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SOUZA, CRISTIANE MARINHO DE Influéncia do Aumento da Temperatura Sobre a
Toxicidade de Agrotoxicos para a Biota Aquatica: uma revisdo sistematica com
meta-andlise sob a perspectiva das mudangas climaticas 2021. Dissertagdo (Mestrado em
Desastres Naturais) - Universidade Estadual Paulista (Unesp), Instituto de Ciéncia e
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Sao José dos Campos, 2021.

RESUMO

Desastre ¢ considerado o resultado de eventos adversos, naturais ou provocados pelo ser
humano sobre um cendrio vulneravel, causando perturbagdo ao funcionamento de uma
comunidade envolvendo perdas e danos humanos, materiais, econOmicos ou ambientais.
Desastre meteorologico, subgrupo temperatura extrema, tipo ondas de calor, ¢ definido por
temperaturas extremas com ondas de calor onde as temperaturas fiquem acima de um valor
normal esperado do planeta e ¢ a principal previsdo das mudancgas climaticas globais. No
cenario das mudancas globais do clima, degradac¢ao do solo, proliferagdo de espécies nocivas
e perdas associadas na producao agricola ¢ provavel que o uso de agrotoxicos se intensifique,
bem como o transporte desses produtos quimicos ao meio ambiente. Nesse contexto, estudos
tém destacado a influéncia da temperatura nos efeitos toxicos dos poluentes para a biota
aquatica. A presente pesquisa, por meio de uma revisdo sistematica com meta-analise,
levantou, comparou e analisou estudos sobre o aumento da temperatura e na toxicidade de
pesticidas para a biota aquatica. Foram pesquisados estudos experimentais que avaliaram
efeitos do aumento nos valores de temperatura sobre a acao de pesticidas para organismos
aquaticos de dgua doce (microalgas, invertebrados e vertebrados) em termos de alteragcdes nas
medidas de aptidao, respostas moleculares e regulacdo fisiologica. Os agrotoxicos foram
classificados como levemente e moderadamente perigosos. As bases de dados disponiveis nos
sites da Science Direct, Scielo e Web of Science foram utilizadas para a realizagdo da revisao
bibliografica seguindo o protocolo PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analysis 2009). Utilizou-se o pacote R (versdo 2.15.1; R Development
Core Team 2012) “Metafor” para a realizagdo da meta-analise. Sessenta artigos que avaliaram
respostas bioldgicas de organismos de agua doce a exposicao isolada e combinada de
agroquimicos e temperatura foram revisados e seis estudos preencheram os critérios de
inclusdo desta pesquisa. Em geral, a meta-analise indicou efeitos mais negativos sobre os
organismos na exposicdo combinada entre agroquimicos e elevados valores de temperatura.
As varidveis respostas mais afetadas pelo estressor agrotoxico isolado, elevagdo de
temperatura isolada e a combinacdo de ambos os estressores foram aptiddo e alteragdes
morfoldgicas. Microalga e invertebrados foram mais sensiveis aos estressores isolados e em
associagdo em comparagdo aos vertebrados. Esta pesquisa contribuiu com maiores
esclarecimentos sobre as interacdes do aumento de temperatura e a presenca de agrotoxicos
para a biota aos ecossistemas de dgua doce, relacionado as mudangas climaticas.

Palavras-chave: desastres, pesticidas, ecossistemas aquaticos, aquecimento.



SOUZA, CRISTIANE MARINHO DE Influence of Temperature on the Toxicity of Pesticides
to Biota Aquatic: a systematic review with meta-analysis from the perspective of climate
change 2021. Dissertation (Master's degree in Natural Disaster) - Sao Paulo State University
(Unesp), Institute of Science and Technology, National Center for Monitoring and Early
Warning of Natural Disasters (Cemaden), Sao José dos Campos, 2021.

ABSTRACT

Disaster is considered the result of adverse events, natural or manmade, in a vulnerable
scenario, causing disturbance to the functioning of the community involving human, material,
economic or environmental losses and damages. Meteorological disaster, subgroup extreme
temperature, like heat waves, is defined by extreme temperatures with heat waves where
temperatures are above a normal expected value of the planet is the main prediction of global
climate change. In the context of global climate change, soil degradation, proliferation of
harmful species and associated losses in agricultural production, it is likely that the use of
pesticides will intensify, as well as the transport of these chemicals to the environment.

In this context, studies have highlighted the influence of temperature on the toxic effects of
pollutants on aquatic biota. The present research, through a systematic review study with
meta-analysis, raised, compared and analyzed studies on the evaluation of temperature
increase in pesticide toxicity to aquatic biota. Experimental studies that evaluated the effects
of increasing temperature values on the action of pesticides on freshwater aquatic organisms
(microalgae, invertebrates and vertebrates) in terms of changes in fitness measures,
molecular responses and physiological regulation were investigated. Pesticides were
classified as mildly and moderately hazardous. The databases available on the Science
Direct, Scielo and Web of Science websites were used to carry out the literature review
following the PRISMA protocol (Preferred Reporting Items for Systematic Reviews and
Meta-Analysis 2009). The R package (version 2.15.1; R Development Core Team 2012)
“Metafor” was used to carry out meta-analysis. Sixty articles that evaluated biological
responses of freshwater organisms to isolated and combined exposure to agrochemicals and
temperature were reviewed and six studies met the inclusion criteria for this research. In
general, the meta-analysis indicated more negative effects on organisms in the combined
exposure between agrochemicals and high temperature values. Aptitude and morphological
changes were the responses most affected by the isolated pesticide stressor, isolated
temperature rise and the combination of both stressors. Microalgae and invertebrates were
more sensitive to isolated and associated stressors compared to vertebrates This research
contributed further clarification on the interactions of temperature increase and the presence
of pesticides for biota to freshwater ecosystems, related to climate change.

Keywords: disasters, ecotoxicology, pesticides, aquatic ecosystems, heating.






1 INTRODUCAO

A Politica Nacional de Defesa Civil (2000) define desastre como resultado de
eventos adversos naturais ou provocados pelo ser humano sobre um ecossistema vulneravel,
causando danos humanos materiais ou ambientais e consequentes prejuizos econdmicos e
sociais. J& os desastres naturais estdo relacionados ao impacto de corpos oriundos do espago
sideral sobre a superficie da Terra, aos fendmenos atmosféricos, hidrolégicos e/ou
meteoroldgicos que ocorrem na atmosfera terrestre, as forcas atuantes nas camadas
superficiais e profundas da litosfera, a ruptura do equilibrio dinamico entre os bidtopos € a
biocenose dos ecossistemas e na propria biocenose.

Vivemos em uma sociedade de risco, onde as ameacgas se multiplicam a medida que
enfrentamos mais tipos de perigos — ndo apenas os riscos naturais ‘usuais’, mas também o
crescente numero de perturbacdes naturais induzidas pelo ser humano. Cada vez mais,
pessoas e bens estdo expostos ao risco, & medida que a populagdo cresce os assentamentos se
expandem, ainda que melhorias sociais e tecnoldgicas existam, elas ndo conseguem reduzir as
vulnerabilidades de paises, regides ou cidades (BANICA et al., 2020).

Segundo o Global Assessment Report on Disasters Risk Reduction — GAR (2019) a
Terra ¢ um sistema de sistemas e o pensamento sistémico ¢ essencial para criar o futuro
consagrado na Agenda 2030. A interagao sist€émica entre humanos ¢ o ambiente que consiste
nas entrada, saida e estoque de materiais e energia necessarias para sustentar as necessidades
fisioloégicas de alimento, ar, 4gua e abrigo, bem como outros bens e servigos, nos forca a
refletir sobre grande nimero de seres humanos, mudanga do clima e dinamica e conexao
global dos mundos biologico e fisico, individuos e comunidades a gerir o risco para
salvaguardar com planejamento e resiliéncia a todos.

Segundo o The International Disasters Database (EM-DAT, 2020) o numero de
pessoas afetadas por desastres sofrendo danos e perturbacdes dos meios de subsisténcia
especialmente na agricultura e os danos econdmicos associados esta crescendo. Os impactos
estdo sendo sentidos no aumento da frequéncia de condi¢des de eventos climaticos extremos:
ondas de calor, secas, inundacdes, tempestades de inverno, furacdes e incéndios florestais.
Acgdes de alertas precoces e a organizagdo para respostas aos desastres a natureza estdo cada

vez mais intrinsecas aos riscos sistémicos de desastres, sobrepondo a fatores de risco como:
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mudancga climatica, perda da biodiversidade, pobreza, polui¢ao, crescimento populacional de
pessoas em area de risco, urbanizagdo descontrolada e, requerendo maior fortalecimento de
governanga dos riscos de desastres.

