because of conditions more optimal for growth

and development of the warm-water species. Therefore, separaticn of

population centers and differences in development rates are probably

more than adequate to permit coexistence, in spite of the completely

overlapping distribution of A. clausi.

Mullin (1967) also pointed out that different niches based on

feeding can occur within a given water body if phytoplankton diversity

and quantity are great enough to reduce interspecific competition.

However, as discussed at length in Section III, phytoplankton levels in

Yaquina Bay ar substantial (ca 5-6 ing Chi m3) and probably not

limiting to the zooplankton grazers in either quality or quantity.

This view is reinforced by Ccnover's (1956) observations of grazing

activities of A. clausi and A. tonsa in Long Island Sound at comparable

levels of chlorophyll (3.5-7.5 nig Chl in3) during summer months. On the

basis of oxygen consumption rates and grazing rates, total chlorophyll

(i.e. carbon) requirements for adults of both species were calculated

to be 1CSS than 1.7 mg ChJ. in3. Thus it is quite unlikely that grazing

activities of A. clausi in Yaquina Bay limit the ability of A. califor-

niensis to obtain daily carbon requirements.

Success in competition for available resources may also be viewed

as a function of physiological differences in optimal temperature and

salinity ranges. Conover (1956), for example, proposed that species-

specific temperature requirements kept populations of A. clausi (winter-

spring) and A. tonsa (summer-fall) from overlapping during the majority

of the year. Competition only occurred during the transitional spring

and fall periods when suboptirnal conditions existed for both species.

Salinity was not examined as a factor, hut probably was unimportant

since little seasonal variation would be expected in the Sound.

Subsequent work by Jeffries (1962, 1967) and Lance (1962, 1963,

1964) demonstrated that seasonal succession of the two Acartia species

in east coast estuaries may be partly regulated by salinity, with
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temperature remaining the most important factor. A. tonsa, for example,

is less affected by low salinity and high temperatures, and consequently

is more successful than A. clausi in competition for the habitat during

summer months. Seasonal replacement of A. clausi typically begins at

the head of the estuary and progresses downbay to the estuary mouth as

temperature continues to increase. However, as Miller (In Press) notes,

seasonal succession of A. clausi and A. tonsa may have nothing to do with

competition per se but merely reflect the physiological response of the

two species as the seasonal changes in temperature and salinity occur.

be Fleminger expressed a similar view (personal communication; July,

1973) , stating that it was his view that apparent seasonal competition

between congeneric species such as A. clausi and A. tonsa was merely a

succession reflecting the physiological reuirement.s of a cold watOr

species and a warm water species. Therefore, direct competition need

not be involved at all.

The coexistence of A. clausi and A. californiensis in Yaquirta Bay

was once belived by me (Johnson, 1974) to be analogous to the A. clausi

and A. tonsa seasonal succession in Atlantic estuaries. However,

additional study has shown that they are alike only in that similar

cold water and warm water congeneric Acartia species coexist. In sharp

contrast to the Atlantic coast A. clausi (hudsonica), the upbay A.

clausi s.l. is more eurythermal and euryhaline than its counterpart

species, A. californiensis as evidenced by a greater overall distribu-

tion both upbay and downbay). Furthermore, the seasonal summer

rep1acemer of A. claus! by A. californiensis does not occur. Rather

the A. californiensis population seasonal cycle proceeds with little

apparent effect on or effect from the A. clausi population. Finally,

there is no seasonal replacement of A. clausi by A. californiensis from

th head of the estuary seaward as temperatures increase as is true for

A. tonsa on the east coast. Instead both A. clausi and A. californien-

sis population distributions remain relatively fixed throughout June to

November. However, A. claui and A. californiensis do have significant-

ly different physiological requirements for optimal growth as shown by

th difference in ].ocaticn of the population centers. As a result,
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Flenuflger'S argument applies equally well here; that seasonal patterns

are related to evolutionary origins (warn water vs cold water) rather

than direct competition for the habitat.

To summarize, there is little evidence that. any significant

comnetitiozi exists between A. clausi and A. californiensis for available

resources in the upper estuary. This has been shown by a review of

spatial distributions, population growth rates, physiological differ-

ences and availability of food; all of which combined demonstrate that

the principle of coinetitive exclusion is not violated.

Numerous studies, however, have shown that the filter feeding

Acartia species are omxiivores, taking both phytoplankton and animal

food in their diet (e.g. Marshall, 1949; Conover, 1956; Anraku and

Omori, 1963; Lillelurid and Lasker, 1971; Landry, l978a) - Petipa (1959,

1966), for example, demonstrated that A. clausi fed on nauplii and

early copepodites of other copepods and suggested that animal food was

probably an essential requirement for rapid growth of its population.

Thus A. clausi may have a serious impact on the population dynamics of

A. californiensis by predation on its nauplii. To avoid later repeti-

tion, the effects of A. clausi predation are considered in Section VII

where the various sources of A. californiensis mortality are discussed.
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Section VI. LAB AND FIELD DEVELOPMENT RATES
OF ACAP.TIA CALIFORNIENSIS

Introduction

Various evidence presented in the preceding sections support the

hypothesis that Acartia californiensis is seldom food limited in

Yaquina Bay. Data on sex ratios of adults implies that size-selective

predation may be an important factor in regulating population changes

in abundance. However, a more definitive analysis of these and other

previously noted hypotheses requires that field population processes

(i.e. growth, fecundity and mortality) be quantified in terms of rates.

In particular, stage-specific duration and cummulative development times

must be determined for both lab and field populations (Rigler and

Cooley 1974; Landry, 1978a). This section concerns the estimation of

these growth parameters in the laboratory and from cohorts in the field,

in addition to a further analysis of the hypothesis that there is no

food limitation. Stage-specific mortality rates and the causes thereof

are discued in Section VII.

Methods

1) Laboratory Estimates of Development

The objective here is development of a generalized empirical

equation that can he used to predict stage-specific duration and devel-

opment rates at any temperature in conditions of food satiation. Given

surplus food, development rates should be physiologically determined,

with temperature being the most important physical parameter (Mckaren,

1963: Corkett and McLaren, 1970). Therefore, use will be made of the

B&lehrádek (1957) temperature function in which rate of metabolic

function (as used here, development time (D) in days or hours) is

given by

D = a (T
)D

(1)
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where a, b and are fitted constants and T is temperature in degrees

Celsius. The equation's usefulness in describing egg development has

been well demonstrated for a variety of copepod species by McLaren

(1966), McLaren et al. (1969), Cooley and Minns (1978) and others.

McLaren (1963) discussed the superiority of Blehrdek's tempera-

ture function and the conceptual meaning of the three fitted parameters.

In brief, the equation represents the simplest of several empirical

functions describing the three ways in which monctonic responses to

temperature may differ: the parameter, a, reflects differences in mean

slope by defining shifts along the y or development axis (i.e. the y

intercept on a log 0 versus log (T )
plot); while b represents

the degree of curvilinearity; and is a scale correction for the

theoretical temperature at which development time becomes infinite.

Heip (1974) and Bottrell (1975) have criticized the concept that

actually represents "biological zero'. More correctly stated, is a

scale correction required to make the relationship linear on logarithmic

axes (Bottrell, 1975). However, McLaren (1966) and McLaren et al.

(1969) have conclusively shown that is linearly related to environ-

mental temperature for various copepcd species, and is, therefore, a

simple index of temperature adaptation. For example, warm water species

like . tonsa have high values while cold water forms (e.g. Calanus

glacialis and C. hyperboreus) have low values.

Corkett and McLareri (1970) further demonstrated that fitted values

of o( and b for egg development within species (shown for three species:

Pseudocalanus niinutus, Eurytemora hirondoides and Temora longicornis)

are the same for equations describing effect of temperature on develop-

ment from stage Ni to Cl of that species. Only the constant of

proportionality, a, changes. Subsequent work extended this relationship

to adults (Corkett and NcLaren, 1978). This means that development time

of a given stage (within species) is the same mu1tipl of egg develop-

ment time at all temperatures. Therefore, once a Blehra'dek solution

has been determined for egg development over the natural range of field

temperatures, it is only necessary to determine time to each juvenile

stage and adulthood at a single temperature. This provides a family of
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equations with the respective different values of a that can be used to

predict stage-specific development at any temperature. This process

can be even further simplied for species like A. californiensis, A.

tonsa, A. clausi (Miller et al., 1977) and Pseudocalanus species

(Corlcett and McLaren, 1978; McLaren, 1978) which have isochronal devel-

opment (i.e. equal time duration) between successive molts. For these

species, only the time to adult is required since division of the adult

a value will provide the stage increment.

A 'best fit" solution of B1ehrdek's function for development

time data (described below) of A. californiensis was done using the

linearized form of the equation:

log D = log a + b log (P - c& ). (2)

Slope b, intercept a and the correlation coefficient, r2, were solved

by standard linear regression equations for selected c. values. o(

was iterated in 0.01 increments to determine the minimum residual sum

of squares and therefore highest correlation coefficient.

Data on egg development rates of A. californiensis were obtained

from the literature and from assorted observations or' hatching since

no closely monitured. experiments were done over the natural temperature

range. Uye and Fleminger (1976) provided the most complete data,

giving estimates and confidence limits of egg duration at eight temper-

atures between 7.5°C and 25°C for Acartia sp. I from southern California

(A. californiensis; Abe Fleminger, personal communication). These data

were extracted from their Figure 1C and thus are not as precise as

desirable. Egg duration estimates for the Elkhorn Slough population at

25.500 were computed from Pace's (1978) results. Estimates for the

Yaquina Bay population were obtained from unpublished experiments on

hatching in light and darkness and from hatching rates of non-dormant

eggs in the resting egg experiments (Section VIII). Data for the three

populations were combined to obtain the Blehrádek function for egg

development at all temperatures.

Laboratory experiments for determining time to given juvenile

stage and to adult were done previously at 21°C (Johnson, 1974). As

noted above, measurements at a single temperature are adequate to
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provide predictions at all temperatures, given that egg development is

also known. Development rates were measured under conditions of surplus

food (1.5 - 20 x 1C cells m11) consisting of equal proportions of

Isochrysis galbana, Pseudoisochrysis sp. and Thalassiosira fluviatilis.

Development time (DT) for a given stage was considered as the time when

50% of the indivIduals reached the stage. The median point was deter-

mined by least squares linear regression fit of percent frequency in

the population for all observances after first occurrence and until

last occurrence of the stage (o'nnson, 1974). Stage-specific duration

time (SD1) was defined as equal to one half the interval (I) between

both the preceding plus the following stage midpoints.

Recent re-analysis of the development data at 21°C (Johnson, 1974)

revealed that some mistakes had been made which resulted in the over-

estimation of both stage duration and generation length. Furthermore,

pace (1978) followed these methods to define development rates in the

Elkhorn Slough population, and as a consequence, made the same errors.

These errors have been first corrected for both calculations in order

to proceed with the Blehrádek solutions.

2) Field stimates of Development Rates

(a) Observed Field Rates

Field stage durations and total development time were determined

fram estimates of abundance of successive copepodite stages within the

time intervals delimiting a cohort using the method of Landry (1976a,

1978a) as modified from Rigler and Cooley (1974). Total Stage

abundance within a cohort was estimated by computer integration of area

under the curve (copepod days). abundances (total number per estuary)

were summed in one day increments, assuming either a linear increase

or decrease in numbers between sampling dates. The time (day of year)

of the median pulse (DT') was computed by reintegrating area under the

abundance curve until the sum of copepod-days equaled exactly 50% of

the total area. This method, as Landry notCs, is superior to Rigler

and Cooley's center of gravity method for calculating the median pulse

time, since it is less affected by data at the tail ends of the

abundance distribution within a cohort.
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The time interval (Ii) between area midpoints of successive stages

(DT and DT) within a cohort is equal to one half of the mean stage
1+1 1

duration (SD') of each of the two stages (Winberg, 1971; Rigler and

Cooley, 1974; Landry 1976a, 1978a)

DT - DT = = ½(SD + SD). (3)
1+1 1 1 i+1 1

The prime marks on the variables designate observed field conditions

for comparison to predicted conditions.

Unfortunately, stage duration can not be obtained directly from

field data, since there is no way to know the partition of I' into

SD and SD'. Given isochronal crowth of A. californiensis (Miller
1+1 1

et al., 1977), stage duration should theoretically be the same as the

time difference between pulse midpoints under conditions of non-limiting

food. However SD will rarely equal I' because of field patchiness,

sampling vari&ility, errors in computing total densities, and probable

errors in choice of cohort boundaries. Rigler and Cooley (1974)

attempted to solve the problem by an iterative solution of a family of

equations (like Equation 3) for the juvenile stages. However, this

approach is not satisfactory since multiple solutions were possible.

Landry's (1978a) method, used herein, consisted of calculating the

mean development time of a stage (DT) as the sum of the time intervals

(I') between all preceding stage midpoints. For this study, zero

development time was considered as the starting point of stage Cl

copepodites (i.e. DT4
1C1-C2 1C2-C3 + 'C3-C4'

The DT data

points were assumed to represent the median point of development to

stage i as in the lab experiments. The data were linearly regressed

to obtain a least squares solution for observed development. Stage

duration was then obtained by dividing generation length by 12.

b) Predicted Field Development Rates

Stage durations and development times were predicted using the

B1ehrdek temperature function derived from laboratory data. A

weighted mean of the temperature affecting a given stage was calculated

in two steps: 1) over all stations on a sampling date; and 2) within

the time boundaries of the respective cohort. Mean temperatures across
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stations (T) were computed for a given stage by

(T.) (N.)

- 1=1 (4)T=
ZN1

where subscript i represents station, T is mean station temperature

(°C) and N is the total individuals in the station section. Temperatures

at the midpoints of the boundary sections were estimated by assuming

temperature changed linearly between stations (e.g. Stations 21 and 29)

and then interpolating for the correct distance between the stations.

Weighted temperatures across stations were then used to compute

the mean daily temperature affecting each copepodite stage within a

cohort by assuming linear changes in temperature between sampling dates.

This assumption is probably weak because of varying rates of tidal

flushing, etc., but changes in temperature between dates were typically

small. Equation 4 was used as before, with N. now representing total

abundance in the estuary on day i.

Once given the mean temperature during a cohort for the respective

copepodite stages, mean development time to adult was predicted by the

Blehradek function (Equation 1). Stage duration (SD.) was then

estimated by dividing adult duration by 12. When repeated for each

copepodite stage within a cohort, this provided estimates of the

interval (I.) between successive stage midpoints and mean development

times (DT.) (Equation 3). Predicted stage-specific development times

for a cohort were then regressed (least squares method) and compared

against the slope of observed development by analysis of covariance.

These procedures have been sequentially summarized in Table 5 to

help show the multiple (and potentially confusing) steps required for

calculation of predicted and observed field development.
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Table 5. Sequential steps followed to determine predicted and observed
field deve1oment times (days) of A. californiensis within
cohorts in Yaquina Bay.

PREDICTED DEVELOPMENT TIME (DT)

I. Laboratory Estimates of Egg Duration and Time to Adult

1) Yaquina Bay (Johnson, 1974)

a) Correct errors in previous estimate of time to adult at 21°C

b) Recalculate regression of stage durations (DT1)

2) Elkhorn Slough (Pace, 1978)

a) Correction procedures repeated for: a) estimate of time to
adult and b) stage duration at 25.5°C

II. Solution of B1ehrdek Functions

1) Egg Duration Calculated tJsing Combined Data

a) Corrected data for Yaquina Bay and Eikhorfl Slough
b) Data for Mission Bay (Uye and Fleminger, 1976)

2) Development Time to Adult

a) Demonstration that egg duration prediction multiplied by 12
gives overestimate of correct time to adult

b) Egg duration X 10.45 gives a better approximation
c) Modified B1ehrádek function for adults

III. Predicted Development Rates in the Field

1) Determine weighted temperature across stations and within cohorts
for given copepodite stage

2) Solve for stage duration (SD1) using weighted temperature in adult
Blehrádek function and then dividing by 12

3) Regression of calculated development times (DT) from successive
stage durations to get predicted development slope

4) Compare with observed rates using analysis of ccvariance

OBSERVED DEVELOPMENT TIME (DT')

I. Cohort Parameters (see Section IV)

1) Select cohort boundaries
2) Compute area under cohort curve in copepod days
3) Determine area midpoints for stage ±

IT. Estimate Field Development Rates (this Section)

1) Calculate interval I between midpoints for stage ± and i±l
2) Regression of calculated DT' values for all copepodite stages

** 3) Compare with predicted rates using analysis of covariance
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Results

1) Laboratory Estimates of Development Rates

(a) Yaguina Bay Population

As noted in the introduction, the development rate of A. califor-

riiensis was previously determined at the single temperature of 21°C

(Johnson, 1974). However re-analysis of the data revealed three signi-

ficant errors which had to be corrected before the data could be used

for a B1ehrdek solution of temperature-dependent development. The

problems basically resulted from the experimental design. In order to

obtain adequate numbers of eggs for the two large scale replicate

experiments (each with 60 replicate culture beakers to penit daily

monituring of development), females were allowed to spawn for 48 hours

before being removed. Consequently, at the temperature of 2100, many

eggs had hatched into stage Ni, and possibly a few inolted into N2

before the last eggs were released. As a result, significant van-

ability in generation length were observed.

In order to remove this variability, the daily percent frequency

data for each stage were fitted to a best fit slope by least squares

linear regression. This is shown for Replicate no. 2 in Figure 48.

The assumption was then made that 90% of the Nl-2 slope was caused by

the i.ntroduced experimental error. The remaining 10% was attributed to

natural variation in egg hatching time. Therefore, 90% of the Nl-2

slope was subtracted from all slopes as a correction term. Up to this

point, the reasoning and procedures were correct. Unfortunately, the

90% correction in time was done by subtracting 45% from time of last

occurrence and adding 45% to the time of first occurrence for all

stages (Figure 49). In actuality, the entire 90% should have been

removed from the time of last occurrence for all stages. As a result,

a linear regression of the median stage development times showed the

time from hatching to nauplius 1 as approximately two days (Figure 50).

This is an over-estimation of approximately one day as observed in

subsequent work.
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Figure 48. Development rates of Acartia californiensis at 21°C and 25°/oo (Replicat.e 2) as

represented by best fit linear regression slopes. The increasing variability with

time is attributed to introduced experimental error and intrinsic differences
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In addition, the regression of Y (stage) on X (days) was

incorrectly done since the grouped stages of Nl-2, N3-4, N5-6, C1-2,

etc. were assigned values of 1, 2, 3, 4. etc., rather than the correct

stage number of the younger of the two grouped stages (e.g. 1, 3, 5, 7,

etc.). The third error resulted from plotting adult and egg stages on

the ordinate with the same interval or spacing as used for the grouped

stages. This error, in combination with the second error, affected

the slope,since development time from copepodite S to adult was slower

than for other stages. The problem of adult spacing was correctcd when

these data were published in a paper on Acartia growth rules (Miller et

aL, 1977). While the other errors noted above remained unnoticed

until now, they did not affect conclusions reached by Miller et al

(1977)

Oevelopment rates of A. californiensis were re-calculated for the

two replicate experiments by first assuminzr that 95% of the experimental

population were still eggs on day 1.0. This assumption was deemed

necessary since the initial Nl-2 slope (e.g. Figure 48), based on only

two data points, indicated that time of first occurrence for naupiii

was approximately 1.2 days. Other hatching observations confirmed that

a more accurate estimate would be 0.8-0.9 days (or less). Therefore,

for each replicate, a new regression slope for Nl-2 was calculated by

using the additional "assumed data points'. Ninety percent of the Nl-2

Glop (in time units) was then subtracted from the time of last

occurrence for all slopes (e.g. Figure 51).

New estimates of maximum, median and minimum development times to

a given stage were then calculated (Figure 52). Median isochronal

development time from egg to adult in Replicate No. 1 was 9.77 days at

a rate of 0.81 days per stage. Replicate No. 2 had a slightly longer

median time of 10.44 days and 0.87 stages per day. Previously esti-

mated generation lengths (Johnson, 1974; Miller et al., 1977) from egg

to adult at 21°C ranged from 11.0 to 11.5 days. Thus these corrected

estimates are significant for su.bseguent estimates of fi1d generation

lengths based on lab development data.
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californiensis through successive stages to adult for replicate experiments 1 and 2

(Johnson, 1974). Lines fitted by least squares regression to median development times.
Solid circles represent range of first and last occurrence of a given stage as predicted
by linear regression (see text and Figure 51 for complete method) .
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(b) Elkhorn Slough Population

Pace (1978) measured development rates of A. californiensis from

Elkhorn Slough at 25.50C and 34.4°/oo using the method developed by

Johnson (1974). Unfortunately, the inconsistancies of the method were

not recognized by Pace, with the result that the same errors were made

in the treatment of his data. Therefore, in order to use the data in

solving for a Blehrdek function, I followed the correction procedures

described above. However, the final resolution is lower since the

development data had to be extracted from computer generated plots in

Pac&s thesis (his Figures 2DB, 2lB and 22B).

Only regression slopes of the median lab development times will

be discussed (Figures 53A, B) . Figure 53 represents regression lines

based on proper stage intervals on the Y axis but with incorrect removal

of experimentally introduced error on the X axis. Slope 1 (dashed line)

is the regression slope provided by Pace and includes the C5 and adult

stages. The poor fit to the data is the result of increasing stage

duration from C4 to C5 and C5 to adult. Slope No. 2 represents

isochronal development and is based on molting rates from stage Nl to

stage C3.

It is highly probable that the slowing down of development in the

final two molts was the result of food limitation rather than an

exception to the principle of isochronal development (Miller et al.,

1977). Pace used diluted quantities of the naturally occurring phyto-

plankton assemblage in the estuary as food for his experimental

animals. Dilutions were made by exchanging 50% of the water in the

beakers with fresh estuary water every second day. Thus, in effect,

the daily ration was only one fourth of the natural standing crop.

This ration, coupled with high copepodite adult densities (ca 25 1 or

25000 in3), apparently was inadequate to provide for the increased

nutrituive requirements of the oldest stages. The difference between

the two sloPes also provide an excellent example of what type of field

development curves to expect for cohorts if food is limiting in the

field. Similar arrested development curves under conditions of food

limitation are given by Heinie (1966) and Johnson (1974).
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Figure 53. (A). Median development times of Acartia californiensis from Elkhorn Slough (25.5°c,

34.40/00) based on incorrect removal of variability caused by unevenly aged eggs at
start of experiment, but corrected for proper stage intervals on the Y axis. Slope
no. 1 (dashed line) includes all data points while slope no. 2 (solid line) omits adult
and stage C5 median times because of likely food limitations.

(B). Corrected estimates of stage duration and development times to given stage at 25.5°C.

Open stars represent adjusted values used for stage C5 and adult development times (see
text). Data modified from Pace (1978) 0
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Given the likelihood of food limitation, the median development

times to stage C5 and adulthood were not used to calculate the

regression slope (Y 0.0008 1.675x ; r2 = 0.996) following adjustment

for the effects of unevenly aged eggs in the initial starting population

(Figure 53b). Rather, new estimates were first calculated by assuming

the same departure from isochronallty as observed in the Yaquina Bay

experiments (Figure 52). This represented a maximum lag of 0.2 days

for stage C5 and 05 days for adults. These new values are represented

as open stars in Figure 53b.

The end result of the several corrections was a revised estimate

of 7.16 days for median development to adulthood (0.6 days per stage)

at 25.5°C as compared to the original estimate of 10.0 days (Pace,

1978). The shorter generation length at 25.5°C is expected since the

Yaquiria Bay population require.s 9.6 - 10.4 days to reach adulthood at

21°C (Figure 52).

2) Blehrdek Solutions for Egg and Adult Development Rates

A "best fit" Blthrdek solution for temperature-dependent egg

duration of A. californiensis over a range of temperatures is best

described by the equation,

-1.664
D = 115.4(T-3.84) . (5)

The fitted slope, shown in Figure 54, is based or. the data of Dye and

Fleminoer (1976) in combination with the corrected (discussed above)

and more limited data setS f Johnson (1974) and Pace (1978) . These

latter two sets of data were included to improve predictability since

none of the 13 observed egg durations (see Table 7) were precisely

determined on an hourly basis. The correlation coefficient, r2, was

0.9815.

Ccrke.tt and McLaren (1970) demonstrated that only the constant of

proportionality, a, in the B1ehr.dek function changes for successive

developmental stages of a species over the possible temperature range.

Therefore, given the facts that (1) the increment of increase in a is

constant between stages and that (2) A. californiensis development is

isochronal, it seemed logical to obtain the Blehr.ádek solution for
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coefficient is 0.9815.
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adult development by merely multiplying a (here 115.4) by 12. This

approach was tried but rejected, since the derived Blehrdek function

consistently overestimated adult development time by 14-17%. The reason

is that egg duration of A. californiensis is slightly longer than

successive stages (Tabic 6).. Similar observations were made by Pace

(1978) for A. californiensis and Landry (1975c, 1976a) for A. clausi.

Therefore, isochronality in development rates of Acartia species

probably exists only after the Ni stage.

Longer egg duration was adjusted for by determining the "constant"

which, when multiplied by egg duration, gave correct time to adult.

This was done for each of the observed egg and adult development times

listed for A. californiensjs and A. clausi in Table 6. The resultant

mean values for A. californiensIs were 10.47 and 10.43 for Yaquina Bay

and Elkhorn Slough populations, respectively, and 10.29 for A. clausi

(Jakle's Lagoon). Therefore the value 10.45 was selected for predicting

adult development times from observed egg durations (Table 7). Com-

parison of these estimates of adult development time with those

predicted by linear regression or observed (Table 7) reveal a close

agreement.

Egg duration multiplied by 10.45 (Table 7) was used for a

Blehrdck temperature function describing adult development. The

"best fit" equation, plotted in Figure 55, is given by

0 = 1,206 (T
334)1.664

(6)

As noted previously, values for (3.84) and b (-1.664) did not

change from the solution for egg development (Equation 5). The same

equation could have been obtained by multiplying the constant, a, for

egg duration (115.4) times 10.45 to obtain a = 1,206.

Equation 6 was used to estimate all field-predicted development

rates to adulthood at temperatures weighted across stations and co-

horts. Once time to adult or generation length was determined, the

time was divided by 12 to approximate stage-specific duration (SD).

Field-predicted development times (DT) were solved using Equation 3

and then linearly regressed. Resu1t, presented in Figures 56-58, are

discussed below.
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Table 6. Comparison of laboratory observed adult development times
with predicted times (over-estimations) based on observed egg
durations multiplied by 12 {assuining isochronality during 12
stages). Data include A. californiensis from Yaquina Bay
(Johnson, 1974) and Elkhorn Slough (Pace, 1978) as modified
in this section, and A. clausi from Jak1es Lagoon (Landry,
1976a)

Observed Egg Observed
Species Temp Egg Duration Adult Percent (%)

(°C) Duration X12 Develop. Over-

(days) (days) (days) Estimated

A. californiensis (Yaguina Bay)

Replicate 1 21 0.93 11.16 10.09 10.6 %
21 0.93 11.16 *977 14.2

Replicate 2 21 1.04 12.48 10.95 14.0

21 1.04 12.48 *1044 19.5

= 14.58%

A. californiensis (Elkhorn Slough)

25.5 0.7 8.4 7.40 13.5 %

25.5 0.7 64 *716 17.3

x = 15.40%

A. clausi (Jak1es Lagoon)

Spring 20 1.22 14.65 12.54 16.8 %

Fall 20 1.30 15.60 13.29 17.4

Summer 15 1.91 22.90 19.82 15.7

20 1.35 16.20 **1399 15.8

15 1.91 22.90 **1942 17.9

10 3.00 36.00 **3083 16.8

5 6.58 78.93 **67.94 16.2

x = 16.66%

* median adult deve1oprnen times determined from regression slope

** adult times calculated from established temperature function for
A. clausi
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Table 7. Median adult development times of A. californiensis at various
temperatures used to derive a B1ehr.dek solution for temper-
ature-dependent deve1oprent to adulthood (see Figure 55).
Estimates obtained by multiplying observed egg duration by
10.45 to correct for slightly longer duration of egg stage.
Observed and predicted (by linear regression) adult develop-
ment times provided, when available, for comparison of method.

Generation Length (days)

Temp Ohs. Egg Egg Observed Predicted

(°C) Duration Duration from Linear

(days) xlO.45 Regression

Yauina Bay (Johnson, 1974; assorted experiments

21 0.93 9.72 10.09 9.77

21 L04 10.87 10.95 10.44

21.6 0.87 9.09

17 1.4 14.6

13 3.1 32.4

Elkhorn Slough (Pace, 1978)

25.5 0.70 7.32 7.40 7.16

Mission Bay (Uye and Fleminger, 1976)

24.8 0.85 8.88

22.3 0.90 9.41

20.0 1.10 11.50

17.7 1.45 15.15

15.2 2.10 21.95

12.8 3.40 35.53

10.3 4.80 50.16
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Development times predicted by multiplying egg
duration by 10.45 (see text for explanation.
r2 = 0.0815.
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3) Field Development Times in Yaquina Bay

Observed development times (DT) (based on area midpoints) and

predicted development times (DT.) (based on laboratory data and weighted

field temperatures) are plotted for stages Cl to CS against time for

each cohort n Figures 56-58. Differences between observed stage

intervals (If) were generally small, with the result that the DT data

points are well represented by a least squares linear regression slope

in each of the 18 cohorts observed (r2 0.950 in all but two cohorts).

Estimates of predicted development time (DT.) are even better repre-

sented by linear regression slopes (r2 0.999 in all cases) because

stage-specific durations (SD.) were essentially isochronal as a result

of only small temperature changes within a cohort. Observed develop-

ment times (DT! and I!) are given in Appendices 11-13 while predicted

development times (DT.. SD. and I,) are listed in Appendices 14-16.

Predicted and observed generation lengths (Figures 56-58) were

approximated by extending the respective regression slopes from stage

Cl to the intersection of the X axis (i.e. egg stage) and from stage

CS to the adult stage. This procedure resulted in crossing of the two

slopes at the midway point between stages N6 and Cl, since that point

was used as the origin (0.00 days) in determining median development

times. The assumption of isochronal development at the same rate from

stage C5 to eggs is not unreasonable since thermal changes were always

minor within the span of most cohorts.

Mean generation lengths derived, from the extended observed and

predicted slopes (Fjoures 56-58) for each cohort are summarized in

Table 8. Cohorts typically ranged from 12 to 20 days in length, with

an approximate mean of 13.5 - 14.0 days. Exceptions are noted below.

Of particular importance is the observation that the majority of

predicted generation lengths were either slightly longer than or

statistically equal to those inferred from regression of area midpoints

for successive stages (i.e. observed generation lengths). This pattern

was repeated in each year. For example, of the 18 cohorts, observed

generation lengths were longer than predicted lengths in. Only SCVOfl

cohorts (111-72; I and 11-73; IV and \J-73; IV and V-74). However, of
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Table 8. oInparison of mean observed and predicted generation lengths

calculated by extension of linear regression (least squares)

slopes from stage Cl to egg stage. Regression slopes based
on equation, Y (stage) = a + b (DT or DT). Temperature is
averaged value for stages Cl to C5 weighted across stations
and cohort.

Generation Length

Est. Observed
Year Cohort Mean from Samples Predicted Difference

Temp (days) (days) (Obs - Pred)

(CC)

I 20.62 8.20 10.99 - 2.79

II 19.80 10.51 12.03 - 1.52

1972 III 19.30 13.49 12.60 + 0.89

iv 17.71 9.89 15.26 - 5.37

V 15.03 19.65 22.03 - 2.38

VI 12.88 16.84 31.69 -14.85

I 18.15 20.96 14.28 + 6.63

II 19.18 23.91 12.76 +11.15

1973 III 18.23 11.72 14.28 - 2.56

Iv 17.22 16.54 16.16 + 0.38

V 16.30 17.98 17.24 0.74

VI 14.07 16.26 25.19 - 8.93

I 17.72 13.25 15.19 - 1.94

II 19.92 9.43 11.86 - 2.43

1974 III 18.71 12.05 13.63 - 1.58

IV 18.51 14.35 13.90 + 0.45

V 18.08 15.03 14.73 + 0.30

VI 15.25 7.85 21.26 -13.41
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these latter seven cohorts, an analysis of covariance demonstrated that

only the 'observed' slopes of cohorts I and II in 1973 were statis-

tically different from the predicted slopes (Table 9). These two

exceptions are discounted since the respective estimates of DT were

calculated from very low densities of animals. This caused much greater

bias and variability (i.e. poorer resolution) in actual positioning of

the cohort time boundaries and abundance estimates than in subsequent

cohorts having high densities of animals. The apparent delay of field

development in cohorts I and II (1973) can not be attributed to

inadequate food levels since chlorophyll levels in 1973 were highest in

June and July (Figures 12, 15).

Cohort VI of all three years (Figures 56-58) was unusual in that

observed development rates (i.e. slope b) were approximately double

those predicted on the basis of temperature (Table 9). These three

unrealistically short 'observed' generation lengths (16.8, 16.3 and

7.9 days) at the prevailing low temperatures (12.9°, 14.1° and 15.3°)

are obviously an artifact of th methodology used (i.e. area midpoints

under the curve). A possible explanation is that the apparent high.

development rates resulted from heavy environmentally-induced mortality

of late entering individuals into a given stage during the final cohort.

In other words, individuals in the trailing edge of the last cohort

(right side when looking at figure) should experience heavy mortality

as temperature continued to decline. If so, this would result in a

skewing effect, which would move the cohort midpoint (in area under

curve) backwards in time. This would thus create a false impression

of higher development rates.

Therefore, excluding cohorts I and II (1973) and VI (all years) as

non-representative of field development rateS (Figures 56-58) , it is

clear that observed field generation lengths were either slightly

shorter than or of equal duration to the prediction of the 1ehrdek

temperature function. This constitutes a conclusive demonstration that

food was not limiting for A. ca1ifornienis development throughout the

cohorts of high numerical abundance.
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Table 9. Comparison of observed and predicted slopes (b) of Acartia
californiensis development within cohorts (1972-1974) by
analysis of covariance (F statistic). Slope b is calculated
from equation DT' (observed) or DT (predicted) = a + b
(stage no.). 95% confidence intervals given in parentheses.
R represents ratio of observed b/predicted b.

Cohort

J-

II

III

IV

V
VI

I

II

III
iv

V
VI

T

II

III

IV
V

VI

* F
1,6

F16

F16

Observed b

0.650(0. 33-0.92)
0.835(0.50-1.17)
1.102(0.82-1. 39)

0.785(0.46-1.11)
1.625(1.36-1.89)
1.387(1.11-1.66)

1.690(1.12-2.26)
1.915(1.21-2.62)
0.865(0.29-1.44)
1. 336 (0. 90-1. 77)

1.462(1.04-1.89)
1.332(1.01-1.55)

1.060(0.66-1.46)
0.765(0.53-1.00)
0.991(0.79-1.20)
1.157(0.77-1.54)
1.246(1.08-1.41)
0.601(0.27-0.93)

(0.05) = 6.61

(0.025) = 8.81

(0.01) 13.74

Predicted b

1972

0.916(0.90-0.93)
1.002(1.00-1.01)
1.050(1.04-1.06)
1.272(1.25-1.29)
1.835(1.78-1.89)
2.639(2.51-2.76)

1973

1.201(1.20-1.21)
1.063(1.05-1.08)
1.190(1.18-1.20)
1.345(1.34-1.35)
1.436(1. 38-1. 49)

2.099(2.09-2.11)

1974

1.266(1.25-1.28)
0.989(0.98-0.99)
1.135(1.11-1.16)
1.159(1.14-1.18)
1.227(1.19-1.27)
1.771(1.71-1.83)

F Statistic R

*12.23 0.71
3.19 0.83
0.31 1.05

*28.99 0.62
* 7.24 0.89

*105.01 0.53

* 947
*18.72

4.16
0.01
0.05

*74 12

3.45
*12.03

6.20
0.002
0.142

*151.181

1.41
1.80
0.73
0.99
1.02
0.63

0.84
0.77
0.87
1.00
1.02
0.34
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Subsequent calculations of stage specific mortality rates (Section

VII) require more precise estimates of stage duration than can be

obtained from field estimates of DT' and I'. Therefore, since food

supplies are clearly not limiting, predicted development times can be

used as representative of actual field contitions. Only corrections

for cohorts I and II (1973) were made since all other cohorts are best

or equally well represented by predicted slopes. In these two cohorts,

predicted development time was corrected by the ratio of relative

development time (R) of observed compared to predicted (Table 9) to

reflect field patterns.

Landry (1975a) followed a similar correction procedure in using

predicted development rates for all calculations of growth, mortality,

etc.

Discussion

Observed field generation duration was found to be either equal to

or slightly shorter than redicted duration based strictly on tempera-

ture during the months of maximum abundance. The explanation for the

few cohorts which proceeded faster than expected (excluding all cohort

VI'S) is not obvious but may relate to higher development rates in the

field as a result of a more balanced and suitable diet than is possibie

in lab studies. Regardless of the causes, the high degree of correla-

tion between observed field duration and those predicted by a Blehrá-

dek temperature function is a conclusive demonstration that field food

levies are fully adequate for development requirements throughout the

seasonal population cycle.

