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Abstract 9 

Droughts are a significant stressor to water supply systems and freshwater ecosystems.  10 

Studies on drought risks and impacts have focused on the frequency, duration, and severity 11 

of droughts. While these metrics may be appropriate for understanding the risks to 12 

consumptive water supply as they directly relate to deficits in catchment yields, they are 13 

insufficient to represent risks to ecosystems whose conditions are highly dependent on the 14 

sequencing of particular flow events. This paper explores the importance of differing 15 

sequences of wet and dry spells preceding and within a recorded drought period to water 16 

management objectives. A number of hydrological scenarios were developed by 17 

systematically making modest adjustments to the input hydrological sequences on an annual 18 

basis. A case study of the Murray Region (Australia) shows that sequencing of wet and dry 19 

spells both preceding and within a drought can have substantial influences on ecological 20 

outcomes during the drought period. This has implications for developing scenarios for 21 

assessing climate change risks, highlighting the importance of both traditional drought indices 22 

and the natural variability of hydrological sequences.  23 
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Introduction 26 

Water resources around the globe are becoming increasingly stressed as human demand for 27 

water increases (Vörösmarty et al. 2010). Climate change—exhibited through increasing 28 

temperature and changing precipitation—is projected to intensify the frequency, duration and 29 

severity of droughts (Cai and Cowan 2008; Dai, 2011; IPCC 2014), particularly in arid and 30 

semi-arid areas (Cayan et al. 2010; CSIRO 2008; Doody et al. 2014). This is already occurring 31 

in many parts of the world (e.g. MacDonald et al. 2008; Yu et al. 2014), exacerbating water 32 

scarcity (Mishra and Singh 2011). Many regions around the world exhibit highly variable 33 

inter-annual flow regimes, as in southern Africa and Australia where streamflows are 34 

particularly variable compared with rivers in the rest of the world (McMahon et al 2007). Water 35 

resources managers are grappling with how to implement policies that are resilient under 36 

variable and changing climate conditions (Garrick et al. 2013; Wang et al. 2009), particularly 37 

with the recognized importance of maintaining ecosystem health (Poff 2009). Understanding 38 

of the challenges of managing this natural climate variability and the characteristics of drought 39 

will provide insights for developing resilient policy responses under the further uncertainty of 40 

climate change (Deser et al. 2012; Xie et al. 2014). 41 

 42 

The resilience of water resources management under drought conditions is strongly 43 

dependent on our knowledge and characterization of droughts themselves (Barros and 44 

Bowden 2008). A number of drought indices are used to characterize droughts for both 45 

retrospective analysis and future risks assessment (Zargar et al. 2011). These indices 46 

represent drought duration, drought severity, and frequency or return period (e.g. Beersma 47 

and Buishand 2007; Cancelliere and Salas 2010; Keyantash and Dracup 2002; Sharma and 48 

Panu 2012). Assessments of droughts under climate change have generally focused on future 49 

trends in drought duration and severity using downscaled outputs of climate models (e.g. Cai 50 

et al. 2015; Dallas and Rivers-Moore 2014; Malhi et al. 2009), although some studies have 51 
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highlighted the need to investigate extreme events using indicators other than trends in mean 52 

values (e.g. Jentsch et al. 2007).   53 

 54 

While a few studies have highlighted the challenges in using regional climatic indicators to 55 

assess impacts on specific water supply systems (e.g. Westphal et al. 2007), drought indices 56 

based on some indicator of a deficit below average conditions are commonly used to represent 57 

impacts on water supply. Such metrics do not need to focus on the sequencing of events 58 

within the drought period as supply systems use stored water to supplement shortfalls. In 59 

contrast, ecological dynamics are shaped by a combination of the flow regime and internal 60 

feedbacks that are heavily dependent on the sequencing of particular flow events (Anderson 61 

et al. 2006). While one may argue that floodplains and wetlands naturally fluctuate between 62 

dry phases and periodic wet phases (Colloff et al. 2015; Colloff and Baldwin 2010), the impacts 63 

of extended drought periods—particularly on species that have long recovery trajectories—64 

cannot be overlooked (Bond et al. 2008; Colloff et al. 2015; Jentsch et al. 2007). This highlights 65 

the importance of the relationship between flow behavior during a drought period and the 66 

decline and recovery processes of species. For this reason, traditional drought statistics may 67 

not adequately represent the likely implications for ecosystem outcomes (Sofaer et al. 2017). 68 

