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RESUMO

As contribui¢des dos decapodes planctonicos tropicais para a comunidade zooplanctonica
foram avaliadas através de andlises da estrutura de comunidades, séries temporais, € espectros
de tamanho e biomassa. Também foram investigadas as variacdes interanuais de decapodes
planctonicos e outros organismos do macrozooplancton e relacionadas com indices climaticos,
como o TSA (“Tropical South Atlantic index”). Testou-se a hipdtese central de que as larvas de
decapodes sao importantes componentes do plancton costeiro tropical, que respondem de forma
significativa as variagdes climaticas. Amostras de zooplancton foram coletadas bimestralmente
no Estudrio do Rio Formoso (2013 a 2015), na Baia de Tamandaré (2013 a 2019) e na
Plataforma Continental ao largo de Tamandaré (2013 a 2015), Pernambuco, (Brasil), com uma
rede de malha de 300 micrometros, e analisadas utilizando um equipamento ZooScan. As
imagens (vinhetas) foram depositadas no banco de dados ECOTAXA. Os decapodes foram o
segundo grupo de organismos mais importante (apds os copépodes), em abundancia e
biovolume. O total de decapodes contribuiu em média com 33,6%, 4,4% e 7,1% de abundancia
relativa e 30,9%, 30,9% e 15,2% de biovolume relativo no estuario, baia e plataforma,
respectivamente. Os tdxons e estidgios de decidpodes mais relevantes nas trés areas de
amostragem foram zoeas ¢ megalopas de caranguejos (Brachyura), pds-larvas de camardes
peneideos (principalmente Penaeus spp.), luciferideos holoplanctonicos (adultos, protozoeas e
misis), zoeas de Anomura, zoeas de camardes-estalo (Alpheidae) e zoeas de Porcellanidae.
Zoeas de Brachyura contribuiram com até 81,3% de abundancia e até 69% de biovolume, no
estuario. As pos-larvas de camardes peneideos representaram até 28,1% do total de abundéancia
e até 94,7% do biovolume total, na plataforma. Espectros de tamanho de biomassa normalizado
(NBSS) foram construidos para o zooplancton total, larvas de decapodes e outros organismos
do mero- e ictioplancton. Os declives do NBSS foram mais ingremes do que o esperado

(estuario: inclinagdo = -2,45 +- 0,16, baia: inclina¢do = -1,81 +- 0,10, plataforma: inclinag¢do =



-1,80 +- 0,09), o que foi claramente devido a alta abundancia de copépodes calandides,
especialmente no estudrio. Nossos resultados mostram que os espectros de tamanho, sdo
moldados por interagdes estruturadas por tamanho, estratégias de nicho de tamanho especifico
dos taxons e processos de regulagdo “top-down’ da cadeia alimentar. Essa regulagdo depende
da densidade dos predadores (zoeas de Brachyura). Na série temporal de 2013 22019, um ponto
de inflexdo (“tipping point”) significativo (ponto de mudanga, p <0,001), com um aumento
abrupto na temperatura, foi detectado no indice TSA. Pods-larvas de camardes peneideos
(Penaeus spp.), copépodes, apendicularias e quetognatos, apresentaram abundéncias
significativamente mais baixas no periodo apds o evento EN. Medusas de cnidarios e ovos de
teledsteos foram destacados entre os poucos “vencedores” desta série temporal. O forte evento
EN (o “El Nifio Godzilla”) de 2015-2016, em conjunto com o aquecimento antropogénico
global, atuou como um gatilho (“trigger”), desencadeando uma mudanga de regime de

temperaturas na regido da TSA, que afetou diretamente os ecossistemas costeiros estudados.

Palavras-chave: Decapoda; zooplancton; espectros de tamanhos; série temporal; indices

climaticos.



ABSTRACT

The contributions of tropical planktonic decapods to the zooplankton community were assessed
through analyzes of community structure, time series, and size and biomass spectra. Interannual
variations of planktonic decapods and other macrozooplankton organisms were also
investigated and related to climate indices, such as the TSA (Tropical South Atlantic) index.
The central hypothesis tested was that decapod larvae are important components of tropical
coastal plankton, which respond significantly to climate variations. Zooplankton samples were
collected bimonthly in the Rio Formoso Estuary (2013 to 2015), in Tamandaré Bay (2013 to
2019) and on the Continental Shelf off Tamandaré (2013 to 2015), Pernambuco, (Brazil), with
a plankton net of 300 micrometer mesh, and analyzed using a ZooScan equipment, with images
deposited in the ECOTAXA database. Decapods were the second most important group of
organisms (after copepods), in abundance and biovolume. The total number of decapods
contributed on average 33.6%, 4.4% and 7.1% relative abundance and 30.9%, 30.9% and 15.2%
relative biovolume in the estuary, bay and shelf, respectively. The most relevant taxa and stages
of decapods in the three sampling areas were zoeae and megalopae of brachyuran crabs, post-
larvae of penaeid shrimps (mainly Penaeus spp.), holoplanktonic luciferid shrimps (adults,
protozoeae, and mysis), anomuran zoeae, zoeae of pistol shrimps (Alpheidae), and porcellanid
zoeae. Brachyuran zoeae contributed up to 81.3% in abundance and up to 69% in biovolume in
the estuary. Post-larvae of penaeid shrimp represented up to 28.1% of the total abundance and
up to 94.7% of the total biovolume on the shelf. Normalized biomass size spectra (NBSS) were
constructed for total zooplankton, decapod larvae, and other mero- and ichthyoplankton. NBSS
slopes were steeper than expected (estuary: slope = -2.45 +- 0.16, bay: slope = -1.81 +- 0.10,
shelf: slope =-1.80 +- 0.09), which was clearly due to the high abundance of calanoid copepods,

especially in the estuary. Our results show that size spectra are shaped by size-structured



interactions, taxon-specific size niche strategies, and top-down food-web regulation processes.
This regulation depends on the density of predators (brachyuran zoea). In the time series from
2013 to 2019, a significant tipping point (p < 0.001), with an abrupt increase in temperature,
was detected in the TSA index. Post-larvae of penaeid shrimp (Penaeus spp.), copepods,
appendicularians and chaetognaths showed significantly lower abundances in the period after
the EN event. Cnidarian jellyfish and teleost eggs were highlighted among the few “winners”
of this time series. The strong EN event (the “Godzilla El Nifio”) of 2015-2016, together with
anthropogenic global warming, acted as a trigger, triggering a change in the temperature regime

in the TSA region, which directly affected the coastal ecosystems studied.

Key words: Decapoda; zooplankton; size spectra; time series; climate indices.



ARTIGO 1 - SYNCHRONOUS CONTRIBUTIONS OF DECAPOD LIFE HISTORY
STAGES TO THE ZOOPLANKTON OF TROPICAL ESTUARINE, COASTAL AND
SHELF ECOSYSTEMS — NEW INSIGHTS FROM SEMI-AUTOMATIC IMAGE

Figure 1 -

Figure 2 —

Figure 3 —

Figure 4 —

LISTA DE ILUSTRACOES

ANALYSIS

Map of the study area and sampling stations in the Rio Formoso estuary (EST1
to EST3, in red), in Tamandaré bay (BA1l to BA3, in orange), and on the
adjacent continental shelf (PE1 to P6, in blue), Pernambuco, Brazil. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.) ...,

Abiotic conditions salinity (top), temperature (center) and Secchi depth
(bottom) in the three study areas (Rio Formoso estuary, Tamandar¢ bay, and on
the adjacent continental shelf, Pernambuco, Brazil), from June 2013 to May
2015. Blue line: loess smooth, obtained by local polynomial regression fitting
(span: 0.75). Gray area: standard error envelope. Asterisk: significant
difference between rainy and dry season (p < 0.05, M-W test). Dashed lines in
lower graph: offshore waters with Secchi depths >18 m, except for one
measurement with Secchi depth = 12 m. Center panel: no signification
differences were found between areas. Letters in vioplots (“a”, “b”) indicate
similar data sets that did not show significant differences (p > 0.05, K-N post-
hoc test). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this
ATEICLC. ) Lottt e

Stacked barplots of mean abundance (top) and mean biovolume (bottom) of
total zooplankton groups (right) and decapod life history stages (left). Samples
were taken bimonthly in the Rio Formoso estuary, in Tamandar¢ bay, and on
the adjacent continental shelf (Pernambuco, Brazil), from June 2013 to May
2015. N:121 samples. Cop: copepods, Dec: decapods; Fish L: fish larvae;
Fish E: fish eggs; OTHzoo: other zooplankton; BraZ: brachyuran zoeae;
BraM: brachyuran megalopae; PenPL: Penaeidae, postlarvae; AlphZ:
Alpheidae, zoeae; PorcZ: Porcellanidae, zoeae; LuciAd: Luciferidae, adult;
LuciPZ: Luciferidae, protozoeae; LuciMy: Luciferidae, mysis; AnomZ:
Anomura, zoeae; OTHDec: other decapods............covvvviiiiiiiiiiiiinnnn.

Spatial patterns of abundance (ind. m*) and biovolume (mm? m-?) of total
zooplankton (right) and planktonic decapods (left). Samples were taken
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent
continental shelf (Pernambuco, Brazil), from June 2013 to May 2015. N: 121
samples. Blue line: loess smooth, obtained by local polynomial regression
fitting (span: 0.75). Gray area: standard error envelope. Violin plots
(“vioplots”) show kernel density distributions with inserted boxplots. White
points: medians. Letters in vioplots (“a”, “b”) indicate similar data sets,
without significant differences (p > 0.05, K-N posthoc test). Note the logarithm
scale. (For interpretation of the references to colour in this figure legend, the
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Figure 5 —

Figure 6 —

Figure 7 —

Figure 8 —

Figure 9 —

reader 1S referred to the web version of this
ATEICLC. ) oottt e e e et

Spatial patterns of relative abundance (%) and relative biovolume (%) of
planktonic decapods, in relation to the total zooplankton. Samples were taken
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent
continental shelf (Pernambuco, Brazil), from June 2013 to May 2015. N: 121
samples. Blue line: loess smooth, obtained by local polynomial regression
fitting (span: 0.75). Gray area: standard error envelope. Violin plots
(“vioplots”) show kernel density distributions with and inserted boxplots.
White points: medians. Letters in vioplots (“a”, “b”) indicate similar data sets
that did not show significant differences (p > 0.05, K—N post-hoc test). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article) ........c.cooveveviieiicieic e

Variability in relative abundance composition of decapods. Samples were
taken bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the
adjacent continental shelf (Pernambuco, Brazil), from June 2013 to May 2015.
N: 121 samples. BraZ: brachyuran zoeae; BraM: brachyuran megalopae;
PenPL: penaeid shrimp postlarvae; AlphZ: pistol shrimp (Alpheidae) zoeae;
PorcZ: porcelain crab (Porcellanidae) zoeae; LuciAd: Luciferidae adults;
LuciPZ: Luciferidae, protozoeae; LuciMy: Luciferidae, mysis; AnomZ:
Anomura, zoeae; OthDec; other
4 T2 010 T £

Vioplots of abundance and biovolume for key planktonic decapods
(Brachyuran zoeae and penaeid postlarvae, by area. Letters in vioplots (“a”,
“b”, “c”’) indicate similar data sets that did not show significant differences (p >
0.05, K—N post-hoc test). Samples were taken bimonthly in the Rio Formoso
estuary, in Tamandar¢ bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. N: 121 samples. Violin plots (“vioplots”)
show kernel density distributions with inserted boxplots. White points:
medians. Note the logarithmic scale. Brachy. Z.: brachyuran zoeae; Penaeid P.-
L.: penaeid postlarvae. .........c.vviiriiiiiiii e

Seasonal patterns of abundance, biovolume, and relative biovolume (%) of
total decapods, and total zooplankton biovolume, by sampling month. Samples
were taken bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on
the adjacent continental shelf (Pernambuco, Brazil), from June 2013 to May
2015. N: 121 samples. Violin plots (“vioplots”) show kernel density
distributions with inserted boxplots. White points: medians. Note the
logarithmic scale in plots A-I. Images notto scale.................coiiiiiiinene

Seasonal patterns in biovolume (mm3 m-3) of selected taxa. BrZ: Brachyura,
zoeae; PorcZ: Porcellanidae, zoeae; PenPL: Penaeidae, postlarvae; LuciAd:
Luciferidae, adults; LuciMy: mysis; LuciPZ: protozoeae. Samples were taken
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent
continental shelf (Pernambuco, Brazil), from June 2013 to May 2015. N: 121
samples. Images (“vignettes”) are not to scale. Violin plots (“vioplots”) show
kernel density distributions with and inserted boxplots. White points: medians.
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Figure 10 -

Figure 11 -

Note the logarithmic scale.............ooeiiiiiiii e

Log-linear relationships between planktonic decapod (penaeid shrimp
postlarvae and brachyuran crab zoeae) biovolumes (mm3 m-3), total
biovolume of copepods, and Secchi depth (m). Only significant linear models
(p < 0.05) are shown. Samples were taken bimonthly in the Rio Formoso
estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. N: 121 samples. Log-linear relationships
between total biovolumes of penaeid postlarvae and Secchi depth in the bay
(A); total biovolumes of brachyuran zoeae and copepods in the estuary (B);
total biovolumes of brachyuran zoeae and copepods on the shelf (C).............

Redundancy analysis (RDA) plots based on Hellinger-transformed biovolume
matrices (mm?* m-?) of ten planktonic decapod taxa and stages. Only significant
(p < 0.05) vectors were used in the analyses and plots. Samples were taken
bimonthly in the Rio Formoso estuary, in Tamandaré¢ bay, and on the adjacent
continental shelf (Pernambuco, Brazil), from June 2013 to May 2015. A: All
samples (N: 121 samples), B: Rio Formoso estuary only (N: 38 samples), C:
Tamandaré bay only (N: 38 SaMPIES) ....cevvviieiiiiiiiieeie e

ARTIGO 2 - SIZE NICHE INTERACTIONS BETWEEN MERO- AND
HOLOPLANKTON SHAPE THE SIZE SPECTRUM OF TROPICAL ESTUARINE AND

Figure 1 —

Figure 2 —

Figure 3 —

Figure 4 —

MARINE ECOSYSTEMS

Map of the study area showing the sampling stations in the coastal region of
Tamandaré, Pernambuco State, Brazil. Formoso River Estuary (red),
Tamandaré Bay (yellow), Continental Shelf (blue)........................ooei

Mean Normalized Biovolume Size Spectra (NBSS) for the total zooplankton
and for key taxonomic groups in the three study areas. Dominant taxa (in units
of biovolume) for each size range, are highlighted above each spectrum.
Zooplankton was sampled bimonthly in the Rio Formoso Estuary, in
Tamandaré Bay, and on the adjacent continental shelf (Pernambuco, Brazil),
from June 2013 to May 2015. n: 121 samples..........ccovvviiiiiiiiiiiiiinnnn.n..

Example (“sample no. 73, taken in the Rio Formoso Estuary) of a taxon-
specific abundance-size spectrum showing the occurrence of two empty bins
(at 0.75 mm and 0.85 mm Feret length) in the holoplankton (copepod)
distribution, that are both filled by meroplankton (brachyuran zoea larvae).
Note that between 0.75 and 0.85 mm Feret length, there is a “gap” (empty bins)
in the size spectrum of copepods. Spearman Rank correlation analysis of the
contributions of copepods and brachyuran zoeae to the total zooplankton
abundance detected a significantly negative correlation (p = 0.007, tho =-0.7),
for this sample. ..o

Mean abundance-size spectra (Feret size vs loglO0 Abundance) of total
zooplankton, copepods, and brachyuran zoeae, for the three study areas. Mean
abundances for each size bin were calculated considering empty bins (zeros).
Zooplankton was sampled bimonthly in the Rio Formoso estuary, in
Tamandaré bay, and on the adjacent continental shelf (Pernambuco, Brazil),
from June 2013 to May 2015. n: 121 samples..........ccooeveiiiiiiiiininiinnan
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Figure 5 —

Figure 6 —

Figure 7 —

Figure 8 —

Mean biovolume-size spectra (Feret size vs logl0 Biovolume) of total
zooplankton and main holo-, mero- and ichthyoplankton taxa, for the three
study areas. Mean biovolumes for each size bin were calculated considering
empty bins (zeros). Zooplankton was sampled bimonthly in the Rio Formoso
estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. n: 121 samples..........c..coceevviiinnnn..

Linear and log-linear relationships between the values of Spearman’s “Rho”
and total abundances (ind. m) of copepods and brachyuran crab zoeae. The
“Rho” value is the Spearman rank correlation coefficient for the rank
correlation between size spectra contributions of copepods and brachyuran
crab zoeae. Negative “Rho” values indicate that peaks in crab zoeae coincide
with throughs in copepod size spectra (i.e., depletion of copepods by same-
sized crab zoeae). Linear models were fitted and tested with permutation tests
(R*=0.25, p < e-16, for the linear model of “Rho” vs log(1+total abundance
of crab zoeae)). Zooplankton was sampled bimonthly in the Rio Formoso
estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. n: 121 samples..........c..cooeiieiiiinnn.

Normalized biovolume size spectra (NBSS) for the three study areas (estuary,
bay and shelf) and community types. NBSSz: Total zooplankton (above),
NBSSnmd: zooplankton with no meroplanktonic decapods (center), NBSSho:
holoplankton only, e.g., zooplankton without mero- and ichthyoplankton
(below). Blue arrows highlight conspicuous changes in the shape of the NBSS
after mero- and ichthyoplankton (NBSSho) or meroplanktonic decapods
(NBSSnmd) were removed from the total zooplankton (NBSSz). Areas where
points “disappear” in the lower graphs indicate the occurrence of empty bins
due the removal of mero- and ichthyoplankton from the data (i.e., possibly
relevant contributions of mero- and ichthyoplankton to the zooplankton
community). Zooplankton was sampled bimonthly in the Rio Formoso
Estuary, in Tamandaré Bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. n: 121 samples.............cceevveennnnn...

NBSS for total zooplankton (NBSSz, above), for holoplankton only (NBSSho,
holoplankton only, center), and NBSSz - NBSSho (bins which did not appear
in NBSSho, below). In blue or green color: points within the size range used
for linear models, from -1.5 log10 mm3 to 0.1 log10 mm3, encompassing nine
size classes. Red line: Ordinary least squares linear regression. Green line:
Robust linear regression. Blue horizontal bar: ’small-sized” fraction used,
Orange horizontal bar: “large-sized” fraction used for empty bin analysis.
Regression slopes for NBSSz were not significantly different from NBSSho in
any of the three regions. Asterisks: Size fractions with significant differences
between numbers of empty bins (NBSSz vs NBSSho). Zooplankton was
sampled bimonthly in the Rio Formoso Estuary, in Tamandaré Bay, and on the
adjacent continental shelf (Pernambuco, Brazil), from June 2013 to May 2015.
N2 121 SAMPIES. ..o
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ARTIGO 3 — DECLINES IN COASTAL MACROZOOPLANKTON COMMUNITIES
WITHIN A RECENT CLIMATE AND OCEAN TIPPING POINT IN THE TROPICAL

Figure 1 —

Figure 2 —

Figure 3 —

Figure 4 —

Figure 5 —

Figure 6 —

Figure 7 —

SOUTH ATLANTIC

Map of the study area and sampling stations (B1 to B3), in Tamandaré Bay,
Pernambuco State, Brazil...........ooviiiiiiiiiii

Schematic representation of the Tropical South Atlantic (TSA) showing the
extension of the TSA index region (large rectangle) and climate and ocean
processes that spread from the TSA region westwards towards the study area
(Tamandaré Bay, Pernambuco State, Brazil, brown circle in the map). Dashed
purple arrows: schematic representation of the predominant trade winds in the
peak dry (January) and peak rainy (July) seasons. Dashed brown arrows:
atmospheric easterly disturbances (after Marengo et al., 2023). Black arrows:
ocean currents. TA: Tamandaré. BC: Brazil Current. NBUC: North Brazil
Undercurrent. sSSEC: southern branch of the South Equatorial Current. ..........

Time series of local rainfall in Tamdaré (Brazil) and potentially relevant
climate indices. Rainfall (mm) in Tamandaré Bay (day of samplings and four
days before), ONI (Oceanic Nifio Index) in the Pacific Ocean, NAO (North
Atlantic Oscillation) index and TSA (Tropical South Atlantic) SST index.
Shaded areas represent the rainy season. Red arrow: significant (p <0.05) point
of change (tipping point) for median SSTs in the TSA area. Dashed horizontal
lines: mean TSA values before and after the tipping point. Orange bar: peak
of the strong 2015/16 El Nifio event in the ONI region.......................ceeeee.

Time series of abiotic data obtained over six years (2013-2019) in Tamandar¢
Bay, Brazil: temperature (°C), salinity, Secchi depth (m), URD (Una River
Discharge (m?/s)), Chla: (Chlorophyll @ (mg/m?)) and wind speed (m/s) at three
stations (B1, B2, and B3). Shaded areas represent the rainy season. Arrows
represent significant (p < 0.05) points of change for medians (red) or variance
(green). Orange bar: peak of the strong 2015/16 El Nifio event....................

Time series of the abundance (ind. m™) of total zooplankton, copepods,
chaetognaths, appendicularians, fish eggs, and fish larvae. Samples (n = 107)
were obtained bimonthly from June 2013 to August 2019 at three stations (B1,
B2, B3), during 36 sampling campaigns in Tamandaré Bay, Brazil. Gray bars:
rainy season. Orange bar: peak of the strong 2015/16 El Nifio event. Note the
1ogarithmic SCALe. ......ccciiiiiiiieeii e

Time series of the abundance (ind. m™) of total decapods and selected decapod
taxa (brachyuran crab zoeae and megalopae, luciferid shrimp, adults and
juveniles, anomuran (other than Porcellanidae) hermit crab zoeae, alpheid
pistol shrimp zoeae). Samples (n = 107) were obtained bimonthly from June
2013 to August 2019 at three stations (B1, B2, B3), during 36 sampling
campaigns in Tamandaré Bay, Brazil. Gray bars: rainy season. Orange bar:
peak of the strong 2015/16 El Nifio event. Note the logarithmic scale............

Time series of abundance (ind. m™) of penaeid shrimp postlarvae, other
caridean shrimp zoeae (other than Alpheidae), and cnidarian medusae.
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Figure 8 —

Figure 9 —

Figure 10 -

Figure 11 —

Samples (n = 107) were obtained bimonthly from June 2013 to August 2019 at
three stations (B1, B2, B3), during 36 sampling campaigns in Tamandaré Bay,
Brazil. Grey bars: rainy season. Orange bar: peak of the strong 2015/16 El
Nifio event. Note the logarithmic scale.................oooiiiiiiiiiiiiin .

Correlation plots (non-parametric Spearman correlations) of monthly seasonal
anomalies (below) and raw data (above), for abiotic variables, climate indices,
and abundances of the 12 most frequent taxa. Non-significant correlations (p >
0.05) are shown as blank (white) spaces. Una: river discharge of the nearby
Una River. Rainfall: 5-day sum of rainfall in Tamandaré. TSA: Tropical South
Atlantic SST index, NAO: North Atlantic Oscillation index, ONI: Oceanic El
Nifio index. Samples (n = 107) were obtained bimonthly from June 2013 to
August 2019 at three stations in Tamandaré Bay, Brazil..............................

Boxplots showing the total zooplankton (loglO-transformed) abundance vs
season (dry and rainy) and vs time periods (pre-EN, peak EN and post-EN).
Samples (n = 107) were obtained bimonthly from June 2013 to August 2019 at
three stations in Tamandaré Bay, Brazil. All differences displayed in the plots
were significant (univariate PERMANOVA and post-hoc Nemenyi test, p <

Relationship between the logl0 (x + 1) - transformed abundance of three
selected key taxa (Copepods, Chaetognaths, and Penaeus spp. postlarvae) and
explanatory variables Date, Secchi depth, TSA (Tropical South Atlantic SST
anomalies) and sampling month. Samples (n = 107) were obtained bimonthly
from June 2013 to August 2019 at three stations in Tamandaré Bay, Brazil......

Redundancy analysis (RDA) based on the abundance (ind.m™) of zooplankton
communities (abundance of the most common key taxa with frequency of
occurrence above 5%; response variables) versus environmental and
climatology descriptors (explanatory variables). Samples (n = 107) were
obtained bimonthly from June 2013 to August 2019 at three stations in
Tamandaré Bay, Brazil. .............ooie e

141

142

144

147

149



1.1

1.1.1

1.1.2

SUMARIO

| I N 2367 1] 0167.N 0 JF 19
OBJETIVOS. . ciiiiiiiiiiiiiiiiiiiiiiiiiiiiietiieteitietistesetisscsstensssnccssnes 23
ODjJetivo Geral ...ccvveiiiiiiniiiiiiiniiiiiintiiiiiinsreesinstscsensssssesssscsssnssscsses 23
ODbjetivos eSPecifiCoS..cviiiuiiiiiniiiiiiiiiiiintiiiiniiieieinecesntcsstossnssosssnsons 23

ARTIGO 1 - ASYNCHRONOUS CONTRIBUTIONS OF DECAPOD

LIFE HISTORY STAGES TO THE ZOOPLANKTON OF TROPICAL
ESTUARINE, COASTAL AND SHELF ECOSYSTEMS - NEW

INSIGHTS FROM SEMI-AUTOMATIC IMAGE ANALYSIS................ 28

ARTIGO 2 - SIZE NICHE INTERACTIONS BETWEEN MERO- AND
HOLOPLANKTON SHAPE THE SIZE SPECTRUM OF TROPICAL
ESTUARINE AND MARINE ECOSYSTEMS....cccttteiieiiniiiecinecinnnnes 81

ARTIGO 3 - DECLINES IN COASTAL MACROZOOPLANKTON
COMMUNITIES WITHIN A RECENT CLIMATE AND OCEAN

TIPPING POINT IN THE TROPICAL SOUTH ATLANTIC.................. 124
CONSIDERACOES FINAIS.....ceuttuiruirtirnerneeeeenerneernessncmsnsesnesnnes 169
REFERENCIAS......cvuiiiiiiiiieiiiteeieereernersinesseerseeeseesssesseennes 171

APENDICE A — ARTIGO PUBLICADO NO PERIODICO
JOURNAL OF MARINE SYSTEMS...euttuettteeeeereeeseensssscncnsesasssnsnsans 179

APENDICE B — TABELA SUPLEMENTAR..........cotvvtteeeerenneereneeeeenn. 180

APENDICE C - EXEMPLOS DE VINHETAS OBTIDAS ATRAVES DO



ZOOSCAN, REFERENTES AS COLETAS FEITAS ENTRE 2013 E 2019
NA BAIA DE TAMANDARE, ESTUARIO DO RIO FORMOSO E

PLATAFORMA CONTINENTAL AO LARGO DE TAMANDARE (PE-
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1 INTRODUCAO

Os decapodos sdo um grupo de crustaceos majoritariamente bentdnicos, com varios
representantes amplamente conhecidos e de importancia socioeconémica, como 0s camaroes,
as lagostas e os caranguejos. Ao longo de seu desenvolvimento larval, a maioria dos decapodes
sofrem metamorfoses na morfologia, tamanho corporal, anatomia, comportamento, ecologia,
nutricdo, fisiologia e composicao bioquimica (ANGER, 2001). Com mais de 15000 espécies e
cerca de 175 familias, estdo entre os taxons mais representativos do zooplancton, com as suas
formas larvais planctonicas e espécies holoplanctdnicas (BRACKEN et al., 2009). Quase 90%
das espécies de decapodes vivem nos oceanos ou em areas proximas como a costa e em
ambientes com complexa hidrodinamica e alta flutuacdo na temperatura e salinidade como o0s
estuarios (ANGER, 2001; NG; GUINOT; DAVIE, 2008), além de serem encontrados em
profundidades de até 6000 m nos oceanos (NG; GUINOT; DAVIE, 2008). Geralmente, larvas
de decapodes contribuem de 1 a 10% da biomassa do mesozooplancton (LINDLEY;
WILLIAMS; CONWAY, 1994) e se destacam na ecologia marinha e biologia pesqueira. Sua
importancia comercial, disponibilidade e diversidade morfologica dao arcabouco para modelos
da estrutura tréfica que integram muitos gradientes ambientais (NG; GUINOT; DAVIE, 2008;
BRACKEN et al., 2009; STENECK et al., 2011; TOON et al., 2016). Atuam nos ambientes
benténicos como herbivoros, comensais, ou predadores vorazes (BOUDREAU; WORM,
2012). Sao responsaveis por regular processos biogeoquimicos e ecossistémicos através da
laceracdo da matéria organica facilitando a decomposicdo por outros organismos
(FRECKMAN et al., 1997). As larvas de crustaceos sofrem predacdo de um grande nimero de
invertebrados e vertebrados, em sua defesa, as larvas utilizam artificios como espinhos,
pequenos disparos para escapar dos predadores e migracOes verticais e horizontais
(BASHEVKIN; MORGAN, 2020). Como estratégia de evitar a predacdo, algumas espécies de
decépodes langam suas larvas para serem exportadas fora dos ecossistemas estuarinos, que sdo
ambientes de alta densidade de predadores planctéfagos (HOVEL; MORGAN, 1997).

