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Summary

The predatory behaviour of aphagotrophic microflagellate, Paraphysomonas vestita, was studied
in the transient conditions of alaboratory batch culture. Two phytoplankton species of the same
size (Isochrysis galbana and Paviova lutheri) were used as aternative prey items. The rate of
ingestion of phytoplankton and the P. vestita cell yield were similar in the presence or absence
of bacteria, indicating that phytoplankton were selected as prey in preference to bacteria by P.
vegtita. In terms of cell numbers, P. vestita ingested |. galbana more rapidly than P. lutheri
although both species are prymnesiophytes of similar size and were available at a similar
carbon:nitrogen ratio. The difference in ingestion rate was not the result of P. lutheri being a
poor prey species but could be related to the higher biomass content (in terms of C and N) of P.
lutheri compared to |. galbana. Maximum ingestion rates in terms of dry weight biomass were
similar for the two prey species. Maximum rate of ingestion of prey and maximum rate of
microflagellate division were related to theinoculum prey concentration in ahyperbolic manner
for each prey species. As prey density decreased, the ingestion rate at a particular time was not
correlated with prey density at that time. Rather, non prey saturated ingestion rate was found to
be better represented by a hyperbolic function of the prey/predator ratio. A threshold prey
concentration was observed in all experiments and was higher when P. lutheri was the prey
species. The threshold prey concentration increased with increasing inoculum prey density.
However, in terms of prey/predator ratio a single threshold value was observed for both prey
Species.
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Introduction

Predatory microflagellates are now recognised to be
important parts of marine planktonic food webs (Laybourn-
Parry, 1992). They are capable of ingesting both
phytoplankton and bacteria and exhibit high weight spe-
cific rates of nutrient regeneration (Caron, 1991). These
phagotrophic species play a pivotal role in the dynamics
of marineecosystems, providing alink for nutrientsto pass
up thefood chainthrough their ingestion by metazoan graz-
ers that are unable to graze small phytoplankton and
bacteria

Numerous studies have been conducted to investigate
the predatory behaviour of heterotrophic microflagellates
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(see the review: Capriulo, 1990). Many relate to the in-
gestion of bacteria. Phytoplankton hasamuch greater size
range and potential for variation in nutritional quality (in
termsof Cand N). If we areto understand the dynamics of
microbial food websit isimportant to determine the mecha
nisms that govern the ingestion of phytoplankton as well
as bacteria by microflagellate predators.

Studies of predation by microflagellates on phy-
toplankton haveindicated that the rate of ingestion of prey
may be related to avariety of factors. Theseinclude: prey
size (Andersson et d ., 1986; Goldman and Dennett, 1990;
Epstein and Shiaris, 1992), whether the prey are alive or
dead (Landry et al., 1991), nutritional quality (Goldman
etal., 1985, 1987; Peters, 1994; Jurgensand DeMott, 1995;



Flynn et al., 1996) physical conditions (Peters and Gross,
1994; Shimetaet al., 1995; Peterset al., 1996) and chemo-
synthesis or sensory detection (Sibbald et al., 1988).

A number of studies, including Fenchel (1982), have
calculated the maximum specific growth rate of
microflagellate predators in individual experiments in
which the prey density is sufficiently high that it does not
change significantly during the course of the experiment.
Thisalowsthe experimentsto be conducted in conditions
approximating to balanced (exponential) predator growth.
By plotting specific growth rate versus prey density at a
number of different prey densities a hyperbolic Holling
type Il functional response (Holling, 1965) is often ob-
tained. Eccleston-Parry and Leadbeater (1994a, 1994b),
found a similar functional response when plotting maxi-
mum specific growth rate versus prey inoculum
concentration intheir microflagellate grazing experiments.

However, in the oceans and shelf seastransient rather
than balanced growth conditions often exist. Caron et al.
(1990a) highlighted that protozoa do not experience a ho-
mogeneous environment and are therefore unlikely to
achieve prolonged periods of exponential growth, and
Pardow et al. (1986) suggested that the extrapolation of
steady state results to transient conditions should be car-
ried out with caution. Therefore, if we are to understand
and potentially model microbial food web dynamicsit is
necessary also to study non-balanced growth conditions.

In a series of papers, Goldman and colleagues (see
Goldman et al., 1985) studied the non steady-state inges-
tion by Paraphysomonas imperforata of both
phytoplankton and bacteria. During these studies they ob-
served that phytoplankton were ingested in preference to
bacteria and that certain phytoplankton species were in-
gested in preference to others, a phenomenon that they
accredited to differencesin cell size (Goldman and Dennett,
1990).

Although prey size undoubtedly affects grazing rates,
as noted above, other factors may also exert a significant
influence. However, not least because of methodological
problems, quantitative studies of other potentially impor-
tant factors that determine grazing rates, particularly in
transient conditions, are rare.

