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Consideracoes iniciais

Camardes marinhos sdo commodities amplamente comercializadas,
representando mundialmente o segundo recurso pesqueiro em termos de valor (FAO,
2018). As pescarias de camarbes ocorrem em uma amplitude de sistemas marinhos e
estuarinos ao redor do mundo (Gillet, 2008), sendo que em ambientes tropicais e
subtropicais, a atividade se concentra em &reas rasas sobre estoques de organismos da
superfamilia Penaeoidea (Garcia & Le Reste, 1986).

No Brasil, os camarfes-rosa Farfantepenaeus paulensis (Pérez Farfante, 1967) e
F. brasiliensis (Latreille, 1817), o camardo-branco Litopenaeus schmitti (Burkenroad,
1936) e o camardo-sete-barbas Xiphopenaeus kroyeri (Heller, 1862) constituiam as
principais pescarias de camardo nas regides Sul e Sudeste. No entanto, a tendéncia
decrescente da producdo das espécies de camardo-rosa a partir da década de 1990, forgou
a adocdo de pescarias multiespecificas. Isto, estimulou a captura do camardo-barba-ruca
Artemesia longinaris Spence Bate, 1888 e do camardo-santana Pleoticus muelleri
(Spence Bate, 1888), sendo ambas, as espécies consideradas como fauna acompanhante
das pescarias tradicionais citadas anteriormente (Dias Neto, 2011).

Independentemente da espécie alvo, as pescarias de camarGes marinhos sao
comumente realizadas por arrasto de fundo (Vendeville, 1990), o qual se configura,
atualmente, como um dos principais métodos de pesca comercial em nivel mundial
(Burridge et al., 2006). Se por um lado este método € eficaz na captura de espécies alvo,
por outro apresenta uma ampla e discutida problematica ambiental (Diamond et al., 2004;
Hall & Mainprize, 2005), associada a diversos impactos negativos sobre as populacgdes e
ecossistemas explotados (Almeida et al., 2017). Dentre seus impactos negativos,

destacam-se a captura incidental de organismos ndo alvo da pesca (bycatch) e a
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modificacdo fisica do fundo oceéanico, ocasionadas, respectivamente, pela baixa
seletividade das redes (Davies et al., 2009) e pela acdo mecanica do petrecho contra o
sedimento (Pusceddu et al., 2014).

Cerca de 70% do fundo do mar € composto por substratos ndo consolidados
(Snelgroove, 1999), que podem ser altamente heterogéneos devido a variagcOes fisicas
naturais e a alteracéo bioldgica (e.g. conchas, tubos de animais, buracos e tocas), sendo
estas variagdes imprescindiveis aos processos de assentamento de muitos organismos
(Thrush et al., 2002; Gray et al., 2006). No entanto, a pesca de arrasto tende a
homogeneizar o sedimento, reduzindo a estrutura tridimensional acima e abaixo da
interface sedimento agua (Gray et al., 2006), e além disso ocasiona a ressuspensao de
grandes quantidades de material e alteracdes nas caracteristicas fisicas e quimicas do
substrato (Oberle et al., 2016).

Os arrastos também acarretam em mortalidade de organismos marinhos por outras
formas: muitas espécies bentonicas sdo esmagadas diretamente pela rede, enquanto outras
sdo capturadas e morrem quando levadas para o convés ou devolvidas ao mar (Jennings
et al., 2001). Sobre este grupo de espécies capturados involuntariamente, denominado
como bycatch, sabe-se que as pescarias de camardo sdo as principais geradoras de
biomassa (Hall, 2005) em nivel mundial (Kelleher, 2005).

Dentre os organismos que compdem o bycatch ou a fauna acompanhante de
pescarias de camardo-sete-barbas X. kroyeri, um importante recurso pesqueiro no Brasil
explorado em toda costa brasileira (Costa et al., 2007; IBAMA, 2011), os crustaceos apos
0S peixes, constituem o segundo maior recurso capturado em termos de biomassa e
diversidade de espécies (Severino-Rodrigues et al., 2002). Ainda no caso das pescarias
de X. kroyeri, ha uma grande captura e por conseguinte mortalidade de juvenis de

crustaceos (Rodrigues-Filho et al., 2016), decorrente da atividade ocorrer proximo a costa
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e em baixas profundidades, areas que geralmente s@o habitats de recrutamento de varias
especies (Caley et al., 1996).

As espécies de camardes que constituem a fauna acompanhante possuem, em
geral, baixo ou nenhum valor comercial (Branco et al., 2015). No entanto, por serem
continuamente removidas em elevadas biomassas pela pesca, acabam sendo impactadas
de forma similar aquelas que sdo alvo da atividade. Exemplos destes tdxons sdo 0s
peneideos Rimapenaeus constrictus (Stimpson, 1871) e Sicyonia dorsalis Kingsley, 1878,
o camardo Nematopalaemon schmitti (Holthuis, 1950) pertencente a superfamilia
Palaemonoidea Rafinesque, 1815 e Exhippolysmata oplophoroides (Holthuis, 1948)
pertencente a superfamilia Alpheoidea Rafinesque, 1815 (Costa et al., 2016; Mantelatto
etal., 2016).

Além dos mencionados impactos diretos sobre as popula¢des capturadas, a pesca
de arrasto acarreta em impactos indiretos, como por exemplo alteragcdes na estrutura das
comunidades bentbnicas, bem como em interacGes troficas entre espécies (NRC, 2002).
Os efeitos deletérios sobre as interacfes entre os individuos em areas de pesca resultam
em efeitos que se prolongam por toda teia trofica, diminuindo tanto a diversidade
estrutural como a funcional dos ecossistemas, e, presumivelmente, também sua resiliéncia
(Coleman & Williams, 2002).

Possivelmente associado aos impactos diretos e indiretos da pesca de arrasto, a
Lista Nacional das Espécies de Invertebrados Aquéticos e Peixes de 2004 apontou como
espécies ameacadas de sobre-explotacdo cinco camardes peneideos: F. brasiliensis, F.
paulensis, F. subtilis (Pérez-Farfante, 1967), L. schmitti e X. kroyeri (Dias Neto, 2011).
Entretanto, na avaliagdo do estado de conservacdo dos crustaceos brasileiros de 2010 a
2014, chegou-se a conclusdo que dados bioldgicos ainda sdo insuficientes para um

prognostico fidedigno dos Penaeoidea (Boos et al., 2016) e de E. oplophoroides
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(Christoffersen, 2016).

Em uma tentativa de compensar a mortalidade dos individuos pela sobrepesca, e
para prevenir a explotacdo de camarfes pequenos com pouco valor comercial, uma
medida de ordenacdo amplamente adotada na pesca nas regides tropicais e subtropicais é
o0 periodo do Defeso (Gulland, 1989; Ye, 1998). Nas pescarias brasileiras de camarao, a
normativa de instrucdo IBAMA n° 189/2008 proibia a pesca no periodo de recrutamento
de juvenis de camardo-rosa de 1° de mar¢o a 31 de maio na area marinha entre as paralelas
21°18'04,00 "S (fronteira dos estados do Espirito Santo e Rio de Janeiro) e 33°40'33,00
"S (Foz do Arroio Chui, RS). No entanto, havia uma extensa discussdo sobre a
assertividade deste defeso, visto que que o periodo ndo contemplava todas as espécies de
camardes (Simdes et al., 2017), sobretudo aquelas que ndo sao alvo das pescarias. A partir
de 2023, a portaria SAP/MAPA n° 656 alterou a vigéncia do defeso para 28 de janeiro a
30 de abril, contemplando a mesma extensao geografica da normativa anterior, buscando
adequar o fechamento da pesca com o periodo de recrutamento dos camardes-rosa.

Acdes que levam em consideracao apenas a biologia de um grupo especifico sdo
possivelmente equivocadas e ndo asseguram a manutencdo do sistema, visto que ha
evidéncias robustas que considerar um maior grupo de espécies (e.g Ecosystem-Based
Fisheries Management) é uma opc¢do mais efetiva de manejo (FAO, 1995). No entanto,
manejos multiespecificos demandam uma elevada quantidade de informagdes, sendo uma
situacdo rara quando se trata de espécies descartadas como bycatch (Dell et al., 2009),
sobretudo em paises sem legislacdo pesqueira restritiva para a pesca de arrasto como o
Brasil (Guanais et al., 2015).

Neste sentido, ha uma elevada demanda por estudos que busquem avaliar ao
maximo as especies capturadas na pesca de arrasto, compreendendo suas relagcdes com

variaveis ambientais, ecoldgicas e pesqueiras (Soykan et al., 2008; Lewison et al., 2011).
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Tais estudos servem como base para compreender e eventualmente manejar o impacto da
atividade camaroeira sobre o sistema (Sboutzuski et al., 2001). Alguns estudos de curto
prazo foram realizados na area para as espécies citadas previamente, a saber: X. kroyeri
(Costa et al., 2007; Carvalho et al., 2015; Castilho et al., 2015), A. longinaris (Costa et
al., 2005a; Castilho et al., 2007), L. schmitti (Capparelli et al., 2011; Bochini et al., 2014;
Carvalho et al., 2015), P. muelleri (Costa et al., 2004; Lopes et al., 2014), F. paulensis e
F. brasiliensis (Costa & Fransozo, 1999; Costa et al., 2016), R. constrictus (Costa &
Fransozo, 2004a,b), S. dorsalis (Costa et al., 2005b; Castilho et al., 2008b), N. schmitti
(Almeida et al., 2011, 2012), e E. oplophoroides (Fransozo et al., 2005).

Heckler (2014) avaliou a variacdo temporal da abundancia e distribuicdo de X.
kroyeri na Enseada de Ubatuba e a sua relacdo com a temperatura e salinidade num
periodo de 13 anos. Entretanto, recentemente descobriu-se que X. kroyeri tratava-se de
um complexo de espécies, e uma outra espécie foi registrada ocorrendo na area de estudo,
Xiphopenaeus dincao (Carvalho-Batista, Terossi, Zara, Mantelatto, Costa, 2020).

Ademais, ainda ndo se estudou as variacfes a longo prazo da abundancia das
demais espécies de camardes a fim de explicar temporalmente o que causa estas variacdes
e qual o papel dos fatores ambientais e climaticos nos ecossistemas marinhos brasileiros
a longo prazo, bem como a influéncia da pesca no ecossistema como um todo.

Considerando que a dindmica dos fatores ambientais varia no tempo e no espaco,
e que a variacdo de fatores ambientais importantes como a temperatura, salinidade, tipo
e estrutura do sedimento podem afetar a abundancia e ocorréncia de camarées (Dall,
1990; Castilho et al., 2008), o estudo a longo prazo de populacdes é imprescindivel para
a obtengdo de informacdes e para 0 manejo dos estoques. Estas mudangas na ocorréncia
e abundancia de espécies, bem como a alteracao nos fatores abioticos do ambiente podem

acarretar em variagdes temporais na composicao especifica de comunidades (Magurran
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& Henderson, 2010).

Outros fatores ambientais, como 0s eventos atmosféricos-oceanicos de larga
escala (e.g Oscilacdo Sul El Nifio) sdo conhecidos por afetar a pluviosidade no Sul e
Sudeste do pais, controlando a entrada de F. paulensis na lagoa dos Patos (RS) (Pereira
& D’Incao, 2012), e estimulando o recrutamento na Enseada de Ubatuba durante periodos
de EI Nifio (Perroca et al., 2022). Ainda, a dinAmica de massas d’agua marinhas, como a
Agua Central do Atlantico Sul (ACAS), é notadamente conhecida por alterar a dindmica
populacional de X. kroyeri quando ressurge, ou em areas proximas a ressurgéncia
(Davanso et al., 2017).

Desta maneira, presume-se que as variaveis e os fatores ambientais, bem como
eventos climaticos atuem sobre as populacdes de camardes, gerando padrbes especificos
de variacdo. Por exemplo, no caso de Artemesia longinaris e Pleoticus muelleri, que séo
espécies que apresentam distribuicdo subtropical e temperada em relagédo as outras aqui
mencionadas, reputa-se a respeito de que maneira os eventos de ENOS influenciariam a
variacdo da abundancia e biomassa de tais espécies. Espera-se que a entrada da ACAS
(massa d’agua caracterizada por baixas temperaturas) influencie temporalmente estas
espécies, aumentando a captura das mesmas na primavera e verdo. Quanto a X. kroyeri e
R. constrictus, espera-se que a escassez de chuvas gere uma maior salinidade na area e,
consequentemente, uma maior producdo destas espécies.

Relativizando pela assembleia de camardes, indaga-se o efeito deletério da pesca
ao longo dos anos de monitoramento. A pesca continua de arrasto nas localidades de
estudo pode ter acarretado em homogeneizagédo do sistema, 0 que consequentemente torna
0 sistema menos diverso entre seus habitats constituintes. De forma a complementar as
hipbteses acima, foram formuladas as seguintes questdes: (i) H& um padrao na influéncia

das variaveis ambientais sobre a abundéncia das popula¢fes acompanhantes ao longo do
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tempo? (ii) Existem tendéncias temporais que indiquem deplecGes das populacbes ndo
alvo da pesca? (iii) A pesca tradicional alterou a diversidade no ecossistema explotado ao
longo dos anos?

O resultado desta investigacdo foi organizado em dois capitulos. O primeiro
capitulo “The influence of environmental and ocean-climatic drivers in the abundance of
shrimps in a shallow subtropical marine area” buscou avaliar a influéncia temporal dos
fatores ambientais e oceano-climaticos na distribuicdo espaco-temporal dos camardes na
Enseada de Ubatuba. O segundo capitulo foi intitulado “Long-term trends in shrimp
abundance and diversity in a tropical bay” avaliou a associagdo entre as espécies que
compdem a Assembleia de camardes na Enseada de Ubatuba, e se a abundancia das
espécies capturadas diminuiu ou aumentou ao longo dos anos. No segundo capitulo
também foi avaliada a variacdo temporal da diversidade de camardes para a area de

estudo.
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Figura 1 — (A) Artemesia longinaris Spence Bate, 1888; (B) Farfantepenaeus
brasiliensis (Latreille, 1817); (C) Farfantepenaeus paulensis (Pérez Farfante, 1967); (D)
Litopenaeus schmitti (Burkenroad, 1936); (E) Pleoticus muelleri (Spence Bate, 1888); (F)
Rimapenaeus constrictus (Stimpson, 1871); (G) Sicyonia dorsalis Kingsley, 1878; (H)
Xiphopenaeus spp. — Penaeoidea; (1) Exhippolysmata oplophoroides (Holthuis, 1948); (J)
Nematopalaemon schmitti (Holthuis, 1950) — Caridea. Photographs by J. Perroca (A-D,
I-J) and M.S. Jaconis (H). Photographs by R.C. Buranelli (E-G) — in Mantelatto et al.
2022 (doi.org/10.11646/zootaxa.5121.1.1).
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Capitulo 1

The influence of environmental and
ocean-climatic drivers in the
abundance of shrimps in a shallow
subtropical marine area
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The influence of environmental and ocean-climatic drivers in the abundance of

shrimps in a shallow subtropical marine area

Abstract

Different life cycles lead to differences in species niche and in their ecological
requirements. In this study we registered the spatial and temporal variance in abundance
in eight shrimp species by analyzing a dataset that spanned a 27-year period. We also
assessed the influence of ocean-climatic and environmental factors in their abundance.
Periods of neutrality favored the increase in abundance of Artemesia longinaris, Pleoticus
muelleri, Rimapenaeus constrictus, Sicyonia dorsalis and Nematopalaemon schmitti. The
shrimps P. muelleri and S. dorsalis also showed higher abundances in periods of La Nifia.
In La Nifia and neutral periods, there is a shift in the atmospheric pressure gradient
favoring Northeast winds, that enhances the SACW intrusion and weakens the Coastal
Water. Thus, species that responds negatively to elevated temperatures, as P. muelleri
and S. dorsalis, in EI Nifio will migrate to deeper areas, which were not sampled in this
study. As for El Nifio events, it favored the abundance of Litopenaeus schmitti and R.
constrictus. El Nifio is known to increase water surface temperature in southeast Brazil,
so the increase in temperature is benefic to these species whose abundances increase in
elevated temperatures. All species were associated with sediments of silt and clay. Long-
term monitoring of the communities of species of commercial interest or accidentally

captured, are essential for establishing standards and measures to protect ecosystems.

Keywords: Bycatch, Caridea, Decapoda, ENSO, Penaeoidea, SACW
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Introduction

Shallow coastal environments, especially in the tropics, are used as nursing and
foraging grounds by several marine species (Caley et al., 1996). Among these species,
shrimps constitute one of the most diverse and abundant taxa (Martin & Davis, 2001).
Shrimps can roughly be classified into two groups: the superfamily Penaeoidea (suborder
Dendrobranchiata) and infraorder Caridea (suborder Pleocyemata).

Unlike carideans who incubate embryos to advanced zoeal larvae in their pleon,
penaeoid shrimps spawn eggs that are fertilized and released into the plankton, where
they hatch as nauplius and the embryonic development takes place (Bauer, 1992).
Regardless, both groups are important fishery resources and are extensively explored by
fleets in different grounds (Ingoélfsson et al., 2022; Turschwell et al., 2022). Carideans of
commercial interest are usually fished by industrial fleets in deeper waters (e.g 200 to 600
m deep), where larger species and therefore more profitable are found, such as Pandalus
borealis Krgyer, 1838 (Larsen et al., 2018) and Crangon crangon (Linnaeus, 1758)
(Temming et al., 2022).

Penaeoids are fished offshore by industrial fleets (e.g., Aristeus antennatus (Risso
1816)), and in coastal waters by artisanal ones (e.g., Xiphopenaeus kroyeri (Heller, 1862))
(Graca Lopes et al., 2007; Gorelli et al., 2016). Species belonging to Litopenaeus spp.
and Farfantepenaeus spp. for example might be targeted by both fleets due to their life
cycle. These organisms present life cycle type 11, as proposed by Dall (1990), in which
reproduction and spawning occurs offshore, and the nauplius develops into the stage of
mysis and is carried through tidal waves and currents to estuaries and coastal lagoons,
where they’ll grow into juveniles, and then recruit into the adult population (Garcia & Le

Reste, 1981). Other coastal penaeoids such as Artemesia longinaris Spence Bate, 1888
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present life cycle type IIl (Dall, 1990), in which the whole life cycle takes place
independently from brackish waters.

Different life cycles lead to differences in species niche and in their ecological
requirements. Ocean-climatic (e.g., El Nifio Southern Oscilation) and environmental
factors (e.g., temperature, salinity, grain size and composition, organic matter content)
influence the abundance of such organisms and their ability of occupying the environment
(Villareal & Hernandez-Llamas, 2005; Pereira & D’Incao, 2012). These environmental
variables might oscillate overtime, and consequently influence organisms’ abundance and
population dynamics. Therefore, long term studies are important to monitor species
abundance, especially in fishing grounds.

To assess the influence of environmental factors on the shrimp assemblage of a
tropical bay, we evaluated a dataset from fishery-independent trawls conducted in the
Ubatuba Bay for nine years spanning a 27-year period. Located in the Northern coast of
Sdo Paulo State, Ubatuba Bay, is a traditional seabob shrimp Xiphopenaeus kroyeri
(Heller, 1862) fishing area, with over a hundred trawling boats targeting this resource
(IP/APTA/SAA/SP, 2021). With a total area of 8 Km?, the bay is 4.5 km wide at its
entrance, with its width decreasing towards the beach (Mantelatto & Fransozo, 1999).
Three water masses influence this region: Coastal Water (Temperature > 20°C and
Salinity < 36); Tropical Water (Temperature > 20°C and Salinity > 36); and South
Atlantic Central Water (Temperature < 18°C and Salinity > 36) (Castro-Filho et al.,
1987). The influence of these water masses coupled with the presence of several
embayments formed by the Serra do Mar Mountain range (Suguio & Martin, 1978), and
also the transition from the tropical zone to the temperate zone, make of Ubatuba a
biodiversity hotspot for several marine organisms.

