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Here we review all published data on phytoplankton growth and microzooplank-
ton grazing using the dilution technique to better understand the role of this
group of grazers in different regions of the oceans, and to identify the knowledge
gaps that require future efforts. A total of 1525 data points assimilated from 110
studies were included and grouped using the biogeographic subsets defined by
Longhurst et al. [(1995) An estimate of global primary production in the ocean
from satellite radiometer data. J. Plankton Res., 17, 1245–1271]. Total median
phytoplankton growth rates in each of the subsets varied between 0.15 (Polar
Southern) and 0.83 day21 (Trades Atlantic), with the corresponding microzoo-
plankton grazing rates ranging between 0.07 (Polar Southern) and 0.48 day21

(Trades Indian). The median percentage of primary production (PP) grazed by
microzooplankton was relatively constant among the regions and ranged from 49
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to 77%, with the lowest percentage found in the Westerlies Southern and the
highest in the Coastal Indian. Despite strong evidence that microzooplankton
grazing impacts were highly variable, no global drivers for this variability (tem-
perature, chlorophyll concentration) were identified in the analysis. As a global
carbon budget, the overall consumption of phytoplankton for all regions was
31.3 Gt C year21, which accounted for 62.4% of the total PP grazed daily. The
amount of carbon ingested by micro- and mesozooplankton varied proportionally
to the PP and the consumption was five times higher for micro- than for mesozoo-
plankton. As concluding remarks of the study, we present some suggestions that
may improve the quality of the data obtained with the dilution technique.

KEYWORDS: microzooplankton grazing; phytoplankton growth; dilution experi-
ments; primary production; biogeographical provinces

I N T RO D U C T I O N

Microzooplankton are major grazers of phytoplankton
in most marine habitats (e.g. Sherr and Sherr, 2002;
Calbet and Landry, 2004). Most of the knowledge about
the relevance of microzooplankton in marine food webs
has been obtained quite recently following the establish-
ment of the grazing dilution technique (Landry and
Hassett, 1982). The technique provides simultaneous
estimates of phytoplankton growth (m) and mortality (m)
rates, the latter attributable to microzooplankton (sensu

lato) grazing. The method is based on the reduction of
encounter rates between predator and prey by progres-
sive dilution of natural communities with particle free
water, and it involves three assumptions: (i) Growth of
individual phytoplankton is not directly affected by the
presence or absence of other phytoplankton per se. The
implication of this assumption is that a reduction in the
density of cells in natural seawater will not cause a
direct change in the growth rate of the remaining cells.
To fulfil this assumption, nutrients are routinely added
to the incubation bottles, with the precaution of leaving
some undiluted bottles without nutrients, which serve as
controls for the natural growth rates of the phytoplank-
ton. (ii) The probability of a phytoplankton cell being
consumed is a direct function of the rate of encounter
of consumers with prey cells. This implies that consu-
mers are not food-satiated at natural prey densities, and
that the number of prey ingested by a given consumer
is linearly related to prey density. (iii) Changes in the
density of phytoplankton (P) over time can be repre-
sented by the exponential equation Pt ¼ P0e(m2m)t,
where m and m are instantaneous coefficients of popula-
tion growth and grazing mortality, respectively, and t is
the incubation time. The phytoplankton mortality rate
is determined as the slope of the regression line of a
series of dilutions. The instantaneous growth rate of the

natural phytoplankton community (m0) cannot be dir-
ectly obtained by the intercept of the equation because
that would correspond to the nutrient-amended
community. Instead, the term is derived by adding the
absolute mortality rates to the net growth rates (k0) of
the phytoplankton in the unamended bottles (i.e. m0 ¼

k0 þ m).
The dilution approach is not free of criticism. For

instance, because the regression analysis is commonly
conducted with a small number of values (i.e. 8–10
bottles), low grazing rates are at times masked by vari-
ability and difficult to detect (e.g. non-significant slopes).
This problem is complicated by non-linear responses
wherever grazing is saturated at the highest prey
concentrations (Gallegos, 1989; Evans and Paranjape,
1992). Additionally, non-proportional changes in the
grazer concentration during incubations could result in
inaccurate estimates of grazing (Dolan et al., 2000;
Agis et al., 2007). Trophic cascades can also modify
the outcome of dilution grazing experiments (Calbet
et al., 2008, 2011a,b; Calbet and Saiz, submitted).
Mixotrophs, as they act simultaneously as grazers and
prey, can confound and bias the grazing estimates based
on chlorophyll (Calbet et al., 2012). Other problems
arise when the assumptions of the method are not met.
For instance, nutrient limitation during incubations can
result in incorrect estimations of grazing because the
slope of the equation between dilution factor and phyto-
plankton net growth rates is affected by a differential
instantaneous phytoplankton grazing in the bottles.

Perhaps, the most important criticism of the tech-
nique is that many of these artefacts are not easily
detectable because the experiment will always provide a
grazing estimate (even if it is incorrect). Nevertheless, di-
lution grazing experiments have been widely conducted
since the establishment of the technique and it is today,
without doubt, the most common method to estimate
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microzooplankton grazing on planktonic primary
producers.

Calbet and Landry (Calbet and Landry, 2004) reviewed
all available data regarding microzooplankton grazing
rates obtained with the dilution technique. Their results
revealed that microzooplankton were important grazers in
all marine habitats considered. Moreover, it was con-
cluded that the mean impact of microzooplankton
grazing activity (obtained as m:m * 100) varied discreetly
among marine regions, the data ranging between 59
and 74% of phytoplankton primary production (PP) con-
sumed daily across systems, despite seasonality, trophic
status, latitude or salinity (Calbet and Landry, 2004).
There were 788 data points available at that time, impres-
sive for any ecological study on plankton, but limited in
its description of the dynamics of phytoplankton and
microzooplankton in particular habitat types. Therefore,
their integration of the data were restricted to very few
domains: oceanic, coastal and estuarine, regarding geo-
graphic location and to polar, temperate and tropical
regarding climatology.

We believe, given the extensive use of the technique,
that the information is nowadays (three decades after
the description of the technique) enough to extend the
analysis of Calbet and Landry (Calbet and Landry,
2004). Therefore, we have collected all the published
data on phytoplankton growth and microzooplankton
grazing using the dilution technique to present a more
detailed picture of the role of microzooplankton as
grazers of primary producers in different marine envir-
onments. We have focused our study on the biogeo-
graphical provinces defined by Longhurst et al.
(Longhurst et al., 1995). Our intention is 2-fold; first to
contribute to the understanding of the functioning of
the different biogeochemical provinces, and secondly to
identify the knowledge gaps in particular areas that
require future efforts.

T H E DATA S E T

The database used in this work consisted of 1525 values
obtained from a literature search of all studies in which
phytoplankton growth and microzooplankton grazing
rates were estimated using the dilution technique
(Landry and Hassett, 1982). It includes the whole
dataset of the 788 experiments analysed by Calbet and
Landry (Calbet and Landry, 2004) plus those studies
published since 2004 (Supplementary data, Appendix
Table SI). They were obtained from a total of 110
works. Data from iron-addition experiments in open
ocean and data from mesocosm studies were excluded
from the analysis because they do not represent natural

communities. We used the biogeographic subsets
defined by Longhurst et al. (Longhurst et al., 1995) to
group the data into 12 subsets (according Table I in the
original paper of Longhurst et al., 1995; see Fig. 1):
Coastal Atlantic (CA), Coastal Indian (CI), Coastal
Pacific (CP), Polar Arctic (PAr), Polar Atlantic (PAt),
Polar Southern (PS), Westerlies Atlantic (WA), Westerlies
Pacific (WP), Westerlies Southern (WS), Trades Atlantic
(TA), Trades Indian (TI) and Trades Pacific (TP). Few
data points from the Polar Arctic, Polar Atlantic and
Polar Pacific were available (,50 data points each) and,
as such, were grouped into a common Polar Arctic (PA)
region.