A maioria dos estudos sobre decapodes planctdnicos tropicais foi realizada em estuarios
(por exemplo, SCHWAMBORN; BONECKER, 1996; SCHWAMBORN et al., 2001;
SCHWAMBORN et al., 2002; ALMEIDA et al., 2006; MELO JUNIOR et al., 2007; MELO
JUNIOR et al., 2016), em areas recifais (por exemplo, SEKIGUCHI, 1983; ALMEIDA et al.,
2010; ALMEIDA et al., 2012; SANTOS; SOLEDADE; ALMEIDA, 2012; SANTOS et al,
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2019) e A&guas oceénics (por exemplo, VALENTIN; MONTEIRO-RIBAS, 1993;
SCHWAMBORN et al., 1999; EPIFANIO; GARVINE, 2001; ROCHA et al., 2003; LOPES
et al., 2006; BRANDAO; GARCIA; FREIRE, 2015; LIMA et al., 2021; RODRIGUES-
INOUE; DOS SANTOS; MARTINELLI-LEMOS, 2021), muitas vezes em estudos baseados
em um unico cruzeiro oceanogréfico (por exemplo, SANTANA et al., 2018). Dentre o0s
decapodos planctdnicos, destacam-se os pequenos camardes holoplanctonicos da familia
Luciferidae, apresentando 7 espécies, com apenas duas espécies ocorrendo na costa brasileira:
Belzebub faxoni (Borradaile, 1915) e Lucifer typus (Milne Edwards, 1837). Essas espécies
possuem uma distribuicdo geografica ampla e caracteristicas morfoldgicas marcantes, como a
parte anterior da carapaca alongada (D'INCAO, 1997). Individuos de Lucifer typus (Milne
Edwards, 1837) séo frequentemente encontrados na regido oceénica, enquanto Belzebub faxoni
(Borradaile, 1915) em areas proximas da costa e nas desembocaduras dos estuarios (HANSEN,
1922). Recentemente, um novo género de Luciferidae, Sume marcosi n. gen. n. sp., foi
descoberto na Bacia do Araripe, nordeste do Brasil. O material estava bem preservado em xisto
calcario da Formacdo Romualdo do final do Cretaceo Inferior (SARAIVA; PINHEIRO;
SANTANA, 2018). Outros decapodes planctdonicos muito comuns em areas costeiras sao as
larvas meroplancténicas, como por exemplo, as zoeas de Brachyura (caranguejos e siris),
Penaeidae (camardes marinhos), Alpheidae (camarfes-estalo), e Porcellanidae (caranguejos-
porcelana, SCHWAMBORN et al., 2001).

Os decapodes planctbnicos tornaram-se Se organismos extremamente exitosos e
abundantes, nas suas formas larvais e como adultos, devido grande parte, as suas diferentes
adaptacdes morfoldgicas, crescimento rapido e ecologia, sendo importantes nas cadeias
alimentares como fonte de alimentos de outros invertebrados, larvas de peixes e peixes
planctéfagos. Sdo importantes componentes do zooplancton estuarino e marinho. O
zooplancton é um conjunto de animais, majoritariamente microscépicos, que pairam nas aguas
sem conseguir vencer as correntes. O zooplancton é classificado como holoplancténico, quando
seus individuos passam todo o seu ciclo de vida no plancton (como os copépodes calandides e
camardes luciferideos) ou como meroplancténico, cujos individuos permanecem no plancton
apenas durante uma fase de suas vidas (como as larvas de crustaceos decapodos e de outros
invertebrados). Além de serem extremamente abundantes, o zooplancton marinho possui
grande diversidade de formas corporais, tamanhos e tipos de reproducao e abrangem diferentes
niveis tréficos em teias alimentares pelagicas (STEINBERG; LANDRY, 2017; MCENNULTY
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et al., 2020). O sucesso da transferéncia de energia das teias alimentares esta intrinsecamente

ligado ao tamanho do corpo da presa e do predador.

As populagdes de zooplancton enfrentam inimeras variacdes sazonais de temperatura
ao longo de sua existéncia. Normalmente, as variacOes de temperatura e sazonalidade séo
diarias e repetitivas, o que as torna esperadas. Usando estratégias fisioldgicas, comportamentais
e de distribuicdo, o zooplancton consegue reduzir os danos, que sdo desfavoraveis a seu
crescimento e sobrevivéncia (MACKAS et al., 2012). Quando analisamos dados de uma série
temporal, procuramos identificar mudancas nos ciclos sazonais e do zooplancton, ano ap6s ano.
Estudos de longo prazo sdo uma combinacdo de partes de tendéncia, sazonais e irregulares
(HARVEY; SHEPHARD, 1993) que fornecem informagdes importantes sobre as oscila¢des da
comunidade e das espécies e 0 que causa essas oscilacbes (CLARK; FRID; BATTEN, 2001).
A temperatura, disponibilidade de nutrientes, produtividade primaria, concentracdo de clorofila
estdo entre as principais variaveis ambientais que participam da variancia total de tempo
(MACKAS et al., 2012). Como o zooplancton reage as alteracdes de longo prazo, pode ser
averiguado em mudancas na variabilidade da biomassa (Valdés et al., 2007), composicéo de
espécies (Mackas et al., 2012), abundancia (VALDES et al., 2007; MAZZOCCH] et al., 2011),
alteracbes de tamanho (AYON et al., 2011) e flutuacdes do zooplancton (BERLINE et al.,
2012).

As distribuicdes de tamanho, biovolume e biomassa contém informacgdes importantes
sobre o funcionamento das comunidades planctonicas (HOBBIE et al., 1972; PLATT, 1985;
MORIARTY et al, 2013). A analise dos espectros de tamanho fornece parametros da dinamica
populacional do zooplancton e da produtiviade do ecossistema (SPRULES; MUNAWAR,
1986; ZHOU; HUNTLEY, 1997; SPRULES; BARTH, 2016). Com base em observacdes de
gue a biomassa em ambientes aquaticos € relativamente constante ao longo de uma distribuicédo
de lei de poténcia (distribui¢do Pareto), numerosos conceitos teoricos e modelos de espectro de
tamanho foram desenvolvidos (por exemplo, SHELDON; PRAKASH; SUTCLIFFE, 1972;
SHELDON; SUTCLIFFE; PARANJAPE, 1977; KERR, 1974; PLATT; DENMAN, 1978;
RAY et al., 2001; BLANCHARD et al., 2017). O espectro de tamanho de biomassa (ou
biovolume) normalizado (NBSS, PLATT; DENMAN, 1977) usa uma transformacéo simples,
onde o valor Y (abundancia, biovolume ou biomassa) para cada tamanho de compartimento é
dividido pela largura correspondente do compartimento (PLATT; DENMAN, 1977; DICKIE;
KERR; BOUDREAU, 1987; RODRIGUEZ, 1994; GAEDKE; STRAILE, 1998). Muitos

estudos recentes sobre zooplancton usaram a abordagem NBSS para analisar a variabilidade
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sazonal, interanual ou espacial (por exemplo, SAN MARTIN; HARRIS; IRIGOIEN, 2006;
VANDROMME et al., 2014; MARCOLIN; GAETA,; LOPES, 2015; KE et al., 2018, SOUZA
et al., 2020; ATKINSON et al., 2021; COURET et al., 2023). Diversos descritores de espectro
de tamanho (inclinacdo, intercepto, elevacdo média, linearidade, dispersdo média,
homocedasticidade da dispersdo, formato do contorno, altura e distribuicéo de picos e clpulas,
diversidade de tamanhos, etc.) podem fornecer subsidios para a compreensdo, previsdo e
gerenciamento dos ecossistemas. Entre estes descritores, o declive do NBSS é de longe 0 mais
intensamente estudado e mais frequentemente investigado, uma vez que pode ser utilizado para
avaliar a eficiéncia trofica (TE) de cadeias alimentares (FIGUEIREDO et al., 2020).

As observacGes de longo prazo (séries temporais) nos permitem documentar o
funcionamento de um sistema e suas variacdes. Através das series temporais, € possivel
desenvolver modelos e testar hipoteses da dindmica do sistema (GREVE et al., 2004; WELLS
et al.,, 2022). Um conjunto substancial de evidéncias sobre a mudancgas de regime do
ecossistema marinho foram relatados com base em séries temporais de zooplancton altamente
informativas e sensiveis (ARONES et al., 2009; AYON et al., 2008; JIAO, 2009; MACKAS;
BEAUGRAND, 2010; WELLS et al., 2022). As comunidades zooplancténicas sao sistemas
extremamente sensiveis e responsivos, respondendo de forma dinamica e rapida até mesmo as
alteracdes mais sutis, sendo assim potentes amplificadores de sinal para estagios iniciais de
alteracdes climaticas e oceanicas deletérias (RICHARDSON, 2008). Extremos climéticos cada
vez mais frequentes, como eventos de chuva extrema (“enxurradas”) foram relatados
recentemente em diversas partes do mundo, incluindo o Nordeste do Brasil (MARENGO et al.,
2023). Porém, ainda ndo foram descritas as consequéncias destes eventos extremaos, assim como
do recente evento El Nifio 2015/16, excepcionalmente forte (o El Nifio “Godzilla”), para os

ecossistemas peldgicos costeiros do Nordeste do Brasil.
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1.1 OBJETIVOS

1.1.1 Objetivo geral

Determinar a composicao taxondmica e biomassa dos decapodes plancténicos em
ambientes estuarinos e marinhos no Nordeste do Brasil e sua contribuicdo para 0s espectros
de tamanhos, biovolume e biomassa do mesozooplancton (>300 micrémetros), assim como a

sua variagdo temporal e espacial.

1.1.2 Objetivos especificos

® Caracterizar e comparar as larvas de decapodes e demais zooplancton nos ambientes

estuarino, costeiro e de plataforma continental de Tamandare (PE - Brasil).

® Analisar a distribuicdo espacial da abundancia e do biovolume das larvas de decapodes
e comparar com os demais organismos (zooplancton total) dos ambientes estuarino,

costeiro e neritico de Tamandaré (PE - Brasil).

® Auvaliar a contribuicdo relativa (%) das larvas de decdpodes, em abundéncia e
biovolume, para 0 zooplancton total nos ambientes estuarino, costeiro e neritico de
Tamandaré (PE - Brasil).

® Analisar as distribuicdes de tamanhos e espectros de biomassa (ou biovolume)
normalizados (NBSS, normalized biomass size spectra) do zooplancton nos ambientes
estuarino, costeiro e neritico e a contribuicdo das larvas de decdpodes para esses

espectros, nestes ambientes.
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® Detectar possiveis efeitos do forte evento El Nifio de 2015/16 sobre as larvas de
decapodes e demais comunidades zooplanctonicas costeiras de Tamandaré, ao longo de

uma série temporal de 2013 a 2019 (6 anos).

® Organizar um banco de dados (EcoTaxa) com as imagens (vinhetas) de zooplancton

marinho e dados descritivos das imagens.
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2 ESTRUTURA DA TESE

Esta tese baseia-se em trés capitulos com resultados ineditos. O primeiro capitulo foi
publicado recentemente no periddico cientifico Journal of Marine Systems. Os demais dois
capitulos estdo preparados em formato de manuscrito para serem submetidos a periddicos
cientificos. No inicio da tese abrimos com uma introducao geral, na qual abordamos diversos
aspectos do zooplancton marinho e estuarino, espectros de tamanho e biomassa, e a ecologia de
decapodos planctdnicos. Finalizamos a tese com um capitulo sobre conclusGes gerais, no qual

abordamos os principais avangos obtidos ao longo destes anos.

Artigo 1 - Asynchronous contributions of decapod life history stages to the zooplankton
of tropical estuarine, coastal and shelf ecosystems — new insights from semi-automatic
image analysis.

Estado: publicado - Journal of Marine Systems

DOI: https://doi.org/10.1016/j.jmarsys.2023.103943

Hipotese:

Os diversos estagios da histdria de vida dos decapodes exibem padrées de recrutamento
e dispersdo bem definidos em areas estuarinas, costeiras e de plataforma continental adjacentes,

constituindo contribuicdes relevantes para o0 zooplancton nessas areas.

Objetivo geral:

Estudar decapodes planctdnicos em trés ambientes estuarinos e marinhos tropicais,
usando dados obtidos por meio de um método padronizado, quantitativo e semiautomatico de
analise de imagem. O foco principal foi comparar areas de estudo e estacdes e as diversas
contribuicdes dos decapodes para o abundancia, biomassa e biovolume de zooplancton, como
resultado da sincronicidade dos processos de reproducao, dispersao e recrutamento. Além disso,
investigamos as possiveis inter-relacdes entre diferentes estagios da histéria de vida dos
decépodes e de outros organismos do zooplancton (copépodos, larvas e ovos de peixes, etc.)

nesses ecossistemas pelagicos costeiros tropicais.
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Artigo 2 - Size niche interactions between mero- and holoplankton shape the size
spectrum of tropical estuarine and marine ecosystems.

Estado: a ser submetido

Hipdtese:

Pretendemos testar a hipdtese geral de que a liberagdo massiva de larvas
meroplanctdnicas na coluna de agua afeta significativamente a forma dos espectros de tamanho

do zoopléncton em ambientes estuarinos e costeiros tropicais.

Mais especificamente, testamos as cinco hipdteses de trabalho de que 1.) os picos no
espectro de tamanho do zooplancton podem estar relacionados a grupos taxonémicos
especificos do meroplancton, 2.) existem interacdes de nicho de tamanho significativas entre o
mero- e o0 holoplancton (ou seja, existem correlacdes significativas entre picos e 0s vales em
suas distribuicdes de tamanho), 3.) tais interacfes de nicho de tamanho sdo dependentes da
densidade, 4.) aportes de organismos nao-holoplancténicos na coluna de agua podem alterar a
inclinacdo do espectro de tamanho e o seu intercepto, 5.) e que o meroplancton preenche lacunas

graves (“classes vazias”) no espectro de tamanho do zooplancton.

Objetivo geral:

Elaborar espectros de tamanho de biovolume normalizado (NBSS) como forma sintética
de descrever o zooplancton total, larvas de decapodes e outros organismos do mero- e

ictioplancton em trés areas de Tamandaré, Brasil.
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Artigo 3 - Declines in coastal macrozooplankton communities within a recent climate and
ocean tipping point in the Tropical South Atlantic

Estado: a ser submetido

Hipdtese:

As variagdes interanuais das comunidades de decapodos plancténicos tropicais
(incluindo espécies de relevancia socioeconémica) e de outros organismos do
macrozooplancton, em um série temporal de 6 anos (2013-2019), em uma area marinha
protegida costeira do Nordeste brasileiro, podem ser explicadas por variagfes climaticas em
escala global, sintetizadas em indices climaticos comuns (por exemplo, ONI e TSA).

Objetivo geral:

Examinar os efeitos potenciais de alteracdes climaticas especificas e fendmenos
climaticos bem definidos, como o forte EN 2015/16 e eventos de chuvas extremas, sobre as

comunidades pelagicas de substancial relevancia ecologica e socioecondmica.
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3ARTIGO 1-ASYNCHRONOUS CONTRIBUTIONS OF DECAPOD LIFE HISTORY
STAGES TO THE ZOOPLANKTON OF TROPICAL ESTUARINE, COASTAL AND
SHELF ECOSYSTEMS - NEW INSIGHTS FROM SEMI-AUTOMATIC IMAGE
ANALYSIS

Observacdo: Este artigo foi publicado on-line no Journal of Marine Systems.
https://doi.org/10.1016/j.jmarsys.2023.103943. Para seguir o padrdo da tese, o abstract,
acknowledgements, fundings foram extraidos deste artigo.

1 INTRODUCTION

Decapod crustaceans include many species of interest to fisheries and aquaculture (e.g.,
shrimps, crabs and lobsters). They are key components of estuarine and marine zooplankton
communities, as holoplanktonic adults and as meroplanktonic larvae (Schwamborn et al.,
2001). Many studies on planktonic decapods have been based on visual counting (i.e.,
abundance), and the abundance composition of planktonic decapod assemblages has thus been
intensively studied in numerous tropical areas (Schwamborn et al., 2001; Melo Junior et al.,
2016; Costa and Schwamborn 2016; Santana et al., 2018; Santos et al., 2019). Yet, there are
considerable knowledge gaps regarding the biomass and biovolume composition of tropical
estuarine and coastal zooplankton, especially regarding the contributions of meroplankton, such

as decapod larvae.

Most studies on tropical planktonic decapods have been conducted in estuaries (e.g.,
Schwamborn et al., 1996; Schwamborn et al., 2001; Schwamborn et al., 2002; Almeida et al.,
2006; Melo Junior et al., 2007; Schwamborn et al., 2008; Melo Junior et al., 2016), in reef areas
(e.g.,Sekiguchi, 1983; Almeida et al., 2010; Almeida et al., 2012; Santos et al., 2012; Santos et
al., 2019) and offshore waters (e.g., Valentin and Monteiro-Ribas, 1993; Schwamborn et al.,
1999; Epifanio and Garvine et al., 2001; Rocha et al., 2003; Lopes et al., 2006; Brandao et al.,
2015; Limaetal., 2021; Rodrigues-Inoue et al., 2021), often based on one single oceanographic

cruise (e.g., Santana et al., 2018).

One of the most common ways to estimate the space occupied by an individual of a
certain species in an ecosystem is through the calculation of its biovolume (Binggeli et al.,
2011). Previously, it was very common to determine biovolume through simple geometric
shapes (Hillebrand et al., 1999; Mustard and Anderson 2005), linear measurements (Alcaraz et

al., 2003), or total biovolume by displacement in glass cylinders (Kramer et al., 1972, Turner,
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1982). Few studies conducted the measurement of individual biovolume before the arrival of
automated systems, such as the ZooScan (Remsen et al., 2004; Gorsky et al., 2010; Dai et al.,
2016 and 2017; Colas et al., 2018; Ibarbalz et al., 2019).

The ZooScan (Gorsky et al., 2010) is a fast and non-destructive method that provides a
large amount of information and data about body shape, size, and area, allowing us to estimate
the sizes, abundance, biovolume and biomass, and securing the image archives for future
comparisons and validations. However, there is little or incipient information on the biomass
and biovolume of decapods from ZooScan-based zooplankton studies (Garcia-Comas et al.,
2011; Vandromme et al., 2012; Santos et al., 2019). No specific study has been conducted until
now to investigate a planktonic decapod community in detail using the ZooScan.

Peaks in zooplankton biomass have been observed in association with the synchronized
release of larvae (meroplankton) by benthic invertebrates (e.g., for cirripedian larvae, Barnes,
1957; Crisp, 1962; Lang and Ackenhusen, 1981). Seasonal reproductive peaks are well
documented in temperate decapod larval communities, usually coinciding with peak summer
temperatures or food availability in spring blooms (Gonzalez-Gordillo and Rodriguez, 2003;
Pan et al., 2011; Vieira and Calazans, 2015). Only few studies assessed the effect of larval
inputs on the zooplankton. Highfield et al. (2010) quantified this contribution to the
zooplankton collected with a 200 micron mesh net off the coast of Plymouth, UK, in terms of
maximum relative abundance (numbers), and stated that “meroplankton (predominantly
Cirripedia) can account for up to 42.5% of the total zooplankton community following

spawning events linked to phytoplankton blooms*.

For a long time, a continuous reproduction has been generally assumed for tropical and
subtropical marine invertebrates (Hernaez et al., 2012), due to favorable temperatures and
phytoplankton biomass throughout the year. Indeed, studies in subtropical offshore zooplankton
revealed a very weak seasonality, for highly diverse decapod larval assemblages (Reyns and

Sponaugle 1999; Landeira and Lozano-Soldevilla, 2018).

The few studies that have quantified the larval phenology of decapods in tropical waters
focused only on estuaries (Schwamborn and Bonecker, 1996), or on one species only (Hernaez
et al., 2012), little being known about the triggers that shape the timing of larval and postlarval

peaks. Hernaez et al. (2012) related the peak in reproduction of ghost shrimp Lepidophthalmus
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bocourti (Milne-Edwards, 1870) to the decrease in salinity at the onset of the rainy season in

Costa Rican mangroves.

So far, no attempts have been made to compare the seasonal and spatial synchronicity
of planktonic decapods in tropical estuarine and coastal zooplankton, and to quantify the impact
of such larval inputs (in terms of abundance, biovolume, and biomass) on the zooplankton

communities in these ecosystems.

Here, we test the hypothesis that decapod taxa and life history stages exhibit well
defined recruitment and dispersal patterns in adjacent estuarine, coastal and shelf areas, that are
relevant contributions to the zooplankton in these areas. The objective of this study was to
investigate planktonic decapods in three tropical estuarine and marine environments, using data
obtained through a standardized, quantitative, semi-automatic image analysis approach.

The main focus was to compare study areas and seasons and the varying contributions of
decapods to the zooplankton abundance, biomass and biovolume, as a result of the
synchronicity of reproduction, dispersal and recruitment processes. Also, we investigated the
potential interrelationships between distinct life history stages of decapods, and other plankton,

in these tropical coastal pelagic ecosystems.
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2.1 Study Area
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Sampling was conducted in the Rio Formoso estuary, in Tamandaré bay, and along a

transect on the continental shelf off Tamandaré, Pernambuco State, northeastern Brazil (Fig. 1).

This study is the result of 37 bimonthly sampling campaigns conducted in the context of two

projects: St-ESPLAN-Tropic (estuary and bay stations) and INCT AmbTropic (shelf stations).

The three areas surveyed are included in the Costa dos Corais Environmental Protection Area,

which extends over 120 km of the coast, including extensive estuarine mangroves, coral reefs

and sandy beaches, and has its limit in the continental shelf break (ICMBio - MMA).

Figure 1. Map of the study area and sampling stations in the Rio Formoso estuary (EST1 to

ESTS3, inred), in Tamandare bay (BA1 to BA3, in orange), and on the adjacent continental shelf

(PE1 to P6, in blue), Pernambuco, Brazil.
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The Rio Formoso estuary is located in the Environmental Protection Area “APA do Rio
Formoso”, an extensive riverine mangrove with 204.31 ha (CONDEPE/FIDEM) and a
“restinga” ecosystem (i.e., a sandy coastal plain with characteristic herbaceous plants and
shrubs), that extends for about 3 km (Duarte, 1993). Tamandaré bay extends over approximately
3 kmz. It is a semi-open bay, protected by lines of sandstone and coral reefs, and receives water
from a lagoon-like shallow reef labyrinth at the north and from several mangrove estuaries at
the south (Duarte, 1993; Maida and Ferreira, 1997). It receives water indirectly from the nearby
large-scale Una River, which is the main watershed in the region with an extension of 290 km,
and directly from the Mamucabas and Ilhetas creeks, which are surrounded by mangroves and
drain into the bay. The adjacent continental shelf off Tamandaré has a series of sandstone and
coral reefs lines that run parallel to the coast and are an effective protection against wave energy,
and calcareous silt flats and rhodolith beds (Manso et al., 2003; Camargo et al., 2007).

The average annual rainfall (mean from 1990 to 2020) in this area is 1,631 mm (Silva
et al., 2022), with strong variations between dry (September to February, 367 mm, 22,5% of
the total rainfall) and rainy seasons (March to August, 1.264 mm, 77.5% of the accumulated
rainfall, Silva et al., 2022).

At the Pernambuco continental shelf and coastal areas, the high-pressure system of the
South Atlantic controls the trade wind regime (Domingues et al., 2017). The wind regime has
a considerable seasonality (Rollnic and Medeiros, 2006), with strong southeasterly trades in the
second semester. Low wind speeds occur in the first semester, with minimum wind speeds in
March, April and May (early rainy season), and weaker winds from E-NE especially in
December and January, coinciding with the peak dry season. The peak windy season, with
strong shoreward winds from E-SE, lasts from June to October, extending from the peak of the

rainy season to the early dry season.

2.2 Zooplankton sampling

Sampling was always conducted during the day, at new moon spring tides, at 12 fixed
stations (Fig. 1) totaling 121 samples. The sampling strategy in the estuary had the objective to
capture larvae that were recently released and exported from tropical mangroves, and was
designed accordingly to obtain estuarine zooplankton, with a minimum marine influence

(sampling during the transition from late ebb tide to early low tide, between approx. 09:00 to



33

11:00 am). Conversely, sampling in Tamandaré bay was designed to minimize the influence of
estuarine plumes, and to sample coastal marine zooplankton, with maximum influence of the
adjacent shelf and coral reef ecosystems (sampling during the transition from late flood tide to
early high tide, between approx. 1:00 to 3:00 pm). Along the transect on the shelf, the sampling
schedule was designed to obtain organisms transported shoreward at the surface, by common
shoreward trade winds and flood tides (from approx. 10:00 am to 2:00 pm, during flood tide).
Since the sampling tides were always during the new moon, daytime hours and tidal situations
(i.e., low, flood, high, and ebb tides) were well standardized throughout the time series.

During each field campaign, diurnal subsurface (0 to 60 cm depth stratum) horizontal
tows were conducted with a conical plankton net (mesh size: 300 um, diameter: 60 cm, length:
2.5 m), equipped with a calibrated flowmeter (Hydro-Bios, Kiel) to estimate the filtered
volume. Tows had a duration of 5 minutes at a speed of 2 to 3 knots. Abiotic data (temperature,
salinity and Secchi depth) were measured at each station using a CTD probe (YSI/SonTek
CastAway) and a Secchi disk. All zooplankton samples were immediately placed in flasks with

seawater and preserved with 4% formaldehyde (buffered with 0.5 g / L sodium tetraborate).

2.3 ZooScan analyses

In the laboratory, samples were divided into two size fractions by sieving with a 1000
um mesh. This separation was important to avoid underestimating large organisms and
particles, considering that large objects are less abundant (Gorsky et al., 2010). Each size
fraction was split with a Motoda splitter (Omori and lkeda, 1984) to achieve quantitative
aliquots (subsamples) of approx. 1,000 to 2,000 objects per subsample. The ZooScan device
(Hydroptic model ZSCANO3), a modified scanner (resolution: 2400 dpi), was used to digitize
the wet zooplankton samples. The software  ZooProcess  (http://www.obs-
vifr.fr/lLOV/ZooPart/ZooScan) and Plankton Identifier (PkID) were used to semi-automatically
analyze and classify each subsample, thus generating digital images (i.e., “vignettes”) of all
organisms and particles. For each vignette, a vector of descriptive parameters was calculated

(e.q., size, area, ellipsoid axes, gray level, feret diameter, etc.).

These parameters were used for the semi-automatic identification that was conducted
with the Plankton Identifier software, applying the Random Forest algorithm (Breiman, 2001)

to classify all vignettes, which were later visually verified (validated) by a specialist and
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separated by categories, thus manually correcting any classification errors. This procedure
allowed the identification of organisms at the level of taxonomic groups and life history stages

(zoeae, megalopae, postlarvae, protozoeae, mysis, and adults).

From the size and area data, and the axes lengths of the equivalent ellipse, we calculated
the individual biovolume (in mm3 per ind.) and the individual biomass (in carbon units) of each

organism.

The ellipsoid biovolume was calculated from the axes of the equivalent ellipse (that is,
the ellipse that best fits the object) using the following equation: * pi*a? * b, where a = minor
axis and b = major axis (Stemmann and Boss, 2012; Vandromme et al., 2012).

The individual biomass of organisms (in carbon units) was calculated from specific
equations obtained by Marcolin (2013). Individual biovolume (mm3 per ind.), individual
biomass, filtered volume (m=) and subsampling factors (for each size fraction), were then used
to calculate total biovolume (mm?3 m3) and total carbon biomass (micrograms C m=) for each
size fraction, before pooling the two size fractions in each sample. Biovolume was preferred
over biomass as the main unit in this study, since 1) biovolume is the most common unit in
ZooScan-based studies, thus allowing comparisons with other publications, and 2) biovolume
obtained from high-resolution ZooScan vignettes is a more direct, precise, accurate, reliable
and robust information, than carbon biomass calculated using a list of equations obtained from
several literature sources. However, biovolume and biomass were highly correlated within a
perfectly linear relationship (for total zooplankton and for total decapods). Only biovolume is
presented in analyses and graphs, to avoid collinearity and repetition of results. All data are

available in units of frequency of occurrence, abundance, carbon biomass and biovolume.

2.4 Statistical analyses

9% ¢

To test for significant temporal (sampling months, “rainy vs dry”, “windy vs calm”, and
“four seasonal trimesters”) and spatial (sampling areas) variations of the main univariate
parameters of the zooplankton and decapod community (total zooplankton abundance, decapod
abundance, decapod biovolume, decapod carbon biomass, abundance and biovolume of key
decapod taxa), we used a univariate Kruskal-Wallis ANOVA (Kruskal and Wallis, 1952)
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When significant effects of a spatial or temporal factor were detected, we conducted a non-
parametric post-hoc Kruskal-Nemenyi test (Nemenyi, 1963), for pairwise comparisons among
the three areas, in relation to total zooplankton abundance, biovolume, carbon biomass, and
decapod carbon biomass in absolute and relative units (%, referring to the total zooplankton).
The post-hoc Kruskal-Nemenyi test was conducted using the “kwAllPairsNemenyiTest”
function from the “PMCMRplus” package (Pohlert, 2022).

Correlations between abiotic parameters (surface salinity, surface water temperature,
Secchi depth), biotic parameters (total zooplankton, copepods, fish larvae, fish eggs, etc.), and
abundance and biovolume of each decapod taxon were tested with non-parametric Spearman
rank correlation tests. Also, pairwise tests with Spearman correlations between all decapod taxa
and stages were conducted, for abundance and biovolume. These tests were conducted semi-
automatically within a Spearman correlation plot matrix (“corrplot”), at alpha = 0.05.
Correlation plot matrices were built with all samples, and for each sampling area (“estuary”,

“bay”, and “‘shelf”) separately.