Nine shrimp species are frequently captured as seabob shrimp bycatch at the bay.
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The Penaeoidea A. longinaris, Farfantepenaeus brasiliensis (Latreille, 1817), F.
paulensis (Pérez Farfante, 1967), Litopenaeus schmitti (Burkenroad, 1936), Pleoticus
muelleri (Spence Bate, 1888), Rimapenaeus constrictus (Stimpson, 1871), and Sicyonia
dorsalis Kingsley, 1878. Also, the carideans Exhippolysmata oplophoroides (Holthuis,
1948) and Nematopalaemon schmitti (Holthuis, 1950). The influence of environmental
factors (e.g., bottom water temperature and salinity, sediment size, organic matter
content, rainfall, ENSO events) in the abundance of F. brasiliensis and F. paulensis in
the area was already investigated by Perroca et al. (2022), thus the study did not include
data concerning these species.

The study investigated the long-term trends between shrimp species abundance
and ecological patterns in Ubatuba Bay by answering the following questions: (i) how
species abundance varies through months and sampling sites at the bay? (ii) how

environmental variables influences shrimp abundance?

20



Perroca, J. F. 2023

Material and Methods

Data collection

Sampling was conducted monthly during nine years between September 1995 to
June 2022 (Table 1) in four sites at the bay (Figure 1). Shrimps were captured through
the years with the same shrimp fishing vessel, equipped with double rig nets, with 20 mm
mesh in the wings and 18 mm mesh at the cord end, and towed at an average speed of 1.7
knots. Four hauls (half an hour per site — 18,000 m? per trawl) were carried out during
daylight in the study area (Figure 1). The sites were chosen considering their position at
the bay, depth and wave exposition. Site 1 is deeper and more exposed while Site 3 is the
shallowest. As for Site 2, it is most influenced by wave action, whereas Site 4 is the most
sheltered, with less wave action (Perroca et al., 2022). An echo sounder coupled to a GPS
(Global Positioning System) was used to measure the depth of each sampling site and
guarantee the location of the trawling (Table 2).

The material was sorted on the boat and stored in plastic bags with crushed ice,
labeled and taken to the Laboratory of Biology of Marine and Freshwater Shrimps
(LABCAM), where the individuals were identified according to Pérez-Farfante and
Kensley (1997) and Costa et al. (2003), and counted (n). With the description of a new
seabob shrimp (i.e.; Xiphopenaeus dincao Carvalho-Batista, Terossi, Zara, Mantelatto,
Costa, 2020) for the area, and the impossibility of identification of past sampled years all

data regarding X. kroyeri will be considered in this work as Xiphopenaeus spp.
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Table 1 — Sampling years between 1995 and 2022 in Ubatuba Bay, southeastern coast of
Brazil

1styear  September 1995 to August 1996

2" year January to December 1998
3" year January to December 1999
4™ year July 2001 to June 2002

5t year July 2002 to June 2003

6t year July 2006 to June 2007

7t year July 2013 to June 2014

8" year  October 2016 to September 2017
oth year July 2021 to June 2022

2(10.4 m)

1(15m)
Pacific
Ocean |

Atlantic
Ocean

w.z m)

Figure 1 — The sampling sites (1, 2, 3 and 4) in Ubatuba Bay, Sao Paulo State, Brazil

Table 2 — Depth (m) and location (GPS) of each collection site.

Site Depth (m) Location (GPS)
1 15m 23°26° S/44°59° W
2 104 m 23°25°S/45°00° W
3 5m 23°26° S/45°02°W
4 9.2m 23°26° S/45°03° W
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Additionally, in each haul, a Van Dorn bottle was used to sample bottom water
used to measure temperature (mercury thermometer, °C) and salinity (specific optical
refractometer). A Van Veen grab was used to collect sediment samples used to measure
granulometry and organic matter content.

In the laboratory, the sediment was dried at 70°C for 72 h. For particle size
composition analysis, two 50-g subsamples were treated with 250 mL of a 0.2 N NaOH
solution, agitated for 5 min to release silt and clay particles, and then rinsed on a 0.063-
mm sieve. Sediments were sieved through 2 mm (gravel), 2.0-1.01 mm (very coarse
sand), 1.0-0.51 mm (coarse sand), 0.50-0.26 mm (medium sand), 0.25-0.126 mm (fine
sand), and 0.125-0.063 mm (very fine sand). Smaller particles were classified as silt-clay.
The particle size categories followed the American standard (Wentworth, 1999), and
fractions were expressed on the Phi () scale, i.e., according to the formula: ¢ = - logod,
where d = grain diameter (mm) (Tucker, 1988). For example, -1 = ¢ < 0 (very coarse
sand), 0 = ¢ <1 (coarse sand), 1 = ¢ < 2 (intermediate sand), 2 = ¢ < 3 (fine sand), 3 =¢
< 4 (very fine sand), and ¢ > 4 (silt + clay) (Hakanson & Jansson, 1983). Phi was
calculated by cumulative particle size curves plotted on a computer using the f scale, with
values corresponding to the 16th, 50th, and 84th percentiles used to determine the mean
diameter of the sediment using the formula Md = ($16 + $50 +¢$84)/3 (Tucker, 1988).
Organic matter content (%) was determined by weighing ash 3 aliquots of 10 g per
transect were placed in porcelain crucibles, heated at 500°C for 3 h, and then reweighed
(Mantelatto & Fransozo, 1999).

The samples were carried out by the NEBECC (Study Group on Crustacean
Biology, Ecology and Culture) and LABCAM (Laboratory of Biology of Marine and
Freshwater Shrimps) study groups of the Sdo Paulo State University, as part of several

master’s and doctoral research projects.
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To assess which explanatory covariate drive abundance of shrimp assemblage in
the bay (response variables), we chose eight environmental and climatic variables based
on prior knowledge from the scientific literature (Table 3). Rainfall data for Ubatuba was
obtained from the Department of Waters and Electric Energy (DAEE, 2018), and from
the National Center for Monitoring and Early Warning of Natural Disasters (CEMADEN,
2022). From the rainfall variable we obtained two new variables (i.e.; Rain — 1 and Rain
— 2), by realigning the original data with abundance, with time lag of “k” units, in which
k represents the number of lagged months (i.e.; one month, two months) (Moraes et al.,
2012). El Nifio Southern Oscillation (ENSO) data was obtained from the Climate
Prediction Center (Climate Prediction Center, 2022). The Oceanic Nifio Index (ONI) was
chosen as the index to represent ENSO events (Table 3) (Awange et al., 2016). When
surface temperature in the Nifio 3.4 region (5°N-5°S, 120-170°W) exceeded + /- 0.5 °C
for at least five consecutive months, events were classified as El Nifio and La Nifa

respectively (Trenberth & Stepaniak, 2001).

Table 3 — Covariates evaluated in statistical models of temporal variance in
abundance of the shrimp assemblage in Ubatuba Bay, Brazil.

Covariate Justification References

Rainfall (Rain), Rainfall -1 Affects salinity and nutrient discharge in Pereira & D’Incao

(Rainl) and Rainfall -2 aquatic environments 2012, Bochini et al.,

(Rain2) 2014

Bottom water salinity (Sal) Influence shrimp physiology, reproduction  Brito et al., 2000;
and habitat availability Bochini et al., 2014

Bottom water temperature Influence shrimp physiology, reproduction  Vilarreal &

(Temp) and habitat availability Hernandez-LIlamas,

Organic matter content (OM) Food availability
Granulometry (Phi) Many shrimps display burrowing behavior

ENSO Affects rainfall, sea surface temperature
and levels, abundance and recruitment

2005

Davanso et al., 2017
Somers, 1987
Pereira & D’Incao,
2012; Perroca et al.
2022
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Data analysis

Abundance of each species was used to estimate indices of catch-per-unit-of-effort
(CPUER: shimp.h) to standardize response variables. Our dataset comprised eight
response variables (CPUE A. longinaris, CPUE L. schmitti, CPUE, P. muelleri, CPUE,
R. constrictus, CPUE, S. dorsalis, CPUEn Xiphopenaeus spp., CPUE: E. oplophoroides,
CPUER N. schmitti) and nine explanatory variables (Rain, Rain -1, Rain -2, Bottom water
salinity, Bottom water temperature, Organic matter content, Phi, Months, ENSO).

To assess each species abundance variation in the area, we analyzed the monthly
variation in CPUE, and its relationship with ENSO events at sampling sites (i.e., spatio-
temporal models) with Generalized Additive Models (GAM). We selected GAMSs
because the relationships between the variables were nonlinear (Supplementary material)
and models like GAMs show adequacy to analyze such data (Wood, 2017). From data
exploration (Zuur et al., 2009), it was noticeable that the residuals from the species models
were non-normal and nonhomogeneous, having nonlinear and curvilinear patterns, high
number of zeros, over-dispersed species data, temporal dependency, and a possible
interaction between ENSO and Month. Based on data exploration results, we fitted to
each species, GAMs with factor-smooth interaction between months and ENSO variables,
and a linear term to sites (see table 6). We then tested the effect of removing the variables
ENSO and Site, to access their importance to model fitting. To determine the best model,
we used the Second-Order Information Criterion (AlICc), and the models with the lower
AICc were selected as best model (Sugiura, 1978). All fitted models presented negative
binomial distribution, due to the excess of zeros in the dataset, and used link function
identity and ARMA (Autoregressive Moving Average) correlation structure because of
the temporal correlation detected in CPUE, variables.

All analyses were performed in the software R version 4.0.3. The negative
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binomial models were fitted using the package mgcv (Wood, 2017). The AICCc values
were estimated with function AICc() from MuMin package (Barton, 2009) and the
graphical outputs with packages ggplot (Wickham, 2016) and visreg (Breheny &
Burchett, 2017).

To investigate relationships between shrimp abundance and environmental
variables (i.e., ecological models), we followed the same data exploration routine. Due to
an initially high number of covariates (eight), we checked for collinearity to avoid type 1l
errors in modeling using scatter plots and Pearson correlation coefficients (Zuur et al.,
2009). Also, we selected the more representative rain variable to each species, to avoid
collinearity, considering that rain variables originated from the same variable by lagging
rain months. The relationship between rain variables and species may be observed in table
4. In the ecological models, we fitted a global negative binomial GAM with monthly
mean values of all explanatory variables and explored the effect of dropping terms on
model selection. All models considered additive, interactive, and isolated relationships
between the explanatory variables and, to select the best GAM, we calculated the AICc
for each one. We used the criterion that models with AAICc < 2 have substantial support
for being the best model (Burnham & Anderson, 2002). From best model, we extracted
the predicted values to plot against explanatory covariates to highlight effects on CPUE,

patterns.
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Table 4 — Spearman correlation coefficients of response variables and rain variables.

Response variable Rainfall proxy p
Rain 0.017
A. longinaris abundance Rain -1 -0.010
Rain -2 -0.141*
Rain -0.526*
L. schmitti abundance Rain -1 -0.404
Rain -2 -0.178
Rain -0.244*
P. muelleri abundance Rain -1 -0.227
Rain -2 -0.116
Rain -0.193*
R. constrictus abundance Rain -1 -0.143
Rain -2 0.011
Rain 0.022
S. dorsalis abundance Rain -1 0.159
Rain -2 0.259*
Rain -0.200
Xiphopenaeus spp. abundance Rain -1 -0.299
Rain -2 -0.304*
Rain 0.054
E. oplophoroides abundance Rain -1 0.041
Rain -2 0.061*
Rain -0.162*
N. schmitti abundance Rain -1 -0.043
Rain -2 -0.019
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Results

Environmental factors

Higher values of rainfall were registered in austral summer followed by spring.
Autumn was the season in which the lower rainfall values were registered (Fig. 2A). Mean
values of bottom water salinity varied similar through seasons; however, spring showed
the lower amplitudes followed by summer (Fig. 2B). As for bottom water temperature,
higher mean values were recorded in summer, followed by spring. Winter showed the
lower mean values of temperature (Fig. 2C). Higher mean values of organic matter
content occurred in autumn and winter, while the lower mean values occurred in spring
(Fig. 2D). Phi varied similarly through seasons, reaching higher amplitudes in May and

July (Fig. 2E).
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Figure 2 — Mean values, and minimum and maximum amplitudes of [A] Rainfall (mm),

[B] Bottom water salinity (%o), [C] Bottom water temperature (°C), [D] Organic matter

content, [E] Phi during the sampling period. (Mean; SD = standard deviation; Min =

minimum; Max = maximum; Circles = outliers).
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Abundance of sampled species

A total of 566,141 shrimps were caught in the Ubatuba Bay during the sampling

period. The abundance of species per year may be observed in table 4. Among

penaeoideans, Xiphopenaeus spp. was the most abundant (82.19%) with 460,268

individuals captured, followed by A. longinaris with 51,163 individuals (9.14%) and P.

muelleri with 12,048 individuals (2.15 %). The least abundant species were L. schmitti

(0.56%).

Table 5 — Shrimp abundance per sampling year in Ubatuba Bay, Sao Paulo, Brazil.

Number of individuals

Species 95/96 98 99 01/02 02/03  06/07 13/14 16/17 21/22 Total
A. longinaris 414 4,717 340 31,844 8,321 287 2,803 2,379 58 51,163
L. schmitti 59 726 224 184 335 288 341 750 256 3,163
P. muelleri 614 36 928 3,757 578 474 791 4,636 234 12,048
R. constrictus 346 892 757 1,930 751 284 2,044 2,556 412 9,972
S. dorsalis 213 397 306 1,547 196 51 1,116 2,478 218.5 6,523
Xiphopenaeus spp. 52,415 89,770 58,761 80,850 34,949 56,046 20,061 126,839 21,370 460,268
E. oplophoroides 2,279 2,211 4,182 1,835 84 na 549 2,834 728.5 14,703
N. schmitti na 913 711 na na na 171 50 280 2,125

*na — abundance was not registered
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Spatio-temporal models: months, ENSO and site

The best model for the spatio-temporal variation in A. longinaris contained an
interactive term between ENSO and months, and a linear term on sites, and explained
70.9% of abundance variation (Deviance explained) (Table 6). Artemesia longinaris was
more abundant in the summer and in periods of neutrality (ENSO) (Fig. 3A). Abundance

was higher in site 1, the deepest, followed by site 2 (Fig. 3B).
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Figure 3 — Predicted effect of months and ENSO interaction (A) and sites (B) on A.
longinaris CPUEn.hour in the Ubatuba Bay.
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The best model for the variation in L. schmitti contained an interactive term
between ENSO and months, and an additive term on sites, and explained 32.9% of
abundance variation (Deviance explained) (Table 6). Captures were higher from April to
July, and increased in periods of El Nifio (Fig. 4A). Abundance was higher in site 3 (i.e.,
5 m deep — shallowest site) followed by site 4 (i.e., 9.2 m deep — most sheltered site) (Fig.

4B).

w Aug
=

o
O Jun
= May

ENSO

CPUER (L. schmitti)
o

Sites

Figure 4 — Predicted effect of months and ENSO interaction (A) and sites (B) on L.
schmitti CPUE..hour™ in the Ubatuba Bay.
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The best model for the variation in P. muelleri contained an interactive term
between ENSO and months, and an additive term on sites, and explained 38% of
abundance variation (Deviance explained) (Table 6). Abundance peaks were registered
from May to July, and in November (Fig. 5A). In periods of neutrality and weak La Nifia
abundance was higher (Fig. 5A). Site 1 presented the higher abundance, followed by site

2 (Fig. 6B).
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Figure 5 — Predicted effect of months and ENSO interaction (A) and sites (B) on P.
muelleri CPUEn.hour in the Ubatuba Bay.
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The best model fitted for the R. constrictus contained the variables months, ENSO
and sites, and explained 15.9% of variation in abundance (Deviance explained) (Table 6).
Higher abundance was registered from June to August and in periods of neutrality and
weak El Nifio (Fig. 6A). Site 3 showed the higher abundance, followed by site 4, with a

slightly lower abundance (Fig. 6B).
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Figure 6 — Predicted effect of months and ENSO interaction (A) and sites (B) on R.
constrictus CPUEx.hour in the Ubatuba Bay.
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The best model fitted for S. dorsalis explained 30.8% of variation in abundance
(Deviance explained) and contained the interaction between variables months and
ENSO, and a linear term to sites (Table 6). The higher abundances were recorded from
October to January, with and additional peak in June and July (Fig. 7A). Periods of
neutrality and weak La Nifia also registered increase in abundance (Fig. 7A). In
relation to the spatial distribution, site 3 showed the higher abundance, followed by

site 4 (Fig. 7B).
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Figure 7 — Predicted effect of months and ENSO interaction (A) and sites (B) on S.
dorsalis CPUEn.hour? in the Ubatuba Bay.
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The best model for the spatio-temporal variation in Xiphopenaeus spp. contained
the variable month, and a linear term on sites, and explained 25.8% of abundance
variation (Deviance explained) (Table 6). Abundance was higher from April to July, and

decreased in the following months (Fig. 8A). Site 3 showed the higher abundance of

Xiphopenaeus spp. (Fig. 8B).
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Figure 8 — Predicted effect of months (A) and sites (B) on Xiphopenaeus spp.
CPUE.hour in the Ubatuba Bay.
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The best model fitted for E. oplophoroides contained the variable month, and an
linear term on sites, and explained 19.1% of abundance variation (Deviance explained)
(Table 6). Higher abundance was registered from August to December (Fig. 9A). The

abundance was also significantly higher in site 2 (Fig. 9B).
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Figure 9 — Predicted effect of months (A) and sites (B) on E. oplophoroides. CPUEx.hour
Lin the Ubatuba Bay.

37



Perroca, J. F. 2023

The best model for the spatio-temporal variation in N. schmitti contained an
interactive term between ENSO and months, and a linear term on sites, and explained
54.4% of abundance variation (Deviance explained) (Table 6). In periods of neutrality
and weak La Nifia, abundance was higher from June to July. In periods of EI Nino
however, abundance was higher from May to August, and increased with event intensity

(Fig. 10A). Site 2 showed the highest abundance of N. schmitti (Fig. 10B).
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Figure 10 — Predicted effect of months (A) and sites (B) on N. schmitti CPUEx.hour? in
the Ubatuba Bay.
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Table 6 — Negative binomial GAMs fitted for response variables. corARMA =

Autoregressive Moving Average correlation. s = smooth factor. * Best model.

Response variable Parameters Temporal correlation AlCc
s(Month,ENSO)+ Site — 1758173
CPUE, A. longinaris s(Month,ENSO) CorARMA(florm:‘l) Month, p =" 3371016
s(Month) + Site 4 317613.0
s(Month,ENSO)+ Site _ ~ 2501.714*
CPUE, L. schmitti s(Month,ENSO) CorARMA(florm:‘l) Month, p =" 5615 546
s(Month) + Site 4 2613.849
s(Month,ENSO)+ Site _ — 2551461%
CPUE, P. muelleri s(Month,ENSO) CorARMA(flo rm:"l) Month, p =" 5645 906
s(Month) + Site 4 2580.572
s(Month,ENSO)+ Site _ — 3410407*
CPUE, R. constrictus s(Month,ENSO) CorARMA(florm:‘l) Month, p =" 3478 435
s(Month) + Site 4 3429.790
s(Month,ENSO)+ Site _ _2690.408*
CPUE, S. dorsalis s(Month,ENSO) corARMA(florm:—l) Month, p =" 5753 061
s(Month) + Site 4 2734.982
. s(Month,ENSO)+ Site _ _ 7147.960
CPUE, Xslphopenaeus s(Month,ENSO) corARMA(florm:—l) Month, p = 2615.588
Pp- s(Month) + Site 4 2613.919*
CPUE, E. s(Month ENSO)+ Site corARMA(form = ~ Month, p = 2517.800
Sobohoneres s(Month,ENSO) L oo 2571.266
piop s(Month) + Site 4 2517.593*
s(Month,ENSO)+ Site _ _ 732.7579*
CPUE, N. schmitti s(Month,ENSO) CorARMA(flormz‘l) Month, p =" 749 7508
s(Month) + Site 4 734.7650
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Ecological models: environmental variables

Model selection for variance in A. longinaris yielded two models with AAICc < 2
that may be considered as best model (Table 7). The first model contained the variables
“OM”, “Phi”, “Sal” and explained 31.6% of the variation in A. longinaris (Deviance
explained). The second model contained the variables “OM” and “Phi” and explained
30.8% of the variation (Deviance explained). Abundance decreased with the increase in
organic matter content (Fig. 11A). There was an increase in abundance in Phi of 4.5 (Fig.

