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Over the first two decades of the 21st century, many wetlands in eastern Australia exhibited declining water levels, causing concern for communities and environmental managers and raising questions about the roles of climate change and other human activity in these water level declines. In this context we examine the causes of water level variability in four wetlands on North Stradbroke Island (Minjerribah), in the humid subtropics of south-eastern Queensland, Australia, using a combination of hydrological and water isotope monitoring and modelling. North Stradbroke Island has a high concentration of wetlands perched above the regional water table, with cultural and ecological significance, and value for palaeoclimate research. From 2015 to 2019, wetland water depths decreased markedly at all sites, coinciding with increases in oxygen isotope ratios in surface waters. The data indicate that climate, specifically a decrease in precipitation relative to evaporation, was responsible for those declining water levels, and that groundwater extraction did not play a critical role. At two of the sites—both palustrine wetlands—declining surface water levels led to intermittent connectivity with the local perched aquifers. At the other two sites, which are both shallow lakes, the surface waters were constantly fed by perched groundwater. The hydrology of the two lakes was modelled using simple mass balance. However, in order to accurately model lake level change, it was necessary to vary catchment runoff and lake outflow via groundwater through time, highlighting complexity in projecting future hydrological change in these lakes. The long term resilience of these lakes depends on a combination of rainfall regime and the balance between catchment runoff and groundwater throughflow, the future of which is highly uncertain. As a consequence, continued efforts to project future hydroclimate and to model the complex hydrology of subtropical wetlands are essential.
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INTRODUCTION
Lentic waterbodies that retain permanent to semi-permanent water (hereto referred to as “wetlands”) are important but uncommon landscape features on mainland Australia, even across large tracts of the humid eastern and south-eastern part of the continent. The wetlands that do exist hold significant cultural, ecological and recreational value. For First Nations people, many wetland plant and animal species have some form of traditional use or cultural importance, such as totemic significance (WetlandInfo, 2013). More broadly, wetlands are economically and culturally important locations for tourism, fishing and watersports. As is the case in many parts of the world (Adrian et al., 2009; Lei et al., 2014; Havens and Steinman, 2015; Me et al., 2018; Remmer et al., 2020) Australia’s wetlands are threatened by climate change, with declining water levels in many locations likely to continue in response to decreases in effective moisture projected under future warming scenarios (Jones et al., 2001; Kirono et al., 2012; Yihdego et al., 2015; Yihdego et al., 2016; Grose et al., 2020). In addition, wetland sediments are important archives of past climate and hydrological change, providing context for contemporary and future climate impacts upon aquatic systems (Barr et al., 2013; Mills et al., 2013), as well as documenting the frequency and drivers of extreme climate variability, including past floods and droughts (Barr et al., 2014; Rouillard et al., 2016; Tibby et al., 2018; Barr et al., 2019). However, the effects of climatic change on wetland hydrology, as well as on the geochemical and ecological proxies of change which are recorded in the sediments, varies between sites according to a number of factors including local geology, landscape topography, wetland bathymetry and vegetation (Battarbee, 2000; Jones et al., 2001; Leng and Marshall, 2004; Kirono et al., 2012; Wigdahl et al., 2014; Tyler et al., 2015; Yihdego et al., 2015). Therefore, there is a need to understand the drivers of contemporary hydrological change in Australian wetlands to both inform current and future management and to better constrain reconstructions of past climate variability.
Changes in wetland hydrology and their underlying causes can be investigated using oxygen and hydrogen isotopes of water. The 18O/17O/16O and 2H/1H isotope ratios of water are common tracers of contemporary and past climate and hydrological change, responding to a combination of physical processes throughout the water cycle, such as evaporation, transport, mixing and condensation, amongst others (Gat, 2010). In most regions, the oxygen and hydrogen isotopic composition of precipitation varies seasonally or according to weather type (Crawford et al., 2013; Tyler et al., 2016; Hollins et al., 2018), providing a tracer for the timing of wetland and groundwater recharge and associated processes (Meredith et al., 2013; King et al., 2015). Furthermore, enrichment in the heavier 18O and 2H isotopes is a useful indicator of evaporation, which can be used to partition the pathways of water loss from wetland systems (Gibson et al., 1996; Gibson and Edwards, 2002; Meredith et al., 2015; Skrzypek et al., 2015; Remmer et al., 2020). Finally, the isotope composition of past surface water is recorded by a plethora of inorganic and organic materials preserved in sediments, including inorganic carbonate mineral precipitates, carbonate and silicate biominerals, and the molecular remains of biological tissues (Leng, 2006; Konecky et al., 2020). As a consequence, oxygen and hydrogen isotope analysis of wetland sediments is a mainstay of palaeoclimate research, particularly when underpinned by a robust understanding of contemporary hydrology (Leng and Marshall, 2004).
Investigations into the response of wetland hydrology and isotope geochemistry to climate change have been conducted worldwide (Rietti-Shati et al., 2000; Gibson and Edwards, 2002; Noon et al., 2002; Leng and Anderson, 2003; Darling et al., 2006; Russell and Johnson, 2006; Tyler et al., 2007; Henderson and Shuman, 2009; Lei et al., 2014; Havens and Steinman, 2015; Remmer et al., 2020). However, few studies have addressed wetlands in the humid subtropics, and fewer still on the types of shallow, densely vegetated lacustrine and palustrine wetlands which are typical in these regions. The climate of the humid subtropics is usually characterised by intense summer rainfall, which coincides with high seasonal temperature maxima. Consequently, a fraction of wetland and groundwater recharge in the humid subtropics often overlaps with the period of maximum evaporation. In shallow wetlands, including seasonally ephemeral systems, the absence of surface waters can be compensated by significant reserves of water in the sediments, supporting ecosystems which are dominated by emergent aquatic flora (Marshall and McGregor, 2011; Specht and Stubbs, 2011). The extent to which wetland surface hydrology is linked to the underlying perched aquifer is therefore critical, not only for understanding the resilience of such wetlands to climate change, but also for the use of isotope tracers in wetland sediments to reconstruct past climates.
The wetlands of North Stradbroke Island (Minjerribah), eastern Australia (Figure 1), are of particular interest due to their ecological and cultural significance, as well as their importance for palaeoclimate research. North Stradbroke Island (NSI) is traditionally owned and inhabited by the Quandamooka people, for whom the island’s wetlands represent important spiritual sites (Arthington et al., 2019). The wetlands host unique biodiversity with complex evolutionary histories (Page et al., 2012), including endemic algal species (Rott et al., 2006; McGregor, 2018), and the higher plant species Eleocharis difformis (Blue Lake eel grass) and Olearia hygrophila (North Stradbroke Island swamp daisy), as well as several rare and threatened plants and animals such as Phaius australis (swamp orchid), Nannoperca oxleyana (Oxleyan pygmy perch), Xeromys myoides (water mouse) and Cherax robustus (wallum swamp crayfish) (Marshall et al., 2006; Marshall et al., 2011). Importantly, the wetlands on NSI include some of Australia’s oldest extant systems, with long, sometimes continuous sedimentary records that span several tens of thousands of years (Moss et al., 2013; Tibby et al., 2017; Cadd et al., 2018; Kemp et al., 2020; Lewis et al., 2020). For example, the basal organic sediments of Fern Gully Lagoon were dated to ∼210,000 years before present (Kemp et al., 2020) and those from Welsby Lagoon were dated to ∼80,000 years before present (Lewis et al., 2020). Such long sediment archives are rare for continental Australia and their presence on NSI provides enormous potential for palaeoclimate reconstructions aimed at understanding long-term climatic variability in the region, which is intimately linked to the El Niño Southern Oscillation (Barr et al., 2019). Declines in water levels in several NSI wetlands over the last two decades have raised concerns about the future of these sites and the causes of these declines (Figure 2). This study aims to address these concerns by examining the effect of climate on wetland hydrology, and by considering the effects of direct human impact on the wetlands, specifically groundwater extraction for potable water supply on both the island and mainland as well as disturbances to the groundwater system as a consequence of intensive sand mining, and irrigation.
