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RESUMO

O reconhecimento dos servigos ecossistémicos (SE) como elementos fundamentais para
0 bem-estar humano tem se consolidado como abordagem-chave para promover
estratégias integradas de conservagdo. Nesse cenario, as bacias hidrograficas
representam unidades territoriais privilegiadas para avaliagdo dos SE, ao integrarem
processos ecoldgicos, hidroldgicos e sociais em escala espacial coerente. Esta tese teve
como objetivo principal investigar os SE em 14 bacias hidrograficas do bioma Pampa em
sua porgao brasileira, por meio de abordagens espaciais, a fim de subsidiar estratégias
de conservagado baseadas em evidéncias. O estudo foi estruturado em dois capitulos
centrais. O primeiro capitulo utilizou modelagem computacional (InNVEST, R) para mapear
e identificar hotspots de muiltiplos SE (Agua superficial, Agua subterranea, Controle de
erosdo, Estoque de Carbono e Qualidade de Habitat), destacando essas areas como
prioritarias para conservagao. O segundo capitulo avaliou a efetividade de 26 areas
protegidas (4 Uso Sustentavel e 22 Protecao Integral) na conservagao desses servigos,
analisando se sua localizacdo corresponde aos principais nucleos de provisdo de SE e
comparando a eficiéncia de areas de Protecdo Integral e de Uso Sustentavel. Os
resultados revelaram uma distribuicdo espacial desigual dos servigos, com uma baixa
disponibilidade de agua em quase toda a area de estudo, enquanto a alta retencao de
sedimentos e o estoque de carbono foram observados em areas com vegetagao nativa.
Adicionalmente, a analise mostrou que as APs com niveis de protecao mais restritivos,
como as de Protecao Integral, foram significativamente mais eficientes. Destacaram-se
a Reserva Biolégica BioPampa e a RPPN Rincao das Flores, entre outras, com 100% de
eficiéncia na conservagao de servicos como a qualidade do habitat. Por outro lado, as
areas de Uso Sustentavel apresentaram baixa eficiéncia na protegdo de multiplos
servigos. A discussao dos resultados enfatiza que o Pampa, sendo o bioma mais
impactado do Brasil e com a menor area protegida, possui vastas extensoes de servigos
ecossistémicos vulneraveis. Esta tese refor¢ga a necessidade de incorporar a abordagem
dos SE no planejamento territorial e nas politicas ambientais, especialmente em regides
vulneraveis como o Pampa, onde os impactos da conversdo da vegetagao nativa, das
mudancas climaticas e da fragmentagao da paisagem tém comprometido severamente
a capacidade de provisao dos servicos ecossistémicos. Ao evidenciar as areas criticas
para conservacgao, esta pesquisa oferece subsidios técnicos e cientificos para a gestao
ambiental sustentavel do bioma, sugerindo a criacdo de novas APs em regides de
hotspots e destacando a importancia das Reservas Particulares do Patrimdnio Natural



(RPPNs) como uma estratégia complementar eficaz para a gestdo ambiental sustentavel

do bioma.

Palavras-chave: Beneficios da natureza, INVEST, Bacias hidrograficas; Uso e cobertura

da terra; Modelagem espacial; Areas protegidas; Planejamento ambiental.



ABSTRACT

The recognition of ecosystem services (ES) as fundamental elements for human well-
being has been consolidated as a key approach to promote integrated conservation
strategies. In this context, watersheds represent privileged territorial units for the
assessment of ES, as they integrate ecological, hydrological, and social processes within
a coherent spatial scale. The main objective of this thesis was to investigate ES in 14
watersheds of the Brazilian portion of the Pampa biome through spatial approaches, in
order to support evidence-based conservation strategies. The study was structured into
two central chapters. The first chapter employed computational modeling (INVEST, R) to
map and identify hotspots of multiple ES (surface water, groundwater, erosion control,
carbon storage, and habitat quality), highlighting these areas as priorities for
conservation. The second chapter assessed the effectiveness of 26 protected areas (4
Sustainable Use and 22 Full Protection) in conserving these services, analyzing whether
their locations correspond to the main ES provision and comparing the efficiency of Full
Protection and Sustainable Use areas. The results revealed an uneven spatial distribution
of services, with low water availability across most of the study area, while high sediment
retention and carbon storage were observed in areas with native vegetation. Additionally,
the analysis showed that protected areas with more restrictive protection levels, such as
Full Protection areas, were significantly more efficient. The BioPampa Biological Reserve
and the Rincdo das Flores Reservas Particulares do Patriménio Natural (RPPN), among
others, stood out with 100% efficiency in conserving services such as habitat quality.
Conversely, Sustainable Use areas exhibited low efficiency in protecting multiple
services. The discussion of the results emphasizes that the Pampa, as the most impacted
biome in Brazil and the one with the smallest protected area, contains vast extensions of
vulnerable ecosystem services. This thesis reinforces the need to incorporate the ES
approach into land-use planning and environmental policies, especially in vulnerable
regions such as the Pampa, where the impacts of native vegetation conversion, climate
change, and landscape fragmentation have severely compromised the capacity to
provide ecosystem services. By highlighting critical areas for conservation, this research
offers technical and scientific support for the sustainable environmental management of
the biome, suggesting the creation of new protected areas in hotspot regions and
underscoring the importance of RPPNs as an effective complementary strategy for the

sustainable management of the biome.



Key-words: Nature’s benefits; INVEST, Watersheds; Land use and land cover; Spatial

modeling; Protected areas; Environmental planning.



APRESENTAGAO

A presente tese de doutorado esta estruturada no formato de capitulos, com dois artigos
cientificos que compdem os capitulos centrais, além de uma Introdugdo Geral e uma
Concluséo Geral. Os capitulos foram desenvolvidos de forma a investigar os servigos
ecossistémicos (SE) nas bacias hidrograficas do bioma Pampa, utilizando ferramentas
de modelagem espacial e sensoriamento remoto.

A Introducgéo Geral e a Concluséo Geral foram formatadas segundo as normas da
Associacdo Brasileira de Normas Técnicas (ABNT). Os Capitulos 1 e 2 estdo
apresentados no formato de manuscritos, conforme as diretrizes editoriais dos peridédicos
aos quais foram submetidos. O primeiro manuscrito foi publicado ao periddico
Environmental Management (https://link.springer.com/journal/267), e o segundo foi
submetido ao periodico Ecosystem Services

(https://www.sciencedirect.com/journal/ecosystem-services).
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INTRODUGAO GERAL

Importancia das bacias hidrograficas no Antropoceno

O Antropoceno é a era geoldgica marcada pela intensa influéncia das atividades
humanas sobre o meio ambiente (Waters et al., 2023), que tem remodelado os
ecossistemas globais em um ritmo alarmante e sem precedentes na histéria da Terra
(Matej et al., 2025). As atividades de uso da terra em uma regido mudam ao longo do
tempo, assim como acontecem mudangas demograficas e econémicas, as sociedades
também parecem seguir uma sequéncia de diferentes fases no uso da terra (DeFries
et al. 2004). Com a ocupagado humana, a vegetacao natural passa pela supressao da
vegetacao nativa, depois pela agricultura de subsisténcia e pequenas propriedades, e
finalmente, chegando a agricultura intensiva, areas urbanas e areas protegidas
(DeFries et al. 2004, Foley et al. 2005). Diferentes regides do mundo estdo em
estagios distintos dessas transi¢ées de uso e ocupacao do solo, dependendo de sua
histdria, condi¢gdes sociais e econdmicas, além do contexto ecoldgico (DeFries et al.
2004). Contudo, em um contexto global, estima-se que cerca de 75% da superficie
terrestre, livre de gelo, tenha sido convertida para usos antropicos,
predominantemente para atividades agricolas e pecuarias (Foley et al., 2005; Ellis et
al., 2021) (Figura 1).
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Figura 1. Evolugdo dos usos e cobertura da terra em escala global entre 1992 e 2020

(Adaptado de Matej et al., 2025).
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Dentre os principais vetores de degradagao dos habitats terrestres e aquaticos,
podemos citar a supressdo de vegetagao nativa (Gibbs et al., 2010; Hansen et al.
2013), a fragmentacéo de ecossistemas (Fahrig, 2003; Haddad et al., 2015) e a
poluicdo (Vorosmarty et al.,, 2010). O avango da fronteira agricola e urbana, que
através da supressao da vegetacao nativa (MapBiomas, 2023), compromete os ciclos
hidrolégicos (Ellison et al., 2012), altera o microclima local (Sagar & Devy, 2022) e
reduz a biodiversidade (Newbold et al., 2020). A fragmentagdo dos habitats isola
populagdes de animais e plantas, reduzindo sua variabilidade genética e com isso,
torna as populagdes mais vulneraveis a processos de extingao (Fahrig, 2003; Haddad
et al., 2015). A poluigao, por sua vez, atinge a atmosfera (Landrigan et al., 2018),
contamina solos (Hou et al., 2025), bacias hidrograficas e seus rios e lagos (Carpenter
et al., 1998; Vorosmarty et al., 2010), prejudicando a saude dos ecossistemas e das
comunidades humanas (WHO, 2016; Diaz et al., 2019). Além disso, as mudangas
climaticas atuam como um agente que intensifica esses impactos, modificando
padrées de pluviosidade e temperatura (PBMC, 2012; IPCC, 2021), intensificando
eventos extremos como secas prolongadas (PBMC, 2012; Kuhimann et al., 2014;
IPCC, 2021; Costa et al., 2023) e chuvas intensas (PBMC, 2012; Clarke et al., 2024),
os quais afetam o regime hidrolégico a resiliéncia dos ecossistemas (Nobre et al.,
2016).

Diante desse cenario de crescente pressdo sobre os ecossistemas, torna-se
essencial adotar abordagens integrativas para a realizacdo de avaliagdes ambientais
(Nesshover et al.,, 2017). As bacias hidrograficas destacam-se como unidades
territoriais excelentes para essa finalidade, pois constituem sistemas naturais
delimitados fisicamente por divisores de agua (Vannote et al., 1980; Rodriguez-Iturbe
et al., 2009). Sdo ambientes amplos e integrados que combinam caracteristicas
naturais e antrépicas em uma unica unidade espacial (Allan, 2004; ANA 2022). Essas
unidades englobam nascentes em areas de cabeceira (montante) até rios e zonas
umidas (jusante) (Vannote et al., 1980; Lowe & Likens 2005), integrando uma
diversidade de habitats interconectados (Vannote et al., 1980; Lowe & Likens 2005,
ANA, 2017).

A dindmica de processos que ocorrem nas bacias hidrograficas, incluindo
infiltracdo, o escoamento superficial, o transporte de sedimentos e a recarga de
aquiferos; oferece uma visdo ampla que favorece o monitoramento de impactos

ambientais (Allan, 2004), logo que refletem de maneira sensivel as alteragdes no uso



e cobertura do solo (DeFries et al., 2004; Foley et al., 2005; Ellis et al., 2021). As
alteragdes sobre a paisagem natural das bacias hidrograficas geram efeitos em
cascata (Vannote et al., 1980; Rodriguez-lturbe et al., 2009), afetando diversos
aspectos ecoldgicos como a qualidade da agua (Vorosmarty et al., 2010; Carpenter et
al., 1998), a biodiversidade (Dala-Corte et al., 2020) até o clima regional (IPCC, 2021;
Sagar & Devy, 2022). Por exemplo, o desmatamento em areas de nascente pode levar
a erosdo do solo (Cunha et al., 2022), ao assoreamento de cursos d'agua (Narayanan
et al., 2024) e, consequentemente, ao aumento da frequéncia e intensidade de
inundagdes em areas urbanas (IPCC, 2021).

As bacias hidrograficas, ao integrarem fatores ecoldgicos, hidrologicos e
socioecondmicos, constituem unidades excelentes para o monitoramento ambiental e
para a gestdo ambiental sustentavel (Allan, 2004; ANA, 2022). Além disso, sao
unidades territoriais adequadas para o desenvolvimento e implementagao de politicas
publicas ambientais (Allan, 2004; Burkhard et al., 2014). Uma boa gestado ambiental
proporciona equilibrio entre as caracteristicas da bacia hidrografica e as necessidades
humanas (Rockstrom et al., 2023), logo que as sociedades dependem diretamente
dos servigos ecossistémicos por elas ofertados (Diaz et al.,, 2019) os quais sao
essenciais para o bem-estar humano (atividades agricolas, industriais, geracéo de
energia, disponibilidade hidrica, entre outros (D’Odorico et al., 2020; Mekonnen &
Hoekstra, 2020). Além disso, a gestéo eficiente, permite que as bacias hidrograficas
continuem desempenhando outras fungdes ecoldgicas criticas, como a manutengao
da biodiversidade e prestacdo continua dos servigos ecossistémicos essenciais
(indispensaveis a qualidade de vida humana) (IPBES, 2019; Mekonnen & Hoekstra,
2020).

Servigos Ecossistémicos: Historico conceitual e Importancia

Servigos ecossistémicos (SE) consistem nas contribuigbes diretas e indiretas dos
ecossistemas para o bem-estar humano, derivadas da biodiversidade e dos processos
ecolégicos, que incluem beneficios materiais, regulatérios e culturais essenciais para
a sobrevivéncia e a qualidade de vida das sociedades (IPBES, 2019). Esse conceito
evoluiu ao longo do tempo, sua origem remonta as décadas de 60 e 70, quando a
comunidade académica passou a dar énfase a importancia das fungdes ecoldgicas

para o bem-estar humano, logo que evidéncias do aquecimento global se tornaram

17



mais populares (Ehrlich & Ehrlich, 1981). Apesar de o conceito de SE ser
relativamente recente, a compreensdao de que a natureza fornece beneficios
essenciais a sociedade é milenar. Platdo, por exemplo, ja abordava em seus escritos,
que o desmatamento poderia levar a erosdo do solo e a escassez de agua,
demonstrando uma consciéncia antropocéntrica sobre os impactos ambientais. A
contribuicdo de Platdo para a compreensao dos SE é significativa e demonstra que
desde os tempos antigos, o homem ja compreendia a importancia da natureza para a
humanidade (Gémez-Baggethun et al., 2010).

Adiscussao e conceituagao de SE representa um marco na convergéncia entre
ecologia e sociedade, pois estabeleceu a busca por qualificar e quantificar os diversos
beneficios que os ecossistemas proporcionam ao bem-estar humano (Daily, 1997;
Costanza et al., 1997). Em 1829, ao fim da revolug&o industrial, meados do século
XIX, ja se tinha uma nogao da importancia da natureza para os processos econémicos
(Gomez-Baggethun & Ruiz-Pérez, 2011). Isso pode ser visto na obra ‘Cours complet
d'économie politique pratique’ (1829) do economista e tedrico politico francés Jean-
Baptiste Say. Em seu trabalho, Say menciona que "o vento que move nossos moinhos,
o calor que expande o vapor em nossas maquinas, trabalha para nés", o que seria
uma ideia elementar de SE. Embora o foco de seu trabalho seja na economia politica,
esse trabalho traz uma perspectiva ecolégica pré-moderna, logo que ele compreende
que o vento e o calor sdo agentes naturais “gratuitos”, que desempenham papel crucial
no desenvolvimento industrial (Pesche et al., 2011).

Quase trés décadas depois, houve uma transformacgao radical na forma como
a relacéo entre sociedade e natureza era compreendida. Enquanto Say (1829)
apresentava uma visao utilitarista e econémica sobre os recursos naturais, onde a
natureza era um recurso infinito, George Perkins Marsh (1864), através de
pensamentos do conservacionismo moderno, alertou em seu trabalho que a agao
humana desenfreada alterava irreversivelmente os ecossistemas, ameacando até
mesmo a sobrevivéncia das civilizagdes (Lowenthal, 2000). O autor discute sobre a
conscientizagdo de que florestas, solos e agua sao sistemas interligados que
requerem gestdo e politicas ambientais, e através disso antecipou conceitos
modernos como sustentabilidade e capital natural (Lowenthal, 2000). Essa visao
conservacionista marcou o nascimento do pensamento ambientalista e influenciou

geracdes de conservacionistas e economistas ecologicos (Rome, 2003).



Em 1948, Fairfield Osborn antecipou de forma visionaria o conceito de SE,
trazendo em seu trabalho Our Plundered Planet (1948) apontamentos como "a agua,
o solo, a vida vegetal e animal, em toda a sua extensao, representa os quatros pilares
que viabilizam n&o apenas a existéncia humana como também a economia industrial
na qual a civilizagdo se baseia" (Osborn, 1948). E embora ainda nao utilizasse a
terminologia de SE, Osborn estabeleceu as bases para a compreensao da
interdependéncia entre economia e ecossistemas, argumentando que a exploragéao
desenfreada desses "servicos naturais" representava uma ameaga existencial
(Barrow, 2009). Nesse mesmo ano, 1948, William Vogt publicou ‘Road to Survival’
(1948), um trabalho igualmente importante, que trouxe a ideia de recursos naturais
como "capital real"; um conceito que antecipou em décadas o moderno conceito de
capital natural. Neste trabalho, Vogt argumentava que solos férteis, agua limpa e
ecossistemas intactos ndo eram meros "recursos", mas tdo essenciais quanto o
capital financeiro. Enquanto Osborn focava nos mecanismos ecolégicos da
degradagdo, Vogt destacou suas consequéncias socioecondmicas, vinculando
diretamente a saude dos ecossistemas ao bem-estar humano, uma abordagem que
hoje fundamenta néo s6 o conceito moderno de SE (Costanza et al., 1997; Diaz et al.,
2019), mas também os Objetivos de Desenvolvimento Sustentavel (ODS) (ONU,
2015).