Esta base de dados relata que desastres ja atingiram aproximadamente 1,23 milhdes
de vidas, uma média de 60.000 por ano, e afetaram um total de mais de 4 bilhdes de pessoas
em mais de uma ocasido. As perdas econdmicas ficaram em torno de aproximadamente US
$2.97 trilhdes em todo o mundo. Esses dados representam um aumento do nimero de
registros dos eventos de desastre em compara¢do com os vinte anos anteriores.

Entre 1980 e 1999, o EM DAT registrou 4.212 desastres ligados a riscos naturais em
todo o mundo que afetaram mais de 3 bilhdes de pessoas e as perdas economicas totalizaram
US $1.63 trilhdes. Os registros demonstraram que parte do aumento dos eventos de desastres
esta relacionada ao clima e, entre 2000 e 2019, houve 510.837 mortes e 3.9 bilhdes de pessoas
afetadas por desastres. Isso se compara a 3.656 eventos relacionados ao clima que foram
responsdveis por 995.330 mortes (47% devido a seca/fome), em relacdo ao periodo
1980-1999 (EM-DAT, 2020).

Dentro desta diversidade e complexas situagdes envolvendo a questdo de desastres, a
United Nations Office for Disasters Risk Reduction — UNDRR (2020) apresenta através de
paises como Bangladesh Iraque, Suddo que o conceito de Reducdo de Riscos de Desastres
(DRR) foi ampliado para o abranger o meio ambiente e desafios climaticos, econdmicos,
sociais e politicos, incluindo conflito, fragilidade ambiental e mudanga climatica, convulsao
politica, deslocamento humano, crises econdmicas e saude.

O Atlas Brasileiro de Desastres Naturais (2003) apresenta a analise de dez eventos
incidentes no pais e suas causas e intensidade que possam contribuir para a constru¢do de uma
cultura de protecdo civil a distintos danos suportados pelo pais, ocorrentes e recorrentes,
consequentes de fendmenos globais e regionais, tais como: estiagem e seca; inundagdo brusca
e alagamento; inundagdo gradual; vendaval e/ou ciclone; tornado; granizo; geada; incéndio
florestal; movimento de massa; erosdao fluvial; erosdo linear e erosdo marinha. A
Classificacdo e Codificacdo Brasileira de Desastres (COBRADE, 2016), desenvolvida pela
Defesa Civil Nacional e considerada referéncia para uniformizar a base de dados de desastres
ocorridos no Brasil, classifica desastres naturais em cinco grupos: geologico, hidrologico,

meteorologico, climatologico e biologico. COBRADE (2016) também classifica desastres
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oriundos das atividades humanas como desastres tecnoldgicos: desastres relacionados a
substancias radioativas, produtos perigosos, incéndios urbanos, obras civis e transportes de
passageiros e cargas perigosas.

De acordo com o COBRADE (2016), no grupo meteoroldgico, subgrupo
temperaturas extremas, tipo ondas de calor, consta a seguinte definicio “¢ um periodo
prolongado de tempo excessivamente quente e desconfortavel, onde as temperaturas ficam
acima de um valor normal esperado para aquela regido em determinado periodo do ano e
geralmente ¢ adotado um periodo minimo de trés dias com temperaturas de 5°C acima dos
valores maximos médios”.

Nos ultimos dois séculos, as mudangas dos valores de temperatura registradas na
Terra sdo sem precedentes e a taxa de mudanga no clima ¢ mais rapida agora do que em
qualquer outro periodo nos ultimos mil anos (ROSSATI, 2017). Globalmente, com relagao as
mudangas de temperaturas extremas e ondas de calor, projeta-se que 50 a 80% da superficie
terrestre experimentem condi¢des de extremos quentes significativamente mais intensos do
que os registrados historicamente (INTERGOVERNMENTAL PANEL CLIMATE CHANGE
— IPCC, 2019). De acordo com Marengo (2014), no IPCC —AR4 consta um aumento de
temperatura global entre 2°C a 4,5°C a mais do que os niveis registrados antes da Era
Pré-industrial. Outra estimativa projeta um aumento médio de 3°C, assumindo que niveis de
dioxido de carbono se estabilizem em 45% acima da taxa atual. Ainda de acordo com o autor,
no terceiro relatério de avaliagdo do IPCC, publicado em 2001, uma elevagdo de 1,4°C a
4,8°C para 2100 esta descrita.

O aumento da temperatura média pode acarretar em consequéncias que se
manifestam através de eventos em curto prazo como os desastres naturais (furacdes, secas e
ondas de calor) ou ao longo do tempo através da reducdo de disponibilidade de agua alteragao
da umidade do solo, perda de produtividade de terras agricolas, desertificagdo, perda de
biodiversidade, degradacdo de ecossistemas, aumento da proliferacdo e transmissdao de
patogenos em humanos e animais e acidificagdo dos oceanos (ROSSATI, 2017). Ainda
segundo o autor, desde meados do século 19, as atividades humanas aumentaram os gases de
efeito estufa, como o dioxido de carbono, metano e 6xido nitroso na atmosfera da Terra, que
resultaram em aumento da temperatura média. Nesse sentido, lidar com as questdes

relacionadas a elevacdo das temperaturas se tornard cada vez mais importante sob a
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perspectiva das mudancas climaticas, uma vez que as ondas de calor se tornardo mais
intensas, mais frequentes e de maior duragdo (CHRISTIDIS et al., 2019).

De acordo com Klug et al. (2016), mudancga climatica ¢ definida como uma mudanga
atribuida direta ou indiretamente a atividade humana que altere a composi¢ao da atmosfera
global e que seja adicional a variabilidade climatica natural observada ao longo de periodos
comparaveis de tempo. A mudanga climatica, como mencionada no registro observacional do
clima, ocorre devido as mudancas internas dentro do sistema climatico ou na interacdo de
seus componentes, ou por causa de mudangas no forgamento externo por razoes naturais ou
ainda devido as atividades humanas.

O Panel Intergovernmental of Climate Change - IPCC aponta que as mudancas
climaticas poderao reduzir a qualidade da agua devido as interagdes entre altas temperaturas e
variagoes de precipitacio (MARENGO, 2014). Impactos poderdo ocorrer, por exemplo, pela
reducdo da diluicdo dos poluentes provenientes do esgoto durante os periodos de estiagem ou
elevacao da turbidez e contaminacao fecal da agua, em decorréncia do aumento de sedimentos
e detritos arrastados por chuvas mais pesadas. Em relacdo aos impactos das mudancas
climaticas sobre os ecossistemas terrestres, o aquecimento global ird exacerbar ainda mais os
processos de degradacdo da terra em curso por meio de inundacdes crescentes, frequéncia e
gravidade da seca, ciclones intensificados e aumento do nivel do mar (IPCC, 2019).

Aliado a crise climatica, o aumento das atividades antropogénicas devido ao
incremento populacional acarretara em elevada liberagdo de compostos quimicos no
ambiente. Entre a ampla variedade de contaminantes liberados, os agrotdxicos podem ser
encontrados em todos os compartimentos ambientais € devido a sua alta toxicidade
representam um risco para os ecossistemas (JARDIM et al., 2009). Agroquimicos sao
amplamente utilizados nas atividades agricolas em todo o mundo (FAO, 2019). Segundo Alan
Bojanic, Representante da Organizacdo das Nagdes Unidas para a Alimentagdo e a
Agricultura (FAO) no Brasil (2017), em 2050, a populagdo mundial sera de 9,8 bilhdes, 29% a
mais do numero atual e o crescimento maior serd nos paises em desenvolvimento. 70% da
populacdo serd urbana e os niveis de renda serdo maiores do que os atuais. “Para alimentar
essa populacdo maior, urbana e rica, a producdo de alimentos devera aumentar em 70%”,
assinalou Bojanic que ainda apresentou um cenario futuro: “O Brasil se tornard o principal

fornecedor para atender ao aumento da demanda global de importagdes de commodities
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agricolas”. Neste cenario, a demanda pelo uso de agrotoxicos no Brasil poderd ser
intensificada, aumentando a concentragdo desses compostos nos ecossistemas.

Na perspectiva das mudangas climaticas, ¢ fundamental antecipar os efeitos do
aumento da temperatura particularmente em combinagdo com outros estressores sobre a biota
dos ambientes aquaticos a fim de aprimorar estratégias de monitoramento, gestdo e protecao
ambiental (PEREIRA et al., 2017, SILVA et al., 2018). De acordo com Delnat et al. (2019), o
efeito do aquecimento global sobre a toxicidade de contaminantes tem se tornado um tema
prioritario de pesquisas em biodiversidade e ecotoxicologia. Neste sentido, a Ecotoxicologia
estabelece-se nas ciéncias ambientais como produtora de conhecimento basico e essencial que
auxiliard na elaboracdo de normas e programas para lidar com questdes de risco
ecotoxicologico ocasionadas pela liberagdo de agentes quimicos nos compartimentos
ambientais (AZEVEDO & CHASIN, 2005).

