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ABSTRACT

Freshwater ecosystem services resilience in a changing world

Healthy freshwater ecosystems provide essential ecosystem services to society such as clean water. However, freshwater
ecosystems are degraded, and freshwater biodiversity is severely threatened due to anthropogenic impacts and stressors. Climate
change interacts with existing stressors and may compromise the resilience of freshwater ecosystems and their services in the future.
Here the aim is to review advances in assessing freshwater ecosystem services and their resilience to environmental
change. This work reviews the ecosystem services provided by freshwaters, the conceptual background on
ecological resilience, and examples on the resilience of freshwater ecosystems and their services. Examples from
African lakes, the Pantanal wetland in Brazil and the Murray-Darling Basin riparian forests in Australia are used to
understand the resilience of freshwater ecosystem services to recent and ongoing climate changes and disturbances.
This work illustrates the diverse responses of freshwater socio-ecological systems to environmental change and highlights
examples of declining resilience of freshwater ecosystems and their services due to climate change and extreme events. However,
a high degree of uncertainty still surrounds the identification of regime shifts and future ecosystem trajectories. Research
is needed to understand the dynamics of freshwater socio-ecological systems and ensure resilient ecosystems and societies.

KEY WORDS: biodiversity, nature’s contributions to people, rivers, lakes, and riparian ecosystems

RESUMO

Resiliéncia dos servigos de ecossistema aqudticos num mundo em alteragdo.

Os ecossistemas de dguas interiores sauddaveis prestam servigos de ecossistema essenciais a sociedade, como
a dgua potavel. No entanto, estes ecossistemas encontram-se degradados e a biodiversidade dos mesmos
ameagada devido a impactos antropogénicos. As alteragdes climdticas interagem com as pressoes existentes
e podem comprometer a vresiliéncia dos ecossistemas de dguas interiores e dos seus servicos no futuro.
O objetivo é analisar os avangos na avaliagdo dos servicos de ecossistema de dgua doce e a sua resiliéncia as


https://orcid.org/0000-0002-1296-7708

Portela

alteragdes ambientais. Neste trabalho apresenta-se uma revisdo dos servicos de ecossistema prestados pelas dguas
interiores, o enquadramento conceptual da resiliéncia ecologica e exemplos sobre a resiliéncia dos ecossistemas
de dgua doce e dos seus servicos. Os exemplos de lagos africanos, da zona humida do Pantanal no Brasil e das
florestas ripicolas da bacia do rio Murray-Darling na Australia sdo utilizados para compreender a resiliéncia
dos servigos dos ecossistemas de dgua doce as alteracées e perturbagdes climdticas recentes e em curso.
Este trabalho ilustra a diversidade de respostas dos sistemas socio-ecoldgicos de dagua doce as alteracées ambientais,
real¢ando exemplos preocupantes de declinio da resiliéncia dos ecossistemas de dgua doce devido as alteragoes
climaticas e por eventos extremos. No entanto, subsiste um elevado grau de incerteza quanto as mudangas de estado destes
ecossistemas e ds suas trajetorias futuras. A investigagcdo da resiliéncia dos sistemas socio-ecologicos associados as aguas
interiores é necessdria para compreender as suas dindmicas e garantir ecossistemas e sociedades resilientes no futuro.

PALAVRAS CHAVE: biodiversidade, contribui¢do da natureza para as pessoas, rios, lagos, ecossistemas ripicolas.

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License.

INTRODUCTION

Healthy freshwater ecosystems provide essential
ecosystem services to society, including vital re-
sources such as clean water. However, freshwater
ecosystems are degraded, freshwater biodiversity
is threatened, and an estimated 4.4 billion people
globally lack access to safe drinking water (Green-
wood et al., 2024). Rapid global changes including
a growing human population, increasing demand
for natural resources, urbanization, and intensi-
fication of agriculture have led to a focus on the
exploitation of provisioning services, often at the
expense of other essential services, particularly
regulating services (Brauman et al., 2020). Climate
change is already interacting with anthropogenic
pressures and stressors, increasing the likelihood
of large, potentially irreversible ecosystem changes
that can have significant impacts on ecosystem ser-
vices and human well-being (Forzieri et al., 2022).
Thus, one of the major challenges of sustainability
in the 21* century is to protect and restore ecosys-
tems to ensure the flow of ecosystem services to
society, both today and in the future (United Na-
tions, 2022). This challenge is perhaps nowhere
more pressing than in freshwater ecosystems. The
strong interdependence and feedback between nat-
ural and human systems within freshwaters make
them crucial social-ecological systems (Dunham et
al., 2018). The ecosystem services linked to fresh-
water ecosystems include basic human needs and
underpin social and economic well-being (Falken-
mark & Wang-Erlandsson, 2021). Therefore, en-
suring the resilience of freshwater ecosystem ser-
vices is of significant societal and policy interest.
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This work aims to provide an overview of the
ecosystem services supplied by freshwaters, their
resilience under global change and identify impli-
cations for management. First, I focus on the defi-
nition of ecosystem services, provide an overview
of freshwater ecosystem services and discuss cur-
rent limitations in their assessment. Second, I dis-
cuss the definition of resilience, the mechanisms
that underpin it, and evaluate the resilience of
freshwater ecosystem services to environmental
changes using examples from African lakes, the
Pantanal wetland in Brazil and the Murray-Dar-
ling Basin riparian forests in Australia. Third, I
discuss implications for the resilience of freshwa-
ter socio-ecological systems under global change.

