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climatic variability in a southern-European temperate estuary.  Zoological Studies 51(3): 321-335.  In this study, 
we investigated the effects of an extreme climate event (severe drought) on copepod ecology.  Monthly sampling 
events were conducted from 2005 to 2007, at 5 stations, using 63- and 335-µm-mesh nets in Mondego Estuary, 
Portugal.  The Calanoida were represented mainly by Acartia clausi, Temora longicornis, and A. tonsa and the 
Cyclopoida by Oithona plumifera and Acanthocyclops robustus.  Acartia clausi and T. longicornis dominated 
at the mouth and middle estuary; A. tonsa and A. robustus were associated with the upper estuary while O. 
plumifera showed the highest densities in the downstream section.  Nauplii occurred in higher densities at the 
mouth.  Relationships of copepod assemblages and environmental factors were analyzed using the STATICO 
method which allowed us to distinguish the combination of factors that most contributed to these relationships.  
Winter was characterized by high concentrations of nutrients, cold waters, and low salinities, while summer was 
generally characterized by high values of phosphate, salinity, and temperature.  Marine and estuarine species 
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winter, coincidently with higher river flow.  Copepod assemblages showed a clear seasonal pattern that was 
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Estuaries are transition zones between 
rivers and the sea and differ in biotic (e.g., 
predation and competition) and abiotic conditions 
(e.g., temperature, salinity, and food quantity 
and quality).  Plankton (and mainly zooplankton) 
are known to be particularly sensitive to such 
changes because they are strongly influenced by 
climatic features and variations in hydrological 
conditions (Ara 2001, Isari et al. 2007, Hwang 
et al. 2010a b, Kâ and Hwang 2011).  Several 

studies focused on zooplankton ecology and 
dynamics (Uriarte and Villate 2005, Lam-Hoai et 
al. 2006, Hafferssas and Seridji 2010, Hwang et 
al. 2010b), with some specifically examining the 
Mondego Estuary (Azeiteiro et al. 2000, Morgado 
et al. 2007, Marques et al. 2009, Primo et al. 2009, 
Gonçalves et al. 2010a b).  Copepods are usually 
the dominant group of mesozooplankton and play 
important roles in trophic food webs since they are 
a link between primary producers and secondary 
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consumers (Richmond et al. 2007, Hwang et al. 
2010b, Hsiao et al. 2011, Kâ and Hwang 2011).  
Still, studies simultaneously integrating copepod 
life-history stages (nauplii, juveniles, and adults) 
with the aim of examining their ecology over 
contrasting environmental conditions are scarce in 
the literature mainly in southern European systems 
(Kršinić et al. 2007).  Studies were developed 
for either a single species or taxonomic category 
(Incze and Ainaire 1994, Hansen et al. 2004) 
in a spatiotemporal distribution perspective, or 
laboratory tests were performed to investigate 
organisms’ responses to environmental factors 
(Cook et al. 2007).  Moreover, earlier life-history 
stages (mainly naupliar stages) are pivotal for the 
subsequent development and growth of juveniles 
and for the maintenance of copepod populations 
(Cook et al. 2007).  Temperature, and food quality 
and quantity are the main environmental factors 
controlling stage durations of copepods (Morgado 
et al. 2007, Hafferssas and Seridji 2010), while 
preferential salinity regimes for egg production 
are chosen in order to obtain the highest hatching 
success (Chinnery and Williams 2004, Cook et 
al. 2007).  Thus, studies that do not address early 
copepod stages have no information on changes 
in species dynamics and thus cannot infer data 
about seasonal fluctuations due to a lack of 
information.  This frequent under-sampling of small 
copepod species, and mainly earlier stages (Dias 
et al. 2010, Hwang et al. 2010a), may lead to a 
limited view of the ecology of planktonic systems 
(particularly in estuarine areas).  However, few 
studies focused on the impacts of large-scale 
weather events, such as an extreme drought, 
on copepod communities, in order to produce a 
holistic and integrative view of an ecosystem’s 
responses to global climate change.  Such 
changes associated with long-term biological 
series may contribute to further knowledge about 
interannual variations in abundance and diversity 
of copepod communities.

The aims of this study were to focus on the 
life-history stages (nauplii, juveniles, and adults) 
of copepods under 2 contrasting environmental 
conditions (an extremely dry year (2005) and 
regular years (2006 and 2007) in order to: (1) 
determine the major environmental parameters 
explaining copepod dynamics in a southern-
European shallow temperate estuary, (2) reveal 
seasonal variations in distribution patterns of 
copepods in response to hydrological factors, and 
(3) determine interannual variations of copepod 
assemblages during an extreme drought.

