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ABSTRACT- Ecological effects of populations of the salp Cyclosalpa bakeri were studied in late
summer of 1984, 1987 and 1988 during the Subarctic Pacific Ecosystem Research (SUPER) project at
Station P in the northeast Pacific. Salps occurred largely in the top 60 m, with biomass values ranging
from 76 to 3621 mg C m™2 Three approaches were taken to estimate the grazing impact of these popu-
lations. C. bakeri removed from 1.6 to 136.6% of daily primary production and 1.3 to 56.8% of the
diatom stocks in August 1988. On average, feeding rates of the salps predicted clearance of all particles
>25.0 pm from 1.2 to 49.2% of the water column per day in 1984 and 1988. Although excretion of dis-
solved N appears negligible, production of fecal C and N can be high, as much as 875 mg C and 110 mg
N m~ d°! at the highest population density sampled. Although the salps probably do not have a sig-
nificant grazing impact on the small cells (£5.0 ym) which are responsible for most of the production,
they may be important in controlling populations of diatoms which typically occur in late summer at

Station P.
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INTRODUCTION

The subarctic Pacific region has long been of eco-
logical interest because of its persistent high nutrient
concentrations and lack of a seasonal phytoplankton
bloom, both sharp contrasts to comparable latitudes in
the Atlantic. During the 1980s the Subarctic Pacific
Ecosystem Research (SUPER) program conducted a
series of cruises to Ocean Station P (50°N, 145°W) to
study the relationships between production and graz-
ing in this region. The main results of this program
have been reported in a series of papers in the last
5 years (cited in Miller 1993).

The first hypothesis (‘major grazer’ hypothesis) ad-
vanced to explain the observed nutrient levels and
phytoplankton stocks was that the life history of the
dominant herbivorous copepods in the north Pacific,
species of Neocalanus and Eucalanus, allowed them to
begin feeding early in the year, before the seasonal
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acceleration of phytoplankton growth, and this timing
prevented the accumulation of bloom densities of
phytoplankton (Beklemishev 1957, Heinrich 1962). Al-
though the phytoplankton community is dominated by
very small cells (Booth et al. 1982, Booth 1988), it was
hypothesized that Neocalanus spp. were able to graze
them by virtue of the closely spaced setae on their
filtering appendages. However, experimental determi-
nation of the feeding rates of the larger crustacean
grazers {Dagg & Walser 1987 Dagg 1993a) showed
that the grazing capacity present was in fact much too
low to keep up with the measured growth of phyto-
plankton. Indeed, ingestion of phytoplankton alone
was often insufficient to meet the metabolic needs of
the copepods (Dagg & Walser 1987, Dagg 1993b), and
it was inferred that ingestion of microzooplankton
made up the remainder of their diet.

Other work at Station P has shown that phytoplank-
ton populations appear to be kept in check by micro-
zooplankton rather than macrozooplankton grazing.
The rapid regeneration of nitrogen as NHy* by the
protozoans fuels the continued primary production,
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and what NOj™ is depleted during the summer and fall
is replaced by winter mixing. Estimates of the relative
importance of microzooplankton and macrozooplank-
ton grazing based on the chlorophyll-budget method
showed that the protozoans accounted for between 70
and 93 % of total grazing on 4 cruises in 1987 and 1988
(Miller et al. 1991). This role of protozoan grazing,
together with the effects of mixing and the possibility
of iron limitation for the growth of large cells, are the
principal elements of the ‘new SUPER synthesis’
hypothesis (Miller et al. 1991, Miller 1993).

The ‘major grazers' that were initially of interest in
this system were copepods in the genera Neocalanus
and Eucalanus. Other herbivorous zooplankton pre-
sent at Station P at various times during the year
include euphausiids and salps, notably Cyclosalpa
bakeri. Salps are highly effective filter feeders (All-
dredge & Madin 1982, Madin & Deibel 1997) with
clearance rates up to several liters h™! individual™!, and
the capability of removing particles down to a few pm
in size. Salps sometimes occur in dense populations
(Wiebe et al. 1979, Le Borgne 1983) which arise rapidly
as a result of high rates of growth and asexual repro-
duction under favorable conditions (Heron 1972, An-
dersen & Nival 1986, Madin & Deibel 1997).