Following the strategy of Calbet and Landry (Calbet
and Landry, 2004), some modest modifications were
needed to facilitate calculations. To avoid dividing by
zero or a negative number, a total of 76 negative esti-
mates of phytoplankton growth rate were corrected to
þ0.01 day21. Likewise, negative rates for microzoo-
plankton grazing were equalled to zero. This affected a
total of 34 estimates. We used the m:m ratio as a reason-
able estimation of the proportion of PP grazed by
microzooplankton (Calbet and Landry, 2004). Those
values unrealistically higher than 5 (65 estimates in
total) were considered extremes and were equalled to 1
(100% PP grazed per day). Median values and box
plots were used to investigate the possible variations of
phytoplankton growth and microzooplankton grazing
rates among the different biogeographical areas. The
total percentage of PP grazed (Gt C year21) by micro-
zooplankton in the global ocean was estimated in each
subset by multiplying the PP by the median of the m:m
ratio in each subset.

Table I: Number of data of phytoplankton
growth and mortality rates in the literature
survey

mn m0 k0 m m Indx.

Coastal Atlantic 74 32 27 37 109 1.42
Coastal Indian 19 7 0 13 51 0.59
Coastal Pacific 125 54 28 174 211 1.21
Polar Arctic, Atlantic, Pacific 87 29 13 31 115 1.00
Polar Southern 7 12 0 75 86 0.56
Trades Atlantic 124 25 0 8 124 0.19
Trades Indian 54 54 0 19 73 0.06
Trades Pacific 104 61 0 97 202 0.17
Westerlies Atlantic 165 124 69 119 308 1.39
Westerlies Pacific 6 6 0 50 56 0.09
Westerlies Southern 13 9 0 78 100 0.15

Here mn denotes nutrient-amended growth rates, m0 in situ growth rates,
k0 net growth rates, m growth rates in no nutrient-amended experiments,
m phytoplankton mortality rates by microzooplankton grazing and Indx
the index calculated by dividing the number of studies by area (106 km2)
of each subset.
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DATA D I S T R I B U T I O N A N D
RO B U S T N E S S

The analysis of the geographical distribution of the data
revealed that there are limited data available in very ex-
tensive areas of the oceans, and that data pairs are not
homogeneously distributed among the different biogeo-
graphical subsets. For instance, Westerlies Atlantic,
Coastal Pacific and Trades Pacific together contained
50% of the total microzooplankton grazing rate esti-
mates (21.5, 14.7 and 14.1%, respectively; Table 1,
Fig. 1). The lack of data were particularly evident for
the subtropical gyres (TP, WP, WA, TA), which together
covered 57.7% of the total oceanic surface. The lowest
indices of the number of studies per area of each subset
were found in TI, WP, TP and TA (Table I), which indi-
cated that these subsets are the less studied proportion-
ately to their surface. Among all the studies collected
from the literature, 46.2% of the data were from
oceanic regions, 38.5% from coastal regions and 15.3%
were from estuarine regions. Data on microzooplankton
grazing and phytoplankton growth rates have increased
since the Calbet and Landry (Calbet and Landry, 2004)
study with the majority of the new research concen-
trated on coastal areas within the Northern hemisphere
(China Sea or North-West Pacific Ocean). Only few
studies have been conducted in the open ocean, e.g. in
the Equatorial Pacific (Landry et al., 2011), North
Subtropical Atlantic (Gutiérrez-Rodrı́guez et al., 2011)
or in the Southern Ocean (Safi et al., 2007).

There was also a disparity in the variables presented
in each study. As described in the introduction, the ori-
ginal dilution technique (Landry and Hassett, 1982) is
based on the assumption that phytoplankton growth is
saturated and uncoupled from the dilution level.

Therefore, not only nutrient additions in those systems
that are presumably nutrient limited, but also controls
for natural phytoplankton growth (undiluted bottles
without nutrient addition) are needed. It was, therefore,
surprising that 51% of the studies only reported growth
rates with nutrient-amended treatments (mn), and 47%
of the studies gave growth rates from experiments
without nutrient addition (m). Furthermore, only 26.7%
of the studies presented in situ growth rates (m0; as
described in Landry and Hassett, 1982), and only 8.9%
of the studies presented estimates of net growth rates in
the nutrient-unamended bottles (k0; Table I). As dis-
cussed in Calbet et al. (Calbet et al., 2011a), net growth
rates may be used as a proxy for the actual trophic state
of the system being investigated.

G LO BA L D R I V E R S O F
VA R I A B I L I T Y I N
P H Y TO P L A N K TO N G ROW T H
A N D M I C RO Z O O P L A N K TO N
G R A Z I N G R AT E S

Chlorophyll a median concentrations ranged between
0.70 and 5.40 mg L21 among the different areas. The
highest value was found in the Trades Atlantic, which
included six studies, of which five were conducted in
highly productive estuaries (Murrel et al., 2002; Juhl and
Murrel, 2005; First et al., 2007; Putland and Iverson,
2007; Quinlan et al., 2009), leading to higher chlorophyll
a values (Table II). Total median phytoplankton growth
rates varied between 0.15 and 0.83 day21 among the
different biogeographical subsets. The lowest median
was found in the Polar Southern and the highest

Fig. 1. Schematic map showing the approximate situation of the biogeographic subsets defined by Longhurst et al. (Longhurst et al., 1995)
grouping the data into 11 subsets. This figure also includes the geographical positions of the dilution experiments included in the review.
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median was found in the Trades Atlantic (Table II,
Fig. 2A). Microzooplankton grazing rates ranged
between 0.07 in the Polar Southern to 0.48 day21 in
the Trades Indian (Table II, Fig. 2B). The median per-
centage of PP grazed by microzooplankton ranged
between 49% in the Westerlies Southern to 77% in the
Coastal Indian. The PP grazed was significantly differ-
ent among regions (non-parametric analysis, K–W test,
P , 0.001), with 50% of the data ranging between 17
and 122%. The Trades Pacific was the less variable
region, and the most variable was the Polar Southern
(Table II, Fig. 2C). For comparative purposes with the
original paper by Calbet and Landry (Calbet and
Landry, 2004), we have calculated the percentage of PP
grazed by microzooplankton among coastal, estuarine
and oceanic zones. We found that there was a signifi-
cant difference in the percentage of PP grazed by
microzooplankton between the three groups (non-
parametric analysis, K–W test, P , 0.001), being 52,
64 and 68%, respectively.

We investigated if there were any significant relation-
ships between the variables considered in the study
(temperature and chlorophyll concentration) and the
different rates estimated. Significant linear relationships
were found between chlorophyll and total m (P , 0.01),
and m (P , 0.001), and between temperature and m

and m (both P , 0.001). However, all the regressions
had very low r2 (always ,0.2; Table III). The next step
was to build a multiple regression model that allowed
for interactions between chlorophyll and temperature to
explain the microzooplankton grazing rates and/or the

m:m relationship. The model was not significant for
m:m; however, it was significant for m (P , 0.001; r2 ¼

0.14):

m ¼ 0:19 þ 0:014T þ 0:005Chl þ 0:0005T � Chl,

where T is the temperature in 8C and Chl chlorophyll
in mg L21. However, despite the model producing sig-
nificant relationships between the variables, its explana-
tory power was low.