MATERIALS AND METHODS

Study area and sampling sites

Mondego Estuary is a small mesotidal sys-
tem of 8.6 km2, located on the western Atlantic 
coast of Portugal (40°08'N, 8°50'W) (Fig. 1).  It 
comprises 2 channels, north and south, separated 
by the island of Murraceira which is about 7 km 
from the shore, and the channels join again 
near the mouth.  These 2 arms present different 
hydrological characteristics.  The northern arm is 
deeper (4-8 m during high tide, with a tidal range 
of about 2-3 m), has a low residence time (< 1 d), 
and is the location of a commercial harbor and the 
main navigation channel.  At neap tides, this arm 
is characterized by a salt-wedge during low tide, 
which changes to a partially mixed water column 
at high tide.  At spring tides, it is characterized by a 
partially mixed water column at low tide and a well 
mixed one at high tide (Cunha and Dinis 2002).  
The southern arm is shallower (2-4 m deep during 
high tide) and has higher residence times (2-8 d), 
and the water circulation is mostly dependent on 
tides and on freshwater input from a small tributary 
system, the Pranto River.  Freshwater discharge of 
this river is controlled by a sluice according to the 
water needs of Mondego valley rice fields.

Sample collection and laboratory procedures

Copepod samples were collected monthly 
in Mondego Estuary from Feb. 2005 to Dec. 
2007, during high tide, at 5 sampling stations 
(M, N1, N2, S1, and S2) distributed throughout 
both arms (Fig. 1).  Copepods were collected by 
subsurface tows with a 335-µm-mesh Bongo net 
(with a diameter of 0.5 m) (COMARTEC, LDA - 
Portugal) and a 63-µm-mesh net (with a diameter 
of 0.30 m), equipped with a Hydro-Bios flow-
meter (COMARTEC, LDA - Portugal) in the mouth 
(to estimate the volume of water filtered by the 
nets).  Samples were fixed and preserved in 4% 
buffered formaldehyde in seawater.  In order to 
determine the number of taxa and abundances, all 
samples were counted (individuals (ind.)/m3) and 
identified to the lowest taxonomic level possible.  
Water samples were collected at each sampling 
station to determine nutrient concentrations 
(Strickland and Parsons 1972 for nitrate and 
nitrite, mg/L; Limnologisk Metodik 1992 for 
phosphate and ammonia, mg/L), chlorophyll (chl)-a 
concentration (Parsons et al. 1985, mg/m3), and 
total suspended solids (TSS; APHA 1995, mg/L).  
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Additionally, several hydrological parameters were 
measured in situ: water temperature (°C) and 
salinity (WTW Cond 330i, WTW Wissenschaftlich 
- Technischewerkstätten, Germany), dissolved 
oxygen (DO) (WTW OXI 330i, mg/L), pH (WTW pH 
330i), and transparency as Secchi-disc depth (m).  
Monthly precipitation and long-term monthly 
average precipitation (1971-2000) were measured 
at the Soure 13 F/01G station and acquired from 
INAG, the Portuguese Water Institute (http://snirh.
inag.pt).  Freshwater runoff from the Mondego 
River was obtained from INAG station Açude Ponte 
Coimbra 12G/01AE, near the city of Coimbra 
(located 40 km upstream).

Data analysis

Only the most abundant taxa with a minimal 
mean occurrence of 0.1% of the total density 
observed in the study area were considered.  This 
cutoff eliminated species that occurred rarely, 
as some were only observed on few or rare 
occasions.  Moreover, well-represented species 
can be viewed as proxies of copepod dynamics 
and ecosystem functioning.

In order to investigate the spatial variability 
in the copepod community structure, the species 

density and environmental parameters of each 
sampling site were combined to generate 2 series 
of tables (Fig. 2): one for environmental variables 
and the other for species densities.  Each pair of 
tables contains information on the same sampling 
period (spring 2005 to autumn 2007) for 5 sites 
(M, N1, N2, S1, and S2).  Species abundance was 
transformed using a log(x + 1) function prior to the 
calculations, to minimize the dominating effect of 
exceptional catches.  Environmental data were 
normalized by scaling to a unit standard deviation 
within the mode to homogenize the table.

The common structure between the envi-
ronmental and species-density tables and the 
stability of this structure across the sampling 
stations were assessed by the STATICO method 
(Simier et al. 1999, Thioulouse et al. 2004).  The 
STATICO method was used by Simier et al. (2006) 
and Carassou and Ponton (2007) to study spatial 
and seasonal variabilities of fish assemblages 
in a Gambian estuary and coastal areas of New 
Caledonia, respectively, and by Mendes et al. 
(2009) to describe the spatiotemporal structure of 
diatom assemblages in Ria de Aveiro (Portugal).  
This method proceeds in 3 stages.  (1) In the 1st 
stage, each table is analyzed by a 1-table method 
(a normed principal component analysis (PCA) of 

Fig. 1.  Location of Mondego Estuary on the western coast of Portugal and the 5 sampling stations within the estuary (M, mouth station; 
N1 and N2, stations of the north arm; S1 and S2, stations of the south arm).
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environmental variables and a centered PCA of 
species data).  A vectorial correlation (RV) matrix 
between stations (in terms of the co-structure 
between environment and species density) is 
calculated, which allows comparisons of stations 
and a representation of the proximity between 
stations.  The function of this step is to attribute a 
weight to each station’s sub-matrix.  (2) Each pair 
of tables is linked by a co-inertia analysis (Dolédec 
and Chessel 1994) which provides an average 
image of the co-structure (species-variables).  (3) 
A partial triadic analysis (Thioulouse and Chessel 
1987) is then used to analyze this sequence.  It 
is a 3-step procedure, namely interstructure, 
compromise, and intrastructure (or trajectory) 
analyses.  In fact, the compromise is the main 
step of the analysis (Thioulouse et al. 2004).  It is 
based on a compromise table that is computed 
as the weighted mean of all tables of the series, 
using the components of the 1st eigenvector of the 
interstructure as weights.

