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ABSTRACT: The standard dilution technique can provide unbiased estimates of phytoplankton growth
and microzooplankton grazing rates only when certain restrictive assumptions are met. The most
important of these assumptions - that grazing impact varies in direct proportion to the dilution of
grazer population density - can be easily violated when clearance rate of individual grazers and/or
growth response of the grazer population vary significantly with food concentration over the course of
the incubation. We have developed a modified protocol which now allows the dilution technique to be
applied unambiguously, even when its original assumptions may be violated. The new protocol uses
flow-cytometry measured disappearance of fluorescently labeled tracer cells (FLB or FLA) as an internal measure of 'relative grazing activity' in each dilution treatment. Coefficients of phytoplankton
growth and mortality rates are determined from Model 11 regression analyses of 'net growth' versus
'relative grazing', rather than the usual Model I regressions of 'net growth' versus 'dilution factor'. Tests
of this hybrid experimental design in the central equatorial Pacific during an EQPAC cruise in August
1992 gave results essentially identical to the standard dilution interpretation.
KEY WORDS: Microzooplankton grazing . Flow-cytometry . FLB . Dilution - Synechococcus spp. .
Prochlorococcus spp. . Equatorial Pacific

INTRODUCTION

In the decade since its introduction, the dilution approach (Landry & Hassett 1982) has been broadly
applied in aquatic ecosystems as a field technique for
estimating the growth rate of phytoplankton and the
grazing impact of microzooplankton (e.g. Landry et
al. 1984, 1993, Campbell & Carpenter 1986, Burkill et
al. 1987, Paranjape 1987, 1990, Gifford 1988, Gallegos
1989, Weisse & Scheffel-Mijser 1990, Andersen et al.
1991, Strom & Welschmeyer 1991). Nonetheless, as is
normal for an experimental method, increasing use
has also brought closer scrutiny and critical review.
Critiques of the dilution approach have generally addressed specific aspects of experimental design and
have been useful in improving protocols and interpretations as the method has evolved (e.g. Fuhrman
& Bell 1985, Li & Dickie 1985, Gallegos 1989, Li
1990).The more recent critique of Evans & Paranjape
(1992), however, correctly questions the fundamental
assumptions and theoretical construct of the technique.
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The purpose of the present paper is not to defend the
use of the dilution technique under all environmental
circumstances. Rather, our response to the theoretical
arguments of Evans & Paranjape (1992) comes in a practical form - a modified experimental approach which
can be used to test and validate the critical assumptions
of the method with each new application. We present a
brief overview of the uncertainties in the dilution technique and an experimental design to address problem
areas which have heretofore resisted critical examination. This newly defined protocol is then applied in
experimental studies in surface waters of the central
equatorial Pacific. In this environment, at least, the
assumptions of the dilution technique appear to hold.

THEORY

Problem statement
The dilution technique uses incubations of water
samples diluted to different degrees with particle-
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free water to uncouple rate estimates of phytoplankton growth and microzooplankton grazing. Each sample yields an independent estimate of the net instantaneous rate of phytoplankton growth measured from
the observed change in bulk chlorophyll, taxa-specific pigments or population counts over the incubation period. These net growth estimates (ki) are related to one another by 2 assumptions (Landry &
Hassett 1982). First, phytoplankton growth rate (p)
is assumed to be independent of the dilution effect on
population density. Second, the rate of phytoplankton
mortality (m) due to microzooplankton grazing is assumed to be proportional to the dilution effect on
grazer abundance (Di = the ratio of abundance in a
dilution treatment relative to the abundance in undiluted water). Thus, in the context of the exponential
model of population growth,

In principle, the relationship between net growth
rate (k,) and the dilution factor (D,) for a group of
incubated samples can be solved by linear regression
analysis for the instantaneous rate of phytoplankton
growth ( p = y-axis intercept) and grazing mortality
(m = slope).
The first assumption has not been difficult to test or
control for in practice. Chavez et al. (1991) found, for
example, that the relationship between 14C-primary
production and mean chlorophyll concentration was
unaffected by dilution in nutrient-rich waters of the
central equatorial Pacific. In waters where nutrient
limitation is perceived to be a problem, constant phytoplankton growth can be maintained by routinely providing a n appropriate mixture of inorganic nutrients
to each of the dilution treatments. In such cases, the
y-intercept of the dilution regression may not yield the
true phytoplankton growth rate. As further discussed
below, however, the actual rate of phytoplankton
growth can be estimated by comparing the observed
rates of growth in undiluted samples with and without
nutrient amendments (e.g. Andersen et al. 1991).
In contrast to the growth rate assumption, the notion that grazing rate varies in direct proportion to
dilution is problematic both in theory and testing.
Two potential sources of error complicate this assumption. First, differences in the relative densities of
grazers established in the initial dilution treatments
are unlikely to be exactly maintained throughout the
experiment. Flagellated and ciliated protists, which
comprise the most abundant and active component of
the microzooplankton, have high growth potentials
and are likely to be responsive to differences in available food density over the time scales of experimental
incubations, which may last a day or more. Thus, initial differences in microzooplankton population den-