 69 

While drought is commonly defined as a prolonged period of low flow conditions relative to the 70 

historical record (Tokarczyk 2013; Wilhite 2000), a region can experience punctuated wet and 71 

dry spells at various time intervals within a drought (Zargar et al. 2011). The sequencing of 72 

wetter or drier years within a drought (or indeed in the years leading into a drought period) has 73 

implications for the decline and recovery processes of individual species and for the overall 74 

condition of ecosystems more generally.  75 

 76 

This study explores the importance of sequencing of wet and dry spells preceding and within 77 

a drought period to water management outcomes. This is done by systematically making 78 

modest adjustments to flow sequences prior to and during a recorded drought period. The 79 
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Murray River, Australia is used as a case study. The impacts of modifying the sequence of 80 

flow both prior to and within the drought period are assessed using traditional metrics for water 81 

supply, and using sequence-dependent metrics for ecological management objectives. The 82 

paper then considers implications for future drought risk assessments and climate change 83 

impact studies.  84 

 85 

Approach overview 86 

We hypothesize that modest alterations in the sequencing of relative wet and dry spells on an 87 

annual scale can cause appreciable differences in ecological outcomes. We also predict that 88 

such changes will have a relatively small effect on consumptive water supply since water 89 

supply systems are primarily designed and operated to supplement shortfalls in the availability 90 

of water to meet consumptive water needs. That is, water supply systems are designed to 91 

accommodate shortfalls in supply volumes over specific durations, and are not greatly 92 

sensitive to the sequences of flows within periods of drought.   93 

 94 

To test these hypotheses, we developed a range of inflow scenarios based on changing or 95 

rearranging historical hydrological sequences. Influences of sequences in the period 96 

preceding the drought and within the drought were examined separately, where the former 97 

were sampled from historical records and the latter were stochastically re-ordered. These 98 

scenarios were implemented within existing water resources models and then used to 99 

examine the degree to which changes in dam operations associated with altered inflow 100 

sequences can impact on ecological outcomes. The outcomes for both water supply and 101 

ecosystem health were assessed based on the altered flow sequences, while impacts of 102 

changes in other factors relevant to ecosystems (e.g. water quality and water temperature) 103 

were not considered.  104 

 105 



5 
 

Case study area: the Murray region, Australia 106 

The Murray River region (Australia) includes the full length of the Murray River from its source 107 

in the mountains of New South Wales and Victoria, to its mouth where it enters the Southern 108 

Ocean in South Australia, covering an area of 207,667 km2 (around 20 percent of the Murray-109 

Darling Basin) (CSIRO 2008). It receives inflows from a number of tributaries including the 110 

Mitta Mitta, Kiewa, Ovens, Goulburn, Campaspe, Loddon, Murrumbidgee and Darling Rivers. 111 

The main stem of the Murray River is highly regulated with a series of locks and weirs. Major 112 

storages include Hume Dam located on the Murray River and Dartmouth Dam on the Mitta 113 

Mitta River (Fig. 1).  114 

 115 

 116 

Fig. 1. Map of Murray region  117 

 118 

The region has highly variable intra- and inter-annual precipitation. From late 1996 to mid-119 

2010, the Murray-Darling Basin experienced the most severe drought since records started in 120 

the late 19th century, known as the Millennium Drought (Leblanc et al. 2012). The water 121 

resource model for the Murray River region (Close et al. 2004) reflects this, with modelled 122 

average annual inflows to the Murray system over the drought period (July 1996 to June 2010) 123 

being 38% lower than the historical long-term (July 1895 to June 1996) average (Fig. 2).  124 
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 125 

 126 

Fig. 2. Annual system inflows and diversions 127 

 128 

Surface water resources are diverted or intercepted for a range of consumptive purposes. 129 

While the dominant land use in the region is dryland pasture, there are also extensive areas 130 

of irrigated crops including pasture and hay, and cereal and grain (Australian Bureau of 131 

Statistics 2011). Consumptive water users generally require a water entitlement, which 132 

specifies the volume and reliability of water resources they are able to extract from the water 133 

system in any given year. In the Murray River system, water allocations represent the volume 134 

of water that is actually available during a water year, defined as a percentage of the water 135 

entitlement volume. In other words, if an irrigator holds an entitlement of 100 ML, they may 136 

only receive a portion of this entitlement in a dry year, with the water allocation being, for 137 

example, 50% of the 100 ML entitlement. Allocations are subject to the assessment of water 138 

availability, defined based on both system inflows and the volume of water held in storage. 139 

There are high security and low security allocations, with low security water shares allocated 140 

after higher security entitlements have been met, making them more susceptible to dry 141 

conditions. Modelled average annual gross diversion in the Murray River region during the 142 

drought period decreased 12% compared to historical average from 1895/96 to 1995/96, with 143 

the lowest diversion volume (being only 46% of historical average) occurring in 2008/09 (Fig. 144 

2). 145 
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 146 

The region contains several wetlands of national and international importance and is home to 147 

a number of nationally significant plants and animals (Murray-Darling Basin Authority 2010). 148 

In developing the Basin Plan (a legislated plan for the sustainable and integrated management 149 

of water resources in the Murray-Darling Basin), the Murray-Darling Basin Authority identified 150 

seven key environmental assets to assess the environmental water requirements in the 151 

