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ABSTRACT: Climate change will likely lead to an increase in temperature and an occurrence of
extreme droughts and floods in the 21st century. In particular, coastal and estuarine systems are
highly sensitive to climate extremes and changing precipitation patterns, and thus offer invaluable scenarios for the evaluation of climate variability. Zooplankton assemblages and hydroclimate variables were monitored for 8 yr. The main objective was to assess the impact of climate
variability, particularly of the 2 most recent drought events in the Mondego estuary (Portugal,
southern Europe), which occurred in 2004−2005 and 2007−2008, on the zooplankton population
dynamics, with emphasis on how stochastic extrinsic perturbation might influence these populations. Principal component analysis revealed dramatic environmental changes during drought
periods, which were reflected in the seasonal and inter-annual patterns in the zooplankton, indicating that hydroclimate forcing is critical in defining zooplankton dynamics. Lower precipitation
and higher salinities were the main drivers for the observed patterns, i.e. a major penetration of
seawater led to a higher prevalence of marine species. Results also revealed a conspicuous
increase in warm water taxa since 2006, which was significantly related to pronounced changes in
water temperature. This synchronous variability between water temperature and zooplankton
abundance, which had not been evaluated and discriminated in previous studies, suggests the
potential impact of warming on zooplankton assemblages. Hence, this study demonstrates the
crucial role of zooplankton as valuable indicators of hydrological changes associated with climate
factors in estuarine ecosystems.
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Coastal ecosystems are strongly affected by natural
variations in climate. In addition, the cumulative
effects of human-induced climatic changes can have
a further effect on the ecosystem structure and
trophic dynamics in many estuaries (Hoffmeyer 2004,
Kimmel et al. 2006). The projected effects of climate
change in estuaries include sea level rise and increases in water temperatures and in the variability
of precipitation events, which may lead to weather

extremes (IPCC 2007). As is already well known, the
specific vulnerability of any single estuary will depend on its physical properties (e.g. flushing time,
depth and size), geomorphology and species composition (e.g. Attrill & Power 2000, Scavia et al. 2002,
Marques et al. 2007). Despite this, estuaries are expected to be vulnerable to environmental change to a
high degree. Thus, weather extremes, which are increasing in magnitude and frequency worldwide,
will influence the health of our coastlines, including
the species that inhabit them.
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Impacts of changes in mean climate values (which
we term ‘trend effects’) should be separated from
those produced by changes in the magnitude or frequency of extreme events (‘event effects’) (Jentsch et
al. 2007). Although species have dealt with climate
variability throughout their evolutionary history, a
challenge for the functioning of species and ecosystems is the rapid rate of change currently being observed (Root et al. 2003, Scheffer & Carpenter 2003).
The main question arising in this context is therefore:
how will such a rate of change affect species’ life histories, ecological interactions and, ultimately, ecosystem functioning. During the past years the answer
has been elusive and a matter of ongoing debate
(Hays et al. 2005 and references therein). In line with
this, growing recognition of the importance of climate extremes as one of the most important facets of
climate change has stimulated a number of recent
studies that have focused on the ecosystem impacts
of periods of climatic extremity (e.g. Easterling et al.
2000, Smith 2011, Diez et al. 2012).
European ecosystems are vulnerable to major climate change impacts and extreme events such as
river floods, droughts, or coastal flooding (EEA 2012,
Goberville et al. 2010). In particular, major droughts
have been observed in recent decades in Europe,
such as the one that occurred during 2005 on the
Iberian Peninsula (Marques et al. 2007, Martinho et
al. 2007). Additionally, Lehner et al. (2006) found that
under 2 climate model projections, a general, significant increase in the severity and frequency of
droughts across southern Europe is to be expected. A
few reports provide some indications as to how climate variability will be manifested in coastal areas
(e.g. Vincent et al. 2002), such as in the Mondego
estuary (Portugal), where intense precipitation and
drought episodes during recent years led to significant changes in the structure and functioning of biological communities (e.g. Dolbeth et al. 2007, Marques et al. 2007, Martinho et al. 2007, Cardoso et al.
2008). Nevertheless, the forcing mechanisms controlling the variability are still far from properly understood, mainly due to the limited length of the records.
Because there are many processes connecting climate patterns with higher trophic levels, a retrospective study of lower trophic levels should elucidate the
mechanisms linking variations in climate, hydrographic environment and ecosystems. In fact, recent evidence suggests that zooplankters are more sensitive
indicators of change than environmental variables
(Taylor et al. 2002, Hays et al. 2005). Besides being an
important food resource in pelagic ecosystems, zooplankton further acts as an integrator of hydroclimatic