This table is called the compromise, and it has 
the same dimensions and the same structure and 
meaning as the tables of the series.  It is analyzed 
by a PCA, and gives a picture of structures 
common to all tables.  STATICO also enables one 
to plot the projection of the sampling seasons of 
each original table on the compromise axes (of 
the PCA factor map), in terms of the structures of 
species abundances and environmental factors.  
Hence, it is possible to discuss correlations 
between species distributions and environmental 
factors.  Calculations and graphs were done using 
ADE-4 software (Thioulouse et al. 1997).

RESULTS

Climate: precipitation and environmental back-
ground

In Mondego Estuary, clear seasonal and 
yearly variations in rainfal l  and freshwater 
discharge were observed during the 3-yr period 
(Fig. 3A).  In 2005, an extreme drought was 
recorded with precipitat ion and freshwater 
discharge values much lower than the 1971-2000 
average, causing as severe a drought as any 
recorded in the 20th century in Portugal.  A severe 
reduction in freshwater flow was evidenced by 
the lowest value in 2005 at almost 48-fold lower 
than the highest value recorded in 2006.  In 2006 
and 2007, precipitation values were closer to the 
average except in Oct. 2006 when above-mean 
precipitation was registered (Fig. 3A).  So, the last 
2 yr of the study period were considered regular 
years.

In general, water temperature and salinity 
showed similar variation patterns during the study 
period with lower values in winter months (Fig. 
3B).  Nevertheless, salinity was highly variable 
during the sampling period, with the lowest value in 
2006 being almost 14-fold lower than the highest 
in 2005 (corresponding to the extreme drought).  
As expected, the highest values of salinity were 
observed in 2005.  Water temperature showed 
a typical pattern for temperate regions, ranging 
10.12 ± 0.51 to 20.86 ± 2.55°C (Fig. 3B).

Analysis of the interstructure (between-station 
analysis)

From the 55 different copepod species 
identified, 28 (including naupliar, copepodite, 
and adult stages) were dominant and regularly 
occurred.  The interstructure factor map of the 
STATICO analysis, based on 12 environmental 
variables (pH, DO, temperature, salinity, trans-
parency, chl-a, TSS, and nutrients) and on 
abundances of the 28 copepod species from 
different stages (naupli i ,  copepodites, and 
adults), showed that the relationship between 
environmental variables and species appeared 
to be stronger in N1 (with the longest arrow), 
followed in decreasing order of importance in the 
compromise, by M, S1, N2, and S2.  This means 
that the compromise was more strongly influenced 
by N1, M, and S1 (Fig. 4A).  The remaining 
sampling sites (N2 and S2) presented short 
arrows, meaning that the corresponding tables 

Fig. 2.  Three-way data structure of environmental parameters 
and species densities at 5 sampling stations.
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were less structured and had lower importance 
in the compromise.  The 1st 2 axes respectively 
represented 69% and 11% of the total variability 
(Fig. 4B).

The matrix presenting the RV between 
the station sub-matrices (Table 1) showed the 
strongest correlat ion (RV = 0.77) between 
stations S1 and N1, and the weakest one (RV 
= 0.32) between stations S2 and M.  From the 
interstructure analysis, it is possible to analyze the 

contribution of each sub-matrix in constructing the 
compromise (Table 1).  The contribution represents 
the weight of each sub-matrix in defining the 
compromise.  It seems that sub-matrices M, 
N1, and S1 contributed a larger part to defining 
the compromise, which suggests that the other 
stations had more-particular structures that led 
to weaker weights.  Regarding cos2 (Table 1), an 
indicator of how much the compromise expresses 
the information contained in each table, station 

Fig. 3.  (A) Monthly precipitation (mm) in Mondego Estuary during the study period (2005-2007).  Gray filled squares represent monthly 
averages of 1971-2000 (http://snirh.inag.pt) and (B) monthly averages of salinity (psu) and water temperature (°C) during the study 
period (2005-2006 and 2006-2007).
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N1 was the one that fit the best (cos2 = 0.81), 
followed by stations M and S1 (cos2 = 0.71 and 
0.64, respectively).  Lastly, seasonal dynamics 
at stations N2 and S2 showed the least accuracy 
with the compromise (cos2 = 0.54 and 0.24, 
respectively), in terms of the co-structure between 
environment factors and species densities.

Spatial structure

Factor plots of the 1st 2 axes of the com-
promise analysis are shown for the copepod 
community and environmental variables (Fig. 5).  
The 1st axis was clearly dominant, and accounted 

for 89% of the explained variance, in contrast 
to the 2nd axis which accounted for only 4% 
of the explained variance and was thus much 
less significant (Fig. 5C).  Therefore, these axes 
provided a good summary and typology of the 
species’ spatial organization, on the basis of a 
common structure, for sampling sites across the 
3 yr.

