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1  |  INTRODUC TION

Large river ecosystems are among the most threatened worldwide 
(Best, 2019), and loss of lateral hydrological connectivity (LHC) 
between the river and its floodplain is a major factor contribut-
ing to their decline (Opperman et al., 2010). LHC is essential to 

ecological processes within large rivers (Baldwin et al., 2013; Junk 
et al., 1989), but human demand for freshwater and development 
of floodplains has resulted in fragmentation of LHC on enormous 
scales (Opperman et al., 2009). Fragmentation of LHC is particu-
larly extensive in temperate rivers (Tockner & Stanford, 2002) and is 
accelerating in tropical systems (Dudgeon, 2000; Winemiller et al., 
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Abstract
Lateral Hydrological Connectivity (LHC) has been extensively fragmented in river– 
floodplain ecosystems of the world. Uncertainties about how LHC affects fishes are 
great, impeding the design of effective rehabilitation strategies. Existing conceptual 
frameworks do not provide sufficient mechanistic detail to support the novel decision 
problems river managers face. We offer a framework of how LHC affects fishes in river– 
floodplain ecosystems that is, process- based, integrates all life- stages and is spatial; 
these features, we argue, are required to assess risks and opportunities associated with 
different LHC rehabilitation strategies. Within river– floodplain segments, LHC affects 
population processes through five ‘effect- classes’: effects of floodplain habitat (1) and 
channel habitat (2); effects of material subsidies from the floodplain to the channel 
(3) and vice versa (4); and effects of connectivity on lateral dispersal (5). The relative 
influence of these effect- classes on processes varies among species and life- stages. At 
the scale of the drainage basin, inter- segment variation in geomorphology generates a 
longitudinal source- sink structure to habitat quality and quantity, pointing to a need to 
better understand fish metapopulation dynamics in river– floodplain ecosystems. Given 
the significant investment in trying to restore river– floodplain ecosystems, we highlight 
potentially costly and ineffective LHC management decisions. These include certain 
heavily engineered LHC rehabilitation strategies that do not promote critical popula-
tion processes at a local scale, and at basin scales implementing strategies that do not 
facilitate the metapopulation processes that promote species’ persistence.
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2016), making LHC fragmentation a threatening process of global 
relevance.

In many rivers of the world (e.g. North America, Europe and 
Australia) large- scale restoration of a ‘natural’ LHC regime is not pos-
sible (Bayley, 1995; Bond et al., 2014; Buijse et al., 2002). In many 
cases, there is insufficient water to implement whole- of- river flood-
plain reconnection events. Even if sufficient water were available, 
implementation of large- scale flooding threatens various human val-
ues and infrastructure on floodplains. Such constraints have resulted 
in the string- of- beads approach to managing LHC in North America, 
Australia and Europe (Buijse et al., 2002; Galat et al., 1998; Stoffels 
et al., 2014). Like the name suggests, this rehabilitation approach in-
volves setting aside floodplain reserves (the beads) at various intervals 
along large rivers (the strings) and managing the LHC regime of these 
reserves to be independent of the surrounding matrix of developed 
floodplain (we use the term reserves to refer to any area of floodplain 
where LHC is managed to achieve ecological objectives). To implement 
the string- of- beads approach, regulatory structures such as levees are 
being removed in some floodplain segments to allow more natural 
flooding while excluding LHC in other segments (Opperman et al., 
2010). In other cases, reserves are being engineered so that water can 
be delivered within the constraints on water height in the main chan-
nel, and so that hydrology of LHC can be tightly controlled to achieve 
specific management objectives with relatively small amounts of water 
(Figure 1). Irrespective of whether regulatory infrastructure is being 
removed or installed, most LHC rehabilitation is localised (Bond et al., 
2014; Galat et al., 1998; Minckley et al., 2003; Opperman et al., 2010).

There is great uncertainty around how the string- of- beads ap-
proach to LHC rehabilitation will affect fishes (Humphries et al., 2015). 
Regulated large rivers with highly fragmented LHC are novel ecosystems 
(sensu Hobbs et al., 2009). The high novelty of LHC management prob-
lems within many large rivers of the world has forced river scientists 
and managers to reframe the management problem from one of re-
storing what is natural to one of designing LHC flows (sensu Acreman 
et al., 2014) and the spatial configuration of reserves to achieve specific 
management objectives. This designer approach to the rehabilitation of 
large rivers places heavy demands on our understanding of how LHC 
affects fishes. The more we reconfigure large rivers away from their 
natural state, the more management variables/questions we introduce. 
Within reserves, pertinent questions include: How do different LHC im-
plementation structures (e.g. pumps; channels; weirs) affect movement 
of fishes and other materials (e.g. nutrients) upon which fish processes 
depend? How important is it that water used to inundate floodplains 
flows back into the channel? How does the timing of LHC implemen-
tation affect fish population processes? How frequently should LHC be 
implemented? At the basin scale, other problems arise: Where should 
reserves be located to best achieve management objectives? How 
much floodplain needs to be rehabilitated in order to meet objectives?

We are poorly positioned to answer such questions (Bayley, 1995). 
Our scientific understanding of how LHC events (an individual lateral 
connection) and LHC regimes (multiple events over longer time- scales) 
affect fish population dynamics in large rivers is improving, but gen-
erally poor (Arthington, 2012). In many parts of the world, large- scale 

loss of LHC preceded scientific investigation of the links between fish 
population processes and LHC, and we are now restricted to building 
our understanding of those links through the study of how altered fish 
populations respond to localised, managed LHC events (Bayley, 1995). 
Lack of natural benchmarks in many areas of the world has hampered 
scientific progress (Bayley, 1995).

Conceptual/theoretical frameworks (frameworks) help abstract 
complexity and organise generalisations within a field of inquiry. As 
such, they can facilitate applications of that information, as well as 
coordinate the reduction of key uncertainties. Arguably, while there 
has been much valuable research on the role of floods in driving fish 
population dynamics, much of this has occurred in the absence of 
a framework applicable to the novel large river systems that now 
predominate in many areas of the world (Acreman et al., 2014), as 
well as more natural systems. The purpose of the present paper is to 
offer a framework of how natural and managed LHC affects popu-
lation processes of fishes in river– floodplain systems. We focus our 
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attention on ‘overbank’ LHC: overbank flows that connect floodplain 
waterbodies, such as oxbow and paleo- channel lakes, with the main 
channel, as well as larger flows that generate a sheeting flood across 
the floodplain, inundating these waterbodies, as well as the ripar-
ian habitat of the aquatic- terrestrial transition zone. Our goal is a 
framework that explicates links between LHC and the population 
processes that come together to drive dynamics, hence population 
persistence, rather than links between LHC and persistence per se. 
We define a ‘persistent population’ as one whose population size, 
demographic and dispersal rates, on average, favour long- term per-
sistence over multiple generations at a broad spatial extent.