It is not surprising that any effort failed to identify
major oceanic trends between temperature and grazing.
Similarly, no direct significant effect of temperature was
found on copepod grazing in the oceans (Saiz and
Calbet, 2007, 2011). There may be several reasons for
the lack of a significant effect of temperature on
copepod grazing. For instance, when considering the
global ocean, it is evident that the inverse relationship
between inorganic nutrients and water temperature is
broken near the equator, where the upwelling of
nutrient-rich waters fertilizes a warm area of the
oceans. Coastal upwelling may also introduce variability
in the temperature–nutrient inverse relationship by
mixing cold nutrient-rich waters with warm nutrient-
depleted ones in the same area. The variability in
chlorophyll concentration is not explained by the
balance between phytoplankton growth and microzoo-
plankton grazing. Nonetheless, in the simplistic scenario
of only microzooplankton grazing on phytoplankton,
one should be aware that the snapshot of the rates
driving a community, as provided by dilution grazing

Table II: Median values for each biogeographical subset of chlorophyll a: phytoplankton growth rate (m,
day21), grazing mortality rate (m, day21), % primary production grazed day21 (%PP), PP estimated
in the study by Longhurst et al. (Longhurst et al., 1995) (PP, Gt C year21) and the corresponding
amount of carbon ingested computed from our study (Grazing; Gt C year21)

Chl a (mg L21) m (day21) m (day21) %PP grazed
PP
(Gt C year21)

Grazing
(Gt C year21)

CA 1.50 (0.42–4.19) 0.46 (0.26–0.77) 0.33 (0.15–0.54) 67.0 (35.5–100.0) 5.64 3.78
CI 0.36 (0.22–0.77) 0.40 (0.14–0.94) 0.39 (0.13–0.69) 77.0 (47.0–122.0) 3.60 2.27
CP 1.43 (0.50–3.95) 0.53 (0.24–0.89) 0.36 (0.11–0.65) 55.0 (18.0–100.0) 5.15 2.83
PA 1.21 (0.57–2.50) 0.28 (0.10–0.48) 0.14 (0.05–0.27) 57.0 (20.0–100.0) 4.20 2.39
PS 0.53 (0.19–1.42) 0.15 (0.03–0.58) 0.07 (0.03–0.27) 53.0 (17.0–100.0) 2.24 1.19
TA 5.40 (0.43–12.30) 0.83 (0.39–1.23) 0.49 (0.25–0.91) 70.0 (37.5–104.5) 4.60 3.22
TI 0.36 (0.21–0.48) 0.68 (0.44–0.94) 0.48 (0.32–0.65) 67.0 (50.0–100.0) 2.86 2.26
TP 0.27 (0.21–0.43) 0.44 (0.29–0.61) 0.29 (0.18–0.45) 67.0 (46.0–99.0) 5.54 3.71
WA 0.70 (0.31–1.66) 0.69 (0.37–1.06) 0.42 (0.24–0.69) 57.0 (37.0–100.0) 2.80 1.60
WP 0.44 (0.24–0.69) 0.47 (0.28–0.62) 0.24 (0.14–0.39) 67.5 (41.0–102.5) 7.62 5.14
WS 0.44 (0.25–0.59) 0.45 (0.21–0.81) 0.18 (0.08–0.33) 49.0 (19.0–73.0) 5.92 2.90
Total 50.17 31.29

Values in parentheses represent the 25 and 75% quartiles of the median.
CA, Coastal Atlantic; CI, Coastal Indian; CP, Coastal Pacific; PA, combined data for Polar Arctic, Polar Atlantic, and Polar Pacific; PS, Polar Southern; TA,
Trades Atlantic; TI, Trades Indian; TP, Trades Pacific; WA, Westerlies Atlantic stands; WP, Westerlies Pacific; WS, Westerlies Southern.
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experiments, cannot explain steady-state variables, such
as chlorophyll biomass, unless the different loss and
gain terms are in equilibrium for a long time (Calbet
et al., 1996). This seldom occurs in natural systems.

S E A S O NA L A N D C L I M AT I C
I N F LU E N C E S I N T H E D I F F E R E N T
B I O G E O G R A P H I C R E G I O N S

Polar and sub-polar regions are highly productive and de-
pendent on a strong seasonal signature. They are, para-
doxically, also the zones with the lowest phytoplankton
growth rates, which implies that the mortality losses are
even lower to allow for the establishment of phytoplank-
ton blooms. There, the microzooplankton grazing rates,
as well as the percentage of PP lost daily by grazing,
were among the lowest of our analysis. In the Polar
regions, the mean percentage of PP grazed per day
ranged from 53 to 57%, although the variability in the
regions was high. For instance, in the high Western
Arctic Ocean, Sherr et al. (Sherr et al., 2009) described a
low control of microzooplankton grazing on primary pro-
ducers (average 22%). Calbet et al. (Calbet et al., 2011a),
also in high Arctic waters, found that during the summer
the grazing impact on phytoplankton was significant in
only 6 out of 16 experiments, which resulted in 8% of the
standing stock being consumed on average. In the
Antarctic marginal ice-zone of the Bellinghausen
Sea, Burkill et al. (Burkill et al., 1995) found that 3–40% of
phytoplankton was grazed daily, being positively related to
sea temperature, phytoplankton and microzooplankton
concentrations. Froneman and Perissinotto (Froneman
and Perissinotto, 1996) and Froneman et al. (Froneman
et al., 1997) also found a low percentage of PP grazed,
between 0 and 40% and between 9 and 25%, respectively.

Several potential hypotheses could explain the occur-
rence of such uncoupling. The most accepted cause
would be the low-temperature constraints on protozoan
growth, which would result in the imbalance between
phytoplankton and microzooplankton growth rates
(Rose and Caron, 2007). Other recent studies that
have also indicated a low grazing impact of microzoo-
plankton on PP in the Arctic Ocean (Strom et al., 2007;

Fig. 2. Box-plot of (A) growth rates (m, day21), (B) mortality rates (m,
day21), (C) % primary production grazed daily1 (%PP) by each
biogeographic subset as defined by Longhurst (Longhurst et al., 1995).
Squares: median; Circles: outliers; Rectangles: quartiles of the median
(25–75%); Vertical bars: non-outlier ranges. CA, Coastal Atlantic; CI,
Coastal Indian; CP, Coastal Pacific; PA, combined data for Polar
Arctic, Polar Atlantic and Polar Pacific; PS, Polar Southern; TA,
Trades Atlantic; TI, Trades Indian; TP, Trades Pacific; WA, Westerlies
Atlantic stands; WP, Westerlies Pacific; WS, Westerlies Southern.

Table III: Linear regressions between
chlorophyll a and temperature, and different
rates obtained in this study: phytoplankton
growth rate (m, day21), grazing mortality rate
(m, day21) and % of primary production
grazed daily (%PP)

Chl a Temp.

r2 P r2 P

m 0.005 0.009 0.180 ,0.001
m 0.023 ,0.001 0.112 ,0.001
%PP 0.004 0.027 0.000 0.996
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Sherr et al., 2009; Calbet et al., 2011a,b) suggested alter-
native hypotheses. Most of these studies were conducted
in spring and summer, during or at the end of a phyto-
plankton bloom (e.g. Emiliania huxleyi in Olson and
Strom, 2002; Phaeocystis pouchetii bloom in Calbet et al.,
2011a). In these works, grazing rates were low even at
high chlorophyll concentrations. Sherr et al. (Sherr et al.,
2009) suggested that these low rates may be explained
by the poor nutritional quality of the phytoplankton
cells at the end of the bloom period, which would
reduce microzooplankton grazing. An alternative ex-
planation of the low grazing rates of microzooplankton
may be due to the strong top-down control by Arctic
copepods (Sherr et al., 2009), and perhaps by Antarctic
Krill as well (Wickham and Berninger, 2007). However,
there are exceptions to the above, and even if on
average the microzooplankton impacts are low, few
other studies found a strong control on PP, even during
post-bloom conditions (e.g. 37–88% of the PP daily
grazed, Paranjape, 1987; 104%, Tsuda and Kawaguchi,
1997; 55–68%, Archer et al., 2000; 22–117%, Gaul
and Antia, 2001; .100%, Pearce et al., 2009).

