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Floodplainriver ecosystems have been extensively artificially constrained
globally. As climate change heightens flood risks, the command-and-control
approachtoriver flood management is beginning to make way for a
paradigm shift towards ‘living with water’. The ecological co-benefits of this
shift, whererivers are given the space they need to migrate on the landscape,

have so far been undervalued. Here we synthesize the ecological benefits

of allowing rivers more room to move. We emphasize how the physical and
ecological processes of unconfined river channelsinteract to provide the
foundations for ecosystem resilience through spatiotemporal variability

in multiple dimensions, including hydrologic and meta-ecosystem
connectivity. More informed and sustainable decision-making that

involves trade-offs betweenriver ecology and engineering will be aided

by elucidating these connections. Giving rivers more room to move can
represent a mutually beneficial solution for both the freshwater biodiversity
crisis and flood hazard management as climate-driven extremes escalate.

Climate change hasforced arethink of contemporary river-management
practices, which were largely built on the presumption of hydrocli-
matic stationarity"’. The magnitude, frequency and timing of floods
and droughts have departed from their historical averages across the
globe in recent decades®. This trend is predicted to continue. Great
floods (those exceeding the present 100-year recurrence levels) are
expectedtorecurasoften asevery two to five yearsin numerous regions
globally®”. Non-stationarity in river flow regimes puts pressure on aging
infrastructure and management practices that were designed based on
the historical range of variability’. Moreover, such alterations to flow
regimes can exacerbate the impacts of existing human modifications
onriver environments®,

Rivers, floodplains and the connections between them have been
modified for centuries to make space for development and, subse-
quently, to mitigate flood risk. As muchas 35% of the human population
lives on river floodplains’, where land conversion and channelization
for flood control, navigation or drainage have altered flow and sediment
dynamics'™. This trend has continued in recent decades, with flood-
plain development nearly doubling in the Yangtze River Economic

Belt (China) between 1990 and 2014". Simplified and straightened
channelsincrease the velocity of river flow'?, and disconnection from
the floodplain reduces the storage capacity of water and sediment®,
leading to a greater flood risk to downstream environments'. Thus,
engineering river channels can mitigate flood risk locally, but transfers
thatrisk elsewhere.

As an alternative to the continued re-engineering of flood infra-
structure, such as increasing stop bank (levee) height in response
to increased flood magnitudes, recent decades have seen a push to
widenstop bank boundaries (levee setbacks), giving rivers moreroom
to move on the landscape®. Given the economic and social costs of
flood disasters, such initiatives are often motivated by the safety of
human life and infrastructure. England’s ‘Making Space for Water’
strategy is driven by the economic risk posed by flooding, which has
been predicted to increase 20-fold by 2080. Similarly, the Nether-
lands’‘Room for the River’ programme was initiated after floodsin1995
led to the evacuation of over 250,000 people and one million cattle".
Although smaller-scale restoration efforts have focused on reconnect-
ingriver channels with floodplain waterbodies for ecological purposes
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Fig. 1| The physical and ecological processes of unconfined floodplain river
channelsinteract to provide the foundations for ecosystemresilience. a, The
drivers of channel morphology (B, biology; G, geology; H, hydrology*’) produce
achannel pattern unique to local conditions. The resulting channel pattern exists
ina positive feedback loop with sediment and flow dynamics. b, The physical
processes produce habitat that is greater inarea and more spatiotemporally
heterogeneous thanin artificially confined riverscapes. This greater habitat
diversity supports greater biological diversity. The habitat and associated
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biological communities also influence the physical processes, including
where vegetation, large wood and ecosystem engineers can influence flow and
sediment regimes and the associated channel pattern. ¢, The greater regional
biodiversity promoted by acomplex habitat mosaic that is in feedback with
physical and biological processes supports critical ecosystem processes,
including hydrologic connectivity and heterogeneous meta-ecosystems that
promote ecosystem resilience.