11B), and CPUE..h " increases with higher salinity values (Fig. 11C).
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Figure 11 — Variation of abundance (CPUEn.hour) of Artemesia longinaris and
its relationship with the covariates selected in the best model: [A] Bottom water
temperature (°C), [B] Bottom water salinity, [C] Rainfall -2 (mm), [D] Organic matter
(%), and [E] Granulometry.
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Table 7 — Generalized additive models (GAM) adjusted for A. longinaris CPUEn.hour™.
Models with AAICc < 2 = best model. df = Degrees of freedom; logLik = Log likelihood

of a model.
Rank Parameters DF logLik AlCc AAICc
Gam28  Along ~ s(Rain2) + s(Sal) + s(Temp) 5.96 -532.29  1077.32 42.74
Gaml2  Along ~ s(Rain2) + s(Sal) 5.14  -532.77 1076.45 41.87
Gam20  Along ~ s(Rain2) + s(Temp) 4.54 -532.93 107544 40.86
Gam24  Along ~ s(Sal) + s(Temp) 5.14 -532.13  1075.16 40.58
Gam4 Along ~ s(Rain2) 3.20 -533.82  1074.31 39.73
Gams8 Along ~ s(Sal) 4.27 -532.65  1074.28 39.71
Gaml1l6  Along ~ s(Temp) 3.00 -533.23  1072.70 38.12
Gam29  Along ~ s(OM) + s(Rain2) + s(Sal) + s(Temp) 6.00 -522.55  1057.94 23.36
Gam30  Along ~ s(Phi) + s(Rain2) + s(Sal) + s(Temp) 11.64 -51562  1057.61 23.03
Gam22  Along ~ s(Phi) + s(Rain2) + s(Temp) 9.30 -517.70  1055.96 21.38
Gam21  Along~ s(OM) + s(Rain2) + s(Temp) 5.00 -522.64  1055.87 21.29
Gam25  Along ~ s(OM) + s(Sal) + s(Temp) 5.00 -522.62  1055.83 21.25
Gaml13  Along ~ s(OM) + s(Rain2) + s(Sal) 5.00 -522.57  1055.72 21.14
Gam26  Along ~ s(Phi) + s(Sal) + s(Temp) 10.97 -515.35  1055.38 20.80
Gaml4  Along ~ s(Rain2) + s(Phi) + s(Sal) 9.89 -516.49  1054.98 20.40
Gam18  Along ~ s(Phi) + s(Temp) 8.42 -517.83  1054.10 19.52
Gaml7  Along ~ s(OM) + s(Temp) 4.00 -522.72  1053.84 19.26
Gam5 Along ~ s(OM) + s(Rain2) 4.00 -522.68  1053.75 19.17
Gam9 Along ~ s(OM) + s(Sal) 4.00 -522.64  1053.66 19.08
Gaml10  Along ~ s(Phi) + s(Sal) 9.16 -516.26  1052.75 18.17
Gam6 Along ~ s(Phi) + s(Rain2) 7.24  -518.32  1052.32 17.74
Gaml Along ~ s(OM) 3.00 -522.77  1051.76 17.18
Gam2 Along ~ s(Phi) 6.24  -51853  1050.42 15.84

Gam_global Along ~ s(Temp) + s(Sal) + s(Rain2) + s(OM) + s(Phi) 11.31 -508.15 1041.82 7.24
Gam23  Along ~ s(OM) + s(Phi) + s(Rain2) + s(Temp) 10.27  -508.69  1040.33 5.75
Gam27  Along ~ s(OM)+ s(Phi) + s(Sal)+ s(Temp) 10.16  -508.30  1039.27 4.69
Gam19  Along ~ s(OM) + s(Phi) + s(Temp) 9.12 -508.91  1037.94 3.36
Gaml15  Along ~ s(OM) + s(Phi) + s(Rain2) + s(Sal) 9.47 -508.44  1037.87 3.29
Gam7 Along ~ s(OM) + s(Phi) + s(Rain2) 8.49 -509.06  1036.73 2.15
Gamll  Along ~ s(OM) + s(Phi) + s(Sal) 8.47 -508.52  1035.60 1.02
Gam3 Along ~ s(OM) + s(Phi) 7.46 -509.19  1034.58 0
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Model selection for variance in L. schmitti yielded one model with AAICc < 2 that

may be considered as best model (Table 8). This model contained the variables “OM”,

“Phi”, “Rain” and “Temp”, and explained 61.3% of variance in abundance (Deviance

explained). Abundance was non-linearly related to all selected variables, and it slightly

increased in values of Phi > 5.5 (Fig. 12A). However, abundance decreased in values of

rainfall higher than 200 mm (Fig. 12B). Higher captures were registered between 22.5°C

e 25°C (Fig. 12C) and 8 and 12% of organic matter content (Fig. 12D).
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Figure 12 — Variation of abundance (CPUEn.hour?) of Litopenaeus schmitti and

its relationship with the covariates selected in the best model: [A] Phi, [B] Rainfall (mm),

[C] Bottom water temperature (°C), and [D] Organic matter content (%).
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Table 8 — Generalized additive models (GAM) adjusted for L. schmitti CPUEn.hour™.
Models with AAICc < 2 = best model. df = Degrees of freedom; logLik = Log likelihood

of a model.

Rank Parameters DF logLik AlCc AAICc
Gams8 s(Sal) 3.00 -388.20 782.63 47.19
Gam2 s(Phi) 5.41 -384.88 781.27 45.82
Gam10 s(Phi) + s(Sal) 5.27 -383.40 777.98 42.54
Gaml s(OM) 6.37 -381.28 776.22 40.78
Gam9 s(OM) + s(Sal) 6.61 -380.07 774.37 38.92
Gam16 s(Temp) 6.53 -379.50 773.06 37.61
Gam3 s(OM) + s(Phi) 9.22 -375.28 770.94 35.49
Gam18 s(Phi) + s(Temp) 9.79 -373.55 768.84 33.39
Gaml1 S(OM) + s(Phi) + s(Sal) 7.70 -375.68 768.12 32.67
Gam17 s(OM) + s(Temp) 10.73 -370.89 765.84 30.39
Gam24 s(Sal) + s(Temp) 8.97 -372.30 764.37 28.92
Gam25 S(OM) + s(Sal) + s(Temp) 11.24 -368.82 762.99 27.55
Gam26  s(Phi) + s(Sal) + s(Temp) 10.83 -368.88 762.08 26.64
Gam13 s(OM) + s(Rain) + s(Sal) 13.15 -362.63 755.53 20.09
Gam12 s(Rain) + s(Sal) 10.25 -365.41 753.70 18.25
Gam19 S(OM) + s(Phi) + s(Temp) 17.94 -355.02 753.54 18.09
Gam5 s(OM) + s(Rain) 12.53 -361.97 752.58 17.14
Gam15 s(OM) + s(Phi) + s(Rain) + s(Sal) 14.02 -359.69 751.96 16.52
Gam4 s(Rain) 9.34 -365.29 751.23 15.78
Gam27 s(OM) + s(Phi) + s(Sal)+ s(Temp) 18.91 -352.30 750.96 1551
Gam14 s(Rain) + s(Phi) + s(Sal) 11.30 -361.94 749.38 13.94
Gam7 s(OM) + s(Phi) + s(Rain) 13.52 -358.86 748.98 13.54
Gam6 s(Phi) + s(Rain) 11.13 -361.10 747.28 11.83
Gam29 s(OM) + s(Rain) + s(Sal) + s(Temp) 17.41 -352.51 746.99 11.55
Gam28 s(Rain) + s(Sal) + s(Temp) 14.20 -355.63 744.31 8.87
Gam21 s(OM) + s(Rain) + s(Temp) 16.96 -351.71 744.10 8.65
Gam20  s(Rain) + s(Temp) 13.37 -355.60 742.04 6.59
Gam30 s(Phi) + s(Rain) + s(Sal) + s(Temp) 15.57 -351.41 739.61 4.16
Gam22 s(Phi) + s(Rain) + s(Temp) 15.44 -350.87 738.17 2.73

Gam_global s(Temp) + s(Sal) + s(Rain) + s(OM) + s(Phi) 24.80 -336.48 738.15 2.71
Gam23 S(OM) + s(Phi) + s(Rain) + s(Temp) 24.29 -336.00 735.44 0.00
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Model selection for P. muelleri resulted in two best models (Table 9). The first
model explained 32.1% of variance in abundance (Deviance explained) and contained the
variables “Phi”, “Sal”, “Temp” (Table 9). The second model explained 32.9% of variance
in abundance (Deviance explained) and contained the variables “OM?”, “Phi”, “Sal” and
“Temp” (Table 9). While P. muelleri abundance decreased with temperature increase
(Fig. 13A), it increased non-linearly in higher salinity values (Fig. 13B). Abundance

decreased with the increase in OM (Fig. 13C), and increased in Phi >5 (Fig. 13D).
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Figure 13 — Variation of abundance (CPUEx.hour?) of Pleoticus muelleri and its
relationship with the covariates selected in the best model: [A] Bottom water temperature

(°C), [B] Bottom water salinity, [C] Organic matter content (%), and [D] Phi.
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Table 9 — Generalized additive models (GAM) adjusted for P. muelleri CPUEn.hour.
Models with AAICc < 2 = best model. df = Degrees of freedom; logLik = Log likelihood

of a model.
Rank Parameters DF logLik AlCc AAICc
Gaml s(OM) 3.00 -462.01 930.26 33.82
Gams8 s(Sal) 3.00 -459.68 925.59 29.15
Gam9 s(OM) + s(Sal) 4.00 -458.29 924.97 28.52
Gam4 s(Rain) 3.00 -457.89 922.00 25.56
Gam12 s(Rain) + s(Sal) 4.00 -455.96 920.30 23.86
Gam5 s(OM) + s(Rain) 4.00 -455.01 918.41 21.97
Gam13 s(OM) + s(Rain) + s(Sal) 5.00 -453.77 918.12 21.68
Gam2 s(Phi) 3.00 -455.70 917.63 21.19
Gam3 s(OM) + s(Phi) 4.00 -453.92 916.24 19.79
Gam6 s(Phi) + s(Rain) 4.00 -452.48 913.35 16.91
Gaml1l s(OM) + s(Phi) + s(Sal) 5.00 -450.69 911.97 15.53
Gam10 s(Phi) + s(Sal) 4.01 -451.72 911.84 15.40
Gaml4 s(Rain) + s(Phi) + s(Sal) 5.71 -449.71 911.60 15.16
Gam16 s(Temp) 5.52 -449.40 910.56 14.11
Gam7 s(OM) + s(Phi) + s(Rain) 5.00 -449.96 910.52 14.08
Gam20  s(Rain2) + s(Temp) 7.29 -447.32 910.44 14.00
Gam15 s(OM) + s(Phi) + s(Rain) + s(Sal) 6.00 -448.48 909.79 13.35
Gam21 S(OM) + s(Rain) + s(Temp) 8.16 -445.40 908.63 12.19
Gam17 s(OM) + s(Temp) 6.48 -447.23 908.40 11.96
Gam28 s(Rain2) + s(Sal) + s(Temp) 8.99 -444.17 908.15 11.71
Gam24 s(Sal) + s(Temp) 7.44 -445.90 907.93 11.49
Gam29 s(OM) + s(Rain) + s(Sal) + s(Temp) 9.40 -443.49 907.78 11.34
Gam25 S(OM) + s(Sal) + s(Temp) 7.84 -444.93 906.95 10.51
Gam22 s(Phi) + s(Rain) + s(Temp) 7.93 -442.28 901.86 5.42
Gam23 S(OM) + s(Phi) + s(Rain) + s(Temp) 8.96 -440.32 900.38 3.94
Gam30 s(Phi) + s(Rain) + s(Sal)+ s(Temp) 10.11 -438.82 900.18 3.73
Gam18 s(Phi) + s(Temp) 6.78 -442.63 899.87 3.43
Gam_global s(Temp) + s(Sal) + s(Rain) + s(OM) + s(Phi) 10.02 -438.25 898.82 2.38
Gam19 S(OM) + s(Phi) + s(Temp) 8.09 -440.52 898.71 2.27
Gam26  s(Phi) + s(Sal) + s(Temp) 8.95 -439.07 897.86 141
Gam27 s(OM)+ s(Phi) + s(Sal) + s(Temp) 8.95 -438.36 896.44 0.00
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Model selection for R. constrictus yielded in 5 models that may be considered as
best model (Table 10). The model that contained the variables “OM”, “Phi”, “Sal” and
“Temp” showed the higher deviance explained, and explained 24.2% of the variance in
abundance (Table 10). Abundance decreased with the increase in bottom water
temperature (Fig. 14A), and increased in OM around 7% (Fig. 14B). It also increased in

values of Phi > 4.5 (Fig. 14C).
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Figure 14 — Variation of abundance (CPUEn.hour) of Rimapenaeus constrictus and its
relationship with the covariates selected in the best model: [A] Bottom water temperature
(°C), [B] Organic matter content (%), and [C] Phi.
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Table 10 — Generalized additive models (GAM) adjusted for R. constrictus CPUEn.hour™.
Models with AAICc < 2 = best model. df = Degrees of freedom; logLik = Log likelihood

of a model.

Rank Parameters DF logLik AlCc AAICc
Gam13 S(OM) + s(Rain) + s(Sal) 9.45 -505.88  1032.69 13.05
Gam9 s(OM) + s(Sal) 8.48 -506.78  1032.13 12.49
Gam5 s(OM) + s(Rain) 5.18 -510.53  1032.05 12.41
Gam7 S(OM) + s(Phi) + s(Rain) 7.23 -507.97  1031.59 11.95
Gam12 s(Rain) + s(Sal) 6.94 -508.24  1031.47 11.83
Gam6 s(Phi) + s(Rain) 4.54 -510.89  1031.37 11.73
Gams8 s(Sal) 5.64 -509.49  1031.00 11.36
Gaml s(OM) 4.71 -510.47  1030.88 11.24
Gam14 s(Rain) + s(Phi) + s(Sal) 9.10 -505.32  1030.70 11.06
Gam4 s(Rain) 3.00 -512.16  1030.55 10.91
Gam15 s(OM) + s(Phi) + s(Rain) + s(Sal) 11.73 -501.80  1030.19 10.55
Gam3 s(OM) + s(Phi) 6.33 -508.02  1029.64 10.00
Gam2 s(Phi) 3.01 -511.59  1029.43 9.79
Gam10 s(Phi) + s(Sal) 7.37 -506.44  1028.85 9.21
Gaml1 s(OM) + s(Phi) + s(Sal) 10.70 -502.33  1028.65 9.01
Gam30 s(Phi) + s(Rain) + s(Sal) + s(Temp) 11.53 -499.73  1025.55 5.91
Gam29 s(OM) + s(Rain) + s(Sal) + s(Temp) 11.32 -499.70  1024.96 5.32
Gam22 s(Phi) + s(Rain) + s(Temp) 8.93 -502.56  1024.78 5.14
Gam28 s(Rain) + s(Sal) + s(Temp) 6.31 -505.43  1024.39 4.75

Gam_global s(Temp) + s(Sal) + s(Rain) + s(OM) + s(Phi)  14.31 -495.13  1023.61 3.96
Gam26  s(Phi) + s(Sal) + s(Temp) 10.54 -499.68  1022.97 3.33
Gam25 S(OM) + s(Sal) + s(Temp) 10.49 -499.62  1022.72 3.08
Gam20  s(Rain) + s(Temp) 5.28 -505.73  1022.67 3.03
Gam24 s(Sal) + s(Temp) 5.33 -505.41  1022.14 2.50
Gam21 s(OM) + s(Rain) + s(Temp) 8.80 -501.16  1021.66 2.02
Gam27 s(OM)+ s(Phi) + s(Sal)+ s(Temp) 13.55 -495.06  1021.45 1.81
Gam23 s(OM) + s(Phi) + s(Rain) + s(Temp) 10.85 -498.42  1021.21 1.57
Gam18 s(Phi) + s(Temp) 6.83 -503.19  1021.10 1.46
Gam16 s(Temp) 4.29 -505.72  1020.45 0.81
Gaml7 s(OM) + s(Temp) 7.74 -501.42  1019.68 0.04
Gam19 S(OM) + s(Phi) + s(Temp) 10.01 -498.67  1019.64 0.00
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As for S. dorsalis, two models were selected as best models (Table 11). The first
model contained the variables “OM”, “Phi”, “Rain2”, “Temp”, and explained 23% of
abundance variation (Deviance explained). The second model also explained 23% of
abundance variation (Deviance explained) and contained the variables “OM”, “Phi”,
“Temp” (Table 11). Abundance decreased with the increase in OM (Fig. 15A), and
slightly increased in values of Phi close to 6 (Fig. 15B). As for rainfall (Fig. 15C) and

temperature (Fig. 15D) the increase in these variables’ values lead to a decrease in

abundance.
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Figure 15 — Variation of abundance (CPUEs.hour?) of Sicyonia dorsalis and its
relationship with the covariates selected in the best model: [A] Organic matter content

(%), [B] Phi, [C] Rainfall -2, and [D] Bottom water temperature (°C).
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Table 11 — Generalized additive models (GAM) adjusted for S. dorsalis CPUEn.hour™.
Models with AAICc < 2 = best model. df = Degrees of freedom; logLik = Log likelihood

of a model.

