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ABSTRACT: An ecosystem process model is developed and used to probe the hypothesis that grazing 
by zooplankton controls the standing stock of phytoplankton at  Station P (50°N, 145'W) in the eastern 
subarctic Pacific Ocean The model attempts to reproduce seasonal variahons and integrated interac- 
tions of specific physical, chemical, and biological components of the subarctic pelagic ecosystem, and 
to simulate quantitatively the observed level of phytoplankton production. In its various versions the 
model describes the annual cycle of standing stock and production of phytoplankton, herbivorous 
microzooplankton, and the concentration of dissolved inorganic nitrogenous nutrients in a homogene- 
ous mixed layer. Mesozooplankton (which include the large suspension-feeding copepods Neocalanus 
spp.) are assessed for their potential a s  dominant grazers of phytoplankton and,  alternatively, a s  
omnivorous consumers of phytoplankton and herbivorous rnicrozooplankton. Thls model indicates that 
a hypothesized trophic structure, in w h c h  herbivorous rnicrozooplankton are the major grazers of 
phytoplankton and mesozooplankton are indmriminate omnivores, is plausible in theory and consistent 
with available but limited observations. 

INTRODUCTION 

Oceanic waters of the subarctic Pacific Ocean pro- 
vide an important test-case for our understanding of 
processes controlling the production and utilization of 
organic matter in the surface layer. It is a well- 
documented phenomenon, particularly in the Gulf of 
Alaska at Ocean Station P (50" N, 145OW), that phyto- 
plankton stock (measured as chlorophyll a) shows no 
discernable seasonal cycle (Frost et al. 1983) despite 
substantial seasonal change in phytoplankton produc- 
tion rate (McAllister 1969). Parsons & LeBrasseur 
(1968) suggested that positive net production of phyto- 
plankton might be possible at Station P even before the 
formation of the seasonal thermocline in late April or 
early May because the shallow permanent halocline 
limits winter mixing to the upper 100 to 130 m. 
Moreover, they noted that from May or June to Sep- 
tember the mixed layer depth is much less than the 
critical depth. Yet concentrations of macronutrients are 
continuously very high at Station P (Anderson et al. 
1969, 1977) and phytoplankton stock remains low. The 
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lack of seasonal change in phytoplankton stock, par- 
ticularly in summer when environmental conditions 
(light, macronutrients) definitely appear favorable to 
phytoplankton growth, has led to the notion that phyto- 
plankton net production is continuously removed by 
planktonic grazers, thus maintaining a steady standing 
stock of phytoplankton (McAllister et al. 1960, Parsons 
& LeBrasseur 1968). Though not as intensively studied 
outside the Gulf of Alaska, the phenomenon seems to 
apply throughout the open subarctic Pacific, including 
the waters over the deep basin in the Bering Sea 
(Heinrich 1962, Parsons & Anderson 1970, Larrance 
1971, Anderson & Munson 1972, Saino et al. 1979). 

Most interpretations of the dynamics of phytoplank- 
ton stock and production have been qualitative, merely 
inferring circumstantially that there must be a balance 
between growth of phytoplankton and grazing by zoo- 
plankton. Parsons' (1965, p. 26) calculations indicated, 
however, that there could indeed be approximate 
balance between phytoplankton growth and zooplank- 
ton grazing at Station P during the summer, but he did 
not specifically identify the grazers, nor did he discuss 
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the mechanism by which grazers could maintain con- 
stant biomass of phytoplankton. Moreover, the con- 
sumption rate that he assumed for the grazing zoo- 
plankton would require them to have extraordinary 
foraging capabilities, given the low ambient phyto- 
plankton concentrations. 

Heinrich (1957, 1962) and Beklemishev (1957) sug- 
gested that 2 endemic species of large calanoid 
copepods, Neocalanus cristatus and N. plumchrus, are 
the major grazers of phytoplankton in the open subarc- 
tic Pacific. A third oceanic subarctic Pacific species of 
Neocalanus was recently discovered (C. B. Miller pers. 
comm.). Neocalanus spp. are dominant components of 
the mesozooplankton (sensu Sieburth et al. 1978) dur- 
ing much of the year and they have feeding behaviors 
(Frost e t  al. 1983) and life history patterns (Miller et al. 
1984, C. B. Miller pers. comm.) that are consistent with 
their presumed role as major grazers. However, it still 
remains to be shown experimentally that the species of 
Neocalanus can exert grazing pressure sufficient to 
continuously control phytoplankton stock. In addition, 
the 3 species of Neocalanus make ontogenetic migra- 
tions into deep water in succession from late spring to 
late summer at Station P (Miller et al. 1984, C. B. Miller 
pers. comm.), leaving the mixed layer uninhabited by 
Neocalanus for about 2 mo in late summer and autumn. 
Clearly, some alternative control of phytoplankton 
stock must be operating at least when the species of 
Neocalanus are in deep water. Evans & Parslow (1985) 
suggested that Neocalanus species may play a role as 
grazers subsidiary to that of an unspecified assemblage 
of 'other herbivores which reproduce more or less con- 
tinuously'. 

The purpose of this paper is to thoroughly explore, by 
means of a mathematical model, the plausibility of the 
grazing hypothesis as  an explanation of the annual 
cycle of standing stock and production of phytoplank- 
ton in open waters in the subarctic Pacific. The objec- 
tive is to put sensible constraints on the possible 
mechanisms of control based on current knowledge of 
processes affecting growth of phytoplankton and graz- 
ing by zooplankton. This is an extension of previous 
modelling efforts relevant to the subarctic Pacific 
(McAllister 1969, 1970, Anderson et al. 1977, Parslow 
1981). 

Temperature Nutrients Phytoplankton 

An ecosystem model, combining features of Riley's 
(1963) and Steele's (1974) models, was developed to 
simulate the annual cycle of plankton production at 
Ocean Station P. The model attempts to reproduce sea- 
sonal variations and integrated interactions of specific 
physical, chemical, and biological components of the 
subarctic pelagic ecosystem, and attempts to reproduce 
quantitatively the observed levels of biological produc- 
tion. Nevertheless, following the admonitions of Platt et 
al. (1981) and Evans & Parslow (1985), the model has 
been kept as  simple as  possible to facilitate its interpre- 
tation. 

AN ECOSYSTEM MODEL - STRUCTURE AND 
RATIONALE 

Physical structure 

The model described seasonal variation of phyto- 
plankton stock and production at a point in the ocean, 
taken to be Station P. Horizontal advection and diffu- 
sion were ignored. Following Steele (1974), the pelagic 
ecosystem was assumed to consist of a homogeneously 
mixed upper layer and a deeper layer. At Station P the 
two are separated in winter by the permanent halocline 
which effectively limits the winter mixed layer to a 
depth of only about 100 to 130 m (Dodmead et al. 
1963). At other times the boundary between the 2 
layers is a shallower thermocline whose depth varies 
seasonally. It was assumed that phytoplankton are con- 
fined to and homogeneously distributed in the upper 
layer. A constant fraction, v, of the upper mixed layer 
was exchanged each day with the lower layer, bringing 
nutrients into the mixed layer and removing phyto- 
plankton (Fig. 1). 

Restricting the phytoplankton to the mixed layer was 
an overslmplification, but eliminated the need for 
detailed parameterization of mixing and phytoplank- 
ton growth and grazing mortality within the pycno- 
cline. When the seasonal thermocline is present, and 
especially in summer, a substantial amount of 
chlorophyll a can occur below the mixed layer at Sta- 
hon P (Anderson et al. 1977); significant phytoplankton 
production can also occur below the mixed layer at 

Fig. 1 Vertical structure used in  the model. When f present. the seasonal thermocline determined the 
'm depth of the mixed layer (z,), in wlnter 2, ex- 

L tended to the top of the permanent halocline. 
Small arrows indicate exchange between the mix- 
ed layer and the deeper layer, a process para- 
rneterized in the model by the mixing coefficient 

("1 
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these times (C. J. Lorenzen pers. comm.). Thus, model 
estimates of phytoplankton production in the mixed 
layer will at times be underestimates of integrated 
water column primary production at Station P. This is 
not considered a limitation since phytoplankton growth 
in the mlxed layer sets definite lower bounds on the 
required capacity of the grazers if they are to control 
the stock of phytoplankton. If grazing cannot balance 
phytoplankton growth in the mixed layer, where condi- 
tions for phytoplankton growth are most favorable, it 
makes no difference what happens below. 

In general, phytoplankton are uniformly distributed 
in the mixed layer at Station P and there is no subsur- 
face maximum (Anderson et  al. 1977); that is, the 
mixed layer appears homogeneously mixed. Horizontal 
variation in phytoplankton stock exists in the vicinity of 
Station P ( M c U s t e r  et al. 1960, Parsons & Anderson 
1970, Mackas pers. comm.), but on scales of 10 to 
20 km the range of variation is relatively small (<0.6  
mg chlorophyll a m-3). In quasi-synoptic spatial sur- 
veys phytoplankton stocks in bloom concentrations 
( > 2  mg chlorophyll a m-3) have not been observed 
within several hundred kilometers of Station P, sug- 
gesting that the control of phytoplankton stock is not a 
phenomenon peculiar to that locality, but pertains 
everywhere throughout open waters of the eastern 
subarctic Pacific (Parsons & Anderson 1970, Anderson 
& Munson 1972, Anderson et al. 1977). 