(see, for example, ref. 18), this paradigm shift to ‘living with water’ has
thus far included limited consideration of ecological outcomes'?°.
Such initiatives typically remain highly engineered” and neglect to
comprehensively consider the high degree of spatiotemporal vari-
ability in the features and processes that benefit biodiversity in natural
floodplain river systems®-?,

Sustainable river-resource management under hydroclimatic
uncertainty requires broadening the scope of considerations toinclude
socially important ecosystem functions®. Healthy, functioning riv-
ers provide substantial economic, cultural, aesthetic, scientific and
educational contributions to people*. However, biodiversity is declin-
ing faster in freshwaters than in other environments®, and habitat
degradation, including the constriction of river channels in their
floodplains, is aleading cause®. Current river-management practices
necessarily focus on mitigating flood risk to human populations and
infrastructure, whether by increasingly fortifying flood protection
infrastructure or giving rivers space to move. In this Review we syn-
thesize the ecological benefits of allowing rivers more room to move.
River-management approachesintent onbenefitting both people and
nature (nature-based solutions®) have the potential to provide wide-
spread ecological co-benefits, including the foundations for ecosystem
resilience. The physical processes associated with setting back river
boundaries have been well documented (for example, in refs. 28-32).
Here we focus on the multiscale ecological features and processes
thatresult from complexinteractions between the physical processes
and habitat dynamism associated with giving rivers room to move.
We emphasize three critical benefits: (1) naturally functioning rivers
with room to move enable channel patterns to interact with natural
flow and sediment regimes; (2) dynamic physical processes enhance
habitat diversity; and (3) physical processes and habitat heterogeneity
support multiscale ecosystem processes.

River management that works with, rather than against, natural
processesis more likely to achieve multifunctional goals (including land
drainage, flood protection, conservation and recreation)®. First, how-
ever,acomprehensive understanding of these features and processes
isneeded tosupport more informed and sustainable decision-making
involving trade-offs betweenriver ecology and engineering.

Dynamicriver features support ecological
resilience

Variability is aninherent and essential characteristic of naturally func-
tioning river systems. Fluctuations in water flow, sediment dynam-
ics, temperature and ecological community composition reflect the
ever-changing nature of riverscapes. Underpinning these dynamic
landscapes are variable physical processes, with the channel pattern
interacting with the natural flow and sediment regimes (Fig. 1a). A
dynamic equilibrium of active fluvial processes (physical integrity**)
influences the habitat area and complexity, expanding and contracting
withwater volumeinunconstrained rivers (Fig. 1b), and allowing critical
ecosystem functions to take place both within the margins of the main
river channel(s)** and on connected floodplains® (Fig. 1c). Such vari-
ability inthe river footprint bolsters the resilience of these ecosystems
by providing theresources, refuges and environmental heterogeneity
that underpin adaptations and responses to disturbance®.

Channel patterns interact with flow and sediment regimes

The physical riverscape, created by abiotic processes such as flow and
sediment dynamics and sometimes biological feedbacks, provides the
critical stage on which ecological processes arise”. A floodplain river
with room to move produces achannel pattern that reflects adynamic
equilibrium between the natural drivers of morphology, spatiotem-
porally heterogeneous flow disturbances, and connectivity between
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Fig.2|When ariver has space to move on its floodplain, the natural flow
regime (including the magnitude, frequency and temporal dimension) can be
expressed in all parts of the riverscape, including within floodplain habitats.
a, Schematic map outlining discharge Q through time ¢: (1) in an artificially
confined main channel; (2) on adisconnected floodplain; (3) on a free-flowing
floodplain; and (4) in a free-flowing main channel. This schematic highlights
both the greater magnitude of flood disturbances in main channels and the lack
of natural flow dynamics on disconnected floodplains where riverscapes are
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unnaturally confined. b, A conceptual representation of the cross-section of a
mainriver channel (1) between floods where it is unnaturally constrained; (2)
during floods where it is unnaturally constrained; (3) between floods where it is
free-flowing; and (4) during floods where it is free-flowing. Here, the magnitude
(and thus, impact) of river flow is unnatural in both the confined channel and

its disconnected floodplain. By contrast, the unconstrained river system has
variation, including side-channel flow between floods and a greater distribution
of disturbance magnitude during floods.

sedimentsource-, transport-, and storage-zones. Such features of the
physical riverscape heavily influence the ecological processes under-
pinning ecosystem resilience.

Drivers of channel morphology underpin physical integrity. The
amountrivers naturally move on the landscape depends on the relative
influences of the geological, hydrological and biological drivers that
shape channel morphology (Fig.1a). Adjustments between these vari-
able drivers influence the physical integrity of the river: the dynamic
equilibriumoffluvial processes, landforms, sediments, and overall river
pattern or arrangement®>%*, The natural force imposed by geology in
the form of cohesive rock can be imitated by engineered structures*®
and is restored when barriers are removed. Similarly, the influence of
hydrological forces inshaping channel morphology is more reflective
of the natural flow regime in unconfined floodplain river segments,
evading unnatural incision and downstream erosion®.