The factor map of the compromise for the 
copepod community in the STATICO analysis 
indicated that the most abundant species in 
the samples were mainly associated with the 
same environmental variables: temperature and 
salinity (Fig. 5A, B).  Copepodites of Oithona 
plumifera  Baird, 1843 Euterpina acutifrons 
Dana, 1848 copepodi tes of  E.  acut i f rons , 
copepodites of Oithona sp., and copepodites 
of Temora longicornis O.F. Müller, 1785 were 
more abundant when salinity and transparency 
were high and the concentrations of ammonium, 
nitrite, nitrate, and silica were low (Fig. 5A, B).  
In particular, copepodites of O. plumifera, adults 
and copepodites of E. acutifrons were clearly 
influenced by high values of temperature, with 
respective abundances during the study period of 
2.62 × 104 ± 1.33 × 105, 3.92 × 103 ± 1.44 × 104, 
and 9.59 × 103 ± 4.99 × 104 ind./m3.  Beyond that, 
the high density of copepodites of O. plumifera 
(2.62 × 104 ± 1.33 × 105 ind./m3) was also under 
the influence of high phosphate values and low DO 
concentrations.  In contrast, were copepodites and 
adults of Paronychocamptus nanus Sars, 1980 
(1.10 × 103 ± 5.75 × 103 and 3.59 × 102 ± 1.52 × 
103 ind./m3 respectively), copepodites and adults 
of Acanthocyclops robustus G.O. Sars, 1863 
(1.67 × 103 ± 1.12 × 104 and 1.20 ± 3.76 ind./m3, 
respectively), and copepodites of Centropages 
sp. (6.46 × 102 ± 5.48 × 103 ind./m3).  These were 
more abundant in waters with lower salinities and 
temperatures combined with reduced transparency 

Table 1.  Typological value indices.  RV, correlation matrix which contains the cosines between the 
tables; Weights, weights of the tables in the compromise; Cos2, squared cosine between the table and 
approximated compromise

Sampling site RV Weights Cos2

M 1 0.55 0.71
N1 0.72 1 0.55 0.81
N2 0.60 0.65 1 0.37 0.54
S1 0.59 0.77 0.49 1 0.46 0.64
S2 0.32 0.41 0.43 0.44 1 0.19 0.24

Sampling sites are defined in figure 1.

Fig. 4.  Interstructure factor map of the STATICO analysis of 
Mondego Estuary data.  (A) This map shows the importance of 
each sampling station in the compromise (M, mouth station; N1 
and N2, stations of the north arm; S1 and S2, stations of the 
south arm).  The scales are given in the boxes.
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and TSS values.  Moreover, copepodites of Acartia 
sp. (1.94 × 103 ± 7.97 × 103 ind./m3), Clausocalanus 
sp. (2.19 × 102 ± 1.17 × 103 ind./m3), Acartia clausi 
Giesbrecht, 1889 (9.94 × 102 ± 3.66 × 103 ind./m3), 
T. longicornis (1.05 × 103 ± 5.09 × 103 ind./m3), 
Oithona sp. (1.46 × 104 ± 5.00 × 104 ind./m3), 
and Paracalanus-type form (calanoid) (2.22 × 
103 ± 8.85 × 103 ind./m3) were abundant when 
salinity and TSS concentrations were elevated 
and nitrite, ammonium, pH, and phosphate were 
low (Fig. 5A, B).  Copepodites of Pseudocalanus 
sp., Paracalanus sp., and Clausocalanus sp. are 
referred to as the Paracalanus-type form when 
they do not show the main characteristics of 
each genus for their identification.  Regardless 
of the species, the 1st axis of the compromise 
factor map for environmental parameters mainly 
described negative associations of salinity with 
nitrate and silica (Fig. 5B).  On this factorial plan, 
pH, ammonium, and chl-a concentrations were 
weakly represented (Fig. 5B).  The 2nd axis 
showed negative associations with phosphate, 
temperature, and DO.

Internal typology of each site in the composition 
of species and variations of environmental 
factors

For each survey, the projection on the com-

promise axes of the 28 species (see Table 2 for 
species codes) and 12 environmental variables 
is shown in figure 6.  The stable part of the 
species-environment dynamics revealed by the 
compromise analysis was better expressed by 
surveys at sampling stations M, N1, and S1 (Fig. 
6).  The N2 and S2 surveys also showed similar 
species-environment dynamics, however with a 
slight difference in the density of copepodites of A. 
clausi, T. longicornis, Acartia sp., Clausocalanus 
sp., and the Paracalanus-type form combined with 
the dynamics of environmental factors at those 
stations (Fig. 6).  Species’ distribution patterns 
were more similar among downstream stations, 
showing high correlations of species abundances 
with environmental factors.  At upstream stations, 
species presented lower abundances and 
lower correlations with environmental factors, 
mainly at the southern station (S2).  On a spatial 
scale, salinity and temperature were unrelated 
at downstream stations, whereas at upstream 
stations, these 2 factors were positively correlated 
(Fig. 6B).  Furthermore, nutrient concentrations 
appeared positively correlated on the left side 
of axis 1, along which the freshwater species A. 
robustus was distributed.  Marine species were 
mostly located on the right-hand side of the 1st 
axis, with higher temperatures, salinities, and TSS 
concentrations.  Moreover, by examining certain 

