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ABSTRACT 

The chaetognath Sagitta enflata dominates the standing stock of 

macrozooplankton,and of planktonic carnivores, in the southern basin 

of Kaneohe Bay. During 1973-74, sampling with vertical net hauls showed 

no horizontal patchiness in the population. The abundance varied 

temporally, mainly over periods of months; shorter-term variations were 

similar to those expected between replicate hauls. Between 1968-69 and 

1973~74, both the stock and the dominance of Sagitta in the community 

increased; both may be related to enrichment of the basin with sewage. 

Individual Sagitta eat an average of seven prey items per animal 

per day. The ration in terms of nitrogen or other weight measures 

varies with animal length, larger Sagitta ingesting more material each 

day, but smaller Sagitta ingesting a larger fraction of their own body 

weight daily. Sagitta's predation has little impact on the prey 

populations, other than Oikopleura, which is the main food of larger 

Sagitta. 

Sagitta excretes ammonium and phosphate at rates roughly similar to 

other zooplankton of similar size. When feeding is prevented during 

excretion experiments, the specific excretion ratE~s decrease rapidly 

with time, approaching those observed in laboratory-starved animals. 

Like other zooplankton, Sagitta has higher NIp ratios in its body tissue 

than its prey; its soluble excreta thus have a still lower ratio. 

Despite its abundance and dominance of macroplankton stock, Sagitta is 

only a minor contributor to nutrient regeneration in the southern basin, 

which is to be expected, based on its trophic posi.tion. 
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The population's rates of growth and mortality were considerably 

higher than the net change in the stock during most periods analyzed. 

The instantaneous rates of birth and death are strongly correlated, 

suggesting a feedback mechanism regulating the population. 

The population incorporates carbon at about 1% of the rate of 

primary production in the basin. This is consistent with ecological 

efficiencies of 10% at each of the two steps froln producers to 

herbivores to Sagitta's position as the dominant primary carnivore 

among the plankton. Most of Sagitta's production is probably consumed 

by predators in the southern basin. The major predator may be nehu, a 

fish taken for tuna bait from this and other nearby environments. 

With the planned diversion of sewage from tIle basin, it is likely 

that both the stock and the dominance of Sagitta in the southern basin 

will decrease. 
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INTRODUCTION 

Chaetognaths are an obvious, abundant component of the macroscopic 

zooplankton in the southern basin of Kaneohe Bay (Piyakarnchan.a, 1965; 

Clutter, 1973; Peterson, 1975; many informal obs4~rvers). Sagitta enflata 

Grassi, the only species of chaetognath so far identified in the bay, 

was recognized by the investigators mentioned as the dominant carnivore 

among the plankton. S. enflata is found worldwide in both open ocean 

and coastal waters, roughly between the fortieth parallels (Alvarino, 

1965). To date, the information collected about Sagitta in Kaneohe Bay 

concerns its standing stock, reproductive conditJlon, and choice of food 

items, with no attempts at determining the rates of its interactions 

wi th its environment. 

A modern concept of ecological niche is very complex (see, for 

example, Odum, 1971), including static and dynamic aspects of an 

organism's habitat and trophic relations, and itSJ "location" in a· 

hypervolume defined by its tolerable ranges of many environmental 

variables. This study attempts to collect and interpret a limited 

subset of this information. As the dominant planktonic carnivore in 

the system, Sagitta is expected to be important in the transfer of 

matter and energy from herbivorous zooplankton· to planktivorous fishes. 

As an abundant component of the zooplankton community, Sagitta might be 

expected to be a significant contributor to nutrient regeneration by 

means of its excretion products. The purpose of the work presented 

here is to describe and quantify the role of Sagi.tta in the ecosystem 
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of southern Kaneohe Bay. Estimates of Sagitta's rates of interaction 

with other components of the ecosystem are needed for this purpose, as 

well as estimates of its standing stock. 

Sagitta's interactions will be estimated here as broadly applicable 

average rates, or as ranges when averaging is not: appropriate. A 

rigorous budget of materials (as was done for nit:rogen and phosphorus 

with Calanus by Butler et al., 1969, 1970) can be~ prepared only from 

simultaneous attention to all component pools and rates, and is not 

attempted here. 

The elements nitrogen and phosphorus are emphasized in the analysis 

of Sagitta's role in this system, because a good deal of previous and 

ongoing research deals with the effects on the ec.osystem of enrichment 

with these elements by means of sewage discharge. Some attention is 

given to the numerical abundance of the population, and some other 

biomass measures, such as carbon, have been used at times, partly to 

make the results comparable to other work. 

The southern basin of Kaneohe Bay (Figure 1) has a surface of 

1.09 x 107 m2 , a volume of 7.36 x 107 m3, and thus an average depth of 

6.75 m (Schell et al., in prep.). The open water regions, where the 

samples for this study were taken, range in depth from about 7 m toward 

the southern shore to about 15 m near the channel to the north of 

Coconut Island. The basin is relatively isolated from the rest of the 

bay by coral reefs and by Coconut Island. Bathen (1968) described the 

slow, circular pattern of circulation in the basil~, and the exchange of 

water through the channels alongside the island r4;sulting from tidal 

flow. 
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Figure 1. The southern basin of Kaneohe Bay. The numbers and letters 

indicate stations sampled during this study. 
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The southern basin is the site of discharge for the Kaneohe 

municipal sewage treatment plant. There have been a number of attempts 

to estimate the effects of the discharge on components of the ecosystem. 

Those pertaining to the plankton will be cited in the following 

sections where appropriate. There have been estimates of production 

by phytoplankton (e. g., Lamberson, 1974) and by planktonic herbivores 

(Bartholomew, 1973) in the ecosystem. 

STANDING STOCK 

Standing stock is the best-studied aspect of Kaneohe Bay zoo

plankton ecology. Piyakarnchana (1963), Ziemann (1970), Clutter (1973), 

Bartholomew (1973), and Peterson (1975) analyzed plankton collections 

taken in the southern basin during the years 1963-1971. Hirota and 

Szyper (in press) analyzed a set of samples take!l in 1973-74. 

Macrozoop1ankton (that caught on .33 mm mesh) increased both in 

numbers and in biomass between 1963 and 1971 (Clutter, Peterson). 

Hirota and Szyper, however, reported an average concentration for 

1973-74 of 2.86 mg nitrogen/m3, less than the 1968-69 level of about 

7 mg N/m3 (calculated by the authors from Peterson's dry weight 

estimates). Sagitta was the numerically dominant holoplankter in this 

size fraction in all collections, constituting 31% of all macrozoo

plankton in 1963-64 (Piyakarnchana), and 37% in 1968-69 (Clutter). 

Meroplankton, consisting mainly of barnacle naup1ii, are sometimes very 

abundant, sometimes absent, with an average relative abundance of 29% 

in 1968-69. 
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Microzooplankton (passing .33 mm mesh, caught on .064 or .035 mm 

mesh) had a concentration of 6.1 mg N/m3 in 1973--74 (Hirota and Szyper). 

These authors estimated that the microzooplanktol~ had in 1968-69 a 

concentration of between 1 and 2 mg N/m3 • 

It.therefore appears that the total zooplankton stock (macro- and 

micro- fractions) has changed little between the two studies, but that 

the distribution of the stock over the size rang1e sampled has shifted. 

The relatively greater abundance of small zooplankters in terms of 

nitrogen in 1973-74 was attributed by Hirota and Szyper to the effects 

of continued eutrophication in the southern Kanel:>he Bay ecosystem. 

Count data presented by the authors, however, shows that Sagitta is 

still numerically dominant among the macrozooplalClkton. 

Standing stock determinations are fundamental to any study of an 

organism's role in its community, and to studies of the rates of 

biological processes in ecosystems. Estimates Wlere therefore made, as 

described below, of Sagitta's standing stocks in the southern basin of 

Kaneohe Bay. 

Methods 

Vertical hauls to the surface from wi thin •. 5 to 1 m of the bottom 

were made with nets of two basic designs (Clutter, 1973). One net had 

a mouth diameter of .5 m, and consisted of .33 m~ Nitex in the shape of 

a cylinder 1 m long nearest the mouth, followed by a conical portion of 

about the same length, tapering to the cod end. The other net had a 

mouth diameter of .35 mm, anon-filtering collar which expanded the 

diameter to .5 m behind mouth, and from there consisted of a conical 
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net of .33 mm Nitex inserted within a longer (about 2 m) conical net 

of .035 mm Nitex, both cones having cod ends for 'the attachment. of 

collecting jars. These two nets were used either singly with bridled 

rings, or attached side-by-side to a common frame hauled from its mid

point, resembling a bongo net apparatus. 

All hauls with the double frame were taken from the Hawaii 

Institute of Marine Biology's research vessel, Salpa, and were hauled 

by winch at speeds approximating .5 mIse Hauls w:i.th the nets attached 

to single rings were usually made by hand from a skiff, and uniform 

speeds approximating the above were attempted. A TSK flow meter was 

used to estimate the volumes of water filtered and the nets' filtration 

efficiencies. When the double frame was in use, ()nly one of the nets 

was metered, and the length of the tow and the efficiencies were used to 

estimate the volume filtered by the unmetered net. 

The catches, with some exceptions for speciaJL purposes, were 

divided in two with a Folsom plankton splitter, and one half was 

preserved in 2% formalin/seawater. The other half was further subdivided 

when necessary, and fractions were collected on weighed GF/e glass fiber 

filters for determinations of weight and chemical content. 

Zooplankton stocks were determined as descrihed by Hirota and 

Szyper (in press). Briefly, samples were dried over two nights at 60e 

for dry weight determinations; some weighed dry samples were ashed at 

500e for four hours and re-weighed, for estimatioIl of ash-free dry weight 

as the weight lost during this treatment; other dry samples were ground 

and analyzed for carbon and nitrogen with the Hewlett-Packard F and M 

model 185 eHN Analyzer. 
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Live Sagitta were captured in short surface hauls for det,ermination 

of the relationships of length to dry weight, ash-free dry weight, and 

content of carbon, nitrogen, and phosphorus. Animals were pip1etted 

from the catch, measured to the nearest .5 mm under a dissecting 

microscope, placed on a small piece of fine mesh, rinsed with deionized 

water, and placed into appropriate containers for analysis. All 

analyses except that for phosphorus were made as described above, except 

that the animals were not placed on filters, nor were they gro1.1nd. Each 

determination was made on 1 to 15 animals, depending on their size. 

Phosphorus content was determined by digestion in concentrated sulfuric 

acid, followed by dilution of the solutions and a.nalysis for phosphate 

by the molybdate method (Beers, 1966; Butler et a.l., 1969). The 

precision of this method was comparable to that of the carbon and 

nitrogen analysis, on ground whole zooplankton: table 2 (page 13) 

shows that the coefficient of variation for nitrogen determinations on 

ground plankton is about 10%; the mean difference between paired 

analyses for phosphorus on the same material was 5.9% of the means 

(n=ll, s=6.l%). Tests for recovery of phosphorus from laboratory

cultured phytoplankton of known P-content gave yields in excess of 

80%. Since it is unknown whether the same compounds of phosphorus occur 

in all types of plankton organisms, no correction for yield was made on 

the results of analyses of zooplankton. 

The numerical abundances and length-frequency distributions of 

Sagitta were determined from the preserved material. Sagitta was found 

in the catches of both meshes. The catch of the larger mesh was 
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subsampled with a Folsom splitter, the fractions examined ranging from 

1/2 to 1/32 of the original whole sample~ the numbers.counted and 

measured ranging from 0 to about 300 animals (at least 90-100 when 

possible). The catch of the smaller mesh was subsampled with Stempel 

pipettes, the fractions ranging from 1/2 to 1/5010, and the numbers from 
. . 

o to about 100. Animals were measured with an ocular micrometer and 

placed into 14 1 mm size classes centered on whole millimeters from 

1 to 14 inclusive. In order to minimize effects of arbitrary decisions 

about animals of intermediate lengths, the resulting length-frequency 

(I-f) distributions were smoothed according to the function 

Ni = .5 Ni + .25(Ni _l + Ni +1) 

where Ni = the number of animals/m3 in size class i. 

The lengths, weights, and chemical contents of Sagitta were 

transformed to natural logarithms and analyzed by linear regression. 

Given these relationships, the weight or chemical content of the 

Sagitta population sampled by a given haul was calculated by 

multiplying each Ni by the weight or chemical content appropriate to 

an animal of length i, and summing these products over all i. 

The examination and analysis of preserved material described above 

was also performed on the catches obtained by Clutter (1973) during 

1968-69 at a station near the middle of the southern basin, where most 

of the hauls for the present study were taken. 

Hauls for the study reported here were taken between July 1973 

and April 1975, mostly between 17 October 1973 and 2 August 1974. 

Several studies were designed for special purposes, such as estimation 

of the variation in catches between replicate hauls, between stations 
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within the southern basin, and during various periods of time. Other 

hauls were taken to monitor the standing stocks, and to attempt to 

estimate the growth of Sagitta in nature between sampling dates. 

Results and Discussion 

The relationships of the length of ~. enflata to the weight 

measures mentioned above are given in table 1. The coefficient A was 

corrected for the bias in weight estimates resulting from this 

procedure, by the method of Beauchamp and Olson (1973), which increased 

the estimates by 1-2%. 

Since the length-weight relationships were derived from a.nalysis 

of live animals, but the population stock estimates were made from the 

length-frequency distributions of preserved catches, the effect of 

preservation on the lengths of animals was checked. Animals olf all 

lengths shrank at a rate that decreased withtimla to near zero after 

90 days. The final lengths averaged 95% of the original lengths 

(range: 93-97%, n=95). Seventy-five percent of the shrinkage took 

place on the first day of preservation, and 90% within the first two 

weeks. In calculating the weights of animals from their lengths, the 

lengths were first divided by .95 to correct for shrinkage, since 

nearly all samples were examined more than a month after collection. 

The effect of this correction on biomass estimat'~s varies depending on 

the shape of the l-F distribution, being larger when more large 

animals are present; it added about 10% to the estimate in the few 

cas es checked. 
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TABLE 1. -- Length-weight relationships for Sagit~ enf1ata 3 to 13 
mm long from Kaneohe Bay. A and B are the parame~ters in the equation 

weight in ~g = A x (length in n~)B, 
with their 95% confidence intervals, and the number of determinations, n. 

A. B n 

Dry weight .253 ± .0080 2.92 ± .12 41 

Ash-free dry .247 ± .0125 2.61 ± .26 11 
weight 

Carbon .0567 ± .00245 2~83 ± .12 46 

Nitrogen .0149 ± .00065 2.85 ± .13 46 

Phosphorus .000842 ± .000038 2.87 ± .14 45 
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In order to estimate the contribution of various factors to the 

variability of the standing stock estimates, a nested analysis of 

variance (Snedecor and Cochran, 1967) was perfonned on the stock 

estimates from south basin hauls, after transforlnation of the data to 

base-ten logarithms. The coefficients of variation (table 2) were 

obtained as described by Winsor and Clarke (1940). The differences 

between sampling dates are the largest source of variation in all 

stock estimates. The differences between duplicate subsamples from the 

plankton splitter, and between duplicate chemical analyses, are 

relatively minor compared.to other sources of error. Variations 

among replicate hauls (less than one hour apart), "stops" (return 

visits to a station on the same day, more than one hour apart), and 

stations were similar. The coefficients for stations were slightly 

higher than for hauls and stops, but the differences were not 

significant (F-tests, p>.05). This indicates that, for the period 

sampled, there was no detectable aggregation of the Sagitta population 

on the scale of precision determined by replicatE! hauls. Ziemann (1970) 

reported horizontally random distributions of Sagitta taken in surface 

samples in the southern basin in the daytime with a Longhurst-Hardy 

sampler, which further supports the above conclusion. 

Horizontal differences in the abundance of Sagitta in the 

southern basin, when they exist, are detectable, with these sampling 

methods, only on a large scale. On 9 January 1974, ten stations in the 

basin were sampled in random sequence as rapidly as possible (about two 

hours). The results, shown in Figure 2, indicate only station 9 

differing greatly from all its nearest neighbors. This station was 
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TABLE 2. -- Coefficients of variation of standing stock estimates due 
to various factors, obtained from analysis of variance performed on 
log-transformed data. The parentheses contain tIle degrees of freedom 
for each coefficient. "Stops" are return visits to a station during 

a day, more than one hour apart. 

Sagitta Zooplankton 

Source of Mesh Size 
Variation (mm) 111m3 mg N/m3 mg N/m3 

Chemical .33 .087 (12) 
analysis .035 .137 (16) 

Splits .33 .141 (9) 
.035 .083 (2) 

Replicate .33 .403 (30) .492 (26) .506 (13) 
hauls .035 .163 (16) 

total .273 (14) .603 (14) 

Stops .33 .446 (22) .561 (16) .542 (10) 
.035 .283 (21) 

total .334 (15) .519 (15) 

Stations .33 .660 (17) .834 (17) .563 (10) 
.035 .461 (14) 

total .397 (14) .685 (14) 

Dates .33 5.49 (35) 4.39 (35) 4.59 (14) 
.035 1.43 (7) 

total 2.34 (23) 3.28 (23) 
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Figure 2. The numerical abundance of Sagitta (animals/m3, all 

sizes captured) during the synoptic survey of 

9 January 1974. The stations were sampled in the 

randomly-chosen order: 5,3,6,1,7,10,9,2,8,4. 