Channel morphology interacts with flow and sediment dynamics.
Interactions between streamflow and the complex channel morphol-
ogy of unconstrained rivers create highly dynamic flow disturbances,
which are modified in channelized rivers*. Where a river has room to
move, the volume of water in the main channelis reduced during flood
events*, but supplemented in otherimportantareas, such as second-
ary channels or floodplain ponds. Groundwater levels and subsurface

water storage potential are also increased*?, representing a substantial
expansion of groundwater and hyporheic habitats, and can play a
significant role in flood attenuation in downstream environments?.
Thus, allowing rivers to access floodplains is critical to the expression
of natural flow regimes, including within floodplain habitats (Fig. 2).
Where ariverisunconstrained onits floodplain, sediment source-,
transport- and storage-zones can be connected, supporting the natural
sedimentregimeinthe catchment. Sedimentinputstoariver basincan
originate from a disproportionately small area or be delivered within
ashort period. For example, more than 80% of sediment input to the
Amazon River basin originates from the Peruvian and Bolivian Andes,
which account for just 10% of the catchment area®’. These inputs can
betransported through the systemin places where the mainriver chan-
nel can migrate and connect with fluvial fans, talus, gullies, tributary
streams, and other geomorphological features. Although these dynam-
ics can be associated with the flow regime, they operate on different
temporal and spatial scales to patterns of flow disturbance and canbe
less predictable®. For instance, increases of inorganic deposited fine
sediment have been associated with prolonged stable flow conditions
in New Zealand streams**. Lateral movement of the river channel oniits
floodplain also allows for sediment deposition (storage), particularly
where a complex channel pattern creates variations in stream power,
and thus sediment-carrying capacity, across the riverscape. Spati-
otemporal variability in these sediment supply, transport and storage
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Fig. 3| Unconstrained rivers contain an extensive variety of habitats, which
can each support unique species, life histories and food webs. a,b, Both
meandering rivers (a) and gravel-bed braided rivers (b) comprise a high diversity
of habitats when left unconstrained, with examples highlighted. The presence
and distribution of these types of features depend on riverscape characteristics,
including vegetation, geology and hydrology, which influence the channel
planform. Credit: background satellite images, a, Google, © 2024 Airbus;
b, Google, © 2024 Maxar Technologies.

processes contributes to the ecologically important habitat diversity
inafloodplainriver environment.

Dynamic physical processes enhance habitat diversity

The variable physical processes that are promotedin ariver with space
tomove create larger and more complex habitat conditions. Such habi-
tatareas and heterogeneity provide the resources, including food and
refuge from disturbance, for biological diversity to thrive at multiple
spatial and temporal scales. This diversity spans from genetic diversity
within and between species populations to regional species diversity
(gamma diversity), as well as variation in ecological communities*
(beta diversity) and food webs*®. Moreover, this evolution of habitat
diversity can feed back to reinstate the relative role of biological drivers
inshaping channel morphology (Fig. 1a).

The habitat and ecological benefits of physical dynamism. Natural
sedimentand flow dynamics in unmodified riversinfluence the expan-
sionand contraction of the ecosystem’**” and maintain diversity in the
physical landscape*®. The physical features of unconstrained rivers
include side channels, floodplain ponds, gravel bars, backwaters and
ephemeral channels (Fig. 3). Thus, habitat diversity can be restored
by rewidening river margins. For instance, following restoration of a
previously confined river in Scotland, including the removal of bank
protection, a500-mreach of river exhibited a23% increase in geomor-
phicfeatures (environmental heterogeneity) and afurther 6%increase
two years later*s,

Spatiotemporal physical diversity promotes variation in com-
munity structure and ecosystem function at multiple spatiotemporal
scales* 2 This physical variability can include longitudinal diversity

inriver channel patterns, suchas astraight reach followed by abraided
reach®*? (Fig.4). Unconstrained floodplain segments can retain more
organic matter, water, nutrients and biomass compared to confined
river segments®’, and are more productive than wholly aquatic or terres-
trial environments®*. By contrast, although topographically confined
reaches canreceive greater inputs of allochthonous material, the lower
retention capacity of confined channels limits the processing and
uptake of such material into aquatic food webs>. Asaresult, naturally
confined reaches tend to be places where organic matteris delivered to
the system, and floodplain reaches are where it is processed* (Fig. 4).