The temperate regions are also characterized by a high
seasonality. Sixty per cent of the studies analysed here
have been conducted in temperate areas (65 of the 110
works collected in this study), covering oceanic, coastal
and estuarine zones and nine of the biogeographical
subsets. This large dataset (850 data) did not cover the
four seasons of the year equally as 115 data were
obtained in fall, 288 in spring, 303 in summer and only
113 in winter. Most of the data were obtained during
oceanographic cruises which cover short periods of
time and space. Because of this disparity in geographic
areas and seasons, estimations of microzooplankton
grazing and phytoplankton growth rates were very
variable and global patterns are difficult to establish.
For instance, within estuaries of the North Atlantic
Ocean the values of PP grazed by microzooplankton
ranged from 50% in the Rhode River Estuary during
fall (Dolan et al., 2000) to 99% in the North Atlantic
Ocean in spring (Sautour et al., 2000). For the coastal
zone, in the North Atlantic Ocean (Westerlies Atlantic),
Fileman et al. (Fileman et al., 2002) showed that ca. 60%
of the chlorophyll a biomass was grazed daily by micro-
zooplankton during summer. In spring, also in the
North Atlantic Ocean but in Trades Atlantic, First et al.
(First et al., 2009) found that on average 110% of the PP
was grazed. Finally, within the open ocean, Fileman
and Burkill (Fileman and Burkill, 2001) found that
40–85% of the PP was grazed by microzooplankton in
the North Atlantic Ocean during summer, whereas,
during spring, these percentages ranged from 38 to
154% (Fileman and Leakey, 2005).

In recent years, however, a few studies covering an
annual cycle have been conducted (e.g. Collos et al.,
2005; Calbet et al., 2008, Gutiérrez-Rodrı́guez et al.,
2011; Lawrence and Menden-Deuer, 2012), which have
enabled the assessment of temporal patterns. For in-
stance, in Narragansett Bay, USA, Lawrence and
Menden-Deuer (Lawrence and Menden-Deuer, 2012)
found that net phytoplankton growth rates were nega-
tive sometimes in both winter and spring, with peaks in
growth rates recorded in summer. Also, in a seasonal
study in coastal Mediterranean waters, it was found that
all phytoplankton production was removed daily by mi-
crobial grazers in July, and only a quarter of it was
accounted for microzooplankton in January, both
periods displaying similar biomass of phytoplankton
and grazers (Calbet et al., 2008).

The seasonal changes in microzooplankton grazing
rates are usually associated with changes in the plank-
tonic community composition. Several authors pointed
out that this factor, together with temperature, drives
most of the growth and grazing rate variations (Rose
and Caron, 2007; Calbet et al., 2008; Chen et al., 2012;
Lawrence and Menden-Deuer, 2012).

Tropical waters are the end point relating seasonality;
they are characterized by a considerable stability over
the annual cycle, with high temperatures and, usually,
low nutrient availability. As such, subtropical gyres are
considered the most oligotrophic areas of the oceans
with the lowest values of PP and phytoplankton
biomass. Subtropical gyre regions are the least product-
ive regions, but also the areas where microzooplankton
grazing is higher. The combination of both processes
results in most of the PP being grazed by microzoo-
plankton in these regions.

A possible explanation for the higher grazing control
in subtropical zones would be the lower biomass of
mesozooplankton in warm areas (Hernández-León and
Ikeda, 2005) promoting high microzooplankton abun-
dance. Given that microzooplankton have a rapid
growth and high specific ingestion rates, they might be
able to control the small-sized phytoplankton standing
stock of these blue waters. Thus, mesozooplankton have
to feed on second-level producers, which results in an
important loss of energy, and low biomass.

The highest grazing rates were found in the Trades
Indian, which contains only two provinces, and covers
10.2% of the total oceanic area. Even though it is such
a large oceanic surface, only two studies have been con-
ducted in this region, and both in the same tropical
province (Indian Ocean Monsoon Gyres, MONS), one
during the monsoon forcing (Landry et al., 1998), and
the other after the monsoon period (Edwards et al.,
1999). Because of the monsoon winds, this region (even
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if tropical) shows seasonality. The monsoon allows the
formation of a seasonal upwelling in the northwest
region, and the Arabian Sea becomes more eutrophic
and the PP increases. At the end of the monsoon
period, the normal oligotrophic situation is restored
(Edwards et al., 1999). In a study by Edwards et al.
(Edwards et al., 1999), it was found that the proportion
of PP grazed by microzooplankton was higher during
the inter-monsoon than during the southwest monsoon,
most likely due to the presence of smaller phytoplank-
ton cells. However, Landry et al. (Landry et al., 1998)
studied the dynamics of phytoplankton growth and
microzooplankton grazing under different conditions of
physical forcing and observed similar rates.

The coastal Indian domain had the highest percentage
of PP grazed by microzooplankton. This domain con-
tains both tropical (AUSW, REDS, MONS and ARAB
regions) and temperate (AEFR) areas, but out of the
eight studies conducted in these regions (AUSW, Ayukai
and Miller, 1998; ARAB, Caron and Denett, 1999;
REDS, Berninger and Wickham, 2005; MONS,
Edwards et al., 1999; EAFR, Froneman et al., 1997;
MONS, Landry et al., 1998; AUSW, Paterson et al., 2007;
ARAB, Reckermann and Vedhuis, 1997), only one was
from the temperate area (EAFR, Froneman et al., 1997).
The Red Sea is an ultra-oligotrophic marine system
characterized by low planktonic abundance and domi-
nated by small-sized organisms. Berninger and Wickham
(Berninger and Wickham, 2005) could only find a signifi-
cant control of grazing on bacteria from heterotrophic
nanoflagellates, even when their concentrations were
low. In the Arabian Sea, during the monsoon,
Reckermann and Veldhuis (Reckermann and Veldhuis,
1997) found that phytoplankton growth rates were
usually higher than microzooplankton grazing rates and
that 67% of the PP was grazed daily.

On the coast of Western Australia, Ayukai and Miller
(Ayukai and Miller, 1998) found that the proportion of
potential PP grazed by microzooplankton ranged from
79 to 155%, resulting in higher losses by grazing than
phytoplankton production. Finally, also in the Western
Australia, Paterson et al. (Paterson et al., 2007) found
that more than 100% of the PP could be grazed by
microzooplankton.

P H Y TO P L A N K TO N B LO O M
S TA B I L I T Y A N D
M I C RO Z O O P L A N K TO N G R A Z I N G
I M PAC T

One of the key findings of Calbet and Landry (Calbet
and Landry, 2004) was the unanticipated importance of

microzooplankton grazing on the phytoplankton of
highly productive areas. This finding questioned the
well-established paradigm of a higher relevance of a
diatom–copepod–fish (classic) based food chain for
upwellings and other productive systems. The mechan-
isms that allow microzooplankton to deal with a high
abundance of large autotrophs have been already dis-
cussed in other studies (Saito et al., 2006; Calbet, 2008).
However, we found that following the analysis of the
available data (beyond simple averages), the coupling
between phytoplankton growth rates and the microzoo-
plankton grazing breaks down when approaching
productive areas (e.g. Olson and Strom, 2002; Landry
et al., 2008; Calbet et al., 2011b).

From an ecological perspective, systems with higher
stability would allow a closer coupling between grazers
and prey. Stability occurs in any system when there is
an adequate time frame for populations to grow and
reach equilibrium. For example, stable states typically
occur within rich estuaries and oligotrophic areas,
where, under low predatory pressure, microzooplankton
typically play a key role in the control of phytoplankton
populations (Juhl and Murrel, 2005; Stoecker et al.,
2008; Sanderson et al., 2012). On the other hand,
seasonal and discrete blooms do not conform to these
conditions because they usually occur for short periods
of time (Cushing, 1990). Microzooplankton have similar
generation times as phytoplankton, in contrast to
other grazers of phytoplankton, such as copepods.
Therefore, within short time frames, microzooplankton
should catch up with the fast-growing phytoplankton
community.