forcing, providing an accurate diagnosis of the ecosystem state (Beaugrand 2005). One of the major
challenges for marine scientists is to understand and
predict the response of aquatic biota to global change
(Dam 2013). The phenotypic plasticity of some species and the tolerance to hydrological variability will
determine the zooplanktonic structure characteristic
of highly unstable ecosystems, such as estuaries.
Hence, with growing interest on the impacts of climate change on coastal ecosystems, the need to understand the dynamics of zooplankton in estuaries
continues to increase. Furthermore, research on the
sensitivity of zooplankton to extreme climate events,
such as extreme droughts, is important, as the influences of climate may disrupt ecological interactions
between trophic levels, following the logic of the
match−mismatch hypothesis (Cushing 1990).
Efforts to detect changes in plankton communities
are confounded by sparse available information in
some coastal areas. Nonetheless, relevant interannual variability observed in the weather conditions
over the Iberian Peninsula attest to the decreasing
trend in annual precipitation in Portugal (Rodrigo &
Trigo 2007, Santos et al. 2010). Although the influence
of freshwater inflows on estuarine zooplankton has
previously been documented (Marques et al. 2007,
Primo et al. 2009), we believe that further research is
necessary to assess the relationship between such biological and environmental variations. This paper describes the results of 8 yr of monitoring hydroclimate
variables and zooplankton assemblages with the
main objectives being (1) to analyze the response of
zooplankton communities to stochastic extrinsic perturbations, manifested through changes in environmental conditions and (2) to highlight patterns related
to specific local hydrodynamics. Identification of biological changes in relation to time-series variations in
coastal marine systems is a strategy used to monitor
the influence of climate variability on marine communities, and a way to find important groups or species
that act as indicators of the health or stable state of
ecosystems (Colebrook 1985).

MATERIALS AND METHODS
The studied ecosystem was the Mondego estuary,
situated on the west coast of Portugal (40° 08’ N,
8° 50’ W). This estuary experiences a Mediterranean
temperate climate. About 7 km from the sea, the river
branches into 2 arms (northern and southern), which
converge again near the mouth. The biological characteristics of the ecosystem are mostly controlled by
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meteorology, hydrodynamics and by river run-off
(Marques et al. 2007, Nyitrai et al. 2012). In addition,
water exchanges with the Atlantic have a strong influence on the composition and dynamics of pelagic
communities.

Zooplankton data
Zooplankton samples covered an 8 yr period (2003
to 2010). Sampling was performed monthly, at 5 sampling stations distributed throughout both arms
(Marques et al. 2006). Samples were collected by
subsurface horizontal hauls, using a 335 μm mesh
bongo net with a 0.5 m opening. Subsequently, all
organisms collected were fixed and stored with
buffered formaldehyde (5%).
All organisms present in the samples were identified to the lowest possible taxonomic level, and
abundance was expressed as the number of organisms per cubic meter (ind. m−3). Data on certain
groups such as early life stages and smaller organisms were removed, since we considered them to be
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underestimated by the sampling method. Rare species were pooled into higher taxonomic levels.
To obtain a proxy for zooplankton abundance, we
arranged our data based on (1) plankton functional
types (i.e. groups are based on similar taxonomic
groups), (2) seasonality (Fig. 1) and (3) representativeness for each sampling site (parameters previously
defined by Marques et al. 2008, see Table 2). This
arrangement resulted in a matrix of 21 variables, representing the zooplankton components of the Mondego system (Table 1). The quarterly mean was estimated by averaging monthly data as follows: winter
(January, February and March), spring (April, May
and June), summer (July, August and September) and
autumn (October, November and December).