At a finer spatial scale, unique riverine habitats sustain different
assemblages of organisms, from distinct invertebrate communities
between riffles and pools, to amphibians in floodplain ponds, and
mammals frequenting ephemeral habitats®®. Many organisms need
more than one habitat type during their life cycle. For instance, Atlantic
salmon (Salmosalar) require fast-flowing gravel streambeds for spawn-
ing, but calmer channels with protection from predators for fry rear-
ing®”. Thus, assuming that species track their preferred environmental
conditions’’, the more diverse habitats are across riverscapes, the more
variable the composition of communities (beta diversity)*®. For exam-
ple, active channel spring, floodplain spring, and lateral spring creeks
support up to 22 unique invertebrate taxa not found in other aquatic
habitats in a New Zealand braided river®. This variability in habitat
conditionsthusincreases the totalnumber of species ariverscape can
support (gamma diversity)***’,

Unconstrained rivers can have a greater occurrence of certain
habitat and microhabitat types. Large wood and organic matter accu-
mulations, persisting longer in floodplains than in confined reaches®®*,
increase hydraulic variability, modify in-stream sediment storage®, and
provide carbon and nutrients to floodplain soils®***. Through patterns
of scouring and aggradation in freely migrating river channels, wood
canbeburied deepinthefloodplain. Coarse wood, here, canrepresent
animportant carbon sink®, and concentrated sites of decomposition
account for up to 99% of energy flow in hyporheic food webs®. At the
surface, invertebrate assemblages found on driftwood differ consid-
erably from benthic communities®. Wetlands and riparian forests
also develop and persist where unconstrained rivers create patchy
conditions with continually shifting flow and sediment processes®.
Collectively, these vegetation communities store and slow the flow
of water, moderating flood disturbances and replenishing ground-
water®®. Furthermore, the structural complexity provides habitat and
resources, including food sources for diverse terrestrial faunasuch as
birds and small mammals®’.

Natural flow and sediment regimes. Flow disturbances maintain
and enhance the quality and quantity of habitats across multiple spa-
tiotemporal scales®®7°. Smaller but more frequent floods redistribute
mineral and organic material, remove decaying matter”’, flush away
fine sediments that accumulate ininterstitial spaces”, and deposit fine
sediments on surfaces that benefit the recruitment and succession of
vegetation’”. By contrast, more substantial floods that recur relatively
infrequently canreorganize the floodplain and are an overriding force
that maintains the shifting mosaic of riverine habitats””. In the Taglia-
mento River, Italy, large seasonal floods were associated with a turnover
of more than 60% of aquatic habitatsinabraided floodplainreach and
over 20% of habitats in a meandering reach”.. Such resetting floods®
can clear all biota and organic material from some habitats, enabling
primary successiontorestart,and completely remove or rebuild other
habitats. Large events of this nature also help to prevent dominant,
often invasive, species from overriding communities or engineering
the ecosystem towards an alternative stable state’ . The durations of
restructuring and regeneration cycles following large-scale perturba-
tions are system-specific. For example, where larger-magnitude floods
are associated with certain phases of climatic phenomena, such as the
EINifio Southern Oscillation (ENSO), late successional vegetation may
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Fig. 4| Ariver that is not unnaturally confined will have a planform that varies
spatially, producing process domains with contrasting ecosystem functions.
Thelateral space for channel morphology in zone 1is strongly influenced by
geology, confining the channel. These reaches are likely to have a higher relative
supply of sediment and organic matter to the river (1), depending on other local
factorsincluding vegetation and topography. Zone 2 is a floodplain segment

Zone 1: Supply
I Dominant force on channel
planform: geology (e.g. topography)

Zone 2: Store and process
Dominant forces on channel
planform: hydrology and biology
(e.g. native vegetation)

onabraided river, where hydrological and biological forces will have greater
influence than geology on the channel morphology. This reach will store and
process more organic matter (2), support greater biodiversity due to greater
habitat diversity (3), and be more biogeochemically active, including carbon and
nutrient cycling (4).

dominate the floodplain for periods”. However, over time, the shifting
habitat mosaic maintains an approximately consistent composition of
patches at varying stages of succession’’¢, which in turn provides for a
greater floodplain biodiversity*’ that may support ecosystemresilience.