Theaim of thisstudy wastherefore to extend thework
of Goldman et al. to investigate grazing in non-balanced
growth conditions, by the microflagellate Paraphysomonas
vedtita, on aternative phytoplankton speciesof similar size
and C:N ratio. We sought to investigate if the grazing
behaviour of the microflagellateis related to factors other
than cell sizeand if thefunctiona relationshipscommonly
derived to represent prey ingestion and predator division
in bal anced growth were applicablein non-balanced growth
conditions.
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Material and Methods

The heterotrophic microflagellate Paraphysomonas
vegtita (average diameter 9um), isol ated from Southampton
water by Dr S. Tong was used as the predator in our study.
Stock cultures were maintained in batch culture in a me-
dium of aged filtered seawater, previously sterilised by
autoclaving. Axenic additions of the appropriate phy-
toplankton prey species (see below) were conducted
regularly to maintain predator population density.

Phytoplankton prey species were Isochrysis galbana
Parke CCAP 927/1 and Paviova lutheri (Droop) Green
CCAP 931/1. Both species are marine prymnesiophytes
of similar spherical shapewith adiameter of approximately
4.5um. Phytoplankton stock cultures were grown axeni-
cally as batch cultures, inoculated by the addition of cells
to agrowth medium consisting of sterile aged filtered sea-
water. Nitrogen was available as nitrate at a concentration
of 200mM, with all other nutrients available in excess.
Cellswere grown in continuous light (250 pumol m2s?) at
18°C until they had exhausted extracellular nitrate and had
just reached stationary phase.

Grazing experiments were conducted using P. vestita
as the predator and either |. galbana or P. lutheri as prey.
Early stationary phase prey cellsweretaken from the stock
flasks, added to the experimenta flasks and diluted to the
required density using sterile, aged, filtered seawater to
which no nutrients had been added. P. vestita cells were
generally taken from stock cultures that had reduced prey
levels to a minimum and had hence ceased dividing, but
had yet to show significant sign of cell loss through death
and/or cannibalism.

Inall experimentsprey and predatorswere added asep-
tically to the experimental flasks at the required
concentrations. Duplicate experiments (at each prey and
predator inoculum density) were conducted in sterile 100ml
flasks. The experiments were conducted in continuous
darkness at 18°C to prevent prey growth (confirmed by
observing predator free control cultures in identical con-
ditions). Samples were removed from the flask for
enumeration two or three times a day. The experiments
were concluded when phytoplankton prey density had been
reduced to a constant low threshold concentration and
predator density had reached a maximum and had begun
to decrease due to cell death.

Experiment 1. Experiments were conducted at the
same phytoplankton and microflagellate inoculum densi-
ties both with and without the presence of bacteria. In the
flasks containing bacteria a known concentration of the
bacterium Vibrio natrigens was added. Comparative ex-
periments in which different concentrations of bacteria
were present at inoculum were conducted. Bacterial stock
cultures were grown in amedium prepared with 5% (w/v)
of a stock solution containing 0.8g I yeast extract and
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4g proteose peptone (Eccleston-Parry and Leadbeater,
1994a).

Experiment 2. Subsequent experiments were con-
ducted using a greater range of phytoplankton inoculum
densitiesfor both a) |. galbana and b) P. lutheri. The preda-
tor inoculum concentration was held approximately
constant in all. Bacteria inoculum concentrations were
either zero or constant for a particular set of experiments.

Experiment 3. Theinfluence of changesin the preda-
tor inoculum density and “fitness’ wasinvestigated. Inthe
above experimentsthe predator inoculum density washeld
constant and different prey inoculum densities similar to
those that might be expected during a phytoplankton bloom
(in therange of 1x 10° or 2 x 10° cells mI~t) were studied.
A set of experimentswastherefore conducted withasingle
prey inoculum density (1 x 108 cells mI-t) and various
predator densities to determine if predator density influ-
enced the conclusions drawn. Experiments were also
conducted using predators of varying physiological state
(more or less starved) at inoculum to investigate the pos-
sible effect of physiological stress on microflagellate
grazers noted by Choi (1994).

Inal experiments, phytoplankton and microflagellate
cell number densities were determined by making tripli-
cate counts using an electronic particle counter (Coulter
Instruments Multisizer 11 fitted with a50um diameter ori-
fice) which aso gave volume information. A sub sample
was removed from the experimental cultureand diluted in
sterile filtered seawater to reduce coincidence counts on
the particle counter. The predator and prey could easily be
distinguished in terms of cell size: the estimated spherical
diameter of both prey being 4.5um and that of the preda-
tor 8-10um. Bacterial densities were determined by
staining for five minuteswith 5ug mi— of 4', 6'-diamidino-
2-phenylinodole (DAPI). Stained cells were filtered onto
black 0.2um pore size, 25mm diameter polycarbonate fil-
ters(Osmonicsinc) with a0.2um cellulose nitrate backing
filter. The filter was mounted onto a slide and stored at —
20°C prior to analysis. Cellswereenumerated usingaZeiss
Axiovert 100s microscope with a UV excitation block at
1000 times magnification. Bacterial density was deter-
mined by counting using acalibrated ocular grid. Bacterial
densities were determined in experiments with and with-
out added bacteria, thelatter in order to check that bacteria
free cultures remained axenic.