0 1 I I I I I 0 
0 60 1 2 0  180 240 300 360 

TIME ( d a y s )  

Fig. 2. Environmental variables serving as input to the model. 
(A) Total incident solar radation (10) and depth of the mixed 
layer (z,). (B) Mixed layer temperature (0)  and nutrient 
(nitrate) concentration (No) below the mixed layer. Curve for 

No was ob taned  by superimposing z, on Fig 4C 

It was assumed that the major physical environ- 
mental variables affecting production rate of the phyto- 
plankton in the mixed layer were incident solar radia- 
tion, the mixed layer depth, mixed layer temperature, 
and attenuation of light in the mixed layer. Data on 
these variables were based on averages of observations 
made at Station P. The sources of the data and their 
representation in the model are next described. 

Incident solar radiation and irradiance in the mixed 
layer 

Mean monthly values of total solar radiation, mea- 
sured with an  Eppley pyrheliometer and reported in 
units of ly d-', are available from Anderson et al. 
(1977). These data (Fig. 2A) may be converted to photo- 
synthetically active photon flux (Bannister 1974); speci- 
fically, 1 ly d-' of total solar radiation, as measured by 
the pyrheliometer, is approximatively equivalent to 
8.3 X 10-2 E m-' d-' of visible light. 

At any depth z in the mixed layer the daily 
irradiance, I,, was calculated as 

where I. = daily incident solar radiation; z is in meters; 
and k = the attenuation coefficient for irradiance in the 
mixed layer. The coefficient k depended on the con- 
centration of phytoplankton as well as absorption by 
the water: 

k = a P a + b  (2) 

where the units of k are m-'; P' = concentration of 
chlorophyll a (mg m-3) in the mixed layer; and a and b 
= constants. Parameter a was 0.02 m2 mg-' (Parsons et 
al. 1984) and if b = 0.1 m-' the computed values of k 
were in the range of seasonal variation observed at  
Station P (Parsons et al. 1966). Half the daily irradiance 
at  any depth z in the mixed layer (in units ly d-') was 
taken to be photosynthetically active radiation (PARz = 

0.5 I,). 

Mixed layer depth and temperature in the mixed layer 

Seasonal variation in mixed layer depth (Fig. 2A) was 
based on a fit to the mean monthly observations at  
Station P (Parsons et al. 1966). This is clearly an  over- 
simplification, neglecting day-to-day variation in mix- 
ing due to calm spells and storms, die1 cycles of heating 
and coollng in summer (Davis et  al. 1981), and year-to- 
year varlation in time of formation of the seasonal 
thermocline in spring (Parsons & LeBrasseur 1968). The 
likely effect of this simplification is to underestimate 
phytoplankton production rate in an  unknown way. 
Mean monthly values of mixed layer temperature 
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(Dodimead et al. 1963) were used to construct a con- 
tinuous curve of daily mean temperature (Fig. 2B). 

Phytoplankton 

In the absence of physiological investigations on 
phytoplankton species inhabiting the open subarctic 
Pacific, phytoplankton are represented in the model as 
a single functional group with physiological charac- 
teristics elaborated in sections below. Although a long 
time series is available on the annual cycle of abun- 
dance of phytoplankton (estimated as  concentration of 
chlorophyll a) at Station P, the specific composition of 
the phytoplankton is less well known. In late spring 
and summer phytoplankton are predominantly nano- 
plankton-sized cells, with most of the biomass (>?0 %) 
composed of cells < l 0  p m  (McAUister et al. 1960, Booth 
in press). !n May and August 1984, Booth (in press) 
found a diverse assemblage of nanoplankton, including 
Synechococcus spp., flagellates, non-motile coccoids, 
dinoflagellates, cryptomonads, and diatoms. The 

abundance of some species of microphytoplankton 
(cells > 2 0  pm) may vary substantially, but their con- 
centrations are so low as to cause negligible changes in 
phytoplankton biomass (e.g. Clemons & Miller 1984). 
Thus, for example, there is no evidence of seasonal or 
shorter-term shifts between flagellate-dominated and 
diatom-dominated assemblages. 

Concentration of chlorophyll a in the mixed layer 

The model described phytoplankton production rate 
in terms of carbon, but the concentration of chlorophyll 
a was needed, not only for the calculation of attenua- 
tion coefficient for irradiance and the relationship of 
photosynthesis to irradiance, but also to describe the 
stock of phytoplankton in readily observable units. 
Phytoplankton stock, as  mgC mP3 (P) was related to 
concentration of chlorophyll a (P')  by 

where c = carbon-to-chlorophyll a ratio of phytoplank- 
ton. The ratio c varied seasonally between 15 and 45 
mgC (mg chl a)-'  according to the pattern (Fig. 3A) 
suggested by McAllister (1969). However, because this 
possibly underestimates c for the phytoplankton at 
Station P (Parslow 1981), I also looked at the effect of 
systematically increasing c. 

Photosynthetic rate of phytoplankton 

0 
0 60 q20 180 240 300 360 

T I M E  (days1 

Fig. 3. (A) Seasonal variation in carbon-to-chlorophyll a ratio 
(c); the pattern of variation, adapted from McAllister (1969), 
follows c = 30 - 15cos[2n(T-15)/365] where T is day of the 
year. (B) Chlorophyll a-specific rate (PR) as  a 
function of photosynthetically active radiation (I) and temper- 

In the model the photosynthetic rate of the phyto- 
plankton depended on both light and nutrients. At any 
depth z in the mixed layer the chlorophyll a-specific 
photosynthetic rate was taken as 

mgC (mgch1a)-' d- '  = PMAX' tanh(aPAR,/PMAXu) (4) 

where cu = photosynthetic efficiency [mgC (mg chl a)-' 
ly-'1, specifying the initial slope of the photosynthesis 
versus irradiance curve (Jassby & Platt 1976). PMAX' 
was derived from PMAX, the maximum finite, daily 
mass-specific growth rate (d-l) as follows. The temper- 
ature dependency for doubling rate of phytoplankton 
was determined by Eppley (1972): 

D = doublings d-' = 0 . 8 5 1 ( 1 0 ) ~ ~ ~ ~ ~ ~ ~  (5)  

where 0 = temperature ("C). Since the relation was 
established for laboratory cultures, most of which were 
exposed to continuous light, then adjusting for number 
of hours of daylight (DL), PMAX was related to D by 

PMAX = (eDIn2 - 1.0) DL/24 (6) 

where DL for any day of the year T was approximated 

by 
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This expression for DL gives a close approximation of 
daylight at 50°N based on astronomical data (Brock 
1981). The maximum, chlorophyll a-specific, growth 
rate, PMAX', was calculated as 

PMAX' = cPMAX (8) 

Over the seasonal range of mixed layer temperature 
(5.0 to 12.0°C; Fig. 2B) PMAX' varied from 17.5 to 60.9 
mgC (mg chl a)-Id-' in the model. These values brac- 
ket the estimates of PMAX' obtained in May and 
August 1984 a t  Station P (M. J. Perry pers. comm.). 

Although critical for the prediction of phytoplankton 
production, the relationship between photosynthetic 
rate and irradiance has not been extensively and sys- 
tematically studied at Station P. Estimates of a range 
from about 0.2 to 1.0 mg C (mg chl a)-' ly-' (Takahashi 
et al. 1972, Parslow 1981, M. J. Perry pers. comm.), but 
even higher, perhaps unrealistic, estimates were 
reported by Anderson et al. (1977). A seasonally 
invariant value chosen for a ,  0.75, gave the photosyn- 
thesis vs irradiance relations illustrated in Fig. 3B for 
times of extreme mixed layer temperatures. However, 
the implications of larger and smaller cu will also be 
investigated. 

The photosynthetic rate potentially was affected by 
nutrient concentration (nitrogen was the assumed 
limiting nutrient). If light was not limiting, the depen- 
dence of chlorophyll a-specific photosynthetic rate on 
nutrient concentration took the form 

PMAXm)N 
mgC (mg chl a)-' d-l = 

d + N (9) 

where N = nutrient concentration in the mixed layer; 
and d = nutrient concentration (1 mM N m-3) at which 
photosynthetic rate is half the maximum rate. 

The photosynthetic rate of the phytoplankton at any 
depth z in the muted layer was therefore 

cuPAR, 
mgC m-) d-' = PMAX' tanh ( ) L P' (10) 

PMAX' d + N  

Respiration rate of phytoplankton 

I 
Phytoplankton respiration was assumed proportional 

to PMAX (Steemann Nielsen 1974, Parsons et  al. 1984). 

mgC m-3 d-' = r (PMAX) P (11) 

Although uncertainty exists about the value of r, Par- 
sons et  al. (1984) suggest r = O.l,which gives compen- 
sation irradiance levels (PAR) of 2.4 ly d-I at 5 "C (Day 
90) and 8.4 ly d-' at 12 OC (Day 240) when LY = 0.75 in 
the model; these values fall in the range of compensa- 
tion irradiances reported by Parsons et  al. (1984). 

Production rate of phytoplankton 

Production Rate = Photosynthetic Rate - Respiration 
Rate 

The daily phytoplankton production in the mixed layer 
was obtained by summing the daily production rates 
calculated for each 1 m layer. 

Sources of mortality of phytoplankton 

In the model phytoplankton were lost from the mixed 
layer by mixing of cells below the pycnocline and by 
grazing. It was assumed that phytoplankton mixed 
below the pycnocline die (Fig. l), so that no viable 
phytoplankton were returned to the mixed layer from 
the deeper layer. Mixing loss of phytoplankton was the 
product vP, where v = the fraction of the mixed layer 
replaced each day by water from the deeper layer. The 
value for v, 0.01 d-l, is compatible with estimates of 
vertical eddy diffusion coefficients and vertical profiles 
of chlorophyll a at Station P (Anderson et al. 1977); in 
reality the intensity of vertical mixing must vary sea- 
sonally. 