The following content is organised into four sections: First, we 
identify three features that, if embedded within our framework, 
will yield a framework that can best support the management and 
rehabilitation of LHC, towards the maintenance of population per-
sistence. Second, we briefly review the state of existing frameworks 
to ascertain how well they (a) contain those three features; and (b) 
give a sufficiently general account of the mechanisms by which LHC 
contributes to population persistence. Third, we present our frame-
work in light of a review of literature on the relationships between 
LHC and fish population processes. Fourth, we present some strate-
gies for putting the framework into practice.

2  |  DESIR ABLE FE ATURES:  PROCESS- 
BA SED, HOLISTIC AND SPATIAL

2.1  |  Why process- based and holistic?

Process- based studies deepen our understanding of the mechanisms by 
which LHC regimes affect fish populations (e.g. Rose, 2000; Wheeler 
et al., 2018). This deep understanding is valuable irrespective of where 
our study systems lie on the natural- novel continuum, but it is necessary 

if we are to rehabilitate fish populations in highly novel systems. Within 
novel ecosystems, it will be difficult to design LHC events and regimes, 
as well as spatial configurations of reserves, without an understanding of 
the mechanisms linking LHC to fish population processes. A good illus-
tration of the value of process- based approaches is provided by research 
on the flow- spawning relationships of fishes, which has demonstrated 
that some fishes spawn in response to specific hydraulic and/or hy-
drological features of a flow pulse (King et al., 2016; Zampatti & Leigh, 
2013). In doing so, such studies have improved efficacy of environmen-
tal flows through the identification of hydraulic/hydrological cues that 
need to be incorporated into the design of flow regimes to promote 
spawning (King et al., 2010). Such gains in management efficacy would 
likely not have come from an approach that, for example, attempted to 
link a hydrograph with an increase in the gross numbers of individuals 
within a local population across years— time- lags in whole- population 
response to any recruitment that followed spawning, coupled with the 
weakening of spawning signal by other influences on cohort survival 
would lower power to detect a response to the flow event.

Population dynamics, hence persistence, cannot be understood 
by only focusing on a narrow subset of processes that are most eas-
ily measured (e.g. spawning); such a framework must be holistic and 
lay a foundation for drawing links between LHC and all the critical 
processes that drive population dynamics (Figure 2). The framework 
must include processes of all key life- stages, as the response of fish 
populations to riverine flow regimes can be stage- specific (Stoffels 
et al., 2020; Winemiller, 1989). Integration of all critical processes 
towards an holistic understanding of persistence very rarely occurs 
(Anderson et al., 2006; Elliott & Hurley, 1998), and frameworks that 
focus on narrow subsets of the critical processes will not, by them-
selves, remedy this problem.

An holistic, process- based framework will facilitate development 
of process- based models, which may be particularly useful for sup-
porting the reporting of outcomes of environmental flows, and the 

F I G U R E  1  Expensive irrigation 
infrastructure is required to deliver 
environmental water to individual 
floodplain reserves. These examples come 
from the Murray– Darling Basin, Australia, 
and include a > $AUD 20 million pump 
at the ‘Hattah Lakes Icon Site’ on the 
Murray River (top right). Smaller pumps 
can also be used to water wetlands (top 
left). Small (bottom left) and large (bottom 
right) regulators are built to manage 
environmental water allocations
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decision making by managers of large rivers. In certain systems, LHC 
events may be sporadic (Bunn et al., 2006; Puckridge et al., 1998) 
and may only affect a subset of population processes directly (e.g. 
spawning). How do such events that affect a subset of a population 
in the short- term unfold over longer time scales to affect persistence 
of all life- stages? For populations with a high degree of dependence 
on LHC, how many LHC events over a decade are required to main-
tain persistence of that population within a river– floodplain seg-
ment, and how frequently should such events occur? An effective 
framework for the study of river– floodplain fish dynamics must fa-
cilitate answers to these sorts of questions, thereby improving our 
ability to not only forecast responses to future flow scenarios but 
also to report on the cumulative short-  to long- term benefits from 
multi- year environmental flow allocations (Thompson et al., 2018). 
Currently, there are strong legislative drivers for such multi- scale 
reporting in countries such as Australia (Stoffels et al., 2018), but 
there remain significant challenges in linking shorter term responses 
to isolated flow events with the impact on population persistence at 
longer time scales (King et al., 2010).

2.2  |  Why spatial?

Riverine ecosystems are spatially heterogeneous at multiple scales, 
and the persistence of populations is generated by the integration of 
population processes across numerous habitats (Fausch et al., 2002; 
Fullerton et al., 2010; Schlosser, 1991). The biotic and abiotic proper-
ties of habitats vary enormously between the flowing river channel(s) 

and waterbodies of the floodplain (Ward & Stanford, 1995), and so 
we cannot fully understand the importance of LHC to population 
persistence if we do not integrate the effects of both the floodplain 
and the river channel on population processes (Figure 2). There is a 
need for resource managers to demonstrate that water allocated to 
floodplains has positive effects on fishes, over and above what would 
have been observed had flows merely been allocated within the con-
fines of the main channel. It is unlikely, for example, that demonstrat-
ing fishes feed on floodplains during an LHC event provides sufficient 
evidence that investment in water and the removal or installation of 
infrastructure is justified (Stoffels et al., 2018), unless that feeding 
behaviour can be linked to positive population outcomes. What is 
the contribution to persistence of population processes on the flood-
plain relative to that of processes in the main channel (Figure 2)? The 
same question can be asked of particular floodplain segments along 
the river. For example, do some areas act as sources and others sinks 
(sensu Pulliam, 1988), and is this consistent through time? Answers 
to these questions will be facilitated by a framework that considers 
spatial heterogeneity in two dimensions: laterally, among aquatic 
mesohabitats of the river channel and its adjacent floodplain; and 
longitudinally among river– floodplain segments that vary in their 
geomorphological state and position in the drainage basin.

3  |  STATE OF E XISTING FR AME WORKS

The dominant framework for river– floodplain ecosystems is the 
Flood Pulse Concept (FPC; Junk et al., 1989), but its domain is one 

F I G U R E  2  Conceptual model of key processes that drive population dynamics of fishes across both floodplain and channel habitats 
within a river– floodplain segment. The model assumes three population stages (larvae, juveniles and adults) in two habitats (floodplain and 
main channel), giving six state variables (circles). State variables indicate number of larvae, juveniles and adults, respectively, within a river– 
floodplain segment. The arrows indicate the rates of processes that change these abundances through time. Segment- specific rates in red 
have a direct influence on the rate of population increase within a segment, while those in blue (dispersal rates) have an indirect effect on 
population increase by affecting access to habitats, which in turn affects the rates in red
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of general limnological processes and, as such, only gives cursory 
treatment to fish population dynamics. The Highway Analogy of 
the FPC implies physical access to the floodplain is critical to fish 
population persistence in river– floodplain systems, yet it is clear that 
many fishes of temperate systems do not require physical access 
to the floodplain to persist (Galat & Zweimuller, 2001; Humphries 
et al., 1999). Even in tropical systems the FPC probably overstates 
the importance of physical access to floodplain habitats to fishes 
(Winemiller, 2004b).

