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Prolonger bar closure can result in
extreme hypersalinity and hypoxia

Bars only breached in response to
exceptional winter rainfall or atypically
high, unseasonal rainfall, often
associated with cyclonic activity in
summer and autumn
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Abstract

The aim of this study was to determine the factbas influence the breaching of the bar at
the mouth of estuaries that are normally-closedht ocean and the trends exhibited by
salinity and oxygen concentration in those systelmsng protracted periods of closure.
Collated data for 1972 to 2016 demonstrate thafrdwency and timing of bar breaching of
three normally-closed estuaries, located alongkKiO®f coastline in a low rainfall region of
temperate south-western Australia, differ markeBlgaching occurred in 12 years in Stokes
Inlet, > eight in Hamersley Inlet and only three in Culhbret. Breaching in each estuary
was related to relatively very high volumes of fal\discharge. Although breaching typically
occurred following exceptional winter rainfall irtdBes Inlet, whose catchment received by
far the greatest winter rainfall, it usually tookage in Hamersley and Culham inlets
following atypically high summer and autumn raihfabften associated with cyclonic
activity. Salinity, oxygen concentration and watemperature were measured seasonally
between summer 2002 and spring 2004, during whaiog each of these estuaries was
closed to the ocean following major natural breacbé each system and the influx of
substantial volumes of oceanic water. Mean sadigiiin the estuary basins rose by markedly
different extents during the three years of clostileey thus increased from 30 in Stokes
Inlet, 35 in Hamersley Inlet and 52 in Culham Inlega maxima of 64, 143 and 293,
respectively, with the highest individual salinay 313 in the latter estuary the greatest yet
recorded for any estuary worldwide. In contrasyg®en concentrations declined to minima of
5.5, 2.5 and 0.6 mg'l, respectively, and were inversely related to #glim the basin of
each estuaryr(= -0.7 to -0.8). Although salinities in the maimer of each estuary did not
become as highly elevated as in its basin, thdyretiched 221 in that of Culham Inlet. The
very different extents to which salinity increassatl oxygen concentration declined among
the three estuaries reflect variations in amourraoffall and thus fluvial discharge, the area
and depth of basin relative to discharge and exsig of the bar at the estuary mouth. Thus,
while a suite of factors contribute to bar breaghemd physico-chemical trends in normally-
closed estuaries, variations in their importance‘dawers’ among estuaries should be

considered when studying the ecology of a givetesys
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1. Introduction

Estuaries are very important from a number of pErtypes. For example, they are the
most productive of marine ecosystems (Schelske@ahain, 1961; Whittaker and Likens,
1975; Bianchi, 2006) and thus provide a rich sowfc®od for fishes and crustaceans, some
of which contribute to commercial and recreatiofigheries in many parts of the world
(Lellis-Dibble et al., 2008; Able and Fahay, 20Bheaves et al., 2014; Creighton et al.,
2015). They are also focal points for urban, indalktand agricultural development and
recreational activity and are therefore often tteead by the effects of pollution and
eutrophication (Jackson et al., 2001; Kennish, 200&eedley et al., 2012; Potter et al.,
2015). Comprehensive quantitative data for the jgbyshemical and biotic characteristics of
the different types of estuaries are thus requicethcilitate a sound understanding of the
functioning of these systems and thereby, in tamable their conservation and/or restoration
(Hallett et al., 2016).

Estuaries are frequently categorised on the bddiseg tidal regime. Davies (1964)
regarded those with a tidal range greater thanaé macrotidal, while those with a range less
than 2 m were considered microtidal and those waitlintermediate tidal range as mesotidal.
These three tidal regimes are reflected in differ@orphological and physico-chemical
characteristics. Thus, at one extreme, macrotidalagies, such as those in the northern
regions of Europe and North America, are typicdlipnel-shaped and experience large
upstream and downstream movements of water dudoly #dal cycle (McLusky and Elliott,
2004; Tweedley et al., 2016). In contrast, micratidstuaries often comprise a short and
narrow entrance channel (lower estuary), that opetiosa basin area (middle estuary), into
which the saline, downstream reaches of the rip@pper estuary) discharge (Potter et al.,
1990; Cooper, 2001). These morphological differerme particularly pronounced in those
estuaries that are located in regions such astltéern coasts of Australia and Africa (Potter

et al., 1990).



72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

In this paper, the term estuary follows the défni of Potter et al. (2010), which
refined that of Day (1980, 1981) and emphasisestiieacrucial characteristics of an estuary
include a riverine input and at least a periodiorartion with the sea. In regions with
Mediterranean climates, such as southern AustalibAfrica, the Mediterranean Sea and the
state of California, some estuaries are permanepiy, whereas others are closed from the
ocean by a sand bar across their mouths, eithermittently, seasonally or for protracted
periods, i.e. are normally-closed (Chuwen, 2009rBes et al., 2013; Tweedley et al., 2016).
A normally-closed estuary has thus been definednasthat remains closed to the ocean for
several years at a time (Hodgkin and Hesp, 19@8)pgnising that this type of estuary is
often included in a common category with those thatome either intermittently or
seasonally-open each year (e.g. Whitfield and B4167; Wooldridge et al., 2016). Although
estuaries, lagoons and lakes, which are interntijtenw seasonally-open to the ocean, are
widespread throughout the world (McSweeney ef8l1,7), normally-closed estuaries tend to
be restricted to microtidal regions and where dairdnd thus fluvial discharge is low, such
as the Northern Cape of South Africa (Wooldridgelet2016; van Niekerk et al., 2017) and
the eastern extent of the south-west drainageidivie Western Australia (Tweedley et al.,
2017).

The bars that form at the mouths of estuaries aréuged by the wave-driven import
of sediment from the marine environment and breddhethe export of sediment through
pressure from the build-up of water and therefaesgure within the estuary (Ranasinghe
and Pattiaratchi, 1999; Behrens et al., 2013; Riuh Keller, 2013; Slinger, 2016). While the
overall processes leading to bar formation anddhieg are understood, there have been no
long-term studies aimed at identifying and quamidy the factors that lead to the
accumulation of relatively large volumes of water normally-closed estuaries and
elucidating the basis for variations in the frequewith which the bar of these estuaries is
breached.