Com o intuito de reunir e discutir dados cientificos sobre a influéncia do aumento da
temperatura sobre a toxicidade de agrotdxicos, revisdes sistemdticas sdao consideradas
métodos adequados para contribuir para avangos cientificos nesta tematica. A revisdo de
dados junto a meta-andlise permite uma avaliacdo ampla sobre os efeitos simultineos da
elevacdo da temperatura e do potencial toéxico dos agrotoxicos para diferentes organismos,
fornecendo resultados que reforgcardo a necessidade do monitoramento frente as mudancas
climaticas e a polui¢ao ambiental.

A meta-andlise ¢ uma técnica estatistica utilizada para combinar resultados
provenientes de diferentes estudos, e com isto produzir estimativas que resumem o todo,
denominadas estimativas metanaliticas (ROEVER, 2020). A area da Ecologia tem
necessidade de uma visdo ampla sobre os processos que se desenvolvem sobre extensos
ambientes levando, naturalmente, a procura por métodos que permitam a sintese de
conclusdes e dados independentes em analises mais gerais. Assim, a meta-analise tem tido
uma crescente utilizacdo nessa area (LUIZ et al., 2002). A meta-analise, projetada para
analisar multiplos estudos independentes, possui alto grau de objetividade por se basear em
um conjunto padronizado de procedimentos estatisticos (GORANARNQVIST et al., 1995).
Técnicas estatisticas sdo utilizadas na meta-andlise para resumir quantitativamente as
informacdes de diferentes estudos e sdo altamente aplicadas nas praticas cientificas

contemporaneas. Para realizar uma meta-analise, um investigador retine estatisticas resumidas
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de cada estudo para calcular um tamanho de efeito, consequente a isso com o objetivo de
calcular um tamanho de efeito geral (e sua incerteza) e explorar os fatores que contribuem
para a variagao nos tamanhos de efeito (PAPPALARDO et al., 2020).

No presente estudo, avaliamos as respostas bioldgicas de organismos aquaticos de
agua doce aos efeitos de um estressor quimico (agrotoxico) e fisico (temperatura), de forma
isolada e combinada através de uma abordagem meta-analitica. As seguintes etapas foram
realizadas: revisdao bibliografica de artigos cientificos, leitura dos resumos e dos artigos em

sua totalidade, extracdo dos dados e aplicag@o de andlises estatisticas.

1.1 Desastres naturais e poluicio ambiental

O entendimento do potencial de polui¢do nos sistemas ambientais devido a
ocorréncia de desastres naturais ¢ um fator importante para a mitigacao de riscos ambientais e
para o planejamento de agdes contra impactos, pois esses eventos podem ocasionar danos a
saide humana e ambiental (KNAP & RUSYN, 2016). No entanto, desde que ha uma grande
variagdo entre os desastres, por tipo e magnitude de evento, ao longo do tempo, e em
diferentes localizacdes geograficas, os impactos podem variar (PEACOCK et al., 2001).

A maior parte das cidades e suas redes industriais e tecnologicas desenvolveram-se
proximas aos rios, nos quais oferecem condi¢des de desenvolvimento, como disponibilidade
de terras férteis e agua doce. Contudo, o custo da localizagdo favoravel é o aumento da
exposicdo as enchentes, além de forcas motrizes mais amplas, como as mudancas climaticas,
que ao alcangarem infraestruturas criticas como aterros sanitarios, estagdo de tratamento de
esgoto (ETE) e estacdo de tratamento de dgua (ETA) podem ser responsaveis pela poluicao do
solo, 4guas superficiais e subterraneas e, de modo geral, do meio ambiente (ARRIGHI et al.,
2018).

As inundacdes sdo um dos tipos de desastres e a agua proveniente de inundagdes
pode se misturar a detritos, fezes e urina de animais, animais mortos, chorume e outros
poluentes e toda a mistura pode ser transportada através do escoamento superficial para casas,
rios, lagos, reservatdrios e pode também atingir aquiferos e unidades de tratamento de agua.
Os problemas decorrentes deste processo incluem os setores de saude (aumento na incidéncia

de doencas), ambiente (piora da qualidade da dgua) e econdomico (aumento nos custos de
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tratamento de servigos de suprimento de agua potavel e de limpeza de espagos publicos)
(LONDE et al., 2014).

O desastre natural, ocorrido pelo grande terremoto do leste do Japao em margo de
2011, desencadeou ondas de tsunami de até 40,5 m de altura, resultando em vitimas e em
danos catastroficos ao longo da costa da regido de Tohoku. Estimou-se que vinte milhdes de
toneladas de destrogcos tenham sido gerados, entre eles, detritos marinhos, materiais de
construcdo, equipamentos domésticos, veiculos e sedimentos do tsunami. Os sedimentos do
tsunami ainda continham: solo terrestre, lodo e residuos sélidos (por exemplo: metal, plastico,
tecido, madeira) e outros produtos perigosos analisados posteriormente, entre eles a poeira
derivada dos sedimentos do tsunami ¢ metais (MATSUO et al., 2019).

A mobilizagdo de contaminantes (metais e pesticidas organoclorados) em amostras
de agua e solo foi demonstrada em Houston, no Texas, 2017, ap6s a ocorréncia do furacio
Harvey com fortes chuvas e inundagdes (BERA et al., 2019). Segundo os autores, embora o
furacdo Harvey tenha sido responsavel pela redistribuicdo de muitos contaminantes, o grande
volume de chuva provavelmente transportou os contaminantes das areas terrestres para areas
costeiras da Baia de Gasvelton.

Ondas de calor e temperaturas extremamente altas estdo relacionadas com a
ocorréncia de desastres naturais relacionados com temperaturas extremas (MANUAL DE
DESASTRES NATURAIS, 2003; COBRADE, 2016). De acordo com Conti et al. (2000), a
elevagdo da temperatura global, vem efetivamente, ocorrendo, mas ¢ indispensavel avaliar as
causas com base numa investigagdo abrangente, que leve em conta, ndo apenas a agao
antropica, representada pela liberagdo intensa de gases de efeito estufa e presenca de material
particulado, derrubada das florestas tropicais, superexploragdo da natureza, e outras praticas
predatorias, mas, também, os processos naturais de macroescala, incluindo os da esfera
geoldgica e astronOmica.

E consenso que o aumento da temperatura oriunda da mudanca climatica é uma
ameaca global e um desafio para o século 21. Durante as ultimas décadas, as emissoes de
gases de efeito estufa aumentaram notavelmente devido a industrializacdo global e ha
tendéncia prevista para continuar aumentando (GONZALEZ-ALCARAZ & VAN GESTEL,
2016).

O aumento da temperatura do planeta é a principal previsdo das Mudangas
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Climaticas Globais (MARENGO, 2007; HOEGH-GHULDBERG et al., 2018). Prevé-se que
as ondas de calor aumentem em frequéncia, intensidade e duracdo durante o século XXI. Até
o final do século, em cenario de altas emissdes de principais gases de efeito estufa (GEE,
como monoxido de carbono e metano), as ondas de calor podem se tornar extremamente
longas (atingindo mais de 60 dias consecutivos) e frequentes (uma vez a cada dois anos), na
Europa, América do Norte, América do Sul, Africa, Indonésia, Oriente Médio, Sul e Sudeste
Asiatico e Australia (IPCC, 2019). Com o resultado das mudangas climaticas, prevé-se um
aumento de 3°C na temperatura de sistemas de agua doce, incluindo aqueles localizados em
regides tropicais (VAN VLIET et al., 2013).

A mudanga climatica ¢ um estressor adicional para os ecossistemas naturais,
afetando ndo apenas o valor da temperatura da agua e solo como também a biodiversidade
(GOMES & JUNEAU, 2015; HOSSAIN et al., 2017). Para lagos e reservatorios, as alteragoes
decorrentes das mudangas climdticas também incluem maiores entradas de poluentes
decorrentes do aumento do escoamento superficial devido a intensificacao das precipitagdes
(BOXALL et al., 2009; CHAPRA et al., 2017). Contaminagdo quimica da adgua devido ao
arraste de poluentes presentes no solo e atmosfera pela acdo da chuva e os efeitos nas redes
alimentares sdo outras consequéncias das atividades humanas decorrentes das mudancas
climaticas (TUNDISI, 2013).

ApoOs 2050, o risco de perda de rendimento nas areas agricolas aumentara como
resultado das mudangas climaticas em combinagdo com outros fatores e esses riscos
aumentardo drasticamente se as temperaturas médias globais aumentarem cerca de 4°C
(IPCC, 2019). Neste contexto, ¢ provavel que o uso de agrotoxicos aumente como
consequéncia da proliferacdo das espécies nocivas, extensdo da estagdo de desenvolvimento
das pragas agricolas (MALHI et al., 2021), particularmente em regides temperadas, com
perdas associadas a producgdo agricola (BLOOMFIELD et al., 2006; CUCO et al., 2016),
acarretando na maior exposi¢cdo do meio ambiente a esses produtos quimicos (DABROWSKI

etal.,2002; BENITEZ et al., 2000).

