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Abstract

Extreme climatic events (ECEs) including floods, droughts and 
heatwaves are increasing in severity and frequency, fundamentally 
reshaping riverine ecosystems. In this Review, we synthesize global 
evidence of the impacts of ECEs on riverine biodiversity, revealing 
widespread and often compounding threats. ECEs affect biodiversity 
in diverse ways across scales; they can erode genetic diversity, alter 
community composition, reduce ecosystem function and disrupt 
population and community synchrony across the wider river 
meta-network. ECEs can also amplify the impact of, and be amplified by, 
other global stressors, and ECEs that occur in tandem or sequentially 
(compound events) have potentially strong but poorly understood 
biodiversity impacts. Several promising statistical and mechanistic 
modelling frameworks now enable prediction of the impacts of ECEs 
under non-stationary conditions. To adequately prepare for increasing 
and compounding ECEs, management strategies must shift from 
local, reactive interventions to catchment-scale, resilience-focused 
approaches. Top future research priorities include high-frequency 
and coordinated long-term monitoring, understanding legacies 
and biophysical feedbacks from extremes and deconstructing the 
impacts of compounding events. Our synthesis provides a roadmap for 
advancing science and practice to confront the ecological challenges 
posed by an increasingly extreme future.
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others are subject to extreme flooding and excessive temperatures as 
a result of human activities7. Climate change further interacts with, and  
exacerbates, these threats. Climate change is altering the timing8  
and magnitude9 of river flows and promoting widespread drying10,11 and  
flooding of rivers globally12 (Box 1).

Rivers are experiencing both gradual shifts in response to mean 
climate conditions and abrupt changes expressed as extreme climatic 
events (ECEs). ECEs such as droughts, floods, severe storms, heatwaves, 
coldwaves, and ice breakup and jam events are changing in multiple 
dimensions12–14 (Box 1 and Fig. 1). Although ECEs are becoming more 
probable (Fig. 1), they are notoriously challenging to study15,16 and 
thus their impacts on riverine biodiversity are only now beginning to 
be well documented. Emerging research has begun to elucidate the 
breadth of potential consequences of ECEs for riverine biodiversity, 
ranging from individual-level and population-level impacts through 
to the disruption of ecosystem functions17–20. Furthermore, because 
many rivers are already subject to considerable pressures5, ECEs are 
expected to amplify the challenges facing biodiversity conservation. 
There is a pressing need to synthesize the current state of knowledge 
of the effects of ECEs on riverine biodiversity and to identify gaps and 
research opportunities that could help to inform conservation action 
in the future.

In this Review, we discuss the implications of ECEs for riverine 
biodiversity, using the term biodiversity in its broadest sense —  
encompassing levels from genetic to functional diversity. Drawing from 
examples from around the world, we highlight the independent effects 
of ECEs and explore how they have interacted with other anthropogenic 
stressors and how they combine to create compounding extremes that 
affect biodiversity. We conclude by suggesting what research is needed 
to proactively and accurately forecast potential biodiversity impacts 
of ECEs in different landscape settings, and by identifying the existing 
barriers constraining the application of this knowledge to management 
practices that seek to promote future ecosystem resilience in a world 
that is not stationary21,22.

Defining extreme events in river networks
Extreme events can be defined in many ways. First, many define extreme 
events in rivers as statistically rare or unusual events that translate into 
extreme environmental change15,23. These impacts might or might not 
have equally extreme consequences for species or the ecosystems they 
inhabit. Second, hydrologists often invoke probability-based criteria 
to classify extreme floods, such as high flow events with a 100-year 
return interval or a 1% exceedance probability (flood magnitudes with 
1-in-100 chance of being equalled or exceeded in any given year) over a 
defined time period24. Third, extreme events can be defined according 
to a specified biological threshold, such as when water temperatures 
exceed specific physiological limits (for example, critical thermal 
maxima) for biota25.

This definitional inconsistency hampers progress towards under-
standing the ecological implications of ECEs and how to manage 
them15. In response, this Review combines criteria according to prob-
abilities and biological responses to define an extreme event as “an 
episode or occurrence in which a statistically rare or unusual climatic 
period alters ecosystem structure and/or function well outside the 
bounds of what is considered typical or normal variability”26. We use 
the terms ‘ecosystem structure’ and ‘function’ in their broadest sense, 
including the composition of communities or abundances of popula-
tions through to functions such as nutrient processing, decomposi-
tion and production. This definition enables us to incorporate a wide 

Key points

	• Extreme climatic events (ECEs) erode river biodiversity across 
organizational levels — from genes to ecosystems — through selective 
mortality, with evolutionary and ecological consequences that 
permeate across river networks. Network connectivity shapes river 
resilience: the hierarchical and connected structure of river networks 
allows the impact of ECEs to propagate across systems, while also 
providing pathways that support biodiversity recovery following 
disturbance.

	• The impacts of ECEs in rivers are often exacerbated by underlying 
or interacting stressors, such as land-use change or pollution, and can 
intensify, or be intensified by, biological invasions. Recovery from ECEs 
can vary widely from weeks to multiple years, if ever, depending on the 
specifics of the event and the biodiversity metric of interest.

	• Compound events can impose disproportionately large ecological 
impacts, but limited research to date highlights this as an emerging 
frontier of research.

	• Predictive tools are improving, with distributional regression 
approaches and mechanistic or hybrid models enabling forecasting 
of changing extremes and their ecological consequences at scale. 
To adequately prepare for increasing and compounding ECEs, 
management strategies must shift from local, reactive interventions to 
catchment-scale, resilience-focused approaches that are anticipatory.

	• Promising future avenues for research and application include 
advancing the implementation of high-resolution, high-frequency 
monitoring programmes; continued and coordinated long-term 
research programmes; broadening the collective understanding of 
compounding impacts; building knowledge of legacy effects; and 
studying the biophysical feedbacks between ECEs, river flow regimes, 
geomorphological dynamics and biodiversity resilience.

Introduction
Rivers are among the most diverse ecosystems on Earth — offering 
innumerable benefits to billions of people, including fisheries that 
sustain lives and livelihoods, clean drinking water, material goods and 
numerous cultural benefits1. However, freshwater biodiversity is under 
threat. Declines in freshwater populations continue at a greater rate 
than those in marine or terrestrial environments2. Still, more challenges 
will arise in the future as freshwater species face among the highest 
risks to climate-related extinctions3. Despite this deepening crisis, 
an ‘invisible tragedy’ remains where river ecosystems and the species 
within them continue to receive scant attention in comparison to the 
world’s lands and oceans, challenging the ability to mitigate freshwater 
biodiversity loss4.

Riverine biodiversity is under pressure from widespread persistent 
and emerging threats, including land-use change, pollution, invasive 
species, infectious diseases, harmful algal blooms, flow modifica-
tion, over-exploitation, salinization, pesticides, microplastics and 
pharmaceuticals5. Rivers have been dammed, diverted and channelized 
worldwide, modifying the natural cycles that species have evolved 
with, resulting in widespread impacts to biodiversity6. Watercourses 
that were once perennial now cease to flow for long periods, and 
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range of studies in our discussion and to recognize that there are both 
statistical and ecological dimensions to extreme events. Notably, 
multiple dimensions of ECEs shape ecological responses (Fig. 2). 
However, the frequency and magnitude of extremes can change over 
time owing to trends in the distribution of climate variables (mean, 
variance, skewness and kurtosis) and shifts in their spatiotempo-
ral autocorrelation structure, meaning that the threshold for what 
constitutes a rare or unusual event is always defined relative to the 
historical range of variation.

We focus specifically on ECEs in rivers, considering three broad  
categories of ECEs: hydrological (floods, droughts, ice breakup and 
jams), thermal (heatwaves and coldwaves) and meteorological (cyclones 
and hurricanes). Our primary focus is on floods, droughts and heat-
waves owing to insufficient data availability for the other ECEs. These 
riverine extremes are often associated with extreme events on land, 
including precipitation and temperature extremes, and climate-driven 

storm events27. They can also interact with terrestrial ECEs such 
as forest fires, which cause landscape-scale changes in erosion,  
nutrient inputs and hydrologic amplification of river systems28.

Rivers are organized into connected hierarchical dendritic net-
works. They receive and transmit organisms and matter, which means 
the impacts of ECEs will rarely be local, and instead will propagate 
through entire river networks, laterally onto the floodplain and verti-
cally to the underlying groundwaters29. Patterns of ECE propagation 
are highly context-dependent, given this dendritic organization. 
Depending on catchment geology, river networks can, for instance, 
comprise patchy drying patterns or synchronized large-scale drying7. 
Similarly, a high rainfall event anywhere in a catchment is typically 
propagated downstream throughout the network (for example, 
decreases in dissolved oxygen propagate downstream following 
rainfall events post-wildfire30), but channels with strong hyporheic 
(shallow subsurface zone where groundwater and surface water mix)  

Box 1 | The changing nature of river extremes
 

River flow and temperature regimes are multifaceted, comprising five 
main components: magnitude, frequency, duration, timing and rate of 
change201,202. Our Review focuses specifically on magnitude, duration, 
frequency and timing (see the figure).

The frequency of flood events has increased during the twentieth 
century12,24. Floods events have also changed in timing; for instance, 
earlier snowmelt from global warming has ushered in earlier floods to 
western North America203 and in northeastern Europe, but delayed winter 
storms are bringing later floods in regions of the Mediterranean coast 
and North Sea8. Flood magnitudes are growing in northwestern Europe 
from increasing autumn and winter rainfall, but decreased precipitation 
and greater evaporation in southern Europe are bringing smaller floods9. 
Changes to timing and magnitude are not necessarily concurrent, with 
river flow seasonality reportedly changing independently from changes 
in the mean discharge204. Importantly, an unusually timed event, or an 
unusually rapid onset of an event, can have detrimental impacts similar 
to those caused by extreme magnitudes alone.