Rank Parameters DF logLik AlCc AAICc
Gam12 s(Rain2) + s(Sal) 4.00 -440.42 889.24 20.45
Gam13 s(OM) + s(Rain2) + s(Sal) 5.78 -437.90 888.15 19.36
Gam15 s(OM) + s(Phi) + s(Rain2) + s(Sal) 11.62 -430.67 887.66 18.88
Gam4 s(Rain2) 3.00 -440.60 887.43 18.65
Gams8 s(Sal) 3.00 -440.48 887.19 18.40
Gaml4 s(Rain2) + s(Phi) + s(Sal) 6.24 -436.74 886.87 18.08
Gam9 s(OM) + s(Sal) 4.55 -438.14 885.89 17.10
Gam5 s(OM) + s(Rain2) 4.00 -438.36 885.10 16.32
Gam6 s(Phi) + s(Rain2) 4.97 -437.16 884.85 16.06
Gam10 s(Phi) + s(Sal) 5.21 -436.84 884.73 15.94
Gaml1l s(OM) + s(Phi) + s(Sal) 8.17 -433.18 884.22 15.43
Gam7 S(OM) + s(Phi) + s(Rain2) 6.57 -434.71 883.56 14.77
Gaml s(OM) 3.00 -438.46 883.15 14.36
Gam2 s(Phi) 3.85 -437.34 882.74 13.95
Gam3 s(OM) + s(Phi) 5.30 -434.98 881.20 12.41
Gam29 S(OM) + s(Rain2) + s(Sal) + s(Temp) 8.88 -428.23 875.99 7.21
Gam28 s(Rain2) + s(Sal)+ s(Temp) 5.00 -432.50 875.59 6.81
Gam24 s(Sal) + s(Temp) 4.00 -433.07 874.53 5.74

Gam_global s(Temp) + s(Sal) + s(Rain2) + s(OM) + s(Phi)  13.12 -422.15 874.48 5.70
Gam30 s(Phi) + s(Rain2) + s(Sal) + s(Temp) 8.82 -427.48 874.36 5.57
Gam25 S(OM) + s(Sal) + s(Temp) 8.40 -427.74 873.89 5.10
Gam20  s(Rain2) + s(Temp) 4.00 -432.49 873.38 4.59
Gam26  s(Phi) + s(Sal) + s(Temp) 7.85 -428.04 873.18 4.39
Gam21 S(OM) + s(Rain2) + s(Temp) 5.96 -430.19 873.13 4.34
Gam16 s(Temp) 3.00 -433.06 872.36 3.57
Gam27 s(OM) + s(Phi) + s(Sal) + s(Temp) 12.58 -421.76 872.29 3.50
Gam22 s(Phi) + s(Rain2) + s(Temp) 7.77 -427.57 872.05 3.26
Gam17 s(OM) + s(Temp) 5.59 -429.96 871.81 3.03
Gam18 s(Phi) + s(Temp) 6.79 -428.15 870.94 2.15
Gam23 s(OM) + s(Phi) + s(Rain2) + s(Temp) 10.37 -423.59 870.37 1.58
Gaml9 S(OM) + s(Phi) + s(Temp) 9.73 -423.59 868.79 0.00
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Model selection for Xiphopenaeus spp. yielded three best models (Table 12). The
first model contained the variables “Phi” and “Rain2”, and explained 11.8% of abundance
variation (Deviance explained). The second model contained the variables “OM” and
“Rain2”, and explained 14.8% of variation (Deviance explained”. The third model
contained the variable “Rain2”, and explained 11.6% of abundance variation (Deviance
explained). Abundance was higher in values of OM around 8% (Fig. 16A), and in values

of Phi > 4.5 (Fig. 16C). Abundance values decreased with rainfall increase (Fig. 16B).
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Figure 16 — Variation of abundance (CPUEn.hour?) of Xiphopenaeus spp. and its
relationship with the covariates selected in the best model: [A] Organic matter content
(%), [B] Rainfall -2, and [C] Phi.
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Table 12 — Generalized additive models (GAM) adjusted for Xiphopenaeus spp.
CPUEn.hour. Models with AAICc < 2 = best model. df = Degrees of freedom; logLik =
Log likelihood of a model.

Rank Parameters DF logLik AICc  AAICc
Gam24 s(Sal) + s(Temp) 400 -930.33 1869.06 163.71
Gam16 s(Temp) 3.04 -930.52 1867.36 162.01
Gams8 s(Sal) 3.00 -930.34 1866.91 161.56
Gam26 s(Phi) + s(Sal) + s(Temp) 5.46 -852.81 1717.33 11.98
Gam18 s(Phi) + s(Temp) 462  -852.83 171548 10.13
Gam10 s(Phi) + s(Sal) 436  -852.94 171511 9.76
Gam27 s(OM) + s(Phi) + s(Sal) + s(Temp) 821  -848.22 171461 9.26
Gam25 s(OM) + s(Sal) + s(Temp) 7.01  -84951 171432 8.97
Gam2 s(Phi) 354  -85295 171335 7.99

Gam_global  s(Temp) + s(Sal) + s(Rain2) + s(OM) + s(Phi) 10.05 -845.18 1713.09 7.74
Gam17 s(OM) + s(Temp) 6.11  -849.64 171249 7.14
Gam19 S(OM) + s(Phi) + s(Temp) 7.28  -848.17 171227 6.92
Gam11 s(OM) + s(Phi) + s(Sal) 725  -848.19 171226 6.91

Gam9 s(OM) + s(Sal) 6.04  -849.48 171201 6.66
Gam30 s(Phi) + s(Rain2) + s(Sal) + s(Temp) 7.65 -84755 1711.91 6.56
Gam29 s(OM) + s(Rain2) + s(Sal) + s(Temp) 8.99 -845.67 171141  6.06
Gam15 s(OM) + s(Phi) + s(Rain2) + s(Sal) 9.07 -845.20 171067 531
Gam23 S(OM) + s(Phi) + s(Rain2) + s(Temp) 9.07 -845.18 1710.63  5.27
Gaml s(OM) 514  -849.61 171021 4.86
Gam3 s(OM) + s(Phi) 6.30 -848.14 1709.92 457
Gam28 s(Rain2) + s(Sal) + s(Temp) 6.71 -847.62 1709.83  4.48
Gam14 s(Rain2) + s(Phi) + s(Sal) 6.67 -84755 1709.59  4.24
Gam22 s(Phi) + s(Rain2) + s(Temp) 6.67  -847.52 1709.53 4.17
Gam13 S(OM) + s(Rain2) + s(Sal) 7.99 -845.75 1709.12  3.77
Gam21 S(OM) + s(Rain2) + s(Temp) 8.03 -845.64  1708.99 3.64
Gam7 s(OM) + s(Phi) + s(Rain2) 8.09  -84519 170826 291
Gam12 s(Rain2) + s(Sal) 573  -847.65 1707.62 2.27
Gam20 s(Rain2) + s(Temp) 5.72 -847.60 170751  2.16
Gam6 s(Phi) + s(Rain2) 568  -847.52 1707.27 191
Gams s(OM) + s(Rain2) 7.02  -84572 1706.76  1.41
Gam4 s(Rain2) 474  -847.64 170535  0.00
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Model selection for E. oplophoroides resulted in five models that could be
considered as best model (Table 13). The model that explained better the abundance
variation contained the variables “OM”, “Phi” and “Rain2”, and explained 11.2% of the
variation (Deviance explained). Abundance of E. oplophoroides was higher in values of
organic matter content of 10% (Fig. 17A). Also, abundance was higher in Phi > 4.5 (Fig.

17B) and when rainfall exceeded 400 mm (Fig. 17C).
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Figure 17 — Variation of abundance (CPUEn.hour) of Exhyppolysmata oplophoroides
and its relationship with the covariates selected in the best model: [A] Organic matter

content (%), [B] Phi, and [C] Rainfall -2 (mm).
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Table 13 - Generalized additive models (GAM) adjusted for E. oplophoroides
CPUEn.hour. Models with AAICc < 2 = best model. df = Degrees of freedom; logLik =
Log likelihood of a model.

Rank Parameters DF logLik AlCc AAICc
Gam26  s(Phi) + s(Sal) + s(Temp) 6.07 -491.55 996.21 7.50
Gam_global s(Temp) + s(Sal) + s(Rain2) + s(OM) + s(Phi) 12.00 -484.14 996.04 7.33
Gam29 S(OM) + s(Rain2) + s(Sal) + s(Temp) 9.36 -487.22 995.43 6.72
Gam24 s(Sal) + s(Temp) 4.92 -492.17 994.83 6.12
Gam25 S(OM) + s(Sal) + s(Temp) 9.15 -486.93 994.32 5.61
Gam27 s(OM) + s(Phi) + s(Sal) + s(Temp) 12.30  -482.83 994.21 5.50
Gam10 s(Phi) + s(Sal) 5.09 -491.53 993.93 5.22
Gam30 s(Phi) + s(Rain2) + s(Sal) + s(Temp) 6.79 -489.57 993.91 5.20
Gam28 s(Rain2) + s(Sal) + s(Temp) 6.14 -490.21 993.68 4.97
Gam15 s(OM) + s(Phi) + s(Rain2) + s(Sal) 10.79  -484.46 993.52 4.81
Gam23 s(OM) + s(Phi) + s(Rain2) + s(Temp) 9.19 -486.43 993.43 4.72
Gam21 S(OM) + s(Rain2) + s(Temp) 7.25 -488.64 993.15 4.44
Gam13 s(OM) + s(Rain2) + s(Sal) 8.43 -487.15 992.98 4.27
Gams8 s(Sal) 4.04 -492.17 992.87 4.16
Gam18 s(Phi) + s(Temp) 8.04 -487.49 992.72 4.01
Gaml1 s(OM) + s(Phi) + s(Sal) 11.09  -483.41 992.20 3.49
Gam9 s(OM) + s(Sal) 8.27 -486.86 992.03 3.32
Gam16 s(Temp) 3.01 -492.84 991.96 3.25
Gam19 S(OM) + s(Phi) + s(Temp) 9.70 -485.02 991.88 3.17
Gam17 s(OM) + s(Temp) 6.80 -488.52 991.84 3.13
Gam14 s(Rain2) + s(Phi) + s(Sal) 5.93 -489.50 991.78 3.07
Gam12 s(Rain2) + s(Sal) 5.03 -490.29 991.31 2.60
Gam20  s(Rain2) + s(Temp) 441 -490.93 991.21 2.50
Gam2 s(Phi) 3.00 -492.45 991.16 2.45
Gam22 s(Phi) + s(Rain2) + s(Temp) 5.00 -490.24 991.16 2.45
Gam5 s(OM) + s(Rain2) 6.26 -488.72 990.98 2.27
Gam7 s(OM) + s(Phi) + s(Rain2) 7.54 -487.03 990.61 1.39
Gam3 s(OM) + s(Phi) 8.17 -486.02 990.10 1.39
Gaml s(OM) 5.83 -488.66 989.86 1.15
Gam6 s(Phi) + s(Rain2) 4.00 -490.23 988.90 0.20
Gam4 s(Rain2) 3.01 -491.22 988.71 0.00
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As for N. schmitti, model selection resulted in one best model, that contained the
variables “Phi” and “Temp”, and explained 58.1% of abundance variation (Deviance
explained) (Table 14). Abundance was higher in values of Phi between 4.5 and 5 (Fig.

18A). There was also a higher abundance in temperature of 23°C (Fig. 15B).
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Figure 18 — Variation of abundance (CPUEx.hour) of Nematopalaemon schmitti and its

relationship with the covariates selected in the best model: [A] Phi, and [B] Bottom water
temperature (°C).
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Table 14 — Generalized additive models (GAM) adjusted for N. schmitti CPUE,.hour™.
Models with AAICc < 2 = best model. df = Degrees of freedom; logLik = Log likelihood

of a model.

Rank Parameters DF logLik AICc AAICc
Gam9 s(OM) + s(Sal) 4.42 -183.70 377.13 20.70
Gam25 S(OM) + s(Sal) + s(Temp) 9.73 -176.53 376.75 20.31
Gam8 s(Sal) 3.00 -185.04 376.51 20.07
Gam5 s(OM) + s(Rain) 6.71 -180.24 375.88 19.44
Gaml s(OM) 3.51 -183.98 375.55 19.11
Gam_global s(Temp) + s(Sal) + s(Rain) + s(OM) + s(Phi)  20.11 -156.39 374.83 18.40
Gam17 s(OM) + s(Temp) 8.35 -176.77 373.32 16.89
Gam4 s(Rain) 3.00 -183.44 373.31 16.88
Gam29 S(OM) + s(Rain) + s(Sal) + s(Temp) 10.47 -173.61 373.12 16.69
Gam21 S(OM) + s(Rain) + s(Temp) 9.67 -174.47 372.45 16.02
Gam13 s(OM) + s(Rain) + s(Sal) 7.05 -177.90 372.08 15.65
Gam24 s(Sal) + s(Temp) 7.40 -177.42 372.06 15.62
Gam12 s(Rain) + s(Sal) 4.00 -181.47 371.67 15.24
Gam28 s(Rain) + s(Sal) + s(Temp) 7.39 -177.17 371.51 15.07
Gam20 s(Rain) + s(Temp) 7.05 -177.03 370.34 13.91
Gam16 s(Temp) 6.39 -177.45 369.49 13.06
Gam15 s(OM) + s(Phi) + s(Rain) + s(Sal) 14.38 -165.28 369.25 12.81
Gam23 S(OM) + s(Phi) + s(Rain) + s(Temp) 17.96 -157.88 368.28 11.85
Gam7 s(OM) + s(Phi) + s(Rain) 13.97 -165.35 367.93 11.49
Gam27 s(OM) + s(Phi) + s(Sal) + s(Temp) 16.34 -160.77 367.52 11.08
Gaml1 s(OM) + s(Phi) + s(Sal) 10.26 -170.32 365.90 9.47
Gam10 s(Phi) + s(Sal) 8.87 -171.28 363.81 7.38
Gam3 s(OM) + s(Phi) 9.31 -170.45 363.36 6.93
Gam14 s(Rain) + s(Phi) + s(Sal) 9.89 -169.56 363.28 6.85
Gam6 s(Phi) + s(Rain) 9.63 -169.86 363.11 6.67
Gam30 s(Phi) + s(Rain) + s(Sal) + s(Temp) 1451 -161.74 362.63 6.19
Gam19 s(OM) + s(Phi) + s(Temp) 14.81 -160.95 362.13 5.69
Gam2 s(Phi) 7.94 -171.18 361.04 4.60
Gam26 s(Phi) + s(Sal) + s(Temp) 14.88 -160.15 360.78 4.35
Gam22 s(Phi) + s(Rain) + s(Temp) 14.28 -160.32 358.97 2.54
Gam18 s(Phi) + s(Temp) 13.64 -160.18 356.43 0
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Discussion

The spatial distribution of shrimp species in the Bay is directly associated with the
life cycle of the studied species and their stage of development. Litopenaeus schmitti, was
more abundant in site 3, the shallowest, and closest to the estuaries. This species presents
life cycle type 11, as proposed by Dall (1990). Reproduction and spawning occur offshore,
and then post-larvae migrate to estuaries where they will complete their juvenile
development, and when pre-adults, recruit to the adult population in deeper waters
(Garcia & Le Reste 1986; Chazaro-Olvera et al., 2009). Due to the small sized estuaries
in Ubatuba Bay (Costa et al., 2008), which are subjected to quick shifts in salinity
gradient, the permanence of L. schmitti in these environments will depend on its specific
tolerance limits.

Litopenaeus schmitti post-larvae are able to tolerate values of salinity lower than
15, although their optimum is around, which allows them to inhabit these estuaries (Rosas
et al., 1997). Similar was observed for F. paulensis, but not to F. brasiliensis by Perroca
et al. (2022) in the same Bay. Thus, juveniles of L. schmitti and F. paulensis remains in
the estuaries for longer periods, while F. brasiliensis concentrates at the estuaries entrance
or at adjacent shallow areas at the bay. After a few months, juveniles of the three species
migrate to the “5 m deep region” (site 3), the shallowest sampled area, where they were
captured more abundantly in this study and in Perroca et al. (2022), and also to site 4, a
sheltered area with low wave action. In the present study, R. constrictus and S. dorsalis
also were more abundant in site 3, regardless of their life cycle being independent from
estuaries. The presence of these species in the sampling site is related to their ecological
requirements (i.e., organic matter concentration, phi, bottom water temperature).

Xiphopenaeus spp. was also more abundant in site 3. Despite of Dall et al. (1990)

including X. kroyeri in the type Il life cycle, Castro et al. (2005) and Costa et al. (2007)
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observed that, for the northern coast of Séo Paulo, seabob shrimp juveniles do not enter
estuaries to complete their development. This probably occur due to the small sized
estuaries in the area, and Xiphopenaeus spp. tolerance in relation to salinity gradients, as
it is observed for F. brasiliensis (Costa et al., 2016). This species differs mainly in their
habits as adults. While pink shrimp adult migrates to deeper offshore areas (between 40
and 100 m deep), the seabob shrimps remain in shallower areas (up to 20 m deep) (Costa
et al., 2007). Artemesia longinaris and P. muelleri were more abundant in site 1, and the
carideans E. oplophoroides e N. schmitti were more abundant in site 2. These species
present life cycle type Il1, in which post-larvae prefer coastal waters with elevated salinity
(Dall, 1990).

Temporally, it was also possible to notice different patterns in species distribution.
The higher abundance of A. longinaris was recorded during summer, being accentuated
in period of neutrality. Its presence in site 1 and 2 through summer is associated with the
intrusion of the South Atlantic Central Water (SACW), which its reflexes in the deeper
portions of the bay lead to decrease in bottom water temperature and increase in salinity.
The pattern observed here corroborates with the literature (Costa et al., 2005, 2010;
Carvalho-Batista et al., 2011, 2018).

The white shrimp L. schmitti was more abundant in autumn and winter, and when
bottom water temperature varied between 22.5°C and 25°C. Despite of its abundance
increasing in El Nifio events, the rainfall increase affected negatively its abundance. In
Brazil, EI Nifio leads to a significant increase in seasonal precipitation in the southern and
southeast regions, especially in spring (Grimm et al., 1998, 2000), and an increase in sea
surface water temperature (Cavalcanti et al., 2009). However, Perroca et al. (2022) did
not found correlation between EI Nifio events and increase in pluviosity for the area,

possibly because the northern coast of Sdo Paulo State has the highest total precipitation
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for the country, especially in the summer (Seluchi et al., 2011; Pezzoli et al., 2013).
Therefore, increase in precipitation in winter and autumn possibly leads to an early
recruitment to the adult population in the offshore area, once most individuals captured
at the bay are juveniles. Otherwise, authors observed a positive effect of rainfall in this
species abundance a few months after it increased in areas with larger estuaries (Santos
& Freitas, 2004; Santos et al., 2008). L. schmitti was more abundant in the shallower
portions of the Bay (site 3, followed by site 4). Bochini et al. (2014) registered the same
for this species in three different bays in Ubatuba. Sites 3 and 4, are less hydrodynamic,
and present sediment composed mostly of silt and clay, which contains a higher
concentration of organic matter content available as a food resource and allows these
shrimps to burrow.

Pleoticus muelleri was more abundant from May to July (autumn-winter), and its
abundance decreased with increase in temperature, and on the contrary, increased with
salinity increase. This species showed preference for deeper areas of the bay (site 1,
followed by site 2). These results corroborate the findings of Costa et al. (2004), and also
according to Castilho et al. (2008), reproduction peaks from late spring to early summer.
So, it is possible that this peak in abundance registered in this study reflects the juvenile
recruitment at the bay.

As for R. constrictus, it was more abundant from June to August. Also, periods of
neutrality and weak El Nifio influenced positively in this species abundance. They were
more abundant in site 3, followed by site 4, the shallowest and more sheltered areas of
the bay. The models suggested decrease in abundance in elevated temperatures, however,
this resulted from the analysis methodology and does not reflect the species true
occurrence. To the ecological models, in order to decrease data dispersion, the monthly

mean of abundance and environmental factors was used. The result from this indicated
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that in periods in which the mean temperature at the bay was around 17.5°C, these
individuals were more abundant in sites 3 and 4, once they probably migrate from deeper
areas of the bay with lower temperature, to the warmer shallower sites. It is important to
notice that R. constrictus is a tropical species with preference for elevated temperatures
(Costa & Fransozo, 2004).

The rock shrimp S. dorsalis was also more abundant in sites 3 and 4, respectively,
however from October to January, and with an additional peak in June and July. Its
abundance increased in periods of neutrality and La Nifia, and also in temperature values
of 17.5°C. This is probably due to reflexes of the SACW intrusion, as was observed by
Castilho et al. (2008). Also, S. dorsalis is often found associated with macroalgae, that
are abundant in the less hydrodynamic sites of the bay, as we observed in the field.
Xiphopenaeus spp. was more abundant from April to July through the years. This is an
important result since the peak in abundance occurred within the closed season (March 1
to May 31), and these stocks are already overexploited (Miazaki, 2021).