Although it is clear the Highway Analogy only applies to certain 
subsets of river– floodplain fish communities, there has been a dearth 
of theoretical development in river– floodplain fish ecology. Since the 
FPC, the review of Bayley (1991) showed that erosion of the natural 
LHC regime at large scales decreases total fish yield; Humphries et al. 
(1999) highlighted the paucity of knowledge regarding the functional 
significance of LHC to fish life- histories; Galat and Zweimuller (2001) 
reviewed data and expert opinion to demonstrate that the Highway 
Analogy overestimates the significance of floodplain habitat to fish 
life- histories; Winemiller (2004b) highlighted the fact that effects 
of LHC on fishes go well beyond life- histories and include a diverse 
array of food web effects. More recently, Humphries et al. (2020) 
synthesised the literature on links between river flows— including 
LHC— and fish recruitment during early life history (up to 0+). They 
presented the Riverscape Recruitment Synthesis Model, which pos-
its that LHC events may either increase or decrease recruitment, 
depending on species’ traits. The aforementioned frameworks have 
greatly advanced our understanding of river– floodplain fish popu-
lations, but no frameworks have been offered that (a) are process- 
based, holistic and spatial; and (b) give a sufficiently general account 
of the mechanisms by which LHC contributes to population per-
sistence along the natural- novel continuum. We aim to do so here.

4  |  A CONCEPTUAL FR AME WORK

We present a framework of how LHC shapes population processes at 
two spatial extents: at the extent of river– floodplain ‘segments’ (103– 
105 m length of river) and drainage basins (>105 m) (following Fausch 
et al., 2002). At the scale of the drainage basin, decisions are made 
concerning (a) where LHC can be administered without damaging 
human infrastructure on floodplains, which includes investment in 
floodplain reserves; and (b) delivery of large- scale longitudinal flows, 
which likely affect inter- reserve population processes. At the seg-
ment scale, LHC is actively managed within floodplain reserves.

We have not presented our framework as a permutation of all 
combinations of LHC functions (segment scale) × LHC configurations 
(basin scale) × hydrological variables (e.g. duration, frequency) × geo-
morphological variables (e.g. wetland type) × species traits. Such a 
framework may do more to obfuscate than facilitate the manage-
ment of large rivers. Our framework is presented in the form of a 
narrative, accompanied by a simple— rather than comprehensive— 
conceptualisation, highlighting salient features. When considering 
the hydrological (e.g. timing, duration) and geomorphological (e.g. 

types of wetland habitats inundated) strategies of LHC rehabilita-
tion, we point to strategies that likely pose the greatest risk to fish 
population persistence.

4.1  |  Within river– floodplain segments

4.1.1  |  Overview of the conceptual model

Figure 3 shows the network of LHC effects linking to the processes 
in Figure 2. To simplify the conceptualisation, Figure 3 draws links 
between LHC regimes and population processes within a river– 
floodplain segment as a whole; the rate of each process is the result 
of how life- stages integrate the effects of floodplain and channel 
habitats. We started with the axiom that hydrology interacts with 
geomorphology to change the physicochemical state of the river– 
floodplain segment (Ward et al., 2002). Changes include spatiotem-
poral patterns in water velocity, temperature, dissolved oxygen, 
inter- waterbody connectivity and the spatial flow of nutrients, 
among many other physicochemical variables (Amoros & Bornette, 
2002; Humphries et al., 2014). Change in the physicochemical state 
of a river– floodplain segment, in turn, impacts upon population pro-
cesses through five non- exclusive effect- classes (Figure 3; Table 1).

The first two effect- classes capture effects of floodplain and 
channel habitat on the vital rates of individuals occupying those 
habitats (Hab_F and Hab_R respectively; Figure 3; Table 1). An addi-
tional two effect- classes capture (a) effects on individuals largely re-
stricted to channel habitats, caused by the flow of materials from the 
floodplain (MatFlow_FtoR; Table 1); (b) effects on individuals largely 
restricted to floodplain habitats, caused by the flow of materials 
from the river channel (MatFlow_RtoF; Table 1; Figure 3). The last 
effect- class captures the effect of connectivity on lateral dispersal 
rates (Connect; Table 1; Figure 3). This effect- class refers to structural 
connectivity, which occurs when water connects two waterbodies. 
When the interaction between structural connectivity and a life- 
stage's traits permit movement between waterbodies, functional 
connectivity occurs (Tischendorf & Fahrig, 2000).

The five effect- classes interact with species’ traits to affect dif-
ferent groups of species in different ways (Figure 3). Three important 
trait- sets are linked to physiology, behaviour and life- history. The phys-
iological trait- set includes sensory physiology and bioenergetics which, 
respectively, will affect how fish respond to the physicochemical cues 
generated by an LHC event (hence emigration and immigration) and 
the mass- balance and partitioning of energy sourced from floodplain 
and channel habitats (hence all processes) (Kearney et al., 2010). The 
behavioural trait- set will affect such responses as movement (immi-
gration and emigration), foraging behaviour and anti- predator tactics 
(hence survival) (Killen et al., 2013). The life- history trait- set is the most 
studied in the context of flows and includes age- at- maturity (affecting 
maturation rates), longevity (affecting survival rates) and how energy 
is allocated to offspring (affecting rates of spawning and recruitment) 
(Winemiller & Rose, 1992). Species’ traits determine the relative im-
portance of the five effect- classes to persistence.
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4.1.2  |  Effects of floodplain habitat

Four sub- classes of floodplain habitat effects influence population 
processes within river– floodplain segments (Table 1). Floodplain wa-
terbodies have physical states (e.g. temperature, dissolved oxygen, 
salinity) that are highly variable in space and time and often different 
to those of the river channel (Amoros & Bornette, 2002; Tonolla et al., 
2010). When compared to the main channel, warmer habitat temper-
atures on floodplains may enhance growth and hence affect survival 
and recruitment of some species (Gutreuter et al., 1999; Schramm & 
Eggleton, 2006; Sommer et al., 2001). During drier, non- flood periods, 
harsh physical conditions on floodplains can interact with behavioural 
and physiological traits to reduce the survival rates of some species 
over others (McNeil & Closs, 2007; Stoffels et al., 2017). Floodplain 
habitats may support foods that are more abundant (Benke, 2001; 
McInerney et al., 2017) and of a higher nutritional quality (McInerney 
et al., 2020) than channel habitats. Consequently, fish life- stages that 
access floodplain habitats— particularly during floods— may experi-
ence increased growth, maturation and survival compared to those 
restricted to the main channel (Balcombe et al., 2007; Feyrer et al., 
2006; Limm & Marchetti, 2009; Stuart & Sharpe, 2020).

