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Abstract

River regulation and water extraction have substantially reduced the flooding of wetlands along inland NSW
rivers. More natural inundation regimes are being restored through specific environmental water alocations
via water sharing plans. The Integrated Quantity and Quality hydrological model (IQQM) has been
developed to support water management planning, including more recently the allocation and management
of environmental water. IQQM runs can simulate long-term flow conditions without the effects of flow
regulating structures (‘undeveloped’) as well as current and revised river flow scenarios. In this study, the
effects of environmental flow releases on riparian wetland inundation are predicted by adding simple
wetland hydrological data to the Lachlan River 1QQM. This modelling indicates that when most
environmenta flows are delivered (June-November) thereisasignificant (P < 0.001) interaction between the
flow scenario (1993/4 cap, 2004 Water Sharing Plan or undeveloped) and wetland type (mid-Lachlan
billabong, lower Lachlan billabong or lower Lachlan swamp) inundation frequency. Lower Lachlan and, to a
lesser extent, mid-Lachlan wetlands have benefited from the implementation of environmental flow rules. An
empirical relationship between the duration of wetland flooding and the size of colonial bird breeding events
was also developed for the nationally significant Booligal swamp. This relationship indicates that to ensure
colonial bird-breeding eventsat ~ 20,000 ibis nests, aflood needs to be maintained for ~ 90 days.
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I ntroduction

An understanding of how wetlands will respond to large-scale water management changes needs to be
developed in order to effectively manage wetlands (Wettin and Bennett 1988, Wettin et al. 1994, Kingsford
and Johnson 1998). Thisis particularly the case in the Lachlan River valley that has many wetlands of high
conservation significance (EA 2001) and which are spread over avery large area (Wettin and Bennett 1988).
Hence, it isimportant to be able to predict the response of wetlands to changed water regimes, particularly
when there are competing water uses. An important aspect of such a prediction is the determination of
environmenta “values’ or outcomes that can be achieved by atering water regimes or by providing
environmental allocations.

The Lachlan River has received environmental water allocations since 1992. This environmental water was
managed ‘reactively* (i.e., not according to predetermined rules) in response to an ecological trigger or water
quality problem (LRMC 2002). In 1998, revised environmental rules were established to provide
environmenta water to achieve specific outcomes, particularly for wetland flooding and native fish breeding
(LRMC 1999). The main provision was for up to 350,000 ML/year of ‘tranducent’ flow (defined below) to
be provided during the natural flood months of June to October, which resulted in substantial flooding of the
lower river and its wetlands (LRMC 1999). In 2000 the Lachlan River Management Committee (LRMC)
was requested to further review these rules, including the translucent environmental water rules, for the
establishment of a statutory water sharing plan. The new rules were required to maintain irrigation

! The Water Sharing Plan was gazetted in February 2003.



extractions at 1993/94 cap |levels. One change to the rules was the extension of the annual environmental
flow period by one month, from October to November. The Integrated Quantity and Quality hydrology
model (IQQM, DLWC 1999) was the primary tool used to assess the effects of different flow rule scenarios.
The IQQM was aso used for coarse assessments of environmenta outcomes (LRMC 2002).

One of theinitiatives of the water sharing plan process was to devel op better predictive computer-based
flow-ecology models, which would allow direct connection between the hydrological information in IQQM
and ecol ogical responses to river flows and wetland inundation. Hence, we describe current and novel
progress in devel oping ecological response models. Wetland inundation modelling, based on wetland
commence to flow (Green et al. 1998), are linked to IQQM runs that model current and undevel oped
conditions, for the long-term purpose of linking the IQQM to biological responses measured in numerous
discrete wetlands.

M ethods
Field studies

Twelve riparian wetlandsinitially selected for the environmental flow-monitoring program run by DIPNR
(the Integrated Monitoring of Environmental Flows program or IMEF, Chessman et al. 2003, Figure 1) were
used to gather data for wetland flow modelling. Riparian wetlands are defined in this study as billabongs or
swamps that are up to about a kilometre away from the river. Four billabong wetlands were randomly

sel ected within the mid-Lachlan and the lower-Lachlan (Figure 1). The mid-Lachlan and lower Lachlan
wetlands are distinct in terms of ecology, hydrology and geomorphology (see DLWC 1997). Four nationally
significant (EA 2001) swamps (or ‘ back-swamps', cf. Green 1997) were chosen non-randomly from the
lower Lachlan. Field studies were partly used to determine wetland commence-to-flow (CTF). The CTF of a
wetland is the discharge (ML/day) at a nearby river gauge at which awetland just startsto fill (Green et al.
1998). CTF, duration of inundation (T,,), and the lower threshold for ‘wetland inundation’ (W (m)) for
riparian wetlands, were determined for all 12 wetlands from numerous (average number of observations per
wetland = 7.2, range 5-10) field observations from 1998 to 2001. W is the estimated water depth at and
above which aquatic plant growth occurs. W was defined as 10 cm for swamps, and the observed boundary
between aquatic and terrestria plant growth in billabongs. T, isthe time awetland takes to drain below W.
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Figure 1 The Lachlan Valley with the spatial extent of the Lower Lachlan and Mid-Lachlan, and wetlands used for
the monitoring of environmental flows (IMEF wetlands; see methods for additional explanation).