Determination of particulate C and N was carried out
by collecting cells on pre-ashed 13mm Gelman A/E filters
with blank filter controls. Samples were analysed using a
Carlo Erba NA 1500 elemental analyser.

Results

Experiment 1: Influence of bacteria on ingestion of
phytoplankton

The majority of the experiments were conducted in
axenic conditions. However, experiments were also con-
ducted to determine the influence of bacteria. These
experiments alowed us to determine if the presence or
absence of bacteriawould influence the generality of our
conclusion when extrapolated to natural conditionswhere
both phytoplankton and bacterial prey items are available
to microflagellate predators.

Batch culture experiments were conducted with P.
vestita as predator (inoculum concentration ~ 8 x 10% cells
mi1) and phytoplankton prey: |. galbana or P. lutheri.
Phytoplankton prey densitiesat inoculum were either high
(~1.2x 108 prey mi, or low (~ 1 x 10° prey ml2). Finite
(either 2 x 10° cells ml= or 2 x 107 cells ml™) or zero
concentrations of bacteria were also introduced at inocu-
lum. Duplicate experiments were conducted at each
permutation of inoculum cell densities. Phytoplankton
aone, bacteria alone and phytoplankton/bacteria control
cultures were conducted.

At both high and low phytoplankton inoculum densi-
ties, P. vestita actively ingested phytoplankton. When
present, bacteria stayed constant or showed a dlight in-
crease and densities were similar to predator free control
cultures. Furthermore, the rate of microflagellate division
and cell yield was similar in the presence or absence of
bacteria. Theresultstherefore suggested that bacteriawere
rejected as prey in the presence of phytoplankton. There-
sults of one set of experiments are shown in Fig. 1.

Experiment 2a: Experiments with |. galbana as the
sole prey species

Replicate grazing experiments were conducted using
I. galbana as the prey species, at each of seven prey in-
oculum densities, Table 1. In each experiment the prey
C:N ratio was approximately 8 and the inoculum density
of P. vestitawas approximately 1x10* cellsml. I. galbana
cell numbers decreased during the experiments and P.
vestita numbersincreased (Fig. 2). |. galbanawasingested
to alow threshold density in all experiments. This thresh-
old density decreased with decreasing prey inoculum
density (Table 1a).

Control cultures indicated that no significant net
change in prey numbers occurred due to processes other
than grazing. It wastherefore possibleto calculatetherate
of ingestion of prey from a knowledge of |. galbana and
P. vestita cell densities using an equation of the form:

Is0,, — 150y
(Para, - Para,)
In(Para,,) - In(Para,,)

'(tl - to)

where: | is the ingestion rate (I. galbana).(P. vestita)™.
hr, Iso: 1. galbana, Para: P. vestita and t and t, refersto
the time of the two (consecutive) sampling points under
consideration.

Specific division rate (Y, hr-) of P. vestita was also
determined from:
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Fig. 1. Changesin cell density for the prey species, |. galbana (a) and P. lutheri (c), during predator/prey experiments (open circles
— without bacteria, closed squares — with bacteria, triangles — prey density in predator free control cultures); changes in the
predator, P. vestita, cell numbers and bacterial densities when |. galbana (b) and P. lutheri (d) was the prey species (open circles
— without bacteria, closed squares — with bacteria, closed diamonds — bacterial densities in the predator/prey experiments that
included bacteria, open diamonds — bacterial densities in bacteria aone control cultures).

_ In(Para,,) - In(Para,,)
- (t, —t,)

Ingestion rate and specific division rate were calcu-
|ated for each of the experimentsusing the above equations.
Use of these equations requires the assumption of expo-
nential predator growth. Previously Fenchel (1982)
highlighted the difficulties in determining ingestion and
growth rates from batch style experiments in which ex-
tended periods of exponential growth may not occur. As
we did not wish to make the a priori assumption of bal-
anced growth in our experiments we also calculated the
rates using alinear rather than an exponential approxima-
tion. Similar results were obtained for both | and p as for
the above equations with a maximum discrepancy of 6%
and typically less that 1%.

Calculation of ingestion rates from such batch datain
which the densities of two quantities (prey and predator)
may be moving rapidly in the opposite direction unavoid-

ably resultsin noisy data. Goldman et al. (1985) smoothed
their data by drawing a best fit by eye through prey and
predator density plots. We chose instead to apply a three
point moving average to the derived values prior to their
useinfurther calculationsor relationships. Either approach
alowsusto use carefully controlled batch or stretch batch
culturesin the study of non-balanced growth.