In addition to influencing processes via bioenergetic mecha-
nisms, floodplain habitats may affect spawning, recruitment and 
survival through more direct means. For example, higher habitat 
complexity on floodplains may provide refuge from piscivores, en-
hancing survival of small fishes on floodplains (Rodríguez & Lewis, 
1997). Some fishes have life- history traits that result in them expe-
riencing increased spawning rates within floodplain habitats com-
pared to channel habitats (Burgess et al., 2013; Janáč et al., 2010; 
Poizat & Crivelli, 1997; Zeug & Winemiller, 2007).

4.1.3  |  Effects of river channel habitat

Effects of channel habitats on fish processes can be divided into 
four sub- classes, which mirror those of adjacent floodplain habi-
tats (Table 1). Just as floodplain habitats have physical states that 
may promote processes of some species/life- stages during certain 
periods, so too may channel habitats for other species/life- stages. 
For example, during drier and hotter periods channel habitats may 
support higher levels of dissolved oxygen than floodplain habitats, 
resulting in improved survival of species with relatively low physi-
ological tolerances in the channel (Cucherousset et al., 2007). 
Physiological and behavioural traits of the adult stages of large 
carnivorous fishes may restrict them to channel habitats irrespec-
tive of river flows, resulting in them deriving much of their food 
from channel- based food chains (Lyon et al., 2019; Winemiller & 
Jepsen, 1998). Thus, adult survival rates of some fishes will likely 
be completely dependent on channel habitat. With respect to 
the effects of channel habitat on spawning, some species exhibit 
life- history traits that predispose them for in- channel spawning 
and recruitment (Humphries, 2005; Humphries et al., 1999, 2020; 
Zeug & Winemiller, 2008).

4.1.4  |  Effects of material flows from floodplain 
to river

Floods mobilise dissolved and particulate nutrients, as well as phyto-
plankton and zooplankton, and transport them from floodplain habi-
tats to the main channel (Cook et al., 2015). These spatial subsidies 
can increase production of primary producers in the main channel, 

F I G U R E  3  Biophysical conceptual model demonstrating the links between LHC and the population processes captured by Figure 2. The 
population processes on the right are rates resulting from an integration of effects across channel and floodplain habitats; they are the rates 
within the river– floodplain segment as a whole. LHC affects population processes via five effect- classes (Table 1). All effects on population 
processes are mediated by species’ physiological, behavioural and life- history traits
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which in turn increases in- channel secondary production, (Baldwin 
et al., 2013, 2014; Hunt et al., 2012; Jardine et al., 2012), but sub-
sequent effects on fish population processes are poorly studied. 
Adult stages of large, channel- dwelling equilibrium species can ex-
hibit significant and strong increases in growth following LHC as-
sociated with large- scale flooding (Gutreuter et al., 1999; Stoffels 
et al., 2020; Tonkin et al., 2017). Subsidisation of channel food webs 
by nutrient flows from floodplains is likely to be partly responsible 
for the increased individual growth (Spurgeon & Pegg, 2017; Tonkin 
et al., 2011) and population size (Alford & Walker, 2013; De Graaf, 
2003; van de Wolfshaar et al., 2011) observed in river– floodplain 

segments following a flood— the flood- pulse advantage (Bayley, 
1991). However, the extent to which the flood- pulse advantage is 
due to fishes obtaining physical access to floodplain habitats (Hab_F; 
Figure 3) or nutrient mobilisation and subsidisation of channel food 
webs (MatFlow_FtoR; Figure 3) is largely unknown.

Material flows from floodplain to river may also influence fish 
dispersal and cue critical processes (Figure 3). Floodplain inunda-
tion can mobilise large amounts of dissolved organic nitrogen (DON) 
(Harris et al., 2018; Lewis, 2002). Fish chemoreception is highly sen-
sitive to DON (Hara, 2007), but the roles played by floodplain DON 
in cueing dispersal and other processes have not been researched.

TA B L E  1  Effect- classes through which LHC affects population processes within river– floodplain segments

Effect- class (EC) Effects Explanation

Hab_F. Effects of floodplain habitat on 
individuals occupying floodplain

(1) Effects of the physical character of 
floodplain habitat on fish bioenergetics

One of two parts of floodplain impacts on bioenergetics; 
effects due to changes in the energetic state of the 
environment

This effect refers to physical environmental variables on the 
floodplain that affect the bioenergetics of life- stages

(2) Effects of the nutritional character of 
floodplain habitat on fish bioenergetics

Second part of floodplain impacts on bioenergetics. This 
effect refers to biotic inputs to fish bioenergetics; 
essentially, the quantity and quality of prey available to 
life- stages on the floodplain. Differs from MatFlow_FtoR_1 
in that an individual can only be affected by Hab_F_2 if it 
attains physical access to floodplain habitats

(3) Effects of floodplain habitat as refuge from 
piscivores

Effects of floodplain habitat on survivorships through the 
provision of refuge from terrestrial and aquatic piscivory

(4) Effects of floodplain habitat on spawning Effects of floodplain habitat on per capita spawning output

Hab_R. Effects of river channel habitat 
on individuals occupying river 
channel

(1) Effects of the physical character of channel 
habitat on fish bioenergetics

The river- channel equivalent of Hab_F_1

(2) Effects of the nutritional character of 
channel habitat on fish bioenergetics

The river- channel equivalent of Hab_F_2

(3) Effects of channel habitat as refuge from 
piscivores

The river- channel equivalent of Hab_F_3

(4) Effects of channel habitat on spawning The river- channel equivalent of Hab_F_4

MatFlow_FtoR. Effects of floodplain 
material on individuals largely 
restricted to channel

(1) Effects of floodplain nutrients on fish 
bioenergetics in the main channel

Effects of floodplain dissolved and particulate nutrients 
on population processes within the river channel(s), via 
nutritional subsidisation of channel food webs. This effect 
excludes subsidisation of processes in the channel due 
to individuals undergoing a channel- floodplain- channel 
movement (included in Hab_F_2). That is, if an individual 
has been significantly influenced by this effect, then 
energy has been transported to that individual by other (a)
biotic vectors

(2) Effects of dissolved substances from 
floodplain on dispersal behaviour

Effects of floodplain dissolved substances on immigration of 
fishes from main channel to floodplain

MatFlow_RtoF. Effects of river material 
subsidies to floodplain habitat

(1) Effects of channel nutrients on fish 
bioenergetics on the floodplain

Effects of channel- derived dissolved and particulate nutrients 
on population processes within floodplain habitats. As is 
the case for MatFlow_FtoR_1, MatFlow_RtoF_1 excludes 
subsidisation of processes in floodplain habitats due to 
an individual undergoing a floodplain- channel- floodplain 
movement (included in Hab_R_2)

(2) Effects of dissolved substances from 
floodplain on dispersal behaviour

Effects of channel- derived dissolved substances on 
emigration from floodplain to channel

Connect. Structural inter- waterbody 
connectivity

(1) Effects of LHC on structural connectivity 
patterns

Effects of the interaction between structural hydrological 
connectivity and species traits on functional hydrological 
connectivity, hence lateral dispersal rates (immigration 
and emigration)
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4.1.5  |  Effects of material flows from river 
to floodplain

This effect class is the reciprocal of MatFlow_FtoR (Figure 3; Table 1). 
The reciprocal dependency of floodplain and channel biogeochemi-
cal processes is well appreciated (Baldwin et al., 2013; Junk et al., 
1989). Certain floodplain specialists of tropical systems probably 
benefit from episodic influxes of generalist prey fishes onto the 
floodplain during floods (Winemiller & Jepsen, 1998). Nevertheless, 
the significance of channel- derived prey and/or nutrients to fish 
population processes on the floodplain is poorly understood. 
Similarly, how the chemical composition of river channel water af-
fects dispersal behaviour of fishes inhabiting the floodplain has not 
been researched.

