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Long-term monitoring of coupled environmental and biological components in upwelling ecosystems is critical
for early warning under the global warming context. Temperature, salinity, nutrients, and plankton populations
are promising indicators of the ecosystem state that help us to address the current status of the oceans and
construct better predictions for the future. The Cabo Frio Upwelling System (CFUS) is a regionally productive
wind-driven coastal upwelling ecosystem on the northern boundary of the South Brazilian Shelf sustaining
diverse marine life including large stocks of fish and squid. Like other cold marine ecosystems, most of its
functioning is likely threatened by ocean warming which emphasizes the need for ecological indicators. This
study aimed to analyze the causal relationships between the temporal changes in the physical and chemical
properties and the dominant planktonic communities leveraging long-term observations (20 years). The results
suggested a link between the temporal changes in the ecosystem conditions and the composition of the plankton
assemblage, notably an increasing proportion of dinoflagellates relative to diatoms and cladocerans relative to
copepods. This increase in the proportional abundance of dinoflagellates and cladocerans over time suggests a
regime shift in the plankton assemblages during the 2000s, highlighting some large phytoplankton and
zooplankton groups as early indicators of productivity shifts in upwelling ecosystems.

1. Introduction the Cabo Frio Upwelling Systems are regionally significant (Acha et al.,
2004), where large stocks of small pelagic fishes, like anchovies (e.g.
Engraulis anchoita Hubbs & Marini, 1935) and sardines (e.g. Sardinella

brasiliensis Steindachner, 1879) are exploited (Franco et al., 2020; Gia-

The South Atlantic Ocean is surrounded by 24 coastal countries
members of the Zone of Peace and Cooperation of the South Atlantic

(ZOPACAS) and provides several ecosystem services and goods to nearly
840 million people living in South America and Africa (United Nations,
2021). In its southernmost portion, down to ~20°S (Fig. 1), there are
highly productive areas, particularly associated with the upwelling
system of the Benguela Current on the east (Hutchings et al., 2009). In
the Southwestern Atlantic, the productivity results mainly from major
temperate estuarine systems, such as El Rincén, the Rio de la Plata
plume, and the Patos Lagoon. Secondarily, the Cabo da Santa Marta and
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nelli et al., 2023). Some stocks have been overexploited over time as
well as vulnerable to hydroclimatic changes and ecosystem degradation
(Matsuura, 1996; Bertrand et al., 2018; Verba et al., 2020). Several
warnings about the risk of ecosystem change and fishery stock depletion
reinforce the need to develop tools to monitor the dynamics of both
adults and non-adults (Barange et al., 2018; Franco et al., 2020). Our
ability to predict the productivity of fish stocks over time relies on
models that claim spawning and larval recruitment as key drivers, both
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depending on phytoplankton (mainly diatoms and dinoflagellates) and
zooplankton (mainly copepods) as food supply (Beaugrand et al., 2003;
Beaugrand, 2005; Lees et al., 2006). Additionally, phytoplankton and
zooplankton are key contributors to ecosystem biodiversity, consisting
of a wide variety of species in different shapes and sizes, thus being
indicators of multiscale oceanic and climatic events (Piontkovski et al.,
2006; Lombard et al., 2019).

A better understanding of the planktonic standing stock requires
access to consistent, high-quality, near-real-time monitoring data on a
series of climate, environmental and biological parameters (Mackas
et al., 2004; Miloslavich et al., 2018). Long-term observations on these
organisms can help understand the temporal variability in food supply
for fish larvae, to better determine trends in the ecosystem productivity
(Kléparski et al., 2022), as well as help early detection of global warming
effects (Beaugrand and Kirby, 2018; Chust et al., 2023).

The Cabo Frio Upwelling System (CFUS) is a highly dynamic coastal
ecosystem characterized by pronounced natural variability across
different spatial and temporal scales. Like other seasonal wind-driven
coastal upwelling systems that function under variable conditions, the
potential resilience of planktonic assemblages to changes resulting from
human activities needs to be better addressed (Cury et al., 2011; Coelho-
Souza et al., 2012, 2013; Capone and Hutchins, 2013). Nevertheless,
some of the reported decadal hydrodynamic changes, like the increasing
flow of the Brazilian current (Artana et al., 2019), are thought to cause
shifts in plankton biomass, diversity, and composition (Chen et al.,
2023). These shifts appear to respond to low-frequency high-amplitude
changes in the hydroclimate system that propagate through multiple
trophic levels (Lees et al., 2006). However, it is still debated if these
shifts are simply part of natural variability generally found in upwelling
systems or abrupt and discontinuous (Weidberg et al., 2020). In the Cabo
Frio Upwelling System, there exists a natural transition between
ecosystem states, from oligotrophic warm to eutrophic cold that ends in
a mixed productive state (Rosa et al., 2023). This natural transition is
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mostly seasonal and drives the plankton phenology in the region
(Gonzalez-Rodriguez, 1994; Guenther et al., 2008). Some abrupt
changes are known to occur in plankton assemblages between system
states, whether caused by global climate change, biological interactions,
or local environmental conditions (Bode, 2023), but less evidence exists
on whether upwelling populations are threatened by ocean warming.
The abrupt changes that could happen in the CFUS upwelling ecosystem
are likely to have negative consequences on the zooplankton phenology
if populations fail to track these perturbations and, therefore, fail to
target the optimal seasonal window of growing and reproduction
(Mackas et al., 2012).

Previous studies in the CFUS have shown the temporal variability of
phytoplankton and meroplankton associated with ecosystem produc-
tivity and recruitment (Fernandes et al., 2017; 2012; Kiitter et al., 2014),
but it was only recently noted that changes in the copepods can be used
as indicators of the CFUS ecosystem state (Rosa et al., 2023). The present
study had three main goals: (1) to analyze the inter-annual change in the
physical and chemical properties of the environment (namely temper-
ature, salinity, nutrients, dissolved oxygen, and pH), (2) to understand
how this variability can explain changes in planktonic assemblage and
(3) to address the potential use of phytoplankton and zooplankton
populations as indicators of either an abrupt changepoint or gradational
interannual changes in upwelling ecosystems like the CFUS.

2. Materials and methods
2.1. Study area

The present study was conducted focusing on a fixed sampling site in
Cabo Frio Island (23°S—042.01°W, Fig. 1, black arrow) as part of the
Long-term Ecological Research “Cabo Frio Upwelling” (PELD-RECA,

https://memoria.cnpq.br/sitios-peld), where the potential decadal
oscillation in the upwelling effects upon the planktonic assemblages are

Africa
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Fig. 1. Monthly composite Chlorophyll concentration (MODIS Aqua L3 4 km resolution) in the South Atlantic Ocean during a strong upwelling (January 2003, Ocean
Color, NASA). The Cabo Frio Upwelling System (CFUS, top panel, red arrow) is part of the northern boundary of the South Brazilian Shelf (SBS) and can be highly
productive during spring-summer upwellings, contributing to the overall South Atlantic primary production. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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expected to be measurable (Coelho-Souza et al., 2012). This sampling
site is located in the cold core of the Cabo Frio Upwelling System (CFUS),
a well-known wind-driven coastal upwelling on the southeastern coast
of Brazil (Fig. 1), where water temperature range from less than 15 °C in
the austral spring-summer (September-January) to more than 28 °C
during the autumn (March-April) (Valentin, 2001). Several coastal up-
welling ecosystems are marked by strong seasonality, with changes in
the ecosystem structure and functioning as those in the depth of the
mixed layer and the timing of phytoplankton bloom (Mackas et al.,
2012; Lindemann and John, 2014; Peng et al., 2023). The CFUS has also
shown seasonal rhythms (Mazzini and Barth, 2013), affecting the
copepod size and composition (Rosa et al., 2016; 2023), the bacterial
and primary productivity (De Carvalho and Gonzalez-Rodriguez, 2004;
Guenther and Valentin, 2008; Cury et al., 2011), and the coupling be-
tween larval pool and phytoplankton bloom (Fernandes et al., 2012).

2.2. Biological and environmental data

To resolve the temporal oscillations in the climate and the ecosystem
status, this site has been weekly monitored since January 1995
(N=1793). The analysis of the environmental variables, namely water
temperature, salinity, dissolved oxygen, and pH, was performed using
either an inverted thermometer mounted on a Niskin bottle (1995 —
2012) or a Horiba multiparameter probe (Model U-5000; HGS No.
7JETA790) at ~1-m depth (2012 to date). Additionally, sub-superficial
water samples of 2 L were collected with a 3-L Niskin bottle (N=1793)
and immediately conducted to the laboratory for spectrophotometric
(Agilent UV-Vis Cary 60) estimates of the Chlorophyll-a and nutrient
concentration (nitrite, nitrate, ammonia, and phosphate) (Strickland
and Parsons, 1972). Chlorophyll-a concentration (ug/1) was estimated
from a 0.5 to 1 L subsample filtered in GFF membrane and analyzed in
the spectrophotometer following Jeffrey-Humphrey equation (Jeffrey
and Welschmeyer, 1997; Ritchie, 2008).