[image: Figure 1]FIGURE 1 | Map of (A) Australia; (B) North Stradbroke Island (Minjerribah), indicating location of studied wetlands; enlarged maps, including sampling locations at (C) Welsby Lagoon and Fern Gully Lagoon; and (D) Swallow Lagoon and Brown Lake. Red points indicate surface water monitoring and sampling locations, black points indicate groundwater monitoring and sampling locations.
[image: Figure 2]FIGURE 2 | Photographs of Swallow Lagoon taken at the same location in (A) 20 October 2009 and (B) 22 May 2020 demonstrating variability in wetland water level.
North Stradbroke Island (Figure 1) is part of a wider ancient sand dune system which includes the Cooloola Sand Mass, K’gari (Fraser Island) and Moreton Island (Patton et al., 2019). The groundwater hydrology of the sand islands is characterised by a regional groundwater aquifer with a large unsaturated zone in the central parts and small isolated perched aquifer systems which sit above the regional groundwater system. Many of the wetlands in this region are in some way associated with groundwater—either through connection to the regional water table or, more commonly, local perched aquifers. It is argued that this association with groundwater sustains the wetlands during low rainfall periods, thereby providing important drought refugia (Marshall et al., 2011). The longevity of the wetlands over multiple millennia supports this hypothesis; however, contemporary and future climates have limited analogues in the past (Hansen et al., 2006; Marcott et al., 2013) and the response of these systems to future warming is uncertain. Understanding the hydrology of wetlands of the island, including their connectedness to regional and perched groundwater systems, is therefore relevant for significant wetlands across a much wider geographical region. The issue of surface and groundwater resilience to climate change directly aligns with several of the “Twenty-three unsolved questions in hydrology,” as compiled by Blöschl et al. (Blöschl et al., 2019). To this end, this paper reports the results of hydrological and stable isotope monitoring and modelling at four wetlands on NSI, including systems which have been both permanent and ephemeral over recent decades.
STUDY SITE DESCRIPTION
At approximately 285 km2, North Stradbroke Island (27°27′S, 153°28′E) is the second largest sand island in the world and is located in Moreton Bay, south-eastern Queensland, Australia. The surface geology of the island primarily consists of southeast-to northwest-oriented parabolic dunes which reach an elevation of 239 m and were sequentially deposited during glacial sea-level lowstands (Ward, 2006; Brooke et al., 2015; Ellerton et al., 2020). Located in the subtropical climate zone of eastern Australia, the island experiences warm, humid summers (DJF mean maximum daily temperature 29.1°C) and mild, dry winters (JJA mean maximum daily temperature 21.7°C) (Bureau of Meteorology (BoM), 2020) with the majority (∼62%) of annual precipitation (1,435 mm) occurring during the Austral summer and autumn months of December to May (data from Point Lookout BoM station No. 40209, 1997–2022) (Bureau of Meteorology (BoM), 2020).
There are over 70 wetlands on North Stradbroke Island (Leach, 2011). These include rare groundwater window lakes (Barr et al., 2013), spring-fed palustrine “swamps” (Mettam et al., 2011; Moss et al., 2011), streams, and many perched lakes and swamps that are hydrologically isolated from the regional aquifer by indurated sand layers (Brooke et al., 2008; Leach, 2011; Marshall et al., 2011). Examples of perched wetlands include Welsby Lagoon, Fern Gully Lagoon, Swallow Lagoon and Brown Lake; the foci of this study (Table 1). It should be noted these are not “lagoons” in the true sense of the term; rather, Welsby and Fern Gully are palustrine wetlands, while Swallow Lagoon is a freshwater lake.
TABLE 1 | Site details. The height of each wetland above the regional water table was determined by using the modelled average depth to water table at the end of an extended dry period in the modelled time series (August 1917) using the NSI regional groundwater model. This elevation was generated as a GIS layer, and overlaid on the wetlands (McGregor and Marshall, 2013).
[image: Table 1]Welsby Lagoon
Located in the northwest of the island (Figure 1), Welsby Lagoon is a shallow (∼1.2 m maximum water depth) palustrine wetland. The wetland lacks major stream inflow and outflow connections and is the surface expression of the perched freshwater aquifer of the Welsby drainage province, which drains an area of approximately 538 ha (∼2% of the island) (Leach, 2011). As is the case with many wetlands on the island, including Fern Gully Lagoon, the wetland is dominated by emergent aquatic plants including Baumea species and Lepironia articulata, along with submerged Cycnogeton procerum (Marshall and McGregor, 2011).
Fern Gully Lagoon
Fern Gully Lagoon is a shallow (1.2 m maximum depth) palustrine wetland. It lies within a shallow bowl of vegetated dunes at the north-western end of North Stradbroke Island in the Flinders Beach drainage province (Leach, 2011). The wetland has two above-ground outflows, the largest being to the eponymous Fern Gully, through which outflow has been reported by local residents only very occasionally though the period of this study.
Swallow Lagoon
Swallow Lagoon is a small, perched lake that sits high in the dunes. Swallow Lagoon has no inflow or outflow streams and, as such, is effectively the surface expression of a small aquifer contained within the surrounding sand. There is an outflow channel to the south-east of the lake but its thalweg is at least 0.7 m above maximum recorded lake elevation and was not observed flowing during the study period.
Brown Lake
The largest lake on the island, Brown Lake (or Bummiera in the Quandamooka language) is a popular tourist destination and holds significant cultural value for the Quandamooka people. Except for very high precipitation events, the lake has no active surface inflow or outflow streams. An outflow channel to the south has been inactive during the monitored period. Previous studies have noted that the depth of Brown Lake can fluctuate substantially over a relatively short period of time (Laycock, 1975; Laycock, 1978). Laycock (Laycock, 1978) found lake-level fluctuation in the range of 3.49 m over “a number of years,” while Lee-Manwar et al. (Lee-Manwar et al., 1980) reported a fall of 3.9 m between May 1974 and July 1977. This is consistent with current monitoring which recorded a water level decline of 3.5 m between June 2012 and December 2019.
METHODS
This study used a combination of topographic surveys and both hydrological and isotope geochemical monitoring. These data were used to develop water mass balance models, which in turn were used to examine wetland hydrological responses to future climate change.
Bathymetric Surveys
The bathymetries of Brown Lake and Swallow Lagoon were surveyed using a gridded network of depth, position and time every 2 s recorded by a boat mounted sonar and GPS system. Each survey consisted of a longitudinal section, a near-perimeter trace and 40 cross sections. Perimeters were hand drawn to encompass the survey points, and fit available base maps. Comparisons with a whole of NSI digital elevation model (DEM) showed they were compatible. Brown Lake was surveyed on 11 March 2011, when the water surface was 57.53 m relative to Australian Height Datum (AHD) and again on 18 May 2018, when the water surface was 54.75 m (AHD). Swallow Lagoon was also surveyed twice; on 20 October 2009, when the water surface was 154.21 m (AHD) and on 11 March 2011, when the water surface was 154.96 m (AHD). The two Brown Lake surveys were merged to create a final DEM (Supplementary Figure S1). The 2018 survey data were adjusted by adding 2.6 m to account for lower water levels at this time. This was calculated by averaging the difference in survey points from the two surveys that were within 0.5 m of each other, resulting in 100 such points. As a validation check, the wetland volume from a DEM generated from the 2018 survey alone was compared with that from the merged survey DEM at the same depth, and was found to be very similar. The same process was used to combine Swallow Lagoon surveys by adding 0.75 m to the 2009 data to correspond to the 2011 data. These pooled observations were used to generate DEMs of each wetland by linearly interpolating between survey points (ArcGIS 10.4.1, ESRI). Wetland volume and surface area were calculated and tabulated at 0.01 m depth intervals from full wetland extent to empty (ArcGIS, 10.4.1, 3d analyst tools, ESRI). To date, no bathymetric surveys have been completed for Welsby Lagoon and Fern Gully Lagoon, due to the logistical challenge of traversing and depth sounding the shallow, densely vegetated wetlands.