4.1.6  |  Effects of structural hydrological 
connectivity

Hydrological connectivity between the river and floodplain affects 
dispersal of species and life- stages (Table 1). Although dispersal does 
not directly affect population size (unlike survival) it does affect how 
fishes access resources throughout the riverscape, and so medi-
ates the impacts of other effect- classes on critical rates. How both 
natural and managed structural LHC interacts with species traits to 
affect patterns of functional LHC and, ultimately, lateral dispersal 
rates is poorly understood (Crook et al., 2020; King et al., 2003; 
Stoffels et al., 2014). During LHC events the spatial extent of move-
ments among habitats of the river and its floodplain can be large 
(many km) and species- specific (Anderson et al., 2011; Crook et al., 
2020). Gross fluxes of individual fish between river and floodplain 
can be immense during LHC, even when that LHC event is a man-
aged one. Stoffels et al. (2016) estimated immigration and emigra-
tion rates of nine species through a channel connecting the river and 
a large wetland during a 77- day managed connection. They showed 
that, depending on the species, total fluxes (immigration +emigra-
tion) ranged between 3 × 104 and 20 × 104 individuals over that 
period. Immigration to and emigration from the floodplain appears 
to be cued by, respectively, the rise and fall of the flood pulse (Crook 
et al., 2020; Espírito- Santo et al., 2017; Lyon et al., 2010). The timing 
and magnitude of lateral movements during an LHC event is species- 
specific and may be a function of behavioural and physiological traits 
(Fernandes, 1997; Osorio et al., 2011; Poizat & Crivelli, 1997; Stoffels 
et al., 2016). Although research on this effect class is in its nascency, 
our understanding is that structural LHC only becomes functional 
for fishes when an LHC event has the appropriate physicochemical 
characters: duration, timing, flood height etc.

4.1.7  |  The relative importance of effect- classes

What is the relative importance of these effect- classes to a species’ 
population dynamics and persistence? This question is critical to the 

problem of LHC management in river– floodplain systems, because 
the answer defines how a species will be affected by fragmentation 
of LHC.

Consider a river– floodplain segment and suppose that seg-
ment is closed to dispersal of individuals from neighbouring seg-
ments. The rate of population increase within that segment as a 
whole is some function of segment- wide rates of recruitment (R), 
juvenile (Sj) and adult (Sa) survival, maturation (M) and spawning 
(F for ‘Fertility’; emigration and immigration only mediate these 
critical rates). In turn, we may view each of these processes, ρ (ρ 
can be one of Sa, F, R, Sj or M, Figure 2; integrated across habitats), 
as some function of the effects in Hab_F, Hab_R, MatFlow_FtoR 
and MatFlow_RtoF (Table 1; Figure 3). Further, we may view each 
of these four effect- classes as having a proportionate contribu-
tion to the long- term average of each process within the segment: 
pHab_F,ρ + pHab_R,ρ + pMatFlow_FtoR,ρ + pMatFlow_RtoF,ρ = 1. It follows that 
one way of assessing the relative importance of channel and flood-
plain effects on population processes, hence life- stages and spe-
cies, is within the four- dimensional space defined by Hab_F, Hab_R, 
MatFlow_FtoR and MatFlow_RtoF.

Using this space as a basis, we argue that river– floodplain fishes 
cannot neatly be classified into a single effect- class, due to the 
effects of (a) ontogeny on an individual's resource requirements 
(Werner & Gilliam, 1984; Winemiller, 1989); and (b) general flexibil-
ity of habitat-  and energy- use within life- stages (Tonkin et al., 2011, 
2021; Winemiller, 2004a). To visualise this, we assumed negligible 
effects of river material subsidies to individuals on the floodplain, 
pMatFlow_RtoF,ρ ≈ 0 (for all ρ), enabling us to visualise the relative impor-
tance of effect- classes in the constraints of a ternary plot (Figure 4a). 
This assumption was made partly for convenience— visualisation in 
four dimensions is harder— and partly because there is currently little 
evidence to suggest this effect class plays a major role in popula-
tion processes, relative to other effect classes. Junk et al.’s (1989) 
Highway Analogy, emphasising the overriding importance of flood-
plain habitats to all ρ is a special case within this space (Figure 4a).

Now consider the four examples in Figure 4b: Murray cod 
(green; Maccullochella peelii, Percichthyidae); golden perch (or-
ange; Macquaria ambigua, Percichthyidae); freshwater catfish 
(grey; Tandanus tandanus, Plotosidae); and southern pygmy perch 
(blue; Nannoperca australis, Percichthyidae). These four Australian 
species span diverse life- history, behavioural and physiological 
traits (Appendix S1), and serve as good heuristics for the general 
case. There has been little research designed to disentangle the 
relative contribution of the floodplain versus the channel to popu-
lation dynamics of these four species. Nevertheless, the positions 
of processes in Figure 4b are based on our current understanding 
of their ecology (Appendix S1). Figure 4b is a visual representation 
of our hypothesis that the contributions of floodplain and channel 
habitat (Hab_F and Hab_R respectively) and floodplain subsidies to 
the channel (MatFlow_FtoR) are likely to vary (a) among processes 
throughout a species’ ontogeny; and (b) across species. If this hy-
pothesis is true, then complete fragmentation of LHC will not nec-
essarily drive endemic fishes extinct, but may substantially decrease 
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regional population size. Fragmentation of LHC will erode the contri-
butions that floodplain habitats (Hab_F) and material subsidies from 
the floodplain (MatFlow_FtoR) can make to population processes 
(Figure 4; processes at bottom of triangles impacted most), and so 
the magnitude of population decline will be proportional to the con-
tributions that these two effect- classes make to all processes, hence 
population growth. It will only take one process with a high depen-
dence on floodplain habitats or subsidies for LHC fragmentation to 
induce significant population decline. If our hypothesis concerning 
the process, life- stage and species specificity of LHC effects is true, 
then fragmentation of LHC can reduce regional population size and 
persistence through many and varied pathways.