The estuaries on the extensive coastline extendagjwards from the lower-west
coast of Australia tend to change from mainly peremdly-open to predominantly

seasonally-open to almost exclusively normally-etbsThis trend has been attributed to the
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effects of progressive reductions in rainfall aatchment size on fluvial discharge along that
coastal axis (Hodgkin and Hesp, 1998; Brearley, 5200rhere are limited detailed
environmental data, however, for the 21 normallysed estuaries along this coastline, due
largely to their typically remote locations andfidiilties in obtaining access to a range of
representative sites. Broad data for the physi@wital characteristics of the Wellstead,
Stokes, Hamersley and Culham inlets demonstrateever, that each of these four estuaries,
whose mouths lie within 180 km stretch of coastlinemain closed during protracted,
relatively dry periods, but the extents to whicleyttbecome hypersaline and hypoxic vary
markedly (Young and Potter, 2002; Chuwen et alQ920A thorough understanding of the
trends exhibited by salinities and oxygen conceioina during such periods is thus crucial
for understanding the factors that influence than& characteristics of such extreme
systems.

The overarching aim of this study was to eluciddte factors that lead to the
breaching of the bar at the mouth of normally-atbsstuaries and the trends exhibited by
salinity, oxygen concentration and water tempegatiar those systems during protracted
periods of closure. This study thus first explotieel hypothesis that the frequency and timing
of bar breaching of three normally-closed estugittekes, Hamersley and Culham inlets) in
the 45 years between 1972 and 2016 were relatedri@ll and thus fluvial discharge. Next,
the changes in salinity, oxygen concentration aradewtemperature within the different
regions of these estuaries, throughout a commaodef protracted closure between 2002
and 2004, were compared. The resultant data wereubked to elucidate the ways in which
variations in the timing and frequency of bar breag and the trends exhibited by physico-
chemical characteristics of those estuaries dupeigods of closure were associated with
differences in various factors. These factors weatehment size, rainfall and thus fluvial
discharge, the area and depth of the estuary basirthe height of the bar. The implications
of this study are relevant for understanding thaadyics of normally-closed estuaries

worldwide.

2. Materials and methods
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2.1. Descriptions of Stokes, Hamersley and Culhaminlets

The tendency for estuaries to change from maintynpaently-open to predominantly
seasonally-open to normally-closed along the ~1,K00 southwards from 31°S, 115°E
(Moore River) and then eastwards to 34°S 123°Es@oCreek) is shown in Fig. 1a. The two
systems (Jerdacuttup and Gore-Dalyup) that wereviqusly estuaries, but are now
permanently-closed are also shown. The remote andally-closed Stokes, Hamersley and
Culham inlets, which are located within ~100 knthe# southern coast of Western Australia,
have relatively small catchment areas and widengsiig. 1).

The characteristics of the above three normathgedl estuaries are described,
employing data derived from Hodgkin and Clark (1989990) and Brearley (2005).
Photographs, taken during the study of seasonalggsain environmental variables (2002 to
2004) and subsequently in 2014 and 2017, are usdtustrate the extreme changes that
occur in these systems and to show a sand bae ahdlith of an estuary before and during

breaching.

2.2. Rainfall and fluvial discharge

Monthly rainfall were obtained from weather staan the catchments of Stokes and
Culham inlets, and from another close to that omeesley Inlet, in each year between
January 1972 and December 2016, the years for vghuich data were available for each of
these systems (Bureau of Meteorology, 2017). TistgaBons and this time period were
chosen as they provided the most comprehensive@amgarable historical rainfall data for
the three catchments during the above years. Tiamteests of the significance of Pearson’s
correlations were used to determine whether anrauiadall in the catchment of each of the
three estuaries changed over the years between d@@8¥2016 P < 0.05). Annual fluvial
discharges were available for the Young River ak8&s Inlet in 38 of the above 45 years
(Department of Water Western Australia Water Infation Reporting, 2017). A one-tailed
test of Pearson’s correlation was employed to conthat the natural logarithm of fluvial
discharge was positively correlated with the ndtlogarithm of rainfall in Stokes Inlet in

those 38 yeard’(< 0.05), having first established that the reladlup between discharge and
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rainfall was described better by a log-log tharedin or log-linear relationship. Since,
between 1972 and 2016, annual fluvial discharge® &eailable for only 14 of those years
for the Phillips River (Culham Inlet), and for jusine year for the Hamersley River
(Hamersley Inlet), it was not possible to deriverediable relationship between fluvial
discharge and rainfall for those estuaries.

The years in which the bar at the mouths of Stokimsmersley and Culham inlets
were recorded as breached between 1972 and 20¥5ob&ined from Hodgkin and Clark
(1989b, 1990) and environmental officers of the fes Australian Department of
Biodiversity, Conservation and Attractions. The rngeand months that the bar breached in
Stokes and Culham inlets are considered compreleenBar breaches of Hamersley Inlet
may not always have been recorded as this estadocated within an extensive National
Park, and thus in an unpopulated area, and its hmigubnly visited opportunistically by
environmental officers. Furthermore, as the modtinis estuary remains open for only a few
weeks (Hodgkin and Clark, 1990), the timing of aisgyt is critical for detecting a bar breach.

One-way Analysis of Variance (ANOVA) was used tsttide hypothesis that annual
rainfall in the catchment of Stoke Inlet and Harteardnlet and fluvial discharge from the
main river of Stokes Inlet (Young River), differe@nificantly in the years when the bar at
the mouth of each estuary was breached from thoss the mouth of that estuary remained
closed. Levene’s test showed that fluvial dischaegpiired a fourth-root transformation to
meet the test assumptions of homogeneity of vagianc

A shade plot (Clarke et al., 2014) was construtbeitiustrate the amount of rain that
fell at the weather stations representing the cagctt of each estuary in each month between
January 1972 and December 2016. The months and yd®n the bar of each estuary was
breached are superimposed on the plot. Comparigbiise characteristics of normally-
closed estuaries and their catchments were restriot Stokes, Hamersley and Culham inlets
as data were derived from local sources and corblgardetailed information for other

systems elsewhere were not readily available.