Plankton samples were collected in triplicates every week by sub-
superficial horizontal hauls (~1 m) lasting for 2 min with a
cylindrical-conical net, 50 cm mouth opening, 100 um mesh size, and
equipped with a calibrated flowmeter (Model 2030R Mechanical
Flowmeter, General Oceanics Inc., Miami, FL). Immediately after
collection, samples were preserved in a 4 % solution of formaldehyde
(final concentration), diluted in seawater and buffered with 20 g/1 of
Sodium tetraborate. At the laboratory, samples were split with a Folsom
Plankton Splitter (Boltovskoy, 1981), one % sub-sample was used for
seston dry weight in a 0.0001 g precision scale (Shimadzu 82D) and
another for organism counting. Even though the most common fraction
used for organism counting equals 5, highly concentrated samples were
split up to % of the original concentration. The average volume of
seawater filtered by the net was 14.6 m3 (7.6-56.7 m3).

For organism counting, we used a Benchtop B3 FlowCAM cytometer
configured in autoimaging mode with 2x objective, 2000 um x 2000 pm
flow cell. Images were captured at 2400 dpi resolution, with a size of
1024 x 768 pixels, 17 frames per second (efficiency ~40 %), and a flow
rate of 10 ml/min. A magnetic stirrer was used to keep the particles in
suspension and the subsample concentration homogeneous during the
analysis. Sample run interruptions were set on 4,000 particles in total.
Each count was converted to density (organisms per cubic meter of
seawater, org/m°>) after considering the volume imaged by the Flow-
Cam, the subsample dilution (500-1000 ml), the fraction of Folsom
(usually '%), and the total volume filtered by the net as estimated by the
flowmeter (Alvarez et al., 2011; 2014).Visual Spread-sheet Software
(VSP), version 3.4.5 (Yokogawa, Tokyo, JP), was used for prior analysis
and measurement of organisms. After the run, the images were pre-
treated to split each region of interest by using coupled Python and
ImageJ software (‘Analyse Particles’ function) and uploaded to the
Ecotaxa platform (https://ecotaxa.obs-vlfr.fr/prj/6015), where the
classification of organisms was performed. In total, 108 categories were
generated, including supra-specific taxa and particles (e.g., faeces,
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fibres). The density of large (>100 um) phytoplankton and zooplankton
populations were estimated as the density of the four most abundant
categories in the CFUS, namely Bacillariophyceae (mostly Coscinodiscus
spp.), Dinophyceae (mostly Ceratium spp. and Noctiluca sp.), Copepoda
and Diplostraca (Pseudevadne tergestina, Evadne spinifera, Podon poly-
phemoides, and Penilia avirostris), avoiding rare groups and badly anno-
tated images. These categories will be herein referred to as diatoms,
dinoflagellates, copepods, and cladocerans for simplicity. Each sub-
sample was run into triplicates totalling nearly 50 ml analyzed.

The temporal change in the community structure was addressed
using six biotic variables: the density of the four dominant planktonic
groups (diatoms, dinoflagellates, cladocerans, and copepods) and two
proxies of phytoplankton and zooplankton biomass (Chlorophyll-a and
seston dry weight). The full dataset of physical, chemical, and biological
variables weekly estimated in the fixed station was averaged to the
corresponding month and year from 1995 to 2015 to complete a ~20-
year set. Samples from 1995-1997, 2002 and 2003 were missing and,
therefore, were replaced by the moving average (subset of 4 data) using
the ‘impute’ function (Tidyverse package, v1.3.0, Wickham et al., 2019).

2.3. Time series analysis

To extend the time series to previous decades (before 1995) and also
to a larger area in the north boundary of the South Brazilian Shelf, all
data available in the National Oceanographic Database (BNDO, Brazil-
ian Navy, https://www.marinha.mil.br/chm/bndo) between 20°S-24°S
and 040°W-044°W (0 to 20 m depth) was included in the dataset and
used to build a decadal grid (1’ x 1/, radius = 50, kriging method). Sea
surface temperature (N = 9568) and salinity (N = 2939) data were
obtained through distinct methods over the years (1960-2019) in many
oceanographic cruises, including inverted thermometers mounted on
Nansen bottles, bathythermographs, and CTD profiles. We thus stan-
dardized all data (z transformation) before analysis to reduce the bias
effect due to the distinct devices used. To our knowledge, there is no
available data on pH, dissolved oxygen, or nutrient concentration for the
whole area and before 1995 that could be included in the time series
analysis. The monthly average of temperature and salinity were pooled
every 10 years to address the coherence and constancy of the seasonal
cycle in the CFUS over decades. Due to the scarcity of data from the
1950s, the matrix of seasonality was built exclusively with the monthly
averages of temperature and salinity (12 months) estimated between
1960 and 2019 (the last 6 decades). Potential changes in the frequency
of inter-annual oscillation in temperature and salinity were checked by
the univariate Morlet wavelet value (Torrence and Compo, 1998),
calculated as:

o(t) = exp( — £*/2)*cos(5t)

using the ‘wt” function (biwavelet package, v0.20.19, Gouhier et al.,
2019). We addressed coincident shifts in both series by calculating the
coherence wavelet index (‘wtc’ function) and then highlighting signifi-
cant correlations between temperature and salinity oscillations.
Considering only the CFUS region, the most relevant variables
among the eight abiotic variables measured since 1995 (water temper-
ature, salinity, dissolved oxygen, pH, nitrite, nitrate, ammonia, and
phosphate) were selected using a Principal Component Analysis (PCA)
calculated over the 8 x 21 matrix of year anomaly using the ‘pca’
function (stats package, R Core Team, 2020). The data was previously
standardized (z-transformed) by the ‘decostand’ function (vegan pack-
age, v2.6-4, Oksanen et al., 2022). Potential collinearity between vari-
ables was verified through Pearson’s Product Moment correlation by the
‘pairs.panels’ function (psych package, v2.4.1, Revelle 2024) and also
through the Variance Inflation Factor (VIF) using ‘vif’ function (car
package, Fox and Weisberg, 2019) (Zuur et al., 2010). Variables with a
correlation higher than +50 % and VIF > 3 were excluded from the
analysis. Potential covariance between the abiotic parameters and the
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community structure was addressed by the contingency table (8 phys-
ical-chemical variables x 6 biological variables). We used the contin-
gency table to check for potential linear or unimodal relationships
between the organisms’ composition and the environmental variables
through Redundancy Analysis (‘rda’ function) and Canonical Corre-
spondence Analysis (‘cca’ function) respectively and thus selected the
best-fit model as suggested by the resulting inertia (Legendre and Leg-
endre, 2012). The best model was detailed based on the forward selec-
tion of significant variables using the ‘ordiR2step’ function. We assessed
potential significant deviation from stability over the years through the
linear regression breakpoint analysis (function ‘breakpoints’, struc-
change package, Zeileis et al., 2002), and highlighted through the traffic
light plot (function ‘trafficlight’, IEAtools package, Otto, 2024).

3. Results
3.1. Indicators of decadal changes in the marine environment

The CFUS has a major spatial gradient of temperature and salinity
(Fig. 2), ranging from warm and salty Tropical Water (T > 20 °C, S > 36
psy, Fig. 2 red and dark green symbols) off the shelf break on the east to
seasonally mixed waters near the coast. During upwelling seasons, the
cold and less saline water (T < 20 °C, S ~ 35-36 psu, Fig. 2 blue and pink
symbols) observed off Arraial do Cabo result from the mixing at the
surface of the deep South Atlantic Central Water (SACW) with coastal
waters (Valentin, 2001; Castro-Filho et al., 2015; Piola et al., 2018).

Relatively to the 1960-2019 average, there was an increase (>1
Standard Deviation, SSTsp=1.8 °C) in the sea surface temperature in the
cold core and near the coast in the northeast region after the 90 s (Fig. 3,
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reddish areas). In contrast, the most prominent variation in salinity
occurred in the south coastal region (Fig. 4, reddish areas) and over the
shelf on the east (Fig. 4, blueish areas), coincident in time with that in
temperature after the 90 s. This variation in salinity represents a
weakening in the gradient, since less saline coastal waters turn into more
saline, including that in the cold core, while those over the shelf became
less saline after the 90 s.