1.2 Agrotoxicos nos ecossistemas e a questio do aquecimento global

Segundo a Embrapa (2003), os agrotoxicos sdo os produtos e agentes de processos
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fisicos, quimicos ou biolégicos, destinados ao uso nos setores de producdo, no
armazenamento e beneficiamento dos produtos agricolas. Estudos mostram que menos de
0,1% da quantidade de agrotoxicos aplicados nas lavouras alcangam os organismos alvos,
enquanto o restante 99,9% tem potencial para se mover para outros compartimentos
ambientais, tais como 4guas superficiais e subterraneas, causando efeitos toxicos para
organismos nao-alvos. O impacto por agrotoxicos na qualidade da agua subterranea, por
exemplo, tem sido assunto relevante e de discuss@o em todo o mundo (SILVA et al., 2013).

Os paises tropicais estdo entre os maiores consumidores de agroquimicos no mundo,
alguns dos quais com regulamentacdo e aplicagdo deficientes, usando compostos que sao
proibidos na maioria dos paises temperados (ALBUQUERQUE et al., 2016). O Brasil ¢
considerado um produtor global de commodities agricolas € o maior consumidor de
agroquimicos, sendo que, em 2018, 549.280 toneladas de agrotoxicos foram utilizadas no
Brasil (DISNER et al., 2020).

A producgdo de alimentos e de commodities agricolas, que sdao afetadas em mais de
30% em sua producdo devido as pragas agricolas, despertam preocupacdo no cendrio mundial,
sendo a aplicacdo de varios tipos de agrotoxicos um dos métodos para o controle desses
organismos. Porém o uso excessivo de agrotoxicos acaba sendo prejudicial ao meio ambiente
e a saude humana devido a seus potenciais efeitos toxicos. De acordo com a FAO (2021),
China foi o maior produtor de pesticidas com um consumo de 1.404.166 toneladas de seus
ingredientes ativos, seguido pelo Estados Unidos com consumo de 406.684 toneladas em
2018, Brasil com 221.582t, Argentina com 126.001t, URSS 89.200t, Franga 82.957t, Italia
76.686t, Japao 67.163t, Colombia 5.207t, e o Canada com 5.037t (Singh et al., 2021).

Os agrotoxicos podem afetar todos os compartimentos ambientais, especialmente a
litosfera, sendo que sua distribui¢do pela atmosfera e hidrosfera pode ser influenciada pela
temperatura devido a volatilizacdo e deriva dos compostos (OGA et al., 2008). Agrotoxicos
langados no solo se acumulam na cadeia tréfica, poluem os sistemas aquaticos de agua doce
superficiais e subterraneos e podem ser facilmente transportados pela atmosfera (ANDREA,
2010). Em ecossistemas terrestres, por exemplo, maiores taxas de volatilizagdo devido as
temperaturas mais elevadas tém sido associadas a distribuigdo de agrotoxicos na atmosfera e
hidrosfera, bem como redistribuicao do quimico pelos ecossistemas terrestres (DAAM et al.,

2019).
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A toxicidade dos contaminantes nos sistemas naturais pode ser alterada devido ao
aquecimento global. O padrdo geral emergente de uma maior toxicidade de muitos
agrotoxicos sob elevacao da temperatura foi formalizado na “sensibilidade ao téxico induzida
pelo clima”, ou seja, a interacdo entre a temperatura e agrotoxicos, com um fator consideravel
para efeitos negativos nos ecossistemas. Conceito que desafia a avaliacdo de risco de
contaminantes em um mundo em aquecimento (DELNAT et al., 2019).

O incremento da producdo agricola global através do uso intenso de agrotoxicos
torna necessdrio um conhecimento amplo de seu impacto na biodiversidade. O uso de
pesticidas deve aumentar no ambito do aquecimento global (KATTWINKEL el et al., 2011).
Além disso, temperaturas mais elevadas podem incrementar a proliferacdo de patogenos e
seus vetores que resultam na necessidade crescente de aplicagdo de agrotoxicos para o
controle desses organismos (ROSSATI et al., 2017; FAO, 2019).

Virios estudos ja indicaram toxicidade de agrotdxicos para organismos aquaticos,
tais como inseticida fibronil para a microalga Raphidocelis subcapitata (MOREIRA et al.,
2019), inseticida malation para os cladoceros Daphnia pulex e Diaphanosoma birgei
(BRAVO-HERNANDEZ et al., 2014), herbicidas roundup e glifosato para os peixes
Prochilodus lineatus (MODESTO et al., 2010) e Danio rerio (LOPES et al., 2017), e anfibio
Lithobates catesbeianus (AMARAL et al., 2018; VASCONCELOS et al., 2017). Entretanto,
ainda ¢ necessario ampliar o conhecimento sobre os efeitos toxicos da acao conjunta entre
elevagdo da temperatura e agrotoxicos sobre a biota dos ambientes naturais mediante ao
aquecimento associado as mudancas climaticas.

Segundo o IPCC (2021), com a intensificacdo do aquecimento global, conjectura-se
que diferentes regides sofram mudangas simultineas e multiplas nos fatores climaticos. A
mudanga climatica global ¢ considerada uma grande ameaga a biodiversidade global que
colocard muitas espécies em risco. Compreender as respostas das espécies aos efeitos
combinados entre mudangas climaticas globais e o aumento do uso de agentes quimicos
requer uma perspectiva interdisciplinar, combinando abordagens moleculares, fisiologicas e
ecoldgicas (HASENBEIN et al., 2019).

No ambiente natural, os organismos estdo expostos simultaneamente as perturbagdes
fisicas e quimicas. Exposi¢des a temperaturas mais extremas e a agrotdxicos estao se tornando

mais frequentes e intensas sob o cenario das mudangas climaticas (DINH et al., 2016). O
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aquecimento global, junto a estressores locais oriundos da agricultura, afeta os ecossistemas
aquaticos ao influenciar as taxas metabolicas dos organismos, bem como a sensibilidade aos
estressores, ¢ todos estes estressores podem ter efeitos interativos, mas determinar como
varios estressores interagem é um desafio, especialmente em sistemas complexos onde as
interacoes bidticas levam a efeitos indiretos (ALLEN et al., 2021).

A temperatura ¢ um fator fisico que influencia fortemente nos processos fisioldgicos
dos organismos (ODUM, 2010). As variagdes de temperatura também afetam a toxicidade dos
poluentes nos sistemas ambientais, entretanto as respostas toxicoldgicas dos organismos
diferem porque cada individuo tem seu proprio nivel de resisténcia aos poluentes (PEREIRA
et al., 2017) e a variacdo da temperatura (ODUM, 2010). Em termos biologicos, temperaturas
elevadas tendem a acelerar o metabolismo dos organismos, afetando suas taxas de respiragao,
crescimento e desenvolvimento, juntamente com um aumento nas taxas de absorcdo e
excrecdo de quimicos (CATARINA et al., 2018), incluindo a relagdo entre absorcdo e a
concentracdo de agentes toxicos e a interagdo do toxico com os sitios de acao nos individuos
(OGA et al., 2008).

Entretanto, as interacdes entre temperatura, poluentes e organismos sdo complexas
para prever os efeitos nas populagdes ou comunidades aquaticas na medida em que a elevagao
da temperatura também estimula os processos de destoxificagdo e excre¢do de certos
quimicos pelos individuos e, dessa maneira, contribuir para reducao da toxicidade do agente
quimico no organismo (SOKOLOVA & LANNING, 2008).

A literatura cientifica carece de uma compilacdo de informacdes sobre efeitos
combinados do aumento da temperatura e da presenga de agrotdxicos para as espécies dos
ecossistemas, constituindo exatamente o foco desta pesquisa. Até 0 momento, ndo ha revisdes
sistemdticas com meta-analise publicadas sobre o efeito decorrente da exposi¢do simultanea
as elevadas temperaturas e agrotoxicos na biota aquatica de 4agua doce no contexto das
mudangas climaticas e dos riscos sistémicos em desastres naturais e tecnologicos associados.
Nesta perspectiva, estudos de revisao sistematica com meta-analise representam um modo de
reunir ¢ discutir evidéncias cientificas acerca de agdo conjunta de estressores ambientais em
ambientes aquaticos. Estressores ambientais impactam processos bioldgicos, modificam as
fungdes dos ecossistemas e diminuem a biodiversidade através de relagdes complexas como

interacdes sinérgicas ou antagonicas (CARRIER-BELLEAU et al., 2021).
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Os resultados e a discussdao da presente dissertacdo foram redigidos no formato de
um artigo cientifico para facilitar a publicacdo da pesquisa. Como a revista que escolhemos
para publica-lo exige sua redagdo em inglés, o artigo foi redigido neste idioma e formatado de

acordo com a norma da revista cientifica a que foi submetido.
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Abstract

Among the pollutants present in aquatic bodies are pesticides. In addition, due to climate
change and land degradation, harmful species may become more abundant, with consequent
losses in agricultural production and, thus, pesticide use is likely to intensify. Temperature
variations and thermal extremes caused by climate change may have profound implications
for pesticide toxicity in aquatic organisms. Using a meta-analytical approach to the
peer-reviewed literature, we assessed the impacts of warming and pesticides in isolation and
combination on the biological responses of freshwater biota (microalgae, invertebrates and
vertebrates). Meta-analysis of the whole dataset revealed that the fitness measurements and
physiological regulation were negatively affected by the combination of pesticides and
warming. In contrast, the independent effect of pesticides affected negatively only the fitness
measurements, while molecular responses were positively influenced by temperature, and
physiological regulation was negatively influenced by temperature increase. Microalgae and
invertebrates were the groups most negatively affected by the interaction of pesticides and

temperature. Additional studies must consider other biotic and abiotic stressors in freshwater
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that can presumably interact with warming and chemicals, to make more exact generalizations
about chemical contamination and climatic events.

