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ABSTRACT: Microzooplankton grazing impact (<200 pm fraction) on phytoplankton along a salinity
gradient in the Estuary of Mundaka (Bay of Biscay, Spain) was analyzed dunng summer (August 1990)
using a serial dilution method. Both microzooplankton grazing rate and phytoplankton growth rate
were high (mean g = 0.75 d-l, mean k = 1.90 d-' respectively), and well correlated, denoting an optimization in the efficiency of energy transport through the pelagic food web. Microzooplankton herbivory represented a mean loss of 38% of initial standing stock of chlorophyll and 4 6 % of potential
phytoplankton primary production in the inner zone of the estuary, where changes in phytoplankton
biomass were mainly a function of initial hiomass. In the intermediate and outer zones, microzooplankton grazed around 54 % of initial standing stock of chlorophyll and more than 60% of potential
phytoplankton primary produchon. In these zones, changes in phytoplankton biomass were mainly a
function of phytoplankton growth. In spite of the importance of microzooplankton grazing, this factor
alone cannot be responsible for the observed phytoplankton distribution along the salinity gradient.
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INTRODUCTION

Estuaries are one of the most productive systems on
Earth, but the fate of this high production remains to be
determined. A major question is how much of the primary productivity of estuaries is channelled through the
herbivorous trophic chain and how much is utilized by
the detritus-decomposer system. In pelagic communities,
exploitation of phytoplankton by microzooplankton has
been less studied. Nevertheless, studies which have
evaluated microzooplankton grazing impact on phytoplankton have suggested that by consuming high percentages of the phytoplankton net productivity microzooplankton are a key trophic constituent in pelagic food
webs (e.g. Gallegos 1989, McManus & EderingtonCantrell1992). In addition, when comparative analyses
on herbivory of meso- and microzooplankton have been
carried out in the ocean (Marra et al. 1987, Tsuda et al.
~
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1989),the microzooplankton assemblage has been identified as the main consumer of phytoplankton.
In the Estuary of Mundaka (Bay of Biscay, Spain; also
called the Gernika or Urdaibai Estuary in the literature), the spatial and temporal distributions of planktonic populations reflect the geomorphological characteristics of this system, which include a low drainage
basin:estuary area1 ratio (around 70) and tidal prism:
mean volume ratios higher than 1 (Villate et al. 1989).
The small volume of resident mixohaline waters limits
the buffering of salinity changes and, as a consequence, the maintenance of suitable conditions for the
development of estuarine populations. Optimal growth
and persistence of these populations can only be expected in summer, when freshwater discharges are low
and hydrological stability increases within the estuary
(Villate 1991, Franco 1994). Nevertheless, in summer,
storms can substantially alter the hydrographic regime
and plankton dynamics in the estuary, d u e to the relatively small size of the watershed (Ruiz 1995).
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Kuuppo-Leinikki 1990, Dolan & Gallegos
1991, McManus & Ederington-Cantrell
1992, Muller & Geller 1993), allows them
to adapt faster than mesozooplankton to
environmental changes. In this way,
microzooplankton can better exploit sudden food increases than mesozooplankton
and usually show the highest abundance
in seasons of maximal production (Smetacek 1981).
The highest phytoplankton production
and biomass in the Estuary of Mundaka
are found in summer, when high temperature and solar radiation together with the
hydrological stability provide a suitable
environment for algal growth (Franco
1994).Because of the high density of small
zooplanktonic forms, coupled to their high
metabolic rates, the microzooplankton can
potentially be at least as important as
mesozooplankton in controlling phytoplankton populations (e.g. Hewes et al.
1985). Thus, microzooplankton grazing
could be expected to be significant in
estuaries.
The aim of this work was to evaluate the
importance of microzooplankton grazing
(<200 pm fraction) on phytoplankton distribution along the salinity gradient in the
Estuary of Mundaka in summer, the season when biological interactions are supposed to govern the spatial and temporal
patterns of phytoplankton dynamics to a
greater extent.