For the carideans, E. oplophoroides was more abundant from August to December
(spring), and site 2, as was observed by Fransozo et al. (2005). As for N. schmitti, it was
more abundant from June to July in periods of neutrality and weak La Nifia. However, in
periods of El Nifio, abundance was higher from May to August. N. schmitti was also more
abundant in site 2. According with Almeida et al. (2012), individuals of N. schmitti
migrates during summer and spring to other areas, since the SACW intrusion leads to
decrease in water temperature, and this species shows preference for elevated
temperatures. The SACW intrusion also transport detritus and vegetal fragments to other
areas, decreasing the habitat and food availability for these organisms (Herrera et al.,
2017; Marques et al., 2021).

All species that had Phi as explanatory variable in the models, showed preference
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for sediments with finer texture (i.e., Silt and clay). These preference for finer sediments
is common to several Penaeoidea species, once these sediments make burrowing easier,
as was observed for A. longinaris (Fransozo et al., 2004; Costa et al., 2005),
Farfantepenaeus spp. (Williams, 1984; Costa et al., 2016), L. schmitti (Bochini et al.,
2014; Santos et al., 2020), P. muelleri (Costa et al., 2004), S. dorsalis (Castilho et al.,
2008; Piantkoski et al., 2021) and Xiphopenaeus spp. (Costa et al., 2007; Almeida et al.
2012).

The carideans N. schmitti and E. oplophoroides also showed preference for silt
and clay. Fransozo et al. (2005) registered for E. oplophoroides preference for very fine
sand. This is similar to what was found by Bernardes et al. (2020) for R. constrictus. Costa
and Fransozo (2004), showed the preference of R. constrictus for greater sediment,
however, Bernardes et al. (2020) comparing samples from 1995 and 2017, observed that
a sedimentation process occurred overtime at the bay, diminishing the environmental
heterogeneity and increasing the proportion of silt and clay in the sediment. The authors
believe that this process occurred due to the great rainfall events linked to intense EI Nifio
episodes (1997-1998 and 2015-2016), coupled with the urbanization at the area and
increase in trawling. The R. constrictus population probably adapted to this change in
sediment availability, and the same may have occurred for E. oplophoroides.

With regard to ENSO events, periods of neutrality favored the increase in
abundance of A. longinaris, P. muelleri, R. constrictus, S. dorsalis e N. schmitti. The
shrimps P. muelleri and S. dorsalis also showed higher abundances in periods of La Nifia.
In La Nifia and neutral periods, there is a shift in the atmospheric pressure gradient
favoring Northeast winds, that enhances the SACW intrusion and weakens the Coastal
Water (Castro-Filho et al., 1987; Enfield & Mayer, 1997). Thus, species that responds

negatively to elevated temperatures, as P. muelleri and S. dorsalis, in EI Nifio will migrate
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to deeper areas, which were not sampled in this study. As for El Nifio events, it favored
the abundance of L. schmitti and R. constrictus. EI Nifio is also known to increase water
surface temperature in southeast Brazil (Cavalcanti et al., 2009), thus the increase in
temperature is benefic to these species whose abundances increase in elevated
temperatures.

The combination of all these factors makes the Ubatuba Bay a hotspot for several
species of shrimp and other organisms. Therefore, long-term studies of the communities
living there, caught as species of commercial interest or accidentally, are essential for

establishing standards and measures to protect this ecosystem.
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Supplementary material — Data exploration
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Fig. S1.1 — Scatterplots with a LOESS smoother between A. longinaris CPUE, and its
covariates months and ENSO.

1.2. Qutliers and dispersion pattern
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1.3. Normality
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Fig. S1.3 — Histogram of A. longinaris CPUE. (Left) and Q-Q plots (Right) of observed
diversity against hypothetical normal distribution.
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1.5. Independency
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Fig. S1.5— Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for A. longinaris CPUE.
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. S1.7 — A coplot of A. longinaris CPUE, data against Month given the ENSO event.

1.8. Collinearity

Table. S1 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain2 — Rainfall -2.

Temp Sal

oM

Phi

Rain2

1.0

1.09

1.07

1.06

1.06
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2) Litopenaeus schmitti

2.1. Relationship between dependent and explanatory variables
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Fig. S2.1 — Scatterplots with a LOESS smoother between L. schmitti CPUE, and its
covariates months and ENSO.
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Fig. S2.2 — Box plot (Left) and Cleveland plot (Right) from L. schmitti CPUE,.
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2.3. Normality
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Fig. S2.3 — Histogram of L. schmitti CPUE,. (Left) and Q-Q plots (Right) of observed
diversity against hypothetical normal distribution.
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2.5. Independency

L. schmitti

=
LL h p—
O -
< o -4 b4 oo oo oo
O ST . e |-
0 5 10 15 20 25 30
Lag
L. schmitti
L
Q@
a o ]
T _ i e e e R telelelebintutetetsiteleleleleletetetebstasleleiotutetetsuiseleluleleietstetebtelelrisleletststs bt
= R T 1 L P L L |
L | | T T T i
0 5 10 15 20 25 30

Lag

Fig. S2.5— Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for L. schmitti CPUEh.
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2.7. Interaction
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Fig. S2.7 — A coplot of L. schmitti CPUE, data against Month given the ENSO event.

2.8. Collinearity

Table. S2 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain — Rainfall.

Temp Sal oM Phi Rain

1.14 1.09 1.08 1.06 1.18

76



Perroca, J. F. 2023

3) Pleoticus muelleri

3.1. Relationship between dependent and explanatory variables
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Fig. S3.1 — Scatterplots with a LOESS smoother between P. muelleri CPUE, and its
covariates months and ENSO.

3.2. Outliers and dispersion pattern
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Fig. S2.2 — Box plot (Left) and Cleveland plot (Right) from P. muelleri CPUE,.
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3.3. Normality
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Fig. S3.3 — Histogram of P. muelleri CPUE;. (Left) and Q-Q plots (Right) of observed
diversity against hypothetical normal distribution.
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3.5. Independency
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Fig. S3.5— Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for P. muelleri CPUE:.
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3.7. Interaction
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Fig. S3.7 — A coplot of P. muelleri CPUE, data against Month given the ENSO event.

3.8 Collinearity

Table. S3 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain — Rainfall.

Temp Sal oM Phi Rain

1.14 1.09 1.08 1.07 1.18
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4) Rimapenaeus constrictus

4.1. Relationship between dependent and explanatory variables
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4.2. Outliers and dispersion pattern
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4.3.
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Fig. S4.3 — Histogram of R. constrictus CPUE,. (Left) and Q-Q plots (Right) of observed
diversity against hypothetical normal distribution.
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ACF

Partial ACF

4.5. Independency
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Fig. S4.5 — Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for R. constrictus CPUE-.
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4.7. Interaction
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Fig. S4.7 — A coplot of R. constrictus CPUE, data against Month given the ENSO
event.

4.8 Collinearity

Table. S4 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain — Rainfall.

Temp Sal oM Phi Rain

1.14 1.09 1.08 1.06 1.18
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5) Sicyonia dorsalis

5.1. Relationship between dependent and explanatory variables
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Fig. S5.1 — Scatterplots with a LOESS smoother between S. dorsalis CPUE, and its
covariates months and ENSO.

5.2. Outliers and dispersion pattern
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Fig. S5.2 — Box plot (Left) and Cleveland plot (Right) from S. dorsalis CPUE:.
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5.3. Normality
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Fig. S5.3 — Histogram of S. dorsalis CPUE,. (Left) and Q-Q plots (Right) of observed
diversity against hypothetical normal distribution.

5.4. Homogeneity
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5.5. Independency
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Fig. S5.5 — Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for S. dorsalis CPUEx.
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5.7. Interaction

Given : ENSO
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Fig. S5.7 — A coplot of S. dorsalis CPUE, data against Month given the ENSO event.

5.8 Collinearity

Table. S5 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain2 — Rainfall -2.

Temp Sal oM Phi Rain2

1.05 1.09 1.07 1.06 1.06
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6) Xiphopenaeus spp.

6.1. Relationship between dependent and explanatory variables
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Fig. S6.1 — Scatterplots with a LOESS smoother between Xiphopenaeus spp. CPUE, and
its covariates months and ENSO.
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Fig. S6.2 — Box plot (Left) and Cleveland plot (Right) from Xiphopenaeus spp. CPUE:.
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6.3. Normality
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Fig. S6.3 — Histogram of Xiphopenaeus spp. CPUE,. (Left) and Q-Q plots (Right) of
observed diversity against hypothetical normal distribution.

6.4. Homogeneity
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6.5. Independency

Xiphopenaeus spp.
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Fig. S6.5 — Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for Xiphopenaeus spp. CPUE-.

6.6. Zeros

O
-

Frequencies
20

10

o MIIIIIIIIIIIIIIIII TR i I I

— I T T T 11 I I I
0 2042 4878 7684 10770 15196 25640 29378

Xiphopenaeus spp.

Fig. S6.6 — Frequency of Xiphopenaeus spp. CPUE-.
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Xiphopenaeus spp.

6.7. Interaction
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Fig. S6.7 — A coplot of Xiphopenaeus spp. CPUE; data against Month given the ENSO

event.

6.8. Collinearity

Table. S6 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),

Phi — Granulometry and Rain2 — Rainfall -2.

Temp

Sal

oM

Phi

Rain2

1.05

1.09

1.07

1.06

1.06

92



Perroca, J. F. 2023

7) Exhyppolysmata oplophoroides

7.1. Relationship between dependent and explanatory variables
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Fig. S7.1 — Scatterplots with a LOESS smoother between E. oplophoroides CPUE, and
its covariates months and ENSO.

7.2. Outliers and dispersion pattern
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Fig. S7.2 — Box plot (Left) and Cleveland plot (Right) from E. oplophoroides CPUE:.
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7.3. Normality
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Fig. S7.3 — Histogram of E. oplophoroides CPUE;. (Left) and Q-Q plots (Right) of
observed diversity against hypothetical normal distribution.

7.4. Homogeneity
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7.5. Independency
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Fig. S7.5— Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for E. oplophoroides CPUE-.
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7.7. Interaction
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Fig. S7.7 — A coplot of E. oplophoroides CPUE, data against Month given the ENSO
event.

7.8 Collinearity

Table. S7 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain2 — Rainfall -2.

Temp Sal oM Phi Rain2

1.06 1.06 1.06 1.04 1.07
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8) Nematopalaemon schmitti

8.1. Relationship between dependent and explanatory variables
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Fig. S8.1 — Scatterplots with a LOESS smoother between N. schmitti CPUE, and its

covariates months and ENSO.

8.2. Outliers and dispersion pattern
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Fig. S8.2 — Box plot (Left) and Cleveland plot (Right) from N. schmitti CPUE.
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8.3. Normality
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Fig. S8.3 — Histogram of N. schmitti CPUEn. (Left) and Q-Q plots (Right) of observed
diversity against hypothetical normal distribution.

8.4. Homogeneity
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8.5. Independency
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Fig. S8.5 — Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for N. schmitti CPUE..
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8.7. Interaction
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Fig. S8.7 — A coplot of N. schmitti CPUE, data against Month given the ENSO event.

8.8 Collinearity

Table. S8 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain — Rainfall.

Temp Sal oM Phi Rain

1.18 1.05 1.12 1.13 1.23
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Capitulo 2

Long-term trends in shrimp
abundance and diversity in a tropical
bay
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Long-term trends in shrimp abundance and diversity in a tropical bay

Abstract

Long-term monitoring is necessary to access the conservation status of commercial and
non-commercial shrimp species. In this study we analyzed a fishery-independent dataset,
that contained the abundance of nine shrimp species sampled in Ubatuba Bay, northern
coast of Sdo Paulo State, Brazil, over a 27-year period. We used the Principal Component
Analysis (PCA) to investigate which species were associated at the bay, and the scores
extracted from principal components (PCs) in which they were associated were used to
represent the abundance of associated species. The variable PC1 represented
Farfantepenaeus brasiliensis, F. paulensis, Rimapenaeus constrictus, Xiphopenaeus spp.
and Exhyppolysmata oplophoroides. PC2 represented Artemesia longinaris and Pleoticus
muelleri. PC3 represented Litopenaeus schmitti and Sicyonia dorsalis. Abundance of the
species represented by PC1 did not vary through sampled years. Abundance of A.
longinaris and P. muelleri were significatively higher in periods 4, 5 and 7. For L. schmitti
and S. dorsalis, their abundance was significatively higher in period 7. Period 7 was also
when diversity varied significatively, being higher than in other periods. Temperature was
the environmental factor that influenced the variance in abundance of the species
represented by PC2 and PC3, and also diversity. The decrease in temperature resulted in
higher abundances. The lower temperatures are and indicator of the South Atlantic
Central Water intrusion in the southeast coast. Also, higher values of ONI index (i.e., El
Nifo) results in decrease in the abundance of L. schmitti and S. dorsalis. Period 7, was a

period of neutrality, in which the SACW effects were enhanced.

Keywords: Artisanal fisheries, Biodiversity, Penaeoidea, Trawling.
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Introduction

Anthropogenic pressure is one of the main causes of biodiversity loss in the 21th
century, to the point it was nominated the ‘sixth mass extinction” (Leakey and Lewin
1992). While the prior extinction events in history were caused mostly by massive basaltic
volcanic eruptions, impacts of asteroids, global climate changes, among others (Ward
2000; Keller 2008), current events of species loss result from human actions (e.g.,
deforestation, pollution, species introduction) (Chapin Il et al., 2000).

In marine ecosystems, the main causes of biodiversity loss are linked to habitat
degradation, climate change, and fishing. Ecosystem effects of fisheries include shifts in
food-web structure, earlier age-at-maturity, fauna dominated by small sized individuals,
mortality of non-targeted species (e.g., bycatch and ghost fishing), and reduction of
habitat complexity (Kaiser, 2002). Out of all the fishing methods, bottom trawling is the
most adopted in shrimp and prawn fisheries worldwide (Rezende et al., 2019; Hornborg
etal., 2020; Liraet al., 2021).

Shrimps are fished offshore by industrial fleets and in coastal areas by artisanal
ones. The industrial fleet is characterized by multiple large sized vessels owned by
companies, that can fish for several days prior landing. The artisanal fishery however,
consists of small owner-operated boats of less than 12 meters, that fishes in coastal areas
targeting local sale (Pauly 2018). It has great economic and social importance specially
in developing countries, being the main source of income and animal protein for families
of fishers (Begossi et al., 2011).

In shallow tropical marine ecosystems, the artisanal fleet targets shrimps
belonging to the superfamily Penaeoidea, as these areas are important nursing and
recruiting grounds to commercial shrimps (Bauer, 2020). Therefore, trawling in coastal

areas usually leads to great mortality of young individuals, which negatively impacts on
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population dynamics, and consequently in stocks recovery overtime. Monitoring
temporal trends in abundance is imperative to stocks assessment and management. While
spatial patterns of organism’s abundance and occurrence have been extensively
investigated, studies accounting for species abundance over time are less common
(Magurran, 2007), especially those whose data was collected using consistent methods
over decades (Magurran & Henderson 2010).

In the present study, we evaluated shrimp abundance data using a 27-year period
dataset from fishery-independent trawls conducted in the Ubatuba Bay, in southeastern
Brazil. This bay is a traditional fishing ground for the seabob shrimp Xiphopenaeus
kroyeri (Heller, 1862), one of the most economically and socially important species
captured in the coast of Sdo Paulo State (Graca-Lopes et al., 2007). In 2021, 77 double
rigged boats were responsible for landing 132 ton of seabob shrimp in the municipality
of Ubatuba (IP/APTA/SAAI/SP, 2022).

The bycatch resulted from the seabob shrimp artisanal fisheries exceeds the
biomass of targeted species, and after fishes, crustaceans are the most captured (Branco
et al, 2015). Species of penaeoids such as the pink shrimps Farfantepenaeus brasiliensis
(Latreille, 1817) and F. paulensis (Pérez-Farfante, 1967), the white shrimp Litopenaeus
schmitti (Burkenroad, 1936), the Argentine stiletto shrimp Artemesia longinaris Bate,
1888, the Argentine red shrimp Pleoticus muelleri (Bate, 1888), the roughneck shrimp
Rimapenaeus constrictus (Stimpson, 1874), and the lesser rock shrimp Sicyonia dorsalis
Kingsley, 1878, are frequent and abundant in the X. kroyeri bycatch (Mantelatto et al.,
2016; Bochini et al., 2019). With the exception of S. dorsalis, and the caridean shrimp
Exhippolysmata oplophoroides (Holthuis, 1948), the remaining shrimp species are
economically important.

Considering the importance of monitoring and an expected negative influence of
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fisheries in the assemblage, the study investigated the long-term trends in shrimp species
abundance and biodiversity in a tropical bay by answering the following questions: (i)
which species are associated temporally? (ii) how did abundance and diversity vary

through years?
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Material and Methods

Study area
Located in the northern coast of S&o Paulo State, Ubatuba Bay, is part of the

coastal portion of the Biogeographic Province of the State of Sdo Paulo, a zone of faunal
transition, in which the fauna is of tropical and Patagonian origin (Palacio, 1982; Sumida
& Pires-Vanin, 1997). The bay has a total area of 8 Km2 (Mantelatto & Fransozo, 1999),
and is protected from south and southeast waves from the open sea (Muniz et al., 2006).

Ubatuba Bay is included in the Cunhambebe sector of the marine protected area
(MPA) in the northern coast of Sdo Paulo State (Decree No. 53 525, October 08, 2008).
This MPA was created to ensure the conservation and sustainable use of marine resources,
therefore fishing is only permitted for the subsistence of local communities (i.e., artisanal
fishing) outside the bay or within the bay in areas above 5 m of depth (Bernardes et al.,

2020).

Data collection

Sampling was conducted monthly during nine years between September 1995 to
June 2022 (Table 1) in four sites at the bay (Figure 1). Shrimps were captured through
the years with the same shrimp fishing vessel, equipped with double rig nets, with 20 mm
mesh in the wings and 18 mm mesh at the cord end, and towed at an average speed of 1.7
knots. Four hauls (half an hour per site — 18,000 m? per trawl) were carried out during
daylight in the study area (Figure 1). The sites were chosen considering their position at
the bay, depth and wave exposition. Site 1 is deeper and more exposed while Site 3 is the
shallowest. As for Site 2, it is most influenced by wave action, whereas Site 4 is the most
sheltered, with less wave action (Perroca et al., 2022). An echo sounder coupled to a GPS
(Global Positioning System) was used to measure the depth of each sampling site and

guarantee the location of the trawling (Table 2).
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Table 1 — Sampling periods between 1995 and 2022 in Ubatuba Bay, southeastern coast
of Brazil

September 1995 to August 1996

January to December 1998
January to December 1999
July 2001 to June 2002
July 2002 to June 2003
July 2006 to June 2007
July 2013 to June 2014
October 2016 to September 2017
July 2021 to June 2022

O oo ~NO OIS, WN -

2(10.4 m)

1(15m)
Pacific
Ocean j

Atlantic
Ocean

w.z m)

Figure 1 — The sampling sites (1, 2, 3 and 4) in Ubatuba Bay, Sao Paulo State, Brazil

Table 2 — Depth (m) and location (GPS) of each collection site.

Site Depth (m) Location (GPS)
1 15m 23°26° 427 S/44°59° 57 W
2 104 m 23°25° 16 S/45°00° 57 W
3 5m 23°26° 487 S/45°02° 127 W
4 9.2m 23926’ 337 S/45°03° 15 W
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After hauls, shrimps were packed in labeled plastic bags with ice, and kept in
coolers until they arrived in the laboratory. Shrimps were identified according to Pérez-
Farfante and Kensley (1997) and Costa et al. (2008), and counted (n). Additionally, with
the description of a new seabob shrimp (i.e.; Xiphopenaeus dincao Carvalho-Batista,
Terossi, Zara, Mantelatto, Costa, 2020) for the area, and the impossibility of identification
of past sampled years all data regarding X. kroyeri will be considered in this work as
Xiphopenaeus spp.

