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Climate variability and change pose significant threats to aquatic biodiversity, particularly in
areas with low and variable streamflow. Quantifying the magnitude of risk from these
threats is made more difficult by the variable responses of individual species to hydrologic
stress. Patterns of population decline and recovery in response to drought cycles will
depend on both the resistance traits (e.g., tolerance to harsh environmental conditions)
and resilience traits (e.g., fecundity, age at maturity), both of which vary considerably
among species. Collectively these traits can give rise to varied, and lagged patterns of
decline and recovery in response to hydrologic variability, which ultimately can affect
population viability in drought prone environments and in response to a changing climate.
Such population cycles are typically modelled based on demographic rates (mortality and
recruitment) under different climate conditions. However, such models are relatively data
intensive, limiting their widespread development. A less precise but more tractable
approach is to adopt state-and-transition approaches based on semi-quantitative
population states (or population size estimates), and modelled transitions between
states under different hydrologic conditions. Here we demonstrate the application of
such models to a suite of diverse taxa, based on an expert elicitation of expected state-
changes across those different taxa under a range of different flow conditions. The model
results broadly conform with population changes observed in response to a major drought
in the case-study system, mimicking the observed lags in recovery of species with different
life-histories. Stochastic simulations of population cycles under scenarios of more
protracted drought provide a semi-quantitative measure of the potential risk to different
species under each scenario, as well as highlighting the large uncertainties that can arise
when taking into account stochastic (rather than deterministic) state-transitions.
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1 INTRODUCTION

“From the fact that all past futures have resembled past
pasts it does not follow that all future futures will
resemble future pasts”. Karl Popper.

Flow variability is a major driver of population and
community dynamics in river-floodplain ecosystems, and
predicting those dynamics is an important goal for researchers
and river managers alike. In recent years there has been a strong
push for the development and adoption of modelling approaches
to assist with environmental flows planning that are better able to
replicate the response of ecosystems to specific flow sequences
(e.g., Shenton et al., 2012; Horne et al., 2019; Tonkin et al., 2019).
This requires models of ecosystem condition that are dynamic
through time. In a recent review of flow-ecology response models,
Wheeler et al. (2017) distinguished between pure “state” based
approaches, which quantify absolute values of particular variables
(e.g., population size, presence/absence) and “rate” based
approaches, which quantify relative changes in those variables
over time (e.g., population growth, colonization/extinction).
Wheeler et al. found purely “rate” based approaches relatively
uncommon in the literature (~12% of studies), despite the
perceived advantages of such models in forecasting ecological
dynamics and generating temporally-explicit predictions.

These sorts of dynamics are readily captured in population
demographic models that include vital rates (births, deaths,
migration), and such models can be extended to consider
multi-species ensembles (e.g., Lytle et al., 2017). However,
traditional demographic models require information on life-
history and vital rates that is not available for most species,
and this presents a barrier to their utility and uptake (Beissinger
and Westphal, 1998). However, in their review of flow-ecology
models, Wheeler et al. (2017) also noted that most of the flow-
ecology studies they examined (53%) involved repeat
measurements of state-variables at one or more sites over
time, and thus were conducive to adopting a “rate” based
approach, simply by adjusting the response variable to
consider temporal change. Because such models do not
explicitly model underlying processes, they cannot reveal the
underlying mechanism producing the change (e.g., changes due
to mortality vs. emigration), but they can still produce temporally
specific predictions of biotic responses to specific flow sequences
that are both useful and testable.

One widely used conceptualization of this repeated-state to rate
based translation, which has been widely used in vegetation science, is
the state-and-transition model, in which changes between defined
states (e.g., in terms of vegetation condition or species composition)
occur probabilistically at each time step (Plant and Vayssières, 2000;
McIntyre and Lavorel, 2007; Daniel et al., 2016). The most basic
formulation of state-and-transitionmodels (STMs) assumes transition
probabilities adhere to a constant first-order Markov process, but this
assumption can easily be relaxed to consider higher-order lag effects or
the influence of exogenous variables such as disturbances that alter
transition probabilities over time (Baker, 1989; Daniel et al., 2016).
Daniel et al. (2016) emphasize the use of multiple transition pathways
within a state and transition simulation model (STSM) framework to

explore the effects of disturbances such as wildfire, land management
and land-use change on vegetation trajectories.