Murray Region (five of these are assessed in this study, as shown in Fig. 1). These sites are 152 

large flood-dependent wetland and floodplain systems that support populations of waterbirds, 153 

fish, and large forests and woodlands (MDBA 2012). It is estimated that water resources 154 

development in the Murray region and in the upstream contributing regions has approximately 155 

doubled the average period between significant inundation events for major wetlands and 156 

floodplain forests along the Murray River (CSIRO 2008). The condition of freshwater 157 

ecosystems was seen to decline significantly during the Millennium Drought, where for 158 

example, large areas of river red gum forests were found to have declined substantially (Doody 159 

et al. 2014; Leblanc et al. 2012). 160 

 161 

Analysis conducted 162 

Hydrological scenario development 163 

Hydrological scenarios were developed by: (i) changing the wet and dry conditions over the 164 

14-year period preceding the Millennium Drought, and (ii) rearranging hydrological sequences 165 

within the extended drought period. Each of these scenarios comprises time series of relevant 166 

climatic and hydrological variables, representing possible drought conditions. A 14-year 167 

preceding period was selected because it allows the responses of the river system to be 168 

evaluated for a range of conditions over a period equal to the length of the Millennium Drought, 169 

which is considered long enough to allow ecological condition to transition between different 170 

endpoints in response to changed hydrological conditions (see the decline and recovery 171 

pathways of relevant ecological elements in Overton et al. (2014)). In total, 56 scenarios were 172 
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developed (as listed in Table 1), including the actual historical condition (“Historical”) which 173 

was used as a baseline scenario.  174 

 175 

Table 1. Developed hydrological scenarios comprised of a preceding sequence of 14 years 176 

and a drought sequence 177 

Scenario Name Scenario Description 

Historical Historical preceding sequence + historical Millennium Drought 

W_MD0 Wet preceding sequence + historical Millennium Drought 

mW_MD0 Medium Wet preceding sequence + historical Millennium Drought 

M_MD0 Medium preceding sequence + historical Millennium Drought 

mD_MD0 Medium Dry preceding sequence + historical Millennium Drought 

D_MD0 Dry preceding sequence + historical Millennium Drought 

H_MDi (i = 1:50) Historical preceding sequence + stochastically rearranged years within 
the Millennium Drought 

 178 

In the first group of scenarios (the X_MD0 scenarios), sequences in the drought period were 179 

kept the same as occurred historically, but sequences in the period preceding the drought 180 

were constructed by sampling from long historical records. To construct preceding period 181 

scenarios representative of wet to dry conditions, the 14-year moving average of inflows to 182 

Lake Dartmouth and Lake Hume over the period prior to the Millennium Drought, i.e. 1895/96 183 

– 1995/96, is calculated, and the periods with moving average of exceedance of 10%, 25%, 184 

50%, 75%, and 90% were selected to represent “wet”, “medium-wet”, “medium”, “medium-dry” 185 

and “dry” preceding conditions, respectively. The average annual inflows during the actual 186 

preceding period (1982/83-1995/96) were found to be greater than the developed “medium” 187 

condition but less than the developed “medium-wet” condition.  188 

 189 

In the second group of scenarios (the H_MDi scenarios), the historical sequences within the 190 

drought were randomly rearranged on an annual basis. Specifically, the 14 years were 191 

stochastically re-ordered on an annual time step to form 50 replicates of different sequencing, 192 

with all concurrent daily and monthly climate series and tributary inflows rearranged in the 193 

same order to preserve the spatial correlations involved. Analysis of inflows to Lake Hume 194 
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and Lake Dartmouth showed that the autocorrelation of annual inflows within the drought 195 

period is not significantly different from zero (compared to a long-term value of 0.27), which 196 

indicates that each sequence of re-ordered years represents conditions that could be 197 

reasonably expected over the drought period.  198 

 199 

Water resources modelling 200 

A suite of water resources models representing the current level of development of the Murray 201 

River system (MSM-BIGMOD; Close et al. 2004) was used to simulate water management 202 

decisions and resulting flow conditions under each hydrological scenario. The modelling suite 203 

integrates a monthly model for simulating water sharing and system operations (MSM) and a 204 

daily time step flow and salinity routing model (BIGMOD), which are run sequentially. Key 205 

inputs include climate series, unimpacted inflows to the upper stream, impacted flows from 206 

major tributaries, and demands. The modelling suite provides outputs of allocations to 207 

entitlement holders, storage level, dam releases and spills, daily flows along the Murray River, 208 

and other metrics relevant to performance objectives. The function of salinity simulation was 209 

not used in this study. The daily flows along the river thus provide a basis for the assessment 210 

of ecological outcomes.  211 

 212 

Assessment of water resource management outcomes 213 

Water allocations and ecological conditions under each scenario were assessed to 214 

understand the impacts of modest differences in hydrological sequencing on water 215 

management outcomes during the drought period. 216 

 217 

Water allocations (representing the percentage of entitlement volume that is available) are 218 

used as a measure of the severity of drought impacts for consumptive water users. As low 219 

security water entitlements are the first to be impacted in dry periods, the assessment of water 220 

supply was based on the allocations provided to low security water entitlements in each month 221 
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of a year.  Although under extreme dry conditions high security water entitlements can also 222 

be impacted, it rarely occurred in history and shortfalls were generally small (CSIRO 2008). 223 

