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Abstract The spatial, temporal and tidal dynam-

ics of the zooplanktonic community of the

Mondego estuary was studied from January

2003 to 2004. The monthly sampling procedure

included the measurement of hydrological param-

eters (salinity, temperature, Secchi transparency,

chlorophyll a and nutrients) and the collection of

zooplankton with a Bongo net of 335 lm mesh

size. Zooplankton composition, distribution, den-

sity, biomass and diversity were determined. The

principal component analysis (PCA) revealed the

existence of a spatial gradient with the upstream

sampling stations, associated to high values of

nutrients, in opposition to the downstream sta-

tions characterized by higher salinity and trans-

parency values. The Copepoda was the main

dominant group and Acartia tonsa revealed to be

the more abundant taxon. The spatial and

temporal dynamics of zooplanktonic communities

analysed by non-metric MDS showed the exis-

tence of four assemblages of species-sites, reflect-

ing differences in zooplankton composition

between both branches of the estuary. The results

suggest that abundance, biomass and diversity of

the zooplanktonic community are strongly influ-

enced by the hydrological circulation pattern and

by direct or indirect human impacts that occur in

each branch. The northern branch is dominated

by the river flow suffering from regular dredging

activities and the southern branch is dominated

by tidal circulation suffering from an ongoing

eutrophication process.

Keywords Zooplankton � Tidal dynamics �
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Introduction

Coastal and estuarine environments are among

the most productive ecological systems on Earth

and are recognized as extremely important to

human society and, very attractive for transport

purposes and also for human settlement (De

Jonge et al., 2002). In temperate zones, they

support large fisheries, aquaculture, tourism and

recreation activities, as well as intense agriculture

on their watersheds (Gilabert, 2001). The in-

creases of agricultural practices that include more
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efficient drainage systems promote the increase of

nutrient enriched water run-off to coastal waters.

These features will enhance primary productivity

leading ultimately to eutrophication (De Jonge

et al., 2002; Nedwell & Rafaelli, 1999). Through

time, these changes will most probably be

reflected at other trophic levels (Cardoso et al.,

2004; Pardal et al., 2004). Similar to many other

estuaries, the Mondego, Portugal, has undergone

significant eutrophication due to organic enrich-

ment (Cardoso et al., 2004; Pardal et al., 2000).

Estuarine ecosystems are very dynamic systems

where water circulation and land influence (e.g.

rivers, sewage flow) induce high variability on the

distribution and structure of planktonic popula-

tions. Because the unusually dynamic condition

experienced in estuaries, such as the Mondego,

the zooplankton distribution in these ecosystems

is, therefore, spatially and temporally heteroge-

neous when compared to other aquatic ecosys-

tems, (e.g. Kennish, 1990; Omori & Ikeda, 1984).

In addition, anthropogenic influences may con-

tribute to enhancing natural trends, both directly

and indirectly. Although several studies have

focused on the zooplankton of the southern

branch of the Mondego estuary during the last

years (Azeiteiro et al., 1999; Gonçalves et al.,

2003; Vieira et al., 2003) a lack of knowledge

about the assemblages in the northern branch and

a clearly comparative analysis of the communities

of both contrasting arms, with different hydrog-

raphical conditions, seems to be missing. The

aims of the present study, therefore, were: (a) to

describe the spatial, temporal and tidal dynamics

of the zooplankton communities and (b) to

compare the community structure of the zoo-

plankton in the two contrasting branches on tidal,

temporal and longitudinal scales.

Materials and methods

Study site

The Mondego estuary is a warm temperate

system, located on the western coast of Portugal

(40�08¢ N, 8�50¢ W). It comprises two branches,

northern and southern, separated by the Mur-

raceira Island (Fig. 1). The two branches exhibit

different hydrographic characteristic: the north-

ern branch which present a low residence time

(<1 day), is deeper (4–8 m during high tide),

constitute the main navigation channel, is the

location of the Figueira da Foz harbour and suffer

from regular dredging activity. The southern

branch is shallower (2–4 m deep, during high

tide) with higher residence time (2–8 days). It is

almost silted up in the upstream areas and as a

result the freshwater outflow occurs mainly via

the northern branch (Marques et al., 2002).