Keyword: climate change, aquatic biota, pollutant, statistical method



1. Introduction

Extreme events, global warming and environmental pollution are fundamental
environmental issues (Woodward et al. 2010; European Environment Agency 2018; Van den
Brink et al. 2018). According to the last report of the Intergovernmental Panel on Climate
Change (IPCC AR6 2021), between 2081-2100, the temperature change may remain below
2°C in 2100, in a scenario of low greenhouse gas emissions, and the largest increase projected
will be between 3.3 °C to 5.7 °C in the high gas emissions scenario. In this sense, dealing
with temperature increases will become increasingly important from the perspective of
climate change, as heatwaves may become more intense, more frequent, and of longer
duration in Europe, North America, South America, Africa, Indonesia, Middle East, South
and Southeast Asia and Australia (IPCC 2021).

In a changing climate with a tendency related to rising air temperature, the water
temperature of continental aquatic systems has been increasing as a result of heat exchange
with the atmosphere (Vliet et al. 2013; Kedra and Wiejaczka 2018). Climate change can
reduce water quality due to the interactions between high temperatures and precipitation
variations, reduced dilution of pollutants in sewage discharge during dry periods and
increased turbidity, and higher pollutant inputs in periods of intense precipitation (Boxall et al.
2009; Chapra et al. 2017).

Among the pollutants present in aquatic bodies are pesticides. Pesticides are chemicals
synthesized to manage a specific range of biological agents (viruses, bacteria, fungi, plants
and invertebrates) (Salako et al. 2020). These compounds are classified according to chemical
compositions of the active ingredients (e.g., carbamates, pyrethrin, pyrethroids,
organochlorine and organophosphorus) and to the risk (slightly, moderately, highly, and

extremely dangerous) to human health (WHO 2020). The intense use of pesticides, especially
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in a scenario of increasing crop production and global demand for food, is already showing
effects on biodiversity and human health (Nicolopoulou-Stamat et al. 2016). The occurrence
of pesticides in water bodies is derived from agricultural crop runoff and industrial
wastewater, and the pesticide effect on live organisms depends on solubility, half-life,
adsorption capacity, and biodegradability of pesticide compounds (Syafrudin et al. 2021). In
addition, due to climate change and land degradation, harmful species may become more
abundant through increased seasonal activity, with consequent losses in agricultural
production and, thus, pesticide use is likely to intensify (Bloomfield et al. 2006; Cuco et al.
2016), as well as transport of these chemicals to the environment (Dabrowski et al. 2002;
Bailey, 2004; Benitez et al. 2006). According to Tang et al. (2021), 64% of global agricultural
land (approximately 24.5 million km?) is endangered by pesticide pollution, and regions of
high biodiversity and water limitations, such as watersheds in South Africa, China, India,
Australia and Argentina, are at risk of pollution by pesticides.

Temperature variations and thermal extremes caused by climate change may have
profound implications for pesticide toxicity to aquatic organisms (Wang et al. 2016;
Niinemets et al. 2017; Wang et al. 2019). In this sense, pesticide toxicity may increase or
decrease with an increase in temperature value (Larras et al. 2013). Environmental factors
associated to climate change can alter the susceptibility of organisms to contaminants, the
so-called “climate-induced toxic sensitivity” (Delnat et al. 2019). From another perspective,
exposure to chemical agents can increase the susceptibility of biota to climate change, the
“sensitivity to toxic-induced climate change” (Noyes and Lema 2015; Delnat et al. 2019).
Both possibilities challenge contaminant risk assessment in a warming world (Delnat et al.

2019).
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Exposure to more extreme temperatures and pesticides is becoming more frequent and
intense under climate change scenarios (Dinh et al. 2016; Silva et al. 2018). Studies have
pointed out temperature effects on pesticide toxicity to freshwater species (Lau et al. 2015; De
Beeck et al. 2017; Giroux et al. 2019; Li et al. 2020) highlighting the importance of
understanding the ecological aspects of interactive effect of these variables. Literature on the
impact of climate change and effects of rising temperature on productivity, biogeochemical
cycles, cycling processes of persistent organic pollutants, biotic communities and ecosystems
(Meyer et al. 1999; Mooij et al. 2005; Paerl and Huisman 2009; Sorte et al. 2013; Wang et al.
2016; Hossain et al. 2016; Ummenhofer and Meehl 2017) of freshwater ecosystems have been
reported. One of the few studies that explored the effects of temperature rise on chemical
toxicity to freshwater organisms was Wang et al. (2019), where the authors employed acute
toxicity endpoints as a response to the toxicity of a total of 13 chemical agents. However,
there are no studies that compare and discuss the interactive effects of warming and pesticide
exposure for different taxonomic groups of freshwater environments using different biological
responses.

Meta-analysis is considered a potent approach for quantitative data synthesis in
ecological investigation (Hays et al. 2005) and provides synthesis of the outcomes of research
with the same issue (Gurevitch et al. 1992). Using a meta-analytical approach of the
peer-reviewed literature, we assessed the impacts and interactions of pesticides and warming
on freshwater biological responses. Given that variability in the strength and direction of
responses was expected, we classified data according to taxonomic groups (invertebrates,
microalgae and vertebrates) in terms of changes in fitness measurements, molecular responses
and physiological regulation. Specifically, we aimed to address three questions:

(1) How do freshwater organisms respond to warming and pesticides in isolation?
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(11) How do freshwater organisms respond to the combined effects of warming and
pesticides?
(ii1)) How do warming and pesticides impacts interact?

We expect that pesticide exposure perturbs biological response of freshwater
organisms, while elevated association between temperature and pesticides will influence

organisms more negatively.

2. Methods
2.1 Data selection and suitability criteria

Searches for peer-reviewed articles in which studies explicitly investigated climate
change using either elevated temperature, pesticide pollution, or elevated temperature and
pesticide pollution, were carried out using ISI Web of Science [v. 5.8], Science Direct and
Scientific Electronic Library Online (Scielo) using the following keywords: agrochemical,
pesticide, climatic change, organisms, temperature, toxicity and freshwater. We used the
protocol of PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis
2009). We found sixty studies that quantified the biological responses to pesticides and
warming.

We did not limit our analysis to any specific timing and locality. Only controlled
manipulative experiments were used for analysis. There was a control group, or a treatment
assumed by the authors to be non-stressful circumstances for any stressors. The experimental
organisms had to be subjected to pesticide pollution alone, elevated temperature alone, or both
warming and pesticides. Finally, only studies that reported a measurable biological response
were included (the final dataset was comprised of only six studies).

A number of articles included more than one species, response, or treatment level, and



all were included in the analysis if they met the suitability criteria. This ensured that a broad
range of responses could be fully explored, despite lessening the independence of the data
from that particular study (Gurevitch et al. 1992). To investigate inherent biological
variability, records were categorized according to taxonomy (invertebrates, microalgae, and
vertebrates: Table S1).

To enable a calculation of effect size, studies that met our initial criteria could only be
used if they reported a mean response value, some form of variance (standard deviation,
standard error, or confidence interval), and a sample size. Two researchers performed the

extraction of data, and any disagreement was decided by discussion.

2.2 Data analysis

Biological responses to warming and pesticides were measured for each experiment to
establish the proportional change between the control and treatments, and between the control
and interaction between warming and pesticides. Effect size was calculated as means using
Cohen’s d criterion, which is used to describe the standardized mean difference of an effect.
This value can be used to compare effects across studies, even when the dependent variables
are measured in different ways (Lakens 2013).

Analyses were carried out using the R package “Metafor” (version 2.15.1; R
Development Core Team 2012). We selected a weighted random-effects model to estimate a
summary effect size. Random-effects analysis assumes that the true effect size differs between
experiments. Statistical significance was attributed to each mean effect size by calculating a
bias-corrected 95% confidence interval (CI). If the summary effect size did not overlap zero
then it was considered to be significantly different. A total heterogeneity statistic (Q) was

used to confirm that the variation verified was a combination of both true variation (between
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studies: Q) and random error (within studies) (Borenstein et al. 2009), using the null
hypothesis that observations shared a common effect size.

