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32 Abstract

33  Understanding past hydroclimate variability at decadal scales over multiple centuries is critical for
34  assessing the potential recurrence of prolonged droughts and floods and for informing sustainable
35  environmental and economic planning. This study presents a sub-decadal to decadal hydroclimate
36  reconstruction spanning the last ~2500 years from Lake Bullen Merri, a ~58 m deep maar lake in
37  south-eastern Australia. Lake water salinity, recorded as electrical conductivity (EC), is inferred from
38  sedimentary diatom assemblages. A chronology is established using nine AMS radiocarbon ('*C) dates
39  on pollen concentrates, 2'°Pb dating, plutonium concentrations, and the first appearance of exotic Pinus
40  pollen. EC, which is inversely related to lake water volume, reveals a prolonged high lake-level phase
41 between ~1380 and 1750 CE, which overlaps with the Little Ice Age (LIA). Prior to this, lake water EC
42 was higher, characterised by three prominent centennial-scale periods of high EC and lower lake levels
43  leading up to the last quarter of the first millennium of the common era (CE). Using a new calibration
44 model for diatom-inferred EC reconstructions, we compare our record to diatom records from nearby
45  Tower Hill Main Lake, Lake Elingamite and Lake Surprise which show broadly similar patterns,
46  indicating a coherent hydroclimate signal in the western Victorian maar lakes. Overall, these records
47  confirm that the LIA was a comparatively wet interval in south-eastern Australia, followed by drying in
48  the late eighteenth and nineteenth centuries. This contrast is not clearly expressed in existing tree-ring
49  and ice-core-derived reconstructions, most of which began during the wet phase. Together, these records
50  show that south-eastern Australian hydroclimate shifted between wetter and drier states on multi-
51 decadal to multi-centennial timescales. This much broader range of hydroclimatic variability compared
52  to those represented by shorter reconstructions provides the needed baseline for long-term water-

53  resource planning.

54  Keywords: Hydroclimate variability; Lake levels; Diatoms; Electrical conductivity; Transfer

55  function; Maar lakes; Little Ice Age.
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64 1 Introduction

65  Decadal-scale hydroclimate extremes, such as prolonged droughts and periods of higher precipitation,
66  have major impacts on Australia’s people, ecosystems, and economy, yet their long-term patterns are
67 still not well understood (Chamberlayne et al., 2023; Kiem et al., 2016; Palmer et al., 2024; Rahman et
68 al., 2025). The last 2000 years are particularly important because this period provides essential context
69  for recent human-driven climate change and a baseline for Earth’s natural climate variability (Emile-
70  Geay et al., 2017). By improving records of hydroclimate variability over the past two millennia,
71 especially on decadal to centennial timescales, we can better validate climate models, assess climate
72 sensitivity to external forcing, and evaluate the likelihood of prolonged extreme events (Armstrong et
73  al, 2020; Barr et al., 2014; Cook et al., 2016; Falster et al., 2024; Kiem et al., 2016; Steiger et al., 2018).
74 This is particularly important as instrumental climate records in Australia only extend to the start of the

75 19" century at most and therefore do not capture the full continuum of hydroclimate variability.

76  Annually resolved tree-ring and coral records provide valuable hydroclimate archives, capturing
77  decadal-scale extremes such as droughts and floods, and supporting reconstructions of past river
78  discharge (e.g. Cook et al., 2022; Freund et al., 2017; O’Donnell et al., 2021; Palmer et al., 2024).
79  However, in Australia, tree-ring and coral based hydroclimate reconstructions rarely extend beyond
80 1200 CE with most beginning between approximately 1400 and 1600 CE (Freund et al., 2017). In
81 addition, tree-ring reconstructions can be subject to methodological limitations, including the potential
82  attenuation of low-frequency variability during standardisation (Cook et al., 1995), temporal instability
83 in climate—growth relationships (D’ Arrigo et al., 2008), sensitivity to statistical and modelling choices
84  (Schofield et al., 2016), and challenges in scaling site-level tree-growth signals to regional hydroclimate
85  estimates (Babst et al., 2018). Some studies have used archives from climatically distal regions,
86 including Antarctic ice cores and Chinese speleothems, to infer hydroclimate variability in parts of
87  southern Australia (Goodwin et al., 2014; McGowan et al., 2009; Van Ommen and Morgan, 2010; Tozer
88 et al, 2016; Vance et al., 2013, 2015). However, significant uncertainties remain about whether the
89  modern day climate teleconnections are stable beyond their calibration period and geographic scope
90 (Détwyler et al., 2018; Gallant et al., 2013). In this context, lake sediments offer a valuable source of
91 data, being located within the regions of interest. Lakes and lake sediments offer direct insights into
92  hydrological variability with the potential to reconstruct past hydroclimate at sub-decadal timescales
93  over multiple millennia using a wide range of proxies (Barr et al., 2014; Bird et al., 2011; Holmes et
94  al., 2023; Sepulveda-Zuiiiga et al., 2022; Viana et al., 2014). However, while several lake- or wetland-
95  based hydroclimate reconstructions exist for south-castern Australia (e.g. Gouramanis et al., 2010;
96  Kemp etal., 2012; Wilkins et al., 2013; Zheng et al. 2025) relatively few records have the sub-decadal
97  temporal resolution which is required to resolve hydroclimate variability on a timescale relevant to

98  contemporary environmental challenges (Barr et al., 2014; Chamberlayne et al., 2023; Rahman et al.,
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99 2025; Saunders et al., 2012). Consequently, there is a continued need for new high-resolution lake

100  sediment records with robust and quantifiable links to hydroclimate.

101 Lakes are sensitive recorders of environmental change, and their sediments can preserve detailed
102  histories of climate and hydrological variability over a wide range of timescales. Although human
103  activities in lake catchments complicate any interpretation, lake ecosystems typically respond strongly
104  to climate variability, and these responses are archived in the accumulating sediments (Battarbee, 2000).
105  Crater and maar lakes are especially valuable in this regard because their small, enclosed catchments
106  and restricted inflows and outflows make them highly responsive to changes in regional climate,
107  particularly effective moisture, here defined as the balance between precipitation and evaporation that
108  controls water availability in the catchment (Wang et al., 2012; Zolitschka et al., 2000). Among the
109  biological remains preserved in lake sediments, diatoms are particularly useful indicators of
110  environmental conditions and have been widely used to reconstruct Holocene climate variability (Barr

111 et al., 2014; Gell, 1998; Sepulveda-Zuiiga et al., 2022; Viana et al., 2014; Zou et al., 2021).

112  Diatoms are highly sensitive to environmental change in aquatic systems, and many taxa have narrow
113  ecological tolerances for water chemistry variables such as salinity (Fritz et al., 1991; Gell, 1997; Reid
114 et al,, 1995). Their widespread occurrence, high abundance, rapid reproduction, and well-developed
115  taxonomy make them particularly effective as bioindicators (Battarbee et al., 2001; Smol and Douglas,
116 2007). In closed-basin lakes of arid and semi-arid regions, changes in effective moisture strongly
117  influence salinity through the concentration or dilution of dissolved salts, and these changes are clearly
118  reflected in shifts in diatom assemblages (Fritz et al., 1991). Australian studies have shown strong
119  statistical relationships between diatom distributions and lake-water salinity (Blinn, 1995; Gell, 1997,
120  Gell and Gasse, 1994; Tibby et al., 2007). These relationships allow past salinity to be quantitatively
121 reconstructed from diatom assemblages, providing insight into hydroclimatic variability over timescales
122 ranging from decades to millennia. To reconstruct past salinity, transfer functions based on modern
123  calibration datasets are widely used for this purpose because they relate diatom species to their preferred
124  salinity optima. These functions can then be applied to fossil diatom assemblages from sediment cores
125  to infer past salinity changes and, by extension, hydroclimate variability in the lake’s catchment (Laird
126  etal., 2011; Yang et al., 2003). Weighted averaging (WA) and weighted-averaging partial least squares
127  (WA-PLS) regression are widely used to develop transfer functions because they are statistically robust

128  and easy to implement (Birks, 2012).

