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Mesozooplankton grazing effect on primary production: A global comparative analysis

IN marine ecosystems

Abstract—A comparative analysis of the importance of me-
sozooplankton (200-20,000 wm) as grazers of the phytoplank-
tonic primary production (PP) across a wide spectrum of ma-
rine ecosystems revealed mesozooplankton ingestion rates to
increase nonlinearly with increasing PP The slope of the log—
log relationship between ingestion rates and PP was signifi-
cantly <1, indicating a decline of relative importance of me-
sozooplankton grazing with increasing PP The effect of me-
sozooplankton on PP (as the percent PP consumed per day) is
moderate in most of the studies (mode 6%, mean 22.6%) and
decreases exponentially with increasing productivity. Contrary
to the common assumption, the size barrier imposed by dom-
inant picoautotrophs does not always result in alower grazing
pressure in unproductive communities (we consider here those
with PP < 250 mg C m-2d-1). Yet, the amount of phytoplank-
tonic carbon ingested per unit of mesozooplankton biomass is
lower in unproductive than in moderate (250 to 1,000 mg C
m-2 d-) and highly productive communities (>1,000 mg C
m-2 d-%). This observation, together with the generally low
values of daily biomass-specific ingestions, suggests that al-
ternative food sources (e.g., protozoans) must represent an im-
portant component of mesozooplankton diet in unproductive
ecosystems. The relationships obtained in the study yield an
estimate of 5.5 Gt phytoplanktonic C consumed per year in
the globa ocean, which represents ~12% of the oceanic PP

Traditional views on the flow of carbon in planktonic food
webs have been revised to assign an important role to mi-
crobial food webs (Azam et al. 1983) and to consider non-
linear effects, such as feedback and trophic cascade, as im-
portant structural factors (Pace et al. 1998; Cabet and
Landry 1999). Similarly, copepods are no longer considered
to be the main consumers of the phytoplanktonic primary

production (PP) (Tsuda et al. 1989; Bradford-Grieve et al.
1998; Calbet and Landry 1999; Sautour et al. 2000) and
apart from algae a sizable portion of their daily ration is aso
composed of heterotrophic flagellates and ciliates (Tiselius
1989; Fessenden and Cowles 1994; Calbet et al. 2000). Yet,
mesozooplankton remain important consumers of phyto-
plankton carbon, particularly in productive ecosystems,
where the classic linear food chain still appears to be the
main path of carbon transfer. In productive ecosystems, sed-
imentation and advection are also important mechanisms of
PP loss (Baines et al. 1994; Wassmann 1998). In contrast,
these carbon losses appear to be low in unproductive eco-
systems, where the efficient recycling of nutrients and or-
ganic matter minimizes carbon export. This recycling ap-
pears to be maintained largely by bacteria and small (<20
wm) protozoans (Azam et al. 1983; Sherr et a. 1988; Calbet
et a. 2001). Moreover, picoplanktonic organisms, which are
relatively unavailable to mesozooplankton predation are also
responsible for an important proportion of the PP in these
nutrient-poor systems (Agawin et al. 2000). As a result, me-
sozooplankton seem unlikely to efficiently exploit the pri-
mary production of unproductive ecosystems, except for
some groups (e.g., tunicates and cladocerans), which may
prey down to the picometer size fraction. Unfortunately,
their abundance and effect have been traditionally neglected,
and we lack knowledge on the relative importance of these
groups in planktonic food webs (see review by Gorsky and
Fenaux 1998).

Thus, the pattern depicted from the available information
suggests an important removal of primary production by me-
sozooplankton in productive waters and a minor role in un-
productive ecosystems. This view remains hypothetical and
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Table 1. Summary of the studies used in the data set with reference to the geographical area surveyed, the methodology employed,
and the zooplanktonic groups considered. GC, gut content method; NPD, no pigment degradation losses considered; PD, pigment degradation
losses considered; PDL, pigment degradation obtained from literature; MZ, mixed zooplankton considered; C, only copepods considered.