Internally in each decade, most of the stronger oscillations followed a
12-month rhythm in temperature (Fig. 5a-c) representing the seasonal
cycle common in upwelling regions. During the late 70 s and early 80 s,
high-frequency disturbances (~3 months) weakened the annual sea-
sonal oscillation (~12 months) of temperature and salinity. By
combining both temperature and salinity time series (Fig. 5c), it seems
that the coherence between oscillations is concentrated in cycles of 12
months before the 80 s and 3 ~ 4 months after the 00 s (Fig. 5c, reddish
areas). Hence, the seasonality in the thermohaline regime has also
weakened since the 80 s and is likely disturbed by high-frequency (every
3 ~ 4 months) oscillations from the early 2000s up to the present day.
This temporal shift in the frequency coincided with the largest spatial
increase in SST and SSS near the coast that was registered in 2000-09
(Figs. 3 and 4).

Zooming in the CFUS region, most of the environmental variables in
the cold core oscillate cyclically (Fig. 6a-h) and have no significant
linear trend, except for temperature, salinity, and Dissolved Oxygen
(Table 1). The overall (1995-2015) average, standard deviation, slope of
regression, and significance level are presented in Table 1. The sea
surface temperature on the coast has decreased 0.06 °C year !, while
salinity and dissolved Oxygen have increased respectively 0.04 psu and
0.02 mLL™! year ! over the last 25 years (Fig. 6b). The sea surface
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Fig. 2. Spatial coverage of raw data in the CFUS measured from 1960 to 2019: (top) Sea surface temperature (N = 9568) and (bottom) salinity (N = 2939). Data set

extracted from BNDO.
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Fig. 3. Decadal (1960-2019) changes in the sea surface temperature (SST anomaly) in the CFUS. Positive/negative anomalies represent an increase/decrease in
temperature relative to the overall average (1960-2019). The black dot locates the sampling site.

220%4°W 043°W  042°W  041°W  040°W

23°S

2

1 2>
©
=

o 2
<
wn

SIY»)
w

2

3

Fig. 4. Decadal (1960-2019) changes in the sea surface salinity (SSS anomaly) in the CFUS. Positive/negative anomalies represent an increase/decrease in salinity
relative to the overall average (1960-2019). The black dot locates the sampling site.

temperature differed from the increasing trend observed in the whole
CFUS and slightly decreased over the years, reaching the lowest average
in 2015. Several environmental variables displayed high intra-annual
(Fig. 6, vertical bars) and interannual variability (Fig. 6, annual aver-
ages), mainly pH, phosphate, and ammonia.

In general, more than 56.5 % of the environmental variability in the
cold core region can be summarized in two principal orthogonal com-
ponents (Fig. 7). The analysis places sea surface temperature, salinity,
and concentration of dissolved oxygen, the variables with a significative
trend (Table 1), as the most relevant drivers in the ecosystem, being the
largest contributors of the first principal component that explains 34.2 %
of the inter-annual variability in the CFUS. This component highlights
years with warm waters (1998, 2003, and 2006) associated with high
concentrations of ammonia. The period of the time series marked by the
most intense upwellings, with high salinity and dissolved oxygen — 2012
to 2015 (Fig. 6a) — was entirely concentrated on the negative side of the

first principal component. The second axis (22.3 %) describes the
nutrient-driven bottom-up effect in the ecosystem, placing years with
high input of new nutrients (PO4 + NO3 + NO>) that happened in 2001/
02 and 2011/12 against oligotrophic years like 2004, 2013/14.

3.2. Indicators of decadal changes in the plankton assemblage

The interannual variability in the average abundance (Table 1
Suppl.) of some phytoplankton and zooplankton groups is significantly
cross-correlated (Fig. 1 Suppl.). Copepods (Fig. 8f), for instance, are
highly inversely correlated with dinoflagellates (Fig. 8b, R = —0.83) and
Chlorophyll-a (Fig. 8a, R = —0.56), and were removed from the model to
avoid collinearity. Most of the biological indicators analyzed herein
have a sinusoidal rather than linear trend, even though the relationship
between the physical-chemical variables and the spatial representation
of biological variables follows a linear model (inertia = 2.96) rather than
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Fig. 5. Strength (wavelet power) of monthly to annual (period) oscillation in the CFUS over the decades: (a) temperature; (b) salinity; (c) coherence between
temperature and salinity. The shadow areas indicate the outer limits of the 90% confidence level.

a Gaussian one (inertia = 0.07). The forward selection steps lead to the
inclusion of all variables in the model, except for Copepoda due to its
collinearity (Rgdjusted = 0.23), and the linear model produced by the
redundancy analysis (RDA) explained the majority (69 %) of the tem-
poral variance of the 5 biotic variables selected in the round 2 (Table 2
Suppl.).

For diatoms and copepods, there were coincident peaks in abun-
dance during 2004 followed by a decreasing trend thereafter (Fig. 8c and
f). There was a coincident peak of Chlorophyll-a in 2004, followed by the
same general linear trend of decreasing after, showing a punctual as-
sociation that did not lead to a significant correlation (Fig. 1 Suppl.).
Dinoflagellates, in contrast, do not peak at the beginning of the series
nor in 2004 and seem to be increasing yearly instead. Cladocerans
peaked in 2004 coincident with diatoms and copepods, but differently
from them, they have an increasing trend in most recent years. The
seston biomass exhibited highly interannual variability, but an
increasing trend in more recent years that is positively correlated with
dinoflagellates (R = 0.64, p < 0.1, Fig. 1 Suppl.).

According to the distribution of monthly average abundances over
the years (Fig. 9), the peaks of diatoms and copepods were frequent up
until 2004, while after that the majority of the abundances fell below the
60 % quintile. In contrast, high abundances of dinoflagellates and cla-
docerans and high concentrations of plankton biomass (both
Chlorophyll-a and Seston dry weight) started to be more frequent in
2004. This difference was also evidenced by the breakpoint analysis as
significant. The combined lowest value of the Residual Sum of Squares
(RSS) and the Bayesian Information Criterion (BIC) correspond to m = 2
(Fig. 10), thus suggesting the existence of up to two breaking dates

(2002 and 2004, Table 3 Suppl.). The superposition of year scores in the
first RDA dimension on top of the yearly distribution (Fig. 9, blue line)
illustrates the shift between regimes that was suggested by the 2004
breakpoint (Fig. 10). From 2004 to 2007, the scores of years in the first
dimension of the RDA turned into negative values illustrating the
apparent regime shift after 2004.

In general, nearly 70 % of the total variance observed in the
ecosystem is described by the two most significant dimensions (Fig. 11).
The first dimension summarized 38.9 % of the variance and pointed to a
transition from a diatom-dominant up to 2004 to a relatively
dinoflagellate-dominant regime after. This apparent regime shift is
coincident with the peak of cladocerans and copepods (Fig. 8e and f), the
highly oligotrophic 2004 year (Fig. 7, PCA), the largest spatial warming
in SST registered in the 2000-09 decade (Fig. 3), and the high-frequency
oscillations that started in the early 2000s (Fig. 5¢). As observed in the
PCA, the temperature defined the positive side in the first dimension,
mainly grouping years before 2004/05, featuring as the most nutrient-
poor period in the PCA and RDA, while nutrients like phosphate and
oxygen spread on the negative bottom quadrant. The nutrients and the
dissolved oxygen that increase during cold upwelled waters positively
correlated with the dinoflagellates and the seston dry weight, particu-
larly during recent years. The salinity was the strongest vector on the
second dimension, separating salty and nutrient-depleted waters with
diatoms (2004) from some years when nitrogen sources (NO3 + NHy)
point towards newly-upwelled eutrophic waters.
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Fig. 6. Intra-annual and Interannual variability (1995-2015) of the major environmental variables in the main core of the upwelling in the CFUS near the coast
showed as anomalies in (a) temperature; (b) salinity; (c) pH; (d) dissolved oxygen; (e) phosphate; (f) nitrate; (g) ammonia; and (h) nitrite. The boxplots represent the
intra-annual variability from the annual average (black horizontal line), +1 SD (grey box), =2 SD (black vertical line), and the linear trend (red dotted line) +95 %
confidence interval (grey line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Overall average, standard deviation, slope (Linear Fit), and significance level of
slope (p) of Temperature (SST), Salinity (SSS), Dissolved Oxygen (DO), pH, and
nutrients (PO4, NO2, NO3, and NH4).