These results are in full agreement with the extensive information

provided in Section III that food levels of 5-6 mg Chi m3 were more

than adequate for normal development, and presumably, fecundity as

well. \s a result, cyclic changes in abundance (i.e. successive

cohorts) cannot be explained on the basis of either cyclic or chronic

food limitation.
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Other workers also have demonstrated recently that temperature

rather than food supplies is the principle determining factor for field

development rates and generation lengths of temperate coastal copepods.

The most extensive study is that of McLaren (1978) and is based on

Marshall's (1949) weekly samples for seven copepod species in Loch

Striven, Scotland. These species include A. clausi, Pseudocalanus

minutus, Calanus finma.rchicus, Nicrocalanus pygrnaeus, Centropages haina-

tus, Temora longicornis and Oithona similis. Observed field generation

lengths were estimated from intervals between successive well-defined

peaks of abundance for a given copepodite stage. Predicted generation

lengths were calculated by a B1ehrdek function, weighted for tempera-

ture, as done for this study. The result was that field generations in

all seven species were either comparable to or slightly slower than

those predicted over a wide variety of conditions. Given that Loch

striven is not a particularly rich environment, McLaren concluded that

food limitation for copepods (and, therefore, intra or interspecific

competition for food) probably does not occur under most conditions.

Peterson (1980) also determined th.at phytoplankton levels were

non-limiting for Calanus marshallae development in Oregon coastal

waters. This was shown by field cohort generation lengths that agreed

well with laboratory-observed development times to adult. Borgmann at

al. (1979) concluded that temperature exerted a much greater influence

on development and growth of freshwater copepods in Burlington Canal

than did food concentrations. Other workers have concluded from field

studies that food levels are probably not limiting for copepod

assemblages in te Hudson River estuary and New York Bight (Ohervin,

1978) , Bedford Basin (Poulet, 1978), Long Island Sound (Conover, 1956)

and the Patuxent estuary (Heinle, 1974) -

Furthermore, on the basis of both extensive fiel.d and laboratory

observations of development rates Corkett and McLaren (1978) concluded

that Pseudocalanus sp. is rarely food-limited in the field. This is

supported by laboratory studies of Paffenhófer and HarriS (1976) on

development rates of P. elongatus as a function of food. No difference

in generation length was found over the range of 25 g C 1 to 200
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C l. Assuming a conversion factor of 40 (Berman and Eppley, 1974)

this is equivalent to a chlorophyll range of 0.625 to 5.0 .ig Chi a mg

m3). Comparable results were obtained for Temora longicornis, another

temperate coastal species, over the same food range (Harris and

Paffenh6fer, 1976).

Landry (1976a, 1973a) , however, found an opposite result in Jakl's

Lagoon in that five of the ten observed field cohorts of A. clausi

lagged significantly behind predicted development rates. Development

slopes of the other five cohorts were statistically equal to predicted

slopes. A significant linear relationship was shown between relative

development (observed slope divided by predicted slope) and chlorophyll

concentration for the slower than expected cohorts. However, Landry's

hypothesis of delayed A clausi development, as a result of reduced

food levels is difficult to accept since mean chlorophyll levels during

these five delayed cohorts ranged between 10.5 to 15 mg Chi a m3.

TheSe levels of chlorophyll, for example, are double to triple those

found in upper Yaquina Bay at which A. 'californiensis development was

predicted by temperature alone.

Possibly food quality periodically decreased with the result that

food became limiting even though high densities of phytoplankton were

still present. This could have resulted from periodic or possibly

chronic nutrient deficiency in the small confined lagoon, since salt-

water exchange occurred only through a narrow channel with a shallow

sill. Toxicity from extruded phytoplankton metabolites is another

strong possibility, given the low flushing and high phytoplanktor.

densities..

In summary, substantial data has accumulated (particularly in the

last two years) that field development rates of a wide variety of

coastal and estuarine copepod species are seldom food-limited over a

wide range of environmental conditions. This is true for A.

californiensis in Yaguina Bay as well. Indirect evidence (Section III)

also implies that fecundity levels of 1. californiensis are likely not

significantly influenced by changes in food levels. Therefore periodic

food liLiitation, as initially hypothesized at the start of the study,
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cannot be an important factor in the generation and maintenance of

A. californiensis in Yaquina Bay. This phenomenon may be quite general,

given 1) the wide-spread occurrence of cohorts, and 2) the demonstration

that development of many copepod populations is not food limited.
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Section VII. FIELD NORTALITY OF ACARTI CALIFOFNIENSIS

Explanation of the cyclic fluctuations in abundance of Acartia

californiensis through time requires knowledge of the rates of the

opposing processes of recruitment and mortality through successive

stages of development. Recruitment to the population is limited to

hatching of eggs in Yaquina Bay, since there are no adjacent populations

to provide immigrants. Sources of mortality after hatching include

losses from tidal flushing, physiological death, and predation by

fishes, copepods and other zooplankters.

Unfortunately, recruitment rates from eggs were impossible to

quantify for A. californiensis, since the eggs sink to the bottom long

before hatching. There they tend to accuinmulate in a temporary state

of arrested development if exposed to near anoxic conditions in the

sediments (Kasahara, Onb and Kamigaki, 1975; tiye and Fleminger, 1976;

Landry, 1978a). Furthermore, the eggs of A. californiensis are indis-

tinquishable from those of A. clausi and thus can not be quantified

from sediment samples.

Lack of field data for both egg production and naupliar abundances

through time has necessitated that the analysis of recruitment and

mortality be largely confined to the individual copepodite and adult

stages. However, additional information was obtained for mortality

rates from egg to stage Cl by assuming that female fecundity was

constant (see below). This approach is not unreasonable as a first

approximation for fecundity, since chlorophyll levels remained high

and adequate for normal development throughout the summer and fall

(see Sections III and VI).

The well known equations of exnonential population growth (Birch,

1948) have been used as a basis for the analysis of population changes.

Implicit in the application of instantaneous rate models for population

change are the assumptions that birth and death rates remain constant

during the interval between samples and that population age structure

likewise remains stable (Cole, 1954). These assumptions are rarely

justified, and certainly are not valid for A. californiensis in Yaquina

Bay which has well-defined, short-term cohorts, and thus rapid
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fluctuations in rates. However, given that the sampling intervals of

three and four days are relatively short compared to the generation or

cohort length, estimates of instantaneous mortality rates are probably

as accurate a characterization as possible.

Methods

1) Calculation of Field Mortality Rates

Three methods were required to characterize mortality rates for the

entire life cycle:

(a) Copepodite Stages (within cohorts)

The number of individuals successfully passing through a given

copepodite stage in a recognizable cohort can be estimated when the

area (Ai) in copepod-days under the curve of abundance versus time and

the mean stage duration (SD.) are known (Southwood, 1966; Rigler and

Cooley, 1974). Methods of calculating stage-specific area under the

curve of 7. californiensis, as well as predicting duration of develop-

ment as a function of weighted temperature over the cohort interval.

were presented in Section VI. Division of the area by the stage dura-

tion (A./SD.) produces a measure of abundance which is approximately

the number of individuals which survived to the stage midpoint (Landrv,

1978a). The percent survival (S.) and mortality coefficient (mi)

between successive instars are then calculated by further assuming that

copepod populations experience exponential mortality over the time

interval (I) between stage midpoints (Mullin and Brooks, 1970b; Fager,

1973; Gehrs and obertson, 1975; Landry, 1978a). Therefore, applying

the negative exponential equation of growth (Birch, 1948)

-tntN =Ne (7)
t 0

nd substituting terms, we obtain

A. A, -m.I
i+1 1 1

(3)
SD. SD.

1+1 1
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1 / A -m.Ior

± = S. = e
1

(9>
SDI+l) SD.) 1

and

-in S.
1

m. = (10)
1

The survival and mortality rates for CS copepodites can not be

determined by this approach since the adults do not continue to molt

and lack a definable stage duration. Rates calculated for stage C4 are

assumed to persist for stage CS (Landry.. 1978a). This method requires

the calculation of the mortality coefficient (in.) over the interval (I)

between stage midpoints. However, the rate (in.) is also assumed to

apply to the entire stage duration of the younger stage (SD.). This

relationship is shown schematically in Figure 59A for clarification of

the methodology.

(b) Adult Mortality (non-cohort)

Mortality rates and longevity of adult male and female A. califor-

niensis were determined from estimates of daily survival based on

changes in area (copepod-days) over one-day intervals (t.-t2) following

adjustment for daily recruitment from stage CS. Area in copepcd-days

is equivalent to abundance on a daily basis. Therefore. female survival

(Sf) can be represented as

No. Females (t2)
S (II)

No. Females (t) + No. CS Recruits (t1-t2)

Abundances of the respective stages were obtained by linear interpola-

tion between successive sanpiing dates.

With respect to stage C5 recruitment, the number of individuals

successfully molting (ND) to adulthood can be determined if the number

of individuals initially entering the stage, known. A model of

this method, used by Mullin and Brooks (19'70b), Fager (1973) and Landry

(1978a), is presented in Figure 59b. Given the initial assumption that
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Figure 59. (A). Exponential mortality model for calculation of morta-

lity and survival rates in copepodite stages of Acartia

californiensjs within a cohort. Cohort area (Ai) is in

units of copepod-days. Example provided for calculation of

mortality coefficient (m2) for Stage C2. While represented

as equal, stage duration (SD.) is typically not equal to the

interval between stage midpoints (I,) because of the effect

of changing water temperatures on development.

(B). Exponential mortality model for deterniining the number

of C5 copepodites initially entering the stage (N) and

successfully molting (ND) at the end of the stage duration

(SDc5). ACS is the area under the curve in copepod-days.

The mortality rate (m5) is derived from survival from Stage

C4 on day t., to Stage C5 on day t2
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mortality is exponential, the variable N can be estimated for stage

C5, provided that the area under the curve (Acs) stage duration

(SDc5) and mortality coefficient (m5) are known. This is done by

integrating Equation 10 over the interval from 0 to SD5 (length of

stage duration). Substituting appropriate terms,

SD,C5
- t tN

A N e C5dt l-e
Cs 0

L

N -in SD N
0 C5 CS 0+e) = (1--cm
C5 Inc5

Solving this equation for

A5
.
m5

N =
0 1-c

1SD5

C

150

(12)

(13)

Therefore, the number of C5 copepodites successfully molting (ND) at the

end. of the stage duration interval (SDCS) is

..xtic5SDc5N =N a
D 0

(14)

The number of daily C5 recruits, is then found by correcting for

stage duration and sex ratio (assumed to be 0.50). For females, this

is equal to

ND

Ncs(f) SD5 (0.50) (t1-t2)

Daily mortality coefficient

assumed to be equal to those for

the percent survival of stage C4

duration (SDCS) was estimated by

of stage c5

stage c4 and

on day t1 to

the BLchrad

(15)

ccpeDodites Cmc3) were

were thus calculated from

stage CS on day t2. Stage

k function for adult



development (see Equation 6, Section VI

mean temperature for the field stations

the result by 12.

Following the calculation of daily

(Equation 11) respective instantaneous

obtained from

and
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using the population-weighted

for days t1 and t2 and dividing

male or female survival

mortality coefficients were

_1t16

S6 e (16)

516 inS6. (17)

Mean adult longevity is the reciprocal of the daily mortality coeffi-

cient Cm61). Finite death rates per capita (N6), in percent per day,

are equal to

N6 = 1 - S6 (18)

In all cases, daily mortality coefficients are presented as means for

the three and four day sampling intervals, or as means for two week

intervals. Corresponding survival and longevity estimates are calcu-

lated separately from the mean mortality estimates. While they are

roughly reciprocal, they are not precisely related because logarithms

of sums of a variable do not equal the sums of logarithms of the

variable.

This apProach to the solution of mortality, survival and longevity

of adults is based on the method used by Laridry (1978a) for A. clausi,

with the important exception that recruitment was estimated daily from

stage C5 rather than from all possible juvenile stages over the

sampling interval (3, 4 or 7 days). Landry's approach is more complex

since corrections must be made for stage duration and mortality losses

at all intermediate stages to adult.

Cc) Egg to Stage Cl Mortality (within cohorts)

Estimation of the probable range of mortality rates and survival

over the interval from egg to stage Cl was done by initially assuning
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that all females spawned a constant number of eggs each day throughout

the population cycle. Since A. cailforniensis from Yaquina Bay is

known to spawn 30-35 eggs per day in ample food (Johnson, 1974),

selected fecundity rates were 30, 20, 10 and 5 eggs per female per day.

This provides a realistic range of possible field fecundities. These

hypothetical egg abundances were converted to cohort areas (egg-days)

by summation. Cohort limits were established at the midpoints in time

between the predicted regression slopes (Figures 56-53) of successive

cohorts. Time of cohort origin was derived by extension of the least

squares regression slope for predicted stage development of copepodites.

}owever, the regression slope for observed stage development was used

for cohorts I and II of 1973. These features are shown in Figure 60,

using 20 eggs/female as representative of daily fecundity.

The total number of eggs hatching over a given cohort interval was

derived by dividing cohort area (AE) by egg duration (SDE> as discussed

for the copepodite stages. Egg duration was determined by the Bleh-

ra'dek function (Section VI):

SDE = 115.4 (T_3.84)L664 (19)

Bottom temperatures were used to calculate the mean population-

weighted hatching temperature CT) across stations and cohort since

copepod eggs sink at rates ranging between 0.7 to 6.0 meters per hour

(Valentin, 1972; Landry, 1978a; Peterson, 1980). Because the upper

estuary is shallow (3-6 m depth), spawned eggs must complete a substan-

tial fraction of development on the bottom.

Survival and daily mortality rates over the interval between the

midpoints of egg duration and stage Cl duration (IE_Ci) were estimated

by Equations 9 and 10. Allowing for different rates of stage develop-

ment (SD.) as a function of stage and mean cohort temperature,

'E-Cl = 0.5 SDE + 6 SDN + 0.5 SDc1 . (20)

The Blehridek function for isochronal growth from egg to adult

(Equation 6, Sect-ion VI) was used to calculate naupliar stage duration



z

0

III I / /III / / / A
C3. j

J J / / I
C2

/ / / / / / 1972
Cl. I / I i I

// J/\/
- ii

-
I I I X ES?1I ElI
I I ;'1- I j .1-
/ / i i r'

'

CC __i.1_l
I I

1.J AUl(. 5EP?3ER OCO3s

, A
0

C

(1)

rf

H

z

L)

H A

C.) c<C

H / / /// / B
1973

/ / /A/A
/j\

/
I I A /

wc:

/ /_J/'ffI f"I
?DthER OcTCER

I

/ /

/
,I

/ / /
,i c

:2.
/ / / / / / 1974

/ 1/1/ /
RETTC ElI

I

-I-

SC

21

C

0
SC

nI

t

20

ni-I

1<

H
Oi

Sc 0

hI

(' T't/rr'L.±1. ;L.5 15 2 5 5 25 " 25 5 15 2 5 15 2 25

Figure 60. Method used to estimate egg abundance for subsequent
calculations for egg to stage Cl mortality rates. Egg
abundance curve derived by assuming a constant fecundity
rate of 20 eggs daily. cohort intervals at the egg
stage determined as the midpoints between extended slopes
of predicted development in (A) 1972, (B) 1973 (cohorts
I-Il = observed however), and (C) 1974.



154

(SDN) at the mean cohort temperature between the egg and Cl stages.

Stage duration of stage Cl was obtained as previously described.

2) Predation by Planktivorous Fishes

The importance of planktivorous fishes as a major cause of mortal-

ity for adult and juvenile Acartia californiensis was approached by an

analysis of feeding behavior based on stomach and esophagus contents.

Field collections of fishes were made midway between Stations 29 and

39 in late August-early September, 1973, during the period of maximum

abundances of A. californiensis in cohort IV. Fish were captured with

an 83 m round haul seine, measuring 2.5 in in the wings and 5 m in the

bag. Mesh size was variable and ranged from 1.9 cm (3/4 inch) in the

wing panels to 0.6 cm (1/4 inch) in the bag section. The seine was

deployed and retrieved in mid-channel from a dory equipped with water

jet propulsion. Some additional fishes were taken by dip net at night

after attracting the fish to the proximity of the boat by a bright,

downward directed spotlight. This latter method was largely unsuccess-

ful, since only the topsmelt (Atherinops affinis affinis) attracted to

the light. Following capture, fish were immediately placed in 25%

formalin solution. Additional formalin was then injected by syringe

into the stomach region to insure complete cessation of digestion.

In the laboratory, fish were identified to species and standard

length (snout to end of hypural plate) measured. Following dissection,

Ut contents were washed into a petri dish and examined at 25X.

Calanoid prey were identified to species, stage and sex when possible.

Other prey species, with the exception of Podon (Cladocera), were

identified at a higher taxonomic level.

Feeding preference or selectivity was determined by using Jacob's

(1974) modification of the Ivlev (1961) electivity index,

r p)
E = , (21)

(r + p) (2 rp)

where r and p are the percent composition in the diet and in the

environment, respectively. The negative term, - 2 rp, was introduced
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by Jacobs in order that the 1ectivity index he independent of relative

prey abundances and thus accurately reflect differential mortality

rates. Prey percentages (p) in the environment were obtained from the

regular plankton tows (112 pm mesh net) taken at the population center

on the previous day. The time interval between the zooplankton tow and

the seining was approximately 18-20 hours.

Re suits

Copepodite Mortality

Seasonal survival patterns of cc'pepodites C1-05 were basically

similar in 1972, 1973 and 1974 (Figures 61-63; Appendices 14-16) . Sur-

vival from stage Cl to adult was very low during the first (15% - 1973;

27% - 1974) or second (46% - 1972) cohort of the season. However

copepodites in the intermediate cohorts experienced relatively high

survival (65-90% range) in all years. Maximum survival occurred at

mid-seascn (August-September) in either cohort III or IV during the

general period of maximum field abundances (Figures 35-37). Survival

in the last cohort (VI) was again low (70% - 1972; 40% - 1973; 57%

1974), though not as low as at the beginning of the season.

On a yearly basis, average percent survival in cohorts IT-V was

highest in 1973 (Figure 62), with approximately 90% (85-100% range) of

the Cl copepodites successfully molting to adults. In comparison,

roughly 80% survival (68-89% range) was observed in 1974 and Only 65%

(46-82% range) in 1972 (Figures 63, 61)

Within a given cohort, survival from stage to successive stage was

quite variable. However, in the majority of cohorts for each year,

percent survival increased with increasing copepodite stage. The

highest losses typically occurred from stage Cl to C2 (or occasionally

from stage C2 to 03) while stage C3, C4 and C5 losses were significantly

lowers and in some cohorts, even positive. This pattern of increasing

survival with stage is also reflected in the flattening trend observed

in many of the survivorship curves (e.g. cohorts IV, V; 1972).
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Comparison of copepodit survival patterns between years, cohorts,

or stages is complicated by the occurrence of several positive mortality

or loss rates between successive stages. Apparent positive mortality

occurs when the area under the curve of stage j+1 is greater than that

of stage i. This is coIrncn1y observed in population studies where

estimated field abundances of juvenile instars are used to project

recruitment within cohorts (e.g. Landry, 1978a; Green, 1976; Rigler and

Cooley, 1974; Petrusewics and MacFadyen, 1970). Possible causes may

include field sampling errors (e.g. stage-specific patchiness)

incorrect demarcaticn cf cohort boundaries, and use of laboratory-

estimated stage durations which do not correspond well to actual field

conditions. In this study, the iattr of the three potential sources

of error is probably the only one which is not a significant factor

since the predicted development rates corresponded very well with

observed development rates. In some cohorts, however, apparent negative

mortality was a real phenomenon in that it persisted over several stages

and consecutive sampling dates. This was true for cohorts IV and V of

1973 (Figure 62). The cause for the apparent "stacking up" in older

stages in these particular two cohorts is not known since observed

development rates were essentially the same as those predicted (Figure

57). Thus food-related causes seem improbable. Regardless of the

causes, all negative mortality values were plotted.

Egg to Stage Cl Mortality

Comparative results of egg to stage Cl survival and daily

instantaneous mortality in field cohorts are summarized in Table 10 for

the different hypothetical, constant fecundity schedules. In view of

the demonstrated capacity of A. californiensis to spawn large numbers

of eggs (Johnson, 1974; Pace, 1978), and the prevailing conditions of

non-limiting food levels in Yaquina Bay, a high probability exists that

actual naupliar survival and mortality rates during a given cohort fall

within those values associated with the upper range of fecundity rates

(20-30 eggs day1) in Table 10. Results for cohort VI of 1972 were not

projected because the mean water temperature had fallen below 15°C on



Table 10. Estimates of overall percent survival (%S) and daily instantaneous mortality rates Cm) from
egq to stage C1 copepodite for cohorts I-VT in 1972, 1973 and 1974, assuming a constant
fecundity of 30, 20, 10 or 5 eggs per fernal.e per day. Daily finite mortality rates (% deaths
dar1) may be ca1culaed from the equation, M = 100-S. Backeted sections denote fecundity
rates resulting in negative mortality estimates.

Cohort:

Eggs per
Female

1972 30

20

10

5

1973 30

20

10

5

1974 30

20

10

S

I

m
II

m
III

in

40.7 0.13 19.7 0.24 10.0 0.30

61.0 0.07 29.5 0.18 14.9 0.25

1T22.0 -0.03 59.0 0.08 29.9 0.16

1244.6 -0.89 110.0 -0.17 59.8 0.07

58.7 0.06

88.0 0.02

176.0 -0.07

351.9 -0.15

14.5 0.21

21.8 0.17

43.6 0.09

87.2 0.02

24.7 0.19

37.0 0.13

73.9 0.04

147.9 -0.39

43.5 0.11

65.2 0.06

130.4 -0.04

260.9 -0.13

5.8 0.36

8.6 0.31

17.3 0.22

34.5 0.14

28.0 0.18

42.0 0.12

84.0 0.02

1679 -0.07

IV
in

1.5 0.52

2.2 0.47

4.4 0.38

8.8 0.30

2.4 0.40

3.6 0.36

7.2 0.29

14.4 0.21

9.8 0.28

14.8 0.23

29.5 0.15

59.1 0.06

V
%S m

4.1 0.30

6.1 0.26

12.2 0.20

24.4 0.13

3.9 0.34

5.8 0.30

11.6 0.23

23.1 0.15

4.8 0.37

7.3 0.32

14.5 0.24

29.1 0.15

VI

%S m

1.3 0.34

1.9 0.31

3.7 0.25

7.4 0.20

4.3 0.28

6.4 0.25

12.9 0.19

25.7 0.12

0'C
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September 25. Therefore, at least some of the eggs spawned by adults

of cohort V were dormant (see Section IV) and were not available for

the commencement of cohort VI.

Several observations emerge from this approach for generating

estimates of naupliar mortality. Seasonal trends are shown in Figure

64, which is based on 20 eggs per day and includes percent survival

from stage Cl to adult (Figures 61-63 replotted). With few exceptions,

naupliar mortality was always substantially greater than that in the

copepodite stages. Furthermore, naupliar mortality increased all

through the season (Figure 64) , rather than decreasing in mid-season as

was observed for copeodites (Figures 61-63). This was true each

year. Survival to stage Cl was highest in cohort 1 (61-88%) and prog-

ressively decreased to a minimum of 2-7% in cohorts V and VI. 2\n

exception ot initially low mortality rates occurred in cohort I o.f lS74

where percent survival was only 22%. HOwever, the basic seasonal

pattern observed, in 1972 and 1973 was then repeated from cohort II

onward.

Survivorship from egg to stage Cl in a given cohort increased, as

expected, when daily fecundity rates were reduced (Table 10). However,

the phenomenon of extremely high naupliar losses in late August through

October (cohorts IV-VI), shown in Figure 64 for 20 eggs per day,

occurred even at the lowest levels of fecundity calculated. Consider-

in9 the unlikely rate of only five eggs per day, mortality rates were

negative for cohorts I-il (1972, 1973) and IIII1 (1974). Corresonding

survival estimates ranged from 118% to 352%, with a mean of 245%

(Table 10). In sharp contrast, naupliar survival in cohorts IV-VI

(1972, 1973) and V-VI (1974) averaged 19% (range 7-29%) in spite of the

low fecundity of five eggs per female. Thus it is apparent that

naupliar survival during the fall months is poor.

Given the negative mortality rates at 5 and 10 eggs day1 in the

first three cohorts (Table 10), it is obvious that actual field

fecundity rates in excess of 10 eggs per female per day were present.

Minimum fecundity levels from late August to November, of course, can

not be inferred from this method. However, in view of the large

standing crops of stage Cls produced in cohorts IV-VI (Figures 34-35),



1000

500

100

50

20

1000

500

C
100

50

C
> 20

1000

500

100

50

20

COHORT

\
1973

'\
iI\\\ v\

C2

C5

I I I I I I I I I I I 1 I I I I I I I I I I.

15 25 I 15 25 5 15 25 I 1.5 25 5 25

JUNE JULY AUGUST SEPT'1BER OCTOBER

162

Figure 64. Hypothetical survival of Acartia californiensis from egg to
Stage Cl for Cohorts 1-VI in (A) 1972, (B) 1973, and (C)
1974 in terms of survivors per 1000 eggs. Females present
in the plankton on any day were assumed to spawn 20 eggs
daily. 0served survival from Stage Cl to adult is also
plotted for comparison.
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and the high naupliar loss rates at even minimal egg production rates

(Table 10), it is very probable that field fecunditIes were substantial

throughout each season. For these reasons, it is felt that the survi-

vorship curves based on 20 eggs per day (Figure 64) are approxiniatelv

correct.

Adult Mortality

Daily adult mortality coefficients within sampling intervals

(Figure 65) were obtained from the logarithm of daily percent survival

(Equation 16). Because of this logarithmic relationship, population

changes are best represented by plots of mortality coefficients rather

trlan percent survival.

Mortality coefficients were variable over a season (Figure 65) and

ranged from extremely high rates (mean longevity less than one day) to

negative rates (unrealistic long-term longevity in some cases). Nega-

tive coefficients were plotted as zeroes. ihIle variable, however,

rate changes were not random, but inversely tracked the seasonal abund-

ance cycle. Low mortality rates generally occurred during periods cf

maximum adult abundance. Conversely, periods of lowest abundance

usually followed by a few days the periods of highest mortality rates.

This relationship is shown for adult females in 1972 and 1973 (Figure

65a-b) by upward directed arrows indicating times of consecutive

maximum abundances. In most cases, the timing is also applicable to

male abundances. These results, of course, are not unexpected since

mortality estimates are dependent on observed changes in field abun-

dances over the sampling intervals.

The pronounced fluctuations in adult mortality rates in June and

early July (Figure 65) are probably not as extreme as indicated, since

the rates are based on abundance changes at very low densities ( < 100

over a rather narrow zone of distribution in the estuary. Because

of this, the early population was probably inadequately sampled On

several occasions. resultin in at least some inaccurate mortality

estimates. However, the basic feature of high mortality rates in June

and July is probably a realistic feature of early population growth.
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Figure 65. Daily instantaneous orta1ity coefficients (m) for cartia

californiensis adult females (solid line) and males (dashed
line) within sampling intervals for (A) 1972, (B) 1973 and

(C) 1974. Upward arrows in plots A and B represent periods
of maximum abundance.
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Seasonal patterns of adult mortality are more easily seen when

coefficients are averaged over two week intervals (Figure .66, Table 11).

Averaged values are plotted, at mid-interval. In general, the death rate

declined throughout the summer at a relatively low, but steady rate and

then increased again in October and November. This pattern was

basically the same as for.copepodites (Figures 61-63) with the important

exceptions that: 1) adult coefficients of mortality were typically an

order of magnitude greater, and 2) the fall increase in mortality

occurred in mid-October for adults and September for copepodites. The

results for 1973 were also a partial exception in that ttrtality rates

were relatively constant (quasi-steady state) from August to mid-

October.

Female mortality coefficients were consistantJ.y greater than those

for males only during August and September, the period of greatest field

abundances (Figure 66). During the other months of the season, male

loss rates were generally the highest. However, the differences in

sex-specific mortality rates were small over the entire season of 1972

and 1973, with the exception of the first and last two-week periods.

At these times, male mortality increased sharply, while female mortality

either remained the same or decreased substantially. In contrast,

differences between sexes at the beginning and end of the 1974 season

were small and similar in slope. In addition, female mortality rates

in mid-season of 1974 were unusual in that they were initially double

those of males in early August and only gradually decreased to com-

parable rates by the end of September.

Year to year differences in mean mortality coefficients (Table lib)

were substantial for both males and females when daily rates were

averaged over the period of high standing crop (August to October 15).

Nean daily loss rates over this important period were highest in 1974

(males = 0.27; females = 0.37), intermediate in 1972 (males = O.2l

females = 0.23) and lowest in 1973 (males 0.16; females 0.17).

Corresponding ranges of the instantaneous loss rates were 0.71-0.11,

0.34-0.08 and 024-0.02, respectively (Figure 66). It is also note-

worthy that 1973 was the only year during which A. californiensis adult
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Table 11. Daily mortality coefficients, percent survival and mean
expected longevity (days) for adult female and male Acartia
californiensis averaged overt A) two week intervals, and
B) the period of August 1 to October 15 for the years of
1972, 1973 and 1974. Percent survival and longevity are
derived from the respective mortality rate.

Year Day Mortality Coeff. Longevity (days) Survival (%)

(midpt) female male female male female male

A: Two Week Intervals

1972 06/25 0.268 0.575 3.73 1.74 76.50 56.29

07/09 0.361 0.400 2.77 2.50 69.73 67.01

07/23 0.503 0.441 1.99 2.27 60.44 64.31

08/06 0.282 0.273 3.54 3.66 75.40 76.09

08/20 0.340 0.240 2.94 4.18 71.19 78.71

09/03 0.291 0.295 3.43 3.39 74.73 74.44

09/17 0.204 0.216 4.90 4.63 81.52 80.57

10/01 0.126 0.150 7.95 6.65 88.18 86.04

10/15 0.076 0.087 13.15 11.48 92.68 91.66

10/29 0.153 0.162 6.53 6.17 85.79 85.03

11/12 0.120 0.261 8.36 3.84 88.73 77.06

1973 06/18 0.032 0.454 31.06 2.20 96.83 63.53

07/02 0.384 0.351 2.60 2.85 68.09 70.39

07/16 0.042 0.058 23.59 17.14 95.85 94.34

07/30 0.130 0.017 7.69 57.64 87.81 98.28

08/13 0.111 0.135 8.97 7.41 89.46 87.38

08/27 0.212 0.166 4.73 6.02 80.93 84.69

09/10 0.241 0.237 4.15 4.22 78.58 78.92

09/24 0.132 0.137 7.56 7.31 87.61 87.21

10/08 0.178 0.205 5.63 4.87 83.73 81.44

10/22 0.100 0.133 10.01 7.50 90.49 87.52

11/05 0.151 0.305 6.61 3.27 85.96 73.68

1974 07/07 0.892 0.664 1.12 1.51 41.00 51.46

07/21 0.294 0.374 3.40 2.67 74.55 68.79

08/04 0.709 0324 1.41 3.09 49.21 72.32

08/18 0.427 0.294 2.34 3.40 65.25 74.54

09/01 0.345 0.269 2.88 3.72 70.80 76.44

09/15 0.285 0.244 3.51 4.09 75.23 78.33

09/29 0.201 0.190 4.98 5.25 81.81 82.66

10/13 0.110 0.191 9.13 5.24 89.62 82.62

10/27 0.221 0.181 4.52 5.53 80.13 83.47

Interval of August 1 to October 15

1972 0.227 0.213 4.41 4.69 79.73 80.81.

1973 0.166 0.162 6.03 6.18 84.73 85.07

1974 0374 0.268 2.67 3.73 68.78 76.47
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mortality decreased. to "zero" (i.e. became positive) frequently

(Figure 65)

Mean life expectancy curves (Figure 67, Table ha) were inverse to

respective mortality coefficient curves (Figure 66) because of the

reciprocal relationship. Again considering the main period of popula-

tion growth (August - October 15), it is apparer.t that adult life was

short. Even during 1973, the "best" of the three years in terins of

survival rates of A. californiensis, males and females only had a mean

longevity of 6.2 and 6.0 days, respectively (Table lib). During tile

same period in 1972, male and female longevity were 4.7 and 4.4 days,

and in 1974 were 3.7 and 2.7 days. Male survival was substantially

greater than that of females only in 1974, averaging approximately one

day longer. A major exception to short-term adult longevity, however,

occurred in June-July of 1973 when very low mortality rates resulted in

long (24-58 days) and perhaps unrealistic life expectancies.

Juvenile Fish Predation Patterns

Nine species of fish were captured by seining in mid-channel at the

approximate distribution center of the Acartia californiensis population

on August 31 and September 4, 1973. Abundances of the respective

species (Table 12) are based on the mean catch of five consecutive sets

and adjusted to numbers per 1000 m3. On both dates, Engraulis mordax

mordax (Northern anchovy) was the only numerically important species

taken. Total anchovy densities varied from 28.2 to 52.0 individuals

per 1000 m, of which 93% were juveniles CO-age class) with a mean

standard length of 8.4-8.5 cm The second most abundant species,

Atheririops affinig affinis (Topsmelt), was common only on September 4

when 8.6 adults and 1.5 juveniles were taken per 1000 in3 water seined.

Densities of the seven other species (see Table 12) were all less than

two individuals ocr 1000 m3 on both sampling dates.

Sampling with the round haul seine was not continued during the

remainder of the 1973 season of A. californiensis or in 1974 because

of difficulties encountered in obtaining adequate quantitative samples

of the fish population. The problem occurred during retrieval of the

seine over the dory gunneis while drifting in mid-channel. 5ince the
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two bottom edges of the seine could not be pursed together at all

poi..nts at depth, an unknown, but potentially large number of fishes

within the initial set probably escaped by swimming down and under the

net. As a result, fish abundances in Table 12 are viewed as under-

estimates.

Results of a recent intensive two-year study (1977-1978) of fish

population abundances in Yaquina Bay (Myers, 1980) confirm that

abundance estimates for 1973 (Table 12) were much too low. Using a

100 m beach seine (0.95 cm mesh, = 3/8 in.), Myers sampled twice weekly

during the summer months, and weekly to fortnightly the remaining

months of the year. Station 39 was the site of one of her four regular

sampling sites. With the exception of the anchovy population, Myers

found abundances of a given species at Station 39 to be one to two

orders of magnitude greater during the same period of time (August-

September). The anchovy abundances were also much higher as a general

rule, but the lower range was within the range observed in 1973.

Myers' data will be summarized and discussed at a later point.

Examination of the gut contents of selected individuals of each of

the nine species indicated that juvenile anchovy (7.8 - 9.1 cm range),

topemelt (7.5 - 11.0 cm) and surf smelt (Hypomesus pretiosus pretiosus,

7.8 - 10.6 cm) were important predators of A. californiensis, A. clausi

and other similarly sized zooplankters. In contrast, adult anchovy and

topsmelt were primarily filter feeding, since their stomachs were

packed with algal matter mixed with very few copepods or other inverte-

brate prey. The single adult Threespine stickleback Wastrosteus

aculeatus, 4.2 cm) captured had also fed heavily on copepods. However

the importance of this species as a predator of A. californiensis is

not known, since the seine mesh was too large to adequately retain

even the adults.

Individuals of the other five species all exhibited a strong

preference for either epibenthic organisms or pelagic prey that were

much larger than copepods. Juvenile chinook salmon (Oncorhynchus

tshawytscha, 9.7 - 12.1 cm range), for example, fed upon insects taken

at the surface, ainphipods, decapods, harpacticoids and smaller fishes.
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Table 12. Nean abundance per 1000 m3 (ii) and length (L) of fishes
captured with a round haul seine near Station 39, August 31
and September 4, 1973. Estimates are based on 5 sets (1160
in3 water seined set'), corrected to in3 volume. Adults
and juveniles are designated by (A) and (J) respectively.

August 3] September 4

Species Stage n L n L

(X 1000 in ) (cm) (X 1000 m ) (cm)

Engra.ulis inordax mordax

(Northern anchovy) (A) 1.9 13.4 4.2 12.9

(J) 26.3 8.5 53.8 8.4

Atherinops affinis affinis
(Topsmelt) (A) 0.0 8.6 18.6

(3) 1.4 9.3 1.5 9.5

Hypomesus pretiosus pretiosus
(Surfsmelt) (J) 0.4 9.9 0.2 9.7

Cyinatogaster aggregata
(Shiner perch) (J) 0.9 5.3 1.0 4.8

Cncor'nynchus tshawytscha
(Chinook salmon) (J) 1.0 10.5 1.2 11.1

Platichthvs stellatus
(Starry flounder) (J) 0.0 0.2 8.9

Leptocottus armatus
(Stacihorn sculpin) (.3) 0.8 8.2 0.2 9.3

Lwnpenus sagitta
(Snake prickleback) () 0.0 0.2 9.8

Gastrosteus aculeatus
(Threespine stickleback) (A) 0.0 0.2 4.2
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Shiner perch (çyatogaster aggregata, 4.0 - 6.2 cm) similarly ignored

Acartia spp. and Eurytemora affinis in preference for amphipods,

cumaceans, harpacticoids, polychaeta larvae, barnacle cypris larvae and

algal strands. A few starry flounder (.Platichthys stellatus) and

staghorn sculpins (Leptocottus armatus) taken had fed primarily on

amphipods and decapods while the snake prickleback (Lumpeflus sagitta)

had mainly eaten harpacticoids.