The presence of large numbers of Cyclosalpa bakeri
at Station P in August of 1984 led the SUPER partici-
pants to wonder about the importance of their grazing
on phytoplankton stocks in summer. Two of us (L.P.M,
J.E.P.) joined cruises in September 1987 (SUPER IV)
and August 1988 (SUPER VI) to investigate the life his-
tory, energetics and grazing effects of this species. Ear-
lier papers have described diel patterns of migration,
feeding and reproduction in C. bakeri (Purcell &
Madin 1991), and their feeding, metabolism and
growth (Madin & Purcell 1992). Here we present data
concerning their abundance and impacts as grazers
and recyclers of carbon and nitrogen.

METHODS

Sampling. Salps were observed and collected at
Ocean Station P (50°N, 145° W) on 3 SUPER program
cruises. In August 1984 (SUPER II), 2 day and 2 night
tows were made in the top 100 m with a closing Puget
Sound net. In September-October 1987 (SUPER V), a
1 m? MOCNESS (333 pm mesh) was used for vertically
stratified zooplankton sampling, but no salps were
caught with it. In August 1988 (SUPER VI), the 1 m?
MOCNESS was deployed for 3 sets of day/night tows
from approximately 60 m to the surface, which did
catch salps. Day and night SCUBA diving collections of
Cyclosalpa bakeri were made both in 1987 (10 dives)
and 1988 (13 dives) by 2 tethered divers during dives

lasting approximately 20 min. In addition to collecting,
1 diver (L.P.M.) estimated abundance based on nearest
neighbor distances or visual assessment of apparent
density.

All net-collected salps were preserved in 5% forma-
lin for later counting and measurement. To determine
the extent of shrinkage due to preservation, samples of
salps were measured live (body length from oral to
atrial siphon) and then fixed in 5% formalin, and
measured again after 5 mo. Sizes of salps collected
in the MOCNESS tows were corrected for shrinkage,
which averaged 11.6 %. Specimens collected by divers
in 1987 and 1988 were measured alive before being
used for shipboard experiments. Conversion from body
length to carbon weight was made using a regression
equation based on subsamples of the diver-collected
salps [C (mg) = 0.0051 x length (mm)"7%, 12 = 0.83, n =
47; Madin & Purcell 1992].

Feeding and metabolic rates. Estimates of grazing
effects of the salp populations are based on rates of
feeding, defecation and nitrogen excretion determined
using diver-collected Cyclosalpa bakeri. Methods and
results of this work are described in detail by Madin
& Purcell (1992), and are only summarized here. Feed-
ing rates were calculated from quantities of plant
pigments in the feces of freshly collected salps and
from gut passage times measured on shipboard. Loss
of pigments due to digestive degradation was esti-
mated by using diatom frustules in salps guts as con-
servative tracers of ingestion. Comparison of clearance
rates based on pigment versus diatom frustules indi-
cated a pigment loss of about 50 %; accordingly, clear-
ance rates for C. bakeri were corrected by a factor of
2.2 on a length basis or 2.5 on a weight basis. The salps
were also found to feed mainly at depth during day-
light hours, despite diel migration into surface waters
at night (Purcell & Madin 1991). The clearance rate
used in this paper for estimation of population grazing
effects is the mean weight-specific value for 162 salps
collected during daylight on dives made in 1987 and
1988.

Respiration and excretion were measured in short-
term (3 to 11 h duration, 1 I container) batch experi-
ments on shipboard, and defecation rate was observed
in salps maintained in continuous flow aquaria with
ambient particle concentrations.

RESULTS
Physical and biological environment
Physical conditions were fairly similar from year to

year, and quite uniform within the depth ranges where
the Cyclosalpa bakeri occurred. In general, water tem-
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perature in the top 60 m was between 11 and 13°C in
August-September. Profiles of temperature, salinity
and chlorophyll (chl) concentrations relative to dis-
tribution of the salps in 1988 are given by Purcell &
Madin (1991). Distribution of nutrients is described by
Wheeler (1993) and chlorophyll stock and primary pro-
duction data are detailed in Welschmeyer et al. (1993).