To be logically consistent, after Day 260, when the 
mixed layer deepened at the constant rate of 0.76 m d-' 
(Fig. 2A), the phytoplankton should be diluted at the 
rate (0.76/zm) d-' (Evans & Parslow 1985). Though not 
included in all versions of the model, the effect of such 
dilution was examined, as  noted later. 

The representation of grazing losses will be  elabo- 
rated in steps in later sections. To illustrate the struc- 
ture of the model grazing loss is taken for now as  a 
simple fractional daily loss, mP. 

Concentration of nutrient in the mixed layer 

The nutrient potentially limiting phytoplankton 
growth (assumed to be nitrogen) was depleted in the 
mixed layer by phytoplankton growth and was 
replenished by mixing from below the pycnocline, and 
by excretion by grazers. Nutrient was added daily to 
the mixed layer according to 

where No = nutrient concentration below the mixed 
layer. No varies seasonally as the mixed layer depth 
varies at Station P (Anderson et  al. 1969, 1977), and an 
average seasonal cycle of No was used in the model 
(Fig. 2B). 

Excretion by grazers was taken as 30 % of the phyto- 
plankton nitrogen ingested by grazers. No distinction 
was made between the forms of nitrogen (e. g. 
ammonia, urea, nitrate) available to the phytoplankton 
for growth. 
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Equations of Ule model 

With grazing represented as a simple fractional loss, 
the concentrations of phytoplankton and nutrient in the 
mixed layer were determined by 2 difference equa- 
tions. At time t + 1 d the stock of phytoplankton and 
concentration of nutrient in the mixed layer were calcu- 
lated from 

AN 1 
-= - -  /m { z o P w  PMAX* tanh 
At 

Following Steele (1974), the dynamics of the dissolved 
nitrogen pool were described in the model in terms of 
carbon equivalents (1 mM N = 75.6 mgC). Eqns (13) 
and (14), together with equations describing the 
change with time of incident solar radiation, mixed 
layer depth, mixed layer temperature, N o ,  and c (Fig. 2 
& 3A), constituted the model. Parameter values for all 
versions of the model are given in Table 1. 

Eqns (13) and (14) were integrated over l d time 
intervals for 365 d. A comment about the numerical 
solution is warranted. Because of non-linearity of the 
photosynthesis-light relation, different rates of phyto- 
plankton production were predicted by the model 
depending on whether daily photosynthesis was calcu- 
lated a s  a function of daily irradiance received in each 
l m stratum of the mixed layer (the procedure 
described above) or if daily photosynthesis was the sum 
of rates calculated on shorter time scales (e.g. hourly) 
using a reconstructed diel cycle of irradiance (method 
outlined by Evans & Parslow 1985). For a given set of 
values of parameters and concentration of chlorophyll, 
the latter procedure gave significantly lower estimates 
of daily phytoplankton production (cf. Platt e t  al. 1984). 
However, there were 2 reasons for choosing to inte- 
grate our daily time intervals. First, uncertainty in the 
values of parameters of phytoplankton growth, particu- 
larly a and r, allowed for extensive overlap in the 
ranges of predicted annual phytoplankton production 

by the 2 integration schemes. Second, integration on 
time scales shorter than a day required additional 
assumptions to represent diel periodicity of physiologi- 
cal processes and behavior in both phytoplankton and 
herbivorous zooplankton. This may well be  of interest 
(e.g. McAllister 1970, Fasham et al. 1983), particularly 
when more specific information becomes available on 
physiological and behavioral diel periodicity in the 
plankton of the open subarctic Pacific. 

In these calculations it was also implicitly assumed 
that the mixed layer was not only actively mixing at  all 
times, but that the time scale for mixing was much 
shorter than the time scale for phytoplankton to adapt 
to saturating irradiance. Thus, although daily phyto- 
plankton production was calculated in l m strata, the 
phytoplankton stock was always homogeneously dis- 

Table 1. Values of fixed and variable parameters used m the 
model 

Para- Expt l Expt 2 Expt 3 Expt 4 
meter (Fig. 4) (Fig. 7) (Fig. 8) (Fig. 10 & 11) 

-: Parameter not relevant to experiment 
' Unless a temperature-independent constant 
' ' Vanable dependmg on phytoplankton production rate 

persed over the mixed layer, a process implied by the 
homogeneous distribution of chlorophyll usually 
observed at Station P (Anderson et al. 1977). 

Since, as noted by Evans & Parslow (1985), the pre- 
dicted dynamics of plankton production vary with in- 
itial conditions, a steady annual cycle was obtained for 
each version of the model by taking as initial conditions 
the stock of phytoplankton and, when applicable, zoo- 
plankton, and the concentration of nutrient at  Day 365 
of a n  initial simulation. Four experiments were done to 
test the grazing hypothesis by using the model, and 
elaborations of it, to reproduce the annual cycle of 
phytoplankton standing stock and production in the 
mixed layer. 
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Comparison of model predictions and observations 

Estimates of phytoplankton production rate were 
obtained for several years at  Station P by relatively 
standard procedures (McAllister 1969). Uptake of 14C 
was determined in samples taken from 5 or 6 depths 
and incubated on deck from noon to 1800 h (local time) 
under simulated in situ light conditions. Parslow (1981) 
noted some methodological problems with the produc- 
tivity estimates which preclude detailed comparison of 
the data with model predictions. Data collected after 
1968 are particularly suspect and are not considered 
further here. Most of the usable data, 60 vertical profi- 
les. were obtained in the years 1961 to 1967. The 
reported daily (McAUister 1962, Stephens 1964) or 
hourly (Stephens 1966, 1968) carbon fixation rates were 
integrated over the photic zone (surface to depth of 1 % 
of surface irradiance, calculated using observed Secchi 
depths or long-term mean Secchi depth for the particu- 
lar month [Stephens 19661). Daily carbon fixation rates 
were converted to hourly rates by dividing by 12. Since 
incubations were short-term, of standard duration, and 
- depending on time of year - included a variable 
fraction (always half or less) of the daylight hours, the 
most appropriate data from the model to compare with 
observations are the predicted hourly production rates. 
Consequently, in addition to calculating daily phyto- 
plankton production rate a s  described above, hourly 
production rate was calculated as a standard 1/12 of the 
daily rate. 

For the initial application of the model it was 
assumed that all phytoplankton net production was 
removed each day by the combined effects of mixing 
and grazing (with a fraction of the grazed phytoplank- 
ton returned to the mixed layer a s  recycled nitrogen). 
This by definition gave a constant phytoplankton stock 
through time. It also logically constrained phytoplank- 
ton net production to be zero or positive at all times. 
Additional justification for this is that negative growth 
of phytoplankton in winter is incompatible with obser- 
vations at Station P, otherwise standmg stock of phyto- 
plankton would decline to very low levels in winter, 
relative to other seasons. Recent analysis of Station P 
data (Frost et al. 1983; see also Anderson e t  al. 1977) 
indicated a mean concentration of 0.3 mg chlorophyll 
a m-3 in the euphotic zone throughout the year. The 
objective of this experiment was to determine the 
expected annual cycles of phytoplankton production 
and nutrient concentration in the mixed layer. 

With the concentration of phytoplankton held at  0.3 

mg chl a m-3, the model predicted annual cycles of 
phytoplankton production and nutrient concentration 
that may be  compared with observations from Station P 
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and nutrient concentration (N) in the mixed layer predicted by 
the model w t h  phytoplankton concentration (CHL) held at 
0.3 mg m-3. (B) Observations (a) of phytoplankton production 
rate (PP) integrated over the photic zone at Station P (data for 
1961 to 1967), and mixed layer phytoplankton production rate 
predicted by the model (curve); curve was obtained by divid- 
ing daily production rates in (A) by 12. At Station P the photic 
zone was 20 to 60 m deep; from May to September mean 
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m-3) at Station P, 1965 to 1971 (adapted from Anderson et al. 

1977; see also Anderson et al. 1969) 
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Table 2 Estimates of phytoplankton standing stock (P' ,  mg 
chl a m-3) and production rate (PP, mgC m-2 d-l) at  Station P 
(C. J.  Lorenzen pers. comm.). Production rates are based on 
14C uptake in samples incubated in situ from sunrise to sunset 

at 4 or 5 depths 

Date Mean P' PP 
(0-30 m) (0-30 m) 

2 May 1984 0.13 100 
11 May 1984 0.35 186 

6 Jun 1978 0.20 24 0 
10 Jun 1978 0.20 406 
12 Jun 1978 0.21 403 

3 Aug 1984 0.23 192 
6 Aug 1984 0.18 203 

(Fig. 4). Many of the spring and summer observations 
fall well below levels predicted by the model. However, 
the few apparently high observations in late spring and 
summer (Fig. 4B) are consistent with recent estimates 
obtained in the same seasons at  Station P (Table 2) and 
with observations in spring and summer from the cen- 
tral subarctic Pacific to the west of Station P (Larrance 
1971). Chiefly on the basis of these recent observations 
it appears improbable that the model (Fig. 4A) overesti- 
mated phytoplankton production rate even in late 
spring and summer; the model is therefore considered 
to give conservative predictions of phytoplankton pro- 
duction rate. However, because there clearly is not 
overwhelming evidence backing this opinion, a range 
of model predictions, in addition to that in Fig. 4A, will 
be considered in later sections. The predicted annual 
phytoplankton production rate for Fig. 4A was 34.0 gC 
m-2 in the mixed layer. 

The predicted annual cycle of phytoplankton pro- 
duction was relatively unaffected by variations in the 
mixing coefficient v over the range 0.005 to 0.05 d-l. 
This was because, as specified in this experiment, ver- 
tical mixing did not deplete the phytoplankton stock in 
the mixed layer, and also because the nutrient concen- 
tration never fell to sufficiently low levels to strongly 
limit phytoplankton growth. Thus, the 10-fold range of 
v caused annual phytoplankton production to increase 
from 32.8 to 34.3 gC m-'. 