WASTEWATER
DISCHARGES

MATERIALS AND METHODS

Field observations. Several cruises
were carried out in the Estuary of
Mundaka (Fig. 1) during July 1990 to
determine the distribution of chlorophyll
Fig. 1. Study area in the Bay of Biscay (Spain) and the mean location of
concentration along the salinity gradient.
water masses of different salinity during high tide in August 1990
Results showed the existence of a consistent pattern characterized by a chlorophyll maximum in the inner zone (salinity lower than
The conditions found in such estuaries will influence
2 5 ) , a relative minlmum in the intermediate zone
the growth of large species of zooplankton more than
the microbial populations. This is illustrated by the
(salinity between. 25 and 31) and a secondary peak In
moderate abundance of mesozooplanktonic populathe outer zone (salinity higher than 31) (Fig. 2A).
Sampling. Taking into account this pattern, which
tions in mesohaline and polyhaline waters and the
remained in August (Fig. 2B), we designed a sampling
absence of Eurytemora species (Villate 1991),which is
program to study the effect of microzooplankton graza typically common mesozooplankter in other estuaries
ing on both the inner and the outer chlorophyll peaks,
(e.g Caste1 1993, Peitsch 1993). The short life-cycle
and on the intermediate minimum. We identified the
of protozooplanktonic species, sometimes with duplication rates higher than 1 d-I (Rivier et al. 1985,
water masses containing higher and lower chlorophyll
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Table 1. Mean, standard deviation and m ~ n i m u ~values
n
of
concentration of inorgan~cdissolved nutrients in pg-at. 1-' for
the 3 considered salinity ranges. N: nitrate, nitrite a n d ammonium, P: reactive phosphorus; Si: silicate
< 25
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nutrient concentrations recorded (Table l ) , nutrient
limitation of the phytoplankton population was not
considered to be a problem, thus w e did not add nutrients to the incubation medium. Incubations were conducted in situ over 24 h, at 0.5 m below the surface.
Chlorophyll concentration was estimated by spectrophotometry (Lorenzen 1967) from water samples filtered on Whatman GF/C glass-fiber filters.
Determination of parameters. The grazing rate of
microzooplankton on chlorophyll and growth rates of
chlorophyll were calculated assuming the exponential
growth model of Landry & Hassett (1982):

Salinity
Fig. 2. Chlorophyll concentration along the salinity gradient
in July and August 1990. Sampling dates given a s month-day

using salinity, because the conservative behavior of
salinity allowed the identification of the different water
masses and the specific conlmunities along the estuary
better than did the use of fixed station locations. Two
days after the initial survey, microzooplankton grazing
experiments were conducted. The following day a further cruise was undertaken to determine the distribution of chlorophyll in the estuary. This protocol was
repeated 7 times from August 6 to 27.
Experimental procedure. To determine the microzooplankton grazing rate on phytoplankton we employed the dilution method introduced by Landry &
Hassett (1982). Samples were collected from the surface and at 0.5 m above the bottom by a hand-pump.
Water was filtered through 200 pm mesh screens to
remove meso- and macroplankton. Therefore, measured grazing corresponded really to both microzoo(20 to 200 pm) and nanozooplankton (2 to
20 pm); however, we will use the word microzooplankton to refer both fractions. A set of dilutions was prepared with water passed through Whatman GF/C
glass-fiber filters. The filtered water was combined
with unfiltered water to obtain 2 1 of water with the following percentages of unfiltered water: 100, 87.5, 75,
62.5, 50 and 37.5'%,. Because of the high values of

