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Revisiting Michael Bonell’s humid tropical rainforest catchments: isotope tracers reveal seasonal and inter-annual shifts in catchment hydrology
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Abstract
[bookmark: _Hlk94135266][bookmark: _GoBack]It has been almost 50 years since Mike Bonell’s foundational work in the humid tropics, kickstarting the field of tropical hydrology. In order to expand on this work and build a more generalized hydrological understanding of steep rainforest catchments, we studied the seasonal and inter-annual evolution of hydrological response from two catchments with similar characteristics to those studied by Bonell. Both hydrometric and water stable isotope data were collected at relatively high frequencies during one wet season (Thompson Creek) and a three-year period (Atika Creek). The longer dataset spans a wide range of environmental conditions experienced in the humid tropics, including events that cover the wetting-up transitional period of the wet season, ENSO events and tropical cyclones.
Both catchments displayed fast streamflow response to rainfall with the shallow upper soil profile responding quickly to rainfall at Atika Creek. New findings from this study include the importance of pre-event water (>50%) for overall event flows, especially when the catchment was wet. Rainfall, surface runoff and groundwater isotope compositions varied between rainfall events with the most complex mixing plots observed for multi-peak events that occurred at the start of the wet season and after a dry period within the wet season. Inter-annual variability in catchment hydrology reflected changing ENSO conditions and the 2020-21 La Ninã wet season was characterized by several tropical cyclone events which generated the most 18O-depleted rainfall and streamflow isotope values.
Our findings highlight the requirement for high frequency multi-source sampling to accurately interpret catchment behavior. We propose a conceptual model to describe the seasonal evolution of streamflow response in steep rainforest catchments. 






INTRODUCTION
Michael Bonell’s work in Northeastern Queensland, Australia, in the 1960s/1970s represented one of the earliest attempts at examining the streamflow generation processes in humid tropical forest catchments through a combination of hydrometric and hydrochemical methods (Bonell, 1993, Bonell et al., 1993, Bonell & Bruijnzeel, 2005).
The catchments, North and South Creek (also known as Wyvuri or Babinda catchments in some publications) that Bonell monitored were near Babinda and are in the wettest parts of NE Australia with annual rainfall ranging between 2000 and over 7000mm depending on monsoonal and tropical cyclone (TC) activity. The region has a distinctly seasonal rainfall resulting in a seasonal flow regime, with many catchments ceasing flow during the dry season (Petheram et al., 2008). Even though the catchments are forested, they exhibit fast response to rainfall. Both surface runoff and shallow subsurface flow, confined within the upper soil layers, were the main pathways for water movement during the wet season (Bonell & Gilmour, 1978, Bonell et al., 1981). The dominance of surface and shallow subsurface flows in these tropical catchments contradicted the prevailing opinion that forested catchments were dominated by subsurface flows (Hewlett and Hibbert, 1967, Dunne, 1978, Kirkby, 1978). 
The ‘flashy’ catchment response reflects a combination of intense and continuous rainfall, superimposed on unique catchment physiographic conditions where soil anisotropy exists; a shallow highly conductive soil layer (<0.3 m deep) above less conductive deeper soils. The sharp change in soil hydraulic properties with depth encourage shallow subsurface flow in the upper conductive soil layer and surface overland flow when the soils become saturated.  Water movement into the subsurface is slow, unless aided by preferential pathways (flow through macropores) that were activated when the soil is wet (Bonell & Gilmour, 1978, Bonell et al., 1981, 1983, 1998). 
Fast streamflow responses, dominated by surficial runoff pathways, were also observed in other forested tropical catchments outside Australia where climatic conditions and soil hydraulic conditions were similar. Examples include La Cuenca, Peru (Elsenbeer et al., 1995, Hensel & Elsenbeer, 1997), French Guyana (Bonell & Fritsch, 1997), Panama (Zimmerman et al., 2014) and Costa Rica (Birkel et al., 2021). Catchments subject to less intense, but more continuous rainfall activity had exhibited a more  dampened streamflow response than Bonell’s catchments even though soil characteristics were similar (Chappell et al., 2017), highlighting the important role of synoptic climatology in generating the flashy streamflow responses observed at the Babinda catchments (Bonell & Callaghan, 2009). 
Bonell’s extensive monitoring of individual storm events at various points in the wet season also provided an important glimpse into seasonal changes in streamflow response. His work showed that runoff pathways and source water contributions changed over the wet season as the catchment became progressively wetter and more connected with increasing rainfall activity (amount, intensity and frequency). Saturation overland flow was highly sensitive to rainfall intensity and soil properties (soil storage in the upper layers, spatial variation in saturated hydraulic conductivity, Ks) (Elsenbeer et al., 1995, Barnes & Bonell, 1996). During the wet season, event water dominated streamflow during the event (70-80%) up to a few days after rainfall ceased (34-40% 2 days later) (Bonell et al., 1998). As the catchment transitioned to drier conditions at the end of the wet season, surface runoff pathways declined in importance due to reduced rainfall frequency and intensity and shallow subsurface flow became the dominant pathway for catchment waters reaching the stream (Bonell et al., 1981, Elsenbeer et al., 1995). 
More recent work in other tropical catchments have continued to explore the way streamflow response vary with seasonal rainfall activity. Table 1 provides a summary of key studies for tropical catchments with different climate and forest types. The main findings include changes in connectivity within catchment elements such as between riparian zones, floodplains and hillslopes (e.g. Zimmerman et al., 2014, Farrick & Branfireun, 2014a, Correa et al., 2017, Duvert et al., 2020), changes in dominant flow pathways (e.g. Blume et al., 2008a,b, 2009, Muñoz-Villers & McDonnell, 2012) and source waters contributing to streamflow at different points in the wet season (e.g. Elsenbeer & Lack, 1996, Muñoz-Villers & McDonnell, 2012, Correa et al., 2017). Changes in rainfall properties and catchment antecedent wetness, along with the interactions between these two factors determined the seasonal variability in runoff pathways and catchment source contributors (e.g., Muñoz-Villers & McDonnell, 2012, Correa et al., 2017), also noted in Bonell’s work (Bonell & Gilmour, 1978, Bonell et al., 1981, 1983, 1998, Elsenbeer et al., 1995). 