Wetland Hydrological Monitoring
Wetland and aquifer water levels were monitored using a network of barometrically-compensated diver loggers (Van Essen, Delft) in hand-installed piezometers recording at 60-min intervals. Manual water level measurements were made every 1–3 months to validate the logger data. Regional groundwater table head heights were monitored at bore 14400099, which is located near to Brown Lake. This bore samples the regional, island overarching aquifer, and is slotted between 36.4 and 42.4 m below ground surface. Water measurements were recorded manually, on average 3–4 times each year during the period 2011–2020. Monitored water levels are reported relative to AHD to provide a common reference elevation across all locations. All surface and groundwater levels were laser-levelled from formal Queensland Government survey points to ensure that all were correct to within <5 mm.
Daily rainfall and evaporation data from the Bureau of Meteorology stations at Dunwich and Point Lookout, which are closest to the wetlands, were obtained from the SILO Patched Point Dataset, which combines observations and interpolations to provide daily data for a selected set of weather stations (DES, 2019).
Monthly rainwater samples were collected using a purpose-built rainfall sampler, consisting of a 90 mm diameter polycarbonate tube (400 mm length; total volume ∼2.54 L) with an inbuilt funnel and a tap in the bottom to collect the water sample [e.g. 40]. A non-water soluble evaporation barrier was used (silicone or paraffin oil), and replenished after each collection. Wetland surface waters were collected monthly in 50 ml high-density polyethylene (HDPE) bottles from the edge of each wetland at the locations marked in Figure 1. When the water level dropped beneath the sediment surface at Welsby Lagoon and Fern Gully Lagoon, sediment interstitial water was collected by digging a hole to 20 cm depth and collecting the water that subsequently filled the hole. This interstitial water is referred to as “peat water,” given the peaty nature of the surficial sediments at Welsby and Fern Gully Lagoons. Shallow groundwater samples were collected from piezometers installed beside Welsby Lagoon and Fern Gully Lagoon (Figure 1). Groundwater samples were collected from the piezometer pipe using a battery powered slimline centrifugal groundwater pump after initially purging three times the piezometer pipe volume to ensure the collection of fresh aquifer water. All water samples were collected in carefully sealed HDPE bottles which were completely filled to avoid any headspace. Samples were refrigerated at 4°C until analysis.
Isotope Analyses
Oxygen and hydrogen isotope analysis was performed at Flinders Analytical, Flinders University, South Australia, on a Picarro L2130-I Isotope Water Analyser. Samples were calibrated against in-house laboratory standards consisting of desalinated seawater (δ2H = 0.95‰, δ18O = 7.4‰) and bottled water (δ2H = −73.8‰, δ18O = −10.36‰). A rainwater sample (δ2H = −52.1‰, δ18O = −8.49‰) was used as an internal laboratory quality control.
Oxygen and hydrogen isotope ratios are referred to using the standard delta notation:
[image: image]
Where δ refers to either δ18O or δ2H in ‰, and R is the ratio 18O/16O or D/H respectively. All data are reported relative to the Vienna Standard Mean Ocean Water (V-SMOW).
Modelling Wetland Hydrology
Lake water mass balance was modelled for Swallow Lagoon and Brown Lake for December 2011 through to February 2020—the period for which lake depth monitoring data were collected. Models were developed using the EcoModeller software Waterhole Persistence Model plug-in (Lobegeiger et al., 2015). The model requires a detailed bathymetry of the wetland, relating wetland volume and surface area to depth at 0.01 m intervals, and calculates the mass balance of fluxes into (direct rainfall, runoff and groundwater) vs. out (outseepage, surface flow, evaporation) of the wetland to estimate change in wetland water depth through time. Data inputs to develop the model were daily rainfall (sourced from SILO) with evaporation estimated using Morton’s shallow lake model (Morton, 1983) (both for BoM station Dunwich 040537). A “surface flow” dummy variable was set to zero for the entire time series because of the absence of such flows during the monitored period. Parameters for runoff (catchment size) and outseepage were estimated as described below. The absence of bathymetric data prevented the modelling of Welsby Lagoon and Fern Gully Lagoon.
Water balance models were calibrated iteratively so that predicted water depth best matched the measured depth. Calibration was achieved by adjusting two key model parameters: the daily rate of seepage loss (seepage through the base and sides of the wetland in mm per day) and a catchment area multiplier to represent runoff and shallow throughflow. Seepage loss was initially assumed to be zero and increased so that water loss matched observed behaviour. Rainfall catchment area was initially set as the maximum area of the wetland from the DEM and adjusted accordingly to match observed increases in wetland depth associated with rainfall. Varying catchment area in the model is used as a proxy for variable catchment runoff (i.e., the fraction of catchment precipitation which is transported to the wetlands) which is assumed to be constant in the model. It should be stressed that we do not propose that the actual catchment area varied through time. The optimum parameter values for calibration were determined as the minimum Root Square Mean Errors (RSMEs) achieved. Calibration assumed no anthropogenic water extraction and no daily evaporation multiplier.
For both wetlands, initial calibration attempts were unable to match observed depth behaviour for the entire record and it was evident that different periods of the overall record required independent calibration. These periods were identified iteratively, based on dates where there were notable depth changes. In some cases these selections were suitable for accurate calibration, but in others they required further division. Eventually low RMSE (<0.1 m) calibrations for the entire record were achieved by dividing the Brown Lake record into five periods and the Swallow Lagoon record into eight, each with its own combination of model parameter values. The need to alter the model calibration parameters through time reflects complex changes in the efficiency of catchment runoff and wetland outseepage according to climate and the depth of the wetland. As a consequence, the model could not be validated against an independent test period and can only reliably serve to explain observations during the monitored period, rather than project into the future. The model was used to test the effect of a lengthy drought on water depths in Swallow Lagoon and Brown Lake by repeating the climate of the driest year on record (2019) for 22 years, with the seepage rate and catchment area parameters fixed as those identified to best fit the 2019 state of the wetlands. 2019 was identified as the driest year on record by calculating the annual totals of daily rainfall and evaporation from the Dunwich weather station, through the 1893 to 2019 period. Annual totals of each parameter were used to rank years from the lowest to highest rainfall and from the highest to lowest evaporation. A biplot of these ranks identified 2019 as having the least rain and most evaporation (Supplementary Figure S2). 22 year long pseudo-time series for both rainfall and evaporation were created by repeating the daily climate of 2019. Commencing from the wetland depths measured on 29 July, 2016, and again using the calibrated 2016–2020 models, the depth behaviour of Brown Lake and Swallow Lagoon was simulated under this scenario to assess if repeat occurrences of the driest year on record would result in the wetlands emptying and, if so, after how long.
RESULTS
Climate Variability
Rainfall at Point Lookout varied markedly throughout the 4 years of monitoring (Figure 3). With the exception of 2015 (with 1,613 mm), the most recent 5 years of the monitoring period described here recorded below average rainfall with 2016 (868 mm) and 2019 (876 mm) being the two lowest annual rainfall totals since records began at Point Lookout in 1947. At Dunwich, on the west coast of NSI, the year 2019 experienced the lowest rainfall and the highest evaporation since records commenced in 1893 (BoM, 2020). Long term records on NSI indicate a dominance of summer rainfall; however, during the monitored period the month of June was consistently wet, with monthly precipitation ∼250 mm. Several years experienced annual maximum precipitation in February and March (250–350 mm), associated with late summer storms. The driest months were consistently August and September, which experienced ∼50 mm/month.
[image: Figure 3]FIGURE 3 | Comparison between surface and ground water levels at Brown Lake, Fern Gully Lagoon and Welsby Lagoon. In upper panel, continuous black line is daily mean air temperature, black vertical bars are daily total precipitation (multiplied by 2 to assist visibility), blue shaded area indicates monthly total precipitation and red shaded area indicates monthly total evaporation. Climate data represent the average of the four nearest grid points in the SILO database. In lower panels, black lines indicate continuously monitored surface water levels, red lines indicate continuously monitored groundwater levels and red symbols indicate manually determined groundwater levels at up to three different locations (indicated by different symbols) at each site.