The diet of 30 juvenile 0-age class Engraulis mordax mordax con-

sisted of both phytoplankton (diatoms, green amorphous plant matter)

and invertebrate prey. Considering only the invertebrate fraction of

the diet (Table 13) A. californiensis, A. clausi, Podon and various

unidentified harpacticoid species comprised 93-94% of the total number

of prey taken. In each case, A. californiensis and A. clausi repre-

sented a major fraction of the diet. However, anchovy feeding behavior

varied between individual fish and was easily subdivided into three

basic feeding patterns. Of the 30 fish examined, 16 individuals (53%)

had fed most on A californjensis (51.6% diet) and A. clausi (30.6%

diet), while Podon and harpacticoids together only formed 11% of the

total diet. A second group of 9 individuals (30%) also fed heavily on

A. caljfornjensjs (40% diet) and A. c3.ausj (24% diet) but selected the

cladoceran, Podon (21.1% diet), far in excess of its 0.3% composition

of the zooplankton in the water column. The third group of 5 fish

(17%) appeared to have been feeding near the bottom, since 63.5% of the

diet was comprised of harpacticoids, whereas A. californiensis and A.

clausi represented only 17.1 and 11.8% of the diet, respectively.

Disregarding this latter group, A. californJ.ensis comprised the dominant

prey species (41.4% weighted mean diet) in 83.3% of the anchovies.

Considerirtq all fish, the percent composition of A. californiensis in

the diet decreased slightly to 43.4% (Table 13).

Total stomach contents, percent occurrence in diet and plankton,

and apparent feeding electivities of the juvenile anchovy are summarized

in Table 14. A comparison of prey size and associated electivity index

demonstrates that the anchovy were strongly size-selective in feeding

behavior. Acartia californiensis and A. clausi, the dominant prey

species, will be considered first. Adult Acartia females are
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Table 13. Comparison of percent composition of main prey in diet Cf
Engraulis inordax mordax {Northern. anchovy) captured near
Station 39, September 4, 1973. Results are based on gut
contents of 30 juvenile 0-age class specimens mean standard
length of 8.4 cm). Percentages for the Acartia species
include both the adult and copepodite stages.

Comparison of Diet in Sample Subsets

n Percent of Acartia Acartia Podon Harpact- Percent
Anchovy calif. clausi icoids Total
Sampled (%) (%) (%) (%) Dieta

16 53.3 5L5 30.6 4.0 7.0 93.1

9 30.0 40.0 24.0 21.1 7.4 92.3

5 16.7 17.1 11.8 1.8 63.5 94.0

Overall Means of Sampled Population

30 100.0 43.4 26.1 7.8 15.9 93.2

a
Total diet refers only to the invertebrate fraction identified and
counted.
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substantially larger than adult males and had significant positive

electivity values while the smaller males were apparently captured as

encountered (E = -0.06 and -0.02). Similarly, A. californiensis

females, being much larger than A. clausi females, had a slightly

higher electivity rating (E = +0.49 versus +0.33, respectively).

Immature copepodite stages of each species were also ingested, but not

in proportion to availability (E = -0.72 and -0.52). An electivity

value was not computed for the small nauplii (0.10 - 0.22 mm length)

since naupliar densities were grossly underestimated by the 112 ).im mesh

net used for sampling the zooplankton. However, as seen earlier in

Table 4 (Section v), naupliar abundances are typically 2-3 times greater

than copepodite abundances. Therefore, feeding electivity for Acartia

nauplii may be assumed to be essentially -1.0. Those nauplii found in

the stomach contents presumably were ingested while filtering phyto-

plankton.

Size-selective feeding was not restricted to the different stages

of Acartia species (Table 14). During the sampling periods of September

3 and September 6, 1973, A. californiensis and A. clausi collectively

comprised 97.5-98% of the total zooplanktori (112 pm net) at the popula-

tion center of A. californiensis. However, electivity values for the

very low density Podon, harpacticoids, crab zoea and Eurytemora affinis

were ±0.93, +0.95, +0.79 and +0.54, respectively. In terms of body

volume (with the exception of some harpacticoid species), each of these

latter prey types are larger than A. californiensis females which had

an electivity value of +0.49. Feeding electivity was not computed for

the amphipods or cumaceans (Table 14) , since they were not observed in

the plankton tow and were likely captured near or at the bottom by some

of the anchovy.

Stomach contents of Topsmelt (Table 15) and Surfsmelt (.Table 16)

similarly reflected active size-selective predation. In both species,

the larger-sized adult female A. californiensis comprised the dominant

fraction of the diet, while the smaller A. clausi females were next in

importance. Male Acartia were either eaten as encountered (Topsmelt.)

or somewhat selected against (Surfsmelt) while immature copepodites

were always selected against.



175

Table 14. Diet of Engrau1i mordax tnordax (Northern anchovy) collected
on September 4, 1973, near Station 39. Results represent
the averaged gut contents of 30 juvenile specimens (mean
standard length of 8.4 cm). Size dimensions of the dominant
prey (cephalothorax length and width of adults) are in Trim.
n is the mean number (and range) of prey items that could be
identified. 'Plankton' refers to the percent composition of
the prey in the zooplanktcn. S is the electivity index of
prey preference.

Prey Size Occurrence
(mm) (%)

Calanoida

Acartia californiensis

female (0.78 x 0.23) 100

male (0.62 x 0.19) 100

copep. 100

Acartia claus!

female (0.58 x 0.19) 100

male (0.53 x 0.17) 97

copep. 97

Eurytemora affinis 30

Calanoid naupl±i 37

Cladocera

Podon (0.50 x 0.35) 87

Harpacticoids 100
(length: 0.3 to 0.9)

Pnihipods 50

Barnacle nauplil 53

Cumaceans 37

Polychaeta larvae 13

Crab zoea 43

Decapod appendages 60

Diatoms, amorphous green 100
plant matter, tintiinnids

n Diet Plankton E

(%) (%)

14.3(1-40) 19.5 7.6 +0.49

10.1(1-28) 13.8 15.4 -0.06

7.4(1-19) 10.1 40.6 -0.72

8.7(1-24) 11.9 6.3 +0.33

5.1(0-18) 7.0 7.3 -0.02

5.3(0-13) 7.2 19.9 -0.52

0.4(0-3) 0.6 0.2 +0.54

1.0(0-16) 1.4 Not Determined

5.7(0-28) 7.8 0.3 +0.93

11.6(1-70) 15.9 0.5 +0.95

1.4(0-9) 1.9 0.0

0.8(0-3) 1.1 1.4 -0.14

0.5(0-2) 0.7 0.0

0.2(0-2) 0.2 0.4 -0.29

0.7(0-4) 1.0 0.2 +0.79
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TaiDle 15. Diet of Atherinops affinis affinis (Topsmelt) collected Sept.
4, i973. near Station 39. Results represent the averaged
gut contents of eight juvenile specimens (mean standard
length of 9.5 cm). n is the mean number (and range) of prey
items that could be identified. p1aktori' refers to the
percent composition of the prey in the zooplankton popula-
tion. E is the electivity index.

Prey Occurrence n Diet Plankton B

(%) (%) (%)

Calanoida

Acartia californiensis

female 100 43.7(12-79) 29.9 7.6 +0.68

male 100 19.2(6-33) 13.1 15.4 -0.09

copep. 100 12.6(5-23) 8.7 40.6 -0.76

Acartia claus!

female 100 27.8(4-53) 19.1 6.3 +0.55

male 100 12.5(4-29) 8.6 7.3 +0.09

copep. 100 8.7(2-16) 6.0 19.9 -0.59

Eurytemora affinis 0 0.0 0.0 0.2 -1.00

Calanoid nauplil 17 0.2(0-1) 0.1

Cladocera

Podon 17 0.3(0-2) 0.2 0.3 -0.26

Harpacticoids 100 15.5(1-51) 10.6 0.5 +0.92

7.mphipods 67 1.2(0-3) 0.8 0.0

Barnacle nauplil 83 5.8(0-17) 4.0 1.4 +0.48

Polvchaete larvae 0 0.0 0.0 0.4 -1.0

Crab zoea 0 0.0 0.0 0.2 -1.0

Decapod appendages 100

Diatoris, amorphous green 100
plant matter, etc.

Insects 50
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substantially larger than adult males and had significant positive

electivity values while the smaller males were apparently captured as

encountered (E = -0.06 and -0.02). Similarly, A. californiensis

females, being much larger than A. clausi females, had a slightly

higher electivity rating (E = +0.49 versus +0.33, respectively).

Immature copepodite stages of each species were also ingested, but not

in proportion to availability (E = -0.72 and -0.52). An electivity

value was not computed for the small nauplii (0.10 - 0.22 mm length)

since naupliar densities were grossly underestimated by the 112 ).im mesh

net used for sampling the zooplankton. However, as seen earlier in

Table 4 (Section v), naupliar abundances are typically 2-3 times greater

than copepodite abundances. Therefore, feeding electivity for Acartia

nauplii may be assumed to be essentially -1.0. Those nauplii found in

the stomach contents presumably were ingested while filtering phyto-

plankton.

Size-selective feeding was not restricted to the different stages

of Acartia species (Table 14). During the sampling periods of September

3 and September 6, 1973, A. californiensis and A. clausi collectively

comprised 97.5-98% of the total zooplanktori (112 pm net) at the popula-

tion center of A. californiensis. However, electivity values for the

very low density Podon, harpacticoids, crab zoea and Eurytemora affinis

were ±0.93, +0.95, +0.79 and +0.54, respectively. In terms of body

volume (with the exception of some harpacticoid species), each of these

latter prey types are larger than A. californiensis females which had

an electivity value of +0.49. Feeding electivity was not computed for

the amphipods or cumaceans (Table 14) , since they were not observed in

the plankton tow and were likely captured near or at the bottom by some

of the anchovy.

Stomach contents of Topsmelt (Table 15) and Surfsmelt (.Table 16)

similarly reflected active size-selective predation. In both species,

the larger-sized adult female A. californiensis comprised the dominant

fraction of the diet, while the smaller A. clausi females were next in

importance. Male Acartia were either eaten as encountered (Topsmelt.)

or somewhat selected against (Surfsmelt) while immature copepodites

were always selected against.
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Table 16. Diet of Hypomesus pretiosus pretiosus (Surf smelt) collected
September 4, 1973, near Station 39. Results represent the

averaged gut contents of five juvenile specimens (mean
standard length of 9.7 cm). n is the mean number (and range)

of prey items that could be identified. 'Plankton' refers
to the percent composition of the prey in the zooplankton

population. E is the electivity index.

Prey Occurrence ri Diet Plankton E

(%) (%) (%)

Calanoida

Acartia californiensis

female 100 48.0(3-137) 30.8 7.6 +0.69

male 100 15.2(1-23) 9.8 15.4 -0.25

copep. 100 19.6(5-34) 12.6 40.6 -0.65

Acartia clausi

female 100 23.4(2-59) 14.9 6.3 +0.44

male 100 7.4(1-20) 4.8 7.3 -0.22

copep. 100 8.8(2-14) 5.6 19.9 -0.62

Eurytemora affinis 20 2.0(0-10) 1.3 0.2 +0.76

Calanoid nauplii 80 2.2(0-7) 1.4

Cladocera

Podon 80 18.4(0-84) 11.8 0.3 -0,96

Harpacticoids 80 9.0(0-20) 5.8 0.5 4-0.86

Amphipods 20 0.4(0-2) 0.2 0.0

Barnacle nauplii 60 1.8(0-7) 1.2 1.4 -0.09

Polychaete larvae 0 0.0 0.0 0.4 -1.00

Crab zoea 20 0.4(0-2) 2.6 0.2 +0.37
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Feeding electivity for the other larger but rare zooplankters

reflected some species-specific preferences. Topsmelt, for example,

selected against Podon, Eurvtemora affinis and crab zoea while prefer-

ring barnacle larvae and harpacticoids (Table 15). In contrast,

Surfsinelt behaved like anchovy in selecting strongly for Podon, E.

affinis, crab zoea, and harpacticoids (Table 16).

With respect to total copepads eaten, the numerically dominant

anchovies contained an average of 51.3 identifiable copepods per fish

(Table 14). Of this number, 31.8 copepods (62%) were immature or adult

A. californiensis. In comparison, the juvenile Topsmelt and Surfsmelt

had ingested an average of 124.5 and 122.4 copepods per fish, of which

75.5 (61%) and 82.8 (68%) copepods, respectively, were A. californiensis

(Tables 15-16). Considering the diets of the three planktivorcs

together, adult female A. californiensis comprised 34.1% (28-39% range)

of the mean total diet and 53.6% (.45-58% range) of the A. califarniensis

fraction. These mean copepod prey abundances, however, are substantial

underestimates since many more copeods were generally present in the

stomach Contents but were too badly decomposed, crushed or disarticu-

lated to be identified to species, stage and/Cr sex for counting.

Discussion

Estuarine copepods die from many causes during development from

egg to adult, including losses from tidal flushing, physiological death

(i.e. mortality in absence of predation), cannibalism, and predation

from planktivorous fishes or zooplankters. Critical periods during the

life span are reflected in the slope of the survivorship curve.

Similar comparisons can be made between cohorts or on a seasonal or

year-to-year basis. The various "stage specific" survivorship patterns

of A. californiensis will be correlated with potential and observed

sources of mortality to provide explanation of observed population

oscillations through time.

In general, population survivorship curves (semi-log plots) can be

separated into five types (Ricklcfs, 1973; pp. 450-451) : (I) very low
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mortality until old age, when high losses cau.e a rapid decline of the

curve; (II) continually increasing mortality with age, corresponding

to a continually decreasing slope; (III) constant mortality rate

throughout the life cycle (linear slope for negative exponential

decline); (Iv) initially high mortality, decreasing at a constant rate

with increasing age; and (V) massive mortality of very young, declining

quickly to a low constant level thereafter.

Field survivorship of juvenile Acartia californiensis within a

given cohort is perhaps best characterized as a Type IV curve. Initial

survival during naupliar development was presumably quite low (Table

10; Figure 64) while copepodite survival rates were high and increased

with increasing stage. For example, finite naupliar mortality rates

per stage (based on 20 eggs day') averaged between 12.3-12.9% per day

(general range = 6-16% day1 stage) for 1972-1974. This is equivalent

to 73.8-77.4% finite mortality during naupliar phase of development.

In comparison, typical mortality rates for copepodite stages Cl-C2 were

5-10% day1 while stages C4-c5 were generally less than 2-4% day1.

The similarity of th.e survivorship curve to a Type IV ends once

adulthood is reached. Both males and females experienced high mortality

rates, which were often an order of magnitude greater than those of

C4-05 copepodjtes. As a result, the survivorship curve again declined

at a very steep slope, much like during the naupliar phase. Daily

finite adult losses ranged between 15-31% day1 with a mean of 20.7%

day' for the August 1 - October 15 period of 1972-1974 (Table 11).

This translated into mean adult life expectancies of only 2-6 days,

with females generally being shorter lived than males during the period

of maximum population abundance.

Important differences in survival patterns of nauplii, copepodites

and adults also exist on a seasonal basis. Naupliar mortality

progressively increased with each successive cohort to maximum levels

(28-37% day
1)

in September-October. However, copepodite mortality

levels were always greatest at the beginning or end of the season and

lowest at midseason (Figures 61-63). Highest adult mortality always

occurred in the first cohorts, with progressive decrease afterward
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(Figure 66). In addition, adult mortality exhibited a cyclic pattern
of low to high to low rates as survivors of a cohort reached adulthood
(Figure 65) -

There are only a limited number of marine field studies of copepod
mortality rates for comparison with the above patterns summarized for
A. californiensis. However patterns of high naupliar mortality and
moderate to low copepodite mortality were common to most studies
(e.g. Heinle, 1966; Parsons et al., 1969; Mullin and Brooks, 1970b
Allan et al., 1976; Landry, 1978a,b; Matthews et al., 1978; D'Apolito
and Stancyk, 1979; Peterson, 1980). Cotiparab1e results have also been
reported for some field populations of freshwater copepods (e.g. Gehrs
and Robertson, 1975; Confer and Cooley, 1977).

Mullin and Brooks (1970b), for example, calculated mean mortality
rates of 18-48% day' for Calanus helgolandicus nauplii (over six
stages) in neritic southern California waters. In comparison, early
copepodite (01-03) mortality was estimated at 0%, while copepodites C4,

-1C5 and adults experienced losses up to 11% day . Fager (1973) later
calculated stage-specific mortality rates for stages N3 to C5 from
Mullin and Brooks' data. Losses were extremely high in the N3-N4

stages (7896% day1) , but decreased to 14-26% day1 by stage N6.
Peterson (1980) estimated that 90% of the eggs of Calanus

marshallae in coastal Oregon waters do not reach the N3 stage. This
represented a loss rate of 43% day1. However, mortality losses during
stages N3 to CS were low and unifcrm (ca 3% day1 per stage; Peterson,
personal conhituriicatin). Once du1thcod was attained, mortality sharply
increased again, with mean adult longevity limited to ca 4-6 days
(Peterson, 1980).

Landry (1976a, 1978a) similarly determined that approximately 80%
of the eggs of Acartia clausi in Jakie's. Lagoon never survived to the
N2 stage during the months of April to September. Another 40-50% of the
remaining N2 individuals died before molting to stage Cl. Copepodite

losses were also substantial as a rule, but typically much lower than
those during naupliar development. Adult mortalities were consistantly
high, as observed for C. marshailne (Peterson, 1980) and A.
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californiensis. Mean female life expectancies were approximately three

to ten days during late spring and summer. Adult males typically were

longer lived by one to three days or more.

Mortality patterns of A. tonsa in the Patuxent Estuary are also

basically similar to those discussed above for A. californiensis and

A. clausi. Heinie (1966), for example, estimated finite naupliar and

copepodite loss rates of 56% and 43% per day, respectively. However

the actual death rates were probably quite different since the estimates

were determined from total abundances of nauplii and copepodites in one

week intervals (i.e. dN = in N-in C/tN and dc ln C-in A/ta; where N,

C and A are abundances of nauplii, copepodites and adults, and tN and

t are lab-derived development time applied to field-observed tempera-

tures). Miller (In Press) pointed out that this approximation is very

rough, since the duration span of adults in the plankton is ignored.

In addition, the unrealistic assumption of steady state is required.

Given the well documented existence of two-three week cohorts in

estuarine populations of Acartia (Sections IV and VI; Landry, l978a),

mortality estimates based on survivorship between total naupili and

total copepodites will often be significantly in error as the mode of

peak abundance moves through time from naupliar stages to copepodite

stages in successive cohorts.

Heinle's (1966) estimates of naupliar abundance may have also been

lOW since a 74 im net (20 mesh) was used to collect the field samples.

This mesh size has been found too coarse to adequately capture com-

parably sized stage Ni's of A. californiensis in Yaquina Bay. Landry

(1978a) used a 53 .im net in his field sampling and also found stage NI

abundances to be consistantly far less abundant in the samples than

stage N2. Thus naupliar mortalities of A. torsa were probably much

higher than Heinle calculated.

The general conclusion from this review of field mortality patterns

is that A. californiensis patterns are similar to those of other

estuarine and neritic calanoid populations. Possible reasons for these

differences in mortality with age in A. californiensis will be consid-

ered below.
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(1) Mortality from Physiological Causes

A portion of the field mortality of A. californiensis can be

attributed to physiological causes. Adult patterns will be considered

first. Actual rates of physiological death in the field were not

estimated in the laboratory. However, Landry (1978a) found that under

favorable laboratory conditions, A. clausi males had a mortality rate

cf 6% day
1
during days 3-6 as adults versus 1% day1 for adult females.

flaily female mortality increased with age to 15% day1 by days 21-25.

Comparable data was not determined for males at days 21-25, but presum-

ably male mortality increases proportionally with age.

Landry's (l978a) latter observation of substantial physiological

mortality of A. clausi after three weeks has little direct implication

for the field ponulation of A. californiensis, since mean adult

longevity was only 2-6 days during maximum abundance and optimal condi-

tions. Therefore the low loss rate of 1% females day1 and 6% males

day1 can be probably assumed representative at the population center

during August and Seoteier, However physiologically caused death is

certain to be substantial at the boundary regions of distribution

(Station 21 and Toledo), as well as at all stations during the initial

or declining phases of the annual cycle. In addition, the greater

resilience of females to adverse or sub-optimal conditions is reflected

by greater longevity and therefore higher proportions of females in

the adult sex ratios (as discussed in Section IV) under the latter

conditions.

The seasonal pattern of coppodite mortality rates seen in Figures

61-63 (i.e. high in early and late season; low during late July to

September) can similarly be explained in part by physiologically

related mortality. Highest losses can be expected during the months of

sub-optimal grcwta conditions. This source alone would generate a

seasonal curve of low to high to low survival to stage C5 for successive

cohorts through the population cycle, while this mortality pattern

probably is not entirely caused by differences in physiological death

rates, it does imply that physiological death rates of copepodites must

be insignificant during mid-season.
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Field patterns of low naupliar survival (Figure 64, Table 10) and

increasing survival of sequentially older copepodite stages within

cohorts (Figures 61-63) is also related, in part, to increasing

resilience and hardiness with increasing stage of development. This

has been shown in a variety of laboratory experiments (e.g. Paffenhöfer

and Harris, 1976; Paffenhfer, 1970, 1976; Harris and Paffenhfer, 1976;

Pace, 1978; D'Apolito and Stancyk, 1979; Peterson, 1980; among others).

In each experiment, highest mortality rates occurred in the naupliar

stages (generally the earliest stages) while copepodite losses were

much lower and typically decreased with successive stage. For example,

during development rate experiments with z. californiensis, Johnson

(1974) and Pace (1978) each observed ca 50-55% mortality from egg to

stage N6 and another 25-30% mortality from stage Cl to adult. Nearly

all deaths had occurred by stage C3. The principle cause of death was

unknown, but believed in each case to be related to the critical intra-

molt periods (ecdysis) when crustaceans in general are more vulnerable

because of physiological stress and soft exoskeletons (e.g. Conover,

1965; Dexter, 1978; Omori, 1979). Peterson (1980) observed similar

mortality rates and patterns for Calanus marshallae (40% survival to

adult), with virtually no mortality after stage 04. While cause of

naupliar death was unknown, he found that copepodites always died

during molting. D'Apolito and Stancyk (1979) likewise found very poor

survival of Euterpina acutifrons eggs to' stage Cl (10%). Again, those

that survived to stage 04 had a high probability of reaching adulthood.

In sharp contrast to the above experimental mortality results,

Heinle (1966) and Landry (l976a, 1978a) found very low mortality in

their experimental beakers for A. tonsa and A. clausi, respectively.

For example, Landry observed mortality rates of slightly greater than

1% from Nl to adult for A. clausi (88% survival to adult), with

highest rates (2.3%) occurring as stages N5 and N6. Landry (.1975c)

attributed the high survival rates to use of only flagellated algal

cells as food, and copepod densities high enough to keep the phyto-

plankton population in check. This effectively prevented senescence
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of the phytoplankton and the undesirable buildup of algal debris in the

water and on container surfaces. In addition, handling was minimized.

Landry's (1975c) experimental culturing techniques undoubtedly were

responsible for the markedly higher survival rates obtained than

numerous other workers. Therefcre, it is highly probable that much

lower "physiological mortality" would have been seen in the majority of

the above culture experiments (e.g. Johnson, 1974; Pacer 1978; Peterson,

1980) had better culture techniques been employed. However, other

factors must also be important in causing physiological death in labor-

atory cultures. This is shown by the occasional occurrence of cultures

in which Landry (l975c) observed high., inexplicable mortality and

abnormally slow development rates.

Naupliar mortality may also relate to inadequate conditions of

either food quality or concentration as shown for Calanus helgolandicus

(Paffenh6fer, 1970, 1976). Nauplii are far less effective in feeding

than copepodites or adults, since they are limited in feeding appendages

and must capture rather than filter phytoplankton cells (Fernandez,

1979). Food size has also been shown important for naupliar survival

(Nassogne, 1970). Their ability to select prey is limited by the size

of cells which can be successfully captured and ingested.

A final point may be made concerning mortality of eggs and the

non-feeding stage Ni nauplii. Landry (1976a), as noted above, estimated

that 80% of A. clausi eggs died before reaching stage N2. Most of the

high loss resulted from arrested development in the surface sediments

in response to low oxygen tension (Uye and Fleminger, 1976) and/or

burial (Landry, l975a). Experiments by Uye and Fleminger (1976) and

P. Tester and J. K. Johnson (unpublished) demonstrated that survival of

A. clausi eggs in an arrested state in darkness is only 20-25 days.

While A. californiensis eggs are not inhibited from hatching in darkness,

low oxygen tension does block development and hatching. Thus it is

certain that substantial numbers of eggs get trapped in the sediments

and die from exhaustion of energy reserves before hatching is possib1e

Other successfully hatched Nl's are surely traoped and lost in the

debris surfacing the bottom sediments. Thus, like A. clausi, it is
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certain that a sithstantial fraction of the total reproductive effort is

lost before reaching the N2 stage. However this latter source of

mortality should occur at comparable rates throughout the population

cycle.

(2) Mortality from Tidal Flushing

Ketchum (1951, 1954) has shown that the rate of circulation in an

estuary determines the minimum rate of reproduction required for an

endemic population to maintain itself. The net result of the circula-

tion must be to move seaward in any complete section of the estuary, a

volume of water equal to that received from river inflow during the

tidal cycle. Therefore, the exchange ratio of the water that is lost

downstream and does not return on the next tidal cycle is equivalent

to the proportion of planktonic animals (assuming neutral buoyance and

passive organisms) in a resident population that must also be lost

downstream during a given tidal exchange. Miller (in Press) provides

a concise summary of Ketchum's method for solving for the exchange

ratio.

Assuming only effects of tidal circulation, the size of the initial

population (P) remaining after m tidal cycles in a given section of

the estuary is equal to

P = P (lr)m (22)
m 0

where r equals the exchange ratio. Therefore, to persist in a particu-

lar estuarine habitat, an endemic population must have a higher

reproductive rate than the tidal exchange loss rate (Ketchum, 1954).

Zimmerman (1972) calculated the exchange ratio of the Yaquina Bay

estuary using Ketchum's (1951) method. Assuming a representative stream

flow of 0.9 m3 s
1

cf s) for August (see Figure 2), he found the

exchange ratio (r) and flushing time to be 52.3% and 13.3 tidal cycles,

respectively. Therefore, given an estimate of the exchange ratio for

periods of lowest flow, mortality losses from strictly tidal flushing

can be estimated for the resident population of A. californiensis.

Values of 10 days to reach adulthood, 30 days longevity as spawning

adults, and a daily fecundity of 30 eggs may be assumed (Section IV;



Johnson, 1974). Substituting these values in Equation 22, the total

number of A. californiensis surviving of the initial 900 individuals

after 80 tidal cycles is:

80
P80 = 900 l-.523)

-23
= 1.7 x 10 individuals

It is quite obvious that this estimate is extremely unrealistic given

the large and successful population maintained in the upper bay during

generally higher river flow (i.e. higher tidal exchange ratios), in

addition to all other sources of mortality. Even when 11 days are

allowed (m = 22 tidal cycles) for spawning to initiate the next genera-

tion, only 0.0001 individuals survive tidal flushing to reach adulthood.

The source of error does not lie with Ketchums (1951) method for

calculating the exchange ratio. This has been shown by successful

prediction of the reproductive effort required by zooplankton popula-

tions in various estuarine systems, including A. tonsa in Great Pond,

Massachusetts (Ketchuni, 1954; Barlow, 1955; Bousfield, 1955). The

problem is that the exchange ratio of 52.3% applies to the entire bay,

while A. californiensis is restricted to the restricted upper reaches

where summer stream flow is very low (ca 0.9 m sech. The high mean

exchange ratio is probably more characteristic of the region at Station

15 (Figure 1) where the large einbayment largely empties and fills with

each tidal cycle. Only if the tidal exchange ratio were reduced to

7.3%, could the A. californiensis population be maintained in steady

state (i.e. two survivors, male and female) with the given assumptions.

Thus it is clear that flushing rates must be low in the upper estuary

during the summer.

This analysis, of course, has ignored the fact that A. califcrni.en-

sis and other zocplankters are neither neutrally buoyant nor float

passively in the currents. Numerous studies have shown that A. tonsa

(Schallek, 1942; Enright and Hamner, 1967; Jacobs, 1968; Heinle, 1972b;

Stickney and Knowles; 1975) and A. clausi (Fur'thashi, 1976; Landry,

1978a) exhibit weak vertical migration in the copepodite and adult

stages. These older stages are typically found concentrated in the
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deeper layers during daylight hours (also reported by Barlow, 1955;

Anraku, 1975) and rise towards the surface layers during darkness.

Nauplii tend to be concentrated in the surface layers (Heinle, 1972b;

Landry, 1978a) during both day and night. Barlow (1955) however,

reported A. tonsa nauplii to be more evenly distributed over depth.

Estuarine circulation is typified by a net upsteam flow of more

dense, saline bottom waters relative to a net downstream flow of

fresher surface waters (Pritchard, i952 Ketchuni, 1954). Consequently,

adult and copepodite stages which frequent the bottom layers during

daylight hours will be displaced upstream. Maximum upstream displace-

ment should occur during the early summer when daylight hours are

longest. On the other hand, nauplii concentrated in the upper surface

layers should undergo a net displacement downstream from the adult

population following hatching. .s they molt into the copepodite stages

and pass proportionally more time at depth during daylight hours, they

will be transported upstream again for eventual recruitment to the

adult population.

The mechanism has been hypothesized for numerous plankton popula-

tions, but only well documented for barnacle larvae (Bousfield, 1955)

and bivalve larvae (wood and Harris, 1971). However, it also occurs

for A. californiensis in Yaquina Bay. Separate surface and bottom tows

at a given station on various dates always indicated that adult and

copepodite densities were 2-3 times or more greater at depth. Vertical

distributions of nauplii were not determined, but can be assumed to be

primarily concentrated in the surface layers as shown for A. tonsa

(Heinle, 1972b) and . clausi (Landry, 1978a).

This latter assumption is supported by numerous observations of a

displacement of the copepodite population center (i.e. location of

highest total abundance per m3) one station downstream relative to the

location of the population center for adults (Johnson, 19?4; Appendices

1-3). The downstream displacement, seen only during neap tides, implies

that copepodites must spend a proportionally greater percent of time

in surface layers than adults in order for differential advection to
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occur. It is also possible that some of these copepodites are slowly

"catching up" to the adult center following displacement as. nauplii.

The displacement phenomenon occurs during neap tides as a result

of reduced tidal exchange and mixing, which in turn permits the surface

downstream current to increase in magnitude. This process is evidenced

by a greater vertical salinity gradient in the upper estuary during

neap tides (johnson, 1974). As spring tides return with increased tidal

volume and rates of mixing, the copepodites advected downbay (or return-

ing after naupliar displacement) are progressively transported back

upstream and mixed with uPbay animals. This continueS until a single

population center is again established.

Downbay displacement of copepodites during the neap tide series

probably does not contribute significantly to the overall population

mortality rates, since displacement is the distance of one station or

less. Thus: only copepodites found in the region of 29 should experience

transport out of the system in any appreciable numbers.

The result probably is different for nauplil. Given the above

pattern for copepodites, it is certain that nauplii are advected downbay

much farther, since they are either randomly distributed or concentrated

in the surface layers continuously. Because of their small size,

reduced swimming capability and reduced vertical migration relative to

copepodites, na-uplii come closest to behaving as neutrally buoyant,

passive organisms. Therefore, significant naupliar mortality is

probable during neap tides as a result of transport into physiologically

unsuitable regions.

Various physical processes also exist which act to increase the

residence time of planktonic organisms. Trinast (1976), for example,

attributed retention of an endemic population of A. californiensis in

Newport Bay, California to entrainment within a large permanent eddy

near a large bend in the estuary. Such a process in conjunction with

upbay transport in the countercurrent would be a highly effective means

of retention in an estuary. However permanent eddies are not a feature

of the hydraulics in the upper Yaquina Bay estuary.
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non-tidal current "null zone"; a zone wherein the bottom density

countercurrent and the surface river flow have equal and opposite

effects. As a result the mean near-bottom current speed is zero

(Peterson et al.., 1975). Null zones are typically characterized by

1) highest rates of sedimentation and 2) highest concentrations of

suspended particulate matter. Peterson at al. (1975) have further shown

that during summer months, water within a null zone has the longest

average residence time ('advective replacement') relative to water

upstream or downstream of the zone. This is of particular importance

in explaining uphay retention of plankton populations.

The summer position of the null zone in Yaquina Bay has not been

determined, to my knowledge, from mean surface and bottom currents.

Miller (In Press) who defined the null zone differently, suggested that

it occurs in the area of Station 21 on the basis of field distributions

of the small and large forms of A. clausi. However, based on the

physical characteristics of a null zone as defined above, Station 21 is

more likely the lower seaward boundary, and Toledo an upper boundary.

This can be seen in the plot of euphotic depth (Figure 18, Section II).

Minimal depth of light penetration during spring tides always occurred

between Stations 29 to 45. Ebb and flood tidal currents dete-rinined by

Goodwin et al. (1970) are also lowest in the region of Station 45

(Table 1; Section II). In addition the estuary between Stations 29 and

45 is characterized as a region of shoaling and high sedimentation.

Thus it is clear that A. califcrniensis occupies the most favorable

region of the estuary with respect to minimal currents and flushing

rates.

A more sophisticated solution for predicting tidal effects (i.e.

dispersion) on the field distribution of A. californiensis was

attempted by Reed (1978). He developed a two-dimensional numerical

flow model of th.e hydraulics of Yaquiria Bay (based on a revised model

of the Columbia River by Callaway at al., 1969) in which individuals

of A. californierisis were treated as conservative constituents.

Mortality was assumed when animals were advected beyond Toledo + 2.5
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miles or downbay of Station 21. Field densities observed on August 7,

1972 for adults and C3-05copepodites (Johnson, 1974) were used for

initialization.

Two versions were developed. The first ("Full Model") utilized

91 cross-sectional compartments from the ocean entrance to Elk City

and was driven by a simple 12.5 hr. sinusoidal tide wave for 6 tidal

cycles. A "Revised Model" was subsequently developed with 76 compart-

mcnts to correct observed deficiencies and to more closely represent

actual tidal conditions. This was done by use of a complex, predicted

tide (7 major tidal harmonic constituents) as the forcing function for

4 complete tidal cycles. In each case, a variety of diffusion

coefficients were tested. While the models require additional fine

tuning, the preliminary results are highly informative.

Results for the Full Model (Reed, 1978) are shown in Figure 68.

At the end of 75 hours or 6 complete tidal cycles., tidal losses from

the initial population ranged from 2.89% to 7.54% (range based on

different diffusion coefficients). Of this, 2.53% to 6.23% was advected

downbay and only 0.36% to 1.31% upbay into unsuitable habitat. This

demonstrates the greater importance of the freshwater input in an

estuary in flushing plankton from a zone, as predicted by Ketchum

(1954)

Mortality rates predicted by th.e Revised Model are not shown but

are very similar to that in Figure 68. Again, the final population

distribution was largely seen to remain within the geographical

boundaries of the initial population. Total losses were higher (7.14%

to 18.11% for 4 tidal cycles), however, and probably reflect correction

for actual tidal conditions. As before, the greatest loss was downbay

(6.88% to 15.7%).

On a daily basis (24.0 hrs), the predicted tidal-caused mortality

is:

(a) Full Model 0.92 - 2.41% day1

(b) Revised Model 3.43 - 8.69% day1

On a comparative basis, observed field losses of adults and copepodites

for the same time period (Cohort II, 1972) ere 24% day1 (Table 11)
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Figure 68. Demonstration of hypothetical dispersion over six tidal cycles (75 hrs) for a population

of Acartia californierisis in Yaqutha Bay in a two-dimensional hydraulic flow model (Full

Model). Distribution a 0 hours based on observed field data for August 7, 1972 (Johnson,

1974) . Figure redrawn from Reed (1978) .



192

and 14% day1 (Figure 61, Appendix 14) , respectively. Assuming a

fecundity of 20 eggs per day, naupliar mortality was 12% day1 (Table

10). These "observed" mortalities are equivalent to a weighted (by 12

stages) population mortality of 13.8% day-.