Multiple mixed linear (GLM) and non-linear (GAM) models were built using abiotic
variables (surface salinity, surface water temperature and Secchi depth), seasonality vectors
(“dry vs rainy”, “windy Vs calm”, “four seasons”) and spatial factors (“sampling area”, “distance
from the coast”, “local depth”) as initial explanatory variables, to investigate variables or
combinations of variables that can potentially explain the variability of the main univariate
parameters of the zooplankton and decapod communities (log(x+1) transformed total
zooplankton abundance, decapod abundance, decapod biovolume, decapod carbon biomass,
abundance and biovolume of key decapod taxa. For all linear models, stepwise backward
regression was used to select the significant variables using the function “stepAIC” in the R
Package “MASS” (Venables and Ripley, 2002). The contribution of each explanatory variable
or factor to the overall variability explained by linear models was assessed with the “Relative
importance” approach, by calculating the “Img” index (R? partitioned by averaging over orders,
Lindeman et al., 1980), within the R package “relaimpo” (Grémping, 2007). Univariate,
multivariate and mixed GAM models were built using the R package “gam” (Hastie and
Tibshirani, 1990). The statistical significance of linear and non-linear models (either univariate

or multivariate) was checked with non-parametric permutation tests (function “avperm”) within

the R package “permuco” (Frossard and Renaud, 2021).
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Multivariate analyses (RDA and PERMANOVA) were used to investigate variables or
combination of variables that can potentially explain the variability in biovolume and
abundance matrices of decapods (Rao 1964; Legendre et al., 2011; Anderson, 2017), using the
“vegan” R package (Oksanen et al., 2022), by applying the functions “rda”, “ordistep”, and
“adonis2”. Prior to these multivariate analyses, all biological matrices were Hellinger-
transformed (i.e., the square root of the relative abundance or relative biovolume within a
sample was calculated). Abiotic variables (surface salinity, surface water temperature and
Secchi depth), seasonality vectors (“dry vs rainy”, “windy vs calm seasons”, “four seasons”)
and spatial factors (“sampling area”, “distance from the coast”, “local depth”) were used
together, as initial explanatory matrices. From these, significant variables were selected using
the “ordistep” function. Finally, significant variables were tested using PERMANOVA
(function “adonis2”), based on Bray-Curtis similarities. These multivariate analyses were

conducted for all data and for each sampling area separately.

All statistical analyses were performed at alpha = 0.05, using the “R” programming
environment, software and language (version 4.0.2, R Core Team, 2022) through the “RStudio”

interface (version 1.1.463, RStudio Team, 2022).
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3 RESULTS

3.1 Abiotic conditions

Abiotic conditions displayed evident spatial and seasonal patterns (Fig. 2). In the three
sampling areas, surface water temperature ranged from 26.38°C to 30.54°C. Surface salinity
ranged from 27.03 in the estuary to 37.44 on the shelf. Water transparency (Secchi depth)
ranged from less than 1 m in the estuary to more than 19 m on the shelf. Spatial gradients were
very strong and conspicuous for Secchi depth and salinity. When comparing abiotic parameters
between rainy vs dry seasons, only differences in Secchi depth in the bay were significant (p <
0.05, Mann-Whitney U tests), with more transparent waters in the dry season.

3.2 Zooplankton composition

In the present study, 182,281 digital images were semi-automatically pre-classified,
measured regarding their biovolume and biomass, and validated manually regarding their
taxonomic classification and larval stage. Zooplankton was classified into 31 taxonomic groups.

Zooplankton was dominated by copepods, in units of abundance and biovolume,
followed by decapods. Average abundance of copepods was 2,448.2 ind. m™ (std. dev.: 8,129.4
ind. m3) in the estuary, 149.4 + 354.2 ind. m* in the bay, and 133.4 + 267.3 ind. m™ on the
shelf, followed by Decapoda (650.52 + 1202.93 in the estuary, 2.79 + 3.39 ind. m= in the bay,
and 3.31 + 6.18 on the shelf, Fig. 3). On average, copepods showed 56.7%, 77.7%, and 70.4%
relative abundance and 60.1%, 50.4% and 53.9% relative biovolume in estuary, bay and shelf

areas, respectively.

Total decapods showed very relevant contributions (> 30%) in units of relative
abundance in the estuary. In terms of relative biovolume, total decapods were very important
in the estuary and in the bay. Decapods contributed on average with 33.6%, 4.4% and 7.1%
relative abundance and 30.9%, 30.9%, and 15.2% relative biovolume in the estuary, in the bay,

and on the shelf, respectively.
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Figure 2. Abiotic conditions: salinity (top), temperature (center) and Secchi depth (bottom) in
the three study areas (Rio Formoso estuary, Tamandaré bay, and on the adjacent continental
shelf, Pernambuco, Brazil), from June 2013 to May 2015. Blue line: loess smooth, obtained by
local polynomial regression fitting (span: 0.75). Gray area: standard error envelope. Asterisk:
significant difference between rainy and dry season (p < 0.05, M-W test). Dashed lines in lower
graph: offshore waters with Secchi depths > 18 m, except for one measurement with Secchi
depth = 12 m. Center panel: no significant differences were found between areas. Letters in
vioplots (“a”, “b”’) indicate similar data sets that did not show significant differences (p > 0.05,

K-N post-hoc test).
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Twenty decapod crustacean taxonomic categories (taxonomic groups and larval stages)
were classified using digital images. Several decapod groups showed considerable
contributions in terms of relative abundance and biovolume. Brachyuran zoeae contributed with
up to 81.3% abundance (mean: 29.7%) and up to 69% biovolume (mean: 22.7%), in the estuary.
Penaeid postlarvae contributed with up to 28.1% of the abundance (mean: 1%) and up to 94.7%
of the zooplankton biovolume (mean: 5.9%), on the shelf. Important non-decapod larval groups
were fish eggs (up to 41,6% biomass, on the shelf, mean: 5.5%), fish larvae (up to 20,2%
biomass, on the shelf, mean: 1%), and cirripedian nauplii. Although cirripedian nauplii were
infrequent (and thus were not suitable for subsequent statistical analyses), they did occur in
considerable patches and contributed to peaks in meroplankton (up to 40.5% abundance, in the
estuary, mean: 2.7%).

For total decapods, there were clear and highly significant differences between the three
sampling areas (p < 0.001, univariate PERMANOVA, Figs. 3, 4 and 5). Decapod abundance
was significantly higher in the estuary (p < 0.001, K-N post-hoc test) than in the other two areas
(Figs. 2 and 3). Mean decapod abundance in the estuary (656.8 ind. m) was higher than that
observed in the bay and shelf areas by two orders of magnitude (bay mean: 2.86 ind. m3; shelf

mean: 6.62 ind. m™).

Total decapod abundance was similar between bay and shelf areas (p > 0.05, K-N post-
hoc test). No significant differences were detected between seasons, for total decapod

abundance, when considering all areas together (e.g., “rainy vs dry”, “windy vs calm”, “four

seasons”, p > 0.05, univariate PERMANOVA).

The composition of the planktonic decapod community was highly variable between samples,
areas, and months (Fig. 6). The most relevant decapod crustacean taxa and stages (in terms of
frequency, abundance and biovolume) found in the three sampling areas, were brachyuran crab
zoeae and brachyuran crab megalopae, penaeid shrimp postlarvae (mostly Penaeus spp.),
holoplanktonic luciferid adults, protozoeae and mysis, anomuran (mostly Paguridae and
Diogenidae hermit crabs) zoeae, pistol shrimp (Alpheidae) zoeae, and porcelain crab

(Porcellanidae) zoeae (Fig. 6).
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Figure 3. Stacked barplots of mean abundance (top) and mean biovolume (bottom) of total
zooplankton groups (right) and decapod life history stages (left). Samples were taken bimonthly
in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf
(Pernambuco, Brazil), from June 2013 to May 2015. N: 121 samples. Cop: copepods, Dec:
decapods; Fish_L: fish larvae; Fish_E: fish eggs; OTHzoo: other zooplankton; BraZ:
brachyuran zoeae; BraM: brachyuran megalopae; PenPL: Penaeidae, postlarvae; AlphZ:
Alpheidae, zoeae; PorcZ: Porcellanidae, zoeae; LuciAd: Luciferidae, adult; LuciPZ:
Luciferidae, protozoeae; LuciMy: Luciferidae, mysis; AnomZ: Anomura, zoeae; OTHDec:
other decapods.
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Figure 4. Spatial patterns of abundance (ind. m®) and biovolume (mm3 m3) of total
zooplankton (right) and planktonic decapods (left). Samples were taken bimonthly in the Rio
Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. N: 121 samples. Blue line: loess smooth, obtained by
local polynomial regression fitting (span: 0.75). Gray area: standard error envelope. Violin plots
(“vioplots”) show kernel density distributions with inserted boxplots. White points: medians.
Letters in vioplots (“a”, “b”’) indicate similar data sets, without significant differences (p > 0.05,

K-N post-hoc test). Note the logarithmic scale.
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Figure 5. Spatial patterns of relative abundance (%) and relative biovolume (%) of planktonic
decapods, in relation to the total zooplankton. Samples were taken bimonthly in the Rio
Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. N: 121 samples. Blue line: loess smooth, obtained by
local polynomial regression fitting (span: 0.75). Gray area: standard error envelope. Violin plots
(“vioplots”) show kernel density distributions with and inserted boxplots. White points:
medians. Letters in vioplots (“a”, “b”) indicate similar data sets that did not show significant

differences (p > 0.05, K-N post-hoc test).
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Figure 6. Variability in relative abundance composition of decapods. Samples were taken
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf
(Pernambuco, Brazil), from June 2013 to May 2015. N: 121 samples. BraZ: brachyuran zoeae;
BraM: brachyuran megalopae; PenPL: penaeid shrimp postlarvae; AlphZ: pistol shrimp
(Alpheidae) zoeae; PorcZ: porcelain crab (Porcellanidae) zoeae; LuciAd: Luciferidae adults;
LuciPZ: Luciferidae, protozoeae; LuciMy: Luciferidae, mysis; AnomZ: Anomura, zoeae;
OthDec; other decapods.
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Figure 7. Vioplots of abundance and biovolume for key planktonic decapods (Brachyuran
zoeae and penaeid postlarvae, by area. Letters in vioplots (“a”, “b”, “c”) indicate similar data
sets that did not show significant differences (p > 0.05, K-N post-hoc test). Samples were taken
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf
(Pernambuco, Brazil), from June 2013 to May 2015. N: 121 samples. Violin plots (“vioplots™)
show kernel density distributions with inserted boxplots. White points: medians. Note the

logarithmic scale. Brachy. Z.: brachyuran zoeae; Penaeid P.-L.: penaeid postlarvae.
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3.3 Asynchronous seasonal cycles, dispersal and recruitment events of key decapod taxa

Brachyuran crab zoeae were the most important decapods in this study, in terms of
frequency of occurrence, abundance, carbon biomass and biovolume, in all three sampling
areas. They occurred in all sampling areas throughout the year, with a strong inshore-offshore
gradient. Brachyuran zoeal abundance, carbon biomass and biovolume in the estuary were two

orders of magnitude higher than in the other two areas (Fig. 7A).
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Figure 8. Seasonal patterns of abundance, biovolume, and relative biovolume (%) of total
decapods, and total zooplankton biovolume, by sampling month. Samples were taken
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf
(Pernambuco, Brazil), from June 2013 to May 2015. N: 121 samples. Violin plots (“vioplots™)
show kernel density distributions with inserted boxplots. White points: medians. Note the

logarithmic scale in plots A-1. Images not to scale.
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Figure 9. Seasonal patterns in biovolume (mm3 m) of selected taxa. BrZ: Brachyura, zoeae;
PorcZ: Porcellanidae, zoeae; PenPL: Penaeidae, postlarvae; LuciAd: Luciferidae, adults;
LuciMy: mysis; LuciPZ: protozoeae. Samples were taken bimonthly in the Rio Formoso
estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco, Brazil), from
June 2013 to May 2015. N: 121 samples. Images (“vignettes”) are not to scale. Violin plots
(“vioplots”) show kernel density distributions with and inserted boxplots. White points:
medians. Note the logarithmic scale.
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In the estuary, clear seasonal peaks in abundance and carbon biomass of total decapods
(dominated by brachyuran zoeae) were observed in December and in February (late dry season,
or peak austral summer, Fig. 8). Brachyuran zoeae occurred in the estuary throughout the year
in considerable numbers. However, there were clear, significant peaks in brachyuran crab zoeae
in December, January and February (Fig. 9). These peaks coincided with the late dry season,
peak austral summer, and less windy months. In the bay and on the shelf, crab zoeae also
showed a clear seasonality, since they were observed in very low numbers from June to October
(windy season, from peak austral winter to early spring), and showed peaks mainly in the dry
season and early rainy season, with a clear maximum in March (onset of the rainy season), in
the bay and on the shelf (Fig. 9). Differences in brachyuran zoea biovolume were significant
between areas (Fig. 7A) and months (K-W-ANOVA, p < 0.0001 and p = 0.04, for areas and
months, respectively). For each sampling area, differences between months were also
significant (K-W-ANOVA, p = 0.0271, p = 0.0053, p = 0.0487 for estuary, bay and shelf,
respectively), indicating a relevant seasonality in all sampling areas (Fig. 9).

The seasonal peak in brachyuran zoeae was synchronous with the peak in estuarine
copepod biovolume and thus, in total zooplankton biovolume (Fig. 8G). Thus, the relative
biovolume contribution (in %) of brachyuran zoeae was less relevant in December, January and
February (peak zoeal abundance), increasing on occasions when total zooplankton biovolume
in the estuary was lower than average. Brachyuran megalopae (pre-settlement stages) occurred
sporadically in all three sampling areas throughout the year, in very low numbers.

Penaeid shrimp postlarvae (pre-settlement stages, mostly Penaeus spp.) were the second
most important decapod group in this study, in terms of biovolume and biomass, especially on
the shelf and in the bay. They were virtually absent in the estuary, except for a few individuals
caught in May and September. In contrast to brachyuran zoeae, they occurred in higher numbers
and biovolumes in the windy months of the second semester. Peak abundance, carbon biomass
and biovolume were found from June to October (Figs. 9E,F). This coincides with the windy
season months, from peak rainy season to early dry season, from peak austral winter to early
spring, and was asynchronous to the seasonal pattern observed in brachyuran zoeae. In these
windy months, penaeid postlarvae contributed considerably to the zooplankton biomass in the
oligotrophic bay and shelf ecosystems.

Differences between areas were highly significant (p < 0.0001, K-W-ANOVA), except
for the pairwise post-hoc comparison between bay and shelf, which did not differ regarding
penaeid postlarval biovolume (Fig. 7B). When pooling all areas, seasonal variations were not

significant, when using the factors “month” or “dry vs rainy”, but were highly significant (p =
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0.005, K-W test) for the factor “windy vs calm”, indicating a strong effect of the wind regime
in this group, with much higher abundance and biovolume of penaeid postlarvae in the windy
season (June to October).

Adults of luciferid holoplanktonic shrimps, (comprising only two species: Belzebub
faxoni (Borradaile, 1915) and Lucifer typus Milne Edwards, 1837), were also very relevant in
units of biovolume. These adults occurred in all sampling areas in considerable numbers, with
more than tenfold higher average abundance in the estuary (mean, estuary: 4.25 ind m=; mean,
bay: 0.19 ind m™3; mean, shelf: 0.28 ind m=). In contrast to penaeid postlarvae and brachyuran
zoeae, adult luciferids did not present a consistent seasonality in the three sampling areas.
However, luciferid larvae showed complex seasonal patterns with conspicuous peaks, with
higher numbers in the windy months (June-October) on the shelf, and an asynchronous, inverted
pattern (peaks of luciferid larvae in January and March), in the estuary. One unexpected,
striking result, was the virtual absence of luciferid larvae (mysis and protozoeae) in the bay,
except for one sample in March, with very low numbers (Fig. 9K,N).

Porcellanid zoeae (mostly the estuarine porcelain crab Petrolisthes armatus (Gibbes,
1850) occurred almost exclusively in the estuary. They were virtually absent in the bay and at
the shelf. In the estuary, they occurred throughout the year, with peaks in January and in
October, which are dry season months (Fig. 9D). They were virtually absent from March to
September (rainy season and austral winter). Anomuran zoeae (mostly hermit crabs of the
families Paguridae and Diogenidae) occurred in all areas throughout the year in considerable
numbers, without a conspicuous seasonality. Alpheid pistol shrimp zoeae (Caridea: Alpheidae)
also occurred over the whole year in all study areas, with no clear seasonality (Fig. 6). They
were considerably more abundant in the estuary than in the other two areas (mean, estuary: 4.63

ind. m; mean, bay: 0.06 ind. m=; mean, shelf: 0.1 ind. m™).

3.4 Correlation matrices

Correlation matrices revealed numerous significant (p < 0.05) Spearman rank
correlations (positive and negative) between abiotic and biological variables, and between the
total biovolumes (mm3 m) of key zooplankton, ichthyoplankton and decapod taxa.

Correlations between biological variables, salinity and Secchi depths were well within
the results expected from the spatial gradients (e.g., brachyuran crab zoeae and porcelain crab
zoeae showed negative correlations with salinity and Secchi depths, since both occur

predominantly in the estuary). Porcellanid zoeae showed a positive correlation with water
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temperature, which can be well explained by their virtual absence, in the estuary, during the
colder months (July to September).

Several significant positive correlations were found between biological variables, such
as between copepod biovolume and total zooplankton biovolume, for all areas and for each area
separately, due to the overall dominance of these holoplanktonic organisms in the zooplankton,
in all areas. Also, there were positive correlations between fish eggs and fish larvae, due to
synchronous spawning and recruitment seasons in the dry season, in the bay and on the shelf.

Copepod biovolume was positively correlated with brachyuran crab zoeae biovolume,
for the whole dataset, with a very high degree of significance (p < 0.000001, Spearman rank
test, n = 121 samples), which was clearly due to the spatially congruent distribution of these
two abundant and frequent taxa, that both occur in much higher numbers in the estuary.
Similarly, this was also observed on the shelf (p = 0.0043, Spearman rank test, n = 45 samples
from the shelf). When using data from the estuary only, this correlation was also highly
significant (p = 0.0089, Spearman rank test, n = 39 samples from the estuary), with no obvious
explanation, except for a functional interrelationship. Thus, the potential relationship between
copepods and crab zoeae was further investigated by linear and nonlinear models.

Several decapod taxa had pairwise positive relationships, such as between brachyuran
zoeae and porcellanid zoeae, when using data from all areas (since both zoeae occur
predominantly in the estuary).

Penaeid postlarvae and crab megalopae showed significant positive correlations, for all
data, for the estuary only, and for the continental shelf only, showing a very strong and
consistent co-occurrence of these two pre-settlement organisms.

Conversely, penaeid postlarvae (pre-settlement stages) and brachyuran crab zoeae
(early life history stages) showed consistently negative correlations, for the whole data set, with
crab zoeae being much more abundant in the estuary, and shrimp postlarvae being virtually
absent there. This negative correlation was also observed when looking at data in the bay only,
which was clearly due to seasonally asynchronous peaks of crab zoeae (peaks in March and

November, transition periods), and penaeids (peaks in the windy season).
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3.5 Linear models - brachyuran zoeae

For brachyuran zoeae, the most important factor when considering all variables and
factors, for a complete data set with all sampling areas, was the spatial factor “Area”, showing
the marked differences between areas, specifically, the much higher numbers of crab larvae in
the estuary than in the other two areas. The effect of seasonal factors, for crab zoeae, was not
significant, when using “months”, “rainy vs dry”, “windy vs calm”. The seasonal factor was
significant only when testing seasons using a vector of four seasonal trimesters. This indicates
the importance of discrete seasonal peaks in brachyuran zoeae, especially in summer (estuary),
spring (bay) and autumn (bay). The best spatio-temporal two-way-ANOVA-like model was
obtained with the three factors “Area”, “four seasons”, and the interaction term “Area x four
seasons”, all of which were significant (p < 0.0001, with ANOVA, p < 0.05 with
PERMANOVA). Including other variables (e.g. abiotic parameters) into such spatio-temporal
ANOVA models hardly brought any improvements.

When looking at correlations only, Spearman Rank correlation tests showed a
significant effect of Secchi depth (and salinity) on Brachyuran crab zoeae, for all regions,
obviously due to the consistently lower Secchi depth (and lower salinities) in the estuary, and
huge abundances and biovolumes of Brachyuran zoeae in the estuary. A very similar spatial
covariance was observed for the relationship between crab zoeae, Secchi depth and salinity.
When analyzing the three areas separately, there were no relevant relationships between crab

zoeae and any abiotic parameters.

3.6 Linear models - penaeid postlarvae

Penaeid shrimp postlarvae were virtually absent in the estuary, but occurred in high
biovolumes, over the whole year, in the bay and on the shelf. When considering all areas
together, Penaeid shrimp postlarvae were not correlated to any parameters, except for salinity
(p = 0.005 for biovolume vs salinity, p = 0.01 for abundance vs salinity, Spearman rank
correlation). This was clearly due to the virtual absence of these organisms in low-salinity
estuarine waters.

When analyzing data from the bay only (Fig. 10A), abundance and biovolume of
penaeid postlarvae was highly correlated with Secchi depth (p < 0.00001 for abundance vs
Secchi depth, p = 0.002 for biovolume vs Secchi depth, Spearman rank correlation, n = 21

samples with Secchi depths). The log-linear model for penaeid PL biovolume vs Secchi depth
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in the bay (Fig. 10A) was significant (parametric p = 0.017, permutation p = 0.027, Rz = 0.21,
n=21).

This means that they were occurring in higher biovolumes in relatively turbid “green”
waters in the bay, during the rainy and windy periods, and in lower biovolumes during the peak
dry and calm seasons, when there were extremely transparent “blue” waters (Secchi depth > 4
m) in the bay (Fig. 10A). The remaining taxa investigated did not show any significant

correlations with abiotic parameters.

3.7 Linear models - copepods and brachyuran zoeae

Similarly to Spearman rank correlations, linear models were also highly significant for
the relationship “copepods Vs brachyuran crab zoeae”, when analyzing all data, for “shelf only”
and for “estuary only”. In the bay, there was no significant relationship between these two
abundant taxa. Models with all data were improved by adding spatial factors and were clearly
dominated by spatial covariance (i.e., by the factor “Area”). In a mixed linear model with all
samples (n = 121), the factor “Area” explained 12.0 % of the variability, and log (1+x)
transformed biovolumes of brachyuran crab zoeae explained 9.5 % of the total variability in log
(1+x) transformed copepod biovolumes (“Img” index, totaling 21.5 % of the variability
explained by the model).

The underlying structure of the copepods vs crab zoeae - relationship in the estuary, and
on the shelf was not obvious and required a detailed investigation. The basic linear model for
logio(x+1) transformed copepod biovolumes and logio(x+1) transformed crab zoeae
biovolumes from the estuary (Fig. 10C) was highly significant (parametric p = 0.0058,
permutation p = 0.0042 with “aovperm”, R>=0.19, n = 38 samples from the estuary). In contrast
to the “All data” and the “shelf only” models, the linear model for “estuary only” was not
improved (AIC, BIC, adjusted R?, and significance of added variables) by adding spatial
(“Station”) or temporal (months, seasons, etc.) factors or any abiotic variables, or combinations.
Instead, adding such factors and variables did only lead to non-significant linear (or non-linear)
models. It is actually unsurprising that abiotic variables did not contribute to these models, since
the variability in copepod biovolume could not be explained by any abiotic variables in the
estuary. When building nonlinear models (GAM), non-parametric effects were not significant
(p > 0.05), showing that the linear models are better suited than the more complex GAM, to
explain this interrelationship. In summary, there was a highly significant positive relationship

between copepods and brachyuran zoeae that cannot be explained by spatio-temporal effects or
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abiotic variables, and has no other explanation than a functional relationship between these two
ecosystem components in the estuary.

A similar result was also found on the shelf, where the linear model for logio(x+1)
transformed copepod biovolumes and logio(x+1) transformed crab zoeae biovolumes (Fig. 10C)
was also significant (parametric p = 0.01, permutation p = 0.01 with “aovperm”, R*?=0.14, n =
45 samples from the shelf). Similarly to the situation found in the estuary, this simple linear
model for shelf samples could also not be improved by adding factors and variables or by using
a nonlinear (GAM) model.

Figure 10. Log-linear relationships between planktonic decapod (penaeid shrimp postlarvae
and brachyuran crab zoeae) biovolumes (mm3 m), total biovolume of copepods, and Secchi
depth (m). Only significant linear models (p < 0.05) are shown. Samples were taken bimonthly
in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf
(Pernambuco, Brazil), from June 2013 to May 2015. N: 121 samples. Log-linear relationships
between total biovolumes of penaeid postlarvae and Secchi depth in the bay (A); total
biovolumes of brachyuran zoeae and copepods in the estuary (B); total biovolumes of

brachyuran zoeae and copepods on the shelf (C).
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Figure 11. Redundancy analysis (RDA) plots based on Hellinger-transformed biovolume
matrices (mm3 m3) of ten planktonic decapod taxa and stages. Only significant (p < 0.05)
vectors were used in the analyses and plots. Samples were taken bimonthly in the Rio Formoso
estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco, Brazil), from
June 2013 to May 2015. A: All samples (N: 121 samples), B: Rio Formoso estuary only (N: 38
samples), C: Tamandaré bay only (N: 38 samples).
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3.8 Multivariate analyses (RDA, doRDA and PERMANOVA) - Abiotic variables and space-

time factors

The RDA models for all sampling areas (N = 69 samples with complete abiotic factors)
were dominated by the factor “Area”. This full RDA (Fig 11A) explained 13.4 % of the
variability in decapod composition in the first RDA axis (only 2 % were explained by the second
RDA axis).

When analyzing the decapod relative biovolume composition in the estuary (N = 24
samples with compete abiotic factors), no significant seasonality was detected, for any temporal
factors used (probably because the time series is dominated by only one brachyuran zoeae peak
in February). However, there was a significant effect of the factor Secchi depth on the relative
biovolume composition of the planktonic decapod community (Fig 11B). Brachyuran zoeae
associated to more turbid waters and luciferids (adults and mysis-stage larvae) associated with
more transparent waters, in the estuary (Fig 11B).

In the bay (N = 21 samples with complete abiotic factors), seasonality was the key factor
in explaining the variability in decapod relative abundance and relative biovolume composition,
more specifically, the vector with four discrete seasonal trimesters. For the relative biovolume
matrix from the bay, “four seasons” (p <0.01 ) was the only significant vector. For the relative
abundance matrix from the bay, models for “four seasons” only (p < 0.01) and salinity only (p
= 0.04) were significant. The dominance of the vector “four seasons” in explaining decapod
variability in the bay (Fig. 11C) can be explained by the conspicuous abundance peaks of
penaeids in winter, of luciferid adults in summer, and brachyuran zoeae in autumn and spring
(Fig. 10, Fig. 11C). For the shelf (N = 24 samples with complete abiotic factors), the
multivariate models were inconclusive for biovolume (no signif. effects). For the decapod
relative abundance matrix from the shelf, “Local depth” (p = 0.025, multivariate

PERMANOVA) was the only significant variable.
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3.9 Multivariate analyses (RDA, dbRDA and PERMANOVA) - key space-time factors only

RDA was also conducted using a matrix without abiotic data (121 samples), using only
descriptors of space (sampling area, local depth and distance from coast) and time (seasonality

b1

vectors: “dry vs rainy”, “windy vs calm”, “four seasons”).

Biovolume

Seasonality vectors “windy vs calm seasons”, “four seasons” and the spatial factors
“Area” and “distance from the coast” were useful to explain the variability in decapod
biovolume. Complex models with “windy vs calm seasons” (p = 0.001), “four seasons” (p =
0.003), “Area” (p = 0.001) and “distance from the coast” (p = 0.013), and the interaction term
“four seasons x Area” (p = 0.010), were highly significant (multivariate PERMANOVA).
Numerous multivariate RDA and dbRDA models with the above-mentioned variables could be
built that were highly significant. Surprisingly, the seasonal factor “dry vs rainy” was not

significantly related to the variability of the decapod biovolume matrix.

Abundance

Seasonality vectors “windy vs calm seasons”, “four seasons” and the spatial factor
“Area” were useful to explain the variability in numbers (decapod abundance). Complex
models with “windy vs calm seasons” and “Area”, or “four seasons” and “Area” were highly
significant (p = 0.001, PERMANOVA). The factors “dry vs rainy” and “distance from the

coast” were not significantly related to the variability of the decapod abundance matrix.
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4 DISCUSSION

The present study revealed and quantified, for the first time, the ecosystem-shaping
impacts of decapods during their seasonal peaks in abundance and biovolume, on estuarine and
marine zooplankton. The seasonal peaks (i.e., biomass input events) were clearly asynchronous
between taxa and areas (e.g., in January-March for brachyuran crab zoeae and in June-October
for penaeid postlarvae). Thus, these massive events (e.g., release of early-stage brachyuran crab
larvae in the mangroves and shoreward migration of pre-settlement penaeid shrimp on the shelf)
are asynchronous and spatially segregated, having huge impacts on coastal pelagic ecosystems.

4.1 Synchronous reproduction of mangrove crabs - effects on pelagic food webs

Our study revealed a strong variability in decapod larvae, with extremely relevant peaks,
especially for brachyuran crab zoeae, which were present in all months, in all sampling areas,
thus confirming the “constant reproduction” hypothesis (Hernaez et al., 2012). These crab
zoeae are constantly being washed from the estuarine mangrove forests, every month. However,
these early-stage larvae occurred in much higher numbers and biomass (characterizing a
“massive biomass input event”), when large-sized semi-terrestrial mangrove crabs (Ucides
cordatus and Cardisoma guanhumi) have their unique synchronous reproduction events
(“andada”), in austral summer (Botelho et al. 2001; Schmidt et al., 2012; Costa and
Schwamborn, 2016; Schwamborn and Schwamborn, 2021). This suggests a very strong
seasonality in estuarine zooplankton biomass, forced not by abiotic factors, but rather by the
precise timing of mangrove crab larval release events. In contrast, studies in subtropical
offshore zooplankton revealed a very weak seasonality for highly diverse decapod larval
assemblages (Reyns and Sponaugle, 1999; Landeira and Lozano-Soldevilla, 2018).