Extreme drought events are also on the rise, mainly via increased 
magnitudes, longer durations and increased frequencies. Changes 
to the onset of the rainy season, and consequently the duration 
of the dry season, have led to longer dry seasons and diminished 
discharge in the Amazon Basin since the mid-1970s205. In the Colorado 
River Basin, warming is drying out soil, creating a water deficit that 
intercepts snowmelt, thereby reducing stream and river surface 
flows206. Such prolonged extreme drying can result in irreversible 
changes to catchment hydrology: seven years after the Millenium 
Drought in southeastern Australia, catchment hydrology in 37% of 
watersheds had not recovered indicating a threshold in what certain 
systems can sustain in terms of extreme drought207.

Changing river temperature regimes are also observed 
globally208,209, with extreme warm events (heatwaves) found to 
influence flow regimes more than moderate events210. Heatwaves are 
increasing in frequency, duration and magnitude in ocean, coastal 
and lake ecosystems. For example, the annual mean total number 
of heatwave days more than doubled, from 11 to 25, across the USA 
between 1996 and 2021 (ref. 13). More extreme temperature events 
have also been documented at high elevations in spring and summer 
in European mountain streams135.

Climate change will also alter other river-ice processes such 
as ice formations, duration, thickness and ice jams. There is now 
broad agreement in the scientific literature that the duration of the 
ice-cover season is decreasing as a result of climate change, such as 
observational records from rivers in the Northern Hemisphere that 
consistently show later freeze-up dates and earlier ice breakup14. 
Extreme climatic events might affect the frequency and severity of 
extreme ice-jamming events, and milder winter temperatures can 
cause atypical midwinter ice breakups, such as those that have been 
reported in Canadian rivers211.
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exchange or losing channels that emerge over an alluvial fan 
(fan-shaped sediment deposit zone at the base of valleys) can exhibit 
limited downstream propagation. For example, although wildfires 
directly affected ~6% of the total river network length in the western 
USA from 1984 to 2014, ~11% of river network was affected owing to 
longitudinal propagation of impacts29.

The effects of ECEs can amplify when multiple extremes, such as 
heatwaves, floods or droughts, occur together or in quick succession 
(also known as compound events31,32). For example, a heatwave followed 
by a prolonged drought could have a compound impact on ecosystems, 
in which the intense heat increases evaporation and exacerbates water 
shortages, further stressing already dry conditions32. Finally, conser-
vation concerns arise when extremes combine to create compound 
biophysical effects31,32, which can manifest in nonlinear ways33. As the 
mean of a climate variable (for example, temperature) increases, so 
often does the variance, which contributes to an increasing likeli-
hood of more frequent ECEs occurring in quick succession. However, 
so too can the frequency of different but related event types, such as 
drought. For instance, in the Gila River catchment (USA), a period of 
drought spanning multiple seasons coincided with extreme flooding 
and widespread wildfires, all connected to changing climate34,35. In addi-
tion, repeat events can occur while a system is still actively undergoing 

recovery, causing catastrophic ecological impacts, such as extreme 
floods following a prolonged drought32.

Effects of extremes on riverine biodiversity
Given the unpredictable nature of extreme events, empirical evidence 
showing their effects on freshwater biodiversity remains sparse and 
geographically biased18,36. Existing evidence comes primarily from three 
sources: (1) long-term data that fortuitously captured an extreme event, 
offering before–after control-impact evidence17,37–39; (2) data gathered 
after an extreme event29 and (3) indirect evidence derived from studies 
of biodiversity responses to climatic factors associated with extreme 
events, such as rainfall and temperature40,41. These sources of evidence, 
combined with theory about the assembly and dynamics of freshwater 
communities, lend support to the notion that the effects of ECEs on 
biodiversity depend on the type, magnitude, frequency, duration, 
timing and legacy of the event and on the biodiversity responses under 
investigation17,18. Whether different facets of biodiversity will persist 
under novel, non-stationary conditions is an unresolved question, as 
this will depend on how the populations of the constituent species 
respond across time and space to shifting biotic and abiotic conditions.

In this section, we collate evidence (or evidence gaps) for 
the effect of hydrological, thermal and meteorological ECEs on 

a  More floods b  More droughts

c  More floods and droughts d  Less floods and droughts

P

0.50.40.30.20.10

Fig. 1 | Future probability of extreme events. a, Probability (P) of increasing 
floods. b, Probability of increasing droughts. c, Probability of increasing floods 
and droughts. d, Probability of decreasing floods and droughts. Probabilities 
(P) of increasing extreme conditions were estimated using Sen’s slope trends 
in the yearly maximum 7-day arithmetic mean (MAX7) and yearly minimum 
7-day arithmetic mean (MIN7) streamflow12. Maps show results of a multinomial 
regression conducted over space, based on published data from ref. 12. 

a, Probability of increasing floods reflects positive trend in MAX7. b, Probability 
of increasing droughts reflects a negative trend in MIN7. c, Probability of 
increasing floods and droughts reflects positive MAX7 and negative MIN7 trends, 
respectively. d, Probability of decreasing floods and droughts reflects negative 
MAX7 and positive MIN7 trends, respectively. White areas indicate regions with 
no data.
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riverine biodiversity across scales, from population genetic diversity 
to meta-system dynamics (Figs. 2 and 3).

Genetic-level and population-level responses
ECEs can induce mortality and thus exert selective pressure on popula-
tions for adaptation. Events that exceed or approach the limits of organ-
isms’ acclimatory capacities are likely to strongly influence evolution42. 
Mortality from extremes can act as a one-off selecting sweep, resulting 
in population bottlenecks that can reduce a population’s recovery 
potential43. Such events can also reduce the resilience of populations 
to future extremes by eroding genetic variation. The difficulty of study-
ing extreme event impacts limits understanding of how mass mortality 
following extremes diminishes genetic diversity, particularly across 
multiple species exposed to an ECE44. For example, population genomic 

changes (including both erosion and gain of genomic diversity) varied 
among stream benthic insect species in response to a 1-in-500-year 
rainfall event in Colorado (USA), highlighting the difficulty in gener-
alizing evolutionary responses to ECEs17. Importantly, aquatic insect 
species with low mobility and lacking a terrestrial adult stage were 
locally extirpated after the high-magnitude ECE and did not return 
within 2 years17, suggesting that ECEs can have long-lasting impacts 
on the resistance and resilience of populations to future events. How-
ever, the impacts — particularly on the resistance and resilience of  
populations — can be context-dependent. In response to two extreme 
flood events, guppy populations showed little change in genetic diver-
sity and population structure (resistance), whereas variation in body 
size and male coloration were heavily affected but recovered relatively 
quickly (resilience)43.
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a  Changing nature of river extremes

Droughts Heatwaves

d  Compound eventsc  Impact modulated 
by underlying stressors 
(land-use change, 
nutrients), event scale 
and network location 
(left) and whether the 
event is singular or a 
compound event (right)

b  Event scale and network location

Fig. 2 | Extreme events and the ways they affect river biodiversity. a, Future 
changes in frequency and magnitude of extremes will be affected not only by 
trends in the climate variables’ mean but also by changes in the scale (spread) 
and shape (tail heaviness and skewness) of their distributions. Changes in the 
scale and shape of their distributions (shifting positive, negative or increasing 
spread, depicted by the future dashed lines relative to historical solid lines), in 
particular, can result in an increasing chance of experiencing both positive (red) 
and negative (blue) extreme events (potential impact depicted by colour weight). 
Extreme climatic events (ECEs) such as floods, droughts and heatwaves (yellow 
boxes) affect several aspects of riverine biodiversity (red box), but the impacts 
depend on: the scale and location of the ECE within the connected river network 
(part b); modulation by underlying or interacting stressors (such as land-use 
change, nutrient enrichment) (part c) and whether the ECE occurs alone or as 

a compound event with another ECE (note that non-extreme events can also 
combine to form compound extremes) (part c). b, River network demonstrating 
the potential propagation of extreme impacts differing between upstream (1) 
and downstream (2) locations, and small and large spatial scale events (shaded 
ovals). Propagation of impacts is downstream-biased (solid arrows) and the 
strength of propagation depends on the scale of the event, with larger spatial 
scale events affecting the downstream network more severely, and events lower 
in the network affecting less of the catchment. d, When climate variables are 
correlated, compound extremes can occur (purple points), in which one extreme 
(red and blue shaded regions) is accompanied by another extreme at the same 
time (or shortly thereafter, in close spatial proximity or if one extreme makes the 
system more vulnerable for another32).
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ECEs that selectively remove individuals from a population can 
have evolutionary consequences for species’ life histories, as selec-
tive sweeps can operate on particular species traits. Life-history traits 
(such as the timing of reproduction relative to flood timing) can evolve 
to match the patterns of environmental characteristics in predictable 
systems45,46. However, because extreme flows are rare and unpredict-
able, they are unlikely to exert selective pressure on such synchronized 
life histories47. Instead, any evolutionary response to ECEs probably 
occurs via a selective sweep against specialized species and in favour 
of flexible species, with the strength of selection depending on the 
event’s timing, frequency and predictability. In unpredictable systems, 
bet hedging strategies can emerge, the form of which depends on 
organisms’ lifespans46.

The evolutionary impact of ECEs in river systems is further 
shaped by their timing relative to life-history stages of vulnerable 
species17 and their spatial scale in relation to the level of mortality they 
cause47. High-mortality events with broad spatial impact are likely to 
exert stronger evolutionary pressure on the life-history strategies 
of riverine organisms than more localized disturbances47, but these 

scale-dependent pressures can depend on the predictability of cues. 
For example, behavioural experiments on the giant waterbug, Abedus 
herbertii, found that populations from predictable streams — where 
localized rainfall signalled flash floods — responded to rainfall cues 
rapidly by crawling away from the water to escape flash floods48. By 
contrast, populations from less predictable streams — where proximate  
rainfall cues did not signal flash floods — responded more slowly.