15 



16 

near a submerged patch reef previously found to harbor high concentra

tions of zooplankton (Ziemann, 1970). A comparison of the repeatedly 

sampled stations with respect to their distance from the sewage outfall 

site (table 3) shows undetectable or marginal differences in Sagitta 

abundance along a transect leading away from the site. The similarity 

of the variation in stock estimates caused by differences between 

replicate hauls and by differences between stations may be due either 

to a relative homogeneity of the population in the basin, or to 

movement of aggregations past a station in times short enough to cause 

"replicate" hauls (usually taken ten to thirty minutes apart) to differ 

as much as the stations do. Piyakarnchana (1965) found rapid movements 

of surface water in the basin (.2-1 km/h), and Bathen (1968) measured 

speeds of about .2 km/h below the surface. Such speeds are sufficient 

to make the latter explanation possible, but it c~annot be confirmed 

without estimates of the dimensions of aggregations. 

There is no evidence that Sagitta in the southern basin exists in 

more than one subpopulation distinguishable by si.ze. The l-f 

distributions in the samples were variable, but in general resembled 

that shown in Figure 3. The most common departures from this shape 

involved larger proportions at lengths greater than 9 mm, and smaller 

proportions under 4 mm, sometimes both. Neither duplicate splits nor 

hauls ever had distributions differing significantly at the .05 level 

(Kolmogorov-Smirnoff test, Tate and Clelland, 1957). It was very rare 

for consecutive stops or stations to do so (one case each out of 15 
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TABLE 3. -- Abundance of Sagitta in the southern basin of Kaneohe Bay 
(number/m3, .33 mm mesh only) in relation to the location of the 

municipal sewer discharge point. 

"near" "middle" "far" 

Stations: 7,C 3,B 1,2(A) 

Date 

31 Oct. 73 337 58 205 
411 105 133 
283 188 206 
402 149 

21 Dec. 73 36 23 
44 

9 Jan. 74 556 545 567 
411 

16 Jan. 74 384 319 
250 

4 Feb. 74 627 518 
725 

7 Mar. 74 1050 640 
779 688 

21 May 74 2290 2190 
1040 
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Figure 3. The distribution of population numbers and nitrogen content 

over the length range of SagittCl, for·the period 15 July -

2 August 1974. The curves represent more than 1,000 

animals measured. 
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and 18 comparisons~ respectively). A sampling date differed from the 

previous or subsequent one in this respect less than half the time. 

Although Sagitta longer than 4 mm constitute a relatively small 

proportion of the population numerically (Figure 3), they account for 

most of the weight by any measure. The shortest length captured 

quantitatively by the .33 mm mesh is about 4 mm (almost no 4 mm Sagitta 

were seen in microplankton samples which passed through the .33 mm mesh). 

About one-third of the sampling dates were represented by macroplankton 

hauls only~ which neglected a small portion of the population mass. 

Three series of vertical hauls at a single station, each spanning 

more than 24 hours, were taken to assess possible variation in stocks 

related to the diel or tidal cycles (Figure 4). 'There was no apparent 

relationship between Sagitta abundance and the state of the tides, and 

in fact the temporal variations are usually of the same magnitude as 

the differences between replicate hauls. This indicates in addition 

that the vertical hauls were successful at integrating the abundance 

over its vertical distribution, so that stock estimates were not 

dependent on the population's degree of aggregation at particular depths, 

nor upon any vertical migrations it might undertake. It has been 

estimated (J. Caperon, unpublished data) that no more than one-eighth 

of the water in the southern basin can be exchanged with the surrounding 

waters in a day as a result of tidal flushing. Variation from the other 

sources discussed is therefore expected to obscure any effects of the 

tides on zooplankton standing stocks. 
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Figure 4. The numerical abundance of Sagitta caught on .33 mm mesh 

(closed circles) during the overnight sampling programs. 

The dashed lines indicate the tidal height. A: 27-28 

November 1973 near station 10; B: 6-7 February 1974, and C: 

27-28 March 1974, both at station 3. 
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Longer periods of variation in Sagitta abun.dance are illustrated 

in Figure 5. Only the catches of the larger mesh are plotted, in order 

to permit comparison of the two later studies wi.th Piyakarnchana's 

(1965) catches from 1963-64 (frame A), which were taken with .285 mm 

mesh. The comparison may be of limited value, however, because the 

1963-64 samples were taken horizontally at the surface during the day. 

This could result in consistent underestimates if the population 

migrates vertically in a diel pattern, as Piyakarnchana's own study 

suggests it does. This underestimation may partly account for the low 

abundances shown for that time compared to the other two periods, which 

are represented by vertical hauls. In 1973-74, the abundance of 

Sagitta at station 3, near the center of the southern basin, was 

highest during winter-spring, and lowest the previous fall and the 

following summer (frame C). In the same location in 1968-69 (Clutter's 

hauls, frame B), the months of high and low abundance were roughly 

reversed, indicating that the fluctuating abundance of Sagitta is not 

closely tied to the seasons of the year. The abundance of food or 

predators are therefore likely controlling factors, and these will be 

discussed in later sections of this report. 

Average standing stocks of Sagitta during 1968-69, and for the 

period 17 October 1973 to 11 October 1974, were Icalculated by numerical 

integration according to the trapezoid rule, as was done by Hirota and 

Szyper (in press) for total zooplankton samples. The raw data from the 

hauls are in appendix A; the average stocks of Sagitta, along with some 

total zooplankton data taken from Hirota and Szyper, are presented in 

Table 4. The Sagitta stock, expressed as nitrogen concentration, 
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Figure 5. The abundance of Sagitta in the southern basin of Kaneohe 

Bay, 1963-74. A: Points represent average abundances from 

several surface hauls on three tracks in the basin, 1963-64; 

data from Piyakarnchana (1965). B: Points represent 

single hauls from 11 m depth at the center ·of the basin, 

taken by Clutter (1973) during 1968-69. C: Points 

represent vertical hauls from within .5 to 1 m of the 

bottom (12-13 m), taken during this study in 1973-74 at 

station 3, near the location of sampling in 1968-69. Mesh 

of .33 mm was used in the latter twostudie:s; .285 nun mesh 

was used in 1963-64. 
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TABLE 4. -- Average standing stocks of Sagitta and total zooplankton 
in the southern basin of Kaneohe Bay. The figur'es in parentheses are 
the standard errors, followed by the number of stock estimates involved 

in the averages. "Macro" refers to the cat,ch of .33 mm mesh. 

Sagitta 

macro 
total 

mgN/m3 macro 
total 

zooplankton 

mgN/m3 macro 

carnivorous 
zooplankton 

mgN/m3 macro 

1963-64 1968-69 

233 (ll.2,24)a 475 ( 9.8, 26) 
1165 (17.8, 23) 

1.88 (.052, 26) 
1.94 (.074, 23) 

a caught on .285 mm mesh in surface hauls 

b taken from Hirota and Szyper (in press) 

1973-74 

646 (13.9, 36) 
2151 (37.9, 24) 

2.27(.057, 36) 
2.51 (.104, 24) 

2.86b 
9.5 b 
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increased about 30% between 1968-69 and 1973-74. If the older 

preserved animals have shrunk in length more tha.n the more recent ones, 

the 1968-69 stock has been underestimated, and the true increase may 

not be as great. The two different mesh sizes used to retain micro

zooplankton do not contribute to differences between the two studies, 

because both small meshes retain all sizes of Sagitta. The increase, 

however modest, in the Sagitta stocks is worthy of note because total 

macrozooplankton, as mentioned earlier, decreased by about half between 

1968-69 and 1973-74. Sagitta's dominance of the macroplankton, 

discussed earlier in numerical terms, must therefore have increased 

substantially over the five-year period. Sagitta captured on .33 mm 

mesh during 1973-74 constituted 79.2% of total m,acrozooplankton nitrogen. 

A slightly smaller Sagitta stock in 1968-69 could not have accounted 

for even half of the then-larger macrozooplankton stock. The table 

further indicates that in 1973-74, Sagitta accounted for nearly all 

(99.1%) of planktonic carnivore stock, expressed as nitrogen 

concentration, on an average basis. 

Sagitta's dominance among planktonic carnivores appears to have 

begun before 1968, and may be related to the enrichment of the ecosystem 

with sewage since the time of Piyakarnchana's study in 1963-64. He 

found that Sagitta constituted 67% of the planktonic carnivores, by 

numbers; Clutter's figure for 1968-69 was 86.8%. Another effect of 

enrichment may be the smaller average size of Sagitta (N-content! 

numerical abundance) in 1973-74 compared to 1968-69 (see table 4). 

This change parallels the shift in the size distribution of zooplankton 
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in the southern basin in general, which Hirota and Szyper reported and 

attributed to trophic conditions favoring smaller animals, brought on 

by enrichment. 

It is not possible to make a rigorous estimate of the confidence 

limits on the time.-integrated abundance figures in table 4, because 

there were a number of dates when only one sample was taken, and so the 

variance of the standing stock measures for thosle dates cannot be 

calculated. Approximate confidence intervals were obtained for the 

estimates of the standing stocks of Sagitta,from both the 1968-69 and 

the 1973-74 studies, in the following way. 

Hirota (1974) showed that the variance of a time-integrated 

estimate such as those involved here could be calculated if the 

sampling variance on each date was known. The coefficients of 

variation in population estimates due to variation among replicate 

hauls (table 2) were used to estimate the variance of the stock 

estimates for each sampling date. The coefficients times the stock 

estimates yield the standard deviations, which were squared to obtain 

the variances. The formula used by Hirota may be written: 

var Y = E(var Xi) (ti)2 where 

Y is the estimate of average stock, 

i indicates the sampling date, 

X is the stock estimate on each date, and 

t is the fraction of the study period represented by each sampling date. 

Since all sampling dates in 1968-69 were represented by single 

hauls, no variance estimates could be made unless the coefficients of 



variation used above were applied to these samples also. It is 

reasonable to do so because the sampling gear was nearly identical 

for the two sampling programs. 

The 95% confidence interval for the yearly ,average estimate of 

Sagitta's nitrogen biomass was 2.51 ± .21 mgN/m3 for 1973-74, and 

1.94 ± .15 for 1968-69. The difference between the two periods is 
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thus significant considering the precision of thl~ estimates. This does 

not preclude the possibility that year-to-year variation in the stocks 

is so great that the difference between the two periods analyzed is 

ecologically unimportant in the long term. Despite this possibility, 

Peterson's (1975) comment that in 1968-69 "Sagitta enflata ••• had 

average and peak abundances never before seen" indicates a likely 

trend of continuing increase in the standing stock of Sagitta through 

the present. 

The standing stock of the Sagitta population in terms of any of the 

measures in table 1 can be calculated from any of the others. Since all 

the values of B except that for ash-free dry weight have overlapping 

confidence intervals, approximate conversions among the different 

measures can be made using the parameter A in the~ following way. To 

convert a stock estimate from substance 1 to substance 2, multiply the 

stock in terms of substance I by the ratio A2/Al. An alternative is 

to calculate from tables 1 and 4 that the average nitrogen content 

per animal in 1973-74 corresponds to an animal of about 7 rom length for 

animals caught on .33 rom mesh, and to about 4.5 mm length for the total 

population. Using table 1 to calculate the contents of all the 



substances for animals of those lengths gives the weight ratios 

DW:AFDW:C:N:P = 

331:177:62.3:17.0:1 for animals caught on .33 mm mesh; and 

324:198:63.4:17.2:1 for the total population. 
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These ratios indicate that Sagitta in Kaneohe Bay is richer in 

carbon relative to nitrogen, and richer in nitrogen relative to 

phosphorus, than the "average" ratios given by Redfield et al. (1963) 

as those expected for zooplankton. Beers (1966), however, found wide 

variation among taxonomic groups of zooplankton. The chaetognaths he 

analyzed deviated in content from Redfield's ratios in the same 

direction as Sagitta from Kaneohe Bay. Some explanation for such 

deviation will be attempted later in this report .• 

FEEDING 

The feeding of zooplankton has been studied by examination of 

preserved catches, by laboratory experimentation l • and by means of 

mathematical models of the relationships of factors affecting feeding. 

All these methods have been used here in an atten~t to describe and 

quantify the feeding of Sagitta enf1ata in Kaneohe Bay. 

Since most chaetognaths are transparent when alive, and at least 

partially so when preserved, observations of their ingested food items 

are easy, and have been made frequently (reviewed by Nagasawa and 

Marumo, 1973; Pearre, 1973). Chaetognaths are known to feed on 

organisms of a wide range of size and taxonomic position, from phyto

plantkon and protozoa through most major zooplankton groups and larval 
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fish. Non-motile food items, however, are taken only rarely, and the 

phylum is considered generally carnivorous. Piyakarnchana (1963) lists 

the three most frequent food items of ~. enflata in Kaneohe Bay as 

Sagitta itself, copepods, and Oikopleura, in that order. Examination 

of preserved catches has also been used to establish that some~ 

chaetognaths in nature feed more at night than during the day (Nagasawa 

and Marumo, 1973; Pearre, 1973). 

Reeve, Cosper, and Walter (1975) have criti,cized observations of 

the food items of preserved chaetognaths as subject to effects of the 

processes of capture and preservation. This section includes attempts 

to evaluate such effects. 

Because chaetognaths are delicate and somewhat intolerant of 

laboratory handling, there has been relatively little experimentation 

on this group compared to crustacean zooplankton (Reeve, 1970). Parry 

(1944) performed some of the earliest feeding and digestion experiments, 

observing that Sagitta fed "more readily" in the dark than in the light, 

and digested its copepod food in about five hours. Reeve (1964) found 

~. hispida capable of ingesting more than 50 Art~~mia nauplii per day in 

the laboratory, a ration amounting to more than 60% of its own body 

weight. Reeve and Walter (1972) showed that, when offered a mixture 

of zooplankton from its natural environment,·Sag:ttta selected items of 

sizes directly related to its own length. Food items of intermediate 

size, however, were eaten by Sagitta of all lengths, and thus small 

Sagitta ate relatively larger items than large Sagitta did. 
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The summary presented by Nagasawa and Marumo (1973) shows 

residence times of food items in the guts of chaetognaths ranging from 

40 minutes (§... enflata digesting~. friderici)1:0 six hours <.~. crassa 

digesting the copepod Tigriopus). Cosper and Reeve (1975) gave three 

to four hours as the residence time of Artemia nauplii in laboratory

fed §... hispida. Some species of chaetognaths are apparently unsuitable 

for some types of experimentation, since Fraser (1969) was unable to 

induce~. elegans to feed in the laboratory. 

Because laboratory experiments on feeding can be affected by many 

aspects of experimental design (e.g., Anraku, 1964), and because some 

experimental results (discussed below) suggested that~. enflata did 

not feed naturally when confined in vessels in the laboratory, the 

feeding rate of Sagitta was not studied here by direct experimentation. 

The process of digestion, it was hoped, would-be relatively less 

affected by some experimental variables, such as the size of the 

experimental vessel for example, because the food item is alre~ady 

isolated from the environment, in the gut of the animal. Observations 

were made of the time required for the digestion of food, both by 

individual animals and by subsamples of the natural population. 

Nagasawa and Marumo (1973) used their observations of food in the 

guts of preserved animals, and estimates of digestion times made by 

others, to estimate the feeding rate of §... nagae in nature. Their 

approach may be formalized as follows: Assume that all animals'in the 

population are equally likely to feed, and that units of food (mass or 

items) are cleared from the gut by digestion and defecation at a 

constant rate, b units/hr. On a steady-state basis, b is equivalent 
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to the maximum possible feeding rate, because a greater rate would fill 

the gut faster than it could be emptied. Animals can, however, feed at 

greater. rates for short periods when the gut is not full (Reeve, 1964) • 

. If an animal feeds at a rate of f units/hr (with -the steady-state 

restriction that f·< b), food will be found in the gut during a fraction 

of the time equal to fIb. This is the probability that a given animal 

has food in its gut when captured, and with all animals equally likely 

to feed, is the same as the fraction, p, of the population with food 

in the gut. Therefore f = b.p,andthe feeding rate may be estimated 

from digestion time and the fraction containing food; which can be 

observed in preserved catches, assuming that b is fairly constant. 

This model is_related to one whose development was reviewed by Holling 

(1966), in that the maximum feeding rate is determined by processing 

time of captured material. 

Although an animal adding food to its gut at a rate equal to the 

rate at which the gut is cleared should always have some food, no study 

of chaetognath gut contents has found the fraction p to be anywhere 

near 1 (Fraser ,1969; Nagasawa and Marumo ,1973; Pearre, 1973)., In the 

model described by Holling,feeding rates below the maximum are 

determined by the concentration of food, such that the animal cannot 

find food items fast enough to saturate the processing capability. 

This seems an unlikely explanation for p being mUlch l~ss than one in 

environments with abundant food for chaetognaths, such as Bedford Basin, 

the site of Pearre's (1973) study, where the concentrations of copepods 

ranged from 6,000-12,000 animals/m3. Reeve (1963) argued that it would 
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not be advantageous for an animal to ingest food beyond an amount 

sufficient for maximum growth. If this amount is obtained at feeding 

rates below that permitted by digestive capacity, additional feeding 

would be disadvantageous both because it requires the expenditure of 

energy, and because it exposes the feeder itself to a greater risk of 

being eaten (Pearre, 1973). The motility of Sagitta's food may also 

be a factor limiting feeding to less than the digestive capacity, 

because encounter of an item does not necessarily imply its capture. 