While common in terrestrial management, examples of repeated-
state “rate” based approaches such as STMs and STSMs are rare in
the flow-ecology literature (Wheeler et al., 2017). However, so long
as representative states can be adequately defined, the framework is
equally applicable to riverine contexts. Examples of plausible states
could include relative abundance of single species or the composition
of a community, both of which can be measured repeatedly over
time and classified into discrete states. Where states are ordered
ordinal (e.g., metrics describing abundance), transitions between
classes in opposing directions encompass resistance and resilience
traits in the face of disturbance, and hence trajectories of decline and
recovery among different species following disturbances can be
readily simulated (Bond et al., 2018).

Here we combined a simple STSM framework with an expert
elicitation process to develop models that allowed us to explore the
dynamics, and emergent risks to freshwater fauna assemblages in
response to climate induced drought cycles. We focus on a multi-
species assemblage that includes platypus, fish, and benthic
invertebrates, all of which are impacted to varying degrees by
drought disturbances (Rose et al., 2008; Crook et al., 2010; Bino
et al., 2021). Our aim is to develop models that replicate the
resistance and resilience patterns of different species and
assemblages to droughts that differ in duration and frequency, in
order to provide managers with insights into what outcomes might
be expected under more severe drought cycles associated with
climate-change. In doing so we also present a simple analysis of
historical drought cycles that allowed us to very easily simulate wet/
dry sequences (for a range of plausible changes in drought
persistence) with similar overall statistical properties, but with
distinct sequencing of individual wet-dry years, something often
missing frommodels of flow-ecology relationships (Yen et al., 2013;
Horne et al., 2019). The approach is applied to a case study of the
Werribee River, Victoria, Australia, and demonstrates the suitability
of STSM frameworks to support environmental flowsmore broadly.

2 MATERIALS AND METHODS

2.1 Study System
The Werribee River (known as the Wirribi-yaluk by the
Wadawurrung people) is a relatively short (~100 km) coastal
river in Victoria, Southeastern Australia. It flows through the
lands of the Wurundjeri Woi-wurrung, Wadawurrung and
Bunurong people. It drains a catchment area of approximately
1978 km2 with mean annual rainfall ranging from~1000 mm/
year in the headwaters to ~450 mm/year in the lower reaches, and
has a mean annual discharge of ~52,814 Ml/year. Rainfall and
runoff are winter/spring dominated, but also highly variable
between years, giving rise to distinct drought cycles. Despite
perennial flows, drought exerts a strong influence on runoff in
the catchment. There is also significant water use for urban water
supply and irrigation within the catchment. During low flow
periods water can be released from Melton Reservoir (as well as
several smaller storages, such as Merriumu and Pykes Creek
Reservoirs), as an environmental flow to help protect downstream
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FIGURE 1 | Diagram showing the Inputs and sequence of steps involving in generating the population projections using the STSM approach.
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values, however during prolonged drought there can be
insufficient water to maintain flow releases, which can lead to
very low flows downstream, and consequent declines in water
quality, particularly high salinity in the estuary, high water
temperatures, and the loss of riffle habitats in reaches above
the estuary (Lloyd et al., 2008; Sharpe, 2014).

We modelled the effects of these drought cycles using a state-
and-transition modelling framework that considers the joint
effects of 1) antecedent ecological condition, and 2) hydrologic
conditions at each time-step. We largely followed the
methodology of Bond et al. (2018), with the additional
consideration of non-deterministic transitions between states,
and a consideration of a broader range of ecological
endpoints. The model is composed of two main components:
the hydrologic inputs, and a set of state-transition matrices which
are used to project state changes at each time-step given different
combinations of antecedent hydrological and ecological states

(Figure 1). Each of the main components is described in more
detail below.