sities should increase with time as consumers with
higher food concentrations (i.e. undiluted samples)
grow at faster rates. This growth trend may be confounded, however, by the complexities of trophic interactions in the microbial food web. For example,
consumers that occupy intermediate trophic levels
(e.g. flagellates) in the contained water samples experience both higher food levels (picoplankton) and
higher predator densities (ciliates) in the undiluted
samples and, depending on the balance of these factors, may either grow at a faster or slower rate in
undiluted relative to more diluted treatments. As
noted by Landry (1993), most applications of the dilution technique have not accounted for change in the
relative densities of grazers in the treatments. This is
difficult, ~f not impossible, to accomplish in routine
practice. Not only are the required microscopical
analyses laborious and imprecise, unless all of the
component microzooplankton populations vary in exactly the same way among dilution treatments, it will
not be easy to relate observed differences in the rates
of change of the various consumer populations to
their equivalencies in terms of total community grazing impact on phytoplankton.
Even if the initial dilution effect on microzooplankton population densities could be perfectly maintained during experimental incubations, the functional response relationship between the clearance
rates of individual grazers and food concentration
would have to be taken into account. As presently interpreted, the dilution approach assumes that individual clearance rates of microzooplankton are constant,
i.e. independent of the dilution effect on food concentration. At best, this assumption can only be true under circumstances in which the natural food density is
below the level that saturates ingestion rates and the
lowest concentration in diluted samples is above the
density that elicits threshold feeding behavior. Gallegos (1989) demonstrated that the normal analytical
framework for the dilution approach had to be modified to account for saturated feeding in a eutrophic
river system. The critique of Evans & Paranjape (1992)
generalized this result. Given all of the possible curvilinear models that might define relationships between
feeding rate and food concentration for given groups
or species of consumers or the microzooplankton as a
whole, it would seem improbable that the linear
model (constant clearance rate) would be the best
assumption under most, if any, circumstances. By
restricting analyses of dilution results to the linear
regression model, therefore, the method implicitly
understates the range of phytoplankton growth and
microzooplankton grazing rate estimates that would
be achieved using any one of a number of equally
likely analytical schemes.
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An enhanced experimental protocol
In light of the problems mentioned above, it is important to recognize that 'dilution factor' (D,) is used in
regression analyses of dilution experiments only as a
proxy for the actual parameter of interest, which is the
relative grazing activity of n~icrozooplankton.That is
to say, if an independent estimate of the relative microzooplankton grazing replaced D, in Eq. ( l ) ,the regression analysis would no longer depend on the potentially unrealistic assumption that grazing activity is
directly proportional to the dilution effect on population density. In regions of the ocean dominated by
autotrophic picoplankton, fluorescently labeled bacteria (FLB) of an appropriate size can be used in tracer
concentrations to provide such an independent estimate of microzooplankton grazing activity. The disappearance of these FLB during experimental incubations can give an index of grazing activity in each of
the dilution treatments that integrates all of the factors
affecting individual clearance rates and population
densities of the microzooplankton over the course of
the experimental incubation.
An idealized interpretation of a dilution experiment
incorporating both nutrient enrichment of phytoplankton growth and an independent assessment of
relative grazing activity is presented in Fig. 1. Instantaneous growth rate (p,) is assumed to be identical for
all treatments with added nutrients allowing the rate of
grazing mortality (m) to be calculated from the regression relationship between net phytoplankton growth
rate (with nutrients) and relative grazing. This mor-