Herndez et al. (2012) related the peak in reproduction of the ghost shrimp
Lepidophthalmus bocourti to the decrease in salinity at the onset of the rainy season in Costa
Rican mangroves. Conversely, our study did not relate the brachyuran larval peaks (or any other
larval peaks) to any abiotic parameters, probably due to a rigorously and precisely
predetermined reproduction calendar, that is manifested in adult crab populations during
simultaneous molting and massive migration and mating events, in a series of events that starts
several months before the zoeae hatch (Schmidt et al., 2012). Thus, there is no way that the
abiotic conditions at the time of hatching can influence this precise larval timing, in a highly

dynamic and variable estuarine environment.
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Yet, our multivariate analyses (RDA and PERMANOVA) revealed important
structuring factors and the importance of four discrete seasonal situations in shaping decapod
communities. In the estuary, there was a multivariate structuring gradient related to Secchi
depth, from turbid waters that were recently washed from the mangroves, rich in early-stage
larvae of mangrove crabs, particles, and mangrove sediments, towards more transparent waters,
that were rich in coastal luciferids (adults and mysis-stage larvae). This may seem
contradictory, at first sight, to the idea that abiotic conditions are not determining the timing of
larval release. However, the observation that samples with less mangrove crab zoeae and more
luciferids came from more transparent waters can be well accommodated with the hypothesis
of precise larval timing, if one embraces a conceptual mixing model with two endmembers
(Brito-Lolaia et al., 2022), where some samples are more “mangrove-related” (more turbid and
with more zoeae) and others are more “coastal-related” (less turbid and with more luciferids),
within a complex tidally-driven mixture at the estuarine inlet.

A precise lunar and spatial synchrony in the reproduction of the mangrove crab Ucides
cordatus was reported by Schmidt et al. (2012). This large-sized, abundant semi-terrestrial crab
spawns in Brazilian mangroves only from January to March, and usually dominates the decapod
larval assemblages in these months, in estuarine plumes, together with zoeae-stage larvae of
Uca spp. (Schwamborn et al., 2001).

These crabs mate in December to February, at precisely synchronized new moon or full
moon nights, depending on which is going to be the maximum tidal amplitude lunar phase in
the subsequent month, which is an unprecedentedly precise lunar synchronicity (Schmidt et al.,
2012).

Brazilian mangroves harbor a huge biomass of parental crab populations composed of
numerous brachyuran species (Coelho et al., 2008), most of which do not have any published
information regarding their phenology. A recent study by Lima et al. (2021) found that all larval
stages (all zoea stages and the megalopa) of the common mangrove crab Panopeus lacustris
were found throughout the year off northern Brazil, confirming the “continuous reproduction”
hypothesis, for this species. The existence of crab species with constant reproduction in the
mangroves is also confirmed by our observations. We found a near-constant background of
high crab zoeal biomass, and a few massive biomass peaks, that coincide with the hatching
period of the large-sized mangrove crab U. cordatus that is of great socio-economic relevance
for artisanal fisheries. Although the present study did not distinguish brachyuran larvae at

species level (this would require the dissection of larval mouthparts), it seems likely that large-
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sized, conspicuous mangrove crabs, such as U. cordatus, were important in the Rio Formoso

estuary, as found in previous studies in this region (Diele, 2000; Schwamborn et al., 2001).

4.2 Shoreward migration of decapod pre-settlement stages - community-shaping events in
tropical coastal and shelf ecosystems

Penaeid shrimp postlarvae were the dominant decapods on the shelf, in biomass and
biovolume. These zooplanktivorous predators are well known to migrate from the offshore
spawning grounds towards coastal and estuarine nurseries, growing and becoming increasingly
benthos-associated on the way, with strong vertical migrations (Schwamborn and Criales 2000;
Zetina-Rejon et al., 2004). In our study, we showed that these pre-settlement stages enter
Tamandaré bay, an oligotrophic reef-lined environment, poor in zooplankton, where they
dominate decapod biomass and biovolume. It seems likely that the postlarval peaks found in
the windy months, when strong shoreward trade winds usually predominate, are related to an
optimized shoreward migration strategy from the offshore shelf towards the coast. Further
studies are necessary to investigate the variability in wind and rainfall patterns in the context of
ongoing climate change, and how these processes affect the recruitment and dispersal of
decapods and other organisms in tropical pelagic ecosystems.

The generally neglected high relative biomass of these voracious zooplanktivores has
obvious implications for pelagic food webs, as predators and as an important food source for
upper trophic levels. In spite of the very high relative biomass revealed here, and their
importance for fisheries, postlarval shrimps have been generally ignored in food web models,
with few exceptions (e.g., Zetina-Rejon et al., 2004).

Many studies have investigated penaeid postlarval abundance in situ and documented
their wind-driven dispersal patterns in shelf and offshore waters off South Florida, U.S.A.
(Criales et al., 2000; 2005; 2011; 2015; Browder et al., 2002; Ogburn et al. 2013).

Several studies showed that the two most common penaeid shrimp species at the
temperate southern Brazilian coast (Penaeus brasiliensis and P. paulensis) have asynchronous
reproduction cycles. P. paulensis is usually highly abundant in summer, and P. brasiliensis in
autumn (Brisson, 1977; D'Incao, 1991; Albertoni et al., 1999; Lichmann et al., 2008). For
Calazans (1978), and D'Incao (1978, 1983, 1984), winds and rainfall were responsible for the
higher densities of penaeid postlarvae at different times in the large-scale Lagoa dos Patos

estuary (South Brazil).
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Yet, all these investigations of these pre-settlement shrimps were focused on their
transport and quantified abundance only, not biomass. The detailed investigations of dispersal
patterns of penaeid postlarvae in previous studies had been generally justified by their socio-
economic importance, being a key part of the life cycle of important shrimp fisheries stocks.
However, the importance as key components of food webs (i.e., their contribution to pelagic
ecosystem biomass) had not yet been highlighted in previous studies. This is the first systematic
quantification of biomass and relative biomass of penaeid postlarvae and other decapods in
estuarine and coastal marine ecosystems.

Very few studies have been dedicated to the study of brachyuran crab megalopae
sampled in situ. Similarly to our results, considerable patches of high abundance (“blooms”) of
megalopae of the mangrove crab Panopeus lacustris were detected by de Lima et al. (2021) at
the offshore shelf off Northern Brazil. In our study, penaeid postlarvae and crab megalopae
showed significant positive correlations, for all data, for data for the estuary only, and for the
shelf data only. Thus, our unprecedented comparison revealed very strong and consistent
patterns of co-occurrence of these two pre-settlement organisms. This indicates congruent

optimized shoreward transport, and similar settlement and recruitment strategies for both taxa.

4.3 Life-history dynamics of holoplanktonic decapods

One of the main characteristics of the Luciferidae is their holoplanktonic life history.
They are found along the entire Brazilian coast and many other tropical and subtropical regions.
There are seven recognized species in this family (Vereshchaka et al., 2016), of which only two
occur in the study area: Lucifer typus Milne-Edwards, 1837 and Belzebub faxoni (Borradaile,
1915). Similarly to our results, many studies have shown very high numbers of larvae and adults
of these holoplanktonic decapods in estuarine coastal, shelf and offshore waters, highlighting
their huge importance for tropical pelagic food webs (Longhurst and Pauly, 1987; D"Incao,
1997; Schwamborn et al.,1999; Melo et al., 2014; Santana et al., 2020). In these previous
studies, Lucifer typus Milne-Edwards, 1837, was generally found in more offshore oceanic
waters, with very high and constant salinity. Conversely, Belzebub faxoni (Borradaile, 1915)
has a more nearshore distribution in estuarine, coastal and shelf waters. At the mouth of the
Amazon River, on the North Brazilian shelf and adjacent large-scale oceanic plume
retroflection, Belzebub faxoni is exported far offshore and plays an essential role in tropical

neritic and oceanic zooplankton (Melo et al., 2014; Neumann-Leitdo et al., 2018; Santana et
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al., 2020. In the Amazon plume region off northern Brazil, both B. faxoni and L. typus were

abundant in most neritic samples, even very far offshore (Melo et al., 2014).

A “constant oceanic ecosystem’ pattern was observed by Landeira and Soldevilla
(2018) in the subtropical waters off Gran Canaria, where Lucifer typus Milne-Edwards, 1837
was present throughout the year. In our study, the presence of adult individuals of Luciferidae
in all areas showed the contribution of significant numbers of these holopelagic decapods in all
months, and all areas, with very important contributions in abundance and especially in
biomass. Yet, our data indicate that luciferid larvae exhibit complex spatio-temporal patterns,
with asynchronous peaks on the shelf and in the estuary, possibly due to different dispersal and
retention strategies in these areas, or due to the existence of two species with different spatial
and temporal distribution patterns. However, both species are morphologically
indistinguishable in their early larval forms, even for a taxonomist dissecting them under the

microscope.

4.4 Asynchronous biomass inputs from decapod life history cycles - retention and dispersal

strategies and their effects on pelagic food webs

Our study revealed seasonal peaks (i.e., biomass input events), which were clearly
asynchronous between taxa and areas (e.g., in January-March for brachyuran crab zoeae in the
estuary and in June-October for penaeid postlarvae in the bay and on the shelf). Both are
probably related to optimized retention, dispersal and transport strategies, which differ between
life history stages, taxonomic groups, and geographic areas. We documented the larvae that
were exported from the hyper-eutrophic estuary, and the shoreward migrating pre-settlement
stages on the oligotrophic continental shelf. These were two very different situations in the life
histories of these organisms, within two distinct ecosystems.

Larval export from estuaries to adjacent marine areas seems to be an effective solution
for gene dispersal, to avoid competition for space, osmoregulation stress (in view of the low
salinity of estuaries) and to flee the extremely high predation pressure that may occur, especially
on young, small larvae (Morgan, 1989). Coping with predation is a key factor for these small
organisms, in oligotrophic, nutrient-rich mangrove estuaries that are rich in phytoplankton and
other food particles (Silva et al., 2019), but also rich in pelagic predators, such as sardines and
anchovies (Ooi and Chong 2011; Castellanos-Galindo et al., 2013; Amin et al., 2019), and
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young stages of numerous fish species (Sheridan and Hays, 2003; Blaber, 2007; Whitfield,
2017).

The extremely high predation pressure on zooplankters in estuarine environments may
also have another unexpected consequence, regarding the distribution of copepods and
brachyuran zoeae, or more specifically, regarding the impacts of crab larval release events on
copepods. Adding decapods to the water column dramatically increased the total zooplankton
abundance, biomass and biovolume. This additive effect was especially strong and significant
during synchronous massive larval release events of zoea-stage crab larvae in February-March,
in the estuary, but also on the shelf. Surprisingly, there was not only an additive effect of crab
zoeae to the total zooplankton biomass, but we also detected a functional relationship between
small-sized larvae (zoeae) and holoplankton (copepods), that is mediated through key physical
and trophic processes, such as patchiness and trophic cascades. These highly significant positive
correlations between crab zoeae and copepods in the estuary and on the shelf may be the result
of small-scale patchiness effects (accumulation of surface-dwelling organisms at small-scale
aggregations, especially at convergence zones and fronts). However, such an aggregation would
have led to positive correlations with many other surface-dwelling organisms. Thus, the
observed strong and significant correlations are most likely also mediated through trophic
cascades. One likely explanation for this phenomenon is an increase in prey availability for
zooplanktivores and subsequently reduced predation mortality for copepods in the estuary
during peak brachyuran zoea larval release events in the mangroves, which could be
advantageous for both taxa. Actually, both explanations (patchiness or reduced predation) are
not contradictory at all, but rather complementary, since accumulation in patches that are rich
in brachyuran zoea may be advantageous for copepods (in comparison with patches without
brachyuran zoeae), with regard to predation avoidance (Johnson and Shanks 2003). Conversely,
the results obtained by the experiments of Schwamborn et al. (2006) indicate that crab zoeae
may feed effectively on several types of organisms and particles, including adult copepods,
which would suggest a negative (prey-predator) relationship between these two taxonomic
groups.

Our study quantified the contribution of mangrove ecosystems to the zooplankton, in
terms of decapod larval biomass (especially brachyuran zoeae), that fuel the seasonal dynamics
of pelagic food webs, thus contributing to our knowledge on tropical estuarine and marine

gcosystems.
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4.5 Advantages and limitations of the ZooScan for the study of decapods

In this study, semi-automated analyses based on digital images proved to be useful to
investigate planktonic decapods. Relative biovolume or biomass composition is a key
descriptor of the importance of a species or species group within the food web. It describes the
composition of the food available to pelagic predators and filter feeders within the energy and
matter flows in the ecosystem. These are key input data for any quantitative trophic model,
urgently needed for reliable ecosystem predictions (Pauly et al., 2000). Also, the biovolume or
biomass relative composition can be used to predict the trophic level of an ecosystem (Brito-
Lolaia et al., 2022).

However, images were generally only informative enough to identify decapods to
infraorder or family level, since an identification to species and exact larval stage (e.g, zoea I,
I1, I1, ...) would require the time-consuming and complex dissection of setae on mouthparts of
all organisms under a microscope. These are extremely delicate and time-consuming
procedures that can only be performed by experienced taxonomists, and will provide abundance
data only. This has been the standard approach for the study of planktonic decapods up to now
(Schwamborn, 1999; Santana et al., 2018; Da Silva et al., 2021). It is important to note,
however, that even for experienced taxonomists who specialized on these larval organisms,
identification to species level is absolutely not possible for many of the larval decapods sampled
here, since larval descriptions and identification keys for decapod larvae are available for only
few among the thousands of extant species (Anger, 2001; Schwamborn, 2001, 2002).

Another important issue of taxonomic identification under the microscope is that within
a time series, the subjective and arbitrary identification of larvae by many different laboratory
technicians and students with varying levels of skill and willingness to dedicate time and effort
to dissect and describe mouthparts and other larval structures, will inevitably lead to serious
artifacts in the data matrices (Highfield et al., 2010). Even when all samples are analyzed and
identified by one taxonomist only, the increasing identification skill during the analysis of a
time series will obviously also lead to artifacts. Most seriously, these identifications cannot be
verified and cross-checked afterwards, since many organisms are completely destroyed during
dissection. Thus, one important advantage of the non-destructive ZooScan approach is that it
permits the preservation of all complete zooplankton samples in formalin, without destroying,
removing, or any other modifications of these extremely valuable archival treasures. Most

importantly, scanning these samples with a ZooScan generates databases and digital archives
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of images (vignettes) that can be readily accessed, cross-checked and validated as often as
necessary, by many different specialists. Thus, the ZooScan approach considerably improves
the issues related to subjectivity and lack of consistency in identification, especially when
combining specialist knowledge with classification algorithms, as in the present study.

Another alternative for taxonomic identification is the use of molecular techniques, such
as DNA barcoding, but up to now, no published study has been able to demonstrate this
efficiently for the whole decapod community yet. This technique was recently used for the study
of brachyuran crab larvae (Brand&o et al., 2016), and to study the larvae of a single shrimp
species (Landeira et al., 2019). As a drawback, most DNA barcoding techniques do not provide
information on life history stage (e.g., zoea I, I1, I11, ..., megalopa, postlarvae, juveniles, adults)
nor any quantitative estimates of abundance, biomass or biovolume.

Image processing systems such as ZooScan also have a number of intrinsic limitations,
such as their relatively low taxonomic refinement and accuracy, and the impossibility to dissect
mouthparts and appendages. In the step of sampling and sample processing, one serious
drawback of this approach is the loss of fragile structures, and the destruction of aggregates and
delicate organisms, such as gelatinous taxa (e.g., ctenophores). In situ imaging systems (such
as the VPR, LOKI, and UVP, Lombard et al., 2019) do not destroy particles and organisms, but
their image quality is much lower than in laboratory bench systems, such as the ZooScan, often
impeding any useful identification. An in-depth comparison of available imaging systems, their
advantages and limitations, was recently provided by Lombard et al. (2019).

Our study revealed and quantified new, unexpected phenomena in tropical coastal
ecosystems, such as the relevant inputs of brachyuran zoeae and penaeid shrimp postlarvae in
terms of biomass and biovolume. The practical and simple approach presented here paves the
path towards standardized quantitative analysis of decapod larval contributions to the
zooplankton biomass. In the future, a combination of microscopy, DNA barcoding, and

ZooScan analysis may become standard for a complete evaluation of the zooplankton.
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4 ARTIGO 2 - SIZE NICHE INTERACTIONS BETWEEN MERO- AND
HOLOPLANKTON SHAPE THE SIZE SPECTRUM OF TROPICAL ESTUARINE

AND MARINE ECOSYSTEMS

1 INTRODUCTION

Body size is considered to be a “master trait” within functional analyses of natural
ecosystems (Ray et al., 2001; Brown et al., 2004; Blanchard et al., 2017; Wang et al., 2022).
All physiological, behavioral, and food web-related processes are intrinsically dependent on an
organism's body size (Sheldon et al., 1977; Gaedke, 1993; Zhang et al., 2023). Size
distributions of organisms can be easily quantified and used as powerful and simple descriptors
(Woodward et al., 2005; Krupica et al., 2012).

Many theoretical frameworks and practical methods have been developed to study the
distribution of body size in natural ecosystems (Sprules and Munawar, 1986; Zhou and Huntley,
1997; Zhou, 2006; Sprules and Barth, 2016). The relationship between size and abundance (size
spectra analysis, SSA) is particularly useful for the study of zooplankton communities. Since
the development of automated methods that allow obtaining large numbers of size
measurements, such as the ZooScan (Gorsky et al., 2010), increasing numbers of articles on
marine zooplankton size spectra have been published, mostly from temperate and polar seas
(Lombard et al., 2019). Conversely, little has been done to study the size spectra of tropical
estuarine zooplankton and to compare them to adjacent coastal and shelf ecosystems (Ke et al.,
2018). Generally, the size spectrum of marine zooplankton is considered to be stable at around
-1, with notable exceptions (San Martin et al., 2006; Marcolin et al., 2015). Based on a meta-
analysis of recent publications and their own extensive data obtained at a fixed station in
temperate marine waters off Plymouth (UK), Atkinson et al. (2021) obtained a median plankton
size spectrum slope close to the theoretical optimum (median slope: —1.11), but varying
seasonally. They propose a dome-shaped relationship between size spectra slopes and plankton
biomass, with steeper slopes towards far hypereutrophic and oligotrophic systems and the

flattest (“optimum”) slope in mesotrophic, productive, temperate systems.
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Size, biovolume, and biomass distributions contain key information on the functioning
of planktonic communities (Hobbie, 1972; Platt, 1985; Moriarty, 2013). Size spectrum analysis
provides parameters of zooplankton population dynamics and ecosystem production (Sprules
and Munawar, 1986; Zhou and Huntley, 1997; Sprules and Barth, 2016). Based on observations
that the biomass in aquatic environments is relatively constant along a power-law (Pareto)
distribution, numerous theoretical concepts and size spectrum models have been developed
(e.g., Sheldon et al., 1972,1977; Kerr, 1974; Platt and Denman, 1978; Ray et al., 2001,
Blanchard et al., 2017). The normalized biomass size spectrum (NBSS, Platt and Denman,
1977) uses a simple transformation, where the Y value (abundance, biovolume, or biomass) for
each size bin is divided by the corresponding bin width (Platt and Denman, 1977; Dickie and
Boudreau, 1987; Rodriguez, 1994; Gaedke and Straile, 1998). Many recent zooplankton studies
have used the NBSS approach to address seasonal, interannual, or spatial variability (e.g., San
Martin et al., 2006; Vandromme et al., 2014; Marcolin et al., 2015; Ke et al., 2018, Souza et
al., 2020; Atkinson et al., 2021; Couret et al., 2023).

Several size spectrum descriptors (slope, intercept, mean elevation, linearity, mean
dispersion, homoscedasticity of the dispersion, outline shape, height and distribution of peaks
and domes, size diversity, etc.) may provide subsidies for the understanding, prediction, and
management of ecosystems. Among these descriptors, the NBSS slope is by far the most
intensively studied and most commonly investigated, since it can be used to assess the trophic
efficiency (TE) of aquatic food webs (Figueiredo et al., 2020). Conversely, the number of empty

bins within a given size spectrum has been generally ignored as a source of information.

A possible effect of meroplankton inputs on the zooplankton size spectrum has not yet
been investigated. Here, we intend to test the general hypothesis that the massive release of
meroplanktonic larvae into the water column significantly affects the shape of zooplankton size
spectra in tropical estuarine and coastal environments. More specifically, we tested the five
working hypotheses that 1.) peaks in the zooplankton size spectrum can be related to specific
meroplankton taxonomic groups, 2.) there are significant size niche interactions between mero-
and holoplankton (i.e., there are significant correlations between peaks and throughs in their
size distributions), 3.) such size niche interactions are density-dependent, 4.) inputs of non-
holoplanktonic organisms into the water column may change the size spectrum slope and
intercept, 5.) and that meroplankton fills severe gaps (“empty bins”) in the zooplankton size

spectrum.
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2 MATERIALS AND METHODS

2.1 Field sampling

The study areas (Fig. 1) are located in the coastal zone of Pernambuco State
(northeastern Brazil) and are part of the “Costa dos Corais” Environmental Protection Area.
Surveys were carried out in a hypereutrophic mangrove-lined estuary (Rio Formoso Estuary),
in a reef-lined semi-enclosed oligotrophic coastal ecosystem (Tamandaré Bay), and at the
adjacent oligotrophic continental shelf, with rhodolith beds, silt flats and deep reefs (Tamandaré
Shelf). Surface water temperature in the study area ranges from 26.4 °C to 30.5°C, surface
salinity ranges from 27.03 in the estuary to 37.44 on the shelf, and water transparency (Secchi
depth) ranges from less than 1 m in the estuary to more than 19 m on the shelf (Schwamborn et
al., 2024). Thirty-seven cruises were carried out in these areas between 2013 and 2015 through
two projects: 1) St-ESPLAN-Tropic (CNPg) and 2.) INCT AmbTropic
(CNPg/CAPES/FAPESB).

Figure 1. Map of the study area showing the sampling stations in the coastal region of
Tamandaré, Pernambuco State, Brazil. Formoso River Estuary (red), Tamandaré Bay (yellow),
Continental Shelf (blue).
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A 300 um mesh plankton net (net diameter: 60 cm) equipped with a Hydro-Bios (Kiel,
Germany) flow meter was towed at subsurface (5 minutes duration, speed: 2 to 3 knots) to
collect zooplankton samples that were preserved with a sodium-tetraborate-buffered
formaldehyde solution (4%) in seawater. At each station, salinity, temperature, and depth were
measured using a CTD probe (YSI/SonTek CastAway) and a Secchi disk. Campaigns were
conducted in bimonthly intervals, during daytime. A total of 121 zooplankton samples were
obtained successfully and analyzed in this study.

2.2 ZooScan analysis

In the laboratory, zooplankton samples were scanned using a ZooScan, a semi-
automatic scanner (resolution: 2400 dpi) (Hydroptic model ZSCANO3, Gorsky et al., 2010). To
optimize the extraction of vignettes, samples were divided into two fractions, using a 1000 um
mesh. Aliquots were taken from these two fractions with a Motoda-type subsampler (Omori
and lkeda, 1984), determining an amount between approx. 1000 and 2000 objects (incl.
particles and organisms) for each fraction to be digitized. Scans were processed using the
ZooProcess software (http://www.obs-vifr.fr/LOV/ZooPart/ZooScan) and Plankton Identifier
(Gorsky et al., 2010) generating digital images (vignettes) of each organism and particle.
Descriptive parameters such as area, feret diameter, fractal dimension of the object’s boundary,
equivalent ellipse axes, descriptors of gray levels, etc. were calculated for each vignette, for

subsequent semi-automatic classification.

2.3 Classification of vignettes

A total of 182,281 digital images (vignettes) were obtained and analyzed in this study.
Images were initially checked for artifacts (e.g., bubbles) where necessary and semi-
automatically classified into taxonomic categories. The numerical descriptors of each vignette
were used for semi-automatic pre-classification through a Random Forest algorithm (Breiman,
2001). After pre-classification, all vignettes were visually classified and validated by an
experienced plankton taxonomist. The ellipsoid biovolume (mms3) was calculated for each
vignette based on the minor and major axes of the equivalent ellipse (http://www.obs-
vifr.fr/LOV/ZooPart/ZooScan).
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2.4 Data analysis

2.4.1 Taxon-specific size spectra

Taxon-specific size spectra (in units of abundance and of biovolume) were built to
analyze the effects of different taxonomic groups on the shape of the overall zooplankton size
spectrum. For each taxonomic group, abundance (ind. m3) and biovolume (mm? m-3) matrices

were compiled by study area (Estuary, Bay, and Shelf), and size class.

Meroplankton (especially decapod larvae), copepods, and other holoplankton were
identified in detail, for all samples, by an experienced taxonomist, to the best level possible
based on the visual examination of thousands of ZooScan vignettes (Schwamborn et al., 2024).
Considering the well-known dominance of copepods in estuarine and marine zooplankton, and
the need to analyze specific appendages and body parts for their accurate identification, an
additional effort was made towards a detailed identification of copepods under a
stereomicroscope by an experienced taxonomist. For this detailed identification of copepods,
27 samples were randomly selected (9 samples from each area, Estuary, Bay and Shelf).
Subsamples (the same aliquots as for the Zooscan analysis) were poured into a Bogorov
chamber, and all copepods (total: 7,035 individuals) were identified, usually at genus level
(Boltovskoy, 1999).

Based on the ZooScan results, taxon-specific abundance-size and biovolume-size
spectra were built to evaluate the contributions of the main taxonomic groups to the abundance
and biovolume of each size class and the shapes of these size spectra (range, slope, occurrence
and position of peaks and throughs, relative contribution (%) to the total zooplankton within
each size range) were analyzed for each taxon. These contributions and size spectra shapes
(location of peaks and troughs of the taxon-specific size spectrum, for the most abundant taxa)
were evaluated for each sample separately (sample-by-sample analysis) and for the overall

mean size spectrum, for each sampling area (Estuary, Bay and Shelf).
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2.4.2 Size niche interactions between holo- and meroplankton

To verify the existence of statistically significant size niche interactions between
taxonomic groups, pairwise Spearman rank correlation analysis was used to test for significant
(p < 0.05) correlation between size distributions (peaks and throughs in the size spectrum) for
pairs of key taxa (most abundant and frequent), such as copepods (holoplankton) and
brachyuran zoeae (meroplankton). This pairwise correlation analysis was done within the size
range that corresponds to the peak zooplankton size spectrum (from 0.5 to 2.2 mm Feret length),
to avoid the effects of dominant zeros at the tails of the spectrum. Prior to correlation analysis,
the two original spectra (normalized abundance or biomass in each size bin) of both taxa to be
correlated were log10(x+1)-transformed and standardized (i.e., transformed into their relative
contributions (%) to the total zooplankton normalized abundance or biomass of in each size
bin).

2.4.3 Density-dependence of size niche interactions

To test whether the interaction between copepods (holoplankton) and brachyuran zoeae
(meroplankton) is density-dependent, permutational linear regression analysis (function “Imp”
within the R package “ImPerm”, Wheeler and Torchiano, 2016) was conducted between the
total density of copepods (ind. m?, Fig. 8) and the Spearman rank correlation coefficient (“rho™)
of the rank correlation analysis described above (correlations between size distributions of
copepods and brachyuran zoeae). The same linear regression analysis for density-dependence

was also conducted between the Spearman rank correlation coefficient (“rho”) and the total

density of brachyuran crab zoeae (ind. m3, Fig. 8).

2.4.4 Comparison of NBSS slopes with and without meroplankton

Normalized biovolume size spectra (NBSS) analysis was conducted to compare size
spectra slopes and intercepts between study areas (Estuary, Bay, Shelf). Also, we used the
NBSS to verify the potential effects of non-holoplanktonic organisms (e.g., decapod larvae and
other meroplankton) on the total zooplankton community size spectrum shape. Thus, we

calculated and compared the slopes and intercepts of linear NBSS models between three
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datasets: 1.) for the total zooplankton, 2.) without meroplanktonic decapod larvae, 3.) for
holoplankton only (i.e., without ichthyoplankton, meroplankton, or any other non-
holoplanktonic organisms).

NBSSz: Total zooplankton (including holo- and meroplankton). These data include all
multicellular heterotrophic organisms found in the plankton samples but exclude micro- and
macroalgae and non-organismic particles, such as aggregates, biogenic detritus, and

microplastics.

NBSSnmd (no meroplankton decapods). As above, but without meroplanktonic decapod
larvae (i.e., without brachyuran zoeae, without penaeid post-larvae, without caridean and
anomuran zoeae, etc., but with holoplanktonic luciferids and sergestids).

NBSSho (holoplankton only). As above, but without meroplankton and without
ichthyoplankton or any other non-holoplanktonic organisms. These datasets are without any
larvae (except for larvae of holoplanktonic luciferids and sergestids, which were included here)
without parasites, without benthopelagic organisms (e.g., without polychaete and mollusk
larvae, without cirripedian nauplii, without parasitic copepods, without cumaceans, isopods and
amphipods, without any meroplanktonic decapod larvae, but with holoplanktonic luciferid and

sergestid adults and larvae).

These three types of NBSS were built for the three sampling areas (Estuary, Bay, Shelf),
totaling 3 x 3 = 9 NBSS models built in this study. The main objective was to compare slopes
and intercepts of NBSSz vs NBSSho and NBSSz vs NBSSnmd, as to test for potential effects
of non-holoplankton and of meroplanktonic decapods, on the total zooplankton community size

spectrum shape.

Size spectra were normalized as described by Vandromme et al., (2014), based on
biovolume data. As the size class width varies according to the size, the normalization divides
the biovolume (V), by the width of the size class (As), where NBSS(s) = V(s) / As.