where POand P, represent chlorophyll concentrations
at the beginning and the end of an experiment, k represents the algal growth coefficient and g is the coefficient of algal mortality d u e to grazing. The coefficients
k and g were determined by least-squares linear
regression analysis between the 'apparent' growth
rate (k - g) of chlorophyll and the fraction of the undiluted sea water in each bottle. Using values of k and
g together with the initial chlorophyll concentration
(Po),we calculated the following parameters according
to Paranjape (1987) and Gifford (1988):
Actual chlorophyll production (P,) = (Pox
- PO
Potential chlorophyll production (P,,) = (PoX ek)- PO
Calculated chlorophyll (Cch)= (Pox
Grazed chlorophyll (Gch)= (Poxe k )- (Pox eik-g')
Potential chlorophyll production grazed (%)
= l 0 0 (P, P,)/P,
Initial standing stock of chlorophyll grazed (%)
= l00 (P, - P,)/(P, + P,)
-

Taking into account the chlorophyll distribution versus salinity recorded the day after the experiments, the
rate of chlorophyll change in s i t u was also calculated:
Rate of chlorophyll change in situ (rr) = ln(P,,/P,)
Where P,, is the in situ chlorophyll concentration corresponding to the water masses used in the grazing
experiment.
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Table 2. Microzooplankton grazing (g),phytoplankton growth
(k) and apparent phytoplankton growth rates (d) obtained.
from regressions. n : number of samples; r': correlation coefficient. Significance levels: ' p < 0.05, "p < 0.01. "'p c 0.001
M: waters of salinity higher than 31; A: waters of salinity
between 25 and 31; G: waters of salinity lower than 25; S , surface samples; F: bottom samples
Sample
MS (8-9)
AF (8-9)
AS (8-9)
AF (8-9)
GS(8-9)
GF (8-9)
MS(11-12)
MF (11-12)
AF (11-12)
GS (11-12)
GF(11-12)
MS (14-15)
MF (14-15)
AS (14-15)
AF (14-15)
GS (14-15)
GF (14-15)
MS (17-18)
AS (17-18)
AF (17-18)
GS (17-18)
MS (20-21)
MF (20-21)
AS (20-21)
AF (20-21)
GS (20-21)
GF(20-21)
MS (23-24)
MF (23-24)
AS (23-24)
AF (23-24)
GS (23-24)
MS (26-27)
MF(26-27)
AS (26-27)
AF (26-27)
GS (26-27)
GF (26-27)

r2

Salinity g Id-') k (d-l) d (d-l)
31.4
30.3
27.1
26.6
14.1
20.3
32.4
33.8
30.3
21.9
22.9
32.8
33.4
29.6
30.8
14.2
21.1
33.6
27.8
27.6
14.6
33.7
33.7
28.8
28.9
18.3
24.3
33.2
32.4
29.5
29.0
19.4
34.6
34.1
28.9
28.9
22.4
23.7

1.34
1.17
0.94
0.65
0.65
0.60
0.45
0.56
0.84
0.17
0.41
0.42
0.18
0.59
0.63
0.63
0.15
0.67
0.52
0.60
1.22
2.22
0 93
0.75
0.74
0 96
011
0.76
0.39
0.61
1.50
0.00
1.33
2.09
0.93
0.74
0.81
0.80

2.76
3.08
2.97
2.61
1.77
1.82
1.69
1.42
1.87
1.48
2.06
1.21
1.48
1.41
1.81
1.27
0.53
2.21
0.92
1.27
2.31
3.41
3 23
1.40
1.10
2.19
1.18
2.81
2.77
1.50
2.13
0.20
2 02
317
1.86
1.39
2.18
2.19

1.43
1.91
2.04
1.97
1.13
1.22
1.24
0.86
1.02
1.31
1.64
0.79
1.30
0.82
1.19
0.65
0.38
1.55
0.39
0.67
1.09
1.19
2.31
0.65
0.36
1.23
1.07
2.05
2.38
0.89
0.63
0.20
0 69
1.08
0.93
0.65
1.38
1.39
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0.358
0.297
0 958"'
0.085
0.788"
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0.766"
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Fig. 3. Relationship between phytoplankton growth rates and
microzooplankton grazing rates in zones with salinity of
< 25 (O),25 to 3 1 (0)and > 31 (A)