2.3. Slinity, oxygen concentration and water temperature
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Salinity, dissolved oxygen concentration and wa&mnperature were measured at
widely distributed sites in nearshore, shallow aitshore, deeper waters in the basins
(middle estuary) of Stokes, Hamersley and Culhdetsrand in the saline lower reaches of
the main river (upper estuary) of both the Stokesl &ulham inlets (Fig. 1c,d,e).
Measurements were recorded seasonally in eachnsystéveen summer 2002 and spring
2004. An inability to access the Hamersley Riverbloat from the basin after spring 2002,
and at any time from adjoining land due to densgetation and very steep banks, meant that
the above variables could no longer be measurehisnriver after spring 2002. The above
three environmental variables were also measuratearshore and offshore waters of the
entrance channel of Culham Inlet (lower estuary) @n nearshore waters of perennial,
upstream pools of the Hamersley and Phillips rivers

Salinity, dissolved oxygen concentration and wtenperature were measured using
a Yellow Springs Instrument (YSI) Model 85 Handhé&@gygen, Conductivity, Salinity and
Temperature System. Each of these physico-chemaables was measured in the middle
of the water column at nearshore sites and atthetsurface and bottom of the water column
at offshore sites. As the YSI meter only recordénges up to 80, the measured
conductivities, on those occasions when salingeseeded this value, were converted to a
salinity using the Practical Salinity Scale 1978\lis and Perkin, 1981), except when
salinities were extremely high when they were dstivfrom a series of dilutions with
freshwater. Dissolved oxygen concentrations anges greater than ~80 were calculated
from the percent oxygen saturation recorded byvtsé meter using the equation of Weiss
(1970). One-tailed Pearson’s correlations were epygul to test that dissolved oxygen
concentration was negatively correlated with safim the basins of each estuary and the
main river of Stokes and Culham inleB<€ 0.05), noting that there were insufficient dta

apply this test to the river Hamersley Inlet.

3. Results

3.1. Characteristics of Sokes, Hamersley and Culham inlets
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The surface area of the basin, which constitutesvéfst majority of the total area of
normally-closed estuaries, was greatest for Stokies (14 knf) and least for Hamersley
Inlet (2 knf), with corresponding catchment areas of 5,300 h268 knf (Table 1). The
mean and median annual rainfall were far greate6fokes Inlet than for either Hamersley
or Culham inlets (Table 1). The mean annual fludischarge was also greatest for Stokes
Inlet (11.9 GL ¥") and least for Hamersley Inlet (1.2 GL)y The catchments of each estuary
have been subjected to extensive land clearingimgrfrom 68% in Stokes Inlet to 37% in
Hamersley Inlet (Table 1; Fig. 1b). The ratio ofsatiarge to basin area decreased
progressively from the Stokes to Hamersley to Qulhalets, whereas the depth of their
basins followed the reverse trend (Table 1).

The short and narrow entrance channel, charadteidt microtidal estuaries in
southern Australia and Africa, is illustrated i tbhotographs of Culham Inlet, with the sand
bar at its mouth fully formed in 2013 (Fig. 2a) a@megached with a large outflow of water to
the ocean in 2017 (Fig. 2b). A comparison of FigsaBd 2b demonstrates how very strong
outflows can dramatically modify the entrance clenof normally-closed estuaries and
destroy infrastructure, such as roads construatezsa them. A breach of this magnitude also
occurred in 2000, prior to the commencement ofthiree year seasonal study of physico-
chemical variables in the three estuaries betw8&62 and 2004 (see later).

The wide basin of Culham Inlet was full of water 2013 (Fig. 2a), following
appreciable rainfall, and virtually dry in 2004 gFRc), at which time salt was precipitating
out of solution (Fig. 2d). While the catchmentlre tNational Park to the west of the basin of
this estuary is largely uncleared, substantialsaheae been cleared for agriculture elsewhere
in the catchment (Figs 1b, 2a). Water levels in Eimtey Inlet decreased markedly from the
commencement of the three year seasonal studylddti® discontinuity between the waters
of the basin and Hamersley River (Fig. 2e) and waisloin the river, with the latter becoming
separated into a series of isolated pools upstiepm substantial rock bar that became

exposed as water levels declined (Fig. 2f).

3.2. Relationship between catchment rainfall and bar breaching
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3.2.1. Stokes Inlet

Total annual rainfall, recorded at the weatheri@tain the catchment of Stokes Inlet
between 1972 and 2016, ranged widely from minimpstf 327 mm in 1994 and 342 mm in
2002 to maxima of 782 mm in 1999 and 813 mm in 20%& a mean and median of 550
and 540 mm, respectively (Fig. 3a). Rainfall showedconspicuous tendency to increase or
decrease over those 45 years, which is reflecteéldeiack of a significant change with year
(r = 0.223,P = 0.142). Total annual fluvial discharge in theuvig River in the 38 of those
years between 1972 and 2016 for which reliable ftlata are available, also varied greatly.
Thus, it ranged from minima of 0.05 GL in 1990 anil GL in another nine years to > 30 GL
in 1986, 1989 and 1999 and as high as 60.8 GL 0V 4Fig. 3b). In these 38 years, the
natural logarithm of fluvial discharge was lineadgrrelated with the natural logarithm of
rainfall (r = 0.494,P = < 0.001), with the relationship between fluvéhtcharge ¥) and
rainfall (x) described by the equationyr= 5.50 Inx — 34.05 (% = 0.244).

The bar at the mouth of Stokes Inlet was breachd® iof the 45 years between 1972
and 2016 (Fig. 3a). The mean rainfall of 643 mrthmyears when the bar was breached was
far greater than the mean of 516 mm for the otBeyears f = 17.4,P = < 0.001, n = 45). In
eight of the 12 years when breaching occurred, @nrainfall exceeded 640 mm, a level
reached in only three of the years when the baaimed intact. In the 38 years for which
there were reliable data for discharge, the mean for the years when the bar broke was
25.6 GL compared with only 2.0 GL when the estuaouth remained close & 60.9,P =
< 0.001).

At a monthly and thus finer temporal scale, 10haf 12 breaches of the bar of Stokes
Inlet occurred between June (early winter) and @etgmid spring), and thus following the
onset of highly seasonal ‘winter’ rainfall (Fig.,48. Bar breaching also occurred in January
2007, immediately following heavy cyclonic rainf@ll85 mm) in that month, as occasionally
occurs in summer (Fig. 4).

The breaching of the bar of Stokes Inlet in Jun®91%vas associated with a
combination of substantial cyclonic rainfall in tls@mmer and consistent rainfall in the

winter of 1999. The continued input of water thrbuginfall was sufficient to keep the bar

10
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open until summer 2000, when cyclonic rainfall agaicreased the scouring of the bar and
thus accounted for the estuary remaining open éptill 2000 (lan Hughes, Department of
Biodiversity, Conservation and Attractions persmow.). This highly atypical protracted
period of opening proceeded the commencement oti¢h&led seasonal study of salinity,

dissolved oxygen concentration and water tempezatuthe three estuaries (see later).