Slope and intercept were calculated for each NBSS by using ordinary least squares
regression (OLSR) and robust regression (Hampel et al., 1986). The latter method is robust to

outlier effects and to deviations from the prerequisites of common OLSR. To avoid mesh
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selection and gear avoidance effects, we excluded the extremely small and extremely large size
groups. The effective size range used for regression was from -1.5 log10 mm3 to 0.1 log10
mm3 biovolume (i.e., from 0.39 mm esd to 1.34 mm esd size), encompassing nine size classes.
Robust linear regression and robust ANCOVA (robust statistical testing for differences in
slopes and intercepts, Hampel et al., 1986) were conducted using the “robust” package in R
(Wang et al., 2019).

2.4.5 Finding and filling the gaps: analysis of empty bins within the NBSS

To test the hypothesis that the input of non-holoplanktonic organisms into the water
column fills significant gaps (“empty bins”) that would otherwise exist in the zooplankton size
spectrum, we investigated the effect of total non-holoplanktonic organisms and of
meroplanktonic decapods, on the number of empty bins (blue arrows in Fig. 2). This was done
by comparing the datasets with and without meroplankton or any other non-holoplanktonic
organisms regarding their relative numbers of empty bins (“0’) and bins with data (“17), by
applying a permutation test (“emptiness test”) to these presence-absence data. Differences
between NBSSz and NBSSho regarding the number of empty bins were tested using a non-
parametric permutation test (function independence_test in the R package coin, Hothorn et al.,
2006). This permutation test was applied for the size range from -1.5 log10 mm3 to 0.1 log10
mm3 biovolume (i.e, from 0.39 mm esd to 1.34 mm esd size), encompassing nine size classes
(“small”-sized organisms) and for a “large” size group, that encompasses nine NBSS size
classes from 0.1 log10 mm3 to 1.7 log10 mm3 biovolume (i.e, from 1.34 mm esd to 4.47 mm
esd size). All analyses were conducted at alpha = 0.05, using the R programming environment,
software, and language (version 4.0.2, R Core Team, 2022) with the RStudio interface (version
1.1.463, RStudio Team, 2022).



89

3 RESULTS

3.1 Taxon-specific contributions to the size spectrum

Detailed analyses of the contributions of key taxa to the overall community size spectra
using different units and transformations showed that the biovolume-biovolume (NBSS, Fig.
2), abundance-size (Figs. 3 and 4) and biovolume-size spectra (Fig. 5) displayed considerably
different shapes, for both total zooplankton and for the main taxonomic groups. Yet, regardless
of units and transformations, calanoid copepods were the overall dominating taxon in all three
areas, in units of abundance and biovolume (Figs. 2 to 5). These small-sized holoplankters were
dominating in the indiv. biovolume range < -0.8 log10 mma3 (Fig. 2) and in the body size range
<3 mm Feret length (Fig. 5). The calanoid Acartia sp. was the most abundant taxon in all areas,
being especially dominant in the Estuary. In the Bay and Shelf area, large-sized copepods, such

as Labidocera spp., were also relevant.

In the Estuary, brachyuran zoeae, anomuran zoeae, alpheid zoeae, other caridean shrimp
zoeae and holoplanktonic luciferid shrimps (adults and larvae) were important groups in the
size classes larger than -0.8 log10 mma3 (i.e., larger than 3 mm Feret length, Fig. 2, Fig. 5). In
Bay and Shelf areas, chaetognaths, luciferid shrimp, fish larvae and Penaeus post-larvae were

dominant in the size range > 3mm Feret length (Fig. 5).
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Figure 2. Mean Normalized Biovolume Size Spectra (NBSS) for the total zooplankton and for
key taxonomic groups in the three study areas. Dominant taxa (in units of biovolume) for each
size range, are highlighted above each spectrum. Zooplankton was sampled bimonthly in the
Rio Formoso Estuary, in Tamandaré Bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. n: 121 samples.

Bay

Normalized Biovolume, log10(1+x, mm3 m-3 mm-3)
2

2 1 0 1 2
Shelf
o~
[=] . R
RS 7‘/\
o /\/7 N
y §
I T U T 1
2 1 0 1 2

ind. Biovol., log10(mm3)

Fonte: A autora (2024).



91

Figure 3. Example (“sample no. 73”, taken in the Rio Formoso Estuary) of a taxon-specific
abundance-size spectrum showing the occurrence of two empty bins (at 0.75 mm and 0.85 mm
Feret length) in the holoplankton (copepod) distribution, that are both filled by meroplankton
(brachyuran zoea larvae). Note that between 0.75 and 0.85 mm Feret length, there is a “gap”
(empty bins) in the size spectrum of copepods. Spearman Rank correlation analysis of the
contributions of copepods and brachyuran zoeae to the total zooplankton abundance detected a
significantly negative correlation (p = 0.007, rho = -0.7), for this sample.
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In all three sampling areas, harpacticoid and cyclopoid copepods were negligible in
units of biovolume, as well as parasitic copepods and benthic migrants (Cumacea, Isopoda,
Amphipoda). The most striking difference between the three study areas was that calanoid
copepods (< 1 mm Feret length) were more abundant in the Estuary than in the other two study
areas, by more than six orders of magnitude (Fig. 4), and by more than five orders of magnitude,
in units of biovolume (Fig. 5). A secondary peak for large calanoids, at approx. 1 to 2 mm Feret
length, frequently appeared in the copepod abundance-size spectrum (Figs. 3 and 4). Within the
mean biovolume-size spectrum in Bay and Shelf areas, this strong secondary peak, made of

large calanoids (Feret length = 1.7 mm), was most clearly visible (Fig. 5).
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Figure 4. Mean abundance-size spectra (Feret size vs log10 Abundance) of total zooplankton,
copepods, and brachyuran zoeae, for the three study areas. Mean abundances for each size bin
were calculated considering empty bins (zeros). Zooplankton was sampled bimonthly in the
Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. n: 121 samples.
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Figure 5. Mean biovolume-size spectra (Feret size vs 1og10 Biovolume) of total zooplankton
and main holo-, mero- and ichthyoplankton taxa, for the three study areas. Mean biovolumes
for each size bin were calculated considering empty bins (zeros). Zooplankton was sampled
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf
(Pernambuco, Brazil), from June 2013 to May 2015. n: 121 samples.
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Brachyuran crab zoeae were the most abundant meroplankton taxon in all three areas.
Overall, these crab larvae were the second most relevant taxon in our dataset, in abundance and
biovolume, after calanoid copepods. Crab zoeae were particularly abundant and relevant in the
Estuary (Figs. 3 and 4). In the Estuary, brachyuran zoeae clearly dominated, in abundance and
biovolume, within the size range from 0.5 mm to 1 mm Feret length (Figs 3 to 5). This size
range corresponds to a “gap” within the copepod abundance size spectrum of several samples
(e.g., Fig. 3), generating the empty bins shown in Fig. 8. Also, this size range (0.5 mm to 1mm
Feret length) corresponds to a “through” within two peaks (0.5 and 1.1 mm Feret length) in the

mean copepod size spectrum in the Estuary and in the Bay (Fig. 4).

Additionally to brachyuran crab zoeae, other decapod larvae, such as caridean shrimp
zoeae (e.g. Palaemonidae, Hippolytidae, Alpheidae, and “other” caridean zoeae), were also
relevant, in units of abundance and biovolume, as “gap fillers” and especially as contributors to
the larger size classes (> 1.1 mm Feret length), in the Estuary, together with many other

meroplankton groups.

In the Bay and Shelf areas, penaeid post-larvae were extremely relevant as “gap fillers”
and contributors to the larger size classes (> 3 mm Feret length), in units of abundance and

biovolume (Fig. 5), together with caridean shrimp zoeae and fish larvae.

Fish larvae and Fish eggs were also extremely relevant, especially at the Shelf. Fish
eggs occurred in all areas in high numbers, and were dominant among the smallest organisms
in this study (approx 0.4 to 0.7 mm Feret length), with peaks usually at the lower fringe of the
copepod size distribution (Fig 5). Conversely, fish larvae (mostly late pre-settlement stages)
were most important in the largest size classes, larger than 7 mm Feret length, at the Shelf (Fig.
5).

Considering the location of the peaks within the size spectrum, we observed that on the
shelf, fish larvae and Penaeus spp. post-larvae had four intermittent successive peaks (two
peaks for each group) with no overlap, indicating a possible size niche utilization strategy or
overlap avoidance (Fig. 5). This phenomenon was observed regardless of the units of the size
spectrum (i.e., regardless of whether in units of abundance-size, biovolume-size or biovolume-

biovolume).
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3.2 Correlations between taxon-specific size spectra

A detailed sample-by-sample (Fig. 3) analysis of peaks and throughs, for each taxon,
revealed features and interactions between taxa that were not visible in the mean spectrum.
Sample-by-sample analysis (Fig. 3) revealed evident inverse peak vs through features of
throughs in copepod size spectrum that coincided with peaks in brachyuran zoeae size spectra
in 95 % (36 out of 38 samples) of the analyzed samples in the Estuary, where brachyuran crab
zoeae often exhibited a maximum that coincided with a minimum in the copepod size spectrum,
a phenomenon that would not be visible when looking only at the overall mean spectrum. The
consistently negative effect of crab zoeae on copepods occurred regardless of the mean size of
the brachyuran zoeae (e.g., regardless of the position, where the peak in crab zoeae abundance
was located within the size spectrum), within the varying shapes, locations and numbers of
peaks in crab zoea size spectra observed along the seasonal cycle, which depend on the crab
species and zoeal stages (zoea I, 11, 111, 1V, etc.) that occurred in the plankton samples.

Non-parametric Spearman rank correlation analysis confirmed this negative interaction,
by detecting highly significantly negative correlations between copepods and brachyuran crab
zoeae, the two most abundant taxa. For the whole data set (n = 121 samples), rank correlation
between copepods and brachyuran zoeae was negative and highly significant (p <10, n=121).
When testing correlations for each sampling area (Estuary, Bay, Shelf), highly significant
negative correlations between copepods and crab zoeae were found in all areas (Estuary: p-
value < 10%°, n = 38 ; Bay: p-value = 0.0028, n = 38 ; Shelf: p < 10%, n = 45).

Detailed sample-by-sample Spearman rank correlation analysis revealed that in the
whole dataset (121 samples) only one (1/121, less than 1%) significantly positive rank
correlation result occurred (“sample 2”, collected in the Bay). In contrast, we found 34
significant negative rank correlations, distributed within all three sampling areas. This analysis
revealed a common and strong negative interaction between copepods and crab zoeae (i.e.,
peaks in zoeae contributions consistently and significantly coincided with throughs in copepod

contributions within 34 size spectra).



96

3.3 Density-dependence of size-niche interactions

In the Estuary, for most samples (55%, 21 out of 38 samples) there was a significantly
negative correlation between contributions of brachyuran zoeae and copepods to the total
zooplankton. In Bay and Shelf areas, such gap-filling interactions between copepods and these
larvae were much less frequent (Bay: 4 out of 38 samples with negative significant results,
Shelf: 9 out of 45 samples with negative significant results), which may be due to overall lower
abundances in oligotrophic marine areas than in the hypereutrophic mangrove Estuary.
Accordingly, significant negative correlation was only found for samples above a minimum
threshold of at least 0.3 brachyuran zoeae m=, indicating a density-dependent negative
interaction between these two taxa. Furthermore, the value of Spearman's Rho (i.e, the “Rho”
value of the Spearman rank correlation tests described above, between size spectra
contributions of copepods and crab zoeae) was significantly related to the log-transformed total
abundance of crab zoeae (p < 10-16, permutational linear regression, Fig. 6).

This proves that there is a density-dependent relationship between crab zoea abundance
and their effect on copepods. Conversely, Spearman's Rho was not significantly related to
copepod abundance. These results confirm the existence of a density-dependent negative
interaction and that brachyuran crabs are negatively affecting same-sized copepods. This size-
niche interaction analysis evidenced that increasing numbers of crab zoeae (e.g., during massive
hatching events) produce a (probably predation-mediated) negative effect on the abundance of

same-size copepods.
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Figure 6. Linear and log-linear relationships between the values of Spearman’s “Rho” and total
abundances (ind. m®) of copepods and brachyuran crab zoeae. The “Rho” value is the Spearman
rank correlation coefficient for the rank correlation between size spectra contributions of
copepods and brachyuran crab zoeae. Negative “Rho” values indicate that peaks in crab zoeae
coincide with throughs in copepod size spectra (i.e., depletion of copepods by same-sized crab
zoeae). Linear models were fitted and tested with permutation tests (R? = 0.25, p < e-16, for the
linear model of “Rho” vs log(1+total abundance of crab zoeae)). Zooplankton was sampled
bimonthly in the Rio Formoso estuary, in Tamandaré bay, and on the adjacent continental shelf
(Pernambuco, Brazil), from June 2013 to May 2015. n: 121 samples.
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3.4 NBSS slopes and intercepts

Normalized Biovolume Size Spectra (NBSS) for the total zooplankton showed a log-
linear declining shape within the size range used for linear models, from -1.5 logio mm?® to 0.1
logio mm?® (Figs. 7 and 8).

Comparisons of NBSS slopes between Estuary, Bay, and Shelf ecosystems revealed
several significant differences, with the Estuary showing significantly steeper slopes (Figs. 7
and 8). These slopes were always significantly steeper for estuarine zooplankton than for the
other two areas, whether analyzing NBSSz, NBSSho, or NBSSnmd. By contrast, there were no
significant differences in slopes between models from Bay and Shelf areas.

For NBSSz, the robust linear model slope in the Estuary (Estuary, NBSSz, slope = -
2.455 +- 0.165 std. error, intercept = -1.050 +- 0.158 std. error, R2: 0.51, p < 0.0001, robust
regression) was significantly steeper (p = 0.0012, permutation ANCOVA with Imperm) than in
the Bay (Bay, NBSSz, slope = -1.806 +- 0.098, intercept = -1.006 +- 0.087 std. error, R2: 0.50,
p < 0.0001, robust regression). Also, the NBSSz slopes in the Estuary were significantly steeper
(p < 0.0001, permutation ANCOVA with Imperm) than NBSSz regression slopes at the Shelf
(Shelf, NBSSz, slope = -1.803 +- 0.089, intercept = -0.7689 +- 0.077 std. error, robust

regression).

The steeper robust linear model slopes observed in the Estuary were mainly due to
considerably higher numbers and biovolumes of small-sized organisms (mostly small-sized
calanoid copepods < 1.5 mm Feret length) at the estuarine stations, than in both adjacent marine
areas. In our analyses, the NBSS slope was clearly determined by the size structure of the
calanoid copepod community (i.e., the relative stage and species composition within the
Calanoida). Small-sized calanoid copepods were more abundant in the Estuary than in the other
two areas, by several orders of magnitude (Figs. 2 to 5). Also, copepods in the Estuary did not
display a secondary peak in their size spectrum, for large calanoid copepods (> 1.5 mm Feret
length), that was characteristic for Bay and Shelf areas (Fig. 4). The far higher abundance and
biovolume of small calanoids (mostly Acartia sp.) in the Estuary and a secondary peak of large
calanoids (> 1.5 mm Feret length, mainly Labidocera sp.), in Bay and Shelf areas can well

explain the observed differences in NBSSz slope between these areas.
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Figure 7. Normalized biovolume size spectra (NBSS) for the three study areas (estuary, bay
and shelf) and community types. (NBSSz): Total zooplankton (above), NBSSnmd: zooplankton
with no meroplanktonic decapods (center), NBSSho: holoplankton only, e.g., zooplankton
without mero- and ichthyoplankton (below). Blue arrows highlight conspicuous changes in the
shape of the NBSS after mero- and ichthyoplankton (NBSSho) or meroplanktonic decapods
(NBSSnmd) were removed from the total zooplankton (NBSSz). Areas where points
“disappear” in the lower graphs indicate the occurrence of empty bins due the removal of mero-
and ichthyoplankton from the data (i.e., possibly relevant contributions of mero- and
ichthyoplankton to the zooplankton community). Zooplankton was sampled bimonthly in the
Rio Formoso Estuary, in Tamandaré Bay, and on the adjacent continental shelf (Pernambuco,
Brazil), from June 2013 to May 2015. n: 121 samples.
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Figure 8. NBSS for total zooplankton (NBSSz, above), for holoplankton only (NBSSho,
holoplankton only, center), and NBSSz - NBSSho (bins which did not appear in NBSSho,
below). In blue or green color: points within the size range used for linear models, from -1.5
log10 mm3to 0.1 log10 mm3, encompassing nine size classes. Red line: Ordinary least squares
linear regression. Green line: Robust linear regression. Blue horizontal bar: ’small-sized”
fraction used, Orange horizontal bar: “large-sized” fraction used for empty bin analysis.
Regression slopes for NBSSz were not significantly different from NBSSho in any of the three
regions. Asterisks: Size fractions with significant differences between numbers of empty bins
(NBSSz vs NBSSho). Zooplankton was sampled bimonthly in the Rio Formoso Estuary, in
Tamandaré Bay, and on the adjacent continental shelf (Pernambuco, Brazil), from June 2013 to
May 2015. n: 121 samples.
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Comparisons between communities with and without mero- and ichthyoplankton
(NBSSz, NBSSho, NBBmd), and between fit methods (OLSR, robust regression) did not detect
any significant differences in NBSS slope (permutation ANCOVA, p > 0.05). Also, our
analyses did not detect any differences between regions, regarding NBSS intercepts (i.e., mean
elevation at indiv. biovolume =1 mms3, log10 = 0, located at the large-sized limit of the useful

linear size range).

3.5 Numbers of empty bins with and without meroplankton

In contrast to linear regression analysis, comparing the numbers of empty bins did
actually detect conspicuous, relevant, and significant differences between communities
(NBSSz, NBSSho, NBSSnmd), in all study areas (Figs. 7 and 8). There were conspicuous
changes in “emptiness” of NBSS when non-holoplankton (NBSSho) or meroplanktonic
decapods (NBSSnmd) were removed from the total zooplankton (NBSSz) data. Areas in the
NBSS where points “disappear” in the lower graphs of Fig. 7 indicate an increase in empty bins
due the removal of non-holoplankton from the data (i.e., conspicuously relevant contributions

of mero- and ichthyoplankton to the zooplankton community).

The application of permutation tests detected significant differences in “emptiness” (i.e.,
the relative numbers of empty bins) between NBSSz and NBSSho, for several datasets
(asterisks in Figure 8). In the Estuary, small-sized organisms (0.392 mm to 1.34 mm esd) had
significantly (p < 10-8, permutation test) less empty bins in the NBSSz (all zooplankton), than
in the NBSSho (without mero- and ichthyoplankton), indicating a significant effect of the input
of small-sized meroplankton (e.g., brachyuran zoeae) on the NBSS, within this size fraction.
Conversely, in the Bay and Shelf ecosystems, there was no significant difference between
NBSSho and NBSSz within the small-sized fraction, indicating that small-sized meroplankton
(e.g., brachyuran zoeae) is of lesser importance in these areas, as compared to the overall

dominant holoplankton (mostly copepods) in the small-sized fractions of these areas.



102

A similar result was observed for the “large” size classes (1.34 mm to 4.57 mm esd, or
from 0.1 logl0 mm3 to 1.7 log10 mm3 biovolume). For large organisms in the Estuary, the
difference in empty bins between NBSSz and NBSSho was also significant (p = 0.01,
permutation test), indicating the existence of relevant contributions of small- (see above) and

large-sized meroplankton (e.g., caridean shrimp zoeae) in the Estuary.

The “large-sized” meroplankton classes also displayed highly significant differences
between NBSSz and NBSSho in the Bay (p = 4.7 * 10-13, permutation test) and on the Shelf
(p = 0.0025, permutation test), indicating relevant contributions of large-sized mero- and
ichthyoplankton (e.g., Penaeus spp. post-larvae and fish larvae) to the size spectrum in these

two tropical marine sampling areas.
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4 DISCUSSION

The present study analyzed the structure and functioning of tropical estuarine and
coastal zooplankton communities through size spectra analysis (SSA), providing for the first
time size spectra of decapods and other individual groups of tropical mero- and
ichthyoplankton. Most importantly, we provide a theoretical framework and propose a simple,
robust practical statistical test, based on the numbers of empty bins. This novel “emptiness test”

allowed us to detect highly significant effects of meroplankton inputs on pelagic ecosystems.

Also, our sampling strategy allowed us to investigate the relationships between changes
in zooplankton composition and slope and shape of size spectra in three study areas, showing
that even the most radical change in meroplankton contributions (i.e., total removal of all non-
holoplankton, including larvae of benthic invertebrates, fish eggs, and larvae, larvae of parasites
and benthic migrants) did not affect the NBSS slope. This confirms the concept that the NBSS
slope is a robust, conservative property of an ecosystem that is defined by food web (trophic
transfer and its efficiency), population (e.g., mortality) and physiological (e.g., growth)
processes that occur within the water column (Lira et al., 2024). Also, the present study is the
first to reveal the density-dependent predatory effect of brachyuran crab zoeae on same-sized

copepods using a size-spectra approach.

Taxon-specific size spectra showed that brachyuran zoeae create and fill a gap within
the copepod size spectrum, thus contributing to a continuous (“gap-free”) total zooplankton
spectrum (Figs. 3 and 4). In the estuary, brachyuran crab larvae were thus the single most
important taxon to fill the “gaps” (empty bins) in the holoplankton and can thus be considered
to be the main causative for the significant differences detected when comparing empty bins
between NBSSz and NBSSho, for the “small” size fraction, in the estuary (green dots in Fig 8).

This study provided the first SSA for a tropical estuary. The NBSS slope of tropical
estuarine zooplankton found in our study (slope = -2.45 +- 0.16) is the steepest median NBSS
slope for any natural ecosystem reported so far. The NBSS slopes that we found in oligotrophic
tropical marine systems, such as the reef-lined bay (slope = -1.81 +- 0.10) and shelf (slope = -
1.80 +- 0.09) ecosystems, are also far steeper than most data found in the literature (e.g. San
Martin et al., 2006, Vandromme et al., 2014, Marcolin et al., 2015, Lira et al., 2024), which is
clearly due to the large abundance and “steep” (mostly small-sized) size structure of copepods,

that overwhelmingly dominate the size range analyzed in our study.
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Our detailed analyses proved that the observation of an unexpectedly steep slope is not
due to meroplankton inputs (see test results above), nor due to contamination with detritus
particles (removed from the data prior to analysis), but is rather an intrinsic property of the
pelagic ecosystems studied herein, which has important consequences for the interpretation of

size spectra.

4. 1 Empty bins - nuisance or valuable information?

Empty bins are a ubiquitous phenomenon in size spectra analyses, that are generally
based on binning (i.e., grouping organisms into size classes). The existence of empty bins in
NBSS, the need to use geometrically increasing bin widths, and subsequent normalization of
the data, and the need to use log-log plots, are all due to the innate “heavy-tailed” characteristic
of power-law (or Pareto) distributions, that generally become linear when log-log transformed
(Vidondo et al., 1997; Edwards et al., 2020). In studies that dealt explicitly with empty bins in
size spectra, they were regarded as a sign of serious flaw of the NBSS method, as an unsolved
issue, or at best, as a nuisance to be avoided. Numerous analyses and approaches have been
proposed to avoid or exclude empty bins in NBSS analysis (Yurista et al., 2005; Edwards et
al., 2017; Edwards et al., 2020). Furthermore, one of the main reasons for the development of
non-binned alternative analysis approaches, such as maximum likelihood estimation of size
spectra (Edwards et al., 2017) has been the prerogative to avoid the deleterious effect of empty
bins on spectra analyses, more specifically, the effect that these gaps have on the estimation of
NBSS slopes.

This study proposes a new approach towards empty bins. Instead of simply avoiding
and ignoring them, we consider the number of empty bins as a valuable source of information,
and propose the analysis of empty bins as a tool for understanding the processes that shape size
spectra in natural ecosystems. For instance, in our study, we successfully applied the analysis
of empty bins to evaluate the changes in “emptiness” of the size spectrum that occur due to the
input of specific taxonomic groups into the water column, such as the larvae of decapod

crustaceans.
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One apparent drawback of this approach is that the number of empty bins intrinsically
depends on the chosen bin size. A choice of smaller bins will lead to overall more bins and also,
relatively more empty bins. Obviously, the subjective choice of bin size and of the progressive
exponent of the beginning vector will have an effect on the occurrence of empty bins. However,
when different datasets are compared using the same bins sizes (as in our comparison of NBSSz,
NBSSnmd, and NBSSho, all built with exactly the same binning vector), this effect can be
ignored as a potential source of error within such comparisons. The comparison of the numbers
of empty bins before and after removing specific groups, as applied here, can be a powerful
tool to investigate the contributions of specific taxa or communities to the size spectrum.

4.2 NBSS slopes - conservative ecosystem descriptors

Our study confirms that the slope of the NBSS is a conservative parameter,
characteristic of each ecosystem, that is not changed by the addition of meroplankton.
Meroplankton is clearly not the cause for the extremely steep NBSS slope observed for
estuarine zooplankton (slope = -2.45 +- 0.16). This slope value is considerably steeper than the
often cited theoretical “constant” slope of -1 for zooplankton in the world’s oceans (Zhou and

Huntley, 1997).

Yet, it is still unclear which factors are responsible for the extremely steep size spectra
slopes observed in this study, specifically in the estuary. Recent studies have attempted to
explain variations in size spectra slopes through a trophic-metabolic approach (Figueiredo et
al., 2020), where the determinant factors were predator / prey size ratio (PPMR), trophic
efficiency (TE), and metabolic scaling (MS). Both TE and MS may be influenced by ambient
conditions, such as temperature, oxygen, and variations in salinity. Estuaries are extremely
stressful, variable and turbulent environments. Physiological and physical stress may be one
possible explanation for the observed steep NBSS slope. Under the assumption that the NBSS
slope is a proxy for TE, our results could mean that tropical estuaries are extremely inefficient
ecosystems, regarding the transfer of energy and matter from one trophic level to the next one.
Also, the “apparent inefficiency” due to advective export (of holoplankton, but especially also
of meroplanktonic larvae) from the estuary may contribute to the steep NBSS slopes. In this
simple conceptual model of the tropical mangrove estuary, extremely high abundances of small-
sized copepods are effectively preyed upon by decapod larvae (as proven by our analyses).

According to the “apparent inefficiency” concept, these larvae are subsequently exported from
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the estuary and complete their development in adjacent marine waters. Advective losses are
usually not considered in the analysis and interpretation of NBSS slopes, but may be especially

relevant in estuarine systems.

Our results confirm the idea that NBSS slopes are conservative characteristics of pelagic
ecosystems. Although slopes steeper than - 1 have been observed in other tropical areas (e.g.,
Marcolin et al., 2015), the slopes reported here are the steepest ever reported for natural
zooplankton. This could be due to the fact that tropical estuarine zooplankton has not yet been
intensively investigated regarding its NBSS slopes, as opposed to the vast literature on marine
zooplankton from temperate and polar seas (e.g.,Vandromme et al., 2014; Lombard et al., 2019;
Atkinson et al., 2021). Ke et al. (2018) reported zooplankton size spectra slopes from —1.02 to
zero in the subtropical Pearl River estuary (South China). The unusually flat NBSS slopes found
in the Pearl River estuary were interpreted by the authors as being due to an unstable
zooplankton community in the upper estuary (slope = zero) because of strong freshwater
perturbations in the rainy season. However, the Pearl River estuary is one of the most polluted
estuaries worldwide, and this effect may also have affected the zooplankton data. Our data are
from the lower ranges of a well-preserved mangrove estuary, in a tropical marine protected
area, with much higher temperature, constantly higher salinities and lower pollutant

concentrations than the upper estuary regions of the Pearl River estuary.

A recent study based on Atlantic Meridional Transects across the Atlantic reported
NBSS slopes from —0.93 to —1.46, with steeper slopes (steeper than -1) in the tropical oceanic
stations (San Martin et al., 2006). In a subtropical coastal upwelling ecosystem off Sdo Paulo
(southeastern Brazil) Marcolin et al. (2015) also found steep NBSS slopes, with values below
-3 for several samples, but median with slopes of approximately -1.5 to -1, considerably less

steep than in the present study.

In all three sampling areas, calanoid copepods (mostly Acartia spp.) were dominant and
determinant for the slope of the NBSS. Cyclopoid and harpacticoid copepods were negligible
in units of biovolume, in our study. The low abundance or absence of extremely small-sized
cyclopoid copepods, such as the ubiquitous Oithonidae, is probably due to the relatively large
mesh size used (300 micron) in our sampling program. Much smaller mesh sizes (e.g. 50, 64,
or 100 micron meshes) were usually employed in studies that intend to quantify the copepod

composition within the microzooplankton. Such studies with small mesh sizes, found



107

cyclopoid copepods of the family Oithonidae to be the key taxon (Yahia et al., 2004; Dias and
Bonecker, 2008; Bhattacharya et., 2015; Neumann Leitdo et al., 2019; Brito-Lolaia et al.,
2022). Yet, similarly to our study, in many studies that used larger mesh sizes (> 120 microns),
copepods of the genus Acartia spp. were reported among the most important of the
mesozooplankton in estuaries and coastal waters of the Southwest Atlantic (Silva et al., 2003;
Silva et al., 2004, Sterza and Fernandes, 2006; Magalhdes et al., 2009; Escamilla et al., 2011).
Acartia (odontacartia) lilljeborgii is the most frequent Acartia species in Brazil. Similarly to
our results, previous studies also showed that A. lilljeborgii is extremely abundant in estuaries,
coastal waters and inner shelf areas, and disappears towards offshore areas under oligotrophic

oceanic water influence (Lopes et al., 2006; Sartori and Lopes, 2000).

The differences in slope (and hence, in relative biovolume of small sized calanoids)
between areas can be possibly due to variations in species composition, but also due to
variations in size structure within species. Intraspecific variations in size structure can be fully
explained by a combination of higher productivity and higher mortality/growth ratios
(Schwamborn, 2018). It is well known that productive ecosystems, such as estuaries, are “food
heaven” and “predation hell” (Bakun, 2006). Whether this apparently high mortality in the Rio
Formoso estuary is due to high predation (Schwamborn et al., 2006) or non-predatory mortality
(Silva et al., 2020), apparent mortality due to advective export from the Estuary, or due to
extreme physiological stress in such a highly variable and temporarily hypoxic environment
(Schwamborn and Silva, 1996) are key questions that are still to be investigated by future

studies.