N 2
N 1

S 2

S 1

M

Fig. 1 Map of the Mondego Estuary, Western Portugal, with indication of the sampling stations (M, Mouth, S1 and S2,
southern branch, N1 and N2, northern branch)
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Consequently, the water circulation in the south-

ern branch is mostly due to tides and the

freshwater input from a small tributary, the

Pranto River. The freshwater discharge of this

river is controlled by a sluice that is regulated

according to the water needs of rice fields in the

Mondego Valley (Cardoso et al., 2004; Pardal

et al., 2000).

Field sampling and laboratorial procedures

The Mondego estuary was surveyed monthly

from January 2003 to 2004 at five sampling

stations (M: mouth of the estuary; S1 and S2:

southern branch; N1 and N2: northern branch),

located on both contrasting branches, in order to

have a maximum area coverage of the system

(Fig. 1). At each sampling station, sub-surface

zooplankton samples were taken at both high and

low tides, with a Bongo net with 0.5 m diameter,

335 lm mesh and fixed in 4% buffered formal-

dehyde. The volume of water filtered by the nets

was estimated with a Hydro-Bios Flowmeter

mounted in the mouth of the net. Hydrological

parameters such as salinity, temperature and

Secchi transparency were measured in situ. Sur-

face water samples were taken to determine

nutrient concentrations (nitrates, ammonia and

phosphates) and chlorophyll a (Chl-a).

Zooplanktonic subsamples were obtained for

biomass estimation and numerical abundance

using a Folsom plankton splitter (Bourdillion,

1964). Zooplankton biomass was determined as

ash free dry weight (AFDW) after oven drying at

60�C for 72 h and combustion at 450�C for 8 h.

Data analysis

A Principal Component Analysis (PCA) was

applied to the environmental parameters using

the statistical program CANOCO version 4.0

(Ter Braak & Smilaeur, 1998), to identify the

major sources of variability in the environmental

descriptors (Ter Braak, 1995), permitting an

assessment of the importance of spatial and

temporal variability.

Concerning biodiversity, the number of species

was estimated for each station and zooplankton

abundance was used to compute heterogeneity

according to the Shannon-Wiener index (H¢)
(Zar, 1996). Multi-Dimensional Scaling (MDS)

ordination was performed in order to define

spatial and temporal dynamics of the zooplankton

community along the estuary (Clarke & Gorley,

2001), following the Bray-Curtis similarity index

on squared root data transformation (Clarke &

Warwick, 2001). The MDS analyses of similarity

between taxa were computed using standardized

abundance values and log (x + 1) transformed

data. In order to define ecological distinct groups

in zooplankton assemblages and to examine

differences in community composition at tempo-

ral and spatial scales, multivariate statistics were

performed on seasonal data, which were esti-

mated by averaging the monthly values.

Results

Environmental parameters

In regards to the hydrological data obtained in

this study, temperature varied from 8.7 to 23.9�C,

reaching minimum and maximum values during

winter and summer, respectively. Considering the

salinity, values ranged from 0 to 34.5 observed in

January and May, respectively. The values were

higher at the downstream stations and in the

spring-summer months. The secchi transparency

showed an increase from the upstream to the

downstream stations, in both branches. Nitrates

and phosphates concentrations showed higher

values associated with the upstream stations,

varying between a minimum of 0.024 mg l–1 in

May to a maximum of 1.280 mg l–1 in November,

and 0.002 mg l–1 in May to 0.084 mg l–1 in Janu-

ary, respectively. During this study Chl a concen-

tration ranged from 0.66 mg m–3 in February to

55.00 mg m–3 in May. The maximum Chl a

concentrations were observed at the upstream

stations. The minimum and maximum values of

ammonia concentration were found both in May

and ranged from 0.002 to 0.590 mg l–1. The

downstream stations reached the greatest values,

particularly the southern branch. In the PCA

(Fig. 2), all stations in the winter months were

characterized by higher concentrations of nitrates

and phosphates. These stations are located in the
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right side of the plot, opposite to salinity and