Neither of these explanations can be evaluated without knowledge of the 

animals that can be obtained only by long laboral:ory culture, which was 

not attempted here. 

Estimates of Sagitta's rate of feeding in n,ature will be attempted, 

based on the model described above. 

Methods 

Samples to be preserved for analysis of Sagi.tta's diet were 

preserved in the field by emptying the cod-end bucket into a glass jar 

containing sufficient formalin to make the concentration about 2% upon 

mixing with the sample. The vertical hauls, as mentioned, took about 

30 seconds, and the time from the start of the haul to preservation was 

less than two minutes. Samples treated in this manner were available 

from the overnight series taken on 6-7 February and 27-28 March 1974, 

the series of ten sampling dates during April 1975, and from six other 

sampling dates during 1974-75. Methods for the examination of preserved 

hauls have been described in the previous section. 



35 

Live animals were .obtained by short surfacE~ hauls taken from a 

skiff with a net of .33 rom mesh. The boat drifted during the hauls when 

the wind speed was sufficient, or was otherwise kept under way at 

minimum speed. The catch was diluted with surface water in a bucket, 

and returned to the laboratory. 

Observations of the digestion of food ite~1 by individuals were 

made by pipetting live animals from the catch irlto finger bowls 

containing filtered seawater. The animals were examined at intervals 

of about five to ten minutes under a dissecting microscope; the time 

and the condition of the gut contents were noted. The time of gut 

emptying was taken as the mid-point of an interval between observations 

whenever defecation was not actually observed. 

Average digestion times for subsamples of the natural population 

were obtained by dipping aliquots of about 100 IIlll from a bucket 

containing freshly captured plankton, and gently placing them into 

glass jars containing about 800 ml of filtered seawater. The jars, 

containing about 20 to 200 Sagitta, were incubated at ambient air 

temperatures for durations of 10 minutes to 2.5 hours. At the end of 

the incubaction periods (and at zero elapsed time), the animals were 

killed by pouring the water from the experimental vessels into jars 

containing formalin. All animals were examined for gut contents, the 

identity of the item being noted when possible. All animals containing 

food were measured; the population length-frequency distributions were 

determined from the zero-time vessels in each experiment. 
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Results and Discussion 

Analysis of Preserved Catches 

The food items found in preserved Sagitta were identified from 

some of the catches preserved in the field on each date for which both 

day and night hauls were available, and from the hauls collected for 

laboratory experiments. Equal numbers of day and night hauls were used. 

Few additions were made to the list of items identified by Piyakarnchana 

(1965), as may be seen from table 5. Of the food items observed, 

75.2% were identified and placed into five classies, as. shown in table 6. 

The "oval-shaped objects," classed with unidentified items by 

Piyakarncharta, were identified as ciliates and will be discussed 

further below. Ignoring them for the present, the three most frequent 

items in Sagitta's diet are small copepods, Oikop1eura, and Sagitta, 

in that order. 

The same three classes predominated in the 1965 study, but at 

that time Sagitta as a food item was first rather than third, and the 

copepods were larger species. These differences could be at least 

partly caused by the increasing abundance of microcopepods and 

Oikop1eura during the past decade (Bartholomew, 1973; Clutter, 1973). 

It is also possible that the dominance of Sagitta in the earlier diet 

was caused by the very high densities of animals in the cod end of the· 

net resulting from the long-duration tows taken under way. 

Nearly all gut contents observed consisted of single items 

(95.7% of all "fed" animals), and nearly all the exceptions consisted 

of only two items. 



TABLE 5. -- Identified food items of Sagitta enflata in Kaneohe Bay 

Chaetognaths 

Sagittal 

Tunicates 

Oikopleural 
ascidian larvael 

Copepods 

Undinulal 
Labidoceral 
Paracalanusl ,2 
Oithona 
Euterpina 

Other crustaceans 

Evadnel 
crab zoeal 
ostracodsl,3 
shrimp larvael 
barnacle nauplius 

1 Observed by Piyakarnchana (1965) 

2 Now identified as Acrocalanus 

3 May have been barnacle cypris 

Mollusks 

clam veliger 

Vertebrates 

fish larvael 

Dinoflagellates 

Ceratium 
Peridinium 

C'l' 4 1. 1.ates 

4 Piyakarnchana's "small oval-shaped objects" 
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TABLE 6. -- Frequency of major food items in the diet of Sagitta enf1ata in Kaneohe BaYt with 
their average content of nitrogen and phosphorus 

Percent Ignoring N-Content P-Content 
Item Percent of Diet Ciliates ]..Ig/anima1 ]..Ig/anima1 

copepods 38.3 53.0 0.031a 0.00261b 

ciliates 27.8 

Oikop1eura 21.1 29.2 0.716c 0.0768 

Sagitta 5.9 8.2 1.17 0.0678 

other 6.9 9.6 0.355d 0.0326 

total 100.0 100.0 

a calculated from the data of Bartholomew (1973). 

b calculated from N/P ratio of 26.3 by atoms t from analysis of microzoop1ankton. 

c Nand P content determined on 132 animals collected with .33 mm mesh •. 

d Nand P content taken as the weighted average content from identified items. 

w 
00 
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Sagitta in Kaneohe Bay, like other chaetognaths studied by 

Nagasawa and Marumo (1973) and by Pearre (1973), contain more food 

items at night than during the day. The day and night levels of p, 

the fraction of the population containing food, are fairly constant, 

with relatively rapid transitions at dawn and dusk. The diel variation 

in p is shown in Figure 6. 

Levels of p in preserved samples can be affected by the processes 

of capture and preservation, as discussed by Reeve, Cosper, and Walter 

(1975). Nagasawa and Marumo (1973) did not believe that their results 

were significantly affected by feeding by the animals in the cod-end 

bucket during the hauls, because only about 10% of the animals with 

food in their catches had food items forward of the rearmost portion 

of the gut. In the present study, the fraction was less tha~ 3% • 

. Some bias toward over-estimation of p remains possible in both studies, 

however, because food may be ingested and moved to the rear of the gut 

in times shorter than the duration of the hauls. Reeve et al. (1975) 

gave a minimum time of eight seconds for ~. hispida; I have twice 

observed the movement of an item from just behind the head to the rear 

of the gut of ~. enflata, once in 30 seconds, another time in less than 

two minutes. 

There is evidence, however, that there was little or no augmentation 

of the p levels in this study, resulting from feeding in the cod end or 

from seizure of food upon contact with formalin. On 27-28 March 1974, 

replicate hauls taken at each sampling time were placed into jars 

without formalin and returned to the laboratory for splitting and 

further processing (described in the previous section). Halves of these 
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Figure 6. The diel cycle of feeding by Sagitta enflata in Kaneohe 

Bay. The dark bars indicate hours between sunset and 

sunrise; closed circles represent samples preserved in 

the field; open circles represent duplicate samples whose 

preservation was delayed by return to the laboratory. 

A: duplicate hauls taken on 6-7 February 1974. B: 

duplicate hauls taken on 27-28 March 1974. All sampling 

at station 3. 
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catches were preserved in the laboratory about 20 minutes after capture. 

In all cases but one (Figure 6-b), the p levels decreased during the 

delay in preservation, indicating that small losses, rather than gains, 

in p may have taken place during the capture and preservation times of 

less than two minutes in the case of field-preserved catches. The 

magnitude of the decreases shown in the figure is usually consistent 

with estimates of the animals' rate of digestion of food items 

(discussed later), indicating that preservation did not cause large 

losses of food items either. 

The levels of p in both day and night hauls over the course of 

this study (table 7) vary relatively little, having coefficients of 

variation of only 19% of the day mean of 22.6% fed, and 12.5% of the 

night mean of 36.5% fed. The means are similar to those found by 

Pearre, and somewhat higher than those found by Nagasawa and Marumo. 

The levels of p were not significantly correlated with the concentra

tions of micro zooplankton in mg nitrogen/m3 during either overnight 

sampling series (p>.05) , nor for the whole study. Microzooplankton 

stock was taken to represent Sagitta's food supply because this 

fraction contains Sagitta's most frequent food items, the microcopepods, 

and the smaller individuals of the. Oikopleura populations. 

The presence of high concentrations of zooplankton food i.n Kaneohe 

Bay, the lack of correlation of the p levels with these concentrations, 

and the relative constancy of the p levels indicate that the feeding 

rate of Sagitta in the southern basin is not li~ited by the concentra

tions of food. The feeding response, however, appears to have reached 

a maximum constant level far below that determined by digestive 
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TABLE 7. -- The fraction of the population of Sagitta containing food, 
in hauls preserved in the field. 

Fraction with Food Number 
Date Time Day Night Twilight Examined 

1974 
06 Feb 1700 .277 112 

.229 109 
2000 .364 77 

.379 116 

07 Feb 0010 .280 107 
.303 122 

0515 .383 81 
.333 93 

0910 .239 92 
.198 126 

07 Mar 0950 .261 157 
1030 .217 120 

27 Mar 1010 .227 238 
1430 .167 114 
1840 .455 101 
2130 .383 120 

28 Mar 0230 .374 155 
0610 .257 183 
1010 .126 167 
1515 .236 106 
1915 .379 177 

30 Apr 1100 .309 175 
2000 .448 145 

21 May 0925 .279 122 
1030 .264 144 
1045 .235 98 



TABLE 7. (Continued) The fraction of the population of Sagitta 
containing food, in hauls preserved in the field. 

Fraction with Food Number 
Date Time Day Night Twilight Examined 

1975 
04 Apr 1030 .236 144 

07 Apr 1030 .266 128 

09 Apr 1030 .234 158 

11 Apr 1030 .165 206 

14 Apr 1030 .152 191 

17 Apr 1030 .278 180 

19 Apr 1030 .191 199 

22 Apr 1030 .212 184 

25 Apr 1030 .219 146 

28 Apr 1030 .229 118 

04 Jun 1040 .210 300 

16 Jun 2030 .393 67 

01 Ju1 0610 .298 299 

Total 5,677 

Means .226 .365 .337 
Std. Dev. .043 .046 .104 
Number Obs. 25 11 3 
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capacity, since p never approaches 100%. Several explanations may be 

offered. Since the prey of Sagitta are motile and presumably capable 

of avoidance, the maximum feeding rate should be not b, as before, but 

perhaps b plus the reciprocal of the time to pursue and capture a prey 

once it is encountered. If this were true, then higher food concentra

tions might lead to more frequent encounters or shorter pursuits, and 

p should increase with food concentration. Since it does not, this 

explanation does not hold. Differences in the sI~ll-sca1e distributions 

of the predators and the prey are a possible but not highly appealing 

explanation for sub-maximal p levels. Both the high food concentrations 

estimated from vertically-integrating hauls in the shallow basin, and 

the ambiguous results of past studies of vertical migration by Kaneohe 

Bay zooplankton (Peterson, 1975; Piyakarnchana, 1965; Taguchi, 

unpublished report), make this hypothesis unlikely. ·Reeve's (1963) 

hypothesis that feeding should cease to increase beyond a ration 

sufficient for maximum growth is consistent with models of energy 

optimization (reviewed by Schoener, 1971), but is: not testable with 

information obtained in this study. 

The length-frequency distribution of Sagitta containing food on 

a given sampling date never differed from the population distribution 

for the same date (K-S test, p>.20 in all cases: 39 dates, more than 

5,000 animals measured). Thus Sagitta of all lengths are equally likely 

to contain food, despite the fact that Sagitta 13 mm long weigh about 

28 times as much as 4 mm animals, and the preferred food items must 

differ. Hirota and Szyper (in press) found zooplankton abundant in 

all sizes in the southern basin, from organisms p.assing .035 mm mesh to 

those captured on .33 mm mesh. 
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The 1-f distributions of fed Sagitta did not differ between the 

duplicate hauls on 27-28 March (p>.20 in all 9 comparisons), despite 

the digestion of, in some cases, over half the food items during the 

delay in preservation of the second hauls. This indicates that the 

time required for a food item to be digested and expelled is similar 

in Sagitta of all lengths, Le., that b is constant in terms of the 

numbers of items processed. If small animals, for example, cleared 

their guts more rapidly than large ones, the length-frequency 

distribution of animals containing food should c:hange markedly during 

the early part of. the period after feeding has ceased or is inhibited. 

Laboratory observations and experiments 

Observations of recently captured animals w·ere helpful mainly in 

interpretation of the preserved material and the results of experiments 

on subsamples of the natural population. 

Ciliates were seen in the guts of preserved animals captured in 

this study, as they were in the catches taken by Piyakarnchana (1965). 

Observations of live Sagitta 4-13 mm long indicated that the ciliates 

are too small to be of significant nutritive value to Sagitta in this 

size range, and are not digested normally. In the guts of live 

chaetognaths, ciliates were seen alone in the gut, with other 

organisms but separate, or in close contact with (as if feeding on) 

Sagitta's prey items. Unlike all other items in the guts, the ciliates 

were not moved quickly to the rear of the gut by peristaltic action of 

the gut muscles (except when in contact with larger items), but rather 

"swam" erratically back and forth in the lumen of the gut. Apparently 

too small to stimulate normal peristalsis and digestion, the ciliates 
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remaineod in the gut for periods much longer than other items ~ periods 

exceeding 4-11 hours in all cases but one observed. Hirota and 

Szyper (in press) estimated the nitrogen content of ciliates in the 

southern basin at less than 1 or 2 ng/cell for most species. Since a 

4 rom Sagitta contains about 775 ng N, a ciliate ,as a prey item amounts 

to only about 0.1% of the predator's own body weight. It will be shown 

below that this is an insignificant fraction of the daily ration of 

Sagitta of any length. 

The ciliates could easily be ingested by large Sagitta with the 

water accompanying its larger prey, since athecate ciliates are very 

abundant in the waters, of the order 103/1 (Hirota and Szyper). They 

may also be associated with some prey items before their capture by 

Sagitta. Hatchling Sagitta, 0.7 to 2 rom long, could profit from 

ingestion of ciliates, since the ciliates would be 1-10% of thle 

predators' body size. Other possible prey for small Sagitta~ copepod 

nauplii for example, are much less abundant. 

The observations of the fraction of the Sagitta population 

containing food, presented above, should be correocted for the presence 

of ciliates in the guts, since such observations were restricted to 

animals caught on .33 rom mesh (4-13 rom long). Ciliates were the sole 

items in 6.8% of the fed animals studied for identity of the items. 

The overall mean level of p for this study, for example, waso.296~ 

including ciliate items. The correction is: Pcorr = p (1- .068) = .276. 

Repeated observations of live animals containing food when 

captured yielded a mean residence of time of food in the gut of .78 h 

(n = 14, s.d. = .47 h). These are minimal estimates of the digestion 



time in nature because the actual capture and ingestion of the items 

was not observed. The largest Sagitta showed the greatest variation 
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in clearing times~ from .2 h (copepod in a 12 mm Sagitta) to between 

1.37 and 1.98 h (Oikopleura in a 10 mm Sagitta). The range of clearing 

times in small Sagitta was within the range for large ones~ from 0.62 h 

(copepod with ciliates in a 4.5 mm Sagitta) to between 1.0 and 1.23 h 

(copepod in a 6.5 mm Sagitta). Clearing times were qualitatively 

related to the size of the food item~ the large Oikopleura and Sagitta 

remaining in the guts longer than the microcopepods. Among copepod 

'items (copepodite stages of Acrocalanus and Oith()na)~ large Sagitta 

evacuated the gut more rapidly (0.2 to 0.3 h) than small Sagitta 

(0.62 to more than 1.0 h). Large Sagitta are thus capable both of 

taking larger food items and of digesting a giverl amount of material 

more rapidly. These trends combine to cause the residence times of 

food items in the guts to tend toward a mean value for the population, 

with little relationship to animal length. There is no significant 

correlation between Sagitta length and gut-clearing time (p>.50 

Kendall's tau test). This is consistent with the result mentioned 

above, that the length-frequency distribution of fed animals did not 

change during digestion. 

If the gut-clearing time is independent of, the size of the 

predator under a given set of conditions~ a subsample of the population 

which is suddently prevented from further feeding should have its p 

level decrease linearly to zero in the time required for digestion by 

the animals that fed nearest the beginning of the treatment~ If there 

is a consistent difference in clearing time between animals at opposite 



ends of the size range, the decrease in p with time would be 

curvilinear; if feeding took place during incubation, p would not 
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reach zero. The results of digestion experiment A are shown in Figure 

7. As expected, the decrease in p is approximately linear at least to 

a point past 1 h incubation. The level of p thereafter is close to the 

mean level of p due to ciliates in all experimental vessels. 

The population's gut-clearing time can be estimated as the point at 

which the decreasing line (fit by least-squares regression) intercepts 

the level of p due to ciliates, in this case, 1.24 h. Levels of p after 

the point of intersection are in some cases lower than the mean p due to 

ciliates for the experiment, possibly indicating some evacuation of 

these items, but the slope of the line fit to thE! ciliate p levels is 

not significantly different from zero, and so the mean level is indicated 

as the expected baseline. There were a few non-c~iliate items observed 

in g~ts during the later time intervals, amountin.g to a mean p of .009. 

These may represent a very low incidence of feeding in the vessels, or 

more likely, the slow digestion of resistant materials. 

An experiment of nearly identical design was performed during the 

day-night sampling on 30 April 1974 (experiment B). The food items were 

not identified, and so the mean p level near the end of incubation was 

used as the baseline. The clearing time estimate was 0.68 h. 