RESULTS
Table 2 shows the phytoplankton growth rate, microzooplankton grazing rate, the apparent phytoplankton
growth rate, and the correlation coefficient for each
experiment. Most regressions were statistically significant and close to linearity. Maximum values of phytoplankton growth, apparent phytoplankton growth and
grazing rates were 3.41, 2.38 and 2.22 d-' respectively.
The rate of chlorophyll change in situ reached a maximum value of 1.75 d-'.
Calculated parameters tended to increase with salinity (Table 3). Grazing rate varied from a mean value of
0.54 d-' in the inner zone to 0.94 d-' in the outer zone.
Phytoplankton growth rates varied from 1.60 to
2.35 d-l and apparent phytoplankton growth rates
from mean values of about 1 d-' in the 2 inner zones to
1.40 d-' in the outer zone (Table 3). However, we only
found statistically significant differences (ANOVA, p <
0.05) for growth rate between the outer and the inner
zones (Tukey test, p < 0.05).
There were no statistically significant differences
between values obtained from the surface and bottom

Table 3. Mean values and coefficient of vanation of the calculated parameters for the 3 selected salinity ranges

-

P

Salinlty
G r a z ~ n grate (d-')
Phytoplankton growth rate (&l)
Apparent phytoplankton growth rate (d.')
Rate of chlorophyll change in situ (d-l)
Initial standing stock of chlorophyll grazed (%)
Potential chlorophyll production grazed (%)
Initial chlorophyll concentration (pg 1.')
In situ chlorophyll concentration (pg 1.')
Calculated chlorophyll concentrat~on(pg 1-')
Grazed chlorophyll concentration (pg I-')

285

Ruiz et al.. Microzooplankton grazing and ~ t impact
s
on phytoplankton

samples for any of the 3 parameters calculated (grazing, phytoplankton growth and apparent phytoplankton growth) ( p , 0,05, St.udent t-test),for the entire data
set or for each of the considered salinity ranges.
Phytoplankton growth rate and microzooplankton
grazing rate were correlated, but showed, at higher
values, an asymptotic trend (Fig. 3 ) . Correlations were
significant for the entire data set (p < 0.01), and for the
3 salinity ranges, although the significance level decreased in the intermediate and outer salinity ranges
(p < 0.05).
Initial chlorophyll, calculated chlorophyll and in situ
chlorophyll showed the same tendency: a decrease in
value when salinity increased (Fig. 4). The differences
in initial, calculated and in situ chlorophyll between
the inner zone and the other 2 zones were statistically
significant (ANOVA,p < 0.05; Tukey test, p < 0.05). For
the total data set, correlation between calculated

Table 4 Correlat~oncoefficient between in situ and initial and
calculated chlorophyll concentrations for the total data set
and for the 3 sallnity ranges considered. "Statistically significant ( p c 0.01)

In sjtu chlorophyll
Initial chlorophyll
0.926"
Calculated chlorophyll 0.865"

0.823"
0.727"

0.243
0.150

-0.057
-0.274

chlorophyll and in situ chlorophyll was significant
(Table 4). The correlation between initial and in situ
chlorophyll concentration was also significant. However, when we considered data by salinity ranges, correlations were significant only in the low salinity
range, where phytoplankton biomass was higher.
The amount of chlorophyll grazed by the microzooplankton was higher in the low salinity range and minimal in the intermediate salinity range (Table 3). Maximum values of grazed chlorophyll accounted for 90 %
of the potential chlorophyll production and initial
standing stock of chlorophyll (Fig. 5), but mean values
constituted between 46 and 67 % of the potential production and between 38 and 54 % of the initial standing stock (Table 3). Losses were higher in the intermediate and outer zone and lower in the inner zone.
Nevertheless, differences were only statistically sig-

Salinity
Salinity
Fig. 4. The distribution of initial, in situ and calculated chlorophyll concentration in relation to salinity for surface samples
(0)and bottom samples (0)

Fig. 5. The impact of grazing on phytoplankton in relation to
salinity. (A) % of potential primary production grazed and
(B) % of initial standing stock grazed for surface samples (0)
and bottom samples (0)
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nificant for the potential chlorophyll production
(ANOVA, p < 0.05) due to differences between the values of the inner zone and the other 2 zones (Tukey test,
p < 0.05).