The samples were carried out by the NEBECC (Study Group on Crustacean
Biology, Ecology and Culture) and LABCAM (Laboratory of Biology of Marine and
Freshwater Shrimps) study groups of the Sdo Paulo State University, as part of several

master’s and doctoral research projects.

Data analysis

Abundance was used to estimates indices of catch-per-unit-effort (CPUE-:
shrimps.h™) for each species to standardize response variables. Our dataset comprised
nine response variables (CPUE, A. longinaris, CPUE, F. brasiliensis, CPUE, F.
paulensis, CPUE, L. schmitti, CPUE, P. muelleri, CPUE, R. constrictus, CPUE; S.
dorsalis, CPUE, Xiphopenaeus spp., CPUE, E. oplophoroides) and two explanatory
variables (Periods, Sites).

The abundance matrix was used to estimate the Bray-Curtis dissimilarity matrix,
in order to determine the statistical differences between shrimp assemblages among the
sampling periods through a permutational multivariate analysis of variance
(PERMANOVA; p = 0.05; Anderson, 2001). When differences in assemblages between
different periods were confirmed, a multivariate Student’s t test was applied with a

significance level of 5% (p < 0.05). Then, and Indicator Species Analysis (ISA) (Dufréne
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& Legendre, 1997) was performed to the differences between the sampling periods
highlighted by the PERMANOVA and its post-test, in order to determine which species
are important in temporal patterns. The advantage of using the ISA, it is that it accounts
for the abundance and frequency of species, and also is calculated independently for each
species in the assemblage (Bakker, 2008). The PERMANOVA was performed using the
vegan package (Oksanen et al., 2022), and its post-test using the function pairwise adonis
from package pairwiseAdonis (Arbizu, 2020). The period 6 was removed from the
PERMANOVA and ISA analysis due to the presence of NAs in the E. oplophoroides
data. The Bray-Curtis dissimilarity matrix does not accept NAs; therefore, we choose to
remove a sampling period instead of removing a specie.

To access temporal trends in species’ abundance, first we identified which shrimp
species were associated to each other at the bay, through an Analysis of Principal
Components (PCA). A Hellinger transformation was used prior to the PCA, in order to
reduce the effect of large abundances (Legendre & Gallagher, 2001). The resulting
significative principal components (PCs) were fitted in a correlation matrix (Spearman’s
correlation) with the species CPUE, to correlate these variables. The variables F.
brasiliensis, F. paulensis, R. constrictus, Xiphopenaeus spp., and E. oplophoroides were
correlated with PC1. Artemesia longinaris and P. muelleri were correlated with PC2, and
L. schmitti and S. dorsalis were correlated with PC3.

Generalized Linear Mixed Models (GLMMs) were fitted to each PC to investigate
the variance in species abundance overtime. GLMMs were chosen because they provide
a more flexible approach when analyzing nonnormal data when random effects are
present (Bolker et al., 2008), such as the sampling sites. The variable Period was
considered as the fixed effect, and the sites were considered as the random effect. Also

due to the temporal dependency registered in the data exploration, the models contained
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an autocorrelation structure of order 1. Models were fitted with the Tweedie family
distribution, once data was non-continuous, non-normal, non-integer (Supplementary
material). All models were adjusted with the function gimmTMB from the package
glmmTMB (Brooks et al., 2017). The graphical outputs were plotted with packages
ggplot2 (Wickham, 2016) and visreg (Breheny & Burchett, 2017).

GLMMs were also fitted to ecological models, in order to assess the influence of
environmental factors and El Nifio Southern Oscillation (ENSO) in the assemblage. For
each PC we fitted models with all the environmental factors and explored the effect of
dropping terms. All the models with AAICc < 2 had substantial support to be considered
as the best model (Burnham & Anderson, 2002). When more than one model presented
AAICc < 2 the most parsimonious model was chosen. The ecological models were also
fitted with the Tweedie family distribution.

To analyze the temporal trends in shrimps’ diversity, the original dataset was used
to calculate the monthly taxonomical diversity by sites, for each sampling year, which
was considered the alfa diversity. Then, alfa diversity was corrected based on the concept
of “equivalent communities” (Jost 2006), and it was estimated that q = 1 (N1 = Shannon
diversity) in order to present the same sensitivity to common and rare species (Hill, 1973;
Jost 2006). This was considered the exponential of Shannon. The correction was
performed using the package Vegan (Oksanen et al., 2022).

The values of the exponential of Shannon were considered as the response variable
in order to access if there was variation in diversity of shrimps at the bay through time. A
Generalized Linear Mixed model was fitted using the Period as the fixed effect and sites
as random effects. This model also contained a correlation structure of order 1 due to
temporal dependency on the biodiversity data. The model was fitted following the same

methodology applied to the PCs data. All analyses were performed on RStudio, Version
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1.4.1103 (R Studio Team, 2021).

Results

Environmental factors

Higher Rainfall mean values were registered in periods 1 and 2, and the lower
mean values in periods 5 and 8 (Fig. 2A). The higher mean values of salinity were
registered in period 7, and the lower in period 1 (Fig. 2B). As for temperature, the higher
mean values were registered in period 8, and the lowest in period 3 (Fig. 2C). The higher
mean values of organic matter content were registered in period 1, and the lower in period
5 (Fig. 2D). The highest mean values of Phi were registered in periods 5 and 8, and the
lowest in period 9 (Fig. 2E). The higher ENSO mean values were recorded in periods 5

and 6, and the lower in period 3 (Fig. 2F).
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Figure 2 — Mean values, and minimum and maximum amplitudes of [A] Rainfall (mm),
[B] Bottom water salinity, [C] Bottom water temperature (-C), [D] Organic matter
content, [E] Phi during, [F] El Nifio Southern Oscillation the sampling period. (Mean; SD
= standard deviation; Min = minimum; Max = maximum; Circles = outliers). Periods
1(1995-1996), 2 (1998), 3 (1999), 4 (2001-2002), 5 (2002-2003), 6 (2006-2007), 7 (2013-
2014), 8 (2016-2017), 9 (2021-2022).
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Abundance of sampled species

A total of 564016 shrimps were sampled in the Ubatuba Bay, in the 27-year
period. The abundance of species per sampling period may be observed in figure 3.
Among penaeoideans, Xiphopenaeus spp. was the most abundant (81.60%) with 460,268
individuals captured, followed by A. longinaris with 51,163 individuals (9.7%) and P.
muelleri with 12,048 individuals (2.14%). The least abundant species were L. schmitti
(0.56%) and F. paulensis (0.21%).

Regarding abundance by periods, A. longinaris was considerably more abundant
in period 4, followed by period 5 (Fig. 3A). Farfantepenaeus brasiliensis was more
abundant in period 7 (Fig. 3B), and F. paulensis in period 7, followed by period 2 (Fig.
3C). Litopenaeus schmitti was more abundant in period 8, followed by period 2 (Fig. 3D).
Pleoticus muelleri was more abundant in period 8, followed by period 4 (Fig. 3E).
Rimapenaeus constrictus was more abundant in period 8, followed by period 7 (Fig. 3F).
Sicyonia dorsalis was more abundant in periods 8 and 4 (Fig. 3G). Xiphopenaeus spp.
abundance was higher in period 8 (Fig. 3H), and E. oplophoroides in periods 1 and 3 (Fig.

31).
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Figure 3 — Shrimp abundance by sampling periods in Ubatuba Bay, [A] Artemesia
longinaris Spence Bate, 1888, [B] Farfantepenaeus brasiliensis (Latreille, 1817), [C]
Farfantepenaeus paulensis (Pérez Farfante, 1967), [D] Litopenaeus schmitti
(Burkenroad, 1936), [E] Pleoticus muelleri (Spence Bate, 1888), [F] Rimapenaeus
constrictus (Stimpson, 1871), [G] Sicyonia dorsalis Kingsley, 1878, [H] Xiphopenaeus
spp., [I] Exhippolysmata oplophoroides (Holthuis, 1948). Periods 1(1995-1996), 2
(1998), 3 (1999), 4 (2001-2002), 5 (2002-2003), 6 (2006-2007), 7 (2013-2014), 8 (2016-
2017), 9 (2021-2022). There was no data available regarding E. oplophoroides catches
for period 6.
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Trends in species’ abundance: assemblage variation

The PERMANOVA results indicated differences between the periods (p = 0.001;
F =6.3352) (Table 3). From the post-test results, differences were evidenced between the
paired seasons: 1 and 7 (p = 0.028); 1 and 9 (p = 0.028); 2 and 5 (p = 0.028); 2 and 7 (p
=0.028);2and 9 (p =0.028); 3and 8 (p =0.028); 3and 9 (p =0.028); 4 and 5 (p = 0.028);
4and 7 (p =0.028); 4 and 9 (p = 0.028); 5 and 8 (p = 0.028); 5 and 9 (p = 0.028); 7 and
8 (p=0.028); 7and 9 (p = 0.028); 8 and 9 (p = 0.028) (Table 4).

According to the results from the ISA, only five from the nine species are
associated with at least one of the periods. Artemesia longinaris was associated with
periods 4, 5 and 7. Exhyppolysmata oplophoroides was associated with all periods with
exception of period 6 (not included in the analysis) and period 7. Pleoticus muelleri was
associated with all periods with exception of period 6 (not included in the analysis) and
period 2. At last, L. schmitti and S. dorsalis were associated with periods 2, 3, 4, 5,7, 8

and 9.

Table 3 — Results of the PERMANOVA analysis applied to the shrimp assemblage in
Ubatuba Bay. (DF = Degrees of freedom; SS = Sum of squares; F = F-value in the test; p

(perm) = p-value obtained through the permutation test.

Factor DF SS R? F p (perm)
Periods 7 8.183 0.10651  6.3352  0.001***
Residual 372 68.645 0.89349
Total 379 76.828 1.00000
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Table 4 — Pairwise-PERMANOVA results based on Bray-Curtis of shrimp assemblage
in relation to periods. (DF = Degrees of freedom; SS = Sum of squares; F Model = F
value by permutation; P-value = based on 9999 permutations. Bold values indicate

significant differences (p < 0.05).

DF SS F Model R? P value P adjusted

lvs. 2 1 0.6455 2.1264 0.0221 0.048 1

lvs. 3 1 0.3031 0.9589 0.0103 0.458 1

lvs. 4 1 1.1140 3.7778 0.0386 0.004 0.112
1vs.5 1 0.8636 2.9480 0.0307 0.015 0.420
lvs. 7 1 1.1669 3.8546 0.0393 0.001 0.028
1lvs. 8 1 1.5300 6.3724 0.0641 0.002 0.056
1vs. 9 1 1.9318 8.0832 0.0791 0.001 0.028
2vs. 3 1 0.5373 1.6811 0.0179 0.108 1

2vs. 4 1 0.8228 2.7583 0.0285 0.025 0.700
2vs. 5 1 1.6938 5.7140 0.0578 0.001 0.028
2vs. 7 1 15152 4.9489 0.0500 0.001 0.028
2vs. 8 1 0.8331 3.4203 0.0354 0.012 0.336
2vs. 9 1 3.5425 14.6125 0.1345 0.001 0.028
3vs. 4 1 1.1792 3.7950 0.0396 0.003 0.084
3vs. 5 1 0.7662 2.4801 0.0265 0.016 0.448
3vs. 7 1 0.6306 1.9783 0.02105 0.049 1

3vs. 8 1 1.7789 6.9788 0.0712 0.001 0.028
3vs. 9 1 1.9571 7.7167 0.0773 0.001 0.028
4vs. 5 1 1.3955 4.8516 0.0495 0.001 0.028
4vs. 7 1 1.7207 5.7846 0.0579 0.001 0.028
4vs. 8 1 0.8269 3.5224 0.0364 0.002 0.056
4vs.9 1 3.9650 16.9645 0.1528 0.001 0.028
5vs. 7 1 0.6153 2.0817 0.0218 0.046 1.000
5vs. 8 1 2.6487 11.4082 0.1103 0.001 0.028
5vs. 9 1 1.0378 4.4901 0.0460 0.001 0.028
7vs. 8 1 2.8870 11.8948 0.1133 0.001 0.028
7vs. 9 1 1.8488 7.6531 0.0752 0.001 0.028
8vs. 9 1 4.6805 26.2542 0.2201 0.001 0.028
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Trends in species’ abundance: Temporal models

The shrimp species F. brasiliensis, F. paulensis, R. constrictus, Xiphopenaeus
spp. and E. oplophoroides were positively correlated with the PC1 axis in the PCA,
therefore the PC1 scores were extracted and used to represent these species, creating the
response variable PC1. The Generalized Linear Mixed Model fitted for the variance in
PC1 did not show significant change for these species’ abundance overtime (Table 5).

Artemesia longinaris and P. muelleri were negatively correlated with the PC2 axis
in the PCA. The Generalized Linear Mixed Model fitted for the variance in PC2 showed
that abundance was significant different in period 4 (GImmTMB z-value = 2.60, p-value
< 0.01), period 5 (GIMMTMB z-value = -2.04, p-value < 0.5) and period 7 (GImmTMB
z-value = 2.96, p-value < 0.05) (Table 6). Graphically it is possible to notice an increase
in the species abundances in periods 4, 5 and 7 (Figure 4A).

The shrimps L. schmitti and S. dorsalis were negatively correlated with the PC3
axis in the PCA. The Generalized Linear Mixed Model fitted for the variance in PC3
showed that abundance was significant different in period 7 (GImmTMB z-value = 2.39,
p-value < 0.05) (Table 7). Graphically it is possible to notice an increase in the species

abundances in period 7 (Figure 4B).
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Figure 4 — Variation of [A] PC2 and [B] PC3 through the sampled periods in Ubatuba

Bay.

Table 5 — Conditional model estimated from the fitted GLMM of PC1.

Estimate  Std. Error zvalue P value
Intercept -2.7867 0.7632 -3.651 <0.001
Period 2 -0.7201 0.8407 -0.857 0.3916
Period 3 0.5430 0.8029 0.676 0.4988
Period 4 0.0630 0.8164 0.077 0.9384
Period 5 -0.0158 0.8224 -0.019 0.9846
Period 6 -0.3874 0.8447 -0.459 0.6465
Period 7 1.1478 0.7921 1.449 0.1473
Period 8 -1.2170 0.8720 -1.396 0.1628
Period 9 -1.1388 0.8746 -1.302 0.1929

Table 6 — Conditional model estimated from the fitted GLMM of PC2.

Estimate Std. Error zvalue P value
Intercept -4.1910 0.9763 -4293  <0.001
Period 2 -0.4677 0.8132 -0.575 0.5651
Period 3 0.6598 0.7263 0.908 0.3636
Period 4 1.8009 0.6907 2.607 <0.01
Period 5 1.7458 0.6988 2.498 <05
Period 6 0.1481 0.7918 0.187 0.8515
Period 7 2.0419 0.6892 2.963 <0.05
Period 8 0.4971 0.7359 0.676 0.4993
Period 9 -0.8192 0.8008 -1.023 0.3063
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Table 7 — Conditional model estimated from the fitted GLMM of PC3.

Estimate Std. Error zvalue P value
Intercept -2.7694 0.4454 -6.217  <0.001
Period 2 0.6352 0.3941 1.612 0.1070
Period 3 0.6031 0.3876 1.556 0.1197
Period 4 0.3105 0.3994 0.777 0.4369
Period 5 0.5375 0.3888 1.383 0.1668
Period 6 -0.7250 0.4572 -1.586 0.1128
Period 7 0.8945 0.3735 2.395 <0.05
Period 8 0.5433 0.3877 1.401 0.1611
Period 9 0.7521 0.3843 1.957 0.0503

Trends in species’ abundance: Ecological models

Model selection for the ecological models of PC2 yielded in eight models with
AAICc < 2 (Table 8). Following the principle of parsimony, the chosen best model was
the model that contained the variables Sal (GImmTMB z-value = 3.24, p-value < 0.005),
Temp (GIMMTMB z-value = -3.23, p-value < 0.005), and Rain (GImmTMB z-value =
3.40, p-value < 0.001). Abundance of A. longinaris and P. muelleri increases with higher
salinity (Fig. 5A) and decreases with temperature increase (Fig. 5B). These species

abundance also increase with increase in Rainfall (Fig. 5C).
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Figure 5 — Variation in PC2 and its relationship with the covariates selected in the best
model: [A] Bottom water salinity, [B] Bottom water temperature (°C), and [C] Rainfall

(mm).

Model selection for the ecological models of PC3 yielded in eight models with
AAICc < 2 (Table 9). Following the principle of parsimony, the chosen best model was
the model that contained the variables ENSO (GImmTMB z-value = -2.30, p-value <
0.05), and Temp (GImmTMB z-value =-6.37, p-value < 0.001). Abundance of L. schmitti
and S. dorsalis decreases with ENSO intensity (Fig. 6A) and with increase in temperature

(Fig. 6B).
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Figure 6 — Variation in PC3 and its relationship with the covariates selected in the best
model: [A] ENSO, and [B] Bottom water temperature (°C).
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Table 8 — Generalized Linear Mixed Models (GLMM) adjusted for PC2. LogLik = Log

likelihood of a model; DF = Degrees of freedom; sigma? = variance.