Em 1949, Aldo Leopold propds a "Etica da Terra", argumentando que os
ecossistemas tém valor intrinseco, que esta além da sua utilidade para os humanos
(Leopold, 1949). Seu conceito de "comunidade biotica" influenciou a visdo de SE como
relagdes ecoldgicas conectadas em redes complexas e interdependentes. De acordo
com Leopold (1949), "a impossibilidade da substituicdo satisfatéria dos servigos da
natureza; a terra ndo deve ser tratada como uma mercadoria (commodity)" (Leopold,
1949). Com essa visao, ele antecipou debates do século XXI, que discutem sobre os
limites da substituicao tecnologica de ecossistemas (como os fracassos relativos da
polinizacao artificial e os altos custos energéticos da dessalinizagdo em larga escala)
(Diaz et al., 2015; Schroter et al., 2014). Sua critica a mercantilizacdo da natureza
estabeleceu as bases éticas para a moderna valoragdo dos SE, influenciando
conceitos como o de "capital natural critico" (recursos naturais insubstituiveis) e a
nogao de que os processos ecoldgicos fundamentais, tal como ciclagem de nutrientes

e regulagdo climatica; que operam em escalas e complexidades que transcendem
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nossa capacidade de replicagao tecnoldgica (Costanza et al., 2014; Rockstréom et al.,
2023).

Em 1970, foi publicado o relatorio sobre o "Study of Critical Environmental
Problems”, que reuniu especialistas de diversas areas com o objetivo de avaliar os
impactos humanos no meio ambiente. O relatério alertou ndo apenas para 0s riscos
das mudangas climaticas, mas também destacou que os ecossistemas fornecem
beneficios essenciais a sociedade, argumentando que "a degradagdo ambiental afeta
diretamente o bem-estar humano" (SCEP, 1970). O estudo defendia a adog¢do do
principio da precaugcdo e pedia por agbes para correcdo rapidas, antecipando
conceitos que s6 seriam formalizados décadas depois. Dois anos depois, em 1972 foi
publicado o livro The Limits to Growth (Meadows, 1972), que consistiu na primeira
aplicacédo de modelagem computacional para demonstrar como a pressao antrépica
sobre os ecossistemas poderia levar ao colapso dos servigos naturais (Turner, 2008).
O estudo considerou cinco fatores, sendo eles: crescimento populacional, produgao
agricola, esgotamento de recursos, industrializagdo e poluicdo, e encontrou como
resultados que os sistemas naturais ndo suportam indefinidamente a exploracéo e
consumos pelas sociedades, e mesmo com o0os avangos tecnoldgicos, haveria um
colapso ecoldgico ainda no século XXI (Turner, 2008).

A consolidacido do conceito de SE so veio entre as décadas de 1980 e 1990
(Daily, 1997; Costanza et al., 1997), onde o termo "servicos ecossistémicos" foi
cunhado em 1981 por Paul e Anne Ehrlich (Ehrlich & Ehrlich, 1981; Mooney & Ehrlich,
1997). Os autores destacaram a dependéncia humana critica de fungdes ecoldgicas
como polinizagao, fertilidade do solo e regulagdo climatica, beneficios gratuitos da
natureza frequentemente ignorados nas contas econémicas, mas vitais para nossa
sobrevivéncia (Ehrlich & Wilson, 1991; Daily, 1997). Essa concepgéao inovadora surgiu
num contexto de crescente preocupacao cientifica com a aceleracdo da perda de
biodiversidade e seus impactos em cadeia, evidenciados por pesquisas como as de
Ehrlich sobre extingbes em massa (Ehrlich & Ehrlich, 1981). Ao vincular
explicitamente a saude dos ecossistemas ao bem-estar humano, os Ehrlich ndo
apenas nomearam €esses processos, mas revelaram a contradicdo fundamental de
um sistema econdmico que os tratava como externalidades (Costanza et al., 1997,
Gbémez-Baggethun et al., 2010).

Esta fundamentagao tedrica, que integrava ecologia e economia, preparou o

terreno para os avangos quantitativos da década seguinte, culminando nos dois



marcos fundamentais de 1997 (Daily, 1997; Costanza et al., 1997). O primeiro marco,
trata-se do artigo de Costanza et al., que pela primeira vez quantificou globalmente o
valor dos SE, em US$ 33 trilhdes/ano, superando o PIB mundial da época (Costanza
et al., 1997; Groot et al., 2012). O segundo marco, trata-se do livro Nature's Services,
editado por Gretchen Daily, que sistematizou pela primeira vez como "processos
ecoldgicos como polinizagao e ciclagem de nutrientes sustentam nao apenas a
economia, mas a propria vida" (Daily, 1997; MEA, 2005). Muitos dos conceitos do livro
foram incorporados ao Millennium Ecosystem Assessment (MEA), especialmente a
classificagdo de servigos em categorias (provisao, regulagao, culturais e de suporte;
MEA, 2005). Juntos, os trabalhos transformaram o conceito de SE de uma metafora
ecoloégica em uma ferramenta politica.

Em 2005, o MEA, elevou o debate ao nivel intergovernamental ao sistematizar
arelacao direta entre os ecossistemas e bem-estar humano (Figura 2). Esta avaliagéao
envolveu 1.360 especialistas de 95 paises, que desenvolveram uma estrutura
conceitual que definiu o conceito, sistematizou e classificou os SE em quatro
categorias (MEA, 2005; Diaz et al., 2006). Desta forma, de acordo com o MEA (2005)
SE sao "Os beneficios que as pessoas obtém dos ecossistemas", sendo organizados
em quatro categorias: SE de provisao (alimentos, agua, matérias-primas); SE de
regulagdo (clima, qualidade do ar, controle de doencgas); SE culturais (valores
espirituais, recreagao); e SE de suporte (ciclos biogeoquimicos, formagéao do solo)
(MEA, 2005). Mais alarmante que esta classificacdo foram suas descobertas, que em
seus achados demonstrou que aproximadamente 60% dos SE avaliados
apresentaram declinio acelerado (MEA, 2005; Carpenter et al., 2009). O MEA
consolida que a redugédo da pobreza, a seguranga alimentar e a saude publica sdo
conquistas diretamente dependentes do funcionamento equilibrado dos SE, que
sustentam as bases do desenvolvimento humano sustentavel (MEA, 2005). Foi um
marco para a ecologia, e tornou-se referéncia para politicas de conservagao em todo
o mundo. O Relatério levantou que "a degradagdo ambiental ndo € apenas uma
questdo ecolégica, mas uma ameaga direta ao desenvolvimento humano",

influenciando desde os ODS até acordos climaticos (IPBES, 2019).
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Figura 2. A imagem ilustra as relagdes entre os servigos ecossistémicos e o bem-
estar humano, conforme classificado pela MEA (2005). Os SE estdo organizados em
quatro categorias principais: provisao, regulagao, suporte e cultural. As setas coloridas
representam o potencial de mediacdo por fatores socioeconémicos (baixo a alto),
enquanto sua largura indica a intensidade das conexdes (fraca a forte) entre esses
servigos e os componentes do bem-estar humano (seguranga, materiais basicos,
saude, relagdes sociais e liberdade de escolha). No diagrama, a biodiversidade é a
base que viabiliza todas essas interagcoes entre os SE e bem-estar, destacando a
interdependéncia entre ecossistemas saudaveis e a qualidade de vida humana.
Adaptado de MEA (2005).

Apos a publicacdo do relatério do MEA, entre os anos 2010 e 2013 foi
estabelecida a Classificagcao Internacional de SE (CICES), que definiu SE como as
contribuicbes diretas e indiretas dos ecossistemas para o bem-estar humano,
resultantes da interagdo entre estruturas e processos ecoldgicos, que geram
beneficios mensuraveis e acionaveis em contextos econémicos e politicos (Haines-

Young & Potschin, 2013; La Notte et al., 2017). Desenvolvida inicialmente pela



Agéncia Europeia do Ambiente (EEA) a partir de 2010 e consolidada em sua versao
4.3 (2013), a CICES surgiu como resposta as limitagdes operacionais do MEA (2005),
estabelecendo pela primeira vez um sistema padronizado e hierarquizado (seg¢des,
divisdes, grupos), organizando complexos processos ecologicos em categorias para
tomada de decisdo (MAES et al., 2018). Sua versao 5.1 (2018) tornou-se referéncia
global, sendo mais tarde (2021) adotada pelo Sistema de Contabilidade Ambiental-
Econdmica (SEEA) da ONU como padrao para contabilidade verde (ONU, 2021). A
CICES focou em beneficios diretos a sociedade, facilitando aplicagées praticas como
o mapeamento de SE na Politica Ambiental da UE (2019) e em mecanismos de
Pagamento por Servigos Ambientais (PSA), representando um avango metodoldgico
essencial para integrar a natureza nas decisdées econémicas e politicas.

Paralelamente a criacdo da CICES, em 2012, houve o estabelecimento da
Plataforma Intergovernamental sobre Biodiversidade e Servigos Ecossistémicos
(IPBES), que integra conhecimento cientifico e conhecimento tradicional para orientar
politicas de conservacgao e decisbes politicas sobre biodiversidade e SE em escala
globa (Diaz et al.,, 2015; IPBES, 2019). A IPBES compreende os SE como as
contribuicbes diretas e indiretas dos ecossistemas para o bem-estar humano,
derivadas da biodiversidade e dos processos ecoldgicos, que incluem beneficios
materiais, regulatérios e culturais essenciais para a sobrevivéncia e a qualidade de
vida das sociedades (IPBES, 2019; Pascual et al., 2017). Essa compreenséo integra
e amplia as abordagens do Millennium Ecosystem Assessment (MEA) e da CICES,
combinando perspectivas ecoldgicas, culturais e socioecondmicas. A IPBES tornou-
se a principal autoridade cientifica em avaliagdes globais de biodiversidade, como o
relatério de 2019, que alertou sobre o “declinio sem precedentes de espécies e SE, e
0s riscos associados para as sociedades humanas” (IPBES, 2019). Sua abordagem
interdisciplinar e inclusiva (envolvendo governos, cientistas e povos indigenas) a
diferencia como ferramenta essencial para enfrentar a crise ecolégica do século
(Tengo et al., 2017).
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Figura 3. Linha do tempo destaca os marcos historicos e protagonistas que moldaram
o conceito de Servigos Ecossistémicos, desde suas raizes filoséficas na Antiguidade
até sua consolidacéo cientifica e politica no século XXI. Os itens estdo organizados
cronologicamente, onde as cores simboliza essa evolugdo temporal: preto simboliza
as origens antigas (século IV a.C. com Platdo), marrom representa o século XIX
(contribuicbes de Say e Marsh), rosa destaca a década de 1940 (Osborn, Vogt e
Leopold), azul indica a década de 1970 (alerta global com "Limits to Growth" e os
Ehrlich), verde marca a década de 1980 (fundamentacédo cientifica), roxo caracteriza
os anos 1990 (valoracdo econémica por Costanza e Daily), e cinza representa o

século XXI (institucionalizagéao via IPBES).

No Brasil, a criagdo da Plataforma Brasileira sobre Biodiversidade e Servigos
Ecossistémicos (BPBES) aconteceu em 2016, e foi oficialmente langada em 2018,
representando um marco para o Brasil, alinhando-se diretamente ao impacto global
da IPBES. Como brago nacional da IPBES, a BPBES fortalece a participacao
brasileira em avaliacbes e processos globais, promovendo uma integracdo entre
ciéncia, politicas publicas, sociedade civil, setor privado e comunidades tradicionais.
Dentre os objetivos principais da BPBES estdo a coordenacéo do conhecimento
cientifico sobre biodiversidade e SE, o estimulo ao didlogo entre diversos atores e 0
aprimoramento da capacidade nacional para influenciar relatérios e decisbes
internacionais (BPBES, 2018).

Esta trajetéria, de desenvolvimento conceitual dos SE, transformou nossa
compreensao da relagdo entre natureza e sociedade (Daily, 1997; MEA, 2005). Antes,
de visdo utilitarista dos recursos naturais, a academia e organiza¢des politicas
passaram a ter uma visdo que reconhece que 0s ecossistemas prestam servicos
insubstituiveis que sustentam a vida humana (Costanza et al., 1997; IPBES, 2019).

Hoje, esses conceitos e ideais fundamentam desde acordos climaticos até politicas



de desenvolvimento sustentavel, representando uma das mais importantes

contribuigdes da ciéncia ambiental ao século XXI (Diaz et al., 2015; IPBES, 2019).

Analises espaciais como Ferramentas para Avaliagao de SE

A crescente pressao sobre os ecossistemas naturais tem exigido abordagens cada
vez mais sofisticadas para avaliar e monitorar os SE. Neste contexto, as ferramentas
de analise espacial, como os Sistemas de Informacao Geografica (SIG), atuam como
instrumentos fundamentais, permitindo visualizar, quantificar e prever a distribuicdo
espacial e temporal desses servicos nas mais diversas escalas espaciais. A
integracdo de tecnologias como sensoriamento remoto, Sistemas de Informagao
Geografica (SIG), geoprocessamento e modelagem computacional ampliou nossa
capacidade de entender e gerenciar os beneficios que a natureza proporciona a
sociedade.

O avanco de tecnologias geoespaciais e a disponibilidade de dados espaciais
tém permitido cada vez mais o desenvolvimento de ferramentas que avaliam e
facilitam avaliagdes robustas e o mapeamento de servigcos ecossistémicos em
grandes escalas (Barbosa et al., 2015). Ferramentas como o InVEST (Integrated
Valuation of Ecosystem Services and Tradeoffs) representam avangos significativos
neste campo, permitindo a modelagem espacial de diversos servigos. Desenvolvido
pelo Natural Capital Project, uma parceria global liderada pela Universidade de
Stanford, o INVEST permite que pesquisadores e tomadores de decisdo modelem
espacialmente diversos servigos ecossistémicos (e.g. como a producao de agua, o
sequestro de carbono e a retencdo de sedimentos) (Sharp et al., 2023).

O software &€ modular e oferece diversos modelos para diferentes
ecossistemas, incluindo modelos terrestres (avaliam servicos como estoque de
carbono, retencao de sedimentos, qualidade do habitat e a disponibilidade de agua),
modelos urbanos (focados em ambientes urbanos, permitem analisar o risco de
inundagdes, 0 acesso a natureza e o resfriamento de areas urbanas) e modelos
costeiros e marinhos (apeiam e quantificam servicos como a energia das ondas e a
aquacultura de bivalves). Em esséncia, o InVEST traduz dados geoespaciais e
cientificos em informacbes visuais e quantificaveis, como mapas e graficos, que
podem ser usados para guiar politicas publicas, planejar o desenvolvimento regional

e apoiar decisdes de investimento que promovem tanto a conservagao ambiental
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guanto o bem-estar humano. Sua aplicagao no planejamento de bacias hidrograficas,
como em bacias hidrograficas do Pampa (Silva et al., 2024), tem possibilitado
identificar areas prioritarias para conservacgao.

O sensoriamento remoto é fundamental no avangco dessas analises, com
satélites Landsat (NASA/USGS), Sentinel (Copernicus/ESA) e missdes
especializadas da NASA fornecendo séries temporais essenciais para o
monitoramento ambiental integrado. Essas ferramentas sdo essenciais para integrar
0s servigos ecossistémicos nas politicas publicas de conservagao e para promover
uma gestao eficaz dos recursos naturais (Burkhard & Maes, 2017). Por exemplo, os
sensores multiespectrais OLI-2, do Landsat 9, e o MSI, do Sentinel-2, capturam dados
em multiplas bandas espectrais que permitem fazer a leitura de indicadores saude
vegetal, através dos indices NDVI, EVI; estresse hidrico (NDWI), com resolug¢des
espaciais que chegam a 10 metros. Outras tecnologias, como as empregadas nas
missbes GRACE e GRACE-FO fazem analises campo gravitacional terrestre para
estimar variagdes nos estoques de agua subterrédnea. Ferramentas tao precisas que
fornecem dados termais com resolucdes altissimas e em diferentes horarios do dia,
permitindo analises detalhadas, como é o caso do ECOSTRESS, que avalia a
evapotranspiracao e estresse hidrico da vegetacgao.

Além disso, o desenvolvimento e a integragao de dados espaciais com modelos
computacionais, como o InVEST, s&o cruciais para a criacado de avaliagdes mais
dinamicas e robustas dos servigos ecossistémicos (SE). Por exemplo, as mudancas
na cobertura e uso da terra, detectadas por satélites de sensoriamento remoto como
o Sentinel-2, podem ser inseridas nos modelos do INVEST para analisar seus
impactos sobre a provisdo de SE. Da mesma forma, dados de missdes
especializadas, como a GRACE-FO, que monitora a agua subterranea, podem ser
integrados para refinar a quantificacdo da producdo de agua. Essa sinergia entre
diferentes fontes de dados e os modelos do INVEST permite a avaliagcdo do sequestro
de carbono (com o apoio de dados do GEDI) e a qualidade do habitat, demonstrando
como a colaboragdo entre tecnologias distintas cria uma ferramenta de analise

poderosa e abrangente.