4.4 Dynamic size-niche interactions between copepods and brachyuran zoeae

The present study revealed conspicuous and statistically significant size-niche
interactions between holoplanktonic copepods (mostly the herbivorous Acartia spp.) and the
dominant carnivorous meroplanktonic organisms (brachyuran zoeae). We found conspicuous
peaks in brachyuran zoea size spectra that coincided with throughs and gaps in copepod size
spectra. In the Estuary, such conspicuous negative interactions were observed for the vast
majority of samples (32 out of 38 samples, 84 %). Also, for the whole estuarine data set, and in

most estuarine samples, non-parametric Spearman rank correlation analysis detected
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significantly negative correlation between these two taxa. Furthermore, no samples with
positive correlations between these two taxa were found in any sample within our three study
areas. A significant negative correlation was observed for most samples (21 out of 38 samples,
55%) in the Estuary, and for several samples in Bay and Shelf areas, where brachyuran zoeae
were abundant. These results indicate a strong negative interaction between these two taxa.

Similarly, Schwamborn et al. (2024) also found strong and significant negative
interactions between copepods and brachyuran zoeae when analyzing the correlation between
their total abundances and total biomass in this study area, within a study on their

spatiotemporal variability.

Conversely, positive correlations between any two given holoplankton taxa can be
predicted by physical (accumulation of all organisms in discrete convergence zones, within
patchy distributions) and biogeochemical models (variability in holoplankton abundance driven
by biogeochemical drivers that affect nutrient flux, primary production and food availability).
That is why positive correlations between many different taxa is an ubiquitous feature, found

in most zooplankton surveys (Wiebe, 1970; Schwamborn et al., 2001; Greer et al., 2016).

This indicates that the unexpected negative correlations observed by Schwamborn et al.
(2024) and in the present study are derived from hitherto ignored negative size-structured
interactions between copepods and brachyuran zoeae. The size spectra analysis presented herein
further confirms existence of a negative interaction between these two taxa within the estuarine
zooplankton. Also, we proved that this interaction is density-dependent, being driven by
brachyuran larval (predator) density only (Fig. 6), which indicates a relevant top-down

regulation process.

Our size spectra analysis revealed new size-niche interaction phenomena that were
hitherto ignored and opens up a new area of research within size-based community and food-
web ecology. Interestingly, negative interaction was only observed when there were extremely
high numbers of brachyuran zoeae added to the estuarine holoplankton, which already
presented a record high abundance of copepods. This addition of brachyuran zoeae clearly and
significantly removed significant and large numbers of copepods within the same size niche
occupied by brachyuran zoeae. It is not completely impossible that estuarine copepods were

avoiding the incoming patch of similarly sized-brachyuran zoeae (e.g., vertically, by diving into
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deeper strata, or laterally, by leaping away from zoea-rich patches). Yet, the most obvious
explanation for this phenomenon is that incoming patches of crab zoeae negatively affect
similarly-sized copepods through active predation.

Such a predatory behavior of crab zoeae was already demonstrated by Schwamborn et
al., (2006), within controlled laboratory experiments. In their experiments, recently hatched
zoea | larvae of the mangrove crab Aratus pisonii, a small-sized brachyuran zoea larva, preyed
upon similar-sized copepods and significantly removed them from their experiments
(Schwamborn et al., 2006). Our study is the first to demonstrate this phenomenon in the field.
Although there is vast evidence that such zoeae can feed upon smaller-sized particles, such as
phytoplankton and protozoans (Factor and Dexter, 1993; Perez and Sulkin, 2005; Schwamborn
et al., 2006; Shaber and Sulkin, 2007), preying upon similarly-sized abundant copepods may
be an additional, effective feeding strategy, especially when copepods are very abundant.
However, it is not clear whether the zoeae feed upon living copepods or on carcasses of recently
deceased adult copepods, which are highly abundant in the study area (Silva et al., 2020). All
planktonic copepod species ever investigated possess a range of highly effective predation
advance strategies and behaviors, such as fast, directional, jumps (Kigrboe et al., 1999;
Ardeshiri et al., 2017), although at least some species seem to exhibit fatigue after several
successive escape jumps (van Duren and Videler, 2003). Given the ubiquitous nature of
negative correlations between copepods and brachyuran zoeae in the mangrove estuary of our
study area (it was observed in most estuarine samples, and in virtually all samples that contained
large numbers of brachyuran zoeae), the large numbers of copepods removed, and the fact that
for calanoid adult copepods, the numbers of carcasses are estimated at less than 10%, it is highly
likely that brachyuran zoeae did effectively prey upon living calanoid copepods, under
conditions of high abundance and intensive, frequent prey encounter, and high turbulence, in
estuarine convergence zones. Predation upon carcasses and living prey does not exclude each
other. Rather, utilizing both types of food (living or carcasses) is observed in most carnivores.
The fact that decapod larvae are usually fed with living, large-sized Artemia nauplii in standard
commercial larviculture and scientific experiments (e.g., Coelho-Filho et al., 2018, Van Eyde

et al., 2019), is a further indication of the predatory capabilities of these meroplankters.

The densities of copepods and brachyuran zoeae in Northeast Brazilian estuaries are
among the highest reported in the literature (Schwamborn et al., 1999; Schwamborn et al.,

2001, Schwamborn et al., 2024), probably due to the huge adult crab biomass and biodiversity
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in these vast mangrove ecosystems. Furthermore, it is important to consider that abundance
estimated from plankton tows represents an average across extremely patchy spatial
distributions. Therefore, much higher in situ abundances likely occur, especially when
considering accumulation within strong convergence zones that are very common in such
estuaries (Schwamborn and Saint Paul, 1996; Schwamborn et al., 2001; Melo et al., 2007).

Instead of smooth additive effects, we found large numbers of discrete gaps that were
revealed when removing these organisms within the meroplankton removal experiments
(NBSSz vs NBSSholo). Most importantly, such interaction phenomena are not detectable when
looking at the mean spectrum only (regardless of whether using mean NBSS or mean size-
frequency distributions). Only when analyzing the spectrum station-by-station, such

phenomena become evident.

The detailed sample-by-sample analysis (e.g., Figure 3) helps explain the gaps “filled”
by meroplankton or rather, the gaps “carved” into the holoplankton size spectrum by these
predatory larval organisms during pulses of larval release, wich are instantaneously filled by
these added meroplankton. This key density-dependent negative interaction mechanism, that
shapes the estuarine size spectrum, has not been considered in any previous studies, or in any

theoretical work on size spectra theory.

4.4 Filling the gaps - taxon-specific size niche processes that lead to continuous size spectra

Few studies have analyzed the taxon-specific composition of marine zooplankton size
spectra, and none have analyzed the contributions of meroplanktonic decapod larvae to
estuarine size spectra. The vast majority of such studies concentrate on holoplankton groups

such as copepods, appendicularian, chaetognaths, euphausiids, molluscs and thaliaceans.

Kwong et al. (2022) recorded the dominance of small copepods (Acartia spp., Oithona
spp., Pseudocalanus spp.) throughout an entire time series, as large copepods were present in
offshore regions in the NE Pacific. Mesozooplankton were well distributed among taxonomic
groups. Crustaceans (copepods and malacostracans) and chaetognaths were the dominant
groups. In the tropical Abrolhos shelf region (Brazil), chaetognaths and salps contributed most

of all to the biomass due to their large size (Marcolin et al., 2013), and additionally, the biomass
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of decapods represented more than 5% of the total biomass of the mesozooplankton. Calanoids
were more numerous in the shelf area, which agrees with what was described by Kwong et al.
(2022). Quiroga et al. (2014) mentioned adult decapods in their evaluation of the macrobenthos
size spectrum (Hippolytidae, Crangonidae), among other groups such as Cnidaraia, Mollusca,
Bivalvia, and Gastropoda.

Several authors have used the specific contributions of multiple taxa to explain the log-
linearity (i.e., power-law shape) and continuity of natural size spectra, with data obtained from
natural ecosystems (Zhou and Huntley, 1997; Cavender-Bares et al., 2001; Zhou, 2006), but
without analyzing specific prey-predator interactions and evolutionary size niche processes. A
priori, there is no obvious reason why a size spectrum should be continuous (“gap-free”) and
log-linear within a power-law distribution. Interestingly, continuous power-law distributions
have been reported from numerous areas of science, including ecology, geography, astronomy,
economy, semiotics, and sociology, for seston particles, and terrestrial invertebrate
communities (Vidondo et al., 1997). Continuous power-law distributions have been found for
virtually all aquatic communities (pelagic and benthic, marine and freshwater) ever studied,

including microbial communities (Cavender-Bares et al., 2001).

For a community composed of numerous different species and life history stages, the
question emerges what processes could force a given species to fill in a specific gap in the size
spectrum, instead of superposing an existing peak in the spectrum (which would, in theory, lead
to peak-shaped community spectra, instead of log-linear shapes). From an evolutionary
perspective, the question is what selective advantage can be obtained by a species through
filling a “gap” and fitting into a continuous power-law distribution, relative to other positions
within the size spectrum. The most likely explanation is that evolutionary pressures lead species

and life history stages to occupy and compete for vacant “size niches” in the size spectrum.

For example, Penaeus spp. post-larvae and pre-settlement stage fish larvae were found
to be not displaying any superposition ever, of their size distributions in all mean spectra and
in individual samples, indicating a competition avoidance strategy, from a “size-niche”
perspective. However, the selective advantages of filling in gaps and avoiding size overlaps are
not obvious. From a predation avoidance perspective, it may be advantageous not to stand out
within the background size spectrum, as not to be the target of size-selective predators.

Furthermore, from a feeding efficiency perspective, it may be advantageous to occupy available
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prey size niches within the prey size spectrum. This will also lead to gap-filling within specific
size niches, if predator size distributions are related to prey size and are directly related (see
below). While the concept of “prey size niche” is well established within niche theory (Baker
et al., 2022), the concept of body size niche has not yet been analyzed in detail in the available

literature.

All interpretations above are based on the assumption that there is a relationship
between body size, prey size and trophic level (TL). The existence of a rigorously size-
structured food web (where an organism’s TL is defined primarily by body size) has been
generally assumed in all theoretical approaches and size spectrum models (Zhou and Huntley,
1997; Zhou, 2006; Taniguchi et al., 2014), but has rarely been tested in natural ecosystems. The
existence of a significant size-TL relationship has recently been proven by using nitrogen stable
isotope measurements of size-fractionated zooplankton samples (Figueiredo et al., 2020). The
ubiquitous observation that plankton size spectra are continuous and log-linear, with a constant
slope across the communities (e.g., phyto- and zooplankton), supports the idea of trophic
regulation between TLs (top-down and bottom-up), although multi-modal dome-shaped

patterns may emerge under certain conditions, with trophic cascades (Rossberg et al., 2019).

Top-down (predation avoidance) and bottom-up (feeding efficiency) processes also lead
to size-selective pressures that drive a given species to find and fill gaps within the background
size spectrum. In our study, density-dependency was only significant for predator (brachyuran
zoeae) densities, indicating a relevant top-down regulation process in these ecosystems, with
regular seasonal inputs of predatory carnivorous zoeae (Schwamborn et al., 2024).
Additionally to density-dependent negative (predation-mediated) interactions, such as observed
for copepods and brachyuran zoeae, multiple food-web regulation processes may help explain

the ubiquity of power law size spectra found in ecosystems with size-structured food webs.
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5 ARTIGO 3 - DECLINES IN COASTAL MACROZOOPLANKTON COMMUNITIES
WITHIN A RECENT CLIMATE AND OCEAN TIPPING POINT IN THE TROPICAL
SOUTH ATLANTIC

1 INTRODUCTION

Pelagic ecosystems are extremely dynamic, unstable, and often hardly predictable, due
to continued nonlinear variations and interplays among innumerable abiotic and biotic
variables. Change in such ecosystems may be discontinuous and drastic, leading to conspicuous
regime shifts (Chavez et al., 2003). A substantial body of evidence on marine ecosystem regime
shifts comes from studies on ancient decadal-scale oscillations between small pelagic fish
species of economic interest, such as sardines and anchovies (Chavez et al., 2003; Diaz-Ochoa
et al., 2009; Alheit and Bakun, 2010).

More recently, several studies have shown that during the anthropocene, additionally to
ancient decadal oscillations, unprecedented tipping points in climate, ocean and ecosystems
occur due to global warming (Heinze et al., 2021), with unexpected domino effects and
nonlinear interactions between drivers and processes (Wunderling et al.,, 2021). Such
unidirectional regime shifts related to anthropogenic warming and complex climate change
(e.g., increasing rainfall) have already been reported from several (mostly polar and temperate)
regions, based on highly informative and sensible zooplankton time series (Jiao, 2009; Mackas
and Beaugrand; 2010; Wells et al., 2022). Zooplankton communities are extremely sensitive
and responsive systems, dynamically and quickly responding to even the subtlest alterations,
thus being potent "canary in the mine" signal amplifiers for early stages of deleterious climate
and ocean change (Richardson, 2008) . Increasingly frequent extreme rainfall events have been
recently reported from several parts of the world, including catastrophic flooding and landslides
in coastal regions of Pernambuco State, northeastern Brazil, with calamitous socio-economic
consequences and loss of human life (Marengo et al., 2023). However, up to now, no ecosystem
effects of such extreme events have been published in the scientific literature, for tropical

pelagic ecosystems and fisheries.

One of the most important fundamental questions in climate research regards the

interactions between ENSO (El Nifio Southern Oscillation), anthropogenic warming, and
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ecosystem responses (Cai et al., 2015). Numerous studies have shown the effects of ENSO on
coastal ecosystems in the Eastern Pacific (Fiedler, 2002; Ayon et al., 2008; Aronés et al., 2009;
Lehodey et al., 2020), where the most drastic and conspicuous variations occur. Also, strong El
Nifio (EN) events have been detected as key triggers for relevant ecosystem regime shifts in the
Eastern Pacific, based on zooplankton time series (Ayén et al., 2008).

Several recent studies have increased our understanding of ENSO effects on ecosystems
in the Amazon region, where there is unusually severe drought during strong EN events (Li et
al., 2011; Tyaquicé et al., 2017; Brum et al., 2018; Foltz et al., 2019). Conversely, in the
temperate climate regions of South Brazil, exceptionally high rainfall commonly occurs during
EN events (Herrmann, 2014; Lima et al., 2010; Tedeschi et al., 2015). During the years 2015
and 2016, unprecedented SST anomalies were observed in the Pacific Ocean. This record-
strength El Nifio event, that received the nickname "Godzilla" (Schiermeier, 2015; Coria-
Monter et al., 2019), caused exceptional changes in sea surface temperature and chlorophyll a
concentration, and had drastic consequences for mortality, biomass, growth, recruitment, and
distribution of fishes, invertebrates and plankton, affecting marine ecosystems in many parts of
the world (Jiao, 2009; Park et al. 2011; Coria-Monter et al., 2019).

In recent years, there have been increasingly strong and frequent extreme rainfall events
at the eastern coast of northeastern Brazil (coastal regions of the states of Paraiba, Pernambuco,
and Alagoas, Fig. 1b) which have been associated with the ENSO cycle and SST fluctuations
in the Tropical Atlantic (Hounsou-Gbo et al., 2019; Marengo et al., 2023). Little is known about
the effects of ENSO and other global-scale phenomena on coastal zooplankton communities in
the Southwestern Tropical Atlantic. This may also be due to the absence of zooplankton time

series in this region.

Our objective was to test the hypothesis that interannual variations of tropical planktonic
decapods (including species of socio-economic relevance) and other macrozooplankton can be
explained by variations in global-scale climate indices (e.g., ONI and TSA), based on a 6-year
time series (2013-2019) in a northeast Brazilian coastal marine protected area. Moreover, we
intended to examine the potential effects of specific, well-defined climate phenomena, such as
the strong 2015/16 EN and recurring extreme rainfall events, on these pelagic communities of

substantial ecological and socio-economic relevance.
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2 MATERIALS AND METHODS

2.1 Study Area

Tamandaré Bay (Pernambuco State, northeastern Brazil) extends over approximately 3
km? (Fig. 1). It is a semi-open bay protected by sandstone and coral reefs. It is connected to a
lagoon-like shallow reef labyrinth to the north and mangrove estuaries to the south (Duarte,
1993; Maida and Ferreira, 1997). This semi-enclosed, reef-lined bay is under the seasonally
varying influence of the large-scale plume of the Una River (Schwamborn et al., 2024), which
is the region’s main watershed with a stretch of 290 km, and from the adjacent small Mamucabas
and llhetas creeks, which empty directly into the southern part of the Bay. The adjacent
continental shelf off Tamandaré has a series of sandstone and coral reef lines running parallel
to the coast, as well as calcareous mudflats and rhodolite beds (Manso et al., 2003; Camargo et
al., 2007; Schwamborn et al., 2024).

The region of Tamandareé is characterized by socio-economically important tourism,
sugar cane cultivation, small-scale artisanal penaeid shrimp fisheries (mostly Xiphopenaeus
kroyeri and Penaeus spp.), as well as several other artisanal fisheries on fish and invertebrates
in the adjacent mangroves and reef ecosystems (Coelho & Santos, 1993; Ferreira et al., 2003;
Silva & Santos, 2007; Mello & Souza, 2013; Alves et al., 2023). The study area belongs to the
“Costa dos Corais” Marine Protection Area, which extends over 120 km of coastline, including
extensive estuarine mangroves, coral reefs, sandy beaches, and continental shelf (ICMBio -
MMA).

The average annual precipitation (average from 1990 to 2020) in this area is 1,631 mm
(Silva et al., 2022), with strong fluctuations between dry (September to February, 367 mm,
22.5% of total precipitation) and rainy seasons (March to August, 1,264 mm, 77.5% of
accumulated precipitation (Ferreira et al., 2003; Grego et al., 2009; Venekey et al., 2011; Silva
et al., 2022). In coastal areas of Pernambuco State, the South Atlantic high-pressure system
controls the trade wind regime (Domingues et al., 2017). The wind regime exhibits significant
seasonality (Rollnic and Medeiros, 2006), with strong southeasterly winds in the second half of
the year. Low wind speeds occur in the first semester, with minimum wind speeds in March,
April, and May (early rainy season) and weaker E-NE winds especially in December and

January, coinciding with the main dry season. The peak windy season, with strong east-
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southeast coastal winds, lasts from June to October and extends from the peak of the wet season

to the early dry season (Schwamborn et al., 2024).

2.2 Sampling

Sampling was carried out at three stations (B1 to B3), that were conceived for a long-
term study of the pelagic ecosystems of Tamandaré Bay, Pernambuco State, northeastern Brazil
(Fig. 1). Bi-monthly sampling campaigns were conducted over six years, from June 2013 to
August 2019. Sampling always took place during the day, during new moon spring tides, at
three fixed stations (Fig. 1) yielding a total of 107 samples. The sampling strategy in Tamandaré
Bay was designed to minimize the influence of estuarine plumes and sample coastal marine
zooplankton, with maximum marine influence (sampling during high tide, between 1:00 p.m.
and 3:00 p.m.). Station 1 was located closer to adjacent reef ecosystems, while station 2, was
approximately in the center of the Bay, being more influenced by offshore waters, and station
3 was closer to the Mamucabas and Ilhetas mangrove creeks (Fig. 1) Because the tidal regime
was standardized to be the new moon, the exact hours and tidal situations (i.e., high tide) were

constant and perfectly standardized across the entire time series.

During each field campaign, subsurface horizontal tows (0 to 60 cm depth layer) were
carried out using a conical plankton net (mesh size: 300 um, diameter: 60 cm, length: 2.5 m)
equipped with a calibrated flowmeter (Hydro-Bios, Kiel) to estimate the filtered volume. The
towing process took 5 minutes at a speed of 2 knots, at each station. In situ abiotic data
(temperature, salinity, and Secchi depth) were obtained at each station using a CTD probe
(YSI/SonTek CastAway) and a Secchi disk. All zooplankton samples were immediately placed
in flasks with seawater and preserved with 4% formaldehyde (buffered with 0.5 g/L sodium

tetraborate).
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2.4. Climate indices, chlorophyll a, wind speed, rainfall, and Una river discharge

In addition to in situ abiotic data (temperature, salinity, and Secchi depth), several other
datasets, obtained from external sources, were also considered as potentially relevant
explanatory variables, such as satellite-derived chlorophyll a, global-scale climate indices
(ONI, NAO, TSA, etc.), rainfall, wind speed and the discharge of the nearby Una River.

Local rainfall data were obtained from the Pernambuco State Agency of Waters and
Climate (APAC: http://old.apac.pe.gov.br/meteorologia/monitoramento-pluvio.php). For each

sampling day, we used the sum of local rainfall along five days (i.e., on the day of sampling
and the four preceding days), at the meteorological station of Tamandaré. The optimal period
of five days was chosen after correlation analysis between rainfall days and local water
transparency and salinity data. Wind speed data were obtained from the ASCAT dataset
(BENTAMY & FILLON, 2012). Satellite-derived chlorophyll a data were obtained from the
NASA MODIS (https://modis.gsfc.nasa.gov/data/dataprod/chlor_a.php) sensor on the Aqua
satellite (NASA Ocean Biology Processing Group, 2014; Savtchenko et al., 2004). Monthly
discharge of the nearby Una River (Fig. 1) at the Barreiros station (station n°® 39590000) was
obtained from the Brazilian National Water Agency (ANA), pre-processed and stored in the
MARDAO dataset (Varona et al., 2022).

The Oceanic Nifio Index (ONI) index is used for the operational definition of EI Nifio
(EN) and La Nifia (LN) periods by the National Oceanic and Atmospheric Administration
(NOAA). ONI data are regularly calculated as a three-month running mean of SST anomalies
in the Nifio 3.4 region (5° N - 5° S, 120° - 170° W), based on centered 30-year base periods, that
are updated every 5 years. The North Atlantic Oscillation (NAQ) index is based on the surface
sea-level pressure difference between the Subtropical (Azores) high and the Subpolar Low.
NAO data were obtained from the NOAA National Weather Center, Climate Prediction Center

(https://www.cpc.ncep.noaa.qgov/data/teledoc/telecontents.shtml).

The TSA (Tropical Southern Atlantic) index is an indicator of sea surface temperatures
(SST) in the Gulf of Guinea and the Eastern Tropical South Atlantic Ocean (30°W to 10°E,
20°S to 0°). It does not include the Western Tropical South Atlantic Ocean (which would be
where the study area is located). The study area (Tamandaré Bay) is located thousands of

kilometers from the core of the TSA area, and the westernmost border of the TSA area lies


http://old.apac.pe.gov.br/meteorologia/monitoramento-pluvio.php
http://old.apac.pe.gov.br/meteorologia/monitoramento-pluvio.php
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approximately 700 km from Tamandaré (Figure 2). TSA is a global-scale scale climate index
that may potentially affect the study area through several processes, such as remote forcing,
winds, ocean currents, and easterly disturbance waves (Marengo et al., 2023). The TSA index
is based on SST anomalies in the TSA area, which are calculated relative to a monthly
climatological seasonal cycle of SST in the years 1982-2005 (Enfield et al., 1999). TSA index
data were obtained from the APEC Climate Center
(https://www.apcc21.org/ser/indic.do?lang=en).

2.5. ZooScan analyses

In the laboratory, samples were divided into two size fractions by sieving with a mesh
size of 1000 um. This separation was important to avoid underestimating large organisms that
are usually less abundant than small ones (Gorsky et al., 2010). Each size fraction was split
using a Motoda splitter (Omori and Ikeda, 1984) to create quantitative aliquots (subsamples) of

approximately 1,000 to 2,000 objects per subsample.

The ZooScan device (Hydroptic model ZSCANO03), a modified scanner (resolution:
2400 dpi), was used to digitize the zooplankton samples. ZooProcess (http://www.obs-
vIfr.fr/LOV/ZooPart/ZooScan) and Plankton Identifier (PkID) software were used to semi-
automatically analyze and classify each subsample to produce digital images (i.e. “vignettes”)
of all organisms. For each vignette, a vector of descriptive parameters was calculated. These
parameters were used for semi-automated identification using the ECOTAXA (ecotaxa.obs-
vifr.fr) software and online database. The Random Forest algorithm (Breiman, 2001) was used
to classify all vignettes, which were later visually checked (validated) by a specialist and
separated into categories. This means that all classification errors were corrected manually. This
procedure allowed the identification of planktonic decapods at the level of taxonomic groups

and life stages (zoea, megalopa, protozoea, mysis, postlarva, juveniles, and adults).


https://www.apcc21.org/ser/indic.do?lang=en
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2.6 Statistical analyses

To test for significant temporal (sampling months, sampling years, “rainy vs dry season”
“pre-EN vs post-EN periods”, or “pre-EN, peak EN, post-EN periods™) and spatial (sampling
stations) variations in key univariate parameters, including abiotic data, climate indices, and the
zooplankton and decapod communities (total zooplankton abundance, total decapods
abundance, abundance of key taxa), we used a simple univariate permutation test (univariate
PERMANOVA) with 50,000 permutations (function “aovperm”, R package “permuco”,
Frossard and Renaud, 2021). When there were three or more levels of the independent factor
(e.g. “pre-EN, peak EN, post-EN periods”), and significant (P < 0.05) univariate
PERMANOVA results, we conducted post-hoc pairwise testing, based on the the non-
parametric Nemenyi rank comparison test (Nemenyi, 1963), using the function
“kwAllPairsNemenyiTest” within the R package “PMCMRplus” (Pohlert, 2023).

Figure 1. Map of the study area and sampling stations (B1 to B3), in Tamandaré Bay,
Pernambuco State, Brazil.
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Figure 2. Schematic representation of the Tropical South Atlantic (TSA) showing the extension
of the TSA index region (large rectangle) and climate and ocean processes that spread from the
TSA region westwards towards the study area (Tamandaré Bay, Pernambuco State, Brazil,
brown circle in the map). Dashed purple arrows: schematic representation of the predominant
trade winds in the peak dry (January) and peak rainy (July) seasons. Dashed brown arrows:
atmospheric easterly disturbances (after Marengo et al., 2023). Black arrows: ocean currents.
TA: Tamandaré. BC: Brazil Current. NBUC: North Brazil Undercurrent. SSEC: southern
branch of the South Equatorial Current.

Fonte: A autora (2024).

Seasonal anomalies (difference between raw values and monthly means, for each
month) were calculated for all biotic and abiotic parameters (except for ONI and TSA, which
are already seasonal anomalies). Analyses based on raw data include elements of seasonal and
interannual variability, while analyses based on monthly anomalies show interannual variability

only.
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Significant points of change in the time series were detected with batch sequential tests
(i.e., batch change detection), based on sequential nonparametric Mann-Whitney tests (Ayon et
al., 2008). Also, we tested for significant abrupt changes in variability in the time series using
a sequential Bartlett test for change in variance. Both sequential tests were applied using the
“cpm” package in R (Ross, 2015). For each variable, such batch detection algorithms were
applied to the raw time series data and to the seasonal (monthly) anomalies, except for climate
indices that are already based on seasonal anomalies (such as ONI and TSA), where only the

raw index data were used.

Univariate (one taxon vs one abiotic variable) and multiple linear models were
constructed to explain the temporal variability of the most common key taxa (frequency of
occurrence above 5%). Linear models were constructed and tested using raw abundance data,
logl0 (x+1)-transformed abundances, seasonal anomalies, and logl0 (x+1)-transformed
seasonal anomalies. For multiple linear models, the “best” combination of independent
variables was chosen using a stepwise backwards approach, starting from the full model, and
then stepwise excluding variables until the “best” multivariate linear model (best AIC value)
was obtained, by applying the “step” function in the “MASS” R package (Venables and Ripley,
2002).

Relative contributions of each abiotic variable to the variability explained by multiple
linear models were assessed by applying the “Relative importance” approach, using the “lmg”
index (R2 partitioned by averaging over orders, Lindeman et al., 1980) within the “relaimpo” R
package (Gromping, 2007). Statistical significance (pcrit= 0.05) of all linear models was tested
with permutation tests, using 50.000 permutations, by applying the function “aovperm” within

the “permuco” R package (Frossard and Renaud, 2021).

Redundancy Analysis (RDA) was conducted to identify whether the variability in
zooplankton community structure (matrix of response variables) could be explained by
environmental and climatology descriptors (matrix of explanatory variables). We included
twelve taxa (the most common key taxa (frequency of occurrence above 5%) as a response
matrix and a matrix of environmental and climatology descriptors (e.g., temperature, salinity,
water transparency, wind speed, TSA index, Chlorophyll a ) as independent matrices. We
applied the Hellinger transformation to process the biological data (zooplankton abundance)
before RDA (Legendre and Gallagher, 2001). Monte Carlo permutations (999 permutations)

were used for testing the significance (p < 0.05) of environmental variables, and only significant



133

variables are shown in the RDA plots. One-way Multivariate Permutational Analysis of
Variance (multivariate  PERMANOVA, Anderson, 2017) was applied, with 20,000
permutations, to evaluate the significance of the RDA axis, to test the hypothesis that
environmental and climatology descriptors are responsible for structuring the zooplankton
abundance, and to test whether there are significant differences in community structure between
pre- and post-EN periods. These analyses were carried out using the “vegan” package (Oksanen
et al., 2019) within the “R” software, language and environment (version 3.6.1, R Development

Core Team, 2019).
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3 RESULTS

3.1 Time series of climate indices and local abiotic variables

Climate indices, abiotic variables and macrozooplankton abundance displayed
remarkable variation patterns throughout the study period (Figs. 3 to 7). The time series of the
global-scale oceanic El Nifio index (ONI) perfectly illustrates the peak of the record strength
2015/16 EIl Nifio event (Fig. 3). Most strikingly, the 2015-2016 El Nifio was characterized by
unusually low rainfall in the study area (i.e., 2016 was a year almost without any rainy season).
The TSA time series displayed a considerable increase in SST anomalies during the study
period, with a conspicuous TSA warming event that occurred in the second semester of 2015,
coinciding exactly with the peak of the 2015/16 EN event (Fig. 3).