Abundance and vertical distribution of
Cyclosalpa bakeri

Populations of Cyclosalpa bakeri were present at
Station P on all 3 summer cruises in the SUPER pro-
gram, but were sampled quantitatively only in August
1984 (SUPER 1II) and August 1988 (SUPER VI). In
August 1987 (SUPER 1V), C. bakeri were collected by
divers for experimental work on feeding and energet-
ics, but none were caught in the 1 m* MOCNESS nets
towed at the same times and places. The diver's esti-
mates of density from 1987 suggest that at values much
below 1 m™3 salps were too sparse to be collected with
nets (Table 1). Diver estimates for density in 1988 were
4 times greater than the maximum MOCNESS values
(see below), probably because divers tended to work in
strata of high concentration. Although diver estimates
show that salps were much more abundant in 1988,
divers were able to collect comparable numbers of
salps in both years (Table 1). This demonstrates the
advantage of visually directed in situ collecting for
sparse organisms.

Net tows made in 1984 and 1988 did collect signifi-
cant numbers of Cyclosalpa bakeri. Abundance and
carbon biomass of these salps, integrated over the
sampled water column, is given in Table 2, and the
depth distributions of the salps are shown in Fig. 1. The
salps were restricted to the upper 100 m or less of the
water column, and undertook a diel vertical migration
within this depth range (Purcell & Madin 1991). Mean
salp densities at these stations ranged from about 1 to
31 salps m™*. Numbers and biomass sampled by day

Table 2. Cyclosalpa bakeri. Abundance and biomass at

Station P in August 1984 and 1988. Values are integrated

numbers and carbon biomass in the indicated depth range,

based on stratified tows with a Puget Sound net (1984) or 1 m?®
MOCNESS (1988). Times are local

Sample date Depth range (m) Time Salps m™? mg Cm™?
3 Aug 1984 0-40 22:10 508 2625
5 Aug 1984 40-100 10:25 780 560.4
7 Aug 1984 40-100 11:10 480 447.0
9 Aug 1984 0-50 21:58 290 2936

10 Aug 1988 0-63 22:45 240 344.2

11 Aug 1988 0-57 11:00 208 335.5

13 Aug 1988 0-62 22:30 57 94.6

14 Aug 1988 0-60 09:40 55 76.1

24 Aug 1988 0-58 21:50 1842 3621.5

26 Aug 1988 0-60 09:30 314 492.6

and night match within a factor of 2 for most day/night
pairs, but there is a great disparity for the third sample
date in 1988 (Table 2). Rough seas and an extra day
between the day and night tows may have brought
about this change in the population density of the salps
through drift or advection.

Eifects of feeding and metabolism

We used 3 approaches to estimate the fraction of the
phytoplankton stock or production removed by Cyclo-
salpla bakeri at Station P. Originally egestion rate of
pigment was measured and converted to an ingestion
rate by correcting for pigment destruction due to
digestion (Madin & Purcell 1992). Pigment ingestion
can be compared directly to pigment standing stocks,
or used to estimate carbon ingestion via an appropriate
C:chl ratio. Because the salps stop feeding at night, we
have based impact estimates on 16 h d™! of feeding
activity. This is the most direct approach when values
for phytoplankton stocks, production and salp inges-
tion are all known for the same dates. In Table 3,
weight-specific rates of chlorophyll ingestion by C.

Table 1. Summary of dive collections at Station P. Dives were made between 20 September and 3 October 1987 and between
4 and 21 August 1988. D/N: day or night dives; maximum depth: maximum reached by divers (mean + SD). Numbers of salps
collected per dive are shown as mean + SD for the number of dives in each row. Collection rate is total number collected divided

by total dive duration. Visual estimates of number of aggregate whorls m

-3 were multiplied by the mean number of salps whorl"!