129  Relatively few diatom-based salinity or EC transfer functions have been developed for inland waters in
130  Australia (e.g. Barr, 2010; Gell, 1997; Taukulis and John, 2009), and these are typically restricted to
131 limited geographic regions. This narrow spatial coverage limits the ecological interpretation of diatom
132  taxaand reduces the robustness of inferred environmental optima (Juggins, 2013). For transfer functions

133  to be effective, their training sets must include modern sites that are good analogues for potential past
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134  conditions. For example, a previous reconstruction of past EC from two western Victorian lakes was
135  hampered by numerous no-analogue samples, indicating that the calibration dataset did not fully capture
136  the environmental conditions reflected in the fossil assemblages (Barr et al., 2014). Rahman et al. (2026)
137  addressed this limitation by developing a diatom—EC transfer function based on 475 samples from 226
138  lakes across a broad environmental gradient. The resulting species-specific EC optima provide a robust
139  basis for inferring past hydroclimatic variability from lake sediment diatom records in south-eastern

140 Australia.

141 Tyler etal. (2015) demonstrated that four nearby, decadal resolved diatom records from western Victoria
142 had coherent regional-scale environmental patterns over the last millennium, highlighting the value of
143  multi-record approaches for distinguishing broader hydroclimate signals from site-specific variability.
144  Likewise, Tibby et al. (2018) inferred that eastern Australia was relatively wetter during the Little Ice
145  Age (15001850 CE) with the region experiencing subsequent drying, emphasizing the importance of
146  placing late-Holocene hydroclimate change in a longer historical context. These studies contrast with
147  tree ring and ice core-based reconstructions, which imply relatively weak centennial-scale hydroclimate
148  variability over the last millennium in Australia (Higgins et al., 2023; O’Donnell et al., 2021; Palmer et
149  al., 2024; Vance et al., 2015). The current study aims to address this disparity by developing a new
150 diatom-inferred hydroclimate record with sub-decadal to decadal resolution from Lake Bullen Merri,
151 Victoria, along with re-calibration of three previously published diatom records from the same region.
152  We use a new diatomf—EC transfer function (Rahman et al., 2026) to infer past changes in lake-water
153  conductivity and interpret these changes as variations in effective moisture and hydroclimate extremes.
154  Our primary aim is to reconstruct past hydroclimate variability and assess whether the signal is coherent
155  across the four records. This comparison also allows us to test the hypothesis of a wet Little Ice Age in
156  south-eastern Australia, relative to the hydroclimatic state during centuries before and afterwards.
157  Together, these records provide a high-resolution, multi-site view of late-Holocene hydroclimate in

158 south-eastern Australia.
159 2 Materials and methods
160 2.1 Study Area

161 Lake Bullen Merri is a cloverleaf-shaped volcanic crater lake (Jones et al., 2001) located near
162  Camperdown, Victoria, Australia (38.248725 °S, 143.103935 °E) (Fig. 1a & b). The region experiences
163  atemperate climate, with a mean annual temperature of ~13 °C, ranging from 18.0 °C in summer to 8.2
164  °C in winter. Average annual rainfall is ~775 mm, mainly between May and November, while annual
165  evaporation is ~1250 mm based on daily data from the Australian Bureau of Meteorology from 1970 to
166 2017, interpolated and made accessible via the SILO database (Ankor, 2020; Jeffrey et al., 2001). The
167  lake has a current maximum depth of approximately 60 m (139.5 m Australian Height Datum (AHD),

168  September 2018), a surface area of about 4.35 km?, and a catchment area of approximately 8.86 km?
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169  (Ankor, 2020). It was formed through multiple eruptive events and has steep cone-shaped slopes with a
170  relatively flat centre (Jones et al., 2001). The entire catchment lies within the crater, with no surface
171 inflow or outflow and minimal input from groundwater. As a result, lake levels are primarily controlled
172 by the balance between precipitation and evaporation (Jones et al., 2001; Leahy, 2010). Historically,
173  Lake Bullen Merri was full at around 1841 CE, reaching approximately 168.4 m AHD (Ankor, 2020)
174  and was overflowing into Lake Gnotuk (Currey, 1970). After 1841 CE, the lake level declined (Tibby
175  and Tiller, 2007).

176  Since the 1970s, Lake Bullen Merri has been the focus of multiple limnological and paleoenvironmental
177  investigations. Regional limnological surveys have shown that Lake Bullen Merri is a moderately
178  saline, sodium—chloride-dominated, alkaline crater lake exhibiting minor seasonal salinity changes (De
179  Deckker and Williams, 1988). Lake Bullen Merri also exhibited relatively stable electrical conductivity
180  values between autumn 1992 and autumn 1997 (mean: 13,997 uS/cm; SD: 962 uS/cm) (Tibby and
181  Tiller, 2007). During fieldwork on 23 November 2023, water samples were collected at depths ranging
182  from 0.5 m to 52 m and analysed for physicochemical parameters (cf., supplementary data). Along the
183  depth profile, the lake water is consistently alkaline, with pH values ranging from 8.73 to 8.89 (average:
184  8.81). Electrical conductivity ranges from 16,800 to 17,600 uS/cm (average: ~17,183 uS/cm), and total
185  dissolved solids range from 10,900 to 11,400 mg/L (average: ~11,158 mg/L), indicating highly saline
186  conditions. Total alkalinity varies between 767 and 789 mg/L (average: ~776 mg/L as CaCOs). Chloride
187  concentrations are very high, ranging from 5,490 to 5,680 mg/L (average: ~5,558 mg/L), while sulphate
188  remains very low at 2-3 mg/L. Major cations are dominated by sodium (2,960-3,080 mg/L; average:
189  ~3,000 mg/L), followed by magnesium (295-308 mg/L; average: ~299 mg/L), with relatively low
190  values of calcium (13-14 mg/L) and potassium (118—123 mg/L). Reactive silica concentrations range
191 from 0.8 to 0.9 mg/L. Nutrient concentrations are moderate to high, with ammonia ranging from <0.01
192  to 1.24 mg/L, nitrite from <0.01 to 0.44 mg/L, nitrate (as N) from <0.01 to 0.31 mg/L, reactive
193  phosphorus from <0.01 to 0.10 mg/L, and nitrite + nitrate (as N) ranging from <0.01 to 0.47 mg/L;
194  however, slight increases in nitrogen species are observed with depth. Previous hydrologic and isotopic
195  modelling has demonstrated that Lake Bullen Merri’s water balance is dominated by precipitation—
196  evaporation, with only minor groundwater exchange, and that combined lake-level and isotope data can
197 be used to reconstruct past effective moisture and regional climate (Ankor, 2020; Jones et al., 2001).
198  Lake level (m AHD) and lake-water electrical conductivity exhibit a pronounced inverse relationship
199  from 1889-2018 CE, underscoring the strong control of lake volume on salinity in this closed-basin

200  maar system (Ankor, 2020).

201  Late Pleistocene pollen analysis from deep central cores at Lake Bullen Merri documents regional
202  vegetation change and lake-level fluctuations over the last ~16,000 years (Dodson, 1979). Fossil diatom
203  and ostracod studies from Lake Bullen Merri and nearby maar lakes were interpreted to reflect

204  synchronous Holocene changes in water level and salinity, including high stands between ~4,450 and

6
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205 1,850 BCE and significant declines over the last century (De Deckker, 1982). Duthie (2000) analysed
206  diatoms in a sediment core from Lake Bullen Merri and applied transfer functions to infer salinity over
207  thelast ~4,500 years. The record indicates an early phase (about 2,550—1,850 BCE) with relatively high
208  salinity followed by a long interval (about 1,850-150 BCE) in which Nitzschia frustulum reached 100%
209  abundance, implying much lower salinity. Between roughly 50 BCE and 1,450 CE, diatom assemblages
210  point to periods of lower salinity, after which salinity is inferred to have risen markedly during the last
211 ~500 years, consistent with historical lake-level decline and post-European settlement. This previous
212 study of the diatoms of Lake Bullen Merri highlights the potential to develop a hydroclimate
213  reconstruction, subject to improved chronology, higher temporal resolution and statistically sound

214 calibration.
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217  Figure 1. Location map of the study area. (a.) Regional map showing the primary study site, Lake
218  Bullen Merri (LBM), and nearby maar lakes Lake Elingamite (LE), Lake Surprise (LS), Lake Tower
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219  Hill (LTH), and Lake Keilambete (LK), together with more distant comparison sites Coorong Lagoon
220  (CL), Lashmars Lagoon (LL), Snowy Flat (SF), Rebecca Lagoon (RL), and Kubla Khan Cave (KKC);
221  thered box indicates their overall location within Australia. (b.) Detailed view of the Lake Bullen Merri
222 catchment, showing topography, current water level, and geological formations in cross-section along
223  transect A—B. Panel (b) is modified from Ankor (2020).