During the 2015–2019 isotope monitoring period, daily temperature varied over a consistent seasonal cycle between 12 and 28°C (Figure 3). Modelled evaporation also exhibited a distinct seasonal cycle, albeit with minima and maxima (50–300 mm/month) lagged behind the measured temperature by approximately 1–2 months (Figure 3).
Variability in Surface and Groundwater Levels
Water depth logging commenced in December 2011, at Swallow Lagoon and Brown Lake and in July 2015, at Welsby Lagoon and Fern Gully Lagoon. For Swallow Lagoon, only surface water levels were monitored; however, at the other three sites both surface and groundwater depths were monitored. Wetland water depths declined from mid-2015 through to late 2019 (Figures 3, 4), although at Swallow Lagoon, for which a longer record is available, water depths had increased during the first half of 2015. The decline in water depth at Brown Lake stabilised by the beginning of 2017, fluctuating around a level of ∼54.6 m AHD except for a further short decrease in late 2018 (Figure 3). Water depth at Swallow Lagoon continued to fall throughout our study period (Figure 4). Groundwater level at Brown Lake, exhibited a similar pattern to surface water level, with both surface and groundwater levels being nearly identical during periods of low lake level, and with groundwater being higher by ∼0.2–0.3 m after periods of lake level rise (Figure 3).
[image: Figure 4]FIGURE 4 | Comparison between oxygen isotope ratios of rainwater, surface waters and groundwater at Welsby Lagoon, Fern Gully Lagoon, Swallow Lagoon and Brown Lake. Climate data presented as in Figure 3. Black points and lines indicate δ18O of rainwater (collected at Welsby Lagoon) or surface water at all sites. For Weslby and Fern Gully Lagoons, blue and green points and lines indicate the δ18O of groundwater at two monitoring bores at each site. Red points indicate the δ18O of “peat water”—i.e. sediment interstitial water collected when surface water levels had dropped beneath the wetland sediment surface.
Surface water levels at Welsby and Fern Gully Lagoons persisted at or just below the sediment-water interface during most of the monitoring period, although water could still be sampled from saturated lagoonal sediments. The water depth at these two sites fell rapidly between July and December 2015, after which their hydrological regimes were characterised by brief episodes of rapid re-filling after rainfall (e.g. March 2016 and May 2017) followed by subsequent declines in water level over the course of one to five months (Figure 3). Groundwater depth at both Welsby and Fern Gully Lagoons was found to be consistently lower than surface water level, ranging from ∼0.2 m beneath surface water level during periods of wetland inundation, and ∼0.5 m beneath surface water level during periods of wetland drying (Figure 3).
Stable Isotope Variability
The δ18O of precipitation (herein referred to as δ18OP), sampled at Welsby Lagoon, fluctuated seasonally around a mean of –2.9‰ with a standard deviation of 1.7‰ between August 2015 to May 2019 (Figure 4). Notable low δ18OP values were recorded in June 2016 (–7.6‰), June-July 2017 (–6.4‰ and –5.5‰) and July 2018 (–5.4‰), all of which coincided with periods of high monthly precipitation (Figure 4). High δ18OP values of +0.9‰ and +0.1‰ were recorded for November 2016 and August 2018 (Figure 4).
δ18O in wetland surface and interstitial peat waters (herein referred to as δ18OL) at Welsby Lagoon fluctuated within a range of –6‰ to +7‰, with highs and lows coinciding with those in δ18OP, albeit with a greater range (Figure 4). Two periods of markedly increasing δ18OL at Welsby Lagoon coincided with periods of declining water level, between July 2015 and February 2016, and again between June 2016 and November 2016 (Figure 4). Interstitial peat waters collected between November 2016 and January 2017 had values consistent with the trend of the surface waters (Figure 4). The δ18O of water sampled at two shallow groundwater bores (δ18OGW) at Welsby Lagoon exhibited markedly different temporal patterns, despite being located only ∼13 m apart. δ18OGW variability at bore #1, located closer to the wetland, resembled a time-averaged surface water signal, with a period of gradually increasing δ18OGW values from 0‰ in June 2015 to ∼ +3‰ in September 2016, followed by a decline to ∼ –2‰ by April 2017 and subsequent stabilisation around that value for the rest of the monitored period (Figure 4). By contrast, δ18OGW at bore #2 was consistently lower than that at bore #1, except for a period during February–March 2017. δ18OGW at bore #2 exhibited a high of ∼ +2‰ in June 2016, followed by a decline to ∼ –5‰ by September 2016. A subsequent increase to ∼0‰ in March 2018 was followed by an immediate decline and stabilisation at ∼ –4‰ for the rest of the record (Figure 4).
Variability in δ18OL at Fern Gully Lagoon exhibited similar patterns to that at Welsby Lagoon, however within a narrower range, from –4‰ to +4‰ (Figure 4). The two groundwater bores sampled had water with similar, but not identical δ18OGW to each other, except for May 2018. A marked decline in δ18OGW occurred in May 2016, declining from –0.5‰ to –4‰, followed by a gradual increase in δ18OGW through to late 2019. This variability in δ18OGW at Fern Gully was generally 0–2‰ lower than surface waters throughout the record; however, during two notable periods, January to April 2016 and September 2016 to March 2017, marked 6‰ increases in δ18OL were not mirrored by δ18OGW, which remained relatively invariant (Figure 4).
No groundwaters were sampled at Swallow Lagoon or Brown Lake; however, δ18OL exhibited similar patterns throughout the monitored period with a range of 0 to +6‰ at Swallow Lagoon and +1 to +5‰ at Brown Lake (Figure 4). δ18OL in both lakes exhibited an increasing trend from July 2015 to February, 2017, punctuated by a period of lower δ18OL from June 2016 to December 2016 (Figure 4). Subsequently, δ18OL gradually decreased to ∼ +3‰ at both lakes, with a larger range of short term variability at Swallow Lagoon compared to Brown Lake, coinciding with overall lower and more stable water levels (Figure 4).
At all of the monitored wetlands, δ18O of surface waters correlated with equivalent δ2H with R2 exceeding 0.94 in all cases (Figure 5). Deviation from the δ18O-δ2H relationship defined by rainfall at Welsby Lagoon (a.k.a the Meteoric Water Line; MWL) is indicative of a local evaporation line (LEL), and the slopes of the LELs were consistent between Swallow Lagoon and Brown Lake, and similar between Welsby Lagoon and Fern Gully Lagoon (Figure 5). Where peat waters and groundwaters were sampled at Welsby Lagoon and Fern Gully Lagoon, the δ18O and δ2H of those waters fell close to the LELs defined by surface waters. At Swallow Lagoon and Brown Lake, the LEL intersects the MWL near to the mean of all rainfall samples; however, at Welsby Lagoon and Fern Gully Lagoon, the MWL-LEL intersects fall closer to the minimum δ18O and δ2H values associated with winter rainfall (Figure 5). As a consequence of the clearly defined LELs, δ18OL consistently correlates with the deuterium excess of wetland water at all locations, with R2 values ranging between 0.85–0.95 depending on site.
[image: Figure 5]FIGURE 5 | Scatterplots of δ18O vs. δ2H for precipitation (black points) and wetland waters (coloured points) for all sites. For Welsby Lagoon and Fern Gully Lagoon, different symbols indicate different water sample types, namely peat water and the groundwater from one of two bores.
Monthly change in lake depth and equivalent change in δ18OL was calculated to assess the relationship between hydrological and stable isotope change, whilst excluding the effect of changes which occurred either prior to the monitoring period, or during gaps in the record. Monthly change in lake depth at Swallow Lagoon and Brown Lake exhibited significant correlations with the equivalent monthly change in δ18OL at both sites, with an R2 of 0.63 and slope of –5.76 for Swallow Lagoon and an R2 of 0.83 and a slope of –4.37 for Brown Lake (Figures 6A,B) reflecting the greater range of variability at Swallow Lagoon. At Welsby Lagoon and Fern Gully Lagoon change in depth and change in δ18OL exhibit weaker, yet statistically significant (p < 0.05) relationships (Figures 6C,D), albeit subject to several possible outliers which appear to have resulted in lower regression slopes than the majority of data imply. No clear reason for outlier rejection was identified, but it is possible that these values reflect short term (i.e., sub-monthly) rainfall events with distinctly different δ18O which, in turn, compensate for changes in δ18OL associated with lake filling or evaporation.