SST SSs DO (ml/ pH PO4 NO2 NO3  NH4
O (psw) D @M) M) M) (M)
Average 2216 3574 5.65 816 027 009 075 1.38
SD 2.10 1.08  1.03 038 020 010 114 095
Slope -0.06  0.04 0.02 0 0 0 0 0
p (slope) 0.01 0.01  0.01 022 068 072 048 043

4. Discussion

The CFUS is located in a subtropical-temperate transient ecosystem
in the South Brazilian Bight (23-28.5°S, Nogueira-Jinior and Brandini,
2018) and marks the limits between the South Brazilian Shelf and the
East Brazilian Shelf. As a transient ecosystem in the southwestern South
Atlantic Ocean (SWAO), it is likely to have a high intra-annual natural
variability in the environment that masks inter-annual temporal trends.
The weakening registered in the seasonal rhythm (12 months) of

thermohaline coherence after the 80 s suggests the permanence of warm
and salty Tropical Water at the surface for long periods, which could
have had some significant temporary effect on the CFUS ecosystem
functioning and the plankton dynamics. There is additional evidence
derived from a coincident increasing trend in the rainfall, air tempera-
ture, and sea surface temperature after the 90 s-00 s on the southern
Brazilian coast that supports the enhancement of the thermohaline cir-
culation (Penereiro and Meschiatti, 2018; Vasconcellos et al., 2023).
Temperature and salinity are two of the most powerful physiological
constraints for marine life (Walker et al., 2020) and drivers of phyto-
plankton and zooplankton phenology (Mackas et al., 2012). The CFUS is
a hot spot of diatoms (Brandini, 2018), mainly at seasons of intense
upwelling regimes, as observed when the increased nutrient availability
in the euphotic mixed layer fuels primary productivity (Gonzalez-
Rodriguez et al., 1992; De Carvalho and Gonzalez-Rodriguez, 2004;
Guenther and Valentin, 2008; Guenther et al., 2008). Our results
revealed a high abundance of diatoms coincident with low nutrient
conditions in 2004, suggesting that growing is likely favoured by the
relaxing of grazing by the consumers rather than through bottom-up
stimulus. The relaxing in the top-down control is currently explained
by the occurrence of multiple biological and physical controls
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decoupling phytoplankton from grazers, mainly the temporal variation
of the depth of the mixed layer (Lindemann and John, 2014). Hence, the
decadal increase in the sea temperature in the northern and salinity in
the southern coastal zone of the CFUS, accompanied by the weakening
in the seasonality of upwelling over the years is expected to temporarily
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disturb the depth of the mixed layer and thus the ecosystem functioning.
Particularly in upwelling ecosystems, disturbs in the mixed layer affect
the input of deep nutrients, dilute planktonic populations, and deter-
mine the plankton phenology (Piontkovski and Castellani, 2009; Lin-
demann and John, 2014). The disturbance in the mixed layer can be
seen in the high inter-annual variability of nutrients in CFUS, which in
turn hid significant temporal trends over the 1995-2015 period.

The physical forces behind this circulation and the upwelling are
largely derived from the dynamics of the Brazilian Current (BC) (Silva
et al., 2023), a major component of the Atlantic Meridional Overturning
Circulation in the region that exhibits a warming trend and a shift in the
meandering behavior over the past decades (Castro et al., 2006; Vas-
concellos et al., 2023). Together, the flow of the Brazilian Current, wind
regime, and local bathymetry result in the upwelling of the nutrient-rich
cold South Atlantic Central Water (SACW) in the vicinity of Cabo Frio
Island (namely the upwelling cold core) (Valentin, 2001; Piola et al.,
2018). This upwelling is characterized by temperatures lower than 20 °C
and, according to our results, its cold core intensified between 2010 and
2018, contrasting with the broad warming trend observed in the coastal
zone of the CFUS. These results, therefore, revealed contrasting trends
between a decreasing temperature in the CFUS cold core and increasing
SST on a broad scale that reinforces the need for regional-scale studies.

In the main upwelling zone, the natural seasonal oscillations of
temperature, salinity, and nutrient concentration are well-known to
drive the plankton phenology, particularly the spring bloom of phyto-
plankton (Fernandes et al., 2017; 2012). The coincidence between the
weakening of seasonal oscillation in more recent years and the
increasing trend for dinoflagellates and seston biomass over the years
are potential intrinsic impacts on organisms’ physiology that can
propagate across the trophic interconnections (Ji et al., 2010). The shift
between a diatom-dominant regime towards a dinoflagellate one
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Chlorophyll-a; (b) Seston Dry Weight; (c) Diatoms; (d) Dinoflagellates; (e) Copepods; and (f) Cladocerans. Boxplots represent the annual median (black horizontal
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legend, the reader is referred to the web version of this article.)
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indicates the distinct responses these organisms have to the observed
environmental changes. Dinoflagellate species, in contrast to diatoms,
are specialists in ecosystems with higher salinity and low nutrient con-
centrations (Irwin et al., 2012; Cael et al., 2021).

Differently from most of the South Brazilian Shelf, where the sea-
sonal variability in plankton assemblage is mostly driven by the amount
of riverine runoff through the rainy season (Brandini, 2018), there is less
continental and more atmospheric (e.g. evaporation) interference in the
CFUS. The region is alternatively influenced by intrusions of the warm
Tropical Water (TW) and the rise of the cold South Atlantic Central
Water (SACW) (Castro et al., 2006; Marcolin et al., 2014). The suggested
predominance of TW at the surface in the CFUS, as revealed by the
persistent salty waters after 2004, coincides with the vertical stratifi-
cation and permanent thermocline usually observed in the CFUS (Silva
et al., 2023). Under this stratified and oligotrophic regime, the plankton
assemblage does not maintain highly dense populations nor high
biomass for a long time, even though it is highly diverse and size-
dominated by small organisms that quickly regenerate the nitrogen
(Bode et al., 2004). The 2004 breakpoint thus reflected a potential
regime shift towards the salty oligotrophic mixed layer that fueled the
growth of dinoflagellates and thermophilic taxa, while constraining di-
atoms and copepods. Most cladocerans are also well-adapted to consume

small phytoplankton cells (Agasild and Noges, 2005) and may thrive
under this oligotrophic scenario.

In the CFUS, decadal shifts in salinity combined with changes in the
plankton composition, biomass, and abundance are expected to propa-
gate through the food web since the small pelagic fishes, mainly sar-
dines, and fish larvae regulate the plankton growth (Coelho-Souza et al.,
2012). In the Baltic, the cascading effects of decreasing copepods
involved increasing sprat and cod declines (Mollmann et al., 2008). In
the Benguela upwelling system, the low biomass of fish stocks after the
80 s was associated with a less efficient energy flow and an indicative of
a regime shift (Cury and Shannon, 2004). The spawning of sardines in
the CFUS varies annually but is mostly concentrated in waters with 22 to
26 °C and 34.5 to 36 PSU (Matsuura, 1996; 1998). The water temper-
ature influences the larval survival and the inter-annual variability of
the spawning of the Brazilian sardine, particularly in the CFUS due to the
upwelling (Dias et al., 2014). Sardine and anchovy larvae exert a major
top-down control on large copepods and must represent an additional
pressure towards a cladoceran-dominated assemblage. Our analysis
demonstrates a general trend of increase in salinity with a coincident
threshold level in 2004 that propagated in phytoplankton and
zooplankton, and perhaps up to the higher trophic levels. This threshold
may suggest an abrupt and reversible regime shift instead of a
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Discriminant Analysis (RDA) in the main core of the upwelling. Explanatory
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Diatoms, Diat; Dinoflagellates, Dino; Cladocerans, Clad) are respectively shown
in black and red. Years were split into <2004 (green) and >2004 (blue) to
reflect the breakpoint analysis. Copepods were removed from the RDA due to
collinearity. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

discontinuous one since no second critical threshold that justifies hys-
teresis (Collie et al., 2004) was found. In summary, the temporal changes
in the water salinity, temperature, and planktonic assemblage are in-
dicators of a potential cascade effect that propagates through the food
web in the South Brazilian Shelf.

5. Conclusions

The phytoplankton and zooplankton assemblages in the Cabo Frio
Upwelling System, the northern limit of the South Brazilian Shelf are
responding to inter-annual changes in temperature, salinity, and
nutrient conditions. Large spatial and temporal scale analyses demon-
strated the influence of these drivers, but mainly the potential effect of a
decadal change in salinity on the planktonic composition. Copepods and
diatoms still dominate the plankton assemblage, although cladocerans
and dinoflagellates have increased their proportional abundance over
time. The observed increasing proportion of cladocerans and di-
noflagellates in the plankton assemblage is likely linked to both the
thermohaline circulation and the increased seston dry weight. There-
fore, these assemblage changes are supposed indicators of an abrupt
cascade effect that can have propagated through the food web up to
several planktivorous clades. Based on these potential early warning
indicators of a regime shift in the CFUS ecosystem, we thus recommend
an increase in future efforts to monitor the responses of the populations
of planktivorous fishes, such as sardines, to these observed decadal
changes.

Funding

This project has received funding from the European Union’s Hori-
zon 2020 research and innovation programme under Grant Agreement
No 862428 (MISSION ATLANTIC). This output reflects only the author’s
view and the Research Executive Agency (REA) cannot be held
responsible for any use that may be made of the information contained
therein.