DISCUSSION

Our results confirm the general importance of microzooplankton grazing, which can remove more than
50% of chlorophyll production in this estuary. The
mean values of algal growth and grazing rates
obtained are similar to the highest values measured by
Gallegos (1989) in a eutrophic estuary by means of the
dilution method. Among studies carried out to estimate
microzooplankton grazing using this method, the
abovementioned study is likely the most suitable to
compare with our results, because both studies were
carried out in estuaries where chlorophyll concentrations were high. The high rates of algal growth and
grazing found in our study area (>2to 3 d-l) could be
due to the temperature registered in summer (usually
higher than 23"C), which favours their growth. Comparatively lower rates, usually below 1 d-l, have been
obtained at lower temperatures, usually below 15°C
(Strom & Welschmeyer 1991, Verity et al. 1993). However, in a study carried out by McManus & EderingtonCantrell (1992) in different seasons, the highest grazing and phytoplankton growth did not match with the
highest temperatures. In consequence, other physicochemical or biological conditions could also influence
these rates.
Taking into account the apparent growth, we obtained a mean rate of phytoplankton division between
2.3 and 3.4 d-l. These values are higher than those
commonly reported in other studies (Furnas 1982,
Alpine & Cloern 1988), although cell division rates of
u p to 4 doublings per day have been reported in the literature (Fahnenstiel et al. 1995). Moreover, our data
agree with those calcul.ated by Franco (1994).By comparing chlorophyll concentrations between the rnorning and the evening, that author estimated a summer
phytoplankton division rate of 3.0 d-' at the outer zone
and 1.2 d-' at the intermediate zone. The carbon fixation rates per unit of chlorophyll estlrnated by Madariaga (1995) for this estuary also corroborate the very
high phytoplankton growth obtained by chlorophyll
balance methods.
The high grazing rates obtained could also suggest
an over-estimation of values because the microzooplankton growth was not taken into account (Gallegos
1989), and a rapid growth of microzooplankton might
be expected in the Estuary of Mundaka due to the high
summer temperature. However, Landry et al. (1995)
applied a new method to avoid the effect of the differ-