3.2.2. Hamersley Inlet

Between 1972 and 2016, annual rainfall close tocttehment of Hamersley Inlet
ranged from 223 mm in 1994 to 645 mm in 1992, waeitmean of 438 mm (median = 475
mm; Fig. 3c). As with the catchment of Stokes Intainfall was not correlated with year=
0.198,P = 0.096, n = 45). Mean annual rainfall, in theng¢igears when the bar of this estuary
was recorded as breached, was greater than wheasinot breached, i.e. 484 vs 428 mm,
respectively (Fig. 3c), a difference that was nmaatly not significant i = 2.0,P = 0.051, n
= 45). However, one or more breaches may have wmtun years of particularly high
rainfall, but went unrecorded (see Materials andidds and Discussion).

At a seasonal level, the bar of Hamersley Inlet br@sched in summer or autumn in
five years, during or following atypically high, seasonal rainfall, often associated with
cyclonic activity. It also breached in late winfgugust) of two years and in late spring
(November) in another year after greater than usirler and spring rainfall, respectively
(Fig. 4b). Although the bar of the remote Hamerdidgt was not recorded as breached in
1992 or 2011, the two years of greatest annuafaihin the catchment of this system, both
of these years followed a year(s) of below averag&all and, in 1992, rainfall was spread

throughout much of the year (Figs 3c; 4b).

3.2.3. Culham Inlet

Mean annual rainfall at the weather station inagatchment of Culham Inlet over the
above 45 years was 445 mm (median = 452 mm), withiramum of 239 in 1972 and a
maximum of 680 in 2016 (Fig. 3d). Although rainfgl) was positively correlated with year

(X) in Culham Inlet, the relationship, which was désed by the regression equatign=

11
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2.58 + 386,r* = 0.122, was not particularly strong% 0.349,P = 0.019, n = 45). As with
Hamersley Inlet, there are limited reliable dataffovial discharge in this estuary. The bar at
the mouth of Culham Inlet was recorded as breaahauhly three years between 1972 and
2016, including in January 2000, during particylaairong cyclonic activity, and previously
in May 1993, when rainfall was atypically very hifgr that month. The third breach, i.e. in
April 2016, was atrtificially induced to overcomeetkhreat that the large volume of water,
that was accumulating in the basin following threenths of relatively high rainfall, would
spill over onto surrounding agricultural land (HQ.

From the above data, the bar at the estuary maokelmore frequently in Stokes (12
years) and Hamersley @ years) inlets, than in Culham Inlet (3 yearg. Bib). Each of the
three estuaries were open concomitantly only iflye400, recognising that the bar of Stokes
Inlet was breached in June 1999 and remained eg®reas those of the other two estuaries
were not breached until January 2000. Thus, edciaryswas open for a period prior to the
commencement of the seasonal study of phyisco-datnaariables in 2002 to 2004 (see

below), when the mouth of each of these estuagiemined closed to the ocean (Fig. 4b).

3.3. Slinity, water temperature and oxygen regimes
3.3.1. Stokes Inlet

Mean seasonal salinity in nearshore, shallow waitthe basin of Stokes Inlet rose
markedly and progressively in each season froom3ummer 2002 to 59 in autumn 2003,
but then declined to 46 in spring 2003, followingpeeciable winter rainfall (Fig. 5). It
subsequently increased to a maximum of 64 in aut@f0® and remained just below this
level in the winter and spring of that year. Ashwsalinity, the mean seasonal dissolved
oxygen concentrations initially increased in 20fhf ~5 mg [* in summer to ~10 mg'tin
winter, but subsequently followed an essentiallyerse trend as salinity increased further
(Fig. 5). The relationship between oxygen concdiotnaand salinity was strongly negative (
=-0.70;P =0.007, n = 12).

Salinities in nearshore waters of the Young RiverStokes Inlet were typically

slightly less than those in the basin in all seasexcept in the winter and spring of 2003

12
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(Fig. 5). Dissolved oxygen concentrations in tlxagrranged from 5-12 mgtand tended to
be slightly greater than in the basin, especialisirdy marked declines in salinity (Fig. 5). In
contrast to the situation in the basin, oxygen eatration in the Young River was not
significantly correlated with salinity & -0.40;P = 0.097, n = 12).

In each season, salinities and oxygen concentgtibthe surface and bottom of the
water column in offshore waters of the basin wesgeatially the same (Fig. 5), i.e. these
waters were not stratified, and very similar tostan nearshore waters (Fig. 5). Salinities at
the surface and bottom of the offshore waters efriver were similar to those in nearshore
waters in all seasons except winter and spring0oB2when only surface salinity declined
precipitously (Fig. 5).

Mean seasonal water temperatures in nearshoresaaftéroth the basin and Young
River, which were always similar to the surface &attom of the water column of their
respective offshore waters, rose to their maximandusummer (e.g. 28 °C in 2003) and

declined to their minima in winter (e.g. 12 °C 003; Fig. 5).

3.3.2. Hamersley Inlet

In the basin of Hamersley Inlet, mean seasonahifak in nearshore waters rose
from 35 in summer 2002 to 143 in spring 2004 (Big). After salinities had risen to nearly
60 in spring 2002, the mean seasonal oxygen comtiems declined from greater than 6 mg
L™ to a minimum of 2.5 mg tin spring 2004, thus exhibiting the reverse tremdalinity
(r =-0.80;P =0.001, n = 12; Fig. 6).

Mean salinities at sites in the Hamersley Rive2®02 increased from 33 in summer
to 59 in spring, after which this region could @& sampled (see Materials and Methods).
Mean dissolved oxygen concentrations in that rivere always> 5 mg L* and reached 10
mg L™ in winter 2002 (Fig. 6). From autumn 2003, mealiniis in one of the upstream
pools that formed in the Hamersley River ranged érdm 16 to 24 and were thus far lower
than the 75-143 recorded in the basin during teabgd (Fig. 6).

Water temperatures in the basin underwent pronalise@asonal changes, ranging

from a minimum of 11 °C in winter 2003 to a maximwi26 °C in summer 2004 (Fig. 6).
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The highest mean temperature in the upstream peoR9 °C in summer 2004, was greater
than any temperature recorded in the basin or (e 6).