Hydroclimate parameters
The abiotic environment is represented by the
hydrologic variables (Table 2). Surface salinity and
temperature were recorded in situ simultaneously
with each zooplankton sampling. Water samples

Fig. 1. Main patterns of the seasonal cycle (by month, estimated average of the 5 sites) of (a) marine Cladocera, (b) marine
Copepoda, (c) jellyfish, (d) freshwater Cladocera, (e) freshwater Copepoda, (f) Cirripedia larvae, (g) Appendicularia, (h)
Chaetognatha and (i) estuarine Copepoda sampled in Mondego estuary from 2003 to 2010
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Table 1. Principal component analysis of zooplankton abundance for
the period 2003 to 2010. Zooplankton variables and contribution to
first 2 principal components (PC1, PC2). The highest contributions to
each principal component are in bold
Variable Bio Matrix
(ind. m−3)

Abbreviation

Season

PC1

PC2

Appendicularia
Chaetognatha

App_sum

Summer

−0.29

−0.14

Chae_aut

Autumn

−0.87

1.61

Cirripedia larvae

Cirr_spr
Cirr_sum

Spring
Summer

−0.80
1.56

1.74
1.31

Marine
Cladocera

M_Cld_sum
M_Cld_aut

Summer
Autumn

0.43
0.61

1.43
−0.60

Freshwater
Cladocera

FW_cld_win
FW_cld_spr
FW_cld_aut

Winter
Spring
Autumn

1.83
−0.20
1.89

0.63
−0.03
0.50

Freshwater
Copepoda

FW_cop_win
FW_cop_spr
FW_cop_aut

Winter
Spring
Autumn

1.61
−0.03
1.04

−0.33
−0.28
−0.77

Estuarine
Copepoda

E_cop_win
E_cop_spr
E_cop_sum
E_cop_aut

Winter
Spring
Summer
Autumn

−0.75
−0.13
0.96
−0.15

0.11
1.27
1.83
0.92

Marine
Copepoda

M_cop_spr
M_cop_sum
M_cop_aut

Spring
Summer
Autumn

1.75
−0.35
−1.06

0.10
−0.08
1.73

Jellyfish

Jelly_spr
Jelly_sum

Spring
Summer

−0.16
−0.24

0.96
−0.26

Table 2. Principal component analysis of hydroclimate parameters
for the period 2003 to 2010. Hydroclimatic variables and contribution
to the first 2 principal components (PC1, PC2). The highest contributions to each principal component are in bold
Variable Env Matrix

Abbreviation

Season

PC1

PC2

Water temperature (°C)

WT_win
WT_spr
WT_sum
WT_aut

Winter
Spring
Summer
Autumn

−1.24
1.12
0.57
0.04

−0.12
0.73
−0.97
1.80

Salinity

Sal_win
Sal_spr
Sal_sum
Sal_aut

Winter
Spring
Summer
Autumn

−1.29
−1.35
−0.94
−1.66

−1.11
−0.46
1.33
−0.68

Precipitation (mm)

P_win
P_spr
P_sum
P_aut

Winter
Spring
Summer
Autumn

1.05
−0.97
0.97
1.02

1.29
0.17
−0.71
1.29

Suspended
particulate
matter (mg m−3)

SPM_win
SPM_spr
SPM_sum
SPM_aut

Winter
Spring
Summer
Autumn

0.45
−0.56
0.93
−0.11

−1.13
1.13
−0.65
−1.47

Chlorophyll a
(mg m−3)

Chla_win
Chla_sum
Chla_spr
Chla_aut

Winter
Spring
Summer
Autumn

−1.65
−0.99
−0.33
0.74

0.52
1.44
0.35
−0.36

were also collected for determination of total
suspended solids and chlorophyll a concentration as a measure of total phytoplankton
biomass. See Marques et al. (2006) for further
methodological details and for processing of
samples.
In order to study the effects of extreme
events (droughts) on the estuarine hydrologic
environment we used precipitation data, which
were measured at the Soure 13F/01G station
and acquired from INAG (Portuguese Water
Institute, also available at www.snirh.pt).