224 2.2 Core recovery and sediment sampling

225  Atotal of seven sediment cores were collected from Lake Bullen Merri at water depths between 58—-60
226 m on 23 November 2023. Four ~1 m long cores (BUL23-1, BUL23-2, BUL23-3, BUL23-4) were
227  obtained using a UWITEC gravity corer, and three ~2.5 m long cores (BUL23-5, BUL23-6, BUL23-7)
228  were collected using a hammer-driven piston corer (Chambers and Cameron, 2001). Each of the three
229  piston cores was cut into three sections, which were labelled by appending a decimal suffix to the core
230 ID (e.g. BUL23-5.1, BUL23-5.2 and BUL23-5.3 for the three sections of core BUL23-5). All core
231 sections were split longitudinally and visually described (colour, grain size, sedimentary structures,
232  consistency, and macrofossil content) at the GEOPOLAR Laboratory, University of Bremen, Germany.
233  High-resolution elemental analyses were subsequently carried out with an ITRAX X-ray fluorescence
234  (XRF) core scanner at the same laboratory. Following this, core BUL23-3 and sections BUL23-5.1, 5.2
235  and 5.3 were sampled at 0.5 cm intervals, and each slice was sealed in a plastic polypropylene bag and
236  labelled with a unique code. During sectioning, some millimetres of sediment were lost, creating gaps
237  in otherwise continuous sequences; to address this, overlapping cores were correlated to construct a

238  composite depth profile.

239  Core-to-core correlation was performed using the centred log-ratio—transformed titanium record (Ti-
240  clr), chosen because Ti is relatively immobile, and predominantly hosted in detrital minerals, making it
241 a robust, redox-insensitive proxy for terrigenous input (Gebregiorgis et al., 2020; Gong et al., 2020;
242 Thole et al., 2020). Although we evaluated other elements measured by XRF core scanning (Si, K, Ca,
243  Mn, Fe, Sr), Ti-clr showed the clearest and most laterally consistent peaks and troughs across all core
244  sections providing the best and unambiguous features for core correlation. The clr transformation was
245  applied to account for the compositional (closed-sum) nature of the XRF intensity data (Kerfriden et

246  al.,, 2025; Mondal et al., 2021; Weltje and Tjallingii, 2008).
247 2.3 Chronology

248  Age—depth models were constructed by combining radiocarbon dating from older sediment sections
249  (Table 1) with 2!°Pb activity profiles (Fig. 2a), Pu concentration and isotope ratios (Fig. 2b), and
250  stratigraphic markers such as the first occurrence of exotic Pinus radiata pollen from the upper core
251 section. An age—depth model was developed for the composite record using the rPlum package in R
252 (Aquino-Lépez et al., 2018; Blaauw and Christen, 2011). Radiocarbon samples and Pu samples were

253  processed and analysed at the Centre for Accelerator Science, Australian Nuclear Science and

9
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254  Technology Organisation (ANSTO). AMS '“C dates were conducted on pollen concentrates following
255  Cadd et al., (2022), while Pu analysis followed the methods of Child et al. (2008) and Hotchkis et al.
256  (2019). Radiocarbon ages were calibrated using the SHCal20 calibration curve (Hogg et al., 2020) and
257  are reported in calibrated years before present (BP, where “present” = 1950 CE). The activity
258  concentrations of total 2'°Pb were determined indirectly by measuring its daughter product 2!°Po (a =
259  5.308 MeV, T1,=138 d) using alpha spectrometry at the Paleoenvironmental Research Laboratory,
260  University of Gdansk, Poland (Tylmann et al., 2016).

261  Exotic pine (Pinus radiata) pollen, introduced to Australia following European colonisation, provides
262  a useful chronostratigraphic marker of post-colonial European settlement and agricultural expansion
263  (Tibby et al., 2003). In Victoria, P. radiata seedlings were first raised at the Macedon nursery in 1872
264  and planted specifically for forestry at Macedon in 1880; planting was subsequently expanded from
265 1888 onwards (Australian Academy of Technological Sciences and Engineering, 1988; Victoria’s
266  Forestry & Bushfire Heritage, 2022). Under favourable conditions, P. radiata typically begins
267  producing cones and substantial quantities of pollen approximately 5-10 years after planting, implying
268  a relatively short time lag between plantation establishment and likely deposition of pollen in nearby
269  sediments. Twenty-one sediment samples from 1.1-100.4 cm of the composite depth sequence were
270  prepared for pollen analysis. Pollen samples were processed from 0.5 cc of sediment using the protocol

271 outlined in Duxbury et al. (2026) and slides from 1.1 — 54.8 cm were scanned for Pine pollen.
272 2.4 Diatom analysis

273 Sediment cores were stored at 4°C in the dark until processing. Cores were sliced into 0.5-cm sections,
274  but diatom samples were analysed at approximately 1 cm depth intervals by preparing slides from every
275  second 0.5 cm section. Diatom samples were processed using HCI and H-0: following the digestion
276  methods described by Battarbee et al. (2001) and Renberg (1990) to remove carbonates and organic
277  matter, respectively. After digestion and rinsing, the final suspensions were gently agitated, and 200 pL
278  aliquots were pipetted onto microscope coverslips that already contained 300 pL of distilled water to
279  promote an even spread of frustules. Coverslips were allowed to dry, then inverted and mounted on
280  microscope slides using Naphrax (refractive index = 1.73). Diatom identification and counting were
281 carried out at 1000x magnification using a Zeiss Axio Scope Al transmission microscope equipped
282 with an oil-immersion objective. For each sample, a minimum of 300 diatom valves was counted and
283  used to calculate the percentage abundance of each taxon. Species were identified with reference to
284  (Krammer and Lange-Bertalot, 1986, 1988, 1991b, a), using their dichotomous keys and illustrations,
285  and cross-checked against the Diatom Flora of Australia (John, 2016, 2018, 2020) and Diatoms of North
286  America (Spaulding and al., 2021) for regional taxa.

287

10
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288 2.5 Statistical methods

289  Diatom assemblages were divided into stratigraphic zones using stratigraphically CONstrained
290  Incremental Sum of Squares (CONISS) cluster analysis (Grimm, 1987). This method groups samples
291 based on their compositional similarity while preserving their stratigraphic order, allowing
292  identification of major ecological shifts through time. To ensure that the identified zones were
293  statistically meaningful, the results of the CONISS analysis were evaluated using the broken-stick
294  model (Bennett, 1996). This approach compares the observed dispersion at each cluster split with that
295  expected under a random (null) distribution. Only those splits where the observed variance exceeded
296  the broken-stick expectation were accepted as significant. Both manual inspection and automated
297  comparison were used to assess these splits. This step reduces the risk of over-interpreting minor

298  fluctuations and ensures that only robust, non-random assemblage changes define zonation.

299  Past lake water conductivity was reconstructed using a diatom-based electrical conductivity (EC)
300 transfer function developed by Rahman et al. (2026). This training set is the largest of its kind to date,
301  based on 475 samples from 226 lakes and comprising 578 diatom taxa across a broad salinity gradient
302  (25-195,800 pS/cm). The model was developed using weighted averaging with inverse deshrinking and
303  shows strong predictive performance, with a cross-validated coefficient of determination (*jackknifed =
304  0.843) and a low root mean squared error of prediction (RMSEP = 0.38 logio uS/cm) (Rahman et al.,
305  2026). This transfer function was applied to the fossil diatom record from Lake Bullen Merri to infer
306  past conductivity changes. Fossil and modern diatom assemblages were taxonomically harmonised
307  prior to reconstruction. Taxa absent from the modern calibration dataset were excluded from transfer-
308 function calculations. Taxonomic representation was quantified for each fossil sample as the cumulative
309 relative abundance of taxa represented in the modern calibration dataset. Reconstructions were
310  compared across several methods, including weighted averaging (WA), weighted averaging with
311 inverse deshrinking (WA-Inv), weighted averaging with classical deshrinking (WA-Cla), locally
312  weighted averaging with inverse deshrinking (LWWA-Inv), locally weighted averaging with classical
313  deshrinking (LWWA-Cla) and weighted averaging partial least squares (WA-PLS), to assess
314  consistency and robustness. All statistical analyses were conducted using the software C2 version 1.8

315 (Juggins, 2022), along with the R packages rioja (Juggins, 2024) and vegan (Oksanen et al., 2025).