Salinity, oxygen concentration and temperaturecdh the surface and bottom of the
water column in offshore waters of the basin of ldestey Inlet (data not shown), and also of
its river in each season of 2002 when this regmuiccbe sampled, were essentially the same

as those in the respective nearshore waters ofregain of that estuary (Fig. 6).

3.3.3. Culham Inlet

In nearshore waters of the basin of Culham Inlegam seasonal salinities rose
progressively from 52 in the summer of 2002 to irv$he following summer, after which
they declined to 110 in winter 2003 and then rdsar@y to 293 in spring 2004 (Fig. 7).
Oxygen concentrations in the basin declined fromirtmaximum of 10 mg t in winter
2002 to 0.7 mg © in spring 2004, coincident with the overall trefiod salinity to increaser (
=-0.80;P = 0.001, n = 12). However, dissolved oxygen ds& in autumn and winter 2003
when salinity decreased (Fig. 7).

Mean seasonal salinities were always less in neseshaters of the Phillips River of
Culham Inlet than in the basin and markedly soutumn 2003, when, following increased
fluvial discharge, salinities in the river declin@decipitously from 125 to as low as 17
(Fig. 7). Although regional differences in saliniyere marked in spring 2004, i.e. 199 vs
293, mean salinities in the preceding two monthsevemly slightly lower in the river, i.e.
206 and 207, than in the basin, i.e. 222 and 248. (F). Mean dissolved oxygen
concentrations in the Phillips River followed a #gantrend as in the basin, with a maximum
of 13.3 mg ! in autumn 2002 and a decline to a minimum of 2¢0LM in winter and spring
2004 (Fig. 7). As in the basin, oxygen concentrafio that river was negatively correlated
with salinity ¢ =-0.71;P = 0.005, n = 12).

Salinities at the surface and bottom of the watduran in offshore waters of the
Phillips River were the same or similar in all swes except autumn 2003, when they
declined to 19 and 78, respectively, thus resultmgonsiderable stratification of the water

column (Fig. 7). Oxygen concentrations in the stefand bottom waters followed a similar
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overall trend to those in nearshore waters, but wnbse at the surface typically greater than
those at the bottom of the water column (Fig. 7).

In the entrance channel of Culham Inlet, mean sedsalinities ranged only from 37
to 44 and those in the part of the Phillips Riwenjch had become isolated as a pool, ranged
only from 12 to 29 (Fig. 7). The surface and bottsatinities in offshore waters of the
entrance channel were essentially the same in g=adon as those in nearshore waters (Fig.
5d). Mean dissolved oxygen concentrations alwayeeded 6 mg L in the surface waters
of the entrance channel and 4 migib the upstream pool and sometimes exceeded 9mg L
in both regions (Fig. 5). Within the entrance chanmxygen concentrations were similar
throughout the water column in all seasons excaptnser and autumn 2002 and summer
2004, when they were lower and < 5 mgih bottom waters (Fig. 7).

Mean seasonal water temperatures, in both the basirPhillips River, reached their
maximum of ~27 °C during summer or spring and declito their minima of 10-15 °C in
winter (Fig. 7) and were typically very similartae surface and bottom of the water column
in offshore waters of the Phillips River (Fig. The seasonal trends in water temperature in
the entrance channel and upstream pool were sitnildwose in nearshore waters of the basin
and Phillips River and were largely uniform throaghthe water column of the entrance

channel (Fig. 7).

3.4. Comparisons of salinity and oxygen concentration among the three estuaries
Mean salinities in the basins of Stokes, Hamersleg Culham inlets increasingly

diverged from their respective minima of 30, 35 &2dn summer 2002, to reach maxima of
64, 143 and 293 three years later (Fig. 8). Alttougplinities typically increased

progressively throughout the three years in thankaef each system, they did decline
markedly in Culham Inlet in autumn and winter 2083. with the basins of Culham and
Stokes inlets, salinities in the rivers of theseo taystems increasingly diverged from
differences of only 9 to as high as 155 betweenctiramencement and completion of the

study (Fig. 8).
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418 After winter 2002, dissolved oxygen concentrationStokes, Hamersley and Culham
419 inlets followed essentially the reverse trends bbse of salinity (Fig 8). Oxygen
420 concentrations thus declined from maxima of ~10 Iriifgin each estuary to 5.7 in Stokes
421 Inlet, 3.8 in Hamersley Inlet and 1.7 in Culhametrih summer 2003, but were ~5.5 mg§ L
422 in each estuary in autumn 2003. Subsequently, cdratens in Stokes Inlet did not decline
423 further, whereas those in Hamersley and Culhamtsinfell to 2.5 and 0.7 mg 1,
424  respectively. The downward trends in oxygen comedioh in the river of Stokes and
425 Culham inlets largely parallel those in the basiith respective values of 5.9 and 2.0 m L
426 at the conclusion of the three years (Fig. 8).

427 Water temperature in the basin of each estuaryigad of Stokes and Culham inlets
428 followed the same highly seasonal pattern of chamwgéh no pronounced differences

429 between or within estuaries (cf. Fig.5, 6, 7).
430

431 4. Discussion

432 The collation and analysis of past and present ftata a range of sources elucidated the
433 years and months in which the bar at the mouthachef three normally-closed estuaries,
434  which lie within 100 km along the south-western tkalkan coast, were recorded as breached
435 Dbetween 1972 and 2016. This then enabled the extenwvhich the amount and timing of
436 rainfall in the catchment of each estuary, actis@aurrogate for fluvial discharge, together
437 with the characteristics of the estuary basin aad influence breaching. The closure of the
438 mouths of each of the above estuaries for threesyéalowing a recent breaching, provided
439 a unigue opportunity to describe the trends showmsdlinities and oxygen concentrations
440 during a protracted period when each of these mstwwas isolated from the ocean. The
441 markedly different extents to which salinity andyg&n concentrations changed helped
442 elucidate the ways in which these variables arecat®d with fluvial discharge and the size
443 and depth of the estuary basin during such peribdes.implications of this unique study will
444  enhance the ability to interpret the results reedrdor the physico-chemical and faunal
445 characteristics in those estuaries elsewhere invtril which likewise become disconnected

446 from the ocean for protracted periods.
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4.1. Bar breaching
4.1.1. Relationships with rainfall and fluvial dsrge

The results demonstrate that fluvial discharg&tiokes Inlet was strongly correlated
with rainfall, as with those systems in Mediterramelimatic regions that open regularly to
the ocean (e.g. Elwany et al., 1998; Whitfield &ate, 2007; Rich and Keller, 2013). The
bar at the mouth of Stokes Inlet was shown typyctdl be breached in years when annual
rainfall exceeded 640 mm, which led to greatly @ased fluvial discharge and thus to a
build-up of large volumes of water in the basinibdithe bar. At a finer temporal scale, the
breaching of the bar of Stokes Inlet was alway®@ated with particularly heavy rainfall,
almost invariably in early winter and mid springjtbn one year during atypical cyclonic
activity in summer. The crucial role played by thesultant marked increase in fluvial
discharge in the breaching of the bar of this egtparallels that recorded for the Great Brak
Estuary in South Africa (Slinger, 2016) and the ®aeguito Estuary in California (Elwany
et al., 1998), which open far more frequently aagla consequence, do not become markedly
hypersaline.