The coupling between phytoplankton and microzoo-
plankton during bloom episodes should weaken at
higher latitudes due to low-temperature constraints on
protozoan growth (Rose and Caron, 2007). In these
systems, the trade-off between the permanence of nutri-
ents in the water and the time required by the micro-
zooplankton community to reach a critical biomass
defines the duration of the bloom. On most of the occa-
sions, this trade-off favours the establishment of long-
lasting blooms, such as the ones typically found at high
latitudes, in which microzooplankton grazing may, at
times, approach the growth of the algae, even if not en-
tirely consuming the bloom (Verity et al., 1993, 2002;
Landry et al., 2002; Pearce et al., 2010). However, there
are examples of blooms being rapidly over taken by
microzooplankton. In an iron fertilization experiment in
the Subarctic Pacific, Saito et al. (Saito et al., 2006)
reported the astonishing decay of an artificially gener-
ated phytoplankton bloom in a few days because the
grazing activity of a heterotrophic dinoflagellate. It is
worth mentioning that when the experiment was
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repeated a few years later the bloom did not develop.
The reason for such disparate results was not due to the
grazing by microzooplankton, but to the feeding activity
of a well-established community of copepods (Tsuda
et al., 2007). As a matter of fact, the feeding of copepods
may actually supress the impact of microzooplankton by
top-down controls on their biomass growth, which in
turn allows the settling of phytoplankton blooms (e.g.
eutrophic areas such as Chesapeake Bay; Stoecker et al.,
2008). This copepod–microzooplankton interaction will
be the core of the following section.

T H E RO L E O F H I G H E R T RO P H I C
L E V E L G R A Z E R S

In the introduction, we stated the major problems and
artefacts of the dilution technique (Landry and Hassett,
1982). We do not expand further on this subject given
that there are studies devoted to this (Dolan et al., 2000;
Agis et al., 2007). However, we want to stress an add-
itional artefact seldom considered in the literature as a
result of this water confinement. The technique was
developed to estimate the feeding impact of microzoo-
plankton on phytoplankton. To accomplish this, the
food web needs to be truncated above the microzoo-
plankton, which means that on most occasions the con-
sumers of microzooplankton are not well represented
inside the experimental bottles. Therefore, the rates
obtained with the dilution technique are maximum
potential grazing rates. We may assume that, besides
intra-guild predation within the microzooplankton,
copepods are the major predators of this group in
natural systems (Calbet and Saiz, 2005; Saiz and
Calbet, 2011). Certainly, the initial biomass of micro-
zooplankton in the experimental bottles is the result of
this feeding impact by copepods (Table IV); thus, the
artefact should only apply to the effect of predators on
protozoan net growth rates during the incubation time.
Consequently, as it occurs in field copepod grazing
experiments, where parallel incubations of microzoo-
plankton grazing on phytoplankton are advised
(Nejstgaard et al., 2001), we propose additional copepod
grazing bottles, together with good estimates of
copepod abundance and microzooplankton growth
rates. With all this information in hand, a mechanistic
model should be developed to better approximate the
actual grazing impacts of microzooplankton on phyto-
plankton, likely overestimated in those systems with a
strong control of microzooplankton by copepods.

We anticipate this effect will be more important in
boreal/anti-boreal and polar waters, where the biomass
of mesozooplankton is higher (Hernández-León and

Ikeda, 2005), although detailed analysis in each location
should be conducted to better parametrize any possible
correction factor.

G LO BA L CA R B O N B U D G E T:
M I C RO Z O O P L A N K TO N V S.
M E S O Z O O P L A N K TO N G R A Z I N G

In Table II, we computed the grazing by microzoo-
plankton in the global ocean by using the estimates of
PP provided by Longhurst et al. (Longhurst et al., 1995)
together with our grazing impacts in each biogeograph-
ic subset. This calculation will more accurately assess
the global carbon flux through microzooplankton in the
oceans. The overall consumption of phytoplankton for
all regions was 31.3 Gt C year21, which accounted for
62.4% of the total PP grazed daily (Table II). We
extracted data of mesozooplankton grazing rates from
the review by Calbet (Calbet, 2001) and compared the
data with microzooplankton grazing rates computed in
this study as a function of the PP estimated in
Longhurst et al. (Longhurst et al., 1995). The amount of
carbon ingested by both groups varied proportionally to
the PP, although the slopes of the linear relationships
were significantly different (0.64 and 0.12 for micro-
and mesozooplankton, respectively; analysis of covari-
ance P , 0.001; Fig. 3), indicating a ca. five times
higher consumption by microzooplankton than by
mesozooplankton.

With the information obtained in this review, com-
bined with that of previous studies, we can approximate
a global budget for the circulation of carbon through
the different major compartments of the food web
(Fig. 4). We based our calculations on a conservative
total particulate PP of 50 Gt C year21 (Longhurst et al.,
1995), and we assumed microzooplankton and meso-
zooplankton to be the major sources of phytoplankton
mortality. We acknowledge, however, that other phyto-
plankton mortality factors may also play significant roles
(e.g. viruses, Suttle 2007; apoptosis, Franklin et al., 2006;
allelopathy, Sukenik et al., 2002). Unfortunately, for most
of them, we lack global estimates on the relevance of
these factors. We could assume, however, an average
rough estimate of 6%, from the 2–10% of the phyto-
plankton production lost by viral lysis in steady-state
pelagic systems (Jumars et al., 1989; revised in Wilhelm
and Suttle, 1999).

The estimates of microzooplankton consumption
by mesozooplankton are not so straightforward. Calbet
and Saiz (Calbet and Saiz, 2005) suggested, after correc-
tion for several artefacts, 2.8 Gt C year–1 should be
circulating through the ciliate–copepod link, and a
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roughly equivalent amount should be added when
considering other microzooplankton groups; i.e.
5.6 Gt C year–1 in total. That would leave ca. 20% of the
PP (10 Gt C year–1) for sedimentation, with the under-
standing that this would not be homogeneous across the
entire ocean, but directly related to the values of PP
(Wassmann, 1998). To this ‘ready-to-settle production’ we
should add that processed by mesozooplankton and
exported as faecal pellets (we consider that all the material
voided by microzooplankton is recycled within the photic
layer; González et al., 2000). Assuming an assimilation effi-
ciency of 70% (Ikeda and Motoda, 1978; Kiørboe et al.,
1985), ca. 13.5 Gt C (27% of PP) are available to settle.
This value should be considered an upper boundary
because a proportion of the settling material may be
recycled before leaving the photic zone. It is interesting to
note that the available carbon for settling, obtained from

our calculations, is quite similar to estimates based on the
relationship of total and exported production, and
monthly mean total production maps (16 Gt C year21;
Falkowski et al., 1998).

Among the phytoplankton carbon ingested by the
zooplankton, part will be respired and returned as
CO2. Assuming a median respiratory loss of about 33%
(Bougis, 1974; Kiørboe et al., 1985; Pagano et al., 1993;
Schmoker et al., 2011; Calbet et al., in press), the derived
results indicate that 24% of planktonic PP is respired
daily (i.e. 12 Gt C year21). To this number we should
add the respiratory losses as a result of the ingestion of
heterotrophic prey, which, overall provide evidence for a
net heterotrophic ocean (del Giorgio et al., 1997; Duarte
and Agustı́, 1998; del Giorgio and Duarte, 2002), and
question the capacity of the ocean to mitigate the at-
mospheric excess of CO2.

Table IV: Literature review of the percentage of standing stock (%SS) and production (%P) of
microzooplankton consumed daily by mesozooplankton

Area Date %SS %P Prey Grazer Reference

Chesapeake Bay April–August 1987 35–200 Ciliates Cop. assemb. Dolan (1991)
Oregon Coast January–August 1991 25–45 Ciliates Cop. assemb. Fessenden and

Cowles (1994)
North South Georgia,

Southern Ocean
February 1994 6 Ciliates Cop. assemb. Atkinson (1995)

NE Atlantic; NW Spain coast August 1998 1–3 2–50 Protozooplankton Cop. assemb. Batten et al. (2001)
Alboran Sea (Mediterranean) September 1999 1.5 Ciliates þ Dinoflagellates Cop. assemb. Calbet et al. (2002)
New Zealand Subtropical

Frontal Zone
October–November

1997, August 1998
6 21 Ciliates Cop. assemb. Zeldis et al. (2002)

Coastal NW Mediterranean Seasonal cycle 1999–
2000

2% Ciliates Cop. assemb. Broglio et al.
(2004)

Mejillones Bay, Chile February 2001 40 29 Ciliates Cop. assemb. Vargas and
González (2004)

Mejillones Bay, Chile February 2001 9 8 Dinoflagellates Cop. assemb.
Mejillones Bay, Chile August 2001 4 3 Ciliates Cop. assemb.
Mejillones Bay, Chile August 2001 0.7 1 Dinoflagellates Cop. assemb.
Mejillones Bay, Chile October 2001 3 2 Ciliates Cop. assemb.
Mejillones Bay, Chile October 2001 14 13 Dinoflagellates Cop. assemb.
NW Mediterranean Coastal July–September 2002,

2003, 2004
,10 Protozoo Dominant

species
Atienza et al.