[image: Figure 6]FIGURE 6 | Sample-by-sample change in δ18O of wetland surface water plotted against change in surface water depth for the equivalent period between sampling intervals. Solid lines and associated text refer to the linear regression model for each site. Dotted lines reflect linear models derived for the other sites, with line and text colour referring to site [(A) Brown Lake = brown, (B) Swallow Lagoon = blue, (C) Welsby Lagoon = orange and (D) Fern Gully Lagoon = green].
Wetland Hydrological Modelling
Water level variability at Brown Lake and Swallow Lagoon was modelled for December 2011 to February 2020 (Figure 7). To check for the possible influence of regional groundwater influence, regional groundwater head height was compared to lake surface and lake floor levels, and throughout both records lake levels were perched well above groundwater, despite groundwater levels exhibiting a similar, albeit lagged pattern of variability (Figure 7). In order to simulate observed water depth variability through this period, it was necessary to vary two key model parameters: rainfall catchment area and daily outseepage loss rate. For Brown Lake, the catchment area was set at 2x lake area from December 2011 to February 2013, which was a period of high precipitation, and at 1.5x from February 2013 to January 2014. Catchment area was made constant at 1x for the rest of the model run (Figure 7A). Outseepage at Brown Lake was set at 4.20 mm/day from December 2011 to January 2014, and 2.75 mm/day from January 2014 to October 2014. For a brief window of time in 2015, outseepage at Brown Lake was set at 2.0 mm/day, whereas for August 2016 to February 2020, outseepage was set at 0.2 mm/day (Figure 7A). The RMSE of observed vs. modelled lake water depth at Brown Lake varied between the five calibration periods within a range of 0.025–0.085 m.
[image: Figure 7]FIGURE 7 | Comparison of modelled (coloured lines) vs. observed (black lines) wetland water depth for (A) Brown Lake and (B) Swallow Lagoon. In both figures, the two upper panels illustrate the calibration parameters rainfall catchment area multiplier (where the initial area is the maximum surface area of the lake) and outseepage rate which were iteratively adjusted to best fit the model with observed change. The coloured boxes indicate the different calibration periods. The elevation of the regional water table is shown in light blue.
For Swallow Lagoon, it was necessary to vary the calibration parameters more frequently in order to accurately simulate wetland water depths. Between December 2011 and February 2013, catchment area was set initially at 1x lake area until January 2012, then at 2x between January 2012 to November 2012, before returning to 1x from November 2012 to March 2013, and again for April 2014 to February 2015 (Figure 7B). Between February 2015 to March 2016, catchment area for Swallow Lagoon was set to 1.5x. From August 2016 to February 2012 catchment area was set to 0.5x lake area (Figure 7B). Outseepage rate at Swallow Lagoon was varied between 0.5 and 4 mm/day, with the highest rate of outseepage required to simulate water depth between April and October 2014, and the lowest outseepage rate applied between February 2018 to February 2020. The RMSE of observed vs. modelled lake water depth at Swallow Lagoon varied between the eight calibration periods within a range of 0.028–0.086.
Overall, it is apparent that during periods of higher wetland water depth, which are also periods of higher effective precipitation, it is necessary to set parameters for higher runoff efficiency (catchment size) and higher wetland outseepage. This need to vary the model parameters meant that it is impossible to independently validate the model. Furthermore, model projections outside of the calibration period are likely to be highly uncertain. The model does provide utility, however, for understanding the key fluxes into, and out, of the wetlands during the monitoring period, and also to examine how hypothetical drought conditions might affect the wetlands over a number of years. In this respect, under the scenario where the driest year on record is repeated for 22 years, neither Brown Lake nor Swallow Lagoon was simulated to dry completely (Figure 8). Both wetlands lost water on an annual cycle, yet approached depth minima after 4 years of this climate regime for Swallow Lagoon and after 8 years for Brown Lake. This pattern of declining water level reached asymptote at around 1 m deep for Swallow Lagoon and 3.75 m deep for Brown Lake, with very minor additional annual losses.
[image: Figure 8]FIGURE 8 | Projected lake water depths until July 2038 for a scenario whereby the climate of 2019, the driest on record, is repeated.
DISCUSSION
Declining water level, due to drought and climate change, is a significant and poorly constrained threat to wetland ecosystems in Australia, as it is in many parts of the world. On North Stradbroke Island, each of the four wetlands monitored in this study has exhibited significant decreases in water depth over the first two decades of the century, for which decreasing precipitation relative to evaporation is the best explanation. It has been speculated that local groundwater extraction or modification may also have been a cause of decreased water levels on the island (Homann et al., 2020). However, our study does not support that hypothesis. Instead, several lines of evidence indicate that climate is the primary driver; namely 1) the similar patterns of water depth variability between sites (Figure 3); 2) δ18OL values consistently higher than δ18OP at each site, indicating evaporative enrichment (Figure 4); 3) the distinct local evaporation lines expressed between δ18OL and δ2H at each site (Figure 5); and 4) the correlation between water depth variability and δ18OL at Swallow Lagoon and Brown Lake (Figure 6). Furthermore, our mass balance modelling adequately captured lake water depth variability at Swallow Lagoon and Brown Lake as a function of variable climate and realistic changes in catchment runoff and wetland outseepage (Figure 7).
The similar patterns of both water depth variability and δ18OL between wetlands, alongside the highly responsive nature of those changes, strongly implies a common climatic control over hydrological change during the last decade. An alternative hypothesis for such common patterns of change would be if the wetlands were all connected to a common regional water table, however this is clearly not the case. All the studied wetlands sit above the regional water table (Hofmann, 2020; Hofmann et al., 2020) and, in the case of Brown Lake and Swallow Lagoon, there is no evidence to suggest that the perched aquifers which sit beneath the lakes are hydrologically connected (Hofmann, 2020). In support of this interpretation, Hofmann H (Hofmann, 2020) used groundwater 3H dating and geochemistry to conclude that groundwater extraction for irrigation of the local golf course probably has no effect on the perched aquifers at either lake.
Despite common patterns in water depth and δ18OL variability between wetlands, particularly between the two perennial lakes (Brown Lake and Swallow Lagoon) and between the two palustrine wetlands (Welsby Lagoon and Fern Gully Lagoon), the range of variability in both attributes differed between sites. This is because wetland hydrological and geochemical responses to climate change are also strongly dependent on the morphology of wetland basins, their associated aquifer systems and surrounding catchment, as well as the type and density of catchment vegetation. For example, total evaporation rates are proportional to surface area, meaning that a wetland with a large surface area to volume ratio will be more susceptible to evaporation and enrichment in the heavy oxygen and hydrogen isotopes. Lake water evaporation rate is also affected by factors such as water depth, colour, turbidity and emergent aquatic vegetation, via their effect on the absorbance and attenuation of solar radiation. Importantly, these effects are not static through time, but change according to wetland volume, water quality and ecology, all of which vary according to climate and the long term sedimentary infilling of the basin. Additional factors in wetland catchments include differing runoff vs. infiltration rates and exposure to wind stress, linked to topography, soil types and vegetation. The direct role of terrestrial vegetation can also not be discounted. To date, we do not have any direct measurements of water uptake and loss via vegetation, however it is likely that evapotranspiration not only effects the local aquifer recharge, but that emergent vegetation may also accentuate water loss by evapotranspiration (Boyd, 1987). With this in mind, bushfires can also potentially affect hydrological change, via their effect on vegetation and also by altering the runoff and infiltration properties within the catchment. Despite several remaining uncertainties, our observations of differing scales of hydrological response at different wetlands provide some insight into the potential mechanisms of wetland variability over timescales outside of the observation period, both into the future or through the past, or for lakes with similar morphology in different locations (e.g. the numerous perched lakes of K’gari (Fraser Island)).