In contrast to Stokes Inlet, the bars of Hamerslegg Culham inlets were breached
predominantly in summer and autumn following atgfic high, unseasonal rainfall, often
associated with cyclonic activity. The differenining of the breaching of Stokes Inlet is
presumably related to the rainfall in late auturonmid spring being far greater in the
catchment of that estuary than in those of therdthe estuaries. Thus, the mean monthly
catchment rainfall for those six months was 62 mnsiokes Inlet, compared with only 43
mm in both Hamersley and Culham inlets, therebyltieg in far lower fluvial discharges.
Moreover, the ratio of mean annual discharge tonbaea is 1.5 times greater for Stokes
Inlet than Hamersley Inlet and 2.7 times greatant@ulham Inlet, therefore enhancing, to a
greater extent, the accumulation of water in thsirba@f this system for a given rate of
discharge.

Although the breaching of the bar of an estuanyndusummer and autumn was often

associated with extreme cyclonic rainfall, the nembf years in which such breaching
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occurred differed greatly among estuaries. Thikeces marked variations in the magnitude
of the rainfall produced among catchments by sugtloaic activity in a given year. For
example, the passage of category 2 cyclone Tirmugir south-western Australia in January
1990 (Joint Typhoon Warning Center, unpublished)di&d to 113 and 108 mm of rainfall in
the adjacent catchments of Hamersley and Culhaetsintespectively, compared with only
43 mm in that of Stokes Inlet (Fig. 4), which isdted ~100 km further east. It is thus not
surprising that the bar of Stokes Inlet was noablhed in that year. Although the catchments
of Hamersley and Culham inlets received similar anmi® of cyclonic rainfall in the summer
of 1990, the bar of only the first of those esteanwas breached in that year. Furthermore,
between 1972 and 2016, the bar of Culham Inletlweached in only three years, compared
with at least eight in the adjacent Hamersley |rdeid had remained intact in Culham Inlet

for the 53 years prior to 1972 (Hodgkin, 1997).

4.1.2. Frequency and duration of breaching anatbaracteristics

The far fewer times that Culham Inlet becomes dpethe sea than Hamersley Inlet,
and also Stokes Inlet, imply that its bar is patady resilient to the effects of increases in
the volume of water in the basin and/or the volushevater rarely becomes sufficient to
breach the bar. As the volume of water requiredfeaching increases with bar height (Rich
and Keller, 2013), it is relevant that the barks mouth of Culham Inlet may reach 3-5 m
above sea level, compared with only ~2 m in Haregréind 1.5-2 m in Stokes inlets
(Hodgkin and Clark, 1989b, 1990; Hodgkin, 1997).abidition, the wide basin of Culham
Inlet is only 1 m deep (Hodgkin, 1997), which, eweith heavy rainfall during cyclonic
events, limits the volume it can retain before wdtews out and over the low-lying
surrounding land.

While the bar was breached less frequently in GulHalet than in the nearby
Hamersley Inlet, the mouth of Culham Inlet was ofgethe ocean in May 1993 and yet there
was no record of this having occurred in Hamersigt. This provides an example of one of
a few occasions when a breaching of the bar of Hslmelnlet might have been expected,

but was not detected. While there are only oppdsticnrecords of bar status and seasonal
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field observations of Hamersley Inlet, the consisteof the salinity trends between 2002 and
2004 and the discontinuity between the waters @friver and basin in the last two of those
years, produced as a result of evaporation, styomgbly that, as with Culham Inlet,
Hamersley Inlet remained closed during the aboxeethelatively dry years.

Although the duration that an estuary remains cldsethe ocean is related to the
volume of fluvial discharge and the capacity of dstuary to store water, the length of time a
system remains open to the ocean is influencedhbyvblume of discharge through the
estuary mouth (Ranasinghe and Pattiaratchi, 1968rd3s, 2012; McSweeney et al., 2016).
This is illustrated by comparing the rainfall (atimis implicitly discharge) for Stokes Inlet
(whose catchment received greater rainfall thaseéhaf Hamersley and Culham inlets) with
those previously recorded between 1968 and 1988ioke Inlet, ~450 km further west
along the southern coast of Western Australia. [Btter seasonally-open estuary lies in a
region of far higher rainfall (i.e. mean annuahfall in 1968-1988 was 1,275 mm in Broke
Inlet vs 539 mm in Stokes Inlet; Bureau of Meteogy, 2017), thus leading to greater fluvial
discharge and accumulation of water in its basindgkin and Hesp, 1998). In those 21
years, the Stokes, Hamersley and Culham inletsnbeagen in six, five and zero years,
respectively, compared with as many as 19 yeark Brbke Inlet (Hodgkin and Clark,
1989a,b, 1990). Moreover, the estuary mouth was,ope average, for four weeks in Stokes
Inlet, with a range of only four to six weeks, camgd with an average of 16 weeks, with a
maximum duration of 26 weeks in Broke Inlet (Hodgkind Clarke, 1989a,b). Although the
length of time the mouths of Hamersley and Culhal®ts were open has not been recorded,
anecdotal reports indicate that this typicallyddst only “a few weeks” (Hodgkin and Clark,

1990).

4.2. Comparisons between salinity and oxygen regimes in the three estuaries
4.2.1. Salinity trends

The presence of mean salinities of 30 in the ba#inStokes Inlet, at the
commencement of seasonal sampling in summer 20828, due to the release of very

substantial volumes of estuarine water throughbtieaching of the bar and their subsequent
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replacement largely with tidal waters from the octeand fluvial discharge from its
tributaries. This was facilitated by the mouth lmktestuary remaining open for an atypically
protracted period from June 1999 to April 2000,0pposed to a typical duration of about
four weeks (Hodgkin and Clark, 1989b). A mean s$gliaf 35 in Hamersley Inlet in summer
2002 is consistent with the bar at the mouth of #stuary having been severely breached in
January 2000, as a result of heavy cyclonic rdinfalthat month. Although the bar of
Culham Inlet was also breached in January 2000wttle and particularly shallow basin of
this estuary makes it especially susceptible t® lok water through evaporation, which
accounts for it having already become hypersaliae52, by summer 2002.