2.2 Hydrologic Analyses and Scenarios
Conceptually, ecological responses to flow are expected to differ
markedly in response to antecedent hydrologic conditions. For
example, periods of below average flows can see declines in the
health of populations and communities due to the associated
physical-chemical stresses that organisms experience (Lake, 2006;
Bond et al., 2008). The strength of these declines may be related to
the relative degree of hydrologic stress. Conversely, periods of above
average flows are associated with patterns of improving ecological
health, particularly verywet periods, whichmay produce flood cycles
that trigger high levels of productivity and population growth
(Serena and Grant, 2017), noting floods can also be disturbances.
Between the extremes of floods and droughts, many populations can
be relatively stable, although this can vary among taxonomic groups.

FIGURE 2 | (A) daily runoff time series (Megalitres), (B) annual runoff estimates (Gigalitres), and (C) annual flow class sequence (Drought, Dry, Wet and Very Wet),
with classes derived from quartiles of annual runoff ordered from driest to wettest.
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To characterize interannual variability in hydrology for the
Werribee River we used daily flow data from the gauge
immediately downstream of Melton Weir (Gauge No 231205;
Figure 2A). We classified each year of flow data (from the period
1960–2014) as falling into one of four hydrologic
“states”—described as drought, dry, wet, and very wet—by
distributing annual runoff totals into four equal quartiles
(Figure 2B). After assigning each year to its respective
hydrologic state (Figure 2C), a probability matrix was
constructed describing the empirical probabilities of
transitioning among different states at each time-step
(Table 1). It is also worth noting that our hydrologic states do
not align with the formal definition of drought conditions, for
example as used by the Bureau of Meteorology. However, the
adoption of the different water-availability/runoff classes is more
closely aligned to the way in which years are classified from an
environmental water planning perspective in the study region.

The empirical state-transition probabilities derived from the
historical sequence were then used to derive replicate stochastic
flow sequences (n = 100) for each of three distinct climate
scenarios: historic, drought_10, and drought_20. The latter two
scenarios involved increasing the likelihood (by 10 and 20%
respectively), that a drought year would be followed by
another drought year, with a corresponding decrease in the
likelihood of wet conditions persisting (Table 2). These
replicate flow series (see Figure 3 for representative sequences
from each scenario) were then combined with population/
community state-transitions (Sections 2.3, 2.4) to
stochastically project ecological conditions associated with
each flow series. These replicate projected ecological time-
series were then examined to compare the ecological outcomes
under each of the three climate scenarios.

The model was also applied to the recent historical sequence to
provide a visual indication of the trajectories of each population/
community in response to the drought conditions that occurred
in southeastern Australia from 1998 to 2009 [the so-called
millennium drought (Bond et al., 2008)]. While not a formal
validation of the model predictions, these outputs were presented
to the scientists involved in the development of the state-
transition probabilities, to see whether the system behaviour,
in terms of the patterns of change in population/community
health matched their expectations.

2.3 Ecological State Transitions
The conditional changes in ecological state were determined with
input from a group of technical experts. The team initially

assembled data on the life-history traits and tolerances of the
target biota such as longevity, dispersal ability, fecundity, and
sensitivity to adverse water quality and habitat availability
(Table 3). The experts then used the assembled information to
derive transition matrices describing anticipated state-changes
under different combinations of antecedent conditions [including
both antecedent population health and antecedent hydrology
(Table 4)]. Information was derived from published reports
(Koehn and O’Connor, 1990; McGuckin, 2006; Lloyd et al.,
2008; McGuckin, 2012; Sharpe, 2014) and first-hand
observations.

Implicit in the expected transitions is a consideration of factors
such as species-specific tolerances to harsh environmental
conditions or habitat loss, and species life-history traits. These
together give rise to differential degrees of resistance and
resilience to drought conditions (e.g., Crook et al., 2010), and
hence population state, and dynamics over time. The transition
matrices used in the current study were considered to be
particular to the conditions that arise in the Werribee River
during drought cycles, where the differences in flow-regime
across drought to very wet years affect environmental
conditions experienced by the biota based on local physical
habitat conditions. While these flow-environment relationships
are not unique to the Werribee River, it cannot be assumed that
similar degrees of physical stress will arise equally across all river
systems, and hence it is the methods, rather than the results that
should be treated as generalizable to other river systems. During
the elicitation process to construct the transition matrices, the
group of experts were asked a series of questions regarding the
likely response to different hydrological conditions given a
particular antecedent ecological state. Lower levels of certainty
regarding the response and/or less predictable responses were
reflected in state-transition probabilities being more evenly
spread across multiple transition pathways. Having conducted
an initial round of matrix construction, a series of scenarios were
run and presented to the experts, and where modelled outcomes
differedmarkedly from expectations, transition probabilities were
revised to the point where they better reflected expected trends
(especially in response to protracted drought and or recovery
cycles). As an informal elicitation process, the team of experts
worked together rather than independently to arrive at a
consensus set of matrices for each taxa. This step could also