The categorical moderators used were the different taxonomic groups (invertebrates,
microalgae and vertebrates). As response variables, we used fitness measurements, molecular
responses and physiological regulation. We also categorized pesticides as slightly and
moderately hazardous according to WHO (2020). To formally test for differences between
these categories, a test for heterogeneity (QM) was used; this identified total heterogeneity
explained by that particular categorical moderator (Gurevitch et al. 1992). A significant QM
indicated that there was a difference between the categories. We did not perform analysis with
less than three studies. The publication bias in the meta-analyses were assessed by using
funnel plots (Borenstein et al. 2009) and this analysis was carried out using the R package

“Metafor” (version 2.15.1; R Development Core Team 2012).

3. Results
3.1 Overall biological responses

Only six studies met inclusion criteria in this study, representing 151 unique
experiments (see Table S1).

Meta-analysis of the whole dataset revealed that the fitness measurements and
physiological regulation were negatively affected by the combination of pesticides and
warming (Fig. 1A). In contrast, the independent effect of pesticides affected negatively only
the fitness measurements, while molecular responses were positively influenced by warming,
and physiological regulation was negatively influenced by temperature increase (Fig. 1A).
Significant within-group heterogeneity was observed in all the responses, except for

physiological regulation (Table S2). However, the effect of pesticides (QM=0.216, d.f. =2, P
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= 0.897), warming (QM= 0.605, d.f. = 2, P = 0.739) and the combination of warming and
pesticides (QM= 0.641, d.f. = 2, P = 0.726) on trait class did not vary. The association
between pesticides and temperature (-1.46) was significantly more negative than pesticides
only (-0.97) for fitness measurements.

Additionally, pesticides alone and in combination with warming negatively affected
responses of invertebrates and microalgae, but no effect was verified on vertebrates (Fig. 1B).
Significant within-group heterogeneity was observed in all the responses (Table S2).
However, the effect of pesticides (QM= 0.357, d.f. =2, P = 0.836), warming (QM= 0.177, d.f.
=2, P =0.915), and the combination of warming and pesticides (QM= 0.111, d.f. =2, P =
0.739) on organisms did not vary. The association between pesticides and temperature was
significantly more negative than pesticides in isolation for microalgae (-2.74 and -1.47,

respectively).
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Figure 1. Shows the mean effect of pesticides (clear circles), warming (gray circles), and
combined pesticides and warming (black circles) on fitness measurements, molecular
responses and physiological regulation for all organisms (A) and on invertebrates, microalgae
and vertebrates for all trait classes (B). The number of observations in each analysis is shown
in parentheses. The zero line indicates no effect, and significance (*) of mean effects is

determined when the * 95% confidence interval does not overlap zero.

3.2 Fitness Measurements

Pesticides alone and in combination with warming negatively affected fitness
measurement responses of invertebrates, microalgae and vertebrates (Fig. 2; Table S2).
Warming positively affected fitness of invertebrates (Fig. 2). Significant within-group
heterogeneity was observed in all the responses (except for temperature effect on vertebrates:
Table S2). However, the effect of pesticides (QM= 0.202, d.f. =2, P = 0.904), warming (QM=
1.847, d.f. = 2, P =0.397) and the combination of warming and pesticides (QM= 2.256, d.f. =

2, P =0.324) on fitness measurement did not vary among organisms. The association between
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pesticides and temperature was significantly more negative than pesticides in isolation for
invertebrate (-0.65 for the interactive effect and -0.63 for pesticides only), microalgae (-2.74

and -1.47, respectively), vertebrates (-1.53 and -1.30, respectively).
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Figure 2. Shows the mean effect of pesticides (clear circles), warming (gray circles), and
combined pesticides and warming (black circles) on fitness measurements of invertebrates,
microalgae and vertebrates. The number of observations in each analysis is shown in
parentheses. The zero line indicates no effect, and significance (*) of mean effects is

determined when the * 95% confidence interval does not overlap zero.

3.3 Molecular Responses

Warming positively affected molecular responses of invertebrates and of vertebrates
(Fig. 3). Pesticides and the combination of pesticides and warming did not affect molecular
responses of vertebrates and invertebrates (Fig. 3). Significant within-group heterogeneity
was observed in half of the responses: the combination of pesticides and warming on

invertebrates and vertebrates and the effect of pesticides on vertebrates (Table S2). However,
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the effect of pesticides (QM= 0.017, d.f. = 1, P = 0.896), warming (QM= 0.026, d.f. =1, P =
0.872) and the combination of warming and pesticides (QM= 0.038, d.f. = 1, P = 0.845) on

molecular response did not vary between vertebrates and invertebrates.

Invertebrates

Effect Size
= —_—
s—0—
O

Figure 3. Shows the mean effect of pesticides (clear circles), warming (gray circles), and
combined pesticides and warming (black circles) on molecular response of invertebrates and
vertebrates. The number of observations in each analysis is shown in parentheses. The zero
line indicates no effect, and significance (*) of mean effects is determined when the £ 95%

confidence interval does not overlap zero.

3.4 Pesticides

Slightly hazardous pesticides alone and in combination with warming did have a
negative effect on microalgae, while moderately hazardous pesticides negatively affected
invertebrates (Fig. 4). Invertebrates were positively influenced by slightly hazardous
pesticides and temperature, while vertebrates were not affected by moderately hazardous ones
(Fig. 4). Significant within-group heterogeneity was observed in all the responses (exception

was effect of slightly hazardous pesticides, warming and combination of slightly hazardous
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pesticides and warming on invertebrates: Table S2). However, the effect of slightly hazardous
pesticides (QM= 0.429, d.f. = 1, P = 0.512), warming (QM= 0.018, d.f. = 1, P = 0.894) and
the combination of warming and slightly hazardous pesticides (QM= 1.605, d.f. =1, P =
0.205) on general response did not vary between invertebrates and macroalgae. There is a
tendency for more severe effects on organisms in the association between pesticides and
temperature. Similarly, the effect of moderately hazardous pesticides (QM= 0.007, d.f. =1, P
= 0.934), warming (QM= 0.0002, d.f. = 1, P = 0.990) and the combination of warming and
moderately hazardous pesticides (QM= 0.028, d.f. =1, P = 0.867) on general response did not

vary between invertebrates and vertebrates.
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Figure 4. Shows the mean effect of pesticides (clear circles), warming (gray circles), and
combined pesticides and warming (black circles) on general response of invertebrates,
macroalgae and vertebrates, according to pesticide toxicity (slightly and moderately
hazardous). The number of observations in each analysis is shown in parentheses. The zero
line indicates no effect, and the significance (*) of mean effects is determined when the *

95% confidence interval does not overlap zero.
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The significant results found in the meta-analyses were generally robust against
publication bias according to the symmetry observed in Rank Correlation Test for Funnel Plot

Asymmetry (see electronic supplementary material S3).

4. Discussion

In the present work, the meta-analysis revealed: 1) in general, temperature has neutral
or positive effect on biological response, while pesticides affected negatively or have a neutral
effect on response variables of three taxonomic groups; 2) the association between pesticides
and temperature showed more negative effects on the fitness and physiological regulation of
organisms than to the isolated effects of stressors, with microalgae and invertebrates being the
most negatively affected groups, and; 3) the combination of pesticides and warming seems to
be synergic, whereas both of the individual effect sizes of two stressors were negative, or one
was positive/neutral and the other negative, and interaction effect size was inferior than zero
(Crain et al. 2008).

Previous studies have shown the harmful results of pesticides (atrazine, chlorpyrifos,
diazinon, fipronil, glufosinate ammonium, methomyl, tebuconazole) due to increased
temperature on fitness measurements for microalgae Navicula pelliculosa and
Pseudokirchneriella subcapitata (reduced growth with a rise of 5°C, Chalifour and Juneau
2011; Yeo et al. 2018), zooplankton Daphnia magna (reduction in reproduction and survival
with an increase of 3°C and 5°C, respectively, Cuco et al. 2018; Pino-Otin et al. 2021), insect
Copera annulata (damage to larval development at an elevation of 5°C, Chang et al. 2007),
fish Danio rerio (decreased survival of larvae at an elevation of 2-3°C; Osterauer and Kohler
2008), fish Bidyanus bidyanus (increase in mortality at an elevation of 5°C, Patra et al. 2015),

amphibians Rana clamitans, Duttaphrynus melanostictus, Polypedates megacephalus and
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Microhyla pulchra (decreased survival at an elevation of 5°C, Boone and Bridges 1999; Lau
et al. 2015). The mentioned studies and those employed in the meta-analysis verified that
increasing temperatures, predicted by the IPCC (2021), associated with pesticides, result in
disturbance to the fitness of freshwater organisms.