(12) to estimate number of individual salps m~>. The number of density estimates is in parentheses

Year D/N No. of dives Mean maximum
depth (m)
1987 D 6 248 +54
N 4 165+ 1.7
1988 D 7 31.7+29
N 6 208+ 1.9

Mean no. salps Collection rate Estimated density

collected (salps min~1) (salps m™3) (n)
81 + 47 4.2 0.7 £ 0.3 (4)
106 + 37 _
94 + 40 6.5 124 + 77 (4)
81+ 28 3.7 -
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Fig. 1. Cyclosalpa bakeri. Vertical distribution, as numbers of salps m™, at Station P. (a} 3-5 and 7-9 August 1984, Puget Sound

net; (b) 10-11 August 1988, 1 m? MOCNESS; (c) 13-14 August 1988, 1 m* MOCNESS; (d) 24-26 August 1988, 1 m? MOCNESS.

Note that abundance scales are different for each plot, and that depth ranges sampled vary slightly on different sampling dates.
Times are local

bakeri, based on data from salps collected in August
1988, are multiplied by the salp stock (Table 2) to
calculate total ingestion by the population.

Values for chl standing stock and primary production
for the same dates are taken from Welschmeyer et al.
(1993), integrated over the 60 m depth in which salps
were sampled. Chlin cells 25.0 pym was estimated from

the proportion of carbon biomass (46 %) represented
by autotrophic cells 25.0 pm in August 1988 (data from
Booth et al. 1993). Primary production in mg C was
converted to mg chl using C:chl ratios based on cell
counts made on the 3 dates in the table (Booth et al.
1993). These comparisons indicate that salp popula-
tions can ingest anywhere from a few percent to over

Table 3. Cyclosalpa bakern. Chlorophyll ingestion on 3 dates in August 1988 relative to chlorophyll stock and production. Pigment
ingestion rate {as chl a equivalents): mean +SD for salps collected by divers on those dates; N: number of data points. Salp bio-
mass: mean of values from adjacent day and night MOCNESS collections, except for August 24-26, which is night value only.
Stock and primary production data from Welschmeyer et al. (1993), converted to mg chl a from mg C using C:chl ratios deter-
mined from cell counts on the same dates (Booth et al. 1993). Size fractionation of chlorophyll estimated from data on cell size
distribution (Booth et al. 1993). All values are integrated over the 60 m depth in which salps were collected

Date Ingestion N Salp Chl a Chla  Percent Chlaincells Percent Primary  Percent

(mg chl a biomass ingestion stock  ingested 25 um ingested production ingested

mg~' Ch™) (mg Cm?) (mgm?d') (mgm? bysalps (mgm? by salps (mgm™?d) by salps
10-11 0.086 +0.030 35 344 1.18 25.2 4.7 12.9 9.1 9.2 12.8
13-14 0.052 +0.028 24 85 0.18 18.2 1.0 93 1.9 11.4 1.6
24-26 0.050 +0.025 28 3621 7.24 16.0 453 8.2 88.3 53 136.6
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100 % of the stocks or daily production of phytoplank-
ton. The higher figures are probably overestimates,
since much of the phytoplankton is smaller than 5 pm
and below the retention size for Cyclosalpa bakeri
(Madin & Purcell 1992). The apparent overestimate
may be because the salps also ingest degraded pig-
ments in detrital particles.

A second estimate of grazing impact was made
based on microscopic counts of diatom frustules in the
guts of Cyclosalpa bakeri collected in August 1988,
originally used to correct for loss of pigment in calcu-
lating clearance rates. The mean daytime value ob-
tained for ingestion of diatom cells was 3.83 x 10* cells
mg! C h™! (SD = 2.21 x 10* n = 15; Madin & Purcell
1992). This rate can be multiplied by the biomass of C.
bakeri on the 3 dates in August 1988 and compared
with the standing stock of diatoms, just as was done for
chlorophyll (Table 3). Booth et al. {1993) published
values for mean diatom biomass (mg C m~?) for each of
the 6 SUPER cruises, and also a grand mean of diatom
concentration (cells I"!) from all cruises, in both cases
for 3 size categories: 5-10, 10-20 and >20 pm. We used
grand mean values for cells I"! and diatom biomass
{mg C m~% to calculate the average carbon content per
cell in each size category. Then for the August 1988
cruise, we divided the measured diatom biomass in
each size range by the carbon cell”! to estimate the
average cell concentrations, which were summed to
yield an estimate of 6.45 x 107 total diatoms m™> This,
multiplied by the 60 m water depth, gave a mean