The decrease of p to the level maintained by ciliates alone 

indicates that Sagitta did not feed appreciably under the experimental 

conditions, i.e., in jars of about one liter capal:ity incubated in light. 

Two parallel experiments, C and D, were performed to determine the 

effects of addition of food to such vessels and the effects of incuba

tion in darkness. Animals for experiment C were captured during the 
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Figure 7. The digestion of natural food by ~.erif1ata caught in 

the dayti~e and incubated in the light (experiment A). 

Line A is the least-squares fit to the data through 

1.4 hours incubation time. Line B is the mean level 

of p due to ciliates in the guts. 
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day, those for experiment D at night. The two experiments were other

wise identical: triplicate jars from each of four treatments were 

preserved at 0, 0.5, and 1.0 h incubation. The treatments were 

(1) light incubation, no food added; (2) light incubation, 20 m1 

suspension of micro zooplankton added; (3) dark incubation, no food 

added, and (4) dark incubation, food added. The p levels after 

incubation were analyzed in a 2 x 2 factorial analysis of variance 

(Snedecor and Cochran, 1967). Addition of food had no significant 

effect on the levels of p (p>.05). The effect of incubation in darkness 

was positive and significant at the .01 level. There was no significant 

interaction effect (p>.05). The addition of food did not increase p 

levels probably because, when feeding did take place, the larger items 

(Sagitta and other macrozooplankters), in high concentration, were 

encountered as frequently as the small items,-orwereselected. 

Although the effect of darkness was significa,nt, in no case were the 

p levels at capture maintained, indicating that feed~ng was somewhat 

restricted. This could be caused by reduced capture attempts after an 

animal has hit the walls of the vessel, or perhaps to a confusion of 

the vibration signals emitted by prey and reflected off the walls of the 

vessel· Perception of prey vibrations is probably the principal means 

of prey detection in chaetognaths (Newbury, 1972). 

The jars without food added which were incubated in light, gave_ 

results very similar to experiments A and B, showing no evidence of 

feeding by the animals during incubation (p levels reached those due to 

ciliates), and yielding clearing time estimates of .99 and 1.06 h 
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(experiments C and D, respectively). The mean estimate of gut-clearing 

time from experiments A through D is 0.99 h, with a range of about ± 

30%. 

The nature of the effect of light on the feeding response is not 

clear. Light may well aid avoidance by the prey, both in nature and 

in experiments. Pearre's (1973) suggestion that feeding only in dark 

helps chaetognaths avoid their own predators does not account for the 

relatively high level of p observed in day hauls in Kaneohe Bay, unless 

it is postulated that some fraction of the water column is dark enough 

for normal feeding during day hours. The high values of light 

extinction coefficients observed by Lamberson (1975) and by others 

make this explanation possible, since the 1% light level in the 

southern basin is usually between 5 and 10 m depth, with most·of the 

basin having a depth of about 13 m. 

Application of model 

Although prey of a given size are digested faster by large Sagitta 
.. 

than by small ones,the average animal's time to digest an item tends 

toward a constant value because larger Sagitta eat larger prey items 

(Reeve and Walter, 1972; also shown below). The digestive capacity b 

.(expressed as items per hour) is thus regarded as a parameter of the 

model presented above, and its mean and variation can be estimated from 

experiments such as those described above. 

The daily digestive capacity of the average animal is 24 h/day 

divided by 0.99 h/batch in the gut, or 24.2 batches/day. Since 4.3% 



of fed animals contained more than one item (nearly always two), the 

point estimate of b is 24.2 batches/day times 1.043 items/batch, or 

25.2 items/day/animal. 
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The model estimates the feeding rate f=bp, where p is the fraction 

containing food. The mean 24 hourplevel is, as mentioned, .276, and 

so f=.276 x 25.2=6.96 items/day/animal. The feeding rate in terms of 

mass units can be calculated from the relative frequency of the prey 

items in the diet and the average mass for each item (given in table 7), 

which applies to samples of the natural Sagitta population caught on 

.33 mm. mesh, Le., to animals 4-13 mm. long. The resulting rations in 

terms of ~g/animal/day are presented at the bottom of table 8. At the 

average abundance for Sagitta in this size range, 646 animals/m3, it 

may be calculated that this portion of the population removes from the 

water by feeding 1.45 mg N/m3/day, and .146 mg Plm3/day. Carboni 

nitrogen ratios of Kaneohe Bay zooplankton were found by Hirota and 

·Szyper to be about 4.3 for macrozooplankton, and 5.2 for microzooplank-

ton. A ratio of 4.7, taken as an estimate.of that in Sagitta's prey, 

leads to a feeding rate of about 6.82mg C/m3/day. 

The relative frequencies of prey items in Sagitta of different 

lengths are shown in Figure 8. Multiplying these frequencies by the 

mass estimates for the prey items, and summing the products of each 

length class gives the ration for each class, as shown in table 8. 

Using average chemical contents for the prey items could bias the 

ration estimates in the direction of higher rati()ns for smaller Sagitta, 

and lower rations for larger Sagitta, because the prey themselves occur 



TABLE 8. -- The rations of Sagitta of 4 to 13 rom length, in terms of nitrogen and phosphorus. 
The daily ration is based on the average feeding rate of 6.96 items/animal/day. 

Length Weight of Average Daily Ration,f Specific Feeding Rate, 
(nun) Prey Item (1-Ig) (1-Ig/anima1/day) ff (day-1) 

N P N P N P 

4 .228 .0711 1. 588 . 1.232 2.057 2.738 

5 .234 .0203 1.632 .412 1.11B 1.654 

6 .190 .01B1 1.325 .1261 .541 .875 

7 .290 .0281 2.016 .1955 .530 .872 

8 .338 .0270 2.352 .1876 .422 .570· 

9 .415 .0412 2.890 .2866 .371 .621 

1n .309 n'lO~ 2.148 .1985 .204 .318 .LV .VL-OJ 

11 .624 .0611 4.343 .4250 .315 .518 

12 .664 .0633 4.621 .4408 .261 .41B 

13 .807 .0751 5.619 .5227 .253 .394 

population .356 .0326 2.473 .2267 .704 1.110 
4-13 rom 

Vt 
Vt 
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Figure 8. The taxonomic composition of the diet (excluding 

ciliates) of 517 Sagitta, from 4 to 13 mm long, 

representing, as described in the text, all dates 

when samples were preserved in the field. 
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in a wide range of sizes. Small Sagitta, for example, probably eat 

Oikopleura smaller than the average size. Although the population 

estimate should be free of this bias, it does carry the assumption 

that the average Sagitta feeds on prey items of the average size for 

each species. 

The population's daily ration in terms of nitrogen is equal to-

about 70% of its own standing stock. This is somewhat higher than 

the 38% estimated by Nagasawa and Marumo(1973) in Suruga Bay, Japan, 

but similar to the 64% observed by Reeve (1964) in the1ahoratory. 

Both of the latter studies made the estimates in terms of dry weight, 

and with different species -of Sagitta. In Kaneohe Bay, S. enflata's - -

daily ration of phosphorus amounts to 111% of the standing stock, 

because the prey are richer in P relative to N (lower N/P ratio) than 

Sagitta's body tissue is. The choice of a substance for estimates of 

turnover rates can thus have significant effects on the estimates. 

The different rates for Sagitta in terms of Nand P will be discussed 

in a later section of this report. 

Impact on prey populations 

The Sagitta population, at its average abundance of 2,151 

animals/m3 (including all lengths), and feeding rate of seven items/ 

animal/day, ingests about 104 items/m3/day, if the feeding rate is 

assumed to apply to the entire population. Most of the items consumed 

are probably ciliates and copepod nauplii eaten by Sagitta 1-3 mm 

6 5 long. These prey organisms, having abundances of 10 and 10 

animals/m3, respectively (Hirota and Szyper, in press; Bartholomew, 

1973), are probably not seriously affected by Sagitta's predation. 
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Sagitta caught on .33 rom mesh average in abundance 646 animals/m3~ 

and eat about 4,500 items/m3/day, of which 2,400 are post-naupliar 

microcopepods, 1,300 are Oikopleura, and 370 are Sagitta. The copepods, 

having an abundance of about 3 x 104 post-naupliar animals/m3 and a 

turnover time of about 1.7 days (Bartholomew, 1973), are probably only 

slightly affected by Sagitta's predation. 

In contrast, the effect on Oikopleuramay be a major one. The 

estimate of 103 Oikopleura eaten per day is of the same magnitude as 

the Oikopleura stock caught on .33 mm mesh (Peterson, 1975). Though 

Oikopleura, like Sagitta, are small enough to pass .33 rom mesh in young 

stages, predation could be seriously reducing the number of rulimals 

reaching reproductive age. The abundances of Oikopleura and Sagitta 

caught on .33 mesh during this study are positively correlated (r = 

.966, n = 15, p<.Ol). This could be because Oikopleura and Sagitta 

affect each other's abundance, or because a third factor (a common 

predator) affects both. Both species are common items in the diet of 

nehu, an abundant planktivorous fish in the bay (T. Cooney, personal 

communication). 

The larger Sagitta, at least, are probably somewhat dependent on 

Oikopleura as a food source at the present time (Figure 8), which may 

not have been true in 1963-64. At that time, the relative frequency 

of Oikopleura in the diet of Sagitta was .11 (Piyakarnchana, 1965), 

and there were other large prey available as alternatives, namely large 

copepods. The latter have decreased greatly in abundance in the 

southern basin in recent years (Peterson, 1975), which is reflected in 



the increasing dominance by Sagitta of the stock of macro- and 

carnivorous zooplankton. The main potential alternative prey at 

present, based on abundance, are microcopepods. They, however, 

contain only about 1/40 as much nitrogen as the average Oikopleura. 

If the effort required to catch a copepod is similar to that for an 

Oikopleura, large Sagitta would have to expend much more energy to 

obtain a given ration at times of low Oikopleura abundance than 

otherwise. 

Since the average Sagitta is much larger than the copepods, 

switching of the predatory Sagitta to cannibalism rather than to 

feeding on copepods maybe energetically advantageous at times of 

generally low macrozooplankton abundance. The estimate that the 

Sagitta population eats 370 Sagitta/m3/day on the average shows that 

cannibalism is a connnon, and therefore probably a normal, occurrence 

in nature for this population, and of significant effect, since 17% 

of the stock is eaten each ,day by its own kind. Piyakarnchana's 

observation that 44% of the identifiable food items were Sagitta, 

leads to an estimate of impact on the population comparable to that 

calculated for Oikopleura above, i.e., that the number ingested/day 

is comparable to the entire population. Since this is unlikely in a 

case of cannibalism, it is reasonable to conclude that his estimate 

was affected, at least to some extent, by the collecting methods. 

60 
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EXCRETION 

Excretion of soluble nitrogen and phosphorus. by zooplankton accounts 

for a variable but important fraction of the supply of these nutrient 

elements to phytoplankton in many marine enviroDInents (reviewed by Corner· 

and Davies, 1971). There have been many studies of zooplankton excre

tion, involving both single species and mixed catches, but few reports 

on chaetognaths (Beers, 1964; Mayzaud, 1973) apart from their inclusion 

in mixed catches. 

The chaetognaths so far studied excreted ammonium and phosphate at 

rates comparable to those obtained from other 'species, and from mixed 

catches of animals, having about the same body size, i.e., about 0.1 mg 

dry weight/animal. Environmental and experimental variables such as 

food supply and water temperature have been shoWTIl to affect experimental 

results (e.g., Jawed, 1969; Butler et al., 1970). However, excretion 

rates for animals of this size are similar for studies widely separated 

in space' and time. They also agree well with rates expected fJC'Om the 

relationships of body size to excretion rates presented by, for example, 

Johannes (1964) and Hargrave and Geen (1968). Body size is therefore a 

major factor determining the excretion rates of z:ooplankton. 

Individuals of~. enflata in Kaneohe Bay reach a dry weight of 0.1 

mg at a length of about 8 mm, which is slightly longer than the average 

length found in catches of .33 mm mesh. In experiments with mixed 

zooplankton from Kaneohe Bay caught with .33 mm U1lesh, Szyper et al. 

(in press) obtained rates of ammonium and phosphate excretion similar to 

rates expected from previous studies on animals of this size. Sagitta 
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constituted an average of 69% of the animals in the catches used in their 

experiments. Since the catches were incubated in unfiltered bay water, 

the animals could have fed during the experiments. Whether the feeding 

took place at rates similar to those in nature, or whether the oppor

tunity to feed affected the results, was not determined. 

The purposes of the experiments reported here were to determine 

the relationship of feeding and excretion for S.enf1ata, and to obtain 

average rates of excretion for the population. 

Methods 

Animals were obtained in short surface hauls as described previously, 

and immediately diluted in a bucket with surface bay water.· The catch 

was returned to the laboratory, and a1iquots were gently dipped from the 

bucket with glass jars, to which glass-filtered sea water was added 

amounting to about half the total volume. When such suspensions appeared 

essentially free of small particulate material. the usual case, animals 

were captured by pipette, quickly measured under a dissecting microscope, 

and placed into glass beakers containing filtered bay water. When the 

suspensions had noticeable turbidity, animals were rinsed by being 

pipetted first into a separate beaker of filtered bay water, then 

re-captured for transfer to the experimental vessels. Each experiment 

included control vessels containing filtered bay water, but no animals. 

When turbidity was high in the suspensions of plankton, additional 

control vessels were prepared containing filtered bay water and several 

pipettefu1s of the rinse water. 

The beakers were covered with aluminum foil, and incubated under 

room light at room temperatures (about 2SC), which were close to those 
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in the bay water. Each vessel was sampled before and after incubation 

with the probe of a Technicon Autoanalyz.er II systein~ and analyses for 

ammonium and phosphate were performed by methods described by Schell 

et al. (in prep.). These were essentially the phenol-hypochlorite 

method of Solorzano (1969) for ammoniUm and the molybdate method for 

phosphate (Strickland and Parsons, 1968), modified for the instrument. 
/ 

At the end of each experimentalperiod~the vessels were examined 

under the microscope, and the condition of the animals was noted. In 

18 experiments involving several hundred animals, only two animals would 

not respond with movement when the water was stirred or the animal was 

tOllched with a probe. The animals had lost none of their· transparency, 

however, and the results from the vessels. containing them were not 

exceptional. 

The biomass of experimental ·animals was. determined by chemical 

analysis as described for standing.stocks, when sufficient material was 

available •. For experiments with low animal concentrations, the concen-

trations were determined by referring the lengths of the experimental 

animals to the length-weight relationships. 

The rates of change in concentrations of ammonium and·phosphate in 

control vessels were subtracted· from those in experimental vessels to 

obtain net rates. The net rates of change were divided by the animal 

concentrations (as N or P) to obtain specific excretion rates. 

The experiments may. be classified in two groups.-. The 13 group A 

experiments were tests of the effects of variables other than feeding on 

specific excretion rates. Animals were collected during daylight hours 
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between 21 March 1974 and 8 May 1975, and selecte,d for empty guts. The 

variables investigated were animal concentration (Ae) in pg-at/l of 

nitrogen, experimental volume in ml (EV), and the length of the animals 

(AL) in a vessel in mm. Some experiments tested more than one variable; 

the number of experimental vessels varied between three and nine on a 

given day. The incubation times, ranging about from 1 to 4 hours, were 

chosen mainly to produce detectable changes in concentrations of 

ammonium and phosphate for analysis. 

The five experiments in group B were designed to determine the 

effects of feeding on specific excretion rates of ammonia (NX) and 

phosphate (PX), both expressed as percent of body content of N or P per 

hour. Most of the collection of animals was done at night in order to 

increase the chance of finding animals with food in the guts when they 

were needed. The firstexperimerit'(Bl) compared night-captured animals 

with and without food in their guts; the second (B2) compared animals 

starved overnight in the laboratory with animals freshly captured from 

the bay in the daytime having no food •. The remaining three experiments 

(B3-5) involved more than one.incubation period, in an attempt to 

determine the time-course of excretion after ·the cessation of the 

opportunity to feed. 

Results and Discussion 

In general, none of the three variables tested in the group A 

experiments had consistent, significant effects OIL the excretion rates 

of ammonium and phosphate. The effect of each variable on the rates in 

each experiment was tested with either the Mann-wrlitney U-test (when the 
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independent variable was tested at two levels, e.g., large versus small 

animals) or Kendall's rank-correlation test (when an independent 

variable took on several values covering a range). None of the three 

independent variables AC, EV, orAL had a significant effect on NX or 

PX in as many as half the applicable experiments·· (p>. 20) • In most of the 

remaining cases, test results indicated probabilities between .05 and 

.20. The raw data from all excretion experiments are tabulated in 

Appendix B. There were three of seven such marginally significant cases 

in which experimental water volume (EV) was negatively correlated with 

NX, and three of twelve cases indicating a positive relationship between 

animal concentration (AC) and NX. AC and EV are related aspects of 

crowding, which has been shown to increase the excretion of organic 

nitrogen by Calanus (Corner and Newell, 1967), though ammonium was 

unaffected. There were two of five experiments in which small animals 

excreted phosphate more rapidly than large ones, as would be expected 

from the results of, for example, Johannes (1964) and Hargrave and Geen 

(1968). There were also a few instances of the largest animals 

(>11.5 mm) showing higher NX values than others, which might be caused 

by increased metabolic activity associated with the production and 

maturation of eggs (Reeve, 1970). 