The Lachlan riparian wetland |QQM
This study uses three IQQM scenarios, representing the 1898-2000 hydrol ogical record:

Undeveloped (run NO9) - the current Lachlan river with all water management infrastructure and water
extraction activities removed;

Cap (run E71a) - the Murray-Darling Basin cap on diversions run. It includes all water supply
infrastructure, irrigation extraction as of 1993/94 levels and no environmenta water allocation; and

2004 Water Sharing Plan rules (WSP; run E229). Thisrunincludes all water supply infrastructure,
irrigation extractions at the 93/94 cap levels and environmental water allocations (up to 350,000 ML/yr
of translucent environmental flows between June and November calculated at the Lachlan River near
Lake Brewster, an Environmental Contingency Allowance of 20,000 ML/yr and a Water Quality
Allowance of 20,000ML/yr). A translucent flow is the partial release of an inflow into the main river
storage at the time of the inflow occurrence.

Thewetland IQQM runs made the following assumptions to estimate when and how often (in days) each
wetland was inundated over the yearsin the model: 1. Wetland fill occurred when aflow event at the
designated river gauge exceeded the CTF and the wetland was empty (depth < W) just prior to thefill; 2.
Once thefill occurred the wetland was inundated for T,, days and 3. The wetland was ‘empty’ T,, days after
thefill occurred and then remains empty until another flow event exceedsthe CTF level.

All 1QOM analyses focused on the months of June to November, when environmental flow allocations
mostly occur in the WSP run. The effects of IQQM run and wetland type on the number of inundation days
were assessed by fitting alog-linear model with gamma errors (McCullagh and Nelder 1989). The log-linear
model provided an adequate fit to the inundation frequencies with no overdispersion and therefore the
assumptions of this procedure were not violated. The ‘risk’ isthe probability that a wetland will befilled
given the wetland type and the flow scenario (1 = will fill; 0 = will not fill). The risk of wetland fill under the
cap and WSP runs were compared firstly with the reference flows, then with each other (sensu Kleinbaum et
al. 1998). Thislog-linear model is analogous to a two-way analysis of variance (ANOVA). Although
calculations were based on differences in wetland fill risk, results were ssimplified by reporting the
percentage difference in wetland fill between different scenarios.

Event duration analyses and colonial waterbird breeding

Event duration curves were used to indicate the relative frequency of different durations (days) of continuous
inundation in Booligal swamp, where water levels did not drop below the CTF. These anayses focused on
Booligal swamp becauseit is targeted in the environmental flow rules (LRMC 2002), and is a colonia
waterbird breeding site of national significance (EA 2001). Surveys during flood eventsin Booligal swamp
have been completed using ground and/or aerial methods (see Magrath 1992, Kingsford and Johnson 1998)
since 1984 (Table 1; LRMC 1999, Chessman et al. 2003). Preliminary analyses indicated all colonial
waterbird breeding eventsin Booligal swamp (consisting of mostly ibis: Threskiornis spinicollis,

T. aethiopica and Plegadis falcinellus) recorded since 1984 occurred above 2,500 ML/day at Booligal Weir
(NSW Department of Infrastructure, Planning & Natura Resources, unpublished data). A flow of

2,500 ML/day corresponded to the Booligal swamp CTF.

Tablel Number of ibis nests observed at Booligal swamp since 1984 versus the duration of flows above the
threshold for flooding Booligal swamp (2500 ML/day at Booligal weir; ‘flood duration’).

Year Number of ibis nests Flood duration

1984 80,000 96
1989 25,000 155
1990 45,000 186
1992 10,000 52
1993 40,000 78
1996 450 19
1998 40,000 93

2000 36,000 120




The number of ibis nests versus the duration of flows above 2,500 ML/day at Booligal Weir were modelled
by a Generdized Linear Model (GLM) with a Poisson error family and alog link function (McCullagh and
Nelder 1989) using S-PLUS" software (Insightful 2002). The goodness of fit of the GLM was assessed by
comparing the residua deviance of the model with a Chi-squared distribution with degrees of freedom equal
to the residua degrees of freedom of the model (Dobson 2002). In addition, an approximation of the amount
of variation explained by the predictor, number of days exceeding 2,500 ML/day, was obtained by

cal culating the pseudo-R? statistic (Dobson 2002).