The annual cycle of mixed layer nitrate predicted by 
the model paralleled the trend in the observations (Fig. 
4). It should be noted that the predicted annual cycle of 
nitrate in the mixed layer was determined not only by 
phytoplankton production, but also by the annual cycle 
of No (Fig. 2B). The latter could be construed as a gross 
parameterization of nutrient depletion due to uptake 
by phytoplankton living below the mixed layer 
(alluded to earlier), but the annual cycle must also 

depend on seasonal variation in vertical mixing. Other 
parameters in the model remaining unchanged, if v 
was lower in summer, the predicted nutrient concen- 
tration in the mixed layer was also lower. Thus, given 
the negligible effect of vertical mixing on phytoplank- 
ton production rate noted above, the predicted annual 
cycle of nutrient concentration appears not to be a 
strong quantitative indicator of the level of phytoplank- 
ton production, but only of the timing of the production 
cycle. 

The late summer minimum nitrate concentration pre- 
dicted by the model (-5.8 mM N m-3) is somewhat 
lower than the long-term average minimum (-?.5), no 
doubt because sources of nutrient recycling other than 
excretion by grazers (e.g. excretion by bacterioplank- 
ton) were not included in the model. Furthermore, 
recent observations at  Station P suggest that in summer 
ammonium is preferentially utilized over nitrate for 
phytoplankton growth (P. Wheeler pers. comm.). Both 
of these processes, not now included in the model, 
would account for observed nitrate concentrations 
being higher than those predicted by the model. 

The predicted annual cycle of phytoplankton pro- 
duction was sensitive to, and depended directly on, the 
value of a, the photosynthetic efficiency. For example, 
increasing or decreasing cc by 33 % shifted the curve of 
phytoplankton production rate up or down (Fig. 5) and 
increased (by 20.4 %) or decreased (by 29.2 %) the 
annual phytoplankton production. If a was less than 
about 0.35 net production rate of the phytoplankton 
was negative in winter; the duration of negative winter 
production increased with decreasing a. Decreasing 
the respiration coefficient r from 0.1 to 0.05 increased 
annual phytoplankton production by 21 O/O relative to 
that in Fig. 4A. If the carbon to chlorophyll a ratio, c, 

T I M E  ( d a y s )  

Fig. 5. Observations (W) of phytoplankton production rate (PP) 
integrated over the photic zone at Station P (see Fig 4B), and 
prehcted annual cycles of phytoplankton production rate 
(curves) with phytoplankton concentration held constant at 

0.3 mg chl a m-3 
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was systematically increased, the pattern of seasonal 
variation in phytoplankton production changed. For 
example, if c varied from 30 to 90 according to the 
pattern in Fig. 3A, net production rate of the phyto- 
plankton was substantially lower, but still positive, in 
winter, and higher in late spring and early summer 
than the rates in Fig. 4 ;  annual production decreased 
slightly to 33.7 gC m-*. With the same seasonal varia- 
tion of c (30 to go), if a was decreased to 0.5, net 
production rate of phytoplankton would be  negative for 
about 80 d in winter. Considering only cases above 
where net production rate of the phytoplankton was 
positive throughout the year, the range of annual pro- 
duction rates predicted by the model, 15.8 to 41.1 gC 
mp2, includes the estimates based on observations at 
Station P (Parslow 1981). 

The implications of various sources of grazing mor- 
tality were investigated in the following 3 experiments 
with the model. Parameters of phytoplankton growth 
were those used for Fig. 4A (Table l), assuming that 
this gave a conservative representation of the level of 
phytoplankton production at Station P. However, in 
some experiments the effects of other annual cycles, 
with phytoplankton production rate differing in timing 
and magnitude from that in Fig. 4,  and including 
annual cycles with negative net production of phyto- 
plankton in winter, will be  evaluated. 

Experiment 2 - mesozooplankton grazing 

Clearly, for grazing zooplankton to achieve the 
hypothesized control of the phytoplankton stock, the 
annual pattern of grazing mortality must closely follow 
that of the phytoplankton production. The mesozoo- 
plankton (animals 0.2 to 20 mm body length) in the 
mixed layer at Station P includes all of the surface- 
dwelling developmental stages of Neocalanus spp., the 
hypothesized major grazers of phytoplankton. Stand- 
ing stock of mesozooplankton at Station P varies sea- 
sonally in a fashion qualitatively similar to the cycle of 
primary production (Fig. 3 in McAllister 1969, and 
below), and if grazing rate of the mesozooplankton was 
a simple function of its standing stock, then grazing 
mortality might have the required annual cycle. 

The grazing capacity of mesozooplankton required by 
the modelin Experiment 1 (Fig. 4A) can be evaluated by 
calculating daily grazing rate (G, mgC m-3 d-' 1: 

G = phytoplankton production rate - mixing loss = 

mP (15) 

The required mass-specific clearance rate [F, 1 (mg 
mesozooplankton C)-' d-'1 is then 

where Z = standing stock (mgC of mesozoo- 
plankton. 

Two alternative annual cycles of Z were used in the 
model. A mean seasonal cycle of mesozooplankton 
standing stock at Station P was provided by J. Fulton 
(pers. comm.). The curve is based on standing stock 
measured as displacement volume of mesozooplankton 
(mg wet weight m-3) in standard daytime vertical hauls 
(350 pm mesh nets), 150 m to the surface, collected 
during the years 1956 to 1980 (Fulton 1983). For the 
model, wet weight was converted to carbon (mgC = 

mg wet weight X 0.052), and it was assumed that 
suspension feeders ('herbivores') made up 80 % of the 
standing stock (Parsons & LeBrasseur 1968). The effec- 
tive concentration of mesozooplankton in the mixed 
layer (Z, mgC was calculated assuming that either 
(a) the stock was aggregated in the upper 50 m or (b) 
the stock was restricted to, but uniformly distributed in, 
the mixed layer. These are likely to bracket the real 
vertical distributions of mesozooplankton at Station P 
(McAllister 1961, Marlowe & Miller 1975). Because 
mixed layer depth varied seasonally, somewhat differ- 
ent seasonal patterns of Z resulted (Fig. 6). 

Specific clearance rate (F) of mesozooplankton 
required by the model ranged from 6.5 to 72.6 1 rngCP' 
d-' (Fig. 7). The different alternatives for calculating Z 
(Fig. 6) resulted in similar seasonal patterns, but differ- 
ent magnitudes; at any time, a more concentrated 

0 60 120 180 240 300 
T IME (days) 

Fig. 6. Standing stock of mesozooplankton (2) assuming that 
stock is aggregated in the upper 50 m (A) or is homogeneously 
distributed in the mixed layer (B). Based on average standing 
stock of mesozooplankton observed at Station P (data pro- 

vided by J. Fulton) 



58 Mar. Ecol. Prog. Ser. 39: 49-68, 1987 

T IME (days) 

Fig. 7. Mass-specific clearance rate (F) that must be exerted by 
mesozooplankton stock to maintain constant standing stock of 
phytoplankton when phytoplankton production was modelled 
as in Fig. 4 .  Solid line, mesozooplankton concentrated in the 
upper 50 m (Fig. 6A); dashed line, mesozooplankton aggre- 
gated in the mixed layer (Fig. 6B). Bifurcations of curves at 
Day 260 represent cases with (lower branch of curves) and 
without (upper branch) dilution of phytoplankton due to 

increasing depth of the mixed layer 

mesozooplankton had, of course, lower required F. 
Between Days 30 and 330 the minimum required F, 
9.7 1 mgC-' d-l ,  is greater than the maximum mass- 
specific clearance rate measured for any species of 
planktonic suspension feeder in the size-range of 
mesozooplankton, including gelatinous species 
(Andersen 1985). To relate the argument more specifi- 
cally to Station P, at Day 170 in the model, when Z was 
at its seasonal maximum, required values of F ranged 
from 11.0 to 18.4 1 mgC-' d-l. At Station P in late June 
the suspension-feeding mesozooplankton is dominated 
by the older copepodid stages of Neocalanus plum- 
chrus and N. cristatus (Miller et al. 1984). These species 
clearly are incapable of such high specific clearance 
rates on a sustained basis; maximum mass-specific 
clearance rates, sustained over periods of about a day, 
were about 0.4 to 3.6 1 mgC-' d-' for copepodid Stage 
V of N. plumchrus and only 0.4 1 mgC-' d-' for 
copepodid Stage V of N. cristatus (Dagg et  al. 1982, 
Frost et  al. 1983, Dagg & Wyman 1983, Dagg & Walser 
1987, M. R. Landry pers. comm.). 

The mismatch between specific clearance rates 
required by the model and grazing capacity of 
mesozooplankton was as bad for other seasons. For 
example, Fig. 7 suggests that winter (Days 30 to go), 
when the standing stock of mesozooplankton was at 
the seasonal low, was one critical period in view of the 
very high clearance rates required. Since copepodid 
Stages I to IV comprise most of the populations of 
Neocalanus plumchrus and N. cristatus in winter at 
Station P (Miller et al. 1984), specific clearance rates of 
the mesozooplankton could be  higher because of 
smaller body size of the suspension feeders. An 
appreciation of the magnitude of this effect can be 
gained by rescaling maximum clearance rates. to 

copepods of smaller body sizes. The highest sustained 
clearance rate for copepodid Stage V of N. plumchrus 
(body mass 200 pgC) was about 600 m1 copepod-' d-' 
at 8°C (Dagg & Walser 1987). Using the power func- 
tion, F = pw0.'' for the mass dependence of clearance 
rate (Huntley & Boyd 1984), and assuming the 
mesozooplankton consists entirely of middle-sized 
copepodid stages of N. plumchrus whose body masses 
are 25 to 50 pgC, gives maximum specific clearance 
rates of about 4 to 5 l mgC-' d-l. These rates, surely 
overestimates for the suspension-feeding mesozoo- 
plankton, are still much lower than the 13.2 to 72.6 1 
mgC-' d-' required during Days 30 to 90 in the model 
(Fig. 7). 