Balanced growth functional response

Functional response curves relating maximum inges-
tion or division rates to inoculum prey density were
calculated for each set of experiments at different prey
inoculum concentrations. Both maximum ingestion rate
(1) and maximum specific division rate (m__) were
found, Table 1, to be related to prey concentration at in-
oculum (as opposed to prey concentration at thetime |
and p . occurred) in a hyperbolic manner (Fig. 3a, b),
hereafter referred to asthe prey density functional response.
Such results are similar to those found in other studies
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Table 1la. Parameter values observed in the 1% set of I. galbana / P. vestita experiments

e gal bana_l I. gal bana_l Prey/predator | g;lmtixana. um_alx

inoculum ml threshold ml at inoculum P, vestita hr- hr
2x10° 1.0+0.1 x10° 148 2.48+0.04 0.056+0.001
1x10° 7.28+1.51 x10* 74 2.19+0.45 0.039+0.001
5x10° 5.01+0.35 x10* 37 1.61+0.50 0.035+0.004
1x10° 3.64+0.05 x10* 7 0.64+0.15 0.020+0.001
8x10* 2.93+0.26 x10* 6 0.48+0.19 0.018+0.004
5x10* 2.52+0.01 x10* 4 0.30+0.04 0.020+0.006
3x10* 1.85+0.07 x10* 2 0.19+0.01 0.018+0.009

Table 1b. Parameter values observed in the 1% set of

P. lutheri / P. vestita experiments

P. lutheri P. lutheri Prey/predator P Ilunt]aﬁeri Mimex
-1 -1 : . . -1
Inoculum ml threshold ml at inoculum P vestita™ hr hr
2x 10° 7.11+0.30x10° 36 0.72+0.07 0.029+0.004
1.25x 10° 4.08+0.13 x10° 23 0.85+0.24 0.026+0.001
6x 10° 1.86+0.08 x10° 11 0.73+0.08 0.026+0.001

Where | _ is the average maximum observed ingestion rate, | the average maximum ob-
served specific P. vestita division rate. Values presented are the average of the replicate experiments
at the different prey inoculum densities + the standard deviation.

i, pathana uells ml’
.

P WaE
1
-

2 f.'- {4
i

Fig. 2. Changesin cell density of prey (a) and predator (b) when I. galbana was the prey species (for clarity only the three highest
of seven prey densities used are illustrated); duplicate experiments were conducted: denoted by solid lines and dashed lines

respectively.

(Fenchel, 1982; Eccleston-Parry and Leadbeater, 1994a,b).
Rectangular hyperbolae were fitted to these data using a
|east squaresfitting procedure (that minimised |east squares
of residuals). The values of | and half saturation con-
stant for ingestion K, m__ and half saturation constant for
divison Kmwere determined (Table 2a,b).

The maximum rate of ingestion or division predicted
using such numerical fitting procedures is that which oc-
curs at infinite substrate (in this case prey) concentration.
This maximum calculated value therefore often exceeds

the maximum observed value (see Table 1). The maxi-
mum rate of ingestion of prey occurred early in the
experimentswhen prey density was high. However, maxi-
mum specific division rate of P. vestita was recorded some
timelater. There wastherefore apoor correlation between
ingestion rates and predator division rates (not shown).

Functional response in non-balanced growth phase
Functional response relationships were also deter-
mined during the unbalanced growth phase of the
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Fig. 3. Functional response curvesfor P. vestitaingesting |. galbana. Maximum observed ingestion rate, | (&) or predator specific
division rate p__ (b) plotted against inoculum prey density (solid lines are fitted rectangular hyperbolae. (r* = 0.95 and 0.79

respectively; see Table 2 for parameter values).

experiments (when prey and predator densitieswere chang-
ing). Ingestion rate was calculated (from the three point
averaged data) at each time point during each of the ex-
periments and was related to the prey density at the
equivalent time. Plotting this data (Fig. 4a) we seethat in
the different cultures P. vestita ingested prey of a particu-
lar density at different rates.

Ingestion was therefore not a unique function of prey
density in these transient conditions. Moreover, the prey
density functional response derived for balanced growth
(seeFig. 3a) wasunableto simulateingestion ratesin these
rapidly changing transient conditions. This is illustrated
by superimposing the hyperbola derived from Fig. 3aon
Fig. 4a

Prey/predator ratio

Thefailure of the prey density functional responseled
usto seek an alternative method of relating ingestion rates
during non-balanced growth conditions to some other
readily measured quantity or quantities. In a series of pa-
pers (Berryman, 1992 and others) it was suggested that
ingestion rate might be better related to the prey/predator
ratio than simply to prey density. Relating per-individual
consumption ratesto prey density (asabove) assumesthere
is no interference between consumers. However, should
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competition between consumers occur, then the resultant
sharing of resources is better described by a functional
response based on the prey/predator ratio. Based on the
average swimming speed and hence volume cleared by
heterotrophic flagellates, we estimated that the density of
microflagellates in our experiments (and during phy-
toplankton blooms) was sufficient for competition between
predators for prey to occur.