Within the seasonal timescale, transitional or shoulder periods at the start and end of the wet and dry seasons, are important periods in the continuum of streamflow runoff behavior. These transitional periods are the times when catchment response behaviour is most non-linear (Ali et al., 2013), especially for ephemeral streams which transition from low or no-flow to flowing conditions and back to no-flow conditions, as is typical of many northern Australian streams (Petheram et al., 2008). Yet little is known about how catchments behave during these transitional periods. Bonell’s measurements of volumetric runoff contributions from different layers of the soil profile highlighted the changing dominance from surface to shallow subsurface flows as the catchment transitioned from wet to dry conditions at the end of the wet season (Bonell & Gilmour, 1978). The progressive changes experienced by a tropical montane cloud forest catchment over the wetting-up phase at the start of the wet season led to increasing contributions from pre-event waters to the storm hydrograph (from 35% to 99%, Muñoz-Villers and McDonnell, 2012).            
Because the timing, duration and magnitude of seasonal tropical rainfall variability are affected by larger global climatic patterns related to ENSO, Indian Ocean Dipole (IOD) and the Madden Julian Oscillation (MJO) weather phenomena, annual variability in these climatic drivers affects the way catchments store and partition water over the wet and dry seasons and between years. This has important implications for water resources management (e.g., Petheram et al., 2008, Warfe et al., 2011), biogeochemical material fluxes and transport (e.g., sediment, carbon, nutrients, e.g., Zimmerman et al., 2014, Tweed et al., 2016, Duvert et al., 2020) and the provision of ecosystem services by tropical catchments (McJannett et al., 2014, Karim et al., 2016). 
This paper aims to build upon Bonell’s work by examining the streamflow responses of other forested catchments in the same region, that have very similar climatic and catchment characteristics as his study sites. Although we acknowledge that the ‘uniqueness of place’ concept (Beven, 2000) applies to each catchment, we hope to identify common patterns in streamflow response that allow generalizable statements to be formulated about catchments in the seasonal tropics of Australia and other tropical catchments with similar climatic and catchment characteristics (e.g., Ali et al., 2013, Ross et al., 2021). In this paper, this is achieved through continuous monitoring of various components of the hydrological cycle in combination with frequent sampling of stable water isotopes. Using two forested catchments in Northeast Queensland as study sites, the objectives of this paper are to examine:
1. if other catchments in the region experience similar streamflow response as that documented for the Babinda catchments,
2. the effect of interannual and seasonal rainfall variability on streamflow response, particularly focusing on the progression through the wet season,
3. the role of rainfall properties and catchment wetness in controlling streamflow response.

METHODS
Study sites
Two small, forested catchments in NE Queensland were monitored as part of this study; Thompson Creek and Atika Creek (Figure 1). Both creeks are ephemeral with no flow during the dry season. Thompson Creek is located in the Daintree region, approximately 140 km north of Cairns. Atika Creek is located approximately 15 km north of Cairns. While Bonell’s North and South Creek catchment experience a tropical rainforest climate (Af) according to the Köppen-Geiger climate classification system, Thompson and Atika Creek are located in the tropical monsoon (Am) climatic zone where there is a distinct seasonality in rainfall activity with dry months where rainfall totals less than 60 mm occur. The Af climatic zone experiences rainfall throughout the year with a minimum of 60mm of rainfall in any month (Kottek et al., 2006).
Rainfall in this region is generated by convection storms during the early wet season. Monsoon and TC rainfall dominate rainfall activity as the wet season progresses. Both monsoon and TC activity are affected by larger-scale climatic variability related to ENSO and IOD activity and vary on an inter-annual basis and decadal timescales (Bonell & Callaghan, 2006, Nott & Forsyth, 2012). Rainfall activity outside the wet season is mostly from moist on-shore rainfall due to the southeast trade winds (McJannett et al., 2007).
Both Thompson and Atika Creek catchments have similar physical characteristics which are summarized in Table 2. The Thompson Creek catchment is located in relatively undisturbed mesophyll vine forest while the Atika Creek catchment is covered by tropical rainforest transversed by numerous mountain bike trails which may act as overland flow pathways transporting water to the drainage network during storm events. The soils of both catchments are dermosols developed over rock (Atika) or have a significant amount of rocks mixed with the soil (Thompson Creek) (Paul Nelson, pers. comm). Their saturated hydraulic conductivities were not measured during this study but are likely in the same range as Bonell’s catchments with similar soil properties; saturated hydraulic conductivity (Ks) range between 0.09 to 1.46 m/day in surface soils at 0.2-0.5m depth (Cassells et al., 1985).
Hydrometric monitoring 
Rainfall and streamflow were continuously monitored in both catchments. Thompson Creek was monitored only during the wet and early dry season of 2017 before high flows destroyed the streamflow monitoring device. Atika Creek has a more complete dataset where monitoring started in 2019 and is ongoing. In November 2020, soil moisture monitoring commenced, ending in July 2021. 
Rainfall was monitored using a Hobo RG3-M tipping bucket rain gauge (Atika Creek) and a Nylex daily rainfall sampler (Thompson Creek) located near the streamflow measurement site. Streamflow was monitored using a Unidata Starflow ultrasonic doppler instrument at both sites, at a 10-minute frequency. Although the Starflow doppler instrument measured both water depth and velocity, a rating curve showing the relationship between water depth and discharge was developed. Velocity measurements were conducted using the velocity-area method with a current meter and dilution gauging with salt to cover the range of flows experienced by both catchments. Discharge values were obtained using the rating curve. 