I

R = Relative Grazing Rate

1.0

Fig. 1. Interpretation of a n idealized dilution experiment incorporating incubations with (0)and without (A)nutrient additions
and a n independent measure of relative grazing activity. k: observed net growth of phytoplankton; p,: instantaneous rate of
phytoplankton growth with added nutrients; po: phytoplankton
growth rate without added nutrients; m: phytoplankton mortality attnbutable to microzooplankton grazers; R : relative
grazing activity estimated from disappearance of fluorescently
labeled tracer cells a n d normalized to the mean rate observed
in incubated samples of undiluted water
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tality estimate can then be used with the net growth
rate in samples incubated without added nutrients to
determine the instantaneous growth rate of phytoplankton ( p o ) without nutrient amendment. The ratio
p o : p n indicates whether and/or to what extent growth
is limited by nutrient availability. In addition, FLB disappearance in incubated samples with and without
nutrients provides a cross-check to insure that nutrient
amendments do not significantly affect microzooplankton grazing rates.
One additional factor that must be considered in
using the experimental design is the choice of an
appropriate regression model. As noted by Laws &
Archie (1981; see also Ricker 1973), the standard
Model I technique requires, among other things, that
the independent (x-axis) variable be under investigator control. To our knowledge, Model I theory has been
applied exclusively in the analyses of dilution experiments to date. This seems appropriate for the most
part, since the level of dilution can be controlled within
reasonable limits. The situation can be ambiguous,
however, when Di is a measured variable (e.g. the ratio
of chlorophyll in diluted treatments relative to undiluted natural water) or if D, is subsequently corrected
for changes in micrograzer population density. Nonetheless, if the independent variable is an experimentally measured rate estimate of relative grazing, Model
I1 regression analysis is required.

MATERIALS AND METHODS

Dilution experiments were conducted in the central
equatorial Pacific as part of the JGOFS (Joint Global
Oceans Flux Studies) EQPAC Program along longitude
140" W in August-September 1992. A subset of 5
experiments were chosen for detailed analysis to
demonstrate the operating principles of the modified
approach and for comparison with the standard analytical procedure. These include replicate experiments
with near-surface water (10 m) at the equator, 1 experiment from deeper in the equatorial mixed layer
(40 m), and experiments using 10 m water from 1" N
and 1" S (Table 1).
Experimental setup. All containers, tubing (silicone)
and transfer apparatus were precleaned by a modified
version of the Fitzwater et al. (1982) protocol consisting
of sequential overnight soaks in Micro detergent-deionized water, 10% HC1-Milli Q water (2 times), 2 % nitric
acid-Milh Q water, and 3 rinses with quartz-distilled water. Incubation bottles and tubing were soaked between
uses in 10% HC1-Nanopure water and rinsed 3 times
with Nanopure water and finally with filtered seawates.
Plastic gloves were worn during all phases of experimental set-up, subsampling, and cleaning.
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through a 2 pm filter to remove clumps before
experiments, ~~~h bottle was injected with
trace densities of FLB (final concentration 5 X
lo3
during the
procedure.
After initial subsampling experimental bottles were tightly capped and incubated in
shipboard incubators for 24 h under ambient
%lo
temperature and simulated (neutral density
screening) in situ light conditions.
50%
Subsampling and sample analyses. Initial
50%
and final subsamples were taken for chloroid":,
phyll and flow cytometric analyses (FCM).
50%
50%
Replicate chlorophyll samples (280 ml) were
taken from the 3 'initial' bottles and from the
filtered seawater carboy at the start of an
experiment and from all of the l 1 remaining bottles at
the end. One FCM subsample (3 ml) was taken from
each of the bottles initially, and replicate subsamples
were taken at the end of the incubation.
Chlorophyll samples were filtered onto 24 mm GF/F
glass-fiber filters and extracted in 10 m1 of 90% acetone for 24 h at -20°C. Chlorophyll concentration was
measured fluorometrically with a Turner Designs fluorometer. The equations for fluorometric chlorophyll
determination were calibrated by HPLC, and results
were strongly correlated with HPLC-determined chlorophyll a (r2= 0.97, R. Bidigare pers. comm.).
FCM samples were preserved with final concentrations of 0.9% paraformaldehyde, which was filtered
(GF/F) and adjusted to pH 7.4 before each use. These
samples were frozen in liquid nitrogen and stored at
-85°C. Thawed samples were stained with Hoechst
33342 (0.8 pg ml-', Molecular Probes) for 1 h prior to
being analysed for population abundance of phytoplankton and FLB using a Coulter EPICS 753 flow
cytometer with dual lasers (Monger & Landry 1993).
Prochlorococcus spp. and Synechococcus spp. populations were distinguished from nonpigmented picoplankton by their respective red (divinyl chlorophyll)
and orange (phycobilin) autofluorescences under
488 nm excitation. FLB were characterized by bright
green fluorescence (DTAF stain). Eukaryotic nanoplankton had higher red (chlorophyll) and blue (DNA
content; UV excitation) fluorescence per cell and
larger size (right angle light scatter) than the prokaryotic picoplankton.
Data analyses. Net rates of change (k,,d-l) of measured variables (total chlorophyll, Prochlorococcus
spp., Synechococcus spp., nanoeukaryotes, and FLB)
were determined from initial parameters (Po)and final
(P,) estimates assuming an exponential model