 224 

Ecological conditions were assessed at five sites along the Murray River using ecological 225 

response models that simulate the transition between different ecological condition states as 226 

a function of antecedent ecological conditions and the sequence of critical (low and high) flow 227 

components (Anderson et al. 2006; Hickey et al. 2015; Wang et al. 2017). The ecological 228 

models used were developed by Overton et al. (2014). The conceptual framework (Fig. 3) of 229 

this method has two elements: site-specific flow indicators (SFIs) and ecological condition 230 

transition pathways. Non-flow stressors are not included within the models. The environmental 231 

water requirements at a particular location are specified with SFIs, which are a suite of high 232 

flow events defined by flow magnitude, timing and duration, with a frequency of occurrence 233 

that is needed to achieve site-specific ecological targets (see the example shown in Fig. 3). 234 

SFIs were developed by the Murray-Darling Basin Authority to assist in the development of 235 

sustainable diversion limits for the Basin. SFIs are determined primarily based on the flow and 236 

habitat requirements relevant to recruitment opportunities for native fish, health of vegetation 237 

communities, and successful breeding of waterbirds (Overton et al. 2014). The condition 238 

transition pathways represent how the condition of an ecological element changes in response 239 

to different antecedent conditions and the frequency, magnitude, duration and timing of 240 

ecologically-important flow components, (i.e. the annual sequence of whether SFIs are 241 

achieved or not). In the example shown in Figure 4, if the predefined SFI is missing for three 242 

consecutive years, the ecological element in good starting condition will end in medium 243 

condition. This method assumes that ecological responses are driven by the sequencing of 244 

wet and dry spells, where a wet spell refers to one or more successive years in which an SFI 245 

is achieved while a dry spell is one or more successive years in which an SFI is not met. In 246 

this study, the success in meeting SFIs is determined based on the flow series simulated by 247 

the water resource model. Usually several SFIs (varying in magnitude, duration and timing) 248 
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contribute to achieving an ecological target at a particular location and therefore SFIs should 249 

not be considered in isolation. 250 

 251 

 252 

Fig. 3. Conceptual framework of the assessment method using condition-transition metrics 253 

(adapted from Overton et al. 2014) 254 

 255 

Overton et al. (2014) also represented ecological outcomes over a period as a single value for 256 

comparison purposes. Normalized numerical values are assigned to each defined ecological 257 

condition. For example, a numerical score of 0.9 is assigned if an ecological element is 258 

assessed as being in “good” condition for a given year, and 0.3 if in “poor” condition. Thus the 259 

average condition over a period can be represented with the mean value of annual ecological 260 

scores. As more than one SFIs (varying in magnitude, duration and timing) contribute to 261 

achieving an ecological target, the ultimate score of an ecological element at a location is 262 

weighted by the relative inundation extents of each SFI relevant to the location of the 263 

ecological element of interest. For example, seven SFIs were defined for the Barmah-Millewa 264 

Forest (see appendix for details). If SFI1 inundates 70 percent of the area relevant to a given 265 
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ecological element, and SFI2 inundates an additional 30 percent, then the ecological score 266 

calculated from SFI1 would be multiplied by 0.7 and that from SFI2 would be multiplied by 0.3 267 

to give a site score for the ecological element.  268 

 269 

Twelve ecological elements from three ecological classes (waterbirds, vegetation, and fish) 270 

are selected for analysis, as listed in Table 2. These elements are known to be representative 271 

of the ecology of floodplains in southern Murray-Darling Basin and cover a broad range of 272 

species and processes that respond to flow regime (Overton et al. 2014). Generally, 273 

vegetation has more gradual decline and recovery trajectories whilst faunal response time is 274 

shorter. The number of years required for recovery from the worst to the best condition (e.g. 275 

from critical to good) of most target vegetation species well exceeds the time it takes to decline 276 

in the first instance. The opposite is generally true for waterbirds and fish. The initial ecological 277 

condition of an ecological element at a location (condition at the start of 1982/83) was obtained 278 

from simulations over the recorded period prior to the assessment period of 1982/83-2009/10. 279 

Ecological scores were calculated for the drought period only. 280 

 281 

Table 2. List of ecological elements and summary of decline and recovery times  282 

Ecological 
class 

Ecological element 
Name used in 
this study 

Years from 
best to worst 
condition 

Years from 
worst to best 
condition  

Waterbirds 

General abundance and 
health – all waterbirds 

Birds Health 6 3 

Bitterns, Crakes and Rails Bird Group 1 4 5 
Breeding – Colonial nesting 
waterbirds 

Birds Breeding 1 -- -- 

Breeding – other waterbirds Birds Breeding 2 -- -- 

Vegetation 

River Red Gum Forests RRG Forest 10 20 
River Red Gum Woodlands RRG Woods 13 22 
Black Box Forests and 
Woodlands 

Blackbox 16 25 

Shrublands Shrublands 11 5 
Tall Grasslands, Sedgelands 
and Rushlands 

Tall Grass 11 3 

Benthic Herblands Benthic Herb 9 3 

Fish 
Short-lived/small-bodied fish Fish_short 4 1 
Long-lived/large-bodied fish Fish_long 6 2 