Given the upper range of 8.69% mortality per day in the Revised

Model, a reasonable possibility does exist that tides do regulate the

population. However the computer model's results are maximum estimates

since Reed purposely selected a period of maximum spring tides in order

to observe maximum dispersion. Furthermore, the model assumes passive,

inert behavior for A. californiensis. In consideration of actual

vertical migration patterns in conjunction with utilization of the

landward countercurrent and residence in the null zone, it is concluded

that tides probably have a minor effect on the population biology of

A. californiensis during periods other than maximum spring tides. A

similar conclusion was reached from a comparison of adult abundances

with occurrence of maximum spring tides (Figures 3738; Section IV).

However, the nauplii are probably the most susceptible stages to

transport and possible flushing out of the system; in part because of

location in the downbay flowing surface layers, and in part because of

much lower physiological resistance ot environmental stresses.

(3) Nortality from Invertebrate Predation

Several marine investigations have shown that invertebrate preda-

tion can exert a significant effect on the population dynamics of

zooplankton. Major predators include other zooplankton (e.g. ambler

and Frost, 1974; Landry, 1978b), cannibalism (Landry, 1978a; Lonsdale

etal., 1979; Peterson, 1980), chaetognaths (Samooto, 1973; Reeve and

Baker, 1975), coelenterate medusae (Phillips et al., 1969; M6ller,

1979) and ctenophores (Bishop, 1967, 1968; Hirota, 1974; HeInle, 1974;

Hulsizer, 1976; Kremer, 1976; Kremer and Nixon, 1976) -

The impact of ctenophore predation (and to a lesser extent, hydro-

medusae) can be especially pronounced. Bishop (1967), for example,

ca1cu1atd that approximately 52% of the daily mortality of A. tonsa

in the Patuxent estuary (as determined by Heinle 1966) could be

ascribed to predation by the ctenophore Mnemiopsis leidyl. Similarly,
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pronounced declines in abundance of A. tonsa and other copepods in

Narragansett Bay have been showxi to result from Mnelniopsis leidyi

predation (Hulsizer, 1976; Kremer and Nixon, 1976). Phillips et al.

(1969) have also commented on the voracious feeding of ctenophores and

hydromedusae on zooplankton in the Mississippi Sound estuary.

While copepod mortality from ctenophores, coelenterates, and

ch.aetognaths is a major factor in many estuaries and coastal regions

on the Atlantic, that is not the case for Yaquina Bay above Station 21.

Ctenophores and chaetognaths were never present in the plankton. Coel-

enterate rnedusae (Phialidiun sp.) did occur occasionally, but typically

in very low numbers at Stations 21 and 29. One notable exception

occurred on August 19-22, 1974 when a "bloom" of Phialidium extended

upbay to Station 45. Maximum abundances were 238 medusae nr3. A pro-

nounced decrease in abundance of both A. californiensis (Figures 29,

33) and A. clausi (Figures 44,47) occurred during the same period.

Invertebrate predation on A. californiensis is largely limited

to cannibalism and A. clausi oarnivory since the two species consti-

tut.e 90-95% (or more) of the holopla.nkton under most conditions (see

Table 14 for example). As a result, only naupliar mortality is

appreciably influenced.

Cannibalism is the least important of the two sources of naupliar

mortality. Lonsdale etal. (1979), for example, demonstrated that A.

tonsa fed at significantly lower rates on its own nauplii (1.4-2.8 per

adult day1) than on naupiji of other species (4.5 nauplii per adult

day). Landry (1978a) found that adult A. clausi females ingested

7-9 of its own nauplii under crowded conditions (2000 1 or 2,000,000

per m3), but took less than one nauplius per day at a concentration

of 200 11 (a level realistic of naupliar densities in Yaquina Bay;

see Table 4; Section V). Assuming these rates are characteristic of

A. californiensis as well, cannibalism could account for 2-9% daily

mortality in the population at a recruitment rate of 30 eggs per female.

The effect of A. clausi carnivory on A. californiensis nauplil was

not estimated in the laboratory, but is clearly significant. Applying

the daily ingestion rate of 7-9 naupiii per femtle, A. clausi females
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alone could remove 23-30.% of the daily recruitment of A. californiensis.

(assuming 30 eggs or nauplii per female daily) when female abundances

of the two species are comparable. This predation rate will obviously

change relative to the proportion of A. clausi and A. californiensis in

the plankton. Given that A. clausi is typically much more abundant

than A. californiensis, a daily loss rate of 23-30% is probably quite

conservative. In addition, this rate does not include predation losses

caused by A. clausi males and oldest copepodites.

Other studies have also shown that Acartia predation can have a

pronounced effect on the population d.ynics of co-occurring Copepods.

In the Swan River estuary of western Australia, Gladioferens imparipes

is abundant during winter months, but is rapidly replaced by A. clausi

and Sulcanus conflictus during the spring months. Laboratory studies

demonstrated that the replacement was not due to physiological limita-

tion, since c. imparipes can survive and reproduce well at temperatures

and salinities in which it does not coexist with the other two species

(Hodgkin and Rippingale, 1971; Rippingale and Hodgkin, 1974a,b).

Rather, replacement results because of heavy naupliar predation by

A. clausi and S. confliotus which effectively eliminates recruitment to

adulthood. Approximately 13-14 nauplii were taken daily by A. clausi

alone as computed from their published data. Similarly, Lonsdale (in

prep) has found that A. tonsa can seriously impact the population

density of the harpacticoid, Scottolana, by capturing many of the

nauplii during filtering activities.

Given these examples of copepod population control exerted by

Acartia species, and the numerical dominance of A. clausi in Yaquina

Bay, it is very probable that A. clausi.. controls the population

dynainic of A. californiensis to some extent. One probable effect

concerns the timing of the reappearance of A. californiensis in the

spring. On the basis of hatching of resting eggs and subsequent

survival to copepodite stages at various temperature-salinity combina-

tions (Table 19, Section VIII) , physical conditions suitable for growth

(15°c and 150/00, or higher) occur in May, while the population explo-

sion does not occur until late July. It is likely that predation b

A. clausi during May and June restricts recruitment to th adult
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A. californiensis Population from riauplii hatching from resting eggs

and from eggs produced by the few females present in the plankton.

High. naupliar losses probably hold the population in check until

physical conditions become optimal for reproduction and growth in late

July.

Naupliar predation by A. clausi may also increase throughout the

seasonal cycle of A. californinsis. This hypothesized shift to an

increasing fraction of animal protein in the diet with time could

account for the progressively greater mortality of P. californiensis

nauplii shown in Table 10 and Figure 64. Declining food quality,

another possible explanation for increasing naupliar mortality with

time, is unlikely given the substantial levels of nitrate-nitrite

nutrients (Figure 24) and high assimilation ratios (Table 2, Section

III) present throughout the summer season.

In stunmary, A. californierisis naupliar losses to cannibalism are

probably insignificant. However, losses to predation by A. clausi may

be extensive and should be in proportion to field abundances of A.

clausi. Naupliar predation, however, will have little impact on the

formation and persistence of cohorts, since highest naupliar abundances

(N1-N3) coincide closely with highest adult densities (i.e. egg produc-

tion). These periods should therefore be the periods of greatest

predation on nauplii, whether by cannibalism or from A. clausi.

Removal of naupili from peak abundances will dampen out variability

(i.e. flatten the successive cohorts or pulses) rather than increase it.

4) Size-Dependent Mortality from Fish Predation

A sizeable literature now exists on the impact that planktivorous

fishes can exert upon freshwater zooplankton cortununities as a result

of size-dependent predation (e.g. Brooks and Dodson, 1965; Reif and

Tappa, 1966; Gaibraith, 1967; 3rooks, 1968; Hall etal., 1970; Cramer

and. Marzolf, 1970; Hall, 1971; Zaret, 1972a). In a revic of the size-

efficiency hypothsis, Hall at al. (1976) concluded the empirical evi-

dence to be overwhelming that size selection of zooplankton prey by

vertebrate planktivores is "of sufficient intensity to drastically

reduce or eliminate large-bodied prey". An excellent review has also

been done by Durbin (.1979).
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Most field studies on size-selective predation by planktivorous

fishes have been done in ponds and lakes, psssibly because of the

relatively small closed systems available for manipulation and moni-

toring. However, results of Landry (1978a) and those presented above

demonstrate that at least some of the experimental results and conclu-

sions based on freshwater systetas are also applicable to coastal lagoons

and estuarinc systems. Using a modified Ivlev electivity index (Jacobs,

1974), planktivores in Yaquina 8ay (juvenile anchovy, topsmelt, and

surfsinelt) were shown to express a moderate to strong feeding prefer-

ence for adult females of both A. californiensis and A. clausi. The

smaller males were taken as encountered (i.e zero electivity while

copepodites were strongly selected against. Landry (1978a1 also found

that sticklebacks, smelts and perch preyed heaviest on A. clausi

adults, with females being taken in th.e greatest proportions in most

cases.

The feeding patterns of the planktivorous fishes coincides very

well with the observed field mortality of A. californi.ensis, i.e, low

copepodite losses (2-10% per stage day while adults suffered a daily

loss of 15-31% during August to mid-October. Adult females typically

had, a moderately higher mortality rate than males. However, female

losses caused by predation are probably greater than suggested by the

difference between observed male and female mortality rates (Table 11).,

since males have a higher physiological death rate (e.g. Conover, 1956;

Lance, 1963, 1964 Landry, 1978a). This would in effect reduce the

difference between the two sexes. It also explains, in part, why the

strong preference shown by the fishes for females (Tables 14-16) is

not equally reflected in the plankton mortality data.

However, size selectivity cannot be the only factor responsible

for the positive feeding electivities shown for adult female A. calit-

ornhensis and A. clausi, since A. clausi females are comparable in

size to A. californiensis males. If size were the only factor, a

neutral feeding electivity should have been seen for A. clausi females

as observed for A. californjensjs males. Most. likely, th.e higher rate

of oredation on females of both species results in part from a much

lower translucence than males because of the prominent grayish. colored
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ovaries and eggs inside the body cavity (.C.B. Miller, personal communi-

cation) . Zaret (1972a,b) and Mellors C1975), for example, 'nave shown

that an increase in pigmentation of specific organs increases the prob-

ability of predation by visual planktivores.

An estimation of fish predation rates on A. californiensis adults

and late copepodites requires knowledge of predator abundance, average

gut contents, and the gut evacuation rate. Since none of these were

known, necessary assumptions were made. As earlier noted, seining

proved inadequate to quantify the fish population. However, the excel-

lent field data of Myers (1980) provided an expected range of seasonal

abundances for anchovy, American shad, surf smelt, top smelt, and Paci-

fic herring at Station 39 during 1977 and 197S (Figures 69-70).

Gut contents listed for anchovy, top smelt, and surf smelt in

Tables 14-16 are based on identifiable prey items only. Total prey were

usually 2-3 times more numerous. Therefore, total Acattia ingested was

assumed to be three times greater than that observed. In addition,

P.inerican shad were assumed tc ingest 2,250 Acartia based on data cal-

lected by Waldo akefie1d (unpubi. manuscript, 1978). Gut contents of

herring were assumed to be 3,800 Acartia, as observed by Landry (J978a).

Total daily ingestion was assumed to be three times greater than the

average gut content, based or. gut evacuation studies by Tyler (1970),

Nobel (1972) , and Elliot (1972) , (after Landry, 1978a)

Projected rates of predation of A. californiensis are shown below

for these assumptions

Species Daily Ration
(* Acartia)

No. Predators Total Acartia
(per 1COO nr3) taken par

Northern Anchovy 45 100 5

(10 cm)
american Shad 6,750 8 54

(16 cm)

Top Smelt 1425 50 56

(10 ctn

Pacific Herring 11,400 75 855

(1.0 cm)

Surf Smelt 1,098 10 11

(iO cm)
-3 -1

Total m day 981
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Figure 69. Field abundances (per 1000 m3) of Erigraulis mord.ax

(Northern Anchovy) and Alosa idissima (American Shad)
in the vicinity of Station 39, ?aquina say, in 1977 and
1978. Data from Myers (1980)
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Figure 70. Field abundances (per 1000 m3) of Hypomesus pretiosus

(Surf Smelt), clupea barengus pallasi (Pacific Herring),

and Atherinops affinis (Top Smelt) in the vicinity of

Station 39, Yaquina Bay, in 1977 and 1978. Data from
Myers (1980).



200

A comparison of this estimated predation rate (981 Acartia m3

day
1)

with nonnal A. caiiforninsis adult abundances (Table 4, Appen-

dices l-3 demonstrates that the estimated number of pianktivorous

fishes in the upper bay is sufficient to daily crop 15-31% of the adult

A. californiensis population (Table 11). However approximately 2-10%

of each copepodite stage (.Appendices 14-16) and a substantial, unknown

percentage of A. clausi adults and copepodites are also taken daily by

various predators. Thus, the number of planktivorous fishes appears

too low to adequately account for observed mortality rates of A.

californiensis.

Landry (l978a) concluded that fish predation was the single most

important cause of mortality for A. clausi in Jakl&s Lagoon, but as in

this study, found inadequate numbers of fish to account for the high

mortality rates. He argued, however, that the conclusion was still

correct, since tides, invertebrate predation, cannibalism, and physio-

logical death had been previously eliminated as the primary cause. The

only possible explanation was that the fish population was inadequately

sampled. His conclusions are applicable to aquina Bay equally well.

There are no other important predators on the late copepoditeS and

adults of Acartia in the bay. Tidal losses are minimized by the coun-

terurrent transport upbay. However, sampling of the fish population

is obviously a seri.ous problem. it is probably safe to assume that

minimal fish densities are at least twice those observed because of

high net avoidance and escapement. There is also the problem of esti-

mating ingestion from gut contents, since the gut may have been part-

ially emptied during capture.

However, the most important source of additional mortality on

adult and copepodite A. californier.sis may be that from predation by

post-larval fishes. Thayer at al. (1974), for example, concluded that

post-larval fishes (16-32 mm) in the Newport River estuary (North.

Carolina) grazed an average l0o of the zooplankJon daily over a four

month period, with maximum rates of 24-25% da',1 observed in early

April. Tbei calculations did not include the added impact of juven-

ile or adult planktivores. Kjelon et al. (1975) demonstrated that



201

even at these small sizes, the postlarvae were ingesting 38-99

copepods per day. Prey species were adult and copepodite stages of

Acartia, Centropages, Temora and harpacticoids.

Numerous other studies have also documented the importance of

copepods in the diets of postlarval fishes (e.g. Bhattacharyya, 1957;

Biaxter, 1965; De Ciechomskj, 1967; Berner, 19591, with an early

shift occurring to small adult copepods by a length of only 12-15 mm

or so. However, the importance of postlarval fishes in Yaquina Bay is

not known. To date, only larval abundances (i.e. those captured with

a 233 pm Bongo net) have been described (Pearcy and Myers, 1974).

Landry (1978a) also found that three-spined sticklebacks (2.0-5.5 cm)

were the most important predator on A. clausi in terms of abundance.

The species was captured regularly and in some numbers in Myer's

(1980) seine hauls, but the seine mesh was probably too large to

quantify abundance.

Durbin and Durbin (1975). demonstrated a feeding threshold in

planktivorous menhaden that may relate to a similar behavior in other

planktivores, and be signficant for the persistence of cohorts in

Yaquina Bay. Using a wide range of food concentrations (measured in

particles and carbon), they found that adult menhaden feeding was

inversely related to particle size and density. Higher abundances

were required to initiate feeding than to stop it. Likewise, as food

size decreased, the density of food particles per m3, as well as

carbon per m3, had to increase significantly before the feeding thresh-

hold would be reached. For example, feeding on A. tonsa began at an

average density of 12,000 copepods m3 (carbon content = 28.2 X 10 pg

m3) and ended at an average concentration of 6,000 m3 (carbon 14.1

x io pg m3). The copepods used in the feeding studies were mainly

adults.

Engraulis mordax (Northern Anchovy) may have a similar type

of threshold feeding response. Like menhaden, anchovy can filter

feed on phytoplankton and small zooplankton. However, anchovy take

large zooplankton by a biting attack rather than filtering when prey

concentrations (i.e. biotnass levels) are high. Otherwise filtering
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activity is used for feeding Leong and O'Connell, 1969; O'Connell,

1972). Biomass ingested increased much more rapidly during feeding

by biting.

The significance of these observations is that feeding thresholds

may be typical of most planktivorous species which prey on both

phytoplankton and zooplankton. At low zooplankton densities, preda-

tion ceases and grazing resumes on the phytoplankton. This would

provide a temporary refugium for the zooplankton prey. It should also

result in perpetuation of cohorts in zooplankton. During periods of

high adult abundance, size-selective predation would be intense, with

females able to spawn for only a few days at most. However, as Z00

plankton abundances and biomass levels drop below the feeding thresh-

old, feeding would shift toward the phytoplankton again. This would

allow the successive cohort, initiated by spawning during the brief

period of peak adult abundances, to develop with only moderate losses

until mean bicinass levels again exceeded feeding thresholds for the

planktivores. It would seem that such a process would allow each new

cohort to remain distinct.

In conjunction with feeding thresholds, the migratory behavior of

schooling planktivores probably reflects a searching for localized,

high density "patches" of zooplankton. Migratory movement of schools,

for example, is clearly evident in Myer's (.1980) data (Figures 69, 70)

where fish abundances may oscillate from zero to high values within a

week, or less. Migratory feeding on A. californiensis and A. clausi

in areas of peak abundance was also observed in Yaquina Bay during my

field sampling. On several occasions when surface waters were calm,

the center of the zooplankton population (in terms of settled volume)

was correctly predicted, prior to any plankton tows, on the basis of

the abundance of near-surface feeding fishes along the study transect.

Ogawa and Nakahara (1979) and Parsons et al. (.1969) also noted the

attraction of planktivore fishes to regions of high copepod densities.

To summarize this section, the hIgh mortality of A. californiensis

adults can only be adequately explained in terms of demonstrated size-

selective and sex-selective predation by anchovy, American shad, top
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smelt and other planktivorous fish. As a result, females live only a

few days. The predation produces the cohort pattern, since pulses of

eggs result from the brevity of the periods of peak adult abundance.

Other factors such as tides1 physiological death, invertebrate preda-

tion and cannibalism also contribute to overall population mortality,

but must act primarily on the naupliar stages.
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Section VIiI. PRODUCTION AND HATCHING OF DORMANT EGGS

Introduction

Resting eggs have been known to be a cotron adaptation in freshwater

zooplankton since the turn of the century (see reviews in Hutchinson,

1967 and Elgmork, 19653. The existence of a comparable resting egg

phase in the life cycle of marine neritic species was postulated for

many years to explain the seasonal disappearance of coastal species from

the water column (e.g. Fish and Johnson, 1937; Bar1ow 1955; Conover,

1956). Preliminary evidence of marine calancid resting eggs was first

reported by Sazhina (1968) for the species Pontella juediterranea ard

Centropages ponticus.

Zillioux and Gonzalez (1972) conclusively demonstrated with labora-

tory and field evidence that the seasonal disappearance of Acartia tonsa,

a common coastal species, coincides with the production of overwintering

eggs as water temperatures fall below 14.5°C. Subsequent research has

shown that egg dormancy is an important adaptation in many ba-real and

temperate neritic calanoids, including both summer-fall species (e.g.

Tortanus forcipatus, Kasahara, Uye, and Onb 1975; Labidocera aestiva.,

Grice and Gibson 1975) and winter-spring species (e.g Acartia clausi,

Uye and Fleminger, 1976; Centropages abdominalis, Pertzova, 1974). Egg

dormancy probably enables most coastal species to survive perioas during

which cndjtjons in the water are unfavorable.

Environmental factors such as temperature or photoperiod usually

govern the induction of dormancy in arthropods (Lees, 1955). Both the

adult and/or the egg may be responsive to adverse environmental changes.

Egg dormancy may result from a physiological response of the female to a

changing milieu which modifies the eggs. Conversely, dormancy may

develop as a response of the egg to changes in conditions as it sinks

through the water column into the bottom sediments. There is evidence

for both mechanism in marine copepods. Zillioux and Gonzalez (1972)

demonstrated that the production of resting eggs by Acartia tonsa is a

response of the female to low temperatures. However, Uye and Fieminger

(1976) examined egg development of four Acartia species (including
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A. tonsa) from southern California waters at various temperature and

salinity combinations and concluded that dormancy is primarily a response

of the egg to the milieu. Their results led them to hypothesize that

exposure of the eggs to abnormal salinities may be necessary to induce

dormancy in at least two of the species of Acartia. Once buried in the

sediments, egg dormancy is maintained by low oxygen levels (Kasahara,

tJye and Onb, 1975; Uye and Fleminger, 1976). Light is also required

to break dormancy in at least one species, Acartia clausi (Landry,

1975a; tlye and Fleminger, 1976).

Resting eggs are also important in the seasonal cycle of A. cali-

forniensis in Yaquina Bay since the upper estuary is a suitable habitat

for its planktonic existence only during the summer and fall. Therefore

laboratory experiments were carried out to determine the relative impor-

tance of temperature and salinity in the formation and subsequent

hatching of dormant eggs. Analysis of the data provided additional

information on the role of the female versus that of the egg in develop-

ment of dormancy. The field plankton sampling results, discussed in

previous sections, provided physical and biological data for correlation

with laboratory results in interpreting the seasonal appearance and

disappearance of A. californjensis.

Acartia californiensis is useful for comparative studies in egg

dormancy since it displays close affinities to A. tonsa in both physio'-

logical and morphological features. Furthermore, the "Acartia sp. I"

discussed by Uye and Fleminger (1976) (= A. californiensis) from southern

California permits comparison of egg dormancy in northern and southern

populations.

Methods

1) Resting Egg Production

a) October Experiment

Adult Acartia californiensis were collected at Station 39 (Figure

1) on October 9, 1975, using a 239 pin mesh net towed slowly at 1-2 in

depth. Surface temperature and salinity were 14.9°C and 26.80/00,
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sorting 50 female and 25 male adults into each of eight 1400 ml beakers

containing 1200 ml of Nillipore-filtered water (25°/oc). Water temper-

ature increased to room temperature (16.8°C ± 0.3) during this time.

tipon completion of sorting, all newly spawned eggs were removed by

screening and discarded. Replicate cultures were then transferred to

water baths and maintained at 21°, 17°, 13° and 9°C (± 0.1). Continuous

overhead lighting (low level) was used throughout the experiment.

Adults were fed daily with a mixture of Pseudoisochrysis sp..,

Isochrysis and Thalassiosira fluviatilis at a concentration of

approximately 2.0-2.5 x l0 cells ml. Phytoplankton cultures were

maintained in log-phase at 16.8°C. Viability of the algal species over

the temperature range of 9°-21°C was not determined, hut assumed to be

unimportant in the experimental design since A. californiensis adults

were provided excess food daily. In addition, adult mortality was

moderately low (estimated at less than 20%) during the acclimation and

spawning period with similar losses observed in all cultures. Thus.

selection of adults in response to temperature or food during the accli-

mation period was not likely a factor in influencing the type of egg

spawned.

After the third day of adult acclimation, accumulated eggs were

removed by gentle screening. The eggs were used in a preliminary exper-

iment on hatching success which differed from the main experiment in

that fewer hatching temperatures were tested for eggs produced at each

acclimation temperature.

The main experiment was established with eggs collected on the

eighth day of adult acclimation. Maximum egg age ranged from five days

at 9°C to one day at 21°C because of differences in egg development rate

as a function of temperature. Eggs front replicate cultures at a given

acclimation temperature were mixed together in a petri dish for sorting

by pipette. Water temperature was maintained as close as possible to

acclimation temperature during sorting. Depending on the number of eggs

available, 10-15 replicate batches of 50 eggs each were placed in small

6 ml petri dishes (1 cm depth, 3.5 cm diameter) containing 4-5 ml of

millipore-filtered water (25°/oo). Dish bottoms were marked in a grid
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for ease in counting at 25X with a dissecting scope. Salinity changes

caused by evaporation were prevented by floating the small dishes in

transparent, tightly capped 100 ml beakers filled with 80 ml of water

(also 250/00). Two and usually three or more replicate dishes of 50

eggs were then placed in each of five water baths at 210, 17°, 130, 90

and 5°C, respectively. This procedure was repeated for eggs produced at

all four acclimation temperatures, resulting in an experimental design

(Table 17) using over 2500 eggs.

Hatching success was determined daily by making separate counts of

eggs remaining and hatched nauplii. Nauplii were captured and removed

daily with a pipette. Every fifth day water was changed by pipette with

minimum disturbance to the remaining eggs. tJnhatched eggs were main-

tained at the experimental temperature well past the time expected for

normal hatching (Table 18) and then transferred to a favorable tempera-

ture (21°C) to determine subsequent hatching success.

b) November Experiment

Animals collected on November 4, 1975 at Station 39 (12°C, 21°/oo)

were used to repeat the experiment at the prevailing field temperature

and salinity conditions. By this time. the field population of A.

califoimiensis was greatly reduced and egg production was assumed to be

primarily resting eggs. Females were kept at 12°C and 21°/oo during

transfer to the laboratory arid subsequent culturing. Eggs were collected

on the fourth day of spa'.ming at 12°C and sorted into replicate batches

of 50 eggs each. Hatching rate and success were determined at 210, 170,

150, 13°, 90, and 5°c in 250/00 water. Other procedures were as des-

cribed above.

2) Hatching of Resting Eggs Collected in the Field

A series of preliminary experiments (unpublished, J. K. Johnson)

had demonstrated that resting eggs of A. californiensis and A. clausi

occur in similar numbers in the surface sediments in the vicinity of

Station 39 (Ficure 1). L3nfortunately, the resting eggs of the two

species are not distinguishable from each other on the basis of diameter,

shape or color. Therefore, the following hatching experiments include
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insight were gained in spite of this serious experimental limitation.

a) Salinity Experiment

Resting eggs were obtained by collecting mud with an Eckman-Birge

grab 500 m upstream of Station 39 on February 7, 1976 during low tide.

The upper 1-2 cm of sediments were saved for later screening. Tempera-

ture and salinity values near the bottom were 9.8°C and 4.l°/oo. An

accompanying series of plankton tows from Station 21 to Station 45

verified that no copepodite stages of i. californiensis were present in

the upper estuary, as expected from earlier field work. Acartia clausi

was present in low numbers only at Station 21 and 29 (<50 xn3) It does

occur at Station 39 during the months of January to March, but only at

extremely low densities (ca. 5-20 ut3) during periods of high tides

(Zimmerman, 1972). Thus, few recently spawned eggs were likely to be

present in the sediments collected at Station 39.

Sediment samples were maintained at field temperature (10°C) during

transport to the laboratory and storage in the dark for one month.

Resting eggs were removed (March 10, 1976) by first sieving the sedi-

ments through 119 pm and 64 pm mesh nylon screens. This size fraction

was diluted with water (5°/oc), stirred well and allowed to settle.

Approximately 5-6 ml of the surface sediments were then slowly introduced

by pipette Onto the surface of 8-10 ml of a 2.8 M aqueous sucrose solu-

tion (suggested by Brewer, 1964) in each of several 15 ml centrifuge

tubes. Following centrifugation at 1000-2000 rpm for 1-2 minutes,

resting eggs of Acartia spp., and other species (including calanoids,

haracticoids and rotifers) were removed by pipette from the water-

sucrose interface. These eggs were nearly free of detritus. A thorough

rinse with millipore-filtered water (5°/oo) on a 64 pin mesh screen re-

moved the sucrose solution. No evidence of egg distortion or crushing

was found to result from the high osmotic gradient. In contrast, eggs

centrifuged from surface sediments collected in September collapsed

under similar conditions.

Following rinsing, cartia spp. eggs were sorted front extraneous

material and then mixed in a petri dish in 5°/oo water. Approximately
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2000-2500 eggs were collected in 3-4 hours of work. Most eggs had a

clear, outer layer which surrounded a dark inner mass, similar to that

reported for resting eggs of Labidocera aestiva (Grice and Gibson, 1975).

A moderate number of eggs (ca. 10-20%), lacking the clear layer, had

ended diapause and progressed to various stages of embryogenesis. These

latter eggs were most likely undergoing development in the uppermost

sediment layer when collected in February. Only those eggs with a clear

outer layer were used for the experiment.

Thirty-five resting eggs were sorted by pipette into each of 43

small (6 ml) petri dishes. The accompanying water at 5°/oo (ca 1 ml)

was removed by pipette. Water of 11 salinities, ranging from 0°/co

(glass distilled) to 23.5°/oo, was then added to batches of three or more

of these dishes. Three complete rinses cf appropriate salinity were

added and removed before the final addition. The petri dishes with eggs

were maintained at 17°C (O.1) in covered beakers as described above.

Continuous overhead lighting was provided Water was replaced every

fifth day.

Egg and naupliar counts were usually made daily. There were some

two-day intervals. Naupliar mortality between observations was also

recorded. Salinity was increased in some replicates at various time

intervals to determine viability of remaining dormant eggs. Hatched

nauplii were captured and reared to copepodite stages (17°C, 20°/oo) for

positive species identification because of uncertainty in distinguishing

between A. californiensjs and A. clausi naupiii.

b) Salinity and Temperature Experiment

The effect of salinity on hatching of resting eggs was later evalu-

ated at three more temperatures (150, 12.50, lOc) to obtain hatching

rates at temperature-salinity combinations normally present in the upper

estuary during later fall and early spring months. Resting eggs were

obtained by 2.8 M sucrose centrifugation of sediments collected at

Station 39 on February 18, 1978. Water conditions were 9.4°C and

7.6°/oo. Transport to the laboratory, storage (2 days), screening,

centrifuging and sorting were all done at 10°C. Two or three replicates

of 35 resting eggs (clear-layer type) were prepared at 50/00 10°/Qo,
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150/00 and 250/00 for each temperature. Other details were as described

in the salinity experiment.

Additonal beakers were established at all temperature-salinity

combinations to determine the approximate ratio of A. califcrniensis to

A. clausi resting eggs by rearing hatched nauplii to copepodites. These

beakers contained the unsorted mixture of resting eggs of Acartia spp.

and other accompanying species plus detritus which collected at the

water-sucrose interface during centrifugation. The number of eggs in

each beaker was variable, ranging between 50 and 2.50. Hatched nauplii

were removed daily and transferred to new beakers at the next higher

salinity (+5°/oo) and temperature (2.5°C). Salinity and temperature

were increased every fifth day to maxima of 15°C and 250/00. This was

done to improve survival while avoiding abrupt change. Rat.ios were

determined when most individuals had mnolted into the copepodite stages.

Hatched nauplil from the petri dishes were also reared when practical to

the copepodite stages,

Results

1) Physical Conditon in the Field

?hysical temperature and salinity data for June to November have

been presented and discussed in Section II (Figures 5-11) and Section IV

(Figure 30) and will riot be suirnarized here. However Figure 30 is of

particular importance to this section since it gives the range of tern--

perature and salinity experienced by spawning females throughout the

season between Stations 29 and 45. The envelope represents the most

favorable conditions for population growth at a giver time, and thus can

be used to estimate the timing of field production of resting eggs.

An annual profile of bottom temperatures and salinities at Station

39 in 1972 is also shown here (Figure 71) since bottom conditions are of

more importance for the hatching and survival of the resting eggs.

During winter months, bottom salinities fluctuated between freshwater

and 3-10°/oo, while temperatures averaged approximately 7-8°C. First

observations of A. califo-rniensis ccpepcdites in the plankton occurred

in May-June at average bottom conditions of ].0-15°/oo and 10-15°C.
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Figure 71. Annual profile of bottom temperature (°c) and salinity (°/oo; at Station 39 in 1972.

Values represent ceneral ranqe of temperature/salinity experienced by resting eggs in

surface layer of sediments. December-May values from unpublished data of H.P. Frolander

(Oregon state Univ.).
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2) Resting Egg Production

a) October Experiment (Preliminary)

Eggs collected on the third day of adult acclimation to 21°. 17°,

13° or 9°C had essentially similar hatching rates and cumulative

hatching success at a given temperature to eggs collected on the eighth

day. The similarity in results indicates that A. californiensis can

shift from production of non-dormant eggs to production of resting eggs

in Only 1-2 days in response to a significant lowering of water tempera-

ture. The absence of significant changes in egg hatching time and

viability with increasing adult acclimation time demonstrates that the

eggs produced were not adversely affected by the rapid change in water

temperature (2-4 h) at the beginning of the acclimation period. The

only effect observed was an initially lower fecundity in those females

which ecperienced the largest temperature changes (16.8°C to 21°C or

9°C). In these latter two cultures, fecundity increased with acclimation

time -

b) October Experiment (Nain)

Hatching success of eggs spawned over the range of 9°-2l°C give

evidence that the type of egg spawned is a function of ambient tempera-

ture (Figures 72-73). Experimental conditions and results are also

summarized in Table 17. Females which spawned at 21° and 17°c (typical

midsummer temperatures at Station 29 to 45) produced non-dormant summer

eggs that developed normally at 21° and 17°C (Figure 72a-b). Develop-

ment time was less than 36 hours with nearly 100% of the eggs hatching.

Lower hatching temperatures (130, 90
5°C) , however, were found to arrest

development of summer eggs which then entered dormancy. The incidence

of dormancy increased with decreasing hatching temperature: eggs spawned

at 17°C had a total hatching success of 71% at 13°C compared to 35% at

9°C (Figure 72c-d) and 5% at 5°C (Figure 73). Thus dormancy in summer

eggs is a response to low, unfavorable temperatures and may occur

independently of parental influence.

More than adequate time (Table 18) was allowed in these experiments

for "ncnal" hatching, given the prediction from a Bélehrdek function

for A. tonsa (Zillioux and Gonzalez, 1972), nd the observed development



Table 17. Production of resting eggs and summer eggs by female Acartia californiensis collected
for the October Experiment, October 9, ]975. Hatching results at each temperature-
salinity combination expressed as mean percentage for two and usually three repli-
cakes of 50 egas each.

Cumulative Event Conditions
!time Maya)

O Collection 14.9°C, 26.0°/oo; Station 39 'faquind Day, Oregon

0-1 Prelim. AcclImation 14.9°C, 25°/oo; (Temperature increasing to 16.8°C)

Spawning j2i°c

5-9 Main Experiment 25°/oo

Adjusted }atching 21° 17° 13° 9° 5°
Time Temperature

9 0 (°C) 0 0 0 0 0
10 1 92 84 70 5 3

1.1 2 Iesu1ts in 96 100 79 12 6

12 3 cumulative 97 89 23 8

13 4 percent (%) 91 90 26 8

14 5 hatched 97 90 32 9

17 8 90 34 9

20 11 90 35 9

24 15 35 9

29 20 9

U9 120 o. 9
warming i2.L C)
on Day 1.1 15 .120

Suhseq. Hatch (%) 0 39 0

Final Hatch (%) 97 100 90 74 9

17°C 13°C 9°C

25°/oo 250/00 25°/oo

210 17° 13° 9° 50

0 0 0 0 0
98 93 39 0 2

99 99 63 17 2

99 100 66 25 4
99 67 28 5

99 67 31. 5

71 34 5
71 35 5

35 5

S

5

11 15 120

19 61 0

99100 90 96 5

21° 17° 130 90 50

0 0 0 0 0
12 7 1 1 0
18 11 3 1 0

42 1 4 1 0
65 21 4 1 0

73 32 4 1 0

91 54 4 1 0
97 76 4 1 0

9792 1 0
97 99 0

0

11 15 120

91 96 30

9] .9 95 97 30

21° 17° 13° 9° 5°

0 0 0 0 0
30 1 0 0 0
42 25 0 0 0
53 27 2 0 0
65 29 2 0 0
72 3). 3 0 0

82 47 3 0 0
89 64 3 0 0
8979 0 0
89 87 0

0

11 15 120

76 61 71

89 87 79 8]. 71

LJ
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Table 18. Non-dormant egg development time for \cartia torisa and
A. clausi as a function of temperature, and time that
unhatched eggs of A. californiensis were initially held at
the same experimental hatching temperature (October Experi-
Inent).

Temperature Egg Duration
(°C) (days)

tonsa 2A clausi

Incubation Time
(days)

A. californiensis

(21°-17°C) (130-9°C)

21 1.3 1.2 5 20

17 1.9 1.5 3 29

13 3.1 2.2 11 11

9 8.5 3.8 15 15

5 45.1 120 120

'Data based on prediction of 8&1ehr.dek function (Zillioux and Gonzalez,
1972)

2Data from experimental observations of Landry (1975b).

Temperatures at which A. californiensis eggs were spawned.
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rates for A. clausi (Landry, 1975b) - A subsequent increase in water

temperature to 21°C broke the dormancy of the summer eggs previously

incubated at 13° and 9°C (Figure 72c-d). Hatching resumed within a few

hours at a rate similar to that observed earlier at 170 d 21°C

(Figure 72a-b)

Mortality of summer eggs spawned at 17° was low during the 11 and

15 day "holding' periods at 13°C and 9°C (Figure 72c-d), evidenced by a

final hatching success of 90-96% after increase to 21°C. However,

dormant 21°C summer eggs experienced substantial mortality during the 15

day holding period at 9°C (Figure 72d). Only 60% of the remaining eggs

hatched following the temperature rise, resulting in a cumu1atve total

of 74%.