(2006)
Gerlache Strait and

Bellingshausen Sea
(Antarctica)

December 2002 ,0.1 Protozoo Calanoides
acutus

Calbet et al. (2006)

Greenland Sea June 1999 20–110 Protozoo Small þ large
copepods

Møller et al. (2006)

Greenland Sea August 1999 100–240 Protozoo Small þ large
copepods

Møller et al. (2006)

Celtic Sea, phytoplankton
bloom

April 2002 2–10 Protozoo Cop. assemb. Fileman et al.
(2007)

Celtic Sea, no bloom April 2002 12–17 Protozoo Cop. assemb. Fileman et al.
(2007)

Aegean Sea, non-frontal April 2000 72 134 Ciliates Small þ large
copepods

Zervoudaki et al.
(2007)

Aegean Sea, frontal April 2000 88 165 Ciliates Small þ large
copepods

Zervoudaki et al.
(2007)

Irminger Sea April–August 2002 1–1.3 Ciliates þ Dinoflagellates Dominant
species

Castellani et al.
(2008)

Cop. assemb., copepod assemblage; Protozoo, protozooplankton.
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G E N E R A L CO N C LU S I O N S,
M A J O R G A P S A N D F U T U R E
D I R E C T I O N S

It is evident from the data summarized here that micro-
zooplankton are major grazers of phytoplankton in
marine systems, typically outcompeting mesozooplank-
ton. It is also clear that microzooplankton feeding
impacts are highly variable, even if the median rates are
quite similar for the different regions of the ocean con-
sidered. Major knowledge gaps have been identified
during this study. The first refers to the lack of data in
very extensive areas of the oceans (Fig. 1). Therefore,
we recommend focussing future efforts in certain areas,
such as TA, TI, TP, WP. Moreover, after the analysis of
the data, it was also evident that most of the studies
were conducted in coastal regions, data on open oceans
being scarce. Obviously, the logistics required for coastal
zone studies are not as great as the ones required for an
oceanic cruise. However, the effort should be made if
we want to complete our understanding of the global
marine system. Also, some effort should be put into
convincing policy makers about the need of funding

Fig. 3. Relationships between the amounts of carbon ingested by
microzooplankton (full dots) computed from our study and by
mesozooplankton (empty dots), computed by Calbet (Calbet, 2001)
(Grazing, Gt C year21), and the PP (Gt C year21) as defined by
Longhurst et al. (Longhurst et al., 1995). Full dots correspond to
microzooplankton grazing and empty dots correspond to
mesozooplankton grazing (Linear regressions: y ¼ 20.078 þ 0.64 * x ;
r2 ¼ 0.88 and y ¼ 20.025 þ 0.12 * x ; r2 ¼ 0.73 for micro- and
mesozooplankton, respectively). The upper and lower dash lines are,
respectively, the 25 and 75% quartiles of the microzooplankton
grazing median.

Fig. 4. Carbon flux diagram for the global ocean. Values in boxes are absolute Gt C either consumed or produced. Arrows represent the flux
of carbon in percentage. The values below the horizontal line at the bottom of the figure correspond to the carbon available for settling. See text
for details. *Data for primary production (PP) from (Longhurst et al., 1995). Data for the rates from: 1 (Jumars et al., 1989; revised in Wilhelm
and Suttle, 1999), 2 (this study), 3 (Calbet, 2001), 4 (Calbet and Saiz, 2005), 5 (Ikeda and Motoda, 1978; Kiørboe et al., 1985).
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long-term time series, which would facilitate knowledge
on periods of the year (mostly winter) where data are
less abundant.

Finally, it is also important to shed some light on
the vertical distribution of microzooplankton grazing
impacts, and the differences between day and night.
Given the relevance of the vertical structure of marine
communities, it seems rather simplistic to focus on one,
at maximum two, depths, and to integrate the values
for the entire water column.

Additional problems relate to the accuracy and con-
sistency of the data when applying the Landry and
Hassett (Landry and Hassett, 1982) dilution technique
in the different studies. At times, when nutrients are
added, controls without nutrients are lacking; at others,
no nutrients are supplemented. There is, therefore, a
need for comprehensive studies on the bias produced by
nutrient manipulation in dilution series (Lawrence and
Menden-Deuer, 2012), as well as for an agreement on
the inorganic nutrients used and the concentrations
required in each study. Certain studies add nitrate as a
nitrogen source, others add ammonium; silicate and
trace metals are mostly neglected even if the first is
required by diatoms and the second for all algae.
Perhaps a starting point would be to agree to add
enough nutrients to allow a couple of doublings of the
initial chlorophyll within 24 h. This could be easily cal-
culated with knowledge of the C:chlorophyll quotient
and using the Redfield ratio.

An additional aspect not discussed here, but import-
ant for the interpretation of the data, is that only a few
studies provide proof of there being no photo-
adaptation during incubations (e.g. Landry et al., 2009;
Gutiérrez-Rodrı́guez et al., 2011; Calbet et al., 2012).
Photo-adaptation can result in an incorrect estimation
of m and, therefore, a biased interpretation of the m:m
ratio. This is a complicated issue, because even on those
occasions where light intensity and spectrum are care-
fully mimicked for a certain depth, as at sea the organ-
isms are subjected to currents, internal waves and other
water vertical displacements, some errors would be un-
avoidable. The solution to this artefact is not trivial
because it would involve the use of density-dependent
floating devices for the incubations, and a precise
knowledge of the water circulation patterns in the study
area. Nevertheless, there is a more simple way to ap-
proach this problem, which could be included as
routine in the grazing experiments. This would be the
counting of the major groups of phytoplankton in
certain bottles for further comparison of the growth
rates obtained from cell counts with those based on
chlorophyll.

There are other intrinsic problems with the method
that have not been well addressed so far. For instance,
mixotrophy and trophic cascades are not adequately
dealt with during dilution grazing experiments. This is
actually a very critical issue, given that these factors are
the probable reasons for the positive slopes found in di-
lution grazing experiments and may introduce other
artefacts (Calbet et al., 2008, 2012). It is evident that a
more robust theoretical framework (mechanistic model)
is needed for dealing with the possible trophic interac-
tions occurring during dilution grazing experiments in
complicated food-webs, and with the already mentioned
effects of removing mesozooplankton from the incuba-
tions. This modelling effort should be validated experi-
mentally. Perhaps, by the use of artificial food webs
(culture based), or possibly by the parallel assessment of
microzooplankton grazing, using alternative methods,
such as the suppression of heterotrophic grazers (inhib-
ition of the respiratory electron transport system with,
for example, rotenone; Svensson and Stenson, 1991).

We should also be aware that all the variability in the
microzooplankton grazing rates presented here contrasts
with the fact that both grazers and prey have been dealt
here as combined groups. Diversity should be integrated
somehow in our estimates of microzooplankton grazing.
Some studies already consider different groups of
species within the prey field (Yang et al., 2004; Chen et

al., 2009). However, very few contemplate the functional
diversity of grazers. A first approach in this respect
could focus on different size-fractions (Reckermann and
Veldhuis, 1997; Lessard and Murrel, 1998; Calbet et al.,
2008), which would improve our understanding of food
web dynamics, although the results of a size-truncated
food web are not easy to interpret in a dilution experi-
ment. Calbet et al. (Calbet et al., 2012) suggested add-
itional experiments to identify the major grazers by the
use of vital stains. In the case of Calbet et al. (Calbet
et al., 2012) the technique was used to quantify mixotro-
phy, but it could be used to track major microbial
grazers in a system. Why is this important? In addition
to the mere scientific value of identifying major grazers
of a system, it is of paramount relevance to correctly
parametrize food-web models and to identify the initial
point of entrance of the organic matter into the food
chain. Energy loss and recycling terms should consider-
ably differ if the main point of autotrophic carbon
entering the heterotrophic web is at the level of small
flagellates, large ciliates and dinoflagellates, or copepod
nauplii.