Servigos Ecossistémicos em Bacias Hidrograficas e as ameacgas
As bacias hidrograficas s&o sistemas geograficos complexos e heterogéneos,

delimitados por divisores de agua (divisores topograficos), onde toda a precipitagcao



flui para uma rede hierarquica, composta por rios, riachos e lagos até um ponto de
saida (exutdrio), como um estuario ou o mar (Christofoletti, 1980). Nesses espacos,
relagcbes dindmicas entre o escoamento superficial, a rede de drenagem e os
processos erosivos moldam a paisagem e seu desenvolvimento geomorfologico
(Wohl, 2020). Sua estrutura naturalmente hierarquica, formada pelas éareas de
cabeceira a montante, o curso médio e as planicies aluviais a jusante, gera uma
diversidade ecoldgica unica (Vannote et al., 1980; Thorp et al., 2006). Cada segmento
da bacia desenvolve caracteristicas hidroldégicas, geomorfologicas e ecoldgicas
distintas, criando habitats especializados e interdependentes (Ward, 1989; Poole,
2002). Essa organizagao espacial, que abrange florestas, campos, areas umidas,
nascentes, rios e zonas riparias, forma mosaicos ecolégicos complexos (Naiman &
Décamps, 1997), base para uma vasta biodiversidade e uma rica oferta de servigos
ecossistémicos (SE), essenciais para a saude humana, o desenvolvimento econémico
e o equilibrio ambiental (MEA 2005; IPBES, 2019).

As bacias hidrograficas e os ecossistemas associados fornecem uma ampla
gama de SE essenciais (MEA 2005; IPBES, 2019). Entre eles, destacam-se o
abastecimento de agua potavel, a regulagdo do ciclo hidrolégico, a retengcao de
sedimentos (Vorosmarty et al., 2010) e a manutencdo de habitats para a
biodiversidade aquatica (Darwall et al., 2018). Na categoria de provisdo, esses
sistemas oferecem agua doce, recursos pesqueiros e matérias-primas, enquanto os
servigos de regulacao incluem o controle de enchentes, a depuragao natural da agua,
o0 sequestro de carbono (tanto pela vegetacado terrestre quanto pelos ambientes
aquaticos) e a regulagao microclimatica (Costanza et al., 1997; Brauman et al., 2007).
A cobertura vegetal, por exemplo, além de sequestrar carbono, estabiliza o solo,
reduzindo a erosao e o assoreamento de corpos d’agua (Trabucco et al., 2008). Como
servigos de suporte, ocorrem a ciclagem de nutrientes, a filtragem natural de poluentes
e a manutencdo da biodiversidade (Daily, 1997; Palmer et al., 2004), incluindo a
reproducao de espécies-chave para a segurancga alimentar (FAO, 2018). Na dimenséao
cultural, as bacias proporcionam recreagao, valores estéticos e significados espirituais
(Chan et al., 2012; Diaz et al., 2019). Impactos sobre fenbmenos ecolégicos, como 0s
rios voadores da Amazoénia (fluxos atmosféricos de umidade que transportam vapor
d'agua da floresta para outras regides da América do Sul, (Nobre et al., 2016)),

ilustram como os SE de uma bacia influenciam ecossistemas a milhares de
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quildmetros de distancia. Assim, tanto os ecossistemas terrestres, quanto os
aquaticos, em uma bacia atuam de forma integrada, garantindo fungdes criticas para
o equilibrio ambiental e o bem-estar humano (Rockstrom et al., 2009).

Essa complexidade funcional das bacias hidrograficas as torna sistemas ideais
para o estudo SE (Bennett et al., 2009; IPBES, 2019), funcionando como unidades
biogeofisicas completas onde processos hidrolégicos, ecolégicos e antrépicos
interagem dinamicamente (Vorosmarty et al., 2010). Delimitadas naturalmente pelos
divisores de aguas, as bacias hidrograficas proporcionam um sistema integrado ideal
para investigar as relagdes de causa e efeito entre 0 uso da terra nas areas a
montante, a saude dos ecossistemas e os servigos ambientais produzidos nas regides
a jusante. Sua composig¢ao hierarquica; desde microbacias até grandes sistemas
fluviais; permite avaliar padrées em multiplas escalas, tanto espaciais (Allan, 2004;
Wiens, 2002) quanto temporais de SE (Meybeck, 2003; Palmer et al., 2009). Sendo
assim, sao ambientes ideais para avaliar desde processos locais (como infiltracdo e
producao de agua) até efeitos regionais e globais (como a regulagéo climatica) (Foley
et al., 2005; Rockstrom et al., 2009). Essa abordagem via analises espaciais, permite
avaliar que praticas como a alteragao dos usos e cobertura da terra (Lambin et al.,
2001; Foley et al., 2011) ou conservagao dos ecossistemas (Daily et al.,, 2009;
Strassburg et al., 2020) afetam servigos como regulagao hidrica, qualidade da agua,
qualidade de habitat, dentre outros SE (Brauman et al., 2007; Keeler et al., 2012). Na
dimensao temporal, os estudos em bacias hidrograficas permitem avaliar respostas a
perturbagdes (como eventos climaticos extremos) (IPCC, 2021) e a eficacia de
medidas de restauragdo (Suding et al., 2015).

A conversao da vegetagao nativa para agricultura e pastagem tem intensificado
drasticamente os impactos ambientais nas bacias hidrograficas, resultando em eroséo
do solo, aumento da turbidez da agua (Montgomery, 2007; Borrelli et al., 2020), e
severa redugao da diversidade de habitats aquaticos (Barling & Moore, 1994; Hepp &
Santos, 2009). Esse cenario é agravado pelas mudangas climaticas (IPCC, 2021), que
amplificam eventos extremos como secas prolongadas e chuvas torrenciais (Marengo
et al., 2017; IPCC, 2021), tornando o solo ainda mais vulneravel a degradagéao (Lal,
2015). Paralelamente, a entrada excessiva de nutrientes e poluentes (de origem
agricola e urbana) impulsiona a eutrofizagao acelerada e a degradagao da qualidade
da agua (Smith et al., 1999; Carpenter et al., 2011), comprometendo diretamente a

biodiversidade aquatica e os SE associados. No Cerrado, por exemplo, o



desmatamento combinado com o aquecimento ja resultou em uma reducao de até
30% na vazao de rios cruciais para o abastecimento humano (Salmona et al et al.,
2023).

Essa degradacdo (sistémica e continua) compromete severamente a
capacidade das bacias hidrograficas de fornecerem seus SE vitais (Rockstrom et al.,
2009; IPBES, 2019). O desmatamento de areas de cabeceira (montante), por
exemplo, diminui a infiltragéo e acelera o escoamento superficial, reduzindo a recarga
de aquiferos e ampliando a erosdo, quadro agravado pela crescente frequéncia de
eventos climaticos extremos (Marengo et al., 2021; IPCC, 2021). Catastrofes recentes
ilustram esses riscos de forma dramatica, como podemos observar através dos
desastres ambientais (com causas predominantemente climaticas). Como exemplos
dessas catastrofes, observamos eventos como a seca extrema na Amazonia (2015-
2016) (Jiménez-Munoz et al., 2016; Espinoza et al., 2024), que afetou a navegacao, a
vida aquatica e a saude humana, revelando a vulnerabilidade do maior bioma tropical
ao desequilibrio hidrico (Castello et al., 2013). No sul do pais, as enchentes
recorrentes no Pampa brasileiro (2023-2024) (Pilar & Overbeck., 2024), intensificadas
pela supressdao da vegetacdo nativa e eventos climaticos extremos, evidenciam a
falha dos sistemas naturais em conter inundacdes (Pilar & Overbeck., 2024). Os
incéndios devastadores no Pantanal (2020 e outros anos), por sua vez, expdem a
resiliéncia fragilizada do bioma a secas prolongadas e a igni¢do antropica (Libonati et
al., 2020), resultando em perda macica de biodiversidade (Pivello et al., 2021) e
comprometendo drasticamente os servigos de regulagao hidrica e climatica (Junk et
al., 2013). Por fim, os deslizamentos de terra no litoral brasileiro (como em S&o
Sebastido, 2023) (Moroz & Thieken, 2024), associados a ocupagao irregular de
encostas e chuvas torrenciais, ressaltam a perda dos SE de contencéao e estabilidade
do solo (Sidle & Ochiai, 2006).

Além das pressdes climaticas, desastres socioambientais de origem antropica
revelam de forma dramatica a fragilidade dos SE (MEA, 2005; IPBES, 2019). O
rompimento da barragem de Fundao em Mariana (MG) em 2015, considerado um dos
maiores crimes ambientais do Brasil (Fernandes et al., 2016; Carmo et al., 2017),
exemplifica esse cenario, que causou perdas irreversiveis em multiplos SE, desde a
regulacdo hidrica (Gomes et al., 2017) até o suporte a biodiversidade (Azevedo-

Santos et al., 2021). Seus impactos persistem quase uma década depois, incluindo o
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desaparecimento de espécies endémicas (Petesse et al., 2023) e a contaminagao
cronica dos solos (Coelho et al., 2020). De forma similar, a tragédia de Brumadinho
(2019), também em Minas Gerais, reforga a vulnerabilidade de bacias hidrograficas a
falhas estruturais causadas por negligéncia humana (Rotta et al., 2020; Lucchetta et
al. 2024), resultando em mortes e extensa devastagcdo ambiental, com
comprometimento a longo prazo dos SE (Leopoldino et al., 2020). Outro exemplo, sao
as enchentes historicas no vale do Itajai (2008 e 2023) (Dambrowski & Marenzi, 2023),
que por sua vez, demonstram como a perda de SE de regulagao hidrica, agravada
diretamente pelo desmatamento da Mata Atlantica e a ocupagao desordenada, e em
conjunto com padrées climaticos alterados, pode culminar em tragédias
socioambientais de grande escala (Ribeiro et al., 2009).

A preservacao dos SE em bacias hidrograficas vem enfrentando os desafios
do Antropoceno (Steffen et al.,, 2015). A conversdo acelerada de ecossistemas
naturais, com cerca de 20% das bacias brasileiras ja tendo perdido mais da metade
de sua vegetagao nativa (MapBiomas, 2023), combinada a fragmentacgao hidrolégica
por barragens (Grill et al., 2019; Ferreira et al., 2022) e a poluigédo difusa (Ouyang et
al., 2019), desencadeia sinais criticos de degradacao. Essas pressdes resultam em
desequilibrio e colapso da regulagao hidrica (Collischonn et al., 2014), com aumento
de eventos extremos em bacias degradadas (ANA, 2024), perda de resiliéncia
ecologica (evidenciada pela ameaca a 60% das espécies de peixes de agua doce,
(Reis et al., 2016), e riscos para 25 milhdes de brasileiros dependentes desses
servicos (ANA, 2024). Nesse cenario, reconhecer e valorizar os SE das bacias
hidrograficas é imperativo para guiar politicas publicas, praticas de manejo
sustentavel e estratégias de restauragédo ecoldgica (Brancalion et al., 2019). Desta
forma, conservar os SE em bacias hidrograficas, equivale a proteger a infraestrutura
natural que sustenta tanto a biodiversidade quanto a sociedade frente a crise
ambiental global (Daily et al., 2009; IPBES, 2019).

Compreendendo os SE em amplas escalas espaciais: Bacias hidrograficas do
bioma Pampa como modelo de avaliagao

Entender os SE fornecidos pelos ecossistemas € crucial para a saude do planeta e o
bem-estar humano (MEA, 2005; Diaz et al., 2019). Embora esses beneficios sejam
gerados em diversas escalas, é nas bacias hidrograficas que ocorre a interconexao

de processos naturais, € onde esses processos se tornam mais evidentes (Fisher et



al., 2009; Vorosmarty et al., 2010). Essas unidades geograficas funcionam como
laboratérios naturais (Wiens, 2002; Allan, 2004), onde a complexidade funcional e
estrutural da paisagem se traduz em uma variedade de SE, tornando-as modelos
ideais para estudos e avaliagbes em grandes escalas espaciais (Bennett et al., 2009;
IPBES, 2019). Nesse sentido, a avaliagcdo desses servicos em unidades de bacia
hidrografica torna-se particularmente relevante frente aos desafios de conservacgao
enfrentados por biomas vitais e com alta vulnerabilidade, a exemplo do Pampa
brasileiro (Pillar et al., 2009; Overbeck et al., 2015).

No contexto brasileiro, o bioma Pampa, localizado no extremo sul do pais,
surge como um estudo de caso de relevancia ecoldgica. Caracterizado por extensas
areas de campos naturais, intercaladas por manchas de vegetacéo arbérea, areas
umidas e rios (Boldrini, 2009; Andrade et al., 2019), o Pampa se destaca por sua alta
biodiversidade e seu papel crucial na hidrografia regional (Overbeck et al., 2007;
Carlucci et al., 2016). Apesar de sua importancia ecolégica, € um dos ecossistemas
mais ameacados e menos protegidos do Brasil, com apenas 0,4% de sua area total
sob protegao legal (MMA, 2023; MapBiomas, 2023). Essa vulnerabilidade esta
diretamente ligada a intensa conversédo de aproximadamente 48% de sua area para
usos antrépicos, como agricultura intensiva, silvicultura (eucalipto e pinus) e pecuaria
extensiva (MapBiomas, 2023). Esse processo de degradacgéo extensa tem resultado
na fragmentacdo dos habitats, na perda irreversivel de biodiversidade e na redugéo
da provisdo de servicos ecossistémicos essenciais (e.g. como a regulagdo da
qualidade e disponibilidade hidrica, a retengao de sedimentos e o0 armazenamento de
carbono) (Oliveira et al., 2017; Luza et al., 2014).

A fragilidade do Pampa, impulsionada pelo uso e cobertura da terra, é
intensificada pelos eventos climaticos extremos, resultando em catastrofes ambientais
de crescentes e variados impactos (Marengo et al., 2021; PBMC, 2023). Periodos de
seca prolongada, como os observados na regido, comprometem ecossistemas
aquaticos e a disponibilidade de agua para usos multiplos (Rockstroom et al., 2009;
Grill et al., 2019), enquanto enchentes, desencadeadas por chuvas torrenciais (como
as de 2023-2024), causam erosao, deslizamentos de terra (Véroésmarty et al., 2010) e
contribuem para a contaminagao da agua (Carpenter et al., 1998), sobrecarregando
os sistemas de saneamento e favorecendo a proliferagdo de doengas (McMichael,

2013). Esses eventos extremos, que ja comprometem os servicos de regulagéo
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hidrica e estabilidade do solo, também impactam a capacidade natural de depuragao
da agua e aumentam a vulnerabilidade das comunidades humanas (Brauman et al.,
2007). Diante desse quadro, a urgéncia em compreender e intervir na dinamica do
Pampa se torna evidente, ndo apenas para a conservacao da natureza, mas também
para a salvaguarda da saude publica e da segurancga hidrica e alimentar na regiao
(Pillar et al., 2009, Overbeck et al., 2022).

Avaliando os SE nas bacias hidrograficas do Pampa, ou seja, em uma escala
espacial ampla, é possivel identificar padrées e tendéncias que seriam invisiveis em
analises fragmentadas em menores escalas. Essa abordagem integrada revela como
as alteragdes em um ponto da bacia, como o desmatamento nas cabeceiras ou a
expansao agricola no médio curso, podem gerar impactos em cascata (Allan, 2004,
Voérosmarty et al., 2010), afetando a disponibilidade de agua, a ocorréncia de
enchentes ou a resiliéncia de ecossistemas a jusante (Tucci, 2008; Rolo et al., 2021).
Nesse sentido, mapeamentos e identificacbes de SE em bacias hidrograficas do
Pampa, sdao fundamentais para compreender a oferta e a sobreposicdo desses
servicos em diferentes cenarios e auxiliar na tomada de decisdes sustentaveis
(Bennett et al., 2009; IPBES, 2019). A analise espacial da distribuicdo dos SE e a
identificacdo de "hotspots" de multiplos servigos ecossistémicos sao, inclusive,
ferramentas cruciais para otimizar a gestdo das areas protegidas do bioma, como
demonstrado em estudos recentes (Silva et al., 2024).

A compreensao dos SE em amplas escalas espaciais nas bacias do Pampa
contribui ndo sé para aprimorar nosso conhecimento ecologico, mas também para
oferecer ferramentas valiosas a gestdo ambiental. Ao reconhecer a bacia como uma
unidade funcional para o planejamento e a tomada de decisdes, & possivel
desenvolver politicas publicas mais eficazes (Bennett et al., 2009; IPBES, 2019),
promover praticas de manejo sustentavel e implementar estratégias de restauracao
ecolégica que considerem a relacbes ecolégicas e a multifuncionalidade dos
ecossistemas (Brancalion et al., 2019). Os pontos aqui levantados sao fundamentais
para garantir que os beneficios que essas bacias nos proporcionam continuem a fluir
para as comunidades locais e para o equilibrio ambiental em um cenario de
crescentes pressbes antropicas e climaticas. Assim, o estudo das bacias
hidrograficas do Pampa nao s6 aprofunda nossa compreensao cientifica, mas
também abre caminho para um futuro mais sustentavel, onde a conservacao seja

uma prioridade inquestionavel para este bioma tdo ameacado.