10

Ecological Indicators 167 (2024) 112674
CRediT authorship contribution statement

Thiago da S. Matos: Writing — original draft, Visualization, Meth-
odology, Investigation, Formal analysis, Data curation, Conceptualiza-
tion. Carolina S. dos Reis: Formal analysis, Data curation,
Conceptualization, Methodology, Writing — original draft. Laura de A.
Moura: Formal analysis, Writing — original draft, Visualization.
Andressa C. de Souza: Methodology, Investigation, Formal analysis.
Ana Carolina N. Luz: Methodology, Investigation, Formal analysis,
Writing — original draft. Vanessa T. Bittar: Methodology, Investigation,
Formal analysis. Yuri Artioli: Writing — review & editing, Visualization,
Validation, Project administration, Investigation, Formal analysis.
Guillem Chust: Writing — original draft, Visualization, Validation,
Project administration, Investigation, Formal analysis, Conceptualiza-
tion. Patrizio Mariani: Writing — review & editing, Visualization, Su-
pervision, Project administration, Investigation, Funding acquisition.
Tania O. Oda: Methodology, Formal analysis, Writing — review &
editing. Amanda R. Rodrigues: Writing — review & editing, Investiga-
tion, Formal analysis. Maria A. Gasalla: Writing — review & editing,
Investigation, Formal analysis. Ricardo Coutinho: Writing — review &
editing, Project administration, Investigation, Funding acquisition,
Formal analysis. Lohengrin Fernandes: Writing — original draft, Visu-
alization, Validation, Supervision, Resources, Project administration,
Funding acquisition, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

We are grateful to Tiago Gandra for comments, Marcio Farias de
Abreu (in memoria) for field assistance, Danubia Moreno for zooplankton
analysis, the team of the Chemistry Division for nutrients analysis. We
thank the European Union’s Horizon 2020 research and innovation
programme under Grant Agreement No 862428 (MISSION ATLANTIC).
We are also grateful to the anonymous reviewers for their criticism.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2024.112674.

References

Acha, E.M., Mianzan, H.W., Guerrero, R.A., Favero, M., Bava, J., 2004. Marine fronts at
the continental shelves of austral South America: physical and ecological processes.
J. Mar. Syst. 44 (1-2), 83-105. https://doi.org/10.1016/j.jmarsys.2003.09.005.

Agasild, H., Noges, T., 2005. Cladoceran and rotifer grazing on bacteria and
phytoplankton in two shallow eutrophic lakes: in situ measurement with fluorescent
microspheres. J. Plankton Res. 27 (11), 1155-1174. https://doi.org/10.1093/
plankt/fbi080.

Alvarez, E., Loépez-Urrutia, A, Nogueira, E., Fraga, S., 2011. How to effectively sample
the plankton size spectrum? A case study using FlowCAM. J. Plankton Res. 33 (7),
1119-1133. https://doi.org/10.1093/plankt/fbr012.

Alvarez, E., Moyano, M., Lopez-Urrutia, A., Nogueira, E., Scharek, R., Lopez-Urrutia, A.,
Nogueira, E., Scharek, R., 2014. Routine determination of plankton community
composition and size structure: a comparison between FlowCAM and light
microscopy. J. Plankton Res. 36 (1), 170-184. https://doi.org/10.1093/plankt/
fbt069.

Artana, C., Provost, C., Lellouche, J.M., Rio, M.H., Ferrari, R., Sennéchael, N., 2019. The
Malvinas current at the confluence with the Brazil current: inferences from 25 years
of mercator ocean reanalysis. J. Geophys. Res. Oceans 124 (10), 7178-7200. https://
doi.org/10.1029/2019JC015289.


https://doi.org/10.1016/j.ecolind.2024.112674
https://doi.org/10.1016/j.ecolind.2024.112674
https://doi.org/10.1016/j.jmarsys.2003.09.005
https://doi.org/10.1093/plankt/fbi080
https://doi.org/10.1093/plankt/fbi080
https://doi.org/10.1093/plankt/fbr012
https://doi.org/10.1093/plankt/fbt069
https://doi.org/10.1093/plankt/fbt069
https://doi.org/10.1029/2019JC015289
https://doi.org/10.1029/2019JC015289

T.S. Matos et al.

Barange, M., Holsman, K., Hollowed, A., Ito, S., Bograd, S., Hazen, E., King, J., Mueter,
F., Perry, R. 1. 2018. Impacts of climate change on fisheries and aquaculture: synthesis of
current knowledge, adaptation and mitigation options. (Barange, M., Bahri, T.,
Beveridge, M. C. M., Cochrane, K. L., Funge-Smith, S., & Poulain, F., eds.), FAO
Fisheries and Aquaculture Technical Paper (Vol. 627). Rome: FAO, 628pp pp.

Beaugrand, G., 2005. Monitoring pelagic ecosystems using plankton indicators. ICES J.
Mar. Sci. 62 (3), 333-338. https://doi.org/10.1016/j.icesjms.2005.01.002.

Beaugrand, G., Kirby, R.R., 2018. How do marine pelagic species respond to climate
change? Theories and observations. Ann. Rev. Mar. Sci. 10, 169-197. https://doi.
org/10.1146/annurev-marine-121916-063304.

Beaugrand, G., Brander, K.M., Lindley, J.A., Souissi, S., Reid, P.C., 2003. Plankton effect
on cod recruitment in the North Sea. Nature 426 (6967), 661-664. https://doi.org/
10.1038/nature02164.

Bertrand, A., Vogler, R., Defeo, O., 2018. Climate change impacts, vulnerabilities and
adaptations: Southwest Atlantic and Southeast Pacific marine fisheries. In:
Barange, M., Holsman, K., Hollowed, A., Ito, S., Bograd, S., Hazen, E., King, J.,
Mueter, F., Perry, R.I. (Eds.), Impacts of Climate Change on Fisheries and
Aquaculture: Synthesis of Current Knowledge, Adaptation and Mitigation Options.
FAO Fisheries and Aquaculture Technical Paper, pp. 325-346.

Bode, A., 2023. Synchronized multidecadal trends and regime shifts in North Atlantic
plankton populations. ICES J. Mar. Sci. (May), 1-12. https://doi.org/10.1093/
icesjms/fsad095.

Bode, A., Barquero, S., Gonzalez, N., Alvarez-Ossorio, M.T., Varela, M., 2004.
Contribution of heterotrophic plankton to nitrogen regeneration in the upwelling
ecosystem of A Coruna (NW Spain). J. Plankton Res. 26 (1), 11-28. https://doi.org/
10.1093/plankt/fbh003.

Boltovskoy, D., 1981. Atlas del zooplancton del Atlantico Sudoocidental y métodos de
trabajo con el zooplancton marino. Instituto Nacional de Investigacién y Desarrollo
Pesquero (INIDEP), Mar del Plata, p. 936.

Brandini, F.P., 2018. Phytoplankton Assemblages of the Subtropical South West Atlantic:
Composition and Dynamics in Relation to Physical and Chemical Processes. In:
Hoffmeyer, M.S., Sabatini, M.E., Brandini, F.P., Calliari, D.L., Santinelli, N.H. (Eds.),
Plankton Ecology of the Southwestern Atlantic. Springer, pp. 129-148. https://doi.
org/10.1007/978-3-319-77869-3.

Cael, B.B., Dutkiewicz, S., Henson, S., 2021. Abrupt shifts in 21st-century plankton
communities. Sci. Adv. 7 (44). https://doi.org/10.1126/sciadv.abf8593.

Capone, D.G., Hutchins, D.A., 2013. Microbial biogeochemistry of coastal upwelling
regimes in a changing ocean. Nat. Geosci. 6 (9), 711-717. https://doi.org/10.1038/
ngeol916.

Castro, B. M., BranDIng, F. P., Pires-VaNIN, A. M. S. & MIraANDA, L. B. 2006. Multidisciplinary
Oceanographic Processes On the Western Atlantic Continental Shelf Between 4°N
and 34°S. In: Robinson, A. R. & Brink, K. (eds.), The Sea, Vol. 14 - The Global Coastal
Ocean: Interdisciplinary Regional Studies and Syntheses (Vol. 14). Cambridge: Harvard
University Press.

Castro-Filho, B.M. de, Pereira, A.F., Caroli, A. de, Foloni-Neto, H., Paschoal, G.C.A., da
Silveira, I.C.A., AMor, C. C. 2015. Correntes e massas de dgua na plataforma
continental. In: Martins, R. P. & Grossmann-Matheson, G. S. (eds.), Habitats (pp.
189-252). Rio de Janeiro: Elsevier. DOI: doi: 10.1016/B978-85-352-6208-7.50012-
X.

Chen, D., Shi, Z., Li, R., Li, X., Cheng, Y., Xu, J., 2023. Hydrodynamics drives shifts in
phytoplankton community composition and carbon-to-chlorophyll a ratio in the
northern South China Sea. Front. Mar. Sci. 10 (December), 1-18. https://doi.org/
10.3389/fmars.2023.1293354.