No. of
Source Zone surveyed Method Group measures
Arinardi et a. 1990 Banda Sea, Indonesia GC, NPD C 3
Atkinson and Shreeve 1995 Bellingshausen Sea Incubation C 3
Baars and Fransz 1984 North Sea Incubation C 3
Barquero et al. 1998 Atlantic Sea, NW Spain GC, NPD C 6
Bradford-Grieve et al. 1998 Subtropical convergence, S Africa GC, NPD M* 19
Conover and Mayzaud 1984 Nova Scotia inlet Incubation M 11
Dagg et al. 1982 Bering Sea Incubation M 9
Dam et a. 1993 North Atlantic GC, PD C 14
Dam et al. 1995 Central Pacific GC, NPD M 18
Dubischar and Bathman 1997 Southern Ocean, Atlantic sector GC, NPD M 1
Froneman et a. 1997 Lazarev Sea, Southern Ocean GC, PD M 12
Froneman et al. 2000 Southern Ocean, Atlantic sector GC, PD M 16
Gonzélez et al. 2000 Northern Humboldt Current area GC, NPD M 3
Gowen et al. 1999 Western Irish Sea GC, PD C 9
Huskin 2001 Atlantic Ocean GC, NPD C 24
Landry et al. 1994 Southern California Bight GC, PD M 6
Morales et a. 1991 NE Atlantic GC, NPD C 18
Nielsen and Hansen 1995 Disko Bay, West Greenland GC, NPD C 6
Pakhomov and Perissinotto 1997 Subtropical convergence, S. Africa GC, PD M 10
Pakhomov et al. 1997 South Georgia, Antarctica GC, PDL M* 6
Roman et al. 1993 Sargasso Sea Incubation M 2
Roman and Gauzens 1997 Equatorial Pacific Incubation C 2
Sautour et al. 1996 Gironde estuary GC, NPD M 4
Sautour et al. 2000 Gironde estuary GC, PDL C 8
Tiselius 1988 Skagerrak and Kattegat, Baltic Sea GC C 3
Ward et a. 1995 South Georgia, Antarctica Incubation C 2
Zhang et al. 1995 Central tropical Pacific GC, NPD M 25

*Mesozooplankton dry weight converted to carbon using a factor of 40%.

needs to be tested quantitatively. Here, | provide evidence
of the increase in the mesozooplankton grazing pressure on
primary producers with increasing productivity. | searched
the literature for concurrent reports of primary production
and mesozooplankton grazing in marine ecosystems. There-
sulting data set included 27 studies (Table 1) providing a
total of 243 data points (i.e., paired observations on primary
production and mesozooplankton community grazing), in-
cluding coastal and open ocean ecosystems. Although this
data set results from an exhaustive scrutiny of the literature,
additional reports may have escaped the search. This data
set encompasses a broad range of primary production (from
28 to >4,000 mg C m-2 d-*) and should provide an adequate
test of the hypothesis posed.

Methods—The grazing estimates | used were measured in
two ways: the gut pigment content method and clearance
rates derived from incubations. Both have flaws. The gut
content method may underestimate grazing rates due to pig-
ment degradation within the gut (Kigrboe and Tiselius 1987;
Dam and Peterson 1988; Mayzaud and Razouls 1992). Many
of the reported estimates account for these losses, either
through parallel experiments, or using literature values.
Whenever no such correction had been attempted, a correc-
tion factor of X1.5 was applied to the published estimates
(Kigrboe and Tiselius 1987; Dam and Peterson 1988; May-

zaud and Razouls 1992). On the other hand, incubations can
bias results through bottle artifacts or animal stress. Other
methods based on physiological measurements, like respi-
ration or egg production, were not considered in the study
because they may overestimate the consumption of phyto-
plankton by assuming it is the unique source of carbon. Cor-
rections for this problem can only be applied with knowl-
edge of the proportion of autotrophic and heterotrophic food
in the diet, which usually is not reported in the studies.

Data were divided into three intervals according to their
production: PP < 250 mg C m~2 d-* were considered un-
productive systems (22% of the data points); 250 = PP =
1,000 mg C m~2 d-* was considered moderately productive
(50%); PP > 1,000 mg C m-2 d-* was considered highly
productive (28%). This classification, although arbitrary, is
coherent with an average value of PP for the entire open
ocean of about 350 mg C m=2 d* (Knauer 1993). Thus,
ecosystems were considered to be unproductive whenever
primary production was substantially below this mean value
and highly productive whenever they far exceed it, as is
observed in the most productive biogeochemical provinces
of the ocean (Longhurst et al. 1995).

Data were log-transformed to stabilize variance and attain
homoscedasticity. Because of the uncertainties associated with
the grazing estimates and to prevent possible bias derived
from combining estimates produced with different techniques,
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the results also have been presented by first grouping the es-
timates in bins of increasing primary production and then cal-
culating the geometric mean to represent each bin in the re-
gression (interval of 0.08 units on a log scale).