TABLE 1 | Estimated annual transition probabilities between years with different
runoff volumes. Years associated with Drought, Dry, Wet, and Very Wet
classes span the lowest to highest runoff quartiles.

Observed/Historical data Drought Dry Wet Very wet

Drought 0.67 0.25 0 0.08
Dry 0.23 0.23 0.23 0.31
Wet 0.15 0.23 0.38 0.23
Very wet 0 0.31 0.31 0.38

TABLE 2 |Modified annual transition probabilities between years associated with
two scenarios of more persistent droughts. Years associated with Drought,
Dry, Wet and Very Wet classes span the lowest to highest runoff quartiles.

Scenarios Drought Dry Wet Very wet

+10% drought frequency Drought 0.77 0.2 0 0.03
Dry 0.33 0.18 0.23 0.26
Wet 0.15 0.23 0.38 0.23
Very wet 0 0.31 0.31 0.38

Drought Dry Very wet Wet

+20% drought frequency Drought 0.87 0.13 0 0
Dry 0.43 0.16 0.16 0.24
Wet 0.15 0.23 0.38 0.23
Very wet 0 0.31 0.31 0.38
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be undertaken using independent matrix construction and the
inclusion of uncertainties in matrix values, and furthermore the
elicitation approach could be substituted with outputs from
empirical surveys if sufficient data is available. We also
emphasise that in setting the probabilities for both
hydrological and ecological state-transitions, consideration
must be given to the unique local attributes of both the
hydrology and ecology of the study system and its biota, and
hence while the overall STSM approach is highly transferable, the
transition probabilities themselves are not automatically
applicable to other systems.

2.4 State Projections
Changes in state expected at each time step were embodied in a
series of transition-tables or matrices that were used to “project”
population condition over time as a First-order Markov process.
By selecting different matrices at each time step (e.g., based on wet
year vs. dry year, or time since the last wet year), it was possible to
express the effects of a range of drivers affecting population
resistance and resilience to disturbance. This approach has
elsewhere been described as a matrix-selection method
(Burgman et al., 1993) or “environmental state method”
(Beissinger, 1995) to matrix projection, because it directly
relates the definition of matrices to the cyclical environmental
conditions the model is intended to focus on (e.g., in this case
relative drought severity).

The ecological state projections were completed using
matrix multiplication. The current ecological state
(t0_eco_state) was converted to a vector value of all possible
states which was multiplied by a “projection-matrix” for the
current hydrological state (MatrixHydro_state) in that year. This
would provide a new vector (t1_eco_state) which described the
change in ecological state based on the hydrological conditions

of the current year. This would then be iterated across the time
series to generate a time series of ecological states, which was
replicated with stochastic sequences of hydrologic states for
each for each of the three-climate scenarios. A burn in period
of 10 years was used to decrease the influence of the initial
ecological state on the resultant time-series of ecological
condition.

3 RESULTS

3.1 Ecological Outcomes Over Historical
Flow Sequence
The modelled sequences reflected the observed declines in
condition for a number of species/communities toward the
end of the millennium drought, and a rapid recovery once the
drought broke. These included two fish, galaxiids and tupong,
and lotic macroinvertebrates (Figure 4). While there are
insufficient data to conduct a more thorough validation,
galaxiids and tupong were recorded in similar numbers in
2006 and 2012 (McGuckin, 2006; McGuckin, 2012), consistent
with predictions, although there is no data to indicate the state of
the population prior to the drought and at its peak in 2009. There
are also no published time-series data for macroinvertebrates.
The models also predicted the contrasting response of black
bream in the estuary, a species that was expected to show little
response to the drought conditions due to its ability to tolerate a
wide range of salinity levels and to breed and recruit under a wide
range of hydrologic conditions (Williams et al., 2012). While
there are no time-series data available for bream, surveys in 2012
found the population to be in good health, with higher catch per
unit effort (CPUE) in the Werribee than in any other Victorian
estuary (Warry et al., 2013).