Ingestion rate was therefore plotted as a function of
the prey/predator ratio for these experiments (Fig. 4b). A
single functional response was found to be capable of de-
scribing the complete set of experiments carried out at
different prey inoculum densities. A rectangular hyperbola
was fitted to the data, this gave a maximum ingestion rate
of 2.91. galbana.P. vestita™ hr, ahalf saturation constant
of 29 |. galbana/P. vestita and a threshold prey/predator
concentration of 2 (Table 2).

Experiment 2b; Comparative grazing experiments
using P. lutheri as prey

The grazing response of P. vestita on the alternative
prey species (P. lutheri) was aso investigated. To ensure
that comparisons could be drawn between experimentswith
the two different prey species, parallel experiments were
conducted with 1. galbana and P. lutheri as prey, using
predators obtained from the same stock flask. Replicate
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Fig. 4. Therate of ingestion of |. galbana by P. vestita as a function of prey density (a) and prey/predator ratio (b) at the equivalent
time (in a each thin line relates to a different culture started from a different inoculum density, and the thick lineis the hyperbola
relating maximum ingestion rate to inoculum prey density (from Fig. 3a); in b thethin lineis afitted hyperbolarelating ingestion

rate to prey/predator ratio; r2= 0.94, parametersin Table 2).
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Table 2a. Hyperbolic ingestion equation parameters

Parameter Function of: Units P. lutheri asprey | |.galbana as prey
I mex Prey density Prey predator ™ hr™* 0.7 2.7
K, Prey density Prey mi™ 2.6x10° * 2.5x10°
I max Prey/predator Prey predator™ hr* 0.9 29
K, Prey/predator Prey predator™ 10 29
Xo Prey/predator Prey predator™ 2 2
Table 2b. Hyperbolic P. vestita division equation parameters
Parameter Function of: Units P. lutheri as prey I. galbana as prey
Himex Prey density hrt 0.04 0.06
Ky Prey density Prey mi™* *x 2.5x10°
Hrmeax Prey/predator hrt 0.04 0.05
Ky Prey/predator Prey predator(t-T) *x 26
Xo Prey/predator Prey predator™ (t-1) *x 2

Maximumingestion (I__ ) and division (i ) ratescalculated by fitting hyperbolae to data (using acomputer
program that minimised least squares of residuals). The r? values for the fitted lines are presented in the legends

of the appropriate figures.

K, isthe half saturation constant for ingestion (in terms of prey ml~* or prey/predator ratio as appropriate) K.,
isthe half saturation constant for division and X the threshold prey/predator concentration.
t-t indicates the value of prey/predator ratio used was calculated t hours previoudly.

* Dueto thelarge variation in threshold prey densitiesthat were observed with P.lutheri asprey (seeFig. 6a)
this (or any single value) of the half saturation constant gave a poor fit to the data. Thisindicates the inadequacy

of relating ingestion rate to prey density for this species.

** Therangeof i vauesobtainedinthe Plutheri experimentswasinsufficient to allow ustofit functional

response curves.

predator/prey experiments were conducted at three prey
densities (it was necessary to reduce the number of differ-
ent inoculum prey densities studied as two prey species
were now being sampled). C:N ratio wasin the range 6-8
for both prey species.

The results for the experiments using |. galbana as
prey coincided well with those detailed above. We there-
fore only report the results with P. lutheri as prey below.
We found (Fig. 5, c.f. Fig. 2) that P. lutheri was ingested
more slowly than |. galbana in terms of cell number. I __
was 0.7 prey predator hr compared to avalue of 2.5 for
I. galbana. This could be related to the marked difference
in biochemical composition of thetwo prey speciesthat is
known to exist. Brown (1991) found that cultures of P.
lutheri had adry weight per cell approximately threetimes
greater than that of I. galbana: 102.3 cf. 30.5 pg cell (in
both cases the cells were collected at the end of the expo-
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Fig. 5. P. lutheri (closed symbols) and P. vestita (open symbols)
cell density in one of the replicate P. lutheri / P. vestita
experiments (the same symbols types have been used depict
prey and predator at each prey inoculum density).



nential phase of growth). Converting ingestion rates into
terms of dry weight biomass we therefore find that the
maximum ingestion rate is similar for the two prey spe-
cies. 71.6 cf. 76.2 pg predator X hr for |. galbana and P.
lutheri respectively.