Ahighdegree of variability in the flow and sediment regimes—criti-
cal toriverine biodiversity and functioning”’””*~meet the ecological
requirements for diverse species and biological groups (for example,
fish, plants and invertebrates)’**°. Organisms in river environments
have evolved adaptations (including life history, morphological and/
or behavioural) to take advantage of long-term natural rhythms®"%,
including predictable seasonal cycles of flooding and drying in river
channels®®, For instance, many fish species need predictable annual
floods that occur for up to aweek to facilitate spawning’*** and stimu-
late food-web productivity®, and gammarid amphipods have evolved
tosynchronize egg-laying with seasonal low flows, thusincreasing the
survival of young®. By contrast, stoneflies have been found to hatch
asynchronously as a possible bet-hedging strategy against unpredict-
able floods®?. Predictable wet-dry cycling can also promote tempo-
ral species diversity, allowing organisms to time-share a particular
habitat®*¢, For instance, Mediterranean-climate streams in northern
California cycle between communities of Ephemeroptera, Plecoptera
and Trichopterawhen pools are connected to the main channel during
coolerwinter periods, to Odonata, Coleopteraand Heteropterawhen
disconnected and lentic during summer periods®.

Variability in riverine sediment conditions also meets the eco-
logical needs of diverse species. Bedload grain-size variation creates
diverse habitat, from fine sediment creating the conditions for plant
propagulesto establish to larger grains creating interstitial spaces that
canactasrefuges for macroinvertebrates and small fish. These differ-
ences can maintain variation in mean body size between fish popula-
tions among reaches. For example, substrate grain size can influence
river-to-river differences in salmonid fish size and, thus, fecundity®.

Suspended sediment variationis alsoimportant, forexample by influ-
encing visibility for predation®. For some fish species groups, including
salmonids, slightly more turbid water and perceived lower preda-
tion risk can increase foraging behaviour®. Yet, elevated suspended
sedimentload typically reduces the ability of visual foragers to obtain
food, impacting growth rates, abundance and distribution®’. Where a
river has room to move, the physical processes driving bedload and
suspended sediment dynamics are spatiotemporally diverse, sup-
portingdistinct resource regimes and organismal life histories across
theriverscape®.

At the community level, the patch dynamics of vegetation are
promoted by dynamic disturbance and sediment regimes that cre-
ate variability in rates of channel migration”. For instance, on the
cutbank (eroded) side of a channel, higher rates of channel migration
canresultinspecies-poor plant communities comprising disturbance
specialists, whereas slower rates canincrease the structural complex-
ity, density and diversity of plant species®. Point bar (depositional)
patches, on the other hand, typically follow a classic successional
response’’. Here, short-lived opportunistic vegetation species with
year-round reproduction strategies can build propagule pressure
rapidly™ and progressively change environmental conditions (such
asground temperature or soil organic matter content), allowing other
speciesto establish. Naturally functioning meanderingrivers therefore
allow for awide range of communities at various stages of succession,
ranging from new disturbance-tolerant communities to older and more
disturbance-sensitive communities.

Variable physical processes and refuge habitat. In complex and
unconstrained riverscapes, disturbances occur with heterogeneous
distribution and timing, and varying impacts on habitat types. This
heterogeneity increases both the likelihood of refuge habitats existing
andtheir ecologicalimportance (Fig. 5). Disturbed habitats canbecome
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a b Estimation of available

resources during flood

Resources

Fig. 5| Heterogeneous habitats are more likely to include refuges, providing
resistance from and resources during disturbances. a, Refuges caninclude
mid-channel springs within an active braided-river channel (within the white
dashed lines), where less turbid spring water joins the flood waters during a
high-flow event. Organisms, including fish and invertebrates, that can access
and persist in these springs during a flood will aid recolonization of communities
post-disturbance. b, A conceptual representation of resource availability along
the transectina, where some areas remain available (for example, for food)
because the flow disturbance does not affect the whole system to the same
degree, simultaneously. Credit: background satelliteimage in a, Google,

© 2024 Maxar Technologies.

temporarily unsuitable for certain species, or benefit from increased
productivity stimulated by flood pulses*”**. Undisturbed habitats
providerefuges, offering temporal resistance to disturbances such as
floods and droughts®. Refuges provide resources including food and
spawning habitat, and act as critical reservoirs for the recolonization
of communities post-disturbance, thus supporting ecological resil-
ience across the floodplain®. Access to such refuges relies on habitat
diversity remaining under a range of conditions®®, where some areas
are less affected by physical disturbances than others®®. For instance,
when the main channel of an unconstrained river floods, flow may be
insufficient tofilland scour secondary channels, or the floodplain may
be only partially inundated. By contrast, flooding that occurs in con-
strained rivers that lack this diversity willimpact the entire river bed.