Table 1. Locations, dates, times and depths at which water samples were
collected, and incubation conditions for selected dilution experiments
conducted in the central equatorial Pacific during August 1992. Chlo:
initial chlorophyll concentration; %Io: light intensity during shipboard
incubation. All experiments were incubated for 24 h
Experiment

Location

Date

Time

Depth
(m)

?A

1 * N ,140" W
O',
140" M'
00, 140" W
O',
140" W
1" S. 140" W

27 Aug
28 Aug
28 Aug
29 A U
31 Aug

02:30
21:50
21:50
17:OO
20:40

10
10
40
10
10

8A
88

8D
9A

~

chlo
(pg I-')
0.341
0.340
0.~6,
0.283
0.208

Seawater was collected in 30 1 Go-Flo bottles with
teflon lining mounted on a custom-made, trace metalfree rosette. Seawater was gravity filtered directly
from the Go-Flo bottles to clean carboys via a closed
system consisting of silicone tubing and a n in-line,
0.2 ].]m Suporcap (Gelman) filter. New filter capsules
were prepared for each experiment by soaking for at
least 2 h in 10% HC1-Nanopure water and rinsing with
Nanopure water. In addition, the first several liters
filtered through each new filter were discarded.
Each experiment was set up in fourteen 2.7 1 polycarbonate bottles. In each experiment, 8 of the bottles
were used for the nutrient-enriched dilution series.
Filtered seawater was added by volume to replicate
bottles to achieve final plankton densities of about 20,
45, 70 and 100% ambient levels. Each bottle in the
dilution series received an amendment of nutrients
[final concentrations: 0.5 pM N-ammonium, 0.03 pM
phosphate, 1 nM iron (FeSO,), and 0.1 nM manganese
(MnSO,)] prior to the filling operation. Of the remaining 6 bottles, 1 was filled with filtered seawater and
run as a control to account for organisms that passed
through the filter (e.g. Li 1990) and 5 were filled
without nutrient enrichment - 2 to be incubated as
natural seawater controls and 3 to be sacrificed for
initial samples.
Unfiltered seawater was added to the experimental
bottles from the Go-Flo bottles by silicone tubing
which reached to the bottom of the incubation bottles
to avoid damaging the grazers during transfer. Appropriate precautions were taken to avoid contaminating
no-nutrient treatments with the nutrient-enriched
water from the dilution series.
FLB were prepared in the laboratory before the
cruise according to the protocol of Sherr et al. (1987).
Vibrio damsella was used because of its relatively uniform coccoid shape (1.1 pm diameter). Aliquots of the
prepared FLB were quick frozen in quantities appropriate for daily use at sea. These aliquots were thawed,
diluted, sonicated and vortexed briefly, and filtered

1 8
k, = -1n-

t

(2)

PO
where t is the duration of the experiment (1 d). We
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determined if the desired (i.e. investigator-controlled)
level of dilution (i.e. D,) was achieved by comparing
initial FCM population estimates of Prochlorococcus
spp. or Synechococcus spp. (Expt 8A) from dilution
treatments to those in undiluted samples. Population
densities in the filtered water were insignificant (mean
= 0.7% of natural Prochlorococcus spp, cell densities,
range = 0.5 to 0.9%). Relative grazing activity was
determined from the ratio of the instantaneous rates of
disappearance of FLB in diluted bottles relative to
those in undiluted bottles.
For each experiment and each variable measured,
we computed estimates of phytoplankton growth rate
and microzooplankton grazing impact by 2 methods the standard approach based on D, and the refined
approach using 'relative grazing' as the x-axis variable. In both cases, only results from the 8 bottles
(dilution series) with added nutrients were used in the
regression analyses. As in Fig. 1, growth rate without
added nutrients was computed from the mortality estimate provided by the regression analysis and the
mean observed net rate of phytoplankton growth in
bottles without added nutrients.
Model I regression theory (Sokal & Rohlf 1981) was
used to compute growth and mortality estimates from
net growth and dilution factor. Model I1 theory (geometric mean, reduced major axis) was applied to regressions involving experimentally derived estimates
of relative grazing. For these applications, regression
slopes were determined according to Ricker (1973)
and standard deviations of the slopes and y-intercepts
were based on York (1966). Confidence limits of the
Model I1 rate estimates were computed according to
Jolicoeur & Moismann (1968).