transparency. The majority of the winter obser-

vations are also situated on the lower right

quadrant of the plot, on the opposite side of the

temperature vector and associated with lower

levels of Chl a and ammonia. With few excep-

tions, the upstream stations, in spring, summer

and autumn, were characterized by higher tem-

perature and Chl a values. Otherwise, down-

stream stations during that period presented

higher salinity and water transparency and were

associated with lower levels of nutrients concen-

trations and Chl a. Therefore, the spatial gradient

was associated with principal component 1 (salin-

ity and transparency) and the temporal gradient

was associated with principal component 2 (tem-

perature and chlorophyll a).

Zooplankton species composition and

abundance

Total zooplankton abundance was highly variable

within the study period, at both high and low tide,

with no evidence of clear seasonality (Fig. 3).

Differences were found in zooplankton abun-

dance found that on the southern branch stations

(max. 2,459 in dm–3) compared with northern

branch stations (max. 1,104 in dm–3). Figure 3

shows also that, in intermediate stations (S1 and

N1), values of abundance were particularly higher

at low tide. Otherwise, in the extreme stations (M,

S2 and N2) a clear pattern is not so evident,

probably depending on the dynamics of river

discharge and tidal range. The Mondego estuary

presented a total of 85 different taxa during the

study period. In general, the number of species at

the mouth station was always higher, especially in

summer (max. 34 species) (Fig. 4). Regarding

heterogeneity (H¢), higher values were also found

at the mouth (max. 2.20). In addition, it was

possible to recognize a decrease in heterogeneity

values, from September to December, for stations

M and S1 at low tide and S2, at both tides.

Nevertheless, that decrease was not followed by a

decrease in the number of species. This was due

to the dominance of an estuarine specie Acartia

Fig. 2 Results of PCA analysis. Principal component 1 and 2 plot for environmental variables and stations. Temp,
temperature; Chl-a, chlorophyll a; NH4, ammonia; PO4, phosphates; NO3, nitrates; Sal, salinity
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tonsa Dana, 1,848. A similar pattern was also

observed for the northern branch stations, during

the summer months at low tide, due to higher

densities of decapods larvae during this period.

Zooplanktonic biomass, estimated only at high

tide due to problems with suspended material at

low tide, varied widely between all stations

(Fig. 5). The highest biomass values were gener-

ally recorded at southern branch stations. As for

zooplankton abundance the holoplanktonic forms

were the most abundant. Among the holoplank-

ton the copepods were the most abundant group

(see Fig. 3) averaging 67.0%, at both high and low

tide, followed by Cladocera and Siphonophora.

The dominant groups of meroplankton were

Hydromedusae, Cirripedia larvae, Decapoda lar-

vae and Gastropoda larvae. Table 1 contains the

data obtained for the main zooplankton taxa

found during the present study at the five stations,

with their respective percentage of occurrence

(%). Five copepod genera contributed to 98% of

the total copepod abundance. Dominant copepod

species were the calanoids, composed predomi-

nantly by the estuarine species A. tonsa, followed
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Fig. 3 Annual cycle of abundance (in dm–3) by major taxonomic groups of total zooplankton, at high tide and low tide, at
the five sampling station. Gastr, Gastropoda, Siph, Siphonophora, Cop, Copepoda and Clad, Cladocera
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by marine neritic species like Acartia clausi

Giesbrecht, 1889, Temora longicornis (Müller,

1792) and Paracalanus parvus (Claus, 1863), and

by the freshwater copepod Diaptomus spp.