Fig. 5.  Compromise factor map of the STATICO analysis of copepod species variables (A) and environmental parameters (B).  (C) 
Eigenvalue diagram.  Scales of the axes are given in the boxes.  Chl-a, chlorophyll-a; Temp, water temperature; Sal, salinity; O2, 
dissolved oxygen; TSS, total suspended solids; Transp, transparency; PO4, phosphate; NO2, nitrite; NO3, nitrate; SiO2, silica; NH4, 
ammonia.  See table 2 for species codes.
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Table 2.  List of species (including life stages) and their abbreviations (Abbr.) used in the multivariate 
analysis (STATICO).  Average copepod densities (individuals/m3) recorded during the study period are 
presented

Taxa Abbr. Habitat Average (range)

Nauplii Copepoda Naco 3.57 × 105

(0-5.61 × 107)
Copepodite unidentified Cpni 2.60 × 103

(0-4.09 × 105)
Calanoida 

Acartiidae Copepodite Acartia sp. CpA 1.94 × 103

(0-3.04 × 105)
Copepodite Acartia clausi CpAcl Marine 9.94 × 102

(0-1.56 × 105)
Acartia clausi Acl Marine 84.5

(0-1.33 × 104)
Copepodite Acartia tonsa CpAto Estuarine 4.30 × 103

(0-6.74 × 105)
Acartia tonsa Ato Estuarine 1.93 × 102

(0-3.02 × 104)
Temoridae Copepodite Temora longicornis CpTelo Marine 1.05 × 103

(0-1.64 × 105)
Temora longicornis Telo Marine 78.4

(0-1.23 × 104)
Centropagidae Copepodite Centropages sp. CpCen 6.46 × 102

(0-1.01 × 105)
Centropages sp. Cen 9.58 × 10-1

(0-1.50 × 102)
Clausocalanidae Copepodite Clausocalanus sp. CpCl 2.19 × 102

(0-3.43 × 104)
Copepodite Clausocalanus arcuicornis CpClar Marine 5.65 × 102

(0-8.88 × 104)
Clausocalanus arcuicornis Clar Marine 7.68

(0-1.21 × 103)
Pseudocalanus elongatus Psel Marine 3.11 × 10-2

(0-4.88)
Paracalanidae Paracalanus parvus Ppa Marine 66.4

(0-1.04 × 104)
Copepodite of Paracalanus-type form CpPspacl 2.22 × 103

(0-3.49 × 105)
Cyclopoida

Oithonidae Copepodite Oithona sp. CpOi 1.46 × 104

(0-2.30 × 106)
Copepodite Oithona plumifera CpOipl Marine 2.62 × 104

(0-4.12 × 106)
Oithona plumifera Oipl Marine 4.10 × 102

(0-6.44 × 104)
Cyclopidae Copepodite Acanthocyclops robustus CpAcro Freshwater 1.67 × 103

(0-2.62 × 105)
Acanthocyclops robustus Acro Freshwater 1.20

(0-1.89 × 102)
Harpacticoida

Euterpinidae Copepodite Euterpina acutifrons CpEuac Estuarine 9.59 × 103

(0-1.51 × 106)
Euterpina acutifrons Euac Estuarine 3.92 × 103

(0-6.16 × 105)
Laophontidae Copepodite Paronychocamptus nanus CpPana Marine 1.10 × 103

(0-1.73 × 105)
Paronychocamptus nanus Pana Marine 3.59 × 102

Poecilostomatoida (0-5.63 × 104)
Sapphirinidae Sapphirina sp. Sapp 9.10 × 10-3

(0-1.43)
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environmental characteristics, it was confirmed 
that stations M, N1, S1 were mutually more similar, 
compared to the other ones.

The major groups of copepods, calanoids, 
cyclopoids, and harpacticoids, were represented 
in the study area.  Calanoids were mainly 
represented by marine species (e.g., A. clausi 
and T. longicornis) and by the estuarine species 
A. tonsa Dana, 1849.  Cyclopoids were mainly 
represented by the euryhaline species, O. 
plumifera, and the freshwater species, A. robustus.  
Acartia clausi and T. longicornis principally 
dominated at the mouth (M) and middle estuary 
(N1 and S1), while A. tonsa and A. robustus were 
more highly associated with the upper estuary 
(N2 and S2).  The cyclopoid, O. plumifera, mostly 
its copepodite stage, occurred along the estuary, 

showing the highest densities at the mouth (M) and 
middle northern arm (N1).  This species (mainly 
its juvenile stages) was one of the most abundant 
copepod species.  Harpacticoid species were 
represented by the estuarine species, E. acutifrons 
and P. nanus, which always presented lower 
densities than Euterpinidae species.  Euterpina 
acutifrons occurred along the entire salinity 
gradient, showing a wide distribution in the estuary.  
Although P. nanus was also found at all 5 sampling 
stations, this species showed higher densities 
in the middle estuary (N1 and S1).  The order 
Poecilostomatoida was represented by Sapphirina 
sp.  This taxon showed the lowest abundance of 
all the copepods (9.10 × 10-3 ± 4.47 × 10-2 ind./m3) 
and was considered a rare species.  Nauplii of 
copepods occurred along the entire estuary, but 