RESULTS

FCM analyses of picoplankton abundance and FLB
disappearance were used to determine initial dilution
factors and relative grazing activities for each of the
8 dilution bottles in the 5 experiments. As might be
hoped, a significant (p i0.05) and positive correlation
was found between these independently measured
variables (Fig. 2). Although the relationships were
quite variable within and among experiments, 95%
confidence limits for regression equations for each of
the individual experiments included the origin (y-intercept = 0) and a slope of 1.0. Moreover, the slope of the
combined data set (0.978) was close to unity indicating
a near 1:1 relationship, on average, between sample
dilution and the resulting measure of relative grazing
activity. It should be clear from this presentation that
the measurement of relative grazing activity involves a
high level of variability, be it analytical or due to real
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DILUTION FACTOR
Fig. 2. Relationship between experimentally measured relative
grazing rate and dilution factor for 5 experiments in the equatorial Pacific. Dilution factor determined by flow cytometric
analysis of Prochlorococcus spp. populations at the start
of each experiment relat~veto undiluted samples. Relative
grazlng determined from flow cytometric analyses of the
decline in fluorescently labeled bacteria tracer cells over the
24 h incubation period. The combined data is defined by
y = 0.032 + 0 . 9 7 8 ~r;2 = 0.605

grazing differences among replicated treatments. For
the 10 measurements made in bottles diluted to 70%
natural density, for instance, relative grazing estimates
ranged from 0.2 to 1.3 times the estimates from incubations of undiluted water. In contrast, D, appeared to be
easily controlled within relatively narrow limits (even
including FCM analytical error in making these determination~).
In spite of the broad scatter in relative grazing estimates, the appearance of regression plots were remarkably similar for experiments and populations analyzed by the 2 techniques (Figs. 3 & 4). There are some
differences, of course, in the way that individual data
sets conform to best-fit regressions. Nonetheless, all of
the relationships were significant at p 2 0.05 (6 df), and
the correlation coefficients for the relative grazing
regressions were as high on average as the coefficients
for the standard dilution analyses (Table 2). Moreover,
growth and mortality estimates from the 2 analytical
approaches were generally quite comparable for a
given experiment (Fig. 5). Growth rate estimates, both
with (p,) and without ( p o ) added nutrients, were particularly well correlated, with slopes that were not
significantly different from 1.0 (Fig. 5). The lower
correlation coefficient and slope (<1.0) for mortality
estimates resulted from the compressed scale of data in
these experiments and 2 high estimates (>1.0d-') from
the standard dilution approach. The remaining data
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RELATIVE GRAZING
Fig. 3. Analyses of dilution Expt 7A (l0N , 140" W; 10 m depth) by standard 'dilution factor' and 'relative grazing' (Model 11)
approaches. Total chlorophyll from fluorometric analyses. Prochlorococcus spp., Synechococcus spp. and nanoeukaryote
populations from flow cytometric analyses. Symbols as in Fig. 1

conformed adequately to a 1:1 line drawn through the
origin (Fig. 5 ) .
Even in cases where the correlation coefficients
were high, rate estimates from individual dilution
experiments were associated with broad confidence
limits (Table 2). Uncertainties in growth rate estimate,
for example, averaged 0.2 d-' for the dilution factor
regressions and + 0.4 d-' for the relative grazing
regressions. Uncertainties in mortality rate estimates
averaged * 0.3 d-' for both approaches. Confidence
limits for rate estimates from the 2 regression techniques overlapped broadly and yielded no significant
differences in the results of individual experiments.
Mean rate estimates from the 5 experiments showed
strong agreement for the 2 analytical approaches
(Table 3). The relative grazing technique gave estimates that were slightly lower than dilution factor rates
in all cases, but the difference did not exceed 0.06 d-l
for any comparison. Growth rate estimates were

*

highest for total chlorophyll (0.87 to 0.92 d-l) and
lowest for Prochlorococcus spp. (0.22 to 0.26 d-l).
Growth rates of Synechococcus spp. and nanoeukaryotes were in the vicinity of 1 cell division d-' (0.57 to
0.61 d-' and 0.73 to 0.79 d-', respectively). Only the
growth of Synechococcus spp. appeared as if it may
have been affected by nutrient availability. However,
the rate was slightly higher without nutrients (i.e.
inconsistent with nutrient limitation), and the difference between bottles with and without nutrients was
not statistically significant.
Rate estimates for grazing mortality were lowest for
chlorophyll. Consequently, the difference between
growth and grazing mortality was highest for chlorophyll, leaving uncontrolled growth of about one-half cell
division d-l. Grazing mortality exceeded the growth estimates for Prochlorococcusspp. by a factor of 3. Growth
and grazing mortality for Synechococcus spp. and nanoeukaryotes, in contrast, were more or less in balance.
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Fig. 4. Analyses of dilution Expt 8A (O0, 140" W; 10 m depth) by standard 'dilution factor' and 'relative grazing' [Model 11)
approaches Total chlorophyll from fluorometric analyses. Prochlorococcus spp., Synechococcus spp. and nanoeukaryote
populations from flow cytometric analyses. Symbols as in Fig. 1