316  In addition to Lake Bullen Merri, three previously published fossil diatom records from nearby sites
317  were re-calibrated using the Rahman et al. (2026) transfer function to enable regional comparison of
318  conductivity changes. Two of these records, from Lake Elingamite and Lake Surprise, were originally
319  published in Barr et al. (2014), and the third, from Tower Hill Main Lake, was published in Mills et al.
320 (2013) and later used by Tyler et al. (2015) but is presented here for the first time as an EC
321  reconstruction. Applying a consistent transfer function across all records allows for a more robust

322  comparison of regional hydroclimatic variability. The chronology for the Lake Surprise diatom record

1
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323  was updated from Barr et al. (2014) to that published by Dharmarathna et al. (2025) on the basis of
324  correlating XRF-inferred Ca from core SUR19-1 (Dharmarathna et al., 2025) to loss on ignition-based

325  estimates of carbonate concentration from core LSO1 (Barr et al., 2014).
326 3 Results
327 3.1 Core correlation

328  Ti-clr was plotted against core depth for all sections, with similar sections arranged adjacent to aid
329  comparison, and corresponding peaks and troughs were matched between cores to define 30
330  stratigraphic tie points (Fig. S1). Composite depths were assigned to each tie point relative to a
331 designated reference core, and core depths were converted to composite depth by linear interpolation
332  between the tie points in R. As some tie points are very close to the top and bottom of each core,
333 interpolation essentially constrained the entire length of every core, leaving only negligible terminal

334  extrapolation, so the resulting composite depth profile is well anchored throughout.

335  Correlation was validated by replotting both Ti-clr and the independent Ca-clr records against the
336  composite depth scale (Fig. S2). Both aligned excellently across all cores; because Ca-clr was not used
337  to define the tie points, its agreement provides an independent internal check confirming the robustness
338  ofthe Ti-based composite depth model. Despite the robust composite-depth model, diatom samples are
339  unavailable for the 152.1-163.2 cm composite-depth interval. Although the missing interval in cores
340 BUL23-5.1 and BUL23-5.2 was represented by overlapping material from core BUL23-7.2 and
341 incorporated into the composite-depth model, the relevant BUL23-7.2 section remained at the
342  GEOPOLAR Laboratory in Bremen and could not be transported to Adelaide for diatom analysis in the
343  available timeframe. Consequently, the diatom record contains a data gap across this interval, and no

344  diatom-inferred electrical-conductivity values were interpolated across the gap.
345 3.2 Chronology

346  The 2'°Pb data show unsupported activities that decrease with depth (Fig. 2a), as expected for a
347  constantly accumulating sedimentary sequence. These data are supported by total Pu concentration data,
348  which reached a maximum value of 0.602 + 0.0135 (pg/g) at 18.9 cm, before decreasing towards the
349  uppermost sediments. This maximum was interpreted as the Southern Hemisphere peak in fallout from
350  atmospheric nuclear-weapons testing and was assigned an age of 1964 CE (Hancock et al., 2011;
351  Walling and Meyers, 2012). The measured 2*°Pu/ *Pu isotopic ratios (Fig. 2b) have a weighted mean
352  value of 0.162 + 0.002, in reasonable agreement with the mean ratio of 0.172 + 0.007 reported for
353  Bathurst Harbour, Tasmania (Harrison et al., 2021) and the mean ratio of 0.142 + 0.004 reported for
354  Lake Surprise, Victoria (Dharmarathna et al., 2025).

355 P radiata pollen was identified for pollen samples from 1.1 —39.2 cm. The first Pinus pollen appears

356  at39.9 cm composite depth and displays a gradual increase in abundance from 39.9 cm to the top of the
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sediment profile. The first appearance of Pinus pollen is interpreted to date to approximately 1890 CE,
consistent with documented early regional establishment of P. radiata pine and landscape-scale pollen
dispersal (Lavery and Mead, 1998). This interpretation deliberately draws on historical and biological
information because the *'°Pb profile from 0-34.5 cm did not capture the time frame of Pinus
appearance. The lowest detectable >'°Pb horizon occurred at 27.4 cm sediment depth and had a mean
modelled age of approximately 1913 CE based on the Plum age-depth model. Consequently, the Pinus
pollen first detected at 39.9 m lies beyond the effective dating range of the >!°Pb method, necessitating
the use of literature-based constraints on P. radiata introduction and maturation to anchor this horizon

at ~1890 CE.

An age depth model for the record was developed using a combination of AMS '“C dates, 2'°Pb, Pu
isotopes, the first detection of Pinus pollen and the coring date of November 2023. Three AMS C
measurements that yielded uncalibrated ages inconsistent with the 2!°Pb data, and the P. radiata pollen
horizon were treated as outliers and excluded a priori from the Bayesian age—depth modelling, while
nine AMS '#C ages were used in the development of the Bayesian age-depth model. This approach
prioritises the most robust independent age markers, and sensitivity tests showed that including the
outlying *C ages had only a negligible influence on the resulting age—depth model (Table 1). Ages
reported for each depth are the weighted means of their posterior age distributions, with uncertainties

derived from Monte Carlo simulations, yielding a coherent probabilistic chronology.

Table 1. Radiocarbon (**C) dating results for Lake Bullen Merri pollen extract samples, including

conventional *C ages (yr BP) and modelled sediment ages (yr BP).

EGUsphere\

ANSTO | Composite 313C (%o) pMC + 1o Conventional '“C Modelled age (yr
Code depth (cm) + 1o age (yr BP) + 1o BP); mean (min—
max)
0ZBZ12 19.4 -25% 85.96 + 0.87 1220 + 90 NA
0ZBZ13 44.6 -25% 91.09+1.12 750 =100 NA
OZBZ15 54.8 7.9+ 0.4 91.91£0.96 680 + 85 NA
0ZBZ25 64.1 -9.1+19 94.28 £ 0.26 470 +25 420 (330-500)
OZBZ14 74.3 -15.4+0.5 | 93.38+0.28 550+25 530 (500-610)
OZBZ16 104.5 -16.1+0.8 87.12+0.9 1110+£90 860 (760-960)
0OZBZ11 106.5 -172+04 | 88.24+0.67 1000 + 70 890 (780-980)
0ZBZ26 113.1 —25 % 85.77+0.67 1230 £ 70 960 (820—-1060)
OZBZ17 139.3 -193+0.3 | 89.22+0.73 920 + 70 1160 (1010-1280)
OZBZ18 168.8 -257+03 | 83.52+0.73 1450 =70 1440 (1290-
1620)
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OZBZ19 2235 —25 * 75.56 +0.71 2250 + 80 2180 (1950—
2370)
0ZBZ37 2837 25 * 64.42 +0.61 3530 + 80 2960 (2530-3450

377  * assumed value — unable to be measured due to small mass; NA = not applicable; modelled ages are

378  not reported for samples whose radiocarbon dates were excluded from the age—depth model.

379  The Bayesian rPlum model estimates that the deepest analysed sample (composite depth 283.7 cm) has
380 amean age of 2,960 cal yr BP (1010 BCE) (Fig. 3). This age—depth model provides the chronological
381 framework for the diatom-based environmental reconstructions presented below. A Bayesian age—depth
382  model for the Tower Hill Main Lake diatom record was developed from four previously obtained AMS
383  MC ages (Mills et al. 2013; Tyler et al. 2015) and the first appearance of Pinus pollen. The resulting
384  age—depth model is presented in the supplementary material (Fig. S3). The four radiocarbon ages form
385  a stratigraphically coherent set, with ages increasing with depth within their calibrated uncertainties.
386 For Lake Elingamite, the age-depth model follows Barr et al. (2014), with recalibrated '“C ages,
387  whereas the Lake Surprise diatom record uses the updated chronology published by Dharmarathna et
388  al. (2025).
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390  Figure 2. (A) Total, supported and unsupported 2'°Pb activities plotted against depth, illustrating the
391 decay of unsupported 2'°Pb with depth and its distinction from supported activity. Panel (B) marks the

392  position of the Pu-isotope peak corresponding to 1964 CE, used as an independent chronological anchor.
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394  Figure 3. Bayesian age—depth model for the Lake Bullen Merri composite record. Pale blue markers
395  depict probability distributions for radiocarbon-dated samples against the age axis (left). Small
396  rectangles indicate the total (dark blue) and supported (purple) 2'°Pb activity against the Pb
397  concentration axis (right), respectively. Green lines represent calendar ages assigned to the coring year,
398  peak Pu concentration, and first appearance of Pinus. Grey dotted lines represent 95 % confidence
399 intervals, with darker shading indicating the most likely ages. The red dotted line shows the weighted
400  mean age. Upper panels show (a) the log-objective trace across Markov chain Monte Carlo (MCMC)
401 iterations; prior (green) and posterior (grey) distributions for (b) accumulation rate (yr cm™), (c)
402  memory function used to construct the model, (d) 2'°Pb flux, and (e) posterior estimates of supported
403  2'°Pb activity at each sampled sediment depth (Aquino-Lopez et al., 2018; Blaauw and Christen, 2011).
404 3.3 Diatom assemblages
405 In total, 41 diatom taxa were identified from 248 sediment samples. All 41 taxa were included in the
406  diatom stratigraphy and statistical analyses (Fig. S4), while the 19 taxa that reached more than 7%
407  relative abundance were plotted in Figure 4a. Taxa in Figure 4a are arranged according to their electrical

15
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408  conductivity (EC) optima (Rahman et al., 2026) from left (high-EC, i.e. more saline) to right (low-EC,
409 i.e. fresher). Zonation of the stratigraphy using CONISS defined nine major diatom assemblage zones
410  (A-H) (Fig. 4a), which were validated by the Broken Stick method (Fig. S5). Changes in species
411 abundance within these zones are interpreted as reflecting environmental changes in the lake through

412 time.