TABLE 3 | Life-history traits of priority environmental values in the Werribee River.

Life-cycle
trait

Platypus Galaxiids Bream Pygmy
perch

Blackfish Tupong Still
water
insects

Non-insects
Macroinvertebrates

Flowing
water
insects

Longevity high
(10–15 years)

low
3–4 years

high 30 +
years

low
(3–4 years)

medium
(5–8 years)

Medium
(5–8 years)

low low low

Resistance of adults to
poor enviro conditions

Mediuma high high high Mediume high Highg Highg Mediumh

Fecundity low high high medium low medium? high high high
Ability to breed in a
wide range of
conditions

medium low medium-
high

mediumd mediumf low high high ?

Recruitment success low-medium mediumc medium-
high

medium medium medium 3 high high high

Dispersal ability low-mediumb mediumc high low medium medium 3 high low high
Time to maturity 2–3 years 1 year 2–3 years 1 year 2–3 years ? less than

1 year
less than 1 year less than

1 year

aLimited by amount of habitat. Resistant to poor water quality. Exposed to predation at extended low flow. Sensitive to fragmentation of population.
bGood dispersal ability but predation issues in lower catchment.
cRecruitment success impacted by passage barriers.
dRequires suitable vegetated still water habitat.
eSusceptible to poor water quality and high temperatures.
fDependent on structural features, require freshes to stimulate breeding.
gRefers to larvae in this instance.
hVulnerable to siltation and poor water quality.
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TABLE 4 | State-transition matrices for eight priority ecological values (populations/communities) in the Werribee River. Numbers in each table represent the probability that the population will transition from the current state
(left hand column) to the future state (top row) in a given time-step conditional on the hydrologic state (left-hand column).

Tupong Current
state

Future state Blackfish Future state P.
Perch

Future state Lentic
Inverts

Future state

Drought poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 1
average 1 average 0.25 0.75 average 0.1 0.9 average 0.5 0.5
good 1 good 0.25 0.75 good 0.1 0.9 good 0.5 0.5
very good 1 very good 0.25 0.75 very

good
0.1 0.9 very good 0.5 0.5

Dry poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 0.75 0.25
average 0.25 0.5 0.25 average 1 average 0.1 0.9 average 0.2 0.6 0.2
good 0.5 0.5 good 1 good 0.1 0.9 good 0.2 0.6 0.2
very good 0.25 0.75 very good 1 very

good
0.1 0.9 very good 0.2 0.8

Wet poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 0.25 0.5 0.25 poor 0.5 0.5 poor 0.1 0.8 0.1 poor 0.75 0.25
average 0.25 0.5 0.25 average 0.5 0.5 average 0.1 0.8 0.1 average 0.2 0.6 0.2
good 0.5 0.5 good 0.5 0.5 good 0.2 0.8 good 0.2 0.6 0.2
very good 1 very good 1 very

good
1 very good 0.2 0.8

Very wet poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 0.1 0.4 0.3 0.2 poor 0.75 0.25 poor 0.1 0.8 0.1 poor 0.25 0.75
average 0.2 0.4 0.4 average 0.75 0.25 average 0.1 0.8 0.1 average 0.25 0.75
good 0.4 0.6 good 0.5 0.5 good 0.2 0.8 good 0.25 0.75
very good 1 very good 1 very

good
1 very good 1

Tupong Current
state

Future state Blackfish Future state P. Perch Future state Lentic
Inverts

Future state

Drought poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 1
average 1 average 0.2 0.8 average 0.1 0.9 average 1
good 1 good 0.2 0.8 good 0.1 0.9 good 0.1 0.9
very good 1 very good 0.2 0.8 very