At Atika Creek, shallow soil water content was measured using TOMST TMS-4 soil moisture sensors that measure volumetric soil moisture in the top 14 cm of the soil profile at 15-minute intervals at two locations. Site 1 is located further up in the catchment while Site 2 is located closer to the streamflow monitoring site (Figure 1). Each location has two soil moisture sensors installed. The two sensors at Site 1 were located at the top and bottom of a short hillslope while the sensors were spaced approximately 10m apart at Site 2 which was located on relatively flat topography at the bottom of a short hillslope, located close to the stream. Surface runoff was collected from the hillslopes near Site 2 using a 50 cm wide metal trough with the uphill facing lip placed flat on the ground. A receiving bottle was connected to the deepest point of the trough and included an airlock tube so only the initial flow was sampled.
Water sampling for isotope and geochemical tracers
At Atika Creek, rainfall, streamflow and groundwater samples were sampled for 3 years. Surface runoff and soil water sampling were added in the third year (2020-21 wet season). Sampling at Thompson Creek was limited to rainfall, streamflow and groundwater sampling collected during the 2017 wet and early dry seasons. 
Streamflow samples were collected over the course of rainfall events using an automatic water sampler (Model 3700, Teledyne ISCO Inc.). Sampling frequency varied from 30 minutes to 2 hours depending on the rate of changes in streamflow. Manual grab samples were taken during non-event flows on a weekly basis. 
Soil samples were collected from the top 14 cm of the soil profile at Sites 1 and 2 for stable water isotope analysis (November 2020, January, February, April and June 2021). Reference to shallow soil water content in this paper refers to the volumetric soil water content (%) for the top 14 cm of the soil profile.
Groundwater samples were collected from two bores, located on the James Cook University Cairns campus, Bore A is 42 m deep and Bore B is 65m deep and are referred to as shallow and deep groundwater, respectively. Water table fluctuations could not be monitored as the bores were capped but neither of the bores dried completely during our study.
Rainfall samples were collected daily at approximately 9am (after rainfall) using a Palmex rainfall sampler RS1 (http://www.rainsampler.com/). 
Surface runoff were collected from Site 2 for several events that occurred between December 2020 and April 2021. These samples represented the initial surface runoff generated for each event. All samples were collected within 24 hours after the event occurred. 
Isotope analysis of water samples
Oxygen (δ18O) and hydrogen (δ2H) isotope analysis was carried out on discrete water samples using a Picarro L2130i isotope spectrometer connected to a diffusion sampling device and autosampler (Munksgaard et al. 2011). Isotope measurements are reported as per mil (‰) deviations from the VSMOW2- VSLAP2 scale. Precision was typically ± 0.1‰ and ±0.5 ‰ for δ18O and δ2H, respectively (1σ standard deviation). 
The Liquid-Vapour Equilibration Laser Spectroscopy method of Wassenaarr et al. (2008) was adopted to measure the δ2H and δ18O concentrations in soil pore water. Briefly, approximately 10ml of soil samples were equilibrated in doubled 1L zip-lock plastic bags inflated with dry air. After an equilibration time of 30 mins, the vapour was analysed by connecting the bags to the analyser via a syringe and tube. Calibration was carried out by analysis of water standards using the same system under identical conditions.
Wavelet analysis 
Wavelet analysis was conducted to understand the relationships between climate forcing variables and catchment hydrological response. This method deconstructs a two-dimensional timeseries data into a time-frequency space that highlights localised intermittent periodicities. Cross-wavelet analysis extends the analysis by comparing the continuous wavelet transform of two independent timeseries to identify regions in the time-frequency space that have significant common power. The coherence of the cross-wavelet transform provides insight into the covariance and lag relationship between a pair of timeseries data (Torrence & Compo, 1998, Grinsted et al., 2004). 
The analysis was conducted for rainfall, evapotranspiration, and stream discharge data from 2019 to 2021 for Atika Creek. Daily evapotranspiration data were obtained from the Queensland Government Department of Environment and Science (DES) and the Bureau of Meteorology (http://www.longpaddock.qld.gov.au/silo). The cross-wavelet analysis was performed using the Morlet wavelet, assuming an AR1 red noise spectrum and 95% confidence interval, according to the procedures outlined in Grinsted et al. (2004).
Isotope hydrograph separation
Event hydrographs are separated into new (event water, direct input into the catchment due to rainfall) and old water (pre-event water stored in the catchment prior to rainfall occurring) based on the mass balance approach of Pinder & Jones (1969). This involved a 2-component separation method using the δ18O tracer:
Qs = Qp + Qn
QsCs = QpCp + QnCn
where Q and C represent streamflow and the tracer concentration respectively. The subscripts, n, p, s represent the event, pre-event and streamflow values. The event water contribution is calculated using the following:

where δn δo and δs represent the δ18O isotopic composition of event, pre-event and streamflow water. Rainfall isotopic composition represented the event water component. The isotopic composition of low-flow samples taken before each hydrograph rise represents old water. The proportion of event water to streamflow was calculated for a) the duration of time when stable water isotope samples were available, reflecting the total event water contributions for the event and b) at the time peak discharge occurred.




RESULTS
Rainfall characteristics and hydrological response
In this paper, the hydrological year starts from November until end-October the following year. The wet season starts from November until end-March. The dry season commences from April until end-October. The combined monitoring effort of both Atika and Thompson catchments included a range of ENSO conditions; warm (El Ninõ, 2019), cold (La Ninã, 2021) and neutral conditions (2017, 2020). Several TCs and tropical lows also occurred during the monitoring period; 3 TC events and a tropical low for both 2019 and 2021. In this paper, the hydrological year starts from November until end-October the following year. 