ECE impacts are most readily observed at the population level. 
When an ECE is physically disruptive (extreme floods) or physiologi-
cally disruptive (cessation of water flow), the immediate consequence 
is a reduction in the population size of vulnerable species, which, if 
large enough, might result in local extinctions. A species’ vulnerability 
to certain types of ECEs depends, in part, on its biological and ecologi-
cal traits. For example, when a devastating flood in Ireland caused a 
tenfold decline in overall community abundance, the small, abundant 
and aerially dispersing chironomid species were largely unaffected, 
whereas the larger (mayflies, stoneflies and caddisflies) and less mobile 
(molluscs and crustaceans) species experienced population declines 
that did not recover for up to ten years49. Similar results have been 

a  Fish survival
During a 2012–2016 
drought, residual pools 
in intermittent streams 
provided refuges for 
juvenile salmon, but 
increased drought 
severity turned pools 
into ecological traps

c  Water quality 
degradation
Floods following a severe wildfire 
in 2011 led to extreme water quality 
excursions (for example, dissolved 
oxygen sags) with significant 
implications for ecosystem health 
in the Rio Grande

b  Insect population 
persistence
Only 25% persistence for 
immobile taxa that lacked 
terrestrial adults, following a 
1-in-500-year rainfall event in 
2014. Genetic diversity loss 
varied by species

d  Fish diversity 
and invasion
A heatwave (2013) and 
multiple flood events 
(2011, 2012) were beneficial 
to eurytolerant and invasive 
taxa

e  Macroinvertebrate 
diversity
A major flood in 2019 a�ected 
community structure and diversity, 
which largely recovered to 
preflood levels within 2–3 years, 
but not uniformly across taxa

f  Fish resilience
Fish resilience to 
drought and ash flows 
after wildfires 
(2011–2013) highly 
depends on immigration 
from nearby refuge 
populations

g  Fish population structure
Genetic diversity and population 
structure remained largely 
resistant to extreme floods (2005 
and 2016). Greater impacts on 
phenotypic diversity were 
short-lived, indicating an 
additional layer of resilience

h  Heterogeneity in 
riparian vegetation
A flood in the Sabie River 
created heterogeneous 
patches that altered the 
structure and 
composition of riparian 
vegetation

i  Phytoplankton 
community shifts
A drought–heatwave event in 
the Yangtze River reduced 
plankton community diversity, 
destabilized network structure 
and shifted the dominant 
algae taxa to Cyanobacteria

j  Hypoxic blackwater 
events
Following a decade-long 
drought, a series of spring and 
summer floods in 2010–2011 
triggered a large-scale hypoxic 
blackwater event in the 
southern Murray–Darling Basin

Flood
Drought
Heatwave
Compound
event

Fig. 3 | Global extreme climatic event impacts on riverine biodiversity. 
Selected examples of extreme floods (blue), droughts (yellow), heatwaves (red) 
and compound events (purple), as discussed in more detail in the main text. 

River network data on the background map were sourced from the HydroRIVERS 
dataset192. Reference information: a, ref. 107; b, ref. 17; c, ref. 30; d, ref. 75; e, ref. 50;  
f, ref. 71; g, ref. 43; h, ref. 120; i, ref. 122; j, ref. 57.
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found in Italian streams for chironomids and baetid mayflies, which 
have been attributed to a combination of dispersal ability through drift 
propensity, behavioural adaptations and refuge use during floods50. 
Additionally, during the ‘Millennium Drought’ (1997-2009) in Aus-
tralia’s Murray-Darling Basin, the most affected fish species included 
small-bodied invertivores with low fecundity, preference for spawning 
in cool temperatures and relatively low upper lethal temperature limit51.

The mechanisms enabling the stability of populations during and 
following ECEs vary widely. For example, tolerance to high tempera-
ture, low oxygen or desiccation can promote resistance to droughts, 
whereas enhanced dispersal abilities, high fecundity and rapid physio-
logical developments can promote recovery by enabling rapid recoloni-
zation of disturbed sites. Invertebrate species inhabiting non-perennial 
streams typically have desiccation-resistant stages, such as eggs, cysts 
or dormant adult forms that can remain in dry sediments for months 
and be reactivated upon flow resumption52,53. Similarly, only fish spe-
cies with high thermal tolerances persisted during the long-duration 
megadrought experienced in the Amazon Basin in 2023 (ref. 19).

In contrast to abrupt events such as extreme floods that remove 
or kill organisms, gradual stressors such as droughts and heatwaves 
usually affect organism physiology36. Slow drying lowers water depth, 
raises temperature and reduces oxygen, pushing organisms beyond 
their thermal or hydrological limits. For example, during a 2003 
heatwave in France, the Saône River reached temperatures above the 

thermal tolerance of molluscs, increasing their metabolism until energy 
reserves were exhausted54. From 1999 to 2004, densities decreased 
from 520 to a mere 98 individuals per square metre at one location, with 
the number of species also reducing from 10 to 6 at another location54. 
Larger species such as bivalves died in large numbers because they 
could not meet their energy demands, whereas smaller gastropod 
populations survived slightly longer before collapsing54. Similarly, 
drought reduces habitat and causes hypoxia and heat stress, forcing 
fish to expend energy just to survive55. Over time, these stressors limit 
growth and reproduction, especially in large or immobile species.

Community-level responses
Among the immediate community-level responses to ECEs are a direct 
change in taxonomic diversity owing to decreases in population sizes 
and subsequent species loss. A 2023 meta-analysis found that reduc-
tions in water flow were the main cause of declines, with communities 
losing about 1.5 standard deviations of richness following flow reduc-
tion (95% CI 0.6–2.4)18 (Fig. 4). Community biomass also declined in 
response to ECEs, with warming and reduced flow driving biomass 
losses of roughly one standard deviation (τ = –1.04, 95% CI –1.89 to 
–0.19), but results were highly context-dependent among studies and 
groups18 (Fig. 4). Moreover, a reduction in community biomass does 
not imply uniform impacts across all species; some might experience 
severe effects, such as local extinction owing to widespread mortality 
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Fig. 4 | Context-dependent effects of extreme changes in water flow and 
temperature on species richness. Results of 13 studies in which species richness 
was assessed before and after an extreme event (data from the meta-analysis 
by ref. 18). Results are grouped by category: flood (part a), drought (part b) and 
heatwave (part c). Different biological groups are illustrated by different line 
types, but most studies were on invertebrates (solid lines). Flood data are from 

Woodward et al.49, Robertson et al.129, Milner et al.185, Feeley et al.193, Foord & 
Fouché194 and Kim et al.195; drought data are from Vander Vorste et al.113, Herbst 
et al.196, Calapez et al.197 and Fenoglio et al.198; heatwave data are from Mouthon 
& Daufresne54, Ferreira et al.199 and Sáinz-Bariáin et al.200. Generally, richness 
of species is lower following each of these three types of extreme events, but 
responses are context-dependent.
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or displacement56,57, whereas others might be less affected58 depending 
on their species-specific traits. For instance, small changes in drought 
magnitude can result in substantial changes in invertebrate commu-
nities, particularly in the composition of certain traits40. The loss of 
surface water seems to be a key driver of threshold responses of stream 
invertebrates, especially for larger species and those with lower thermal 
tolerances40. Indeed, recovery can take considerable time, and new 
community trajectories can occur. For example, several years after an 
extreme flood event in Italian streams, new macroinvertebrate species 
continued to replace those lost during the event50.

Different properties of riverine communities can recover from 
ECEs at different, often rapid, rates59–61. Specifically, properties such as 
population growth rates and interactions among species are unlikely 
to fully recover, whereas properties such as total biomass and abun-
dance can bounce back within weeks18,36. These recoveries typically 
occur when the community includes short-lived, highly mobile spe-
cies that can recolonize soon after conditions are appropriate36 or 
species with resistance and resilience traits that reduce disturbance 
mortality17. For instance, following an extreme rainfall event in mon-
tane Colorado (USA) that produced flood disturbances ranging from 
1-in-50 to 1-in-500 year probabilities, the average persistence across 
14 streams was 84% for taxa with mobile larvae and terrestrial adult 
stages, compared with just 25% for those lacking terrestrial adults17. 
Similarly, a severe drought (1953–1954) that decimated the fish and 
invertebrate populations in Smiths Branch (USA) was quickly fol-
lowed by repopulation the following year by adult invertebrates 
that returned from other streams and by fish that recolonized from 
downstream62. Relatively rapid (within a year) recovery of inverte-
brates has also been reported in Welsh streams63, Scottish streams64 
and New Zealand streams65.

One clear pathway by which ECEs affect communities is by facili-
tating the introduction, establishment and spread of invasive species 
through river networks. Extreme flooding events, in particular, can 
facilitate the movement of invasive species propagules over long dis-
tances or across physical barriers. For example, flooding events in the 
Mississippi River Basin were linked to the first-known introduction of 
black carp (Mylopharyngodon piceus) when floodwaters allowed fish 
to escape from inundated aquaculture ponds into the river66 and to the 
rapid downstream dispersal of zebra mussel (Dreissena polymorpha) 
larvae67. Non-native fishes have also been found to circumvent dam 
barriers by being transported downstream over reservoir spillways 
during extreme high flows68.