good
0.1 0.9 very good 0.25 0.75

Dry poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 1
average 0.25 0.5 0.25 average 1 average 1 average 1
good 0.5 0.5 good 1 good 1 good 1
very good 0.25 0.75 very good 1 very

good
1 very good 1
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contrast to those species that showed a quick recovery or limited
change, a number of other taxa were predicted to show much
slower recovery. For example, platypus populations were
predicted to still be in relatively poor condition several years
after the drought due to their lower reproductive capacity,
although some recovery was still forecast. This prediction of a
small but lagged recovery contrasts, however, with recent surveys
which suggest populations have not recovered (Josh Griffiths,
unpublished data). It is also the case that the model predictions
were “optimistic” regarding the initial health of platypus
populations (Figure 4), which in reality, were already in poor
condition prior to the drought (Griffiths et al., 2021). Predictions
for several other species, such as those for river blackfish and for
southern pygmy perch are untested.

3.2 Ecological Outcomes Under Climate
Change Scenarios
Stochastic projections of population condition were created for each
of the three climate scenarios. Individual model runs highlight the
dynamic nature of population cycles of some species, relative the
greater overall stability of others. Additionally, there was a trend
toward an increased risk of some species populations’ being in poor
condition for much of the time under scenarios of more persistent
droughts (Figures 5, 6). These risks were especially high for platypus
and for migratory fish, which experts predicted would suffer from
the loss of longitudinal connectivity, and hence breeding
opportunities, in drought years. Several other species, such as
black bream and southern pygmy perch were largely resistant to
increased drought persistence, although pygmy perch are known to
be affected by other local stressors not reflected in these scenarios
such as predation by introduced species. Several taxa, including
galaxiids and lotic invertebrates showed dynamic responses under all
three scenarios, and even with more persistent droughts, only brief
periods of favourable conditions are predicted to allow population
condition to recover quickly (Figure 5).

Averaging across multiple simulations under each climate
scenario there is a clear gradient of responses to increased
drought persistence (Figure 6 top panel), with species such as
bream, southern pygmy perch and communities of lentic
invertebrates relatively unaffected. By contrast, river blackfish,
galaxiids and lotic invertebrates showed large declines in
condition, even under a 10% increase in drought persistence,
and with only minor declines in condition if drought persistence
was to increase by 20% (Figure 6, middle panel). Finally, two taxa,
tupong and platypus showed declines in condition under the two
drought scenarios relative to the historic climate, but these
declines were against a backdrop of relatively few years in
which populations were predicted to be in good condition
even under the historic baseline (Figure 6, bottom panel).

4 DISCUSSION

Within the flow-ecology research discipline there is an emerging
focus on the development of models that can make temporally
specific predictions under future flow scenarios (Lytle et al., 2017;T
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Wheeler et al., 2017; Tonkin et al., 2019). However, currently
there are few examples in which such models have been
developed and applied in the flow-ecology literature, and
many such formulations, such as mechanistic demographic
models, require detailed information on vital rates (fecundity,
survival, dispersal) that is unavailable for most species and/or
locations (Urban et al., 2016).

An alternative formulation that provides limited insight into
underlying mechanisms, but which is more readily formulated
from simple time-series data or from expert opinion is a simple
sequential-state rate-based modelling approach, which seeks to
model changes in state from one time-step to another based on
some combination of antecedent conditions. Such approaches
have been widely used in vegetation science, but are relatively
underutilized in flow ecology research (Freeman et al., 2012; Bond
et al., 2018). Here we showed that such models can be relatively
easily developed and applied to explore expected population and
community dynamics in response to stochastically generated
future flow sequences. Furthermore, the models for exploring
the hydrological and ecological dynamics (and associated
uncertainties) are of a similar level of complexity, thereby
maximizing the efficiency of model development across those
two domains. It is worth noting that while we used simple annual

flow classes to define hydrologic “states”, an easy extension is to
use a Hidden Markov Model (HMM) to generate a sequence of
observed “events” (such as a the occurrence of a particular flow
pulse of specific magnitude and duration), the probability of
which is a product of both the probability of transitioning
between different hydrologic states and the probability of each
states “emission” of that event (e.g., Yen et al., 2013).