Sensibility of freshwater microalgae, invertebrates and vertebrates can vary in relation
to different types of pesticide (Fochtman 2000). When analyzing the sensitivity differences
for the pesticides alone and in combination with warming among the three taxonomic groups,
we can see that microalgae and invertebrates were more sensitive than vertebrates. Freshwater
vertebrates are thought to have adequate mechanisms to tolerate pesticide stress, as observed
in fish Cyprinus carpio and dimethoate (Shah et al. 2019), amphibian Rana pipiens and
clothianidin (Robison et al. 2021), frog Lithobates sylvaticus and chlorpyrifos (Cothran et al.
2013). Earlier studies have highlighted the sensibility of freshwater microalgae and
invertebrates to pesticides are markedly higher in comparison to vertebrates. Moore et al.
(1998) reported that invertebrate Hyalella azteca, Chironomus tentans, and Daphnia magna
were more sensitive than fish Pimephales promelas to chlorpyrifos. Similarly, ecotoxicity
tests with D. magna respond to malathion, parathion, and methyl parathion with a higher
sensitivity than the acute toxicity tests with fish Danio rerio (Martins et al. 2007). Microalgae
Raphidocelis subcapitata and invertebrate D. similis were more susceptible to metal-based
pesticides in comparison with D. rerio (Oliveira-Filho et al. 2004). D. magna was more
sensitive than fish to pesticides acting through cholinesterase inhibition (Kienzler et al. 2017).
The sensitivity of crustaceans (D. magna and Thamnocephalus platyurus) was lower for
herbicides than R. subcapitata (Pereira et al. 2000). The present study suggests that
microalgae are among the most susceptible taxonomic group to the combination action of

pesticides and temperature. Some considerations can be made: 1) adverse effect of pesticides
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on non-target aquatic organisms (De Souza et al. 2020); 2) importance of evaluating the
effects of chemical and physical stress for organisms from different trophic levels (Rand et al.
1995); 3) negative effects on microalgae and herbivorous invertebrates could result in
detrimental consequences for the food web and important repercussions for the structure and
function of the aquatic ecosystem (Odum 2010).

The present study showed that physiological regulation was negatively impacted by
temperature and by the pesticide-temperature association. Various physical and chemical
parameters in the aquatic system can be affected by temperature. The decline of oxygen
solubility in aquatic environments at high temperatures (Wetzel 2001) causes physiological
damage in biota, and can lower the tolerance of aquatic animals to other stressors (Roman et
al. 2019). Additionally, high temperatures influence the solubility of chemicals in the
environment, increasing the uptake rate and bioaccumulation of chemicals because of
increased metabolic rate and, consequently, stimulates the manifestation of toxicity in
organisms (Oga et al. 2008; Silva et al. 2018).

The species of organisms differ according to their preferences and thermal tolerances,
thus expressing their degree of adaptation (Odum 2010). The ability of an organism or a
population to withstand temperature changes can be a decisive factor in its survival under heat
stress (Campbell and Reece 2008). Most representatives of aquatic biota are ectothermic,
making temperature a highly important factor for the maintenance of species (Sokolova and
Lanning 2008), for the metabolism of aquatic systems as it controls productivity, respiration
and nutrient retention (Wetzel 2011). Generally, aquatic organisms that live in conditions
close to their thermal tolerance limits appear to be more vulnerable to chemical stress as they
are unable to cope with the additional stress of the contaminant (Heugens et al. 2001;

Broombhall 2002; Bao et al. 2008). Physiological change (decrease in energy content of the
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liver) in goldfish Carassius auratus was demonstrated when the organism was exposed to
both high temperature and pesticides (Jacquin et al. 2019). Reduction of water content and
lipid reserve in insects exposed to high temperatures (Wang et al. 2009) and to combined
treatment with pesticides and temperature (Janssens et al. 2014) have already been observed.
Such results may be related to costly defense mechanisms against heat stress, including
increased levels of stress proteins in invertebrates (Serensen 2010). At high temperature,
energy reserves in organisms can also decrease due to physiological dysfunctions in response
to a stressful thermal condition (Wang et al. 2019), and higher sensitivity to pesticides is
expected (Arambourou and Stoks 2015).

The present study demonstrated that the molecular response of invertebrates and
vertebrates was positively affected by temperature, reinforcing the influence of temperature
on the biochemical processes of organisms. Our results are in line with research of those who
have found a positive effect of temperature elevation on the production of glutathione S
transferase enzymes in amphibians (Freitas et al. 2017) and fish (Kaur et al. 2011), and of

phenoloxidase and Hp70 stress proteins in insects (Janssens et al. 2014). In contrast, no

effects of pesticides alone and in association with temperature were observed on molecular
response. Some studies have failed to find the induction of molecular response on aquatic
organisms after pesticide exposure due to the impairment of the antioxidant defense system by
pesticides (Tu et al. 2012). Additionally, differences among life stages have been verified in
response to pesticides, and the lack of significant effect on molecular endpoint could also be
related to different levels of biological complexity within individual taxa, as well as a
diversity of strategies to cope with pesticides and warming stresses (Albinati et al. 2020). In

addition, pesticides and abiotic variables (pH, temperature, nutrients) can interact, increasing
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the accumulation of toxins which alters the capacity of organisms to provide an efficient stress
response (Cerezer at al. 2020).

The WHO classification (WHO 2020) of pesticides identifies the less and the more
hazardous forms of each pesticide in that it is based on the toxicity of the technical compost
and on its formulations of human health. However, there are important environmental risks
that can also be observed if pesticides are selected from a slightly hazardous class. The
meta-analysis showed that microalgae were adversely affected by slightly hazardous forms of
pesticide in isolation and association with temperature. With this approach, it is important to
establish a classification of pesticide groups meeting the criteria of lower risk to human and
environmental health to better protection of human, terrestrial and aquatic life (Jepson et al.
2020). However, we detected a beneficial response to invertebrates in exposure to slightly
hazardous forms of pesticide. The positive effects observed on invertebrates could be
explained as a hormetic response, especially an increase in animal performance at low
(sublethal) toxicant dose related to the induction of stress-resisting/adjusting mechanism
(Calabrese and Baldwin 2003; Cutler 2013). Some studies have treated the increases in fitness
in crustaceans D. carinata (Zalizniak and Nugegoda 2006) and Ceriodaphnia silvestrii
(Mansano et al. 2018), rotifers Philodina roseola (Moreira et al. 2015) and Brachionus
calyciflorus (Guo et al. 2012), and midge Chironomus riparius (Goedkoop et al. 2010)
exposed to a sublethal concentration of pesticide as the hormesis process. Of special interest
is that hormesis has been related to pest insect resistance increase (Guedes and Cluter 2013)
with important ecological consequences for pesticide applications in the global warming
scenario.

Meta-analyses are particularly effective for an integration of data from multiple

sources; quantitative evaluation of effect sizes and meta-analytic results can be understood in
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relation to biological importance, since studies of good quality are used (Sun et al. 2021). We
researched and consolidated the available literature regarding pesticide toxicity and warming
that met our inclusion criteria. Several experimental studies included in our literature review
did not report the type of error that was present or sample size, given the low number of
studies in our meta-analysis. In this sense, we recommend that researchers include that
information in their manuscript. Additionally, scientific literature evidences are limited in that
they have considered standard experimental condition and ignored the temperature increase
based on global warming. In this sense, studies conducted to research the simultaneous
exposure of freshwater biota to warming and chemical stressors should take into account the
climate change scenario predicted by the IPCC to contribute to finding relevant effects of

contamination and climate change interaction on the aquatic community.