Complex biophysical feedbacks. The relationship between physical
andbiological processes and habitatarea and heterogeneity is bidirec-
tional andincludes positive feedback mechanisms. Vegetation canact
as a strong biological driver of river gecomorphology®. In particular,
where vegetation growth rates are high and floods less frequent or of
smaller magnitudes, vegetated areas can begin to limit the capacity of
floods to rework sediments and therefore channel morphology®?. As
the dominant control on the landscape shifts towards this biological
influence, complex interactions between vegetation, sediment and
flow change the river channel pattern”, and vegetated features such as
banks andislands can develop®®. These landscape features oftenreplace
the gravel bars and erodible banks that can be reworked by floods. The
fluvial biogeomorphic successional process—a shifting dominance
from hydrogeomorphicto ecological processes’—canlock the system
inanalternative state where hysteresis limits the potential toreturnto
the previous more naturally functioning state'°°. Thus, giving rivers
space to move must also consider managing non-native plants in the
riparian zone and on the active channel bed that might impair these
physical and biological feedbacks.

Biophysical variability aids multiscale ecosystem processes
The physical processes within an unconstrained floodplainriver inter-
act with species and communities within the heterogeneous habitat

tounderpincritical ecosystem processes, including spatiotemporally
variable connectivity. Such connectivity can mean the movement of
organisms or matter through the system with hydrological flow, as well
asmeta-ecosystem connectivity involving areciprocal flux of resources
betweenaquatic and terrestrial systems. This movement of organisms
and material through different parts of the system supports the resil-
ience of the ecosystem, as we explain in the following.

Multidimensional hydrologic connectivity. When a river has room
to move, the shifting habitat mosaic and expansion and contraction
of surface waters maintain the movement of water, organisms, and
inorganic and organic materials through the system**'", Hydrologic
connectivity is a principal feature of functioning river ecosystems,
driven by natural flow regimes and occurring in four dimensions:
longitudinal, lateral, vertical and temporal'®>'°*, Maintaining diverse
connections is important for the movement of individual organisms
between habitats for the completion of life-cycle stages, seeking refuge
from predators or perturbations, and acquiring resources. Such con-
nectivity is also critical to spatiotemporally connected communities
(metacommunities)'”*, supporting the movement of resources, gene
flow, and recolonization following disturbance. For species to benefit
fromdiverse habitats and resourcesintheriverscape, they needtobe
ableto access them.

Overbank flows laterally connect floodplain habitats to the main
channel. This allows organisms to capitalize on periods of higher pro-
ductivity on the floodplain, temporarily avoid adverse conditions in
the main channel, or access the different habitats required for certain
stages of their life cycle®>. For instance, of 85 fish species found in an
Amazonian floodplain lake outlet, 20 migrated between the lake and
river at different times, likely related to breeding requirements'®. Some
relocated fromthe laketo theriver in August-September when flow was
receding, while other species migrated towards the river when flow was
risingin December-January'®. Diverse seasonal migration patterns like
this demonstrate theimportance of temporally variable connectivity'*®.

Restoring the temporal dimension of connectivity between
patches enables species with diverse habitat requirements across
their life cycle to persist. Fish migrations, for instance, can reflect a
range of behaviours and life stages that rely on seasonal connectivity
between habitats, including but not limited to spawning, the passive
drift of larvae, age-related habitat change, and migrations related to
feeding and nutrition'””. A constrained river thus filters out many spe-
cies with suchrequirements.