The same conclusion holds if predicted phytoplank- 
ton production rate is lower. For example, with a = 0.5 
(Fig. 5), giving 24.1 gC m-* annual phytoplankton 
production, required values of F ranged from 6.4 to 
49.2 1 mgC-' d-' between Days 30 and 300; rates on 
Day 170 were 8.1 and 13.6. On the other hand, if the 
carbon-to-chlorophyll ratio, c, was systematically dou- 
bled, varying between 30 and 90 according to the 
pattern in Fig. 3A, required values of F were, as 
expected, substantially lower, ranging from 2.5 to 32.1 
between Days 30 and 300. Indeed, in the case of 
mesozooplankton concentrated in the upper 50 m there 
were times in winter (Days 30 to 40, 80 to 100) when it 
was withln the capacity of the mesozooplankton, if 
predominantly Neocalanus plumchrus, to control phy- 
toplankton stock. However, between Days 110 and 300 
the required values of F still exceeded 6.0 whether 
mesozooplankton was concentrated in the upper 50 m 
or in the mixed layer. Of course, if phytoplankton 
production rate at Station P was underestimated by the 
model (Fig. 4A), then mesozooplankton would have to 
exert proportionately higher clearance rate to maintain 
constant phytoplankton stock. 

The possibility that standing stock of suspension- 
feeding mesozooplankton was systematically under- 
sampled at Station P must be considered. The standard 
vertical hauls were taken in the daytime (usually 
0900 h local time), and there may be bias toward 
underestimated of species whose die1 vertical migra- 
tions taken them below 150 m in the daytime (McAllis- 
ter 1961, Marlowe & Miller 1975) and of species which 
can avoid vertically hauled nets in the daytime. There 
is no way to assess these effects in the historical data 
set, but recent studies of vertical distribution of 
mesozooplankton with vertically towed 0.5 m diameter 
nets and with larger, obliquely towed, multiple net 
samplers indicated slight vertical migratory behavior 
by all species of Neocalanus and no evidence of light- 
aided avoidance (D. L. Mackas & C. B. Miller pers. 
comm.). 

The model results indicate that mesozooplankton do 
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not have sufficient grazing capacity to be  solely 
responsible for control of the phytoplankton stock at 
Station P. 

Experiment 3 - microzooplankton grazing 

If the grazing hypothesis is to remain viable, there 
must be another source of grazing besides the 
mesozooplankton. The purpose of this experiment was 
to evaluate the potential of microzooplankton (animals 
0.02 to 0.2 mm in length) as major grazers of phyto- 
plankton in the open subarctic Pacific. Because very 
little is known about microzooplankton in the open 
subarctic Pacific, particularly organisms smaller than 
44 pm effective diameter (LeBrasseur & Kennedy 
1972), this is out of necessity an  entirely hypothetical 
elaboration of the model. Nevertheless, some sensible 
limits on the required abundances, feeding rates, and 
growth rates of microzooplankton could be obtained by 
assuming that they are the major grazers of phyto- 
plankton. The model was therefore modified to include 
a population of microzooplankton grazers whose feed- 
ing and growth characteristics resembled a tintinnid 
ciliate, a relatively large microzooplankter; Hein- 
bokel's (1978) experimental results served as the basis 
for the description of the microzooplankton. Following 
the approach of Evans & Parslow (1985), the growth of 
the microzooplankton grazer assemblage was 
explicitly modelled as  the balance between its produc- 
tion and its mortality due to predation. 

Phytoplankton growth was described as in Experi- 
ment 1 (Fig. 4A), except that the grazing term, mP, in 
Eqns (13) and (14) was replaced by a term for ingestion 
rate of the microzooplankton grazer assemblage: 

where e = maximum mass-specific grazing rate (mgC 
mgC-' d-l); PO = phytoplankton concentration (mgC 
m-3) below which grazing ceases; f = phytoplankton 
concentration giving half the maximum grazing rate at 
f+Po; and H = standing stock (mgC m-3) of the mic- 
rozooplankton grazer assemblage. Heinbokel (1978) 
found that several tintinnid species had maximum 
mass-specific ingestion rates of 10 to 20 % h-' at 18 'C 
(see also Verity 1985). Taking the lower value in the 
range, and adjusting the rate to 5 "C (the minimum 
mixed layer temperature in the model) using Qlo = 2.0, 
gave e = 0.98 mgC mgC-' d-l. Based on Heinbokel's 
(1978) Fig. 7, the parameters f and PO were estimated: 
f = 25 and PO = 5 mgC m-3. Accordng to Heinbokel's 
results herbivorous tintinnids can convert ingested 
phytoplankton into their cell substance with up to 50 % 
efficiency. In the model the remaining 50 O/O of ingested 

phytoplankton was partitioned between egested fecal 
material (20 %, assumed lost from the mixed layer) and 
excreted nitrogenous metabolites (30 %). Production 
rate of the microzooplankton grazers was therefore 

e(P - Po)H 
mgC m" d-' = 0.5 

f + (P-P,) (18) 

Specific mortality rate due to predation was assumed 
density-dependent: 

where g - coefficient of maximum predation mortality 
(fraction of the grazer stock removed per day); and h = 

grazer standing stock (mgC m-3) giving 0.5 g. There is 
no observational basis for selecting values of g and h; 
values were chosen to give reasonable estimates of 
annual phytoplankton production. The parameters e 
and g were functions of temperature (temperature 
dependency Qlo = 2.0). Over the seasonal range of 
mixed layer temperature (Fig. 2b) e varied from 0.98 to 
1.59 and g varied from 0.20 to 0.325. Parameter h took 
the value 50. For comparison with Evans & Parslow's 
(1985) results, the effect of density-independent preda- 
tion was also investigated. That is, mortality rate due to 
predation was 

m g c  m-3 d-' = gH (20) 

where g was in this case a temperature-independent 
constant. Microzooplankton grazers were also removed 
from the mixed layer by vertical mixing (vH) and, like 
the phytoplankton, assumed to die below the mixed 
layer. 

The model now consisted of Eqns (13) and (14), 
modified as just described, and an equation for the 
dynamics of herbivorous microzooplankton: 

Parameter values are summarized in Table 1. 

In this version of the model, with parameters of 
phytoplankton growth as described in Fig. 4A, phyto- 
plankton stock was readily controlled by the microzoo- 
plankton grazer with a broad range of values of the 
parameters specifying the growth and mortality of the 
grazer. In Fig. 8, for example, the phytoplankton stand- 
ing stock was always less than 0.45 mg chl a mP3, the 
annual cycle of nutrient concentration was consistent 
with observations, and the annual phytoplankton pro- 
duction rate, 28.0 gC m-2, was reasonable. The model 
predicted a substantial stock of herbivorous microzoo- 
plankton, 17 to 28 mgC m-3 in Fig. 8, from late spring 
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Fig. 8. Annual cycles of phytoplankton standing stock (CHL), 
herbivorous microzooplankton (H), and nutrient concentrahon 
(N) in the mixed layer, prehcted by the version of the model 

described in Experiment 3 

0 

E - 0 

through summer. The predicted stock depended on the 
value of e,  on the growth efficiency of the grazer, and 
on the predation rate g. Changes in these parameters 
not only caused changes in the predicted peak stand- 
ing stock of microzooplankton, but also the predicted 
annual phytoplankton production rate (Table 3). 

With reference to continuous maintenance of a low 
stock of phytoplankton by grazers, the model clearly 
was most sensitive to change in the growth efficiency of 
the herbivorous microzooplankton. The small peak in 
concentration of chlorophyll a predicted for Day 130 
(Fig. 8) increased from 0.37 to 0.85 mg m-3 when 
growth efficiency decreased from 50 to 30 O/O. Brief 
pulses (dissipated by Day 150) of phytoplankton pro- 
duction rate and stock of herbivorous microzooplank- 
ton occurred concurrently. At the time that the mixed 
layer was shoaling in the model (Days 90 to 130), 
sustained control of the phytoplankton stock by her- 
bivorous microzooplankton depended on the ability of 

Table 3. Changes in predicted annual phytoplankton produc- 
tion rate (P) and standing stock of herbivorous microzooplank- 
ton (H) at Day 180 when a single parameter of the model was 
changed. Model is described in Experiment 3. + or - in 
parentheses indicate that the parameter value was higher or 

lower than value in Fig. 8 
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the grazers to respond fast enough, by increase in both 
their feeding rate (functional response) and standing 
stock (numerical response) to match the increase in 
phytoplankton growth rate. Growth efficiency was an 
obvious constraint for the grazer. For none of the other 
manipulations of parameters, reported in Table 3, did 
the chlorophyll concentration ever exceed 0.5 mg m-3. 

The predicted concentration of chlorophyll a was 
somewhat variable, both on short-term and on broadly 
seasonal time scales (Fig. 8). The seasonal cycle, with 
values ranging from 0.19 mg chlorophyll a mP3 in mid- 
summer to 0.43 in mid-winter, was inversely correlated 
with the seasonal cycle of c, the carbon-to-chlorophyll a 
ratio; however, the small increase in chlorophyll a (to 
nearly 0.4 mg m-3) around Day 130 was, as noted 
above, associated with phytoplankton-grazer dynamics 
at the time that the shallow seasonal thermocline was 
forming. In both magnitude and seasonality, the pre- 
dicted variation falls well within the range of observa- 
tions at Station P (Clemons & Miller 1984). 