Fig. 6.  Trajectory factor maps of the STATICO analysis.  (A) Projection of the average position of copepod species at each sampling 
station and (B) projection of environmental variables at each sampling station (M, mouth station; N1 and N2, stations of the north arm; 
S1 and S2, stations of the south arm).  Scales of the axes are given in the boxes.  For species codes see table 2.  See figure 5 for 
codes of environmental variables.
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were observed at higher densities at the mouth 
station (M).

The co-structure graphics (divided according 
to sampling sites) clearly showed the dynamics of 
species-environment relationships and highlighted 
differences between seasons (Fig. 7).  Projections 
of species points (origins of the arrows) were 

located in different places according to the site 
from which they were dispersed from upstream 
stations (N2 and S2) to the mouth station (M).  
These positions were essentially related to 
salinity and temperature, with the smallest values 
observed at upstream stations.  Regardless of 
the date, species points (origins of arrows) were 

Fig. 7.  Trajectory factor plots of the STATICO analysis.  Projection of the seasons along the study period (2005-2007) in terms of both 
environmental factors and copepod structures.  Graphs are given for each sampling site (M, mouth station; N1 and N2, stations of 
the north arm; S1 and S2, stations of the south arm) that showed the highest contribution to the co-structure between environmental 
factors and copepod abundances.  Each sample is represented by 2 points: one is a projection of the row of the species table (circle: 
origin of an arrow), and the other is a projection of the row of the environmental table (end of an arrow).  The length of the connecting 
line reveals the disagreement or the consensus between the 2 profiles (species/environment), i.e., the length of the line is proportional 
to the divergence between the datasets.  When datasets agree very strongly, the arrow is short.  Likewise, a long arrow demonstrates a 
locally weak relationship between environmental factors and copepod features for that case.  Scales of the axes are given in the boxes.
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more stable than environmental points, because 
they expressed the steady establishment of 
species assemblages in the estuary, despite 
the high environmental variability (principally of 
salinity, temperature, and phosphate).  In general, 
winter was mostly projected on the left-hand 
side of the 1st axis, and was characterized by 
high concentrations of nitrate, nitrite, silica, and 
ammonium, in contrast to high salinity and warm 
water, and for the most part, with high densities 
of juveniles and adults of A. robustus and P. 
nanus.  In contrast, nauplii of copepods appeared 
to be numerically less important during winter 
months.  This season presented the most regular 
projection, and exceptions only occurred at S1 and 
S2.  Summer was characterized by factors that 
described axis 2, which means that at stations M, 
N1, S1, and N2, summer mainly presented high 
values of phosphate, salinity, temperature, TSS, 
and DO.  On the other hand, at S2, summer was 
influenced by the highest values of phosphate, 
transparency, salinity, pH, and temperature.  From 
a species point of view, summer was principally 
characterized by high densities of copepodites of 
O. plumifera, E. acutifrons (adults and juveniles), 
copepodites of Oithona sp., copepodites of A. 
clausi, copepodites of Acartia sp., copepodites 
of Paracalanus-type form, copepodites of T. 
longicornis, and copepodites of Clausocalanus 
sp.  Spring and autumn presented a mixed pattern, 
without a clearly dominant axis.  Exceptions 
were at S1 in autumn (which mostly projected 
on the right-hand side of the 1st axis) and N2 
in spring (which mostly projected on the left-
hand side of the 1st axis).  Arrows were mostly 
short in summer, expressing a good coincidence 
between environmental conditions and plankton 
structure.  An exception occurred at N2, with 
a poor fit between copepod species’ densities 
and environmental factors (long arrows) during 
some surveys in summer 2005.  However, in 
this season, there was a higher correlation 
between the distribution of copepod densities and 
environmental factors under the direct influence 
of high values of phosphate, salinity, TSS, DO, 
and temperature at downstream stations (M, 
N1, and S1).  Furthermore, there was a strong 
co-structure between species’ densities and 
environmental factors at the upstream station 
in the southern arm (S2) under the influence of 
high values of phosphate, salinity, transparency, 
temperature, and pH, in summer months.  On the 
other hand, at S1, all winter surveys presented 
short arrows expressing a strong co-structure 

between species’ densities and environmental 
factors, which means that environmental factors 
(high values of nitrate, nitrite, silica, and ammonia 
and low values of temperature and salinity) well 
explained the distribution of species in this season.  
At the upstream stations (S2 and N2), arrows 
were mostly long, which means lower correlations 
between the distribution of copepod densities and 
environmental factors.