I. FRESHWATER ECOSYSTEM SERVICES
Definition of ecosystem services

The ecosystem services concept has been crucial
in mainstreaming the link between ecosystems
and human societies in research and policy. The
concept and its associated theoretical framework
have evolved greatly since it was first coined
(Ehrlich & Ehrlich, 1981), particularly in two
critical moments associated with the develop-
ment of international science-policy interfaces.
The first was the Millennium Ecosystem As-
sessment, supported by the United Nations and
the Convention on Biological Diversity which
mainstreamed the concept of ecosystem services
leading to an exponential growth of the literature
(Braat & de Groot, 2012; Goémez-Baggethun et
al., 2010). The second was the establishment of
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the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES)
in 2012 to create a science-policy platform for
biodiversity comparable to the Intergovernmen-
tal Panel on Climate Change (Diaz et al., 2015).
The Millennium Ecosystem Assessment defined
ecosystem services simply as the benefits people
obtain from ecosystems (Millennium Ecosystem
Assessment, 2005). IPBES expanded this concept
into Nature’s contributions to people defined as
all the contributions, positive and negative, of liv-
ing nature (diversity of organisms, ecosystems,
and their ecological and evolutionary processes)
to people’s quality of life (Diaz et al., 2018). The
change aimed at addressing criticisms faced by
the ecosystem services concept related to the lack
of recognition of diverse values of nature, the role
of culture in shaping relationships between peo-
ple and nature and concerns about nature’s com-
modification (Diaz et al., 2018). The introduction
of nature’s contributions to people initiated an
intense debate about its novelty and value with-
in the ecosystem services research and practice
community (Kadykalo et al., 2019). It is beyond
the scope of this work to address this debate.
Here, this is considered a natural evolution of a
field aiming to understand relationships between
nature and people. The term ecosystem service is
used for consistency with a large part of the refer-
enced literature.

Freshwater ecosystem services

Freshwater ecosystem services are all those ser-
vices and benefits generated by freshwater eco-
systems and the interactions of land and water
in ecosystems such as forests, agricultural lands,
riparian areas, wetlands and water bodies (Griz-
zetti et al., 2016). The definition is much broader
than that of hydrologic services, which focuses
on the way terrestrial ecosystems affect freshwa-
ter resources through ecohydrological processes
in landscapes (Brauman, 2015). By recognizing
the interactions between land and water and the
processes within freshwater ecosystems, the defi-
nition of freshwater ecosystem services can better
reflect the ecosystem functions and services that
are relevant to freshwater management.

The ecosystem services and benefits provid-

ed by freshwater ecosystems span all categories
including provisioning or material contributions,
regulating, and cultural or non-material contribu-
tions (Table 1; Aylward et al., 2005; Diaz et al.,
2018). The initial MEA and the national assess-
ments focused solely on hydrological services or
were based on expert knowledge. Recently, there
has been an increasing interest in the freshwater
scientific community to contribute to the area
of ecosystem services mainly by reviewing and
updating the knowledge for some freshwater or-
ganisms including riparian vegetation (Riis et al.,
2020), macrophytes (Thomaz, 2023), freshwa-
ter bivalves (Zieritz et al., 2022), aquatic fungi
(Seena et al., 2022), freshwater fish (Holmlund
& Hammer, 1999) and freshwater ecosystems
namely lakes (Heino et al., 2021; Sterner et al.,
2020), intermittent rivers (Datry et al., 2018; Pas-
tor et al., 2022) and dry rivers (Nicolas Ruiz et
al., 2021), small streams (Ferreira et al., 2022),
wetlands (Xu et al., 2020).