ECEs can decrease the capacity of resident species to use resources 
(nutrients, prey and space) or can increase the availability of resources 
for invasive species both during and after the stressor ceases69, both 
of which potentially create a favourable ‘window’ for invasive species. 
The duration of the invasion window is a function of the resilience of 
the native community as well as the magnitude, duration, frequency 
and timing of the ECE. Invasive species tend to have broader environ-
mental tolerances than co-occurring native species, as well as traits 
that favour rapid resource acquisition, growth and colonization of 
disturbed areas70. For example, native fish species were found to have 
greater sensitivity to interannual variation in climate conditions com-
pared with non-natives in the Gila River (USA)71. Similarly, anomalous 
drought reduced native fish population abundances but had no sig-
nificant effect on non-native fishes in the Salt River (USA)72. In riparian 
ecosystems across western North America, drought has contributed to 
the increasing prevalence of the invasive tamarisk (Tamarix ramosis-
sima), in which declining water tables and increased salt in surface soils 

promote this species over more drought-vulnerable and salt-vulnerable 
native species73. These impacts can be self-reinforcing owing to the 
ability of invasive species to alter local abiotic conditions74. Similarly, 
invasive crayfish are more tolerant to desiccation than native cray-
fish, leading to greater numbers of invasive species surviving during 
drought-induced stream drying. In France’s Rhône River, increases 
in abundance of invasive and broadly tolerant macroinvertebrates 
were temporally correlated with the 2003 European heatwave, as well 
as with severe flood events that might have contributed to increased 
resources75.

ECEs can also amplify the already large negative ecological impacts 
of invasive species in riverine ecosystems76. For example, reductions 
in flow during extreme droughts concentrate organisms in small and 
often isolated habitats, increasing the frequency and magnitude of 
negative species interactions with both native and non-native species77. 
Drought-induced habitat loss in stream ecosystems can confine 
native fishes to remnant pools and intensify rates of predation by 
invasive fishes78, and increase exposure of fish to non-native diseases55. 
Non-native species can also influence the response of native species to 
extreme flows. For example, although introduced trout are more sensi-
tive to extreme flood events than high country river-resident galaxiids 
in New Zealand, their presence can impair the recovery of galaxiids 
by reducing their growth rates through competition for resources or 
behavioural changes79.

Although ECEs often facilitate or amplify invasive species impacts, 
they can in some instances release native species from the pressures 
invasive species exert. For example, although stream warming can 
promote fast-growing non-native species by increasing growth rates 
in temperate rivers76, in arid and semi-arid ecosystems, increased 
temperatures might exacerbate drought, potentially favouring 
drought-tolerant natives71. The introduced brown trout (Salmo trutta) 
in New Zealand is more susceptible than native river-resident galaxiid 
fishes to stresses associated with low flows, thus helping to prevent 
trout from eliminating galaxiid fishes in small streams80,81. Extreme 
droughts in Australia reduced many streams to small, isolated pools 
with depleted oxygen levels and high water temperatures where inva-
sive common carp (Cyprinus carpio) were unable to survive these 
conditions despite native species persisting82. Of course, the impacts 
of non-natives can depend on whether the ECE is a drought or flood. In 
tropical streams, native fishes were reported to better cope with longer 
maximum durations of low flows than expected when non-native fishes 
were absent, but in mixed fish assemblages, longer maximum durations 
of low flows heightened the negative effects of non-native fishes83. 
Interestingly, extended maximum durations of high flows might have 
acted as a control of non-native species and dampened their negative 
effect on native species83.

In summary, research to-date has shown that ECEs can affect 
invasion processes, but that this relationship is complex and often 
context-dependent. Long-standing legacies of ECEs include the integra-
tion of non-native species into contemporary communities that alters 
the nature and strength of ecological interactions with native species.

Ecosystem-level responses
ECEs can trigger abrupt, transient shifts in stream food web energy 
pathways. The resulting shifts in energy allocation can cascade through 
food webs, releasing smaller, faster-growing species from top-down 
control and reshaping community composition long after the ECE36. 
Following an extreme flood event, consumer–resource relationships 
in stream invertebrates shifted to more reliance on allochthonous 

http://www.nature.com/nrbd


Nature Reviews Biodiversity

Review article

(organic materials that enter a river from external sources, such as 
leaves falling into a stream) detritus inputs that entered the channel 
during the extreme runoff84. By contrast, primary consumers (mainly 
shrimp) shifted their food source following a hurricane (meteoro-
logical extreme) that increased stream canopy openness39. Before the 
hurricane, allochthonous carbon generally contributed more than 
half of the primary consumers’ diet, whereas just 2 months after the 
hurricane, biofilm-derived (autochthonous: inputs produced within 
the river, such as algae or diatoms growing on river substrate) carbon 
became the most important source of food. Consumers eventually 
returned to a terrestrial resource base as the forest canopy recovered 
from hurricane damage 18 months later39.

Despite the prevalence of these higher-level food-web processes, 
empirical evidence quantifying the effects of ECEs on biogeochemical 
processes is rare18. Nonetheless, several ecosystem processes have 
been investigated in terms of response to ECEs. One of the most stud-
ied processes is leaf litter decomposition, which connects terrestrial 
and aquatic ecosystems through material fluxes mediated by physical 
forces and dispersal85. This process, largely driven by fungi, bacteria 
and shredder invertebrates, with contributions from physical abrasion 
and photodegradation86, responds differently to various ECEs. First, 
severe flooding often flushes downstream or laterally87,88, not altering 
decomposition rates but potentially stimulating physical abrasion 
during transport or modifying nutrient stoichiometry of relocated 
litter89. Less extreme flooding, by contrast, can reduce decomposition 
by negatively affecting shredder communities90,91. Changes in flood 
magnitude and frequency can also affect nutrient processing and 
retention, as high flows often minimize in-stream nutrient cycling by 
allowing transport to override retention92.

River drying can also slow or even halt the decomposition of leaf 
litter, with effects that vary across the stage of drying93. Initially, flow 
cessation can increase biotic interactions among microbial and shred-
ding communities, ultimately slowing litter decomposition94, whereas 
the complete disappearance of surface water halts all biotic compo-
nents of decomposition85,93 leading to accumulation of leaf litter in dry 
streambeds95. These negative effects of drying can persist for several 
months upon rewetting96–98.

Abrupt or prolonged flow reductions have been reported 
to modify other ecosystem processes. For example, primary produc-
tivity was found to be significantly reduced by flow reductions in a 
meta-analysis18. Such reductions will presumably lead to increased 
consumer dependence on detrital sources relative to before drying. In 
boreal headwater streams, drought led to increased water residence 
time, which decreased aerobic metabolism and increased concentra-
tions of reduced solutes in both stream and subsurface water, causing 
water quality degradation99. Increased drying can also increase contact 
between water and sediment, promoting nutrient retention and shift-
ing energy sources towards in-stream production, particularly during 
hydrologically disconnected periods92. During extreme reductions in 
flow, isolated pools can develop hypoxic, acidic conditions, potentially 
increasing denitrification and raising ammonium concentrations 
through multiple biogeochemical pathways92. In hydrologically discon-
nected river networks, this process can increase spatial heterogeneity 
in nutrient concentrations and can lead to extreme levels of primary 
production for extended periods100.

Finally, heatwaves can substantially alter decomposition of leaf 
litter in streams. In general, high temperatures can increase decomposi-
tion rates, particularly in winter101. Nevertheless, severe temperature 
increases (more than 40 °C) can indirectly reduce the decomposition of 

litter through lethal effects on detritivore species102. Severe or extreme 
heatwaves were shown to cause increased heterotrophy (reliance on 
organic carbon rather than in-stream photosynthesis) in a study of 
48 streams across the USA20. Gross primary productivity declined up 
to 82%, whereas ecosystem respiration increased up to 47%. This ther-
mally induced increase in heterotrophy suggests that, during severe 
heatwaves, rivers’ contribution to atmospheric CO2 levels will probably 
increase. More research is needed to identify temperature thresholds 
(and their frequency and timing) that impair river ecosystem processes 
in streams and rivers103.

Meta-system and network-level responses
The hierarchical, longitudinally connected nature of river networks 
provides both threats (for example, propagation of impacts through the 
network via flow; Fig. 2) and opportunities (for example, fragmented 
drying) for resilience to ECEs. This connectivity means that the effects 
of ECEs can spread well beyond the localities where they occur. For 
example, a severe drought can directly affect communities in specific 
locations while also disrupting hydrological connectivity across the 
river network, leading to negative consequences even in localities 
not affected or long after the ECE has ceased. Droughts can also affect 
stream metabolism beyond dried channels, as accumulated organic 
material is subsequently flushed downstream104. Similarly, the effect 
of droughts on aquatic communities can be detected months after the 
end of the event105,106.

Loss of connectivity (fragmentation) can also threaten population 
persistence (Box 2), particularly for migratory species with vulner-
able life-history stages that rear in headwater streams. The impact 
of the loss of connectivity among stream pools on migratory fish can 
be mediated by the duration of time a pool is disconnected from the 
wider river network. During California’s record-breaking 2012–2016 
drought, when the duration of pool disconnection increased from 0 
to 78 days, survival of endangered juvenile Coho salmon declined from 
0.59 (95% CI 0.39–0.70) to 0.11 (95% CI 0.04–0.24)107. However, survival 
of juvenile salmon varied among pools within the stream network, and 
this variability increased during drought years. The mean coefficient of 
variation in cumulative survival rose from 41% in non-drought years to 
103% during drought years, indicating that certain pools acted as criti-
cal drought refuges that were important for population persistence in 
the face of accelerated mortality in other pools107.