Estratégias de Conservagao Baseadas em Servigos Ecossistémicos

A crescente pressao antropica sobre os ecossistemas exige uma reavaliagdo das
abordagens de conservacédo (Mace, 2014; IPBES, 2019). Tradicionalmente, essas
abordagens estao centradas na protecao da biodiversidade, e desta forma, tornam-se
muitas vezes insuficientes para conter a acelerada degradagao ambiental e assegurar
o fornecimento continuo dos SE (Diaz et al., 2019). Nesse cenario, estratégias de
conservagao baseadas em SE surgem como uma solugdo robusta e multifuncional
(Daily et al., 2009; Bennett et al., 2015). Ao invés de focar apenas em espécies ou
areas isoladas, essa abordagem propde a identificagcdo, mapeamento e valoragao dos
beneficios que os ecossistemas saudaveis oferecem, orientando a gestdo para a
manutenc¢ao da funcionalidade dos sistemas naturais (Costanza et al., 2017).

Abordagens de conservacgao voltadas para os SE propéem uma mudancga de
paradigma (Daily et al., 2009; Mace, 2014), com foco voltado para a manutengao da
funcionalidade e integridade ecossistémica em escalas espaciais mais abrangentes,
como as bacias hidrograficas (Bennett et al., 2015; IPBES, 2019). Ela implica na
identificacdo, mapeamento e valoragao dos multiplos beneficios que os ecossistemas
oferecem (Burkhard et al., 2012). Essa perspectiva fundamenta o desenvolvimento de
politicas ambientais mais eficazes, a implementacdo de praticas de manejo
sustentavel no uso da terra e a otimizagéo da criacdo e gestéo de Areas Protegidas
(APs) (Naidoo et al., 2008; Watson et al., 2014). Em relagcao as APs, a priorizacao de
hotspots de servigos ecossistémicos (regides que concentram a provisao de multiplos
beneficios e alta biodiversidade (Schroter & Remme, 2016; Orsi et al., 2020)) permite
direcionar os esfor¢gos de conservagao para areas de maior eficiéncia, garantindo a
resiliéncia e a multifuncionalidade dos ecossistemas (Burkhard et al., 2014; Schroter
et al., 2016).

A integracéo da abordagem dos SE é fundamental para o desenvolvimento de
instrumentos legais e econdmicos voltados para questdes ambientais (Daily et al.,
2009; Farley & Costanza, 2010). No Brasil, a Politica Nacional de Pagamento por
Servicos Ambientais (PNPSA), instituida pela Lei n° 14.119/2021, € um marco
fundamental, pois visa incentivar proprietarios rurais e comunidades a manter ou
restaurar ecossistemas que geram beneficios ambientais para a sociedade (Ruggiero

et al., 2019). Outro exemplo é o Programa Produtor de Agua, da Agéncia Nacional de
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Aguas (ANA), que remunera produtores rurais por agbes de conservagido que
contribuem para a conservacgao hidrica nas bacias hidrograficas (Pagiola et al., 2013).
Iniciativas de conservagdo em biomas, como o Programa de Protegcdo Ambiental e
Uso Sustentavel do Pampa (PPPampa), também ilustram a aplicag&o de politicas que
visam o equilibrio entre o desenvolvimento socioeconémico e a sustentabilidade
ambiental (Overbeck et al., 2015). Outro mecanismo de conservacgao de SE, € a Cota
de Reserva Ambiental (CRA), prevista no Codigo Florestal, também busca a
valorizagdo da manutengdo da vegetagdo nativa no mercado (Soares-Filho et al.,
2014). Além dessas estratégias, a implementacédo de comités e planos de bacias
hidrograficas, zoneamentos ecoldgico-econdmicos e programas de desenvolvimento
de sistemas agroflorestais e silvipastoris sdo exemplos de gestdo dos usos da terra
que integram a funcionalidade dos ecossistemas na matriz produtiva, buscando um
equilibrio entre produgao e conservagao.

O avanco e a aplicacao de tecnologias e técnicas de modelagem ecoldgica sao
essenciais para viabilizar dados que embasam as tomadas de decisdes (Tallis &
Polasky, 2009; IPBES, 2019). Ferramentas computacionais (e.g. INVEST, R, TauDEM,
Marxan), tornaram-se indispensaveis para quantificar, mapear e prever a oferta de SE
sob diferentes cenarios de uso da terra e mudancas climaticas (Sharp et al., 2020).
Essas tecnologias fornecem informagdes robustas que subsidiam o planejamento
territorial e a gestao de recursos naturais, traduzindo a complexidade dos processos
ecolégicos em informacbes acessiveis para gestores formuladores de politicas
publicas (Guerry et al., 2015; Burkhard et al., 2017). Exemplo disso € a modelagem
ecolégica de SE como producdo de agua, polinizagdo ou regulagdo do clima, que
permite que as estratégias de conservacgao, incluindo a expansao de redes de APs ou
a alocacao de recursos de PSA, sejam espacialmente explicitas e eficientes (Nelson
et al., 2009; Chaplin-Kramer et al., 2019).

No entanto, a transicdo para uma conservagdao baseada em SE e a
implementagao bem-sucedida de politicas publicas e praticas sustentaveis dependem
ndo apenas de avangos técnicos e regulatérios, mas fundamentalmente do
desenvolvimento de um pensamento conservacionista na sociedade e de uma
consciéncia ecoldgica coletiva (Mace, 2014; Diaz et al., 2019). E necessario que a
sociedade compreenda que a degradagdo ambiental ndo afeta apenas a natureza
intrinseca, mas impacta diretamente a sua qualidade de vida e seguranga humana

(Rockstrom et al., 2009). O reconhecimento do capital natural como um ativo



insubstituivel, essencial para o bem-estar humano e o desenvolvimento econémico,
mobiliza a adesao publica e o engajamento em iniciativas de conservagao (Costanza
et al.,, 2014; Bennett et al., 2015). Assim, ao integrar o conhecimento cientifico, a
inovacédo tecnoldgica e o engajamento social, as estratégias de conservagao
baseadas em SE oferecem um caminho promissor para assegurar um futuro onde a
saude do planeta e as necessidades humanas coexistam em equilibrio (Daily et al.,
2009).

Objetivos da Tese
Alinhada a necessidade de ampliar a compreenséao e conservacgao dos SE, a presente
tese tem como objetivo principal investigar os padrdes espaciais de SE (distribuicdo
de hotspots de SE) em bacias hidrograficas do bioma Pampa, a fim de subsidiar
estratégias de conservagao baseadas em evidéncias.
Especificamente, essa tese busca:
« Identificar e analisar a distribuicdo espacial de hotspots de multiplos SE na
porcao brasileira do bioma Pampa
« Avaliar a eficiéncia das APs na conservagao dos multiplos SE, considerando
diferentes categorias de unidades de conservagao (Protegcao Integral e Uso
Sustentavel).
« Propor estratégias de gestdo ambiental fundamentadas nos resultados obtidos,
que integrem a conservacao dos SE as politicas publicas e ao planejamento

territorial.

A tese esta organizada em dois capitulos:

Capitulo 1: "Mapping and Identification of Ecosystem Services Hotspots in the
Brazilian Pampa Biome" — Apresenta o mapeamento e identificacdo dos hotspots de
servicos ecossistémicos no bioma Pampa, destacando areas com alta provisao de
multiplos servigos (Publicado na Environmental Management, Doi: 10.1007/s00267 -
024-02069-y).

Capitulo 2: "Protected Areas Efficiency in Conservation of Ecosystem Services
in Brazilian Pampa" — Avalia a eficiéncia das Areas Protegidas na conservacdo dos

servicos ecossistémicos, analisando a sobreposi¢cdo entre hotspots de servigos
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ecossistémicos e as areas protegidas existentes (Submetido a Ecosystem Services,
Under Revew: ECOSER-D-25-00341).
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Mapping and Identification of Ecosystem Services Hotspots in the Brazilian

Pampa Biome

Abstract

The intensification and expansion of changes in land use and land cover (LULC) can
reduce the availability and quality of natural habitats and ecosystem services (ES).
These changes have generated environmental damage in different parts of the world,
especially in biomes more susceptible to modifications, such as the Pampa biome in
the extreme south of Brazil. The Pampa biome has been neglected by environmental
protection laws, despite its broad ecosystem and social importance. In this study, we
used INVEST models to map and quantify five ES provided (i.e., water supply, carbon
stock, groundwater stock, sediment retention and habitat quality) by 14 watersheds
distributed in the Brazilian Pampa biome as well as determine ES hotspots by summing
the areas with high provision of ES. We identified low availability of water supply and
groundwater stock in practically the entire study area. High sediment retention and
carbon stock were reported in areas with the presence of native vegetation. In addition,
despite the large degraded areas, we observed high habitat quality associated with
native vegetation in all studied watersheds. The hotspots varied spatially in the study
area according to the proposed scenarios, the supply and the overlap of ES. Scenario
1 (>50% of ES) presented a larger area of high provision of ES. In contrast, scenario
2 (>75% of ES) presented smaller patches of areas with high provision of ES
distributed across different watershed. We observed that large territorial extensions
with high and medium provision of ES are vulnerable to the negative effects of LULC.
Our study presented scenarios that indicate areas of high provision of ES, contributing
to a more practical application, being a simplified and useful tool that can assist

conservation and sustainable policies.

Keywords: Land use, Land cover, Water availability, Carbon stock, Sediment

retention, Habitat quality

Introduction
Anthropogenic activities have altered large territorial extensions across the planet

(Dirzo et al., 2014; Corlett 2015). In recent decades, the natural landscape has been
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improved, mainly, by agricultural use, which occupies around 40% of the earth’s
surface (Campbell et al., 2017; Ellis 2019). The different anthropogenic activities,
characterized by different land uses and land cover, benefit humanity in many ways,
through the production of food, fuel, construction materials, among others (Campbell
et al., 2017; Smith et al., 2019). However, the negative effects of intensification and
expansion of land use and land cover changes can also reduce habitat availability and
quality (Baldi and Paruelo, 2008). The reduction of natural habitats reflects the loss of
biodiversity and, consequently, affects the supply of provisioning (e.g., water support),
regulating and supporting (e.g., temperature regulation, nutrient cycling, among
others) ecosystem services (ES) (Falcucci et al., 2007; Smith et al., 2019; Ferreira et
al., 2023; Muche et al., 2023).

ES are nature’s contributions to human well-being, resulting in humanity’s
dependence on ecosystems and their functions (Costanza et al., 1997; Burkhard and
Maes, 2017). However, environmental conflicts (e.g., ES valuation) challenge
humanity to face various social and economic problems (Dudgeon, 2019; Brander et
al., 2024) and seek strategies to improve the management of natural resources and
social well-being (Tadesse et al., 2017; Silva et al.,, 2017). Practices aimed at
conserving and managing natural resources are often adopted to contain
environmental impacts and preserve biodiversity (Burkhard et al., 2009; Hermoso et
al., 2016). In addition, conservation strategies based on ES can positively influence
conservation measures (Resende et al., 2019).

Changes in land use and land cover (LULC) negatively affect biodiversity and
consequently ES at all hierarchical levels of the ecosystem (Mace et al., 2012; Muche
et al., 2023). In this sense, mapping ES is one of most important methods for
integrating them into public conservation policies (Burkhard and Maes, 2017),
contributing to the effective management of natural resources and biodiversity (Lin et
al., 2017; Moushani et al., 2021). The use of ES mapping in planning multiple land
uses allows for an explicit view between the benefits of conservation and human well-
being (Burkhard et al. 2009). Therefore, the identification and mapping of ES
generates greater awareness in society about preserving natural habitats, in addition
to having a greater probability of implementing conservation actions within land use
planning (Burkhard and Maes, 2017; Sannigrahia et al., 2019).

Several studies relate the importance of understanding LULC changes for

evaluating ES in a given region (Berry et al., 2020; Moushani et al., 2021; Li et al.,



2021; Muche et al., 2023). In these studies, the connection between LULC information
is essential for decision-making aimed at the conservation and recovery of
environments (Sannigrahia et al., 2019). Areas with forests are generally considered
to provide environmental conditions that improve the provision of ES. However, this
perception can lead to economic policies (e.g., payments for Ecosystem Services) that
affect land use without real knowledge of whether the desired ES are achieved (Berry
et al., 2020). In this sense, our study aims to fill gaps in knowledge about the provision
of ES provided by a biome generally covered by national environmental policies.
Furthermore, this study suggests the use of predictive approaches to understand ES
supply patterns in watersheds with high levels of anthropized LULC.

Among global biomes, native grasslands have historically been considered
areas of expansion for land use promoted by human activities, especially with the
expansion of agricultural areas and forestry (Dixon et al., 2019; Segatto et al., 2024).
The temperate grasslands of southeastern South America, also known as Pampa
biome, are considered the most extensive fields in the Neotropics, covering the
extreme southern Brazil, the entirety of Uruguay and a part of Argentina (MapBiomas,
2021). In Brazil, the Pampa biome occupies an area of 19.4 million hectares, where
48% of its total extension is occupied by anthropogenic uses, such as intense
agricultural areas, forestry, and farming (MapBiomas, 2021). Given the availability of
grasslands, livestock farming has been practiced in natural grasslands in Pampa
biome for more than 300 years (Oliveira et al., 2017; Segatto et al., 2024). However,
between the years 1975-2005 there was a 26% reduction in the areas of grasslands
(Oliveira et al., 2017), and around 3 million hectares were converted to other
agricultural activities (e.g., soy, pine, and rice) (Luza et al., 2014; Oliveira et al., 2017).

In recent years, the Brazilian Pampa biome has been shown to be extremely
vulnerable, due to the conversion of natural areas to agricultural uses (Segatto et al.,
2024). These changes in the biome’s natural conditions favor the loss of biodiversity
due to the high fragmentation of habitats and loss of environmental quality. The Pampa
biome is the most impacted and only has around 14 of its original vegetation cover.
Furthermore, the Pampa biome encompasses a predominantly rural region that
includes Uruguay, part of Argentina and a small section of Paraguay (Overbeck et al.,
2007). In addition, the Pampa biome has a low capacity to adjust to climate change,

given the high degree of loss and fragmentation and the low coverage of the network

53



of conservation units. Despite this ecological importance, the Pampa biome is largely
neglected in Brazil in terms of the development of public policies aimed at
conservation, even with ~6.2 million inhabitants (Overbeck et al., 2007; Carlucci et al.,
2016). In this context, our study will contribute to refining knowledge about the ES
provided by the Pampa biome, which will contribute to actions and decision making in
the management of the area. Therefore, in this study, we seek to understand the
supply of ES in a biome extremely threatened by human activities and what this supply
would be like in different environmental conservation scenarios. To achieve this, our
main objectives were i) to map ES in 14 watersheds in the Brazilian Pampa biome and
ii) to identify and map ecosystem service hotspots in the Pampa biome. In this way,
we analyzed the LULC of 14 watersheds located in the Brazilian region of the Pampa
biome and quantified five ecosystem services associated with the provision and
support provided by this environment using different predictive models. Furthermore,
our study will contribute to mitigating the scientific imbalance that exists in
understanding the effects of the loss and fragmentation of natural habitats on
biodiversity and its ecosystem services. The analysis of ES hotspots that we will be
proposing here will be important for the establishment of management strategies for
the natural environments of the Pampa biome, not only for Brazil, but in the other

countries in which this biome occurs.

Material and Methods

Study Area

We carried out this study in 14 watersheds distributed in the Brazilian Pampa biome,
in the extreme south of Brazil (Fig. 1). Our study was focused on the Brazilian Pampa
biome as we understand that it is an area that is extremely neglected by the country’s
environmental policies. Although there is recognition of the ecological importance of
this biome for the country, environmental protection actions are incipient (Joly et al.,
2019). The Pampa biome has its limits associated with the Atlantic Forest biome and,
although it is predominantly represented by fields, there are forest patches (with
deciduous and semi-deciduous tree species), humid areas, coastal vegetation, and
transition areas (Overbeck et al. 2007; Roesch et al., 2009; Robaina et al., 2020). The
main forest regions are found at the limits of biome, but they can also be found as
riparian forests on the banks of water bodies (Roesch et al., 2009). Despite the

presence of forest formations in Pampa biome, grasslands is the dominant feature,



housing ~2215 species of flora (Joly et al., 2019). The biome’s fauna is also significant
with more than 400 species of birds and 90 mammals (Roesch et al., 2009). However,
in a recent government report, the authors mention that the number of animal species
is not reliable, as there are still few inventories carried out in the biome (Joly et al.,
2019).

\E@u\a_y/\—\)

Argentina

Uruguay

[ Latin America
[ Brazilian Pampa
B RHU

[ RHL

[ rHG

[ Water bodies

Fig. 1 Study area: Location of the 14 watersheds within the limits of Brazilian Pampa
biome. Hydrographic Regions: RHU = Uruguay, RHL = Coast, RHG = Guaiba.
watersheds: QUA = Quarai; IBI = Ibicui; BIC = Butui-lcamaqua; PIR = Piratini; STM =
Santa Maria; VVM = Vacacai-Mirim; NEG = Black; BJU = Baixo Jucui; CAM =
Camacué; MSG = Mirim-S&o Gongalo; GRA = Gravatai; UGL = Lake Guaiba; TRA =
Tramandai; LME = Litoral Médio.