Difficulties in assessment

The concept of ecosystem services has gained
traction in freshwater science as evidenced by the
reviews and studies published recently. However,
the actual assessment of the supply and demand
of freshwater ecosystem services provided by
these ecosystems remains challenging. In previ-
ous studies on ecosystem services, less than 5%
of indicators on supply and less than 1% of mon-
etary valuation estimates were related to fresh-
water ecosystems (Egoh et al., 2012; Maes et
al., 2012; Van der Ploeg et al., 2010). In studies
specifically quantifying river ecosystem services,
three or fewer ecosystem services were evalu-
ated on average (Hanna et al., 2018). The most
frequently assessed ecosystem services are rec-
reation and tourism, water supply, water quality,
habitat provision and erosion prevention (Hanna
et al., 2018), however overall, the regulation and
provision services were assessed more frequently.
These trends reflect the lack of development of
ecosystem services methods specifically target-
ing freshwater ecosystems (Riis et al., 2020). A
review on riparian vegetation notes that the as-
sessment of ecosystem services provided by dif-
ferent vegetation types remains based on expert
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knowledge and that we have little information for
intermediate vegetation types (Riis et al., 2020).
A study on large lakes mentioned that quantifi-
cation was limited to ecosystem services with
commercial value due to a lack of data (Sterner
et al., 2020). The scale of supply of ecosystem
service often makes assessments challenging as
many water ecosystem services depend on pro-
cesses occurring across scales from the watershed
to the habitat. Cultural services are challenging to
assess in freshwater as well as other ecosystems.
The multitude of notions and non-material bene-
fits grouped into this category, which range from
aesthetic to moral, leads to a focus on services
with more tangible effects namely recreation
and tourism (Kadykalo et al., 2019; Small et al.,
2017). The role of culture in influencing the val-
ues beneficiaries attribute to ecosystem services
remains poorly studied despite influencing how
different groups prioritize services and manage
ecosystems (Kadykalo et al., 2019; Small et al.,
2017).

II. RESILIENCE OF FRESHWATER
ECOSYSTEM SERVICES

Definition of resilience

The term resilience has been used in the ecologi-
cal, and social sciences literature and by broader
society in a variety of ways. Generally, resilience
is associated with the ability to recover to a previ-
ous good state from a disturbance, trauma or pres-
sure (Cambridge Advanced Learner's Dictionary
& Thesaurus, 2024). This meaning aligns closely
with the definition of engineering resilience in
the ecological literature, which is which refers to
the rate at which a system returns to the reference
condition following a perturbation (Pimm, 1984;
Van Meerbeek et al., 2021). There is an addition-
al definition in the ecological literature which
emphasises the ability to absorb disturbance and
remain in the same state. Ecological resilience
refers to the magnitude of disturbance that can
be absorbed before the system changes its struc-
ture by changing the variables and processes that
control behaviour, i.e., the ability of the system to
remain in the same domain of attraction or stable
state (Holling, 1973; Van Meerbeek et al., 2021).

Thus, engineering resilience generally focuses on
dynamics within a stable state while ecological
resilience focuses on dynamics across different
stable states.

Resilience is mostly perceived as a positive
aspect, however, resilience may be a positive or
negative property depending on whether a given
stable state is desirable in a given management
context (Standish et al., 2014). Ecosystems de-
graded by anthropogenic activities may be as re-
silient or even more so than ecosystems in a better
state (Durance et al., 2016; Standish et al., 2014).
In these cases, resilience is a negative property,
designated as unhelpful resilience, that keeps eco-
systems in an undesirable state posing a manage-
ment challenge (Standish et al., 2014). Regime
shifts may be largely irreversible or require large
amounts of energy or disturbance to shift the sys-
tem to a more desirable stable state (Folke et al.,
2004). The reversibility of regime shifts depends
on the strength of the dominant system feedback.

Resilience mechanisms: What brings about re-
silience?

Resilience can be measured at the various levels
of biological organization, from population to
community to ecosystem (Donohue et al., 2016;
Oliver et al., 2015). However, the ability to main-
tain ecosystem structure and functioning and en-
sure the stability of ecosystem service supply is
essential for ecosystem management under envi-
ronmental change (Oliver et al., 2015).

The resilience of ecosystem functioning and
services depends on the nature of the service, abi-
otic and biotic factors, and the social and govern-
ance context. This ability is shaped by the spatial
and temporal scales of disturbance, and by spe-
cies-to-landscape level mechanisms, including
intraspecific diversity, community functional
diversity and redundancy, food web complexity,
and landscape heterogeneity (Gutiérrez-Céanovas
et al., 2021; Oliver et al., 2015; Standish et al.,
2014). Diversity, particularly functional diversity,
is expected to contribute to resilience by stabiliz-
ing ecosystem functioning in the face of distur-
bance through compensatory dynamics or insur-
ance effects of redundancy (de Bello et al., 2021).