4.1.8  |  LHC rehabilitation strategies at the 
segment scale

Geomorphological processes operating at decadal time scales gen-
erate a diversity of waterbody types (e.g. oxbows, paleochannels, 
swamps) across floodplains (Ward et al., 2002). Types of floodplain 
waterbodies utilised by fishes varies among species and stages 
(Rodríguez & Lewis, 1997). It follows that the narrower the spa-
tial extent of flooding— and the smaller the floodplain reserve— the 
lower the diversity of aquatic habitat maintained on the floodplain, 
and the more we risk not providing key habitats for fishes with a 
high dependence on Hab_F. In the long- term, flooding strategies that 
do not permit the hydraulics driving geomorphological diversity on 
floodplains (e.g. pumping) pose a risk to habitat diversity, hence the 
persistence of fishes with a high dependence on Hab_F.

Fishes with a high dependence on Hab_F will require flooding 
of appropriate frequency, duration and timing to persist within 
river– floodplain segments. These hydrological variables affect the 

quantity of floodplain habitat for fishes within a segment, as well 
as the biological (Campbell et al., 2016; Capon, 2003) and physico-
chemical (Amoros & Bornette, 2002) qualities of that habitat. The 
more a flooding regime departs from the natural, the more flood-
plain habitat composition differs from its natural state (Tonkin et al., 
2018). However, in large regulated rivers the artificial flooding strat-
egy implemented will depend on how novel/fragmented the sys-
tem is and the management objectives. Consider, for example, the 
problem of designing a flooding regime for a reserve, to conserve a 
threatened fish species with a high dependence on Hab_F, but in a 
system where LHC is highly fragmented at the basin scale— from our 
examples in Section 4.1.7 pygmy perch and catfish fit this scenario 
well. In natural systems, localised drying and extirpation of fishes 
with a high dependence on Hab_F may occur frequently and not risk 
species’ persistence at basin scales, where floodplain habitat persists 
in at least some locations and natural fish metapopulation dynamics 
among river– floodplain segments builds resilience to localised dry-
ing. By contrast, in highly novel large rivers, basin scale population 
resilience to localised drying may be low (see Section 4.2). Within 
such systems, if implementing a localised, natural flooding regime 
risks periodic drying of wetlands, then this mimicry of the natural 
regime may pose a risk to the threatened species at the segment and 
basin scales. These types of decision problems are emerging in rivers 
with very high fragmentation of LHC (e.g. in Australia) and present 
a novel challenge to scientists and managers (Acreman et al., 2014; 
Bond et al., 2014).

The spatial extent of floodplain inundation is likely positively re-
lated to the load of energy (e.g. dissolved nutrients, invertebrates) 
that may flow back into river channels, fuelling population processes 
of fish within those channels (Depetris & Kempre, 1993; Rees et al., 
2020; Tockner et al., 1999). Therefore, flooding strategies that re-
strict return flows and/or involve inundation of relatively small areas 

F I G U R E  4  Conceptual model of the relative importance of LHC to different population processes and species within a temperate river– 
floodplain fish community. We have assumed three classes of effects (Table 1) contribute to mean process rates within a river– floodplain 
segment: Hab_F, effects of floodplain habitats; Hab_R, effects of river habitats; MatFlow_FtoR, effects of floodplain- derived nutrients on fish 
energetics in channel. (a) Processes in the upper, left and right corners are primarily driven by Hab_R, MatFlow_FtoR and Hab_F respectively. 
The Highway Analogy of the FPC is shown as a special case. (b) Distribution of the (non- dispersal) processes of four species of the Murray– 
Darling Basin, Australia, under a natural LHC regime (Appendix S1). Polygons of different colour circumscribe a space for each species (see 
‘Within river– floodplain segments’). Green: Murray cod; orange: golden perch; grey: freshwater catfish; blue: pygmy perch
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of floodplain may risk reducing the population size/persistence of 
fishes benefitting from the effects of MatFlow_FtoR (Stoffels et al., 
2020). However, large- scale flooding that occurs too infrequently 
risks excessive accumulation of organic matter on floodplains which, 
following inundation, can drive booms in heterotrophic production 
and, in turn, hypoxic flows that adversely affects most riverine fishes 
(Whitworth et al., 2012).

In natural river– floodplain ecosystems, the network of structural 
LHC resulting from an LHC event is a function of how flood height 
and duration interact with floodplain geomorphology— the types and 
elevations of waterbodies and channels, and the surrounding terres-
trial matrix (Amoros & Bornette, 2002; Fullerton et al., 2010). In reg-
ulated systems, structural LHC may have characteristics similar to 
those observed in natural systems (e.g. in the case of extensive levee 
removal), or it may be completely novel (e.g. pumped LHC, or the 
opening of a regulator between a floodplain reserve and the channel 
during non- flood periods; Figure 1). Not all forms of novel structural 
connectivity will translate into functional connectivity for many 
species/life- stages (e.g. large pumps). Timing— including coincidence 
with basin scale channel flows— and duration of hydrological con-
nectivity influence the species composition and magnitudes of dis-
persal between river and floodplain (Fernandes, 1997; Osorio et al., 
2011; Poizat & Crivelli, 1997; Stoffels et al., 2016). Frequency of LHC 
events will influence population processes of long- lived fishes that 
benefit from facultative ontogenetic niche shifts between floodplain 
and main channel (e.g. golden perch; Figure 4). The more novel a 
large river becomes, the more LHC needs to be managed using a 
designer approach which, in turn, necessitates an understanding of 
how LHC hydrology affects management targets.

4.2  |  Among river– floodplain segments

4.2.1  |  Metapopulation dynamics

Returning to the string- of- beads metaphor, it is essential to con-
sider variation in, and interdependencies of, population processes 
among river– floodplain segments, and hence how the arrangement 
of ‘beads’ along the ‘string’ influences persistence. Understanding 
population processes at this scale is crucial to management decisions 
regarding which floodplain segments should be purchased and/or 
managed for promoting persistence of species and the density of 
reserves required to maintain viable populations, and hence the va-
lidity of the string- of- beads rehabilitation approach in general.

If we take a discrete view of the river– floodplain landscape, pop-
ulation processes at this scale include the processes in Figure 3, as 
well as longitudinal dispersal of different life- stages among segments 
(Figure 5a). It is understood that fishes of low- order rivers can exhibit 
longitudinal source- sink dynamics at broad spatial extents (Barson 
et al., 2009; Schlosser, 1991). However, our knowledge of fish meta-
population dynamics in large, high- order river– floodplain systems is 
extremely poor (Stoffels et al., 2015). Crook et al. (2013) demonstrated 
substantial inter- segment variability in the contribution of different 

floodplain segments to catchment- wide recruitment of a floodplain 
spawner, but the cause of this longitudinal variation in floodplain ef-
fects was unclear. In any case, it is obvious that floodplain geomor-
phology varies longitudinally among river– floodplain segments and, 
because geomorphology affects (a) floodplain habitat structure and 
(b) lateral flows, we hypothesise that any effect of the floodplain on 
population processes is likely to vary among river– floodplain seg-
ments, even under a natural flow regime (Figure 5b). For any particular 
species, rates of increase within a segment may be sufficiently high to 
become sources of individuals to neighbouring river– floodplain seg-
ments, while other river– floodplain segments may be sinks.