The region’s climate is classified as subtropical and temperate (Roesch et al,,
2009), with an average annual temperature of 13—-17.1 °C and precipitation ranging
from 1200 to 1600 mm (Alvares et al., 2013), with a spatially distinct rainfall volume
(Supplementary Material). Geomorphologically, the Pampa biome presents a rich
landscape due to its lithological and structural characteristics (Robaina et al., 2020),
and despite being predominantly occupied by flat lands, the landscape varies between
plains, wave reliefs and plateau reliefs (Robaina et al., 2020). The Pampa biome was

only considered a biome in 2004 and, although it is considered an important
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stronghold for biodiversity, only 0.7% of its total area comprises protected areas (Joly
et al., 2019). In addition, there are around 6.25 million people who inhabit the biome’s
territory and the Brazilian Pampa biome has a large number of agroindustrial activities
with significant economic relevance for the country, with crop irrigation as the main

use of water resources (ANA, 2015; Joly et al., 2019).

Fig. 2 Organizational scheme of Ecosystem Services selection processes: Definition,

modeling and mapping of ecosystem services in the Brazilian Pampa biome

LULC Classification

We used information about LULC extracted from the MapBiomas collection 5 (2021)
database. The information was obtained from Landsat satellite images with seven
spectral bands and the calculated spectral indexes. MapBiomas evaluates the LULC
mosaic set as a data collection (Asset) within the Google Earth Engine platform. After
this process, a mosaic was created, which serves as a reference for the supervised
classification of images and the construction of LULC mosaics. From this stage
onwards, a supervised classification was applied using the “Randon forest” method,
which generated maps of LULC classes (such as forest, field, agriculture, water, etc.).

To finalize the classification, the nearest neighbor technique was applied to correct



biases in the classification of coverage and use, as well as failures due to irregularities

in the classification of the LULC quantified in this study.

Modeling and Mapping of ES

We quantified five ES provided by the 14 watersheds (Fig. 2), which are distributed
into three categories recognized by the Common International Classification of
Ecosystem Services (CICES). We use the CICES Classification because it is a
common and widely used international classification. In this way, the use of the CICES
classification favors comparisons as it normalizes the way in which ES are described.
The ES are classified by CICES as follows: provision services (water yield/provision),
regulation and maintenance services—abiotic (carbon stock, groundwater stock,
sediment retention) and regulation and maintenance services—biotic (habitat quality)
(Haines-Young and Potschin, 2018). The selection of ES was based on their relevance
to Pampa biome and the feasibility of mapping them. These ES were chosen due to
the negative effects that human activities cause in the Pampa biome. The Pampa
biome is a region of great endemism and environmental particularities relevant to the
maintenance of biodiversity and ES. In general, the ES quantified in this study are
associated with their importance for maintaining climate and chemical regulation and
terrestrial biodiversity (Vorosmarty et al. 2005). In addition, the selected ES are related
to ecosystem dynamics, food health, energy security and are directly associated with
human health (Gleeson et al.,2015), quality and quantity of water resources and
natural habitats (Resende et al., 2019; Sharp et al., 2020). To the models (described
below), we used information available in numerous open databases (Supplementary

Material).

Water Supply Model

To map water production in the environment, we use the IN'VEST—Annual Water Yield

model, which quantifies in each pixel the annual water yield Y(x) through the function

between annual evapotranspiration and annual productivity in the landscape x.

AET (x)
P(x)

Y(x)=(1- P(x)

where, AET (x) is annual evapotranspiration for pixel x and P (x) is annual precipitation

at pixel x.

S7



Quantifying the influence of LULC on evapotranspiration and precipitation is done

using the equation:

AET(x) _ | PET(x) [1 . (PET(x))T /e
P(x)

P(x) P(x)
where, PET (x) is potential evapotranspiration and w (x) is a non-physical parameter
that characterizes the natural properties of the soil-climate. For more details about the
models, see the InNVEST User Guide (Sharp et al., 2020). To calculate the
evapotranspiration of non-vegetated areas (includes humid areas), the quantification
of the influence of LULC on evapotranspiration and precipitation is done using the

equation:

where, ETO (x) is reference evapotranspiration and (K_c (I_x) is the evapotranspiration
factor for each LULC class. More details about the models are in the INVEST User
Guide (Sharp et al., 2020).

Carbon Stock Model

The carbon stock (CS) consists of the amount of carbon accumulated in an
ecosystem. Here we model carbon storage using the INVEST Carbon Storage and
Sequestration model, which aims to estimate the amount of carbon stored and
sequestered for an area of interest (Garrastazu et al., 2015). The model aggregates
the four carbon storage compartments (carbon above ground, CAbove; below ground
CBelow; in soil CSoil; and dead organic matter, CDead) according to the values
provided for each of the compartments for each LULC class (Garrastazu et al. 2015),

estimating the net amount of carbon stored in each parcel of land (Sharp et al., 2020).

Sediment Retention Model

We use INVEST Sediment Delivery Ratio (SDR) model to map sediment retention.
SDR is based on the concept of hydrological connectivity, which requires a number of
globally available parameters (Ayt and Yacoubi, 2020). For each pixel, the annual soil
loss is quantified, followed by the sediment deposition rate, which is proportional to
the soil loss rate (Ayt and Yacoubi 2020; Sharp et al., 2020). This model is based on



the Universal Soil Loss Equation (USLE), which calculates the annual soil loss at the

pixel using the equation:

where, R_(i) is rainfall erosivity, K_i is soil erodibility, [LS)_i is a terrain slope gradient
factor, C_iis a crop management factor, P_i is a support practices factor (Sharp et al.,
2020). For more details on the models, see the INVEST User Guide (Sharp et al.,
2020).

Habitat Quality Model

To identify areas with better habitat quality, we use the INVEST Habitat Quality model,
which considers information about LULC and threats to biodiversity to generate a
mapping of habitat quality in a given location (Terrado et al. 2016). The model
estimates habitat quality as a function of the suitability of each type of LULC to provide
habitats for biodiversity (Sharp et al. 2020). Furthermore, the model considers possible
threats that negatively affect habitat quality and the sensitivity of each LULC class to
each threat considered (Bhagabati et al. 2014). To analyze habitat quality, the model
requires (1) the suitability of LULC to provide habitat, (2) the spatial distribution of
threats, (3) the maximum distance that each threat affects each habitat type, (4) the
spatial reduction of impact (linear or exponential) and (5) the sensitivity of the LULC
in relation to each threat (Bhagabati et al. 2014; Sharp et al., 2020).

Groundwater Stock Model

Here we use groundwater stock mapping through the use of data from the “Gravity
Recovery and Climate Experiment” (GRACE) and “GRACE Follow On” (GRACE-FO)
satellites. GRACE measures total water storage (surface water, soil moisture and
groundwater) through changes in the earth’s gravitational field, and can detect the
movement of water in space and time (NASA, 2020). Total storage is used to obtain
groundwater data using additional hydrological information. Therefore, soil moisture
and total surface water storage must be subtracted from the total storage quantified
through GRACE data. To this end, the groundwater land surface model is calculated
using the equation:
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P — ET — Q = ATWS[soil water balance)

ATWS = AGW + ASM + ASWE + ASW

AGW = ATWS — ASM — AASWE — ASW

TABLE 1 where, P precipitation ET is evapotranspiration, Q is river discharge, ATWS
is the change in land water storage, AGW is the change in groundwater stock
(unknown), ASM is the change in soil moisture, AWE is the equivalent change in water
stored in the form of snow/ice, ASW is the change in surface water storage. To carry
out the calculation, the values of AGW, ASM, and ASW are used using data from
“Global Land Data Assimilation System” (GLDAS) models.

ES Hotspot Identification
To identify ES hotspots, we considered two scenarios with different cut-off levels in the
definition of areas of high service provision. We defined scenarios considering the
ecological importance of the Pampa biome and its high level of anthropic uses. The
ES hotspots can be categorized into individual ES hotspots and multiple ES hotspots
(Schroter and Remme, 2016). Individual ES hotspots are areas with high provision
values of a single specific ES, while multiple ES hotspots are areas where there is
overlap of several ESs (Schréter and Remme, 2016). In the modeling of individual ES
hotspots, two distinct scenarios were established to identify areas of high ES
provision. In Scenario 1, the areas that presented ES values above the 50% percentile
were considered as hotspots, i.e., the areas with the 50% highest ES provision values.
In Scenario 2, hotspots were defined as the areas with the 25% highest ES values,
corresponding to the 75% percentile. To facilitate the overlap analysis, both scenarios
were subsequently reclassified into a binary format. In turn, the mapping of multiple
ES hotspots was performed based on the results of individual ES hotspots, allowing
the assessment of the overlap between them (Mandle et al.,, 2017; Schréter and
Remme, 2016). This analysis culminated in the identification and mapping of areas
that concentrate multiple ES, providing an integrated view of ecosystem services in
critical areas.

We defined scenarios considering the ecological importance of the Pampa

biome and its high level of anthropogenic uses. In addition, we consider the low



percentage of legally established environmental protection areas in the biome (<1%
total area). In Scenario 1, we defined areas of high service provision as those that
presented 50% or more of the provision of each of the five ES, while in Scenario 2, we
defined areas of high service provision as those that presented 75% or more of the
provision of each of the same ES (Supplementary Material). Once the cut was made,
we reclassified the high-performance areas of ES. In Scenario 1, we transformed the
pixel values of the first 2 quartiles into 0, and the last two quartiles into 1; while in
Scenario 2, we transform the pixel values of the first 3 quartiles into 0, and the last
quartile into 1 (absence or presence). Finally, to identify the hotspots, we added the
values of the different raster layers of the high service provision areas for each of the
scenarios (Supplementary Material), using map algebra (Mandle et al., 2017). The
identification of the cuts and reclassification of the data was carried out in the R
environment (R Core Team, 2020), using the ‘raster’ (Hijmans et al., 2020) and “rgdal”
(Bivand et al., 2021) packages, and the map algebra that we made in the QGIS
software (QGIS Project, 2020) was used.

Spatial Data Analysis

We screen and process all input layers, and cut them to the study area, later formatting
the vector data with only the information of interest. All layers used in ES models were
designed for linear coordinates (Sharp et al., 2020). The model projections have a
spatial resolution of 30 m, except for the Groundwater Stock model, which has a
spatial resolution of 300 km. The procedures were carried out in the R environment (R
Core Team, 2020) using the “raster” (Hijmans et al., 2020) and “rgdal” (Bivand et al.,
2021) packages and in the QGIS software (QGIS Project, 2020). To carry out spatial
comparisons regarding the provision of ES between river watersheds, we used zonal
statistics, which allowed us to calculate the descriptive parameters of each ES raster
for each watershed (QGIS Project, 2020). The results for each watershed were
determined by the values contained in each pixel of the raster information of interest,
that is, for each ES. The parameters were calculated in the QGIS software (QGIS
Project, 2020).

Results
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Land Use and Land Cover (LULC) In 14 watersheds studied, nine classes of LULC
were identified, varying between native vegetation (e.g., grasslands and forests) and
anthropogenic uses (e.g., agriculture, urban areas, and pasture) (Table 1). The PIR,
GRA and BJU (see watersheds acronyms in Table 1) watersheds showed greater
presence of anthropogenic uses (56.6%, 52.3%, and 51.7%, respectively), which
include agriculture, forestry, pasture, exposed soil and urbanization LULC classes.
The PIR, VVM, and BIC watersheds had predominantly agriculture land uses with
55.4%, 46.7%, and 46.2%, respectively. On the other hand, the QUA and TRA
watersheds had predominance of grasslands and forest vegetation (69.9% and
67.8%, respectively). GRA and LGU were the watersheds with the highest percentage
of urbanization (10% and 6.6%, respectively), while BJU, LGU, and LME had the
highest percentages of areas with forestry (8%, 7%, and 6.9%, respectively) (Table 1).



Table 1 Proportion (%) of land uses and land cover (LULC) in studied watersheds

LULC RHU RHG RHL

PIR BIC 1B QUA ST™M NEG VVM BJU LGU GRA MSG CAM LME TRA

Forest 123 9.5 10.2 53 6.4 5.8 155 240 2841 215 125 255 54 46.1
Grasslands 295 4041 415 647 52.7 46.2 32.7 24.2 175 22.0 34.7 38.1 26.0 216
Pasture 0.8 0.0 1.9 0.0 0.0 0.0 1.0 2.8 0.0 1.5 0.0 0.0 0.3 44
Agriculture 554 462 425 296 36.9 428 46.7 404 364 30.0 38.6 281 39.8 9.0
Urban 0.1 0.1 0.2 0.1 0.2 0.8 0.6 0.4 6.6 10.0 0.6 0.2 0.4 6.0
Wetlands 0.1 15 0.4 0.2 0.1 0.0 0.0 0.1 0.9 24 6.4 0.6 4.6 52
Exposed soil 0.2 0.1 0.5 0.3 0.2 0.4 0.1 0.1 0.1 0.1 0.4 0.3 15 0.6
Forestry 0.0 0.0 0.4 0.0 11 1.0 1.6 8.0 7.0 0.8 29 6.2 6.9 54
Water 14 25 23 0.0 24 3.1 1.7 0.0 3.3 1.8 3.9 1.1 15.1 1.7

RHU Uruguay Hydrographic Region (Pampa Portion), RHG Guaiba Hydrographic Region,
RHL Coastal Hydrographic Region. The acronyms refer to the names of watersheds: QUA
Quarai, IB/ Ibicui, BIC Butui-lcamaqua, PIR Piratinim, STM Santa Maria, VVM Vacacai-Mirim,
NEG Negro, BJU Baixo Jucui, CAM Camacua, MSG Mirim-Sao Gongalo, GRA Gravatai, LGU
Lago Guaiba, TRA Tramandai, LME Litoral Médio

Provision Ecosystem Services

The largest water supply ES was observed mainly in the PIR (13.5%), TRA (13.0%), IBI (8.7%),
and GRA (8.6%) watersheds (Fig. 3A). The watersheds with the highest ES of water supply
are located in marginal regions of the biome Pampa limits, associated with low-lying areas of
watersheds that drain their waters from portions of the Atlantic Forest. Water supply was low
in large areas, as can be seen in the QUA (3.4%), NEG (3.9%), CAM (3.9%), and LME (4.3%)
watersheds (Fig. 3A). On the other hand, in the river basins with lower water supply ES are

regions with greater agricultural activities.

Regulation and Maintenance Ecosystem Services (abiotic)

The carbon stock ES reflected the LULC, with higher stocks in forest and grassland areas (Fig.
3B and Supplementary Material). We observed large contributions to carbon stocks mainly
from the TRA (12.9%), LME (11.6%), LGU (9.7%), GRA (9.4%), and CAM (8.2%) watersheds,
especially in areas with grasslands and forests (Fig. 3B). The lowest contributions to the
carbon stock ES were observed in areas with a predominance of agriculture use, especially in
QUA (3.5%), STM (3.9%), IBI (4.5%) watersheds (Fig. 3B). The sediment retention was
greater in areas with the presence of natural vegetation, such as the TRA watershed (71.9%)

(Fig. 3C). The groundwater stock was low in large extensions of Pampa biome, but mainly in
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the STM (6.9%), PIR (6.5%), 1Bl (6.2%), BIC (6, 0%) and QUA (5.1%) watersheds (Fig. 3D).
Specific areas distributed across the three hydrographic regions showed higher
concentrations of this resource, as observed in the NEG (10.2%), GRA (9.5%) and TRA (8.0%)
watersheds (Fig. 3D).

Regulation and Maintenance Ecosystem Services (biotic)

Habitat quality in the INVEST Habitat Quality model was influenced by LULC and threats (Fig.
3E). Urban areas, with the presence of mining and a higher density of sewage treatment
plants, strongly influenced the habitat quality in watersheds (Fig. 3E), presenting areas with
lower habitat quality in urban portions of the GRA and LGU watersheds (Fig. 3E). The areas
with the highest habitat quality are distributed throughout the Pampa biome in patches present
in the three hydrographic regions (Fig. 3E). In areas where habitat quality was higher, native
vegetation was predominant, such as the native pasture areas in the RHU (QUA and IBI
watersheds), the pasture and forest regions of the RHG (BJU watersheds) and RHL (CAM and
MSG), and the wet grassland regions of the RHL (MSG and LME watersheds (Fig. 3E).
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Fig. 3 Mapping of Ecosystem Services and Habitat Quality in watersheds of the Brazilian
Pampa biome: A Water supply, B Carbon stock, C Sediment retention, D Groundwater stock,

and E Habitat quality. Name of watersheds indicated in legend of Fig. 1.

Hotsposts of Ecosystem Services

The hotspots areas varied within the study area depending on the scenarios, supply, and
overlap of services. These changes in scenarios reflect the LULC patterns observed in Pampa
biome watersheds. In Scenario 1, a large part of the study area (48.1%) had high ES provision
(>4 ES), 36.4% medium provision, and 15.4% low or no provision (<2 ES) (Fig. 4A). While in
Scenario 2, more restrictive, only 7.2% of total study area had high ES provision (>4 ES),
23.3% medium provision (3 ES), and 69.4% low and no provision (<2 ES) (Fig. 4B).
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Fig. 4 Scenarios represent hotspots of ecosystem services in the Brazilian Pampa biome: A
Ecosystem Services hotspots according to scenario 1 (>50%), B Ecosystem Services hotspots

according to scenario 2 (>75%).