Some freshwater ecosystem services directly
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arise from biodiversity, at the species, taxonom-
ic group, community or ecosystem level, such as
fisheries (Brooks et al., 2016; Lynch et al., 2023).
However, the relationship between biodiversity
and ecosystem services is often more complex
and multi-layered (Mace et al., 2012). Biodiver-
sity may have a regulating role in key ecosystem
processes, be a final ecosystem service, or a good
(Mace et al., 2012). Biodiversity may be a factor
controlling the ecosystem processes underpin-
ning ecosystem services, for instance, higher bi-
odiversity is associated with increased ecosystem
functions (Mace et al., 2012). Biodiversity may
also be a final service in instances where diversity
contributes to goods and services, such as bene-
fits to wild medicines and bioprospection arising
from genetic diversity (Mace et al., 2012). Biodi-
versity itself may also be valued by humans due
to its conservation or cultural value, where main-
taining the diversity of wildlife, or charismatic
species is considered important for recreational,
educational, religious, or spiritual reasons (Mace
etal., 2012).

For many ecosystem services, the contribution
of biodiversity is not well defined and the evi-
dence on biodiversity effects is mixed (Cardinale
et al., 2012). The effects of biodiversity depend
on the ecosystem service, whether supply or ben-
efit is analysed, spatial scale, and on the type of
linkage considered (e.g., spatial, functional, or
management) (Ricketts et al., 2016). For many
services, there isn’t sufficient data to evaluate the
relationship between biodiversity and the service
(Cardinale et al., 2012). For provisioning servic-
es, service supply depends on the abundance or
yield of harvested species which may or may not
increase with biodiversity (Ricketts et al., 2016).
For a small number of ecosystem services current
evidence runs counter to general expectations,
showing no relationship or negative effects of bi-
odiversity (Cardinale et al., 2012). For instance,
tree stem density, biomass, and age may have
negative effects on freshwater provision through
increased evapotranspiration. Nevertheless, these
attributes may improve other services such as at-
mospheric regulation (Harrison et al. 2014).

While the evidence on the relationship be-
tween biodiversity and ecosystem services has
grown it remains a critical challenge to under-
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stand how various biodiversity facets contribute
the resilience of ecosystem services under envi-
ronmental change.

Resilience of freshwater ecosystem services

Although an increasing number of studies refer-
ence resilience, a comprehensive understanding
of ecosystem resilience, including the resilience
of ecosystem services, is still lacking (Strickland
et al., 2024). Few studies have measured the sta-
bility of ecosystem functions or services (Dono-
hue et al., 2016; Oliver et al., 2015; Strickland
et al., 2024). The concept of resilience is often
referenced as an objective for ecosystem manage-
ment or sustainable development; however, it is
frequently not quantified or operational (Lloret et
al., 2024). The numerous definitions of resilience
applied in the realms of natural and social scienc-
es and the diversity of indices to assess resilience
even within the natural sciences have contrib-
uted to this lack of coherent global understand-
ing (Lloret et al., 2024; Runge et al., 2025). In
freshwaters, the resilience and alternative states
of lake ecosystems have contributed with key ref-
erences to the resilience scholarship (Carrier-Bel-
leau et al., 2022). However, it is still unclear how
widespread are regime shifts in freshwaters and
challenging to find evidence of the resilience of
freshwater ecosystem services.

I carried out a literature search and screen-
ing for peer-reviewed articles that studied fresh-
water ecosystem services resilience using Web
of Science (Clarivate™, Web of Science™)
to examine the current state of the literature. A
search for topics “freshwater” AND “ecosystem
services” AND “resilience” returned 145 results
(Clarivate™, Web of Science™, 1 April 2025).
Of these 102 articles were considered potentially
relevant and the full text was analysed to under-
stand the objectives and how they examined the
resilience of freshwater ecosystem services. The
articles considered irrelevant included studies fo-
cusing on marine, coastal, brackish water ecosys-
tems, artificial water bodies, and presentations of
special issues or projects. Five additional articles
were not evaluated due to lack of access to the
full text. Of the relevant articles almost, half were
theoretical or conceptual including reviews, syn-
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thesis, perspectives, and conceptual frameworks.
A few observational studies measured resilience
at the level of biotic communities (Burthe et al.,
2016; Feio et al., 2015). Some studies examined
the resilience of local populations in relation to
their dependence on ecosystem services, focusing
on social contexts and governance without quan-
titatively measuring resilience (Komugabe-Dix-
son et al., 2019; Kosamu et al., 2022). One study
directly connected changes in habitat for fish
populations with variability in current and future
spatiotemporal patterns of recreational fishery
services (Cline et al., 2022). However, this exam-
ple lacks metrics that connect to engineering or
ecological resilience definitions. The small num-
ber of studies addressing resilience and freshwa-
ter ecosystem services, diverse methodologies
and lack of operational use of resilience concepts
hinder a systematic review or meta-analysis.