413  Zone I (500 BCE-110 CE): characterised by a prolonged dominance of Nitzschia frustulum, with
414  relative abundances of 84-98%. The near dominance over several centuries suggests that the lake had

415  moderate and relatively stable salinity during this interval.

416  Zone H (110-380 CE): the dominance of N. frustulum declines gradually. At the same time, moderate-
417  salinity taxa such as Chaetoceros muelleri increase to 34%, and saline taxa Navicymbula pusilla and
418  Tryblionella apiculata reach 33% and 11%, respectively. Other saline taxa, including Cocconeis
419  placentula and Pinnunavis elegans occur only at low abundances. The overall assemblage shift from N.
420  frustulum towards these more saline and moderate-saline taxa indicates a transition toward higher

421 salinity conditions compared with Zone I.

422  Zone G (380-760 CE): exhibits a pronounced alternation between saline and fresher taxa, indicating
423  highly variable salinity. Saline taxa such as Pinnunavis elegans increase to 58%, while moderate-
424  salinity Chaetoceros muelleri reaches 69%. At the same time, fresher taxa, particularly Tabularia
425  fasciculata, attain abundances of up to 50%. This alternation of saline and freshwater indicators
426 suggests that lake salinity fluctuated markedly during this period. Interpretation is partly constrained by
427  adata gap between 555 and 680 CE, but the available samples clearly show oscillating salinity.

428  Zone F (760-880 CE): is dominated by freshwater taxa and reflects a low-salinity phase. Tabularia
429  fasciculata reaches up to 80%, accompanied by Staurosira construens var. venter up to 19%, while
430  saline taxa are present only in minor amounts. This assemblage composition indicates that lake water

431 salinity decreased substantially and remained relatively low during this interval.

432 Zones E-D (880-1410 CE): these two zones broadly show similar species distributions and are
433 characterised by a mixture of saline and fresher taxa, indicative of variable salinity. The most saline
434  centric diatoms, Cyclotella caspia and Cyclotella choctawhatcheeana, appear and become abundant,
435  reaching up to 12% and 45%, respectively. These saline tolerant species alternate with fresher diatoms
436  such as the centric Stephanocyclus meneghinianus (up to 22%), and the pennate taxa Tabularia
437  fasciculata (up to 56%) and Staurosira construens var. venter (up to 42%). This dynamic assemblage
438  suggests repeated shifts between more saline and fresher conditions. Although zones E and D share a
439  similar overall pattern, they are distinguished by the occurrence of Pinnunavis elegans and Amphora
440  commutata in Zone D, which adds a distinctive saline component and justifies treating them as separate

441 zZones.
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442 Zone C (1410-1650 CE): saline centric diatoms disappear and freshwater species dominate the
443  assemblage. Among these fresher taxa, Staurosira construens var. venter reaches up to 35%, and
444 Amphora libyca up to 21%. The absence of saline centric diatoms, combined with the strong dominance

445  of freshwater taxa, marks one of the lowest salinity phases in the entire record.

446  Zone B (1650-1900 CE): records a renewed increase in salinity. The saline tolerant diatom Cyclotella
447  choctawhatcheeana reappears and becomes dominant, reaching up to 68%. The saline pennate taxon
448  Navicymbula pusilla also increases to 33%, while freshwater taxa co-occur but remain at relatively low
449  abundances. This assemblage indicates that lake salinity rose again following the low-salinity

450  conditions of Zone C, although some freshwater influence persisted.

451  Zone A (1900-2022 CE): represents the most recent interval and records the highest inferred salinity
452  in the sequence. Centric taxa dominate the assemblage: Cyclotella caspia reaches up to 25% and
453  Cyclotella choctawhatcheeana up to 86%. Pennate diatoms are rare, with proportions too low to be
454  included in quantitative summaries. This overwhelming dominance of saline centric diatoms indicates

455  that lake salinity has increased to its highest levels during the 20th and 21st centuries.

456  Diatom data from Tower Hill Main Lake are published in Mills et al. (2013) and Tyler et al. (2015) and
457  presented in the supplementary material for clarity (Fig. S6). Zonation of the stratigraphy using
458  CONISS defined four major diatom assemblage zones (A—D), which were validated by the Broken
459  Stick method (Fig. S7). Diatom stratigraphic plots for Lake Elingamite and Lake Surprise are available
460  in Barr et al. (2014) and are not reproduced here.
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Figure 4. Diatom stratigraphy and reconstructed lake water conductivity for Lake Bullen Merri over

462
463
464
465

the last 2500 years. (a) Diatom assemblages (>7% taxa) with CONISS zonation (zones A-H), taxa

ordered by EC optima. TSS: Total sum of squares. (b) WA-based reconstruction of lake water EC

showing temporal changes broadly corresponding to the assemblage zones.
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466 3.4 Conductivity reconstructions

467  Past lake water conductivity-reconstructions for Lake Bullen Merri were generated using different
468  methods (WA, WA-Inv, WA-Cla, LWWA-Inv, LIWWA-Cla, WA-PLS) and all produced similar down-
469  core trends over the last ~2500 years (Fig. S8), indicating that the principal temporal patterns are robust
470  to model selection. In the upper part of the core, after ~1890 CE, taxa with very high EC optima (e.g.,
471 Cyclotella caspia and Cyclotella choctawhatcheeana) are abundant. In this zone, deshrinking and WA-
472 PLS-based methods counteract the inherent scale compression of simple WA, thereby yielding higher
473  absolute EC estimates at the upper end of the calibration gradient (Birks, 1998; Liu et al., 2020). In this
474 interval, simple WA reconstructs a maximum EC of 34,087 uS/cm, whereas the deshrinking and WA-
475  PLS approaches yield higher maximum values, ranging from 49,362 uS/cm for WA-PLS component 2
476 to 115,494 pS/cm for WA-Cla (Supplementary datasets). Although all transfer-function approaches
477  generate upper-core estimates above the modern measured EC range at Lake Bullen Merri (16,800—
478 17,600 pS/cm; mean = 17,183 puS/cm), WA produces the lowest and comparatively closest estimates
479  (~34,000 uS/cm). WA was therefore selected as the primary reconstruction (Fig. 3b). However, our
480  interpretations focus on temporal trends in reconstructed conductivity, which are similar across

481 methods, rather than on absolute EC values.

482  Of the 41 fossil diatom taxa, 39 were represented in the Rahman et al. (2026) calibration dataset and
483  had estimated EC optima. The two taxa (Navicula tripunctata and Encyonema neomesianum) absent
484  from the calibration dataset occurred at low relative abundances. Taxa represented in the calibration
485  dataset accounted for 94—100% of fossil diatom abundance in the sequence (mean = 99.8%), indicating
486  generally high taxonomic coverage for the conductivity reconstructions. Reconstructed EC values for
487  Lake Bullen Merri range from 2,139 to 34,087 uS/cm. On the basis of these reconstructed values,
488  several distinct low-EC and high-EC periods can be identified over the last ~2500 years. These EC
489  phases broadly align with diatom assemblage zones, although their boundaries do not coincide exactly
490  because the zones reflect taxonomic turnover, whereas the EC phases reflect weighted ecological

491 optima.