The inconclusive results of these experiments may have resulted in 

part from the small number of beakers that could be prepared and managed 

on a given day, and partly from the influence of 11ariables other than 

the three tested, such as time since the last feeding. It was shown in 

the last section that the feeding rate of the population was quite 

consistent on a long-term basis, and so the group A experiments were 
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pooled and analyzed by multiple regression. The three variables AC, 

EV, and AL taken together accounted for less than 20% of the variation 

in the specific excretion rates, a proportion not: significant at the 

.05 level. Individually, none of the three was significantly 

correlated with PX at the .05 level, nor with NX except in the case of 

animal concentration (.OOl<p<.Ol). This association was positive, 

consistent with that observed in some individual experiments, but 

accounted for only 11% of the variation in NX. 

The mean specific excretion rates in group· A, experiments were 

.813 %/hfor ammonium (n = 78, standard deviation = .507 %/h) and 1.39 

%/h for phosphate (n = 45, s.d. = 1.24). The nitrogen excretion is 

about 35% higher than that obtained by Beers (1964) in 24-hour 

experiments with starved.Sagitta hispida,but only about 20% of the 

rate observed by Mayzaudand Dallot (discussed by Mayzaud,1973) for 

S. setosa under similar conditions. Mayzaud suggested that~. setosa 

may have responded particularly strongly to starvation by catabolizing 

body protein to a greater extent than some other organisms. The 

phosphate excretion rate given above is a little 'more than half that 

obtained by Beers (1964), but corresponds within a standard deviation. 

The five groupB experiments indicated that the time since the 

beginning of incubation in filtered water (the animals' last opportunity 

to feed) was the most important variable affecting excretion rates of 

S. enflata. In experiment Bl, animal length (10-11 mm) and concentration 

(150-195 ~g-at N/l) were held as constant as possible for the six 

experimental vessels. The mean NX value for the three vessels containing 

animals with food in the gut was 9% higher than· Ule mean for animals 



67 

without food; the difference was significant at the .01 level (t-test~ 

d.f. = 4). Problems with the phosphate analysis prevented comparisons 

for that substance. The difference between fed and unfed animals was 

very small compared to the standard deviations in the group A results. 

Since the animals were captured at night, it is likely that even the 

empty animals had fed recently. Experiment B2 shlowed that animals 

starved overnight in the . laboratory excreted nitrlogen at less than half 

the rate of day-captured animals without food in their guts~ and that 

there were similar differences in phosphate. The combined results of 

experiments Bl and B2 suggested that the time sim:e the last opportunity 

to feed was a more important indicator of excreticm rates than the 

presence or absence of food in the gut. 

In experiments B3-B5 (results shown in FigurE~ 9) ~ involving repeated 

sampling of the vessels, specifIc excretion rates are at first high and 

variable. Within 2 to 3 hours' incubation, the rates begin to approach 

the mean rates obtained from laboratory-starved animals durIng a single 

short incubation period (experiment B2), and the variability decreases 

markediy. Animals with food in the gut usually show faster rates than 

those without food, but all approach the same low rates after a time. 

The rates are plotted at the mid-points of the intervals between 

sampling; the horizontal bars indicate the period of incubation. 

The ranges of the excretion rates between zero and one hour incuba

tion are about 80 to 200% of the mean values. Thi.s high variability can 

be explained by considering that individual Sagitta in nature are without 

food in their guts about 72% of the time (see last section). Since an 

animal processes about seven batches of food each day, dividing the time 
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Figure 9. Excretion of ammonium (N) and phosphate (P) by Sagitta 

as a function of time since the beginning of incubation. 

Points are located at the mid-points of the incubation 

periods they represent. The horizontal lines indicate 
.-

the duration of the periods. Closed circles represent 

vessels containing animals with food in their guts at 

the beginning of incubation; open circles indicate 

vessels with empty animals. 
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without food into seven equal periods indicates an average time without 

food of about 2.5 hours. Animals freshly captured may thus be expected 

to have excretion rates ranging from the high rates shown for animals 

with food to low rates approximating those of starved animals. The high 

in:itial rates cannot be explained.as effects of capture and handling 

because the experiments with starved animals were prepared like the 

others, yet the rates were low; similarly, it is 1unlikely that micro

organisms altered the rates appreciably during the longer experiments:. 

because the final rates were comparable to the rates from starved 

animals in shorter experiments~ Experiment B4 indicated that day or 

night capture did not affect the sharply decreasing pattern in the rates. 

The decrease of excretion rates with time is in contrast to the 

results of Szyper et al. (in press), who observed constant rates for up 

to 4.5 hours with mixed plankton dominated by Sagitta. The major 

difference between the two studies is that, in the experiments presented 

here, Sagitta was prevented from feeding by confinement in small (20 ml) 

vessels and by incubation in filtered seawater, while the mixed plankton 

were incubated in 2-3 liters of natural water in which prey were 

available. Though Szyper. et al., believed that the constant rates may 

have been maintained by the animals' feeding during incubation, it was 

shown in the previous section of this report that Sagitta did not feed in 

one-liter jars in the light. There may be a threshold vessel size 

permitting feeding by Sagitta, which could be based on the usual distance 

covered by an animal in one of its characteristic darting motions (a few 

body lengths). The greater average distance of animals from the vessel 

walls in the large beakers in the mixed plankton experiments would reduce 
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both the chance of animals colliding with walls in pursuit of prey, and 

the possible confusion of reflected vibrations from the prey. The sharp 

decrease of rates with incubation time in non-feeding Sagitta, and the 

constant rates obtained by Szyper et al., in the mixed-plankton 

experiments imply constant feeding rates in the mixed plankton 

experiments, but it is not known whether the feeding rates were close 

to those in nature. 

The sharp decrease in rates with time, and the great variability 

near the beginning of incubation make difficult any extrapolation of the 

present results to natural conditions (zero-incubation time). A-minimal 

estimate of the natural rates will be made here as the mean rates obtained 

in experiments B3-B5 at one hour or less incubation time. The basal or 

starvation levels are estimated as the mean rates at more than five hours 

incubation time. All are presented in table 9. The basal levels 

correspond within a standard deviation with the lmean rates obtained from 

starved animals in experiment B2. The basal nitrogen-excretion rate is 

lower than but similar to that obtained by Beers (1964) with starved 

~. hispida; the basal phosphate rate is less than 20% that found by 

Beers, whose animals had been starved 24 hours bl~fore the 24-hour 

incubations. Results from animals starved for excessive periods may 

reflect either stress or physiological adjustments to starvation, rather 

than merely the condition between periods of digesting food. This is the 

explanation offered by Mayzaud and Dallot (1973) for the high rates of 

ammonia excretion they obtained from starved ~.~;etosa, which were 

higher than any observed in the experiments reported here. 
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TABLE 9. -- Excretion rates· of ammonium and phosphate by Sagitta enflata, 
expressed as percent per hour of the body content of N·orP. The 
"natural" rates are the means from experiments with incubation times 
having mid-points one hour or 1ess·from thebeginnings·of the experiments. 
The "basa1"rates are the means of experiments whose interval mid-points 

are greater than five hours from ·the beginnings of the experiments. 

N P 

Natural mean. 1.191 3.181 

s.d. .472 ·3.948 

n 14 14 

Basal mean .353 .278 

s.d. .180 .298 

n 18 17 
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The estimated natural rate of ammonium excretion is about 50% 

higher than the mean .rate obtained by Szyper eta!.; with mixed plankton 

dominated by Sagitta. The estimated natural rate of phosphorus excretion 

is also somewhat higher than the mixed-plankton results, but neither of 

these differences is statistically significant~ because the standard 

deviations are so large. The differences may be due to the usual night 

capture of the animals ·for the Sagitta' experiments, which would capture 

unfed animals that had fed more recently than day-caught animals without 

food in the gut. Also,the feeding. that took place during the mixed

plankton experiments may have been at lower than the natural rates. 

The decrease of excretion rates with incubation time observed here 

is so rapid that, if it is general forzooplanktonj any experiment in 

which the animals' feeding is restricted· and involves long incubation 

may seriously underestimate. the natural excretion rates. Peters and 

Rigler (1973) observed a similar curvilinear decrease in the excretion 

ra.tes of Daphnia, a fresh-water t filter-feeding" crustacean plankter. 

The rapid decrease, if it is present and if-it is .ignored,can also 

cause inaccurate estimates of assimilation efficiency. If most of the 

soluble excretion products produced from an item· of food are lost to an 

animal nearly as rapidly as the feces are, the amount of material 

recovered in the feces can be a poor estimate of the fraction of food 

I-A, where A is the fraction "assimilated" and available for further 

metabolic use. The soluble material excreted nearest the cessation of 

feeding is some combination of material already assimilated and material 

released from the food before assimilation. Since excretion rates from 

unfed animals are so low, most of the high amount of material released 
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soon after feeding probably comes from the action of acids and enzymes 

on the food in the gut. If the average natural excretion rate is under

estimated due to long incubation, A will be overestimated when taken as 

(1-feca1 material). Estimates of growth efficienc:y made from NIp ratios 

in the food, excretors' bodies, and the excretion products (Butler 

et al., 1969, 1970) may also be inaccurate if the NIp ratio in ,excretion 

products is measured after long incubation. Since the decrease in the 

phosphate rates is relatively faster than the decrease in ammonium rates, 

the NIp ratio increases sharply with incubation tjme. The use of over

estimated NIp ratios for soluble excreta leads to underestimates of growth 

efficiencies. 

Ketchum (1962) pointed out that an animal eating food with a lower 

NIp ratio than its own body tissue must necessarily produce wastes with 

a still lower ratio. Host zooplankton probably dc, have such diets. 

Butler et al. (1969) found that Ca1anus had an NIp ratio of 24.1 by 

atoms, and its.food of mixed phytoplankton had a ratio of 14.5. The 

average for the carnivorous Sagitta in Kaneohe Bay is 38.1, based on the 

length-weight relationships, and its food, consist:ing mainly ofOikop1eura 

and copepods, has a ratio of 24.2 (calculated from table 8). The excreta 

of both had lower NIp than their food. 

If the NIp ratio in an animal's body is greater than the NIp ratio 

in its food, either the assimilation step, or the synthesis of body 

tissue from assimilated material, or both, must treat Nand P with 

different efficiency. Butler et al. (1969~ 1970) found differences at 

both steps. Estimates of assimilation efficiency are so variable among 
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various studies (Peters and Rigler, 1973), even among studies on the· 

same species, that no calculation of Sagitta's growth efficiencies based 

on NIp ratios, which require estimates of the fraction A, will be 

attempted here. 

Excretion of dissolved organic matter was not measured during this 

study because the organic analyses require that large volumes of water 

be available. Szyper et a!. . (in press) obtained highly variable results 

with these methods indicating that organic excretion products constituted 

38% of the total nitrogen and 44% of the total phosphorus produced in 

their experiments. The phosphorus results are comparable to the 

observations made, and to the studies reviewed, by Butler et al. (1970). 

Studies of organic nitrogen excretion.by zooplan~~ton (Mayzaud, 1973; 

Corner and Newell, 1967) have found that ammoniuDl generally constitutes 

over 70% of total N, somewhat higher than the Kaneohe Bay figure of 62%. 

The addition of ammonium and phosphate to the waters of the 

southern basin by the Sagitta population can bec:alculated from the 

average standing stocks and the estimated "natural" rates of excretion 

made above (table 9). Ammonium is added to the 'tI7aters at a rate of 

0.72 }.lg/l day, dissolved organic nitrogen (based on the above percentage) 

at 0.44 }.lg/l/day, adding to a total of 1.16. Phosphate is added to the 

waters at 0.11 }.lg/l/day, dissolved organic phosphorus at 0.048 llgl1/day, 

giving a total of 0.158. The impact of these additions on other parts 

of the ecosystem will be discussed in a later sec:tion. 
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POPULATION GROWTH AND PRODUCTION 

The impacts of the Sagitta population on its prey organisms and on 

the pools of dissolved nitrogen and phosphorus in the southern basin 

have been assessed above. An additional aspect of Sagitta's role in 

the community is its production of food for organisms of higher trophic 

levels. 

As estimated above, the population ingests prey equivalent to an 

average of about 70% of the nitrogen content of the predator stock each 

day. Reeve (1970), in an extensive culture program .withSagitta hispida, 

an animal of similar size to~. enflata, living also in a warm eutrophic 

environment, observed a gross efficiency of growth (material added as 

growth/material ingested) of about 35%. This percentage of Sagitta 

enflata'sdiet amounts to 24.5%/day of the population nitrogen content, 

an approximate estimate of the average rate of production. 

Production and turnover rates ofchaetognaths .have been reported 

from both temperate (e.g., Dunbar, 1962; McLaren, 1969; Sameoto, 1971) 

and subtropical (Reeve and Baker, 1975) environments. The temperate 

studies, all involving~. elegans, estimated turnover rates for the 

population mass much slower (1 to 6 yr-l ) than the rate from the sub

tropical environment (0.31 day-l; range: 0.20 to 0.41). The latter work 

again involved ~. hispida. The 3l%/day turnover rate for this animal 

and the rough estimate of 24.5% made above for S. enflata are high 

compared to most of the studies reviewed by Mullin (1969), being 

exceeded only by Heinle's (1966) estimate of 50%/day for the copepod 

Acartia in Chesapeake Bay in the summer. A study of the microcopepods 
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in Kaneohe Bay (Bartholomew and Newbury, in press), however, indicates 

even higher rates for those small zooplankters. 

Since Mullin's (1969) call for comparisons of production between 

temperate and warm climates, there has not been sufficient information 

collected to determine the factors influencing the high rates mentioned 

above. High food levels, relatively small size of individual animals, 

and high temperatures may all be suspected, but no direct tests have 

yet been made. 

The production of population mass, as well as of the rate of 

numerical increase, has .been estimated for animal populations by many 

methods (e.g., Edmondson, 1960; Winberg, 1971). Choice of methods 

depends on both the information desired about the population, and the 

information available, as discussed at some length by Mullin (1969). 

Two methods will be applied here, one involving numerical abundance, the 

other dealing with mass estimates of the standing stock. 

Methods 

Numerical Abunadance 

With a constant birth rate per unit of population, and no mortality, 

the numerical abundance N of a population increases exponentially 

according to the formula 

N(t) = N(O) ebt 

where t = the elapsed time in days from the first observation, 

and b = the instantaneous birth rate. It follows that 

b = ln (N[t]/N[O])/t. 

(1) 

(2) 
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Edmondson (1960) pointed out that, if a population produces E eggs/animal, 

and all the eggs hatch in D days, the population, in the absence of 

mortality, adds 

E/D = B (3) 

hatchlings/animal/day. This model .assumes a steady state in which the 

production rate of eggs equals the rate of loss by hatching, with no 

net gains or losses from advection or other causes. For an interval of 

one day, t = 1, and N(t)/N(O) = 1 + B. Therefore 

b = In(l + B). 

The quantity B is often used to derive the instantaneous· rate of 

mortality, d, from the formula 

d = b - r 

where b is as above, and 

(4) 

(5) 

r is the instantaneous rate of net change. e:stimated from sample 

data as 

r = In(N[t]/N[O])/t, (6) 

as noted by Caswell (1972). He points out (with the agreement of 

Edmondson, 1972) that for this purpose, the more general formula is one 

derived by Leslie (1948, cited by Caswell, who reproduced the derivation): 

b = Br/(er - 1). (7) 

Estimates of bfrom formulas 4 and 7 agree very c:lose1y over the ranges 

of Band r generally encountered in nature (Edmondson, 1972); equation 7 

was used to derive the estimates presented below. 

The eggs of ~. enflata, as mentioned, are pe~lagic, and were caught 

on the smaller mesh used in this study. Mature e~ggs were only rarely 

seen in preserved animals, but all samples contained animals with immature 
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eggs. This suggests that the process of ripening and extrusion is rapid~ 
} 

leaving most animals without mature eggs most of the time. Hatchingtimes 

of extruded chaetognath eggs are variable with temperature and other 

factors (Reeve and Cosper~ 1975); times of one day or less are common in 

warm waters. On several occasions, mature~. enflata, which were being 

kept in filtered seawater overnight, laid eggs which hatched by morning. 

The birth rate estimates made below were made conservatively by taking 

the hatching time, D, as one day. 

There were 17 dates between October 1973 and October 1974 when the 

population was sampled with the combination net (both meshes), catching 

Sagitta of all sizes as well as the eggs.· Estimates of B~ r, b, and d 

were made for each of the 16 intervals between sampling dates, according 

to equations 3, 5, 6, and 7. 

Production 

Production was calculated both as material added to the population 

by somatic growth of individuals, and as material lost to the 

population by mortality. The following formulae, ·discrete-interva1 

forms of those given by Mann (1964), were used: 

( (Ni + Ni+1) 
growth = G = L gi =L wi +1-wi) 2 . (8) 

ti+1 - ti 

mortality = (9) 
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where wi = the nitrogen content in Jlg of an animal i m.m long, 

Ni = the number of animals/m3 in size class i, and 

ti = the age in days of an animal i rom long. Equation 8 applies 

the weight gained in growing from i to i+l rom to the mean number of 

aniamls in classes i and i+l; 9 multiplies the number of animals dying 

between ages ti and ti+l by the average weight of animals in those 

classes. The sums G and M, estimates of the population production in 

the units ~g nitrogen/m3/day, may be divided by the standing stock, 

LNiwi, to give the turnover rates or production/biomass ratios G' and 

M' • 

The quantities Wi were available from the length-weight relation

ships given in table 1; the Niwere calculated for each period by the 

numerical integration procedure used to determine the average standing 

stocks given in section II. 