Table 4. Cyclosalpa bakeri. Weight-specific rates of filtration,

ingestion, defecation, respiration and excretion {from Madin

& Purcell 1992). Values are given as a function of body carbon

weight (mg) per hour, and are mean values for salps collected
in 1987 and 1988

Parameter Weight-specific rate (mg™' C h™!)
Clearance 0.581°

C ingestion 38.4 ug®

N ingestion 6.4 ng®

C defecation 15.1 pg*

N defecation 1.9ng*

O, consumption 0.22 pmold

N excretion 0.034 pumol*

‘Based on pigment ingestion, corrected for digestive de-
struction, divided by mean pigment concentration in the
top 30 m

®Based on pigment ingestion, corrected for digestive de-
struction, multiplied by food particle C:pigment ratio of
188 and C:N ratio of 6 measured in 1988

“Based on egestion of pigment, multiplied by fecal C:pig-
ment ratio of 183 and C:N ratio of 8

9Measured in shipboard batch incubations using Winkler
titration

¢*Measured in shipboard batch incubations, sum of NH,*
and primary amines

diatom stock in August 1988 of 3.9 x 10% cells m™
Calculated ingestion of diatoms by salps present on
August 10-11, 13-14 and 24-26 indicates that C.
bakeri would have consumed 54, 1.3, and 56.8%
of the diatom standing stock per 16 h feeding day.

A third and more general estimate of the impact of
salp populations can be made using mean rates for
feeding and metabolism. Table 4 summarizes these
rates from all 1987 and 1988 data on a weight-specific
basis and describes briefly the methods of calculation.
Clearance rates were calculated by dividing pigment
ingestion by the mean concentration of pigment in par-
ticles 25 pum (the lower limit of retention for Cyclosalpa
bakeri) in the water column where the salps were
found. Although C. bakeri appears to stop feeding at
night (Purcell & Madin 1991), while feeding during the
day it appears to filter at a constant rate, independent
of particle concentration, as seems true for other salps
(Madin & Kremer 1995, Madin & Deibel 1997).

Effects of grazing, excretion and defecation by pop-
ulations of Cyclosalpa bakeri were estimated from mean
rates for dates in August 1984 and 1988 (Table 5). For
the first 4 sample dates, salp biomass is the mean of
similar day and night values, but on the fifth date we
used the night value only, since it represents a much
larger population (7.3 times) than the day sample taken
about 36 h earlier (Table 2). Population clearance was
calculated as the product of salp biomass and specific
clearance rate, expressed as the fraction of water
cleared m~? d! in a water column equal to the depth
range in which salps were sampled (Table 5). We
assume the salps, as non-selective feeders, would re-
move all particles (phytoplankton, microzooplankton,
detritus) =5 pm from the water they filter. If we further
assume that particles are randomly distributed relative
to the salps during the day, then the salps should
remove a fraction of these particles equal to the frac-
tion of the water filtered. This assumption would pro-
duce an underestimate of grazing impact if in fact the
salps feed disproportionately in strata or patches of
higher cell concentration.

The metabolic consequences of grazing by Cyclo-
salpa bakeri are excretion of nitrogen, mainly as NH,",
and defecation (Table 5). Excretion was calculated
as the concentration of nitrogen (NH" and primary
amines) that would result from excretion for 24 h 4! at
the rate in Table 4. Defecation was calculated for 16 h
d-! day since it is dependent on feeding, which stops
at night. Fecal pellets of C. bakeri are loosely packed
relative to those of many other species of salps. We did
not measure sinking rates directly, but estimate that
they would be similar to rates for C. affinis, about
600 m d-! (Madin 1982), in a still water column. It is
likely that pellets at Station P would experience some
resuspension due to turbulence in the mixed layer, and
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Table 5. Cyclosalpa bakeri. Effects of salp populations at Station P in August 1984 and 1988. Salp biomass is mean of values from

adjacent day and night collections, except for 24-26 August 1988 which is night valie only. All effects are integrated over the

indicated depth during 16 h of daylight, except nitrogen excretion, which is over 24 h (Purcell & Madin 1991). Percent of water

cleared is the fraction of the water column filtered per day; all particles 25.0 pm would be removed from this fraction. Nitrogen

excretion (principally NH;"} is the mean concentration resulting from salp excretion, assuming uniform distribution throughout
the indicated water column