Results and discussion—Mesozooplankton grazing on
phytoplankton ranged from nearly 0 to 1,772 mg C m=2 d-*
and, as hypothesized, increased significantly (P < 0.001)
with increasing primary production (Fig. 1). No significant
differences were found between the different techniques
used to estimate mesozooplankton grazing on PP (analysis
of covariance [ANCOVA], P = 0.12); consequently, data
were grouped for statistical analysis. Mesozooplankton in-
gestion rates were lower than primary production (Wilcoxon
signed rank test, P < 0.001), with a slope of the log-og
regression eguation significantly <1 (t-test, P < 0.001 for
both the raw data and the geometric means within bins). This
indicates that the relationship is nonlinear, with the relative
proportion of primary production removed by mesozoo-
plankton grazing (i.e., the percentage of PP daily grazed)
declining from unproductive to productive communities. The
values ranged from null to almost 300% with a mean of
22.6%. Remova of <10% of PP occurred in 47% of the
reports and of <25% PP in 73% of the data used. The per-
centage of PP consumed averaged 40.4% =+ 7.8 (SE) for
unproductive, 22.2% = 2.7 for moderately productive, and
10.1% = 1.2 for highly productive communities, thus con-
firming the existence of a negative relationship between the
percentage of PP consumed and primary production.

The biomass-specific grazing rates, calculated from the
studies where mesozooplankton biomass was provided,
showed an important variability, but increased significantly
with PP (Fig. 2, P < 0.001). Hence, athough the average
daily consumption rates of mesozooplankton of unproduc-
tive systems represent only 5.9% = 0.01 of the mesozoo-
plankton body carbon, those of intermediate and productive
ecosystems account for 19.9% = 0.04 and 23.5% =+ 0.04 of
mesozooplankton carbon, respectively. Thus, both mesozoo-
plankton ingestion rates and biomass-specific ingestion rates
increase with increasing PP

The low biomass-specific ingestion rates and the higher
effect of mesozooplankton on PP (percent consumed daily)
suggest food limitation of mesozooplankton in unproductive
ecosystems. This is consistent with the higher biomass of
mesozooplankton supported by a given autotroph biomassin
unproductive systems (Alcaraz 1982; Gasol et a. 1997).
However, phytoplankton is not the only food source zoo-
plankton consume. Assuming a 25% gross growth efficiency
for metazoan zooplankton (Straile 1997), the mesozooplank-
ton production rates expected from the phytoplankton inges-
tion rates range between 0.015 and 0.06 d-¢, which are be-
low the range of values commonly found in planktonic
marine systems (Huntley and Lopez 1992; Hirst and Lampitt
1998). Thus, even if food limitation exists, other food sourc-
es (e.g., protozoans) must provide a sizeable fraction of zoo-
planktonic daily rations (Tiselius 1989; Fessenden and
Cowles 1994; Calbet et al. 2000). This heterotrophic contri-
bution to mesozooplanktonic diet will be higher in unpro-
ductive communities, consistent with the tendency toward a
decline in the relative contribution of planktonic hetero-

Notes

trophs to community biomass with increasing PP (Gasol et
a. 1997).

The results demonstrate a negative exponential relation-
ship between mesozooplankton grazing and PR Contrary to
conventional wisdom, the size barrier imposed by the dom-
inant pico-sized autotrophs does not always result in a low
grazing pressure in unproductive communities. PP losses due
to mesozooplankton grazing can be highly relevant in un-
productive systems, although they are variable, ranging from
amost a null effect to as much as the three times the total
amount of the phytoplanktonic biomass produced. Whereas
a large proportion of this PP in unproductive systems is due
to picoplanktonic organisms (=50%, Agawin et al. 2000)
and unavailable for most mesozooplanktonic groups, the rest
of production may well be accessible. However, this does
not completely explains the <1 slope found in the relation-
ship between PP and mesozooplankton ingestion rates. Thus,
mesozooplankton in some way also must be feeding on pi-
coplanktonic PP It seems quite unlikely that the grazing
pressure on pico-sized organisms is due to copepods (Calbet
et a. 2000), the most numerous group within zooplankton.
On the other hand, other groups, like pelagic tunicates and
certain cladocerans, are able to remove such small prey items
(Fortier et al. 1994, Gorsky and Fenaux 1998). These groups
are broadly distributed and present in most of the ecosystems
and could have a proportionally higher effect on primary
producers in unproductive regions. Even though the data pre-
sented in this study are not fully adequate to test this hy-
pothesis, it is worth mentioning that to obtain the grazing
estimates, the relationship between PP and mesozooplankton
consumption depends on the groups considered. In studies
contemplating only copepods as grazers (12 reports) the re-
|ationship between ingestion rates and PP is not significant
in unproductive (P = 0.91) and moderately productive sys-
tems (P = 0.40), whereas it becomes significant (R = 0.65,
P < 0.001) for highly productive regions. For the rest of the
studies, including not only copepods, but the entire zoo-
planktonic community, the significance of the PP-mesozoo-
plankton consumption relationship was higher for the three
intervals of PP considered (P < 0.06, for unproductive; P
< 0.05 for moderately productive; and P < 0.0001 for pro-
ductive regions). Thus, other groups, apart from copepods,
seem to be important drivers of the PP—grazing relationship,
especialy in unproductive areas. For the sake of speculation,
if the grazing estimates reported in this study were only due
to copepods or other organisms that cannot exploit pico-
plankton, the percentage of >2 um PP removed by grazers
would be 74, 37, and 15% in unproductive, moderately pro-
ductive, and highly productive regions, respectively (assum-
ing proportions of picoplankton to total production according
to Agawin et al. 2000).