492  Over the earliest part of the record (from ~500 BCE to ~200 CE), reconstructed conductivity remained
493  at intermediate levels during a prolonged interval dominated by Nitzschia frustulum, suggesting
494  relatively stable, moderate salinity. After ~200 CE, the record is characterised by multi-century
495  alternations between relatively high and low EC through the first and second millennia CE, forming
496  several distinct cycles of rising and falling conductivity. During an overall period of higher EC in the
497  late first and early second millennium CE, three marked cycles (~880-980 CE, ~1080-1200 CE,
498  ~1250-1380 CE) are evident in which EC rose to pronounced peaks before returning to lower values,
499  including a prolonged lower-EC interval from ~1380 to 1750 CE. From about 1890 to the present,

500 reconstructed EC values increased sharply to their highest levels in the record, coincident with the
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501 dominance of Cyclotella caspia and Cyclotella choctawhatcheeana, taxa with very high EC optima in
502 the calibration dataset (Rahman et al., 2026). Because no samples could be analysed between ~555 and

503 680 CE, this interval cannot be clearly classified as either a low- or high-EC phase.

504  The same diatom—EC transfer function of Rahman et al. (2026) was also applied to diatom records from
505  Lake Elingamite and Lake Surprise (Barr et al., 2014) and from Tower Hill Main Lake (Mills et al.,
506  2013) to reconstruct their past EC history. Using this updated transfer function substantially improved
507 the reconstructions for all sites, both in terms of absolute EC values and taxonomic coverage (Fig. S9),
508 yielding estimates that are more environmentally plausible. Across all these three additional records,
509  sequences of relatively low and high EC broadly mirror the low- and high-EC phases of Lake Bullen

510  Merri, indicating a regionally coherent pattern of salinity change.
511 4 Discussion
512 4.1 Electrical conductivity as an indicator of hydrologic change

513  Electrical conductivity (EC), a proxy for dissolved ion concentration, is widely used to characterise lake
514  water salinity and to infer hydroclimatic variability in closed and semi-closed basins (Branchu and
515  Bergonzini, 2004; Huybers et al., 2016; Steinman et al., 2013). In such systems, the water balance is
516  governed by the interplay between precipitation, catchment runoff, groundwater inflow and evaporation
517  (Compagnucci et al., 2001; Huybers et al., 2016). During wetter periods, increased precipitation and
518 inflow raise lake level and water volume, diluting dissolved salts and reducing EC, whereas drier
519  periods are characterised by reduced inflows and enhanced evaporative concentration, lowering lake
520  level and increasing EC (Branchu and Bergonzini, 2004). This inverse lake level and salinity behaviour
521  is a well-recognised feature of closed and semi-closed lakes and underpins the use of EC as a sensitive
522  indicator of hydrologic and hydroclimatic change (Branchu and Bergonzini, 2004; Compagnucci et al.,
523  2001; Steinman et al., 2013).

524  Modern observations and model results for Lake Bullen Merri demonstrate the applicability of
525  Electrical Conductivity (EC) to characterise lake water salinity and to infer hydroclimate variability.
526  Lake level and lake water EC or salinity show a pronounced inverse relationship (Ankor, 2020; Kirono
527  etal.,,2009). In 1889, lake level was approximately at 159 m AHD and modelled EC was ~9,000 uS/cm
528  (Ankor, 2020). By December 1964 observed and modelled lake level had dropped to 147 m AHD (Jones
529 et al.,, 2001) with mean EC increasing to 14,000 uS/cm in 1985 (Leahy, 2010). Salinity values of
530  approximately 10 ppt (~16,000 uS/cm) were reported for 2008 (Kirono et al. 2009) and by 2018, lake
531 level had declined to ~140 m AHD and measured EC was approximately 14,000 pS/cm (Ankor, 2020).
532  Lake-water EC measured during field sampling in November 2023 reached its highest values at 17,183
533  uS/cm, when the lake level was approximately at 139 m AHD. These data demonstrate that a

534  multi-decadal decline in lake level has been accompanied by a substantial increase in EC, consistent
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535  with the expected response of closed-basin lakes to sustained hydrological deficits (Branchu and

536 Bergonzini, 2004; Huybers et al., 2016; Steinman et al., 2013).

537  The modern climate at Lake Bullen Merri reinforces this sensitivity. Average annual rainfall in the
538  catchment is around 775 mm, whereas mean annual evaporation is roughly 1250 mm (Ankor, 2020;
539  Jeffrey et al., 2001), implying a long-term precipitation—evaporation deficit that favours evaporative
540  concentration of dissolved salts. Hydrological modelling shows that the historical fall in water levels
541 since the mid-1800s was initiated by a decrease in the precipitation/evaporation (P/E) ratio from a
542  pre-1840 value of about 0.94-0.96 to a historical value of ~0.79 (Jones et al., 2001). Future climate
543  scenarios project further declines in P/E, a continuously falling lake level, and a rise in salinity from the
544  present brackish state toward approximately 20 ppt (~32,000 pS/cm) by 2100 (Kirono et al., 2009).
545  Together, these results show that modest but sustained changes in P/E can drive large, long-term changes

546  in both lake level and salinity.

547  These modern observations underpin our use of EC as a quantitative hydroclimatic proxy for the
548  sediment record from Lake Bullen Merri. As EC responds predictably to the integrated effects of
549  precipitation and evaporation, higher inferred lake water EC is interpreted to be representative of
550  episodes of sustained drying and lake-level decline, whereas lower EC indicates intervals of increased
551 effective precipitation, rising lake levels and dilution. On this basis, reconstructed EC from diatoms
552  serves not only as a descriptor of past water chemistry but also as a robust indicator of hydrologic
553  change and hydroclimate variability, allowing Lake Bullen Merri to contribute meaningfully to regional

554  reconstructions of hydroclimate over the last ~2500 years.
555 4.2 Hydroclimate variability over the last ~2500 years

556  Several multidecadal- to centennial-scale dry and wet phases are identified over the last ~2500 years
557  (Fig. 5a) from the diatom-based salinity reconstruction of Lake Bullen Merri. For the initial centuries
558  (~500 BCE to ~200 CE), reconstructed EC suggests relatively stable, moderate salinity in Lake Bullen
559  Merri, although this interval must be interpreted with caution because the diatom assemblage is
560  dominated by a single taxon, Nitzschia frustulum. This taxon is widely regarded as a benthic species
561  with a preference for alkaline waters with moderate to high conductivity, and can reach very high
562  relative abundances in brackish—saline systems, including nearly 70% of the assemblage at chloride
563  concentrations of 1000-2500 mg/L where it is grouped with halophilous taxa (Coring and Béthe, 2011;
564  Kociolek and Herbst, 1992; Lengyel et al., 2015; Trobajo et al., 2011). Ecological indicator values from
565  a large-scale synthesis of diatom preferences from freshwater, brackish and marine waters in The
566  Netherlands, characterise N. frustulum as an alkaliphilous taxon associated with slightly saline to low-
567  end brackish (salinity ~0.9-1.8 %o) and eutrophic waters, with moderate organic enrichment (Van Dam
568 et al., 1994; Mertens et al., 2025). In the Rahman et al. (2026) calibration dataset from south-eastern

569  Australia, N. frustulum occurred in 143 of 475 samples and reached a maximum relative abundance of
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570  43.2% in Lake Linlithgow, which is a very shallow, saline (7038—13,970 puS/cm), alkaline (pH 8.3-9.9),
571 and turbid lake. Its weighted-average EC optimum was 6,811 uS/cm, indicating an association with
572  moderately saline waters. The taxon was also associated with alkaline conditions in the dataset
573  (weighted-average pH = 8.45). A previous palaeolimnological study of Lake Bullen Merri similarly
574  identified intervals (1,850-150 BCE) with N. frustulum reaching 100% relative abundance, which were
575  interpreted as representing periods of much lower salinity than present (Duthie, 2000). Taken together,
576  these lines of evidence suggest that the long interval dominated by N. frustulum in the early CE most
577  likely represents a persistently alkaline, moderately saline, nutrient-rich lake with good oxygenation
578  and productive benthic habitats. However, because the assemblage is nearly monospecific and N.
579  frustulum has a broad ecological tolerance, it offers limited leverage for resolving more subtle

580  hydrological differences. Therefore, we cannot subdivide this interval into discrete dry or wet phases.