Therefore, the following sections present nar-
rative examples from different freshwater ecosys-
tems displaying diverse responses of socio-eco-
logical ecosystems to environmental changes and
disturbances. Although this a qualitative assess-
ment, it enables a broader discussion about the
resilience of freshwater socio-ecological systems
and how close they are to tipping points and re-
gime shifts.

African lakes

The great African lakes hold an estimated 25%
of the world’s liquid surface freshwater. African
lakes contribute to the livelihoods of millions of
people as well as national economies. Some lakes
experience fluctuations in water levels as well as
dry-out periods which impact the livelihoods of
local communities (Ogutu-Ohwayo et al., 2016).
The increasing exploitation of lake resources dur-
ing the past century has led to habitat loss and
degradation, introduction of exotic species, pollu-
tion from agricultural, industrial and urban runoff
(Kafumbata et al., 2014; Ogutu-Ohwayo et al.,
2016). These stressors are likely to be aggravat-
ed by climate change (Mutanda & Nhamo, 2024).
The loss of ecosystem services has profound im-
plications for the local communities which rely
heavily on the flow of ecosystem services from
the lakes for food security and employment.

In Lake Naivasha in Kenya population growth
caused riparian vegetation degradation, high nu-
trient, sediment loads and increasing water ab-
straction for agriculture and industry (Mutethya
& Yongo, 2021; Renaut & Owen, 2023). The lake
levels have decreased because of the increasing
water demand for a growing horticultural industry
and population and it has become eutrophic due
to nutrient inputs (Renaut & Owen, 2023). The
introduction of non-native fish may have contrib-
uted further to alteration of the lake’s trophic state
(Mutethya & Yongo, 2021). The lake levels have
recovered following drought and its ecosystem
services have remained resilient due to ground-
water recharge from aquifers and the establish-
ment of commercial fisheries around non-native
fish species (Harper et al., 2011; Kafumbata et al.,
2014; Mutethya & Yongo, 2021).

Lake Chilwa in Malawi on the other hand is
showing signs of declining resilience (Kafumbata
et al., 2014). The lake experiences significant in-
ter- and intra-annual variations in water levels in-
cluding severe lake level recessions and complete
drying associated with droughts (Kambombe et
al., 2021). The lake recovered from desiccation;
however, it has a negative water budget and the
wetland area is decreasing due to deforestation
and agricultural expansion (Kambombe et al.,
2023; Njaya et al., 2011). Fisheries are strongly
dependent on lake levels, declining in periods of
lake recession and requiring three to four years
to recover after a severe recession (Rebelo et al.,
2011; Njaya et al., 2011). Since fishing may con-
tribute up to half of income for local populations,
lake recessions have a significant impact on local
livelihoods (Njaya et al., 2011). During dry pe-
riods, communities turn to other activities lead-
ing to increased exploitation of exposed land for
agriculture, livestock grazing, and wetland birds
(Kafumbata et al., 2014; Njaya et al., 2011). The
loss of income leads to migration of fishermen
while women and children are left with minimal
resources in a context of increasing conflicts for
the exploitation of resources (Nagoli & Chiwo-
na-Karltun, 2017).

Lake Chad in West Africa, in the conjunction
of Chad, Cameroon, Nigeria and Niger, is con-
sidered to have shifted to an alternative ecosys-
tem state since this once-large lake has shrunk by
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more than 90% since the 1960s splitting into two
pools (Bouchez et al., 2016; Leblanc et al., 2011).
The dramatic change in the lake is attributed to
declines in precipitation and streamflow associat-
ed with climate change as well as water abstrac-
tion for agriculture in the tributaries (Pham-Duc
et al., 2020). The lake is a source of freshwater
and natural resources for two million people on
the lakeshore and over ten million further afield
(Lake Chad Basin Commission, 2016; Riebe &
Dressel, 2021). The decline of lake levels reduced
ecosystem services supply, namely water supply,
crop production, livestock production, and fisher-
ies (Okpara et al., 2016; Riebe & Dressel, 2021).
This has led to food insecurity and loss of income
for local communities which migrate within the
lake and change their activities, often leading to
conflicts due to competition for limited resources
(Okpara et al., 2016). The instability and unem-
ployment caused by the declines of Lake Chad
are believed to have contributed to the increasing
the influence of the armed group Boko Haram in
the region (Owonikoko & Momodu, 2020).