Numerical analysis
First, zooplankton abundance was log
transformed in order to approach a normal
distribution and to minimize the dominant
effect of exceptional catches (Legendre &
Legendre 1998). Missing values in the data
sets were interpolated, using averages of the
previous and following months.
Standardized principal component analysis.
To condense these data and to avoid nonorthogonality, the zooplankton variables were
summarized as 2 major axes of a standardized
principal component analysis (PCA) (Krzanowski 1988). This approach was applied to
extract the main inter-annual and seasonal
patterns from the zooplankton time-series
(see Table 1 for the complete listing of all PCA
variables) and performed with CANOCO software (ter Braak & Šmilauer 1998). Since PCA
axes are, by definition, orthogonal and so
independent of one another, this procedure
creates composite independent zooplankton
variables and avoids the chance of multicollinearity (for a detailed description see
Sirabella et al. 2001, references therein). All
further analyses therefore were carried out
using the combined and condensed zooplankton information represented by the interannual fluctuations of these 2 axes. A similar
procedure was applied to analyze the variations in the hydroclimate parameters. In addition, the equilibrium contribution corresponding to each descriptor (see Legendre &
Legendre 1998) was represented in the scatterplot of eigenvectors. It is therefore possible
to judge whether the contribution of each
descriptor to the reduced space is greater or
smaller than expected, under the hypothesis
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of an equal contribution to all principal axes, by comparing the lengths of their projections to an equilibrium circle with radius (r) defined as:
r =

( d /p )

where d is the number of dimensions and p the number of variables used in the analysis; d was equal to 2
in both PCAs. The circle of equilibrium contribution
is drawn at 2 / 21 for biotic indicators and 2 / 20
for environmental variables. Therefore, for any given
pair of axes, the variables that have vectors longer
than this radius make a higher contribution than
average and can be interpreted with confidence.
CUSUM. In order to detect change points in both
zooplankton and hydro-climate parameters, the
cumulative sum (CUSUM) of the deviations from the
mean of the reference period 2003 to 2010 were computed. The interpretation was based on the sign and
steepness of the slopes which reflect the deviation of
a period from the time-series mean value (Ibañez et
al. 1993).
Correlation analysis. Finally, in order to identify
the multiple drivers responsible for zooplankton variability and to understand the main processes that
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may have triggered the observed changes, correlation analyses were carried out between the first and
second principal components of the biological samples, which constitute the main mode of temporal
variability, and the hydroclimatic parameters.

RESULTS
Environmental and zooplankton community
variability
The inter-annual changes of zooplankton using the
first 2 eigenvectors are shown in Fig. 2a, which together explain 44% of the total variability in zooplankton. The trajectory of the first PC1 sample scores
(explaining ~23% of total variance) highlights 2 periods with slight decreases (2004−2005 and 2007−2008)
and a period with a sharp increase in 2010. The trajectory of PC2 (explaining ~21% of total variance) was
characterized by a rapid shift, from negative to positive values, during 2007 and 2008. Afterwards, values
of PC2 decrease to negative values. The pattern again
showed a sharp increase in 2010.

Fig. 2. Inter-annual variability (2003 to 2010) as shown by results of the first 2 principal components (PC1 and PC2) and the
time-trajectory for (a,c) zooplankton and (b,d) hydroclimate variables. d: PC1; s: PC2; grey shading: the 2 yr periods
2004−2005 and 2007−2008 characterized by drought regimes
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The analyzed period also underwent anomalous
change in the hydrographic regime (Fig. 2b). The first
2 environmental principal components explained 29
and 22% of the total variance, respectively. The pattern observed in PC1 revealed similar inter-annual
changes compared with those derived from biotic
variables. Accordingly, the Pearson correlation coefficient indicates positive significant correlation between
both abiotic and biological components (rp = 0.74, p =
0.04). However, the change to negative PC1 scores
was more abrupt. Furthermore, a positive upturn was
evident in 2006 and again in 2010. PC2 showed different variations compared with those of zooplankton.
A decrease in PC2 values was identified in 2004. Besides this, the pattern showed an increase to positive
values in 2009, followed by a decrease in 2010.
The time-trajectory of PC1 versus PC2 scores detected during the study period was related to recognizable meteorological and hydrographic processes
that are expected to influence zooplankton dynamics. It is possible to distinguish the periods where
drought regimes prevailed (2004−2005 and 2007−
2008) (Fig. 2c,d). Furthermore, the pattern of scores
resulting from the PCA of biological variables also
highlights 2008 from among the years under the
drought conditions, while environmental scores distinguished 2004. Concerning the years in which regular regimes occurred, different conditions were
attributed to 2009 (environmental PCs; Fig. 2d) and
2010 (zooplankton PCs; Fig. 2c).