581 Following the long Nitzschia dominated interval, the Lake Bullen Merri record indicates a relatively
582  dry period from ~200—460 CE, during which salinity increased, and lake level declined. This is followed
583 by ashort-wet phase from ~460-555 CE, marked by fresher conditions and higher inferred lake levels,
584  and then a dry phase from ~680—750 CE, when salinity again rose and lake level fell. We cannot fully
585  resolve the period between ~555 and 680 CE. However, it most likely represents a transition between

586  the preceding wet phase and the subsequent dry phase rather than a separate, well-defined state.

587  From the late first millennium into the early second millennium CE, the record shows three cycles of
588  alternating salinity, and thus, wet and dry phases. Wet phases occur around ~750-880, ~980-1080 and
589  ~1200-1250 CE, when lower EC and higher lake levels indicate wetter conditions. These are separated
590 by drier phases around ~880-980, ~1080—-1200 and ~1250-1380 CE, when higher EC and lower lake
591 levels indicate reduced effective moisture. Together, these shifts demonstrate repeated multi-decadal

592  swings between more humid and more arid conditions in south-eastern Australia.

593 At the end of these centennial scale cycles, the record shifts into a prolonged wet phase between ~1380
594  and ~1750 CE, during which inferred EC values are at their lowest sustained levels, implying
595  persistently fresh conditions and high lake levels over several centuries. This wet interval broadly
596  overlaps with the Little Ice Age (LIA) and is followed by a gradual drying trend, consistent with the
597  wet LIA and post-LIA drying proposed by Tibby et al. (2018). The prominent wet phase at Lake Bullen
598  Merri ends earlier than the 1850-1900 CE interval identified by Tibby et al. (2018) and is instead
599  characterised by slightly higher EC between 1750—1890 CE. This signal also contrasts with the
600  observations of lake overflow in 1841 CE (Currey, 1970). However, this particular event may
601 correspond with a short but notable decline in inferred EC in the late 1800s, associated with a clear
602  decline in the saline taxa C. choctawhatcheeana and Chaetoceros muelleri and an increase in the
603  freshwater diatoms Pseudostaurosira brevistriata and Amphora ovalis. Beyond this, the lake enters a

604  phase of very high inferred salinity, that likely reflects a combination of climatic drying and
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605  anthropogenic impact. This late interval coincides with the appearance of exotic Pinus pollen and a
606  marked shift in diatom assemblages, consistent with land-use change in the catchment. Consequently,
607  the high-salinity phase after ~1890 CE is interpreted in the context of both climate-driven and
608  anthropogenic salinity change. At a broader regional scale, although multi-year droughts are a natural
609 feature of Australian hydroclimate, climate-model simulations suggest that the tendency towards longer
610  droughts in eastern Australia during the twentieth century may indicate an emerging anthropogenic
611 influence, consistent with projected declines in cool-season rainfall across southern Australia (Falster

612  etal, 2024).

613  The extent to which the Bullen Merri record is representative of regional-scale hydroclimate change
614  was evaluated through comparison with three other diatom records from crater lakes in western Victoria.
615  Reconstructed EC from the Tower Hill Main Lake diatom record (Fig. Sb), together with updated EC
616  reconstructions from Lake Elingamite (Fig. 5¢) and Lake Surprise (Fig. 5d), show periods of alternating
617  higher (drier) and lower EC (wetter) phases. Despite limited age control for Tower Hill and Elingamite
618  records, the three sequences display broadly similar hydroclimatic trends compared to the Lake Bullen
619  Merri record. This agreement between nearby crater lakes strengthens the hydroclimatic reconstruction
620  and suggests a coherent pattern of hydroclimate variability within the maar-lake region of south-eastern
621  Australia over much of the last ~2500 years. This has previously been suggested by Tyler et al. (2015),
622  who showed that decadal resolved diatom records from western Victoria can capture coherent regional-
623  scale environmental patterns. Collectively, these four records demonstrate higher effective precipitation
624  over evaporation (P/E) during the LIA and, with less certainty, pronounced dry intervals during the
625  preceding Medieval Climate Anomaly. The magnitude of these changes was substantial: a doubling of
626  salinity at Lake Bullen Merri implies a considerable fall in lake level, and at Lake Elingamite
627  reconstructed EC at ~1350 CE was approximately three times higher than at ~1750 CE. Such shifts
628  would have had major consequences for lake ecology and illustrate a highly variable regional

629  hydroclimate.

630 In contrast to this internal coherence, all four diatom records differ markedly from the 'canonical' lake-
631 level reconstruction for Lake Keilambete (Bowler and Hamada, 1971; Wilkins et al. 2013), located less
632  than 25 km NW of Lake Bullen Merri. This may relate to a chronological issue. As noted by Tibby et
633  al.(2018), the Lake Keilambete record does not have a reliable chronology for the uppermost sediments,
634  and a portion of that record may even be missing, which in turn affects the deeper sediment chronology.
635  The substantially lower temporal resolution of this record may also fail to capture the finer scale
636  hydroclimatic variability identified at Lake Bullen Merri. In addition, the Lake Keilambete lake level
637  reconstruction is based on an inverse exponential relationship between lake water depth and the
638  proportion of sediment retained in a 63 pm sieve. While this proxy could be interpreted to reflect
639  changes in lake level due to a slightly increased catchment with erosion during low lake levels, the

640  authors note that the data should be treated with caution for reasons such as non-linear responses of
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641 Lake Keilambete to high water levels and radiocarbon reservoir anomalies from groundwater (Wilkins

642  etal., 2013) (Fig. S10e).

643  Extending the comparison further to the east, a water-table reconstruction using testate amoebae from
644  Snowy Flat Wetland, Australian Capital Territory, shows broadly similar hydroclimatic trends to Lake
645  Bullen Merri. In particular, the site records two cycles of alternating wet and dry conditions between
646  approximately 680 and 1100 CE. A pronounced dry phase followed, lasting until approximately 1300
647  CE. A subsequent wet period persisted until the 19th century, followed by relatively dry conditions
648  (Zheng et al., 2025) (Fig. S10.f). This pattern also supports the hypothesis of a wet LIA followed by
649  drying. In contrast, the pigment-inferred precipitation record from Rebecca Lagoon, Tasmania
650  (Saunders et al., 2012) exhibits less resemblance to the Lake Bullen Merri EC record, except for
651  predominantly wetter conditions during the LIA, at least until ~1500 CE (Fig. S10.g). Magnesium
652  concentrations in a stalagmite at Kubla Khan Cave, Tasmania, interpreted to reflect hydroclimate,
653  exhibit similar hydroclimatic trends like Lake Bullen Merri over the last millennium and in parts of the
654  first millennium CE, albeit limited by a relatively low ~50-year sampling resolution (Cooley et al.,
655  2026) (Fig. S10.h). Thus, all three records indicate a predominantly wetter phase in south-eastern
656  Australia during the LIA, although its timing differs between sites. The Victorian diatom-based
657  reconstructions were also compared with two records from South Australia to the west of Lake Bullen
658  Merri. A bivalve "0 record from the Coorong Lagoon (Fig. S10i; Chamberlayne et al., 2023) and an
659  ostracod 6'%0 record from Lashmars Lagoon (Fig. S10j; Rahman et al., 2025). Both show sequences of
660  dry and wet periods, but the timing and expression of these phases largely differ from the Victorian
661 diatom-based EC records. In all cases, chronological imprecision hinders the direct comparison of sub-
662  centennial scale variability, however it is clear that a variety of different sedimentary environments
663  record notable decadal- and centennial-scale hydroclimatic extremes, illustrating the prevalence of such

664  events in the Australian climate system.

665  Tree-ring-based hydroclimate records from Australia typically have more limited temporal coverage
666  than the Bullen Merri record. A single tree-ring chronology derived from climatically connected
667 regions, interpreted to reconstruct winter streamflow of the Murray River, extends back to 1190 CE
668  (Higgins et al., 2023). This record of Murray River inflow which shares climate drivers with our study
669  region (Risbey et al., 2009) suggests prolonged early-thirteenth-century droughts that overlap with the
670 final dry phase inferred at Bullen Merri between approximately 1250 and 1380 CE. However, this tree
671  ring-based reconstruction do not consistently indicate a prolonged wet phase during the LIA, in contrast
672  to the persistently low EC at Bullen Merri and other crater lakes from approximately 1380 to 1750 CE,
673  which likely reflects sustained high effective moisture. Although Freund et al. (2017) and Higgins et al.
674  (2023) identify the Millennium Drought as exceptionally extensive and severe within their respective
675  reconstruction periods, these records do not extend far enough back in time to evaluate whether the

676  earlier prominent dry phases inferred at Bullen Merri, particularly before 1190 CE, were of comparable
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677  or greater severity. Similarly, shorter reconstructions from tree ring records that aim to infer climate
678  from our study region (i.e. the “southern slopes” natural resource management region cluster) do not

679  identify a distinctly wet LIA (Freund et al., 2017; Palmer et al., 2024).