The dendritic and heterogeneous nature of river networks 
provides a level of spatial insurance for biodiversity in response to 
ECEs108,109 (Box 2). In particular, refuges are critical for the resistance 
and resilience of biodiversity to ECEs in river networks77,110. The ability of 
native fish communities in the Gila River, USA, to recover from severely 
reduced population sizes following a combination of drought and wild-
fires, depended on immigration from nearby refuges71. The capacity 
to recolonize from refuges, such as perennial reaches, can promote a 
rapid recovery of communities after extreme drying events111,112. For 
example, the hyporheic zone of gravel-bed rivers can be the major 
source of recolonization after drying events for invertebrates113,114 or 
fish115. During flood events, such refuges might be off-channel habi-
tats in the floodplain. However, the impacts of extreme floods can 
also affect communities in off-channel floodplain environments, as 
demonstrated by substantial changes to macrophyte communities in 
floodplain lakes and backwaters in the Parana River, Brazil, following 
a rare flood event116.

Although the interconnected nature of riverine networks might 
facilitate the spatial propagation of ECE effects, it can also make 
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networks more temporally stable in the face of ECEs (Box 2). If local 
areas within a riverscape are sufficiently heterogeneous to exhibit 
asynchronous hydrologic and associated ecological dynamics, the 
system might offer buffering against the impacts of localized ECEs, 
assuming that hydrologic connectivity exists between local sites. 
For instance, in Bristol Bay (USA), salmon returns were considerably 
less variable over five decades as a result of the maintenance of hun-
dreds of discrete populations than if they were a single homogeneous 
population108. Additionally, top mobile predators can increase asyn-
chrony in local food webs by switching between more and less prefer-
able food resources across the riverscape117,118. For example, heatwaves 
destabilized stream algal communities by spatially homogenizing 
them in the absence of top predators119; predators were thought to 
enhance spatial variability in algal communities (thereby increasing 
temporal stability) through their influence on macroinvertebrate her-
bivores. Finally, ECEs themselves might promote spatial heterogeneity 

in certain contexts, such as in the structure of floodplain vegetation 
following an extreme flood120. Nevertheless, under ECEs, freshwater 
ecosystems are expected to become more synchronized at local scales, 
resulting in reduced capacity of networks to buffer against abrupt 
changes (Box 2). As a result, the temporal stability exhibited at larger 
geographical scales might erode, making riverine networks even more 
susceptible to further disturbance events over time.

Evidence remains limited regarding whether ECEs alter the emer-
gence and maintenance of temporal stability in riverine systems. Mul-
tiple mechanisms (including compositional shifts, extinction and 
colonization rates; referred to as stability components) could influence 
temporal stability following ECEs, but they have rarely been tested. Two 
extreme flood events occurring 8 years apart (2005 and 2014) in an 
Alaskan river disrupted the processes that typically drive stability fol-
lowing disturbance — manifesting as a decoupling of different stability 
components (increased ‘dimensionality’ of stability), which typically 

Box 2 | Temporal and spatial stability in river networks
 

The capacity of ecosystems to maintain consistent properties over 
time (temporal stability) emerges from complex interactions among 
intrinsic population and community dynamics, environmental 
heterogeneity and spatial connectivity212. At local scales, diverse 
communities stabilize aggregate ecological properties through 
portfolio effects213 (statistical averaging among species with 
independent fluctuations), and compensatory dynamics (negative 
covariance in population abundances) further reduces variability214,215.

Temporal stability increases with spatial scale in river networks. 
Local populations might fluctuate strongly, but catchment-level 
dynamics are stabilized when these fluctuations are asynchronous118. 
For example, non-native fish increased population variability, 
destabilizing native communities at stream reaches, but spatial 
asynchrony diluted these effects at the basin scale216. In the context 
of ECEs, asynchronous dynamics in less-disturbed habitats is 
expected to maintain basin-scale stability via buffering processes 
offered by spatial scaling.

Spatial synchrony, defined as correlated fluctuations across 
locations, drives regional stability217,218. For example, mobile predators 
can enhance spatial asynchrony by switching prey resources across 
habitats117, and natural flow intermittence can maintain it through 
environmental heterogeneity219. ECEs such as basin-wide droughts 
can override these stabilizing mechanisms by synchronizing 
population fluctuations via uniform stressors (the Moran effect), 
thereby reducing regional stability. For example, heatwaves have 
been found to destabilize stream algal communities by spatially 
homogenizing them in the absence of top predators that controlled 
herbivores119.

The spatial insurance hypothesis220 provides a biodiversity-focused  
framework that integrates these temporal stability and spatial synchrony  
concepts. In river networks, spatial insurance manifests through three  
key mechanisms that will be subject to change from ECEs. First, 
dispersal-mediated recolonization describes how mobile species 
or life stages (such as aquatic insects with aerial adults or migratory 
fish) disperse from undisturbed refuges to previously disturbed 
habitats. For example, perennial reaches can buffer the impacts of 
drought by acting as sources of recolonists in drying streams111,112. 
Second, trait-mediated compensation explains how species with 

contrasting traits (for example, desiccation-resistant but immobile 
versus desiccation-prone but mobile taxa) respond asynchronously 
to ECEs. Hyporheic zones shelter invertebrates during drying113, 
whereas mobile fish exploit transient habitats, maintaining aggregate 
ecosystem functions221. Third, heterogeneity-enhanced asynchrony 
in which habitat diversity (pools and riffles) and spatial heterogeneity 
reduce synchrony might influence how river biodiversity responds to 
ECEs. For instance, fish populations in headwaters exhibited a more 
rapid decline in synchrony over distance compared with those in 
the mainstem222, potentially because headwater populations have 
limited dispersal opportunity and experience more heterogeneous 
environments.

Theoretically, ECEs can erode temporal stability in river networks 
through different pathways:

	• Floods. Extreme floods homogenize habitat conditions across 
river reaches, increasing the synchrony of local dynamics. This 
homogenization reduces the habitat heterogeneity required 
to buffer environmental fluctuations, as demonstrated by the 
persistent community shifts 12 years post-flood in an Alaskan 
river121.

	• Droughts. By fragmenting river systems, droughts impede 
the movement of mobile predators, such as fish, between 
interconnected reaches223. If widespread, prolonged drying 
can also erode spatial heterogeneity in both abiotic and biotic 
conditions, thus increasing spatial synchrony107.

	• Heatwaves. Elevated temperatures associated with heatwaves can 
exceed the physiological tolerances of many aquatic organisms, 
leading to mass mortality events and shifts in distributions. The 
resulting decline in local diversity and altered trophic dynamics 
may increase the synchrony of community responses, thereby 
substantially eroding temporal stability across river networks224.

These impacts often interact. For example, habitat homog
enization from droughts can compound physiological stress during 
heatwaves, accelerating biodiversity loss. Although predictions 
highlight risks, empirical evidence remains sparse, particularly 
regarding cross-scale feedbacks and recovery thresholds.
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exhibit correlated responses121. Major shifts in community composi-
tion persisted 12 years after the initial extreme flood, suggesting a 
decoupling of species–environment deterministic relationships or 
the presence of a strong legacy effect. Explanations for these patterns 
include the limited dispersal capacity of certain displaced taxa and 
potential colonizers, as well as an increased sensitivity to subsequent 
stochastic environmental variations121.

Interactive and combined effects
The impacts of ECEs are exacerbated when ecosystems face compound 
events (Fig. 2). Compound events can be categorized as: preconditioned, 
when a pre-existing condition amplifies impacts (for example, heavy 
rainfall on saturated soils or snow); multivariate, when multiple hazards 
occur together (for example, drought and heatwave); temporally com-
pounding, when hazards occur in sequence (for example, sequences 
of heatwaves or floods following drought); or spatially compounding, 
when hazards occur simultaneously across regions (for example, wide-
spread floods)32. The impacts of these events are often multiplicative, 
in which the combined effects of multiple stressors are greater than 
the sum of their individual effects. Compound events can overwhelm 
species’ physiological and ecological coping mechanisms or cause peri-
ods of chronic stress in which, in the case of temporally compound-
ing events, the gap between ECEs provides insufficient recovery time. 
Importantly, although individual events might not be extreme in iso-
lation, their impacts are made extreme in combination. For instance, 
coinciding droughts and heatwaves (multivariate compound event) can 
have severe effects on biodiversity. A multivariate drought–heatwave 
compound event in the Yangtze River not only reduced alpha diversity 
in phytoplankton and microbial communities and shifted dominance 
towards cyanobacteria (known to produce harmful algal blooms) but 
also drove an 11-fold increase in algal gene quantity, a 31 ± 22% rise in 
particulate organic carbon content and an 18 ± 8% increase in the propor-
tion of labile particulate organic carbon across the basin122. The greatest 
changes in community composition of invertebrates in an Irish river were 
found to be when a low flow and high flow event followed each other in 
sequence (temporally compounding), relative to one-off events49. In New 
Mexico (USA), rainfall events following a catastrophic forest fire caused 
large-scale flash flood impacts on ecosystem health that propagated 
50 km downstream30. Runoff from burn areas resulted in considerable 
fluctuations in turbidity, dissolved oxygen, pH and conductivity, with 
dissolved oxygen dropping to levels that can be lethal for fish and inver-
tebrates. In the Murray–Darling Basin (Australia) in 2010–2011, a series 
of flood events following prolonged drought caused organic matter 
pulses that depleted dissolved oxygen, leading to hypoxic blackwater 
events affecting more than 2,000 km of river network57. Understand-
ing how compound events reshape species interactions, community 
structure and ecosystem resilience remains an urgent frontier, crucial 
to predicting biodiversity responses under climate change.