Key zooplankton and environmental drivers
The scores plot with the first 2 principal components allowed identification of the inter-annual and
seasonal changes in the zooplankton community and
environmental conditions of the estuarine system
(Fig. 3, Tables 1 & 2). The dispersion diagram reflects
the clear separation between the drought and regular conditions. Further, it was possible to recognize
the main key drivers that characterize the different
regimes observed.
The main zooplankton drivers are highlighted in
Fig. 3a and Table 1. The year 2003 was characterized
by PC1 scores scattered in the middle of the plot, presenting the zooplankton variables an equal contribution. During this year we observed higher abundances of freshwater copepods and a lower abundance of
estuarine copepods and jellyfish, during the spring.
The first drought period of 2004−2005 was characterized by higher abundances of estuarine copepods in
the winter than in the warm seasons. Interestingly,

Fig. 3. PCA scores plots of the first 2 principal components
(PC1 and PC2) from analysis performed on the matrix of
selected (a) zooplankton and (b) hydro-climate parameters
(8 yr × variables). Two distinct conditions are represented —
d: drought regime periods, 2004−2005 and 2007−2008; d:
years of regular hydrologic conditions. See Tables 1 & 2 for
abbreviations

in the autumn of 2006, increases in the abundance of
marine cladocerans and freshwater copepods coincided. In 2007 the most important drivers were the
highest abundance of estuarine copepods during
winter, as well as marine copepods during summer,
which both declined during regular hydrologic
conditions. The year 2008 was marked by abundance
peaks of cirripedia larvae during spring and ma-
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rine copepods and chaetognaths during summer. The zooplankton scores
found in 2009 indicated recovery of
the system to a state similar to that in
2003, while 2010 was characterized
by the highest PC1 scores, which
were mainly driven by higher abundances of freshwater copepods and
cladocerans in autumn/ winter.
Concerning the scores plot of the hydroclimate PCA (Fig. 3b, Table 2), it is
important to note that the dominant
signal during the 2 yr drought periods
of 2004−2005 and 2007−2008 was the
higher salinity. Characteristic features
of 2004 include lower temperatures
and high suspended particulate matter
during autumn. In addition, the period
2007−2008 was also characterized by
higher winter water temperature,
and 2007 by high spring precipitation
and winter chlorophyll a values. Key
drivers representative of 2009 were
the higher water temperatures in autumn and the high precipitation values
during autumn and winter, with the
last characteristic being typical of regular years. As regards 2003, 2006 and
2010, the increase in temperature in
spring and decrease in winter were
highlighted, as well as both low chlorophyll a concentrations in winter and
precipitation during spring.

CUSUM analysis of time-series
Considering the cumulative sums
performed on both zooplankton and
environmental time-series, different
patterns appeared according to the
timing of potential change (Fig. 4). A
Fig. 4. Cumulative sums of normal standard
deviates of the zooplankton time-series (d):
(a) Appendicularia, (b) Chaetognatha, (c)
Cirripedia larvae, (d) marine Cladocera, (e)
freshwater Cladocera, (f) freshwater Copepoda, (g) estuarine Copepoda, (h) marine
Copepoda and (i) jellyfish; and environmental parameters ( ): (j) water temperature, (k) salinity, (l) chlorophyll a, (m) precipitation and (n) suspended particulate
matter; 2003 to 2010 (winter, spring, summer
and autumn, 3 mo averages)
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positive slope in the CUSUM of each time-series indicates the period in which the variable was higher
than the time-series average, and a negative slope
indicates when the variable was lower. For instance,
abundance of estuarine copepods showed a strong
decline relative to the time-series mean until the
autumn of 2007, when their abundance started to
increase. For this group, a slight decrease was observed later in 2009, and then a rise again in 2010
(Fig. 4g). The CUSUM abundance time-series for cirriped larvae exhibited a strong break point in the
spring of 2008, and for jellyfish, during the summer of
2009, whereas changes occurred in the autumn of
2006 for the marine cladocerans (Fig. 4c,d). Generally, the abundance of marine taxonomic groups
(Appendicularia, Chaetognatha, jellyfish and marine
copepods) exhibited a rise in the period from 2007
until 2010, when they started to decrease once more
(Fig. 4).
Regarding environmental variability, the cumulative sums of water temperature showed 2 main periods delimited by one major change. The first period,
before 2006, was characterized by a downward
change with the exception of 2004 (summer). Afterwards, an upward change was observed, though
including a minor decrease during 2007 (Fig. 4j). The
CUSUM time-series of salinity revealed a clearly
inverse relationship with the freshwater assemblages
(Table 3). Thus, 2 main periods of positive slope,
2004−2005 and 2007−2009 (summer), were highlighted by the cumulative sums (Fig. 4k). Chlorophyll
a presented a clear shift in the downward change
during the autumn of 2006 (Fig. 4l), while suspended
particulate matter generally showed the opposite
pattern (Fig. 4n). CUSUM analysis of precipitation