The mean rate of FLB disappearance in incubation
bottles with undiluted seawater was 0.53 d-' (SD = 0.28;
n = 20), slightly less than the mortality rate estimates
for the individual categories of natural prey analyzed.
This lower rate, which amounts to about a 20 % reduction in grazing mortality relative to the mean rates for
Prochlorococcus spp., Synechococcus spp., and nanoeukaryote populations, probably reflects a slight
tendency of n~icrozooplanktonto select for living prey
over FLB (e.g. Landry et al. 1991). However, this
apparent 'selectivity' does not necessarily imply an
active discriminatory mechanism on the part of the
microzooplankton; it could result from passive differences in encounter frequencies due to slight prey
differences in physical characteristics, motility and cell
surface chemistry (e.g. Monger & Landry 1990, 1992,
Gonzales et al. 1993). Comparison of grazing rates
on FLB versus mortality rates of comparably sized
Synechococcus spp. in the same incubation bottles

does not suggest that the consumers alter their feeding
behaviors on the FLB tracers relative to natural prey as
a function of dilution treatment (Fig. 6).

DISCUSSION
As part of recent efforts to better understand the
dynamics of aquatic microbial communities, a number of observational and experimental approaches
have been developed for assessing the grazing impacts of the tiny consumers comprising, broadly, the
microzooplankton (see detailed review in Landry
1994). However, none of these methods has emerged
as the definitive approach against which all others
must be measured. Indeed, the unique strengths of
each of the methods are offset by weaknesses which
limit applications to specific groups of target organisms or to certain environmental circumstances.
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Table 2. Companson of phytoplankton growth (p) and microplankton grazing (m) estimates from alternative approaches to regression analyses of dilution experiments. Dilution factor: standard model I regression of net growth rate agalnst dilution factor
Relative grazing: Model I1 regression of net growth rate against an independent estimate (fluorescently labeled bacteria disappearance rate) of relative grazing activity. Parentheses give 95% confidence limits of rate estimates
Expt
P (d-')

Dilution factor
m (d-')

r2

p (d-')

Relative grazing
m (d-l)

r

Total chlorophyll
(0.06, 0.72)
(0.41, 0.58)
(0.29, 0.53)
(0.44, 0.70)
(0.32, 1.41)

0.58
0.97
0.92
0.95
0.72

9A

0 16 (-0.19, 0.51)
-004(-0.25,0.17)
0.49 (0.37, 0.61)
0.51(0.35,0.68)
0.23 (-0.09, 0.56)

0.59 (0 06, 1.12)
0.64(0.33,0.96)
0.51 (0.33, 0.69)
1.03(0.78,1.28)
0.86 (0.35, 1.37)

0.55
0.80
0.89
0.94
0.74

7A
8A
8B
8D
9A

0.26(-0.12,0.65)
0.36(0.23,0.50)
0.65(0.47,0.83)
0.60 (0.40, 0.79)
0.50(0.14,0.87)

0.74(0.15,1.33)
0.75(0.55,0.96)
0.52(0.26,0.78)
0 70 (0.40, 1.00)
1.08(0.51,1.66)

0.61
0.93
0.80
0.84
0.78

7A
8A
8B

0.82 (0.61, 1.03)
0.60(0.41,0.79)
0.78 (0.72, 0.84)
1.10 (0.90, 1.30)
0.75(0.38,1.12)

0.77 (0.45, 1.09)
0.50(0.22,0.79)
0.39 (0.30, 0.47)
0.70 (0.38, 1.01)
074(0.16,1.32)

0.85
0.75
0.95
0.83
0.62

7A
8A
8B

8D
9A

0.86 (0.64, 1.07)
0.55 (0.49, 0.61)
0.87 (0.79, 0.95)
1.13 (1.05, 1.22)
1.00 (0.65, 1.35)

0.39
0.50
0.41
0.57
0.87

0.90 (0.60, 1.20)
0.58 (0.26, 0.90)
0.96(0.66,1.27)
0.99 (0.68, 1.30)
0.78 (0.23, 1.33)

0.46 (0.28, 0.77)
0.48 (0.28. 0.81)
0.41(0.22.0.75)
0.44 (0.26, 0.73)
0.74 (0.60, 0.91)