Chust, G., Taboada, F.G., Alvarez, P., Ibaibarriaga, L., 2023. Species acclimatization
pathways: latitudinal shifts and timing adjustments to track ocean warming. Ecol.
Ind. 146, 109752. https://doi.org/10.1016/j.ecolind.2022.109752.

Coelho-Souza, S.A., Lopez, M.S., Guimaraes, J.R.D., Coutinho, R., Candella, R.N., 2012.
Biophysical interactions in the Cabo Frio upwelling system, southeastern Brazil.
Braz. J. Oceanogr. 60 (3), 353-365. https://doi.org/10.1590/51679-
87592012000300008.

Coelho-Souza, S.A., Pereira, G.C., Coutinho, R., Guimaraes, J.R.D., 2013. Yearly
variation of bacterial production in the Arraial do Cabo protection area (Cabo Frio
upwelling region): an evidence of anthropogenic pressure. Braz. J. Microbiol. 44,
1349-1357. https://doi.org/10.1590/51517-83822013000400046.

Collie, J.S., Richardson, K., Steele, J.H., 2004. Regime shifts: Can ecological theory
illuminate the mechanisms? Prog. Oceanogr. 60 (2-4), 281-302. https://doi.org/
10.1016/j.pocean.2004.02.013.

Cury, J.C., Araujo, F.V., Coelho-Souza, S.A., Peixoto, R.S., Oliveira, J.A.L., Santos, H.F.,
Davila, A.M.R., Rosado, A.S., 2011. Microbial diversity of a Brazilian coastal region
influenced by an upwelling system and anthropogenic activity. PLoS One 6 (1),
€16553. https://doi.org/10.1371/journal.pone.0016553.

Cury, P., Shannon, L., 2004. Regime shifts in upwelling ecosystems: observed changes
and possible mechanisms in the northern and southern Benguela. Prog. Oceanogr. 60
(2-4), 223-243. https://doi.org/10.1016/j.pocean.2004.02.007.

De Carvalho, W.F., Gonzalez-Rodriguez, E., 2004. Development of primary and bacterial
productivity in upwelling waters of Arraial do Cabo region, RJ (Brazil). Braz. J.
Oceanogr. 52 (1), 35-45.

de Fernandes, L.D.de.A., Quintanilha, J., Monteiro-Ribas, W.M., Gonzalez-Rodriguez, E.,
Coutinho, R., 2012. Seasonal and interannual coupling between sea surface
temperature, phytoplankton and meroplankton in the subtropical south-western
Atlantic Ocean. J. Plankton Res. 34 (3), 236-244. https://doi.org/10.1093/plankt/
fbr106.

de Fernandes, L.D.de.A., Netto, E.B.F., Coutinho, R., 2017. Inter-annual cascade effect on
marine food web: a benthic pathway lagging nutrient supply to pelagic fish stock.
PLoS One 12 (9), e0184512. https://doi.org/10.1371/journal.pone.0184512.

11

Ecological Indicators 167 (2024) 112674

Dias, D.F., Pezzi, L.P., Gherardi, D.F.M., Camargo, R., 2014. Modeling the spawning
strategies and larval survival of the Brazilian sardine (Sardinella brasiliensis). Prog.
Oceanogr. 123, 38-53. https://doi.org/10.1016/j.pocean.2014.03.009.

Fox, J., Weisberg, S. 2019. An R Companion to Applied Regression. https://socialsci
ences.mcmaster.ca/jfox/Books/Companion/. Accessed: https://socialsciences.mcma
ster.ca/jfox/Books/Companion/.

Franco, B.C., Defeo, O., Piola, A.R., Barreiro, M., Yang, H., Ortega, L., Gianelli, I,
Castello, J.P., Vera, C., Buratti, C., Pajaro, M., Pezzi, L.P., Méller, 0.0., 2020.
Climate change impacts on the atmospheric circulation, ocean, and fisheries in the
southwest South Atlantic Ocean: a review. Clim. Change 162 (4), 2359-2377.
https://doi.org/10.1007/5s10584-020-02783-6.

Gianelli, L., Orlando, L., Cardoso, L.G., Carranza, A., Celentano, E., Correa, P., de la
Rosa, A., Dono, F., Haimovici, M., Horta, S., Jaureguizar, A.J., Jorge-Romero, G.,
Lercari, D., Martinez, G., Pereyra, 1., Silveira, S., Vogler, R., Defeo, O., 2023.
Sensitivity of fishery resources to climate change in the warm-temperate Southwest
Atlantic Ocean. Reg. Environ. Chang. 23 (2). https://doi.org/10.1007/5s10113-023-
02049-8.

Gonzalez-Rodriguez, E., 1994. Yearly variation in primary productivity of marine
phytoplankton from Cabo Frio (RJ, Brazil) region. Hydrobiologia 294, 145-156.

Gonzalez-Rodriguez, E., Valentin, J.L., Andre, D.L., Jacob, S.A., 1992. Upwelling and
downwelling at Cabo Frio (Brazil): comparison of biomass and primary production
responses. J. Plankton Res. 14 (2), 289-306. https://doi.org/10.1093/plankt/
14.2.289.

Goubhier, T.C., Grinsted, A., Simko, V. 2019. R package biwavelet: Conduct Univariate
and Bivariate Wavelet Analyses. https://github.com/tgouhier/biwavelet. Accessed:
https://github.com/tgouhier/biwavelet.

Guenther, M., Gonzalez-Rodriguez, E., Carvalho, W.F., Rezende, C.E., Mugrabe, G.,
Valentin, J.L., 2008. Plankton trophic structure and particulate organic carbon
production during a coastal downwelling-upwelling cycle. Mar. Ecol. Prog. Ser. 363,
109-119. https://doi.org/10.3354/meps07458.

Guenther, M., Valentin, J.L., 2008. Bacterial and phytoplankton production in two
coastal systems influenced by distinct eutrophication processes. Oecologia
Brasiliensis 12 (1), 172-178.

Hutchings, L., van der Lingen, C.D., Shannon, L.J., Crawford, R.J.M., Verheye, H.M.S.,
Bartholomae, C.H., van der Plas, A K., Louw, D., Kreiner, A., Ostrowski, M., Fidel, Q.,
Barlow, R.G., Lamont, T., Coetzee, J., Shillington, F., Veitch, J., Currie, J.C.,
Monteiro, P.M.S., 2009. The Benguela current: an ecosystem of four components.
Prog. Oceanogr. 83 (1-4), 15-32. https://doi.org/10.1016/j.pocean.2009.07.046.

Irwin, A.J., Nelles, A.M., Finkel, Z.V., 2012. Phytoplankton niches estimated from field
data. Limnol. Oceanogr. 57 (3), 787-797. https://doi.org/10.4319/
10.2012.57.3.0787.

Jeffrey, S., Welschmeyer, N., 1997. Spectrophotometric and fluorometric equations in
common use in oceanography. In: Jeffrey, S.W., Mantoura, R.F.C., Wright, S.W.
(Eds.), Phytoplankton Pigments in Oceanography: Guidelines to Modern Methods.
Unesco Publishing, Paris, pp. 597-621.

Ji, R., Edwards, M., Mackas, D.L., Runge, J.A., Thomas, A.C., 2010. Marine plankton
phenology and life history in a changing climate: current research and future
directions. J. Plankton Res. 32 (10), 1355-1368. https://doi.org/10.1093/plankt/
fbq062.

Kléparski, L., Beaugrand, G., Kirby, R.R., 2022. How do plankton species coexist in an
apparently unustructured environment? Biol. Lett. 18, 20220207. https://doi.org/
10.1086/282171.

Kiitter, V.T., Wallner-Kersanach, M., Sella, S.M., Albuquerque, A.L.S., Knoppers, B.A.,
Silva-Filho, E.V., 2014. Carbon, nitrogen, and phosphorus stoichiometry of plankton
and the nutrient regime in Cabo Frio Bay, SE Brazil. Environ. Monit. Assess. 186,
559-573.

Lees, K., Pitois, S., Scott, C., Frid, C., Mackinson, S., 2006. Characterizing regime shifts in
the marine environment. Fish Fish. 7, 104-127.

Legendre, P., Legendre, L., 2012. Numerical Ecology, third ed. Elsevier Academic Press,
p. 1006.

Lindemann, C., John, M.A.St., 2014. A seasonal diary of phytoplankton in the North
Atlantic. Front. Mar. Sci. 1 (SEP), 1-6. https://doi.org/10.3389/fmars.2014.00037.