Source: Data from Overton et al. (2014)  283 



13 
 

 284 

Results and discussion 285 

Changed hydrological sequences across scenarios 286 

The five scenarios in which pre-drought sequences were changed differ substantially, as 287 

demonstrated by the differences in the duration and magnitude of wet and dry sequences 288 

evident in Fig. 4. These sequences represent wet, medium wet, medium, medium dry and dry 289 

conditions, averaged over the 14 years preceding the drought, although individual years may 290 

be wetter or drier than the average. For example, inflow in 1994/95 is the lowest under the 291 

medium dry scenario (mD_MD0) among the five scenarios, while inflow in 1995/96 is the 292 

lowest under the wet scenario (W_MD0).  293 

 294 

 295 

Fig. 4. Variation in Hume Dam inflows under different scenarios representative of wet 296 

(W_MD0), medium wet (mW_MD0), medium (M_MD0), medium dry (mD_MD0), and dry 297 

(D_MD0) conditions over the 14-year period preceding the Millennium Drought  298 

 299 

Annual inflows to Hume Dam under scenarios developed by stochastically rearranging the 300 

sequences within the period of the Millennium Drought are given in Fig. 5. The 50 scenarios 301 

are a small sample of all possibilities but are sufficient to illustrate the range of possible 302 

outcomes. Under the Historical scenario, it is seen in Fig. 5 that over the early period of the 303 

drought, the wetter years (i.e. 1996/97, 1998/99, 2000/01) are fairly evenly distributed, 304 

whereas this may not be the case in the stochastically generated scenarios. As shown by the 305 



14 
 

percentile bounds in Fig. 5, these wetter years may occur at any time in any sequencing, for 306 

example, continuously at the beginning or in the end or much more sporadically. 307 

 308 

 309 

Fig. 5. Variation in Hume Dam inflows for different scenarios obtained by stochastically 310 

re-arranging annual sequences during the Millennium Drought 311 

 312 

Impacts of hydrological sequences on water allocations 313 

Assessments of low security water allocations during the drought period show only slight 314 

differences due to the alterations in input hydrological sequences. Fig. 6 and Fig. 7 show the 315 

results of New South Wales low security entitlements as an example. This is perhaps to be 316 

expected as the altered sequencing does not change the total deficit in inflows below average 317 

conditions over the period of the drought. Where sequences preceding the drought are 318 

changed, the more substantial differences in allocations are only seen in the early years of the 319 

drought (Fig. 6). As an example, in 1996/97 and 1998/99, 100 percent allocation is achieved 320 

earlier under the Historical scenario than under the medium-dry scenario (mD_MD0), while in 321 

1997/98 and 1999/00, 100 percent allocation is never achieved under the mD_MD0 scenario. 322 

The medium-dry scenario has lower allocations in the early period of the drought than other 323 

scenarios because of the lower inflows in 1994/95 and 1995/96 (Fig. 4), which significantly 324 

impacted dam storage levels at the beginning of the drought. When the sequences of flows 325 

within the period of the Millennium Drought are re-ordered, there are generally minimal 326 

impacts on low security allocations. Fig. 7 illustrates the statistics of low security water 327 

allocations in each month over the drought period (1996/97-2009/10), with the left-hand side 328 
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box-plots showing the statistics under the Historical scenario and the right-hand side box-plots 329 

summarizing the statistics of all 50 developed scenarios. It is seen that the 25th/75th percentile 330 

bounds of allocations made during the Historical period are largely similar to the allocations 331 

provided in the 50 scenarios based on re-arranged annual flow sequences. However, in 332 

extreme cases, allocations in some months in the re-arranged scenarios could be well below 333 

what is provided historically (e.g. the minimum allocations in December and later months 334 

obtained from the re-ordered scenarios are near zero, while historical allocations reached 20 335 

percent). 336 

 337 

 338 

Fig. 6. Allocations to New South Wales low security water entitlements during the drought 339 

when changing sequences in the period preceding the Millennium Drought 340 

 341 

 342 
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Fig. 7. Allocations to New South Wales low security water entitlements during the drought 343 

when rearranging sequences in the Millennium Drought. Whisker boxes show from top to 344 

bottom the maximum, 75th percentile, 50th percentile, 25th percentile and minimum 345 

 346 

Impacts of hydrological sequences on ecological conditions 347 

Influence of changing sequences in the preceding period 348 

For all five environmental assets along the Murray River, it is found that differences in flow 349 

conditions over the preceding 14-year period have an appreciable impact on ecological 350 

outcomes during the drought. Results are presented here for the Barmah-Millewa Forest, and 351 

similar behavior is found at all sites. Fig. 8 gives the average ecological score over the drought 352 

period (1996/97-2009/10) of each ecological element at Barmah-Millewa Forest. As expected, 353 

in most cases ecological outcomes during the drought period are worse if the flow conditions 354 

in the preceding period are dry rather than wet. For example, when the preceding period is 355 

dry (D_MD0), the average ecological score for almost all ecological elements is worse than 356 

under all other scenarios. There are, however, a number of exceptions. For example, 357 

conditions of general abundance and health of all waterbirds (Birds Health) are better when 358 

the preceding period is medium-dry compared to the medium-wet and medium scenarios. 359 