ential microzooplankton growth in experimental bottles and found that grazing rates were similar to those
estimated by the standard dilution method.
Algal growth and grazing rates were well correlated.
This agrees with results given by other authors (e.g.
Burkill 1987) who suggested the existence of a homeostatic mechanism in the microplankton assemblage
expressed as a dynamic feedback coupling between
zooplankton and phytoplankton. Grazing would maintain the phytoplankton population below the carrying
capacity of the environment and in an exponential
growth phase. In this situation, little energy is used for
cellular maintenance and much more is transferred to
consumers (Coffin & Sharp 1987). The asymptotic
trend observed for the relation between grazing and
phytoplankton growth rates at the highest grazing
rates indicates that the phytoplankton growth rates
obtained were the highest possible.
Results from thls study demonstrate that there were
significant differences between both the rate of microzooplankton grazing and phytoplankton growth at different salinities. Both grazing and phytoplankton
growth appeared to be highest in the outer part of the
estuary and lowest in the inner part. A similar result
was obtained by McManus & Ederington-Cantrell
(1992) for microzooplankton grazing in Chesapeake
Bay (USA). With regard to phytoplankton, other studies corroborate that communities located in the outer
estuary are more productive than those located in the
inner estuary (Franco 1994, Madariaga 1995). Such differences could be the result of the change in the composition of the phytoplankton community along the
salinity gradient. Although diatoms accounted for
more than 50% of the phytoplankton biomass along
the entire estuary, they are more important in the outer
zone, where they reach 66% of phytoplankton biomass. In the intermediate and inner zones there is a
higher relative proportion of dinoflagellates, green
algae and cryptophyceans (Franco 1994).
Information on the abundance and composition of
zooplankton smaller than 200 pm is unfortunately
restricted to the fraction between 20 and 200 pm (Villate et al. 1993). According to this information, microzooplankton retained on the 20 pm mesh (mainly larval
stages of metazoans) is more abundant in the intermediate and high salinity ranges. However, our results
showed that chlorophyll losses due to grazing were
highest in the inner zone. This suggests that small protozoans passing through the 20 pm mesh play a substantial role as phytoplankton grazers, at least in the
inner estuary where copepods are absent. In fact,
according to Christaki & Van Wambeke (1995), the
absence of copepod predation on protozooplankton
promotes the grazing impact of microprotozoans on
phytoplankton. Several studies have corroborated the
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importance of these small organisms in estuaries (e.g.
Berk et al. 1987, Leakey et al. 1992).Sherr et al. (1991)
demonstrated that protozoa present in estuaries
actively eat phytoplankton, particularly algal cells
between 2 and 6 pm. The fraction between 3 and 8 pm
is the most important fraction of phytoplankton biomass in the Estuary of Mundaka (Madariaga & Orive
1989).
The differences in microzooplankton grazing rates
observed between the outer and the inner estuary
might be related to the differential distribution of zooplankton along the estuary due to salinity, eutrophic
status or oxygen concentration (Dolan 1991, Sanders et
al. 1992). The abovementioned change in phytoplankton community composition could also influence the
rates of grazing because of phytoplankton selection by
n~icrozooplankton (McManus & Ederington-Cantrell
1992).
The percentage of phytoplankton production removed by microzooplankton was found on occasions
to represent near loo%, although mean values were
-50%. Other works have also shown that microzooplankton grazing could consume a large percentage of
phytoplankton production (Landry & Hassett 1982,
Welschmeyer & Lorenzen 1985, Strom & Welschmeyer
1991) and could control the growth of some species
(Paranjape 1990).
In spite of the importance of microzooplankton grazing, the calculated values of chlorophyll were substantially higher than those measured jn situ. Therefore, it
can be supposed that in natural conditions there are
other factors, like other grazers, export, etc., responsible for the in situ observed losses of chlorophyll concentration. Although mesozooplankton grazing impact
is usually lower than 5 % of the phytoplankton biomass
(Ruiz 1995),benthic populations might also have a significant role in controlling phytoplankton stock in this
estuary, since Iglesias and Navarro (1995) found that
filter-feeder mollusks were able to filter 2 8 % of the
total water volume daily. On the other hand, the tidal
prism:volume ratio in the Estuary of Mundaka is
greater than 1 during spring tides (Villate et al. 1989).
This phenomenon will affect phytoplankton population dilution and export in the outer zone, because the
'no return point' is located in waters with a salinity of
32. Waters with salinity above 32 are displaced beyond
the estuary mouth during low tide, while waters with
salinity below 32 are permanently inside the physical
limits of the estuary (Ruiz 1995). In this zone, it is
assumed that phytoplankton populations must compensate for these losses by means of high primary production. In fact, phytoplankton growth was found to be
more important than initial chlorophyll concentration
and microzooplankton grazing in the control of phytoplankton dynamics in the outer zone.
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However, in the inner zone, initial phytoplankton
biomass was relatively more important in the regulation of phytoplankton dynamics than algal growth and
i~~icrozooplankton
grazing. Because of t h ~ s a, significant correlation was found between initial and in situ
chlorophyll concentration. Hydrological stability might
be important in the maintenance of phytoplankton
biomass in this zone, where a water residence time of
7.5 d was estimated (Franco 1994).
In concl.usion, microzooplankton grazing alone cannot explain the observed phytoplankton distr~bution
along the salinity gradient.
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