Long-term survival of summer eggs was negligible at low temperature

(120 days at 5°C). Only 1% of the 17°C spawned eggs subsequently hatched

at 21°C. Many of the eggs remained normal in appearance, being greenish-

yellow in color, throughout the 120 day period. However, within 3-4

days at 21°C, nearly all dormant summer eggs had disintegrated. Most

eggs probably died long before day 120, given the high mortality of 21°C

spawned eggs after 15 days at 9°C (Figure 72d).

In comparison with dormant summer eggs, the eggs spawned at 13° and

9°C appear to be true resting eggs with an overwintering capacity. The

final cumulative hatch of the two types of eggs was similar over the

temperature range of 210-9°C. However, there were major differences in

hatching rates between eggs spawned at 9°-13°C and 17°-21°C at all five

hatching temperatures tested (Figures 72-73) . For example, the 9°-l3°C

spawned eggs required 13. and 20 days at 210 and 17°C, respectively, to

reach the final comparable hatch of 87-99%. This period was 10-20 times

longer than that required by summer eggs.

While none of the 9°-13°C spawned eggs exhibited dormancy at 17°

and 21°C, few hatched at the lower incubation temperatures. Only 3-4%

hatched at 13°C in contrast to 70-90% for the summer eggs. Likewise

only 0-1% at 9°C and 0% at 5°C hatched versus 35% and 5-10%, respective-

ly, for the summer type (Figures 72d, 73).

Temperature was increased to 21°C on days 11, 15 and 120 for the

13°,
90

and 5°C hatching treatments, respectively. Hatching resumed in



216

Figure 72. Hatching success of Acartia californiensis eggs at:

(A) 21°C, (B) 17°c, (C) 13°C, and (D) 9°C in 25°/ac

salinity. Eggs spawned at different parental acclimation

temperatures of 21°c, 17°c, 13°C, and 9°C. Spawning temp-

eratures designated by S placed within parentheses.

Hatching temperatures increased to 21°C on day 11 (C) and

15 (D)
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Figure 73. Hatching success of Acartia ca1iforniensi eggs at 5°c in 25°/oo salinity. Eggs spawned

at 21 , 17 , 13 , and 90C. Spawning temperature designated by S placed within paren-

theses. Hatching temperature increased to 21 C on day 120.
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all cases at a rate and with success similar to those of summer eggs.

However, a 1-1.5 day delay occurred in each case before hatching resumed

(Figures 72c-d, 73). ThIs delay, absent from the data on hatching of

summer eggs following an identical temperature increase, is evidence of

a difference in the character of dormancy in the two types of eggs.

Resting egg mortality was low during the 11 and 15 day incubation

periods (Figures 72c-d). Aproxiinate1y 96% and 80% final batch occurred

for eggs spawned at 13° and 9°C, respectively. The somewhat lower

viability of the 9°C spawned eggs was also seen at hatching conditions of

17° and 21°C (Figure 72a-b). Survival remained hIgh (71%) for 9°C

spawned eggs following 120 days incubation at 5°C (Figure 73). In com-

parison, the 130C spawned eggs had only 30% survival. This substantial

difference in survival may not be important as opposite results were

found for the hatching success of resting eggs from the preliminary

experiment under equivalent conditions (90C spawn 45%; 130 spawn 60%

survival). The implication is that resting eggs survival is approximate-

ly 50% after a four month dormant period.

In most cases, hatching success at a given temperature was similar

for eggs of a given type surmner or resting) spawned at different temper-

atures (Figures 72-73). For example, 21°C spawned eggs displayed little

difference in hatching time or success from 17°C spawned eggs at 210,

17° and 900. The discrepancy in summer egg hatching times and cumulative

totals at 13°C was likely an experimental artifact since it was absent

in the results of the preliminary experiment. Uye and Flerninger (1976)

similarly reported finding no difference in hatching success at a given

temperature for A. clausi eggs spawned at 17.50 and 13.5°C.

notable exception to this pattern occurred for 13° and 9°C spawned

eggs which were incubated at 210 and 17°C (Figure 72a-b). In both cases

the 9°C spawned eggs had a higher initial rate of batching than 13°C

spawned eggs. By day 5, this was reversed, and the rate for 13°C spawned

eggs exceeded that for 900 spawned eggs. It is possible that some of

the 9°C spawned eggs had an enhanced metabolic rate relative to 13°C

spawned eggs, caused by cold acclimation (suggested by Landry 1975b).

Uye and Fleminqer (1976) also found evidence that cold-acclimated eggs
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of A. tonsa, spawned at 6.5°c, tended to hatch more quickly at tempera-

tures below 12.5°C than eggs spawned at 17.5°C.

Long-term exposure to low temperature resulted in abnormal develop-

ment for some resting eggs. This was only seen in 5-12% of the 9°C

spawned eggs incubated at 9 or 5°C for 120 days. Abnormalities of the

newly hatched Ni naupiti ranged from mild to strong structural deforma-

tion. Some nauplii possessed an enlarged labrurn or fused appendages

(e.g. second antennae and mandible); some lacked appendages of one side

of the body. One nauplius had two severe constrictions which divided

the body into three lobes. Many of the abnormal naupiji were alive,

though weak, at the time of observation. Uye arid Flexainger (1976) also

reported finding deformed Ni nauplii and postulated that osmotic stress

from abnormal salinities may have caused the deformations. In this

case, however, deformation must have resulted from long exposure to low

temperatures, since salinity was maintained at a favorable concentration

of 25°/oo.

c) November Experiment

Different hatching results were obtained using eggs spawned by

females acclimated at the November field temperature of 12°C. Hatching

patterns (Figure 74) indicate that beth non-dormant and resting eggs

were produced concurrently in the population. This is in contrast to

production of resting eggs only in the 130 and 9°C treatments of females

collected in October for the main experiment (Figures 72-73). The evi-

dence for the presence of both egg types is the two different hatching

rates which occurred at summer temperatures (Figure 74). The initial

hatching at 21° and 17°C occurred within the first day, similar to

summer eggs at identical temperatures (Figure 72a-b). However, after

reaching a total of 61-66% hatched, the rate decreased sharply with

hatching continuing at a low, constant rate to a final total of 90-91%

at day 16. The latter pattern resembles that found for resting eggs

(13°, 9°C spawn) hatched at summer temperatures (Figure 72a,b). A

comparable 56% hatch also occurred at 15°C within the first 2.5 days.

However, development then ceased until temperature was increased to

21°C. Thus, at all three temperatures, approximately 60% of the eggs
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behaved as non-dormant summer eggs, while the remaining 40% had

characteristics of resting eggs.

Dormancy increased from 40% at 150C to 98% at 50C (Figure 74),

presumably as a result of dormancy induced by low temperatures in

otherwise non-dormant eggs. This result is similar to that seen for

summer eggs hatching at the lower temperatures (Figures 72c-d, 73).

Egg viability during short and long term dormancy was determined

by increasing temperature to 21°C on days 9, 11, 15 and 102 for the 15°,

13°, and 5°C hatching treatments, respectively (Figure 74). Mortal-

ity was low during the 9-15 day incubation period at 15° to 9°C with a

final cumulative hatch of 85-91%. In contrast, only 45% of the dormant

eggs incubated for 102 days at 5°C completed development into Ni nauplii

following temperature elevation. Probably few dormant summer-type eggs

survived the long holding period at 50C, given that approximately 40%

of the eggs exhibited characteristics of resting eggs in 21°, 17° and

15°C water. This conclusion is supported by the high mortality (99-

100%) found for summer eggs incubated at 5°C for 120 days in the October

experiment (Figure 73).

3) Hatching of Resting Eggs Collected in the Field

a) Salinity Experiment

The effect of salinity on hatching of resting eggs collected from

field sediments was initially determined at 17°C, a temperature favor-

able for egg hatching (Figure 72) and population growth of A. califor-

niensis (Figures 27, 30). Results presented in Figure 7.5 are the

combined data for both A. californiensis and A. clausi, since their

respective overwintering eggs could not be separated.

Hatching occurred at all salinities front 23.5°/oo to 0°/co (Figure

75). Rates decreased only slightly with decreasing salinity from 23.5

°/oo (37% day1) to 12.5°/co (31% day; day 2.5). Final hatch in this

salinity range was 91-96%. Initaiai hatching rates below 12.5°/oo

decreased markedly, ranging from 26% day1 at 10°/co to 1.8% day
1

at

O°/oo. These latter rates, while reduced, were nevertheless substantial

over a two week span. Overall hatching success by day 12 was 21%, 61%

and 88% of the resting eggs at 00/00, 50/00 and 8°/oo, respectively.
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Furthermore, hatching was continuing, even in freshwater, as indicated

by the slopes of the curves, when the experiment was ended. In compari-

son, resting eggs of Tortanus forcipatus do not hatch in freshwater when

temperature is favorable (Kasahara, Uye and Onb, 1975).

The retarding effect of low salinity on hatching appeared to be

limited to the actual process of naupliar escapement from the eggshell.

Embryogenesis proceded at similar rates (subjective observations) in all

treatments (O-23.5°/oo), apparently independent of external salinity

concentration. Developmental arrest, when present, normally occurred

after the fully formed nauplius was visible inside the eggshell.

Exposure to low salinity (0_50/oo) for varying periods during

dormancy was not fatal for the majority of pre-hatch nauplii. In each

case, high rates of successful hatching (Figure 76) quickly followed a

salinity increase to 23.50/00. However, pre-hatch mortality of

"holding" nauplii increased substantially as a fimction of salinity

reduction when compared at equal time. This is seen in a final hatch

of 79%, 71% and 59%, following a salinity increase (day 12) to 23.5/oo

for eggs previously incubated at 50/00, 2.50/00 and 00/00, respectively.

Thus, an approximate 10% increase in mortality occurred for each

2.50/00 decrease in salinity below 5°/oc.

Pre-hatch mortality also increased gradually with increasing time

at low salinity (Figure 76). Total hatch in 23.5°/oo after 2.5 and 12

days exposure to 5°/oo was 87% and 79%, respectively. This corresponds

to a loss of 8% viability within the first 2.5 days and 16% by day 12

as measured against the control hatch at 23.50/00. A comparable trend

and loss rate occurred for 0°/oo salinity-exposed eggs later hatching

in 23.5°/oo. Losses in viability on days 4.5 and 12 were 27% and 36%,

respectively.

The cause of death in pre-hatch nauplii is unknown, but presumably

is related to exhaustion of energy reserves during the holding period.

Mortality may also be partially caused by increased osmotic stress at

progressively lower salinities. Eggs that died prior to hatching

usually disintegrated with 2-3 days at 17°C.

The occurrence of naupliar mortality during the actual hatching

process or within the following 24 hours substantially increased at
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salinities below 12.5°/oo. This is shown by a comparison of cumulative

hatching and subsequent naupliar mortality as a function of salinity on

days 4.5 and 12 (Figure 77). Naupliar losses on day 4.5 increased from

1% at 12.5°/oo to 73% at 5°/oo. Mortality was 100% at 2.5°/oo arid

O°/oo. Corresponding losses were 5-10% higher on day 12, indicating

that survival following hatching decreased gradually with increasing

time required to hatch.

Observation of hatching success in salinities below 8°/oo revealed

that many nauplii died during the hatching process or immediately

thereafter. At 5°/oo, many of the dead naupli! were found only

partially freed from the cracked-open eggshell. More typically, the

nauplius was found lying next to the empty eggshell, indicating immed-

iate death followed hatching. Some nauplii successfully hatched, but

never unrolled. Others escaped the outer egg nieiabrane, but died while

still inside the osmotically swollen inner membrane. Eggs which had

obviously cracked open prior to full development, and exhibiting an

extrusion of cellular debris, were also occasionally seen at o°/oo and

2.5°/oo.

The Specific effects of salinity on resting eggs of A. californi-

ensis cannot be separated from those of A. clausi in the results above.

However, supportive evidence indicates that eggs of both Acartia

species hatched at substantial rates at all salinitles from 00/00 to

23.50/00. or instance, 41% of the copepodites reared from viable

nauplii during the course of the experiment were A. californiensis.

While there is no information on possible differential mortality during

culturing, an estimate of 41% is probably low for the percentage of

A. californiensis resting eggs in the experiment. initial rearing

conditions actually favored A. claus!, a species that is much more

euryhaline in Yaquina Bay. Thus, even when considering the lowest

hatching rate at 00/00 salinity on day 17 (Figure 74), It is clear that

the 37% hatch (100% mortality) had to include at least some A. califor-

niensis eggs. Approximately another 40-50% of the holding eggs at

Oo/oo were no longer viable. Therefore, one can conclude that pro-

longed exposure of A. californiensis resting eggs to extremely low
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salirtitios at 17° will result in death for the majority, whether it be

from pre-hatch or post-hatch salinity stresses.

b) Salinity and Temperature Experiment

The effect of salinity on hatching of resting eggs was re-examined

(Figure 78) at lower temperatures (15°, 12.5°, 10°C) which are marginal

to unfavorable for growth of the A. californiensis population (Figures

27, 30). The basic intent was to determine, if possible, the lowest

temperature-salinity combination(s) which could break diapause of the

overwinteri.ng eggs.

Ceneral hatching patterns as a function of salinity (Figure 78)

were similar to those observed at 17°C (Figure 75) in that hatching

rates decreased with decreasing salinity at all three temperatures.

Lower temperatures similarly reduced hatching rates and final hatches

at a given salinity. However, the interactive effect of temperature

with salinity increased non-linearly as temperature decreased (Figure

78). As a result, the percentage of resting eggs remaining in a state

of dormancy became progressively larger with decreasing temperature.

Few Acartia spp. resting eggs incubated at or 12.5°C (Figure

78a-b) failed to terminate diapause and begin development. As observed

at 17°C, embryogenesis progressed to the final pre-hatch stage,

apparently independent of external salinity. Subsequent holding time

(pseudodorntancy) depended on the interaction of salinity and tempera-

ture. For example, hatching rates at 250/00, 150/00 and 100/00, while

progressively reduced, were still relatively high with very little

dormancy evident. The majority of eggs hatched within 3-4 days. Final

hatches were high and in a narrow range from 91-81% at 150C to 84-71%

at 12.5°C. However, some pre-hatch holding did occur at these higher

salinjties since an increase in salinity (lO°/oo to 15°/oo; Figure 78a)

or temperature (12.5° to 15°C; Figure 78b) resulted in an additional

5-9% hatch.

Pre-hatch holding at 5°/co was increasingly more important with

decreasing temperature (Figure 78a-b). At 15°C, the 5°/co hatching

rate was greatly reduced, but was still substantial and similar to

that seen at 17°C (Figure 75). Over 50% hatch was attained by day 7,
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with hatching continuing to 62% on day 15. Viability of the remaining

eggs (38%) was low since a salinity increase to 25°/oo only yielded an

additional 11% hatch. In comparison, pre-hatch holding in 5°/oo at

12.5°C (Figure 78b) was pronounced since the hatching rate was reduced

to Only 1-2% day1. However, the holding dormancy was only a temporary

condition since hatching continued throughout the 15 day exposure to

50/00 Viability was reduced but still substantial as seen in a final

hatch of 68% in 250/00. Thus, hatching in 5°/oc water at 12.5°C or

15°C would have probably continued until all eggs either hatched or

died from exhaustion of energy reserves during the holding state.

Hatching results at 10°C (Figure 78c) were considerably different

from results at 12.5°C and 150C in that dormancy was a major factor at

all salinities. For example, final hatches (prior to changes) at

25°/oo, 15°/oo and 100/00 were 61%, 40% and 33%, respectively. This

represented a 23-38% increase in dormancy from that at 12.5°C. Persis-

tence of dormancy at 50/oo was nearly complete with only 2% hatch

achieved.

The nature of continued dormancy at 100C (Figure 78) was unusual

in that both diapause and pre-hatch holding co-occurred. Dormant eggs

remaining on day 13 at 25°/oo, 15°/oo and 100/00 appeared to still be

in diapause since no apparent change in coloration or internal structure

occurred during inci.thation at 10°C. A subsequent 1-3 day delay in

hatching after temperature was increased to 15°C is also indicative

that the eggs were still in diapause (as seen in the October tempera-

ture experiments; Figure 72c-d). Copepodites reared from naupili

hatched at 15°C in the 25°/oo, 15°/oo and 10°/oo treatments after day

13 were found to be mainly A. californiensis (87%; n = 23) - As a

result, most of the eggs remai.ningin diapause at 10°C over the 25-

100/00 range were probably those of A. californiensis.

In contrast to results at 25-10°/oc (Figure 78c), diapause did not

persist in eggs of either A. californiensis or A. clausi exposed to
50/

at lO0C. The reason for this difference is not known. While

only 2% of the eggs had hatched, nearly all remaining eggs had broken

diapause and were in the final pre-hatch holding state many days before
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Figure 78. Hatching rate and cuirtulative success of field-collected

resting eggs of Acartia spp. in various salinities at

(A) 15°c, (B) 12.5°C, and (C) 100C. Lower temperatures

and salinities increased to 15°C and 150/00, respectively,

after variable periods of incubation to detenine short-

term "holding" success at sub-optimal Conditions.
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the temperature increase on day 13. The difference in the nature of

dormancy is reflected by the rapid hatching rate with no delay period

following the temperature increase. In spite of high viability seen

after day 13, the termination of diapause and the failure to hatch at

50/00 and 10°C demonstrate that egg survival of both Acartia species

was short term and limited by available energy reserves.

Post-hatch naupliar mortality within the first 24 hours as a

function of salinity at 15°, 12.5° and 100C was very similar to that

shown for 17°C (Figure 77). The mortality range in 15/oo, lOo/co and

50/00 water, for example, was 2-7%, 12-22% and 80-100%, respectively,

as compared to 2%, 15% and 78% at 17°C. Typically, the percent survival

decreased slightly at a given salinity as temperature decreased.

Therefore, at salinities greater than 10/cc, survival was high with

mortality primarily increasing with decreasing temperature. Below

l0°/oo, the Ni nauplii experienced increasingly heavy mortality

primarily as a function of decreasing salinity.

Additional information on hatching behavior and fraction of A.

californiensis resting eggs were obtained by a comparison of the pro-

portions of copepodites reared from nauplil which initially hatched

from unsorted egg mixtures at each temperature-salinity combination

(Table 19). Hatching at the most optimal of the given experimental

conditions for both species (15°C, 25-l5°/oo) resulted in copepodite

proportions of 51% and 62% A. californiensis. A similar percentage

(54%) was observed at 12.50C and 25°/oo. As these estimates are based

on independent rearing treatments, it is reasonable to conclude that

roughly 55% of the field resting eggs were those of A. californierisis.

This result corresponds very well with other estimates of percent

abundance determined in earlier unpublished experiments.

Copepodites of A. californiensi.s were absent in the cultures which

initially hatched in 10°/oc and 5/oo at both 15° and 12.5°C (Table

19). As nearly all resting eggs were previously found to terminate

diapause at these lower salinities (Figure 78a-b), the absence of A.

californiensis is the result of mortality during either pre-hatch

holding or subsequent naupliar stages. This is verified in part by the
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Table 19. Proportion of Acartia californiensis and A. elausi copepo-
dites that survived following hatching at 12 temperature/
salinity combinations. Temperature and salinity levels for
rearing to copepodite stages were gradually increased to
15°C and 25°/oo to increase post-hatch survival (see text
for further details).

Temperature 10°C 12.5°C

Salinity n clausi calif. n clausi calif.
(°/oo) () (%) (%) (%)

5 0 0 0 4 100 0

10 16 100 0 24 100 0

15 15 100 0 71 94 6

25 235 100 0 28 46 54

150C

n clausi calif.
(%) (%)

0 0 0

119 100 0

40 38 62

183 49 51
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increasing mortality of Ni nauplii (Acartia spp.) below 12.50/00 (Fig-

ure 77). Furthermore, hatching rate differences over the range of 25-

10°/co were small as shown in Figure 78a-b. For example, at 15°C, a

total hatch of 86% and 81% was observed at 15°/oo and 100/00 respective-

ly. Yet, the proportion of A. californiensi.s copepodites was 62% at

15°/oo and 0% at l0°/oo (Table 19). Similarly at i2.50C, only 6%

survived to copepodi-tes when hatched at 150/00 as compared to 54% at

250/00. It must be re-emphasized that the temperature and salinity

values referred to here and in Table -9 are hatching conditions only.

Rearing was under more favorable conditions (see Methods). Therefore,

as diapause was ended at all salinities at 12.5°-15°C, it is evident

that individuals hatching from resting eggs of A. califoniiensis exposed

to salinities below 15°/oo experienced early death, even when tempera-

ture and salinity were increased to more favorable levels following

hatching. As a result, these data can be used to define minimal

hatching conditions for growth to maturity and can be correlated with

the fall disappearance and summer repopulation of A. californiensis in

Yaquina Bay.

Acartia californiensis copepodites were absent at all salinities

at 10°C (Table 19). Absence over the range of 25-l0°/oo was probably

the result of continued diapause of the resting eggs of A. californien-

sis, as previously demonstrated (Figure 78c). Some of the latter eggs

may have hatched at 25°/oo, given the likelihood of a 62% hatch

(Figure 78c) and an estimated resting egg ratio of 55% (Table 19).

However, egg hatching at 15°/oo and 10°/oo (40-33%; Figure 78c) can be

completely attributed to A. Clausi since it comprised ca 45% of the

resting eggs.

An unrelated, but important, observation concerns the hatching of

a few Epilabidocera pedata Sato (= E. amphitrites McNurrick)

(10°c, 25°/oo) and Eurytemora affinjs (Poppe) (l0°-15°C, 525°/oo) from

the unsorted resting egg mixtures used to obtain Acartia spp. ratios.

Identification was made at the late copepodite stages. Neither species

has previously been reported as possessing a resting egg stage. Both

species are absent at Station 39 in Yaquina Bay during the winter

months, insuring that the eggs were in diapause when collected.
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Discussion

Environmental Conditions Resulting in Egg Dormancy

Many shallow-water neritic and estuarine calanoid species with

multivoltine life cycles are now known to survive long periods of

adverse environmental conditions by facultative production of resting

eggs. Field observations and laboratory results have demonstrated

this is true for A. californiensis in Yaquina Bay. After 4-5 succes-

sive generations with substantial recruitment (e.g., July-September,

1972; Figure 27), the planktonic population declined rapidly and was

gone by mid-November. The failure of recruitment in early October

coincided with a decline in temperature below 150C. Salinity remained

relatively high and stable at 25-30°/oo, during the population dis-

appearance, implying temperature dependence for the production of

resting eggs (Figures 30, 77).

Experimental results confirmed the hypothesis that diapause in

A. californiensis eggs is essentially a response of the spawning females

to low temperatures, similar to that shown for A. tonsa (Zillioux and

Gonzalez, 1972), Tortanus forcipatus (Kasahara, Uye, and Onb, 1975),

and possibly Pontella meadi (Grice and Gibson, 1977). The shift from

suxtuner eggs to resting egg production occurred between 15°C and 13°C

(Figure 72) , a temperature range comparable to that observed in the

field. Salinity was not a factor, since it was maintained at a

constant and favorable level (250/00) in all treatments. Food quantity

and quality were excluded as factors by daily providing the adults with

an ample ration consisting of three prey species. Photoperiod is

known to influence induction of diapause in some cladocerans (cf.:

Damhnia pulex, Stross and Hill, 1965; Daphnia magna, Buimer and Ha1cro'-,

1977). However, it was eliminated as a possible extrinsic factor by the

use of continuous lighting.

The production of overwintering eggs was most likely initiated by

changes, possibly hormonal, within the female in response to the

extrinsic stimulus of adverse temperature. Extensive research on the

physiology of insects has confirmed the regulation of diapause by
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hormones e.g. Lees, 1955; S1ma et al. 1974). Moreover, Carlisle and

Pittman (1961) found differences in forebrain neurosecretions between

summer and overwintering "dormant" C5 copepodites of Calanus finmarchi-

cus that resembled diapause in insects. Watson and Smaliman (1971)

similarly reported significant changes in small tissue patches in the

head region of the cyclopoid copepod, Diacylops navus, that correlated

with induction and cessation of diapause. Since dormant egg production

can be rapidly induced in A. californiensis by lowering water tempera-

ture, it is probable that the controlling physiology is somewhat

different.

The temperature-dependent maternal role in the induction of

dormancy in A. californiensis eggs is contrary to results reported by

Uye and Fleminger (1976) for A. californiensis in southern California.

They concluded that egg dormancy in A. californiensis must occur

independently of maternal influence since 90-100% of the eggs hatched

at all temperatures in the annual field range (1O0250C). Exposure to

salinity extremes was suggested as a possible cause of induced dormancy.

Their conclusion, however, was based upon the hatching behavior of

A. californiensis eggs which were spawned at 17.5°C. On the basis of

my observations (Figure 72), these latter eggs were most likely all

summer eggs which exhibited increasing dormancy below 10°C. It is

likely that female-induced dormancy would have been observed if a

spawning temperature below 150C had been used.

Summer eggs of A. californiensis possess the capacity for short-

term facultative dormancy when exposed to temperature below 15°C

(Figure 72). Hatching resumed within hours following temperature

elevation above 15°C. This type of arrested development, temporarily

induced by unfavorable external conditions and ended with the return

of a favorable environment, represents a state of "quiescence" as the

term is used by Andrewartha (1952) , LeeS (1955) and Wigglesworth

(1972) for other arthropod groups.

Quiescence of non-dormant eggs at low temperatures is probably a

characteristic of most calanoid species which inhabit highly variable

environments such as estuaries and lagoons (Uye and Kasahara, 1978).



For example, IJye and Fleminger (1976) found that A. tonsa eggs which

were spawned at 17.50C (a favorable temperature) exhibited dormancy

only at
750

and 5°C, a result which they also demonstrated for A.

californiensis
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In both species, survival during dormancy at
750

and
0
5 C was of snort duration, since no hatching occurred following a

temperature elevation after 28-30 days. The lack of long-term viability

is supporting evidence that the respective eggs were in a quiescent

state and not true resting eggs.

In each species, the percentage of quiescent summer eggs increasd

as temperature decreased. However, quiescence occurred at significantly

higher temperatures in eggs of A. californiensis from Yaquina Bay,

shown by a 35% hatch at 10°C (Figure 72d), as compared to 100% for the

southern California population (tlye and Fleminger, 1976). Both sets of
0 0

eggs were spawned at 17 or 17.5 C. The considerable dirference in

thermal induction of quiescence in summer eggs may represent a genetic

gradient reflecting the latitudinal separation of the two populations.

Selection for quiescence in this warm water species is probably more

important in Oregon estuaries because of colder water temperatures

(2°-22°C range) and longer winters (Figure 71). Less of a selective

advantage would exist in California estuarine and lagoonal waters with

a narrower annual range of 1O°-25°C (from cJve and Fleminger, 1976)

Furthermore, any genetic gradient caused by differential selective

pressures would be reinforced by the localized confinement of popula-

tions within estuaries or lagoons, which must greatly reduce gene flow.

The adaptive value of quiescence may be greatest in temperate

estuaries (e.g. Yaquina Bay) where eggs in the bottom sediments typical-

ly experience large variations in temperature over successive tidal

cycles. However, since viability of A. californiensis eggs in the

quiescent state at low temperatures is limited to 1-2 months, as shown

above (Figures 72-73) and in Figure 5F of Uye and Fleminger (1976), the

importance of quiescence in overwintering must be considered negligible.

Sisner and resting eggs of A. californiensis may co-occur in equal

proportions in the cumulative spawn at temperatures below 15°C as shown

in the November experiment with females which spawned at their field
0

acclimation temperature of 12 C (Figure 74). Zillioux and Gonzalez
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(1972) reported similar spawning results for A. tonsa females at

acclimation temperatures of 90, 11.40 and 14.50C. In each case, approx-

imately 50-60% of the eggs were non-dormant and hatched. It is not

known from these data if the same female can produce both egg types at

once. it is likewise not known if a female producing only resting eggs

at lower temperatures can. switch back to summer egg production if

temperature increased above 15°c. These questions will need to be.

resolved by observations on individual females.

There is an apparent discrepancy between the November and October

observations. Females collected from 15°C water in October produced

exclusively dormant eggs when rapidly cooled to 13° or 9°C. it S

reasonable to have expected all of the November eggs spawned at the

field acclimation temperature of 12°C to have also been dormant, given

the October results. Perhaps there are effects upon the initiation of

dormant egg production from both low temperature to which a female is

fully acclimated and from sudden temperature reductions. Response to

the latter stimulus would protect against more than usually moderate

cooling rates in the fall. Given normal field conditions, however,

there probably is considerable variation between individual females in

the population in the threshold temperature which induces dormant egg

production. As a result, co-occurrence of both egg types would be

expected during a significant portion of the fall population decline.

Some field evidence of this is seen in the weak pulse of copepodites

found in late October, indicating that substantial hatching did occur

below 15°C earlier in the month (Figures 27 30).

Termination of Diapause and Population Reappearance

Hatching of field-collected resting eggs of Acartia spp. at various

temperature-salinity combinations indicates that termination of dormancy

is essentially temperature-dependent. However, hatching rates and

survival are regulated by salinity. My conclusions with respect to A.

califorriiensis, based on the often disparate observations are:

1) pproximately half of the experimental resting eggs were A.

californiensis.
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2) Embryogenesis and hatching occurred at all salinities tested

at 12.5°-15°C (5-25°/oo) and 17°C (0-23.5°/oo).

3) Diapause persisted at 10°C over the range of l0-25°/oo, while

embryogenesis occurred at 50/00.

4) Hatching was retarded at low salinities, particularly below
0

10 /00.

5) Developmental arrest in low salinity normally occurred at the

last stage of embryogenesis. Viability of "holding" pre-hatch nauplii

was limited to 1-2 months, depending on temperature.

6) Mortality losses were increasingly severe below 100/00 for

hatched nauplii and substantial for "holding" eggs.

7) No nauplii survived to reach the copeodite stages at salin-

ities below l5°/oo at 12.5°C or at any salinity at 100C.

Exposure to low temperatures over a prolonged period (comparable

to cold stratification for seeds of many temperate, deciduous plants)

is unnecessary for the release of diapause in A. californiensis over-

wintering eggs. This is probably the normal condition for most Acartia

species (see Zillioux and Gonzalez, 1972; Uye and Fleminger, 1976). It

is not universal, however, as the resting eggs of Pontella meadi, a

neritic species, require a chilling period before hatching can occur

(Grice and Gibson, 1977). A similar requirement is implied but not

COflC1US1VC1y demonstrated for resting eggs of P. mediterranea and

Centropages pcnticus (Sazhina, 1968). Overwintering eggs of some fresh-

water ca1anoid (e.g. Diaptomus oreqonensis; Cooley, 1971) are also

known to require exposure to low temperatures prior to hatching.

While chilling is unessential for termination of diapause in A.

californiensis resting eggs, some effects from chilling were observed.

For example, all field-collected eggs were found to commence develop-

ment at 12.5°C (Figure 78) while laboratory-spawned eggs terminated

diapause only above 15°C (Figures 72-74). Thus, exposure to winter

temperatures appears to lower the hatching threshold. The time required

is unknown but may be quite short, Newly spawned resting eggs initially

hatched at very low rates when incubated at 170 or 21°C (Figure 72).

However, after 11 and 14 days of chilling, hatching rates approached

those of summer eggs when placed ii favorable temperatures.
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The "holding" phenomenon induced by low salinities represents a

second type of short-term quiescence in A. californiensis resting eggs.

It differs from the temperature-induced quiescent state seen in summer

eggs in that quiescence does not set in until the final stage of exribry-

ogenesis. In addition, salinity-induced quiescence is much weaker,

since batching continues at low levels. In these aspects, it closely

resembles the dark inhibition of suir.mer egg hatching of A. clausi

(Landry, 1975a). Development of A. clausi eggs in the dark proceeds to

the pre-hatch naupliar stage before "holding" occurs. Viability of

eggs in this darkness-induced quiescence is even shorter than that of

A. californiensis in lOW salinity-induced quiescence. Uye and Fleininger

(1976) and my own data (unpubL) indicate it is 20-25 days.

On the basis of field collections in February, experimental results

and the temperature and salinity cycles in the field, significant

hatching (or embryogenesis followed by holding) of resting eggs must

occur over much of the year. Low oxygen tension in sediments, while

important in inhibiting hatching (Kasahara, Uye and Onb, 1975) is

probably not a critical factor, since resting eggs in the bottom seth-

ment are continually exposed to oxygenated surface layers by turbulence

and erosion. Termination of diapause does not always coincide with the

presence of favorable environmental conditions for naupliar growth.

Those resting eggs which undergo development and then either enter

quiescence or hatch during the winter-spring months, a period of very

low salinities. must be soon lost. Such a process would partially

account for the seasonal decline in resting egg numbers in the sediments

with increasing time as observed by Kasahara, Onb and Kamigaki (1975).

Successful repopulation is possible at any point in spring that daily

mean salinity is in excess of l0°/oo, which usually occurs in early

June. Production of resting eggs in the annual cycle of A. californi-

ensis is thus viewed as a "leaky" popultion diapause that is corisistant

with the opportunistic nature of estuarine copepod species.

It is possible that the leaky character of the diapause is retain-

ed because of the occasional success of the early-hatching portion of

the population in years with early termination of winter rains. In

those years, this fraction of the population would be strongly favored
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by the end of the growing season because of its early start. In years

with prolonged spring rains, the later hatching fraction would be

favored. Variations in the weather cycle, thus, may prevent develop-

ment of absolute and restrictive requirements for termination of

diapause.



240

Section IX. SUIYINARY STATEMENT

The annual cycle of Acartia californiensis in Yaquina Eay was

studied by twice weekly sampling during June to November in 1972,

1973 and 1974. Seasonal patterns were similar in all three years.

First appearance in the plankton usually occurred in late May or early

June, followed by low abundances until late July when a population

explosion occurred. Abundances remained high throughout August and

September, and then declined rapidly to nil in November. Overwinteriflg

occurred in the sedinients as resting eggs.

Population cycles observed in 1972 (Johnson, 1974) demonstrated

the unexpected occurrence of well-defined cohorts, which persisted

throughout the season. Several hypotheses to account for cohort main-

tenance and other population attributes were subsequently tested by

additional field sampling and laboratory experimentation in 1973 and

1974. These hypotheses included: a) periodic limitation of food,

possibly in phase with two week tidal cycles; b) interspecific competi-

tion with A. clausi for resources; c) tidal flushing, .ith heaviest

losses during spring tides; and d) intense size-selective predation on

adult stages by planktivorous fishes. Effects of predation from

cannibalism, other invertebrate predators and physiological death were

also considered. Principle results and conclusions of the study are

sutunarized below.

1. Food quantity and quality were assessed by measuring the

phytoplankton standinq crop (Chi a) and rates of primary production in

the upPer bay. Seasonal patterns were similar in 1973 and 1974.

Chlorophyll a levels were stable at 5-6 mg Chl a throughout the

months of August to Cctoberr
with no apparent depression from grazing

during the population explosion of A. californierxsis. There was no

strong correlation between tides and low level oscillations in

chlorophyll. owever phaeophytin levels were stronglY related to tidal

action, with highest levels occurring during spring tides. No clear

correlation was seer. bet'een seasonal abundance of A. californiensis

and phaeophytin levels.
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Primary production was highest during July and August, and higher

upbay than downbay. Substantial levels of nitrate-nitrite nutrients

and high assimilation ratios (p5) throughout the season indicate that

phytoplanktcn stocks were probably not seriously nutrient limited and

thus were always an adequate food source. A review of the literature

on grazing rates on the standing phytoplankton crop in other estuaries,

etc., also demonstrate that 5-6 mg Chi a In3 is more than adequate to

sustain high densities of copepods, in addition to high levels of egg

production. Additional food sources include other animals and detritus

should food become limiting. Given these indirect evidences, it was

concluded that food levels and quality were probably not limiting

throughout the seasonal cycle of A. californiensis for either growth

and development or for egg production.

2. changes in A. californiensis abundance through time and

space were followed by; a) tracking the population center (no. per

m ); and b) by computing total abundance per estuary. The second

approach, used for mortality calculations, removed the effects of

horizontal tidal advection of the population between successive

sampling times. Results of the two methods were essentially the same.

In each year, a total of six cohorts was easily recognized by a

persistant alternation between peak. abundances of copepodites and

adults. Features were distinct enough at all copepodite stages to

delimit cohort bcundaries through time.

3. The adult A. californiensis population had a persistent

pattern (1972-1974) of a high proportion of females to males during

the beginning and ending phases of the season. Likewise fema].es were

most abundant at the lower and upper boundaries of the population

distribution through space. The two patterns can best he explained in

terms of the greater physiological "hardiness" of females. Ma1e will

be selected against on the boundaries of distribution arid during the

early or late phase of the seasonal cycle.