(Table 1, Fig. 6). A. tonsa was the most important

contributor to the copepod community, especially

in the brackish zone, and reached greatest abun-

dance in the southern branch of the Mondego

estuary (max: 2,372 ind m–3). The Cladocera were

mostly present in the upstream stations, especially

in the northern branch, and the dominant genera

were Daphnia longispina Müller 1763, Ceridaph-

nia spp. and Bosmina spp. Other genera like

Podon and Evadne, appeared associated with

downstream stations, during spring and summer,

but in much lower abundance. Penilia avirostris

Dana, 1852 appeared in higher abundance during

late summer and autumn although, its contribu-

tion was small (<3% of total Cladocera abun-

dance). Siphonophora and Hydromedusae

showed a summer distribution. The former was

represented by the species Muggiaea atlantica

Cunningham, 1892 and the Hydromedusae by

Lizzia blondina Forbes, 1848 and Obelia spp.

Decapoda larvae were only important in summer

months and among them Rhithropanopeus har-

risii (Gould, 1841) and Palaemon spp. dominated

in the southern branch and Carcinus maenas

(Linnaeus, 1758) appeared with higher abundance

in the northern branch and mouth stations.
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Fig. 4 Spatial and temporal variation of biodiversity based on number of species (open circles) and heterogeneity (H¢),
Shannon-Wiener index (solid circles)
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Fig. 5 Biomass (mg m–3) of total zooplankton at high tide, in each sampling station, during the study period

Table 1 Percentage occurrence (%) for the main zooplankton groups

Station M Station S1 Station S2 Station N1 Station N2

HT LT HT LT HT LT HT LT HT LT

Appendicularia
Oikopleura dioica 70 46 77 31 8 – 46 23 – –
Cirripedia
Nauplii 54 46 39 62 39 39 39 39 39 –
Cladocera
Freshwater cladocerans 38 62 31 46 39 39 54 85 77 92
Podon Leuckarti 54 39 54 15 – 8 15 – 15 –
Copepoda
Acartia clausi 100 62 100 31 8 – 77 – – –
Acartia tonsa 54 77 62 85 92 77 46 46 46 39
Diaptomus spp. 39 46 23 23 23 15 69 77 85 92
Paracalanus parvus 85 39 77 31 – 8 39 – – –
Temora longicornis 100 62 85 54 39 31 69 31 31 23
Gastropoda
Hydrobia ulvae 77 69 92 92 54 54 77 54 – 39
Hydromedusae
Lizzia blondina 39 23 46 15 – – 31 – – –
Obelia spp. 39 15 54 – – – 54 – – –
Siphonophora
Muggiaea atlantica 77 – 69 23 8 23 69 23 – –
Isopoda
Paragnathia formica 69 – 92 77 77 62 62 62 54 46
Decapoda
Rhitropanopeus harrissi 15 – – 31 23 – 23 – 31 –
Palaemon spp. 39 – 46 23 – 23 54 23 46 39
Zoeae Carcinus maenas 77 – 85 31 31 – 62 – – –

HT, high tide; LT, low tide

Hydrobiologia (2007) 587:213–223 219

123



Appendicularia were present mostly in down-

stream stations and the dominant species was

Oikopleura dioica Fol, 1872.

Multivariate analysis of the zooplankton

assemblages

The MDS plot shows that zooplankton commu-

nities of the five sampling stations are spatially

separated distinguishing three assemblages of

species-sites (Fig. 7). It is possible to observe a

separation of the two upstream stations (N2 and

S2), that accounted for species from freshwater

environments. The intermediate stations N1 and

S1 were more similar in taxonomic composition

than any other station, due to an important

intrusion of marine water in both stations. It is

possible to distinguish the mouth station due to its

high number of marine species.
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Fig. 6 Relative contribution (%) of the four most abundant copepod species, at the five sampling station, at high tide and
low tide, during the study period
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Discussion

The well defined spatial salinity gradient revealed

by the PCA is a common feature of temperate

estuaries resulting in a pronounced spatial effect

on the zooplankton composition (Mouny &

Dauvin, 2002; Tackx, et al., 2004). Other factor,

such as temperature may also be important in

determining the seasonality of zooplankton spe-

cies composition. This is in agreement with other

studies (Azeiteiro et al., 1999; Calbet et al., 2001).