Discussion
The conversion of natural vegetation to anthropogenic uses promoted changes in the
landscape, affecting the supply of ES in the Brazilian Pampa biome. As a consequence, we
also observed low availability of surface and underground water supply and low sediment
retention in altered areas, as well as a reduction in the quality of natural habitats in the
watersheds of the Pampa biome. We observed low water availability in the soil in practically
the entire study area. This result reflects the water stress conditions observed in regions of
Pampa biome in recent years (SEMA, 2021), where drought events reduce water levels in
rivers, promoting the drying up of smaller streams and a drastic reduction in humidity soil
(SEMA, 2021). The reduction of water in Pampa biome has compromised water reservoirs for
human supply, crop production and health, in addition to causing various social and economic
losses (e.g., loss of financial power of the population, increasing regional inequality). These
results are observed in different global locations, affecting the valuation of ES and reflecting
on social, economic, and environmental aspects (Hirons et al., 2016; Dudgeon, 2019; Ellis,
2019). Water production is conditioned by the availability of existing water stocks in the
environment, through rainfall levels, the presence of water in the soil, in rivers, lakes, and
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groundwater (Teixeira et al., 2009). However, we observed numerous areas of wetlands being
drained and intense removal of vegetation for agricultural space, which is significant in
important factors for the manipulation of aquifers and water bodies in general (Dudgeon 2019;
Ferreira et al., 2023). Inadequate management of water stocks can affect the volume of water
available in environment, changing infiltration, retention and evapotranspiration patterns
(Sharp et al., 2020). Therefore, management and regulation actions for water resources are
necessary in watersheds of Pampa biome, especially in those that are in a situation of reduced
stocks and with a probable conflict of water uses (SEMA, 2021).

In general, groundwater stock was low throughout the study area, except for patches
located in the NEG, TRA and GRA watersheds. These watersheds have aquifer systems that
reflect high values in the models used. Due to worsening water problems, Pampa biome faces
an intensified search for groundwater to supply human activities. Of these three watersheds,
GRA and TRA have the two largest urban areas in the Pampa biome. Among the human
population of the Pampa biome (~6.2 million inhabitants), more than half inhabit these regions,
contributing, in a certain way, to changes in the water supply of ES. Furthermore, population
density exerts natural pressure on water sources, as it increases the demand for water for
domestic and industrial uses and, consequently, increases the amount of liquid waste
generated. Urban activities require large amounts of water and the water supply is generally
heavily exploited in these regions (Dudgeon, 2019). Furthermore, urban areas with deficient
or ineffective sewage treatment systems are hot spots for water contamination (Silva et al.,
2017). The search for water leads to a disorderly exploitation of groundwater in the region with
wells being drilled to extract water without assessing the resource’s stock. The groundwater
stock is dependent on regional environmental conditions, changes in LULC, recharge time and
water discharge (Teixeira et al., 2009). Groundwater recharge rates are dependent on the
porosity and permeability of the sediment, soil and rock characteristics, in addition to regional
climatic conditions (Teixeira et al., 2009; Bertolo et al., 2015; Hirata et al., 2019). The
exploitation of groundwater often exceeds recharge by rain and rivers, leading to drastic
reductions in the storage of its stocks (Graaf et al., 2019). The largest volumes of groundwater
observed for the Pampa biome are found in NEG watershed, a region where there is the
presence of aquitard systems (Permianquitards) (Freitas et al., 2004). Aquitard systems are
hydrogeological systems that, despite being saturated, are unable to transmit a significant
volume of water and are considered economically unviable, as the cost of extracting water is

very high (Teixeira et al., 2009).
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Due to its origin in sedimentary rocks, the Pampa biome soil largely has sandy textures
and is susceptible to erosion processes (Roesch et al., 2009). Despite being a natural process,
soil erosion can be intensified by human activities under different soil, relief, climate and
vegetation conditions (Vitte and Mello, 2007; Teixeira et al., 2009). Changes in the landscape
generate fragility in the soil, which causes an increase in erosion processes (Ellis, 2019). In
regions where natural vegetation is replaced by urban buildings and agricultural uses, it is
common to compromise and destabilize the soil, increasing the likelihood of erosion processes
(Vitte and Mello, 2007), and consequently socioenvironmental catastrophes. Areas that have
low sediment retention may be subject to landslides, burial of slopes and buildings, and
compromised water quality (Teixeira et al., 2009; Mandle et al., 2017; Sharp et al., 2020).

In our study we observed that the distribution of the carbon stock was not uniform,
considering the extent of the biome and the quantified LULC. Carbon stocks are influenced by
vegetation land cover (Scurlock and Hall, 1998) and therefore, actions to convert vegetated
areas such as deforestation, implementation of monocultures and urbanization have
considerable effects on all compartments of the stock (Bengtsson et al. 2019). This occurs
because native vegetation, in the case of Pampa biome, grasslands, forests, humid areas,
store large amounts of carbon, sequestering CO2 (Scurlock and Hall 1998; Sharp et al. 2020).
The lowest contributions observed to the carbon stock in Pampa biome were on agriculture
land, possibly because annual harvest agriculture and forestry are practices that accelerate
the decomposition of organic matter in the soil, reducing carbon stocks and increasing
greenhouse gas emissions (Pillar et al., 2012). Although native grasslands areas are intensely
used for pastoral activities (Oliveira et al., 2017), the natural ecosystems of Pampa biome
contain important carbon stocks for local, regional and global climate regulation (Pillar et al.,
2012; Dutra et al., 2024).

In Brazilian Pampa, large extensions of natural habitats have already been replaced by
anthropogenic uses (Overbeck et al., 2013; Oliveira et al., 2017), reflecting compromised
habitat quality, mainly in urban areas and agriculture land use. The remnants are fragmented
and distributed discontinuously throughout the Pampa biome (Oliveira et al., 2017), indicating
that the importance of natural habitats and biodiversity alone does not guarantee their integrity
and, above all, their protection. Despite the large degraded areas, it was possible to observe
areas of high-quality habitat in all Hydrographic Regions, mainly associated with large patches

of grasslands and forest vegetation.
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Reconciling the conservation of ES with areas with higher habitat quality can be efficient to
identify areas with different levels of conservation and advantageous for the conservation of
biodiversity and the Pampa biome ES. The conservation of ES acts as an attraction for the
economy and public managers by emphasizing nature’s contribution to society (Resende et
al., 2019). In regions where biodiversity is still unknown, as is the case in eastern portions of
Pampa biome, basing conservation measures on ES and habitat quality can be advantageous
for protecting biodiversity and ecological processes (Overbeck et al., 2007; Mace et al., 2012;
Resende et al., 2019).

Hotspots varied within the study area depending on the scenario, supply, and overlap of ES.
Some of the watersheds studied (PIR, STM, VVM, BJU), with areas of high provision of ES in
both scenarios. In this way, the mapping of hotspots presented in both scenarios is efficient
for planning conservation and management actions considering nature-based solutions. Both
proposed scenarios provided a knowledge baseline on the areas of high provision of ES in
Brazilian Pampa biome, and could support strategic actions for the protection and
conservation of ES and biodiversity. The mapping and ES hotspots presented in our study are
in line with global policies that encourage the scientific community to map ecosystem services
and provide applications in decision-making (Burkhard and Maes, 2017). The current concern
about the fragmentation of natural landscapes, on a global scale, heightened by population
inequality demands urgent socio-economic-environmental transformation. Thus, knowledge
about different ES supply scenarios can assist in more efficient governance actions with regard
to environmental protection. However, the establishment of goals to reduce changes in LULC
are disconnected from global realities, therefore, the commitment of different powerful actors
at multiple scales is essential, so that we have efficiency in conservation actions that are widely
publicized (McDermott et al., 2023).

Final Remarks

The watersheds of the Brazilian Pampa biome promote several ES essential for social well-
being, but they are distributed heterogeneously throughout the biome. In the Brazilian Pampa
biome, the large extensions of anthropic uses have contributed to the reduction of ES and
compromised habitat quality, mainly due to urban and agricultural expansion. Through
mapping, we identified a low availability of water in the soil and groundwater in practically the
entire study area, a high retention of sediments in areas with the presence of native vegetation

(forested areas and native grasslands). In addition, the distribution of carbon stock was not
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uniform, with higher stocks in areas of native vegetation (grasslands and forests) and, despite
large degraded areas, it was possible to observe areas of high-quality habitat in all
Hydrographic Regions. Hotspots varied within the study area depending on the scenario,
supply and overlap of ecosystem services. The scenarios presented indicate areas of high
provision of ecosystem services and place ES maps in a more practical application, being a
simplified and useful tool for making sustainable decisions. We hope that our results can help
and strengthen public policies for the conservation of the Brazilian Pampa biome. Furthermore,
considering that this biome is often neglected in Brazilian environmental policies, with low
investment for its conservation, our study can strengthen the conceptual basis regarding the
ES offered by the biome. Thus, our study can support the creation of new policies, aiming to
guarantee ecosystem balance and the well-being of the population living in its territory. Finally,
studies to evaluate the potential for implementing protected areas are essential for
conservation of the Pampa biome in Brazil. Additionally, our results are important because the
high provision of ecosystem services in the Pampa biome may be linked to protected areas.
This would be a strong argument for promoting the creation of protected areas to improve the
provision of ecosystem services and make a significant contribution to the Pampa region.
Finally, this study uses free and easily accessible databases, which contributes to a broad
analysis of the information. However, although the use of 30 m resolution is quite detailed,
there may be some limitations in detecting changes in smaller areas or in complex vegetation
mosaics. Therefore, to develop the idea of this study, it would be important to use images with

greater refinement in resolutions.
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Fig. 1. Precipitation in the Brazilian Pampa: Map with rainfall distribution in the study region.

Fig. 2. Definition of areas with high provision of ecosystem services: Visual representation of

Scenario 1 considering a cut of >50%.

Fig. 3. Definition of areas with high provision of ecosystem services: Visual representation of

Scenario 2 considering a cut of >75%.
Table 1. Input data used in ecosystems services models and their origin. The acronyms refer
to ecosystem services, being WY = Water Yield, SDR = Sediment Delivery Ratio, HQ = Habitat

Quality e GW= Groundwater.

Table 2. Summary of inputs used in the biophysical data for Water Yield model, description of

the class LULC, kc factor, root depht and LULC vegetation presence.
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Table 3. Carbon stock values and respective sources for each LULC and carbon

compartments (carbon stock in Mg ha -1).

Table 4. SDR Summary of inputs used in the SDR model, description of the class LULC, and

C and P factors.

Table 5. Attribution of the sensitivity values of the different LULC classes to the threats

considered in the study.

Table 6. Threats for each LULC with information about maximum distance (Max.distance),
weight and “decay”. Where Max.distance is the maximum distance at which each threat affects
habitat quality, Weight represents the impact of each threat on habitat quality, and Decay,
which is the reduction of degradation in space for each threat, can have value linear or

exponential.
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Fig. 1. Precipitation in the Brazilian Pampa: Map with rainfall distribution in the study region.
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Fig. 2. Definition of areas with high provision of ecosystem services: Visual representation of

Scenario 1 considering a cut of >50%.

80



1 Watershed
Number of ES
[0
[ Watershed 1
75%b0f ES = §
ApsElies - 4 0 75 150 km
Hl presense s |

Fig. 3. Definition of areas with high provision of ecosystem services: Visual representation of

Scenario 1 considering a cut of >75%.
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Table 1. Input data used in ecosystem services (ES) models and their origin. The acronyms
refer to ecosystem services. WY = Water Yield, SDR = Sediment Delivery Ratio, HQ = Habitat
Quality e GW= Groundwater.

Data/variable Databases ES
Land use and land cover MAPBiomas
All
(LULC) (www.mapbiomas.org)
WorldClim
Precipitation wy
(www.worldclim.org)
Consortium for Spatial Information (CGIAR Platform
Evapotranspiration Wy
for Big Data in Agriculture: www.cgiarcsi.community)
International Institute for Applied Systems Analysis
Root Constraint Layer Depth Wy
(www.iiasa.ac.at/)
Water content retained in World Soil Information
wy
plants (ISRIC: www.isric.org)
Delimitation of basins and Fundacao Estadual de Protegdo Ambiental Henrique
All
sub-basins Luiz Roessler — RS (FEPAM: www.fepam.rs.gov.br)
Digital Elevation Model United States Geological Survey
SDR
(DEM/SRTM) (USGS: www.usgs.gov)
European Soil Data Centre
Rain erosivity index (R) SDR
(ESDAC: www.esdac.jrc.ec.europa.eu)
Instituo Brasileiro de Geografia e Estatistica
Soils of Rio Grande do Sul SDR
(IBGE: www.ibge.gov.br)
Fundagao Estadual de Prote¢gao Ambiental Henrique
Roads and highways HQ
Luiz Roessler — RS (FEPAM: www.fepam.rs.gov.br)
Agéncia Nacional de Mineragao (SIGMINE
Mining HQ
www.sigmine.dnpm.gov.br)
Agéncia Nacional de Energia Elétrica
Dams HQ
(www.aneel.gov.br)
Atlas Esgoto - Agéncia Nacional de Aguas
Sewage treatment station HQ

(ANA: www.atlasesgotos.ana.gov.br)
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Protected areas

Instituto Chico Mendes-Ministério do Meio Ambiente

(ICMBio-MMA: www.icmbio.gov.br)

Indigenous lands

Fundac&o Nacional do indio

(FUNAI: www.funai.gov.br)

Groundwater Gravitational

Model

National Aeronautics and Space Administration

(NASA: www.giovanni.gsfc.nasa.gov)

Gw

Table 2. Summary of inputs used in the biophysical data for Water Yield model, description of

the class LULC, kc factor, root depht and LULC vegetation presence.

LULC Kc Root depht Vegetation
Forest 1.008a (forest) 3700c (forests) 1 c (forests)
Forestry 1.008a (forest) 1250c 1c
Wetland 0.975a 1000c 1c
Grassland 0.935a 1000c 1c
Pasture 0.935a (grassland) 1000c 1c
Annual crop 0.772a (soy) 950c (soy) 1c (soy)
Agriculture+pasture 0.928 975 1
Litoral &rea 0.650b (grass) 1000c (grass) 1c (grass)
Urban Oa 1c Oc

Unforest area
Rocks
Minning

River, lakes, ocean

0.200b (bare land)
0.200b (bare land)
Oa (unknown)

0.952a

1c (bare land)
1c (bare land)
Oc

1c

Oc (bare land)
Oc (bare land)
Oc
Oc

Databases: aInVEST database, bSong et al. (2015), cResende et al. (2019).

Table 3. Carbon stock values and respective sources for each LULC and carbon compartments

(carbon stock in Mg ha -1).

LULC

CAbove

CBelow

CSoil

CDead

Forest

242a

18a

8a
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Forestry
Wetland
Grassland
Pasture
Annual crop
Agriculture+pasture
Litoral area
Urban
Unforest area
Rocks
Minning

River, lakes, ocean

71.66a
7b (wet shrub)
100b
100b(grass)
4a
52.5
1b (grass)
2b
1b (bare/fallow)
Ob (barren)
Ob (barren)
Ob

22.3a

3b (wet shrub)
20b
20b(grass)
2.5a

11.5

1b (grass)
1b

1b

Ob

Ob

Ob

37.66a 2.01a
25b (wet shrub) Ob (wet shrub)
15b 2b
15b(grass) 2b(grass)
20.5a 1a

15 2

10b Ob

50b Ob

10b Ob

Ob Ob

Ob Ob

Ob Ob

Databases: aGarrastazu et al. (2015), bInVEST database.

Table 4. SDR Summary of inputs used in the SDR model, description of the class LULC, and

C and P factors.

LULC C factor P factor

Forest 0.01a 1a
Forestry 0.01a 1a
Wetland 0.04a 1a
Grassland 0.26b 0.4b
Pasture 0.26b 0.4b
Annual crop 0.195a (soy) 0.5a
Agriculture+pasture 0.217* 0.466*

Litoral area

Urban
Unforest area
Rocks

Minning

River, lakes, ocean

0.404b (barren or

sparsely)
0.06a
1a (bare land)
1a (bare land)
1a

0.07a

1b (barren or sparsely)

0.98a
1a (bare land
1a (bare land
1a

1a
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Databases: aResende et al. (2019), bInVEST database.

Table 5. Attribution of the sensitivity values of the different LULC classes to the threats

considered in the study.