A low, non-zero threshold food concentration (Po) 
was required, when grazing was formulated as Eqn 
(17), to obtain realistic concentration of chlorophyll a 
and to prevent phytoplankton from being grazed to 
extinction. Considerable evidence for some sort of 
threshold feeding behavior, either reduced feeding 
rate or complete cessation of feeding at very low phyto- 
plankton abundance, is available for a variety of 
marine suspension-feeders, even protozoans (Capriulo 
1982, Caron et al. 1985). However, grazing does not 
have to take the form of Eqn (l?) to obtain in the model 
an annual cycle with phytoplankton stock controlled 
throughout the year. An optimal foraging type of feed- 
ing response (Steele & Frost 1977) may be used, with 
herbivore ingestion rate (I) taking the form 

and 
for P < P,*, 

for P e P,fi, 

where e was defined above (Eqn 17); and q = a con- 
stant. This made microzooplankton grazers very effec- 
tive at keeping phytoplankton stock well below the 
concentration (P,,,) saturating ingestion rate. Values of 
m and P,,, giving any reasonable fit to Heinbokel's 
data (1978, Fig. 7) allowed the modelled microzoo- 
plankton to control phytoplankton stock continuously 
without a feeding threshold. For example, with m = 

0.0016 and P,,, = 25 mgC m-3, the predicted standing 
stock of phytoplankton, production rate of the phyto- 
plankton, and concentration of herbivorous microzoo- 
plankton were virtually identical to those in Fig. 8. 

Increasing and decreasing a, the photosynthetic effi- 
ciency, caused peak herbivore standing stock and 
annual phytoplankton production to increase and 
decrease (Table 3). As long as phytoplankton growth 
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was positive in winter, the herbivorous microzooplank- 
ton readily controlled the stock of phytoplankton, 
keeping it always below 0.5 mg chl a m-3, even if cc was 
increased to 1.5, which predicted annual phytoplank- 
ton production of 44.7 gC m-', 60 % higher than that in 
Fig. 8. Systematically doubling the carbon-to-chloro- 
phyll ratio, c, did not affect grazing control of phyto- 
plankton stock, but resulted in very low predicted 
standing stocks and annual production of phytoplank- 
ton. Increasing PO or g gave more realistic predictions 
when c was doubled. 

Positive net phytoplankton production in winter may 
be important to permit grazers to control phytoplank- 
ton stock during the following spring and summer 
(Evans & Parslow 1985). With cc decreased to 0.3, which 
resulted in negative net production of phytoplankton 
for about 30 d in winter, the microzooplankton were 
still able to control phytoplankton stock, though a small 
peak in chlorophyll a (- 1.1 mg m-3) occurred in spring 
(Day 130). However, because phytoplankton stock 
declined to an  unnaturally low level (- 0.11 mg chl a 
m-3) for a t  least 30 d in winter, and annual phytoplank- 
ton production was only about 10 gC m-2, this does not 
appear to be a reasonable representation of the annual 
cycle at Station P. In the model the ability of microzoo- 
plankton to control phytoplankton stock in spring 
depended on the relative magnitudes of herbivore 
growth rate and mortality rate in winter. In the result in 
Fig. 8, with mortality rate of the herbivore density 
dependent (Eqn 19), herbivore growth rate was nil in 
early winter, but herbivore mortality rate was also very 
low (-0.02 d-l) ,  so herbivore stock declined very 
slowly. However, given phytoplankton growth as 
described in Fig. 4, when mortality rate was density- 
independent (i.e. g was a constant), unnaturally high 
concentrations of phytoplankton (>0.09 mg chl a m-3) 
occurred in winter if g exceeded 0.05 d-l. Despite this, 
grazers continuously controlled the phytoplankton 
stock even with g up to 0.1 d-l. In contrast, when a = 

0.3, a condition assuring negative net production of 
phytoplankton for about 30 d in winter, g had to be less 
than about 0.02 d-' if temperature-independent (i.e, a 
constant), otherwise intense blooms of phytoplankton 
occurred in late spring. The mechanism is explained by 
Evans & Parslow (1985). Thus, in this model continuous 
maintenance of phytoplankton stock a t  realistic con- 
centrations by herbivores depended not only on the 
level of winter phytoplankton production but also on 
herbivore mortality rate in winter. 

Vertical mixing in the model represented an added 
mortality for both phytoplankton and microzooplank- 
ton. Within limits, the predicted phytoplankton stock 
and production rate were relatively insensitive to 
changes in the mixing coefficient v. Thus with 5-fold 
change in v, from 0.005 to 0.025, annual phytoplankton 

production increased from 26.8 to 30.0 gC m-2. Simi- 
larly, predicted maximum stock of herbivorous mic- 
rozooplankton declined less than 10 % over the stated 
range of v, though predicted winter stock decreased 
substantially and in direct proportion to increasing v. 
Dilution of the phytoplankton after Day 260, simulating 
the effect of a deepening mixed layer, had a minor 
effect on model predictions. For example, annual phy- 
toplankton production increased by 0.5 %;  at Day 130 
the concentration of chlorophyll a and stock of her- 
bivorous microzooplankton were identical to those in 
Fig. 8. Dilution is considered no further in this paper. 

Experiment 4 - role of mesozooplankton, especially 
Neocalanus spp. 

Given the plausibility of microzooplankton as  poten- 
tial major grazers of phytoplankton, what role would 
the very conspicuous, seasonally variable stock of 
mesozooplankton play in the plankton dynamics? The 
potential role of large suspension-feeding mesozoo- 
plankton (especially species of Neocalanus) was 
explored in the last elaboration of the model. 

One possibility is a more complicated trophic interac- 
tion in which mesozooplankton feed indiscriminantly 
and equally efficiently on phytoplankton and herbivor- 
ous microzooplankton (Fig. 9). To evaluate this scheme 
ingestion rate of the mesozooplankton assemblage 
feeding on both phytoplankton and microzooplankton 
was represented as 

where e' and f '  = grazing parameters applicable to 
mesozooplankton; and Z = observed mean mesozoo- 
plankton stock (2 alternatives in Fig. 6). The phyto- 
plankton fraction of total mesozooplankton ingestion is 
given by 

MESOZOOPL m 
Fig. 9. A 3-compartment planktonic food web for open waters 
of the subarctic Pacific Ocean. Mesozooplankton are assumed 
to feed indiscriminantly and equally efficiently on phyto- 

plankton and microzooplankton 
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The model consisted of Eqns (13), (14) and (21) mod- 
ified such that 

Parameter values for phytoplankton growth and mic- 
rozooplankton growth and grazing were those used to 
produce Fig. 4A & 8 (Table 1). The parameter values 
chosen for ingestion rate of mesozooplankton (Eqn 23) 
were based on results of feeding experiments with 
copepodid Stage V of Neocalanus plurnchrus (Frost et  
al. 1983, Dagg & Walser 1987, M. R. Landry pers. 

I 
CHL 

0 I I 0 
0 6 0  120 180 240 3 0 0  3 6 0  

TIME ( d a y s )  

Fig. 10. Predicted annual cycles of phytoplankton standing 
stock (CHL), herbivorous microzooplankton (H), and nutnent 
concentration (N)  in the mixed layer, for the 3-compartment 
food web (Fig. 9). (A. B) Cases in wtuch mesozooplankton 
stock followed patterns in Fig. 6A, B. Predicted annual phyto- 

plankton production was 22 7 (A) and 24.5 (B) gC m-' 

comm.): e' = 0.123 and 0.2 mgC mgC-' at 5 and 12 "C; 
f '  = 50 mgC m-3. Strictly speaking, these values should 
apply only during winter to midsummer when N. plum- 
chrus is a major component of the mesozooplankton 
(Miller et al. 1984); however, there is no experimental 
basis for using different parameter values at other 
times of the year. 

The model predicted low standng stock of phyto- 
plankton ( t 0 . 3 5  mg chl a m-3) throughout the year 
(Fig. 10). The predicted annual phytoplankton produc- 
tion rates were low, 22.7 to 24.5 gC m-', but consistent 
with observations as were the predicted annual cycles 
of nitrate in the mixed layer. There was a marked 
seasonal cycle in predicted standing stock of microzoo- 
plankton, with maxima in spring and late summer/ 
early autumn. The decline in herbivorous microzoo- 
plankton in summer coincided with the period of high 
abundance of mesozooplankton (Fig. 6). 

Given fixed values of parameters for mesozooplank- 
ton grazing, the magnitude of the predicted maximum 
stock of microzooplankton depended on maximum 
ingestion rate of herbivorous microzooplankton (e) and 
microzooplankton growth efficiency. As in the previous 
experiment, changes in these parameters caused 
changes in both abundance of microzooplankton and 
in predicted annual phytoplankton production (Table 
4), but did not affect control of the phytoplankton stock 
by grazers. Similarly, given fixed values of parameters 
for microzooplankton grazing and growth, the max- 
imum microzooplankton stock depended inversely on 
the maximum specific ingestion rate of the mesozoo- 

Table 4. Changes in predicted annual phytoplankton produc- 
tion (P) and maximum standing stock of herbivorous micro- 
zooplankton (H) in autumn when a single parameter of the 
model (3-compartment food web, Fig. 9) was changed. + or - 
in parentheses indicate that parameter value was higher or 
lower than value in Fig. 10. Z: mesoplankton standing stock 

(Fig. 6) 

Parameter Value Z % change relative 
conc'd in to values in Fig. 10 

H P 

e 1.96-3.18(+) Upper 50 m -18.3 -12.8 
Mixed layer -15.6 -14.4 

Gross eff. of 30 % (-) Upper 50 m -36.8 +24.0 
microzoo. Mixed layer -33.8 +25.2 

e ' 0.185-0.301 (+)Upper 50 m -22.0 +10.2 
Mixed layer -22.6 + 14.2 

e '  0 246-0.400(+)Upper 50 m -35.0 +21.6 
Mixed layer -36.4 f31.4 

cr 1.0(+) Upper 50 m +31.1 +19.0 
Mixed layer +31.7 +18.9 
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plankton (e ') .  With either pattern of Z (Fig. G ) ,  the 
grazers maintamed a relatively constant, low standing 
stock of phytoplankton (<0.7 mg chl a m-3) with e '  at 
5°C increased to either 0.185 or 0.246, that is, effec- 
tively doubling the coefficient of maximum predation 
mortality. 