0.71
0.69
0.59
0.72
0.96

0.72(0.46,1.12)
0.68(049,0.93)
0.52 (0.28, 0.96)
0.80 (0.51, 1.25)
0.72 (0.43, 1.21)

0.78
0.90
0.57
0.79
0.70

0.85
0.74
0.55
0.57
0.88

(0.53, 1.37)
(0.46, 1.19)
(0 39, 0.79)
(0.45, 0.73)
(0.76, 1.03)

0.76
0.76
0.87
0.94
0.98

0.75(0.52,1.09)
0.54(0.37,0.81)
0.38 (0.21, 0.67)
0.57 (0.37, 0.88)
0.68(0.42,1.10)

0.86
0.84
0.64
0.80
0.74

Prochlorococcus spp
7A
8A
8B

8D

0.23(-0.22,0.69)
-0.05(-0.38,0.47)
0.62 (0.23, 1.01)
0.26 (-0.31, 0.83)
0.01 (-0.52, 0.54)

Synechococcus spp.
0.33
0.42
0.80
0.44
0.22

(-0.22, 0.88)
(-0.06, 0.90)
(0.44, 1.17)
(0.03, 0.85)
(-0 44, 0.87)

Nanoeukaryotes

8D
9A

GROWTH RATE (NUTRIENTS)

0.81(0.33,1.28)
0.67(0.33,1.02)
0.87 (0.59, 1.14)
0.94 (0.53, 1.35)
0.58(008,1.07)

GROWTH RATE (NO NUTRIENTS)

GRAZING MORTALITY

PI
PRO

DILUTION FACTOR - p , (d-l)

DILUTION FACTOR -po (d-l)

DILUTION FACTOR -m (d-l)

Fig. 5. Relationships between rate estimates from standard 'dilution factor' and 'relative grazing' analyses of dilution expenments
in the equatorial Pacific. (- - -) 1 : l relationships drawn through the origin. Linear regression analyses based on Model I1
(geometric mean, reduced major axis) theory
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Table 3. Cornpanson of mean rate estimates for phytoplankton growth ( p , , p,,) and microzooplankton grazing (m).Dilution factor
and Relative grazing a s in Table 2. p,: growth rate in presence of added nutrients; p,: calculated growth rate in control
incubations without nutrients. SD for mean rate estimates in parentheses
Parameter

Dilution factor
P"

Chlorophyll
Prochlorococcus spp.
Synechococcus spp.
Nanoeukaryotes

0.88 (0.22)
0.27 (0.23)
0.47 (0.16)
0.81 (0.18)

Relative grazing

PO

Pn

m

0.92
0.26
0.61
0.79

(0.31)
(0.26)
(0.21)
(0.20)

0.55
0.73
0.76
0.62

(0.19)
(0.21)
(0.20)
(0.17)

0.84 (0.17)
0.21 (0.26)
0.44 (0.22)
0.77 (0.15)

m

Pi1

-

0.87
0.22
0.57
0.73

(0.26)
(0.26)
(0.19)
(0.15)

0.51
0.69
0.72
0.58

(0.13)
(0.10)
(0.15)
(0.14)