Rank Parameters LogLik Deviance DF residuals Sigma®? AlCc AAICc
8 S(ENSO) + s(MO) + s(Phi) -210.1 420.1 423 114  438.55 27.50
6 S(ENSO) + s(Phi) -210.6 421.2 424 1.14  437.50 26.45
7 s(MO) + s(Phi) -210.3 420.7 424 114  437.01 25.96
4 S(ENSO) + s(MO) -210.1 420.2 424 114  436.53 25.48
16 S(ENSO) + s(MO) + s(Phi) + s(Rain) -207.8 415.6 422 11 436.15 25.10
5 s(Phi) -210.7 4215 425 114  435.72 24.68
2 S(ENSO) -210.7 421.4 425 114  435.70 24.65
3 s(MO) -210.4 420.8 425 114  435.02 23.97
14 S(ENSO) + s(Phi) + s(Rain) -208 416 423 11 434.40 23.35
15 s(MO) + s(Phi) + s(Rain) -207.9 415.8 423 11 434.21 23.16
12 S(ENSO) + s(MO) + s(Rain) -207.8 415.6 423 11 434.06 23.01
1 null -210.9 421.7 426 1.14  433.92 22.88
13 s(Phi) + s(Rain) -208 416 424 1.1 432.38 21.33
10 S(ENSO) + s(Rain) -208 416 424 11 432.36 21.31
11 s(MO) + s(Rain) -207.9 4158 424 1.1 43213 2108
9 s(Rain) -208 416.1 425 1.09  430.35 19.30
24 S(ENSO) + s(MO) + s(Phi) + s(Sal) -204.5 409.1 422 1.08 429.62 18.57
38 S(ENSO) + s(Phi) + s(Temp) -205.6 411.1 423 1.08  429.58 18.53
40 S(ENSO) + s(MO) + s(Phi) + s(Temp) -204.5 409 422 1.07 429.52 18.47
39 s(MO) + s(Phi) + s(Temp) -205.2 410.5 423 1.07 428.92 17.87
22 S(ENSO) + s(Phi) + s(Sal) -205 410.1 423 1.09  428.48 17.43
37 s(Phi) + s(Temp) -206 412 424 1.08 428.35 17.30
34 S(ENSO) + s(Temp) -205.9 411.8 424 1.07 428.14 17.09
36 S(ENSO) + s(MO) + s(Temp) -204.6 409.2 423 1.07  427.63 16.58
20 S(ENSO) + s(MO) + s(Sal) -204.6 409.1 423 1.08  427.53 16.49
23 s(MO) + s(Phi) + s(Sal) -204.6 409.1 423 1.08  427.53 16.48
35 s(MO) + s(Temp) -205.4 410.7 424 1.07  427.07 16.02
33 s(Temp) -206.3 412.6 425 1.07  426.90 15.85
18 S(ENSO) + s(Sal) -205.1 410.2 424 1.08 426.52 15.47
21 s(Phi) + s(Sal) -205.1 410.1 424 1.09 426.48 15.43
19 s(MO) + s(Sal) -204.6 409.1 424 1.08  425.46 14.41
32 S(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Sal) -201.1 402.1 421 1.03  424.74 13.69
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Table 8 — Continuation

Rank Parameters LogLik Deviance DF residuals Sigma? AICc AAICc
17 s(Sal) -205.1 410.3 425 1.09 42453  13.48
56 S(ENSO) + s(MO) + s(Phi) + s(Sal) + s(Temp) -200.7 401.4 421 1.04 424,07 13.03
48 S(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Temp) -200.7 401.3 421 1.02 42395 12.90
54 S(ENSO) + s(Phi) + s(Sal) + s(Temp) -201.6 403.3 422 1.04 423.78  12.73
31 s(MO) + s(Phi) + s(Rain) + s(Sal) -201.2 402.5 422 1.04 42299 11.94
30 S(ENSO) + s(Phi) + s(Rain) + s(Sal) -201.2 402.3 422 1.03 422.87 11.82
46 S(ENSO)+ s(Phi) + s(Rain) + s(Temp) -201.1 402.3 422 1.02 42282 11.77
28 S(ENSO) + s(MO) + s(Rain) + s(Sal) -201.1 402.1 422 1.03 422.65 11.60
47 s(MO) + s(Phi) + s(Rain) + s(Temp) -201 402.1 422 1.01 42257 1152
55 S(MO) + s(Phi) + s(Sal) + s(Temp) -200.8 401.6 422 1.03 42215  11.10
50 S(ENSO) + s(Sal) + s(Temp) -201.8 403.7 423 1.04 422.08 11.03
52 S(ENSO) + s(MO) + s(Sal) + s(Temp) -200.8 401.5 422 1.03 422.07 11.02
44 S(ENSO) + s(MO) + s(Rain) + s(Temp) -200.7 401.4 422 1.02 42190 10.86
53 s(Phi) + s(Sal) + s(Temp) -201.6 403.3 423 1.04 42171  10.66
29 s(Phi) + s(Rain) + s(Sal) -201.4 402.9 423 1.04 421.30 10.25
45 s(Phi) + s(Rain) + s(Temp) -201.3 402.7 423 1.01 421.11  10.07
42 S(ENSO) + s(Rain) + s(Temp) -201.3 402.5 423 1.01 42095 990
27 s(MO) + s(Rain) + s(Sal) -201.2 402.5 423 1.04 42092 987
26 S(ENSO) + s(Rain) + s(Sal) -201.2 402.3 423 1.03 420.78  9.73
43 s(MO) + s(Rain) + s(Temp) -201.1 402.1 423 1.01 420.55 950
51 s(MO) + s(Sal) + s(Temp) -200.9 401.7 423 1.03 420.15 911
49 s(Sal) + s(Temp) -201.8 403.7 424 1.04 420.01 8.96
41 s(Rain) + s(Temp) -201.4 402.9 424 1.01 419.24  8.19
25 s(Rain) + s(Sal) -201.4 402.9 424 1.04 419.21  8.16
64  S(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Sal) + s(Temp)  -195.9 391.8 420 0975 41654 550
62 S(ENSO) + s(Phi) + s(Rain) + s(Sal) + s(Temp) -196.2 392.5 421 0974 41511 4.06
63 s(MO) + s(Phi) + s(Rain) + s(Sal) + s(Temp) -195.9 391.8 421 0975 41443 338
60 S(ENSO) + s(MO) + s(Rain) + s(Sal) + s(Temp) -195.9 391.8 421 0974 41443 338
61 s(Phi) + s(Rain) + s(Sal) + s(Temp) -196.3 392.6 422 0976  413.08 2.03
58 S(ENSO) + s(Rain) + s(Sal) + s(Temp) -196.3 3925 422 0973  413.06 2,01
59 s(MO) + s(Rain) + s(Sal) + s(Temp) -195.9 391.8 422 0975 41233 1.28
57 s(Rain) + s(Sal) + s(Temp) -196.3 392.6 423 0975 411.05 0.00
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Table 9 — Generalized Linear Mixed Model (GLMM) adjusted for PC3. LogLik = Log

likelihood of a model; DF = Degrees of freedom; sigma? = variance.

Rank Parameters LogLik Deviance DF residuals Sigma? AICc  AAICe
7 s(MO) + s(Phi) -226.7 453.4 424 0.991  469.77  46.48
23 s(MO) + s(Phi) + s(Sal) -225.5 451.1 423 0.987  469.49  46.20
3 s(MO) -226.9 453.8 425 0.995  468.06  44.77
5 s(Phi) -226.8 453.7 425 0.992  467.93  44.64
19 s(MO) + s(Sal) -225.7 451.3 424 0.99 467.64  44.35
21 s(Phi) + s(Sal) -225.6 451.1 424 0.988  467.47 4417
1 null -227 454 426 0.996  466.15 42.86
17 s(Sal) -225.7 451.3 425 0.991  465.60 4231
8 S(ENSO) + s(MO) + s(Phi) -223.3 446.6 423 0.957  465.07  41.78
4 S(ENSO) + s(MO) -223.7 447.3 424 0.963  463.68  40.39
6 S(ENSO) + s(Phi) -223.4 446.9 424 0.958  463.20 39.91
31 s(MO) + s(Phi) + s(Rain) + s(Sal) -221 441.9 422 0.949 46244  39.15
24 S(ENSO) + s(MO) + s(Phi) + s(Sal) -220.8 441.7 422 0.937  462.18  38.89
2 S(ENSO) -223.7 4475 425 0.964  461.74  38.45
29 s(Phi) + s(Rain) + s(Sal) -221.1 442.3 423 0.952  460.70 37.41
20 S(ENSO) + s(MO) + s(Sal) -221 442.1 423 0.94 460.49  37.20
27 s(MO) + s(Rain) + s(Sal) -221 442.1 423 0.952  460.48  37.19
22 S(ENSO) + s(Phi) + s(Sal) -220.8 441.7 423 0.938  460.10 36.81
13 s(Phi) + s(Rain) -221.4 442.9 424 0.953  459.22 3592
11 s(MO) + s(Rain) -221.3 4425 424 0.952  458.86 3557
25 s(Rain) + s(Sal) -221.2 442.4 424 0.954  458.70  35.40
18 S(ENSO) + s(Sal) -221 442.1 424 0.94 45841  35.12
9 s(Rain) -221.5 443 425 0.955  457.23  33.94
32 S(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Sal) -215.5 431.1 421 0.905  453.69 30.40
16 S(ENSO) + s(MO) + s(Phi) + s(Rain) -216.5 432.9 422 0.915 45346  30.16
14 S(ENSO) + s(Phi) + s(Rain) -216.7 4334 423 0919 45186  28.56
28 S(ENSO) + s(MO) + s(Rain) + s(Sal) -215.6 431.3 422 0.907 45181 2852
30 S(ENSO) + s(Phi) + s(Rain) + s(Sal) -215.6 431.3 422 0.908 45181 2852
12 S(ENSO) + s(MO) + s(Rain) -216.6 433.3 423 0.917  451.70  28.40
10 S(ENSO) + s(Rain) -216.8 433.7 424 0.921  450.02  26.73
26 S(ENSO) + s(Rain) + s(Sal) -215.7 431.5 423 0.909 44988  26.59
15 s(MO) + s(Phi) + s(Rain) -207.9 415.8 423 11 43421  10.92
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Table 9 — Continuation

Rank Parameters LogLik Deviance DF residuals Sigma? AICc AAICc
63 s(MO) + s(Phi) + s(Rain) + s(Sal) + s(Temp) -205.3 410.5 421 0.823 43314 984
55 s(MO) + s(Phi) + s(Sal) + s(Temp) -206 412 422 0.828 43253 924
59 s(MO) + s(Rain) + s(Sal) + s(Temp) -205.5 410.9 422 0.825 43143 8.14
47 s(MO) + s(Phi) + s(Rain) + s(Temp) -205.4 410.9 422 0.823 43140 811
61 s(Phi) + s(Rain) + s(Sal) + s(Temp) -205.4 410.9 422 0.826  431.38  8.09
39 s(MO) + s(Phi) + s(Temp) -206.5 412.9 423 0.829 43135 8.06
51 s(MO) + s(Sal) + s(Temp) -206.2 412.5 423 0.83  430.92 7.63
53 s(Phi) + s(Sal) + s(Temp) -206.1 412.2 423 0.83 43063 7.34
35 s(MO) + s(Temp) -206.8 4135 424 0.831 429.88 6.59
45 s(Phi) + s(Rain) + s(Temp) -205.7 4114 423 0.826  429.79 6.50
43 s(MO) + s(Rain) + s(Temp) -205.7 411.3 423 0.825 429.76  6.47
37 s(Phi) + s(Temp) -206.6 413.3 424 0.831 429.60 6.31
57 s(Rain) + s(Sal) + s(Temp) -205.6 411.2 423 0.827 429.58 6.29
49 s(Sal) + s(Temp) -206.3 412.6 424 0.831 42894 565
41 s(Rain) + s(Temp) -205.8 411.7 424 0.828 428.04 475
33 s(Temp) -206.9 413.8 425 0.832 428.02 473
40 S(ENSO) + s(MO) + s(Phi) + s(Temp) -203.6 407.2 422 0.811 42771 4.42
56 S(ENSO) + s(MO) + s(Phi) + s(Sal) + s(Temp) -202.3 404.6 421 0.804 42726  3.97
64  S(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Sal) + s(Temp)  -201.2 402.4 420 0.801 427.15 3.86
36 S(ENSO) + s(MO) + s(Temp) -204 408.1 423 0.812  426.53 3.23
48 S(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Temp) -201.9 403.9 421 0.805 426.49 3.20
38 S(ENSO) + s(Phi) + s(Temp) -203.7 407.5 423 0.813 42589 260
52 S(ENSO) + s(MO) + s(Sal) + s(Temp) -202.6 405.2 422 0.804 42575 246
60 S(ENSO) + s(MO) + s(Rain) + s(Sal) + s(Temp) -201.5 402.9 421 0.8 42553 2.24
54 S(ENSO) + s(Phi) + s(Sal) + s(Temp) -202.4 404.7 422 0.805 42524 195
62 S(ENSO) + s(Phi) + s(Rain) + s(Sal) + s(Temp) -201.3 402.6 421 0.802 42524 195
44 S(ENSO) + s(MO) + s(Rain) + s(Temp) -202.3 404.5 422 0.806  425.07 1.78
46 S(ENSO)+ s(Phi) + s(Rain) + s(Temp) -202.2 404.3 422 0.808 42483 153
34 S(ENSO) + s(Temp) -204.1 408.3 424 0.814 42461 1.31
50 S(ENSO) + s(Sal) + s(Temp) -202.6 405.3 423 0.805 423.69 0.39
58 S(ENSO) + s(Rain) + s(Sal) + s(Temp) -201.5 403 422 0.802 42355 0.26
42 S(ENSO) + s(Rain) + s(Temp) -202.4 404.9 423 0.809 42329 0.00
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Trends in species ‘diversity: Temporal models

The Generalized Linear Mixed Model fitted for the variance in Exp_Shannon

showed that diversity was significant different in period 7 (GImmTMB z-value = 2.20, p-

value < 0.05) (Table 14), being higher in comparison with other periods (Fig. 25).

3.04

Exp_Shannon

3 4

Periods

Figure 7 — Variation of Exp_Shannon trough the sampling periods in Ubatuba

Bay.

Table 10 — Conditional model estimated from the fitted GLMM of Exp_Shannon.

Estimate Std. Error zvalue P value
Intercept 0.583778 0.098301 5.939 <0.001
Period 2 -0.00843 0.111439 -0.076  0.9397
Period 3 0.091082 0.111455 0.817 0.4138
Period 4 -0.01262 0.111501 -0.113  0.9099
Period 5 -0.03399 0.111499 -0.305 0.7605
Period 7 0.245409 0.111447 2.202 <0.05
Period 8 0.016795 0.111444 0.151 0.8802
Period9 -0.09436 0.111451 -0.847 0.3972
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Trends in species ‘diversity: Ecological models

Model selection for the ecological models of Exp_Shannon yielded in nine models
with AAICc <2 (Table 27). Following the principle of parsimony, the chosen best model
was the model that contained the variables Temp (GImmTMB z-value = -3.27, p-value <

0.005). Shrimp diversity decreased with the increase in temperature (Fig. 26).

2.0

Exp_Shannon

20 25 30

Bottom water temperature (*C)
Figure 8 — Variation in Exp_Shannon and its relationship with the covariate selected in

the best model: [A] Bottom water temperature (°C).
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Table 11 — Generalized Linear Mixed Model (GLMM) adjusted for Exp_Shannon.

LogLik = Log likelihood of a model; DF = Degrees of freedom; sigma? = variance.

Rank Parameters LogLik  Deviance DF residuals  sigma? AlICc AAICc
31 s(MO) + s(Phi) + s(Rain) + s(Sal) -468.2 936.4 375 0.60 954.84 12.20
27 s(MO) + s(Rain) + s(Sal) -469.1 938.2 376 0.60 954.59 11.95
16 s(ENSO) + s(MO) + s(Phi) + s(Rain) -468 936.1 375 0.60 954.58 11.94
15 s(MO) + s(Phi) + s(Rain) -469 938 376 0.60 954.43 11.79
11 s(MO) + s(Rain) -469.9 939.8 377 0.60 954.06 11.42
12 s(ENSO) + s(MO) + s(Rain) -468.8 937.5 376 0.60 953.92 11.28
8 S(ENSO) + s(MO) + s(Phi) -468.7 937.3 376 0.60 953.72 11.08
7 s(MO) + s(Phi) -469.7 939.4 377 0.61 953.67 11.03
23 s(MO) + s(Phi) + s(Sal) -468.5 937.1 376 0.60 953.47 10.84
32 s(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Sal)  -466.4 932.8 374 0.59 953.41 10.77
3 s(MO) -470.5 940.9 378 0.61 953.17 10.53
19 s(MO) + s(Sal) -469.4 938.8 377 0.60 953.14 10.51
4 S(ENSO) + s(MO) -469.3 938.6 377 0.60 952.93 10.29
29 s(Phi) + s(Rain) + s(Sal) -468.2 936.4 376 0.60 952.79 10.15
28 S(ENSO) + s(MO) + s(Rain) + s(Sal) 467.1 934.3 375 059  952.78 10.14
25 s(Rain) + s(Sal) -469.1 938.2 377 0.60 952.51 9.87
14 s(ENSO) + s(Phi) + s(Rain) -468.1 936.1 376 0.60 952.49 9.85
13 s(Phi) + s(Rain) -469 938 377 0.60 952.35 9.71
9 s(Rain) -469.9 939.8 378 0.60 952.00 9.36
10 S(ENSO) + s(Rain) -468.8 937.5 377 0.60 951.83 9.19
24 S(ENSO) + s(MO) + s(Phi) + s(Sal) 4666 9333 375 0.60  951.75 9.11
6 S(ENSO) + s(Phi) -468.7 937.4 377 0.60 951.66 9.03
5 s(Phi) -469.7 939.4 378 0.61 951.62 8.98
21 s(Phi) + s(Sal) -468.6 937.2 377 0.60 951.49 8.85
30 s(ENSO) + s(Phi) + s(Rain) + s(Sal) -466.5 932.9 375 0.59 951.43 8.79

1 null -470.5 940.9 379 0.61 951.10 8.46
17 s(Sal) -469.4 938.9 378 0.60 951.10 8.46
20 S(ENSO) + s(MO) + s(Sal) -467.3 934.7 376 0.60 951.06 8.42
2 s(ENSO) -469.3 938.6 378 0.60 950.86 8.22
26 s(ENSO) + s(Rain) + s(Sal) -467.2 934.4 376 0.59 950.74 8.10
22 S(ENSO) + s(Phi) + s(Sal) -466.7 933.5 376 0.59 949.86 7.22
18 S(ENSO) + s(Sal) -467.4 934.8 377 0.60 949.09 6.45

128



Perroca, J. F. 2023

Table 11 — Continuation

Rank Parameters LogLik Deviance DF residuals sigma? AICe AAICc
48 S(ENSO) + s(MO) + s(Phi) + s(Rain) + s(Temp) 4638  927.5 374 058  948.09 546
44 S(ENSO) + s(MO) + s(Rain) + s(Temp) 4645  929.1 375 059  947.58  4.94
63 s(MO) + s(Phi) + s(Rain) + s(Sal) + s(Temp) 4634 926.8 374 058 94743 479
64  S(ENSO)+ s(MO) + s(Phi) + s(Rain) + s(Sal) + s(Temp) ~ -462.3  924.7 373 058 94736 473
59 s(MO) + s(Rain) + s(Sal) + s(Temp) 4644 9288 375 059 94725 461
47 S(MO) + s(Phi) + s(Rain) + s(Temp) 4643 9285 375 059  947.00 436
60 S(ENSO) + s(MO) + s(Rain) + s(Sal) + s(Temp) 4631 9263 374 058  946.88 4.4
43 s(MO) + s(Rain) + s(Temp) 4652 930.3 376 059 94670  4.06
46 S(ENSO)+ s(Phi) + s(Rain) + s(Temp) 4638 927.5 375 059 94600 336
40 S(ENSO) + s(MO) + s(Phi) + s(Temp) 4638  927.5 375 058 94599 335
42 S(ENSO) + s(Rain) + s(Temp) 4646  929.1 376 059 94553  2.89
36 S(ENSO) + s(MO) + s(Temp) 4646  929.1 376 059 94549 285
55 s(MO) + s(Phi) + s(Sal) + s(Temp) 4635 926.9 375 058 94541 277
56 S(ENSO) + s(MO) + s(Phi) + s(Sal) + s(Temp) 4624 924.8 374 058 94538 274
61 s(Phi) + s(Rain) + s(Sal) + s(Temp) 4634 926.8 375 058 94532 268
51 S(MO) + s(Sal) + s(Temp) 4644 9289 376 059 94528  2.64
62 S(ENSO) + s(Phi) + s(Rain) + s(Sal) + s(Temp) 4623 9247 374 058 94527  2.63
57 s(Rain) + s(Sal) + s(Temp) 4644 9288 376 059 94516  2.52
52 S(ENSO) + s(MO) + s(Sal) + s(Temp) 4632 926.5 375 058 94495 231
45 s(Phi) + s(Rain) + s(Temp) 4643 9285 376 059 94493 229
39 S(MO) + s(Phi) + s(Temp) 4643 9285 376 059 94491 227
58 S(ENSO) + s(Rain) + s(Sal) + s(Temp) 4631 9263 375 058 94478  2.14
41 s(Rain) + s(Temp) 4652 930.4 377 059 94469  2.06
35 S(MO) + s(Temp) 4652 930.3 377 059  944.63  1.99
38 S(ENSO) + s(Phi) + s(Temp) 4638 927.5 376 059 94390 1.6
34 S(ENSO) + s(Temp) 4646 9292 377 059 94345 081
53 s(Phi) + s(Sal) + s(Temp) 4635 926.9 376 058 94332 0.68
54 S(ENSO) + s(Phi) + s(Sal) + s(Temp) 4624 924.8 375 058 94329 065
49 s(Sal) + s(Temp) 4645 9289 377 059 94321 057
50 S(ENSO) + s(Sal) + s(Temp) 4632 926.5 376 058 942.85 021
37 s(Phi) + s(Temp) -464.3 928.5 377 0.59 942.84 021
33 s(Temp) -465.2 930.4 378 0.59 942.64 0.00
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Discussion

Many studies around the world have accessed long-term fluctuations in shrimp
abundance (Haas et al., 2001; Siegel et al., 2005; Diop et al, 2007; Stallings et al., 2014).
In Brazil, however, long term datasets are scarce. In the southern region Noleto-Filho et
al. (2017) investigated temporal variation in juvenile size distribution of the pink shrimp
F. paulensis from 1996 to 2012, and in the southeast region, Heckler et al. (2014)
analyzed the long-term patterns of spatial and temporal distribution in the seabob shrimp
Xiphopenaeus kroyeri population.