We modelled a suite of single species (fish, platypus) and
community (invertebrate) responses using an ordered ordinal
scale to describe population and community status (from poor to
good). Our approach considered the effects of antecedent flow
conditions at an annual time-step (i.e., wet years vs. dry years),
but with the response to these antecedent conditions also
conditional upon population health in the prior year.

Our modelled trajectories mirrored expectations and observed
trends in the condition of most populations in the Werribee
River, including the protracted, and in some cases slow and
relatively minor declines (e.g., bream) during the millennium
drought (1997–2009) and rapid responses to short-term
improvements in hydrologic conditions, such as the response
of galaxiid populations in response to flow pulses in 2006/7, 2010/
11. It is also notable that some populations (e.g., platypus and
tupong) show no substantial recovery after the millennium

FIGURE 3 |Hypothetical future flow sequences generated using the state and transition tables for the historical sequence (A), 10% increase in drought persistence
(B) and 20% increase in drought persistence (C). Tables 1, 2 for annual transition probabilities under each scenario.
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drought, which reflects the fact that hydrologic conditions have
been less severe, but still sufficiently dry to limit population
recovery. While we do not have local data to validate these
predictions, they are consistent with observations more
broadly for one of these two species, platypus, which have
undergone relatively widespread declines in abundance across
their broader geographic range due to drought (Serena and
Williams, 2010; Bino et al., 2021). Long-term monitoring of
population dynamics would greatly improve our ability to
more confidently paramaterise and validate models such as
these in the future.

The impacts of the millennium drought were amplified in the
two scenarios of more protracted drought, which again aligns
with expectations that many populations will contract and go
locally extinct across parts of their range because of climate
change (Bond et al., 2011; Bino et al., 2019). One limitation of
our models is that they do not include extinction as an irreversible
endpoint, although the inclusion of such absorbing states in the
Markov chain is straightforward if the conditions leading to local
extinction and no-recovery can be characterized. For some
species, such as those requiring a specific breeding trigger at
sub-generational time-scales, this may be relatively

FIGURE 4 | Predicted condition states for each population/community for the observed flow sequence from 1990 to 2010. The black line shows the runoff class in
each year; 0.25 = “Drought”, 0.5 = “Dry”, 0.75 = Wet, and 1 = “Very wet”.

FIGURE 5 | Projected trends in condition of each population/community under a single hypothetical hydrologic sequence produced under each climate scenario:
historical sequence (top), 10% increase in drought persistence (middle) and 20% increase in drought persistence (bottom). The black line shows the runoff class in each
year; 0.25 = “Drought”, 0.5 = “Dry”, 0.75 = Wet, and 1 = “Very wet”.
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straightforward using simple models such as those described here,
while in other cases such circumstances may be harder to predict.
Indeed, a broader limitation is the fact that absorbing states such
as extinction must be “hard-wired” into the models we developed
(either from empirical observations of past such events or from
expert input around situations where such an outcome would be
expected). This is different from more mechanistic models, in
which such outcomes may arise from specific combinations of
underlying rate processes (e.g., in terms of recruitment and
mortality) that have not been previously observed.

While there are a number of limitations to the non-
mechanistic STSMs we have developed, they offer several
advantages over traditional purely “state” based modelling
approaches, namely;

1) They provide a simple framework for examining temporal
flow-ecology dynamics.

2) The formulation can provide a steppingstone away from
purely “state” based thinking toward a “rates” approach.

3) Transition matrices can be derived from time-series data or
from expert elicitation, and outputs from both approaches can
be validated using new data.

4) The models are amenable to being run with input from
hydrological models of comparable complexity, including
extension to consider HMMs and more complex
hydrologic scenarios.

5) The models can be run stochastically and represent either
deterministic or probabilistic state-changes at each time-

step as befits the situation and available input/
calibration data.

6) The models are much less data intensive than comparable
mechanistic “rate” based approaches, while remaining
testable.

We hope this case-study demonstration will encourage
broader efforts to develop similar tools and approaches for
modelling flow-ecology relationships. We believe STSMs will
hold particular value in those situations where detailed
mechanistic models are not tractable, and yet greater
ecological realism is required for communicating
and evaluating ecosystem dynamics under alternative flow
scenarios.
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