Results
Effects of flow regulation on riparian wetland inundation

Lachlan River riparian wetlands under the 2004 Water Sharing Plan (WSP) receive 30% less inundation time
compared to undevel oped conditions. However, 9% more wetland inundation occurs under the WSP versus
cap conditions (Table 2). IQQM run and wetland type significantly influenced the number of wetland
inundation days, with IQQM run influencing wetland inundation more than wetland type (change in deviance
= 10,433 versus 7,494, total deviance = 37,243, df = 35). There was a significant interaction between
wetland type and IQQM run (change in deviance = 1572, df = 4, Table 2). Alterations to the cap run, now
part of the WSP run, predominantly affected wetland inundation in the lower Lachlan. There hasbeen a1, 10
and 18% increase wetland inundation frequency in the mid-Lachlan billabongs, lower Lachlan swamps and
lower Lachlan billabongs respectively (calculated as a percentage of the undeveloped run; Table 2).
Differencesin wetland inundation days between WSP and undevel oped conditions varied from 56% and
59% for wetlands that fill at low and high flows in the Great Cumbung Swamp respectively to 92% for a
billabong that fills at low flows near Condobolin (see Figure 1).

Table2 Average wetland inundation days per year during June to November 1898-2000 for Lachlan wetland
types. Cap = 1993/94 cap; WSP = 2004 Water Sharing Plan. Values in brackets indicate the percentage of
undevel oped (NO9) wetland inundation.

Wetlands Undeveloped WSP Cap
(NO9) (E229) (71a)
Mid Lachlan billabongs 90 69 (78%) 68 (77%)
Lower Lachlan billabongs 65 47 (72%) 35 (54%)
Lower Lachlan swamps 90 55 (62%) 46 (52%)
Averagefor all wetlands 81 57 (70%) 50 (61%)

Alterations to event frequency in Booligal swamp because of flow regulation and the WSP were not constant
among inundation periods of different lengths. Flows at Booligal weir above 2500 ML/day (the Booligal
swamp commence-to-flow) with a duration from 1 to ~ 60 days are more common in the undevel oped run
(Figure 2). Very prolonged events, ~ 160 days, are more common under the WSP than in either the cap or
undeveloped runs, but it should be noted this difference was influenced by less than five events. Although for
much of the duration plot there was little difference between cap and the WSP, there was an overall
difference in wetland fill days (irrespective of whether they were continuous) and flow volume (123, 55 and
75 days and 12,543, 6,926 and 8,748 GL for the undevel oped, cap and the WSP scenarios respectively).
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Figure 2 Frequency (number of events) of wetland flooding duration (days) for Booligal swamp under
undevel oped, cap and 2004 Water Sharing Plan conditions over an ~100-year period. Underlined values (rounded
values from Table 3) placed aong the undeveloped line indicate the predicted size (number of ibis nests) of the
ibis breeding event; based on an empirical relationship between the duration of wetland flooding and the size of
colonial bird breeding events.

Flow duration analyses and bird breeding
The number of ibis nests were described by the following equation:

loge (Mean number of nests) = 5.342 + 1.035 * log, (number of days> 2,500 ML/day)............... (Equation 1)

The equation only appliesto years when the number of ibis nests exceeded zero. A high Cook®D statistic
(indicating a large influence on the slope) and residual diagnostics from the regression models showed that
the count of 80,000 nests reported during 1984 was unusually high for this single explanatory variable-model
(see discussion below), and had a disproportionate influence on the model parameters. This value was
removed, resulting in a more conservative model. The number of days exceeding 2500 ML/day explained a
significant proportion of the variation in nests (pseudo-R? = 59%; change in deviance = 86,014 on 1 d.f.,

p < 0.001).

The relationship between the size of ibis breeding events and the duration of flows above the Booligal
swamp CTF is shown in Table 3 and has been transposed onto Figure 2 to indicate the frequency of breeding
events for the undeveloped, WSP and cap scenarios. To ensure breeding events ~ 20,000 pairs, within 95%
confidence limits, flows need to be maintained for ~ 90 days. As discussed, breeding events associated with
inundation for ~ 160 days are more frequent under the 2004 Water Sharing Plan, compared to undevel oped
and WSP runs (Figure 2) for afew events only. Hence, using Equation 1, breeding eventsof 39927

( ~40,000) nests are more frequent under the WSP for afew events (cf. Table 3).