Although mean salinities in the basin of Stokesmidesley and Culham inlets ranged
only from 30 to 52 in summer 2002, the extentdhefrtsubsequent increases varied markedly
over the next three relatively dry years, duringollreach of these systems remained closed.
Thus, while mean salinity reached a maximum ofr6&tokes Inlet, it rose to as high as 143
in Hamersley Inlet and 293 in Culham Inlet. Inde® highest individual measurement of
313 at a site in Culham Inlet even exceeds ther@@&rded in the Laguna Tamaulipas, a very
shallow lagoon in northern Mexico (Copeland, 196unnell and Judd, 2002), and it is thus
apparently the highest salinity yet recorded foreatuary anywhere in the world. Although
the maximum mean salinity of 143 in Hamersley Imless high, salinities of 150 have been
recorded in estuaries such as the Coorong in SAusitralia and Lake St Lucia in South
Africa (Whitfield et al., 2006; Dittmann et al., 28) and as high as 223 in the Groen Estuary
in an arid zone of South Africa (Wooldridge et 2D,16).

The remarkable and far higher salinities attaimethe basins of Culham Inlet and, to
a lesser extent, Hamersley Inlet than in the bakiBtokes Inlet can be attributed, at least in
part, to a particularly high evaporative loss oftavain Culham Inlet during warm, dry
periods. Indeed the estimated 1,490 mm of surfaepaation from Culham Inlet accounts
for as much as 85% of the total annual pan evaiporaf 1,754 mm measured in the nearby
town of Esperance, which is considered represestaif this region (Black and Rosher,
1980; Hodgkin, 1997). This evaporative loss faremds the annual rainfall of 445 mm in the

catchment of Culham Inlet. The greater loss of wiieugh evaporation in the wide basin of
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Culham Inlet is a consequence of a larger surfaea 8o volume ratio, which reflects its
shallowness. Indeed, the upwards progression inmamr salinity attained from Stokes Inlet
to Hamersley Inlet to Culham Inlet mirrors a deelin maximum depth, i.e. 4, 1.3 and 1 m,
respectively (Hodgkin and Clark, 1989b, 1990).

The exceptionally high salinities produced in Cuathdnlet, during its protracted
closure, by very high rates of evaporation and fawial discharge closely parallels that
which occurs in the Laguna Tamaulipas. This lageoithus likewise very shallow, i.e.
typically <1 m deep, closed from the ocean foriquts and in an area where evaporation
greatly exceeds rainfall, but differs from Culhantet in that it does not receive discharge
from a river (Hildebrand, 1980; TDWR, 1983; Tunraid Judd, 2002).

Although differences in evaporative loss in the ifmsof the three estuaries
contributed to the markedly different increasesatinity in those systems, other factors also
played a role in producing these variations. Faneple, as total annual flow relative to the
size of estuary basin decreased progressively 8tokes Inlet to Hamersley Inlet to Culham
Inlet, the amount of reduced salinity water entgrthe basins via fluvial discharge was
relatively greater in Stokes Inlet than in Hamerdldet, which, in turn, was greater than in

Culham Inlet.

4.2.2. Inverse relationship between oxygen conagatrs and salinity

In contrast to the trends exhibited by salinity ahsksolved oxygen concentration in
the basins declined least in Stokes Inlet and nmo€ulham Inlet. This is due largely to the
solubility of oxygen decreasing with increasesha amount of dissolved solids, in this case
NaCl (Weiss, 1970; Sherwood et al., 1991). For gdamn a laboratory study undertaken at
25 °C, oxygen concentrations at saturation decdefreen ~8 mg [ at a salinity of 0, to
~4.5mg ' and only ~2.5 mg Tt at salinities of 100 and 200, respectively (MabArt
1915). Decreases in the solubility of oxygen witbreasing salinity thus largely accounts for
mean dissolved oxygen concentrations remaining mga." in Stokes Inlet at all salinities
(30-64), but declining to ~2.5 mgLat a salinity of 143 in Hamersley Inlet and ~0.g bt

at a salinity of 293 in Culham Inlet. The abilitytrack, through seasonal measurements over
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three years, the marked increases in salinity &otirges in oxygen concentration in the basin
of each estuary provided field data that statillificaonfirmed that these two variables were
strongly and inversely related under natural coois.

As in their basins, mean salinities in the maibutiaries of Stokes Inlet (29) and
Culham Inlet (38) were both close to that of fulleagth seawater in summer 2002 and
subsequently diverged markedly, attaining maximé@fand 207, respectively. It is thus
highly relevant that average rainfall between 2888 2004 was greater in the catchment of
Stokes Inlet (523 mm) than Culham Inlet (365 mmhisTaccounts for mean annual
discharges being 3-4 times greater in the tribesaof Stokes Inlet than Culham Inlet (Pen,
1999; Brearley, 2005). As with the basins, dissbleaygen concentrations declined more
markedly in the main river of Culham Inlet thartivat of Stokes Inlet after autumn 2003, due
to salinities rising to a greater extent in theeriof the former estuary. This accounts for the
strong inverse relationship between oxygen conagatr and salinity in the river of Culham

Inlet.