As observed for I. galbana, a plot of ingestion rate
versus P. lutheri density yields a different relationship, in
transient conditions, for each different prey inoculum den-
sity (Fig. 6a). However if we plot ingestion rate versusthe
prey/predator ratio at that time, wefind, asfor I. galbana,
asingle hyperbolic function is generated (Fig. 6b).

P. vestita division (considering experiments with both
prey species)

Asfor ingestion rate, the specific rate of P. vestita cell
division was plotted against both prey density and prey/
predator ratio. A complex “humped” relationship was ob-
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tained for this quantity asafunction of either prey density
or prey/predator ratio for both prey species. Thisisillus-
trated for prey/predator ratio with |. galbana as prey in
Fig. 7a. Such arelationship is not easily described math-
ematically with biologically meaningful parametersand is
therefore of limited predictive value. Moreover, the rela
tionship was not constant between experimentsindicating
that specific division rate was not a unique function of
prey density or prey/predator ratio. This lack of correla-
tionwas aresult of thetimetaken by the predator to digest
a prey item (division rate increased as prey density de-
creased at the start of the experiment).

In order to identify a functional relationship it was
assumed that prey digestion takes atime, t, of eight hours
(based on therelative volume of prey and predator and the
number of prey that must be ingested to produce a new
predator). Specific predator division rate as a function of
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Fig. 6. The rate of ingestion of P. lutheri by P. vestita as a function of prey density (a) and prey/predator ratio (b) (the solid lineis

fitted rectangular hyperbola; parameters in Table 2, r=0.77).
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Fig. 7. a— specific division rate of P. vestita (l) as afunction of
prey/predator ratio when |. galbana was the prey species; b —
changesin specific division rate of P. vestita (L) at timetasa
function of the prey/predator ratio at time (t —t), wheret =8
hours (the solid line is fitted hyperbola, parametersin Table
2 (r*=0.80); ¢ — maximum specific division rate of P. vestita
when fed |. galbana (open symbols) and Plutheri (closed
symbols) at various prey/predator inoculum ratios.
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prey/predator ratio at (time—t) wasthen plotted and found
tobeahyperbalic, and potentially predictive, function (Fig.
7h, Table 2b).

Maximum observed specific division rate of P. vestita
when ingesting P. lutheri in experiment 2b was 0.03 hr?,
somewhat less that the value of 0.056 hr observed when
|. galbana wasthe prey item. However, the specific preda-
tor divisionratesat similar prey/predator ratioswerefound
to be similar for the two prey species. A higher predator
inoculum density was used in experiment 2b resultingina
smaller range of inoculum prey/predator ratios. The preda-
tor division rate may therefore have not reached its
maximum.

In order to determineif the maximum division rate of
P. vestita was the same when feeding on the two different
prey items, we conducted a further set of experiments us-
ing awider rangeof |. galbana and P. lutheri prey/predator
ratios. In these experiments, four (duplicated) inoculum
prey densitiesranging from 5e* to 2€° prey ml-were used.
This resulted in prey/predator inoculum ratios from ap-
proximately 40 to 250. These experiments indicated (Fig.
7¢) that the maximum specific division rate at saturating
prey/predator ratios was similar for the two prey species.
Furthermore, the rel ationship between maximum specific
division rate and prey/predator ratio could be described
by a single hyperbolic function for both prey species.

Threshold prey density (considering experiments with
both prey species)

Prey threshold density was considerably higher at a
particular prey inoculum density when P. [utheri was the
prey species compared to |. galbana (Fig. 5, Fig. 2) for a
particular prey inoculum density. For both prey species
thethreshold was not constant and increased with increas-
ing prey inoculum density. However, a single threshold
prey/predator ratio existed (Figs 4b, 6b) for each species.
Thethreshold prey/predator ratio wassimilar for both spe-
cies, at avalue of approximately 2.

Experiment 3. Changesin predator inoculum density
and physiological state

The above experiments were conducted with similar
predator inoculum densities and with predatorsin similar
physiological states (having just reached starvation). There-
fore we next sought to investigate if either predator
inoculum density or degree of starvation was capable of
influencing the functional responses obtained.

Two sets of duplicated experiments were conduced.
Firstinwhich asingle prey density (1 x 10° prey ml=) was
used but the predator density was varied (inocula of 4 x
108, 6 x 10% 8 x 10% and 1.5 x 10* P. vestita ml* were
used). Second in which predator and prey density at in-
oculum were held constant between experiments ( 8 x 10°
and 1 x 10° cells mi~ respectively) but the P. vestita was
subjected to greater (predator numbersdecreasing in stock
flask) or lesser (predators still actively ingesting prey in
stock flask) degrees of starvation prior to the experiments.

In both caseswefound that thefunctional responseinterms
of ingestion versus prey/predator ratio was similar to that
obtained above (data not shown).