Date Integration Salp biomass Y% of water N excretion Fecal C Fecal N
depth (m) (mg C m?) cleared (d™) (UM) (mgm *d) (mgm - d'}
3-5 Aug 1984 100 411 3.8 0.003 99 13
7-9 Aug 1984 100 370 3.4 0.003 89 11
10-11 Aug 1988 60 344 4.7 0.005 83 10
13-14 Aug 19838 60 85 1.2 0.001 21 3
24-26 Aug 1988 60 3621 49.2 0.049 875 110

not all of the daily fecal production would be exported
from the upper waters. Although the salps are diel
migrators, the daily excursion was largely within the
top 30 m, and there was not a significant acceleration
of fecal pellets out of the mixed layer.

DISCUSSION

When abundant, Cyclosalpa bakeri appears capable
of removing a substantial portion of the stock and daily
production of autotrophic cells =25 pm. Estimates in
Table 3 based on pigment ingestion are certainly too
high because the salps ingest pigment in both living
cells and detritus, while the estimates of chlorophyll
stock and primary production are based on live cells
only. This can be seen by comparing the fraction of
chlorophyll 25 pm ingested (Table 3) with the fraction
of diatom stocks removed or the fraction of the water
filtered on the same dates in 1988 (Table 5). If the
ingested pigment were present only in living cells
(which were counted to determine chl a stock) these
values should be about the same. The nearly 2-fold dif-
ference suggests that about half the pigment ingested
by salps was in dead cells or detritus which were not
included in the stock estimates.

Data from both 1984 and 1988 (Table 5) indicate that
large populations of salps can remove fractions rang-
ing from about 1 to 50 % of the stock and production of
phytoplankton daily, and are effective grazers on large
cells, like diatoms, which are less subject to microzoo-
plankton grazing. Indeed, as non-selective grazers, the
salps are also removing heterotrophic protozoans and
probably some metazoan microplankton as well. In-
dependent grazing experiments on several species of
ciliates and larger dinoflagellates conducted during
the August 1988 SUPER cruise (D. Gifford pers.
comm.) yielded mean clearance rates a little lower
(0.36 1 mg™! C h') than those we determined from gut
pigment (Table 4), perhaps due to confinement effects

(Madin & Kremer 1995} or particle size differences.
Caron et al. (1989) reported that the congeneric Cyclo-
salpa affinis removed the heterotrophic flagellate
Bodo sp. (2.0 to 2.5 pm) at 83 % of the rate for filtration
of the phytoflagellate Isochrysis galbana (5.0 ym). It is
reasonable to assume that stocks of microzooplankton
at Station P would be diminished by approximately the
same percentages as autotrophs >5 pym (Table 5).

The contribution of salp excretion to ambient nitro-
gen concentration appears negligible. Ammonium
concentrations were generally low in the mixed layer,
between 0 and about 0.2 pM, but with a peak up to
almost 0.5 utM between 50 and 80 m in August 1988
(Wheeler 1993). This peak was deeper than the occur-
rence of Cyclosalpa bakeri, and is unlikely to be
related to their excretion. Calculated concentrations
due to excretion by salps in the mixed layer (Table 5)
are in the nanomolar range, below the limits of analyt-
ical detection. Although contributing to the regenera-
tion of nitrogen, salp excretion seems unlikely to have
a significant effect on phytoplankton in that depth
range.