Similarly, although the historical recorded 14-year preceding period is drier than the medium-360 

wet scenario, the ecological condition of all waterbirds, tall grasslands, sedgelands and 361 

rushlands (Tall Grass), and benthic herblands (Benthic Herb) is better under the Historical 362 

scenario than under the wetter scenario.  363 

 364 
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 365 

Fig. 8. Average ecological scores of ecological elements at Barmah-Millewa Forest during 366 

the Millennium Drought, when pre-drought water-year sequences are changed (note that 367 

Shrublands is not an ecological element at this site) 368 

 369 

The differences in ecological outcomes across scenarios are more pronounced for general 370 

abundance and health of all waterbirds (Birds Health) and most ecological elements of 371 

vegetation class. For example, the average ecological score of river red gum forests (RRG 372 

Forest) ranges from 0.16 (D_MD0) to 0.62 (W_MD0), and that of general abundance and 373 

health of all waterbirds (Birds Health) ranges from 0.02 (D_MD0) to 0.35 (W_MD0). In contrast, 374 

the variation across scenarios for other ecological elements of waterbirds class and all of fish 375 

class is small, with, for example, the average score of long-lived/large-bodied fish (Fish_long) 376 

only varying from 0.50 (D_MD0) to 0.58 (W_MD0). There are several reasons why some 377 

ecological elements are more sensitive to flow conditions preceding the Millennium Drought. 378 

First, different ecological elements benefit from different SFIs and the area weighting factor 379 

for an SFI varies between ecological elements (details are provided in Appendixes). For 380 

example, though higher flows are more important for most ecological elements, lower flows 381 

with longer durations are more relevant to bitterns, crakes and rails (Bird Group 1) and to 382 

benthic herblands (Benthic Herb). Second, condition-transition pathways of different 383 

ecological elements are not identical. Where a long period of time is needed to incur decline 384 

and recovery (e.g. vegetation class), changes in the sequences preceding the drought are 385 
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likely to influence ecological outcomes during the subsequent drought period. In contrast, 386 

where transitions between condition states are short, variations in the preceding hydrological 387 

sequences are less likely to impact on ecological condition during the drought period. For 388 

example, the spread of assessments of breeding of colonial nesting waterbirds (Birds 389 

Breeding 1) and breeding of other waterbirds (Birds Breeding 2) are quite narrow as their 390 

health conditions are independent of antecedent flow sequences. A third factor influencing 391 

sensitivity to antecedent flow conditions is that the identified ecological endpoints and 392 

associated scores vary by ecological element. For example, ecological scores of fish class 393 

exhibit relatively small variations as they have only three condition states (good, average, and 394 

poor, with associated scores of 0.9, 0.6 and 0.3), whereas river red gum forests (RRG Forest) 395 

has five condition states with associated scores that vary from 0.9 to 0.1. 396 

 397 

There are two ways in which changing the sequences in the period preceding the drought can 398 

affect the ecological outcomes during the drought period. First, different antecedent conditions 399 

may lead to different ecological and storage conditions at the start of the drought period, and 400 

second, different flow sequences preceding the drought may impact on the timing and 401 

frequency of SFIs that do occur during the drought period. The two mechanisms are discussed 402 

in detail below using the examples shown in Fig. 9 of the tracked condition of general 403 

abundance and health of all waterbirds (Birds Health) and river red gum forests (RRG Forest) 404 

at Barmah-Millewa Forest under different scenarios in response to the sequence of SFI 405 

achievements. 406 

 407 
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 408 

Fig. 9. Condition traces of selected ecological elements at Barmah-Millewa Forest when 409 

changing sequences in the period preceding the Millennium Drought 410 

 411 

Generally the healthier the ecological element is at the start of the drought, the greater its 412 

tolerance to successive dry periods (e.g. Fig. 9a). The ecological condition at the start of the 413 

drought is influenced by both the frequency of SFI achievement and their sequencing during 414 

the preceding period. Three examples illustrate this influence. First, permutation of the years 415 

with a fixed number of SFI achievements in the preceding period results in different ending 416 

conditions, as can be seen in Fig. 9(a) where changed sequencing of the 5 years that SFI is 417 

achieved in the period preceding the drought render general abundance and health of all 418 

waterbirds (Birds Health) in “good” condition in 1995/96 under Historical scenario but in “poor” 419 

condition under mW_MD0 scenario. Second, fewer SFI achievements in a sequence that more 420 

closely matches the ecological flow requirements can result in better ending conditions, as 421 

shown in Fig. 9(a) where under the mD_MD0 scenario Birds Health is assessed as in “medium” 422 

condition in 1995/96 with four years that SFI is achieved but is assessed as “poor” under 423 

mW_MD0 scenario even though there are five SFI achievements. Third, more SFI 424 

achievements in proper sequencing can maintain a healthy condition until the commencement 425 

of drought as illustrated by Fig. 9(b). Under the mW_MD0 scenario river red gum forests (RRG 426 