Estimates of ti were made from temporal chan.ges in the length

frequency (I-f) distributions of animals in preserved samples. The 

method involves identifying a cohort of animals as a peak or anomaly in 

the l-f distributions and following its progress on the length axis in 

successive samples to give estimates of the increase in length of the 

animals, /),.i//),.t. Initially, each Ni in a day's l-f distribution was 

divided by the sum of all Ni to obtain distributions of relative 

frequency. These were plotted and examined for visual evidence of 

growing cohorts or size groups. 

Because Sagitta reproduces continuously in this environment, the 

1-£ distributions do not always contain obvious peaks representing cohorts 

of individuals hatched together. A method was therefore applied to 
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magnify the small differences between sequential samples. For each 

series of samples, the individual 1-f distributions were added to form 

a "reference" distribution for the period. Thedistribtitions for each 

date were then modified by subtracting the percent frequency in each 

class of the reference distribution·from the corresponding frequency in 

the sample distribution. Thus a small increase in the frequency of 

animals of a given length is compared with an average frequency at that" 

size, rather than to the zero-frequency baseline in the usual plot. 

The choice ofa reference distribution is more or.1ess arbitrary, 

and need only have the general shape characteristic. of the population. 

The resulting distributions of deviations from the.reference curve can 

then be plotted and examined, as before, for temporal progression of 

features. This method is a modification of one devised by T. K.Newbury 

(personal communication). 

Results and Discussion 

N~erica1 Abundance 

The instantaneous birth and death rates of Sagitta in the southern 

basin are usually a good.dea1 higher than the net rate of change in 

numbers (table 10). The parameters band d are closely correlated over 

the year (r = .93, n = 16, p<.Ol). The relationship is not an artifact 

of equation 5; if b were never greatly in excess of r, d could corres

pond with b positively, negatively, or not.at all. Since the estimates 

of B (and hence of b) were made conservatively, the true excess of b 

and dover r may be ·even greater than that shown in the table. 
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TABLE 10. -- Finite birth rates (B) and instantaneous rates of birth 
(b), death (d), and net change (r) for the population of s. enflata. B 
is expressed in units of eggs hatched/animal/day; other rates are day-I. 
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The correlation of band d suggests a feedback mechanism 

regulating the abundance of the population, by which an increase or 

decrease in either parameter is associated with a change in the other 

in the same direction. The information presently available is not 

sufficient for a complete description of the hypothesized mechanism. 

A possible component is the response of predators to increases in 

Sagitta's birth rate and standing stock. Since the stock of Sagitta 

(and with it the total macro zooplankton) falls a.t times to very low 

levels (Figure 5), it might be expected that predators requiring food 

of this size would quickly increase their low feeding rates when 

food is scarce (Holling's "functional response ," 1959) if the 

abundance of food increased. In this way increased b produces 

increased d. It is not as clear how increased II1lortality increases b. 

A reduction in the Sagitta population density would reduce the 

opportunities for cannibalism •. Also, if large Sagitta compete for 

the larger Oikop1eura as food, and egg production were limited by the 

availability of large prey, a reduction in Sagitta abundance could 

make reproduction more nearly optimal· for the remaining large Sagitta. 

It is clear in any case that mortality is a major influence on the 

population's abundance throughout the year (Figure 10), high mortality 

implying low abundance, and vice-versa. This may indicate that there 

are sufficient alternate food sources for reproduction to continue even 

when Oikop1eura is scarce, leaving predation as the major limiting 

factor to the abundance of Sagitta in this environment. The potential 

predators of Sagitta will be discussed in the ne:xt section of this 

report. 
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Figure 10. The numerical abundance of Sagitta (all lengths) and 

the instantaneous mortality, d, between October 1973 

and October 1974. 



85 

-0- I_AOP A III V' ItJOW 
N o . 

--- tJ311l / SlV'W I NV' 



86 

The numerical abundance of the population was not significantly 

correlated with the rate of change r, the correlation coefficient being 

only .13 (p».05). Tanner (1966) analyzed this relationship for various 

species from many environments, but no zooplankton other than Daphnia 

in culture. For zooplankton in nature, the frequency of encountering 

potential mates should be positively related to abundance, and thus a 

positive association between abundanceandr is expected, at least at 

low abundance levels. The lack of a significant relationship for 

Sagitta may be due to the generally high abundance of the population, 

allowing sufficient encounters most of the time. This hypothesis is 

~upported by the high incidence of cannibalism, which should also 

depend on the frequency of encounters. 

Analysis of l-f Distributions 

There were three periods of time during which samples were taken 

frequently enough to make growth estimates. The first period is 

atypical in the distinct separation of peaks in some of the samples, 

but was chosen to illustrate the analytical method, which was applied 

to all three periods. For two of the three periods, the analysis is 

restricted to the catches of the .33 rom mesh, because the combination 

net was not used on each sampling date. 

Between the first two dates (Figure ll-a and b), the most obvious 

change is the sharpening of the peak at the shortest length of 

quantitative capture by the large mesh, indicating that a large group 

of small animals had grown large enough to begin to be sampled. This 

peak is labeled feature 1. The next sample (II-c) shows only a slight 
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Figure 11. Length-frequency distributions of Sagitta, 

31 December 1973 to 28 January 1974. Each curve 

is derived from measurements of 150-200 animals. 
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shift of feature I to the right~ but a peak (feature 2) has now 

separated at the far right of the distribution. In the next sample~ 

89 

2 is lost to the right of the picture~ and 1 is obscured~ as 2 must 

have been in frames a-and b~by the presence of a fairly large number 

of small animals at all times, even between major injections of young. 

By the time of the sample shown in 11-e~ I has separated at the far 

right~ much as feature 2 did earlier. Finally, in frame f, feature I 

has nearly disappeared, and the new batch of young is entering the 

sampled population and sharpening the peak at the left (feature 3) 

just as feature 1 did in frame b. Some growth estimates could be made 

from this analysis~ and a few more might be obtained by analysis of the 

distributions as composites of several normal curves (Cassie~ 1954). 

Feature 2~ for example~ might be detectable at the right in frames a 

and b~ rather than for the first time in c. For the other periods 

analyzed, however, the distributions were much less variable:t and 

peaks did not separate as shown in the figure~ and few growth estimates 

could be made in this way. 

The same sampling dates discussed above werle therefore analyzed as 

described in the methods section, by subtracting the frequencies in the 

reference curve from the sample frequencies. In the plots of deviations 

from the reference ctirves~ features may appear either above or below the 

line of zero deviation~ depending on the relationship of each day's 

distribution to the reference curve. In Figure 12, feature 2 is now 

visible on the first sampling date (a) rather than on the third date 

as before. The location of I is more clearly defined in early samples, 
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Figure 12. Deviations of length-frequency distributions from 

the reference distribution, 31 December 1973 to 

28 January 1974. 
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unchanged in the later ones, and can be followed without interruption 

throughout the period studied. It can now be seen that the animals 

responsible for feature 3 do not really recruit from the unsampled size 

classes until frame f in Figure 12. The apparent peak in Figure ll-e 

represents the level of young continuously present at that size; in 

fact the frequency in Figure ll-eis a good deal less than that in the 

reference distribution, as implied by the trough in Figure l2-e near 

5 mm. 

The estimates of b.i/b.t were located at the midpoint of the length 

interval spanned; all estimates made are tabulated in appendix III. 

The relation of b.i/b.t toi was inverse and approximately linear 

(Figure 13), suggesting that Sagitta's growth pattern could be 

described by von Bertalanffy' s . model (presented iand discussed by 

Ricker, 1958). The model for an animal's length as a function of age 

is: 

i(t) = i (1 - e-kt) m 

where i is the length at age t, 

~ is the maximum length, and 

k is a constant describing the rate of approach to i m" 

(10) 

The parameters ~ and k are estimated from the regression equations 

relating b.i/b.t to i. If the equation is b.i/b.t = A + Bi, then when 

b.i/f,t = 0, i = im = -A/B. Assuming that i(O) = 0 (Sagitta hatches at 

less than 1 mm), it can be shown that k = -B. In order to estimate 

age as a function of length (necessary in equations 8 and 9), equation 

10 is solved for t: 

t(i) = -In(~ - i) /k. 

~ 
(11) 
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Figure 13. The relationship between length and growth rate in 

~. enf1ata, December 1973 - February 1974. The line 

represents the least-squares regression equation: 

y = -.0414x + .638; r = -.702, p<.Ol. 
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Production 

The production of nitrogen for each of the three periods was 

analyzed in detail, as shown in table ~l •. For a population in steady 

state, tpe production estimates G and M should be equal. The two can 

differ when the l-f distribution used for the estimates has a pre

dominance of animals in size classes having excesses of growth increment 

over mortality loss, or the reverse. During the only period when the 

entire range of animal lengths was available for analysis, the growth 

increments at each length (gi) were greater than, the mortality losses 

(mi) at all lengths (i) up to 9 mm. The turnover rates g'i are also 

greater than the m'i in those classes (Figure 14). As the relative 

, l-f distribution shows, the population is also dominated numerically 

by those classes, which indicates that most of the net growth of the 

population is due to the growth of younger individuals. The excess 

of growth in the, small classes is, in this case, nearly compensated 

by the excess of mortality (mi>gi) in the larger classes, where 

relatively small differences g'i - m'i are translated into major losses 

of material by the scarce but massive animals (slee the distribution of 

population nitrogen). 

The differences G - M in the table are small compared to G and M 

themselves, just as the net numerical increase r was usually much 

smaller than either b or d. Thus, even during times of relatively 

rapid net changes in the population's standing sitock, turnover is 

proceeding even more rapidly, with birth and growth always approximately 

compensated by mortality. This situation is in contrast to that 



TABLE 11. -- Production of nitrogen by the Sagitta population in south Kaneohe Bay during three 
periods in 1973-1975. For the first and third periods, only the catch of the .33 mm mesh was 

available for analysis. The production of eggs is excluded. 

Dates Average Observed G M G-M G' M' 
Standing Change in Growth Mortality' Turnover Rates 
Stock Stock 

mg N/m3 . mg N/m3/day day-l 

19 Dec 73- 1.382 .0677 .1529 .1314 .0215 .1106 .0951 
06 Feb 74 

15 Ju1 74- .308 .0788 .4285 .3616 .0669 1.198 1.011 
02 Aug 74 

04 Apr 75- 2.687 -.0257 1.005 1.066· -.0618 .3739 .3969 
28 Apr 75 

\0 
Q'\ 
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Figure 14. Length distributions of standing stock, production, 

and turnover for the Sagitta population, July -

August 1974. 
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observed by Hall (1964), and probably to that in temperate. climates 

generally, where one process or the other domina.tes seasonally. The 

net changes in Sagitta's nitrogen stock in nature were calculated like 

the quantity r, according to formula (b), rep1ac.ing the numerical 

abundances with the nitrogen concentrations in ~g/m3. This quantity 

was acceptably close to G - M (table 11) for the second period analyzed, 

when all size classes of Sagitta were captured. For the other periods, 

G - M underestimates the net change in population nitrogen because the 

smaller animals (under4mm) were not sampled quantitatively. The 

underestimates are to be expected, because G would be more seriously 

affected by neglect of the small animals than M (see Figure 14). Thus 

when small animals are not captured, M is a bett,er estimate of the 

population production than G. 

Estimates of population turnover or rep1acelment rates derived 

from numerical abundance data need not correspond to those based on 

biomass, except under steady-state conditions th,at include a stable 

age or 1-f distribution. At such times, the fraj:!tional· daily increases 

or decreases in the population by any measure should be equal; for 

example, B would equal G'. Such was not the cas,~ at any time during 

this study, but the ranges of the two parameters were similar, generally 

between 10 an.d 100%/day. The turnover estimate of 24.5% made in the 

introduction to this section, was therefore reasonable, but the 

quantity can vary widely during a year. 

The production of carbon per square meter by Sagitta enf1ata in 

the southern.basin of Kaneohe Bay (table 12) is very similar to the 

estimates made by Reeve and Baker (1975) for S. tlispida in Card Sound 

and Biscayne Bay, Florida. 
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TABLE 12. -- Production (mg/m2/day) of carbon, nitrogen, and phosphorus 
by Sagitta in the southern basin during 1973-197.5. * indicates catch 

of .33 rom mesh only. 

Dates Element Growth Mortality 

19 Dec 73- * C 3.76 3.24 
6 Feb 74 N 1.03 .89 

P .061 .052 

15 Ju1 74- C 10.65 9.00 
2 Aug 74 N 2.89 2.44 

P .170 .143 

4 Apr 75- * C 24.68 26.28 
28 Apr 75 N 6.78 7.20 

P .403 .427 
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As noted by Ryther (1959), primary production per square meter of 

sea surface tends to be similar among many different parts of the world. 

Mullin's (1969) summary table for zooplankton production shows a fair . 

correspondence among coastal environments, despite the fact that zoo

plankton, unlike phytoplankton, occupy several trophic levels. Heinle's 

(1966) estimate for the Acartia population in Chesapeake Bay is 

comparable to the total zooplankton estimates reviewed by Mullin, 

probably because the copepod. was the dominant zooplankter in Ithe bay. 

The estimates for S. enflata (this study) and for ~. hispida (Reeve 

and Baker) amount to only about 10-30% of the ra.tes typical for total 

zooplankton in neritic environments. This is to be expected because 

the herbivore production in both environments was not considered. 

The carbon production estimates for the~. enflata population 

range from 3.2 to 26.3 mg/m2/day in 1973-75. This range amounts to 

0.3 to 1.7% of the average primary production observed by.Lamberson 

(1974) during a six-month study ending in October 1973, when this 

study was begun. The diet of Sagitta here indicates that it is a 

primary carnivore, feeding mainly on herbivores.' Sagitta's dominance 

of the zooplankton stock at this trophic level makes it reasonable to 

regard the approximately 1% ratio mentioned abov4~ as an estimate of 

the food chain efficiency through the two steps jErom producers to 

herbivores to primary carnivores. Although it i~ not necessary that 

both steps have the same efficiencY,making that assumption leads to an 

estimate of herbivore production of 40-260mg C/m2/day. Bartholomew's 

(1973) estimate of carbon production by the micr()copepods was 
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Herbivore production must also include that by 

Oikopleura, which has never been estimated. Since Oikopleura is both 

larger and less abundant than the microcopepods, its carbon production. 

per square meter is probably much lower. Thus the sum of carbon 

production by the two most obvious abundant herbivores in the southern 

basin can be estimated at 60-120 mg/m2/day, well within the range 

predicted from the relationship of Sagitta's production to that of 

the primary producers. 

GENERAL DISCUSSION 

Application and Limitations of Results 

The possible effects of temperature on Sagi~'s distribution, 

abundance, and dynamic processes have been neglected in this study. 

Bathen (1968) found that the daily temperature range in the surface 

waters was less than 1°C. The maximum differential between 0 and 10 m 

depth at a given time was less than two degrees. The yearly range 

in open water areas of the bay was about four degrees. Experimental 

waters, held at room temperatures as described, rarely changed 

measureably during incubation, never by more than a degree, from the 

temperature at the time of collection. The range of experimental 

temperatures was about 24-26C. 

The yearly range of surface temperatures, including shallow and 

near-shore areas, was somewhat larger, 19.5-27.8C. The seasonal cycle 

may have had effects on the Sagitta population through its metabolic 

processes, or in indirect ways such as effects on food organisms. 
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Given, however, the precision of plankton-sampling techniques:Jandthe 

lack of full seasonal coverage with the estimates of rate processes, it 

was not considered profitable to include the small range of temperature 

in the analysis presented here. 

The estimates of specific rates of feeding, excretion, and 

production presented above are independent~ having in common only the 

division of the absolute rates by the N or P content of the animals. 

The experiments and other dynamic estimates, how4~ver, were not spread 

evenly over the period studies, and so comparisol1S of averages must 

be made cautiously. 

Since the temperature range was small, and the concentration of 

small food items in the water was high and fairly. constant· (Hirota and 

Szyper, in press), it may be hoped ,that the processes of feeding and 

digestion were well represented in the experiments. The excretion 

experiments were carried out during more than a year, and there is 

some justification~ discussed previously, for accepting the results 

as a generally applicable average. The observations of food items 

. are taken from a smaller number of dates, all representing times of 

mbderate to high abundance of macro zooplankton. At times of low 

abundance, too ·few Sagitta were captured for analysis of the diet. 

In view of the suggested dependence of Sagitta on Oikopleura as prey, 

such periods could be critical for both populations, and information 

about the diet at such times would be valuable. 

The rates of birth, growth, and mortality above apply only 

to the periods indicated, and show considerable temporal variation. The 

low rate of production in early 1974 was not associated with low birth 



rates (tables 10 and 11), but the standing stock of, both Sagitta and 

other macrozooplankton was ,low. Both stocks were also low in the 

following summer, birth rates were similar to those in early 1974, 
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but production was about three times higher, and turnover rates nearly 

ten times higher. The differences seem more than might be accounted 

for by temperature alone, at QlO values of 2-3. A possible explanation 

could lie in the quality of the scarce food, although as mentioned the 

material from the hauls is too scant for such an evaluation. 

Nitrogen and Phosphorus Cycles 

Because the length-weight relationships (table 1) for Nand P 

have essentially the same exponent, animals of all lengths have the 

same NIp ratio, and the turnover rates G' and M' are the same in' terms 

of either element (also carbon)~ Such is not the case for feeding and 

excretion rates. 