Defecation of carbon and nitrogen are approxi-
mately 24 and 3 % of salp carbon biomass, respectively.
At the highest abundance recorded on August 24-26,
1988, the estimated production of fecal carbon is 140 %
of the daily primary production for August 25 (Welsch-
meyer et al. 1993). Estimates from other places of salp
fecal flux based on defecation rate and biomass range
from 0.01 to 137 mg C m™* d°!, while estimates from
sediment trap collection of salp fecal pellets are as high
as 576 mg C m? d! (Caron et al. 1989, Andersen
1997). Most of our estimates of fecal production by
Cyclosalpa bakeri (Table 5) are within this range, but
the value of 875 mg C m™% d™! for August 24-26 is the
highest yet reported for any salp. Although sediment
traps were deployed during the SUPER cruises, no par-
ticle flux data from SUPER 6 have yet been published.
It is therefore not possible to compare salp fecal pro-
duction with total carbon flux for the same dates at
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Station P; only approximate comparisons can be made
between estimated exports due to salp grazing and
fluxes measured at various depths. Sediment trap
studies at Station P from 1982 through 1986 (Takahashi
& Honjo 1989) revealed that peak fluxes of several
diatom species occurred in July through October, with
maximum rates approaching 50 frustules m™2 d-! at
3800 m. Our estimates of diatom ingestion by C. bakeri
in August 1988 are between 5 x 107 and 2 x 10° cells
m-2d"!. Since the frustules are not digested, this should
correspond to an egestion rate, much of which may be
exported from the strata where the salps were. Mea-
surements of total organic carbon flux at or near
Station P include values from 1982-84 (Takahashi &
Honjo 1989) that are mostly <10 mg C m2d™! at
3800 m, with a peak of about 35 mg C m™2d~! in August
1983. Similar values for carbon flux were also mea-
sured at 3 depths near Station P in July-August 1975
(Iseki 1981). Regression of these 3 values against depth
{r? = 0.99) permits a rough estimate of the correspond-
ing flux at 60 m, the bottom of the C. bakeri distribu-
tion, of 11.3 mg C m~' d~1. All our estimates of C export
due to salp grazing and defecation (Table 5} are well in
excess of this estimate from the same season.

Cyclosalpa baker! appears not to retain particles
smaller than about 5 pm (Madin & Purcell 1992), and is
therefore not likely to be a controlling grazer of the
small cells which make up the bulk of the primary pro-
ducers (Booth et al. 1993). Indeed the 'mew SUPER
synthesis' to explain limitation of phytoplankton growth
in the high nutrient subarctic Pacific (Frost 1991, Miller
et al. 1991, Miller 1993) absolves copepods of any
significant role as controlling grazers, and invokes
microzooplankton grazing, rapid regeneration and
preferential uptake of ammonium, and replenishment
of nitrate via upwelling and diffusion to explain the
observed patterns of production and biomass. Control
of small (<10 pm) cells is attributed to microzooplank-
ton (flagellate and ciliate) grazing, and data from dilu-
tion experiments (Welschmeyer et al. 1991, Landry et
al. 1993) at Station P support this view.

However, cells larger than 10 pm are less likely to be
controlled by microzooplankton grazing alone, and
diatoms are a persistent and sometimes abundant com-
ponent of the flora in the subarctic Pacific, particularly
in summer (Clemons & Miller 1984, Booth 1988, Booth
et al. 1993). Landry et al. (1993) found that autotrophs
and microzooplankton grazers were present in about
equal biomass in May 1988, and that the diatom com-
ponent was mainly small cells. Under these conditions,
the micro-grazers would be expected to be able to con-
trol phytoplankton growth rates, an expectation that
was borne out in shipboard dilution experiments. In
August 1988, however, the autotroph biomass ex-
ceeded the micro-grazer biomass by a factor of 2 or 3

in situ, and more than half the diatom biomass was
made up by large cells (Landry et al. 1993). In ship-
board dilution experiments run in August 1988
diatoms grew at rates that would produce blooms in
the field.

Two explanations have been advanced to explain
how population growth of these larger cells is con-
trolled. Welschmeyer et al. (1991) suggested that
diatoms grew rapidly in dilution experiments because
they were relieved of the grazing pressure of larger
zooplankton (copepods or salps) which keeps them
in check in nature. Restriction of growth due to iron
deficiency has also been suggested (Miller et al. 1991,
Landry et al. 1993, Miller 1993), following the general
theory of iron limitation advanced by Martin & Fitz-
water (1988) for high nutrient, low chlorophyll areas of
the ocean. Certainly, both mechanisms may be operat-
ing, with iron limitation slowing the growth rate of
larger cells sufficiently that zooplankton grazing can
keep pace (Frost & Franzen 1992). Preliminary iron
enrichment experiments conducted during SUPER
cruises gave results in support of Martin's hypothesis
{Miller 1993).