The three African lakes presented here provide
three examples of various levels of resilience of
ecosystem services. Lake Naivasha retained resil-
ience thanks to groundwater recharge, while Lake
Chilwa is in a downward spiral with declining ca-
pacity to provide ecosystem services (Kafumbata
et al., 2014). Lake Chad is considered to have
passed a critical threshold into another state that
cannot provide adequate ecosystem services to
communities, contributing to large-scale conflicts
in the region (Bouchez et al., 2016; Kafumbata et
al., 2014). In all three examples, local communi-
ties are strongly dependent on the ecosystem ser-
vices provided by the lakes and thus food security
and livelihoods are highly sensitive to variability
and shifts in the natural systems. This is exacer-
bated by the lack of adequate human responses,
particularly institutional responses that mitigate
impacts on local communities (Kafumbata et al.,
2014).

The Pantanal Wetland in Brazil

The Pantanal is the world's largest freshwater
wetland and a UNESCO World Heritage Site oc-
cupying an area of 140 000 km? mostly in Bra-
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zil (90% [Pott & Pott, 2004; UNESCO, 2025]).
The Pantanal is a seasonal floodplain in the upper
Paraguay River basin alternating between flood-
ed and dry phases which influence the ecosystem
functioning, biodiversity and local communities’
lifestyles (Pott & Pott, 2004). The landscape is a
mosaic of flooded and non-flooded grasslands,
forests, savannahs, and permanent and tempo-
rary water bodies hosting high species diversity
(Pott & Pott, 2004). The main source of income
is traditional extensive cattle grazing, where lo-
cal communities move the cattle along flooding
gradients to graze using fire to manage vegeta-
tion and promote the growth of native grasses
(Tomas et al., 2024). Fisheries are the second
most important activity as riverside communities
move through the canals and lakes to find fishing
grounds (Tomas et al., 2024). Agriculture, hydro-
electric developments and climate change pose
major threats to the Pantanal ecosystem (Thielen
et al., 2020; Wantzen et al., 2024). The Pantanal
is prone to wildfires during the dry season and
fires started by human activities get out of control
often (Pott & Pott, 2004). In 2020 the Pantanal
experienced the worst drought in 60 years leading
to massive fires that burned nearly four million
hectares (Ferreira Barbosa et al., 2022; Labo-
ratério de Aplicagdes de Satélites Ambientais,
2021; Libonati et al., 2020). In 2024 drought con-
ditions fuelled large fires again burning more than
2 million hectares (Laboratério de Aplicagdes de
Satélites Ambientais, 2021). Recent studies esti-
mate that at least 16.952 million vertebrates were
killed by the 2020 fires (Tomas et al., 2021). Re-
current fire may eliminate fire-sensitive species
increasing the dominance of fire-prone species
(Libonati et al., 2020; Pott & Pott, 2004). Howev-
er, the full-scale impacts of the extreme events of
2020 and 2024 remain largely unknown requiring
additional monitoring to understand Pantanal’s
resilience (Tomas et al., 2021). The large fires
raised awareness about the need to implement in-
tegrated fire management policies prompting the
approval of state legislation to regulate fire use
(Tomas et al., 2021). However, severe fire legisla-
tion that criminalises fire use by traditional com-
munities may risk local ecosystems since cattle
ranchers and farmers turn to exotic grass species
(Garcia et al., 2021; Tomas et al., 2019). Overall,
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we still require further research to understand the
socio-ecological resilience of the Pantanal espe-
cially in the long-term.