Since the food is richer in P relative to N than the predators' 

bodies (food has a lower NIp ratio), the specific~ feeding rate is 

necessarily higher in terms of P (table 8). The "excess" phosphorus is 

excreted, causing the specific excretion rate to be higher than that 

for nitrogen. As noted by Ketchum (1962) and discussed earlier, this 

relationship between the compositions of the diet and the body is 

probably the case for zooplankton in general. Thj~re is thus a 

"leakage" to the waters of phosphorus with successive steps in a food 

chain. If the two elements are removed from the water by plants in 

the proportions in which they occur, within lim1t:s'(Redfield, 1942, 

cited by Corner and Davies, 1971), the turnover of soluble phosphorus 
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will be observed to be faster than that of nitrogen. It may be 

questioned wheth~r phosphorus, being more "labile" than nitrogen, is 
. . 

more difficult for animals to retain from the diet, or whether 

organisms of higher trophic levels, requiring less phosphorus in their 

tissues, reject it actively and cause it to be observed as more labile. 

The "basal" or starvation levels of the specific excretion rates 

observed in this study (table 9) support the first alternative. When 

the gut has been empty for some hours, theN/P ratios of inorganic 

excretion products become progressively higher, far exceeding the ratio 

in the animals' bodies. The experiments represented in Figure 9 

indicate that the phosphorus to be lost from the diet is lost very 

quickly, perhaps almost entirely during the digestive process in the 

gut. The experiments of Peters and Rigler (l973) found a similar 

pattern of exponentially decreasing excretion rates in Daphnia,.using 

radioactive phosphorus. 

Impacts of Sagitta on Southern Kaneohe Bay 

As mentioned earlier,Sagitta as a predator is capable of major 

impact on the Oikopleura stocks, and of relatively minor ones on the 

microzooplankters. In addition, the contribution of "other macro-

zooplankters" to Sagitta's diet is about twice that of microplankton. 

in terms of mass. Significant impacts are thus ]possible on the 

temporary and less abundant members of the community, such as the 

cladoceran Evadne and the larvae of decapod shrimps. 

Sagitta's contribution of ammonium to the waters of the southern 

basin is equivalent to only about 1.2% of the estimated daily nitrogen 
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uptake of phytoplankton (Harvey and Caperon, in press). The relation

ship given by Johannes (1964) between animal body size and excretion 

rate of phosphorus predicts that the microzoop1ankton in the basin 

have a specific excretion rate of about 200%/day of their standing 

stock. Using the nitrogen stock given by Hirota and Szyper (in press) 

of 6.1 mg/m3, and the weight N/P ratio of 11.-78 observed by Szyper 

et a1. (in press), the micro zooplankton stock in terms of P is 

estimated at 0.52 mg/m3, and the phosphorus regeneration rate is about 

1 mg/m3/day for these animals. Sagitta's excretion of P adds only 

about 20% more to this amount. 

Sagitta is therefore only a minor contributor to nutrient 

regeneration in the southern basin, despite its high standing stock 

and dominance of the macro zooplankton stock. There is-a trend in 

aquatic exosystems for organisms to occur in larger individual size 

with higher trophic position (e.g., Odum, 1971). The inverse relation

ship between size and metabolic rates; exemplified by the excretion 

results discussed, combines with the size-trophic level trend to cause 

higher trophic levels in aquatic systems to have progressively less 

influence on the regenerative phase of nutrient cycles. Sagitta, even 

in its position of primary carnivore, is already large enough and high 

enough in trophic position to be of minor impact on regeneration here. 

Most of the production of the Sagitta population is probably eaten 

by predators in the southern basin. The average rate of dilution of 

the waters of the southern basin by tidal flushing and by input of 

stream and sewage waters has been estimated at about 2-3%/day (Schell 

et a1., in press). The production estimates indicate that the 
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population adds nitrogen at rates about 4 to 80 times the dilution 

rate. Since the average stock of Sagitta has increased by less than 

half since 1968-69 (see standing stock section), it is likely that 

predation on Sagitta has removed for the remainder of the production 

in excess of dilution. 

The potential planktonic predators here are the occasionally 

abundant ctenophores and coelenterate medusae. The high mortality on 

Sagitta at times of low macro zooplankton abundance indicates that 

cannibalism and planktonic predators are not the only sources of 

mortality. The main p1anktivorous fishes in the southern basin are 

Sto1ephorus purpureus (nehu) and Pranesus·insu1a~ (iao). Captive 

individuals of both species have been informally observed to eat 

Sagitta. McMahon (1975), however, found Sagitta to be only a rare 

component of the diet ofiao in nature. Sagitta·is a major component 

in the diet of nehu (Cooney, dissertation in preparation). which 

is therefore a likely major predator. Nehu is fished for tuna bait, 

and Sagitta's main importance to humans here is therefore as a 

producer of biomass in particle sizes detectable and profitable to 

nehu as food. 

The Future of Sagitta in Kaneohe Bay 

If recent trends in the southern basin were to continue (Caperon 

et a1., 1971; Clutter, 1973; Peterson, 1975), it is likely that 

Sagitta would continue to increase its abundance and its dominance of 

macrozoop1ankton stock until eutrophication effects rendered the 

system unstable. Since the diversion of sewage from the southern basin 
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is scheduled for 1977, the trends of eutrophication, to the extent 

they depend on the input of sewage, will not continue. The diversion 

of sewage will not reverse other effects of urballizationon the ba~in, 

such as increased runoff, of course. 

It has been suggested, and supported by results· derived from an 

ecosystem simulation model (Caperon et aI., 1971), that in earlier 

stages of enrichment, the southern basin resembled other parts of the 

bay presently less affected by enrichment. With the diversion of 

sewage, changes may be expected in the southern basin in the direction 

of earlier conditions, though the rate and specific nature of the 

changes is not known. 

If the changes make the plankton community of the southern basin 

more like that of other parts of the bay, it is likely that Sagitta 

will still be an obvious and somewhat dominant carnivore, but its 

dominance may decrease. The·abundance of zooplankton in general~ll 

probably decrease considerably, since primary production will probably 

not maintain more than a fraction of the.present levels without the 

large input of nutrients. Judging from the condjLtions of other areas 

of the bay surveyed by Clutter (1973) and Peterscm (1975), it may be 

expected that there will be lower abundances of small flagellates, 

higher relative abundance of diatoms, and associated changes in the 

relative abundances of particular herbivores. Oikopleuraand micro

copepods, for example, would decrease relative to macrocopepods better 

adapted to use the diatoms as food. The deCreaSE! of Oikopleura need 

not be disadvantageous for Sagitta if macrocopepods increase, 
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maintaining the supply of large prey for large Sagitta. The survival 

of young Sagitta could be adversely affected by decreases ofnauplii and 

copepodite stages of microcopepods. With lower zooplankton abundance 

and a shift to larger herbivores, S~gitta might also compete with the 

planktivorous fishes for large plankton as food. The lack of micro

copepods in high abundance would therefore act against Sagitta's 

dominance of the community. 

These speculated changes are consistent with the observed 

conditions in other parts of the bay, and with the predictions of Smith 

(1969), which were based on his simulation model.. 

In summary, despite its abundance and dominance of macroplankton 

standing stock, Sagitta has little effect on the total nutrient 

regeneration in the community. It is, and will probably continue to be, 

a predator of major impact on the larger herbivores in the plankton, 

and a major link in the transfer of matter and e~nergy to fishes. 



APPENDIX A. The abundance and biomass of Sagittaenf1ata in southern Kaneohe Bay from vertical hauls 
from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the catch of .035 mm mesh 

prescreened by .33 rom mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus . Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

17 Oct 73 (3) 
1045 2.61 ·a 181 17.34 3.21 .88 .052 

.71 a 335 30.96 5.73 1.57 .093 

.71 b 1983 4.37 .24 527 
1145 2.61 a 273 21.56 4.00 1.09 .065 

31 Oct 73 (A) 
0935 2.52 a 205 22.35 1.12 

.70 b 1000 3.33 .18 886 
a+b 1205 25.68 4.77 1.30. .077 

0957 2.73 a 133 9.90 .50 
.67 b 716 2.02 .11 388 

a+b 849 11.92 2.24 .61 .036 
1432 3.02 a 206 21.27 1.07 

.66 b 848 2.27 .12 303 
a+b 1054 23.54 4.38 1.19 .071 

(B) 
1113 2.35 a 58 2.25 .12 

.60 b 800 3.98 .21 667 
a+b 858 6.23 1.22 .33 .• 019 

1335 2.39 a 105 7.25 .37 
.63 b 1206 3.15 .17 444 

a+b 1311 10.40 1.98 .54 .032 
1-1 ,.... 
0 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

1346 2.45 a 188 15.33 .77 
.63 b 1619 5.07 .27 381 

a+b 1807 20.40 3.85 1.04 .062 
1355 2.61 a 149 9.33 1. 74 .48 .028 

(C) 
1200 1.77 a 337 21.86 1.11 

.40 b 2050 4.70 .26 2350 
a+b 2387· 26.56 ·5.02 1.37 .080 

1211 1.45 a 411 26.49 1.35 
.38 b 1368 4.12 .22 2105 

a+b 1779 30.61 5.78 1.57 .093 
1220 1.68 . a 283 13.30 .68 

.42 b 1905 4.24 .23 1571 
a+b 2188 17.54 3.37 .91 .054 

1230 1.77 a 402 23.88 4.46 1.22 .072 

27-28 Nov 73 (Li1ipuna Channel) 
1200 2.44 a 5 
1210 2.44 a 12 
1600 2.29 a 4 
2100 2.58 a 9 
0100 2.32 a 6 ..... 

i-' 
i-' 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enflata. in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 rom mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

0500 2.32 a 3 
0510 3.36 a 12 
0900 2.42 a 8 
0910 2.42 a 2 
1300 2.32 a 3 

(3) 
1400 2.32 a 27 2.62 .13 

.64 b 200 .74 .04 125 
a+b 227 3.36 .63 .17 .010 

03 Dec 73 (3) 
1400 3.65 a 2 .065 .012 .003 

05 Dec 73 (3) 
1100 2.58 a 6 .125 .024 .007 

19 Dec 73 (3) 
1130 2.18 a 46 2.12 .46 .12 .007 

.71 b 648 2.26 .39 .12 .006 197 
a+b 694 4.38 .85 .24 .013 

I-' 
I-' 
N 



APPENDIX A. (Continued) The abundance and biomassofuSagitta enflata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enflata in southern Kaneohe Bay from 
vertical hauls from within .5 to I m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enflata in southern Kaneohe Bay from 
vertical hauls from within .5 to I m of the bottom. Net type a means .33 rom mesh; b denotes the 

catch of .035 rom mesh prescreened by .33 rom mesh. All stock estimates are per cubic meter. 



APPENDIX A. (Continued) The abundance "and biomass of Sagitta enflata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Fi1tjred Type Sagitta Weight Eggs 

Time m mg mg mg mg 

28 Jan 74 (3) 
1050 2.23 a 631 38.41 7.10 1.94 .115 

04 Feb 74 (3) 
0955 2.17 a 627 33.71 6.30 1.72 .101 
1005 2.36 a 725 45.09 8.39 2.29 .135 

(1) 
1022 2.78 a 518 32.25 5.99 1.64 .097 

06-07 Feb 74 (3) 
1700 2.33 a 1538 58.04 2.98 
1710 2.33 a 1497 57.22 10.78 2.94 .173 
1720 .85 b 1118 7.20 .38 118 

a+b 2636 64.83 12.38 3.34 .198 

2000 2.33 a 1058 55.12 2.80 
2010 2.33 a 1593 56.11 10.66 2.90 .170 
2020 .57 b 737 6.92 .37 35 

a+b 2062 62.54 11.64 3.22 .187 

2400 2.33 a 1470 65.93 3.37 
0010 2.33 a 1676 76.57 14.36 3.92 .231 
0020 .50 b 2200 13.93 .74 0 

a+b 3773 85.18 15.16 4.38 .242 

.... .... 
0\ 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number' Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sa~itta Weight Eggs 

Time m3 mg mg mg mg 

0510 2.33 a 1112 43.21 2.21 
0520 2.33 a 1277 65.21 12.14 3.31 .196 
0530 .84 b 1619 10.29 .55 0 

a+b 2814 64.50 10.15 2.81 .162 

0900 2.33 a 1264 43.92 2.26 
0910 2.33 a 1730 62.41 11.78 3.20 .189 
0920 .87 b 1471 4.62 .25 92 

a+b 2968 57.78 9.25 2.98 .148 

27 Feb 74 (3) 
1400 2.36 a 800 127.12 23.08 6 .. 34 .376 

07 Mar 74 (3) 
0950 2.30 a 668 73.71 13.38 3.67 .218 

.75 a 640 94.39 4.70 

.75 b 2133 6.08 .33 640 
(7) 

1030 1.93 a 779 113.14 20.44 5.62 .334 
.60 a 1047 98.08 4.92 
.60 b 2000 5.82 .32 733 

I-' 
I-' .... 



APPENDIX A. (Continued) The abundance and biomass of Sagittaenf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 tum mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

14 Mar 74 (3) 
0930 .81 a 968 82.30 4.14 

.81 b 2370 7.37 .40 
a+b 3338 89.67 16.58 4.54 .268 

27-28 Mar 74 (3) 
1010 .84 a 567 42.41 2.13 

.84 b 2095 5.71 .31 397 
a+b 2662 48.12 8.93 2.44 .144 

1020 .78 a 503 34.85 1. 76 
.78 b 2154 5.88 .32 564 

a+b 2657 40.73 7.60 2.08 .122 

1430 .87 a 524 57.40 2.87 
.87 b 2038 6.46 .35 705 

a+b 2562 63.86 11.76 3.22 .191 

1437 .68 a 541 56.21 2.81 
.68 b 2569 6.85 .37 412 

a+b 3110 63.06 11.65 3.18 .189 
1-1 ..... 
00 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 rom mesh; b denotes the 

catch of .035 rom mesh prescreened by .33 rom mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

1838 .71 a 569 42.36 2.13 
.71 b 2592 7.43 .40 338 

a+b 3161 49.79 9.28 2.53 .147 

1848 .78 a 497 48.18 2.41 
.78 b 1231 3.44 .19 256 

a+b 1728 51.62 9.47 2.60 .154 

2130 .61 a 787 67.22 3.36 
.61 b 2820 9.43 .51 66 

a+b 3607 76.65 14.16 3.87 .229 

2140 .62 a 690 74.87 3.73 
.62 b 2323 4.83 .26 0 

a+b .3013 79.70 14.55 3.99 .237 

0230 .50 a 1240 107.28 5.38 
.50 b 4080 12.45 .67 0 

a+b 5320 119.73 22.13 6.05 .358 

.... 
~ 
\P 



APPENDIX A. (Continued) The abundance and biomass of Sagittaenf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1m of the bottom. Net type a means .33 nun mesh; b denotes the 

catch of .035 nun mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

0240 .71 a 868 76.32 3.82 
.71 b 2817 8.31 .45 56 

a+b 3685 84.63 15.61 4.27 .253 

0610 .70 a 1046 91.83 4.60 
.70 b 2971 8.15 .44 800 

a+b 4017 99.98 18.43 5.04 .299 

0620 .55 a 1295 127.89 6.38 
.55 b 3782 11.53 .62 436 

a+b 5077 139.42 25.59 7.00 .415 

1010 .62 a 1077 177 .88 8.82 
.62 b 2258 5.82 .32 645 

a+b 3335 183.70 33.28 9.14 .543 

1020 .88 a 509 28.28 1.43 
.88 b 1182 2.16 .12 864 

a+b 1691 30.44 5.68 1.55 .091 

J-I 
N 
0 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 lUlU mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 nun mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

1515 .81 a 1047 64.10 3.24 
.81 b 1383 2.70 .15 889 

a+b 2430 66.80 12.41 3.39 .200 

1535 .64 a 850 100.09 18.17 4.99 .296 

1915 .74 a 957 64.50 11.89 3.25 .193 

1925 .67 a 603 43.33 2.18 
.67 b 2866 7.41 .40 1313 

a+b 3469 50.74 9.46 2.58 .152 

30 Apr 74 (3) 
1100 1.14 a 614 54.70 2.75 

1.14 b 2596 5.09 .28 1158 
a+b 3210 59.79 . 11.06 3.03 .179 

2000 .88 a 1318 81.58 4.12 
.88 b 2545 10.77 .58 0 

a+b 3863 92.35 17.20 4.70 .277 

.... 
N ..... 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enflata in southern Kaneohe Ba.y from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 rom mesh prescreened by .33 rom mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

21 May 74 (7) 
0925 .21 a 2291 176.67 8.98 

.21 b 1408 2.34 .13 27 
a+b 3699 179.01 33.37 9.11 .538 

(3) 
1030 .52 a 2194 127.06 6.45 

.52 b 4914 3.47 .73 33 
a+b 7108 140.53 26.36 7.18 .424 

1044 .75 a 1041 . 36.07 1.85 
.75 b 3931 7.70 .42 20 

a+b 4972 43.77 8.37 2.27 .133 

13 Jun 74 (3) 
day 2.99 a 583 72.40 13.16 3.61 .214 

21 Jun 74 (3) 
1000 .65 a 1280 43.24 2.23 

.65 b 1723 5.85 .32 308 
a+b 3003 49.09 9.37 2.55 .149 

I-' 
N 
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APPENDIX A. (Continued) The abundance and biomass of Sagitta enf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Fi1t~red Type Sagitta Weight Eggs 

Time m mg mg mg mg 

03 Ju1 74 (3) 
0915 .80 a 268 28.94 1.45 . 

.80 b 160 .33 .02 120 
a+b 428 29.27 5.35 1.47 .087 

09 Ju1 74 (3) 
1415 1.68 a 161 5.97 .31 

1.68 b 143 .48 .03 29 
a+b 304 6.45 1.22 .34 .020 

15 Ju1 74 (3) 
1030 1.48 a 36 .56 .03 

1.48 b 173 .33 .02 86 
a+b 209 .89 .18 .05 .003 

23 Jul 74 (3) 
1430 .60 a 143 10.85 .55 

.60 b 227 .33 .02 93 
a+b 370 11.18 2.08 .57 .034 

.... 
N 
W 



APPENDIX A. (Continued) The abundance and biomass of.Sagittaenflata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. , Net· type a means .33 nun mesh;b denotes the 

catch of .035 nun mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net· Number Dry Carbon. Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs. 