Animal ecologists have learnt that local sub- populations em-
bedded in heterogeneous environments are subject to fluctuations 
in size and stage composition through time, and these fluctuations 
may lower localised persistence of sub- populations (Thomas & Kunin, 
1999). At regional scales, however, metapopulation persistence is 
enhanced by the dispersal of individuals between local populations 
(Hanski, 1999). In the context of fishes with a high dependence on 
Hab_F, localised extirpations within floodplain segments may occur 
during dry periods, but basin scale resilience arises as a result of 
those drying events being relatively localised, such that individuals 
can re- establish extirpated populations by dispersing from source 
populations. In this context, interspecific variation in dispersal traits 
will affect metapopulation resilience. River– floodplain fishes differ 
enormously in their dispersal physiology and behaviour (Crook, 2004; 
Dexter et al., 2014; Kopf et al., 2014; Reynolds, 1983; Stoffels, 2015), 
resulting in interspecific variation in dispersal kernels (e.g. Skalski & 
Gilliam, 2000), hence rates of longitudinal dispersal among segments. 
Species with a high dependence on Hab_F but with broader dispersal 
kernels may have a higher chance of recolonising floodplain segments 
following localised extirpations on floodplains, and so may be more 
resilient to episodic dry periods than species with narrow kernels.

4.2.2  |  LHC rehabilitation strategies at the 
basin scale

If our hypothesis about floodplain segments comprising a source- 
sink continuum is correct, then floodplain segments managed as 
reserves will not necessarily promote the persistence of certain spe-
cies with a high dependence on Hab_F (Figure 5c); any effect of a 
floodplain reserve will be dependent on the species and the spa-
tiotemporal structure of floodplain habitat within that segment. 
Longitudinal variation in the quality of floodplain habitat, coupled 
with interspecific variation in dispersal kernels has serious ramifica-
tions for reserve management. In Figure 5d, for example, we have 
plotted hypothetical dispersal kernels for two species with differing 
dispersal traits but with a high dependence on Hab_F. Each kernel 
represents the probability of moving a distance from Reserve 2 over 
a specified period. Over a five- year period, Species A (dashed kernel) 
may reach Reserve 1, but not Reserve 3, while Species B (solid ker-
nel) may reach both neighbouring reserves. If the sub- population of 
Species A is extirpated from Reserve 3 during localised drying, then 
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it is unlikely to recolonise that reserve within ca. five years following 
extirpation. Over a three- year period, Species A may be unlikely to 
reach Reserve 1 and Reserve 3 (Figure 5d). It follows, therefore, that 
in large, novel rivers with fragmented LHC, the greater the distance 
between floodplain reserves and the less frequently they are inun-
dated, the greater the risk to persistence of species with a higher 
dependence on Hab_F. The spacing of reserves and their flooding re-
gimes should be guided by a scientific understanding of the longitu-
dinal dispersal kernels of species whose processes have a significant 
dependence on floodplain habitats and subsidies. It is our experi-
ence, however, that such considerations have not factored into LHC 
management decisions.

The location and number of floodplain reserves, as well as how 
their flooding regime is designed (Section 4.1.4), may affect regional 
population sizes of species with a dependence on energy subsidies 
from the floodplain (MatFlow_FtoR; Table 1). Of course, in novel 

large rivers there are enormous constraints on the number and ar-
rangement of floodplain reserves at the basin scale. Nevertheless, 
an understanding of the extent to which loss of floodplain energy 
subsidies at the basin scale affect regional population sizes will be 
required to set realistic management targets and prioritise manage-
ment interventions.

5  |  PUT TING THE FR AME WORK INTO 
PR AC TICE

5.1  |  Filling knowledge gaps

If we are to understand the consequences of LHC fragmentation 
then we need to compare ecological processes among floodplain 
and channel habitats of river– floodplain systems. After presentation 

F I G U R E  5  Conceptual model of key processes that drive population dynamics among river– floodplain segments (longitudinally). (a) Key 
population processes driving changes in a ‘three- stage’ (larvae, juveniles and adults) model of population dynamics within each river– 
floodplain segment, emphasising longitudinal processes; rates (F, R, M, S) and states (n) are the result of how effects are integrated across 
effect- classes, hence across both the floodplain and the river channel. Arrows linking river– floodplain segments indicate the rate of dispersal 
(D) of life- stages between segments (direction not specified). State variables: nl, nj and na indicate number of larvae, juveniles and adults, 
respectively, within a river– floodplain segment. Segment- specific rate variables: F = per- capita birth rate; R = rate of larval recruitment into 
juvenile stage; M = rate of juvenile- adult maturation; Sl, Sj and Sa = survival rates of larvae, juveniles and adults. (b) Hypothetical variation in 
rate of increase for a population (with high dependence on Hab_F and MatFlow_FtoR) among river– floodplain segments over a long (>100 km) 
stretch of river, under a natural flow regime. (c) Same length of river as in (b) but now under regulation- induced fragmentation of LHC. 
(d) Dispersal kernels of two species, both with high dependence on Hab_F effects (Table 1) but with differing dispersal capacities and/or 
behaviours
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of the framework presented above this may seem like a trivial rec-
ommendation. However, studies that explicitly aim to disentangle 
the relative influence of LHC effects classes on processes are rare. 
How, for example, does a species’ rate of recruitment on the flood-
plain differ from that observed in the channel? What are the effects 
(Figure 3) driving such differences, and how are those effects linked 
to LHC variables? Studies that document processes in just the river 
channel or just in floodplain waterbodies will not advance a spatially- 
integrative understanding of LHC fragmentation impacts on fishes.

Many of the research needs are obvious from the conceptualisa-
tion above (e.g. longitudinal dispersal kernels), and there is a general 
need for research on links between LHC and population processes. 
However, certain effects in Table 1 are less understood than others. 
Effects of the floodplain on fish energetics (through either Hab_F_1, 
Hab_F_2 or MatFlow_FtoR_1; Table 1) are particularly poorly under-
stood. There appears to be a link between large- scale LHC and total 
fish yield (van de Wolfshaar et al., 2011), but why is that so; do fish 
need physical access to floodplain habitat, or are channel food webs 
subsidised with critical flows of nutrients? Modern energy- tracing 
techniques like stable isotopes and micronutrient tracers (Hebert 
et al., 2006; Hunt et al., 2012) could be employed to ascertain the 
relative importance of floodplain-  versus channel- based energy 
sources to fish life- stages.

On a global scale, most river– floodplain systems suffered frag-
mentation of LHC prior to scientific investigation (Humphries & 
Winemiller, 2009). Accordingly, filling gaps in our understanding of 
population dynamics will often take place within an adaptive man-
agement framework, where LHC events are viewed as experiments 
(Bayley, 1995). We are not implying that monitoring alone is the best 
way to understand fish processes. Many monitoring programs are 
established at great cost under the rubric of adaptive management, 
but often these programs yield poor return on investment, and key 
knowledge gaps could have been better filled with strategic research 
(Stoffels et al., 2018).