Table3 The predicted number of ibis nests and 95% confidence intervals at Booligal swamp in relation to the
duration of flows above 2,500 ML/day at Booligal weir. CL = 95% confidence limit.

No. days > 2500 0 10 20 30 40 50 60 70 80 90 100 150 200
Predicted no. nests 0 2270 4,640 7,070 9500 12,000 14,500 17,000 19,500 22,000 24,600 37,400 50,400
Lower CL 0 2210 4560 6,960 9,400 11,870 14,360 16,860 19,380 21,900 24,400 37,160 49,960

Upper CL 0 2330 4,730 7,170 9,640 12,120 14,610 17,120 19,640 22,200 24,700 37,650 50,800




Discussion

This project intended to develop a predictive ecologica response modelling capability, and did so. Although
only bird breeding responses are represented here, other biotic responses could be modelled using the same
generic approach. Such methods will prove useful in the future when or if the 2004 Water Sharing Plan
(WSP) gets reviewed, or when looking at improved ways of managing environmental (and other) water. This
approach is awork in progress that has the intention of including other wetland biological responses, using
data collected from riparian wetlands and as part of the NSW Department of Infrastructure, Planning and
Natural Resources environmental monitoring program (Integrated Monitoring of Environmental Flows; see
Chessman et al. 2003).

These preliminary analyses, on a representative subset of wetlands, indicates that flow regulation has
reduced the frequency of riparian wetland inundation in the Lachlan Valley, but there are improvements for
wetland inundation under the WSP. There is an improvement of 18% and 10% wetland inundation frequency
under the WSP versus cap for lower Lachlan billabongs and the nationally significant lower Lachlan
swamps. Analyses of duration are, however, probably more ecologically significant because they measure
the opportunity for the completion of entire, or critical parts of animal and plant life histories. Analyses using
the Booligal swamp commence-to-flow (CTF) suggest a consistent, but marginal improvement on flow
duration from cap to the WSP (Figure 2). It might be important that the volume of flow delivered above the
CTF in the WSP versus cap is even more substantial (ie. from 55 to 70% of undeveloped). That is, floods in
Booligal swamp tend to be bigger under the WSP versus cap, and future modelling should consider whether
this confers some advantage. Presumably there are more areas for nesting and/or the risk of dropping below
critical biological thresholds (e.g., ibis nest abandonment) isless under the WSP versus cap.

The ecological benefits of altered inundation regimes need to be assessed by measuring a range of water
quality and biological responses for the numerous ecosystems that occur within river catchments (e.g.,
wetland types; cf. Wettin and Bennett 1988, Wettin et al. 1994, Chessman et al. 2003). This paper only
represents a small part of such approaches, by focussing on the size of colonial bird breeding events in
Booligal swamp, but it helpsto illustrate some of the potentia pitfalls and strengthsin such modelling.

The predictive ability of flow-ecology models, including the ibis-breeding model, must be continualy
scrutinised. The ibis-breeding model is based on only eight events, and therefore its accuracy can be
improved over time. The disproportionate effect of the 80,000-nest count in 1984 highlights this need for
ongoing development. At present, we cannot suggest that the statistical deviation of this count from our
simple model is an artefact (e.g., from less reliable bird counting methods in 1984) or rea (e.g., because of
antecedent events such as the drought in the early 1980’s).

An example of potential misinterpretation of the model relates to inundation events ~ 160 days at Booligal.
These events appear to be more frequent under the WSP than the undeveloped and cap scenarios. This
outcome implies that rare and very prolonged flood events are enhanced under the WSP. This is not an
intention of the WSP where environmental water is targeted to enhance (by discharge, ML/day), but not
dramatically prolong, lower to mid-range flood events. This result might be an anomaly of the duration
model, which is highly sensitive to flow thresholds. If one event drops below the CTF, even for one day
(which appears to have occurred more often during a few larger events under cap and undeveloped versus
WSP among the runs), it counts the event as two events not one. Hence, a few events could have skewed the
results for this end of the flow duration curve (Figure 2). Modelling of event outputs that occur 10 times
could be unreliable, and therefore this finding requires further exploration.

This modelling also suggests how other ecological-health indicators have changed under the WSP. For
instance, the correlation between the number of aquatic plant speciesin Murrumbidgee wetlands and wetland
inundation frequency (Chessman et al. 2003), and more wetland inundation events in the WSP versus cap
(Table 2) suggests that aguatic plant diversity is higher under the WSP versus cap. Future development of
flow-ecology models, including validation of these models with additional data, should reveal how relevant
these relationships are for the planning of environmental water allocations.
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