Annual rainfall varied between 1759 and 4968 mm over the monitoring period. The wet-season rainfall accounted for 70 to 91% of annual rainfall. Thompson Creek had higher rainfall totals than Atika Creek (Table 3). Both study catchments, however, receive lower (Atika Creek) or are at the lower end (Thompson Creek) of annual average rainfall received at the Babinda catchments (4000-8000 mm). Even though rainfall totals were different between the catchments, short term maximum rainfall intensity exemplified using the maximum 6-minute rainfall intensities (I6) were similar to those measured by Bonell’s team in the 1970s (70-150 mm/hr, Cassells et al., 1985). Comparisons with a longer 7-year dataset revealed that our catchments experienced high rainfall intensities (Table 2, Howard, 1993 cited in Bonell & Callaghan, 2006). The seasonal evolution of rainfall activity differed between years. In 2020, a short dry period between March to mid-April occurred before activity resumed in the late wet season, a pattern not observed in the earlier 2 years (Figure 2). Cumulative rainfall increased gradually in the wet season in 2020-21 whereas rainfall activity was more pulsed during the same period for 2018-19 and 2019-20 wet seasons (Figure 2). 
Streamflow response was seasonal with flow occurring for approximately 55% (neutral ENSO, 2020) to 72% of the year (La Ninã, 2021) (Figure 4). The annual runoff coefficients for Atika Creek range between 14.3% and 38.7%, the latter corresponding to the La Ninã event in 2021. El Ninõ conditions in 2019 caused a more pronounced change in streamflow over time (Figure 2). The lowest annual runoff coefficient (14.3%) recorded in 2020 was related to low annual rainfall. Even though the data between the two catchments do not overlap, it appears that Thompson Creek might sustain higher flows than Atika Creek. 
The wavelet analysis confirmed a strong seasonal hydrological response consistently over the 3-year monitoring period. For rainfall, almost all periodicities had high power for the wet season (Figure 3a, b). The strong covariance between rainfall and streamflow, for almost the entire monitoring period highlighted rainfall’s dominant role in driving streamflow response (Figure 3d). The streamflow discharge power spectrum showed a strong 10 to 80 minute periodicity which reflected the fast streamflow response to rainfall. Evapotranspiration played a less significant role in streamflow response of Atika Creek and did not show a clear seasonal signal. A strong covariance with discharge was found for short time periods, namely the 2020 wet season and the early dry season of 2021 (Figure 3e).  
Isotopic characteristics of catchment source waters
a) Atika Creek
Rainfall exhibited the greatest variability in δ18O signature over the 3 year period (Figure 4). Rainfall was most 18O depleted during the weak La Ninã event in 2021 (δ18O= -15.3 to +2.9‰, δ2H= -115.1 to +30.9‰, Figure 4). The rainfall values also varied on a seasonal timescale with the mean amount weighted δ18O values lower in the wet (-3.9‰) than the dry season (-1.0‰) (Figure 4c). Furthermore, rainfall activity related to TCs had the most depleted amount-weighted rainfall δ18O values, particularly for La Ninã (-15.3 to -4.7‰), compared to El Ninõ conditions (-15.1 to -1.0‰) (Figure 4d). 
Streamflow isotope values were highly responsive to rainfall inputs but dampened in comparison to rainfall. The δ18O signature was most depleted for 2021 (δ18O= -7.3‰) compared to 2019 and 2020 (2019: δ18O= -5.5‰, 2020 δ18O= -4.5‰) (Figure 4a). Streamflow exhibited a seasonal signal; mean δ18Owet=-6.2‰, δ18Odry=-4.5‰ (Figure 4c). 
Shallow soil moisture exhibited a strong seasonal signal (mean δ18Owet=-5.8‰, δ18Odry=-2.9‰). Isotope fractionation via evaporation was evident for almost all samples, especially during the late dry (September) and early wet season (January, Figure 5).
Surface runoff samples were the most 18O depleted of all the hydrological cycle components sampled (mean δ18Owet=-8.3‰, δ18Odry no sample, Figure 4c). 
Groundwater δ18O values remained relatively stable throughout the monitoring period and did not display seasonal variability (Figure 4). Both bores have relatively similar δ18O values; Bore A (δ18O: -6.2 to –5.3‰), Bore B (δ18O: -6.3 to -5.2‰). 
a) Thompson Creek
Like Atika Creek, the oxygen isotope characteristics of the various hydrological components showed distinct seasonal variability; rainfall (δ18Owet=-4.1‰, δ18Odry=-2.4‰) and streamflow (δ18Owet=-3.9‰, δ18Odry=-3.6‰) (Figure 6).  A seasonal signal was observed for soil moisture data, both shallow (50 cm) and deep (150 cm), obtained from 2014 (Shallow: δ18Owet=-7.4‰, δ18Odry=-3.2‰, Deep: δ18Owet=-4.6‰, δ18Odry=-3.4‰). Soil moisture did not show a strong evaporative influence, except for the April sample (Figure 6b, 6c). 
Seasonal evolution of hydrological response behaviour (Atika Creek)
The seasonal evolution of hydrological response is examined using the 2020-21 wet season because this period has the most complete dataset including soil water and surface runoff. 
Significant periods of rainfall occurred in early January and mid-April due to TC and monsoon rainfall activity respectively (Figure 7). Soil moisture at Site 2 wetted up faster and remained wetter than Site 1. The maximum volumetric soil water content attained during the wet season was 48.2% (Site 1) and 56.2% (Site 2), representing saturated conditions (Paul Nelson, pers. comm). Consistent streamflow commenced on 25 December 2020. A major increase in streamflow around mid-April corresponded with a period of heavy rainfall in the late wet season. Streamflow ceased on 29 August 2021. 
Four rainfall events with different rainfall characteristics (TC vs monsoon) and catchment antecedent conditions were chosen to examine the seasonal evolution of catchment responses (Figure 8). Three rainfall events were related to nearby TC activity although none impacted the catchment directly, with TC eye tracks approximately 95-160 km away (Table 4).