Coastal systems in temperate zones frequently

exhibit spatial-temporal gradients, both in envi-

ronmental variables and plankton assemblages,

because of their tight physical-biological coupling.

Unlike neritic and oceanic areas, where the

peaks of zooplankton abundance are well defined

and easily recognised (Calbet et al., 2001; Fern-

ández de Puelles et al., 2003; Gilabert, 2001;

Siokou-Frangou, 1996), in estuaries there is a

lack of seasonality in zooplankton abundance

throughout the year. The monthly fluctuations in

zooplankton abundance may be a result of the

combination of populations of different compo-

nents, each with a specific, but often contrasting,

seasonal pattern. In addition, the interaction of

seawater and river flow can mask the seasonal

zooplankton pattern by introducing a super-

imposed variability reflecting the complex re-

sponse of zooplankton to the biological and

environment conditions. Major differences in

zooplankton abundance were apparent between

station groups, being generally higher within the

southern branch stations. Such differences may be

related to the different hydrological characteris-

tics of the two branches. The northern branch

where dredging takes place regularly, exhibits

lower residence time and environmental condi-

tions are characterised by stronger daily changes

in salinity. On the contrary, the stability of the

water mass of the southern branch due to the low

hydrodynamics and shallow depth associated with

smaller daily salinity changes enhance higher

zooplankton abundance, namely in the inner

areas. Hence, the particular characteristics of

the two branches allow us to consider them as two

subsystems.

Total zooplankton abundance reflected quite

well the seasonal variation of the copepods popu-

lation. Indeed, the copepods dominated at all

stations throughout the year. A decrease was

observed only during the summer due to the higher

abundance of copepod predator, such as Siphono-

phora and Hydromedusae (Azeiteiro et al., 1999;

Vieira et al., 2003). The results also agree with

findings in other areas, which showed that cope-

pods usually constitute the main taxa (Calbet et al.,

2001; Dalal & Goswami, 2001; Fernández de

Puelles et al., 2003; Gaudy, 2003). From the quan-

titative point of view, the most representative

Fig. 7 Two-dimensional
MDS ordination plot of
zooplanktonic
communities. M, mouth
station; S1 and S2,
southern branch stations;
N1 and N2, northern
branch stations; sp, spring;
su, summer; aut, autumn;
w, winter
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taxon was Acartia tonsa, which is typical for

estuarine environments and may reach very high

abundances in waters containing high concentra-

tion of particulate organic matter (Tackx et al.,

2004; Murrel & Lores, 2004). A. tonsa is currently

dominant in the inner areas of the southern branch

where the eutrophication is still more severe

(Cardoso et al., 2004; Pardal et al., 2004).

Concerning biodiversity, heterogeneity values

proved to be high in summer at downstream

sampling stations because of the great contribu-

tion of marine species that invaded the estuary.

The decrease in heterogeneity verified for the

southern branch and mouth, especially at low

tide, during autumn was not due to a decrease in

the number of species but a dominance of the

estuarine species A. tonsa whose reproduction

period is in September. A similar pattern was also

found in the Seine estuary (Mouny & Dauvin

2002). In the northern branch the observed

decrease in heterogeneity during the summer

period was due to the higher abundance of

decapods larvae. Many planktonic larvae, one of

the most important components of the mero-

plankton, showed a clear seasonal trend related to

temperature (Gilabert, 2001).

In addition, this work represents the first

description of the zooplankton community of

the northern branch of Mondego estuary and its

comparison with the southern branch. Overall the

MDS ordination and the PCA analysis results

reinforce the idea that the zooplanktonic com-

munity of Mondego estuary is strongly influenced

by humans either directly or indirectly and by the

hydrological circulation patterns that occur in

each arm. The northern branch is dominated by

the river flow as a result of a direct human impact

(e.g. suffering from regular dredging activities).

The southern branch, a calmer and shallower

channel is dominated by the tidal circulation that

coupled with the nutrient enrichment of the

waters origins an ongoing eutrophication process

that is more severe in the upstream areas (Card-

oso et al., 2004; Pardal et al., 2004).
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