In this study, the temporal models indicated that there was no significant variation
in the abundance of F. brasiliensis, F. paulensis, R. constrictus, Xiphopenaeus spp. and
E. oplophoroides from 1995 to 2022. The lack of significance in the models fitted for
pink-shrimp species probably indicates that the closed season is effective for the
maintenance of these populations in Ubatuba Bay, even if protecting them only partially
as observed by Perroca et al. (2022a). In Brazilian fisheries, the normative instruction
IBAMA n° 189/2008 forbade fishing during the pink shrimp juvenile’s recruitment from
March 1 to May 31, in the marine area between the parallels 21°18'04,00 "S (frontier
between Espirito Santo and Rio de Janeiro States) and 33°40'33,00 "S (Arroio Chui, RS).

However, the effectiveness of this protection measure was heavily discussed once
it did not include all shrimp species (Simdes et al., 2017), especially those who are not
targeted by fisheries. From 2023, the normative SAP/MAPA n°656 changed the closed
season from January 28 to April 30, within the same geographic range from the previous
normative, seeking to adequate the fishing closure with pink shrimp recruitment.
Considering that pink shrimps in Ubatuba Bay start recruiting from January (Perroca et
al., 2022a) and there was no significant variation in the populations in the past 27 years,

it is expected that these overexploited populations (Perroca et al., 2022b) could start
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recovering. As pink shrimps have relative high fecundity, fast growth and a short life
cycle, their stocks may recover if the fishing intensity is reduced and the management is
adequate to prevent recruitment overfishing (Haimovici & Cardoso, 2017). Still, the
removal of May from the closed season can be potentially prejudicial to the population,
once it’s the time in which the juveniles are recruiting from the bay to the adult stock
offshore. This calls for continuing monitoring at the area.

Considering the stabilization trends for the shrimp populations in the area, it seems
that Farfantepenaeus spp. may be acting as an umbrella species to the other shrimp
populations at a certain degree. An umbrella species is a species whose conservation is
expected to confer protection to a large number of cooccurring species (Fleishman et al.,
2000).

Rimapenaeus constrictus population probably did not variated significantly over
the sampled years because the species is mostly found in site 3 (i.e., 5 m deep), where
fishing is forbidden, so the species is not being impacted from such activity. Also, the
seabed of algae that comes with the trawling makes it difficult to sort shrimps at the boat,
making it a more time-consuming activity (field observation). As for E. oplophoroides,
its population may not have varied significantly over the sampled years, because its peak
in abundance (i.e., September to December) don’t coincide with the higher catches in the
target species at the bay, Xiphopenaeus spp. As soon as the closed season ceased in May
31, the fishing vessels would focus on capturing seabob shrimp, with higher catches
registered in June and July (IP/APTA/SAA/SP, 2023). Therefore, we could assume that
even though E. oplophoroides constitutes part of the seabob shrimp bycatch, this fishery
it is not impacting this population enough to lead in significant changes overtime.

The Xiphopenaeus spp. abundance did not variated significantly at the bay. As we

saw previously, these shrimps peaked in abundance during the closed season, which could
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explain the population stability. Also, its juveniles are more abundant in site 3 (field
observation). Heckler et al. (2014) also did not find differences in Xiphopenaeus kroyeri
abundance between the studied periods in Ubatuba Bay. Seabob shrimp present a short
life cycle, living up to 2 years in Ubatuba Bay (Miazaki et al., 2021), and have high
fecundity (Miazaki, 2021), therefore it has the ability to recover its population, much like
pink shrimp.

Artemesia longinaris and P. muelleri abundances were significatively higher in
periods 4, 5 and 7 in comparison with other periods. In periods 4, 5 and especially 7 the
lowest values of bottom water temperature were registered, which could indicate the
SACW intrusion. As observed in the ecological models for these grouped species (PC2),
their abundances increase with temperature decrease. These species are mostly
subtropical, both occurring in the Western Atlantic. A. longinaris is distributed from
Brazil (i.e., between the states of Rio de Janeiro and Rio Grande do Sul) to Argentina,
and P. muelleri from Brazil (i.e., between the states of Espirito Santo and Rio Grande do
Sul) (Mantelatto et al., 2022).

These species were also influenced by salinity, with abundances increasing in
higher salinities. The SACW has as its characteristics, temperature bellow 18°C and
salinity bellow 36, however salinity is higher to the area between the coast and 50 km
(Castro Filho et al., 1987). Another environmental factor that was significant in the
increase of these subtropical species was rainfall. Higher values of rainfall reflected in
higher abundances. A. longinaris abundance peaks in summer, and P. muelleri peaks in
spring, both being the rainiest seasons. These seasons are also when the SACW comes
near the coast in Southeast Brazil. In Southern Brazil, temperature and abundance also
modulated these species abundance. Dumont & D’Incao (2008) observed that A.

longinaris concentrates greater densities in areas of low temperature and high salinity
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associated to summer upwelling, while P. muelleri also occurs in greater densities in areas
of low temperature, but on the contrary, it is able to tolerate lower salinities.

As for L. schmitti and S. dorsalis they were significatively more abundant in
period 7. The ecological models for these grouped species (PC3) indicated that their
abundance decreases with the increase in the ONI index, which indicates periods of El
Nifio. Also, lower temperatures also lead to increase in abundance for this species.

Period 7 was a neutral period, and periods of neutrality enhances the SACW
intrusion (Castro Filho et al., 1987). Thus explains the higher abundance of these species
in this period, especially because S. dorsalis abundance peaks in spring. Sicyonia dorsalis
also shows preference for lower values of temperature (Castilho et al., 2008). L. schmitti
however, being mostly a tropical species (Mantelatto et al., 2022) does not show a
preference for lower temperature values, which indicates that this result is probably being
influenced by grouping both species.

PERMANOVA analysis indicated that species composition within the shrimp
assembly variated in several of the sampled years, with periods 7, 8 and 9 differing from
other periods the most. The ISA indicated that from the nine species analyzed, only five
contribute to changes in the assembly diversity. Artemesia longinaris was linked with
period 7; E. oplophoroides with periods 8 and 9; P. muelleri, L. schmitti and S. dorsalis
with periods 7, 8 and 9. These species were the ones that abundance varied trough years,
with exception of E. oplophoroides. However, as observed in the GLMM models,
diversity was only significantly different in period 7, in which it was higher than in other
periods. Diversity also decreases with the increase in temperature, which reflects the
preference of A. longinaris, P. muelleri, L. schmitti and S. dorsalis to lower temperatures.

Since most species abundance did not vary significatively in the past 27 years, and

those species in which abundance varied was due to environmental changes, we may
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assume that the shrimp assemblage in Ubatuba Bay have been stable, and the fishing
impacts of the seabob fishery did not contribute to decrease diversity. Nonetheless, the
area is a hotspot for several species of shrimp and other organisms. Therefore, long-term
studies of the communities living there, caught as species of commercial interest or
accidentally, are essential for monitoring, which leads to efficient measures to protect this

ecosystem.
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Supplementary material — Data exploration
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3. Normality

<
s _ -~
<7 =
——— un
S 2
T
g g8 T o]
L] o o
S kS
(C 5
o | w
D 8 g _|
o - ooM
1 1 T T | T T T T
00 05 10 3 2 1 0 1 2 3
PC1 narm quantiles

Fig. S7 — Histogram of CP1 (Left) and Q-Q plots (Right) of observed diversity
against hypothetical normal distribution.

100 180
| |
10

Frequency (%)

50
l
Observed quantiles (%)
0.5
|

\

PC2 PC2

Fig. S8 — Histogram of CP2 (Left) and Q-Q plots (Right) of observed diversity
against hypothetical normal distribution.

144



Perroca, J. F. 2023

200
|
10
o]

N,

180
|

0.0
|

Frequency (%)
100
|
Observed quantiles (%)
05
l

1
]_l

2.0 -1.0 0.0 1.0 3 2 1 0 1 2 3

PC3 PC3

Fig. S9 — Histogram of CP3 (Left) and Q-Q plots (Right) of observed diversity
against hypothetical normal distribution.

4. Homogeneity

~— E_ T B - g o o o § g8
O 1 —— e T s S s R M
I e e —— 1 —— R ] =
T I I I I 1 I I T

1 2 3 4 5 6 7 8 9

Period
6 E ] B11 TTTT:- T -'r'rT i OOT T T-I[IT.E- “8o o T 11"-'["' i .i--:r-l[
| |1|| I IQ rT 1:1 | I||| TT

o S EEUDDD;EU&EQUQU; LDaﬁEBEﬁaHDEaJDD zéﬁDEE'DU
TTTITTTTI I I T I I I I T T I T T I T I T T I T T I T I T T I T T I I I T I I T I I I TTITTTITTT

246 13 -103 07 04 -02 0 016 036 07 09 12

ENSO

Fig. S10 — Period conditional box plot (Upper) and ENSO conditional box plot (Lower)
of CP1.

145



Perroca, J. F. 2023

PC2

05 085 15

PC2

-05 05 15

Fig. S11 —
of CP2.

PC3

PC3

Fig. S12 —
of CP3_t.

L=l
-

[s]

o] I o !
° 8 o 7 : _$_—.—I"‘ff—0_c'>_
e e

1995 1998 2001 2003 2007 2014 2017 2022

-

Year

=
o o
Ir

[T ]

———-

o

[+] 2 r o r Tr .
o d Téﬁégﬂi@eﬁah@@Eggﬁ.éﬂzﬂigpﬁﬁig
2

1 o %g, gl
EID Jegaaiﬁe?ﬁg;@-—ggﬁgﬁ?gﬁ
TTTTTTTTTITTTITITTI T I T T I T T I T T I T T I T I T I T I T I T T T I T I T I TTT I TTITTITTITTITTTI
246 133 106 -076 -043 023 0 016 036 07 09 1.

ENSO

Period conditional box plot (Upper) and ENSO conditional box plot (Lower)

1 o ; ﬁ 8 o o o &2 o 4 o
S T amm it T e T =
o o ° g g 5 o - —c')— o o
o — T T T T T T T T T T 1

1995 1998 2001 2003 2007 2014 2017 2022
Year

] g T E TOL: $ © T ?TT o 1 g

o 7 =8 (et o O - &

1 T o= e ] IS 05 o
o - Q Euﬂl ﬁ@uogﬁ = EEQ T é oi@;é = z !EDE @@@ 1@9??
[Te] ] 1 o 1

ERRRRRR RN R R RN RN R R R R R R R R R AR RN R RN RERRERRRRRERERRRRRERRRRRRE
246 133 106 -076 043 023 0 016 036 07 09 12

ENSO

Period conditional box plot (Upper) and ENSO conditional box plot (Lower)

146



Perroca, J. F. 2023

5. Independency
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Fig. S13 — Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for CP1.
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7. Interaction
Given : ENSO
2 -1 0 1 2
| | 1 | 1
—_
_

T T T T T

2 4 8 8 2 4 6 g

1 1 IOI | 1 | 1

[a]
B o

ODS ;D 28 go [a] i a

° 8 . 8 E o o 38 o

? EES Oggga o

E o £ E 8 E 8 2 g1 g o o & W

~ s p B de | o | 0 Mg

g

[=]

e : g i 3
og ggoo B gﬂo ]

o |8 E 5 8 g 8 o B
2 a o 2] OE o
o o8 8 HE L | ; ;

: Piflis Yeiid
Pii B8 ew o llie o @ ilE
2 4 B8 3
Period

Fig. S19 — A coplot of CP1 data against Period given the ENSO event.

pC2

Fig.

Given: ENSO
2 1 0 1 2
1 1 1 1 1
L
| ——]
——
| —]
———
L ]
T T T T T
1995 1999 2003 2013 2017 1995 1999 2003 2013 2047
N Iy | 1 |
[] o
e 1t : 03
o B =] o a o
8° oo 8 . g8
B a 2, o - 2 8 Eo 2
E EO oas g 880 o E 2 [N} ] o
o o
9 gEsigfo 14 g aegif | ¢ §ebd § g
50 8 g 2 g o
g
o
5 2 o e (=
a a =8
o 2 o “aao 8 ° 8 o
o 8 9 ala @ ° 8§ “ol & oogg
g Og -]
08 o 2 L. o g o o
EBEE EHEESE °§si§! sls & 3 Eﬁgigg
o
T T

05 00 05 10 15

S20 — A coplot of CP2 data against Period given the ENSO event.

1995 1989 2003 2013 2017

Year

05 00 05 10 15

1.0

oo



Perroca, J. F. 2023

Given : ENSO

1995

1988 2003 2013 2017
I I A |

1995 1889 2003 2013 217
N I S I S I Iy v

7 o [ g o o o o o B
2 o o o (S
o g o 0 E § E [} ! E i o
Be BjEsisg jife § i lids -
g a E -] 0 o =] L E
o, 1 a a a8  a *
° @ s )
3 ; &
(/' o ] ]
— o 9o
e E g 8 a 28 ° o g o
= |8 ° E E 8 g o ® E oo g E oy o i oo g 8
Heg 1 T Shefougeges 5 8 BR-E%e
o | i Y
T e E MEE-E a [ o g
— o
1 ° ? ° o
- 1 _ = [-}
' rT 1T 11T 1T 1T 1T 171 T T T TT1

1995

1988 2003 2013 217

Year

Fig. S21 — A coplot of CP3 data against Period given the ENSO event.

Collinearity

Table. S1 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain — Rainfall.

Temp Sal oM Phi Rain ENSO

1.15 1.15 1.08 1.07 1.19 1.06

151



Perroca, J. F. 2023

Diversity
9. Relationship between dependent and explanatory variables
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Fig. S22 — Scatterplots with a LOESS smoother between Diversity and its covariates
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11.  Normality
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Fig. S24 — Histogram of Diversity (Left) and Q-Q plots (Right) of observed diversity
against hypothetical normal distribution.
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13. Independency
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Fig. S26 — Auto-correlation function (ACF) and partial auto-correlation function (PACF)
plot against time lag for Diversity index.
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15. Interaction
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Fig. S35 — A coplot of Diversity data against Period given the ENSO event.

16.  Collinearity

Table. S2 — Values of VIF calculated for the numerical explicative variables. Temp
— Bottom temperature (°C), Sal — Bottom salinity, OM — Organic matter content (%),
Phi — Granulometry and Rain — Rainfall.

Temp Sal oM Phi Rain ENSO

1.23 1.20 1.16 1.06 1.06 1.07
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Consideracoes finais

Os resultados nos permitiram observar a variacdo temporal e espacial da
abundancia das espeécies que compdem a assembleia de camardes da Enseada de Ubatuba
durante os meses do ano e sua relacdo com os fatores ambientais (capitulo 1), e a variagédo
da abundancia e diversidade entre os anos amostrais, ao longo de nove anos entre um
intervalo de 27 anos de coleta (capitulo 2).

Pudemos observar que a distribuicdo espacial das espécies na Enseada esta
intrinsecamente ligada ao seu ciclo de vida. Espécies com dependéncia do estuario em
seu ciclo de vida foram encontradas em maior abundancia nas areas mais rasas, ao passo
que as espécies que nao dependem de tal habitat para seu desenvolvimento foram
encontradas nas por¢cdes mais profundas da Enseada. Temporalmente, foi possivel
observar uma variacdo da presenca de algumas espécies ao longo dos meses. Esta
variacdo temporal esta ligada tanto aos ciclos reprodutivos bem como a variacdo nos
fatores ambientais. Eventos de ENSO influenciaram a abundéncia dos camardes. Periodos
de neutralidade favoreceram o aumento na abundancia de A. longinaris, P. muelleri, R.
constrictus, S. dorsalis e N. schmitti. Em La Nifia, houve aumento na abundancia de P.
muelleri e S. dorsalis. J& 0 El Nifio, favoreceu a abundancia de L. schmitti e R. constrictus.
A variavel ambiental Phi esteve presente nos modelos de todas as espécies avaliadas,
sendo um fator preponderante na presenca dos camardes.

Também foi possivel observar que ndo houve variacao significativa da abundancia
F. brasiliensis, F. paulensis, R. constrictus, Xiphopenaeus spp., e E. oplophoroides entre
0s anos amostrais. No que se refere aos camardes-rosa, o0 periodo de defeso estipulado
para as espécies que esteve vigente até 2022 (i.e., 1° marco a 31 de maio), aparentou
estabilizar as populacbes ainda que cobrindo parcialmente o recrutamento juvenil na

Enseada. O novo periodo de defeso a partir de 2023 ocorre de 28 de janeiro a 30 de abril.
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Espera-se que a incluséo de janeiro seja benéfica para as populagdes, uma vez que € a
partir deste més que os juvenis entram na Enseada para completar seu desenvolvimento.
No entanto a retirada de maio pode potencialmente ser prejudicial para as populacdes,
sendo o periodo no qual os juvenis recrutam para a populacdo adulta. Dessa forma, o
monitoramento continuo na area se faz necessario para a avaliacdo da eficacia deste novo
periodo. A abundéancia de Xiphopenaeus spp. provavelmente ndo se alterou devido a
abundancia dos juvenis ocorrer no ponto 3, local onde a pesca é proibida.

As espécies que variaram em sua abundancia ao longo do periodo amostral foram
A. longinaris, P. muelleri, L. schmitti e S. dorsalis. As primeiras duas espécies ocorreram
em maior abundancia nos periodos 4 (jul/2001-jun/2002), 5 (jul/2002-jun2003) e 7
(jul/2013-jun/2014), e as duas ultimas apenas para o periodo 7. O periodo 7 também foi
o0 periodo no qual a maior diversidade foi registrada. A variacdo da abundancia destas
espeécies e da diversidade na Enseada de Ubatuba entre os anos esteve intrinsecamente
relacionada com a variacdo da temperatura. Os periodos de maior abundancia e
diversidade foram aqueles que apresentaram menores valores de temperatura de fundo.

Considerando que ndo ocorreu variacdo significativa de F. brasiliensis, F.
paulensis, R. constrictus, Xiphopenaeus spp., € E. oplophoroides ao longo dos anos, e que
as abundancias de A. longinaris, P. muelleri, L. schmitti e S. dorsalis sdo influenciadas
pela variacdo ambiental, com cautela, podemos deduzir indiretamente que a assembleia
de camardes esta estavel na Enseada de Ubatuba.

Devemos considerar também que este € um estudo realizado com dados
independentes da pesca. Uma vez que nosso esfor¢co amostral se manteve constante ao
longo dos anos, os fatores ambientais e periodos amostrais sdo as principais variaveis
explicativas consideradas. Sugerimos paralelamente o estudo com dados dependentes da

pesca para avaliar se estes resultados se repetem. Também podemos concluir que estudos
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de longo prazo sdo essenciais para 0 monitoramento de espécies impactadas pela
atividade pesqueira, e para a avaliacdo da eficacia de medidas de mitigacdo de tal

atividade econdmica.
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