Forest) is maintained in “good” or “medium” condition into the drought benefiting from the four 427 

SFI events and by comparison it is assessed as in “poor” condition in 1995/96 under the 428 

M_MD0 scenario with SFI achieved twice in the preceding years.  429 
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 430 

Sequences in the period preceding the drought can impact the achievement of SFIs within the 431 

drought, an example of which is shown in Fig. 9(b). In 2000/01, the SFI is achieved only under 432 

the Historical scenario, ensuring that river red gum forests (RRG Forest) does not deteriorate 433 

to “critical” condition at the end of the drought but it does end in “critical” condition under other 434 

scenarios. The achievement of the SFI in 2000/01 under the Historical scenario is due to the 435 

larger dam spills in this year compared with other scenarios (see Fig. 10 for the mD_MD0 436 

scenario for example). This difference in dam spills is due to the difference in storage levels.  437 

Different releases made between October and December in 1998 (Fig. 10) caused this 438 

different storage behavior. Since additional releases are made under the mD_MD0 scenario 439 

during this period, the storage level reduced more and remained lower until it reached full in 440 

October 2000, which is one month later than historical. 441 

 442 

 443 

Fig. 10. Release, spill and total discharge from Hume Dam 444 

 445 

Influence of rearranging sequences during the drought  446 

For all five environmental assets along the Murray River, it is found that differences in flow 447 

conditions during the drought period have an appreciable impact on ecological outcomes 448 

within this period. Results are presented here for the Barmah-Millewa Forest, and similar 449 

behavior is found at all sites. The average ecological score over the drought period of each 450 
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ecological element at Barmah-Millewa Forest is calculated, and the results across the 50 451 

developed scenarios are summarized using box-plots (Fig. 11). For most ecological elements, 452 

the Historical scenario shows better outcomes than the majority of scenarios. This is due to 453 

the distribution of wetter years in the early period of the drought (refer to discussion of Fig. 5), 454 

which filled storage reservoirs at key intervals and allowed for the management of ecologically 455 

beneficial flow regimes. 456 

 457 

 458 

Fig. 11. Average ecological scores of ecological elements at Barmah-Millewa Forest when 459 

rearranging sequences in the Millennium Drought. Whisker boxes show from top to bottom 460 

the maximum, 75th percentile, 50th percentile, 25th percentile and minimum 461 

 462 

The impacts on ecological outcomes from rearranging the sequences within the drought period 463 

(Fig. 11) present differently to those from altering the sequences preceding the drought (Fig. 464 

8). There is less variation across scenarios in results of general abundance and health of all 465 

waterbirds (Birds Health), river red gums (RRG Forest and RRG Woodlands), and blackbox 466 

forests and woodlands (Blackbox). However, rearranging sequences within the drought results 467 

in larger variations for ecological elements such as Breeding – Colonial nesting waterbirds 468 

(Birds Breeding 1), Breeding – other waterbirds (Birds Breeding 2), and those of fish class. 469 

When compared with the results under Historical scenario, the average ecological scores for 470 

bitterns, crakes and rails (Bird Group 1), tall grasslands, sedgelands and rushlands (Tall 471 
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Grass), and benthic herblands (Benthic Herb) assessed under scenarios where preceding 472 

sequences are altered are either the same or lower, but a number of scenarios where 473 

sequences within the drought are rearranged provide better outcomes. 474 

 475 

There are two ways in which re-ordering the sequences within the drought can impact 476 

ecological outcomes during the drought period. First, rearrangements of flow sequences may 477 

change the relative timing of years with SFIs being achieved, and second, rearranged flow 478 

sequences during the drought may impact on the frequency of SFI achievements. The two 479 

mechanisms are discussed in detail below with examples shown in Fig. 12 of the tracked 480 

condition of Bitterns, Crakes and Rails (Bird Group 1) and River Red Gum Forests (RRG 481 

Forest) at Barmah-Millewa Forest under different scenarios in response to the sequence of 482 

SFI achievements. 483 

 484 

 485 

Fig. 12. Condition traces of selected ecological elements at Barmah-Millewa Forest when 486 

rearranging sequences within the Millennium Drought 487 

 488 

Where the number of SFI achievements is unaffected, changing the relative timing of these 489 

events can be important. For example, in Fig. 12(a), under the Historical and H_MD24 490 

scenarios, the SFI is achieved twice during the drought period, but the different timing leads 491 

to different outcomes for Bitterns, Crakes and Rails (Bird Group 1). For Bird Group 1, two 492 

consecutive SFI events are required for a change in condition from “absent” to “poor”, and 493 

from “poor” to “medium”. Under the Historical scenario, the SFI achieved at the beginning of 494 
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the drought (1996/97) combines with one in the previous year to recover the condition of Bird 495 