values showed a higher variability, increasing after
2006, decreasing in 2008 and rising again in the latter
part of 2009 (Fig. 4m).
Overall, despite the variability in the CUSUM analysis, we observed a significant positive correlation
between water temperature and the abundance of
the majority of the groups analyzed, with the exception of freshwater copepods, which showed a negative correlation (Table 3). The correlation between
temperature and chlorophyll a was particularly
strong (r = 0.53, p < 0.001), and may have also played
a role in influencing the changes in abundance of
those zooplankton groups, since a positive correlation was also detected between them and chlorophyll
a concentration. Chlorophyll a and suspended particulate matter also showed significant correlations with
most groups, generally being positive for chlorophyll
a. Precipitation and salinity presented significant correlations with freshwater communities (Table 3).

DISCUSSION

As in other southern European regions, Portugal is
characterized by a mild Mediterranean climate, with
a dominant seasonal signal marked by a warm and
dry summer period, more pronounced in the southern regions, but with well-known vulnerability to climate variability (de Lima et al. 2013). As a general
trend, it is expected that this region will suffer from
higher temperatures in the future. However, with
respect to the patterns of precipitation, it is not
clearly evident whether this is really changing in a
systematic manner (EEA 2012). Regional climate
models estimate slightly lower precipitation decreases for southern Europe by the end of
the 21st century (Miranda et al. 2006,
Table 3. Pearson correlations (r) between the cumulative sums of the main
zooplankton groups, expressed as ind. m–3, and the environmental parameters
PCC 2007), including the Iberian Petemperature (°C), salinity, chlorophyll a (mg m−3), precipitation (mm) and susninsula, an area that is currently vulpended particulate matter (mg m−3). Significant p-values are in bold; *0.1 > p >
nerable to droughts (Lehner et al.
0.05;**0.05 > p > 0.01; ***0.01 > p > 0.001
2006). In fact, during recent years an
irregular distribution of precipitation
Water Salinity Chloro- Precipi- Suspended
and high inter-annual variability has
tempephyll a tation
particulate
been observed in Portugal. As a rerature
matter
sult, these changes appear to have
Appendicularia
0.57***
0.15
0.77*** −0.09
−0.59***
altered the hydrological regime of the
Chaetognatha
0.45**
0.43*
0.61*** −0.40*
−0.42*
Mondego estuary in particular, given
Cirripedia larvae
0.70***
0.12
0.70*** −0.04
−0.57**
that drought conditions gave rise to
Marine Cladocera
0.37*
−0.22
0.72***
0.14
−0.73***
prolonged periods of reduced freshFreshwater Cladocera 0.10
−0.46** −0.16
0.51**
0.18
Freshwater Copepoda −0.37*
−0.70*** −0.37*
0.70***
0.30
water inflow.
Estuarine Copepoda
0.68***
0.17
0.64*** −0.12
−0.56**
The present study provides supMarine Copepoda
0.73***
0.16
0.80*** −0.13
−0.67***
porting evidence in the relationships
Jellyfish
0.66*** −0.05
0.53**
0.15
−0.40*
between reported changes in climate
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factors, such as river run-off, and the biological
effects. Analysis of the current time-series revealed
that a chronological series of ecological events
occurred in the ecosystem during the 8 yr study. The
most prominent feature shown by the PCA results
was the shift from a zooplankton community composed of marine, estuarine and freshwater populations (as described by Marques et al. 2006) to one
characterized by a conspicuous absence of freshwater species, during atypical dry years. As shown by
the output of PC1 scores on environmental variables,
the lower precipitation and higher salinities (indicative of reduced river flow) may have played a role in
influencing the patterns observed for zooplankton in
the system, corroborated by the strong correlation
between the first principal component of the biological and environmental variables. Such a pattern was
strongly evident during winter, autumn and spring
conditions, since > 75 to 90% of the annual precipitation occurs from October to May (Vicente Serrano
2006).
This can certainly be explained by the fact that the
Mondego estuary has undergone dramatic environmental changes in the period encompassed by this
study, including at least 2 drought periods (2004−
2005 and 2007−2008). Although the effect of dry conditions in the estuary has previously been reported
(e.g. Marques et al. 2007), the dataset provided in the
present paper offered a unique opportunity to investigate changes, during 2 drought events, in the abundance and composition of zooplankton in relation to
environmental variability. We used a natural record
of environmental variability (drought-induced estuarine salinity increase) and our knowledge of the
susceptibility of zooplankton population dynamics
relative to the frequency of events of increased salinity. The present study revealed that the years 2008
and 2010 stood out from those remaining, presenting
distinct community compositions. While 2008 seems
to represent an aggravation of the drought conditions, 2010 seems to define a period of intense freshwater influence. For instance, in 2008, a higher abundance of estuarine copepods and marine cladocerans
was observed in summer; marine copepods and
chaetognaths, in autumn; and cirripeds, in spring.
This evidence indicates that the patterns of distribution can be more or less affected in their amplitude,
duration, or in the shift of seasonal development. It is
argued that species differ in their physiological tolerances, life-history strategies and colonization, and in