DISCUSSION

This study focused on abundances of 
key copepod species and their respective life 
stages in Mondego Estuary, Portugal.  Moreover, 
relationships between environmental factors and 
species’ densities and distributions were also 
examined over a time course of 3 yr.  Indeed, 
in Mondego Estuary, as in other coastal areas 
(Uriarte and Villate 2005, Hwang et al. 2010b, Kâ 
and Hwang 2011), the zooplankton group of the 
Copepoda was dominant.  The most abundant 
copepod species (e.g., A. clausi, T. longicornis, 
O. plumifera, A. tonsa, A. robustus, P. nanus, 
and E. acutifrons) were associated with different 
environmental variables.  The marine component 
of the community was associated with saline 
waters, high values of TSS, and low concentrations 
of nutrients, while the freshwater component was 
characterized by low salinity and high DO and 
nutrient concentrations.

Concerning seasonal variations, winter 
was marked by a higher presence of freshwater 
species and lower naupliar densities.  Such 
abundance and distributional patterns were also 
observed in other works (Tackx et al. 2004, Primo 
et al. 2009, Gonçalves et al. 2010a b).  In spring/
summer months, there were higher abundances 
of A. clausi, T. longicornis, and Clausocalanus 
arcuicornis Dana, 1849 (mainly juveniles), while 
in summer/autumn months, copepodites of O. 
plumifera were more abundant.  Similarly, Villate 
et al. (2004) reported higher abundances of the 
calanoids A. clausi, Paracalanus parvus Claus, 
1863, Clausocalanus spp., Pseudocalanus 
elongatus Boeck, 1865, and T. longicornis, and 
small marine cyclopoids of the genera Oithona 
and Oncaea, which were correlated with saline 
waters, in estuarine systems of the Basque coast.  
Moreover, Centropages typicus Krøyer, 1849, 
Oithona nana Giesbrecht, 1892, and P. parvus 
are typically surface species with affinities for high 
temperature and low salinities, while O. plumifera, 
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Clausocalanus sp., P. elongatus, and T. longicornis 
were reported as species that prefer deeper waters 
with lower temperatures and higher salinities.  
Although several authors (Villate et al. 1993, 
Holste and Peck 2006) stated that copepod nauplii 
distribute towards higher salinities, naupliar stages 
show a high sensitivity to environmental factors.  
However, this behavior may change from species 
to species and also from nauplii to juveniles and 
adults of the same species, with some being more 
sensitive than others (Chinnery and Williams 
2004).  According to Incze and Ainaire (1994), 
the peak occurrence of copepod nauplii is in late 
spring and is related to the greatest concentrations 
of chl-a.  Chinnery and Williams (2004) stated 
that differential distributions of different life stages 
in estuarine systems may be due to the poor 
swimming ability of naupliar stages.  The weak 
ability to swim leads nauplii into areas of higher 
salinities and sweeps them towards the mouth of 
the estuary, where they stay and develop to later 
stages and afterwards move back up the estuary 
to assume their adult distribution patterns.

In Mondego Estuary, freshwater species 
showed higher densities at upstream stations 
(N2 and S2) because of the high influence of 
fresh water from the Mondego and Pranto Rivers.  
Marine and estuarine species were found at the 
middle stations (N1 and S1) due to the intrusion of 
marine water at both stations, while at the mouth 
station (M), a higher number of marine species 
was verified (Primo et al. 2009, Gonçalves et al. 
2010b).

Downstream stations (M, S1, and N1) exhi-
bited a strong correlation together with the most 
abundant species which were mainly associated 
with salinity and temperature and presented a rich 
marine fraction.  This fact agrees with other studies 
carried out in a wide range of European estuaries 
(Mouny and Dauvin 2002, Tackx et al. 2004), and 
emphasizes the significant influence that salinity 
has on zooplankton abundance, composition, 
and distribution.  The higher salinities (and 
lower freshwater inflow) registered in 2005 (the 
Portuguese Weather Institute, http://web.meteo.pt/
clima.jsp, classified the drought period of 2005 as 
the most severe drought of the past 60 yr) led to 
an increase of marine zooplankters in the estuary.  
The same was reported by Primo et al. (2009) for 
mesozooplankton and by Martinho et al. (2007) 
for fish species.  The severe drought in 2005 was 
responsible for a clear spatial shift in the copepod 
community, mostly dominated by marine species, 
which remained in subsequent regular climatic 