680  Antarctic ice-core data provide longer records comparable to that from Lake Bullen Merri. Several
681 studies infer rainfall variability in Australia based on statistical relationships between ice accumulation
682  and summer sea salt deposition at Law Dome, East Antarctica (Van Ommen and Morgan, 2010; Roberts
683  etal., 2015; Tozer et al., 2016; Vance et al., 2013, 2015). The Law Dome summer sea salt record was
684  used to infer a prolonged dry interval between approximately 1000 and 1260 CE, including a 39-year
685  drought in eastern Australia from 1174 to 1212 CE (Vance et al., 2013). These intervals broadly overlap
686  with the Bullen Merri dry phase from approximately 1080 to 1200 CE and the transition to another dry
687  phase after approximately 1250 CE. The sustained low EC at Bullen Merri between approximately 1380
688 and 1750 CE broadly overlaps with wetter conditions inferred from the Law Dome-derived eastern
689  Australian rainfall records. Vance et al. (2013) identified a generally wetter interval from approximately
690 1260 to 1860 CE, although this period included shorter dry episodes. Importantly, the prolonged dry
691 conditions prior to 1200 CE are not reflected in summer sea salt at Law Dome (Roberts et al., 2015). In
692  contrast, the wetter pre-late-nineteenth-century conditions reported for eastern Australia by Tibby et al.
693  (2018) are present in all these records, including a wetter interval extending to approximately 1860 CE
694  in Vance et al. (2013). Because the Law Dome inferred rainfall reconstructions are based on statistical
695  relationships with instrumental data of eastern Australian rainfall, the strength and spatial expression of
696  these relationships may have varied through time. Consequently, these comparisons should be

697  interpreted cautiously.

698  While the four Victorian crater lake diatom-inferred EC records exhibit similar patterns, comparison
699  with more distant records suggest greater spatial and temporal variability across south-eastern Australia.
700  This may reflect real differences in moisture source, catchment setting, and hydrology, differences
701 between the proxies themselves, or chronological uncertainties. For example, speleothem trace-
702  elements, bivalve 80, and ostracod 6'%0 records are sensitive to seasonal and interannual hydroclimate
703  variability, whereas lake water salinity integrates the balance of precipitation, evaporation, inflow, and
704  groundwater exchange over several years. In addition, differences in chronological precision as well as
705  in variable temporal smoothing of sediment records may result in amplification of low frequency
706  variability at the expense of short-term patterns. Less agreement between different palacoclimate
707  records is therefore not unexpected and does not indicate that any one record is unreliable. Importantly,
708  the similar trends between records suggest that the shared pattern is unlikely to be an artefact of proxy

709  behaviour, of local conditions or of applied age models.

710  These records also refine how CE hydroclimate in south-eastern Australia is understood. Annually

711 resolved reconstructions from tree rings, corals, and ice cores are mostly interpreted at interannual to
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712 multidecadal scales (e.g. Freund et al., 2017; Higgins et al., 2023; Palmer et al., 2024). Where century-
713  long wet or dry periods have been identified, they appear as shifts of relatively small amplitude
714 compared with the large-scale changes in effective moisture indicated by diatom records. Although
715  sediment mixing can attenuate high-frequency variability in lake sediment records and make low-
716  frequency signals relatively more prominent, this is unlikely for the crater lakes given their rapid
717  accumulation rates, particularly at Lake Surprise, and the occurrence of similar trends in four separate
718  sequences. An explanation may instead lie in how the annually resolved reconstructions are constructed.
719  Tree-ring standardisation and calibration against relatively short instrumental records can reduce low-
720  frequency variance in hydroclimatic reconstructions (Cook et al., 1995; Ljungqvist et al., 2020; Von
721 Storch et al., 2004). Available tree-ring records provide limited coverage of the early first millennium
722  CE and therefore limited representation of the pronounced dry conditions inferred at Lake Bullen Merri
723  during the medieval period. This comparison provides a site-specific long-term context for natural
724  effective-moisture variability, providing essential context for water-resource planning alongside

725  projections of anthropogenic climate change.

726  The centennial-scale hydroclimatic variability identified at Lake Bullen Merri likely reflects
727  interactions among large-scale climate modes, synoptic rainfall-producing systems, and land-
728  atmosphere feedbacks, rather than a single driver (Holgate et al., 2025; McKay et al., 2023). El Nifio—
729 Southern Oscillation, the Indian Ocean Dipole, and the Southern Annular Mode can modulate moisture
730  transport and rainfall-producing circulation over south-eastern Australia in spatially and seasonally
731 variable ways, while soil-moisture, evapotranspiration, and precipitation-recycling feedbacks may
732 affect the persistence of wet and dry conditions (Holgate et al., 2020, 2025; McKay et al., 2023). The
733  diatom-inferred EC record integrates the balance between precipitation and evaporation and cannot
734  distinguish whether the centennial-scale phases at Lake Bullen Merri were driven primarily by changes
735  in rainfall, evaporative stress, or both. The sustained low salinity and high inferred lake levels during
736  the LIA may be consistent with reduced evaporative demand under cooler conditions, and this
737  interpretation gains some support from the association between large volcanic eruptions and drought-
738  free intervals in the Murray—Darling Basin identified by Falster et al. (2024), which was attributed to
739  aerosol cooling suppressing evaporative demand. Testing this hypothesis requires temperature
740  reconstructions of comparable resolution and length, and these are not presently available for south-
741  eastern Australia. Regional temperature reconstructions for Australasia rely on only three records from
742 before 1400 CE (Gergis et al., 2016), and there is little evidence that warm and cold epochs of the
743  Common Era were globally or hemispherically synchronous (Anchukaitis et al., 2017; Neukom et al.,
744 2019). Whether the Medieval Climate Anomaly was warm across the Southern Hemisphere and the
745  Indian and Pacific basins therefore remains uncertain. Resolving the relative contributions of
746  precipitation and evaporation to the variability reported here will require independent, well-dated

747  temperature proxies from the same or nearby sites, ideally applied to the same sediment sequences.
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750  Figure 5. Comparison of diatom-inferred (DI) EC records reconstructing hydroclimate variability from
751 a. Lake Bullen Merri, b. Lake Tower Hill (Mills et al., 2013), ¢. Lake Elingamite, and d. Lake Surprise
752 (c—d; Barr et al., 2014). Yellow panel marks the interval interpreted as strongly influenced by
753  anthropogenic impact. Grey and blue bars indicate dry and wet periods, respectively, while the white
754  bar indicates a gap in the record. Black lines indicate a locally weighted sum of squares (loess) fit with

755  span = 0.1 (Cleveland et al., 2017).
756 5 Conclusions

757  We derived a ~2500 years diatom-based EC record to infer hydroclimate variability at Lake Bullen
758  Merri, Victoria. Relatively stable, moderate salinity characterised the interval from ~500 BCE to ~200
759  CE. EC then rose and fluctuated between ~200 and ~750 CE, before varying through three further wet—
760  dry cycles between ~750 and ~1380 CE. A prolonged freshwater phase followed between ~1380 and
761 ~1750 CE, coinciding with the LIA, when reconstructed EC was lowest and saline centric diatoms were

762  absent. EC rose again to ~1890 CE and reached its highest values thereafter; the coincidence of this
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763  shift with exotic Pinus pollen indicates that anthropogenic catchment disturbances contributed

764  alongside climatic drying.

765  Comparable reconstructions from Lake Tower Hill, Lake Elingamite and Lake Surprise show broadly
766  similar phases, indicating that these lakes recorded a shared regional hydroclimatic signal rather than
767  site-specific changes. Reconstructed EC at Lake Bullen Merri roughly doubled between the wettest and
768  driest phases of the last millennium, a large change that altered lake level and lake ecology. These
769  centennial-scale phases are not clearly expressed in regional tree-ring and ice-core-derived
770  reconstructions, which are shorter and differently calibrated. Therefore, the diatom records indicate a
771 wider natural range of hydroclimatic variability than currently recognised. This further suggests that
772  water resource risk assessments derived from tree-ring and ice-core records are likely to underestimate

773 the hazards posed by natural droughts.
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