Endmember mixing plots are used to examine the source contribution of water in the stream for each rainfall event using two tracers, δ18O value and specific electrical conductivity (SEC). The composition of streamflow was assumed to be a mixture of four endmembers; direct rainfall, surface runoff and groundwater (shallower, deeper). Even though we measured the δ18O values of soil water, the method used did not allow SEC measurements, so this endmember was not included in the mixing plots. For each event, the δ18O value and SEC values of the endmembers were obtained from one rainfall and surface runoff sample collected for that event. Groundwater values were taken from samples closest to the event in question. The two-component mixing plots included old (pre-event) streamflow samples taken just before the hydrograph rise in response to rainfall. 
a) Wetting-up and early wet: Events AC1a, b, c (4-6 January 2021)
This section outlines the wetting up behaviour between 25 December 2020 and 4 January 2021 when three closely-spaced events occurred due to TC Imogen. When streamflow commenced (25 December 2020), the stream and rainfall δ18O values were similar (Figure 9a). As rainfall continued and the catchment gradually wetted up, the stream δ18O values approached those of groundwater (31 December 2020). Stream δ18O values then decreased further as δ 18O depleted rainfall associated with the approaching TC continued. 
By the time event AC1a occurred (4 January), stream δ18O values decreased rapidly in response to more intense low-δ18O rainfall during the rising limb of the storm hydrograph but recovered quickly to pre-event values in the early recession. Stream isotopic values varied little during event AC1b. Event AC1c had similar δ18O response behaviour as event AC1a (Figure 9b). These three events occurred approximately 9 days after Atika Creek started flowing. Rainfall totals and intensity were high (109 - 120 mm/hr) and the catchment had been wetted by previous rainfall events (ADP7 = 177 mm, SWC = 26.7%, Table 4). Event AC1c had the highest peak discharge for the 2020-21 wet season due to a combination of high rainfall intensity and wet soils (I6= 120 mm/hr, SWC = 29.3%, Table 4). However, total event flow (7.7-17.5 mm) and runoff coefficients (12.4- 26.7%) were low at this point in the wet season (Table 4).
Both streamflow (70-130 minute) and soil moisture (15-30 minutes) responses to rainfall were rapid during event AC1 (Table 4). The hillslope site (Site 1) showed pulsed increases in soil water content in direct response to rainfall whereas the lower elevation, flatter site (Site 2) likely reached water saturation (Figure 9a).
Event water contributions at the time Qp occurred ranged between 9.9 and 48.6%. Event water contributions ranged between 3.3% (AC1b) and 23.2% (AC1a) (Table 4, Figure 9c). Surface runoff and groundwater sources were dominant contributors for Event 1a. Rainfall and shallow groundwater were identifiable contributors to streamflow for events AC1b and 1c (Figure 9d). 
b) Wet season: Events AC2 (20-21 January) and AC3 (1-2 March 2021)
The typical streamflow response of the wet season is illustrated using two events caused by TC activity; TC Kimi (AC2), Severe TC Niran (AC3). Both events produced less rainfall and lower rainfall intensities than events AC1 (a,b,c). Event AC3 had lower intensity rainfall falling on wetter catchment soils (I6= 16.5 mm/hr, SWC =36.3) than event AC2 (Table 4). These rainfall properties resulted in a lower Qp and longer hydrograph response for the stream to achieve Qp for both events (970-1030 mins, Table 4). 
The impact on streamflow δ18O response to TC Kimi was slight because the rainfall δ18O value (δ18O: -9.2 to -6.4 ‰) was not substantially depleted and close to pre-event streamwater value (δ18O: -8.0 to -6.9 ‰). Event AC3 (Severe TC Niran) displayed a rapid streamflow decline in δ18O values with a quick recovery to pre-event values, in the early recession period (δ18O: -9.6 to -5.9 ‰, Figures 10b, 11b). This was because rainfall from TC Niran was highly 18O depleted and had the lowest δ18O values of the 3-year monitoring period (δ18O= -15.2‰, δ2H= -115.1‰) 
Event water contributions at the time Qp occurred ranged between 48.6 (AC2) and 95% (AC3). Total event water contributions to both events ranged between 11.4% (AC2) and 84.1% (AC3) (Table 4, Figures 10c, 11c). For both events, streamflow was a mixture of rainfall, shallow groundwater and surface runoff with surface runoff likely to be the dominant contributor to streamflow (Figures 10d, 11d). By the end of the event AC3, streamflow δ18O values were similar to shallow groundwater and pre-event waters, signalling a return to pre-storm conditions.
c) Late wet: Events AC4a, b (18-23 April 2021)
Event AC4 consisted of two events with multiple peaks from rainfall associated with a monsoon trough in the Coral Sea. Over 500 mm of relatively high intensity rainfall (I6> 50 mm/hr, ADP7= 18 mm) occurred during this period following an earlier period of low rainfall, which essentially constituted a new wetting-up phase (Table 3). Soil water content before Event 4a occurred was only 23% but increased to 35.1% just before Event 4b (Table 4). Both events resulted in rapid responses within the shallow soil profile, with Site 2 likely attaining saturation and maintaining that condition throughout the duration of the event (Figure 12a). 
Event 4a had the most depleted stream δ18O values during  the first hydrograph peak and values only recovered to pre-event values (δ18O = -5.5‰) a month after the event (Figure 12b).  Despite the relatively dry conditions prior to this event, the catchment wetted up sufficiently so that peak discharge was the second highest after event AC1c for the 2020-21 wet season and total runoff (134.9-169.7 mm) and runoff coefficients (31.1 – 58.6%) were highest of all events monitored (Table 4). 
Event water contributions at the time Qp occurred ranged between 55.1 (AC4b) and 70.6% (AC4a). Total event water contributions to both events ranged between 34.7% (AC4b) and 49.5% (AC4a) (Table 4, Figure 12c). Pre-event waters were dominated by subsurface sources (Bore A) and had a lower SEC than pre-event waters of Event AC1a. With sufficient wetting (RF >500mm), source contributions to streamflow changed from a more surface runoff dominated signature (Event 4a) to one which reflected contributions from a mixture of rainfall, surface runoff and shallow groundwater (AC 4b, Table 4, Figure 12d). 
Seasonal evolution of hydrological response behaviour (Thompson Creek)
The analysis for Thompson Creek is limited to basic description of hydrograph and stream δ18O response patterns for two events during the 2017 wet season due to the limited data available for rainfall (daily) and source water samples.  