5.2  |  Tackling the data- dynamics divide

We have argued that a process- based approach is required to (a) un-
derstand how LHC affects population dynamics, hence persistence, 
and (b) best facilitate effective LHC management decisions. We ac-
knowledge this presents a major methodological challenge to fish 
ecologists; rates of population processes (e.g. arrows in Figure 2) 
are more difficult and time- consuming to measure than population 
states (e.g. the numbers in circles of Figure 2) (Wheeler et al., 2018). 
Nevertheless, ecologists have several options for estimating rates, 
towards modelling the spatially-  and stage- structured dynamics of 
fishes in river– floodplain ecosystems.

Some of the rates outlined in Figure 2 are more easily measured 
than others. Well- developed sampling methodologies exist for esti-
mating spawning and, to a lesser extent, recruitment in channel and 
floodplain habitats. The relative ease with which these parameters 
are measured is likely the reason we know much more about how 

river flows affect these processes than, say, age-  or stage- specific 
survival rates and carrying capacity. Over the last few decades, 
advances in methods for measuring dispersal (e.g. acoustic telem-
etry; otolith microchemistry) have resulted in a rapid expansion in 
our knowledge of longitudinal dispersal kernels (Radinger & Wolter, 
2014) and metapopulation dynamics (Crook et al., 2013) of riverine 
fishes. Lagging well behind our knowledge of longitudinal dispersal is 
our knowledge of lateral dispersal— between river and floodplain— as 
a function of the hydrological and hydraulic characteristics of LHC 
events. The same technologies that have improved our understand-
ing of longitudinal dispersal can be applied to problems of lateral 
dispersal (Crook et al., 2020). Even relatively crude approaches can 
greatly improve our understanding of species- specific lateral dis-
persal rates and directions as a function of LHC hydrology (Stoffels 
et al., 2016). It seems the barriers to improving our understanding 
of lateral dispersal of fishes in river– floodplain ecosystems are not 
entirely methodological.

Unlike spawning and dispersal, estimation of age-  or stage- 
specific survival rates remains a great challenge to riverine fish 
ecologists. Although direct estimation of demographic rates using 
marked animals is often feasible for terrestrial animals (Frederiksen 
et al., 2014), the open nature of riverine systems, coupled with very 
low sampling efficiency of fishes, might mean that a multi- decade 
mark- recapture program is required for rate- estimation in freshwa-
ter fish (Lyon et al., 2014). LHC is being fragmented so rapidly in 
most river ecosystems of the world that decision makers— let alone 
the imperilled fishes themselves— cannot wait decades for tools that 
improve our understanding and decision making.

Instead of mark- recapture methods, freshwater ecologists have 
estimated age-  or stage- specific survival rates using simpler ap-
proaches commonly employed in marine fisheries science (Quinn 
& Deriso, 1999). These approaches essentially involve transform-
ing a time series of population state estimates (commonly length 
x abundance matrices) to a time series of the probabilities of age/
stage- specific transitions between time- steps (we refer to these 
approaches as the rates from state series, RSS, approaches below; 
Wheeler et al., 2018). These parameters, among others, have then 
been integrated in structured population models to evaluate dynam-
ics and persistence as a function of flow regimes (Bond et al., 2015; 
Rogosch et al., 2019; Sakaris & Irwin, 2010; Stratford et al., 2016; 
Yen et al., 2013). RSS approaches could be extended to the frame-
work presented here if the required time series were collected in a 
spatially explicit fashion, across both river and floodplain habitats, 
then linked to LHC characteristics. It must be noted, however, that 
RSS approaches make many assumptions that usually go untested. 
One notable untested assumption is that the direction and magni-
tude of sampling biases remain constant across ages or stages (by 
contrast, estimation of age-  or stage- specific detection probabilities 
are integrated into mark- recapture approaches). The uncertainty 
analyses typically employed test the sensitivity of model predictions 
to parameter variances. Those uncertainty analyses may miss the 
effects of sampling bias because it is possible to obtain precise yet 
biased samples of the age structure of a population. It follows that 
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while RSS approaches have an alluring simplicity and can be imple-
mented to operationalise this framework, an outstanding task for 
practitioners is to test critical assumptions about the data inputs.

An alternative approach to both mark- recapture and RSS is 
hinted at by Nisbet et al. (1989, p. 80):

One fundamental impediment to elucidating the con-
cept of stress in ecology is that the simplest measure-
ments to undertake are often on individuals, while 
our primary interest is likely to be in effects at the 
population level… (A) potentially valuable tool in the 
study of ecological stress will be structured population 
models which aim to predict the dynamics of a popula-
tion, given a well- posed dynamic specification of the 
response of individual members of that population to 
external factors.

Several modelling tools are being developed that enable the scal-
ing of individual response to a changing environment, up to that of the 
population. Although parameter- rich, the parameters themselves are 
measured from individuals, either in the laboratory (e.g. metabolic rate, 
assimilation efficiency) or in the field (e.g. movement), and these pa-
rameters are then linked to the population- level parameters of survi-
vorship, fertility etc. (De Roos & Persson, 2001; Grimm & Railsback, 
2005; Nisbet et al., 2010; Rose, 2000). Individual- level parameters of 
dynamic models may be easier to measure than population- level pa-
rameters. One class of individual- based model, ‘dynamic energy bud-
get’ (DEB) models, is built around energetics, hence the constraints of 
thermodynamics (Kooijman, 2009). As such, DEBs are able to directly 
incorporate a great diversity of LHC effect- classes (Figure 3), such 
as effects of the energetic state of the environment (e.g. Hab_F_1, 
Hab_F_2) and may help us understand the population- dynamic conse-
quences of changes in LHC (Anderson et al., 2006).

6  |  CONCLUSION

Hydrological connectivity between river and floodplain is a keystone 
physical process in river– floodplain ecosystems (Junk et al., 1989). 
Globally, loss of LHC is likely a dominant driver of reduced persis-
tence and productivity of fishes within river– floodplain ecosystems, 
but the extent to which loss of LHC— and the strategies implemented 
to reverse that loss— impacts fish population dynamics is unknown. 
The framework presented here has been offered to facilitate filling 
that knowledge gap, but also highlights the large scope for making ex-
pensive and ineffective LHC management decisions: at the segment 
scale, certain heavily engineered LHC strategies will likely not pro-
mote critical population processes; and at the scale of the drainage 
basin the spatial configuration of areas where LHC is implemented 
may not facilitate the metapopulation processes that promote per-
sistence. In addition to improving our fundamental understanding of 
the mechanisms by which LHC affects fish populations, our frame-
work also guides data collection towards the development of models 

to facilitate defensible policy and management decisions concerning 
how LHC should be managed in high- order river– floodplain ecosys-
tems. Such knowledge and tools are desperately required to ensure 
that the bold decisions— and large financial investments— that are 
being made to restore LHC in river– floodplain ecosystems achieve 
desired outcomes.
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