4.3. Implications

The comparisons of bar breaching and the salinily axygen regimes of three
normally-closed estuaries in the same region emgddasat differences in catchment rainfall,
fluvial discharge, size and depth of basin andlieesie of the bar among estuaries of this
type can result in marked difference in the frequyeand timing of bar breaching. These
differences, in turn, influence the extent to whitte waters of these systems become
hypersaline and hypoxic. When the increase in ibalamd decline in oxygen are particularly
pronounced, the faunas of these systems becomeasiogly stressed and thus lead to
massive mortalities of susceptible species (Hoeksenal., 2006). The development of these
extreme conditions result in a progressive redadatiothe number of species and abundance
of fishes in normally-closed estuaries, as dematedrby Young and Potter (2002) for the
Wellstead Estuary, which is located to the eashefthree estuaries that constituted the basis
for the current study. Likewise, data for the highlodified Lake St Lucia in South Africa

and a lagoon (Laguna Tamaulipas) in Mexico dematestthat the number of fish species
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was inversely related to salinity and that thevidlials of very few species survived beyond
120 (Copeland, 1967; Whitfield et al., 2006). Therydifferent extents to which salinity
increased and oxygen declined in the Stokes, Hamyemnd Culham inlets during a
protracted period of closure is being used to date the ‘tolerance’ of the various species to
extreme changes in the abiotic environment in tlessearies and thus the resilience of fish
communities in normally-closed estuaries in general

While rainfall in the westward parts of south-westAustralia has decreased by 25%
over the last ~100 years (Hughes, 2003; Hope et28ll5), it did not decline in the
catchments of the Stokes, Hamersley and Culhartsiimiéhe years between 1972 and 2016.
Climate models predict, however, that winter rdinfathese catchments will decline in the
future due to a southwards shift in winter storfsdrys et al., 2017; Hallett et al., 2017). As
the bar at the mouth of Stokes Inlet is typicaligdzhed when winter rainfall is particularly
heavy, such changes would be likely to reduce téguency with which the mouth of that
estuary becomes open to the ocean. This couldtteattreases in salinity and declines in
oxygen concentrations in this estuary during insiregly protracted periods of closure.
Winter declines in rainfall would be less likelypwever, to reduce the frequency of
breaching in Hamersley and Culham inlets, sincetevinainfall in the catchment of these
systems is lower than that of Stokes Inlet and diveg typically occurs in summer or
autumn following atypically heavy, unseasonal ralinfoften associated with cyclonic
activity. As some climate models predict an inceeas summer rainfall and others a
reduction in the region of Hamersley and Culhanet;l(Andrys et al., 2017), it is not
possible to predict whether the frequency of baabhing in these systems will change in the

future.
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Figurelegends

Fig. 1. Maps showing a) location of permanently-open, ealdy-open,
intermittently-open and normally-closed estuariasthe south-western Australian
drainage division (grey shading), with the locatioh that drainage division in
Australia shown in inset. Permanently-closed refersystems that no longer open to
the sea. b) Areas of cleared (light grey) and warelé native vegetation (dark grey) in
the catchments of Stokes, Hamersley and Culhartsialed morphology of the basin
and rivers of c) Stokes, d) Hamersley and e) Cullmaets, including location of

upstream pools in the latter two estuaries.

Fig. 2. Photographs of Culham Inlet showing a) estuarydiivater in 2013 and bar

intact, b) bar breached with large outflow of wate2017, c) estuary basin virtually
dry in 2004 and d) salt precipitation on dry esyubed. Photographs of Hamersley
Inlet showing discontinuity between e) waters dtiasy basin and mouth of river and

f) waters in upstream pools in the river. Photograg taken by Paul Cory.

Fig. 3. Annual rainfall in catchments of a) Stokes, c) léasiey and d) Culham inlets

between 1972 and 2016 and b) annual dischargeiNding River of Stokes Inlet in

the 38 of those years for which there were relialala. Years in which the bar at the
mouth of an estuary was breached are shown in vainidethe year (2000 in Stokes
Inlet) in which the mouth continued to remain odter the previous year is shown
as stripes. *, annual discharge not available. tRelship between annual rainfall and
year in Culham Inlet, which was significant, is simoas dashed line (for details see

results).

Fig. 4. a) Mean monthly rainfall +1 SE at a station inlead the catchments of
Stokes, Hamersley and Culham inlets between 19@2amh6. b) Shade plot showing
monthly rainfall in the same catchments in eachr yastween 1972 and 2016.
Rectangular boxes denote years of bar breachingiofith of natural bar breaching;

A, month of artificial bar breaching; intensity sfiading, monthly rainfall.
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Fig. 5. Mean seasonal salinities (Sal), dissolved oxygemcentrations (DO) and

water temperatures in nearshore, shallow (S) afsthaie, deeper (B) waters of basin
and estuarine reaches of the Young River of Sttkes between summer 2002 and
spring 2004. In this Fig. and Figs 6-8, SE are gue=d for a mean, when based on

three or more values, and as either + or - 1SE \@tesnfor two means overlap.

Fig. 6. Mean seasonal salinities (Sal), dissolved oxygemcentrations (DO) and
water temperatures in nearshore, shallow waterth@fbasin of Hamersley Inlet
between summer 2002 and spring 2004 and in tharastureaches of the Hamersley
River and upstream pool in those seasons when tleggens could be sampled. In
each season, the means for each variable at tfi@csuand bottom of the water
column at each offshore site and correspondingsheae site were essentially the

same.

Fig. 7. Mean seasonal salinities (Sal), dissolved oxygencentrations (DO) and
water temperatures in nearshore, shallow (S) wafettse basin, estuarine reaches of
the Phillips River, entrance channel and upstreaml pf Culham Inlet and of
offshore, deeper (B) waters of the Phillips Riverd aentrance channel between

summer 2002 and spring 2004.

Fig. 8. Comparisons of mean seasonal salinities (Sal) disdolved oxygen
concentrations (DO) in the basins of Stokes, Haleg@nd Culham inlets and in the
estuarine reaches of the main river of Stokes aulthain inlets between summer
2002 and spring 2004.
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Table. 1. Characteristics of the Stokes, Hamersley and Culham inlets and their catchments.

StokesInlet Hamersley Inlet  Culham Inlet

Basin area (km?)® 14 2 11
Max. depth of basin (m)® 4.0 13 10
Height of bar (m)® 152 2 35
Catchment area (km?)° 5,300 1,268 3,780
Mean annual rainfall (mm)* 550 438 445
Median annual rainfall (mm)* 540 475 452
Clearing (%)" 68 37 50
Discharge (GL)" 11.88 1.16 3.40
Discharge/basin area 849 580 309

2 = Hodgkin and Clark (1989a, 1990); ® = West Australian Department of Environment and
Conservation (unpub. data); ¢ = Bureau of Meteorology (2017); ® = Pen (1999), Brearley (2005).
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Highlights

1. Barsof 3 estuaries breach after exceptional winter or cyclonic summer rainfall

2. Breaching frequency differed among estuaries but all remained closed in 2002-
2004

3. During closure of these estuaries for >3 years, salinities rose to 64, 143 and 293
4. Oxygen concentrations declined markedly and inversely to salinity (r = 0.7 to 0.8)

5. Bar state, catchment features and discharge influence estuarine characteristics
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