Vertical continuity between surface water, subsurface water and
groundwater isimproved by floodplaininundation, which is less avail -
able in constrained rivers*. During overbank flows, this connectivity
enhances the supply of river nutrients vertically within the floodplain
and downstream, supporting complex food webs in the hyporheic
zone, regulating water temperature®*, and influencing subsurface
primary productivity and biogeochemical cycling*. The hyporheic
zoneis asubstantial habitat thatis up to 60 times wider than the river
channel and supports abiomass, including aquatic invertebrates and
microbes, that can easily exceed that in the benthos'®®, The hyporheic
zone also offers refuge habitats, and many species move in and out of
this ecotone regularly®. Other organisms occupy the hyporheic zone
for their larval stage, including specialized stoneflies that migrate
beneath the floodplain up to 2 km away from the river and return to
surface waters to emerge two years later?,

Hydrologic connectivity within a complex habitat mosaic pro-
motes variability in the rates and extents of ecosystem processes'”’.
For example, the decomposition of organic matter, such as plant litter,
has a controlling influence on nutrient cycling". In some floodplain
habitats, decomposition can occur more slowly because abrasion
and fragmentation in faster-moving, confined channels accelerate
the process'’. However, other habitats, such as warmer lentic condi-
tionsin oxbow lakes, can facilitate faster decomposition viaincreased
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microbial activity, highlighting the importance of variable habitat
conditions across the floodplain. Floodplains are important storage
zones for sediments and biogeochemical elements®*"'? that can be
redistributed throughout the riverscape during high flows, benefit-
ing the wider meta-ecosystem. For instance, in the floodplains and
wetlands of meandering rivers, phosphorus storage can mitigate algal
blooms in downstream lakes®. The slower-moving water and greater
biological productivity of wetland habitats provide more opportunities
for nutrientsto beincorporatedinto the ecosystem, rather than being
transported downstream. Furthermore, intermittent and ephemeral
side channels have more variable nutrient transformations than peren-
nial rivers, greater accumulation and processing of organic matter',
and more dynamic pulses of respiration and carbon dioxide emissions
upon rewetting*.Indeed, the rewetting phase in dynamic riverscapes
can have widespread implications for biogeochemistry and biodiver-
sity alike'. Importantly, both the presence and variability of hydrologi-
cal connectivity influence the movement of nutrients and matter. This
includes slow connections, such as gradual seepage through wetlands,
and fast connections, like direct channel flow, each playing a unique
rolein nutrient cycling and transport.

In multichannel systems such as braided rivers, a dynamic equi-
librium exists whereby different patches across the riverscape are
connected at different frequencies associated with the magnitude of
flooding"®. Large floods are synchronizing forces (the Moran effect'”)
that connectall habitats in the active channel. Metacommunity struc-
tureisshaped by community assembly processes, which are mediated
by both spatial habitat mosaics (influencing environmental filtering
of which species live there) and temporal asynchrony in connectivity
strength between habitat patches (impacting the dispersal of organ-
isms)"¢. This connectivity varies as the habitat mosaic shifts and regen-
erates over time"®, For example, in macroinvertebrate communities in
floodplain habitats of the Tagliamento River, Italy, floods disrupted the
usual species distribution patterns. Instead of species settling in their
preferred habitats, flooding caused widespread dispersal, resultingin
many organisms ending up in less suitable environments"®. Thus, in
unconstrained rivers, a cyclical process of homogenization can occur
duringlarge floods, followed by a divergence in community structure
during stable hydrologic periods"*"’,

Meta-ecosystem connectivity. Myriad floodplain habitats provide
resources, refuges and reproduction sites for semi-aquatic and ter-
restrial organisms*****”, Amphibians, for example, occupy floodplain
ponds and wetlands, as well as riparian vegetation, which is critical
for providing refuge from fish predation'*. Many riparian arthropods
such as spiders and rove beetles require exposed gravels above the
average high-water level for habitat, where they feed on aquaticinsects
and provide a critical link between aquatic and terrestrial systems'".
These types of habitat are often the first tobe lostin constrained rivers.

The reciprocal flux of material, organisms, and energy between
aquatic and terrestrial systems is characteristic of the transitional
floodplain environment'?>'?, Terrestrial invertebrates that fall into
the river can be a significant prey subsidy for fish, representing up to
50% of annual fish diet and energy budget'?*. Multichannel rivers can
comprise extremely high amounts of edge habitats that facilitate recip-
rocal fluxes between aquatic and terrestrial ecosystems, which is fun-
damentallyimportant to theresilience of bothriparianandin-stream
consumers'”. Iffood resources become unavailable through the reduc-
tion of neighbouring terrestrial habitat, fish can shift their predation
to aquatic invertebrates, thus influencing stream food webs'®. Such
foraging across food-web compartments by larger mobile consumers,
which is enabled in complex river environments, is a key stabilizing
mechanism of food webs'°', One way in which this ecological sta-
bility can occur is through the weakened predator-prey interactions
that result from coupling of different food-web compartments'”'?%,
Furthermore, vastamounts of terrestrial organic carbon are processed

in theriver, fuelling microbial activity and biogeochemical cycling'®.