Compound events can be exacerbated in river networks that are 
highly modified through water management and withdrawals56,57. For 
instance, in 2018–2019 in the Lower Darling River (Australia), three 
major fish-kill events resulted from extreme drought conditions fol-
lowed by sudden cool weather events that de-stratified managed weir 
pools, exposing unusually large fish biomasses to anoxic conditions123. 
A similar fish-kill event occurred in the Oder River (Germany) in 2022 
when drought conditions, high temperatures, nutrient enrichment and 
salinity from various sources including municipal and industrial sewage 
discharge resulted in a harmful algal bloom124. These studies highlight 
that flow management actions can exacerbate the impacts of ECEs 

on riverine biodiversity. ECEs also have the potential to intensify the 
ecological impacts caused by dam operations such as hydropeaking, 
which have already led to the near extirpation of entire insect orders 
in sections of the Colorado River (USA)125,126.

The impacts of ECEs on riverine biodiversity can also be modulated 
by underlying stressors to the system (Fig. 2). For instance, the abun-
dance of impervious surfaces in urban environments leads to erratic 
flow regimes that can amplify the effects of extreme rainfall events. 
Alternatively, human-induced stressors, such as land-use change, 
fragmentation, water extraction and water quality, can modify how eco-
systems respond to and recover from extreme droughts127. For example, 
fragmentation of river networks can limit the options for recolonization 
of fishes following extreme drought events71,128. Sensitivities of mac-
roinvertebrate communities to extreme flow events in the Rhône River  
(Germany) increased through time under observed warming trends over 
20 years75. Contrasting responses to extreme floods have been observed 
in Alaskan streams that were deglaciated 38–180 years ago, where 
differences in channel morphology and vegetation influenced how 
meiofauna, macroinvertebrates and fish responded to flood events129. 
Compared with older streams, younger (more recently deglaciated) 
streams were sparsely vegetated and more prone to erosion, leading 
to greater incision and loss of refuge habitats, resulting in greater 
declines in macroinvertebrate abundance and richness129. However, 
variation in rainfall magnitude among catchments makes it difficult  
to separate these effects from differences in flood magnitude129.

Finally, an emerging area of interest is understanding the syner-
gistic effects of ECEs such as heatwaves in combination with emerging 
contaminants such as micropollutants, but the results to-date have 
been highly varied130. During extreme flood events, toxic chemicals 
can be redistributed by the turnover of substrate, amplifying the 
effects of pre-existing stressors59. These changes further emphasize 
the interconnectedness of ECEs, climate change and existing stressors 
on ecosystems.

Anticipating biological responses to extremes
Predicting the impacts of ECEs on biodiversity is a challenging but criti-
cal task. Ecological models span a gradient from entirely correlative to 
highly parameterized mechanistic models. Traditional ecohydrologi-
cal models, typically based on empirical correlations within historical 
ranges of variability and assumptions of hydroclimatic stationarity, 
might be limited when anticipating the impacts of ECEs, for several 
reasons. First, extremes are rare events located in the tails of statisti-
cal distributions (Fig. 2a), thereby challenging conventional methods 
that focus on central tendencies, and providing questionable insight 
into, and opportunities to learn from, the dynamics of extreme values. 
Second, the effects of extremes can propagate across levels of ecologi-
cal organization and among components of a species’ life history46. For 
instance, an extreme flood that occurs within the pre-spawning stage 
of a riverine fish can affect egg development and recruitment success, 
with lagged effects on population size — the indicator of interest — 
across several years. Third, anomalous events are treated as statisti-
cal anomalies that are scrubbed from the data before analyses. In the 
light of these and other challenges, we discuss promising avenues for 
modelling frameworks that can be used to predict the impacts of ECEs 
ranging from near-term forecasts to longer-term scenario projections. 
Given persistent uncertainties in both climate projections and biologi-
cal responses — and the need to effectively communicate associated 
risks, thresholds and uncertainties to decision makers — accurately 
quantifying and tracking these uncertainties is paramount131,132.
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Statistical approaches
Estimating the probability or magnitude of ECEs at a given location or 
time is a crucial step for assessing risk and impacts on biodiversity. To 
address the challenges of modelling ECEs, researchers typically subset 
datasets by focusing on specific thresholds or quantiles or aggregating 
to a lower resolution (for example, yearly maxima from daily flow data) 
before applying classical regression techniques23,133. However, subset-
ting reduces sample size, increases uncertainty, can violate standard 
distributional assumptions, and filtering by extremes leads to a higher 
proportion of outliers. Robust methods including Theil–Sen regression 
are commonly used to mitigate outliers12,134,135, whereas generalized 
extreme value distributions have been used to readjust for the asymmet-
ric conditional distribution of the remaining tail of the data23,136. This loss 
of data, however, diminishes statistical power and predictive precision, 
particularly problematic for machine-learning and artificial intelligence 
approaches that require large training datasets. Quantile regression 
directly estimates chosen quantiles (such as the 0.99 quantile) from 
the full dataset without imposing a specific distributional form137,138. 
Because each quantile is fitted independently, however, these tech-
niques can suffer from different quantile fits crossing, and rapidly dete-
riorating precision in the extreme tails139. Another approach to model 
extremes in many health and environmental applications has been 
to define a critical threshold and use logistic regression or machine 
learning to model the probability of exceedance. Although straight-
forward, this binary classification creates severe class imbalance when 
the threshold is in the tail, inflating uncertainty and underestimating 
the probability of rare events140.

Truly understanding the changing nature and impacts of ECEs 
requires unified approaches that simultaneously capture shifts in 
the entire distribution of hydroclimatic and biodiversity variables, 
including both location and shape, while retaining full data and statis-
tical power. Such approaches can, for example, differentiate whether 
ECEs are becoming more common because the entire distribution of 
the hydroclimatic variable is drifting upward or because its variance, 
skewness or tail heaviness is changing, making ECEs more likely even 
if the mean of the hydroclimatic variable remains constant. Distribu-
tional regression frameworks, such as Generalized Additive Models 
for Location, Scale and Shape (GAMLSS)141, are well suited to inter-
rogating extreme events as they leverage the full data to model how 
covariates affect all parameters of the response distribution, including 
location (mean and median), scale (variance), skewness and tail heavi-
ness from which quantiles, exceedance probabilities or ECE frequency 
and magnitude can be inferred all at once142. When ECEs are used as 
covariates — such as minimum monthly streamflow, which can have 
nonlinear effects on ecological responses — GAMLSS can capture 
these patterns using smoothing splines, integrate machine-learning 
techniques, such as random forests and neural networks, and account 
for temporal structure through simple autocorrelation terms141. This 
flexibility makes GAMLSS well suited to predict not only ECEs but also 
their effects on ecological responses. GAMLSS supports a wide range 
of distributions143, including zero-adjusted (for example, daily river 
flow with days of no flow), discrete (for example, number of species) 
or bounded distributions (for example, beta diversity indices). When 
models are adequately validated, distributional regression provides 
a powerful and flexible framework for predicting the full conditional 
distribution of ECEs and ecological responses and, in turn, the effects 
and risk of ECEs on river ecosystems.

Combining GAMLSS with models that integrate real-time, 
web-accessible hydrologic and ecological time-series data offers a 

powerful way forward in future near-term ecological risk assessment. 
Such near-term iterative forecast models enable adaptive refinement as 
new data are collected, iteratively improving models sequentially and 
fully tracking uncertainties through model stages144,145. These near-term 
forecasts leverage the autoregressive nature of time-series data to pre-
dict ecological dynamics from hourly to decadal scales. They are par-
ticularly well suited for integration with adaptive management cycles 
in managed systems, in which interventions are planned and imple-
mented as a function of model forecasts and iterated appropriately144 
(for example, triggering actions such as dam reoperation to maintain 
connectivity during droughts; Fig. 5). Finally, to move beyond correla-
tion and towards understanding underlying drivers, these models can 
be further extended with causal inference frameworks that disentan-
gle direct and indirect effects, which are being increasingly used in 
ecology61,146–148, enabling targeted, mechanism-based management 
interventions under uncertainty.

Mechanistic and hybrid approaches
Mechanistic models seek to explicitly link critical biological processes 
with climate dynamics, enabling predictions outside the historical 
range of variation. This direct causal mapping of multiscale ecologi-
cal processes across a wide range of environmental dynamics makes 
mechanistic models ideal for studying feedback mechanisms and tip-
ping points, including evaluating future risks from ECEs ahead of time. 
By modelling the component parts of a system, mechanistic models 
particularly excel at exploring emergent phenomena in response to 
changing conditions. For example, multispecies, stage-structured 
demographic models149 projected riparian plant interaction networks 
across a full suite of future flow regime scenarios in a dryland river in 
the southwest USA150. Similarly, multispecies demographic models 
revealed a shift from a native dominant to a non-native dominant fish 
assemblage, aligning with increased drought frequency over a 50-year 
time period (1964–2017) in the Verde River, USA151. The vulnerability 
of commercially important Coho salmon to projected future sum-
mer extreme low flows was similarly predicted using a stage-based 
life-cycle model in which recruitment depended on river discharge 
during critical freshwater stages152. By incorporating key processes or 
demographic information, such as stage-specific vital rates (growth, 
survival and fecundity), and expressing them quantitatively in terms 
of environmental variation (individual high or low flow events and 
sequences), mechanistic models help to reveal how complex ecological 
communities might reorganize under novel flow regimes.

Mechanistic models can incorporate a wide range of mechanisms, 
including (1) physiology; (2) demography, life history and phenology; 
(3) dispersal, colonization and range dynamics; (4) species interac-
tions; (5) responses to environmental variation; and (6) evolutionary 
potential and population differentiation153 (Fig. 5). Although param-
eterization of mechanistic models presents substantial challenges, 
some unique to the extreme event being modelled, tailoring models 
towards particular mechanisms allows for a better understanding of the 
impacts of rare or unusual ECEs. For instance, modelling physiological 
responses to heatwaves might require parameters such as critical ther-
mal maximum (CTmax) values from laboratory experiments; modelling 
the recovery of species or communities might require species-level 
dispersal kernels or trait-based approaches; and modelling population 
demographic responses might require information on stage-based 
survivorship and fecundity153. Acquiring data to inform such models 
can be challenging, but is critical to enable mechanistic predictions 
into non-analogue futures22,153. Additionally, fully mechanistic models 

http://www.nature.com/nrbd


Nature Reviews Biodiversity

Review article

typically require simplification of ecological complexity, such as focus-
ing on single mechanisms or grouping species by functional traits, to 
remain computationally tractable, potentially limiting their realism in 
highly diverse river ecosystems.