tinguished by optical (microscopy, flow cytometry) or
taxa-specific chemical (HPLC) characteristics. As
noted previously, however, the dilution technique
involves a significant experimental n~anipulationof the
community and relatively long incubations over whlch
the growth and grazing assumptions of the method
may not hold. The FLB approach, on the other hand,
can give an unambiguous indication of grazing activity
over short- (uptake into feeding vacuoles) or long-term
(cell disappearance) incubations. The main problem
with FLB (or FLA) is that the surrogate prey may be
selected for or against by protistan consumers. In the
present experiments, for example, selection against
FLB apparently results in mean grazing rates on the
fluorescent tracer about 20% lower than grazing estjmates on comparably sized natural prey (Fig. 6). Thus,
the FLB can generally provide only a relative measure
of grazing on the natural prey which they are designed
to mimic. Moreover, the requirement that fluorescently
labeled cells be used in tracer concentrations can
severely restrict their use in short-term experiments,
particularly in environments such as the open oceans,
where natural prey concentrations are low (McManus
& Okubo 1991).
The dilutions and FLB methods complement one
another in the present experimental design. The FLB
method is used in a manner consistent with its
strengths - at tracer concentration and as a relative
index of grazing activity. In the context of our hybrid
experimental design, this grazing index provides a
time-integrated measure of the combined effect of
dilution on micrograzer population densities and indiSYNECHOCOCCUS MORTALITY (d-l)
vidual clearance rates. A critical assumption of the
Fig. 6. Relationship between measured grazing rates on
dilution technique is, thus, replaced by a measured
fluorescently labeled bactena (1.1 pm diameter Vibrio damrate. Confidence limits on growth and grazing estisella) and mortality rate of comparably sized S~~nechococcus
mates for natural populations are not necessarily
spp, in 5 dilution experiments in the equatorial Pacific. FLB
improved by adding this experimental variable; in fact,
grazing rates were determined from the difference between
they may be a little bit worse on average (e.g.Table 2).
initial and final FLB densities In each of the dilution treatments. Synechococcus spp. mortality rates were estimated
The new experimental design does, however, allow
by applying the experimental estimates of Synechococcus
the dilution technique to be applied with greater conspp. growth rate from the Mution regression analyses to the
fidence.
net growth rates observed in each of the dilution treatments.
We agree in principle with the criticism of Evans &
The combined data set is defined by y = -0.042 + 0 . 7 9 8 ~ ;
r 2 = 0.82
Paranjape (1992) that many different interpretations of
Thus, until perfect methods can be developed, the
challenge is to use existing methodologies in such a
way that their respective strengths are emphasized
and their weaknesses mitigated or at least minimized.
The experimental design described here is a hybrid
of 2 existing methodologies
the dilution technique
(Landry & Hassett 1982) and the FLB tracer method
(Sherr et al. 1987). The main strength of the dilution
technique is its ability to provide growth and grazing
estimates in a single experiment for the entire
autotrophic assemblage (total chlorophyll) and/or for
any of the individual populations that can be dis-
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dilution-derived rate estimates are possible if, as seems
likely, the functional response curves of micrograzers
are nonlinear. We were, therefore, surprised to find
that rate estimates from standard dilution experiments
in the equatorial Pacific were essentially identical to
those from the relative grazing approach, which avoids
this controversial assumption. This agreement could
mean that the standard dilution interpretation is
generally more robust than assumed by Evans and
Paranjape (1992) and/or that the central equatorial
Pacific is somehow special or atypical relative to other
environments in which the technique is applied. With
regard to the former explanation, it should be noted
that the mortality rate of prey populations depends on
both the average clearance rate of individual consumers ( F ) and mean consumer density ( p )during the
incubation period (i.e. m = F X P ) . If the functional
response is nonlinear and uncomplicated by feeding
thresholds within the dilution range, individual clearance rates will likely increase with dilution of prey
concentration (e.g. Fenchel 1986). On the other hand,
dilution effects on food level and predators also lead to
differences among dilution treatments in the growth
and mortality rates of consumer populations during the
incubation. If the net effect of dilution is a slower
growth rate of consumers, a n increase in clearance rate
could b e balanced, all or in part, by reduced or negative population growth rate in diluted relative to undiluted samples. In such cases, the combined manipulation effects on clearance rate ind:'
and grazer
density could produce mortality rates which vary
approximately linearly with dilution.
If not atypical, the central equatorial Pacific is at least
a n optimal environment in many respects for applications of the dilution technique. The autotrophic plankton community is strongly dominated by small cells
(Prochlorococcus spp., Synechococcus spp., and tiny
eukaryotes) which can be adequately modeled by
coccoid FLB of intermediate size. From 80 to 90% of
chlorophyll passes through a 2 pm filter ( R . Bidigare
pers. cornm.).Cell concentrations are characteristic of
oceanic levels and unlikely to be above levels that
saturate grazer ingestion rates (e.g. Gallegos 1989).
Macronutnents are present in high concentrations,
and the comparable growth rates of autotrophs with
and without added nutrients give no indication of
nutrient limitation effects during 24 h incubations. The
fact that the standard dilution and the relative grazing
approaches agree so closely under such circumstances
is no guarantee that they would or should under more
difficult, and perhaps more typical, circumstances.
This remains to be seen in future applications of the
modified experimental technique.
The main point of this paper is that the standard dilution approach to estimating rates of phytoplankton

growth and grazing mortality need not be applied
blindly. It may take some imagination to come up with
appropriate tracer models of the dominant phytoplankton in some environments and to measure their
relative losses to grazing with enough precision to
yield significant results in the new relative grazing/
dilution approach. If these potential technical problems can be overcome, however, the new hybrid
approach will, at worst, allow us to understand the
circumstances under which the standard dilution
approach can be applied in a manner consistent with
its assumptions. At best, the new technique will be
able to provide unbiased estimates of growth and
grazing rates even when conditions violate the assumptions of the standard dilution protocol.
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