years (2006 and 2007).  Preferences for marine 
conditions by naupliar forms led to a clear absence 
of an interannual distributional pattern in copepod 
assemblages.  Seasonality was also detected 
in the study period, and drove the variability in 
zooplankton assemblages in Mondego Estuary.  
This study also contributed to further detailed 
knowledge of naupliar and copepodite stages, and 
also determined their spatial distribution patterns.  
In this study area, A. tonsa and A. clausi were 
copepods with higher abundances in Mondego 
Estuary and contributed to the increase in copepod 
dominance in the estuary.  The former exhibited 
higher densities at upstream stations (N2 and S2), 
and the latter appeared in much higher densities 
at downstream stations (M, N1, and S1) (Primo 
et al. 2009, Gonçalves et al. 2010b).  At estuaries 
of Bilbao (a polluted estuary) and Urdaibai (an 
undisturbed estuary), located on the Basque 
coast (Bay of Biscay) with salinities of 31-35 psu, 
Uriarte and Villate (2005) stated that responses of 
copepods may be related to water desalination and 
their tolerance to pollution.  Those authors referred 
to A. clausi and P. parvus as the most abundant 
species in the Bilbao and Urdaibai estuaries.  
Still, at the latter estuary, higher densities of P. 
elongatus, E. acutifrons, and harpacticoids were 
also found.  A significant reduction in copepod 
species with decreasing salinity was observed 
at the polluted estuary, while E. acutifrons and 
Oithona helgolandica Claus, 1863 did not show 
significant differences, which is in agreement 
with their widespread distributions.  Similar to 
our results, some authors (Ara 2001, Uriarte and 
Villate 2005) stated that E. acutifrons did not show 
a clear seasonal trend, occurring throughout the 
year, and tolerating wide ranges of salinities and 
temperatures.  The species’ highest abundance is 
in estuaries and coastal waters rather than offshore 
waters (Björnberg 1963).  Uriarte and Villate 
(2005) reported reductions of A. clausi, P. parvus, 
and O. plumifera with decreasing salinity, with the 
former species reaching higher abundances in 
spring.  In addition, the distribution of A. clausi is 
affected by the presence of other species, such 
as Acartia bifilosa Giesbrecht, 1881, which does 
not survive very well at higher salinities as can 
A. clausi.  Moreover, A. clausi showed higher 
hatching success at a salinity of 33.3 psu than did 
A. bifilosa (Chinnery and Williams 2004, Uriarte 
and Villate 2005).  Indeed, A. tonsa seems to have 
physiological plasticity in terms of egg hatching, 
being the most tolerant of the Acartia congeners, 
with 50% hatching success at a salinity of 9 psu 
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(Holste and Peck 2006).  In terms of distribution, 
A. tonsa is a common species in estuaries and 
European seas, occurring from temperate to 
subtropical waters; but its distribution is restricted 
to habitats with abundant food (David et al. 2007, 
Morgado et al. 2007).  Chinnery and Williams 
(2004) classified A. tonsa and A. clausi as summer 
species.  David et al. (2007) stated that A. tonsa 
shows a seasonal pattern in northern European 
estuaries characterized by a peak abundance 
in late summer and autumn, with a 2nd spring 
peak observed in southern European estuaries.  
Two assumptions could explain these peaks in 
abundance: 1. warmer conditions, as temperature 
is known to be a major factor controlling the 
biological cycle of copepods (Gaudy 1972, Hsiao 
et al. 2011) and the world distribution of A. tonsa 
(Conover 1956); and 2. diapause/subitanious 
eggs, that hatch when the water temperature 
exceeds 10°C, and then the population rapidly 
increases above 15°C (McAlice 1981), which might 
explain the spring peak and high abundance levels 
of autumn.  In fact, David et al. (2007) reported 
that abundances of A. tonsa were significantly and 
negatively correlated with suspended particulate 
mat ter  concentrat ions and posi t ive ly  and 
significantly correlated with water temperature and 
salinity.  Pseudocalanus elongatus and p-Calanus 
showed higher abundance peaks in winter-spring, 
rising with higher values of salinity, whereas 
Oncaea media and Temora stylifera Dana, 1849 
occurred at higher densities in summer along a 
salinity gradient.

In the Adriatic Sea system, inter-annual 
and seasonal variabilities in some copepod 
groups were respectively regarded as being 
due to over-flooding and warmer events (Kršinić 
et al. 2007).  Nauplii were the most numerous 
fraction of all copepod groups, and showed the 
highest abundances during warmer and saltier 
conditions, which were referred to by the authors 
as an atypical distribution that may have been 
related to specific summer currents.  Moreover, 
the highest abundances of harpacticoids were 
also reported with warmer and saltier conditions, 
with the highest values occurring in summer 
and autumn.  The highest densities of calanoids 
and oithonids were observed in warmer months, 
which may have been related to the regulation of 
phytoplankton production levels during this period 
(Kršinić et al. 2007).  Temperature is one of the 
most important factors controlling the biological 
cycle of copepods, by affecting juveniles and their 
growth rates (Hsiao et al. 2011).  Moreover, while 

adults may be tolerant to a wide range of salinities, 
earlier stages (nauplii and juveniles) might not be.  
Thus, the vulnerability of nauplii to environmental 
conditions, mainly salinity and temperature, can 
threaten the maintenance of a population, as they 
have narrow survival limits and suffer from high 
mortality (Chinnery and Williams 2004, Holste 
et al. 2009).  Moreover, since copepods are an 
important component of the diet of benthopelagic 
invertebrates and peaks or absence of some 
copepod populations may influence the presence 
and life cycle of others populations (Carrasco et al. 
2007), their dynamics allows us to infer information 
about ecological changes in aquatic systems 
(Hwang et al. 2010b).  Therefore, more studies 
must be conducted on population distributions (and 
life-history stages) to understand relationships 
among species and their development as influ-
enced by environmental factors.  Such studies in 
combination with laboratory experiments will give 
us the chance to delineate the life cycle of species, 
further contributing to knowledge of populations 
and their contributions to trophic food webs.
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