Duarte and Cebrian (1996) calculated that grazing re-
moves, on average, 56.9% of oceanic PP and 40.6% of coast-
a marine PR These estimates comprise grazing by both mi-
croheterotrophs (including protozoans and micrometazoans)
and mesozooplankton. If moderately productive and unpro-
ductive areas are considered as representative of open ocean
and highly productive areas represent coastal environments,
mesozooplankton grazing on PP is one-half and one-quarter,
respectively, of the total effect suggested by Duarte and Ce-
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Fig. 1. (A) Phytoplankton biomass (mg C m-2) consumed daily by mesozooplankton as a func-
tion of PP Dark circles represent studies considering only copepods. Open circles represent studies
considering the whole mesozooplanktonic community. Triangles fall outside the 1.5X interquartile
range and represent outliers that were not included in the regression equation. Equation parameters:
intercept SE = 0.226, slope SE = 0.082, residua mean square = 0.26, n = 238, P < 0.0001. (B)
Geometric means within increasing bins and their standard error (vertical bars). Bins were calculated
by dividing log-transformed PP data into 25 equivalent intervals. To ensure the consistency of bins
and to avoid presenting empty intervals, first and last bins are the combination of severa intervals
with and without data. The regression equation was weighted using the number of data in each bin.
No significant differences were found between equations in Fig. 1A and B (ANCOVA). Equation
parameters. intercept SE = 0.283, slope SE = 0.103, residual mean square = 041, n = 21, P <
0.0001.
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Fig. 2. Mesozooplankton biomass-specific ingestion rates as function of PR Equation parame-
ters: intercept SE = 0.30, slope SE = 0.11, residual mean square = 0.18, n = 93, P < 0.0001.

brian (1996). Hence, the comparison of both data sets would
lead to the conclusion that the grazing pressure of mesozoo-
plankton on oceanic PP is comparable to that of microzoo-
plankton, which are considered to be the main grazersin the
unproductive ocean (Tsuda et al. 1989; Bradford-Grieve et
al. 1998). Surprisingly, in productive systems, microzoo-
plankton would exert a higher grazing pressure than meso-
zooplankton, traditionally considered the main consumers of
PP in these systems. There are two main consequences of
the relatively higher-than-expected grazing effect of micro-
zooplankton on autotrophs of highly productive areas. First,
the “classic”’ or ““herbivorous’ food web (diatoms—Ilarge
copepods—fish) seems to have less importance than micro-
bial food webs. Second, it has important implications for the
downward export flux of organic matter. Because micro-
plankton fecal pellets are smaller, and consequently easier to
remineralize within the euphotic zone, the losses by sedi-
mentation due to zooplankton compaction must be lower
than expected. In any case, these losses will be insignificant
compared to phytoplankton export flux by advection, floc-
culation, or aggregation (Baines et al. 1994; Wassmann
1998). These results suggest that the relative importance of
micro- and mesozooplankton in the food dynamics of marine
ecosystems, as well as the role of mesozooplankton grazing,
must be reevaluated.

On a global scale, the equations obtained in Fig. 1 can be
used to estimate the integrated autotrophic carbon ingested
by mesozooplankton in the world oceans. The calculated car-
bon consumed in each biogeochemical province (sensu
Longhurst et a. 1995) is around 5.5 gigaton (Gt) C yr—2,
equivalent to about 12% of the oceanic PP The carbon in-
gestion by metazoans is thus a significant loss factor for
autotrophic carbon in the ocean, particularly in the oligotro-
phic provinces, which comprise >%; of the ocean area. Meta-
zoan carbon ingestion does not necessarily represent a sink

for organic carbon. Part of the ingested carbon is respired,
the fraction ranging typically from 10 to 56% (Bougis 1974;
Kigrboe et al. 1985; Pagano et al. 1993). An average respi-
ratory loss of 25% of the carbon ingested from primary pro-
duction suggests a CO, production from mesozooplankton
respiration of about 1.4 Gt C yr-*. However, the role of
mesozooplankton as a CO, source has been neglected in cur-
rent debates about the metabolic balance of oceanic com-
munities (e.g., del Giorgio and Cole 1997; Duarte and Agusti
1998; Williams 1998). Furthermore, the higher mesozoo-
plankton grazing pressure on primary production in unpro-
ductive communities seems to be new evidence toward the
dominance of heterotrophic processes, and the role of the
unproductive ocean as a net heterotrophic system (e.g., del
Giorgio and Cole 1997; Duarte and Agusti 1998).
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