Local rainfall at Tamandaré presented several prominent seasonal peaks (Fig. 3). Also,
rainfall showed a considerable increase during the study period, with three extreme rainfall
events (above 50 mm per month) in 2017, 2018, and 2019. Regular seasonality (rainy vs dry
season) and extreme peaks in the rainy seasons of 2017, 2018, and 2019, were also
conspicuously well reflected in the time series of the Una river discharge and in the salinity in
Tamandaré Bay. Similar patterns were also observed in most other abiotic parameters, such as

chlorophyll a, wind speed, salinity, temperature, and Secchi depth.

3.2 Zooplankton time series

A total of 169197 individual zooplankton vignettes (digital images) were individually
analyzed, identified, and validated in this study. These vignettes were categorized into 49
taxonomic groups and life history stages, including several holo-, meroplankton, and decapod
larvae groups. The twelve most frequent (key) taxa were copepods, chaetognaths,
appendicularians, cnidarian medusae, gastropod veliger larvae, bryozoan cyphonautes larvae,
teleost fish eggs, holoplanktonic luciferid shrimp adults, sergestid protozoea larvae, luciferid

protozoea larvae, brachyuran crab zoeae, and penaeid shrimp (mostly Penaeus spp.) postlarvae.
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Time series of total zooplankton, total decapods, and taxonomic groups (Figures 5 to 7)
showed considerable seasonal and interannual variations, including peaks, troughs, trends, and
conspicuous differences between pre-EN, peak EN and post-EN periods. Total zooplankton
abundance and several common taxonomic groups (e.g., copepods, chaetognaths,
appendicularians, and penaeid shrimp postlarvae) exhibited conspicuous decreasing trends in
abundance. Total zooplankton, copepods and appendicularians displayed evident peaks in
abundance during minimum-rainfall, maximum-transparency (Secchi depth of 8m) conditions
in November 2015, at the very peak of the strong 2015/2016 EN event.

3.3 Trends, seasonality, points of change, regime shifts, and climate tipping points

Among all climate and ocean variables tested, permutation-based trend analysis
(“variable x” vs Date, “permuco” R package, function “aovperm”) revealed significant long-
term trends for rainfall (increase, p = 0.00015), Una river discharge (increase, p = 0.02), salinity
(decrease, p = 0.02), and TSA (increase in SST, p = 0.0002). Significant points of change
(“cpm” R rackage) were detected for one abiotic variable (salinity) and one climate index (TSA)

only (Figs. 2 and 3).

The monthly seasonality pattern of rainfall showed maxima from February to August
(rainy season) and minimum mean rainfall from September to January (dry season). No
significant points of change were detected in the time series, whether for rainfall raw data or
monthly rainfall anomalies. The three extreme rainfall events observed in 2017, 2018, and 2019
were evident as outliers when analyzing the raw data, and also for anomalies. Thus, these three

extreme rainfall events could not be explained by regular seasonality.

The seasonality of the Una river discharge showed a similar pattern, but with the period
of minimum mean discharge (dry season) starting two months later, from November to January.
Quite similarly to the rainfall data, the three extreme events of 2017, 2018, and 2019 were also
well detectable in the Una River discharge raw data and seasonal anomalies. No significant

points of change were detected for raw data or monthly Una river discharge anomalies

Wind speed displayed a pattern of strong stochastic variability within the seasonal cycle,
except for an evident minimum in April and a strong maximum in July. Sea surface temperature

(SST) measured in situ (at 1 m depth) followed a perfectly regular seasonal oscillation (seasonal
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amplitude: 2.5 °C, with a maximum mean of 29.67 °C in March and minimum mean of 27.14
°C in August) without any interannual variations, regime shifts, or significant trends in the study

period.

Similarly, water transparency (i.e., Secchi depth, m) also followed a perfectly regular
seasonal oscillation (maximum mean of 7.9 m in November (early dry season) and minimum
mean of 0.7 m in July (peak rainy and peak windy season)) without conspicuous regime shifts,
points of change, nor any significant trends in the study period.

Satellite-derived Chlorophyll a followed a regular seasonal pattern, with minimum
values from September to March (dry season), maximum values from April to August (rainy
season, similar to Rainfall, Una river, Wind speed, and Secchi depth), with a clear and
prominent maximum in June. Sea surface salinity (SSS) measured in situ (at 1 m depth) also
showed a clear seasonality. Maximum salinities were measured in the dry season (in November,
December, and January, max. mean SSS = 37.15). Minimum mean SSS was measured at the
end of the rainy season, in August (min. mean SSS = 26.99). We did not detect any significant
spatial effects (i.e., no differences among stations B1, B2, and B3) for SSS nor for any other

abiotic variable (p > 0.05, function “aovperm”).

Among the abiotic variables tested, SSS (raw data and monthly anomalies) were the
only ones to show significant interannual changes in median values (sequential batch Mann-
Whitney tests) and in variability (sequential batch Bartlett tests). SSS raw data displayed three
statistically significant points of change in median value (Fig. 4). Also, SSS raw data displays
five points of change in variance, after Sept 2026 (Fig. 4). All significant changes in raw
salinities occurred after September 2016. Before the strong EN event in 2015/16, there was a
regular, low-variability period in salinity, with regular, low-amplitude seasonal oscillations
(SSS oscillating seasonally between 35 and 37). After this event, there were alternating periods

of low and high median SSS values and low and high spatial and temporal variability.

Among the climate indices tested, only one time series revealed a statistically significant
point of change. A striking and highly significant (p < 0.001, sequential batch Mann-Whitney
test) regime shift was detected within the TSA time series (Fig. 3). A clear and highly significant
tipping point was detected in September 2015 (Fig. 3). Sea surface temperatures (SST) in the
Tropical South Atlantic increased significantly and consistently after the strong 2015-2016 El
Nifio event. The mean TSA index before September 2015 was -0.013 (std. dev.: 0.145). After
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September 2015, the Tropical South Atlantic was significantly warmer than before, with a TSA
mean of 0.276 (std. dev.: 0.186). Thus, mean SST in the TSA region increased abruptly, by
0.288 degrees Celsius, when comparing the periods before and after September 2015. This
change point coincides with the onset of the extremely strong EN (ONI with values above 1.5).
Accordingly, univariate PERMANOVA yielded an extremely high significance of the effect of
the factor “preEN, EN, postEN” for TSA, (p <0.0001, aovperm).

Figure 3. Time series of local rainfall in Tamandaré (Brazil) and potentially relevant climate
indexes. Rainfall (mm) in Tamandaré Bay (day of samplings and four days before), ONI
(Oceanic Nifio Index) in the Pacific Ocean, NAO (North Atlantic Oscillation) index and TSA
(Tropical South Atlantic) SST index. Shaded areas represent the rainy season. Red arrow:
significant (p < 0.05) point of change (tipping point) for median SSTs in the TSA area. Dashed
horizontal lines: mean TSA values before and after the tipping point. Orange bar: peak of the
strong 2015/16 EI Nifio event in the ONI region.
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Figure 4. Time series of abiotic data obtained over six years (2013-2019) in Tamandaré Bay,
Brazil: temperature (°C), salinity, Secchi depth (m), URD (Una River Discharge (m?/s)), Chla:
(Chlorophyll a (mg/m3)) and wind speed (m/s) at three stations (B1, B2, and B3). Shaded areas
represent the rainy season. Arrows represent significant (p < 0.05) points of change for medians
(red) or variance (green). Orange bar: peak of the strong 2015/16 EI Nifio event.
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Figure 5. Time series of the abundance (ind. m=) of total zooplankton, copepods, chaetognaths,
appendicularians, fish eggs, and fish larvae. Samples (n = 107) were obtained bimonthly from
June 2013 to August 2019 at three stations (B1, B2, B3), during 36 sampling campaigns in
Tamandaré Bay, Brazil. Gray bars: rainy season. Orange bar: peak of the strong 2015/16 EI
Nifio event. Note the logarithmic scale.
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Figure 6. Time series of the abundance (ind. m=) of total decapods and selected decapod taxa
(brachyuran crab zoeae and megalopae, luciferid shrimp, adults and juveniles, anomuran (other
than Porcellanidae) hermit crab zoeae, alpheid pistol shrimp zoeae). Samples (n = 107) were
obtained bimonthly from June 2013 to August 2019 at three stations (B1, B2, B3), during 36
sampling campaigns in Tamandaré Bay, Brazil. Gray bars: rainy season. Orange bar: peak of
the strong 2015/16 EI Nifio event. Note the logarithmic scale.
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Figure 7. Time series of abundance (ind. m) of penaeid shrimp postlarvae, other caridean
shrimp zoeae (other than Alpheidae), and cnidarian medusae. Samples (n = 107) were obtained
bimonthly from June 2013 to August 2019 at three stations (B1, B2, B3), during 36 sampling
campaigns in Tamandaré Bay, Brazil. Grey bars: rainy season. Orange bar: peak of the strong
2015/16 EI Nifio event. Note the logarithmic scale.
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3.4 Spearman correlation matrix

Non-parametric Spearman correlation analysis (Fig. 8) detected numerous correlations
among abiotic parameters. For example, surface (1m) salinities in Tamandaré Bay were
significantly correlated with local rainfall (sum of 5 days) and the Una River discharge. These

correlations were highly significant, whether using raw data, or seasonal anomalies.
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Figure 8. Correlation plots (non-parametric Spearman correlations) of monthly seasonal
anomalies (below) and raw data (above), for abiotic variables, climate indices, and abundances
of the 12 most frequent taxa. Non-significant correlations (p > 0.05) are shown as blank (white)
spaces. Una: river discharge of the nearby Una River. Rainfall: 5-day sum of rainfall in
Tamandaré. TSA: Tropical South Atlantic SST index, NAO: North Atlantic Oscillation index,
ONI: Oceanic EIl Nifio index. Samples (n = 107) were obtained bimonthly from June 2013 to
August 2019 at three stations in Tamandaré Bay, Brazil.
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Secchi Depth in Tamandaré Bay was significantly correlated with satellite-derived
chlorophyll &, rainfall, and the Una river discharge. Also, Secchi depth was correlated with
surface (1m) water temperature. Secchi depth seasonal anomalies were not correlated with
temperature seasonal anomalies, showing that the temperature-Secchi relationship for raw data
was exclusively due to seasonal covariance (i.e., a warm-water dry season with more
transparent “blue waters”, as opposed to a colder rainy season with “green waters” in the rainy
sean). Yet, seasonal anomalies of Secchi depth and rainfall were correlated, showing a
significant interannual covariance between these two variables. TSA and ONI were positively
correlated, proving the strong influence of ENSO on SSTs in the TSA area (Fig. 8). No

significant correlations with NAO were detected in this study.

3.5 Linear models, trends, seasonality, points of change, and PERMANOVA for total
zooplankton, copepods, chaetognaths, appendicularians, penaeid postlarvae

Numerous significant linear models and univariate PERMANOVA results were
obtained between spatio-temporal factors, biotic and abiotic variables, for total zooplankton

abundance and for several key taxa.

3.5.a. Total zooplankton

Total zooplankton abundance displayed remarkable and highly significant temporal
variations (Fig. 9). At the beginning, during the pre-EN period, there were relatively high
abundances (median: 141.52 ind. m), followed by a prominent peak (median: 326.25 ind. m-
%) during the strong EN, and finally, there was an extremely low abundance (median: 75.51 ind.
m3) in the post-EN period. Univariate PERMANOVA revealed that the difference in total
zooplankton abundance between time periods (pre-EN / peak EN / post-EN, Fig. 9) was highly
significant (p = 0.00002, aovperm). Furthermore, post-hoc Nemenyi tests showed that all
pairwise comparisons between these three time periods were statistically significant (Pre-EN
vs peak EN: p =0.02, Pre-EN vs postEN: p = 0.008, peak EN vs Post-EN, p = 0.00002).
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Also, total zooplankton abundance exhibited a clear seasonality, with higher
abundances in the dry season (Fig. 9). The difference between dry and rainy season, for total
zooplankton abundance, was highly significant (p = 0.005, univariate one-way PERMANOVA,

function “aovperm”).

Figure 9. Boxplots showing the total zooplankton (logio-transformed) abundance vs season
(dry and rainy) and vs time periods (pre-EN, peak EN and post-EN). Samples (n = 107) were
obtained bimonthly from June 2013 to August 2019 at three stations in Tamandaré Bay, Brazil.
All differences displayed in the plots were significant (univariate PERMANOVA and post-hoc
Nemenyi test, p < 0.05).
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3.5.b. Key holoplankton taxa (copepods, chaetognaths, and appendicularians)

Copepod abundance displayed a highly significant (p = 0.004, function “aovperm”,
log(x+1)transformed abundance vs Date) decreasing trend from 2013 to 2019. Also, copepod
abundance (log(x+1)transformed abundance) showed a highly significant seasonal pattern (p =
0.0002, function “aovperm’) and a highly significant (p = 0.0006, function “aovperm”) positive
correlation with Secchi depth (i.e., higher abundance in more transparent waters, Fig. 9). The
relationship with Secchi depth is evidently due to the seasonal pattern of copepod abundance,
with minimum abundance in the peak rainy season (minimum water transparency), from April
to July (Fig. 10).

Similarly, the chaetognath abundance time series showcased another highly significant
decline over the study period (p =0.0001, function “aovperm”, log(x+1)transformed abundance
vs Date, Fig. 10). In contrast to the copepods, chaetognatha abundance did not display any
significant linear relationships with Secchi depth, sampling month, or any other variables,
possibly due to the higher overall variability in the chaetognatha data and much lower numbers.
The spatial factor (stations B1, B2, and B3) was not significantly related to any taxonomic
group, except for the two fragile gelatinous predators Chaetognatha (p = 0.018, aovperm), and
Cnidaria (p = 0.026, aovperm), both with higher abundances at the southernmost station 3,
which suffers less surf impact and turbulence from the wave-washed reefs that are located close

to station 1.

Appendicularians did not present any significant linear trends or relationships with other
variables. Yet, their abundance was highly significantly (p = 0.0002, aovperm) different
between EN periods (pre-EN / EN / post-EN), with a prominent peak in the 2015/16 EN period
(“blue water” conditions). Also, appendicularian abundance was highly significantly (p =
0.0004, aovperm) different between dry and rainy seasons, with much higher abundance in the

dry season.
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3.5.c. Penaeid shrimp postlarvae

The variability in abundance of penaeid shrimp postlarvae (mostly Penaeus spp.) was
well explained by water transparency (Secchi depth), where “blue waters” with 4m or more
Secchi depth were characterized by zero or extremely low abundances of penaeid postlarvae
(Fig. 10).

The simple linear model of log10(x+1)transformed abundance of penaeid shrimp post-
larvae vs Secchi depth was highly significant (p: 0.002, R? = 0.09, aovperm). Also, the
Spearman rank correlation between abundance and Secchi depth was characterized by
extremely high significance (p: 0.0001, Fig. 8).

The best multivariate linear model (best AIC) for penaeid shrimp postlarvae (raw data)
was highly significant (p = 0.0004, R2 = 0.164) and included three explanatory variables: Secchi
depth, wind speed, and TSA (Tropical South Atlantic SST anomalies). Relative importance
metrics (“Img” index) showed that within this model, Secchi depth, wind speed, and TSA could

explain 8.4, 2.9, and 5.1 % of the total variability in postlarval abundance, respectively.

The linear relationship between penaeid shrimp postlarvae (raw data) and Secchi depth
is clearly due to the seasonal co-variance of these two variables. Penaeid postlarvae had their
seasonal mean peak abundance in July, and mean Secchi depth also indicated the seasonal mean
minimum in water transparency in July (Fig. 10). Accordingly, when analyzing seasonal
anomalies instead of raw data, we observed no significant relationship between penaeid
abundance anomalies and Secchi anomalies, whether testing with permutational linear models
or with Spearman correlation tests (Fig. 8). This proves that the observed relationship between

these two raw variables was based only on seasonal co-variance.

Yet, penaeid shrimp data were significantly related to another variable: time. Penaeid
postlarvae abundances displayed a highly significant (p: 0.0004, R2: 0.096, aovperm) and
continuous linear decrease throughout the study period (Fig. 10). This linearly declining trend
was highly significant for all transformations, whether using seasonal anomalies of penaeid
postlarvae abundances, log10(x+min.+1)-transformed seasonal anomalies, raw abundances, or
log10(x+1)-transformed raw abundance data. This shows a strong and consistent decline

throughout the time series.
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Also, seasonal anomalies of penaeid shrimp postlarvae abundances were significantly
(p: 0.01, R2: 0.058, aovperm) related to the TSA index. This linear relationship was significant
(p < 0.05) for all transformations, whether using seasonal anomalies of penaeid postlarvae
abundances, log10(x+min.+1)-transformed seasonal anomalies, raw abundances, or
log1l0(x+1)transformed raw abundance data. This indicates the existence of a significant
relationship between SSTs in the Eastern and Central Tropical South Atlantic (TSA index area)
and shrimp recruitment in a coastal area of the Western Tropical South Atlantic (Tamandaré

Bay).

Figure 10. Relationship between the log10 (x + 1) - transformed abundance of three selected
key taxa (Copepods, Chaetognaths, and Penaeus spp. postlarvae) and explanatory variables
Date, Secchi depth, TSA (Tropical South Atlantic SST anomalies) and sampling month.
Samples (n = 107) were obtained bimonthly from June 2013 to August 2019 at three stations in
Tamandare Bay, Brazil.
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3.6 Changes in macrozooplankton community structure (RDA and multivariate
PERMANOVA)

Redundancy analysis (RDA, Fig. 11) showed that abiotic drivers can be used to explain
57% of the total variability in zooplankton community structure within the first two axes, where
37% and 20% of variance were explained by axes 1 and 2, respectively (Fig. 11). Most
strikingly, the RDA ordination plot, based exclusively on the abundance of 12 key taxa,
separated samples taken in pre-EN, peak strong EN, and post-EN periods very clearly (green,
yellow, and purple symbols in the RDA plot, respectively, Fig. 11).

The RDA plot evidenced a clear interannual separation, illustrating the existence of
three macrozooplankton communities: pre-EN, peak strong EN, and post-EN. The
differentiation of pre- and post-EN communities (purple and green symbols in the RDA plots)
showed considerable overlap, but spread the samples clearly along the first axis (post-EN
samples being mostly on the left side of the plot, and pre-EN samples mostly to the right). The
difference in community structure between pre-EN and post-EN periods was highly significant
(multivariate PERMANOVA, pre-EN vs post-EN, p < 0.0001).

The strong 2015/16 EN event was evident only in the second axis (yellow symbols being
in the upper portion of the plot). The difference in community structure between peak EN and
the other periods was also highly significant (multivariate PERMANOVA, peak EN vs
pre&post-EN, p < 0.0001).

Seasonality spread the samples considerably within years, and was statistically
significant (p = 0.02, multivariate PERMANOVA, dry vs rainy season). Yet, seasonality did
not lead to a consistent separation and ordination pattern throughout the first two RDA axes,
showing the strong interannual variability, and the absence of a consistent seasonality pattern
in this dataset, with highly variable seasonal patterns among taxonomic groups and years,
especially in the period after the strong EN. Also, the use of Hellinger-transformed abundance
(i.e., square-root-transformed relative abundance) and Bray-Curtis similarity will not consider
the quantitative (total abundance) changes in absolute numbers, but only changes in relative
composition, that were clearly dominated by interannual (not seasonal) variability. All samples
taken in 2019 (and all 2018 rainy season samples) are located in the far left of the RDA diagram
(post-EN). Conversely, most samples from 2013, 2014 and 2015 (post-EN) are located at the
far right or at the center of the diagram. TSA and Rainfall both point towards the left (where
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mostly post-EN samples are located), highlighting the excellent congruence of the RDA
analysis, the increase in TSA and rainfall after the 2015/16 EN event and the existence of a
relevant change in macrozooplankton community structure, driven by changes in TSA and
rainfall. Copepods, gastropods, chaetognaths, luciferid shrimp, and Penaeus spp. postlarvae
were distributed towards the right portion of the RDA plots (Fig. 10), due to their high
abundances in the pre-EN period and decline after the strong EN. Appendicularians and
copepods are placed upwards along the second axis, according to their peak abundance during
the strong EN event (yellow symbols in the RDA plot).

Figure 11. Redundancy analysis (RDA) based on the abundance (ind.m) of zooplankton
communities (abundance of the most common key taxa with frequency of occurrence above
5%; response variables) versus environmental and climatology descriptors (explanatory
variables). Cop: Copepoda; App: Appendicularia; Chae: Chaetognatha; Luc: Luciferidae
(adults and juveniles); Pen: Penaeid postlarvae; Cni: Cnidarian medusae; Serg: Sergestid
protozoeae; Bry: Bryozoan cyphonautes larvae; Fegg: Teleost fish eggs; Gast: Gastropod
veliger larvae; Luc_p: Luciferid protozoea larvae, and Bra_z: Brachyuran crab zoeae. Samples
(n = 107) were obtained bimonthly from June 2013 to August 2019 at three stations in
Tamandaré Bay, Brazil.
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Cnidarians and teleost eggs were placed on the left side of the RDA (Fig. 11), which is
in accordance with their increased relative abundance during the post-EN period. These two
groups did actually not show a significant increase in absolute numbers after the strong EN.
However, since they were among the few groups not to show a decline in absolute numbers,
their relative abundance increased considerably within a zooplankton community in general
decline. Since the RDA is based on relative abundances (not absolute numbers), cnidarian
medusae and fish eggs are highlighted on the right side of the plot, as the few “winners” of the
recent ecosystem regime shift in Tamandaré Bay.
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4 DISCUSSION

This is the first study to investigate a time series of seasonal and interannual variations
of planktonic decapods and other macrozooplankton in the Southwestern Tropical Atlantic and

to relate these variations to global-scale climate indices, such as ONI and TSA.

4.1 Seasonal vs interannual variability of abiotic conditions in the study region

Many abiotic and biological variables displayed a considerable seasonality, mainly
driven by variations in rainfall in this coastal region with two well-defined seasons (rainy and
dry). Salinities in Tamandaré Bay were significantly correlated with local rainfall (sum of 5
preceding days), and the Una river discharge, highlighting the excellent consistency within our
data set. These correlations were highly significant for raw data and for seasonal anomalies,
proving that there are significant seasonal and interannual components in this covariance, and
significant interannual change in salinity (as proved by points—of-change testing and

permutation-based trend analysis).

Conversely, Secchi depth was dominated by strong seasonal variations only and did not
show any significant interannual changes. Secchi depth in Tamandaré Bay was significantly
correlated with satellite-derived chlorophyll a, rainfall, and to the Una river discharge, as
expected for a “green-water” / “blue-water” seasonal cycle driven by seasonally varying
freshwater and nutrient inputs and wind-driven resuspension of nutrients from sediments
(Schwamborn et al., 2024). Also, Secchi depth was correlated with surface (1m) water
temperature, showing the importance of the seasonal cycle, with less transparent waters in the
cooler rainy season. Accordingly, Secchi depth seasonal anomalies were not correlated with
temperature seasonal anomalies, or any other anomalies, proving that all significant
relationships with Secchi depth were exclusively due to the strong seasonal variably in Secchi
depth, the absence of any significant interannual long-term trends in Secchi depth, and strong

seasonal covariance between Secchi depth and many other abiotic and biological variables.

Seasonal variations in community structure were weakly significant (p = 0.02,

multivariate PERMANOVA), and this weak seasonality did not lead to a consistent separation
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and ordination pattern of dry vs rainy season samples throughout the first two RDA plot, most
likely due to strong interannual variability (extremely oligotrophic conditions in November
2015, and peak rainfall events at the end of the time series), and the absence of a consistent
seasonality pattern in the biological dataset, with highly variable seasonal patterns among
taxonomic groups and years, especially in the period after the strong EN. This may indicate a
loss of regular seasonality in salinity, Secchi depth, and in community phenology, due to the
combined impact of the strong 2015/16 EN and climate change. The initial regular pattern (pre-
EN period) was disrupted during the strong EN, by unusually oligotrophic conditions
(November 2015) and a completely failed rainy season (February to August 2016), followed by
unusually strong rainfall and three extreme rainfall events (post-EN), all of which led to a loss
of regularity in seasonal cycles. Similarly, Wells et al. (2022) reported a “complete breakdown
of the seasonal cycle” at the end of their zooplankton time series in west Schotland, due to

extremely increased rainfall.

4.2 Climate and ocean trends and regime shifts at the tipping point in 2015/ 2016

One important result of this study was that rainfall in the study area increased
significantly (p = 0.0004) over the period from 2013 to 2019. We did not detect any significant
change in water temperature in the study area, from 2013 to 2019, despite relevant global
warming during this period. This apparent contradiction may be due to our relatively short time
series and high overall variability in a relatively small and dynamic tropical bay. Another likely
explanation for the lack of local warming in the surface waters of Tamandaré Bay may have
been the combination of increased rainfall, cloud cover, and variability in winds, which may
have masked the effects of global warming in the study region in the period from 2013 to 2019.
Conversely, there was a significant warming of oceanic surface waters in the Eastern and
Central Tropical South Atlantic (TSA, this study) in the study period. Thus, in contrast to small-
scale temperature measurements at a local scale, large-scale analyses, that integrate and average
over extensive ocean regions, can indeed show that global warming affected water temperatures
in the Eastern and Central Tropical South Atlantic (TSA, this study) and elsewhere (Wiltshire
et al., 2009), even for a limited time series. Additionally, our study proved the occurrence of a
unidirectional point of change (tipping point) in TSA temperatures during the 2015/16 record
strength (“Godzilla”) EN event.
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Among all abiotic variables tested, salinity displayed the most striking and significant
interannual changes (in median values and in variability). Significant changes in salinity
occurred after the strong 2015/16 EN event. This illustrates that there was a “regular”, low-
variability pattern in salinity before the strong “Godzilla” EN event in 2015/16, and that after
this EN event, there was a regime shift towards a highly dynamic “roller-coaster” mosaic of
patterns (‘“up-and-down”, “narrow-and-wide”’), with alternating periods of low and high median

SSS values and low and high variability.

This change in the seasonal SSS pattern is probably mediated by the increase in extreme
rainfall events in the study area after September 2016. These variations in local salinity
anomalies, after 2016, may also be due to variable combination effects of ever more common
extreme rainfall events at the upper ranges of the Una River and other nearby river systems,
rainfall events in other parts of the study area becoming more common, and varying incursions
and mixtures of high-salinity waters from the adjacent shallow coral reef labyrinth, and low-
salinity filaments from estuarine plumes derived from nearby mangrove creeks and river

systems within a highly dynamic coastal system.

The relationship between increasing SSTs in the TSA area and more common and more
extreme rainfall events in the study area has been well described and explained in several recent
studies (Marengo et al., 2023). Increasing heat content in the upper layers of the TSA leads to
increased frequency and severity of easterly wave atmospheric disturbances that transport

moisture from the TSA area towards the Northeast Brazilian Coast (Marengo et al., 2023).

4.3 Time series in Tamandaré and elsewhere showcase zooplankton declines and regime

shifts in pelagic ecosystems

Similarly to our results, Wells et al. (2022) also found global-warming-related
increasing rainfall to be the key driver to explain the decline in zooplankton abundance in
temperate coastal zooplankton on the west coast of Scotland. In spite of a completely different
climatic and biogeographic setting, their extensive time series analysis yielded many similar
results to our study. In spite of impressive global warming in the time period of their study, and
increased SSTs in the adjacent North Atlantic, they did not find any increase in local water
temperature (actually, a slight decrease), probably due to the dramatically increased rainfall in

this coastal region. The overall climate change scenario described for the west coast of Scotland
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is strikingly similar to the one observed in our study, with warming in the TSA index area and

increased rainfall in the Tamandaré coastal region, located far leewards of the TSA index area.

Copepods and many other zooplankton were in decline in Loch Ewe, west Scotland
(Wells et al. 2022). According to the authors, the drastic decline in numbers of most
zooplankton taxa in Loch Ewe finally led to a “complete breakdown of the seasonal cycle”
(Wells et al., 2022). Similarly, in our study, we observed significant and drastic declines in
numbers of total zooplankton and several taxa, such as copepods, chaetognaths,
appendicularians, and penaeid shrimp postlarvae. Just like our investigation, Ayén et al. (2008)
also detected relevant regime shifts in Peruvian zooplankton time series that were evidently

triggered by strong EN events.

4.4 Shrimp postlarvae time series in Tamandaré and elsewhere

Several previous studies have investigated the variability in penaeid recruitment through
the abundance of shrimp postlarvae, with strongly varying key results, as a function of the
various shrimp species, life histories and ecosystems analyzed (Aragon-Noriega & Calderon-
Aguilera 2000; Criales et al., 2003; Heckler et al., 2014).

Conversely to our study, Aragén-Noriega & Calderon-Aguilera (2000) observed that in
the Upper Gulf of California (UGC), postlarvae of Penaeus stylirostris had greater abundance
in years with lower salinity (1993 and 1997). In this particular system, the complete damming
of the Colorado River had drastic negative consequences (including high salinities and zero

freshwater flow) for the coastal nursery areas, and for the life cycle of P. stylirostris.