Discussion

Balanced protozoan growth probably rarely occursin
natural planktonic assemblages (Caron, 1990b).
Microflagellateswill commonly find themselvesin an en-
vironment in which prey density varies rapidly and is not
saturating for ingestion and growthi.e. in unbalanced non-
steady state conditions. This will be particularly evident
following the peak of aphytoplankton bloom. At thistime
phytoplankton densities are relatively high (although not
necessarily saturating for ingestion) and declining, while
microflagellate densities are increasing. It is just such a
scenario of non-balanced growth that our time course ex-
periments best represent.

Two common approaches to determining
microflagellate grazing and division rates are a) relatively
short term experiments employing high prey densities b)
experiments using the dilution technique of Landry and
Hassett (1982). These approaches have been successful in
allowing us to estimate the rates of grazing of
microflagellates on their prey. However, both are strictly
only applicable to the sphere of balanced growth. The
former technique produces pseudo-steady state conditions
in batch culture by ensuring prey densities are sufficiently
high that they are saturating for ingestion. In the latter,
nutrients are added to ensure exponential growth of the
prey. Moreover, as noted by Landry and Hassett (1982), a
critical assumption of the dilution technique is that the
predators consume prey in direct proportion to their abun-
dance. We have shown above that this was not the casein
our experiments.

Although experimentsin non-balanced growth condi-
tionsareinherently difficult to conduct, such experiments
are necessary to shed light on the dynamics of microbial
interactionsin growth conditionsthat are outside the sphere
of the above approaches.

Presence/absence of bacteria

Previously Goldman et al. (1985) found that
Paraphysomonas imperforata ingested phytoplankton at
the sameratein the presence or absence of bacteria. These
results were confirmed by our experiments: P. vestita
showed similar rates of ingestion (of phytoplankton) and
division and a similar cell yield in the presence and ab-
sence of bacteria. The bacterial density behaving in a
similar manner inthe predator/prey experimentsand preda-
tor free controls. We therefore concluded that at any of the
bacterial densities studied, the presence of bacteriadid not
significantly influence theingestion and growth dynamics
of P. vestita on its phytoplankton prey.



Such results have implications for the dynamics of
microbial food webs. Numerous authors have noted that
microflagellates are the main grazers of bacteriain the sea
and it has been demonstrated that Paraphysomonas sp.
will graze actively on bacteriawhen it isthe sole source of
prey (Goldman et al ., 1985; Landry et al., 1991; Davidson,
personal observation). Earlier studies have indicated that
Paraphysomonas sp. are abl e to discriminate between prey
types. Our results confirm this and indicate that the pres-
ence of phytoplankton may result in grazing on these prey
rather than bacteria. Such aresponse may alter therelative
proportions of phytoplankton and bacteria in the micro-
bial food web.

Ingestion rate and prey nutritional value

Our results indicate that the rate of ingestion of prey
by P. vestita isafunction not only of prey size ashas been
demonstrated previoudly for related species (by Goldman
and Dennett, 1990) but also of prey type. Maximum ob-
served ingestion rate of P. vestita was considerably greater
when feeding on |. galbana compared to P. lutheri (2.9
c.f. 0.9 prey predator hr). Therate of ingestion isthere-
fore not simply afunction of prey size as both species are
spherical and have an approximate diameter of 4.5mm.
As the experiments were conducted in the dark, the prey
was not actively dividing, and the average prey cell vol-
ume remained relatively constant throughout the
experiments. Moreover, the two prey species are both
prymnesiophytes and had similar C:N ratios.

Total carbohydrate, lipid and protein content of I.
galbana and P. lutheri was studied by Brown (1991). These
results indicate that 1. galbana and P. lutheri differ mark-
edly in composition, with P. lutheri containing per cell
values of dry weight, chlorophyll a, protein, carbohydrate
and lipid that were approximately three times greater than
those for I. galbana when both species were growing ex-
ponentially. The maximum ingestion rates of the two
species by P. vestita were related by an approximate 3:1
ratio (I. galbana:P. lutheri), similar to the inverse of the
ratio of their cellular dry weight values. The lower inges-
tion rate of P. vestita on P. lutheri therefore does not
indicate, as might initially be thought, that P. lutheri is a
less preferred or less nutritionally acceptable prey species
that 1. galbana. Conversely, the more rapidly grazed I.
galbana is considerably less nutritious and must be in-
gested at a greater rate than P. lutheri to maintain the
division rate of the microflagellate grazer.

Functional response for ingestion

As noted above, it is unlikely that microflagellate
predators will often experience the saturating prey densi-
ties that would allow them to maintain maximal ingestion
and division rates. The predictive ability of functional re-
lationships based on maximal rates may therefore be
limited. Thiswas confirmed by Fig. 4 in which we found
the equation relating maximum ingestion rateto prey den-
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sity to be unable to represent the temporal changein these
quantities. It is therefore not possible to determine the in-
gestion rate simply from a knowledge of the prey density
in conditions of non saturating prey concentrations.