Lombard, F., Boss, E., Waite, A.M., Uitz, J., Stemmann, L., Sosik, H.M., Schulz, J.,
Romagnan, J.B., Picheral, M., Pearlman, J., Ohman, M.D., Niehoff, B., Moller, K.O.,
Miloslavich, P., Lara-Lopez, A., Kudela, R.M., Lopes, R.M., Karp-Boss, L., Kiko, R.,
Jaffe, J.S., Iversen, M.H., Irisson, J.O., Hauss, H., Guidi, L., Gorsky, G., Giering, S.L.
C., Gaube, P., Gallager, S., Dubelaar, G., Cowen, R.K., Carlotti, F., Briseno-Avena, C.,
Berline, L., Benoit-Bird, K.J., Bax, N.J., Batten, S.D., Ayata, S.D., Appeltans, W.,
2019. Globally consistent quantitative observations of planktonic ecosystems. Front.
Mar. Sci. 6 (196), 1-21. https://doi.org/10.3389/fmars.2019.00196.

Mackas, D.L., Peterson, W., Zamon, J., 2004. Comparisons of interannual biomass
anomalies of zooplankton communities along the continental margins of British
Columbia and Oregon. Deep-Sea Res. II 51, 875-896. https://doi.org/10.1016/].
dsr2.2004.05.011.

Mackas, D.L., Greve, W., Edwards, M., Chiba, S., Tadokoro, K., Eloire, D., Mazzocchi, M.,
Batten, S., Richardson, A., Johnson, C., Head, E., Conversi, A., Peluso, T., 2012.
Changing zooplankton seasonality in a changing ocean: Comparing time series of
zooplankton phenology. Prog. Oceanogr. 97-100, 31-62. https://doi.org/10.1016/j.
pocean.2011.11.005.

Marcolin, C.R., Gaeta, S., Lopes, R.M., 2014. Seasonal and interannual variability of
zooplankton vertical distribution and biomass size spectra off Ubatuba, Brazil.

J. Plankton Res. 37 (4), 808-819. https://doi.org/10.1093/plankt/fbv035.

Matsuura, Y., 1996. A probable cause of recruitment failure of Brazilian sardine,
Sardinella aurita, population during the 1974/75 spawning season. South Afr. J.
Mar. Sci. 17, 29-35.


https://doi.org/10.1016/j.icesjms.2005.01.002
https://doi.org/10.1146/annurev-marine-121916-063304
https://doi.org/10.1146/annurev-marine-121916-063304
https://doi.org/10.1038/nature02164
https://doi.org/10.1038/nature02164
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0050
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0050
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0050
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0050
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0050
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0050
https://doi.org/10.1093/icesjms/fsad095
https://doi.org/10.1093/icesjms/fsad095
https://doi.org/10.1093/plankt/fbh003
https://doi.org/10.1093/plankt/fbh003
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0065
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0065
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0065
https://doi.org/10.1007/978-3-319-77869-3
https://doi.org/10.1007/978-3-319-77869-3
https://doi.org/10.1126/sciadv.abf8593
https://doi.org/10.1038/ngeo1916
https://doi.org/10.1038/ngeo1916
https://doi.org/10.3389/fmars.2023.1293354
https://doi.org/10.3389/fmars.2023.1293354
https://doi.org/10.1016/j.ecolind.2022.109752
https://doi.org/10.1590/S1679-87592012000300008
https://doi.org/10.1590/S1679-87592012000300008
https://doi.org/10.1590/S1517-83822013000400046
https://doi.org/10.1016/j.pocean.2004.02.013
https://doi.org/10.1016/j.pocean.2004.02.013
https://doi.org/10.1371/journal.pone.0016553
https://doi.org/10.1016/j.pocean.2004.02.007
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0130
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0130
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0130
https://doi.org/10.1093/plankt/fbr106
https://doi.org/10.1093/plankt/fbr106
https://doi.org/10.1371/journal.pone.0184512
https://doi.org/10.1016/j.pocean.2014.03.009
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1007/s10584-020-02783-6
https://doi.org/10.1007/s10113-023-02049-8
https://doi.org/10.1007/s10113-023-02049-8
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0165
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0165
https://doi.org/10.1093/plankt/14.2.289
https://doi.org/10.1093/plankt/14.2.289
https://github.com/tgouhier/biwavelet
https://github.com/tgouhier/biwavelet
https://doi.org/10.3354/meps07458
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0185
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0185
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0185
https://doi.org/10.1016/j.pocean.2009.07.046
https://doi.org/10.4319/lo.2012.57.3.0787
https://doi.org/10.4319/lo.2012.57.3.0787
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0200
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0200
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0200
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0200
https://doi.org/10.1093/plankt/fbq062
https://doi.org/10.1093/plankt/fbq062
https://doi.org/10.1086/282171
https://doi.org/10.1086/282171
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0215
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0215
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0215
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0215
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0220
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0220
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0225
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0225
https://doi.org/10.3389/fmars.2014.00037
https://doi.org/10.3389/fmars.2019.00196
https://doi.org/10.1016/j.dsr2.2004.05.011
https://doi.org/10.1016/j.dsr2.2004.05.011
https://doi.org/10.1016/j.pocean.2011.11.005
https://doi.org/10.1016/j.pocean.2011.11.005
https://doi.org/10.1093/plankt/fbv035
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0255
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0255
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0255

T.S. Matos et al.

Matsuura, Y., 1998. Brazilian sardine (Sardinella brasiliensis) spawing in the southeast
Brazilian Bight over period 1976-1993. Rev. Bras. Oceangr. 46 (1), 33-43.

Mazzini, P.L.F., Barth, J.A., 2013. A comparison of mechanisms generating vertical
transport in the Brazilian coastal upwelling regions. J. Geophys. Res. Oceans 118
(11), 5977-5993. https://doi.org/10.1002/2013JC008924.

Miloslavich, P., Bax, N.J., Simmons, S.E., Klein, E., Appeltans, W., Aburto-Oropeza, O.,
Andersen Garcia, M., Batten, S.D., Benedetti-Cecchi, L., Checkley, D.M., Chiba, S.,
Duffy, J.E., Dunn, D.C., Fischer, A., Gunn, J., Kudela, R., Marsac, F., Muller-
Karger, F.E., Obura, D., Shin, Y.J., 2018. Essential ocean variables for global
sustained observations of biodiversity and ecosystem changes. Glob. Chang. Biol. 24
(6), 2416-2433. https://doi.org/10.1111/gcb.14108.

Mollmann, C., Miiller-Karulis, B., Kornilovs, G., St John, M.A., 2008. Effects of climate
and overfishing on zooplankton dynamics and ecosystem structure: regime shifts,
trophic cascade, and feedback loops in a simple ecosystem. ICES J. Mar. Sci. 65 (3),
302-310. https://doi.org/10.1093/icesjms/fsm197.

Nogueira-Jtnior, M., Brandini, F. P. 2018. Community Structure and Spatiotemporal
Dynamics of the Zooplankton in the South Brazilian Bight : A Review Community
Structure and Spatiotemporal Dynamics of the Zooplankton in the South Brazilian
Bight : A Review. In: Hoffmeyer, M. S., Sabatini, M. E., Brandini, F. P., Calliari, D. L.,
& Santinelli, N. H. (eds.), Plankton Ecology of the Southwestern Atlantic (pp. 149-170).
Springer. DOI: doi: 10.1007/978-3-319-77869-3.

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R.,
Solymos, P., Stevens, M., Szoecs, E., Wagner, H., Barbour, M., Bedward, M., Bolker,
B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S., Evangelista,
H., FitzJohn, R., Friendly, M., Furneaux, B., Hannigan, G., Hill, M., Lahti, L.,
McGlinn, D., Ouellette, M., Ribeiro Cunha, E., Smith, T., Stier, A., Ter Braak, C. &
Weedon, J. 2022. vegan: Community Ecology Package. https://CRAN.R-project.org/
package=vegan. Accessed: https://cran.r-project.org/package=vegan.

OrtTo0, S. 2024. IEAtools: R package for Integrated Ecosystem Assessments. https://gitlab.
rrz.uni-hamburg.de/saskiaotto/IEAtools. Accessed: https://gitlab.rrz.uni-hamburg.
de/saskiaotto/IEAtools.

Penereiro, J.C., Meschiatti, M.C., 2018. Trends in the annual rainfall and temperatures
series in Brazil. Engenharia Sanitaria E Ambiental 23 (2), 319-331. https://doi.org/
10.1590/S1413-41522018168763.

Peng, P., Bi, R., Sachs, J.P., Shi, J., Luo, Y., Chen, W., Huh, C.A., Yu, M., Cao, Y.,
Wang, Y., Cao, Z., Bao, X., Guo, X., Li, H., Feng, X., Li, H., Zhao, M., 2023.
Phytoplankton community changes in a coastal upwelling system during the last
century. Global Planet. Change 224 (September 2022), 104101. https://doi.org/
10.1016/j.gloplacha.2023.104101.