A regression of the log abundance of adults plus copepodites

versus the proportion of adult females at th.e population center

demcnstrated that the propertion of females decreased with increasing



242

population density (Section Iv). Low female proportions at the

population center are expected as a result of intense size selective

predation by visual feeding planktivores (Section tIlt).

4. Field distributions and population cycles of the upper bay,

small form of A. olausi were compared with. those of A. californiensis

to estimate interspecific competition. While A. clausi completely

overlapped the distribution of A. califorriiensis, its population center

typically occurred one station downbay (usually at Station 29 from

that of A. californiensis. As a result, direct competition for

resources was minimized.

Cohorts were also an important and persistent feature of the

dynamics of A

was present.

californiensis

clausi, and occurred whether or not A. californiensis

Cohort lengths were typically longer tan those of A.

(ca 20-24 days versus 12-20. days) and probably reflect

development at 2-3°C colder temperatures downbay.

Numerical abundances of A. clausi were typically much greater than

those of A. californiensis, even during the population explosion of

A. californiensis in August and September. Adult abundances in 1972

were two times greater, comparable in 1973 and 9-10 Limes greater in

1974.

On the basis of physiological differences between the two species

(reflected by spatial separation of population center), probable

differences in grazing behavior, and the apparently adequate food

supply, it was concluded that competition for resources is probably

minimal. More likely, seasonal changes in species composition of the

plankton reflect the evolutionary origins of A. clausi (.coid water

form) and A. californiensis (warm water form). Most important, as a

omnivore, A. clausi has. th potential to significantly impact the

survivorship of A. californiensis. Probable effects are discussed

below with predation.

5. Field development times (DT') of the successive copepodite

stages were found to be well represented by a linear regression slope

(r2 > 0.95), thus implying isochronai development. Predicted develop-

ment times were either longer than or equal to cbserved rates for all

cohorts during months of maximum abundance. The high degree of
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correlation between the two independent methods of calculating devel-

opment time conclusively demonstrates that field development was.

temperature-dependent and thus not food limited.

6. Analysis of hypothetical mortality rates from egg to observed

stage Cl abundances was done by assuming females spawned a constant

number of eggs per day. The results demonstrate that at the realistic

and probably low rate of 20 eggs per day, naupliar survival was

highest in June and July (Ca 61-88% day1), but progressively decreased

with time of season to a maximum of only 2-7% survival to stage Cl in

cohorts V and VI.. It was hypothesized that this seasonal decline

resulted from increasing predation by A. claus! with time. An adult

female A. clausi, for example, is capable of removing 1/4 to 1/3 of

the daily reproductive effort of a ferrale A. ca1i.forniensis A. claus!

males presumably can take a comparable fraction. These estimates. are

conservative since A. clausi is. typically much. more abundant than A.

californiensis.

Declining food quali.ty,.anoth.er possible explanation for increas-

ing naupliar mortaltiy with time, is unlikely given the substantial

levels of nitrate-nitrite and high assimilation ratios observed

throughout the summer.

7. Other sources of naupliar mortality include physiologically

related causes, cannibalism, and tidal flushing. Each of these sources

is potentially significant. Nauplii, for example tend to concentrate

in the upper 1aver cf the water column. The less saline seaward

surface flow will tend to transport them downbay and out of the system.

In addition, the much narrower physiological limits of nauplii

contribute to mortality as shown in laboratory cultures. Cannibalism

probably is the least important source, since cited evidende shows

that adult coepods prefer nauplii of other species over thei.r own.

None of the above rates of mortality arc known for Yaquina Bay. How-

ever, it is unlikely that any of them contribute to cohort persistence.

Rather, they probably flatten the peaks end reduce variability in field

abundances.
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8. Copepodite mortality patterns, show high loss rates in the

early and late season, but survival is high. during mid-season. The

high mortality during the early and late season is probably the result

of physiologically related death from suboptimal conditions for

development. Overall survival during midseason is excellent since no

important invertebrate predators are present and visual feeding

vertebrate predators select for th.e largest prey sizes available.

9. The role of tidal flushing is difficult to assess properly.

For example, periods of lowest adult abundance of both. A. californien-

sis and A. clausi often coincide with spring tides, thus implying

significant tidal control in regulating cohort periodicity. However,

many other spring tides coincided with. periods of adult maxima,

leaving the relationship unclear. Part of the problem is that field

generation lengths of A. californi,ensis are comparable to the fortnight

tidal periodicity and thus- will overlap in many cases.

A numerical flow model of Yaquina Bay by Reed (.19781 demonstrated

that maximum losses can be between 3.4-8.7% day However this

calculation treats the copepods as conservative constituents with no

allowance for behavioral characteristics. Evidence was presented that

the adults use the landward flowing countercurrent at depth to remain

in the system while copepodites. tend to be displaced seaward during

neap tides because a proportionally greater time is spent in the sur-

face layers. In addition, th.e location of the population center of

A. californiensis coincides with the approximate center of the "null

zone", th region of longest water residency times, in Yaquina Bay.

Thus it is concluded that while tides almost certainly do contribute

significantly to mortality of A. californiensis, and perhaps reinforce

cohort periodicity, tidal flushing is not the main regulating force for

population control.

10. Analysis of gut contents of anchovy, top smelt and surf smelt

demonstrated a strong preference for adult Acartia females followed by

adult males. Copepodites were selected against. Studies by Wakefield

(19Th) and Myer (1980) also demonstrated the importance of herring and

American shad as planktivores on Acartia as well. The feeding behavior

mirrors the mortality patterns observed for females, males and
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copepodites of A. californiensjs. However, calculation of total

Acartia prey taken daily per estimated fish population proved

insufficient to account for the high daily loss rates of A. californi-

ensis adults (15-31% day1) in combination with predation on copepodites

(2-10% per stage), and other unknown rates on A. clausi adults and

copepodites. Even so, fish predation is the only reasonable explana-

tion for high adult mortality, since no other vertebrate predators are

known; and tides, invertebrate predators, and physiological death are

believed minor causes of mortality. More adequate sampling of the

postlarval and early juvenile stages of the fish species is certain to

show a major source of mortality for Acartia californiensis.

Persistence of cohorts likely results from the short life expec-

tancy of adult females. Rapid removal from the plankton will cause

pulses of eggs to be spawned. Once a cohort is initiated, it would be

self-perpetuating as maximum pulses of eggs would coincide with maximum

densities of short lived adults. Mathtenance of the system may be

ensured by migratory, schooling planktivore fishes (e.g. Northern

Anchovy) which have the ability to switch from phytoplankton to zoo-

plankton when zoolankton threshold densities are exceeded.

11. Results of the resting eggs studies demonstrate that the

seasonal decline of A. californiensis is temperature dependent. Once

temperature decreases below 15°C, females commence to spawn dormant

eggs. Presumably the fraction of dormant eggs produced in the popula-

tion increases as ten'.peratute Continues to decline below 15°C.

Salinity is not a factor, since the fall decline occurred at the same

time whether or not salinity levels had changed.

Hatching of resting eggs is also temperature dependent, although

salinity influences rate and success of hatching. Experiments

demonstrated that substantial hatching occurs throughout the year, with

very high mortality during the winter and spring months because of low

salinities and temperatures. This phenomenon is viewed as a leaky

diapause.

12. A final point can be made concerning the conclusive demon-

stration of isochronal development of A. californiensis in Yaquiria Bay.

Development was clearly a function of temperature alone and not
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regulated by the level of phytoplan.kton. This observation, plus

those of Landry (1978a) and Peterson (1980): adds emphasis to McLarens

(1978) argument that food probably j not limiting for copepod develop-

ment in most coastal marine environments. To date, this has been shown

to be true for mainly neritic and estuarine species. McLaren argued

further that when adequate food levels are present, intraspecific and

interspecific competition fr food probably are not important in the

biology of copepods.

The lack of population control from the trophic level below means

that copepods must be controlled "from the top" by predators, or by

shifts in physical conditions. Predator control has been well docu-

merited in Jakie's Lagoon (Landry, 1978a) and Yaquina Bay, as well as

other studies (e.g. impact of ctenophores on copepods; Kramer, 1976).

Thus, there is increasing field evidence that coastal and estuarine

copepods are often predator limited rather than food limited.

Marine zooplankton herbivores have often been considered to be

controlled by the available phytoplankton, which was controlled in turn

by nutrient availability. Steele (1972), for example, estimated that

90% of phytoplankton production in the sea is eaten by the zooplankton

and that the biomass of phytoplanktori and herbivores is the same order

of magnitude.

Steele (1974) further postulated that the stability of marine

plankton systems is governed by phytoplankton-zooplankton relationships

controlled by a density-deoendent threshold response for grazing.

Predators were considered to have little impact on the system. However

Landry (1976b) demonstrated that increased stability also results from

invertebrate predation on juvenile stages of the herbivores. Steele

and Frost (1977) have subsequently shown with a complex, multispecies

simulation model that both fish and invertebrate predators have a

marked impact on community structure. Thus evidence from both field

studies and modeling is accumulating that the predation probably is

the most important factor in controlling calanoid herbivore populations

in coastal and estuarine environments.
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Appendices 1, 2 and 3.

Numerica] aJundanca (number m3) of Acartia californiensis and
Acartia clausi adults and copepodites in upper Yaquina Bay
during June-November of 1972-1974. Samples collected with
112 .im mesh nets.
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Appendix 1 (coni.)
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ESTTP4OTED OF51TV PER

ACARTIA C*LLFORNTENS1.S
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39 141.4.6 11.92.2
'*5 1145.1 1015.3
5? 215.4 237.5

CO

60.5
1376.0
368.5
35 1.2

2.9

4. 1
1833.7
535.2
260.3
13.

0
150.
1723.
1200.4

69.6

5.9
2440.1
565.7
12.5
1.1

2309.'.
1715.
11.0.

5.1

0

'*51.6
4119.1.
311 0
29.6

a
15.0

1313.3
381.2
22.2

CI.

1.1.5
862.1
495 I.

112.6
2.9

16.6

1050.7
551,0

10

111 3
1870 5
1321.1.

60 9

10

3212 B
456.2
59.6
1.1

II

1624.'.
783.7
68.9
3.2

0

329.1.
710.5
412.5
29 6

0
Ii.?

1463.4
1.95.0
25.5

Cl C2 Cl

iq. 28.0 17.3
900.7 9071.1 930.7
439.4 322.2 21.1.?
100.7 51.6 25.2

2.9 C C

4.1 0 0
71.0.3 749.0 790.4
1470.6 1960.3 2370.0
902.6 1244.9 1450.1
55,3 59.0 13.0

0 0 0
75.1 50.2 1.0.1.

201.5.1 2227.6 2380.7
1161.? 955.1 628.2

36.5 21.0 7.9

0 0 0
4545.2 5621.0 6004.1.
337.6 255.5 152.1
43.6 21.1 17.0

6 0 0

0 0 0
935.9 717.0 377.8
075.0 079.6 8(2.7
32.9 24,0 12.0

o 0 0

0 0 0
'*74.6 ¶20.5 597.6

10116.2 171.'..3 2106.8
805.'. 1506.0 2455.0
51,1 69.1 85.0

O 0 0
7.0 4.7 3.1

1579.1 1709.2 1801.1
737.9 601.0 425.0
25.3 25.3 25.3

CIJ9IC MTE

OCA'8T18 CLAUSI

TOTAL Et..cALE MALE C 1-5 TOTAL

203.5 175,1 166.0 2479.7 3423.9
18630.6 3699.3 4021.0 6819.6 14540.
4364.0

10912.9
1450.1
1079.1.

193.3
614.5

3021.0
326.5

1.66'..
2016.4

1130.5 307.3 133.5 133.5 574.3

45.3 382.7 287.0 3310.1 3970.0
12604.0 1618.7 1492.3 5381.3 8490.3
0833.1 872.2 269.6 2299.5 3441.4
(109.3 986.1 313.2 1612.5 2011.8
843.3 553.4 184.5 391.0 1129.9

0 81.34.4 6963.0 14837.1 29934.5
976.9 814.2 53'7.1 9363.2 10817.1

121.1.9.1 1088.3 714.2 161.94.1 16297.
7521.6 1.51.9 451.7 5963.1 6896.
635.3 368.8 109.? 252.9 81.1.4

63.1. 515.2 441.6 8006.6 9961,5
25307.1 1294.3 1553.2 11060,2 1990?.?
6035.2 766.5 4101.5 1660.7 2020.
1235.9 279.9 153.5 460.4 693.

57,3 246.7 93.6 90.? 431,0

34.3 21.2.5 198.5 21489.0 21930.5
8306.5 1501.6 1755.0 13146,3 16432.9

10919.7 1131,5 1155.5 6355.4 661.2.4
1.101.'. 1413.'. 1182.0 655.8 3174.2
218.7 113.4 103.7 110.1 327.2

.2 83.9 93.2 10101.1 10278.9
3528.6 61.3.0 698.9 10103.7 11435,5
0226.1 1.21.7 312.4 6196.1 6930.2
9915.9 1355.4 1001.0 3987.7 6345.0
2139.2 736.6 1300.6 644.6 2681.9

Ii 1509.5 905.7 £119.1 5434.3
112.1

10792.9
1086.?
864.5

1123.7
11.1.0.9

13890.2
14120.6

1610
16'.?

4007.3 373.0 295.1 0253.4 0952.3
579.6 316.7 620.7 696.1 1634.2

"i
0



Appendix 1 (cont.)

ESII,461E0 OENSITV PF CUSIC ETEF

4C67I4 C6LI6ORNIENStS AC6TXA CLAUSI

9U0V FEtA1E H6t. C S C 4 C 3 C 2 C S IOISL FEMALE MALE C 1-9

o 9/25/ 72

21 0 0 0 0 0 0 0 0 3276.9 2097.2 23331.6 25705.?
29 14.6 2.2 29.1 14.6 14.6 14.6 7.3 96.9 607.1 267.2 18659.1. 19563.6
39
19

'.31.5 3'.5.7 351.7 '.60.5 3.1 505.9 546.6 3169.8 1990.5 2035.6 39039.0 4301.5.3

57
10!0.3
758.7

965.2
740.0

1939.7
161.2

3406.5
249.9

5069.1
423.1

5903.1
956.7

6742.0
615.6

Z50'5.5
3505.3

958.1
420.6

1609.7
420.6

33709.6
3967.5

361.77.6
4'.29.L

0 9/2B?2

21 i5. e 7.9 0 7.9 0 0 31.6 629.9 1106.6 35506.5 31445.0
29 1659.7 1657.6 1922.8 3099.8 3217.6 2917.4 2953.? 17688.8 1233.3 2347.2 31080.5 34665.9
39 11.50.6 1511.2 553.'. 669.1 1103,6 1553.6 2116.6 6990.'. 564.5 997.9 oql?.4 67.9
45 149.8 62.5 32.'. 64.5 74.1 72.3 72.3 524.3 1446.7 624.6 2265.6 1,657.0
51 7.2 1.4 2.0 1.4 0 0 0 12.0 1.58.6 204.2 609.1 1271.9

10/02/72

21 30.4 0.5 25.4 15.2 5.1 0 0 64.6 223.2 162.6 15321.5 15127.3
29 2306.1 2679.6 4216.9 3220.6 3602.0 2273.2 988.3 19294.6 2134.8 2176.4 12650.6 16960.0
39
45

2216.6
1016.5

1652.9
675.5

1356.5
177.6

1034.5
111.9

722.5
77.2

200.5
12,2

153.5
16.1

7477.5
2107.0

1957.6
3329.4

1432.4
1528.0

3437.7
1129.9

6827.6
5963.3

57 11.9 5.1 .3 0 0 0 0 17.9 52?.'. 158.7 11.8.5 834.6

1O05/72
21 0 II tO 0 0 0 0 Ii 56.6 96.4 4792.1 4975.3
29 66.? 9.8 22.9 3.3 0 0 0 30'..? 508.8 568.5 14229.2 15406.6
39
1.5

1036.5
2442.0

763.4
2426.4

'.50.9
2240.9

171.5
1545.4

63.0
625.9

35.2
347.1

15.3
166.9

2563.0
9795.3

1259.6
2615.0

1163.2
1029.3

4885.5
1539.0

7325.3
11103.3

57 277.9 259.9 56.5 '+8.4 26.5 6.'. 0.4 681.3 1457.1 756.1 621.7 2864.9

1 0/0972

21 0 1.9 0 0 0 0 1.9 51.9.7 1226.3 12513.3 14589.2
29 25.9 .6 4.6 0 0 0 0 1.3.3 41.1.2 701.5 itt29.1 12272.1
39 392.8 65.1. 153.2 106.1 51.3 55,2 29.5 906.5 534.1 460.4 9152.9 10147.3
45 996.1. 727.9 363.9 173.1 217.7 212.0 212.0 2903.1 579.5 282.7 5978.6 681.0.7
137 546.2 691.5 65.5 27.1 65.1 36.4 144 11.48.4 11.1.6.5 1.99.2 1971.3 3917.1

10 712 72

21 1.6 1.8 0 0 6 0 0 3.5 892.8 1575.5 6354.6 8623.0
29 801.7 255.5 129.2 64.6 55.2 24.2 06.2 1355.6 1017.7 1865.9 12067.5 14951.1
39 1171.1 123.j 35.1. 30.8 46.3 35.'. 29.5 2665.? 309.9 265.6 3025.1 3603.
45 1022.1. 1165.6 '.7.5 '4.5 4.5 4.6 4.0 2955.5 893.1 741.1 617.6 2250.
57 10.2 10.2 0 0 0 0 0 20.'. 454.9 345.0 236.6 1037.3

1 0 / 16/ 72

21 7.0 4.4 2.9 0 0 0 0 14.3 583.1 611.3 4684.3 5939.3
2ç 354.4 249.5 59.3 3?.'. 25.1 15.7 12.5 769.9 860.5 2070.6 15618.9 21650.3
30 71.3 373.9 101.4 85.3 324.0 147.2 171.7 1803.5 315.9 257.6 6697.5 7274.1
65 1612.0 1733.2 109.5 1.0.7 79.1 45.6 49.6 3633.7 1353.5 1079.7 431.9.3 6152.5
57 16.'. 22.7 1.3 1.3 0 0 0 1.1.7 618.6 326.2 516.7 1583.4



Appendix 1 (cont.)

'TIATffO OENSTTY PER CU3C MrER

ACARTT8 LIEONiFHSI5
SOOT FMAL.E '6t1 C 5 C'. C 3 C 2 Cl TOTAL

19114172

21 0 0 0 0 0 0 0 II

29 5.'. N 0 0 0 0
32.3 9 5.4

30 230.4 120.3 61.9 46.4 45.0 24.2 5&l..3
'.5 547.6 573.5 260.8 250.3 260.8 266.6 291.0 2471.1
57 15.4 30.15 0 0 0 0 0 46.2

10 fl3 72
21 0 0 0 0 0 0 0 0
2C 12.7 6.'. 1.6 0 0 0 N 20.1
39 328.3 1315.4 54.2 42.1. 45.1 37.6 37.6 686.4
45 592.? 4?.9 196.9 142.9 106.5 47.6 23.8 1581.3
57 20.5 41.0 1.7 31.5 17.7 7.9 3.2 129.8

1. 0F26 72

0 0 0 0 0 9 0 0
24 53.7 24.? 13.7 4.6 0 0 U 002.7
39 305.6 295.? 715.6 59.8 75.0 42.0 23.6 8150.2
45 152.2 216.6 55.1 11.6 14.3 8.2 6.6
57 4.5 7.4 1.5 3.0 0 0 0 16.'.

10131SF 72

21 0 II 0 0 0 0 0 0
29 3.2
39

3.6 1.6 0 0 0 0 6.
164.2

45 ltk.4 69.5
101.2

32.1.
28.6

7.1.
17.9

5.'.
8.9

3.6
4.5 1.32.2

253.
333.6

57 1.4 5.4 1.5 1.5 0 0 0 16.3
11/0 5. 12

21 0 0 0 0 0 0 0 0
29 14.0
39 15.2

7.0 0 0 0 0 C 21.0
45 34.8

53.5
12.4

24.4
5

4.9
3

0
0

0
0

0
0

1.71.0
32.2

57 0 0 0 0 0 0 0 13

11/1372
21 0 0 8 0 9 0 0 0
23 4.0 .5 .6 0 0 0 0 6.5
39 '..5 jq 2.5 0 0 0 0 66.?
45 18.0 2.8 1.4 0 0 0 0 22.2
57 0 0 13 II 0 0 0 0

11/25/77
0 0 9 3 0 0 0 13

29 24.6 15.3 0 0 0 0 0 33.1
3-3 26.9 10.5 0 0 0 8 0 37.4
45 i,? 5.1 0 0 C 0 0 6.8
57 0 13 II 0 C 0 0 0

ACARTIA CLAUSI

FEMALE MALE C 1-5 TOTAL

0 0 0 0
304.0 337.6 '3795.0 1.0431.7596.7

1660.0
999.8146.4 18964.5

14603.6
20561.0
17759.0

693.5 169.5 1618.5 2681.5

0 01 0 0
1174.9 1493.51655.1 13322.3

18337.2
15990.7

1467.0
1976.6 1883.3 9073.2

21459.2
12931.0479.9 635.6 2754.2 4369.7

0 0 0 0
146.4 1127.2 10845.6 12719.2

1354.0 1022.2 6809.8 9216.0
1500.5 8155.6 3747.0 5633.1
1002.4 714.6 2805.9 4525.0

0 0 0 0
357.8
736.1

1113.2
568.9 9184.5

3569.0
10615.
4874.

1126.0 474.6 2956.4 4559.
1.060,5 426.6 506.2 1995.3

0 0 0 0
576.8
793.6

1920.5
702.3

20836.6 23336.
'232.5

27165.6 28661.941.7 6671.2 8045.5
68.9 14.6 370.4 474.1

0 0 0 0
684.0 1368.0 16176.9 1.8225.9
611.6
897.5

986.8
425.6

10521.6
3950.1

12110.9
5273.5

15.0 0 122.1 140.2

0 0 0 0
5345.2 10359.9 53507.3 69212.4
1722.0 609.9 13573.0 15934.9410.0 102.5 3619.5 2i32.G

0 0 0 0

1'.)

1',)



Appendix 2.
ESflHATEO DFNSITY PER CLIOIC IlrEF

SCARTIA Cs11roRNrCSt ACAR11A CLAUST

3UCY FA*.5 4ALE C '5 C 4 C 3 C 2 C I TI1TAL E11ALE lISLE C i-S TOTAL

0 6/0 7# 73

21 0 .1 0 0 0 0 0 0 715.0 113.5 1072.5 1901.'.
29 0 0 70.5 20.5 20.5 20.5 20.5 102.5 5995.3 5505.5 25376.5 40550.6
3 55.' 75.0 0 0 0 0 0 53.8 7505.0 2539.2 8'.6.. 10913.6
45 0 0 0 3 0 0 0 3159.4 '.26.9 65.'. 3671.7
57 0 0 0 3 C 0 0 0 15.2 16.2 0 32.5

0 6/11..' 73

21 0 0 0 0 0 0 C C '.5.5 113.7 1011.5 1110.6
29
34

0 0
23.9

8 0 0
11.1

0 0 0 717.6 571.4
'.4'.7.6

11361.7 12650.7

45
11.1
24.5 4.9

15.9
0

15.9
0 8

11.1
0

11.1
C

100.3
29.5

7199.6
9333.5 5036.9

8450.5
518.3

20097.6
15241.2

57 0 0 5 0 0 0 0 0 1561.6 174.5 19.'. 2055.6

C 6i'. 73

21 0 3 0 0 0 0 0 0 345.6 31.1 345.6 122.3
2' 0 0 0 0 0 0 0 U 121.0 17.4 13814.6 13953.8
39 5.7 5.7 17.3 1'... 151.5 520.5 867.4 1588.5 3686.6 2515.6 59853.'. 66059.6
'.5 24.5 0 11.5 11.1 46.1 62.8 82.5 250.4 7265.6 4516.5 16694.2 30476.3
57 0 0 0 0 0 0 II S 1335.0 145.1 333.8 1513.9

06/1 OF 73

21 0 0 0 II U 0 0 0 905.3 1322.9 12242.2 14473.
2C 25 0 26.5 33.1 0 0 0 56.0 5236.9 5227.3 20669.5 34333
39
'.5

0
0

0 0
0

0 0 0 0 0 481.9 80.3 112.'. 674.7

51 0
0

0 0
0
0

0
0

0
0

0
0

0
0

78.0
.2

0
0

13.0
0

91.0
.2

0 62t773

21 3.0 0 25.2 61.0 122,6 261.7 391.3 561.8 3255,9 2911.3 22758.0 28956.2
29 93.3 4.9 0 0 0 0 0 98.2 23498.5 11913.1 5105.6 60517.'.
39
45

0

0
'Li 0

0
0 0 0 0 1543.9 51.8 52.6 1684.3

57 0
0
0 0

0
0

0
0

0
0

0
0

0
0

591.3
.1

112.6
0

56.3
0

1060.2
.1

06.' 273

21 0 0 0 0 0 0 0 0 569.9 337.1 39137 4570.7
29 11.5 34.6 17.3 28.6 60.9 216.0 '.32.0 501.2 6437.'. 3024.3 '.7567.9 57029.6
39 45.5 49.2 13.4 1.0 12.4 11.4 11.4 144.3 5114.6 3307.2 5660.1 20062.0
45 27.2 5.0 0 0 0 0 C 30.2 6366.5 1553.9 497.9 5418.3
57 0 0 5 0 0 0 0 0 '.4.3 16.'. iS.'. 52.1

07/02/73

21 0 0 0 0 0 0 0 0 1257.5 1471.5 5167.1 10916.1
29 11.1 '.0.7 225.0 355.2 395.1 629.0 740.0 2394.0 4476.9 1887.0 19239.6 25603.5
3q 0 0 3 6 0 0 0 0 485.8 69.4 341.0 902.1
45 0 0 0 3 0 0 0 0 (.5.0 .12.0 0 80.0
57 0 3 0 5 0 0 0 0 2 0 0 .2

-3



Appendix 2 (cont.)

ETM8TO OrJS PE CIJIIC METEP

ACAPTIA C*11FO9N1ENsT AC4RTIA 014051
8iJOv f'AL P4601 C S C 1. C 3 C 2 C I TOTAL FEMALE MALE C 1-5 tOTAL

21 0 0 0 0 0 0 0 0 176.5 353.1 2353.7 2633.3
0 0 32.0 28.0 56.1 72.1 66.1 276.3 1703.9 2378.7 27366.8 311.51.1.

39 131.8 :36.0 11.1.5 ±26.7 123.9 93.5 71.9 731.2 476?.? 2368.3 '3036.9 16112.9
2,2 5 0 0 0 0 0 2.2 3161.9 736.3 61.9.7 .547.9

57 0 0 0 0 11 0 0 47.1 0 39.2 86.3

8

21 8 0 0 0 0 0 0 0 187.4 62.5 1311.? 1561.6
23 0
39 25.'.

13.5
341

61.0
34,7

57.785 108.2
f,.2

14h0 176.0
24.8

552.9 1920.4 900.2 18903.6 21724.2
45 18.4 0 5.4 3.6 0

2'..o
0 01

179.0
19.'.

±725.5
1974.6

809.1
11.9.0

2377.8
1089.8

4912.
32±3.

57 1.6 0 0 0 0 C 0 1.6 195.0 29.? 29.2 253.4

07/12/13

21 0 0 0 0 0 0 0 0 184.7 184.7 3819.1 421.3.5
79 7.0
39 26.8

0
1.0.3

0
120.9

14.8
241.7

22.'.
834.6

55.9 ±19.8 239.0 208.f 594.6 54487.0 5790.2
45 81.0 1.9.3 105.6 158.5 727.6

1237.5
266.1

1810.6
366.8

4374.1.
1274.9

78'..3
2002.9

719.5
616.3

25613.0
9177.9

28116.7
11797.0

57 1.4 0 0 0 0 0 0 1.1. 531.1 121.7 160.4 813.3

01/16173

21. 0 0 0 01 0 0 0 0 53.7 79.6 2108.6 221.7.8
29 5.3 15.9 37.1 69.00 ±47.9 226.'. 300.7 802,0 1273.6 849.1 19868.7 23.991.'.
39 85'..'. 757.5 1033.6 1303.6 663.6 599.0 528.5 5740.2 2237.3 1021.8 51.08.3 8667.3
1.5 81.2 39.3 161.9 192.9 41.8 43.1 43.1 603.3 2217.6 925.8 1700.8 4844.2
57 0 0 0 0 0 0 0 0 80.'. .0.2 40.2 160.5

01/19/73

21 0 0 0 0 0 0 0 5 65.2 101.5 493.0 659.7
29 0 0 0 0 8 0 0 0 362.6 513.g 25122.5 26029.0
39 19.9 37.0 68.4 82.6 181.9 398.9 712.3 1501.1 1339.1 788.2 7787.7 9915.0
45 100.0 311.3 434.6 557.7 626.0 923.5 1158.9 4118.0 2698.1 1249.5 6754.'. 10102.1
5? 153.0 205.9 53.6 44.7 35.? ±7.3 7.1. 547.6 1824.0 1546.0 608.0 3978.0

01/23/73

21 0 0 0 0 0 0 8 U 1216.9 1135.7 30584.3 32936.9
29 35.4
39 954.2

77.2
705.0

304.2
541.0

521.4
207.5

71.7.1
±09.4

181.3 6.36.9 3305.4 2600.2 11.72.5 11701.9 15950.7
45 115.i 29.6 16.0. 1.6 1,6

49.6
0

27.8
0

2591.7
166.1

2127.1
1990.3

3793.2
1258.3

1671.3
1.11.2

7530.7
3653.9

51 3.3 0 43 0 0 0 0 3.3 478.6 206.5 13.1 698.0

01/2o/73

21 0 0 0 0 0 0 0 0 102.6 301.7 2358.8 2769.0
29 172.2
39 1775.?

947.3 1090.8
845.6

1090.9 839.1 568.4 355.8 5068.1 5640.8 3444.8 30055.5 59141.0
1.5 651.8

1099.3
273.1 ±009.4

1197.9
33.6

1217.7
62.4

857.6
45.0

561.?
300.0

7557.5
1461.'.

5208.9
4097.0

2638.3
4142.0

9572.1
1823.1.

111.19.2
10062.1.

57 36.9 7.' 1.5 1.5 0 0 47.7 It 33.6 413.2 163.4 1710.2

.1.



Appendix 2 (cant.)
6TIM811C DFNSITY PE C1J3C METER

OCARTIA CALIFQQN1EI'ITS ACARTIA CLAUST
uOV FEALL qALL C S C I. C 3 C 2 C 1 TOTAL FEMALC e44L C 1-5 TOTAl.

07/39/73

21
29

0
311.7

0
414.1

0

253.3
0

227.1
0

200.2
0

162.4
0

11,0.7
0

t769.7
52.6

3539.4
70.1

250.3
578.1

16885.2
700.7

22924.9$C 1601.3 1250.6 1051.9 655.1 665.2 204.5 97.4 5530.1 1665.6 11.90.3 1402.6 4558.445 374.8 192.3 148.0 123.3 87.2 26.2 14.8 966.6 1499.3 1157.4 394.5 3051.251 0 0 0 0 0 0 0 0 76.9 0 0 76.9
0 /02.'73

21
20
30

0
26.4
065.3

0
52.9

1472.6

0
13.2

767.2

0
11.6

742.6

0
17.6

0
16.5

0
16.5

0
160.9

369.9
1471.0

684.9
950.6

931.5
9718.6

1966.3
12148.3653.9 691.1 965.3 6658.0 3356.3 4395.9 10455.2 18207.1.45 2588.0 2181.5 695.9 578.6 472.4 395.3 312.8 722'..5 1136.4 1182.2 1598.2 3916.657 l.5fl 15.0 0 0 0 0 0 60.0 323.9 267.9 72.0 683.1

0 6/G6T3

21
29
39

0
601.8
12E5.5

0

1526.6
1204.6

0
12q6.j
439.1

0

1917.5
451.3

0
1895.6

0
2183.0

0
2539.1

0
12059.8

1294.5
4126.1

709.3
2285.2

11491.2
5744.8

13495.1
12158.1

45 L0t.9 336.3 26.3 9.4
479.2

4.6
1.72.7

2.2
472.7

1,0
4785.2
11.73.6

1250.3
306.1

1860.2
421.9

1280.6
66.2

4391.4
57 122.6 8.3 0 0 0 0 0 131.1 336.9 249.7 35.7 624.3
06/0973

21
2
39

0
40.2

708.5

0
649.4

1160.9

0
362.1
360.8

0
413.9
524.9

0
463.3

0
538.0

0
601,5

0
3070.5

26.5
2296.9

59.6
3269.5

2306.1
13967.6

2392.2
19534.01105.3 194?.? 3280.3 9108.5 061.6 1804.2 4264.4 6950,245 8084.1 3021.0 600.0 722.5 716.5 12.0 788.1 14944.1 1316.3 1834.1 773.8 3926.25' 730.8 79.4 2.1 2.1 13.2 21.2 21.2 070.1 353.1 600,2 116.5 1129.6

21
29
39

0
18.9

3239.5

0
33.1

4037.0

0

175.2
0

272.2
0

559.9
0

1262.5
0

2367.3
0

4689.2
63.4

453.7
93,9

572.1
1302.7

16472.3
1479.9

17498.3939.1 4954.4 5360.5 4725.3 3831.7 30993.5 1096.5 1462.0 6832.7 11391.45 1831.0 2195.2 1881.9 2360.0 2410.8 1284.2 678.2 11641,3 559.5 762.9 2543.1 3665.557 216.0 47.5 11.9 26.1 7.1 1.7 0 310.3 345.9 295.0 61.0 701.9
0 0/i673

21
29

0

19.1
5.0
23.9

0
19.1

0
71.6

0
127.0

0
139.2

0
159.1

5.0
559.1

178.2
1591.6

659.3
1034.4

2654.9
9848,7

3492.4
12472.539

45
637.3

2481.9
930,6

3330.5
1744.2
3705.2

2314.1.
5204.4

3073.6
6558.6

3002.9
7174.0

3016.6
7806.5

14722.0 2318.6 1731.6 17413.9 21464.
57 2439.1. 1168.3 808.2 861.7 846.5 485.0 266.5

36261.0
6893.6

727.4
551.1

814.6
727.4

5345.1
1050.1

6687.
2336.6

o 8/20173

21
29

19.7
1925.0

3.9
10205.6

23.6
5511.4

19.7
3230.8

3.9
1838,0

0
1672.1.

0
1482.4

70.9
31865.5

752.8
2410.9

310.0
2345.8

7528.3
8666.2

8591.2
13422.939 5736.4 2267.1 195.8 276.2 247.3 185.5 120.2 9030.5 515.2 391.6 399.1 1216.045 2282.8 666.1 92.4 66.6 59.6 51.7 54.5 3252.7 331.1 496.6 175.9 1003.657 205.1 15.1 1.9 7.5 1.9 0 0 231.4 357.5 233.3 16.6 609.7

-1
Ui



ippendix 2 (cont.)
ESTIMUED DENSITY PER

ACRrrA CALTF0Rt0iNS1S
9IJOY FEMALE MALE C S C I. C 3 C 2 C I

0 SF23173

21 0 0 0 0 0 0 0
29 1003.2 135'..0 1165.0 1367.0 1805.6 22'1.3 2135.'.
39 305.3 2607.2 967.5 723.1 9155.2 1743.6 2715.15
'.5 4155.4 2053.6 173.5 144.6 96.0 67.8 36.2
5! 1504.0 146.8 0 0 0 0 0

08/27F73

21 0 0 0 0 0 0 0
29 255.7 313.4
39 2831.' 3594.15
'.5 20515.8 1871.5
57 390.0 106.1

05/30/13

21 0 0
29 15.3 3.
39 100'..3 91'..
1.5 1512.3 3920.6
57 2906.2 1536.5

09/03/73

21 29.4 0
29 4040.7 8157.6
39 1267.1 3967.2
4 2969.3 13.20.9
57 151.7 15.6

09/06/73

21 0 0
29 597.3 1235.
39 26.1.1.9 1901.
45 1925.1 1555.2
5? 1754.'. 154.9

09/10/73

21 3.0 3.9
79 645.6 775.3
39 1211.5 1966.?
'.5 1'03.6 3766.2
57 523.6 217.1

0 913173

21 490.1 11.'.
29 1165.9 1961.9
39 952.9 714.7
45 29115 19t.'.
57 34.6 5.3

99. 9
2313.6
76?. 3

I

0

237.
2320.5
6.56.1

S
6099.1
13'.I. 6
0.41.6

1.4

013:q
2:03.

6.0

0
294.5

1213.5
1501.9

19.0

'.5.6
408.3.5
1131.6

69.0.
2.7

66.0
2349.0
7qS. 3

0

0
0

269.5
2209.1
790 0

0

'.951.
36.
47.2
1.1.