their dispersal abilities. Species traits underlie the
high variability in strength of climate response across
species, even among those subjected to similar cli-
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matic trends (Parmesan & Yohe 2003). On the other
hand, 2010 was characterized by a marked freshwater community, with higher abundances of copepods
and cladocerans in autumn and winter, due to an
increase in run-off into the estuary. It is well known
that the hydrology and ecology of shallow estuaries
(such as the Mondego estuary) are strongly influenced by river flow. Not surprisingly, salinity in the
estuary was highly variable and increased during the
dry periods, a pattern also confirmed by the negative
significant correlation between salinity and climatedriven freshwater run-off in previous studies (e.g.
Marques et al. 2007, Martinho et al. 2007). For aquatic
populations, the advective properties of freshwater
discharge play a critical role in their distribution patterns and richness, as well as on their temporal variability (Licandro & Ibanez 2000, Leandro et al. in
press). As highlighted by our results, the variability
in advective transport had implications for zooplankton structure. Advective transport allowed stabilization of the environmental estuarine conditions, mainly
in the winter, and the recolonization of important
species such as Acartia tonsa (Marques et al. 2007), a
broadcaster spawner that lays its eggs freely in the
water column, consequently making it more susceptible to advective transport (Kimmel et al. 2006).
However, this situation also led to a major penetration of seawater into the system and, consequently,
influenced the overall marine community composition. These important changes in the structure of zooplankton communities were in accordance with
observations of estuarine pelagic and benthic communities after similar ecological events (e.g. Marques et al. 2007, Martinho et al. 2007, Grilo et al.
2011, Primo et al. 2011, Nyitrai et al. 2012). It is reasonable to assume that the zooplankton change
reported in the present study will affect the temporal
and spatial association between species interacting
at different trophic levels (Edwards & Richardson
2004) and may help to explain the recently reported
ecological changes. For instance, Nyitrai et al. (2012)
noticed that planktivorous and invertebrate feeders
occurred in higher abundances in dry years, while
the opposite was verified for omnivorous species.
The CUSUM analysis allowed the detection of critical points during the study period. Most of the marine species showed a shift in the summer/autumn of
2007, after which their mean abundance increased.
This indicates an increased marine influence in the
estuary, creating a suitable habitat that allowed the
entrance of these species. Most of these groups also
showed a decline in 2010. In contrast, freshwater
species followed an upward change in 2010, which
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was probably related to an increase in precipitation
and, consequently, lower salinity. This relationship
was even clearer for freshwater copepods, for which
the correlation was stronger.
However, some groups presented more pronounced
change than others. For instance, the spring of 2008
was detected to be an important changing point for
Cirripedia larvae. These barnacle larvae usually
have a very short planktonic life, although they can
represent a large proportion of the zooplankton on a
seasonal time-scale. In general, few data are available on cirriped larvae. We determined the spring of
2008 to be one of the warmer periods during our
study and found a high prevalence of Sacculina
carcini, a cirriped that parasites the ubiquitous green
crab Carcinus maenas (Costa et al. 2013). Cirriped
larvae are an important group; since they were very
abundant at Mondego estuary during the spring and
summer, their increasing abundance may have had
an impact on the community by increasing the competition for food, as well as the grazing pressure on
the phytoplankton stock. The cumulative sums pattern of marine cladocerans indicated the autumn of
2006 to be a critical point for this group. In fact, Primo
et al. (2009) refer to a later intensity peak than that
previously recorded, driven by the dominant species
Penilia avirostris. It is therefore reasonable to consider that the observed changes may also have been
affected by bottom-up processes. Edwards et al.
(2001) noted that the shift in a phytoplankton community towards the dominance of dinoflagellates and
naked flagellates may benefit P. avirostris, the main
food source of which is nanoplankton, e.g. flagellates. Thus, a possible explanation is that both the
rising temperature during the autumn and the dominance of small phytoplankton affected the population growth of marine cladocerans.
Regarding jellyfish, besides the previously mentioned change in 2007, the upward change was
stronger during the summer of 2009. This peak has
already been mentioned for the studied area and
may be driven by temperature (Primo et al. 2012). In
fact, medusae are likely to be sensitive to local environmental factors such as temperature (Molinero et
al. 2009, Gibbons & Richardson 2009), since increasing temperatures can enhance their survival and
growth (Brodeur et al. 1999). The influence of estuarine water temperature on jellyfish communities was
particularly clear in our results, as indicated by the
strong correlation between both time-series.
Coastal waters have warmed during the last century, leading to profound consequences for the dynamic regime of coastal ecosystems (Scavia et al. 2002,