Time m3 mg mg mg mg 

24 Jul 74 (3) 
1430 .92 a 202 7.05 .• 36 

.92 b 435 1.06 .06 139 
a+b 637 8.11 1.56 .42 .025 

25 Jul 74 (3) 
1330 .87 a .218· 5.33 .28 

.87 b 386 •. 81 .04 221 
a+b 604 6.14 1.18 .32 .019 

1340 .77 a 106 3.35 .17 
.77 b 618 1.26 .07 243 

a+b 724 4.61 .90 .24 .014 

26 Ju1 74 (3) 
1355 .61 a 207 10.17 .52 

.61 b 420 1.48 .08 367 
a+b 627 11.65 2.19 .60 .035 

29Ju1 74 (3) 
1510 .62 a 90 3.52 .18 

• 62 b 981 2.00 .11 155 
a+b 1071 5.52 1.06 .29 .017 

.... 
N 
~ 



APPENDIX A. (Continued) The abundance and biomass of Sagitta enflata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 rom mesh. All stock estimates are per cubic meter. 

1 2 3 4 5 6 7 8 9 

Date Volume Net Number Dry Carbon Nitrogen Phosphorus Number 
(Station) Filtered Type Sagitta Weight Eggs 

Time m3 mg mg mg mg 

30 Ju1 74 (3) 
1305 .51 a 82 5.15 .26 

.51 b 310 .71 .04 67 
a+b 392 5.86 1.09 .30 .018 

31 Ju1 74 (3) 
1410 .67 a 194 3.27 .17 

.67 b 430 .85 .05 96 
a+b 624 4.12 .81 .23 .013 

01 Aug 74 (3) 
1330 .88 a 207 6.36 .33 

.88 b 473 1.04 .06 109 
a+b 680 7.40 1.42 .38 .023 

1340 .52 a 169 8.10 .41 
.52 b 708 1.66 .09 92 

a+b 877 9.76 1.84 .50 .030 

02 Aug 74 (3) 
1410 .72 a 106 4.40 .23 

.72 b 489 1.68 .09 67 
a+b 595 6.08 1.17 .32 .019 

f-I 
N 
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APPENDIX A. (Continued)·· The abundance and biomass of Sagitta enflata in southern Kaneohe Bay from 
. verti.cal hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 mm mesh. All stock estimates are per cubic meter. 

1 

Date 
(Station) 

Time 

11 Oct 74 (3) 
1100 

2 

Volume 
Filtered 

m3 

.77 

.77 

3 

Net 
Type 

a 
b 

a+b 

4 

Number 
Sagitta 

1009 
1804 
2813 

5 

Dry 
Weight 

mg 

60.36 
5.72 

66.08 

6 

Carbon 

mg 

12.24 

7 8 

Nitrogen Phosphorus 

mg mg 

3.04 
.31 

3.35 .198 

9 

Number 
Eggs 

396 

(Note: The following estimates, all from April 1975, were made from samples taken at stations 1,3, 
and 7. The haul from each station was split, and half of each catch was combined with the 
others in an effort to obtain an average abundance and length-frequency distribution for 
the southern basin.) 

04 Apr 75 (1,3,7) 
1030 6.75 a 686 3.31 

07 Apr 75 
1030 6.82 a 602 2.39 

09 Apr 75 
1030 6.45 a 785 2.79 

11 Apr 75 
1030 6.79 a 974 2.84 

I-' 
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APPENDIXA. (Continued) The abundance and biomass of Sagittapenf1ata in southern Kaneohe Bay from 
vertical hauls from within .5 to 1 m of the bottom. Net type a means .33 mm mesh; b denotes the 

catch of .035 mm mesh prescreened by .33 nun mesh. All stock estimates are·per cubic meter. 

1 2 3 4 5 6 7· 8 .9 

Date Volume Net Number Dry Carbon Nitrogen . Phosphorus Number 
(Station) Filtered Type Sa8itta Weight Eggs 

Time m3 mg mg mg mg 

14 Apr 75 
1030 6.28· a 974 2.44 

17 Apr 75 
1030 6.79 a 850 2.24 

19 Apr 75 
1030 7.69 a 828 2.79 

22 Apr 75 
1030 6.18 a 954 4.12 

25 Apr 75 
1030 7.36 a 635 1.96 

28 Apr 75 
1030 6.48 a 583 1. 79 

J-I 
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APPENDIX B. -- Excretion of ammonia and phosphate. by Sagitta enf1ata 

1 2 3 4 5 6 

Experiment Animal Animal Water Excretion Rates 
Concentration Length Volume %/h 

l-Ig-at NIl nun m1 N P 

GrouE A eXEeriments: Animals were captured during the day, and selected for empty guts. 
"Animal length" is the mean for the animals in each beaker; the range .was no more than 1 mm. 
Incubation times were 1 to 4 hours. 

Al 28.7 10.0 300 0.342 0.024 
32.9 10.0 300 0.238 0.470 
41. 7 10.5 300 0.207 0.803 
53.5 11.0 300 0.291 0.484 

A2 186 8.5 815 0.752 0.810 
128 7.5 815 0.569 0.510 
218 8.5 405 0.749 0.290 
147 "7 " I. oJ 415 0.692 1.53 

A3 354 10.5 13 2.81 3.88 
255 9.5 14.5 1.83 2.01 
386 12.0 13 3.05 2.49 

A4 75.8 11.0 102 0.468 
44.2 10.5 101 0.559 
61.6 12.5 98 0.823 

248 11.0 11.5 0.815 
132 7.5 13.0 0.864 
197 10.0 11.5 0.736 I-' 

N 
00 



1 

Experiment 

A5 

A6 

A7 

APPENDIX B. (Continued) Excretion of ammonia and phosphate by Sagitta enf1ata 

2 3 4 5 6 

Animal Animal Water Excretion Rates 
Concentration Length Volume %/h 

l1g-at NIl rom m1 N P 

213 10.5 11.5 0.719 
44.8 7.5 15.0 0.470 
83.1 11.5 13.5 0.490 
30.8 9.0 96.5 0.461 

116 11.0 8.5 0.828 1.12 
133 11.0 15.0 1.19 3.20 
171 9.5 11.5 1.03 1.44 
199 11.0 10.0 0.877 1.58 
124 12.5 11.5 1.37 0.819 

26.6 4.5 14.5 1.04 4.81 
69.8 5.0 13.5 0.669 2.39 

143 11.0 13.0 0.742 1.77 

99.1 10.0 78 0.923 4.30 
93.4 10.5 89 0.896 5.36 
85.7 ·11.0 11.5 1.03 2.38 

133 10.5 13.0 0.789 2.08 
288 11.0 13.0 0.844 1.20 
445 10.0 14.0 0.637 1.45 

.... 
N 
1.0 



APPENDIX B. (Continued) Excretion of ammonia and phosphate by Sagitta enf1ata 

1 2 3 4 5 6 

Experiment Animal Animal Water . Excretion Rates 
Concentration Length Volume %/h 

llg-at NIl mm m1 N P 

A8 64.3 10.5 13.5 0.945 
68.5 10.5 13.5 1.42 
60.0 10.5 13.5 0.936 

190 10.5 14.5 0.928 
168 10.0 14.5 1.04 
184 10.0 14.5 0.795 

87.0 10.0 101 0.799 
93.0 10.0 102 0.757 
87.7 10.0 102 0.623 

A9 113 13.0 13.5 2.07 0.770 
67.5 11.0 13.5 0.875 0.113 
83.0 Q I;: 14.5 1.32 0.298 ...... 

112 8.5 14.5 1.53 0.165 
64.1 9.5 107 1.54 1.15 
85.2 10.5 102 0.855 . 1.05 
37.9 11.0 622 1.41 0.788 

A10 48.2 5.0 22.5 0.868 0.672 
111 7.5 21.5 0.703 0.377 
133 10.0 19.0 0.626 0.526 
206 12.5 22.5 0.728 0.796 
159 12.0 118 0.537 1.15 .... 

w 
0 



APPENDIX B. (Continued) Excretion of anunonia and phosphate by Sagitta enf1ata 

1 2 3 4 5 ·6 

Experiment Animal Animal Water Excretion Rates 
Concentration Length Volume. %/h 

llg-at Nil mm m1 N· P 

All 73.3 4.0 17.5 0.399 
64.3 4.0 17.5 0.481 

164 10.5 19.0 0.254 
84.6 7.5 20.5 0.562 

290 13.0 19.0 0.663. 
307 13.0 19.0 0.617 
195 10.5 19.0 0.398 

A12 292 12.0 20.5 0.623 
234 10.5 25.0 0.342 
235 8.5 25.5 0.174 
180 12.0 125 0.600 

A13 95.3 11.0 104 0.473 0.793 
73.1 10.0 . 104 0.425 0.637 
60.5 5.0 18.5 0.418 0.856 

·35.4 4.5 18.5 0.390 2.08 
4.0.2 6.5 19.5 0.406 0.646 
54.3 7.5 19.5 0.469 0.820 

129 12.0 16.5 0.444 0.406 
118 11.5 16.5 0.733 1.30 

.... 
w .... 



APPENDIX B. (Continued) Excretion of ammonia arid phosphate by Sagitta enflata 

Experiment Animal Animal Water Excretion Rates Notes 
Concentration Length Volume %/h 

l1g-at Nil mm m1 N P 

GrouE B eXEeriments: 
B1 182 10.5 16.5 0.725 All caught at 

150 10.0 16.5 1.03 night; first 
184 10.5 16.5 1.08 three with food, 
165 10.0 16.5 1.08 last three empty. 
177 11.0 16.5 0.850 
195 11.0 16.5 1.16 

B2 258 12.0 19.0 0.497 0.796 Day; wi th . food 
345 12.5 20.5 0.546 0.712 Day; empty 
326 12.0 20.5 0.590 0.728 Day; empty 
246 10.5 20.5 0.205 0.313 Lab-starved 
199 10.5 19.0 0.252 0.685 Lab-starved 

l
I,...) 
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APPENDIX B. (Continued) Excretion of ammonia and phosphate by Sagitta enf1ata 

1 2 3 4 5 6 7 

Sampling Beaker Animal Incubation Excretion. Rates Notes 
Period Concentration Time %/h 

]lg-at Nil h N P 

Experiments B3-B5: Water volumes 10-20 m1; under "Notes,"·d and n indicate-day and night-captured 
animals, x and 0 indicate animals with and without food in the guts. 

B3: Animal lengths 12.5-13 mm 

1 a 184 1.68 0.745 1.29 n,o 
b 52.7 1.68 0.806 7.72 n,x 
c 109 1.68 1.24 4.96 n,x 
d 114 1.20 0.736 0.799 n,o 
e 119 1.07 1.48 14.07 n,x 
f 49.8 0.87 0.976 5.54 n,o 

2* a 203 11.35 0.385 0.089 
b 59.5 11.35 0.427 0.060 
c 122.0 11.35 0.366 0.046 
d 127.1 11.32 0.341 0.013 
e 130.1 11.45 0.762 0.344 
f 49.4 11.32 0.443 0.271 

J-I 
~ 
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APPENDIX B. (Continued) Excretion of ammonia and phosphate by Sagitta enf1ata 

1 2 3 4 5 6 

Sampling Beaker Animal Incubation Excretion Rates 
Period Concentration Time %/h 

llg-at NIl h N P 

B4: Animal lengths 11.5-13 mm 

1 a 80.5 2.62 0.741 0.318 
b 53.2 2.62 1.08 0.969 
c 61.0 1.18 0.817 0.175 
d 63.0 1.20 1.01 1.97 

2* a 81.8 1.00 0.444 0 
b. 54.0 1.00 0~430 0.458 
c 62.1 0.85 0.358 0 
d 64.1 0.85 0.479 0 

3* a 82.9 1.18 0.453 0.786 
b 54.7 1.18 0.675 0.217 

4* a 84.1 10.93 0.422 0.059 
b 54.8 10.93 0.688 0 
c 62.0 10.93 0.401 0.112 
d 63.7 10.93 0.474 0.118 

7 

Notes 

d,o 
d,x 
n,o 
n,x 

.... 
UJ 
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APPENDIX B. (Continued) Excretion of amrnoniaand phosphate by Sagitta enflata 

1 2 3 4 5 6 

Sampling Beaker Animal Incubation Excretion Rates 
Period Concentration Time %/h 

]..Ig-at NIl h N P 

B5: Animal lengths 6-13 mm 

1 a 86.1 0.93 1.52 1.80 
b 191 0.90 2.19 1.81 
c 34.9 0.95 1.20 0 
d 56.7 0.77 2.01 4.31 
e 97.4 1.08 0.686 0 
f 180 1.03 1.24 0.082 

2* a 96.4 1. 70 0.825 1.04 
b 217 1.62 1.14 1.11 
c 38.7 1.62 0.848 0.221 
d 63.4 1.62 0.970 1.32 
e 109.7 1.20 0.222 0.199 
f 205.1 1.20 0.742 0.532 

·7 

Notes 

n,x 
n,x 
n,x 
n,x 
n,o 
n,o 

.... 
UJ 
VI 



APPENDIX B. (Continued) Excretion of ammonia and phosphate by Sagitta enflata 

1 2 3 4 5 6 7 

Sampling Beaker Animal Incubation Excretion Rates Notes 
Period Concentration Time %/h 

]..lg-at N/l h N P 

3* a 108.6 9.25 0.232 0.459 
b 247.2 9.25 0.269 0.631 
c 42.9 9.25 0.247 0.488 
d 71.3 9.25 0.255 1.10 
e 124.3 9.18 0.259 0.417 
f 235.4 9.18 0.246 0.526 

* After the first period, animal concentrations are corrected for removal of water from the vessels 
by sampling, and for loss of nitrogen from the animals' bodies. Specific excretion rates include 
these corrections. 

I-' 
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APPENDIX C. -- Estimates of the growth in length of Sagitta enflata, made from the progression of 
features of the distributions of deviations in the length-frequency curves. 

1 2 3 4 5 6 

Dates Feature Original Final Interval Growth Rate 
Length Length Mid-Point 

mm mm mm mm/day.· 

19 Dec 73- a 7.0 8.0 7.50 .500 
06 Feb 74 

b 1.5 4.5 3.00 .667 
4.5 6.5 5.50 .286 
6.5 8.0 7.25 .500 
8.0 9.0 8.50 .200 

c 2.0 4.0 3.00 .400 
4.0 6.0 5.00 .400 
6.0 7.5 6.75 .214 
7.5 9.5 8.50 .333 
9.5 11.0 10.25 .214 

d 1.0 4.0 2.50 .500 
4.0 6.5 5.25 .357 

e 2.5 4.0 3.25 .600 
4.0 11.0 7.50 .342 

.... 
w 
...... 



APPENDIX C. (Continued) Estimates of the growth in length of Sagitta el1flata, made from the progression 
of features of the distributions of deviations in the length-frequency curves. 

1 2 3 4 5 6 

Dates Feature Original Final Interval Growth Rate 
Length Length Mid-Point 

nun nun nun nun/day 

15 Jul - a 1.0 6.0 3.50 2.50 
02 Aug 74 6.0 10.0 8.00 2.25 

10.0 11.0 10.50 .333 

b 3.0 5.0 4.00 2.00 
5.0 9.0 7.00 1.33 
9.0 10.5 9.75 1.50 

c 0.5 7.5 4.00 2.33 

d 1.0 5.0 3.00 4.00 
5.0 8.0 6.50 3.00 
8.0 10.0 9.00 2.00 

e 2.0 4.0 3.00 2.00 
4.0 6.0 5.00 3.00 

.... 
w 
00 



APPENDIX C. (Continued) Estimates of the growth in length of Sagittaenflata, made from the progression 
of features of the distributions of deviations in the length-frequency curves. 

1 2 3 4 5 6 

Dates Feature Original Final Interval Growth Rate 
Length Length Mid-Point 

rom rom rom tmn/day 

04 Apr - a 8.0 12.0 10.00 1.33 
28 Apr 75 12.0 14.0 13.00 1.00 

b 2.5 7.0 4.25 2.25 

c 0.5 3.0 1. 75 1.25 
3.0 5.5 4.25 .833 
5.5 9.5 7.50 1.33 
9.5 10.0 9.75 .250 

d 3.0 5.0 4.00 1.00 
5.0 6.0 5.50 .333 

e 1.0 7.0 4.00 2.00 

J-I 
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