Hydrological and Stable Isotope Variability in Palustrine Wetlands
Water depths and δ18O at Fern Gully Lagoon and Welsby Lagoon exhibited markedly different patterns to the two deeper study sites, due to them both drying completely over the study period (Figures 3, 4). Both palustrine wetlands exhibited very similar patterns in depth and δ18O, and these differences in the range of variability are likely explained by differences in wetland and catchment surface area. During the years 2015–2016 inclusive, water depths fluctuated markedly at both sites, with a general trend of decline punctuated by a period of increase between May and August 2016. These decreases and increases in water depth coincided with corresponding increase and decrease in δ18OL (Figure 4). Water levels dropped to that of the sediment-water interface after 2016, whereupon the hydrology of both palustrine wetlands became characterised by flashy periods of filling and subsequent evaporation. Isotope data coverage through this period is more sparse, but in general, those events were characterised by declines in δ18OL during filling, followed by subsequent isotopic enrichment. The full range of isotopic enrichment could not be quantified due to the short timespan of the events—which would have required daily scale monitoring. Interestingly, although wetland water depths increased marginally from early 2018 onwards, the δ18O of surface waters also increased at both Fern Gully and Welsby Lagoon. In the absence of a comparable change in δ18OP, this pattern can be explained by the general persistence of water in both lagoons which, after filling during high rainfall in early 2018, underwent progressive evaporation throughout the year. Transpiration by emergent or littoral vegetation is not a viable explanation for the observed variability in δ18OGW since plants are non-discriminatory with respect to the δ18O of water they take up (Allison et al., 1984; Ehleringer and Dawson, 1992).
Comparison between surface and groundwater levels at Welsby Lagoon and Fern Gully Lagoon suggest a complex hydrological interplay in these shallow palustrine wetlands. At both sites, groundwater levels exhibited patterns which closely resembled those of surface water depths, suggesting that the processes which drive recharge and loss are tied (Figure 3). At both sites, periods of surface water level increase were matched by immediate rises in local groundwater levels, suggesting that the recharge of these subsurface aquifers occurred rapidly, alongside rises in surface water level (Figure 3). This, in turn, implies that the subsurface aquifers are relatively small in volume, and also laterally highly permeable—consistent with their sandy substrate. The monitored groundwater levels at both sites were consistently lower than those of the surface water by between 0.2 and 0.5 m (Figure 3), supporting previous observations that the monitored bores are located down-stream of groundwater flow through the wetland (Draper, 2017).
The groundwater δ18O data for Welsby and Fern Gully Lagoons highlight further complexity and heterogeneity within these systems. Overall, δ18OGW values at both lagoons fell within a similar range to δ18OL (Figure 4). During periods of higher surface water level, δ18OGW values adhered to local evaporation lines and were enriched relative to rainfall, further indicating that the monitored groundwaters were fed in part by outseepage from evaporated lagoon water (Figures 4, 5). However, during periods of low or absent surface water, the δ18OGW at both lagoons exhibited relatively constant values within the range of the δ18O of precipitation (Figures 4, 5) and the regional groundwater and perched aquifer δ18O values (Hofmann et al., 2020). At Welsby Lagoon, two neighbouring groundwater bores exhibited contrasting patterns of change. δ18O values from bore #1 (∼13 m closer to the wetland) were consistently higher by 2–4‰ than equivalent δ18OP, suggesting evaporation prior to infiltration. In addition, the bore #1 δ18OGW values exhibit a pattern similar to a lagged δ18OL as might be expected for wetland outflow (Figure 4). By contrast, the δ18OGW in bore #2 was consistently 1–3‰ lower than at bore #1, except for a brief period in early 2017 (Figure 4). Although lower than in bore #1, the δ18OGW at bore #2 were still high, relative to rainfall, suggesting that the groundwater at this location received a smaller fraction of wetland outseepage, despite its proximity to the lagoon. Following a large amount of low δ18OP precipitation in June 2016 and April 2017, δ18OGW at bore #2 decreased to ∼ –6‰, indicative of direct recharge by rainfall. Subsequently, relatively constant δ18OGW at bore #2 at ∼ –6‰ from late 2017 to early 2018 implies that this aquifer became disconnected from wetland outseepage from there on (Figure 4). Throughout this period the water levels at bore #2 continued to fluctuate in tandem with both bore #1 groundwater and surface water (Figure 3), indicating that between mid-2017 and early 2019 the aquifer underwent recharge from rainfall and loss by outseepage without mixing with surface water and without any notable effects of evaporative loss. A further point of interest is that the groundwater head heights at Welsby bore #2 were virtually identical to those at bore #1, which did exhibit δ18OGW patterns that suggest continued connectivity with the surface hydrology. This implies lateral heterogeneity in the shallow aquifers beneath Welsby Lagoon, as well as lateral variability in the extent to which those aquifers are connected to the surface water.
Similar groundwater patterns emerged at Fern Gully Lagoon. When the lagoon had standing water during late 2015 and early 2016, δ18OGW values from bore #1 (closer to the wetland) were similar to those of surface δ18OL (Figure 4). Following the large amount of low δ18OP rainfall in mid-2016, shallow groundwater at both bores at Fern Gully Lagoon dropped to ∼ –5‰. Subsequently, despite a marked increase in the δ18OL of surface waters over the following year, only a gradual pattern of increase was observed in δ18OGW, suggesting only a small fraction of recharge from wetland outseepage, presumably due to the low volume of water in the wetland. Nevertheless, as at Welsby Lagoon, the groundwater levels at Fern Gully Lagoon exhibited abrupt periods of rise and fall in concert with surface water levels, indicating that through this period their recharge was dominated by direct infiltration by rainwater.
From these observations, it is reasonable to conclude that the shallow groundwater systems at these lagoons are only intermittently connected with the surface waters at their respective wetlands. During the monitored period, these groundwaters received a combination of direct infiltration and outseepage from the wetlands, seemingly subject to wetland surface water depth and volume. It appears that during periods of low water level, the groundwater aquifers received very little outseepage from the wetland, yet still received recharge by direct infiltration of rainfall.
Hydrological and Stable Isotope Variability in Lakes
Despite the relatively high rainfall and short water residence times of wetlands on North Stradbroke Island, the lake water balance and δ18OL of both Swallow Lagoon and Brown Lake was strongly influenced by evaporation. Both lakes underwent a marked decline in lake level between mid-2015 and early 2017, by ∼2 m at Swallow Lagoon and ∼1.5 m at Brown Lake (Figures 3, 4). Groundwater levels were only monitored at Brown Lake, and there—unlike at the palustrine wetlands—groundwater levels were consistently level with or higher than surface water levels, indicating that local groundwater probably drained into the lake throughout the monitoring period. Over the same period, the δ18OL of both lakes increased, from ∼0 to +6‰ at Swallow Lagoon and from ∼+1 to +5‰ at Brown Lake (Figure 4). The δ18OL data, as well as the similarity between lakes, again illustrates the dominant role of evaporation in lake level decline, rather than loss of water via subsurface drainage, which should have no effect on δ18OL. Transpiration by littoral or emergent aquatic plants is another possible pathway for water loss, however in this case the uptake of water by plant roots should not discriminate oxygen isotopes (Allison et al., 1984; Ehleringer and Dawson, 1992), therefore not explaining the observed patterns in δ18OL. Changes in vegetation may, however, affect evaporation rates via shading and sheltering, both in the catchment and on the lake water surface. Changes in δ18OL cannot be explained by changes in δ18OP, despite the similar pattern exhibited by δ18OP and δ18OL. During the major period of lake level decline and δ18OL increase, δ18OP remained relatively constant at ∼–2‰, except for 2 months with high δ18OP > +1‰ (January 2016 and November 2016), both of which were characterised by low precipitation (<100 mm), as well as a month with high precipitation amount (>200 mm) and markedly low δ18OP value of –7‰ in May 2016 (Figure 4). Whilst the month of high precipitation clearly led to a decline in δ18OL at both sites, overall δ18OP and δ18OL do not correlate and in particular the trend of increasing δ18OL is not matched by a concurrent increase in δ18OP.