Riparian forests of the Murray-Darling Basin in
Australia

The Murray-Darling Basin is the largest freshwa-
ter basin in Australia spanning one million square
kilometres of south-eastern Australia across the
states of New South Wales, Queensland, South
Australia, Victoria and the Australian Capital Ter-
ritory (Murray-Darling Basin Authority, 2023b).
The basin is responsible for 40% of Australia’s
agricultural production and it is home to more
than two million people (Murray-Darling Basin
Authority, 2023a). The ecosystems are valued
nationally and internationally supporting tourism
and recreation and hold cultural value for indige-
nous populations (Murray-Darling Basin Author-
ity, 2023a). This region experienced a multi-year
drought between 2000-2009 known as the Mille-
nium Drought (van Dijk et al., 2013). The Mil-
lenium Drought was the most severe on record
for SE Australia and, together with high water de-
mand, led to a water availability of less than 40%
of the historical average (van Dijk et al., 2013).
The river ecosystems and the agriculture in the
Murray-Darling Basin were severely affected by
this drought, and people faced higher electricity
prices and water use restrictions (van Dijk et al.,
2013). The drought and water abstraction caused
the dieback of iconic floodplain species along the
river (Harris et al., 2018). The river red gum for-
ests (Eucalyptus camaldulensis) showed reduc-
tions in canopy cover and mortality, particularly
in higher-density forest areas (Harris et al., 2018).
The recovery of these forests is hindered by de-
clines in recruitment due to lower flooding fre-
quency associated to river regulation, increasing
salinity of soil and water (Mac Nally et al., 2011).

The drought and tree dieback caused severe
declines in freshwater ecosystem services. Aes-
thetic values, pollination, timber, carbon stor-
age, nutrient cycling, erosion and water quality
regulation all suffered significant reductions (van
Dijk et al., 2013). The losses in water ecosystem
services caused by the Millennium Drought re-
quired an estimated expenditure of 810 million

AUD to mitigate ecosystem services losses and to
implement adaptation measures (Banerjee et al.,
2013). Riverbanks receded, slumped and in some
cases collapsed as the water decreased leading to
the need to develop a hazard mitigation plan (Ba-
nerjee et al., 2013). Seven years after the drought
one-third of the watersheds in the state of Victoria
had not fully recovered to pre-drought runoff lev-
els (Peterson et al., 2021). These trends suggest
that the socio-ecological system has passed a tip-
ping point, from a social and political perspective
if not from an ecological perspective.

III. RESILIENCE OF FRESHWATER
ECOSYSTEMS AND SERVICES UNDER
GLOBAL CHANGE

According to the latest assessment of planetary
boundaries, the freshwater boundary has already
been transgressed (Richardson et al., 2023). This
evaluation is supported by an increase in land area
where blue (streamflow) and green water (soil
moisture) levels deviate from pre-industrial ref-
erence conditions (Porkka et al., 2024). Another
concerning indicator is the increase in freshwater
blooms in lakes since the 1980s (Ho et al., 2019).
Broadly the trajectories of freshwater ecosystems
and their services under climate change are ex-
pected to depend on whether ecosystems are en-
ergy or water-limited systems (Campbell et al.,
2022). In energy-limited systems in higher lati-
tudes and mountains the increasing temperature
promotes range shifts, increasing competition and
possibly excluding cold-adapted species (Nilsson
etal., 2012; Perry et al., 2012). Aquatic and ripar-
ian cold-water animal species are already experi-
encing population declines (Durance & Ormerod,
2007; Rogers et al., 2020). In water-limited sys-
tems, such as those in the Mediterranean climate,
increasing water limitation will promote environ-
mental filtering, declines in functional diversity
and shifts toward more conservative strategies
(Portela, Durance, et al., 2023a). Obligate ripari-
an and drought-sensitive plant species are expect-
ed to decline and annual species to increase in
semi-arid rivers (Perry et al., 2012; Stromberg et
al., 2012). These trends may represent significant
departures from the current ecosystem status and
functional diversity levels. The ecosystem ser-
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vices expected to be most affected include water
provisioning, fisheries, and many regulation ser-
vices such as climate change mitigation and water
quality regulation (Campbell et al., 2022; Portela,
Durance, et al., 2023b). Since functional diversi-
ty underpins ecosystem functioning and stability
we also expect changes from current baselines of
ecosystem resilience (Biggs et al., 2020).

The examples discussed in this work illustrate
declines in freshwater ecosystem services, ero-
sion of resilience in socio-ecological systems as
well as the uncertainty surrounding the identifica-
tion of regime shifts and future trajectories. Clear
examples of loss of resilience and regime shifts
are still rare and mostly associated with lake sys-
tems, as exemplified here by Lake Chad. A study
of LTER sites in the US over 40 years finds limit-
ed evidence of lasting regime shifts in freshwater
and forest ecosystems (Campbell et al., 2022).
This may be because many of these LTER sites
are still experiencing conditions similar to their
historical climate space (Campbell et al., 2022).
It is also hypothesised that shallow lakes are more
prone to regime shifts whereas running waters are
more resilient (Durance et al., 2016). However,
the observational or experimental evidence avail-
able on the resilience of freshwater ecosystems
and their services remains limited. Many studies
discuss resilience and associated topics in the in-
troduction or discussion, but do not aim to quan-
tify it (Carrier-Belleau et al., 2022). This prevents
a comprehensive, systematic assessment of the
resilience of freshwater ecosystems and their ser-
vices globally or comparatively. While the fresh-
water resilience research continues to evolve,
there are examples of warning signs of loss of
resilience particularly in response to extreme cli-
mate events and disturbances.