At Thompson Creek, the rainfall δ18O values were variable over the course of the 2017 wet season (δ18O: -12.3 to -0.91‰, δ2H: -86.5 to 5.9‰). Rainfall was relatively 18O depleted in March compared to the earlier part of the wet season. Streamflow δ18O variability was less, fluctuating around an average value of -3.9‰ (range -4.7 to -3.2‰, δ2H: -23.2 to -11.4‰) (Figure 6). 
d) Wet: Event TC1 (28-30 January 2017)
This event (72.7 mm) occurred when approximately 14.2% of annual rainfall had already fallen on the catchment (527 mm). Daily rainfall δ18O values during this period ranged from -3.0 to -2.1 ‰ (δ2H: -7.8 to -1.5‰). Despite the heavy rainfall, streamflow δ18O values remained relatively stable during Qp and the early recession period (δ18O: -4.0 to -3.7‰, δ2H: -15.7 to -13.4‰) and was close to the seasonal average value (δ18O: -3.9‰, δ2H: -16.3‰) (Figure 13a). Event water contributions at the time Qp occurred and total contributions to the event were 31.8% and 6.1% respectively (Table 5).  
a) Late wet: Event TC 2a, 2b (14-19 March 2017)
Rainfall was relatively low during both events (44.1 mm, 17.3 mm) but stream discharge was higher because the the catchment was wet (>50% of annual rainfall had fallen on the catchment). The hydrograph response for both rainfall events was fast; approximately 1 hour for discharge to increase from pre-event values to peak flows (Figure 13b). 
The δ18O values for both rainfall events (δ18O: -10.3 to -5.2‰, δ2H: -70.1 to -28.3‰) varied more than during event TC1 (δ18O: -4.0 to -3.7‰, δ2H: -15.7 to -13.4‰). A rapid decline in stream δ18O values was observed during the rising limb of the storm hydrograph but returned to pre-event values early on the recession limb for both events. An interesting observation is that streamflow reverted to an δ18O value that was the least 18O depleted of all samples collected during the wet season (δ18O= -3.2‰), 2 days after Event 2a on 17 March 2017 (Figure 12b). Event water contributions at the time Qp occurred ranged between 24.5 and 41.7%. Total event water contributions to both events ranged between 4.7% (TC2) and 9.9% (TC3) (Table 5). 

DISCUSSION
Catchment runoff response and source water contributions for NE Queensland catchments
Both Atika and Thompson Creeks displayed fast streamflow responses to rainfall due to their steep catchment topography and intense wet season rainfall activity (significant wavelet periodicities at 10-80 minutes), similar to the Babinda catchments.  For Atika Creek, the fast responses from the upper soil profile (15-60 minutes) were comparable to a 12 min response time reported from collecting troughs dug 25 cm into the soil profile for the Babinda catchments (Bonell et al., 1981). The shortest streamflow response time to attain Qp was 40 minutes, comparable to 30 minutes reported for the Babinda catchments (Bonell and Gilmour, 1978, Bonell et al., 1998). Importantly, streamflow responses for the Babinda catchments, Atika and Thompson Creeks were all dependent on the interaction between rainfall characteristics (amount and intensity in particular) and catchment antecedent wetness which varied for different events in the wet season. Relatively wet soils coupled with high rainfall amounts and short-term intensity resulted in the highest Qp for the 2020-21 wet season (e.g., event AC1c). When rainfall intensity was lower and catchment soils drier, the catchment can still produce a relatively high Qp given high rainfall inputs and release of stored catchment water (event AC4b). 
The relative importance of event versus pre-event water contributions to event hydrographs varied depending on rainfall characteristics and catchment wetness for the Babinda catchments. For a large rainfall event and wet catchment soils, event water contributed between 70-80% of the event hydrograph (February 1991 event, Bonell et al., 1998). For two consecutive events, event water contributed most of the streamflow for the first high rainfall, high intensity event on relatively dry soils. Pre-event sources became more important in the following event that had lower rainfall amounts and intensity but the catchment soils were wetter (February 1993 events, Elsenbeer et al., 1998). For both Atika and Thompson Creeks, the event water contribution was higher when peak flows occurred (9.9-70.6%) but pre-event water was an important contributor to the total event runoff, particularly Thompson Creek (> 90%) and less so for Atika Creek (15.9-96.7%). The greater range of events monitored at Atika Creek showed that pre-event contributions increased under wetter conditions, for the latter events that occurred in a series of consecutive events; for example, 88.6% (event AC1c) and 65.3% (event AC4b) for the entire event. Differences in the event water contributions to the entire event for events AC2 (84.1%) and AC3 (8.5%) are difficult to explain given their reasonably similar rainfall characteristics and soil wetness. Pre-event water contributions from our study catchments were within the range reported for other tropical sites including high Andean grassland catchments (71-94%, Mosquera et al., 2016, Correa et al., 2017), montane dry forest (35-95%, Munoz-Villers & McDonell, 2012) and tropical dry forests (72-97%, Farrick & Branfireun, 2015). 
Streamflow at the Babinda catchment was sourced from saturation excess overland flow (SOF), shallow subsurface flow (SSF), soil water, macropore flow and groundwater. The relative contributions from these source waters varied between seasons with SOF as the main source for events in the wet season and early in the storm hydrograph (e.g. Elsenbeer et al., 1995, Bonell et al., 1998). Shallow subsurface sources was a more important contributor at the end of the wet season/early-dry season, on the recession of the hydrographs and earlier in the hydrograph for a series of consecutive events due to increased connection between hillslope groundwater sources and the stream (Elsenbeer et al., 1995, Bonell et al., 1998). At Atika Creek, rainfall, surface runoff and shallow groundwater adequately explained changes in streamflow δ18O values and SEC patterns for single events (e.g. events AC2, 3) but when events occurred consecutively or during the wetting up phase of the wet season, streamflow δ18O and SEC signatures were not well-constrained within the measured endmembers, highlighting that additional source waters contributed to streamflow (e.g. events AC1, AC4). 