0

1128 I

155.4
2.1

S
269.5

1297.1
2619.3

22.5
6204 6
1131.6

63.5
2.7

74.2 49.5 41.2
2690.2 2562.1 2562.1
1006.3 1174.1 1320.0

.9 II 0

0 0 0
o 0 0

290.1. 566.7 409.0
2686.1 2393.7 23815.2
926.5 1.50.2 214.4

0 0 0
4571..3 3434.? 21.19.6
501.7 376.3 2'.8.
47.2 35.'. 29.
1.4 0 0

0 0 0
1247.2 1572.1 26157.
1090.3 1630.6 1956.
172.5 355,2 373.9
11.6 1.'. 0

0 II 0
244.2 216.2 193.0

X555.J. 2211.0 2065.
3755.0 5319.5 6605.
112.0 86.4 82.3

45.6 65.5 170.9
6641.3 2637.7 6704.1
1156.0 '.16.9 223.3
127.6 1415.9 132.9

2.? 1.3 0

CUSIC HEI'P

ACA1!15 CI8USI
TOTAL FEMALE. MALE C 1-5 10151

0 44.6 71.2 3151.9 3267.7
12341.5
12797.7

2126.3
2346.5

1594.7
1434.0

7504.5
2091.2

11525.6
5671.6

6716.3 1026.6 969.0 376.0 2371.8
1130.8 :535.9 262.2 131.1 729.2

0 2065.5 5663.2 5663.2 13791.9
099.1 1657.9 066.1 11036.1 13560.1

10563.4 61.0.5 1281.0 91.1.7.1 11369.
9001.1 466.2 653.7 1553.5 2703.
505.0 955.2 424.5 159.2 1539.0

0 240.8 1112.3 2010.2 31.39.3
19.1 600.5 110.0 7464.3 6515.6

3400.? 2530.9 3131,3 15992.2 20762.3
17498.9 559.7 2041.9 12358.9 15269.5
7406.9 576.9 518.9 1715.2 2872.9

29.. 1721.2 264.5 12724.5 14710.7
33727.1 3354.5 381.2.4 10571.3 17166.7
10238.7 630.1 612.6 11.44.9 2666.6
4410.9 377,6 330.4 21.7.8 955.7
171.5 730.3 124.0 102.5 457.1

0 164.0 88.3 5727.4 5979.?
6910.0

10389.3
043.7 115.3 7061.3 6620.3

5130.'.
151.1.1
1121.6

1016.9
1046.8

2599.9
1439.4

5156.0
3607.9

1961.0 464.0 355.2 130.5 91.9.?

6.0 173.8 185.6 4194.7 4554.2
2839.3 1112.0 1698.6 [8719.6 21590.4

12404.6 737.3 645.9 6330.'. 6124.6
23737.4 764.9 302.4 4112.2 5319.5
1199.5 695.1 333.4 493.9 16.32.'.

873,5 . 2877.6 1651.0 19374.0. 23932.7
36421.2 293.3 554.1 9386.? 10233.0
5727.2 402.0 357.4 1719.0 2479.2
1031.? 244.6 362.9 436.1 1063.6

'.9.3 377.5 124.3 26.1 578.5

M
-.1

0'



Appendix 2 (cont.
LSTIMOTEO ONSj1T PER CLJIIC TE

ACAPTIA COLTFORNTENSTS ACAT1A CLAUSI

AUOY CEIIALE MALE C S C 4 C 3 C 2 C 1 10T81. FE4ALE MALE C 1-5 TOTAL

09/l'f73

21 21.3 0 5.7 0 6.9 0 0 31.9 652.2 899.6 13674.6 15226.5
29
39

2856.2
3393.2

3048.1
6282.9

4192.0
2513.6

4938.0
1882.2

3339.'.
1602.7

1705.2
1587.0

799.3
1591.0

20818.3
15857.7

1670.6
501.2

1518.7
696.1

11190.5
2728.6

14387.0
3925.8

45 .902.2 3676.7 1505.2 994.3 513.1 372.8 258.9 12221,8 552.4 224.4 725.0 1501.?
67 '53.1 116.2 9.3 13.9 13.9 23.2 j'5 644.3 127.0 156.9 197.5 482.2

09/20/73

21 0 0 0 0 1! U 0 0 305.0 196.6 14651.8 85354.2
29
39

2411.8
2343.4

3263.2
5449.'.

2891.2
2802.2

1714.8
2926.2

835.9
2231.9

680.9
2505.2

223.3
2601.0

11931.2
20942.2

2267.1
1015.7

1820.5
1190.3

12709.4
281.5.6

16191.
5114.

'.5 5020.3 5749.5 1331.2 933.2 648.1 354.1 138.9 13677.'. 833.3 1083.2 937.4 2653.9
57 1999.8 935.7 104.6 55.0 44.5 45.9 45.9 3231.6 230.5 215.2 11.6.8 660.5

09/24/73

21 7.3 0 0 II 0 0 0 7,3 29.2 87.7 1420.1 2537.0
29 2918.5 949.5 299.2 40.11 40.0 20.9 17.5 4285.5 II7Q.3 3037.2 27404.2 3l7jj7
39 2796.0 5638.? 2066.9 2249.? 1944.3 1416.0 171.3 16921.0 1189.2 2281.6 10637.0 14105.0
45 14E4.9 2636.9 634.8 156.9 1060.3 1074.3 976.6 8604.6 227.9 488.3 3255.4 3971.6
57 448.5 273.0 0 3.3 15.8 10.9 6.2 750.2 1031.4 499.4 108.6 1639.4

09/2 7 73

21. 32.9 16.4 0 0 0 0 0 49.3 150.2 287.'. 8459.0 9526.6
29 4575.8 3819.5 1164.7 514.3 220.1 121.0 60.5 10475.9 1532.8 1492.5 12908.0 15933.3
39 3227.9 5510.7 2066.6 1490.9 549.5 811.9 462.8 14220.3 442.8 442.8 6642.7 7528.
45 1306.3 1231.6 662.5 996.3 1530.2 2071.6 2687.2 10490.7 326.6 112.0 2662.2 3100.
57 14.8 8.9 0 0 0 U 0 23.7 145.8 152.0 89.8 935.9

1001/73

21 255.9 10.3 9.0 9.0 0 0 11 344.1 1164.4 1455.6 19437.2 22857.2
29 2014..9 2109.1 767.8 519.2 492.8 883.9 1010.2 1908.5 526.2 273.6 7787.1 8586.9
39 195.7 1971.5 219.4 143.1 38.2 18.0 23.5 5623.5 1525.3 922.1 512.4 3020.8
45 52.1 17.2 0 1.9 0 0 0 91.2 1111.0 .6.5 23.3 1130.8
57 0 0 0 0 0 0 0 0 79.0 8.6 4.4 92.2

10/1473

21 33.6 9.6 0 0 11 0 0 3.2 168.2 612.1 5093.7 5574.6
29
39

481.5
81.98.8

168.6
1059.3

452.0
631.2

1004.0
547.7

1272.9 1515.6 1949.9 6850.2 186.1 132.9 12922.2 13241.

'.5 isq.s 116.1 3.6 15.0
367.8
10.3

388.5 338.1
5.7

4830.9
314.8

270.5
799.6

169.0
197.7

3431.4
1324.11

3870.
2321.3

57 ¶. 4.3 II 0 0 0 0 12.8 2003.5 320.6 128.2 2452.3

I 0/08/73

21 0 0 II 0 II C 11 11 561.7 1084.7 4646.9 6295.3
29 58.3 0 189.3 117.8 56.9 110.4 294.5 839.2 640.5 839.2 14797.0 16276.7
39 1151.9 1035.1 842.1 507.0 912.3 2526.4 3508.9 10789.8 298.3 333.3 4737.0 5365.
45 604.6 410.2 273.4 330.3 435.3 1090.5 1710.6 4657.? 564.5 350.7 2463.3 3378.
5? 0 0 0 0 11 0 0 11 951.3 161.9 468.7 1601.8

l)



Appendix 2 (cont)
EIHi1q) OENL1y P19 CU3IC M1Tac

AC4RT!A CAL!FOR4TNSTS ACA7IA CLAUSE

300Y FE$'ALO MALE C S C 4 C 3 C 2 C I TflTAL F81IALL I4t C 1-5 TOTAL

21 6.9 6.9 8 0 9 5 0 13.8 1.1 559.3 150'..3 2419.8
29 2i.0 559.6 215.2 285.9 360.7 '.'.0.2 504.6 2239.3 871.1. 1551.6 12221.1. 14644.539 1089.1* 951.6 961.3 131.5.6 16.52. 2233.1 2691.4 111112.6 576.6 730.6 t3227.0 14534.345 167.0 113.9 15.5 266.0 425.9 753.7 100'..9 2908.0 1055.1 770.4 9563.2 11386.157 4.1 11 0 I) 0 0 4.1 652.8 282.9 217.6 1153.3

21 6.0 12.0 0 6.5 9 11 11 22.6 1053.3 1373.0 2163.0 .569.3
29 515.4 337.9 1265.? 1524.0 1653.4 2286.0 2875.4 101*52.3 1038.2 568.5 10136.0 11639.?39 726.2 740.1 527.6 602.5 719.5 tl0.2 1359.0 5778.4 615.4 M5,4 5004.3 5695.065 0 0 0 4.3 9.? 11.2 14.0 39.6 2101.1. 460.7 1146.2 3793.457 5 0 0 2.8 0 8 0 2.8 368.9 55.7 111.4 536.0

10/1 73

21 29.1* 6.9 3'..J 6.9 0 0 0 7?.'. 926.9 2162.7 5097.9 8187.0
29 1061.5
39 t'.70.0 ?'0.5 1577.1 1532.1 1712.3 1633.5 1652,2 991.2 1227.9 1567.3 6162.1 9057.3
48 266.0

t?O.9
192.0

437.4
54.9 200.6

27.4
86.0
19.6

11.77.5 43.03.9 4029.9
591.7

659.?
2899.6 372.9632.7 1247.?

567.8 2280.
4320.87 1.3 1.3 9 0 0 11 0 2.6 935.9 11*6.'. 62.7 1145.0

10I22 73
21 39.3 7.6 0 9 0 8 0 67.1 2942.1 2494.9 823.8 6260.929 216.5 61.1 79.0 27.9 4.6 1.5 .8 383.5 909.2 2283.1 3008.3 6196.539 1452.8
45 746.9

77l.4 71.5.7 1*73.3 240.9 172.1 103.3 3972.4 946.5 791.6 8921.3 10665.5
57 0

676.8
2.0

389.0
0

222.0
II

74.3
0

41.4
0

25.1.
9

2184.6
2.0

1433.1
1151.9

947.5
284.9

2329.4
0.5

'.710.1
1517.3

1025T3
21 5 0 3.1 11 0 0 0 3.1 262.6 388.1 182.6 833.3
29 118.8
39 501.4 33.9

339.'.
1*.?

216.? 0
101.4

0 II
66.1 0 151.0 975.6 11.56.I. 4015.7 61*47.1

45 355.4 267.7 146.7 146.7
80.5

265.1 296.2
53.3

262.1
1331.7 866.8 750.1

761.7
14666.2 16303.

5? II 0 3 0 9 6 0
1799.9

0
625.1
959.0 147.1

16523.0
392.3

18110.
1498.5

10F2973
21 16.7 9 0 0 0 0 11 18.7 648.1 411.3 906.8 1766.929 413.5 241.1 51,1 46.3 65.8 343.1 25.1 861.2 532.3 522.2 1220.9 0275.439 630.0
45 3.3 675.5

2.3
30.8

0
26.1*

0
19.2

0
11.7

0
7.3

0
1404.15.7 707.1 493.4 1566.0 2866.6

51 0 3 0 0 0 0 0 0
1781.4

10.8
99.4
3.6

348.0
10.8

2226.6
25.2

11/01/73
21 312.0 135.t 69.9 51.2 jq 15.5 5.1 630.8 791.7 127.3.0 8564.9 80649.729 140.1 53.1, 7.5 4.5 1.5 1.5 .8 249.2 763.1 338.9 1438.2 2560.239 20.8 7.4 9.0 3.0 .7 .3 36.8 2218.6 335.2 584.9 3208.865 0 1.2 0 41 0 0 0 1.2 368.5 12.3 3.1 383.957 0 C 0 0 0 0 0 0 4.3 2.2 0 6.5



AppendiX 2 (cont.)

ETIHATE!) OENSTTY P CtJI!C METER

ACARtIA CAL1OPNIFNSTS
ilUOY FEPIALE MALE CS C '. C 3 C 2 Cl TOTAL
1u0c173
2t 45.0 25.1 12.5 4.2 6.3 2.8 1.4 96.32c 100.5 'I..? 13.4 6.7 14.? 9.6 8.0 197.639 o.9 ''.9 14.0 12.0 12.0 6.0 3.0 184.645 1'3,? 8.3 3.1 3.2 3.2 3.2 1.3 42.25? 0 0 0 0 0 0 0 0

1108?3
21 5.2 2.6 0 2.6 0 0 0 10.'.29 68.7 11.'. 5.7 5.1 0 0 0 91.639 65.9 3,4 3.0 6.0 6.0 6.0 3.0 126.645 1.9 5.9 0 0 2.6 0 0 11.851 0 0 0 0 0 0 0 0

I 1J121 73

21 7.5 1.9 0 0 0 0 0 9.325 0 0 0 0 0 0 039 6 0 0 0 0 0 0'.5 0 0 0 0 0 0 6 05? 0 0 0 0 0 0 0 0

ACMTIA CLAUS!

FEMALE HALF C i-S TOTAl.

026.3 1756.0 6663.9 949.i1067.3 598.4 3291.4 495?.t1073.0 485.5 389.6 1948.1421.6 81.1 152.4 655.1.2 0 0 .2

777,2 746.0 766.9 2312.0t?62.'. 3624.9 5507.5 10914.8932.6 1067.4 6921.2 8921.21643.2 79.1. 2934.1 4657.0
.1 0 0 .1

350.9 104.1 925.9 1470.94095.5 2010.1 11457.4 17563.015.0 3.0 21.1 39..2 0 0
.1 0 0 .1
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Appendix 3 (cant.)
EStt46TEO I3ENSIIY P CC 'ETER

ACA9TIA CALTORN1NTS #CATLA CLAUSI
OUOY FE0L 461 C 5 C 4 C 3 C 2 C I TOTAL FDIALE MALE C 1.-S TOTAl
fJ?/11?4

21 II 0 0 0 0 0 0 0 130.6 I0l..I. 7233.1 71.68.129 0 13.7 72.t 144.3 158.3 166.3 171.6 730.6 6060.6 13397.9 95331.3 113617.939 12.9 6.5 6.5 1 13 0 0 76.0 6441.3 3571.6 1961.9 1.1.994.645 0 0 0 13 0 5 0 U 4820.2 1035.1 169.9 6025.257 0 0 13 0 0 0 13 0 69.0 5,2 5.2 99.
07/i /76

21 0 0 0 0 0 0 0 0 610.5 1.744.1. 09.0 26664.029 0 0 8 1.3.4 0 0 9 13.4 4935.1 6122.1. 53498.9 65216.39 0 0 4.3 ..3 12.6 25.2 40.6 06.6 115.6 401.7 4703.9 6001.45 7.6 3.9 3,9 3.9 7.6 11.5 24.6 63.0 1722.7 1033.6 11.22.6 4170.057 0 0 0 0 0 0 0 6 712.7 76.6 38.4 827.6
07/t6.71.

21 0 0 0 0 0 13 0 0 146.2 85.9 10317.1 10614.329 0
39 58.3 0

29.2
13

56.3
0 13

81.0
0 0 0 7692.7 0376.5 64790.7 100659.977.6 145.5 1.35.1 593.1 3606.9 1545.3 29433.8 34606.49 5.8 0 11.0 11.5 17.6 17.6 17.5 52.1 11.23.1 509.5 804.6.9 9979.57 0 13 0 0 0 0 0 0 21.4 21.4 21.4. 44.1

07I2274
21 0 9 0 0 0 0 0 0 130.0 103.5 4915.0 5159.629 22.7
39

0
193.5

0 13

503.4
0 44.5 103.9 170.6 6171.1 7355.5 14q26.0 68452.5164.0

45 1,9 9
2'0.079 7.9 329.0

0
25i.

6
161.6

13

1594.8
23.7 92)9.0

3241.'.
6144..k
822.8

37368.3
922.5

54121.6
4966.557 0 0 8 0 0 0 0 13 55.5 0 10.5 74.0

0?F25174
21. LI 0 0 0 I) 0 0 0 556,8 193.7 5204.9 9955.3

13 0 46.2 153.4 1146.9 164.1 196.'. 749.3 13134.0 6014.6 35535.4 54664.039 32.2 13.0 0 0 0 0 0 49.2 5618.6 1588.2 453.6 9010.41.5 0 0 0 0 0 0 13 0 1172.7 154.3 0 1327.057 0 0 0 0 13 0 0 13 6.? 6.7 0 13.'.
o ii

21 0 13 13 0 0 13 0 0 135.4 96.9 3943.3 4278.529 0
39 16.?

0
44.4 0 13 0 0

290.6
o 0 8057.4 12666.6 40219.2 69175.3

45 6.9 6.9 55.5
6.9 9'.t41.'. 172.6

40.3 82.6
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1041.0
314.1 5874.8
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33257 19.3 o 9 tS.3 1139.0 173.6 57.9 1340.5

0 8/01/74
21 13 0 1 0 11 o 0 0 799.0 799.0 9154.5 10752,779 115.6
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310.1
369.9

534.9
312.4 631,1

349,7
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354.9
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381.9.'. 6453.0 5715.2
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Appendix 3 (cont.)
OFNSTIT PEP CUSIC ETE9

ACAR'TIA CAL1FO1tNSIS ACA'STIA CLAUST
9UOY rEK4IE 'IlLS C 5 C 4 C I C 2 C I TOTAL FFIALC MALE C 1-5 101*1
08/05/7'.

20 0 0 0 3 0 0 0 0 1639.3 3485.5 08640.9 22265.729 217.2 356.5 113.9 807.0 635.3 535.3 636.3 4003.7 3531.2 1908.8 31049.2 36459.239 51.9.1 195.3 228.5 137.3 45.5 15.3 5.4 1179.9 1951.3 513.4 0093.1 3563.845 12.0 0 0 12.0 0 0 0 24.1 265.3 156.8 45.3 1.70.451 0 0 0 0 6 0 0 0 .2 0 6 .2
05/55/14.

21 0 0 0 0 II 0 6 0 761.9 1051.5 391.6.5 5760.229 6 ?6. 35.5 136.2 38.5 35.5 40.9 367.3 5630.6 13197.9 111519.2 13061.5.139 35.7 '30.3 129.0 232.3 477.'. 714.2 963.'. 2705.', 4613.6 2161.4 18613.0 2357.I,45 08.4 30.4 60.5 121.5 220.3 36.6 '.55.5 1283.7 1730.9 '.10.2 2556.1 1.998.?57 10.9 0 5 6 0 6 0 10.9 425.0 98.1 109.0 632.1
0A/I2F1.

21 0 0 0 0 0 1 0 0 2312.0 4550.7 9565.6 16125.329
39

115.9
2.1 446.0

342.2
862.6 981.5 1159.6579.2 1279.0

763.5
1411.7 6295.'. 19540.1 18402.5 55513.6 59756.6

45 8.6 8.6 434.1.
29.5

525.5
65.5 232.! 344.1 822.7

464.6
3560.6
1152.7 2698.5

791.4
2808.2
137.6 5506.1

1515.1 11013.3
2764.157 84.3 21.1 0 5 0 0 C 105.3 1046.3 656.4 '.28.'. 1930.1

05/19.'?'.
21 0 0 0 0 0 0 0 0 2490.1 3415.3 2901.2 8518.52G
39

34.7
639.3 312.2 312.2 34.7 0 0 3 693.7 22025.7 43617.8 108914.3 174557.8

I5 416.4 1275.6
154.2

1?0',.5
601.5 1545.0

940.7
1331.91203.0 1055.5

3353.0 567.9
1573.1 8453.06276.9 6765.9

1526.5
5167.7717.2 25182.5

11351.9 '.0116.
13525.57 31.5.3 217.7 304.7 130.6 65.3 21.5 10.9 1099.2 914.2 457.1 979.5 2350.8

05 1t9.'71.
21 0 47.1 0 0 0 6 0 47.1 3576.4 3905.8 '.517.5 11999.729 2703.1 4127.7 2352.6 1994.6 1329.7 1227.4 1022.8 16757.9 111.21.9 11335.5 51994.7 ?4?53.G39 554.5 2335.9 2053.9 2215.1 2013.5 2335.9 2416.3 14055.3 7611.5 5920.0 34311.9 47843.'.45 352.1 276.0 537 42.5 21.? 0 0 785.5 2553.0 1450.6 1344.5 5375.057 0 0 0 0 0 0 0 0 35.6 26.? 17.8 60.1

o 8/22?'.
21 0 0 0 0 0 0 II II 46.4 324.9 2754.9 3196.229 0?..? 372.2 20.7 62.0 20.7 0 0 550.3 0374.7 14826.3 23583.4 '.7084.'.39 663.0 715.0 975.5 855.2 7j5 566.4 501.7 5655.4 7516.5 5I.17.5 '.4566.6 60794.945 1203.'. 776.'. 485.2 446.4 a9t.t zqt.1 232.9 3?2.6 6113.9 31.35.4 6967.3 16536.65? 593.8 131.7 30.3 15.1 0 0 0 629.9 3025.9 1075.3 939,0 5043.2

0 5/26174
21 0 0 0 0 0 0 0 0 1356.7 770.3 73446.1 75603.229
39
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211.5 39?.'. 315.6

'34.1
245.4 457.5 864.9 11.02.5 3821.9 5755.8 12622.7 20533.3 42221.8

45 234.1 210.5
126.4 45.3 152.9

52.9
423.5
113.3 59I..1155.6 1764.7

377.6
3511.71143.4 3623.'.

4625.5
2070.5
1057.3 2094.1

726.9 7785.1
61.10.157 4C55 57.7 0 0 3.6 3.6 3.6 562.0 3615.3 1750.3 455.4 5524.0



Appendix 3 (cont.)
ESTOMOTED )EMt1Y PFc CU8C METER

C#RT1A C0LTFO9flEI45T ACA9fIA CLAUSI
PUOT FF8LF MALE C S C 4 C ' C 2 C I TOTAL FEMALE MALE C 15 TOTAl.08/29/74

21 0 0 0 0 U 0 0 0 61.2.8 61+2.8 36910.1 36195.?29
39

31.9
621.1

iSq.2
628.0

446.0jQ43I. '.77.9
2260.7 826.3

3391.3
1338.1.55.j 1911,6 5i93.0 6563.1 1264.0 64301.9 77929.045 26..9 121.5 287.1 706.6 1648.7 2550.5 4%33
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17r.437

9057.1.
2811.3
1623.0
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21 0 0 0 0 0 0 0 0 1930.7 1051.1 21201.5 21*163.329
39

2026.8
1691.5 3172.3

1371.5 4979.3
2308.1 '.241.? 3319.5 1991.9 0.0.98.8 20932.3 3919.3 8253.6 58466.6 10639.4l5 2'.'..? 389.0. 144.6
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122.4

1620.7
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1.9 10926.'.
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622.9 5394.6

770.6
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2347.0.57 4.9 3.4 6.9 8 II 0 0 17.2 645.0 274.6 350.4 1271.109/05/74
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12878.57 650.8 178.? 24.0 36.0 96.1 276.3 500.6 1754.0. 3303.9 732.9 396.5 1.1.33.209/16/71.
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Appendix 3 (cont.)
!TIMAt0 OFMSTTY PE CUSIC 1151SF

6C5'0TIA CALTFORNIE1SIS 5CR1I8 CLAUSI
51)07 FE$FLE MALE 5 5 C 4 C 3 C 2 C I IOTAL UEMALL MALE C 1-5
C 9?? 3' 74

21 0 1 0 029 887.6 1648.5 1090.5 All.?39 I310.g 1747.9 639.9 s.c,
45 1222.0 1222.0 429.7 147.?57 27'.0 25.9 0 5.5

0 9/ 26/ 74
21 C 0 0 0
29 144.6 195.5 216.8 90.4
39 501.0 997.1 875.5 574.645 1603.9 1667.2 545.7 970.557 285.0 263.5 11.4 22.5

09/30/74

0 0 0 9511.7 761.0 761.0 6/72.9355.9 312.1 265.3 5243.?147.7 174.6 211.0 3554.517.3 .8 1.9 336.6

0 0 0 0
16.0 36.2 17.3 722.591.6 692.9 781.6 5023.1556.4 1925.8 2427.0 10699.945.6 65.4 91.2 115.1
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Appendix 3 (cont.)
S1'IM61O OSNSITY PEP C1J131C NETSR

AC44718 C13LIFOPNIFNSES

9U rEPAlE M8LF CS C'. C 3 C 2 Cl tOTAL

(0/17/ TI.

21 0 13 0 0 0 0 0 0
29 13 13 0 0 0 0 13

39 6313.6 105.5 241.1 1313,2 313.1 0 0 873.6
45 525.7 722.9 788.6 '.60.0 284.7 87.6 29.6 2899.13
57 166.6 t?t.t 57.1 413.9 40.7 13.2 3.9 '.713.'.

10/23/ 7'.
21. 13 0 13 0 0 13 0 0
29 369.3 133.'. 0 0 0 (I 571.9
3 6(9.7 .913.9 268.5 2013.6 227.2 92.9 41.4 2055.1
'. 1.79.9 '.90.5 213.3 111.3 64.0 42.7 21.3 1429.0
5? 38.4. 21.9 0 0 13 0 13 60.3

10/2./ 74
21. 13 13 13 13 13 0 0 0
29 130. L' Ii 0

g
145.4

39 '.71. 159.2 53.1 26 0 1140.5
45 693.4 1321.'. 192.1 106.13 134:1 42.? 2'..'. 1946.0
57 1213.1 13I..t 5.9 0 0 0 0 216.1

I 0/20/74
21 0 0 13 II 13 0 13 02' 13 0 13 0 0 0 0 0
39 20.1 20.1 13 13 0 0 0 40.3
45 13.2 13.2 13.2 13.2 0 0 II 52.9
57 1,4 1.'. 13 II 0 13 0 14.9

10F31174
21 13 13 0 13 0 0 13 0
29 35.0 30.13 30.13 0 13 0 0 92.'.
39 130.5 1.63.0 135.7 13 0 0 0 356.7
45 126.2 102.9 75.7 13 13 0 0 504.8
5? 9.? 9.7 13 II 13 0 0 19.3

11/01./74
21 0 0 0 0 0 0 0 0
29 0 13 0 0 0 0 0 03' 63.7 31.9 13 0 13 0 0 95.6
45 162.6 162.13 37.6 32.6 0 0 13 390.3
57 35.1 35,1 1.7.7 13 0 13 13 67.9

11/07/74
21 0 0 13 13 13 13 13 0
29 135.2 97.8 0 0 13 0 0 163.1
30 513.9 58.9 0 0 0 117 13

45 0 (0.3 0 0 0 10.3
57 0 13 (1 13 0 0 13 0

ICARTTA CLAUSI

FEII.SLE MALE C (-5 TOTAL

308.1 363.4 971.6 1643.0
13313.1
2142.0

1221.1
2331.13

(090.2
29599.2

4I.49..
34011.0

21.15.3 1336.2 24006.0 211319.5
1213.7 260.6 4366.2 58'.0.9

11355.7 1832.6 6026.4 13915.0
14139.'. 1646.1 3215'..'. 3513132.
1652.3 1383.13 9084.1 12120.3718.2 1310.5 6128.9 9271.5
997.6 265.0 1860.1 3162.8

1046.9 2808.1 6471.1 12332.1
567.4 16137.4 170131.1 19335.9
9213.5 875.3 261396.5 28700.4

(792.1 17213.2 10134.1 13554.5
2437.5 624.4 2257.3 5319.2

1908.1 2266.0 20009.0 24263.6
11325.3 3618.3 11980.5 11224.2

8136.0 1570.6 32580.2 35036.13
1051.7 1142.4 36265.4 36459.4

7213.0 364.0 5249.5 6341.5

1590.3 22137.5 14550.5 113348.3
3873.2 4365.1 50535.13 513774.0
1434.9 t5'8.t 93535.7 965613.1
1211.6 833.0 79627.0 131671.5

696.2 270.13 8199.9 9166.9

58134.1 61.53.5 20499.4 32837.0
9989.8 10837.5 38869.5 59696.9
5033.8 7710.0 86065.2 913829.02959.8 41313.7 63848.9 90939.'.
1126.13 415.3 26619.8 28222.13

4282.4 79213.8 32436.1 44647.4
2019.9 2443.4 10562.3 75045.6
18013.8 1060.5 23921.8 2671313.4
1493.4 494.4 12421.2 14409.13
1.03.2 152.3 701.3.0 7598.6
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Appendix 3 (cant.)
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Appendix 4. Tidal volumes (in3) in upper Yaquina Bay estuary as a
function of tide height.

Section No. 21 29 39 45 Toledo

'Section
Boundaries +2,940 +1,350 + 980 + 980
(in) -1,350 -1,350 980 -3,090

Tide Height (ft)

+10.5 6,140,640 8,374,901 4,547,983 3,991,183 2,102,876
10.0 5,977,944 8,112,876 4,382,851 3,848,850 2,032,548

9.5 5,815,161 7,850,245 4,217,492 3,706,967 1,962,133
9.0 5,652,572 7,588,053 4,052,147 3,565,153 1,891,542

8.5 5,489,882 7,325,878 3,887,009 3,422,918 1,821,202
8.0 5,327,188 7,063,379 3,721,748 3,281,601 1,750,827

7.5 5,164,404 6,801,085 3,556,697 3,139,444 1,680,015
7.0 5,001,622 6,538,778 3,391,302 2,997,469 1,609,568

6.5 4,839,120 6,276,467 3,225,917 2,855,761 1,539,105
6.0 4,676,336 6,014,212 3,060,784 2,713,509 1,468,601

5.5 4,513,605 5,751,711 2,89,517 2,572,188 1,397,913
5.0 4,350,960 5,489,688 2,730,466 2,430,036 1,327,720

4.5 4,188,095 5,225,227 2,565,112 2,288,628 1,257,456
4.0 4,025,109 4,965,193 2,399,974 2,147,935 1,187,576

3.5 3,862,492 4,712,194 2,242,926 2,012,321 1,130,498
3.0 3,702,954 4,465,773 2,095,815 1,883,041 1,076,999

2.5 3,545,198 4,227,115 1,964,675 1,759,809 1,025,887
2.0 3,390,104 3,993,592 1,841,314 1,642,102 976,196

1.5 3,239,258 3,765,880 1,728,275 1,529,683 928,608
1.0 3,091,801 3,544,451 1,620,748 1,420,679 881,938

0,5 2,948,650 3,330,115 1,520,084 1,317,533 836,143
MLLW 2,809,435 3,121,867 1,424,343 1,219,459 791,624

-0.5 2,674,025 2,919,385 1,334,777 1,133,612 749,248
-1.0 2,540,830 2,719,975 1,247,565 1,052,465 707,584

-1.5 2,409,172 2,525,012 1,166,014 977,120 666,916
-2.0 2,276,956 2,333,023 1,086,684 905,961 627,402

-2.5 2,149,831 2,145,342 1,009,677 837,665 588,748
-3.0 2,022,095 1,96i,996 934,880 772,426 550,294

'Plus (+) symbol refers to distance (in) of upper section boundary above
respective station.

Minus (-) sign similarly refers to distance downbay for lower boundary.



Appendix 5. Total abundance (x108) of Acartia californiensis in upper Yaquina Bay in 1972.

Total Total Sum
Date Female Male CS C4 C3 C2 Cl Adults Copep. Total

06/19/72 1.4 0.3 0.2 0.0 0.0 0.0 0.0 1.7 0.2 1.9
06/22 0.4 0.2 0.1 0.2 0.3 0.5 0.7 0.7 1.7 2.4
06/26 0.4 0_U 1.4 1.6 1.4 2.7 3.3 0.4 10.6 11.0
06/29 1.0 0.7 0.0 0.3 1.3 2.0 2.9 1.7 6.6 8.3
07/03 1.1 1.0 0.7 1.1 LB 1.6 1.6 2.1 6.6 8.8

07/06 0.6 0.2 1.3 1.0 0.8 1.1 1.1 0.8 5.4 6.2
07/10 1.7 1.3 1.7 2.8 5.0 4.8 4.8 3.0 19.2 22.2
07/13 1.4 1.4 1.3 1.9 2.7 3.9 5.1 2.9 14.9 17.8
07/17 1.2 2.5 1.5 3.2 1.4 1.2 1.1 3.7 8.5 12.2
07/20 0.7 0.4 0.9 4.8 5.4 8.1 9.4 1.1 28.7 29.8

07/24 8.6 10.5 42.2 49.3 49.0 56.0 60.2 19.2 256.7 275.8
07/27 33.1 32.3 20.7 27.6 21.5 18.7 14.8 65.4 103.4 168.9
07/31 37.1 67.0 33.6 38.0 36.7 38.3 37.4 104.0 184.0 288.0
08/03 28.0 28.2 32.3 58.1 92.8 157.9 221.7 56.2 563.8 619.0
08/07 75.6 92.0 113.3 148.4 187.9 234.9 277.7 167.6 962.1 1129.7

08/10 138.4 129.1 103.4 78.4 54.6 40.9 31.5 267.4 308.8 576.2
08/13 153.2 144.1 42.3 49.5 51.2 50.3 50.9 297.3 244.2 541.5
08/17 136.2 217.3 181.4 132.0 188.2 259.8 333.8 353.5 1095.1 1448.6
08/21 148.8 201.7 176.7 240.1 394.7 637.3 920.2 350.5 2369.0 2719.5
08/24 260.1 325.2 323.1 308.0 279.3 205.9 143.5 585.2 1259.7 1845.0

08/28 386.3 486.1 274.0 210.0 168.5 106.8 66.3 872.4 825.5 1697.9
08/31 444.2 459.0 81.0 55.4 53.7 50.3 47.8 903.1 288.3 1191.4
09/04 193.0 226.8 97.6 79.4 81.1 95.0 111.4 419.8 464.5 884.4
09/07 71.1 74.4 86.2 90.1 87.4 88.3 88.8 145.5 440.9 586.4
09/11 105.6 99.2 112.6 144.6 194.8 237.4 284.3 204.8 973.7 1178.4



AppendiX 5 (continued)

Date Female Male CS C4 C3 C2 Cl
Total
Adults

Total
Copep.

Sum
Total

09/14 173.7 160.8 162.9 101.0 67.8 56.8 39.4 334.4 427.9 762.4
09/18 139.2 140.0 51.1 53.4 83.5 126.4 170.4 279.2 485.0 764.2
09/21 95.1 92.5 61.7 70.4 82.0 82.3 80.0 187.6 376.4 564.0
09/25 68.3 60.9 87.2 141.6 203.5 236.0 267.2 129.2 935.4 1064.6
09/28 1.22.7 111.1 102.7 160.5 175.7 170.7 185.6 233.7 795.2 1028.9

10/02 198.8 196.8 259.8 197.5 208.1 126.5 55.8 395.6 847.8 1243.4
10/05 124.5 110.2 91.5 56.7 22.8 12.7 6.0 234.7 189.6 424.3
10/09 60.3 41.2 19.5 10.3 11.2 9.9 8.9 101.4 59.8 161.2
10/12 95.3 84.0 8.7 4.6 4.2 2.2 1.7 179.3 21.4 200.7
10/16 75.0 60.5 8.2 5.2 5.4 5.7 5.9 135.5 30.4 165.9

10/19 25.8 22.8 10.3 9.4 9.4 10.0 9.8 48.5 48.9 97.4
10/23 33.9 22.3 9.0 6.9 5.6 3.2 2.3 56.2 27.1 83.3
10/26 12.9 12.2 3.2 1.8 2.0 1.1 0.7 25.1 8.7 33.8
10/30 9.7 5.2 1.9 0.7 0.4 0.2 0.1 14.9 3.3 18.2
11/06 4.7 3.3 0.9 0.2 0.0 0.0 0.0 6.0 1.1 9.1

11/13 2.1 0.7 0.2 0.0 0.0 0.0 0.0 2.8 0.2 3.0
1.1/20 2.8 1.1 0.0 0.0 0.0 0.0 0.0 3.9 0.0 3.9

cx)

LO



Appendix 6.

Date

Total abundance of

Female Male

Acartia

C5

californiensis in

C4 c3

upper Yaquina Bay

C2 Cl

in 1973

Total
Adults

(x108).

Total
Copep.