From January 2017 through to December 2019, δ18OL at Swallow Lagoon and Brown Lake declined by 2‰ and 1‰, respectively, exhibiting a narrower range of variability through the year 2018 than observed during previous years (Figure 4). This decline in δ18O occurred during a period of continued lake level decline at Swallow Lagoon, and a period of low, yet stable, lake levels at Brown Lake. Thus, at first glance these patterns appear contrary to the expected negative relationship between δ18O and lake level, where lake water evaporation drives an increase in δ18O. One explanation for this pattern could be a decline in the δ18O of mean precipitation, however the continued adherence to the LEL (Figure 5) does not support this hypothesis. The mean annual δ18O of rainfall (un-weighted) declined by ∼1‰ during this period, however throughout the record, the effect of high amount, low δ18OP events on the total δ18O of the two lakes was relatively minor and short lived—for example the high monthly rainfall event in June 2017 (248 mm, of which 110 mm fell on 14/6/2016) was associated with a decrease in δ18OP by ∼ –4‰, yet only a ∼–2‰ decrease in δ18OL at Swallow Lagoon which persisted for just 2 months (Figure 4). Rather than a significant change in the source or δ18O of moisture reaching the lagoons between 2017 and 2019, it is more likely that the decline in δ18O in both lakes over this period reflects the decrease in wetland surface area resulting from lake shallowing, which in turn caused a decrease in total evaporation. It would also be expected that the residence time of water in both lakes would also have decreased due to the decreased volume. At Brown Lake, which has a larger lake surface and catchment area (Table 1), a period of greater hydrological stability appears to have developed between 2017 and 2019 suggesting that for this period at least, water inputs vs. evaporation were near equilibrium. This balance was interrupted by a period of high evaporation and low precipitation in early 2019 which resulted in further lake level decrease and an increase in δ18OL at Brown Lake (Figure 4). By contrast, the continual decline in water depth at Swallow Lagoon suggests that, with a much smaller lake surface and catchment area, the flux of evaporative losses continued to exceed those from inflowing rainfall during the same period. This difference in hydrological stability between the lagoons also explains the larger seasonal range in δ18O at Swallow Lagoon, compared to Brown Lake (Figure 4).
Modelling Hydrological Change at Swallow Lagoon and Brown Lake
To make informed assessment of the future risks to wetland hydrology and ecology it is necessary to be able to adequately model historical variability in these systems. In this study, it was possible to model 10 years of hydrological change at Swallow Lagoon and Brown Lake using a reasonably simple hydrological mass balance model (Lobegeiger et al., 2015). However, it was only possible to accurately simulate lake depth change at these wetlands by varying two key parameters through time: catchment runoff and throughflow (termed catchment area in the model; basically short term transfer of rainfall into the lake) and wetland outseepage rate (Figure 7). The need to vary the calibration parameters through time further highlights the significant complexity regarding the response of these wetlands and their surrounding catchments to climate variability. For the lacustrine wetlands, higher runoff (catchment area) parameterisation was required for periods of higher effective moisture and higher lake level, between 2012 and 2013 at both lakes, and also for 2015 at Swallow Lagoon. This requirement to parameterise larger runoff for these periods suggests that changes occurred in the seasonality or intensity of precipitation, or in catchment permeability (Potter et al., 2005). Lower permeability during times of higher effective moisture may be a consequence of saturated moisture content in the soils, or a higher organic concentration, particularly of leaf litter, due to higher terrestrial productivity. Therefore, major uncertainties remain regarding the way that water flows into these lakes during periods of higher precipitation—namely, the fraction of water that enters via runoff versus that which flows into the lakes via shallow groundwater. Improving our understanding of these processes is crucial in order to better manage landscapes to aid lake water recharge under future climate scenarios.
In addition to altering catchment run off behaviour, it was also necessary to vary the outseepage rate through time. For Brown Lake, it was clear that a higher outseepage rate was necessary at times of higher water depth (Figure 7). For Swallow Lagoon, a similar pattern emerged, albeit more complex. In general, however, it is apparent that periods of higher lake water depth are associated with a higher discharge of non-evaporative water losses, of which outseepage to groundwater is the most likely pathway. An increase in groundwater discharge during periods of higher lake level could be explained by either higher water pressures during deeper lake phases, or by the overtopping of impermeable layers at higher lake depths. An additional factor may be the uptake of water by catchment vegetation during periods of higher precipitation, which would also not result in changes to δ18OL. In general, it is apparent that understanding the role of soil and lake sediment permeability, infiltration, outseepage and vegetation is crucial to understanding the trajectory of wetlands on North Stradbroke Island, and in similar environments, in response to future climate change.
Given the complexities related to lake hydrological responses to climate, and the consequent need to adjust model parameterisation through time, model projections of lake depth under future scenarios are currently uncertain. Nevertheless, it is feasible to use the model—as calibrated for the 2016–2019 shallow lake phase—to explore the potential resilience of the lake hydrology to an ongoing period of drought. A systematic analysis of total annual rainfall and total annual evaporation since 1890 at Dunwich Post Office (BoM 2020) indicated that the year 2019 was the driest year since records began (SI Figure 2). To explore the effect of simply continuing with the climate of 2019 over the coming decades, the calibrated model was run for both Swallow Lagoon and Brown Lake, based on a hypothetical repetition of 2019 climate until 2038 (Figure 8). Interestingly, neither lake dried up completely under this scenario: seasonal water depths at Swallow Lagoon remained consistent with the seasonal cycle of 2019–2020, whereas Brown Lake levels continued to decline but reached asymptote after 2024 (Figure 8). Given that the models assume no groundwater input and relatively minor catchment runoff, this stabilization of lake depths supports the interpretation that reducing water surface area during lake level decline causes a decrease in evaporative water loss, thus establishing an equilibrium with inputs derived from direct precipitation and runoff. This natural process of self-regulation is linked to the bathymetry of the lakes. Swallow Lagoon has a roughly conical bathymetry while Brown Lake has a number of deeper sub-basins which would retain water even with marked water level declines (Supplementary Figure S1). In addition, the model experiments suggest that a long-term decline in water depth in these lakes requires a long-term decrease in the precipitation to evaporation ratio, whereas a low but fixed precipitation to evaporation ratio might not dry the lakes beyond a certain level. Consequently, if precipitation were to decline over several years at or beyond 2019 levels, then it is feasible that Swallow Lagoon, in particular, might dry out entirely. Similarly, further reduction in the runoff and throughflow efficiency, as we have inferred for the last decade (Figure 7), could also accelerate the demise of these lakes. In order to make more reliable projections of future hydrological change, however, it is necessary to develop, calibrate and validate more sophisticated hydrological models which combine responsive lake water thermodynamics, surface-groundwater interaction and stable isotope geochemistry [e.g. (Hostetler and Bartlein, 1990; Jones and Imbers, 2010; Steinman et al., 2010; Ankor and Tyler, 2019). Such modelling exercises should be a priority in order to better understand the resilience of these important wetlands under future climate scenarios. Given that changes in water level of the magnitude observed in our study are likely to result in fundamental alterations to water quality (for example the extent of lake bottom anoxia), a greater understanding of the water quality and biological response to these alterations is also needed.