For the Babinda catchments, SOF and SSF  was mostly sourced from the shallow soil layer (upper 25cm) with the entire soil profile (120cm) contributing only during the wettest conditions of the wet season (Bonell & Gilmour, 1978, Bonell et al., 1981, Elsenbeer et al., 1995). Likewise, at Atika Creek, the rapid response observed for the upper soil profile at two topographically distinct locations within the catchment suggested that this endmember must be actively contributing to streamflow either via SOF or as SSF. For the level narrow riparian site (Site 2), the fast response to rainfall (15 minutes) and the ability to maintain wet conditions for longer periods of time suggested that the upper soil profile was closely linked to surface runoff and the stream via SOF during the wet season. Similar to the Babinda catchments (Elsenbeer et al., 1995), SOF at Atika Creek is likely a combination of throughfall, direct rainfall and subsurface water sources, with the relative contributions varying between events and through the wet season. Investment in soil water and groundwater monitoring, especially in the narrow riparian zone and on hillslopes will be the focus of future work to clarify the role of subsurface sources and pathways in runoff generation given its relative importance at the Babinda, Atika Creek and also other tropical catchments (e.g. Elsenbeer & Lack, 1995, Farrick & Branfireun, 2014a, Mosquera et al., 2020, Birkel et al., 2021).
Dynamic and transient catchments
The strong seasonal signal seen in rainfall and streamflow behaviour for Atika Creek was well captured in the wavelet statistical analysis which suggests that the seasonal effect has a stronger influence on rainfall-runoff response behaviour than inter-annual variability for this catchment. Threshold conditions have to be exceeded for streamflow to be initiated at the start of the wet season. Approximately 118-150 mm of rainfall was needed to fill catchment storage deficits (2019-2021 data). Drier areas, such as dry forests in Mexico required higher rainfall inputs before continuous streamflow was generated (e.g. 176-191 mm, Farrick & Branfireun, 2014, 2015). For the 2020-21 wet season, once streamflow was consistent, event runoff (Qtot) and runoff coefficients were initially low early in the wet season (e.g. RC: 12.4 – 26.7%, events AC1) but increased over the wet season. Atika Creek was capable of producing significant peak flows and event runoff totals, with runoff coefficients exceeding 50%, at the end of the wet season (event AC4a, b) even though the catchment dried to soil moisture conditions similar to levels at the start of the wet season (AC4a SMC = 23.0%, AC1a SMC = 26.7%, Table 4). High rainfall inputs and possible release of water stored in the catchment over the wet season resulted in the high runoff coefficients at the end of the wet season. The runoff coefficients for both Atika and Thompson Creek catchments were very similar to steep tropical montane cloud forests dominated by overland flow and shallow subsurface flows in Mexico (11-54%, Munoz-Villers & McDonnell, 2012) which suggests that at least 50% of the event rainfall is stored in these catchments. 
The changing source water contributions and runoff pathways over the wet season observed at the Babinda catchments also occurred at Atika Creek and likely at the Thompson Creek catchments (Bonell & Gilmour, 1978, Bonell et al., 1981, Elsenbeer & Lack, 1996). At Atika Creek, the δ18O signature for rainfall, streamflow and soil water showed distinct seasonal variability. The initial wetting-up phase of the 2020-21 wet season (prior to Event AC1) showed the increasing importance of subsurface waters contributing to streamflow. Multi-peak events and events during transitional periods (at the start of the wet season or end) had the most complex mixing plots with streamflow composition varying between closely spaced events (e.g., events AC1, AC4). Multiple rainfall inputs and increasing wetness conditions increased connectivity between source waters and pathways, increasing source water contributors and also encouraged mixing (e.g., Elsenbeer et al., 1995, Munoz-Villers & McDonnell, 2012). Short rain-free periods within the wet season led to catchment drying so that a repeat wetting-up sequence occurs when rainfall activity resumes. The nature and impact of the wetting-up response depends on the extent of catchment drying and rainfall properties (rainfall amount, intensity) which varies within the wet/dry season and also between years, as observed in our study catchments and other seasonal tropical catchments (e.g. Muñoz-Villers & McDonnell, 2012, Farrick & Branfireun, 2015).
Although Bonell’s work highlighted the importance of rainfall seasonality, he did not consider the impacts of ENSO activity, which we found to not only affect annual rainfall amounts, but also the rainfall distribution over the wet season and the stable isotope composition of rainwater. Annual runoff coefficients at Atika Creek ranged between 14.3% and 38.7% (La Ninã), which were slightly lower than South Creek catchment when measurements were made in the wet 1970s (47%, Gilmour & Bonell, 1979). Annual streamflow variability may have a greater impact for larger catchments in this region, often water-limited, where changes in seasonal rainfall affect groundwater recharge, indirectly affecting the amount and duration of dry season flows (e.g. Montanari et al., 2006, Clark et al., 2014, Tweed et al., 2016, Duvert et al., 2020). 
At Atika Creek, the rainfall δ18O composition varied annually with a more δ18O -depleted and variable values for the 2021 La Ninã event and TC-induced rainfall events, like rainfall observations at other tropical locations (Sánchez-Murillo et al., 2020). Source waters and runoff pathways that are sensitive to rainfall activity, such as SOF and SSF (e.g. Bonell et al., 1981, Elsenbeer et al. 1995, Zimmerman et al., 2014, Correa et al., 2017), are likely to vary on an inter-annual timescale, in addition to, seasonal variability for catchments where these processes are dominant. 
The endmember δ18O and SEC values vary temporally for the four events monitored, highlighting the problem of relying on time invariant endmember composition in hydrograph separations and interpretation of runoff generation processes. For Atika Creek, the event endmember (rainfall), varied the most over time (Figure 14). A closer examination of the way source endmembers vary temporally and spatially is needed, with temporal variability an important consideration for seasonal catchments (Bazemore et al., 1994, Penna & van Meerveld, 2019). One way to achieve this is to divide the seasonal timeseries into different hydrological regimes, each characterised in terms of rainfall properties and catchment wetness conditions to accurately define which source endmembers operate in different parts of the wet/dry season (e.g. Ali et al., 2010). Accounting for the uncertainty around endmember signature values also provides quantitative confidence associated with storm event hydrograph separations (Bazemore et al., 1994).