Wastewater
LULC Habitat  Agriculture Mining Roads Dams Urbanization
Station

Forest 0.93a 0.7a Oa 0.72a 0.78a Oa 0.85a
Forestry 0.93a 0.7a Oa 0.72a 0.78a Oa 0.85a
Wetland 0.73a 0.82a 0.9a 0.86a 0.75a 0.92a 0.97a
Grassland 0.72a 0.67a Oa 0.68a 0.7a Oa 0.75a
Pasture 0.72a 0.67a Oa 0.68a 0.7a Oa 0.75a
Annual crop 0.47a 0.02a Oa 0.64a 0.58a Oa 0.7a
Agriculture+past

0.47a 0.02a Oa 0.64a 0.58a Oa 0.7a
ure
Litoral area 0.7b 0.8b 0.8b 0.8b 0.8b 0.8b 0.75b
Urban 0.15a 0.16a Oa 0.19a 0.1a Oa 0.01a
Unforest area Oc Oc Oc Oc Oc Oc Oc
Rocks 0b Ob 0b Ob Ob Ob 0b
Minning Ob Ob Ob Ob Ob Ob Ob
River, lakes,

0.73a 0.82a 0.9a 0.86a 0.75a 0.92a 0.97a
ocean

Databases: aTerrado et al. (2016), bWang et al. (2020), cAneseyee et al. (2020).

Table 6. Threats for each LULC with information about maximum distance (Max.distance),
weight and “decay”. Where Max.distance is the maximum distance at which each threat affects
habitat quality, Weight represents the impact of each threat on habitat quality, and Decay, which

is the reduction of degradation in space for each threat, can have value linear or exponential.

Threat Max. distance Weight Decay

85



Agriculture 4.1 0.68 Linear

Wastwater stations 6 83 Exponential
Roads 29 0.71 Linear
Dams 14 0.92 Exponential
Urbanization 71 1 Exponential
Mining 5.6 0.8 Exponential

Databases: Terrado et al. (2016).
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Highlights
« Protected areas (PA) are efficient in conserving ecosystem services, but only 17% of
global area is PA.
« We studied ecosystem services in a region of high environmental importance, but
neglected by public policies.
« More restrictive PA are more efficient in conserving multiple ecosystem services.
« Multiple ecosystem services hotspots are important for the management of PA.

« PAreflect a multifunctional approach to ensure ecosystem services conservation.

Abstract

In this study, we evaluated the efficiency of protected areas (PAs) in conserving multiple
ecosystem services in the Pampa biome through mapping and analysis of ecosystem service
hotspots. Our results indicated that PAs with more restrictive levels of protection showed
greater efficiency in conservation, although we found significant gaps. Spatial analysis of the
data revealed the ecological importance of considering the spatial distribution of ecosystem
services and hotspots of multiple ecosystem services to optimize PA management. Our results
highlight the need for an integrated approach that considers the multifunctionality of

ecosystems to ensure ecosystem conservation and sustainability of the Brazilian Pampa.

Keywords: hotspots, spatial analysis, ecological integrity, Pampa biome.
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1. Introduction

Environmental impacts on nature challenge humanity to face environmental crises and seek
strategies to improve the management of natural resources and biodiversity (Tadesse et al.,
2017; Hachtmann, 2024). Among the strategies is the creation of Protected Areas (Pas), which
consists of an effective practice to contain changes in the landscape (Job et al., 2019; Pu et
al., 2023). PAs cover significant extensions of unconverted habitats, contributing to the
maintenance of biodiversity, ecosystem services and social well-being (Garrett et al., 2018; Pu
et al., 2023). PAs are effective conservation tools against habitat degradation (Martin- Lopez
et al., 2011), focusing on nature protection, including species preservation, ecosystem services
(ES), and the enhancement of traditional communities and cultural ecosystem services (Pu et
al., 2023). In this way, PAs influence social dynamics through people's interactions with
ecosystems, promoting human well-being, adaptation to emerging socioecological conditions,
and nature protection (Pu et al., 2023).

Traditional PAs selection methods focus mainly on analyses of biodiversity and species
distribution (Kukkala and Moilanen, 2012; Juffe-Bignoli et al., 2020; Yu et al., 2024). These
approaches often neglect essential ecological dimensions, such as functions, processes, and
ES, which are fundamental to maintaining environmental integrity (Garrett et al., 2018;
Resende et al., 2019). ES are not commonly incorporated into conservation plans (Pu et al.,
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2023), limiting conservation objectives and the preservation of other ecological dimensions
(Santos et al., 2019; Pu et al., 2023). Therefore, understanding whether PAs can ensure the
conservation of ES is essential, considering the ecological and social importance of these
services.

The use of ES has gained attention for increasing the effectiveness of conservation
efforts and its potential to address several ecological challenges (such as habitat degradation,
biodiversity loss, and climate change) (Pu et al., 2023). Techniques such as ES modeling and
mapping allow the identification of regions with greater provision of services or high
concentration of multiple services, the so-called ES "hotspots" (Silva et al., 2024). These
hotspots are defined as areas with high biophysical or monetary provision, or high diversity of
services (Li, 2014; Schroter and Remme, 2016; Orsi et al., 2020, Silva et al. 2024). The
identification of these hotspots provides a scientific basis for prioritizing conservation and
allocating resources efficiently in ecosystem management (Reyers et al., 2009; Zhang and Fu,
2014; Orsi et al., 2020). Considering the limited territories for conservation and the funding
aimed at habitat protection, the identification of hotspots for conservation is fundamentally
applied to the planning and management of natural resources (Li et al., 2022).

Currently, global protected areas cover approximately 17% of terrestrial habitats
(considering continental aquatic ecosystems) and 8% of coastal and oceanic areas (Pu et al.,
2023). In Brazil, only 19.1% of its continental territory is located in PAs, these areas are
distributed across five biomes and coastal and marine areas, with 26.5% of coastal and marine
areas in PAs, Amazon (28.5%), Cerrado (8.6%), Atlantic Forest (10.4%), Pantanal (4.7%),
Caatinga (9.1%) and Pampa (2.9%) (MMA et al., 2024). Although Brazilian biomes, such as
the Amazon, are close to achieving their preservation goals in relation to the national territory,
other biomes such as the Pampa and Pantanal are far from achieving their goals and remain
seriously unprotected (Drummond et al., 2012). Among the Brazilian biomes, the Pampa is the
most impacted by habitat loss, with only 4 of its original vegetation cover remaining (Silva et
al., 2024). It is the biome with the smallest preserved area (only 1,604 km? of its territory under
protection in Full Protection Conservation Units), which indicates low conservation efforts.
Taking into account the conservation goals of the Sustainable Development Goals (mainly goal
15), the Pampa has great potential for the implementation of protected areas, which are
essential for the conservation of the biome in Brazil. Given the above, this article aims to
evaluate the efficiency of protected areas in preserving ecosystem services in the Pampa

biome, highlighting the identification of hotspots as a strategic approach to subsidize and
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promote the sustainable management of natural resources. In this study, we evaluate the
efficiency of protected areas in conserving ecosystem services through mapping techniques
and analysis of ecosystem service hotspots in relation to the presence of protected areas. This
strategy not only assesses the efficiency of protected areas in conserving ecosystem services,
but also reinforces the importance of areas with high levels of ecosystem services for
conservation, contributing significantly to the ecological and social sustainability of the study

region.

2. Methods
2.1. Study area
The Pampa is a biome that extends across a predominantly rural region in Latin America, which
includes Brazil, Uruguay, part of Argentina, and a small portion of Paraguay (Overbeck et al.,
2007). In its Brazilian portion, the Pampa is characterized mainly by rural landscapes,
interspersed with forest patches at its limits (Silva et al., 2024). It is a biome with high
geodiversity, evidenced by its structural and lithological characteristics, which vary from flat
areas to undulating reliefs (Robaina et al., 2020). The region is climatically classified as
temperate subtropical, with average annual temperatures ranging from 13°C to 17°C (Alvares
et al., 2013). The Brazilian Pampa has significant economic relevance, given the concentration
of agro-industrial enterprises, which play an important role in the regional and national
economy. We consider the Pampa region in its Brazilian portion as our study area and,
considering that in this study we will start from the modeling of the SE, we adopted the
hydrographic basins of the Brazilian Pampa as the territorial delimiter, according to the
methodology proposed by Silva et al. (2024).

According to the National Registry of Conservation Units (CNUC, 2024), 51 protected
areas are distributed across the Brazilian Pampa, 22 of which are Full Protection areas and 29
of which are Sustainable Use areas. Considering the modeled area, a total of 26 protected
areas were identified, of which four units are Sustainable Use areas and 22 (twenty-two) Full
Protection areas, totaling 4,542.92 km? and 1,225.20 km?, respectively (Fig. 1). Although Full
Protection Protected Areas predominate in number, with 22 units identified, they have a smaller
territorial extension when compared to Sustainable Use PAs (Fig. 1).
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Fig. 1. Geographical location of the Pampa biome in Brazilian territory (in green. Red
dots:Areas of Full Protection; Black dots: Areas of Sustainable Use. In the smaller maps, the
eastern portion (above) and the western portion (below) of the biome are highlighted, allowing

a detailed visualization of the Protected Areas

2.2. Mapping of ES and modeling of ES Hotspots
We focused on four ES provided by river basins, published by Silva et al. (2024), namely Water
Supply Model, Sediment Retention Model, Habitat Quality Model and Groundwater Stock
Model. ES are distributed into three categories recognized by CICES (2018): Provision
services (water supply), abiotic regulation and maintenance services (groundwater stock,
sediment retention) and biotic regulation and maintenance services (habitat quality). According
to Silva et al. (2024), the mapping of water supply, sediment retention and habitat quality ES
was performed in INVEST 3.9.0 (Sharp et al., 2020), while the groundwater stock ES was
modeled using data derived from the GRACE model, which measures water stock in mm? using
gravity models (Landerer, 2012; Silva et al., 2024).

We considered areas of high performance of individual ESs to be those regions that
presented 75% or more (values present in the last quartile for each ES) of the performance of
each of the ES (Silva et al., 2024). Subsequently, we reclassified the areas of high performance

of ESs by transforming the pixel values of the first 3 quartiles into 0, and of the last quartile into
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1 (absence or presence). Finally, to identify the hotspots of multiple SEs, we combine/sum the
values of the different raster layers of the high-performance areas of each SE through map

algebra.

2.3. Efficiency of Protected Areas

Consider efficiency to be the amount of benefits per unit cost and, to spatially verify the
efficiency of ES conservation in PAs, we adapted the method proposed by Sobral-Souza et al.
(2018), which calculated the protection efficiency in relation to climatically stable areas. In this
way, we adapted the calculations to quantify the percentage of overlap in each ES in relation
to the area occupied by the PA. We adopted the 50% threshold as the criterion for determining
efficiency, that is, we considered all PAs with efficiency values of 50% or higher to be efficient

in ES protection.

Efficiency o = (722
iciency (o) = APy x 100

Where SE )= represents the total area of the SE assessed within the PA; AP ) = total area of

the PA assessed.

To perform the calculations, the matrix data resulting from the mapping of the areas of high
SE performance and the mapping of multiple SE hotspots were transformed into vector data.
This data preprocessing technique ensures greater precision in the calculation of overlapping
areas and consequently in the calculation of efficiency. To calculate the efficiency of SE
protection in the Protected Areas, we superimposed the PA maps on the SE models and
multiple SE hotspots. From this superimposition, we calculated the percentage of protection
of each SE and of the hotspots within each Protected Area. Data reclassification, map algebra,
and preprocessing procedures of input data for SE models were performed in the R
environment (R Core Team, 2020) and in the QGIS software (QGIS Project, 2020).

3. Results

The results of the efficiency analysis demonstrated variations in the capacity of these PAs to
protect the evaluated SE and the hotspots of multiple SE (Table 1). Considering the Sustainable
Use (US) PAs, only the Banhado Grande APA was efficient in conserving SE water yield (79%,

Table 1, Fig. 2). This same PA was the only area that also presented efficiency values for SE
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groundwater (94%, Table 1, Fig. 2). However, when we observed the efficiency of the PAs for
protecting SE sediment retention, only the Ibirapuitd APA reached values considered efficient
(68%) (Table 1, Fig. 2). When we observed the results in relation to SE habitat quality, all the
PAs analyzed presented protection efficiency values, except for the Morro Osé6rio APA. Among
the PAs with the highest efficiency values in protecting SE habitat quality, we highlight the
Lagoa Verde APA (98% efficiency, Table 1, Fig. 2).

Table 1. Efficiency of protected areas (%) in the Brazilian Pampa biome in conserving
ecosystem services and hotspots of multiple ecosystem services. The table presents, in the
first column, the studied protected areas, organized according to the different categories of
Brazilian protected areas, classified as Full Protection or Sustainable Use. The second column
shows the extent of the analyzed protected areas in square kilometers (km2). Columns 3 to 6
display the efficiency percentages for conserving individual ecosystem services, while columns

7 to 9 detail the efficiency percentages for protecting hotspots of multiple ecosystem services.

Protected areas Efficiency (%)
Hotspot SE
Sustainable use Km? wy Gw SDR HQ 2 SE 3 SE 4 SE
Area de Protegdo Ambiental Morro  60.682 17.0 25.9 447 401 54 5.2 13.1
Osorio
Area de Protecdo Ambiental 3167.8 28.2 0 68.2 95.1 55.4 18.2 0
Ibirapuita 00

Area de Protecdo Ambiental 1370.4 79.4 94.5 458 60.3 14.5 51.8 28.5
Banhado Grande 13

Area de Protegdo Ambiental Lagoa  4.708 44 1 0 10.6 98.9 17.7 0 0
Verde

Full Protection

Estacéo Ecoldgica do Taim 328.06 37.9 0 24.9 83.9 24 .4 19.3 0
1

Reserva Biologica do Sdo Donato  44.144 95.1 0 40.3 39.0 48.9 15.1 0

Reserva Bioldgica do BioPampa 0.149 0 100 0 100 100 0 0

Reserva Bioldgica do Ibirapuita 3.516 97.5 0 31.6 99.6 65.9 33.6 0

Reserva Bioldgica do Mato Grande 49.736 82.5 0 37.0 37.0 53.6 31.9 0
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do Magarico
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Parque Estadual de Itapeva

Parque Estadual do Delta do Jacui
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Parque Estadual do Camaqua

Parque Nacional da Lagoa do
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Parque Natural Municipal do

Pampa

Parque Natural Municipal Saint

Hilaire

Monumento Natural Municipal
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0.093

23.814

2.422

0.155

0.096

0.242

26.054

62.549

36.393

10.010

141.81

16.092

101.67

367.24

1.520

9.428

0.003

6.8

99.9

100

100

56.1

46.0

99.9

452

35.5

39.2

33.4

541

2.0

93.2

100

100

100

51.4

51.7

33.1

100

100

11.9

94.0

100

100

29.9

721

61.5

18.5

18.8

27.8

28.9

79.9

72.4

99.0

1.9

94.0

100

100

971

721

99.0

18.5

18.8

27.8

28.9

79.9

72.4

100

100

9.9

5.8

35.2

66.9

37.5

42.9

32.9

33.5

39.7

41.4

243

10.7

93.7

28.9

242

62.5

14.4

10.5

19.8

75.0

256

100

100

11.5

4.2

63.5
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Water Supply Gaorundwater Stock Sediment Retention Habitat Quality

Subtitles

Ecosystem Service 1- Area de Protecdo Ambiental da 3- Area de Protegéo Ambiental do Banhado
m Presence Lagoa Verde Grande

Absence 2- Area de Protecdo Ambiental Ibirapuitd  4- Area de Protecdo Ambiental Morro do Osério
=,Sustainable Use Areas

Fig. 2. Modeling and clipping of SE Water Supply, Groundwater stock, Sediment retention and
Habitat Quality in Sustainable Use Protection Areas. In yellow are the PA limits and the SE
distribution considering the 75% limit. The black areas indicate the presence of SE, while the

white areas represent its absence.

When we observe the Full Protection Areas, we found that ten Areas were efficient in
protecting SE water yield (Table 1, Fig. 3), with the Boa Vista and Farroupilha Private Natural
Heritage Reserves standing out (100% efficiency, Table 1, Fig. 3). Regarding the efficiency of
the Areas in protecting SE groundwater, eight areas were efficient, with six Areas presenting
100% efficiency (Table 1, Fig. 3). We found that only seven Areas were efficient in protecting
SE sediment retention, with the Boa Vista Private Natural Heritage Reserve (94%), Rincao das
Flores Private Natural Heritage Reserve (100%) and Farroupilha Private Natural Heritage
Reserve (100%) having the highest values (Table 1, Fig. 3). For SE habitat quality, 13 APs
achieved efficiency in SE protection, including the BioPampa Biological Reserve, Rincao das
Flores Private Natural Heritage Reserve, Farroupilha Private Natural Heritage Reserve and the

Capéao da Amizade Municipal Natural Monument, all with 100% efficiency (Table 1, Fig. 3).
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10- Parqua Macional da Lagoa do Pabie 22- Refigio de Vida Sivestre Banhado do Magarico

11- Reserva Particular do Patrimanio Natural Farroupilha

Fig. 3. Modeling and clipping of SE Water Supply, Groundwater stock, Sediment retention and
Habitat Quality in Full Protection Areas. In yellow are the limits of the PA and the distribution of
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SE considering the 75% limit. The black areas indicate the presence of SE, while the white

areas represent its absence.