Altogether, it seems that we have a long way to go in
the understanding of marine planktonic food webs.
However, since the establishment of the dilution
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technique, we have at least gained a great deal of
knowledge on the interaction between phytoplankton
and their grazers in the oceans.

S U P P L E M E N TA RY DATA

Supplementary data can be found online at http://
plankt.oxfordjournals.org.

AC K N OW L E D G E M E N T S

N.K. Browne is thanked for linguistic improvements of
the manuscript, and two anonymous reviewers for their
constructive criticisms.

F U N D I N G

This study was funded by projects “Lucifer”
(CTM2008-03538), “Malaspina” (CSD2008-00077)
and PROTOS (CTM2009-08783) from the Ministry of
Science and Innovation of Spain and from a Post-Doc
fellowship from the Government of Canary Islands,
Spain to C.S.

R E F E R E N C E S

Agis, M., Granda, A. and Dolan, J. R. (2007) A cautionary note:
examples of possible microbial community in dilution grazing
experiments. J. Exp. Mar. Biol., 341, 176–183.

Archer, S. D., Verity, P. G. and Stefels, J. (2000) Impact of microzoo-
plankton on the progression and fate of the spring bloom in fjords
of northern Norway. Aquat. Microb. Ecol., 22, 27–41.

Atienza, D., Calbet, A., Saiz, E. et al. (2006) Trophic impact, metabol-
ism, and biogeochemical role of the marine cladoceran Penilia aviros-

tris and the co-dominant copepod Oithona nana in NW
Mediterranean coastal waters. Mar. Biol., 150, 221–235.

Atkinson, A. (1995) Onmivory and feeding selectivity in five copepod
species during spring in the Bellingshausen Sea, Antarctica. ICES

J. Mar. Sci., 52, 385–396.

Ayukai, T. and Miller, T. (1998) Phytoplankton biomass, production
and grazing mortality in Exmouth Gulf, a shallow embayment on
the arid, tropical coast of Western Australia. J. Exp. Mar. Biol. Ecol.,
225, 239–251.

Batten, S. D., Fileman, E. S. and Halvorsen, E. (2001) The contribu-
tion of microzooplankton to the diet of mesozooplankton in an up-
welling filament off the north west coast of Spain. Prog. Oceanogr., 51,
385–398.

Berninger, U. G. and Wickham, S. A. (2005) Response of the micro-
bial food web to manipulation of nutrients and grazers in the oligo-
trophic Gulf of Aqaba and northern Red Sea. Mar. Biol., 147,
1017–1032.

Bougis, P. (1974) Ecologie du plankton Marin. Masson and Cie (Ed.),
Paris. Coll. Ecologie, 2, 196, p. 3, 200.

Broglio, E., Saiz, E., Calbet, A. et al. (2004) Trophic impact and prey
selection by crustacean zooplankton on the microbial communities
of an oligotrophic coastal area (NW Mediterrarean). Aquat. Microb.

Ecol., 35, 65–78.

Burkill, P. H., Edwards, E. S. and Sleigh, M. A. (1995)
Microzooplankton and their role in controlling phytoplankton
growth in the marginal ice zone of the Bellingshausen Sea. Deep-Sea

Res. II, 42, 1277–1290.

Calbet, A. (2001) Mesozooplankton grazing effect on primary produc-
tion: a global comparative analysis in marine ecosystems. Limnol.

Oceanogr., 46, 1824–1830.

Calbet, A. (2008) The trophic roles of microzooplankton in marine
systems. ICES J. Mar. Sci., 65, 325–331.

Calbet, A., Alcaraz, M., Saiz, E. et al. (1996) Planktonic herbivorous
food webs in the Catalan Sea (NW Mediterranean): Temporal vari-
ability and comparison of indices of phyto-zooplankton coupling
based on state variables and rate processes. J. Plankton. Res., 18,
2329–2347.

Calbet, A., Atienza, D., Broglio, E. et al. (2006) trophic ecology of
Calanoides acutus in Gerlache Strait and Bellingshausen Sea waters
(Antarctica, December 2002). Polar Biol., 29, 510–518.

Calbet, A., Isari, S., Martı́nez, R. A. et al. (in press) Adaptations to
feast and famine in marine heterotrophic dinoflagellates: the case of
different strains of Gyrodinium dominans and Oxyrrhis marina. Mar. Ecol.

Prog. Ser. (In press).

Calbet, A. and Landry, M. R. (2004) Phytoplankton growth, micro-
zooplankton grazing, and carbon cycling in marine systems. Limnol.

Oceanogr., 49, 51–57.

Calbet, A., Martı́nez, R. A., Isari, S. et al. (2012) Effects of light avail-
ability on mixotrophy and microzooplankton grazing in an oligo-
trophic plankton food web: Evidences from a mesocosm study in
Eastern Mediterranean waters. J. Exp. Mar. Biol. Ecol., 424, 66–77.

Calbet, A., Riisgaard, K., Saiz, E. et al. (2011b) Phytoplankton growth
and microzooplankton grazing along a sub-Arctic fjord
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González, H. E., Sobarzo, M., Figueroa, D. et al. (2000) Composition,
biomass and potential grazing impact of the crustacean and pelagic
tunicates in the northern Humboldt Current area off Chile: differ-
ences between El niño and non- El niño years. Mar. Ecol. Prog. Ser.,
195, 201–220.

Gutiérrez-Rodrı́guez, A., Latasa, M., Agustı́, S. et al. (2011)
Distribution and contribution of major phytoplankton groups to
carbon cycling across contrasting conditions of the subtropical
northeast Atlantic Ocean. Deep Sea Res., 58, 1115–1129.

Hernández-León, S. and Ikeda, T. (2005) A global assessment of
mesozooplankton respiration in the ocean. J. Plankton Res., 27,
153–158.

Ikeda, T. and Motoda, S. (1978) Estimated zooplankton production
and their ammonia excretion in Kuroshio and adjacent seas. Fish.

Bull., 76, 357–367.

Juhl, A. R. and Murrel, M. C. (2005) Interactions between nutrients,
phytoplankton growth, and microzooplankton grazing in a Gulf of
Mexico estuary. Aquat. Microb. Ecol., 38, 147–156.

Jumars, P. A., Perry, D. L., Baross, J. A. et al. (1989) Closing the micro-
bial loop: Dissolved carbon pathway to heterotrophic bacteria from
incomplete ingestion, digestion and absorption in animals. Deep Sea

Res., 36, 483–495.

Kiørboe, T., Møhlenberg, F. and Hamburger, K. (1985) Bioenergectics
of the planktonic copepod Acartia tonsa: relation between feeding,
egg production and respiration, and composition of specific
dynamic action. Mar. Ecol. Prog. Ser., 26, 85–97.

Landry, M. R., Brown, S. L., Campbell, L. et al. (1998) Spatial pat-
terns in phytoplankton growth and microzooplankton grazing in
the Arabian Sea during monsoon forcing. Deep-Sea Res. II, 45,
2353–2368.

Landry, M. R., Brown, S. L., Rii, Y. M. et al. (2008) Depth-stratified
phytoplankton dynamics in Cyclone Opal, a subtropical mesoscale
eddy. Deep Sea Res., 55, 1348–1359.

Landry, M. R. and Hassett, R. P. (1982) Estimating the Grazing
Impact of Marine Microzooplankton. Mar. Biol., 67, 283–288.

Landry, M. R., Ohman, M. D., Goericke, R. et al. (2009) Lagrangian
studies of phytoplankton growth and grazing relationships in a
coastal upwelling ecosystem off Southern California. Prog. Oceanogr.,
83, 208–216.