 In the final section of this paper, we propose a conceptual framework to describe streamflow response to seasonal rainfall for wet/dry tropical catchments using collective knowledge from the Babinda, Atika and Thompson Creek catchments and other tropical catchments (Table 1). 
A conceptual model of seasonal catchment rainfall-runoff response
Bonell’s work contributed new knowledge about the source waters and pathways of water flowing in humid tropical forested catchments and the role of seasonal rainfall from synoptic events (monsoon, tropical cyclones) in determining the rapid response of these catchments. This paper added further knowledge about the seasonal changes in streamflow response behaviour by showing the complex streamflow response behaviour for the wetting-up periods at the start of the wet season and after a dry period late in the 2020-21 wet season for multiple peak events. Inter-annual variability in rainfall amounts and isotope composition affect streamflow values with the most 18O-depleted and variable isotope values occurring during the La Ninã wet season (2020-21) and tropical cyclone induced storm events.  These results show that catchments in the wet/dry tropics experience dramatic hydrological contrasts due to seasonal and inter-annual rainfall variability. 
While details of the timing, duration and magnitude of the wet and dry seasons are catchment-specific due to differences in geographic location (and hence climate drivers) and catchment properties (e.g., topography, soil, geology), commonalities exist for steep rainforest catchments in tropical NE Australia and other seasonal tropical catchments. These can be captured in a conceptual model where the hydrological conditions are classified broadly into wet and dry seasons with progressive wetting-up and drying transitions to make the seasonal timeframe more transferable to other seasonal tropical catchments (Figure 15).
For ephemeral streams, the change from no flow to continuous flow at the start of the wet season shows highly non-linear catchment-specific behaviour where threshold conditions must be exceeded before source waters, flow paths and the stream become connected (Ali et al., 2013, McDonnell et al., 2021). For streamflow initiation, a storage threshold generally applies and is often represented by cumulative rainfall or soil moisture deficits (Spence, 2007, Penna et al., 2010, Farrick & Branfireun, 2015, Saffapour et al., 2015, Ross et al., 2021). A non-linear threshold runoff response at the catchment scale is an emergent feature reported not only for humid temperate, arid, snow and permafrost catchments (refer to Ali et al., 2013, Ross et al., 2021), but also seen for seasonal tropical catchments (e.g. Farrick & Branfireun, 2014a, Zimmermann et al 2014), including Atika Creek. 
Hydrological connectivity is both temporally and spatially variant, depending on the interaction between rainfall properties (amount and intensity) and antecedent wetness in each catchment with unique biophysical characteristics (soil being an important factor for many seasonal tropical catchments). For Atika and Thompson Creeks, rainfall intensity and amount interact differently at different points of the wet season. Highest runoff production occurs in the peak of the wet season when catchment storage and connectivity are highest (fill and spill most likely occurring at the maximum rate and extent, McDonnell et al., 2021). Changes in the duration and spatial extent of connectivity, due to changes in catchment properties (e.g., soil properties) and wetness conditions, determine the source waters, runoff flowpaths and landscape elements contributing to streamflow (e.g., Cook et al., 1998, Blume et al., 2009, Zimmerman et al., 2014, Farrick & Branfireun, 2014b, Correa et al., 2017). For small catchments such as the Babinda, Atika and other tropical catchments, connectivity may be between the stream, riparian zones and hillslopes (e.g., Elsenbeer et al., 1995, Farrick & Branfireun, 2014a, Correa et al., 2017). For larger flat catchments, typical of most of northern Australia, the connectivity between the rivers and floodplains is important in modulating the seasonal hydrological behaviour of the catchment and associated material transport (e.g. Duvert et al., 2020). Drying periods in the wet season disconnect components of the source waters, flow pathways and/or landscape elements temporally, which may be re-established when rainfall activity resumes. The same occurs at the end of the wet season as rainfall frequency reduces and the catchment progressively dries out. We know much less about the way catchments transition from wet to dry conditions, highlighting an important gap in the understanding of seasonal catchment response behaviour. Important questions around threshold conditions when streamflow cessation occurs, rate of catchment drying and associated changes in dominant source waters and if the drying transition period are mirrors of the wetting-up periods, remain to be discovered for seasonal tropical catchments. 

CONCLUSIONS
Using statistical methods (wavelets), hydrometric and stable water isotope composition, this study found that both Atika and Thompson Creek catchments have fast streamflow responses in response to high, intense and frequent rainfall activity, similar to the Babinda catchments. The Atika Creek catchment also displayed fast shallow soil water responses similar to the Babinda catchments, suggesting that forest catchments in humid tropical Australia behave similarly in response to seasonal synoptic rainfall activity. The new information from more intensive monitoring during the 2020-21 wet season highlighted that threshold conditions exist for streamflow generation and transitional periods (at the start or after a dry period within the wet season) present the most difficult conditions in identifying endmember contributions to streamflow and hydrograph separations. Although Bonell claimed that event water was dominant for the events he studied, we found that event water dominated during peak flows (9.9-70.6%) but total event flows were generally dominated by pre-event water (>50%), especially when the catchments were wetter and for the Thompson Creek catchment. Our study also showed that catchments in this region are subject to annual rainfall variability related to global climatic drivers (ENSO, tropical cyclones) which affect the seasonal rainfall amount, distribution, and isotope composition of rainfall. The mixing analysis highlight the time variant nature of catchment endmembers, especially rainfall and highlights the need for high frequency multi-source sampling to accurately interpret catchment behavior. Combining information from the Babinda, Atika and Thompson Creek and other seasonal tropical catchments, we have presented a conceptual model that describes the seasonal evolution of streamflow.
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