Goberville et al. 2010). Accordingly, our results,
using CUSUM analysis, indicate a causal link between temperature and changes in zooplankton
groups. In fact, water temperature presented a positive correlation with all of the main marine groups —
groups that were not evaluated and discriminated in
previous studies (Marques et al. 2007, Primo et al.
2009). Subsequently, it is plausible to conclude that
water temperature exerted a relevant influence in
the Mondego zooplankton dynamics. Indeed, all
time-series showed breaking points after 2006 for
marine cladocerans, after 2007 for marine and estuarine copepods and after 2008 for cirriped and jellyfish
abundance. This difference in timing was explained
by Walther (2001), given that species show individualistic responses to temperature and other environmental variables, depending upon the particular
threshold values of the physiological processes of
their life history.
A number of studies have determined that change
in temperature alone is also an important environmental factor, strongly affecting vital physiological
rates such as respiration and excretion (Roddie et al.
1984, Gaudy et al. 2000). Furthermore, it can modify
the life-history traits of zooplanktonic organisms
such as copepods, through its influence on egg production, growth, development and mortality rates
(e.g. Halsband-Lenk et al. 2002, Hirst & Kiørboe
2002, Leandro et al. 2006), as well as on the phenology and dormancy cycles of certain planktonic species (Edwards & Richardson 2004).
Considering this, local variability of freshwater flow
was the dominant signal in the present time-series,
and would explain the observed variability in species
groups/populations at shorter temporal scales. However, this effect could be masked by larger time-scale
phenomena occurring simultaneously, such as a rise
in temperature, leading to a higher abundance of
warm-water taxa. In brief, more than one mechanism
was probably operating simultaneously, thus establishing the complex nonlinear relationships between
climate variability and zooplankton dynamics (Hays
et al. 2005), an issue that needs to be assessed based
on longer observation periods.
Although the time-series we examined was not
long enough to capture large-scale climate regime
shifts, it synthesizes the results of pioneering research on the vulnerability and reorganization of
zooplankton communities in response to climate variability, specifically in association with 2 consecutive
drought events. This study has contributed substantially to our further knowledge of the response of the
zooplankton community to weather events. This in-
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(2007) Strategies of Pomatoschistus minutus and Pomaformation will help develop baseline data, guidelines
toschistus microps to cope with environmental instabilfor drought climatology and referencing levels for
ity. Estuar Coast Shelf Sci 74:263−273
shallow estuarine ecosystems and contribute to the
➤ Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl
accurate evaluation of the effects of environmental
TR, Mearns LO (2000) Climate extremes: observations,
modeling, and impacts. Science 289:2068−2074
perturbations and the forecasting of expected recovEdwards
M, Richardson AJ (2004) Impact of climate change
➤
ery times. Besides emphasizing the complexity of the
on marine pelagic phenology and trophic mismatch.
system, these findings stress the need for further
Nature 430:881−884
research into the potential impacts of environmental
➤ Edwards M, Reid P, Planque B (2001) Long-term and reand climate changes on these key estuarine systems.
gional variability of phytoplankton biomass in the North-
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