Disturbances such as drought, fire, hurricanes,
and ice storms appear to be pushing socio-ecolog-
ical systems near or beyond tipping points and to-
wards new stable states. Disturbances across land
and water can impact and destabilise freshwater
ecosystems and their services (Crausbay et al.,
2020; Falkenmark & Wang-Erlandsson, 2021).
The Millenium Drought in Australia, the Paranal
fires, and the recurrent drying in Lake Chilwa are
examples of recurring or prolonged extremes that
may be overwhelming the capacity of socio-eco-
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logical systems to recover and sustain ecosystem
services. Furthermore, extreme events can cause
legacy effects in key attributes of ecosystem func-
tioning, where declines in ecosystem productivity
and streamflow last several years following the
event (Peterson et al., 2021; Portela, Gongalves,
et al., 2023). However, their effects may not be
fully evident at short time scales. A watershed
scale experiment at a LTER site suggests initial
recoveries of ecosystem functions following dis-
turbance do not preclude later regime shifts as
other disturbances impact recovery trajectories
(Jackson et al., 2018). Climate extremes and other
disturbances may be as important or even more so
than changes in average climate for the resilience
of freshwater ecosystems in the future.

The resilience of the socio-ecological systems
is also modulated by social systems including
community and institutional dynamics as shown
by the examples presented here. The Millennium
Drought illustrates how high water consumption
and river regulation contribute to the decline of
riparian forests and their limited recovery. The
examples from African lakes and the Australi-
an Millennium Drought offer a stark contrast on
institutional dynamics. In Lake Chad the lack of
institutional responses has contributed to unem-
ployment, conflicts, and instability in the region
as the livelihoods of the people strongly depend
on ecosystem services provided by or connected
to the lake. In the Australian Drought the stronger
institutional capacity allowed the implementation
of several measures to mitigate and adapt to the
effects of the event, even if at a significant cost.
The loss of water-resilience has been linked with
broader social dynamics including armed con-
flicts, uprisings, and even the collapse of ancient
civilizations (Falkenmark & Wang-Erlandsson,
2021). These connections are still debated and
difficult to ascertain due to the complexity of so-
cial systems. Nevertheless, the communities most
affected by loss of freshwater ecosystem services
are undoubtedly those that depend the most on
ecosystems. Then, social structures at individual,
community and institutional levels shape the ca-
pacity to adapt or replace ecosystem services with
technological solutions or grey infrastructure thus
mediating the resilience of freshwater social-eco-
logical systems (Falkenmark et al., 2019).
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The resilience of freshwaters to climate
change, compounding disturbances and stressors
is still unclear and emerging, thus further research
is needed the resilience of ecosystems and their
services. First, we need to address the basic gaps
in the assessment of freshwater ecosystem servic-
es and their linkages with biodiversity. Second,
we need to improve our understanding of resil-
ience, identifying alternative stable states and tip-
ping points in freshwaters, especially in running
waters. To that end, we need long-term studies
and monitoring as well as retrospective studies
to understand the response of ecosystems to past
and ongoing changes and identify potential tip-
ping points. Third, we need to enhance our under-
standing of the roles of social dynamics in modu-
lating resilience and to include multidisciplinary
perspectives in evaluating freshwater ecosystem
services and resilience.

CONCLUSION

In conclusion, this work illustrates diverse re-
sponses of freshwater socio-ecological systems
to environmental changes, highlighting warn-
ing signs of declining resilience due to climate
change and altered disturbance regimes. The ex-
amples highlight how significant the consequenc-
es for social systems can be as well as the role
of social structures in mediating resilience. How-
ever, a high degree of uncertainty still surrounds
the identification of tipping points, regime shifts,
and future ecosystem trajectories. The responses
of freshwater ecosystems to climate change, mul-
tiple disturbances and stressors are still emerg-
ing. Predicting the dynamics of these critical
socio-ecological systems in the future requires
long-term studies directly examining resilience.
Research on the resilience of freshwaters is es-
sential to ensure they continue providing critical
ecosystem services to society, thereby fostering
resilient communities.
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