Landry, M. R., Selph, K. E., Brown, S. L. et al. (2002) Seasonal dy-
namics of phytoplankton in the Antarctic Polar Front region at
1708W. Deep Sea Res., 49, 1843–1865.

Landry, M. R., Selph, K. E., Taylor, A. G. et al. (2011) Phytoplankton
growth, grazing and production balances in the HNLC equatorial
Pacific. Deep Sea Res. II, 58, 524–535.

JOURNAL OF PLANKTON RESEARCH j VOLUME 35 j NUMBER 4 j PAGES 691–706 j 2013

704

D
ow

nloaded from
 https://academ

ic.oup.com
/plankt/article/35/4/691/1525584 by U

.S. D
epartm

ent of Justice user on 16 August 2022



Lawrence, C. and Menden-Deuer, S. (2012) Drivers of protistan
grazing pressure: seasonal signals of plankton community compos-
ition and environmental conditions. Mar. Ecol. Prog. Ser., 459,
39–52.

Lessard, E. J. and Murrel, M. C. (1998) Microzooplankton herbivory
and phytoplankton growth in the northwestern Sargasso Sea. Aquat.

Microb. Ecol., 16, 173–188.

Longhurst, A., Sathyendranath, S., Platt, T. et al. (1995) An estimate of
global primary production in the ocean from satellite radiometer
data. J. Plankton Res., 17, 1245–1271.

Møller, E. F., Nielsen, T. G. and Richarson, K. (2006) The zooplank-
ton community in the Greenland Sea: composition and role in
carbon turnover. Deep Sea Res. I, 53, 76–93.

Murrel, M. C., Stanley, R. S., Lores, E. M. et al. (2002) Linkage
between microzooplankton grazing and phytoplankton growth in a
Gulf of Mexico Estuary. Estuaries, 25, 19–29.

Nejstgaard, J. C., Naustvoll, L. J. and Sazhin, A. (2001) Correcting for
underestimation of microzooplankton grazing in bottle incubation
experiments with mesozooplankton. Mar. Ecol. Prog. Ser., 221, 59–75.

Olson, M. B. and Strom, S. L. (2002) Phytoplankton growth, micro-
zooplankton herbivory and community structure in the southeast
Bering Sea: insight into the formation and temporal persistence of
Emiliania huxleyi bloom. Deep-Sea Res. II, 49, 5969–5990.

Pagano, M., Gaudy, R., Thibault, D. et al. (1993) Vertical migrations
and feeding rhythms of mesozooplanktonic organisms in the Rhone
River plume area (North-West Mediterranean Sea). Estuar. Coast

Shelf Sci., 37, 251–269.

Paranjape, M. A. (1987) Grazing by microzooplankton in the eastern
Canadian Arctic in summer 1983. Mar. Ecol. Prog. Ser., 40, 239–246.

Paterson, H. L., Knott, B. and Waite, A. M. (2007) Microzooplankton
community structure and grazing on phytoplankton, in an eddy
pair in the Indian Ocean off Western Australia. Deep-Sea Res. II, 54,
1076–1093.

Pearce, I., Davidson, A. T., Thomson, P. G. et al. (2010) Marine micro-
bial ecology off East Antarctica (30–808E): Rates of bacterial and
phytoplankton growth and grazing by heterotrophic protists. Deep

Sea Res. II, 57, 849–862.

Pearce, I., Davidson, A. T., Wright, S. et al. (2009) Seasonal changes in
phytoplankton growth and microzooplankton grazing at an
Antarctic coastal site. Aquat. Microb. Ecol., 50, 157–167.

Putland, J. N. and Iverson, R. L. (2007) Microzooplankton: major her-
bivores in an estuarine planktonic food web. Mar. Ecol. Prog. Ser.,
345, 63–73.

Quinlan, E. L., Jett, C. H. and Phlips, E. J. (2009) Microzooplankton
grazing and the control of phytoplankton biomass in the Suwannee
River estuary, USA. Hydrobiology, 632, 127–137.

Reckermann, M. and Veldhuis, M. J. W. (1997) Trophic interactions
between picophytoplankton and micro- and nanozooplankton in
the western Arabian Sea during the NE monsoon 1993. Aquat.

Microb. Ecol., 12, 263–273.

Rose, J. M. and Caron, D. A. (2007) Does low temperature constrain
the growth rates of heterotrophic protists? Evidence and implications
for algal blooms in cold waters. Limnol. Oceanogr., 52, 886–895.

Safi, K. A., Griffiths, F. B. and Hall, J. A. (2007) Microzooplankton
composition, biomass and grazing rates along the WOCE SR3 line
between Tasmania and Antarctica. Deep-Sea Res. I, 54, 1025–1041.

Saito, H., Ota, T., Suzuki, K. et al. (2006) Role of heterotrophic dino-
flagellate Gyrodinium sp. in the fate of an iron induced diatom
bloom. Geophys. Res. Lett., 33, L09602, doi:10.1029/2005GL025366.

Saiz, E. and Calbet, A. (2007) Scaling of feeding in marine calanoid
copepods. Limnol. Oceanogr., 52, 668–675.

Saiz, E. and Calbet, A. (2011) Copepod feeding in the ocean: scaling pat-
terns, composition of their diet and the bias of estimates due to micro-
zooplankton grazing during incubations. Hydrobiol., 666, 181–196.

Sanderson, B. G., Redden, A. M. and Evans, K. (2012) Grazing con-
stants are not constant: microzooplankton grazing is a function of
phytoplankton production in an Australian lagoon. Estuaries and

Coasts, 35, 1270–1284.

Sautour, B., Artigas, L. F., Delmas, D. et al. (2000) Grazing impact of
micro- and mesozooplankton during a spring situation in coastal
waters off the Gironde estuary. J. Plankton Res., 22, 531–552.

Schmoker, C., Thor, P., Hernández-León, S. et al. (2011) Feeding,
growth and metabolism of a marine heterotrophic dinoflagellate,
Gyrodinium dominans, in steady and non-steady state conditions. Aquat.

Microb. Ecol., 65, 65–73.

Sherr, E. B. and Sherr, B. F. (2002) Significance of predation by pro-
tests in aquatic microbial food webs. Antoine Leeuwenhoek Int. J. Gen.

Mol. Microbiol., 81, 293–308.

Sherr, E. B., Sherr, B. F. and Hartz, A. J. (2009) Microzooplankton
grazing impact in the Western Arctic Ocean. Deep-Sea Res. II, 56,
1264–1273.

Stoecker, D. K., Thessen, A. E. and Gustafson, D. E. (2008) “Windows
of opportunity” for dinoflagellate blooms: Reduced microzooplank-
ton net growth coupled to eutrophication. Harmful Algae, 8, 158–166.

Strom, S. L., Macri, E. L. and Olson, M. B. (2007) Microzooplankton
grazing in the coastal Gulf of Alaska: Variations in top-down
control of phytoplankton. Limnol. Oceanogr., 52, 1480–1494.

Sukenik, A., Eshkol, R., Livne, A. et al. (2002) Inhibition of growth
and photosynthesis of the dinoflagellate Peridinium gatunense by
Microcystis sp. (cyanobacteria): a novel allelopathic mechanism.
Limnol. Oceanogr., 47, 1656–1663.

Suttle, C. A. (2007) Marine viruses—major players in the global eco-
system. Nat. Rev. Microbiol., 5, 801–812.

Svensson, J. E. and Stenson, J. A. E. (1991) Herbivoran impact on
phytoplankton community structure. Hydrobiology, 226, 71–80.

Tsuda, A. and Kawaguchi, S. (1997) Microzooplankton grazing in the
surface water of the Southern Ocean during an austral summer.
Polar Biol., 18, 240–245.

Tsuda, A., Shigenobu, T., Saito, H. et al. (2007) Evidence for the
Grazing Hypothesis: grazing reduces phytoplankton responses of
the HNLC ecosystem to iron enrichment in the Western Subarctic
Pacific (SEEDS II). J. Oceanogr., 63, 983–994.
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