5. Conclusion

The meta-analysis conducted in this research demonstrated that different endpoints and
freshwater taxa may be variably sensitive to pesticides and warming, alone or in combination.
Synergic effects of pesticides and temperature and their negative influence on fitness and
morphological regulation of freshwater taxa were demonstrated. This research highlights that
freshwater biodiversity is negatively impacted by pesticide pollution and warming.
Particularly, further studies must consider other abiotic stressors (e.g, pH and dissolved
oxygen) in freshwater that are presumed to interact with warming in order to make more exact

generalizations about chemical contamination and climatic events.
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Supplementary Material 2

ST1- Heterogeneity Tests - Within Groups (Q) and Between Groups (Qm)

Heterogeneity statistics for each model in the different response variables. Separate analyses were conducted to compare similarity in effect size between each
group

Q - Heterogeneity of the analysis, QM - Heterogeneity explained by differences between subgroups

#*¥1<0.001, **' <0.01, "*' <0.05, '.'<0.1



Full model: Pesticides and Temperature

Fitness Measurements/Molecular Responses/Physiological Regulation
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L

r
0.6413 0.7257

Qu 2
F
Fitness Measurements Q 84 116143.2707<0.0001 ***
F
Molecular Responses Q 38 759.4885 <0.0001 ***
F r
Physiological Regulation Q 16 7.1628 0.9700
Invertebrates/Macroalgae/Vertebrates
F L4
Qu 2 2.0832 0.3529
F
Invertebrates Q 69 360.3522 <0.0001 ***
r
Microalgae Q 29 96960.7725<0.0001 ***
L3
Vertebrates Q 40 1044.4957 <0.0001 ***
Statistical Model Fitness d.f Q P
Full model: Pesticides and Temperature
Invertebrates/Macroalgae/Vertebrates
Qu 2 2.2561 0.3237



Invertebrates 37 286.3684 <0'f°° o
Microalgae 29  96960.7725 <0.§)oo ok
Vertebrates 16 30.7800 0.0144 *
Statistical Model Molecular d.f Q P

Full model: Pesticides

Invertebrates/Macroalgae/Vertebrates
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Q, 1 0.0170 0.8964
Invertebrates Q 14 11.7706  0.6247
Microalgae Q - - -
Vertebrates Q 23 5219.6765 <o.§)oo *Ex
Statistical Model d.f Q P
Full model: Temperature
Invertebrates/Microalgae/Vertebrates

Qy, 1 0.0261 0.8717
Invertebrates Q 14 11.8929 0.6149
Macroalgae Q - - -
Vertebrates Q 23 34.4246 0.0593
Statistical Model d.f Q P

Full model:

Pesticides and Temperature
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Invertebrates/Microalgae/Vertebrates

Qu 1 0.0384 0.8446
Invertebrates Q 14 26.7877  0.0205 *
Microalgae Q - - -
Vertebrates Q 23 688.9176 <O'SOO ok
Statistical Model d.f Q P

Full model: Pesticides
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Slightly hazardous

Qy, 1 0.4295  0.5122
Invertebrates Q 7 0.0695 1.0000
Macroalgae Q 29 12566.0458 <o.;)oo *rx
Vertebrates Q - - -
Moderately hazardous

Qu 1 0.0068 0.9341
Invertebrates Q 77 233.4849 <0'f00 ok
Microalgae Q - - -
Vertebrates Q 32 6267.6370 <o.;)oo R
Statistical Model d.f Q P

Full model:

Slightly hazardous

Temperature



Q, 1 0.0179 0.8936
Invertebrates Q 7 0.0289 1.0000
Macroalgae Q 29 7821.5633 <0'§)00 kK
Vertebrates Q - - -
Moderately hazardous

Q, 1 0.0002 0.9900
Invertebrates Q 69 1040%1'920 <0'§)00 ok ok
Microalgae Q - - -
Vertebrates Q 32 133.4990 <o.§>oo *rk
Statistical Model d.f Q P
Full model: Pesticides and Temperature
Slightly hazardous

Q, 1 1.6048 0.2052
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Invertebrates
Microalgae

Vertebrates

Moderately hazardous

Invertebrates

Microalgae

Vertebrates

o 0O

29

69

32

0.1094

96960.7725

0.0282

360.3522

1024.4342

<0.000

<0.000

0.8666
<0.000

<0.000

%k %k %k

% %k %k

%k %k %k

% %k %
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Supplementary Material 3 Values of Rank Correlation Test for Funnel Plot Asymmetry and p-values for relations evaluated.

Stressor A (tau, p) Stressor B Stressor AB
Fitness Measurements: Invertebrate -0.183, 0.079 0.372, 0.003* 0.026, 0.821
Fitness Measurements: Microalgae -0.193, 0.150 0.007, 0.957 -0.420, 0.001*
Fitness Measurements: Vertebrate 0.260, 0.166 0.089, 0.642 0.515, 0.003*
Molecular Response: Invertebrate -0.275,0.163 -0.277,0.183 -0.495, 0.011*
Molecular Response: Vertebrate 0.413, 0.004* 0.149, 0.309 0.196, 0.180
Slightly Hazardous: Invertebrates 0.071, 0.905 0.333, 0.293 0.357, 0.275
Slightly Hazardous: Microalgae -0.193, 0.150 0.007, 0.957 -0.420, 0.001*
Moderately Hazardous: Invertebrates -0.118, 0.129 0.517, <0.0001* 0.011, 0.895
Moderately Hazardous: Vertebrates 0.503, <0.0001* 0.120, 0.335 0.326, 0.008*
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3 CONSIDERACOES FINAIS

Este estudo avaliou os efeitos ocasionados pelos agrotdxicos em combina¢ao com o
aumento da temperatura na biota de ecossistemas de agua doce, relacionado as perspectivas
das mudangas climaticas. Tal avaliacao foi realizada através de revisdo sistematica com
meta-analise de artigos cientificos que publicaram estudos experimentais nesse tema.

E fato que os processos antropogénicos tém acentuado os eventos das mudangas
climaticas com consequéncias diretas e indiretas para os ecossistemas. Um exemplo ¢ o
aumento do uso de agrotoxicos mediante a proliferacdo de patdogenos e perdas na producao
agricola decorrentes das mudangas climaticas. Muitas vezes, tais produtos sdo utilizados em
grandes quantidades de forma deliberada sem prévios estudos sobre seus possiveis efeitos aos
ecossistemas. Além disso, tais produtos atingem os organismos nao alvo e outros
compartimentos ambientais por ndo haver uma barreira fisica para conté-los.

Neste estudo, foram analisados artigos cientificos que investigaram efeitos da exposi¢ao
a agrotoxicos e elevadas temperaturas, de forma isolada e em combinagao, para trés grupos
taxondmicos (microalgas, invertebrados e vertebrados). Destacam-se resultados similares e
distintos entre os grupos € variacdo na resposta dos organismos. No conjunto de dados
analisados através da meta-analise, as varidveis aptidao e regulacdo fisioldgica apresentaram
efeitos mais negativos na combinacao entre agroquimicos e aquecimento, sendo microalgas e
invertebrados os grupos mais sensiveis aos estressores.

As microalgas sdo seres fotossintetizantes, base da cadeia alimentar e responsaveis pela
producdo primaria nos ambientes aquaticos. Efeitos deletérios nos microrganismos
fotossintetizantes decorrentes da associagdo pesticida e aquecimento repercutirdo em outros
elos da cadeia alimentar e no funcionamento geral dos ecossistemas aquaticos de 4gua doce.
Além da possibilidade desses microrganismos transportarem o contaminante para outros
niveis troficos.

Na andlise dos efeitos dos agrotoxicos classificados como moderadamente perigosos,
espécies de invertebrados também apresentaram alteracdes mais negativas nas variaveis
respostas em exposi¢ao isolada e associada a elevada temperatura. Em ecossistemas de agua

doce, algumas espécies de invertebrados aquaticos sdo consideradas bioindicadoras para
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ecossistemas de agua doce, demonstrando que perturbagdes nesses individuos também
caracterizardo danos ao meio ambiente.

Poucos artigos cientificos atenderam os critérios de inclusdo da presente pesquisa.
Entretanto, a revisdo sistemdatica com meta-analise mostrou-se uma ferramenta adequada para
analisar um conjunto de dados obtidos de forma independente sobre a tematica efeitos da
poluicdo por pesticidas e aquecimento global para a biota de agua doce. Dentro dessa
abordagem, ressaltamos a necessidade que os dados originais dos artigos cientificos sejam
disponibilizados para nao limitar a aplicagdo da meta-analise para a sintese dos dados e das
conclusdes das pesquisas anteriormente realizadas.

Os resultados demonstram que a biota dos ecossistemas de agua doce, submetida a acao
conjunta de estressores quimicos e fisicos, sofre perturbacdes significativas. Com a
intensificagdo dos eventos associados as mudangas climaticas, essa problematica se acentuara.
Nesse sentido, as agdes voltadas para preservacao do meio ambiente deverdo contemplar os
cenarios de desastres naturais e eventos extremos, na medida em que elevagdo da temperatura,
aumento de processos erosivos ¢ intensificacdo das precipitagdes influenciard na entrada de
diversos poluentes para os ecossistemas aquaticos.

O desafio de lidar com os riscos sistémicos associados aos agrotdxicos € outros agentes
quimicos, em desastres tecnoldgicos, envolve muitas areas, tais como: agricultura, economia,
politicas publicas, seguranca alimentar, preservacao do meio ambiente e outras. O presente
estudo contribuiu com uma analise abrangente dos estudos de efeitos da interacdo
agroquimicos e elevacdo de temperatura em grupos de organismos aquaticos, levando em
consideragdo as previsoes do Painel Intergovernamental de Mudangas Climaticas — IPCC.
Neste contexto, a analise ora realizada auxiliara no entendimento dos efeitos dos agrotoxicos
sob diferentes regimes de temperatura e na direcdo de novas pesquisas sobre a influéncia de
outros fatores abidticos (por exemplo, oxigénio dissolvido e pH) na toxicidade de poluentes

visto as mudancas climaticas ocorridas atualmente e em cenarios futuros.
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