One solution to the persistent parameterization challenge lies 
in hybrid statistical–mechanistic models that fit parameters within 
mechanistic frameworks directly from available data154–157. These 
emerging approaches leverage the strengths of both statistical and 
mechanistic modelling, capitalizing on existing datasets while main-
taining causal relationships. For instance, hybrid models might com-
bine time-series data on population abundances with stage-structured 
population models to project trajectories under novel conditions 
(integrated population modelling)158, or infer parameters from obser-
vational datasets via inverse modelling159. By combining the mecha-
nistic depth with the flexibility and robustness of advanced statistical 
methods, these approaches hold promise to improve the forecasting 
of biodiversity responses to ECEs. Despite their potential, however, 
such models require further development to optimize computational 
efficiency, manage parameter uncertainty and ensure generalizability 
across diverse ecological systems. Future advances in these areas will 
be crucial for improving the prediction and management of ECEs in the 
context of climate change and increasing anthropogenic pressures.

River management in a time of extremes
Managing rivers for biodiversity in the face of increasing ECEs is an 
unprecedented challenge for water managers, particularly in terms 
of scale. Management approaches have traditionally been local 
(site-based) initiatives that have been reactive in nature. For example, 
environmental flows management is a direct response to disruption 
caused by water infrastructure operations such as dams160. Increasingly, 
ECEs will require water managers to introduce proactive measures at the 
network or catchment scale to allow for movement and redistribution 
of individuals and species through the river network (meta-system) 
during and after an ECE161. In this context, managing for biodiversity 
in the light of ECEs can be better framed as managing for resilience.

At the catchment scale, several key features relating to geomorphic 
integrity (the natural structure of river channels and floodplains) can 
help to build biodiversity resilience under a changing climate162–164. 

First, natural spatial and temporal variability in riverine environments, 
such as those associated with discharge, temperature and sediment 
flux, can be used to define the habitat conditions that shape species 
distributions165. In the past, places where anthropogenic forces caused 
the dampening or amplification of variability have been the focus of 
restoration efforts for biodiversity166. To manage for extremes, river 
restoration should be process-based167 and explicitly focus on restor-
ing both connectivity and spatiotemporal variability168,169. Second, 
ensuring heterogeneity in geomorphic habitats can create refuges 
(cool groundwater upwelling, stable physical habitats, deepwater pools 
and perennial habitats) that increase resistance to large flood events 
or drought events164,170. Third, ensuring connectivity of heterogene-
ous habitats through a river system’s dendritic network of channels 
can facilitate meta-system processes (including dispersal and gene 
exchange) that help to maintain catchment-wide diversity. A hetero-
geneous catchment with naturally variable processes and connectivity 
will increase the likelihood of refuges and recolonization that are con-
sidered crucial to sustaining biodiversity in river ecosystems110. At the 
scale of the river network, refuges and connectivity are both important: 
if species can move through the network, they can use these refuges to 
persist during ECEs and recolonize afterwards. Importantly, permanent 
fragmentation (by dams, weirs and other barriers) and temporary 
fragmentation (by drying events) can jeopardize these dynamics171.

A challenge for developing proactive management strategies is 
identifying how the capacity for a catchment to support biodiversity 
varies in response to the combination of catchment size (from small 
streams to large rivers) and human modification of catchment integ-
rity (such as fragmentation by dams or intensity of land-use change). 
As catchment scale increases, management for biodiversity shifts 
from a focus on alpha diversity to beta and gamma diversity. How-
ever, the likelihood of potential intervention success is reduced as the  
cumulative impacts of human modifications increase172.

Addressing this management challenge requires defining a typol-
ogy of rivers and river catchment properties that differ in their potential 
to provide resilience to ECEs (Table 1). This typology provides a frame-
work for evaluation of potentially effective management strategies at 
different spatial extents. Likewise, adopting a vulnerability (or risk) 
analysis approach to managing biodiversity in riverine landscapes 
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Fig. 5 | Relationship between ecological mechanisms, iterative forecast 
cycles and adaptive management. Ecological time-series data and high-
frequency environmental data are inputs for near-term forecasts (middle) that 
predict future ecological conditions (from hours to years, depending on the 
model) in an iterative cycle. Quantifying uncertainty helps to target new data 
collection continuously, including adaptive monitoring. This iterative cycle 
couples well with adaptive management cycles (right), in which decisions are 

informed by model forecasts. Decisions are made adaptively in an iterative cycle. 
Incorporating ecological mechanisms (left) in predictive models can lengthen 
the forecast horizon (the period over which predictions remain reliable) and 
support scenario projections that explore the longer-term consequences of 
alternative interventions. The high-frequency nature of near-term iterative 
forecasts is well positioned to update models based on extreme events as 
they arise.
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could help to navigate the challenge of managing under increasing 
ECEs. This approach involves at least three components. First, met-
rics for catchment resilience can be used to identify the sensitivity of 
biodiversity responses to ECEs in terms of catchment size and human 
impacts162 (Table 1). Targets for biodiversity management could include 
sustaining keystone species critical to ecosystem function or keystone 
communities that are enabled via dispersal through connected river 
networks173. Second, the exposure of a catchment type to ECEs needs 
to be characterized. Methods to robustly project ECEs are limited, but 
near-term forecasting could be used to anticipate near-future ECEs. 
The overlay of catchment sensitivity and biodiversity exposure to ECEs 
would provide critical information about where to target proactive man-
agement actions that could increase catchment resilience (including 
removal of waterway barriers, improvement of land cover and so on)174.  
Third, decision support tools can be used to better anticipate which 
management interventions will deliver the greatest net gain and how to 
triage competing demands given resource constraints. The RAD frame-
work (resist–accept–direct) that is currently used by science-based land 
management agencies offers an example of a decision support tool that 
could help decision-making for ECEs175. The RAD framework enables 
managers to assess the vulnerability of ecosystems to transformation 
at landscape scales and the feasibility of management interventions 
to sustain ecosystem function. Opportunities exist to extend the RAD 
framework to also account for social and economic adaptation — as 
well as ecological resilience — in the face of ECEs176.

Water management plans and policies that consider trade-offs 
among multiple ecological, social and economic goals must also be 

embedded within the decision process177. One area at the nexus of 
such decision-making is in managing rivers in response to increasing 
extreme flood risks. Although hard engineering infrastructure might 
be required to protect infrastructure and livelihoods from increas-
ing ECEs, nature-based solutions such as giving rivers room to move 
can offer a mutually beneficial solution for both humans and ecosys-
tem health164. Coordinating efforts at multiple spatial and temporal 
scales is also possible by using eco-engineering decision scaling tools 
(EEDS178) to evaluate how different management options for water 
infrastructure can achieve stakeholder-defined biodiversity objectives 
under non-stationarity. This bottom-up decision tool could be com-
bined with iterative near-term climate forecasting to guide and update 
management decisions in an adaptive management cycle (Fig. 5).

Summary and future directions
Climate change is exerting widespread impacts on riverine 
biodiversity179. ECEs in particular are reshaping river ecosystems in 
complex ways, interacting with other stressors to amplify risks to bio-
diversity across multiple levels from genes to ecosystems and across 
spatial scales. River ecosystems, with their connected hierarchical 
structures, are particularly vulnerable to these changes, including 
repeat events that have compounding impacts. Much of historical river 
ecology and management is founded on the assumption of station-
arity: that the conditions we have observed in the past will continue 
into the future in a kind of dynamic equilibrium. Mounting evidence 
is challenging this assumption, however, with models indicating that 
these events will accelerate as climate disruption continues. Ultimately, 

Table 1 | A typology of river settings that differ in the potential to provide catchment resilience to extreme climatic events

River setting Context Native biodiversity 
potential

Feature Management action (RAD) Outcome

Free-flowing 
stream or river

Connected to larger 
free-flowing river

High Well-connected catchment 
with presumably high resilience 
(variability and heterogeneity)

Resist changes in land cover 
management at the catchment 
scale to maintain natural 
flow (discharge), sediment, 
temperature processes and 
connectivity

Maintains catchment 
resilience and high 
beta and gamma 
diversity

Tributary to stream 
or river impounded 
downstream

Tributaries to a 
river that itself is 
impounded by a 
nearby downstream 
dam

Medium Limited connectivity in 
catchment interrupted by 
a downstream dam. Might 
not help migratory species 
that cannot pass dam and 
impounded river

Resist degradation of 
free-flowing tributaries 
in catchment, assist in 
re-establishing connectivity 
above impounded river. High 
priority catchments might hold 
unique biodiversity

Maintains high 
beta and gamma 
diversity and supports 
system resilience 
through variability, 
heterogeneity and 
connectivity

Tributary to stream 
or river impounded 
upstream

Tributaries that 
flow into regulated 
river (that is, one 
impounded by a 
nearby upstream dam)

Medium Set of potentially unconnected 
tributaries, but habitat 
potentially accessible to 
downstream migratory species. 
Natural flow regime entering 
modified mainstem

Protect undammed tributaries 
to dammed river (that is, those 
flowing into regulated river)

Helps to support beta 
diversity of system, 
and protects native 
species and resilience 
through supporting 
colonists

Isolated stream or 
river

Regulated river (that 
is, one downstream 
of dam that modifies 
flow, sediment, 
temperature and 
connectivity)

Medium-low Single, linear habitat 
that is disconnected 
from catchment-scale 
meta-processes

Direct management 
of environmental flow 
and/or thermal (for example, 
cold water) releases from 
reservoir for key species

Provides improved 
flow and temperature 
regimes that support 
alpha diversity in 
regulated river

Isolated stream or 
river hydrologically 
disconnected from 
other streams

Affected river (that is, 
one that flows through 
a highly urbanized 
catchment)

Low Disconnected from 
meta-processes and thus  
low resilience

Accept that system cannot 
be managed towards a more 
resilient state to support 
biodiversity

May offer limited 
opportunities to 
support biodiversity

RAD, resist–accept–direct.
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safeguarding river biodiversity in an era of extremes will depend on 
shifting from reactive to proactive and anticipatory, catchment-scale 
management that acknowledges both the uncertainty and inevitability 
of future change. In addition to the ideas discussed in the prior sec-
tions, we outline promising future avenues for research and application 
subsequently. By addressing these priorities, researchers and practi-
tioners can convert fragmented evidence into predictive frameworks, 
helping society to protect riverine biodiversity against increasingly 
frequent ECEs. Closing geographic research gaps is also critical, as most 
documented examples of ECE impacts originate from well-studied, 
high-income countries in the Global North.