Sum
Total

06/07/73 1.0 0.5 0.8 0.8 0.8 0.8 0.8 1.4 4.2 5.7
06/il 0.9 0.8 0.5 0.5 0.3 0.3 0.3 1.7 1.9 3.6
06/14 1.1 0.3 0.9 0.9 6.0 17.8 29.0 1.4 54.6 55.9
06/18 0.9 0.0 0.9 1.1 0.0 0.0 0.0 0.9 2.0 2.9
06/21 3.0 0.2 0.8 1.8 3.5 8.1 11.3 3.2 25.5 28.7

06/28 2.7 3.5 1.3 1,8 3.9 12.9 25.5 6.2 45.5 51.7
07/02 0.4 1.4 7.7 12.1 13.6 21.5 25.3 1.8 80.2 82.0
07/05 2.6 0.7 4.3 3.8 5.1 5.2 5.7 3.4 24.0 27.4
07/09 0.8 1.6 4.1 3.2 5.9 7.8 9.6 2.4 30.7 33.1
07/12 3.2 2.3 5.9 11.3 29.8 44.1 68.2 5.5 159.3 164.8

07/16 18.3 16.3 24.6 31.9 20.8 23.3 25.4 346 126.0 160.5
07/19 6.7 14.4 16.5 20.6 26.0 42.2 60.0 21.1 165.3 186.4
07/23 22.1 17.6 24.1 26.6 34.4 34.7 36.6 39.6 156.3 195.9
07/26 74.1 84.8 82.2 91.0 77.4 53.3 34.3 159.0 338.1 497.1
07/30 44.9 44.2 30.4 25.8 17.7 11.0 8.1 89.1 93.0 182.1

08/02 81.6 87.8 35.6 32.7 33.4 32.7 33.0 169.4 167.5 336.9
08/06 77.0 107.5 69.9 98.5 98.0 111.1 127.6 184.4 505.1 689.6
08/09 197.7 125.6 43.8 48.7 65.1 91.1 125.7 323.2 374.3 697.6
08/13 113.7 119.9 137.7 176.0 202.0 204.2 232.0 233.6 952.0 1185.6
08/16 132.9 149.7 183.0 251.6 321.0 332.1 349.3 282.6 1436.8 1719.4

08/20 470.9 471.6 232.1 139.6 81.1 72.9 63.6 942.5 589.2 1531.7
08/23 230.0 171.2 115.6 88.2 115.4 155.6 201.4 401.1 676.3 1077.4
08/27 129.8 147.4 80.2 79.8 93.1 91.4 93.7 277.2 438.3 715.4
08/3C) 132.3 179.9 91.3 90.7 108.6 95.0 92.8 312.2 478.4 790.6
09/03 331.7 507.2 328.5 254.3 233.8 175.6 124.3 838.9 1116.6 1955.5

0
0



Appendix 6 (continued)

Date Female Male C5 C4 C3 c2 Cl
Total
Adults

Total
Copep.

Sum
Total

09/06 158.6 153.7 93.6 78.8 94.8 126.2 143.0 312.3 536.4 848.7
09/10 130.4 142.1 91.6 110.5 141.4 193.6 237.0 272.5 774.1 1046.6
09/13 74.8 80.4 158.4 229.8 314.7 271.0 238.9 155.2 1212.7 1367.9
09/17 314.3 357.4 285.7 297.2 205.3 123.8 78.2 671.7 990.2 1661.9
09/20 372.6 503.4 290.7 216,9 133.0 114.8 94.4 876.3 849.9 1725.9

09/24 355.7 347.8 112.0 103.9 102.1 82.4 56.7 703.4 457.0 1160.4
09/27 494.8 525.9 183.7 125.3 88.6 104.9 105.4 1020.7 607.8 1628.5
10/01 171.4 140.5 40.0 29.9 23.4 41.2 46.8 311.9 181.3 493.2
10/04 65.3 36.7 38.3 64.7 74.0 86.9 107.9 102.1 371.9 473.9
10/08 57.7 47.9 48.3 45.4 48.3 126.8 191.2 105.6 459.9 565.6

10/11 52.6 40.5 44.8 63.1 85.4 109.6 132.9 93.1 435.9 529.0
10/15 43.2 34.9 77.7 93.2 102.5 144.1 180.6 78.1 598.1 676.2
10/18 95.2 80.5 91.6 82.2 88.1 83.5 83.7 175.7 429.1 604.8
10/22 99.3 56.5 47.5 27.6 12.1 8.3 4.9 155.9 100.4 256.3
10/25 37.6 22.5 12.9 8.2 11.6 11.4 10.5 60.1 54.7 114.8

10/29 36.0 27.7 3.6 3.0 2.7 1.8 1.4 63.7 12.6 76.3
11/01 20.2 10.3 3.3 2.4 1.8 0.7 0.3 30.5 8.5 39.0
11/05 10.3 6.3 1.9 1.0 1.6 1.0 0.7 16.6 6.1 22.7
11/08 8.0 2.7 0.5 0.8 0.3 0.2 0.1 10.7 2.0 12.7
11/12 0.4 0.1 0.0 0.0 0.0 0.0 0.0 5.4 0.0 5.4



Appendix 7.

Date

Total abundance (x108)

Female Male

of

CS

cartia

C4

californiensis in upper '1 aquina Bay in

Total
C3 C2 Cl Adults

1974.

Total
Copep.

Sum
Total

06/17/74 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
06/20 1.6 0.0 0.0 1.9 3.5 3.5 3.5 1.6 12.3 13.9
06/24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
06/27 1.7 1.1 0.0 0.6 0.0 0.0 0.0 2.8 0.6 3.4
07/01 1.5 1.0 0.2 0.0 0.2 0.0 0.0 2.5 0.4 2.9

07/05 0.7 0.0 0.2 0.4 0.5 2.9 5.1 0.7 9.1 9.8
07/08 0.0 0.3 1.0 1.0 1.0 3.2 4.9 0.3 11.0 11.3
07/11 0.3 0.8 3.5 6.7 7.8 7.8 8.0 1.0 33.8 34.9
07/15 0.2 0.1 0.2 1.0 0.5 1.0 1.7 0.3 4.4 4.7
07/18 1.8 0.8 2.0 2.5 3.0 4.6 4.4 2.7 16.4 19.1

07/22 5.4 4.9 7.1 13.0 8.4 9.0 10.9 10.3 48.3 58.6
07/25 0.6 0.2 2.0 6.8 7.5 8.2 8.7 0.8 33.2 34.0
07/29 0.9 1.4 1.8 3.9 6.2 10.5 13.6 2.4 35.9 38.3
08/01 8.2 20.2 28.4 33.0 27.6 43.0 44.3 28.4 176.3 204.7
08/05 17.4 17.1 31.5 33.8 25.5 25.1 24.9 34.5 140.8 175.3

08/08 2.6 7.4 6.9 16.3 19.4 29.4 37.3 10.0 109.3 119.2
08,11.2 10.0 33.2 58.0 67.7 83.9 96.0 107.7 43.2 413.2 456.4
08/15 33.8 61.0 84.4 69.2 66.4 62.6 61.8 94.8 344.3 439.1
08/19 124.7 209.0 128.4 116.3 86.0 86.7 79.7 333.7 497.0 830.7
08/22 56.8 63.9 41.0 39.0 30.0 31.8 28.5 120.6 170.4 291.0

08/26 24.2 32.6 20.8 18.7 39.4 75.3 132.0 56.8 286.2 342.9
08/29 22.9 30.9 54.4 93.6 158.4 228.4 289.2 53.8 824.0 877.8
09/03 132.9 179.0 281.6 235.2 193.7 118.5 70.8 311.9 899.8 1211.7
09/05 103.1 132.2 155.6 143.2 113.3 97.0 79.8 235.2 588.9 824.1
09/09 170.0 172.6 33.1 20.2 39.8 63.2 84.3 342.6 240.7 583.2

LO



Appendix 7 (continued)

Date female Male CS C4 C3 C2

Total Total Sum
Cl Adults Copep. Total

09/12 130.0 141.0 65.9 70.4 150.9 201.8 252.9 270.9

09/16 79.5 86.1 151.3 170.9 187.6 196.9 216.5 165.6

09/19 119.2 126.3 134.4 124.7 103.9 80.5 65.3 245.5

09/23 115.7 166.1 87.0 64.3 57.8 54.3 53.8 281.8

09/26 67.4 86.1 52.6 47.9 58.0 71.7 86.0 153.4

09/30 84.4 110.7 110.6 143.8 163.1 160.4 168.2 195.1

10/03 128.2 122.0 153.9 155.8 146.5 150.8 148.0 250.2

10/07 92.0 99.5 88.5 100.1 108.9 129.3 145.9 191.4

10/10 45.5 59.4 92.6 100.4 126.8 146.0 167.1 104.9

10/14 79.5 87.2 61.3 49.8 49.5 31.4 22.3 166.7

10/17 35.6 29.5 35.0 17.6 10.8 2.9 1.0 65.0

10/21 44.8 31.3 15.3 7.5 6.9 3.1 1.4 76.0

10/24 43.6 37.8 10.3 4.6 2.6 1.2 0.7 81.4

10/28 1.2 1.2 0.4 0.4 0.0 0.0 0.0 2.5

10/31 9.2 14.6 5.8 0.0 0.0 0.0 0.0 23.8

11/04 7.9 6.8 1.3 1.0 0.0 0.0 0.0 14.7

11/07 5.7 7.9 0.0 0.0 0.0 0.0 0.0 13.6

11/14 2.4 3.4 0.0 0.0 0.0 0.0 0.0 5.7

742.0 1012.9
923.1 1088.7
508.7 754.2

317.2 599.0
315.2 468.6

746.2 941.3
755.1 1005.2
572.8 764.2
633.8 738.7

214.4 381.1

67.2 132.2
34.3 110.3
19.3 L00.7

0.8 3.3

5.8 29.6

2.3 17.0
0.0 13.6
0.0 5.7

()
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Appendix 8. Total abundance (x109) of Acartia clausi in upper Yaquina
Bay, 1972. Abundance estimates do not include sections at
Station 21 and 57 during the periods of June 19 to August
17 and October 16 to November 20.

Total Total Sum
Date Female Male Adult Copep. Total

06/19/72 48.9 36.4 85.3 176.1 261.4
06/22 23.1 10.8 33.9 39.7 73.5
06/26 16.9 15.2 32.1 113.6 145.7
07/03 14.6 9.0 23.5 23.7 47.3
07/06 15.8 8.5 24.3 66.4 90.8

07/10 10.2 9.4 19.6 129.4 148.9
07/13 5.5 3.1 8.6 63.6 72.2
07/17 12.5 8.4 20.9 16.8 37.7
07/20 7.1 3.6 10.7 53.4 64.1
07/24 15.2 9.6 24.9 264.1 289.0

07/27 13.0 12.0 25.0 114.2 139.2
07/31 33.0 36.7 69.7 127.6 197.2
08/03 24.8 20.4 45.2 74.1 119.4
08/07 36.3 25.9 62.2 233.4 295.7
08/10 23.6 21.9 45.5 192.8 238.2

08/13 50.5 37.6 88.1 196.3 284.4
08/17 40.5 43.4 83.9 185.5 269.4
08/21 47.7 46.4 94.1 409.8 503.9
08/24 51.0 70.1 121.1 658.3 779.4
08/28 40.7 26.8 67.5 220.3 287.8

08/31 25.7 20.9 46.7 48.5 951.2
09/04 12.9 9.1 22.0 44.8 66.8
09/07 52.3 43.8 96.1 197.8 293.9
09/li 9.4 9.1 18.5 104.4 122.9
09/14 14.2 14.8 29.0 174.3 203.3

09/13 10.3 10.1 20.4 139.4 159.8
09/21 20.3 19.8 40.0 191.4 231.4
09/25 32.7 27.4 60.1 521.3 581.4
09/28 14.3 19.4 33.7 312.7 346.4
10/02 24.7 19.1 43.9 143.0 186.9

10/05 19.8 13.3 33.1 162.1 195.2
10/09 12.6 15.0 27.7 205.3 233.0
10/12 12.5 19.5 32.0 100.8 132.9
10/16 11.6 17.6 29.1 143.6 172.7
10/19 10.4 10.8 21.2 183.4 204.6

10/23 22.8 25.0 47.8 206.4 254.2
10/26 10.9 10.5 21.4 79.7 101.1
10/30 8.8 10.1 18.9 72.4 91.3
11/06 10.5 17.5 28.0 279.2 307.2
11/13 8.3 12.3 20.6 139.3 159.9
11/20 45.0 75.5 120.6 430.3 550.8
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Appendix 9. Total abundance (x109) of Acartia. clausi in upper Yaquina
ay in 1973.

Total Total Sum
Date Female Male Adult Copep. Total

06/07/73 45.0 32.3 77.2 122.9 200.1
06/11 50.4 29.3 79.7 94.4 174.2
06/14 35.7 20.7 56.3 320.8 377.1
06/18 31.7 22.3 54.0 113.0 167.0
06/21 87.0 46.2 133.2 82.0 215.2
06/28 80.1 32.8 112.9 322.3 435.2

07/02 20.6 12.0 32.6 96.3 128.9
07/05 23.3 18.5 41.8 156.9 198.6
07/09 19.2 7.2 26.3 110.6 136.9

07/12 23.5 9.4 32.9 411.9 444.8
07/16 14.2 7.9 22.1 117.8 140.0

07/19 18.5 13.1 31.7 215.1 246.8
07/23 24.6 20.2 44.9 167.6 212.5
07/26 54.3 36.1 90.4 199.3 289.7
07/30 20.9 15.5 36.4 81.4 117.8
08/02 22.0 23.4 45.4 92.5 137.9
08/06 27.7 18.4 46.1 74.2 120.4
08/09 17.0 25.6 42.7 92.4 135.1
08/13 6.8 8.7 15.5 121.4 136.9
08/16 22.6 19.8 42.3 157.1 199.4
08/20 14.5 12.5 27.0 64.1 91.2
08/23 18.9 13.9 32.8 57.6 90.4

08/27 23.1 39.3 62.4 119.5 181.9
08/30 20.7 26.2 46.9 162.7 209.0
09/03 25.6 21.8 47.4 105.9 153.3
09/06 11.8 9.3 21.1 69.8 90.9

09/10 11.8 14.0 25.8 156.0 181.7
09/13 11.7 8.5 20.2 98.7 118.9

09/17 13.2 13.3 26.4 120.0 146.4
09/20 20.6 18.4 39.0 15.7 195.6
09/24 33.4 32.3 65.7 250.3 316.0

09/27 18.7 14.4 33.1 168.6 201.7

10/01 12.4 9.2 21.6 116.9 138.5

10/04 6.3 4.5 10.8 99.1 109.8

10/08 11.2 13.4 24.6 144.7 169.3
10/11 12.1 16.8 28.9 144.6 173.5

10/15 16.6 12.6 29.2 76.3 105.6
10/18 18.6 20.3 38.9 56.8 95.6

10/22 33.0 36.9 69.9 68.7 138.6
10/25 15.8 17.9 33.7 13.4 16.8

10/29 9.9 5.7 15.6 44.5 60.2

11/01 13.1 76.2 20.7 43.8 64.5

11/05 14.3 13.4 27.7 52.2 79.8

11/08 26.8 35.1 61.9 82.1 143.9

11/12 33.9 16.8 50.7 94.5 145.2
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Appendix 10. Total abundance (x109) of Acartia clausi in upper Yaquina
Bay in 1974.

Total Total Suni

Date Female Male Adult Copep. Total

06/17/74 43.6 47.1 90.7 673.2 763.9
06/20 131.1 211.6 342.6 1220.3 1563.0
06/24 85.8 101.8 187.6 518.5 706.1
06/27 189.6 249.7 439.3 186.6 625.8
07/01 130.7 122.5 253.2 150.5 403.7

07/05 75.5 46.7 122.2 351.0 473.2
07/08 39.4 31.6 70.9 300.3 371.2
07/11 45.7 71.8 117.5 477.4 594.9
07/15 38.3 49.4 87.7 428.6 516.3
07/18 61.1 56.9 118.0 667.6 785.6

07/22 66.1 65.2 131.3 546.6 677.9
07/25 74.5 31.3 105.7 179.4 285.1
07/29 68.9 78.9 147.8 305.4 453.1
08/01 42.2 28.5 70.7 332.6 403.3

08/05 23.4 18.4 41.8 193.5 235.4

08/08 53.1 86.9 139.9 709.7 849.7
08/12 103.1 127.4 230.5 358.4 588.9

08/15 167.4 294.0 461.4 772.2 1233.6
08/19 75.9 72.8 148.6 284.3 432.9
08/22 91.1 124.5 215.6 301.8 517.4

08/26 78.8 82.4 161.2 443.2 604.4

08/29 48.5 49.9 98.4 541.7 640.0
09/03 32.2 46.8 79.0 376.4 455.4

09/05 88.9 123.7 212.7 564.7 777.4

09/09 97.6 87.3 184.8 133.7 318.6

09/12 128.0 112.0 240.0 257.4 497.4

09/16 33.7 33.6 67.3 208.3 275.6

09/19 45.2 27.4 72.6 157.7 230.3

09/23 34.9 31.6 66.4 128.5 194.9

09/26 26.7 20.3 47.1 311.7 358.8

09/30 16.6 19.9 36.5 540.3 576.8

10/03 26.8 33.1 59.9 487.3 547.1

10/07 22.6 21.2 43.8 472.0 515.8

10/10 30.9 29.1 60.0 351.7 411.8

10/14 29.3 27.8 57.1 384.5 441.6

10/17 29.4 24.5 53.9 214.9 268.8
10/21 21.1 22.0 43.1 235.7 278.8

10/24 19.7 31.6 51.3 256.9 309.2

10/28 31.3 46.4 77.7 430.5 508.2

10/31 41.4 46.9 88.3 893.6 981.9

11/04 132.3 153.8 286.1 1003.2 1289.3

11/07 42.6 57.7 100.2 695.1 795.3
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Appendix 11. Analysis of observed development times CDT'), intervals
between stage midpoints (I') and area in copepod days for
A. californiensis. Data are from field cohorts 1-VI in
1972.

St

Cohort
Day

Range

Cohort
Length
(days)

Midpoint
(day no.) (days)

DT

(days)

Area
(Copepc'd

days)

Cl 182-209 28 205.117 0.000 320.05
C2 186-211 26 205.775 0.658 0.658 340.99
C3 189-211 23 206.065 0.290 0.948 307.17
C4 190-212 23 206.723 0.658 1.606 353.96
CS 191-214 24 207.891 1.168 2.774 339.38

C]. 210-223 14 218.052 0.000 1,955.45
C2 212-226 15 218.646 0.594 0.594 1,697.14

II C3 212-227 16 219.344 0.698 1.292 1,412.20
C4 213-227 15 219.993 0.649 1.941 1,186.04
CS 215-228 14 221.554 1.561 3.502 1,054.32

Cl 224-241 18 233.182 0.000 5,416.10
C2 227-243 17 233.705 0.523 0.523 4,480.50

III C3 228-244 17 234.883 1.128 1.651 3,816.03
C4 228-245 18 236.365 1.482 3.133 3,361.94
CS 229-247 19 237.362 0.997 4.130 3,747.35

Cl 242-258 17 252.664 0.000 2,021.22
C2 244-260 17 253.313 0.649 0.649 1,866.93

IV C3 245-262 18 253.91.1 0.598 1.247 1,783.35
c4 246-264 19 254.495 0.584 1.831 1,730.63
CS 248-265 18 255.997 1.502 3.333 1,779.64

Cl 259-280 22 268.532 0.000 2,750.53
C2 261-283 23 269.645 1.113 1.113 2,625.93

V C3 263-286 24 271.492 1.847 2.960 2,593.11
C4 265-288 24 272.964 1.472 4.432 2,208.18
CS 266-290 25 274.995 2.031 6.463 2,132.63

Cl 281-311 31 290.003 0.000 108.71
C2 284-311 28 291.830 1.827 1.827 93.77

VI C3 287-311 25 293.340 1.310 3.337 89.45
C4 289-318 30 294.268 0.928 4.265 86.81
CS 291-325 35 295.721 1.433 5.718 108.74
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Appendix 12. Analysis of observed development times CDT'), intervals
between stage midpoints (I') and area in copepod days for
A. californiensjs. Data are from field cohorts r-vi in
1973.

Cohort Cohort 4idpoint 1 DT' Area
St Day Length (day no..) (days) (days) (Copepod

Range (days) days)

Cl 162-188 27 177.159 0.000 409.80
C2 163-189 27 178.161 1.002 1.002 276.19
C3 163-189 27 181.061 2.900 3.902 131.99
C4 164-190 27 182.442 1.381 5.283 88.17
C5 165-191 27 183.466 1.024 6.307 71.60
Cl 189-212 24 199.509 0.000 845.75
C2 190-213 24 201.632 2.123 2.123 769.24

II C3 190-213 24 204.632 3.000 5.123 755.09
C4 191-213 23 205.937 1.305 6.428 747.43
C5 192-215 24 206.933 0.996 7.424 737.90
Cl 213-232 20 225.461 0.000 3,163.55
C2 214-233 20 226.073 0.612 0.612 2,911.53

III C3 214-234 21 226.492 0.419 1.031 2,846.11
C4 214-236 23 227.174 0.682 1.713 2,816.71
C5 216-238 23 229.235 2.061 3.774 2,844.35
Cl 233-250 18 240.508 0.000 2,257.66
C2 234-250 17 242.469 1.961 1.961 2,158.32

LV C3 235-251 17 244.005 1.536 3.497 2,220.00
C4 237-252 16 245.096 1.091 4.588 1,966.30
CS 239-254 16 245.874 0.778 5.366 2,287.74
Cl 251-273 23 256.845 0.000 3,007.78
C2 251-274 24 257.945 1.100 1.100 3,316.81

V C3 252-274 23 258.883 0.938 2.038 3,471.01
C4 253-276 24 260.844 1.961 3.999 3,820.65
Cs 255-278 24 262.704 1.860 5.859 3,878.34
Cl 274-316 43 283.591 0.000 2,623.73
C2 275-316 42 284.544 0.953 0.953 2,072.09

VI C3 275-316 42 285.961 1.417 2.370 1,534.29
C4 277-316 40 287.015 1.054 3.424 1,332.29
C5 279-316 38 289.015 2.000 5.424 1,199.25
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Appendix 13. Analysis of observed development times (DT), intervals
between stage midpoints (I') and area in copepod days
for A. californierisis. Data are from field cohorts 1-VI
in 1974.

St
Cohort
Day

Range

Cohort
Length
(days)

Midpoint
(day no.)

I

(days)

DT
(days)

Area
(Copepod

days)

Cl 169-195 27 188.894 0.000 73.63
C2 172-197 26 190.534 1.640 1.640 57.74
C3 173-198 26 191.861 1.327 2.967 40.70
C4 174-199 26 192.293 0.432 3.399 37.72
C5 178-201 24 193.314 1.021 4.420 26.76
Cl 196-217 22 212.176 0.000 341.24
C2 198-218 21 212.793 0.617 0.617 339.28

II C3 199-219 21 213.479 0.686 1.303 280.28
C4 200-220 21 214.078 0.599 1.902 346.38
C5 202-222 21 215.357 1.279 3.181 294.92

Cl 218-234 17 225.686 0.000 1,082.64
C2 219-235 17 226.772 1.086 1.086 1,058.42

III C3 220-236 17 227.660 0.888 1.974 995.75
C4 221-237 17 229.004 1.344 3.318 1,071.09
CS 223-238 16 229.526 0.522 3.840 1,107.24
Cl 235-249 15 241.333 0.000 2,083.76
C2 236-251 16 242.687 1.354 1.354 1,968.16

IV C3 237-252 16 244.297 1.610 2.964 1,864.48
C4 238-252 15 245.307 1.010 3.974 1,716.68
C5 239-253 15 245.808 0.501 4.475 1,806.18
Cl 250-264 15 256.492 0.000 2,239.98
C2 252-266 15 257.543 1.051 1.051 1,947.79

V C3 253-268 16 258.764 1.221 2.272 1,839.43
C4 253-270 18 260.345 1.581 3.853 1,666.04
C5 254-271 18 261.320 0.975 4.828 1,759.41
Cl 265-301 37 276.592 0.000 2,786.13
C2 267-301 35 276.957 0.365 0.365 2,523.28

VI C3 269-301 33 277.429 0.472 0.837 2,326.78
C4 271-311 4]. 277.842 0.413 1.250 2,068.54
CS 272-311 40 279.153 1.311 2.561 1,983.94



Appendix 14. Summary of data on predicted development of A. californiensis in cohorts 1-VI in
Yaquina Bay, 1972.

Stage T(°C) SD I DT Real Time A S S in N

N6.5 (.473) (204.690) (100.0)
Cl 20.35 .946 0.942 0.000 205.163 320.0 107.57 107.57 -.0774 -7.57
C2 20.45 .937 0.929 0.942 206.105 341.0 91.75 98.71 .0926 8.25
C3 20.63 .920 0.913 1.871 207.034 307.2 117.16 115.63 -.1758 -17.16
C4 20.80 .905 0.901 2.784 207.947 354.0 96.73 111.85 .0369 3.27
C5 20.89 .897 0.897 3.685 208.848 339.4 96.73 108.19 .0369 3.27

Adults 4.582 209.745
N6.5 (.5005) (217.430) (100.0)
Cl 19.80 1.001 1.001 0.000 217.931 1955.5 86.79 86.79 .1415 13.21
C2 19.80 1.001 0.999 1.001 218.932 1697.1 83.63 72.58 .1789 16.37

II C3 19.85 0.996 0.997 2.000 219.931 1412.2 83.90 60.89 .1761 16.10
c4 19.84 0.996 1.005 2.997 220.928 1186.0 87.49 53.28 .1330 12.51
C5 39.69 1.013 1.013 4.002 221.933 1054.3 87.49 46.61 .1330 12.51

Adults 5.015 222.946
N6.5 (.5415) (232.344) (100.0)
Cl 19.06 1.083 1.077 0.000 232.886 5416.1 83.73 83.73 .1648 16.27
C2 19.17 1.070 1.059 1.077 233.963 4480.5 86.96 72.81 .1320 13.04

111 C3 19.37 1.048 1.041 2.136 235.022 3816.0 89.29 65.01 .1088 10.71
C4 19.49 1.034 1.038 3.177 236.063 3361.9 110.61 71.91 -.0972 -10.61
C5 19.42 1.042 1,042 4.215 237.101 3747.4 110.61 79.54 -.0972 -10.61.

Adults 5.257 238.143
N6.5 (.6195) (252.114) (100.0)
Cl 17.88 1.239 1.246 0.000 252.734 2021.2 91.41 91.41 .0721 8.59
C2 17.79 1.252 1.255 1.246 253.980 1866.9 95.15 86.98 .0396 4.85

IV C3 17.76 1.257 1.267 2.501 255.235 1783.4 95.52 83.08 .0362 4.48
C4 17.63 1.277 1.290 3.768 256.502 1730.6 100.86 83.79 -.0066 -0.86
C5 17.47 1.302 1.302 5.058 257.792 l'179.6 100.86 84.51 -.0066 -0.86

Adults 6.360 259.094
()
0
0



Appendix 14. Continued

Stage T(°C) SD I DT Real Time A S m M

N6.5 (.8415) (267.464) (100.0)
Cl 15.52 1.683 1.718 0.000 268.306 2750.5 91.71 91.71 .0504 8.29
C2 15.24 1.752 1.795 1.718 270.024 2625.9 94.18 86.37 .0334 5.82

V C3 14.92 1.837 1.861 3.513 271.819 2593.1 82.99 71.68 .1002 17.01
c4 14.75 1.885 1.887 5.374 273.680 2208.2 96.42 69.11 .0193 3.58
C5 14.74 1.888 1.888 7.261 275.567 2132.6 96.42 66.64 .0193 3.58

Adults 9.149 277.455

N6.5 (1.1745) (289.564) (100.0)
Cl 13.40 2.349 2.422 0.000 290.738 108.7 81.28 81.28 .0856 18.72
C2 13.06 2.494 2.543 2.422 293.160 93.8 91.81 74.62 .0336 8.19

VI C3 12.85 2.592 2.621 4.965 295.703 89.5 94.86 70.79 .0201 5.14
C4 12.73 2.650 2.753 7.586 298.324 86.8 116.20 82.26 -.0545 -16.20
C5 12.34 2.856 2.856 10.339 301.077 108.7 116.20 95.59 -.0545 -16.20

Adults 13.195 303.933

T= weighted temperature (°C) within cohort; SD = stage duration (days); 1= time interval between
midpoints of successive stage durations (days); DT = cumulative development time (days); Real Time
day of year; A area under abundance curve (copepod days); S = % survival between1successive stages;
S cumulative copepodte survival from stage N6; in mortality coefficient (days ); M finite
mortality rate (% day ).

C.
I-.



Appendix 15. Summary of data on predicted development of A. californienis in cohorts I-VT in
Yaquina Bay, 1973.

Stage T(°C) SD I DT Real Time A S ES m M

N6.5 (.600) (176.234) (100.0)
c:i 18.15 1.200 1.203 0.000 176.834 409.8 67.12 67.12 .3323 32.88
C2 18.12 1.20.5 1.206 1.203 178.037 276.2 47.73 32.05 .6138 52.27
C3 18.11 1.206 1.203 2.409 179.243 132.0 67.15 21.52 .3310 32.85
C4 18.15 1.200 1.196 3.612 180.446 88.2 81.72 17.59 .1688 18.28
CS 16.21 1.192 1.192 4.808 181.642 71.6 81.72 14.37 .1688 18.28

Adults 6.000 182.834
N6.5 (.550) (198.940) (100.0)

Cl 18.92 1.100 1.094 0.000 199.490 845.8 92.03 92.03 .0759 7.97
C2 19.03 1.087 1.080 1.094 200.584 769.2 99.54 91.61 .0043 0.46

II C3 19.16 1.072 1.06]. 2.174 201.664 755.1 101.05 92.57 -.0098 -1.05
C4 19.35 1.050 1.045 3.235 202.725 747.4 99.68 92.27 .0031 0.32
C5 19.44 1.040 1.040 4.280 203.770 731.9 99.68 91.98 .0031 0.32

Adults 5.320 204.810

N6.5 (.594) (224.725) (1000)
Cl 18.24 1.188 1.185 0.000 225.319 3163.6 92.50 92.50 .0658 7.50
C2 18.28 1.182 1.180 1.185 226.504 2911.5 98.09 90.73 .0163 1.91

III C3 18.31 1.178 1.181 2.365 227.684 2846.1 98.47 89.35 .0131 1.53
C4 18.27 1.184 1.198 3.546 228.865 2816.7 98.65 88.14 .0113 1.35
Cs 18.07 1.212 1.212 4.744 230.063 2844.4 9865 86.95 .0113 1.35

Adults 5.956 231.275
N6.5 (.633) (240.251) (100.0)
ci 17.32 1.326 1.334 0.000 240.914 2257.7 94.53 94.53 .0422 5.47
C2 17.23 1.341 1.334 1.334 242.248 2158.3 102.40 96.80 -.0176 -2.40

Iv C3 17.19 1.347 1.350 2.678 243.592 2220.0 88.24 85.42 .0927 11.76
C4 17.16 1.352 1.351 4.028 244.942 1966.3 116.60 99.59 -.1137 -16.60
C5 17.18 1.349 1.349 5.379 246.293 2287.7 116.60 116.12 -.1137 -16.60

Aaults 6.728 247.642
0



Appendix 15. Continued

I'll

Stage

N6. 5

Cl
n

C3
C4
CS

Adults

N6. 5

Cl
C2

c3
C4
Cs

Adults

T(°C)

17.27
17.07
16.87
16.54
16.27

14.08
14.08
14.13
14.06
14.01

SD

(.667)

1.334
1.368
1.403
1.464
1.517

(1. 04 75)

2.095
2.095
2.078
2.102
2.119

I DT Real Time A

(255. 790)

1.351 0.000 256.457 3007.8
1.386 1.351 257.808 3316.8
1.434 2.737 259.194 3471.0
1.491 4.171 260.628 3820.7
1.517 5.662 262.119 3878.3

7.179 263.636

(282. 695)

2.095 0.000 283.743 2623.7
2.087 2.095 285.838 2072.1
2.090 4.182 287.925 1534.9
2.111 6.272 290.015 1332.3
2.119 8.383 292.126 1199.3

10.502 294.245

S £S In N

(100.0)

107.53 107.53 -.0537 -7.53
102.04 109.72 -.0146 -2.04
105.49 115.75 -.0373 -5.49
97.96 113.39 .0138 2.04
97.96 97.96 .0138 2.04

(100.0)
78.98 78.98 .1126 21.02
74.68 58.98 .1399 25.32
85.81 50.61 .0732 14.19
89.30 45.20 .0536 10.70
89.30 40.36 .0536 10.70

T = weighted temperature (°C) within cohort; SD = stage duration (days); I time interval between
midpoints of successive stage durations (days); DT = cumulative development time (days); Real Time =
day of year; A =. area under abundance curve (copepod days); S = % survival between successive stages;

= cumulative copepoite survival from stage N6; m = mortality coefficient (days); M = finite
mortality rate (% day ).

0
d.)



Appendix 16. Summary of data on predicted development of A. californiensis in cohorts 1-VI in
Yaqu.ina Bay, 1974.

Stage T(°C) SD I DT Real Time A S m M

N6.5 (.626) (188.729) (100.0)
Cl 17.79 1.252 1.254 0.000 189.355 73.6 78.21 78.21 .1960 21.79
C2 17.77 1.255 1.265 1.254 190.609 57.7 69.43 54.30 .2884 30.57
C3 17.64 1.275 1.292 2.519 191.874 40.7 90.29 49.03 .0791 9.71
c4 17.43 1.308 1.268 3.811 193.166 37.7 75.78 37.15 .2187 24.22
C5 17.96 1.227 1.227 5.079 194.434 26.8 75.78 28.16 .2187 24.22

Adults 6.306 195.661

N6.5 (.498) (211.665) (100.0)
Cl 19.85 0.996 0.993 0.000 212.163 341.2 100.15 100.15 -.0015 -0.15
C2 19.92 0.989 0.985 0.993 213.156 339.3 83.37 83.50 .1847 16.63

II C3 20.01 0.980 0.986 1.978 214.141 280.3 122.09 101.94 -.2024 -22.09
C4 19.89 0.992 0.991 2.964 215.127 346.4 85.30 86.95 .1604 14.70
C5 19.91 0.990 0.990 3.955 216.118 294.9 85.30 74.17 .1604 14.70

Adults 4.945 217.108

N6.5 (.544) (225.252) (100.0)
Cl 19.02 1.088 1.097 0.000 225.796 1082.6 96.26 96.26 .0347 3.74
C2 18.88 1.105 1.113 1.097 226.893 1058.4 92.73 89.26 .0678 7.27

III C3 18.75 1.121 1.136 2.210 228.006 995.7 104.86 93.60 -.0418 -4.86
C4 18.52 1.150 1.160 3.346 229.142 1071.1 101.69 95.18 -.0144 -1.69
C5 18.38 1.169 1.169 4.506 230.302 1107.2 101.69 97.31 -.0144 -1.69

Adults 5.675 231.471

N6.5 (.563) (240.251) (100.0)
Cl 18.71 1.126 1.129 0.000 240.914 2083.8 93.95 93.95 .0553 6.05
C2 18.66 1.132 1.141 1.129 242.248 1968.2 93.33 87.68 .0605 6.67

IV C3 ].8.53 1.149 1.160 2.270 243.592 1864.5 90.42 79.28 .0868 9.58
C4 18.37 1.170 1.177 3.430 244.942 1716.7 103.97 82.43 -.0331 -3.97
C5 18.27 1.104 1.184 4.607 246.293 1806.2 103.97 85.70 -.0331 -3.97

Adults 5.791 247642
C,



Appendix 16. Continued

Stage T(°C) SD I OT Real Time A S m M

N6.5 (.5735) (255.790)
Cl 18.55 1.147 1.160 0.000 256.457 2240.0
C2 18.35 1.173 1.190 1.160 257.808 1947.8

V c3 18.10 1.207 1.228 2.350 259.194 1839.4
c4 17.82 1.248 1.268 3.578 260.628 1666.0
c5 17.56 1.287 1.287 4.846 262.119 1759.4

Adults 6.133 263.636

N6.5 (.8345) (282.695)
Cl 15.58 L669 1.682 0.000 283.743 2786.1
C2 15.47 1.695 1.714 1.682 285.838 2523.3

VI C3 15.32 1.732 1.758 3.396 287.925 2326.8
C4 15.12 1.783 1.831 5.154 290.015 2068.5
CS 14.77 1.879 1.879 6.985 292.126 1983.9

Adults 8.864 294.245

(100.0)
85.03 85.03 .1398 14.97
91.77 78.03 .0722 8.23
87.60 68.36 .1078 12.40

102.41 70.00 -.0188 -2.41
102.41 71.69 -.0188 -2.41

(100.0)

89.18 89.18
90.24 80.48
86.36 69.50
91.01 63.25
91.01 57.56

.0681 10.82

.0599 9.76

.0834 13.64

.0514 8.99

.0514 8.99

T = weighted temperature (°C) within cohort; SD = stage duration (days); I = time interval between
midpoints of successive stage durations (days); DT = cumulative development time (days); Real Time =
day of year; A = area under abundance curve (copepod days); S = % survival between successive stages;

= cumulative copepodite survival from stage N6; m mortality coefficient (days1); M finite
mortality rate (% day).
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