Feeding rate determinations for copepods present at
Station P in the spring (Neocalanus plumchrus and N.
flemingeri) showed that they consumed 2.6 to 3.9%
of the chlorophyll stock and 6.3 to 15.4 % of daily pro-
duction, insufficient to control growth of the total
phytoplankton population (Dagg 1993a). Some earlier
feeding experiments showed that fairly high densities
of N. plumchrus in containers could control growth
of diatoms, relative to controls (Landry & Lehner-
Fournier 1988), but this is not likely to occur in late
summer when species of Neocalanus stop feeding in
the mixed layer and enter a diapause period at depth
prior to reproduction (Miller & Clemons 1988). Neither
feeding rates nor biomass data have been published
for other species of copepods in August 1984 or 1988 at
Station P, so it is difficult to estimate the extent to
which copepod grazing might regulate large phyto-
plankton at those times. Studies planned for SUPER on
the ability of copepods to graze on large cells in sum-
mer were never completed (Miller 1993}, so the role of
copepod feeding in controlling diatom populations at
Station P remains unknown.

Cyclosalpa bakeri appears to be present in the mixed
layer at Station P only in late summer. This species is
thought to be widely distributed in the Pacific, Atlantic
and Indian oceans (van Soest 1974), but there are very
few data on its abundance or seasonal occurrence. It
was not found at Station P on SUPER cruises in the
spring; at a more northerly station ('R’; 53°N, 145° W)
some salps were collected in August 1984, but none
were seen or collected in 1987 or 1988. Although we
have evidence of the presence of C. bakeri at Station P



182 Mar Ecol Prog Ser 157: 175-183, 1997

from 3 years, the quantitative collections are only from
10 days in 2 years (Table 2), and it is difficult to esti-
mate a ‘typical’ impact on the community throughout
the summer season. Little is known about the popula-
tion dynamics of any salp species, and we can only
speculate on how abundance and effects of C. bakeri
might fluctuate at Station P. Rates of individual growth
and reproduction (Madin & Purcell 1992) indicate a
minimum generation time of 14 d, during which each
solitary generation salp produces an average of 170
aggregate generation offspring, each of which pro-
duces 1 new solitary. The resulting gross increase in
numbers, assuming a random age distribution of soli-
tary salps and no mortality, would be approximately
1200% d7! and even with 85% mortality of the aggre-
gate offspring, the population could double daily.
Although populations as dense as we found on August
24-26, 1988 might not be sustained, salp abundance
could fluctuate between the low and high densities we
recorded during the summer season. Based on the
range of values in Tables 3 & 5, we estimate that an
average grazing impact during August and September
might be daily removal of 5 to 10% of the standing
stock and production of cells 25.0 pm, and that defeca-
tion would return about 100 mg C m~2 d™! to the water
column.

The reproductive rate of Cyclosalpa bakeri is close
to maximum doubling rates of 1.5 to 2.0 d"! for auto-
trophic cells at Station P in May 1984 and June and
September 1987 (Booth et al. 1993). We do not know
for certain whether population growth of this magni-
tude was taking place during the time we sampled at
Station P because we did not repeatedly sample the
same water mass. However, it seems quite possible
that population growth of C. bakeri occurs rapidly in
the mid to late summer in response to growth of larger
phytoplankton cells late in the season (Clemons &
Miller 1984) and that the grazing of the salps, alone or
in combination with the effects of other grazers or of
iron limitation, prevents the accumulation of phyto-
plankton biomass which is predicted from growth
experiments. The development of salp populations in
areas where the phytoplankton is dominated by
diatoms has been noted in other locations (Fortier et al.
1994, Zeldis et al. 1995).

The salps are not the 'major grazers' in the original
sense applied to the subarctic Pacific. They do not filter
the small cells that dominate the production and bio-
mass at Station P, and they are not present during the
spring and early summer when grazing control is oper-
ative. But the composition of the plankton community
appears to change in late summer, with the departure
of Neocalanus, increase in the biomass of large cells,
reversal of the autotroph/heterotroph ratio seen in
the spring, and appearance of Cyclosalpa bakeri. The

salps probably require the presence of the diatoms,
and may be at least partly responsible for maintaining
the constant diatom biomass in August and September
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