In the study by Criales et al. (2003), the abundance of postlarvae of the pink shrimp
Penaeus duorarum in South Florida was investigated in the context of wind-driven postlarval
transport form offshore waters into Florida Bay through inter-island channels, from October
1997 to June 1999. Postlarval transport displayed different patterns of magnitude and
seasonality between Whale Harbor (WH) and Long Key (LK) inter-island channels. These
channels connect the Atlantic Ocean with Florida Bay. In WH, there was an increase in the
entry flow of post-larvae between spring-summer and winter, different from LK, with the most
significant entry of post-larvae at the end of spring-summer, favored by winds and currents.

Interestingly, there were also seasonal differences in body size. During the winter months,
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postlarvae were significantly larger compared to the individuals collected in the summer

months.

Our data clearly showed a significant decline in penaeid postlarvae throughout the study
period (2013 to 2019). Conversely, Heckler et al. (2014) found no difference in the total
abundance of juvenile seabob shrimp (Xiphopenaeus kroyeri, Heller, 1862) over 13 years, in
four different areas of Ubatuba Bay, S&o Paulo State, southeastern Brazil. Clearly, the species,
stage (postlarvae vs juveniles), life cycle, ecosystem structure, water masses, and climatology
in this study are completely different from our study, with strong seasonal upwelling and
intrusions of cold, nutrient-rich water masses in Ubatuba, and tropical waters in Tamandarg,
located thousands of KMs to the north of Ubatuba. This exemplifies the importance of
considering the specific peculiarities of each penaeid shrimp species, stage, and ecosystem in

such time series analyses, and the inadequacy of any gross generalizations for penaeid shrimps.

4.5 Zooplankton communities in Tamandaré and elsewhere

Calanoid copepods are usually the dominant taxonomic group within the marine meso-
and macrozooplankton, in units abundance, biovolume and biomass, in virtually all regions of
the world oceans (Palomares-Garcia et al., 2013; Melo Junior et al., 2016). Among the
calanoids, the species Acartia (odontacartia) lilljeborgii is very common and often numerically
dominant in Tamandaré Bay and many other coastal areas of the Tropical Atlantic (Escamilla
et al., 2011; Silva et al., 2004). This species showed a clear seasonal variability, with higher
relative abundance in the dry season in a tropical coastal lagoon in the southern Gulf of Mexico
(Escamilla et al., 2011). This is similar to our results, where copepods had higher abundance in
the dry season (maximum water transparency). With global warming and consequently
increasing rainfall, as seen in our study, this dominant coastal marine species, A. lilljeborgii
may possibly see its abundance reduced, while other, more estuarine copepods may dominate
(Brito-Lolaia et al., 2020; 2022; Brito-Lolaia et al., in prep.).

Among appendicularians, the genus Oikopleura spp. is the most abundant in coastal
waters of the Tropical Atlantic (Brito-Lolaia et al., 2020; 2022). Oikopleura spp. are well
adapted for life in oligotrophic waters due to their gelatinous “house”, a complex and ephemeral

external structure used to capture small-sized food particles, which may concentrate particles
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as small as 0.1 um (Flood and Deibel, 1998). This ability gives them a considerable advantage
in oligotrophic (microbial-loop-dominated) conditions, where there are less large-sized diatoms
and small-sized unicellular organisms dominate the phytoplankton. Similarly to our study, a
previous study in Tamandaré Bay showed that Oikopleura spp. had higher relative biomass in
the dry season when the environment is more oligotrophic (Brito-Lolaia et al., 2022) and
explains its low abundance in the post-EN period, when the system was more eutrophic, with
peaks in rainfall and Una River Discharge.

Chaetognaths constitute a group of marine carnivores that are widely distributed in
coastal and oceanic waters of the world (Casanova, 1999). Similarly to our study, Schwamborn
et al. (2024) observed little or no chaetognaths in estuarine waters in the Tamandaré region,
proving that this is as an exclusively marine (not estuarine) taxon. Sagitta spp. is the most
abundant and widely distributed chaetognath genus (Neumann-Leitéo et al., 1999; Melo et al.,
2020). Chaetognaths are avid predators of zooplankton and feed on a wide variety of taxa, but
their main prey are usually copepods (Pearre Jr, 1980; Feigenbaum and Maris, 1984; Bone et
al., 1991; Stuart and Verheye, 1991). In our study, chaetognaths and copepods showed a
congruent decline in their populations from 2013 to 2019, which may be due to a similar
response to environmental drivers (e.g., salinity, pollutants, etc.), but also possibly also related
to their prey-predator relationship, via a bottom-up food-web-mediated reduction of
chaetognath numbers due to declining prey numbers. These two mechanisms (simultaneous
response to changing environments, and bottom-up control), are not at all contradictory and
may actually most likely be occurring simultaneously. Baier and Terazaki (2005) observed a
predator-prey interaction in their study on arctic chaetognaths and copepods in the southeastern
Bering Sea. In their study, chaetognath abundance and body size reflected variations in their
prey, suggesting a possible bottom-up control (Baier and Terazaki, 2005). Sagitta elegans were
larger and had low abundance when large copepods, Calanus marshallae, were most abundant
in years of greatest ice extent, and were smaller and displayed high abundances when small
copepods, such as Pseudocalanus spp. and Acartia spp. were dominant in relatively warm

years, in the southeastern Bering Sea (Baier and Terazaki, 2005).
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4.6 Trends and changes in ecosystem descriptors - explaining the decline

A significant decline in abundance was detected for total zooplankton and several key
taxonomic groups such as copepods, chaetognaths, appendicularians, and Penaeus spp.
postlarvae.

A continuous and significant linear decline in numbers was detected for copepods,
chaetognaths, and Penaeus spp. postlarvae. For appendicularians, a decline was also observed,
but it did not follow a consistent linear trend, but rather showed a stepwise pattern of change,
with peak abundance at the strong EN event, and then significantly lower abundances in the
post-EN (May 2016 to August 2019) period than in the preceding periods. The main difference
between the appendicularian time series and the other key taxa (e.g., copepods, chaetognaths,
and Penaeus spp. postlarvae) was the huge peak in appendicularian numbers during the
exceptionally oligotrophic “blue water” conditions in the EN month of November 2015. While
several other taxa (e.g., copepods), and total zooplankton, did actually also present an evident
peak in abundance in November 2015, this peak was not as strikingly prominent as for

appendicularians.

In principle, any temporal trends in biological variables should be explainable by a
single abiotic variable or a discrete set of abiotic variables. However, for these taxonomic
groups, no consistent seasonal and interannual preference for any given abiotic condition was
observed. On the contrary, while shrimp postlarvae occurred seasonally in “green waters”
during the months of May to October (rainy and windy season), copepods, appendicularians,
and chaetognaths were more abundant during “blue water” conditions with high transparency.
This apparent contradiction highlights the importance of distinguishing and carefully analyzing
seasonal and long-term variability, processes, and drivers, for each taxonomic group. In the
case of shrimp postlarvae, the seasonal patterns are mediated by seasonal changes in wind-
driven cross-shelf transport. Penaeus spp. larvae are originated from hatching cohorts in the
outer shelf and shelf break, that are transported by surface currents and winds towards the coast
in the windy (and rainy) season. Wind-driven surface transport of shrimp postlarvae (and crab
megalopae) has been widely documented. Penaeus spp. postlarvae are pre-settlement stages
that are migrating from the continental shelf towards the nearby mangrove estuaries, and are

well adapted to varying salinities.
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Conversely, appendicularians (Oikopleura ssp., mainly and O. dioica) and chaetognaths
are typically marine groups. In a recent analysis of spatial patterns, comparing estuarine and
marine ecosystems in the study region, Schwamborn et al. (2024) showed that chaetognaths
occur almost exclusively in marine, high-salinity waters. Thus, it should not be surprising that
appendicularians and chaetognaths declined in the post-EN period with strong rainfall events

and thrived in the low rain, “failed rainy season” during the 2015/16 EN.

Appendicularians and many other taxa showed significant variability between pre-EN
end post-EN periods, with high abundance during the pre-EN phase, a conspicuous and
significant peak in abundance in the EN event, followed by a plateau of significant let lower
decline after EN, indicating a relevant ecosystem regime shift after the strong EN event. For
total zooplankton and some taxonomic groups (e.g., copepods and appendicularians), the
observed significant decrease within our time series may have been influenced by statistical
effects of the peak during the record strength EN event. Penaeid shrimp postlarvae and
chaetognaths, however, did not show any detectable peak during the EN event, and thus their
significant decrease is most likely related to other effects, such as the increasingly extreme

rainfall in the study area.

The observed decline in shrimp postlarvae is probably due to a complex variety of
interacting factors and processes, such as bottom-up food-web effects (postlarvae being
impacted by a decline their preys, such as copepods), due to a possible change in wind and
current patterns that may affect their shoreward migration, increase in predators, such as
cnidarian medusae, overfishing of parental shrimp stocks on the shelf, and increasing
concentrations of pollutants (e.g., pesticides and microplastics), that are washed from the
continent during extreme rainfall events. Undoubtedly, the Tamandaré Bay region has become

less favorable for penaeid shrimp recruitment in the period from 2013 to 2019.
4.7 ENSO and the 2015/16 climate regime shift in the Tropical South Atlantic

Originally, this study was designed with the expectation to be able to investigate the
effects of the ElI Nifio Southern Oscillation (ENSO) on coastal ecosystems in northeastern
Brazil. Surprisingly, the strong El Nifio 2015/2016 did not show the expected effects (e.g., in
water temperature) in this particular ecosystem. One main reason may be that this EI Nifio had
strong effects in the Pacific, but the effect in the tropical Western Atlantic was felt most strongly

in the southern regions (e.g. Argentina, Uruguay, and Southern Brazil) through coastal trapped
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waves that had devastating effects in these regions, but did not reach far north as to affect coastal
ecosystems in Pernambuco State, Brazil. This may explain why the ONI index and other El
Nifio related indices had no significant effects on the pelagic ecosystem in Tamandaré Bay.
Conversely, the TSA index, composed of seasonal anomalies of the sea surface temperature in
the Tropical South Atlantic, has proven to be an important and significant index for the

abundance of penaeid shrimp postlarvae and many other organisms in the study region.

Considering wind, weather, and current patterns in the study area all have east-
westwards transport patterns, it should be no surprise that the TSA index has an effect in
Northeastern Brazil. Strong southeasterly winds in the second half of the year bring weather
from the TSA region to Tamandaré. Atmospheric easterly wave disturbances that create
extreme rainfall over Northeastern Brazil are formed in the TSA region. Also, the oligotrophic
Tropical Surface Water masses found in Tamandaré originate from the TSA region (Fig. 2).
More precisely, the extremely oligotrophic, warm, and saline southern branch of the South
Equatorial Current (SSEC) flows in a northwesterly direction through the TSA region towards
the Brazilian coast, where it bifurcates into the Brazil Current (BC) and the North Brazil
Undercurrent (NBUC). The NBUC flows along the Pernambuco shelf break off Tamandaré

(Fig. 2).

The TSA time series indicates a regime shift in 2015/16, with consistently warmer SST
in the TSA region since the 2015/16 strong EN event, with a clear breakpoint (tipping point) in
the second semester of 2015. Thus, ENSO seems to have a strong, but indirect effect in the
study region. The strong EN event acted as a trigger for the observed regime shift in the TSA
region, which then directly affected north-east Brazilian coastal ecosystems. Similarly,
numerous studies (Ayon et al., 2008; Aronés et al., 2009) showed that regime shifts in the
Pacific are also triggered by strong EN events. This is the first study to reveal a relevant climate
and ecosystem tipping point (most likely triggered by the strong 2015/16 EN event) and to show
the consequences of this climate regime shift for pelagic communities in a tropical coastal

ecosystem.
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4.8 Outlook

More recently, in May 2022, exceptionally heavy rainfall at the coast of northeastern
Brazil (including Pernambuco state) led to catastrophic landslides and flash floods, with
irreparable losses in urban and coastal areas (Marengo et al., 2023). Such rainfall events have
been explained by atmospheric easterly wave disturbances, that are related to the mounting heat

content in the upper layers of the Tropical South Atlantic (Marengo et al., 2023).

Our results indicate that the increase in vulnerability and risks for the recruitment of
penaeid shrimp stocks due to increasingly intense and frequent extreme events must be urgently
considered in the monitoring and management of ecosystems in Brazil and other tropical

regions, for a truly precautionary approach to fisheries.

The currently ongoing record strength 2023/24 EN event has already (in December
2023) led to even higher temperatures in several parts of the world, including in the TSA index
region. Our study showed that such strong EN events can trigger tipping point phenomena that
lead to climate and ecosystem regime shifts in the Tropical Atlantic, with potentially

detrimental consequences for coastal ecosystems and fisheries in the near future.
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6 CONSIDERACOES FINAIS

Esta tese retine evidéncias ineditas que conseguiram revelar e quantificar, pela primeira
vez, os impactos dos decapodes planctdnicos na estrutura dos ecossistemas costeiros tropicais,
especialmente durante os seus picos sazonais em abundancia e biovolume, no zooplancton
estuarino e marinho em trés areas de estudo na regido de Tamandaré (Pernambuco, Brasil).
Nossos resultados mostram que os espectros de tamanho, distribuidos de acordo com a
distribuigdo de Pareto (ou “lei de poténcia”), sdo provavelmente moldados por interacdes
estruturadas por tamanho, estratégias de nicho de tamanho especifico dos tdxons e processos de
regulacdo “top-down” da cadeia alimentar. A ocorréncia desses processos de regulagdo “top-
down” depende da densidade dos predadores (zoeas de Brachyura). Também investigamos, pela
primeira vez numa série temporal, as variagbes sazonais e interanuais de decapodes
planctbnicos e outros organismos do macrozooplancton no Atlantico Tropical Sudoeste e
relacionamos essas varia¢des com indices climaticos em escala global, como ONI (“Oceanic El
Nifio Index”) e TSA (“Tropical South Atlantic index*) . Um ponto de inflexao (“tipping point™)
significativo (ponto de mudanca, p <0,001), com um aumento abrupto na TSM (temperatura
superficial do mar), foi detectado no indice TSA (baseado na TSM no Oceano Atlantico
Tropical Oriental e Central). Pos-larvas de camardes peneideos (predominantemente Penaeus
spp.) e outros grupos comuns do zooplancton (por exemplo, copépodes, apendicularias e
guetognatos) apresentaram abundancias significativamente mais baixas no periodo apos o forte
evento EN. O excepcionalmente forte evento EN (o “El Nifio Godzilla ) de 2015-2016, em
conjunto com o aquecimento antropogénico global, atuou como um gatilho (“trigger”),
desencadeando uma mudanca de regime de temperaturas na regido da TSA, que afetou
diretamente os ecossistemas costeiros estudados nesta tese. Este trabalho mostrou que séries
temporais de zooplancton tropical séo capazes de captar as flutuaces sazonais do zooplancton

ano apdés ano, podendo revelar possiveis anomalias nos ecossistemas.

Esta tese mostrou claramente que as larvas de Decapoda sdo importantes componentes
do plancton costeiro tropical, que respondem de forma significativa as variac@es climaticas, a
exemplo das pos-larvas de camardes peneideos. O declinio observado nas pos-larvas dos
camardes deve-se provavelmente a uma variedade complexa de fatores e processos, tais como
os efeitos “bottom-up” da cadeia alimentar (as pos-larvas sdo afetadas pelo declinio das suas

presas, como 0s copépodes), devido a uma possivel mudancga nos padrdes de vento e correntes
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que podem afetar a sua migracdo para a costa, aumento de predadores, como medusas de
cnidarios, possivel sobrepesca excessiva de estoques parentais de camarfes na plataforma
continental, e concentracGes crescentes de poluentes (por exemplo, pesticidas e microplasticos),
que sdo lavados do continente durante os eventos extremas (“enxurradas”) cada vez mais
frequentes e intensos. Sem duvida, a regido da Baia de Tamandaré tornou-se menos favoravel
as pos-larvas dos camardes peneideos e varios outros organismos do zooplancton, no periodo
de 2013 a 2019. O aumento da vulnerabilidade e dos riscos para o recrutamento dos estoques
de camardes peneideos no contexto dos eventos extremos cada vez mais intensos e frequentes
deve ser considerado com urgéncia no monitoramento e manejo dos estoques pesqueiro e
ecossistemas no Brasil e em outras regides tropicais, para uma abordagem preventiva e

sustentavel ao manejo pesqueiro (“precautionary approach to fisheries”).

Esta tese mostrou que a combinacéo do uso do aparelho ZooScan com o banco de dados
ECOTAXA, aplicado a uma série temporal de zooplancton costeiro tropical, constitui uma
abordagem com ferramentas poderosas para detectar e analisar as respostas ecossistémicas a

variabilidade climatica.
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ARTICLEINFO ABSTRACT

Decapod crostaceans incude many species of sochoconomic mportanee and are key components of pelagic
crneystems, both o edulms and as lerval forms. Koowledge on seaonal and sparial syneheniciny of plankTonic
larves in codstal tropical eoorystens b fundaeentad o woederstand the dynamics of these complex ety
Thiz abjective of tee present stody wis to quantify the eontribatonm of derapods o the 2ooplankton in ad)
cropical estunrine, costnl and shelf ¥ il idering their | life cycles and probable
dispersal strutegies We evmluated te contributions of decapod bicmass and bisvolume in e distiner eeo-
systems: Rio Formoso esuary, Tamandart bay, and Pernambaeco continental shelf off Tamandard, nonthessem
Eirazil. Tooplandion samples were taken brocethly from June 2013 to May 2015, with a 300 pm mesh net, and
anahyzed using & Toofean oguipment. Derapods were the second most impotant organisms (after copepods], s
abundance, biomass and biovedume, bn ol sampling areis Total decapods contributed on oveage with 33,65,
&% and 7.1% relative abundance and 3009%, 30.9%, and 15.2% selative blovoluroe in estiary, bay, and shelf
areas, respectively. Ovesall, tee ooat felevant decapod toca axd stages found i chie tes sanpling arc wen:
brachporan cmb aoewe wd mogalopae, penad shrimap postlorvee (mostty Fenneus spp), holoplanktonic beei-
ferids (adults, protoaoess and myss), anomoran 2oess (modthy Paguridae and Diogenidoee hermit craba), pistal
shorizap zoear (Alpheidae), aod poecelain cmb zocae (Forcellanidee). Brachyuran poee contribured with up oo
B1.3% abundance and up to 53% biovolume, i the emuary. Penscd postarvee compeised up to 25.1% of toal
abundanece and up to 94.7% of wial biewoluse, on tee shelf, These poatarvae wene trassported shonewards froms
the: affshore shedf. Derapod contributions were eperially rlevant during massive loval releme evmnts of crab
zoeni: andd during shoseward migrathon of pre-sertlement stages. Seasonal peaks wise oy eynehronous be-
Cwieamn taea and areas. Possible functional relationships benwe copepods and key decaped groups are discussed,
s well as the processes triggering and regulating the input of larves. Qur results show the insportamece of
quanitarive, semi-autcmatic approdches and the pdevance of decapod lervae for pelagie food wibs i tropical
CORaTn] G,

1. Introduction

[sscapod crstaceans inclode many species of interest to fisheries and
aquacsltre (e.g., shrimps, cabs and lobsters). They are key compo-
nents of estuarine and marine zooplankton commumities, as hol-
oplanktonic adults and & meroplanktonic larvae (Schwambom et al.,
2001 ). Many stisdies on planktomic decapods have been bassd on visual

comting (i.=., abundance), and the alnmdance composition of plank-
tonic decapod assemblages has thus been intensively studied in
numerous tropical arsas (Schwambom et al, 2000; Melo Jimior e al.,
2018%; Costa and Schwambaorm, 2016; Samtana et al_, 2008 Santos =t al.,
Z015). Yet, there are considerable knowledge gaps regarding the
biomass and biowohme composition of tropical eshzarine and coastal
zonplankton, especially regarding the contributions of meroplankton,
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Table B1: TAXONOMIC SUMMARY OF ALL ZOOPLANKTON GROUPS IDENTIFIED DURING THIS STUDY.

Phylum Porifera Grant, 1836

Order Harpacticoida Sars, 1903

Phylum Sarcodina Schmard, 1871

Order Siphonostomatoida Thorell, 1859 (Parasite Copepods)

Order Foraminifera d’Orbigny, 1826

Order Monstrilloida Sars, 1903

Phylum Cnidaria Verril, 1865

Copepoda (nauplii)

Class Anthozoa Ehrenberg, 1834

Subclass Cirripedia Burmeister, 1834 (nauplii and cypris)

Phylum Mollusca Cuvier, 1795 (various)

Class Malacostraca Latreille, 1802

Class Gastropoda Cuvier, 1797 (veliger)

Order Stomatopoda Latreille, 1817 (pseudozoea)

Class Bivalvia Cuvier, 1797 (veliger)

Order Decapoda Latreille, 1803 (various)

Phylum Annelida Lamarck, 1809

Suborder Dendrobranchiata Bate, 1888

Class Polychaeta Grube, 1850 (larvae and adults)

Superfamily Penaeoidea Rafinesque, 1815

Phylum Arthropoda von Siebold, 1848

Penaeus spp. Fabricius, 1798

Class Pycnogonida Latreille, 1810

Family Luciferidae Dana, 1852 (mysis, protozoea and adults)

Order Pantopoda Gerstacker, 1863

Family SergestidaeDana, 1852 (mysis, protozoea and adults)

Phylum Crustacea Pennant, 1977

Suborder Pleocyemata Burkenroad, 1963

Class Hexapoda

Infraorder Caridea Dana, 1852

Subclass Insecta

Family Alpheidae Rafinesque, 1815 (various)

Class Maxillopoda Dahl, 1956

Family Palaemonidae Rafinesque, 1815

Subclass Ostracoda Latreille, 1806

Family Processidae Ortmann, 1986

Subclass Copepoda Milne-Edwards, 1840

Family HippolytidaeSpence Bate, 1888

Order Calanoida Sars, 1903

Infraorder Anomura MacLeay, 1838 (zoea and megalopa)

Family Calanidae Dana, 1849

Family Paguridae Latreille, 1803 (larvae)

Neocalanus spp.Sars G.O., 1925

Family Diogenidae Ortmann, 1892

Family Paracalanidae Giesbrecht, 1892

Family Porcellanidae Haworth, 1825 (zoea)

Calocalanu sspp. Giesbrecht, 1888

Infraorder Axiideade Saint Laurent, 1979

Parvocalanus crassirostris(Dahl F., 1894)

Infraorder Gebiidea Saint Laurent, 1979

Paracalanus spp.Boeck, 1865

Infraorder Stenopodidea Spence Bate, 1888

Family Eucalanidae Giesbrecht, 1892

Family Stenopodidae Claus, 1872

Paraeucalanus spp.Geletin, 1976

Infraorder Brachyura Latreille, 1803 (zoea and megalopa)

Family Euchaetidae Giesbrecht, 1893

Order Mysida Boas, 1883 (Various)

Euchaeta spp. Philippi, 1843

Order CumaceaKroyer, 1846 (Various)

Family Centropagidae Giesbrecht, 1892

Order Amphipoda Latreille, 1816 (various)

Centropages spp.

Order Isopoda Latreille, 1817 (adults)

Family Pseudodiaptomidae Sars, 1902

Phylum Bryozoa Ehrenberg, 1831 (larvae)

Pseudodiaptomus spp. Herrick, 1884

Phylum Chordata Batenson, 1885

Family Temoridae Giesbrecht, 1892

Subphylum Tunicata Lamarck, 1816

Temora spp. Baird, 1850

Class Ascidiacea Grzimek, 1974

Family Pontellidae Dana, 1853

Order PhlebobranchiaLahille, 1887

Calanopia spp. Dana, 1852-1853

Family Ascidiidae Herdman, 1880 (larvae)

Labidocera spp.Lubbock, 1853

Class Appendicularia Lohmann, 1913

Family Acartiidae Sars, 1903

Class ThaliaceaVan der Haeven, 1850

Acartia spp. Dana, 1846

Order Doliolida Delage &Hérouard, 1898

Calanoida others

Order Salpida Forbes, 1853

Order Cyclopoida Burmeister, 1834

Family SalpidaeLabhille, 1888

Family Corycaeidae Dana, 1852-1853

Salpa sp. Forskal, 1775

Corycaeus spp. Dana, 1845

Phylum Chaetognatha (Leuckart, 1894)

Farranula spp. Wilson CB., 1932

Subphylum Vertebrata Brusca & Brusca, 1990

Family OncaeidaeGiesbrecht, 1893

Superclass Pisces (Linnaeus, 1758)

Oncaea spp. Philippi, 1843

Class Actiopterygii Carroll, 1988

Family Oithonidae Dana, 1853

Fish (eggs and larvae)

Oithona spp. Baird, 1843




APENDICE C - EXEMPLOS DE VINHETAS OBTIDAS ATRAVES DO ZOOSCAN,
REFERENTES AS COLETAS FEITAS ENTRE 2013 E 2019 NA BAiA DE
TAMANDARE, ESTUARIO DO RIO FORMOSO E PLATAFORMA CONTINENTAL
AO LARGO DE TAMANDARE (PE-BRASIL).

Apéndice C.1 - Vinhetas obtidas através do ZooScan nas coletas feitas na Baia de Tamandaré:

2013 - 2019 (PE-Brasil).
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PENAEUS (Po6s -larvas)

SERGESTIDAE (larvas)
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ACETES sp. (Sergestidae), juvenis e adultos

ANOMURA, fam. PORCELLANIDAE (Zoeas)



Morfotipo ANOMURA (Anomuros exceto fam. Porcellanidae, unclui Paguroidea, inclui

Upogebiidae e outros Gebiidea e similares, zoeas)
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CARIDEA, fam. ALPHEIDAE (Zoeas)
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CARIDEA, fam. PROCESSIDAE (Zoeas)

BRACHYURA, fam. PORTUNIDAE (Juvenil)

BRACHYURA (Megalopas)
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BRACHYURA (juvenil)

\

BRACHYURA (Zoeas)

&  a *

1mm

1 mm 1 mm 1mm

PAGUROIDEA (Megalopa)




ISOPODA

APPENDICULARIA
‘ /
® -
1 mm

1 mm

1mm

194



195

DOLIOLIDA
2
. ) |
g A
~D .
e s X - ‘
& '/ '7 ".‘.’ > - p-
-—gy T
- fiis 1mm
TELEOSTEI (Larvas)

«*
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TELEOSTEI (Ovos)

< Ceo®

1mm 1 mm 1mm 1mm

Apéndice C.2 - Vinhetas obtidas através do ZooScan nas coletas feitas no Estuario do Rio
Formoso, Tamandaré: 2013 - 2015 (PE-Brasil).

CNIDARIA




197

CHAETOGNATHA

GASTROPODA

[_ l—
@« 9 ¢

1mm gma=1 1mm gma=1 1mm gma=1
g

MOLLUSCA

»

1mm
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POLYCHAETA
=
o]

1mm gma=1 1 mm

COPEPODA CALANOIDA
-
| _
1 mm 1mm 1mm gma=1 1mm gma= 1
Imm gma=i I mm gma= 1 1mm gma= 1 1 mm gma= 1
COPEPODA CYCLOPOIDA
r
r
. ‘ " g 1
i 8] -
1 mm 1 mm gma=1 1mm gma=1 1mm gma=1
M

1mm gma=1
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COPEPODA HARPACTICOIDA

.r_n

1mm gma=1

ISOPODA
AMPHIPODA
r
..
2
1mm gma=1
CUMACEA

-

1mm gma=1
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STOMATOPODA

DECAPODA

LUCIFERIDAE (Adultos e juvenils)




LUCIFERIDAE (Protozoeas)

el
1mm gma= 1 I mm gma= 1 1 mm gma=1
LUCIFERIDAE (Misis)
[_ -
{
5 ;
\ '
.
N & i
1mm gma= 1 1mm gma=1

STENOPODIDEA (Zoeas)

201



202

PENAEUS (Pos - larvas)

ANOMURA, fam. PORCELLANIDAE (Zoeas)



Morfotipo ANOMURA (Anomuros exceto fam. Porcellanidae, unclui Paguroidea, inclui

Upogebiidae e outros Gebiidea e similares, zoeas)

N ¢

| Jif |

imm gma=1 1mm gma=1 imm gma=1

CARIDEA, fam. ALPHEIDAE (Zoeas)

(rL

203



BRACHYURA (Zoeas)

Y v

|
1 mm Imm gma=1 {mm gma= 1
APPENDICULARIA
M
" o-
&
! | ‘_I |

1mm gma=1

204



TELEOSTEI (Larvas)

TELEOSTEI (Ovos)

205



Apéndice C.3 - Vinhetas obtidas através do ZooScan nas coletas feitas na Plataforma
Continental ao largo de Tamandaré: 2013 - 2015 (PE-Brasil).

CNIDARIA
. .
- N ) :
' . »H \’
1mm 1 mm 1mm .
CHAETOGNATHA
.
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AMPHIPODA

1mm

POLYCHAETA

1mm

GASTROPODA

1 mm 1mm
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COPEPODA CALANOIDA

' 4
’ 4 J/ N

1 mm 1 mm 1mm

COPEPODA CYCLOPOIDA

A N

1 mm 1 mm 1 mm
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COPEPODA HARPACTICOIDA

1mm

COPEPODA, Parasita

1mm

DECAPODA

LUCIFERIDAE (Adulto e juvenil)

~
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LUCIFERIDAE (Mysis)

1mm

PENAEUS (Pos-larvas)

Morfotipo ANOMURA (Anomuros exceto fam. Porcellanidae, unclui Paguroidea, inclui

Upogebiidae e outros Gebiidea e similares, zoeas)

1 mm
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CARIDEA, fam. ALPHEIDAE (Zoeas)

¢F oy

1mm

BRACHYURA (Zoeas)

«a & p

m

1 mm 1mm

BRACHYURA (Megalopas)

1mm 1 mm



1 mm

—

APPENDICULARIA

»

1 mm 1 mm

TELEOSTEI (Larvas)

1 mm

RN

212



213

TELEOSTEI (Ovos)

1mm 1 mm 1 mm

1mm