This last result raised the possibility that the model 
with a 3-compartment food web (Fig. 9) would give 
reasonable predictions even if mesozooplankton 
abundance was systematically lower or higher 
throughout a year. In fact, large interannual variations 
have occurred in standing stock of mesozooplankton at 
Station P. Annual average standing stock of mesozoo- 
plankton has deviated, in the extreme, by about 50 '10 
of the long-term mean (see Fig. 4 in Frost 1983). With 
either alternative for Z (Fig. 5), increasing and decreas- 
ing Z by 50 O/O did not alter the pattern of grazing 
control of phytoplankton stock (Fig. 11); predicted con- 
centration of chlorophyll a never exceeded 0.45 mg 
m-3. This indicates that over the natural range of 
interannual variation of mesozooplankton stock the 
interaction illustrated in Fig. 9 is resilient. 

Control of phytoplankton stock was also unaffected 
by the level of phytoplankton production. If a, the 
photosynthetic efficiency, was increased, predicted 
peak standing stock of herbivorous microzooplankton 
and annual phytoplankton production also increased 

Fig. 
Fig. 

/ \ 

9- 

.._ .... __. . .~~ ' . ._ . ._ .~ 
CHL 

OO! 

, C H L  
0 I 0 

0 60 120 180 240 300 360 

T l M E  ( d a y s )  

11. As Fig. 10, but mesozooplankton standing stock (2 In 
6A, B) was increased and decreased by the factor indi- 

cated. For clarity, nutrient concentrahon was omitted 

(Table 4) .  Even if cu was 1.0, giving nearly twice the 
annual phytoplankton production rates in Fig. 10, the 
grazers still kept the phytoplankton stock continuously 
below 0.4 mg chl a m-3. With (Y - 0.3, which resulted in 
negative net production of phytoplankton for about a 
month in winter, grazing control of phytoplankton 
stock was still maintained throughout the year, 
although small peaks in chlorophyll a (1.5 to 3.0 mg 
m-3) occurred in spring (both versions of Z). Neverthe- 
less, as in the previous experiment, this result is 
rejected as a representation of the annual cycle at 
Station P not only because of high predicted phyto- 
plankton stocks in spring, but also because of unnatur- 
ally low concentrations of chlorophyll a (< 0.09 mg m-3) 
in winter. 

In the model, mesozooplankton always contributed 
less than 30 % of the total grazing mortality of zoo- 
plankton (Fig. 12A). Even at  their maximum concen- 
tration, on Day 170, mesozooplankton accounted for 
only 9 to 17 O/O of the total grazing rate, despite their 

T l M E  ( d a y s )  

Fig. 12. Predictions from the model of the 3-compartment food 
web (Fig. 10). (A) Proportions of total phytoplankton grazing 
due to herbivorous microzooplankton (clear) and mesozoo- 
plankton (hatched). Solid curve and honzontal hatching: 
mesozooplankton concentrated in the upper 50 m; dashed 
curve and vertlcal hatching: mesozooplankton aggregated in 
the mixed layer. (B) Propoaons of total &et of mesozooplank- 
ton contributed by phytoplankton (hatched) and herbivorous 

microzooplankton (clear); curves and hatching as in A 
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concentration being nearly as great (Fig. 10A) or twice 
as great (Fig. 10B) as the microzooplankton. This is not 
only a more complete and quantitative expression of 
the conclusions reached from Experiment 2, but in&- 
cates that if mesozooplankton do feed indiscriminantly 
on phytoplankton and herbivorous microzooplankton, 
they play a secondary role as grazers of phytoplankton. 
Nevertheless, phytoplankton may at times make up a 
significant fraction of the diet of mesozooplankton (Fig. 
12B). 

The realism of the grazing and predation rates attri- 
buted to the mesozooplankton can be evaluated by 
calculating expected growth rates and development 
times, assuming, for example, that the mesozooplank- 
ton is predominantly Neocalanus plumchrus, the best- 
known mesoplanktonic species at Station P. For the 
calculation it is assumed that maximum assimilation 
rate (A,, pgC ind-' d-l) is related to body mass (W, pgC 
ind-l) by the allometric equation: 

Taking, from Fig. 10 and Table 4, a middle value of 
0.2 pgC pgC-' dp '  for maximum specific ingestion rate 
(e') of copepodid Stage V of N. plumchrus with body 
mass of 200 WC, and assuming an assimilation effi- 
ciency of 80 %, then maximum assimilation rate is 

For N. plumchrus feeding on both phytoplankton (P) 
and herbivorous microzooplankton (H), growth rate at 
any concentration of prey is 

copepodid Stage V. Substituting W, = 7.8 pgC (Parsons 
et al. 1969) and Wv = 200 pgC, the time required for 
development is about 150 d. 

The estimate of development time is, of course, 
highly sensitive to food concentrations and to the max- 
imum ingestion rate (e'). If,  for example, P + H is 
increased by only 10 pgC l-I the growth coefficient in 
the allometric equation increases from 0.046 to 0.075, 
decreasing the estimated development time to about 
92 d. This could occur if phytoplankton production rate 
was slightly higher (Table 4). Similarly, increasing e '  
from 0.2 to 0.25 decreases the estimated development 
time to about 73 d. Nothing is known about develop- 
ment time of Neocalanus plumchrus at Station P .  
Copepodid stages are abundant in the mixed layer 
from March through early August (Miller et al. 1984), 
though development time cannot be inferred because 
of continuous recruitment. The calculated development 
times are somewhat longer than the 60 d period infer- 
red from the progression of developmental stages of N. 
plumchrus in the Strait of Georgia (Parsons et al. 1969) 
and the eastern Bering Sea (Vidal & Smith 1986). How- 
ever, phytoplankton typically is much more abundant 
at these localities than at Station P, and more rapid 
development would be expected. 

Thus, while the ingestion rates of mesozooplankton 
used in the model (Fig. 10, Table 3) are low, they are 
realistic, that is, based on experimental observations, 
and would also permit at least one mesoplanktonic 
species to complete its growth and development in 
reasonable time at the ambient concentrations of its 

prey. 

DISCUSSION 
where q = the coefficient of daily mass-specific respira- 
tion. At 10 "C N. plumchrus respire carbon equivalent 
to about 10 O/O of their body carbon per day (Taguchi & 
Ishii 1972, Vidal & Whitledge 1982), giving q = 0.144 
for a copepodid Stage V of 200 pgC. Tahng  from the 
model f '  = 50, and assuming constant values for P and 
H of 10 and 25 kgC 1-l, about mid-range of winter- 
spring concentrations in Fig. 10, growth rate at ambient 
prey concentrations is therefore 

Noting that at Station P only copepodid Stages I to V of 
N. plumchrus inhabit the mixed layer (Miller et al. 
1984), then integrating over the time interval td 
required by N. plumchrus to develop from copepodid 
Stage I to copepodid Stage V gives 

where W, = mass of copepo&d Stage I; Wv = mass of 

The postulated roles of micro- and mesozooplankton 
in the control of phytoplankton stock in the open sub- 
arctic Pacific hinge on the actual level of phytoplankton 
production and the reliability of estimates of mesozoo- 
plankton standing stock and its grazing capacity. Both 
deserve some additional comment. 

Despite nearly 2 decades of observations at Station P, 
the annual cycle of phytoplankton production rate is 
not well established. Two analyses of the observations 
gave significantly different estimates of annual phyto- 
plankton production (McAUister 1972, Parslow 1981), 
both of which are accomodated within the highly vari- 
able data (Fig. 4B). The model (Fig. 4A), which gave an 
annual production rate midway between those of 
McAllister (1972) and Parslow (1981), was considered 
to predict phytoplankton production rate conserva- 
tively, chiefly on the basis of more recent, independent, 
estimates of phytoplankton productivity at Station P 
and other localities in the central subarctic Pacific. 
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Should this turn out to be so, then conclusions about 
the mesozooplankton as minor grazers of phytoplank- 
ton are robust; that is, if phytoplankton production rate 
at Station P is actually higher than predicted in Fig. 4A, 
then mesozooplankton must graze at even higher rates 
than indicated in Fig. 7, an impossible condition. By 
contrast, with microzooplankton as major grazers of 
phytoplankton (Expts 3 & 4), the phytoplankton stock 
was easily controlled with any reasonably higher level 
of phytoplankton production than that in Fig. 4A. Con- 
trol only became a problem if the net production rate of 
phytoplankton was negative in winter. The latter possi- 
bility will be discussed shortly. 