These dynamic resource flows from both upstream and lateral ter-
restrial environments affect the composition of floodplain aquatic
communities'>'?’, This flow of resources is reciprocated for terrestrial
consumers. Emerging aquatic insects, which can comprise 4-57% of
benthic production depending on taxa and local conditions, are a
critical food source for birds, bats, amphibians and terrestrial inverte-
brates'. Thus, increasing the available edge area between aquatic and
terrestrial systems increases connectivity, including energy exchange,
and can contribute to maintaining the biomass in both systems"*"*,

Floodplains are not only important toindividual species’ habitats
and resources, they also provide the arena for critical interactions to
occur, affecting both floodplain and upland ecosystems®. In the north-
ernRocky Mountains, Canada, wolves commonly den along floodplain
boundaries where they find preferred habitat materials™. Floodplains
provide amigratory corridor and seasonal resource hotspots for wolf
prey, including elk, and are thus the site of important predator-prey
interactions®*. Wolf-killed elk benefit the aquatic ecosystem by provid-
ing high nutrient concentrations around the carcass, and wolf preda-
tion provides top—down control on elk populations thatinturnimpacts
upland vegetation communities®*.

Some animals migrate considerable distances to access the
resources in floodplain environments during certain periods. Each
spring, the banded dotterel Charadrius bicinctus, an endemic New
Zealand bird, travels up to1,700 km from southeastern Australia to the
braided-river floodplains of New Zealand’s South Island for breeding'.
Many other specialist braided-river birds require exposed gravel for
egg rearing, where they often create camouflaged nests™*. Exposed
gravelis often first to go whenrivers begin to narrow, particularly when
invasive vegetation encroaches, threatening at-risk bird species and
other gravel-bed specialists'®’. As much as 69% of Europe’s breeding
areaforbirdsincludes wetland habitats, primarily on floodplains, and
82% of bird speciesin Colorado, United States, rely onriparian vegeta-
tion in their reproduction®*. Many mammals thought of as terrestrial
speciesalsouse riverine wetlandsinstages of their life cycles, including
megafauna such as rhinos, bison and elk®***>, The high productivity of
thefloodplain can provide essential resources for winter maintenance
of browsers when terrestrial productivity ismuch lower®*. Thus, discon-
necting rivers from their floodplain habitats not only threatens local
species and processes, but also higher-order consumers and predators
from neighbouring and larger ecosystems.

Conclusions
As climate change is increasingly impacting flood and drought regimes,
and hydroclimatic extremesincrease in frequency and magnitude®”¢,
adapting river-management practices is more pertinent than ever>',
Continuing to reinforce flood levees and other structures to mitigate
flood risk is increasingly untenable in many situations. The shift
from command-and-control to living with water is beginning to take
place, but, as we have demonstrated, there are immense ecological
co-benefits associated with giving rivers room to move beyond flood
control and mitigation. We urge river policy and management to take
these co-benefits into account when considering river-management
adjustments in an increasingly uncertain world. Floodplain river sys-
tems are disproportionately valuable ecosystems, providing 25% of
all land-based (that is, not marine) ecosystem services™®, including
water retention. There are also opportunities to leverage nature-based
and natural climate solutions within riverscape boundaries”'*’. The
distribution and retention of carbonin floodplain soil and large wood
depositsimpacts global climate, and is regulated by geomorphic pro-
cessesincluding channel geometry and hydrological connectivity'*%'*,
We emphasize the need to consider the fundamental interactions
and resulting ecological processes that can occur where rivers are
given more room to move, to aid more sustainable decision-making
around trade-offs between river ecology and engineering. Where a
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riveris given more space to move, dynamic flow and sediment regimes
produce and interact with the channel pattern to create diverse geo-
morphology; suchis the foundation for highly heterogeneous habitats
that can support biodiversity at multiple spatiotemporal scales and
levels of biological resolution (from genes, to species, to entire food
webs). This greater regional biodiversity, in feedback with physical
processes, supports critical ecosystem processes including hydrologic
connectivity and meta-ecosystem connectivity. Together, the physical
and ecological riverscape processes, and interactions between them,
underpin the invaluable resilience of these ecosystems.
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