When analyzing the efficiency of Sustainable Use PAs in protecting multiple SEhotspots,
we found that only one area was efficient in protecting two SEs (Ibirapuitd APA with 55.4%,
Table 1, Fig. 4) and only Banhado Grande APA was efficient in protecting three SE hotspots
(51.8%). On the other hand, we did not observe any Sustainable Use PAs that were efficient in
protecting four SE hotspots (Table 1, Fig. 4). Regarding Full Protection Pas, five PAs achieved
efficiency (Table 1, Fig. 4) in protecting two SEs, with two of them standing out with 100%
efficiency values (BioPampa Biological Reserve and Mata do Professor Baptista Private
Natural Heritage Reserve). When we observed the overlap of three SEs, we noticed that only
three PAs were efficient, with emphasis on Boa Vista Private Natural Heritage Reserve (93.7%,
Table 1, Fig. 4). Finally, when we observe the overlap of four SE, the only efficient areas were
the Rincdo das Flores Private Natural Heritage Reserve, the Farroupilha Private Natural
Heritage Reserve, both with 100%, and the Saint Hilaire Municipal Natural Park (Table 1, Fig.
4). In general, based on the proposed method, these 3 areas are the most efficient in the

conservation of SE (Table 1, Fig. 4).
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Fig. 4. Modeling of multiple ecosystem service (ES) hotspots in Sustainable Use Protection
Areas and Strictly Protected Areas. The yellow borders of the PAs and the distribution of ES
hotspots are shown. The colors indicate different concentrations of ES: purple (4 ES), green
(3 ES), orange (2 ES) and red (1 ES). The smaller maps (on the right) detail the distribution of

ES hotspots within Sustainable Use Protection Areas and Strictly Protected Areas.

4. Discussion

In our study, we reinforce the importance of PAs in the conservation of ES in the

Brazilian Pampa. Our results indicated variations in the efficiency of the PAs analyzed,
evidencing differences between the categories of Sustainable Use and Full Protection. These
results suggest relevant implications for ecological planning and conservation management of
PAs, especially in critical regions where protection efforts are still insufficient, as is the case of
the Brazilian Pampa. The Pampa biome is recognized as one of the most threatened and least
represented biomes in terms of PAs in Brazil (Drumond et al., 2012; Silva et al., 2024).

In the study region, we identified 26 protected areas, 4 of which were Sustainable Use
and 22 of which were Full Protection, with an area of 4,542.92 km? and 1,225.20 km?,
respectively. Although Full Protection PAs predominate in number, their territorial extension is
considerably smaller compared to Sustainable Use areas. These data reflect the challenges
associated with ecosystem conservation and sustainable management of the Pampa,
considering the specific conservation objectives of each category. It is important to reflect that
Full Protection PAs have as their main objective the protection of nature, being managed by
more restrictive norms and rules (Medeiros et al., 2006, Drummond et al., 2012). The use of
natural resources in Strictly Protected Areas is indirect, not allowing consumption, collection or
any damage to ecosystems, with few authorized human activities (e.g. research) (Medeiros et
al., 2006; Drummond et al., 2012). In contrast, Sustainable Use Areas aim to reconcile nature
conservation with the sustainable use of natural resources (Medeiros et al., 2006). In these
areas, several human activities are permitted, as long as they involve the direct use of natural
resources (Medeiros et al., 2006). Thus, the characteristics of each category of AP can
influence the effectiveness of the protection of ecosystem services in conservation units,
reinforcing the need to evaluate the spatial distribution and efficiency of these areas to
maximize their conservation functions.

Overall, we found that only five PAs did not demonstrate protection efficiency for any of

the SEs or multiple SE hotspots analyzed. The low efficiency of PAs, such as the Jacui Delta
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State Park and the Camaqua State Park, which, despite their large territorial extension (when
compared to other PAs in the Pampa), points to the need for improvements in management
and handling aimed at protecting SEs in these areas. Factors that may explain this low
performance in terms of efficiency in protecting SEs include the absence of effective
management plans, lack of financial and technical resources, high anthropic pressure in the
region, and/or specific conservation objectives. However, we observed that some PAs with
smaller territorial extensions, such as the Rincéo das Flores Private Natural Heritage Reserves
(RPPNs) and Farroupilha RPPN, presented 100% efficiency for all SEs evaluated. These
results may indicate that efficiency is not necessarily related to the size of the areas (territorial
extension), but rather to the quality of management, habitat protection strategies, and the local
ecological context.

Our results indicated that Strictly Protected Areas were more efficient in protecting ES.
The Habitat Quality ES was efficiently protected by 13 areas. These results reflect the essential
role of Strictly Protected Areas in preserving habitats and ecological processes. Restricting
human activities in these areas provides more favorable conditions for maintaining biodiversity
and providing ES, reaffirming their relevance for meeting global goals, such as the Aichi Targets
and the Sustainable Development Goals.

Although all Sustainable Use Areas showed some degree of efficiency in protecting ES,
the performance in terms of protection efficiency of the ES modeled in this study was limited,
reflecting the great challenge of reconciling conservation with the direct and sustainable use of
natural resources. These results suggest that, although these areas play an important role in
protecting specific services, multifunctionality and anthropogenic pressures may limit their
efficiency in integrated conservation. Thus, the protection of multiple ES hotspots represents a
significant challenge, especially in Sustainable Use Areas. Thus, management and
conservation strategies, such as the restoration of degraded habitats and the implementation
and promotion of sustainable economic activities (such as ecotourism and agroecological
practices), are essential to increase the conservation performance of these areas.

When we look at the results regarding the efficiency of protecting multiple ES hotspots
in Strictly Protected Areas, only three areas were efficient in protecting hotspots of four ES (all
with 100% efficiency). This highlights the potential of these areas to simultaneously protect
multiple critical services, contributing to ecosystem resilience and human well-being.
Identifying multiple ES hotspots is essential to guide conservation planning and management

(Silva et al., 2024), especially in a context of limited financial resources allocated to
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conservation. These areas represent strategic opportunities to maximize ecological and
socioeconomic benefits with targeted investments.

Our results indicate the need for integrated and adaptive strategies for the management
of PAs in the Brazilian Pampa. Strengthening the management of existing Pas, with the
implementation of effective management plans, increased financial resources, and technical
training, is essential to improve their efficiency in protecting ESs (Izquierdo and Clark, 2012;
Eklund and Cabeza, 2016). In addition, the creation and expansion of Pas should prioritize
strategic regions identified as hotspots of multiple ESs (Silva et al., 2024), promoting ecological
connectivity and the sustainability of natural resources. One possibility is to consider modeling
Hotspots of multiple ESs together with Priority Areas for Conservation in order to guide possible
regions for the implementation and expansion of Pas focused on the conservation of ESs
through the implementation of appropriate measures for the conservation, recovery, and
sustainable use of ecosystems and biodiversity (Alberts et al., 2020; MMA, 2023). Priority
Areas for Conservation are tools developed by the Ministry of the Environment to guide public
policies in Brazil (MMA, 2023).

Another safe strategy for ES conservation is to encourage the creation and expansion
of private PAs (Archibald et al., 2021). These areas can be established through legal
instruments, long-term concession agreements, which seek to conserve habitats in a more
restrictive way (Archibald et al., 2021). Therefore, the creation of new RPPNs in the Pampa
should be encouraged through public policies that include tax incentives, technical assistance,
and public recognition. Our results showed that these units have proven to be highly efficient
in conserving ESs, complementing public PAs (at both national, state, and municipal levels)
and increasing the coverage of protected areas in the biome. Community engagement is
another fundamental aspect, especially in Sustainable Use PAs (Villamagna et al., 2013). The
inclusion of local communities in decision-making and management processes can increase
adherence to conservation practices and promote sustainable socioeconomic development
(Izquierdo and Clark, 2012). Furthermore, it is important to aim at selecting the ES that will be
considered in management and conservation plans, especially those ES that present trade-off
relationships with other ES (Villamagna et al., 2013), which can influence the preservation
levels of multiple ES (Archibald et al., 2021).

5. Conclusion
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This study paves the way for future research exploring the dynamics between conservation
efficiency and anthropogenic pressures, considering the impacts of climate change and human
activities on ESs. Furthermore, studies that integrate economic and social analyses can
provide more comprehensive insights into the benefits of conservation and opportunities for
community engagement. In the global context of climate crisis, habitat and biodiversity loss,
ensuring the efficiency of PAs in protecting ecosystem services is crucial for environmental
resilience and human well-being. The adoption of scientific and integrated approaches, such
as hotspot prioritization and adaptive management, will be essential to face future challenges

and promote sustainability in the Pampa biome and beyond.
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CONCLUSAO GERAL

Diante da necessidade de transformar os paradigmas de conservagao, esta Tese investigou
os padroes espaciais de SE (distribuicdo de hotspots de SE) em bacias hidrograficas e avaliou
a efetividade das areas protegidas na conservagéo dos SE do Pampa brasileiro, um bioma de
extrema importancia ecolégica e, ao mesmo tempo, fortemente ameacgado. Os esforgos
apresentados nessa Tese reforgam a perspectiva de que a manutengao da vida no planeta
depende da compreensao e valorizagao dos beneficios intrinsecos que os ecossistemas
proporcionam, uma visao que, historicamente, tem ganhado cada vez mais espaco, desde os
pensadores classicos (e.g. Platdo) até as mais recentes iniciativas cientificas
intergovernamentais (e.g. MEA, IPBES, CICES).

A integracdo do tema ‘servigos ecossistémicos’ assume uma relevancia para a
Limnologia. Esta Tese, em particular, sublinha como a compreenséo e a conservagéo de SEs
diretamente relacionados a agua (e.g. provisdo de agua, retengédo de sedimentos, estoque de
agua subterranea) sao pilares para a gestao sustentavel dos recursos hidricos. A analise
desses SEs é essencial ndo apenas para o monitoramento da saude dos corpos d'agua, mas
para o embasamento de politicas de conservagdo que garantam a seguranga hidrica e a
resiliéncia dos sistemas aquaticos diante das crescentes pressées ambientais e climaticas.

Os achados do Capitulo 1 (Mapping and Identification of Ecosystem Services Hotspots
in the Brazilian Pampa Biome) representam um avanco significativo no conhecimento sobre
os SEs do Pampa. O mapeamento e a quantificagado detalhada de multiplos SEs, permitiram
a identificacdo de hotspots de SEs. Essas areas de alta concentracdo de SE atuam como
ferramentas espaciais poderosas para subsidiar o planejamento da paisagem e a tomada de
decisdes estratégicas em conservacao, otimizando o uso dos recursos e os esforgcos de
protecao no bioma.

A analise aprofundada da eficiéncia das APs, apresentada no Capitulo 2 ("Protected Areas
Efficiency in Conservation of Ecosystem Services in Brazilian Pampa"), complementou os
achados do Capitulo 1. Os resultados demonstraram que as APs, especialmente aquelas com
categorias de manejo mais restritivas, séo significativamente mais eficientes na conservagao
desses hotspots de servicos ecossistémicos. Contudo, a pesquisa também revelou lacunas

notaveis na representatividade desses hotspots dentro da atual rede de APs do Pampa,
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indicando que uma parcela consideravel das areas de maior importancia para a provisdo de
SEs ainda ndo esta adequadamente protegida, gerando grande preocupacéo, principalmente
considerando o status de degradagéo do bioma.

A sintese desses resultados reforga a urgéncia de uma abordagem de gestado ambiental
que contemple ndo so a biodiversidade, mas também a multifuncionalidade dos ecossistemas.
As informacgdes geradas, desde o mapeamento detalhado dos SE, até a avaliagcao da eficacia
das APs, fornecem informagdes para uma base cientifica necessaria para a construcao de
estratégias de conservacao que integrem de forma mais eficaz os SE, politicas publicas e o
planejamento da paisagem. Nossos resultados podem direcionar a expansao da rede de APs,
o estabelecimento de mecanismos de Pagamento por Servicos Ambientais (PSA) e a
implementagédo de praticas de uso da terra que valorizem os Ses em Consonancia com a
Politica Nacional de Pagamento por Servicos Ambientais (Lei n°® 14.119/2021), que busca
incentivar a conservagdo dos ecossistemas por meio da remuneragdo de servigos
ecossistémicos prestados a sociedade.

Metodologicamente, nosso trabalho destaca-se pela aplicagcdo de ferramentas de
modelagem espacial avangada (como o INVEST) e pela integracdo de dados geoespaciais em
larga escala, demonstrando como a ecologia aplicada pode gerar informagdes robustas para
a gestdo ambiental. A abordagem adotada, que combina analise espacial de multiplos servigos
e avaliagao de efetividade de areas protegidas, oferece um modelo replicavel para outros
biomas e regides que enfrentam desafios semelhantes de perda de SE. Nossos achados
encorajam a realizagdo de estudos de valoragdo econdmica dos servigos ecossistémicos
mapeados, a fim de quantificar o valor em termos monetarios dos SE, com o objetivo de
facilitar e conscientizar sobre os SE, motivando a inclusdo dos SE em decisbes de
desenvolvimento. Além disso, a avaliacdo da eficiéncia de outras categorias de APs, bem
como a analise de cenarios futuros de uso e cobertura da terra, além de cenarios de mudancas
climaticas sobre a provisao de SEs e a efetividade das APs, seriam passos importantes para
aprofundar o conhecimento e fortalecer as estratégias de conservagéao no bioma.

E neste contexto de inovagao e relevancia que o desenvolvimento desta Tese se insere
no escopo do Programa de Pés-Graduagao em Biologia de Ambientes Aquaticos (PPG BAC).
O PPG BAC, com o desenvolvimento de trabalhos assim, amplos e de Ecologia Aplicada,
principalmente voltados aos ecossistemas aquaticos, o programa expande continuamente seu
horizonte de atuacdo, fornecendo ferramentas inovadoras e subsidios robustos para o

enfrentamento de complexas questées ambientais (conservagcéo de SE no atual cenario de
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degradagdo do Pampa) e contribuindo diretamente para o alcance dos Objetivos de
Desenvolvimento Sustentavel (ODS). Esta pesquisa exemplifica a capacidade do programa
em impulsionar a produgdo de conhecimento ecoldgico, oferecendo instrumentos para a
gestdo ambiental e a formulagéo de politicas publicas baseadas na ciéncia. Assim, esta tese
nao apenas contribui significativamente para o entendimento e a conservagao dos SEs no

bioma Pampa, mas estabelece um marco para futuras investigagoes.

CONSIDERAGOES FINAIS E PERSPECTIVAS

O trabalho apresentado nessa tese evidencia a necessidade de transformar os paradigmas
de conservagdo no bioma Pampa, integrando diferentes facetas conservacionistas, como a
protecdo da biodiversidade com a gestao sustentavel dos SE.Ao mapear hotspots de SE e
avaliar a efetividade das areas protegidas (APs), os resultados demonstraram que, embora as
APs com categorias mais restritivas sejam eficientes na conservagao desses servigos, lacunas
significativas persistem na representatividade espacial dos SE criticos, especialmente aqueles
ligados aos recursos hidricos. Essa deficiéncia é alarmante, considerando o acelerado
processo de degradacao do bioma, marcado pela conversao de habitats naturais e pela
pressao climatica.

Os achados reforgam que a conservagao dos SE—como provisdo de agua, retengao
de sedimentos e estoque de agua subterrdnea—¢ indissociavel da saude dos ecossistemas
aquaticos e da seguranca hidrica regional. A abordagem metodoldgica adotada, baseada em
modelagem espacial (ferramentas como o InVEST) e analise integrada de dados
geoespaciais, ndo apenas avangou o conhecimento sobre o Pampa, mas oferece um modelo
replicavel para outros biomas sob ameaca. A identificacdo de hotspots permitiu direcionar
estratégias de conservagdo prioritarias, enquanto a avaliagdo das APs destacou a
necessidade de expandir e conectar areas protegidas, incorporando zonas de alta provisao

de SE atualmente desprotegidas.

Perspectivas Futuras

Valoracdo Econémica dos SE: Estudos futuros devem quantificar monetariamente os SE
mapeados, facilitando sua integragcao em politicas publicas e mecanismos como Pagamentos
por Servicos Ambientais (PSA). Essa valoragdo pode sensibilizar tomadores de decisao e

setores produtivos sobre os custos da degradacgéao e os beneficios da conservagao.
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Cenérios de Mudangas Climaticas e Uso da Terra: E crucial investigar como mudancas
climaticas e alteragées no uso do solo (e.g., expansdo agricola) podem impactar a proviséo
de SE e a eficacia das Aps. Modelagens preditivas podem antecipar riscos e orientar agoes

adaptativas.
Efetividade de Outras Categorias de Aps: Além das APs restritivas, € necessario avaliar o

desempenho de areas de uso sustentavel (e.g., RPPNs) e corredores ecoldgicos na
manutengao dos SE, especialmente em paisagens fragmentadas.
Integragcéo com Politicas Publicas e ODS: Os resultados desta tese subsidiam diretamente os
Objetivos de Desenvolvimento Sustentavel (ODS 6 — Agua potavel e saneamento; ODS 15 —
Vida terrestre). Recomenda-se:

° Expansao de APs: Priorizando hotspots de SE identificados.

- Restauracdo Ecoldgica: Foco em areas degradadas com alto potencial de

provisao de SE.
° Governanga Participativa: Envolvimento de comunidades locais e setores

econdmicos na gestéo territorial.

Inovagdo em Monitoramento: O uso continuo de tecnologias como sensoriamento remoto e
inteligéncia artificial pode aprimorar o monitoramento dinamico dos SE, garantindo respostas

rapidas a ameagas emergentes.
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