Implications for Palaeoclimatology
The wetlands of North Stradbroke Island offer significant value as palaeoclimate archives, being some of the oldest extant water bodies in Australia, and providing some of the most complete sedimentary records spanning the last ∼100,000 years (Tibby et al., 2017; Cadd et al., 2018; Kemp et al., 2020; Lewis et al., 2020). Our observations of the contemporary isotope hydrology of North Stradbroke Island wetlands provides a useful basis for the interpretation of palaeoclimate records from the sediments of these wetlands, and similar inter-dunal lake systems in the humid subtropics in Australia and worldwide. Importantly, the isotope hydrology of all the monitored wetlands between 2015 and 2019 was dominated by the balance between precipitation vs. evaporation, despite the relatively high rainfall in south-eastern Queensland and the porous geology, which promotes rapid recharge and short water residence times. The effects of evaporation on water isotopes were largely consistent between wetlands, irrespective of the surface area or depth of the water body, suggesting that similar processes can be used to explain isotope hydrological change throughout the Quaternary history of the wetlands. This is particularly relevant for Welsby and Fern Gully Lagoons, which are two of Australia’s oldest extant wetlands with sediments that have accumulated over tens to hundreds of thousands of years (Tibby et al., 2017). At Welsby Lagoon, due to progressive basin infilling by sediment, the wetland evolved from a deeper lake prior to 40,000 years ago, into a shallow palustrine wetland similar to the contemporary system (Cadd et al., 2018). The hydrology of ancient Welsby Lagoon is more likely to have been analogous to the contemporary Brown Lake, however our results indicate that the mode of interpretation of δ18OL from the sediments of Welsby Lagoon can be reasonably consistent throughout.
Although the evaporation related patterns of change were similar between the four monitored wetlands, the magnitude of variability in δ18OL varied significantly between sites due to differences in the surface area and volume of the wetland. Of the two lacustrine wetlands, Swallow Lagoon exhibited a larger range in δ18OL, which can be explained by the smaller lake volume, lake surface and catchment area, compared to Brown Lake, meaning that the total influx of water was less and thus the effects of evaporation on δ18O were proportionately greater. The isotope hydrology of the two palustrine wetlands, Welsby Lagoon and Fern Gully Lagoon, was characterised by periods of recharge followed by subsequent evaporation and isotopic enrichment. In these cases, differences in the magnitude of δ18OL change can be explained by differences in surface area, and thus the total evaporation rate.
In δ18O vs. δD space, each of the four wetlands exhibit local evaporation lines with similar slopes (Figure 5). The intersect of the LEL with the regional meteoric water line (which is defined by the δ18O and δD of precipitation), can be used to estimate the weighted isotopic composition of water recharging the wetlands. Interestingly, for Swallow Lagoon and Brown Lake, these recharge estimates fall close to the mean δ18OP and δDP for the monitored period, whereas at Welsby Lagoon and Fern Gully Lagoon, the estimated isotopic composition of recharge waters are closer to the lower, winter δ18OP and δDP values (Figure 5). One explanation for this is that Welsby and Fern Gully Lagoons have smaller water volumes and water residence times, thus their δ18OL values are weighted towards recent precipitation events, which predominantly occurred in winter over the monitored period. By contrast, with longer water residence times in both the lakes and surrounding groundwater, Brown Lake and Swallow Lagoon receive input waters with an annually integrated δ18O. That these waters include a higher proportion of summer rainfall might imply that the catchment groundwaters are preferentially recharged by intense, summer rainfall. Alternatively, it is possible that the lake and ground water δ18O at the two lakes retain a signal from higher δ18OP rainfall events which occurred prior to the commencement of monitoring. Irrespective of the causes, interpretation of ancient δ18O variability from wetland sediments must consider the possibility of variable seasonal bias depending on the prevailing annual distribution of rainfall, and depth and hydrology of the wetland at the time, whereby shallow palustrine wetlands and their sediments may record a more seasonally-biased signal of lake water isotopes compared to deeper lakes.
Similarly, the monitoring data provide some insights into the way that plant and animal tissue might accrue oxygen and isotope hydrological signatures, which are then preserved in the sediments. All of the wetlands host emergent aquatic plants, with roots that accumulate water from the top 1–2 m depth beneath the sediment surface, and this is particularly the case in the palustrine wetlands. The δ18O of plant remains in these wetlands, which are the major contributor of organic matter to the lake sediments, can be recorded in the sediments within cellulose, lipid biomarkers or the isotope composition of grazing invertebrates. It is therefore possible that such higher plant derived organic matter has a δ18O signal derived in part from sediment interstitial water or groundwater, contrasting with algal or bacterial organic matter, which should more faithfully record the signal of evaporated surface water. The δ18O of shallow groundwaters is fed by a combination of recharge direct from precipitation as well as outseepage from wetland surface water. Therefore, plant tissue δ18O may likely reflect a composite signal from these sources. Ongoing monitoring of plant matter in these environments aims to provide further insights into this relationship.
Differences in the sensitivity of wetland isotope hydrology to seasonal and inter-annual climate variability (Figure 6) raises the enticing potential to combine palaeo- δ18O data from multiple sites within close proximity to solve for regional hydrological fluxes, namely precipitation amount vs. evaporation. This potential is particularly promising for perennial lake systems such as Swallow Lagoon and Brown Lake. However, such an approach also comes with significant caveats, most notably that basin morphology also varies as a function of lake water depth, which in turn affects lake recharge, evaporation rate and outseepage. In addition, as indicated by our modelling (Figure 7), changes in wetland outseepage and catchment runoff can also vary as a function of climate change. Therefore, to use between-lake differences in δ18O to quantify past hydrological change requires the development and application of more detailed isotope-hydrological models which incorporate variable lake bathymetry, informed by geophysical profiles of the basin’s sedimentary fill, as well as accurate estimates of sediment accumulation through time. The development of such data and models for inter-dunal wetlands represents an important objective for future research.
CONCLUSION
Declining wetland water levels are a concern for communities and environmental managers worldwide, particularly so in Australia where wetlands are comparatively rare. In a bid to better understand the controls over wetland hydrology in Australia’s humid subtropics, surface and groundwater levels, and oxygen and hydrogen isotopes were monitored at four sites on North Stradbroke Island, over 6 years between 2015 and 2020. The hydrology of these wetlands might be expected to be relatively simple, since they are perched by impermeable layers in a matrix of highly permeable sand. However, this study reveals unexpected complexities and individual wetland idiosyncrasies, which introduces challenges when predicting the future of these wetlands under climate change scenarios. All wetlands exhibited marked declines in water level over the monitored period, and the two palustrine wetlands—Fern Gully Lagoon and Welsby Lagoon—experienced seasonal absence of surface water from late 2016 onwards. These patterns can be attributed to climate—specifically a reduction in precipitation relative to evaporation—and no evidence was found to indicate that anthropogenic disturbance of groundwater may explain the declining wetland water levels. At the palustrine wetlands, groundwater levels fluctuated in concert with surface waters, yet the connectivity between surface and groundwaters at these wetlands varied according to the volume of surface water, whereby direct infiltration by precipitation to groundwater dominated during periods of low water level. This finding highlights a previously unrecognized complexity in the local wetland aquifer systems. By contrast, groundwater head heights were predominantly higher than surface water at Brown Lake, indicating that the perched aquifer does contribute to surface water levels at this site. Simple hydrological models were able to accurately explain water depth variability at the perennial lakes (Brown Lake and Swallow Lagoon) albeit with varying parameters for catchment size (equivalent to runoff efficiency) and groundwater outseepage, whereby runoff decreased during periods of lower precipitation and outseepage decreased as a consequence of lower lake levels. This need to vary the model parameters highlights a demand for models which capture the hydrological complexity of these wetlands in order to rigorously assess their resilience under past and future climate scenarios.
Overall, our data provide new insights into the trajectory of these ecologically and culturally significant wetlands in the face of future climatic change, particularly highlighting the need to study individual wetlands due to the complexity in both surface and subsurface hydrology. In addition, this study provides a basis for more rigorous interpretation of palaeoclimate records from the sediments of wetlands in the humid subtropics of eastern Australia, and for similar systems worldwide. Changing hydrological balance is one of several potential impacts of climate change upon wetlands, combining with rising temperature, changing bushfire activity, catchment erosion and vegetation change, all of which effect wetland water quality and ecosystem functioning (Adrian et al., 2009; Havens and Steinman, 2015; Me et al., 2018). Further research is therefore vital to better forecast and manage the fate of global wetlands, and the values and services they provide, in the face of changing climates.
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