Group 1 from “poor” to “medium”, however the second SFI event occurred when it is in “absent” 496 

condition and without a subsequent event, so it does not lead to recovery. In contrast, under 497 

the H_MD24 scenario, the two SFI events are consecutive (1998/99 and 1999/20) and allowed 498 

a short-lived recovery. The responses of river red gum forests (RRG Forest) present more 499 

variations between scenarios (Fig. 12b) since its decline and recovery require a longer time. 500 

Specifically, at the end of the drought, RRG Forest is assessed as being in “poor” condition 501 

for four years under the Historical scenario, in “critical” condition for four years under the 502 

H_MD39 scenario, and a combination of “medium” and “poor” condition for four years under 503 

the H_MD41 scenario. The condition at the end of the drought is important as it influences the 504 

recovery process after the drought.  505 

 506 

Rearrangements of sequences within the drought can impact the frequency of years that an 507 

SFI is achieved during the drought period. As shown in Fig. 12(a), there are two years in which 508 

the SFI is achieved in the historical record during the drought, but there are three under the 509 

H_MD5 scenario. Similar to the case illustrated in Fig. 10, the additional SFI event is due to 510 

the changes in storage behavior, which are caused by altered inflows and release patterns, 511 

which in turn impact on the timing and magnitude of spill events.  512 

  513 

Conclusions 514 

This study examines the importance of wet and dry spell sequences preceding and within a 515 

drought on the condition of ecologically important assets. A number of hydrological scenarios 516 

were developed by systematically adjusting water-year sequences prior to and within a 517 

recorded drought period, and these were used to assess the effects on water supply and 518 

ecological outcomes at selected sites along the Murray River, Australia. 519 

 520 
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Results of traditional drought-impact metrics (e.g. water allocations) show that the differences 521 

in outcomes caused by altering sequences are for the most part minimal. Where sequences 522 

in the preceding period are altered, appreciable differences in low security water allocations 523 

are only seen in the beginning of the drought though may last for several years. Where 524 

sequences within the drought are re-ordered, there are generally minimal impacts on low 525 

security allocations although there are a small number of scenarios that lead to a reduced 526 

allocation for these users. This is not unexpected as water supply systems are designed to 527 

accommodate shortfalls in water availability, and are thus more sensitive to the overall 528 

magnitude and duration of supply deficits than to the inter-annual sequencing of flows over 529 

the drought period.  530 

  531 

The hypothesis being tested in this paper is that altered sequencing (consistent with natural 532 

variability) would significantly affect ecological condition. The results from the study support 533 

this hypothesis, and demonstrate that sequences both in the period preceding and during the 534 

drought can have a large impact on ecological condition during the drought. As ecological 535 

dynamics are closely linked to the sequence of particular flow events, ecosystems under 536 

extended dry periods are more sensitive to any modest changes in hydrological sequences. 537 

The variation in the results across scenarios is significant in both the overall condition (average 538 

ecological score) and the ending condition, the latter of which directly relates to recovery 539 

processes after drought.  540 

 541 

The potential effect of sequencing on ecological outcomes has important implications for the 542 

way drought impacts and climate change risks are assessed. It highlights the need to move 543 

past simple scaling of historical sequences (a commonly used approach where a factor is 544 

applied to the historical sequence on an annual or seasonal basis) to generate climate change 545 

scenarios. Instead, careful thought needs to be given to the representation of natural variability 546 

in the occurrence and sequencing of wet and dry spells within the modelled period.  547 

 548 
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Appendix I: Site-specific flow indicators (SFIs) defined for the Barmah-Millewa 549 

Forest 550 

SFI Flow threshold (ML/d) Total duration (day) Minimum duration (day) Timing 

SFI1 12,500 70 7 Jun – Nov 
SFI2 16,000 98 7 Jun – Nov 
SFI3 25,000 42 7 Jun – Nov 
SFI4 35,000 30 7 Jun – May 
SFI5 50,000 21 7 Jun – May 
SFI6 60,000 14 7 Jun – May 
SFI7 15,000 150 7 Jun – Dec 

 551 

Appendix II: Weightings of SFIs for ecological elements at Barmah-Millewa 552 

Forest 553 

Ecological Element SFI1 SFI2 SFI3 SFI4 SFI5 SFI6 SFI7 

Birds Health 0.00 0.02 0.12 0.29 0.26 0.20 0.11 
Bird Group 1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 
Birds Breeding 1 0.00 0.00 0.14 0.29 0.26 0.20 0.11 
Birds Breeding 2 0.00 0.00 0.19 0.33 0.20 0.14 0.15 
RRG Forest 0.08 0.05 0.16 0.34 0.21 0.17 0.00 
RRG Woods 0.07 0.02 0.09 0.30 0.32 0.21 0.00 
Blackbox 0.09 0.01 0.03 0.13 0.33 0.41 0.00 
Tall Grass 0.10 0.06 0.16 0.34 0.20 0.14 0.00 
Benthic Herb 0.69 0.04 0.07 0.06 0.09 0.05 0.00 
Fish_short 0.12 0.03 0.16 0.33 0.20 0.14 0.03 
Fish_long 0.10 0.02 0.12 0.29 0.26 0.20 0.02 

 554 
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