Ingestion rate was, however, rel ated to the prey/preda-
tor ratio in ahyperbolic manner for both prey species (Figs
4b, 6b). Relating ingestion to prey/predator ratios is con-
ceptually and biologically appealing. Prey density isonly
of direct relevanceto predatorsif they are sufficiently well
spaced that they do not compete for prey. Asdiscussed by
Slobodkin (1992) theratio of prey to predator isthe quan-
tity of importance to the predator, asit defines the number
of prey in closer proximity to it than to another predator.
These prey are more readily available for capture and in-
gestion. The prey/predator ratio istherefore more suitable
than prey density to base a functional response for inges-
tion.

Our experimentsuse arange of prey and predator con-
centrationsthat are representative of bloom densities. The
failure of the prey dependent, but the success of the preda-
tor/prey functional response indicates that significant
interaction and competition between predators occurs at
these densities. The fact that the prey threshold varied for
different inoculum prey densities of the same species and
between prey species but was approximately constant in
terms of prey/predator ratio is further evidence that prey/
predator ratio determines ingestion rates at these densi-
ties.

Predator division

The maximum specific division rate achieved by P.
vestita was similar for both prey species, even though the
aternative prey wereingested at different rates. The maxi-
mum rate observed intheinitial P. lutheri experiments (that
incorporated a lower maximum prey/predator ratio) was
low. Only when the prey/predator density was sufficiently
high, in the subsequent set of experiments, was the maxi-
mum specific division rate achieved. As inoculum prey
density wassimilar in both cases, thislendsfurther weight
to the proposal that microbial predation is governed by
prey/predator ratio rather than prey density.

Predictive modelling

The consequences of these resultsfor our understand-
ing of the behaviour of microbial food websareparticularly
significant when considering the formulation of mathemati-
cal models. Succinct mathematical representations are
desirable if we are to produce mathematical models of
planktonic food webs that remain parameterisable, trac-
table and understandable. One of the major problems of
model formulation is balancing these criteria against the
need for the model to be biologically reasonable and ac-
curate in its predictions.

Our results indicate that it is not sufficient simply to
model grazing on the basis of cell size. Moreover, afunc-
tional group approach in which different ingestion rates
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are allocated to different taxonomic groups may not be
successful: both of our prey were prymnesiophytes and
would probably be placed together in such an approach.
Yet, it is obviously unrealistic to model microflagellate
growth dynamics separately for all possible phytoplank-
ton prey species. Detailed studies of the potential
discrepancy in model predictions when using different
model parameterisations within microbial food web mod-
els are therefore required. An approach that relates
ingestion and/or division rateto available biomass may be
the most successful. However, the preferential ingestion
of phytoplankton over bacteriafurther complicatesthe situ-
ation.

Asdiscussed by Ginzburg and Akcakaya (1992) ratio
dependent and prey dependent models of trophic interac-
tionsmake very different predictions about the steady state
properties of afood chain. Prey dependent formulations
predict aternating positive, negative and zero responses
to increases in productivity. For example Thingstad and
Sakshaug (1990) analysed afood web based on small and
large phytoplankton and found the behaviour of the sys-
tem to differ depending on whether the number of trophic
levels was odd or even. Ratio dependent formulations,
however, predict proportional increasein al trophic level
biomassesto anincreasein productivity. Theimplications
for microbial food webs, which contain multiple grazing
and nutrient recycling interactions are complex. The use
of ratio dependent theory will potentially change the quan-
titative predictionsthat we make about carbon and nitrogen
cycling near the base of marine food webs. In a subse-
quent study we shall investigate the effect on microbial
food web model predictions of incorporating such amodel
structure.

The model simulation of microflagellate division or
growth rate is more problematic. Many successful math-
ematical models of microbia interactions simulate the
growth of phytoplankton or microflagellatesusingasingle
model currency, e.g. nitrogen in the model of Ducklow
and Fasham (1992). Such an approach allows the use of
simple relationships that do not incorporate intracellular
quantities. This considerably reduces model complexity.
However, the above results indicate that neither a hyper-
bolic function of prey density nor a simple hyperbolic
function of prey/predator ratio was adequate to represent
specific division ratesin transient growth conditions. Pre-
viously (Davidson et a., 1993) we used a time lag “the
nutrient processing time” to relate phytoplankton division
rate to cell nutrient content at a previous instant. Using a
similar approach here (Fig. 7b) we were able to account
for the time taken to digest prey cellsand for this material
to be available to promote growth by the introduction of a
time lag between prey/predator ratio and specific division
rate. The utility and robustness of this approach will be
studied in our subsequent modelling paper.
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