High-resolution, high-frequency monitoring programmes are 
urgently needed to provide the data necessary to better under-
stand and predict the impacts of ECEs on biodiversity. Monitoring 

programmes must move beyond static, infrequent sampling and 
instead adopt high-resolution, real-time data collection that inte-
grates both biotic and abiotic indicators180. Incorporating technolo-
gies such as remote sensing, environmental DNA and automated 
sensor networks can enhance spatial and temporal coverage, allow-
ing researchers to monitor riverine ecosystems at the spatial and 
temporal scales needed to detect ECEs181,182 and measure shifts in 
species distribution and community structure183. Integrative and 
more representative gauge networks are needed to measure river dis-
charge globally184. Additionally, coupling these data with predictive 
ecological models will improve the capacity to forecast biodiversity 
responses and inform adaptive river management strategies in the 
face of accelerating climate change (see the ‘Anticipating biological 
responses to extremes’ section).

Glossary

Compound event
An extreme climate event in which 
multiple climate drivers or hazards 
occur simultaneously or sequentially, 
interacting to produce impacts that are 
greater than would be expected from 
each event acting alone.

Conditional distribution
A conditional distribution characterizes 
the probability distribution of a response 
variable given fixed values of one or 
more covariates (explanatory variables).

Dendritic
A hierarchical, tree-like branching 
network formed by repeated bifurcation, 
characteristic of river systems.

Distribution
A probability distribution specifies the 
probabilities of all possible values of 
a random variable and reflects key 
features such as central tendency, 
variability, skewness and tail shape.

Distributional regression
Methods that model the conditional 
distribution of an outcome, allowing 
parameters such as mean, variance, 
skewness and tail heaviness to depend 
on explanatory variables, rather than 
just the mean.

Generalized Additive Models 
for Location, Scale and Shape 
(GAMLSS)
A widely used framework for 
distributional regression that can 
incorporate nonlinear relationships 
through smoothing splines and other 
machine-learning architectures, 
enabling the prediction of central 
tendency, quantiles and exceedance 
probabilities of thresholds, which 
are essential for assessing variability, 
extreme event risk and magnitude.

Generalized extreme value 
distribution
A family of continuous distributions 
encompassing the Gumbel, Fréchet 
and Weibull type distributions, often 
used to approximate the tails of other 
distributions, or when modelling the 
maxima or minima sampled within 
specific spatiotemporal intervals.

Hybrid statistical–mechanistic 
model
A model that combines elements 
of both statistical and mechanistic 
models, including those that estimate 
parameters within mechanistic 
frameworks directly from observed data.

Hydrological connectivity
Water-mediated transfer of matter, 
energy or organisms between 
components of a hydrological system, 
linking habitats and influencing nutrient 
fluxes, sediment transport, ecological 
interactions and pollutant spread.

Mechanistic models
Parametric models grounded in 
hypothesized, anticipated or known 
functional relationships among 
underlying biological, chemical or 
physical processes. Also known as 
process-oriented or process-based 
models.

Meta-system
Sets of spatially structured  
ecological units — including 
metapopulations, metacommunities 
and meta-ecosystems — that  
interact through the movement  
of organisms, energy or materials 
across space.

Near-term iterative forecast
A near-horizon to medium-horizon 
prediction framework in which 
forecasts are repeatedly updated as 
new observations become available, 
making it particularly useful for 
dynamic systems in which conditions 
change rapidly.

Perennial
A perennial stream maintains 
continuous flow throughout the  
year under normal climatic conditions 
and is not subject to seasonal drying.

Quantile regression
A framework that models conditional 
quantiles of a response variable given 
explanatory variables, rather than 
focusing solely on the conditional 
mean.

RAD framework
A decision-making framework that 
helps resource managers to develop 
strategies for responding to 
socio-ecological changes, including 
those caused by climate change, by 
resisting, accepting or directing.

Refuge
An area where organisms find protection  
from adverse conditions, such as 
predation or extreme environmental 
factors, allowing them to persist when 
surrounding habitats are inhospitable.

Resilience
The ability of a system to absorb shocks  
and recover to a similar form and function.

Stationary
Stationarity signifies that the statistical 
properties of a time series, such as mean,  
variance and covariance, remain constant  
over time; an assumption increasingly 
challenged in hydrodynamic systems 
under climate change (in other words, 
non-stationarity).

Tail heaviness
How quickly probabilities decline in the 
tails of a distribution, with heavy-tailed 
distributions (for example, Cauchy) being  
more likely to produce extreme values than 
light-tailed ones (for example, normal).

Tails
The tails of a statistical distribution are  
the regions at both extremes, 
corresponding to the smallest and 
largest values.
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Additional to the above priority is the need for continued funding 
of long-term research and monitoring programmes. A critical chal-
lenge in understanding how ECEs affect riverine biodiversity lies in the 
scarcity of empirical evidence, which is often based on opportunistic 
observations from long-term datasets. For instance, a 30-year time 
series enabled understanding the impacts of a major flood event on 
salmon, macroinvertebrate and meiofauna communities that caused 
clear geomorphic change to the stream channel185. Researchers and 
funding agencies must prioritize long-term ecological research and 
multiscale monitoring networks. Pairing these efforts with experi-
ments, such as mesocosms that mimic dendritic networks, will allow 
researchers to isolate mechanisms such as drought-induced fragmen-
tation or flood homogenization. Global initiatives using standardized 
protocols for rapid sampling (for example, CELLDEX186) can potentially 
reduce the burden on individual researchers to spatially replicate by 
sharing effort among researcher networks.

A major research frontier is to separate the inherent natural vari-
ability of river systems from the persistent imprints that ECEs leave 
on ecological structure and function — including physical (such as 
habitat simplification), demographic (such as altered age structure), 
structural (such as species composition) and biogeochemical (such 
as nutrient depletion). Resolving this distinction is fundamental for 
determining whether such legacy effects represent transient recovery 
phases or permanent changes in stability thresholds. Overcoming 
this challenge requires approaches that integrate multiple lines of 
evidence. First, studies using palaeoecological archives, such as sedi-
ment cores that track invertebrate remains or isotopic analysis of fish 
otoliths, can rebuild historical baselines of stability and identify tipping 
points. For example, isotopic signatures in otoliths provide a means 
to reconstruct individual exposure to past hydrological conditions, 
which can be linked to population fluctuations and recovery. Second, 
mechanistic models that explicitly incorporate stochastic variability 
can help to identify when observed changes exceed the bounds of 
expected fluctuations. Models could also account for processes such 
as delayed predator recovery, which can amplify disturbance impacts 
and push systems towards threshold breaches. Third, experimental 
platforms such as Drought-Net187, expanded to riverine systems, could 
impose disturbances such as controlled drying gradients to test resil-
ience limits, helping to understand the mechanisms underpinning ECE 
impacts on riverine biodiversity.

Unlike legacies, which leave persistent imprints, feedbacks oper-
ate contemporaneously, shaping how rivers respond to and propa-
gate ECEs. An urgent frontier for future research is to understand 
the biophysical feedback loops among the intensification of ECEs, 
river flow regimes, geomorphological dynamics and biodiversity 
resilience162,188,189. The link between physical and biological processes 
in river-floodplain systems is bidirectional, including positive feedback 
mechanisms in which riparian vegetation can strongly influence river 
geomorphology and vice versa. Altered flow regimes destabilize this 
relationship, amplifying the role of vegetation, particularly invasive 
species74, in shaping river geomorphology, and weakening the influ-
ence of hydrology164. ECEs have the potential to substantially and 
irreversibly disrupt this relationship, resulting in reduced habitat 
complexity critical for buffering future disturbances, diminishing the 
resilience of river ecosystems to subsequent extremes. Given the poten-
tial role of river channels to store carbon190, and the negative impacts 
of ECEs on river geomorphology, increasing ECEs could also indirectly 
promote further ECEs191. Understanding how the degradation of river-
ine biophysical processes exacerbates climate extremes, and vice versa, 

requires an integrated approach that couples hydrology, geomorphol-
ogy, ecology and atmospheric science. New research should prioritize 
experimental river restoration designed to test flow–geomorphology–
biodiversity interactions and predictive modelling frameworks that 
account for these dynamic, bidirectional feedbacks. Only by embracing 
these complex interconnections can researchers fully grasp how rivers 
shape — and are shaped by — an increasingly extreme climate.
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