Piola, A. R., Palma, E. D., Bianchi, A. A., Castro, B. M., Dottori, M., Guerrero, R. A.,
Marrari, M., Matano, R. P., Moller, O. O. & Saraceno, M. 2018. Physical
Oceanography of the SW Atlantic Shelf : A Review. In: Hoffmeyer, M. S., Sabatini, M.
E., Brandini, F. P., Calliari, D. L., & Santinelli, N. H. (eds.), Plankton Ecology of the
Southwestern Atlantic (pp. 37-56). Springer. DOI: doi: 10.1007/978-3-319-77869-3.

Piontkovski, S.A., Castellani, C., 2009. Long-term declining trend of zooplankton biomass
in the Tropical Atlantic. Hydrobiologia 632 (1), 365-370. https://doi.org/10.1007/
$10750-009-9854-1.

Piontkovski, S.A., O’Brien, T.D., Umani, S.F., Krupa, E.G., Stuge, T.S., Balymbetov, K.S.,
Grishaeva, O.V., Kasymov, A.G., 2006. Zooplankton and the North Atlantic
Oscillation: a basin-scale analysis. J. Plankton Res. 28 (11), 1039-1046. https://doi.
org/10.1093/plankt/fbl037.

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. Accessed: https://www.r-
project.org/.

Revelle, W. 2024. psych: Procedures for Psychological, Psychometric, and Personality
Research. https://CRAN.R-project.org/package=psych. Accessed: https://cran.r-pro
ject.org/package=psych.

12

Ecological Indicators 167 (2024) 112674

Ritchie, R.J., 2008. Universal chlorophyll equations for estimating chlorophylls a, b, c,
and d and total chlorophylls in natural assemblages of photosynthetic organisms
using acetone, methanol, or ethanol solvents. Photosynthetica 46 (1), 115-126.
https://doi.org/10.1007/511099-008-0019-7.

Rosa, J.da.C.L., Monteiro-Ribas, W.M., Fernandes, L.D.de A., 2016. Herbivorous
copepods with emphasis on dynamic Paracalanus quasimodo in an upwelling region.
Braz. J. Oceanogr. 64 (1), 67-74. https://doi.org/10.1590/51679-
87592016105906401.

Rosa, J.da.C.L., Matos, T.da.S., da Silva, D.C.B., Reis, C., Dias, C.de.O., Konno, T.U.P.,
Fernandes, L.D.de.A., 2023. Seasonal changes in the size distribution of copepods is
affected by coastal upwelling. Diversity 15 (5). https://doi.org/10.3390/
d15050637.

Silva, C.A.R., de Godoy Fernandes, L.V., de Souza, F.E.S., Marotta, H., da Costa
Fernandes, F., Mello, T.M.S., Monteiro, N.S.C., Rocha, A.A., Coutinho, R.,
Fernandes, L.D.de.A., Damasceno, R.N., dos Santos, L.C., 2023. Carbonate system in
the Cabo Frio upwelling. Sci. Rep. 13 (1), 1-16. https://doi.org/10.1038/541598-
023-31479-x.

Strickland, J., Parsons, T. 1972. A Practical Handbook of Seawater Analysis (2nd ed.).
Ottawa: Fisheries Research Board of Canada Bulletin 167, 310 pp.

Torrence, C., Compo, G.P., 1998. A practical guide to wavelet analysis. Bull. Am.
Meteorol. Soc. 79 (1), 61-78. https://doi.org/10.4324/9780429311369-6.

United Nations. 2021. The Second World Ocean Assessment. United Nations publication
(Vol. II). New York: 570 pp. Retrieved from https://www.un.
org/regularprocess/woa2launch#.

Valentin, J. L. 2001. The Cabo Frio Upwelling System, Brazil. In: Seeliger, U. & Kjerfve,
B. (eds.), Coastal Marine Ecosystems of Latin America (Vol. 144, pp. 97-105). Berlin:
Springer Berlin Heidelberg. DOI: doi: 10.1007/978-3-662-04482-7_8.

Vasconcellos, F.C., De Souza, J.N., Pereira, C., Wanderson, D., Polifke, F., 2023. Warming
trends of southwestern Atlantic SST and the summer’s warmest SST’s impact on
South American climate. Int. J. Climatol. 43 (June), 5604-5619. https://doi.org/
10.1002/joc.8163.

Verba, J.T., Pennino, M.G., Coll, M., Lopes, P.F.M., 2020. Assessing drivers of tropical
and subtropical marine fish collapses of Brazilian Exclusive Economic Zone. Sci.
Total Environ. 702, 134940. https://doi.org/10.1016/j.scitotenv.2019.134940.

Walker, R.H., Smith, G.D., Hudson, S.B., French, S.S., Walters, A.W., 2020. Warmer
temperatures interact with salinity to weaken physiological facilitation to stress in
freshwater fishes. Conserv. Physiol. 8 (1), 1-18. https://doi.org/10.1093/conphys/
coaal07.

Weidberg, N., Ospina-Alvarez, A., Bonicelli, J., Barahona, M., Aiken, C.M., Broitman, B.
R., Navarrete, S.A., 2020. Spatial shifts in productivity of the coastal ocean over the
past two decades induced by migration of the Pacific Anticyclone and Bakun’s effect
in the Humboldt Upwelling Ecosystem. Global Planet. Change 193, 103259. https://
doi.org/10.1016/j.gloplacha.2020.103259.

Wickham, H., Averick, M., Bryan, J., Chang, W., Mcgowan, L.D.A., Francois, R.,
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Lin, T., Miller, E., Bache, S.
M., Miiller, K., Ooms, J., Robinson, D., Seidel, D.P., Spinu, V., Takahashi, K.,
Vaughan, D., Wilke, C., Woo, K. 2019. Welcome to the Tidyverse Tidyverse package,
4, 1-6. DOI: doi: 10.21105/j0ss.01686.

Zeileis, A., Leisch, F., Hornik, K., Kleiber, C., 2002. Strucchange: an R package for testing
for structural change in linear regression models. J. Stat. Softw. 7 (2), 1-38. https://
doi.org/10.18637/jss.v007.102.

Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid
common statistical problems. Methods Ecol. Evol. 1 (1), 3-14. https://doi.org/
10.1111/j.2041-210x.2009.00001.x.


http://refhub.elsevier.com/S1470-160X(24)01131-2/h0260
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0260
https://doi.org/10.1002/2013JC008924
https://doi.org/10.1111/gcb.14108
https://doi.org/10.1093/icesjms/fsm197
https://cran.r-project.org/package=vegan
https://gitlab.rrz.uni-hamburg.de/saskiaotto/IEAtools
https://gitlab.rrz.uni-hamburg.de/saskiaotto/IEAtools
https://doi.org/10.1590/S1413-41522018168763
https://doi.org/10.1590/S1413-41522018168763
https://doi.org/10.1016/j.gloplacha.2023.104101
https://doi.org/10.1016/j.gloplacha.2023.104101
https://doi.org/10.1007/s10750-009-9854-1
https://doi.org/10.1007/s10750-009-9854-1
https://doi.org/10.1093/plankt/fbl037
https://doi.org/10.1093/plankt/fbl037
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0320
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0320
http://refhub.elsevier.com/S1470-160X(24)01131-2/h0320
https://cran.r-project.org/package=psych
https://cran.r-project.org/package=psych
https://doi.org/10.1007/s11099-008-0019-7
https://doi.org/10.1590/S1679-87592016105906401
https://doi.org/10.1590/S1679-87592016105906401
https://doi.org/10.3390/d15050637
https://doi.org/10.3390/d15050637
https://doi.org/10.1038/s41598-023-31479-x
https://doi.org/10.1038/s41598-023-31479-x
https://doi.org/10.4324/9780429311369-6
https://www.un.org/regularprocess/woa2launch%23
https://www.un.org/regularprocess/woa2launch%23
https://doi.org/10.1002/joc.8163
https://doi.org/10.1002/joc.8163
https://doi.org/10.1016/j.scitotenv.2019.134940
https://doi.org/10.1093/conphys/coaa107
https://doi.org/10.1093/conphys/coaa107
https://doi.org/10.1016/j.gloplacha.2020.103259
https://doi.org/10.1016/j.gloplacha.2020.103259
https://doi.org/10.18637/jss.v007.i02
https://doi.org/10.18637/jss.v007.i02
https://doi.org/10.1111/j.2041-210x.2009.00001.x
https://doi.org/10.1111/j.2041-210x.2009.00001.x

	Early warning indicators of decadal shifts in the planktonic assemblage of the Cabo Frio upwelling ecosystem
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Biological and environmental data
	2.3 Time series analysis

	3 Results
	3.1 Indicators of decadal changes in the marine environment
	3.2 Indicators of decadal changes in the plankton assemblage

	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