Results of the model suggest that mesozooplankton 
as sampled at Station P cannot be solely responsible for 
control of phytoplankton stock. The mesozooplankton 
stock is not large enough, given observed feeding 
capabilities of the dominant species (Neocalanus spp.), 
to remove all daily phytoplankton production. This is 
evident in all of the previous models of phytoplankton 
production at Station P in which mesozooplankton 
grazing was explicitly included. In the model of Ander- 
son et al. (1977) grazing was represented as a simple 
function of observed standing stock of mesozooplank- 
ton at Station P. Even with the standing stock of 
mesozooplankton increased 2.7 times, a maximum 
mass-specific grazing rate of 2 mgC mgC-' d- '  was 
required to obtain a realistic annual cycle of phyto- 
plankton standing stock and production rate. This max- 
imum mass-specific grazing rate is about 10 times that 
observed for the species of Neocalanus (see Expt 4). 
Parslow's (1981) model employed a mass-specific 
ingestion rate that was only about 2 to 4 times the 
experimentally observed values for N. plumchrus (see 
Expt 4) and N. cnstatus (Dagg & Wyman 1983), but the 
model also predicted substantially lower phytoplank- 
ton production rates than that of Anderson et al. (1977) 
and the present model. 

Mesozooplankton at Station P was sampled with 
relatively coarse-meshed nets (- 350 pm) and a signifi- 
cant fraction of smaller mesozooplankton would have 
been missed. Moreover, the data of Miller et al. (1984) 
indicate that an assemblage of small zooplankton, 
those passing a 333 pm mesh screen but retained on a 
73 pm mesh screen, exists at Station P in quantity 
equivalent to about half the standing stock retained by 
333 pm mesh. Given the size of these smaller meso- 
and microzooplankters, they could exert significant 
grazing pressure on the phytoplankton if they indeed 
consume phytoplankton. However, the stock is domi- 
nated (>80 % of the mass) by small copepods of the 
genus Oithona (Miller et al. 1984) which are known to 
feed at rates disproportionately very low in relation to 
their small body size (Lampitt 1982, Drits & Semenova 
1984). 

This leaves a deficit in the required grazing that can 
only be associated with heterotrophic organisms 
smaller than 73 pm. There is, unfortunately, little data 
on the annual cycle in numbers and types of likely 
microzooplankton grazers at Station P. The published 
data for Station P (LeBrasseur & Kennedy 1972) sug- 
gest that microzooplankton are much too rare to be 
significant grazers of phytoplankton required by the 
model (Fig. 8 & 10). However, the sampling methods 
were probably inadequate (e.g. microzooplankton col- 
lected on 44 pm mesh screens) since a fraction of the 
smallest microzooplankton and any of the nanozoo- 
plankton (phagotrophs 0.002 to 0.02 mm in length) 
would not have been retained. Recent sampling in the 
open subarctic Pacific (Booth et al. 1982, B. C. Booth 
pers. comm.) revealed high cell concentrations of 
minute choanoflagellates and ciliates which would 
have passed through the screens used in the study by 
LeBrasseur & Kennedy (1972). Perhaps these protists 
were responsible for much of the large unaccounted 
fraction of non-plant protein at Station P noted by 
Banse (1962). The concentrations of herbivorous mic- 
rozooplankton predicted by the model (Fig. 8 & 10) are 
still considerably less than the concentration of non- 
plant living carbon estimated at Station P by Banse 
(1962). 

In Experiments 3 & 4, the microzooplankter, model- 
led on a tintinnid ciliate, was a relatively large phago- 
trophic protozoan. It can be inferred from Tables 3 & 4 
that the predicted standing stock of herbivorous micro- 
zooplankton would be considerably smaller if the pro- 
tists were much smaller than tintinnids, thus having 
higher mass-specific ingestion rates than those used in 
Experiments 3 & 4 ,  and if they had growth efficiencies 
less than 50%.  Both conditions are realistic 
possibilities. 

Evans & Parslow (1985) noted the importance of 
positive net production of phytoplankton in winter for 
control of phytoplankton stock by grazers in the follow- 
ing spring. The present model did not predict realistic 
standing stock of phytoplankton in winter if net pro- 
duction rate was negative in winter. This could mean 
either that phytoplankton production rate is indeed 
positive at Station P in winter, or that phytoplankton 
have other mechanisms, not represented in the model, 
for coping with severe light limitation in winter. Some 
type of metabolic adjustment, such as significantly 
lower respiration rate, is one possibility. Similarly, 
the dynamics of herbivorous microzooplankton were 
modelled (Expt 3) without explicit representation of 
metabolic rate. If a size-dependent metabolic rate was 
included in the description of growth rate of microzoo- 
plankton , and if the net production rate of phytoplank- 
ton was negative in winter, then balance between 
phytoplankton growth and microzooplankton grazing 
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the following spring would not be possible. In effect, 
the model in its present form gives the microzooplank- 
ton zero metabolic rate when its ingestion rate is zero, 
approximating the spectacular down-shift of metabolic 
rate noted in s t a ~ n g  protozoans (Fenchel & Finlay 
1983, Caron et al. 1985). 

The postulated new role for mesozooplankton (Fig. 
g), particularly the large calanoid copepods 
Neocalanus spp., resolves at least 4 problems. First, the 
model put broad, but specific, limits on the foraging 
capabilities of the mesozooplankton if they alone were 
to control the stock of phytoplankton, and experimental 
studies of feeding indicate that the Neocalanus species 
simply do not have the required capability. The discre- 
pancy is especially glaring in the case of N. cristatus 
which often comprises a major fraction of the mesozoo- 
plankton at Station P (Miller et al. 1984). Frost et  al. 
(1983) detected a tendency toward carnivory in N. 
cnstatns and such a trophic role would be consistent 
with the model portrayed in Experiment 4; at the time 
of the spring peak in stock of herbivorous microzoo- 
plankton the mesozooplankton feeding indiscrimin- 
antly on phytoplankton and microzooplankton obtain 
60 to 80 % of their ingested food from the latter (Fig. 
12B). 

Second, Parslow (1981) and Frost (unpubl.) found 
that ecosystem models portraying Neocalanus cristatus 
and N. plumchrus as the sole grazers of phytoplankton 
were not at all robust if the models attempted to 
describe explicitly the annual life histories, including 
diapause, of the 2 species. A simulated annual cycle of 
phytoplankton stock and production resembling obser- 
vations could be obtained, but only by delicately 
balancing recruitment patterns and predation mortality 
of the copepods. Outside a narrow range of combina- 
tions of copepod recruitment and mortality, the models 
predicted either an autumn phytoplankton bloom or 
failure of one or both species of Neocalanus to enter 
diapause. These models also, of course, became 
inoperative as descriptions of the annual cycle when it 
was established that both species of Neocalanus leave 
the mixed layer in late summer and autumn (Miller et 
al. 1984). 

Third, a less pivotal grazing role for species of 
Neocalanus is consistent with the observation that their 
abundance in the mixed layer is much more variable, 
on small and large spatial and temporal scales, than 
phytoplankton stock (Barraclough et al. 1969, Parsons 
& Anderson 1970, Mackas pers. comm.). The version of 
the model in Experiment 4 gives reasonable standing 
stocks and production of phytoplankton with a broad 
range of abundance of mesozooplankton (Fig. 11). By 
inference from these results, the stock of microzoo- 
plankton grazers, the presumed major controllers of 
phytoplankton stock, should also exhibit large 

interannual variations, exactly out of phase with the 
mesozooplankton. 

Fourth, the postulated cause and effect relationship 
between life history patterns of the species of 
Neocalanus and control of phytoplankton stock has 
never been entirely satisfactory, else why has such a 
relationship not evolved in other subpolar oceans? 
Evans & Parslow (1985) suggest that the Life history 
patterns of Neocalanus spp. have evolved as a conse- 
quence, not a cause, of a reliably predictable standing 
stock of food in the surface layer, promoted by the 
unusually shallow permanent halocline in the subarctic 
Pacific. The protracted spawning periods of N. cristatus 
and N. plumchrus (Miller et al. 1984, C. B. Mdler pers. 
comm.) are consistent with this interpretation; spawn- 
ing is not concentrated in winter to assure recruitment 
to the surface layer in spring, but begins in summer for 
2 of the 3 species. 

The new role for species of Neocalanus does not 
necessarily mean that they, and other species of 
mesozooplankton, are not essential components of the 
plankton dynamics. Should the results of LeBrasseur & 
Kennedy (1972) be confirmed, the hypothesized major 
grazers among the microzooplankton must be very 
small ( c 4 4  pm). Given the dominance of phytoplank- 
ton by nanoplankton-sized cells, it is plausible that 
microzooplankton are the major grazers of phytoplank- 
ton and that their grazing impacts the entire phyto- 
plankton assemblage. However, the microzooplankton 
may not be able to graze the very rare, largest phyto- 
plankters at high rates (but see Smetacek 1981, Gold- 
man & Caron 1985). Larger grazers among the 
mesozooplankton could be important consumers of 
larger phytoplankters (e.g. Frost et al. 1983) and may 
keep the numbers of large cells severely depressed 
(Clemons & Miller 1984). This role of mesozooplankton 
grazers was not included in the model because growth 
dynamics of large and small phytoplankters would 
have to be described and there is little information on 
the phytoplankton assemblage in the subarctic Pacific 
to support doing so at this time. 

The roles for micro- and mesozooplankton as grazers 
of phytoplankton in the open subarctic Pacific consti- 
tute a hypothesis that is plausible in theory and testable 
in practice. With regard to the microzooplankton, we 
need to know the hnds ,  numbers, and feeding rates, 
and their seasonal variation. With regard to the 
mesozooplankton, we need to know if they feed indis- 
criminately on phytoplankton and microzooplankton, 
and their feeding rates on the latter. All of these are 
achievable with present technology. Finally, the results 
of the model imply that either net production rate of the 
phytoplankton is positive for most of the winter or that 
phytoplankton and herbivorous zooplankton make 
metabolic adjustments to tolerate periods of light and 
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food limitation in winter. To amplify on the comment by 
Evans & Parslow (19851, the winter ecology of both 
trophic g roups  n e e d s  to be studied. 
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